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ABSTRACT

THE USE OF EXCITON COUPLED CIRCULAR DICHROISM FOR THE
ABSOLUTE STEREOCHEMICAL DETERMINATION OF CHIRAL CARBOXYLIC
ACIDS

By

Qifei Yang

The Exciton Coupled Circular Dichroic (ECCD) method, a non-empirical method
which allows for the determination of the absolute configuration of chiral compounds on
a micro-scale, requires the through space coupling of two chromophores on the chiral
molecule. This fact limits the use of this method, since the majority of chiral compounds
do not fulfill this requirement. To overcome this problem, chromophoric hosts are
introduced in the system. As reported before, for the chiral compounds with two sites of
attachment, a pentanediol linked bis metal porphyrin tweezer could serve as the
chromophoric host for the determination of the absolute stereochemistry. In the case of
chiral compounds with only one site of attachment, achiral “carrier” molecules have been
designed, which upon derivatization with chiral molecules are capable of binding with bis
metal porphyrin to form a 1:1 host/guest complex. The research presented herein is
focused on the absolute stereochemical determination of o-chiral carboxylic acids. A
series of carrier molecules have been designed, synthesized and derivatized with a-chiral
carboxylic acids, and the chiral conjugates were added to zinc porphyrin tweezer in

methylcylcohexane to measure their CD. The derivatives with, 1,4-diaminobenzene,



exhibit consistent ECCD spectra, and a mnemonic has been proposed to correlate the
observed ECCD sign to the absolute stereochemistry of a-chiral carboxylic acids.

When the same carrier molecule is derivatized with a-chiral halocarboxylic acids,
the complexes exhibit consistent ECCD spectra, however, opposite to the predicted sign
based on the previous mnemonic. Based on spectroscopic studies, we can explain this
behavior by suggesting a novel cooperative binding of the a-halogen and carbonyl
oxygen to zinc porphyrin, which only occurs in the case of o-haloamides. This bi-
dentate f)inding leads to a new paradigm of porphyrin binding. In order to prove the
above suggestion, a series of a-chiral butyrolactams were synthesized in order to restrict
the free rotation of the Cpira-Cc-0 bond. The spectroscopic study of the new compounds
support our suggestion for the most part.

We were also engaged in the synthesis of mono-substituted porphyrin on
insoluble and soluble polymers. The synthesis of porphyrins on polymeric backbone
provides mono-substituted porphyrins with comparable yields as to the corresponding
reaction in solutions, without the troublesome contamination from multiple-substituted
products.

Finally, we were interested in designing artificial carbohydrate receptors, which
would show selectivity for a specific carbohydrate. For this purpose, we designed

boronic porphyrin tweezers and several attempts towards their syntheses were carried out.
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Chapter 1
Introduction

1-1. The Exciton Coupled Circular Dichroic Method
1-1.1. Chirality

Chirality, based on the Greek word of “hand” (cheir) means “handness”, in
reference to that pair of non-superimposable mirror images constantly presented before
us: our two hands.' In chemistry, chirality is an important property of organic
compounds, which arises from asymmetric disposition of atoms. Molecules that are not
identical with their mirror image are defined to be “chiral”. The simplest example of a
chiral compound is a molecule containing a chiral center, which is a tetrahedral carbon
bound to four different substituents, such as 2-methylbutyric acid. Chemists use the
letters R and S to indicate the configuration (arrangement of groups) of the chiral center,
based on defined priorities.'

Molecules devoid of a chiral center can also be chiral, as long as they lack a plane
of symmetry. Examples of this type of chirality are allenes,” helicenes’ and

atropisomers.4 Figure 1-1 shows examples of chiral molecules and their mirror images.

Me H H Me
?, 2, Me Me
Et/(COZH Et/(COZH Mﬁ'a=c=< " H>=c=-<hﬂe
2-methylbutyric acid allene

.@ @. COM, NoHOG
©© ©© ©© ©©

NO, O,N

hexahelicene atropisomers

Figure 1-1. Examples of some chiral molecules and their mirror images.



Allenes are chiral because they lack a plane of symmetry. Since the two & bonds
in allenes are perpendicular to each other, the plane containing one H-C-Me group is
perpendicular to the plane containing the other H-C-Me group. Therefore, allenes are not
superimposable, and these compounds are chiral.®> The polycyclic hexahelicene is the
classic example of an inherently chiral chromophore.3 Because hexahelicene is not a
planar molecule but a helix, it lacks a plane of symmetry. (+)-Hexahelicene has right
handed helicity or the P configuration, and correspondingly, (-)-hexahelicene has left
handed helicity or the M configuration. Atropiosmerism is isomerism caused by
“freezing” the internal rotation about a single bond in a molecule. In the example shown
in Figure 1-1, because of the steric interactions of the substituents at ortho- position, the
biphenyls with o-substituents are chiral.’

The stereochemistry of natural compounds has a large impact on their chemical
and biological properties. For example, the (S) enantiomer of Carvone has the odor of

caraway seeds, while the (R) enantiomer has the odor of spearmint (Figure 1-2)."

5 \r(oj
(S)-Carvone (R)-Carvone
(in caraway seeds) (in spearmint oil)

Figure 1-2. The structures of (5)- and (R)-Carvone.

A dramatic example of how a simple change in stereochemistry can affect the
biological property of a molecule is found in the compound, Thalidomide, which was a
commercially available drug about half a century ago for moming sickness during
pregnancy. As shown in Figure 1-3, Thalidomide has a single stereogenic center and can

thus exist in two stereoisomeric forms.” One of the enatiomers, (R)-Thalidomide, has



strong sedative properties, while other enantiomer, (S)-Thalidomide, is highly teratogenic.
Since the drug at that time was produced in racemic form, women who were given the

drug during the first three months of pregnancy had babies with a wide variety of birth

11‘“% II@
o>N"o © N0 ©
H H

defects.

O
(R)-Thalidomide (S)-Thalidomide

Figure 1-3. The structures of (R)- and (S)-Thalidomide.

It is, therefore, of great importance to determine the absolute stereochemistry of
<hiral compounds for natural product chemistry, pharmaceutics, and biochemistry.
JHowever, despite the extensive research currently underway in this field, determination
©f absolute stereochemistry is not a trivial task. The general techniques used include: (1)
X-ray crystallography; (2) chiroptical methods such as optical rotatory dispersion (ORD)
aand circular dichroism (CD);6 (3) nuclear magnetic resonance (NMR) spectroscopy of

I\ osher esters and related derivatives;’ and (4) chemical correlation with known chiral
c:¢:)t:npounds.8

Up to date, the most dependable method for absolute stereochemical

d e temination of chiral molecules is X-ray crystallography. The crystal structure of any
coxmpound can unambiguously determine the absolute stereochemistry of all chiral
cemnters in a single experiment, and so far, has been the method of choice for most
sy stems. However, there are significant drawbacks associated with this method. First of
all, not all compounds can easily crystallize to give single crystals of the quality required

for X-ray crystallography. This is part of the reason crystallography can be a very time



consuming technique that requires special training. At the same time, it requires
significant amount of material that might not always be available. That is why easier and
more accessible methods are needed and several spectroscopic methods have been
developed.
The goal of our research is to develop general and sensitive circular dichroic (CD)
methods for absolute stereochemical determination of chiral compounds.
1-1.2. Optical Reotatory Dispersion (ORD) and Circular Dichroism (CD)
Spectroscopy
Light, which is electromagnetic radiation, has an electric and a magnetic field.
“These two fields oscillate perpendicular to one another and to the direction of the
poropagation of light. The polarization of light is defined by the direction of its electric
field vector.’
Light from ordinary light sources, such as sun and a light bulb, is unpolarized,
ssince it consists of light vibrating in all directions. However, if unpolarized light passes
t hrough a polarizing filter, only the subset with parallel oscillation with the direction of
t e filter survives, and is referred to as linearly polarized light. Linearly polarized light
< z;an be decomposed into a pair of circularly polarized light beams: left and right circularly
pP<larized light. In a circularly polarized light beam, the electric field remains constant in
e ;A gnitude, but traces out a helix as a function of time. Figure 1-4 shows the linearly

po1arized and circularly polarized light.'o



polarizing L R
filter
light linearly left and right circularly
polarized light polarized light
x

l light propagation

—————

right circularly polarized light
Figure 1-4. The linearly polarized light and circularly polarized light.

When circularly polarized light passes through an achiral compound or a racemic
xnixture, the velocity and absorbance of the left and right circularly polarized light is
affected similarly. On the other hand, if it passes through an optically active medium, the
~welocity and absorbance of one circularly polarized component is altered to a greater

< xtent as compared to the other opposing circularly polarized component.'' This is
xreferred to as a Cotton effect (CE, in honor of French physicist Aimé Cotton, who

o bserved both ORD and CD phenomena, beginning in 1896).
An=n.-nr#0 (1-1)

In equation (1-1),9 ny, and ngare the refractive indices for left and right circularly

p<>1arized light. Differences in refractive indices correspond to the differences in the
velocity of light. The difference in velocity of left and right circularly polarized light
results in Optical Rotatory Dispersion (ORD) spectroscopy. Since the left and right
circularly polarized light travels in the optically active medium with different speed, the

tWwo components are no longer in phase and the resultant vector has been rotated by the



angle a relative to the original plane of polarization. Optical Rotatory Dispersion (ORD)
spectroscopy is the measurement of specific rotation, [a], as a function of wavelength.

The difference in refractive indices for left and right circularly polarized light is
related to the angle of rotation, a, as shown in equation 1-2:°

a = (n.—nr)18001/ Ao (1-2)

where « is the angle of rotation, with the unit in degrees, n;, and ni are the
refractive indices for left and right circularly polarized light, / is the path length in
decimeters, and 4, is the wavelength in vacuum of the light beams in centimeters.

The specific rotation, [0], can be calculated from the observed angle of rotation, a,

as expressed by equation 1-3°

[a]=2 (1-3)
cl

where a is the angle of rotation, with the unit in degrees, c is the concentration of
t e sample in g mL"', and [ is the path length in decimeters.

Theoretically, ORD may be detected over all wavelengths, since it is based on the
namnequal refractive indices for left and right circularly polarized light. All chiral
s wabsstances exhibit a molecular refraction at almost any wavelength of incident irradiation.
O portical rotation at a single wavelength, such as 589 nm (sodium D-line), has been used to

de tect and quantitate optical activity.
When circularly polarized light passes through an optically active medium, not
onily is there a difference in the velocity of the left and right circularly polarized light, but

also the absorbance of these two components is different (equation 1-4).> The difference



in molar absorptivity, A¢, is termed Circular Dichroism (CD). & and & are the molar
absorption coefficients for left and right circularly polarized light.
Ac=a-&#0 (1-4)
CD is an absorptive process, namely the different absorption of left and right
circularly polarized light, and therefore, CD only occurs in the vicinity of an absorption
band. Thus, in order to observe a CD spectrum, the chiral substances need to contain a
chromophore. The shape and appearance of a CD curve closely resembles that of the
ordinary UV-vis absorption curve of the electronic transition to which it corresponds.
However, unlike the ordinary UV-vis absorption curves, CD curves may be positive or

megative, as in Figure 1-5. CD curves plot A€ vs. wavelength.’

(a) positive CD (b) negative CD
+ +
Age Age 0
0
Wavwelength (nm) ! Wavwelength (nm)

Figure 1-5. (a) Positive and (b) negative CD Cotton effects.
Circular Dichroism (CD) and Optical Rotatory Dispersion (ORD) are two
a aanifestations of one and the same phenomenon. The molar amplitude a of an ORD can
be related to the intensity of the CD curve, 4g, by equation 1-5:'
a = 40.28A¢ (1-5)
In a molecule, the absorption of light promotes an electron from its ground state

to an excited state, which creates a momentary dipole, commonly referred to as the



electric transition dipole moment and is denoted by the vector 4. In an achiral molecule,
the net electron redistribution during the process is always planar, while in a chiral
molecule the electron rearrangement during the transition is always helical. In the latter
case, not only the charge displacement takes place during the electronic transition, which
generates the electric transition dipole moment 4, but also the rotation of electric charge
creates a magnetic field whose strength and direction may be described by the magnetic
transition dipole moment and which is denoted by the vector m.®
"L TS~

Figure 1-6. The “right hand rule” to determine the direction of magnetic transition
dipole moment m.

As shown in Figure 1-6, the direction of magnetic transition dipole moment m can
be determined by the application of the “right hand rule” to the rotation of the charge
(circular current): If the current flows in the direction of the curved fingers of the right
hand, then the outstretched thumb points the direction of m."

The rotational strength, R, which is a theoretical parameter representing the sign
and strength of a CD Cotton effect (CE), is given by the scalar product of the electric and
magnetic transition moments (equation 1-6):8

R=uom=|;1||m|cos,8 (1-6)
where 4 and m are the electric and magnetic transition dipole moments,
respectively, and S is the angle between the two transition moments.

The sign of CE is positive when the angle is acute (0<f<90°) or, in the limiting

case, parallel, and it is negative when the angle is obtuse (90°<<180°) or, in the limiting

case, antiparallel. Dextrorotation results when R>0, together with positive CD curve, and




levorotation is generated when R<O0, together with negative CD curve. There is no CE

when the electric and magnetic transition dipole moments are perpendicular to each other.

direction of @ . . @ direction of

0" @EF O

u / ;é m. (M)-Helix (P)-Helix 4 / 55 "

Figure 1-7. The transition moments for hexahelicene. Antiparallel moments for (M) and
parallel moments for (P) helicities.

The electron helical motion of chiral compounds during excitation can be easily
demonstrated with hexahelicene, as shown in Figure 1-7."* The direction of electron flow
traces the helicity of the hexahelicene. The electric transition dipole moment 4 is
identical for either enantiomer, whereas the magnetic transition dipole moment direction
m is reversed. According to equation (1-6), in (M)-helix, the antiparallel alignment of the
transition moments leads to a negative Cotton effect. So it is defined as being
levorotation, and has a negative CD spectrum. On the other hand, the (P)-helix, the
parallel alignment of the transition moments leads to a positive Cotton effect. So it is
defined as being dextrorotation, and has a positive CD spectrum.

The absorption of light promotes the electron from its ground state to an excited
state, and in a chiral molecule the electron rearrangement during the transition is always
helical. That the electron with helical movement interacts differently with the left and
right circularly polarized light is the cause of the Cotton effect (CE), which states that the
velocity and absorbance of one circularly polarized component is different from those for

the other one."



Both ORD and CD spectroscopy can be recorded by Circular Dichrometers
(spectropolarimeters). The essential features of a CD spectropolarimeter are a source of
monochromatic left and right circularly polarized light and a means of detecting the
difference in absorbance of the two polarized light.

Light source monochromator Modulator Sample cell

Linearly polarized light Circularly polarized light

CD spectrum

wavelength y Photomultiplier
Lock-in amplifier tube

Figure 1-8. The CD spectropolarimeter.

As shown in Figure 1-8," the light typically from a Xenon lamp passes through
monochromators, which are crystal prisms, to achieve linearly polarized light. In the CD
spectropolarimeter, the optical system comprises of two monochromators, and is known
as double monochromator. The ability of a double monochromator in reducing stray light
makes it indispensable in CD measurement. The linearly polarized light is then
modulated into left and right circularly polarized light before it passes through the sample
chamber. The transmission of light through the sample is measured by a photomultiplier
tube, which produces a current whose magnitude depends on the number of incident

photons. This current is then detected by a lock-in amplifier and recorded.



Most CD spectropolarimeters measure differential absorbance, 4A, which is

converted to A€ based on the Lambert-Beer’s Law (equation 1-7):8
AA = Agcl (1-7)

Since Optical Rotatory Dispersion (ORD) and Circular Dichroism (CD) are
manifestations of chiral substances and are not observed for achiral compounds or
racemic mixtures, they can be used to detect and quantitate optical activity. But it should
be emphasized that Optical Rotatory Dispersion (ORD) and Circular Dichroism (CD)
themselves do not allow the configuration of a given product to be defined. Attempts
have been made to find empirical rules'® and semi-empirical rules,'” such as sector rules,
which would permit a-priori calculation of the ORD or CD of a given structure.
However, these empirical and semi-empirical rules suffer from one significant
shortcoming, which is that they are not valid in all cases. These rules are to be applied
with great caution, and simple application of the rules does not permit the determination
of absolute configuration.

Recent developments on this field allow for a quantitatively reliable quantum
chemical calculation of the rotation angle of chiral molecules.'® '* Accordingly, the
absolute stereochemistry of the chiral molecule can be assigned upon comparison of the
calculated rotation angle and the experimental result. The computation of the specific
rotation angle is based on the calculation of the electric-dipole magnetic-dipole

20,21

polarization (G’), a measure of the overlap of the electronic polarization induced by

the electric and the magnetic field of the incident light, which can be computed routinely

using the coupled-perturbed Hartree-Fock method*” on standard desktop workstation.'® '

11



In the method developed by Peter Wipf and his coworkers, the individual
contributions of all the atoms and functional groups are calculated and summed up to
obtain the specific rotation angle of the chiral molecule.”** In this way, the structure of
the chiral compound is linked to the sign and magnitude of the optical rotation angle.”
This method is of special importance in assigning the absolute stereochemistry of large,
flexible molecules with multiple chiral centers, and it has been successfully applied to
determine the absolute stereochemistry of several natural products.m'28 However, more
work remains to be done to establish a better understanding of this protocol and
determine the possible limitations of this fundamental approach for structural analysis.
1-2. The Exciton Coupled Circular Dichroic (ECCD) method and its
applicationsThe Exciton Coupled Circular Dichroic (ECCD) method” is a non-empirical
method to establish the absolute configuration of chiral compounds on a microscale. The
ECCD method, developed from the coupled oscillator theory® and group polarizability

theory,”!

is based on the through space exciton coupling between two or more chirally
oriented chromophores, which are not conjugated to each other. The coupling of the
chromophores' electric transition dipole moment leads to the observed bisignate CD

spectrum and the non-empirical determination of their orientation. Figure 1-9 is an

example of exciton coupling between the two benzoates in steroidal 2,3-bisbenzoate.”

positive couplet

syn

Figure 1-9. Exciton Coupled Circular Dichroism (ECCD) of steroidal 2,3-bisbenzoate.
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As shown in Figure 1-9, a typical ECCD spectrum is a bisignate curve. The
extremum at longer wavelength is called the first Cotton effect, and correspondingly, the
extremum at shorter wavelength is called the second Cotton effect. If the sign of the first
Cotton effect is positive, the ECCD spectrum is defined as positive, and if the sign of the
first Cotton effect is negative, then the sign of the ECCD spectrum is negative. The
amplitude (A) of the ECCD spectrum is defined as: A = Ag; - 4&; where 4g; and Ag; are
the intensities of the first and second Cotton effect, respectively.

Based on the ECCD method, the sign of the ECCD spectrum is dictated by the
relative orientation of the chromophores in the chiral molecule. As the steroidal 2,3-
bisbenzoate system in Figure 1-9 indicates, the clockwise orientation of the two
chromophores results in a positive ECCD curve, and counterclockwise orientation will
result in a negative ECCD curve.”’

What follows is an attempt to understand the Exciton Coupled Circular Dichroic
(ECCD) method based on qualitative explanation and Quantum Mechanical theories.
1-2.1. The qualitative explanation of Exciton Coupled Circular Dichroic method
(ECCD)

As it has been mentioned before, the absorption of light promotes the electron
from its ground state to an excited state. The redistribution of electron during the process
creates a momentary dipole, called the electric transition dipole moment (), and the
rotation of electric charge creates a magnetic field whose strength and direction can be

described by the magnetic transition dipole moment (m).

When the molecule contains two identical chromophores, which are not

conjugated with each other, the most significant coupling takes place between the
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transitions occurring at the same energy, E. The through space coupling of the electric
transition dipole moments of these two chromophores generates one of the two helices,
depending upon whether they are in-phase (symmetric) or out-of-phase (anti-symmetry)-
S0 we expect to see a CD spectrum with two peaks. This can be explained by examining

a dibenzoate ester in Figure 1-10."

@ 4o (b) H

S~

u 7
0 T8 glte

®
™~ 4)@

(d) B
Figure 1-10. The qualitative explanation of ECCD based on a dibenzoate ester. (a)

© u

Orientation of the electric transition dipole moment in benzoates, Aya=230 nm; (b)
Preferred configuration of a vic-dibenzoate with negative dihedral angle; (c) and (d)
combination of the individual electric transition dipole moments and resultant magnetic

transition dipole moment."?

In the benzoate esters, there is a strong UV absorption band at about 230 nm, and
it arise from the m—=* transition involving the benzene ring and CO,R.* The large
electric transition dipole moment x of each benzoate group is oriented approximately
collinearly with the long axis of the benzoate group and almost parallel to the direction of

the C-O ester bond (Figure 1-10a).
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The conformations of benzoates are well known and are approximated in Figure
1-10b. In Figure 1-10b, the two benzoate groups are oriented in a counterclockwise
manner, and correspondingly, the dihedral angle @ between the C-O bonds is negative.
As it has been mentioned above, since the individual electric transition dipole moment u
aligns almost parallel to the C-O ester bonds, the dihedral angle @ between the C-O
bonds thus corresponds roughly to that between the two electric transition dipole moment
M.

The individual electric transition dipole moment 4 of an electronic transition
couples in-phase (symmetric) or out-of-phase (anti-symmetric) (Figure 1-10c and d,
respectively). In case ¢, where the two electric transition dipole moments couple in-
phase, the “total” electric transition dipole moments are oriented along the chromophoric
C, axis, and in case d, where the two electric transition dipole moments couple out-of-
phase, the “total” electric transition dipole moments are oriented perpendicular to the
chromophoric C; axis.

The charge rotation associated with the transition may be visualized by placing
the partial moments tangent to a cylinder with the latter aligned along the axis of the
“total” electric transition dipole moment g In case c, the electric transition dipole

moment # and the resultant magnetic transition dipole moment m are arranged parallel,

and according to equation 1-6, R=pyem= I/‘"'"I cos A, leads to a positive Cotton effect

and thus a positive CD band. In case d, the electric transition dipole moment x4 and the
resultant magnetic transition dipole moment m are arranged anti-parallel, and

correspondingly, that leads to a negative Cotton effect and a negative CD band."
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So the two resulting CD bands generated from the through space coupling of the
electric transition dipole moments of the dibenzoate have equal magnitude and opposite
sign, based on if the coupling of the electric transition dipole moments follows mode c or
d in Figure 1-10. Since the energies of the two CD signals are close to the localized
energy E, the observed CD spectrum is actually the overlapping of these two CD signals
with equal magnitude and opposite sign, and this leads to the adjacent bisignate CD
bands that are characteristic of Exciton Coupled Circular Dichroism (ECCD).

Repulsion between poles of the same sign in the ¢ mode indicates that in-phase
coupling is of higher energy than the out-of-phase mode d, where the poles of unlike sign
are closest together. Consequently, the positive CD band associated with the ¢ mode is at
shorter wavelengths than the negative CD band resulting from the 4 mode; the energy gap
between these two CD bands is defined as Davydov splitting. Since the negative CD
band is at the longer wavelength than the positive CD band, for the absolute
configuration shown in Figure 1-10b, the bisignate couplet is negative overall as in
Figure 1-11.

As shown in Figure 1-11, in the case of the CD spectrum, the ¢ and d modes
(Figure 1-10) have opposite signs and the summation peak is a bisignate couplet. On the
other hand, in the case of the UV spectrum, the ¢ and d mode, which are real absorptions
observable in UV, are always positive, and therefore, summation of the two component

spectra always leads to an unsplit absorption band of double intensity.”
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AA: Davydov splitting

Figure 1-11. The ECCD couplet for the configuration shown in Figure 11-10b. The
summation curves (the observed ECCD curve, shown in solid line) of two Cotton effects
(dashed line) of opposite signs separated by Davydov splitting AA.

In conclusion, the ECCD spectrum is a bisignate spectrum because of the through
space coupling of the electric transition dipole moments of the non-conjugated
chromophores, with the in-phase (symmetric) and out-of-phase (anti-symmetric) coupling
yielding opposite Cotton effect. Moreover, as shown in Figure 1-12, the sign of the
resulting ECCD spectrum is dictated by the orientation of the interacting chromophore:
the counterclockwise orientation of the chromophores, when the nearest chromophores
can be made to eclipse the farther chromophore by rotating along the shortest path in a
counterclockwise direction, leads to a negative ECCD spectrum, and correspondingly, the

clockwise orientation leads to a positive ECCD spectrum.™®

® ©
& O
Figure 1-12. The screw sense of the chromophores and its corresponding ECCD sign.
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1-2.2. The explanation of ECCD theory based on Quantum Mechanical theories

The ECCD theory can also be explained by Quantum Mechanical theories. When
a molecule contains two identical non-conjugated chromophores, because of the through
space interactions, excitation is delocalized between the two chromophores and the
excited state (exciton)™ is split into two states, & and S, by resonance interaction of the
local excitations (Figure 1-13), just as in the case of electron delocalization of an ethylene

double bond.

— excited state a

energy

e ———— ground state 0

chromophore i exciton system chromophore j

local excitati i local excitation
excitation

Figure 1-13. Splitting of the excited states of isolated chromophores i and j by exciton
interaction. The energy gap 2V;; is called Davydov splitting.

Based on theoretical calculation on the binary system, the rotational strength, R,
which is a theoretical parameter representing the sign and strength of a CD Cotton effect,

can be approximated as equation 1-8:%
Ra, 5 = +(1/2)7w0uR;; ® (flioa X fljoa) (1-8)
where the positive and negative signs correspond to o and /- state, respectively.
In equation 1-8, ku is the distance vector from chromophore i to j, /Zaa and
lijoa are electric transition dipole moments for excitation 0—a of group i and j,

respectively, and oy is the excitation number of transition from ground state 0 to excited
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state a, which can be expressed as: 00 = Vo/c = (Ea— Eo)/(hc), h is the Planck
constant and c is the speed of light in vacuum. The equation 1-8 indicates that the Cotton
effect of o+ and £ state have identical rotational strength of opposite sign. As shown in
Figure 1-11, this leads to a bisignate CD spectrum with two Cotton effect peaks of
opposite signs, which are separated by the energy gap AL (Davydov splitting).

The sign and amplitude of the bisignate ECCD spectrum is theoretically defined

in equation 1-9 as:”
Rij ® (i]ioa X l[Zjoa)Vij (1-9)

Where I_éu is the distance vector from chromophore i to j, Hioa and Hioa are
electric transition dipole moments for excitation 0—a of group i and j, respectively, and
V;jj is interaction energy between the two group i and j.

If the equation 1-9 is positive, the observed ECCD spectrum is positive, and if it
is negative, then the observed ECCD spectrum is negative. From the equation above, the
sign of the bisignate curve completely depends on the spatial orientation of the two
chromophores.3 5 The definition of exciton chirality for a binary system is shown in Table
1-1.2

Table 1-1. Definition of exciton chirality for a binary system

Qualitative
Definition

®
. ~~ - - _ ositive first and
Positive d)/ Rij ® (flioaX flioa)Vij > 0 rF:egative second
Chirality Cotton effects

S
i R 7 oy tive first and
Negative Rij ® (flioaX fLioa)Vii < 0 negati
Chirality \Eb positive second

Cotton effects

Quantitative Definition Cotton effects
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If the electric transition dipole moments of the two chromophores from front to
back constitute a clockwise orientation, then according to the equation above, it will give
a positive ECCD spectrum, and vice versa.’®" Therefore, as long as the orientation of
two chromophores in space is known, the sign of its ECCD spectrum can be predicted.
On the other hand, the sign of the bisignate ECCD spectrum enables one to determine the
relative orientation of the two chromophores in space in a non-empirical manner.

The amplitude (A) of the ECCD couplet, defined as the difference in A¢between
the first and second Cotton effect of the couplet, is affected by the following factors:*®

(1) Molar absorptivity coefficient (£value) of the chromophores: A is
proportional to £. Therefore, chromophores with strong absorption are preferred for
higher sensitivities of the ECCD method. If highly sensitive chromophores are employed,
both the chromophoric derivatization and CD measurements can be performed at the
microgram or nanogram level;

(2) Interchromophore distance (R): A is sensitive to the distance between the
interacting chromophores, since it is inversely proportional to R’>. To achieve high
amplitude, the coupling chromophores should be close to each other in space;

(3) Projection angle between the interacting chromophores: A value is
maximal when the projection angle is around 70° while there is no exciton coupling
when the projection angle is 0° or 180°;

(4) Number of interacting chromophores (X, Y, Z): the A value of the whole

molecule is the summation of the A value of each pair of interacting chromophores,
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i.e. Awral = Axy+ Axz + Ay:. The additivity rule has been proven by experiments and
theoretical calculation of multichromophoric systems.**!

Not only can exciton coupling take place between identical chromophores but

also it can occur between different chromophores, however it is less effective.**** For
example, when different benzoates are used as the chromophores with A, between 200

nm to 300 nm, as long as the absorption maxima of the chromophores are not separated
by more than 80 nm, exciton coupling can happen between them.”

The interacting chromophores do not even have to be within one molecule, as
long as they are in close proximity to each other in space. For example, stacking of
anthocyanins*> and porphyrin containing brevetoxins* give rise to exciton coupled CD
bands.

1-2.3. The application of ECCD method to determine the absolute stereochemistry
of chiral molecules

Since the Exciton Coupled Circular Dichroic (ECCD) method is based on sound
theoretical calculation, the absolute stereochemistry of organic compound exhibiting
typical bisignate ECCD spectrum is assignable in a non-empirical manner. The Exciton
Coupled Circular Dichroic (ECCD) method is a sensitive and general method requiring
only microgram scale samples. It has been successfully applied in determining absolute

47

stereochemistry of wide variety of compounds, including polyols,*” carbohydrates,*®

quinuclidines49 and hydroxy acids,” etc.”’
Figure 1-14 is a simple example of determining the absolute stereochemistry of

(+)-abscisic acid by ECCD method.’* ** Abscisic, a plant hormone, contains only one

chiral center in the molecule, and two non-conjugated chromophores: enone and dienoic
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acid. The enone and dienoic acid chromophores interact with each other through space
resulting in a positive ECCD couplet. Based on the sign of the ECCD spectrum, the two
chromophores must be oriented in a clockwise manner in space, which directly indicates

the a- configuration of the tertiary hydroxyl group.

®

OH HOOC,

L 0™ ’

o COOH o/ /

OH
Figure 1-14. The stereochemical determination of abscisic acid by ECCD method.

More examples of determining absolute stereochemistry of chiral compounds
with ECCD are shown in Figure 1-15. (i) The configuration of the 15-glcNAc group in
pavoninin-4, a shark repellent, is determined from the sign of the ECCD between the
enone and bromobenzoate.>* (ii) The absolute configuration of the potent cockroach sex
excitant periplanone B is established by carbonyl reduction, benzoylation, and
measurement of the ECCD arising from interactions between the benzoate and diene
chromophores.55 (iii) The absolute configuration of the polyol side chain of ahopanoid
from Nostoc PCC 6720 is assigned from the bichromophoric excition coupled CD spectra.
This is a case of heterochromophoric coupling, which can provide fingerprint spectra for

the molecules.*’
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Figure 1-15. Examples of exciton chirality CD method in absolute configurational
assignment.
1-3. Use of chromophoric host such as porphyrins for ECCD studies

As mentioned above, the Exciton Coupled Circular Dichroic (ECCD) method is a
strong tool for assigning the absolute stereochemistry of chiral compounds in a non-
empirical fashion. However, use of the ECCD method to determine the absolute
stereochemistry of any chiral compound requires the presence of at least two interacting
chromophores in the chiral molecule. This fact could limit the use of this method, since
majority of chiral compounds do not fulfill this requirement. In order to address the
above issue, chromophoric receptors have been designed to act as hosts for the non-

chromophoric chiral molecule. Upon binding of the chiral substrate, either covalently or
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non-covalently, the host will adopt a preferred chiral conformation, induced by the chiral
guest, which can be observed as ECCD couplet.
1-3.1. Use of chromophoric hosts

Chiral induction, where a chiral molecule induces chirality in an achiral molecule
by intermolecular forces, was apparently first demonstrated on dyes bound to
polypeptides in their helical conformations.*® It remains a tool for probing the
conformations of macromolecules.”” The process for transmission of configurational
information comprise of, at least, two elementary processes: (1) complex formation and
(2) some dynamic processes associated with it, such as conformational changes of
interacting molecules.*® If the interactions between two molecules are strong enough,
they will lead to efficient transmission of information.

The chromophoric hosts used for ECCD studies are achiral themselves, however,
upon binding to the chiral substrate, the chromophoric host will adopt an induced
chirality dictated by the chirality of the substrate through chiral induction. The induced
helicity of the chromophoric hosts could be observed and determined by ECCD, which in
turn will lead to the stereochemical determination of the bound chiral substrate. An
example of the induced chirality in chromophoric host with chiral substrates is shown in

Figure 1-16.°'
Br, HOOH Br RN NR

‘CHZCHzBu‘ H HH W
NCHQCHQBU' * By ‘; :’ Br

blphenol 1 chiral dlamlne 2 O Q

Figure 1-16. The induced chirality of biphenol upon binding to chiral diamine.

24



In Figure 1-16, the biphenol compound 1 serves as the chromophoric host to bind
with the chiral diamine 2. The two phenyl rings in biphenol 1 are not in the same plane,
because of the steric interactions between the two hydroxyl group, thus they are not
conjugated with each other, and therefore, meet the criteria of chromophores that could
undergo exciton coupling.

Biphenol 1 and diamine 2 form a complex in solution through hydrogen bonding.
The hydrogen bonding between phenolic OH and aliphatic amines has been well
studied.®** Without chiral diamine 2, biphenol 1 has two chiral conformations, which
can rapidly convert to each other at room temperature. Biphenol 1 has no CD at room
temperature, but upon the addition of chiral diamine 2, an ECCD spectrum is observed.
The observed ECCD is due to the through space coupling of the two phenol groups and
indicates that chirality has been induced in biphenol 1 by complexation with chiral
diamine 2. The chirality adopted by biphenol 1 is dictated by the absolute
stereochemistry of the bound chiral diamine 2.

In a similar manner, the same has been applied to determine the absolute
stereochemistry of chiral secondary alcohols.”> As shown in Scheme 1-1, the
chromophoric reagent, 3-cyanocarbonyl-3’-methoxycarbonyl-2,2’-binaphthalene 3 can be
esterified with chiral secondary alcohols and the resultant complex exhibits induced

ECCD as a result of favoring one atropisomer.

COOMe COOMe

OO OCN R*OH OO OOR*

O DMAP, CHsCN O
s J

Scheme 1-1. The derivatization of binaphthalene 3 with chiral alcohols.
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The chirality has been transmitted from the chiral alcohols to the binaphthylene
system by minimizing the steric interaction between the substituents on the chiral
alcohols with the methyl ester group in the binaphthylene. This conclusion has been
verified by molecular mechanics calculations, and it suggests that the transmission of the
chirality occurred in a thermodynamically controlled fashion.®®
1-3.2. Use of zinc porphyrin as chromophoric host

Porphyrins have received a great deal of attention as receptors for chiral
recognition due to several unique features:*

(1) Their planar structures provide a well-defined binding pocket that is
accentuated by substitutions on the ring. There are many sites that can be derivatized
such as the meso and S-positions, the central metal and the inner nitrogen atoms. By
varying substituents on the periphery of porphyrins the solubility of the porphyrin
containing compounds in non-polar and polar solvents can be easily modified;

(2) They are good chromophores, with absorption maximum around 418 nm for
the main absorption band (Soret band). The absorption of the porphyrins is far red-
shifted than most chromophores that likely preexist in the system, such as carbonyl and
alkenes. This prevents the unwanted interaction between the introduced chromophore
and the preexisting chromophores, which can complicate the analysis of the resulting
ECCD spectrum;

(3) They are highly chromophoric with &€ (molar absorption coefficient) higher
than 400,000. As it has been mentioned before, the amplitude (A) of the ECCD couplet is
proportional to the &, so the sensitivity of CD will be greatly enhanced with the strong

absorbing chromophores. Therefore, porphyrins are ideal chromophores for detecting

26




subtle changes in their close environment such as binding of chiral ligands. These
intermolecular interactions can be easily followed by UV-vis, fluorescence, NMR, and
resonance Raman;*®

(4) Metal incorporation into the porphyrin ring can be easily achieved.
Metalloporphyrins, such as zinc porphyrins and magnesium porphyrins, can provide extra
stereodifferentiation with their Lewis base binding sites.

There are two types of porphyrin chromophores: achiral porphyrins and inherently
chiral p(xrphyrins;{’7 examples of each is shown in Figure 1-17. The achiral porphyrins

are planar molecules, while the chiral porphyrins are “saddle” shaped.

achiral porphyrin inherently chiral porphyrin  side-view of the chiral porphyrin

Figure 1-17. Achiral porphyrins and inherently achiral porphyrins.

Achiral porphyrins have been widely utilized in stereochemical studies by CD.

68, 69

These include absolute configurational assignmems,"s' stereochemical

71

differentiations of sugars and amino acids,w' and interactions with bio-

macromolecules.”
Porphyrins have been used broadly in UV-vis and CD study because of their far
red-shift absorption band and their high absorption. The porphyrin free base generally

has four absorption bands (Q band) in the visible region. The very intense band
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appearing around 415 nm in the near ultraviolet is the B band, and more commonly
referred to as Soret band. Generally, the concentration of the porphyrin solution can be
determined by the intensity of the Soret band based on the Lambert-Beer’s Law: A = &cl .
There are also additional bands (N, L, M bands) at the ultraviolet regions but these bands
are usually much weaker. For porphyrins with different substituents on the periphery, the
positions of the Soret band and the other bands vary a little.

Upon formation of metalloporphyrins, such as zinc porphyrins, the four Q bands
in the visible region collapse into essentially two bands due to higher symmetry, while
the Soret band may remain in the usual range or shifted to higher or lower energy. The
molar absorption coefficient (€) of the Soret band changes with the insertion of metals in
the porphyrin ring. As shown in Figure 1-18, zinc porphyrin methyl ester (£=550,000)"
has higher molar absorption coefficient in the Soret band than the porphyrin free base

(£=440,000),” and the position of this band is also slightly red shifted.
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Figure 1-18. UV-vis spectra of porphyrin methyl ester and zinc porphyrin methyl ester.
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Porphyrins, as the alkyl connected bis-metalloporphyrins 4 shown in Figure 1-19,
can be used as host systems for stereochemical determination of chiral compounds
because of their ability to bind to the chiral compounds and report the chirality of bound

guests based on Exciton Coupled Circular Dichroic spectroscopy (ECCD).”**!

Figure 1-19. Structure of zinc porphyrin tweezer 4.

Zinc porphyrin tweezer 4, as shown in Figure 1-19, can undergo host-guest
complexation with chiral diamines and adopt a chirally oriented conformation (helicity)
leading to a bisignate ECCD spectrum. The helicity of the interacting chromophores can
be observed by CD and is exhibited as bisignate ECCD spectrum. The helicity of the

receptor in turn reflects the chirality of the bound compound.
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Figure 1-20. Assignment of absolute configuration of acyclic chiral diamines by Exciton
Coupled Circular Dichroism (ECCD).

As shown in Figure 1-20, when zinc porphyrin tweezer 4 is added to the solution
of chiral diamine (S)-methyl-2,4-diaminobutyrate, the porphyrin tweezer binds to the
chiral diamine via Zn-N coordination to form a “sandwich” structure.®'

The porphyrin, which is far away from the chiral center, does not interact with the
chiral center. However, the porphyrin, coordinated to the end which is close to the chiral
center, will interact with the groups on the chiral center in a way to minimize the steric
interactions between the porphyrin ring and the chiral substituents. In order to minimize
the steric interaction, the porphyrin ring ‘slides away’ from the large group on the chiral
center and covers the small group (Figure 1-20a). This conformation is more stable than
the alternate (Figure 1-20b), in which the porphyrin ring ‘slides away’ from the small

group and interacts with the large group instead. The more stable conformation (a), leads
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to the two porphyrin planes adopting a counterclockwise orientation and a negative

ECCD couplet is predicted. This prediction matches the CD observation.

H COOH 1. BocHN 2

H NH
Y 2
NHBoc 2. Deprotection L7(r\ll:;\/

Son BN Ho~ oA NH,
NHBoc 2. Deprotection LY NH,

Scheme 1-2. Converting the amino acids and amino alcohols to diamines.

This approach has been extended to determine the absolute stereochemistry of
chiral amino acids and amino alcohols, which have a primary amino group directly
attached to the stereogenic center. After simple chemical modifications as shown in
Scheme 1-2, the amino acid and amino alcohols can be converted to diamines, whose
stereochemistry can be determined by the method mentioned above.

Zinc porphyrin tweezer 4 cannot be used directly to determine the absolute
stereochemistry of chiral compounds that have only one site of attachment, since two
chromophores need to be bound and interact through space in order to observe ECCD.
To overcome this problem, carrier molecules have been designed to convert compounds
with only one site of attachment to molecules possessing two sites of attachment.
Carriers are achiral molecules, which can be derivatized with the chiral substrates to
provide the requisite two sites of attachment for binding to zinc porphyrin tweezer.

The carrier molecules need to possess the following characteristics:"®
(1) They should have a functional group that can be derivatized with the chiral

compounds. For example, a carboxylic acid will serve well when a chiral amine is to be

analyzed;
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(2) The derivatized carriers should be able to bind to the zinc porphyrin tweezer 4
or a comparable host at 1:1 ratio;

(3) The carrier derivatized conjugates should be rigid, since flexible structures
will give multiple conformations leading to weak or even complex CD spectra;

(4) The carriers should be achiral, since the introduction of the extra chiral center
into the system will result in diastereomers, which will complicate interpretation of the
ECCD spectrum.

Ultimately, the success of this carrier method relies on identifying the most
energetically favored conformation of the derivatized carrier. This is imperative because
the conformation of the derivatized carrier dictates the position of the substituents at the
chiral center in space relative to the porphyrins, and therefore, will dictate the spacial
orientation adopted by the two porphyrin planes. The ideal carrier, upon derivatization
with chiral compounds, exhibits a rigid and predictable conformation about the free
rotating single bonds. Rotation along any of the single bond can dramatically alter the
position of the large, medium, and small group with respect to the porphyrins.

Following these guidelines, carrier 5 has been designed and synthesized in order
to determine the absolute stereochemistry of chiral monoamine in conjunction with zinc
porphyrin tweezer.”® It can be derivatized with chiral monoamines by the carboxylic acid
functionality to form an amide bond. After the Boc protecting group is removed, it
provides two binding sites to coordinate with zinc porphyrin tweezer. This conjugate can
bind to the zinc porphyrin tweezer to form a complex, the stereochemistry of which can

be assigned based on the Exciton Coupled Circular Dichroic method.
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As Figure 1-21 shows, derivatization of (R)-1-cyclohexylethylamine with carrier
5, followed by deprotection, leads to conjugate 6 with two nitrogen atoms, the pyridine
nitrogen and the free amino nitrogen, serving as the binding handle for both zinc sites of
porphyrin tweezer 4. The complexation leads to a unique helical arrangement of the two
porphyrin planes with respect to each other, and can be observed by ECCD spectrum.
The correlation between the sign of the ECCD spectrum and the absolute stereochemistry

of the chiral conjugate 6 can be deduced by the following reasoning.

/NS N /4
Ns-CO.H
' > 2 HZN’LCH;; LNE)LHACH:;
NHBoc NH,
5 6

In the most stable conformation:
S.~CH3 e The carbonyl oxygen is anti to the pyridine ring due the
HN™"H electrostatic repulsion.
(o
7 e The carbonyl oxygen is syn to the small group (H) on the
NH, chiral center to reduce the pseudo A, 3 strain.
Figure 1-21. The chiral complex and its most stable conformation.
Molecular modeling of the conjugate 6 suggests that it is a rigid molecule and it
has a predictable energetically favored conformation.”® In this most favorable

conformation, the free rotations around the single bonds: Ca.-Cc-0, Cc-0-NH, and NH-
Chiral are restricted. Molecular modeling of the conjugate has shown that the conjugate 6

favors a coplanar orientation of the carbonyl group to the pyridine ring. Moreover, due to
electrostatic repulsion, the anti carbonyl oxygen/pyridine nitrogen disposition is preferred

by ~30 kJ/mol. Finally, it has been well understood that in an amide, due to the pseudo
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A\ 3 interaction, the small group on the chiral center (hydrogen) is syn to the carbonyl
oxygen.

Since the spacial arrangement of the substituents of the chiral center can be
deduced from this favored conformation, the orientation of the porphyrin planes can be
predicted based on the interaction between the chiral compound and the porphyrin planes.

The three substituent groups at the chiral center are assigned S (small), M
(medium), and L (large) according to their size,® with hydrogen being the S group,
methyl being M group and cyclohexyl being L group. As shown in Figure 1-22, upon
binding to zinc porphyrin tweezer 4, the chiral substrate will adopt a conformation such
that L points out of the plane formed by the amide and the pyridine ring, while M points
into the plane. The zinc porphyrin’s approach of the pyridine nitrogen will bias the side
of M group in order to avoid the unfavorable steric interaction with L. Thus, the two
porphyrin planes of the tweezer orient in a clockwise way, and dictate a positive ECCD

spectrum. This prediction matches with the experimental observation.
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Figure 1-22. Use of carrier 5 to determine the absolute stereochemistry of chiral
monoamine by Exciton Coupling Circular Dichroism.

The goal of our research is to further the above studies by determining the
absolute stereochemistry of chiral compounds with different functional group, namely a-
chiral carboxylic acids, by using the stated Exciton Coupled Circular Dichroic (ECCD)
method. In order to achieve that goal, we have studied the synthesis of zinc porphyrin
tweezers, the design and synthesis of different carriers for a-chiral carboxylic acids, and

their spectroscopic studies.
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Chapter 2
Polymer-supported synthesis of mono-substituted porphyrins

Porphyrins have received a great deal of attention as receptors for chiral
recognition due to several unique features:'

(1) Their planar structures provide a well-defined binding pocket that is
accentuated by substitutions on the ring. There are many sites that can be derivatized
such as the meso and S-positions, the central metal and the inner nitrogen atoms. By
varying substituents on the periphery of porphyrins, the solubility of the porphyrin
coxtaining compounds in non-polar and polar solvents can be easily modified;

(2) They are good chromophores, with absorption maximum around 418 nm for
the main absorption band (Soret band).> The absorption of the porphyrins is far red-
shii £ted than most chromophores that likely preexist in the system, such as carbonyl and
alkenes. This prevents the unwanted interaction between the introduced chromophore
and the preexisting chromophores, which can complicate the analysis of the resulting
ECCD spectrum;

(3) They are highly chromophoric with £ (molar absorptivity coefficient) higher
than 4.00,000.> As it has been mentioned before, since the amplitude (A) of the ECCD
couplet is proportional to the &, the sensitivity of CD will be greatly enhanced when a
strong  absorbing chromophore is used. So porphyrins are ideal chromophores for
deteCting subtle changes in their close environment such as binding of chiral ligands.
These intermolecular interactions can be easily followed by UV-vis, fluorescence, NMR,

and resonance Raman;'
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(4) Metal incorporation into the porphyrin ring can be easily achieved.
Metalloporphyrins, such as zinc porphyrins and magnesium porphyrins, can provide extra
stereodifferentiation with their Lewis base binding sites.

2-1. The synthesis of the zinc porphyrin tweezer

The zinc porphyrin tweezer has been d d to be ful in
determining the stereochemistry of chiral compounds, such as chiral diamines, amino
acids, and amino alcohols through host-guest complexes.* The porphyrin tweezer can be
eassily synthesized from mono-substituted porphyrins, such as porphyrin carboxylic acids
andl alcohols. The carboxylic acid or alcohol functionality at the meso position of the
mo>mo-substituted porphyrin is used to connect with an alkyl chain to form the porphyrin

tw eezer (Scheme 2-1).

1. 1,5-pentanediol
EDC, DMAP

2. Zn(OAc),

Scheme 2-1. Synthesis of zinc porphyrin tweezer 1 from porphyrin carboxylic acid.
The synthesis of the zinc porphyrin tweezer 1 depends heavily on the synthesis of
Mono-substituted porphyrins. As shown in Scheme 2-2, the mono-substituted porphyrin

methyl ester 2 could be synthesized by condensing pyrrole, benzaldehyde and 4-

€arbox ymethylbenzaldehyde in refluxed propionic acid at 4:3:1 ratio.* Zinc acetate was

used to serve as a template to help the assembly of the porphyrin rings. After the reaction
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mixture was refluxed in propionic acid for several hours, DDQ was added to the reaction
muixture as an oxidation reagent to finish the synthesis of porphyrin compounds. The zinc

w as removed from the porphyrins by washing it with 6 N hydrochloric acid.

CHO 1.Zn(OAc),
CHO propionic acid

H
\:N/; + © + reflux
CO,Me 2. DDQ,0 CH,Cl,
4 €q. 3eq. 1eq. 7%

non-substituted, di,
tri, and tretra-
substituted

porphyrin products

mono-substituted
porphyrin 2

Scheme 2-2. Synthesis of mono-substituted porphyrin methyl ester 2.
This synthesis leads to the formation of the desired mono-substituted porphyrin 2
alomng with a mixture of tetraphenylporphyrin, and di-, tri-, and tetra-substituted
porphyrins. The separation of the desired mono-substituted porphyrin from all the

by product is tedious, however, it can be achieved by multiple column chromatographies.

NaOH (2 N) /
THF, reflux,
overnight, 98%

Scheme 2-3. Hydrolysis of porphyrin methyl ester 2 to carboxylic acid 3.
Alfter the separation of the mono-substituted porphyrin methyl ester 2, it was

Subseql-lently hydrolyzed under basic condition to yield the corresponding porphyrin
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carboxylic acid 3 (Scheme 2-3). Since porphyrin methyl ester 2 does not dissolve in
water, THF was used in the hydrolysis step as a co-solvent for better solubility. After the
reaction mixture was refluxed overnight, it was acidified with 6 N hydrochloric acid and
extracted with CH,Cl,. The porphyrins are purple red in basic solutions, and when the
solution is acidified, a color change from purple red to green can be clearly observed.

The extraction of porphyrin acid 3 with CH,Cl, is tricky. Before extracting, THF

has to be removed. The porphyrin carboxylic acid 3 dissolves much better in THF than
in CHyCl, because of its high polarity. Since THF is partially soluble in water, its
presence would make the extraction of porphyrin acid 3 harder. Small amount of
methanol needs to be added into CH,Cl; to help the extraction of the porphyrin acid 3,
how e ver, since the porphyrin acid does not dissolve in MeOH, too much methanol will
reduce the solubility of porphyrin acid. The optimal ratio of methanol and CH,Cl, for
porph yrin acid extraction is about 1:100.

After the extraction of the acidified porphyrin with the mixture of methanol and
CH>C1- ., the organic layer was neutralized. Instead of using a basic solution, water was
used to wash away the acid, since the base was likely to form the carboxylate salt of the
Porphyrin carboxylic acid 3. The porphyrin acid 3 separated in this way is pure enough

for further reactions.
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1,5-pentanediol

EDC, DMAP
CH,Cl,

Scheme 2-4. EDC coupling of porphyrin carboxylic acid 3 with 1,5-pentanediol.
After securing porphyrin carboxylic acid 3, a simple esterification with 1,5-
pentanediol, as shown in Scheme 2-4, could provide the porphyrin tweezer 4. However,
the reaction under standard ECD coupling condition did not proceed as expected. TLC
analysis indicated the presence of many porphyrin spots with very close polarity, and it
was irmpossible to isolate any pure product by column chromatography. The reaction had
been re peated many times and each time the same result was observed. Finally, it was
realized that the reaction did not work because the porphyrin carboxylic acid 3 was not
pure. Tt contained both the free-base porphyrin acid and zinc porphyrin acid. Not only
could the zinc porphyrin acid interact with the coupling reagent EDC to reduce the yield
of the coupling product, but also the presence of both the free-base porphyrin acid and
zinc Porphyrin acid in the EDC coupling reaction resulted in three porphyrin tweezer
Products: porphyrin tweezer free base 4, di-zinc porphyrin tweezer 1 and mono-zinc
Porphyrin tweezer. The polarities of the three tweezers were very close to each other,

and it was impossible to isolate them by column chromatography.

The procedure was altered to remove zinc from the first step of synthesizing

POrphyrin methyl ester 2. Zinc acetate was used to aid in the synthesis of porphyrins, and
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was to be removed by washing with 6 N hydrochloric acid. In our case, because of the
scale of the reaction, not all the zinc was removed from the porphyrin. In order not to
introduce zinc, the porphyrin methyl ester 2 was synthesized again by the same propionic
acid method but without the addition of zinc acetate. The separated yield of the desired
mono-substituted porphyrin methyl ester 2 was 7%, comparable to that of the reactions
with the addition of zinc acetate.

After the isolation of the pure porphyrin methyl ester 2, it was hydrolyzed to
porphyrin carboxylic acid 3 as described above. The EDC coupling of porphyrin acid 3
with 1,5-pentanediol proceeded very smoothly, and provided the desired porphyrin
tweezer 4 in good yield. Depending on the ratio between the porphyrin acid 3 and 1,5-
pentanediol, the synthesis of porphyrin tweezer 4 can be finished in a single step or step-
wise, i.e., synthesize the monoester, isolate and submit the product to another round of

esteri fication for yield the diester, or formation of the diester in one pot. The yield of the
step-ww 1 se synthesis was higher than the single step synthesis.

Excess zinc acetate was then added to the porphyrin tweezer free-base 4 to yield
the zinmc porphyrin tweezer 1. The excess zinc acetate could be easily removed by simple
filration. However, even starting with a pure porphyrin tweezer free base 4, flash
column chromatography was required to secure the pure zinc porphyrin tweezer 1 due to

the decomposition of porphyrins.
A\ much milder condition was also used to synthesize porphyrin methyl ester 2.
As shown in Scheme 2-5, the porphyrin was synthesized in CH,Cl, with boron trifluoride
diethyl] etherate (BF;-Et,0) as the acidic catalyst.5 *® Under these conditions, the reaction

c . . .
an be carried out at room temperature instead of refluxing at 160 °C.
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O 1. BF3-Et20,

N HO ¢ CH,Cl, Q
U + + 2. p-chloranil,

CO,Me 25%
4 eq. 3eq. 1eq.

non-substituted, di,
tri, and tretra-
substituted
porphyrin products

mono-substituted
porphyrin 2

Scheme 2-5. The synthesis of mono-substituted porphyrin 2 in BF;-Et,O condition.

Pyrrole, benzaldehyde and 4-carboxymethylbenzaldehyde were dissolved in
CH,CI; at 4:3:1 ratio for the optimal yield of the mono-substituted product. Catalytic
amount of BF;-Et;O was added into the reaction, and after two-hour stirring at room
temperature, p-chloranil was added to finish the synthesis. The isolated yield of the
desired mono-substituted porphyrin 2 was improves from 7% (propionic acid condition)
t0 25%.

Using BF3-Et,0 as the catalyst, one has to be very careful about removing all the
air from the reaction. BF;-Et;O is very sensitive to moisture, and since only catalytic
amount of BF;3-Et,O is used, small amounts of moisture could derail the reaction.
Therefore, the reaction solution was purged with nitrogen for at least 15 minutes before
BF;-Et,0 was added.

2-2. The synthesis of mono-substituted porphyrins on polymers

As shown above, the synthesis of zinc porphyrin tweezer 1 depends heavily on
procuring mono-substituted porphyrins efficiently. The synthesis of structurally complex
porphyrins has seen tremendous progress in the last 30 years,”'* and as such the synthesis

of mono-substituted porphyrins methyl ester 2 can be achieved by utilizing many of the
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methods that have been developed.!" However, the most common and direct
methodology to synthesize these mono-substituted porphyrins is to condense a mixture of
pyrrole, benzaldehyde, and the appropriately substituted benzaldehyde in a 4:3:1 ratio in
acidic condition. This leads to the synthesis of the desired mono-substituted porphyrin
together with a mixture of tetraphenylporphyrin, and di-, tri-, and tetra-substituted
compounds, which makes the chromatographic separation of these compounds tedious
and time consuming. In most cases, multiple flash column chromatographies are required
to isolate the pure desired porphyrin product.

As Scheme 2-2 and 2-5 shows, propionic acid and BF3-Et,O are two commonly
used catalysts for the synthesis of mono-substituted porphyrins.“' ® The BF;-Et,0 is much
milder than using propionic acid and the yield has also been improved, but it still
generates the unwanted byproducts. The propionic acid condition yield ratio between the
non-, mono-, and di-substituted compounds of 1:3:1, and for the BF;-Et,0 condition, the
ratio between non-, mono- and di-substituted compounds is 1:2.6:1.3. The generation of
porphyrin byproducts not only leads to tedious and time consuming chromatographic
separations, but also, depending on the substituted benzaldehyde utilized in the reaction,
wasting of this compound by synthesizing undesired porphyrin can be synthetically
limiting. In order to simplify the isolation of desired mono-substituted porphyrin and
also improve the yield, we have modified the synthesis of mono-substituted porphyrins
by using insoluble and soluble polymers.

The method of utilizing insoluble polymer for the synthesis of mono-substituted
porphyrins was first developed by Leznoff and Svirskaya.'> There are several advantages

in synthesizing mono-substituted porphyrins on polymer supports.l3 First, it is easy to
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separate the polymer-supported species from the small molecules present in the reaction
medium by simple filtration. The easy isolation of the polymer bound species in turn
allows for the use of excess soluble starting material to achieve higher yields. Second,
the size of the polymer renders the resin-bound species inaccessible to each other, and
therefore, cross-reactions are avoided. In the porphyrin synthesis, since the substituted
aldehyde is anchored onto the polymer, this advantage excludes the formation of di-, tri-
and tetra-substituted porphyrins. Finally, the use of polymers in the synthesis of mono-
substituted porphyrins eases the purification of the desired product.

In the strategy presented here, the substituted aromatic aldehyde that will
eventually become the mono-substituted portion of the final porphyrin is anchored onto a
polymeric backbone. This allows for the construction of the porphyrin on the polymeric
support with pyrrole and an aldehyde in solution. In this manner free mono-substituted
aldehyde is not utilized and thus di, tri, and tetra-substituted porphyrins are not
synthesized. Therefore, on the insoluble polymer, there is only mono-substituted
porphyrin, and there is only non-substituted porphyrin (tetraphenylporphyrin) in the
reaction solution.

2-2.1. Synthesis of mono-substituted porphyrin on insoluble polymer

The synthesis of mono-substituted porphyrin carboxylic acid 3 on insoluble
polymer is illustrated in Scheme 2-6. 4-Carboxybenzaldehyde S5 was attached to a 2%
crosslinked divinylbezene/polystyrene beads 6, containing 1 mmole/eq. of benzyl
chloride by reported procedures,” which results in 85% conversions from the chloride to
the attached aldehyde. The conversion was determined by releasing the aldehyde from

the polymer support by refluxing in sodium hydroxide. The functionalized polymer
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support with the bound aldehyde 7 was used in the synthesis of the mono-substituted
porphyrins. Addition of excess of pyrrole and benzaldehyde to the polymer 7 in
refluxing propionic acid followed by DDQ oxidation yielded the mono-substituted
product 8 on the resin and only tetraphenylporphyrin (TPP) in the solution phase. Since
benzaldehyde and pyrrole are inexpensive reagents, the sacrifice in making
tetraphenylporphyrin in solution was well compensated by the fact that only the mono-

substituted porphyrin was synthesized on the polymer.

CHO

M *@
Et3N, EtOAC

6 reflux, 2 h, 85%

CHO

& (excess)

propionic acid

reflux, 4 h O
2. ?e}f-:ﬁ(ilzz rI?DQ, dO/ . tetraphenyl
) 8 porphyrin in !

solution

[Q = insoluble polymﬂ L ;

1. wash resin with CH,Cl,

2. NaOH, THF, reflux,
12 h, 6% for four steps

Scheme 2-6. Synthesis of mono-substituted porphyrins on insoluble polymer.
The tetraphenylporphyrin generated in solution could be easily removed from the
polymer-supported porphyrins by washing the polymer resin with CH,Cl, (Soxhlet
extraction). Cleavage of the covalently attached porphyrin from the beads in refluxing

aqueous NaOH solution led to the isolation of the desired porphyrin carboxylic acid 3 in
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good purity and 6% overall yield. The yield is comparable to solution phase synthesis of
3 in refluxing propionic acid,® however, the crude isolation is not complicated with
mixtures of multi-substituted porphyrins, and thus the purification proves to be
straightforward from the polymer beads.

The porphyrin synthesis on insoluble polymer had also been tried by using
BF;-Et,0 as the acidic catalyst instead. Unfortunately, it was found that BF;-Et,O was
not compatible with the insoluble polymer, since not only there was no porphyrin
carboxylic acid isolated, but also there was no tetraphenylporphyrin (TPP) forming in the
solution. The lack of the tetraphenylporphyrin generation in the reaction indicated that
the BF3-Et;0 failed to serves as the acidic catalyst to generate porphyrins. This reaction
was repeated several times, and every time the result was the same. So the porphyrin
synthesis on insoluble polymer can only be carried out in refluxing propionic acid
condition.

2-2.2. Synthesis of mono-substituted porphyrin with soluble polymer

Limitations in the use of solid polymers in synthetic chemistry are pronounced by
the difficulty in using NMR to characterize intermediates, and the heterogeneous nature
of the chemistry that could result in low yields. However, soluble polymers can be used

as an alternative matrix for organic synthesis."’

These polymers are non-cross-linked
long chains, and exhibit both soluble and insoluble characteristics depending on the
solvent used in the reaction. Synthetic approaches that utilize soluble polymers couple
the advantages of homogeneous solution chemistry (high reactivity, lack of diffusion

phenomena and ease of analysis) with those of solid phase methods (use of excess

reagents and easy isolation and purification of products). 16
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Non-cross-linked chloromethylate polystyrene (NCPS) polymer is a soluble
polymer used in the porphyrin synthesis.l7 This copolymer is readily prepared, and the
functional group content easily controlled and quantified via NMR by varying ratios of
starting monomers. NCPS polymer has remarkable solubility properties that are
amenable to organic chemistry. It is soluble in THF, CH,Cl,, CHCl;, and ethyl acetate
even at low temperatures, and is insoluble in water and alcohols. Consequently, after the
homogeneous reaction of supported intermediates, the polymer and its uniquely bound
product can be easily separated from excess reactants and byproducts by treating with
cold methanol, in which the soluble polymer precipitates as a solid polymer, and the
soluble reagents and byproducts are filtered away. Because the polymer is soluble in
CHCIl;3, NMR analysis of all intermediates may be accomplished in a non-destructive
manner without the need for any specialized NMR technique:s.18 All the reaction with the
soluble polymer can be monitored with NMR, and the porphyrin peaks are observable in
NMR spectrum.

As illustrated in Scheme 2-7, the non-cross-linked chloromethylate polystyrene
(NCPS, 9) was prepared as reported by Janda and coworkers by the copolymerization of
styrene with 3 mol% of 4-(chloromethyl) styrene in the presence of 2, 2'-
azobis(isobutyronitrile) (AIBN) in benzene at 70 °C for 40 h.'” After the reaction was
over, most of the solvent was removed under reduced pressure, and the residue was added
to chilled methanol (-30 °C). The soluble polymer precipitated in the methanol as a white
powder, which could be separated from the remaining starting material by suction

filtration.
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Scheme 2-7. Copolymerization to synthesize NCPS polymer.

Having the correct particle size for the precipitated polymer is important for
successful and efficient suction filtration. If the polymer size is too small, the polymer is
likely to go through the filter paper, which can clog the funnel and make the filtration
take several hours to finish. The size of the polymer powder depends on both the amount
of solvent it is dissolved in before it is precipitated with cold methanol (the larger amount
of solvent used, the finer the powder is), and more importantly, on the average molecular
weight of the polymer itself. The molecular weight of the soluble polymer is controlled
by the amount of radical initiator (AIBN) used in the copolymerization reaction. The
smaller amount of initiator, the higher average molecular weight, but at the same time,
the yield of the copolymer decreases. When 0.5 mol% of AIBN was used, the MW,,, of
the copolymer isolated was 15,000, and the yield was 50%. The filtration of this polymer

was tedious. By decreasing the initiator to 0.06 mol%, the MW, of the polymer

increased to 60,000 and a PDI of 2.14 was measured by GPC." The yield of

polymerization was 25%.

54



Table 2-1. Synthesis of soluble polymer supported aldehyde 10

/@,CHO o
m Tn  Hoc 5 o)‘\O\
00 — 77 Bl

9 C 10
Base  Solvent  Temp (°C) Period  viold (%)
(day)
NaH  DMF 90 1
KH DMF 90 1 80
NaHMDS  THF 66 2
iPLNEt  EtOAc 77 5 25
EtN  EtOAc 77 2 60
EtsN EtOAc 90 (sealed tube) 3 >95

A variety of conditions had been probed to attach 4-carboxybenzaldehyde 5 to the
soluble polymer 9, and the results are outlined in Table 2-1. The best result was obtained
by using triethylamine as the base and heating the reaction mixture in ethyl acetate to 90
°C in a sealed tube. The loading of the aryl aldehyde in 10 was calculated from NMR
integrations of the latter moiety vs. the polymer backbone signals. The conversion was
higher than 95%.

The synthesis of mono-substituted porphyrin on soluble polymer 10 is shown in
Scheme 2-8. Boron trifluoride diethyl etherate (BF;-Et,O) was used as the acidic catalyst
in the porphyrin synthesis on soluble polymer, since this condition was much milder and
the yield was higher. The results were quite satisfactory; thus the synthesis was not

attempted with propionic acid condition.
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o 11aR=Ph

O)K©\ 1. pyrrole/RCHO  11b R = p-OMePh
O/O/\ BF5E1,0, RT, 1h 11c R = 2-Naphthyl
CHO

10 R 2. CH,Cl,, p-chloranil
RT,2h

.................

O R + | tetraphenyl } 1. wash with MeOH
+ 0 L
| poPIYIInInG 5 NaOH, THF
Nemoeomoeeeeeen ' reflux, 12 h

13a R =Ph 30% overal yield
13b R = p-OMePh 16% overal yield
13¢c R = 2-Naphthyl 15% overal yield

[O = soluble polymer

Scheme 2-8. Synthesis of mono-substituted porphyrin on soluble polymer.

Condensation of polymer supported aldehyde 10 and pyrrole with excess of either

benzaldehyde 11a, p-methoxybenzaldehyde 11b, or 2-naphthylaldehyde 11c¢ with

BF3°Et,0 in CH,Cl; (similar to reported procedures for normal porphyrin synthesis in

solution®) and subsequent oxidation with p-chloranil led to the formation of the

corresponding soluble polymer bound porphyrins 12a-c. The product in each case was

isolated and by basic hydrolysis of the ester functionality (2 N NaOH) to yield the

porphyrin acids 13a-c¢ in yields comparable to solution phase synthesis. However, in

comparison to non-polymer supported solution phase synthesis, the purity of the crude

product is substantially improved, and each product is easily purified by a simple silica
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chromatography. The yield of each porphyrin was calculated based on the amount of
bound aldehyde 10 used in the reaction. The mono-substituted porphyrin acids were
purified by silica column chromatography and eluted with 3% methanol in CH,Cl,. Non-
aromatic aldehydes such as i-butyl aldehyde, propanal, and acetaldehyde did not yield
any product, presumably due to the polymerization of these reagents under the reaction
conditions.

In conclusion, synthesis of porphyrins on polymeric backbone can be used as a
strategy to selectively synthesize mono-substituted porphyrins without the troublesome

contamination from multiple-substituted products.

57




Experimental materials and general procedures:

Anhydrous CH,Cl, was dried over CaH; and distilled. Unless otherwise noted,
materials were obtained from commercial suppliers and were used without further
purification. All reactions were performed in dried glassware under nitrogen. Column
chromatography was performed using SiliCycle silica gel (230-400 mesh). 'H-NMR
spectra were obtained on Varian Inova 300 MHz instrument and are reported in parts per
million (ppm) relative to the solvent resonances (8), with coupling constants (J) in Hertz

(Hz).

CHO
H CHO conditions
00y =
CO,Me

5-(4-Methylcarboxy-phenyl)-10,15,20-triphenylporphyrin 2:

Method 1. To a mixture of 4-carboxymethylbenzaldehyde (0.83 g, 5 mmol),
benzaldehyde (1.62 g, 15 mmol, and Zn(OAc); (1.09 g, S mmol) in propionic acid (100
mL) was added pyrrole (1.32 g, 20 mmol) when the temperature reached 120 °C. The
solution was refluxed for 4 h with vigorous stirring. The solvent was removed under
reduced pressure, and the dark solid residue was dissolved in CH,Cl,, and excess amount
of DDQ (0.42 g) was added to the solution. The mixture was refluxed for another 2 h.
The mixture was then cooled to room temperature, and the solution was washed with 6 N

HCl (3 x 40 mL), neutralized with saturated NaHCO; aqueous solution (3 x 40 mL),

followed by brine (1 x 50 mL), and dried with anhydrous Na,SOs. The solvent was
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removed under reduced pressure. Product was purified by multiple column
chromatographies (CH,Cl,) to yield pure 2 (0.26 g, 7%) as deep purple crystals.

Method 2. To a mixture of 4-carboxymethylbenzaldehyde (0.83 g, 5 mmol) and
benzaldehyde (1.62 g, 15 mmol) in propionic acid (100 mL) was added pyrrole (1.32 g,
20 mmol) when the temperature reached 120 °C. The solution was refluxed for 4 h with
vigorous stirring. The solvent was removed under reduced pressure, and the dark solid
residue was dissolved in CH,Cl,, and excess amount of DDQ (0.42 g) was added to the
solution. The mixture was refluxed for another 2 h. The solution was then cooled to
room temperature, and the solvent was removed under reduced pressure. Purification by
multiple column chromatographies (CH,Cl,) yielded pure 2 (0.24 g, 7%) as deep purple
crystals.

Method 3. To a mixture of 4-carboxymethylbenzaldehyde (0.83 g, 5 mmol) and
benzaldehyde (1.62 g, 15 mmol) in freshly distilled CH,Cl, (100 mL) was added pyrrole
(1.32 g, 20 mmol). Nitrogen gas was purged into the solution with vigorous stirring, and
after 15 min catalytic amount of BF3;-Et;O (0.1 mL) was added. After 10 min, the
solution turned from colorless to amber. The reaction flask was shielded from light by
aluminum foil, and the reaction was stirred at room temperature for another 2 h. Excess
amount of p-chloranil (3 g) was added to the solution, and it was stirred for an additional
2 h. The solvent was then removed under reduced pressure, and the residue was purified
as described above to yield pure 2 (0.81 g, 25%). 'H NMR (CDCls, 300 MHz)  8.76-
8.85 (m, 8H), 8.42 (d, J=8.3 Hz, 2H), 8.29 (d, J=8.3 Hz, 2H), 8.19-8.21 (m, 6H), 7.71-

7.79 (m, 9H), 4.09 (s, 3H), -2.81 (s, 2H).
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NaOH (2 N) /
THF, reflux,
overnight, 98%

5-(4-Carboxyphenyl)-10,15,20-triphenylporphyrin 3:

To the solution of 2 (75 mg, 0.1 mmol) in THF (5 mL) was added 2 N NaOH
aqueous solution (1.5 mL), and the solution was refluxed overnight. After the reaction
was cooled down to room temperature, the pH of the reaction solution was adjusted to 4
with 6 N HCl. THF was removed under reduced pressure, and the aqueous layer was
extracted with MeOH/CH,Cl, (1:100, 3 x 20 mL) until there was no purple color left in
the aqueous layer. The organic layers were combined and washed with DI water (2 x 20
mL). The organic layer was then dried with anhydrous Na,SO4, and removed under
reduced pressure to afford the acid 3 in 98% yield. 'H NMR (CDCl;, 300 MHz) § 8.76-
8.85 (m, 8H), 8.42 (d, J=8.3 Hz, 2H), 8.29 (d, J=8.3 Hz, 2H), 8.19-8.21 (m, 6H), 7.71-

7.79 (m, 9H), -2.81 (s, 2H).
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"EDC. DMAP
CH,Cly, 48%

Porphyrin tweezer 4:

To a solution of acid 3 (90 mg, 0.14 mmol) and 1,5-pentanediol (5 mg, 0.05
mmol) in anhydrous CH,Cl, (4 mL) was added EDC (27 mg, 0.14 mmol) and DMAP (18
mg, 0.14 mmol). The reaction mixture was stirred at room temperature overnight, and it
was applied directly to silica gel column and purified (CH,Cly) to afford the title
compound 4 (34 mg, 48%). 'H NMR (CDCls, 300 MHz) & 8.94-9.04 (m, 16H), 8.48 (d,
J=8.0 Hz, 4H), 8.17-8.23 (m, 16H), 7.46-7.54 (m, 18H), 4.28 (t, J=6. 6 Hz, 4H), 1.65 (m,

4H), 1.48 (m, 2H), -2.81 (s, 2H).

Zinc porphyrin tweezer 1:
To a solution of porphyrin tweezer free base 4 (10 mg) in CH>Cl, (3 mL) was

added Zn(OAc), (30 mg, 0.16 mmol). The reaction mixture was stirred at room
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temperature overnight. The solution was applied directly to silica gel column (CH,Cl,) to
afford the pure zinc porphyrin tweezer 1 (96 mg, 95%) as a deep purple powder. 'H
NMR (CDCl3, 300 MHz) & 8.94-9.04 (m, 16H), 8.48 (d, J=8.0 Hz, 4H), 8.17-8.23 (m,

16H), 7.46-7.54 (m, 18H), 4.28 (t, J=6. 6 Hz, 4H), 1.65 (m, 4H), 1.48 (m, 2H).

OCHO o
J 6 EtsN, EtOAC 7 CHO

reflux, 2 h

Insoluble polymer anchored substituted aldehyde 7:

2% cross-linked divinylbenzene/polystyrene beads 6 (3 g), containing 1
mmole/eq. of benzyl chloride, 4-carboxybenzaldehyde (0.9 g, 6 mmol) and Et;N (1 mL)
were added to EtOAc (20 mL), and the reaction mixture was refluxed for 2 h. The
reaction was then cooled down, and the polymer was washed with ethyl acetate, benzene,
water and acetone, and then dried under vacuum. Since the polymer does not dissolve in

any solvent, the conversion could not be monitored with NMR.

CHO
1. @ U (excess)

(0]
O)k@ propionic acid
CHO reflux, 4 h
7

2. CH,Cl,, DDQ,
reflux, 2 h

Insoluble polymer supported porphyrin 8:

Polymer anchored aldehyde 7 (0.5 g, 0.29 mmol), benzaldehyde (190 mg, 1.8
mmol) and pyrrole (155 mg, 2.3 mmol) were added into propionic acid (20 mL), and the
mixture was refluxed for 4 h. The solvent was removed under reduced pressure, and the

dark solid residue was dissolved in CH»Cl,, and excess amount of DDQ (0.42 g) was
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added to the solution. The mixture was refluxed for another 2 h. The mixture was then
cooled to room temperature, and the polymer supported porphyrin was separated from
non-substituted porphyrin (tetraphenylporphyrin) by Soxhlet extraction with CH,Cl, as

solvent.

NaOH, THF,
refiux, 12 h

Hydrolysis of insoluble polymer supported porphyrin 8 to acid 3:

To the solution of polymer supported porphyrin 8 (0.5 g) in THF (5 mL) was
added 2 N NaOH (1.5 mL), and the solution was refluxed overnight. After cooling the
solution to room temperature, the polymer was filtered, and washed with THF until all
the purple color was removed. The pH of the filtrate was adjusted to 4 with 6 N HCL.
The THF was removed under reduced pressure, and the aqueous layer was extracted with
MeOH/CHCl, (1:100, 3 x 20 mL) until there was no purple color left in the aqueous
layer. The organic layers were combined and washed with DI water (2 X 20 mL). The
organic layer was then dried with anhydrous Na,SO4, and removed under reduced

pressure to afford the acid 3. The yield for the two steps, from 7 to 3, was 6%.
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~ [ ABN (0.06 mol%) VA
(5 * ﬁé e U
cl 25% 9 ¢
Synthesis of soluble polymer NCPS 9:

Styrene with 3 mol% of 4-(chloromethyl)styrene were dissolved in benzene. 2,
2'-azobis(isobutyronitrile) (AIBN) was added into the reaction mixture, and it was stirred
at 70 °C for 40 h. The solvent was removed under reduced pressure to yield an oil like
residue, and it was then added to cold methanol (-30 °C) dropwise with vigorous stirring
to remove the unreacted styrene and 4-(chloromethyl)styrene. The oil like residue
became white powder as soon as cold methanol was added. The precipitate was filtered,
and redissolved with benzene and re-precipitated in cold methanol again. This cycle was

repeated three times until no styrene and 4-(chloromethyl)styrene could be observed by

NMR.

CHO
O Q
m n HOZC 5 O)b\
T wmeoe g 7 B

cl Sealed tube, 90 °C
9 3 days, 95%

10

Soluble polymer supported benzaldehyde aldehyde 10

Soluble polymer NCPS 9 (2 g), 4-carboxybenzaldehyde (0.9 g, 6 mmol) and Et;N
(1 mL) were added to EtOAc (20 mL). The reaction mixture was refluxed for 3 days.
The reaction was then cooled down, and the solvent was removed by reducing pressure.
The oil like residue became white powder as soon as it was added to cold methanol. The

precipitate was filtered, and redissolved with acetyl acetate to precipitated in cold




methanol again. This cycle was repeated until all the 4-carboxybenzaldehyde was

removed.
(o]
1. pyrrole / RCHO
BF3‘ Et20, RT, 1h
CHO
10 2. CH,Cl,, p-chloranil
RT,2h
R
NaOH, THF
reflux, 12 h
e ’“
Z
R 13ac

The general procedure for syntheses of mono-substituted porphyrins 13a-13c on

soluble polymer:
To a mixture of the soluble polymer supported benzaldehyde aldehyde 10 (1 g)

and aldehyde (15 mmol) in freshly distilled CH,Cl, (30 mL) was added pyrrole (1.32 g,
20 mmol). Nitrogen gas was purged into the solution with vigorous stirring, and after 15
min, catalytic amount of BF3-Et;0 (0.1 mL) was added. After 10 min, the solution turned
from colorless to amber. The reaction flask was shielded from light by aluminum foil,
and the reaction was stirred at room temperature for another 1 h. Excess amount of p-
chloranil (3 g) was added to the solution, and it was stirred for additional 2 h. Then the

reaction mixture was condensed and the residue was precipitated in cold methanol to

femove the tetraphenylporphyrin.
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To the solution of polymer supported porphyrin 12a-c (0.6 g) in THF (10 mL)
was added 2 N NaOH aqueous solution (5 mL), and the solution was refluxed overnight.
After cooled down to room temperature, the pH of the mixture was adjusted to 4 with 6 N
HCI solution. The THF was removed by reduced pressure, and the aqueous layer was
extracted with MeOH/CH,Cl, (1:100, 3 x 20 mL) until there was no purple color left in
the aqueous layer. The organic layer was combined and condensed by reducing pressure.
The residue was dissolved in CH,Cl, (5 mL), and precipitated in cold methanol/THF
(10:1). This cycle was repeated three times, and all the organic solvents were combined.
The solvents were removed under reduced pressure, and the residue was purified by

column chromatography (3% MeOH in CH,Cl,) to afford the pure porphyrin acids 13a-c.

66



Reference:

10.

11.

12.

13.

14.

15.

16.

17.

Ogoshi, H.; Mizutani, T. Acc. Chem. Res. 1998, 31, 81.

Berova, N.; Nakanishi, K.; Woody, R. W. Circular Dichroism: Principles and
Applications; Wiley-VCH: New York, 2000.

Matile, S.; Berova, N.; Nakanishi, K.; Fleischhuer, J.; Woody, R. W. J. Am.
Chem. Soc. 1996, 118, 5198.

Huang, X. F.; Rickman, B. H.; Borhan, B.; Berova, N.; Nakanishi, K. J. Am.
Chem. Soc. 1998, 120, 6185.

Littler, B. J.; Miller, M. A_; Hung, C. -H.; Lindsey, J. S. J. Org. Chem. 1999, 64,
1391.

Lindsey, J. S.; Schreiman, 1. C.; Hsu, H. C.; Kearney, P. C.; Marguerettaz, A. M.
J. Org. Chem. 1987, 52, 827.

Smith, K. M. Porphyrins and Metalloporphyrins; Elsevier Scientific Pub. Co.:
New York, 1975.

Lavallee, D. K. The Chemistry and Biochemistry of N-Substituted Porphyrins;
VCH Publishers: New York, 1987.

Kadish, K. M.; Smith, K. M.; Guilard, R. Synthesis and Organic Chemistry;
Academic Press: San Diego, CA, 2000.

Dolphin, D. The Porphyrins: Structure and Synthesis; Academic Press: New
York, 1979.

Lindsey, J. S., Synthesis of meso-Substituted Porphyrins. In The Porphyrin
Handbook; Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: San
Diego, CA, 2000.

Leznoff, C. C.; Svirskaya, P. I. Angew. Chem. Int. Ed. Engl. 1978, 17, 947.
Lorsbach, B. A.; Kurth, M. J. Chem. Rev. 1999, 99, 1549.

Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149.

Gravert, D. J.; Janda, K. D. Chem. Rev. 1997, 97, 489.

Wentworth, P.; Janda, K. D. Chem. Commun. 1999, 1917.

Chen, S. Q.; Janda, K. D. J. Am. Chem. Soc. 1997, 119, 11355.

67



18.  Fitch, W. L,; Detre, G.; Holmes, C. P.; Keifer, P. A. J. Org. Chem. 1994, 59,
7955.

19. Yin, M.; Baker, G. L. Macromol. 1999, 32, 7711.

68



Chapter 3

Absolute stereochemical determination of a-chiral carboxylic acids

Developing methodologies that can be used to determine the absolute

stereochemistry of chiral compounds is the goal of our research. Our approach entails

designing and synthesizing chromophoric receptors, which can bind to the chiral

compounds and adopt a helicity through an induced chirality. The host-guest interactions

between the chiral compounds and the receptors can be observed by CD. In particular,

the Exciton Coupling Circular Dichroic (ECCD) method' will be used to assign the

stereochemistry of the asymmetric center non-empirically.

According to the number of sites of attachment the chiral molecules possess, the

chiral compounds can be divided into two categories:

Chiral compounds with two sites of attachment: Porphyrin tweezer has been
designed to serve as the receptor, which can interact with the binding molecule
and adopt a chiral conformation as a result of induced chirality.’

Chiral compounds with only one site of attachment: The stereochemistry of these
compounds is more difficult to determine as compared to the ones with two sites
of attachment. Porphyrin tweezer method cannot be applied directly to these
compounds since the two porphyrin groups cannot be oriented relative to each
other when there is only one attachment instead of two. To overcome this
problem, “carrier” molecules have been designed, which upon derivatization with
chiral molecules, provide two sites of attachment.?

As has been discussed in detail (see Section 1-3.2), the carrier method has been

successfully applied to chiral monoamines to determine their absolute stereochemistry,
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by using carrier molecule 1 and zinc porphyrin tweezer 2 (Figure 3-1).> Now, we are
interested in exploring the possibility of extending the same methodology to chiral

compounds with other functional groups, especially a-chiral carboxylic acids.
N’L i

Ny -CO,H i\i

(T2 HN

=z CHg H CHs
NHBoc NH.

4

1 M ®
| I LO—(O"‘ »
Zn Zn {1
l Zn-— S\/NH Zn =
L et g &
(¢} oWo (o}

Figure 3-1. Stereochemical determination of chiral monoamine with carrier 1.

The most widely employed approach for absolute stereochemical assignment of
a-chiral carboxylic acids is NMR, by using Mosher’s method and its modified versions.*
7 According to this protocol the chiral carboxylic acids are derivatized to either amides
or esters by using both the (R)- and (S)-enantiomers of a chiral auxiliary reagent. This
auxiliary, such as 9-AHA (9-anthrylhydroxyacetic acid ethyl ester), usually contains an
aryl ring that directs its anisotropic cone selectively towards one of the substituents of the
asymmetric center of the chiral acid. The chemical shifts observed for each of the groups
of the chiral acid (L;, L, in Figure 3-1) reflect their spatial relationship with respect to the
aryl ring. Therefore, the absolute configuration of the chiral center can be obtained from
the difference in the chemical shifts (AJ"‘Y) measured (Figure 3—2).8 Some of the

commonly used chiral auxiliary reagents are shown in Figure 3-3.*7
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Figure 3-2. The absolute stereochemical assignment of a-chiral carboxylic acids by

NMR.

L QO coMe

HO., vH
t OEt H2N/\n,OMe HO b
(0]
(R)-9-AHA (R)-PGME (R)-methyl mandelate

Figure 3-3. Chiral auxiliary reagents.

When using auxiliary reagents for the stereochemical determination of a-chiral
carboxylic acids, the conformation of the chiral conjugate has to be well understood.
Figure 3-4 is an example of using PGME (phenylglycine methyl ester) as the auxiliary
reagent.>® In order for the phenyl group to exert its diamagnetic field effect upon L, and
L,, coplanarity of C1 to CS is necessary. Coplanarity of the atoms from position 1 to 4 is
guaranteed due to the s-trans amide linkage, which is well established in peptide
chemistry.” The planarity can be extended to the methoxycarbonyl group at 5-position,
because of the electrostatic repulsion between carbonyl groups at 2- and S-position,

which has been verified by X-ray crystallography and NOE studies.’

' O

L 1o, E
1]_2 COOH + HZN/\IorOMe

(R)-PGME

ey

1 B

Lz%ﬁ/&%OMe
H H (o)
_Y_J

coplanar

Figure 3-4. The derivatization of PGME with chiral acids.
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However, very few of the chiral auxiliary reagents have been subject to detailed
theoretical or experimental studies.'” From a practical point of view, selecting the most
suitable reagent for a certain substrate is still problematic, and sometimes, the signals in
the NMR spectra of the diastereoisomeric derivatives can be too close for drawing any
safe conclusion.

Another approach for the absolute stereochemical determination of a-chiral
carboxylic acids is by using circular dichroism (CD), in particular, the exciton coupled
circular dichroism (ECCD)."" Although the ECCD method has been applied to several
classes of molecules to determine their absolute stereochemistry, in the case of chiral
carboxylic acids, it can only be applied to a-hydroxy carboxylic acids with free hydroxyl
group'? ? or chiral acids carrying an additional chromophore in the molecule. Figure 3-5

is an example of applying the ECCD method for the absolute stereochemical

determination of a-hydroxy carboxylic acids.

oo :

R \HLOH 1.2 equiv. R 0 1.2 equw 5&0
OH OH

(R) or (S) (A) or (S) (R or (S)
(o) "f\o
O= =

Figure 3-5. Two-step derivatization of a-hydroxy carboxylic acids.

After a two-step derivatization with 9-anthryldiazomethane and 2-
naphthoyltriazole, the o-hydroxy carboxylic acid can be converted to a bichromophoric

system.'* The absolute stereochemistry of the chiral center determines the orientation of
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the two chromophores in space, which in turn dictates the observed ECCD spectrum. All
the (R) acids exhibit positive ECCD, while (S) acids exhibit negative ECCD."

However, in cases where the substrate has no site other than the carboxyl group
for derivatization, application of the ECCD protocol is not straightforward. The 210 nm
n-it* transition of the carboxyl chromophore has been used in the past for configurational
assignment of the carboxylates."> As structures shown in Figure 3-6, the CD of a series
of 1-carboxyethyl substituted monosaccharides have been measured, and the results
indicated that the absolute stereochemistry of the 1-carboxyethyl substituents can be
correlated to the sign of the CD for the carboxyl chromophore with absorption at 210 nm,
with (R) carboxylates having negative CD, while (S) carboxylates exhibit positive CcD.">
'8 The absorption bands are weak, and this empirical method can only be applied to 1-

carboxylethyl substituted hexoses.

OH
HOOC Ho0 2
o, HO

Hsc?/ H OCHj,

Figure 3-6. The structure of 1-carboxyethyl substituted monosaccharides.

We are interested in developing a general protocol for the non-empirical
determination of the absolute stereochemistry of a-chiral carboxylic acids. In order to
achieve this goal, we are relying heavily on the Exciton Coupling Circular Dichroic
(ECCD)' method by using different carriers in conjunction with porphyrin tweezer.
Nearly at the same time, Nakanishi’s lab has also developed with a very similar
methodology in determining the absolute stereochemistry of a-chiral carboxylic acids.'”

'8 Their system will be discussed later in this chapter.
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3-1. Stereochemical determination of a-chiral carboxylic acids with carrier A
Carrier 1 has been used by Nakanishi and his coworkers to determine the absolute
stereochemistry of chiral monoamines.® It contains a carboxylic acid functionality to
derivatize with chiral amines, and the resulting chiral conjugate provides two nitrogen
binding sites to coordinate with zinc porphyrin tweezer 2. We are interested in
stereochemical determination of a-chiral carboxylic acids, thus it is reasonable to design
a carrier A with similar structure to that of carrier 1, but having changed the carboxylic
acid functionality in carrier 1 to an amino group, so it can form derivatives with

carboxylic acids (Figure 3-7).

N.COzH N -NH;
Lg L(T
NH, NH,
carrier 1 for chiral carrier A for a-chiral
monoamines carboxylic acids

Figure 3-7. The structures of carrier 1 and carrier A.

The synthesis of Boc-protected carrier Boc-A is shown in Scheme 3-1. The
synthesis is straightforward, starting with the commercially available 4-
aminomethylpyridine 3. The free amino group in 3 was protected with the Boc
protecting group, and the pyridine nitrogen of compound 4 was oxidized by mCPBA to
form pyridine oxide 5. The cyano functionality was introduced at the ortho position by
treating the pyridine oxide 5 with TMSCN and dimethylcarbamyl chloride in CH,Cl, at
room temperature for two days. The cyano group was then hydrolyzed to amide 6 by
refluxing in KOH/t-BuOH mixture for half an hour." Finally, the amide functionality in
compound 7 was converted to the amino group via Hofmann rearrangement to form the

desired Boc-protected carrier Boc-A. Two reaction conditions were tested for the
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Hofmann rearrangement. First was heating the amide 7 with bromine in a solution of
sodium methoxide and methanol, however, no conversion was observed. Second method
entailed heating the amide 7 with bromine and aqueous sodium hydroxide solution. The

second reaction condition worked smoothly and provided the desired amine Boc-A in

75% yield.
Boc),0, TEA NHBoc
H, (Bock NH
NHz  The Boc CPBA, CH,Cl, Q
S overnight, 95% B n, 12 h, 80% |
N” N 3
3 4 5
TMSCN, CH,Cls,
1, 48 h, 53%
R
\!?l Cl
NHBoc NaOH/Br, NHBoc  \oH / tBuOH NHBoc
Q 80°C, 2 h, 75% reflux, 30 min A
l P N’ NH2 | P
N”NH, J 96% N"CN
Boc-A 7 6

Scheme 3-1. The synthesis of Boc-protected carrier A.

The protected carrier Boc-A was then coupled with chiral carboxylic acids by
BOP coupling to generate the chiral conjugates.”’ This amide formation reaction was
also examined by using EDC as the coupling reagent; however, EDC did not lead to high
yield of the desired amide. After the formation of the chiral conjugate, the Boc group
was removed by stirring in a mixture of trifluoroacetic acid and CH,Cl, to provide the
final chiral complex, which was ready for CD analysis.

NHBoc 1- ReniralCO2H NH,
(%L BOP, Et3N, CH,Cl» (%L ?L

N""NH, 2.TFA, CH,Cl, N"N""Cenira
52-78% H
Boc-A

Scheme 3-2. The synthesis of chiral complexes from Boc-A.
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Compared to carrier 1 derivatized chiral monoamines, the carrier A derivatized o-
chiral carboxylic acid complexes are not as rigid in structure. As shown in Figure 3-8,
when carrier 1 is derivatized with a chiral monoamine, the resulting chiral complex is

very rigid. There is no free rotation around the CaCc=0, Cc=0-NH, and NH-Cjral

bonds, since all the free rotations around the single bonds are restricted: the anti pyridine
nitrogen/carbonyl oxygen disposition is preferred by 30 kJ/mol, due to electrostatic
repulsion, and the small group (hydrogen) at the chiral center is syn to the carbonyl

oxygen because of pseudo A, 3 steric interaction.

complexes of carrier 1 complexes of carrier A
with monoamine with monoacid
coordination R}fz coordination
site ~. HN"H site DY H Ry Ro
Pz rotation energy ~ O
30 kJ/mol
NH, NH,
coordination " coordination
site site

Figure 3-8. Comparison of chiral complexes of carrier 1 and carrier A: carrier 1
complexes are locked in a conformation, while carrier A complexes are not so rigid.
However, the complexes formed by carrier A with mono-carboxylic acid are not
as rigid. The orientation of the pyridine nitrogen with respect to the carbonyl oxygen is
not as certain, since the carbonyl is not directly attached to the pyridine ring and the
electrostatic repulsion is not as strong. More importantly, the free rotation around the
Cchira-Cc=0 bond is hard to predict. The pseudo A, interaction present in carrier A
complexes is not as determinant as the pseudo A, steric interaction in the carrier 1

complex to freeze the rotation around the Cghira-Cc=0 bond. The flexibility of this
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conjugate may cause problems in correlating the absolute stereochemistry of the chiral
complexes to the observed ECCD signs.

As shown in Scheme 3-2, the carrier A derivatized a-chiral carboxylic acids were
synthesized by coupling Boc-A with different a-chiral carboxylic acids by standard BOP
coupling, followed by Boc deprotection. A pinch of Na,COj; was added into the solution
of the carrier A derivatives to keep the free amino group of the chiral complex from being
protonated. = The solution was then added to the zinc porphyrin tweezer in
methylcyclohexane for spectroscopic evaluation. As an example, the ECCD spectra of a

pair of carrier A derivatized enantiomers are shown in Figure 3-9.

NH, NH
f% E%L 2
P )IYH

Z H
N Nj‘)y NN
HMe O‘@ H Me

80 )] (S
40 .
—— S-phenoxy propionic
acid
A€ 0 ..
—— R-phenoxy propionic
acid
-40 -
-80
375 425 475

wavelength (nm)
Figure 3-9. The ECCD spectra of carrier A derivatized (R)- and (S)-phenoxypropionic
acid with zinc porphyrin tweezer 2.
The observed ECCD signs and amplitudes of the carrier A derivatized chiral
carboxylic acids upon addition to zinc porphyrin tweezer 2 in methylcyclohexane are

recorded in Table 3-1. The signs of the predicted CD spectrum based on the
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computational modeling studies are also compared to the observed CD signs. All the CD
measurements listed in Table 3-1 were carried out at room temperature, except for the
conjugate 14A, which was measured at 0 °C. This conjugate exhibited no ECCD peak at
room temperature, and the ECCD peak could only be observed at 0 °C.

Table 3-1. CD predictions and amplitudes of carrier A derivatized chiral carboxylic

acids bound to porphyrin tweezer 2.

NHBoc 1- RehiralCO2H NH,
§ BOP, EtgN, CH,Cl, é o
| LA X

N">NH, 2 TFA, CHyCl, N” N"“Cetirai
A 8A-15A

Chiral acids Predicted ECCD Ag A
focrs 8(9 8A neg obsenved
:r?%CA?H 9(S) 9A neg :’235 ((356)) -81
wdon 109 TOAms  HER
wdom 11(s  TAneg  4RETO
mdon 12  12APoS ey 18
wden 13 WARs OS2
clor e anes  SRE8 7
H::C C?-Icz;: 15 (R) 15A neg 42:;0(5:16 g) -21

Initially, a simplistic model based on molecular modeling conformational search
(Monte Carlo) of the o-chiral carboxylic acid conjugated carrier A was used to predict

the anticipated sign of the ECCD spectra. Modeling of the carrier A derivatized
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complexes was initially performed without bound porphyrin. As shown in Figure 3-10,
the lowest energy conformations of carrier A conjugates predicted a syn arrangement of
the chiral center’s medium group with respect to the amide hydrogen for most of the
derivatives (sizes are based on A vallues).Zl We believe this was predicted in order to
facilitate hydrogen bonding between the heteroatom-containing substituent, which is
usually the medium group, and the amide proton. Also, this arrangement would lead to
staggering of the other two groups at the chiral center (large and small) with respect to

the carbonyl.

Figure 3-10. Lowest energy conformations of carrier A derivatized complexes based on
modeling without binding to zinc porphyrin.

Therefore, our expected ECCD signs were dictated by placing the medium group
syn to the amide hydrogen, which in turn would give rise to a preferred helicity of the
bound porphyrin tweezer as a result of avoiding steric interactions with the large group.
However, this model did not allow for consistent prediction of ECCD signs. We
abandoned this method of analysis since the predictions did not match the observed
ECCD spectra, (see Table 3-1, conjugates 8A, 11A, 12A, and 13A), most probably
because we had not incorporated the binding of the zinc porphyrin to the pyridine
nitrogen atom into our modeling.

Incorporation of the porphyrin into the modeling of carrier A derivatives
produced conformers with inconsistent rotation around the Cyry-Namige bond, as shown in

Figure 3-11. All of the derivatized carriers produced multiple conformations within 1
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kcal/mol that would lead to opposing ECCD spectra. In many cases, the number of
conformers expected to show positive ECCD was nearly equal to the number of

conformers expected to show negative ECCD (within the lowest 1 kcal/mol).

N
N ,‘ .
~ . ZaTPP b -69.8°
-36° i
7
D Y
14A 14A + ZoTPP

Figure 3-11. Based on modeling, binding of the Zn porphyrin to carrier A conjugates
forces the rotation of the Cyry1-Nymige bond.

We believe the complication is because upon porphyrin binding with the pyridine
nitrogen, unfavorable steric interactions with the amide hydrogen forces the Caryi-Namide
bond rotation, as shown in Figure 3-11. The relatively large distance between the site of
porphyrin binding and the chiral center might also lead to unpredictable assignments
since the rotation of multiple single bonds must be assumed. Therefore, it became
apparent that a more rigid carrier should be designed for the stereochemical
determination of o-chiral carboxylic acids, which could limit the number of possible

conformations upon binding to the zinc porphyrin.
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3-2. Stereochemical determination of a-chiral carboxylic acids with carrier B

Carrier B, 1,4-diaminobenzene, was proposed as an alternate carrier in order to
alleviate the problems associated with carrier A. Mono-amidation of 1,4-diaminobenzene
(carrier B) with o-chiral carboxylic acids provided chiral complexes, which could
coordinate with the zinc porphyrin tweezer via the free amino nitrogen and the carbonyl
oxygen of the resulting amide group.

It was anticipated that the carrier B conjugates would not bind to zinc porphyrin
tweezer as strong as carrier A derivatives, since the amide carbonyl oxygen in carrier B
derivatives was not such a good coordination handle to bind to zinc porphyrins as
pyridine nitrogen in carrier A complexes. However, the disadvantage in binding could be
compensated by other factors. Not only binding through the carbonyl oxygen would
bring the porphyrin moiety closer to the chiral center, but also the Cyry-Nymige bond
rotation would be inconsequential in this system. The induced helicity within the

porphyrin tweezer would thus be governed only by the rotation of the Ccarbonyl-Cehiral

bond.

NH, RehiralCO2H n Rehiral
0 EDC, DMAP, CH,Cl, O X
HoN % HzN

(0]
B
NH, RechiraCO2H n 0
O ? BOP, EtgN, CH,Cl O/ \Ior chiral
HoN N
B 70-92%
NH, RchiralCO2H H -
O PPhs, Et3N, CBry O’ \g chiral
HoN N
B

Scheme 3-3. The synthesis of carrier B derivatized chiral complexes.

81



The different methods that were tried for forming the carrier B derivatized chiral
complexes are summarized in Scheme 3-3. The amidation between the carrier B and
chiral carboxylic acids was first tried with a standard EDC coupling reaction, however,
after the reaction mixture was stirred in the room temperature for 2 days, most of the
starting material remains unreacted. Therefore, EDC was not active enough to form
amide bond between the carrier B and chiral acids. When a more reactive coupling
reagent BOP was used instead, this reaction underwent smoothly, and the starting chiral
acids were fully consumed. Direct transformation of carboxylic acid and amine to
carboxamides could also be achieved by using triphenylphosphine and carbon
tetrabromide. This was a quick reaction, and the yield was also quite good. However, to
separate the resulting phosphonium salt from the amide product was troublesome.

Therefore, for all the chiral acids, BOP coupling reaction was used to form
amides with carrier B. In all the coupling reactions, large excess amount of carrier B,
1,4-diaminobenzene, was used to improve the conversion of the more expensive chiral
acids and to eliminate the generation of diamides. The yield of the coupling reaction
varied from 70-92%.

Prior to investigate the complexes generated by coupling carrier B to chiral acids
by modeling, the binding between the zinc porphyrin tweezer 2 and carrier B complexes
were investigated by UV-vis, NMR and IR.

The carrier B derivatives provide two binding sites to coordinate with zinc
porphyrin tweezer 2, one is the free amino group, without any doubt, and the other one
could either be the amide nitrogen or amide oxygen (Figure 3-12). Although it is

expected that zinc porphyrins would bind to the amide oxygen because of its higher
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electron density, the possibility of binding through amide nitrogen still exists, since
nitrogen has high affinity to zinc. The possibility of binding through the amide nitrogen
would drastically change the course of our studies, so it was important to fully understand

the binding of the carrier B derivatives to zinc porphyrins.

(:::;:> S0

P -0 ;
‘NJ\I.’R‘ "' P

! BN
: R2 VS. \ © R2

NH, NH,
binding through binding through amide
amide nitrogen carbonyl oxygen

Figure 3-12. The possible binding of carrier B derivatives to zinc porphyrin tweezer.
Since we were only concerned about the binding of the amide part of carrier B
derivatives to zinc porphyrins, zinc tetraphenylporphyrin (ZnTPP) was used in place of
zinc porphyrin tweezer in thé UV-vis study. Two amides with different bulkiness at the
amide nitrogens (r-butylformamide and dimethylformamide) were added to zinc
tetraphenylporphyrin (ZnTPP). The UV-vis spectra of these two amides binding to

ZnTPP are shown in Figure 3-13.
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Figure 3-13. UV-vis spectra of adding two amides to ZnTPP. (a) titration with r-
butylformamide; (&) titration with dimethylformamide

In spectrum (a), with the addition of 7-butylformamide to ZnTPP, the absorption
intensity of the Soret band at 416 nm decreases, and a new peak at 425 nm can be
observed. This is confirmed by taking the second derivative of the spectrum (Figure 3-
14).  The growing shoulder at 425 nm is reasoned to be the bound ¢-
butylformamide/ZnTPP complex, which significantly red-shifted the Soret band. On the
other hand, as shown in spectrum (b), when dimethylformamide is added to the ZnTPP,

the Soret band at 416 nm also decreases; however, the new shoulder at 425 nm is nearly

negligible.
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Figure 3-14. The second derivative of the UV-vis spectrum of ZnTPP with #-
butylformamide (200 eq.).

The much weaker peak at 425 nm in spectrum (b) as compared to spectrum (a)
indicates that the ZnTPP binds to r-butylformamide stronger than to dimethylformamide
(DMF). The different binding ability of r-butylformamide and dimethylformamide to
ZnTPP suggests that the amides bind to ZnTPP through amide oxygen instead of
nitrogen. If the binding occurred through the nitrogen, DMF should exhibit higher
binding affinity, since, in this case, the nitrogen atom is more accessible.

The binding between amides and zinc porphyrin was also studied by NMR. NMR
of carrier B derivatized (R)-phenylpropionic acid 13B and (S)-methylbutyric acid 14B
were taken before and after the addition of zinc porphyrin tweezer 2, respectively. Since
the NMR spectra of both derivatives showed the same trend, the NMR of one compound
is shown here. Figure 3-15 depicts the chemical shift of derivative 14B before and after
the binding to zinc porphyrin tweezer 2. Spectrum (a) is the proton NMR of carrier B
derivatized (S)-2-methylbutyric acid 14B by itself, and spectrum (b) is the proton NMR

of compound 14B with 1 equivalent of zinc porphyrin tweezer 2.
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Figure 3-15. The binding study of the chiral conjugates 14B with zinc porphyrin tweezer
2 by NMR. (a) 'H-NMR of carrier B derivatized (5)-2-methylbutyric acid 14B; (b) 'H-
NMR of compound 14B with zinc porphyrin tweezer (1 equiv) is added. '

As expected, the carrier phenyl protons H, and Hy, are upfield shifted after the

addition of zinc porphyrin tweezer 2; this is due to the anisotropic shielding effect of the

porphyrin rings when the chiral conjugate binds to the porphyrin tweezer. However, the
two sets of carrier phenyl protons shift upfield to a different extent. The aryl protons H,
are upfield shifted by 0.62 ppm while Hy, shifts by 2.48 ppm. The different shift indicates
that these two sets of protons are at different distance from the porphyrin ring. The larger
upfield shift of Hy, indicates their closer proximity to the bound porphyrin as compared to
H,. We would have expected a larger upfield shift for H, if the porphyrin is bound to the

amide nitrogen. Therefore, the NMR study of conjugate 14B indicates that the zinc
porphyrin binds to the amide oxygen instead of amide nitrogen.

There could be another explanation for the observation that the two sets of carrier

phenyl protons, H, and Hy, upfield shift to different extent. Considering the possibility
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that the zinc porphyrin tweezer binds to the chiral conjugates through the amide nitrogen,
because of the steric and electronic difference between the free amino nitrogen and the

amide nitrogen, it is anticipated that the two nitrogens will bind the zinc porphyrin with

different affinity, and thus the time averaged chemical shift for H, would experience less

of a change as compared to Hy,

Figure 3-16. The structure of N-methyl-1,4-phenylenediamine.

In order to eliminate this possibility, we have synthesized N-methyl-1,4-
phenylenediamine (Figure 3-16), and recorded its proton NMR before and after the
addition of zinc porphyrin tweezer 2. This compound binds zinc porphyrin tweezer
through the two amino groups; however, because of the steric difference between the two
nitrogens, the primary amino group should bind the zinc porphyrin stronger than the more
sterically hindered secondary amino group. If the binding affinity does affect the

chemical shift of the protons, then we would expect the two sets of protons to upfield

shift to a different extent after the addition of zinc porphyrin tweezer, with Hy, upfield

shifted more than H,. Based on NMR analysis, both aryl protons, H, and Hy, are shifted

upfield from 6.6 ppm to 3.5 ppm. Therefore, based on NMR study, we are reasonably
confident that the carrier B derivatized conjugates bind to the zinc porphyrins through the
amide oxygen.

The conclusion, that chiral conjugates bind to zinc porphyrin tweezer by amide

oxygen, can be drawn based on both UV-vis and NMR studies, and it was also verified
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by IR study of conjugate 14B. The major change in the IR upon complexation of 14B
with tweezer 2 is a large increase in the intensity of the amide II band. This is also
attributed to the binding of the zinc porphyrin to the carbonyl oxygen, which results in a
larger C-N amide double bond character and thus an increased intensity in the NH

deformation.

e
HNJ\?H1
Rz

NH,

Figure 3-17. The binding of carrier B derivatives and zinc porphyrin tweezer based on
UV-vis, IR and NMR study.

Based on all the above results, we believe that the carrier B derivatized complexes
bind to zinc porphyrin tweezer through the free amino nitrogen and the carbonyl nitrogen,
as shown in Figure 3-17.

Modeling of the carrier B conjugates bound to Zn-TPP (tetraphenylporphyrin),
results in a more uniform set of structures as compared to conjugates of carrier A.
Modeling of the carrier B derivatized complexes by itself produces a greater number of
consistent conformers. With incorporation of ZnTPP, all conformers of 8B-16B
generated within 1 kcal/mol of the lowest energy conformer lead to predictions of the
same ECCD. Modeling of carrier B conjugates also generated fewer conformers,
indicating a smaller range of viable conformations for these conjugates as compared to

the conjugates of carrier A.
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Figure 3-18. Minimized structure of Zn-TPP bound to 9B (most of the hydrogen atoms
deleted for clarity) in which the chiral center has adopted a conformation to minimize
steric strain.

As Figure 3-18 illustrates, in all the structures studied, the rotation of the Ccarbonyl-
Cehiral bond is such that the large group is almost perpendicular to the carbonyl with the
small group pointing towards the porphyrin plane and the medium group staggered with
respect to the amide proton (insert). We would therefore expect the porphyrin to slide in
the direction of the small group. The relative size of the substituents is based on the A
values for each.

For those compounds with oxygen containing substituents at the chiral center, the
placement of oxygen containing substituents (invariably the medium group in our group
of compounds) is more syn with respect to the amide hydrogen, which can facilitate

hydrogen bonding between the amide hydrogen and the oxygen at the chiral center. This
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arrangement leads to the large and small groups bisecting the carbonyl oxygen, and once

again dictates the helicity of the bound porphyrin.

S
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Figure 3-19. Proposed mnemonic for carrier B derivatized chiral acids.

A mnemonic has been proposed for carrier B derivatized chiral acids based on
modeling studies (Figure 3-19). Looking through the Cc-o-Cehiral bond, viewing with the
carboxylate in front, clockwise orientation of the large, medium, and small groups based
on A values leads to a positive ECCD spectrum with carrier B derivatized chiral
carboxylic acids, and vice versa. The predicted ECCD sign based on the proposed
mnemonic for each acid derivative has been compared to the observed sign from CD
measurement with zinc porphyrin tweezer 2 in Table 3-2.

The zinc in the zinc porphyrin tweezer 2 could be introduced to the porphyrin
tweezer free base by adding zinc salts, such as Zn(OAc); or ZnBr,. The zinc porphyrin
tweezer synthesized from both zinc salts coordinated with chiral derivatives and
exhibited ECCD spectra. The sign of the ECCD spectra were the same for both zinc
porphyrin tweezers; however, Zn(OAc), porphyrin tweezer showed larger ECCD
amplitude upon addition of the chiral substrates as compared to the ZnBr, derived
porphyrin tweezer. To be consistent, all the UV-vis and ECCD studies were carrier out

by using Zn(OAc), as the porphyrin tweezer zinc source.
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Table 3-2. CD predictions and amplitudes of carrier B derivatived chiral carboxylic

acids bound to porphyrin tweezer 2.

NH RchiralCO2H N R.
O BOP, Et3N, CH,Cl, O \'Or chiral
HoN HoN

B 8B-16B

Chiral acids Predicted ECCD Mnemonic Ae A
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Table 3-2 lists the predicted and observed ECCD for compounds 8B-16B. As
mentioned before, the binding of the carrier B derivatized conjugates to the zinc

porphyrin tweezer is weaker than the binding of carrier A derivatized conjugates, so all
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the CD measurements for carrier B derivatized conjugates were performed at 0 °C, in
order to increase the binding of the conjugates with the zinc porphyrin tweezer 2.
Gratifyingly, the sign of the observed ECCD signals matches the predicted values based
on the mnemonic presented above (Figure 3-19), except for the compound 13B, whose
explanation will be provided in detail later on. Compounds 11B and 12B are a pair of
enantiomers, and as expected, they exhibit opposite ECCD spectra.

The ECCD amplitudes of the chiral derivatives at room temperature are much
smaller than those at low temperature, but the signs remain the same, except for the (5)-2-
methylbutyric acid 14B. It shows small positive ECCD couplet at room temperature, and
the sign switches to negative at 0 °C, which matches the predicted sign.

The other acid derivative we need to pay special attention to is the derivative of
(5)-methoxyphenylacetic acid 8B. For this derivative, the ECCD sign switched with the
addition of great excess of chiral substrate. It showed a positive ECCD sign at room

temperature with Aey 431 nm (Ae +13) and 424 nm (Ae -27), A +40, when the chiral

substrate was less than 15 equivalents. With increasing amounts of substrate added to the
porphyrin tweezer, a new peak growing at 416 nm was observed, and the CD spectrum
looked like an overlap of two ECCD couplets with opposite sign. Addition of excess
chiral substrate did not completely convert the positive ECCD signal to negative ECCD.
When the CD was taken at 0 °C, the same trend was observed (Figure 3-20). When less
than 5 equivalents of chiral substrate was added, it also showed a positive ECCD sign
with Ay, 431 nm (A€ +26) and 424 nm (Ac -40), A +66, and when the chiral substrate

was increased to 60 equivalents, the sign of the ECCD switched, exhibiting a negative

ECCD couplet with Ay 427 nm (A€ -39) and 420 nm (A€ +43), A -82.
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Figure 3-20. The CD spectra of (S)-methoxyphenylacetic acid 8B (different amounts) at
0°C.

Compound 13B is a special case in carrier B derivatives. If one considers that
phenyl is larger than methyl group, then the results obtained for 13B does not fit the
prediction, and in fact a positive ECCD would be expected instead of the negative ECCD
spectrum that is observed. However, we believe that possible hydrogen-m interaction
between the phenyl and the amide proton, as suggested by others for similar systems,”>”®
effectively places the phenyl group syn to the amide hydrogen, thus yielding the observed
ECCD. This placement of phenyl group syn to the amide hydrogen causes the phenyl
group to behave as the medium group when 13B is bound to tweezer 2.

The chemical shift of the amide proton for carrier B conjugates provides further
evidence for the syn-like arrangement of the phenyl and the amide hydrogen. The
chemical shift of the amide proton for 14B with ethyl and methyl substituents is at 7.3
ppm and can be considered as the benchmark for the amide proton that does not interact

with the groups at the chiral center. The chemical shift for 8B, 9B, 10B, 11B, and 12B,
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which contain an oxygen substituent ranges from 7.7-8.4 ppm. The downfield shift of
these oxygen containing compounds could be indicative of hydrogen bonding between
the oxygen and the amide hydrogen. The chemical shift for the amide proton of 13B
however resonates at 6.9 ppm, and the upfield shift arises from the shielding of the amide
proton by the phenyl group.

A more direct way to test the existence of hydrogen-7 interaction between amide
hydrogen and phenyl ring in compound 13B was to remove the amide hydrogen by
replacing it with methyl group. In