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Molecular Sensing Paradigms: Enantioselective Recognition of Chiral

Carboxylic Acids and Interfacial Sensing

Leo Anthony Joyce, Ph.D.
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Supervisor: Eric V. Anslyn

Determining the presence of an analyte of interest, and finding the enantiomeric
purity of chiral molecules are challenging tasks. This work in molecular recognition is
carried out routinely by many different researchers, including both academic as well as
industrial research groups. The following dissertation presents original research directed
toward two different areas of interest to the molecular recognition community:
enantioselective sensing in solution, and sensing at a defined interfacial environment.
This work begins with a review of the non-chromatographic ways that the enantiomeric
purity of chiral carboxylic acids is determined, presented in Chapter 1.

Carboxylic acids are important functional groups, both for organic synthesis as
well as pharmaceutical drug development. Chapter 2 presents efforts that have been
made to rapidly assess both the enantiomeric purity and identity of chiral carboxylic
acids, utilizing the technique of exciton-coupled circular dichroism (ECCD). A twist is
imparted on a complex, and can be correlated with the absolute configuration of the
stereocenter. The enantiomeric composition can be rapidly determined.

After creating the assay, the focus of the work shifted toward applying this system

to new classes of analytes. Chapter 3 covers chemo- and enantioselective differentiation
vii



of a-amino acids, and continues to discuss the expansion to [3-homoamino acids. Then a
synthetic substrates was tested, and a series of reactions screened to determine if any
enantioselectivity had been imparted by a Baeyer-Villiger oxidation. Finally, the
enantiomeric composition of a biaryl atropisomer, a compound lacking a stereocenter,
was determined. The signal produced from this assay is at a relatively short wavelength,
and efforts were undertaken to push this signal to longer wavelength. Chapter 4 is a
compendium of the lessons that were learned upon attempting to create a self-assembled
sensing system.

The final chapter details work that was done in collaboration with Professor
Katsuhiko Ariga at the National Institute of Materials Science in Tsukuba, Japan. In this
chapter, an indicator displacement assay was carried out for the first time at the air-water
interface. This contribution opens the door for sensing to be carried out at defined

regions, rather than free in bulk solution.
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Chapter 1: Enantioselective Sensing of Chiral Carboxylic Acids by
Non-Chromatographic Methods

1.1. INTRODUCTION

An important task in synthetic organic chemistry is the determination of the
enantiomeric purity of chiral compounds. An increasingly large share of the
pharmaceutical drugs that are available today possess chirality." For instance, 37% of the
total sales of therapeutics in 2005 were not only chiral, but sold as single-enantiomers.”
These chiral compounds have the potential to show enantiospecific profiles in regards to
their physiological properties in the human body. Thus, each enantiomer must be tested
by itself before being approved for use by the FDA.> The need for this requirement is
demonstrated by the case of thalidomide.* This pharmaceutical agent was given to
pregnant women in the early 1960s, as a means of treating morning sickness. One of the
enantiomers of this compound, the (R)-enantiomer, had the desired affect of relieving
morning sickness. The (§)-enantiomer, however, was teratogenic and caused severe birth
defects in a large subset of the children born when these pregnancies were brought to
term. It was later revealed that thalidomide racemizes in the body,’ but this example
highlights the need to analyze the enantiomeric composition of a drug candidate.

In order to avoid the tedious separation and wasteful discarding of undesired
material, many advances have been made in the field of asymmetric synthesis. The main
goal of this field is to create synthetic methods that selectively give one enantiomer of a
compound in large excess over the other.” The importance of this task is evidenced by
the 2001 Nobel Prize, awarded to Knowles, Noyori, and Sharpless for the advances they

had made in chiral catalysis.® Asymmetric synthesis necessitates some sort of chiral



entity in order to direct enantioselective product formation, typically an auxiliary or
catalyst.

Traditional reaction optimization in asymmetric synthesis was carried out in the
past by initially selecting a transformation of interest. A catalyst was then designed to
facilitate the particular reaction. This catalyst was then synthesized and applied to the
aforementioned target reaction. The success of the reaction was determined by analyzing
the products, and optimization of the catalyst structure was made as necessary to further
optimize the reaction. This process would then be repeated until the desired high ee
outcome had been achieved. The iterative nature of this approach has recently given way
to the use of parallel synthesis in a high-throughput screening (HTS) fashion. In this
approach, large libraries of catalysts are created through combinatorial synthesis.”"
These libraries are often composed of structurally similar reagents, since they can be
readily synthesized using similar reaction conditions. The sheer volume of reactions that
can be carried out increases the chance of making a serendipitous and unforeseen
discovery. The discovery time can be decreased substantially, since the synthesis can be
carried out very rapidly. This approach often does not rely on rational design, so many of
the assumptions that are made during the traditional approach to catalyst design are not a
source of detriment to HTS. These assumptions, such as cooperative effects or
competing pathways, play no role in steering catalyst discovery. Thus, incorrect
assumptions do not set back the discovery process.

Of the range of chiral substrates, carboxylic acids are functional groups that have
found wide application. Chiral carboxylic acids are widely found in pharmaceutical
drugs, and they can be found as intermediates during the synthesis of complex natural
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products. To this end, numerous catalytic methodologies to enantioselectively

synthesize chiral carboxylic acids have been reported. The attention paid to this
2



functional group by the synthetic community makes it an important target to assess
enantiomeric purity.

The analysis of enantiomeric composition is done by calculating the abundance of
one enantiomer over the other. This ratio is known as enantiomeric excess (ee), with a
higher ee value representing a more successful asymmetric synthesis. The value,
calculated using the formula in Scheme 1.1, is often reported as the absolute value to
avoid the use of negative numbers. It is necessary to employ a chiral medium in order to
determine ee, since enantiomers have the same physical properties in an achiral
environment. Chiral chromatography has been one of the most widely used methods for
enantiomeric separation.

ee = & x 100

[R] +[S]

Scheme 1.1. Formula for calculating enantiomeric excess (ee).
1.1.2. Chiral Chromatography

Chromatography is a common analytical laboratory technique to separate a

2l The two most common chromatographic means for

mixture of compounds.
separation are high-pressure liquid chromatography (HPLC) and gas chromatography
(GC). The compound of interest is carried by a mobile phase that subsequently passes
through a stationary phase. Molecules often have different affinities for the stationary
phase, based on physical properties such as polarity, and will thus partition differently
between the two. This differential partitioning leads to inequivalent elution times, and

the ability to separate the species. This method can be extended to chiral separations by

incorporating a chiral stationary phase. In this direct approach, the chiral species is



chemically adsorbed to the stationary phase of the column. A number of chiral stationary
phases have been prepared, composed of various materials such as cyclodextrins,”
macrocyclic antibiotics,” saccharrides,”® chiral crown ethers,” or proteins.”* The
chromatographic determination of ee has proven to be very accurate, with an average
error of approximately 1-2%.” Accuracy notwithstanding, there are several drawbacks
that limit the use of HPLC for asymmetric synthesis.

The major drawbacks with chiral chromatography as a means to determine ee are
related to the practical application of this method. First, chromatography is a particularly
slow means of analysis. It is only possible to analyze a single sample at one time, since
this method is inherently serial in nature. This was not as much of a limitation using a
traditional catalyst design model, but is very detrimental to HTS. Using modern
combinatorial methods, it is possible to run thousands of samples every day. A single
HPLC operating continuously for a 24 hour period can only analyze around 150
samples,’ creating a significant backlog of samples. Some advancements have been
made by multiplexing HPLC columns,”*’ but these methods are not yet sufficient to meet
the demand of HTS. Another drawback is that the columns are costly, and no single
column works for every class of analyte. These columns can lose their resolution over
time, meaning columns are constantly in need of replacement. A new method must be
created for every different analyte, since subtle changes can have large effects in
separation efficiency. For these reasons, there is substantial interest in elucidating a
faster and more efficient method to rapidly assess enantiomeric purity of chiral
compounds.

This chapter will focus on several of the non-chromatographic methods that have
been applied specifically to the enantioselective sensing of chiral carboxylic acids. The

analysis method will be presented, along with an explanation and critique of practical
4



application potential for the system. The analysis techniques that have found the broadest
use are NMR spectroscopy, and optical sensing methods. The NMR techniques will span
a range of nuclei, including 'H, F, *'P, and "’Se. The optical sensing methods that have
been used most frequently used are fluorescence, and ultraviolet/visible (UV/vis)

spectroscopies.
1.2. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

One of the earliest non-chromatographic techniques to be applied to
enantioselective recognition utilized nuclear magnetic resonance (NMR) spectroscopy. A
chiral auxiliary is used to convert the enantiomeric substrate into diastereomeric
complexes. This approach hinges on the magnetically non-equivalent diastereotopic
protons in a chiral molecule, initially observed by Cram.” The general application of this
technique spans a broad range of tasks, provided that sufficient difference in chemical
shifts is observed that allows baseline resolution of the diastereomeric peaks. Hence, the
integrated ratio of these diastereomer peaks is directly related to the enantiomeric
composition of the starting analyte. The first application of this strategy was realized by
Raban and Mislow.”’ They were interested in finding a 'H NMR method for the
determination of the ee of chiral esters 1.1. They began by subjecting this species,
synthesized from 1-(O-fluorophenyl)-ethanol and 2-phenylpropanoyl chloride, to analysis
using chiral chromatography. The chromatographic analysis revealed a ratio of products

of 67/33.
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Figure 1.1. Chemical structure of analyte 1.1, whose diastereomeric composition was
calculated with NMR techniques.

The methyl resonances showed up in the 'H NMR spectrum as two doublets, split
by the methine protons on the vicinal carbon. Their chemical shifts were sufficiently
different to give appropriate resolution, centered at 8.63 and 8.54 ppm. Integration of
these methyl peaks gave a direct way to measure the diastereomeric composition. This
analysis gave an enantiomeric ratio of 68/32, in good agreement with the
chromatographic analysis.

There are two main ways that NMR sensing is applied to enantioselective
recognition: chiral derivatizing agents and chiral solvating agents. The use of
derivatizing agents requires synthetic manipulation of the analyte in order to create
diastereomeric products. These products are formed and purified in advance of the
analysis step. One major concern for this procedure is avoiding potential racemization of
the analyte during the derivatization step. In contrast to derivatizing agents, chiral
solvating agents rely on in situ formation of diastereomeric complexes. This in situ
complex formation allows the analysis of enantiomeric composition to be performed
directly, without extra time consuming synthesis and purification. While the 'H nucleus
has found the widest application, several other nuclei have also been applied to

enantioselective recognition. This section begins with the application of 'H NMR. The



focus will then turn toward alternative nuclei that have been studied, namely "°F, *'P, and

"Se.
1.2.1. '"HNMR

The most widely applied NMR spectroscopic analysis is performed on the proton
nucleus. This spin %2 nucleus has a high natural abundance, and thus the analysis can be
performed rapidly and reliably. Several methods have been reported for '"H NMR that
make use of both the techniques of chiral derivatization and chiral solvating agents. This
section will begin with a discussion of the derivatization, and then move to chiral
solvating agents. These solvating agents interact with the chiral carboxylic acid either by
transfer of the acidic proton to form an electrostatic pair, or by formation of host:guest
complexes through supramolecular interactions.

The initial and widest application of carboxylic acids in chiral discrimination
using '"H NMR relied on a single enantiomer of these carboxylic acids to function as
chiral derivatizing agents. In this approach, an enantiopure chiral carboxylic acid is used
to form either an amide or ester with an amine or alcohol, respectively.”> Integration of
the corresponding peaks on the newly formed diastereomers can be related to the original
enantiomeric composition of this amine or alcohol. This analysis method can also be
applied in the opposite direction by using an enantiopure amine or alcohol to derivatize a
chiral carboxylic acid. Thus, the diastereomers that form between the enantiopure amine
or alcohol and the carboxylic acid are representative or the enantiomeric composition of

the starting carboxylic acids.
1.2.1.1. Amide Bond Formation

One of the earliest applications of this protocol was reported by the Forgione

group.” These researchers were interested in determining the absolute configuration of

7



the anti-inflammatory agent indoprofene 1.2 (Scheme 1.2). Derivatization of this species
with enantiomerically pure (R)-1-methylbenzyl amine 1.3 creates diastereomeric amide
products (S,R)- and (R,R)-1.4. This derivatization, unfortunately, could not be done
without first converting the carboxylic acid 1.2 to an acid chloride. This requirement

adds extra steps to the process, further slowing down analysis.

NH
9 NW (S,R)-14
(0] CI)H(C" Me
e
NH
° Ph™ “NH, NW (R.R)-1.4
12 13 Me

Scheme 1.2. Derivatization of indoprofene 1.2 with (R)-1-methylbenzyl amine to create
diastereomers of 1.4 amenable to NMR ee analysis.

The researchers began by studying the observed non-equivalence of three other
phenylethylamides of known configuration. These three compounds, shown in Figure
1.2, were formed by derivatizing the starting carboxylic acid with amine 1.3 as described
in Scheme 1.2. The NMR spectra were recorded for the diastereomeric complexes, and
non-equivalent methyl resonances were observed for the methyl group in amine 1.3 after
derivatization. This behavior was noted for each amide 1.5-1.7, with an average
difference in chemical shift of 0.05 ppm. The (R,R)-diastereomer showed a downfield
shift of this resonance, while an upfield shift was observed for the (S,R)-diastereomer.
While it was possible to resolve the small difference in chemical shift for these peaks, the
researchers were further able to increase the difference in the chemical shifts to 0.61 ppm

using the lanthanide shift reagent Eu(fod);. It was determined based on the NMR
8



evidence recorded that the derivatized indopfofene product was the (S,R)-stereoisomer,

and thus the absolute stereochemistry of the stereocenter in indoprofene was found to be

(8.

O  ~—Ph O  ~—Ph 0 O  ~—Ph
NH NH — NH
H,N HN
Me Me Me
1.5 1.6 1.7

Figure 1.2. Chemical structures of amides 1.5-1.7 with known configurations that were
applied in this study

In a similar approach, Carballeira and coworkers reported a substituted
ethylamine compound as a chiral derivatization agent for a-methoxy fatty acids.” These
natural products had been isolated from aquatic species, and demonstrated promising
antimicrobial activity against Gram-positive bacteria.”> The fatty acids could be
synthesized by methylating their a-hydroxy fatty acid counterparts, but there was concern
that the stereocenter could be racemized during the course of the reaction. Thus, they
sought to monitor the stereochemistry throughout the reaction by the use of 'H NMR
spectroscopy.  Following the derivatization model presented earlier, the authors
converted a-methoxy fatty acid 1.8 into the corresponding acid chloride with oxalyl
chloride, then an amide by addition of (S)-1-(1-maphthyl)ethylamine 1.9. This process
led to a mixture of (S,R)- and (S,S)-diastereomers of 1.10, as shown in Scheme 1.3. In
monitoring these product signals, it was determined that the methoxy singlet was the best
suited to distinguish the two isomers. The methoxy group of the (S,R)-diastereomer was

found to resonate at 3.37 ppm, while the (R,R)-diastereomer was shifted upfield to 3.16



ppm. This difference in chemical shift of 0.21 ppm is sufficient to achieve baseline

resolution, and thus differentiate these species.

Jkr»§%~v/ (S,R)-1.10
10

W 1. (CO),Cly OMe
Ho 10 / NH2 - ’

OMe 2. ™ o
5 1.9 :
18 (jﬁi NS (8.9)-1.10
H 10

(3Me
Scheme 1.3. Derivatization of a-methoxyundecanoic acid 1.8 with (S)-1-(1-
maphthyl)ethylamine to create diastereomers of 1.10 that can be analyzed by
NMR.

In a slightly different approach relying on amide bond formation, the Kasumi
group developed a chiral anisotropic shift reagent to rapidly assess absolute configuration
of substituted carboxylic acid derivatives.”*’ This process is based on derivatization of
the chiral carboxylic acid with an enantiopure methyl ester of phenylglycine (1.12)
through PYBOP coupling conditions, as shown in Scheme 1.4. The conformation shown
for amide product 1.13 is biased according to the structural features built in to this
compound. First, structural studies in peptide chemistry have shown that the amide has a
preference for the s-trans conformation. Also, the polar ester group prefers to be anti- to
the carbonyl group of the derivatized carboxylic acid. Finally, a hydrogen bond is
formed between the amide proton and the carbonyl of the methyl ester. The synergy of
these three features biases the molecule toward the conformation that is shown in 1.13.
This assumption has been verified both by X-ray crystallography as well as additional

NOE studies.
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Scheme 1.4. Derivatization of a-disubstituted carboxylic acid 1.11 with (R)-
phenylglycine methyl ester to create amide 1.13.

The magnetic inequivalence of the substituent groups on the stereocenter of the
carboxylic acid portion is further enhanced by the phenyl ring on the phenylglycine
methyl ester derivatizing agent. Protons located on the group that is on the same side as
the phenyl ring, those on the R group in Scheme 1.4, have a more upfield shift than the
protons on the other group marked R’. This shift is a manifestation of the diamagnetic
anisotropic effect of the benzene ring. The authors surmise this in the model they present
for this interaction, shown in Figure 1.3A. Here, the total change in the chemical shift is
the difference between the shifts for the two enantiomers of the starting material. They
have applied this method to a variety of substrates, such as o,o-disubstituted carboxylic
acids ((S)-1.14), P.pB-disubstituted propionic acids ((R)-1.15), a-oxysubstituted-a.,a-
disubstituted acetic acids (1.16), and a-oxysubstituted-o-monosubstituted acetic acids
(1.17). In each of these cases, the absolute stereochemistry was rapidly assessed based
on direction of the shift of the protons. The values of the amount of change in chemical
shift of the signals are also included in Figure 1.3B. The authors postulate that this
method can be applied to a wider range of compounds that have no carboxylic acid

fragment, but where one can be readily installed.
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Figure 1.3. A) Model explaining change in chemical shift of the indicated protons as a
result of anisotropy. In this model, the phenyl is directed to the left. B)
Change in chemical shift across the scope of analytes tolerated with this
method.

1.2.1.2. Ester Bond Formation

The Riguera group used ester formation between the (S)-enantiomer of the
carboxylic acid guest 1.18 and (S)-enantiomer of the chiral secondary alcohol 1.19,
shown in Figure 1.4A.* This coupling was promoted by DCC and DMAP, and the ester
was initially studied to determine the conformation of the product. Two conformations,
namely I and II, were thought to exist in equilibrium. Through the use of both theoretical
calculations, as well as the chemical shift considerations, the authors concluded that there

is a preference for conformation I, where the hydrogen atoms depicted in Figure 1.4B are
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located anti-periplanar. This means that the protons on the methyl group are located on
the same side as the aromatic ring, and will feel the anisotropy of this ring. This has the
effect of shifting this signal upfield to weaker field, while the ethyl group is seen further
downfield than the methyl signal. The opposite trend is observed for the other

enantiomer of the carboxylic acid, corroborating the conformational assignment.

1.18

I IT

Figure 1.4. A) Derivatization protocol for caraboxylic acid guest 1.18 with enantiopure
(8)-alcohol 1.19 to form ester 1.20. B) Equilibrium between two possible
conformers I and II of ester 1.20.

This method was applied to a large range of carboxylic acid guests, including
stereocenters containing alkyl groups, halogens, heteroatoms, and various ring structures.
A sample of the guest range is shown in Figure 1.5, and it was found that they all follow
the same general trend. The opposite enantiomer of the chiral alcohol 1.19 showed a

reversed trends of anisotropy induced chemical shifts for the same enantiomer of the
13



carboxylic acid guests. The same was true when considering the opposite enantiomers of
the carboxylic acid guests with a single enantiomer of the chiral alcohol 1.19. The
authors also tested a range of chiral secondary alcohols, and found several suitable
examples. This method allowed the absolute configuration of the chiral carboxylic acid

guest to be assessed quickly and easily.

o) 0 |O O
\)J\OH Ph \._)kOH "‘\J\OH S/w)\OH
Br L o} %NH
e} 0]
1.21 1.22 1.23 1.24

Figure 1.5. A sample of the range of guests used for absolute stereochemistry
determination with the secondary alcohol derivatization protocol.

All of the previous reports are geared towards enantiodifferentiation of chiral
carboxylic acids with vastly different sized groups attached to the stereocenter. While it
is important to be able to distinguish these species, Parker was interested in determining
the absolute stereochemistry of o-deuterated carboxylic acids.” The size difference
between the hydrogen and deuterium is very subtle, and differentiating these species is
not a trivial exercise. The author addressed this task by derivatizing a prochiral
carboxylic acid, such as butanoic acid 1.25 with the (R)-enantiomer of the methyl ester of
mandelic acid 1.26. Indeed, it was observed that there was a moderate chemical shift
difference of 0.12 ppm for these diastereotopic protons. This was repeated across a
variety of prochiral carboxylic acids, and it was found that the pro-S hydrogen resonates

further downfield than its pro-R counterpart. Thus, the absolute configuration of the
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monodeuterated products could be assigned by monitoring the location of the peak that

disappears as deuterium is incorporated.
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Figure 1.6. Chemical structure of prochiral carboxylic acid 1.25 that was analyzed using
derivitizing agent 1.26.

1.2.1.3. Salt Formation

The previous examples were focused on derivatizing the carboxylic acid by
formation of an amide or an ester. While these techniques have proven accurate for
determination of absolute configuration, they are limited in scope. The derivatization
step is undesirable, since it adds extra synthetic steps to the process. This step is
accompanied by an extra purification, further complicating the analysis. These methods
are unable to form the amide or ester bond directly, and must proceed with either initial
acid chloride formation or use of peptide coupling reagents. Finally, this route is
susceptible to epimerization of the stereocenter during the synthetic modification process.
In order to avoid this derivatization, it was envisioned that NMR analysis could proceed
through formation of diastereomeric salts. Direct addition of a basic amine species to the
carboxylic acid deprotonates it to form a salt, whose non-equivalent resonances can be
integrated to determine the enantiomeric excess.

To this end, the compound 1,2-diphenyl-diaminoethane 1.27 was selected by
Parker and coworkers to act as a base for salt formation (Figure 1.7).* Upon addition of

two equivalents of carboxylic acid analyte 1.28, the maximum difference in the chemical
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shift of 0.17 ppm was observed for the methine proton. It was determined that the (R,R)-
enantiomer of diamine 1.27 caused the (R)-enantiomer of the carboxylic acid guest to
shift further downfield than the (S)-enantiomer. From these data, the difference in
chemical shift was plotted as a function of enantiomeric excess. A linear correlation was
discovered, and allowed for the determination of absolute configuration concurrently
with ee. The authors demonstrated that this method is general, and could be extended to
a-halogenated carboxylic acids (1.29) that are susceptible to racemization during other

methods of analysis.

NH, Ph H_ _Me
7
‘\[ AcO)\COZH Br CO-H
1.27 1.28 1.29

Figure 1.7. Chemical structures of diamine 1.27 that was used to form a diastereomeric
salt with carboxylic acid guests such as 1.28 and 1.29.

The Zhang group designed and synthesized a chiral C, symmetric macrocycle
1.28 to serve as an receptor for chiral carboxylic acids (Figure 1.8)." This species
possesses two basic nitrogen atoms, and it was determined that this complex binds
carboxylic acids with a 1:2 stoichiometry. The NMR results suggest that the aliphatic
nitrogen atoms likely deprotonate the carboxylic acid functional groups, resulting in the
formation of a diastereomeric salt complex. Receptor 1.30 was titrated into a solution
containing a racemic mixture of mandelic acid guest 1.31. The difference in chemical
shifts between the protons gradually increases, with (R)-1.31 giving the furthest upfield
shift. This increasing difference in chemical shift obtained a maximum value when two

equivalents of the acid had been added to the receptor, and began to decrease at higher
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concentrations. The largest difference observed between the signals was noted as 0.62
ppm, making integration of these peaks for enantiomeric excess determination easy. The
integrations were taken for a variety of samples of 1.29 with varying ee values, and the

calculated values were within + 1% of the actual values.

1.30 1.31

Figure 1.8. Chemical structures of chiral carboxylic acid receptor 1.30 and mandelic
acid 1.31 that were used in these studies.

Zhang et al also described a new diamine derivative of (S)-phenylethylamine to
serve as a chemical shift reagent for carboxylic acids through salt formation.”” This
receptor (1.32), shown in Figure 1.9, possesses a chiral secondary amine to deprotonate
the carboxylic acid guest and form a 1:1 diastereomeric salt complex. The signals of the
methine proton on the a-carbon of a variety of guests 1.33-1.35 were observed to shift
upfield, evidencing deprotonation and formation of the carboxylate anion. Using
mandelic acid guest 1.31, it was found that the difference in chemical shift for the
derivatized enantiomeric carboxylic acids was 0.083 ppm, and was found in a region that
didn’t contain any other interfering signals. Integration of the diastereomeric methine
peaks allowed for the determination of ee, which was carried out with a + 1% overall
error. The accuracy of this assignment helped to demonstrate the application of this

system to ee determination.
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Figure 1.9. Structures of chiral carboxylic acid receptor 1.32, used to determine the ee of
chiralcarboxylic acids such as 1.33-1.35.

1.2.1.4. Hydrogen Bonding Receptors

The previous set of receptors were applied to enantioselective sensing of chiral
carboxylic acids, but the broad application of these methods have some limiting
drawbacks. Firstly, these species work by deprotonation of the carboxylic acid substrate.
This strategy would be less likely to work if the analyte of interest contains other acidic
sites that could be deprotonated. For instance, one published report showed that an amine
base was capable of deprotonating an amide proton in a secondary sulfonamide."
Additionally, this strategy could not be applied to molecules that contain internal basic
sites. These species, such as amino acids, would require protection to avoid an
intramolecular acid-base reaction. For this reason, it was desirable to create further
supramolecular sensors. These sensors are based on hydrogen bonding as an attractive
interaction, and avoid the pitfalls that come from full deprotonation.

To this end, Ema and Sakai designed macrocyclic receptor (R)-1.36 that contains
both hydrogen bond donors and acceptors.” A nitro group was introduced to the phenyl
ring in order to strengthen the donor ability of the closest amides, and 1,1’-binaphthalene-
2,2°-diol (BINOL) was selected as the chiral discriminating group (Figure 1.10A). This

type of cavity had been reported previously by Hamilton to serve as an effective scaffold
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for binding acidic guest molecules.** NMR studies of the receptor and a carboxylic acid
guest indicated that the complex forms three hydrogen bonds as shown in Figure 1.10B,
assigned based on the change in chemical shift of the carboxylic acid and two amide
protons. The change in the chemical shifts was used to find binding constants for this
association, and the (S)-enantiomer of the carboxylic acid guest was found to bind
preferentially. The difference in the peaks corresponding to each enantiomer of the
carboxylic acid guest was found to be around 0.1 ppm, sufficient to achieve baseline

resolution of these species.
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Figure 1.10. A) Hydrogen bonding host 1.36 used for enantioselective sensing of
carboxylic acids. B) Proposed mode of interaction of the receptor and
carboxylic acid guest.

The Sirit group designed and synthesized two new chiral calix[4]azacrown
macrocycles 1.35 and 1.36 that were capable of enantiodifferentiation of chiral

carboxylic acids (Figure 1.11).* Calixarenes are advantageous in their efficiency and
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selectivity of binding, and have been shown to bind a variety of cations, anions, and
neutral molecules.**” Upon addition of this host to racemic mandelic acid guest 1.31, the
methine peaks of the guest shifted upfield. This upfield shift was accompanied by a
downfield shift of several of the calixarene peaks, evidencing complexation by multiple
hydrogen bonds. It is thought that the carbonyl interacts with the tertiary azacrown
nitrogen, as well as making 7-7t contact interactions between the phenyl group and the
calixarene. The complex formed for guests 1.31 and dibenzoyltartaric acid 1.39 was
found to be 1:1, and the peak separation was observed at a maximum of 0.06 ppm. The
binding constants calculated for this interaction showed enhanced binding to the (R)-

enantiomer of carboxylic acid guests.
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Figure 1.11. Calix[4]azacrowns 1.37 and 1.38 used for enantioselective recognition of
guests 1.31 and 1.39.

Tanaka et al reported the synthesis of macrocyclic receptor 1.40, and used it as a
chiral shift reagent for carboxylic acids (Figure 1.12).** This molecule was synthesized

to contain both hydrogen bond donating and accepting groups, so as to enhance
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interactions with the guests. When receptor 1.40 was added to a racemic mixture of
chlorinated mandelic acid derivative 1.41, the methine proton a- to the carbonyl shifted
upfield and split into two peaks. This difference in the methine peak continued to get
larger until 0.4 equivalents of the receptor had been added, however with increased
receptor line broadening became an issue. In order to avoid broadening, 0.2 equivalents
of the receptor were added relative to the guest. When these ratios were used the
difference between these two peaks characteristic of the starting enantiomers was 0.204
ppm. The macrocycle was further determined to accommodate four equivalents of a
variety of carboxylic acid guests that were studied. The (S)-enantiomer was found to
shift further upfield than the corresponding (R)-enantiomer, meaning that the absolute
configuration can also be easily determined. Integration of the two peaks allowed for the

ee value to be readily calculated.
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Figure 1.12. Macrocyclic host 1.40 used for enantioselective recognition of chiral
carboxylic acids, such as 1.41.

The previously presented examples show the utility of both chiral derivatization
and the chiral shift reagents in identifying not only the absolute configuration, but also
the ee of chiral carboxylic acids in '"H NMR spectrometry. While these methods are very
useful, there are a few drawbacks overall that limit the general applicability. First of all,
there are many different types of protons in many of the guests that were studied. This
condition means that overlap of signals is much more likely, thus limiting the range of
guests that can be used. Additionally, it is often difficult to create baseline separation
between the peaks of the guests that are studied. The proton spectrum covers only around
12 ppm, and it can be very difficult to create a resolvable difference between these newly
created diastereotopic peaks. For these reasons, several other nuclei have been examined

to determine enantiomeric composition with NMR spectrometry.
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1.2.2. "F NMR

Fluorine NMR is attractive as a means to determine enantiomeric composition of
chiral carboxylic acids for many reasons. First, the "°F nucleus is spin ', analogous to
the proton, and thus very responsive to NMR.* Additionally, it has a high magnetogyric
ratio, and a natural occurrence of 100%. The observed range of chemical shifts seen for
this nucleus is much greater than the range seen for the proton, around 1000 ppm.
Organic compounds also contain few if any fluorine atoms, meaning that the spectrum of
this nucleus should be free from additional signals that interfere with analysis. For these
reasons, 'F NMR has been seen application in the determination of enantiomeric purity
of chiral carboxylic acids.

One of the first reports of using ’F NMR to enantioselectively differentiate chiral
carboxylic acids was reported by Mosher and coworkers.™ Chiral carboxylic acids had
previously been prepared for derivatization of a chiral amine to determine the
enantiomeric purity of the amine through amide bond formation.”' This report by Mosher
was one of the first to reverse the order of analysis. To this end, enantiopure 2,2,2-
trifluoro-1-phenylethylamine 1.42 was prepared (Figure 1.13). This reagent was used to
derivatize chiral carboxylic acids, such as 1.43 and 1.44, through DCC coupling to form
the corresponding amides. These diastereomeric amides were expected to have different
chemical shifts, similar to the previously reported 'H NMR examples. It was indeed
observed that the chemical shifts of the diastereomers were different, with a difference of
0.089 ppm for diastereomers of derivatized 1.43. This modest difference in chemical
shifts is sufficient to achieve baseline separation, but a larger range of shifts is still

desirable.
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Figure 1.13. Chiral F derivatizing agent 1.40, and chiral carboxylic acids 1.41 and 1.42
that were analyzed.

Rather than forming an amide, Brown et al focused on the creation of esters from
a fluorine-containing alcohol.” This alcohol 1.45 was readily synthesized (Scheme
1.5A), and applied to determine the enantiomeric composition of a variety of synthetic [3-
chiral carboxylic acids. The acids were synthesized through the Michael addition of a
Grignard reagent to an a,f-unsaturated amide, followed by acidic hydrolysis (Scheme
1.5B). The optical rotation was measured, and correlated to an ee value according to
values that are known in the literature. The "F NMR spectrum was then recorded after
derivatization through DCC-promoted coupling, and baseline resolution was achieved for
both of the diastereomeric products. Integration of the peaks was facile for determining
the relative amounts of each enantiomer of the chiral acid. For example, optical rotation
revealed that carboxylic acid 1.47 had been synthesized with 90% ee. The corresponding
derivatized ester was determined to be 87.5% ee by integrating the diastereomeric "°F
NMR peaks, giving an overall error in analysis of 2.5%. This error was typical across the

15 substrates tested, giving an average overall error of 3.0%.
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Scheme 1.5. A) Derivatizing agent for '’F NMR analysis of enantiomeric purity. B)
Representative synthesis of 3-chiral carboxylic acid 1.47 through Michael
addition and subsequent amide hydrolysis.

1.2.3. P NMR

While ”F NMR has found some application in determining the ee of chiral
carboxylic acids, it is limited by the difficulty of preparing the fluorinated reagent in high
enantiomeric purity. To overcome this limitation, one of the other nuclei that scientists
have relied on is phosphorous. Much like both 'H and °F, *'P is a spin ' nucleus that has
a natural abundance of 100%.° Many biologically important species contain
phosphorous, adding to its potential application. These species cover a wide range of
chemical shifts of around 400 ppm, but the location of the signal is more influenced by
paramagnetism than by nuclear diamagnetic shielding. One detriment of *'P NMR is the
presence of an inconsistent nuclear Overhauser effect, meaning that integration of the
peaks does not always provide a way to correlate relative abundances like is inherent for
'H and “F. Despite these limitations, reports have been published detailing the
application of *'P NMR to enantiomeric composition determination.

In order to synthesize a molecule that possessed a chiral pocket that could be
applied to asymmetric catalysis, the Katz group reported chiral helicene-based

molecule.” This species was found to catalyze the addition of diethylzinc to aldehydes to
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create enantioenriched alcohols, but it was envisioned that the addition of phosphorous
trichloride would create phosphine complex 1.48 in Figure 1.14. This complex was
readily synthesized, then applied as a derivatizing reagent to create diastereomers to be

5

differentiated by *'P NMR spectroscopy.” The location of this probe deep within the
chiral cavity of the helicene was postulated to increase the tolerance of the host to more
remote stereocenters. Thus, the stereocenters of the bound guest, indicated as X in 1.48,
are expected to be oriented to promote a variety of diastereomeric interactions with the
helicene. This was indeed observed when chiral alcohols were bound directly to the

phosphorous, allowing analysis of stereocenters that were further away from the alcohol

binding site.

148 149 1.50

Figure 1.14. Chemical structures of chiral phosphorous-containing helicenes 1.48 and
1.49 that were used to measure chiral substrates with remote stereocenters,
such as chiral carboxylic acid 1.50.

The free carboxylic acid unfortunately did not interact directly with receptor
1.48, so it was necessary to transform this species into a known binding phenol in order

to make this analysis method suitable. To this end, the authors relied on amide bond
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formation to create the phenol. Carboxylic acid 1.50 was coupled to a rigid 2-
aminophenol linker 1.51 after forming the subsequent acid chloride (Scheme 1.6).
Analysis of the diastereomeric complex formed from 1.52 and helicene 1.48 facilitated
the separation of 0.42 ppm between these peaks. Indeed, this method is quite sensitive to
analysis of chiral carboxylic acids with a stereocenter located several bonds away from

the binding site.

3
go
o
T
®
o
®
Y
3
%M;

' NH, OH
150 [ j 151 152

Scheme 1.6. Derivatization protocol to create phenol 1.52 through coupling of
carboxylic acid 1.50 and aniline 1.51.

This reagent was sensitive to analysis of remote chirality over a wide range of
substrates, including amines, alcohols, phenols, and carboxylic acids. There are some
important drawbacks to 1.48 it would be desirable to overcome. First, the synthesis
forms a small but reliable amount of byproduct. This byproduct is formed in
approximately 5%, and requires an additional purification step to be removed. This
species is also quite light sensitive, so the purification must be done in the dark.
Additionally, this procedure requires that the carboxylic acid analyte be derivatized
before analysis can be performed. This adds one more undesirable step to the analysis,
further complicating matters. To avoid these limitations, the authors reported the

synthesis of alternative helicene 1.49.° This species is not only easier to obtain
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synthetically, it allows the carboxylic acids to be analyzed without additional
derivatization. For the acid 1.50, analysis with the new helicene 1.49 led to a separation
of the chemical shifts of the peaks of diastereomers formed from underivatized
carboxylic acids. These peaks were separated by 0.45 ppm, comparable to the separation
observed for derivatized acids 1.52.

Alexakis and coworkers reported a method for the determination of enantiomeric
composition of chiral carboxylic acids through the use of a TADDOL-phosphorous
complex (1.53).”” These species have been widely applied as chiral ligands in asymmetric

synthesis,””’

and it was hypothesized that the complexes formed when a chiral
carboxylic acid is added would lead to a chemical shift difference between these
diastereomers. To this end, the *'P NMR spectrum was recorded for complex 1.54,
derived from O-methylmandelic acid 1.34 and TADDOL-phosphorous complex 1.53
(Figure 1.15). For these species, the difference in chemical shift was found to be 2.31
ppm. The observed difference is very large, one of the largest observed thus far. Distinct
peaks were recorded for enantiomers of B-chiral species, but the differences in chemical
shift were relatively modest. Nonetheless, the large difference in chemical shift should

render this system viable for rapid assessment of ee, though the authors did not explore

this task.
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Figure 1.15. Chemical structures of TADDOL-derivative 1.53 and its complex 1.54 with
carboxylic acid 1.34.

The same authors further revised their carboxylic acid sensor to contain a diamine
phosphine instead of TADDOL.* To this end, two phosphine complexes 1.55 and 1.56
were prepared (Figure 1.16). The former, 1.55, was successfully applied for the intended
purpose of differentiating the complexes formed from the enantiomeric carboxylic acids.
When this species was derivatized with the chiral carboxylic acid 1.34, a significant
difference in chemical shift of 6.46 ppm was noted for the resultant diastereomers. In
many cases, a better resolution has been achieved from the *'P NMR spectrum. In some
cases, the authors oxidized the phosphine complex from P(III) to P(V) by addition of Ss.
The complex formed from the addition of Sg (1.57) was envisioned to aid in the analysis
by helping to accentuate differences in chemical shift for stereoisomeric complexes. The
sulfur-containing P(V) analogs gave inconsistent results, promoting a greater difference

sometimes while a smaller difference others.
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Figure 1.16. Chemical structures of diamine-phosphine complexes 1.55 and 1.56, and

the P(V) complex formed from S, addition to the complex from receptor
1.51 and guest 1.34.

1.2.4. "Se NMR

Many studies in both organic and biochemical systems have utilized the NMR
properties of the "’Se nucleus. This nucleus has a relatively high natural abundance of
7.5%, in addition to having a sensitivity that is greater than many other nuclei.®* Plus, it
is the same spin 4 nucleus that is observed for 'H, “F, and *'P. Another remarkable
feature of ”’Se NMR is the extremely large range of observed chemical shifts, covering
around 3400 ppm.** This nucleus is extremely sensitive to the electronic environment in
which it resides, with many orders of magnitude greater than the other nuclei such as *'P.
In particular, the incorporation of "’Se as a selenocarbonyl allows access to a shift that
spans 80% or the possible range, or approximately 2600 ppm.”> All of these advantages
made the study of this nucleus attractive for determination of enantiomeric purity.

Some of the earliest examples of "’Se being used to determine enantiomeric purity

® These researchers

of chiral carboxylic acids were reported by Silks and coworkers.’
constructed chiral selenone 1.58, and used DCC methodology to derivatize this scaffold
with carboxylic acids such as 1.59 (Figure 1.17). Even with the stereocenter four

carbons removed from the carbonyl, the probe was sensitive enough to achieve baseline

resolution of the diastereomeric NMR signals. Interestingly enough, the researchers then
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used this probe to study the o-deuteration of prochiral carboxylic acid 1.60. Four
different peaks were observed in the ""Se NMR, one corresponding to the fully
protonated, two corresponding individually to enantiomers of the mono-deuterated, and
one for the fully deuterated adduct. Remarkably, this nucleus is sensitive enough to

discern these four structurally very similar but different species.
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Figure 1.17. Chemical structures of chiral selenone 1.58, and the carboxylic acids 1.59,
1.60, and 1.61 that were analyzed with this probe.

The authors then turned their attention to evaluating lipoic acid (1.61), an analyte
for which previous attempts to distinguish enantiomers had failed.*” The chiral selenone
1.58 was able to differentiate the two different enantiomers of this species, and the
resonances of these enantiomers were separated by 0.119 ppm in the ’Se NMR spectrum.
After proving the utility of this selenone toward remote enantioselective sensing of chiral
carboxylic acids, the authors focused on determining the best structure of the selenone to
promote the largest differentiation of mandelic acid guest 1.31. To this end, a variety of
chiral selenones were synthesized and subsequently derivatized with a racemic mixture of
the acid chloride of 1.31.°® Chiral selenones 1.62 and 1.63 (Figure 1.18) were found to
give the best differentiation of the enantiomers of 1.31, differing at the largest by 45.6
ppm. These probes were then used to determine the ee values for 1.22, both as a

challenge to find the ee and to study if racemization of the stereocenter occurred. In each
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case the error in ee was less than 2%, further demonstrating the accuracy of this

approach.
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Figure 1.18. Additional chiral selenones that were used to enantioselectively
differentiate 1.22 and 1.41.

This analytical ee method was used by Smith and coworkers to assess the
enantiomeric purity of synthetic intermediate 1.64.”” This species comprises the C(26)-
C(32) fragment of the natural product calyculin A. The authors were interested in
creating the ring segment through methodology published by Wipf,” and needed to
assess the extent of epimerization that occurred throughout the reaction (Scheme 1.7).
The previous protocol they used for analysis, namely the Anderson-Shapiro method,” did
not accurately measure the enantiomeric purity of the product. Thus, the authors applied
chiral selenone 1.58 to assess the enantiomeric purity. They found that the "’Se signals
were fully resolved, with a difference in chemical shift of around 2.0 ppm. This approach
allowed the authors to determine that less than 2% of epimerization was occurring,

proving that the applied methodology was successful.
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Scheme 1.7. Determination of epimerization for the conversion of 1.64 to 1.65 by way
of selenone derivatization.

These reported examples represent some of the ways that NMR has been applied
to enantioselective sensing of chiral carboxylic acids. The variety of substrates has
necessitated the application of several different NMR active nuclei. There is some
overlap between the nuclei, with differentiation on a single molecule achieved using
multiple methods. While these techniques are reasonably straightforward, they are still
somewhat limited in their abilities. The majority of the methods described are based
around derivatization of the analyte, which is an undesirable extra step in the analysis
process. Further, NMR analysis is not yet fully amenable to high-throughput analysis.
Only a single sample may be analyzed at one time, limiting the amount of samples that
can be analyzed in a single day. These limitations have continued to push
enantioselective sensing toward finding and applying new methods based on non-

chromatographic methods.

1.3. OPTICAL SPECTROSCOPY

Significant research effort has been directed toward creating enantioselective

> One of the major advantages of this

sensing assays based on chromogenic receptors.’
analysis method is the decrease in time required to perform the analysis, as discussed
above. Many optical spectrometers hold the capability of being equipped with multiwell
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plate readers, compounding the ease and increasing the speed of this analysis. In addition
to the speed of analysis, the spectrometers required for optical analysis are typically less
expensive than other instruments, such as an NMR spectrometer. They are also much
more common pieces of laboratory equiptment, increasing their exposure within the
scientific community. The typical approach that has been applied to creating an optical
sensor is based on obtaining a host molecule that contains both a chromogenic unit, as
well as a binding site for the guest of interest.””* Thus, binding of the guest causes a
change in the spectrum of the indicator to signal its presence. When the host molecule
contains chiral functionalities, the guest is able to elicit an enantioselective response from
chiral compounds. This section will cover examples of the most common forms of
optical spectroscopy that have been applied to the ee determination of chiral carboxylic

acids, namely fluorescence, and UV/vis spectroscopies.
1.3.1. Fluorescence Spectroscopy

Fluorescence spectroscopy allows for the potential of creating an assay to provide
real-time analysis of important properties of a reaction, such as ee determination. Much
of the pioneering work in enantioselective sensing of chiral carboxylic acids based on
fluorescence comes from the Pu group. The scaffold that they have applied most often is
BINOL. This molecule has repeatedly seen utility in asymmetric synthesis, and has been
shown to lead to outstanding chiral induction in a variety of processes.” In addition to
asymmetric synthesis, this scaffold had been demonstrated to serve as a sensor for the
recognition of some saccharides.”

Based on these reports, Pu synthesized a variety of bis-BINOL molecules.”” This
set of molecules, 1.67-1.69, was comprised in a linear fashion (Figure 1.19). It was

envisioned that the phenol and amine functionalities would serve as hydrogen bonding
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sites, and this interaction would “turn on” the fluorescence. The fluorescence of the
BINOL is effectively quenched in the absence of the guest by photo-enduced electron
transfer (PET)””" from the lone pair on the nearby amine nitrogen atom. When the guest
is bound to the complex the carboxylic acid proton will be transferred to the amine, and
thus the lone pair is no longer free to quench the fluorescence through PET. The chirality
of the BINOL moiety was expected to enantioselectively influence formation of
complexes with different enantiomers of a-hydroxy carboxylic acids, such as mandelic
acid 1.31. These guests were of particular interest, as this structural unit is found in a

variety of natural products and drug molecules.”
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Figure 1.19. Chemical structures of bis-BINOL complexes 1.67-1.70 applied as
enantioselective sensors of mandelic acid 1.31.
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The Pu group began by studying the fluorescence properties of compound (S)-
1.66 upon titration with either the (R)- or (S)-enantiomer of 1.31. The fluorescence
increased substantially for both enantiomers, as the PET quenching was arrested upon
protonation of the amine nitrogen by the carboxylic acid. It was observed that this
increasing fluorescence signal was very enantioselective, with the enhancement upon
titration of (5)-1.31 a factor of 1.75 times greater than that seen for (R)-1.31. The
stoichiometry of binding was determined to be 4:1, for guest 1.31 relative to host 1.67. In
order to confirm that the enhancement was a result of the enantioselectivity of the host,
the opposite enantiomer (R)-1.67 was synthesized and titrated with each enantiomer of
1.31. Mirror image fluorescence profiles were observed for these enantiomers of 1.67,
confirming that this receptor is cross-reactive and the fluorescence enhancement is a
direct result of the enantioselectivity of the host.

In order to achieve enhancement, and thus improve enantioselective recognition,
the authors synthesized dendritic derivatives of host 1.67. These hosts were synthesized
beginning with (R)-BINOL, and additional aromatic rings were added to improve the
observed fluorescence signal. This signal was indeed enhanced, with the fluorescence
emission of both hosts 1.68 and 1.69 significantly larger than 1.67. When (R)-1.31 was
added to both of these hosts 1.68 and 1.69, the fluorescence was enhanced by 14 and 22
times, respectively. Titration of both of these hosts with the other enantiomers of 1.31
allowed the enantioselective fluorescence enhancement to be calculated as 2.05 for 1.68
and 149 1.69. Even though the overall fluorescent enhancement is larger for 1.69, this
enhancement is less enantioselective than host 1.68.

The next enhancement Pu made to this enantioselective fluorescence sensor was
constraining the bis-BINOL moieties in a macrocycle.* This new macrocycle, 1.70, has

eight hydroxyl and amine groups directed toward the inner cavity of the macrocycle to
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aid in hydrogen bonding with the a-hydroxycarboxylic acid guest. Treatment of receptor
(-)-1.70, the enantiomer pictured in Figure 1.19, with (S)-1.31 led to a significantly
enhanced fluorescence spectrum. In contrast, little change was observed for addition of
(R)-1.31. The enantioselective fluorescence enhancement from addition of (S)-1.31 for
this titration was calculated to be 12. Cross-reactivity was again observed for these
guests, as found by synthesizing and testing (+)-1.70. In addition, both enantiomers of
the new guest hexahydromandelic acid 1.71 (Figure 1.20) were studied with (-)-1.70.
The enantiomer which gave the biggest enhancement was (S)-1.71, but the preference for

this enantiomer of the guest was much smaller than for 1.31.
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Figure 1.20. Chemical structures of new guest 1.71, and monomeric BINOL host 1.72.

The next study the Pu group conducted toward enantioselective fluorescence
recognition was to analyze the monomeric BINOL derivative 1.72.*' The synthesis of
this monomeric species is much easier than the bis-BINOL derivatives, making these
targets more attractive. A fluorescence enhancement of approximately one order of
magnitude higher than any bis-BINOL sensors was observed when monomeric (§5)-1.72,

the enantiomer shown in Figure 1.20, was treated with (R)-1.31. The enantiomeric
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fluorescence ratio was found to 4.2 for this host, much better than the previously reported
bis-BINOL sensors. Through iterations to the original structure of the receptors, the Pu
group has created a broad set of mono- and bis-BINOL receptors for the enantioselective
fluorescence recognition of chiral a-hydroxy carboxylic acids. These sensors have been
proven cross-reactive, showing that the selective fluorescence enhancement are an
artifact of the chirality of the host structure.

The James group created boronic acid-containing host 1.73 for enantioselective
fluorescence sensing of chiral a-hydroxy carboxylic acids (Figure 1.21).** This molecule
is based on the fluorescence of an appended anthracene, whose signal is quenched in
solution. Binding of the guest species to the boronic acid causes the lone pair on the
nitrogen atom to be unavailable to participate in PET quenching, and thus elicits a “turn
on” response of the fluorescence signal. Titration of (5)-1.73, pictured in Figure 1.21,
with both enantiomers of 1.31 produced enantioselective fluorescence enhancement. It
was observed that the fluorescence was further enhanced for the (R)-1.31 than it was for
(5)-1.31. The binding constants were calculated for each enantiomer, giving values of K
as 5.04x10° M for (R)-1.31 and 2.77x10° M for (S)-1.31. A further titration of each
enantiomer of guest 1.31 into the opposite enantiomer of the host, namely (R)-1.73, gave
rise to mirror image fluorescence spectra. This experiment confirmed that these hosts

were cross-reactive.
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Figure 1.21. Boronic acid-based sensor 1.73, and newly applied chiral a-hydroxy
carboxylic acid analyte 1.74.

The authors next turned their attention toward applying this host to recognition of
lactic acid 1.74. This a-hydroxy carboxylic acid suffers less steric hinderance from its
methyl group rather than a larger group such as phenyl, and thus it is a more challenging
target for enantioselective sensing. Nonetheless, sensor 1.73 showed an enantioselective
fluorescence enhancement profile when titrated with each enantiomer of 1.74. Greater
enhancement was observed when the (5)-1.73 host was titrated with (R)-1.74, and the
converse was true for (R)-1.73. The enantioselective fluorescence enhancement for this
host was smaller, estimated to be 1.2. This example represents the first time that a mono
boronic acid has been applied to enantioselectively sense a-hydroxy carboxylic acids.

Banerjee and coworkers developed a chiral Schiff-base fluorescence sensor for
mandelic acid 1.31.% The sensor 1.77 can be made in one easy synthetic step, as
demonstrated in Scheme 1.8, and requires no chromatographic purifications. The
fluorescence of the (R,R)-1.77 sensor was significantly enhanced upon addition of each
enantiomer of 1.31, with an enhancement of 122 times found for (5)-1.41 and only 42
times for (R)-1.31. Hence, the fluorescence was enhanced by a factor of 2.9 for (5)-1.31.

The opposite trends were observed for the (S,5)-1.77 sensor, indicating that the receptor
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is cross reactive towards guest addition. The authors wanted to probe the physical basis
of the enantioselectivity of receptor (R,R)-1.77, and chose 'H NMR as an analysis tool.
The methine proton ($)-1.31 shifted significantly upfield, while the methine proton in
(R)-1.31 showed very little difference in chemical shift when added to (R,R)-1.77. This
likely means that the sensor is located deeper within the cavity of this receptor, resulting

in a greater fluorescence enhancement upon binding.
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Scheme 1.8. One-step synthesis of receptor 1.77 from commercially available starting
materials.

In a slightly different approach, Cheng and Zhu created chiral salen-based
enantioselective polymer sensors for the detection of a-hydroxy carboxylic acids.** This
is one of the first examples where enantioselective fluorescence recognition was carried
out with a macromolecule, rather than a small molecule of defined structure. To achieve
this task, polymer sensors 1.78 and 1.79 were synthesized (Figure 1.22). The piperidine
groups were added to help improve the chiral environment into which guest 1.31 was
anticipated to bind. Subsequent studies on the polymers indicated that they both have
moderate molecular weights, with high thermal stability. Enantioselective enhancement
was observed when polymer 1.78 was titrated with each enantiomer of 1.31, with a

greater enhancement occurring for addition of (R)-1.31. The enhancement of

40



fluorescence ratio was calculated to be 8.41, indicating that enantioselective recognition
occurs in a highly selective fashion. The fluorescence is enhanced by protonation of the

imine nitrogen atom, ending the PET quenching mechanism.
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Figure 1.22. Chiral salen-based enantioselective polymer sensors 1.78 and 1.79.

In contrast, titration of either enantiomer of 1.31 to sensor 1.79 led to quenching
of the fluorescence of the salen-based polymer. The fluorescence was further quenched
for (§)-1.31 than for its (R)-enantiomer. This observation is attributed to the flexible and
twisted structure of the polymer backbone. In this structure, the hydrogen bonds are

thought to be disordered. When the guest binds a channel is created to allow the excited
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state to decay through relaxation. The initial excitation migrates along the isoenergetic
sites on the conjugated system, activating a nonradiative pathway of decay. Thus,
binding of the guest to this receptor is unable to produce a fluorescent sensor capable of
enantioselective recognition.

The previous examples present a variety of fluorescent sensors that are able to
enantioselectively sense chiral a-hydroxy carboxylic acids. In each case, preferential
binding was observed for one of the enantiomers. This binding caused an enhancement
of the characteristic fluorescence signal, and the enantioselective fluorescence
enhancement was calculated. These systems, however, lack general application across all
carboxylic acids. The presence of the hydroxide group on the stereocenter served to
strengthen the interaction with the receptor, since these receptors have been designed to
maximize hydrogen bonding. Several of these groups did control studies and determined
that the hydroxide group in the a-position was necessary, since reaction at this position to
create an ether led to either an enhancement of fluorescence that was not enantioselective
or a diminished fluorescence enhancement. Within the class of a-hydroxy carboxylic
acids, the majority of the studies were geared towards mandelic acid 1.31. Only a few of
the studies attempted enantioselective recognition with additional guests, such as
hexahydromandelic acid 1.71 and lactic acid 1.74, whose fluorescence enhancement was
markedly less than 1.31. There have been a few reports of receptors that are able to
branch further than o-hydroxy carboxylic acids, and those reports will now be presented.

The Wolf group published the first report of enantioselective fluorescence sensing
of chiral carboxylic acids without a hydroxide at the a-position.*> To accomplish this
goal, a highly congested 1,8-diacridylnaphthalene receptor 1.80 was synthesized (Figure
1.23). This atropisomeric receptor possesses C,-symmetry, and no racemization of this

species is observed even at high temperatures. The enantiomers can be resolved by
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HPLC, and possess a reasonable fluorescence quantum yield of 0.17. When (+)-1.80 was
titrated with each enantiomer of camphanic acid 1.81, the fluorescence emission at 550
nm decreased in an enantioselective fashion. The signal is quenched further for (R)-1.81
than for the (S)- enantiomer, leading to an enantioselectivity of 4.5 for this guest.
Analysis was performed to determine the binding stoichiometry, and it was found to vary
based on the structure of the guest. For example, guest 1.81 required two equivalents to
saturate the fluorescence signal, but 2-chloropropionic acid 1.82 required only one

equivalent of guest.

1.80 1.81 1.82

Figure 1.23. 1,8-Diacridylnaphthalene sensor 1.80 used for enantioselective
fluorescence sensing of guests such as 1.81 and 1.82.

The authors believe that the fluorescence quenching observed upon addition of
the carboxylic acid guests is caused by static quenching. This static quenching is a result
of nonradiative relaxation of the diastereomeric species. The binding of the guests to the
sensor is likely a result of a proton being shared between the carboxylate and the
acridinium nitrogen, however the authors weren’t certain the exact position of this proton.
In order to test the accuracy of this method, a set of samples with varying ee values were

prepared and evaluated. The samples varied in ee from 70% (S), to 92.5% (R), and the

43



fluorescence of the unknowns were related to the ee through calibration curves. Three
replicates were tested, and the unknown samples were determined within + 3% of the
actual ee values.

The Wolf group further refined the structure of the 1,8-diacridylnaphthalene,
replacing the 3,5-dimethylphenyl group with a fert-butyl (Figure 1.24A).* The newly
synthesized host 1.83 is expected to show the same rigid structure with steric hinderance,
that does have a large amount of flexibility in a single dimension. The flexibility of this
molecule is a rocking motion between the two acridyl groups attached to the naphthalene
segment, leading to enantiomers shown in Figure 1.24B. The same enantioselective
fluorescence quenching seen for 1.79 was observed for this receptor, with (+)-1.83 being

further quenched with the (R)-enantiomer of the guests.

1.83

Figure 1.24. A) Chemical structure of new 1,8-diacridylnaphthalene host 1.83. B)
One-dimensional flexibility that is possessed by this host.
The main difference with this second contribution was the focus that was given to
determining the concentration of the guest, as well as the ee of the sample. In order to
measure the concentration, host (+)-1.83 was applied. The quenching of the fluorescence

in this system is a function of guest concentration, as no enantioselectivity should be
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observed for the racemate. Thus, a calibration curve can be created to relate the
fluorescence of this racemate to the guest concentration. Analysis was undertaken for
guest 1.82, and the concentration was determined within + 3% error. The ee analysis was
performed in the same fashion as with sensor (+)-1.83, and this value was also
determined within + 3% error. This work has shown that concentration and ee can be
determined with high accuracy for samples covering a range of concentrations and ee
values. This system is, however, a “turn off” system. This type of response is less
sensitive, since it is easier to see a small change in the absence of fluorescence, than a
small change amongst a very large signal.

The Tanaka group reported the calixarene-like salen macrocycle 1.40 as a 'H
NMR chiral shift reagent to determine the ee and absolute configuration of a variety of
carboxylic acid derivatives.*® This reagent was tested for enantioselective fluorescence
recognition of guest 1.31, but unfortunately did not work as a luminescence sensor. In
order to promote conjugation, and thus enhance the fluorescence signal, new salen
macrocycles 1.84-1.87 were synthesized (Figure 1.25).*” Titration of host 1.84 with
either enantiomer of 1.31 led to an enantioselective fluorescence enhancement, with the
indicated enantiomer of host 1.84 enhanced twice as much by ($)-1.31 than the
enhancement seen for (R)-1.31. The largest enantioselective enhancement was observed
with this host, likely due both to its electronic properties and the increased steric bulk.
This strategy was applied to additional simple carboxylic acids, and an enantioselective
enhancement was observed. The extent of the enantioselectivity for additional guests

was significantly diminished, but the process was enantioselective nonetheless.
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Figure 1.25. Chemical structures of macrocyclic structures 1.84-1.87.

In a disparate approach to create enantioselective fluorescence sensors for chiral
carboxylic acids, Zheng et al explored the use of aggregation-induced emission.*® While
most fluorophores are quenched in the solid state, the class of molecules known as
aggregation-induced emission fluorophores form highly fluorescent solid precipitates or
suspensions that show intense signals in the emission spectrum.* One such fluorophore
is based on a chiral a-aromatic cinnamylnitrile derivative, denoted as 1.88 in Figure
1.26. The (R,R)-host by itself showed no fluorescence behavior, but was observed to
form a highly emissive solid complex that formed when (S)-1.41 was added. In contrast,
no change in the solution appearance or fluorescence emission was found when (R)-1.41
was introduced to the sensor. The fluorescence enhancement found for (S)-1.41 was
16,865 times greater than the enhancement of (R)-1.41. This trend was generally
observed for a variety of both mono- and dicarboxylic acids. The sensor was even able to
discriminate 1.61, with the stereocenter located several bonds away from the carboxylic

acid portion. Equal and opposite trends were observed when the (S,5)- enantiomer of the
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was used, proving cross-reactivity of the host. Thus, the difference in the fluorescence

enhancement was determined to be a result of the chirality of the sensor.

1.88 1.89

Figure 1.26. Aggregation-induced emission hosts 1.88 and 1.89 that form highly
fluorescent precipitates or suspensions with a single enantiomer of a chiral
carboxylic acid guest.

The authors next set out to understand the selectivity of (R,R)-1.88 that was
observed for (§)-1.31. To this end, FE-SEM images were taken of the solutions
containing the host with each enantiomer of the guest. The precipitates collected for (S)-
1.31 were determined to be nanofibers, while addition of (R)-1.31 resulted no such
formation.  Additional 2D NOESY spectra were recorded for these interactions.
Intermolecular signals observed between phenyl protons of the carboxylic acid and the
phenoxy group of the host were strong, meaning these groups are close in proximity.
This places the carboxylic acid group close to the amine group, with the position of the
hydroxyl group determining the amount of hinderance. No NOE is observed for the

methine proton of (R)-1.31 with the phenyl protons of the receptor, while (5)-1.31 shows
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a strong NOE at this position. This is expected for enantiomeric complexes, but indicates
that more steric hinderance is observed for the interaction found for (R)-1.31. These
factors come together to create a host molecule that is capable of very sensitive

enantioselective fluorescence enhancement.

1.3.2. Ultraviolet/Visible Spectroscopy

In addition to optical sensors based on fluorescence, several recent efforts have
reported the use of ultraviolet or visible light for enantioselective recognition of chiral
carboxylic acids. Using these colorimetric sensors has several advantages over their
fluorescence counterparts. First of all, sensors that absorb in the visible portion of the
electromagnetic spectrum can change colors to signal binding. The human eye is very
sensitive to small changes in this portion of the spectrum, thus allowing easy naked eye
detection. Further, there are several factors that complicate fluorescence analysis. A
fluorophore can be negatively affected by quantum yield and fluorescence lifetime,
rendering certain fluorescent molecules useless to analysis. Also, the commonly
observed autofluorescence, light scattering, and interferences from electrical sources are
avoided by using chromophores that absorb in the UV/vis portion of the spectrum. Some
of the pioneering work in this area was reported by Kubo and coworkers.”

In order to create a colorimetric detection system, the Kubo group designed and
synthesized chiral calix[4]crown hosts 1.90 and 1.91. These hosts contain two
indophenol chromophores and an enantiopure (S,S)-BINOL moiety, and differ only in the
length of the crown ether tethering unit (Figure 1.27). The host (1.90) by itself was
dissolved in ethanol, and the red solution had an absorbance at 515 nm. When (R)-1.92
was added to the host, a significant shift was seen in the visible portion of the spectrum.

This change was visible to the naked eye, with the solution changing from a red color to a
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much more purple hue. When the opposite (R)-1.92 enantiomer was added to the host,
there was virtually no change in the UV/vis spectrum, and the solution retained the same
red color it previously had. This system is built on a conformational change resulting
from a proton transfer upon recognition. This change causes the spectra of the two
chromophores attached to the binding cavity to change. This report served as a base upon

which further advances in colorimetric sensing could be built.

O
\
O
190 n=0
191 n=1 1.92

Figure 1.27. Chemical structures of calix[4]crown hosts 1.89 and 1.90, used for
colorimetric enantioselective recognition of phenylglycine species 1.91.

He et al made some iterations to the calixarene receptor reported by Kubo, and
applied it to the enantioselective sensing of both guests 1.92 and 1.31.°”" These hosts,
shown in Figure 1.28, make use of thiourea moieties as binding sites. This group was
chosen for binding because it is known to interact strongly with carboxylate anions.””
Closely located in space near these groups were two para-nitroanisole chromophores, and
L-amino acid groups to impart chirality on the host. The host has an absorbance at 359
nm in the absence of exogenous guest, likely the result of intramolecular charge transfer.

When (5)-1.92 was added to the host, the absorbance at 359 nm gradually decreased and
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shifted bathochromically. At the same time, a new peak at 481 nm grew in that
represents the host:guest complex. Additionally, the clear solution became yellow upon
this addition. Similar observations were made for (§)-1.92 addition, but the new peak

that grew in had a markedly greater absorbance than the same peak for (R)-1.92.

1.93 R=CH,
1.94 R=CH,Ph

Figure 1.28. Chiral calixarene sensors 1.93 and 1.94.

The new peak is characteristic of a charge transfer to the electron poor para-
nitroaniline group from the electron rich thiourea fragment. The binding of the guests
take place through hydrogen bonding, which is more favorable for (5)-1.92. The binding
constants were calculated for 1.93 with each enantiomer of 1.92, and the ratio of these
constants was 2.84. The same trend was observed for this guest with the other host 1.94,
but the enantioselectivity was lower. This system was then expanded to guest 1.31, with
the homochiral (S)-1.31 guest exhibiting a stronger binding constant. These binding
constants were weaker than 1.92 by two orders of magnitude, but had comparable ratios
for enantioselectivity.

Calixarenes have some limitations to their broad application as hosts for

molecular recognition. The synthesis of these compounds can be rather challenging,
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often producing a mixture of cyclic and linear forms. The distribution of these species
can also be difficult to control, resulting in low yielding processes. Additionally, these
species can be difficult to solubilize in aqueous solvents. This solubility issue can make
these species hard to handle, and prone to higher observed errors. For these reasons, it is
desirable to expand this colorimetric enantioselective sensing to a different scaffold. This
was accomplished by the He group, who built a sensor 1.95 around a phenyl ring core.”
This sensor had two arms containing the thiourea binding site, L-alanine for
enantiodiscrimination, and a para-nitroaniline chromophore. The arms were appended to
the phenyl ring in the meta- position, in order to orient these groups towards each other.
The host alone shows a UV absorption maximum at 356 nm, a result of intramolecular
charge transfer. This peak gradually decreased with formation of a peak a host:guest
complex peak at 470 nm when (R)-1.31 was added. Studies revealed that the formation
of this complex proceeds in a 1:1 fashion. Additionally, the color of the solution changed
from clear to an orange/red color with the addition. This is consistent with the

wavelength of absorbance for the new peak.
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Figure 1.29. Host structure used for colorimetric enantioselective discrimination of 1.31.

Addition of (S)-1.31 caused similar results, albeit to a lesser extent than for the
opposite enantiomer. This solution began as colorless, and addition of the guest caused it
to turn a golden yellow color. Association constants measured for this interaction were
calculated by iterative data fitting of the change in absorbance at 470 nm in a non-linear
fashion. Comparing the association constants for (R)-1.31 and (5)-1.31 gave to a ratio of
4.2. The difference in the UV/visible signals, in addition to the visibile difference in
solution color, help to further validate the use of this sensor for colorimetric ee
determination of carboxylic acid guests.

Yoon and Hyun reported a colorimetric sensor 1.96, consisting of thiourea
binding sites, an azophenol chromophore, and chiral glycopyranosyl enantioselective

* This sensor,

recognition groups, that functions as a chiral carboxylate anion sensor.’
shown in Figure 1.30, was applied to three simple carboxylic acids: 1.43, 1.44, and 1.97.
Upon addition of carboxylates a large bathochromic shift of around 145 nm was

observed, shifting the absorption from 370 nm to a new location of 515 nm. The host by
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itself had a very faint yellow/orange color, and addition of the guest gave rise to a visible
color change to create a deep red/pink solution. It is believed that the anions cause
deprotonation of the phenolic proton, leading to a photoinduced charge transfer.”” The
binding was determined to occur with 1:1 stoichiometry. The complex formed between
host 1.96 and (S)-enantiomer of each acid studied gave rise to a larger absorbance at 515
nm than the (R)-enantiomer, and subsequently larger binding constants. Enantioselective

ratios were calculated for these acids, and averaged 2.04 across the board.

O

o

OH

N
ey

1.96 1.97

Figure 1.30. Colorimetric host 1.96, used for enantioselective sensing of chiral
carboxylic acids such as 1.97.

Griesbeck et al recently developed a modular receptor-chromophore 1.97 to
observe enantioselective recognition of chiral carboxylate anions.” This system is based
on a conjugate of phthalimide-thiourea, the structure of which is shown in Figure 1.31A.
The host is synthesized with (S)-methylbenzylamine, which is able to impart
enantioselectivity to the assay. Addition of achiral acetate anion to the receptor caused
the absorbance at 350 nm to increase, and shift to slightly longer wavelengths. This 20

nm shift in absorbance indicates that a change occurs for the ground state of the sensor,
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though likely not full deprotonation of the thiourea. To confirm this prediction, protic
solvents were added to the mix. The change that was seen reverted to the original
spectrum, meaning that deprotonation of the receptor is highly unlikely. The proposed
binding interaction is shown in Figure 1.31B. The change in absorbance of receptor 1.98
was found to be the greatest for (S)-1.74, increasing to a greater extent than the spectrum
recorded for (R)-1.74. This difference was the largest when the smallest amount of guest
had been added. When considering the ratio of equilibrium constants, (S)-1.74 is

preferred by a factor of 1.93.

A) B) o)R\o
©
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Figure 1.31. A) Chemical structure of chiral host 1.98. B) Proposed binding mode for
the carboxylate anion and the electron rich thiourea receptor.

1.4. CONCLUDING REMARKS

The task of creating assays for the determination of ee of chiral substrates is a
very challenging endeavor. These species have the same chemical properties, and thus
are indistinguishable in an achiral medium. The focus of the work presented above was
creating chiral systems for the discrimination of carboxylic acid analytes, and then
turning a molecular recognition event into an enantiospecific signal. The first part relied

on the magnetic inequivalence of diastereomeric groups, spanning a range of different
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nuclei. The examples presented showed the evolution of the process of enantioselective
NMR spectrometry, honing the scaffolds and creating vastly different chemical shifts for
the signals of the characteristic peaks. The next set of examples presented were based
around optical spectroscopy. Fluorescence is an inherently sensitive luminescent
technique, and has been applied to the differentiation of a variety of carboxylic acids.
Much of the groundwork has been focused on assays for a-hydroxy carboxylic acids,
which limits the application of these systems to other carboxylic acids. This work,
however, has paved the way for improvements that will accommodate a larger scope of
guest tolerability. Many improvements in this area are envisioned in the future, with the
ability to create real-time monitoring of enantiomeric composition. Few examples are
available that detail UV/vis sensors for chiral carboxylic acids. This area is relatively
new, but holds immense promise. The sensitivity of vision to even the slightest change in
colors makes this a very attractive area of research. The synergy of these three alternate
strategies will continue to push the envelope in enantioselective sensing, creating

increasingly more accurate means to assess enantiomeric purity.
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Chapter 2: A Simple Method for the Determination of Enantiomeric
Excess and Identity of Chiral Carboxylic Acids

2.1. INTRODUCTION

High-throughput screening is increasingly used as a technique to direct the
discovery and optimization of asymmetric syntheses."* According to this methodology,
several reactions are carried out simultaneously so that a target reaction can be quickly
optimized. One of the ways this method is applied is in the discovery of chiral catalysts
to carry out synthetic transformations. Catalysts are created from small building blocks,
and the libraries can number from a few to thousands of entries.”"® This optimization is
directed not only toward maximizing the product yield, but also the enantiomeric excess
(ee) if a chiral product is created. As presented in Chapter 1, products are typically
analyzed through chromatographic techniques such as high performance liquid
chromatography (HPLC), or gas chromatography (GC).

Both of these chromatographic methods are able to determine the ee of a chiral
product very accurately, but high-throughput analysis of these chiral products using these
techniques is time consuming and costly. Chromatography is inherently serial; HTS
methods allow for the creation of thousands of samples very rapidly, but only one sample
at a time can be analyzed using HPLC or GC. Further, sample analysis times are quite
long. After conditions are optimized, it is possible to perform ee analysis in
approximately ten minutes, meaning no more than 150 analyses can be run with a single
instrument in a day."’ A bottleneck is sure to ensue if many more samples can be made in
a day than can be analyzed." Finally, this analysis method is costly in terms of solvents
used and discarded, and hours spent on sample preparation. For these reasons, several

research groups have turned toward optical sensing methods to rapidly assess ee.

61



Several groups have focused on developing assays to rapidly discern reaction
success that rely on optical spectroscopy due to its speed of analysis. Optical
spectroscopy, namely UV/Visible, fluorescence, or circular dichroism spectrometry, is
attractive as an analysis method for several reasons: (1) it is a well-established technique
that is operationally simple, (2) equiptment is comparatively cheap, and (3) techniques
can be interfaced with multi-well plate readers, allowing much more rapid parallel
analysis to be achieved.

This chapter will detail efforts to create optical signaling protocols to
enantioselectively sense chiral carboxylic acids. Chiral carboxylic acids, as mentioned in
Chapter 1, are important substrates in both synthesis and drug discovery. The first
approach applied to this problem, and discussed here, is enantioselective indicator
displacement assay. Next, the transition from a UV/Visible assay to a circular dichroism
approach will be detailed. Finally, the results obtained from this analysis will be

outlined.
2.2. ENANTIOSELECTIVE INDICATOR DISPLACEMENT ASSAYS

The Anslyn group has pioneered the use of enantioselective indicator
displacement assays (eIDAs) as a method of determining the ee of several types of chiral
molecules.””" This competitive binding assay, shown in Scheme 2.1, is an extension of
the indicator displacement assay (IDA) platform that the Anslyn group had used
previously.'*"” The protocol relies on three main components: a chiral host molecule, an
indicator, and an analyte. The host molecule interacts reversibly with the indicator, often
a commercially available pH dye. The optical signal of the indicator must be different

when it is free in solution than when it is bound to the host.
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Scheme 2.1. Schematic representation of an eIDA between a chiral host and each
enantiomer of a chiral guest. In this example, the preferred diastereomer is
formed between the R-guest and the chiral host.

*Host

There are several advantages to using this equilibrium-based sensing ensemble.
The traditional sensing approach relies on the synthesis of a host that contains both a
binding site and a signaling mechanism. These syntheses are often not trivial, and require
several steps and purifications, but it is not possible to predict the binding specificity or
the signal modification before the host has been made. The use of an eIDA avoids these
potential pitfalls; there is no requirement to synthetically attach the indicator to the host,
since this portion is equilibrium controlled. Another benefit of using eIDAs is the ability
to easily screen multiple indicators. The association between the indicator and the host is
equilibrium based, avoiding the need to synthesize a new host containing the desired
indicator. Finally, the analyses are performed in a solution of water and a miscible
organic solvent. The binding of the host and guest can be tuned to a particular value by

altering the composition of the solvent.
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Introduction of a guest molecule causes competitive binding to occur; the guest
competes with the indicator for binding to the host molecule. When the indicator is
displaced, its optical signal will change, signaling the binding event between host and
guest. When the chiral host associates with the chiral guest, the complexes that are
formed are diastereomeric. These complexes have different energies and stabilities, and
form to differing extents. This differential displacement will modulate the optical
properties of the solution, thus allowing for the quantification of ee.

The first example of an eIDA made use of reversible covalent bond formation
observed between boronic acids and a-hydroxcarboxylic acids or catechols in aqueous
media.”” The concentration of the desired guest was readily obtained using an IDA with
achiral host 2.1 (Scheme 2.2). Pyrocatechol violet 2.4 was chosen as the indicator, as it
contains a catechol moiety that is known to form reversible covalent bonds with boronic
acid based receptors. The enantiomeric composition of the chiral substrate could be
determined by incorporating chirality into the host structure, and thus chiral hosts 2.2 and
2.3 were synthesized. The complex that formed between either host 2.2 or 2.3 and
indicator 2.4 was monitored by UV/Visible spectrometry, resulting in a new peak
forming at A at 520 nm. This peak was greatly shifted from absorbance of the pure

indicator 2.4, which had a A___at 425 nm.

max
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Scheme 2.2. Chemical structures of components of the colorimetric eIDA to find the
enantiomeric excess of phenyllactic acid 2.5.

The change in absorbance was monitored at 520 nm separately as a function of
the amount of either D-2.5 or L-2.5 that had been added to the host:indicator complex.
The absorbance value recorded was different for each enantiomer of the guest, with each
exhibiting a unique UV absorbance. The indicator was more displaced from host 2.2
with the addition of L-2.5 than it was when D-2.5 was introduced. The difference in
absorbance was observed to be as much as 0.27 absorbance units along the titration. The
same experiment was performed with host 2.3, and the indicator was more displaced with
D-2.5. This displacement, while preferring binding with the opposite enantiomer, was of
the same magnitude observed with enantiomeric host 2.2. Thus, this receptor was
deemed to be cross-reactive; the difference in absorbance is indeed a function of the

chirality of the host. Equations were derived in order to relate the measured absorbances
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to ee values, and were determined to be within + 20% error. This initial report helped to
shape the use of eIDAs to determine ee values of unknown samples.

The previous example focused on reversible covalent bond formation between a
boronic acid functionality and a vicinal diol moiety to create the complexes. This
approach is one of many; other examples are based on coordination through electrostatic

interactions'® or metal coordination."”?

Metal ions can readily form complexes with
chiral ligands, subsequently forming a chiral host molecular assembly. Open
coordination sites on the aforementioned metals can then interact reversibly with an
indicator, allowing displacement of the indicator when a competitive guest is introduced.
Numerous metal salts are commercially available, accessing a variety of oxidation states
at the metal centers. This access allows for selection of a metal that possesses the desired

properties for each individual assay. A few selected literature examples of elDAs

performed with metal-based hosts are detailed below.
2.2.1. eIDAs Performed With Metal-Based Hosts

The first example of an eIDA with a metal-based host was used to
enantioselectively discriminate between hydrophobic a-amino acids in aqueous media."
The host was designed around a Cu" metal center. This metal is known to form five-

membered ring complexes with amino acids,”

making use of the facile exchange of
ligands around the square planar metal center. Chirality was build into the host structure
by complexation of a chiral ligand to the copper center. This ligand is based on a trans-
diaminocyclohexane scaffold, where the diamine nitrogens were derivatized with bulky
groups (Figure 2.1a). Binding of this complex to indicator 2.4 generated a blue complex,

with a new peak in the visible spectrum occurring at a A, of 653 nm. Addition of an

amino acid guest to the blue host:indicator complex caused displacement of the indicator
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(Figure 2.1b), and regeneration of the yellow color characteristic of the indicator free in
solution (A,,,of 502 nm).

Each enantiomer of valine caused a different degree of displacement, with (S,S)-
2.6 binding preferentially with D-amino acids. This difference was observed in the
UV/Visible spectrum. Calibration curves were generated for three amino acids by
recording the absorbance as a function of varying the ee for each enantiomer of the host
complex (Figure 2.1c). The best-fit equation of the linear plot was then used to

determine the ee values for a series of unknown samples, with an average error of + 3%.
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Figure 2.1. A) Displacement of indicator 2.4 from host complex 2.6 by addition of
amino acid guests. B) Absorbance at 653 nm of complex 2.6 by addition of
D- of L-valine. C) Absorbance as a function of ee for leucine with each
enantiomer of the host.
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Two different complexes formed from a diamine ligand and Cu" center were used
to expand the scope of the IDA to additional amino acid guests.” The applied complexes
were 2.6 from the previous study and the newly proposed 2.8 (Scheme 2.3). The
indicator selected for this study was chrome azurol S 2.9. This indicator in solution was
yellow with a A,,.at 429 nm, while binding to the chiral metal complex gave rise to a new
absorbance peak at A, at 602 nm. The drastic difference in absorption properties of this
chiral scaffold allowed this complex to be applied as a chiral host for an eIDA. As in the
previous eIDA, the (R,R)-enantiomer of the chiral hosts preferentially bound to the L-

amino acid enantiomer.

Scheme 2.3. Additional chiral host 2.8 and indicator chrome azurol S 2.9; part of a
second generation eIDA for ee of amino acid guests.

The complex between chiral host 2.6 and indicator 2.9 allowed enantioselective
discrimination of nine of the 17 naturally occurring amino acids used in this study.
Glycine was omitted because it has no stereocenter, and cysteine and tyrosine because of
insolubility in the buffered solvent. Interestingly, three amino acids (asparagine, aspartic
acid, and histidine) were found to give the opposite enantioselectivities from the others.

This can be explained by coordination of the side chain functionalities to the Cu" metal
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center instead of the N-terminal amine. The remaining eight amino acids that were not
enantioselectively discriminated using chiral host 2.6 were subjected to analysis with
chiral receptor 2.8. For this receptor, the (R,R)-enantiomer was selective toward binding
the L-amino acids. This receptor was also cross-reactive, and facilitated discrimination of
four of the remaining eight amino acids. This assay was successful in discriminating 13
out of the 17 amino acids that were studied.

In another report, the Wolf group developed a system that functions in a
congruent fashion to the eIDA.*' This system facilitates enantiodifferentiation of amines,
amino alcohols, amino acids, and carboxylic acids. This system does not utilize an
indicator in the same manner as the other eIDAs, but instead utilizes two equivalents of a

" metal center (Scheme 2.4).

colorimetric N,N’-dioxide ligand 2.10 complexed to a Sc
Charge transfer leads to the presence of an absorption band at A at 410 nm. When
enantiomerically pure guests were added one of the chromogenic units was displaced

from the Sc™

metal center. This displacement caused a decrease in the absorbance at 410
nm. It was found that the L-amino acids displaced the ligand from the complex to a
greater extent than the D-amino acids, and thus the concentration of the guest could be

determined using a racemic mixture of the ligand.
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Scheme 2.4. Chemical structures for the hosts and guests used by the Wolf group in their
elDA.

Calibration curves for guests 2.12-2.15 were created in order to test the validity of
this system. The concentration was determined using the racemic host by studying a
variety of different known guest concentrations. The chiral receptor was used to make
the curve for the ee values. Samples of unknown concentration and ee were then tested,
and the values input to the appropriate calibration curve. The calculated values for the
unknowns matched well with actual values, validating the use of this method.

The Wolf group then extended this method to target a-amino alcohols 2.16 using

" complex 2.11.” This complex excited at 420 nm and had an

the fluorescent Sc
emission at 588 nm, that was quenched upon the addition of the chiral amino alcohols.
For the most part, the quenching was greater for the (S)-amino alcohol. As in the

previous study, the concentration of the analyte was determined with the racemic ligand

complex, while the enantiopure host allowed for ee determination. Unknowns were
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analyzed using the same procedure as previously reported, and again gave good

agreement with actual values.
2.3 EIDA DESIGN CRITERIA

In order to apply an eIDA utilizing metal complexes to determine the ee of chiral
carboxylic acids, a chiral host with a complimentary binding site for an indicator and
carboxylic acid was desired. The target interaction that was chosen was the coordination
of carboxylate anions with a copper center, since it has been demonstrated to be a strong
interaction.” The Canary group reported chiral metal complexes based on derivatized
chiral molecules such as amino acids or amino alcohols (Scheme 2.5).*** Two
equivalents of a quinolone chromophore were attached to the N-terminal amine, and the
resultant chiral ligand was then complexed to either a Cu" or Zn" metal center. The
complex exhibited a helical chirality that was indicated by exciton-coupled circular
dichroism (ECCD), a technique that will be discussed more thoroughly later. The
direction of this helicity was indicative of the stereocenter of the derivitized guest, and

the magnitude of the signal was linearly related to ee.

M = Cull, ZnII

Scheme 2.5. Helically chiral guests formed by derivatizing either amino acids (2.17) or
amino alcohols (2.18).
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In this application, the five-coordinate metals Cu" and Zn" adopted a trigonal
bipyramidal geometry upon complex formation. The tetradentate tripodal ligand
occupied four of these coordination sites, while the fifth was occupied by an exogenous
ligand such as a molecule of solvent. This empty coordination site was envisioned to
serve as a docking site for a carboxylate ion (both for carboxylate containing indicators
and guests). The derivatized amino acid that the Canary group found to give the largest
CD signal was derived from methionine. This complex had the greatest degree of helical
chirality, and hence the metal complex formed by derivitizing L-methionine was selected
to serve as the chiral host. Choice of a suitable indicator was necessary to complete the
components of the eIDA, requiring a similar mode of coordination to the metal center
that the guest would have. For this reason, indicators containing a carboxylic acid moiety

were chosen for application as indicators.
2.3.1. Host Synthesis and Properties

As mentioned previously, L-methionine was selected as the amino acid to be
derivatized to construct the host structure. The synthesis of this host complex was
published by the Canary group,”’” and can be completed in a few steps from commercially
available starting materials (Scheme 2.6). The methyl ester of L-methionine 2.19 was
derivatized with two equivalents of bromomethylquinoline 2.20 by S2 displacement of
the bromide with the amine to give intermediate 2.21. Bromomethylquinoline 2.20 was

? since the

obtained in a single step from the chloride adduct by literature procedure,’
reaction with the chloride proceeded slowly with a poor yield. Subsequent
saponification of intermediate 2.20 was performed with aqueous potassium hydroxide to

give the derivatized amino acid product 2.22. Once the ligand had been synthesized,
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metallation with copper(Il) perchlorate gave the helically chiral copper complex 2.23 in

good yield.
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Scheme 2.6. Synthesis of chiral derivatized amino acid complex 2.23.

Because the amino acid that was derivatized was L-o-methionine, the stereocenter
is directly attached to the carbonyl. It is possible that treatment of this species with
hydroxide base could lead to epimerization at this stereocenter. This racemization would
be a major problem for this analysis, since the helical chirality imparted by the amino
acid stereocenter is expected to give rise to enantiodiscrimination. To ensure that
epimerization had not occurred, a circular dichroism (CD) spectrum was recorded for
complex 2.23. This spectrum, shown in Figure 2.2, shows a negative couplet. The

maximum signal occurred at A,,at 239 nm with a magnitude of 161 millidegrees, both
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values that correspond well with literature values.”” With the helical chirality of the

complex confirmed attention was turned toward indicator binding.

CD (mdeg)

Wavelength (nm)

Figure 2.2. CD spectrum recorded for complex 2.23 (0.3mM) in CH,CN.
2.3.2. Indicator Selection

Several pH indicators containing carboxylic acid functional groups are
commercially available, and a variety of these compounds (2.24-2.31) were screened for
application in this assay (Scheme 2.7). The ideal indicator would undergo a visible color
change when a solution of a Cu" metal ion was added to the free indicator in solution.
To this end, separate solutions were made for of each indicator as well as the indicators
with equimolar Cu(ClO,),. According to this protocol, indicators chromoxane cyanine R
2.26, chrome azurol S 2.29, and methyl red 2.30 were selected in order to initiate further

studies.
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Figure 2.3. Indicators screened for color change upon binding copper(Il).

2.3.3. Binding Studies

Titrations were performed with each of the three indicators. The indicator was
used in the maximum concentration possible that kept the absorbance of the dye in
accordance with Beer’s law, roughly an absorbance value of one. The titrations of both
chromoxane cyanine R 2.26 and methyl red 2.30 gave UV spectra that did not readily
saturate. In each case, an excess of at least 20 equivalents of the indicator was required
in order for the newly formed absorbing species to begin leveling off. A different
scenario was observed upon the addition host 2.23 to the indicator chrome azurol S 2.29.
The indicator by itself showed an absorbance with a A, ,= 450 nm (Figure 2.4A).
Addition of the host formed a host:indicator complex, represented by the new peak that

appeared at A, at 602 nm.
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Figure 2.4. A) Titration of host 2.23 (0-165 uM) into indicator 2.29 (10 uM) in default
buffer (75% MeCN, H,O with 20 mM HEPES pH=7.416). B) Difference in
absorbance of the host:indicator complex at 602 nm.

76



The formation of the complex is demonstrated by the isotherm shown in Figure
2.4B. The difference in absorption at 602 nm was plotted as a function of equivalents of
host 2.23 that had been added relative to indicator 2.29. In this plot, the saturation of the
signal representing the host:indicator complex was observed to occur after approximately
seven equivalents of the host had been added. The graph lacks an isosbestic point,
indicating that more than two absorbing species are present during the titration. Thus, no
binding constant was calculated for this association. The titration served as a way to find
the point at which the indicator was 90% saturated with host, since precedent has

established that this is the ideal ratio to perform the displacement.”
2.34. Indicator Displacement

After establishing that the ideal ratio of host relative to indicator was 6.5:1,
displacement of the indicator was performed by adding the (R)-enantiomer of the
phenylbutyric acid guest 2.32. Addition of the guest to the host:indicator complex led to
a diminuation of the peak at 602 nm, shown in Figure 2.5A, while concurrently leading
to an increase in the free indicator peak at 450 nm. These trends were opposite from
those found when the indicator bound to the host, indicating that the formation of the
host:guest complex led to the indicator’s displacement from the host, restoring the
indicator to solution.

The analogous titration was performed for the opposite enantiomer, namely (S)-
2.32, and a similar pattern was observed. Indeed, the free indicator absorbance at 450 nm
increased concomitantly with decay of the host:indicator complex peak at 602 nm that
represented the complex. The change in absorbance recorded at 602 nm for both of these
guests was plotted against the equivalents of the indicated guest that had been added, as

this value represents the displacement of the indicator from the host, and thus the
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formation of the host:guest complex. The isotherms for these titrations are shown in
graphical form in Figure 2.5B, and exhibit a virtually identical response to exogenous
guest addition. The non-enantiospecific response of this receptor is generally observed,
since differentiation was also unsuccessful for 2-bromopropionic acid guest 2.33. The
displacements occurred to varying degrees across the different guests, but showed no
difference between enantiomers of either guest. Though the host retains helical chirality,
as proven by the CD spectrum shown in Figure 2.2, this host does not lead to

enantioselective differentiation for the guests.
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Figure 2.5. A) Titration of (R)-2.32 (0-1.3 mM) into host 2.23 (65.1 uM) and indicator
2.29 (10 uM) in the default buffer. B) Change in absorbance at 602 nm
upon addition of either (R)-2.32 (¢), (5)-2.32 (m), (R)-2.33 (*), or (5)-2.33
(m).

Unfortunately, this approach to creating a colorimetric assay to differentiate chiral

carboxylic acids proved fruitless. The focus of this project was diverted away from

UV/visible assays and directed toward circular dichroism (CD).
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2.4. EXCITON-COUPLED CIRCULAR DICHROISM

The use of circular dichroism as a means to decipher absolute configuration as
well as ee of chiral compounds has seen increasing utility in the scientific literature. The
Anslyn group in particular has been interested in creating CD assays to rapidly assess the
ee of chiral analytes.””® When light is passed through a chiral sample, one can envision
that right and left circularly polarized light interact with the sample in a different

fashion.”

In addition to traveling at different speeds through the sample, they are also
absorbed to different extents. This differential absorption arises from the difference in
molar absorptivity coefficients (¢, and €y) for left and right circularly polarized light.
The difference in these absorptivity values is known as circular dichroism.

It is possible to observe exciton-coupled circular dichroism (ECCD) for chiral
species that have two or more chromophores held in close proximity. This method is
build around the interaction between the electronic transition dipoles of these
chromophores. The chromophores need not be identical, nor attached to the same
molecule. They only need to be held in close proximity in space in order for the excited
states to couple. The chromophoric interaction breaks the degeneracy of these excited
states, and leads to states with two different energy levels. This scenario, depicted in
Figure 2.6A, is expected to have ramafications in optical spectroscopy. First, consider
the case of a UV/Visible spectrum. This chromophoric coupling gives rise to two
intrinsic spectra with the same sign. As a result these spectra are generally additive,
appearing as a single absorption with twice the magnitude (Figure 2.6B). However, two
peaks can be obtained if there is sufficient difference in energy between the two states.

This additivity of spectra is not generally observed in the CD spectrum. The
different states manifest as bisignate curves displaying opposite Cotton effects (CEs).

The CE refers to the change of the CD signal at wavelengths comparable to the
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absorption of the chromophore of interest, with the first CE designated as the signal
appearing at the longest wavelength. For example, the top spectrum in Figure 2.6B
shows a positive first CE. If the chromophores are arranged in a clockwise fashion, the
resulting complex will display a positive first CE. This scenario is represented pictorially
by the positive couplet shown in Figure 2.6C. The distance between maxima of the
spectra recorded for the two different states is known as Davydov splitting.”® One useful
feature of this type of CD spectrum is that several methods exist for the theoretical
calculation of the bisignate curve.” Another hallmark of ECCD is that the maximum
absorption in the UV/Vis spectrum corresponds to the zero-point null between the two

CEs, illustrated in Figure 2.6B.
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Figure 2.6. A) The splitting observed when the excited states of two chromophores, i
and j, are coupled. B) The CD spectrum (top) and the UV/Vis spectrum
(bottom) that result from the summation of these states. C) The spatial
orientation of two chromophores in a clockwise direction, leading to a
positive first CE.

2.4.1. Optical Sensor Based on ECCD

Many optical sensors based on the principle of ECCD have been published, by the

26-28,40,41

Canary group, and others.*”* The characteristic couplets seen in these analyses

have allowed researchers to determine the absolute configuration and ee values for chiral

analytes with a broad range of functional groups: a-amino acids, f-amino alcohols, and

primary amines.
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The Canary group typically begins by derivatizing the analyte of interest with

quinoline chromophores to create a chiral ligand. This ligand is then complexed to a

metal center, often Cu" or Zn". The complex formation accentuates the helical twist of

the compound, and brings the chromophores into close proximity, allowing ECCD to take

place. The analyte stereocenter is responsible for the formed helicity, and enantiospecific

CD spectra are obtained.

To illustrate this approach, the example of absolute

configuration determination for o-amino acids by the Canary group is presented in

Scheme 2.7.2 The D-enantiomer of the amino acid induces a left-handed helix with a

clockwise arrangement of the chromophores, leading to the formation of a positive

ECCD couplet. The opposite is true for the L-enantiomer of the amino acid guest.
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Scheme 2.7. Derivatization protocol of the Canary group for absolute configuration
assignment for chiral amino acids.
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This method reported by the Canary group was rather effective in its ability to
rapidly assess the absolute configuration of the amino acid guest under study. Calibration
curves were constructed that showed a linear correlation between the magnitude of the
CD signal and the ee value of the guest. Determination of ee of truly unknown samples
was not studied, but it can be inferred that this could have been achieved. One severely
limiting drawback is that the analyte must be derivatized in order for the analysis to be
performed. This requirement adds an additional step to the analysis, and irreversibly
alters the structure of the guest. This may not be a detriment to analysis of naturally
occurring amino acids, but one could imagine this is undesirable for a more synthetically

challenging analyte.
2.4.2. Design Criteria

The new approach, in collaboration with the Canary group, involves complexation
of an achiral [(BQPA)Cu"(ClO,),] host 2.34 with chiral carboxylic acid guests. The host
is formally achiral, however it is expected to rapidly interconvert between the two
different helices at room temperature, as shown in Scheme 2.8A. The chirality of the
guest is expected to be transferred to the host complex upon binding, a phenomenon
noted by Pfeiffer while resolving chiral coordination complexes.”® In the infancy of
coordination chemistry, he observed that chiral properties were adopted by racemic
transition metal complexes when chiral additives were incorporated. The equilibrium
interconverting the enantiomeric metal complexes will be perturbed, leading to
preferential formation of particular diastereomers. Hence, it is possible to resolve the
metal complexes in this fashion. This scenario is expected when a chiral carboxylic acid
guest binds to the metal center of the host, with a particular guest stereocenter biasing one

of the helicities (Scheme 2.8B).
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Scheme 2.8. (A) Rapid interconversion between two helical structures. (B) The
equilibrium is towards one of the diastereomers by addition of a chiral
carboxylate guest.

There are two important reasons why host 2.34 was selected for these studies.
First, it is easily and readily synthesized. The host is available in two easy steps from
commercially available materials, minimizing required preparation time. Second, the
carboxylate guest is expected to be accommodated by the empty coordination site on the
trigonal bipyramidol Cu" metal center. The open coordination site is available because
the tripodal tetradentate BQPA ligand occupies four of the five available coordination

sites on the metal center. The remaining site was postulated to contain a molecule of
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solvent to complete the coordination sphere, which could be displaced upon introduction
of a carboxylate guest.

Upon introduction of the chiral analyte to host 2.34, the binding event was
postulated to occur with distortion of the complex geometry. The direction of the helical
distortion should be indicative of the absolute configuration of the chiral analyte. This
should allow the analysis to be performed directly on a substrate without further
modification. Further, binding between the host and guest is expected to occur upon
mixing of these entities. This should allow the CD spectra to be obtained quickly and
easily, and allow for the incorporation of a commercially available interfaced liquid

controlling robot for automation.
2.4.3. X-ray Analysis

Initial experiments sought to determine the geometry about the metal center in the
host complex through x-ray crystallography. X-ray quality crystals were grown, and the
structure for the complex was determined. The structure is shown in Figure 2.7, and
comfirms the hypothesis that the ligand occupies four of the five coordination sites about
the metal center. A molecule of water occupies the vacant coordination site, and is
expected to be displaced by the carboxylate guest. The metal center in this structure
appears to be a square pyramidal geometry, but it is distorted toward trigonal
bipyramidal. The water oxygen and three of the nitrogen atoms occupy the basal plane,
while one quinoline atom is coordinated in the apical position. The geometry in this
crystal is consistent with a similar complex reported by Karlin* for an analogous chloride
complex. Regardless, either of these geometries are capable of giving a conformation

with twisted chromophores and hence give rise to an ECCD spectrum.”
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Figure 2.7. Two different views of copper complex 2.34. Displacement ellipsoids are
scaled to 50% probability, and counterions are omitted for clarity.

The two views provided show that the chromophores are tilted. The solid state
structures switch between the two different helical structures in an achiral C2/c space

group. It is expected that complexation of host 2.34 to a chiral guest will cause a
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preponderance of one of the twists. Hence, a signal in the CD spectrum is expected to

arise from this interaction.

2.44. CD Analysis

In the absence of an external guest, achiral host 2.34 does not give a signal in the
CD spectrum (Figure 2.8A). The carboxylate guests that were chosen for this study were
also CD-silent at wavelengths greater than 230 nm (Figure 2.8B). Additionally, no CD
signals were observed when the guests were added to a solution of Cu(ClO,), in the
desired buffer solution. Therefore, any signal that is observed above 230 nm is a result of
a complex formed between host 2.34 and a chiral carboxylate guest. To this end, the
association between host 2.34 and carboxylic acid 2.32 was studied to determine if
complex formation imparted a helical twist on the complex. The CD spectra were
recorded for each enantiomer of the guest with a two-fold excess relative to the host in a
solution containing HEPES buffer (75% acetonitrile, 25% water) at pH 7.4. At this pH

the dominant guest species is the carboxylate.
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Figure 2.8. (A) Addition of each enantiomer of 2.32 (1.0mM) to a solution containing
2.34 (0.5mM) in buffer. (B) Chemical structures for chiral carboxylate
guests 2.35-2.39.

Analyte incorporation gave rise to a CD couplet that is indicative of ECCD, with
a first Cotton effect (CE) occurring at a 4,,, of 238 nm and a second CE at 227 nm. The
corresponding 4, in the isotropic deep UV spectrum is observed at 233 nm, aligning
with the null in the CD spectrum. This observation is consistent with the classification of
an ECCD couplet. Owing to its larger magnitude, the first CE will be used to represent
the output signal. As demonstrated in Figure 2.8A, the (R)-enantiomer of 2.32 gives rise
to a negative CD couplet, while its (S)-counterpart gave a positive CD couplet of equal
and opposite magnitude. These signals are indicative of P- and M-type helices,
respectively.”’ As mentioned previously, the assignment of exciton chirality involves the
orientation of the transition dipoles for both chromophores. An arc vector is drawn from
the chromophore closest to the reader to the chromophore that is furthest away. This
corresponds to a positive couplet in the ECCD spectrum. Hence, an M-propeller gives
rise to a positive ECCD couplet. As a result of these analyses, the enantiomeric nature of

the complexes formed from the binding of enantiomeric guests was confirmed. The
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direction of the twist in the two quinoline substituents on host 2.34 is determined by the
orientation of the guests attached to the stereocenter of the carboxylate guest.

Titrations were performed independently with both enantiomers of guest 2.32, and
showed a saturation of the CD signal when exogenous guest addition had reached one
equivalent (Figure 2.9). Several attempts were made to quantify this binding process,
but none proved successful. The required dilution of the solutions diminished the CD
signals to the point where noise was too large to maintain an accurate signal. It was
postulated that the size of the groups on the stereocenter would affect the magnitude of
the observed signal. To this end, CD spectra were recorded for complexes formed

between host 2.34 and each enantiomer of all guests used in this study.
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Figure 2.9. Change in CD signal at 238 nm with addition of indicated enantiomer of
2.32.

The spectra recorded for the guests all showed the same saturation of the CD
signal at one equivalent of added guest, meaning that the signal was concentration-

dependent below this threshold. Hence, all analyses were performed with two
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equivalents of the guest relative to the host to obviate this concentration dependence. As
expected, the CD spectra recorded for each guest was unique in its magnitude and shape.
The same positive first CE was observed for all of the homochiral (S)-carboxylate guests
(Figure 2.10), while a negative first CE was observed for the (R)-enantiomers. Two
main differences were observed for these CD spectra: the magnitude of the peaks was
different, as were the shapes of the curves that were recorded. Additionally, each
enantiomer of the same guest rendered a mirror image CD spectrum. Based on the sign
of the first CE, it is possible to assign the absolute configuration of the guest stereocenter.
It was postulated that this differing magnitude and shape of the CD signal could lead to

identity determination of the carboxylate guests using pattern recognition protocols.
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Figure 2.10. CD spectra for (S)-enantiomer of indicated guest (1.0 mM) and host 2.34
(0.5 mM) in buffer.

2.4.5. Analysis of the CD Data

In order to determine the chiral carboxylate identity, a technique called linear

d 52,53

discriminant analysis (LDA) was use This statistical analysis method aims to
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minimize the separation between points within an analyte class, while maximizing the
distance between the different classes of analytes. To achieve this goal, the program
creates linear algebraic functions with the data that has been input. This technique is
referred to as “supervised,” since the classification of each data point is known prior to
analysis. For this analysis, five different samples were made and analyzed for each
enantiomer of each guest. These samples contained two equivalents of the guest relative
to the host, and made up a sample set of 70 different members. The input data were the
CD signals observed between 235 and 265 nm, and were broken down into 1 nm
increments. These wavelengths were selected as they represent the portion of the
spectrum that has the greatest change upon guest addition. Shorter wavelengths were
omitted since they overlapped to a small extent with some of the carboxylate guests used
in this study.

The LDA plot recorded for this data set is shown in Figure 2.11, and generally
shows good discrimination of the carboxylate guests studied. The only exception was
some overlap between guests 2.33 and 2.36. The greatest amount of differentiation in the
dataset occurs along the F1 axis, and represents the absolute configuration of the
stereocenter of the guest. The homochiral (§)-enantiomers show up on the positive side
of the plot, while the corresponding (R)-enantiomers are on the negative side. The
distance from the axis along F1 signifies the magnitude of the CD spectra, with the
largest magnitude species falling the furthest from the origin. Reflection through the
origin of one enantiomer of a guest gives the other enantiomer. The F2 axis represents
the second largest axis of variation, though much smaller than the variance represented
by the F1 axis. The separation along this axis has been postulated to be the shape of the

spectra, since there are regions where some of the spectra cross.
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Figure 2.11. Two-dimensional LDA plot showing the response of each carboxylate
guest.

The predictive power of this plot can be assessed using a jack-knife analysis.
This leave-one-out analysis technique operates by omitting a single data point among the
dataset. In the absence of this point a new set of functions is created, and then the
omitted point is assigned to a group based on these new functions. This analysis is
repeated for each data point, and the percent of correctly assigned points is calculated.
The validity of the plot is determined by the correct assignment of each data point. This
cross-validation technique helps to remove any bias that may be associated with the
supervision of the data. The LDA plot depicted in Figure 2.11 had a jack-knife analysis
of 98.25%, demonstrating a very successful identity assignment amongst the carboxylate
guests.

In order to understand the helicity and magnitude of the CD spectrum, a model

was created for the host:guest complex. A greater twist between the quinoline
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chromophores gives rise to a larger observed signal. A Newman-style projection was
created for the complex formed with guest 2.32, looking down the copper to tertiary
nitrogen bond (Figure 2.12). This situation is the reverse of the picture that is shown in
the crystal structure in Figure 2.7B. Representing the complex in this fashion allows for
visualization of the propeller twist easily. In the front of the projection are the substituent
groups attached to the stereocenter of the carboxylate guest that is bound to the copper

metal center.

Q i

Ph\

O C;I

(R) -2.32 (5)-2.32

Figure 2.12. Newman-type projections for host 2.34 with each enantiomer of 2.32 guest,
with the M-propeller giving a (+) chirality for the orientation of the
electronic dipole moments of the quinoline chromophores.

A rationalization of the CD spectra using the Newman-style models was
constructed as follows. Without the addition of a chiral guest, the complex exists as two
propeller-like conformations that are enantiomers of each other. The propeller of note is
formed by the planes of the heterocyclic quinoline and pyridine groups. Formation of the
complex causes steric strain between these same heterocycles and the added carboxylate

guest. In order to avoid this strain, the smallest group on the stereocenter is directed
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between the quinoline groups. The medium and large groups are directed toward the
chromophoric species, and bias the formation of a specific propeller conformation. The
direction of the twist is dictated by the orientation of the groups on the stereocenter.
Thus, the (S)-enantiomer of the twist promotes the M-type propeller and the (R)-
enantiomer of the guest leads to formation of the P-type propeller. Like all models
created for molecular interactions, there are certain caveats that one must consider. This
model conveys a static picture of an interaction that is undoubtedly dynamic. It is likely
that there are several conformations of the molecule that lead to the output CD signal.
These conformations average out to the spectra that are observed for each of the
enantiomers of this substrate. This model is unfortunately lacking sufficient solid state
evidence, as all attemps to grow x-ray suitable crystals proved fruitless. Nevertheless,
this model accurately predicts the preferential twist formed by the homochiral
carboxylate guests. It is likely that the intensity of the CD spectrum is determined by
several competing factors, though the dominant role is likely played by the steric
interaction between the quinoline chromophores and the groups attached to the
stereocenter.

The scope of the analysis was expanded to new guests in order to test the effect
that the steric size of the substituents on the stereocenter has on the sign and magnitude of
the signal. Thus, carboxylic acids 2.39 and 2.40 were obtained and applied to this assay
(Figure 2.13A). Carboxylic acid 2.39 was particularly attractive owing to its similarity
to guest 2.33, differing only by the size of the alkyl group on the stereocenter. The
homochiral enantiomers of these species are assigned the same stereochemical
descriptors for their molecular orientation in space, as denoted by the Cahn-Ingold-Prelog
(CIP) rules.”* Excluding the carboxylate substituent on the stereocenter that is bound to

the metal, the bromine substituent gets the highest priority in numbering. The bromine is
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followed in priority by the alkyl group, and the hydrogen substituent has the lowest
priority. For carboxylate guest 2.33 the group steric size follows these CIP rules. When
considering the newly studied guest 2.39, group size does not match up with the CIP
rules. In this case, the isopropyl substituent is expected to be larger than the bromine
substituent, though the bromine retains the priority in numbering. Indeed, the CD
spectrum recorded for (R)-2.39 shows a positive first CE (Figure 2.13B). The same
trend was observed for guest 2.40, as the (R)-enantiomer also gave rise to a positive CD
couplet. This is opposite the signal recorded for the homochiral (R)-2.32 guest. These
observations provide evidence for the steric model that has been proposed here. The
focus of this work then shifted to the magnitude of the signals that arise from this

complex formation.
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Figure 2.13. (A) Chemical structures for additional guests applied to this study. (B) CD
spectra recorded for the indicated guests (1.0 mM) and the host (0.5 mM) in
buffer.

Taft steric parameters have been applied in order to understand the effect that

group steric size has on the observed CD signals. In his work, Taft attempted to quantify
96



the size of substituent groups using a linear free energy relationship.”® The reference
reaction that he chose was the acid-catalyzed hydrolysis of a methyl ester to its parent
carboxylic acid. Comparing the rate of hydrolysis observed for the substrate of interest to
that of a reference reaction with a hydrogen substituent allowed for designation of the
steric size of a group (Figure 2.14). This parameter was defined by Taft as Eq. Taft
chose the acid-catalyzed pathway in in order to selectively study the steric effects in the
absence of overwhelming electronic contributions. He believed the acid-catalyzed
pathway to be freer of electronic considerations because of the similar charge state of the
species. In other words, the rate-determining step of nucleophilic addition to the
carbonyl proceeds without affecting the charge state of the molecule being studied. The
extra size of the proton is assumed to be negligible, since it is present in both structures.
The base-catalyzed pathway forms a molecule with a negative charge from a neutral
starting material. This pathway is expected to be much more susceptible to these

aforementioned competing electronic effects.
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Figure 2.14. A) Acid-catalyzed ester hydrolysis used by Taft to quantify steric size. B)
Equation used to calculate Taft parameter E. C) Taft parameters for
selected substituent groups.

The relative sizes of the substituent groups were used to understand the magnitude

of the observed signal, since steric factors were found to play an important role. It is
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expected that the largest group on the stereocenter, without considering the carboxylate,
will be directed toward the pyridine ring. This orientation will help to relieve steric
strain, and a less pronounced effect will arise from this group. In the proposed model, the
twist will be primarily dictated by the small and medium groups attached to the
stereocenter. These groups are expected to have more interaction with the quinoline
chromophores as a result of this placement.

Only a subset of the guests that were analyzed with host 2.34 were selected to be
analyzed with the Taft parameters. These guests, 2.32, 2.33, 2.36, 2.39, and 2.40, were
chosen because the Eg values for relevant substituents on the stereocenter had been
previously reported. The difference between the Eg values for the medium and small
groups was computed and subsequently plotted against the magnitude of the observed CD
signal for the (S)-enantiomer of the guests. This plot is shown in Figure 2.15. Of note,
the difference in Eg values was expressed as a negative value for guests 2.39 and 2.40,
since the orientation of these groups is opposite of the others. The resultant plot shows a
linear correlation between observed CD signal and ee value, validating the hypothesis
that the magnitude of the signal is related directly to the steric size of the substituent
groups on the stereocenter. Another noteworthy feature of this graph is the overlap
observed between 2.32, and 2.36. These two carboxylates gave similar CD signal
magnitudes and shapes, and were not fully differentiated previously by the LDA analysis.
This explanation of the overlap of these two guests provided evidence that this model is

an accurate representation of the complex that was formed.
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Figure 2.15. Graph of the CD signal for the (S)-enantiomer of indicated guest as a
function of the difference in the Eg values of the medium and small groups.

2.4.6. Determination of Unknown ee Values

Following differentiation of carboxylate guest identity and understanding of the
size and magnitude of the observed CD signals, the focus of the study turned to
determination of the ee values for truly unknown samples. In order to realize this goal,
calibration curves were created for three carboxylate guests selected for study. These
three guests, 2.32, 2.36, and 2.38, were selected because their CD signals cover a broad
range of amplitudes. The calibration curve values for ee vary between 100% and -100%,
and were calculated using [([R]-[S])/([R]+[S])] x 100. Hence, an ee value of 100%
corresponds to a sample containing only the (R)-enantiomer. In order to maintain
concentration independence for a saturated signal, two equivalents of the carboxylate
guest were again added with respect to the host.

A representative example of a calibration curve, which was generated for guest
2.32, is shown in Figure 2.16. A linear regression was carried out, in order to find a

best-fit line for the data. The equation for this line correlates the observed CD signal
99



with the ee value of the sample, and the plot displayed an R* = 0.99. Eight solutions of
unknown ee values were prepared for each carboxylate, independent of the samples that

had been applied to the calibration curves.
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Figure 2.16. CD signal at 238 nm for a solution containing 2.32 (1.0 mM) and host 2.34
(0.5 mM) in buffer as a function of ee.

The CD signal for each sample was measured, and the signal at 238 nm was used
to determine the ee by applying the equation found by the linear regression. The
summary of the average values obtained for each guest are illustrated in Table 2.1. The
average absolute error is herein defined as the difference between the actual and
calculated values. The observed error indeed varies according to the difference in
amplitude between the guest enantiomers, with the largest magnitude guest giving the
lowest error. However, in reality there was no significant difference between the guests
with the largest magnitude and those with the smallest. The average error across the
entire suite of guest samples was calculated to be + 3.0%. This error value is well within

the range of acceptable errors for HTS .
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Guest | Average Error (%) | ACD,, (mdeg)

2.32 3.2 68.8
2.36 4.1 25.3
2.38 1.8 200.8

Table 2.1. Errors for the ee calculations of unknown guests related to the difference in
their CD signal magnitude.

2.5. CONCLUDING REMARKS

The method described in this chapter utilizes the principles of ECCD in order to
rapidly assess the absolute configuration of chiral carboxylates. Mirror image spectra
were observed for each enantiomeric carboxylate, indicating that their complexes with
2.34 were enantiomers of each other. Both the magnitude and the shape of the measured
CD signal allowed the identities of each of the carboxylate guests to be uncovered by the
pattern recognition protocol known as LDA. Further, calibration curves were generated
for a suite of guests by varying the ee values for known samples. The curve for each
guest was then applied to a series of unknown samples of that particular guest, and the
best-fit line equation was used to relate this signal to an ee value. An average error for
this assignment was calculated to be 3.0%. The host applied to this analysis can be easily
synthesized from commercially available starting materials, and no further treatment of
analytes is required. Based on the success of this system, its application to other types of

systems will be presented in further detail in the next chapter.
2.6. EXPERIMENTAL

2.6.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used as

received. Amino acid 2.19, Cu(CIlO,),, indicators 2.24-2.31, and guests 2.32, 2.33, and
101



2.35-2.40 were purchased from Sigma Aldrich. Bromomethyl quinoline 2.20, and guests
235, and 2.36 were purchased from TCI. Circular dichroism measurements were
preformed at 25°C on a JASCO J-815 spectropolarimeter, using a Starna Type 21 1-cm
quartz cuvette. The program used to carry out linear discriminant analysis (LDA) was

XLSTAT 2011.

2.6.2. Host Synthesis

BQPA was prepared according to literature procedure’” and dissolved (0.196g, 0.5
mmol) in 10 mL dry MeOH. To this stirred solution, Cu(ClO,), (0.185g, 0.5 mmol)
dissolved in 5 mL dry MeOH was added dropwise. This green solution was stirred for 10
mins. A light blue precipitate formed upon addition of Et,0 (45 mL). This suspension
was stirred for 1 hour, and the precipitate was subsequently collected by vacuum
filtration. A total of 0.234 g product were collected, for an isolated yield of 71.9%. ESI
MS: m/z 453.33 (Cu’'BQPA); calculated 453.11.

2.6.3. X-ray Structure of 2.34

2.6.3.1. Experimental Details

Crystals grew as large, blue needles by slow evaporation from methanol. The
data crystal was cut from a larger crystal and had the approximate dimensions: 0.22 x
0.20 x 0.18 mm. The data were collected on a Nonius Kappa CCD diffractometer using a
graphite monochromator with MoKa radiation (A = 0.71073A). A total of 581 frames of
data were collected using w-scans with a scan range of 1° and a counting time of 97
seconds per frame. The data were collected at 153 K using an Oxford Cryostream low
temperature device. Details of crystal data, data collection and structure refinement are
listed in Table 1. Data reduction were performed using DENZO-SMN.”® The structure

was solved by direct methods using SIR97* and refined by full-matrix least-squares on
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F2 with anisotropic displacement parameters for the non-H atoms using SHELXL-97.
The hydrogen atoms on carbon were calculated in ideal positions with isotropic
displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl
hydrogen atoms). The hydrogen atoms on the full occupancy water molecules were
located in a AF map. Their bond lengths were idealized and their positions were refined
riding on the oxygen atom.

One of the perchlorate anions was disordered. The disorder resulted from a
rotation about one of the O-CI bonds and involved three of the four oxygen atoms of the
group. The disorder was modeled by assigning the variable x to the site occupancy of
one group of atoms, O6, O7 and O8, and (1-x) to the site occupancy of the alternate
group of atoms, O6a, O7a and O8a. A common isotropic displacement parameter was
refined for these atoms while refining x. The geometry of the perchlorate ions was
restrained to be equivalent throughout the refinement process. In this way the site
occupancy factor for the major component of the disorder refined to 52(1)% for atoms
O6a, O7a and O8a.

In addition to the disordered perchlorate ion, a molecule of water, O3w, was
disordered across a crystallographic two-fold rotation axis at 1/2,y, 1/4. The hydrogen
atoms on this molecule were not included in the refinement model.

The function, Sw(IFol? - IF.2)2, was minimized, where w = 1/[(0(Fo))? +
(0.0639*%P)2 + (4.0351*P)] and P = (IF,|2 + 2IFI?)/3. Ry(F?) refined to 0.123, with R(F)
equal to 0.0559 and a goodness of fit, S, = 1.37. Definitions used for calculating
R(F),Rw(F2) and the goodness of fit, S, are given below. The data were checked for
secondary extinction but no correction was necessary. Neutral atom scattering factors
and values used to calculate the linear absorption coefficient are from the International

Tables for X-ray Crystallography (1992).  All figures were generated using
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SHELXTL/PC. Tables of positional and thermal parameters, bond lengths and angles,

torsion angles and figures are found elsewhere.

2.6.3.2. Crystal Parameters

The following tables detail many important characteristics of the solved crystal

structure.

Table 2.2. Crystal data and refinement for 2.34.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.49°
Absorption correction

Max. and min. transmission

C26 H27 CI2 Cu N4 010.50
697.96

153(2) K

0.71069 A

Monoclinic

C2/c

a=27.5602(15) A a=90°.
b =15.0350(9) A b= 116.196(3)°.
¢ =152552(10) A g=90°.
5672.0(6) A3

8

1.635 Mg/m3

1.026 mm-!

2864

0.22x0.20x 0.18 mm

2.98 to 27.49°.

-35<=h<=35, -19<=k<=19, -19<=1<=19
12477

6475 [R(int) = 0.0499]

99.4 %

Semi-empirical from equivalents
1.00 and 0.780
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Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6475 /268 /426
Goodness-of-fit on F2 1.256

Final R indices [I>2sigma()] R1=0.0559,wR2 =0.1234
R indices (all data) R1=0.1044, wR2 =0.1488
Largest diff. peak and hole 0.614 and -0.498 e.A-3

Table 2.3. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 1. U(eq) is defined as one third of the trace of
the orthogonalized Uf tensor.

X y z U(eq)
Cul 6470(1) 7709(1) 1957(1) 27(1)
NI 5669(1) 8286(2) 1599(2) 27(1)
N2 6054(1) 6527(2) 1686(2) 30(1)
N3 6624(1) 7397(2) 3337(2) 26(1)
N4 6307(1) 7629(2) 560(2) 29(1)
Cll 7480(1) 5888(1) 1442(1) 35(1)
01 7293(1) 6574(2) 1870(2) 40(1)
02 7281(2) 6040(2) 429(2) 74(1)
03 8056(1) 5851(2) 1912(2) 53(1)
04 7277(1) 5041(2) 1592(2) 54(1)
C12 5681(1) 3744(1) 1097(1) 43(1)
05 5678(1) 4064(2) 213(2) 63(1)
06 5611(4) 4410(6) 1665(6) 88(4)
07 5251(3) 3093(5) 831(7) 55(3)
08 6179(3) 3263(6) 1639(5) 74(3)
O6A 5374(3) 4383(5) 1370(7) 95(4)
O7A 5447(4) 2908(4) 988(6) 61(3)
O8A 6225(2) 3790(6) 1835(5) 84(3)
OlW 7088(1) 8557(2) 2243(2) 37(1)
02W 7809(1) 8655(3) 1543(2) 73(1)
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03W 4780(4) 5171(6) 2156(9) 111(4)

Cl1 5492(2) 9155(2) 1468(2) 27(1)
C2 5855(2) 9848(3) 1576(3) 32(1)
c3 5686(2) 10715(3) 1459(3) 38(1)
C4 5146(2) 10920(3) 1232(3) 44(1)
cs 4791(2) 10258(3) 1119(3) 41(1)
Cé6 4947(2) 9361(3) 1230(3) 32(1)
C7 4587(2) 8651(3) 1083(3) 37(1)
C8 4764(2) 7800(3) 1191(3) 33(1)
C9 5318(2) 7640(3) 1463(3) 28(1)
C10 5516(2) 6694(3) 1671(3) 33(1)
Cl1 6394(2) 5967(3) 2541(3) 33(1)
C12 6566(2) 6527(3) 3448(3) 29(1)
C13 6653(2) 6150(3) 4347(3) 38(1)
Cl4 6784(2) 6687(3) 5140(3) 36(1)
C15 6830(2) 7609(3) 5047(3) 31(1)
Cl16 6955(2) 8198(3) 5840(3) 40(1)
Cl17 6999(2) 9088(3) 5725(3) 39(1)
C18 6910(2) 9428(3) 4807(3) 33(1)
Cl19 6780(2) 8876(3) 4021(3) 29(1)
C20 6749(1) 7956(3) 4127(3) 28(1)
c21 6003(2) 6159(3) 744(3) 34(1)
22 6056(2) 6874(3) 112(3) 33(1)
23 5877(2) 6760(3) -886(3) 44(1)
C24 5964(2) 7416(3) -1423(3) 48(1)
C25 6230(2) 8185(3) -964(3) 42(1)
C26 6388(2) 8272(3) 23(3) 34(1)

Table 2.4. Bond lengths [A] and angles [°] for 2.34.

Cul-N4 1.978(3) C23-H23 0.95 C7-C6-C1 118.0(4)
Cul-N3 2.011(3) C24-C25 1.382(7) C8-C7-C6 120.5(4)
Cul-O1W  2.015(3) C24-H24 0.95 C8-C7-H7 119.8
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Cul-N2
Cul-N1
N1-C9
N1-C1
N2-C21
N2-Cl11
N2-C10
N3-C12
N3-C20
N4-C26
N4-C22
Cl1-02

Cl1-03

Cl1-01
Cl1-04

CI2-O7A
CI2-06
CI2-O8A

CI2-05

CI12-08
C12-07
CI2-O6A
O1W-HIWA
O1W-HIWB
O2W-H2WA

O2W-H2WB

O3W-
O3W#l1

C1-C2
C1-Cé
C2-C3
C2-H2
C3-C4
C3-H3
C4-C5
C4-H4
C5-Cé6
C5-H5

2.056(3)
2.205(3)
1.321(5)
1.378(5)
1.487(5)
1.487(5)
1.493(5)
1.338(5)
1.382(5)
1.346(5)
1.348(5)
1.412(3)

1.425(3)

1.433(3)
1.448(3)

1.389(5)
1.392(5)
1.426(5)

1.428(3)

1.446(5)
1.451(5)
1.457(5)
0.8
0.8
0.8
0.8

1.20(2)

1.404(5)
1.415(5)
1.369(6)
0.95
1.405(6)
0.95
1.353(6)
0.95
1.404(6)
0.95

C25-C26
C25-H25
C26-H26
N4-Cul-N3
N4-Cul-O1W
N3-Cul-O1W
N4-Cul-N2
N3-Cul-N2
O1W-Cul-N2
N4-Cul-N1
N3-Cul-N1
O1W-Cul-N1

N2-Cul-N1

C9-N1-C1
C9-N1-Cul

CI-N1-Cul
C21-N2-Cl11
C21-N2-C10

C11-N2-C10

C21-N2-Cul
C11-N2-Cul
C10-N2-Cul
C12-N3-C20
C12-N3-Cul
C20-N3-Cul
C26-N4-C22

C26-N4-Cul

C22-N4-Cul
02-Cl11-03
02-Cl11-01
03-Cl11-01
02-Cl11-04
03-Cl11-04
01-Cl11-04
O7A-CI2-O8A
O7A-CI2-05
06-Cl12-05

1.377(5)
0.95

0.95
163.09(13)
92.29(12)
98.79(11)
83.71(13)
81.38(12)
159.03(12)
91.75(12)
94.36(11)
117.57(11)

83.20(12)

119.1(3)
109.5(2)

131.3(2)
113.0(3)
112.2(3)

110.3(3)

108.8(2)
103.5(2)
108.6(2)
118.8(3)
112.2(2)
128.93)
118.8(3)

126.3(3)

114.8(3)
111.52)
109.71(18)
110.15(18)
108.9(2)
107.97(19)
108.60(17)
114.1(4)
112.6(4)
113.7(4)
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C6-C7-H7
C7-C8-C9
C7-C8-H8
C9-C8-H8
N1-C9-C8
N1-C9-C10
C8-C9-C10
N2-C10-C9
N2-C10-H10A
C9-C10-H10A
N2-C10-H10B

C9-C10-H10B

HI10A-C10-
H10B

N2-C11-C12

N2-C11-H11A

C12-Cl11-
HI1A

N2-C11-H11B

C12-Cl11-
HI1B
HI1A-C11-
HI11B

N3-C12-C13

N3-C12-C11

C13-C12-Cl11
C14-C13-C12
C14-C13-H13
C12-C13-H13
C13-C14-C15

C13-C14-H14

C15-C14-H14
C14-C15-C16
C14-C15-C20
C16-C15-C20
C17-Cl16-C15
C17-Cl16-H16
C15-Cl16-H16
C16-C17-C18
Cl16-C17-H17
C18-C17-H17

119.8
118.8(4)
120.6
120.6
122.8(4)
119.3(3)
117.83)
115.33)
108.4
108.4
108.4
108.4

107.5

108.03)
110.1

110.1
110.1
110.1

108.4

122.7(4)
115.93)
121.3(4)
119.5(4)
120.3

120.3

119.6(4)

120.2

120.2
122.0(4)
118.7(4)
119.3(4)
120.5(4)
119.8
119.8
119.9(4)
120
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Co6-C7
C7-C8
C7-H7
C8-C9
C8-H8
C9-C10
C10-H10A
C10-H10B
Cl11-C12
Cl1-H11A
Cl11-H11B

C12-C13

C13-C14

C13-H13

C14-C15

Cl14-H14
C15-Cl6
C15-C20
Cl16-C17
Cl6-H16
C17-C18
C17-H17
C18-C19
C18-H18
C19-C20
C19-H19
C21-C22
C21-H21A
C21-H21B
C22-C23
C23-C24

1.407(6)
1.352(6)
0.95
1.415(5)
0.95
1.507(5)
0.99
0.99
1.507(5)
0.99
0.99

1.403(5)
1.364(6)
0.95

1.405(6)

0.95
1.413(6)
1.419(5)
1.362(6)
0.95
1.406(5)
0.95
1.369(5)
0.95
1.400(5)
0.95
1.495(6)
0.99
0.99
1.387(5)
1.370(6)

O8A-CI2-05
06-CI12-08
05-Cl12-08
06-C12-07
05-C12-07
08-C12-07
O7A-CI2-O6A
O8A-CI2-O6A
05-C12-0O6A

107.2(4)
111.1(4)
108.5(3)
109.8(4)
107.5(4)
105.9(4)
109.4(4)
106.5(4)
106.6(4)

Cul-O1W-HIWA 1222

Cul-O1W-H1WB

HIWA-OI1W-
HIWB
H2WA-O2W-
H2WB

NI1-C1-C2

N1-C1-Cé

C2-C1-Cé
C3-C2-C1
C3-C2-H2
C1-C2-H2
C2-C3-C4
C2-C3-H3
C4-C3-H3
C5-C4-C3
C5-C4-H4
C3-C4-H4
C4-C5-Cé6
C4-C5-H5
C6-C5-H5
C5-Co6-C7
C5-Co6-Cl1

124.2
111.5

103
119.93)

120.8(3)

119.3(3)
120.5(4)
119.8
119.8
120.2(4)
119.9
119.9
119.9(4)
120

120
121.7(4)
119.2
119.2
123.6(4)
118.4(4)

C19-C18-C17
C19-C18-H18
C17-C18-H18
C18-C19-C20
C18-C19-H19
C20-C19-H19
N3-C20-C19

N3-C20-C15

C19-C20-C15
N2-C21-C22

N2-C21-H21A

C22-C21-
H21A

N2-C21-H21B

C22-C21-
H21B
H21A-C21-
H21B

N4-C22-C23

N4-C22-C21

C23-C22-C21
C24-C23-C22
C24-C23-H23
C22-C23-H23
C23-C24-C25
C23-C24-H24
C25-C24-H24
C26-C25-C24
C26-C25-H25
C24-C25-H25
N4-C26-C25

N4-C26-H26

C25-C26-H26

121.0(4)
119.5
119.5
120.2(4)
119.9
119.9
120.2(3)
120.6(4)
119.1(3)
111.2(3)
109.4

109.4
109.4
109.4
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121.0(4)
116.93)
122.0(4)
119.7(4)
120.1
120.1
119.5(4)
120.3
120.3
118.4(4)
120.8
120.8
122.6(4)
118.7

118.7

Table 2.5. Anisotropic displacement parameters (A2x 103) for 1. The anisotropic

displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U12]
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Ull U22 U33 U23 Ul3 U12
Cul 27(1) 25(1) 27(1) 1(1) 11(1) -1(1)
N1 25(2) 252) 28(2) 2(1) 10(1) 0(1)
N2 31(2) 24(2) 35(2) 2(1) 14(1) 0(1)
N3 21(2) 26(2) 30(2) 0(1) 10(1) 0(1)
N4 28(2) 29(2) 30(2) 1(1) 14(1) 4(1)
cll 36(1) 38(1) 30(1) 2(1) 13(1) 7(1)
o1 40(2) 35(2) 43(2) -4(1) 14(1) 8(1)
02 96(3) 91(3) 34(2) 15(2) 28(2) 41(2)
03 34(2) 63(2) 59(2) 12) 17(2) 42)
04 54(2) 34(2) 77(2) -6(2) 30(2) 0(2)
c2 42(1) 41(1) 40(1) -5(1) 14(1) -7(1)
05 84(3) 47(2) 57(2) 8(2) 30(2) -14(2)
06 76(8) 80(6) 149(8) -69(6) 86(7) -49(5)
07 51(5) 38(5) 69(6) 5(4) 20(4) -10(4)
08 46(5) 131(9) 43(4) 5(5) 19(4) 17(5)
O6A 71(7) 72(6) 171(9) -65(6) 80(6) -40(5)
07A 90(7) 28(4) 68(5) 0(4) 38(5) -13(5)
O8A 58(5) 105(8) 52(5) -14(5) 9(4) 6(5)
01w 38(2) 412) 38(2) -9(1) 23(1) -11(1)
02W 46(2) 133(4) 47(2) -6(2) 27(2) -6(2)
03W 142(11) 72(5) 178(13) -26(6) 123(9) -14(5)
Cl 30(2) 24(2) 23(2) -1(2) 8(2) 3(2)
C2 29(2) 31(2) 30(2) 12) 9(2) 0(2)
c3 41(2) 29(2) 37(2) 0(2) 10(2) 3(2)
C4 56(3) 25(2) 42(3) 42) 15(2) 8(2)
cs 36(2) 36(2) 45(2) 4(2) 13(2) 10(2)
Cé6 31(2) 32(2) 28(2) 0(2) 10(2) 6(2)
C7 24(2) 45(3) 40(2) -1(2) 12(2) 2(2)
C8 29(2) 34(2) 35(2) 0(2) 13(2) 3(2)
C9 28(2) 28(2) 25(2) 2(2) 11Q2) 2(2)
C10 29(2) 27(2) 412) 0(2) 13(2) -6(2)
Cl1 39(2) 27(2) 36(2) 42) 19(2) 5(2)
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c12 27(2) 27(2) 34(2) 2(2) 14(2) 2(2)

C13 38(2) 35(2) 40(2) 10(2) 17(2) 42)
Cl4 37(2) 38(2) 30(2) 11(2) 13(2) 3(2)
Cl15 23(2) 38(2) 31(2) 2(2) 11(2) 2(2)
Cl16 39(2) 53(3) 27(2) 6(2) 13(2) 0(2)
C17 38(2) 46(3) 28(2) -8(2) 10Q2) -12)
C18 29(2) 34(2) 37(2) -4(2) 16(2) 2(2)
Cl19 27(2) 33(2) 30(2) 2(2) 142) 2(2)
C20 20(2) 35(2) 28(2) 0(2) 11(2) 0(2)
c21 37(2) 28(2) 36(2) 2(2) 15(2) 12)
C22 34(2) 30(2) 34(2) 0(2) 15(2) 6(2)
C23 57(3) 34(3) 36(2) -6(2) 17(2) 0(2)
C24 58(3) 55(3) 31(2) -12) 20(2) 13(2)
C25 50(3) 45(3) 39(2) 9(2) 25(2) 6(2)
C26 32(2) 35(2) 36(2) 42) 15(2) 4(2)

Table 2.6. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x

10 3)for 2.34.
X y z U(eq)
HIWA 7286 8512 1987 55
HIWB 7213 8872 2708 55
H2WA 7845 8487 1081 109
H2WB 8107 8611 1979 109
H2 6221 9715 1731 38
H3 5935 11180 1531 46
H4 5031 11523 1158 52
H5 4426 10405 961 49
H7 4217 8769 907 45
HS8 4521 7320 1087 40
HI10A 5537 6519 2312 39
HI10B 5246 6305 1170 39
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HITA 6716 5751 2476 40
HI11B 6186 5444 2580 40
HI13 6621 5526 4402 45
H14 6843 6438 5752 43
H16 7009 7971 6458 48
H17 7089 9478 6263 47
HI18 6940 10049 4731 40
H19 6712 9118 3402 35
H21A 5646 5866 397 41
H21B 6286 5705 875 41
H23 5694 6229 -1195 53
H24 5843 7343 -2106 58
H25 6303 8642 -1320 51
H26 6560 8807 338 41
Table 2.7. Torsion angles [°] for 2.34.
N4-Cul-N1-C9 88.4(2)  Cul-NI1-C1-C2 -0.9(5)  N3-C12-C13-C14  2.4(6)
N3-Cul-N1-C9 -75.8(2) C9-N1-C1-Cé6 2.6(5) C11-C12-C13-C14  -177.0(4)
O1W-Cul-N1-C9 -178.1(2) Cul-N1-C1-C6 179.42) CI12-C13-C14-C15 0.0(6)
N2-Cul-N1-C9 4.9(2) N1-C1-C2-C3 -179.2(3) C13-C14-C15-C16 178.9(4)
N4-Cul-N1-C1 -88.7(3) C6-C1-C2-C3 0.5(5) C13-C14-C15-C20  -1.2(6)
N3-Cul-N1-C1 107.13) CI1-C2-C3-C4 0.2(6) C14-C15-C16-C17  179.8(4)
O1W-Cul-N1-C1 4.8(3) C2-C3-C4-C5 -0.7(6) C20-C15-C16-C17  -0.2(6)
N2-Cul-N1-C1 -172.2(3) (C3-C4-C5-Co6 0.5(6) C15-C16-C17-C18  1.1(6)
N4-Cul-N2-C21 15.3(2) C4-C5-C6-C7 -177.5(4) C16-C17-C18-C19  -0.2(6)
N3-Cul-N2-C21 -156.7(2) C4-C5-C6-Cl 0.2(6) C17-C18-C19-C20  -1.7(6)
O1IW-Cul-N2-C21  -64.6(4) N1-C1-C6-C5 179.1(3) CI12-N3-C20-C19 -176.1(3)
N1-Cul-N2-C21 107.8(2) C2-C1-C6-C5 -0.6(5) Cul-N3-C20-C19 0.1(5)
N4-Cul-N2-C11 135.7(2) N1-C1-C6-C7 -3.1(5) C12-N3-C20-C15 2.0(5)
N3-Cul-N2-C11 -36.3(2) C2-C1-C6-C7 177.2(3)  Cul-N3-C20-C15 178.2(2)
O1IW-Cul-N2-C11  55.8(4) C5-C6-C7-C8 179.2(4) C18-C19-C20-N3 -179.3(3)
N1-Cul-N2-C11 -131.8(2) C1-C6-C7-C8 1.5(6) C18-C19-C20-C15  2.6(5)
N4-Cul-N2-C10 -107.1(2) C6-C7-C8-C9 0.6(6) C14-C15-C20-N3 0.3(5)
N3-Cul-N2-C10 80.9(2) C1-N1-C9-C8 -0.4(5) C16-C15-C20-N3 -179.8(3)
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O1W-Cul-N2-C10  173.03) Cul-N1-C9-C8 -177.93) C14-C15-C20-C19 178.4(4)
N1-Cul-N2-C10 -14.6(2) C1-N1-C9-C10 -175.93) C16-C15-C20-C19 -1.7(5)
N4-Cul-N3-C12 -6.8(5) Cul-N1-C9-C10 6.6(4) C11-N2-C21-C22 -137.1(3)
O1W-Cul-N3-C12  -137.1(2) C7-C8-C9-N1 -1.2(6) C10-N2-C21-C22 97.5(4)
N2-Cul-N3-C12 21.7(2) C7-C8-C9-C10 174.4(4) Cul-N2-C21-C22 -22.7(4)
N1-Cul-N3-C12 104.13) C21-N2-C10-C9 -97.9(4)  C26-N4-C22-C23 -0.8(5)
N4-Cul-N3-C20 176.8(4) C11-N2-C10-C9 135.2(3) Cul-N4-C22-C23 174.6(3)
O1W-Cul-N3-C20 46.4(3) Cul-N2-C10-C9 22.4(4) C26-N4-C22-C21 176.7(3)
N2-Cul-N3-C20 -154.8(3) NI-C9-C10-N2 -20.2(5)  Cul-N4-C22-C21 -7.9(4)
N1-Cul-N3-C20 -72.4(3)  C8-C9-C10-N2 164.13) N2-C21-C22-N4 21.0(5)
N3-Cul-N4-C26 -161.3(4) C21-N2-C11-C12 161.93) N2-C21-C22-C23 -161.5(4)
O1W-Cul-N4-C26  -30.2(3) Cl10-N2-C11-CI12 -71.7(4)  N4-C22-C23-C24 1.3(6)
N2-Cul-N4-C26 170.5(3) Cul-N2-C11-Cl12 44.4(3) C21-C22-C23-C24  -176.2(4)
N1-Cul-N4-C26 87.5(3) C20-N3-C12-C13 -3.3(5) C22-C23-C24-C25 0.0(7)
N3-Cul-N4-C22 23.7(6) Cul-N3-C12-C13 179.83) C23-C24-C25-C26  -1.5(7)
O1W-Cul-N4-C22  154.8(3) C20-N3-C12-Cl11 176.1(3)  C22-N4-C26-C25 -0.8(6)
N2-Cul-N4-C22 -4.5(3) Cul-N3-C12-Cl11 -0.7(4) Cul-N4-C26-C25 -175.6(3)
N1-Cul-N4-C22 -87.5(3) N2-C11-C12-N3 -30.7(4)  C24-C25-C26-N4 2.0(6)
C9-N1-C1-C2 -177.7(3) N2-C11-C12-C13 148.8(3)

Table 2.8. Hydrogen bonds for 1 [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
OIW-HIWA...O2W 0.80 1.86 2.641(4) 167
O2W-H2WA...O2#2 0.80 2.29 2.943(4) 140
O1W-H1WB...04#3 0.80 2.21 2.908(4) 147
O2W-H2WB...08A#3 0.80 1.95 2.727(6) 164
O2W-H2WB...08#3 0.80 2.22 2.999(8) 165

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,-z+1/2  #2 -x+3/2,-y+3/2,-z  #3 -x+3/2,y+1/2,-z+1/2

2.6.4. Buffer Solution

The default buffer solution was prepared by degassing acetonitrile and water via

sonication for 1 hour. 4-(2-hydroxyethyl)-1-piperazineethanesolfonic acid (HEPES,
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4.76g, 20 mmol) was dissolved in acetonitrile:water (3:1, 900 mL). The pH of the
solution was adjusted to 7.4 by addition of NaOH (2M). The solution was filtered, and

subsequently diluted to 1L with additional acetonitrile:water (3:1).
2.6.5. Binding of 2.32

A stock solution of the host was made by dissolving 2.34 (74.58 mg, 0.114 mmol)
in 10 mL default buffer. To prepare the 2.32 stock solutions, the corresponding
enantiomer (7.78 uL, 0.05 mmol) was dissolved to 10 mL with the default buffer. Each
point on the titration was a separate solution, containing host 2.34 (43.78 uL, 0.5 mM)
and the indicated amount of guest (0-2 mM) diluted to 1 mL. The titration was
performed in this manner due to the small volume that the CD cuvette holds (400 uL), as

well as the inability to stir the contents of the cuvette.

2.6.6. Binding of 2.33

Stock solutions of the guest were made by independently dissolving each
enantiomer of 2.33 (4.52 uL, 0.05 mmol) in 10 mL of default buffer. Each point on the
titration was a separate solution, containing host 2.34 (43.78 uL, 0.5 mM) and the
indicated amount of guest (0-2 mM) diluted to 1 mL. The titration was performed in this
manner due to the small volume that the CD cuvette holds (400 uL), as well as the

inability to stir the contents of the cuvette.
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Figure 2.17. Top: CD spectra of host 2.34 (0.5 mM) upon addition of each enantiomer
of 2.33 (0-2 mM) in buffer. Bottom: Change in CD signal at 238 nm
recorded during this titration.

2.6.7. Binding of 2.36

Stock solutions of the guest were made by independently dissolving each
enantiomer of 2.33 (7.0 uL, 0.05 mmol) in 10 mL of default buffer. Each point on the
titration was a separate solution, containing host 2.34 (43.78 uL, 0.5 mM) and the
indicated amount of guest (0-2 mM) diluted to 1 mL. The titration was performed in this
manner due to the small volume that the CD cuvette holds (400 uL), as well as the

inability to stir the contents of the cuvette.
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Figure 2.18. Top: CD spectra of host 2.34 (0.5 mM) upon addition of each enantiomer
of 2.36 (0-2 mM) in buffer. Bottom: Change in CD signal at 238 nm
recorded during this titration.

2.6.8. Binding of 2.38

Stock solutions of the guest were made by independently dissolving either (R)-
2.38 (11.64 mg, 0.051 mmol) or (S)- 2.38 (11.27 mg, 0.049 mmol) in 10 mL of default
buffer. Each point on the titration was a separate solution, containing host 2.34 (43.78
uL, 0.5 mM) and the indicated amount of guest (0-2 mM) diluted to 1 mL. The titration
was performed in this manner due to the small volume that the CD cuvette holds (400

ulL), as well as the inability to stir the contents of the cuvette.
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Figure 2.19. Top: CD spectra of host 2.34 (0.5 mM) upon addition of each enantiomer
of 2.38 (0-2 mM) in buffer. Bottom: Change in CD signal at 238 nm
recorded during this titration.

Stock solutions of the guest were made by independently dissolving each
enantiomer of 2.33 (5.97 uL, 0.05 mmol) in 10 mL of default buffer. Each point on the
titration was a separate solution, containing host 2.34 (43.78 uL, 0.5 mM) and the
indicated amount of guest (0-2 mM) diluted to 1 mL. The titration was performed in this
manner due to the small volume that the CD cuvette holds (400 uL), as well as the

inability to stir the contents of the cuvette.
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Figure 2.20. Top: CD spectra of host 2.34 (0.5 mM) upon addition of each enantiomer
of 2.40 (0-2 mM) in buffer. Bottom: Change in CD signal at 238 nm
recorded during this titration.

2.6.10. Guest Repetitions

A different sample was prepared for each enantiomer of all of the guests that were
studied. The sample was comprised of host 2.34 (0.5 mM) and two equivalents of the
desired guest (1.0 mM), dissolved in 1 mL of the default buffer. After the data had been
collected, the CD values recorded between 235 and 265 nm for each sample were input

into the LDA program to perform the pattern recognition analysis.
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2.6.11. Analysis of Unknown 2.32 Samples

The CD signal at 238 nm was plotted against the known ee value for each sample,
as determined by mixing different amounts of each enantiomer. Two total equivalents of
the 2.32 guest (1.0 mM) were added relative to host 2.34 (0.5 mM). Three replicates
were performed for each ee value to ensure reproducibility. A linear trendline was fit to
the data, and the equation for this line, as well as correlation, are reported on the graph.
The CD spectra for eight unknown samples were recorded at the same concentration of
guest added as in the calibration curve. The ee values for the unknown samples were
then determined by inputing the CD magnitude as the y-value in the best-fit trendline.

The results are displayed in the accompanying table.

40 y =-0.3435x - 0.6245
30 R%=0.9979

-100 -80 -60 -40 -20 0 20 40 60 80 100
ee

Figure 2.21. Graph relating the ee values of samples to the CD signals that were
recorded. A value of 100% corresponds to 100% R, while -100%
corresponds to 100% S.
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Entry | CD at 238 nm (mdeg) | Calc. ee | Actual ee | Error
1 -2.78 6.3 7 0.7%
2 -16.9 473 43 4.3%
3 30.0 -89.1 -85 4.1%
4 6.3 -20.1 -18 2.1%
5 -32.4 925 97 4.5%
6 10.7 -330 -31 2.0%
7 20.8 -62.4 -59 3.4%
8 -27.5 78.3 74 4.3%

Table 2.9. Results of the analysis of the eight unknown samples. The average absolute

error was determined to be 3.2% for these eight samples.

2.6.12. Analysis of Unknown 2.36 Samples

The CD signal at 238 nm was plotted against the known ee value for each sample,
as determined by mixing different amounts of each enantiomer. Two total equivalents of
the 2.36 guest (1.0 mM) were added relative to host 2.34 (0.5 mM). Three replicates
were performed for each ee value to ensure reproducibility. A linear trendline was fit to
the data, and the equation for this line, as well as correlation, are reported on the graph.
The CD spectra for eight unknown samples were recorded at the same concentration of
guest added as in the calibration curve. The ee values for the unknown samples were

then determined by inputing the CD magnitude as the y-value in the best-fit trendline.

The results are displayed in the accompanying table.
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Figure 2.22. Graph relating the ee values of samples to the CD signals that were
recorded. A value of 100% ee corresponds to 100% R, while -100% ee

corresponds to 100% S.

Entry | CD at 238 nm (mdeg) | Calc. ee | Actual ee | Error
1 2.8 -14.2 -19 4 .8%
2 12.6 -86.9 -90 3.1%
3 -7.8 65.1 59 6.1
4 -0.6 114 10 1.4%
5 104 -70.5 -71 0.5%
6 -10.3 83.3 84 0.7%
7 6.2 -39.1 -43 3.9%
8 -04 9.5 22 12.5%

Table 2.10. Results of the analysis of eight unknown samples. The average absolute
error was determined to be 4.1% for these eight samples.
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2.6.13. Analysis of Unknown 2.38 Samples

The CD signal at 238 nm was plotted against the known ee value for each sample,
as determined by mixing different amounts of each enantiomer. Two total equivalents of
the 2.38 guest (1.0 mM) were added relative to host 2.34 (0.5 mM). Three replicates
were performed for each ee value to ensure reproducibility. A linear trendline was fit to
the data, and the equation for this line, as well as correlation, are reported on the graph.
The CD spectra for eight unknown samples were recorded at the same concentration of
guest added as in the calibration curve. The ee values for the unknown samples were
then determined by inputing the CD magnitude as the y-value in the best-fit trendline.

The results are displayed in the accompanying table.

y=-1.0632x + 1.076
90 R?=0.99929

-100 -80 -60 -40 -20 0 20 40 60 80 100
ee

Figure 2.23. Graph relating the ee values of samples to the CD signals that were
recorded. A value of 100% ee corresponds to 100% R, while -100% ee
corresponds to 100% S.
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Entry | CD at 238 nm (mdeg) | Calc. ee | Actual ee | Error
1 89.2 -82.9 -88 51%
2 -27.1 26.5 27 0.5%
3 345 314 -31 0.4%
4 17.0 -150 -12 3.0%
5 -92.5 88.0 92.0 4.0%
6 -3.1 39 4 0.1%
7 -65.1 62.2 63.0 0.8%
8 52.8 -48.7 -49 0.3%

Table 2.11. Results of the analysis of eight unknown samples. The average absolute

error was determined to be 4.1% for these eight samples.
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Chapter 3: Applications of The Copper(Il)-Based Host to Amino Acid
Differentiation and Synthetic Methodology Developement

3.1. INTRODUCTION

The above research demonstrated the application of an achiral copper(Il)
containing complex to the ee determination of chiral carboxylic acids. Further, and
perhaps more unexpected, this host served as a means to differentiate the identity of
substrates through pattern recognition. This differentiation was achieved as a result of
different shapes and magnitudes of the CD signals caused by the various groups attached
to the stereocenter. After establishing this method for simple carboxylic acids, the focus
of the research was shifted towards biologically relevant amino acids. The naturally
occurring o-amino acids are the building blocks for peptides and proteins,' and serve as
chiral starting marerials for a variety of catalytic transformations and syntheses.” They
are particularly interesting synthetic targets since only the L-enantiomer of the a-amino
acids is commercially available. This means that the D-enantiomer of a-amino acids, and
both enantiomers of 3-amino acids must be prepared synthetically.’*

Addition of a single methylene unit between the carboxylate and amine termini of
an o-amino acid gives rise to what is known as a 3-amino acid. As can be imagined, the
addition of the extra methylene gives two different carbon atoms that may serve as
stereocenters. When the carbon closest to the carboxylic acid terminus is a stereocenter
the amino acid is known as a B*-amino acid (Scheme 3.1). Alternatively, when the
stereocenter is closest the amine terminus, this amino acid is known as a [33—amino acid.’
When the ’-amino acid has the same side chain as its a-amino acid counterpart it is
known as a f-homoamino acid. To this end, *-leucine will be herein referred to as f3-

homoleucine.
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Scheme 3.1. Structures of a- and B-amino acids.

Historically, P-amino acids have received a very limited amount of research
interest because they occur rarely in nature. But, much recent effort has been given to
incorporating them into peptides. The resultant 3-peptides and mixed o/f-peptides have
shown very unique properties and structural features.”'® Although significant effort has
been directed toward differentiating o-amino acids, a literature search turned up no
published reports for differentiating [3-amino acids. It is therefore desirable to extend
these methods so that they further encompass [3-homoamino acids.

Several methods that have been reported to differentiate a-amino acids rely on
indicator displacement assays (IDAs).""'® Recognition units known to interact with side
chains of the amino acids are commonly included in order to enhance specificity of the
receptor to the host structure. One such example differentiating hydrophobic amino acids
was published by the Anslyn group.”” The successful application of a copper(Il)-based
host allowed for each of the target guests to be well separated with excellent
chemoselectivity.

A sensing system was constructed by Buryak and Severin from a variety of
commercially available pH indicators and metal complexes (Scheme 3.2)."* Initially, the
amino acid guests were classified into groups based on their affinity for a rhodium(III)-
centered host. The guests within these groups were then subjected to a series of IDAs at
different pH values and with different indicators. It was observed that the response seen

in the UV spectrum was unique for each of the amino acid guests at differing pH values
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of the host-indicator complexes. Application of the pattern recognition protocol linear
discriminant analysis (LDA) gave good differentiation of each amino acid within each
affinity group. In this study, good differentiation was observed between the amino acid
guests considered in this study. The researchers, however, did not explore

enantioselective discrimination.

O._ _OH
Cl
h Rh
N >N o) o)
. Cl | OH
Cl
3.1 3.2
O SO3Na AN

R= CH2N(CH2002N3.)2 0]
33 34

Scheme 3.2. Components for differentiation of amino acids by an IDA: rhodium host
3.1, indicators gallocyanine (3.2) xylenol orange (3.3), and calcein blue
3.4).

3.2. DESIGN CRITERIA FOR AMINO ACID RECOGNITION

The approach under discussion makes use of the same achiral copper(Il)-
containing host 2.34 that was used in the previous studies. This host has been identified
as an ECCD sensor to rapidly assess the ee and identity of chiral carboxylic acids.'” Each
enantiomer of guest gave rise to an ECCD couplet, and the spectra observed for a pair of

enantiomers were equal and opposite. In specific, the (R)-enantiomer of the simple
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carboxylic acids gave a negative couplet. This is indicative of a P-type or right-handed
helix. The opposite trend was observed with the (S)-enantiomer, whose positive couplet
indicated an M-type or left-handed helix. This strategy has been applied to a variety of
assays to give enantiodiscrimination of a wide variety of guest structures.'> As noted in
Chapter 2, it is expected that 2.34 will rapidly interconvert between the P and M helices

in solution. This trend has been observed for several other similar molecules.***

3.2.1. Boc-Protected a-Amino Acids

Initial studies undertaken were aimed at recording CD spectra for solutions
containing various mixtures of host 2.34 and each enantiomer of the a-amino acid guest
Boc-protected proline. These spectra are reported in Figure 3.1. As reported previously,
the host showed no CD signals in the absence of chiral analytes. This observation
confirms that the host rapidly interconverts between the two helices in solution, giving
rise to a racemic mixture of these helices. Additionally, neither enantiomer of the guest
gave CD signals above 230 nm. No signals were observed with the guests and
Cu(Cl0O,),, confirming that any observed signals are a result of chiral complex formation
between host 2.34 and the Boc-protected proline guest. The CD spectra were taken for
solutions containing host 2.34 and two equivalents of either enantiomer of the proline
guest. To ensure that the carboxylate was the major species present in solution, the 75%
acetonitrile and 25% water solvent was buffered to a pH of 7.4 with 20 mM 4-(2-
hydroxyethyl)-1-piperizineethanesulfonic acid (HEPES). The deprotonated carboxylate
anion is expected to have enhanced binding with the copper(I) metal center of the host

species relative to the binding of a neutral carboxylic acid.
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Figure 3.1. CD spectrum of host 2.34 (0.5 mM) with indicated enantiomer of Boc-
proline (1.0 mM) in the default buffer (75% acetonitrile, 25% water with 20
mM HEPES buffer at pH 7.4).

As expected, an ECCD couplet arose when the complex formed, with a 4, of
238 nm for the first Cotton effect (CE). This signal was the largest, as observed for the
simple carboxylic acids, and will be used herein to denote the response of the amino acid
guests. Figure 3.1 shows that the D- and L-enantiomers of proline formed enantiomeric
complexes, evidenced by the equal and opposite spectra. The negative couplet recorded
for D-proline indicates formation of a P-type helix, while the positive couplet for L-
proline is indicative of an M-type helix. The direction of the twist formed by these
complexes is consistent with what was observed for homochiral species of the simple
carboxylic acids.

A model was proposed for this interaction, differing slightly from the one put
forth in Chapter 2. The Newman projection, looking down the copper to nitrogen bond
axis, puts the substituent groups attached to the stereocenter with the largest substituent
group directed at the pyridine ring (Figure 3.2). The chromophores of the molecule then

twist away from steric interaction with the substituents, with the arrangement around the
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stereocenter dictating the direction of the twist. This observation is again consistent with
the picture found for the homochiral simple carboxylic acid guests, thus providing
evidence that this system behaves in the same fashion as that reported in the previous

chapter.

N NHBoc  BocHN </
0 d

D-amino acid L-amino acid

Y

Figure 3.2. Model predicting the complex helicity with the guest bound, with the D-
amino acid leading to a P-type helix and the L-amino acid preferring the M-

type.

Titrations were performed independently for each enantiomer of the Boc-
protected proline guest into a solution containing host 2.34. The signal saturated when
one equivalent of guest had been added relative to the host, meaning that the observed
CD signal above this point do not have any dependence on the concentration of guest
(Figure 3.3). This point is important to future analyses, as it is desirable to have a CD
signal that is concentration independent. As expected, the plot of the CD signal as a
function of amount of Boc-protected proline guest added were equal and opposite for the
two enantiomers. The magnitude of the CD signal was around 160 millidegrees at the

longest wavelength CE.
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Figure 3.3. CD signal with addition of increasing amounts of indicated enantiomer of
Boc-protected proline (0-2 mM) into host 2.34 (0.5 mM) in default buffer.

It was postulated that different side chains on the amino acids would give
different signal magnitudes, since it had previously been proven that sterics play a large
role in the size of the signal. In order to test this theory, CD spectra were recorded for
each enantiomer of additional Boc-protected amino acids. Two equivalents of each
enantiomer of the amino acid guest, namely leucine and serine, were separately added to
a solution containing host 2.34. As with previous studies, twofold excess of guest was
applied in order to get rid of concentration dependence. It was observed that homochiral
amino acid guests gave CD spectra that were of the same sign for each enantiomer, with
all of the D-enantiomers giving a negative CD couplet and the L-enantiomers yielding a
positive couplet. Additionally, each pair of guest enantiomers gave equal and opposite
CD signals. As is demonstrated in Figure 3.4, each guest gave a signal that had a distinct
magnitude and shape. These results indicate that the absolute configuration of the amino

acid guest can be readily determined by the sign of the CD couplet produced.
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Figure 3.4. CD spectra of host 2.34 (0.5 mM) with indicated enantiomer of three
different guests (1.0 mM) in the default buffer.

Once the general response of the receptor to the amino acids had been analyzed,
the scope of the analysis was expanded to encompass several other amino acid guests. To
this end, samples of all of the additional amino acid guests were prepared. The individual
members of the guest set were selected to include representatives from several different
classes of amino acids. Five duplicate samples were prepared for each enantiomer of
each guest. The CD spectra of these samples were recorded for each enantiomer of the
10 guests, making up a total of 100 samples for analysis. The data from these spectra
were recorded from 235 to 265 nm in 1 nm intervals, and then input in order to carry out
the differentiation analysis. These wavelengths represent the greatest variance among the
dataset without any spectral overlap from absorbances of the side chains of the amino
acid guests. As with the simple carboxylic acids, linear discriminant analysis (LDA) was
chosen to perform the pattern recognition analysis.

Successful differentiation of the chiral a-amino acids was achieved using host

2.34, as is demonstrated by the LDA plot obtained from the replicate CD spectra of these
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acids (Figure 3.5). The vast majority of the data points were well differentiated, with
jack-knife analysis of 99%. A small extent of overlap was observed between
phenylalanine and histidine. The planarity of the aromatic side chain likely leads to the
similarity observed. The F1 axis corresponds to the size of the recorded CD signal, and
represents the greatest amount of variance between groups in the dataset. All of the L-
amino acids appear on the right or positive side, while their D-enantiomers appear on the
left or negative side. The second axis, F2, represents a much smaller amount of variance.
The differentiation along this axis can be attributed to the subtle difference in the shapes

of the CD spectra. Enantiomers of the same guest are found reflected through the origin

of the plot.
Observations (axes F1 and F2: 98.82 %)
20 ®*D-Pro  °L-Pro
15 * ¢ ®* D-Met ° L-Met
10 ° * D-Ala L-Ala
; 3 s *D-His  ° L-His
X $ * D-Ser L-Ser
~ 0 0 |
2 $ . * D-Phe L-Phe
Ln— _5 [ ) ® : 4
o o2 D-Val ° |L-Val
-10 Ny D-Trp L-Trp
-15 ‘ D-Leu L-Leu
220 D-Tyr L-Tyr

-80 -60 -40 -20 0 20 40 60 80
F1(93.75 %)

Figure 3.5. Two-dimensional LDA plot depicting the response of host 2.34 to each of
the Boc-protected amino acid guests.
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Several similar types of groups were classified together in this LDA plot. The
only tertiary amine analyzed, Boc-protected proline, gave the largest signal. The cyclic
structure provides a rigid scaffold, from which arose this substantial bias. This guest was
found the furthest from the origin on the F1 axis. The next three Boc-protected amino
acids that were encountered moving along the F1 axis toward the origin are alanine,
leucine, and methionine. Each of these hydrophobic amino acids has a methylene carbon
attached directly to the stereocenter, with two having longer alkyl chains. Since the
magnitude of the signal is related to the steric size, it follows that they should be
differentiated to similar extents along the F1 axis. They are still well differentiated along
the F2 axis, with methionine being the most positive and alanine the most negative. The
relative size of the substituent group, in molecular weight, increases in the same order as
they appear on the F2 axis. This indicates that the shape of the signal also reflects the
size of the groups.

The next group of Boc-protected o-amino acids that is encountered while
continuing toward the origin is the phenylalanine, tryptophan, tyrosine, and histidine. It
was previously mentioned that there was some overlap between phenylalanine and
histadine, but it appears that every aromatic amino acid that was studied gave similar
differentiation along the F1 axis. As with the previous group of hydrophobic amino
acids, these groups were well differentiated along the F2 axis. The largest side chain,
namely the indole ring of tryptophan, appears at the largest positive value. The histidine,
the smallest of the aromatic side chains, appears furthest toward the negative side. The
arrangement of these groups along the F2 axis is also consistent with the arrangement of
group size that was reported for the previously presented group of hydrophobic amino

acid guests.
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The final two amino acids that are encountered are valine and serine. Valine has a
methine attached to the stereocenter, and is expected to be more sterically encumbered
than the other amino acids that have a methylene directly attached. The hydroxyl group
in the serine guest may be much larger than anticipated in aqueous media, as a result of
hydrogen binding. Thus, this amino acid will have a greater size than others with a
similar methylene attached to the stereocenter. It is likely that the small observed CD
signals for these more sterically bulky guests are a result of their similarity to the Boc-
protected amine group. As the size of the largest and second largest groups, ignoring the
carboxylate, on the stereocenter becomes similar the system is expected to have less of a
bias to create one helix preferentially. After successfully differentiating the a-amino acid

substrates, the focus of study was directed toward 3-chiral analytes.
3.2.2. Boc-Protected f-Homoamino Acids

As was mentioned previously, B-homoamino acids contain the same side chains
as their a-amino acid counterparts. The only difference between the two structures is the
methylene homologation between the stereocenter geminal to the amine and the
carboxylate terminus. The extra methylene addition was anticipated to give the molecule
greater degrees of rotational freedom. The extra free rotation was postulated to diminish
the magnitude of the observed CD signals, since the signal has a large steric component.
The further removed the stereocenter was from the metal binding site the less interaction
it was expected to have with the quinoline chromophores. In order to test the hypotheses
that B-chiral species would give a CD signal and that said signal would have a smaller
magnitude, Boc-protected f-homoleucine was studied as a guest.

Initial studies examined the CD spectra recorded for the addition of two

equivalents of each enantiomer of 3-homoleucine to host 2.34. An ECCD couplet was
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observed, analogous to that seen for a-leucine and other amino acids (Figure 3.6). The
first CE had a 4, of 238 nm, and the magnitude of the first CE was much larger than the
second. Hence, the first peak will be used to represent the response of the receptor to the
guest. The hypothesis of a diminished signal proved correct for 3-homoleucine, as the
signal was smaller than that of a-leucine by a factor of two. The signals observed for the
enantiomers D-f-homoleucine and L-f-homoleucine were equal and opposite mirror

images of each other, indicating the formation of enantiomeric complexes.
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Figure 3.6. CD spectra of host 2.34 (0.5 mM) with indicated guest (1.0 mM) in the
default buffer.

One major difference between the ai-amino acids and the -homoamino acids was
the sign of the CD signal that was recorded. The homochiral a- and [3-homo-amino acids
gave opposite signs of the CD signal. The D-enantiomer of a-leucine gave a negative CD
couplet indicative of a P-type propeller, whereas D-enantiomer of 3-homoleucine gave a
positive CD couplet indicating of an M-type propeller. Evidently, the extra methylene
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both decreases the amount of twist and biases the system to reverse the direction of the
propeller twist to avoid steric interactions. In order to confirm that this trend was general
among all 3-homoamino acids, CD spectra were recorded for both enantiomers of several
additional substrates (Figure 3.7). These additional [}-homoamino acids, namely [-
homoalanine, -homophenylalanine, and (3-homovaline, were chosen because both of
their enantiomers are commercially available. The recorded spectra were taken with two
equivalents of guest relative to the amount of host 2.34. The spectra were equal and
opposite for the enantiomers of each guest, and this trend was general across the range of
guests studied. The homochiral D-f3-homoamino acids all gave a positive first CE, while
the L-B-homoamino acids all showed a negative first CE. Thus, the opposite signs for the
CD signals for the 3-homoamino acids is generally observed across these guests. This
general response allowed the absolute stereochemical configuration to be assigned based

upon the sign of this response.
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Figure 3.7. CD spectra for each enantiomer of each indicated guest (1.0 mM) and host
2.34 (0.5 mM) in default buffer.

138



As shown previously, it was necessary to confirm that two equivalents of guest
that had been applied relative to host were sufficient for the system to be concentration
independent. To this end, a titration was performed adding Boc-protected 3-homoleucine
to host 2.34 in buffer (Figure 3.8). As had been observed for the a-leucine counterpart,
the CD signal for 3-homoleucine saturated when one equivalent of guest had been added.
This result showed that the data previously recorded was representative of the maximum
magnitude of the CD signal, and established two equivalents of guest as the proportion
that would be used in future studies. Once signal saturation had been confirmed, the
focus was turned toward using pattern recognition protocols to find the identity of the [3-
homoamino acids. The variety of different magnitudes and shapes of the CD signals

again pointed toward LDA as a viable means of analysis.
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Figure 3.8. CD signal at 238 nm for titration of each enantiomer of $-homoleucine (0-2
mM) into a solution containing host 2.34 (0.5 mM) in default buffer.

Similarly to the a-amino acids, a set of five replicate samples was made for each

enantiomer of each 3-homoamino acid guest. The samples were assembled and the CD
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spectra were recorded. A total of eight different analytes were tested, making up a set of
40 samples. The CD signals from 235 to 265 nm were input, as in the example for a-
amino acids. The two-dimensional LDA plot obtained for this analysis, shown in Figure
3.9, shows good differentiation. All points were separated and the jack-knife analysis
was calculated to be 100%. The F1 axis again represents the magnitude of the CD
signals, with all of the D-f-homoamino acids on the left or negative side and the L-f3-
homoamino acids on the right or positive side. In this case, almost all of the variance in
the dataset comes from the F1 axis. The second axis, F2, does not account for a
significant difference between groups, relative to the CD amplitude. It is, however,
greater than the scatter within the groups in the spectra. Three of the four $-homoamino
acid guests are simple alkyl side chains, all appearing on the same side of the origin and
opposite the phenylalanine guest possessing an aromatic side chain. This could be the
system recognizing the difference in types of side chain of the guess, and manifesting in
the shape of the signal. This is a very subtle difference, however. Once again, each pair

of enantiomers are found reflected through the plot’s origin.
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Figure 3.9. Two-dimensional LDA plot depicting the response of host 2.34 to each
enantiomer of Boc-protected f-homoamino acid guest.

3.2.3. Combined Amino Acid Guests

After determining it was possible to individually differentiate both the a- and f3-
homo-amino acids, this pattern recognition protocol was applied to the two classes of
amino acids together. The data for the o~ and [3-homo-amino acids were compiled, and
the cumulative data were subjected to LDA analysis. For this specific analysis, the only
o-amino acids that were considered were the ones whose [3-homoamino acid counterparts
were commercially available and had been analyzed previously. The data for the guests
leucine, alanine, phenylalanine, and valine, were recorded in the two previous studies and
combined across this dataset. The resulting plot is shown in Figure 3.10. The variation
across the data set is almost entirely on the F1 axis, which again represents the sign and

magnitude of the observed CD signal.
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Figure 3.10. Two-dimensional LDA plot depicting the response of host 2.34 to each
enantiomer of the a- and [3-homoamino acid guests.

The variation that was observed along the secondary F2 axis is again attributed to
the subtly different shapes of the resulting CD curves. Of note, the 3-homoalanine and [3-
homoleucine guests are grouped much closer together than they were for the plot made
from strictly 3-homoamino acids. The obtained plot showed good separation of all of the
data, with a jack-knife analysis of 100%. Also, the shape of the curve for the a-amino
acids makes a more significant contribution to the values observed on the y-axis than
does the shape of the (3-homoamino acids. This is evidenced by how closely the [3-
homoamino acids are located in the combined plot.

Attempts were made to quantify both the enantio- and chemoselectivities for

chiral species with stereocenters even further removed from the carboxylate functional

142



group. To this end, commercially available y-amino acids were obtained. These guests,
unfortunately, did not give rise to any observable CD signals. The stereocenter of the y-
amino acids must be too far removed from the chromophores to bias either helical twist

preferentially.
3.3. APPLICATION TO SYNTHETIC METHODOLOGY DEVELOPEMENT

One of the main reasons for creating optical methods for ee analysis is to aid the
synthetic methodology development community, both in reaction optimization and
catalyst discovery. This particular assay, designed for carboxylic acids, was a good fit to
transition to real synthetic examples that create compouds containing carboxylic acid
functional groups. The extention of this work was envisioned to help bridge the gap
between assay development and real use in a synthetic laboratory. In order to facilitate
this transition, a collaboration was initiated with Professor Scott J. Miller at Yale
University. Professor Miller’s group has two on-going synthetic projects that were

considered to fit well within the scope of this assay.

3.3.1. Asymmetric Baeyer-Villiger Oxidation

One focus of the Miller lab is the development of practical and efficient oxidation
reactions. One such reaction is the Baeyer-Villiger reaction, a transformation known for
over one hundred years.””” This reaction creates esters through oxidative conversion of
either a ketone or aldehyde starting material, as shown in Scheme 3.3A. Despite its long
presence in the literature, this reaction is limited by the scope in which it has been
applied. Development of robust catalysts to promote this transformation has been limited
by low catalyst turnover and thus low reaction efficiency. Further, few reports have
appeared for asymmetric variants of this reaction. In order to obtain high enantiopurity

of this reaction, chemists have turned to enzymatic catalysis.’®”' The enzymatic approach
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is limited by the scope of the substrate that can be tolerated, since enzymatic catalysis is
an inherently specific process. Other variants that have been reported that promote

enantioselectivity have been organometallic reagents,”>>*

and systems based on flavin and
organophosphoric acid moieties.” These methods are limited in that they have not been
proven general, and no examples have achieved high catalyst turnover.

The Miller lab recently made advances in catalytic oxidation methodology by
employing a peptide that helped create the transient peracid species.”®  This approach
was applied to asymmetric epoxidation catalysis, a sample of which is shown in Figure
3.3B. This catalytic cycle relied on activation of the carbonyl by an aspartic acid residue
on the peptide catalyst. The active ester surrogate was then trapped by hydrogen
peroxide, and transfer of the oxygen atom to the olefin forms the product and regenerates
the catalyst. This catalyst can reenter the catalytic cycle, leading to high turnover with as

little as five mole percent catalyst. Additionally, the ee of the epoxide products was

found to be as high as 92% for some substrates.
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Scheme 3.3. A) Representation of the Baeyer-Villiger oxidation of a ketone to the
corresponding ester. B) The Miller lab’s development of a peptide-
catalyzed asymmetric epoxidation reaction of alkenes.
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The Miller lab recently demonstrated that this strategy can be effectively applied
to the Baeyer-Villiger oxidation reaction.”” This applicability is especially interesting
because the Baeyer-Villiger reaction relies on a nucleophilic peracid moiety, while the
epoxidation requires an electrophilic peracid. The oxygen atom is ultimately delivered
from an intermediate of the Craigee type.™ Several catalyst turnovers have been
achieved in this protocol, but the efficiency is largely dependent on the substrate. One
promising aspect of the preliminary studies on these systems was the enantioselectivities
that have been observed, up to 42% for the reaction shown in Scheme 3.4. This
preliminary result helps to set the precedent for this reaction as a potential for
optimization, however much work is necessary to expand this protocol. Very little
information about the mechanism of this reaction is known, and thus optimization will be
attempted in the absence of an understanding of the basis of asymmetric induction.

Hence, this reaction is a good candidate for HTS.

0] DMAP (25 mol%) o]
\ DIC (10 eq)
H202 (1 2.5 eq) 0

-

3.7 (25 mol%)

Scheme 3.4. Preliminary enantioselective Baeyer-Villiger oxidation reaction, catalyzed
by a peptide catalyst.

3.3.1.1. Selection, Synthesis, and Initial Studies of Ketone Substrate

The creation of asymmetric esters through the Baeyer-Villiger oxidation does not
immediately yield a carboxylic acid. Rather, it is envisioned that an alkaline workup will
hydrolyze the ester and create a carboxylic acid. This carboxylic acid will be readily
analyzed using the previously reported sensing methodology. Hydrolysis of the lactone

substrate shown in Scheme 3.4 will produce a d-chiral carboxylic acid. The location of
145



the stereocenter is further from the carboxylate binding site, with stereocenters further
away than the (- position giving no observable CD signal. In order to obviate this
problem, substituted cyclobutanone 3.10 was selected as a substrate (Scheme 3.5).
Oxidation of this achiral substrate will produce a chiral y-butyrolactone product, with a
stereocenter that is [3- to the carbonyl. The aromatic phenyl group was selected as it is
envisioned to interact with the hydrophobic portions of the peptide catalysts that are used,
and potentially benefit from secondary interactions leading to enantioselectivity.
Hydrolysis of this substrate will thus produce (-chiral carboxylic acid 3.12, an analyte

amenable to the assay.
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Scheme 3.5. Synthesis of 3-phenylcyclobutanone substrate for asymmetric Baeyer-
Villiger reaction.

The substrate can be synthesized according to literature procedure,” beginning
with commercially available styrene. The styrene is subjected to a [2+2] cycloaddition
with a dichloroketene, to give 2,2-dichloro-3-phenyl cyclobutanone 3.9.  The

dichloroketene was generated in situ from trichloroacetyl chloride, a zinc-copper couple,
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and phosphorous oxychloride. The resultant 2,2-dichloro-3-phenyl cyclobutanone
species can be further reduced to remove the chlorine atoms using zinc in glacial acetic
acid. This route gives access to the desired cyclobutanone substrate 3.10 in good yield.
One attractive approach to this substrate is that it can be synthesized in two easy steps
from commercially available starting materials.

Before starting on the catalyst library selection and synthesis, it was necessary to
ensure that a signal would be observed for these substrates. The 3-phenyl variant of the y-
butyrolactone product is not commercially available in either an enantioenriched or
racemic form. Very few methods exist to create this substrate in a highly
enantioselective fashion. Thus, the enantioenriched product needed to be synthesized
through previously published methods.” This synthesis gave enantioenriched products,
achieving ee values around 70%. Enantiopure substrates are typically required to create
calibration curves and perform unknown analysis. Rather than run iterative analytical
chiral HPLC separations to obtain a sufficient quantity of enantiopure sample, the
decision was made to create calibration curves from these enriched samples. Since the
CD signal of this system varies linearly with ee, it was postulated that a calibration curve
made from non-enantiopure samples would be sufficient to establish the best-fit line.

The enriched samples of 3.12 were determined by chiral HPLC to have ee values
of 67% for the (R)-enantiomer and 74% for the (S)-enantiomer. The CD spectra were
individually recorded for two equivalents of either enantiomer of the guest with host
2.34. The spectra are shown in Figure 3.11, and were of opposite sign for the
enantiomeric samples. The first CE was again larger than the second, with the 4,
observed at 240 nm. The (R)-enantiomer gave rise to a negative CD couplet, while a
positive couplet was observed for the (S)-enantiomer. This trend is opposite of what was

observed for the homochiral -homoamino acids.
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Figure 3.11. CD spectra for indicated enantiomer of guest (1.0 mM) and host 2.34 (0.5
mM) in default buffer.

This discrepancy in the sign of these signals is rationalized according to the
difference between the steric size and Cahn-Ingold-Prelog (CIP) rules. Omitting the
carboxylic acid group on the stereocenter, the phenyl substituent is the largest group. The
phenyl is followed by the hydroxymethyl, and finally hydrogen. When looking down the
bond of the stereocenter to the carbon a- to the carbonyl for the (R)-enantiomer, the
group size priority goes in the clockwise direction (Figure 3.12). When considering the
CIP rules, the priority is assigned based on the first point of difference between the
groups. The substituent that first encounters a group with higher atomic number gets
priority, irrespective of size. Thus, the oxygen atom of the hydroxymethyl dictates that
this group gets the first priority. The hydroxymethyl is followed by the phenyl group,
and finally the hydrogen. According to the CIP rules, the stereocenter is oriented in an
anti-clockwise orientation. This contradiction is likely the root of the opposite sign

observed for the CD signal.
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Figure 3.12. Newman projections explaining the discrepancy between orientation in the
steric model and the CIP model.

Since the carboxylic acid guests are not enantioenriched to the same degree, the
magnitude of their signals are also expected to be different. This behavior is indeed
observed for these substrates. The less enantioenriched (R)-isomer, at 67% ee, gave a
signal with a magnitude of -30.9 millidegrees. The CD signal of the 74% ee (S)-
enantiomer was recorded 35.7 millidegrees. Since the CD spectrum is linearly dependent
on ee, it is possible to extrapolate the signal to what would be theoretically seen for 100%
ee. This extrapolation would yield signals of -46.1 for the (R)-enantiomer and 48.2 for
the (S)-enantiomer. These signals are essentially equal and opposite, within experimental
error that was incurred upon sample preparation.

These enantioenriched samples were used to create standard samples for a
calibration curve. Using these samples, data were recorded for values that spanned a
range of ee, having coverage between the extremes of +67% and -74% (Figure 3.13).
The result of this plot was a straight line, and thus a linear regression was carried out in
order to correlate the observed CD signal to the ee of the solution. The best-fit trendline

fit the data very well, with a correlation of R*>= 0.999. This calibration curve provided
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evidence that this method could be applied to this substrate, and the focus was then

turned toward creating a library of catalysts to promote this transformation.
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Figure 3.13. CD signal at 238 nm for a solution containing guest 3.12 (1.0 mM) and host
2.34 (0.5 mM) in default buffer as a function of ee.

3.3.1.2. Peptide Catalyst Library Synthesis

Small peptide sequences were selected to serve as catalysts for these
transformations. The commercial availability of a litany of both enantiomers of amino
acids makes this approach amenable to creating a large amount of diversity in structure
rapidly. This strategy allows access to many different structures based on amino acids
used, and can be very useful when little mechanistic information is understood for a
particular transformation. Hence, this approach is a good fit for the particular attempts to
optimize the asymmetric Baeyer-Villiger oxidation reaction.

Based on a prior protocol by the Miller group, a series of 48 tetrapeptide catalysts
were designed and synthesized in parallel. Amine-terminated polyethyleneglycol

polystyrene (PEG-PS) beads were selected as a solid support, since the nucleophilic and
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robust amine linkage allowed for additional residues to be easily coupled without the fear
or cleavage of the peptides from the resin. The amino acid residues were protected as
fluorenylmethyloxycarbonyl (FMOC) carbamates, easily cleaved under basic conditions
to yield the free amine. The sequences were selected at random, though with a bias
toward three residues that have given success in previous enantioselective reactions
discovered by the Miller group. These residues, namely L-proline, D-valine, and L-
phenylalanine, were incorporated to a higher extent than the other amino acids that were
used. The terminal residue incorporated was glutamic acid, in hopes that it would serve
as the acid-catalyst for the Baeyer-Villiger oxidation reaction.

A reaction block comprised of 48 wells was loaded with the amine-terminated
PEG-PS beads. To this resin was added the solvent, coupling reagents, and the amino
acid residues. The activating agents that were chosen were hydroxybenzotriazole (HOBt)
and O-benzotriazole-N,N,N’ N’-tetramethyluronium hexafluorophosphate (HBTU).
These coupling reagents were selected since they have been known to promote peptide
coupling reactions while avoiding racemization of the stereocenters of the coupled
species.” In this fashion, the 48 tetrapeptide sequences shown in Figure 3.14 were
synthesized. These residues cannot be cleaved from the resin, so the only form of
characterization that could be performed was ninhydrin tests to check for the presence of
free amine groups.”” Though there is a certain level of doubt with this method, this initial
screen is aimed at elucidating any species that give good enantioselectivity. Assuming
any hits are generated, these species would be synthesized and characterized in a more
rigorous manner. This is often done in the Miller lab by synthesizing the peptide
sequence in solution, rather than the resin, and its ability to facilitate enantioselective
transformations is confirmed.” In order to test the reproducibility, several duplicate

sequences were included in the 48 member library.
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F-V-P-E || -F-D-V-P-E ||-F-D-V-D-P-E|| -F-D-V-P-E || -F-D-V-P-E || -Y-D-V-P-E
Y-0-V-P-E || -Y-D-V-PE || -Y-V-P-E || -Y-V-P-E || -Y-V-P-E || -V-P-FE
-F-P-V-E || -Y-0-V-P-E || -F-V-D-P-E ||-F-D-V-D-P-E|| -AV-Y-E || -V-G-P-E
-D-V-G-P-E || --A-P-E -AV-E || -FAD-V-E || -AV-Y-E || -AD-V-Y-E
-A-D-V-Y-E || -AD-V-Y-E || -P-L-AE || -LN-P-E || -LI-P-E -V-P-P-E
V-D-P-P-E || -V-P-D-P-E || -V-V-P-E || -V-D-V-P-E || -V-D-V-P-E || -I-S-P-E
-L-L-E AL-D-LE || -8-YD-QE || -§-Y-D-QE || -SY-0-QE || MY
ACRCE || ACPCE ||_ACPCE || AAPE || ADAPE]| DAAPE

Figure 3.14. Peptide library that was constructed for screening of Baeyer-Villiger
oxidations.

3.3.1.3. Screening For Enantioselectivity

Each of the resins containing a single catalyst was loaded into one well of a 48
well plate. This plate was commercially available, and contained a frit filter at the
bottom to remove the solution from the resin. The bottom was fitted with a cap, to
prevent any unwanted spilling of the reaction solution. To this resin was added the
cyclobutanone 3.10 dissolved in chloroform, followed by aqueous hydrogen peroxide.
The peptide catalyst was applied in 25 mole percent, and the ratios of the other starting
materials were in line with what the Miller lab had previously reported for this
conversion.* After all starting materials were added to the plate, the top was sealed and
the plate shaken overnight to allow the reaction to progress. It has been demonstrated

that the yield of this reaction is relatively low, typically no more than ten percent
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conversion. The exact turnover was not the goal of this study, but rather to identify
possible hits that produce high enantioselectivity. To this end, the minimal conversion of
five percent was envisioned. A higher rate of conversion will not have a detrimental
effect to this analysis, since the signal saturates at one equivalent of guest added relative
to host.

The contents of the reaction well were filtered into a second 48 well plate, this
one without the frit. The solvent was removed in a Genevac evaporation system, and
lactone hydrolyzed by introduction of lithium hydroxide in a water/tetrahydrofuran
mixture. The plate was shaken for six hours to complete the hydrolysis, then the
unreacted acid neutralized with perchloric acid. Following neutralization, the solvent
was again removed in the Genevac evaporation system. The remaining residue was
dissolved to the appropriate concentration in the buffer solution, again assuming a modest
five percent conversion. The CD spectra for these samples were then recorded, and the
results displayed in Figure 3.15. Though a large number of reactions were rapidly
screened in parallel, none of the catalysts led to an enantioselective transformation.
These results are consistent with unpublished results obtained by the Miller lab for
Baeyer-Villiger reactions of cyclobutanone substrate 3.10, which were subsequently
analyzed by HPLC. Though no enantioselectivity was observed in this single iteration of
a limited catalyst set, this work establishes the rapid screening technique as a viable

approach.
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Figure 3.15. CD spectra recorded for host 2.34 (0.5 mM) and synthetic guests dissolved
in buffer.

3.3.2. Resolution of Atropisomeric Biaryls Through Selective Bromination

An atropisomer is a type of stereoisomer that possesses no stereocenter, but rather
has hindered rotation around a single bond. These types of isomers have been the source
of interest to scientific research for most of the last century.”* Many atropisomers rely
on a non-planarity of adjacent aromatic rings, leading to a helical axis of chirality. The
bulky substituents on the aromatic rings restrict the rotation, creating barriers to rotation
of greater than 25 kcal/mol. Were the barrier to rotation smaller, the free rotation would
lead to eventual racemization of the atropisomeric species.’

Atropisomeric compounds are often found as single isomers in nature, since
substituents on the multi-aromatic rings raises the barrier to rotation sufficiently in order
to prevent it. Additionally, rotation can be hindered by placement of these rings within

4 Tt is certain that these considerations give rise to the

multicyclic ring systems.
interesting structure and function of single atropisomer containing biomolecules, such as
the antibiotic vancomycin.® Additionally, chiral ligands based on 1,1’-binaphthyl

species have received much attention in asymmetric synthesis’’ and chiral sensing.”
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Despite the wide use of these classes of molecules, few literature reports have emerged of
catalysts that promote the enantioselective synthesis of these species.  High
enantioselectivity has been achieved in forming a biaryl bond with metal-based catalysts,

7 In another approach, selective

though this approach was very substrate dependent.
reaction was carried out with one atropisomer of a rapidly interconverting pair of biaryl
species.”™® This approach was quite intriguing, yet it required stoichiometric quantities
of reactants.

The Miller group at Yale recently reported the dynamic resolution of biaryl

°' This reaction is catalyzed by a

atropisomers through a selective bromination reaction.
small molecule catalyst, derived from a tripeptide motif. This molecule achieves
resolution of a mixture of rapidly interconverting biaryl atropisomers through selective
electrophilic aromatic substitution with simple brominating agents preferrentially. This

enantioselective synthesis, shown in Scheme 3.6, generates the resulting chiral tri-

brominated biaryl species in both high chemical yield and high enantiomeric purity.
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Scheme 3.6. Kinetic resolution of atropisomeric biaryl species through a peptide-
catalyzed bromination reaction.

The enantioselectivity was rationalized through the potential conformation of the

bound species shown in Figure 3.16. A key feature of this model is the substituted six
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membered piperidine ring. The substituent is shown in the axial position, accessible in
N-acyl derivatives to relieve allylic strain associated with diequatorial substituents.”> The
substrate interacts with this catalyst according to the posited model. The proton of the
carboxylic acid is transferred to the N,N-dimethylamino alanine residue at the N-terminus
of the peptide. This transfer leads to salt bridge formation, and makes the initial contact
for these molecules. Hydrogen bonding is expected to exist between the phenol and the
interior amide and carbonyl of the catalyst, as demonstrated in the model. The bromine
atom can then be transferred to the aromatic ring that is now directed toward the O-

bromonium ion, giving the observed stereoisomer.

NMez
)’I,'%O,Br

BocHN :
0oC Mel e

Figure 3.16. Possible docking model for the biaryl substrate to the peptide catalyst that
explains the enantioselectivity of bromination.

Free rotation of partially brominated species is likely hindered by the hydrogen
bonds formed by the phenolic proton and the peptide. It is also possible that the rotation
occurs freely until the ortho-ortho’ substituents have been installed. A complete
mechanistic analysis is necessitated in order to fully understand the source of the
enantioselectivity. This general approach allows rapid access to highly enantioenriched

substrates, using simple NBS bromination reagents.
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Assignment of the enantiomeric excess, however, is not as straightforward as it
may seem. The product cannot be directly analyzed using chiral chromatography. The
free acid does not behave well in the HPLC, and subsequent derivatization of the product
to the methyl ester was required to obtain the ee values. While this modification leads to
better analysis, the additional time and synthetic step are undesirable consequences. The
newly created chiral biaryl species possesses a carboxylic acid moiety, and was a suitable
candidate for application of the copper-based assay described previously. Though it
contains no stereocenter, it was postulated that the steric hindrance of the biaryl would be

sufficient to yield enantiospecific CD signals.
3.3.2.1. CD Analysis

In order to begin this project, an enantioenriched sample of the substrate was
prepared by the Miller lab according to the previously noted protocol. This species was
analyzed by chiral HPLC and was determined to have an ee of 92%. The prior analysis
of Baeyer-Villiger products gave precedent to running analyses in the absence of
enantiopure samples, provided the ee of the enriched sample is accurately known. This
technique was further extended to encompass this analysis. Since host 2.34 had never
been applied to an atropisomeric species before, initial experiments were directed toward
determining if a signal would be produced. To this end, CD spectra were taken for the
biaryl guest 3.14 (Figure 3.17). The first spectrum that was recorded was the chiral
biaryl guest 3.14 by itself. This sample exhibited a broad peak in the CD spectrum, with
a relatively small negative sign. This peak had a A,,, at around 237 nm with a smaller
magnitude than that recorded when host 2.34 was added. The second peak had a positive

magnitude and was sharper, exhibiting a 4,,, at around 241 nm. The UV absorption for
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this species occurred at a 4., of 236 nm, corresponding to what may be seen as a null in

the spectrum. Indeed, these observations are consistent with ECCD.

30 —3.14 + 2.34
— 3.14

CD (mdeg)

Wavelength (nm)

Figure 3.17. CD spectra recorded for biaryl guest 3.14 (1.0 mM) by itself, and with 2.34
(0.5 mM) in default buffer.

The guest by itself has a signal that occurs in the same region of the spectrum as
the complex. While this may be seen as a detriment, it is not always the case that the
guest being analyzed will have this type of conflicting absorbance.

The focus was turned toward determining if the signal created was linear as a
function of ee. The Miller group provided an additional four samples that ranged in ee
from 2%, all the way to 72%. The CD spectra recorded for these are shown in Figure
3.18A. The magnitude of the CD signal decreased directly while diminishing the ee of
the substrate, with the sample of lowest ee giving a signal that was nearly baseline. The
signal measured at 241 nm was plotted against the ee of the substrate, and a linear
correlation was confirmed (Figure 3.18B). This linear relationship provided evidence

that the utility of this sensor would encompass atropisomeric species lacking
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stereocenters. The focus of this project then turned toward determining the ee value for

unknown samples.
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Figure 3.18. A) CD spectra for guest 3.14 (1.0 mM) and host 2.34 (0.5 mM) with
indicated ee values. B) The CD spectrum at 241 nm plotted against ee of
the solution.

3.3.2.2. Calculation of ee For Unknown Samples

Two different methods were undertaken in order to determine the ee value of four

unknown samples provided by the Miller lab. The first method is based on creating a
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calibration curve from the five known samples provided, as shown in 3.18B. Performing
a linear regression of the data yielded an equation to relate the CD spectrum to the ee
value of the solution, and this equation was applied to determining the ee of the
unknowns. The CD spectra were recorded for each of the four unknowns, and the CD
signal at 241 nm obtained. These signals were used to determine ee values for the
unknown samples, as shown in Table 3.1. The calculated unknown ee values matched
up well with the known values, with an average error of 5.1%. This error is comparable

to that observed previously for simple carboxylic acid samples, and for other types of

analytes.
CD (mdeg) % ee (calc) % ee (actual) Error (%)
1 5.8 17.5 154 2.1
2 11.7 38.9 294 9.5
3 19.3 66.8 70.4 3.6
4 21.5 74.7 69.4 53

Table 3.1. CD signals recorded for each unknown, the % ee values calculated and actual,
and the error that was found.

While the error for assigning the ee values for these chiral biaryl species was
within an acceptable range for this analysis, it was still desirable to decrease the amount
of time required to carry out this analysis. The major hurdle to HTS as a means for
catalyst discovery is rapidly determining hits, and as such these researchers are less
interested in determining the exact ee values with high accuracy. The present analysis
still requires a calibration curve made from five samples, the ee values of each had been

analyzed by chiral HPLC. It was hypothesized that this could be minimized to only a
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single data point, whose ee was known accurately. The method used for chiral HPLC
takes approximately 20 minutes per sample, and this improvement would save 80
minutes on the analysis by obviating chiral HPLC run on four of the known samples.
This saving is in addition to the time saved by performing the CD analyses.

A line would be constructed from the CD spectrum of a single measured point,
and pass through the origin. The origin was picked since no CD signal should be
observed when a racemic mixture of the guest is analyzed. The point selected was 92%
ee, since it was on the high range of the enantiomerically pure samples that had been
synthesized. The resultant graph for this analysis is shown in Figure 3.19. The
calculated best-fit line unsurprisingly shows perfect linear correlation, since it is made up
of only two data points. The accuracy of this analysis was confirmed among the known
samples before proceeding to the unknowns. The equation for this line was applied to the
four additional samples used to make the previous calibration curve, namely those with 2,
20, 48, and 72% ees. Each was analyzed, and the overall error determined to be 3.5%.
These results verified this approach, and the analyses turned again toward analyzing the

four unknown samples.
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Figure 3.19. The CD spectrum at 241 nm plotted against ee of the solution the biaryl
solution, with the trendline and equation included.

The same set of unknown samples that had been analyzed with the previous
calibration curve were again targeted for analysis. The equation for the best-fit line
obtained from these two points was used to translate the CD signals that had been
recorded at 241 nm into ee values for the unknown samples. The results of this analysis
are represented in Table 3.2. The average error recorded for these samples was found to
be 6.5%. This corresponds to a slightly larger average error than for the calibration
curve, but the error does not increase significantly with this analysis. It is quite
remarkable that the previous necessity for enantiopure samples of each enantiomer in
order to make a calibration curve to accurately determine ee has been reduced all the way
down to a single sample of a known ee value. This approach represents a significant

improvement towards minimizing the amount of time required to carry out ee analysis.
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CD (mdeg) % ee (calc) % ee (actual) Error (%)
1 5.8 20.6 154 52
2 11.7 414 294 12.0
3 19.3 68.4 70.4 20
4 21.5 76.1 69 .4 6.7

Table 3.2. CD signals recorded for each unknown, the % ee values calculated and actual,
and the error that was found.

3.4. CONCLUDING REMARKS

The results presented in this chapter help to establish the generality of this sensing
ensemble. In addition to simple carboxylic acids, the guest range has been extended to
the a-amino acids containing a wide variety of side chain functional groups. The host
proved general, and tolerated all of the side chains that were used. This approach was
further expanded to encompass [-homoamino acids, where the stereocenter was one
carbon further away from the carboxylate binding site. The more remote location of the
stereocenter did not hinder the analysis, and it was shown that these species were able to
be differentiated. Building upon the analysis of [(3-chiral species, the system was
expanded to analyze the product of Baeyer-Villiger oxidation following appropriate
hydrolysis. These [3-chiral butyric acids gave CD signals that were linear in dependence
on ee value, and the need for enantiopure samples was removed. A series of reactions
that were catalyzed by resin-bound peptide catalysts was carried out and analyzed,
though gave nothing but racemic substituted lactones. Finally, this sensing platform was
further expanded to include atropisomers that lack a stereocenter. Unknown samples

were analyzed with good accuracy, and this accuracy was not significantly affected by
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performing an analysis from only a single known data point. The advances presented in
this chapter represent significant improvements in accuracy and speed of analysis, and

help to make optical methods for ee analysis more attractive for the HT'S community.
3.5. EXPERIMENTAL

3.5.1. Materials and Methods

All reagents and solvents were purchased from commercial sources and used as
received. All a-amino acids were purchased from Chem Imprex, while the $-homoamino
acids were purchased from Peptech. Circular dichroism measurements were preformed at
25°C on a JASCO J-815 spectropolarimeter, using Starna Type 21 1 cm quartz cuvette.

The program used to carry out linear discriminant analysis (LDA) was XLSTAT 2011.
3.5.2. CD Titrations

3.5.2.1. N-Boc Proline Binding

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-proline (11.73 mg, 0.055 mmol), or N-Boc-L-proline (10.74 mg, 0.05 mmol) to 10 mL
in default buffer. Each point on the titration was a separate solution, containing host 1
(43.02 uLL, 0.5 mM) and the indicated amount of guest (0-2 mM) diluted to 1 mL. The
titration was performed in this manner due to the small volume that the CD cuvette holds
(400 uL), as well as the inability to stir the contents of the cuvette. Repetitions were
made by adding two equivalents of either N-Boc-D-proline (1.0 mM, 183.49 uL), or N-
Boc-L-proline (1.0 mM, 200.42 pL) to a solution containing the host (0.5 mM, 43.02 uL),

and recording the resulting CD spectra.
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3.5.2.2. N-Boc Methionine Binding

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-methionine (13.02 mg, 0.052 mmol), or N-Boc-L-methionine (12.02 mg, 0.048 mmol)
to 10 mL in default buffer. Each point on the titration was a separate solution, containing
host 1 (43.02 uL, 0.5 mM) and the indicated amount of guest (0-2 mM) diluted to 1 mL.
The titration was performed in this manner due to the small volume that the CD cuvette
holds (400 uL), as well as the inability to stir the contents of the cuvette. Repetitions
were made by adding two equivalents of either N-Boc-D-proline (1.0 mM, 183.49 uL), or
N-Boc-L-proline (1.0 mM, 200.42 pL) to a solution containing the host (0.5 mM, 43.02

uL), and recording the resulting CD spectra.

165



CD (mdeg)
o

® o <& <

¢ D-Met

207 @ 1 2 3 4 & L-Met

CD (mdeg)
(@]
=49

o b
© o
L 2
L 2
L 2

™
S

[Guest]/[Host]

Figure 3.20. Top: CD spectra of host 1 (0.5 mM) upon addition of each enantiomer of
N-Boc-Methionine (0-2 mM) in default buffer. Bottom: Change in CD
signal at 238 nm recorded for this titration.

3.5.2.3. N-Boc Alanine Binding

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-alanine (10.96 mg, 0.058 mmol), or N-Boc-L-alanine (10.43 mg, 0.055 mmol) to 10
mL in default buffer. Each point on the titration was a separate solution, containing host

1 (43.02 uL., 0.5 mM) and the indicated amount of guest (0-2 mM) diluted to 1 mL. The
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titration was performed in this manner due to the small volume that the CD cuvette holds

(400 uL), as well as the inability to stir the contents of the cuvette.
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Figure 3.21. Top: CD spectra of host 1 (0.5 mM) upon addition of each enantiomer of
N-Boc-Alanine (0-2 mM) in default buffer. Bottom: Change in CD signal at
238 nm recorded for this titration.
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3.5.24. N-Boc Histidine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Histidine (13.02 mg, 0.052 mmol) or N-Boc-L-Histidine (12.02mg, 0.048 mmol) in 10
mL of default buffer. Repetitions were made by adding two equivalents of either N-Boc-
D-Histidine (1.0 mM, 190.11 pL), or N-Boc-L-Histidine (1.0 mM, 185.19 pL) to a
solution containing the host (0.5 mM, 43.02 pL) in the default buffer and recording the

resulting CD spectra.
3.5.2.5. N-Boc Serine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Serine (10.47 mg, 0.051 mmol) or N-Boc-L-Serine (12.11 mg, 0.059 mmol) in 10 mL
of default buffer. Repetitions were made by adding two equivalents of either N-Boc-D-
Serine (1.0 mM, 196.08 pL), or N-Boc-L-Serine (1.0 mM, 169.49 pL) to a solution
containing the host (0.5 mM, 43.02 pL) in the default buffer, and recording the resulting

CD spectra.
3.5.2.6. N-Boc Phenylalanine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Phenylalanine (12.92 mg, 0.049 mmol) or N-Boc-L-Phenylalanine (13.13 mg, 0.050
mmol) in 10 mL of default buffer. Repetitions were made by adding two equivalents of
either N-Boc-D-Phenylalanine (1.0 mM, 205.34 pL), or N-Boc-L-Phenylalanine (1.0 mM,

202.02 pL) to a solution containing the host (0.5 mM, 43.02 pL) in the default buffer, and

recording the resulting CD spectra.

3.5.2.7. N-Boc Valine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Valine (11.78 mg, 0.054 mmol) or N-Boc-L-Valine (11.06 mg, 0.051 mmol) in 10 mL
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of default buffer. Repetitions were made by adding two equivalents of either N-Boc-D-
Valine (1.0 mM, 184.50 pL), or N-Boc-L-Valine (1.0 mM, 196.46 pL) to a solution
containing the host (0.5 mM, 43.02 L) in the default buffer, and recording the resulting

CD spectra.
3.5.2.8. N-Boc Tryptophan Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Tryptophan (16.56 mg, 0.054 mmol) or N-Boc-L-Tryptophan (16.19 mg, 0.053 mmol)
in 10 mL of default buffer. Repetitions were made by adding two equivalents of either
N-Boc-D-Tryptophan (1.0 mM, 183.82 uL), or N-Boc-L-Tryptophan (1.0 mM, 188.00

uL) to a solution containing the host (0.5 mM, 43.02 pL) in the default buffer, and

recording the resulting CD spectra.

3.5.2.9. N-Boc Leucine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Leucine (12.44 mg, 0.054 mmol) or N-Boc-L-Leucine (12.86 mg, 0.056 mmol) in 10
mL of default buffer. Repetitions were made by adding two equivalents of either N-Boc-
D-Leucine (1.0 mM, 185.87 uL), or N-Boc-L-Leucine (1.0 mM, 179.86 pL) to a solution
containing the host (0.5 mM, 43.02 pL) in the default buffer, and recording the resulting

CD spectra.
3.6.2.10. N-Boc Tyrosine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Tyrosine (14.66 mg, 0.052 mmol) or N-Boc-L-Tyrosine (14.12 mg, 0.050 mmol) in 10
mL of default buffer. Repetitions were made by adding two equivalents of either N-Boc-

D-Tyrosine (1.0 mM, 191.94 pL), or N-Boc-L-Tyrosine (1.0 mM, 199.20 pL) to a
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solution containing the host (0.5 mM, 43.02 pL) in the default buffer, and recording the

resulting CD spectra.

3.5.2.11. N-Boc Asparagine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-Asparagine (12.40 mg, 0.053 mmol) or N-Boc-L-Asparagine (12.01 mg, 0.052 mmol)
in 10 mL of default buffer. Repetitions were made by adding two equivalents of either
N-Boc-D-Asparagine (1.0 mM, 187.30 pL), or N-Boc-L-Asparagine (1.0 mM, 193.40 pL)
to a solution containing the host (0.5 mM, 43.02 pL) in the default buffer, and recording

the resulting CD spectra.

3.5.2.12. N-Boc-B-Homoleucine Binding

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-B-Homoleucine (14.13 mg, 0.058 mmol), or N-Boc-L-f-Homoleucine (12.67 mg,
0.052 mmol) to 10 mL in default buffer. Each point on the titration was a separate
solution, containing host 1 (43.02 uL, 0.5 mM) and the indicated amount of guest (0-2
mM) diluted to 1 mL. The titration was performed in this manner due to the small
volume that the CD cuvette holds (400 uL), as well as the inability to stir the contents of
the cuvette. Repetitions were made by adding two equivalents of either N-Boc-D-f3-
Homoleucine (1.0 mM, 173.60 pL), or N-Boc-L-B-Homoleucine (1.0 mM, 193.60 uL) to
a solution containing the host (0.5 mM, 43.02 pL), and recording the resulting CD

spectra.

3.5.2.13. N-Boc-B-Homoalanine Binding

Stock solutions of the guest were made by independently dissolving either N-Boc-

D--B-Homoalanine (11.34 mg, 0.056 mmol), or N-Boc-L--f-Homoalanine (12.64 mg,
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0.062 mmol) to 10 mL in default buffer. Each point on the titration was a separate
solution, containing host 1 (43.02 uL, 0.5 mM) and the indicated amount of guest (0-2
mM) diluted to 1 mL. The titration was performed in this manner due to the small
volume that the CD cuvette holds (400 uL), as well as the inability to stir the contents of
the cuvette. Repetitions were made by adding two equivalents of either N-Boc-D-f3-
Homoalanine (1.0 mM, 179.20 pL), or N-Boc-L-B-Homoalanine (1.0 mM, 160.80 uL) to
a solution containing the host (0.5 mM, 43.02 uL), and recording the resulting CD

spectra.
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Figure 3.22. Top: CD spectra of host 1 (0.5 mM) upon addition of each enantiomer of
N-Boc-B-Alanine (0-2 mM) in default buffer. Bottom: Change in CD signal
at 238 nm recorded for this titration.

3.5.2.14. N-Boc-B-Homophenylalanine Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-B-Homophenylalanine (14.97 mg, 0.054 mmol) or N-Boc-L-B-Homophenylalanine
(14.55 mg, 0.052 mmol) in 10 mL of default buffer. Repetitions were made by adding
two equivalents of either N-Boc-D-B-Homophenylalanine (1.0 mM, 186.60 pL), or N-

172



Boc-L-B-Homophenylalanine (1.0 mM, 191.90 pL) to a solution containing the host (0.5
mM, 43.02 pL) in the default buffer, and recording the resulting CD spectra.

3.5.2.15. N-Boc-B-Homovaline Repetitions

Stock solutions of the guest were made by independently dissolving either N-Boc-
D-B-Homovaline (12.03 mg, 0.052 mmol) or N-Boc-L-B-Homovaline (13.65 mg, 0.059
mmol) in 10 mL of default buffer. Repetitions were made by adding two equivalents of
either N-Boc-D-B-Homovaline (1.0 mM, 192.30 pL), or N-Boc-L-B-Homovaline (1.0
mM, 169.50 pL) to a solution containing the host (0.5 mM, 43.02 pL) in the default

buffer, and recording the resulting CD spectra.
3.5.3. Baeyer-Villiger Reactions

Each catalyst on resin (100 mg, .049 mmol) was loaded into one well of a 48 well
plate. To this plate was added 3-phenylcyclobutanone (28.65 mg, .196 mmol) dissolved
in 1 mL CHCI,. Hydrogen peroxide (30% aqueous, 39.92 pL, .392 mM) was added next,
and the plate was sealed and shaken for 16 hours to complete the reaction. After 16
hours, the contents were filtered into a new plate. To this plate was added lithium
hydroxide (5 eq relative to cyclobutanone substrate) dissolved in equivolume mixture of
water and THF. This plate was sealed, and shaken for 6 hours to complete the
hydrolysis. The product of oxidation and subsequent hydrolysis was confirmed by mass
spectrometry, and the solvent was removed in each well by lyophilizing. The resultant
product was dissolved to 1.0 mM in buffer solution, assuming a 5% overall conversion.
These numbers are consistent with the yields confirmed through previous experiments.
The host was added (0.5 mM), and the CD spectra taken. ESI MS: 179.20 ([M-H]);
calculated 179.08.
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Chapter 4: Progress Toward the Creation of Self-Assembled Chiral
Carboxylic Acid Receptors

4.1. INTRODUCTION

The previous two chapters have established that assays utilizing host 2.34 can
rapidly and accurately determine the ee and identity of chiral carboxylic acids. While
this method has proven quite general, it is not without its drawbacks. The CD signal
occurs at short wavelength, deep in the UV portion of the spectrum. Several functional
groups absorb in this region of the spectrum, and thus the signal of interest is susceptible
to competitive absorption from these other species. Several chiral ligands that are used in
synthesis absorb in this region of the spectrum, such as BINOL. These chiral entities
have a signal that may interfere with analysis. For this reason it is desirable to extend the
observed CD signal of the system to longer wavelengths. It is not possible to change the
spectral properties of host 2.34 without synthesizing a new ligand with different
chromophores. The structure of the ligand would likely be empirically chosen, with little
predictive ability as to the spectral properties of the new iterations. In order to avoid this
potential problem, the focus was turned towards a multi-component assembly strategy to

create a host through reversible covalent bond formation.
4.1.1. Dynamic Multi-Component Assemblies

A significant amount of supramolecular chemistry research has been recently
devoted to the study of systems that possess reversible covalent bonds. Systems of this
type have been envisioned as sensors, molecular machines, and other complex
architectures.'® Along these lines, the dynamic properties of several types of these
reversibly bonded systems have been explored. One such example is the addition of
amine nucleophiles to carbonyls to create imine bonds.”' This approach was recently

applied by the Anslyn group in the creation of a dynamic multicomponent assembly
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based around the formation of hemiaminal assemblies.!" These assemblies were
envisioned as a sensing system for determining the enantiomeric excess of chiral
secondary alcohols."

Assembly formation was carried out in acetonitrile by adding three components
together: an aldehyde, a secondary amine, and a metal ion. An example of the assembly
is shown in Scheme 4.1, where the three components applied are 2-
pyridinecarboxaldehyde 4.1, bis(2-pyridylmethyl)amine 4.2, and a zinc metal salt
(Scheme 4.1). Various salts of metal ions were studied, but complex formation was most
favorable with zinc triflate. Additionally, the complex was found to form for a broad
range of aromatic heterocyclic aldehydes. The zinc ion templates in situ formation of the
metal complex, and complexes formed in this manner are remarkably similar to the class
of tris-(2-pyridylmethyl)amine complexes that have received significant attention in the
literature."”"” The loss of water usually serves as the driving force for imine formation,
but this process does not exist for this complex because the nucleophilic attack is from a
secondary amine. Thus, the hemiaminal species has a much longer lifetime than typically

observed.
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Scheme 4.1. Three-component assembly formation of complex 4.3 from 2-
pyridinecarboxaldehyde 4.1, bis(2-pyridylmethyl)amine 4.2, and zinc
triflate.

The elimination of water from complex 4.3, though, can be facilitated by the
addition of a Brgnsted acid. This acid activates the system toward water loss and
subsequent formation of iminium ions such as 4.5 in Scheme 4.2. Several Brgnsted acids
were screened, with 4-(2-chloroethyl)morpholine hydrochloride 4.4 resulting in the
greatest extent of complex formation. The newly formed iminium complex is a better
electrophile than the carbonyl, and thus more susceptible to nucleophilic attack from the
relatively poor alcohol nucleophile. Addition of chiral alcohols to the prochiral iminium
ion leads to diastereomeric complexes and thus a difference in energy, causing one to
form preferentially. The complexes that are formed have helical chirality, as seen with
similar published systems."”"” When an excess of one enantiomer of the alcohol is used,
a CD signal is observed for the complex. The size of the CD signal can be related to the
ee of the alcohol substrate through the creation of a calibration curve that allows for rapid

assessment of enantiomeric composition.
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Scheme 4.2. Brgnsted acid-catalyzed dehydration of 4.3 to give iminium ion 4.5, and
subsequent nucleophilic addition of an alcohol to give complex 4.6.

This report served as an inspiration for the creation of a self-assembled system
that could enantioselectively sense chiral analytes. Owing largely to the structural
similarity of the self-assembled complex to host 2.34, the carboxylic acids seemed
amenable to analysis with this type of self-assembled sensing system. The rest of this
chapter will detail the efforts to create a self-assembled multi-component assembly

sensor for carboxylates.

4.2. SELF-ASSEMBLED IMINE-METAL COMPLEX

The carboxylic acid sensor 2.34 presented earlier served as a good means to
determine the ee and identity of a variety of a- and [-chiral carboxylic acids with both
commercially available and synthetic substrates. As mentioned, several issues can be
addressed to improve this system. This signal is at a low wavelength where it is
susceptible to competitive absorption. This problem becomes more disconcerting when
considering the goal of applying this sensor to synthetic samples that have more complex
solution environments. Larger error would be expected for these types of samples, and
the analysis would be less accurate than our fundamental studies.

For this reason, it is desirable to generate a signal in the visible portion of the

electromagnetic spectrum. Fewer organic molecules absorb at these longer wavelengths,
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and a signal here should be free of interference from other absorbing species. The
location of the absorbance band is a property of the quinoline chromophores that make
the sensor, and thus it is necessary to change these chromophores in order to change the
location of the signal. Synthetic effort would have to be expended to create each newly
envisioned sensor, without any promise of success. To avoid these pitfalls, a self-
assembled sensor was envisioned. Rapid access may be afforded to complexes based on
different chromophores, with the new absorbance values dictated by these structures.

This system will now be presented in detail.

4.2.1. Design Criteria

The same core structure of host 2.34 was retained in the self-assembled system.
Assembly was built up around a tertiary nitrogen atom. This tertiary nitrogen atom
would have three arms, each having a terminal amine group to create a tetradentate ligand
to coordinate a central metal ion. These arms would have two carbon atoms separating
the tertiary nitrogen atom and the exterior nitrogens. The peripheral nitrogen atoms were
envisioned to be imine nitrogens, formed by reaction of amines and an aldehyde. This is

represented pictorially in Figure 4.1.

R
’N
NN
K/N-\"Nf\R
-

2.34

Figure 4.1. Structural similarity of carboxylic acid host 2.34 and the proposed structure
of a self-assembled receptor.
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4.2.2. Complex Formation

The tris-amine component tris(2-aminoethyl)amine 4.8 was selected for this study
because it is commercially available and fits the criteria outlined on the previous page.
The same aldehyde used in the alcohol sensor, namely 2-pyridinecarboxaldehyde 4.7,
was selected as the model aldehyde because its success had been demonstrated
previously. The metal selected was zinc triflate, also selected based on prior results. The

formation of the complex between these three components is shown in Scheme 4.3.

OTf,
N H Zn(OTH), !

N H
| = ' N \N Z‘n\
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Scheme 4.3. Proposed structure of complex 4.9, self-assembled from 4.7 and 4.8.

In order to monitor complex formation, 'H NMR was chosen as an analysis tool.
To this end, spectra were recorded for various permutations of these three components
(Figure 4.2). Compound 4.7 shows a characteristic aldehyde peak around 10.0 ppm, that
was monitored throughout complex formation. When three equivalents of 4.7 were
added to the tris-amine ligand 4.8, the aldehyde peak disappeared and a new peak grew in
at 8.3 ppm. This singlet represents the imine proton, that replaces the aldehyde signal.
The upfield shift of approximately 1.7 ppm is consistant with formation of an imine.
This nucleus is more shielded in the imine than the aldehyde, since the imine nitrogen is
less electron-withdrawing than the carbonyl oxygen. Finally, the imine proton of the

complex formed upon addition of zinc triflate is shifted downfield to 8.6 ppm. This
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downfield shift is consistent with formation of a bond between the imine nitrogen and the
zinc metal center. This bond withdraws some electron density from the imine nitrogen,
which in turn removes some electron density from this nitrogen, making it less shielded.
Another interesting feature of the spectrum of the metal complex is the methylene
peaks that correspond to the hydrogens on the carbon atoms between the tertiary and
amine nitrogen atoms. In the tris-imine species, the complex is free to rotate and these
peaks average out into two clean triplets. When the metal binds to the tris-imine, these
two peaks split into four peaks, one for each proton. The chemical non-equivalence of
these protons can be attributed to the stereoisomers formed upon inversion between the
two possible helices. If this inversion occurs rapidly in solution the protons become
equivalent, reducing the number of peaks to two. Since four peaks are observed, the

interconversion between the two helices is slow on the NMR timescale.
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Figure 4.2. "H NMR spectra recorded (all in CD,CN) for 2-pyridinecarboxaldehyde 4.7
alone, (bottom panel), the tris-imine formed between 4.7 and tris-amine 4.8
(middle panel), and these two components with Zn(OT¥), (top panel).

7.0 6.5
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The 'H NMR provided evidence that the envisioned complex was forming when
these components were mixed together in solution. Additional characterization was
undertaken in order to further confirm the structure of the complex 4.9 in solution. The
first additional characterization method applied was "C NMR. The spectrum showed the
presence of eight unique signals corresponding to eight different types of carbon atoms in
the product. The number of signals, along with their chemical shifts, corresponded to the
spectrum envisioned for complex 4.9. Additionally, mass spectrometry data were

recorded for this sample. The peak seen in the mass spectrum corresponded to the

185



structure that was envisioned. The signal also contained the correct isotopic ratios for a
compound with zinc metal, providing additional evidence that the in situ-generated

complex has the proposed structure.
4.2.3. X-ray Analysis

In order to visualize the complex structure in the solid phase, an x-ray suitable
crystal was grown by slow vapor diffusion of diethyl ether into a solution containing the
complex in acetonitrile. It was anticipated that the zinc center would adopt a trigonal
bipyramidal geometry, with the tris-imine acting as a tetradentate ligand through the three
imine and tertiary amine nitrogen atoms. This structure would be analogous to that of the
complexes such as 2.34 studied earlier. The structure obtained for this crystal is shown in
Figure 4.3, and was markedly different than envisioned. Rather than forming a
pentacoordinate trigonal bipyramidal geometry, the zinc metal center was a

hexacoordinate distorted octahedral complex.
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Figure 4.3. Crystal structure of complex 4.9, viewed from the side (A) and the top (B).
Displacement ellipsoids are scaled to 50%, and counterions removed for
clarity. C) Structural representation of the complex.
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In this crystal structure, no association was found between the tertiary nitrogen
and the zinc metal, with the distance between these calculated to be 2.8A. Instead of
coordination to this tertiary nitrogen atom, the metal center is bound to the three pyridine
nitrogen atoms. The three bonds between the zinc and imine nitrogen had an average
length of 2.10A, while the three between the metal and the pyridine nitrogens were found
to be slightly longer, at an average of 2.29A. These values are within the range of bond

%19 Tt appears that the cooperative effect of the

lengths typical of these complexes.
additional coordination available to the pyridine nitrogen atoms moves the zinc metal
away from the tertiary amine segment. Additionally, the crystal structure shows three
CH-m interactions between each proton in the 6-position of the aldehyde and the adjacent
pyridine aromatic ring. This stabilizing force likely provides another driving force for the
observed octahedral geometry.

Unfortunately, the six-coordinate complex cannot act as a self-assembled
carboxylate sensor. No open coordination sites are available to accommodate the guest,
and it is unlikely that a carboxylate analyte could replace coordination to one of the
nitrogen atoms of the ligand. The structures that were formed from this self-assembly

were unique, and studies were undertaken to explore the generality of this assembly. The

first studies carried out focused on the effect of the aldehyde segment of the assembly.
4.24. Incorporation of Additional Aldehydes

The structure found in the three-component assembly reported in the last section
has roots in the coordination of the pyridine nitrogen atoms from the aldehyde.
Naturally, it was postulated that removing this atom could shift the preference of the
system toward the five-coordinate trigonal bipyramidal geometry. The self-assembled

ligand would take up four coordination sites on the metal, leaving one available to bind

188



the carboxylate guest. To this end, three equivalents of benzaldehyde 4.10 were added to
the tris-amine 4.8 and Zn(OTf),. The resultant complex was again monitored with 'H
NMR spectroscopy, with the analysis directed toward the aldehyde proton.

A spectrum was recorded for 4.10 alone, showing a peak corresponding to the
aldehyde proton at 10.0 ppm (Figure 4.4). This peak disappeared when 4.8 was added,
resulting in formation of the tris-imine species and the concurrent growth of a peak at 8.1
ppm. This peak corresponds to the newly formed imine proton, similar to the observation
for aldehyde 4.7. The next spectrum was recorded after addition of Zn(OTf), to the tris-
imine complex. Rather than forming the metal complex as expected, the aldehyde peak
of 4.10 was regenerated, with no remaining imine proton signal. Apparently, the metal
causes hydrolysis of the imine bonds back to the amine and aldehyde. This is likely due
to the missing pyridine nitrogen atoms that help form a stable octahedral complex.

To test whether this observed hydrolysis was a result of the electrophilicity of the
aldehyde, two additional substituted benzaldehydes were tested for complex formation.
Aldehyde 4.11 contained an electron-donating dimethylamino group to make the
carbonyl less electrophilic, while 4.12 possessed an electron-withdrawing cyano to
increase the electrophilic character of the carbonyl. The tris-imine was never detected for
the complex using 4.11, likely an artifact of the increased electronic character at the
aldehyde carbon. In the case of aldehyde 4.12, the same behavior was observed as for
benzaldehyde 4.10. The tris-imine was determined to form and then hydrolyze upon
addition of the metal. Similar results were obtained for other metal salts, and imine
hydrolysis was also seen when forming the complex over molecular sieves. Given the
requirement of coordinating pyridine nitrogen in the aldehyde structure, the focus was

shifted using differently substituted versions of 2-pyridinecarboxaldehyde.
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Figure 4.4. A) 'H NMR spectra recorded for benzaldehyde 4.10 alone, (bottom panel),
the tris-imine formed between 4.10 and tris-amine 4.8 (middle panel), and
these two components with Zn(OTf), (top panel) in CD,CN. B) Chemical
structures for aldehydes 4.10-4.12 used in this study.

There are four possible locations on the pyridine ring, aside from the 2-position
with the aldehyde functional group, where it was possible to add substituents. Aldehydes
with substituents at this position are shown in Figure 4.5. The aldehyde is numbered
from the pyridine nitrogen, with the aldehyde located at the second position. Substitution

at the remaining positions was studied in this in situ complexation, and x-ray
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crystallography was chosen to visualize the complex formation. X-ray suitable crystals
were grown as previously stated, by slow evaporation of diethyl ether into an acetonitrile

solution of the complex.
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Figure 4.5. Chemical structure for substituted pyridines 4.13-4.16 used for complex
formation.

The first aldehyde investigated was 3-hydroxypyridine-2-carboxaldehyde 4.13.
The structure of the complex 4.17 formed between aldehyde 4.13, tris-amine 4.8, and
Zn(ClO,), is shown in Figure 4.6. The structure of this complex was similar to the
structure of 4.9, with the zinc metal adopting a hexacoordinate octahedral geometry. It
was again observed that the tertiary nitrogen atom was not coordinated to the metal
center. The bond distances between zinc and the pyridine nitrogen atoms are slightly
shorter in this complex than for 4.9, averaging 2.23 A. These bonds are again longer than
those between zinc and the imine nitrogen atoms, which average 2.14 A. These values
were slightly longer relative to the corresponding bonds in complex 4.9. The zinc atom
was further removed from the tertiary nitrogen atom in this complex, at a distance of 3.0

A.
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Figure 4.6. A) Crystal structure of complex 4.17. Displacement ellipsoids are scaled to
50%, and counterions omitted for clarity. B) Structural representation of
this complex.

The next aldehyde that was studied for complex formation was 4-bromopyridine-
2-carboxaldehyde 4.14. An x-ray quality crystal was grown of complex 4.18, analogous
to the previous example, and the crystal structure of this complex is shown in Figure 4.7.
Many of the structural features of the previous complexes carried over to this structure,
which had the same distorted octahedral arrangement of ligands around the zinc metal
center. The bonds between the zinc and the imine nitrogens were of a similar length as
the other assemblies, averaging 2.10 A. Also similar to the other complexes, bonds
between the zinc and pyridine nitrogen atoms averaged 2.29 A. The distance between the
tertiary nitrogen and the zinc metal center was calculated to be 2.95 A, similar to the

distances measured for the previous complex.
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Figure 4.7. A) Crystal structure of complex 4.18. Displacement ellipsoids are scaled to
50%, and counterions omitted for clarity. B) Structural representation of
this complex.

The next aldehyde that was used was a more sterically encumbered species,
namely isoquinoline-3-carbaldehyde 4.15. This species is substituted at two positions, 4-
and 5-, around the benzene ring, both positions. This aldehyde is particularly interesting,
since the isoquinoline chromophore is similar to the quinoline used in the previously
reported carboxylic acid sensor. A crystal of x-ray quality for complex 4.19 was grown
in the same fashion as the previous few examples, and the structure was determined for
this crystal. The complex was again observed to be a distorted octahedral geometry, with
coordination of three imine nitrogen atoms and three quinoline nitrogens (Figure 4.8).
Despite the increased steric bulk, the bond lengths were not significantly distorted from
the crystals grown with pyridine-based aldehydes. The average bond length for the zinc

to quinoline nitrogen was calculated to be 2.21 A, while the bond to the imine nitrogen
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averaged 2.13 A. The metal was held even further from the tertiary nitrogen atom in this

structure, with the distance calculated to be 3.14 A.

Figure 4.8. A) Crystal structure of complex 4.19. Displacement ellipsoids are scaled to
50%, and counterions omitted for clarity. B) Structural representation of
this complex.

The final location available for substitution on the pyridine ring was position 6-.
The aldehyde with this substitution pattern that was used is 6-methylpyridine-2-
carboxaldehyde 4.16. All attempts to grow x-ray quality crystals for this complex failed,
and subsequent NMR analysis revealed that complex formation did not occur. The
reason this complex did not form was likely steric hindrance. The crystal structures
reported for the assembled complexes using various pyridine structures all show three
CH-mt interactions between the proton in the 6- position of the pyridine ring and an
adjacent pyridine ring. This is likely an extra stabilization afforded this molecule, and the

distance is correct to accommodate this interaction. When bulkier substituents are placed
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at this position it likely destabilizes the complex, preventing complex formation. After
determining the range of pyridine-substituted aldehydes that was tolerated by this
assembly, the focus of the study shifted toward assembling these components around

additional transition metals.
4.2.5. Incorporation of Additional Transition Metals

The assemblies were initially envisioned to serve in a manner very similar to the
synthesized complex 2.34. For this reason, the first additional transition metal to be
applied was copper(II). The tris-imine for aldehyde 4.7 and tris-amine 4.8 was formed,
and Cu(ClO,), was subsequently added to create complex 4.20. The copper(Il) ion is a d’
metal ion, and thus is paramagnetic. Its paramagnetism excludes it from NMR analysis,
and thus x-ray crystallography was an alternative analysis method. To this end, x-ray
quality crystals were obtained from vapor diffusion as described previously. The
complex was found to form around the copper metal center, and the structure is shown in
Figure 4.9. A structure similar to the analogous zinc complex was obtained, with a
distorted octahedral metal center. This complex displays much greater Jahn-Teller
distortion than the zinc analog.*® One imine and one pyridine nitrogen were located at the
apical positions, with lengthened bonds of 2.24 and 2.39 A respectively. The other four
bonds were averaged to 2.07 A. This Jahn-Teller distortion is often observed for
complexes of copper(Il), as lengthening of these bonds breaks degeneracy and lowers
orbital energy overall.?' The distorted apical bonds are shown in Figure 4.9 in the z-axis

of the molecule, straight up and down in the figure.
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Figure 4.9. A) Crystal structure of complex 4.20. Displacement ellipsoids are scaled to
50%, and counterions omitted for clarity. B) Structural representation of
this complex.

Recently, the Anslyn group was able to successfully determine the ee of chiral
primary amines through the use of an octahedral complex based around iron(Il).”
Because of the recent success with complexes of this ion, this metal was selected for
further study. Complex formation was initiated using components 4.7 and 4.8, followed
by addition of Fe(ClO,),. The structure of this complex (4.21) was determined by
analysis of an x-ray suitable crystal, and is shown in Figure 4.10. The geometry of this
complex is almost fully octahedral, lacking the disparity in bond lengths found for the
copper and zinc complexes. The average length of the iron to pyridine nitrogen bonds
was 1.97 A, and bonds were 1.95 A between the iron and imine nitrogen atoms. The

tertiary amine nitrogen was even further from the metal center, with the distance
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calculated to be 3.49 A. It seems that the further removed the metal is from the tertiary

nitrogen the less distorted is the octahedral geometry of the complex.
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Figure 4.10. Crystal structure of the iron (II) complex with aldehyde 4.7, viewed from
the side. Displacement ellipsoids are scaled to 50%, and counterions
omitted for clarity.

4.2.6. Incorporation of Additional Amines

In addition to tris(2-aminoethyl)amine 4.8, another tris-amine species tris(3-
aminopropyl)amine 4.22 is commercially available. This compound has an additional
methylene group between the tertiary amine and the terminal amines. The increased size
of the arms was postulated to move the tertiary nitrogen atom further from the zinc metal
center, potentially creating a cavity that could incorporate an external guest. To this end,
the tris-imine was formed between three equivalents of aldehyde 4.7 and tris-amine

species 4.22. Zn(OTf), was added to this tris-imine to form the metal complex, and an x-
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ray suitable crystal of complex 4.23 was grown. The structure obtained from this crystal
is shown in Figure 4.11. There is again a difference in bond lengths between the zinc
and pyridine nitrogens, and zinc and imine nitrogens, leading to a distorted octahedral
geometry. The average length was 2.2 A between zinc and pyridine nitrogen atoms, and
2.14 A between zinc and the imine nitrogens. The extra methylene did increase the size
of the void located between the metal and the tertiary amine; this distance was calculated

tobe 3.44 A.

A) H2N/\/\N/\/\NH2

Figure 4.11. A) Structure of tris-amine 4.22. B) Crystal structure of complex 4.23.
Displacement ellipsoids are scaled to 50%, and counterions omitted for
clarity. C) Structural representation of the complex.

None of these species possessed structural features that made them amenable to
sensing chiral carboxylic acids. The hexacoordinate metal centers were unable to accept

further ligands. This complex formation allows for the creation of a large diversity in
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the complex structure by selecting some of the many pyridine-carboxaldehydes, metals,
and tris-amine species that have been demonstrated to work. It is still desirable to create
a self-assembled sensing ensemble that can facilitate enantioselective recognition. Rather
than select aldehydes without coordinating pyridine nitrogen atoms, which prooved
unsuccessful here, a new strategy was devised. Removing one of the amine arms would
remove two coordinating nitrogens, one each from the imine and pyridine. This change
was expected to bring about one of two possible changes. First, this complex might
retain its octahedral geometry, with two open coordination sites. Alternatively, removing
these two coordination sites could force coordination between the metal and the tertiary
amine, and cause the geometry to become trigonal bipyramidal. Thus, commercially
available bis-amine 2,2’-diamino-N-methyldiethylamine 4.24 was used as the imine-

forming species (Scheme 4.4).

o]
| N Hoo, o HeN o~ NHe Zn(OTi),
_ |
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Scheme 4.4. Proposed formation of self-assembled receptor 4.25, with an open
coordination site to bind a carboxylate guest.

Again, '"H NMR spectrometry was chosen to monitor complex formation. A
spectrum was first recorded for the addition of two equivalents of aldehyde 4.7 to bis-
amine complex 4.24. The resultant bis-imine complex is shown in the middle panel of
Figure 4.12. The aldehyde peak of 4.7, located at 10.0 ppm, disappears when these
components are mixed. A new peak corresponding to the proton attached to an imine
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carbon appears at 8.5 ppm. This peak indicates that the bis-imine complex has formed to
a large extent, leaving virtually no free aldehyde in solution. After confirming that the
bis-imine complex formed nearly exclusively, Zn(OTf), was added to this solution. The
result of this addition is shown in the top panel of Figure 4.13. This addition did not
result in the hydrolysis of the imine back to the aldehyde, as the characteristic aldehyde
peak remained very small. The rest of the spectrum went from clean and sharp peaks, to
broader, messy peaks. Multiplicities became difficult to decipher, and methylene peaks
appeared as broad singlets. This indicates that there are a variety of species present in
solution, and that the peaks average out on the NMR timescale. Another interesting
feature of this spectrum is the presence of two peaks around 6.0 ppm. Peaks of this
magnitude and shape were determined to be hemiaminal peaks in the self-assembled
hemiaminal complex for alcohol sensing.'”” This evidence would suggest that partial
hydrolysis of the imine bonds is occurring to form hemiaminal species. A more detailed
study of the multiple equilibria established upon addition of metal was necessary, to

understand the interplay of these species.
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Figure 4.12. '"H NMR spectra recorded for 2-pyridinecarboxaldehyde 4.7 alone, (bottom
panel), the bis-imine formed between 4.7 and bis-amine 4.18 (middle panel),
and these two components with Zn(OTf), (top panel) in CD,CN.

0.5
1 (ppm

4.2.7. Reversibility of the System

The presence of peaks in the '"H NMR spectrum corresponding to hemiaminal
species indicated that this system was potentially reversible. This reversibility has been
proven for the dynamic hemiaminal assembly," and could potentially allow greater
freedom in the complex formation. This property of reversibility would allow for the
possibility of a self-selection of the best aldehyde to bind, and ultimately form a complex.
It is envisioned that secondary supramolecular interactions, such as hydrogen bonding,
electrostatic attraction, or hydrophobicity, would lead to a preference for each guest to a
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particular aldehyde or group of aldehydes. To study reversibility, the complex 4.9 was
formed in solution by mixing the components. The aldehyde 4.13 was then added in
excess, with the goal of replacing aldehyde 4.7 to form the complex as shown in Scheme

4.5.

N N’ 413 AN, ' _
Zn~~~N ,«Zn‘ ~N
N 7\N/

4.9 4.17

Scheme 4.5. Envisioned reversibility of complex 4.9 through the addition of aldehyde
4.13, forming 4.17.

The imine proton peak in the 'H NMR spectrum was used to monitor the extent of
change to complex 4.9. As shown previously, complex 4.9 displayed a singlet at 8.6
ppm. When aldehyde 4.13 was added to complex 4.9, the spectrum was simply an
addition of the spectra for 4.9 and 4.13, indicating that no reaction was taking place.
These spectra are shown in Figure 4.13. Attempts to form the desired complex by
adding a larger excess of aldehyde 4.13 also proved unsuccessful. It was postulated that
water was necessary to cause the exchange of aldehydes, since a hemiaminal was likely
detected previously. Unfortunately, addition of water did not lead to exchange of the

aldehydes either.
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Figure 4.13. '"H NMR spectra recorded for aldehyde 4.13 alone, (bottom panel),
complex 4.9 (middle panel), and one equivalent of 4.13 added to 4.9 (top
panel), in CD,CN.

Reversibility has been achieved previously for dynamic assemblies based on
imines. In pioneering work by Lehn and coworkers, the reversibility has been achieved
by amine nucleophilicity, rather than adding additional aldehydes.” Thus, reversibility
may be possible using alternate amine ligands. This theory was tested by initially
forming complex 4.22 with the tris-amine ligand 4.17. Once this complex had formed,
one equivalent of the other tris-amine ligand 4.8 was added to the mixture. Any change
to the resultant NMR spectrum would indicate that the system is reversible by addition of

exogenous amine rather than aldehyde. This is represented pictorially in Scheme 4.6.
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Scheme 4.6. Envisioned reversibility of complex 4.9 through the addition of tris-amine
ligand 4.8, forming complex 4.9.

The NMR spectra taken for this experiment are shown in Figure 4.14. Addition
of the other tris-amine affected the clean spectrum that had been recorded for complex
4.23, resulting in the appearance of many new peaks. The new peaks do not directly
correspond to complex 4.9, nor are they an overlay of the spectra of complex 4.23 and
tris-amine 4.8. The peaks are quite broad, and correspond to several different types of
protons in solution. The number of distinct amine groups in solution gives rise to a very
complicated equilibrium mixture of many complexes, with various substitution between
the two different tris-amine ligands. While these amines catalyze reversibility to some
extent, it is clear from the NMR that no aldehyde is being released into solution. Thus,
addition of the second tris-amine causes a shift toward a complicated equilibrium mixture

of several components.
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Figure 4.14. '"H NMR spectra recorded for complex 4.22 alone, (bottom panel), and this
complex with the addition of one equivalent of 4.8 (top panel), in CD,CN.

4.3. CONCLUDING REMARKS

The research presented herein was directed toward creating a self-assembled
complex that would serve as a chiral carboxylate sensor. It was found that three
components assembled in solution to give the unforeseen complex 4.9, where the three
pyridine and three imine nitrogen atoms formed a hexacoordinate zinc metal complex.
This octahedral complex lacked an open coordination site to accommodate an exogenous
guest, and could ultimately not be applied as a sensor. Non-coordinating aldehydes were
attempted to obviate this problem. However, addition of the metal salt caused hydrolysis

of the imine back to the aldehyde. The effect of substitution on the pyridine was
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determined, with substituents tolerated at any position on the ring except the 6-position.
The 6-position was disfavored by steric repulsion between the methyl group and the
pyridine ring toward which it was directed. Next, other transition metals were used in
complex formation. Structures were determined for both iron(Il) and copper(Il). It was
discovered that this system could be rendered dynamic by applying an additional amine
rather than new aldehydes. Finally, preliminary studies into a coordinatively unsaturated

complex 4.25 were undertaken.
4.4. FUTURE DIRECTIONS

Several directions are envisioned for the future of this self-assembly project. The
first is built around the complex formed between bis-amine ligand 4.24 and aldehydes
such as 4.7. While the distribution of products is not entirely coherent, it is envisioned
that the equilibrium could be shifted to allow application of this strategy to sensing
carboxylic acids. It must be determined whether the hemiaminal species is indeed
forming, as indicated by the peaks around 6.0 ppm in the 'H NMR spectrum. If this
species is forming, one of several approaches may be applied to mediate its creation.
One is stringent removal of water, possibly beyond the use of molecular sieves. These
sieves can remove the water that is created upon condensation, shifting the reaction away
from the the hemiaminal species. Another technique would be to add an exogenous
Brgnsted acid, leading to elimination of water and formation of an imine species.

Another possible approach for this self-assembled complex would be to switch
the structure of the tris-amine ligand. The tertiary nitrogen atom holding the three arms
could be changed to a tertiary phosphorous atom like 4.26. Phosphine structures of this

2425

nature are known in the literature,”~ and could be paired with metals that have a high

affinity for phosphines. This is expected to disfavor the hexacoordinate structure that
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lacks an empty coordination site in favor of a pentacoordinate complex with binding
between the metal and phosphine. Another way to change the amine-containing complex
is to incorporate an expansive rigid template. One template that has received much

2028 The four nitrogen atoms in cyclen 4.27, as shown in Figure

attention is a cyclen.
4.15, can be loaded with amine containing arms that could form imine bonds with
exogenous aldehydes. These amines could then complex a metal, such as a lanthanide,
that can expand its structure past a hexacoordinate species. Of course these additional

metals can be tried with tris-imines such as the product of 4.7 and 4.8, since they can

expand their coordination numbers.

NH,

HaN o~ p o~ NH, H2N—\_g\N/R
H &NJ\_NHZ
NH, H

4.26 427 N

Figure 4.15. Chemical structures of tris- and tetra-amine templates that could possibly
be applied to complex formation.

The final way that this system could be exploited is to make use of the cavity
formed between the metal and the tertiary nitrogen atom. The crystal structure shows a
nitrogen atom that is pyramidalized upward toward the metal center. The lone pair is
directed toward the metal and is expected to act in a nucleophilic fashion. The metal is
expected to be electropositive, due to its inherently low electronegativity and its

oxidation state. This sort of arrangement may be amenable to a push-pull sort of
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interaction, leading to the binding of a polarized guest molecule. Simple acids are
envisioned to bind in this cavity, but it may be possible for a carboxylic acid to bind if the
cavity size is tailored correctly. If this carboxylic acid were chiral, it would again be
expected that the stereocenter would bias the system towards one of the helices

preferentially. Thus, this strategy is envisioned as a chiral carboxylic acid sensor.
4.5. EXPERIMENTAL DATA

4.5.1. Materials and Methods

Reagents were purchased from reputable sources, and used as received unless
otherwise indicated. 'H and C NMR were recorded in the University of Texas at Austin
NMR facility. Mass spectra were obtained from the mass spectrometry facility at the
University of Texas at Austin. X-ray data was obtained in the X-ray diffraction facility at

the University of Texas at Austin.
4.5.2. Formation of Complex 4.9

The complex was prepared in situ without any further purification. The
appropriate aldehyde (3 equiv, 180 mM) and tris-amine ligand (1 equiv, 60 mM) were
dissolved to 1 mL in acetonitrile-d,. To this solution was added the Zn(OT¥), (1 equiv,
60 mM), and the solution was shaken until the metal dissolved. In the case of the bis-
amine ligand 4.24, only two equivalents of the indicated aldehyde were used. These
solutions were then transferred to NMR tubes, and the spectra recorded. For the
reversibility studies, the second aldehyde or tris-amine component was added directly to
this NMR tube, and the spectra again recorded. 'H NMR (400 MHz, CDCIl,): 2.90 (dt,
1H), 3.22 (dd, 1H), 3.53 (dd, 1H), 3.75 (dt, 1H), 7.32 (dd, 1H), 7.62 (ddd, 1H), 8.01 (d,
1H), 8.25 (t, 1H). C NMR (400 MHz, CDCl,): 54.8, 56.5, 128.8, 129.6, 141.6, 147.0,

148.7. ESI MS: 626.33 ([M(OTf)]"); calculated 626.11.
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4.53. Crystal Growth for X-ray Analysis

X-ray crystal were grown by the slow diffusion of diethyl ether into a solution
containing the desired complex dissolved in acetonitrile-d;. The complex solution was
prepared previously for NMR studies. The formed crystals were used without further

treatment, and stored at room temperature before analysis.
4.54. X-ray Structural Parameters

4.54.1. Complex 4.9

Crystals grew as pale yellow prisms. The data crystal was cut from a larger
crystal and had approximate dimensions; 0.44 x 0.22 x 0.20 mm. The data were collected
on a Rigaku AFC12 diffractometer with a Saturn 724+ CCD using a graphite
monochromator with MoKa radiation (A = 0.71073A). A total of 1446 frames of data
were collected using w-scans with a scan range of 0.5° and a counting time of 20 seconds
per frame. The data were collected at 100 K using a Rigaku XStream low temperature
device. Details of crystal data, data collection and structure refinement are listed in Table
1. Data reduction were performed using the Rigaku Americas Corporation’s Crystal
Clear version 1.40. The structure was solved by direct methods using SIR97 and refined
by full-matrix least-squares on F2? with anisotropic displacement parameters for the non-
H atoms using SHELXL-97. Structure analysis was aided by use of the programs

PLATONO98 and WinGX.

Table 4.1. Crystal data and structure refinement for complex 4.9.

Empirical formula C24 H27 C12 N7 O8 Zn
Formula weight 677.80

Temperature 100(2) K

Wavelength 0.71075 A
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Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter

Trigonal

P3lc

a=9.7488(12) A a=90°.
b=9.7488(12) A b=90°.
¢ =16.566(2) A g =120°.
1363.5(3) A3

2

1.651 Mg/m3

1.160 mm-!

696

044 x0.22 x 0.20 mm

241 to 27.48°.

-12<=h<=12, -12<=k<=12, -21<=l<=21

19059

2086 [R(int) = 0.0263]

100.0 %

1.00 and 0.829

Full-matrix least-squares on F2
2086/ 1/ 164

1.051

R1=0.0152, wR2 =0.0400
R1=0.0155, wR2 =0.0402
0.009(6)

Largest diff. peak and hole

0.170 and -0.236 e.A-3
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Table 4.2. Atomic coordinates ( x 104) and equivalent isotropic displacement

parameters (AZX 103) for 4.9. U(eq) is defined as one third of the trace

of the orthogonalized Ul tensor.

X y z U(eq)
Znl 6667 3333 4710(1) 13(1)
N1 7552(1) 5420(1) 3830(1) 14(1)
N2 8842(1) 5088(1) 5189(1) 15(1)
N3 6667 3333 6401(1) 15(1)
Cl 6964(1) 5513(2) 3118(1) 17(1)
C2 7864(2) 6620(1) 2535(1) 18(1)
C3 9431(2) 7699(1) 2699(1) 19(1)
C4 10044(1) 7659(1) 3448(1) 18(1)
C5 9072(1) 6496(1) 3990(1) 15(1)
C6 9675(2) 6320(2) 4775(1) 16(1)
C7 9426(2) 4901(2) 5972(1) 18(1)
C8 8211(2) 4663(2) 6617(1) 18(1)
Cll1 10000 10000 5631(1) 16(1)
03 10000 10000 4775(1) 32(1)
04 11473(1) 10199(2) 5926(1) 35(1)
CI2 3333 6667 4119(1) 20(1)
o1 4548(1) 6368(1) 3830(1) 34(1)
02 3333 6667 4984(1) 38(1)
Table 4.3. Bond lengths [A] and angles [°] for 4.9.
Zn1-N2#1 2.1035(11) CI12-01#6 1.4360(11) C4-C3-H3 123.4(10)
Znl-N2  2.1035(11) Cl2-01 1.4360(10) C5-C4-C3 118.38(12)
Znl1-N2#2  2.1035(11) N2#1-Zn1-N2 106.66(3) C5-C4-H4 119.8(9)
Znl1-N1#1 2.2928(10) N2#1-Zn1-N2#2 106.66(3) C3-C4-H4 121.7(10)
Znl-N1#2  2.2928(10) N2-Zn1-N2#2 106.66(3) NI1-C5-C4 123.14(12)
Znl-N1 2.2928(10) N2#1-Zn1-N1#1 74.88(4) NI1-C5-C6 115.56(11)
NI-C1 1.3341(16) N2-Zn1-N1#1 92.83(4) C4-C5-C6 121.24(11)

211



N1-C5
N2-C6
N2-C7

N3-C8#1
N3-C8

N3-C8#2
C1-C2
Cl-HI
C2-C3
C2-H2
C3-C4
C3-H3
C4-Cs5
C4-H4
C5-C6
C6-H6
C7-C8

C7-H7B
C7-H7A
C8-H8A
C8-HSB
Cl1-03

Cl1-04#3

Cl1-0O4#4
Cl1-04
C12-02

CI2-01#5

1.3460(16)
1.2641(17)
1.4642(15)
1.4573(14)
1.4573(14)
1.4573(14)
1.3853(17)
0.961(16)
1.3814(18)
0.915(19)
1.3858(19)
0.916(16)
1.3835(17)
0.945(16)
1.4720(17)
0.939(17)
1.5236(17)
0.955(17)
0.958(18)
0.960(15)
0.911(19)
1.4187(19)
1.4345(11)
1.4345(10)
1.4345(10)
1.432(2)
1.4360(10)

N2#2-Zn1-N1#1
N2#1-Zn1-N1#2
N2-Znl-N1#2
N2#2-Zn1-N1#2
N1#1-Zn1-N1#2
N2#1-Zn1-N1
N2-Znl1-N1
N2#2-Zn1-N1
N1#1-Zn1-N1
N1#2-Zn1-N1
CI-N1-C5
CI1-N1-Znl
C5-N1-Znl
C6-N2-C7
C6-N2-Znl
C7-N2-Znl
C8#1-N3-C8
C8#1-N3-C8#2
C8-N3-C8#2
N1-C1-C2
N1-C1-H1
C2-C1-H1
C3-C2-Cl1
C3-C2-H2
C1-C2-H2
C2-C3-C4
C2-C3-H3

158.68(4)
92.83(4)
158.68(4)
74.88(4)
83.82(4)
158.68(4)
74.88(4)
92.83(4)
83.82(4)
83.82(4)
117.67(10)
129.71(8)
110.21(8)
119.62(11)
118.38(9)
121.98(8)
114.20(7)
114.20(7)
114.20(7)
122.89(11)
114.7(9)
122.3(10)
118.93(12)
123.5(11)
117.6(11)
118.93(12)
117.7(10)

N2-Ce6-C5
N2-C6-H6
C5-C6-H6
N2-C7-C8
N2-C7-H7B
C8-C7-H7B
N2-C7-H7A
C8-C7-H7A
H7B-C7-H7A
N3-C8-C7
N3-C8-H8A
C7-C8-H8A
N3-C8-H&B
C7-C8-H&B
H8A-C8-H8B
03-Cl1-04#3
03-Cl1-04#4

O4#3-CI1-04#4

03-Cl11-04
04#3-C11-04
04#4-Cl11-04
02-CI2-O1#5
02-CI12-0O1#6

O1#5-CI2-01#6

02-C12-01
O1#5-CI2-01
01#6-CI2-01

119.11(11)
124.7(11)
116.1(11)

108.57(10)
107.8(10)

112.4(9)
112.9(11)
110.1(11)
105.1(13)

110.04(11)
107.0(8)
107.5(9)
112.3(11)
109.6(11)
110.3(14)
109.88(5)
109.88(5)
109.06(5)
109.88(5)
109.06(5)
109.06(5)
109.51(6)
109.51(6)
109.43(6)
109.51(6)
109.43(6)
109.43(6)

Symmetry transformations used to generate equivalent atoms:

#1 -x+y+1l,-x+1,z #2 -y+1,x-y,z #3 -xty+l,-x+2,z

#4 -y+2 x-y+1,z #5-y+1 x-y+l,z #6 -x+y,-x+1,z
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Table 4.4. Anisotropic displacement parameters (A2x 103) for 4.9. The
anisotropicdisplacement factor exponent takes the form: -2m2[ h? a*2U!!
+...+2hka*b*U"?]

ull U22 U33 U23 ul3 ul2
Znl 13(1) 13(1) 12(1) 0 0 6(1)
N1 14(1) 14(1) 15(1) 0(1) 0(1) 7(1)
N2 16(1) 17(1) 13(1) -1(1) 0(1) 9(1)
N3 15(1) 15(1) 13(1) 0 0 8(1)
C1 16(1) 16(1) 18(1) 0(1) -1(1) 9(1)
C2 21(1) 20(1) 15(1) 2(1) -1(1) 12(1)
C3 20(1) 17(1) 20(1) 5(1) 5(1) 10(1)
C4 16(1) 16(1) 21(1) 1(1) 2(1) 7(1)
C5 17(1) 14(1) 15(1) -1(1) 1(1) 8(1)
C6 15(1) 17(1) 16(1) -3(1) -1(1) 8(1)
C7 17(1) 21(1) 15(1) 1(1) -3(1) 9(1)
C8 19(1) 21(1) 12(1) -2(1) -3(1) 9(1)
Cl1 19(1) 19(1) 12(1) 0 0 9(1)
03 43(1) 43(1) 10(1) 0 0 22(1)
04 27(1) 49(1) 34(1) 1(1) -7(1) 23(1)
CI2 18(1) 18(1) 25(1) 0 0 9(1)
Ol 25(1) 30(1) S51(1) 3(1) 9(1) 17(1)
02 45(1) 45(1) 26(1) 0 0 22(1)

Table 4.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x

10 3) for 4.9.
X y z U(eq)
H1 5876(19)  4723(17)  3030(10) 14(3)
H2 7390(20)  6575(18)  2052(11) 25(4)
H3 10009(18)  8418(18)  2306(10) 14(3)
H4 11107(19)  8379(18)  3587(9) 12(3)
H6 10690(20)  7140(20)  4921(11) 14(4)
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H7B 9596(17) 4020(19) 5934(10) 17(3)
H7A 10440(20) 5780(20) 6109(11) 27(4)
HSA 8109(16) 5592(17) 6621(9) 14(3)
HS8B 8550(20) 4530(20) 7107(11) 27(4)
Table 4.6. Torsion angles [°] for 4.9.
N2#1-Zn1-N1-C1 76.12(15) C5-N1-C1-C2 2.55(17)
N2-Znl1-N1-C1 173.27(11) Znl1-N1-C1-C2 -157.94(10)
N2#2-Zn1-N1-Cl1 -80.24(10) N1-C1-C2-C3 -1.29(19)
N1#1-Zn1-N1-C1 78.64(8) C1-C2-C3-C4 -1.25(18)
N1#2-Zn1-N1-C1 -5.79(10) C2-C3-C4-C5 2.37(18)
N2#1-Zn1-N1-C5  -85.51(13) C1-N1-C5-C4 -1.32(17)
N2-Znl1-N1-C5 11.64(8) Zn1-N1-C5-C4 162.79(10)
N2#2-Zn1-N1-C5 118.14(8) C1-N1-C5-C6 -178.58(10)
N1#1-Znl-N1-C5  -82.99(9) Zn1-N1-C5-C6 -14.47(12)
N1#2-Zn1-N1-C5  -167.41(8) C3-C4-C5-N1 -1.12(18)
N2#1-Zn1-N2-C6 150.66(9) C3-C4-C5-Co6 175.98(11)
N2#2-Zn1-N2-C6  -95.65(11) C7-N2-C6-C5 -179.77(10)
N1#1-Zn1-N2-C6  75.60(9) Zn1-N2-C6-C5 1.84(15)
N1#2-Zn1-N2-C6  -4.63(17) N1-C5-C6-N2 9.58(16)
N1-Zn1-N2-C6 -7.22(9) C4-C5-C6-N2 -167.73(12)
N2#1-Zn1-N2-C7  -27.69(10) C6-N2-C7-C8 123.08(12)
N2#2-Zn1-N2-C7  86.00(7) Zn1-N2-C7-C8 -58.59(12)
N1#1-Zn1-N2-C7  -102.75(9) C8#1-N3-C8-C7  82.48(18)
N1#2-Zn1-N2-C7 177.02(9) C8#2-N3-C8-C7  -143.52(13)
N1-Zn1-N2-C7 174.42(10) N2-C7-C8-N3 55.16(13)

Symmetry transformations used to generate equivalent atoms:
#1 -xty+l,-x+1,z #2 -y+1,x-y,z #3 -x+y+1,-x+2,z
#4 -y+2 x-y+1,z #5 -y+lx-y+l,z #6 -xt+y,-x+1,z

4.54.2. Complex 4.17

Crystals grew as colorless prisms. The data crystal was cut from a larger crystal
and had approximate dimensions; 0.34 x 0.18 x 0.16 mm. The data were collected on a
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Rigaku AFC12 diffractometer with a Saturn 724+ CCD using a graphite monochromator
with MoKa radiation (A = 0.71073A). A total of 1200 frames of data were collected
using w-scans with a scan range of 0.5° and a counting time of 19 seconds per frame.
The data were collected at 100 K using a Rigaku XStream low temperature device.
Details of crystal data, data collection and structure refinement are listed in Table 1. Data
reduction were performed using the Rigaku Americas Corporation’s Crystal Clear
version 1.40. The structure was solved by direct methods using SIR97 and refined by
full-matrix least-squares on F2 with anisotropic displacement parameters for the non-H
atoms using SHELXL-97. Structure analysis was aided by use of the programs

PLATONO98 and WinGX.

Table 4.7. Crystal data and structure refinement for 4.17.

Empirical formula C24 H29 CI12 N7 O12 Zn

Formula weight 743.81

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=13.3636(12) A o= 90°.
b=18.037(2) A B=116.713(2)°.
c=14.2110(15) A v =90°.

Volume 3059.8(5) A3

Z 4

Density (calculated) 1.615 Mg/m3

Absorption coefficient 1.051 mm-!

F(000) 1528

Crystal size 0.34x0.18 x 0.16 mm

Theta range for data collection 3.04 to 27.48°.
215



Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

-17<=h<=17, -23<=k<=23, -18<=

34314

7009 [R(int) = 0.0269]

99.8 %

Semi-empirical from equivalents
1.00 and 0.806

Full-matrix least-squares on F2
7009 / 151 /473

1.022

R1=10.0291, wR2 =0.0767
R1=10.0311, wR2 =0.0782

1.037 and -0.603 e.A-3

1<=18

Table 4.8. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 4.17. U(eq) is defined as one third of the trace
of the orthogonalized Uf tensor.

X y z U(eq)
Znl 8079(1) 5887(1) 7149(1) 16(1)
Cll 5288(1) 8515(1) 4945(1) 22(1)
C12 8970(1) 3351(1) 4771(1) 27(1)
01 4848(1) 5603(1) 3293(1) 29(1)
02 12298(1) 6740(1) 8544(1) 27(1)
03 8123(2) 3589(1) 9473(1) 35(1)
04 4933(2) 8921(1) 3973(1) 36(1)
05 4351(1) 8484(1) 5205(1) 27(1)
06 6198(1) 8392(1) 5775(2) 39(1)
07 5605(2) 7781(1) 4830(2) 35(1)
08 9524(4) 3923(2) 5525(3) 41(1)
09 7930(4) 3636(3) 3983(4) 104(3)
010 8711(4) 2764(2) 5285(3) 53(1)
011 9742(6) 2902(4) 4513(6) 75(3)
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O8A
O9%A
OI0A
Ol1A
012
N1
N2
N3
N4
N5
N6
N7
Cl1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cll1
Cl12
C13
Cl4
CI15
Clé6
C17
C18
C19
C20
C21

9587(5)
8743(5)
8007(4)
9544(7)
4057(1)
7597(1)
6319(1)
7363(2)
8926(1)
9881(1)
8428(1)
7793(1)
8254(2)
7814(2)
6675(2)
5974(2)
6475(2)
5819(2)
5694(2)
6157(2)
8006(2)
8357(2)
9975(2)
10545(2)
11709(2)
12200(2)
11508(2)
10354(2)
7705(2)
8716(2)
8331(2)
8000(2)
7920(2)

3586(4)
3923(3)
2963(3)
3055(6)
5249(1)
5772(1)
6127(1)
7112(1)
6900(1)
5555(1)
5724(1)
4686(1)
5587(1)
5399(1)
5396(1)
5595(1)
5787(1)
6016(1)
6395(1)
7150(1)
7737(1)
7615(1)
6879(1)
6156(1)
6105(1)
5403(1)
4791(1)
4886(1)
6841(1)
6325(1)
5065(1)
4474(1)
3740(1)
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5830(4)
4080(4)
4658(4)
4269(8)
1272(1)
5476(1)
6412(1)
8117(1)
7327(1)
7571(1)
8754(1)
7242(1)
5038(2)
3976(2)
3363(2)
3816(2)
4881(2)
5428(2)
6966(2)
7452(2)
8036(2)
7163(2)
7629(2)
7836(2)
8292(2)
8469(2)
8180(2)
7730(2)
9182(2)
9523(2)
9015(2)
8222(2)
8476(2)

52(2)
60(2)
46(1)
91(4)
26(1)
18(1)
20(1)
22(1)
18(1)
16(1)
19(1)
17(1)
20(1)
23(1)
23(1)
21(1)
18(1)
21(1)
25(1)
25(1)
25(1)
22(1)
19(1)
17(1)
19(1)
19(1)
18(1)
18(1)
25(1)
23(1)
20(1)
19(1)
24(1)



C22 7638(2) 3202(1) 7688(2) 26(1)
C23 7440(2) 3428(1) 6691(2) 24(1)
C24 7520(2) 4173(1) 6494(2) 19(1)
Table 4.9. Bond lengths [A] and angles [°] for 4.17.
Zn1-N4 2.1042(17) C22-C23 1.380(3) N1-C5-C6 115.64(17)
Znl1-N6 2.1340(17) C22-H22 0.95 C4-C5-Co6 122.27(18)
Zn1-N2 2.1447(17) C23-C24 1.388(3) N2-C6-C5 118.98(18)
Znl-N1 2.1755(17) C23-H23 0.95 N2-C6-H6 120.5
Znl1-N7 2.2150(17) C24-H24 0.95 C5-C6-H6 120.5
Znl-N5 2.2841(16) N4-Zn1-N6 98.31(7) N2-C7-C8 108.90(18)
Cl1-07 1.4212(18) N4-Zn1-N2 107.21(7) N2-C7-H7A 109.9
Cl1-06 1.4295(18) N6-Zn1-N2 102.37(7) C8-C7-H7A 109.9
Cl1-04 1.4417(17) N4-Zn1-N1 95.34(6) N2-C7-H7B 109.9
Cl11-05 1.4582(16) N6-Znl1-N1 165.99(7) C8-C7-H7B 109.9
CI12-09A 1.361(4) N2-Znl1-N1 76.39(6) H7A-C7-H7B 108.3
CI2-O11A 1.371(6) N4-Zn1-N7 160.14(6) N3-C8-C7 110.90(17)
CI12-O10A 1.409(4) N6-Znl1-N7 76.20(7) N3-C8-H8A 109.5
C12-010 1.415(3) N2-Zn1-N7 92.63(6) C7-C8-H8A 109.5
CI12-0O8A 1.416(4) N1-Zn1-N7 89.87(6) N3-C8-H8B 109.5
CI12-08 1.431(3) N4-Zn1-N5 75.49(6) C7-C8-H&B 109.5
CI12-09 1.432(4) N6-Zn1-N5 89.14(6) HS8A-C8-HSB 108
Cl2-011 1.483(4) N2-Zn1-N5 167.48(6) N3-C9-C10  111.18(17)
O1-C4 1.346(3) N1-Zn1-N5 91.25(6) N3-C9-H9A 109.4
O1-H10 0.75(4) N7-Zn1-N5 85.28(6) C10-C9-H9A 109.4
02-C13 1.344(2) 0O7-Cl1-06 110.56(12) N3-C9-H9B 109.4
02-H20 0.76(4) 07-Cl1-04 110.42(11) C10-C9-H9B 109.4
03-C21 1.346(3) 06-Cl11-04 109.92(12) H9A-C9-H9B 108
03-H30 0.71(4) 07-Cl11-05 109.14(10) N4-C10-C9  109.04(17)
O12-H12B 0.80(4) 06-Cl11-05 108.56(11) N4-C10-H10A 109.9
O12-H12A 0.84(4) 04-Cl11-05 108.18(10) C9-C10-H10A 109.9
N1-C1 1.328(3) 09A-C12-O11A 85.1(6) N4-C10-H10B 109.9
N1-C5 1.350(3) 09A-C12-O10A 113.5(3) C9-C10-H10B 109.9
N2-C6 1.266(3) O11A-CI2-O10A  116.4(5) Hll(){/?(')%m' 108.3
N2-C7 1.464(3) 09A-CI2-08A 112.0(4) N4-C11-C12  119.26(18)
N3-C9 1.453(3) O11A-CI2-O8A 118.3(5) N4-C11-H11 120.4
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N3-C17
N3-C8
N4-Cl11
N4-C10
N5-C16
N5-C12
N6-C19
N6-C18
N7-C24
N7-C20
Cl-C2
Cl1-H1
C2-C3
C2-H2
C3-C4
C3-H3
C4-C5
C5-Cé
C6-H6
C7-C8

C7-H7A

C7-H7B

C8-H8A
C8-H8B

C9-C10
C9-H9A
C9-H9B

C10-H10A

C10-H10B
C11-C12
Cl11-H11
C12-C13
C13-C14
C14-C15
Cl14-H14
C15-C16

1.455(3)
1.458(3)
1.269(3)
1.461(3)
1.334(3)
1.343(3)
1.268(3)
1.463(3)
1.329(3)
1.348(3)
1.393(3)

0.95

1.373(3)
0.95
1.400(3)
0.95
1.395(3)
1.469(3)

0.95
1.527(3)
0.99

0.99

0.99
0.99

1.526(3)
0.99
0.99

0.99

0.99
1.471(3)
0.95
1.394(3)
1.395(3)
1.379(3)
0.95
1.389(3)

O10A-CI2-O8A
010-CI2-08
010-CI12-09

08-CI12-09
09A-CI2-011
010-CI2-011
08-CI2-011
09-C12-011
C4-0O1-H10
C13-02-H20

C21-03-H30

H12B-0O12-
HI2A

CI1-N1-C5
CI1-N1-Znl
C5-N1-Znl

C6-N2-C7
C6-N2-Znl
C7-N2-Znl

C9-N3-C17
C9-N3-C8
C17-N3-C8

C11-N4-C10

C11-N4-Znl
C10-N4-Znl

C16-N5-C12
C16-N5-Znl
C12-N5-Znl

C19-N6-C18

C19-N6-Znl
C18-N6-Znl
C24-N7-C20
C24-N7-Znl
C20-N7-Znl
N1-C1-C2
N1-C1-H1
C2-C1-H1
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109.6(3)
108.5(2)
107.2(3)
108.7(2)
100.9(4)
94.5(3)
113.3(4)
122.8(4)
110(3)
109(3)
109(3)
105(3)
119.57(17)
127.08(14)
112.51(13)
120.02(18)

115.22(14)
124.75(13)

114.99(18)
115.72(17)
115.38(18)

119.87(18)

117.84(14)
122.22(13)

118.61(17)
130.22(13)
110.37(13)

120.20(17)

116.13(14)
123.62(13)
118.94(18)
128.69(14)
112.25(13)
121.54(19)
119.2
119.2

C12-Cl11-H11
N5-C12-C13
N5-C12-Cl11
C13-C12-Cl11
02-C13-C12
02-C13-C14
C12-C13-C14
C15-C14-C13
C15-C14-H14
C13-C14-H14
C14-C15-Cl6

C14-C15-H15

Cl16-C15-H15
N5-C16-C15
N5-C16-H16
C15-Cl16-H16
N3-C17-C18

N3-C17-H17A

C18-Cl17-
HI7A

N3-C17-H17B

C18-C17-
H17B
HI17A-C17-
H17B

N6-C18-C17
N6-C18-HI8A

C17-C18-
HI8A

N6-C18-H18B

C17-C18-
H18B
HI18A-C18-
H18B

N6-C19-C20
N6-C19-H19
C20-C19-H19
N7-C20-C21
N7-C20-C19
C21-C20-C19
03-C21-C20
03-C21-C22

120.4
122.38(18)
116.19(17)
121.42(18)
117.65(18)
123.68(18)
118.67(18)
118.40(18)
120.8
120.8
119.59(18)

120.2

120.2
122.33(18)
118.8
118.8
110.77(17)
109.5

109.5
109.5
109.5

108.1

108.40(17)
110

110
110
110

108.4

119.40(18)
120.3
120.3

122.34(19)

115.99(18)

121.67(18)

117.6(2)
123.9(2)



C15-H15 0.95 C3-C2-Cl 119.70(19) C20-C21-C22 118.49(19)
C16-H16 0.95 C3-C2-H2 120.2 C23-C22-C21 118.4(2)
C17-C18 1.529(3) C1-C2-H2 120.2 C23-C22-H22 120.8
C17-H17A 0.99 C2-C3-C4 119.21(19) C21-C22-H22 120.8
C17-H17B 0.99 C2-C3-H3 120.4 C22-C23-C24 119.7(2)
C18-H18A 0.99 C4-C3-H3 120.4 C22-C23-H23 120.1
C18-H18B 0.99 01-C4-C5 117.98(18) C24-C23-H23 120.1
C19-C20 1.469(3) 01-C4-C3 124.13(19) N7-C24-C23 122.06(19)
C19-H19 0.95 C5-C4-C3 117.88(19) N7-C24-H24 119
C20-C21 1.389(3) N1-C5-C4 122.09(18) C23-C24-H24 119
C21-C22 1.399(3)

Table 4.10. Anisotropic displacement parameters (A2x 103) for 4.17. The anisotropic
displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U2 ]

ull U222 U33 U23 ul3 ul2
Znl 18(1) 17(1) 14(1) 1(1) 7(1) 0(1)
Cll 17(1) 25(1) 23(1) 4(1) 8(1) 1(1)
Cl2 32(1) 20(1) 25(1) 0(1) 9(1) -3(1)
Ol 21(1) 48(1) 16(1) -8(1) 6(1) 1(1)
02 17(1) 18(1) 35(1) 3(1) 3(1) -3(1)
03 66(1) 19(1) 28(1) 8(1) 29(1) 7(1)
04 38(1) 41(1) 31(1) 15(1) 17(1) 7(1)
05 20(1) 35(1) 29(1) -1(1) 13(1) -1(1)
06 23(1) 46(1) 39(1) -5(1) 6(1) -11(1)
07 39(1) 29(1) 44(1) 4(1) 25(1) 8(1)
08 40(2) 23(2) 47(3) -14(2) 9(2) -7(2)
09 68(3) 42(3) 108(4) -22(3) -45(3) 25(2)
010 102(3) 30(2) 34(2) -9(2) 38(2) -26(2)
Ol11 43(3) 103(4) 57(4) -49(3) 3(2) 29(3)
O8A 45(3) 68(4) 31(3) -23(3) 6(2) 3(3)
O9%A 90(4) 44(3) 47(3) 24(2) 30(3) 4(3)
OI0A  58(3) 43(3) 53(3) -19(2) 4003) -18(2)
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O11A  50(5) 192(10)  50(5) -65(5) 40(4) -61(5)

012 30(1) 30(1) 19(1) -1(1) 12(1) -1(1)
N1 20(1) 18(1) 15(1) 2(1) 8(1) 0(1)
N2 21(1) 22(1) 18(1) 0(1) 11(1) 2(1)
N3 27(1) 23(1) 18(1) 1(1) 11(1) 4(1)
N4 22(1) 15(1) 16(1) 2(1) 8(1) 3(1)
N5 18(1) 17(1) 15(1) 0(1) 7(1) 0(1)
N6 21(1) 20(1) 15(1) 0(1) 9(1) 2(1)
N7 17(1) 18(1) 18(1) 2(1) 9(1) 0(1)
Cl 21(1) 22(1) 18(1) 2(1) 10(1) 1(1)
C2 26(1) 27(1) 21(1) 1(1) 15(1) 1(1)
C3 28(1) 28(1) 16(1) 2(1) 11(1) -1(1)
C4 22(1) 22(1) 17(1) 0(1) 8(1) 0(1)
Cs 21(1) 18(1) 16(1) 1(1) 9(1) 1(1)
C6 19(1) 23(1) 19(1) 1(1) 8(1) 2(1)
C7 24(1) 33(1) 21(1) 2(1) 13(1) 3(1)
C8 27(1) 30(1) 22(1) 0(1) 14(1) 8(1)
C9 34(1) 18(1) 25(1) 2(1) 14(1) 5(1)
Cl0  26(1) 17(1) 24(1) 4(1) 11(1) 5(1)
Cl1  22(1) 16(1) 17(1) 2(1) 7(1) -1(1)
Cc12 201 16(1) 15(1) 2(1) 7(1) 0(1)
CI13 191 18(1) 17(1) 1(1) 6(1) 2(1)
Cl4  18(1) 21(1) 17(1) 1(1) 7(1) 1(1)
C15  21(1) 16(1) 17(1) -1(1) 9(1) 3(1)
Ccl6  21(1) 16(1) 18(1) -1(1) 9(1) -1(1)
Cl7  33(1) 27(1) 18(1) 2(1) 13(1) 4(1)
CI18  29(1) 22(1) 15(1) -1(1) 9(1) 1(1)
Cl9  24(1) 23(1) 16(1) 3(1) 11(1) 3(1)
c20  20(1) 20(1) 19(1) 2(1) 11(1) 3(1)
c21 311 21(1) 24(1) 5(1) 17(1) 6(1)
22 36(1) 16(1) 31(1) 4(1) 20(1) 4(1)
23 29(1) 20(1) 25(1) 2(1) 14(1) 2(1)
24 19(1) 21(1) 18(1) 0(1) 9(1) 1(1)
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Table 4.11. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A2x
10 3) for 4.17.

X y z U(eq)
H1 9043 5584 5458 24
H2 8300 5272 3677 28
H3 6366 5262 2641 28
H6 5030 6079 5049 25
H7A 5770 6039 7525 30
H7B 4889 6439 6467 30
H8A 5993 7518 6384 30
HSB 5782 7315 7879 30
HOA 8682 7805 8715 30
H9B 7549 8194 7887 30
H10A 7688 7621 6468 27
H10B 8865 8018 7175 27
H11 10388 7324 7720 23
H14 12991 5349 8781 22
H15 11819 4306 8288 22
H16 9886 4461 7528 22
H17A 7075 6571 9211 30
H17B 7900 7266 9673 30
H18A 9371 6603 9557 27
H18B 8912 6120 10231 27
H19 8470 4956 9718 24
H22 7585 2694 7835 31
H23 7249 3074 6142 28
H24 7376 4322 5803 23
H12B 4090(30)  5600(20) 940(30) 44(9)
H10 4660(30)  5491(19)  2730(30) 43(9)
H30 8140(30)  3200(20)  9540(30) 45(10)
HI12A 4330(30)  4890(20) 1080(30) 46(9)
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Table 4.12. Torsion angles [°] for 4.17.

N4-Znl-N1-Cl
N6-Znl-N1-Cl
N2-Znl-N1-Cl
N7-Znl1-N1-Cl
N5-Znl-N1-Cl
N4-Znl-N1-C5
N6-Znl-N1-C5
N2-Znl-N1-C5
N7-Znl1-N1-C5
N5-Znl-N1-C5
N4-Zn1-N2-C6
N6-Zn1-N2-C6
N1-Znl-N2-C6
N7-Zn1-N2-C6
N5-Zn1-N2-C6
N4-Znl1-N2-C7
N6-Znl1-N2-C7
N1-Znl-N2-C7
N7-Znl1-N2-C7
N5-Znl1-N2-C7
N6-Znl1-N4-Cl11
N2-Znl-N4-Cl11
N1-Znl-N4-Cl11
N7-Zn1-N4-Cl11
N5-Znl1-N4-Cl11
N6-Zn1-N4-C10
N2-Zn1-N4-C10
N1-Zn1-N4-C10
N7-Zn1-N4-C10
N5-Zn1-N4-C10
N4-Znl1-N5-C16
N6-Zn1-N5-C16
N2-Znl-N5-C16
N1-Znl-N5-C16
N7-Zn1-N5-C16
N4-Zn1-N5-C12
N6-Zn1-N5-C12
N2-Znl-N5-C12

74.27(18)
-92.7(3)
-179.28(18)
-86.54(17)
-1.27(18)
-116.41(14)
76.6(3)
-9.96(13)
82.78(14)
168.05(14)
98.87(16)
-158.25(16)
7.43(15)
-81.80(16)
-1.8(4)
-81.74(17)
21.14(18)
-173.19(18)
97.58(17)
177.6(3)
82.73(15)
-171.49(14)
-94.11(15)
10.5(3)
-4.20(14)
-94.30(15)
11.49(16)
88.87(15)
-166.52(17)
178.77(16)
177.10(18)
78.29(17)
-78.7(3)
-87.71(17)
2.06(17)
7.70(12)
91.11(13)
111.93)
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C2-C3-C4-C5
CI1-N1-C5-C4
Zn1-N1-C5-C4
CI1-N1-C5-Cé
Zn1-N1-C5-Cé6
01-C4-C5-N1
C3-C4-C5-N1
01-C4-C5-Cé6
C3-C4-C5-Co
C7-N2-C6-C5
Zn1-N2-C6-C5
N1-C5-C6-N2
C4-C5-C6-N2
C6-N2-C7-C8
Zn1-N2-C7-C8
C9-N3-C8-C7
C17-N3-C8-C7
N2-C7-C8-N3
C17-N3-C9-C10
C8-N3-C9-C10
C11-N4-C10-C9
Zn1-N4-C10-C9
N3-C9-C10-N4
C10-N4-C11-C12
Zn1-N4-C11-C12
C16-N5-C12-C13
Zn1-N5-C12-C13
C16-N5-C12-Cl11
Zn1-N5-C12-Cl11
N4-C11-C12-N5
N4-C11-C12-C13
N5-C12-C13-02
C11-C12-C13-02
N5-C12-C13-C14
C11-C12-C13-C14
02-C13-C14-C15
C12-C13-C14-C15
C13-C14-C15-C16

-0.103)
1.5(3)
-168.67(16)
-178.51(18)
11.3(2)
177.92(19)
1.103)
2.003)
178.92(19)
176.70(19)
-3.93)
-5.3(3)
174.7(2)
-118.0(2)
62.6(2)
138.98(18)
-82.7(2)
-54.4(2)
133.02(19)
-88.5(2)
-108.7(2)
68.3(2)
-53.02)
177.27(17)
0.2(2)
-1.5(3)
169.25(15)
179.14(17)
-10.1(2)
7.4(3)
-171.96(19)
-178.85(18)
0.4(3)
0.7(3)
179.96(18)
179.77(19)
0.3(3)
-0.3(3)



N1-Zn1-N5-C12 102.89(13) CI12-N5-C16-C15 1.5(3)
N7-Znl1-N5-C12  -167.34(13) Zn1-N5-C16-C15 -167.18(14)
N4-Zn1-N6-C19  -160.00(15) C14-C15-C16-N5 -0.6(3)
N2-Zn1-N6-C19 90.23(16) C9-N3-C17-C18 -81.7(2)
N1-Zn1-N6-C19 6.9(4) C8-N3-C17-C18 139.62(19)
N7-Zn1-N6-C19 0.55(15) C19-N6-C18-C17 -112.4(2)
N5-Zn1-N6-C19 -84.80(15) Zn1-N6-C18-C17 64.9(2)
N4-Zn1-N6-C18 22.64(16) N3-C17-C18-N6 -56.2(2)
N2-Zn1-N6-C18 -87.13(16) C18-N6-C19-C20 177.78(18)
N1-Zn1-N6-C18 -170.5(2) Zn1-N6-C19-C20 0.3(2)
N7-Zn1-N6-C18  -176.82(17) C24-N7-C20-C21 -1.2(3)
N5-Zn1-N6-C18 97.84(16) Zn1-N7-C20-C21 -177.38(16)
N4-Zn1-N7-C24 -101.1(2) C24-N7-C20-C19 178.16(17)
N6-Znl1-N7-C24  -177.12(18) Zn1-N7-C20-C19 1.9(2)
N2-Zn1-N7-C24 80.78(17) N6-C19-C20-N7 -1.6(3)
N1-Zn1-N7-C24 4.41(17) N6-C19-C20-C21 177.7(2)
N5-Zn1-N7-C24 -86.85(17) N7-C20-C21-03 -178.71(19)
N4-Zn1-N7-C20 74.6(2) C19-C20-C21-03 2.0(3)
N6-Zn1-N7-C20 -1.36(13) N7-C20-C21-C22 1.5(3)
N2-Znl1-N7-C20  -103.46(13) C19-C20-C21-C22  -177.81(19)
N1-Znl1-N7-C20  -179.83(13) 03-C21-C22-C23 179.4(2)
N5-Zn1-N7-C20 88.91(13) C20-C21-C22-C23 -0.8(3)
C5-N1-C1-C2 -0.7(3) C21-C22-C23-C24 -0.2(3)
Zn1-N1-C1-C2 167.97(16) C20-N7-C24-C23 0.2(3)
N1-C1-C2-C3 -0.6(3) Zn1-N7-C24-C23 175.67(15)
C1-C2-C3-C4 0.93) C22-C23-C24-N7 0.5(3)
C2-C3-C4-01 -179.1(2)
Table 4.13. Hydrogen bonds for 4.17 [A and °].
D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
O1-H10...012 0.75(4) 1.91(4) 2.654(2) 175(4)
O12-H12B...05#1 0.80(4) 2.07(4) 2.865(2) 174(3)
03-H30...010#2 0.71(4) 1.99(4) 2.663(4) 156(4)
03-H30...010A#2 0.71(4) 2.11(4) 2.823(5) 174(4)
O12-HI12A...04#3 0.84(4) 2.03(4) 2.847(3) 164(3)
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02-H20...05#4 0.76(4) 1.99(4) 2.728(2) 164(4)

Symmetry transformations used to generate equivalent atoms:
#1 x,-y+3/2,z-1/2  #2 x,-y+1/2,z+1/2  #3 -x+1,y-1/2,-z+1/2
#4 x+1,-y+3/2,z+1/2

4.54.3. Complex 4.18

Crystals grew as large, colorless prisms. The data crystal had approximate
dimensions; 0.40 x 0.35 x 0.20 mm. The data were collected on a Rigaku SCX-Mini
diffractometer with a Mercury CCD using a graphite monochromator with MoKa
radiation (A = 0.71075A). A total of 1080 frames of data were collected using m-scans
with a scan range of 0.5° and a counting time of 25 seconds per frame. The data were
collected at 153 K using a Rigaku XStream low temperature device. Details of crystal
data, data collection and structure refinement are listed in Table 1. Data reduction were
performed using the Rigaku Americas Corporation’s Crystal Clear version 1.40." The
structure was solved by direct methods using SIR97* and refined by full-matrix least-
squares on F? with anisotropic displacement parameters for the non-H atoms using
SHELXL-97. Structure analysis was aided by use of the programs PLATON98* and
WinGX.

Table 4.14. Crystal data and structure refinement for 4.18.

Empirical formula C24 H24 Br3 CI2 N7 O8 Zn
Formula weight 914.50

Temperature 1532) K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group 12/a
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Unit cell dimensions a=15.176(4) A o= 90°.

b=14.351(3) A B=95.649(4)°.
c=28.688(7) A v =90°.
Volume 6218(3) A3
Z 8
Density (calculated) 1.954 Mg/m3
Absorption coefficient 4.877 mm-1
F(000) 3600
Crystal size 0.40 x 0.35 x 0.20 mm
Theta range for data collection 3.07 to 27.48°.
Index ranges -19<=h<=19, -18<=k<=18, -36<=]<=37
Reflections collected 32067
Independent reflections 7132 [R(int) = 0.0662]
Completeness to theta = 27.48° 99.8 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00 and 0.641
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 7132 /105 /417
Goodness-of-fit on F2 1.228
Final R indices [[>2sigma(I)] R1=0.0488, wR2=10.1114
R indices (all data) R1=0.0754, wR2 =0.1209
Largest diff. peak and hole 1.481 and -1.193 e.A-3

Table 4.15. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 4.18. U(eq) is defined as one third of the trace
of the orthogonalized U¥ tensor.

X y z U(eq)
Cl 3974(3) 3617(3) 356(2) 30(1)
C2 4194(3) 3960(3) 72(2) 37(1)
C3 5020(4) 3803(4) 216(2) 44(1)
C4 5619(3) 3307(3) 83(2) 40(1)
Cs 5378(3) 2988(3) 505(2) 30(1)
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C6 5995(3) 2491(3) 847(2) 31(1)

C7 6361(3) 1771(3) 1574(2) 36(1)
C8 6506(3) 2369(3) 2016(2) 39(1)
C9 5557(3) 3549(4) 2341(2) 42(1)
C10 5223(3) 4162(3) 1924(2) 37(1)
Cl1 3665(3) 4111(3) 1748(2) 30(1)
C12 2850(3) 3631(3) 1554(1) 26(1)
C13 2021(3) 3938(3) 1651(2) 32(1)
Cl4 1289(3) 3436(3) 1481(2) 36(1)
C15 1415(3) 2645(3) 1221(2) 33(1)
C16 2257(3) 2378(3) 1133(2) 29(1)
C17 5320(3) 1873(4) 2489(2) 43(1)
C18 4338(3) 1702(4) 2345(2) 37(1)
C19 4001(3) 652(3) 1721(2) 35(1)
C20 3909(3) 397(3) 1222(2) 31(1)
C21 3711(3) -505(3) 1078(2) 38(1)
C22 3642(3) -706(3) 602(2) 44(1)
C23 3773(3) 2(3) 295(2) 37(1)
C24 3959(3) 891(3) 463(2) 32(1)
N1 4555(2) 3135(2) 638(1) 27(1)
N2 5742(2) 2230(2) 1230(1) 28(1)
N3 5658(2) 2591(3) 2191(1) 34(1)
N4 4412(2) 3753(2) 1697(1) 26(1)
N5 2972(2) 2866(2) 1298(1) 23(1)
N6 4207(2) 1474(3) 1849(1) 28(1)
N7 4023(2) 1092(2) 918(1) 28(1)
04 2522(2) 5986(3) 1291(1) 65(1)
01 4056(2) 5959(3) 1219(2) 54(1)
02 3377(3) 7282(3) 1487(2) 64(1)
03 3103(3) 6876(3) 706(1) 59(1)
O1A 3331(15)  5701(10) 840(6) 57
02A 4069(10)  6492(14) 1468(6) 57
03A 3208(17)  7314(9) 885(7) 57
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05 2023(3) 1479(2) 2218(1) 54(1)

06 2356(2) -101(2) 2347(1) 47(1)

o7 908(2) 351(3) 2075(1) 53(1)

08 2041(2) 453(2) 1576(1) 42(1)

Brl 3354(1) 4676(1) -452(1) 46(1)

Br2 445(1) 1907(1) 991(1) 52(1)

Br3 3682(1) -204(1) -361(1) 55(1)

Znl 4409(1) 2478(1) 1337(1) 25(1)

Cll1 3264(1) 6484(1) 1161(1) 42(1)

Cl2 1832(1) 548(1) 2054(1) 35(1)

Table 4.16. Bond lengths [A] and angles [°] for 4.18.

C1-N1 1.330(5) 06-C12 1.439(3) HI18A-C18-H18B 108.2
C1-C2 1.394(6) 07-CI2 1.438(4) N6-C19-C20 120.7(4)
C1-H1 0.95 08-C12 1.442(3) N6-C19-H19 119.6
C2-C3 1.377(7) N1-C1-C2 121.2(4) C20-C19-H19 119.6
C2-Brl 1.895(5) N1-Cl1-H1 119.4 N7-C20-C21 122.5(5)
C3-C4 1.383(7) C2-C1-H1 119.4 N7-C20-C19 116.1(4)
C3-H3 0.95 C3-C2-C1 120.6(5) C21-C20-C19 121.3(4)
C4-C5 1.378(6) C3-C2-Brl 119.8(4) C20-C21-C22 118.7(5)
C4-H4 0.95 C1-C2-Brl 119.5(4) C20-C21-H21 120.7
C5-N1 1.358(5) C2-C3-C4 117.5(4) C22-C21-H21 120.7
C5-C6 1.472(7) C2-C3-H3 121.2 C23-C22-C21 118.5(4)
C6-N2 1.257(6) C4-C3-H3 121.2 C23-C22-H22 120.7
C6-H6 0.95 C5-C4-C3 120.0(5) C21-C22-H22 120.7
C7-N2 1.453(6) C5-C4-H4 120 C22-C23-C24 119.7(5)
C7-C8 1.527(7) C3-C4-H4 120 C22-C23-Br3 121.5(4)
C7-H7A 0.99 N1-C5-C4 121.8(5) C24-C23-Br3 118.8(4)
C7-H7B 0.99 N1-C5-Cé6 115.5(4) N7-C24-C23 122.3(4)
C8-N3 1.463(6) C4-C5-C6 122.7(4) N7-C24-H24 118.8
C8-H8A 0.99 N2-C6-C5 119.8(4) C23-C24-H24 118.8
C8-H8B 0.99 N2-C6-H6 120.1 C1-N1-C5 118.8(4)
C9-N3 1.453(6) C5-C6-Ho6 120.1 C1-N1-Znl 130.1(3)
C9-C10 1.530(7) N2-C7-C8 109.9(4) C5-N1-Znl 111.1(3)
C9-H9A 0.99 N2-C7-H7A 109.7 C6-N2-C7 119.8(4)
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C9-H9B
C10-N4
C10-H10A
C10-H10B
Cl11-N4
C11-C12
Cl11-H11
CI12-N5
C12-C13
C13-C14
C13-H13
C14-C15
Cl14-H14
C15-C16
C15-Br2
C16-N5
Cl6-H16
C17-N3
C17-C18
C17-H17A
C17-H17B
C18-N6
C18-H18A
C18-H18B
C19-N6
C19-C20
C19-H19
C20-N7
C20-C21
C21-C22
C21-H21
C22-C23
C22-H22
C23-C24
C23-Br3
C24-N7
C24-H24
N1-Znl
N2-Znl
N4-Znl

0.99
1.459(5)
0.99
0.99
1.267(5)
1.476(6)
0.95
1.344(5)
1.386(6)
1.373(6)
0.95
1.382(7)
0.95
1.380(6)
1.879(5)
1.339(5)
0.95
1.462(6)
1.528(7)
0.99
0.99
1.456(6)
0.99
0.99
1.266(6)
1.471(7)
0.95
1.347(5)
1.383(6)
1.389(7)
0.95
1.373(7)
0.95
1.384(6)
1.895(5)
1.330(6)
0.95
2.246(3)
2.105(4)
2.100(3)

C8-C7-H7A
N2-C7-H7B
C8-C7-H7B
H7A-C7-H7B
N3-C8-C7
N3-C8-H8A
C7-C8-H8A
N3-C8-H8&B
C7-C8-H8&B
H8A-C8-H8B
N3-C9-C10
N3-C9-H9A
C10-C9-H9A
N3-C9-H9B
C10-C9-H9B
H9A-C9-H9B
N4-C10-C9
N4-C10-H10A
C9-C10-H10A
N4-C10-H10B
C9-C10-H10B
H10A-C10-H10B
N4-C11-C12
N4-C11-H11
C12-Cl11-H11
N5-C12-C13
N5-C12-C11
C13-C12-Cl11
C14-C13-C12
C14-C13-H13
C12-C13-H13
C13-C14-C15
C13-C14-H14
C15-C14-H14
Cl16-C15-C14
C16-C15-Br2
C14-C15-Br2
N5-C16-C15
N5-Cl16-H16
C15-Cl16-H16
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109.7
109.7
109.7
108.2

110.4(4)
109.6
109.6
109.6
109.6
108.1

110.5(4)
109.6
109.6
109.6
109.6
108.1

108.5(4)

110
110
110
110
108.4

119.6(4)
120.2
120.2

123.1(4)

115.5(4)

121.3(4)

118.7(4)
120.6
120.6

118.2(4)
120.9
120.9

120.4(4)

119.2(4)

120.5(3)

121.6(4)
119.2
119.2

C6-N2-Znl
C7-N2-Znl
C9-N3-C17
C9-N3-C8
C17-N3-C8
C11-N4-C10
C11-N4-Znl
C10-N4-Znl
C16-N5-C12
C16-N5-Znl
C12-N5-Znl
C19-N6-C18
C19-N6-Znl
C18-N6-Znl
C24-N7-C20
C24-N7-Znl
C20-N7-Znl
N4-Zn1-N6
N4-Zn1-N2
N6-Zn1-N2
N4-Znl1-N5
N6-Zn1-N5
N2-Znl1-N5
N4-Znl1-N1
N6-Znl1-N1
N2-Znl1-N1
N5-Znl1-N1
N4-Znl-N7
N6-Zn1-N7
N2-Znl-N7
N5-Zn1-N7
N1-Znl-N7
04-Cl11-01
04-Cl11-03
01-Cl1-03
04-Cl11-0O3A
04-Cl11-02A

03A-CI1-02A

04-Cl1-0O1A

03A-CI1-O1A

117.3(3)
123.0(3)
116.2(4)
115.5(4)
114.7(4)
120.7(4)
116.8(3)
122.1(3)
118.0(3)
129.7(3)
111.2(3)
119.9(4)
119.0(3)
121.03)
118.3(4)
132.1(3)
109.5(3)
104.28(14)
105.25(13)
101.21(14)
76.30(12)
89.82(12)
167.95(14)
94.45(13)
161.05(14)
76.14(14)
91.85(13)
165.87(12)
74.52(14)
88.70(13)
89.59(12)
86.61(13)
112.9(2)
111.9(3)
112.7(2)
124.2(11)
119.7(10)
109.6(7)
83.3(10)
107.1(7)



N5-Znl
N6-Znl
N7-Znl
04-Cl1
O1-Cll1
02-Cl1
03-Cl1
O1A-Cll
02A-Cll
0O3A-Cll
05-C12

2.243(3)
2.101(3)
2.368(3)
1.414(3)
1.414(3)
1.476(4)
1.422(4)
1.464(7)
1.432(7)
1.428(7)
1.436(4)

N3-C17-C18
N3-C17-H17A
C18-C17-H17A
N3-C17-H17B
C18-C17-H17B
H17A-C17-H17B
N6-C18-C17
N6-C18-H18A
C17-C18-H18A
N6-C18-H18B
C17-C18-H18B

110.2(4)
109.6
109.6
109.6
109.6
108.1

109.6(4)
109.7
109.7
109.7
109.7

02A-CI1-O1A
04-Cl11-02
01-Cl11-02
03-Cl11-02
05-C12-07
05-CI2-06
07-C12-06
05-C12-08
07-C12-08
06-C12-08

106.5(7)
105.8(2)
107.2(3)
105.8(3)
109.6(2)
109.2(2)
109.4(2)
110.1(2)
109.1(2)
109.4(2)

Table 4.17. Anisotropic displacement parameters (A2x 103) for 4.18. The anisotropic
displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U2 ]
ull U22 U33 U23 ul3 ul2

C1 32(2) 27(2) 32(2) -1(2) 5(2) -5(2)
C2 46(3) 36(3) 28(2) -2(2) 02) -15(2)
C3 55(3) 47(3) 30(3) 02) 12(2) -24(3)
C4 47(3) 4003) 36(3) -12(2) 15(2) -14(2)
C5 30(2) 30(2) 31(2) -13(2) 8(2) -11(2)
Co6 26(2) 26(2) 40(3) -9(2) 10(2) -4(2)
C7 25(2) 31(3) 51(3) -2(2) 4(2) 7(12)

C8 25(2) 43(3) 47(3) -6(2) -3(2) 3(2)

c9 29(2) 49(3) 46(3) -21(2) -4(2) 3(2)

C10 28(2) 33(3) 48(3) -11(2) 2(2) -4(2)
Cll1 35(3) 23(2) 30(2) 2(2) 4(2) 1(2)

Cl12 26(2) 30(2) 24(2) 4(2) 4(2) 3(2)

C13 33(2) 35(3) 29(2) -2(2) 7(12) 8(2)

Cl4 25(2) 47(3) 37(3) 3(2) 9(2) 9(2)

C15 24(2) 34(3) 41(3) 10(2) -2(2) -2(2)
Cl6 30(2) 24(2) 33(2) 0(2) 3(2) 0(2)

C17 44(3) 50(3) 33(3) 4(2) 0(2) 11(2)
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CI8  34(3) 48(3) 28(2) 12(2) 5(2) 2(2)
Cl9  24(2) 31(3) 50(3) 17(2) 6(2) 3(2)
C20  19(2) 23(2) 50(3) 42) 8(2) 2(2)
21 25(2) 26(2) 63(4) 6(2) 8(2) 2(2)
22 23(2) 28(3) 80(4) -15(3) 1(3) -4(2)
23 17(2) 35(3) 57(3) -17(2) 42) 2(2)
24 26(2) 25(2) 47(3) -5(2) 9(2) 3(2)
N1 33(2) 22(2) 29(2) -1(2) 11(2) 3(2)
N2 25(2) 26(2) 33(2) -6(2) 6(2) -1(2)
N3 29(2) 35(2) 37(2) -3(2) 2(2) 6(2)
N4 21(2) 25(2) 32(2) -1(2) 42) -1(1)
N5 20(2) 22(2) 25(2) 2(1) 6(2) 3(1)
N6 23(2) 32(2) 29(2) 7(2) 6(2) 5(2)
N7 25(2) 18(2) 40(2) -3(2) 7(2) 1(1)
04 52(2) 58(3) 83(3) 8(2) 30(2) -17(2)
01 44(2) 52(3) 63(3) 21(2) 20(2) 16(2)
02 49(3) 55(3) 83(4) 9(3) 5(3) -5(2)
03 42(2) 95(4) 43(3) 25(2) 14(2) 17(3)
05 73(3) 32(2) 572) -8(2) 9(2) -5(2)
06 53(2) 41(2) 47(2) 7(2) 2(2) 6(2)
07 36(2) 60(3) 67(3) -6(2) 25(2) -1(2)
08 43(2) 44(2) 40(2) 12) 14(2) 2(2)
Brl 63(1) 41(1) 32(1) 4(1) -8(1) -12(1)
Br2  28(1) 45(1) 80(1) 1(1) -5(1) -6(1)
Br3 40(1) 63(1) 64(1) -35(1) 9(1) -11(1)
Znl  22(1) 22(1) 31(1) 2(1) 7(1) 1(1)
Cll 30(1) 54(1) 44(1) 18(1) 8(1) -1(1)
C12 37(1) 32(1) 38(1) -1(1) 11(1) 2(1)
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Table 4.18. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A2x
10 3) for 4.18.

X y z U(eq)
HI 3399 3730 448 36
H3 5174 4028 -508 53
H4 6197 3186 -4 48
H6 6583 2368 778 37
H7A 6933 1674 1442 43
H7B 6125 1154 1653 43
H8A 6886 2029 2259 46
H8B 6813 2953 1944 46
HO9A 6134 3788 2483 50
H9B 5132 3574 2581 50
HIOA 5104 4800 2033 44
HI10B 5677 4200 1700 44
HI1 3629 4685 1910 36
HI13 1961 4485 1832 39
H14 711 3627 1540 43
HI16 2330 1835 951 35
HI7A 5404 2075 2820 51
H17B 5655 1288 2459 51
HIZA 4125 1182 2531 44
HI18B 3993 2266 2408 44
HI19 3904 195 1950 42
H21 3624 -979 1301 46
H22 3506 -1319 492 53
H24 4043 1375 246 39

Table 4.19. Torsion angles [°] for 4.18.

N1-CI1-C2-C3 0.3(7) C19-C20-N7-C24 179.0(4)
N1-CI1-C2-Brl -178.1(3) C21-C20-N7-Znl -177.6(3)
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C1-C2-C3-C4 -0.8(7)
Brl-C2-C3-C4 177.6(3)
C2-C3-C4-C5 0.2(7)
C3-C4-C5-N1 0.9(7)
C3-C4-C5-C6 -177.3(4)
N1-C5-C6-N2 0.4(6)
C4-C5-C6-N2 178.8(4)
N2-C7-C8-N3 54.2(5)
N3-C9-C10-N4 54.5(5)
N4-C11-C12-N5 -5.4(6)
N4-C11-C12-C13  172.0(4)

N5-C12-C13-C14 0.5(7)
Cl11-C12-C13-C14  -176.7(4)
C12-C13-C14-C15 0.1(7)

C13-C14-C15-C16 -0.6(7)
C13-C14-C15-Br2 178.3(3)
C14-C15-C16-N5 0.6(7)
Br2-C15-C16-N5 -178.4(3)
N3-C17-C18-N6 55.0(5)
N6-C19-C20-N7 -2.5(6)
N6-C19-C20-C21 178.0(4)

N7-C20-C21-C22 1.1(6)
C19-C20-C21-C22  -179.4(4)
C20-C21-C22-C23 0.0(6)
C21-C22-C23-C24 -0.8(6)
C21-C22-C23-Br3 -179.5(3)
C22-C23-C24-N7 0.5(7)

Br3-C23-C24-N7  179.2(3)
C2-C1-N1-C5 0.8(6)
C2-C1-N1-Znl -179.1(3)
C4-C5-N1-C1 -1.4(6)
C6-C5-N1-C1 176.9(4)
C4-C5-N1-Znl 178.5(3)
C6-C5-N1-Znl -3.2(4)
C5-C6-N2-C7 -177.6(4)
C5-C6-N2-Znl1 2.9(5)
C8-C7-N2-C6 116.0(4)
C8-C7-N2-Znl -64.5(5)

C10-C9-N3-C17  -135.4(4)
C10-C9-N3-C8 86.0(5)

C19-C20-N7-Znl
C11-N4-Znl-N6
C10-N4-Zn1-N6
C11-N4-Znl-N2
C10-N4-Zn1-N2
C11-N4-Zn1-N5
C10-N4-Zn1-N5
C11-N4-Znl1-N1
C10-N4-Znl1-N1
C11-N4-Znl-N7
C10-N4-Zn1-N7
C19-N6-Zn1-N4
C18-N6-Zn1-N4
C19-N6-Zn1-N2
C18-N6-Znl1-N2
C19-N6-Zn1-N5
C18-N6-Zn1-N5
C19-N6-Zn1-N1
C18-N6-Zn1-N1
C19-N6-Zn1-N7
C18-N6-Znl-N7

C6-N2-Zn1-N4
C7-N2-Zn1-N4
C6-N2-Zn1-N6
C7-N2-Zn1-N6
C6-N2-Znl-N5
C7-N2-Znl1-N5
C6-N2-Znl-N1
C7-N2-Znl-N1
C6-N2-Znl1-N7
C7-N2-Zn1-N7
C16-N5-Znl1-N4
C12-N5-Znl-N4
C16-N5-Znl-N6
C12-N5-Znl-N6
C16-N5-Znl-N2
C12-N5-Znl-N2
C16-N5-Znl1-N1
C12-N5-Znl1-N1
C16-N5-Znl-N7
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2.9(4)
-82.8(3)
90.5(3)
171.1(3)
-15.6(4)

3.4(3)
176.8(3)
94.2(3)
-92.4(3)

0.5(7)
173.8(5)
166.3(3)
-16.4(3)
-84.6(3)
92.7(3)
90.5(3)
-92.2(3)
-4.7(6)
172.7(4)

0.9(3)
178.2(3)
-94.3(3)
86.2(3)
157.4(3)
22.1(3)

1.5(8)

-177.9(5)

-3.4(3)
177.1(3)
83.4(3)
-96.0(3)

-173.5(4)

-6.0(3)
-68.8(4)
98.7(3)
87.6(7)

-105.0(6)
92.3(4)
-100.2(3)
5.8(4)



C18-C17-N3-C9 86.7(5) C12-N5-Znl-N7 173.2(3)

CI8-C17-N3-C8  -134.4(4) C1-N1-Zn1-N4 -72.1(4)
C7-C8-N3-C9 -136.7(4) C5-N1-Zn1-N4 108.1(3)
C7-C8-N3-C17 84.1(5) C1-N1-Zn1-N6 99.1(5)
C12-C11-N4-C10  -173.8(4) C5-N1-Zn1-N6 -80.7(5)
C12-C11-N4-Zn1 -0.4(5) CI-N1-Znl-N2  -176.7(4)
C9-C10-N4-C11 105.1(5) C5-N1-Zn1-N2 3.4(3)
C9-C10-N4-Znl -68.0(4) C1-N1-Zn1-N5 4.3(4)
C15-C16-N5-C12 0.0(6) C5-N1-Znl-N5  -175.5(3)
C15-C16-N5-Znl  166.8(3) C1-N1-Zn1-N7 93.8(4)
C13-C12-N5-C16 -0.5(6) C5-N1-Zn1-N7 -86.1(3)
C11-CI12-N5-C16  176.8(4) C24-N7-Znl-N4  95.5(6)
C13-CI12-N5-Znl  -169.7(3) C20-N7-Znl-N4  -89.1(6)
C11-C12-N5-Znl 7.7(4) C24-N7-Znl-N6  -177.5(4)
C20-C19-N6-C18  -176.9(4) C20-N7-Zn1-N6 2.003)
C20-C19-N6-Zn1 0.4(5) C24-N7-Znl-N2  -75.5(4)
C17-C18-N6-C19  109.2(5) C20-N7-Znl-N2  100.0(3)
C17-C18-N6-Znl  -68.2(4) C24-N7-Znl-N5  92.6(4)
C23-C24-N7-C20 0.6(6) C20-N7-Znl-N5  -92.0(3)
C23-C24-N7-Znl  175.7(3) C24-N7-Zn1-N1 0.7(4)
C21-C20-N7-C24 -1.4(6) C20-N7-Znl-N1  176.2(3)

4.54.4. Complex 4.19

Crystals grew as large, pale yellow prisms. The data crystal was cut from a larger
crystal and had approximate dimensions; 0.32 x 0.22 x 0.13 mm. The data were collected
on a Rigaku SCX-Mini diffractometer with a Mercury CCD using a graphite
monochromator with MoKo. radiation (A = 0.71075A). A total of 930 frames of data
were collected using w-scans with a scan range of 0.5° and a counting time of 30 seconds
per frame. The data were collected at 253 K using a Rigaku XStream low temperature
device. Details of crystal data, data collection and structure refinement are listed in Table
1. Data reduction were performed using the Rigaku Americas Corporation’s Crystal

Clear version 1.40. The structure was solved by direct methods using SIR97 and refined
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by full-matrix least-squares on F2? with anisotropic displacement parameters for the non-
H atoms using SHELXL-97. Structure analysis was aided by use of the programs

PLATONO98 and WinGX.

Table 4.20. Crystal data and structure refinement for 4.19.

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
b=21.626(6) A
c=232.521(10) A

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

C40 H43 CI2 N7 09 Zn
902.08

1532) K

0.71075 A
Orthorhombic

Pbca

a=11.6753) A
B=90°.

vy =90°.

8211(4) A3

8

1.459 Mg/m3

0.792 mm-1

3744

0.32x0.22x 0.13 mm
2.08 to 27.50°.

o=90°.

-15<=h<=15, -28<=k<=28, -42<=I<=42

77197

9396 [R(int) = 0.0830]

99.8 %

Semi-empirical from equivalents
1.00 and 0.790

Full-matrix least-squares on F2
9396 /0/535

1.215
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Final R indices [[>2sigma(I)] R1=10.0623, wR2 =0.1352

R indices (all data) R1=0.0834, wR2 = 0.1469
Extinction coefficient 0.00053(13)
Largest diff. peak and hole 0.512 and -0.647 ¢.A-3

Table 4.21. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 4.19. U(eq) is defined as one third of the trace
of the orthogonalized U¥ tensor.

X y z U(eq)
Znl 3538(1) 5529(1) 6512(1) 29(1)
N1 2324(2) 4909(1) 6844(1) 31(1)
N2 4260(2) 5456(1) 7118(1) 33(1)
N3 4636(2) 6717(1) 6902(1) 34(1)
N4 2519(2) 6333(1) 6566(1) 32(1)
N5 2526(2) 5524(1) 5940(1) 31(1)
N6 5004(2) 5930(1) 6217(1) 32(1)
N7 4547(2) 4719(1) 6304(1) 31(1)
Cl 2672(3) 4796(1) 7243(1) 33(1)
C2 2085(3) 4419(2) 7505(1) 38(1)
C3 1095(3) 4107(2) 7366(1) 38(1)
C4 466(3) 3684(2) 7611(1) 50(1)
Cs -471(3) 3392(2) 7453(1) 55(1)
C6 -833(3) 3501(2) 7049(1) 51(1)
C7 -255(3) 3909(2) 6804(1) 44(1)
C8 726(3) 4218(1) 6959(1) 35(1)
C9 1384(3) 4632(2) 6715(1) 35(1)
C10 3730(3) 5109(1) 7370(1) 33(1)
Cl1 5299(3) 5779(2) 7261(1) 39(1)
C12 5052(3) 6473(2) 7289(1) 38(1)
C13 3643(3) 7119(2) 6923(1) 39(1)
Cl4 2534(3) 6747(2) 6920(1) 37(1)
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CI15
Clé6
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
C28
C29
C30
C31
C32
C33
C34
C35
C36
Cl1
Ol
02
03
04
CI2
05
06
o7
08
09

1907(3)
1902(3)
1325(3)
1338(3)

757(3)

768(3)
1367(3)
1967(3)
1953(3)
2537(3)
5502(3)
5200(3)
5769(3)
5604(3)
6454(3)
6259(3)
7103(3)
6837(3)
5739(3)
4899(3)
5152(3)
4327(3)
8668(1)
8501(4)
8311(3)
8002(3)
9831(2)
3366(1)
2923(3)
2989(4)
2999(3)
4617(3)
3718(3)

6468(2)
6059(1)
6201(2)
5785(2)
5891(2)
5451(2)
4893(2)
4781(2)
5225(2)
5128(2)
6868(2)
6594(1)
5553(2)
4888(2)
4466(2)
3829(2)
3367(2)
2763(2)
2591(2)
3026(2)
3655(2)
4129(1)
5847(1)
5205(2)
6167(1)
6059(2)
5974(2)
8201(1)
7621(1)
8638(2)
8313(1)
8155(2)
3447(2)
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6253(1)
5894(1)
5541(1)
5206(1)
4832(1)
4532(1)
4585(1)
4939(1)
5258(1)
5633(1)
6597(1)
6173(1)
6095(1)
6157(1)
6086(1)
6160(1)
6120(1)
6210(1)
6335(1)
6373(1)
6290(1)
6357(1)
6604(1)
6557(1)
6242(1)
6948(1)
6697(1)
5937(1)
5807(1)
5684(1)
6354(1)
5927(1)
4824(1)

35(1)
32(1)
40(1)
38(1)
49(1)
54(1)
50(1)
44(1)
36(1)
34(1)
39(1)
36(1)
35(1)
33(1)
41(1)
39(1)
52(1)
56(1)
54(1)
47(1)
36(1)
35(1)
43(1)
114(2)
59(1)
84(1)
73(1)
51(1)
68(1)
108(2)
59(1)
89(1)
67(1)



C37 1857(5) 3037(2) 4704(2) 77(1)
C38 3053(5) 2876(2) 4815(2) 77(1)
C39 4833(5) 3366(4) 4998(2) 111(3)
C40 5398(6) 3974(4) 5007(2) 138(3)
Table 4.22. Bond lengths [A] and angles [°] for 4.19.
Zn1-N4 2.114(3) C39-C40 1.471(10) C16-C17-H17 120
Znl1-N6 2.145(3) C39-H39C 0.99 C18-C17-H17 120
Znl1-N2 2.151(3) C39-H39D 0.99 C19-C18-C17 123.8(3)
Znl1-N5 2.202(3) C40-H40D 0.98 C19-C18-C23 118.9(3)
Znl1-N7 2.217(3) C40-H40E 0.98 C17-C18-C23 117.2(3)
Znl1-N1 2.231(3) C40-H40F 0.98 C20-C19-C18 120.0(4)
N1-C9 1.318(4) N4-Zn1-N6 98.83(10) C20-C19-H19 120
N1-C1 1.380(4) N4-Zn1-N2 101.83(10) C18-C19-H19 120
N2-C10 1.271(4) N6-Zn1-N2 97.33(10) C19-C20-C21 121.0(4)
N2-Cl11 1.475(4) N4-Zn1-N5 76.79(10) C19-C20-H20 119.5
N3-C12 1.449(4) N6-Zn1-N5 92.99(10) C21-C20-H20 119.5
N3-C13 1.450(4) N2-Zn1-N5 169.67(10) C22-C21-C20 120.8(4)
N3-C25 1.453(4) N4-Zn1-N7 166.95(10) C22-C21-H21 119.6
N4-C15 1.277(4) N6-Zn1-N7 76.08(10) C20-C21-H21 119.6
N4-C14 1.460(4) N2-Zn1-N7 90.81(10) C21-C22-C23 119.2(4)
N5-C24 1.317(4) N5-Zn1-N7 91.35(10) C21-C22-H22 120.4
N5-C16 1.375(4) N4-Zn1-N1 95.53(10) C23-C22-H22 120.4
N6-C27 1.272(4) N6-Zn1-N1 165.21(9) C22-C23-C24 121.7(3)
N6-C26 1.460(4) N2-Zn1-N1 76.14(10) C22-C23-C18 120.0(3)
N7-C36 1.312(4) N5-Zn1-N1 93.74(10) C24-C23-C18 118.2(3)
N7-C28 1.373(4) N7-Zn1-N1 90.60(9) N5-C24-C23 123.6(3)
Cl1-C2 1.364(4) C9-N1-C1 117.6(3) N5-C24-H24 118.2
C1-C10 1.468(4) C9-N1-Znl 130.4(2) C23-C24-H24 118.2
C2-C3 1.413(5) C1-N1-Znl 111.9(2) N3-C25-C26 111.4(3)
C2-H2 0.95 C10-N2-C11 118.5(3) N3-C25-H25A 109.3
C3-C8 1.412(5) C10-N2-Znl 116.4(2) C26-C25-H25A 109.3
C3-C4 1.418(5) C11-N2-Znl 125.1(2) N3-C25-H25B 109.3
C4-C5 1.363(6) C12-N3-C13 116.5(3) C26-C25-H25B 109.3
C4-H4 0.95 C12-N3-C25 116.2(3) H25A-C25-H25B 108
C5-C6 1.400(6) C13-N3-C25 117.0(3) N6-C26-C25 109.2(3)
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C5-H5
Co6-C7
C6-H6
C7-C8
C7-H7
C8-C9
C9-H9
C10-H10
C11-C12
CIl11-H11A
C11-H11B
C12-H12A
C12-H12B
C13-C14
C13-H13A
C13-H13B
Cl14-H14A
C14-H14B
C15-C16
C15-H15
Cl16-C17
C17-C18
C17-H17
C18-C19
C18-C23
C19-C20
C19-H19
C20-C21
C20-H20
C21-C22
C21-H21
C22-C23
C22-H22
C23-C24
C24-H24
C25-C26
C25-H25A
C25-H25B
C26-H26A
C26-H26B

0.95
1.368(5)
0.95
1.418(5)
0.95
1.421(4)
0.95
0.95
1.531(5)
0.99
0.99
0.99
0.99
1.524(5)
0.99
0.99
0.99
0.99
1.464(4)
0.95
1.365(4)
1.413(5)
0.95
1.411(5)
1.417(5)
1.365(5)
0.95
1.404(6)
0.95
1.369(5)
0.95
1.414(5)
0.95
1.415(4)
0.95
1.541(5)
0.99
0.99
0.99
0.99

C15-N4-C14
C15-N4-Znl
C14-N4-Znl
C24-N5-Cl16
C24-N5-Znl
C16-N5-Znl
C27-N6-C26
C27-N6-Znl
C26-N6-Znl
C36-N7-C28
C36-N7-Znl
C28-N7-Znl
C2-C1-N1
C2-C1-C10
N1-C1-C10
C1-C2-C3
C1-C2-H2
C3-C2-H2
C8-C3-C2
C8-C3-C4
C2-C3-C4
C5-C4-C3
C5-C4-H4
C3-C4-H4
C4-C5-Cé6
C4-C5-H5
C6-C5-H5
C7-C6-C5
C7-C6-H6
C5-C6-H6
C6-C7-C8
C6-C7-H7
C8-C7-H7
C3-C8-C7
C3-C8-C9
C7-C8-C9
N1-C9-C8
N1-C9-H9
C8-C9-H9
N2-C10-C1
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119.7(3)
115.9(2)
124.3(2)
118.0(3)
129.7(2)
111.9(2)
119.3(3)
116.1(2)
124.5(2)
118.7(3)
128.6(2)
111.91(19)
122.9(3)
121.4(3)
115.6(3)
119.8(3)
120.1
120.1
117.8(3)
118.6(3)
123.6(3)
120.2(4)
119.9
119.9
121.2(3)
119.4
119.4
120.5(4)
119.8
119.8
119.6(4)
120.2
120.2
120.0(3)
117.7(3)
122.3(3)
124.0(3)
118
118
119.9(3)

N6-C26-H26A

C25-C26-H26A

N6-C26-H26B

C25-C26-H26B
H26A-C26-H26B

N6-C27-C28
N6-C27-H27
C28-C27-H27
C29-C28-N7
C29-C28-C27
N7-C28-C27
C28-C29-C30
C28-C29-H29
C30-C29-H29
C31-C30-C35
C31-C30-C29
C35-C30-C29
C32-C31-C30
C32-C31-H31
C30-C31-H31
C31-C32-C33
C31-C32-H32
C33-C32-H32
C34-C33-C32
C34-C33-H33
C32-C33-H33
C33-C34-C35
C33-C34-H34
C35-C34-H34
C30-C35-C34
C30-C35-C36
C34-C35-C36
N7-C36-C35
N7-C36-H36
C35-C36-H36
01-Cl11-04
01-Cl1-02
04-Cl11-02
01-Cl11-03
04-Cl11-03

109.8
109.8
109.8
109.8
108.3

119.6(3)
120.2
120.2

122.2(3)

122.4(3)

115.3(3)

120.2(3)
119.9
119.9

118.6(3)

124.1(3)

117.3(3)

119.7(4)
120.1
120.1

121.5(3)
119.2
119.2

120.1(4)
119.9
119.9

119.6(4)
120.2
120.2

120.3(3)

118.2(3)

121.4(3)

123.2(3)
118.4
118.4

110.2(2)

110.32(18)

111.16(19)

108.9(3)

107.0(2)



C27-C28
C27-H27
C28-C29
C29-C30
C29-H29
C30-C31
C30-C35
C31-C32
C31-H31
C32-C33
C32-H32
C33-C34
C33-H33
C34-C35
C34-H34
C35-C36
C36-H36
Cl1-01
CI1-04
CI1-02
Cl1-03
CI2-06
CI2-05
CI12-07
CI2-08
09-C39
09-C38
C37-C38
C37-H37D
C37-H37E
C37-H37F
C38-H38C
C38-H38D

1.466(4)
0.95
1.368(4)
1.417(5)
0.95
1.409(5)
1.410(5)
1.374(6)
0.95
1.396(6)
0.95
1.364(5)
0.95
1.416(5)
0.95
1.425(4)
0.95
1.409(3)
1.418(3)
1.430(3)
1.436(3)
1.405(3)
1.421(3)
1.441(3)
1.464(4)
1.430(6)
1.459(6)
1.483(7)
0.98
0.98
0.98
0.99
0.99

N2-C10-H10
C1-C10-H10
N2-C11-C12
N2-C11-HI1A
C12-C11-H11A
N2-C11-H11B
C12-C11-H11B
HI1A-C11-H11B
N3-C12-Cl11
N3-C12-HI12A
C11-C12-H12A
N3-C12-H12B
C11-C12-H12B
HI12A-C12-H12B
N3-C13-C14
N3-C13-HI3A
C14-C13-H13A
N3-C13-H13B
C14-C13-H13B
HI13A-C13-H13B
N4-C14-C13
N4-C14-H14A
C13-C14-H14A
N4-C14-H14B
C13-C14-H14B
H14A-C14-H14B
N4-C15-C16
N4-C15-H15
Cl16-C15-H15
C17-C16-N5
C17-C16-C15
N5-C16-C15
C16-C17-C18

120
120
109.2(3)
109.8
109.8
109.8
109.8
108.3
111.7(3)
109.3
109.3
109.3
109.3
108
111.4(3)
109.4
109.4
109.4
109.4
108
109.8(3)
109.7
109.7
109.7
109.7
108.2
119.9(3)
120
120
122.9(3)
122.4(3)
114.7(3)
120.0(3)

02-Cl11-03
06-CI2-05
06-C12-07
05-C12-07
06-C12-08
05-C12-08
07-C12-08
C39-09-C38
C38-C37-H37D
C38-C37-H37E
H37D-C37-H37E
C38-C37-H37F
H37D-C37-H37F
H37E-C37-H37F
09-C38-C37
09-C38-H38C
C37-C38-H38C
09-C38-H38D
C37-C38-H38D
H38C-C38-H38D
09-C39-C40
09-C39-H39C
C40-C39-H39C
09-C39-H39D
C40-C39-H39D
H39C-C39-H39D
C39-C40-H40D
C39-C40-H40E
H40D-C40-H40E
C39-C40-H40F
H40D-C40-H40F
H40E-C40-H40F

109.19(19)
111.8(2)
109.3(2)

108.65(19)
110.5(3)
107.2(2)
109.2(2)
113.0(5)

109.5
109.5
109.5
109.5
109.5
109.5
107.9(4)
110.1
110.1
110.1
110.1
108.4
108.0(6)
110.1
110.1
110.1
110.1
108.4
109.5
109.5
109.5
109.5
109.5
109.5

Table 4.23. Anisotropic displacement parameters (A2x 103) for 4.19. The anisotropic
displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U12]
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ull U22 U33 U23 ul3 ul2
Znl 28(1) 27(1) 32(1) 3(1) 1(1) 2(1)
N1 29(1) 29(1) 34(1) 2(1) 4(1) 2(1)
N2 34(1) 31(1) 34(1) 1(1) -2(1) 4(1)
N3 35(1) 31(1) 37(1) 2(1) -1(1) 0(1)
N4 28(1) 32(1) 36(1) 1(1) 3(1) 1(1)
N5 30(1) 29(1) 35(1) 3(1) -1(1) -2(1)
N6 31(1) 30(1) 35(1) 3(1) 1(1) -2(1)
N7 29(1) 29(1) 36(1) -1(1) 1(1) 2(1)
Cl 30(2) 32(2) 36(2) 2(1) 3(1) 8(1)
C2 42(2) 39(2) 32(2) 7(1) 7(1) 7(1)
C3 35(2) 33(2) 47(2) 5(1) 13(1) 5(1)
C4 56(2) 43(2) 52(2) 10(2) 18(2) 3(2)
C5 49(2) 42(2) 73(3) 8(2) 23(2) -7(2)
Cé6 43(2) 39(2) 72(3) -12(2) 17(2) -10(2)
C7 39(2) 43(2) 52(2) -10(2) 11(2) -5(2)
C8 33(2) 29(2) 44(2) -2(1) 10(1) 2(1)
c9 34(2) 32(2) 37(2) -3(1) 4(1) 3(1)
C10 36(2) 32(2) 32(2) 2(1) -3(1) 7(1)
Cll1 35(2) 41(2) 39(2) 1(1) -6(1) -1(1)
C12 41(2) 39(2) 36(2) -3(1) -4(1) -3(1)
C13 45(2) 29(2) 42(2) -3(1) 0(1) 3(1)
Cl4 38(2) 36(2) 37(2) -2(1) 2(1) 7(1)
C15 30(2) 34(2) 41(2) 5(1) 2(1) 4(1)
Cl6 27(2) 33(2) 36(2) 3(1) 1(1) 4(1)
C17 31(2) 44(2) 44(2) 7(12) -3(1) 5(1)
C18 31(2) 47(2) 37(2) 7(2) -2(1) -7(1)
C19 39(2) 69(3) 38(2) 9(2) -4(2) 6(2)
C20 42(2) 84(3) 35(2) 8(2) -2(2) -10(2)
C21 51(2) 62(3) 37(2) -5(2) 1(2) -19(2)
C22 44(2) 48(2) 40(2) 02) 3(2) -13(2)
C23 33(2) 42(2) 33(2) 4(1) 1(1) -7(1)
C24 35(2) 30(2) 38(2) 3(1) 0(1) -1(1)
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25  39(2) 29(2) 50(2) 1(1) 2(1) -4(1)

C26  40(2) 27(2) 42(2) 4(1) 4(1) -4(1)
27  28(2) 38(2) 40(2) 1(1) 4(1) -4(1)
28  29(2) 33(2) 38(2) -4(1) 3(1) 1(1)
29  32(2) 41(2) 49(2) -5(2) 6(1) 1(1)
C30  39(2) 36(2) 42(2) -8(1) -6(1) 7(1)
c31  37(2) 49(2) 70(3) -13(2) -6(2) 10(2)
c32 5102 39(2) 78(3) -13(2) -15(2) 17(2)
33 57(2) 29(2) 75(3) -4(2) ~14(2) 9(2)
C34  47(2) 33(2) 62(2) 2(2) -6(2) 42)
35 37(2) 30(2) 40(2) -5(1) -5(1) 5(1)
C36  36(2) 28(2) 40(2) -1(1) 2(1) 2(1)
Cll 45(1) 39(1) 44(1) 4(1) 7(1) -8(1)
01 200(5) 39(2) 103(3) 11(2) -78(3) -23(2)
02 84(2) 45(2) 49(2) 10(1) -17(1) -11(1)
03 48(2) 146(3) 59(2) 8(2) 8(1) 25(2)
04 33(2) 113(3) 73(2) 5(2) 2(1) 9(2)
C12 72(1) 35(1) 45(1) 5(1) 3(1) 2(1)
05 97(2) 42(2) 65(2) -5(1) -15(2) 9(2)
06 202(5) 53(2) 68(2) 24(2) 3(3) 37(3)
07 68(2) 63(2) 47(2) -4(1) 2(1) 14(1)
08 60(2) 1033)  105(3) -4(2) 21(2) -10(2)
09 66(2) 78(2) 57(2) 7(2) 8(1) 11(2)
C37 914 74(3) 66(3) 9(2) 12(3) 22(3)
C38  115(4) 55(3) 60(3) 6(2) 21(3) 7(3)
C39  72(4) 202(8) 60(3) 28(4) 3(3) 39(4)
C40  89(5)  235(10)  90(5) 40(5) -18(3) -77(6)

Table 4.24. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A2x
10 3) for 4.19.
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X y z U(eq)
H2 2341 4367 7780 45
H4 698 3604 7886 60
HS5 -886 3110 7620 66
H6 -1485 3290 6944 61
H7 -508 3985 6531 53
H9 1131 4714 6443 42
HI0 4018 5053 7641 40
HI1A 5935 5704 7066 46
HI1B 5530 5619 7534 46
HI2A 4472 6547 7505 46
HI2B 5761 6694 7368 46
HI3A 3649 7405 6685 46
HI3B 3681 7369 7177 46
HI4A 2472 6503 7177 44
H14B 1870 7032 6906 44
HI5 1456 6833 6253 42
H17 915 6579 5521 47
HI19 358 6268 4790 59
H20 365 5522 4282 64
H21 1356 4591 4373 60
H22 2389 4408 4970 53
H24 2960 4756 5665 41
H25A 6252 6705 6688 47
H25B 5569 7323 6573 47
H26A 4503 6796 6064 44
H26B 5836 6668 5978 44
H27 6443 5702 5965 42
H29 7179 4600 5987 49
H31 7852 3473 6030 62
H32 7414 2456 6186 67
H33 5576 2170 6394 64
H34 4149 2908 6455 57
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H36 3580 4013 6444 41

H37D 1537 3314 4914 116
H37E 1395 2659 4689 116
H37F 1848 3245 4437 116
H38C 3073 2673 5088 92
H38D 3376 2587 4609 92
H39C 5285 3074 4829 134
H39D 4771 3197 5279 134
H40D 5533 4116 4725 207
H40E 6131 3939 5152 207
H40F 4906 4271 5151 207

Table 4.25. Torsion angles [°] for 4.19.

N4-Znl-N1-C9  80.0(3) C1-N1-C9-C8 -1.2(4)
N6-Znl-N1-C9  -113.9(4) Zn1-N1-C9-C8 176.3(2)
N2-Znl-N1-C9  -179.1(3) C3-C8-C9-N1 1.1(5)
N5-Zn1-N1-C9 3.003) C7-C8-C9-N1 -177.3(3)
N7-Znl-N1-C9  -88.4(3) C11-N2-C10-C1 178.1(3)
N4-Znl-N1-C1 ~ -102.3(2) Zn1-N2-C10-C1 -1.3(4)
N6-Zn1-N1-C1 63.7(5) C2-C1-C10-N2 179.7(3)
N2-Znl-N1-C1  -1.50(19) N1-C1-C10-N2 -0.1(4)
N5-Znl-N1-C1  -179.4(2) C10-N2-C11-C12  -110.5(3)
N7-Zn1-N1-Cl 89.2(2) Znl-N2-C11-C12  68.8(3)
N4-Zn1-N2-C10  94.3(2) CI3-N3-C12-C11  133.8(3)
N6-Znl-N2-C10  -165.02) C25-N3-C12-C11  -82.1(3)
N5-Znl-N2-C10  13.2(7) N2-C11-CI2-N3  -55.6(4)
N7-Znl-N2-C10  -88.9(2) C12-N3-C13-C14  -85.6(3)
N1-Zn1-N2-C10 1.5(2) C25-N3-C13-C14  130.6(3)
N4-Zn1-N2-C11  -85.0(2) C15-N4-C14-C13  -103.6(3)
N6-Znl-N2-C11  15.7(2) Znl-N4-C14-C13  72.4(3)
N5-Znl-N2-C11  -166.2(5) N3-C13-C14-N4  -53.7(4)
N7-Znl-N2-C11  91.8(2) C14-N4-C15-C16  179.1(3)
N1-Znl-N2-C11  -177.8(3) Zn1-N4-C15-C16 2.8(4)
N6-Znl-N4-C15  85.5(2) C24-N5-C16-C17  -1.8(5)
N2-Znl-N4-C15  -175.1Q2) Znl-N5-C16-C17  171.3(3)
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N5-Zn1-N4-C15
N7-Zn1-N4-C15
N1-Znl-N4-C15
N6-Zn1-N4-C14
N2-Znl1-N4-Cl14
N5-Zn1-N4-Cl14
N7-Zn1-N4-C14
N1-Znl-N4-C14
N4-Zn1-N5-C24
N6-Zn1-N5-C24
N2-Znl-N5-C24
N7-Zn1-N5-C24
N1-Znl-N5-C24
N4-Znl1-N5-C16
N6-Zn1-N5-C16
N2-Znl-N5-C16
N7-Zn1-N5-C16
N1-Znl-N5-C16
N4-Zn1-N6-C27
N2-Znl-N6-C27
N5-Znl1-N6-C27
N7-Zn1-N6-C27
N1-Znl-N6-C27
N4-Zn1-N6-C26
N2-Znl1-N6-C26
N5-Zn1-N6-C26
N7-Zn1-N6-C26
N1-Znl-N6-C26
N4-Zn1-N7-C36
N6-Zn1-N7-C36
N2-Znl-N7-C36
N5-Znl1-N7-C36
N1-Znl-N7-C36
N4-Zn1-N7-C28
N6-Zn1-N7-C28
N2-Znl-N7-C28
N5-Zn1-N7-C28
N1-Znl-N7-C28
C9-N1-C1-C2
Znl-N1-C1-C2

-5.52)
19.5(6)
-98.1(2)
-90.6(2)
8.9(3)
178.43)
-156.6(4)
85.8(2)
179.6(3)
81.3(3)
-96.9(6)
5.103)
-85.6(3)
7.5(2)
-90.9(2)
91.0(6)
-167.0(2)
102.3(2)
-172.7(2)
84.0(2)
-95.6(2)
-5.02)
21.3(5)
11.3(3)
91.9(2)
88.4(2)
179.1(3)
-154.6(3)
-113.4(5)
178.2(3)
80.9(3)
-89.0(3)
4.7(3)
76.9(5)
8.5(2)
-88.8(2)
101.3(2)
-165.0(2)
-0.5(4)
-178.5(2)
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C24-N5-Cl16-C15
Zn1-N5-C16-C15
N4-C15-C16-C17
N4-C15-C16-N5
N5-C16-C17-C18
C15-C16-C17-C18
C16-C17-C18-C19
C16-C17-C18-C23
C17-C18-C19-C20
C23-C18-C19-C20
C18-C19-C20-C21
C19-C20-C21-C22
C20-C21-C22-C23
C21-C22-C23-C24
C21-C22-C23-C18
C19-C18-C23-C22
C17-C18-C23-C22
C19-C18-C23-C24
C17-C18-C23-C24
C16-N5-C24-C23
Zn1-N5-C24-C23
C22-C23-C24-N5
C18-C23-C24-N5
C12-N3-C25-C26
C13-N3-C25-C26
C27-N6-C26-C25
Zn1-N6-C26-C25
N3-C25-C26-N6
C26-N6-C27-C28
Zn1-N6-C27-C28
C36-N7-C28-C29
Zn1-N7-C28-C29
C36-N7-C28-C27
Zn1-N7-C28-C27
N6-C27-C28-C29
N6-C27-C28-N7
N7-C28-C29-C30
C27-C28-C29-C30
C28-C29-C30-C31
C28-C29-C30-C35

178.4(3)
-8.4(3)
-175.6(3)
4.2(4)
1.1(5)
-179.2(3)
179.3(3)
0.8(5)
-176.8(3)
1.7(5)
-1.0(6)
-0.8(6)
1.8(5)
178.7(3)
1.1(5)
-0.7(5)
177.9(3)
179.6(3)
-1.8(4)
0.7(5)
-171.0(2)
-178.6(3)
1.1(5)
131.3(3)
-84.8(3)
-104.4(3)
71.4(3)
-54.1(4)
176.9(3)
0.7(4)
-3.8(5)
167.1(3)
178.3(3)
-10.9(3)
-170.7(3)
7.3(4)
0.7(5)
178.5(3)
-176.1(3)
2.6(5)



C9-N1-C1-C10 179.3(3) C35-C30-C31-C32 -0.6(5)

Znl1-N1-C1-C10 1.4(3) C29-C30-C31-C32  178.2(4)
N1-C1-C2-C3 2.3(5) C30-C31-C32-C33 1.1(6)
C10-C1-C2-C3  -177.5(3) C31-C32-C33-C34  -0.3(6)
C1-C2-C3-C8 2.3(5) C32-C33-C34-C35  -0.9(6)
C1-C2-C3-C4 176.9(3) C31-C30-C35-C34  -0.7(5)
C8-C3-C4-C5 0.3(5) C29-C30-C35-C34  -179.5(3)
C2-C3-C4-C5  -178.9(3) C31-C30-C35-C36  176.0(3)
C3-C4-C5-C6 0.0(6) C29-C30-C35-C36  -2.9(5)
C4-C5-C6-C7 -0.5(6) (C33-C34-C35-C30 1.4(5)
C5-C6-C7-C8 0.7(5) C33-C34-C35-C36  -175.1(3)
C2-C3-C8-C7 179.2(3) C28-N7-C36-C35 3.5(5)
C4-C3-C8-C7 0.0(5) Znl-N7-C36-C35  -165.6(2)
C2-C3-C8-C9 0.7(4) C30-C35-C36-N7  -0.1(5)
C4-C3-C8-C9  -178.5(3) C34-C35-C36-N7  176.4(3)
C6-C7-C8-C3 -0.4(5) C39-09-C38-C37  169.6(4)
C6-C7-C8-C9 178.0(3) C38-09-C39-C40  -177.5(4)

4.54.5. Complex 4.20

Crystals grew as large, green prisms. The data crystal was cut from a larger
crystal and had approximate dimensions; 0.31 x 0.22 x 0.17 mm. The data were collected
on a Rigaku SCX-Mini diffractometer with a Mercury CCD using a graphite
monochromator with MoKa radiation (A = 0.71075A). A total of 540 frames of data
were collected using w-scans with a scan range of 1° and a counting time of 4 seconds
per frame. The data were collected at 153 K using a Rigaku Tech50 low temperature
device. Details of crystal data, data collection and structure refinement are listed in Table
1. Data reduction were performed using the Rigaku Americas Corporation’s Crystal
Clear version 1.40. The structure was solved by direct methods using SIR97 and refined
by full-matrix least-squares on F2? with anisotropic displacement parameters for the non-
H atoms using SHELXL-97. Structure analysis was aided by use of the programs

PLATONO98 and WinGX.
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Table 4.26. Crystal data and structure refinement for 4.20.

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
b=10.466(2) A
c=19.200(4) A

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C24 H27 CI2 Cu N7 O8
675.97

153(2) K

0.71075 A
Monoclinic

C2/c

a=28.163(5) A
B=101.738(9)°.

v =90°.

5540.9(18) A3

8

1.621 Mg/m3

1.043 mm-!

2776

0.31 x 0.22x 0.17 mm
3.11 to 27.48°.

o=90°.

-36<=h<=36, -13<=k<=13, -24<=I<=24

28766

6355 [R(int) = 0.0323]

99.8 %

Semi-empirical from equivalents
1.00 and 0.806

Full-matrix least-squares on F2
6355/0/379

1.237

R1=10.0355, wR2 =0.0906
R1=0.0409, wR2 = 0.0932
0.428 and -0.422 e.A-3
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Table 4.27. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 4.20. U(eq) is defined as one third of the trace
of the orthogonalized U¥ tensor.

X y z U(eq)
Cul 6362(1) 1576(1) 7322(1) 23(1)
Cll 5263(1) -2831(1) 6154(1) 29(1)
C12 7071(1) 4937(1) 9918(1) 32(1)
01 5224(1) -3311(2) 6843(1) 55(1)
02 5736(1) -2294(2) 6188(1) 52(1)
03 4912(1) -1833(2) 5968(1) 53(1)
04 5176(1) -3824(2) 5632(1) 56(1)
05 6896(1) 4908(2) 9158(1) 47(1)
06 6748(1) 4234(2) 10258(1) 62(1)
07 7549(1) 4407(2) 10091(1) 55(1)
08 7081(1) 6237(2) 10162(1) 55(1)
N1 6114(1) 2544(2) 8320(1) 33(1)
N2 6156(1) 3417(2) 6995(1) 31(1)
N3 5836(1) 1941(2) 5747(1) 29(1)
N4 5690(1) 797(2) 7034(1) 23(1)
N5 6458(1) -148(2) 7929(1) 23(1)
N6 7077(1) 2003(2) 7659(1) 27(1)
N7 6698(1) 792(2) 6449(1) 29(1)
Cl 6085(1) 2133(2) 8966(1) 37(1)
C2 5842(1) 2795(3) 9414(1) 41(1)
C3 5616(1) 3922(3) 9176(1) 41(1)
C4 5643(1) 4372(2) 8510(1) 37(1)
Cs 5901(1) 3664(2) 8099(1) 31(1)
C6 5960(1) 4116(2) 7400(1) 35(1)
C7 6200(1) 3918(2) 6292(1) 38(1)
C8 5809(1) 3325(2) 5717(1) 36(1)
C9 5390(1) 1265(2) 5768(1) 31(1)
C10 5277(1) 1314(2) 6514(1) 29(1)
Cl1 5640(1) -283(2) 7313(1) 24(1)
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Cl12 6043(1) -834(2) 7825(1) 23(1)
C13 5994(1) -1950(2) 8188(1) 28(1)
Cl4 6386(1) -2373(2) 8697(1) 32(1)
Cl15 6811(1) -1669(2) 8813(1) 32(1)
Cl6 6834(1) -568(2) 8416(1) 29(1)
C17 6157(1) 1347(2) 5339(1) 33(1)
C18 6455(1) 280(2) 5759(1) 33(1)
C19 7154(1) 904(2) 6592(1) 31(1)
C20 7384(1) 1496(2) 7275(1) 28(1)
C21 7881(1) 1524(2) 7514(1) 38(1)
C22 8071(1) 2086(2) 8163(2) 43(1)
C23 7759(1) 2603(2) 8552(1) 39(1)
C24 7264(1) 2551(2) 8283(1) 33(1)
Table 4.28. Bond lengths [A] and angles [°] for 4.20.
Cul-N4 2.0316(17) C23-C24 1.387(3) C8-C7-H7A 109.7
Cul-N6 2.0368(17) C23-H23 0.95 N2-C7-H7B 109.7
Cul-N2 2.0721(19) C24-H24 0.95 C8-C7-H7B 109.7
Cul-N5 2.1349(17) N4-Cul-N6 168.93(7) H7A-C7-H7B 108.2
Cul-N7 2.2420(18) N4-Cul-N2 95.92(7) N3-C8-C7 110.75(19)
Cul-N1 2.3936(19) N6-Cul-N2 95.12(7) N3-C8-H8A 109.5
Cl1-04 1.4299(18) N4-Cul-N5 79.47(6) C7-C8-H8A 109.5
Cl11-03 1.4321(19) N6-Cul-N5 90.27(7) N3-C8-H8B 109.5
Cl1-02 1.4342(17) N2-Cul-N5 161.41(7) C7-C8-H8B 109.5
Cl1-01 1.4396(19) N4-Cul-N7 99.32(7) H8A-C8-H8B 108.1
C12-06 1.427(2) N6-Cul-N7 77.12(7) N3-C9-C10 110.80(18)
C12-07 1.430(2) N2-Cul-N7 104.35(7) N3-C9-H9A 109.5
CI12-08 1.437(2) N5-Cul-N7 94.19(6) C10-C9-H9A 109.5
C12-05 1.4427(18) N4-Cul-N1 88.85(6) N3-C9-H9B 109.5
N1-C1 1.332(3) N6-Cul-N1 94.78(7) C10-C9-H9B 109.5
N1-C5 1.346(3) N2-Cul-N1 74.94(7) H9A-C9-H9B 108.1
N2-C6 1.273(3) N5-Cul-N1 86.90(7) N4-C10-C9 109.80(17)
N2-C7 1.475(3) N7-Cul-N1 171.82(6) N4-C10-H10A 109.7
N3-C9 1.449(3) 04-Cl11-03 110.17(13) C9-C10-H10A 109.7
N3-C8 1.451(3) 04-Cl11-02 110.00(12) N4-C10-H10B 109.7
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N3-C17
N4-Cl11
N4-C10
N5-C16
N5-C12
No6-C24
N6-C20
N7-C19
N7-C18
Cl-C2
Cl1-H1
C2-C3
C2-H2
C3-C4
C3-H3
C4-C5
C4-H4
C5-Cé6
C6-H6
C7-C8
C7-H7A
C7-H7B
C8-H8A
C8-H8B
C9-C10
C9-H9A
C9-H9B
C10-H10A
C10-H10B
C11-C12
Cl11-H11
C12-C13
C13-C14
C13-H13
C14-C15
Cl14-H14
C15-C16
C15-H15
Cl6-H16
C17-C18

1.451(3)
1.271(3)
1.472(2)
1.337(3)
1.350(3)
1.335(3)
1.354(3)
1.263(3)
1.463(3)
1.388(3)
0.95
1.374(4)
0.95
1.379(4)
0.95
1.390(3)
0.95
1.465(3)
0.95
1.523(3)
0.99
0.99
0.99
0.99
1.529(3)
0.99
0.99
0.99
0.99
1.460(3)
0.95
1.383(3)
1.390(3)
0.95
1.384(3)
0.95
1.391(3)
0.95
0.95
1.525(3)

03-Cl11-02
04-Cl11-01
03-Cl11-01
02-Cl11-01
06-C12-07
06-Cl12-08
07-Cl12-08
06-Cl12-05
07-C12-05
08-Cl12-05
CI-NI1-C5
C1-N1-Cul
C5-N1-Cul
C6-N2-C7
C6-N2-Cul
C7-N2-Cul
C9-N3-C8
C9-N3-C17
C8-N3-C17
C11-N4-C10
C11-N4-Cul
C10-N4-Cul
C16-N5-C12
C16-N5-Cul
C12-N5-Cul
C24-N6-C20
C24-N6-Cul
C20-N6-Cul
C19-N7-C18
C19-N7-Cul
C18-N7-Cul
NI1-C1-C2
NI1-C1-H1
C2-C1-H1
C3-C2-C1
C3-C2-H2
C1-C2-H2
C2-C3-C4
C2-C3-H3
C4-C3-H3

108.27(13)
110.77(12)
107.78(13)
109.80(12)
110.49(13)
108.02(14)
109.77(13)
109.42(12)
109.88(12)
109.22(12)
117.8(2)
133.83(16)
107.48(14)
118.7(2)
118.60(16)
122.54(15)
116.83(18)
116.36(18)
116.04(18)
118.30(17)
114.72(13)
126.86(13)
117.85(18)
130.84(14)
111.02(13)
118.58(19)
124.28(15)
116.14(14)
119.96(19)
111.63(15)
128.28(14)
123.2(2)
118.4
118.4
118.4(2)
120.8
120.8
119.5(2)
120.3
120.3
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C9-C10-H10B
H10A-C10-H10B
N4-C11-C12
N4-C11-H11
C12-Cl11-H11
N5-C12-C13
N5-C12-Cl11
C13-C12-Cl11
C12-C13-C14
C12-C13-H13
C14-C13-H13
C15-C14-C13
C15-C14-H14
C13-C14-H14
C14-C15-Cl16
C14-C15-H15
Cl16-C15-H15
N5-C16-C15
N5-Cl6-H16
C15-Cl16-H16
N3-C17-C18
N3-C17-H17A
C18-C17-H17A
N3-C17-H17B
C18-C17-H17B
H17A-C17-H17B
N7-C18-C17
N7-C18-H18A
C17-C18-H18A
N7-C18-H18B
C17-C18-H18B
HI18A-C18-H18B
N7-C19-C20
N7-C19-H19
C20-C19-H19
N6-C20-C21
N6-C20-C19
C21-C20-C19
C20-C21-C22
C20-C21-H21

109.7
108.2
119.84(18)
120.1
120.1
123.23(18)
114.86(17)
121.88(18)
118.4(2)
120.8
120.8
118.8(2)
120.6
120.6
119.2(2)
120.4
120.4
122.5(2)
118.8
118.8
111.39(18)
109.3
109.3
109.3
109.3
108
108.45(18)
110
110
110
110
108.4
118.4(2)
120.8
120.8
121.8(2)
115.81(18)
122.4(2)
119.2(2)
120.4



C17-H17A 0.99 C3-C4-C5 118.6(2) C22-C21-H21 120.4

C17-H17B 0.99 C3-C4-H4 120.7 C23-C22-C21 119.0(2)

C18-H18A 0.99 C5-C4-H4 120.7 C23-C22-H22 120.5

C18-H18B 0.99 N1-C5-C4 122.4(2) C21-C22-H22 120.5
C19-C20 1.475(3) N1-C5-Cé 116.33(19) C22-C23-C24 119.2(2)
C19-H19 0.95 C4-C5-Cé 121.2(2) C22-C23-H23 120.4
C20-C21 1.382(3) N2-C6-C5 121.2(2) C24-C23-H23 120.4
C21-C22 1.383(4) N2-C6-H6 119.4 N6-C24-C23 122.3(2)
C21-H21 0.95 C5-C6-Ho6 119.4 N6-C24-H24 118.9
C22-C23 1.374(4) N2-C7-C8 109.70(19) C23-C24-H24 118.9
C22-H22 0.95 N2-C7-H7A 109.7

Table 4.29. Anisotropic displacement parameters (A2x 103) for 4.20. The anisotropic
displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U2 ]

ull U22 U33 U23 ul3 ul2
Cul 20(1) 24(1) 24(1) 2(1) 5(1) 2(1)
Cl1 28(1) 32(1) 26(1) 0(1) 1(1) -3(1)
Cl2 32(1) 33(1) 30(1) 1(1) 4(1) -2(1)
Ol 75(1) 53(1) 32(1) 12(1) 1(1) -13(1)
02 30(1) 66(1) 62(1) -18(1) 14(1) -15(1)
03 42(1) 64(1) 49(1) 10(1) 3(1) 16(1)
04 68(1) S51(1) 47(1) -22(1) 10(1) -18(1)
05 55(1) 56(1) 29(1) -1(1) 6(1) 5(1)
06 57(1) 76(2) 53(1) 18(1) 14(1) -17(1)
07 41(1) 66(1) 56(1) -3(1) 3(1) 13(1)
08 60(1) 42(1) 57(1) -13(1) -2(1) 3(1)
N1 28(1) 32(1) 38(1) -9(1) 7(1) 0(1)
N2 29(1) 32(1) 33(1) -2(1) 5(1) -2(1)
N3 31(1) 30(1) 27(1) 5(1) 6(1) 5(1)
N4 22(1) 26(1) 21(1) 0(1) 4(1) 3(1)
N5 25(1) 24(1) 21(1) -2(1) 6(1) -1(1)
N6 24(1) 25(1) 32(1) 4(1) 6(1) -1(1)
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N7 28(1) 29(1) 31(1) 5(1) 7(1) 4(1)

Cl 32(1) 42(1) 36(1) -4(1) 4(1) 2(1)
C2 35(1) 55(2) 35(1) -13(1) 8(1) -13(1)
C3 33(1) 45(1) 49(1) 24(1) 16(1) 9(1)
C4 28(1) 32(1) 54(2) -17(1) 12(1) 2(1)
Cs 26(1) 30(1) 38(1) -12(1) 6(1) 2(1)
C6 32(1) 28(1) 44(1) -4(1) 7(1) 0(1)
C7 44(1) 33(1) 40(1) 4(1) 12(1) 2(1)
C8 43(1) 30(1) 33(1) 9(1) 5(1) 5(1)
C9 28(1) 37(1) 25(1) 6(1) 0(1) 3(1)
Ccl0  22(1) 36(1) 29(1) 5(1) 2(1) 4(1)
Cl1  22(1) 30(1) 22(1) 2(1) 6(1) 3(1)
Cl2  24(1) 25(1) 20(1) 2(1) 7(1) -1(1)
C13  32(1) 29(1) 25(1) 1(1) 7(1) -4(1)
Cl4 421 31(1) 24(1) 5(1) 8(1) 2(1)
Cl15  35(1) 35(1) 23(1) 0(1) 2(1) 6(1)
Cl6  26(1) 32(1) 28(1) -4(1) 2(1) 2(1)
Cl7  36(1) 40(1) 24(1) 4(1) 7(1) 2(1)
CI18  33(1) 34(1) 33(1) -1(1) 7(1) 4(1)
C19  30(1) 30(1) 36(1) 3(1) 12(1) 3(1)
C20  24(1) 24(1) 38(1) 8(1) 10(1) 0(1)
c21  26(1) 37(1) 53(2) 9(1) 11(1) 1(1)
22 26(1) 37(1) 60(2) 10(1) 3(1) -5(1)
23 38(1) 29(1) 45(1) 4(1) -5(1) 7(1)
24 33(1) 27(1) 39(1) 1(1) 6(1) -3(1)

Table 4.30 Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x

10 3) for 4.20.
X y z U(eq)
HI 6237 1347 9129 44
H2 5833 2477 9875 50
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H3 5441 4387 9467 49

H4 5489 5150 8336 45
Hé6 5851 4948 7246 41
H7A 6524 3711 6200 46
H7B 6163 4858 6286 46
H8A 5486 3607 5782 43
H8B 5852 3621 5244 43
HO9A 5421 363 5627 37
H9B 5119 1655 5423 37
HIOA 5216 2208 6638 35
HI10B 4982 807 6525 35
HI1 5342 =732 7189 29
HI13 5698 -2418 8092 34
H14 6363 -3131 8960 38
HI5 7083 -1935 9160 38
HI16 7128 -96 8494 35
HI7A 6378 2000 5210 39
H17B 5962 992 4893 39
HIZA 6240 -438 5829 40
HI18B 6698 -42 5496 40
HI19 7345 614 6268 38
H21 8090 1162 7236 46
H22 8412 2114 8338 51
H23 7882 2991 9000 47
H24 7050 2918 8551 40

Table 4.31. Torsion angles [°] for 4.20.

N4-Cul-N1-C1 82.6(2) N1-C1-C2-C3 0.9(4)
N6-Cul-N1-C1 -86.9(2) C1-C2-C3-C4 -1.203)
N2-Cul-N1-C1 179.02) C2-C3-C4-C5 0.13)
N5-Cul-N1-C1 3.1Q2) C1-N1-C5-C4 -1.93)
N4-Cul-N1-C5  -86.28(14) Cul-N1-C5-C4 169.03(17)
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N6-Cul-N1-C5
N2-Cul-N1-C5
N5-Cul-N1-C5
N4-Cul-N2-C6
N6-Cul-N2-C6
N5-Cul-N2-C6
N7-Cul-N2-C6
N1-Cul-N2-C6
N4-Cul-N2-C7
N6-Cul-N2-C7
N5-Cul-N2-C7
N7-Cul-N2-C7
N1-Cul-N2-C7
N6-Cul-N4-Cl11
N2-Cul-N4-Cl11
N5-Cul-N4-Cl11
N7-Cul-N4-Cl11
N1-Cul-N4-Cl11
N6-Cul-N4-C10
N2-Cul-N4-C10
N5-Cul-N4-C10
N7-Cul-N4-C10
N1-Cul-N4-C10
N4-Cul-N5-Cl16
N6-Cul-N5-Cl16
N2-Cul-N5-Cl16
N7-Cul-N5-Cl16
N1-Cul-N5-Cl16
N4-Cul-N5-C12
N6-Cul-N5-C12
N2-Cul-N5-C12
N7-Cul-N5-C12
N1-Cul-N5-C12
N4-Cul-N6-C24
N2-Cul-N6-C24
N5-Cul-N6-C24
N7-Cul-N6-C24
N1-Cul-N6-C24
N4-Cul-N6-C20
N2-Cul-N6-C20

104.19(14)
10.16(14)
-165.80(14)
80.21(17)
-100.58(18)
5.8(3)
-178.56(17)
-6.99(16)
-95.76(17)
83.45(17)
-170.21(19)
5.47(18)
177.04(18)
21.1(4)
-163.03(14)
-1.23(14)
91.34(15)
-88.29(15)
-154.8(3)
21.14(17)
-177.07(17)
-84.49(16)
95.83(16)
-174.36(19)
9.82(18)
97.3(3)
86.93(18)
-84.96(18)
-0.73(13)
-176.55(13)
76.4(2)
-99.45(13)
88.67(13)
-104.1(4)
80.01(18)
-82.17(18)
-176.41(18)
4.74(18)
64.3(4)
-111.64(15)
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CI1-N1-C5-Cé
Cul-NI1-C5-C6
C3-C4-C5-N1
C3-C4-C5-Co
C7-N2-C6-C5
Cul-N2-C6-C5
N1-C5-C6-N2
C4-C5-C6-N2
C6-N2-C7-C8
Cul-N2-C7-C8
C9-N3-C8-C7
C17-N3-C8-C7
N2-C7-C8-N3
C8-N3-C9-C10
C17-N3-C9-C10
C11-N4-C10-C9
Cul-N4-C10-C9
N3-C9-C10-N4
C10-N4-C11-C12
Cul-N4-C11-C12
C16-N5-C12-C13
Cul-N5-C12-C13
C16-N5-C12-Cl11
Cul-N5-C12-Cl11
N4-C11-C12-N5
N4-C11-C12-C13
N5-C12-C13-C14

C11-C12-C13-C14

C12-C13-C14-C15
C13-C14-C15-C16
C12-N5-Cl16-C15
Cul-N5-Cl16-C15
C14-C15-C16-N5
C9-N3-C17-C18
C8-N3-C17-C18
C19-N7-C18-C17
Cul-N7-C18-C17
N3-C17-C18-N7
C18-N7-C19-C20
Cul-N7-C19-C20

177.10(19)
-12.002)
1.5(3)
-177.4(2)
179.05(19)
2.9(3)
7.6(3)
-173.4(2)
-102.4(2)
73.6(2)
128.6(2)
-88.2(2)
-55.6(3)
-77.9(2)
139.03(19)
-108.7(2)
67.0(2)
-56.2(2)
179.22(17)
3.002)
-1.0(3)
-175.59(16)
176.90(17)
2.3(2)
3.703)
174.26(19)
1.5(3)
-176.29(19)
-0.7(3)
-0.4(3)
-0.2(3)
173.07(15)
0.9(3)
-79.8(2)
136.8(2)
-112.5(2)
62.9(2)
-53.02)
176.36(18)
0.2(2)



N5-Cul-N6-C20 86.18(15) C24-N6-C20-C21 0.5(3)
N7-Cul-N6-C20 -8.06(14) Cul-N6-C20-C21 -168.53(16)
N1-Cul-N6-C20 173.09(15) C24-N6-C20-C19 179.89(19)
N4-Cul-N7-C19  -165.19(15) Cul-N6-C20-C19 10.8(2)
N6-Cul-N7-C19 4.13(15) N7-C19-C20-N6 -7.1(3)
N2-Cul-N7-C19 96.19(16) N7-C19-C20-C21 172.2(2)
N5-Cul-N7-C19 -85.19(16) N6-C20-C21-C22 -0.1(3)
N4-Cul-N7-C18 19.05(18) C19-C20-C21-C22 -179.4(2)
N6-Cul-N7-C18  -171.63(19) C20-C21-C22-C23 -0.1(4)
N2-Cul-N7-C18 -79.57(18) C21-C22-C23-C24 -0.2(4)
N5-Cul-N7-C18 99.05(18) C20-N6-C24-C23 -0.8(3)
C5-N1-C1-C2 0.7(3) Cul-N6-C24-C23 167.27(17)
Cul-N1-C1-C2 -167.29(17) C22-C23-C24-N6 0.7(4)

4.54.6. Complex 4.21

Crystals grew as very dark, red plates. The data crystal had approximate
dimensions; 0.44 x 0.30 x 0.11 mm. The data were collected on a Rigaku SCX-Mini
diffractometer with a Mercury CCD using a graphite monochromator with MoKa
radiation (A = 0.71075A). A total of 540 frames of data were collected using m-scans
with a scan range of 1° and a counting time of 55 seconds per frame. The data were
collected at 153 K using a Rigaku Tech50 low temperature device. Details of crystal
data, data collection and structure refinement are listed in Table 1. Data reduction were
performed using the Rigaku Americas Corporation’s Crystal Clear version 1.40. The
structure was solved by direct methods using SIR97 and refined by full-matrix least-
squares on F? with anisotropic displacement parameters for the non-H atoms using

SHELXL-97. Structure analysis was aided by use of the programs PLATON98 and
WinGX.
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Table 4.32. Crystal data and structure refinement for 4.21.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

C24 H27 CI2 Fe N7 O8
668.28

153(2) K

0.71075 A
Monoclinic

P21/c

a=10.575(2) A
b=15.754(3) A
c=17.076(3) A
2834.0(9) A3

4

1.566 Mg/m3

0.781 mm-!

1376
0.44x0.30x0.11 mm
3.21 to 25.00°.
-12<=h<=12, -18<=k<=18, -20<=1<=20
23764

4989 [R(int) = 0.0889]

99.8 %

Semi-empirical from equivalents

1.00 and 0.626

Full-matrix least-squares on F2
4989/0/379

1.092

R1=0.0644, wR2 =0.1764
R1=10.0790, wR2 =0.1916

0.678 and -0.905 e.A-3

o= 90°.
B=94.993(5)°.
Y = 90°.
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Table 4.33. Atomic coordinates ( x 10*) and equivalent isotropic displacement
parameters (A2x 10%) for 4.21. U(eq) is defined as one third of the trace
of the orthogonalized U¥ tensor.

X y z U(eq)
Fel 7909(1) 6087(1) 7997(1) 32(1)
Cll 7263(1) 3265(1) 6002(1) 53(1)
C12 3210(1) 4668(1) 8670(1) 41(1)
01 7018(5) 2721(3) 5350(2) 86(2)
02 7588(5) 4071(3) 5733(3) 95(2)
03 6194(5) 3342(3) 6422(4) 99(2)
04 8283(6) 2942(5) 6491(3) 131(3)
05 3320(5) 4659(3) 7842(2) 75(1)
06 3423(4) 5519(2) 8967(3) 69(1)
07 4136(3) 4100(2) 9043(2) 51(1)
08 1960(4) 4388(3) 8317(3) 73(1)
N1 7977(3) 4865(2) 8282(2) 33(1)
N2 6761(3) 6107(2) 8835(2) 34(1)
N3 8134(4) 7672(3) 9428(3) 48(1)
N4 7694(4) 7283(2) 7706(2) 40(1)
N5 6432(4) 5970(2) 7216(2) 39(1)
N6 9472(4) 6246(2) 8675(2) 37(1)
N7 9141(4) 5982(2) 7194(2) 37(1)
Cl 8678(4) 4242(3) 7995(3) 38(1)
C2 8650(5) 3417(3) 8273(3) 42(1)
C3 7903(4) 3211(3) 8369(3) 38(1)
C4 7182(4) 3843(3) 9180(3) 36(1)
Cs 7234(4) 4662(3) 8371(2) 32(1)
C6 6537(4) 5385(3) 9147(3) 35(1)
C7 6093(5) 6858(3) 9111(3) 43(1)
C8 6942(5) 7385(3) 9694(3) 50(1)
C9 8124(6) 8306(3) 8312(3) 52(1)
C10 8499(5) 7995(3) 8016(3) 45(1)
Cl1 6798(5) 7440(3) 7168(3) 47(1)
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Cl12 6054(4) 6721(3) 6863(3) 43(1)
C13 5090(5) 6751(4) 6247(3) 56(2)
Cl4 4517(5) 6003(4) 5971(4) 60(2)
Cl15 4885(5) 5254(4) 6341(3) 55(1)
Cl6 5829(5) 5256(3) 6968(3) 46(1)
C17 9309(5) 7311(3) 9749(3) 49(1)
C18 9559(5) 6381(3) 9536(3) 46(1)
C19 10519(4) 6192(3) 8335(3) 42(1)
C20 10376(4) 6065(3) 7491(3) 40(1)
C21 11373(5) 6034(3) 7016(3) 49(1)
C22 11103(6) 5899(3) 6213(4) 57(2)
C23 9864(06) 5803(3) 5906(3) 51(1)
C24 8902(5) 5847(3) 6414(3) 43(1)
Table 4.34. Bond lengths [A] and angles [°] for 4.21.
Fel-N6 1.950(4) C23-C24 1.395(7) C8-C7-H7A 109.2
Fel-N2 1.956(4) C23-H23 0.95 N2-C7-H7B 109.2
Fel-N4 1.956(4) C24-H24 0.95 C8-C7-H7B 109.2
Fel-N5 1.973(4) N6-Fel-N2 96.41(16) H7A-C7-H7B 107.9
Fel-N7 1.980(4) N6-Fel-N4 95.80(17) N3-C8-C7 116.3(4)
Fel-N1 1.986(4) N2-Fel-N4 96.02(15) N3-C8-H8A 108.2
Cl11-03 1.397(5) N6-Fel-N5 173.71(15) C7-C8-H8A 108.2
Cl1-04 1.401(5) N2-Fel-N5 89.51(16) N3-C8-H8B 108.2
Cl1-02 1.402(5) N4-Fel-N5 81.41(17) C7-C8-H8B 108.2
Cl1-01 1.412(4) N6-Fel-N7 81.18(16) H8A-C8-H8B 107.4
C12-05 1.428(4) N2-Fel-N7  175.12(15) N3-C9-C10 116.0(4)
C12-07 1.435(4) N4-Fel-N7 88.47(15) N3-C9-H9A 108.3
CI12-08 1.436(4) N5-Fel-N7 93.08(16) C10-C9-H9A 108.3
CI12-06 1.444(4) N6-Fel-N1 88.18(15) N3-C9-H9B 108.3
N1-C1 1.347(6) N2-Fel-N1 81.28(14) C10-C9-H9B 108.3
N1-C5 1.369(6) N4-Fel-N1 175.44(16) H9A-C9-H9B 107.4
N2-C6 1.287(5) N5-Fel-N1 94.85(16) N4-C10-C9 112.1(4)
N2-C7 1.476(5) N7-Fel-N1 94.36(15) N4-C10-H10A 109.2
N3-C17 1.432(7) 03-Cl11-04 109.9(4) C9-C10-H10A 109.2
N3-C8 1.448(6) 03-Cl11-02 108.8(3) N4-C10-H10B 109.2
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N3-C9
N4-Cl11
N4-C10
N5-C16
N5-C12
N6-C19
N6-C18
N7-C24
N7-C20

Cl-C2

Cl1-H1

C2-C3

C2-H2

C3-C4

C3-H3

C4-C5

C4-H4

C5-Cé6

C6-H6

C7-C8
C7-H7A
C7-H7B
C8-H8A
C8-H8B
C9-C10
C9-H9A
C9-H9B

C10-H10A
C10-H10B
C11-C12
Cl11-H11
C12-C13
C13-C14
C13-H13
C14-C15
Cl14-H14
C15-C16
C15-H15
Cl6-H16
C17-C18

1.450(6)
1.286(6)
1.478(6)
1.343(6)
1.370(6)
1.296(6)
1.480(6)
1.351(6)
1.366(6)
1.385(6)
0.95
1.379(7)
0.95
1.387(6)
0.95
1.397(6)
0.95
1.456(6)
0.95
1.526(7)
0.99
0.99
0.99
0.99
1.529(7)
0.99
0.99
0.99
0.99
1.451(7)
0.95
1.401(7)
1.389(9)
0.95
1.378(8)
0.95
1.399(7)
0.95
0.95
1.539(7)

04-Cl11-02
03-Cl11-01
04-Cl11-01
02-Cl11-01
05-C12-07
05-Cl12-08
07-C12-08
05-C12-06
07-C12-06
08-CI12-06
CI-N1-C5
CI1-N1-Fel
C5-N1-Fel
C6-N2-C7
C6-N2-Fel
C7-N2-Fel
C17-N3-C8
C17-N3-C9
C8-N3-C9
C11-N4-C10
C11-N4-Fel
C10-N4-Fel
C16-N5-C12
C16-N5-Fel
C12-N5-Fel
C19-N6-C18
C19-N6-Fel
C18-N6-Fel
C24-N7-C20
C24-N7-Fel
C20-N7-Fel
N1-C1-C2
N1-C1-H1
C2-C1-H1
C3-C2-C1
C3-C2-H2
C1-C2-H2
C2-C3-C4
C2-C3-H3
C4-C3-H3

109.0(4)
110.9(3)
109.2(3)
109.0(3)
108.8(3)
109.0(3)
109.5(2)
109.5(3)
110.1(2)
110.0(3)
117.8(4)
128.8(3)
113.3(3)
117.8(4)
115.9(3)
126.2(3)
120.4(4)
120.1(4)
119.4(4)
118.3(4)
115.5(4)
126.1(3)
118.2(4)
128.1(3)
113.6(3)
118.2(4)
116.0(3)
125.7(3)
118.2(4)
128.2(3)
113.6(3)
122.0(4)
119
119
120.3(4)
119.9
119.9
118.9(4)
120.6
120.6
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C9-C10-H10B
HI10A-C10-H10B

N4-C11-C12
N4-C11-H11
C12-Cl11-H11
N5-C12-C13
N5-C12-Cl11
C13-C12-C11
C14-C13-C12
C14-C13-H13
C12-C13-H13
C15-C14-C13
C15-C14-H14
C13-C14-H14
C14-C15-Cl16
C14-C15-H15
Cl16-C15-H15
N5-C16-C15
N5-C16-H16
C15-Cl6-H16
N3-C17-C18

N3-C17-H17A
C18-C17-H17A
N3-C17-H17B
C18-C17-H17B
H17A-C17-H17B

N6-C18-C17

N6-C18-HI8A
C17-C18-H18A
N6-C18-H18B
C17-C18-H18B
HI18A-C18-H18B

N6-C19-C20
N6-C19-H19
C20-C19-H19
N7-C20-C21
N7-C20-C19
C21-C20-C19
C20-C21-C22
C20-C21-H21

109.2
107.9
116.6(4)
121.7
121.7
121.7(5)
112.9(4)
125.4(5)
119.6(5)
120.2
120.2
118.2(5)
120.9
120.9
120.3(6)
119.9
119.9
122.0(5)
119
119
116.7(4)
108.1
108.1
108.1
108.1
107.3
112.0(4)
109.2
109.2
109.2
109.2
107.9
115.8(4)
122.1
122.1
122.0(5)
113.3(4)
124.6(5)
118.7(5)
120.6



C17-H17A
C17-H17B
C18-H18A
C18-H18B
C19-C20
C19-H19
C20-C21
C21-C22
C21-H21
C22-C23
C22-H22

0.99
0.99
0.99
0.99

1.450(7)
0.95

1.386(7)

1.393(8)
0.95

1.376(8)
0.95

C3-C4-C5
C3-C4-H4
C5-C4-H4
N1-C5-C4
N1-C5-Cé6
C4-C5-Cé
N2-C6-C5
N2-C6-H6
C5-C6-Ho6
N2-C7-C8
N2-C7-H7A

118.5(4)
120.8
120.8

122.5(4)

113.2(4)

124.3(4)

116.2(4)
121.9
121.9

111.9(4)
109.2

C22-C21-H21
C23-C22-C21
C23-C22-H22
C21-C22-H22
C22-C23-C24
C22-C23-H23
C24-C23-H23
N7-C24-C23
N7-C24-H24

C23-C24-H24

120.6
119.9(5)
120.1
120.1
118.7(5)
120.7
120.7
122.4(5)
118.8

118.8

Table 4.35. Anisotropic displacement parameters (A2x 103) for 4.21. The anisotropic
displacement factor exponent takes the form: -2m?[ h? a*2U" + ... + 2 h

k a* b* U2 ]
ull U22 U33 U23 ul3 ul2
Fel 33(1) 28(1) 37(1) 4(1) 10(1) 3(1)
Cl1 58(1) 56(1) 45(1) -15(1) 1(1) 13(1)
Cl2 43(1) 33(1) 49(1) -3(1) 7(1) -2(1)
0] 146(5) 62(3) 50(2) -19(2) 3(3) -1(3)
02 110(4) 81(3) 99(4) -39(3) 31(3) -40(3)
03 84(3) 72(3) 148(5) -38(3) 55(3) -7(3)
04 118(5) 180(7) 87(4) -25(4) -36(3) 81(5)
05 118(4) 61(3) 49(2) 11(2) 16(2) -5(3)
06 58(2) 41(2) 103(3) -20(2) -13(2) 6(2)
07 50(2) 42(2) 59(2) -5(2) 6(2) 7(12)
08 47(2) 73(3) 99(3) 11(3) 17(2) -8(2)
N1 35(2) 30(2) 34(2) 0(2) 6(2) 2(2)
N2 36(2) 27(2) 40(2) 0(2) 10(2) 6(2)
N3 59(3) 35(2) 51(3) 5(2) 17(2) 0(2)
N4 43(2) 32(2) 47(2) 9(2) 15(2) 4(2)
N5 37(2) 40(2) 42(2) 8(2) 12(2) 2(2)
N6 42(2) 29(2) 40(2) 2(2) 9(2) 1(2)
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N7 40(2) 31(2) 43(2) 7(2) 12(2) 0(2)

Cl 42(3) 32(2) 41(3) 2(2) 13(2) 8(2)
C2 51(3) 27(2) 50(3) -1(2) 11(2) 8(2)
C3 47(3) 27(2) 39(3) 3(2) 6(2) 42)
C4 41(3) 31(2) 38(3) 42) 9(2) 3(2)
Cs 32(2) 31(2) 33(2) 12) 6(2) -1(2)
C6 38(2) 31(2) 38(2) 42) 13(2) 42)
C7 47(3) 29(2) 57(3) 3(2) 25(2) 8(2)
C8 65(3) 34(3) 54(3) 1) 27(3) 6(2)
C9 65(3) 25(2) 63(4) 3(2) 16(3) 2(2)
Cl0  45(3) 33(2) 58(3) 11(2) 13(2) -1(2)
Cll  44(3) 42(3) 56(3) 20(2) 12(2) 12(2)
Cl2 3402 45(3) 51(3) 12(2) 15(2) 6(2)
CI3  39(3) 76(4) 55(3) 31(3) 10(2) 11(3)
Cl4  36(3) 87(5) 56(3) 23(3) 3(2) 2(3)
Cl5  41(3) 63(4) 56(3) 5(3) -1(2) 9(3)
Cl6  41(3) 43(3) 51(3) 42) 10(2) 3(2)
Cl7  63(3) 41(3) 44(3) -5(2) 12(2) -6(3)
CI8  52(3) 46(3) 39(3) 0(2) 1) 1)
Cl9  34(3) 36(3) 57(3) 0(2) 7(2) 1)
C20  38(3) 31(2) 54(3) 5(2) 12(2) -1(2)
C21  40(3) 45(3) 64(4) 8(3) 20(2) 3(2)
22 61(4) 44(3) 73(4) 8(3) 42(3) 8(3)
23 70(4) 39(3) 48(3) 2(2) 26(3) 5(3)
24 50(3) 35(2) 45(3) 0(2) 15(2) 2(2)

Table 4.36. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A2x

10 3) for 4.21.
X y z U(eq)
HI 9207 4372 7589 45
H2 9147 2991 8053 51
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H3 7883 2647 9062 45
H4 6665 3721 9594 44
H6 5952 5327 9535 42
H7A 5334 6671 9364 52
H7B 5803 7216 8653 52
HSA 6456 7890 9840 60
HS8B 7130 7044 10177 60
H9A 8710 8769 8995 62
H9B 7261 8551 8735 62
HI10A 8424 8470 7636 53
H10B 9397 7810 8072 53
HI11 6631 8000 6980 56
H13 4830 7280 6019 67
H14 3888 6007 5538 72
H15 4497 4735 6169 67
H16 6049 4736 7227 55
HI17A 9343 7355 10329 59
H17B 10009 7662 9576 59
HI8A 10416 6215 9764 55
H18B 8934 6012 9769 55
H19 11328 6234 8621 50
H21 12224 6104 7234 59
H22 11772 5874 5877 69
H23 9668 5708 5360 62
H24 8046 5780 6203 51
Table 4.37. Torsion angles [°] for 4.21.
N6-Fel-N1-C1 -80.0(4) Fel-N1-C5-C4 -177.6(3)
N2-Fel-N1-C1 -176.7(4) C1-N1-C5-C6 178.9(4)
N5-Fel-N1-Cl 94.5(4) Fel-N1-C5-C6 1.2(5)
N7-Fel-N1-C1 1.0(4) C3-C4-C5-N1 -0.7(7)
N6-Fel-N1-C5 97.3(3) C3-C4-C5-C6 -179.4(4)
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N2-Fel-N1-C5
N5-Fel-N1-C5
N7-Fel-N1-C5
N6-Fel-N2-C6
N4-Fel-N2-C6
N5-Fel-N2-C6
N1-Fel-N2-C6
N6-Fel-N2-C7
N4-Fel-N2-C7
N5-Fel-N2-C7
N1-Fel-N2-C7
N6-Fel-N4-C11
N2-Fel-N4-Cl11
N5-Fel-N4-Cl11
N7-Fel-N4-Cl11
N6-Fel-N4-C10
N2-Fel-N4-C10
N5-Fel-N4-C10
N7-Fel-N4-C10
N2-Fel-N5-C16
N4-Fel-N5-C16
N7-Fel-N5-C16
N1-Fel-N5-C16
N2-Fel-N5-C12
N4-Fel-N5-C12
N7-Fel-N5-C12
N1-Fel-N5-C12
N2-Fel-N6-C19
N4-Fel-N6-C19
N7-Fel-N6-C19
N1-Fel-N6-C19
N2-Fel-N6-C18
N4-Fel-N6-C18
N7-Fel-N6-C18
N1-Fel-N6-C18
N6-Fel-N7-C24
N4-Fel-N7-C24
N5-Fel-N7-C24
N1-Fel-N7-C24
N6-Fel-N7-C20

0.6(3)
-88.2(3)
178.3(3)
-89.7(4)
173.7(4)
92.4(4)
2.6(3)
93.4(4)
-3.2(4)
-84.5(4)

-179.5(4)
172.4(3)
-90.6(4)

2.0(3)
91.4(4)
-4.4(4)
92.7(4)

-178.7(4)
-85.3(4)
-85.7(4)
178.1(4)
90.1(4)
-4.5(4)
98.5(3)

2.3(3)
-85.7(3)
179.7(3)
174.03)
-89.3(3)
-1.8(3)
92.9(3)
-3.1(4)
93.6(4)

-178.8(4)
-84.1(4)
-179.5(4)
-83.4(4)
2.1(4)
93.0(4)
0.13)
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C7-N2-C6-C5
Fel-N2-C6-C5
N1-C5-C6-N2
C4-C5-C6-N2
C6-N2-C7-C8
Fel-N2-C7-C8
C17-N3-C8-C7
C9-N3-C8-C7
N2-C7-C8-N3
C17-N3-C9-C10
C8-N3-C9-C10
C11-N4-C10-C9
Fel-N4-C10-C9
N3-C9-C10-N4
C10-N4-C11-C12
Fel-N4-C11-C12
C16-N5-C12-C13
Fel-N5-C12-C13
C16-N5-C12-Cl11
Fel-N5-C12-Cl11
N4-C11-C12-N5
N4-C11-C12-C13
N5-C12-C13-C14
C11-C12-C13-C14
C12-C13-C14-C15
C13-C14-C15-C16
C12-N5-C16-C15
Fel-N5-C16-C15
C14-C15-C16-N5
C8-N3-C17-C18
C9-N3-C17-C18
C19-N6-C18-C17
Fel-N6-C18-C17
N3-C17-C18-N6
C18-N6-C19-C20
Fel-N6-C19-C20
C24-N7-C20-C21
Fel-N7-C20-C21
C24-N7-C20-C19
Fel-N7-C20-C19

-178.8(4)
4.0(5)
-3.4(6)

175.3(4)
100.9(5)

-82.2(5)

-109.0(5)
68.7(6)
55.7(6)
68.1(6)

-109.6(5)

101.5(5)

-81.9(5)
56.4(6)

178.2(4)
1.3(6)
-1.7(7)

174.6(4)

-178.5(4)
2.3(5)
0.7(6)

-176.0(5)
-1.5(8)

175.0(5)
2.8(8)
-1.1(8)
3.5(7)

-172.2(4)
2.1(8)

68.9(6)

-108.8(5)

101.5(5)

-81.5(5)

55.5(6)

-179.6(4)
3.05)
1.5(6)

-178.1(4)

-179.0(4)
1.4(5)



N4-Fel-N7-C20 96.2(3) N6-C19-C20-N7 -2.9(6)

N5-Fel-N7-C20  177.5(3) N6-C19-C20-C21 176.6(4)

NI-Fel-N7-C20  -87.4(3) N7-C20-C21-C22 -1.1(7)
C5-N1-C1-C2 0.7(7) C19-C20-C21-C22  179.3(5)
Fel-N1-C1-C2 177.9(4) C20-C21-C22-C23 0.3(7)
N1-C1-C2-C3 -0.8(8) C21-C22-C23-C24 0.3(8)
C1-C2-C3-C4 0.2(7) C20-N7-C24-C23 -0.9(7)
C2-C3-C4-C5 0.6(7) Fel-N7-C24-C23 178.6(3)
C1-N1-C5-C4 0.1(6) C22-C23-C24-N7 0.1(7)

4.54.7. Complex 4.23

Crystals grew as colorless prisms. The data crystal was cut from a larger crystal
and had approximate dimensions; 0.08 x 0.07 x 0.05 mm. The data were collected on a
Rigaku AFC12 diffractometer with a Saturn 724+ CCD using a graphite monochromator
with MoKa radiation (A = 0.71073A). A total of 1460 frames of data were collected
using m-scans with a scan range of 0.5° and a counting time of 50 seconds per frame.
The data were collected at 100 K using a Rigaku XStream low temperature device.
Details of crystal data, data collection and structure refinement are listed in Table 1. Data
reduction were performed using the Rigaku Americas Corporation’s Crystal Clear
version 1.40. The structure was solved by direct methods using SIR97 and refined by
full-matrix least-squares on F2 with anisotropic displacement parameters for the non-H
atoms using SHELXL-97. Structure analysis was aided by use of the programs

PLATONO98 and WinGX.

Table 4.38. Crystal data and structure refinement for 4.23.

Empirical formula C29 H33 F6 N7 O6 S2 Zn
Formula weight 819.11
Temperature 100(2) K
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Wavelength 0.71075 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=10.8520(15) A o= 90°.
b=10.1814(14) A B=98.631(3)°.
c=31.2603) A v =90°.

Volume 3414.8(7) A3

Z 4

Density (calculated) 1.593 Mg/m3

Absorption coefficient 0.928 mm-!

F(000) 1680

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.03°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

0.08 x 0.07 x 0.05 mm
3.18 to 25.03°.

-12<=h<=12, -12<=k<=12, -37<=1<=37

40218

6017 [R(int) = 0.0929]

99.8 %

Semi-empirical from equivalents
1.00 and 0.699

Full-matrix least-squares on F2
6017 /103 /463

1.178

R1=0.0669, wR2 =0.1546
R1=0.0934, wR2 =0.1676
1.013 and -0.932 e.A-3

Table 4.39. Atomic coordinates ( x 10%) and equivalent isotropic displacement
parameters (A2x 10%) for 4.23. U(eq) is defined as one third of the trace
of the orthogonalized U¥ tensor.

X y V4 U(eq)
Znl 2518(1) 7245(1) 6081(1) 19(1)
N1 843(4) 8370(4) 6238(1) 22(1)
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N2
N3
N4
N5
N6
N7
Cl1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cll1
Cl12
C13
Cl4
CI15
Cl6
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27

1092(4)
3346(4)
3113(4)
3681(4)
4085(4)
2081(4)

761(5)
-191(6)

-1105(6)
-1040(5)

-56(5)
50(5)
1120(5)
1373(5)
2734(5)
2982(5)
3290(5)
2590(5)
3844(5)
4289(5)
5236(5)
5581(5)
4933(5)
3993(5)
4696(5)
5275(5)
5263(5)
4021(5)
2937(5)
2803(5)
1774(6)
913(5)
1094(5)

5825(4)
4302(4)
7410(4)
9052(4)
6313(4)
7481(4)
9613(5)
10049(6)
9183(6)
7898(6)
7523(5)
6191(5)
4520(5)
3398(5)
3197(5)
4270(5)
5491(5)
6715(5)
8365(5)
9199(5)
10104(5)
10887(5)
10763(5)
9840(5)
4129(5)
4414(5)
5859(5)
6346(5)
6904(5)
6881(5)
7489(5)
8074(5)
8044(5)
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6037(1)
6580(1)
6767(1)
6146(1)
5851(1)
5382(1)
6362(2)
6572(2)
6656(2)
6521(2)
6317(2)
6147(2)
5828(2)
6154(2)
6323(2)
7011(2)
7282(2)
7114(2)
6881(2)
6552(2)
6655(2)
6329(2)
5917(2)
5835(2)
6625(2)
6224(2)
6096(2)
5445(2)
5171(2)
4723(2)
4487(2)
4705(2)
5148(2)

23(1)
22(1)
21(1)
22(1)
22(1)
20(1)
29(1)
37(1)
40(2)
34(1)
25(1)
25(1)
24(1)
26(1)
26(1)
30(1)
31(1)
26(1)
23(1)
24(1)
28(1)
29(1)
30(1)
24(1)
25(1)
28(1)
28(1)
25(1)
22(1)
28(1)
30(1)
27(1)
25(1)



S1 7437(1) 7343(1) 5034(1) 28(1)

F1 8122(3) 9269(3) 5571(1) 47(1)

F2 6539(3) 8204(3) 5721(1) 37(1)

F3 6330(4) 9544(3) 5187(1) 51(1)

Ol 8255(4) 6509(4) 5314(1) 45(1)

02 6240(4) 6790(4) 4875(1) 41(1)

03 7994(4) 8062(4) 4718(1) 38(1)

C28 7081(5) 8642(5) 5395(2) 29(1)

S2 6299(2) 8575(2) 8006(1) 46(1)

F4 6625(4) 7831(5) 7219(1) 67(1)

F5 8242(4) 7682(6) 7688(2) 87(2)

F6 6800(6) 6321(4) 7684(2) 101(2)

04 6649(9) 9853(5) 7911(2) 136(3)

05 6800(4) 8098(5) 8419(1) 57(1)

06 5011(4) 8176(7) 7887(2) 89(2)

C29 7026(5) 7592(6) 7633(2) 41(2)

Table 4.40. Bond lengths [A] and angles [°] for 4.23.

Znl1-