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Abstract

e S P e e

Organic matter may contain predominantly paired electrons, but much of it
was, at some point, shaped by reactions involving unpaired electrons, i.e., radicals.
Free radicals are involved in many reactions including combustion, petroleum
reforming, polymer and industrial synthesis, and oxidation reactions. This last class
of radical reactions is the central theme of this thesis.

Oxidation of organic matter, including our own bodies and plastic, is
accelerated by the presence of radicals and oxygen. This often undesired reaction
can be limited by antioxidants that trap radicals and effectively stop oxidation.

Here, we report a new class of antioxidants based on dimers of persistent
carbon-centered radicals. The dimers reversibly dissociate to form radicals, which
we studied using Variable-Temperature UV-Visible and Electron Paramagnetic
Resonance spectroscopies. Unlike most, these carbon-centered radicals do not
react with oxygen (k<5x10°M's™). They do, however, efficiently trap peroxyl radicals
(k>10®M"'s™). Using oxygen uptake kinetics, we measured rate constants between
the reaction of dimers and peroxyl radicals (ki) that were higher than many
commercial antioxidants such as butylated hydroxytoluene (BHT) and CIBA's
Irganox HP-136. The antioxidant activity of dimers remarkably increases with
temperature as more dimers dissociate to the active antioxidant form.

In the absence of antioxidants, radical-induced oxidation of polyunsaturated
lipids and cholesterol generates electrophilic oxidation products. Of these, the
formation of ketones has eluded a satisfactory explanation for many decades. We
propose that aC-H abstraction from hydroperoxides, the major primary oxidation
products, generates ketones and hydroxyl radicals (HO*) in a long overlooked path
to these intermediates. The HO+* was trapped by benzene to yield phenol and the
mechanism was further investigated using computational chemistry.

The final sections describe the development and application of 7-mercapto-4-

methylcoumarin (C-SH) as a prefluorescent probe to detect electrophilic lipid
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Abstract

oxidation products. For this, we performed the first photophysical study of C-SH and
related coumarin-derivatives. It was found that alkylation of C-SH generally
increases the fluorescence quantum yield while substitution by an electron
withdrawing group renders C-SH non-fluorescent. We successfully employed the
increase in fluorescence upon alkylation of C-SH to quantify lipid oxidation

electrophiles such as 4-hydroxynonenal.

v
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solvent; a higher value indicates a better H-bond acceptor..........c.ccooriieiie 102

Figure 4-1. The x-axis (time in hours) is shared for ali graphs. All solutions were initiated by AIBN
(0.0189M) at 37°C under air, in benzene. TOP Graph: Phenol content measured by GC-
MS after PhiP reduction. Conditions: (A) 0.372M methyl linoleate (LH) and 0.0189M
AIBN; (B) 0.189M LH and 0.0189M AIBN; (CONTROL) OM LH and 0.0189M AIBN.
MIDDLE Graph: Lipid hydroperoxide (LOOH, m/z=310 after PhsP reduction} and lipid
oxodiene (L=0, m/z=308) measured during the autoxidation of 0.189M LH with 0.018SM
AIBN. BOTTOM Graph: Oxygen consumed (plotted as ratio of lipid content) for conditions
identical to those of trace (B) @bOVe. ..ot 127

Figure 4-2. The x-axis (time in hours) is shared for both graphs. The autoxidations were performed at
37°C under air, in benzene. TOP Graph: Phenol content measured by GC-MS.
Conditions: (Cholesterol Autoxidation, circles) 0.2M cholesterol and 0.05M V-601 azo-
initiator; (CONTROL, triangles) OM Cholesterol and 0.05M V-601 azo-Initiator. BOTTOM
Graph: Oxygen consumed (plotted as ratio of cholesterol content) from the autoxidation of
0.2M cholesterol initiated by 0.05M V-601 azo-initiator. ..o 132

Figure 4-3. Calculated Enthalpy (top) and Free Energy (bottom) for the reaction of linoleate
fragments, LH and LOOH, with a peroxyl radical, MeOO-, using the B3LYP/6-
311+g(2d,2p) level of theory. (Bottom): “LH+LOO+" and "LOOH+LOO*" correspond to the
H-atom abstraction in Schemes 4-1 and 4-2, respectively. The H-atom transferred is
highlighted in green, other hydrogens are light grey, carbons are grey and oxygen atoms
are red. The LOOH fragment shown in this figure has a cis,trans geometry; the trans,trans
LOOH had similar thermodynamics (AGTS = 20.3 kcal/mol and AGg, = -42.4 kcal/mol). .141

Figure 4-4. Calibration curve for phenol analyzed by GC-MS. We present the data as a double-log
plot to show the linearity of our detecior over almost three orders of magnitude in phenol
TolotaTotcT 411 = [o) o T OU O TORRI 151
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Figure 4-5. Mass selective chromatogram showing the growth of the phenol peak during the
autoxidation of methyl linoleate by AIBN in benzene at 37°C. The shift of the peak to
shorter times was also observed during the calibration with the authentic sample. ......... 152

Figure 4-6. Total lon Chromatogram for a diluted sample (see experimental details) of 0.189M methyl
linoleate and 0.0189M AIBN after 50 hours at 37°C under air. The peaks for LOH and L=0
that were plotted in Figure 4-1 are indicated. Note: The peaks corresponding to LH, PhsP
and Ph3;PO are saturated at this concentration. ............ccccooeee i cee e 152

Figure 5-1. Fluorescence image of a patterned polymer film (~1uM thick) containing C-OtBoc and
photoacid generator Ph;S"; the blue fluorescent regions show the areas where
photogenerated acid deprotected tBoc groups and released the fluorescent C-OH. ....... 169

Figure 5-2. (Left) Schematic representation of the photolithographic process (see description in text,
above) (Right) In the irradiated regions, the photoacid generator Ph;S™ photochemically
rearranges to release acid. This acid catalyzes the decompostion of tBoc side chains to
generate a polymer soluble in basic aqueous SOIUtIONS. Y ..o 170

Figure 5-3. Molar absorption coefficient (g, solid line) and fluorescence (Aexc=308nm, dashed line) for
C-SH (red), C-SMe (biug) and C-SAc (grey) in dichioromethane (CH.Cl;), chloroform
(CHCI;) and toluene (PhCHj3). The fluorescence spectra were normalized and scaled by
df, i.e., the fluorescence maximum corresponds to ®¢ on the right y-axis. ..........ccccoceece 176

Figure 5-4. Transient absorbance observed after pulsed laser excitation at 308nm (~17mJ per pulse)
for C-SMe (top), C-SH (middie) and C-SAc (bottom) in dichloromethane, under nitrogen.
The transient absorbances were taken 2, 8, 20 and 86 us after the laser pulse and ground
state absorbance at 308 nm was 0.45 for all compounds. All signals were rapidly
guenched by oxygen indicating the involvement of triplet states (see text). ........ccccccc.... 182

Figure 5-5. (Left) Transient absorption generated by 308nm laser excitation for C-SMe in
dichloromethane under nitrogen monitored at 520nm (green) and 390nm (purple). The
triplet lifetime (wwipet) and the delayed fluorescence lifetime are indicated on the graph. The
fast dip near time ‘zero’ is fluorescence and the fluorescence lifetime is shown for
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Figure 5-6. Transient absorption spectra for C-SS-C in dichloromethane taken 10.4 ys, 41.6 ps, 108.0
us and 349.2 us after 308nm laser excitation. Inset: The sighal at 360 nm, attributed to the
sulfur centered radical C-Se, decayed via 2"%rder kinetics and was not affected by 0,.184

Figure 5-7. Decay curves of C-Se¢ produced by 308 nm excitation of disulfide C-SS-C in
dichloromethane (under air) in the presence of increasing styrene concentration, from 0 to
812 uM. Inset. Linear plot of the pseudo-first order rate constant observed for the decay of
C-S- in function of styrene concentration accordingto eq 4] ..cooveeiiieeiineeciieee 185

Figure 5-8. Mercaptocoumarins decay from the lowest singlet excited state (S4) via three
photophysical processes: fluorescence (®¢), vibrational relaxation (dyr) and intersystem
crossing (®isc)- In the presence of oxygen, a fraction (S,) of the longer-lived triplets (T4)
are quenched to form singlet oxygen that emits at 1270 nm. The product of ®;sc and S, is
the singlet oxygen quantum yield, D('00). ..o 186

Figure 5-9. The quenching of triplet states generates singlet oxygen that can be observed and
quantified by its characteristic near-infrared luminescence. These traces are from C-SH in
chloroform excited at 308 nm under air; the time is indicated in Ps. .....ccoovieereeeicccinnnene 187

Figure 5-10.  Example of ®('O,) determination by time-resolved NIR spectroscopy. NIR emission at
1270 nm is measured in function of the fraction of light absorbed (1-10"%) for C-SH (1),
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quantum yield in toluene, <I>(102) = 1. The ratio of the slopes is equal to the ratio of the
Lo [T EET a1 (0] 4 T8 (=1 o £SO 188

Figure 5-11. (Top) pH dependant fluorescence intensity (Aexc=335nm, Anon=452nm) for 7-
hydroxy-4-methylcoumarin. The graph is adapted from ref 3 (Bottom) pH dependant
fluorescence intensity (Aexc=338nm, Ayon=405nm) for 7-mercapto-4-methylcoumarin (this
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Figure 5-12. Weak fluorescence (arbitrary units) of C-SH in water at different pH (Aexc=335nm).
The spectra were corrected for light scattering (see Experimental Section). .................... 192

Figure 5-13.  Molar absorption coefficient (¢, solid line) and fluorescence (Aexc=308nm, dashed line)
for C-SH (red) and C-SMe (blue) in methanol. Fluorescence spectra are normalized and
scaled by @f; the fluorescence maximum therefore corresponds to ®¢ on the right axis.
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“+Base”) was measured in 0.22M triethylamine; Agxc=377nm. The neutral C-SH (orange,
labeled "+ Acid”) was measured in 0.5M H;SO4...cocccoiiiiinineeecccccncenee. 193

Figure 5-14.  Calculated orbital energies (B3LYP/6-311+g(2d,2p) for C-SMe, C-SH and C-SAc in
the gas phase. From left to right, the orbital energy for the HOMO (x) level decreases,
while HOMO-1 (n) is unaffected. This increasing HOMO-LUMO gap is observed
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Figure 5-15.  Integrated fluorescence vs absorbance at 308 for C-SMe (¢), C-SH (=), C-SAc (*) and
C-SS-C (4) in dichloromethane and STD = 7-methoxycoumarin-4-acetic acid (=) in
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Figure 6-1. (A) Conditions for the reaction between C-SH and MVK. ... 227
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Free Radical Oxidation: An Introduclion

1.1 Persistent Carbon-Centered Radicals

When, in 1900, Moses Gomberg claimed to make trivalent triphenylmethyl
radicals, most would not believe him."? The tetravalent carbon rule was in place and
for many years, Gomberg’s results were a matter of debate. Today, his discovery is

recognized as the foundation of organic radical chemistry.

During these seminal experiments, Gomberg attempted the synthesis of
hexaphenylethane—a compound that eludes isolation to this day—from
triphenylmethyichloride and zinc powder in benzene. In the absence of oxygen, the
reaction turned yellow due to triphenylmethyl radicals and the purified solution could
be evaporated to afford the dimer as a reactive white powder. The correct structure
of the dimer is not hexaphenylethane as originally believed, but rather a head-to-tail

structure® determined in 1968 (Scheme 1-1). A stable peroxide is obtained under air.

Ph

Ph Ph

Ph Ph
Ph Ph X
sterically Ph
unfavorable

Ph Ph

0 Ph
Ph—” 0/€ph
Ph

Scheme 1-1.  Radical-dimer equilibrium of triphenylmethyl radicals. Under air, Ph,Ce
reacts with oxygen to form a stable peroxide.
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Since Gomberg’s discovery, many persistent’® carbon-centered radicals have

been observed; some “famous” examples are shown in Scheme 1-2.

e o) O
9 ¥
T O‘O O’QO ©

phenalenyl

Koelsch's radical
perchlorinated triphenylmethyl

Scheme 1-2. Phenalenyl radicals form weakly bonded o-dimers and react siowly
with oxygen.® Koelsch’s radical’ and perchlorinated triphenylmethyl
radicals® are remarkably stable, partly due to the steric hinderance at the
radical center.

The radicals shown above are purposefully stabilized—these three radicals
are amongst the most stable carbon-centered radicals reported. In the first portion of
this thesis, some air stable carbon-centered radicals (Chapter 2) and their
application as antioxidants (Chapter 3) will be presented. The stability of these
radicals should not mask the fact that the great majority of free radicals are reactive

intermediates.

Over the course of the previous century, radicals have grown from chemical
curiosities to intermediates with a tremendous impact on everyday life. Free radicals
are the intermediates that enable the petroleum refining that fuels our cars® (not to

mention combustion itself'®) and their reactions generate over 4x10° tons of
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polymethylmethacrylate, polyvinyichloride, tetrafluoroethylene, and polystyrene

every year."' The oxygen atom in acetone, for example, also spends a fraction of a

second carrying an unpaired electron during the industrial synthetic process.'

A more complete understanding of radical reactivity and their reaction rate
constants led the way for the rational design of many processes involving transient
radicals. Amongst these, we find applications in organic synthesis' and “living” free-
radical polymerization.''® Even when radical chemistry is not desired, it often plays
a role—in the next section we discuss autoxidation reactions that are responsible for

the degradation of organic materials.
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1.2 Free Radical Autoxidation

Oxygen is a reactive molecule—when given the opportunity. In many cases
this “opportunity” is the presence of carbon-centered radicals. Indeed,
thermodynamics highly favor the oxidation of organic matter, but this reaction is
kinetically forbidden since ox.ygen is a ground state triplet (S=1), eq [1]. This is why
molecular oxygen—one of the least energetically favorable arrangements of oxygen

in molecules—can be present in such a high concentration.
[1] RH + ool ----= no reaction

Oxygen does, however, react very quickly with carbon-centered radicals (R¢)
to generate peroxyl radicals (ROO¢), eq [2]." In turn, ROOe* can react with
surrounding molecules (R-H) to form another carbon-centered radical, eq [3]. This
chain reaction, called autoxidation, means that a single radical can induce an
amplified oxidation of R-H. Much of our kinetic understanding for these autoxidation
reactions comes from the work of Howard and Ingold performed in the 1960s and

1970s.'%%

[2] Re + ‘o0 T Roo.

k
P
[3] ROOs + R-H —— ROOH + Re
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The autoxidation of R-H, a hydrocarbon (or aldehyde) in this example,
generates hydroperoxides® (or peracids®) by H-atom abstraction reactions. Another
common reaction for peroxyl radicals is addition to double bonds, which leads to an
alternating co-polymer of oxygen and vinyl monomer.' The rate-determining step for
this type of reaction is shown in eq [4]. Again, oxygen will quick react with the newly
formed carbon-centered radical to form another peroxyl radical that will propagate

the polymer growth.

ROOe + e ROO e = Re
[4] R R

In most systems, the rate of radical initiation is slow and unpredictable. To
give an idea of timescales, the rancidity of fish, milk and butter are examples of

autoxidation reactions with unpleasant results.** For this reason, most experimental

studies of autoxidation reactions are initiated at a slow, constant rate afforded by

azo-initiators such as 2,2’-azo-bis-isobutyronitrile (AIBN) shown in eq [5].%°

NC CN CN
N=N —_ 2 . N
5] % K AT e N
The autoxidation chain length, i.e., the number of oxygen molecules
consumed per radical initiated, is limited by termination reactions. Since a radical
has an unpaired electron and the surroundings have paired electrons, the only way

to “kill” a radical is by reacting it with another radical. In the absence of antioxidants
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(vide infra), the self-reaction of peroxyl radicals is the main termination pathway for
free radical autoxidation, eq [6]. These termination reactions are very fast for
primary or secondary peroxyl radicals (2k=10°-10°M"s),” but tertiary peroxyl

radicals recombine much slower (2k=10%*10°M"s™).*

2k
[6] ROOs + ROQOe —— non-radical products

For a chain reaction to occur, ROO* must react faster with the oxidizable
substrate (propagation) than with another ROOe* (termination). |f the propagation
reaction is H-atom abstraction, the C-H bond dissociation energy for R-H must be
lower than the newly formed bond, ROO-H, which is ~88 kcal/mol for alkyl R-groups
(~90-92 kcal/mol for electron withdrawing R-groups). Polyunsaturated lipids satisfy
this criterion due to the low C-H BDE of 1,4-pentadiene (C-H BDE = 76.6 kcal/mol).?®

The kinetics of hydrocarbon autoxidations are treated in greater detail in chapter 3.

1.2.1 Lipid Peroxidation

Linoleate—the most abundant polyunsaturated fatty acid in animals—has
been known to generate hydroperoxides upon exposure to air since the 1940s.*” For
a long time, it was believed that nature would not “aliow” such radical chemistry to
happen in vivo. Radical chemistry, to be fair, can be quite “messy”. This is
particularly true in complex organic systems (and it doesn’t get more complex than

biological systems). After some debate, it is now evident; this “mess” is taking place
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in living systems. Consequently, the past 25 years have seen an explosion of

interest in lipid oxidation (and other free radical reactions in vivo).?®

The autoxidation of polyunsaturated lipids (LH) generates lipid

hydroperoxides in a mechanism similar to the one described above.

o
[7] L+ —= LOOs

k
p
[8] LOOs + LH —— LOOH + Le

Ned Porter and co-workers were able to describe the formation of 4 major
hydroperoxides according to the reversible addition of oxygen to the pentadienyl
radical as seen below.?® Typically, the products do not include the non-conjugated
hydroperoxide at the central pentadienyl position; the addition of oxygen at this
position is followed by an even faster dissociation. It is possible to trap this short-

lived peroxyl radical with efficient hydrogen donors.***!
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LH
5\/\/\(0\0. o BMO\OH :
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Scheme 1-3. The primary autoxidation products of linoleate include 4 major
hydroperoxides with either a cis,trans or trans,trans diene geometry.

Further oxidation of lipid hydroperoxides generates an array of ketone and
aldehyde products, many of which are electrophilic (Scheme 1-4).** These
electrophiles can form covalent adducts with proteins and DNA—this appears to be
a major reason for the nefarious effects of free radicals in vivo. Despite their

perceived importance, the mechanisms involved in the formation of secondary lipid
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oxidation products are not yet clear.®*® In chapter 4, we proposed that aC-H
abstraction of lipid hydroperoxides by propagating peroxyl radicals are a path to lipid

oxo-dienes and hydroxyl radicals.

OH OOH
HO A~ 20 /\/W\&O WO

malondialdehyde 4-hydroxynonenal 4-hydroperoxynonenal

8V/\/\l¢o PNF © /\/\/“\/\?O
14
"oxo-diene" acrolein 4-oxononenal

Scheme 1-4. Secondary lipid oxidation products.

As antioxidants prevent free radical autoxidations, glutathione prevents
electrophilic damage induced by electrophilic oxidation products.**** Reduced
glutathione is a thiol-containing tripeptide that can react with lipid oxidation
electrophiles (Scheme 1-5), thus acting as sacrificial reagent to prevent covalent

modification of protein and DNA.

)‘\‘/\/U\ /[rvau\OH /'flLR' further
reactions

electrophilic

oxidized lipid

reduced glutathione (GSH) glutathione adduct

Scheme 1-5. Nucleophilic attack by glutathione with electrophilic lipid oxidation
products.
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In this brief introduction on lipid oxidation, the focus was placed on reactions
that generate hydroperoxides, electrophiles and their covalent adducts. As it is
observed in polymer decomposition, these reactions are mediated by autoxidation
reactions involving peroxyl radicals. Molecules that prevent peroxyl radical
reactions, therefore, have the potential to limit oxidative damage (broadly defined as

the repercussions of uncontrolled oxidation reactions).

1.2.2 Chain-Breaking Antioxidants

If peroxyl radical recombination were the only termination step for free radical
autoxidation, aerobic life could not exist. To deal with oxidative damage, all aerobic
lifeforms have developed antioxidants defenses.”® Amongst these, chain-breaking
antioxidants directly react with reactive peroxyl radicals to stop autoxidation; vitamin
E and vitamin C are examples of naturally occurring peroxyl radical scavengers
(Scheme 1-6). Similarly, synthetic antioxidants such as butylatedhydroxytoluene
(BHT) and CIBA’s Irganox HP-136® were developed to prevent the autoxidation of
plastics, lubricants, oils, and rubber. The food industry also recognized the
deterioration of processed foods as a problem® and sought another solution. it was
found that partial hydrogenation of lipids in processed foods limited autoxidation
reactions; unfortunately, the trans-fatty acids generated during this process have

negative impacts to human health.*”

11
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An efficient chain-breaking antioxidant (A-H) has to fit two criteria: (i) The
antioxidant must react quickly with peroxyl radicals and (ii) the radical derived from
the antioxidant must be inert to the surroundings. Of course, the antioxidant should

also be non-toxic, stable under air and localize properly in the system of interest.

Good H-atom donors such as phenols meet the first criterion.®® After donating
a hydrogen to a propagating peroxyl radical, the resulting antioxidant radical should
not react with the organic matter it is intended to protect. Furthermore, the
antioxidant radical must be inert to oxygen since reacting with oxygen would
generate another peroxyl radical. In most cases, the antioxidant radical will trap

another peroxyl radical, i.e., each antioxidant breaks two autoxidation chains.

kp[R-H]
initiation @ antioxidant termination
-H 0, Kinh
R-H - Re ROO* + A-H —— ROOH + Ae°

d-a-tocopherol l-ascorbate BHT

Scheme 1-6. Chain-breaking antioxidants (A-H) react with peroxyl radicals to stop
autoxidation reactions. The radical resulting from the antioxidant
termination, Ae, can trap another peroxyl radical. The structures of some
well-known antioxidants are also shown.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Free Radical Oxidation: An Introduction

The case for antioxidants in polymers is clear-cut. They prevent degradation
reactions and yellowing of the material that surrounds them. In humans, however,
there is no clear evidence that antioxidant supplementation is beneficial (above a
certain minimum to prevent scurvy or infertility). It is clear that more work needs to
be done to understand the effect of free radicals in biology and medicine. For one,
better tools are needed to monitor their effect. In the last portion of this thesis, |
present some work towards a fluorescent probe to quantify the electrophiles
presented in Scheme 1-4. The next section will demonstrate the potential of

fluorescent probes to study free radical chemistry in complex systems.

13
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- 1.3 Fluorescent Probes to Study Free Radical Oxidation

Fluorescence is the emission of light from an excited-state without change in
multiplicity (e.g., singlet excited-state to singlet ground state). The great majority of
molecules, however, are non-fluorescent. Instead, the excitation energy is
dissipated via other pathways—thermal relaxation, intersystem crossing, energy
transfer, and photochemistry.* To be appreciably fluorescent, a molecule must emit

light as fast or faster than competing excited-state processes.

1.3.1 Excited-State Processes

The excited-state processes for organic compounds are well illustrated by the
Jablonski diagram (Figure 1-1).*° After absorbing a photon, an electronic excited
state is formed and, through vibrational relaxation (VR) and internal conversion (IC),
the lowest singlet excited state (S,) is populated. In solution, this process is fast
(picoseconds) and 100% efficient—this result, known as Kasha’s Rule, means that
photophysics and photochemistry of a molecule is independent of excitation
wavelength. From S, many processes can occur: fluorescence, vibrational
relaxation, inter-system crossing (ISC) to a triplet state, or chemistry. The chemistry
that occurs from singlet excited-states, which is short lived (nanoseconds), includes
electron transfer reactions, proton transfers, cis-trans isomerizations, homolytic

cleavage of weak bonds or other reactions with low energetic barriers. Inter-system

14
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crossing to the triplet is also common and photochemistry often occurs from this
longer-lived excited state (micro- to milliseconds). The lifetime of the triplet is highly

dependant on the environment, e.g., oxygen rapidly quenches triplet states.

VR
S, i
chemistry
T =="se
Excited-State 3 g —— g
Ene e
| ] ==
) il — %
: =
. o
S,
Figure 1-1. Jablonski Diagram showing absorption of light and possible excited-

state processes. Notice how fluorescence emission occurs at lower
energies (longer wavelengths) than absorption.

In kinetic arguments, the fraction of excited states that emit light (defined as
the fluorescence quantum yield or ®;) is related to the rate of fluorescence (radiative
rate) and competing rates (non-radiative). This is represented by eq [9], where Kk 4 iS

the rate constant for radiative decay (fluorescence) and 2K,,..q iS the sum all other

(non-radiative) rate constants.

[9] (I)F = krad /(E knon—rad + krad) = kradTF
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Since excited-state lifetimes are short (t- ~ nanoseconds), the processes that
compete to dissipate the excited-state energy have small activation energies.
Therefore, small changes in these energetic barriers can have important changes in

excited state photochemistry. Fluorescent probes can be designed on this basis.

1.3.2 Examples of Fluorescent Probes

Fluorescent probes have become popular tools in biomedical sciences. As a
testament to their importance, the 2008 Nobel Prize in chemistry was awarded for
the discovery of green fluorescent protein and its modification to emit different
colours.” In this example, the generation of the fluorescent chromophore is
programmed by genetics and dictated by the protein composition. Interestingly, to
generate the fluorophore, green fluorescent proteins undergo free radical oxidation
that generates hydrogen peroxide as a byproduct.*’ Molecules that become
fluorescent after a selective chemical modification are also gaining much interest;

these are called fluorogenic probes or prefluorescent probes.
Two common designs for prefluorescent probes will be discussed:
(i) Modulation of excited-state quenching by chemical transformation.

(i) Direct chemical modification of the chromophore.

16
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1.3.2.1 Prefluorescent Probes Based on Excited-State Quenching

In the first approach, the chromophore remains unchanged after the desired
event takes place; it is the covalently bound quencher that undergoes chemical
transformation. This excited-state quencher could be an electron-donor (e.g.,
phosphine or an amine), an energy acceptor (lower excited state chromophore) or a
stable free radical. Scaiano and co-workers employed the quenching of excited-
states by stable nitroxyl radicals as prefluorescent probes on numerous
occasions.””* Scheme 1-7 demonstrates the use of a coumarin-TEMPO as a

convenient way to measure of H-atom donating ability.

OH
' X
0. OH
o Ng R 0 N
& kH-donor
X 0 N O
N O 0 \ N O 0
Qe
C343-TEMPO AN
non-fluorescent | g fluorescent
R

Scheme 1-7. Quinoline-TEMPO was used as a prefluorescent probe to monitor
phenolic hydrogen donating ability.** The probe is non-fluorescent prior to
reduction due to efficient excited-state quenching by the free radical.

Prefluorescent probes that detect hydrogen peroxide have been designed on

a similar principle.*® In the first case, the phosphine lone pair quenches the

fluorescence, which is restored after oxidation to the phosphine oxide (Scheme 1-8).

17
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O
1
AN N/\/ PPh2 H202 AN N/\/PPh2
H H ;
HO 0 "0 HO o O
reduced fluorescence high fluorescence
(phosphine quenching)

Scheme 1-8. Prefluorescent probe based on excited-state quenching of 7-
hydroxycoumarin fluorophore by phosphine lone pair. Hydrogen peroxide
oxidizes the phosphine, which is seen as a fluorescence increase.

1.3.2.2 Prefluorescent Probe by Chemical Modification of the Chromophore

Many fluorophores can be generated by specific chemical reactions from a
non-fluorescent precursor. The simplest examples of chemically generated
fluorophores are acid-base sensors. These molecules usually see their fluorescence
emission shift in energy (colour) with pH, in addition to changes in fluorescence
intensity. For example, the normally green fluorescence from coumarin-6 becomes
red upon protonation. Marie Laferriere (PhD 2006) and Marius Gabriel lvan (PhD
2007) used this phenomenon to monitor photogenerated acid in thin polymer films,*

a key step in photolithography.
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red fluorescence

Figure 1-2. Irradiation of triphenylsulfonium salts by 157nm laser irradiation
generates acid as can be seen by the change in fluorescence from
coumarin 6 in this composite fluorescent image.*®

There are many small molecule fluorophores described in the literature and
endless ways of generating them via chemical reactions. This concept did not go
unnoticed by the free radical community. Several probes were developed that
become fluorescent after peroxyl radical attack, for example. One of the best known
examples is 2,7’-dichlorofluorescin diacetate (Scheme 1-9).* This molecule can
permeate cell walls, after which the acetate groups are cleaved and the fluorescent
chromophore is regenerated by free radical oxidation. This approach is not
selective, as any oxidant will oxidize fluorescin (after hydrolysis) to generate the

more stable conjugated fluorophore.

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Free Radical Oxidation: An introduction

o o 0 o HO 0 o
O O [Oxidation] O ‘
cl Cl -2 CHaCOOH cl = Cl

H O COOH O COOH
non-fluorescent fluorescent

Scheme 1-9. The non-fluorescent fluorescin becomes fluorescent in cells after
hydrolysis and oxidation to generate the fluorescent fluorescein.

Chang and Dickinson*® recently developed a very promising prefluorescent
probe that can detect hydrogen peroxide in normal living cells. Their design takes
advantage of the selective cleavage of an aryl-boronate bond by hydrogen peroxide

to generate the fluorescent reporter. They also tethered a triphenylalkyl

phosphonium to help localize the prefluorescent probes in the mitochondria.
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Figure 1-3. Prefluorescent probe based on the detection of hydrogen peroxide via
the selective cleavage of an arylboronate-protected fluorophore.
Remarkably, the probe can detect hydrogen peroxide at normal cell
concentrations as seen in (a). Addition of hydrogen peroxide increases the
fluorescence intensity (d) and (e) the use of a mitochondrial tracker
confirms the prefluorescent probe’s location. The nuclei are stained in
blue.

Fluorescence can be detected in real time from fluorophores at low
concentrations (single molecules can be detected). These advantages combined
with well-designed prefluorescent probes has the potential to monitor events

otherwise unseen.
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1.4 Summary

Free radical reactions play an important role in the oxidative degradation of
organic material such as plastics, lipids, processed foods, etc. The primary
autoxidation for these diverse systems have similar mechanisms; peroxyl radical
attacks on the surroundings to generate a carbon-centered radical, which then
reacts with oxygen to regenerate a peroxyl radical. Efficient hydrogen atom donors,

called antioxidants, can prevent this chain reaction.

In the absence of antioxidants, secondary oxidation reactions take place to
generate electrophilic products that can covalently modify protein and DNA. These

electrophiles can be sacrificially trapped by glutathione.

Yet, in 2008, there is still much to be discovered about oxidative damage in
vivo. The complexity of the chemistry involved multiplied by the complexity of living
organisms that succumbs to free radical oxidation will make this a problem worthy of
scientific pursuit for decades to come. Free radical oxidation in vivo has been linked
to Alzheimer’s disease, cancer, atherosclerosis, and the process of aging itself;*®

therefore, understanding this complex chémistry should inspire a committed effort.
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2.2 Graphical Abstract

Ph
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2.3 Persistent Carbon-Centered Radicals

The terms transient, stabilized, persistent and stable can describe a radical;
in the order presented, they indicate a decrease in reaétivity (or increase in lifetime).
A stable radical is one you store in a bottle. The best-known examples are DDPHe
and TEMPOe, but such stable radicals are the exception rather than the rule. On the
other end of stability, CH;* and HO- are fransient because they have short lifetimes.
Transient radicals undergo fast reactions with surrounding molecules and their self-
reaction rates, if such reactions occur, are close to diffusion-controlled. Most
radicals are short-lived (and transient) becéuse radical reactions typically have low
activation energies and fast reaction rates. With the exception of CH,* and HOe,
most radicals are also stabilized (or destabilized) by substituents—benzyl radicals
are delocalized on phenyl groups and tert-butyl radicals are stabilized by

hyperconjugation.

Ingold and Griller introduced the term persistent to describe a radical that
does not undergo “fast” reactions with its surroundings.’ Of course, the surroundings
can be changed to make a radical more or less persistent. For example, Gomberg’s
triphenylmethyl radical is not persistent under aerated solution;? as most do carbon-
centered radicals, it reacts with oxygen. In this chapter, | will describe air-stable,

persistent carbon-centered radicals that can dissociate after self-reactions.
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2.4 Carbon-Centered Radicals with Reduced Reactivity Towards

Oxygen

Before | joined, several Scaiano group members investigated carbon-
centered radicals with reduced reactivity towards oxygen using laser-flash
photolysis. This work was inspired by an unusual antioxidant—CIBA’s Irganox HP-
136® (Scheme 2-1).° This antioxidant is unusual because the radical generated
after H-atom donation is a carbon-centered radical. Scaiano was the first to
accurately measure the rate constant between carbon-centered radicals and
oxygen® and he found this number to be close to diffusion-controlled for all carbon-
centered radicals investigated. This led to the questions: How can HP-136 be an
antioxidant? Why doesn't the newly formed HP-136 radical react with oxygen to

further propagate the autoxidation process?
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CIBA's Irganox
HP-136

antioxidant 'Bu O
termination O,
ROO* + 1-H T‘ O . —— reaction?
Bu O ~O

ROOH
HP-136 radical
10

Scheme 2-1. CIBA’s Irganox HP-136® (shown above) is the first commercial
antioxidant that generates a carbon-centered radical (1*) after antioxidant
termination. Our group wondered if this carbon-centered radical would
react with oxygen to propagate the chain, as do most carbon-centered
radicals.

Over the course of their work, my co-workers observed that HP-136 radical
and other classes of carbon-centered radicals were unreactive towards oxygen.*>® |
will briefly describe how the reactivity of carbon-centered radicals with oxygen was
investigated using laser-flash photolysis. Di-tert-butylperoxide is photochemically
cleaved using short (~10ns) pulsed laser irradiation to generate the highly reactive
tert-butoxyl (‘BuO-) radicals in an inert solvent such as benzene, eq [1]. The 'BuO-
radicals then rapidly react (ky.,,.~10°%10" M's™) with the H-atom donors (R-H) to

yield the carbon-centered radical of interest (Re). Since the carbon-centered radicals

studied were delocalized, they exhibited strong absorbance in the ultraviolet and
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visible region that could be monitored using time-resolved UV-Vis spectroscopy. The
growth and decay of Re could then be monitored with and without the presence of
oxygen. If Re reacts with O,, the absorbance due to the carbon-centered radical
would disappear faster (be quenched) by the presence of oxygen. If Re is inert to O,,

the transient absorbance should not change whether oxygen is present or not.

hy
(1] (BuO), — 2 'BuOe

KH-abs
] BuO* + RH ———— 'BuOH + Re

ko,

[3] Re + Oo ROOQO -

Carbon-centered radicals that do not react with oxygen (and some that do)
are presented in Scheme 2-2. In this thesis, “no reaction” with oxygen implies that
their transient absorbance was not affected by the presence of oxygen in the

timescale of the laser experiment (~100us). This effectively puts an upper limit for

the reactivity of these carbon-centered radicals with oxygen (kg,) of about 5x10° M’

's'; remarkably, this is over 10000 times slower than most carbon-centered

radicals.*
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indenyt *

diphenyimethy .
©/CH2 fluorenyl
53?3@ﬂyi~ESObGﬂZOfUY&ﬂOﬂB

henzyi radical

friphenyimethyl

Fast Reaction with Oxygen (ko, = 108 M's™)

Crj-

Z-cournaranone

radical
. MeO._ O O
O
perchiorinated? o-ritrophenyl-
friphenylmethyl a-cyanobenzyl sobm?ofue anone

radical
nomethoxyfluorenyt

C
IO D

phenvicoumaranone  diphenylacetonitrile b
HP-138 radical radical g-phenyiflucrenyl
e e 3e 4o

Scheme 2-2. Most carbon-centered radicals react with molecular oxygen at rates
approaching diffusion-controlied (ko,>10°M"s). Scaiano and co-workers
observed that some carbon-centered radicals with rather simple structures
do not react with molecular oxygen (ko,<5x10°M's™). “From Ballester’s
work'  ®3-phenyl-indenyl (ko,=8.2x10°M's") and 9-phenylfiuorenyl
(ko,=7.6x10°M's™) react with O, at higher rates.
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From the list of radicals shown above (and many others), Scaiano and co-
workers put forward 5 parameters that contribute to the lack of reactivity of carbon-

centered radicals towards oxygen.
(i) Steric effects
(i) Benzylic resonance delocalization
(iii) Unpaired spin delocalization on heteroatoms
(iv) Favorable stereoelectronic effects
(v) Electron-withdrawing effects

In cases such as perchlorinated triphenylmethyl radicals, steric hindrance
plays a major part in the lack of reactivity towards oxygen. In most radicals,
however, sterics are not the deciding factor. For example, the propeller-shaped
triphenylmethyl is certainly more sterically hindered than a-cyanobenzyl while this

latter radical is more inert towards oxygen.’

Benzylic delocalization does stabilize a radical and, as expected, a stabilized
radical is less reactive than an unstabilized radical (this includes reactions toward

oxygen). This effect is demonstrated with the comparison of fluorenyl vs. 9-

phenylfluorenyl; the former reacts with oxygen over 100 times faster than the latter.?
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Most stable radicals are centered on heteroatoms such as 2,2,5,5-
tetramethylpiperidine-N-oxyl (TEMPO-, nitrogen/oxygen centered) and N-diphenyl-
N’-picric hydrazyl (DPPHe, nitrogen centered). Similarly, carbon-centered radicals
that have significant spin-delocalization on heteroatoms display reduced reactivity
towards oxygen. Additionally, the forced co-planarity of a radical allows for better
delocalization of the unpaired electron. By this we mean that a propeller-shaped
radical—such as triphenylmethyl radicals—can become more stabilized by changing
the structure to allow a better delocalization—as in the case of 9-phenyifluorenyl

radicals. Basically, the imparted stabilization reduces the reactivity of the radical.

The last parameter—electron-withdrawing effects—is particularly important.
Since oxygen is electrophilic, a carbon-centered radical that is also electrophilic will
reduce the reactivity between the two. This effect is demonstrated by the addition of
a nitro-group to phenyl-isobenzofuranyl (which reacts with O,) to give p-nitrophenyl-
isobenzofuranyl radical (non-reactive). The structure of HP-136 radical, my personal

favorite, scores on these five parameters and is particularly inert to oxygen.
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2.5 Synthesis of Persistent Carbon-Centered Radical Dimers

My first assignment in the Scaiano group was to synthesize the dimers of
these persistent, air-stable carbon-centered radicals. Over the next five years, |
applied several successful synthetic strategies to make these weakly bound dimers;
some are shown in Scheme 2-3. In this chapter, the focus will center on 4 dimers
that were particularly well behaved; we introduce the nomenclature 1,, 2,, 3, and 4,
for the dimers derived from radicals 1°, 2+, 3¢ and 4-. Notably, these four dimers
appeared stable as crystalline solids and in solution; they could be heated and
cooled without spectroscopic change. Other dimers including 9-carbomethoxy-
fluorenyl dimer decomposed upon heating in solution and secondary radicals such
as 2-coumaranone radicals generate unstable dimers that were not isolated from

synthesis. These non-ideal examples will not be discussed further.

1.1 eq. Nal®
THF, No
0.5eq.l
CIBA Irganox HP-136 HP-136 dimer
1-H 1,
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TEMPO *
1-H 1,
air
Ph Ph
0 % H Y
BrOH 4 Ho)\( HoS0, (70%) ©\);‘O (+BuO),
OH 90°C of hv (350 nm)
- +BuOH
2-H 63%
CN (+BuO) NC  CN
I~ © e Ph—Lph
Ph—7~H 7 X
Ph hv (350 nm) Ph Ph
- +BuOH
32

QO e Q)
Ph Nal Ph
OH  acetone PH
-1
51%

4,

Scheme 2-3. Successful synthetic approaches used to make persistent carbon-
centered radical dimers.

To synthesize the HP-136 dimer (1,) from 1-H, we initially employed the
same approach reported to make dimer 2,—treatment with metallic sodium followed
by oxidation with iodine.” This harsh treatment, however, led to low yields and
complicated product mixtures. It is known that bases can lead to the opening of the
lactone ring in similar compounds.'> We recently employed a reaction with better

yields and trivial purification for making 1, (and other dimers not discussed here).
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Tetramethylpiperidine-N-oxide radical (TEMPO«*) under air is used to oxidize 1-H to
1, in over 50% isolated yields. These reactions are performed under air, without
stirring and the product crystallizes out of the reaction overnight; this synthesis

couldn’t be easier.

As photochemists, we also turned to light as a synthetic strategy to make
these dimers. This approach is basically a large-scale version of the laser-flash
photolysis experiments (eq [1] and [2]) using UV lamps instead of lasers for
irradiation. | made over 100 grams of dimers 1,, 2, and 3, using this reasonably
clean photochemical synthesis. And finally, the conversion of 9-phenyl-9-fluorenol to
dimer 4, was done by a tandem-reaction; Me;Si-1 is first generated in situ from Nal
and Me,SiCl (NaCl precipitates in acetone) and the alcohol is added to this solution.
Immediately, the solution turned brown due to the release of I,. Presumably, the
iodine is the by-product of an impressive number of fast transformations occurring at
the 9-fluorenyl position: alcohol to silyl protection to cation to iodide to radical to
dimer. These last three synthetic approaches are original contributions to make

symmetric quaternary carbon-carbon bonds.

We obtained crystals for dimer 1, suitable for structure determination, which
we compare to the reported crystal structures of dimers 2, (from ref **) and 3, (from
ref ') in Figure 2-1. The crystal structure of dimer 4, has not yet been reported. In all

cases, the central C-C bonds are much longer than the typical 1.54 A. Note that
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more than one conformer is possible for dimer 1, and 2,. In solution, it appears that
more than one conformer exists as seen by the change in 'H NMR in function of
temperature (data not shown). Fellow graduate student Vasilisa Fillippenko is
currently investigating this effect which was previously observed for 9-cyanofluorenyl

dimers."”
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Dimer 1,

Bond lengths (A):
Central C-C 1.586

Dihedral Angle:
Ph-C-C-Ph 59.0°

Dimer 2,

Bond lengths (A):
Central C-C 1.593

Dihedral Angle:
Ph-C-C-Ph 60.8°

Dimer 3,

Bond lengths (A):

® Central C-C 1.608
Dihedral Angle:
CN-C-C-CN
171.4°
Figure 2-1. Crystal structures for dimers 1, (this work), 2, (from ref ) and 3, (from

ref *). The two dots in 3, are the result of disorder in the crystal.
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2.6 Studying the Radical-Dimer Equilibrium in Solution

In solution, dimers 1, — 4, exist in thermal equilibrium with their radical form,
e.g., Scheme 2-4. Increasing the temperature causes more dimers to dissociate to
coloured radicals as can be seen by the naked eye. For example, a solution of HP-
136 dimer turns blue upon heating (see Figure 2-2) and this colour disappears upon

cooling. This effect has been observed previously for dimer 2,."

Scheme 2-4. Dimer-radical equilibrium for HP-136 dimer.

Figure 2-2, Heating HP-136 dimer in toluene (open to air) generates a persistent,
blue-coloured radical (1¢). This picture is extracted from a video that is
available online as Supporting Information for ref '°.

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dimers of Persistent Carbon-Centered Radicals: Synthesis and Properties

2.6.1 Variable-Temperature Absorbance of Dimer-Radical Systems

Radicals 1+ — 4+ show strong absorbance in the ultraviolet and visible regions
that could be used to monitor the dissociation of dimers. The absorbance spectra of

dimers 1, — 4, taken at different temperatures are shown in Figure 2-3.

1 335nm 22
] ]
g g 08 90°C
3 8 06 80
3 3 os 2
< < 40
0.2
0 L W= ===
300 350 400 450 500 550 600 650
Wavelength, nm Wavelength, nm
0.6
4,
) ]
§ 0.4 ‘é
§ 5
8 02 4
< <
0 0 I
300 305 350 375 400 350 400 450 500 550 600
Wavelength, nm Wavelength, nm
Figure 2-3. UV-visible absorbance spectra of dimers under nitrogen showing the

increasing radical concentration with increasing temperature: 1, in toluene
(10mM), 2, in toluene (20.8mM), 3, in toluene (17.4mM) and 4, in 1,3-
dichlorobenzene (6.9mM). Acquisition temperatures and Ay, are indicated
in each graph. The dimer solution at low temperature (<20°C) was taken as
the “zero” therefore the absorbance seen here is due to the radical only.
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As expected, the absorbance change from thermal dissociation of dimers
matched the absorbance of radicals generated during laser flash photolysis

experiments.*®

Bond Dissociation Energies (BDE) can be estimated for these systems from
the variable temperature UV-Visible absorbance using a modified van’t Hoff
equation. The original van’t Hoff equation, eq [4], relates enthalpy and entropy with
the equilibrium constant. The equilibrium constant for the dissociation of dimers is
Keg = [R°]2/[R-R] where Re and R-R are the radical and dimer, respectively. In our
case, AH represents the central carbon-carbon BDE. Assuming the dimer
concentration, [R-R], to be constant (vide infra) and relating the absorbance (A) and

concentration of radicals with Lambert-Beer's law, eq [5], the equation can be

rearranged to eq [6].

[ J 2 —_
[4] aneq=ln [SQR ]R] = I?;:I+ARS

5] A=¢g[Re*]l

272
_—-AH +AS+ln(£ [“[R-R]))

6] InA=
2RT 2R 2

Equation [6] shows that a plot of In A against the reciprocal temperature will

yield -AH/2R from the slope. The last term of this equation includes the extinction
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coefficient of the radical species (¢) and this number, if known, often carries
significant error. Fortunately, the BDE can be estimated without the knowledge of
the radical’s extinction coefficient using this technique. Excellent linear correlation
between In A vs T were obtained for dimers 1, — 4, (Figure 2-4) from which the

corresponding carbon-carbon BDE were estimated; these are listed in Table 2-1.

4 | | ! | I
2.4 2.7 3.0 3.3

1/T, 103 K™

Figure 2-4. Van’t Hoff plot according to eq [6] for dimer 1, (o), 2, (o), 3, (A) in
toluene and 4, (a) in 1,3-dichlorobenzene under nitrogen. The slope of In A
vs 1/T gives a slope equal to -AH/2R according to eq [6]. The monitoring
wavelengths for each radical are noted in the absorbance traces of Figure
2-3.

The assumption that the dimer concentration is constant is easily met by the
systems under study. In the case of 1, for example, the absorbance at 111°C (the

highest temperature used) is approximately 1.4 for an optical path of 1 cm and dimer
concentration of 0.01 M. We used of a previously reported method'” to estimate a

radical molar absorption coefficient (¢) of 37 500 M'cm™ for 1+ at 346 nm. From this

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dimers of Persistent Carbon-Centared Radicals: Synthesis and Prapertiss

we evaluate a radical concentration of 3.7x10° M, or a dimer conversion of 0.19%,

low enough to assume a constant dimer concentration.

Table 2-1. Monitoring wavelength, bond dissociation energies (BDE) and C-C
bond length for dimers 1, — 4, in toluene, under nitrogen.

Radical Monitoring A, Temperaturerange C-C bond BDE
(nm) (°C) length (A) (kcal mol™)®
1e 346 48 - 111 1.586° 23.2
2e 336 37 -100 1.596° 254
3e 336 48 — 102 1.608° 26.2
4e 494 80 - 135 1.653° 15.6

® From the crystal structure. ® reference™ © reference ¢ From density

functional calculation using B3LYP/6-31g(d). ® + ~1 kcal/mol

The BDE values obtained for dimers 1, — 4,, ranging from 15 to 26 kcal/mol,
are remarkably low for carbon-carbon bonds. Ethane for example has a BDE of 90
kcal/mol.”® Some lower carbon-carbon BDEs have been reported in the literature,
including the triphenylmethyl dimer (10.7 kcal/mol in benzene)”® and the dimer
derived from phenalenyl radicals (9.8 kcal/mol in toluene).?® The triphenylmethyl and
phenalenyl carbon-centered radicals, however, form “head-to-tail” dimers unlike the
“head-to-head” dimers described in this chapter. As do most carbon-centered
radicals, triphenylmethyl and phenalenyl radicals also react with oxygen (although

the latter compound does so more slowly).*
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2.6.2 Variable-Temperature EPR Study of Dimer-Radical Systems

From the variable-temperature UV-Vis experiments, we were able to estimate
BDEs, but not AS or absolute radical concentrations. For this reason we decided to
investigate the dissociation of dimers by Electron Paramagnetic Resonance (EPR)
spectroscopy. Using EPR, we can quantify the concentration of radicals in solution
using a stable radical as calibration. The nitroxide 4-oxo-TEMPOe* was used in our
case because of its simple, three-line EPR spectrum that could easily be integrated.
The dimer 4, was not pursued in these investigations due to its poor solubility in
non-polar solvents. Polar solvents necessary to dissolve dimer 4, complicate EPR

spectroscopy due to their ability to absorb microwaves.

The radicals gave highly complex EPR signals resulting from hyperfine
coupling with the aromatic hydrogen (and nitrogen in the case of diphenylacetonitrile
radical). The EPR spectrum for radical 2+ has been reported previously and we
obtained a similar spectrum in this work. The EPR of radicals 1+ and 3 are reported
here for the first time; the full interpretation of EPR spectra shown in Figure 2-5 has
yet to be resolved. Still, there is no doubt that the EPR signals are due to the

radicals 1+ — 3« formed by dissociated dimers 1, — 3.
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Figure 2-5. Steady-state EPR spectra of radicals 1¢, 2« and 3¢ in toluene under

nitrogen afforded by the thermal dissociation of dimers 1, (4.76mM, 90°C),
2, (20.7mM, 90°C), and 3, (20.1mM, 100°C).
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The variable-temperature EPR spectra of dimers 1,, 2, and 3, were twice-
integrated at each temperature and calibrated using 4-oxo-TEMPO.?*® From these
EPR integrations, we could estimate absolute radical concentrations for radicals 1
- 3e. Finally, from the absolute radical concentration, the van’t Hoff equation, In K,
= In([R]*/[R-R]) = -AH/RT + AS/R, could be used directly. Excellent linear correlations
(R*>>0.99) were obtained from the plot of In K, vs. 1/T and the thermodynamic
properties extracted from these plots are summarized in Table 2-2. Bond
dissociation energies (BDE) and dissociation entropies (AS) were estimated from
the slope and y-intercept of Figure 2-7, respectively. These thermodynamic
parameters completely describe the equilibrium for dimers 1,, 2, and 3..

201

16 -

[Re], uM

0 1 1 1 i
280 300 320 340 360 380

T, Kelvin

Figure 2-6. Absolute concentration of radicals 1, (), 2, (¢), and 3, (4) in toluene
under nitrogen afforded by the thermal dissociation of dimer 1, (20.6mM), 2,
(20.7mM), and 3, (20.1mM).
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Figure 2-7. The plot of In K., vs 1/T according to the van’t Hoff equation (eq [4]) for
dimers 1, (o), 2, (¢), and 3, (A) in toluene under nitrogen. The slope and
intercept of these lines are equal -AH/2R and AS/2R, respectively.

Table 2-2. Bond dissociation energies (BDE) and entropy change (AS) for the
dissociation of dimers 1,, 2, and 3, in toluene, under nitrogen, as
determined using variable-temperature EPR spectroscopy. Comparison
with variable-temperature UV-visible data gave good estimates of molar
absorption coefficient (¢) at the absorption maximum (Ay.y) for the
corresponding radicals 1¢, 2¢ and 3e.

Dimer BDE ° AS ® Maaax e
(kcal mol™) (cal K" mol™) (nm) (M'em™)

1, 25.2 31.3 346 80000

2, 24.5 31.4 336 44000

3, 26.3 31.8 336 65000

24+ ~1 kcal mol'. 2+~ 2 cal K' mol™.
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2.7 Some Reactivity of Carbon-Centered Radicals with Oxygen

Earlier we introduced carbon-centered radicals showing “no” reactivity to
oxygen based on laser-flash photolysis data. The radicals, however, are not
completely inert under air. In some variable temperature experiments where oxygen
was introduced during variable-temperature heating of dimer 3,, we observed the
growth of a yellow compound indicating oxygen-induced decomposition. Lam and
Liang were able to isolate the peroxide of dimer 3, from prolonged heating of
diphenylacetonitrile (3-H) with di-tert-butylperoxide under air indicating some

reaction of 3« with oxygen (Figure 2-8)."

Figure 2-8. Crystal structure for bis-diphenylacetonitrile peroxide." Bond lengths
in A: C-CN (1.493), C=N (1.140), C-O (1.433), and O-O (1.4895). Dihedral
angles: C-0-0-C (180°) and O-O-C-CN (60.8°). Atom colours: C are grey, O
are red, and N are blue.
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| also found that 4, under conditions of thermal dissociation under air
eventually forms bis-9-phenylifluorene peroxide. This peroxide is probably the result
of trapping of a small concentration of peroxyl radicals by a large excess of the
carbon-centered radical in an excellent example of the operation of the Fischer-
Ingold persistent free radical effect.”” The structure of the bis-9-phenylfluorene

peroxide, shown below, was confirmed by X-ray diffraction.

Figure 2-9. 9-Phenylfluorenyl dimer (4,) was left in aerated solution at room
temperature for over one week from which crystals of this symmetric
peroxide were isolated. Bond lengths in A: C-O (1.446) and O-O (1.498).
Dihedral angles: C-0-0-C (180°) and Ph-C-O-O (65.7°). Atom colours: C are
grey, O are red.

We could find no peroxides for dimers 1, and 2,. Magnus and co-workers did
find that heating a dimer similar to 2, under air generated a semiquinone in low
yields (<5%)% (Scheme 2-5). The yield of semiquinone was higher if TEMPOs- is

added. Interestingly, alkyl substituents in the structure of HP-136 radical prevents
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the formation of semiquinones and other non-ideal behavior. Indeed, CIBA’s Irganox

HP-136® was well designed to prevent reactions with oxygen.

[/ “ome

L
0

yellow quinone

not
observed

Scheme 2-5. Magnus and co-workers reported that heating dimer 2, under air for
prolonged periods generated a small amount of semiquinone.?? Alkyl
substituents on the HP-136 radical prevent such reactions.
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2.8 Discussion

Radicals are only reactive if given the opportunity. For this reason, the
majority of persistent radicals are sterically hindered. Like putting a lion in a cage,
even a phenyl radical can have an appreciable lifetime with strategically placed tert-
butyl groups.?® Starting with triphenylmethyl radicals introduced in 1900, persistent
carbon-centered radicals have been the subject of curiosity for over a century® (with
some hints at applications such as oxygen sensors®). The majority of persistent
radicals are based on the triarylmethyl template. It has been suggested that the
persistence of propeller-shaped triarylmethyl radicals can be attributed in large part
to sterical hindrance.' In the case of perchlorinated triarylmethyl radicals, the radical
center is particularly inert. In most other radicals, sterical hindrance may slow down
reactions such as H-abstraction, but this effect alone rarely prevents reactions with

the small oxygen molecule.

The radicals 1+ — 4« discussed in this chapter are persistent, even under air.
This lack of reactivity with oxygen cannot be attributed solely to steric hindrance. For
example they dimerize via the central carbon, a far more sterically demanding
process. An air-stable carbon-centered radical must therefore benefit from favorable
electronic effects. While both electron-donating groups (EDG) and electron-
withdrawing groups (EWG) can stabilize carbon-centered radicals, it was found that

electron-withdrawing effects were particularly important to prevent their reactivity
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with O,. EDG-stabilized carbon-centered radicals, on the other hand, can form
stronger bonds with oxygen due to hyperconjugation.?® Simplistically, it can be said
that electron-deficient carbon-centered radicals will react slower with electron-

deficient oxygen.

Re + O — ROO »

The low rates of reaction with oxygen for radicals 1+-4¢ can be understood as
the dissociation reaction being faster than addition (k, > ko,). Many radicals form

reversible Bonds with molecular oxygen—for example the reversible addition-
dissociation of oxygen to lipid pentadienyl radicals dictates the ratio of cis,trans and
trans,trans lipid hydroperoxide. Under this system, the addition of oxygen to the
central carbon of the pentadienyl radical dissociates much faster than oxygen bound
to the end positions (see Chapter 1). Under normal conditions, the oxygen will
dissociate from the central carbon of pentadiene before ensuing reactions with the
surroundings. Recently, it was observed that this peroxyl radical could be trapped in

high concentrations of a-tocopherol, an excellent H-atom donor.?

ko, “ ~0.1 M a-tocopherol = x

) OH
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Carbon-centered radicals with low reactivity towards oxygen can therefore be
understood as having faster dissociation (high k;). The peroxyl radical formed, while
presumably short lived, can react with surrounding molecules in certain conditions.
We showed that 9-phenylfluorenyl radicals (4¢) form symmetric peroxides after
lengthy exposure to air, presumably by the reaction of the short-lived peroxyl radical
with the surrounding carbon-centered radicals. The same was previou/sly reported

for diphenylacetonitrile radicals (3¢). Benzofuranone radicals (1¢ and 2¢) do not form
peroxides, indicating a very fast k, (and/or slow ko,). Interestingly, the rate of oxygen

dissociation (k;) will be faster at higher temperatures, so we can expect these
radicals to display an even more reduced oxygen sensitivity at elevated

temperatures.

Radicals 1+ — 4+ are remérkably well behaved for carbon-centered radicals.
They form thermally labile dimers that could be heated and cooled without
spectroscopic change. The concentration of radicals in toluene under nitrogen was
constant for hours at elevated temperatures. And their lack of reactivity with oxygen
made them particularly easy to handle. We used UV-Visible and EPR spectroscopy
to measure thermodynamic properties of the dimer-radical equilibrium. In the case of
dimer 3,, the measured BDE was in perfect agreement between the two techniques
(26.2 and 26.3 kcal/mol). There is some variation between BDEs measured by UV-

vis absorbance and EPR spectroscopy for dimers 1, and 2,. The main reason for
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this discrepancy, we believe, is the limited temperature range used for these

experiments.

Both techniques and the data analysis have their inherent limitations as
quantitative tools for thermodynamic parameters. For UV-Vis measurements, a

number of effects can change the absorbance (and as a result, the BDE):

(i) Baseline shifting with increasing temperature. In toluene, the baseline
absorbance increases by ~0.03 from 25°C to 100°C. The sharp growth in
absorbance near 300 nm is also due to toluene. We remedied this potential
problem by subtracting the absorbance by the absorbance value at a non-

absorbing region, e.g., above 700 nm.

(i) Spectral “contamination” by coloured by-products. This was a problem
in some experiments with dimers 3, and 4, (particularly when oxygen was
inadvertently introduced in the solution). This effect is easily noticed after an

experiment where new absorbance peaks remain at lower temperatures.

(i) Changes in molar absorption coefficient (¢) with temperature and

solvent expansion. We did not correct for these effects.

Since EPR is more selective to the species of interest we believe the EPR
results are more accurate, although again, a larger temperature range would be

required to reduce the error on these measurements. At lower temperatures,
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however, the radical signals are very weak and small variations in signal intensity at
low temperatures induce significant errors in the BDE determination. At higher
temperatures, we are limited by solvent evaporation (and potentially, decomposition
reactions). In any case, the dimers 1, — 4, have much weaker BDEs than typical

carbon-carbon bonds.

The AS** values obtained for the dissociation of dimers 1,, 2,, and 3, are
similar in value—all three have AS®* ~ 31 cal/mol'K. This value is higher than the
AS measured for the triphenylmethyl radical-dimer equilibrium (AS~20cal/mol-K, in
benzene)' and the phenalenyl radical-dimer equilibrium (AS~12cal/mol*K, in
toluene).*® The difference between the AS for dimers 1, 2, and 3, vs.
triphenylmethyl radicals and phenalenyl radicals can be justified by the bonding

arrangements of the dimers (Scheme 2-6).

AH = 9.8 kcal/mol
2 o
AS ~ 11.4 kcal/mol-K O

N

H
© @ AH = 10.7 kcalimol 2
o /
@ AS ~ 20 kcalimolK @ Q‘)

Scheme 2-6. Head-to-tail dimers from phenalenyl and triphenylmethyl radicals.
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Since the dimers 1,, 2, and 3, are bonded via the central carbon (head-to-
head), the release in entropy upon dissociation is greater than dimers bonded in a
“head-to-tail” arrangement. This latter geometry is less restrictive for the dimer and
therefore, this arrangement is more free to move, i.e., greater entropy. The head-to-
head dimers, on the other hand, are very restricted (lower entropy). We can then
understand the greater entropic gain of separating dimers 1,, 2, and 3, as a release

of more restrictions than in the dimers from triphenylmethyl and phenalenyi.
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2.9 Conclusions

We described the dimers of persistent carbon-centered radicals that have
dramatically reduced reactivity with oxygen. In solution, the dimers exist in thermal
equilibrium with the radical form which we studied using Variable-Temperature UV-
Visible and EPR spectroscopy. Bond dissociation energies for these “head-to-head”
dimers range from 15 to 26 kcal/mol. The thermodynamic properties estimated by
EPR (shown below) can be used to estimate the radical concentrations. [Re] at any

given temperature or dimer concentration, [R-R];

AH AS
[Re]=[R- R]" exp(- +—).
2RT 2R
Note: R = 8.314 J/(mol-K) = 0.001987 kcal/(mol-K) kc‘aﬁ'::ml | Calﬁﬂ% < M"f:m“
80000
25.2 31.3
(346nm)
Pho ; A 2 Ph 44000
AR e 24.5 31.4
o, 79 (336nm)
e e 65000
R, - 26.3 31.8
% . (336nm)
NS 0
Ph S S }Ph _ -
olhe &~ 15.7
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2.10 Experimental Details

Materials

All the chemicals were purchased from Aldrich unless specified otherwise. 3-
phenyl-isocoumaranone was synthesized as previously described.?® Irganox HP-136
was a generous gift from CIBA and was recrystallized before use to remove a minor
isomer. '"H and ™C NMR spectra were recorded on a Bruker-Avance-300
spectrometer at 300 and 75.4 MHz, respectively. Mass spectrum (El) was recorded
on a Kratos-Concept-il instrument. Non-corrected melting point was determined on
a Mel-Temp-ll apparatus. The reactions were followed by TLC using precoated 0.25
mm thick silica gel 60 F254 on aluminium-backed plates using short wave UV light
for compound detection. Before use, tert-butyl peroxide was filtered through a plug

of neutral aluminium oxide to remove hydroperoxides.
Synthetic Procedures
HP-136 dimer (1,)

Synthesis of 1, was carried out using the prbcedure reported for 3,3'-
diphenyl-3H,3'H-[3,3']bibenzofuranyl-2,2'-dione (2,)."" mp 217-218°C (decomposition
from white powder to dark yellow liquid) 'H NMR (CDCl,, 500 MHz) & 1.15 (s, 6 H),
1.30 (s, 6 H), 2.16 (s, 18 H), 2.26 (s, 18 H), 6.34 (broad s, 2 H), 7.02 (broad s, 4 H),

7.08 (broad s, 2 H), 7.25 (d, 2 H). ®*C NMR & 174.3 (s), 149.4 (s), 145.7 (s), 137.1
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(s), 135.3 (s), 133.5 (s), 132.5 (d), 129.5 (s), 128.6 (d), 128.7 (d), 126.9 (s), 123.9
(d), 122.0 (s), 34.8 (s), 34.6 (s), 31.7 (q), 29.9 (q), 20.2 (q), 19.6 (g). MS m/z 349
(100), 334 (42), 307 (38), 291 (23). Crystal data: xyz coordinates are included in the

Appendix at the end of this chapter.

HP-136 dimer (1,) by TEMPOe* Oxidation

HP-136 monomer 1-H (2.243g, 6.4mmol) was completely dissolved in an
Erlenmeyer using the minimum amount of n-hexane (~150mL) at room temperature
by using sonication to assist dissolution. To this almost saturated solution, one
equivalent of tetramethylpiperidine-N-oxide radical (TEMPO-, 1g) was added and
shaken to dissolve. The flask was left in the dark overnight exposed to air with a
needle. We observed that the orange colour of TEMPO-* cleared quite fast after the
addition of TEMPO-. The next day, the orange colour reappeared and clear crystals
had formed. The crystals were recovered by filtration and washed with cold n-
hexane and isopentane. The solid was then dried under vacuum overnight (56%
yield). The 'H and C NMR matched those obtained previously. Note: It was
observed that a very small amount of TEMPO+ remained in the product as was
observed by EPR. Fellow graduate student Vasilisa Filippenko has optimized this
procedure by using catalytic amounts of TEMPO and constantly purging of the
reaction with oxygen. The TEMPO-« impurity in this latter synthesis was removed by

recrystallization from acetonitrile and dichloromethane.
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meso-3,3’-Diphenyl-[3,3’-dibenzofuran]-2,2’-(3H,3’H)-dione (dimer 2,)

A 500 mL, screw cap, Pyrex bottle was equipped with a magnetic stirring bar.
In the flask were placed 3-phenyl-isocoumaranone (10 g, 47.5 mmol), tert-butyl
peroxide (100 mL, 544.3 mmol) and benzene (150 mL). The stirred solution was
bubbled with nitrogen for 20 min and irradiated at 350 nm for 62 h at 30°C. The
resulting suspension was concentrated by rotary evaporation. The solid residue was
washed with cold diethyl ether until a white solid was obtained. The filtrate was
recrystallized from diethyl ether to furnish 6.2 g of the title compound as a white
solid (63% yield). 'H NMR data match those previously reported.” mp 161-168°C
(decomposition from pink powder to dark red liquid), R; = 0.34 (hexanes/ethyl
acetate = 6:1), '"H NMR (CDCl,, 300 MHz): & 7.38-7.18 (m, 12H), 7.09-7.01 (m, 4H),
6.46 (broad doublet, 2H, H4, H4’, J = 6.4 Hz) ppm. 13C NMR (CDCl,, 75.4 MHz): &
173.9, 153.8, 131.3, 131.2, 131.0, 130.7, 130.2, 129.3, 129.1, 128.7, 128.0, 127.7,

127.6, 126.8, 124.3, 124.0, 111.8, 111.2 ppm. MS (El) m/z = 209 [M/2]* (100%).

1,2-dicyano-1,1,2,2-tetraphenylethane (dimer 3,)

To 100 mL of tert-butyl peroxide and 10 mL HMPA was added
diphenylacetonitrile (10g, 50 mmol). The resulting solution (in a Pyrex bottle) was
bubbled with nitrogen for 30 minutes. Irradiation was done with 350 nm lamps and
followed by TLC for 8 days. (NOTE: reaction times will vary with intensity of light).

The reaction mixture was then reduced in volume and the residue was recrystallized
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in diethyl ether to afford 2.8 g of white crystals. (28% yield) mp 192-203°C
(decomposition from yellow powder to dark orange liquid), 'H NMR (CDCI,, 300
MHz): & 7.20-7.35 (broad m) ppm. *C NMR (CDCl,, 75.4 MHz): & 137.3, 130.5,
129.0, 128.5, 121.5, 59.5 ppm. MS (El) m/z 192 [M/2]* (100%). This synthesis has
been successfully scaled up to 30-gram batches using acetonitrile instead of HMPA

as the solvent with similar yields after multiple recrystallizations.

9,9'-Diphenyl-(9,9')-bis-fluorenyl (dimer 4,)

9-Phenyl-9-fluorenol (1.0 g, 3.87 mmol) was dissolved in dry, freshly distilled
acetone (over CaH,). This solution was added drop-wise to a solution of previously
reacted trimethylsilyl chloride (0.51 mL, 1.2 eq.) and excess Nal (2.9 g, 5 eq.) in
acetone, all under inert atmosphere (argon) at room temperature. The solution
turned brown from the initial addition of 9-phenyl-9-fluorenol and darkened as the
reaction was stirred overnight (12 hrs). After rotary evaporation under reduced
pressure, the residue was washed with dichloromethane (100 mL) and 100mL of
10% Na,S,05(aq.) (the agueous phase was clear and the dichloromethane layer
was opaque with a white suspension). Simple filtration of this bilayer afforded the
desired product (which was washed several times with ice cold acetone) to afford
480 mg of product as a white powder. (51% yield) mp 176-185°C (decomposition
from pink powder to dark red liquid), 'H NMR (CDCl,, 200 MHz): & 7.59-7.46 (6H),

7.30-7.09 (m, 16H), 6.93 (broad s, ~2H), 6.57 (broad s, ~2H) ppm. *C NMR: &
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147.5, 146.3, 141.5, 140.9, 131.5, 129.4, 129.2, 128.3, 127.7, 127.6, 127.6, 127.3,
127.2, 126.7, 126.4, 126.0, 119.8, 119.5, 93.5 ppm. MS (El) m/z 241 [M/2]* (100%).

HRMS calcd for C19H13* (M/2*) 241.1012, found 241.1037. |
Temperature Dependant UV-Vis Measurements

The UV-Vis absorption measurements were performed on a CARY-50 or
Hewlett Packard 8452A spectrophotometer. A typical experiment was conducted as
follows: A 1cm by 1cm rectangular quartz cell containing dimer in 3.0 mL of dry
toluene (or in 1,3-dichlorobenzene in the case of dimer 4,) was capped with a
septum and a thermocouple probe was passed through the septum directly in the
solution to measure the exact temperature of the solution at all times during the
experiment. The sample was then purged with nitrogen and a nitrogen-filled balloon
with needle was fixed through the septum to accommodate for gas expansion during
heating. The heating was achieved with a custom designed, controllable block
heater that fit in the spectrophotometer cavity. Room temperature absorbance
spectra were set as the baseline. Absorbance measurements were taken every 3-5
degrees with at least 5 minutes in between measurements to allow the temperature

and the solution to equilibrate.

Variable Temperature Electron Paramagnetic Resonance (VT-EPR)

EPR measurements were performed using a JEOL FA-100 X-Band EPR

spectrometer (JEOL USA, Peabody, MA) equipped with a temperature-controlled
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sample holder. The calibration with different concentrations of 4-oxo-TEMPO was
done on the same day (with the same parameters) as the dimers sample. All
samples were run in nitrogen-purged toluene. The acquisition parameters were the
same for all analyzed samples: Power = 1mW, Modulation Frequency = 100KHz,
Modulation Width = 0.01mT, and Time Constant = 0.03 sec. The EPR integrations
were also corrected for temperature effects by multiplying the signal intensity by the
temperature in Kelvin. The reference samples with 4-oxo-TEMPO were done at

different temperatures (50-90°C). A calibration curve for 4-oxo-TEMPO is shown.

150 -
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O
s
® 100}
(o)}
[J] -
e}
=
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o
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0 5 10 15 20 25

[4-oxoTEMPO], uyM

Figure 2-10. A typical calibration curve obtained from 4-oxo-TEMPO in toluene
under nitrogen at different concentrations. This was used to quantify the
concentration of persistent radicals.
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2.12 Appendix. Coordinates for Crystal Structures.

2.12.1 XYZ coordinates for HP-136 dimer (1,) crystal structure

R1 =8.84, wR2 = 28.46

Atom X Y V4
(o] 9.30256 7.44460 3.65698
0] 9.54321 7.73026 5.85934
(o] 11.20017 10.02417 4.58970
o] 10.55770 12.16530 4.67974
(o4 9.09282 8.13541 4.61146
C 9.16347 8.68858 6.79882
C 9.52555 8.62807 8.14800
C 9.04315 9.68470 8.90626
H 9.23412 9.67822 9.82623
C 8.29360 10.76510 8.41176
[od 7.99775 10.75214 7.03331
H 7.50431 11.45656 6.65587
C 8.42386 9.71712 6.23416
C 10.37556 7.48501 8.71304
C 11.73887 7.41154 7.95853
H 12.26985 6.68335 8.31796
H 12.21686 8.24777 8.07409
H 11.57881 7.25813 7.01605
C 9.64809 6.14748 8.53707
H 8.79919 6.17557 9.00831
B 10.19452 5.43225 8.89951
H 9.48912 5.98758 7.59385
C 10.68906 7.69461 10.19654
H 9.86114 7.73134 10.70042
H 11.17368 8.52868 10.31022
H 11.23218 6.95994 10.52033
(o4 7.81119 11.88440 9.34223
C 8.94380 12.56721 10.03258
H 9.43834 11.92113 10.55785
H 8.59717 13.26299 10.61413
H 9.53218 12.96480 9.36849
C 6.74814 11.35068 10.26145
H 7.12015 10.63978 10.80547
H 6.01073 11.00279 9.,73243
H 6.42911 12.06375 10.83549
(o4 7.05392 13.02098 8.53932
H 6.30768 12.63204 8.05533
H 7.66548 13.43369 7.90901
H 6.72496 13.69083 9.15839
C 5.72703 2.38003 5.12510
H 5.87385 9.77330 5.96552
C 4.42553 9.06240 4.74240
H 3.70358 9.26983 5.3089%4
C 4.19592 8.43360 3.51028
C 5.28437 8.17431 2.70212
B 5.14969 7.75511 1.87220
C 6.56379 8.51571 3.08594
H 7.28132 8.32556 2.51002
C 6.81658 9.12722 4.29105
C 3.31280 9.39084 5.61284
H 3.64618 9.81651 6.41575
H 2.83813 8.57838 5.84921
H 2.71007 9.99586 5.15136
C 5.04041 7.57360 1.38445
H 5.8871¢0 7.43531 0.93047
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H 4.48404 8.16782 0.85543
H 4.59002 6.72225 1.49701
C 2.77189 8.04250 3.09532
H 2.79507 7.62546 2.21737
H 2.21663 8.83767 3.05780
H 2.40540 7.42019 3.74064
C 8.26048 9.44270 4.74765
C 10.34354 10.85154 4.41824
C 9.31471 12.83947 4.59683
C 9.14581 14.17917 4.90561
C 7.80126 14.59404 4.85458
H 7.61470 15.49294 5.05756
C 6.72606 13.76862 4.52292
C 6.99431 12.44405 4.15673
H 6.29554 11.87576 3.89072
C 8.30022 11.97731 4.18900
C 10.31926 15.09751 5.25679
C 10.97276 14.60917 6.55007
H 11.71790 15.18826 6.77218
H 11.29400 13.70163 6.42700
H 10.32146 14.62861 7.26743
C 11.34919 15.08022 4.10645
H 12.09322 15.66148 4.32969
H 10.92861 15.39138 3.29042
H 11.67484 14.17485 3.97701
[o4 9.86555 16.53444 5.45414
H 10.63166 17.08761 5.67287
H 9.22198 16.57334 6.17938
H 9.45490 16.85856 4.63735
C 5.26450 14.27208 4.52329
C 4.96865 14.98299 3.22663
H 5.55814 15.75007 3.13659
H 4.04690 15.28334 3.22288
H 5.11216 14.37580 2.48376
C 5.04703 15.26173 5.69163
H 5.73255 15.94670 5.66912
B 5.09670 14.78419 6.53581
H 4.17274 15.67660 5.60909
(o 4.25664 13.16143 4.67112
H 4.48625 12.61475 5.43650
H 4.25995 12.61259 3.87196
H 3.37352 13.54173 4.79868
C 4.93443 14.06681 2.81768
H 5.08235 13.15063 2.56255
H 5.52171 14.65238 2.30367
H 4.00936 14.31530 2.63759
C 5.27664 15.70902 4.65236
B 6.00963 16.06339 4.13084
H 5.39034 15.93806 5.58283
H 4.43768 16.05906 4.32594
C 4.49287 13.39696 5.12134
H 4.56683 12.54561 4.67112
H 3.57553 13.70812 5.08758
H 4.77216 13.30621 6.04431
C 10.01679 9.61556 1.78853
H 10.69458 9.26551 2.33743
C 10.05984 9.38435 0.42096
H 10.76634 8.88305 0.05628
C 9.06192 9.88566 ~0.41383
C 8.04302 10.60737 0.14707
H 7.35197 10.92933 -0.40145
c 8.00548 10.87098 1.49813
H 7.31334 11.40038 1.84969
[of 8.99789 10.35239 2.36332
(o 11.09640 8.52868 -0.19510
H 10.9517¢9 8.48762 -1.15559
H 11.04452 7.63627 0.18009
H 11.97290 8.90466 -0.01876
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C 7.05723 10.84722 -0.66409
H 7.31113 10.59440 -1.56454
H 6.84418 11.79365 -0.64157
H 6.28119 10.33511 -0.39020
C 2.11711 9.58963 -1.91309
H 9.89977 9.04943 -2.10857
H 9.16789 10.42154 -2.40497
H 8.31899 9.10561 -2.17610
C 8.90958 10.61385 3.89747

2.12.2 XYZ coordinates for bis-9-phenyl-9-fluorenyl peroxide dimer crystal
structure

R1=4.54, wR2 = 10.88

Atom X Y Z
H -3.08007 -3.80191 -3.30533
0 -0.52752 0.52928 -0.04919
(o4 0.16703 1.71656 ~0.49511
C 0.14270 0.66225 -2.80688
H -0.56677 0.11046 -2.53142
C 0.60929 0.58672 ~-4.11490
H 0.21577 -0.01785 ~-4.71675
C 1.64870 1.39555 -4.53387
H 1.95582 1.34819 -5.42127
C 2.23024 2.26979 -3.64759
H 2.94338 2.81493 -3.92680
C 1.76733 2.35034 -2.33851
H 2.16779 2.95472 -1.74011
(o4 0.71842 1.54714 -1.90571
[od 1.15582 2.20393 0.56457
C -0.63053 3.70763 0.58462
C -1.50724 4.75892 0.84699
H -1.32150 5.37826 1.52956
C -2.65552 4.87358 0.08519
H -3.25667 5.57523 0.25839
C ~2.93318 3.97405 -0.92462
H -3.71639 4.07548 -1.43433
C -2.06420 2.91338 -~1.19877
H -2.24751 2.30432 -1.8904¢6
C -0.92816 2.78892 -0.42344
C -2.37761 -1.66844 -0.95037
H -2.72380 -0.90793 -0.52005
C -3.07955 -2.27420 -1.98202
H -3.90044 -1.91063 -2.25969
C -2.58914 -3.40421 -2.60918
C -1.38267 -3.95374 -2.21907
H -1.05537 -4,72827 ~-2.64075
C -0.65697 ~3.35164 -1.19803
C 1.50724 -4.,75892 -0.84699
H 1.32150 -5.37826 -1.52956
C 2.65552 -4.87358 -0.08519
H 3.25667 -5.57523 -0.25839
H 3.71639 -4.07548 1.43433
[ 2.37761 1.66844 0.95037
H 2.72380 0.90793 0.52005
[of 3.07955 2.27420 1.98202
H 3.90044 1.91063 2.25969
C 2.58914 3.40421 2.60918
" 3.08007 3.80191 3.30533
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C 1.38267 3.95374 2.21907
H 1.05537 4.72827 2.64075
C 0.65697 3.35164 1.19803
[¢] 0.52752 -0.52928 0.04919
C ~0.16703 -1.71656 0.49511
c ~0.14270 -0.66225 2.80688
H 0.56677 -0.11046 2.53142
C ~0.60929 ~0.58672 4.1149%90
H ~-0.21577 0.01785 4.71675
C ~1.64870 -1.39555 4.53387
H -1.95582 -1.34819 5.42127
C ~2.23024 -2.26979 3.64759
H ~2.94338 -2.81493 3.92680
C ~1.76733 -2.35034 2.33851
H ~2.16779 -2.95472 1.74011
C ~-0.71842 -1.54714 1.90571
C ~1.15582 -2.20393 -0.56457
C 0.63053 -3.70763 -0.58462
C 2.93318 -3.97405 0.92462
C 2.06420 -2.91338 1.19877
H 2.24751 -2.30432 1.89046
C 0.92816 -2.78892 0.42344
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3.1 Graphical Abstract
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3.2 Idea: Dimers as Antioxidants.

The carbon-centered radicals (1¢ - 3¢) described in the previous chapter are
unusual regarding their reaction, or lack thereof, with oxygen.'® For such sterically
hindered radical centers, they are also unusual in their mode of dimerization; head-
to-head rather than head-to-tail.® The dimers formed are in equilibrium with the
nascent radicals due to very low BDEs of the central carbon-carbon bond. We
introduced the term “dynamically stable” to describe their surprising stability in

solution, under air.

These properties inspired the idea to use carbon-centered radicals as
antioxidants. Before any experiments were performed, Prof. Scaiano applied for a
w7

patent on “Thermally Modulated Antioxidants”.” Persistent carbon-centered radicals

(A*) generated by the thermal dissociation of dimers (A-A), it was anticipated, would

react with peroxyl radicals and act as chain-breaking antioxidants.
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A-A
0O, A’“A
A A*
Initiator —— — R* ROO* — ROO-A
ROOH R-H
\ J\. J\. J
M M A t'Y'd t
T ; ntioxidan
Initiation Propagation Termination

Scheme 3-1. Description of the concept presented in this chapter. The autoxidation of
substrate R-H is inhibited by the presence of dimers (A-A). Thermal
dissociation of dimers generates persistent carbon-centered radicals A
that trap propagating peroxyi radicals, ROO¢, to stop the autoxidation.

Inspired by the radical-dimer equilibrium described in the previous chapter,
graduate student Kathy-Sarah Focsaneanu and post-doctoral fellow Carolina Aliaga
developed the use of persistent radicals to trap benzylic radicals as a synthetic tool
to make quaternary carbon-carbon bonds.® This very nice work demonstrated
dimers as “radical buffer solutions”: persistent radicals effectively trap other radicals
as they form. Reactions [1], [2] and [3] illustrate a successful application of this idea.
As trapping occurs, the persistent radical concentration is replenished by
dissociating dimers according to LeChételier’s Principle. This process can continue
until the dimers are consumed and the overall kinetics of this process are similar to

the conditions leading to the Fisher-Ingold Persistent Free Radical Effect.®'°
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To establish the potential of the mechanism of Scheme 3-1, the antioxidant
activity of the dimers had to be evaluated. Due to the growing interest in antioxidants
and oxidative stress, many assays have been developed to quantify antioxidant
activity. In reality the majority of recently developed assays for chain-breaking
antioxidants use indirect methods to estimate antioxidant activity.'" These indirect
methods, including work from our laboratories,’®' are either based on the ability of
antioxidants to act as H-atom donors to experimentally convenient radicals or on
their reducing ability. Nonetheless, the assays developed are largely relevant and

comparisons between similar classes of antioxidants do yield useful information.

The dimers 1,, 2, and 3, presented here (Scheme 3-2) are a new class of
antioxidants. Presumably, they would have scored very low with the use of these
indirect tests since H-atom donation and reducing metal ions are certainly not
abilities of carbon-centered radical dimers. This new class of antioxidants needed

an “old” methodology to prove their worth.
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HP-136 dimer HP-136 radical
1, 1.

Ph
: (L
o
e
nc, Ph N CN
Ph Ph—== 2 |
Ph CN Ph” * Ph
32 3'

Scheme 3-2. Chemical structure of persistent carbon-centered radicals: HP-136
radical (1¢), 3-phenyl-2-coumaranone radical (2+) and diphenylacetonitrile
radical (3¢) and their thermally labile dimers 1,, 2, and 3,.
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3.3 Evaluating Antioxidant Ability: Oxygen Uptake

Measurements.

The term antioxidant was derived, very simply, because antioxidants protect
against free radical oxidation. Free radical oxidation consumes oxygen; therefore
one of the first antioxidant assays was to measure oxygen consumption of fats with
and without antioxidants. The molecules that reduced oxygen consumption the most
were named the best antioxidants.™ It was not until the 1960s that proper kinetic

analysis could be extracted using oxygen uptake data.

While at the Sussex Drive NRC laboratories in Ottawa, Keith Ingold and J. A.
Howard developed a competitive kinetics assay based on oxygen-uptake
measurements.’'® The key to the method’s success was to initiate free radical
oxidation at a constant, known rate using azo-initiators and choosing a suitable
substrate for autoxidation. To explain the technique, | will follow the experiments
performed to estimate the dimers’ antioxidant activity. Conceptually these
experiments are very similar to the work of Ingold and Howard in the 1960s. The
goal of the experiment is to measure the rate constant (k,,,) for the reaction between
an antioxidant and a peroxyl radical as shown in [4]. The rate constant k,,, is taken
as the measure of antioxidant activity; a higher k,,, will mean a better antioxidant.

Other system-specific factors used to quantify antioxidant activity such as
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preserving the color purity of a material or the flavor of foodstuff will not be

discussed in this chapter.

. . Kinh non-radical
[4] ROO®* + antioxidant —— products

The term “non-radical products” indicates the generation of a mixture of
products that do not affect the measured oxygen uptake. Another measurement
available from the measurement of oxygen-uptake is the “stoichiometric factor”; the
number of peroxyl radicals trapped per antioxidant (vide infra). This number will be
represented by “n” and most common phenolic antioxidants have n values of 2

because of reactions [5] and [6],

OH o*
X ki

ROO‘+|\’ ™M RooH & [
- /\’

5] R’ R

OQ

0ot + [ e
X fast

The rate of oxygen uptake during the uninhibited autoxidation of a substrate
R-H (no antioxidants) can be represented by the elementary reactions [8] to [12].
Initiation occurs when thermal decomposition of an azo-initiator under air generates

peroxyl radicals at a slow, steady rate; 2,2’-azo-bis-isobutyronitrile (AIBN), for
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example, has a half-life of ~2000 hours at 30°C. The rate of inititiation (R,,,) is given

by eq [7].

[71 R._=2ek.

init

[ Initiator ] = 2eA exp(-E, /RT )| Initiator]

init

The initiator efficiency, e, represents the fraction of radicals R’s that escape
the solvent-ca<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>