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Abstract

Fluorescent sterols, which resemble cholesterol closely in both molecular geometry
and amphipathic nature have been synthesized by the introduction of hydrophobic
sidechains embodying aryl diene or triene units. A direct synthesis of one of these
fluorescent cholesterol analogues, containing a diene phenyl chromophore (4a), was
possible by a phosphonate Wittig reaction on pregnenolone protected at C-3. Two
other cholesterol analogues, with a triene phenyl (5a) or diene 2'-naphthyl (6a)
chromophore, were prepared by phosphorane and phosphonate Wittig reactions
on the more reactive and less sterically hindered 20(22)E-a,3-unsaturated aldehyde
(3a), which was obtained from pregnenolone by two different routes. The first route
involved a Grignard reaction with vinylmagnesium bromide followed by oxidative
rearrangement with pyridinium chlorochromate, which resulted in an 80:20 ratio of
the diastereomeric aldehydes 3a/3b. A more stereoselective synthesis of 3a over 3b
(96:4) was achieved by a phosphonate Wittig reaction with the carbanion generated
from diethyl [2-(cyclohexylimino)vinyl]phosphonate.

The geometry of the fluorescent olefinic sterols was determined by high resolution
nuclear magnetic resonance (NMR) spectroscopy, in particular on the basis of 'H-
'H shift-correlated spectra (COSY) and nuclear Overhauser effect difference spectra
(nOe), and the all-trans diastereomers were investigated for their potential as cell
membrane probes. A complete ring proton resonance assignment and coupling
constant analysis was also performed for the triene phenyl cholesterol analogue and
represents one of the first total analyses of the '"H NMR spectrum of a steroid
nucleus.

Time-resolved fluorescence studies at room and low temperatures, as well as
molecular orbital calculations and nOe spectra, determined that the photophysical

behaviour of the diene 2'-naphthyl cholesterol analogue is a consequence of both a
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ground state and an excited state conformational equilibrium. In the ground state,
evidence is presented for the existence of a nonplanar C-22,C-23 s-trans, C-24,C-2’ s-
cis (tc) rotamer as well as the more stable s-trans, s-trans (tt) rotamer. This ground
state equilibrium could prove useful in monitoring changes in membrane order at
constant temperature. In the excited state, the nonplanar tc-rotamer undergoes
a small amplitude conformational change to a planar tc-rotamer. This viscosity
dependent process has the potential to be exploited for studies of membrane dy-
namics. The photophysical behaviour of the triene phenyl cholesterol analogue is
a result of an equilibrium between its two lowest excited electronic states. This
excited state equilibrium is also found to be viscosity dependent, most probably
due to different viscosity dependencies of the nonradiative processes from the two
states, so this molecule also has potential as a probe of membrane dynamics. In
addition, its absorption spectral characteristics make it ideal for resonance energy
transfer studies with tryptophan and tyrosine, the intrinsic fluorophores of proteins.
The diene phenyl cholesterol analogue proved to be unsuitable as a membrane probe
due to its low fluorescence quantum yield and very short fluorescence lifetimes.
Preliminary model membrane studies are presented which indicate that the di-
ene 2'-naphthyl and triene phenyl cholesterol analogues are sensitive to the phase
state and cholesterol content of lipid bilayers. These two fluorescent sterol probes
hold great promise as a means to attain a better understanding of the role of choles-

terol in membrane structure and function.
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1.1 Membrane Structure and Function

Biological or cell membranes are important components of living systems'~®. Both
eucaryotic cells which are found in plants and animals, and procaryotic or bacte-
ria cells, possess outer or plasma membranes which, among their many important
functions, serve to define the boundary of the cell and hence maintain its structural
integrity. In addition, the complex eucaryotic cells can contain internal membranes
which separate or compartmentalize particular organelles, such as chloroplasts or
mitochondria, from the rest of the cell.

Membranes act as highly selective permeability barriers, regulating the transport
of molecules and ions between a cell /organelle and its environment. These transport
processes are very important to the function and survival of a cell /organelle. For ex-
ample, most animal cells have a high concentration of K* and a low concentration of
Na* with respect to the external medium. This ionic gradient is essential in render-
ing nerves and muscle cells electrically excitable, in controlling cell volume, and it
also drives the active transport of sugars and amino acids. Membranes also provide
non-aqueous environments where enzymes can catalyze essential chemical reactions
that could not occur in aqueous solution. In addition, many cell membranes have
specific recognition or receptor sites on their outer surface for the purposes of, for
instance, recognizing other cells or binding hormones.

Membranes are composed largely of proteins and lipids, arranged together in a
noncovalent assembly. Proteins are large molecules consisting of sequences of amino
acids (they can also contain carbohydrate residues), and typically have molecular
weights ~10,000-100,000. Lipids, on the other hand, are smaller with molecu-
lar weights <1000. They are amphipathic molecules since they possess both a
hydrophilic or polar portion, and a hydrophobic or nonpolar portion. The most
abundant membrane lipids are the phospholipids and, in particular, those based on
a glycerol backbone (Figure 1.1).

The phosphate ester with its associated substituent R!, which is polar and often
charged, constitutes what is referred to as the headgroup region of the lipid molecule,

and is the hydrophilic portion. The R?, R? substituents make up the hydrophobic



portion as they are saturated or unsaturated hydrocarbons usually attached to the
glycerol backbone via a carboxyl group. For this reason, this is usually referred to

as the acyl chain region of the lipid molecule.
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Figure 1.1: A glycero-phospholipid

A model for the structure of membranes was put forward by Singer and Nichol-
son in 1972, and is termed the fluid mosaic model®. This model was found to
qualitatively account for a number of the properties and experimental observations
made of membranes. In this model, the lipid molecules are depicted as adopting
a bilayer structure. They align in layers which are two molecules thick, with their
polar headgroups facing outward towards the aqueous environment, thereby maxi-
mizing hydrophilic interactions, while the nonpolar acyl chains are sequestered away
from the water toward the interior of the bilayer, thereby maximizing hydrophobic
interactions. Such a bilayer structure is consistent with X-ray diffraction studies of
membranes which indicate that there 1s high electron density at the two peripheries
of the membrane and low electron density at the centre of the membrane. The
thickness of membranes, determined by electron microscopy to be ~6-9 nm, is also
indicative of a lipid bilayer structure.

The proteins in the fluid mosaic model of a membrane are classified into two
types, in order to account for the observation that some proteins are easily disso-
ciated free of lipids from the membrane, while others require much more drastic
conditions to effect dissociation and are often associated with lipids when isolated.
Peripheral or easily dissociated proteins, are considered to interact only with the
surface of the lipid bilayer and not to have an appreciable effect on the membrane
structure. The more highly associated or integral proteins, however, are depicted
to be embedded in the lipid bilayer, and to be critical to the structural integrity
of membranes. Freeze-fracture electron microscopy of membranes has shown that
these integral proteins can either be partially embedded, or can span the bilayer.
The degree of insertion is postulated by the fluid mosaic model to depend on the
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amino acid sequence and conformation of the protein. Polar amino acid residues
will preferentially associate with either the aqueous environment or the hydrophilic
headgroup region of the lipid bilayer, while the nonpolar residues will align so as to
maximize hydrophobic interactions with the nonpolar lipid acyl chains. The distri-
bution of proteins in a membrane, with respect to the plane of the bilayer, however,
is known to be asymmetric. In order to accommodate this, it was proposed that
the two-dimensional long range distribution of integral proteins in the plane of the
membrane is random.

The static mosaic structure described so far for a membrane cannot account
for known specific protein-lipid interactions, nor for the fact that membranes per-
form many complex dynamic functions, most notably the selective transport of ions
and molecules into and out of cells. This led to the emergence of the concept of
membrane fluidity as the missing link in the correlation of membrane structure and

function-12

. Thus, the function of a membrane is considered to be mediated by
its specific protein composition, while the lipid molecules provide the ‘appropriate’
environment for the membrane process to occur. Specific protein-lipid interactions
can then be rationalized if the optimal functioning of a protein, for example the
ability of an enzyme to adopt its active conformation, is dependent on the fluidity

of the surrounding lipid.



1.2 Membrane Fluidity

1.2.1 Static and Dynamic Aspects

The concept of membrane fluidity is still evolving’~!3, but is generally recognized
to encompass both static and dynamic aspects. The static aspect is considered to
be largely related to the packing of the lipid molecules, in particular to the relative
orientation or order of their acyl chains, with respect to the bilayer normal. The
dynamic aspect is related to the translational and rotational diffusion or mobility
of the lipids, which in turn can induce protein mobility. Often, however, the motion
of membrane proteins is restricted through association with other membrane or
cytoskeletal proteins.

The dynamics of membrane lipids and proteins is complex since their transla-
tional and rotational properties differ in directions parallel and perpendicular to the
membrane plane. The observed asymmetry of lipid/protein composition between
the intra- and extracellular surfaces of a membrane, for example, can be rationalized
by very slow rates of out-of-plane rotations or transverse motions (‘flip-flop’) of both
lipids and proteins, consistent with the energetically unfavourable migration of polar
headgroups or residues through a nonpolar membrane interior. In contrast, in-plane
rotations about C-C bonds in lipids are rapid (~0.1 ns)'* while in-plane rotational
diffusion of membrane proteins has been observed on the millisecond timescale®®.
Both in-plane (lateral) and out-of-plane (vertical) translational diffusion of lipids
and proteins occur. In the case of proteins, these movements are usually in response
to local lipid fluidity changes and are of physiological significance, for instance, in
the formation of active protein aggregates (lateral diffusion), or in the control of
accessibility of receptors/enzymes to ligand/substrate binding (vertical diffusion).

It is clear from the above discussion that membrane fluidity is largely determined
by the physical state of the lipids. For this reason, many studies have been made
of model membranes containing solely lipid molecules, in order to gain some insight
into the intrinsic properties of lipid bilayers which affect their fluidity. Model mem-

branes composed of a single type of lipid molecule have been shown by differential
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scanning calorimetry (DSC) to undergo a very sharp endothermic phase transition,
at a temperature T,, characteristic of the length and degree of saturation of the
acyl chains, as well as the type of headgroup!®. X-ray diffraction studies indicate
that there is crystalline-like packing of the lipids below T,,, as evidenced by sharp
reflections at 4.15A, while above T,, there is a broad reflection at ~4.5& indicat-
ing that the lipids are in a more fluid state!”’. However, the enthalpy change (and
hence the entropy change) associated with the transition is less than that observed
for the melting of the corresponding fatty acids, which demonstrates that the acyl
chains in the lipid bilayer structure retain some order in their fluid state!®. NMR19,
EPR?"?! and fluorescence???? spectroscopies have provided insight into the changes
associated with this gel-liquid crystalline phase transition of lipid bilayers on the
molecular level. These techniques can give information on both the order and the
dynamics of the lipid acyl chains. The order is usually quantified in terms of an or-
der parameter, S, which is related to the time-averaged orientation of the particular

region or segment of the acyl chain being monitored (equation 1.1).

S= ';—(3COSZ 6-1) (1.1)

6 = instantaneous angle between the acyl chain segment/region
and the bilayer normal; the bar indicates a time average.

If the acyl chains lie parallel to the bilayer normal (i.e. § = 0°), then S = 1 and
the acyl chains are in a state of maximum order. A complete random distribution
of the molecular axes (disorder) corresponds to S = 0. The dynamics of the acyl
chains is most often quantified in terms of a rotational correlation time, 7., or a
lateral diffusion coefficient, Dy,.

The various spectroscopic techniques, mentioned earlier, indicate that the gel-
liquid crystalline phase transition of a single lipid component model membrane is
associated with an increase in the disorder of the lipid acyl chains?2%, This has been
attributed to the presence of an increased number of gauche-, as opposed to anti-,
conformers about the C~C bonds in the liquid crystalline phase. Concomitant with
the increase in disorder is an increase in the motions of the acyl chains, as evidenced
by a decrease in 7. through the phase transition?*25.

The degree of order and dynamical freedom of a lipid molecule is found not only
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to vary with the phase state of a lipid bilayer, but also with respect to position
along the acyl chain. This has been most elegantly demonstrated by both 2H and
13C NMR spectroscopy employing selectively 2H or 13C labelled lipids?®. The order
parameters and rotational correlations times obtained are thus appropriate to a very
localized portion of the acyl chain, and have shown that there is a fluidity gradient
from a relatively highly ordered and immobile segment (C-2 to C-11) near the lipid
headgroup, to a disordered and more mobile segment at the methyl terminal end of

the molecule.

1.2.2 Factors Affecting Membrane Fluidity

A number of physiological conditions can affect lipid fluidity in membranes, and
consequently the optimal functioning of enzymes, receptors and transport proteins
in the membrane!®. The main modulators of inherent membrane lipid fluidity are
the serum lipid composition, which is largely determined by the functioning of
the liver (and to a lesser extent by diet), and the intracellular lipid metabolism.
Membranes have at their disposal a number of mechanisms by which they can
maintain optimal fluidity and functioning in response to perturbations by such
factors. The two main mechanisms involve changes in cholesterol level and/or the

composition of lipid acyl chains.

Degree of Unsaturation of Lipid Acyl Chains

Introduction of a single cis-double bond into a lipid acyl chain results in a lowering
of the gel-liquid crystalline phase transition temperature, T,,, by ~50°C. Tt is pro-
posed that this is because the packing of surrounding lipid molecules is disturbed
by the presence of the inflexible bend in the chain. Deuterium magnetic resonance
studies have shown that there is an associated disordering of the lipid acyl chains
while early EPR studies indicated a concomitant increase in mobility?’. Hence, the
introduction of unsaturation was considered to increase membrane fluidity. How-
ever, while recent fluorescence depolarization and EPR experiments have confirmed
the disordering effect, diffusion coefficients (and thus mobilities) were found to be
lower in lipid multibilayers composed of a monounsaturated lipid as opposed to a

saturated lipid®®?®. Further increases in degree of lipid unsaturation provide only
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small extra decreases in order and T,,%*'. This suggests that high levels of such
polyunsaturated lipids in some membrancs must be of other physiological signifi-

cance, possibly in specific protein-lipid or sterol-lipid interactions®.

Level of Cholesterol

Incorporation of cholesterol into a membrane under physiological conditions induces
an ordering of the normally fluid lipid acyl chains, which is the opposite trend to
that observed upon increasing the degree of lipid unsaturation. The ordering effect
is greatest in the C-2 to C-11 portion of the lipid acyl chain, corresponding to
interaction with the fused ring system of cholesterol®*. Towards the end of the
acyl chains, cholesterol only induces a small increase in order®s. In addition, the
presence of cholesterol has only a small influence on T,, of a lipid bilayer. However,
the enthalpy change associated with the gel-liquid crystalline transition is gradually
lowered until at a cholesterol phospholipid ratio of 1:1, a phase transition is no longer
detectable by DSC?¢37, This is an indication that at these cholesterol levels, the
degree of order between the formal gel and liquid crystalline phases is very similar
such that there is no longer any entropy (and enthalpy) change upon passing through
T, of the lipid. In the gel phase, cholesterol induces disorder of lipid acyl chains®?—3*
in contrast to what is observed in the liquid crystalline phase, so this accounts for
the zero entropy change at high cholesterol levels.

Although cholesterol is essential for the normal growth and functioning of all
mammalian cells, it can also lead to a pathological state known as atherosclerosis®.
This disease involves the accumulation of cholesterol in the form of plaques, in the
walls of arteries. These plaques inhibit blood flow and can eventually lead to for-
mation of a blood clot resulting in obstruction of an artery, causing a heart attack
or stroke. The mechanism of this plaque formation is not clearly understood. It
is known that the cholesterol found in these plaques originates from low density
lipoprotein (LDL) particles circulating in the blood, so the factors affecting the
number of LDL receptors in the plasma membranes of cells, and hence the LDL
levels in the bloodstream, are the subject of active research®. Considerable effort

has also been directed towards an understanding of the normal functioning of choles-

terol in plasma and other membranes32-3440, A brief account follows of the current
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appreciation of the role of cholesterol in the structure and function of membranes.



1.3 The Role of Cholesterol in Membranes

1.3.1 The Location of Cholesterol in Membranes and Cells

Sterols are one of the major classes of lipids found in eucaryotic cells, with cholesterol
being the most abundant sterol in mammalian cells. Cholesterol is amphipathic due
to its hydrophilic 33-OH group (Figure 1.2) and its hydrophobic ring system and
sidechain. Its location in a lipid bilayer, with respect to the bilayer normal, has been
determined by neutron diffraction experiments on egg lecithin multilayers incorpo-
rated with cholesterol selectively labelled at C-3 with deuterium?!. The deuterium
label was found to be at the position of the ester bonds of the adjacent lipid acyl
chains. So it was concluded that cholesterol intercalates between lipid hydrocarbon
chains with its alkyl sidechain pointing towards the hydrophobic bilayer interior,
and its hydrophilic 35-OH group residing closest to the polar headgroup region, in
the vicinity of the lipid acyl linkage. Freeze-fracture electron microscopy of plasma
membranes has shown, however, that the distribution of cholesterol in the plane of
the bilayer (i.e. lateral distribution) is not uniform, similar to what was observed for
integral proteins!®3. In addition, cholesterol occurs in much higher concentrations
in plasma membranes (~30-50 mole percent) than in many of the intracellular
membranes, including the endoplasmic reticulum membrane (~12 mole percent)
in which it is biosynthesized!3?3. Any unifying picture of the role of cholesterol
in membranes must account for its asymmetric inter- and intramembrane distni-
bution, as well as its already cited abolition of phospholipid gel-liquid crystalline
phase transitions, and its ordering effect on lipid acyl chains under physiological

conditions.
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Figure 1.2: Cholesterol with carbon atom numberings

1.3.2 Structural Features of the Cholesterol Molecule Nec-

essary for its Effects on Membranes

One approach has been to gain insight into cholesterol-phospholipid interactions
through examining the effect of modifications of the cholesterol structure on the
phase transition and order of phospholipid acyl chains. Cholest-5-ene, which has
the same structure as cholesterol except for the absence of the 33-OH group, has
very little ordering effect on lipid acyl chains above T,,, judging by order param-
eters obtained from fluorescence depolarization experiments??. Similarly, absence
of the C-5,C-6 double bond in cholestan-33-ol, results in less efficient ordering of
acyl chains as monitored by both ¥ C NMR and fluorescence depolarization??43. It
has been postulated that the importance of the C-5,C-6 double bond originates in
the twist it gives to the fused ring system, making the cholesterol molecule more
cylindrical, which could be important in its intercalation between the acyl chains.
Also, the orientation of the C-O bond of the 33-OH group with respect to the re-
mainder of the molecule differs between cholestan-33-ol and cholesterol. Indeed, it
has been ascertained that not only is the presence of a C-3 hydroxyl group crucial
to cholesterol’s function in a membrane, but that its spatial arrangement is also
critical. Epicholesterol, the 3a-OH analogue of cholesterol in which the hydroxy
group lies below the plane of the fused ring system, instead of above, fails to induce
the same extent of acyl chain ordering as cholesterol*>*!. A deuterium NMR study
of the orientation of 3d;-cholesterol and 3d;-epicholesterol in a phospholipid model

membrane?* has shown that cholesterol is tilted with respect to the acyl chains such
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that its 35-OH group lies parallel to the bilayer normal, both above and below T,
of the lipid. In contrast, epicholesterol is aligned parallel to the bilayer normal be-
low Ty, resulting in the 3a-OH group being essentially perpendicular to the bilayer
normal. Above T,,, epicholesterol is tilted at a similar angle to the acyl chains as is
cholesterol, but the 3a-OH group points in towards the hydrophobic region of the
bilayer.

Due to the specific requirement of a 33-OH group for mediation of the mem-
brane functions of cholesterol, as well as the known location of the 38-OH group
near the carbonyl group of the adjacent lipid acyl chain from neutron scattering
experiments, the possibility of hydrogen bond formation between cholesterol and
phospholipids has been widely investigated. Initially, steric arguments were used to
explain how the 33-OH group of cholesterol, but not the 3a-OH group of epicholes-
terol, could participate in H-bonding with the carbonyl oxygen atom of adjacent
lipid acyl chains. On one hand it was postulated that cholesterol was H-bonded
to the carbonyl group of the acyl chain attached to C-2 of the glycerol backbone
(see Figure 1.1), possibly indirectly through the involvement of water molecules*>.
A later study proposed that the H-bond occurred to the carbonyl group of the C-1
acyl chain, and that it was a direct H-bond as this would maximize hydrophobic
interactions between the cholesterol nucleus and the lipid acyl chains**. In any
case, existence of a H-bond between cholesterol and phospholipids was cited as an
underlying reason for the unique ordering properties of cholesterol. More recent
evidence from *C NMR, however, indicates that the carbonyl !*C signal from a
cholesterol /phospholipid model membrane was not shifted downfield by 2 ppm as
would be expected upon H-bonding*é. Results of subsequent infrared (IR) and Ra-
man spectroscopic studies, in particular the absence of a Raman transition between
1700-1710 cm™?, provided further evidence against the existence of a H-bond*®.
Permeability studies on model membranes composed of phospholipids with either
diester, diether, or dialkyl chains showed that incorporation of cholesterol reduced
bilayer permeability to very similar extents in all three cases*®. Thus, it was con-
cluded that there is no specific hydrophilic interaction such as H-bonding between
the 33-OH group of cholesterol and a carbonyl group of an adjacent lipid chain.

H-bonding is now considered by most researchers (see ref. 50 for an exception) not
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to be a contributing factor in the effects of cholesterol on lipid bilayers.

Spectroscopic studies of model membranes containing sterols modified from the
cholesterol structure in either the ring system or the sidechain, have provided some
insight into the hydrophobic interactions between cholesterol and phospholipids.
Lanosterol, a precursor of cholesterol in the biosynthetic pathway, does not induce
any change in order at C-9 and C-10 positions of lipid acyl chains as monitored
by H NMR, in contrast to the effect of cholesterol at this depth in the bilayer®!.
This difference in behaviour has been attributed to the presence of a methyl sub-
stituent at C-14 in lanosterol (see Figure 1.2), which projects out of the normally
planar a-face of the fused ring system. Thus it appears that the planar a-face of
cholesterol is necessary for its effects on lipid acyl chains. In addition, the presence
of a nonpolar sidechain is crucial. 5a-Androstan-33-ol, an analogue of cholesterol
with no sidechain and also no C-5,C-6 double bond, is found to have a substantially
lower ordering effect on model membranes than either cholesterol or cholestan-35-ol
(no C-5,C-6 double bond)*?. Sterols with Cg sidechains, as present in cholesterol,
which are substituted with polar functional groups such as hydroxy or keto, also do
not mimic cholesterol’s effects on phospholipids*?.

In summary, the 33-OH group, the C-5,C-6 double bond, the planar a-face and
the nonpolar sidechain are all functionally important components of the cholesterol
structure. However, there are still many aspects of cholesterol’s role in membranes
which remain to be elucidated. These include the effect of cholesterol on lipid
acyl chain dynamics, the molecular details of the phase behavior of phospholipid-

cholesterol bilayers, and details of cholesterol’s interaction with membrane proteins.

1.3.3 Cholesterol-Phospholipid Interactions

While it is generally recognized that cholesterol promotes acyl chain mobility in
the gel phase3~24, there is controversy as to its effect above T,,, i.e. under physio-
logically relevant conditions. Diffusion coefficients determined by the technique of
fluorescence recovery after photobleaching (FRAP)**53 have been found to decrease
at higher cholesterol levels, as have some diffusion coeflicients determined by EPR
spectroscopy®~®¢. Some studies have indicated that cholesterol has very little ef-

5758 while others demonstrate that lipid dynamical
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freedom is enhanced in the presence of cholesterol?®:2%:5%6%  Possible sources of these
discrepancies include the variety of models used to obtain the motional parameters,
as well as potential perturbation of the phosopholipid-cholesterol bilayers by the
spectroscopic probe molecules. Also, the region of the bilayer that is being probed
must be considered, since one study has indicated that cholesterol has opposite ef-
fects on lipid chain mobility near the glycerol backbone as opposed to the methyl
terminal end®’.

Another controversy surrounds the rationalization of changes in a number of
physical properties of phospholipid-cholesterol model membranes with mole percent
cholesterol content. In particular, many of these properties such as the endotherm
for the gel-liquid crystalline transition®’, X-ray and electron diffraction spacings

5253 and partitioning with respect to

and linewidths®?, lateral diffusion coefficients
water of a spin-label probe®®, change abruptly at a cholesterol level of approximately
20 mole percent. In the gel phase, additional pivotal cholesterol levels appear to be
~5%, 33%, and/or 50%3%%2¢ depending on the parameter being measured. Phase
diagrams, with phase boundaries at some or all of the cholesterol levels mentioned
above®%¢ have been invoked to explain this host of observations. Alternatively, the
results have been interpreted in terms of a single phase, with a continuous change
of structure as microdomains of phospholipid:cholesterol complexes with 2:113:0,
1:1%°, or no specific®? stoichiometry are formed. Clearly, this aspect of cholesterol’s

interaction with phospholipids requires clarification because of its implication in

understanding the role of cholesterol in membrane functions such as transport.

1.3.4 Techniques for Studying Cholesterol’s Effects on Mem-

branes

A major contributing factor to the confusion surrounding the details of cholesterol’s
interactions with other membrane components arises from the fact that very few
methods can detect the intrinsic properties of cholesterol when it is in a mem-
brane environment. Bulk effects of cholesterol on a membrane can be measured
by techniques such as DSC, electron microscopy and X-ray diffraction. However,

an appreciation on the molecular level requires the use of spectroscopic techniques.
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As mentioned earlier, the most commonly used spectroscopies are NMR, EPR and
fluorescence. Each of these methods has advantages and disadvantages in the study

of biologically important systems such as membranes.

NMR and EPR Spectroscopies

NMR has the widest applicability because of the number of nuclei which possess
a net nuclear spin. The natural abundance of these NMR-active nuclei, however,
is usually too low for biological studies so isotopic enrichment, for example of *C
or ?H, is often necessary. It is not expected that isotopic enrichment of natural
membrane constituents such as cholesterol or phospholipids would significantly af-
fect membrane properties except that, due to the relative insensitivity of the NMR
technique, millimolar concentrations of probe are required.

EPR spectroscopy is more sensitive than NMR but is the least attractive probe
technique since the spin labels must bear unpaired electrons. The structures of two
EPR probes based on the cholesterol structure are shown in Figure 1.3. They are
rendered EPR-active through the presence of a nitroxide group. These two probes
have been used extensively in studies of the order and dynamics of cholesterol-
containing membranes?%216768 despite the general recognition that they induce per-
turbations of membrane properties?®2!, most notably the ‘melting’ of phospholipid

chains at temperatures below T,,%’.
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Figure 1.3: Cholesterol analogue electron paramagnetic resonance (EPR) probes.

Fluorescence Spectroscopy

Fluorescence is the most sensitive spectroscopic probe technique, and this coupled
with the fact that it can monitor fast dynamical motions on the nanosecond or
picosecond timescales, has resulted in its widespread use in studies of biological
systems??. Its disadvantage is that there are only a limited number of intrinsic fluo-
rophores. While the fluorescent aromatic amino acids tyrosine and tryptophan have

enabled many studies of protein and peptide conformation and dynamics®, mem-

brane studies have been restricted to the use of extrinsic fluorescence probes??23,
The most commonly used membrane probe is 1,6-diphenyl-1,3,5-hexatriene (DPH)
which bears no resemblance to any natural membrane constituent (see Figure 1.4).
Moreover, the precise location of DPH in a membrane is unknown and it has been
demonstrated that it adopts orientations both parallel and perpendicular to the

bilayer normal in model membranes?3?°,

Fluorescent Sterol Membrane Probes

Several fluorescent probes based on the cholesterol structure have been utilized in

studies of cholesterol effects on membane order and dynamics™. These fall into
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Figure 1.4: DPH

three categories depending on whether they have been modified at the C-3 position
(Figure 1.5)™72in the fused ring system (Figure 1.6)™~78 or in the sidechain (Fig-

)79— 81

ure 1.7 . Those probes used in the FRAP experiments outlined earlier, in the

determination of lateral diffusion coefficients, were various 33-ester derivatives®?,
and are expected to interact quite differently than cholesterol with the phospho-
lipid headgroups. In fact the DPH-ester derivative shown in Figure 1.5 intercalates
between the lipid acyl chains in the opposite direction to cholesterol, with the now
significantly nonpolar 33-substituent pointing towards the bilayer interior’!. The
conjugated unsaturation introduced into the steroid nucleus in the probes dehy-
droergosterol and cholesta-5,7,9(11)-trien-33-ol (Figure 1.6)7*~"® render the fused
ring system more planar, and distort the positions of the 18- and 19-angular methyl
groups. Since cholesterol has its greatest ordering effect on C-2 to C-11 of the lipid
acyl chains, corresponding to interaction with the steroid nucleus, a change in ge-
ometry in this region of a fluorescent sterol probe is likely to perturb the normal
packing of lipid/cholesterol bilayers. The sidechain modified cholesterol analogues
(Figure 1.7)7°-8! all contain heteroatoms in their sidechains, which greatly alters

their hydrophobicity and hence the amphipathic nature of the molecules.

It was decided to synthesize fluorescent cholesterol analogues modified in the
sidechain with hydrophobic fluorophores. This was achieved through the introduc-
tion of conjugated unsaturation in the form of aryl polyenes; either a diene phenyl, a
triene phenyl or a diene 2’-naphthyl moiety (Figure 1.8). Note that all-trans geome-
tries of the polyenes is specified. This was in order to minimize photodegradation
of the probes which not only complicates their photophysics, but the photoproducts
could be toxic to the membranes under study. Cis-polyenes are more reactive than

their trans diastereomers due to their increased susceptibility to addition across the
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Figure 1.5: Cholesterol-based fluorescence probes modified at C-3.

Figure 1.6: Ring-unsaturated fluorescent sterol probes.
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Figure 1.7: Sidechain-modified fluorescent cholesterol analogue probes.

double bond.

Inspection of space filling models shows that the diene phenyl analogue has
the closest geometrical structure to that of cholesterol (Figure 1.9). It is expected
that all three probes will prove to be close analogues of cholesterol. This view
1s supported by deuterium NMR studies of various deuteriated cholesterol deriva-
tives incorporated into phospholipid model membranes, which have shown that the
sidechain of cholesterol, up to C-22, is as rigid as the ring system, as measured by
the molecular order parameter S,,,;=0.80%%. Even at C-24, the sidechain was found
to be highly ordered with S,,,,=0.66.

This thesis describes the synthesis and purification of these fluorescent sterols
(Chapter 2), the characterization of their double bond geometries and the assign-
ment of 'H and '3C resonances by high resolution NMR (Chapter 3), the character-
ization of their photophysical properties in isotropic solvents and hence their poten-
tial as fluidity probes (Chapter 4), and lastly some preliminary model membrane
studies are presented and ideas for future experiments are discussed (Chapter 5).
Although a better understanding of the role of cholesterol in membranes will come
from combining the information obtained from a variety of techniques, an impor-
tant contribution could be made through the use of these fluorescent cholesterol

analogues as cell membrane probes.
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Figure 1.8: Fluorescent sterol probes, with unsaturated sidechains, synthesized in
this work.
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Figure 1.9: Space-filling models of (a) cholesterol and (b) the diene phenyl choles-
terol analogue synthesized in this work.
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2.1 Introduction

The desired cholesterol analogue probes 4a, 5a and 6a with their aryl polyene
sidechains could be synthesized directly from the available C-20 steroidal ketone
34-hydroxypregn-5-en-20-one (pregnenolone 1,R=H) via a Wittig reaction. This
reaction has the advantage over the other olefin synthetic procedures in that a
double bond is formed exclusively between the nucleophilic carbon atom adjacent
to the phosphorous atom in the Wittig reagent, and the carbonyl carbon atom of
the starting material. However, the Wittig reaction can lead to formation of Z or
E alkenes, or mixtures thereof. For the proposed fluorescence application of the
desired sterols, all-trans or E,E,(E) polyene geometry was preferred, as discussed
in Chapter 1. By adjustment of reaction conditions such as solvent and base, and
by the use of structurally suitable reactants, some steric control over the Wittig

reaction can be achieved.

2.1.1 Stereochemistry of the Phosphorane Wittig Reaction

Effect of Phosphorane Structure

The single most important parameter which can determine the steric course of the
phosphorane Wittig reaction is the structure of the reagent of general formula
R'R’R?P=CR'R®* «— R'R?’R®P*C-R'R®
phosphorane ylid
where R!, R? and R?® are alkyl or aryl groups and often R! = R? = R3. Wittig
reagents have been classified into three categories depending on the ability of the R*
or R® substituents to stabilize a negative charge on the carbon atom adjacent to the
phosphorous atom (hereafter referred to as the a-carbon atom). These categories

are :

1. ‘stabilized’, when R* or R® is an electron-withdrawing group such as CO;R

or CN;

2. ‘semi-stabilized’ or ‘moderate’, when R* or R® is a weakly electron-withdrawing

group such as aryl or alkenyl;
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3. ‘unstabilized’, when R* or R® is an electron-donating group such as alkyl or

alkoxy.

In general (although other factors can be important, see later), stabilized ylids will
react with aldehydes to give predominantly E olefins'~7, while reactions with un-
stabilized ylids yield Z olefins'~36%® and approximately 1:1 mixtures of E:Z olefins
are obtained with reactions of semi-stabilized ylids! 361011,

Appropriate phosphorane reagents for generation of the sterol probes 4a, 5a
and 6a from pregnenolone (1, R=H) are shown in Scheme 2.1, although the tri-
phenyl substituents on the phosphorous atom could potentially be replaced by any

combination of three alkyl groups.

Scheme 2.1

E-Ph,P=CH(CH=CH)Ph

. o

2E 4E-PhyP=CH(CH=CH),Ph

RO

E-Ph,P=CHCH=CH(2'-C,oH,)
o
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These phosphoranes fall into the ‘semi-stabilized’ category of Wittig reagents.
so 1:1 mixtures of alkenes are to be expected in the absence of other factors.

In order to gain some understanding of why the stereochemistry of the phos-
phorane Wittig reaction is dependent on the nature of the group being added to
the aldehyde or ketone (i.e. on the nature of the substituents R*, R® in the phos-
phorane), it is necessary to take stock of what is known about the mechanism of
the reaction. The first step of the phosphorane Wittig reaction is generation of the
phosphorane/ylid reagent by treatment of the corresponding phosphonium halide
salt with one equivalent of base (equation 2.1).

R'R?R®°P+CHR‘R’X- 2™’ RIR’RP = CR'R® +M*X-+BH  (2.1)

phosphonium halide phosphorane
1
R!R’R®P*C-R'R?
ylid

In a ‘classical’ look at the mechanism of the reaction (Figure 2.1), there is
then nucleophilic attack of the ylid on the carbonyl carbon atom to yield di-
astereomeric erythro- and threo- betaines which cyclize to the erythro- and threo-
oxaphosphetanes. Syn elimination® of a trialkyl phosphine from the oxaphosphetanes

leads to the Z and E olefins respectively.

The presence of electron-donating groups R*, R® on the a-carbon atom of the
phosphorane (i.e. use of an unstabilized reagent) has been found to result in high
yields of Z olefin. On the other hand, use of a stabilized Wittig reagent, with its
electron withdrawing R*, R® substituents, leads to predominantly E olefin. This
observation has been explained by considering the tendency of the intermediate
oxaphosphetanes to equilibriate via the starting materials in a ‘retro-Wittig’ process,
which would give rise to a higher proportion of the thermodynamically more stable
threo- oxaphosphetane and hence a higher percentage of E olefin in the product.
Electron-withdrawing R*, R® substituents can be seen to enhance the retro-Wittig
process (Figure 2.2), thus accounting for the higher E:Z alkene ratios observed in

phosphorane Wittig reactions with stabilized as opposed to unstabilized reagents.

Reactions involving semi-stabilized phosphoranes, such as we are concerned with

ir. the synthesis of sterol probes 4a, 5a and 6a, lie somewhere between the two cases
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RSR4CHP*RIR?R3 X-
phosphonium salt

l M*B- (strong organic base)

R5R4C*P*RIR?R? —— R5R4C== PRIRZR3

ylid phosphorane
A
R'R6C=0
carbonyl
compound
Rélllu. C—O----\’I‘ R7lll:. O- "M‘
R o~ : REw™ :
s 4
R l11,, C—P+R1R2R3 R ., C_P+R]R2R3
enthro-betaine threo- betaine
R6 11 R7 1
e e—0 e

R, CT\— PRIR?R’ R, Cl PRIRZR3

RS \ RS \
erythro- oxaphosphetane threo- oxaphosphetane

R6 /,,I t‘\\ R4 R7 ,,'o ‘\\\ R4

‘C=C_ + P(O)RIR?R? ‘C=C,
i RS wrialkyl e RS
phosphine
Z (cis) olefin sideproduct E (trans) olefin

Figure 2.1: ‘Classical’ mechanism of the phosphorane Wittig reaction.
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6
R6I'l'. R Il"'

R7 VIC 3 R~ C=0
R,
“",c\l PRIR?R? RS,
RS """ C*—P*R!R2R3
RS \
o:_caphosph_ctane starting carbonyl compound
intermediate and ylid reagent

Figure 2.2: ‘Retro-Wittig’ process.

presented above and hence it is not surprising that generally 1:1 mixtures of E:Z
olefins are obtained using this class of Wittig reagent.

It has been found that by changing the nature of the alkyl groups R!, R?,
R® of the phosphorane reagent (as mentioned previously, these groups can be any
combination of alkyl groups since they do not end up in the desired olefin but in
the trialkyl phosphine sideproduct), the reaction of semi-stabilized phosphoranes
with aldehydes can be directed to yield higher proportions of E olefins in the prod-
uct. For example, successive replacement of the usual triphenyl (weakly electron-

withdrawing) substituents by electron-donating alkyl groups such as cyclohexyl,

n-butyl or methyl!®~12 results in higher E:Z alkene ratios (equations 2.2-2.4)!2,
E:Z ratio
PhyP*CH,PhX- + PhCHO "*°Z5°F PhCH=CHPh 4753 (2.2)

Ph,MeP+CH,PhX- + PhCHO "*°Z5°" phCH=CHPh 72228 (2.3)
PhMe,P*CH,PhX- + PhCHO "*°Z4*°" phCH=CHPh 87:13 (2.4)

In terms of the mechanism presented earlier for the phosphorane Wittig reac-
tion, the presence of electron-donating groups R!, R? and R? increases the electron
density on the adjacent phosphorous atom. This results in a decreased tendency
of the betaines to cyclize to the oxaphosphetanes which in turn promotes equili-
bration of the erythro- and threo- betaines favouring the thermodynamically more
stable threo- betaine. The final product consequently contains a higher proportion

of the E olefin than obtained with the corresponding triphenyl phosphorane.
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A potential disadvantage of using dialkyldiphenyl- or trialkylphenyl- phospho-
nium halide salts, however, is that they may deprotonate at two alkyl groups when
using a strong base like n-butyllithium (n-BuLi), which would result in loss of re-
gioselectivity in the Wittig reaction. This problem can be avoided by replacement
of only one of the triphenyl substituents by an alkenyl group which is identical to

the CHR*R® portion of the phosphonium salt (equation 2.5)!.

Ph, [(CH;),C=CHCH,] P=CHCH=C(CH,), + PhCHO

N:’_c:_}}:_}:lz PhCH=CHCH=C(CHj3), E:Z ratio > 94:6 (2.5)

Effect of Other Reaction Conditions

It has been found empirically that other reaction conditions, apart from the struc-
ture of the reagent, can affect the stereochemistry of the phosphorane Wittig reac-
tion. These conditions include the solvent used, and the choice of base to generate
the phosphorane. The effects of changes of these parameters on the Wittig reaction
stereochemistry are usually interpreted in terms of their influence on the equilib-
rium between the erythro- and threo- intermediates of the reaction and hence on
the yields of Z and E olefins respectively.

The choice of base is important if a lithium base such as n-BuLi or lithium
hexamethyl disilazide (LiHMDS) is used. In general, for Wittig reactions with
unstabilized phosphoranes in a nonpolar solvent like benzene, the presence of lithium
salts in the reaction mixture leads to increased yields of E olefin with respect to

Z olefin>%13-1% (equations 2.6, 2.7)13.

E:.Z ratio
PhsP=CHEt + PhCHO &% PhCH=CHEt + Ph;PO  9:91 (2.6)
PhsP=CHEt + PhCHO =¥ PhCH=CHEt + Ph;PO  40:60 (2.7)

iBr present
This effect has been explained in terms of the decreased ability of the betaine to
cyclize to the oxaphosphetane because of the complexation of the oxyanion in the be-
taine with the lithium cation. This allows an equilibrium to be established between
the erythro- and threo- betaines yielding a greater proportion of the thermodynam-

ically favoured threo- diastereomer which in turn results in higher proportions of
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E olefin in the product. In reactions involving semi-stabilized and stabilized phos-
phoranes in nonpolar solvents, the presence of lithium salts favours formation of

Z olefins in contrast to the trend observed with unstabilized phosphoranes (equa-

tions 2.8, 2.9)13.

E:Z ratio
Ph;P=CHPh + EtCHO CeHy EtCH=CHPh + Ph;PO 82:18 (2.8)

Ph;P=CHPh + EtCHO %» EtCH=CHPh + Ph;PO 73:27 (2.9)

@]

The reason for this difference in trends is not well understood. It has been suggested
that the influence of lithium salts is on the initial carbon-carbon bond forming pro-
cess and not on betaine or oxaphosphetane reversibility!4!5. Also, recent evidence’
has been gained through deuterium labelling studies that E olefins can be obtained
under kinetic and not thermodynamic control in reactions of stabilized phosphoranes
with aldehydes. Perhaps the opposing trends described above reflect a difference in
the kinetically favoured olefin with class of Wittig reagent.

In general, the presence of lithium salts has no effect on the stereochemistry of
the phosphorane Wittig reaction if polar solvents like dimethylformamide (DMF)

are employed, no matter what class of reagent is used (equations 2.10, 2.11)3.

E:Z ratio
Ph;P=CHPh + EtCHO 2 EtCH=CHPh + Ph,PO 59:41 (2.10)

PhsP=CHPh + EtCHO 20 EtCH=CHPh + Ph;PO  59:41 (2.11)

Polar solvents can effectively solvate the lithium salt and hence hinder the formation
of a lithium halide-betaine complex such that no change is observed in the steric
course of the reaction.

Solvents also play a role in determining the stereochemistry of the phosphorane
Wittig reactions apart from their possible ability to solvate lithium salts. Use of
polar solvents instead of nonpolar solvents in reactions involving semi-stabilized
phosphoranes favours formation of Z olefin (equations 2.8, 2.10)>>!31€, This has
been interpreted by invoking solvation of the oxyanion and phosphonium moieties
of the betaine in polar solvents. The electrostatic attraction between the oxygen
and phosphorous atoms then ceases to be an important factor in determining the

most stable conformation of the betaine. Instead, the most stable conformation
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has transoid solvated groups which means that the erythro- diastereomer is now of

lower energy and Z olefin is preferentially formed (Figure 2.3).

a) In nonpolar solvents

o o
H P*Ph, R4 P+Ph,
H R® H RS
R? H
erythro- betaine threo- beraine
(lower energy)

b) In polar solvents

Yo7 Yo
PASAY A
R4 H H_ R*
H R® H R®
) 15

ASE y \\Ph3
erythro- betaine threo- betaine

(lower energy)

Figure 2.3: Relative stabilities of erythro- and threo- betaines in polar and nonpolar
solvents.

The stereochemistry, and factors which influence it, are beginning to be un-
derstood for phosphorane Wittig reactions with the unstabilized class of reagents,
largely because of kinetic studies of oxaphosphetane formation and decomposition
by low temperature 3P NMR, and of alkene formation by low temperature 'H
NMR®17-1°, However, no intermediates have been observed by low temperature
NMR in reactions with either the semi-stabilized or stabilized class of reagents®.
An understanding of the factors influencing the steric course of these latter two
classes of phosphorane Wittig reaction is limited mainly to effects of structural

changes in the phosphorane.
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2.1.2 Stereochemistry of the Phosphonate Wittig Reaction

A variation of the Wittig reaction involves the use of a carbanion generated from
a phosphonate of general formula (R'0),P(O)CHR?R? as the reagent, instead of
a phosphorane (for reviews see Refs. 20-22). It is thought that the mechanism
of the phosphonate Wittig reaction is similar to that of the phosphorane Wittig
reaction (Figure 2.4), though direct evidence has only been obtained supporting

the existence of the cyclic oxyanion®.

In the case of the semi-stabilizing groups R?, R? as we have here in the synthesis
of sterol probes 4a, 5a and 6a from pregnenolone (1, R=H) (see Scheme 2.2), the
phosphonate carbanion reagent is to be preferred over the phosphorane reagent for

a number of reasons.

1. It has been found empirically that semi-stabilized phosphonate carbanions
yield high E:Z alkene ratios (usually > 90:10, see equations 2.12, 2.13) com-

pared to the corresponding phosphoranes?®?.

E:Z ratio
PhsP*+Cl-CH,Ph + (CH;),CH=CHC(CH;),CHO ";il}“ 40:60  (2.12)

(EtO),P(O)CH,Ph + (CH;),CH=CHC(CH,3),;CHO ”g%ﬁge 100:0  (2.13)

The reason for this is not clear since the steric course of the reaction has

not been followed by low temperature NMR.

2. The phosphonate carbanion is more nucleophilic than its phosphorane coun-
terpart, since the negative charge on the a-carbon atom is not as well stabilized
by the phosphorous atom in the phosphonate due to back bonding from the
oxygen atom to the phosphorous atom. In practice, this means that phos-
phonate carbanions should react with both aldehydes and ketones whereas
phosphoranes generally only react with aldehydes. Since we wish to retain
the 21-methyl group found in the structure of cholesterol, our proposed start-
ing carbonyl compound is pregnenolone (1, R=H), a ketone, so the enhanced
reactivity of the phosphonate carbanion over the corresponding phosphorane

is a definite asset.
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A possible disadvantage of employing semi-stabilized phosphonate carbanions,
however, is that the electrophilicity of the phosphorous atom is decreased compared
to that of stabilized phosphonate carbanions. This could result in some difficulty
in cyclization of the oxyanion. In fact, the 3-hydroxy phosphonate, with little or
no olefin, has been isolated from phosphonate Wittig reactions employing unstabi-
lized phosphonate carbanions?® (Figure 2.5). Hence it can be expected that while
phosphonate Wittig reactions with semi-stabilized reagents will exhibit higher E
stereoselectivity than their phosphorane counterparts, this could be at the expense

of lower overall yields of olefins.

R5R4C= CR?R?

R°R*C— OH ROR‘C— O"
3 ! 1 3 2I 1 *
R3R¥C— P(O)(ORY), R3R2C— P(O)(OR}Y), (RI0),PO)0"
undesired intermediate desired olefin
g-hydroxyphosphonate oxyanion

Figure 2.5: Formation of 3-hydroxyphosphonate sideproducts from phosphonate
Wittig reactions.

A survey of the literature of Wittig reactions performed on pregnenolone (1,
R=H) is rather surprising in that a number of phosphorane Wittig reactions have
been successful?®*~**, though none with semi-stabilized ylids. In contrast, only two
cases of successful phosphonate Wittig reactions on pregnenolone have been re-
ported, and these are with the activated (stabilized) carbanions of diethylcyanomethyl
phosphonate®~3 and recently triethylphosphonoacetate® after a number of unsuc-
cessful attempts35-37:40,

On balance, it seemed that the best way to proceed with the synthesis of the
cholesterol analogues 4a, 5a and 6a was by the phosphonate variation of the Wittig
reaction using pregnenolone (1, R=H) and the phosphonates shown in Scheme 2.2.
Since choice of solvent and base appears to be less critical with regard to final alkene

20,41,42

geometry in this variation of the Wittig reactions , solubility factors were the

main consideration behind the choice of tetrahydrofuran (THF) as the solvent.
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2.2 Results and Discussion

Direct Phosphonate and Phosphorane Reactions on Preg-

nenolone

The 33-t-butyldimethylsilyl ether of pregnenolone 1 was treated with the carbanion
generated from diethyl E-cinnamyl phosphonate (see Scheme 2.2) and despite the
history of unsuccessful phosphonate Wittig reactions on pregnenolone and other
C-20 steroidal ketones, the desired E,E-diene phenyl compound 4a (R=SiMe,t-
Bu) was obtained, albeit in a relatively low yield of 35%. The ratio of isomers
formed was 90:10 favouring the E ,E-isomer, as determined by high resolution NMR.
However, from nuclear Overhauser effect (nOe) experiments, it was apparent that
the isomers existed about the C-23,C-24 double bond and not about the C-20,C-22
double bond which was formed in the reaction. Failure to observe a 20(22)Z alkene
could be rationalized by steric hindrance from the steroid nucleus to 20(22)Z double
bond formation given the bulk of the sidechain being added. On the other hand.
observation of the diastereomers about the C-23,C-24 double bond suggests that
the negative charge of the phosphonate carbanion was delocalized over the allylic
system resulting in loss of geometrical integrity about the eventual 23(24) double
bond. Similar isomerization has been observed in the allylic moieties of both ylids!
and other phosphonate carbanions®.

The corresponding phosphorane Wittig reaction was attempted on the 34-t-
butyldimethylsilyl ether of pregnenolone 1 using the ylid generated from E-cinnamyl
triphenyl phosphonium bromide (see Scheme 2.1). Despite the formation of ylid,
as witnessed by an intense red colouration of the reaction mixture, no reaction
was observed. Considering the precedents for phosphorane Wittig reactions on
pregnenolone, this lack of reactivity is probably due to the low nucleophilicity of
the semi-stabilized ylid.

Despite the success of the phosphonate Wittig reaction to yield the E,E-diene
phenyl compound 4a (R=SiMe,t-Bu), when the 35-t-butyldimethylsilyl ether of

pregnenolone 1 was treated with the phosphonate carbanion containing one extra
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double bond in order to arrive at the E,E E-triene phenyl compound 5a (R=SiMe,t-
Bu, see Scheme 2.2), the reaction was unsuccessful. The explanation for this may be
that introduction of the extra double bond into the phosphonate reagent stabilizes
the carbanion to such an extent as to make it unreactive towards the rather sterically
hindered C-20 keto group of pregnenolone. The corresponding phosphonate Wittig
reaction to yield the E ,E-diene naphthyl compound 6a (R=SiMe;t-Bu) was not
attempted.

2.2.1 Synthesis of 20(22)E-a,3-unsaturated aldehyde 3a

Grignard Reaction on Pregnenolone Followed by Oxidative Rearrange-

ment

Since a more reactive carbonyl compound was needed in order to arrive at the de-
sired olefinic sterol derivatives 5a and 6a, it was decided to synthesize the 20(22)E-
a,(-unsaturated aldehyde 3a. Apart from having a more reactive carbonyl function
than the 20-keto group of pregnenolone, this aldehyde is less sterically hindered for
reaction with a Wittig reagent.

Synthesis of the analogous 33-acetoxy aldehyde has been reported***!, the more
efficient route involving a Grignard reaction and then a rearrangement of the ter-
tiary alcohol and subsequent oxidation*®. We adopted this route except that use of
pyridinium chlorochromate#® enabled us to perform the rearrangement and oxida-

tion in one step (Scheme 2.3).

The t-butyldimethylsilyl ether of pregnenolone 1 was treated with vinyl magne-
sium bromide to obtain the epimeric C-20 alcohols 2a and 2b. The ratio of alcohols
obtained was determined to be 1:9 by integration of the C-23 'H NMR peaks cen-
tred at 6 5.22 and 5.00 ppm and at § 5.15 and 4.96 ppm. The major isomer was
assigned the 20S configuration (2b) in keeping with the stereochemical preference
reported for other Grignard reactions on C-20 steroidal ketones*34¢. The 9:1 ratio of
20S:20R alcohols (2b:2a) is in good agreement with that observed for the analogous
33-acetoxy compound (11:1)%.

Treatment of the 9:1 mixture of 20S,20R-alcohols 2b and 2a with pyridinium
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Scheme 2.3

0
CH,CHMgBr
THF
t -BuMe,Si
1b 2a R!=Me.R2=0H
2b R!=0H,R?2=Me
PCC
Rl NaOEt, CH,Cl,
R2
1 -BuMe,Si

3a R!=CHOR?=H
3b R!=HR?=CHO

chlorochromate resulted in an 80:20 mixture of the 20(22)E- and 20(22)Z-a,5-
unsaturated aldehydes 3a and 3b respectively. The 20(22)E- and 20(22)Z-aldehydes
were assigned on the basis of their C-21 'H NMR resonances*"*®: 20(22)E-isomer
3a, 6 2.22 ppm; 20(22)Z-isomer 3b, é 1.99 ppm. The 80:20 ratio of the aldehydes
was determined by integration of the C-23 'H NMR peaks at § 10.07 [20(22)E] and
6 9.97 [20(22)Z] ppm and of the C-22 proton peaks at § 6.05 [20(22)Z] and 6 5.95
[20(22)E] ppm.

In order to obtain some insight into the mechanism of this oxidative rearrange-
ment, the pure 20R- and 20S-alcohols (2a and 2b) were each treated with pyri-
dinium chlorochromate and the resulting ratios of 20(22)E:20(22)Z aldehydes de-
termined by high performance liquid chromatography (HPLC). The results are given
in Table 2.1.

It can be seen that the 20R-alcohol 2a gives the 20(22)E-aldehyde 3a in a highly
stereoselective manner, in contrast to the 20S-alcohol 2b. This difference in behav-
ior can be attributed to the relative arrangement of the functional groups on C-20

with respect to the D-ring of the steroid nucleus. From an X-ray crystallographic
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Table 2.1: Ratios of 20(2)E-/20(22)Z-aldehydes (3a/3b) obtained after oxida-
tive rearrangement of various ratios of 20R/20S-alcohols (2a/2b) with pyridinium
chlorochromate.

2a/2b 3a/3b

10 : 90 80(£1) : 20(1)®
100 : 0 98(£1) : 2(&1)°
0 : 100 78(%2) : 22(x2)
10 : 90 80(+2) : 20(£2)°

2Determined by 300 MIllz ‘Il NMR.
*Determined by HPLC.
°Calculated from ratios of aldehydes obtained by starting from pure 2a and pure 2b.

study®® on the analogous 20S-ethyl compound, the position of the ethyl group was
determined to be close to 180° from C-13 (when looking along the C-17, C-20 bond).
The C-20 C-O bond lies over the D-ring while the 21-methyl group points out the
back of the molecule. If we assume that likewise the ethylene group of the 20S-
and 20R-alcohols (2b and 2a) adopts an ~180° conformation from C-13 in solu-
tion, then the higher stercoselectivity of the 20R-alcohol oxidative rearrangement
can be rationalized (Figure 2.6). The hydroxyl group of the 20R-alcoliol 2a would
be pointing out the back of the molecule and hence it could be envisaged that the
oxidative rearrangement occurs mainly by a concerted mechanism as there is little
steric hindrance from neighbouring nuclei. On the other hand, the hydroxyl group
of the 20S-alcohol 2b would lie over the D-ring of the steroid nucleus as in the 20S-

ethyl compound and there would be some steric hindrance to a concerted oxidative

rearrangement.
H CH, OH
\ /,,C 12 H\ C/ C12
C15—/Cl6\ C\l\a— CH,4 c15—/c1 13— CH,4
H Cl4 H N C14
H,C=HC OH H,C=HC CH,4
H H
2a 2b

Figure 2.6: Relative spatial arrangement of C-20 and C-17 substituents in the 201R-
and 20S- alcohols (2a and 2b) which could rationalize the difference in stereochem-
istry of their oxidative rearrangements by PCC.
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The difference in stereoselectivities of the oxidative rearrangement of the epimeric
alcohols can be seen to account for the ratio difference between the reactants and
products [20S:20R alcohols in 9:1 ratio—20(22)E:20(22)Z aldehydes in 4:1 ratio).
As shown in Table 2.1, if 90% of the resultant ratio from the 20S alcohol 2b oxida-
tive rearrangement is added to 10% of the product ratio from the 20R alcohol 2a
oxidative rearrangement, an aldehyde ratio is arrived at (80:20) which is the same
as that found experimentally for the 20S:20R alcohol (9:1) oxidative rearrangement

reaction.

Phosphonate Wittig Reaction on Pregnenolone

Another route to the isomeric aldehydes 3a and 3b was investigated with the aim
of synthesizing the 20(22)E-aldehyde 3a more stereoselectively since only partial
separation of the two diastereomers was possible by flash column chromatography.
and long retention times were needed to effect separations by HPLC (see Figure 2.7).
It was decided to treat the 33-t-butyldimethylsilyl ether of pregnenolone 1 with the
carbanion generated from diethyl 2-(cyclohexylimino)vinyl phosphonate (Scheme
2.4), which has been shown to react with C-3 and C-17 steroidal ketones*’, followed
by hydrolysis of the cyclohexylimino function. Asexpected, this phosphonate Wittig
reaction yielded predominantly the 20(22)E aldehyde 3a (a ratio of 96:4 favouring
3a over 3b was determined by HPLC), though with some sacrifice in yield (see
Table 2.2).

2.2.2 Phosphonate and Phosphorane Wittig Reactions on
20(22)E-aldehyde 3a

Both phosphonate and phosphorane Wittig reactions were successfully carried out
on the 20(22)E-aldehyde 3a (see Table 2.2 and Scheme 2.5). Treatment of 3a
with the carbanion generated from diethyl (2'-naphthylmethyl) phosphonate re-
sulted in a 90:10 mixture of the E,E- and E,Z- diene naphthyl compounds 6a and 6b
(R=SiMe,t-Bu). The analogous reaction involving the carbanion generated from di-

=thyl E-cinnamyl phosphonate also yielded predominantly the desired E,E,E- triene
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Figure 2.7: HPLC chromatogram showing separation of 20(22)Z- (r;=41.9') and
20(22)E- (r,=46.7') aldehydes (3b and 3a). Beckman Ultrasphere ODS column,
10 mm x 25 cm, 3 ml/min, 100% CH3;CN, A = 250 nm.

Scheme 2.4

t -BuMe,Si
1b
(EtO),P(O)CH,CH=NC¢Hy,
NaH, THF
Rl
R2
r -BuMe,Si

3a R!=CHO,R’=H
3b R!=H,R?=CHO
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Table 2.2: Yields and E/Z ratios for various Wittig reactions on compounds 1b and

3a.

RR'CO method®

product  vield E/Z ratio®

1b
1b
1b
3a
3a

1b
3a
3a
3a

(EtO),P(O)CH,R"
I R”=(E)-(CH=CH)Ph? 4a,b 35 90:10°¢
I R”"=(CH=CH),Ph/ no reaction
I R”"=CH=NC¢H,,* 3a,b 45 96:4°¢
I R”=(E)-(CH=CH)Ph 5a,b 40 83:17¢
I R"=2-(CyoH:)" 6a,b 55 90:10°
Ph;P*CH,R"X™
II R"=(E)-(CH=CH)Ph no reaction
II R"=Ph 4a,b 5 40:60°
II R"=(E)-(CH=CH)Ph 5a,b 75 40:60°
11 R”"=(E)-(CH=CH)Ph 5a,b 1:99¢

Method I: phosphonate reagent, THF, room temperature for 24h. Method II: phosphorane
reagent, THF, reflux for 12h. Method III: phosphorane reagent, 9:1 THF/HMPA, room temperature

for ?4}1.

Determined by 500 MHz !H NMR.

*Determined by HPLC.
9See ref 53

¢About C-23, C-24 double bond.
790:10 mixture of 2E 4E/2Z 4E isomers.

9See ref 49 and 54.
hSee ref 55.

47



phenyl compound 5a with the ratio of E,E,E- to E,Z,E- trienes formed in the re-
action being 83:17. The difference in the E:Z alkene ratios for these two reactions
could possibly reflect steric effects on the final alkene geometry, the more sterically
hindered diethyl (2'-naphthylmethyl) phosphonate carbanion giving rise to a higher

proportion of the all-trans or E E-alkene.

Scheme 2.5

R2

r -BuMe,Si RIO

3a 4a R!=Ph,R*=H
4b R2=H,R3=Ph
5a R?=E-(CH=CH)Ph,R®=H
5b R?=H,R®=E-(CH=CH)Ph
6a R2=2-C,H, R3=H
6b R2=H,R*=2-C)oH,

The phosphorane Wittig reactions carried out on the 20(22)E-aldehyde 3a gave
the expected E:Z alkene product ratios of approximately 1:1, typical of reactions
involving semi-stabilized triphenyl phosphoranes (Table 2.2). Through the use of
a 1:9 ratio of hexamethylphosphoramide (HMPA)/THF as solvent instead of the
usual 100% THF, the Z-stereoselectivity of the reaction between the ylid generated
(using n-BulLi) from E-cinnamy! triphenylphosphonium bromide, and the 20(22)E-
aldehyde 3a, increased from a 40:60 ratio of E:Z alkenes to a 1:99 ratio. Use of
HMPA as a co-solvent has been shown®~52 to increase Z-stereoselectivity of phos-
phorane Wittig reactions. It has been postulated that this is due to the ability of
HMPA to act as a lithium cation complexing agent, hence accelerating the forma-

tion of olefin from the betaine-lithium bromide complex and producing the more

kinetically favoured Z-olefin.
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2.2.3 Purification and Characterization of the Olefinic Sterol

Probes

As with the diastereomeric aldehydes 3a and 3b, limited success was achieved by
flash column chromatography in separating the isomeric pairs of olefins 4a/4b.
5a/5b and 6a/6b (R=H). HPLC proved to be the method of choice to obtain pure
4a despite the necessity for long retention times and double passes through the C;
reversed phase column (Figure 2.8). The HPLC purification of the E,E.E-triene
phenyl probe 5a was also challenging due to the presence of four diastereomers, the
minor isomers perhaps arising from some scrambling of the double bond geometry in
the phosphonate carbanion reagent, as witnessed in its reaction with pregnenolone.
Separation of the E,E and E,Z diene 2’-naphthyl probes 6a and 6b was unsuccessful
by HPLC, even when collecting only a portion of the unsymmetrical peak (Figure
2.8). This is possibly due to some aggregation of the naphthalene derivatives as
they are passed through a nonpolar C;s column with a polar solvent mixture of
methanol and water. Perhaps normal phase HPLC would have been successful;

however, separation was finally achieved by fractional crystallization.

The double-bond geometry of the olefinic sterols 4a, 4b, 5a, 5b, 6a and 6b
(R=H) was determined by high resolution NMR on the basis of *H-'H shift-correlated
spectra (COSY), selected nOe difference experiments and spectral simulation of the
olefinic region of a one-dimensional (1D) 'H spectrum of a mixture of the E,EE-
and E,Z,E- triene pheny! sterols 5a and 5b. This is presented in detail in the follow-
ing chapter. Ratios of the isomeric olefins obtained in the various Wittig reactions
were determined by a combination of HPLC and high resolution NMR experiments
(Table 2.2).

A summary of the overall synthetic pathway to the olefinic sterol probes is

presented in Scheme 2.6.
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Figure 2.8: HPLC chromatograms for semi-preparative purification of 4a, 5a and
6a using a Beckman Ultrasphere ODS column, 10 mm X 25 cm, 3 ml/min. a)
d4a (r, = 39.1', 92% MeOH/8% H,0, A = 300 nm); b) 6a contaminated with
6b (r, = 49.3, 95% MeOH/5% H,0, A = 340 nm) - see text; c) 5a (r; = 34.2’,
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Scheme 2.6

la R=H 2a

1b R =SiMe,¢-Bu >< 2b

Rl

r -Bm\’IG/zSi RIO

3a R!=CHO,R?=H 4a
3b R!=H,R?=CHO 4b
Sa
5b
6a
6b

o1

R! =Me, R2=0H
Rl =OH, R2=Me

RZ

R3

R2=Ph,R3=H
RZ=H,R3=Ph .

R? = E-(CH=CH)Ph, R3=H
R?=H, R3 = E-(CH=CH)Ph
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RZ = H, RD = 2"C10H7



2.3 Experimental Section

Melting points were determined on a Fisher-Johns melting point apparatus and are
uncorrected. Spectra were obtained on the following instruments: Bruker AM-500,
AM-200 and Varian XL300 (*H and '3C NMR), Varian Cary 219 (UV), Perkin-Elmer
MPF-44A (fluorescence), Perkin-Elmer 23 Polarimeter (rotations) and a Vacuum
Generator VG 7070E (MS). The ionizing voltage for MS was 70 eV

For flash column chromatography Terochem Silica Gel 1918 (equivalent to Merck
9385, 20-45 um) was used. Thin layer chromatography (TLC) was done on Merck
60 nonfluorescent silica gel plates which were visualized by spraying with 5% sulfuric
acid in ethanol and heating. Analytical and preparative HPLC was performed on

a Varian Vista 5500 Liquid Chromatograph with a Varian DS604 data system.

2.3.1 Preparation of Phosphonates

Diethyl (E)-Cinnamylphosphonate. Equimolar amounts of triethyl phosphite
and E-cinnamyl bromide were heated under reflux at 160°C for 10 h. The ethyl
bromide evolved was condensed in an acetone/dry ice cold finger and the reaction
mixture was distilled to give pure diethyl(E)-cinnamyl phosphonate. bp 147.0-
148.5°C (1.0 mm); 'H NMR (300 MHz): 6 1.29 (t, 6H, J = 7.1 Hz, -OCH,CH,),
2.74 (d of d of d, 2H, J = 1.2, 7.5, 22.1 Hz, -CH,-P), 4.10 (m, 4H, -OCH,CHa;),
6.15 (m, 1H, -CH=CH-CH,P), 6.51 (d of d, 1H, J = 5.0, 15.7 Hz, -CH=CH-CH,P),
7.18— 7.35 (m, 5H, aromatic protons). Anal. Calcd. for C,3H,;,03P: C, 61.41; H,
7.53. Found: C, 61.19; H, 7.39.

Diethyl (2-naphthylmethyl)phosphonate. This phosphonate was prepared
by a reported®® method. bp 168.0-169.0°C (1.2 mm); *H NMR (300 MHz): § 1.22
(t, 6H, J = 7.1 Hz, -OCH,CH3) 3.30 (d, 2H, J = 21.7 Hz, -CH,-P), 4.00 (m, 4H,
-OCH,CH3;), 7.40—7.47, (m, 3H, aromatic protons), 7.73—7.81 (m, 4H, aromatic

protons).

52



Diethyl (2E,4E)-and (2Z,4E)-2,4-pentadienylphosphonate. This phospho-

nate was prepared from (E,E)-cinnamylidene acetic acid as outlined below.

Methyl (E,E)-5-Phenyl-2,4-pentadiene-1-oate. (E,E)-Cinnamylidene acetic
acid (Pfitzer and Bauer, 10.0 g) was dissolved in anhydrous MeOH (200 ml), and
dry HCI ( ~10 g) was added. The reaction mixture was stirred at room temperature
for 20 h, and then the MeOH was evaporated under reduced pressure. The product
was extracted with n-pentane through a thimble and allowed to crystallize. Total
yield of the ester was 96% (10.4 g) after two crops of crystals. mp 67.0-68.0°C
(Lit.* mp 71°C), m/z = 188 (M*), 157 (M*-OCHj;), 129 (M+-CO,CH;). 'H NMR
(300 MHz): 6 3.80 (s, 3H, CO,CH;), 6.03 (d, 1H, J = 15.9 Hz, H-2), 6.86—6.92
(m, 2H, H-4, H-5), 7.33—7.52 (m, 6H, 5 aromatic protons and H-3). Anal. Calcd
for C;,H,,0,: C, 76.57; H, 6.43. Found: C, 76.53; H, 6.43.

(E,E)-5-Phenyl-2,4-pentadien-1-0l. The 1-methyl ester from above (0.94 g)
was added to benzene (Na dried, 11 ml) under nitrogen and then diisobutylalu-
minum hydride (1.0M solution in toluene, 10.0 ml, 2.0 eq) was added slowly over 1
h. The reaction mixture was then heated at 45 °C for 3 h until no starting material
remained. After the mixture was cooled, dry MeOH (1.04 ml in 1.14 ml] toluene,
6.0 eq) and then H,0O (0.55 ml in 1.14 ml MeOH, 6.0 eq) were added. The gel
which formed upon addition of H,O was filtered, washed with MeOH, evaporated
to dryness, extracted through a thimble with n-pentane and allowed to crystallize
to yield 0.70 g of the alcohol (87% yield). mp 79.5-81.5°C (Lit.’” mp 80-81°C,
Lit.%® mp 73-78°C), m/z = 160 (M*), 142 (M*-H,0). 'H NMR (300 MHz): § 4.26
(dofd,J =7, 2 Hz, CH,OH). Anal. Calcd for C;;H,,0: C, 82.46; H, 7.55. Found:
C, 82.21; H, 7.43.

1-Bromo-5-phenyl-2,4-pentadiene. (E,E)-5-Phenyl-2,4-pentadien-1-0l (0.95 g)
was dissolved in dry ether (20 ml), cooled to 0 °C, and phosphorous tribromide (1.62
ml, 1.05 eq) was added dropwise. After stirring at 0°C for 1.5 h, the reaction mix-
ture was poured onto ice, extracted with ether, washed with NaHCO3;, and dried
over MgSQO,. After evaporation of the solvent under reduced pressure, the cream-

coloured residue was ground to a powder and dried under vacuum (over KOH) to
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give 1.06 g (80% yield) of slightly contaminated 1-bromo-5-phenyl-2,4-pentadiene,
which was used within three days in the following reaction. m/z (under chemical
ionization conditions) = 225, 223 (MH*), 224, 222 (M*). 'H NMR (300 MHz): §
409 (dof d, J = 7.7, 2.0 Hz, CH,Br).

Diethyl 5-Phenyl-2,4-pentadien-1-yldiethyl phosphonate. The slightly
contaminated 1-bromo-5-phenyl-2,4-pentadiene (3.48 g) was heated at 160°C with
triethyl phosphite (3.00 ml, 1.12 eq) for 20 h. The reaction mixture was dis-
tilled [153-158°C (0.1 mm))] to give 2.06 g (47% yield) of a 90:10 mixture of the
2E,4E/2Z,4E isomers as determined by 200 MHz 'H NMR. This mixture of isomers
is suspected to have originated from the bromination reaction above. 2E,4E iso-
mer: '"H NMR (200 MHz): § 1.26 (t, 6H, J = 7.1 Hz, OCH,CH,), 2.64 (d of d, 2H,
J =229, 7.7 Hz, CH,P), 4.05 (m, 4H, OCH,CH3;), 5.72 (m, 1H, H-2), 6.28 (d of
d of d, 1H, J = 15.1, 10.2, 5.0 Hz, H-3), 6.44 (d of d, 1H, J = 15.7, 2.4 Hz, H-5),
6.71 (d of d, 1H, J = 15.5, 10.4 Hz, H-4), 7.14—7.38 (m, aromatic protons). 2Z,4E
isomer: 'H NMR (200 MHz): § 2.79 (d of d, 2H,J = 23, 8 Hz, CH,P), 5.48 (d of
d, 1H,J = 11, 8 Hz, H-2), 6.96 (d of d, 1H,J = 15, 10 Hz, H-4).

2.3.2 Wittig Reactions

General Conditions of Phosphonate Wittig Reaction for Stereoselective
Synthesis of E-Olefins (Method I)

To a cooled solution (-78°C) of the phosphonate (1.1 eq) in THF was added n-BulLi
(1.1 eq) and, after stirring for 45 min, a solution of the carbonyl compound in THF
was added. The reaction mixture was stirred at -78°C for a further 45 min, allowed
to come to room temperature and then stirred for 24 h. The solvent was evaporated
and the residue taken up in ether and worked up in the usual way. Chromatography
of the crude product on silica gel (hexane) gave a mixture of E/Z olefins (see Table

2.2 for isomer ratios).
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General Conditions of Phosphorane Wittig Reaction (Method II)

The procedure was identical to that of Method I except that the appropriate phos-
phonium salt was used instead of the phosphonate, and the reaction mixture was
not stirred at room temperature but refluxed for 12 h (see Table 2.2 for isomer

ratios).

General Conditions of Phosphorane Wittig Reaction for Stereoselective

Synthesis of Z-Olefins (Method III)

The above procedure was followed except that the solvent for the reaction was 90%
THF/10% hexamethylphosporamide (HMPA) and the reaction mixture was not
refluxed but kept stirring at room temperature for 24 h (see Table 2.2 for isomer

ratios).

2.3.3 Preparation of Steroidal Compounds

Pregnenolone 33-t-Butyldimethylsilyl Ether 1,R=SiMe;¢-Bu from 1,R=H.
Pregnenolone (1,R=H, 22.6 g) was treated with t-butyldimethyl-silyl chloride (13.1
g, 1.2 eq) and imidazole (11.9 g, 2.4 eq) in dry DMF for 20 h at room tempera-
ture. The resulting precipitate was filtered and recrystallized from CHCl; to give
pure 1, R=SiMe,t-Bu. The filtrate was extracted with ether, washed with H,O,
dried over MgSO, and the solvent removed under reduced pressure. The resulting
white powder was chromatographed on silica gel (hexane/ethyl acetate, 98:2) to
give more protected pregnenolone 1,R=SiMe,¢Bu (total yield 28.3 g, 92%). mp
164.5-165.0°C, (Lit.*® mp 162-164°C); m/z = 415 (M*-CH3;), 373 [M+-C(CH,)s],
[a]¥ +23° (c 1.29, CH,Cl;); '"H NMR (300 MHz) é 0.06 [s, 6H, Si(CHj),}, 0.63 (s,
3H, C-18 methyl), 0.89 [s, 9H, C(CHs);), 1.00 (s, 3H, C-19 methyl), 2.12 (s, 3H,
C-21 methyl), 3.48 (m, 1H, H-3a), 5.34 (br d, 1H, H-6); }*C NMR (75 MHz) § -4.61
[Si( CH3),), 25.90 [C(CH3)s], 209.58 (C-20). Anal. Calcd for C27H460,5i: C, 75.27;
H, 10.77. Found: C, 75.02; H, 10.79.
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General Deprotection Procedure. The t-butyldimethylsilyl ether derivatives
of the unsaturated alcohols (4a, 4b, 5a, 5b, 6a, 6b) were treated with tetra-n-
butylammonium fluoride® (1.0 M solution in THF, 4 eq) in dry THF for 20 h
at room temperature. After removal of the solvent, the residue was taken up in
ethyl acetate, washed with water, dried over MgSO, and the ethyl acetate evapo-
rated under reduced pressure. The crude solid was chromatographed over silica gel
(hexane/ethyl acetate, 88:12) to give quantitative yields of the corresponding C-3
alcohols.

(20R)- and (20S)-20-Vinylpregn-5-ene-343,20-diol 33-t-Butyldimethy! Silyl
Ether (2a and 2b) from 1(R=SiMe;#-Bu). To a cooled solution (-78°C) of
the t-butyldimethylsilyl ether of pregnenolone (1, 15.7 g) in THF was added viny!l
magnesium bromide (1 M solution in THF, 90 ml, 2.5 eq) and the reaction mixture
was stirred at -78°C for 1 h and then at room temperature for 24 h. Hydrolysis with
a saturated solution of NH,Cl (0 °C), extraction with ether, drying over potassium
carbonate and evaporation of the solvent gave the crude product which was puri-
fied by chromatography on silica gel (hexane, hexane/ethyl acetate, 98.5:1.5). The
fractions containing solely the 20R- and 20S-isomers (2a and 2b respectively) were
combined separately; total yield of C-20 alcohol was 14.6 g (87%). 'H NMR (300
MHz) on partially purified reaction product (starting material removed) determined
the ratio of the epimers to be 1:9 by integration of the H-23 peaks (RCH=CH,)
centered at 6 5.22 and 5.15 ppm and at § 5.00 and 4.96 ppm. The major isomer
was assigned the 20S configuration (2b) in line with reported epimer ratios*** for

other Grignard reactions on 20-keto steroids.

20R-Epimer (2a). mp 192-194.5°C; m/z = 443 (M*-CHj3;), 401 [M+-C(CHa););
[@)% -26° (c 0.24, CHCl;); *H NMR (500 MHz) 6 0.053 [s, 6H, Si(CHs),], 0.770 (s,
3H, C-18 methyl), 0.886 [s, 9H, C(CHs)3), 0.983 (s, 3H, C-19 methyl), 1.538 (s, 3H,
C-21 methyl), 3.48 (m, 1H, H-3a), 5.00 (d, 1H, J = 10.7 Hz, H-23), 5.22 (d, 1H, J
= 17.2 Hz, H-23), 5.31 (br d, 1H, H-6), 6.03 (d of d, 1H, J = 17.3, 10.7 Hz, H-22);
13C NMR (125 MHz) 6 13.35 (C-18), 22.40 (C-16), 29.93 (C-21), 58.98 (C-17), 75.42
(C-20), 109.78 (C-23), 146.24 (C-22). Anal. Caled for Cy9H;500.5i: C, 75.90; H,

10.99. Found: C, 75.75; H, 11.01.
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20S-Epimer (2b). mp 157-158°C; m/z = 443 (M*-CHj), 401 [M*-C(CH,);]:
[a]2 -52° (c 1.07, CH,CL); "H NMR (500 MHz) § 0.055 [s, 6H, Si(CHs)s], 0.830
(s, 3H, C-18 methyl), 0.888 [s, 9H, C(CH,)3], 0.999 (s, 3H, C-19 methyl), 1.542 (s,
3H, C-21 methyl), 3.48 (m, 1H, H-3a), 4.96 (d of d, 1H, J = 10.8, 1.3 Hz, H-23),
5.15 (d of d, 1H, J = 17.3, 1.2 Hz, H-23), 5.31 (br d, 1H, H-6), 5.98 (d of d, 1H, J
= 17.3, 10.8 Hz, H-22); 3C NMR (125 MHz) § 13.80 (C-18), 23.21 (C-16), 28.78
(C-21), 59.47 (C-17), 75.73 (C-20), 110.22 (C-23), 146.12 (C-22). Anal. Caled for
C2H;500,Si: C, 75.90; H, 10.99. Found: C, 75.80; H, 11.11.

(20(22)E)- and (20(22)Z)-24-Norchola-5,20(22)-dien-23-al, 33-t-Butyldi-
methylsilyl Ether (3a and 3b) from 2a and 2b. To a suspension of pyridinium
chlorochromate (12.0 g, 2 eq) and sodium acetate (4.5 g, 2 eq) in CH;Cl, was added
a solution of the 1:9 mixture of the 20R/20S alcohols (2a and 2b, 12.9 g) in CH,Cl,.
After stirring at room temperature for 20 h, the solvent was evaporated and the
residue taken up in ether, washed with saturated NaHCOQO3; and brine, and dried over
MgSO,. The crude solid obtained after removal of the solvent was chromatographed
on silica gel (hexane, hexane/ethyl acetate, 99:1). Those fractions containing solely
the 20(22)Z- or 20(22)E-isomers were combined separately giving a total yield of
aldehydes of 88% (3a, 3b 11.3 g). The E and Z aldehydes were assigned on the
basis of their 'H and *C 21-methyl NMR resonances: § 2.20 (E) and 1.99 (Z)*"8,
6 19.36 (E) and 24.54 (Z). The ratio of diastereomeric aldehydes was determined
by integration of the H-23 peaks at 6 10.07 (E) and 9.97 (Z) and the H-22 peaks at
6 6.05 (Z) and 5.95 (E) to be 80:+1:20+1 as E:Z.

The oxidation procedure described above was carried out on both the pure 20R-
alcohol (2a) and on the pure 20S-alcohol (2b) and the ratio of resultant aldehydes
determined on the crude products by HPLC (Varian MCH-5NCAP column, 4.6 mm
x 15 cm, 100% MeOH, 254 nm). The results are summarized in Table 2.1.

(20(22)E)- and (20(22)Z)-24-Norchola-5,20(22)-dien-23-al, 35-t-Butyldi-
methylsilyl Ether (3a and 3b) from 1,R=SiMe,t-Bu. The ¢-butyldimethyl-
silyl ether of pregnenolone (1, 2.9 g) was treated with diethyl 2-(cyclohexylimino)-
vinyl phosphonate*®® (1.1 eq) and NaH (50% dispersion in oil, 1.1 eq) in THF

initially at 0°C and then at reflux temperature for 12 h. A yellow-green colour
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developed upon heating. The reaction mixture was diluted with water and ex-
tracted with ether. Hydrolysis of the crude product and chromatography on silica
gel (hexane, hexane/ethyl acetate, 96:4) gave a 45% yield of the diastereomeric
20(22)E/20(22)Z-aldehydes (3a and 3b, 1.40 g). The ratio of aldehydes was deter-
mined by HPLC (Varian SPC-18 column, 4.6 mm x 15 cm, 100% CH3CN, 250 nm)
to be 20(22)E:20(22)Z = 96:4.

20(22)E-Isomer (3a). mp 145-146.5°C; m/z = 456 (M*), 441 (M*-CH,), 399
[M*-C(CHs),); A2k, = 248 nm (CHCl;); *H NMR (300 MHz) 6 0.06 [s, 6H,
Si(CHj),), 0.62 (s, 3H, C-18 methyl), 0.89 [s, 9H, C(CH,);), 1.01 (s, 3H, C-19
methyl), 2.20 (s, 3H, C-21 methyl), 3.49 (s, 1H, H-3a), 5.35 (br d, 1H, H-6), 5.95
(d, 1H, J = 7.8 Hz, H-22), 10.07 (d, 1H, J = 8.0 Hz, H-23); *C NMR (125 MHz) ¢
19.36 (C-21), 127.99 (C-22), 164.24 (C-20). Anal. Caled. for CzoH4s0,Si: C,76.32;
H, 10.33. Found: C, 75.80; H, 10.72.

20(22)Z-Isomer (3b). mp 118-119°C; m/z = 456 (M*), 441 (M+-CH;), 399
[M*-C(CHa)a); [a]% -102° (c 0.66, CHCIl3); 'H NMR (500 MHz) 6 0.059 [s, 6H.
Si(CHs),), 0.698 (s, 3H, C-18 methyl), 0.890 [s, 9H, C(CHs)s], 1.009 (s, 3H, C-19
methyl), 1.992 (s, 3H, C-21 methyl), 3.48 (m, 1H, H-3a), 5.33 (br d, 1H, H-6), 6.05
(d, 1H, J = 8.0 Hz, H-22), 9.97 (d, 1H, J = 8.3, H-23); 1*C NMR (125 MHz) § 24.54
(C-21). 131.59 (C-22), 164.11 (C-20), 191.16 (C-23). Anal. Calcd for CasHys0,Si:
C, 76.32; H, 10.53. Found: C, 76.06; H, 10.65.

(20(22)E,23E)-24-Phenylchola-5,20(22),23-trien-35-0l (4a, R'=H).

mp 141.0-142.5 °C; m/z = 416 (M*); [a]¥ -30° (c 0.19, CH,Cl,;); A%k: = 280, 295,
306 nm (MeOH); A®, = 352 nm (MeOH, A, = 300nm); '"H NMR (500 MHz) é
0.598 (s, 3H, C-18 methyl), 1.009 (s, 3H, C-19 methyl), 1.896 (s, 3H, C-21 methyl),
3.526 (m, 1H, H-3), 5.365 (br d, 1H, H-6), 6.074 (br d, 1H, J = 11.0 Hz, H-22),
6.466 (d, 1H, J = 15.6 Hz, H-24), 7.083 (d of d, 1H, J = 11.0, 15.6 Hz, H-23), 7.182
(t, 1H, H-4), 7.295 (t, 2H, H-3' and H-5), 7.400 (d, 2H, H-2' and H-6'); °C NMR
(125 MHz) § 13.05 (C-18), 18.71 (C-21), 19.44 (C-19), 121.60 (C-6), 125.73 (C-22,
C-24), 126.08 (C-2, C-6'), 126.90 (C-4'), 128.54 (C-3', C-5'), 130.03 (C-23), 138.18
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(C-1"), 139.91 (C-20), 140.84 (C-5). Anal. Calcd for C3,H,00: C, 86.48; H, 9.68.
Found: C, 86.24; H, 9.78.

(20(22)E,23Z)-24-Phenylchola-5,20(22),23-trien-38-o0l (4b, R'=H). m/z
= 416 (M*); 'H NMR (500 MHz) § 0.614 (s, 3H, C-18 methyl), 1.014 (s, 3H, C-19
methyl), 1.869 (s, 3H, C-21 methyl), 3.491 (m, 1H, H-3a), 5.357 (br d, 1H, H-6)
6.343 (br d, 1H, J = 11.3 Hz, H-22), 6.444 (d, 1H, J = 11.3 Hz, H-24), 6.506 (d of
d, 1H, J = 11.3, 11.3 Hz, H-23), 7.211 (t, 1H, H-4'), 7.32 (t, 2H, H-3' and H-5'),
7.34 (d, 2H, H-2' and H-6'). 3C NMR (125 MHz) § 13.17 (C-18), 18.58 (C-21),
19.44 (C-19), 121.60 (C-6), 121.84 (C-22), 126.52 (C-2', C-6'), 127.36 (C-4'), 128.13
(C-3', C-5), 129.13 (C-23, C-24), 138.06 (C-1'), 140.84 (C-5), 141.49 (C-20). Anal.
Calcd. for C30H,400: C, 86.48; H, 9.68. Found: C, 86.09; H, 9.70.

(20(22)E,23E,25E)-26-Phenyl-27-norcholesta-5,20(22),23,25-tetraen-34-ol
(5a, R'=H). mp 171.5-173.0°C; m/z = 442 (M*); [a]% -7° (c 0.15, CH,Cl,); A2k
— 319, 332, 347 nm (THF); A, = 390 nm (THF, A, = 332 nm); 'H NMR (500
MHz) 6 0.589 (s, 3H, C-18 methyl), 1.013 (s, 3H, C-19 methyl), 1.848 (s, 3H, C-21
methyl), 3.530 (m, 1H, H-3a), 5.361 (br d, 1H, H-6), 6.007 (br d. 1H, J = 11.1
Hz, H-22), 6.322 (d of d, 1H, J = 10.1, 14.7 Hz, H-24), 6.507 (d, 1H, J = 15.2 Hz,
H-26), 6.641 (d of d, 1H, J = 11.1, 14.7 Hz, H-23), 6.883 (d of d, 1H, J = 10.1,
15.2 Hz, H-25), 7.189 (t, 1H, H-4'), 7.299 (t, 2H, H-3' and H-5'), 7.389 (d, 2H, H-2'
and H-6'); 13C NMR (125 MHz) § 13.05 (C-18), 18.67 (C-21), 19.44 (C-19), 121.59
(C-6), 125.77 (C-22), 126.17 (C-2', C-6'), 127.13 (C-4"), 128.59 (C-3', C-5'), 129.85
(C-25), 130.28 (C-23), 130.88 (C-24), 130.93 (C-26), 137.74 (C-1'), 140.20 (C-20),
140.84 (C-5). Anal. Calcd for C3;H,,0: C, 86.82; H, 9.56. Found: C, 86.51; H,
9.60.

(20(22)E,23Z,25E)-26-Phenyl-27-norcholesta-5,20(22),23,25-tetraen-34-ol
(5b, R'=H). m/z =442 (M*); '"H NMR (500 MHz) 6 0.594 (s, 3H, C-18 methyl),
0.997 (s, 3H, C-19 methyl), 1.820 (s, 3H, C-21 methyl), 3.530 (m, 1H, H-3a), 5.361
(br d, 1H, H-6), 6.101 (d of d, 1H, J = 11.2, 11.1 Hz, H-24), 6.343 (d of 4, 1H, J
= 11.6, 11.2 Hz, H-23), 6.468 (br d, 1H, J = 11.6, H-22), 6.557 (d, 1H, J = 15.1
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Hz. H-26), 7.260 (d of d, 1H, J = 11.1, 15.1 Hz, H-25). No C,H analysis due to
instability.

(20(22)E,23E)-24-(2'-Naphthyl)-chola-5,20(22),23-trien-33-0l (6a, R'=H).
mp 190.0-190.5°C; m/z = 466 (M*), 448 (M*-H,0); [a]% -25° (c 0.17, CHjcl,); Az,
= (254, 271, 280), (316, 331) nm (MeOH); A™ = 407 nm (MeOH, Ax = 340 nm);
'H NMR (500 MHz) é 0.619 (s, 3H, C-18 methyl), 1.014 (s, 3H, C-19 methyl), 1.938
(s, 3H, C-21 methyl), 3.524 (m, 1H, H-3a), 5.363 (br d, 1H, H-6), 6.129 (br d, 1H.

= 10.9 Hz, H-22), 6.622 (d, 1H, J = 15.4 Hz, H-24), 7.206 (d of d, 1H, J = 15.4,
10.8 Hz, H-23), 7.394 (t, 1H, J = 7.0 Hz, H-6'), 7.433 (t, 1H, J = 7.2 Hz, H-7"),
7.638 (d, 1H, J = 8.3 Hz, H-3), 7.713 (s, 1H, H-1'), 7.76 (m, 3H, H-4', H-5' and
H-8'). Anal. calcd for C34H4,0O: C, 87.50; H, 9.07. Found: C, 87.29; H, 8.88.

(20(22)E,23Z)-24-(2'-Naphthyl)-chola-5,20(22),23-trien-35-0l (8b,R'=H).
mp 180.0-181.0°C; m/z = 466 (M?), 448 (M*-H,0); 'H NMR (500 MHz) é 0.649
(s, 3H, C-18 methyl), 1.018 (s, 3H, C-19 methyl), 1.899 (s, 3H, C-21 methyl), 3.524
(m, 1H, H-3a), 5.363 (br d, 1H, H-6), 6.496 (d, 1H, J = 11.2 Hz, H-24), 6.533 (br d,
1H, J = 11.4 Hz, H-22). 6.593 (d of d, 1H, J = 11.2, 11.4 Hz, H-23). Anal. Calcd.
for C3,H4,0: C, 87.50; H, 9.07. Found: C, 87.23; H, 8.99.
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3.1 Introduction

In order to simplify the interpretation of data obtained from fluorescence experi-
ments using the sterol probes, it was important to determine the geometry about the
double bonds in the synthesized sidechains, and also to verify the presence of only
one geometrical isomer. To this end, an analysis of the olefinic proton resonance
portion (6 ~6—8 ppm) of the H NMR spectra of the sterol probes was performed.
It was decided to analyze the upfield (ring proton) region of the spectrum as well
(6 ~0.5—2.5 ppm), since few steroids have had their '"H NMR spectrum fully as-
signed, and analyzed for coupling constants. Comparison of the ring *C chemical
shifts with those reported in the literature for cholesterol! could also give an idea

of how similar these olefinic sterol probes are to cholesterol.

3.2 Results and Discussion

3.2.1 Olefinic and Aromatic Proton Assignments of 4a—6b

The downfield portion of a one-dimensional (1D) 'H NMR spectrum of a mixture
of 5a and 5b is shown in Figure 3.1. Due to the presence of the two geometrical
isomers, straightforward analysis of the 1D spectrum was not possible. A 'H-'H
shift-correlated spectrum (COSY)?? of the same region is shown in Figure 3.2.
The 22-H resonances (for a three dimensional representation of 5a with carbon
atom numberings, see Figure 3.3) were recognised due to their coupling with the
corresponding 21-methyl resonances at § ~1.9 ppm (not shown). The connectivities
of the olefinic proton resonances in the two isomers was then easily established (for
chemical shifts see Table 3.1). The COSY spectrum also confirmed the presence
of an olefinic proton resonance under the aromatic envelope, a fact suspected from
integration of the 1D spectrum.

By coupling constant analysis (Table 3.2) of the olefinic proton multiplets (Jyrans
~15Hz, Js ~11Hz from numerous studies of carotene systems*® for example), and
from integration of the 22-H resonance of 5a versus the identical 6-H resonance

of both isomers, it was determined that the isomers 5a and 5b were present in
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Figure 3.1: Downfield region of the 500 MHz 'H NMR spectrum of a mixture of 5a
and 5b. a) Experimental Spectrum; b) Simulated Spectrum with parameters given

in Tables 3.1 and 3.2.
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Figure 3.2: Downfield region of the COSY spectrum of a mixture of 5a and 5b.

68



Figure 3.3: 3D representation of 5a with carbon atom numberings

Table 3.1: 'H NMR chemical shifts (ppm)* for the olefinic and aromatic protons of
compounds 4a—6b in CDCl;

Proton 4a 4b 5a 5b? 6a 6b?
22 6.074 6.343 6.007° 6.468° 6.129 6.533
23 7.083 6.506 6.641¢ 6.343° 7.206 6.593
24 6.466 6.444 6.322° 6.101° 6.622 6.496

25 6.883° 7.260

26 6.507¢ 6.557¢

1 - - - 7.713
2/ 7.400 7.34¢ 7.389 -

3 7.295 7.32¢ 7.299 7.638
4’ 7.182 7.211 7.189 7.764
5' 7.295 7.32¢ 7.299 7.76¢
6’ 7.400 7.34% 7.389 7.394
7 7.433
8 7.76¢

%40.002 ppm
b Aromatic 'H chemical shifts not determined
“from iterative analysis

940.01 ppm due to overlapping resonances
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Table 3.2: 'H-'H NMR coupling constants (Hz) in the sidechain of compounds
4a—Gb°.

Proton Pair 4a 4b 5a® 5b° 6a Gb
21,22 <0.5 <«0.5 <«0.5 1.2 <0.5 <«0.5

22,23 11.0 11.3 111 116 109 114
23,24 156 11.3 14.7 11.2 154 11.2
24,25 10.1 11.1
25,26 15.2 15.1

:l\;’;llg;sd}gfngzi'rom iterative analysis of the spectrum of 5a and 5b shown in Figure 3.1

the ratio 40:60. Simulation of the olefinic proton resonances using a 50:50 ratio
and the measured chemical shifts and coupling constants, produced a spectrum
virtually identical to the experimental 1D spectrum except for the intensity ratios
(Figure 3.1). Although 5a and 5b had been obtained by a Wittig reaction on
the 20(22)E-aldehyde 3a, the geometry of the C-20,C-22 double bond of the two
isomers was not confirmed as being E by the 1D or COSY experiments. This is
because the similarity of transoid and cisoid allylic coupling constants does not
allow unambiguous assignment®".

Nuclear Overhauser effect (nOe) experiments could allow determination of the
C-20,C-22 double bond geometry. This effect involves a through space (not through
bonds) interaction via a dipole-dipole mechanism so it is dependent on internuclear
distance to the inverse sixth power®. However, for nOe experiments to be most
effective, they should be performed on systems where either the distance between
the two nuclei in question is fixed, or the rates of intramolecular motions affecting
the internuclear distance are fast compared with the NMR timescale. The olefinic
sterol probes satisfy this criterion since the positions of the 21-methyl group and
the 22-H are fixed with respect to each other due to the C-20,C-22 double bond. In
a 20(22)Z-isomer of the compounds under study, one would expect to see an nOe
enhancement of the 21-methyl resonance upon saturation of the 22-H resonance
due to the proximity of these protons. On the other hand, in a 20(22)E-isomer,
an nOe enhancement of the 21-methyl resonance should not occur upon saturation
of the 22-H resonance since these protons are on opposite sides of a double bond

and hence too far apart for an nOe to occur. However, if it assumed that the
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conformation about the C-22,C-23 single bond is the sterically more favoured s-trans
conformation, an nOe enhancement of the 21-methyl resonance should occur upon
saturation of the 23-H resonance. NQe experiments were performed on a purified
sample of 5a (Table 3.3) and since an enhancement of the 21-methyl resonance at
6 1.85 ppm was observed upon saturation of the 23-H resonance and not the 22-
H resonance, the C-20,C-22 double bond geometry was confirmed as being E, as

expected from the synthetic route to this compound.

Table 3.3: *H nuclear Overhauser enhancements.

Compound Saturated Proton Resonance Enhanced
Signal (Magnitude of nOe)?®
4a 18-CHs  83,115(6);153(2);21-CH3(2);22(2).

19-CHs  253(1);48(2):85,118(2).
22 165(7);17a(3);18-CH3(2);24(13)
23 21-CH,(11);2',6'(18).

4b 22 163(6);17a(2);2',6'(1).
23 21-CHj(8);24(10).

5a 18-CH;  88,118(3);158(1);21-CHj(2);22(1).
19-CHs  26(1);48(2);88,116(3).
22 168(2);17a(3);18-CHa(2);24(7)
23 21-CHa(5);25(6);2',6'(1).

6a 22 168(>1)%17a(3);24(7).
23 21-CH3(6);1'(2);3'(6).

%Intensity of saturated signal in difference spectrum set to -100.
boverlap with incomplete cancellation of 21-methyl signal.

Analysis of the signals in the olefinic proton region of the 1D *H NMR spectra of
the conjugated dienes 4a, 4b, 6a, and 6b was straightforward after the geometry
of the conjugated trienes 5a and 5b had been determined unequivocally. (For a
diagram of the nOe experiments performed on 4a see Figure 3.4.) All that remained
was to assign the aromatic proton resonances. The assignment of the ortho-, meta-
and pare- proton resonances of 4a, 4b and 5a followed from inspection of the
multiplicity and integration of the three multiplets in the aromatic region (for 4a,
see Figure 3.4). The identical ortho- protons (2'-H, 6-H) should give a doublet
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resonance which integrates to two protons, the identical meta- protons (3'-H, &'
H) should give a triplet resonance which also integrates to two protons while the
para-proton (4'-H) should give a triplet resonance which only integrates to one
proton. Likewise the assignment of the naphthyl proton resonances in 6a came
from multiplicity and integration arguments although the individual chemical shifts
of the 4’-, 5, and 8- naphthyl protons could not be extracted from the multiplet
centred at é 7.76 ppm. The relative order of the naphthyl proton chemical shifts
agreed with that reported for 2-methylnaphthalene®. All the downfield 'H chemical
shifts determined for compounds 4a, 4b, 5a, 5b, 6a and 6b are given in Table 3.1

while 'H-'H coupling constants are given in Table 3.2.

3.2.2 Ring Proton Chemical Shifts of 5a

The cholesterol ring system with its C-5,C-6 double bond, 33-OH and 173 substitu-
tion, as found in compounds 4a—6b, presents quite a challenge to the NMR spec-
troscopist for proton assignment as there are 23 proton signals within 1.7 ppm. The
only known attempts at ring proton resonance assignment of cholesterol are given
in Table 3.4. These assignments were made by comparing spectra of deuterated
cholesterol derivatives!® or by the use of lanthanide shift reagents!!. Since com-
pounds 4a—6b do not possess the CgH,7 saturated sidechain of cholesterol, their
'H NMR assignment was easier, especially with the aid of the recently acquired
battery of two-dimensional (2D) NMR techniques?®!2. These 2D NMR techniques
have been successfully used to assign ring proton resonances of other steroids, usu-
ally those with a larger number of functional groups and/or double bonds resulting

in some simplification of the spectrum!3-2°,

For a recent 'H and !*C chemical shift assignment, but no 'H-'H coupling anal-
ysis, of a cholesterol ring system see Ref. 20. However, in this assignment, the
individual chemical shifts of 4a-H and 48-H, and C-7 and C-8 were not resolved.

The first step in the assignment was to distinguish the methine from the methy-
lene proton resonances. The easiest way to achieve this was to perform a DEPT
(Distortionless Enhancement by Polarization Transfer) experiment® to identify the

methine and methylene carbons (Figure 3.5). Then a **C-'H shift correlated spectrum??
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Table 3.4: '"H NMR chemical shifts (ppm) for the ring protons and methyl groups
of cholesterol and the steroids 4a and 5a.

Proton Cholesterol Cholesterol 4a° 5a°
in pyridine-ds¢ in chloroform-d? (£0.008) (+0.005)

la 1.83 - 1.102 1.088
13 1.83 - 1.851 1.855
2a 2.07 1.90 1.854 1.845
283 1.80 1.58 1.516 1.515
3a 3.82 3.47 3.526 3.530
4a 2.60 2.3 2.306¢ 2.303
48 2.60 2.3 2.2357 2.240
6 5.41 5.30 5.362 5.361
Ta 2.03 2.05 1.561 1.565
6 2.03 2.05 2.2002 2.008
83 1.467 1.468
%9a 0.982 0.976
lla 1.566 1.573
1158 1.455 1.447
12a 1.239 1.231
124 1.841 1.840
14a 1.127 1.119
15a 1.699 1.709
158 1.236 1.244
16 1.702 1.687
165 1.902 1.893
17a 2.152 2.135
18 0.68 0.598 0.589/
19 1.02 1.009 1.013¢
21 1.896 1.848¢

SCDCl3 solution; from CHORTLE analysis
*CDCl; solution; from spin simulation

¢from reference 10

9 fo 11
‘r;%g‘sﬁe?ir%?ggl the 1D spectrum (CHORTLE analysis gave the average chemical shift of the 2

resonances)
/measured from the 1D spectrum
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with proton decoupling in both dimensions (Figure 3.6) allowed determination of
corresponding methine proton chemical shifts. Of the four methine proton reso-
nances, the most downfield one (6 2.135 ppm) was assigned to 17a-H because of
its proximity to the C-20,C-22 double bond. The three remaining methine proton
resonances due to 83-H, 9a-H and 14a-H could only be assigned after analysis of

nOe difference experiments and a COSY spectrum.

The second step in the assignment was to distinguish the axial methylene proton
resonances from the equatorial proton resonances, since the chemical shifts of axial
and equatorial protons in cyclohexyl ring systems differ due to the shielding effect of
1,3-diaxial interactions'’. This was possible from the proton-decoupled 3C-'H shift
correlated spectrum mentioned above since two non-equivalent methylene protons
give two peaks in the 'H dimension for each methylene carbon (Figure 3.6). Because
of the 1,3-diaxial interaction, the axial proton can be assigned to the more upfield
of the two resonances.

The third step was to assign proton numbers to the observed chemical shifts
(Table 3.4). This was achieved in large part by analysis of a COSY spectrum
(Figure 3.7), with the help of the few known resonances (3a-H, 6-H and 17a-H).
For example, the methine proton 14a-H was distinguished from the 83 and 9a
methine protons through its coupling with the 15a and 8 protons (coupled weakly
to 17a-H at § 2.135 ppm). Then since 83-H but not 9a-H couples with 14a-H,
the two remaining methine protons were assigned. However, the spin system la,
18, 2a, 2/ could not be easily distinguished from the 12a, 123, 11a and 115 spin
system. Furthermore, the methylene protons of the cyclopentyl D-ring could not
be simply assigned as a or 3 on the basis of the axial/equatorial proton chemical
shift difference found for cyclohexyl systems.

Both of these problems were solved by selective nOe difference experiments.
The rigid cholesterol ring system, with its two angular methyl groups at C-18 and
C-19, is an ideal molecule for nOe experiments. Through saturation of the 18-
methyl and 19-methyl resonances, the axial protons on the § face of the molecule
can be observed (Table 3.3). Both the 113 and the 24 protons are axial, but while
saturation of the 19-methyl resonance will lead to an nOe enhancement of both
these resonances, saturation of the 18-methyl resonance will only affect the 113
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Table 3.5: '"H-'H NMR coupling constants (Hz) of 5a®

Proton Pair

*J]

3]

Jar—aa:

3
Ja:—eq

3
JCQ‘CQ

[ %

la,18
la,2a
la,2
18,2a
16,28
20,20
20,3a
20,40
3da,4a
3a,45
4a,43
4a,6
45,6
48,7a
448,78
6,7a
6,75
Ta,708
7a,83
70,80
83.9a
84,14
9a,lla
9a,113
1l1a,118
lla,12a
110,128
1158,12a
115,123
12a,124
120,18
170,18
la,19
90,19

13.4

14.6

13.0

17.6

13.6

12.8

3.0
5.2

13.0

114

10.6

11.2
11.2

12.2

13.0

°refined values after spin simulation (£0.5 Hz)

*not measurable
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Table 3.6: 'H-'H NMR coupling constants (Hz) in the D ring of 5a°

15a 154 16a 168 17a

l4a 6.8 11.6

15a 120 82 0.5

1508 8.5 10.0

16a 109 83
163 10.2

%Refined values from spin simulation; average error +1Hz.

proton. On this basis, the spin systems la, 15, 2a, 28 and 12a, 123, 1la, 1153
were assigned. These nOe difference experiments also allowed assignment of the
153-H and confirmation of the assignment of the 45 and 83 axial protons. All that
remained was to assign the 16-H resonances since the 163-H had not been observed
by the nOe experiment on the 18-methyl group.

It had been noted from the nOe experiment performed on the 22-H resonance to
determine the C-20,C-22 double bond geometry (see section 3.2.1), that enhance-
ments were seen to two ring proton resonances centred at é 2.15 ppm and 6 1.90 ppm
as well as to the 18-methyl group at 6 0.59 ppm (Table 3.3). From a Dreiding model
it was determined that upon rotation of the C-17,C-20 bond, the 22-H approaches
the 17a and the 163 ring protons most closely. Since the nOe is dependent on
internuclear distance to the inverse sixth power®, the two resonance enhancements
must be due to these two protons. The § 2.15 ppm resonance had already been in-
dependently assigned to 17a-H, and the §1.90 ppm resonance did correspond to one
of the 16-H chemical shifts previously determined so the 163-H and hence 16a-H

were assigned.

3.2.3 Ring Proton-Proton Coupling Constants of 5a

Our interest in obtaining proton-proton coupling constants from the multiplets in
this crowded region of the spectrum was threefold. Firstly, their determination
would provide a further means of confirming assigned proton chemical shifts, par-
ticularly for those geminal proton pairs whose axial proton was on the a-face of the

molecule and hence had not been confirmed by nOe experiments. Secondly, given

80



the precedence for allylic and homoallylic coupling®’, and the previously observed

6717 it was of interest to determine

4J coupling to steroid angular methyl groups
the extent of long-range coupling in a cholesterol-type ring system. Lastly, due to
the dependence of vicinal coupling constants on dihedral angle?!, a coupling con-
stant analysis of the D ring protons could give an idea of the D ring conformation
of 5a in solution.

A 'H homonuclear J-resolved spectrum?? of 5a was measured. In such a spec-
trum, the various proton multiplets are seen as single lines in the second dimen-
sion f; (in this case allowing confirmation of the chemical shifts), and as separated
multiplets in the first dimension f; allowing measurement of the various coupling
constants. For those resonances that were overlapping in the 'H 1D spectrum, the
f, cross-sections of the J-resolved spectrum were plotted and the coupling constants
determined. The chemical shifts and coupling constants were used to generate a
simulated 'H 1D spectrum in the region § 0.9—2.4 ppm, excluding the methy] res-
onances at 6 1.01 pm and at é 1.85 ppm (Figure 3.8). The coupling constants

obtained after spin simulation are given in Tables 3.5 and 3.6.

The simulated spectrum matched the experimental spectrum well except for
the D ring proton resonances which, were line broadened in the latter case. This
line broadening is probably due to an intermediate exchange of the chemical shifts
of these resonances??, because of a somewhat hindered rotation about the C17,C20
bond of the sidechain modulating the environment of the ring D protons, in particu-
lar the 17a proton (617,-y = 2.135 ppm). The line broadening could also be a result
of modulation of the coupling constants due to conformational flexibility of the D
ring itself. Because of this line broadening and the strong overlap of the resonances
due to the 15a and 16a protons, the error associated with the coupling constants of
the D-ring protons is larger than for the other ring protons. However, these D-ring
coupling constants are quite similar to those determined for other steroids!31416:17
for example there is a large difference in the coupling constants of the geminal pro-
tons 15a and 158 with the 163 proton (0.5 and 10.0 Hz respectively). This tends to
suggest that the conformation of the D-ring is not altered substantially from D-ring
conformations of other steroids by the presence of the triene phenyl sidechain.

As far as long-range coupling is concerned, there was evidence from the COSY
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Table 3.7: *C NMR chemical shifts (ppm) for cholesterol and the steroids 4a, 4b,
5a and 6a.

Carbon Cholesterol®®  4a’ 4b%c 5a’ 6a’c
1 37.3 3729 37.30 37.29 37.29
2 31.6 3167 31.68 31.67 31.68
3 716 7180 71.79 71.80 71.77
4 42.2 4231 4232 4231 42.32
5 140.6 140.84 140.84 140.84 140.85
6
7
8

121.4 121.60 121.60 121.59 121.58
319 3185 31.84 3185 31.85
319 3221 3221 3221 32.23

9 50.2 50.36 50.35 50.35 50.37
10 36.5 36.60 36.60 36.60 36.60
11 21.1 21.08 21.08 21.07 21.08
12 39.8 38.67 38.63 38.65 38.69
13 42.3 4449 4459 4457 44.54
14 56.8 56.42 56.40 56.42 56.43
15 24.3 2440 2439 2441 24.42
16 28.3 2481 2485 2480 24.84
17 56.2 39.55 59.72 59.61 59.60
18 11.9 13.05 13.17 13.06 13.07
19 19.4 19.44 1944 1944 19.44
20 139.91 141.49 140.20 140.23
21 18.8 1871 18.58 18.67 18.79
22 125.73 125.77
23 130.03 130.28
24 125.73 130.88
25 129.85
26 130.93
1 138.18 137.74
2! 126.08 126.17
3 128.54 128.59
4 126.90 127.13
5 128.54 128.59
6’ 126.08 126.17

°from reference 1
*CDCl3 solutions )
¢QOlefinic and aromatic 13C chemical shifts not determined
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spectrum of 1J coupling between the 18-methyl group and both the 12a and 17a
proton resonances (not shown in Figure 3.7), and also between the 19-methy! group
and the la and 9a protons (see Figure 3.7) as found in some other steroids® ™7
However, there was no evidence of coupling between the 18-methyl group and the
14a proton, not even from a long range COSY experiment??. Long-range coupling
between the 2a and 4a protons was also seen in the COSY spectrum (Figure 3.7),
and measured from the well-separated 4a proton resonance to be 1.2 Hz. These two
protons and the four o-bonds between them are in the familiar “W” arrangement,
a condition found to be necessary for long range coupling not involving a dou-
ble bond’. This is the first known example of non-allylic/non-carbonyl long-range
coupling in the steroid nucleus not involving one of the angular methyl groups.
Allylic couplings were seen between protons on either side of the C-5,C-6 double
bond, as to be expected from similar studies of A* steroids®’. The magnitude of
the allylic coupling was greater between the 6 and 43 protons than between the
6 and 4a protons (2.7, 2.3 Hz respectively). This is in keeping with theoretical
arguments®’ where the closer the angle between the plane of the double bond and
the vinyl C-H bond is to 90°, the larger the coupling. Homoallylic coupling was
also seen, between the 43 proton and both the 7a and 73 protons (see Figure 3.7).

However, there was no coupling between the 4a (equatorial) proton and the 7a and

75 protons.

3.2.4 13C Chemical Shifts of 5a

Since the proton chemical shifts of 5a were known, assignment of the *C chemical
shifts of 5a was straightforward from the *C-'H shift-correlated spectrum (Fig-
ure 3.6). However, of the five quaternary carbon resonances, only the C-10 and
C-13 resonances could be assigned based on literature values for other steroids’.
The three remaining quaternary carbon resonances were separated by only 3 ppm
(6 140.85, 6 140.20 and § 137.74). After measurement of the '*C NMR spectrum
for compounds 4a, 4b and 6a, the 140.84 ppm resonance was assigned to C-5 due
to its insensitivity to the structure of the sidechain (Table 3.7). The remaining two
quaternary carbon resonances of 5a were due to C-20 and C-1' and were assigned

after performing a Selective INEPT (Insensitive Nuclei Enhanced by Polarization
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Transfer) experiment®. In this experiment, a specific proton resonance is saturated
and the parameters for 13C spectrum acquisition are such that only the carbon
atom which is long-range coupled (Jcy ~ 10 Hz) to the irradiated proton is ob-
served. In this case, upon saturation of the 21-methyl proton resonance, only the
quaternary signal at 140.20 was observed and assigned to C-20 (Figure 3.5). Hence

the remaining quaternary carbon resonance at 137.74 ppm was assigned to C-1'.

3.2.5 NMR Assignments of 4a, 4b and 6a

Ring '3C resonances of 4a, 4b and 6a were assigned by analogy to those determined
for 5a due to the similarity of the chemical shifts of the carbon signals in the four
compounds (Table 3.7). The only small differences (0.17 ppm at most, for C-17)
occurred for the chemical shifts of the D-ring carbons, as to be expected from the
different sidechain structures.

Olefinic 13C resonances of 4a were determined from a CHORTLE experiment??
(not from a '*C-'H shift-correlated spectrum due to low sample concentration)
by their correlation with the known olefinic proton resonances (Table 3.7). The
CHORTLE experiment also allowed the ring proton resonances of 4a to be assigned.
The resulting proton chemical shifts were very similar to those obtained for 5a by
spin simulation (Table 3.4).

Finally, the ring !>C chemical shifts of cholesterol’ have been included in Ta-
ble 3.7. Comparison of these values with those measured in this work for 4a, 4b,
5a and 6a indicate that the effect of the unsaturated sidechains of these latter
compounds on the cholesterol ring system is small. Hence these fluorescent steroids
would seem to bear a close resemblance to cholesterol with their free 33-OH, their
cholesterol ring system and their hydrophobic sidechain, and should prove useful in

fluorescence studies of cholesterol domains in membranes.
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3.3 Experimental Section

All NMR measurements were performed with a Bruker AM-500 instrument at 300K.
Chemical shifts are relative to internal TMS. Sample concentrations were typically
3-5 mg/0.5 ml CDClI; for 1D experiments. The 2D experiments are outlined below.

The 'H-'H shift-correlated spectrum (COSY) of a mixture of 5a and 5b was
acquired and processed using the standard software provided by Bruker. The f,
spectral width was 4000 Hz or 8 ppm. The initial (t;,t;) matrix of 512 x 2IX
real data points was zero-filled to 2K x 2K data points to give a final resolution
of 1.95 Hz/point. Processing was done using sine bell squared functions and a
magnitude calculation. For each FID, 32 transients were accumulated requiring a
total acquisition time of 16 hours. Sample concentration was 25 mg/0.5ml CDCl,.

The COSY spectrum of 5a was acquired with an f; spectral width of 1400 Hz or
2.8 ppm. The initial (t;,t;) matrix of 256 x 1K real data points was zero-filled to 1K
x 1K data points to give a digital resolution of 1.37 Hz/point. Data manipulation
was done using sine bell functions and a magnitude calculation. For each FID, 64
transients were accumulated. Sample concentation was 40 mg/0.5 ml of CDCls.

The ¥C-'H shift-correlated spectrum of 5a with proton decoupling in the f;
domain was obtained with the usual pulse sequence?'?¢?”. The spectral widths
were 4000 Hz (8 ppm) in f; and 18500 Hz (~145 ppm) in f;. The initial (t,,t2)
matrix of 256 x 1K real data points was zero-filled to 1K x 2K data points to give a
digital resolution of 4 Hz/point and 9 Hz/point in the f; and f; domains respectively.
Processing was done using gaussian window functions in both domains and a power
spectrum calculation. For each FID, 800 transients were accumulated for a total
acquisition time of 60 hours.

NOe difference spectra of 4a, 4b, 5a and 6a were obtained using spectral
widths of 5000 Hz (10 ppm) and 8K real data points, to give a digital resolu-
tion of 0.6 Hz/point. Each line in a multiplet was irradiated sequentially®®?® for a
total irradiation time of 2 s per multiplet.

The 'H J-resolved spectrum of 5a was acquired with spectral widths of 1000 Hz

(2 ppm) and 31.25 Hz in the f; and f; domains respectively. The initial (t,,t,)
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matrix of 32K x 2K real data points was zero-filled to 64 x 2IK data points to give
a digital resolution of 0.49 Hz/point in both dimensions. Processing was done with
sine bell window functions and a magnitude calculation.

The CHORTLE analysis of 4a (5 mg/0.5 ml CDCl;) was performed using the
pulse sequence of Pearson®®, with four proton evolution times of 0.24, 1.00, 2.40 and
3.20 ms and 14000 transients per point.

All B¥C spectra, including the DEPT spectrum of 5a (for the pulse sequence
used see Ref. 30), were acquired with spectral widths of 31250 Hz (250 ppm), 16K
real data points and 12000 transients. The selective INEPT spectrum of 5a was
acquired using the pulse sequence of Bax?® except that there was no 'H broadband
decoupling, and no refocussing of the *C resonances due to hardware restrictions
in switching from high to low power. A total of 1680 transients were accumulated.

Spectral simulations were made using the PANIC program provided by Bruker.
The quality of the simulations was judged by visual comparison with the experi-

mental spectra.
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4.1 Introduction

An understanding of the photophysics of the sterol probes DPC, TPC and DNC
(formerly 4a, 5a and 6a respectively, see Figure 4.1), in well defined systems such
as organic solvents, i1s necessary in order to be able to interpret fluorescence data
obtained from the probes incorporated in biological membranes. It is only from
studying the response of the fluorescence properties of the three probes to variables
such as excitation and emission wavelength, solvent polarity and viscosity, and
temperature, that an appreciation can be had of the type of information that each

probe could give in a membrane environment.

Figure 4.1: DPC, TPC and DNC.

A brief outline follows of the fluorescence process and the various photophysical

parameters which can be measured or derived from fluorescence measurements' 2.
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4.1.1 Fluorescence Parameters

Fluorescence is the radiative process that can deactivate an electronically excited
molecule, leading to a lower electronic state of the same multiplicity. Usually flu-
orescence occurs between the first excited singlet state S; and the ground singlet
state So. S} is generally reached by the absorption of a photon (subject to various
selection rules*) which promotes an electron from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), with the re-
tention of spin orientation such that the two unpaired electrons have opposite spin.
In solution, if absorption into Sj or higher excited singlet states occurs, vibrational
relaxation within a given state and internal conversion between states occur so
rapidly that, within a picosecond, the population of excited molecules is generally
in the lowest vibrational level of the first excited singlet state S: (see Jablonski

diagram, Figure 4.2).

Internal Conversion (IC)

SH . Intersystem Crossing (ISC)
Absorption -
uorescence Phosphorescence
So

Figure 4.2: Jablonski diagram showing some of the processes which can compete
with fluorescence.

Fluorescence is only one of the processes by which electronically excited molecules
in 5] can lose their excess energy. Other processes include intersystem crossing to an
excited triplet state T, internal conversion to the ground singlet state Sy, collisional
deactivation by solvent molecules or by dissolved oxygen in solution, and various

photoreactions such as photoisomerization. These various competing processes are
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depicted in equations 4.2-4.6.

M+ hy L A absorption (4.1)
YAV + kv’ fluorescence (4.2)
1M Esg 3ppe intersystem crossing (4.3)
M kg oy internal conversion (4.4)
M+ X, p photoreaction (4.5)

M*+Q Loy oy collisional deactivation or quenching (4.6)

The rate of deactivation of the molecules is S} is thus given by equation 4.7

_d[I A1,.] 1 = Ll
T=Ia_(kf+kISC+kIC+kp+kq[Q])[ M) (4.7)
where I, is the intensity in einsteins dm~3s~! of absorbed photons. The fluorescence
quantum yield, ¢;, is defined as the ratio of the number of photons emitted as
fluorescence to the number of photons absorbed (equation 4.8)

number of photons emitted as fluorescence

s = number of absorbed photons
kM) [IIM.] (4.8)
Under steady-state conditions (d['M*]/dt = 0), it follows that
4 ki[*M*]
(ks + kisc + k1o + kp + K [Q)[' M7
= k,—iff (4.9)
where k,, = nonradiative rate constant

= sum of all the rate constants for nonradiative

deactivation of the excited state.

Hence the fluorescence quantum yield is a measure of the efficiency of the fluores-
cence process compared with the other mechanisms for deactivation of the excited
state. This parameter is measured under steady-state conditions using a fluorimeter
(see section 4.2.1, for details). '

A second fluorescence parameter known as the singlet lifetime, 7,, is measured

under transient conditions, in a so-called ‘time-resolved’ fluorescence experiment.
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Upon excitation at time ¢t = 0 by an infinitely narrow é-function light pulse, there
exists an initial concentration of excited molecules [!M"]o. The rate of deactivation

of these molecules at time ¢ > 0 is given by equation 4.10.

ZAM (kg 4 k0 (410)

So, at any time ¢, the concentration of excited molecules [!M*]; is
(M), = P MJoe=tr o (4.11)

The average singlet lifetime, 7,, is then defined as the time for the concentration of
excited molecules in the excited singlet state to reach 1/e of its initial value [!M~]o.
It can thus be seen that 7, is equal to the inverse of the sum of all the rate constants
for deactivation of the excited state (equation 4.12).

1

= — 12
kf+knr (41)

Ts

Singlet lifetimes can be measured using either the time-correlated single photon
counting method (for details see section 4.2.2), or frequency domain instrumenta-
tion.

Knowledge of the fluorescence quantum yield ¢; and the singlet lifetime 7, en-
ables the radiative rate k; (and hence the radiative lifetime 7; = 1/k;) to be deter-
mined (equation 4.13).
ks

kf + knr
= kf " Ts (413)

¢s

This in turn allows the nonradiative rate k,, to be derived (see equation 4.12).

4.1.2 The Utility of Fluorescence Probes
Information from Steady-State Fluorescence Experiments

a) Fluorescence Quantum Yield ¢;
The fluorescence quantum yeild, ¢, of a probe is generally desired to be rea-
sonably high, preferably 0.1 or greater. This allows for low levels of incorporation

of probe material in the membrane or other biological system under study, thus
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minimizing any perturbation of the system by the extrinsic probe. Despite this,
a useful property of a fluorescence probe is if its ¢, varies markedly with solvent
polarity. This is the case for the family of anilino-naphthalene sulphonates and
1,8-anilino-naphthalene sulphonate (ANS) in particular. The fluorescence quantum
yield of ANS is negligible in a polar solvent such as water (¢; = 0.009), whereas
it is high in a nonpolar solvent such as dioxane (¢; = 0.68)°. This sensitivity to
polarity can be used, for example, to determine the degree of exposure of probe
to solvent (i.e. water) in the interiors of bilayer membranes or at binding sites in

enzymes>®

, or to follow changes in membrane surface potential.

If the fluorescence quantum yield of a probe varies with excitation wavelength
(after correctly accounting for all experimental artifacts, see section 4.2.1), this is
an important indication that there may be at least two different probe popula-
tions. If the excitation-wavelength dependence of ¢; is observed in a homogeneous
solvent, then these populations may arise from the presence of single bond conform-
ers/rotamers in the ground state which have slightly different absorption spectra.
In a heterogeneous system such as a membrane, two different populations could also
arise from the probe existing in two different environments. This is just one exam-
ple that highlights the need for a careful study of the photophysics of a fluorescence
probe in solvents, in order to comment on whether excitation-wavelength dependent
fluorescence quantum yields in membranes originate from different conformational
states or environmental properties. Note, however, that an excitation-wavelength
independent ¢; does not necessarily imply that there is only one probe population.

Fluorescence quantum yield measurements of fluorescence probes are also use-
ful in obtaining distance measurements between two non-identical chromophores in
various systems>®®, This is possible due to the phenomenon of resonance energy
transfer, which involves the nonradiative transfer of electronic energy from an ex-
cited donor molecule to a ground state acceptor molecule, promoting it to an excited
singlet state. This process occurs by a dipole-dipole mechanism in which the donor
emission oscillator interacts with the acceptor absorption oscillator. Hence, the ex-
tent of resonance energy transfer will depend on the separation of the donor and
acceptor chromophores to the inverse sixth power. Also important is the extent

of spectral overlap of the donor emission spectrum and the acceptor absorption
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spectrum (known), a sufficiently long donor singlet lifetime 7,, and the angular
orientation of the two chromophores (this can be satisfactorily approximated).

The energy transfer efficiency, E, can be determined by measuring the change in
fluorescence quantum yield of the donor probe in the presence [¢;(da)] and absence
[¢7(d)] of the acceptor chromophore (equation 4.14).

_,_ $s(da)
E=1-975 (4.14)

This energy transfer efficiency is then related to the separation or distance r

between the two chromophores by equation 4.15

__ 1
B=faire (4.15)

where Ry is a constant whose value depends on the spectral overlap and orientation
factors mentioned above as well as on ¢;(d). Such measurements have, for example,
allowed studies of the extent of interaction of various proteins and peptides contain-

10—11’ or

ing tryptophan with model membranes containing fluorescent lipid probes
the binding of fluorescent drugs such as adriamycin to both synthetic and natural

membranes!?.

b) Spectral Shape and Position

Considerable insight into the photophysics of fluorescence probes can be gained
from measurement of their steady-state absorption and fluorescence emission and
excitation spectra in organic solvents, as functions of variables such as temperature,
solvent polarizability and emission/excitation wavelength. An appreciation of the
photophysics of fluorescence probes is required in order to draw conclusions from
similar measurements in membranes.

Change in emission spectral shape with temperature can indicate that there is
either dual emission from two states in thermal equilibrium, or that a conformeric
equilibrium exists in the ground state. For example, the increased importance with
increasing temperature of a weak fluorescence band on the high-energy side of the
emission spectrum of diphenylhexatriene (DPH, see Figure 4.3) has been attributed

to thermal repopulation of S; from S; (see kinetic scheme, Figure 4.4)'~'¢ due to
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ey S2(Bu)

Figure 4.4: Kinetic scheme used to interpret the temperature dependence of the
emission spectrum of DPH!S,

17-19 20,21

the known proximity of these two excited states from one- and two- photon

absorption studies, as well as from molecular orbital calculations??23.

Spectra measured at very low temperatures can give additional information.
Vibrationally resolved absorption and emission spectra of probes embedded in ma-
trices at 4K can indicate whether a probe is planar or nonplanar by noting the

!/ vibrational

presence (nonplanar) or absence (planar) of low frequency, ~50cm™
modes in the vibrational development of the spectra. The nature or symmetry of
the emitting state can also be determined by studying the high frequency vibrational
progressions in a low temperature, highly-resolved emission spectrum.

Absorption, excitation and emission spectra can shift with solvent polarizability,
a,, which is related to the solvent refractive index, np, by equation 4.1613-1%.

2
”D—l
.= 4.16
T b2 (416)

This can lead to insight into the nature of the absorbing and emitting states, since

spectral shifts are expected with change in a, only for strongly allowed transitions,
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because of their associated large electric dipole moments. For example, the emis-
sion maximum of DPH, unlike the absorption maximum, is insensitive to solvent
polarizability!>819 This has been attributed to the presence of a low-lying excited
electronic state below the one reached by absorption, whose radiative transition
to the ground state is forbidden. Time-resolved fluorescence studies (see below)
allowed a further understanding of the photophysics of this molecule.

Emission spectra can also be very sensitive to solvent polarity, generally shifting
to longer wavelengths (lower energies) with increasing polarity. This sensitivity
of emission spectral position with solvent polarity can be used in much the same
way as solvent dependent fluorescence quantum yields, in studies of accessibility of
membrane bilayer interiors to solvent, for example.

Variation of both emission and excitation spectral shape with excitation and
emission wavelengths, respectively, is strong evidence that the fluorescence probe
either exists in more than one conformation in the ground state, or in a number
of different environments, as mentioned earlier concerning excitation wavelength

dependent quantum yields of fluorescence.

Information from Time-Resolved Fluorescence Experiments

Time-resolved fluorescence measurements complement steady-state measurements
and together they allow the rate constants for radiative and nonradiative decay of
the probe to be determined. The absolute values of these rate constants, and their
response to external variables such as solvent polarity and viscosity, and tempera-
ture, can give further important insight into the nature of the emitting state and
the types of nonradiative processes competing with fluorescence.

The radiative rate, k;, of DPH in organic solvents, for example, was found to be
smaller than expected for emission from an excited singlet state of B, symmetry?81°,
It is known that the low energy absorption band of DPH is due to a strong, one-
photon allowed 7 — =~ transition from the ground state, S, of A; symmetry, to the
lowest B, excited state. Likewise, the reverse 1B,— 1A, transition is also strongly
allowed and should be associated with a high k; value. So a low k; value suggested

that emission was occurring from an excited state of lower energy than the 1B,

state, and whose radiative transition to the 1A, ground state was less allowed or
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even forbidden. Subsequent two-photon absorption studies allowed assignment of
S; as the 2A, state®®?!, since A;— A, transitions are two-photon allowed but one
photon forbidden. Hence, the fairly long 7,4 of S5 (i.e. small k), and the proximity
of S; and S; (AE= 630 cm™! in hexane!”), could allow an excited state equilibrium
to be established between the two states. This assignment of the nature of S} and
S; of DPH not only accounted for the observed low radiative rate, but also for the
dual fluorescence alluded to earlier, and the insensitivity of the maximum of DPH
to solvent polarizability.

By studying the dependence of the nonradiative rate constant of a probe on
solvent viscosity, it can be ascertained whether collisional deactivation or a pho-
toreaction involving twisting, such as photoisomerization, is occurring in the de-
activation of S]. Viscosity independent nonradiative rate constants indicate that
another mechanism such as intersystem crossing or internal conversion must be
invoked as the nonradiative decay channel. If photoisomerization is the only nonra-
diative process occurring, the internal energy barrier to twisting about the double
bond, E,y, can be measured from the temperature dependence of the nonradiative
rate constant, obtained at constant viscosity (so-called isoviscosity conditions), us-

ing the Arrhenius equation (equation 4.17)%*.
kn, = AeFe/RT (4.17)

Time resolved fluorescence spectroscopy is also a very useful tool in studying
heterogeneity of probe conformation or environment, since this is usually mani-
fested in multiexponential fluorescence decay kinetics. With the advent of global
analysis techniques (see section 4.2.3), closely spaced singlet lifetime values can be
resolved, as well as small contributions to the overall fluorescence. Consequently,

time-resolved studies tend to be more definitive than steady-state measurements in

unveiling the existence and origin of probe heterogeneity.

4.1.3 Fluorescence Analysis of a Conformeric Mixture

As discussed in the previous section, the presence of multiexponential fluorescence
decay kinetics, and excitation wavelength dependent emission spectra and fluores-

cence quantum yields, is strong evidence that a fluorescence probe exists in more
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than one environment and/or conformation.
This has been observed for 1-Phenyl-2-(2'-naphthyl)ethene (PNE, see Figure 4.5)

%6-34_ Moreover, the two singlet lifetimes (~25 ns and ~3 ns) obtained

in solution
for the fit of the fluorescence decay profile of PNE, were seen to be associated with
different excitation and emission spectra?”+28:313234 The longer lifetime component
was associated with the main absorption band and a structured emission spectrum.
On the other hand, the shorter lifetime was correlated with a relatively weak absorp-
tion on the low energy (red edge) side of the total absorption spectrum, and with
a lower energy emission band than that associated with the long lifetime. The evi-
dence for this association was obtained from )., and )., dependent pre-exponential

factors (equation 4.18), and from quenching studies in which the spectra associated

with the longer lifetime were preferentially quenched.

t-PNE

Figure 4.5: PNE

It was proposed that the above observations were consistent with a ground-state
equilibrium between s-cis (c¢) and s-trans (1) rotamers of PNE about the single
bond connecting the naphthyl and ethylene moieties (Figure 4.5). Support for this
hypothesis at first came from low temperature fluorescence studies of PNE at 4K in
polycrystalline n-hexane matrices®®. Under these conditions, the emission spectrum
was resolved into one quasiline fluorescence, and a second diffuse fluorescence with
a lower energy 0-0 transition which was preferentially obtained upon excitation
into the red edge of the absorption spectrum. The s-trans conformer of PNE was
expected to be planar, and hence exhibit sharp line spectra at low temperature. In
contrast, the s-cis conformer was expected to be nonplanar and hence it would have
diffuse low temperature spectra because of progressions in low frequency modes. A

difference in planarity of the two conformers was expected due to the difference
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in the H-3',H-1 (longer) and H-1'H-2 (shorter) distances as a consequcnce of the
different naphthalenic bond lengths (C-1,C-2: 1.374; C-2,C-3: 1.43A)36'37. Hence,
the long lifetime and its associated structured emission spectrum were attributed to
s-trans PNE, while the short lifetime, with its associated lower energy (red shifted)
absorption and emission spectra, was attributed to s-cis PNE.

More conclusive evidence as to the identity of the two PNE species was ob-
tained through a photophysical study of conformationally restricted analogues of
PNE, referred to as MPE and BPE (see Figure 4.6). In MPE, the fluorophore is
restricted to the s-cis conformation through the presence of a methyl substituent
at the 3’ position of the naphthyl group which has an unfavourable steric inter-
action with H-2 in the s-trans conformation. BPE is obviously an analogue for
the s-trans rotamer of PNE. Both MPE and BPE have )., independent emission
spectra, while the emission spectrum of BPE is at higher energy than that of MPE
(after taking into account a slight red shift due to the presence of the five-membered
ring). These emission spectra were compared to pure component emission spectra
of PNE obtained through steady-state fluorescence quenching experiments, using
principal component analysis. The emission spectrum of MPE closely resembled
that associated with the shorter singlet lifetime (i.e. the less quenched spectrum)
while the emission spectrum of BPE resembled the more quenched spectrum. On
this basis, the conformational assignment reached for the two lifetime components

of PNE through the low temperature fluorescence study cited above, was confirmed.

BPE

Figure 4.6: MPE and BPE

Molecular orbital calculations have been made of the energy levels, oscillator
strengths and degree of mixing of the lowest excited states of s-cis and s-trans
PNE. Comparison of these results with the experimental data further confirmed

the above conformational assignment®?.
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It can be expected that, because of the structural similarity of PNE to the
fluorophore in DNC, a ground-state conformeric equilibrium will be observed about
the C-24,C-2' single bond of DNC. Consequently, an outline of how fluorescence
measurements can be analyzed to yield information about rotameric mixtures is
presented below?8:32:38

If one assumes that there is Non-Equilibration of Excited Rotamers (the so-called
NEER principle) upon electronic excitation of a ground state rotamer population®®,

then it is possible from the values of the pre-exponential factors a;, defined by

equation 4.18 for a biexponential sample fluorescence decay function F,(t)
F,(t) = aye™ + aget/™ (4.18)

to calculate the fraction of excited molecules of each conformation, f; (equation

4.19).
fl(Ae:x:)F'l(Aem)e_t/‘r1 + fZ(Aer)F2(’\em)e_t/n

1 T2

F,(t) = (4.19)

F; = fluorescence intensity of conformer ¢ and is easily determined if there is an
isoemissive point in the fluorescence spectrum of the probe; i.e. a particular emission
wavelength at which the fluorescence intensity remains constant upon excitation
with equal numbers of absorbed quanta at all excitation wavelengths. Otherwise,

F,(Aem ') can be calculated from the relationships3®

01(A:)o2(Ny) — 01(Ay)a2(As)
‘72(’\11) —03(A:)
no_ 01(Az)a2(Ay) = 01(Ay)o2(A2)
F2(Acm ) - U](Az) _ Ul(Ay) (421)
_ al(’\eza ’\em ’)TIT(’\e:a ’\em ')
where 7 (A“:) - al(’\e:, Aem ’)Tl + 02(’\ez, /\em ’)72 (422)
02('\ez, Aem ')7'2?(/\&" Aem ’)

al(/\e:n Aem ')Tl + 02(/\“, Aem ')7'2

Fi(dem’) = (4.20)

and o3(Aez) = (4.23)

F(Xezy Aem ') is the total fluorescence intensity of the probe conformeric mixture at
a particular emission wavelength A.,’. In order to compare values of F obtained
at various excitation wavelengths )A.;, the fluorescence spectra must be measured
with the same number of absorbed quanta at each A...

Once the fractions of excited molecules, fi(A.:) have been determined, the flu-

crescence quantum yield associated with each conformer, ¢4, can be calculated
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from the total fluorescence quantum yield ¢ ;s at the same excitation wavelengths
(equation 4.24).
5/(/\”) = fl(/\e.r)¢fl + f2(’\e.1:)¢f2 (424)

Then, in conjunction with the singlet lifetime values, the radiative and nonradiative
rate constants for deactivation of the individual conformers can be obtained.
Knowledge of the relative excited state concentrations of the conformers allows

calculation of their relative abundances, c;/cz, in the ground state through equation

4.25
fl(/\ez) _ 51(/\&-)01
fZ()‘e:l:) 62(/\.::)02

if the absorption or excitation spectrum of each rotamer can be obtained inde-

(4.25)

pendently (see section 4.2.3, Indirect Excitation Decay Associated Spectra). The
enthalpy difference between the conformers in the ground state can be estimated
from the Boltzmann distribution (neglecting entropy terms, equation 4.26).
&1 _ ~(Bs-E2)/RT _ ~AHwn/RT (4.26)
C2
All of the above analysis assumes that each singlet lifetime is associated with
only one conformer; in other words that the lifetime value is a function of rate
constants for deactivation of a single conformer. This is equivalent to the NEER
principle introduced earlier which has been found to hold in the majority of cases
including for some molecules in their excited triplet states (for exceptions see refs.
40,41). The general validity of the NEER principle can be intuitively accepted since
in electronically excited states of conjugated molecules, the single bonds acquire
some double bond character, resulting in a barrier to s-cis/s-trans conformational
change of typically 5-10 kcal mol~??°. Then, since the lifetime of the excited state
is very short, there is generally insufficient time for excited state equilibration of

the rotamers to occur.
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4.2 Experimental Section

The solvents used in the absorption and fluorescence studies were 2,2,4-trimethyl-
pentane (TMP, Caledon), methylcyclohexane (MCH, Caledon), n-butanol (n-BuOH,
Fisher) and methanol (MeOH, Caledon), and were of the highest purity grade avail-
able. Heavy (H) and light (L) mineral oils (Drug Trading Company) were purified
by silica gel chromatography (two passes) using activated silica gel 60 (70-230 mesh,
Merck). Kinematic viscosities and densities of the two oils, and mixtures thereof
(heavy oil/light oil 50/50 v/v, designated H1L1; heavy oil/light oil 75/25 v/v, des-
ignated H3L1), were measured by technical staff in the Fuels and Lubricants Labo-
ratory, Division of Mechanical Engineering, National Research Council of Canada.
All solvents and oils were checked for fluorescent impurities before use.

Volumetric flasks and 1 cm suprasil quartz cells (Hellma) were cleaned succes-
sively with chromic acid, ammonium hydroxide, doubly distilled water and spec-
trograde methanol before use to ensure no contamination of solutions of the sterol
probes. If necessary (in order to eliminate oxygen quenching of fluorescence), so-
lutions were degassed by several freeze-pump-thaw cycles or by pumping under

vacuum (1 mm) in a dessicator for 1 h (oil solutions only).

4.2.1 Steady-State Absorption and Fluorescence Measure-
ments

Absorption and fluorescence excitation and emission spectra were measured on a
Varian DMS-200 UV /visible spectrophotometer and an SLM 8000C spectrofiuo-
rimeter (equipped with a Neslab RTE-5DD temperature controller) respectively.
Fluorescence excitation and emission spectra were collected with no polarizer in
the excitation beam, and with a Glan Thompson polarizer in the emission beam
oriented at 35.3° to the vertical, in order to eliminate any polarization bias of the
fluorescence (equations 4.27—4.29)*2.
For natural light,
Loaw=L+1,+1,=2I.+1, (4.27)
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Liewea = I, cos® 8 + I, cos?(90 — 6) (4.28)
and will be proportional to Iy, if

cos’ 1 _
cos?(90 — §) ~ tan?6

2, ie. 6 =353, (4.29)

All fluorescence intensity measurements were made relative to a reference pho-
tomultiplier with rhodamine in ethylene glycol as the emitter, to correct for any
intensity fluctuations of the xenon arc lamp excitation source. Spectra were blank-
subtracted to eliminate distortions by solvent Raman bands or scattered light.

It was found that excitation spectra required correction owing to the variation
of polarization of the incident beam with excitation wavelength. This was because
the polarization varied with wavelength from the excitation double monochromator.
This would not be correctly registered by the reference photomultiplier since the
light which it monitored was split off from the main excitation beam by a beam
splitter which preferentially reflected vertically polarized light. The excitation cor-
rection was made by placing an optically dense solution of rhodamine in ethylene
glycol in a triangular cell in the sample holder so that excitation was on the hy-
potenuse and the emission detected through the solution. The excitation spectrum
of thodamine was measured through a Corning 2-62 filter at an emission wave-
length of 640 nm. It was reasonably assumed that since the optical density of the
rhodamine solution was high, all light that was incident on it was absorbed so that
the variation of the intensity of fluorescence was due only to the intensity variation
of the excitation light with wavelength. It was also assumed that the fluorescence
quantum yield of rhodamine was independent of excitation wavelength. All spectra

were then corrected by dividing by this rhodamine excitation spectrum (Figure 4.7).
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Correction factors for emission spectra were supplied with the SLM 8000C spec-
trofluorimeter software. They were measured with a polarizer in the excitation
beam at 54.7° and the emission polarizer set at vertical (0°). These correction fac-
tors were determined by SLM by measuring the intensity of a calibrated tungsten
lamp at 50 nm intervals at wavelengths greater than 300 nm. Correction factors
every 0.2 nm were obtained by interpolation assuming a smooth function between
these 50 nm intervals. A more reliable emission correction was measured (with no
excitation polarizer and an emission polarizer at 35.3°) by synchronously scanning
the excitation and emission monochromators with a diffuse reflector of roughened
quartz in the sample compartment. This spectrum was divided by the excitation
spectrum of rhodamine measured at 640 nm as indicated above. The synchronous
scan provided a lamp/excitation monochromator output spectrum distorted by the
variation of emission monochromator throughput and photomultiplier tube sensi-
tivity with wavelength. Hence dividing this spectrum by the rhodamine excitation
spectrum resulted in correction factors for emission spectra. These emission correc-
tion factors were found to be fairly constant in the region of 350-450 nm (Figure
4.8). Hence no correction of the emission spectra was made.

Fluorescence quantum yields, ¢;, were measured relative to fluorescence quan-

tum yield standards and were calculated using equation 4.30*

1-10"% I()\,) D, [nD(:c) :
= . . — 4.30
¢f(z) ¢f(y) 1 — 10-A= I(/\y) D, no(y) ( )
where x = sample, y = quantum yield standard, A; = absorbance of i at the

excitation wavelength ); used to measure the emission spectrum of ¢; %8—:} = relative
intensity of the excitation light at the two excitation wavelengths used to measure
the sample and quantum yield standard emission spectra (usually A; = A,); D; =
area under the emission spectrum of i measured at A;; np(i) = refractive index of
the solvent in which i is dissolved.

The absorbances A; were low and close to 0.1 to avoid errors due to differ-
ences in optical geometry (inner filter effect). The fluorescence quantum yield
standards were chosen so that they absorbed and emitted in similar spectral re-
gions as the sterol probes. Anthracene (Aldrich, gold label) in ethanol (Commer-

cial Alcohols Limited, distilled twice over KOH), at a low optical density [Ajs0 ~
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.01, ¢4(A.z340 nm) = 0.32*!] in order to avoid re-absorption, was used as the stan-
dard for the determination of the fluorescence quantum yield of both DNC and TPC,
while N-acetyltryptophanamide [Aldrich, ¢;(A.z295 nm)=0.14]*® in aqueous cacody-
late buffer, pH 7.0, was used to obtain the fluorescence quantum yield of DPC.
Low-temperature fluorescence excitation and emission spectra were measured
on solutions in quartz tubes which were placed in a Dewar flask equipped with
quartz windows at its base. Cold nitrogen gas, whose temperature was controlled
by the rate of heating of a reservoir of liquid nitrogen, was passed over the tubes
and the temperature in the vicinity of the samples measured by an iron-constantan
thermocouple. The same set-up was used for low temperature time-resolved fluo-

rescence experiments.

4.2.2 Time-Resolved Fluorescence Measurements

Time-resolved fluorescence measurements were made by the method of time-cor-
related single photon counting (TCSPC, see Figure 4.9)%47. Briefly, this involves
measuring the time of arrival of a single photon emitted by the sample after a given
excitation flash. In a traditional configuration, this time is measured by sending an
electrical pulse, at a time correlated with the time of excitation of the sample, to
the start input of a time-to-amplitude converter (TAC) where it initiates a linear
voltage-time ramp. The optical pulse which excites the sample is attenuated so
that only a single photon is detected per excitation event after passing through
the fluorescence detection optics. The electronic signal resulting from this single
photon is sent to the TAC where it acts as a stop pulse for the voltage ramp. The
voltage reached on the voltage ramp is proportional to the time difference between
the start and stop pulses, or between excitation and emission of the sample, and
its amplitude is digitized by means of an analogue-to-digital converter (ADC). A
count is then stored in the appropriate channel of a multichannel analyzer (MCA)

corresponding to that time difference.
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Figure 4.9: Schematic diagram of basic instrumentation required for time-correlated

single photon counting (TCSPC) experiments.
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This procedure is repeated until a histogram of a sufficient number of counts
vs. channel number (time) is acquired in the MCA. Statistically, in order to avoid
pulse pile-up, or to achieve an equal probability of observing a fluorescent photon
at any time after excitation, the ratio of excitation pulses to single photon events
is adjusted to be of the order of 100:146:48,

The instrumentation used for the TCSPC experiments described in this work is

depicted in Figure 4.10 and is described in detail below.

The excitation source was a mode-locked argon ion laser (Spectra Physics 171-
07, beryllium oxide bore; later Spectra Physics 2030, ceramic bore, with Spectra
Physics 342 mode-locker head and Spectra Physics 270 power supply) which syn-
chronously pumped a dye laser (Spectra Physics 375). The argon ion laser oper-
ated at 81.6 MHz with a pulse-width of 175 ps and average power 470 mW at the
514.5 nm line. Typical operating current was 30A. Both the power supply and the
argon ion laser tube were cooled by a closed loop water circulator (Spectra Physics
314) with filtered, deionized and deoxygenated water at a pressure of ~35 psi. flow
rate of 3.5 gallons/minute (in line with a small diaphragm to dampen pulsations
of the pump), such that the temperature of the water returning from the laser was
~32°C. This water was in turn cooled by passing through a heat exchanger in the
water circulator connected to a supply of tap water at a pressure of 75 psi, flow
rate of 8-9 gallons/minute. The immediate area around the brewster angle mirrors
in the ion laser cavity was purged by air passing through a closed loop system con-
taining molecular sieves (to remove ozone), dessicant (to remove water vapour) and
activated charcoal (to remove organic vapours which could deposit on the mirrors).

The dye solution in the dye laser was circulated at a pressure of 100 psi (dye
laser circulater, Spectra Physics 376B) and was kept at a temperature of ~30°C (in
order to avoid temperature changes of the circulating dye with time), by passing
through a heat exchanger connected to Haake water circulator. Rhodamine 6G in
ethylene glycol (2mM) provided a tunable range of 570-640 nm*®. This could be
frequency doubled to give ultraviolet light output from 285-320 nm. Excitation of
the samples with 295 nm and 320 nm light was achieved using this dye. DCM in
benzyl alcohol/ethylene glycol (40:60, 1.5mM) gives an output in the red region of
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4950 which can be frequency doubled to wavelengths

the spectrum from 640-700 nm
of 320-350 nm, and so this dye was used for experiments at excitation wavelengths
of 340 nm and 350 nm. Wavelength selection of the dye output was made by
adjustment of the orientation of a birefringent filter in the dye laser cavity. All
mirrors in the dye laser cavity except the input mirror, M,,n,"!, were changed when
the dye was changed [Spectra Physics M;, G0079-001(R6G) — G0079-004(DCM);
M3, G3852-003(R6G) — G3852-001(DCM); M;, My, G3845-004(R6G) — (G3845-
008(DCM)].

The output of the dye laser was achieved by passing through a Spectra Physics
344 cavity dumper. This unit reduced the pulse repetition rate so that the peak
power of the dye laser pulses was increased to 1.5-2 kW. At the same time the
pulse to pulse separation increased thus avoiding the possible overlap of fluorescence
signals from successive laser pulses. The output frequency could be selected from
1 Hz to 4 MHz and was typically set at 816 kHz. The operation frequency of the
cavity dumper was synchronized with the argon ion laser repetition rate by taking
part of the 40.8 MHz radio frequency signal of the mode-locker driver (Spectra
Physics 452A), passing it through an electronic frequency doubler, and directing
the resulting 81.6 MHz signal to the cavity dumper driver (Spectra Physics 454)
via a blocking capacitor. The extinction ratio (the ratio of intensities of the main
pulse and the pulse that would have followed it 12.3 ns later had there been no
cavity dumper) was adjusted to a maximum (typically 500:1 in the visible region)
by adjusting the phase and timing controls of the cavity-dumper driver, and also by
the use of an rf reducer to cut down on the lobes of the rf pulse coming out of the
cavity dumper driver to the cavity dumper Bragg cell. This ratio was even higher
in the UV region (typically 30000:1) owing to the I* dependency of the frequency
doubling process®?. A small constant flow of nitrogen gas was passed over the Bragg
cell to keep its surfaces free of organic residue buildup.

Fine tuning of the dye laser cavity length was made by adjusting the positions
of the mirrors, and the distance between the cavity dumper and dye laser by means
of a quartz tube, in order to achieve optimal average power as measured by a power

meter (Spectra Physics 404). Typical power at 590 nm was >50 mW; at 640 nm it
was 40 mW; while at 700 nm it was 30 mW.
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The 20 ps FWHM output pulses from the dye laser were vertically polarized. The
non-linear process of frequency doubling (described below) rotated the polarization
of the ultraviolet light which it generated by 90°. Hence in order to excite the
samples with vertically polarized light, the vertically polarized output from the dye
laser was passed through a half-wave plate (Special Optics R8 9012) to rotate the
polarization direction to horizontal before passing through an angle-tuned second
harmonic generating crystal (for R6G laser lines, Cleveland Crystals KDP1, 25 mm
length; for DCM laser lines, Inrad KDP “C”, model 542-120, 30 mm length) to
give the desired UV light of vertical polarization. The light at the fundamental
wavelength which passed through the crystal was filtered from the UV output by a
7-54 Corning filter (295, 320 nm), a UG1 Schott filter (340 nm), or a 7-41 Corning
filter and a UG1 Schott filter (350 nm). The filter was also used to reflect the
visible light onto the slits of a monochromator (Jobin Yvon H-10) and onto a silicon
avalanche photodiode (Texas Instruments TIED 56, operating at 90V DC). 10% of
the resulting electronic signal (Tektronix Signal Pickoff CT-3) was directed to a
cathode ray oscilloscope (Tektronix 7904 with Amplifier 7TA19 triggered internally
by a 7B92 dual time base) in order to monitor the performance of the laser system.
Fine adjustment of the laser output was made when necessary by adjusting the
phase and timing controls of the cavity dumper driver.

The remaining 90% of the signal from the photodiode was passed into a 100 MHz
leading edge discriminator (Ortec 436) whose output passed through delay lines
(Ortec 425) and then was used as the stop input signal for the biased time-to-
amplitude converter (TAC, Ortec 457). This is the opposite configuration to that
described earlier in the general description of the TCSPC method, where the signal
correlated with the excitation pulse is used as the start pulse for the TAC. In
the conventional configuration, the TAC was not able to register all excitation
events and hence not all single photon events. This was because the time between
successive excitation pulses was 1.2 us (1/816 kHz) while the TAC conversion time
was ~13 us33. Even if no stop pulse was detected, as would happen 99 times out of
100 because of the 100:1 ratio of the excitation events to emission events, the dead
time of the TAC was still ~6 us. By having the detected single photons initiate the

voltage ramp and the delayed excitation pulse terminate the ramp, since the ratio of
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detected photons to the number of excitation pulses is ~100:1, as mentioned earlier,
there is 0.12 ms between successive start pulses and all the detected photons would
be registered.

The UV light pulses, after passing through the filters mentioned above, passed
through a neutral density filter which had constant thickness but different densities
along its 125 mm length. In this way, the intensity of the UV pulses could be
attenuated in order to achieve the proper counting statistics mentioned earlier.
Following this, the light entered a thermostatted cell compartment (Polyscience 90
Temperature Controller), which could hold up to four 1 cm cuvettes, whose rotation
was controlled by a stepping motor (Slo-Syn). The emission was collected at right
angles through a collimating lens, and through a second lens which focussed the
fluorescence on to the slits of a monochromator (Jobin Yvon H-10) with either
4 nm (0.50 mm slits) or 2 nm (0.25 mm slits) resolution. Immediately in front
of the monochromator were positioned a Glan Taylor polarizer set at 54.7° (magic
angle) to eliminate time distortions due to rotational relaxation of the fluorophore??,
and a cut-off filter to either block (295 nm, 2 microscope slides; 320/340 nm, 0-52
Corning filter; 350 nm, KV 370 Schott filter) or pass through (for measurement
of the instrument response profile) any scattered light. The monochromator was
placed on a precision labjack (Newport Research 270) so that its height could be
adjusted according to height variation of the UV beam, which resulted from different
orientation angles of the doubling crystal.

The fluorescent photon which passed through the monochromator was detected
by a proximity-type microchannel plate (MCP)** detector (Hamamatsu R1564V-01,
operating at -3.2 kV) whose output was amplified (Electronic Navigation Industries
500AP amplifier, 27 dB), passed into a constant fraction discriminator (Tennelec
TC 453), and directed to the start input of the TAC. The dark count rate was
usually 40 Hz. The ratio of stop to start pulses was measured by a counter (Ortec
9315) using the negative output of the TAC for the number of start pulses and an
output of the excitation pulse leading edge discriminator for the number of stop
pulses. The stop:start ratio was generally set at 100:1 for the collection of the
sample fluorescence decay and instrument response profiles (defined below).

The positive output of the TAC was read into an analogue-to-digital converter
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(ADC) (Tracor Northern TN-1211, 50 MHz) and recorded in 1024 or 2048 chan-
nels (channel width 5.3 ps/channel to 84.8 ps/channel) of a multichannel analyzer
(MCA) (Tennecomp) which was controlled by a Digital 1104 computer. Usually
at least 16000 counts were collected in the maximum channel of the sample decay
curve. A blank was measured for each sample for the same accumulation time,
as controlled by a real time clock in the MCA. The instrument response profile
(FWHM ~ 80 ps) was determined by measuring the scattered light from a suspen-
sion of rabbit liver glycogen (Sigma) in cacodylate buffer (pH 7.0) having an optical
density of ~ 0.1 at the excitation wavelength.

All fluorescence intensity /time profiles were acquired sequentially and were stored
on 8” floppy disks, converted to RT-11 format on a PDP 1134 computer, and trans-
ferred to an IBM 3270 VM computer for data analysis.

4.2.3 Fluorescence Decay Data Analysis
Curve Fitting and Quality of Fit

The measured sample fluorescence decay profile, D,, is a convolution of the impulse
function L (i.e. the time profile of the excitation pulse), the true sample fluores-
cence response function F,, and an instrument response function H (i.e. the time
distortion of an optical signal by the detection and electronic systems), as given by

equation 4.315%.
D,=L+xF,xH * = convolution (4.31)

F, is the function of interest and is generally found to be a sum of exponentials
consistent with the physical model of fluorescence decay. In order to arrive at F,,
the convolution L * H (equation 4.32) must be known, and can be obtained by
measuring the response of the system to scattered light by directing the excitation
pulses onto a scattering suspension of rabbit liver glycogen in buffer, under identical

optical arrangements.
Di=L*xH (4.32)

Typical sample fluorescence decay profiles D, and instrument response profiles (scat-
terer curve) D, at channel widths of 5.3 ps/channel and 84.8 ps/channel are shown

in Figures 4.11 and 4.12.
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Figure 4.11: a) Fluorescence decay profile of TPC in TMP (A.;320 nm, \¢,410 nm,
T=21.5° C) measured at a channel width of 5.3 ps/channel, with the corresponding
instrument response profile.
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Figure 4.11: Plots of weighted residuals/root mean square of residuals for b) a single
exponential fit: x? = 5.41, SVR = 0.05, c) a double exponential fit: x* = 1.54, SVR
= 0.77 and d) a triple exponential fit: x? =1.03, SVR = 1.71, to the fluorescence
decay profile in a).
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Figure 4.12: a) Fluorescence decay profile of DNC in TMP (A.;320 nm, \.,,410 nm,

T=20.5° C) measured at a channel width of 84.8 ps/channel, with the corresponding
instrument response profile.
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The desired function F, is determined by convolving the scatterer curve D; with
trial functional forms of F, (using a weighted nonlinear least squares method?"+
and the Marquadt algorithm®’) until there is good agreement with the measured
sample fluorescence decay profile D,. This procedure assumes that the instrument
response function H is independent of wavelength, since the scatterer curve D is
measured at the excitation wavelength A.., while the sample fluorescence decay
profile D, is measured at an emission wavelength J).,,. Equations 4.31 and 4.32 are

more precisely written:—

D, = L+F,*H., (4.33)
D, = L+H., (4.34)

It has been found that the transit time spread of microchannel plate detectors is
practically invariant with wavelength of incident light ranging from 300 to 800 nm®!.
If it is assumed that any other possible mechanisms giving rise to the instrument
response function are also independent of wavelength (i.e. H., = H,,), then the
above convolution procedure will yield the correct functional form of Fj.

The best fit between the convolved curve D; * F, and the sample fluorescence
decay curve D, was found when the weighted sum of squares of differences or resid-
uals (WSSR) between the experimental points e(t;) and the calculated points c(t;)

(equivalent to the chi-square value x?) was minimized (equation 4.33).

WSSR = x? = 3w [e(t) — c(t:)]? (4.35)
=1
n = number of data points, channels
w; = weighting appropriate to data in channel ¢

Since the counting statistics of the TCSPC method is Poissonian, the correct weight-
ing factor w; is the reciprocal of the variance of, which is equal to the number of

counts in channel i (equation 4.36).

W= — = (4.36)



So,
WSSR=x?= Y {[—e(t)—} Z [r(t)]? (4.37)

= et
r(t;) = weighted residual

In the convolution procedure, the whole sample fluorescence decay profile D,
was fitted, but the statistical parameters used to judge the quality of the fit were
calculated from the point corresponding to 50% of the rising edge of D,. These

statistical parameters included:
1. Sigma value
2. Serial Variance Ratio®
3. Inspection of weighted residuals / root mean square of the residuals.

The sigma value is the square root of the reduced chi-square x? (equation 4.38)
1

S = ()} = ( A p)’ (4.38)

le—n1+1—

where x? is the chi-square or WSSR defined earlier, and the term in the denominator
represents the number of degrees of freedom. n; and n, are the start and stop
channels used for determination of the statistical parameters and p is the number
of variable parameters in the trial function F, (for a sum of three exponential terms,
p = 6). Sigma should be close to a value of one for Poisson distributed data.

The serial variance ratio (SVR, equation 4.39) is a measure of the correlation
between residuals and is thought to be more sensitive than the sigma value to

discrepancies between the calculated and experimental decay curves.

E [r(t) = r(ti-0))?
SVR — 1=n1+1 = (n2 - nl)

ey mmD

t=n)

(4.39)

For a good fit, SVR should be in the range 1.7-2.0.
A more subjective test (but quite instructive with experience) of the quality of
a fit to the sample fluorescence decay profile, D,, is an inspection of a plot of the
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weighted residuals r(t,) divided by the root mean square of the residuals (equivalent
to the sigma value). Such plots for a single, double and triple exponential fit to
the fluorescence decay curves in Figures 4.11a and 4.12a, are shown in Figures
4.11b,c,d and 4.12b,c,d. The points should be randomly distributed about zero, and
the majority of them should fall in the range -1 to 1 (equivalent to the standard
deviation). Based on this criterion alone, it can be seen that the fluorescence decay
curves in Figures 4.11 and 4.12 are both best fit by a sum of three exponential
terms. The values of the sigma and SVR parameters for the single, double and
triple exponential fits confirm this conclusion (Figures 4.11 and 4.12).

Global/Simultaneous Analysis of Fluorescence Decay Curves

Once satisfactory fits to individual fluorescence decay curves have been obtained,
the accuracy of the pre-exponential factor a, and the lifetimes 7, can be improved
by simultaneously fitting decay curves that are related in some way. For example,
decay curves of a particular sample measured at various excitation and emission
wavelengths, but at constant temperature, may have identical lifetimes 7, but dif-
ferent pre-exponential factors a,. By linking the 7, values between decay curves, the
number of degrees of freedom per decay curve is decreased than in the case when
performing individual fits. This allows for an overdetermination of the parameters.
Also, such a ‘global’ analysis allows for more rigorous testing of models since the
statistical parameters obtained are more sensitive to the presence of, for example,
two close lifetime values (0.8 < 7,/7, < 1) or terms with small pre-exponential

factors, than the statistical parameters obtained from individual analyses®®.

Decay Associated emission Spectra (DAS)

If the values of the pre-exponential factors a,, obtained for fits of fluorescence decay
curves of a particular sample, vary with emission wavelength but the corresponding
lifetime values remain constant, then these lifetimes are associated with different
emission spectra. These lifetime or decay associated emission spectra (DAS) can
be computed by calculating the fractional contributions of the various components

to the fluorescence, F,, at all the emission wavelengths (and constant excitation
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wavelength) for which fluorescence decay curves were measured (equation 4.40)%.

o Aem)T
B E: at(Aem)Tt

If these fractions are then multiplied by the steady-state fluorescence intensities at

Fi(Aem) (4.40)

the appropriate emission wavelengths from an emission spectrum I( )., ) measured
at the same excitation wavelength as used for the lifetime measurements, emission
DAS 5,(Aem) can be obtained (equation 4.41).
I(Aem)a(Aem )T,
Z a,(Aem )T

These emission DAS represent the emission spectra of different populations (e.g.

Si(Aem) = = Fi(Aem ) (Aem) (4.41)

conformers) of the fluorophore when the lifetimes with which they are associated are
simply a function of the rates of the various deactivation processes for one (and only
one) of the populations. This is true when the populations arise from ground-state
heterogeneity, and do not interconvert in the excited state. This is represented in the
kinetic scheme (Figure 4.13, equations 4.42-4.45) below for the case of two ground-
state populations. The emission DAS associated with 7, 7, are the true emission
spectra of A* B*. In the case when the multiexponential decay is a result of excited
state reaction(s), the fluorescence decay curves should be analyzed directly for the
various rate constants and species associated emission spectra (SAS) S4(A), Sg(A)
computed®62, However, SAS can be extracted from DAS in certain cases®, for
example in the case of an irreversible excited state reaction between A* and B*, or

an excited state equilibrium between A~ and nonfluorescent B*.

A* B*
u k4 n kg
A = B

Figure 4.13: Kinetic scheme for two ground state species in equilibrium, which do
not interconvert in their excited state lifetimes.

1__ 1
kA - kjl + knrl
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(4.42)

T =



1 1
1 _ 1 4.43
R Py (249)
oy = ay (4.44)
a; =ap (4.45)

Indirect Excitation Decay Associated Spectra (IEDAS)

Direct excitation DAS (EDAS) can be obtained in a similar way to emission DAS
if fluorescence decay measurements are made at closely-spaced excitation wave-
lengths and at a constant emission wavelength. This is not a trivial task when a
synchronously pumped dye laser is used as the excitation source, since the laser op-
tics and detection system need to be optimized at each excitation wavelength, and
a number of different dyes would need to be used to span the excitation spectrum
of a fluorophore. Instead, EDAS can be obtained indirectly using steady-state ex-
citation spectra X,(A.;, /\ch) measured at certain emission wavelengths Aem, s and

fractional fluorescence contributions F,(},;, Aem,) measured at these same emission

wavelengths at a given excitation wavelength ), '.54°
The three dimensional surface of fluorescence intensity versus excitation and
emission wavelengths I(A.z, Aem ) (for an example see Figure 4.14) can be described

as in equation 4.46%%.

N N
I(Aez, ’\em) = Z fl(Aer)a:(Aezv Acm)Tt = E ét(Ae.‘c)f-l(Aeza Ae'm) (446)
=1 1=1
N = number of components to a fluorescence decay,
£.()Aez) = molar absorptivity coefficient of compound ¢ at A,;

The corresponding expression for a particular excitation spectrum is given in equa-

tion 4.47

N
XJ(ACI, Aem, ,) = E{s(’\cz)dt(’\ez ’, /\em,)Ts (447)
1=1 ~ o
M,,

&,(Xez 'y Aem,) is the scaled pre-exponential factor @,(Aez 'y Aem,) such that the vari-

ation of 3" @,(Aez’; Aem)T: With emission wavelength reflects the variation of the
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steady-state fluorescence intensity with )., measured at the same excitation wave-
length A’
Over the set of emission wavelengths A.,n, = 1,2,...,n, at which excitation spec-

tra and fluorescence decay data are obtained, and over the excitation wavelengths

Aez, = 1,2,...,m, of the measured excitation spectra, equation 4.47 becomes
Xn Xi2. Xim €n &2 ... &in My M,y ... My,
X‘21 X.n X:2m _ 5?1 5?2 62.N 1\4.21 ]V—Tzz ]\4:211 (4.48)
X X2 oo Xom €m1 Em2 - EmN My, Mpyy ... My,

The desired IEDAS are the set of £i(Aez;, — Aez,, )(i-e. the columns of the second
matrix above), and can be obtained by linear algebra from the steady-state exci-
tation spectra X;(Aem; — Aem,)(i-e. the rows of the first matrix above) and the
values of a;(A.;’, Aem,)Ti,t = 1,2,..., N as long as the number of observations or
emission wavelengths n is equal to or greater than the number of components NV to
the fluorescence decay. In the event that n > N, the IEDAS were overdetermined

by a linear least squares analysis.

Lifetime Distributions

The fluorescence decay profiles measured in this work were not fitted by distributions
of lifetime components®5 but by sums of two, three or four exponential terms.
Successful recovery of up to three decay times, from fluorescence decay profiles
obtained using the instrumentation described earlier (see section 2.3), has been
demonstrated by simulation studies®®. The decay times obtained for DNC and TPC,
by both single curve and global analysis, were excitation and emission wavelength
independent, which supports the use of sums of discrete exponential terms to fit the
fluorescence decay profiles. Moreover, the decay times of DNC differed from one
another by an order of magnitude, so it is unlikely that a lifetime distribution is a

valid model for the photophysics of DNC.
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4.2.4 Molecular Orbital Computational Methods

For the purposes of calculation, 1-(2'-Naphthyl)-1,3-butadiene (NBD) and 1-Phenyl-
1,3,5-hexatriene (PHT) were used as analogues of the fluorophores of DNC and TPC
respectively (for structures see Figures 4.31 and 4.36). The excitation patterns, or
the positions and oscillator strengths of the low-lying electronic excited states, of
NBD and PHT were calculated by the CNDO/S method® (Complete Neglect of
Differential Overlap/Spectroscopy) using previously optimized geometries for the
two molecules. These optimized geometries were obtained using the QCFF/PI
method®” which employs an empirical potential for the o—electron framework, and
a semi-empirical quantum-mechanical self consistent field for the n—electron con-
tribution. The optimized geometries are then the geometries corresponding to the
minima in the calculated ground state potential surfaces. This QCFF /Pl method
has been successful in predicting a number of properties of conjugated molecules
such as heats of formation, vibrational frequencies, zero point energies and transi-
tion dipole moments7%8,

The CNDO/S calculations were performed using two different approaches. In
order to locate the low-lying A -like excited state which is formally one-photon for-
bidden and two-photon allowed in C,; symmetry from the A, -like ground state,
a Pariser parametrization®® was used. This calculation includes both singly and
doubly excited configurations arising from promotion of one or two electrons from
a 7 orbital to a 7~ orbital, and has successfully predicted that the 2A, state is the

70, However, it

lowest excited electronic state in a number of (diphenyl) polyenes
has been observed that the excitation energies and oscillator strengths of the main
absorption bands are generally predicted better when only singly excited configura-
tions are considered in the calculation. Hence a second CNDO/S calculation, with
Mataga-Nishimoto parametrization™ which neglects doubly excited configurations,
was performed in order to predict the main absorption spectral features expected

for the various single bond rotamers of NBD and PHT.
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4.3 Results and Discussion

4.3.1 Absorption Spectra

The absorption spectra of DPC, DNC and TPC in MeOH and n-BuOH are presented
in Figures 4.15—4.17 respectively. It can be seen that both DNC and TPC have their
longest wavelength absorption band in the 300-360 nm region while the absorption
band of DPC is to slightly higher energies (280-320 nm). This is consistent with
the empirical observation that the more extensive the conjugated # electron system,

as in DNC and TPC, the lower the energy of the first (# — 7*) absorption band.
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Figure 4.15: Absorption spectra of DPC in MeOH(—) and in #n-BuOH (---).
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Figure 4.16: Absorption spectra of DNC in MeOH(—) and in n-BuOH (---).
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The absorption spectra of DNC and TPC are sensitive to solvent polarizabil-
ity. shifting to longer wavelengths with an increase in solvent refractive index from
MeOH (nf = 1.3288) to n-BuOH (n¥'=1.3993)72. On the other hand, change in
solvent polarity has little effect on the band positions of these two probes as judged
by comparing absorption spectra in two solvents (n-BuOH and TMP) of similar
refractive indices but different dielectric constants (not shown). The absorption
spectral sensitivity to solvent polarizability confirms the expectation that the main
low energy absorption in DNC and TPC is the strongly allowed (7 — =*) transition
from the ground state of A’ symmetry (assuming the fluorophores are planar and
belong to the C, point group)™ to an excited state of A” symmetry. The high
values obtained for the molar absorptivity coefficient (¢ ~40,000 dm®mol~lcm™! at

abs » see Table 4.1) provide further evidence supporting the assignment of the main
absorption band of the DNC and TPC as the strongly allowed A’ — A" transition
(analogous to the strongly allowed A, — B, transition in diphenyl polyenes). The
smaller molar absorptivity coefficient (¢ ~15,000 dm®mol~lcm™! at A7%%) observed
for DPC, as well as the apparent insensitivity of its absorption spectral position to
solvent polarizability (Figure 4.15), indicate that the low energy absorption transi-

tion of this molecule is not as strongly allowed.

Table 4.1: Molar absorptivity coefficients, €, for DPC, DNC and TPC in chloroform
at various absorption wavelengths.

Probe A2, €

(nm) (dm®mol~lem™?)
DPC 302 17,000

326 11,000
TPC 336 41,000

353 30,000
DNC 287 26,000

323 40,000

338 34,000

368 2,300
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4.3.2 Fluorescence Excitation and Emission Spectra and

Quantum Yields

Fluorescence excitation and emission spectra of DPC, DNC and TPC in TMP are
presented in Figures 4.18-4.20. Mirror image symmetry between the excitation and
emission spectra, which is to be expected if only one species is present and if it emits
from the same excited electronic state as reached upon absorption, is not observed
for any of the probes. This is the first indication that the photophysics of these
molecules is not straightforward and that there is heterogeneous absorption and/or
fluorescence, possibly arising from the involvement of several excited states and/or

conformers.
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Figure 4.19: Fluorescence excitation (Aem 390 nm) and emission (A.; 320 nm) spec-

tra of DNC in TMP.
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The extent of overlap of the excitation and emission spectra is good for both
DPC and DNC. On the other hand, there is a considerable Stokes’ shift between the
excitation and emission spectra of TPC. The response of the excitation and emis-
sion spectra of the three probes to emission and excitation wavelengths (Aem,Aez)
respectively (Figures 4.21-4.23), provides further insight into the photophysics of
these molecules.

Both DPC and DNC have wavelength dependent excitation and emission spec-
tra. The variation of the emission spectrum of DNC with )., is particularly spec-
tacular (Figure 4.22a). A new feature at 370 nm becomes apparent at \.,=355 nm
resulting in an emission spectrum whose relative intensities of the various vibronic
bands is altered considerably from the spectrum measured at \.;=320 nm. The exci-
tation spectrum of DNC also has a pronounced variation with A,,; the weak band at
long wavelengths (350-368 nm) and the band at 280 nm contribute most to the exci-
tation spectrum measured at A.,,=370 nm. So, it is possible to see that certain fea-
tures in the excitation and emission spectra of DNC are correlated, which points to
the existence of ground-state heterogeneity of this probe, most likely in the form of
single bond rotamers as observed for 1-Phenyl-2—(2'-naphthyl) ethene (PNE)?6-3%,

The spectral changes of DPC with A.; and A, are more subtle and are solvent
polarity dependent. For instance, while the emission spectra of DPC in TMP and
n-BuOH (two solvents of similar refractive indices but differing polarities) at A., =
320 nm are different from those measured with A.,;=295 nm and A.,=305 nm, the
difference occurs on the low energy (long wavelength) side of the emission spectrum
in TMP (Figure 4.21), while in n-BuOH the variation occurs on the high energy
side. This suggests either a two state excited state reaction where the position of
one of the states varies with solvent polarity, or the presence of two ground-state
species whose spectra have different solvent sensitivities.

Unlike the diene aryl sterol probes DNC and DPC, TPC has excitation and
emission spectra which are A, and )., invariant (Figure 4.23). A rationale which
would seem to be consistent with this wavelength independence, as well as with
the lack of mirror image symmetry and the Stokes’ shift between the spectra men-
tioned earlier is that there is only one ground state TPC conformer, but that the

photophysics of TPC is governed by an excited state process. Further insight can
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Figure 4.20: Fluorescence excitation (A, 410 nm) and emission ()., 320 nm) spec-
tra of TPC in TMP.
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Figure 4.21: Excitation wavelength dependence of the emission spectrum of DPC
in TMP (peak normalized); A.; 295 nm (A), A.; 305 nm (B), A, 320 nm (C).
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be gained from time-resolved fluorescence results presented later.

Fluorescence quantum yield values, ¢, for the three probes in various solvents
and at several excitation wavelengths are presented in Tables 4.2-4.4. DNC is the
most fluorescent with ¢; ~ 0.5 in nonpolar solvents, while TPC and especially DPC
are somewhat less so with ¢;’s of 0.051 and 0.020 respectively in TMP. Notice that
for all three probes, the ¢; values in TMP at various excitation wavelengths, A,
are within experimental error of each other. Had the ¢, values varied with )., this
would have been strong corroborative evidence for the existence of more than one
ground state species. The observed invariance does not preclude the possibility of
a ground state conformational equilibrium, as long as the conformers have similar
¢y values. In the case of TPC, however, given the other steady-state fluorescence
results mentioned above, the )., independence of ¢; appears to be a consequence

of only one ground state conformer of this molecule.

Table 4.2: Fluorescence quantum yields, ¢,, for DPC in various solvents at excita-
tion wavelength, ..

Solvent  Temperature® Aez A

°C) (nm)
TMP 20.1 295 0.021
20.1 305 0.019
20.1 320 0.017
n-BuOH 20.1 295 0.017
MeOH 20.1 295 0.008
H1LO 20.0 295 0.098
240.1°C
440.005

The ¢; of both DNC and TPC is sensitive to solvent polarity as can be illustrated
by comparing ¢, values in the two solvents of similar refractive index, TMP and
n-BuOH. There is a twofold increase in ¢ of DNC upon passing from n-BuOH to
TMP, while a fourfold increase is seen in the case of TPC. DPC has low and similar
#;’s in both of these solvents. While the ¢s’s of DNC and TPC display solvent
sensitivity, the positions of their emission spectra do not. The emission maxima of

DNC/TPC in TMP and n-BuOH, for example, are the same (not shown). So, it
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Table 4.3: Fluorescence quantum yields, ¢;, for DNC in various solvents at excita-
tion wavelength, ...

Solvent  Temperature® Aez ¢?
¢C)  (om)
TMP 20.1 310 0.41
20.1 320 0.43
20.1 340 0.45
20.1 355 0.45
n-BuOH 20.1 310 0.24
20.1 320 0.26
20.1 340 0.26
20.1 350 0.24
MeOH 20.0 340 0.12
H1LO 0.5 340 0.65
H1LO 10.0 340 0.58
H1LO 19.9 340 0.51
H1LO 29.9 340 0.44

°+0.1°C

¥4+0.005 or 5%, whichever is larger

Table 4.4: Fluorescence quantum yields, ¢, for TPC in various solvents at excita-
tion wavelength, A...

Solvent  Temperature® Aez ¢ fb

(°C) (nm)
TMP 20.0 310 0.057
20.0 320 0.051
20.0 340  0.051
20.0 355 0.047
MCH 20.2 340  0.073
n-BuOH 20.0 340 0.012
MeOH 20.0 340  0.003
H1Lo 20.0 340 0.25

40.1°C
$40.005 or 5%, whichever is larger
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appears that only DNC or TPC could be used as polarity probes, if measurements
are based on ¢, values. However, even then these two probes are orders of magnitude
less sensitive to polarity changes than the family of anilino-naphthalene sulphonates
discussed earlier.

One other interesting observation is that the ¢; of both DPC and TPC increases
dramatically with an increase in solvent viscosity. There is a fivefold change in ¢; of
both compounds between a low viscosity nonpolar solvent like TMP (7 = 5.03 cP,
T=20°C)™ and a high viscosity mineral oil, H1LO (3 = 220 cP, T=20.0°C). This
reveals that at least one of the nonradiative decay rates of these two probes is
viscosity dependent.

In summary then, the steady-state fluorescence measurements performed on
DPC, DNC and TPC have allowed the following conclusions to be made so far. DPC
i1s a weakly fluorescent probe whose ¢; and spectral maxima are solvent polarity
independent but solvent viscosity dependent. Despite the low fluorescence efficiency,
it was possible to ascertain that the photophysics of this probe are governed either
by an excited state reaction and/or by ground-state conformational heterogeneity.
Any pursuit of a further understanding of the photophysical behaviour of DPC
would seem to be purely academic given that its low fluorescence quantum yield
does not recommend it highly for membrane probe applications.

The relatively low ¢; of TPC would seem to put it on the threshold of sensitivity
required for membrane studies. However, the marked solvent viscosity dependence
of its ¢, has the potential of being exploited for studies of membrane fluidity. DNC
has reasonably high ¢;’s and if indeed it is shown by time-resolved fluorescence
experiments and subsequent data analysis that the ground state heterogeneity of
this probe arises from different rotamer populations, this could prove useful in

membrane order studies.

4.3.3 Time-Resolved Fluorescence Results

Since for each of the probes, the steady-state fluorescence results indicated the
presence of ground-state and/or excited-state heterogeneity, it was no surprise that
the fluorescence decay profiles were not fitted by single exponential decay functions.

Values of the lifetimes, 7;, and the normalized pre-exponential factors, a;, obtained
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for the three probes in various solvents, and at a number of excitation and emission

wavelengths, are presented in Tables 4.54.7.

Table 4.5: Lifetimes, 7;, and pre-exponential factors, a;, of DPC in H1LO0.
Temp. Acz/Aem 1 T2 T3 a a3 a3 x* SVR
(°C) _ (nm) (ns) (ns) (ns)
13.3  295/330 0.275 0.109 0.010 0.05 0.24 0.72 1.09 1.59

Table 4.6: Lifetimes, 7,, and normalized pre-exponential factors, a,, of DNC in
various solvents at excitation and emission wavelengths, A.,, and A.,,.
Solvent Temp. Aez/Aem 71 T2 T3 T4 Oy a3 as x> SVR
(°C) (nm) (ns) (ns) (ms) (ms)
TMP  20.5 320/360 69.5° 5.42 0.34° 0.02 0.258 0.409 0.333 1.03 1.99
320/370 69.5° 5.42 0.34* 0.02 0.100 0.789 0.111 1.03 1.99
320/390 69.5° 5.42 0.34* 0.02 0.170 0.704 0.127 1.03 1.99
19.9 340/390 66.1° 5.29 0.20° 0.02 0.032 0.914 0.054 1.01 2.00
19.9 350/390 63.9° 5.30 0.41° 0.02 0.005 0.942 0.053 1.03 1.84

n-BuOH 20.2 320/370 27.72 2.54 0.11 0.280 0.406 0.314 1.03 1.97
320/390 27.72 2.54 0.11 0.264 0.501 0.235 1.03 1.97

19.9 340/390 27.64 2.57 0.11 0.02 0.107 0.820 0.073 1.02 1.94

19.9 350/390 27.27 2.56 0.082 0.011 0.614 -0.375 1.25 1.81

MeOH 20 320/390 14.43 1.80 0.41 0.195 0.308 0.498 1.02 1.93
MCH 20 320/390 20.5 4.11 0.20 0.158 0.670 0.172 1.00 1.82

H1LO 20 320/390 55.50 4.68 0.67 0.05 0.154 0.585 0.260 1.01 1.92

4The error in each of these values is in the last decimal place shown. The variation between the

Aez could reflect diflerent extents of deoxygenation of the samples.
*For discussion about the variation in the value of this lifetime, see text.

The magnitude of the lifetime of DPC was below the resolution limit (~30 ps)
of the single photon counting apparatus described earlier (Section 4.2.2) except in a
rather viscous environment such as H1LO (n = 317 cP, T= 13.3°C). In this solvent,
the fluorescence decay profile of DPC was fitted by a biexponential function with
7=275 ps and 109 ps, plus a third very short lifetime of 10 ps. This short component
may indeed represent a decay parameter of the molecule. However, no definite
conclusion about the origin of this component can be made since it could also arise

from an instrumental artifact such as the wavelength dependence of the timing
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Table 4.7: Lifetimes, 7,, and normalized pre-exponential factors, a,, of TPC

Solvent Temp. Aez/Aem o T2 T3° a Qs x? SVR
(C) _ (am) (ns) (ns) (ns)

TMP 21.5 320/360 0.532 0.210 0.001 0.323 0.677 1.01 1.93

320/370 0.532 0.210 0.001 0.386 0.614 1.01 1.93

320/390 0.532 0.210 0.001 0.400 0.600 1.03 1.86

350/390 0.569 0.232 0.001 0.417 0.583 0.96 1.92

MCH 19.7 320/370 0.618 0.302 0.018 0.41 0.59 1.06 1.90

H1LO 20.6 320/370 1.281 0.502 0.024 0.662 0.338 1.07 1.91

%fixed

dispersion of the emission monochromator, or from instabilities in the excitation
pulse?”. The lifetimes associated with the fluorescence decay of TPC were also
short, 532 ps, 210 ps and 1 ps(fixed) in TMP at 21.5°C, and were again below the
resolution limit of the apparatus in solvents like n-BuOH and MeOH. However, the
lifetimes of TPC in H1LO0 were considerably longer at 1.256 ns and 643 ps at 21.3°C,
in keeping with the higher ¢, observed in this solvent.

Fluorescence decay profiles of DNC were the most complex and could only be
adequately described by sums of at least three exponential terms. A fourth lifetime
component of ~50 ps was sometimes required in order to improve the statistics of
the fitting but the origin of this short component probably lies in an instrumental
artifact. Experiments making use of reference deconvolution procedures which cor-
rect for distortions introduced by wavelength dependent artifacts, could clarify this
point. Unlike the case of DPC and TPC, the lifetimes of DNC differ from each other
by at least an order of magnitude: 69.5 ns, 5.42 ns and 0.34 ns in TMP at an excita-
tion wavelength of 320 nm. Notice that the magnitude of the third 7 in TMP varies
with excitation wavelength (Table 4.6). This probably arises from the fact that the
channel widths used for the measurements were either 42.4 or 84.8 ps/channel due
to the necessity to characterize the long lifetime component (69.5 ns) over at least
two decades of decay. A more reliable value for this third lifetime could be had by
using narrower channel widths but more channels in the data acquisition (e.g. 8192
channels instead of the 2048 channels used in this work).

The pre-exponential factors associated with the fluorescence decay of both DNC
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and TPC vary with A..., while only those of DNC are also dependent on the ex-
citation energy (Tables 4.6 and 4.7). This further supports the notion that TPC
exists as a single conformer in the ground state, but that upon excitation a reaction
occurs such that there are two emitting states or species which give rise to a biex-
ponential fluorescence decay. On the other hand, the time-resolved data for DNC
indicate that there is heterogeneity in both the absorption and emission processes
of this molecule, which is consistent with the conclusion obtained from steady-state
measurements.

Further insight into the nature of the absorption/fluorescence heterogeneity, and
even assignment of specific conformations to particular absorbing species, could be
had by determining the excitation and emission spectra associated with each life-
time, and also by performing an analysis to arrive at the corresponding photophys-

ical parameters such as ky, k,, and ¢;.

4.3.4 Absorption and Fluorescence Properties of Dimethyl
Aryl Polyene Sidechain Analogues

Before embarking on the analysis outlined above in order to gain some understand-
ing of the origin of the observed absorption/fluorescence heterogeneity, it was im-
portant to ascertain how the presence of the bulky sterol substituent on the terminal
carbon of the polyene chain affected the absorption and fluorescence properties of
the sidechains. To this end, studies were carried out on the dimethyl analogues of

DPC, DNC and TPC, referred to as DP, DN and TP respectively (Figure 4.24)™.

DP DN TP

Figure 4.24: DP, DN and TP.

The absorption spectra of DPC, DNC and TPC and their sidechain analogues,
in MeOH, are presented in Figures 4.25-4.27. In all three cases, the cholesterol

analogue probes have absorption spectra which are shifted by approximately 8 nm to
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longer wavelengths relative to the absorption spectra of the corresponding dimethyl
aryl polyenes. This shift in the spectra to lower energy with the presence of alkyl
substituents was not surprising given that, for example, the 0-0 band of the So—S;
transition of benzene in hexane occures at 260 nm while the same band of toluene
is at 269 nm; a shift of ~1200 cm™" to lower energy through the addition of a single
methyl substituent’™. The absorption spectral shapes, however, are very similar
between a given cholesterol analogue probe and its dimethyl aryl polyene model
compound. Likewise, excitation and emission spectra of DP, DN and TP (not
shown) are very similar in degree of overlap, and lack of mirror image symmetry.,
to the spectra of the corresponding cholesterol analogues, except that they are all

shifted approximately 8 nm to higher energies.

Fluorescence decay profiles of DP and TP were fitted by the same number of ex-
ponential terms as those of DPC and TPC respectively (Table 4.8). DN fluorescence
decay profiles, however, could be satisfactorily fitted by sums of two exponential
terms with the third short lifetime value of ~0.3 ns not being required to obtain

good statistical parameters.

Table 4.8: Lifetimes, 7,, and normalized pre-exponential factors, a,, of DP, DN, and
TP in various solvents at room temperature.

Probe Solvent A./Aen 71 Ty T3 oy Qs Qs x? SVR
(am) _(ns) (ns) (ns)

DPpe H1LO 295/340 0.25 0.047 0.01 0.99 1.58 0.86

H1LO 320/390 0.23 0.047 0.001 0.01 043 0.56 1.58 0.86

DN MCH 320/390 31.8 6.97 0.150 0.850 1.04 1.78

MCH 320/390 32.1 7.04 0.10 0.127 0.725 0.148 1.00 1.94

MeOH 320/390 28.6 3.75 0.282 0.718 099 1.87

MeOH 320/390 28.7 3.78 0.022 0.222 0.565 0.213 0.98 1.89

TP H1LO 320/390 1.20 0.63 0.266 0.734 1.94 061
H1LO 320/390 1.73 0.9 0.05 0.049 0.711 0.240 1.09 1.94

3These were the best fits obtained for fluorescence decay profiles of this molecule.

All of the above observations are consistent with the presence of the sterol sub-
stituent in DPC and TPC as not being a source of heterogeneity in the absorp-

tion/fluorescence of these molecules. Very similar spectral shapes and fluorescence
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Figure 4.25: Absorption spectra of DP(—) and and DPC(---) in MeOH.
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Figure 4.26: Absorption spectra of DN(—) and and DNC(---) in MeOH.
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Figure 4.27: Absorption spectra of TP(—) and and TPC(---) in MeOH.
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decay laws for these dimethyl aryl probes point to the origin of the heterogeneity
as being intrinsic to the fluorophore itself, as opposed to it being due to any sub-
stituent. The difference observed in the fluorescence decay laws for DN and DNC
will need to be addressed in any model which is put forward to rationalize the

photophysical properties of DNC.

4.3.5 Derived Spectra and Photophysical Parameters of DNC

The simplest model which can account for the triexponential decay kinetics and
the wavelength dependent excitation and emission spectra of DNC in solvents, is
one in which there are as many conformers in the ground state as there are lifetime
components, and that these conformers do not establish a new equilibrium within
their excited state lifetimes. This model is equivalent to the NEER principle intro-
duced earlier®, and has been found to be generally valid for diaryl ethylenes, and
specifically valid for PNE which is the closest analogue to the DNC fluorophore in
the literature.

In such a simple model, the singlet lifetimes are each a function of the rate
constants for the deactivation of one of the populations (e.g. conformers) of DNC.
DAS and IEDAS then represent the emission and excitation spectra of these various
populations, and are presented for each of the three lifetime components in TMP
in Figures 4.28 and 4.29. Each of the DAS of DNC in TMP is unique, though the
DAS associated with the 69.5 ns and 0.34 ns lifetimes are similar in shape beyond
Aem= 390 nm.

The IEDAS of the two longer lifetime components are well resolved, and differ
markedly (Figure 4.29d). The long wavelength band between 355 and 370 nm is
more prominent in the 7= 5.42 ns IEDAS, while the main band centred at ~320 nm
is more intense in the 7= 69.5 ns IEDAS. Also, the main excitation band is shifted
to lower energies in the IEDAS associated with the 5.42 ns lifetime. The high
energy band around 280 nm is equally intense in both IEDAS. Not suprisingly, the
7+=0.34 ns IEDAS is not well resolved since this component accounts for a small
percent (< 2%) of the fluorescence intensity at any given A.n (Figure 4.29c). It
is now possible to confirm that the species which absorbs most on the low energy

side of the absorption spectrum does indeed have a maximum in the fluorescence
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Figure 4.28: Normalized decay associated emission spectra (DAS) for DNC in TMP
at A\.-320 nm; 7 = 69.5 ns (A), 7 = 5.42 ns (B) and 7 = 0.34 ns (C).
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Figure 4.29: Indirect excitation decay associated spectra (IEDAS) for DNC in TMP

at Acm390 nm; a) 7 = 69.5 ns, b) 7
above and below the solid lines represent the standard error bounds.
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spectrum at 370 nm as suspected from steady-state measurements, and that its
singlet lifetime is 5.42 ns in TMP. These observations are very similar to those for
s-cis PNE3234,

Attempts to calculate the various photophysical parameters associated with each
lifetime, using the analysis presented in Section 4.1.3 extended to three fluorescence
decay components, were unsuccessful since a negative fluorescence intensity, F3, was
obtained for the species associated with the short lifetime. This could be due to
the relatively large error in determining the small contribution of this component
to the overall fluorescence. Instead, a modified analysis which made use of IEDAS
intensities (see below) allowed the excited state fractions of the three species to be
directly calculated.

The expression relating the total excitation spectral intensity at a particular A,

and Aerm, E(Aez', Aem '), to the excited state fractions f; is (equation 4.49)

E(Ae: ,3 )‘em ,) = g(’\ez: I)E{fl()‘er ’)Fl(/\em ') + f2(Aea: ,)FZ(/\em ’) + f3(Aez ,)FS(Aem ,)}
(4.49)
The corresponding equation for a particular IEDAS is (equation 4.50)

Et(/\e:c,»/\em I) = fi()‘cr I)-Fi(’\em ,)E(Aer)é (450)

So, for a given lifetime associated species : = 1, the ratio of IEDAS intensities at

two different Az, (A # and Aez B), measured at the same )., is (equation 4.51)

El(AezAa/\em,) _ fl(’\ezA) Fl(Aem,) E(AezA)E

El(/\ezB’Aem ') B fl(’\e-"-‘B) 8 Fl(Aem ’) 8 E(’\c:B)E (451)
fl(Aez'A) A(AexA)
Fi0eB) ~ A(hes B)
Rearranging, )
fiQe?) B Aem’) A B) 452

fl(’\ex B) - El(’\ez Bv Aem ') fi(’\e: A)
The ratio of IEDAS intensities for a particular species at different )., is known, as
is the ratio of total absorption intensities. For triple exponential decay kinetics, the
two above ratios can be determined from the absorption spectrum and from IEDAS
intensities at three different )., for the three lifetime components. This results in

nine unknowns [f;(A.. 4), 1 = 1, 2, 3; 3)..], and six equations. However, the sum of
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fi at a particular A.; must equal unity by definition (equation 4.53).

zn:fi(Aez,) =1 (453)

i=1
This yields three more equations which allows the nine fi(A.4) to be determined.
Calculation of ¢, k; and k,, for the individual components follows from equations
4.24, 4.13 and 4.12 respectively.

The derived photophysical parameters associated with the two longest lifetime
components of DNC in TMP are listed in Table 4.9. One of the most interesting
observations is that the radiative lifetimes associated with the two longest lifetimes
are quite different. The long singlet lifetime species has a radiative lifetime of 164 ns
while the species with a singlet lifetime of 5.42 ns has a radiative lifetime of 11.7 ns.
Insight into the origin of this difference in the radiative lifetimes of the two species
can be had by referring back to their respective IEDAS (Figure 4.29d). The 0-0
bands of the S;—S7] and Sy—S; transition of the 69.5 ns lifetime associated species
occur at ~363 nm and ~332 nm, while the 0-0 positions of So—S; and the So—
S; transitions of the 5.42 ns lifetime component are ~363 nm and ~345 nm. The
energy difference of ~1400 cm™! between S} and S} for this latter species is consider-
ably smaller than that of ~2600 cm™' determined for the long lifetime component.
Hence, it can be expected that there will be a greater degree of mixing between
S; and S; for the 5.42 ns lifetime associated species, via vibronic (vibroelectronic)
coupling. This is because the perturbation induced by vibronic coupling, usually
manifested in an intensity redistribution in the absorption and emission spectra,
is inversely proportional to the energy difference between the coupled states. So,
because of the greater amount of contamination between S} and S; (a B,-like state
based on its sensitivity to solvent polarizability, and its high molar absorptivity
coefficient) of the species with AE(S;-S;) ~1400 cm™?, S} is expected to show some
B, character. Indeed, the short 7,,4 calculated for this species is more typical of a
T,sqd 8ssociated with a B, state’ as opposed to the other 7,,4 value of 164 ns which
is more typical of a naphthalene excited state (7,44 ~500 ns’’). As the emission of
this other species should be from a ‘purer’ Sj state, this suggests that S of DNC
is naphthalenic. However, to assess positively the role of vibronic coupling in the

emission of DNC, vibrationally resolved spectra of S} are necessary.
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Table 4.9: Derived photophysical parameters of DNC in TMDP at 20.5°C.

component ¢ f;(\ez340 nm) T, Ty by kg ki c;®
(ns) (ns) ) (s
1 0.718 69.5 164 042 6.09x10° 8.30x10%° 0.69
2 0.281 542 11.7 0.46 8.55x107 9.90x107 0.31
3 0.002 0.34

“calculated neglecting component 3.

In summary, the derived photophysical parameters and the derived DAS and
IEDAS of DNC have provided insight into the nature of the lowest excited states of
this molecule, as well as into the relative positions and intensities of the absorption
transitions to these states in the two longest lifetime associated species. Armed with
this information, molecular orbital calculations can be very useful in postulating
the identity of these species. By calculating the excitation energies and oscillator
strengths of the low-lying electronically excited states for the four possible single
bond rotamers of a model compound for the fluorescent sidechain of DNC, and
comparing these predicted excitation patterns with the observed IEDAS, it should

prove possible to assign the lifetime associated species to particular conformers of

DNC.

4.3.6 Conformational Assignment for DNC

A partial conformational analysis is possible simply from the relative ground state
concentrations, c;, calculated for DNC in TMP at room temperature (Table 4.9).
This is because on steric grounds, the s-trans, s-trans conformer of DNC (¢t-DNC,
see Figure 4.30) can be expected to be the most stable due to its more favourable
H-H non-bonded interactions. So the species present in the grecatest concentration,
which is that associated with the 69.5 ns lifetime, can be assigned this conformation.
Such an assignment is qualitatively in agreement with the assignment of the longer
lifetime of PNE (~25 ns) to its s-trans conformer®*?!. The IEDAS of the 69.5 ns
lifetime associated species can then be used as a starting point for comparison of
the calculated excitation patterns of the various rotamers of 1-(2'-Naphthyl)-1,3-
butadiene (NBD, see Figure 4.31) with the IEDAS for all the lifetime components
of DNC.
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Figure 4.30: tt-,tc-,ct- and cc-DNC

o8 8

z -NBD i -NBD a-NBD cc -NBD
Figure 4.31: tt-,tc-,ct- and cc-NBD.
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Molecular Orbital Calculations

The calculated excitation energies and oscillator strengths of the four lowest ex-
cited singlet states of tt-, tc-, ct- and cc-NBD (see Figure 4.31), including only
singly excited configurations (Mataga-Nishimoto parametrization), are prescnted in
Table 4.10. S} is predicted to be a naphthalene L;-like state, S} a polyene B,-like
state, and Sj a naphthalene L,-like state for all four conformers. The predicted ex-
citation energies for NBD are higher than the experimental values for DNC and DN,
which is expected due to the absence of alkyl substituents on the terminal olefinic
carbon atom of NBD. However, correlation with the observed excitation pattern is
possible. So—S} corresponds to the weak red-edge absorption, S¢—S} corresponds
to the main absorption band while So—Sj gives rise to the moderately intense band
located at ~280 nm.

The position of the So—S} (Lp-like) transition is calculated to be conformer
independent, while its oscillator strength is weak but conformer dependent. It
is predicted to be stronger for the conformers which have the s-trans conforma-
tion about the single bond connecting the naphthyl and dienyl moieties. This can
be qualitatively understood by considering the electronic interaction between the
naphthyl and butadienyl chromophores in the different conformers of NBD. In other
words, how do the pure naphthalenic L, and butadienic B, excited states interact to
yield an Ly—like S and B,~like S} for the four conformers of NBD? The Sq— S} (L)
transition of unsubstituted naphthalene is long-axis polarized?; i.e. the absorption
dipole moment is directed along the long-axis (Figure 4.30). For an So— S} (A,~B,)
polyene transition, the absorption dipole moment lies along the C=C framework.
So, for a naphthalene molecule substituted in the 2-position with a polyene chain,
an s-trans conformation of the intervening single bond results in the absorption
dipole moments of the two chromophores being roughly parallel (Figure 4.30). On
the other hand, an s-cis conformation results in an approximate perpendicular ar-
rangement of the two dipole moments. Hence it could be envisaged that there would
be less intensity borrowing by the wecak Sq—S} (Ly—like) transition from the strong
So—S; (B,-like) transition for the tc and cc conformers of the NBD, as predicted
by the molecular orbital calculations.

The trend in S} (B,-like) oscillator strength with conformation parallels that
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Table 4.10: Excitation energies and oscillator strengths, f, predicted for the
low-lying excited electronic states of the various rotamers of NBD by CNDOQO/S
calculations (Nishimoto-Mataga parametrization).

Rotamer® State’ E (nm)° E (nm)? f €
t-NBD S (L) 329 363 0.0113 0.02
S; (B.) 303 332 1.1236 1.00
S: (L) 266 281  0.9870 0.63
Si 238 0.0163
te-NBD S (Ly) 328 363 0.0022 0.08
S; (B.) 310 345 0.7750 0.36
S: (L) 264 280  1.2183 0.50
s: 239 0.0225
c¢t-NBD S5 (L) 329 0.0131
S; (B.) 306 0.9906
S: (L) 269 0.8476
Sz 239 0.0222
ce-NBD  S7 (L) 328 0.0038
S; (Bu) 313 0.8788
S: (L) 267 0.9182
S: 240 0.0438

9gee Figure 4.31 for a diagram of the various rotamers of NBD.
bgee reference 4 for general background concerning symmetry designations.

calculated . )
dthe positions of the 0-0 bands of the So—S;, transitions of #-DNC and tc-DNC from their

respective IEDAS based on the conformational assignment discussed in the text.
‘relative ¢ at the 0-0 band of the So—S;, transitions of {DNC and tc-DNC from their IEDAS

(Ae£390 nm), arbitrarily assigning €(So—S3 0-0) for #+-DNC at 1.00.
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of the S} state, as might be expected from the above argument. However. the
variation of S; (naphthalene L,-like) oscillator strength with conformation is quite
different. Again, this can be qualitatively understood if one considers that the
So—L, transition of naphthalene is short-axis polarized®. Using similar arguments
to the above, it can be anticipated that the absorption dipole moments of the
So—5S3 (L.-like) transition and the strong Sp—S; (B,-like) transition of NBD will
interact most favourably in their almost parallel arrangement in the ¢ conformer,
as predicted by the molecular orbital calculations.

In the assignment of the 69.5 ns and 5.42 ns lifetime associated species of DNC
to specific conformers, the main excitation spectral differences which need to be

accounted for are (Figure 4.29d):—

1. The shift of the main absorption band (S¢—S3) to lower energies for the 5.42 ns

lifetime species.

2. The greater intensity of this main absorption band in the IEDAS associated
with the longer liftime.

3. The relative intensities of the S;—S3/Se—S; absorption transitions are <1

and >1 for the 69.5 ns and 5.42 ns lifetime associated species respectively.

From the relative concentrations of the species at room temperature, it was con-
cluded that the longer lifetime species was the s-trans, s-trans conformer of DNC
(tt-DNC). If this result is used as a starting point to compare the predicted exci-
tation patterns with the IEDAS, it can be determined whether a conformational
assignment can be made which is consistent with all the data.

Each of the three remaining conformers of NBD, (i.e. tc, ct and cc) is predicted
to have a Sy—S; transition which is red-shifted with respect to that of ¢#-NBD
(Table 4.10). This is evidence suggesting that at least the 5.42 ns lifetime associated
species of DNC cannot be assigned the tt conformation, since its So—S; transition
is red-shifted from that of the 69.5 ns lifetime associated species. Comparison of the
calculated Sq—S5/So—S; oscillator strengths of t-NBD (<1), further support the
assignment of the tf conformation to the 69.5 ns lifetime associated species of DNC.
Only two conformations of NBD have f(Sq—S3)/{(So—S3) ratios which are greater

than one as observed in the 5.42 ns IEDAS, and these are tc- and cc-NBD. The
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ratio predicted for tc-NBD of 1.6 is closer to the experimentally observed value of
1.4 from the 5.42 ns IEDAS, than the value of 1.04 calculated for cc-NBD. Also, on
steric grounds, tc-DNC would be expected to be more stable than cc-DNC because
of the unfavourable 21-CHj, 24-H interaction in cc-DNC (Figure 4.30).

The emerging assignment of the long lifetime species of DNC to the tt confor-
mation, and the shorter (5.42 ns) lifetime species to tc-DNC, is consistent with the
lower intensity So—S; absorption band observed in the 5.42 ns IEDAS as this is
predicted for tc-NBD as opposed to tt-NBD (Table 4.10). The only discrepancy
between the observed and calculated data with the this conformational assignment
is that the intensity of the weak So—S] transition appears to be greater for t¢-DNC
than for t+-DNC based on the relative IEDAS intensities in this region. This is
opposite to what is predicted for & NBD and tc-NBD. The source of this discrep-
ancy could arise from the unknown contribution of the strong S¢—S; band in this
region for t-DNC, given that its S; state occurs at a lower energy than that of
tt-DNC. Alternatively, the discrepancy could be a manifestation of a greater extent
of vibronic coupling between S} and S} for t¢-DNC, as indicated by its small 7,4 as

discussed earlier.

Nuclear Overhauser Effect (nOe) Experiments

Independent experimental evidence for the existence of a ground-state conforma-
tional equilibrium between the tt- and tc- conformers of DNC was obtained by a
high resolution nOe experiment. Upon saturating the 23-H resonance at §7.21 ppm,
an enhancement was seen of the two resonances at §7.71 ppm and §7.64 ppm (Ta-
ble 3.3). These resonances are due to H-1' and H-3’' respectively on the naphthalene
ring (Table 3.1). Since the nOe occurs by a ‘through-space’ and not ‘through-bonds’
mechanism, and also since it falls off with distance to the sixth power, observation
of an nQOe to both of these protons can only be rationalized in terms of a rotation
about the C-24,C-2' single bond on times slower than or approaching the NMR
timescale. If rotation occurred faster than on the NMR timescale (i.e. approaching
the fluorescence timescale), an average conformation would have been observed and
it is unlikely that an nQOe to both H-1' and H-3’ could be observed in such an average

conformation. Hence, this NMR result provides strong corroborative evidence as to
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the existence of a ground-state equilibrium between the C-24,C-2" s-cis and s-trans
conformers of DNC. It also upholds the use of the NEER assumption in the con-
formeric analysis of the fluorescence decay data of DNC, since the interconversion
rate between the two rotamers would be expected to be even lower in the excited
state due to the acquired partial double bond character of the C-24,C-2' bond.
The relative magnitudes of the nOe to H-1' and H-3' are 2 and 6 respectively,
and if it is assumed that the distance of closest approach of the 23-H to these two
protons in tc- and t-DNC respectively is the same, then an approximate ground-
state conformer ratio ¢, /ca(=cy/csc) of 3 is obtained, corresponding to normalized
concentrations of ¢,=0.75 and ¢;=0.25 (T=300K). These values compare well with
those from the fluorimetric analysis (Table 4.9) of ¢;=0.69, c;=0.31 (T=294K). An
enthalpy difference between tt- and tc-DNC in the ground-state can be calculated
from these normalized concentrations using the equation for the Boltzmann dis-
tribution (equation 4.26). So tt-DNC was found to be favoured over tc-DNC by

476 cal mol™! in the ground state.

Origin of the Short Lifetime Fluorescence of DNC

One possible rationalization for the third fluorescence component of DNC is that
a third rotamer of DNC exists in the ground state. Such a rotamer would have
either s-cis or s-trans geometry about the C-24,C-2' single bond but would have s-
cis geometry about the C-22,C-23 single bond (i.e. ct- or cc-DNC, see Figure 4.30).
Unfortunately, the IEDAS is very weak and noisy for this component, precluding
any comparison with the calculated excitation pattern of ct- or cc-NBD. In addition,
reliable photophysical parameters for this component could not be obtained.
Little more insight is obtained from NMR studies. NOe experiments might be
expected to show an enhancement of the 21-methyl resonance upon saturation of the
24-H resonance for both ct-and cc-DNC, but this was not observed. Other evidence
for an appreciable fraction of a C-22,C-23 s-cis conformer could potentially come
from the value of the vicinal coupling constant between 22-H and 23-H, 3J,;_g 234
Vicinal coupling constants between protons in a conjugated molecule typically take
values of ~11 Hz for an s-trans arrangement while the best estimate for an s-cis

arrangment comes from 3J values in benzene of ~7 Hz™. The value of 10.9 Hz

166



determined for 3Jz,_ g 23-5 (Table 3.2) suggests that if a C-22,C-23 s-cis rotamer of
DNC is present in the ground-state, its concentration is very small.

Another possible rationalization for the third lifetime component is that it rep-
resents fluorescence from an initial excited state/species reached upon excitation
of the tt-/tc-DNC ground state mixture. The short lifetime associated with this
component, as well as the fact that it has its greatest contribution to the overall
fluorescence on the high-energy side (blue-edge) of the emission spectrum, lend sup-
port to this hypothesis. Also, negative pre-exponential factors, which are indicative
of an excited state process, were observed for fits of the fluorescence decay profiles
of DNC in n-BuOH at ).; 350 nm (Table 4.6).

Perhaps negative pre-exponential factors were not observed in the other solvents
because low enough excitation energies were not used. More information about this
excited state process could potentially come from solvent viscosity and temperature

studies.

Solvent Viscosity Studies

Viscosity effects on the fluorescence decay parameters of DNC were studied by
performing time-resolved measurements at constant temperature in minerals oils
of differing viscosity. The data for DNC in H1L0O, H3L1 and H1L1 at ~30°C is
presented in Table 4.11. At this temperature, the viscosities of H1L0, H3L1 and
H1L1 are 100 cP, 59 cP and 38 cP respectively, however 7, and 7, of DNC remain
fairly constant. The value of the short lifetime, 73, varies considerably with viscosity,
indicating that there is a nonradiative decay channel open to this species/state
which is not operative in tt- and t¢-DNC.

Further insight can be gained from the dependence of the pre-exponential fac-
tors on viscosity. While the value of a; remains constant over an approximate
threefold change in solvent viscosity (and even over a narrow temperature range
of 13.6-30.7°C), there are changes in a; and a3, with the decrease in o, with in-
creasing viscosity being compensated by an increase in a3. This suggests that the
state/species of DNC associated with the short lifetime (and with the negative pre-
exponential in n-BuOH at ).;350 nm), is a precursor of t¢-DNC. Moreover, since
the relative proportions of these two species is dependent on viscosity, the process
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Table 4.11: Fluorescence decay parameters of DNC in mineral oils as a function of
temperature and viscosity; A.,350 nm, A.,,370 nm.
Oil Temp. 17 7'1 T2 T3 o oy as x> SVR
(°C)  (cP) (ns) (ns) (ns)
HiLo* 30.3 100 43.4 4.47 0.42 0.011 0.890 0.100 1.04 1.86

H3L1 22.1 95 485 4.61 1.14 0.011 0.926 0.063 1.05 1.83
H3L1 30.7 99 421 442 135 0.011 0945 0.044 1.03 1.90

H1L1 13.6 104 546 4.72 1.54 0.010 0.928 0.062 1.03 1.99
H1L1 30.7 38 423 440 0.83 0.011 0.980 0.009 1.12 1.75

®There are large errors associated with the data in the solvent at this temperature, since only
~650 channels at 84.8 ps/channel were used.

which links them appear< to involve a conformational change. The insensitivity
of the lifetime of tc-DNC to viscosity indicates that this conformational change
is an irreversible excited state process. Also, it is likely that the conformational
change involves only a small amplitude motion, because of the significant but small
dependence of the a; and a; on viscosity, and also because of the fact that the
interconversion rate for a 180° rotation about the C-24,C-2' single bond of DNC

was found to be slow, even in the ground state, on the basis of nOe experiments.

Temperature Studies

The effect of temperature, and not viscosity, on the fluorescence decay parameters of
DNC was monitored under so-called ‘isoviscosity’ conditions. This involved careful
choice of temperatures for each oil solution such that the viscosities were similar.
For instance, H1LO, H3L1 and H1L1 have viscosities close to 100 cP at 30.3°C,
22.1°C and 13.6°C respectively, and the fluorescence decay parameters of DNC
under these conditions are presented in Table 4.11. The effect of temperature on
the lifetime values is large, particularly on the long (7;) and short (73) lifetimes,
while the pre-exponential factors remain fairly constant.

If it is assumed that the radiative rate constant of DNC rotamers is invariant
with temperature, over the range 13.6-30.3°C, and that it is a valid approximation

to use k;; and kj, determined for DNC in the nonpolar solvent TMP, to arrive

168



at ky,,; and k., for DNC in the mineral oils, then it should prove possible to ob-
tain an activation energy E, associated with the nonradiative process of both tt-
and tc-DNC from the slope of an Arrhenius plot (see equation 4.26, Figure 4.32).
The E; value is the temperature contribution to the barrier for the nonradiative
process(es) to occur. The E; values obtained were Eg(1) ~3.3 kcal mol~! and
Eo(2) ~0.95 kcal mol~!. Temperature dependent nonradiative processes include
photoisomerization and collisional deactivation, and it is not clear why the acti-
vation energies associated with these processes should be so different for #- and
tc-DNC. Perhaps this is an indication that the Eq values are in error because it
has been tacitly assumed in the Arrhenius plot that there is only one nonradiative

process for each conformer, and that this process is temperature dependent.

Low temperature time-resolved fluorescence experiments were also carried out
on DNC in n-BuOH, above and below its glass temperature of -88.6°C™ (Table
4.12). All the lifetime values of DNC increased as the temperature was lowered,
particularly 73 which changed from 0.23 ns at 19.9°C to 1.20 ns at -105°C. The
largest incremental change occurred between room temperature and -50°C, whiie
there were only small differences in the lifetime values just above and below the glass
temperature of n-BuOH. These lifetime increases are consistent with an increase in
@5 due to nonradiative processes becoming less favourable at these low temperatures
and high viscosities. In agreement with the room temperature data in mineral oils,
viscosity dependent nonradiative processes appear most important for the species

associated with 73.

Table 4.12: Fluorescence Decay Parameters of DNC in n-BuOH at low tempera-
tures; \..320 nm, A.,370 nm.
Temp. = T2 T3 T4 o a; a3
°C__(ns) (ns) (ms) (ms) (F) (F2) (Fs)
199 27.70 2.55 0.23 0.03 0.282 0.572 0.146 1.03 1.97
(0.836) (0.159) (0.006)
-50 43.78 4.08 0.74 002 0346 0474 0.180 143 1.91
(0.877) (0.112) (0.008)
-81  50.04 4.46 0.90 0.02 0.398 0380 0.222 1.08 2.03
(0.911) (0.078) (0.009)
-105 52.67 4.59 1.20 0.02 0417 0315 0.268 1.57 1.74
(0.924) (0.061) (0.013)

x? SVR
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Figure 4.32: Arrhenius plot of Ink,, versus 1/T for DNC in various mineral oils at
n ~100 cp; k,r1 (©) and k,,, (O).
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The variation of the normalized pre-exponential factors, a,, and fractional fluo-
rescence values, JF,, with temperature is particularly interesting. Since t-DNC is the
most sterically stable conformer of DNC due to its more favourable H-H nonbonded
interactions, it is expected that the proportion of #-DNC fluorescence will increase
at lower temperatures. Indeed, the pre-exponential factor, a,, associated with the
long lifetime which has been assigned to tt-DNC, does increase as the temperature
decreases. However, ajz also increases while a,, which is associated with tc-DNC,
decreases. This result seems rather surprising at first until it is realised that the
species associated with 73 is a precursor of t¢-DNC, and that the sum of (a; + a3)
decreases at lower temperatures. Hence these low temperature time-resolved fluo-
rescence results support the notion first advanced by the solvent viscosity studies,
that tc-DNC is formed by an excited state process whose rate is dependent on the
viscosity of the environment.

As mentioned earlier, this process is likely to be a small amplitude conforma-
tional change. Insight into the identity of the short lifetime associated species could
be had by obtaining DAS and IEDAS of DNC at these low temperatures, where the
contribution of this component to the overall fluorescence is considerably enhanced
relative to room temperature. However, it can be postulated that this species is
a nonplanar (slightly twisted) tc-DNC, which upon excitation can become planar
because of a more favourable orbital overlap, promoted by delocalization of the
electron density in the excited state.

Support for this hypothesis comes from the low temperature (4K) fluorescence
studies of PNE in polycrystalline n-hexane matrices referred to in the introduc-
tion to this chapter3®. The s-cis conformer of PNE was found to be nonplanar at
this temperature since it exhibited a broad diffuse fluorescence spectrum consis-
tent with progressions in low frequency bending modes. On the other hand, s-trans
PNE had a sharp line fluorescence spectrum consistent with a planar geometry. The
difference in geometries of the two conformers was attributed to the different naph-
thalenic bond lengths. No third short lifetime component has been observed for the
fluorescence decay of PNE. Perhaps this is due to the fact that the time-resolved
studies have for the most part been made with flash lamp as opposed to laser exci-

tation, so the instrument response profiles were typically 2 ns wide. Resolution of
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a small amount of ~0.3 ns fluorescence would be difficult under these conditions.
Those fluorescence decay profiles of PNE which have been measured with a Nd:YAG
laser/streak camera system, which has picosecond resolution®!, have statistical pa-
rameters for double exponential fits which are similar to those obtained in this work
(x? ~1.5-2.0), but the signal-to-noise ratio characteristics of the data did not allow
triple exponential fits to be attempted.

One remaining anomaly is why the fluorescence decay profile of DN, the dimethyl
analogue of DNC, is satisfactorily fitted by a sum of two exponential functions. It
is conceivable that the value of the third lifetime of DN could be shorter than in
DNC such that at room temperature and at low viscosity, it cannot be resolved from
the ~0.05 ns component which is thought to be an instrumental artifact. Time-
resolved fluorescence studies in high viscosity media and/or at low temperatures
could resolve this anomaly since the value of this third lifetime, if it exists, could

be expected to lengthen in analogy to what was observed for DNC.

4.3.7 Summary of the Solvent Photophysics of DNC

The photophysical properties of DNC in isotropic solvents are best described by
the kinetic scheme presented in Figure 4.33. There is a ground state equilibrium
between tt-DNC and most likely a nonplanar tc-DNC. This equilibrium will be de-
pendent on temperature but not on viscosity. Hence the variation of this equilibrium
in a membrane sample at constant temperature, with for example percent choles-
terol content, could give information about the change in order of the environment
surrounding the probe.

k
A* B* ._02 C*

f x4 f s | ke

Figure 4.33: Kinetic scheme to describe the photophysics of DNC in solvents. A =
#t-DNC, B = nonplanar tc-DNC, C = planar tc-DNC.

In the excited state, there is no interconversion between #t- and tc-DNC, but
172



the nonplanar t¢c-DNC appears to become planar. This means that the fluorimetric
analysis presented earlier, to arrive at the various photophysical parameters asso-
ciated with the three lifetime components, is not strictly correct. This is because
the underlying assumption in the analysis was that there were three ground state
species which did not interconvert in the excited state. However, in the case where
one of the species is formed in an irreversible process in the excited state, the life-
time values can still be associated with the three species since each lifetime is simply

a function of the rate constants for deactivation of only one species (equations 4.54-

4.56).

1 1

= = — 4.54
n ka kgt knn (4.54)
1 1

"k T Eat (455)

1 1
= = 4.56
T kg +kc ks34 knra (4:56)
ap = ay (4.57)
ag = ag (4.58)
a3 = ag — ac (4.59)

The pre-exponential factors a; and a; are the true pre-exponential factors asso-
ciated with #-DNC, (a4), and planar tc-DNC, (ac), (equations 4.57, 4.58), so the
DAS that were previously calculated using a; and a, are the true emission spectra
of these two conformers. However, in order to obtain the true emission spectrum
(or SAS, Species Associated Spectrum) associated with nonplanar t¢c-DNC, it can
be seen from equation 4.59 that the sum of (a; + a3) will vary with A, like ap
(the true pre-exponential factor associated with nonplanar tc-DNC). So the sum of
(a3 + a3) was used to generate the SAS of nonplanar tc-DNC and this spectrum was
found to be very similar in shape and position to the emission spectrum of planar
tc-DNC (not shown).

Because of the presence of a viscosity dependent excited state reaction in the
photophysical behaviour of DNC, the relative amounts of nonplanar and planar tc-

DNC should be able to be used as a measure of the dynamical freedom of membranes.
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DNC thus appears to have the potential to report on both aspects of membrane

fluidity; dynamics and order.

4.3.8 Possible Models for the Fluorescence Heterogeneity
of TPC

Ground-State Conformational Heterogeneity

The simplest model which can be put forward to account for the biexponential
fluorescence decay of TPC is that two conformers of TPC exist in equilibrium in the
ground-state, and that they do not have sufficient time to establish an excited state
equilibrium during their excited state lifetimes. Such conformers could be rotamers
about the C-22,C-23 or C-24,C-25 single bonds (see Figure 4.34). Rotation of 180°
about the C-26,C-1' single bond connecting the triene and phenyl moieties does
not lead to a change in the geometry of the chromophore, so it is unlikely that the

observed fluorescence heterogeneity arises from rotamerism about this bond.

Support for this model is not forthcoming from the steady-state fluorescence
measurements, however, since the excitation and emission spectra are A, and A,
independent. If two conformers of TPC do indeed exist in the ground-state, their
excitation spectra must be very similar such that a very similar proportion of con-
formers is always being excited, giving rise to an average emission spectrum which
does not vary with excitation wavelength.

Molecular orbital calculations of the excitation patterns of the various rotamers
of a model compound, 1-Phenyl-1,3,5-hexatriene (PHT, see Figure 4.35), could allow
some insight as to whether large differences in excitation spectra are to be expected
for different rotamers of TPC. Results of these calculations using Mataga-Nishimoto
parametrization are presented in Table 4.13. The main excitation band is predicted
to be due to a transition to a B,-like excited state, and the 0-0 band position is
indeed predicted to be conformer dependent varying from 313 nm in #¢#-PHT to
325 nm in cc-PHT.

In spite of the above predictions, and the steady-state fluorescence results, which
would seem to indicate that the origin of the fluorescence heterogeneity of TPC lies

in an excited state reaction, the DAS and IEDAS associated with the two lifetime
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Figure 4.34: tt-,tc-,ct- and cc-TPC.

PN

z -PHT e -PHT ca -PHT cc -PHT
Figure 4.35: tt-,tc-,ct- and cc-PHT.
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Table 4.13: Excitation energies and oscillator strengths predicted for the low-lying
excited electronic states of the various rotamers of PHT by CNDQ/S calculations
(Nishimoto-Mataga parametrization).

Rotamer® State® E(nm) Oscillator Strength, f

#PHT S; (B, 313 1.6337
S; (Ly) 284 0.0102
: 243 0.0493
te-PHT  S; (B,) 322 1.2886
S; (Ly) 284 0.0032
S; 245 0.0361
ct-PHT  S; (B,) 318 1.4355
S; (Ly) 284 0.0051
S; 246 0.0021
cc-PHT S (B.) 325 1.2940
S (Ly) 284 0.0037
S; 247 0.0012

%see Figure 4.35 for a diagram of the various rotamers of PHT.
tsee reference 4 for general background concerning symmetry designations.

components of TPC in TMP were computed and are shown in Figures 4.36 and 4.37.

! with respect to

The two DAS are very similar in shape, but are shifted ~390 cm™
each other. The short lifetime of 210 ps is associated with the more blue-shifted
DAS. Very little difference exists between the two IEDAS either, the main difference
occurring in the relative intensity of the weak band at ~252 nm. So, the similarity
of the IEDAS, as well as the )., and )., independent excitation and emission
spectra, indicates that if there is ground-state conformational heterogeneity of TPC,

it must reveal itself very subtly, apart from the different DAS and the biexponential
fluorescence decay.

Further insight into a possible rotameric equilibrium can be gained from an ex-
amination of the magnitudes of 'H NMR vicinal coupling constants between the
protons on either side of the single bonds in question, i.e. 3Joa-t23-H, 3J2a-Ha23-H
(see Table 3.2). The value of 11.1 Hz for *J;; 23— p is typical of an s-trans arrange-

ment of the two protons’. The value of 10.1 Hz for 3Jz4_ g 25_H, is significantly lower
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Figure 4.36: a) Unnormalized decay associated emission spectrum (DAS) of TPC
in TMP at \.;320 nm; 7 = 0.532 ns (A) and 7 = 0.210 ns (B).
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Figure 4.36: b) normalized decay associated emission spectrum (DAS) of TPC in
TMP at \..320 nm; 7 = 0.532 ns (A) and 7 = 0.210 ns (B).
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Figure 4.37: Normalized indirect excitation decay associated spectra (IEDAS) of
TPC in TMP at ),,, = 390 nm; 7 = 0.532 ns (—) and 7 = 0.210 ns (--).
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than the value of 11.1 Hz obtained for 3J,4_p 5.y in the 20(22)E,23Z,25E geomet-
rical isomer of TPC (Table 3.2). This latter isomer can be safely assumed to exist
entirely in the C-24,C-25 s-trans conformation due to the very unfavourable steric
interaction between 22-H and 26-H in the s-cis conformation. It could be argued,
then, that the value of 10.1 Hz for 3J,4_g25_p for TPC is an indication that there
is a small proportion of t¢-TPC in CDCIl; at 300K, since vicinal coupling constants
between s-cis protons in benzene are ~7.0 Hz. However, due to the scatter in val-
ues of vicinal coupling constants, across C-C single bonds, between 10.4-12.6 Hz for
substituted butadienes™, all of which are assumed to exist entirely in the s-trans
conformation at room temperature, it is not possible to draw any conclusion about
the presence or absence of a t¢c-TPC conformer in the ground state. Unfortunately,
nQOe experiments could not resolve this point since the expected nOe between 23-H
and 26-H in tc-TPC could not be ascertained due to the very similar chemical shifts
of these two protons (§6.641 and 66.507 respectively, Table 3.1).

Upon considering both the fluorescence and NMR data, it appears that the
photophysical properties of TPC are not a consequence of a ground-state conforma-
tional equilibrium, though a more definite conclusion could be reached upon study-
ing the photophysics of conformationally restricted analogues. So, excited state
models were investigated to see if any of these were compatible with the observed

fluorescence heterogeneity of TPC.

Excited State Heterogeneity

a) Irreversible Excited State Process
The general kinetic scheme for a reversible two-state excited state reaction be-

tween A* and B*, where only A* is directly excited, is shown in Figure 4.38%081,

The expressions for the fluorescence decay of A* and B* are given by equa-

tions 4.60 and 4.61%,

ia(\ 1) = (Ao b‘f;(:i%m -Sa(A)(e™/™ + Aetm) (4.60)
ip(A\1) = [A"]o- % -Sp(A)(e™/™ + Ae7t/m) (4.61)

where [A*], = initial concentration of A”,
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A* —= B*
u k4 Kz ‘ka
A

Figure 4.38: Kinetic scheine for a reversible excited state reaction between A* and
B*, where only A* is directly excited.

X =ka+kpa (4.63)
Y =kp+ kap (4.64)
mo=rt = % {(X+7) = [(v = X7 + akoakan) "} (4.65)
V=1 = > {(X +Y)+ [(Y -X)+ 4kBAkAB]l/2} (4.66)

ksa, kyp = radiative rates of A*, B* and S4()),Sg(A) = emission spectra associated
with the decay of species A*, B* (i.e. species associated spectra or SAS). Equations

4.60 and 4.61 can be rewritten as

i4(t) = a1 Sa(N)e ™ + aySa(N)e ™ (4.67)
ip(t) = B1Sp(N)e ™ + B,Sp(\)e~H™ (4.68)
where
azfa; = A (4.69)
and
P2 = —hH (4.70)

It can be seen that for an irreversible excited state reaction, kap = 0, and the above

expressions simplify to

m=1 =katkpa=X (4.71)
T=1"=kp=Y (4.72)

14\ 1) = [A*]ok aSa(N)e ™ e ay =0 (4.73)
ip(M, ) = (A A2 B S (A)(e/n — ¢7Im) (4.74)
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When deactivation from A* is faster than from B* (ie. X > Y and 1 < 7),
is negative and f; is positive. The total fluorescence decay profile is then given by

equation 4.75
i(A,1) = ia(X,t) +ip(A\, 1) = [01Sa(X) — B1SB(N)]e™™ + B,Sp(N)e™™  (4.75)

or

i(Mt) = S, e ™ + S;(N)e—t /T, (4.76)

where S;(A) = DAS associated with lifetime 7;, and
S$1(0) = a1 Sa(A) - BiSp(N) (4.77)

S3(A) = B2SB(A) (4.78)

Hence S,()) are the DAS that have already been calculated (Figure 4.36) and the
DAS associated with the longer lifetime 7, should always be positive (equation 4.78).
Meanwhile the DAS associated with the shorter lifetime 7, will become negative
when (,Sp()) exceeds a;S4(A), or in other words when the emission intensity of
species B exceeds that of species A by a factor greater than a,/8; [see Figure 2,
ref. 81 for simulated S;(\), Sz())].

In the opposite case when deactivation from B* is faster than from A* (i.e.
Y > X and 1, > 7), () is positive and 3, is negative. Under these circumstances,

the total fluorescence decay profile is given by equation 4.79
i(\t) = [ Sa(A) + BiSp(N)]e™/™ — B,Sp(N)e™/™ (4.79)
and the DAS by equations 4.80 and 4.81.
$1(A) = a1S4(A) + B1SE(N) (4.80)

S2(A) = = B25B(A) (4.81)

Hence, in this case, the DAS associated with the short lifetime 7, will always be
negative, while the long lifetime DAS will be positive (see Figure 2, ref. 81).

The DAS observed for TPC in TMP were always positive (Figure 4.36) so if an
irreversible excited state reaction is occurring, clearly the deactivation of species

B* which is formed in the reaction, cannot be faster than that of the initial species
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A*. Even so, it might have been expected that the short lifetime DAS would
have gone negative at long emission wavelengths when the contribution of B* to
the fluorescence sufficiently exceeded the contribution of A*. In other words, it
was surprising that no negative pre-exponential factors were ever seen for fits of the
fluorescence decay profiles of TPC, especially at long emission wavelengths where B*
fluorescence would be expected to be considerably more intense than A* fluorescence
if an excited state process was occurring. It is possible that the energy difference
between A* and B* is so small that a negative portion of the DAS would not be
seen until wavelengths corresponding to the red edge of the emission spectrum. If
this is indeed the case, as would seem to be indicated by the data, then it is unlikely
that an excited process between A* and B* would be irreversible if A* and B* are
two different excited states (i.e. S; and S}) of TPC. Alternatively, A* and B* could
be two conformers of TPC which differ only by a small degree of twist, similar to
what was observed for tc-DNC. If this model is correct then solvent viscosity and
low temperature studies, presented later, should show that the relative amount of
A* fluorescence increases as viscosity increases.
b) Reversible Excited State Process

The scheme and associated kinetic equations for the reversible two-state excited
state reaction, in which only A* is directly excited, were presented earlier (Fig-
ure 4.38, equations 4.60-4.70). Assuming the excited state process is reversible,
these equations will only simplify if either A* or B* is nonfluorescent, implying
ksa or kyg ~0. Since A* is the initial excited state/species formed by a radiative
transition from the ground state, A* will only be nonfluorescent when nonradiative
deactivation is very efficient. However, it is conceivable that B* could be nonfluo-
rescent since in this model we have assumed that the reverse process of absorption
to B* does not occur. The total fluorescence decay profile is then simply the fluo-
rescence decay profile of A* as given by equation 4.60. Under these conditions the
DAS which have already been calculated for TPC, S;()), are the SAS of species A*
multiplied by a scaling constant (equations 4.82, 4.83).

Sy(A) = a1S4(N) (4.82)

S2(A) = 2S4(\) (4.83)
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The two DAS are thus related by a scalar (from equations 4.62, 4.69)

N (4.84)

and should have the same shape.

Referring back to the DAS of TPC in TMP (Figure 4.36), it can indeed be seen
that they have the same shape but that they are shifted by approximately 390 cm™!
from one another. The short lifetime DAS occurs at the slightly higher energy. This
slight energy difference between the two DAS could perhaps be accounted for by a
slight relaxation of A* between its prompt and delayed emissions.

One possibility for A* and B* in this model is that they are two conformers of
TPC which differ from one another by a small amplitude conformational change,
such that they can interconvert within 1, = 0.5 ns in TMP. In other words, TPC
could be undergoing a ‘wobbling’ in the excited state. It could be envisaged that
TPC could undergo an irreversible small amplitude comformational change in the
excited state, because of a tendency for planarity (better orbital overlap) due to
increased delocalization of electron density. However, it is unclear what mechanism
could account for an equilibrium between the preferred ground state and excited
state geometries, or between any two geometries in general which differ to such a
small degree that the equilibrium is established within the short lifetime of TPC.

Another possibility is that A* and B* are two different excited states in close
proximity (i.e. S; and S}), with B*—S, being a weak radiative transition. As
pointed out in the introduction to this chapter, it is known that S} and S} of DPH
(the closest analogue to the TPC fluorophore in the literature) are very close in
energy and are of B, and A, symmetry respectively, such that S;—S; is a strongly-
allowed transition while S]—S, is a weak radiative transition. Biexponential flu-
orescence decay has been observed for DPH in solution on the blue edge of the
emission band®?, so it is possible that a reversible excited state reaction between
S; and S} of TPC could explain its biexponential fluorescence decay if S; —S, is
forbidden or only weakly allowed.

CNDO/S calculations of the lowest excited states of PHT rotamers, using a
Mataga-Nishimoto parameterization, predicted that S} is B,-like, and that the os-

cillator strength of the So—S} transition is quite high. However, this calculation
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neglects doubly excited configurations and so does not allow for low-lying A,-like
states which are one-photon forbidden but two-photon allowed from S,. It was
decided to perform CNDO/S molccular orbital calculations on t¢-PHT using the
Pariser parameterization which allows for both singly and doubly excited configu-
rations, and which has been found to predict the correct ordering of the strongly
allowed A;—B, and forbidden A;—A, transitions in a number of polyenes™. The
results of this calculation are presented in Table 4.14. Unlike the case for unsub-
stituted hexatriene’®® and DPH??23 | S} is not predicted to be A,-like but instead
to be a benzene L;-like state. The oscillator strength of the So—S; transition was

calculated to be very small.

Table 4.14: Excitation energies and oscillator strengths predicted for the low-lying
excited electronic states of t-PHT by CNDOQ/S calculations (Pariser parametriza-
tion).

State E(nm) Oscillator Strength, f

St (L) 378 0.0021
S; (B,) 344 1.2184
Sy (A,) 333 0.0998
S3 282 0.0084

So, according to molecular orbital calculations on ¢¢-PHT, ¢+-TPC has S} and
S} in close proximity with S} being an essentially nonfluorescent state. Hence, it
seems that the fluorescence heterogeneity of TPC could be rationalized in terms of
one ground-state conformer (most likely $+-TPC based on steric arguments and 'H
NMR vicinal coupling constants) which undergoes a reversible excited state reaction
between its closely spaced Sj and S} excited states, with S} being a nonfluorescent

benzene L;-like state.

Solvent Viscosity Studies

The decay parameters of TPC in mineral oils of different viscosities, at ~5.0°C,
are presented in Table 4.15. The viscosities of the oils at this temperature vary
by a factor of ~10, from 69 cP (HOL1) to 638 cP (H1LO). As the viscosity is
increased, there is a concomitant increase in 7 and oy, while a; decreases and 7,
remains almost constant. This sensitivity of the decay parameters to viscosity is

not compatible with the irreversible excited state reaction (conformational change)
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model put forward to rationalize the fluorescence heterogeneity of TPC. In this
model, the short lifetime, 73, is associated with the initial excited state species
A* and the conformational change that it must undergo to form B* should be
viscosity dependent. Hence 7, should increase as the viscosity increases, through the
dependence of kg4 on viscosity. Moreover, it would be expected that the proportion
of fluorescence from A* (i.e. a;) would increase at higher viscosities. This is the

opposite trend to what is observed.

Table 4.15: Fluorescence decay parameters of TPC in mineral oils as a function of
temperature and viscosity; A.,350 nm, \.,,370 nm.
Oil  Temp. n o T2 T3 oy oy x? SVR
°C  (cP) (ms) (ms) (ns)
H1LO 5.2 638 1.64 0.73 0.013 0.763 0.237 1.01 1.91

H3L1 4.8 324 1.57 0.76 0.780 0.220 1.04 1.89
H3L1 30.9 58 1.04 0.53 0.005 0.615 0.385 1.03 2.00

H1L1 4.8 187 1.50 0.71 0.003 0.752 0.248 1.04 1.97
H1L1 21.7 64 1.15 0.53 0.001 0.651 0.349 1.02 1.83

HOL1 5.2 69 138 0.70 0.014 0.691 0.309 1.00 1.90

For models involving multiple excited states as opposed to conformers, the vis-
cosity dependence of the decay paramcters is determined by the nature and relative
importance of nonradiative decay processes from each of the states, which is difficult
to predict. So, the solvent viscosity studies presented here cannot give any insight
into whether the photophysics of TPC is governed by a reversible two-excited state

model.

Temperature Studies

The effect of temperature, and not viscosity, on the fluorescence decay parameters
of TPC was determined under isoviscosity conditions. The three mineral oils H3L1,
H1L1 and HOL1 have viscosities close to 65¢P at 30.9°C, 21.7°C and 5.2°C respec-
tively, and the lifetimes and normalized pre-exponential factors of TPC under these
conditions are presented in Table 4.15. All of the parameters are very temperature

dependent, with a; increasing and the values of the other parameters decreasing as
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the temperature is raised.

Low temperature time-resolved fluorescence experiments were also performed on
TPC in MCH, above and below its glass temperature of -126.6°C™ (Table 4.16).
These results largely confirm the trends observed over the narrow temperature range
of 5.2°C-30.9°C in the oil solutions. Notice the dramatic increase in a; from 0.41
at 19.9°C to 0.93 at -142°C and the accompanying decrease in a5 from 0.59 to 0.07.
The lifetime value, 71, increases by a factor of ~3 over this same temperature range
while the value of 7, increases at first but then appears to shorten again below -50°C,
though this could be an artifact arising from the decreasing contribution of this
component to the overall fluorescence, coupled possibly with increased background
scatter at these lower temperatures. No background scatter was measured and
subtracted from the sample fluorescence decay curve, due to the difficulty in aligning

quartz tubes in the Dewar flask with identical collection geometries.

Table 4.16: Fluorescence Decay Parameters of TPC in MCH at low temperatures;
Aez320 nm, )., 370 nm.
Temp. 7 T2 T3 oy a Fi  F, x* SVR
°C (ns) (ms) (ns)
19.7 0.618 0.302 0.018 0.41 0.59 0.59 0.41 1.06 1.90

-47 1.60 0.93 0.71 0.29 0.81 0.19 1.02 1.99
-72 1.67 0.49 0.88 0.12 0.96 0.04 1.09 1.83
-106  1.75 0.28 0.90 0.10 0.98 0.02 1.04 1.96
-142 173 04 093 0.07 0.98 0.02 0.99 1.93

Generally, lifetime values of fluorescence probes increase at lower temperatures,
as observed for 7; of TPC, and this is usually attributed to the effect of tem-
perature/viscosity on the nonradiative decay processes. These processes become
less efficient in the overall deactivation of the probe if they are associated with an
activation barrier, while the radiative decay rate, ky, is usually independent of tem-
perature. Consequently, the 7; and ¢ values generally increase to the same extent
as the temperature is lowered (see equation 4.13). This was not observed for TPC.

The unnormalized emission spectra of TPC in MCH at various temperatures,
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ranging from room temperature to -136°C, are presented in Figure 4.39. The change
in area under these spectra reflect the change in ¢; of TPC with temperature, assum-
ing the molar absorptivity coefficient is temperature independent and that changes
in solvent refractive index only account for a small proportion of the increase. So,
¢; of TPC in MCH increases by a factor of ~3 between 22.4°C and -54°C, and by
another factor of ~2 upon reaching -112°C. At the same time, 7, increases twofold
between 19.9°C and -47°C which is not too different from the change in ¢ over this
temperature range, but there is only a further increase in 7, of ~10% down to a

temperature of -105°C.

This difference in temperature sensitivity of 7, and ¢; could be accounted for by
an increase in kj, at lower temperatures. Changes in k; with temperature are not to
be expected for emission from an excited state which is well separated from other
excited states. Even if there are two excited states in close proximity, k; would
not be temperature dependent unless there was some interaction between the two
states such as an excited state equilibrium, as well as a temperature dependent
spacing between them. The change of solvent refractive index, and hence solvent
polarizability, with temperature leads to a concomitant shift in the positions of
spectra associated with strongly-allowed transitions. The positions of forbidden or
weakly-allowed transitions are not affected.

Excitation spectra of TPC in MCH (Figure 4.40) were observed to shift by
~500 cm™! to lower energies between 22.4°C and -150°C. Clearly this must be the
consequence of a lowering of the energy of the B,-like excited state of TPC relative
to the A -like ground state. However, if S] of TPC was B,-like, a lowering of
its energy with temperature should not lead to a change in k;. However, if S; is
B,-like and S} is Ly-like, as predicted by the CNDO/S (Pariser) molecular orbital
calculations, a change in k; could be rationalized. The spacing between S; and
S; would decrease at lower temperatures due to the temperature dependence and
independence of the positions of S; and S] respectively. In the case of the model of
an equilibrium between B,-like S; and a nonfluorescent L;-like S7, this decrease in
separation of the two states would lead to more of the longer lifetime fluorescence
component, as observed, through an increase in the rate constant k4p of the back

reaction from S} to S;. However, a change in k; would not be expected since the two
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Figure 4.39: Unnormalized emission spectra of TPC in MCH ()., 320 nm) at low
temperatures; 22.4°C(A), -54°C(B), -82°C(C), -112°C(D) and -136°C(E).
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fluorescence components in this case are prompt and delayed emissions from B,-
like S, whose high radiative transition probability (=k;) should not be affected by

interaction with a nearby excited state with a low radiative transition probability.

So it appears that the photophysics of TPC in solvents is best described by the
general reversible two-excited state model in which both S} and S} are fluorescent.
Thus both fluorescence decay times, 7, and 7;, have contributions from S;—S, and
S;—S, emissions (equations 4.67, 4.68). The low temperature fluorescence measure-
ments confirm S]—S, is a weak radiative transition consistent with the prediction
of a Ly-like S; by CNDO/S (Pariser) molecular orbital calculations. The changes in
ks1 and ks with temperature reflect the increased radiative transition probability
of S] upon its greater interaction with B,-like S; at lower temperatures. It is in-
teresting to note that the lifetime of DPH actually decreases as the temperature is
lowered, while ¢; increases'®, and this too can be rationalized by an excited state
equilibrium between a strong S; (B,)—So radiative transition and a formally for-
bidden S; (A;)—S, radiative transition. It is possible that the A*/nonfluorescent
B* model could be valid around room temperature since there was a fairly good
correspondence between A7 and A¢; between room temperature and ~-50°C. This
is an indication that the variation of these two parameters over this temperature
range is due to the effect of viscosity and temperature changes on the nonradiative
processes of TPC. Perhaps at these temperatures, S] and S} are sufficiently far
apart that there is no vibronic coupling between them, and under these conditions
S; could be a truly nonfluorescent state. At lower temperatures, 5] likely gains

some S} character and the more general reversible two-excited state model applies.

4.3.9 Summary of the Solvent Photophysics of TPC

The kinetic scheme which best accounts for the photophysical properties of TPC in
isotropic solvents is presented in Figure 4.41. It is possible that at higher tempera-
tures, S} is nonfluorescent, i.e. kyp~0. The excited state equilibrium is dependent
on viscosity, as manifested through viscosity dependent pre-exponential factors and
lifetimes at constant temperature. This sensitivity to viscosity is most likely the
result of differences in the relative importance of viscosity dependent nonradiative

processes from the two states. The ¢; of TPC is also sensitive to solvent viscosity,
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Figure 4.40: Normalized excitation spectra of TPC in MCH ()., 410 nm) at low
temperatures; 22.4°C(A), -52°C(B), -112°C(C), -150°C(D).
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so TPC is potentially a useful probe of the dynamical aspect of membrane fluid-
ity. Also, TPC should be very useful in resonance energy transfer studies from
tryptophan (the intrinsic fluorophore of proteins and peptides) because of its opti-
cal transparency between ~255-300 nm where tryptophan absorbs, and its strong

absorption between ~300-360 nm where tryptophan emits.

kBA
‘ ——— Ly-lke S;

Figure 4.41: Kinetic scheme to describe the photophysics of TPC in solvents.

By~like S;
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5.1 Introduction

DNC and TPC appear to have considerable potential as probes of membrane fluidity,
particularly in cholesterol domains, because they possess both viscosity sensitive
photophysical parameters as well as a structural similarity to cholesterol. In order
to test this prediction, it was decided to perform steady-state and time-resolved
fluorescence studies on the two sterols incorporated into model membranes.

The systems which have been most often employed as model membranes are

1-3_ Vesicles are closed lipid bilayers (see Figure 5.1)

lipid vesicles or liposomes
and they are the structures which are typically formed by phospholipids upon their
dispersion in aqueous media. Generally vesicles consist of several lamellae of bilayers
arranged in an ‘onion-skin’ like structure, unless special preparative procedures are
employed. Such vesicles are termed multilamellar vesicles (MLVs). This class of
vesicle is not well suited as a model membrane since cell membranes are composed
of only a single lipid bilayer, and also the location of probes in MLVs is likely to
be heterogeneous which makes interpretation of their physical parameters difficult.

Consequently, methods have been developed to obtain unilamellar (single bilayer)

vesicles.

Figure 5.1: A schematic diagram of a multilamellar vesicle (MLV) showing only
three concentric lipid bilayers (from “Biological Membranes. Their Structure and
Function”, R. Harrison and G.C. Lunt, Blackie, Glasgow, 1975, p. 94).
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Small unilamellar vesicles (SUVs) can be prepared from MLVs either by sub-
Jecting the MLVs to sonication followed by high-speed centrifugation or by passing
them through a French press?=®. SUVs typically have diameters of 25-40 nm which
limits their use as model membranes due to their high radii of curvature. This
results in a ratio of outer to inner monolayer lipid of ~2:12, and packing restraints
which could lead to asymmetric distribution of lipids between the monolayers as
compared with less highly curved systems, such as cell membranes. Moreover, the
aqueous volume enclosed by SUVs is often too small to allow studies of permeability
or ion distributions between the internal and external aqueous compartments.

Large unilamellar vesicles (LUVs), which have diameters from 100-500 nm, are
more suitable as model membranes since the distribution of lipid between the mono-
layers is close to 1:1, and the internal aqueous (encapsulation) volume is considerably
higher than for SUVs!~*. In fact the encapsulating ability of LUVs, as well as their
natural lipid composition which renders them nontoxic and allows them to escape
removal by the body’s immune system, has been exploited in the use of LUVs as
drug delivery systems®~®. This is an active field of research since LUVs not only
protect drugs against dilution and degradation in the blood, but they also have the
potential to be targetted to deliver drugs to specific tissues through the presence of
antibodies attached to their outer surfaces.

LUVs can be prepared directly by methods which employ organic solvents or
detergents!~*7. These methods have the disadvantage, however, that they involve
removal of the solvent or detergent from the lipid/aqueous buffer system. This is
very difficult to achieve completely, even if lengthy dialysis or vacuum pumping
procedures are followed. Alternatively, LUVs can be formed by fusion of SUVs
through a cycle of quick-freezing, gradual thawing and brief sonication!?, or by
repeated extrusion of MLVs through inert polycarbonate membranes of 100 nm pore
size or less®. The former method yields a heterogeneous population of vesicles with
diameters of 20-200 nm, while the latter gives vesicles whose diameters approximate
the pore size of the membrane filter. Increased homogeneity of size can be achieved
by extrusion through two stacked polycarbonate membrane filters.

The model membranes used in this work, to study the potential of DNC and
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TPC as cell mecuibrane probes, were LUVs prepared by the above extrusion pro-
cedure. The phospholipid chosen was dimyristoylphosphatidylcholine (DMPC, see
Figure 5.2) partly because of its two saturated acyl chains which renders it less sus-
ceptible to degradation (e.g. oxidation) than unsaturated lipids®, and also since its
gel-liquid crystalline phase transition temperature T,, (=23.9°C), is around room
temperature'®. This allows fluorescence studies to be conveniently performed both
in the gel and the physiologically relevant liquid crystalline phase. It is obwvi-
ously of interest to determine how the incorporation of DNC and TPC in these
two distinct phases is manifested in their photophysical properties. In addition,
DMPC/cholesterol binary mixtures are one of the better characterized phospho-
lipid/cholesterol systems in the literature. This should enable comparison of the
results obtained using the novel fluorescent cholesterol analogues, DNC and TPC,
with conclusions that have been made on this system from other studies.
cn,(cu,)uocl:u2
CH,(CH,).ZOC':HP
Hzcogo(cnz)zn(cu,)
o
Figure 5.2: DMPC

*
3
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5.2 Materials and Methods

5.2.1 Large Unilamellar Vesicle (LUV) Preparation

Aliquots of stock solutions of cholesterol (Sigma, ~10 mM), DMPC (Avanti Polar
Lipids, ~3 mM), DNC (~0.1 mM) and TPc (~0.1 mM) in chloroform were com-
bined so as to arrive at mole percent cholesterol levels of 0, 4, 7, 12 and 20%, and
lipid:probe ratios of 200:1 and 500:1. The purity of the DMPC had previously been
checked by HPLC (Beckman Hypersil column, 100% MeOH, 220 nm) and was found
to be 99.4%. All traces of chloroform were first removed by rotary evaporation and
then under vacuum in a dessicator for 12 h. The dried lipid film was taken up
in TRIS buffer (Boehringer-Mannheim, 0.01 M, adjusted to pH 7.2 with HCI) and
vortexed for approximately 1 minute to ensure complete suspension. The resulting
MLVs (1.0 mg DMPC/ml buffer) were transformed into LUVs by extrusion through
polycarbonate membrane filters of successively smaller pore size [Nucleopore, 25 mm
diameter, pore sizes 0.4 pm (1 pass), 0.2 um (1 pass) and 2 stacked, 0.1 um filters
(3 passes)] under moderate pressures (150-200 psi, nitrogen), based on a literature
method®. The membrane filters were supported in the bottom half of a Millipore
membrane holder (XX 30025 00) equipped with two stainless steel mesh grids, in
order to avoid buckling of a single grid under the moderately high pressures. A
homebuilt (Mechanical Workshop, Division of Biological Sciences, NRC) stainless
steel chamber was screwed into the Millipore holder and could hold up to 50 ml
of lipid suspension above the filter. This chamber was thermostatted above the
gel-liquid crystalline phase transition temperature, T,,, of DMPC (23.9°C) through
contact with coiled brass tubing which was connected to a Polysciences Polytemp
90 temperature controller (see Figure 5.3).

Due to the relatively little manipulation of the lipid sample in the above proce-
dure, for example, the absence of a centrifugation step such as in the preparation
of small unilamellar vesicles, and the low adsorption and high chemical resistance
characteristics of polycarbonate membranes!!, it was expected that there would

be minimal loss of material and hence that the lipid:probe ratio and mole percent
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Figure 5.3: A schematic diagram of the extrusion apparatus used to prepare LUVs.

203



cholesterol content would be very close to their initial input values. However, it was
attempted to quantify these parameters through HPLC. An aliquot of each of the
preparations was diluted 1:1 with tetrahydrofuran (THF) in order to disrupt the
vesicles!?, and the resulting solutions injected onto three different types of HPLC
column, a Dupont Zorbax Cg column, a Beckman Hypersil normal phase column
and a Varian SP C,s reversed phase column. The best separation of peaks was
achieved with the latter column using 100% MeOH as eluant, and gave retention
times of ~2.1' (DMPC), ~9.5' (cholesterol) and ~11.9' (DNC or TPC). Accurate
quantitation of the area under the DMPC peak, however, was difficult due to its
proximity to the solvent front. In addition, use of an internal standard (e.g. an-
other sterol'®) could improve the accuracy of cholesterol level determinations by
this method. Time-resolved fluorescence results of DNC in the DMPC/cholesterol
LUVs, to be presented later, show a consistent trend with input cholesterol con-
tent which indicates that final cholesterol levels are similar to their input levels.
Fluorescence intensity differences between samples with 200:1 as opposed to 500:1
lipid:probe ratios are also consistent with no loss of probe material in the LUV

preparation procedure.

5.2.2 Characterization of the LUV preparations by electron
microscopy

The size distribution of the LUVs was checked by both negative stain and thin
section electron microscopy’#°. In the negative staining procedure, a drop of the
LUV preparation was allowed to settle on a formvar coated copper grid for 1 minute
and the excess liquid was then drawn off with filter paper. One drop of a 1% aqueous
uranyl acetate staining solution was then placed on the grid for 1 minute and excess
again drawn off with filter paper. Four grids were prepared for each LUV sample
and were visualized under a Phillips 201 electron microscope.

The LUVs appeared in the electron micrographs as approximate circular pro-
jections on the grid, each with an opaque periphery that corresponds to the outer
headgroup region of the vesicle since this region is accessible to the aqueous staining

solution (see Figure 5.4). The vesicle sizes determined from the diameters of these
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projections tend to be overestimated due to distortions introduced by flattening of
the vesicles on the grid. For this reason, size distributions were also obtained by the
thin sectioning technique. This involved a lengthy sample preparation procedure
described below®.

The LUV samples were first treated with a fixative (2% OsOy,, pH 7.4) for at
least 48 hrs at 4°C, in order to preserve the vesicle structure. 1 ml of the fixed
samples was mixed with 0.1 ml of freshly prepared 2% gelatin solution and then
filtered onto a filter (Sartorius) of pore size 0.01 um. The filter and deposited sample
were transferred to 10 ml of 5% aqueous uranyl acetate for staining, and left in the
dark for 48 h at 37°C. Dehydration of the filter and sample was achieved by treating
with 70, 80, 90 and 100 (x3)% EtOH for 10 minutes each, and then with propylene
oxide (3x10 minutes) which also dissolved the filter. The samples were embedded
by placing them in a propylene oxide/epon araldite mixture (3:1) for 24 h, in 100%
epon araldite for a further 24 h and then baking this preparation in flat moulds
at 68°C for 48 h. Thin sections were cut with a Reichert-Jung ultra microtome,
stained with 5% uranyl acetate (15 minutes) and lead citrate (15 minutes), and
then visualized under a Phillips 420 electron microscope (see Figure 5.4).

Unlike the negative staining technique, thin sectioning tends to underestimate
the average vesicle diameter since only the sections which are taken through the
centre of vesicle will yield the correct diameter. The average size of the LUVs was
taken as the average of the vesicle diameters determined by these two techniques

(see Table 5.1).

Table 5.1: Size characterization of the DMPC/cholesterol LUV preparations.

% Cholesterol d (nm)*® d (nm)*® average d
(thin sectioning) (negative staining) (nm)
0 73+22 107425 90425
7 84+11 111417 98117
12 120420 114431 117431
20 108+12 117+£12 113+12

3determined by taking the average of the long and short axis diameters of approximately 50

vesicles.
%error = average error

The unilamellar character of the vesicles was checked by thin section electron
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Figure 5.4: Electron micrographs, of a DMPC/12% cholesterol LUV preparation,
obtained by a) negative staining and b) thin sectioning techniques.
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microscopy, since sections of unilamellar vesicles treated with staining agent are
characterized by two closely-spaced dark circles on their perimeter (see Figure 5.4).

These correspond to the inner and outer headgroup regions of the single lipid bilayer.

5.2.3 Steady-state and time-resolved fluorescence measure-

ments on the LUV preparations

The instrumentation and data analysis methods used in the steady-state and time-
resolved fluorescence studies of the LUVs were identical to those described in the

previous chapter.

5.3 Results and Discussion

5.3.1 Fluorescence Excitation and Emission Spectra

Fluorescence excitation and emission spectra of DNC and TPC incorporated into
DMPC/cholesterol LUVs were measured above and below the gel-liquid crystalline
phase transition temperature (T,,=23.9°C) as a function of mole percent cholesterol
content (0, 4, 7, 12 and 20%) and lipid:probe ratio (200:1 and 500:1). Both excita-
tion and emission spectral shapes of TPC were invariant within this range of probe
and cholesterol levels (not shown), as well as with the phase state of the model
membrane. There was, however, a significant amplitude change in the spectra of
TPC between 20.1°C and 31.1°C, but this is probably due to temperature depen-
dent nonradiative decay processes rather than a sensing of the different phases of
the DMPC/cholesterol LUVs. This could be checked by measuring the steady-state
fluorescence spectra of TPC through the phase transition.

Likewise, there were no excitation or emission spectral shape changes of DNC as
the lipid:probe ratio in the LUVs was varied from 500:1 to 200:1. This confirmed the
expectation that, at these low DNC concentrations, there would be no perturbation
of the LUVs through DNC dimer or excimer formation. There were, however, subtle
changes in the ratio of the peak heights at the red edge at and the maximum of the
excitation spectrum of DNC as a function of cholesterol content (Figure 5.5). Even
though DNC exists in a conformational equilibrium in the ground state, this result is
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not expected since the excitation spectra were measured under identical conditions
of temperature and emission wavelength. The intensity ratio change most likely
arises from a slight shift in the position of the strongly allowed Sy —S; transition
compared with the weakly allowed Sy —Sj transition, due to a small refractive index
change. Further investigation, such as the determination of IEDAS, could ascertain
whether this is a real effect or an artifact.

The sensitivity of the fluorescence spectral shapes of DNC to the DMPC phase
transition was even more subtle than the above effect noted for different cholesterol
levels. The implication is that both DNC and TPC appear to be insensitive mem-

brane fluidity probes as far as their steady-state fluorescence spectra are concerned.

5.3.2 Time-resolved Fluorescence Results
Above the Gel-Liquid Crystalline Phase Transition

The decay parameters of DNC and TPC in the various DMPC/cholesterol LUV
preparations, above T,,, are presented in Tables 5.2 and 5.3 respectively. The fluo-
rescence decay of DNC was fitted by a sum of three exponential terms with lifetime
amplitudes similar to those determined for DNC in mineral oils. Consequently,
comparison of the viscosity effects on the ground and excited state conformation
equilibria of DNC in mineral oils, with the observed changes in the decay parame-
ters of DNC in the LUV preparations, should allow conclusions to be made of the
effect of cholesterol on the order and dynamics of DMPC LUVs in the liquid crys-
talline (physiologically relevant) phase. Note that the pre-exponential factor, a;,
associated with the longest lifetime (¢&-DNC) remains constant between 0 and 7%
cholesterol content but decreases in amplitude between 7, 12 and 20% cholesterol
levels. In the context of the discussion in section 4.3.7, this signifies a change in
the ground state conformational equilibrium of DNC between t-DNC and nonpla-
nar tc-DNC, favouring the less stable tc-DNC at higher cholesterol levels. Since
the decay parameters were obtained under identical conditions of temperature and
excitation wavelength, this shift in the ground state equilibrium towards the less
stable conformer must be a result of an increase in the order of DMPC acyl chains

in the liquid crystalline phase upon incorporation of greater than 7% cholesterol.
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Figure 5.5:
Uncorrected fluorescence excitation spectra of DNC in DMPC/cholesterol LUVs
with 0(A), 12(B) and 20(C) mole percent cholesterol; a) 20.6°C and b) 31.0°C.
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Of course, due to the position of the naphthy! butadiene chromophore in DNC, and
the expected alignment of DNC in the DMPC bilayer with its 33-OH group in the
vicinity of the carbonyl oxygen in the acyl chain, DNC only reports on the lipid

acyl chain order and dynamics towards the centre of the bilayer (see Figure 5.6).

—N— 7
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Figure 5.6: A 2D representation of the expected relative vertical positions of the
DMPC acyl chains and the DNC fluorophore.

Table 5.2: Time-resolved fluorescence parameters of DNC in DMPC/cholesterol
LUVs above the gel-liquid crystalline phase transition (T=31.1°C, A.;320 nm,
Aem410 nm).
% Cholesterol lipid: 7 Ty T3 o a, a3 x> SVR
probe (ns) (ms) (nms)

ratio
0 500:1 38.4 4.74 0.33 0.197 0.427 0.376 1.03 1.99
7 500:1 40.6 3.89 0.39 0.203 0.493 0.305 1.05 1.95
12 200:1 39.0 5.09 0.44 0.166 0.418 0.416 1.09 1.71
20 500:1 40.6 4.29 0.53 0.129 0.450 0.421 1.03 1.85

The observed increase in order above T,, with added cholesterol is in general
agreement with established ideas about cholesterol’s effect on membrane fluidity*®.
However, the fact that the increase was not observed until greater than 7 mole
percent cholesterol tends to support the hypothesis of an onset of liquid-liquid im-
miscibility at around 10 mole percent cholesterol, as concluded from freeze-fracture
electron microscopy and EPR studies!’~'°. This hypothesis is certainly not univer-

sally accepted. For example, recent neutron scattering results have been cited as
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Table 5.3: Time-resolved fluorescence parameters of TPC in DMPC/cholesterol
LUVs above the gel-liquid crystalline phase transition (T=31.4°C, A.;320 nm,

Aern410 nm).

% Cholesterol lipid: 5 T2 T3 a a; a3 x> SVR

probe (ns) (ns) (ns)

ratio

0 500:1 0.621 0.22 0.69 0.31 0.95 1.91
0 200:1 0.578 0.15 0.70 0.30 1.05 1.61
7 200:1 0.745 0.284 0.71 0.29 1.00 2.02
12 200:1 0.698 0.236 0.59 041 1.03 2.00
20 200:1 0.911 0.488 0.114 0.24 041 0.36 095 1.93
20 (E2 fit) 200:1 0.770 0.231 0.51 0.49 1.14 1.34
20 500:1 0.671 0.169 0.62 0.38 1.06 1.88

evidence of complete miscibility in the liquid crystalline phase of DMPC up to 14
mole percent cholesterol, and possibly even up to 45 mole percent?®. Recently, a
phase diagram has been constructed which accounts for the proposed liquid-liquid
immiscibility by invoking the existence of a liquid disordered (1d) phase below ~10%
cholesterol, a liquid ordered (lo) phase above ~20% cholesterol, and a co-existence
of the two phases between these two cholesterol concentrations?!. If this is the case,
it might be expected that there would be a gradual increase in order between 10%
and 20% cholesterol levels, as indicated by the DNC time-resolved fluorescence re-
sults, and that at around 20% cholesterol, there would be no further increase in
order and hence no further reduction in the value of a; for DNC. Clearly, addi-
tional experiments at cholesterol levels of 20% and higher are required to test this
hypothesis.

Regarding cholesterol’s effect on the dynamics of DMPC acyl chains in the lig-
uid crystalline phase, the discussion in section 4.3.7 indicated that at constant
temperature, the ratio of the pre-exponential factors a; and aj, associated with
planar and nonplanar tc-DNC respectively, can yield dynamical information due to
the viscosity dependence of the excited state conformational change. The a;/as
ratio of DNC in the DMPC LUVs is greatest at 7 mole percent cholesterol con-
tent, compared with 0, 12 and 20% cholesterol levels (Table 5.2). This result could

be interpreted in terms of maximal dynamical freedom of the lipid acyl chains at
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the phase boundary between the postulated liquid disordered (1d) and liquid disor-
dered (1d)/liquid ordered (lo) phases. Notice also that the a;/a3 ratio is greater at
20% cholesterol than at 12% cholesterol, possibly a reflection of the 1d/lo-lo phase
boundary around 20% cholesterol content. Any such conclusions must be tempered
by the fact that there is considerable variation in the value of 7, with cholesterol
content, which could affect the value of a;. From the mineral oil studies reported
for DNC in the previous chapter (Table 4.11), 7, was found to be insensitive to
viscosity changes, so the origin of the 7, variation could be a polarity change in the
environment and/or collisional quenching by Cl~ since HCl was used to adjust the
TRIS buffer to physiological pH. LUVs of mean diameter 150 nm, prepared by a
combination of a solvent vapourization technique and extrusion through polycar-
bonate membranes, have indeed been found?? to be permeable to Cl~ though they
are impermeable to other ionic species such as Na*, K+, SO3~ and PO3~. Hence,
the smaller values for 7; at 7 and 20 mole percent cholesterol could be an indication
of increased membrane permeability at these cholesterol levels due to the presence
of phase boundaries. If indeed Cl~ quenching, or a more polar environment (i.e. a
greater extent of water penetration), can account for the variation in 7, (associated
with planar t¢-DNC), it is surprising that the longer lifetime value 7; (associated
with t-DNC) is not affected. Perhaps this is an indication that ¢t-DNC is located
in a more ordered domain of the membrane and is not as accessible to C1~ or wa-
ter molecules. This could be because its structure is more elongated than that of
tc-DNC so that it intercalates more closely between the lipid acyl chains. Further
insight will have to await repetition of these preliminary experiments, both in the
presence and absence of Cl-.

TPC also has the potential to report on the dynamical freedom of its environ-
ment, through the different viscosity dependencies of the nonradiative rate constants
associated with its S} (B,-like) —S, and S (L;-like) —S, transitions, as discussed in
section 4.3.9. This is manifested in a change in the ratio of pre-exponential factors,
az/a;, at constant temperature. The ay/a; ratio of TPC in DMPC LUVs above
T,. remains constant between 0 and 7% cholesterol levels, and again between 12 and
20% levels, but undergoes an increase between 7 and 12 mole percent cholesterol

(Table 5.3). From the results presented earlier for TPC is mineral oils at constant
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temperature (Table 4.15), this increase in a,/a; signifies increased mobility of the
lipid acyl chains between 7 and 12% cholesterol levels which could be consistent with
a phase boundary in this temperature-composition region of the DMPC/cholesterol

phase diagram, as suggested by the time-resolved fluorescence results obtained using
DNC.

Below the Gel-Liquid Crystalline Phase Transition

The decay parameters of DNC and TPC in the DMPC/cholesterol LUVs, below
T, are presented in Tables 5.4 and 5.5 respectively. Note that the fluorescence
decay profiles of both probe molecules are fitted by an extra exponential term than
was necessary for satisfactory fits of fluorescence decays obtained above the phase
transition (except for TPC in DMPC/20% cholesterol, see later), or in mineral oils.
Consequently, until it is known where this extra lifetime fits into the kinetic scheme
describing the photophysics of these molecules, no conclusions can be made regard-
ing changes in ratios of their pre-exponential factors. It does appear, however, that
the extra lifetime of ~0.14 ns observed for TPC occurs at the expense of the longest
lifetime of ~1.2 ns, since the pre-exponential factor a, associated with the inter-
mediate lifetime remains constant between 0 and 7 mole percent cholesterol, while
the fluorescence decay kinetics of TPC over this cholesterol concentration range
changes from double to triple exponential behaviour (Table 5.5). At 20 mole per-
cent cholesterol and a lipid:probe ratio of 200:1, the decay parameters of TPC are
very similar above and below the gel-liquid crystalline phase transition. This is con-
sistent with the recent phase diagram postulated for DMPC/cholesterol, mentioned
earlier, which indicates that above 20 mole percent cholesterol there is only a single
(liquid ordered) phase down to temperatures substantially lower than T,,*!. Notice,
though, that a satisfactory double exponential fit was obtained for the fluorescence
decay of TPC in DMPC/20% cholesterol LUVs above T, at a lipid:probe ratio
of 500:1. The reason for this discrepancy with the triple exponential fluorescence
decay determined at a lipid:TPC ratio of 200:1 is not clear, but it could arise from
a slight difference in the cholesterol levels of the two LUV preparations. Clearly,
repetition of these preliminary experiments, as well as studies at higher mole per-

cent cholesterol levels, could resolve this issue and could also provide insight into
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the origin of the third fluorescence component of TPC.

Table 5.4: Time-resolved fluorescence parameters of DNC in DMPC/cholesterol
LUVs below the gel-liquid crystalline phase transition (T=20.5°C), A..320 nm,

Aem410 nm)
% ipid: 7 T, T3 T« a o, a3 a4 X2 SVR
Cholesterol probe (ns) (ns) (ns) (ns)
ratio
0 500:1 49.0 12 44 052 0.18 0.06 0.42 035 1.02 1.98
4 200:1 495 13 43 044 0.13 008 0.39 041 1.03 203
7 500:1 519 10 39 059 0.13 0.13 035 0.38 1.00 2.08
12 200:1 516 100 3.8 049 0.11 0.13 0.33 043 1.06 1.97
20 500:1 523 81 3.1 052 0.10 0.19 0.32 0.39 100 2.03
20 200:1 510 89 32 049 0.10 020 0.33 0.37 1.03 1.91

Table 5.5: Time-resolved fluorescence parameters of TPC in DMPC/cholesterol
LUVs below the gel-liquid crystalline phase transition ().,320 nm, \.,410 nm).

2

SVR

% lipid: T rl T2 a; a; az X
Cholesterol probe (°C) (ms) (ns) (ms)
ratio
0 500:1 19.8 0.963 0.252 0.54 0.46 1.02 1.88
0 200:1 19.8 0.883 0.218 0.55 0.45 1.09 1.60
4 200:1 198 126 058 0.14 0.27 0.44 029 095 1.92
7 200:1 20.1 130 0.59 0.14 0.25 045 030 0.98 1.98
12 200:1 198 1.14 0.52 0.15 0.35 0.37 0.28 1.00 1.97
20 200:1 20.1 116 053 0.12 0.34 038 0.28 1.03 2.02

In the case of DNC, the extra ~10 ns lifetime observed below T, is known

not to be due to a population of DNC molecules which can self-quench, since very

similar decay parameters were obtained with lipid:probe ratios of 200:1 and 500:1
(Table 5.4). It is possible, however, that it could reflect a population of DNC

molecules which differs in its vertical position in the DMPC bilayer with respect to

the usual vertical displacement of cholesterol. Perhaps due to the disparity in the
lengths of DNC and the DMPC acyl chains (see Figure 5.6), a proportion of the DNC
molecules in the DMPC/cholesterol ‘solid-ordered’ phase are situated with their 33-

OH groups in the lipid headgroup region rather than in the vicinity of the acyl chain

linkages. It would be interesting to measure the fluorescence decay parameters of
both DNC and TPC in LUVs composed of either dipalmitoylphosphatidylcholine
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(DPPC) or distearoylphosphatidylcholine (DSPC). Studies with these lipids which
possess two saturated Cy¢ and Cyg acyl chains respectively, as opposed to the Cyy
chains of DMPC, could ascertain whether the lipid acyl chain length is a determining
factor in the presence of the additional fluorescence components for both molecules,
below T,,. Furthermore, determination of the DAS and IEDAS (or SAS) associated
with the extra lifetime component would help in the elucidation of the photophysics
of TPC and DNC in the gel phase of lipid bilayers.

Once an appreciation of the photophysics is obtained, both sterols should prove
to be powerful probes of membrane fluidity since their decay parameters are clearly
sensitive to both the lipid phase state and the level of incorporation of cholesterol.
For example, the amplitudes of both the ~10 ns and ~4 ns lifetimes of DNC de-
crease by ~33% between 0 and 20% cholesterol levels (Table 5.4). This could be
an indication of a gradual increase in the permeability of the LUVs with increas-
ing cholesterol content, if the decrease in the lifetime values can be attributed to
Cl~ quenching or the presence of a more polar environment, as discussed earlier

concerning the time-resolved fluorescence results of DNC obtained above T,,.
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5.4 Conclusions and Future Directions

The potential of DNC and TPC as membrane fluidity probes has been clearly
demonstrated on the basis of the sensitivity of their fluorescence decay parameters
(but not steady-state fluorescence spectra) to the phase state and the cholesterol
level of lipid bilayers. Further insight into the order and dynamics of model mem-
branes, with and without cholesterol, could be provided by experiments already
outlined. These include studying the effect of acyl chain length and the degree
of acyl chain unsaturation on the fluorescence decay parameters; monitoring these
parameters through both the pretransition and gel-liquid crystalline phase tran-
sition, as well as at higher cholesterol levels; and performing controlled quenching
experiments. In addition, fluorescence depolarization or anisotropy experiments can
quantify trends in order and dynamics observed by the fluorescence decay studies,
in terms of order parameters and rotational correlation times. If it proves possible
to obtain anisotropy decay associated spectra (ADAS), in other words if particular
decay times can be linked to specific rotational correlation times, the relative mo-
bilities of DNC rotamers in membranes could be established which would provide
unique information on membrane order and dynamics.

Both DNC and TPC should prove amenable to FRAP experiments, not only for
the study of membrane fluidity, but also to gain insight regarding cholesterol transfer
within cells by monitoring the movement of these fluorescent cholesterol analogues.
Conclusions from this latter experiment could only come after characterization of
the similarity of DNC and TPC to cholesterol in terms of, for example, their effect on
the endothermic phase transition and glucose permeability of membranes, and their
effectiveness as substrates for enzymes such as lecithin:cholesterol acyltransferase
and cholesterol oxidase.

One important aspect of the role of cholesterol in membranes is its interaction
with membrane bound proteins. TPC will be especially useful in this regard due to
its absorption spectral characteristics which allow it to participate in resonance en-

ergy transfer from the aromatic amino acids tryptophan and tyrosine. This should
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enable TPC to provide insight into the proximity and possible significance of trypto-
phan and tyrosine residues near or in the binding sites of sterol carrier proteins, for
example. Resonance energy transfer between TPC (or 33-ester derivatives of TPC)
and tryptophan could also be exploited to study the binding of LDL to its receptor,
which is of importance in determining the factors which contribute to atheroscle-
rosis. TPC and DNC have the potential to report both on the polarity of protein
binding sites through the sensitivity of their fluorescence quantum yields and decay
parameters to solvent polarity, as well on their own fluidity in these binding sites.
Moreover, an exciting possibility exists for DNC to yield structural information if
some proteins bind, or interact preferentially with, a particular rotamer of DNC.
In short, the fluorescent cholesterol analogues DNC and TPC synthesized and
characterized in this work, hold great promise as a means to attain a better under-
standing of sterol-lipid and sterol-protein interactions, and the role of cholesterol in

membrane structure and function.
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Appendix A

Claims to Original Research

1. The synthesis and characterization of
Pregnenolone 33-tert-butyldimethylsilyl ether (1b)

(20R)- and (20S)-20-Vinylpregn-5-ene-3(,20-diol 35-tert-butyldimethylsilyl ether
(2a and 2b)

(20(22)E)-and (20(22)Z)-24-Norchola-5,20(22)-dien-23-al,3 - tert-butyldimet hyl-
silyl ether (3a and 3b)

(20(22)E,23E)- and (20(22)E,23Z)-24-Phenylchola-5,20(22),23-trien-35-ol and
their 33-tert-butyldimethylsilyl ether derivatives (4a and 4b, R=H or SiMe,t-
Bu).

(20(22)E,23E,25E)- and (20(22)E,23Z,25E)-26-Phenyl-27-norcholesta-5,20(22),-
23,25-tetraen-35-ol and their 33-tert-butyldimethylsilyl ether derivatives (5a
and 5b, R=H or SiMe,t-Bu).

(20(22)E,23E)- and (20(22)E,23Z)-24-(2'-Naphthyl)chola- 5,20(22),23-trien-33-
ol and their 33-tert-butyldimethylsilyl ether derivatives (6a and 6b, R=H or
SiMeg t-Bu).

1-Bromo-5-phenyl-2,4-pentadiene.
(2E,4E)- and (2Z,4E)-Diethyl 5-Phenyl-2,4-pentadien-1-ylphosphonate.

2. Elucidation of the stereochemistry of

(a) the oxidative rearrangement of mixtures of 2a and 2b by PCC;
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(b) two phosphonate Wittig reactions on pregnenolone (1la). These are
the first known successful reactions of pregnenolone with semi-stabilized
phosphonate carbanions, and represent a 100% increase in the number of
reported phosphonate Wittig reactions of this rather unreactive steroidal

ketone;

(c) two phosphonate and two phosphorane Wittig reactions on 3a.

. Complete assignment of the 'H and '*C NMR spectra of 4a and 5a which
represents the first total analysis of 'H and *C chemical shifts and 'H-'H

coupling constants (5a) for the cholesterol ring system.

. Characterization of the UV absorption spectra of 4a, 5a and 6a at room
temperature, and the response of these spectra to changes in solvent polarity

and polarizability (refractive index).

. Characterization of the fluorescence excitation and emission spectra of 4a
(DPC) at different emission and excitation wavelengths in isotropic solvents

at room temperature.

. Determination of the fluorescence quantum yield of 4a in organic solvents at
room temperature, and the fluorescence decay parameters of 4a in a heavy

mineral oil at 13.3°C.

. Characterization of the fluorescence excitation and emission spectra, and flu-
orescence decay parameters, of 5a (TPC) at different emission and excitation
wavelengths: in various isotropic solvents around room temperature; in MCH
at low temperatures; and in DMPC/cholesterol large unilamellar vesicles be-

low and above the gel-liquid crystalline phase transition.

. Determination of the fluorescence quantum yield of 5a in organic solvents at

room temperature.

. Elucidation of a kinetic scheme to account for the photophysical properties of

5a in organic solvents.
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10.

11.

13.

14.

16.

17.

Demonstration of the utility of 5a as a probe of membrane dynamics through
viscosity studies with mineral oils and preliminary model membrane experi-

ments.

Characterization of the fluorescence excitation and emission spectra, and flu-
orescence decay parameters, of 6a (DNC) at different emission and excitation
wavelengths: in various solvents around room temperature; in n-BuOH at low
temperatures; and in DMPC/cholesterol large unilamellar vesicles below and

above the gel-liquid crystalline phase transition.

Determination of the fluorescence quantum yield of 6a in organic solvents at

and around room temperature.

Resolution of the fluorescence excitation and emission spectra of three ro-

tamers of 6a (tt-DNC, planar and nonplanar t¢-DNC) in TMP.

Development of a linear least squares method to resolve excitation decay as-
sociated spectra from steady-state excitation spectra and fluorescence decay

parameters (in collaboration with M. Zuker, A. Szabo and J. Ridgeway).

Elucidation of a kinetic scheme to account for the photophysical properties of

6a in organic solvents.

Demonstration of the utility of 6a as a probe of membrane dynamics and or-
der, through viscosity studies with mineral oils and preliminary model mem-

brane experiments.

Measurement of the fluorescence decay parameters of sidechain analogues of

4a, 5a and 6a in a limited number of solvents at room temperature.

222



Appendix B

Publications Arising from this Research

[

J. Drew, G. Gowda, P. Morand, P. Proulx, A.G. Szabo and D. Williamson,
“Synthesis of an Olefinic Sterol Derivative for use as a Membrane Probe”, J.

Chem. Soc., Chem. Comm., 1985, 901-902.

P. Morand, J. Drew, A.G. Szabo and P. Proulx, “Conjugated Polyene Sterol
Derivatives as Membrane Probes”, U.S. Patent Application, 867,565, May 28,
1986.

J. Drew, J.-R. Brisson, P. Morand and A.G. Szabo, “’H and *C NMR Assign-
ment of Fluorescent Olefinic Sterol Derivatives for use as Membrane Probes”,

Can. J. Chem., 1987, 65, 1784-1794.

J. Drew, M. Letellier, P. Morand and A.G. Szabo, “Synthesis from Preg-
nenolone of Fluorescent Cholesterol-Analogue Probes with Conjugated Un-
saturation in the Sidechain”, J. Org. Chem., 1987, 52, 4047-4052.

J. Drew, A.G. Szabo and P. Morand, “Fluorescence Studies of a Cholesterol
Analogue Probe”, in Time-Resolved Laser Spectroscopy in Biochemistry, J.R.
Lakowicz ed., Proc. SPIE, 1988, 909, 299-300.

P. Morand, J. Drew, A.G. Szabo and P. Proulx, “Conjugated Polyene Sterol
Derivatives as Membrane Probes”, Canadian Patent 1,241,947, 13 September
1988.

J. Drew, F. Zerbetto, A.G. Szabo and P. Morand, “Ground and Excited State

Conformational Heterogeneity of the 2’-Naphthyl-butadiene Chromophore of
223



10.

a Fluorescent Cholesterol Analogue Membrane Probe”, J. Phys. Chem., to
be submitted.

. J. Drew, F. Zerbetto, A.G. Szabo and P. Morand, “Dual State Fluorescence

from the Phenylhexatriene Chromophore of a Cholesterol Analogue Membrane
Probe”, J. Phys. Chem., to be submitted.

J. Drew, A.G. Szabo and P. Morand, “Time-Resolved Fluorescence Studies of
Cholesterol Analogue Probes in DMPC/Cholesterol Large Unilamellar Vesi-

cles”, in preparation.

J. Drew, A.G. Szabo, J. Ridgeway and M. Zuker, “Linear Least-Squares
Method for obtaining Fluorescence Excitation Decay Associated Spectra”,

in preparation.

224



Appendix C

Presentations

J. Drew, G. Gowda, P. Morand, A.G. Szabo, P. Proulx and D. Williamson, ”Syn-
thesis and Characterization of Sterols with Fluorescent Sidechains”, Chemistry In-
stitute of Canada (CIC) Conference, Montreal, June 1984.

J. Drew, "Synthesis and Characterization of a Conjugated Triene Sterol Deriva-
tive for use as a Membrane Probe”, Physics Department, University of Utrecht,
December 1984.

J. Drew, P. Morand and A.G. Szabo, ”"Synthesis and Characterization of a Con-
jugated Triene Sterol Derivative for use as a Membrane Probe”, CIC Conference,
Kingston, June 1985.

J. Drew, ”Synthesis and NMR Analysis of Fluorescent Sterol Probes”, Division
of Biological Sciences, National Research Council of Canada, Ottawa, January 1987.

J. Drew, P. Morand and A.G. Szabo, ”"Synthesis and Characterization of Flu-
orescent Cholesterol Analogue Probes”, American Chemical Society 30th National
Organic Symposium, Vancouver, June 1987.

J. Drew, P. Morand and A.G. Szabo, ”Fluorescence Studies of Cholesterol Ana-
logue Probes in Lipid/Cholesterol Systems”, 9th International Biophysics Congress,
Jerusalem, August 1987.

J. Drew, A.G. Szabo and P. Morand, “Fluorescence Studies of a Cholesterol
Analogue Probe”, SPIE Symposium on Time-resolved Laser Spectroscopy in Bio-
chemistry, Los Angeles, January 1988.

J. Drew, F. Zerbetto, A.G. Szabo and P. Morand, “Rotamerism in Aryl Polyene

Sidechains of Cholesterol Analogue Probes”, Euchem Conference on Photoisomerism

and Rotamerism in Organic Molecules, Assisi, July 1988.
225



