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Abstract

This thesis describes the detailed evaluation of using triplet excited
states of p-methoxypropiophenone derivatives (I-VI) to probe organized
media both in the solid state and in solution. The ketone triplets decay by
intramolecular charge transfer B-aryl quenching of the excited carbonyl
and show a high sensitivity to conformational constraints imposed by
substituents or by the surrounding environment. The experience acquired
with the ketone probes proved useful also in the study of o-terthienyl in
protein environments, where the same type of techniques were applied.

Preliminary experiments with chiral derivatives of these triplet
ketone probes in solution, showed that methyl substitution at the -
methylene position (which is not a participant in the deactivation
mechanism) causes a dramatic decrease in the triplet lifetime. Further
investigation with molecular mechanics calculations revealed that this
effect is attributed to conformational preferences imposed by the added
substituents. Methyl substitution in the B-aryl ring affects the ease of
oxidation of this ring and as a result induces changes in the kinetics for
intramolecular charge transfer. This conclusion is further supported by
cyclic voltammetry experiments. In the solid state, X-ray structures show
that the charge transfer interaction provides also an efficient mode of
deactivation for the B-methylene substituted ketones but not in the
unsubstituted one which crystallizes in a stretched conformation. In the
case of p-methoxy-p-phenylbutyrophencne (II), the triplet lifetime in the
solid state is 420 ns for the pure R and S enantiomers but 733 ns for the

racemic crystals, showing an interesting case of chiral discrimination.



Powder X-ray and solid state NMR data suggest that conformational and
packing differences between the enantiomers and racemic crystals are

responsible for differences in the efficiency of intramolecular deactivation.

I: R]=R2=R3=R4=R5=H

II: R1=CH3; R2=R3=R4=R5=H

R? Il: R,=R,=CHj; Ry=R,=R;=H

ORA®
CH;0 RS IV: R,=R,=R;=R;=H; R;=CH;
V: R1=R2=R3=R5=H; R4=CH3

VI: R,=R,=R,=R,=H; R¢=OH

Incorporation of these probes into chiral hosts such as cyclodextrins
and cholate micelles lengthen the triplet lifetimes by restricting the
movement of the p-phenyl ring and thus slowing down the intramolecular
deactivation process. Studies using these methyl substituted ketone probes
(I-III) in cyclodextrins provided information on intracavity mobility,
_inclusion geometries, and generally on the importance of steric factors in
the formation and stability of cyclodextrin complexes. Intramolecular
quenching, characteristic of these probes, provides further information on
specific stereochemical constraints in CD complexes and magnifies the
effects observed in homogeneous solution. Solid CD inclusion complexes
were also prepared and the triplet behavior observed in the solid state was
compared to solution. The inclusion complexes show a significant
preference for inclusion of (R) p-methoxy--phenylbutyrophenone (II) over
the S enantiomer, however this is not reflected in their respective triplet

decay kinetics, either in solution or in the solid state.



In anionic micelles, the ketone probes undergo two-photon
photoionization under conditions of pulsed laser excitation. Both SDS and
sodium cholate micelles promoted charge separation and led to hydrated
electrons (e aq) that could be readily detected by their absorption at A > 600
nm and through its reactions with oxygen and nitrous oxide. The lifetimes
of e"3q were determined by small concentrations of aromatic ketone in the
aqueous phase in equilibrium with the micelle solubilized ketone.

In the chapter 6 of this thesis, the triplet behavior of a-terthienyl
photosensitizers conjugated te bovine serum albumin (BSA) was
investigated. The protein conjugates were to serve as models for antibody
conjugates for elucidating insect resistance to pesticides. The conjugates
were prepared with varying amounts of sensitizer attached to the protein.
Oxygen quenching of the conjugated o-terthienyl triplet states is
approximately an order of magnitude slower in the protein environment
compared to homogeneous solution. However, relatively high yields of

singlet oxygen are still observed after photo-excitation of the sensitizer.

xvii



Chapter 1. Introduction
Triplet States in Microheterogeneous Environments

The study of inclusion compounds in which a guest is incorporated
into a host has been traditionally carried out to gain information about the
host, guest or both.1¥ Compared to homogeneous solution, these organized
assemblies have been shown to control and modify chemical reactivity and
remain an area of considerable investigation.® Of particular interest to
investigators are host-guest systems such as enzymes or cells and their
substrates. Unfortunately, the complexity of these structures makes the
study of these environments rather complex. As a result, models are used
to try to best imitate these environments by eliminating many of the
complexities while preserving their overall properties. This makes it
possible to draw conclusions from the behavior observed aﬁd better
understand the processes taking place, before attempting to probe the
parent structures which the host models were originally developed to
mimic.

Spectroscopic techniques have long been used as a tool to monitor
guest probe molecules in a host environment. Traditionally, fluorescence
has been used in which the host's or guest's fluorescent properties change
upon complexation. Shifts in absorption and emission maxima, or changes
in their fluorescent decay kinetics have proven to be very powerful tools,
especially with today's sophisticated fluorimeters and analysis

7.8 However, there exists a limitation with fluorescence

programs.
techniques. Fluorescence lifetimes are very short and as a result, may not

be detectable, or may occur in a shorter timescale than the phenomena



investigated. Despite these limiting factors, fluorescent probes such as
pyrene have been used extensively to study diffusion processes in micelles
and other host environments.?-12

This thesis describes probe molecules that efficiently form triplet
excited states upon light activation. Triplet states are much longer lived
than singlets agd potentially offer more opportunity to analyze dynamic
processes wﬁile in the host environment. The choice of triplet probes was
not meant as a substitute for singlet fluorescent probes, but rather as tools
to gain additional information that is not readily accessible with fluorescent
probes. Our investigations dealt primarily with molecular aggregates that
mimic some of the features of biological environmeﬁts and, in later
sections, we employed proteins conjugated to triplet probes. While some of
the environments are structurally quite simple, suitable comparisons can
 still be made with their biological counterparts.

The triplet probe molecules selected must be chemically stable, show
good absorption at the wavelengths of excitation, produce a suitable yield of
triplet state for momtormg purposes, and have properties that will provide
information about the deszred environment. Triplet states can be studied
spectroscopically by their phosphorescence emission or absorption.
Phosphorescence emission from triplet states, like fluorescence, has been
successfully used to probe the association dynamics between a host
microenvironment and a guest. The long lived nature of room temperéture
phosphorescence (RTP) allows processes to be monitored which occur in
timescales longer than microseconds.! However, triplet emissions are
usually weak and prone to quenching making this technique of limited

application. Despite these drawbacks, RTP has been used in the



determination of entry/exit rates of inclusion®13 and assessing the rigidity
of host environments,14:19

The focus of this thesis is to directly monitor triplet excited states in
organized media thréugh their absorption, thus avoiding many of the
problems associated with monitoring phosphorescence. In order to directly
monitor triplet excited states through their absorption, a relatively large
concentration of triplet states must be generated for detection purposes and,
in order to facilitate kinetic analysis, these triplet states must be generated
in a short period of time. The technique of choice for carrying out the
studies mentioned above is known as laser flash photolysis (LFP) and has
been used extensively tc study short lived transient species such as triplet
excited states.®:17 Chapter 2 gives a detailed description of the LFP
apparatus and techniques used in this thesis.

Monitoring triplet state absorption in host environments can provide
information on dynamic interactions between the triplet guest and host.
 For example, exit rates of aromatic molecules from micellar hosts has been
measured by monitoring their triplet absorption decay kinetics with respect
to quencher concentration.!® Pyrene can be used to probe mobility through
monitorihg .the triplet—triple_t annihilation kinetics which are manifested in
the resulting excimer or mc;homer emission.!® Directly monitoring pyrene
triplet-triplet annihilation in reversed micelles using laser flash photolysis
techniques has ;écently been used to differentiate inter- and intramicellar
processes.20 The ability to use these triplets for such studies hinges on
pyrene's long triplet lifetime. Although this technique monitors the
process through fluorescence emission, the probes of interest and the
timescales accessible are in fact triplet state properties. Other triplet

probes, such as xanthone, can be used to study changes in polarity of a



microenvironment. The triplet absorption spectrum of the low-lying triplet
state of xanthone has a strong dependance on the polarity of the media and
can be used to report on the polarity of the media; the less polar the
environment is, the more red shifted the triplet absorption maximum is.
Barra et al.?! have used xanthone to measure association/dissociation
kinetics in cyclodextrin solutions by directly monitoring the shift in the
triplet absorption maximum of xanthone using laser flash photolysis
techniques. In another study, carried out with solid state xanthone-
cyclodextrin inclusion complexes, it was shown that the triplet decay
kinetics of xanthone are dependent on the size of the cyclodextrin cavity.22
This was the first time laser flash photolysis had been used to study
cyclodextrin solid state complexes. In another recent study, the
recombination kinetics of triplet radical ion pairs absorbed onto
microcrystalline cellulose was studied by laser flash photolysis

techniques.?

- o
3D e

As the potential of laser flash photolysis techniques for monitoring
excited states in model host environments is being demonstrated,
researchers have now began exploring more compiex host systems such as
living cells and proteins.2426 This has been accelerated by the virtual

explosion of research in the use of triplet photosensitizers as potential



photochemotherapetic agents against cancer. This new clinically viable
treatment employs a triplet precursor which localizes in cancerous tissue
and upon excitation with light, produces high levels of singlet oxygen in
the area of the tumor through the photosensitization of oxygen by the triplet
ctate.27-2% New photosensitizers are rapidly being developed and are being
"fine tuned" through understanding their excited state dynamics in
biological substrates. Again, the technique of choice to monitor these
dynamics has been LFP and it is now being used to monitor excited triplet
states in tissue and cells. Merocyanine dyes which are potential
photodynamic drugs, have recently been directly monitored in cells using
LFP techniques.26

An important aspect in using triplet state molecules as probes of host
environments is to understand their mobility within the host. The majority
of the studies involving mobility of triplet states use intermolecular
processes as a metho_d of detecting mobility. Using this method, a fairly
unreactive triplet is formed in an environment and allowed to react with
added quenchers.31830 An alternative method presented in the this thesis
involves triplet probes based on pr-methoxy-B-phenylpropiophenone (shown
below) which rely on an intramolecular quenching mechanism; thus, they
do not require the use of external quenchers. As a resﬁlt, these probe
derivatives are extremely sensitive to conformational constraints which can
be imposed by the host environment or by the substituents attached to the
probe itself. The investigation began by examining the time-resolved
behavior of these probes in homogeneous solution before continuing onto
more complex media, including solid crystalline media, cyclodextrins and
micellar solution. In addition, a second triplet probe molecule, o-terthienyl

(shown below), was investigated to establish its photosensitizing ability



when attached to a protein. The results are compared to previous solution
experiments as well as associated complexes. The long term research was

aimed at the development of novel antibody conjugates of o-terthienyl.

@)

CHSO C] /S\ /S\ /S\

p-methoxy-8-phenylpropiophenone o-terthienyl



Chapter 2. Laser Techniques and General Instrumentation
2.1. Introduction

This thesis describes results using several different laser techniques
to study photochemical processes in solution and in the solid state. The
focus was on the characterization of excited state intermediates and their
phatochemical products. The goal of these studies was to better understand
the interactions between excited state probes and their surrounding
environment, whether that environment was the solvent or as potentially
complicated as a protein. To better understand these interactions and the
products that may result, a variety of techniques were used which are
described below.

The intermediates that were of interest in this thesis were triplet

excited states (T;) formed from intersystem crossing (isc) from an excited
singlet state (S;). Intersystem crossing results in parallel electron spins

which inefficiently relax down to the ground state (Sp) in the absence of

adequate spin-orbit coupling. As a result, triplet states are relatively long
lived and offer an excellent opportunity for investigation of dynamic
processes that may occur during their lifetime.

Excited states, such as triplet intermediates, can be generated by
laser light excitation of a precursor which results in the population of a
singlet excited state (S;) that can subsequently intersystem cross to the
triplet state. Detection of the excited state is accomplished
spectrophotometrically by its absorption of monitoring light. A simplified
Jablonski diagram (excluding emission) describing these processes is

shown Scheme 2.1. The technique used in this thesis to monitor excited



states in this way is known as laser flash photolysis (LFP) first reported by

Kosonocky et al.1”, Lindqvist3!, Weiss et al.32 and Porter.16
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Scheme 2.1. A simplified Jablonski diagram depicting the excitation of a
ground state molecule with laser irradiation (hv). The triplet state

formed through intersystem crossing (is¢) can be monitored

through its absorption (kVv').

Methods of detecting transients in a host of environments has
expanded the applications of laser flash photelysis into areas that were
previously inaccessible to the photochemist. Nanosecond techniques such
as time resolved conductance,33 diffuse reflectance LFP,34 singlet oxygen
emission,?3 photoacoustic calorimetry,3¢ are but a few that have been
recently added to the arsenal of techniques available at the University of
Ottawa. With the advent of picosecond and even shorter sources of light,
there is no doubt that the number of processes able to be studied will

continue to grow.



In this thesis, several of the above techniques will be used
extensively, including laser flash photolysis using transmission and
diffuse reflectance monitoring techniques, as well as detection of singlet
oxygen near IR emission. In this chapter, I will describe in detail the
techniques and instruments used during the course of the research
described in this thesis. The more general experimental procedures
(synthetic, analytical purification, etc.} are described in the experimental

sections where they apply.

2.2. Laser Flash Photolysis

Laser flash photolysis uses a pulsed laser to generate an excited state
from an appropriate precursor and a monitoring light source to analyze the
transient's absorption. The laser must have a pulse duration shorter than
the processes under investigation and have a high enough intensity that an
appreciable amount of transient (typically 10-50 uM) is generated for
detection purposes. After the laser fires, there is a change in absorptivity of
the sample solution which alters the intensity of a monitoring beam as it
passes through the solution. This intensity change is measured by a
photomultiplier tube (PMT) detector as a function of time in order to extract
spectral and kinetic information. In general, the system can be viewed as a
very fast spectrophotometer with a laser as the excitation source.

There are a variety of lasers available in the laser lab at the
University of Ottawa which can effectively cover wavelengths of excitation
from 248 nm to 1064 nm. The lasers used primarily in these studies are the
308 nm EX 530 Lumonics excimer laser, a 337 nm Molectron UV.24
nitrogen laser and a 266 or 355 nm Surelite Nd/Yag laser with pulse



durations typically under 10 ns and energies of <100, 5, 10 and 30 md,
respectively. The laser pulses were directed towards and concentrated (but
not focused) on the samples at right angles with respect to the monitoring
beam by a series of prisms and lenses. The experimental setup is shown in
Figure 2.1. The lasers were usually operated at 1 Hz and shutters
controlled exposure of the sample to either the monitoring or laser light
sources. The energy of the lasers could be effectively attenuated with the

use of calibrated neutral density filters.

laser

monochromator

PMT
detector

digitizer

)

computer

Figure 2.1. Experimental setup of a laser flash photolysis system.
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Samples were prepared at concentrations that did not exceed an
optical density‘of 0.4 at the laser wavelength to avoid shock waves or a
concentration gradient of the transient species. The sample solutions were
contained in cells made of 7 x 7 mm?2 Suprasil quartz tubing or could be
flowed through specially constructed sample cells if a net chemical reaction
occurred upon irradiation. To avoid product buildup or sample depletion in
static samples, the sclutions were shaken after every laser shot. Altering
the gas content of the solution was achieved through bubbling with the
desired gas for 15-30 min depending on the sample volume.

The monitoring/detection system consisted of a pulsed 150 Watt
xenon lamp, a high intensity monochromator and a photomultiplier tube
detector operating on six dynodes. The monitoring lamp was pulsed so that
the intensity of the beam is increased by a factor of 5 - 20 during a few ms.
This enhanced the signal to noise ratio which is especially important for
small or short-lived (<100 ns) signals. The monitoring beam is focused
through the sample and into a monochromator which selects the
wavelength of light to be monitored. The selected wavelengths of light were
detected by the PMT detector which yielded a current terminated into an
appropriate load resistor (typically 93 Ohms) giving a voltage signal. The
voltage signal changed with time and was captured by a Tektronix 2440
digital storage oscilloscope equipped with pre-trigger capabilities which
was interfaced with Macintosh computers controlled by LabView-2.2
software. A line synchronizer coordinated the various components of the
LFP system including the lasers, lamp pulser and shutters through a
series of transistor-transistor linked (TTL) pulses that originated at the
same point on a 60 Hz AC sine wave so that proper time sequences of events

were maintained.



Figure 2.2 shows a plot of PMT output versus time for a period from
one second before to one second after a particular laser pulse. At the
beginning of the experiment, light from the monitoring beam is recorded
before it is pulsed which causes a sharp increase in the PMT output. The
laser then fires and subsequently strikes a fiber optic cable which triggers
the transient digitizer to start saving data points. The signal that results is
shown in the small box in Figure 2.2. The intensity of the monitoring
beam, I,, is measured on a second channel and represents the baseline

from which changes in PMT voltage (sample absorption) are measured.
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Figure 2.2. The sequence of timed events in the kinetic laser flash

_ photolysis (LFP) experiment.



Therefore, the data from a laser flash photolysis experiment consists
of a series of voltage signals converted from the PMT detector as a function
of time at a particular wavelength selected by the monochromator. This
raw data is processed by the computer which converts the voltage signals

from the PMT to a change in absorbance (AOD) according to equation 2.1:
AOD =-log (1 -Signal/l,)} (2.1)

Typically, a kinetic trace was obtained by averaging the data collected from
multiple laser shots. The AOD was then plotted against time to provide a
kinetic trace like the one shown in the inset of Figure 2.3. Transient
absorption spectra were constructed by acqu'i'ring kinetic traces at several
wavelengths and plotting AOD of each kinetic trace against wavelength
(Figure 2.3). In order for the signals at different wavelengths to be
comparable, the I, values must be similar over the wavelengths measured.
This was accomplished by a programmable power supply which could set
the PMT output to any desirable level and maintain this level throughout
the experiment.

Two-laser two-colour laser flash photolysis is a technique similar to
conventional LFP described above but instead of using a single laser to
generate the transient species (termed the "synthesis" laser), a second
laser (termed the "photolysis" laser) was used to further excite the
transient. The wavelength of the second laser were chosen so that the
transient produced by the first laser, absorbs at that wavelength. The setup
for two laser experiments was exactly the same as described above except
the TTL signal which triggered the synthesis laser to fire was routed
through a Stanford Research Systems Inc. Model DG535 4 channel digital

13



delay/pulse generator. The delay generator then sent a second delayed TTL

signal to the second laser.

006 -

0.02

280 410 540 670
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Figure 2.8. Triplet-triplet absorption spectrum for p-methoxy-§-
phenylpropiophenone in acetonitrile monitored 20 ns after the
laser pulse. Inset: Decay trace for the above sample monitored at

400 nm following 337 nm laser excitation.

2.3. Diffuse Reflectance Laser Flash Photolysis.

Opaque, light scattering samples can be studied using the laser flash
photolysis technique by using the diffuse reflected light from the sample for
analysis. A detailed account of the technique is given by Wilkinson.3” The
diffuse reflectance setup was much like the one described for solution
experiments but the detector was arranged to capture the diffuse reflected
monitoring light (see Figure 2.4) instead of transmitted light. This light

had penetrated into the solid, returned to the surface and was collected in



much the same way as in the transmission experiments described above
(section 2.2). However, the data col}--gf.:i;ed were not freated as absorbances
but with the Kubelka-Munk treatment38 for strongly scattering samples,

i.e.

F(R)=K/S=[(1-R)2]/2R (2.2)

where K = 2 € C, £ is the extinction coefficient and C the concentration. The
fraction of reflected light absorbed by the transient (reflectance change, Ar)
is AJ/J, where Jg is the reflectance intensity before excitation and AJ is the
change in the reflectance after excitation. For moderate values of
reflectance change, such as cbserved in this thesis, this function is linear

with concentration.
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Figure 2.4. Time-resolved diffuse reflectance laser flash photolysis

experimetal setup.



2.4. Singlet Oxygen Emission Detection

Energy transfer from triplet excited states to ground state oxygen
occurs usually close to diffusion controlled rates provided the triplet energy
of the triplet sensitizer is above the energy of singlet oxygen, 02(1Ag) of 22.4
kcal mol-1.3° The sensitized singlet oxygen can then deactivate back down
to ground state by nonradiative means over a period of several
microseconds to milliseconds depending on the solvent. A very small
fraction (<.01) of the singlet oxygen produced can radiatively decay with
emission of a photon having a wavelength of 1.27 pm.3540-42 The recent
development of detectors able to detect this very weak luminescence has

made it possible to directly monitor singlet oxygen in solution.
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Figure 2.5. Time-resolved singlet oxygen luminescence detection

apparatus.
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The time-resolved infrared emission detection apparatus, used to
monitor the kinetics of the relaxation of singlet oxygen, Oy (1Ag), is based on
detection of luminescence using a germanium photodiode. Our particular
set-up, shown in Figure 2.5, employed pulses from a frequency tripled
Surelite Nd/Yag laser (A = 355 nm from a 1064 nm fundamental, 10 ns
pulse, < 35 mdJ / pulse) to excite oxygenated samples contained in a 10 x 10
mm path length quartz fluorescence cuvette. Before passing through the
sample, the laser light was passed through a 355 nm bandpass filter
(Schott) and a KG-5 short pass filter (Schott) to eliminate any residual 532
nm or 1064 nm light arising from the second harmonic generator or
fundamental, respectively. An iris was used to further collimate the beam.“
In addition, the relative laser power was measured by diverting a small
amount of the incident laser light (~4%) to a wavelength calibrated
Molectron JD 2000 joulemeter ratiometer power meter using a quartz beam
splitter. Detection of the luminescence emission from Og(1Ag) was carried
out at right angles to the direction of the excitation beam, with an anti-
reflection coated 3 mm thick silicon filter (CVI Laser Corp.) was placed
between the sample and detector to remove interfering light of lower
wavelengths, due to fluorescence or laser fundamental frequency (1.06 pm)
scattering. The detector used was an EG&G Judson J16 8SP ROMS (5mm)
germanium photodiode, mounted on a modified BNC connector, and
signals were amplified using a Stanford Research Systems low noise
preamplifier (model SR560). The preamplifier was equipped with several
short and long pass bandwidth filters which allowed the removal of
unwanted signals generated by the laser pulse itself or scattering which is
common at the detection level the system was operating at. Typical

preamplfier settings were 2-5 x 102 gain with 10/30 KHz and 12 dB/octave
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low pass filter settings. Amplified signals were captured by a Tektronix
2432 digitizer. Computer control of the experiment and data acquisition
were similar to those used in laser flash photolysis work described above
except that there was no monitoring beam. Figure 2.6 shows a typical
singlet oxygen emission trace obtained using the above apparatus.
Deuterated water (D20) was used instead of water because it absorbs less in

the IR and the singlet oxygen is longer lived.

0 100 200 300 400
Time, us

Figure 2.6. Deacy trace for Og (1Ag) emission centred at 1.27 pm generated
from Rose Bengal (sensitizer) in DsO solution using a 30 kHz low

pass cutoff filter.

In order to accurately determine quantum yields (¥,) of singlet

oxygen sensitization by triplet excited states, a comparative method was

used whereby the energy dependence of the initial 02(1Ag) luminescence

intensity (I,) was measured for optically matched samples under study and
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for a reference compound for which the ¥, value was accurately known in
the same solvent. Table 2.1 shows typical singlet oxygen standards used for
various solvents. The power of the laser was altered by fine tuning the
alignment of the third harmonic generator. By direct comparison of the
slopes of the power dependence plots, the @, value for the sample was
obtained. Up to 50 shots were averaged (for the lowest laser excitation
energy) for each data point. In many cases a non-linear plot was obtained
due to competitive absorption by the thiophene triplet states formed during
the laser pulse. In these cases a second order polynomial fit was carried
out to determine the slope at zero dose (and hence, at zero triplef

concentration).

Table 2.1. Singlet oxygen standards for various solvents.

Standard O Solvent
083 | CgHg®
084 | CHClg#
Phenazine

0.89 | CHoClp¥
083 CHsCN %

Rose Bengal 080 | D50 46,47

Acridine 082 | CHsCN %

Ru(bipy)s 0.86 | CDgOD4®




Chapter 3. -Phenyl Ketones as Triplet Probes

3.1. Introduction

Ketone excited states have long been a subject of photochemical
investigation.4® Depending on the substitution, they can undergo a variety
of reactions leading to different transient behaviour and resulting products.
The reactivity of non-conjugated aryl ketones are of particular interest.
Reactions typical in these types of ketones have been outlined in Scheme 3.1.
In ketones possessing a y-hydrogen, the excited triplet carbonyl undergoes a
characteristic 1,5-hydrogen shift to yield both cleavage and cyclization
products in a well known Norrish Type II photoelimination, which is also
referred to as a Type II reaction.50 The result is a short lived but well
characterized 1,4 biradical.’! Ketones can also undergo photoreduction by
reaction with good hydrogen donor substrates such as alcohols and amines.
In some cases5? the reaction may involve a considerable degree of charge
transfer. Where the group o to the carbonyl favours Norrish Type I
cleavage, two distinct radicals are produced which can undergo further
reactions. In 1970, Whitten et al. 53, Wagner et al. 54 and Stermitz et al. 5°
reported simultaneously on a different type of reactivity for the non-
conjugated aryl ketones. In ketones possessing a p-aryl group, both Type i
and Type II processes occurred with very low efficiency. In fact, in some
experiments, irradiation of a B-phenyl ketone for up to 46 hours resulted in
no photoreaction and the starting material was recovered essentially
unchanged.’® The lack of reactivity had been known for a number of
years36:57, but the three 1970 reports established the basis for this

photoinduced stability.
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Scheme 3.1. Some reactions of triplet ketones: (a) Type II cleavage

(Norrish Type II) and cyclization; (b) reaction with amines leads to

charge transfer complexes; (¢} o-cleavage (Type I cleavage); (d Pp-

phenyl quenching.

It was observed that even in the presence of an easily abstractable y-

hydrogen, such as that shown in Scheme 3.1(d), Type I1 photoelimination



cannot compete with this efficient deactivation process. The source of this
photostability was not entirely clarified at the time but was assigned to some
interaction between the carbonyl chromophore and the Pf-aryl substituent.
It was suggested that rapid intramolecular quenching involving the B-
phenyl ring was competing with the normal chemical reactivity of the n,n*
triplet state.5* It was known that carbonyl triplet quenching by aromatic
rings occurred to some degree. For example, in 1963, Bell et al.58 reported
an anomolous short lifetime of benzophenone triplet in benzene solution.
Although a low amount of ketyl radical was observed, no definite
explanation was provided at that time. A series of reports followed which
attempted to explain the possible interaction between the carbonyl triplet
and the aromatic benzene molecule as a diradical adduct®?80 formed from
reversible hydrogen abstraction. A charge transfer complex between the
aromatic quencher and the carbonyl forming an "exciplex" is now accepted
as the mechanism of interaction.1-6¢ Later work presented in this thesis
and by other groups, provide more evidence for this charge transfer
interaction.%°

Laser flash photolysis techniques allow the investigator to directly
monitor the transients of interest produced from the excited ketones. In
1983, a series of B-aryl ketones were invt:stigated using this technique.5®
The ketones were based on the structure shown in Figure 3.1 (where X = H).
No detectable transient was observed due to the highly efficient triplet
deactivation process which leads to very short triplet lifetimes (< 1 ns). In
later work®7, the addition of a p-methoxy substituent (X = MeO) was shown
to dramatically increase the triplet lifetimes of these ketones, facilitating

their detection.
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Figure 3.1. Intramolecular deactivation of triplet states by B-phenyl

quenching.

Figure 3.2, Triplet state quenching conformation in B-phenyl ketones.

The deactivation mechanism involves the movement of the B-aryl
-<'group above the carbonyl oxygen as shown in Figure 3.1. The mechanism
reciuires the B-phenyl ring to overlap the half-vacant non-bonding (n)
orbital. A specific conformation for interaction, shown in Fi'gure 3.2 is

expected from evidence of low pre-exponetial factors for the deactivation.%”

The charge transfer interaction involves the carbonyl n,n* triplet state

which may be the lowest state, or be thermally populated. In the latter



case, compounds containing a p-methoxy substituent, stabilization of the
n,m* triplet state results. This places more negative charge on the carbonyl
oxygen and slows down the charge transfer from the aromatic ring
resulting in a longer lived triplet state.58.6% The effect of lengthening triplet
lifetimes with p-methoxy substitution is also shown in Figure 3.3 with
ketones not possessing a fj-phenyl ring.

In 1984, Kilp et al.%? monitored triplet states of I (Figure 3.1) using
conventional nanosecond laser flash photolysis equipment. Without
electron donating substituents, these ketones have lifetimes around 1 ns in
solution®”.6®, making detection of these triplet states difficult if not
impossible at room temperature. The addition of a p-methoxy substituent
significantly lengthens the triplet lifetime of I to around 200-300
nanoseconds which can be easily monitored. However, this slow down of f-
aryl quenching does not introduce y-hydrogen abstraction in ketones
possessing an abstractable hydrogen as another competing reaction. Both
Type II reactivity and p-phenyl quenching are processes that require an
n,n* state; however, the former process does not occur in any measurable
extent. For example, irradiation of p-methoxy-B-phenylbutyrophenone (see
section 3.2.1) for more than twelve hours still yields no observable products
much like the earlier experiments without p-methoxy substituents.53-55

The kinetics of triplet decay of B-phenyl ketones described above is
dependent on both the electronic nature of the excited state (n,n* or 7,n*) as
well as substituents that affect the conformation or movement of the
deactivating B-aryl ring. In the latter case, conformational restrictions can
also be imposed by the external environment such as solvent choice or
incorporation into hosts. In the next sections (3.2 and 3.3) we will explore

these aspects both in solution and the solid state.



The B-aryl ketones of interest in this thesis all possess a p-methoxy
substituent (derivatives of ketone I} on the benzoyl moiety as seen in Figure
3.1. In studies of p-aryl ketones not possessing a p-methoxy substituent, the
triplet lifetimes are very short due to the favourable interaction between the
predominately n,n* triplet state and the B-aryl group. It is believed that the
movement of the B-phenyl ring into the correct orientation for quenching
becomes the rate-determining step, rather than the dynamics of the charge

transfer process.5

0 CH3 O CH3
0]
OCH; I
OCH;
>2 s 1-3 ns >10 us 100-300 ns

Figure 3.3. Aromatic ketones showing triplet lifetimes under nitrogen

illustrating the effect of a p-methoxy substituent and B-phenyl

group on triplet lifetimes.

Ketones lacking a p-methoxy group show little effect on their triplet
lifetimes with various p-aryl substitutions such as methyl, methoxy and
halogen groups.5” Little effect is also seen in the triplet lifetime in the
absence of ring substitution when substituents are added at the p-position.66

For example, B-phenylpropit;phenone, and P-phenylbutyrophenone have



similiar triplet lifetimes in solution of around 1-3 ns. However, the addition
of a p-methoxy substituent can dramatically enhance these effects through
significantly lengthening the triplet lifetimes by producing a low lying &,n*
triplet state. As a result, substituent effects are readily observable.

The initial interest in this thesis with these ketones focussed on their
use as probes for chiral hosts. The synthesis of II, a chiral probe
possessing a methyl group in the B-position, was expected to have different
decay kinetics depending on the isomer used and the chiral host
investigated. This particular ketone had never been synthesized before and
the first laser flash photolysis experiments carried out were done so to

compare its photobehaviour to similar ketones in other studies.

Preliminary experiments with II indicated that methyl substitution
away from the reaction centre had dramatic effects on the triplet lifetime
compared to the unsubstituted ketone (I). This observation prompted us to
investigate various other methyl substituted derivatives (III-V) in an
attempt to understand the effects of methyl substitution on the triplet
lifetimes. Substitutions were made either in the B-position or on the B-
phenyl ring to explore the influence of steric and redox properties. In
addition, a chiral alcohol derivative (VI) was investigated to evaluate the
possible effect of hydrogen bonding between the carbonyl and the alcohol
group on the triplet lifetime.

i



I R1=R2=R3=R4=R5=H

II: R|=CH3; R2=R3=R4=R5=H

R? I R,=R,=CH;; R;=R,=Rs=H
R4 IV: R]=R2=R4"—"R5=H; R3=CH3
V: R]=R2=R3=R5=H; R4=CH3

VI: R}=R2=R3=R4=H; R5=OH

In section 3.3, the triplet lifetimes of I and II are measured in the
solid state. Only a limited amount of work has been done with B-aryl
ketones in the solid state. In other photochemical systems, Scheffer et al.
have reported extensive research on the influence of reaction media on the
reactivity of ketones, especially in crystals.’®:7! Traditionally, the
rationalization of reaction pathways has been carried out indirectly by
analyzing X-ray data and product distributions to best understand
photochemical mechanisms in the solid state. Monitoring directly the
excited states controlling the photochemistry in the solid can be used to
further complement our understanding of solid state photochemical
mechanisms.

The transient behavior of lignin model compounds, also containing a
B-aryl group, have been studied in the solid state, as well as on silica, zeolite
and cellulose supports.’7 However, the observations are complicated by
cleavage of the starting materials upon laser excitation to form radicals
and products which also can absorb light. Ketones, such as I and II, where
cleavage of the starting material is not a major process, simplify the

transient solid state photochemistry.



In section 3.3, we report the effect of conformational changes on
triplet lifetimes which are discussed in section 8.2 in solution, are even
more prevalent in the the solid state. By using diffuse reflectance laser
flash photolysis techniques on solid samples of these ketones, we are able to
demonstrate that conformational effects also play a significant role in the
solid state. We also demonstrate that the triplet state of ketone II can
distinguish packing differences in crystals of pure enantiomers and
racemic mixtures. These results are then rationalized through the triplet
lifetimes observed along with powder and single crystal X-ray
crystallography.

In this chapter, a combination of photochemical studies employing
laser flash photolysis techniques, electrochemical measurements,
molecular modeling calculations and X-ray data are presented along with a
rationalization of the observed variations in triplet lifetimes in various p-
methoxy-B-phenylpropiophenone derivatives both in solution and in the

solid state.



3.%. Effect of Substituents in Solution

3.2.1. Results

Triplet lifetimes were determined at room temperature employing
laser flash photolysis techniques. The decays showed clean
monoexponential behavior, although a small amount of residual absorption
was frequently observed following the completion of the triplet decay. Figure
3.4 shows a representative transient spectrum for II and a decay trace for

the triplet monitored at 400 nm.
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Figure 3.4. Triplet-triplet absorption spectrum for II in acetonitrile at room
temperature monitored 20 ns after the laser pulse. Inset: Decay

trace for II monitored at 400 nm following 337 nm laser excitation.



The triplet spectra were virtually identical regardless of methyl
substitution in the B-phenyl ring or in the methylene chain, and agree well
with literature spectra for ketones with the p-methoxybenzoyl
chromophore.67:74 In the case of VI, a small amount of absorption was
detected around 500 nm and may be the result of some Norrish Type I
cleavage. The triplet lifetimes recorded for ketones I-VI are given in Table
3.1.

The introduction of methyl groups in the p-position in ketones II and
III had dramatic effects on the triplet lifetimes compared to the
unsubstituted ketone I. We reasoned that since the mechanism of
deactivation involves the interaction of the B-phenyl ring with the carbonyl
oxygen, the introduction of methyl substituents may have induced changes
in conformation and/or the ring's freedom of movement. We noted that
since ketones 2 and 8 have y-hydrogens, they could ponceivably undergo the
Norrish Type II reaction; Wagner et al.5 showed that this process occurs
with very low quantum yields in B-phenylbutyrophenone, thus supporting
that the lifetimes are determined by B-phenyl quenching, and not chemical
reactions. To further address this point, ketone II was irradiated at 300 nm
under steady state conditions. Prior to irradiation, the samples, contained
in quartz 7 x 7 mm2 cells, were deaerated by bubbling nitrogen through the
solution for forty minutes. After 12 hours of irradiation, no observable
product formation was observed by GC-MS analysis. Similar irradiations of
the aleohol substituted ketone (VI) for 12 hours in deaerated acetonitrile
solution revealed a very low yield of p-methoxy- benzmc acid which is
attributed to the oxidation of the corresponding aldehyde resulting from
some a-cleavage. The low yields of product formation even after extensive

irradiations, provides further evidence that the lifetimes are solely



determined by P-phenyl quenching in the case of the methyl and alcohol

substituted derivatives.

Table 3.1.

Kinetic data for the decay of ketone triplets at room

temperature.?

Ketone LifetimeP in nanoseconds in
Methanol Acetonitrile Benzene

I 239 50

11 % 19 18

11X 10

IV 151 29 2

A" 31 9 12

V1 64 31 60

a All decay traces monitored at 400 nm after 337 nm laser
excitation; ketone concentrations were typically ~ 1 x 10-3 M.
b Typical errors are about 5% for lifetimes of 50 ns or longer

and ca. 10% for the shorter values.

Methyl substitutions in the meta and especially pare positions on the

B-phenyl ring also shorten the triplet lifetime (see Table 3.1). Sherter

lifetimes could be the result of changes in the oxidation potential of the ring

through methyl substitution, thereby facilitating easier transfer of electrons

to the carbonyl n,n* triplet during charge transfer.

Electrochemical

measurements (vide infra) were carried out in order to address this

question.
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The addition of an aleohol group in the a-position also shows a
dramatic effect on the triplet lifetime. We reasoned that the effect may be
the result of hydrogen bonding between the carbonyl oxygen and alcohol
hydrogen which may "draw" the phenyl ring closer to the carbonyl for
deactivation. Molecular mechanics calculations and X-ray studies were
used to predict the preferred conformation of this compound. Both methods
resulted in conformations that promoted B-aryl quenching through
hydrogen bonding (see below).

While our studies center on methanol as solvent, a few exploratory
measurements in acetonitrile and benzene (see Table 3.1) clearly suggest
that our observations are quite general. The longer lifetimes in hydroxylic
solvents are believed to be due to hydrogen bonding with the solvent at the
carbonyl centre which restricts the access required for the deactivation to

occur.57

Molecular mechanics calculations

In an attempt to understand the differences in triplet lifetimes (see
Table 3.1), molecular mechanics calculations were performed using
PCMODEL software derived from the MM2 force field of Allinger”® to
estimate the effects of conformational and steric factors of methyl
substitution in the P-position. It should be noted that these calculations
were performed in 1990. Since then, other more advanced molecular
modeling programs have entered the market. Some of the calculations
outlined below were repeated on a newer molecular mechanics program
called CAChe (Computer Aided Chemistry). This program is also based on
Allinger's MM2 force field and gave essentially the same results as

PCMODEL.



Dihedral drivers were used in which minimizations were performed
for angle increments around 3° on ketones I-III for rotation about bond b as
shown in the structure below. The dihedral angle is defined by the four
atoms connected by the bonds marked in bold. Figure 3.5 shows the results
of these calculations. During the minimizations, no other parameters,
(other than the dihedral angle) were kept constant. At the minimum and
maximum energies the dihedral angle was fixed and the structure was
reminimized; these positions were always very close (+ 2°) to the multiples

of 60°.
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Ketone 1 hgg three lowest energy conformers having dihedral angles
of about 600, 186'07and 300° with respect to the carbonyl group each having
approximately equal energies. For ketone II the lowest energy conformer
has a dihedral angle of about 60°. The preferred position of the deactivating
phenyl ring in II now lies closer to the carbonyl (Figure 3.6); this explains
the reduction in lifetime between ketones I and II. For ketone III, the
situation is quite similar; the B-phenyl ring now prefers to lie at either 60°
or 300° angle with respect to the carbonyl group. Combined with these
conformational effects, increased methyl substitution in the PB-position
raises energy barriers for rotation of the phenyl group away from the
carbonyl., Our calculations also suggested that in the case of III the

distance between the carbonyl oxygen and the ring (as measured by the



distance to the ortho-carbons) was smaller than for II. However, it was
clear that small changes in the position or tilt of the B-phenyl ring are not
predicted very accurately at this level of calculation and any argument
based on variations in this distance would be highly speculative.

The minimized structures calculated for ketones I, II and VI were
very similar to the structures determined by single crystal X-ray diffraction
patterns of these ketones (X-ray structural information for I and II are
given in section 3.3). Ketone III was an oil, thus no X-ray structure was
possible. The X-ray structures for I, I and VI are given in Figure 3.7. The
dihedral angles for the three structures defined above, were calculated to be
within 1 or 2° of the measured angles in the X-ray structures. The
structure of the alcohol substituted ketone (VI) corresponds to the lowest
energy conformation calculated for II and places the B-phenyl ring at 51°
with respect to the carbonyl group. Hydrogen bonding reinforces this
conformation making it more difficult for the phenyl group to rotate away
from the carbonyl group. This effect serves to further decrease the observed
triplet lifetime of this ketone as seen in Table 3.1.

Low temperature NMR studies were attempted with II to
differentiate any conformational preferences that might arise at lower
temperatures. Unfortunately, temperatures as low as -65°C in CDClg were
unsuccessful at partitioning any of the si_ﬂz-'z_r-w in either the 13C or 1TH NMR
spectra. The sample's restricted solubility at lower temperatures in

solvents such as CD30D hindered further investigation.

Cyclic voltammetry
The electrochemistry of ketones I, IV, and V was investigated in an

attempt to establish to what degree different methyl substitutions on the



phenyl ring can affect its electron donating character. The oxidative
properties of aromatic rings can be substantially altered by methyl
substitution. In a related piece of work, differences in standard oxidation
potentials for various alkylbenzene derivatives were reported by Kochi et al.
76 who recorded voltammograms under acid conditions with very fast scan
rates and using microvoltammetric electroedes to measure the reversible
reduction of the arene cation radicals. In our work, a more traditional
cyclic voltammetry set up was sufficient, since only relative irreversible
oxidation voltammograms are adequate for our analysis.

Ketones I,IV and V all gave irreversible oxidative cyclic
voltammograms, as expected. Represenfative voltammograms recorded at
a scan speed of 10 seconds / inch are shown in Figure 3.8. For ketone V,
which had the shortest triplet lifetime, the onset of oxidation was at a lower
potential than I or IV. The same trend of oxidation potentials is also
observed when comparing toluene to m- and p-xylene.’® This lower
potential is thought to be due to the para substituted p-phenyl ring.
Conclusions about oxidation potential differences concerning the B-phenyl
ring for ketones I and IV could not be easily made since the p-
methoxyacetophenone moiety is oxidized at roughly the same potential as
the B-phenyl ring causing overlap of the signals. The earlicr onset of
oxidation of ketone V suggests that the f-aryl ring is a better electron donor

thus resulting in the shorter triplet lifetime observed.



MMX Energy (kcal/mole)

B ¥ 8 B 5

1
0 90 180 270 360

Dihedral Angle
Figure 3.5. Energy barriers calculated for key conformations using MMX
calculations (Absolute MMX energies for different compounds are
not comparable; only energy barriers can be compared). The
energies were obtained by fixing the dihedral angle but
minimizing the rest of the structure. 'Bz' represents the p-

methoxybenzoyl group; note that these are ground state structures.



Figure 3.6. Minimum energy conformations for II and III obtained using
MMX calculations. Note that these are ground state structures.
The solid black center displays two overlapping carbon atoms (as in
a Newman projection) and the arc shows the dihedral angle

displayed in Figure 3.5.
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Figure 3.7. Conformations of ketones I, II and VI determined by single
crystal X-ray diffraction along with the triplet lifetimes observed in

methanol under a nitrogen atmosphere corresponding to Table 3.1.
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Figure 3.8. Irreversible cyclic voltammograms of I, IV and V. (The dashed

line was added to facilitate comparison)



3.2.2. Discussion

It is well established that the mechanism for intramolecular B-aryl
quenching of carbonyl triplets, such as the Norrish Type I and II
reactions’’ requires n,n* triplet character®’ and adequate mobility so that
the conformation for quenching can be achieved (see Figure 3.2).
Conformational restrictions, imposed either by changes in the molecular
structul_'ess, or by media (e.g. by inclusion in zeolite channels’® or
cyclodextrins?9:80) can lead to significant increases in triplet lifetime. All
the ketones examined in this work have low lying n,x* triplets as a result of
p-methoxy substitution of the benzoyl chromophore. The deactivation
mechanism requires the carbonyl n,n* triplet state which is 2-3 kcal/mol
higher in energy than the corresponding stabilized n,n* state and must be
thermally populated for the charge transfer interaction.®’ This leads to
triplet lifetimes that are sufficiently long to be amenable for study by
nanosecond laser photolysis technique. In addition, the lifetimes are
sufficiently long that conformational ‘and electronic factors can now lead to
variations in these lifetimes. In contrast, in the case of pB-
phenylpropiophenone derivatives with no substituent on the benzoyl
chromophore, the lifetimes are very short and are predominantly controlled
by bond rotation.7

The initial work with II was motivated by an interest in systems with
asymmetric centers. The unexpected shortening of the triplet lifetime upon
introduction of a methyl group in the methylene chain was initially

+surprising. With hindsight, these results could be readily rationalized on
Il%i:.g,:;;basis of conformational preferences. Earlier work comparing the

lifetimes of B-phenylpropiophenones and a-phenoxyacetophenones also led



to the conclusion that steric interactions involving the linkage between the
chromophore and quencher can play a crucial role in determining the
triplet lifetime.8182 Similarly, when the o- or B- carbon atoms in the
linkage are part of a small ring system the triplet lifetimes are also
increased significantly.56 In addition, conformational constraints imposed
by substitution at the o-carbon of B-arylpropiophenones lead to reactivity
differences towards triplet state intramolecular g¢-hydrogen abstraction,
which were interpreted as resulting from preferential population of the
conformations necessary for reaction.83

The results obtained in the present studies reflect two distinct types of
effects. In the case of compounds I, II and III, the effects are of a
conformational nature, since neither the properties of the chromophore,
" nor those of the deactivating ring should be significantly affected by methyl
substitution on the -CHsCHo- link. Figures 3.5 and 3.6 show the results of
MMX calculations, which even at this rather basic level illustrate the
conformational preferences of these molecules. For ketone I, there are
three preferred conformations with essentially the same predicted energy,
whereas in the case of II, our MMX calculations indicate that the preferred
conformation (see Figures 3.5 and 3.6) places the p-phenyl ring at ~60° with
respect to the carbonyl chromophore. These conformations are consistent
with the X-ray structures shown in Figure 3.7. The case of III is similar;
now there are two energetically equivalent lowest energy conformations at
60° and 300°, increasing the probability of finding the B-pﬁényl ring close to
the carbonyl. Besides é.nalysing the preferred lowest energy conformations
one also has to take into account the energy barriers hindering the
approach to an eclipsed conformation. In a first approximation, a fully

eclipsed conformation (corresponding to the vertical axis in Figure 3.5)
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between the P-phenyl and the carbonyl groups was assumed to be required
for quenching. The probability of reaching the conformation required for
quenching is a function of the energy barrier to approach this eclipsed
conformation, but it is also a furction of the barrier observed for the other
substituents which control the rotation of the deactivating ring away from
the carbonyl. For example, an increase in the energy barrier for rotation of
the B—phenyl ring away from the carbonyl is observed when substituting the
B-hydrogens for methyl groups; this increase leads to a higher probability of
achieving the eclipsed conformation between the B-phenyl ring and the
carbonyl group. Clearly, not only are the chromophore and quencher closer
in the case of II and III, but also the energy barriers predict easier
intramolecular conformational interconversion leading to quenching for
these compounds, as observed. In the case of VI, hydrogen bonding
provides for a lowest energy conformation at 51°, placing the B-phenyl ring
close to the carbonyl group. This structure is consistent with the X-ray
crystal structure shown in Figure 3.7.

Figure 3.5 predicts ketone I to have three preferred minimas, each
with approximately equal energy. This implies that there is no preference
for anti or gauche conformations which would be highly improbable.
Numerous attempts at analyzing this conclusion with our version of PC-
MODEL and others in hopes of differentiating these two conformations
were unsuccessful and must be a fault in the calculations. However, a
calculated lower energy anti conformation in these ketones would only add
our findings, and in this respect it does not conflict with our results.

It is generally believed that the mechanism for f-aryl quenching
involves charge transfer from the quencher group to the excited carbonyl.

Not surprisingly, in systems with low lying n,n* states quenching involves



the more electrophilic and thermally populated n,n* state.6” Methyl
substitution at the B-aryl ring should make oxidation easier and therefore
result in a reduction of the triplet lifetimes. This prediction proved correct,
as shown by the lifetimes for IV and V given in Table 3.1. Cyclic
voltammmograms (see Figure 3.8) also confirm this expectation, the largest
effect on both the lifetime and the oxidation potential being induced by para-
methyl substitution. It is interesting that in the case of V p-methyl
substitution essentially reverses the kinetic effect due to the low lying m,n*
triplet in the p-methoxybenzoyl chromophore (compare the data in Table 1
with the unsubstituted substrate;7 it is possible that in the case of V
rotational control may play a role in determining the lifetime. Leigh et al.84
have recently confirmed these results in similiar ketones using a wide
variety of electron withdrawing and donating substitutents. The triplet
decay rates for these derivatives show an excellent correlation with o+
substituent constants (p* = -1.8 £ 0.2), thus verifying .that the
intramolecular quenching of carbonyl triplets involves charge transfer

interactions and is dependant on the oxidation potential of the B-aryl ring.
3.2.3 Conclusions

In conclusion, laser photolysis studies of the triplet states of I-VI
demonstrate the importance of conformational and redox properties in
determining the kinetics for intramolecular charge transfer quenching in
these molecules. The effects of substitution in the —CH2CHo— link are quite
dramatic but explain conformational preferences that can be readily
rationalized by MMX molecular modeling calculations. The results also

confirm the earlier proposal €7 that in the absence of the p-methoxy



substituent the lifetimes are too short to be amenable for direct study with
nanosecond techniques and are largely controlled by bond rotation which
tends to mask other effects which are readily observable in the series

studied herein.



3.3 Effect of Substituents in the Solid State

3.3.1. Results

The triplet absorption spectra obtained in the solid state from ketones
I and II using laser flash photolysis diffuse reflectance techniques (see
Chapter 2) and were virtually identical to those obtained in homogeneous
solution described in section 3.2. Both spectra had maxima at around 400
nm and can be readily assigned to the triplet state.5? Figure 3.9 shows a
typical solid state triplet absorption spectrum of ketone IIrac collected after
308 nm laser irradiation. Ketones I and II gave similar triplet spectra in
the solid state, and the addition of oxygen had no effect on their triplet
spectra or lifetimes. In solution, the triplets of these ketones are efficiently
quenched by oxygen. This indicates that the penetration of oxygen through
the crystal lattice is very inefficient. The lack of oxygen effect on solid state
triplet lifetimes has been reported elsewhere.”?

Comparisons of the triplet lifetimes in solution and the solid state for
the ketones studied are shown in Table 3.2. The lifetimes were much
longer in the solid state for all the ketones, reflecting, as expected the highly
restricted mobility of the deactivating B-phenyl ring in the solid. However,
ketone II showed only a modest increase in lifetime in the solid compared to
solution. A comparison of the triplet decay traces of ketones I and IIrac
monitored at 400 nm after 308 nm laser irradiation is shown in Figure 3.10.
In solution, it is the B-phenyl ring which performs the deactivation of the
carbony] triplet. However, in the case of I in the solid state this may not be
thg! case. Single crystal X-ray crystallography was used to determine the
or;éntdtion of ketones I and II in the solid state. Figures 3.11 and 3.12 show



the crystal structures and unit cell arrangements for these two ketones.
Both samples crystallized into orthorhombic unit cells having very similar
dimensions. Ketone I had unit cell dimensions of a = 10.340(13), b = 31.00(4),
¢ = 8.073(8) A and a density of 1.233 g/cm3; IIS had dimensions of a = 8.0283
(26), b = 31.2398(143), ¢ = 5.6805(35) A and a density of 1.186 g/cm3. Despite
their similar chemical properties, a distinct difference is observed in the
proximity of the B-phenyl ring to the carbonyl group. Ketone IIS has the
deactivating ring placed much closer to the carbonyl in the solid state,
clearly making B-phenyl quenching a primary mechanism of triplet
deactivation for this ketone. However, in the X-ray structure of ketone I, the
B-phenyl ring is much farther away, making an intramolecular
deactivation pathway highly improbable. The relative orientation of the
aromatic benzoyl rings is illustrated in Figure 3.13. These are clearly too
far for excimer formation mechanisms of the type that have been shown to
be responsible for the decay in other systems.”® The molecules are probably
close enough for energy migration to occur, presumably leading to
deactivation via defects or traps.

In section 3.2, it was shown that steady state irradiation of I and IT in
solution did not reveal any detectable products. The photostability in
solution is attributed to a highly efficient B-aryl quenching mechanism

which yields no product formation, even when an easily abstractable y-

hydrogen is present (ie. ketone II). This stability is also observed in steady-

state irradiations of solid I and Ilrae for periods of more than 100 hours at
300 nm. Again, like the solution experiments, no detectable products were
observed by GC-MS analysis.

Of particular interest was the difference between the racemic crystal

triplet lifetime and the pure enantiomers of II. We were surprised by a
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triplet lifetime nearly twice as long for the racemic crystals compared to the
pure enantiomers, as seen in Table 3.2. Figure 3.14 shows the actual triplet
decay traces of IIrac compared to the pure enantiomers monitored at 400
nm after 308 nm laser irradiation. In contrast, IIS and IIR gave the same
lifetime with superimposable decay traces. A number of attempts at
growing crystals of IIrac suitable for X-ray over a period of two years were
unsuccessful. Several methods, including supersaturation, slow
evaporation and nucleation were attempted in various solvents and solvent
mixtures. In order to gain some insight into the structure of the racemic
crystals, it was necessary to use powder X-ray and solid state NMR
techniques to describe the differences in the crystal structures. Figure 3.15
shows the unit cell dimensions obtained from the powder X-ray diffraction
pattern of IIS and Ilrac. Unit cell dimensions were calculated using PC-
ITO (Visser, 1969)85 software and calculated an orthorhombic unit cell with
dimensions 8.0 x 31.3 x 5.7 A for the pure enantiomer (IIS) giving a volume
of 1400 A3 and density of ca. 1.18 g/cm3; ITrac was calculated to have a P2
unit cell with dimensions 16.6 x 12.9 x 14.1 A% (¢=90.0°% B=103.4° y=90.0°
giving a volume of 2943 A3 and corresponding density of 1.16 g/cm3.
Verification of the calculations used in determining the unit cell
dimensions of IIrac was possible by analyzing the single crystal X-ray
diffraction data obtained from IIS which correlated with the dimensions
calculated by the PC-ITO software.

To further elucidate the structural differences between the racemic
and pure enantiomer crystals, solid state 13C NMR spectra of the two
samples were recorded (Figure 3.16). Many of the chemical shifts for the
IIrac carbons are shifted downfield compared to IIS indicating a

significant difference in the surrounding environment for these carbons.
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In particular, the carbonyl resonance for IIrac shows a downfield shift of
more than 2 ppm compared to IIS.

To eliminate the possibility of impurities in the racemic crystals
which may have caused the differences in lifetimes, a "synthetic” racemic
was recrystallized from a mixture of equal portions of IIR and IIS. The
newly made racemic crystals had the same properties as the “authentic"
racemic including its triplet decay kinetics in the solid state. In contrast, a
mechanical mixture of IIR and IIS showed typical pure enantiomer
lifetimes, as expected.

The results of luminescence studies following 355 nm picosecond
las.er excitation have been summarized in Table 3.3. Phosphorescence was
alw'ays' extreﬁely weak and the emission may incorporate delayed
fluorescence. While any detailed analysis would be highly speculative, it is
clear that the values for IIS and IIrac are of the same magnitude and
showing the same differences as observed in the time-resolved diffuse
reflectance work. Typical fluorescence lifetimes were around 300 ps with a
longer (minor) component which may reflect the presence of traps or

distinct surface sites.



Table 8.2. Structures of the ketones studied and their respective lifetimes

(ns) in methanol solution and in the solid state.

o
Nenasl
O CH;
HiC o @ O !
o]
o
hee. i : CH, VIII
o
Lifetimes (ns)®
solution® solid
I 200 8000
IIrac 95 733
IR 9% 415
I1S 95 425
VIII 22000 1930/10910
2 4-10%

b under a nitrogen atmosphere



Table 3.3. Luminescence data for various ketones in the solid state.

ketone fluorescence @ phosphorescence
Amax b notes T

| 440 0.54/1.8 shift © ~1800

IIrac 440 0.22/1.8 shift ¢ ~560

1S 424 0.23/1.4 weak ~390

VIII 450 0.30/1.9 weak ~1600

8@ Amax in nm and 7 in ns.

b Typically the short lifetime accounts for ~80% of the decay.

¢ A pronouced shift to longer wavelengths with time is observed.
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Figure 3.9. Transient absorption spectra of Ilrac in methanol (A) and in

the solid state (®) monitored 16 and 22 ns, respectively after 308 nm

laser excitation. Expressed as AOD in solution and as AJ/J in the

solid state.
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Figure 3.10. Transient absorption decays of I (A) and IIrac (®) in the solid

state monitored at 400 nm after 308 nm laser excitation.
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Figure 3.11. X-ray crystal structure of ketone I (top) and the arrangement

of the molecules in the unit cell (bottom).
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Figure 3.12. X-ray crystal structure of ketone IIS (top) and the

arrangement of the molecules in the unit cell (bottom).
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Figure 3.13. Unit cell for I and relative positioning of the aromatic ketone

groups.
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Figure 3.14. Transient absorption decay traces for IIrac, IIR and IIS in the

solid state monitored at 400 nm after 308 nm laser excitation.

S racemic

Figure 3.15. Unit cell dimensions of IIS (left) and IIrac (right) obtained

from powder X-ray diffraction patterns using the PC-ITO program
(Visser, 1967).85
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Figure 8.16. Solid state 13C NMR spectra of IIrac and IIS.



3.3.2. Discussion

B-aryl ketones have been used as mobility probes in heterogeneous
systems, such as cyclodextrins and zeolites because of the triplet lifetime's
inherent sensitivity to mobility restrictions in confined spaces.”880 To
effectively quench the carbonyl triplet state, a charge transfer interaction
with the B-aryl ring is necessary. Confining the movement of the
deactivating ring will result in longer triplet lifetimes in B-phenyl
substituted ketones. Changing substituents on the molecule will also act in
a similiar way by affecting the mobility of the -aryl ring to either accelerate
or slow down the decay, depending on the substitution pattern (section 3.2).

In the case of I, the triplet decay in solution is quite long compared to
other B-phenyl ketones. This is even more pronounced in the solid state (see
Table 3.2) where the triplet lifetime for I is extended by over an order of
magnitude. Figure 3.10 shows the dramatic difference in tripletl lifetimes
observed. In solution, this is rationalized by the lack of steric confinements,
such as methyl groups, which result in a facilitated rotation of the B-aryl
ring away from the carbonyl. In the solid state, I and IIS both crystallize
with orthorhombic unit cells with similar dimensions and densities.
However, the crystal structure of I, shown in Figure 3.11, reveals a
relatively flat stretched conformation with the B-aryl ring placed far away
from the carbonyl, resulting in little or no intramolecular deactivation. In
contrast, ketone IIS (Figure 3.12) has a crystal structure which places the
B-aryl ring much closer to the carbonyl group, thus resulting in a solid
state triplet lifetime which is only about 4-6 times longer than in solution,

and more than an order of magnitude shorter than I in the solid state. The
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close position of the f-phenyl ring to the carbonyl facilitates the charge
transfer interactions required for the deactivation of the triplet state.

In the case of I, the B-aryl ring is quite far from the carbonyl, and
triplet deactivation must occur by an alternative mechanism. A
comparison of the triplet decay kinetics of p-methoxyacetophenone (VIII)
with I reveals triplet lifetimes of similar magnitude in the solid state (Table
3.2). This leads us to believe that triplet I may not require an interaction of
the B-aryl ring to facilitate deactivation, although we note that the decay for
VIII is best fitted to a biexponential decay with first order lifetimes of
approximately 2 and 11 ps.. The crystal packing arrangement of the
molecules in the unit cell of I may provide an alternative deactivation
pathway. Of particular interest are the two centre molecules in the unit
cell shown in Figure 3.11. Their phenone moieties are aligned parallel to
one another but displaced. While in other systems we have observed
excimer-like deactivation mechanisms,’® such a mode of decay appears
unlikely here since a "sandwiéh-like" arrangement is usually required for
excimer-mediated deactivation. No excimer-like emission is observed, and
the relevant moieties (see Figure 3.11) are too shifted for these interactions
to occur. Most likely, the crystal packing provides a channel for energy
migration to traps or surface sites from where deactivation takes place. In
the case of VIII, the longer triplet lifetime may represent deactivation
through an energy migration to traps which is simlar to I, while the
shorter decay may represent an even more efficient unidentified
deactivation process.

Although the deactivation processes for solid I and II proceed

through different mechanisms, both mechanisms render these compounds



remarkably photostable. No product formation was detected from either
compound after more than 100 hours of 300 nm irradiation.

Relatively small differences in crystal packing can be observed from
the triplet decays of the racemic compound (IIraec) and the pure
enantiomers (IIR, IIS). We had suspected a difference in crystal packing
judging from their respective melting points. The racemic form melts at
87°C while the pure enantiomers melt at 53°C. A more stable packing
arrangement in the racemic form with greater intermolecular forces
would be the cause of the elevated melting point and represents a more
stable crystal lattice. Scheffer et al.86 have observed different bimolecular
reactivity in the solid state between dimorphs, which are defined as organic
crystals of the same compound which pack in different symmetry
relationships. We believe a similar phenomenon is occurring with the
racemic and pure enantiomer crystals. Racemic mixtures in solution have
been known to either crystallize and form a nonchiral racemic o:ompound
or undergo spontaneous resolution forming a mixture of chiral crystals.
We believe that the former condition is occurring with Ilrae, thus resulting
in a different crystal structure compared to the pure enantiomers. The
analysis of a solid state 13C NMR spectra, indicates slight differences in the
peak positions of some of the carbons. In particular, the carbonyl group in
the racemic crystal is shifted upfield almost 2 ppm when compared to the
pure enantiomer crystals (Figure 3.16). This would indicate a substantial
difference in crystal packing and possibly the origin of chiral recognition in
the case of the tripiet lifetimes of IIrac and IIS/IIR.

Structural information of IIS was obtained from single crystal X-ray
diffraction analysis of relatively easily made X-ray suitable single crystals

of the pure enantiomer. A crystal large enough for single crystal X-ray



analysis could not be grown in the case of IIrac even after numerous
attempts. Very small crystalline needles were the only result. However,
the unit cell dimensions of IIrac were calculated from its powder X-ray
diffraction pattern using PC-ITO software developed by Visser.2® Figure
3.14, shows a scale representation of the unit cells of IIrac and IIS. The
most obvious difference is the shapes of the unit cells and their respective
volumes. The IIS unit cell is long and rectangular, nearly twice as long as
the almost cubical unit cell of Ilrac. The unit cell of IIS has four molecules
per cell giving a density of 1.186 g/cm3 and volume of 1400 A3. Based on
density, there are eight molecules in the unit cell of Ilrac giving a density of
ca. 1.16 g/cm® and volume of 2900 A3. Although no conclusion can be made
about the orientation of the molecules in the racemic crystal, the indirect
evidence based on triplet lifetimes points toward a significant difference in
crystal packing between the racemic and pure enantiomeric forms. This
results in chiral discrimination in the decay kinetics of the ketones in the
solid state. These changes in erystal packing must alter the position of the
B-aryl ring in relation to the carbonyl in the solid state. Slightly closer
packing in the racemic crystals may push the B-phenyl ring slightly away
from the carbonyl, thus accounting for the longer triplet lifetime observed.
This interpretation, while reasonable, must remain speculative, as there
are no single crystal structural studies of IIrac to compare with those for

IIS.

-

3.3.3. Conclusion

We have successfully measured the triplet lifetimes of several B-aryl

ketones in the solid state using laser flash diffuse reflectance photolysis



techniques. Triplet absorption spectra showed little cleavage of these
ketones in the solid state upon laser excitation. The triplet lifétimes in the
solid state are determined by the position of the p-phenyl ring in relation to
the carbonyl. We have shown that ketones having methyl substitution in
the B-position will crystallize having the deactivating ring closer to the
carbonyl and result in faster decay kinetics compared to unsubstituted
ketones. Small packing differences in the unit cells will also be manifested
in a change in triplet lifetime as seen from comparing racemic to
enantiomerically pure crystals.

In the past, B-aryl ketones have proven to be excellent mobility probes
in heterogeneous solution. Qur research indicates that ketone II would be
an excellent mobility probe in solid state systems as well. Small changes in
the position of the deactivating p-phenyl ring results in measurable

changes in triplet lifetime.
3.4. Experimental

Materials.

Solvents used for flash photolysis and synthesis (benzene,
acetonitrile, cyclohexane, methanol) were obtained from BDH (Omnisolve,
glass distilled) and were used without further purification.

p-methoxy-p-phenylpropiophenone (I): Ketone I was prepared
following a synthetic procedure®” involving conversion of the corresponding
carboxylic acids (from Aldrich) into the acid chiorides by reaction with
thionyl chloride. After removal of excess thionyl chloride, a Friedel-Crafts
reaction8” was carried out on the acid chlorides using anisole (Aldrich).

Removal of excess anisole under reduced pressure followed by



recrystallization from ethanol gave the desired product. No ortho-
substituted product (another possible product of the reaction) was observed.
m.p. 95-97°C (lit. 96-9700)92; %c NMR (CDClg) 6 30.35 (CHa), 40.16(CHay),
55.49(0CHg), 113.74(CH), 126.11(CH), 128.45 (CH), 128.53(CH), 129.94(C),
130.32(CH), 141.48(C), 163.44(C), 197.80(CO); MS m/z (%) 240 (23, M*+), 136 (7),
135 (100), 107 (7), 92 (11), 77 (20). *H NMR (CDClg) 32.9-3.1 (t, 2H), 3.1-3.3 (t,

2H), 3.8 (s, 3H), 6.9 (d, 2H), 7.1-7.4 (m, 5H), 7.9 (d, 2H). IR (KBr) 1669 em'™.
Anal. Found: C, 79.87; H, 6.74%. Calcd for C1gH1409: C, 79.97; H, 6.71%.

p-methoxy-B-phenylbutyrophenone (II): Racemic, (R) and (S) phenyl
butyric acid (Aldrich) were used as star'ting materials to make the racemic

and pure isomers of IIrac, IIR and IIS using the same method as I above.

m.p. 86.5-87°C (ilrac); 53-54°C (IIR/IIS); 3¢ NMR (CDClg) & 21.64 (CH3g),
35.55 (CH), 46.51 (CHp), 55.31 (OCHg), 113.67 (CH), 126.25 (CH), 126.89 (CH),
128.53 (CH), 128.71 (C), 130.39 (CH), 146.80 (C), 163.49 (C), 197.82 (CO); MS
m/z (%) 254 (28,M+), 239 (25), 150 (29), 135 (100), 105 (10), 92 (10), 77 (23). IR
(KBr) 1668 cm’Y; 'H NMR (CDClg) § 1.3 (d, 3H), 3.2 (m, 2H), 3.5 (m, 1H), 3.9
(s, 3H), 6.9 (d, 2H), 7.8 (m, 5H), 7.9 (4, 2H). Anal. Found: C, 80.06; H, 7.04%
and C, 80.40; H, 7.22% for IIrac and IIS, respectively. Caled for C17H,;50,:
C, 80.29; H, 7.13%. The optical rotation ([a]2?) measured with the sodium D
line was +15.7° for IIR while IIS was -14.7°. Optical purity was verified by
the lack of separation of the pure enantiomers on HPLC using a chiralcel
OB column (J.T. Baker Inc.) and chiral shift reagent analysis using Tris[3-
(heptafluoropropyl-hydroxymethylene)-(+)-camphoratol, europium (III)
derivative (Aldrich) on 1H NMR. The two techniques mentioned above were

able to readily resolve the two enantiomers making up IIrac. 130 (CP-MAS)
NMR: 1IS gave signals (5, ppm): 24.8 (CHy), 36.5 (CH), 46.5 (CHy), 53.7



(OCH,), 110.8 (CH), 117.1 (CH), 126.8-131.2 (unresolved C and CH), 148.1 (C),
163.3 (C) and 196.2 (CO); IIrac gave signals (3, rpm): 25.4 (CH,), 37.1 (CH),
44.7 (CH,), 53.6 (OCHg), 109.4 (CH), 117.2 (CH), 126.0-131.4 (unresolved C

and CH), 147.8 (C), 163.0 (C) and 198.4 (CO).

p-methoxy-3,3-methyl-3-phenylpropiophenone (III): Synthesis of ketone II1
involved the initial preparation of neophyl chloride from 3-chloro-2-
methylpropene (Aldrich) following a literature procedure.8® A standard
Grignard reaction was then carried out converting the neophyl chiloride
into its corresponding carboxylic acid.8” The remainder of the synthesis is
the same as for ketones I and II. After removal of excess anisole, the crude

yellow liquid was purified by TLC on a silica gel spinning plate
(Chromatotron Model 7924T). 13C NMR (CDCl3) & 28.95 (CH3), 37.39 (CH),

50.35 (CHy), 55.29 (OCH3g), 113.49 (CH), 125.49 (CH), 125.78 (CH), 128.20 (CH),
130.44 (CH), 131,27 (C), 149.18 (C), 163.26 (C), 197.75 (CO); MS m/z (%) 268
(4,M+), 150 (100), 135 (92), 119 (24), 91 (24), 77 (24); IR (neat) 1674 em’; 1H
NMR (CDClg) § 1.5 (s, 6H), 3.2 (s, 2H), 3.8 (s, 3H), 6.8 (d, 2H), 7.3 (m, 5H), 7.8
(d, 2H).

p-methoxy-(3'-methyl)-3-phenylpropiophenone (IV): Ketones IVandV
were synthesized from p-methoxyacetophenonel and 3-methylbenzyl alcohol
(IV) or 4-methylbenzyl aleohol (V) by the method of Pratt and Evans.®® m.p.
46-47°C; 13C NMR (CDClg)  21.46 (CH), 30.26 (CHz), 40.22 (CHp), 55.46
(OCHg), 113.71 (CH), 125.41 (CH), 126.84 (CH), 128.43 (CH), 129.26 (CH),
130.31 (CH), 129.94 (C), 138.0'? (C), 141.42 (C), 163.41 (C), 197.85 (CO), MS m/z
(%) 254 (25, M+).135 (100), 77 (17); IR (KBr) 1669 em™; 1I'{'i:ll\Tl\/IR (CDClg) 8 2.3



(s, 3H), 3.0 (t, 2H), 3.2 (t,2H), 3.8 (s, 3H), 7.0 (m, 6H), 7.9 (d , 2H). Anal.
Found: C, 80.39; H, 7.18%. Calcd for C17H;505: C, 80.29; H, 7.13%.

p-methoxy-(4'-methyl)-3-phenylpropiophenone (V): m.p. 64-66°C (lit. 64-65
°C)93; 13C NMR (CDClg) § 21.0 (CHg), 29.90 (CHo), 40.29 (CHs), 55.45
(OCHg), 113.69 (CH), 128.29 (CH), 129.17 (CH), 130.30 (CH), 129.95 (C), 135.55
(C), 138.35 (C), 163.39 (C), 197.85 (CO); MS m/z (%) 254 (25, M+), 135 (100), 77
(18); IR (KBr) 1669 cm™'; *H NMR (CDClg) 5 2.3 (s, 3H), 3.0 (t, 2, 3.2 (t, 2H),

3.8 (s, 3H), 6.9 (d, 2H), 7.2 (m, 4H), 7.9 (d, 2H). Anal. Found: C, 80.54; H,
7.19%. Caled for C17H;80,: C, 80.29; H, 7.13%.

p-methoxy-p-phenyl-a-hydroxypropiophenone (VI): Ketone VI was
prepared by the slow dropwise addition of the Grignard reagent from 4-
bromoanisole to a solution of tetrabutyldimethylsilyl (TBDMS) protected 3-
phenyllactic acid chloride cooled to ~ -15 °C in an ice-salt bath. The
Grignard of 4-bromoarisole was prepared following a standard synthetic
procedure involving the reaction of magnesium metal (Aldrich) with 4-
bromoanisole (Aldrich) in tetrahydrofuran which was distilled over sodium
prior to use.8? The TBDMS-protected acid chloride was prepared by first
functionalizing the carboxylic acid and alcohol groups on (D) or (L)
phenyllactic acid (Aldrich, 10g) by adding 2.2 equivalents of tert-
butyldimethylsilyl chioride (TBDMS, Aldrich, 20 g) and imidazole (Aldrich,
17 g; recrystallized once from ethanol) to a 0.2 M solution (100 mL) of the
acid in dimethylformamide (DMF, BDH Omnisolve).?? After 48 hours
stirring at room temperature and 2 hours at 40-50 0C, the _reaction mixture
was diluted with 300 ml water, extracted twice with ethyl acetate and the

rqéiﬂting organic phases combined and washed twice with a saturated



solution of sodium bicarbonate before drying over magnesium sulfate. The
mixture was then filtered and the solvent removed to give the crude
protected acid as an oily liquid which was subsequently dissolved in some
ethyl ether and quickly passed through a plug of silica gel using ether as
the eluting solvent.

The alcohol protected acid chloride was synthesized following a
procedure by Wissner et al.%0 Approximately 10 g of the disilylated crude
was combined with 30 mL of dichloromethane and 5 drops of DMF into a 100
mL 3 necked flask cooled to approximately 0 °C with an iﬁe-salt bath. To
this mixture, 280 mL of oxalyl chloride (Aldrich) was added dropwise and
after the addition, the mixture was stirred for 1.5 hours at 0 0C and then 0.5
hours at room temperature. Finally, the solvent was removed leaving the
crude protected acid chloride.

At this point the Grignard of 4-bromoanisole was synthesized (0.68 g
magnesium turnings (Aldrich); 12 mL THF; 3.5 mL bromoanisole

(Aldrich)) and then added dropwise to a solution of the protected acid
chloride (0.5 g) dissolved in ~ 2 mL diethyl ether cooled to ~ 0 °C in an ice-
salt bath. After the addition was complete, the resulting mixture was
stirred vigorously for 1-2 hours at room temperature at which peint 5 g of
crushed ice was added to the flask and then 20 mL of cold 15% H2504. The
aqueous and ether layers were separated and washed twice with ether and
water, respectivély. The combined ether layers were then washed twice
with saturated soldium bicarbonate and then dryed over magnesium
sulfate. The mixture was then filtered and the solvent removed to give a
crude brown oil. TLC analysis revealed the presence of four products

which were separated and isolated using a chromatotron spinning silica



gel plate using a 90:10 hexane:ethyl acetate solution. The largest band was
identified by GC-MS as the silylated derivative of VL.

Removal of the silyl protecting group was accomplished with
tetrabutylammonium fluoride (Aldrich; 2.5 mL of a 1 M stock solution in
THF') added dropwise to a cooled solution of 1 mL of silylated product in 11
mL THF.°! The mixture was stirred for 12 hours at room temperature after
which the solvent was removed to give a crude yellow oil. The oil was then
washed several times with cold hexane (~10 mL total) and then dissolved in
hot ethanol and left in the freezer to recrystallize. After several days, the
resulting crystals were isolated. m.p. 54-55°C; 13C NMR (CDClg) § 42.2
(CHy), 55.6 (OCH3), 73.4 (CH), 114.1 (CH), 131.0 (CH), 129.5 (CH), 128.3 (CH),
127.0 (CH), 126.6 (C), 136.8 (C), 164.2 (C), 199.5 (CO); MS m/z (with TMS, %)
313 (3, M+), 193 (92), 135 (20); IH NMR (CDClg) 8 2.8-3.3 (m, 2H), 3.7 (d, OH),
3.9 (s, 3H), 5.2-5.4 (m, 1H), 6.9-7.3 (m, 7H), 7.8-8.0 (m, 2H).

p-Methoxyacetophenone (VIII) was purchased from Aldrich and

recrystallized once from ethanol.

Molecular modeling calculations.

These calculations were carried out using a molecular modeling
software program (PCMODEL version 4 from Serena Software and CAChe
molecular mechanics) for the Macintosh II series of computers. The force
field used is derived from the MM2 force field and MMP1 pi-VESCF routine
of Allinger.”® A dihedral driver was utilized for the rotation of bonds and

calculation of energies.



Cyclic Voltammetry.

Cyclic voltammograms were generated using an air tight cell under
a nitrogen atmosphere and a Bioanalytical Systems CV-1B voltammogragh
instrument utilizing both platinum working (1 mm disk) and auxiliary
electrodes and a silver/silver nitrate (0.1 M) reference electrode.
Voltammograms were recorded on a calibrated Hewlett Packard X-Y
recorder with an x-axis scale of 0.1 V/cm and Y-axis scale of 0.25 V/em
while the scan speed was 10 sec/inch. The solutions for study consisted of
50 mL purified acetonitrile (passed through an activated alumina column),
tetrabutylammeonium perchlorate (1.71 g, 0.1 M) recrystallized 3 times from
90% ethyl acetate/10% hexane, and a mass of analyte equalling ImM. The
solutions were deaerated with nitrogen prior to the measurements. A
standard solution of sublimed ferrocene gave a reversible signal with a

potential of 0.05 V.

NMR spectra.

The 13C CP/MAS NMR data was collected on a Bruker ASX-200 NMR
spectrometer equipped with a 7 mm MAS probe. The cross polarization
technique was employed with suppression of first order spinning
sidebands.?* The 1H 7/2 pulse was 3.6 pusec in duration and the contact time
was 1 msec and the relaxation delay was 4 seconds. The samples were
spun at 5000 Hz. In all spectra 128 transients were signal averaged. Each
free induction decay was collected with 3k data points which were zero
filled to 16k prior to Fourier transformation. The spectral window spanned
17774 Hz. No line broadening or resolution enhancement was applied to the
data. The dipolar dephasing technique® was used to partially assign the

spectra. The dephasing delay was 40 psec and yields spectra consisting of



only carbonyl, quaternary and methyl carbon resonances. The chemical
shifts were indirectly referenced to tetramethylsilane by externally
referencing to tetrakis-trimethylsilylsilane at 3.7 ppm from TMS at 0 ppm
and were in good agreement with previous solution 13C NMR data reported

above.

Crystallographic data.

The crystals of approximate dimensions 0.2 x 0.05 x 0.2 mm, 0.2 x 0.2
x 0.2 mm and 0.2 x 0.2 x 0.2 mm for ketones I, IIS and VI, respectively,
were mounted on a glass capillary and diffraction measurements made on
a Rigaku diffractometer with Mo Ka radiation. Other apparatus and data
handling details are given elsewhere.”® Both ketones I and IIS
corresponded to orthorhombic cells, the former having cell dimensions of a
= 10.3193(72), b = 31.0812(90), ¢ = 8.0179(71) A; the latter having dimensions a
= 8.0283 (26), b = 31.2398(143), c = 5.6805(35) A. Ketones I and IIS had Z
values of 15.4 and 12.0 with F.W. = 240.30 and 254.33, as well as calculated
densities of 1.241 g/em? and 1.186 g/em3, respectively. Figures 3.11 and 3.12
show the unit cells of ketones I and IIS. Ketone VI corresponded to a
monoclinic unit cell having cell dimensions of a = 21.953(8), b = 23.183(9), ¢ =
10.658(5) A (beta = 102.793(5)) with a calculated density of 1.282 g/em3, Z
value of 5.5 and F.W. = 255.29.

Powder X-ray spectra were collected using a Philips PW1827/91
X'Pert System powder X-ray diffractometer. PC-ITO (Visser, 1969)85
software was used to index the powder X-ray diffraction patterns for Ilrac.
IIS was also calculated in the same way and compared to the values
obtained from the single crystal X-ray data. The unit cell dimensions

calculated for IIrac were 16.6 x 12.9 x 14.1 A; a=p=90° v=103°. All the lines



obtained in the powder X-ray pattern were accounted for. Similarly, the
unit cell for TIS was calculated as 8.0 x 81.3 x 5.7 A; a=p=y=90° with all lines
accounted for and is in good agreement with the single crystal X-ray data

given above,

Laser flash photolysis.
The laser flash photolysis apparatus used is described in detail in

Chapter 2.

Luminescence spectroscopy.

These measurements were carried out using the third harmonic
(355 nm) from a Continuum PY-61 picosecond YAG laser for excitation and
a Hamamatsu fluorescence measurement system based on a Model C4334

Streakscope.

Steady state irradiations.

Steady state irradiations were performed in acetonitrile solution in 7
x 7 mm2 cells made from Suprasil quartz tubing. The samples were
deaerated by purging with a slow stream of nitrogen for 30 min. Solid
samples were contained in small ~10 cc Suprasil quartz tubes which were
continually rotated in the irradiation chamber to ensure homogeneous light
exposure. The samples were irradiated in a reactor with nine RPR-300 nm
lamps. The temperature of the irradiation chamber was in the 30-35 °C
range. GC-MS analysis was carried out with a Fisons Instruments GC

8000 series with MD800 mass detector.



Chapter 4. Effect of Probe Incorporation into Cyclodextrins

4,1 Introduction

Our initial interest in incorporating chiral ketones, such as II, into
chiral host environments centred around the possibility of observing
different decay kinetics for the two enantiomers which would indicate
different modes of complexation for each isomer. Our first choice of host
was the cyclodextrin (CD's) family which had been previously studied using
similar ketones.8 Cyclodextrins (CDs) are cyclic oligosaccharides (Figure
4.1) that have a doughnut-like shape with a relatively hydrophobic cavity.
Cyclodextrins are formed from enzymatic degradation of starch catalyzed
by a group of amylases called glycosyltransferases which hydrolyze off one
end of a starch helix turn, and then join its ends together.96 Three different
CDs are commonly available constructed of six (a-CD), seven (B-CD), or
eight (y-CD) glucose units joined by c(1-4)-linkages. The number of glucose
units in the ring is determined by the site of enzymatic hydrolysis of the
starch. The cavity is chiral since the monomers making up the structure
are all D-glucose units resulting in a large characteristic o rotation. The
size of the internal cavity changes with the number of sugar units; the
smallest internal diameter, located within the cavity, is 4.2, 5.6 and 6.8 A for
-, p- and y-CD, respectively (Table 4.1). The diameter of the small and
large entrances of the CD cavities are typically 1.2-1.7 A and 4.6-5.2 A larger
than the smallest internal diameter.®” Cyclodextrins readily form
inclusion complexes with many organic and inorganic compounds.?7-101
Hydrophobicity and the size of the guest molecule are important factors in

determining the equilibrium constant for complex formation. CD
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complexes serve as tools in the study of weak intermolecular interactions
and can be extended to model enzymatic processes through their

demonstrated catalytic activity.?®

In this chapter, probe molecules consisting of p-methoxy-f-
phenylpropiophenones substituted at the B-position (Scheme 4.1) were used
to investigate the mobility of the triplet molecules within the complex. In
some of our experiments, the methylated derivative of B-CD (B-MCD:
heptakis(2,6-di-O-methyl)-f-CD) was used as it is more soluable in water
than the unsubstituted B-CD allowing solubilization of the more
hydrophobic probe-p-CD complexesf. The cavity of B-MCD is slightly longer
than B-CD. ;

Figure 4.1. Chemical structure of B-cyclodextrin. (e) oxygen atoms, (©)

hydroxyl groups. Adapted from Saenger.100

The unsubstituted ketone I had been used in previous studies as a

mobility probe in CD's8, zeolites’®, and liquid crystals®2102 due to its unique



sensitivity to mobility restrictions imposed on the intramolecular triplet
state deactivation by the B-aryl ring (see Chapter 3). A newly synthesized
ketone mobility probe (II), containing a chiral centre, had never been
investigated. Before a study of pure enantiomer triplet lifetimes in
cyclodextrins was attempted, the effect of added methyl substitution in the
B-position on probe incorporation into a CD was carried out. An interesting
and perhaps useful story came out of these inital studies which helped the
understanding of how these ketones are oriented in CD host environments.
This will be outlined below and the chiral probe experiments will be

addressed later.

Table 4.1. Cyclodextrin dimensions™.

CD d12 d2: d3 A

o-CD 8.8:42:56

B-CD 10.8:5.6:6.8

vCD  12.0:6.8:8.0

itititititi

* from Saengeri00

The solution experiments led into the analysis of the triplet states of
the probe molecules in solid state CD complexes which would further
restrict the mobility of the ketones. Again, the emphasis on these
experiments was to restrict the mobility leading to triplet deactivation to the\;..\

point where differences in complexation may be reflected in their



deactivation kinetics. In these experiments, the diffuse reflectance laser
flash photolysis was used to analyse the triplet behavior of the chosen probe
molecules in the solid state. The diffuse reflectance technique is described

in detail in Chapter 2.

Scheme 4.1. Substituted ketones used to probe cyclodextrins.

0 1 2
RUR I R'=R%=H
N
P Ik R!=CH;; R*=H
CH;0
7 I: R'=R?=CH,

42 Cyclodextrin Solutions
4.2.1 Results

The triplet lifetimes for IT and III in solution and complexed to CDs
were measured at 400 nm and are given in Table 4.2. The decays followed
first-order kinetics although a small residual absorption was observed.
This behaviour had also been previously observed for I-CD complexes.80
The lifetimes of the triplet of I in water and methanol are very similar.8° In
the case of II and III measurements in aqueous solution were not possible
due to their low solubility. In the absence of aqueous data the methanol
values will be used as representative of homogeneous behavior in polar
solution. All triplet lifetimes increase when included in B-MCD or 'y-CD,
although the increase is more dramatic for the latter. The different

4
|
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solution lifetimes for I and II are ascribed to different average locatiors of
the p-phenyl ring in relation to the carbonyl moiety. Complexation with
CDs will decrease the degree of rotational freedom for the B-phenyl ring. If
the restriction of B-phenyl ring mobility does not allow the preferential
location of the B-phenyl ring close to the carbonyl, the triplet lifetimes of I,

II and III in a given CD should be essentially the same.

Table 4.2. Triplet lifetimes (ns) of I, IT and III in methanol and in aqueous

cyclodextrin complexes.

Compound MeCH B-CDor B-MCD  y-CD
I 2402 3504293 € 1350 &
Iirac 95 2128 1400
IIR 219¢ 1394
I1S 205 1411
10 10b 120 400

a from Netto-Ferreira et al.80
b from Chapter 3
€ the methylated f-MCD was employed

4.2.2 Discussion

As discussed in section 3.1, the decay of the triplet of I occurs
through an intramolecular deactivation process involving the motion of the

B-phenyl ring over the plane of the carbonyl oxygen leading to charge
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transfer of the carbonyl n,n* triplet state.®? 1In ithe case of B-
phenylpropiophenones the 10\§est n,n* and ®,w* triplet states are very close
1n energy and their relative position can be altered by substitution on the
aromatic rings. p-Methoxy-B-phenylprbpiophenones have longer triplet
lifetimes compared to B-phenylpropiophenones because the methoxy
substituent leads to a low lying =,n* state.8” Thus, reactions of n,n* state
occur through its small (typically ~ 1%) thermal popalation.
Intramolecular quenching in I carn be slowed down in constrained
media such as the hydrophobic zeolite Silicalite’®, liquid crystals!?? and
CDs.7? In the case of CDs this effect was very dependent on the size of the
cavity.8? For B-CD only the p-methoxy phenyl ring is included and the p-
phenyl ring is free to approach the carbonyl (Figure 4.2). In the case of v-CD
the triplet lifetime is increased by a factor of 6 relative to its solution value
probably as a result of the inclusion of both rings 11“0 the CD cavity. Thus,
the quenching is slowed down by restricting the movement of the B-phenyl
ring. Compounds II and III were employed to investigate if methyl
substitution would alter the mobility of the B-phenyl ring in CD complexes.
Studies in homogeneous solutions (section 3.2) have shown that the
triplet lifetimes of II and III are shorter than that for I (Table 4.2). The
introduction of methyl gi'oups in the f-phenyl position changes the lowest
energy conformation. MMX calculations suggest that for II there is a
preferred conformation with minimum energy which places the $-phenyl
ring at ~600 with respect to the carbonyl group, whereas in the case of I
there is no preferred single conformation as the three geometries (609, 180°,
-600) have very similar energies. This effect leads to a decrease of the triplet

lifetime of II. In the case of III two equivalent preferred conformations for
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the B-phenyl ring (+60° and -600) in relation to the carbonyl are possible
leading to a further decrease of the triplet lifetime.

The triplet lifetimes reported in Table 4.2 indicate that the size of the
B-MCD cavity can only include one of the aromatic rings (Figure 4.2). The
increase in lifetime is not sufficient to suggest inclusion of the B-phenyl
ring but rather that some restriction of the mobility of this ring leads to
longer triplet lifetimes. The much larger increase observed for y-CD
complexes is believed to be due to the inclusion of both rings into the cavity
(Figure 4.2).9° Similar arguments have been' recently used by Leigh et al.103
to explain the photochemistry of included p -(4-

hydroxyphenyl)ethoxyacetophenone.

B -CD v-CD

Figure 4.2. Schematic representation of complexes of p-methoxy-p-
phenylpropiophenone derivatives with B- and y-CD (adapted from

Netto-Ferriera et al.)80
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Complexes of both B-CD and B-MeCD with the least hydrophobic
ketone (I) can be prepared and comparisons of the triplet lifetimes can be
made (Table 4.1). A slight decrease in triplet lifetime is observed with
complexes of B-MeCD reflecting less conformational restriction. The
addition of methoxy substituents in p-MeCD may result in less hydrogen
bonding with the included ketone, thus allowing more freedom of
movement for deactivation. Complexes of B-CD and ketones II and III
could not be made due to their larger hydrophobicity, thus B-MeCD was
used instead.

The fact that almost the same lifetime is observed for I and II in v-CD
indicates that the mobility of the B-phenyl ring is rate limiting and that the
methyl substitution at the B-position of I does not alter the interaction of
the probe molecule with the y-CD. The relative increase in triplet lifetime
observed upon complexation of III with B- and y-CD is larger than those
observed for I and II. This reflects the very short lifetime of III in
homogeneous solutior. due to the higher probability of having the -phenyl
ring close to the carbon:}l oxygen. Inclusion into CDs clearly does not favor
these conformations. Although the increase of lifetime for III is dramatic,
the absolute values are smaller than the ones observed for complexes with I
and II. This is specially true in the case of y-CD. This suggests differences
in the complexation site for III and for I or II. The presence of two methyl
groups at the P-carbon probably creates stereochemical crowding at this
position and results in an inclusion complex in which the B-pheny! ring
has a higher probability of exiting the cavity. In the p-MCD-III system the
entire molecule is probably located closer to the aqueous environment. In

the case of the III--CD complex, there are two possibilities for inclusion



which would lead to a shorter lifetime than those observed for I or IL. The
B-phenyl ring could be excluded from the y-CD cavity forming a complex
similar to I (or II)-B-CD in which only one of the aromatic rings is
contained in the CD cavity. Alternatively, both aromatic rings in III are
incorporated into the y-CD cavity but they would not be located as deeply as
the proposed I or II-y-CD complexes.

In the case of incorporating the pure enantiomers of IT into a, B or y-
CD, the same triplet lifetime was observed as indicated in Table 1. This
would lead us to believe that the two ketone isomers are not being
complexed differently by the cyclodextrin and as a result, no difference in
the triplet lifetimes are observed. The longer cavity associated with the B-
MeCD may not allow significant interaction between the ketone and the
chiral rim of the CD. This may also be the case in y-CD where significant
probe incorporation is taking place as depicted in Figure 4.2. The origin of
the CD's chirality lies on the rim of the larger side where the chiral
hydroxyls of the D-glucose groups are located. The lack of chiral
discrimination observed may reflect an inmer cavity that is not very
asymmetric resulting in minimal interaction between the chiral rim and

the included ketones.

4.2.3 Conclusion

In conclusion, these studies have shown that the interaction of the
probe molecule with the cyclodextrin affects intramolecular quenching by
restricting the mobility of the molecule. A substantial increase in triplet
lifetime is observed in CD complexes compared to homogeneous solution;

complexes with y-CD show the largest effect. Inclusion complexes of I-B-
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CD have slightly longer triplet lifetimes compared to complexes of I-B-
MeCD. The absence of additional hydrogen bonding associated with
methoxy substitution in p-MeCD allows more conformational freedom in
the cavity resulting in the shorter triplet lifetime observed compared to
complexes of B-CD. At this point, we cannot establish if, for quenching to
occur, the excited state has to exit completely the CD cavity or if the
appropriate conformation can occur with partial exposure of the probe
molecule to the aqueous phase. The addition of methyl substituents in the
B-position of the included ketones results in an triplet lifetime that is
proportionally shorter with increased substitution. This effect is due to
increased stereochemical crowding at this position resulting in an
inclusion complex in which the B-phenyl ring has a higher probability of
exiting the cavity. Similar triplet lifetimes were observed when comparing
CD complexes of IIR and IIS enantiomers which suggests that inclusion
results in little interaction with the chiral rim of the CD.

In the next section, these studies on inclusion complexes were

extended into the solid state.



4.3 Solid Cyclodextrin Complexes
4.3.1 Results

Incorporating the probes molecules into cyclodextrin solutions
showed that significant complexation was occurring, as indicated by the
increase in triplet lifetime of the complexed guest. The complexation in
solution can be viewed as dynamic behavior in which the guest has freedom
of movement inside the host and equilibrates with the guest concentration
in the aqueous phase. Evidence presented in Chapter 5 shows that
equilibration is also observed in micellar solutions as small concentrations
of ketones present in the agueous phase effectively quench solvated
electrons. The monitoring technique used observes an ensemble of all the
triplet states absorbing at the monitoring wavelength. As a result, small
differences in triplet lifetimes. arising from complexation differénces may
not be observed due the "mixture" of triplet signals monitored, representing
complexed guest molecules in equilibrium with those in the surrounding

media.

O H CH,
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The decision was then made to isolate solid cyclodextrin inclusion
complexes of the R, S and racemic forms of II (IIR, IIS and Ilrac,
respectively) and analyze their triplet decay kinetics using diffuse

reflectance laser flash photolysis techniques (see Chapter 2) to probe the



behavior of the ketones complexed in the cyclodextrins. In this way, only
the complexed ketones are monitored and no interference by probes in the
aqueous medie is possible. Differences in the degree or mode of
complexation arising from chiral discrimination would be reflected in the
decay kinetics of the triplet signals observed. Thus, it may be possible to

directly monitor chiral discrimination of these triplet probes.
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Figure 4.3. Types of solid cyclodextrin complexes.?® (A) channel; (B) cage;
(C) brick-like complexes.

Cyclodextrins can be crystallized to form inclusion complexes having

various solid organized structures as shown in Figure 4.3.% One of the
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three structures shown can be expected in crystallized CD complexes. The
type of CD crystal structure is known to depend on the guest molecule.®
Figure 4.3 shows a channel-like structure (A), a cage structure (B) and a
less common brick-like arrangement (C).

Solid cyclodextrin complexes have been prepared using a technique
where a saturated solution of cyclodextrin in prepared and an organic
solvent containing the probe is layered on top of the cyclodextrin solution.100
Figure 4.4 shows a schematic representation of the technique employed.
This biphasic system is allowed to stand for a week or so, whereby the
cyclodextrin complexes precipitate out of solution driven by incorporation of
the organic solvent molecules and probe. The result is a solid consisting of
cyclodextrin-probe complexes and an excess of cyclodextrin-solvent
complexes. Structure A, shown in Figure 4.3 is anticipated when using
ether as the precipitating solvent. This method was used to incorporate
IIR, IIS and Ilrac into @-, B-, and v-CD's. Special sealed flasks were used
to contain the mixture over the week to ensure minimal evaporation of the
solvent. The precipitated complexes were filtered, washed and then dried to
constant weight to remove most of the solvent leaving a complex with a
large excess of empty CD cavities and a few occupied ones. In this way, the
probes are effectively isolated from each other, analogous to complexes of
organic molecules in zeolites.

Transient signals were then generated by laser irradiation and their
subsequent absorptions monitored through diffuse reflectance in the
nanosecond to microsecond timescales. Figure 4.5 shows a typical diffuse
reflectance absorption spectrum obtained from IIrac-a-CD after 308 nm
laser irradiation under air equilibrated conditions. Deaerating the

complexes with nitrogen did not change the spectra. Similar spectra were



obtained with all the ketones incorporated (IIR, IIS and Ilrac) into either a-
, B- or v-CD's. While the signals are weaker than in previous homogeneous
solution experiments, the absorption centred at A = 400 nm can be readily

assigned to the ketone triplet state, comparable to earlier experiments in

homogeneous solution (see section 3.2).

ketone in
ether

—_—

- cyclodextrin
: in water

ketone/ether/CD

l dry

ketone/CD complex
with a large excess of
cyclodextrin

Figure 4.4. Cyclodextrin-probe complex preparation.190

Figure 4.6 shows typical decay traces of IR, IIS included into a-CD
under air equilibrated conditions monitored at 400 nm using the diffuse
reflectance technique. Deaerating the complexes with nitrogen prior to
irradiation did not affect the decays observed. The decays appear complex |
in nature, and may incorporate other deactivation processes in addition to
B-phenyl quenching. The decay kinetics are similar for the two
incorp_orated enantiomers indicating that conformational differences in the

IIR-0-CD and IIS-0-CD inclusion complexes may not be refiected in their



triplet decay kinetics. Similar results were obtained with all the ketone-c.-

CD inclusion complexes studied.
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Figure 4.5. Diffuse reflectance spectra obtained 1 (@) and 4 us (1) after

308 nm laser excitation of solid IIrac-a-CD complexes.

Verification of chiral discrimination was carried out using a
technique in which a known mass of complex was solubilized and the
ahsorption of the ketone guest was measured in a known concentration of
complex. By knowing the extinction coefficient of the ketones, the
concentration of the guest can be calculated. This method was used to
measure the ketone concentration in o-, B, and 4-CD's. Table 4.3 shows
significant chiral discrimination in the solid state CD complexes of IIR and
1IS: IIR being selectively retained 1.5:1 and 1.6:1 in a-, and B-CD

compléxes, respectively versus IIS while y-CD shows little selectivity. In



the case of 0-CD, there is 25% less complexation occurring for IIrac but is

the same in the larger y-CD.
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Figure 4.6. Diffuse reflectance transient triplet decays of solid IIR-a-CD
(O) and IIS-0-CD (®) inclusion complexes monitored at 400 nm

after 308 nm laser excitation.

GC-MS analysis of socklet extracted o- and B-CD inclusion complexes
which were irradiated for 24-48 hours at 300 nm, revealed mostly the ketone
starting material along with small amounts of photochemical preducts. A
small amount of p-methoxyacetophenone was identified which probably
results from Norrish Type II reactions or hydrogen abstraction from the
CD and subsequent cleavage. Complexes of y-CD showed more loss of
ketone starting material with corresponding larger amounts of

photochemical products.



Table 4.3. Number of cyclodextrins per ketone.

Complex | #CDs/ketone
IIR IS IIrac
a-CD 159 239 887
B-CD 118 188 -
v-CD 120 112 107

4.3.2 Discussion

The triplet states of II monitored in solid CD complexes are much
longer lived than ir aqueous CD complexes, (see section 4.2) or in pure
crysialline states. Ip additioi, triplet decay kinetics of II in CD solutions
and in the crystalline state follow monoexponential kinetics (see section 4.2
and 3.3, respectively). However, inclusion complexes of II with CD's
results in complex decay pa£terns, as seen in Figure 4.6. This may
represent a significant conformation change in the inclusion complexes
which ci(;es not allow efficient triplet deactivation by the p-aryl ring. The
complex decays observed in Figure 4.6 point toward alternative deactivation

pathways for the tripiet states which may be occurring in conjunction with



B-aryl quenching. In a recent report, similar triplet spectra and decays
were observed with lignin model compounds such as -
guaiacoxyacetoveratrone (o.-Gav) which also possesses a P-phenyl ring.
The ketones were studies on silica, Na-X zeolite and cellulose.”’2 The
complex triplet decay patterns observed for a-Gav on these solid supports
represented a distribution of triplet decays on the surface. The authors
suggested a mixture of B-aryl quenching, self-quenching, reaction with the
host and B-cleavage as triplet decay pathways. It is conceivable that similar
deactivation mechanisms are present in the complexes under investigation
in this study.

The presence of oxygen had no effect on the decay kinetics observed.
The lack of oxygen effect on triplets in crystalline solids of ketones I and II
was demonstrared in section 3.3 (and other accounts)’? and shows that
oxygen does not penetrate the crystal lattice efficiently.

Complexation differences between the enantiomers of 11 aré implied
by the results shown in Table 4.3. The IIR enantiomer is definitely selected
for by a and B-CDs but equal distributions are seen when the larger v-CD is
used as the host. The slightly larger triplet signal observed for IIR-¢-CD
inclusion complexes shown in Figure 4.6 reflects a greater IIR
concentration in o-CD. In the case of y-CD, its larger cavity is probably not
able to differentiate between the two enantiomers, likely due to its larger
size compared to o- and B-CDs and may not allow extensive complexation
of the ketone guests compared to the smaller CD's. An interesting
observation is seen with the complexed racemic ketone concentration seen
in Table 4.3. A significantly smaller ratio of ketone is incorporated into the
CD's when a racemic mixture is injected. Although speculative, this is

likely due to an aggregation effect of the ketones when injected into the CD



solutions which is more prevalent in the racemic than the pure enantiomer
solutions. As a result of this aggregation, less racemic ketone guest is
incorporated into the CD's.

Figure 4.5 shows that the incorporated ketones have similar triplet
decay kinetics, regardless of the CD, or the optical isomer used. Table 4.3
shows a significant preference for the incorporation of IIR into both o- and
B-CD's. However, the preference for IIR does not lead to a measurable
change in either the intermolecular or intramolecular triplet deactivation
processes. The implications of this observation can have several meanings.
For instance, the ketones may be oriented in different conformations but
these conformations do not permit any significant intramolecular
quenching. The complex decay patterns observed in Figure 4.6 may
represent significant hydrogen abstraction from the CD with subsequent
conjugation of the ketone guest to the CD itself. This reaction product
would not be extracted and as a result, would not be detectable by GC-MS
analysis. In addition, the detection of small amounts of p-
methoxyacetophenone as a product may represent some intramolecular
Norrish Type II reactivity. The complexes of y-CD showed a noticably
higher disappearance of the ketone starting material and may reflect a
higher susceptability for hydrogen abstraction reactions to occur due to its
larger cavity. Although these mechanisms are mere speculation at this
point, one cannot infer any complexaticn differences between the
enantiomers or racemic mixtures from their respective triplet decay

kinetics.



4.3.3 Conclusion

Both «- and B-CD's have been shown by ground state absorption
studies to display chiral selectivity when incorporating either IIR or IIS.
The cyclodextrin selectively incorporates IIR in 1.5:1 and 1.6:1 ratios into a-
and B-CD's, respectively over the IIS enantiomer. The incorporation into
the larger y-CD showed no chiral selection. The triplet states of the ketone
guests were readily monitored by diffuse reflectance laser flash photolysis
techniques and revealed complex decay kinetics for the included ketones.
Reaction with the host and Norrish Type II reactivity are believed to be the
dominant deactivation pathways for these ketones in CD solid state
complexes. Product analysis of the CD complexes show some Norrish Type
11 product formation in the CD complexes. In addition, complexes of y-CD
show a higher consumption of ketone starting material compared to either
the a-CD or B-CD complexes. The triplet decay kinetics of IIR and IIS in
various CD inclusion complexes showed little difference in their kinetics.
Incorporation of racemic mixtures of II (IIrac) was less than its respective
enantiomers in 0-CD's and may be due to aggregation during the formation

of the inclusion complexes.

4.4 Experimental

Ketones I-III were synthesized according to a procedure outlined in
section 8.4. The aqueous CD-ketone complexes were made by the "injection
method" in which small aliquotes (0.5 ul) of a concentrated solution of the
probe (25 mg/ml in methanol) were injected into the aqueous cyclodextrin

solutions (oi-CD, Heptakis(2,6-di-O-methyl)-B-cyclodextrin and y-



cyclodextrin were from Aldrich and used as received). The solution was
briefly shaken on a Vortex mixer between subsequent injections. Probes
were injected into the solution until an optical density of 0.3 at the laser
wavelength (308 nm) was achieved. The methylated B-CD (B-MCD) was
used as it is more scluble in water than the unsubstituted B-CD.

The solid ketone-CD complexes were precipitated from a saturated
CD aqueous solution that was overlayed by ethyl ether containing the
ketone. The mixture was allowed to sit for a week until precipitation of the
complexes was complete. The crystals were washed and then dried under
vacuum until constant weight.100 The ketone:CD ratios were calculated by
measuring the ground state absorption at 308 nm of a known concentration
of complex dissolved in dimethyl sulfoxide (Aldrich). The concentration of
ketones in the CD inclusion complexes was calculated from the measured
extinction coefficient in dimethyl sulfoxide (DMSO) at 274 nm ( 16350 M-
lem-1). Details on the laser flash photolysis system used are given in
Chapter 2.

Steady state irradiations of the solid CD complexes were carried out
in the same way as described in section 3.4. Starting material and products

were extracted with 6 hours of socklet extraction using dichloromethane.



Chapter 5. Cholates and SDS Micelles

5.1. Introduction

Cyclodextrins showed no chiral selectivity in terms of the triplet
lifetimes of the two chiral ketones when incorporated in cyclodextrin
complexes either in solution or the solid state. Thus, we decided to try a
variety of other chiral hosts. Among these, bile salts are chiral and are
known to readily form small micelles in aqueus media. They contain a
relatively hydrophobic cavity into which our probe molecules could be
incorporated. Cholates are natural components of bile acids and have a
relatively unusual structure compared with other micelle-forming
molecules which typically have a long hydrocarbon chain and a polar head
group (e.g. SDS). Sodium cholate (SCh) and other bile salts consist of a
steroid nucleus, three a-hydroxy groups (C-3, C-7 and C-12 positions) and a
hydrophilic carboxyl head group at the C-24 position.104

002- Na*

SCh

Again, as in earlier experiments, preliminary studies focussed on
characterizing the triplet behavior of probe molecule (II) in this new
environment. The initial experiments revealed the presence of an
additional species along with the expected triplet. The long wavelength

absorbing species was tentatively assigned as a solvated electron and
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further studies were carried out to see if photoionization was specific to this
ketone and/or type of micelle.

Photoionization of organic molecules, especially aromatic
hydrocarbons has been shown to occur in a number of systems. For
example, pyrene photoionizes under conditiohs of one- or two-photon
excitation, depending on the nature of the environment (solution, micelles,
zeolites, etc).19%-198 Two-photon ionization is a relatively common process
under conditions of pulsed laser excitation. In a recent study, Hashimoto
and Thomasl®® have shown that a number of substituted biphenyls undergo
two-photon ionization in micellar solution following absorption of the
second photon by the triplet state of these molecules. Photeionization in
micellar systems is usually observed with anionic surfactants (e.g. sodium
dodecyl sulfate, SDS) since in these systems, repulsive interactions favor
charge separation; in addition, hydrated electrons are relatively long lived
and readily detectable in these aqueous systems. The yield of
photoionization is markedly reduced in cationic micelles, such as
cetyltrimethylammonium bromide (CTAB) compared to anionic micelles.
This is due to the positive micellar surface charge which promotes
recombination of the electron-cation pairs thus preventing the release of .

electrons into the surrounding aqueous solution,10

f N\ _J \_/ \ aphaterthienyl
S S (@-T)

S

For example, photoionization of alpha-terthienyl (a-T) can be readily
observed in cholate micelles. Figure 5.1, shows that three distinct

absorptions can be readily detected in the transient absorption spectrum



recorded following laser excitation; these correspond to the triplet state

which in turn photoionizes to give the radical cation and a solvated

electron.
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Figure 5.1. Transient absorption spectrum of 2.5 x 103 M o-T in 30 mM

cholate collected 200 ns after 355 nm excitation under nitrogen

saturated conditions.

The triplet state of o-T has a Amax of 460 nm while its radical cation
shows a Amax of 550 nm.110:111 These correspond to the large absorptions
observed in Figure 5.1. The small but reproducible absorption centred
around 700 nm is assigned to hydrated electrons which are known to absorb
in this region.!1? Figure 5.2 shows a transient absorption decay signal of

the solvated electron collected at 700 nm which can be readily quenched by
the addition of nitrous oxide (N5O) according to reaction 5.1. The absorption




of the solvated electron appears weak in Figure 5.1 compared to the very
strong o-T triplet and radical cation signals observed but is still readily

detected as shown in Figure 5.2.

k=9.6x 10° Lmols"
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] | 1 1 i i 1
0.016 F % i
[+] e N2
A + NO|
o]
(=]
[«+]
Q
]

Time, ps

Figure 5.2. Transient absorption traces monitored at 700 nm from a
solution of 2.5 x 109 M «-T in 30 mM cholate collected after 355 nm
laser excitation under nitrogen (0O) and nitrous oxide (NgO)
saturated conditions (4). The residual absorption is due to o-T

radical cation absorption which overlaps with the solvated electron

in this region.

Photoionization of ketones is not well studied, although two-photon

jonization of benzophenone in aqueous solution has been reported.!13 A



recent publication!!* shows that several aromatic ketones photoionize in
SDS micelles. The technique used involved time-resolved electron spin
resonance (ESR) to detect the spin polarized hydrated electron in micellar
solution. A biphotonic ionization process through the excited triplet state
was proposed for the formation of the solvated electrons, but their lifetimes
were unusually short compared to some of the systems that were under
investigation in our studies. This prompted us to report on our studies in
this field and to add benzil (XV) to the list of ketones under study. Our work
in this area was initiated by the accidental observation of the formation of
hydrated electrons in ketone studies, and independently during work
related to the photodegradation of lignin model compounds that were under
investigation by Dr. M.K. Whittlesey.}1® This chapter reports the results of
work in which these initial observations were pursued by carrying out work
on SDS and sodium cholate micelles. The results of these experiments
show that ketone photoionization is a common and facile process under
conditions of laser excitation. Further, these studies provide an
explanation for the anomalous short lifetimes for hydrated electrons
generated from the photolysis of aromatic ketones in micellar solution

reported by Kuwata et al.}14

5.2 Results

Figure 5.3 shows the structures of the molecules studied in this

work.
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Figure 5.3. Ketones used for photoionization experiments.

The ketones in Figure 5.3 were incorporated into either SDS or
sodium cholate micelles and irradiated with the 308 nm pulses from an
excimer laser.

SDS micelles have an aggregation number of approximately ~60, a
critical micelle concentration of ~8.2 mM!6, and represent typical medium
size micelles. Sodium Cholates have a critical micelle concentration near
13 mM and small aggregation numbers (~2-8).117

Figure 5.4 shows the spectra recorded following excitation of ketone
II in 30 mM sodium cholate solution under nitrogen and nitrous oxide.

The maximum at ~390 nm is commeon to both samples and can be readily



assigned to the triplet state of the ketone. A second absorption band, at
A>600 nm, is present only under nitrogen in the micellar solution. We
assign this band to hydrated electrons, e aq, which are well known to
absorb in this region.112 Both Og and N,O quenched the long wavelength
absorption readily, as expected for e=34.118 The reaction of e—aq with oxygen
and N,O (reaction 5.1) occurs with rate constants in water at room
temperature of 1.9 x 1010 L.mol-1.5-1 and 9.6 x 102 L-mol-1-s-1, respectively.
The same qualitative observations were made in sodium taurocholate

solutions.
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Figure 5.4. Transient absorption spectra for II (1.4 x 10-4 M) in 30 mM

sodium cholate solution under nitrogen () and under NoO (O),

recorded ~280 ns following 308 nm laser excitation.

Both bands in Figure 5.4 form within the dura’l 1 of the laser pulse

(~6 ns) and decay by simple first order kinetics with a lifetime of 130 ns at
400 nm and 1.3 ps at 700 nm for 1.4 x 10~4 M ketone II. Bubbling NoO had



no effect on the lifetime at 400 nm (as expected for the triplet state) but the
lifetime at 700 nm was reduced to < 100 ns. The effect reflects electron
scavenging according to reaction 5.1.

Our results for IT and other ketones are summarized in Table 5.1. In
particular, ketones IX-XIV are samples in lignin-related work.115 Ketones
VII and VIII were added to the series to see if a second aromatic ring was
required, or had any significant effect on the photoionization reactions. In
fact photoionization was observed with all the substrates in Figure 5.3.

The triplet lifetimes of the ketones I, Il, and IX-XIV in Figure 5.3 are
frequently controlled by intramolecular quenching by the B-aryl ring, a
process initially reported for 1,555 and is now well characterized in many
other systems including those in Figure 5.3.115 Note however that in this
study some of the lifetimes could be shortened by triplet-triplet annihilation;
naturally, this is an unavoidable problem in studies of multiphoton
phenomena since high laser doses are required. In a few instances triplet
formation and electron ejection were accompanied by some p C-O cleavage
which leads to readily detectable radical fragments (e.g. phenoxyl

radicals).119 This is common with ketones XI to XIV.



Table 5.1. Decay of hydrated electrons in micellar systems containing

photoionizable ketones.

Compound Surfactant3d [Ketone], M 7, ns
N,  air
1 Cholate 1.25 x 104 1950 190
SDS 1.26 x 10~ 6700 250
II Cholate 1.38 x 104 1300 340
Vil Cholatel 2.43 x 103 <20 <13
SDS1 2.43 x 10-3 54 47
VIII Cholatel 1.48 x 104 570 150
SDS1 1.48 x 10~ 1330 200
SDS 1.2x 104 6900 180
IX SDS 2.4x10-3 410 160
X SDS 3.0x 10-3 1050 230
XI SDS. - 1.0x10-3 730 185
X11 Cholatel 1.8 x 104 510 131
SDS1 1.8x 104 1000
XIII Cholatel 9.0 x 10-° 850 170
SDs2 8.3x 105 2200 160
X1V SDS 9.0 x 10-5 240 180
XV SDS2 4.8 x10-5 10000

1 Based on a double exponential fit to the data.

2 Measured at 750 nm.

3 SDS concentration was 0.1 M; sodium cholate concentration was 30 mM.



5.3 Discussion

A key question ir any system involving photionization is the number
of photons required for e.léctron ejection to occur. In principle, a simple plot
of electron signal (AOD) against laser dose shouid correspond to a linear
function if the process is monophotonic, and to a parabola if two photons are

required, i.e.:

Monophotonic AOD7g0 = Dose (5.2)
Two photon AOD7g0 = Dose? (5.3)

While simple, this approach is not always the most reliable. This is
largely due to the assumption that monophotonic processes always give
linear behavior when AOD is plotted against the laser dose. There are,
however, numerous cases where this is not strictly true. Deviations from
linearity (downward curvature) can reflect (among other causes)
saturation effects due to ground state depletion, or screening effects due to
UV absorption by the transient. In fact, the latter is a necessary condition
for stepwise two photon absorption to take place. If an experimental
variable can be found that can reliably reflect monophotonic behavior, then
the hydrated electron signals can be plotted against this variable and a
parabolic curve should be a clear indication of the occurrence of two photon
processes. In our systems, the triplet state signal at around 390 nm,
characteristic of methoxy substituted chromophores, should be a good
monophotonic indicator of those ketones in Figure 5.3 where the triplet is

sufficiently long lived to be detected.
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Figure 5.5 shows plots of AOD7g¢ against both percent laser dose and
against AODg4go (due to the triplet state) for compound III in cholate

micelles. The fits shown correspond to an expression of the type:

signal o dose® (5.4)

Multiple regression led to a values of 2.1 and 1.9 for the top and
bottom plots, respectively (see Figure 5.5), indicating that electron
photoejection requires two photons. Similar observations were repeated for
other compounds in Figure 5.3 with analogous results.

Further evidence that two photons were required for photoionization
was obtained using a two-laser two-colour technique. This technique, as
the name suggests, is an extension of laser flash photolysis and was
developed in the early eighties by Scaiano and coworkers.11° In this type of
experiment two lasers are used in succession to produce, and then excite,
the transient intermediate to be studied. The first Jaser is used to produce
the transient to be studied and is dubbed the 'synthesis' laser. At a preset
time interval after the synthesis laser has been fired, a second laser, the
'photolysis’ 1aser, is fired into the photolysis cell to excite the transient and
produce the desired products. In the present system, a triplet state of
ketone II is generated using a 266 nm laser and then a 355 nm laser was
used to photolyze this triplet state. The object was to test if photoexcitations
of the triplet state would produce a solvated electron. Figure 5.6 shows the
results of the experiments. Although the signals are weak, it is clear that
the second photon generates solvated electron as monitored at 700 nm.
Without the second laser, no step is observed thus confirming that the
triplet state is being photoionized specifically by the second laser. Photolysis

of the the solution with the 355 nm laser alone does not generate any
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Figure 5.5. Plots of AOD recorded at 700 nm against percent laser dose (top)
and AOD at 400 nm for compound I in 30 mM sodium cholate.

Note that 100% laser dose corresponds to ca. 18 mJ incident on the

sample.
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solvated electron since the starting material (the ground state of II) does not
absorb due to the low extinction coefficient by the ground state at 355 nm.
Photolysis with 266 nm laser excitation does generate some solvated

electron as seen in Figure 5.6 which is probably biphotonic.
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Figure 5.6. Transient absorption decays of solvated electrons generated
from photolysis of I1 in sodium cholate solutions (monitored at 700
nm). The signals were monitored after 266 nm irradiation alone
(0) and then with 355 nm irradition ~0.5 us later (A). The arrows

in the figure show the times where the lasers were fired.

Clearly, electron photoejection must yield the ketone radical cation as
the second product of the reaction. This cation must be very unstable under

our experimental conditions, since all attempts to detect this intermediate



were unsuccessful. Most carbonyl radical cations have high ionization
potentials and their derived cations are highly reactive making direct
observation of these species difficult.!?® Radical cations of acetophenones
and benzophenones generated by paraquat oxidation of their triplets in
aqueous acetonitrile have been shown to decompose too rapidly to be
detected.120,121

In the case of XIII earlier studies have shown quite clearly that
multiphoton processes are involved in its photochemistry in homogeneous
solution.l15 The results reported here suggest that those observations may
reflect electron photoejection, a process that must be most facile in electron-
rich molecules such as XIII and XIV.

We have observed wide variations in the lifetimes for e—3q depending
on the precursor employed. The lifetimes are systematically shorter than
the value ~10 ps reported in the literature.l?? Similarly anomalous
lifetimes have also been reported by Kuwata et al.114 although no
interpretation was provided. We believe that these short lifetimes reflect
differences both in the rate constants for eleciron scavenging and the ketone
concentration available in the aqueous phase in each case. Rapid electron
scavenging by aromatic ketones is well known; for example acetophenone

reacts with e—aq with a rate constant!18 of 2.8 x 1010 M-1 -1 according to

reaction 5.5.'

H,C O HC_ _O"

+ € —- (5.5)

VII
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Note that the relevant ketone concentration is not the bulk value, but

rather the free concentration in equilibrium with micellized ketone, i.e.:

Kn:liss
KM == K + M (5.6)

where K and M represent the ketone and the micelles, while KM represents
micelle-incorporated ketone. The equilibrium constant Kdiss has been
shown to be larger for the more hydrophilic ketones which will exit the
micelle most readily.123:12% Thus, reaction will be favored for acetdphenone
and less favorable for the other ketones used, in agreement with ;lur
experimental observations. Note also that the p-methoxybenzoyl
chromophore has a stronger UV absorption than the unsubstituted benzoyl
chromophore and that therefore higher substrate concentrations are
required in the cases of VII, IX and XI.

The anionic charge in SDS and cholate micelles is believed to promote
the yield of eaq~ by promoting charge separation as a result of coulombic
repulsion.19® However, the lifetimes of eaq~ generated in the larger SDS
micelles are generally longer than those in the smaller cholate micelles
(see Table 5.1). This difference can be attributed to a more extensive
dissociation (i.e. more aqueous probe) in the case of the cholate micelles.
This leads to faster electron scavenging in this case. In the case of XIII
and XIV in SDS micelles (approximately matched substrate concentration)
the e—aq lifetime is much shorter in the case of XIV (see Table 5.1). We
believe this reflects easier exit into the aqueous phase induced by the
-CHo0H substituent.

We were surprised by the report on the absence of detectable solvated
electrons in the case of benzil (XV).}14 The observation is particularly

interesting in view of earlier studies from our laboratory that show that
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doubly-excited benzil undergoes fragmentation to yield two benzoyl radicals
in a process described as a "reluctant” Norrish Type I reaction.!25
However, in our hands, benzil in SDS micelles led to readily detectable
signals from hydrated electrons. The lifetime of these electrons showed the

concentration dependence expected from the equilibrium of equation 5.7,

l.e.:

k - Kdiss. ke. [I<]t0ta1 (5'7)

obs M]

which includes the implicit assumption of [Klagqueous << [KM]. The plot of
Figure 5.7 leads to kobs = 9.9 x 108 M-1 s-1. Given the reported value of
electron scavenging by benzil (ke) of 3.6 x 1010 M-1 s~1,118 one can estimate
a Kgjss value of 5.5 x 10~5 M. Note that these measurements were carried
out at 750 nm, rather than our usual electron monitoring wavelength of 700
nm. This is done in order to minimize interference from from benzil
anions, presumably formed by protonation following electron capture. The
radicals show Amax ~600 nm, but the absorption extends to 700 nm.126 The
insert in Figure 5.7 shows that even in the presence of N20, small amounts
of this radical are also formed. We believe that the failure of Kuwata et
al.114 to detect electrons reflects a reduced electron lifetime due to the use of
high benzil concentrations, combined with the limited time resolution of
ESR techniques. In this sense, there is no conflict with the results reported
here and those recently published.114

Further support for this simple model for the interpretation of
solvated electron lifetimes can be derived from an analysis of the case of
acetophenone, where all the information is available to allow for the

calculation of a "predicted" electron lifetime. The reported value of Kdiss is
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4.9 x 104 M,124 while ke is 2.8 x 1010 M~1 s~1,118 For an SDS concentration
of 0.1 M (i.e. [M] ~ 1.5 mM) and acetophenone 2.43 mM, this corresponds to
an expected lifetime of 45 ns (according to equation 5.7) in good agreement

with the experimental value of 54 ns.
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Figure 5.7. Effect of benzil (XV) concentration on the decay of solvated
electrons in SDS micelles (0.1 M). The inset shows the transient

absorption spectrum obtained for benzil (8.3 x 10-5 M) under N20,

recorded 280 ns after 308 nm laser excitation.

Similarly, in the case of p-methoxyacetophenone (VIII) it is possible
to use the data available to estimate a rate constant for electron capture by
VIII (ke). Thus, combining the data for SDS from Table 5.1 with the
reported Kaigs value of 3.3 x 10-4 M we can estimate ke ~ 2.3 x 1010 M-1 5-1,



The value is slightly lower than those for acetophenone and
benzophenone,!!® as could be expected for this electron-rich ketone.
Similar dependence with ketone concentrations was also observed with
other samples used (e.g. XIII), although the detailed dynamics were not
pursued further.

Finally, we come to the question as to the intermediate involved in the
formation of hydrated electrons. In the case of biphenyls, work by
Hashimoto and Thomasl®® has shown unequivocally that the intermediate
involved is the triplet state. Similar conclusions have been reached by other
authors!13:127, While plots, such as those in Figure 5.5, cannot provide
unequivocal proof for the intermediate involved, our results are also
consistent with triplet intermediacy and we favor this explanation. In
addition, Figure 5.5 provides additional evidence that the triplet state is
photoionizing. Aromatic ketones are well known to undergo efficient
intersystem crossing in the subnanosecond time scale. Therefore; -during a
6 ns pulse, the concentration of singlet state will remain extremely low,
while the triplet state is essentially "stable" in this time scale (with the
exception of V and VII). Thus, even this simple argument favors triplet

involvement in the reaction.

54 Conclusion

Electron photoejection has been shown to be a facile process when
aromatic ketones are excited with 308 nm laser pulses in anionic micellar
solution. The micellar charge is believed to promote photoionization by

promoting charge separation as a result of coulombic repulsion.
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The photoionization process requires two-photons, and is believed to
involve the intermediacy of the triplet state which is responsible for the
absorption of the second photon. Hydrated electron lifetimes show wide
variations, reflecting differences in electron trapping rates, as well as

variations of the ketone concentration in the aqueous phase.

5.5 Experimental

Compounds I and II were synthesized as previously described in
section 3.4. Acetophenone (VII) was purchased from Aldrich and purified
by distillation. IX, X and XI were gifts from J.C. Netto-Ferreira and their
synthesis can be found in the literature.’482 Compound XIV was a
generous gift from Dr. N. Weir. VIII and XV were purchased from
Aldrich and recrystallized twice from methanol. Sodium cholate was also
from Aldrich and was purified by dissolving in hot methanol and
precipitated by slow addition of ethyl acetate until formation of a precipitate
occurred whereby the mixture was allowed to cool, then filtered and
vacuum dried. Sodium dodecyl sulfate (SDS) was purchased from BDH
(specially pure) and used without further purification. Taurocholic acid
(disodium salt) was purchased from Aldrich and used as received.
Solvents (BDH) were Omnisolve grade and the water used was purified by a
Millipore filtration device. ‘Nitrous oxide (N20) was from Matheson (CP
grade).

XII was prepared by reaction of a-bromo-p-methoxyacetophenone
with p-methoxyphenol using dry acetone as solvent in alkaline media.!?®

The most favourable method of preparation involved stirring the phenol in
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the basic solution for 2 h, followed by dropwise addition of an acetone
solution of the ketone. The mixture was then refluxed until a GC trace
showed >95% conversion to the required product. Workup invelved removal

of any excess phenol followed by purification of the ketone by
recrystallization from methanol. 13C NMR (CDClg) & 56.12 (OCH3), 56.27

(OCHg), 72.20 (CHg), 40.22, 114.57 (CH), 115.27 (CH), 116.52 (CH), 128.26 ),
131.11 (CH), 152.89 (C), 164.59 (C), 194.01 (CO); 'H NMR (CDClg) § 3.7 (s, 3H),
3.9 (s, 3H), 5.1 (s,2H), 6.7-7.0 (m, 6H), 7.9 (s, 1H), 8.0 (s, 1H).

XIII was synthesized as previously described by Adler et al.1? and
verified by other accounts.36:72.73,115,128 Anhydrous potassium carbonate (36
g) was added to a solution of a-bromoacetoveratrone (Aldrich) and guaiacol
(Aldrich) in dry acetone and the mixture was heated on a water bath with
vigorous stirring for 45 min., then filtered, diluted with water and extracted
into chloroform. The excess of guaiacol was removed by extraction with
sodium hydroxide selution. The remaining chloroform layer was then
washed with water, dried over magnesium sulfate and evaporated to give a
solid which was recrystallized three times from ethanol.”® The sample was

>99.8% pure by gas chromatography and identified by GC-MS and its
melting point (85-86 °C). 13C NMR (CDCl3) & 56.46 (OCHg), 56.57 (OCH3),

56.69 (OCHgy), 72.53 (CHg), 110.72 (CH), 110.96 (CH), 112.70 (CH), 115.20 (CH),
121.37 (CH), 122.91 (CH), 123.35 (CH), 128.39 (C), 148.14 (C), 149.76 (C), 150.27
(C), 154.38 (C), 193.82 (CO); 1H NMR (CDCl3) § 3.8 (s, 3H), 3.9 (s, 3H), 3.95 (s,
3H), 5.3 (s, 2H), 6.8-7.0 (m, 4H), 7.5-7.7 (m, 3H).

The samples were prepared by slowly injecting a portion of stock
solution of known concentration of ketone contained in methanol into a
micellar solution until an absorption of 0.2-0.3 at the laser wavelength was

attained.
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The laser flash photolysis system, including the two laser

experiments are described in detail in Chapter 2,



Chapter 6. c-Terthienyl (0-T) in a Protein Environment

6.1 Introduction

In this chapter, the investigation of the triplet state of g-terthienyl (a-
T) was studied in a protein environment. These studies were carried out to
better understand the behavior of a protein conjugated photosensitizer and
the singlet oxygen it produces after light irradiation. The purpose of these
experiments was to characterize and evaluate the feasibility of using o-
terthienyl as a viable antibody conjugated photosensitizer to selectively
destroy particular membrane bound proteins thought to be responsible for

insect resistance to pesticides.

I N N4 N

S S S

o-terthienyl

o-Terthienyl (o-T) is a member a large group of naturally occurring
compounds from the plant family Asteraceae.!3® These compounds are
produced as potent phototoxic secondary metabolites and play a role in plant
chemical defense against herbivorous insects and fungi.l3! o-Terthienyl
has been shown to be an excellent sensitizer of singlet molecular oxygen, Og

(1A;)13% which is thought to be responsible for the phototoxicity of these

compounds.!1!

As a photosensitizer, a-T generates a triplet excited state upon light

activation and can be readily monitored using laser flash photolysis
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techniques.110:111.132-134 A very high intersystem crossing quantum yield,
®;.. from the singlet state has been measured in the range of 0.9-1.0.111 g
T has a triplet energy of 39.7 * 1.5 keal/mol which was determined by heavy
atom-induced optical absorption.l11 A sample triplet absorption spectrum
of o-T is shown in Figure 6.1. The spectrum is dominated by the strong
triplet absorption at 460 nm (g = 26000 M-lem-1) with a lifetime of about 27
us in nitrogen saturated acetonitrile solution.1}¢:13% In the presence of
oxygen, the triplet is readily quenched by oxygen (kop = 2 x 109 M-15-1)133 o

give singlet oxygen, Og (1A).
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Figure 6.1. Transient absorption spectrum of o-T (2 x 10-5 M) in nitrogen
saturated acetonitrile recorded 4 (@), 20 (1)) and 50 ps (A) after 355
nm laser excitation. Note the photobleaching of starting material at
~ 360 nm. The inset shows a typical triplet decay trace collected at

450 nm.
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Photosensitization can be viewed as a collisional energy transfer
process between an excited triplet state and quencher (ground state
oxygen). At a geometry, r¢, the triplet excited state/ground state oxygen
surface intersects with that of the ground state/singlet oxygen surface and
an intersystem crossing to the lower state occurs resulting in singlet
oxygen formation and ground state (Sg) a-T. The value of ®, represents the
quantum yield of singlet oxygen generation under conditions where all the
triplets are quenched by oxygen. The quantum yield of singlet oxygen
generation by o-T has been determined using laser flash photolysis
techniques!32 including time-resolved measurements of singlet oxygen IR
phosphorescence!ll and is in the range of 0.70-0.89 in a variety of
solvents.111 At most, 1% of the quenching events (quantum yield between

0.001-0.01) lead to radical cation generation through electron transfer to

0,.13¢ Radiationless decay accounts for the difference between the singlet
oxygen yield (0.70-0.89) and ®jg, (0.9-1.0).
Electron transfer can be facilitated in the presence of good electron

acceptors such as benzyl viologen, resulting in the formation of o-T radical

cation (reaction 6.1).110:133,134

* + = N # + + e\
oT  + Bz N\ />—<\ IN Bz —» oT*' + Bz N\ />—<\ ’N Bz 6.1

Benzy! viclogen

The o-T radical cation can also be readily detected by its distinct
absorption with Apax = 530 nm (€ = 29000 M-lem-1) which is red shifted

compared to the triplet absorption spectrum.13% Figure 6.2 shows a typical
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absorption spectrum of the o-T radical cation generated by electron transfer
to benzyl viologen (reaction 6.1) in a micellar environment.
o-T is also a fluorescent molecule which facilitates its detection in

solution even at extremely low concentrations. Fluorescence quantum

yields of a-T (®¢) are in the range of 0.05-0.08 in various solvents.!!1 This

attribute, combined with its ability to produce large amounts of singlet

oxygen has made the potential of using a-T as an antibody conjugated
photosensitizer the subject of a recent investigation by researchers in the

departments of chemistry and biology, here at the University of Ottawa.
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Figure 6.2. Transient absorption spectrum of the ¢-T radical cation
generated from 3 x 10-5 M ¢-T in a 0.2 M SDS solution with 2 mM

benzyl viclogen monitored 40 ns after 355 laser excitation.



For more than twenty years, antibodies conjugated to fluorescent
molecules have been used extensively in molecular biology to detect the
presence of various cellular structures and proteins using fluorescent
microscopy techniques. However, antibody targeted photolysis is a fairly
new concept. Recently, there have been several accounts of conjugating
photosensitizers onto antibodies which are specific for a particular cell or
cellular structure.136-140 Conjugating o-T onto an antibody would result in
an excellent fluorescent indicator and if desired, a potent photosensitizer
capable of destroying the attached antigen. This concept would be useful if
the attached antigen is a cancerous cell or cellular component whose
function is not desired. The extent of the inactivation would be controlled by
the duration of light exposure and particularly the number of conjugated
sensitizers attached to the antibody.

The beginning of this investigation arose from two distinct origins.
The discovery of P-glycoprotein by Victor Ling (Ontario Cancer Institute)}
who was looking at tubulin in cancer cells resistant to colchicine, a
chemotherapeutic antitubulin alkaloid, and the discovery that an alkaloid
pump analogous to P-glycoprotein was present in insects. Ling found that
colchicine-resistant cells protected themselves from the chemotherapeutic
agent by active alkaloid extrusion. The active pump, P-glycoprotein, was
also present in elevated levels in the resistant cells. P-glycoprotein has been
assigned as a non-specific carrier which transports a wide variety of drugs
and has been implicated as the source of multi-drug resistance in cancer
cells.

The xenobiotic pump present in insects is thought to be responsible
for insect resistance to pesticides. In addition, it is believed that the pump

protects from poisoning in natural feeding patterns in insects such as
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tobacco hornworms which feed on tabacco plants high in toxic nicotine. It
was found that antibodies which are specific for P-glycoprotein in
mammalian cells also bind to the protein pump present in these insects.
This would imply that the two proteins are homologous. However, there
was no other evidence to confirm this preliminary observation. It was the
initial goal of this highly collaborative project to provide evidence assigning
P-glycoprotein as the source of insect resistance to pesticides. The
approach selected was to use antibody-targeted photolysis in which o-T was
conjugated to an antibody specific for P-glycoprotein. Insects, such as
tobacco hormworms would then be incubated with the antibody conjugate.
In this way the localization of P-glycoprotein in the insect could be
facilitated through fluorescence microscopy and upon further light
irradiation, the pump could be distroyed, causing mortality of the insect
from nicotine poisening upon consumption of the tabacco. This would
provide evidence for the localization of the pump in the insects and a means
of selectively destroying their ability to feed. The long term goal of this
project was to understand insect resistance at a molecular level and
perhaps provide a new approach to the development of new 7ihsecticides
which function by obstructing the pump responsible for insect resistance to
pesticides.

The above approach posed many potential questions that would have
to be addressed before experiments of such an advanced nature with
antibodies were to be performed. The preliminary investigations were to
analyze the triplet state of o-T in a protein environment and relate it to
previous solution experiments. In addition, the quantification of phototoxic
singlet oxygen was to be carried out in a protein environment and the effect

that conjugation would have compared to freely associated protein-o-T
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complexes would be examined. Bovine serum albumin (BSA) was chosen

as a model for a typical protein adduct having a size comparable to antibody

proteins.



6.2. o-T in a Protein Environment: Triplet Behavior and Singlet Oxygen
Yields

6.2.1. Results

The synthesis of the conjugates was performed by Y. Lear, a
graduate student working in the Department of Chemistry, University of
Ottawa under the supervision of Prof. T. Durst. The synthesis involves the
mixed anhydride procedurel4! in which a-T is converted to an acid
anhydride intermediate through its corresponding carboxylic acid!4? and
reacted with the amino groups of bovine serum albumin (primarily lysine

groups) to give the amide linked photosensitizer. The synthetic process is

outlined in Scheme 6.1.
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Scheme 6.1. Synthetic scheme of a-T-bovine serum albumin conjugate.

The conjugates were synthesized with varying number of conjugated

a-T sensitizers so that comparisons could be made between singlet oxygen
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yield and the number of a-T's attached to the protein. Typically, conjugates
consisting of under 12 o-T's/BSA were prepared. A list of the various

conjugates employed in this study are shown in Table 6.1. The extent of

conjugation was verified by calculating the o-T concentration in a known
amount of conjugate through its absorption at 374 nm. The measured

extinction coefficient of the amide substituted o-T at 374 nm was used in the

calculations (€ = 24500 M-lem1). Denaturing the protein conjugate with

urea and subsequent washing with ethyl acetate revealed no o-T absorption

in the solvent wash, showing that the conjugation was fulfilled.

Table 6.1. o-T-BSA conjugates and the number of o-T's attached to the

protein.

Conjugate | o-T /BSA ratio?
1 12
2 7
3 5
4 4
5 1
2+05

The conjugates proved to be very fluorescent. As an example, the
fluorescence emission spectra collected from 10 ppm o-T and 1 ppm a-T-
BSA conjugate (2) are shown in Figure 6.3. The fluorescence from the
conjugates is red shifted approximately 50 nm compared to o-T alone in

solution. Part of this shift is attributed to the amide linkage which



increases the m conjugation in the chromophore and shifts both the

absorption and emission to higher wavelengths.
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Figure 6.3. Fluorescence emission spectra collected from o-T (-----) and
a-T-BSA conjugate (2) (—-) solutiens at 10 ppm (3.7 x 10-7 M) and
1 ppm (1.5 x 10-8 M) in methanol and pH 7 buffered aqueous

solution, respectively, after 355 nm excitation.

The transient absorption spectra recorded for the conjugates were all

very similar and red-shifted compared to «-T. Figure 6.4 shows the
transient absorption spectra of a-T-BSA conjugate (3) compared to o-T
recorded after 355 nm laser excitation under nitrogen saturated conditions.
The shift in triplet absorption observed parallels the shift found with the
fluorescence spectra shown in Figure 6.3. In addition, some

photoionization may result in o-T radical cation formation which absorbs at-
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higher wavelengths (Figure 6.2). The photoionization of a-T in a micelle
was reported in Chapter 5. The absence of solvated electron absorption at

wavelengths >650 nm suggests that the electrons are reacting with the

protein and therefore are not observed.
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Figure 6.4. Transient absorption spectra of o-T-BSA conjugate (3) in pH 7
buffered water (®) and o-T (A) in acetonitrile under nitrogen
saturated conditions at 7.27 x 10-6 and 2 x 10-° M o-T, respectively,

collected 4 us after 355 laser excitation.

The triplet decay of protein conjugated a-T was significantly longer
compared to protein-free o-T in homogeneous solution. Figure 6.5 shows a
comparison between the transient triplet decays of o-T in methanol and o-

T-BSA conjugate (5) under nitrogen saturated conditions. The first order



decay of o.-T in methanol has a lifetime close to 25 ps while when

conjugated, this increases to around 100 ps.

AOD

Normalized

Figure 6.5. Triplet decay traces of o-T in methanol (®) and a-T-BSA
conjugate (5) in pH 7 buffered aqueous solution (A) at 1.9 x 10-5 and
1.5 x 10-5 M, respectively, recorded at 450 nm after 355 nm laser

excitation under nitrogen saturated conditions.

Oxygen readily quenches the triplet of a-T in methanol solution (koy =
2 x 109 M-15-1),133 However, a-T conjugated to BSA shows a rate constant of
oxygen quenching about an order of magnitude slower (ko = 3.6 x 108 M-15-
1). Figure 6.6 shows the effect of oxygen on the triplet signals of a-T-BSA
conjugate (5) observed under nitrogen and oxygen saturated conditions,
while Figure 6.7 shows a representative quenching plot obtained. Varying

the conjugation did not affect the triplet lifetimes observed or the rates of



oxygen quenching. With the addition of oxygen, the triplet lifetime changes
from 93 to 3 s representing about 97% triplet quenching by the addition of
oxygen.

For comparison, a freely associated complex of «-T and BSA was
prepared by injection of a stock solution of o-T in methanol into a BSA
solution so that both the protein concentration and the absorbance at the
laser wavelength matched the conjugated sample (5) used. Figure 6.7
shows that the rate of oxygen quenching between the two samples is

approximately the same at ~3.6 x 108 M-1s°1,
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Figure 6.6. Triplet decay traces of o-T-BSA conjugate (5) in pH 7 buffered
water (1.5 x 10-5 M) collected after 355 nm laser excitation under

nitrogen (A) and oxygen (®) saturated conditions.
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Figure 6.7. Oxygen quenching plot of a-T-BSA conjugate (5) in water (1.5 x
10-5 M) at pH 7 and an optically matched freely associated complex
of o-T and BSA (1.5 x 105 M) giving rate constants of oxygen
quenching of 8.6 x 108 and 3.7 x 108 M-1s-1, respectively.

Although the conjugated o-T shows a slower rate constant of oxygen
quenching compared to homogeneous solution, a significant amount of
singlet oxygen was observed. Using the apparatus described in Chapter 2,
the time-resolved luminescence of singlet oxygen at 1.27 pm produced from
sensitization of ground state oxygen by the triplet state of the conjugated a-T
can be readily monitored.3540-42 Tt is necessary to use deuterated water
(D20) as the solvent in these experiments to increase the lifetime of singlet
oxygen so that its detection is possible with the detector-amplifier system
used to detect the singlet oxygen luminescence (Chapter 2). D20 also

absorbs less of the infrared luminescence produced by the singlet oxygen.



Figure 6.8 shows a time-resolved singlet oxygen decay generated by o-T-
BSA conjugate (1) in oxygen saturated D20.
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Figure 6.8. Singlet oxygen (lAg) luminescence decay trace centered at 1.27

um generated from o-T-BSA conjugate (1) under oxygen saturated

conditions in D20 solution.

To measure quantum yields (®,) of singlet oxygen production from
the samples, a comparison method is used (see Chapter 2) whereby the
energy dependence of the initial Oz (lAg) luminescence intensity (I} was
measured for optically matched samples under study and for a reference
compound for which the @, is accurately known in the same solvent. In
this case, Rose Bengal is used as the reference (®, = 0.80 in D20).4647 By
direct comparison of the slopes of the power dependence plots, the P, value
for the sample may be obtained. In many cases, curved lines result due to

competitive absorption by the sensitizer triplet states formed during the



laser pulse. In these cases, a second order polynomial fit was employed to
determine the slope at zero dose. Figure 6.9 shows the power dependence
plots of conjugates 1 and 4 compared to Rose Bengal. The resulting

quantum yields calculated from the slopes of the lines are 0.2 and 0.1 for the

two conjugates, respectively.
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Figure 6.9. Power dependence plots in deuterated water for Rose Bengal
(A), an o-T conjugate having 12 a-T's/BSA (1) (@) and 4 «-T's/BSA
(4) (O). The resulting quantum yields calculated from the slopes of

the lines are 0.2 and 0.1 for the two conjugates, respectively using a

yield of 0.80 for Rose Bengal 4647
6.2.2. Discussion.
The purpose of these expe;f;ﬁents was to spectroscopically

characterize the transient behavior of protein conjugated o-T and to

quantify the amount of singlet oxygen produced upen photosensitization.



The protein chosen for conjugation was bovine serum albumin (BSA) which
would serve as a model protein environment for future antibody conjugates.
The results of these studies would evaluate the potential of using o-T as
viable photosensitizer in antibody-targeted photolysis.

In addition to using o-T as a potent photosensitizer, it can also be
used as a fluorescent indicator. The detection of fluorescence would serve
to localize the antibody conjugates in vivo. Figure 6.2 shows a sample
fluorescence emission spectrum recorded from conjugate 2 compared to
o-T in methanol. The emission from conjugated o-T is readily detectable
even at a concentration of 1 ppm protein and shows a shift to higher
wavelengths by about 50 nm compared to unconjugated o-T. Fluorescence
microscopy using antibodies tagged with fluorescent indicators such as
fluorescein are typically used at these concentrations in determining the
locations of antigens in cellular media. In this respect, the use of o-T as a
fluorescent indicator would be an excellent alternative.

Triplet signals generated by the conjugates are readily detectable and
show a broadening and a red shift in Amax by approximately 40 nm and are
approximately 5 times longer lived compared to unconjugated a-T (Figure
6.4). This increase represents a restriction of triplet deactivation pathways
present in homogeneous solution and is beneficial in allowing more
photosensitization to occur.

The triplets of the conjugated photosensitizers readily sensitize the
formation of singlet oxygen. The triplet lifetime of conjugated a-T
decreases from 93 ps under nitrogen to under 3 ps in oxygen saturated
solution (Figure 6.5). This shows that about 97% of the triplets are
quenched by oxygen. The oxygen quenching rate constant determined was

3.6 x 108 M-1s-1 for conjugated o-T and was independent of the amount of



conjugation (Figure 6.7). This represents a slower rate of oxygen
quenching by approximately an order of magnitude compared to
unconjugated o-T in homogeneous solution. Lissi et al.14® had determined
that oxygen had little restriction on its diffusion in a protein environment
when studying the luminescence quenching of amino acid residues in
various proteins. Our results show a substantial restriction of oxygen
diffusion which reduces the oxygen quenching rate constant by about an
order of magnitude compared to homogeneous solution. Although the
amide linkages joining the photosensitizers to the protein are part of
surface exposed lysine residues, it is reasonable to assume that the addition
of highly hydrophobic photosensitizers such as a-T drastically rearrange
the protein to a more stable conformation thereby effectively burying the o-T
molecules deep into the protein's interior, thus restricting the access of
oxygen. An optically matched freely associated complex of o-T and BSA
shows a similar oxygen quenching rate constant compare;i to the
conjugated sample (Figure 6.7). Both samples were also matched for BSA
concentration. Hydrophobic molecules such as o-T would localize in
regions of the protein isolated from the surrounding aqueous environment.
It is apparent from the oxygen quenching rates of the associated complex
and the conjugated samples, that the o-T is not near the surface of the
protein in either sample and access by oxygen is substantially restricted by
the surrounding protein.

The luminescence generated by singlet oxygen was réadily detected
at 1.27 pm in D20 (Figure 6.9). The lifetime of the Rose Bengal generated
singlet oxygen is around 60 pus which corresponds to the reported lifetime of
singlet oxygen in D20.144146  However, the lifetime of singlet oxygen

generated from the conjugate is substantially shorter, at around 40 ps. In



addition, the size of the signal monitored is significantly smaller compared
to Rose Bengal. Both o-T and Rose Bengal have similar quantum yields of
singlet oxygen production (~0.8); therefore, any significant difference in the
signals observed should be attributed to reaction with the surrounding
protein environment. The shorter lifetime corresponds to a scavenging of
singlet oxygen by the protein while the initially smaller signal represents a
geminate reaction with the protein. Feitelson et al. 146 have measured the
rate constants of singlet oxygen reaction with tryptophan, tyrosine,
histidine, methionine and cysteine to be between 2 x 106 to 5 x 107 M-1s-1,
Other amino acids show much slower rates. These five amino acids are all
present in bovine serum albumin in varying amounts and locations due to
their hydrophilicity. It would be reasonable to assume that the conjugated
o-T is randomly distributed in the protein making reaction with all these
amino acids possible.

Even though geminate and non-geminate reactions do occur between
singlet oxygen and the protein, a significant amount does escape into
solution. From the plots shown in Figure 6.9, the quantum yields of two
representative conjugates (1 and 4) were calculated (compared to Rose
Bengal) to be 0.2 and 0.1 for conjugates of 12 and 4 a-T's per BSA,
respectively. Interestingly, the conjugation in 4 is three times lower than 1
but the singlet oxygen yield only drops by half. Analogous values of singlet
oxygen yields were recently reported by Rakestraw et al. 20 for a series of
clorin e6 immunoconjugates having similar photosensitizer ratios. The
sensitizers were attached to the antibody by a dextran carrier and localized
in a region of the antibody known as the Fe oligosaccaride. The authors
also reported that the singlet oxygen yield decreased with increased

conjugation and attributed the decline to photosensitizer aggregation which
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increases with conjugation thereby lowering the triplet and singlet oxygen
yields. In addition, absorption band broadening was reported which
resulted from sensitizer aggregation. Compared to chlorin e6, «-T is
considerably more hydrophobic and likely to aggregate in aqueous media.
Although the triplet spectra observed for our conjugates showed some
spectrum broadening which may result from aggregation, this process
would be limited due to the random distribution of the attached sensitizers
throughout the protein. In our system, it is more likely that increasing the
conjugation of highly hydrophobic sensitizers such as o-T, would result in
more protein rearrangement, thus further burying the sensitizers deeper
into the protein. This in turn leads to more geminate protein-singlet

oxygen reactions which lowers the observed yield.

6.2.3. Conclusion

In this chapter, I have described preliminary experiments designed
to characterize the triplet excited state behavior of «-T conjugated to a
protein. In addition, the measurement of oxygen quenching of the triplet
state was carried out and the corresponding @, of singlet oxygen was
measured for conjugates having varying numbers of «-T's attached. It was
found that the triplets were readily generated .1 e protein environment
and were quenched by oxygen with a rate constant approximately ten times
slower than in homogeneous solution. The singlet oxygen luminescence
resulting from the triplet quenching was monitored at 1.27 um. It was
found that a significant amount of singlet oxygen is unaccounted for and
most likely decays by rapid reaction with the protein. Despite this, a

significant amount of singlet oxygen is released into the surrounding
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solution and its amount can be controlled by the degree of conjugation. In
terms of singlet oxygen production and detection through fluorescence, o-T
would be an excellent candidate for an antibody conjugated photosensitizer.
However, the large amount of geminate reaction of singlet oxygen with the
protein may represent a deeply buried photosensitizer and subsequent
change of protein conformation. A dramatic rearrangement of the protein
of this nature would not be desirable in an antibody conjugate as loss of
structure and antigenic specificity may result. The choice of a more water
soluble o-T analog would be a prudent step in the next phase of this project
to maintain protein conformation and decrease geminate singlet oxygen

reactions.

6.3. Experimental

The conjugates used in this study were a generous gift from Y. Lear.
The degree of conjugation was calculated using the extinction coefficient of
the amide substituted a-T at 374 nm (£355= 24500 M-icm-1) and from the
absorption of a known concentration of conjugate at that wavelength. The
conjugates were freeze dried before use. Acetonitrile and methanol were
from BDH (Omnisolve). Rose Bengal was purchased from Aldrich ‘and
filtered through Sephadex G25 (superfine column Pharmacia, 2.5/45 cm) in
50 mM NH4OH7 and its purity verified by its extinction coefficient at 550
nm (€550 = 99000 M-lcm1). o-Terthienyl and the amide substituted o-T were
generous gifts from Prof. J.T. Arnason. Associated complexes were
prepared by injecting a deaerated stock solution of o-T in methanol (5 mg /

mL) into a BSA solution in buffer (pH 7, 0.1 M phosphate buffer made with
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Millipore filtered water; 1 mg / mL) until an optical density matching that
of the conjugate was achieved at the laser wavelength.,

For the transient experiments, solutions of conjugate were prepared
in specially designed laser cells having a separate chamber to isolate the
protein from bubbling the solvent with either nitrogen, oxygen or a
combination of the two prior to mixing. Oxygen quenching experiments
were carried out with five individually prepared solutions of protein that
were each bubbled for 30 minutes with the appropriate mixture of
nitrogen/oxygen using a calibrated Air Products gas mixer.

The laser flash photolysis system including time-resolved singlet
oxygen detection is described in detail in Chapter 2.

Fluorescence spectra were recorded using a Perkin Elmer LS50
luminescence spectrometer using an excitation wavelength of 3556 nm in
order to produce data that would be readily comparable with those obtained

under laser excitation.
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Chapter 7. Final Comments and New Directions

This thesis has presented research on the investigation of triplet
excited states as probes in organized media in solution and in the solid state
with comparisons to experiments in homogeneous solution. Chapters 3, 4
and 5 presented results based on triplet probes which deactivated by an
intramolecular charge transfer deactivation process. As a result, they
were extremely sensitive to substituent effects, and particularly,
restrictions to mobility imposed by their surrounding environment. Laser
flash photolysis (LFP) studies demonstrated the importance of
conformational and redox properties in determining the kinetics for the
intramolecular charge transfer quenching in these molecules which were
confirmed with molecular modeling calculations and cyclic voltammetry
techniques. Two years later, another group verified our results confirming
that the triplet lifetimes of these derivatives can be controlled by the redox
properties of the B-aryl ring.8% The results also confirm that in the absence
of a p-methoxy substituent, the lifetimes are too short to be amenable for
direct study with nanosecond techniques and are largely controlled by bond
rotation.

We successfully measured the triplet lifetimes of several of these p-
-aryl ketones in the solid state using laser flash photolysis diffuse
reflectance techniques. The results show that these ketones would be
excellent mobility probes in the solid state as well as in solution. Their
triplet lifetimes in the solid state are determined by the position of the pB-
phenyl ring in relation to the carbonyl. Small changes in the position of the
deactivating B-phenyl ring resulted in measurable changes in triplet

lifetime. In addition, small packing differences in the unit cells are
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manifested in a change in triplet lifetime as seen by comparing racemic to
enantiomerically pure crystals. This represented the first example of
chiral recognition measured by triplet lifetimes in crystals.

Excited triplet probe molecules can be successfully employed to study
a variety of properties in organized systems that cannot be measured easily
by fluorescence techniques. The unique intramolecular triplet quenching
mechanism of these probes provides information on specific stereochemical
constraints in cyclodextrin solutions (Chapter 4). Experiments using a
variety of substituted ketones helped confirm earlier proposals on the
conformation of P-aryl ketone-CD complexes. Solid state CD inclusion
complexes show chiral recognition through preferential incorporation of
one enantiomer of chiral probe over the other. However, triplet decay
kinetics in solid CD complexes reveal complex decay patterns possibly due
to reaction with the CD host. Although some evidence of chiral selection
was manifested in differing triplet decay kinetics of the two enantiomers
incorporated into the CDs, confirming these results has been difficult due
the complex nature of the decay routes of the triplets inside the CD cavity.
With today's sophisticated analysis programs, one may be able to
differentiate the various triplet decay components of the two enantiomers
allowing comparisons to be made.

The focus of the research carried out in the preliminary stages of this
thesis was to demonstrate chiral selectivity through monitoring the triplet
decay kinetics of chiral probes incorporated into chiral hosts. In Chapter 5,
sodium cholate micelles were chosen as a chiral micellar host
environment. Til& triplet lifetimes of the probes increased sigpiﬁcantly
when incorporated into this environment as expected from the déérease in

rate of intramolecular quenching. Although no difference in triplet
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lifetimes of the two enantiomers was observed (similar results were seen in
cyclodextrin solutions), a new absorption corresponding to solvated
electrons appeared which was unique to anionic micellar environments.
The photoionization process requires two photons and involves the
intermediacy of the triplet state, which is responsible for the absorption of
the second photon. A small equilibrium concentration of ketone resides in
the aqueous phase which reacts with the solvated electrons; it is this
concentration which determines the electron lifetime. It is conceivable that
if chiral selection was occurring in these micelles, that this would be
manifested in a lower concentration of ketone in the aqueous phase, thus
giving a longer solvated electron lifetime for this enantiomer. Although
preliminary experiments with the chiral ketones described in this thesis
were carried out with this intention, it became obvious that a larger
equilibrium difference would have to be established between the two
enantiomers before a difference in solvated electron lifetime”could)‘.;._be
observed.
B-phenyl ketones, such as the ones presented in this thesis are
extremely sensitive to changes in conformation. Most chiral biologicai
environments are selective through hydrogen bonding interactions which
stereochemically select one enantiomer over the other. In this regard, the
continuation of the experiments presented in this thesis with other chiral
substituted B-phenyl ketones could be potentially rewarding. Bulkier
hydrogen bonding substitution in the o- or B-positions may result in
conformational differences which may be detectable though LFP
fechniques. However, large equilibrium constants would have to be present
to make the system as heterogeneous as possible, thus exposing the

po;ential differences in observed lifetimes. Ketone VI (a chiral alcohol
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substituted in the a-position) was synthesized in both pure D and L forms
for this purpose. However, preliminary solution experiments using this
probe in cyclodextrin, cholate micelle and protein solutions did not reveal
any triplet lifetime differences for the two enantiomers. Studies in solid
state complexes were not carried due to its tendency for cleavage.

In Chapter 6, the analysis of protein conjugated a-terthienyl
complexes were investigated in order to characterize the triplet behavior of
a-T attached io a protein. Bovine serum albumin (BSA) was used as a
mode) for antibody conjugates that are being developed. The conjugated
triplets were much longer lived in the protein, and were partially protected
from reactions with quenchers such as oxygen. The goal of these
investigations was to evaluate o-T as a potential photosensitizer candidate
for antibody targeted photolysis. Some of the singlet oxygen generated in
the protein conjugates reacted geminately but a significant amount escaped
into the surrounding solution. This amount of singlet oxygen can be
controlled by the amount of conjugated sensitizer. In this respect, o-T is an
excellent choice as a conjugated photosensitizer, however, its hydrophobic
nature will likely rearrange the protein into a more stable, soluable form.
Although, in the case of BSA this is not a serious problem, for antibody
conjugates it may be. Other examples of photosensitizers used in antibody
targeted photolysis were more water soluble so that conjugation to the
antibody did not result in significant denaturation and loss of specificity.140
For this reason, the use of more water soluble derivatives of a-T would be a
prudent choice when preparing the antibody conjugates. In addition, the
:*:"'mej_:h‘od of chemical attachment to the protein may not be appropriate for
antiﬁodies. In particular, the synthetic method attaches the photosensitizer

onto the hydrophilic lysine amino acids, which participate in important
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hydrogen bonding usually associated with the antigen specific end of an
antibody. Conjugating the photosensitizer onto this area may result in a
loss of specificity. Although the analysis of antibody conjugates is beyond
the scope of this thesis, the next natural step in this project is the evaluation
of these conjugates. Due to the very small antibody concentrations
available, the experiments would entail working with extremely small

volumes of sample in specially designed quartz cells.
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(6)

Claims to Original Research

The importance of conformational properties in determining the
kinetics of intramolecular quenching in p-methoxy substituted P-
phenyl ketone mobility probes. Molecular modeling calculations
demonstrated that conformational preferences imposed by added

substituents determine the triplet lifetimes in these ketones.

B-aryl substitution in these ketones affects the redox properties of the
deactivating ring which resulted in a change in the kinetics for

intramolecular charge transfer. This provided convincing evidence

for a charge transfer interaction.

Establishing the importance of steric factors in the formation and
stability of cyclodextrin complexes with B-phenylpropiophenone
derivatives, thereby providing information on intracavity mobility

and inclusion geometries.

Establishing the role of substituents and crystal packing on the triplet
lifetimes of $-aryl ketones in the solid state using laser flash
photolysis diffuse reflectance techniques. The first example of chiral

recognition in a crystal by observing triplet lifetimes.

Aromatic ketones incorporating the benzoyl and p-methoxybenzoyl
moieties were shown to photoionize under conditions of pulsed laser
excitation in anionic micelles. The lifetimes of the resulting solvated

electrons are determined by small concentrations of aromatic ketone
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present in the aqueous phase thus providing an explanation for the
anomalous short solvated electron lifetimes reported in the

literature.

(6) The first investigation of a-terthienyl's (0-T) photosensitizing ability

1.

when conjugated to a protein through directly monitoring the
generated singlet oxygen in solution using laser flash photolysis

techniques. These experiments were used in evaluating o-T as a

viable photosensitizer for antibody targeted photolysis.
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Supplementary X-ray data for ketones I, IIS and VL.
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Space Group and Cell Dimensions Orthorhombic P cab
a 10.21983(72}) b 31.0812(90} < 8.0179(71)
Volume 2571.63(72}Aa**3
Empirical formula : 02 Clé H1é

Cell dimensions were obtained from 24 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.

Crystal dimensions : 0.20 X 0.20 X 0.20 mm

1]

FW = 240.30 2 8 F(000) = 1024.38

Deale 1.241Mg.m-3, mu 0.08mm-1, lambda 0.70930A, 2Theta(max} 49.9
The intensity data were collected on a Rigaku diffractometer,

using the theta/2theta scan mode.
The h,k,l ranges used during structure soluticn and refinement are :--

Hmin, max 0 12; Kmin,max 0 36; Lmin,max 0 9
No. of reflections measured 2262
No. of uniqgue reflecticns 2262

No. of reflections with Inet > 2.5sigma{lnet) 1178
Merging R-value on intensities 0.000
No correction was made for absorption

The last least squares cycle was calculated with

34 atoms, 140 parameters and 1178 ocut of 2262 reflections.
Weights based on counting-statistics were used.
The weight modifier K in KFo**2 is 0.000300

The residuals are as follows :--
For significant reflections, RF 0.154, Rw 0.201 GoF 8.57
For all reflections, RF 0.173, Rw 0.201.
where RF = Sum({Fo-F¢)/Sum({Fo)},
Rw Sqart [Sum({w (Fo-Fe)**2) /Sum({wFo**2)] and
GoF Sqgrt [Sum{w(Fo-Fc)**2)/{No. of reflns - No. of params.)]
The maximum shift/sigma ratio was 0.087.

1

In the last D-map, the deepest hole was -0.780e/A**3,
and the highest peak 0.820e/A**3,

Secondary ext. coeff. 14.153257 sigma 1.915764
The following references are relevant to the NRCVAX System.
1. Full System Reference
Gabe, E.J., Le Page, Y., Charland,.J.-P., Lee, F.L. and White, P.S.
(1989) J. Appl. Cryst., 22, 384-387.

2. Scattering Factors from Int. Tab. Vol. 4
International Tables for X-ray Crystallography, Vel. IV, {1%74)



Kynoch Pressz, Birmingham, England.

The following refersnces may also be relevant.

ORTEP Plotting
Johnson, C.K., (1976) ORTEP - A Fortran Thermal Ellipsoid Plot

Program, Technical Report ORNL-5138, 0Qak Ridge

Pluto Plotting :
&. Motherwell, University Chemical Laboratory, Cambridge, 1878

Missing Symmetry Treatment by MISSYM :
Le Page, Y., (1988) J. appl. Cryst., 21, 983-984.

Extinction Treatment

Larson, A.C., (1970} p.293, Crystallographic Computing, Munksgaard,

Copenhagen.
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Table of Atomic¢ Parameters x,y,2z and Biso.
£.5.Ds. refer to the last digit printed.

x N z Biso
02 0.9041(20) 0.3865(5) 0.187(3) 4.5( 9)
01 0.7668(22) 0.5805(5) 0.023(3}) 5.3(10)
c2 0.935 ( 3} 0.5977(8) 0.211(3) 3.8(11)
c1 0.848 ({ 3) 0.5665(7}) 0.111(4) 4.4(12)
C3 0.908 { 3) 0.6449(8) 0.178(4) 4.6(13}
Cle 1.000 { 4) 0.36841(8) 0.288(4) 5.1(14})
H2A 1.039 0.592 0.170 3.2
H2B 0.932 0.592 0.342 3.2
H3A 0.807 0.652 0.208 3.5
H3B 0.922 0.653 0.045 3.5
H5 0.812 0.704 0.380 3.9
H6 ¢.936 0.755% 0.571 2.4
H7 1.171 0.752 0.576 1.9
H8 1.303 0.703 0.389 3.4
H9 1,168 0.649 0.189 2.7
H1l 0.698 0.505 -0.021 3.1
Hlz2 0.731 0.423 0.019 2.7
H14 1.059 0.444 0.347 3.2
H1S 1,043 0.526 0.296 2.9
H16C 1.002 0.334 0.292 3.7
Hlea 1.100 0.279 0.246 3.7
H16B 0.9985 0.380 0.419 3.7
c4 0.983 { 3) 0.6746(7) 0.282(3) 3.4(10)
cS 0.920 { 3) 0.7038(8} 0.385(4) 4.3(12)
cé 0.988 ( 3) 0.7317(7) 0.490(3) 3.8(11)
c7 1.121 ( 3) 0.7303(7)-. 0.48B9(3) 3.7(11}
cs8 1.190 ( 3) 0.7023(9) 0.388(4} 5.1(14)
cs 1.118 { 3) 0.6734(7) 0.284(3) 3.7(11)
clo 0.868 { 3) 0.5191(6} 0.142(4} 3.8(11)
Cil 0.784 ( 3) 0.4915(8) 0.058(4) 4,5(13)
c12z 0.798 ( 3) 0.4472(7) 0.082(4) 4.6(13)
cl3 0.8965(23) 0.4308(6) 0.178({3} 3.2( 9)
Ccl4 0.982 ( 3) 0.4576(7) 0.262{(4) 4,.0(12)
cl5 0.967 { 2} 0.5036(7) 0.242(4) 3.7{11)

Biso is the Mean of the Principal Axes of the Thermal Ellipsoid



02
01
c2
C1
c3
clé
cq
CcS
cé
c7
ce
ca
Ccl0
Ccll
clz2
cl3
Cl4
C15

Table of u(i,j} or U values *100.
refer to the last digit printed

E.5.Ds.

ull(y)
L7{13)
.0(14)
.7(18)
.B(1B)
.5{21}
L4025}
L1(17)
.7(18)
L4(19)
L0119
.3(20)
.5(186)
.1(18)
.1{(18)
.3(19)
.6{13)
.8{18)
.1(18})

SN S S0 S 0N O oy )

P N " - = R VIR Sl SO SR UV R N

uzz

L&
L7( 8)
.4(12)
L7(10)
.81(12)
.9(12)
L9(10)
.0(12)
.B(10)
L9(10)
.3(15}
L.0(10})
L3008)
L4(13)
.7(10)
10 09)
L9(10}
J1008)

O ~da O30 -3 &b Jwoano - o -2

ull

.B(12)
.6(18)
.4(13)
L3020)
.3(18)
.0(18)
.7(13)
L6{19)
.2(13)
.1(13)
L7(21})
.8(16}
.2(186)
.B8(20)
.3(20)
.2{15)
.6{19)
LB{15)

ulz
-0.6( 8}
0.5( 9)
-0.21(12}
-0.3(11)
2.0(13)
0.4(15}
-0.6(11)
2.3(12)
-0.1(12)
-0.7(11}
-1.2(14}
0.1(11)
-1.4(11)
-1.0(12)
-0.2(11)
-1.1( 5)
0.4(11)
0.8(10)

-0
-3
-1
-2

-2

-0

-0

-0.
-1.
-2.

-0

-1.
-1.

ull

L5(11)
.8(13)
.5({13)
.0(17)
L7(17)
-4(18)
.9(12})
.0(15)
.7(14)
.6(13)
.2(18)
.8(14)
7(15)
6(16)
1(17)
L7(12)
3{(15)
4(14)

Anisotropic¢ Temperature Factors are of the form
Temp:-Z*Pi*Pi*(h*h*ull*astar*astar+---+2*h*k*u12*astar*bstar+---)

MNMOoORP P OOO

1o to
FOPRPRERNOOKHOO

uz2i

.3( 8)
.7(10)
.7(10)
L3(12)
L0(12)
.1(12)
L0( 9)
.6(13)
.8(10}
L1(10)
L0(15)
.4(11)
L7(10)
.1(13)
.5{(12)
.6(10)
L.6(12)
.2(10)
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Table of Atomic Bond Distances in Angstroms

02-Cl6
02-C13
0l-Cl
cz-cl
cz-cl
C2-HZ2A
C2-H2E
c1l-c10
C3~-H2ZA
CI-H2E
Ci-C4
Cl6-H16C
Cle-HleA
Cl6-HléR
H5-CS
H&6-C6
H7-C7
H8-C8

T e ot ol e i ol o

.39(4)
.380(24)
L18(2)
.55(4)
.52(2)
L13(2)
.066(25)
L51(3)
L09(3)
L10(2)
L47(4)
L077(25)
.14{4)
L11(3)
L12(3)
.11(3)
.090(25)
L17(2)

H9-C9

H11-C1l1l’

H12-C12
H14-C1l4
H15-C15
c4-C5
C4-C9
C5-C6
ce-C7
C7-C8B
C8-Cc9
Ccl0-Clil
c10-C15
Cl1l-Ccl2
clz2-cC13
Cl3-Cl4
C14-C15

1.126(24)
1.17(3)
1.13(3)
1.13(2)
1.14(3)
1.29(4)
1.39(4)
1.39(4)
1.
1
1
1
1
1
1
1
1

38(4)

.39(4)
.43(4)
.39(4)
.38(4)
L40(3)
.38(4)
.38 (3}
.45(3)
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Table of Atomic Bond Angles in Degrees

C16-02-C13
c1-c2-C3
C1-C2-H2A
C1-C2-H2B
C3-C2-H2A
C3-C2-H2B
H2A-C2-H2B
01-C1-C2
01-Cc1-C10
C2-C1-C10
C2-C3-H3A
C2-C3-H3B
€c2-Ca-c4
H3A-C3-H3B
H3A-C3-C4
H3B-C3-04
02-C16-H16C
02-C16-H162
02-C1l6-H16E

H16C~-C1l6-H16A
H16C-Cl6-H16B
H16A~Cl6-H16B

C3-C4-C5
C3-C4-CH
C5-Cc4-C5H
HS5-C5-C4
H5-C5-C6
C4-C5-C6
H6-C6-C5

118.2{20)
113.8(22)
107.5(21)
112.6(23)
106.2(22)
109.7(21)
106.6(22)
119.7(20)
123.9(24)
116.2(22)
109.4(25)
111.8(23)
114.0(24)
107 (3)
104.7(23)
109.2(24)
1153}
111.14{23)
112(3)
105(3}
107.4(23)
103 (3)
120(3)
121.4(22)
118.6(23)
116(3)
121(3)
122(3)
120(3)

H6-C6-C7
C5-~C6-C7
H7-C7-C6
H7-C7-C8B
C6-C7-C8
H8-C8-C7
H8-C8-CH
c7-C8-Co
H9~C9-C4
H9-C%-C8
C4-Cco-C8
Cl-Cclo-Cll
C1-C10-C15
C11-¢10-C15
H11-Cl11-C1l0
Hll-c11-C12
C10-C11-C12
Hi12-C12-Cl1
H12-C12-C13
C11-Cc12-C132
02-C13-C12
02-C13-C14
C12-C13-Cl4
H14-C14-C13
H14-C14-C15
C13-C14-C15
H15-C15-C10
H15-C15-C14
cl0-C15-C1l4

120.5{22}
118.6(23)
116.71(23)
121(3)

122.0(24)
119(3)

122(3)

118(3})

117.5(23)
121(3)

120.5(24)
115.6(24)
122.6(21)
121.7(21)
120.8(22)
120.5(24)
118(3}

121.5(25)
117.4(19)
121.1(24)
116.1(20)
122.5(21)
121.3(19)
120.9(19)
120.9(23)
118.1(23)
121.0(18)
119.4(22}
119.2(23)
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Torsion angles

c13
€13
cl6
c2
H2A
H2B
cl
H2A
HZA
H2B
01
‘ez
c2
H3A
H3B
c3
co
3
cs
HS
c4
H6
c5
H?
cé
H8
c7
cl
c15
cl
c11
H11
CL0
Hi2
c11
02
c12
H14
c13

o2
oz
o2
2
c2
c2
c2
c2
c2
c2
cl
cl
c3
c3
c3
c4
c4
c4
c4
c5
cs
cé
cé
c7
c?
cs8
c8
C1l0
Ccl0
Cl0
Cl0
Cli1
Cl1
c12
Ccl2
cl13
Cc13
C14
Cl4

Clé
Cle
Cl3
cl
cl
cl
c1
c3
c3
C3
Cc10
C1l0
c4
c4
c4
c5
C5
c9
ce
Ccé
ce
c7
c?
c8
c8
c9
c9
cl11
cll
1%
cl15
c12
c12
cl3
cl3
Cl4
C14
Cc15
C15

H1&C
H16B

Cl4
c10
cl0
c1lo0
H3iE
H3A
c4
H3B
cl1l
Ccil
cS
cS
c5
H5
H5
H8
HS
H6
H&
H?
H7
H&
H8
HS
HS
H1ll1
H11
H15%
H15
Hl2
Hl2
02
02
H14
H14
H15
H15

179

1

1
179
-1

-4

1
-179

-177
-2

-172

Sl
55.
.5
-178.
64.
-52.
-58.,
176,
~66.
173.
0.
176.
-121.
-1,
i1z,
-1,
-180.

5q

4
34
7
7
7
4
1{
4
5(
4(
8{
6(
6¢
0

.61
-9
L0
179.
3.
-177.
L1y
178.

5¢
ER
94

1{

.51
.1
-5.
177.
-5.
171.
4.
178.
0.

4
0
5{
9
0¢
6(
€1

.34
-6
176.

9.

B
1

-4

35)
19)
17)
32)
21)
19}
21)
40)
22)
41)
16)
33)
30)
12)
32)
12)
36)
12)
14)

o)
36)

1)
36)

2)
28)

1)
39)
12)
37)
12)
35)

2)
38)

9)
13)

9)
35)

3)
15)

cl2
cl6
Cc3
H2A
HZB
cl
c1
H2A
HZ2B
H2B
ol
c2
c2
H3A
H3B
c3
co
C3
cs
HS
c4
He
c5
H7
o]
HE
c7
cl
Cl5
C1
Ccll
H11l
Ccl0
H12
€11
o2
c12
H1l4
C1l3

o2
02
c2
cz2
c2
c2
c2
c2
c2
c2
cl
cl
Cc3
c3

C3

c4
c4
c4
c4
c5
C5
ceé
cé
c7
c7
c8
c8
c1l0
c1l0
Cl10
clo
cil
Cll
cl2
ci2
cl3
Cl3
Cl4
cl4

Ccl6
cl3
cl
c1
cl
c3
c3
c3
C3
c3
clo
Ccl0
c4
c4
c4
c5
Cc5
co
c9
o]
cé
c7
c7
ca
ce

~
-

co

Cll
cl1
C1l5
C15
clz
Cl2
ci3
€13
c14
Cl4
C15
Cis

H16A

clz
01
o1
ol
H3A
c4
H3B
H3A
c4
c1ls
c1lS
c9
co
co
ce
o]
c8
c8
c?
c7
c8
cs
c9
c9
c4
c4
c12
c1l2
c14
cl4
cl3
cl3
ci4
cl4
cl1s
c15
€10
c10

-59.9¢
-177.9¢
-2.1¢
-119.4(
123.6¢
58.7¢
175.6{
58.3{
-68.5{
48.4(
177.9¢(
-5.9(
56.9(
176.5(
-69.1¢
177.9¢
-0.5¢(
-179.2¢
-0.9¢
-179.6/{
0.9¢(
-178.6(
0.0¢
176.5¢
-1.3¢
=177.6(
1.8¢
180.0¢
2.4{
-178.4¢
-0.9¢
-178.2¢
~3.6(
-178.8¢
3.3(
178.9¢
-1.7¢
-177.9(
0.6{

19}
30}
16)
34)
38)
21}
33)
20)
23)
18)
37)
15)
20)
37
232)
33)
15)
33)
17)
37)
15)
36}
17)
38)
15)
38}
14)
34)
16)
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Page 6
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kFo Fec S5ig 1 kFo Fc Sig 1 kFe FPc Sig 1 kFo Fc Sig
3, 21, 1 0 241 242 8 8 43 31 26% 0 152 128 5
43 22 42* 1 82 102 8 9 10 33 196* 1 6 53 130*
3, 22, 1 2 201 49 10 4, 1, 1 2 333 402 6
564 649 5 2 118 125 7 1 353 418 5 3 6 80 148+
128 128 6 4 9 16 174* 2 108 168 5 4 7 25 130~
153 39 7 5 10 i5 171+ 3 42 87 24* s 8 12 148=*
153 44 6 3, 29, 1 4 7 126 209* 6 g8 128 S
37 11 19* 1 88 57 8 5 7 98 176* 7 145 93 7
194 149 9 2 33 43 45* 6 8 96 206* 8 40 21 26*
37 44 41 3 9 50 199~ 7 84 77 9 4, 7,1
38 32 32* 4 25 81 65* 8 ) 2 162~ 1 201 243 5
3, 23,1 5 i5 31 1= 4, 2,1 2 334 374 [
130 83 6 3, 30, 1 0 387 383 4 3 102 127 5
216 272 8 0 38 92 28+ 1 67 85 5 4 50 64 10*
63 65 10 1 38 50 g 2 71 119 6 5 39 31 21*
106 93 7 2 91 99 g8 3 46 559 91* 6 42 35 30*
9 33 233* 3 9 23 1le2* 4 7 315 467* 7 9 14 169*
10 76 173* 4 10 41 188* 5 46 8l 24* 8 25 8 T0*
102 79 10 5 10 1 177+ 6 8 137 240+* 4, 8,1
3, 24, 1 i, 31, 1 7 27 13 51* 0 72 40 5
395 451 6 1 82 64 9 8 20 17 53+ 1 145 143 6
129 85 6 2 39 20 40* 4, 3,1 2 119 98 6
226 89 8 2 49 11 32* 1 144 121 6 1103 146 5
167 1489 7 4 84 151 12 2 31 115 24* 4 7 41 155*
9 68 216* 3, 32,1 3 41 31 10* 5 37 24 15*
57 60 15+ 0 9 13  154* 4 7 212 287*% 6 101 101 7
97 54 9 1 101 84 8 5 7 96 207* 7 9 4 159*
3, 25, 1 2 10 17 1é4~* 6 1l 209 12 8 46 18 26%
153 120 6 k! 13 2 125% 7 125 134 7 4, 9,1
224 248 8 4 10 63 225 8 67 19 11 1 488 488 4
182 159 .8 3, 33,1 4, 4, 1 2 309 328 5
9 18 191* 1 78 20 11 0 294 288 4 3 107 132 5
96 74 10 2 38 19 30~ 1 271 365 5 4 7 32 1l40*
10 5 180* 3 40 45 42+ 2 201 333 g 5 60 23 10
3, 26, 1 3, 34,1 3 46 108 12* 6 28 24 47+
141 196 17 Q0 109 130 8 4 7 105 18s* 7 53 70 28*
118 27 & 1 61 64 13> 5 7 42 112* 8 174 113 7
201 a1 10 2 32 35 52* 6 46 54 30+ 4, 10, 1
158 153 7 3, 35, 1 7 185 175 9 0 6 30 128~
56 91 13* 1 29 38 58* 8 97 26 9 1 504 488 4
9 45 205* 2 10 65 177+ 4, 5, 1 2 202 227 6
90 35 10 4, 0, 1 1150 206 6 3 88 107 6
3, 27, 1 0 41 68 7 2 152 180 & 4 7 6. 133*
67 52 10 1 827 830 4 3 20 85 49+ 5 45 127 . 13~
218 230 9 2 250 280 6 4 7 61 1409* 6 25 21 53+
9 15 200* 3 254 524 9 5 8 44 153+ 7 146 134 7
1] 77 28~ 4 271 543 13 6 40 71 25* 8 10 51 194+
10. 26 172* 5 7 106 239* 7 150 a5 7 4, 11, 1
25 14 76" 6 8 21 369* 8 9 48 187~ 1 78 39 S
3, 28, 1 7 ] 0 160% 4, 6, 1 2 68 66 6
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2, 1
63 8
126 7
9 1e65*
15 156*
8 163*
32 185*
3, 1
20 33*
108 8
45 170~
30 162*
16 3g+
4, 1
44 10
124 10
131 8
37 38+
8 46*
25 173+
5, 1
35 28+
126 8
30 27~
20 16>
22 171~
6, 1
50 15*
67 6
18 78*
1 152+
9 168*
25 26*
7,1
10 29~
41 B6*
48 10
22 31+
&6 120*
8, 1
20 68*
21 44*
66 40+

*

for Insignificant

1

3
4
5
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N

kFo Fe
47 44
35 18
46 10
10, 9, 1
48 41
151 112
98 66
52 49
10, 10, 1
80 38
44 29
62 63
55 34
87 62
1¢, 11, 1
9 17

9 17
119 90
10 11
10, 12, 1
176 92
9 0

9 19

48 50
10 13
10, 13, 1
40 4
16 14
10 27
91 53
10, 14, 1
9 18

39 17
32 16
10 8
10 36
10, 15, 1
59 38
10 32
37 13
10, 16, 1
103 80
10 59
10 26
10 12
i0, 17, 1
10 14
94 55
10 19
10, 18, 1

8ig
31+
45%
a7~

15*
7
9

18*

31~
13*
31*
11

154+
l149*

187+

158*
157+

35*
173~

36*

67*
165*

11

158*
19+
46*

162*

223*

13*

161+
30%

170*
155+
172+
117*

167+

= WO

NP O

(=

=

Bt B =

B oW O W N

| ol WwN o [T

8]

o

kFo
10
10
10
10,
10
133
10,
18
25
10
14,
61
11,
123
10
i0
61
11,
263
a5
i2
10
29
11,

36
55
10
11,
211
211
47
78
44
11,
110
138
136
11,
196
37
28
52
11,
72
10
10
11,
76
10

Pagel3

Fc

38

38

18
19, 1
5

6l
20, 1
9

11

82
21, 1

146

105
99
43
35
15

56
68
69
6, 1
121

Sig

167*
163%
193>

176>

93+
67*
263*

14>

185~
175*
14+

10
141*
177+

59=

183*
22*
30+

174*

10
35+
12
41~

~1 @

43+
41+
32>

i1
i66*
167+

11
lg9*
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Columns are
kFo

11,
49
10

11,
10
10
41

11,
55
46
26
84

11,

Fe

8, 1
9

is

9, 1
40

26

14
106, 1
45

17

24

38
i1, 1

10Fo

Sig

16*
182

174>
167*
20*

29*
17*
64~
10

o w D

—

[y

10Fc

kFo
87
10
10

11,
41
10
10

11,
47
55

i1, 14,
79

12,

13,

108ig,
Fe 8Sig
50 10
8 169*
0 170~
1
42 23
19 172~
2 179*
1
9 24*
8 30%
1
56 11

* for Insignificant
Fe

1

1
2

[

KkFo
16
10

11,
54
i1,
49
12,
31
96
12,
48
12,

15,

16,

<

[

38}

1
1

LV

=3
[y RS AT N N e

jo

5
S

Sig

103~

171~
16*
32~

57+
9

37

- o

o

(=]

kFo
179
60
12,
175
12,
236
40
12,
126
12,
157
25

Pageld

5,

6,

1
41
1
58

176

Sig

15*

10
45+

73
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Space Group and Ccell Dimensions orthorhombic P 212121
s 8.028(3) b 31.240(14) c 5.681(4)
volume 1424.7{12 JARe2
Empirical formula : 02 €17 H1B
Cell dimensions wete cbtained from 24 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.
Crystal dimensions : 0.20 X 0.05 X 0.20 mm
FH = 254.33 Z = 4 F{000) = 544,20
Deale 1.186Mg.m-3, ®U 0.06mm-1, lambda 0.70930A, 2Theta(max) 47.0

The intensity data were collected on a Rigaku diffractometer,
using the theta/2theta scan mode.

The h,k,l ranges are == 0 9, 0 35, 0 6
No. of reflections measured 4495
No. of unique reflections 2116

No. of reflections with Inet > 2.5sigma(Inet) 1262
No correction was made for absorption

The last least squares cycle was caleculated with
37 atoms, 149 parameters and 1260 out of 2116 reflections.
Weights based on counting-statistics were used.

The residuals are as follows :--
ror significant reflections, RF 0.120, Rw 0.086 GoF 9.44
ror all reflections, PT 0.169, Rw 0.086.
where RF = Sum(Fo-Fc}/Bumn{fo),
Rw = Sqrt[Sun(w(ro-rc)**z)/Sun(vrot*Z)] and
Gol = SqrtlSul(w(ro-rc)t*Z}/(No. of refins - No. of params.)]
The maximum shift/sigma ratio was 0.050.

In the last D-map, the deepest hole was =0.270e/A%*3,
and the highest peak 0.300e/A*+3,

Secondary ext. coeff. = 1.634664 sigma = 0.191026
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EXPERIMENTAL

1. Data Collection

A plate crystal of 02Cl7H1E having approximate dimensions of .2,.05,.2

was mounted on & glass capillary. All the measurementg were made on 2 Rigaku
diffractometer with Mo Ralpha radiation.

Cell constants and an orientation matrix for data collection, were
obtained from least-sguares refinement using the setting angles of 25
reflections in the range 25¢2theta<3’5 corresponded to a orthorombic cell
with dimensions:

a = B8.02B83(26)
b = 31.2398(143)
c = 5.6805(35)

For 2= 4 and FWs 254.33 , the calculated density is 1.186g/cm3, Based on the
systematic absences, the space group was detetrmined to be P 21 21 21.

The data was collected at a temperature of -100 degrees ucing the omega-
2theta scan technigue to a maximum 2theta value of 47.

2. Data reduction

A total of 4495 reflections was measured, Th unique set contains only 2216
reflections. The standards were measured after every 150 reflections. No
cry:tnl decay was noticed. The data were collected for Lorentz and polarisation
effects (1).

3. Solution and refinement:

The structure was solved by direct methods. All the atoms were refined
anisotropically except the hydrogen. The hydrogen atoms were calculated. The phe
nyls were refined as rigid groups. Because of the sp
refinement was based on 1260 observed reflections (1>2.5 sigma(I)) and 149
variable parameters. Weights based on counting statistics were used. The
maximux and minimum peaks on the final differences Fourier map corresponded to
-.270 and .300 e/a3, respectively.

All the calculations were performed using the NRCVAX crystallographic
software package (2).
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EXPERIMENTAL DETAILS

Empirical formula
Formula weight

Crystal shape

Crystal diﬁensions (mm)
Crystal systenm

No. Reflection used for unit
cell dimension (2theta range)

" Lattice parameters

Space group

Z value

pealec (g.cm-3)
F(000)

ny (mm-1)

o of reflection measured
No of reflection unigue
No of reflection observed
No of atoms

No of variables

Rf (sign refl)
Rw (sign refl)
Rf (all refl)
Rw {(all refl)
Goodness of fit

Last difference fourier map
max peak
min peak

02C17E18
254,33
piate
.2,.05,.2
orthorombic

25
25-35

a=§,0283
be31,2398
ce5,6805

P21 21 21
4

1.186
544.20

.06

4495
2116
1260
3N
149

.12

-086
.169
.086
9.44

.300
-.210
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0l
o2
cl
c8
c9
clo
ci7
H3
H4
Hé
H7
HBC
HBA
HaB
HOA

Clé

Biso is the Mean of the Principa

Table of At
E.5.Ds., refer

0.0481(
=0.0519(
=-0.1203(
-0.0887(

0.0113¢

0.079%1

0.0672(
-0.0499(
=-0.1933{
-0.2197{
-0.1026(12)

0.0408(10)

oewdJeVEeDWwD
N il

omic Parameters X,y,z and Biso.
to the last digit printed.

y z Biso
0.59424(24) 0.9800(14)  7.8(4)
0.41104(21) 1.268B6(15) 7.7(4)
0.5762 ( 3) 1.1705(1B) 5.6{(4)
0.3880 { 3) 1.4833(24) B8.4(7}
0.5970 ( 4) 1.3696{21) 6.8(5)
0.6456 ( 4) 1.3354(24) 7.3(6)
0.6618 ( 3) 1.536 ( 3) B.2(T)
0.533 0.864 6.9
0.461 0.910 6.8
0.449 1.587 6.4
0.522 1.540 7.2
0.357 1.471 9.0
0.381 1.5831 9.0
0.406 1.629 9.0
0.595 1.531 7.0
0.582 1.411 7.0
0.651 1.167 7.8
0.648 1.661 7.8
0.692 1.650 8.4
0.741 1.315 7.6
0.746 0.992 10.5
0.702 1.003 8.1
0.695 1.518 8.4
0.657 1.703 8.4
0.643 1.540 8.4
0.53191(17) 1.2004(12) 5.3(4)
0.51466{22) 1.0234(10) 6.4(5)
0.47390(23) 1.0504(11) 6.9(5)
0.45040(17) 1.2544(14) 6.6(5)
0.46765(19) 1.4314(30) 6.2{3)
0.50841(21) 1.4044(11) 6.4(5)
0.67169(23) 1.3308(14) 6.6(6)
0.66904(24) 1.5116(12) 8.2(7)
0.6942 { 3) 1.5040(14) B.6(7)
0.72201(22) 1.3156(17) 7.4(6}
0.72466(22) 1.1347(14) 9.4(8)
0.6995 ( 3) 1.1423(12) 7.8(6)

(
1 Axes of the Thermal Ellipsoid
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u3d

*100.
he last digit printed
ull

ui2

) or U values

refer to t

Table of u(i,j

E.S5.D5.
ull(v)
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table of Bond Distances in Angstroms

0l-Cl
02-CB
02-C5
cl-c9
cl-c2
C8~HAC
C8-HBA
C8-HBB
Cc9-Cle
C9~-HIA
CS=-H9B
Cl0-Cl7
Cl10-E10
cl0-Cll
Cl7=H17C
C17-H17A
Cl7-H17B
H3-C3
H4-C4

1.223(13)
1.418(15}
1.370(
1.464
1.487
1.097
1,096
1.092
1,553
1.108
1.101
1,555
1.116
1.529
1.078
1.091
1.084
1.094
1.087

Py T i s
—_— OB RNNOOHOW LN —
P L L L e

. S e P g, S S e e e

H6-CE
H7-C7
H12-Cl2
H13-Cl3
H14-C14
H15=-Cl15
H16-Cl16
C2-C3
c2-C7
c3-C4
C4-C5
C5-C6
c6=-C7
€1i-Cl2
Cl1l-Cl6
ci2-Cl3
cl3-Cl14
€i4-Cl5
€15-Clé

R B O 1 D 2w v ) )t o s e St S ot e St
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Table of Bond Angles in Degrees

CB-02-C5 119.2(8) H3-Cc3-C4d 120.41(6)
01-C1-C% 121.1{10) c2-c3-C4 120.0(6)
0l1-Cli-C2 120.1(9) H4-C4~-C3 119.0(6}
c9-Cl-C2 118.8(8} H4-C4-C5 121.0(6)
02-CB-HBC 111.7(11) C3-C4-C5 120.0(6)
02-C8~-HBA 110.5(11) 02=-C5-C4 116.2(7)
02-C8-HEB 112.2(8) 02-C5-C6 123.8(7)
EBC-CB-HEA 107.1(9) C4-C5-C6 120.0(5)
HBC-CB-HBB 107.4(11) H6-C6-C5 119.6(6)
HBA-CE-HBB 107.4(12) HE6=C6=-CT 120.4(6)
Cl-CH5-C10 114.5(9) C5-C6-C? 120.0(6)
Cl-C9%=-HIA 111.1{10) H7=C7=-C2 119.7(6)
Cl-C9-H9B 111.4(9) H7-C7-Cé 120.,3(6)
€10-C9=H9A 105.5(9%) ¢2-C7~C6 120.0(6)
Ci0-C5-HSB 107.8(10) €10~C11-C12 121.7(8)
H9A-CH-RHSB 106.0(9) €10-C11-C16 118.3(7)
€9-C10~-Cl7 109.1(10) Cl12-C11-C16 120.0{6)
€$-C10-H10 109.4(10) H12=-C12-£11 119.7(7)
€9-Cl0~-Cl11 112.1(8) H12-C12-C13 120.3(7)
€17-Ci0-H10 106.9(9) Cll-Cl12~C13 120.0(7)
C17=-Cl0=-C11  110.1(9) H13-C13-C12 118.6(7)
H10-C10-Cl1 109.0(9) H13-C13-C14 121.4(7)
€10-C17-H17C 111.8{11) C12-C13-C14 120.0(7)
€10-C17-E17A 107.8(S) B14-Cl4-C13 117.7(8)
€10-C17-H178 110.2(10) H14-C14-C15 122.3(8)
H17€=-C17-H17A 109.0{11) Cl13-Cl4-C15 120.0(6)
H17C-C17=-H17B 109.6(9) H15-C15-C14 118.1(8)
H17A-C17-H17B 108.3(11) H15-C15-C16 121.9(8)
Cl-C2-C3 118.5(6) €14-C15-c16 120.0{(7)
Cl-C2-C7 121.5(7) H16~C1l6-C1ll 120.7(7)
€3-C2-C7 120.0(5) H16-C16-C15 119.3(7)
H3-C3-C2 119.6(6) €11-C16-C15 120.0(7)



1 Torsion angles

c5
cS
ce
ol
c2
c2
ol
€9
€l
HI9A
H9A
H9B
c9
c9
H10
Cli
Cl1
c9
€17
H10
cl
c?
Cl
c3
H3
c2
L
c3
02
4
H6
cs
clo
Clé6
C10
cl2
HiZ
cll1
H13
cl2
H14
€13
His
Cl4

02
02
o2
cl
€l
Cl
c1
1+ ]
c9
c9
C9
c9
clo0
clo
Clo0
clo
Cl0
Cl0
cl0
Cc10
c2
c2
€2

03"
c3
c4
c4d
cs
ch
6
cé
c11
cil
cll
11
=12
212
213
c13

- Cl4

Cl4
C15
€15

ﬁit

od
c8
cs5
c9
c9
c9
c2
c2
Clo
€10
cl0
Ccl0
17
cl7
Cl7
cl7
cl?
cll
Ccll
cll
c3
c3
c?
c?
Cd
Cc4
c5
Cs
C6
cé
c7
c?
cl2
Ci2
Clé6
€16
€13
Cla
Ci4
cl4
€15
cl5
€16
Clé

HEC
HOB

H9A
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1

1

cable . Digtances(A) to the least-squares planes.
Piane no. 1
Equation of the plane :- 6.492(14)X + 12.51(B)Y + 2.447(15)2 = 9.28(4)

Distances(A) to the plane from the atoms in the plane.

c2 0.000(8) c3 0.000(9}

c4 0.000(9) cs 0.000(9)

cé 0.000(8) c? 0.000(8)
Chi squared for this plane 0.000

Plane no. 2
Equation of the plane : 3.830(25)X + 22.69{B)Y + 2.812(17)2 = 15.24(4)

pigstances(A} to the plane from the atoms in the plane.

cll 0.000(10) cl2 0.000(%)

cl3 0.000(10) Cl4 0.000(12)

€15 0.000(11) clé 0.000(10)
chi squared for this plane 0.000

Dihedral angle between planes A and B
A B Angle(deg)
1 2 83.2(3)
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BIVOET -- Best Measurable Bijvoet Differences

This routine selects reflections fo
MOST significant, i.e. (Fc+ -~ Fc-

1f Fo- is available {(Fc+ - Fe-

Pefore running the routine Structure Factors mus

{1) A refined structure

¢ which the Bijvoet difference is

y/Sigma(Fo) is largest.
} is compared to (Fo+ - Fo-).
t be calcul

(2) The dispersion flag "Yes" for all atems

{3) An ETA parameter of 1.0.
I1f thisz has not been done, ab

h k 1 o+

1 1 2 1 35.428

2 2 5 1 35.330

3 2 1 1 29.991

4 1 5 2 29.998

5 1 7 1 24.683

6 1 2 2 9.470
7 2 6 1 25.956

8 2 7 1 28.106

9 1 4 1 25.826
10 1 1 1 24.758
11 1 1 2 11.392
12 1 6 1 44.885
13 2 4 1 67.402
14 1 8 1 23.194
15 2 2 1 34.933
16 1 10 2 20.317
17 2 11 1 27.459
18 2 12 1 19.606
19 3 4 2 22.720
20 1 15 1l 6.575
21 1 5 1 4.317
22 1 4 2 10.037
23 1 11 1 7.111
24 3 8 2 15.587
25 3 2 i 21.112
26 1 11 2 12.381
27 2 8 1 30.582
28 2 6 2 12.888
29 1 17 2 6.486
30 2 8 2 13.378
31 3 11 2 9.959
32 3 2 2 4.479
33 2 14 1l 6.975
kY| 1 3 1 79.104
35 2 10 1 17.894
36 1 8 3 12.076
37 1 7 3 13.087
38 3 12 1 16.387
39 4 13 2 5.305
40 5 1l 1 17.616
41 4 7 1 28.105
42 2 12 2 13.206
43 1 8 2 22.268
44 3 18 1 12.574
45 3 14 1 11.373
46 3 10 1 14.923
47 3 1 2 10.621

ated with

ort the run by regquesting 0 reflections.

Del/Sig TFo+

A A

AAMAANAN Fal

~A

v v A A '

v

v

vVVvVVvvY v v v v

v

vVvv

Feo-
35.445
35.348
29.973
30.017
24.869

9.490
25.969
28.119
25.837
24,770
11.374
44.894
67.393
23,204
34.929
20.306
27.449
19.595
22.709

6.562

4.327
10.025

7.100
15.599
21.120
12.370
30.589
12.878

6.496
13.369

9.948

4.489

6.966
79.100
17.900
12.067
13.079
16.380

5.296
17.609
28.099
13.214
22.263
12.584
11.364
14.916
10.615

-0.142
=0.136
0.129
-0 -125
0.116
=0,106
=0.093
-0.081
-0.090
-0.090
0.090
=0.082
0.074
0.068
0.060
0.059
0.058
0.055
0.055
=0.052
0.052
0.051
-00 050
=-0.047
0.047
=0.047
0.044
=0,042
0.040
0.039
=0.038
0.038
0.037
=0.036
0.036
0.036
0.033
0.033
0.033
0.032
=0,031
0.031
0.031
0.031
0.031

31.326
33.996
28.540
31.189
24.123

8.953
26.046
28.436
24,929
21,395

7.251
44.300
64.754
22.165
34.710
21.048
27.944
19.811
24.365

7.326

3.9690
10.176

6.629
14.912
21.640
12.794
30.036
13.706

6.393
14.808
11.401

3.548

6.380
72.541
16,751
14.806
15.082
17.047

5.876
18.511
28.655
14.687
25.035
12.060
11.438
14.870

5,281

VY VY VVVVVVVVVVVVVVYVVYVY VYV

vVVVVYVY vvv

VVVVVY

Fo-
30.104
32.974
28.460
26.228
22.664

6.820
24.815
27.378
23.784
19.724

5.799
42.181
62.372
21.620
33.305
19.848
27.318
19.544
23,267

9.245

3.375

7.022

5.81¢
14.705
20.873
10.412
28.899
10.710

6.524
12.658

9.7217

3.740

6.481
69.711
16.120
12.514
12.437
16.512

5.130
19.046
28.290
13.416
23.485
10.871
11.068
14.152
10.113

]
3 ——

+++ 4+ 4 +4+ 4+ 4+ 4+ + ¥ +++ 4+ 4+ 4

+

191



- = [y
wie
PN aRalal
VoV

ML AN INDOTW-INDE
~

feyeyw
=
AAAA A AAA
VvV v v

A
v

vVVvVVvYv

A
v

AAAA AA .Y

HWPQNNFWHHHNNHNHNWWPHFNUHNNHNHwaNNHNWHﬂPHNNNFNMHHNPHNMNNMHH
M A A AN A

&I-'HHFPMNPWHHNHNN&UHU‘HNWW&NNNPU\NHNHH&HAUG\UN#NPU‘!MGLwull-'wl-‘m.—'w-bl-l-b

-0.030
0.029
0.029
0.028

~0.028

~-0.028

-0.027

-0.027
0.027

-0.027
0.027
0.027

-0.026
0.026
0.025
0.025
0.025

-0.028

=-0.024

-0.024
0.024

=-0.024
0.023

~0.023
~-0.023

-0.023

=-0.023
0.023

-0.022
0.021
0.021
0.021
0.021
0.021

-0.021
0.020

-0.020
0.020

=0.020
0.020

-0.020

=0.020
0.019

=0.018

-0-010
0.018
0.018

=0.018
0.018

=0.018
=0.018
0.018
=-0.017
0.017

-0.017
0.017

=0.017
0.017

13.836
18.698
7.496
8.761
7.403
14.549
B.916
27.771
19.534
3.905
32.218
13.115
6.133
13.783
7.711
11.112
23.244
6.683
3.39
32.879
8.714
29.160
5.841
14.349
8.679
5.549
6.556
10.252
5.892
6.656
6.224
5.416
7.511
8.432
9.335
2.844
5.186
19.554
6.913
21.184
5,532
6.643
5.209
3.735
14.228
8.496
8.583
4.516
8.158
21.833
6.753
5.627
16.407
13.644
7.763
5.188
7.878
4.967
5.753
5.820

nA
v v vV

VVVVY VvVVVYVY v

v v

AAA AAN
v v VY VY v v vVvvYvy

A4

v vwv

14.169
20.007
7.473
7.031
5.564
12,285
9.160
27.284
19.394
4.515
31.740
13.365
7.546
12.128
7.580
9.461
22.351
5.882
4.154
32.064
5.259
28.674
4.796
10.749
8.611
4.044
4.976
11.342
6.796
6.829
5.724
7.646
8.749
B.494
6.827
0.384
5.037
19.163
7.564
21.913
£.025
6.116
6.089
3.718
13.717
7.224
5.123
4.436
8.786
21.227
6.459
5.708
12.309
14.730
7.431
4.547
6.929
7.565
6.515
5.567
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110
111
112
113
114
115
116
117
118
115
120
121
122
123
124
125
126
127
128
129
130
13l
132
133
134
135
136
137
138
138
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
159
158
159
160
161
162
163
164
165
"166
167
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2.959
4.298
7.484
7.756
12.322
5.730
5.045
5.221
18.803
5.598
5.295
6.107
13.399
6.209
4.557
26.023
10.397
25.007
19.181
5.940
15.176
7.437
17.243
12.893
16.341
3.76%9
7.473
11.619
7.888
7.157
5.652
3.084
4.227
9.283
5.178
8.206
3.613
3.058
10.000
11.479
5.918
10.165
3.885
7.775
9.128
5.545
15.322
7.199
5.476
19.316
7.457
7.326
32.065
7.236
11.736
19.600
6.345
5.145
5.933
12.506
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168 5 11 1 2.406 > 2.400 0.011 3.320 >
169 3 1 3 8.833 « 8.836 -0.011 6.475 <
170 6 10 2 8,758 > 9.755 0.011 9.654 >
171 6 4 2 2.523 > 2.517 0.011 3.102 <
172 4 6 1 17.795 ¢ 17.797 -0.011 18.560 <
173 3 7 4 4.191 < 4.195 -0.011 5.446 >
174 4 24 2 6.679 > 6.675 0.011 6€.586 >
175 3 15 2 5.393 < 5.396 =0.011 4.821 >
176 2 21 2 4.980 < 4.994 =-0.011 5.763 «
177 2 10 2 5.7 > 5.712 0.011 5.843 >
178 4 15 3 95.170 ¢ 9.173 -0.011 10.316 >
179 i 5 5 3,271 > 3.267 0.011 5.706 >
180 4 8 2 10.389 > 10.386 0.010 9.854 >
181 1 14 2 7.600 > 7.596 0.010 4.926 <
182 3 16 1 8.693 > 8.690 0.010 8.891 >
183 6 14 1 6.420 < 6.423 =0.010 7.014 >
184 5 8 2 4.550 < 4.553 =0.010 4.689 >
185 4 18 2 9.041 < 9.044 ~-0.010 7.728 >
186 4 5 3 6.385 ¢ 6.388 -0.009 6.605 >
187 3 24 1 4.942 > 4.936 0.009 3.914 <
188 4 10 2 5.879 > 5.877 0.009 6.050 >
189 3 P 4 13.146 < 13.149 -~0.009 9.866 <
190 1 26 2 10.446 > 10.443 0.009 9.116 >
191 1 6 3 18.058 > 18.056 0.009 20.206 >
152 4 2 2  9.161 > 9.158 0.009 9.785 >
193 4 19 2 B.852 > 8.850 0.009 B.867 >
194 2 13 3 8.557 ¢ 8.560 -0.00% 7.986 >
195 6 2 1 11.106 < 11.108 =-0.009 12.122 >
196 4 9 2 15.731 ¢ 15.733 -0.009 16.138 >
197 4 2 3 6.796 < 6.798 -0.009 6.346 >
i98 3 2 3 5.796 > 5.793 0.008 65.693 <
199 2 28 1 3.784 > 3,781 0.008 6.149 <
200 5 10 1 9.184 < 9.187 -0.008 8.910 <

Out of 200 TOTAL measurements, (Fo+ - Fo-) has the SAME sign as (Fc+ ~ Fc-)

in 103 cases and the OPPOSITE sign in 97 cases.

Cumulative Binomial Distribution

The Absolute Structure of the Model is CONFIRMED
Based on 200 Measurements, 103 of which Bupport the Model
The Probability that the Above Statement is WRONG is 0.3619E+00

2.069
6.728
9.650
3.185
18.847
4.339
6.226
4.699
6.227
5.423
6.051
8.450
8.9684
8.721
8.351
7.005
4.688
7.669
6.116
5.725
5.848
9.869
8.652
16.847
8.789
7.444
7.254
11.774
15.417
6.198
7.092
6.233
9.254
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Columns are

kFro
0,
276
91
49
0.
223
154

Fc
0, 1
351
87
46
1, 1
209
128
54
2. 1
336
96
43
951
137
3, 1
424
10
96
105
105

10F0
Sig

216
274
507

82
148
239

74
17
166
222
304

73
2085
213
238
289
400

205

7
137
159
223
501

80
109
171
202
269

90
103
111
279
310

86
127
156
203
248
345

112
110
131
150

MAaWN AN UTWNE MAaNKHO tawhE uvtawheEo W= wr—o WhS - B

10Fc 1000Sig,
kFo Fe¢ BSig
a2 3 358
o, 9,1
94 69 138
92 111 173
79 69 186
0, 10, 1
465 457 114
227 218 132
290 265 130
134 105 172
39 22 411
0, 11, 1
3B7 360 118
107 94 191
44 44 255
57 33 237
U, 12. 1
262 267 140
258 136 178
74 60 220
46 45 197
42 9 278
il 4 545
0, 13; 1
40 68 511
125 68 219
82 75 173
54 31 2N
58 45 246
0, 14, 1
21 215 169
146 132 185
199 205 175
87 70 193
52 29 279
0. 15' 1
34 40 581
159 120 215
26 8 470
33 25 49%5
0, 16, 1
578 614 158
69 84 155
7% 29 295
45 27 293
29 28 488
0, 17, 1
48 33 209
67 79 1M
37 45 401
k13 6 590
0, 18, 1

+ for Insignificant

1

0
1
5
2
5
1
2
3
0
2
3
2
3
3
2
4
1
3
4
|
0
3
3
1
1
1
2
3
4
0
1
2
3
4
s
6

kFo Fc
72 114
68 91
39 25
0, 19, 1
17 8l
39 15
0, 20, 1
56 84
0, 21, 1
66 80
41 28
0, 22, 1
76 60
87 136
89 106
0, 23, 1
66 66
B9 99
0, 24, 1
94 90
0, 25, 1
61 5
58 64
0, 26' 1
72 92
80 78
36 26
0, 27, 1
a3 27
0, 28, 1
35 44
49 42
0, 29, 1
41 47
0, 30, 1
34 36
0, 32,1
5 5
1. o, 1
911 1203
107 134
46 44
€9 83
1, 1,1
91 95
214 248
73 114
55 50
102 107
84 73
42 23
1| 2‘ 1

Big
241
196
562

167
465

314

268
348

220
242
213

347
290

251

268
270

192
220
653

533

466
329

480
591
284

140
248
253
286

101
137
205
291
269
368
589

AWNKHO RWwNFO ANEWNED NMawEHO GULWNHEHO AMLWNKFO it OF

kFo
480
313
90
104
79
79
69

181
725

Sig

120
le2
220
280
398
38l

88
108
214
235
287
345
595

79
119
220
243
249
342
662

89
190
150
247
245
336
455

98
109
222
206
233
333
505

95
126
156
236
635
605

115
133
159
232
484

195
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Columns are

kFo c
1, 8,1
69 47
i, 9§, 1
374 381
218 229
59 65
83 65
60 38
48 28
1, 10, 1
158 147
83 B89
210 203
82 17
65 -3
42 34
i, 11,1
240 248
66 71
128 124
151 144
59 54
as 23
36 11
1, 12,1
175 200
50 68
S50 79
-1 71
56 39
45 3B
1, 13, 1
210 232
187 18%
215 188
89 85
1, 14, 1
271 291
86 123
49 76
S8 51
52 40
1, 15, 1
45 as
"3 66
93 100
S8 44
61 57
1, 16, 1
172 177
183 159
59 40

10Fc
Sig

385

116
137
203
272
331
582

157
234
179
349
270
581

158
219
244
259
295
677
723

233
419
528
280
288
3%l

221
204
201
256

212
422
398
264
414

739
243
286
250
209

201
215
261

1
5
0
1
p
3
5
0
1
2
3
4
0
1
2
3
4
0
1
2
3
0
1
2
3
0
1
2
3
0
1
2
3
0
1
2
3
0
1
2
3
1
2

10Fc 1000Sig,

kFo Fe
42 19
1, 17,1
154 133
212 191
64 65
54 il
45 36
1, 18, 1
154 130
128 52
66 25
66 61
39 24
1, 19, 1
75 54
195 199
77 64
62 55
38 28
1, 20,1
B2 64
142 131
54 49
64 62
1, 21,1
? a5
86 17
78 76
78 56
1, 22,1
47 37
56 59
96 105
76 78
1, 23,1
46 45
61 48
101 116
S0_ .25
1, 24, 1
M 69
64 50
133 145
72 56
1, 25, 1
63
63 52
99 T1
78 12
1, 26,1
44 3l
91 104

Sig
597

227
212
231
346
458

226
288
368
278
462

258
226
242
318
481

224
238
436
302

282
370
316
434

384
274
311
286

£140
250
344
526

240
277
351
404

367
as2
553
316

499
338

+ for Insignificant

1

3
1
2
3
3
0
1
0
0
1
0
1
2
3
5
0
1
2
3
4
5
0
1
2
3
4
0
1
2
4
0
1
2
3
4
0
1
2
3
4

kFo
81

1,
23
78
62

Fe
27

27, 1

39
51
51

1, 28, 1

46

44

1, 29, 1

72
41

80
42

1, 30,1

67

27

Sig
560

526
408
373

604

287
614

ELBY
357
474

147
147
232
310
417

112
136
231
278
348
3el

98
131
212
298
427

97
167
212
303

. 103

124
216
240
304

108
132
198
306
306

MWwWN=O o W =D maAWNKHO PN Ny =] Fog iy LY g~ BN O WO MW= O =

2, 14, 1

214

134
111
39

123

Sig
387

112
138
227
271
308

127
137
171
264
290
586

169
141
218
270

137
203
219
230
568

220
183
225
286
488

163
160
192
247
253
402

279
185
232
268

164
297

191
226
249
327
539

196
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Columns are 10Fo 10Fc 1000Sig, * for Insignificant

kFo Fc Si 1 kFo Fc Sig 1 kFo Fc Sig 1 kro Fe Sig
2, 15, 1 g 2, 25, 1 1 329 320 147 3 75 74 290
45 48 267 0 €5 82 327 2 244 227 201 4 83 69 309
114 115 258 1 71 75 321 3 63 7% 308 3, 15, 1
k] 24 559 2 81 77 322 4 68 75 310 0 44 45 271
2, 16, 1 3 54 34 480 3, 5,1 1 151 142 243
54 60 209 2, 26, 1 0 87 70 234 é 48 54 292
34 51 457 0 46 8 485 1 278 277 156 3 77 77 424
103 124 273 1 69 74 324 2 196 195 220 4 45 40 452
32 32 550 2 62 54 355 3 52 60 283 3, 16, 1
40 53 758 3 38 35 728 4 83 78 303 1 B9 87 248
41 34 680 2, 27, 1 3, 6,1 2 57 61 268
2, 17, 1 1 56 28 434 0 -53 84 185 3 864 102 370
67 €7 325 2 51 44 390 1 292 295 156 3, 17,1
43 46 472 3 48 29 548 2 158 147 225 0 51 56 252
102 B7 308 2, 28, 1 , 3 52 59 265 3 82 93 320
48 25 445 1 61 38 329 3, 7.1 4 50 46 541
2, 18, 1 3 39 39 545 0 277 278 14% 5 39 22 669
1 25 418 2, 29, 1 1 322 312 158 3, 18, 1
86 73 282 0 37 21 644 2 145 142 232 0 39 31 433
110 101 328 1 8l 83 297 4 54 42 305 1 121 126 314
2, 18, 1 2, 30, 1 3, 8,1 2 93 119 324
188 203 233 0 42 S4 618 0 241 234 160 4 n 61 309
136 133 2300 1 65 19 414 1 40 36 285 3, 19,1
49 37 412 2, 31,1 2 149 156 236 0 44 53 414
48 44 548 0 4 5 628 3 49 52 281 1 40 S0 558
46 26 515 2, 32,1 3, 8,1 2 74 77 399
2, 20,1 0 36 27 571 ¢ 72 94 209 3 38 32 653
93 105 333 3, 0,1 1 269 260 172 3, 20, 1
75 81 345 1 2235 228 159 2 B8 B3 259 0 65 89 248
66 54 278 2 12 M1 242 4 50 43 311 1 79 82 308
91 71 298 3 46 45 347 5 49 41 431 2 131 134 379
2, 21, 1 4 80 103 321 3, 10, 1 3 39 25 487
67 32 361 3, 1,1 0 121 116 236 3, 21, 1
63 62 286 0 111 121 186 1 149 149 218 1 64 83 368
58 50 350 1 149% 157 17% 2 B85 72 256 2 97 136 515
73 59 292 2 93 106 225 3 42 42 425 4 43 25 605
2, 22, 1 3 €5 B8 303 3,11, 1 3, 22, 1
54 71 276 4 35 46 644 . 0 299 287 170 1 68 91 309
60 39 298 3, 2.1 1 82 71 226 3 52 42 381
786 78 281 0 226 221 140 2 114 100 275 3, 23,1 .
64 49 312 1 216 211 157 3, 12,1 1 79 91 330
2, 23,1 2 39 45 256 0 131 121 253 3 41 17 685
63 19 2362 3 39 42 341 1 170 164 211 3, 24,1
67 58 268 4 99 131 331 2 101 93 300 0 36 33 466
8l 48 305 i, 3,1 . 3, 13,1 1 39 49 633
42 30 5N 0 8¢ 94 222 0 30 31 394 2 31 13 578
33 17 583 1 118 125 208 1 103 93 275 3 67 58 335
2, 24, 1 2 65 69 217 -2 63 62 216 3, 25, 1
76 72 . 251 3 63 69 212 4 64 56 401 0 60 42 313
69 67 312 4 72 T2 30 3, 14,1 1 54 48 358
108 99 352. 3, 4,1 0 114 121 264 3, 26, 1
43 17 566 0 1 114 114 274 0 64 64 305

35 38 246



Columns are 10QFo 10Fe 1000Sig, * for Insignificant

1 kFo Fc Sig 1 kFo Fc Sig 1 kPo Fe Sig 1 kre Fc Sig
3, 27, 1 0 262 268 176 2 59 &8 343 1 55 57 239
0 51 27 465 1 186 178 207 3 53 55 529 2 60 59 250
1 67 23 358 2 63 62 235 4 45 41 489 4 40 40 481
3, 28, 1 3 &8 52 283 4, 18, 1 5, 4,1
0 43 29 436 4, 1,1 0 52 39 289 0 122 114 255
1 68 74 309 p 316 300 174 1 76 81 294 1 110 98 282
2 49 - 34 520 1 287 281 184 2 77 90 357 2 [-}] 94 298
3, 29, 1 2 1B7 172 235 3 71 66 301 3 65 70 2357
0 57 32 353 3 48 55 316 4, 19, 1 q 49 47 553
1 62 41 454 4 49 e 347 1 62 57 3Ind s, 5,1
2 39 41 689 4, 8,1 2 89 B89 293 1 71 72 23%
3, 30, 1 0 39 52 327 4 48 41 506 2 4B 50 319
1 47 43 65Bé 1 B7 95 283 4, 20, 1 3 76 76 307
3, 32,1 2 99 104 278 3 43 34 471 4 717 72 362
0 43 35 615 4, 9,1 4 46 39 495 5 6,1
3, 33,1 0 76 62 244 4, 21,1 0 43 49 288
1] 41 13 651 1 200 196 206 1 59 60 327 2 67 68 245
4, 0, 1 2 161 157 256 4, 22,1 3 91 95 3ol
0 213 216 249 3 53 50 3B0 3 -] 52 43B 4 66 58 355
1 129 131 232 4, 10, 1 4, 23, 1 5, 7, 1
2 60 66 233 0 127 128 246 0 40 45 508 1 192 193 240
3 58 66 258 1 92 91 266 1 48 65 406 2 125 116 332
4 56 54 418 2 6l 59 248 4, 24, 1 3 59 55 322
4, 1,1 4, 11, 1 2 66 67 333 5, 6,1
0 111 106 239 1 138 132 259 4, 25,1 0 46 41 279
1 166 158 203 2 102 100 277 1 6 15 647 1 66 72 238
2 75 71 264 3 50 51 346 4, 26, 1 2 47 46 347
3 58 54 312 4 44 26 397 2 44 20 464 3 68 55 279
4, 2,1 4, 12, 1 4, 27, 1 4 45 47 475
0 174 167 191 o 186 1950 218 0 41 32 537 5 95,1
1 131 122 229 2 38 34 494 2 61 54 358 1] 54 53 253
2 98 92 299 3 85 78 267 4, 28, 1 1 125 125 286
3 63 68 264 4, 13, 1 0 42 4% 583 2 92 87 285
4, 3,1 0 97 102 262 2 41 33 533 3 71 72 289
0 1% 147 197 1 58 61 232 4, 29,1 5, 10, 1
1 28 17 435 2 59 53 2586 1 49 43 434 0 7 61 240
3 37 37 374 3 54 44 429 4, 30,1 1 89 92 1303
4 42 82 444 4 61 85 347 1 4 634 2 59 48 284
5 37 24 652 4, 14, 1 5 0,1 3 101 96 289
4, 4,1 1 38 46 443 2 59 53 253 5,11, 1
0 72 59 228 2 36 34 544 5 1,1 0 29 12 560
1 218 192 187 4, 15, 1 0 133 123 251 1 33 24 528
2 1] 76 270 0 82 67 253 1 185 176 232 2 89 91 273
3 45 51 411 2 67 66 253 2 108 104 269 3 717 68 279
4 62 77 333 3 103 92 303 4 39 37 471 5,12, 1
4, 5,1 4 40 36 695 5, 2,1 2 101 112 340
1] 71 61 221 4, 16, 1 0 47 62 21 3 55 49 362
1 152 152 221 1 n 62 244 1 109 93 301 5, 13, 1
2 62 63 230 2 70 74 264 2 k¥ 36 370 0 90 95 250
3 66 64 283 4 55 41 524 3 53 48 407 1 415 43 336
4 61 60 2332 4, 17, 1 $, 3,1 2 87 86 262
4, 6, 1 1 59 58 289 0 as 32 350 3 60 86 437
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Columns are 10Fc 10Fc 10005ig, * for Insignificant

kFo Fc Sig 1l kFo Fc Sig 1 kfe Fec Sig 1 kFo Fc Sig
.5, 14, 1 0 61 68 266 7., 1.1 0 48 - 48 429
114 114 1359 2 gl 67 274 2 63 5§53 303 1 52 5¢ 400
55 45 366 3 49 34 48l 7. 2,1 8, 7,1
5, 15, 1 4 47 44 460 0 147 140 327 0 46 36 573
87 g3 275 6, 7., 1 2 42 19 537 g, 8,1
55 50 328 1 59 53 279 7, 3.1 1 37 27 680
5, 16, 1 2 11z 111 322 0 54 52 361 a, 9,1
116 117 273 6, 8,1 1 83 72 278 1 40 43 611
43 41 444 0 33 26 432 7, 4, 1 g, 10, 1
59 52 345 1 €2 57 272 0 43 36 425 0 47 34 458
5, 17, 1 2 61 61 310 1 78 T2 275 8, 11, 1
71 80 259 3 84 72 295 7, 5.1 0 47 31 476
16 75 274 6, 9, 1 0 €7 52 2738 8, 12, 1
38 15 632 1 72 75 246 2 44 40 433 i 7 30 588
5, 18, 1 2 57 55 333 7, 6, 1 g8, 13, 1
73 g9 271 6, 10, 1 1 57 58 330 1 36 26 613
50 51 397 1] 39 35 403 2 45 42 420 g, 1,1
5,19, 1 i 97 98 326 7. 7,1 0 43 6 575
k1) 36 478 3 43 35 582 1 37 28 61l -1, =1, 1
39 35 6583 4 59 45 488 7, 8,1 -1 197 248 152
5, 22,1 6, 11, 1 0 54 63 340 -2 58 114 259.
59 61 344 2 88 88 309 2 4] 40 473 -3 39 50 285
17 42 498 6, 12, 1 3 52 43 425 -4 87 107 300
5, 24, 1 1 s3 56 333 7, 9,1 -5 80 73 345
k1) 39 506 2 76 81 283 3 g2 52 570 -6 33 23 779+
5, 29, 1 3 39 42 513 7, 10, 1 =1, =2, 1
495 4q 39 24 555 3 69 314 =1 301 354 129
6, 0,1 6, 13, 1 7. 11, 1 -2 68 95 223
83 81 401 0 44 43 385 0 72 64 295 -3 74 997 286
54 42 314 1 -1 44 345 1 52 54 386 -4 68 gz 278
6, 1, 1 2 94 86 302 7,12, 1 -5 61 71 525
92 93 276 3 k §-1 21 541 0 46 42 583 -6 64 45 525
68 57 263 6, 14, 1 2 42 38 475 -1, =3, 1
44 s 527 0 T4 60 25% 3 53 49 439 -1 697 791 120
6, 2,1 1 70 64 287 7. 13, 1 -2 45 61 225
44 43 332 2 82 44 383 0 54 38 405 -3 63 786 274
121 111 328 6, 15, 1 2 44 38 576 -4 66 64 376
58 56 2585 1] 40 40 462 ’ 7., 14, 1 -5 77 85 437
6, 3,1 1 36 31 698 0 E0 71 286 -6 47 18 592
38 37 384 6, 16, 1 1 43 45 585 -1, -4, 1
53 60 328 ] 56 486 324 7,19, 1 -1 238 258 134
6, 4,1 6, 17, 1 1 538 -2 70 100 209
74 69 240 0 53 58 363 8, 0,1 =3 107 135 219
57 59 278 1l 42 33 543 0 70 64 416 =4 73 67 311
31 25 539 6, 18, 1 1 42 34 572 =5 72 44 414
13 59 295 0 63 68 317 g, 1,1 -6 42 26 584
6' 5' 1 6' 19, 1 1 36 33 599 -1| -5' 1
79 76 264 0 56 66 3064 8, 3,1 -1 k1) 43 220
1 37 820 6, 22, 1 0 56 46 365 -2 292 300 175
63 54 279 0 B 32 497 86, 5,1 -3 56 63 270
49 48 390 7, 0,1 1 44 40 463 -4 72 78 479
6, 6,1 1 90 B4 294 8, 6,1 -5 1] 33 347



Friedel Pair

1
-6

-1
-2
-3
-4
-5
-6

-1
-2
-3
-5
-6

-1
-2
-3
-4
-5

-1
-2
-3
-5
-6

-1
-2
-3
-4
-5

-1
-2
-3
-4
-5
-6

-1
-2
-3
-4
-5
-1
-2
-3

-1

Columns are

kFo
-1, =5, 1
41 26
-1, -6, 1
422 449
95 102
l68 181
81 77
60 41
54 34
-1, =7, 1
227 249
245 250
124 131
33 14
44 21
-1' -3, 1
216 232
235 223
125 121
a3 3d
63 47
-1; -9' 1
212 229
40 65
70 65
5 36
43 28
-1'-101 1
74 89
198 203
8 77
61 55
45 34
-1'-11, 1
58 71
104 124
156 144
59 54
38 23
24 1n
-1,-12, 1
76 68
91 79
66 M
62 39
34 38
~1,-13, 1
200 18%
220 188
92. 85
-1'-1‘; 1
147 123

Fec

10Fo
si
d -2
669 -3
-4
126
222 -1
228 -2
33p =3
399 -4
829
-1
145 =2
183 <=5
254
676> =1
630 -2
-3
148 -5
187
244 =1
546 -2
325 =3
-4
150
353 =1
236 -2
369 -3
632 -4
230 =1
202 =2
246 -3
373
514 =1
-2
298 -3
289
256 =1
aso -2
594 =3
1640«
-1
208 <=2
241 -3
270
330 -1
715+« =2
-3
189
202 -1
276 =2
-3
228

10Fc 1000sig, *
kFe Fc S8ig
87 76 204
65 51 249
a4 40 360
-1,-15, 1
92 66 200
113 100 266
57 44 283
56 57 300
-1,-16, 1
189 159 201
67 40 247
12 19 2900+
-1,-17, 1
219 191 203
65 65 232
19 31 1175+
37 36 100
-1'“18; 1
127 52 267
50 25 289
61 61 276
a3 24 652
-1,-19, 1
154 199 226
79 64 243
69 55 363
25 2B 1416+
-1'-20' 1
144 131 230
76 4% 357
62 62 298
-1l-21' 1
51 17 351
" 24 76 an
68 56 373
-1;-22. 1
57 5% 264
97 105 2326
71 78 328
—1.-23' 1
64 4B 344
83 116 2357
68 25 405
-1:'2‘9 1
56 51 302
130 145 1367
51 56 557
~1,-25, 1
49 52 359
9% 11 I3
70 72 3N

for Insignificant

1
-1
-2
-3

-1
-2
-3

-3

-2

-2

Fc
31

kFe
35
g7 104
64 217
-1'-27' 1
36 39
76 51
58 51

6 19
-2' -ag 1
288 306

Sig
640
329
474

616
429
363

603
614
630

139
222
251
348
415

140
215
253
441

178
216
355

135
209
259
413

145
249
358
3098
457

154
221
264
369

153
198
339
400
71740

155

1
-2
-4

-1
-2
-3
-4

-1
-2
-3
-4

-1
-2
-3
-4
=5

-1
-2
-3

-3

-1
-2
-3
=5

-1
-5

-1
-2
-3
-4
-5

-2
-3
-4
-5

-1
-3

-1
-2
-3
-4

kFo
127

Fc
134
70 53
_2' ‘9; 1
119 129
136 142
46 56
3 30
*2,'10, 1
161 179
54 57
39 42
38 0
-2,-11. 1
273 274
224 237
50 64
£9 65
55 38
-2|-12r 1
195 196
134 132
72 82
-2,-13, 1
73 86
'23-1‘| 1
65 70
120 123
53 109
37 26
-2,~15, 1
108 "115
6 24
-2"16' 1
42 51
113 124
35 AN
63 53
44 34
-2'-1" 1
65 67
53 45
79 87
42 25
-2,=-18, 1
87 13
82 101
-2 0‘19 ’ 1
147 133
§5 37
T4 44
23 26
-2|-2°' 1

Sig
225
405

218
243
rap
570

199
227
325
522

169
218
267
298
491

194
267
287

283

224
295
406
560

279
7131

n
3is
433
Jee
595

in
325
342
635

244
307

282

383

394
135]+



Friedel Pair

1

-1
-2
-3

-1
-2
-3

-1
-2
-3

-1
-2
-3
-4

-1
-2
-3

-1
-2
-3

-1
-2
-3

-1
-2
-3

-1
-3

-1
-1

-1
-2
-3
-4

=1
-2
-3
-4

-1

Columns are

kro rc
-2,-20, 1
‘a7 81
67 54
72 77
-2,-21, 1
71 62
62 50
66 59
-2,=-22, 1
73 a9
75 78
71 49
—2'-23; 1
64 58
64 48
65 30

6 17
-21-24; 1
66 67
99 99
s 17
=-2,=25, 1
8 75
75 M
45 34
-2,-26, 1
76 14
74 54
5¢ 35
-2,=27, 1
60 30
52 44
50 29
-2'—28' 1
62 38
52 39
-2,-29| 1
77 83
-2""30' 1
67 19
-3' -1. 1
145 157
101 106
67 88
35 46
-3. -2, 1
209 211
37 45
45 42
99 131
-3, =3, 1

111 125

10Fo 2

5i
g -2
286 -3
274 -4

341
-1
272 -2
a4e -3
360 =4
38l -1
305 -2
416 -3
-4

309
3as0 -1
383 -2
5260 -3
317 =1
Ek)E -2
653 -q
279 -1
3 -2
535 -3
277 -1
412 -2
475 -4
-5

404
387 =1
534 -2
-3

316
519 -1
-2

294
-1
414 -2
183 =1
235 -2
266 -4

585
=1
165 -3
270 -4

375
327 -1
-2
226 =3

10Fc 1000Sig,
kFo Fc S8ig
60 695 235
58 69 292
€5 72 346
—3. -4, 1
321 320 155
233 227 216
64 75 271
68 75 386
“3' —5; 1
273 277 164
192 195 228
6l 60 286
93 78 375
-3' "6' 1
287 295 166
13§ 147 230
50 59 289
-3' -7| 1
317 312 165
123 142 239
43 42 373
-3' -ag 1
32 36 476
147 156 252
83 52 250
-3; -9; 1
265 260 179
70 83 258
486 43 437
57 41 456
-3,-10, 1
142 149 237
72 72 222
44 42 387
-3'-113 1
83 711 221
97 99 271
=3,-12, 1
165 164 220
90 93 246
-31-13; 1
. 9¢ 93 253
58 62 241
60 56 413
-3,=-14, 1
111 114 285
62 74 343
61 69 2389
—3.-15. 1
149 142 245
47 54 295
68 771 307

L)

for Ingcignificant

1
-4

-1
-2
-3

-3
-4
-5

-1
-2
-4

-1
-2
-3

-1
-2
-3
-1
-2
-4

-1
-3

-1
-3

-1
-2
-3
-1
-1

-1
-2

-1
-2

«l
=1

-2
-3

kFe Fc
5 40
-31-16' 1
84 87
53 61
80 102
=3,=-17, 1
47 93
48 46
39 22
-3.-18' 1
109 126
88 119
39 61
’3,-193 1
46 50
40 77

5 32
~-3,-20, 1
73 82
117 134
& 25
-3,-21, 1
68 B3
96 136
26 25
-3,-22, 1
€5 91
50 42
-3'-233 1
a3 91
48 17
-3,-24, 1
57 49
22 13
71 S8
-3,-25,"1
63 48
-3'-27| 1
59 23
-3'-28| 1
6% N
23 34
-3|"29' 1
63 4l
56 41
-3;-30. 1
51 43
-" -1| 1
166 1586
75 N
48 54
-4, =2, 1

S8ig
8170+

239
283
318

634
524
693

355
288
B21+*

474
717
7749+

341
363
7291+

360
400
1553

326
391

283
538

430
1059+
394
384
423

302
1123«

444
476

529
203

269
302

1
-1
-2
-3

-1
-3
-4
-5

=1
-2
-3
-4

-1
-2
-3
-4

-1
-2
-3

-1
-2
-3
-4

-1
-2

-1
-2
-3

-1
-2

-1
-2
-3
-4

-2
-3

-1
-2
-3
-4

kFo Fc
134 122
8s 92
62 68
—4' -'3' 1
4 17

37 37
49 52
22 24
-4, =4, 1
219 192
75 78
48 51
- 77
-4, =5, 1
146 152
59 63
61 64
64 60
"4] -6‘ l
188 178
56 62
56 52
-4: "71 1
283 2861
178 172
42 55
40 36
-4; -8, l
88 95
90 104
-4' -9' 1
196 196
154 157
55 50
-"-105 1
51 91
58 59
-4 |-11' 1
142 132
90. 100
54 51

5 26
-4'-12| 1
37 M
65 78
-4|-13| 1
61 61
51 53
49 4
61 5%
'4.“14. 1
41 46

Sig
223
278
248

5783+
370
489

1128+

las
252
376
443

227
236
300
a1

209
236
291

189
252
358
430

244
265

212
284
326

236
258

251 .
280
402
6804

3
389

218
292
461

<37

310



Friedel Pair

1
-2

-2
-3
-4

-1
-2
-4

-1
-2
-3
-4
-1
-2
-3
-1
-2
-4

-3
-4

-1
-3
=1

Columns are

kFo Fc
-4,-14, 1
1s 34
-4 ,-15; 1
59 66
81 92

6 36
-§,~16, 1
71 62
61 74

6 41
-4,-17, 1
65 58
70 68
52 S5
44 41
-4'-13‘ 1
80 8l
77 90
87 66
-4,-19. 1
55 87
74 89
62 41
-4’-20, 1
35 34
30 a9
-4,-21, 1
56 60
-4,-22, 1
47 52
-"-23' 1
51 65
~4,-24, 1
62 67
-‘.‘-25. 1
5 15
-4,-26, 1
12 20
-4'-21' 1
53 54
-4,-28, 1
51 33
-4,—29. 1
44 43
"4'-30' 1
24 42
-5, =1, 1
190 176
109 104
39 37
-5| -2' 1
109 93

10Fo 1
[:$1
¢ -2
1391+ -3
286 -1
322 -2
7687* -4
238 -1
298 =2
6734+ =3
-4
259
278 =1
410 -2
603 -3
-q
260
301 -2
389 -3
=4
Yy
310 -1
471 -2
-3
652
947* =1
-2
343 -3
-4
604
-1
387 -2
-3
356
-1
6909+ —g
3424~
-1
410 -2
-3
£57
-2
480 -3
1251 =1
-2
225 -3
323
588 -3
296 -1

10Fc 1000Sig, *
kFo Fe 8ig
29 36 604+
49 48 364
-5, =3, 1
50 57 260
62 . 59 234
3% 40 614
-5| -4' 1
105 98 298
ee 94 263
72 70 356
50 47 524
-5' “'5' 1
76 72 244
50 50 307
73 76 320
72 72 349
-5' -5, l
61 68 291
80 95 318
65 SB 363
=5, =7, 1
192 193 240
107 116 276
568 55 326
—5. -B. 1
64 T2 248
47 46 444
64 55 379
58 47 354
-5' -9, 1
122 125 300
79 87 273
60 72 339
-5|-1°, 1
93 92 2852
57 48 298
78 96 382
‘5'-11; 1
21 24 1347
79 91 28e
71 68 330
-5.-12. 1
103 112 335
48 49 536
-51-13' 1
27 43 1104+
80 86 287
56 56 362
-51-1" 1
59 45 43
-5'-15; 1
81 83 274

for Insignificant

1
-2

-1
-2
-3

-1
-2

-1
-2

-1
-1
-1

-1
-2
=3

-1
-2

-2

-1
-2
-3

-1
-2
-3

-2
-3
-4

-1
-2

-1
-2
-3

-1
-2

-2
-3
-4

kfo Fc
47 51
-5,-16, 1
119 117
3B 41
56 52
-5|-11' 1
7 75
31 35
-5,-18, 1
T0 59
52 51
-5,=19, 1
K} as
=5,<22, 1
5 42
-5"24' 1
39 39
-6' '1; l
93 93
59 57
24 35
-61 -2, 1
118 111
59 b6
-st -30 1l
57 60
-6, -4, 1
53 59
32 25
69 59
-6| -5' 1
4 37
49 54
54 48
"'G' "6' 1
7% 67
14 34
52 44
-6, =7, 1
56 &3
112 11
‘G, -0, 1l
57 57
59 61
73 12
-5, =9, 1
74 75
584 55
-6."10' l
97 58
51 35
57 45

Sig
392

368
614
368

278
743+

284
370

602
7091
498

247
286
§33

341
291

300

301
523
295

572
455
457

257
2744»
486

291
332

283
322
ale

254
346

294
491
492

-2

-1
-2
-3
-4

-1
-2
-3

kfo Fc
-6'-111 1
8l 88
-6"12, 1
52 56
17 81

9 42

26 24
-6'-131 1
54 44
88 86

7 21
-61-14, 1
70 64
il 44
-6,'15' 1
29 3
-6|-17' 1
40 3
—7' "1; 1
61 53
-7, =2, 1
37 19
-7' -3' 1
80 72
-7, =4, 1
1 T2
-7. "5; 1
49 40
-1, =6, 1
58 58
40 42
-7, =7, 1
20 28
-1' -8, 1
41 40
63 43
-7, =9, 1
50 52
-7'-10' 1
9 &9
-7'-11' 1
57 54
-7,-12| 1
40 as
44 49
—1'-131 1
38 a8
-7,=14, 1
45 45
-7T,-15, 1
6 30

Sig
ios
337
277
4724»
1343«
344
289
5716w

268
1314»

836+
458
316
452
266
266
3717

323
620

1756+

473
425

461
a2z
KLY

617
655

615
573
709]1e



Friedel Pair
Columns are 10Fo 10Fc 10008ig, * for Insignificant
1l kfo Fc big 1 kFo Fe 5ig 1 kFo Fc S5ig 1 kro Fc Big

-8, -1, 1 -8, ~6, 1 -8, -9, 1 -1 41 30 680
-1 20 33 1139+ -1 49 50 429 -1 50 43 421 -8,-13, 1
-8, ~5, 1 -8, -8, 1 -8,-12, 1 -1 EY 26 745+

-1 52 40 390 -1 33 27 - 624



Space Group and Cell Dimensions Moneoclinic, Cc
a 21.953(8) bh 23.183(9) c 10.65%58(5)
beta 102.793(5)
Volume 5290(4)A**3
Empirical formula : 03 Cl6 HI15

Cell dimensions were obtained frem 24 reflections with 2Theta angle
in the range 40.00 - 50.00 degrees.

Crystal dimensions : 0.20 X 0.20 X 0.20 mm

FW = 2565.29 Z = 16 F(000) = 2160.590

Dcalc 1.282Mg.m-3, mu 0.04mm-1, lambda 0.70930A, 2Theta(max) 50.0
The intensity data were collected on a Rigaku diffractometer,

using the theta/2theta scan mode.
The h,k,l ranges used during structure solution and refinement are :--

Hmin,max -26 25; Kmin, max 0 27; Lmin,max 0 12
No. of reflections measured 4802
No. of unique reflections 4802

Ne. of reflections with Inet > 2.5sigma(Inet) 2034
Merging R-value on intensities 0,000
No correction was made for absorption

The last least squares cycle was calculated with

136 atoms, 348 parameters and 1922 out of 4673 reflections.
Weights based on counting-statistics were used.

The weight modifier K in KFo**2 is 0.000150

The residuals are as follows :--
For significant reflections, RF 0.055, Rw 0.073 GoF 3.58
For all reflections, RF 0.103, Rw 0.074.
where RF = Sum(Fo-Fc¢)/Sum(Fo},
Rw Sqrt[Sum(w({Fo-Fc)**2) /Sum(wFo**2)] and
GoF Sqgrt [Sum{w (Fo-Fc)**2)/(No. of reflns - No. of params.)]
The maximum shift/sigma ratio was 0.273.

In the last D-map, the deepest hole was -0(.270e/A**3,
and the highest peak 0.540e/A**3.

Secondary ext. coeff. . 0.729632 sigma 0.016761
The following references are relevant to the NRCVAX System.
1. Full System Reference :
Gabe, -E.J., Le Page, Y., Charland,.J.-P., Lee, F.L. and White, P.S.
(1989) J. Appl. Cryst., 22, 384-387.

2. Scattering Factors from Int. Tab. Vol. 4 :



International Tables for X-ray Crystallography, Veol. IV, (1974)
Kynoch Press, Birmingham, England.

The following references may also be relevant.

. ORTEP Plotting :
Johnson, C.K., (1976) ORTEP - A Fortran Thermal Ellipscid Plot

Program, Technical Report ORNL-5138, Oak Ridge

. Pluto Plotting :
5. Motherwell, University Chemical Laboratory, Cambridge, 1578

. Missing Symmetry Treatment by MISSYM :
Le Page, Y., (1988} J. Appl. Cryst., 21, 983-384,

Extinction Treatment
Larson, A.C., (1970} p.283, Crystallographic Computing, Munksgaard,

Copenhagen.



EXPERIMENTAL
1. bata Collection

A crystal of 03C16H15 having approximate dimensions of
.2,.2,.2 mm was mounted on a glass capillary. All the measurements were
made on a Rigaku diffractometer with Mo Kalpha radiation.

Cell constants and an orientation matrix for data cocllection, were
obtained from least-squares refinement using the setting angles of 25
reflections in the range 40<2theta<50 corresponded to a monoclinic cell
with dimensions:

a =21.953(8)

b =23.183(9)

c = 10.658(5}
beta= 102.79%3(5)

For 2=16 and FW=255.29%, the calculated density is 1.282g/cm3. Based on the
systematic absences, the space group was determined to be C ¢ or C2/c. In
C 2/c, there is a disorder, so the structure was solved in ¢ c.

The data was collected at a temperature of -140 degrees using the omega-
2theta scan technigue to a maximum 2theta value of 49.% degrees.

2. Data reduction

A total of 4802 reflections was collected. The unigue set contains only
4802 reflections. The standards were measured after every 150 reflections. No
crystal decay was noticed. The data were corrected for Lorentz and polarisation
effects {1). No absorption correction was made.

3. Solution and refinement:

The structure was solved by direct methods. All the atoms were refine s
anisotropically except the hydrogen. The hydrogen atoms were calculated. The =&
benzene rings were all refined as rigid group to increase the ratio -
reflection/parameters. The final cycle of full matrix least-squares refinement
was based on 2034 observed reflections (I»2.5 sigma(I)) and 348 variable
parameters. Weights based on counting statistics were used. The maximum and
minimum peaks on the final differences Fourier map corresponded to .540 and

-.270 e/a3, respectively.

All the calculations were performed using the NRCVAX crystallographic
software package (2).



EXPERIMENTAL DETAILS

Empirical formula

Formula weight

Crystal shape

Crystal dimensions (mm)
Crystal system

No. Reflection used for unit
cell dimension (2theta range)

Lattice parameters

Space group

Z value

Dcalc {g.cm-3}
F(000)

mu {mm-1)

No of reflection measured
No of reflection unique
No of reflection observed
No of atoms

No of variables

Rf (sign refl)
Rw (sign refl)
Rf (all refl)
Rw (all refl)
Goodness of fit

Last difference fourier map
max peak
min peak

03C16H15

255.29

cube

.2,.2,.2
monoclinic

25
40-50

a=21.983(8)
b=23.183(9)
¢=10.658(5)
beta=102.793(5)

Ce

16
1.282
540.22
0.04

4802
4802
2034
136
348

. 0585
.073
.103
.074
3.58

.540
-.270
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ol
o2
03
c4
05
06
o7
o8
09
010
011
0l2
cl
c2
C3
cle
c17
cl8
C19
c32
.C33
C34
€35
€48
c49
C50
CcSs1
C64
H2
H3a
H3B
HS
H6
H7
HE
HS
H11l
H12
H14
H1S
H1eC
H16A
H16B
H18
H19a
H19B
Hz21
H22°
H23
H24

Table of Atomic Parameters x,y.z and Biso.

E.S.Ds.

0.
-0.
-0.
-0.
-0.

X

0.7393 (4)
0.7479 (4)
0.7464 (3}
0.1115 (3}
0.1160 (4)
0.1098 (3)
0.61357

0.8171 (3}
0.6102 (4)
0.7470 (4)
0.7387 (4)
0.7464 (3}
0.7543 (4)
0.7655 (4)
0.8336 (5)
0.7484 (5)
0.1043 (4}
0.0917 (5)
0.0228 (5)
0.1054 (8)
0.6035 (4}
0.5927 (5)
0.
0
]
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

5227 (%)

.6056 (6)
.7544 (4)
L7652 (5)
.8342 (5)
.7483 (6)
.737
.845
.840
.200
.975
.5998
.946
.871
.762
.757
.749
.754
.741
.708
790
.120
.017

012
015
082
143
116

y
0.4832

0.5777
0.2511
0.1716
0.2685
0.4995
0.1722
0.26789
0.4996
0.9224
1.0166
1.2489%
0.4751
0.5282
0.5338
0.1599
0.2762
0.2224
0.2163

0.5493

0.2755
0.2224
0.2174
0.5489
1.0247
0.9722
0.9664
1.2997
0.524
0.500
0.575%
0.439
0.434
0.522
0.614
0.619
0.444
0.344
0.276
0.375
0.162
0.202
0.197
0.227
0.174
0.250
0.133
0.145
0.239
0.322

""‘a—-!-a—nﬂ“ﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁﬂhﬁﬁﬁﬂﬁﬁﬂﬂﬁﬁp--

3
3)
3
3)
3)
3)
3)
3)
3)
ED|
3)
3
4)
4)
4)
4)
5)
4)
5)
4)
4)
4)
5)
4)
4)
4)
4)
5)

z
0.8398
0.9645%
1.1542
0.2078
0.3384
0.0209
0.209086
0.3372
0.0222
0.4643
0.3394
0.6529
0.9559
1.0413
1.1113
1.0750
0.2218
0.1338
0.0597
0.0988
0.2212
0.1336
0.0610
0.0872
0.4563
0.5427
0.6124
0.5728
1.113
1.184
1.160
1.062
0.920
0.806
0.834
0.97¢
1.204
1.288
0.5811
0.827
1.129
0.990
1.041
0.063
0.011

~0.014
0,215
0.381
0.363
0.239

refer to the last digit printed.

7)
7)
6)
6)
6)
7)

&)
7)
8)
7)
7)
)
9)
{ 9)
(11)
(10)
(9
(10)
(11)
{9
(9
(11)
{10)
(9
(10)
{ 9
(12)

— . g e e e

Wt
WWNWRWWNRNWE DWW W NN
Nmmmhwﬁmnqmmomomnmmmwon—-m

-

WNMBaNWWYoOoNdDdooE OO0

W m o ol

Pl
[7;]

o~ O e !
e e e e e o e o o o = O

.

3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
3)
4)
4)
4)
5)
4)
4)
5)
5)
4)
4)

4}

4)
4)
4)
4)
9)
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H25%
H27
H28
H30
H31
H32C
H32a
H32B
H34
H35a
H35B
H37
H38
H39
H40
H41
H432
H44
H46
H47
H48C
H48A
H48B
H50
H51A
H51B
H53
H54
H55
H56
H57
H59
H&0
H62
HE3
H64C
H64A
HE4B
of ]
C5S
e
c7
cs
cs
cl0
Cl1
Ccl2
cl13
C14
C15
C20
c21
c22
Cc23

1
OQOOOOOOODOC’OOOOOOOOOOOOOOOOOOOOOODOOOOODOOQOOQOOOO

[T I |
o O o

.029
.09z
. 097
L1111
.106
.108
. 057
.138
.620
.516
.513
.484
.407
. 357
.384
.461
.593
.597
.611
. 607
.609
.558
. 638
.736
.B41
. 845
.868
.943
.987
L8977
.903
.758
. 748
.756
.762
.742
.790
.708
.8806
.9096
.9517
.96489
L9359
.B918
.7584
.7596
.7569
.7529
.7517
. 7544
.0224
L0372
.0804
.1090

(3)
{3)
(3)
(3}
(4)
{3)
{3)
(3)
(3)
(3
{3)
(3)
(3}
(3)
(4}
(3)

.31
.3009
.410
.472
.372
.5889
.549
.548
.227
.176
.252
.133
.145
.240
.323
.311
.309
.410
.472
.372
.589
.550
.550
.976
.924
.Q00
.882
.B85
.976
.064
.061
.126
.224
.155
. 056
.338
.302
.298
.5285
L4772
.4738
.5227
.5750
.5784

.2211

OOOOOOOOOOOOC)OOI—'D—‘I—'l*—‘l-‘l—'l—’l—-"—‘ocOHOOODOQOOOOOOOOOOOOOOOOOOQ

(
(
(
(
{

{

(

3)
3)
3)
4)
3)
3)

.41560(20)
.40619(21)
.35009(25)
.30341(19)
.31283(22)
.3685% { 3)

3)

.17397(25)
.1800 ( 3)

0.2332 ( 4)

0.103
-0.032
-0.108

0.275

0.352

0.046

0.120

0.187

0.062

0.007
~-0.012

0.215

0.351

0.364

0.241

0.105
-0.032
-0.110

0.274

0.352

0.043

0.118

0.186

0.615

0.661

0.686

0.475

0.330

0.303

0.420

0.564

0.326

0.411

0.787

g.702

0.627

0.540

0.489

1.0283 {

1.0135 {

0.9332 (

0.8677 (

0.8826 |

0.9629 (

1.0113

1.1411 |

1.1869 (

1,1029 (

0.9730 {

0.9273 (

0.1508 ¢

0.2199 (

0.2971 |
0.3082 ¢

6)
7)
8)
7}
7)
7)
5)
5)
4)
5)
5)
4)
7)
7)
7)
n

WY oo 0d O oo

hhbwwwwuu‘lmmmuwwhpnuumwhmﬁbbwwwpﬁnwwwmm
OOOU‘INNG\--JW--.‘ILDONM'OHHHOMO)O\GJ&O’JWLU

-

3.22{20)
3.22(20)
4.90(20)
5.65(20)
5.86(20)
3.63(21)
3,111(15)
2.58(1s)
2.71(15)
2.92(18)
2.56{16)
2.45(16)
3.17(22)
3,96(22)
3.89(22)
5.02{21)
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c24
c25
c26
c27
c28
c29
c30
c3l
C3i6
c37
c38
c39
c40
c41
c42
€43
c44
C45
c46
c47
cs2
Cc53
Cc54
C55
Cc56
c57
c58
cs9
ce0
Cc6l
ce2
ce3

-0.0943 (3)
-0.0510 (3)
0.0993 (3}
0.0973 (3)
0.0889 (3)
0.1045 (3}
0.1065 (3}
0.1039% (3)
0.4769 (3)
0.4622 (3}
0.4194 (3)
0.3913 (3)
0.4060 (2)
0.4488 (3}
0.6000 (3}
0.5976 (3)
0.6000 (3)
0.6047 (3}
0.6071 (3}
0.6047 (3)
0.8816 (2)
0.8933 (3)
0.9347 (4)
0.9644 ()
0.9527 (3)
0.9113 (3}
0.7591 (3)
0.7553 (3)
0.7520 (3)
0.7525 (3)
0.7563 (3)
0.7596 (2)

0.2804 ( 3)
0.2743 ( 3}
0.33393(18)
0.34404(20)
0.40038(24)
0.44661(18)
0.43650{21)
0.38016(25%)
0.2214 ( 3)
0.1742 ( 3)
0.1804 ( 3)
0.2338 ( 4}
¢.2808 ( 3)
0.2747 { 3)
0.33452(18})
0.34438(20)
0.40063(24)
0.44702{18}
0.43717(20)
0.38091(24)
0.%707 ( 3)
0.9215 ( 3}
0.9242 ( 3)
0.9760 ( 4)
1,0252 ( 3)
1.0225 ( 3)
1.08453(19)
1.13145(25)
1.18738(21)
1.19639(19)
1.1485 ( 3)
1.09354(21)

0.2362
0.1590
0.1656
0.0357
-(.0088
0.0766
0.2064
0.2510
0.1456
0.2187
0.2970
0.3061
0.2368
0.1587
0.1654
0.0352
-0.0099
0.0751
0.2052
0.2503
0.5298
0.4634
0.3814
0.3657
0.4321
0.5141
0.5098
0.4265
0.4728
0.6024
0.6857
0.639%4

Biso is the Mean of the Principal Axes of the

{
(
(
(
(
(
(
{
(
{
{
(
(
{
(
(
{
(
{
(
{
{
(
{
{
(
{
(
(
(
(
{

Thermal Ellipsoid

)
8)
5)
S5)
4)
€)
5)
4)
7)
8)
7)
7)
9)
B)
5)
4)
4)
5)
5)
4)
6)
8)
8)
7)
8)
7)
5)
4)
53
5)
4)
5)

5.37(21)
4.75(21)
1.91(1%)
2.43(15)
2.60(15)
2.49(15)
3.06(15)
3.46(15)
3.41(21)
4.11(21})
4.09(22)
4.64(22)
5.29(21)
4.68(21}
1.93(14)
2.28(15)
2.50(14)
2.42(14)
2.85(14)
2.73(15)
3.24{21)
4.54(22)
5.73(21)
5.38(21}
4.97(21)
3.36(21)
2.87(15}
2.08(15)
2.71(15)
2.51(15)
2.70(15)
3.04(15)
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cl
o2
Q3
o4
05
06
o7
og
03
0l0
011
ol2
cl
c2
c3
Cl6
cl?
cl8
C1%
c32
caz
€34
C35
Cc48
c49
c50
C51
cé64
c4
Cc5
ce
c7
cs
co
cl0
Cl1

cl3
C14
C15
c20
c2l
c22
c23
c24
25
c26
c27
c28

5
5
4
4
5
5
4
4
5
5
5
4
2
3
4
5
2
3
3
6
3
3
4
S
2.
4
4
6
3
2
3
4
6
3
4
3
3
3
2
2
3
4.
3.
3.
3.
3.
2.
2.
3.

Table of ul(i,j} or U values
E.S.Ds.

ull{U)

{

{
(
{
{
{
{
(
(
{
{
{
(
{
(
{
{
(
(
{
{
{
{
{
{
(
{

;—-.o.b.n-.co:bmwmmmmnwr—-wmmmmmmmmmmbm

5)
5)
4)
4)
4)
4)
4)
4)
5)
5)
5)
4)
5}
5)
6)
7)
5)
5)
6)
7)
5)
5}
6)
7)
4)
6)
6)

(7
.22(24)
.44(24)
.68(24)
.43(24)
.51(24)
.30(24)
.23(20)
.28(20)
.35(20})
.32{20)
.91(20)
.69(20)
.45(24)
85(24)
48(24)
3s(24)
57(24)
12(24)
65(20)
84(20)
62(20)

*

100.

refer to the last digit printed

Numwbuwwwwbwwhwmbwmmb
e P PR

WENNEOARWALENYESEO NS WYY

.86(21)
.99(21)
.06(21)
.74 (21)
.28(21)
L9 (03
(3
(3
{ 3)
{ 3)
()
.62(19)
.B2{19)
L30(19)

00 W0 W0 w

ﬁﬁNNMNWmWNWthwhN
MNWNMWMO\O‘\‘J#WWNWNN&MN&MM Lttt adl D L2 B Ll L
wNESanens WARNAWIINWNWE WD W .

[FS ]
[F8 )

{ 4)
¢ 4)
{ 4)
( 4]
( 3)
{ 4)
( 4)
{ 3)
{ 4)
( 5)
( 4)
{ 4)
( 4)
{ 4)
( 5)
( 6)
{ 6)
( 5)
{ 6)
( 6)
{5
{ 5)
{ 6)
( 5}
( 4)
{ 5)
{ 5)
{7
( 3)
3
( 3
(3
{ 3)
(3

.27(20)
.841(20)
.88{20)
L80(20)
.92(20)
.56(20)

{ 3)
( 3)
(3
{ 3}
(3)
{ 3)

= 0 U~ &

.88(20)
.50(20)
.10(20)

ul2
1 ([ 4}
7003
34 3
703
.2 ( 3)
.6 ( 3)
3 (3)
3 0(03)
2 (3)
0 (3
4 { 4)
5 ( 3)
A1 (0 4)
.0 { 4)
2 (5)
7 (5)
.0 ( 4)
3 ( 4)
7 (5)
.2 (5
3 ( 4)
1 (4)
.4 (5
2 ( 5)
3 (4
& ( 5)
.5 { 5}
.7 1 5)
L.27(22)
.08(22)
.37(22)
.63(22)
.03¢22)
.23(22)
L22(17)
.19 (17)
.54(17)
.28(17)
.11(17)
.06(17)
.04(22)
.03(22)
.90(22)
-18(22)
.89(22)
.01(22)
.49 (16)
.36(16)
.05(16)

5) -

ulsl
1.2.( 3}
0.5 ( 3)
0.5 ( 3)
0.5 ( 3)
0.6 ( 3)
1.2 (3
0.7 { 3)
-0.5 ( 3}
1.3 ( 3)
1.8 ( 4)
1.1 { 3)
0.7 ( 3)
0.5 { 4)
0.7 ( 4}
-0.3 ( 4)
1.5 ( 5)
0.8 { 4)
0.3 ( 4)
0.7 ( 5}
-0.6 ( 5)
0.1 { 4)
1.2 ( 4)
0.5 {
0.0 { 5)
0.9 ( 4)
0.1 ( 4)
0.0 { 4)
1.6 ( &)
-0.46(20)
0.16(20)
-0.12{20)
-0.55(20)
-0.21(20)
0.56(20}
0.85(16)
1.10(16)
0.66(16)
0.96(16)
0.30(16)
1.02(16)
0.31(21)
0.76{21)
0.95(21}
1.09(21)
0.85(21)
0.38(21)
0.26(16)
0.47(16)
1.01(16)

uz2l
0.2 ( 3)
1.0 ( 3)
0.0 ( 3)
0.3 ( 3)
0.4 ( 3)
0.1 { 3}
0.2 { 3)
0.2 ( 3)
0.8 ( 3)
-0.2 ( 4)
0.2 ( 3)
0.6 ( 3)
0.4 ( 4)
0.1 ( 4)
-0.3 ( 4)
-0.2 ( 5)
-1.0 ( 5)
-0.1 { 4}
-0.9 ( 5)
-0.4 ( 5)
0.1 ( 4)
0.0 ( 4)
-0.5 { 5}
-0.6 { 4)
-0.3 ( 4)
-0.6 ( 5)
0.2 ( 4)
0.1 (5)
0.15(23)
0.86(23)
-2.38(23)
1.20(23)
-0.01(23)
-0.08(23)
0.84(16)
-0.07(16}
-0.01(16)
0.30(16)
0.01(1le)
-0.09(16)
-0.09(24)
-0.55(24)
0.40(24}
-3.21(24)
-1.18(24)
-2.22(24)
-0.62(16)
-0.40(16)
-0.71(16)
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c25
C30
€31
Cc36
c37
c3s8
c39
c40
c41l
c42
c43
c44
c45
c4s
c47
Cc52
C53
C54
€SS
c56
C57
cs8
Cc59
Ce0
6l
ce2
Cc63

3

Anisotropic Temperature Factors are of the form
Temp=-2*Pi*Pi* (h*h'ull*astar*astar+-—--+2*h*k*u12*astar*bstar+——-- )

2.75(20)
4.,55(20)
2.90(20)
3.15(23)
4.95(23)
3.06(23)
2.04(23)
4.04(23)
2.55(23)
1.86(19)
3.01(1%)
3.85(19)
3.06(19)
3.
3
2
3
6
4
2
3
2
3
2
2
3

52(19)

L34(19)
.741(24)
L17(24)
.84(24)
.10(24)
.37(24)
.25(24)
.55(18)
.10(19)
.92(19)
.72(19)
.061{19)
.32(19)

10,

oo e e s
0ok ) O

2
3
3
5
5
7
9
7
6
2.
3
3
2
3
4
5
8
8

o wmE G

0
g
4
4
2.
4
3
3
4

.8

(
{
(
({
{
(

.0B (19}
L95(18)
.90 (19)

3)
3)
3)
3)
3)
3)

84{189)

.1

{
(
{
{
(

(

.46(1%)
.53(19)
,67(19)
.56(18)
.10(19)
.2

3)
3)
3)
3)
3)
3)

.49{21)

76(21)

.47{21)
.53 (21)
.74{21)
.00(21)

4.37(20)
3.12(20)
6.17(20}
4.7 |

3
3)
3)
3)
3)
3)

2.01(18)
2.10(18)
3.17(18)
3.75(18}
2.90{18)
4.0 (

4
5
5
8
5
3

oL 0w

+
.
.
.

— . ——

(

3)
3)
3)
3)
3)
3)

.715(20)
2.23(20)
2.81(20)
3.25(20})
3.58(20)
4.24(20)

=0.30(18)
-0.05(16}
-0.54(18)
-0.16(22)
-0.29(22)
-1.98(22)
-0.09{22}
~1.53(22)
-0.64(22)
0.03(16)
0.26(186)
0.00(16)
0.05(186)
0.38(18)
-0.17(16)
0.71(22)
2.77(22)
0.54(22)
1.71(22)
-1.35(22)
-0.26(22}
0.36(16)
0.32(16)
-0.65(16)
-1.28({16)
-0.67{16}
-0.72(16)

0.24(16)
0.86(16)
0.62(16)
0.69(21)
1.10(21)
1.01(21)
0.73(21)
0.12(21)
0.45(21)
0.15(15)
0.17(15)
0.68(15)
6.05(15)
0.84(15)
0.63(15)
-0.03(21)
1.02(21)
-0.50(21)
0.22(21)
0.35(21)
0.07(21)
0.42(1¢6)
1.01(16)
0.40(186)
0.60(16)
1.01(186)
0.82{16)

0.
-1,
-0,

36(16)
07 (16)
83 (16}

-0.7 ( 3)

0.
0.
-2.
0.
-1.
-0.
-0.
-0.
0.
-1.
-0.
0.
-0.
-0.
~-1.
2.
-0.
-1.
0.
-0.
-0.
0.
-0.

4 { 3)
6 ( 3)
8 (3)
9 { 3)
9 (3
71(16)
19 (16)
74(186)
19(16)
20(1s6)
77(16)
77(24)
24(24)
32(24)
15(24)
68(24)
38(24)
04(18)
52(16)
45(16)
21(1e)
13{16}
58(16)
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Table of Atomic Bond Distances in Angstroms

01-C1
02-C2
03-Cl16
03-C13
04-C18
05-C17
06-C32
06-C29
07-C34
0B8-C33
09-C48
09-C45
010-C50
0l11-C49
012-Cc64
0l12-C61
Ccl-Cc2
Ccl1-C10
c2-C3
Cc2-H2
C3-H3A
C3-H3B
ci-c4
Cl6-H16C
Clé-HleA
Cl6-H16B
Cl7-C18
cl7-Cc26
c18-c19
Cl8-H18
Cl9-H19A
Cl9-H1SB
C19-c20
C32-H3izcC
C32-H32A
C32-H32B
C33-C34
C33-C42
C34-C35
C34-H34
C35-H35A
C35-H3SE
C35-C36
C48-H48C
C48-H48BA
C48-H48B
C49-250
C45-C58

C50~-C51 -

CS50-HS0
C51-H51A
C51-H51B

1.223(11)
1.413(11)
1.462(12)
1.350(8}

1.432(11}
1.224(12)
1.437(13)
1.379(8)

1.431(11)
1.219(11)
1.428(12)
1.360(8)

1.429(12)
1.230(11)
1.461{13)
1.349(9)

1.520(13)
1.494(10)
1.520(14)
1.099(9)

1.093(10)
1.087(10)
1.503(13)
1.086(11)
1.120(12)
1.050(11)
1.547(14)
1.461(12)
1.551(14}
1.081(10)
1.0985(11)
1.090(12)
1.539(13)
1.078(11})
1.139(13)
1.048(11)
1.532(13)
1.487(10)
1.565(15)
1,070(9)

1.102(11)
1.105(11)
1.526(14)
1.080(11)
1.119(12)
1.056(10)
1.512(14)
1.495(11)
1.541(15)
1.103(11)
1.089(10)
1.082(10)

H27-C27
H28-C28
H30-C30
H21-C31
H37-C37
H38-C38
H39-C39
H40-C40
H41-C41
H43-C43
H44-C44
H46-C46
H47-C47
H53-C53
H54-C54
H55-C55
H56-C56
H57-C57
H59-C59
H60-C60
H62-C62
HE3-C63
c4-C5

c4-C9

C5-Cé

c6-C7

Cc7-C8

c8-C9o

c10-C1l1
€10-C15
cl1-c12
c12-C13
c13-cl4
cl14-C15
c20-c21
c20-C25
c21-c22
c22-¢23
c23-C24
c24-C25
€26-¢27
c26-C31
c27-C28
c28-C29
£25-C30
€30-C31
€36-C37
c36-c41
c37-c38
C38-C39
C39-C40
c40-c4l

1.072(5S)
1.079(5)
1.089(5)
1.082(4)
1.076(6)
1.072(8)
1.078(8}
1.085(7)
1.088(7)
1.074(5)
1.072(4)
1.087(5)
1.089(4)
1.093(7)
1.096(8)
1.084(8)
1.068(8)
1.065(7)
1.074(5)
1.070(5)
1.087(5)
1.091(5)
1.395(9)
1.395(10)
1.395(12)
1,395(12)
1.3585(12)
1,395(12)
1.385(8)
1.395(7)
1.395(8)
1.385(7)
1.395(8)
1.395(8)
1.395(10)
1.395(10)
1.35%5(12)
1.395(11)
1.385(12}
1.395(13)
1.395(7)
1.395(7)
1.395(7)
1.385(7)
1.395(8)
1.395(8)
1.3595(10)
1.395(10)
1.395(12)
1.395(11)
1.395(12}
1.395(13)
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€51-C52
C64-H64C
C64-H64A
C64-HE4EB
H5-C5
H6-C6
H7-C7
H8-C8
H8-C9
H11-Cll
Hl12-C12
H14-C1l4
H15-Cl5
H21-C21
H22-C22
H23-C23
H24-C24
H25-C265

1.516(13)
1.092(11)
1.052(12)
1.108(12)
1.
1.
1.
.094(8)
.090(6)
.081(5)
. 084 (5}
.070(5)
.077(5)
.070(6)
.066(8)
.076(8)
.090(7)
.095(7)
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066(7)
070(7)
084(8)

c42-c43
C42-c47
C43-C44
c44-c45
C45-C46
c46-C47
c52-C53
€52-C57
C53-C54
€54-C55
C55-C56
C56-C%7
€58-C59
C58-C63
C59-C60
C60-Ch1
C61-Cé62
C62-C63

1.385(7)
1.395(7)
1.355(7}
1.395(7)
1,395(8)
1.395(7)
1.395{(10)
1.3985(10})
1.395(13)
1.395(12)
1.3985(12})
1.395(12)
1.395(7)
1.395(8)
1.395(7)
1.395(8)
1.395(7)
1.395(8)



Table of Atomic Bond Angles in Degrees

€16-03~C13
C32-06-C28
C48-09-C45
C64-012-C61
0i-Ccl-C2
01-C1-Cl0
c2-C1-Cl0
02-C2-Cl
02-C2-C3
02-C2-H2
€1-C2-C3
Cl-C2-H2
C3-Cc2-H2
C2-C3-H3A
C2-C3-H3B
€2-C3-C4
H3A-C3-H3B
H3A-C3-C4
H3B-C3-C4
03-Cl6-H16C
03-Cl6-H16A
03-Cl6-H16B

H16C-Cl6-H16A
H16C-Cle-H16E
H16A-Cl6-H16B

05-C17-C18
05-C17-C26
€18-C17-C26
04-C18-C17
04-C18-C19
04-C18-H18
C17-C18-C19
C17-C18-H18
C19-C1B-H18
C18-C19-H19A
C18-C19-H19B
€18-C19-C20

H19A-C19-H19B

H1%A-C19-C20
H19B-C19-C20
06-C32-H32C
06-C32-H32A
06-C32-H32B

H32C-C32-H32A
H32C-C32-H32B
HI2A-C32-H32B

08-C33-C34
08-C33-C42
C34~C33-C42
07-C34-C33
07-C34-C35

118.
116.
118.
118.
L0(8)

117

121.
121.
108.
109.
110.
111.
107.
108.
108.
108.
115.
108.
.2(8)
107.
109.
108.
112.
106,
111.
108.
117.
.9(8)
120.
L1(7)
110.
l108.
113,
106.
106.
L0(9)
109.
.4(8)
107.

107

121

108

1089

111

109

107

121

4(7)
37
4(7)
S{7)

3(8)
6(7)
9(7}
2(8)
3(8)
9(8)
6{8)
8(8)
4(9}
9(9)
747
0(8)

3(8})
7(9)
218)
5(10)
2(10)
3y
7(10}
a(e)

1(8)
4(8)
9(8)
9(8)
9(8)
8(8)
5(9)

6(9}

4(9)
109.
111,
107.
113,
105.
112.
.4{10)
118.
.2(8)
120.
108.
112.

2(9)
0(10)
i(8)
1(9)
39
1(10)

2(8)
6(7)

9"
0(7)

03-C13-Cl4

€12-c13-Cl4
H14-C14-C13
H14-C14-C15
C13-c14-Cl5
H15-C15-C10
H15-C15-C14
C10-C15-Cl4
€19-Cc20-C21
€l9-c20-C25
€21-C20-C25
H21-C21-C20
H21-c21-C22
c20-c21-C22
H22-C22-C21
H22-C22-C23
€21-C22-C23
H23-C23-C22
H23-C23~-C24
C22-C23-C24
H24-C24-C23
H24-C24-C25
C23-C24-C25
H25-C25-C20
H25-C25-C24
€20-C25-C24
Ccl7-c26-C27
C17-Cc26-C31
C27-C26-C31
H27-C27-C26
H27-C27-C28
C26-C27-C28
H28-C28-C27
H28-C28-C29
c27-C28-C29
06-C29-C28

06-C29-C30

C28-C29-C30
H30-C30-C29
H30-C30-C31
€29-C30-C31
H31-C31-C26
H31-C31-C30
€26-C31-C30
C35-C36-C37
£35-C36-C41
C37-C36-C41
H37-C37-C36
H37-C37-C38
C36-C37-C38
H38-C38-C37

124.2(5)
120.0(4)
118.6(5)
121.4(5}
120.0(5)
121.0(5)
119.0(5)
120.0(4)
122.3(7}
117.7(8)
120.0(7)
120.6(8)
119.4(7)
120.0(6)
121.4(7)
118.6(8)
120.0(7)
121.9(8)
118.1(8)
120.0(8)
121.7(8)
118.2(7)
120.0(7)
119.0(8)
121.0¢(6)
120.0(7}
123.0(6)
116.6(8)
120.0(4)
121.5(4)
118.5(5)
120.0(4)
121.8(5)
118.2(5)
120.0(4)
113.8(6)
126.1(5)
120.0(4)
121.2(4)
118.8(5)
120.0(4)
119.1¢(5)
120.8(5)
120.0(4)
122.7(7)
117.3(7)
120.0(7)
120.9(8)
11%.1(7)
120.0(6)
121.2(7)
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07-C34-H34
€33-C34-C35
C33-C34-H34
C35-C34-H34
€34-C35-H35A
C34-C35-H35B
C34~-C35-C36
H35A-C35-H35B
H35A-C35-C36
H35B-C35-C36
08-C48-H48C
09-C48-H48BA
09-C48-H48B
H48C-C48-H48A
H48C-C48-H48B
H48A-C48-H48EB
011-C49-C50
011-C49-C58
C50~-C49-C58
010-CS0-C49
010-C50~-C51
010-C50~H50
C45-C50-C51
€49-C50-H50
C51-C50-H50
C50-CS1-H51A
C50-CS1-H51B
C50-C51-c52
HS51A-CS51-HS1B
H51A-C51-C52
H51B-C51-C52
0©12-C64-H64C
012-C64-HE42
012-C64-H64B
H64C-C64-HE4A
H64C-C64-HE4B
H64A-C64-H64B
C3-C4-CS
C3-C4-C9
C5-C4-C8
H5-C5-C4
H5-C5-C6
C4-C5-Cé
H6-C6-C5
H6-C6-C7
C5-C6-C7
R7-C7-Cé6
H7-C7-C8
c6-C7-C8
H8-C8-C7
H8-C8-C9 -
c7-C8-CH
H9-C9-C4
H8-C9-C8

108.
111.
108.
107.
109.
108.
113.
106.
108.
108.
110
107
111.
1086,
111.
108,
117
120
121.
107
109.
110.
111.
108,
108.
108
109
115.
108,
106.
107.
109.
112.
108,
110.
106.
109.
120.
119.
120.
121.
118.
120,
122.
117.
120,
122,
117.
120.
121.
118.
120,
118.
121.

8(7)
3(8)
6(8)
2(8)
1(9)
5(9)
5(8}
1(9)
B(9)
5(9)

L1
.8(8)

9(8)
6(9)
3(9)
3{9)

L)
.5(8)

7(7)

.9(8)

5(8)
1(9)
(&)
7(9)
7(8)

L9(9)
.3(8)

B(8)
6(8)
7(8)
3(8)
3(9)
2(10)
5(9)
6(10)
6(10)
5(10)
9(7)
17
o
5{(7)
5(6)
0i6)}
2(7)
&{8)
0(7)
4(8)
6(8)
0(8)
8(8)
1{7)
0(7)
am
l(e)

H38-C38-C389
C37-C38-C39
H39-C39-C38
H39-C39-C40
C38-C39-cdo
H40-C40-C35
H40-C40-C41
C39-C40-C41
H41-C41-C36
H41-C41-C40
€36-C41-C40
C33-C42-C43
C33-C42-c47
C43-C42-C47
H43-C43-C42
H43-C43-C44
C42-C43-C44
H44-C44-C43
H44-C44-C45
C43~-C44-C45
09-C45-C44

09-C45~-C46

C44-C45-C46
H46-C46-C45
H46-C46-C47
C45-C46-C47
H47-C47-C42
H47-C47-C46
C42-C47-C46
€51-C52-C53
€51-C52~-C57
€53-C52-C57
H53-C53-C52
H53-C53-C54
£52-C53-C54
H54-C54-C53
H54-C54-C55
C53-C54-C55
H55-C55-C54
H55-C55-C56
C54-C55-C56
H56-C56-C5%
H56-C56-C57
C55-C56-C57
H57-C57-C52
H57-C57-C56
c52-C57-C56
€49-C58-C59
C49-C58-C63
C59-C58-C63
H59-C59-C58
H59-C59-C60
€58-C55-C60
H60-CE0-C59

118.8(8)
120.0(7)
121.5¢(8)
118.4 (8}
120.0(7)
121.5(8)
118.5(7)
120.0¢(6)
118.9(8)
121.1(6)
120.0(7)
122.4(5)
117.4(5}
120.0(4)
121.2(4}
118.8(4)
120.0(4)
121.6(5)
118.3(5)
120.0(4)
115.0(6)
124.2(5)
120.0(4)
121.8(4)
118.2(5)
120.0(4)
118.6(5)
121.4(5)
120.0(4}
118.2(7)
121.8(7)
12¢.0(7)
118.9(8)
121.1(7)
120.0(6)
118.0(7)
122.0(8)
120.0(7)
117.4(8)
122.5(8)
120.0(8)
117.7(8)
122.3(7)
120.0(7)
121.4(7)
118.6(6)
120.0(6)
119.4(6}
120.1(5)
120.0(4)
121.3(5)
118.7(5)
120.0(4)
121.8(5)



c4-C9-C8
Cl1-Cl0-C11
C1-C10-C15
€11-c10-C15
H11-C11-C10
H11-C11-Cl2
cl10-C11-Cl2
H12-Cl12-Cl1
H12-C12-C13
C11-¢12-C13
03-C13-C12

120.
121.
118.
12¢0.
118.
121.
120.
118,
122.
120.
115.

0(6)
5{5)
2(8)
0(4)
4(4)
6(5)
0(4)
0(s)
0{5}
0(5)
7(6)

H60-C60-CB1
C59-C60-C61
012-C61-C60
012-C61-C62
CE0-CH1-CE2
H62-C62-C61
H62-CE2-C63
C81-C62-C63
H63-C63-C58
HE3-C63-C62
€58-C63-C62

1li8.
120.
123,
1le.
120.
122
117.

120.
118.
121.
120.

2(4})
0(4)
4(5)}
5(5)
0(4d)

.2{5)

8(5)
0(4)
3(4)
7(5)
0{4)



Torsicon angles

c13
Cc13
C1l6
c29
c32
c45
C45
c48
6l
C64
0l
o1
Ccl0
0l
c2
02
02
Ccl
H2
H2
cz2
H3A
H3B
05
c26
c26
05
cis
04
c17
c17
H18
c1l8
H192
H19B
08
o8
c42
08
C34
o7
o7
33
H34
H34
Cc34
H35Aa
H35B
011l

03
Q3
03
06
o1
08
o9
ok}
012
olz
Cl
cl
cl
oy |
cl
c2
c2
c2
c2
cz2
c3
c3
C3
c17
€17
c17
c17
c17
c18
C18
c18
c18
c19
clg
C19

€33,

c33
33
c33
C33
C34
Cc34
C34
Cc34
C34

c35-

C35
Cc38
c49

cis
Cclé
c13
c3z2
c28
c48
c4s
€45
Co4
cel
oy

cz2

c2

Cc1o0
cl0
c3

c3

c3

c3

c3

c4

c4

c4

cls
cls
cle
c26
cieé
cls
cl8
C19
c19
ca20
c20
c20
C34
c34
c34
c4z2
c42
c35
C35
c3s
c35
c35
C36
c3é6
c36
c50

H1leC
H16B
cl4
H32A
cz28
H48C
H48E
c46
H64A
C60
02
H2
c3
Ccll
cll
H3a
c4
H3B
H3A
c4
cs
ch
co
c19
04
H18
c3l
c31
H19B
H19A
c20
H19B
c21
c21
c21
o)
H34
cis
c43
c43
H35A
c36
H3SB
H35A
c3s
c4l
C41
c4l
CcSt

-178.6/(
56.9¢
10.41(

-62.6(
171.1¢

-178.3¢
56.9(

-13.2¢
-57.9(
-9.1¢
7.3
126.9¢
69.4¢(

-163.3(
13.6¢

169.1¢
-69.7(
171.9¢4
48.6¢
169.8¢(
82.9¢
-154.7{
-38.9¢
110.0(
168.4¢(
50.5¢
-4.8(
172.5¢

-165.4(

-171.9(

-51.0¢
-47.1¢
-84.3¢(
36.3(
154.2(
-11.6¢
-130.0(
-70.2(
166.3¢
=-11.2¢
~-51.8(

71.1(7

70.8{

7.5

-169.7(
88.41(
-139.1(
~23.0¢
113.9¢

12)
6)
5)
6)
8)

12)
6}
5)
6)
5)
4]

11)
7)

19)
4)

12)
7)

12)
€)

12)
7

11)
5)

10)

1)
6)
4}
9)

13)

13)
6)
6]
8)
5)

11)
3)

12)

7)

9)

4)

€)

7

8)

8)

13)
8)

11)
4)

10)

13
Cls
c29
c29
€32
c45
c48
c61
cel
Cc64
01
Cl10
Clo0
01
c2
02
cl
Cl
H2
c2
H3A
H3B
Cc5
05
C26
05 .
c18
04
04
c1?
H18
H1B
cl18
H19a
H19B
o8
c42
c4z2
o8
C34
o7
ci3
C33

.H34

Cc34
H35A
H35B
oll
o0l1

03
03
06
06
06
09
0%
012
012
012
cl
cl
cl
Cl
cl
c2
c2
c2
c2
c3
c3
C3
c1?
c17
c17
cl7
cl7
cls
cle
cls
Cc18
cls
cl9
cl9
cl9
c3i3
Cc33
€33
€33
C33
Cc34
c34
c34
Cc34
Cc35
C35
c3s
C48
c4s

Cle
Cc1i3
c32
c32
c29
c48
C45
ced
ce4
c6l
c2

c2

c2

ci0
c10
Cc3

c3

C3

Cc3

c4

c4

c4

c18
c18
clg
Cc26
c26
c18
C19
cl9
cl9
c18
c20
c20
c20
c34
C34
C34
c42
c42
c35
c35
35
c35
C36
Cc3e
Cc36
C50
cS0

H16A
ci2
H32C
H32B
c30
H48A
c44
H64C
H64B
ce2
o}
02
H2
c15
€15
H3B
H3A
c4
H3B
c5
cS
c5
04
H18
Cc19
c27
c27
H19A
c20
H19B
H15A
c20
€25
c25
c25
€35
07
H34
c47
o ¥
H35B
H35A
C36
H35B
c37
€37
c37
010
HS0

-63.2(
-173.89¢
-177.21

55.8(

-12.3(

-62.11{

170.5¢

179.1¢
63.21(

174.2(
-113.6¢
-169.8({

-50.1(

10.1¢
-173.0{
51.2¢

-70.21

51.0¢

-69.3{

-95.3¢(

27.0(

142.81

-14.2¢
-132.1¢

-67.31{

168.0{

-14.71

~48.0¢

72.9¢
70.7¢(
70.31
-168.8{
98.3(
-141.1¢

-23.14

112.3{

165.9¢

47.5¢
-8.1¢

174.41

-167.0¢
-174.0¢
-61.1(
-47.7¢(
-82.4(
40.1¢
156.2¢
-6.5{
-125.9¢

6}
8)
12}
6)
5)
6)
8)
12}
7}
8)
10)
10)
5}
4)
9}
6)
8)
6)
8)
8)
4)
10)
4)
12)
7)
10)
1}
6)
7
8)
8)
13)
8}
11)
4)
10}
10)
5)
4)
9}
13)
13}
6)
6)
8)
5}
11)
4)
12)




Cc58
cse
Oll
c50
010
c49
c49
HS0
cs50
HS51A
HS1B
ci
ce
Cc3
Cc5
HS5
cq
H&
c5
H7
cé
H8
c7
cl
c15
c1
Cll
H1l1
Cl0
H12
Ccl1
03
clz2
H1l4
c13
c19
c25
c1ls
c21
H21
c20
H22
cz2l
H23
c22
H24
€23
c17
c31
c17
c2?
H27
c26
H28

c49
c49
c49
c49
C50
cSo0
cs50
cs50
C51
€51
Ccs1
c4

c4

c4

c4

c5

c5

o]

cé

c?

c?

Cc8

ce

c10
Cl0
Ccl0
C10
Cl1
Ccl1i
cl2
c1i2
cl3
C13
cl4
Cl4
Cc20
€20
cz20
c20
c2l
c21
c22
c22
c23
€23
c24
c24
c26
c26
c26
c26
c27
c2?
c28

c50
c50
cS58
Cc58
Cc51
c51
Cc51
c51
c52
c52
c52
c5

cS

co

ch

o1

cé

c?

c7

cs8

ce

co

co

cll
cll
c15
€15
cl2
cl2
C1l3
Cl3
cl4
Ccl4
C15
c15
€21
c21
c25
€25
c22
c22
c23
ce3
c24
c24
€25
€25
c27
c27
c31
c31
c28
c28
c29

ol0
H50
of X
o]

H51B
H51A

52

H51E

c53
C51
c53
HS
H5
HO
HS
H6
HE
H7
H7
H8
H8
HA
H?
H11
H1l
H15
H15
H12
H12
03
03
H1l4
H14
H15
H15
H21
H21
H25
H25
H22
H22
H23
H23
H24
H24
H25
H25
H27
H27
H31
H31
H28
H28
06

170.2¢
50.8¢(
162.1¢
~-14.5¢
-169.1¢
-170.2¢
~50.0¢
-48.8¢
-82.0¢
39.4¢
155.7¢
-1.1¢
-179.3¢{
2.2
-179.6¢
-0.9¢
179.8¢
-1.0¢
178.71(
-0.1¢
178.7(
0.9¢
179.6¢
-6.0¢
-179.4¢
7.6(
-178.9(
1.1¢
-178.3¢
2.3
-175.9¢
-4.4¢(
-180.0¢(
-1.1¢
178.9¢
3.6(
-179.1(
-1.9¢
=179.3¢(
-0.3¢
=179.4¢
-0.9¢
179.6(
-0.7¢
179.0¢
0.3¢
179.3(
8.6(
-178.9¢
-5.91
-178.9(
0.4{
-178.5{
~4.6(

11)
6}
9}
4}

13)

13)
6)
6)
7)
5)

11)
4)
9)
4)
9)
0)
9)
¢)

10)
0)

10)
0)

10)
3)
7)
3)
1)
0}
7}
3)
7)
3)
7)
0)
7)
4}
8)
4)
9)
0)
9)
0)

10)
0)

10)
0}

10)
4)
7)
4)
7)
0}
7}
3)

cse
011
cs50
010
ol0
c49
H50
H50
c50
H51A
H51B
Cc3
co
C3
Cc5
HS
Cc4
HE
c5
H7
Ccé
H8
c7
cl
C15
cl
cl1
Hl1
cl0
H1lz2
Cli
03
c12
H14
c13
c1s
c25
Ccl9
c21
H21
c20
H22
c21
H23
c22
H24
c23
c17
c31
cl17
c27
H27
c26
H28

c489
c49
c49
c50
C50
cs0
c50
c50
CS1
C51
Cc51
c4

c4

c4

c4

5

5

Cé

cé

c?

c7

c8

c8

cl0
C10
Ci0
Cl10
cll1
c1l
cl2
cl12
C13
c13
Ccl4
Cl4
c20
ca0
c20
czo0
cz1
c21
c22
c22
c23
€23
c24
c24
c26
C26
c26
C26
c27
c27
ca8

c50
cs8
c58
C51
Cc51
C51
C51
Cc51
cs52
cs52
c52
c5

c5

co

co

c6

o

7

c7

ce

c8

c9

co

Cll
c1ll
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