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Abstract

The application of circular dichroism (CD) spectroscopy to the study of molecular
recognition phenomena in chiral water-soluble cyclophane hosts is described. The CD
method produces results that complement and expand upon previous NMR studies. This
includes allowing the measurement of larger binding constants by allowing studies to be
carried out at lower concentrations.

Using the excitonic chirality method, these studies have provided a means of
assigning the absolute stereochemistry of the ethenoanthracene building blocks used in
preparation of the hosts. This information, along with an x-ray structure of one of the
cyclophane molecules, has provided important information concerning host structure. The
x-ray structure and CD spectral changes observed on guest binding have also served to
provide direct experimental evidence for binding conformations of the hosts.

The chiral hosts have been shown to induce CD in achiral chromophoric guests.
Analysis of this induced CD using INDO/S and coupled-oscillator calculations has
provided valuable information concerning the conformations of the bound guest. These
data complement information obtained in NMR studies (D values) and provide additional
insights into the important factors that govern the binding event.

Finally, preliminary studies of self-assembling systems in aqueous media are
reported. These studies employ etheno- and ethanoanthracene based structures designed to
form aggregates with well defined order and discrete stoichiometries. These molecules are
designed to aggregate through hydrophobic forces. The aggregate is kept from becoming a
micelle using polar groups strategically placed to complement one another within the

assembling structure.
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Chapter 1

Non-Covalent Interactions in Aqueous Media.

1.1 Introduction

Non-covalent bonding interactions play an important role both as primary and as
secondary stabilizing forces for a wide variety of inter- and intra-molecular processes
across a range of fields of study. These forces include hydrogen bonding, Coulombic
attractions,! van der Waals interactions,! nt-i interactions,! cation-7 interactions,3 and the

collection of phenomena termed hydrophobic interactions.1:4 Table 1.1 lists the important

non-covalent forces and provides representative examples of each.

Interaction Distance Dependence Example
Only occurs at very short O----HNH R'
Hydrogen bondingm distances (typically < sum of 8 ol
van der Waals radii of the R’ HNH--- O
heavy atoms involved)
El i 1/ NH2
ectrostatic T
e C +
(Coulombic)! - H,N' NHR'
van der Waals forces! 1/r2 n-Alkane crystals
];l
-7 Interactions! 1/r6 ' I
O </ ; \>
Face to Face
Edge to Face
Cation-r interactions3 1/ (n<2) @
</ ' \>
Hydrophobic forces!+4 1/m(n<2) Surfactant aggregation in water

Table 1.1.

Representative non-covalent interactions.
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In biological systems, non-covalent forces provide secondary intramolecular
stabilizing interactions that induce proteins to fold into stable tertiary structures as well as
providing the primary stabilizing interactions that hold non-covalently bound subunits
together in a well-defined manner (Figure 1.1).5 The weak nature of these forces also

make them ideally suited for holding small molecules in specific binding sites where they

A

HO,C

Randomly coiled
structure

Helical structure

B

. N — "‘
Top View

Figure 1.1. Protein folding into helical structures (A) and aggregation of
folded proteins into a well defined structure (B).S
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can regulate biological process.® Figure 1.2 shows a model for the binding site of the Do-
dopaminergic neuroreceptor.” It can be seen that the ligand (dopamine) is held in the
binding site through a combination of hydrogen bonding, n-stacking, and electrostatic

interactions.”’

° Ph9617
! Phe;oq
Aspsgg
. |©°

: NH;3
U\/ Phe
K T 616
HONF I

Ser507 'o' | ° Phe615
| . / \
Phesgg I \  / | * Trpg1s
5 4 3 6

Figure 1.2. Proposed structure of the dopamine binding site in the D;-
dopaminergic neuroreceptor (the numbers refer to the receptor subunits).”

Biological systems provide some of the most elegant examples of the use of non-
covalent interactions for carrying out specific functions, but the use of non-covalent
interactions is not limited to the realm of biology. Langmuir-Blodgett films, for example,
can be used to modify the surface properties of a material.8 These films arise through non-
covalent association of surfactant molecules with solid surfaces. Figure 1.3 illustrates the
formation of a Langmuir-Blodgett film of the salt of arachidic acid.6 A graphite slab is
pulled through a monolayer of the salt on water (Figure 1.3A), the alkyl tails adhere to the
graphite surface through weak van der Waals forces (Figure 1.3B).9 Repeated dipping of
the graphite results in multilayer formation (Figure 1.3C);? the layers add in such a way as

to segregate their hydrophobic and hydrophilic regions (Figure 1.3D).



-

The important role played by non-covalent forces has lead to a great effort toward
the design and study of synthetic systems that exploit non-covalent interactions to form
supramolecular complexes. It is the purpose of this manuscript to report the results of a
number of studies on such supramolecular systems carried out in the Dougherty group at
the California Institute of Technology. The studies of molecular recognition and self-
assembly described herein were inspired heavily by biological systems and as such were

performed primarily in aqueous media.

Graphite

(LI 4o

000000
000000
000000

Figure 1.3. Langmuir-Blodgett film formation by dipping a graphite slab
through a monolayer of the salt of arachidic acid on water. (A) Dipping,

(B) van der Waals interaction, (C) multilayer formation, (D) bilayer film.?




1.2 Molecular Recognition
1.2.1 General

"Molecular recognition” encompasses a broad array of intermolecular interactions in
a large variety of processes, and as such is not limited to the context of the work in this
manuscript. For this reason we limit our definition of "molecular recognition” specifically
to the encapsulation of smaller "guest" molecules by larger "host" molecules (Figure
1.4).10

The strength of the binding interactions observed with the various host-guest
systems are highly dependent on the solvent medium.162.17 In non-polar organic solvents,
for example, the hosts can take advantage of the strong interactions between hydrogen
bond donors and acceptors or between oppositely charged functional groups.l” Figure
1.4B illustrates a cyclophane (1) receptor that binds barbiturate guests (such as 2) in
chloroform. The guest is drawn out of the solvent environment and into the binding site,
where it is stabilized by the formation of six hydrogen bonds.!1 Molecular recognition in
aqueous media is more relevant to biological phenomena, and has spawned a wide variety
of cyclophane-based host systems.10chjq,12,16,18-32 In aqueous media, functional groups
capable of forming hydrogen bonds or participating in electrostatic interactions are strongly
solvated; this results in the attenuation (but not the complete absence32) of the interactions
that these groups undergo.!”7 On the other hand, hydrophobic forces become very strong
in an aqueous environment, as illustrated in Figure 1.4C where a guest with large
hydrophobic surface area (azulene, 3) is drawn out of the aqueous environment into the
cavity of a cyclophane receptor (4) that is less polar than the aqueous solvent.12ad

There e#ist a wide variety of synthetic host-guest systems that make use of non-
covalent forces for the stabilization of the guest molecule in the host binding site (generally

a molecular cavity). Figure 1.5 gives some representative examples of the various classes
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of host molecules. Such hosts include crown ethers and cryptands,!3 calix[n]arenes,14
cyclodextrins,!3 and a variety of cyclophane structures.16 All of these structures contain a

central cavity that serves as the binding site for the guest.

Figure 1.4. Host-Guest interactions (molecular recognition) as a general
phenomenon (A), in organic media (B),!1 and in aqueous media (C).12ad




<— 0] O—> (— 0 (o) ——>
(0}
0 d NN\
\_/ A4
Crown Ether Cryptand
(18-Crown-6)
HOHZC
HOHzC%H OH CH20H
(0]
0 OH HO
o) OH

HOH,C f CH,OH
% CH,0H

CH,0H
B-Cyclodextrin

H H
N-(CHy)¢ N

H,C CH,
OH
OH HO H,C CH,
OH
H,C CH;
N-(CH N
o ( 2)4‘H
Calix[n]arene Koga's Cyclophane

(p-t-butylcalix[4]arene)
Figure 1.5. Commonly studied host systems.




9
1.2.2 Dougherty Group Studies

Molecular recognition studies in the Dougherty group have focused on the study of
cyclophane receptors of the general structure shown in Figure 1.6 (this includes the
receptor of Figure 1.4C).12 These hosts are based around two ethenoanthracene units that
serve to provide rigid, concave hydrophobic surfaces for formation of a cavity-like binding
site.12im Two of these ethenoanthracene units are linked together through variable regions,
hereafter referred to as linkers.12im Figure 1.6 illustrates a number of linkers that have
been employed.12.33 The ethenoanthracene units also serve to hold the solubilizing groups
(R in Figure 1.6) external to the binding site, so that their influence on binding is
minimized.12im The ethenoanthracene units are chiral, with C-symmetry, and give rise to
a host structure with a maximum symmetry of D.12im

The synthesis of the ethenoanthracene unit is shown in Figure 1.7.12im
Anthraflavic acid (§) is reduced with aluminum amalgam to provide 2,6-
dihyroxyanthracene (6). After protection of the hydroxyl groups, the anthracene derivative
(7) undergoes an asymmetric Diels-Alder reaction with (-)-dimenthyl fumarate (8) in the
presence of an excess of diethylaluminum chloride. The Diels-Alder reaction provides the
ethanoanthracene diastereomers 9a and 9b (syn and anti respectively); these diastereomers
are separated so that they can be converted into enantiomerically pure product. The etheno
bridge is incorporated by reaction of 9 with diphenyldiselenide in the presence of
potassium ¢-butoxide; this reaction is immediately followed by deprotection of the phenols
to give ethenoanthracenes 10a and 10b. Transesterification with methanol provides the
enantiomerically pure ethenoanthracenes 11a and 11b. The ethenoanthracene units are
‘macrocyclized with the appropriate linker precursor (a dibromide or ditosylate) under high-
dilution conditions in DMF with cesium carbonate as base to provide the tetramethyl ester

12 (Figure 1.8).12im Hydrolysis of the esters provides the water-soluble receptor 13.
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The major isolable byproducts of the macrocyclization are the trimer (14) and tetramer (15)

oligomers of the host structures (Figure 1.9).12

Chapters 2-6 and 8 of this manuscript report studies of primarily two hosts from

Figure 1.6, hosts P and C (Figure 1.10). The names of these hosts are derived from the

linkers, P for para-xylyl and C for trans-1,4-cyclohexyl. Like all of the hosts shown in

Figure 1.6, these two hosts are general receptors for a variety of neutral and cationic

organic guests in an aqueous environment.12

Solubilizing Groups
External to Binding Site
R R =-CO, Cs* (water)
R R = -CO,CHj3; (organic media)

Sl X h
® Rigid, Concave Variable
: Hydrophobic Surface Region
H,C X tu
D L
| D, Symmetryl X -
R
R
Host & X Host &® X Host &® X
Y M H C H
H
Y
P, Y= F szj H ~(CHyy~ H
TMP, =0OCH; = Ln=
TCL, =Cl oD
TBL, =Br A% ’ -
TML, =CH3 T H ’
TBP Br

Figure 1.6. General design of hosts studied in the Dougherty group.
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NH,OH (sat. aq.)
Al(Hg)
aH _BOH__
0‘0 “esm)
TBSCI
Et;N
OTBS R* = (-)-menthyl =
TBS 0 (95%) :
OR* | xs Et,AICl, 50,
Toluene, 0°C
0
% OR*
R*O
B 6 =) (total yield 73%)
@ OTBS
" Anti" 9b
1. PhSeSePh
t-BuOK”*
2. HClgar, uq. 3
i-PrOH
R*0,C
CO,R*
J N
@ ©1%)
HO 10a
H3;CO
306 co,cm,
H
ot 0
HO 11a
(R, R)-enantiomer (S, S)-enantiomer
[OL]D = +60° [OL]D =-60°
Figure 1.7. Synthesis of enantiomerically pure ethenoanthracene

units.12im
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Table 1.2 lists binding constants for representative guest molecules. These guests
include electron-deficient neutral molecules (16, 17), iminium ions (18, 19), quaternary
ammonium ions (20), sulfonium ions (21), guanidinium ions (22), and the neuroreceptor
acetylcholine (23).12h Some general trends can be observed from the data in Table 1.2: for
neutral guests (such as isoquinoline, 16) the binding constants observed for both hosts are
the same, while charged guests (18-21) generally show greater affinity for host P than for
host C-12i Another interesting observation is that with guests of the same size and shape

(17 and 19), a charged guest (19) always shows higher binding affinity than an uncharged

one (17).12i
X H3CO,C
'CHZ 32T CO,CH;
\!
HyCO,C ® IR0,
CO,CH3 CH, CH, (\ZHZ
X
HO J ) M (17%)
@ OH Cs,CO, (? C?
DME
1k high dilution G ot

QMQ ©

CO,CHj3; 12
H3CO,C

,OJ‘ -0
N\
THz CH, AOH, H,O/THF

4o
Cs70:C co,cs

|

® X
| |

CH, ,CHa
-7 °
’C02.+CS 13
Cs*"0,C

Figure 1.8. Macrocyclization to prepare host molecules.12im
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Figure 1.9. Higher oligomers of host molecules.12i

Figure 1.10. Hosts P and C.12i
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Guest -AG°5 (kcal/mol) [P] -AG°; (kcal/mol) [C]
o 6.3 6.3
2N
16
CH;
m 5.9 6.0
%
N
17
@(/\ 7.3 6.0
2N,
+ CH3
18
N
P 8.4 6.3
'y
CHj
19
HyCo ¥
3Ca ¥
N! CHs 6.7 5.6
20
H3C\+ICH3
S
© 5.7 4.5
NO,
21
N(CH
(CHa 4.7 N/A
(H3C);N NH;
22
ﬁ\ oy 6.2 N/A
+ o CH .
N2 ARy
H,C” - 07\~ VCH;
23
Table 1.2. Representative guests and their binding constants with hosts P

and C in aqueous borate buffer (pH 9). Values are accurate to £ 0.2
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The host and guest interact through a number of non-covalent interactions. These
include hydrophobic attractions between the organic guest and host cavity, weak
electrostatic forces from the remote carboxylate solubilizing groups and cationic guests, and
a strong cation-7 effect3b,12dhi which is evident in the binding preference for charged
guests by host P (a cavity with a greater number of aromatic rings than host C). The

observation of a cation-7 effect in the binding behavior of the hosts is of primary interest in

the study of such systems.

1.2.3 The Cation-n Effect in Molecular Recognition

The cation-r effect (Figure 1.11) can qualitatively be thought of as the interaction
between a positive charge and the negatively charged face of a benzene ring, or more
specifically with the benzene quadrupole moment.3> The quadrupole moment of benzene is
depicted in Figure 1.11. As shown in the Figure, the faces of the ring represent regions of
negative charge, while the periphery of the ring represents a region of positive charge.3b
Qualitatively, the magnitude of a cation-r effect is dominated by the cation-quadrupole
interaction. Quantitatively, however, contributions from induced dipoles, polarizability,
dispersion forces, and charge transfer cannot be ignored.3® This binding force is thought
to be important in a number of biological binding sites,30:34 including those for the
neurotransmitter acetylcholine (23)3%:12h and has been invoked to explain cation selectivity
in a number of biological cation channels.3:34 Cation-7t interactions are also known to be
important in the gas-phase3b:35 and have been observed with a number of other synthetic

host systems in aqueous media.12,23d,250,27b,292,36
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A B C

Figure 1.11. The cation-n effect idealized for host P (A), quadrupole
moment of benzene (B); quadrupole moments can be thought of as being
derived from two dipole moments arranged in such a way as to create no

net dipole (C).3

1.3 Self-Assembly

1.3.1 General

Self-assembly is a type of molecular recognition, in which a number of smaller
molecules combine in a specific manner to produce a supramolecular array of well defined
structure.17.37 Like molecular recognition, the term "self-assembly" has broad usage
throughout the literature and self-assembly processes can be divided into a number of
classes; Table 1.3 provides descriptions and representative examples of these classes.17.37¢
The studies described in this manuscript (Chapter 7) fall into the class of Strict (or
Equilibrium) Self-Assembly (Table 1.3, Class 1).17.37c In these processes the formation
of the assembly is a reversible equilibrium process, and requires that the assembly itself

represent a thermodynamic minimum.17-37 The same combination of non-covalent forces
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that allows for the formation of host-guest complexes are used in self-assembly processes;
however, the self-assembled structures tend to be far more ordered than loosely associated
host-guest complexes (the structure is more precise than simply encapsulating a guest in a
cavity). The formation of ordered assemblies is highly entropically unfavorable;

consequently, most of the reported structures self-assemble through enthalpically favorable

processes. 17,37

Class Self-Assembly Definition Example(s)
1 Strict (or Equilibrium) Self- | The product forms sponta- | Tobacco Mosaic Virus,38
Assembly neously (and reversibly) upon | metal chelates.37¢
combining the component parts
under proper conditions.
2 Irreversible (or Kinetic)| A self-assembly process that| Cascade reactions,3’¢:39
Self-Assembly involves irreversible bond form- | formation of self-assembled
ing reactions. monolayers.40
3 Precursor Modification Fol- | One or more of the component | GTP binding to tubulin before
lowed by Self-Assembly parts must be modified before | polymerization into micro-
self-assembly can occur. tubules occurs.41
4 Self-Assembly with Post-| The initial assembly requires | Self-splicing and self-cleaving
Modification modification (usually by an ex- | RNA's,42 template assisted
ternal agenl) before it can attain formation of ca[enanes_43
functional competence.
5 Assisted Self-Assembly An external agent that is not| "Molecular chaperone” pro-
part of the final assembly is re- | teins mediate many protein
quired to accompany the assem- | assembly processes. 44
bly process.
6 Directed Self-Assembly A temporary "template” partici- | Template assisted self-replica-
pates as a structural element in | tion.45-47
the assembly process, but does
not appear in the final assem-
bled product.
7 Self-Assembly with Inter- | Combinations of classes 1-6, | Ribosome biogenesis,8 bac-
mittent Processing this allows for sequential alter- teriophage assembly.49
ations of self-assembly and irre-
versible modifications to pro-
vide a highly-controlled process.
Table 1.3. Definitions of self-assembly.35¢

The most elegant examples of self-assembly come from biological systems.17.37
The Tobacco Mosaic Virus (TMV), for example, forms from the self-assembly of 2130
protein subunits and a single strand of viral RNA into a spiral cylinder of protein which
surrounds the RNA (Figure 1.12).38 This assembly occurs spontaneously at physiological

pH both in vivo and in vitro; at low pH the protein subunits will assemble into the spiral
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cylinder without the presence of the RNA (Figure 1.12).38 The formation of TMV
represents a process which is both spontaneous and cooperative.17.37.38 Bijological
molecules are very large and can create microenvironments that are less polar than the
aqueous solvent medium. This allows strong non-covalent interactions (hydrogen
bonding) to occur without attenuation from solvent, thus providing a strong enthalpic

contribution to the formation of the structure.!7.37

a0 [ 1

Protein Subunit 3

pH 7

5!
Viral RNA

0000

Figure 1.12. Self-assembly of the Tobacco Mosaic Virus at low and
physiological pH.38

Given the requirements for enthalpic control of the assembly process, the majority

of reported strictly non-covalent synthetic systems have relied on hydrogen bonding in
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non-polar solvents (Figure 1.13).17.37.50,51 A number of systems have been reported
which assemble into highly ordered structures in solution,17.36.50,51-56 jp the solid state
(from non-polar solutions),31:57-60 and in liquid-crystalline phases.6! Hydrogen bonding
has also been used to self-assemble solution-phase structures with cavities capable of
encapsulating guest molecules.53ab,55,57¢ The choice of structure is critical for the
assembly of component units into highly organized structures with discrete stoichiometry
(Figure 1.13) instead of into infinite arrays (Figure 1.14).17.37 Figures 1.13 and 1.14
illustrate how the size of a substituent (:-butyl vs methyl vs ethyl ester) determines if a

small aggregate (26) or a specific type of solid array is formed (27 or 28).172,51,522ef,57b
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Figure 1.13. Self-assembly through hydrogen bonding.173,52aef
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("linear tape" infinite solid array)

H3CH,CO,C 0,CH,;CH;

> ¢

N
2c+25 —> AN A A

O
H3CH,CO,C "a
o
H3CH2C02C

("crinkled tape' mﬁmte solid array)

Figure 1.14. Self-assembly through hydrogen bonding to give infinite
solid arrays.17a,57b
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Other non-covalent forces have seen less application in solution-phase synthetic
self-assembling systems (but have been successfully used to create specific solid state
structures;62 the use of -% interactions has even been employed63). While representing
one type of covalent interaction, coordinate covalent bonding (dative bonding) is weak
enough to be reversible and has attracted a large amount of attention for formation of self-
assembling structures (Figures 1.15-1.17).17.37 Such structures include double and triple
helix "helicates" derived from tetrahedral and octahedral metal centers respectively (Figure
1.15),63-68 square arrays (Figure 1.16),59 and capped structures (Figure 1.17).70 Metal
coordination has also been used to create infinite arrays,’! to form structures containing
internal cavities for guest binding,’2 and to organize arrays of peptides.”3 These metal

complexes form through spontaneous and cooperative processes and as such represent ex-

o (e)
|\
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=
NZ 229+43Cu >
\I
(0]

w=0)

Figure 1.15. Self-assembly through coordinate covalent bonding:
formation of a double helicate structure.64l
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630+9 Agt ¢

N/ 7 ]
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30

Ag+E.

Figure 1.16. Self-assembly through coordinate covalent bonding:
formation square arrays.6%2

0

__>
( 331+232+6Cut

32
Figure 1.17. Self-assembly through coordinate covalent bonding:

formation of capped structures.’0a
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amples of strict self-assembly (Table 1.3).1737 Metal coordination represents an attractive
alternative to hydrogen bonding because it can occur in aqueous solvents, although its
relevance to biological self-assembly is not clear.

Synthetic systems that self-assemble through strictly non-covalent interactions in
aqueous media are more difficult to design, but are more interesting to study given their
biological relevance. Assembly of small molecules from aqueous media into highly
organized structures is possible, but the majority of reported systems fall out of solution as
extended structures in gel or solid phases.172,74-77 Figure 1.18 illustrates such a self-
assembly process. In the presence of potassium or ammonium ions, guanosine
monophosphate (33, as well as molecules of similar structures) will form tetrameric arrays
templated about the cation; the "G-quartets" then stack upon one another to give liquid-
crystalline like "gel" phases.17-75 These G-quartets also have biological significance, as
they can form from guanosine-containing polynucleotides.”8

Small molecules can be induced to aggregate from aqueous solution into organized
structures,’4 although formation of such aggregates tends to be entropically driven
(classical hydrophobic effect)4P and these structures are much more loosely organized than
the previously described self-assembled structures. One of the most common of such
aggregates is the micelle.#b79 These roughly spherical aggregates assemble through the
aggregation of surfactant molecules above a certain critical aggregation concentration
(CAC) in water (Figure 1.19). The micelle structure is such that the aggregate
compartmentalizes its hydrophobic region (the alky! tails of the surfactant molecules) to the
interior of a sphere whose surface is made up of the hydrophilic head groups of the
surfactant components (Figure 1.19).4b,79 This compartmentalization of hydrophobic and

hydrophilic regions is a common motif in biological systems.”
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LY
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"0-P-0-CH,

433 + K+

Liquid crystalline array of cylindrical structures.

Figure 1.18. The formation of ordered phases out of an aqueous
environment.17a,75¢d
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Figure 1.19. Sodium dodecyl sulfate (34) micelle formation.4b,78

1.3.2 Dougherty Group Studies

Chapter 7 describes some of the initial attempts in the Dougherty group at creating
strictly non-covalent aqueous systems for self-assembly. These studies have focused on
molecules derived from the same ethenoanthracene units (11) as our host systems. The
structures (35 and 36) are proposed to take on "U-shaped" conformations (Figure 1.20)
that enable two such molecules to combine to form a dimer (Figure 1.21). The assembly
into a dimeric structure is proposed to be driven by a combination of hydrophobic and other
more directional (hydrogen bonding and electrostatic) non-covalent forces. The

ethenoanthracene unit (with its aryl side chains) provides a hydrophobic surface that should
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give the molecules a high propensity toward micelle-like aggregation; appending the
molecules with polar groups that can form hydrogen bonds or salt bridges should allow

these interactions to occur and hold the aggregate to a dimeric stoichiometry (Figure 1.21).

X x

s
oL IS,
CH,

CH,

@ @ X X

CH,Y 35 CH,Y

Y Y

"U-Shaped" Structure

X, Y = Charged or polar functional groups that are
complementary to each other.

Figure 1.20. Proposed structures for self-assembling molecules.

XX
Y
Y— X
2 —> ¥ )
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X, Y = Charged or polar functional groups that are
complementary to each other.

Figure 1.21. Proposed scheme for self-assembly of molecules with
structures like 35 and 36 in an aqueous environment.
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While a large portion of the driving force for the formation of these structures may
come from an entropic effect (hydrophobic aggregation), the study of these structures in an
aqueous environment using strictly non-covalent forces to bring about assembly is quite
relevant to biological processes. The potential for learning how to bring about the
controlled and specific aggregation of small molecules in an aqueous environment has

provided the impetus for the studies that will be described in Chapter 7.
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Chapter 2
Molecular Recognition with Cyclophane Hosts in Aqueous
Media. Measurement of Association Constants with Circular

Dichroism.!

2.1 Introduction

Previous studies in the Dougherty group have conclusively established the
formation of 1:1 complexes between host P (Figure 2.1) and a number of neutral and
cationic molecules in aqueous solution.2 Quantitative estimates of the binding constants for
these 1:1 complexes were established primarily through the use of lH NMR spectroscopy.2
These studies further established that the guest molecule resides within the cavity of the
host molecule in the complex, and it was shown that molecules containing no binding
cavity (1 and 2, Figure 2.1) do not form complexes with guests in aqueous solution.2b.3

The NMR method used in these studies follows standard protocols for studying
binding interactions in host-guest systems.4-6 NMR is a powerful tool for use in these
studies, allowing measurement of thermodynamic binding constants as well as providing
information on the structure of the complexes being formed.4-6 However, there are
limitations. These limitations arise when the hosts and/or guests have low solubilities or
critical aggregation concentrations (CAC) and when relaxation phenomena result in a loss
of signal. For the cyclophanes studied in our laboratories, these problems limit the range
of binding constants we can measure to -AG°; < 8.0 kcal/mol.1,22

Optical methods (UV/Vis and circular dichroism spectroscopy) are attractive
alternatives to NMR due to a higher instrumental sensitivity. UV/Vis spectroscopy can be
employed to overcome some of the NMR problems by allowing studies at lower

concentrations. This also allows for more accurate evaluation of the equilibrium constants
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since activity coefficients approach values of unity under these conditions.” Unfortunately,
the UV spectra of cyclophane molecules (P) are often not very informative; they typically
appear with multiple overlapping absorption bands. This requires guests with long
wavelength (colored) absorption bands for elucidation of structural information on binding.
Circular dichroism (CD) spectroscopy on the other hand provides spectra in which the
overlapping absorptions are resolved for chiral molecules, but still operates at low
concentration. Additionally, CD spectra are very sensitive to geometry changes in the
absorbing species, allowing information about the conformation of a chiral host to be

obtained in the presence of a guest.

Figure 2.1. Host P and non-macrocyclic control molecules studied in this
chapter.
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The intrinsic chirality (D2-symmetry) of host P makes circular dichroism (CD)
spectroscopy a potentially powerful probe of binding interactions with this host. CD
spectroscopy provides the advantages of UV concentrations as well as highly informative
spectra with respect to structural information. For studies of host P (and analogous hosts),
CD allows us to take advantage of the chirality of the system, a feature of these hosts that
has been largely neglected in the previous NMR studies.2 While CD spectroscopy has
been used extensively for studying inclusion in cyclodextrin hosts8-12 and substrate
binding in biological systems,!3 its application for the study of synthetic host systems has

been limited.14-16

2.2 Circular Dichroism (CD) Spectroscopy!6

2.2.1 Introduction

Circular dichroism spectroscopy is a form of UV/Visible spectroscopy that employs
linearly polarized light.17 A linearly polarized beam of light can be decomposed into two
circular components of equal amplitude-right circularly polarized light and left circularly
polarized light (Figure 2.2).17 These two components cancel each other to give the linearly
polarized beam.17 For an achiral molecule (in an achiral environment) the extinction
coefficients, €] and g, for the absorption of left and right circularly polarized light
respectively, are equivalent.!7 For an optically active molecule, these extinction
coefficients are inequivalent for any given absorption (€ # 0), and the circular dichroism (in

units of M-Icm-1) is defined by equation 2.1.17

Ae =¢ - & (2:1)

The result of this differential absorption of the circularly polarized components is

that the transmitted light will have a greater contribution of one of the circularly polarized
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components.!7 The components no longer cancel each other, instead the transmitted light
beam becomes elliptic (Figure 2.3).17 The eccentricity (ellipticity, 8, in millidegrees) of
the ellipse of the transmitted light is measured at each wavelength of the spectrum and

relates to the circular dichroism at a given wavelength as shown in equation 2.2,17

6, = gAeylc (2.2)
g = 230259 , 4500 y 1000 (2.3)
100 T

A: Right Circularly Polarized Light

Light Propagation

’i s

X
Observer

K= 0 1 2 3 4 S -6

B: Left Circularly Polarized Light

* Light Propagation

T >
L)

Figure 2.2. Three dimensional structures of right (A) and left (B)
circularly polarized light.17 Time = 0 and K changes as z = KA/12 (K = 0,
1, 2, ...). Namely, circularly polarized light is composed of an
appropriately handed helicity of electric field vector.l? But an observer
facing the propagated light encounters the electric field vector in order 6,
5 4, 3, 2, 1, 0, because the light travels toward the observer, so the light
appears to be of opposite handedness.18

K=0
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where c is the concentration of the absorbing species (M), / is the pathlength of the cell
(cm), and 6, is measured in millidegrees. A circular dichroism active absorption band is
called a Cotton effect and its rotational strength (R) is defined as the area under the curve of
the absorption band.17 Enantiomers rotate the plane of polarized light in equal amounts but
opposite directions and thus CD spectra of a pair of enantiomers will have Cotton effects of
equal magnitude but opposite sign (Figure 2.4).17

o 0
. <>
Plane-polarized Elliptic
incident light transmitted
light
El’

E;, E,: Electric field vectors of left
and right circularly polarized light

a: Rotation angle

0: Ellipticity angle

Figure 2.3. Definition of optical rotation and ellipticity.18 The elliptic
transmitted light as seen by an observer facing the direction of the
ropagated light (for the case of £ > ¢,).18
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Figure 2.4. Circular dichroism spectra of the enantiomers of Host P in
aqueous borate buffer (pH 9).

2.2.2 Measurement of Binding Constants with CD1,19

The equations and procedures described in this section (as well as in sections 2.2.3,
2.2.4, and 2.2.5) were developed in collaboration with Richard E. Barrans, Jr.
For a system containing a host (H) and guest (G) that are in equilibrium with the

1:1 host-guest complex HG (equation 2.4): the equilibrium constant, K, is given by
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equation 2.5 and the mass balance relations for the total host ([H],) and total guest ([G]o)

are given by equations 2.6, and 2.7.4:5

H+G ——= HG

2.4)
_ [HG]
~ [HIG] (25)
[H], = [H] + [HG] (2.6)
[Glo = [G] + [HG] (2.7)

The equilibrium concentration of HG can be determined from equation 2.8, when the

equilibrium constant is known.

(HG] =L|Hl, + (Glo + L - /[(H1o + (Glo + If - 4HLiGL | 28)

The procedure for determining the equilibrium constant, K, from a set of CD
spectra at different total host ([H]o) and total guest ([G]o) concentrations is similar to that
for obtaining K from NMR data, as in our previously described NMRfit and EMUL
programs.4

The basic assumption of our model is that the observed ellipticity at wavelength A
of a sample containing free host (H), free guest (G), and host-guest complex (HG) is

given by equation 2.9,

6; = gl (Aegg [H] + Aegy[G] + Aeggi[HG]) 2.9)

where 63 = the observed ellipticity at wavelength A (millidegrees, m®), Ag; = the molar
circular dichroism of species i at wavelength 4, and [i] = the concentration of species i.
Substituting the expressions for total host concentration, and total guest concentration

(equations 2.6 and 2.7, respectively) into equation 2.9 results in equation 2.10:
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63 = gl Aegg[H]o + Aeg[Glo +E[HG]) (2.10)

where
E; = Agyg, - Mgy, - A, (2.11)

E, an unknown quantity, is the change in molar ellipticity arising upon complexation. The
value of [HG] is determined by K, [H],, and [G], (equation 2.8). The optical constants
for the free species (Aey and Aeg) are experimentally measured and thus represent known
quantities in these equations.

The task of the fitting procedure is to find K and E; to minimize equation 2.12,

over the N experimental samples n and L observed wavelengths 4 (analogous to the

estimation of K and D from NMR data) 4

N L
SSR z 2 (en/l cale = O obs)2 (2.12)
A

n=1

The best-fit value of E} corresponding to any K is immediately available by linear
regression. The best-fit value of K, however, can only be found by iteration. Richard
Barrans, Jr., developed a computer program (CDfit) that uses a Levenberg-Marquardt20
procedure to accomplish this. Given the experimental data and an initial estimate of X, it
returns the best-fit K and the set of best-fit E£3. CDfit further converts the £} values into
the best-fit CD spectrum of the pure host-guest complex (see Figure 2.5).

Although we have not applied this methodology to UV/Vis spectroscopy, the model
is easily modified to accept this type of spectral data as well. In such studies absorbance
(A) rather than ellipticity is measured; the constant g (equation 2.3) is replaced with a value
of 1.00, and the circular dichroism optical constants (Ag) are replaced with the appropriate

extinction coefficients (€).
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2.2.3 The CD Fitting Procedurel?

The Levenberg-Marquardt method is described in detail elsewhere.20 For our
purposes, all that is necessary to carry out the fitting is the expression for 2 (this is SSR
as defined in equation 2.12) and the derivatives d)2/0K and 92x2/0K2. The derivatives

follow:

ax2 N L ae 2 cal

—=2 (Bnlc ¢ Bnao s) e (2.13)

oK ngl ; N ’ oK
Where

oK oK oK
[Hlon +[Glon+1
a[HG]n=#_ K -1|, and {2.15)
oK A/ ([(Hlon +1Glon +LF - 41HIGu[Glon

Er___ ] {i[e rone- 2D B 2EC oer S Gy, Gk (5 1)
oK sl " oK =T k|

N
g, ILHG]3
n

and where

D; = Aej[H]on +Ae[Glon (2.17)

The second derivative, with the destabilizing residual term omitted, is given by equation

2.18:

(2.18)

For completeness, the best-fit value of £ at an arbitrary K is given by equation 2.19:
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N
3" (801 cate - gldAEAHIon +AEAGIon)liaHG ],
E 1= Z

m (2.19)
g, I HG]2

2.2.4 Data Handlingl?

In NMRfit, every proton is assigned a list of the samples in which it was observed.
This allows for signals broadening into the baseline, crossing, disappearing under the
solvent peak, and so on.4:5 Likewise, in CDfit a given wavelength (or wavelength range)
can be eliminated from one or more samples in a set of N samples (this is done by
assigning the value 63 = 10,000 for each data point to be eliminated from the fitting), while
this wavelength region is kept in the remaining samples of the set. This allows for
elimination of regions where UV absorbance is either strong enough to produce high noise
levels and/or other spectral artifacts in more concentrated samples, or to eliminate regions
of high noise in very low concentration samples. Basically, each wavelength is assigned a
reference to a list of samples; in practice, many wavelengths will be referred to the same

list. New lists are created only when necessary.
2.2.5 Comparison with Other CD Methods1,19

The method commonly used for obtaining association constants from CD spectra
was developed by Rosen.2! Rosen's method can be used for cases in which the host has
an unknown number of non-interacting binding sites for the guest, but here we will only
discuss its application to the case in which the host has exactly one site. Although this
method was derived for cases in which the free guest has no CD over the wavelengths

studied (Aeg = 0), it is easily extended to cases for which Ageg # 0.
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This method requires measuring the CD of a set of samples in which [H], is held

constant and [G],, varies, or vice versa. Equation 2.10 rearranges to 2.20,

[HG].

L6 . ey H]on - AeGGlon| = E; =

[Hlon | gl 2.20)

in which the value on the right-hand side is E; multiplied by the fraction of host that is
bound. For convenience, let us call this B, B = E)([HG]/[H],). A plot of B as a function
of [G], forms a rectangular hyperbola with an asymptote of E3. Near the origin of the
plot, where [G], approaches zero,22 [HG] is equal to [G]o, making the response of B to
[G]o the same as its response to [HG]. Thus, a tangent line drawn to the initial region of
the B vs. [G], plot is a graph of the definition of B, giving B as a function of [HG]. This
definition readily inverts to yield [HG] as a function of B. Consequently, [HG], [H], and
[G] are known from the measured value of B.

K is then estimated by Scatchard analysis.23 A plot of B/[G] vs. B has a slope of
-K and a y-intercept of KE 3, making these parameters readily available from the plot by
linear regression. Weighting each point by 1/[G]o corrects for transforming the
experimental observations Ggpg to B.

For our systems, the CDfit analysis has several advantages over the
Rosen/Scatchard analysis. CDfit does not require that [H], be held constant; any
combination of informative values of [H], and [G], may be used. No error is introduced
by estimating the initial slope of the plot. The loss score 2 directly measures how well the
experimental data are modeled, in contrast to the equation fitted in the Scatchard analysis.
Furthermore, CDfit is better suited to analyze data recorded at a number of wavelengths.
There is no need to estimate L initial slopes, nor does one need to reconcile L different
estimates of K from L Scatchard plots. Only one estimate of K is returned, and it is the
single value, in a least squares sense, most consistent with the experimental CD spectra in

their entirety. Recording and fitting data at a number of wavelengths uses all of the



66
available information in determining K. This not only makes the fitted K more reliable, but

also directly shows the effect of binding on the host and guest circular dichroism spectra.

2.2.6 Comparison with NMRfit and EMUL Resultsl;19

The accuracy of our CD method is illustrated in the comparison of binding
constants measured by this method and by our 1H NMR method (Table 2.1). As shown in
Table 2.1, the agreement with NMR lies within the 0.2 kcal/mol error bar range, except
where the binding constant lies at the outer limits of either method. In the case of
cyclophane hosts like P, our NMR method seems best suited to the range of 3.5 kcal/mol <
-AG® < 8.0 kcal/mol. Likewise, the CD method also has its limitations for the study of P
and its analogs: 4.5 kcal/mol < -AG® < 10.5 kcal/mol; the lower limit of this range
approaches 5.0-6.0 kcal/mol when the guest has strong UV absorbance in spectral regions
that overlap with transitions in the host. These limits of these ranges arise from a
combination of solubility (and aggregation) limits and instrument sensitivity. Unlike our
EMUL program, CDfit does not give a statistically meaningful estimate of error bars.
Based on experimental observations and reproducibility of experiments, we estimate the
error bars on a typical CD result (with good fit) to be of £0.2 kcal/mol (the same as with
our NMR measurements).

In general a CD binding study is taken to be valid when 1) statistical fitting
parameters show strong agreement with our model, 2) the samples used in the experiment
cover a reasonable portion of the 20-80% bound range of the more dilute component in the
solution, and/or 3) the results are reproducible to -AG® + 0.2 kcal/mol. CDfit evaluates the
statistical parameters root mean square (RMS, equations 2.21 and 2.22) and SSR (equation
2.12) for individual samples and for the entire data set; the data output includes 6,3 caic and

(6p2 calc - 6ni obs) for all samples. Control experiments with our ethenoanthracenes 3 and

4 (Figure 2.1) consistently gave poorly fitting, non-reproducible data sets. Binding
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constants obtained from the fitted data of these control studies were either negligible (AG®>

0) or erroneous (-AG° > 20 kcal/mol), providing further evidence that the preorganized

cavity is required for guest binding.
rms (individual sample) = 1/ sli,n (2.21)
N
z (rms)?
RMS (entire data set) = L = (2.22)
Guest —AG° (CD) | -AG° (NMR)2
e 8.4 (8.0)
N? kcal/mol kcal/mol
CH,
5
+N(CH3)3 6.7 6.7
6
@:/\ 7.3 7.3
- +
CH;
7
@\/j 5.3 5.3
&
N
8
H H
N\'*r N 4.9 5.0
)
9

Table 2.1. Comparison of binding constants for host P measured by CD
and !1H NMR in pH 9 aqueous buffer.

8These values are considered accurate to £0.2 kcal/mol, except for guest § which cannot be accurately
studied with our NMR methodology.
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Data which best fits the model shows the smallest values of SSR and RMS, .in
general RMS < 0.1 and SSR £ 1 % of K are taken to be good fits. Figure 2.5 shows the

output from a typical data set for guest 7 in Table 2.1.

best-fit binding constant = 214260.2689 M-1 (-AG®°, = 7.3 kcal/mol)
chi-squared (SSR) = 41.9053
geometric average deviation (RMS) = 0.0964

breakdown by spectrum:
n ) [H]o [Gle %H Bound %G Bound ssr rms
1 1.00 12x10 1.75 x 106 23.872 16.369 24200 0.180
2 1.00 12x106 350x106 39.348 13.491 5.747 0.087
3 1.00 12x106 524x106 49.863 11.419 2.477 0.057
4 1.00 12x106 6.75%x106 56.539 10.0514 2.622 0.059
5 1.00 12x106 1.05x105 67.992 7.713 4.210 0.075
6 1.00 12x106 1.75x105 78.017 5.350 2.649 0.059
200.00 -
E a a: Host
E 100.00 - b b: Host-Guest Complex
(3}
E 0.00 E\ ‘V/'/-‘M\" RV SN ST e e
X :
< -100.00 [
_2m-(x):lllllllllllllllllLlIlllllllll
200 225 250 275 300 325 350
A (nm)

Figure 2.5. CDfit output and fitted spectrum of Host-Guest complex for
guest 7 bound by host Pg in aqueous borate buffer (pH 9).

The charged guests in Table 2.1 can have a variety of counter ions. Previous work
in our labs showed that counter ions have a negligible effect on binding.22 Of course, in
the CD experiment the use of a UV/Vis-active counter ion (iodide for example) can result in
erroneous data sets under conditions of low binding. When lower binding guests are used

(-AG?® < 6.5 kcal/mol), the experimental conditions require guest concentrations (and thus
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counter ion concentrations) to increase to levels where the counter ion absorbance becomes
significant. This can result in high noise and/or spectral artifacts in the absorbing regions
of the spectrum. For this reason, chloride and tetrafluoroborate are the preferred counter
ions for CD studies. This susceptibility to erroneous results due to UV active achiral

species is one of the major limitations of this CD methodology.

2.3 Applications of the CD Methodology!;22

2.3.1 Introduction

The results described thus far in this chapter show the success of our CD
methodology on systems that had already been studied by NMR. Once it had been
established that we could obtain accurate and reproducible results with CD, we wished to
apply the methodology to guest systems that were problematic for studies with NMR,
thereby taking advantage of CD as a method that can stand on its own for studying
molecular recognition. The extension of the class of guest we can study includes tightly
bound, highly water soluble molecules, molecules with limited aqueous solubility, and
dyes with very long wavelength absorption bands. A summary of guests studied and

binding constants measured with the CD methodology is given in Figure 2.6.

2.3.2 Tightly Bound, Highly Water Soluble Molecules!

Guests 5 and 10-13 are highly water soluble molecules that all bind to host P with
an affinity too large to accurately measure by NMR (-AG® 2 8.0 kcal/mol). Guests 10 and
11 deserve special mention as these molecules have absorption bands which lie at longer
wavelength than those of the host. As anticipated for the coupling of an achiral

chromophore to a chiral environment (host P), circular dichroism can be induced into these
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Figure 2.6. Binding constants (-AG°4 in kcal/mol) measured by CD with
host P and a variety of guests in aqueous borate buffer (pH 9).1
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long wavelength transitions.24:25 Figure 2.7 shows the fitted spectrum of the host P/10
complex, illustrating the induced negative Cotton effect (R < 0) centered near 350 nm.

This induced CD phenomenon will be further explored in Chapter 4.

2.3.3 Sparingly Soluble Molecules!

The guests 14-19 represent a special class of guest for our host system. These
molecules have limited aqueous solubility, with the concentration of saturated solutions
near or below the NMR sensitivity limit. The high binding constants of these sparingly

soluble guests can be attributed in part to strong hydrophobic forces.

200.00
- a: Host
»E 100.00 & b: Host-Guest Complex
5 \ ~
= A
E 0.00 &/\
e - a
b C
-100.00 - Induced CD
r (Ae < 0)
-2(X).(X)—IIII|1IIIlllllllllllllIllllllIILlllllll
200 225 250 275 300 325 350 375 400
A (nm)

Figure 2.7. CD spectrum of host Pg and fitted spectrum of its complex
with guest 10 in aqueous borate buffer (pH 9).

There are a number of interesting observations that can be made concerning guests
14-19. First, the azulenes 14 and 15 are of interest because these molecules have a

resonance structure in which the seven membered ring can be thought of as a tropylium

cation (Figure 2.8).1:23.26 Given the strong cation-n component in the binding of guests to
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host P, it is tempting to describe a cation-n effect with this seven membered ring.
However, strong hydrophobic forces dominate the binding interaction with these guests.1
The azulenes also show induced CD with their long-wavelength transitions;! 15 is
particularly interesting as it shows excitonic coupling18 (Figure 2.9) with the host.! These

observations will be discussed in detail in Chapter 4.

O—@Oo

Figure 2.8. Resonance structures of azulene hydrocarbons.
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Figure 2.9. CD spectrum of host Ps and fitted spectrum of its complex
with guest 15 in aqueous borate buffer (pH 9).

Guests 16 and 17 provide an interesting comparison. These two coumarins differ
only by replacement of a methyl group with a trifluoromethyl group, yet their binding
constants differ by a remarkable 2.8 kcal/mol.! One might consider this to be due to

hydrophobic forces, but a comparison of octanol/water partition coefficients (log P)27 for a
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series of methyl and trifluoromethyl analogs (Table 2.2) shows that this substitution results
in only small increases in the hydrophobic nature of the molecules.! We attribute the
increase in binding affinity to the inductive effect of the electron withdrawing

trifluoromethyl group. This leads to a stronger cation-nt effect operating on the more

electron deficient coumarin.!

Structure Log P, X = CH3 |Log P, X = CF3
X
? 2.73 2.79
27
i 0.66 1.18
X-C-OCH,CH;3; ) :
28
%
X- C—Nﬂz '013 012
29
v 15 1.96
X—C- CH,—C—CH;j3 el '
30

Table 2.2. Octanol/water partition coefficients for a series of methyl and
trifluoromethyl substituted molecules.2?

2.3.4 Dyes!

While the binding constants of the dye guests 20-22 do not fall outside of the range
that can be measured by NMR, these guests show some interesting spectral features that
would not be observed in an NMR experiment. The long wavelength charge transfer
absorptions of the dyes 20-22 exhibit bathochromic shifting in the presence of host P as in
Figure 2.10 and tabulated in Table 2.3. Such behavior is consistent with the dye moving

into an environment of different polarity than the solvent (the host cavity);28 this
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observation further supports guest inclusion in the host cavity (no bathochromic shifting is
observed with the dyes and non-macrocyclic molecules 3 and 4). Strong induced circular

dichroism was also observed with these guests (Figure 2.10).

Free Guest | Bound Guest®
Guest }vl_gax (nm) | eb (M'lcm'l) Amax (nm)| eb (M‘lcm'l) AA (nm)
20 452 2.6 x 104 482 2.8 x 104 +30
21 439 2.8 x 104 473 2.0 x 104 +34
22 412 1.8 x 104 424 1.9 x 104 +12

Table 2.3. Bathochromic shifting of guest absorption bands observed on
binding to host P in aqueous borate buffer.

8Data was obtained by fitting from known binding constants, equilibrium concentrations, and optical
constants. PApproximate value.
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Figure 2.10. CD and UV/visible spectra of Guest 20 (5.75 x 10-6 M) in the
absence (a) and in the presence (b) of host Ps (2.00 x 10-5 M) in aqueous
borate buffer (pH 9).
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2.3.5 Other Host-Guest Systems

The CD methodology has been successfully applied to host P and its guests. Its
extension to other host-guest systems has also been realized. Additional work to be
described later in this manuscript (Chapters 5 and 6) and studies by Pat Kearney2229 and
Sarah Ngola30 have established that this methodology can be successfully applied to other
hosts. The most notable of these hosts are the higher oligomers of host P (31 and 32,
Chapters 5 and 6, Figures 2.11 and 2.12)1 and the tetrabromo derivative of P, TBP
(Figure 2.13).22.29 These hosts all have critical aggregation concentrations that prohibit

study at NMR concentrations in purely aqueous solvents.

Figure 2.11. Host P trimer (31).1,2b
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COo,’ 32

Figure 2.12. Host P tetramer (32).1,2b

H2C~ CH2
o Qﬂ o
Br 2,
COy
‘0,C
TBP

m N(CH3);* X N
N,+ < N. m

CHs + CHj N

5,81 6,9.3 7,78 8,88

Figure 2.13. Host TBP and representative binding constants measured by
CD in aqueous borate buffer (pH 9).22,29
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2.4 Conclusions

Circular dichroism (CD) spectroscopy has been used to develop methodology for
measuring binding constants of guests with cyclophane hosts in aqueous media.! While
the use of CD to measure binding constants is not novel,3:13 this work represents the first
use of a non-linear least-squares fitting procedure (CDfit) that fits every data point from a
series of spectra to generate an estimate of the binding constant.! Another novel feature of
the CDfit program is that it also generates a best-fit CD spectrum of the pure host-guest
complex; this has the advantage of allowing quantitative changes in the CD to be observed
between the free and bound states (see Chapters 3 and 4). This methodology complements
our previously reported NMR methodology,4- expanding the range of binding constants
that can be measured and providing another means by which structural information on the
host-guest complex can be obtained. Figure 2.6 is a summary of all the binding constants
measured for host P by the CD method; the data in this figure nicely illustrates the range of

binding constants that can be covered using this methodology.

2.5 Experimental Section!

2.5.1 General Methods

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with either 1.0 or
0.5 cm pathlength quartz cells. A standard set of measurement parameters was used in all
quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m®/cm, Time Constant 1.0
Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4
accumulations. Quantitative UV/Vis spectra were recorded on a CARY 2200 or Beckman
DU-640 spectrophotometer; UV/Vis spectra used for qualitative purposes for CD studies
were taken from the J-600. 1H NMR spectra were recorded on a Bruker AM-500
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spectrometer; routine spectra were referenced to the residual proton signals of the solvents

and are reported in ppm downfield of 0.0 as & values. NMR spectra in borate-d were
referenced to the 1.09 ppm peak of 3,3-dimethylglutarate (DMG) as internal standard.
Preparation of solutions used for NMR binding studies and the protocols for such studies
have been described previously.2ab

All solvents used in spectroscopy were spectrophotometric or HPLC grade.
Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric
oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The
water used in these preparations was passed through a Milli-Q purification system.

All reactions, unless otherwise noted, were stirred magnetically under nitrogen
atmosphere. Solvents were distilled from drying agents under argon atmosphere;
acetonitrile, CaHp; THF, sodium benzophenone ketyl. Ion exchange for NH4+ was
carried out with Dowex® 50w-x2 cation exchange resin (the resin was treated with
concentrated ammonium carbonate then washed with Milli-Q purified water before use).
Unless otherwise noted reagents obtained from commercial sources were used without

further purification.

2.5.2 CD Binding Studies!,22

Stock solutions of guests were prepared by weighing out solutes on a Sartorius
microbalance followed by dilution to appropriate volumes. Further dilutions of stock
solutions gave the desired concentrations. For sparingly soluble guests 14, 15, 16, 17,
18, and 19, saturated solutions in cesium borate buffer were prepared. Aliquots of these
saturated solutions were diluted with acetonitrile and the concentrations determined by
fitting to UV/Vis calibration curves of the guest in mixed acetonitrile/cesium borate solvent

systems. Stock solutions of guest were prepared fresh for all studies with the sparingly
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soluble guests and with guests 22 and 24 (these guests decompose upon prolonged
standing in cesium borate).

Solutions of host P were prepared by dissolving lyophilized samples of the
tetraacid in cesium borate buffer.28b Concentrations were determined from CD
spectroscopy by fitting to standardized Ae data (See Appendix 2, Section 2.7).

Standardized Ae values for hosts were determined from a series of 5-6 solutions of
the host in the 10-7 - 10-5 M concentration range. The data at each wavelength in the 200-
350 nm range was fitted to the Beer-Lambert law to give the best fit Ae data used in the
binding studies. For host P these calibration studies used stock solutions prepared and
standardized for NMR studies.2ab

Fitting CD data from acetonitrile solutions of P tetraacid to A€ values for the 230-
350 nm region of Pg in CH3CN provided estimates of purity of samples of the tetraacid.
Calibration studies with P stock solutions in cesium borate prepared by weighing out
samples of the tetraacid (with "known purity") produced nearly identical Ae values to the
studies with NMR standardized stock solutions. This method of Ae determination was
used for 3, and 4 using the corresponding esters.

In a typical CD binding study, 5-6 spectra of solutions with a fixed concentration of
one component (usually host) but varying concentration of the other component (usually
guest) were used. The spectra and the Ae values of the host were fit to an association
constant with the CDfit program. In general, host concentrations were kept between 1-5
UM. All cases of guest induced CD in fitted Aeyg spectra were confirmed in solutions
where [Host]:[Guest] ratios were alternately very high and very low (high % bound guest
and high % bound host).

The € and Amax values for the bathochromic shifts of guest absorptions in host P
complexes (Table 2.3) come from spectra of solutions containing known amounts of host
and guest. Using previously measured binding constants and extinction coefficients, the

host-guest complex spectrum was calculated from the measured spectrum using equation
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2.23 and fitting over all wavelengths in the spectrum (comes from the resultant plotted

spectrum).

__A, [Hlegy +[Glegy
€HGA = TTHG] [HG]

(2.23)

Where A is the total solution absorption at wavelength A; [H], [G], and [HG] are
equilibrium concentrations of host, guest and host-guest complex; / is the pathlength of the
cell (cm); and €, is the extinction coefficeint for species i at wavelength A. For dyes 20-
22, the wavelength range of interest covered only wavelengths where the host had no

absorption (eg) = 0).

2.5.3 Synthesis of Ethenoanthracene-based Moleculesl

Compounds P, 3, and 4 were prepared by procedures described previously.2b

(9R, 10R)-2, 6-Bis(p-methylbenzyloxy)-9,10-dihydro-11, 12-dicarb-
oxyethenoanthracene (3r-diacid). In a 50 ml flask 0.018 g (3.38 x 10-5 mol) 3-
dimethyl ester (preparation below) was dissolved in 10 ml THF, followed by addition of
0.049 g (3.27 x 104 mol) cesium hydroxide and 2.5 ml water. The mixture was allowed
to stir in the dark at room temperature overnight, after which the THF was removed by
rotary evaporation. The aqueous mixture was frozen at -78 °C and lyophilized to give a
white powder that was dissolved in water and ion-exchanged for NH4*. The ion-
exchanged solution was frozen at -78 °C and lyophilized to give 0.020 g of a white powder
(78.3% pure by CD; impurities were inorganic salts and water). 1H NMR (Borate-d) &
(ppm) 7.34 (d, 4H, J = 6.0 Hz), 7.32 (d, 4H, J = 5.6 Hz), 7.25 (d, 2H, J = 7.9 Hz), 7.11
(d, 2H, J = 1.8 Hz), 6.62 (dd, 2H), 5.28 (s, 2H), 4.98 (S, 4H), 2.33 (s, 6H).

(9R, 10R)-2, 6-Bis(p-methylbenzyloxy)-9,10-dihydro-11, 12-di-

carbomethoxyethenoanthracene (3r-dimethyl ester). A 25 ml oven dried flask
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was charged with 0.012 g (3.40 x 10-5 mol) (9R, 10R)-2,6-
dihydroxyethenoanthracene,2b 0.020 g (1.08 x 104 mol) a-bromo-p-xylene, and
0.054 g (1.65 x 104 mol) cesium carbonate. After addition of 10 ml acetonitrile, the
mixture was heated to 55 °C and allowed to stir in the dark. After 18 hours TLC (silica gel,
3:1 ether:pet ether) indicated completion of the reaction. The mixture was filtered and
purified by flash chromatography (material placed on silica gel plug, 1:1 ether:pet ether).
Obtained 0.0176 g (98%) of product. 1H NMR (CDCl3) & (ppm) 7.21 (d, 4 H), 7.16 (d,
4 H), 7.05 (d, 2H), 7.02 (d, 2H), 6.54 (dd, 2H), 5.30 (s, 2H), 4.93 (s, 4H), 3.76 (s,
6H), 2.33 (s, 6H). CD [(9R, 10R)-enantiomer, CH3CN] A (A¢) [nm (M-lcm-1)], 318

(+2.3), 301 (-0.8), 286 (+17.6), 250 (-53.1), 230 (+102.4), 216 (-2.5), 207 (+52.1).
(9R, 10R)-2, 6-Bis(methoxy)-9,10-dihydro-11, 12-dicarboxy-

ethenoanthracene (4r-diacid). In a 10 ml flask 0.015 g (3.94 x 10-5 mol) 4R-
dimethyl ester (preparation below) was dissolved in 4 ml THF, followed by addition of
0.06 g (3.96 x 104 mol) cesium hydroxide and 1.0 ml water. The mixture was allowed to
stir in the dark at room temperature overnight, after which the THF was removed by rotary
evaporation. The aqueous mixture was frozen at -78 °C and lyophilized to give a white
powder that was dissolved in water and ion-exchanged for NH4*. The ion-exchanged
solution was frozen at -78 °C and lyophilized to give 0.022 g of an off-white powder
(69.1% pure by CD; impurities were inorganic salts and water). 1H NMR (Borate-d) §
(ppm) 7.36 (d, 2H, J = 7.6 Hz), 7.13 (d, 2H, J = 2.3 Hz), 6.63 (dd, 2H, J = 2.4, 74
Hz), 5.31 (s, 2H), 3.77 (s, 6H).

(9R, 10R)-2, 6-Bis(methoxy)-9,10-dihydro-11, 12-dicarbomethoxy-
ethenoanthracene (4g-dimethylester). A 25 ml oven dried flask was charged with
0.051 g (1.45 x 10-3 mol) (9R, 10R)-2,6-dihydroxyethenoanthracene,2b and
0.234 g (7.46 x 10-4 mol) cesium carbonate. After addition of 10 ml acetonitrile, methyl
iodide (0.1 ml, 0.228 g 1.60 x 10-3 mol) was added dropwise. The mixture was heated to

50 °C and allowed to stir in the dark. After six hours TLC (silica gel, 1:1 ether:pet ether)
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indicated completion of the reaction. The mixture was filtered and purified by flash
chromatography (material placed on silica gel plug, 1:1 ether:pet ether). Obtained 0.06 g
(quantitative yield) of product. 1H NMR (CDCl3) 8 (ppm) 7.23 (d, 2 H), 6.95 (d, 2H,),
6.47 (dd, 2H), 5.31 (s, 2H), 3.79 (s, 6H), 3.76 (s, 6H). CD [(9R, 10R)-enantiomer,
CH3CN] A (Ag) [nm (M-1cm-1)], 318 (+2.6), 302 (-1.4), 285 (+16.2), 250 (-46.6), 229
(+71.0), 217 (-1.1), 205 (+72.6).

2.5.4 Guests!

Guests 7, 14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, and 26 were obtained
from commercial sources. Guests 931 and 1532 were prepared as described in the
literature. Guests §, 6,7, 10, 11, 12, and 13 were prepared through alkylation of the
appropriate amine, quinoline, or isoquinoline with methyl iodide. Guest 8 was distilled
under vacuum prior to use. Chloride salts were obtained by ion exchange of the
appropriate iodide or bromide salt using Dowex® 1X8-400 ion exchange resin. Guest
purity of hydroscopic guests (all the chloride salts) was ascertained by elemental analysis.
Guests were used as is unless elemental analysis, NMR, or UV/Vis spectroscopy indicated
the presence of organic impurities; in such cases further ion exchange, recrystallization, or
other appropriate means of purification were employed and the samples checked by

elemental analysis.

2.5.5 CD Data for Previously Reported Compoundsl

2, 6-Dihydroxyethenoanthracene.2b [(9R, 10R)-enantiomer, CH3CN] A
(Ae) [nm (M-1cm-1)], 302 (-3.5), 285 (+16.4), 250 (-41.9), 229 (+61.3), 217 (-9.0), 206
(+59.8).
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P-Tetramethyl Ester.2b [(9S, 10S, 9'S, 10'S)-enantiomer, CH3CN] A (Ag)
[nm M-lcm-1)], 297 (+14.0), 283 (-2.8), 251 (+144), 227 (-272), 208 (-85.6).

P.2b [(9S, 10S, 9'S, 10'S)-enantiomer, pH 9 borate buffer] A (A€) [nm (M-lcm-
1], 296 (-35.0), 277 (+15.7), 252 (-151), 226 (+168), 211 (sh) (+50.6).

2.6 Appendix 1: Creating CDfit Input files1?

The input file for CDfit must contain the following information: concentrations and
pathlengths of each sample, the range of wavelengths being covered with the known optical
constants for each solution component for each of the wavelengths in the range, and the
observed 6, at each wavelength for each sample. If it is desired to eliminate some
wavelengths from the fitting for a given sample, setting 63 = 10,000 at the given
wavelength will alert the computer to ignore that data point. Using a program like
Kaleidagraph33 or Excel,34 the wavelength, optical constant, and ellipticity data can be
compiled into columns and saved in a text format.

In the text file (which should have no column headings for the data), the following
information is added at the top of the page, for each solution: host concentration, guest
concentration, and pathlength. Each solution gets its own line with each piece of
information separated by a single space.

As an illustrative example, consider a study in which three solutions containing a
chiral host and an achiral guest are to be fitted over the wavelength range from 250-240 nm

with data taken with a 1 nm step width.

Solution [H], [Glo l
1 1x106M 1x10°M l1cm
2 1x106M 2x106M 1cm

3 1x106M 3x106M 1cm
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The input file should appear as follows:

le-6 1e-6 1

le-62e-61

le-63e-6 1

250.00 100.00 0 1.500 1.510 1.520
249.00 98.00 0 1.480 1.490 1.500
248.00 97.00 0 1.460 1.470 1.480
247.00 95.00 0 1.400 1.410 1.420
246.00 80.00 O 1.350 1.360 1.370
245.00 75.00 0 1.340 1.350 1.360
244.00 60.00 0 1.240 1.250 1.260
243.00 50.00 0 1.200 1.210 1.220
242.00 4500 0 1.150 1.160 1.170
241.00 44.00 0 1.140 1.150 1.160
240.00 43.00 0 1.130 1.140 1.150

At the top of the page is the information on each solution being fitted—all information
separated by a single space, and each solution on a separate line; the first line is solution
number 1, the second line solution number 2, and so on. A single blank line separates the
solution information, which is seen as the six vertical columns of data. Reading from left
to right, these columns of data are (1) wavelengths, (2) host optical constants (Aeg)), (3)
guest optical constants (Agg), all are zero because the guest is achiral), (4) 6, from
solution 1, (5) 6 from solution 2, and (6) 63 from solution 3. If there had been more than
three solutions, the 63 columns for solution 4 and on would go on the right of the solution
3 data. The row of data for the final wavelength (240 nm in the above example) is the
terminal line of the text file; any characters or blank lines beyond this will cause CDfit to
give an error message.

The input file should be given the extension ".in", thus for the above case we can
call the file "example.in". To run CDfit off of the Dougherty group Silicon Graphics
machine, type "CDfit" and follow the instructions. There are two output files with
extensions ".cdf" and ".tab". The .cdf file contains the output summary (see Figure 2.5),
and the .tab file contains all the input data with the quantities E3, AEHgGa, and Gxcalc. It

also contains the residuals Gjcalc - Giobs-
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2.7 Appendix 2: Measurement of Ae values and Estimation of Concentra-

tions

Standardized sets of Ae values are obtained by fitting data to the Beer-Lambert law
at each wavelength over the desired range from N solutions of known concentration.
Mathematically, this is performed for the N data points at each wavelength using equation
2.24,

N
Z CuluBin

_n=1
Ag), = —_— (2.24)

8 2 (Cnln)2

n=1

where ¢ is the concentration (M), / is the pathlength of the cell (cm), the constant g is
defined by equation 2.3, and 6 is measured in millidegrees. Concentrations of solutions

can be estimated by plotting 63 vs glAe. The plotted data is fitted to a straight line with an

intercept of zero, the slope is the molar concentration of the unknown solution.
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Conformations of Cyclophane Host Molecules.
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Chapter 3
Stereochemical Assignments and Molecular Conformations of

Cyclophane Host Molecules.

3.1 Introduction

One of the questions of primary interest in the study of host-guest complexes is that
of the host structure in both the free and bound states. The previous studies of host P
(Figure 3.1) and similar ethenoanthracene hosts relied primarily on 1TH NMR spectroscopy,
and to a lesser extent on molecular mechanics calculations to infer important structural
information about the hosts.! The studies in this chapter describe the application of
methodology other than IH NMR to experimentally address these structural issues. These
studies have employed circular dichroism (CD) spectroscopy (see Chapter 2) to address
issues of stereochemistry (section 3.2) and solution structure (section 3.3).2 In addition,
x-ray crystallography has been used to address the structure of the host binding site

(section 3.4).3

3.2 Stereochemical Assignments of 2,6-Dihydroxyethenoanthracenes

3.2.1 Background

One of the important issues that had not been conclusively established in previous
studies was the assignment of absolute stereochemistry of the samples of our molecules.
In earlier work the absolute stereochemistry of the hosts had been assigned based on
indirect observations and empirical models.!® Two dimensional 1H-1H correlated NMR

(NOESY) was used to confirm the identities of the syn and anti diastereomers (2 and 3)
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Figure 3.1. Hosts P, Pg, and C and their 2,6-dihydroxyethenoanthracene
building blocks (1g, 1R).

used for the preparation of ethenoanthracene building block 1 (Figure 3.2).10 The absolute
stereochemistry of these samples was then inferred by the known olefin-facial selectivity of
the asymmetric Diels-Alder reaction between TBS protected 2,6-dihydroxyanthracene (5)
and (+) or (-)-dimenthylfumarate (Figure 3.2).! The final evidence for correct assignment
came from data on a variety of C2-symmetric bridged anthracenes.!? These molecules
show a consistent relationship between the sign of the optical rotation ([a]p) and the
absolute configuration.!b4 Positive optical rotation is expected for the absolute
stereochemistry of 1R and negative optical rotation is expected for the absolute

stereochemistry of 15.104 The measured optical rotations complemented the NOESY re-
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Figure 3.2. Olefin-facial selectivities in the Diels-Alder reaction that leads
to the preparation of 2,6-dihydroxyethenoanthracenes 1s and 1r.1b
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sults and the inferred olefin-facial selectivity, leading to the assignments.1b Although the
evidence strongly suggested that the stereochemistry of the samples had been correctly
assigned, more direct proof was desirable.

In multichromophoric systems, the positions in space of the chromophores with
respect to one another (and hence absolute stereochemistry) can be deduced from the CD
spectra.>-8  As expected the chirooptical properties of our hosts appear to be dominated by
the coupling of the component chromophores (exciton optical activity) and thus the spectra
could reveal the spatial relations of these chromophores.5:6 However, complete
interpretation of the host spectra (Figures 3.3 and 3.4) is complicated by a number of
overlapping transitions between the component chromophores of the molecules (6 and 7
Figure 3.5). Semi-empirical calculations (INDO/S, to be discussed more fully in Chapter
4) indicate that there are at least seventeen m — m* transitions associated with the
diprotonated form of 6 (Figure 3.5) in the 200-315 nm region of the CD spectrum.
Calculations on «, a’-dimethoxy-p-xylene (7, a model for the linker chromophore, Figure
3.5) indicate two additional ® — m* transitions occur in the 200-250 nm region, further
complicating the direct analysis of the host P CD curves.

While the interpretation of the host CD spectra is quite complex, circular dichroism
spectra of exciton coupled C2-symmetric systems has been used to assign absolute
stereochemistry.6-8 The ethenoanthracene building block 1 is a C2-symmetric
chromophore and is thus suited for this type of analysis. Assignment of the absolute
configuration of 1 establishes the absolute stereochemistry of the host prepared from the
known sample. Exciton-coupled CD has been addressed in much detail by Harada ahd

Nakanishi,® from which the introduction in section 3.2.2 is adapted.
3.2.2 Excitonic Chirality®

For a binary system composed of two chromophores (a and b) that are either identi-
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cal or have similar A, positions for a particular absorption band, and where a and b are
brought to an excited state at the same probability, the two states can mix to give the excited
state of the whole system (Figure 3.6).6 This results in a splitting of the absorption band
into two components.6 In the UV/vis spectrum the splitting is not experimentally
observed, but if the chromophores are in chiral positions with respect to one another, a CD
spectrum can exhibit a split Cotton effect (Figure 3.7).6 As illustrated in Figure 3.7, the
split Cotton effect shows positive and negative components with equal rotational strength
(the area under the curve).6 The wavelength midway between the minimum and maximum

points passes through Ae = 0 and corresponds to the Amax Of the chiral absorption band.6

-7 A 7 YRR
-* 2V, 3 State 2
A Tl Y _a .=’ A (First Excited State)
T A
Energy
I R e B — State 1
(Ground State)

Group a Total System Group b

Figure 3.6. By exciton interaction between the two chromophores a and b,
the excited state splits into two energy levels.6 The energy gap 2V, is
called the Davydov splitting.6a

The splitting pattern of the Cotton effect directly correlates with the relative
positions of the electronic transition moments of the two chromophores, thus allowing
unambiguous determination of their positions in space with respect to one another (that is
the chirality of the system, Figure 3.8).6 Harada and Nakanishi have presented a thorough

theoretical discussion of this phenomenon; interested readers are referred to reference 6.
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Mathematically, the chirality of a C2-symmetric molecule that contains the two
identical chromophores a and b, separated from one another through space, can be

determined by evaluating the sign of expression 3.1,
R (Ma12XHs12) Vas (3.1)

where Ryp is the interchromophoric distance vector between the midpoints of the transition

moments of a and b, Hg12 and Yy are the electronic transition dipole moments of the

excitation from the ground state to the first excited state (State 1 — State 2) for groups a

and b, and Vg is the interaction energy of the two chromophores.

~
A

Positive 1st  Positive 2nd

:' Cotton Effect Cotton Effect ",
A

Positive Chirality Negative Chirality

Tl

Negative 1st
Cotton Effect

Negative 2nd
Cotton Effect

Figure 3.7. Summation curves (CD and UV, solid lines) of two component
absorption bands (dotted lines) separated by Davydov splitting A).6a

If the sign of expression 3.1 is negative, the system has negative chirality (negative

long-wavelength, positive short-wavelength splitting pattern, Figure 3.7).6 If the sign is
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positive, the system has positive chirality (positive long-wavelength, negative short-wave-
length splitting pattern, Figure 3.7).6 To evaluate the sign one must know the handedness
of the system, the polarization directions of the interacting transitions, and the relative
positions in space of the atoms that make up the interacting chromophores.® The cross
product of the electronic transition dipoles can be assigned a positive value by taking an in
phase combination of the two vectors; the correct result will be obtained as long as the
vector directions are consistent in all calculations.® The sign of equation 3.1 thus depends

only on the sign of V. The interaction energy can be evaluated by equation 3.2:6

- Ha12°Hs12 ) 3(ua12'RabXHb12'Rab) - l.lalzubl2{€a°eb-3(ea'€abxeb’eab)) (3.2)

V.
TR, RS, R,

© ®

/ N

Negative Chirality Positive Chirality

Figure 3.8. Spacial relationship between transition moments (double-
headed arrows) showing excitonic chirality.62

In equation 3.2, eg, ep, and egp are unit vectors along the directions of pg12, Hp12, and

Rgp, while Rgp, Ha12, and plp2 are scalar, not directional quantities. The sign comes from

the dot products of the unit vectors, which are

e.ce, = Cos 0. (3.3)

eces = Cos O R, (3.4)

ey*eqs = Cos eubRab (3.5)
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These angles are the angles between the transition dipole moment and distance vectors on

the molecule in question.

80.00
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Figure 3.9. CD Spectrum of 1r in acetonitrile.

8

Figure 3.10. The p-(dimethylamino)benzoate chromophore (8); the arrow
indicates the direction of the electronic transition moment.6a

3.2.3 Application to the Dougherty Group System

Ethenoanthracene 1 does not show a strong, easily assignable excitonic coupling in

its CD spectrum despite the presence of the phenolic rings (Figure 3.9). So, two strongly
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interacting chromophores needed to be placed onto the phenolic oxygens. Following
Nakanishi's protocol, we chose the p-(diméthylamino)benzoate chromophore (8, Figure
3.10).62 The bis[p-(dimethylamino)benzoate] derivative of 1, compound 9, was prepared

as shown in Figure 3.11.62

Os on % a
N (50 %)
i
IN\ Z /N\
CS,
10 11
H;3CO0,C CO4CH; HiCOC C02CH3
)‘ g;
Ig cat. DMAP
N

Flgure 3.11. Synthesis of the bis[p-(dimethylamino)benzoate] derivative of
1g.6

3.2.4 Expected Excitonic Chirality of the 2,6-Dihydroxyetheno-

anthracene System

In order to assess the meaning of the bisignate signal from 9, a calculation to
evaluate the expected sign of the excitonic chirality for a given enantiomer is required. The
atomic coordinates for 9r were obtained from molecular mechanics calculations on the (R,
R)-enantiomer using BIOGRAF? with the AMBERI!0 force field. To obtain the best
sampling of possible conformations, a usage-directed Monte Carlo search!! was performed
in which the torsion angles A-B-C-D, B-C-D-E, C-D-E-F, G-H-1-J, H-I-J-K, and I-J-K-L

(Figure 3.12) were varied from 0-180°. After minimization and duplicate elimination, 64
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low energy conformations (all within 1.2 kcal) were obtained. The lowest energy
conformer is shown in Figure 3.13 and the (R, R)-enantiomer has a right-handed
(clockwise) sense of screw as indicated by the arrow. AMBER!0 is not parameterized for
an N(amine)-C(aromatic) bond, so for purposes of calculation the dimethylamino group was
replaced with an isopropyl group.
To calculate the sign of equation 3.1 for 9R, the following must be defined. First,

since 9R has clockwise-handedness (Figure 3.13)
Rap >0 (3.6)

Defining the directions of the transition moment vectors as "in-phase" for all calculations

makes6a

(Malz X l—lblz) >0 3.7)

Thus only the sign of Vab needs to be evaluated. From equation 3.2, the sign of Vgp

depends only on the term with the unit vectors (expression 3.8).62
(ea.eb’3(ea.eabxeb.eab)} (3'8)

Substituting equations 3.3, 3.4, and 3.5 into expression 3.8, the following expression for

the sign of Vg is obtained:
sign of Va, = sign of {Cos Bas —3{Cos 611.R,,Cos OubRab)} (3.9)

The desired angles can be found by creating lines that are superimposed onto the points in
space that define the actual distance and transition moment vectors, then finding the angles
between these lines. The atoms which define these points in space are defined in Figure

3.13.
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Figure 3.12. Atoms defining torsion angles for the (9R, 10R)-enantiomer
of 9.

Figure 3.13. Lowest energy conformer of 9gr, the arrow indicates the
right-handed sense of screw. The atoms that define the directions of the
transition moments are also indicated.62
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To define the electronic moment vectors, two lines on each chromophore must be
defined. These lines are from atoms 2 to I and from 3 to 4 on the left side, and the
analogous lines on the right side from atoms 6 to 5 and 8 to 7 (Figure 3.13) For four

points in space, two lines can be found using the general relationships 3.10 and 3.1112

L=(X2-x1,y2-Y1,22-21) (3.10)

L' = (x4 - X3, ya - y3, 24 - 23) (3.11)

Once these lines are defined the points of intersection between lines 2-1 and 3-4
(point A) and between 6-5 and 8-7 (point B) are needed. These intersections can be found

from the equations for a line in space. For the two lines, the following equations can be

written12

X = X1+ (X2 - X)t, X' = X3 + (X4 - X3)$ 3.12, 3.13)
y=yit (Y2-ydt, y' =ys+ (ya- ys)s (3.14, 3.15)
z=21+ (Z2-Z))t,2' = Z3+ (24 - Z3)$ (316, 317)

where s and t are parameters for each line. At the intersection of the two lines

x=x,y=y,z=2 (3.18)

The following expressions can be written for the unknown parameters s and t

Xit (X2 - XDt- X3 _ Xa+ (Xa- X3)$ - X
_ e 3.19, 3.20
(X4 - X3) (x2-x1) ( )
g Yt (2-yt-ys o+ (- ys)s - v (321, 3.22)
(ya-ys) (y2-y1)
_zi+ (- 2t - z3 | _ 2zt (z4 - 23)s - zy (3.23, 3.24)
(Z4 s 23) (z2 - Zl)

Solving for s and t in terms of x and y gives equation 3.25:
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_ (2 - y1)(x3 - x1) + (X2 - X1)(y1 - y3)
S (Xz = X1)(y4 - y3) = (Y2 = )’1)(X4 . Xs) (3.25)

From equation 3.25 it is possible to obtain values of s and t and then to find the points of
intersection of the lines using the Cartesian coordinates of the atoms in Figure 3.13.
The transition moment vector of the left chromophore (call it @) in Figure 3.13 is

defined by the vector from point A to atom /,62i.e.,

RAI = ua = «xl - xA)’ (yl = YA)’ (Zl - ZA)) = (xa, y«, Za) (3.26)

The transition dipole moment for the right chromophore (call it b) is defined by the vector

from point B to atom 5,0 1i.e.,
Rps = Wy = ((Xs - Xs), (ys - ys), (zs - Z3)) = (X5, Y5, Zs) (3.27)

Defining the midpoints of the transition moment vectors as points C and D allows the

distance vector to be defined6a
Rep =Rap = (%0 - X¢), (yp - Yo), (2b - 2c)) = (Xab, Yabs Zab) (3.28)

Using equations 3.26, 3.27, and 3.28, the following expressions can be defined

Cos 0,, = Feztbnz _ [(Xa)(Xe) + (ya)(ys) + (Za)(z)] (3.29)
T adund VOE+ 2+ 2) V(G + ¥R+ 2)
Cos B,R,, = Hoi2°Ras  [(x6)(Xa) + (¥5)(Yab) + (25)(Zab)] (3.30)

* R VG + Y2+ 3) V(% + Yo + )

_Hai*Rap _ [(Xa)(Xab) + (o) (Yar) + (2a)(Zas)] (3.31)

Cos 6 = =
o PlR.s HaidRad YZ+ 2+ 22) V(2 + yob + 25 )

Equation 3.9 allows evaluation of the sign of V and thus determination of the chirality of

the system.
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Evaluation of Vg, for all 64 conformers gave a positive value, indicating that the (R,
R)-enantiomer of 9 should show a split Cotton effect with positive long-wavelength and

negative short-wavelength components. The Cotton effect is expected to be centered near
310 nm (Amax for chromophore 8).6

3.2.5 Results and Other Applications

Figure 3.14 shows the CD spectrum in acetonitrile of a sample assigned from the
synthesis as 9r. As expected, there is a split Cotton effect centered at 307 nm with
positive long-wavelength and negative short-wavelength components. However, the two
component curves should be of approximately the same rotational strength, and as
observed in Figure 3.14 this is not the case; the rotational strength of the long wavelength
(first) Cotton effect is about six times that of the shorter wavelength (second) Cotton effect.
It appears that the reason for this is the overlapping of the shorter-wavelength component
of the split Cotton effect with a Cotton effect from the phenolic rings of 1 (Figure 3.9).
The difference spectrum13 (subtraction of the 1R spectrum from the 9r spectrum) does
show a split Cotton effect with a ratio of about 2:1 for the rotational strengths of the
component curves (Figure 3.15), thus confirming that the chirality assignment of the
sample was correct. Likewise, the sample assigned from the synthesis as 95 showed
negative excitonic chirality.

Once the sample assignments had been confirmed, the CD spectra of all
intermediates in the synthesis of 1 were obtained, and these can be used to assign the
stereochemistry of synthetic samples. These spectra are available in Appendix 1 (section
3.7) of this chapter. The excitonic chirality approach has also been used to confirm the
stereochemistry of the dibromo ethenoanthracene (12) used in our laboratories to prepare

host TBP (Figure 3.16).1.14
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Figure 3.14. CD Spectrum of 9g in acetonitrile.
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Figure 3.15. CD difference spectrum of 9g and lg in acetonitrile.
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Figure 3.16. Host TBP and its ethenoanthracene building block (12).1a,14

3.3 Solution Conformations of Cyclophane Host Molecules

3.3.1 Introduction - Conformations of Host P

On the basis of modeling studies, it had been proposed that host P has two
preferred conformations capable of encapsulating a guest molecule (Figure 3.17).1b.2
These are a Dy-symmetric toroid conformation (Figure 3.17A) and a C,-symmetric
rhomboid conformation (Figure 3.17B).10:2 The toroid is thought to be preferred only for
guests with a three-dimensionally spherical structure; the prototypical guest of this type
being adamantyltrimethylammonium (ATMA) ion (13, Figure 3.18).15.2 The rhomboid
conformation is best suited for binding guests that have a naphthalene-like shape; the
prototypical guest for this conformation is N-methylquinolinium (NMQ) ion (14, Figure
3.18).1b:2 Figure 3.19 illustrates how well these prototypical guests fit into the optimized

cavities of the two conformations.
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Figure 3.17. Toroid (A, calculated structure) and rhomboid (B, structure
adopted from crystal structure of P tetramethyl ester3) conformations of

host P.1b,2
+N(CH3)3 m
13 N; 14

CH3;
Figure 3.18. Prototypical toroid- and rhomboid-binding guests.




Figure 3.19. Toroid (A) and rhomboid (B) conformations of host P with
docked prototypical guests.1b,2

NMR studies with host P and the guests of Figure 3.18, support the two-state
binding model proposed in Figure 3.19.1b The shifting of host proton peaks is quite small
in these NMR studies,!P and more conclusive experimental evidence for this binding model
was desired. It was thought that the two conformations should be readily detectable from

the CD spectra of the bound complexes.
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3.3.2 Circular Dichroism Studies2

Figures 3.20 and 3.21 show the best-fit CD spectra of complexes of host P with
ATMA chloride (13) and NMQ chloride (14) in aqueous borate buffer compared to the CD
spectrum of uncomplexed host.2 The spectra show very striking qualitative differences.
The CD spectra provide strong experimental support for our two-state model. The changes
associated with the rhomboid are very subtle, the CD curve showing a general decrease in
magnitude of all Cotton effects (Figure 3.21). This is consistent with the host preferring
the rhomboid conformation and thus being preorganized to bind NMQ-like guests. The
toroid form is characterized by increasing intensity of lower wavelength Cotton effects
(Figure 3.21); the changes observed in the spectrum are consistent with the host
undergoing a significant conformational change in order to bind guest 13. This pattern
persists throughout the series of guests studied (see Chapter 2). Only two guests showed
the toroid binding spectral changes, 13 and tetrabutylammonium ion. All other guests
show the rhomboid binding spectrum, and CPK models show that all of these other guests

fit well into the rhomboid binding site.

200.00
- a a: Host
0 9(),()()5\ b b: Host-Guest Complex
3]
= & /\ —
E -20.00 Mo I
= -130.00 |-
-240_(X)—1111|1|11111111lllxllljlllxll
200 225 250 275 300 325 350
A (nm)

Figure 3.20. CD spectrum of host Pg and best-fit spectrum of its complex
with guest 13 in aqueous borate buffer (pH 9).
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Figure 3.21. CD spectrum of host Ps and best-fit spectrum of its complex
with guest 14 in aqueous borate buffer (pH 9).

3.3.3 Other Hosts

Another host of interest is the saturated linker analog of host P, host C (Figure
3.1).1b,15 Modeling suggests that host C has binding conformations and behavior nearly
identical to host P.16 Host C is also thought to have a cavity of approximately the same
dimensions as host P.16 As a result, spectral behavior similar to that observed for host P
was expected.

Figures 3.22 and 3.23 show the CD spectra of host C and its complexes with
ATMA chloride (13) and NMQ chloride (14) in aqueous borate buffer. The differences
between the spectra of the two conformations are very subtle (Figures 3.22 and 3.23).
This data suggests that it is the repositioning of the linkers (CD active in P, non-
contributing to CD spectrum in C) which are responsible for the observed CD changes
accompanying host conformational changes. This assumption is consistent with the

calculated conformations of the hosts.
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CD studies of other hosts derived from P have also shown the rhomboid vs toroid

binding conformations with appropriate gueéts when the linkers are CD active.14,17

A (nm)

with guest 13 in aqueous borate buffer (pH 9).
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Figure 3.22. CD spectrum of host Cr and fitted spectrum of its complex
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Figure 3.23. CD spectrum of host Cr and fitted spectrum of its complex
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3.4 X-Ray Crystallography3

3.4.1 Introduction

A number of attempts were made to obtain solid-state structures of hosts from our
laboratories with and without bound guests. The only success from these experiments was
obtained with the tetramethyl ester of host P (Pg, Figure 3.1). Pg was crystallized by a
combination of slow evaporation of and water vapor diffusion into an acetonitrile solution
of the host. Crystals of Pg as a mono-acetonitrile solvate were obtained from solutions
containing no guests and from solutions containing guests 13 or 14. The binding
constants for these guests with Pg in pure acetonitrile are expected to be negligible,18 but it
was hoped that the water vapor would serve to increase hydrophobic binding forces and
thus allow for crystals of host-guest complexes to form. Unfortunately, no guest binding
was obtained in the crystal. However, esters from neighboring host molecules in the
crystal were bound in the cavity. Thus the crystal structure of Pg is believed to represent a

true binding conformation.3

3.4.2 Crystal Structure of PgeCH3CN3

Table 3.1 summarizes the crystal data for the orthorhombic crystals obtained of the
(8,5,5,5)-enantiomer of PE*CH3CN. The final heavy atom parameters are give in Table
3.2. Figure 3.24 shows an ORTEP19 drawing of the molecule, including the numbering
system. The cavity is in the rhomboid conformation, consistent with this being the more
energetically favorable of the two preferred solution conformations.!b:2.3 The cavity has

an effective size of approximately 4.0 x 7.6 A, as illustrated in Figure 3.25. Table 3.3 lists

selected trans-cavity distances.3
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Interestingly, the acetonitrile molecule of solvation was not associated with the
cavity. Rather, the cavity is filled with the ester moieties from two adjacent Pg molecules,
one entering from either side.3 Figure 3.26 illustrates two views of this arrangement. The
ester moieties ("guests") are packed quite snugly into the cavity: O---C distances to the
aromatic atoms in the walls (from oxygen atoms involved in the ester linkage) range down
to 3.28(1) A, and Ce-C distances (from the terminal methyl groups) down to 3.56(1) A3
Although none of the ester groups penetrate completely into the center of the cavity, it is
still perhaps best to think of the observed conformation of Pg as a binding conformation,
rather than as a conformation of free host.3 It is important to point out that the preferred
gas-phase conformation of the host cavity without any guest present is thought to be
collapsed on itself.16:20 It should be noted that the single ester grouping that enters the
cavity from the right-hand side in Figure 3.26B is disordered between two conformations;
only the major orientation is shown in Figures 3.24-3.26.3 The alternative orientation,
with population 0.16(1), is rotated by -102° about the C-C bond. In this orientation, the
terminal methyl group C46B lies outside the cavity.3 It is worth noting that the positions of
the ester grouping atoms in the cavity are less certain than the other atoms in the structure,
as illustrated by the large thermal ellipsoids for these atoms (Figure 3.24).

The cavity shows approximate C2-symmetry. Disregarding the central linker
groupings (rings B and B’, Figure 3.25), corresponding atoms in the two halves of the
molecule map onto one another to within 0.2 A.3 Some atoms of B and B’ show mis-
matches of about 0.5 A, representing significantly different tilts of these rings relative to the
central axis.3 The walls of the cavity are only approximately vertical. Rings C and C" are
inclined (from the vertical) by about 10°, and rings A and A’ by about 30°, while ring B’ is
inclined by only 12°, and ring B is inclined by 34°.3 Opposite walls are inclined in opposite
directions, so that the two openings into the cavity have quite different shapes.3 In the
present case, one side of the opening accommodates much of two methyl esters, while the

other side accommodates but one.3 Despite the deviations from perfect C2-symmetry, the
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structure agrees quite well with the calculated rhomboid structure. The rhomboids of
Figures 3.17 and 3.19 are derived from this crystal structure, and as seen in Figure 3.19.
The cavity size is ideally suited to encapsulation of our prototypical rhomboid binding guest
(14).

Figure 3.24.3 An ORTEPIY view of Pgg, with the atom numbering. Heavy
atoms are shown as their 50% probability ellipsoids and H atoms as
spheres of arbitrary, small dimension. C11 is hidden behind O2.

Space Group orthorhombic, P212121
a 11.741(6) A
b 16.155(5) A
c 25.895(7) A
| 4 4912 A3
Z 4
D, 1.28
F(000) 2020e-
Radiation Mo Ko
A 0.7107 A
u 0.84 cm-!
R 0.0538
(for 2410 independent reflections with I > 0)
S 2.29
(for 2610 total reflections)

Table 3.1. Crystal data for PggcCH3CN.3
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X, Y, 2, and Ueq® x 104

Table 3.2. Final heavy atom parameters (.7\, Ueq in ,‘912) for

Y, = ;— i3 jluaa) Naea)]

Atom| X y z Ueq NAtom| x y z Uea
01 7798(6) 41(4)] 2690(3)| 919(25)f C25 5024(8) | 4866(7)| -394(4)| 605(30)
02 6257(5) -344(4)| 2270(3)| 75021 C26 4928(9 5478(6) -37(5)| 786(34)
03 7532(6) 1559(4)| 3884(3)| 7772D|| C27 5227(9) | 5337(6)| 479(5)| 789(34)
4 7033(5) 242(4)| 3737(3)| 816(21)J| C28 4639(8) | 4991(6)| -945(4)| 746(33)
05 5895(5) | 3572(4)| 1288(2)| 694(20)j C29 -738(7) | 3372(5)| 548(4)| 474(24)
06 3486(5) | 5304(4)] -961(2)| 744(22))1 C30 -943(7) | 3831(6)| 996(3)| 469(26)
o7 -2563(9) | 2610(6)| -766(3)| 1498(35)]] C31 | -1107(7) | 4660(5)| 969(3)| 467(25)
08 -2040(7) 3002(5) | -1514(3) | 1133(28)]| C32 | -1015(7) 5074(5) 503(3)| 455(22)
09 -2927(7) | 2610(6)| -766(3)| 1498(35))| C33 1579(8) | 5146(5)| -735(3)| 522(26)
010 | -2149(6) | 5790(5)| -1042(3)| 984(26)|| C34 2625(8) | 4753(7)| -828(3)| 569(32)
011 -955(5) | 3382(3)] 1449(2)| 617(18)|| C35 2727(7) | 3915(6)| -808(4)] 583(31)
012 1481(4) 1786(3)| 3764(2)| 507(18)|| C36 1778(8) | 3441(5)| -685(3)| 548(27)
C1 5616(7) | 2441(5)| 1824(3)| 446(24)|| C37 -530(7) | 4973(5)] 470(3)| 446(22)
C2 5853(7) | 3271(6)] 1783(4)] 494(26)|f C38 -366(7) | 3391(5)| -430(3)| 455(23)
C3 S997(T) | 3752(5)] 2229(4)| 502(25)|f C39 | -1288(7) | 3708(6)] -802(3)] 429(25)
C4 5925(7) | 3378(6)] 2708(3)| 482(26)|f C40 | -1353(7) | 4523(6)| -825(3)| 453(26)
C5 3391(8) 1889(5)| 3529(3)| 405(23)|| C41 -648(7) 3767(5) 87(3)| 385(24)
C6 2311(7) 1590(5)| 3402(3)| 417(25)|| C42 -744(7) | 4630(5) 64(3)| 393(24)
C7 2121(7) 1144(5)| 2954(3)| 438R27)|I C43 659(7) 4659(5)| -614(3)| 418(25)
C8 3042(8) 986(5)| 2628(3)| 457(25)|| C44 741(7) | 3800(5)] -589(3)| 443(25)
C9 5493(7) | 2029(5)] 3237(3)| 436(23)]] C45 | -2046(10) | 3086(7)] -1049(5)| 867(40)
C10 | 5193(7) 1190(5)| 2412(3)| 421(23)|| C46 | -2870(15) | 2409(8)| -1735(5) | 1969(65)
Cl1 6119(6) 856(5)| 2766(3)| 427(24)]| C47 -2172(8) | 5002(70] -1127(4)| 611(34)
C12 | 6258(7) 1265(5)| 3203(3)| 427(25)|| C48 -2946(8) | 6344(6)| -1286(4)| 967(39)
C13 | 5529(6) | 2093(5)| 2303(3)| 384(22)|| C49 -932(7) | 3835(5)| 1916(3)| 575(25)
C14 | 5703(7) | 255(5)| 2749(3)| 379(22)|| C50 -622(7) | 3287(5)| 2357(3)] 427(24)
C15 | 4277(7) 1723(5) | 3196(3)] 363(22)|| CS51 -1076(7) | 2502(6) | 2392(3)| 560(28)
Cl16 | 4113(7) 1265(5)| 2744(3)| 370(23)| C52 -78(7) | 1976(5) | 2799(3)| 545(25)
c17 6830(9) 141(6) | 2592(4)| 51229 || C53 -17(7) | 2254(5)| 3169(3)| 438(26)
C18 | 6869(8) | -1031(6)| 2047(4)| 919(36)|l C54 413(7) | 3040(6)| 3132(3)] 489(25)
C19 | 7025(7) 1046(7)| 3635(4)| 544(35)|| C55 129(7) | 3542(5) 2721(4)| 460(23)
C20 7770(10) 41(8)| 4162(4)| 1172(40)|| C56 300(7) | 1694(6)| 3607(3)| 531(28)
C21 5857(8) | 4437(5)| 1202(4)] 622(27)|| C57 2204(14) | 2428(9)| 4988(5)| 1486(54)
C22 5642(7) | 4594(6)] 640(4)| 53227)|| C58 1019(13) | 2337(8)| 5175(5)| 952(43)
C23 | 5798(8) | 3993(6)] 270(4)] 711(30)J| N 192(11) | 2278(9)| 5332(6)] 1036(44)
C24 | 5501(8) | 4126(6)| -247(4)] 672(30)

Prs*CH3CN.3

Distance Distance Distance Distance
(A) (A) (A) (A)
C1-C51 7.994(12)]| O5-O11 8.060(8) || C27-C31 7.624(13) || C6-C43 11.683(12)
C1-C55 7.075(12)]| C21-C49 7.624(13) || C8-C33 11.133(12) || C6-C44 11.087(12)
C2-C50 7.745(12) || C23-C29 7.624(13) || C8-C36 9.567(12) || C7-C43 10.980(12)
C3-C51 8.557(12)]| C23-C31 8.376(13) ]| C5-C33 12.414(12) || C7-C44 10.256(12)
C3-C55 7.014(12)]] C27-C29 7.624(13) || C5-C36 11.355(12)
Table 3.3. Selected distances (A) across the cavity in PggeCH3CN.3
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Figure 3.25.3 Two views of Pgs in space-filling representation, showing
the dimensions of the cavity. The top view is the orientation of Figure
3.24, and the bottom view is the back, i.e. rotated by 180° about the
horizontal axis. The six aromatic rings of the cavity are labeled A-C.
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Figure 3.26. View of Pgs (A) perpendicular to the cavity and (B) 90° from
(A) showing ester groupings of adjacent molecules entering from both sides
of the cavity.

Bond lengths and angles are, in general, normal (Table 3.4), but it is worth noting

the following: the CH,-O bond lengths between rings A and B, and between A' and B/, are




122
significantly longer [1.443(6) vs 1.1415(6) A] than those between B and C (and B’, C"),
reflecting a lack of conjugation due to the sharp bend in the molecule.3 The two adjacent

bonds show similar but smaller effects, the differences bordering on insignificance.3

Bond Type Number of Bonds | Average Lengthsb Expected Lengths21,b
C-C(aromatic) 36 1.381(16) 1.380(13)
C(aromatic)-C(sp°) 4 1.500(8) 1.510(9)
C(sp>)-Ofether) 4 1.432(20) 1.424(12)
C(aromatic)-Ofether) 4 1.383(9) 1.370(11)
C(bridgehead)-C(aromatic) 8 1.524(13) 1.515(11)
C(bridgehead)-C(sp°) 4 1.527(8) 1.510(14)
C(sp?)-C(sp?) 2 1.320(1) 1.317(13)
C(sp?)-C(carbonyl) 4 1.480(15) 1.488(14)
C(carbonyl)-O(carbonyl) 4 1.206(21) 1.196(10)
C(carbonyl)-O(ester) 38 1.315(19) 1.336(14)
O(ester)-C(sp°) 4 1.459(21) 1.448(10)

Table 3.4. Average bond distances (;%) for Pgs.3
aC45-08, 1.212(14) A, not included. PQuantities in parentheses are sample standard deviations.

Lists of distances and angles not involving hydrogen (Tables 3.5 and 3.6),
assigned hydrogen parameters (Table 3.7), distances and angles involving hydrogen
(Tables 3.8 and 3.9), and anisotropic displacement parameters (Table 3.10) are given in

appendices 2-5 (Sections 3.8-3.11).

3.5 Conclusions

Through a combination of experiments using circular dichroism (CD) spectroscopy
and x-ray crystallography, several important features of the structures of hosts P, Pg, and
C have been probed. Exciton coupled CD spectroscopy has established the absolute
stereochemistry of samples of the chiral ethenoanthracene building blocks (1) used in the
preparation of these hosts.1:2 CD spectroscopy has also provided direct experimental
evidence of the proposed two-state binding model of host P in solution.? Finally, an x-ray

crystal structure of Pg has confirmed the rhomboid binding conformation proposed as one
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of the two favored solution conformations.3 In this solid-state structure, ester groupings
from neighboring hosts in the crystal act as guests bound in the cavity.3 These studies
serve to confirm earlier studies in which the structures were inferred from indirect

experimental evidence and computation.!

3.6 Experimental Section

3.6.1 General Methods!

CD spectra were recorded on a JASCO J-600 Spectropolarimeter with a 1.0 cm
pathlength quartz cell. A standard set of measurement parameters was used in all
quantitative experiments: Band Width 1.0 nm, Sensitivity 50 m°/cm, Time Constant 1.0
Sec., Scan Speed 50 nm/min., Step Width 0.2 nm/point, and a minimum of 4
accumulations. IR spectra were recorded on a Perkin-Elmer 1600 FT-IR. GC/MS data
was obtained on a Hewlett-Packard 5890/5970 GC/MS. H NMR spectra were recorded
on a Bruker AM-500 spectrometer; routine spectra were referenced to the residual proton
signals of the solvents and are reported in ppm downfield of 0.0 as & values.

All solvents used in spectroscopy were spectrophotometric or HPLC grade.
Aqueous cesium borate buffer (pH 9) was prepared by dissolving 0.25 g high purity boric
oxide in 800 g water and adding 3.74 ml of 1 M CsOH followed by thorough mixing. The
water used in these preparations was passed through a Milli-Q purification system.

All reactions, unless otherwise noted, were stirred magnetically under a nitrogen
atmosphere. Solvents were distilled from drying agents under argon atmosphere;
acetonitrile, CaHp; THF, sodium benzophenone ketyl. Ion exchange for NH4* was
carried out with Dowex® 50w-x2 cation exchange resin (the resin was treated with

concentrated ammonium carbonate then washed with Milli-Q purified water before use).
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Unless otherwise noted, reagents obtained from commercial sources were used without
further purification.

Compounds 1, 2, 3, 4, §, 13, 14, P, Pg, and C were prepared by procedures
described previously.l:2 Circular dichroism binding studies are described in Chapter 2 of
this manuscript.

The Ae values for the host C complexes (Figures 3.22 and 3.23) come from single
spectra of solutions containing known amounts of host and guest; using previously
measured binding constants and extinction coefficients (-AG°y = 5.5 kcal/mol for 13,

-AG®, = 6.3 kcal/mol for 14);1) the host-guest complex spectrum was calculated from the

measured spectrum using equations 3.32 and 3.33.

6x _[H]Aeny + [G]Agga

AgqGa = JHG] [HG] (3.32)
g =230259 10%)59 x 4500 00 x 1000 (3.33)

Where 03 is the total solution ellipticity at wavelength A; [H], [G], and [HG] are

equilibrium concentrations of host, guest and host-guest complex; / is the pathlength of the

cell (cm), and Ag;) is the extinction coefficeint for species i at wavelength A.

3.6.2 Synthesis

(9R, 10R)-2, 6-Bis[p-(dimethylamino)benzoyloxy]-9,10-dihydro-11,
12-di-carbomethoxyethenoanthracene (9r). A 25 ml oven dried flask was charged
with 0.024 g (6.81 x 10-5 mol) 1R, 0.065 g (3.54 x 104 mol) p-(dimethylamino)benzoyl
chloride (11, preparation below), 50 pl (0.05 g, 6.18 x 104 mol) pyridine, and a catalytic
amount of 4-dimethylaminopyridine. The mixture was dissolved in 5 ml THF and heated

to 55 °C with stirring in the dark. After 19 hours TLC (silica gel, 7:3 CHCly:ether)

indicated completion of reaction. The mixture was filtered and the filtrate rotary evaporated
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to give a yellowish residue. Two consecutive purifications by flash chromatography (Si
gel, 7:3 CH2Cly:ether) provided 0.035 g (80%) of 9r. 1H NMR (CD3CN) & (ppm)
8.12 (d, 4H, J = 8.6 Hz), 7.48 (d, 2H, J = 8.3 Hz), 7.38 (d, 4H, J = 8.6 Hz), 7.33 (d,
2H, J = 2.2 Hz), 6.91 (dd, 2H, J = 8.3, 2.3 Hz), 5.63 (s, 2H), 3.75 (s, 6H), 3.09 (s,
12H). FAB-MS, m/e 647 (MH*), 312, 180, 166, 148, 122; HRMS, 664.2659 (M +
NHy4*), calculated for C3gH34N20g8 + NH4+ 664.2660. CD [(9R, 10R)-enantiomer,
CH3CN] A (Ag) [nm (M-lcm-1)], 324 (+35.0), 295 (-6.2), 270 (+4.9), 247 (-9.4), 218
(+42.3).

p-(Dimethylamino)benzoyl Chloride (11).6 A suspension of phosphorous
pentachloride (12.61 g, 0.061 mol) in 225 ml carbon disulfide was added slowly over a
one hour period to a stirring suspension of 10.04 g (0.061 mol) p-(dimethylamino)benzoic
acid (10) and 5.4 ml (5.28 g, 0.067 mol) pyridine in 100 ml carbon disulfide. Upon
complete addition the mixture was heated at reflux until all the white solid dissolved, after
which the mixture was filtered (CAUTION-CS; is very flammable) and allowed to cool.
The white crystals that formed on cooling were collected and dried under vacuum in a
desiccator to yield 5.52 g (50%). 'H NMR (CDCl3) 8 (ppm) 7.95 (d, 2H, J = 9.12 Hz),
6.71 (d, 2H, J = 9.4 Hz), 3.15 (s, 6H). IR (KBr) 1737 cm-! (COCl). GC/MS 21 min.
m/e 120 (M - COCI).

3.6.3 CD Data for Previously Reported Compounds

C. [(9R, 10R, 9R, 10'R)-enantiomer, aqueous borate buffer] A (Ag) [nm (M-
lem-1)], 297 (-30.9), 277 (+36.6), 252 (-190), 224 (+163), 208 (+218).
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3.6.4 Computational Studies?

Excitonic chirality calculations were set up and executed using Excel.22 The atomic
coordinates for 9g were obtained from molecular mechanics calculations using BIOGRAF?
with the AMBER 0 force field.

Conformational Searching. The six torsion angles involving the benzoates
were varied from 0°-180°using a 1000-step Monte Carlo search with 200 minimizations at
each step. A total of 1000 possible structures were searched by a usage-directed method!!
and all structures within 6 kcal of the lowest energy conformation were saved. In an effort
to save computational time, energy was checked after the first 100 minimizations, and if the
best structure was 12 kcal above the previous best structure, it was discarded. This gave
553 low energy structures, which were resubmitted for further minimization, and
duplicates were identified and eliminated by superimposing of heavy atoms resulting in
deviations in overlap of less than 0.25 A. This resulted in 64 structures within 1.2 kcal of
one another. The excitonic chirality calculations (as described in section 3.2.4)6 on these
64 structures all predicted positive excitonic chirality (positive first Cotton effect, negative

second Cotton effect). This observation was experimentally confirmed.

3.6.5 X-Ray Crystallography3

The crystal structure was solved by R. E. Marsh and W. P. Schaefer at the Caltech
X-ray Facility. The crystal examined was obtained from an acetonitrile solution that
contained a 1:1 mole ratio of Pgs:13 (as iodide salt), by a combination of vapor diffusion
of water and evaporation of acetonitrile. After a preliminary photographic survey, the
crystal was mounted on an Enraf-Nonius CAD-4 diffractometer (Mo K radiation). The
unit-cell dimensions and orientation matrix were obtained from the setting angles of 25

reflections having 20° < 20 < 26°. Intensities were collected, by @ scans, for four octants
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(h, £ k, £ 1) to 26 = 40°, at 4°min-! over a range of 1.5°; backgrounds were collected for
five seconds at each extremum. The backgfounds measured for the very weak reflections
were averaged in regions of 260 and these averages were substituted for the measured
backgrounds for all reflections, to increase precision and reduce truncation losses.23 Three
check reflections showed no significant variations.

There resulted 9882 intensities, which were averaged according to Laue symmetry
mmm to yield 2610 independent observations; the goodness-of-fit for merging was 0.95,
with variances 02; including, besides counting statistics, a term 0.014/2. An additional
lack-of-confidence term 0.014/2 was then added to the final variances 6/2. An E map
calculated from the best MULTAN?24 solution showed two small fragments (five and seven
atoms) of the molecule; the remaining C, N, and O atoms were recovered gradually from a
series of factor-Fourier cycles. All hydrogen atoms were placed in assumed positions
(with the help of a difference section for the acetonitrile group). Refinement was by least-
squares minimization of TaxXF,2 -F:2)? with weights  equal to the reciprocals of the
variances 622, Initial convergence was reached at R = 0.063, S = 2.7; however, a
difference map showed two peaks at about 0.5¢-A-3 in positions that strongly suggested
alternative orientations of the two ester groups at C45 and C47. Eventually, three of the
oxygen atoms and one methyl group (07, O8, O9, C46) were represented as disordered
between two distinct sites, with a refinable population parameter; the remaining pair of
atoms O10 and C48 seemed content in single sites, with their Uj;'s (and those of the central
carbon atom C47) being able to compensate for the necessary disorder. The four atoms in
the minor sites, with final population 0.16(1), were refined as isotropic, and their hydrogen
atoms were ignored; all other C, N, and O atoms were anisotropic. The full-matrix cycles
now involved 641 parameters (including a secondary-extinction coefficient; final value,
0.19(4) x 10-6); at the end, the most significant shift was at 0.120, involving the minor site
C46B. A final difference map had no feature as large as 0.3¢"A-3. Final indicators: S =

2.3 for 2610 total reflections and 641 parameters; R = 0.054 for 2410 reflections with [ >
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0.0; R = 0.050 for 2293 reflections with / > 3.00;. Incomplete modeling of the disorder
can surely be blamed for at least some of its overruns.

Calculations were made on a VaxStation 3100 under the CRYM Crystallographic
Computing System,25 using scattering factors from the International Tables;26 the
secondary extinction coefficient was that of Larson.2? Final coordinates are in Table 3.2;
they correspond to the (95, 10S, 9'S, 10'S)-enantiomer as required by the synthesis,1b
which we did not attempt to confirm by crystallography.

3.7 Appendix 1: CD Spectra of Intermediates in the Synthesis of
Ethenoanthracene Building Blocks 1 and 12

3.7.1 Introduction

This appendix contains circular dichroism (CD) spectra of a number of etheno- and
ethano-anthracene-based building blocks used in the Dougherty labs to prepare hosts and
self-assembling molecules. The purpose of this appendix is to aid in the assignment of the
sample's absolute stereochemistry during synthesis. The CD spectra were taken in
spectrograde acetonitrile using the standard measurement parameters for the J-600
Spectropolarimeter (see Section 3.6.1). The Ae values reported here were determined from
analyses of a single spectra, and as such they are only approximate values and should not
be used quantitatively. In addition, baseline corrections for CD drift were employed as
needed. For purposes of qualitative analysis, use the following relationship as a guide to

preparing solutions of appropriate concentration for study:

61 = glAg;c (3.34)

where 03 is the observed ellipticity at wavelength A (in millidegrees, m®), / is the

pathlength of the cell (cm), Agj is the molar circular dichroism of the species being
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examined at wavelength A (M-1cm-1), ¢ is the concentration of the species being examined

(M), and g is defined by equation 3.33.

3.7.2 2,6-Dihydroxyethenoanthracene (1)

COZR'
OH

(9R, 10R)-4
4R

(98, 105)-1 (9R, 10R)-1
(1g) (1g)
0
R*= (+)'menthyl = R*O 3
: TBSO OR*
; AN
?' OTBS
Syn (95,108, 11R, 12R) Anti (9R, 10R, 11R, 12R)
(2(+)sr) (3(+)RR)
COR* R*0,C
R*0,C CO,R*
HO OH
ALY S
OH HO
(95, 105)-4 (9R, 10R)-4
4s 4R
o 0
' (). -
R' = (-)-menthyl = ' OR'
: R'O OTBS
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Syn (9R, 10R, 115, 125) Anti (95(,3105;)115, 125)
2¢)rs) (S
R'O,C CO.R'

R'O,C
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4c)s
Figure 3.27. Structures and stereochemistry of 2,6-dihydroxyetheno-
anthracene (1) and the intermediates in its synthesis.
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Figure 3.27 shows the structures and stereochemistry of the intermediates in the

synthesis of 2,6-dihydroxyethenoanthracene (1). Figures 3.28-3.32 show the spectra.
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Figure 3.28. CD spectra of 1 in acetonitrile.
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Figure 3.29. CD spectra of 2 in acetonitrile,
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Figure 3.30. CD spectra of 3 in acetonitrile.
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Figure 3.31.

CD spectra of 4 in acetonitrile (first set of enantiomers).
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Figure 3.32. CD spectra of 4 in acetonitrile (second set of enantiomers).

3.7.3 1,5-dibromo-2,6-dihydroxyethenoanthracene (12)

Th spectra of the enantiomers of the dibromo ethenoanthracene derivative (12) are
shown in Figure 3.33. The Diels-Alder reaction used to prepare 12 (Figure 3.34)

produces a single diastereomer (13),12.14 whose spectra are shown in Figure 3.35.
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Figure 3.33. CD spectra of 12 in acetonitrile.
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Figure 3.35. CD spectra of 15 in acetonitrile.
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3.7.4 Ethanoanthracenes

Figure 3.36 shows the structures and stereochemistry of a number of 2,6-

dihydroxyethanoanthracenes. Figures 3.37-3.40 show the spectra.

dihydroxyethanoanthracenes.
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Figure 3.36. Structures and stereochemistry of several 2,6-
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Figure 3.37. CD spectra of 17 in acetonitrile.
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Figure 3.38. CD spectra of 18 in acetonitrile.
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Figure 3.39. CD spectra of 19 in acetonitrile.
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Figure 3.40. CD spectra of 20 in acetonitrile.
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3.8 Appendix 2: Distances and Angles Not Involving Hydrogen for the
Pgs Crystal Structure

Distgmce Distgnce Distgnce
(A) (A) (A)
01-C17 | 1.176(12) fC1-C2 1.372(12) C15-C16] 1.397(11)
02-C17 | 1.327(11) JC1-C13 [ 1.365(11) | C21-C22 | 1.499(13)
02-C18 | 1.442(12) J{C2-C3 1.401(12) J1 C22-C23 | 1.375(14) | C38-C39 [ 1.537(12)
03-C19 | 1.207(12) |{C3-C4 1.382(12) J1 C22-C27 | 1.361(14) | C38-C41 | 1.508(11)
04-C19 | 1.324(12) J{C4-C14 | 1.366(12) } C23-C24 | 1.400(14) | C38-C44 | 1.515(11)
04-C20 | 1.473(13) |iC5-C6 1.396(11) || C24-C25 | 1.374(14) || C39-C40 | 1.320(12)
05-C2 1.373(11) C5-C15 | 1.378(11) || C25-C26 | 1.359(15) || C39-C45 | 1.487(14)
05-C21 | 1.416(11) || C6-C7 1.384(12) |1 C25-C28 | 1.510(14) || C40-C47 | 1.460(13)
06-C28 | 1.446(11) JfC7-C8 1.395(12) || C26-C27 | 1.400(15) || C41-C42 | 1.400(11)
06-C34 | 1.390(11) JC8-C16 | 1.369(11) fC29-C30 | 1.397(12) || C43-C44 | 1.394(12)
07-C45 | 1.225(15) ||C9-C12 | 1.530(11) |[C29-C41 | 1.357(11) || C49-C50 | 1.491(12)
08-C45 | 1.212(14) J{C9-C14 | 1.539(11) J{C30-C31 | 1.355(12) ||cs0-cs1 1.378(12)
08-C46 | 1.481(17) ||C9-C15 [ 1.515(11) || C31-C32 | 1.385(11) || C50-C55 | 1.355(12)
09-C47 | 1.217(13) JfC10-C11 | 1.521(11) | C32-C42 | 1.380(11) || C51-C52 | 1.398(12)
010-C47 | 1.293(12) || C10-C13 | 1.538(11) || C33-C34 | 1.404(13) |{ C52-C53 | 1.387(12)
010-C48 | 1.440(12) || C10-C16 | 1.537(11) || C33-C43 | 1.372(12) || C53-C54 | 1.369(12)
011-C30 [ 1.378(10) JfC11-C12 | 1.319(11) | C34-C35 | 1.360(13) || C53-C56 | 1.499(12)
011-C49 | 1.413(10) [[C11-C17 | 1.494(12) || C35-C36 | 1.389(13) || C54-C55 | 1.380(12)
012-C6 | 1.390(10) [{C12-C19 | 1.480(13) |{C36-C44 | 1.372(12) || C57-C58 | 1.48(2)
012-C56 | 1.452(10) |l C13-C14 [ 1.386(11) || C37-C40 | 1.520(12) ][ C58-N 1.058(19)

Distpnce
(A)
C37-C42 | 1.510(11)
C37-C43 | 1.531(11)

Table 3.5. Distances not involving hydrogen for the Pgs crystal structure.
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Angle (°) I __| Angle ) Angle (°)
C18-02-C17 | 117.0(7) R C16-C15-C5 | 121.5(7) J C44-C38-C39| 106.7(6)
C20-04-C19 | 117.2(8) HC16-C15-C9 | 111.2(7) Ji C44-C38-C41| 104.7(6)
C21-05-C2 119.8(7) HC10-C16-C8 | 127.5(7) J C40-C39-C38| 113.7(7)
C34-06-C28 | 116.7(7) HC15-C16-C8 | 119.0(7) Ji C45-C39-C38| 117.8(8)
C46-08-C45 | 116.9(10) § C15-C16-C10| 113.3(7) |i C45-C39-C40}| 128.3(9)
C48-010-C47] 121.6(8) § 02-C17-O1 122.9(9) | C39-C40-C37| 114.4(8)
C49-011-C30| 117.1(6) | C11-C17-O1 | 125.6(9) || C47-C40-C37] 119.3(8)
C56-012-C6 | 117.2(6) HC11-C17-02 | 111.3(7) || C47-C40-C39| 126.2(8)
C13-C1-C2 119.1(8) Jl O4-C19-O3 124.4(9) |1 C38-C41-C29| 127.5(7)
C1-C2-05 115.2(8) [ C12-C19-O3 | 122.6(8) || C42-C41-C29| 120.0(7)
C3-C2-05 124.6(8) HC12-C19-O04 | 112.9(8) |} C42-C41-C38| 112.4(7)
C3-C2-C1 120.2(8) [ C22-C21-O5 | 108.9(7) || C37-C42-C32| 127.0(7)
C4-C3-C2 119.3(8) |1 C23-C22-C21] 122.3(8) || C41-C42-C32| 120.0(7)
C14-C4-C3 120.6(8) | C27-C22-C21| 120.4(9) || C41-C42-C37| 113.1(7)
C15-C5-C6 118.1(7) f C27-C22-C23| 117.2(9) || C37-C43-C33| 125.7(7)
C5-C6-012 113.5(7) || C24-C23-C22| 121.6(9) || C44-C43-C33| 121.9(8)
C7-C6-012 124.9(7) |} C25-C24-C23| 120.0(9) Ji C44-C43-C37| 112.4(7)
C7-C6-C5 121.6(8) || C26-C25-C24| 118.6(9) [ C38-C44-C36| 128.8(8)
C8-C7-C6 118.5(8) | C28-C25-C24| 120.1(9) || C43-C44-C36| 118.3(8)
C16-C8-C7 121.3(7) | C28-C25-C26|