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PREFACE TO SERIES

Most stable compounds and functional groups have benefited from numerous mono-
graphs and series devoted to their unique chemistry, and most biological materials and
processes have received similar attention. Chemical and biological mechanisms have
also been the subject of individual reviews and compilations. When reactive inter-
mediates are given center stage, presentations often focus on the details and
approaches of one discipline despite their common prominence in the primary
literature of physical, theoretical, organic, inorganic, and biological disciplines.
The Wiley Series on Reactive Intermediates in Chemistry and Biology is designed
to supply a complementary perspective from current publications by focusing each
volume on a specific reactive intermediate and endowing it with the broadest possible
context and outlook. Individual volumes may serve to supplement an advanced course,
sustain a special topics course, and provide a ready resource for the research
community. Readers should feel equally reassured by reviews in their speciality,
inspired by helpful updates in allied areas and intrigued by topics not yet familiar.

This series revels in the diversity of its perspectives and expertise. Where some
books draw strength from their focused details, this series draws strength from the
breadth of its presentations. The goal is to illustrate the widest possible range of
literature that covers the subject of each volume. When appropriate, topics may span
theoretical approaches for predicting reactivity, physical methods of analysis, strate-
gies for generating intermediates, utility for chemical synthesis, applications in
biochemistry and medicine, impact on the environmental, occurrence in biology,
and more. Experimental systems used to explore these topics may be equally broad and
range from simple models to complex arrays and mixtures such as those found in the
final frontiers of cells, organisms, earth, and space.
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xvi PREFACE TO SERIES

Advances in chemistry and biology gain from a mutual synergy. As new methods
are developed for one field, they are often rapidly adapted for application in the other.
Biological transformations and pathways often inspire analogous development of new
procedures in chemical synthesis, and likewise, chemical characterization and
identification of transient intermediates often provide the foundation for understand-
ing the biosynthesis and reactivity of many new biological materials. While individual
chapters may draw from a single expertise, the range of contributions contained within
each volume should collectively offer readers with a multidisciplinary analysis and
exposure to the full range of activities in the field. As this series grows, individualized
compilations may also be created through electronic access to highlight a particular
approach or application across many volumes that together cover a variety of different
reactive intermediates.

Interest in starting this series came easily, but the creation of each volume of this
series required vision, hard work, enthusiasm, and persistence. I thank all of the
contributors and editors who graciously accepted and will accept the challenge.

STEVEN E. RokITA

University of Maryland

ABOUT THE SERIES EDITOR

STEVEN E. ROKITA, PhD, is Professor in the Department of Chemistry and
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INTRODUCTION

Carbon radicals and radical cations hold central places in modern organic reactivity,
from alkene addition reactions in the synthesis of novel polymers to fundamental
studies of electronic distribution of spin and charge in the study of donor—acceptor
interactions. The importance of free radicals in biological reactions was recognized
initially in fields such as photosynthesis, but they are now of interest in areas of
research as diverse as tissue damage and the aging process. The field of biological free
radicals has grown to the extent that an entire journal is now devoted to the topic: Free
Radicals in Biology and Medicine. The ubiquity of radical intermediates in chemistry
and biology has commanded attention from chemists, biologists, and physicists,
across a variety of subdisciplines, who are seeking to understand the structure,
reactivity, and dynamics of radicals in magnetic and chemical environments that
are often complex.

To this end, high levels of theory have been developed in conjunction with a
sophisticated array of experimental techniques that now make it possible to measure
the properties of organic reactive intermediates with extraordinary precision. This
volume, on carbon-centered free radicals and radical cations, highlights several of the
most advanced computational and experimental methods currently available for such
investigations. The chapters within are written by a well-rounded group of experts,
who have made a strong effort to explain difficult concepts clearly and concisely. The
authors were selected with the intention of providing a broad range of material, from
small molecule synthesis to polymer degradation, and from computational chemistry
to highly detailed experimental work in the solid, liquid, and gaseous states.

Chapter 1 presents a short history of the field of free radical chemistry. Buildingona
few earlier summaries in monographs that are now a bit dated, this chapter covers more
modern developments in radical reactions, mechanisms, and physical methods since

xvii



xviii INTRODUCTION

the 1960s. Particular attention is paid to the chemically induced spin polarization
phenomena that have a strong presence in this volume. Chapters 2—4 can be considered
to have the common theme of mechanistic chemistry, with an emphasis on synthetic
utility. Chemists are sometimes surprised to find useful radical reactions in synthesis,
and these three chapters summarize many new ideas for the construction of interesting
organic structures. In Chapter 2, Wille describes recent experimental and computa-
tional results from her laboratory on cascade-type radical additions to alkynes, with
mechanistic examples and synthetic applications. Complementary to her work on
building carbon skeletons is Poniatowski and Floreancig’s description of radical
cation fragmentation reactions in Chapter 3, with applications to asymmetric total
synthesis. In Chapter 4, Sevov and Wiest discuss chemo-, regio-, and periselectivity
trends and solvent effects in radical cation Diels—Alder reactions.

Chapters 57 are focused on molecular structure and are therefore mostly from the
computational perspective. However, these authors were invited because of their skills
in connecting computation to experiment, and they have provided significantinsightin
many important reactions. In Chapter 5, Coote, Lin, and Zipse provide a summary of
stereoelectronic effects governing the stability of carbon-centered radicals, with a
detailed discussion of applications to H-atom transfer and olefin addition reactions.
Barone, Biczysko, and Cimino present case studies of vibrational and environmental
effects on radical stabilities in Chapter 6, with several important biological examples.
In Chapter 7, Gescheidt connects the electrochemistry and magnetic resonance of
pagodane-type radical cations to their molecular structures. His experimental mea-
surements are strongly supported by computational results.

Chapters 8—11 represent an effort to present the forefront of spectroscopic
investigations of radical structure and kinetics. These particular chapters also provide
excellent demonstrations of several “spin chemistry” techniques such as CIDNP and
magnetic field effects. In this regard, Chapter 8 by Woodward contains an excellent
introduction to the physics of geminate radical pair spin state evolution and magnetic
field effects, presenting theoretical details clearly and giving numerous experimental
examples. Goez, in Chapter 9, also provides background on the radical pair mecha-
nism as applied to the CIDNP experiment. His examples include reactions of radicals,
radical ions, and biradicals. This chapter provides a very useful overview of the theory
and contains several worthy demonstrations of the mechanistic power of CIDNP
spectroscopy. The contributors of Chapter 10, Rawls, Kuprov, Elliot, and Steiner, have
combined their experimental and theoretical talents to analyze the magnetic properties
of linked donor—acceptor systems that are model systems for artificial photosynthesis,
with a particular emphasis on spin relaxation effects. No volume of this type would be
complete without a description of modern gas-phase radical reactions. The crossed
molecular beam experiments described by Kaiser in Chapter 11 delineate the
chemistry of phenyl radicals and other smaller carbon-containing fragments, as
related to atmospheric science.

This volume closes with three chapters on different aspects of free radical chemistry
in macromolecules. Several photoinitiation reactions that are widely used in polymer
synthesis are discussed by Khudyakov and Turro in Chapter 12. This chapter also gives
an informative description of how CIDEP can be used to simultaneously study
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structure and mechanism in photochemical reactions. The reactions of geminal radical
pairs created in bulk polymers are presented by Chesta and Weiss in Chapter 13. Of the
many possible chemical reactions for such pairs, they are organized here by polymer
and reaction type, and the authors provide solid rationalizations for the observed
product yields in terms of cage versus escape processes. Chapter 14 contains a
summary of the editor’s own work on acrylic polymer degradation in solution. Forbes
and Lebedeva show TREPR spectra and simulations for many main-chain acrylic
polymer radicals that cannot be observed by steady-state EPR methods. A discussion
of conformational dynamics and solvent effects is also included.

On a personal note, I would like to thank the series editor Steven Rokita for the
invitation to generate this volume. This was a challenging project and he was always at
the ready with good advice during the writing process. Becky Ramos and Anita
Lekhwani at Wiley were instrumental in getting this volume off the ground; hands off
enough to let me shape the volume the way I wanted, and hands on enough to avoid
catastrophe. I am indebted to my editorial assistant (and coauthor) Natalia Lebedeva,
without whom I would still be choosing authors and daydreaming about potential
topics. I also acknowledge the U.S. Fulbright Scholar Program for a fellowship
that gave me substantial time away from everyday duties this year in order to complete
this volume.

Finally, no project of this magnitude is ever created without authors who share their
commitment and are willing to produce great science within a reasonable time frame. |
thank them for their patience with me as the initial deadline slipped past, and for
working hard over the holiday break of 2008—-2009 to get their manuscripts to me for
the final push to production. It is not quite enough to let their efforts shine on the pages
within, therefore I close this introduction by stating that the authors’ perseverance,
diligence, and attention to detail are duly recognized by a most grateful taskmaster.

MaLcoLm D. E. ForBEs

Chapel Hill, North Carolina
December 2009
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It may seem difficult to believe, but research on carbon-centered free radicals is about to
close out its second century. In 1815, Gay-Lussac reported the formation of cyanogen
(the dimer of *CN) by heating mercuric cyanide." Numerous experiments involving
pyrolysis of organometallic compounds followed, most notably from Bunsen,
Frankland,® and Wurtz* in the 1840s. All of these reactions suggested the existence
of what we now know to be carbon-centered free radicals, but physical methods of
detection were still many decades away, and the field became somewhat stagnant in the
latter half of the nineteenth century. From high-temperature gas-phase dissociation
reactions, it was well accepted that inorganic compounds such as elemental iodine
could exist in equilibrium with their atomic “radical” forms. In 1868, Fritzsche’s
observation of color changes due to formation of charge transfer complexes between
picric acid and benzene, naphthalene, or anthracene represented the first evidence for
the existence of carbon radical cations in aromatic systems.’ However, the attempted
isolation of neutral compounds with trivalent carbon was an idea that had definitely
fallen out of favor by the 1880s. This lack of interest was amplified by the flourish of
new ideas surrounding tetravalent carbon (pushed experimentally by the vapor density
method for determining molecular weights®) and by the geometrical insight provided
by van’t Hoff’s proposal of tetrahedral carbon in 1874.”

Because of this status quo, the field was turned completely upside down with
Gomberg’s report in 1900 of the preparation of the triphenylmethyl radical.® Apart
from the influential support of Nef,” Gomberg’s result was met with much skepticism.
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But as is typical in the scientific endeavor, healthy criticism can provoke new
experiments to prove or disprove a novel result, and the carbon radical skeptics
were slowly won over. The year 1900 marked the beginning of what we might call the
“wet chemistry” era of research on carbon-centered free radicals, although it should be
noted that there were also many gas-phase experiments that were useful in establishing
radical reactivity patterns. For example, Goldstein’s experiments with cathode ray
tubes provided the earliest physical method of detection of carbon-based radical
cations in the gas phase.'® On the theoretical side, strong support for the existence of
carbon-centered free radicals came from G. N. Lewis in 1916, whose ideas about
valence shells and the octet rule had just begun to emerge.'" Lewis was also the first to
recognize that molecules with unpaired electrons would exhibit paramagnetism. ' It is
rather astounding to realize that both of these hypotheses predate the advent of the
quantum theory; in regard to molecular structure, Lewis had an unmatched level of
insight for his time.

The 1920s saw a flurry of activities in both thermal and photochemical investiga-
tions of gas-phase organic reactions, and chemists such as H. S. Taylor began to
hypothesize carbon-centered radicals as reactive intermediates in certain mechan-
isms."? In 1929, Paneth and Hofeditz reported their ingenious “mirror” experiments
involving thermolysis of vapor-phase Pb(CHj3), and other organometallic compounds.
Their results clearly demonstrated that alkyl radicals were reasonable postulates as
reactive intermediates in these reactions.'® In solution-phase organic chemistry, free
radicals were beginning to be proposed as intermediates whenever “forbidden”
chemistry was observed. This included reactions such as autooxidation of carbonyl
compounds and the sulfite ion studied by Bickstrom in 1927,'> and in other reactions
by Haber and Willstiitter a few years later.'® There was even an early suggestion by
Staudinger in 1920 that free radicals were involved in the polymerization reactions of
olefins.!” Carbon-centered radical cations were the subject of many gas-phase ion
investigations in the early part of the twentieth century, led by the instrumentation
developments of Thomson and Aston.'®!° Their work during these years built directly
on Goldstein’s cathode ray results and lay the foundation for the emerging field of
organic mass spectrometry.

The year 1937 was an auspicious one for free radical chemistry, with the publication
of an extensive review on solution-phase free radical mechanisms by Hey and
Waters.”® At about the same time, Kharasch proposed the now well-accepted
mechanism for anti-Markovnikov addition of HBr to alkenes in the presence of
peroxides,*' a reaction he had initially reported with Mayo 4 years earlier.”* Also in
1937 came Flory’s definitive paper on the kinetics of vinyl polymerization reactions,
confirming the nature of these reactions as free radical propagations.”® This work on
polymers eventually led to one of the largest spurts of industrial growth of the twentieth
century. The year 1937 was noted by Walling in his excellent monograph®* as the
beginning of the general acceptance of carbon-centered free radicals as viable reactive
intermediates in solution-phase organic reactions at ordinary temperatures.

In terms of physical methods, by 1937 there had been only a few advances beyond
the mirror technique of Paneth or the invoking of “forbidden reactivity” in solution to
establish that a mechanism involved free radicals (or not). As noted above, mass
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spectrometry was one field where radicals and radical cations from organic structures
were beginning to be postulated and actively studied.?® Optical absorption, usually
carried out in frozen glasses with unstable radicals, was also a common early
technique,”® and this was an important component of Gomberg’s description of
the triphenylmethyl radical. With Lewis’ recognition of the link between radicals and
paramagnetism, the magnetic susceptibility experiment came to be used in the study of
stable free radicals.”” A bit later, scavenging studies were carried out to establish
radical mechanisms>®, and the early days of flash photolysis allowed coarse structural
and kinetic studies of radicals to be performed for the first time.** However, prior to
World War IT (WWII), there were no high-resolution methods available that could
definitively establish the structural (and magnetic) properties of carbon-centered
radicals. The War would change this situation quickly.

The threat of airborne bombing raids on major cities during WWII led to intense
efforts for the early detection of aircraft, and it was quickly recognized that radio and/
or microwave frequency electromagnetic radiation could be used for this purpose.*
This research in radio physics and engineering led to the availability of high-powered
RF sources and sensitive detectors, the potential of which was immediately exploited
by chemical physicists for the detection of magnetic resonances due to spin angular
momentum in atoms and molecules. Such resonances had been predicted from the
quantum theory two decades earlier, but had eluded detection.?' Purcell and Bloch in
the United States, and Zavoisky in Russia (then the USSR), refined these RF
experimental techniques to demonstrate “proof of principle” magnetic resonance
spectroscopies (Purcell and Bloch discovered and reported NMR independently in
1946,%23 while Zavoisky reported the first EPR spectrum of a paramagnetic species in
1945*"). While the EPR experiment is more directly relevant, both experiments played
key roles in understanding mechanistic organic chemistry involving carbon-centered
free radicals. The impact of these techniques on the field cannot be overestimated, and
both spectroscopic methods are widely used in the study of radical reactions to the
present day.

Just a few years after the discoveries of electron and nuclear magnetic resonance
phenomena, commercial EPR and NMR spectrometers appeared, and the early 1950s
can be considered the dawn of the “spectroscopic era” of research on free radicals. In
the United States, the research groups of Weissman in St. Louis and Hutchison in
Chicago were soon studying the structures and molecular dynamics of radicals and
triplet states. Weissman in particular was developing workable models for simulating
solution EPR spectra.® In 1958, Hutchison and Mangum reported the first EPR
spectrum of an organic triplet state,”® ending years of speculation and argument about
the nature of phosphorescence (much earlier, G. N. Lewis had correctly predicted that
the phosphorescent state of an organic molecule was the excited triplet).

Activity in magnetic resonance of free radicals has not let up, and a cursory
literature search found almost 80,000 publications related to EPR spectroscopy at the
time this book went to press. More than half of these papers are devoted to carbon-
centered radicals. In 1963, new photochemical techniques and advances in spectrom-
eter sensitivity led to the first direct observations of free radicals in liquid solution at
room temperature.37 Soon after, it was commonplace to see g-factor (chemical shift)
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and isotropic electron—nuclear hyperfine coupling constants for novel radicals being
published on a regular basis in what we now refer to as “high-impact” journals.

Many sophisticated techniques for the isolation and study of free radicals and
carbenes in the gas phase were devised during the spectroscopic era,”®>? most of them
in conjunction with the development of high-intensity CW and pulsed lasers. These
experiments were not only highly complementary to magnetic resonance methods,
but also had the advantage of driving computational and theoretical work because very
simple structures could be studied in the absence of solvent effects with high
spectroscopic resolution. An example is the landmark photodetachment experiment
of Engelking et al. that led to a precise value for the singlet—triplet energy gap in
methylene, the simplest carbene.*® This energy gap had historically been a problem for
computational chemists due to its open-shell structure, but the photodetachment
method provided much guidance. The electronic structure of methylene remains one
of the healthiest examples ever recorded of experiment/theory convergence in
physical organic chemistry. The development of pulsed lasers in the 1960s also
improved the time resolution and sensitivity of the flash photolysis experiment, and
this allowed the kinetics of many radical reactions in solution to be precisely measured
in real time.*' It is fair to say that prior to the development of time-resolved magnetic
resonance techniques in the 1970s, laser flash photolysis was the standard method for
determining free radical lifetimes in solution.*?

Research on carbon-centered radical cations in solution accelerated dramatically
with the development of time-resolved optical absorption and emission techniques.
The research group of Th. Forster in Germany pioneered photochemical methods of
production of radical cations and anions, as well as exciplexes.43 While the Forster
group focused on structure and lifetimes, the later work of D. R. Arnold in Canada,**
and of H. D. Roth in the United States,* reported the reactivity of photochemically
generated radical cations from a mechanistic perspective. These studies of radical ion
chemistry evolved into the field we now know as electron donor—acceptor interactions,
arich area of science in which carbon-centered radical cations are still actively studied.

Another burst of activity in free radical research occurred in the 1960s and 1970s,
after several reports of anomalous intensities in the EPR spectra of photochemically or
radiolytically produced radicals, and in the NMR spectra of the products from free
radical reactions in solution.***’ These so-called chemically induced magnetic spin
polarization (CIDNP and CIDEP) phenomena provided a wealth of mechanistic,
kinetic, dynamic, and structural information and were a cornerstone of carbon-
centered free radical research for the better part of three decades.*®** The umbrella
term for this area of research is “spin chemistry,” which is defined as the chemistry of
spin-selective processes.

Many new physical methods were developed in response to needs of spin chemists.
In particular, the time-resolved EPR (TREPR)5 9 and time-resolved NMR (CIDNP)5 !
techniques were found to be of unparalleled utility in terms of mechanistic under-
standing of radical chemistry. Theoretical work to explain CIDNP and CIDEP
phenomena was able to link, for the first time, the spin physics of radical pairs
to their diffusion, molecular tumbling, confinement (solvent cages versus supramo-
lecular environments>>), and the effects of externally applied magnetic fields.>>~>¢
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Several chapters of this book show how magnetic field effects, as well as CIDEP and
CIDNP spectral patterns, can be used to solve chemical problems. It should be noted
that the study of how applied magnetic fields perturb chemical reactivity is a topic that
is highly relevant to biological processes involving radical pairs, for example,
photosynthesis.”” "

Two other major instrumentation developments had a major influence on the study
of carbon free radicals. In the 1950s, George Feher developed electron—nuclear double
resonance (ENDOR) spectroscopy,®® which is still used to great advantage in
determination of hyperfine coupling constants in biological systems.®’ The experi-
ment is even run in time-resolved mode in some laboratories.°> Pulsed EPR has
emerged in recent years as a valuable technique,®® but its utility in the study of organic
radicals is somewhat limited by the current status of microwave pulsing technology.
Only very narrow spectral widths (~100 MHz) can be excited with uniform power by
such pulses without distortions of the signals. Both electron spin-echo envelope
modulation (ESEEM)®* and FT-EPR® are used in the study of biological free radicals,
and as the microwave technology improves in the modern era, 2D°® and even 3D®’
pulsed EPR experiments have become a reality.

It is interesting to look back on this historical perspective and note that in the “wet
chemistry” era (pre-WWII), the reactivity of radicals (Backstrom) and synthetic
applications (Kharasch) were “hot” experimental topics. Polymers were just begin-
ning to be recognized as fertile areas for research on free radicals (Flory), and gas-
phase spectroscopy was leading to some of the most insightful experimental observa-
tions of the time (Paneth). This book honors the efforts of these pioneers in that, while
the experiments have become more complex, the fundamental relationship between
structure and reactivity is still driving intellectual curiosity in free radical research.
The level of computational precision regarding structure and reactivity of free radicals
has grown incredibly since 1950 and now matches the sophistication of the modern
experimental arsenal.®*® It is clear that the complexity of the systems that can be
studied with these computational methods will continue to increase.

The future of the field is bright: carbon-centered free radicals in chemistry and
biology continue to be of broad interest and continue to be studied experimentally with
high resolution and high sensitivity. Combined with the latest computational tech-
niques, it is now possible to consider the creation of a “cradle to grave” understanding
of a free radical reaction, from the characterization of the excited-state precursor by
optical techniques to the structure and dynamics of the radicals themselves by EPR
spectroscopy, and finally to the kinetics of formation and structures of the products by
NMR spectroscopy and other analytical methods.
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2.1 INTRODUCTION

“Cascade” radical reactions, also known as “tandem’ or “domino” radical reactions,
that proceed through two or more consecutive steps under involvement of both intra-
and intermolecular reactions are a synthetically highly attractive methodology
because they enable the access of often very complex structural frameworks with
very few synthetic steps. The fact that the generally mild conditions for radical
reactions are compatible with a large number of functional groups so that time-
consuming protection strategies can be minimized, in addition to the recent observa-
tion that the principles of stereocontrol that were discovered and developed for ionic
chemistry can also be applied to free radical reactions, has resulted in the development
of highly stereoselective radical cascade processes.
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The great majority of radical cascades involve sequences of intramolecular steps
where the overall propagation is a unimolecular process (with the exclusion of the
initiation and termination steps), and recent overviews are given in Refs 1-5. However,
meanwhile many tandem reactions involving both intra- and intermolecular steps,
as well as multicomponent tandem reactions, have been reported in the literature,
which are compiled in recent reviews.>*

Cascade reactions that are initiated by intermolecular radical addition to =
systems have been mostly studied using C=C, C=N, and C=0O double bonds as
acceptors for both carbon- or heteroatom-centered radicals.>* Quite remarkably,
however, radical cascades that are triggered by intermolecular radical addition to
C=C triple bonds have received considerably less attention. This is in stark contrast
to the overwhelming number of studies that use alkynes as radical acceptors in
intramolecular radical cyclizations. Generally, intermolecular radical addition to
alkynes is significantly slower than addition to the corresponding alkenes,®
even though the former are more exothermic. This observation has been explained
in several papers by Fischer and Radom, who suggested that diminished polar
effects due to smaller electron affinities and larger ionization energies in alkynes,
compared to alkenes, render alkyne reactions less selective by increasing the activa-
tion barriers for radical additions. These authors also proposed that, in addition, the
higher triplet energy in alkynes could also lead to an increase in the activation barrier
for radical additions to alkynes.”"®

The addition of free radical species to alkynes leads to highly reactive vinyl
radicals that can undergo fast cyclization onto T systems,” as well as hydrogen
abstraction, and the synthetic value of vinyl radicals in cascade reactions has
been explored in numerous studies. However, although the intermolecular
addition of both C- and heteroatom-centered radicals to alkynes is principally
known for almost 75 years (note that the regiochemistry is controlled by steric
factors—the radical addition occurs usually at the less substituted site of the C=C
triple bond),’ because of the above-mentioned complications, vinyl radicals
have often been generated not through radical addition to alkynes, but through
homolytic atom abstraction from suitably substituted alkenes, for example, through
reaction of vinyl halides with tributyltin hydride, BusSnH, in the presence of a
radical initiator.’

This chapter provides a brief overview of radical cyclization cascades that
are initiated by intermolecular radical addition to alkynes. The specific reactions
have been arranged according to the atoms carrying the unpaired electron in
the attacking radical, with special emphasis on the reactions involving O- and
N-centered radicals. Because of the often highly complex nature of the
cascade reactions, the reaction schemes also include the mechanistic steps
involved in the respective sequence. It should be noted that it is the intention of
the author to present a selection of synthetically and/or mechanistically
interesting examples, rather than to provide a comprehensive collection of
reactions, and the reader is encouraged to consult the given references for additional
details.
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2.2 CASCADE REACTIONS INVOLVING RADICALS
OF SECOND ROW ELEMENTS

2.2.1 Cascade Reactions Initiated by Addition of C-Centered
Radicals to Alkynes

In 1967, Heiba and Dessau reported perhaps one of the earliest examples of a radical
cyclization cascade that is initiated by intermolecular addition of C-centered radicals
to alkynes. Reaction of carbon tetrachloride with 1-heptynes 1 in the presence of
benzoyl peroxide (BPO) as radical initiator resulted, among other products, in the
formation of 1,1-dichlorovinylcyclopentane derivatives 2 in moderate yields
(Scheme 2.1).1°

Cl
CClL,BPO ./~ R
/W
2 i 20-24%
) 1 R =H, Me 2
via:
ccl,
BPO i\ cl’
1 + ClsC’ ClaC™ NN 1,5-HAT ClaC™ SN
3 HR H 4 R
o, .
5-exo ClI R 9
cl —cr
5
SCHEME 2.1

The reaction is believed to proceed through addition of the initially formed
trichloromethyl radical, C15C", to the terminal end of the C=C triple bond in 1 to
give vinyl radical 3, which undergoes a 1,5-hydrogen atom transfer (1,5-HAT),
followed by 5-exo cyclization to the C=C double bond in alkyl radical 4.
The sequence is terminated by homolytic scission of a C—Cl bond in radical
intermediate 5, to form the stable alkene moiety in 2 with release of a chlorine
atom, CI'. The terminating B-fragmentation, which is obviously considerably faster
than chlorine transfer from CCl, by 5 in a radical chain transfer process, is mechanis-
tically quite remarkable, since the released Cl° is a substituent of the cascade-initiating
radical CI3C". Although CI' is a highly reactive species that might get involved in
radical chain processes, this principle can be regarded as the foundation of “self-
terminating radical cyclizations,” a recently discovered new concept in radical
cyclizations, which will be discussed later.

In another early example, C radicals, which were generated from the reaction of
trialkylboranes with dioxygen, O,, were added to o-epoxy alkynes 6 to give allenes 7
(Scheme 2.2)."" In this reaction, the initially formed vinyl radicals (or o-oxiranyl
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radicals) 8 undergo epoxide ring opening to give the allenic alkoxyl radical intermediate
9, which is trapped by triethylborane to give boronate 10, the end product of the radical
cyclization cascade. The observed allenic alcohol 7 results from hydrolysis of 10.

O EtsB, 0, Et CH,OH
= " C=C=C
Me 2% Y Me
6 7
via:
EtsB
<02
Et,BO;
Et 0 Et, CHZ0" Et CH20BEt: 1 droivsis
6 + Et° e c=c=C EtsB c=c= nydroysis
Me H Me H Me
8 9 Et* 10
SCHEME 2.2

The intermolecular radical addition of alkyl iodides to terminal alkynes has been
used in cyclization cascades performed under radical chain conditions (Scheme 2.3).
For example, Oshima and coworkers applied triethylborane as radical initiator to

Oshima et al.:
O/\Q t-Bul o 7 TtBu

A EtsB, 60°C

n-Bu 11 42% n-Bu | 12
J tBu*

Y% |
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CO-Me
Curran et al.: s

| H

m =——COsMe
(BusSn),, hv
15 14% 16 H 17
CO,Me
BusSn’* JK BusSnl N B,
H . H

m 5-exo0 =—CO.Me

18 H 19 H
SCHEME 2.3
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generate tetrahydrofurans 12 from the respective enyne precursor 11 in a radical
cascade consisting of addition of the nucleophilic #-butyl radicals, 7-Bu’, to the less
electron-richwsystemin 11 (e.g., the C = Ctriple bond), followed by 5-exo cyclization
of vinyl radical 13 and iodine abstraction by the cyclized radical intermediate 14.'* In
the cyclization described by Curran and Kim, the cyclohexenyl-substituted alkyl
radicals 17, generated from the corresponding halide 15 using tin radicals as mediator,
first undergo a cis stereoselective 5-exo cyclization to yield cyclohexyl-derived
radicals 18, which are subsequently trapped from the sterically less hindered front
side by intermolecular addition to the terminal end of methyl propiolate to ultimately
produce an E/Z mixture of the bicyclic vinyl iodide 16."

A combination of radical and electron transfer steps mediated by manganese
triacetate has been used in the synthesis of 5-acetoxyfuranones 21 through carbox-
ymethyl radical addition to mono- and disubstituted alkynes 20, followed by oxidative
cyclization of the resulting vinyl radicals 22 (Scheme 2.4).'* The cyclic intermediate
24 is transformed into the furanone 21 through stepwise one-electron oxidation and
capture of the resulting allyl cation 26 by acetate.

AcO R'

Mn(OAc); (4 eq.
Re— m (OAc)3 (4 eq.) R
20 AcOH, Acz0 @) R, R' = H, Ph, Me, Pr, Bu, Octyl, SiMe,
40-86%
210
via:
(o ) . Mn(OAc)3
CHgoOOH +CH,COOH — _e® ~ H®
R R' R R'
Mn(OAc)3 Mn(OAc AcOH
é g (OAc)s 399 cOH_,,
-e%-He -e® -H®
25 O 26 O
SCHEME 2.4

Zanardi and coworkers reported on a radical cascade that involves intermolecular
addition of ortho cyanoaryl radicals to terminal alkynes (Scheme 2.5)."> In this
sequence, decomposition of the aryldiazonium salt 27 in pyridine leads to the aryl
radical 29, which undergoes addition to the terminal end of the alkyne to give the vinyl
radical 30. 5-exo Radical cyclization onto the cyano group, followed by homolytic
aromatic substitution of the intermediate iminyl radical 31, results ultimately in the
formation of the cyclopentaphenanthridine 28. Although the yield of this sequence is
only moderate, the potential synthetic interest lies in the fact that nitrogen heterocycles
with elaborate frameworks can be obtained in one single step from readily available
starting materials.

Azobisisobutyronitrile (AIBN) is a widely used radical initiator that usually does
not get involved as a reagent in radical reactions itself. Montevecchi et al. reported
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+ R—— pyridine ‘
= e L) s
NC

b

NP BF N n
r 27 28 m
/N2 \
& (O
R— 5-exo 6-exo
== e =
4 N/ N N7
NC H R
L 29 3 R 31 R 2 |
SCHEME 2.5

recently that the transient C-centered 2-cyanoisopropyl radical, (/Pr),C * CN, obtained
from AIBN thermolysis can undergo addition to electron-poor alkynes. However, this
reaction leads to a variety of different products in very low yield and appears to be
synthetically not useful.'®

In recent years, N-hydroxyphthalimide (NHPI) has been increasingly used as
catalyst in radical reactions under tin-free conditions. The example in Scheme 2.6
shows that the phthalimide N-oxyl radical (PINO), which is generated by Co(Il)-
mediated oxidation of NHPI, abstracts a hydrogen atom from isopropanol (34) to give
the C-centered o-hydroxy radical 37, which is trapped with good efficiency by the
electron-poor acetylene 33. The resulting vinyl radical 38 abstracts a hydrogen atom
from NHPI, leading to the E/Z isomers of alkene 35 in a 1 : 1 ratio with simultaneous
regeneration of the oxidant. E-35 undergoes subsequent cyclization to lactone 39 that

o
MeO,C  CO,Me OH
OH __
MeO,C COMe + /K NHPI/Co(acac),/ZnCl, . o
33 34 O, (1 atm), 75°C

le) OH

via: L s I~ o
44% 45%
N-OH
NHPI O
CO(II)/Ogl
o)
N-O°
MeO,C
PINO O OH 3o MEOC_ COMe e pino N
* A %—J . 735+ CO.Me
3 OH
OH
E-:
MeO,C 38 35
.35 Syclization_ 7@ 3.0
o O
39

SCHEME 2.6
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reacts with a second a-hydroxy radical 37 to give ultimately the bicyclic bislactone
36 through an oxidative cyclization.'”

Aremarkable example for ahighly regioselective intermolecular radical addition to
an unsymmetrical bis-substituted alkyne is shown in Scheme 2.7. The 1,3-dioxolan-
2-yl radical 43, which can be generated from dioxolane 41 under photosensitized
conditions, exclusively undergoes addition to the -site of the C=C triple bond in the
ketimine 40. This triggers an intramolecular cyclization cascade consisting of 6-exo
cyclization of the vinyl radical 44 to the imine C=N double bond, followed by
reduction of radical intermediate 45, to give the polycyclic compound 42 as sole
product in 65% yield.'®' However, a similar reaction involving intermolecular
addition of both S- and Sn-centered radicals to &-yne ketimines of type 40 appears
to be less selective, since products arising from initial radical addition to both & and €
sites of the C =C triple bond were obtained—this might be a result of the reversibility
of S and Sn radical addition to alkynes (see below).

SCHEME 2.7

Cyclopenta-fused pyridines 48 have been synthesized through a cascade initiated
by intermolecular addition of C radicals to the C=N triple bond in vinylisonitriles.*°
The reaction in Scheme 2.8 shows addition of the nucleophilic alkynyl radical 49 to
the carbon end of the isonitrile group in 46 to give vinyl radical 50, which undergoes a

Ph
U . ——\_\ Bu3SnSnBu3
_N hv 72%
“7 46 47 '
via:

gz
= .
:—\_ 45 C\ /@/Ph 5-exo <f /Q/Ph 6-endo
. .\ NS -
49 N N
50 51

SCHEME 2.8
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5-exo cyclization to the alkyne moiety, followed by 6-endo cyclization of vinyl radical
51. If, instead of iodoalkynes of type 47, iodonitriles are used as precursors of C
radicals, pyrazines are obtained in an analog cyclization cascade (not shown).

2.2.2 Cascade Reactions Initiated by Addition of O-Centered Radicals
to Alkynes (Self-Terminating Radical Oxygenations)

In contrast to intramolecular (:yclizations,4 the intermolecular addition of O-centered
radicals to T systems as initiating step in complex radical cyclization cascades has only
recently attracted considerable attention. The reason for the low number of papers
published on O radical addition to alkenes and alkynes could originate from the
perception that O-centered radicals, such as alkoxyl radicals, RO’, or acyloxyl radicals,
RC(O)O, may notreact with 7 systems through addition at rates that are competitive to
other pathways, for example, allylic hydrogen abstraction and B-fragmentation in the
case of RO or decarboxylation in the case of RC(O)O® (Scheme 2.9).

o . B-fragmentation R\ R" - R\ R"
)J\ + R >< . — " N7+
R R R7N0°  HAT ; R” “OH
o B-fragmentation
. ——"~nR+co
R™ "O°
SCHEME 2.9

However, oxidations based on addition of O-centered radicals to unsaturated com-
pounds appear to be a highly desirable synthetic goal, especially when the new C—O bond
could be formed under the mild conditions that are typical for radical reactions. If this
radical addition would involve C=C triple bonds, the resulting reactive vinyl radical
would be highly suitable for the promotion of intramolecular cascade reactions.

The initial approach to explore addition of O-centered radicals to alkynes was to use
radicals that are less prone to fragmentation and/or hydrogen abstraction, compared to
RO’ or RC(0)Or, for example, O-centered inorganic radicals such as nitrate (NO3"),
sulfate (SO4 ), or hydroxyl radicals (HO"). Using the medium-sized cyclic alkyne
52 as a model system, the reaction with NOj3" generated by anodic oxidation of
lithium nitrate led to formation of the cis fused bicyclic ketones 53 and 54 in 72%
combined yield (Scheme 2.10).2' BHandHLYP/6-311G** calculations of the potential
surface revealed activation barriers, E,, and reaction energies, AE, for each step in the
sequence, which are given in Scheme 2.10 (all computed energy data include zero-
point vibrational energy correction (zpc)).?? The vinyl radical 55 formed through
addition of NO;" to the Tt system in 52 (this reaction has a low E, of only few kJ/mol and
is strongly exothermic)*® undergoes a 1,5- or 1,6-HAT to the secondary radicals 56a/b,
which subsequently cyclize in a 5-exo or 6-exo fashion, respectively, to the C=C
double bond to give the o-nitrato radicals 57a/b. The key step in the cyclization
cascade is B-fragmentation of the highly labile O—NO, bond in the latter radical
intermediates, which proceeds practically barrierless, to give the thermodynamically
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stable ketones 53 and 54 under release of nitrogen dioxide, NO,". According to the

computations, each single step in this cascade is not only strongly exothermic, but also
associated with a low to moderate E,.

O
Eﬁ LiNO3, anode o .
T
53 54

via: ONOZ ONOZ .
NO5™ . — 5-ex0 -NO; 53
_ HAT - E,:23.0 Eq:—15"
J\ e 56a  Af._708 57a AE: —198.2
ONO, E,:38.9
5 NO; lH AE: —66.3

1,6-
55 E,:26.2 ONO,
AE: —52.4 _ 6-6x0 ONO2 _ noy o
~/ "E.. 202 E, 25"

56b  AE 1148  g7p AE:—-191.7
BHandHLYP/6-311G** energies in kJ/mol, zpc included.
*2.3 without zpc; **3.0 without zpc.
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In this sequence, NO;3" can formally be regarded as a synthon for O atoms in
solution. Because the released NO," is a comparatively stable radical that does not
initiate a radical chain process under the applied reaction conditions, this sequence is
termed a “self-terminating oxidative radical cyclization”—the cascade-initiating
radical contains the unreactive leaving group that is released in the final step of
the reaction. In contrast to reactions performed under “classical” radical chain
conditions and that are nearly always associated with a loss in overall functionality
of the molecule, in self-terminating radical cyclizations the net amount of functional
groups is retained in the system.

The initially formed vinyl radical can also be trapped through cyclization onto a
carbonyl bond. For example, reaction of electro- or photochemically generated NO3® with
5-cyclodecynone (58) leads to the isomeric epoxy ketones 59 and 60 (Scheme 2.11).2!

Since the cycloalkyne 58 is not symmetrical, NO3® addition to the C = C triple bond
gives the isomeric nucleophilic vinylradicals 61 and 64, which undergo 5-exo or 6-exo
cyclization, respectively, to the less electron-rich carbon end of the carbonyl C=0
double bond. The resulting allyloxyl radicals 62 and 65 cyclize in a 3-exo fashion to
yield the o-oxiranyl radicals 63 and 66, respectively. In accordance with the litera-
ture,?* the calculations show that this latter step is highly reversible, and the only
reason why the reverse ring opening does not occur in this cascade is the ease by which
the radicals 63/66 undergo B-fragmentation of the O—NO, bond to give the respective
epoxy ketones 59 and 60 with release of NO,'. This self-terminating radical cycliza-
tion represents one of the very few examples for the synthetic access to epoxides
through a 3-exo cyclization of allyloxyl radicals. Interestingly, this sequence can also
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o)
a) LINOg, anode, 74% 0
?ﬁ b) (NH4)2Ce(NOg)e, hv, 44% é@
.
o 58 59 60
350
method b) via: (NH)2Ce(NOs)s % (NH,),Ce(NOs)s + NO3
ONO. ONO; ONO, .
* 5-ex0 — 3-ex0 - NOz 59
E. 347 E. 34.9 , E;-19°
o AE:-44.3 0O g2 AE10.0 0" 63 AE:-182.2
58 N3 o1 '

@ 6-ex0 W oo [ -Noi
T 0NO "E..37.3 OoNO TEy;245 ono G Ex-22”
AE: —60.7 AE: -5.4 72 66 AE:-186.5

BHandHLYP/6-311G** energies in kJ mol !, zpc included.
*1.5 without zpc; **0.9 without zpc.
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formally be considered as “retro-Eschenmoser—Ohloff” fragmentation, > although the
mechanism is significantly different.

Self-terminating radical oxygenations are not restricted to cyclic alkynes. Electro-
and photochemically generated NO3® can be used for the oxidative cyclization of
cycloalkyl-clamped alkynes 67 (Scheme 2.12). This reaction leads to formation of
anelated tetrahydrofurans (68 with X =0)?** or pyrrolidines (68 with X =NTs,
NTf)?® possessing four asymmetric centers in good to excellent yields through a
cascade consisting of radical addition, rate-determining 1,5-HAT 69 — 70,26’28 5-exo
cyclization 70 — 71, and terminating B-fragmentation with release of NO,". The
diastereoselectivity of this sequence ranges from moderate to very high and depends
on various factors, such as the nature of the heteroatom X and the substituent R.

R 0L n
H By R
NO3 <
> R R = alkyl, O-alkyl, CN, COO-alkyl
xNg UP065% Ny R' = alkyl
R H X =0, NTs, NTf
67 68
via: OzNO .
H . H R
-NOs
' < R 68
H ’ mx
H
71

SCHEME 2.12

The role of the cycloalkyl clamp in the starting alkyne 67 is to reduce the
conformational degrees of freedom in the intermediate highly reactive vinyl radical
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69 and to achieve a favorable alignment between the SOMO on the &t system and the
o-orbital of the respective C—H bond for the 1,5-HAT. The experiments revealed that
the self-terminating cyclization cascade worked best using a cis-1,2-disubstituted
cyclopentyl clamp; however, a trans-1,2-disubstituted cyclohexyl ring could also be
used. With larger ring sizes, both yields and diastereoselectivities were reduced.”®>®
A similar conformational restriction of the intermediate vinyl radical was also
obtained using the Thorpe—Ingold effect®® provided by two geminal ester groups
(not shown).31

The key step in NOj'-induced self-terminating radical oxygenation is the final
homolytic cleavage of the weak O—NO, bond in radicals of types 57, 63, 66, and 71, by
which a carbonyl group is formed and a stable radical, NO;’, is released. Therefore,
other O-centered radicals of type XO°, where X would form a stable radical upon
release in a homolytic B-fragmentation of the O—X bond (Scheme 2.13), should also
be suitable for self-terminating radical oxygenations, thus rendering this synthetic
concept much more general.

o]
=x. 1
e
—X'
53 54

52

SCHEME 2.13

This is indeed the case. All major classes of inorganic and organic O-centered
radicals XO°, for example, SO, (X=S05)> HO" (X=H),” RC(0)O
[X =RC(0)],** alkoxycarbonyloxyl [ROC(0)O", X = ROC(0)],* alkoxycarbonyla-
cyloxyl [ROC(0)C(0)O*, X =ROC(0)C(0)],*> carbamoyloxyl [R,NC(0)O,
X =R,NC(0)],* nitroxyl [R,NO", X = R,N],? and RO" (X = R),*® have been shown
to promote oxidation of, for example, cycloalkyne 52 to give the bicyclic ketones 53
and 54. Although especially the organic O-centered radicals are known to undergo
facile B-fragmentation, under optimized conditions they could be very efficiently
trapped by the alkyne prior to decomposition. Representative outcomes of these
reactions are shown in Table 2.1.

However, although these results show in an impressive way the generality of the
concept ‘“self-terminating radical cyclizations,” including the discovery of so far
unknown reactions of many seemingly well-known radicals, it should be noted that
some of the released radicals X" are not considered as stabilized species, for example,
the hydrogen atom or the C-centered acyl radicals, and for these, the homolytic O—X
fragmentation has little precedent. Indeed, BHandHLYP/6-311G** calculations of the
potential surface of the homolytic O—X bond cleavage in a series of representative
simplified model reactions (72 — 74, Scheme 2.14) revealed that, apart from NO,’,
only the cleavage of the sulfite radical, SO; ", the benzyl radical, Bn®, and within
limitations, potentially also the methyl radical, Me®, requires a reasonably low
activation energy, E,, to give thermodynamically favorable products (AE < 0). On
the other hand, B-fragmentation of the O—acyl or O—H bond is associated with high
reaction barriers and significant endothermicity, and should not easily occur. However,
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TABLE 2.1 Representative Results for the Reaction of Cyclodecyne (52) with
Various O-Centered Radicals XO°

Yield
(GO)
Entry XO° Conditions 53 +54 Ref.
1 SO, S,05” ", Fe(Il) 79% 32
2 HO* photolysis of <\_ N-OH 63% 33
S
3 4-MeOCgH,4C(0)O®  photolysis of \ N- 89% 34
S O
4 MeOC(O)O photolysis of A N-O 94% 35
)—OMe
S O
5 EtOC(0)C(0)0O* photolysis of <\_ N-O 0 82% 35
S O OEt
6 EtNC(0)0" photolysis of \_ N-O 69% 35
J—NEt,
S O
O 0
7 (NH4)>Ce(NO3)¢ 50% 35
N-O- oxidation of N-OH
O
\
8 BnO* photolysis of N-O 53% 36
e )
SMe
X7
o X E, AE
; NO,' —2.6* 5192.7
SO4™ 39.9 —65.5
H* 150.0 109.3
MeC'=0 125.5 441
PhC*=0 123.4 47.4
X* MeOC’=0O 133.7 49.7
O MeoNC'=0 116.6 37.8
Me* 97.6 -8.8
Bn° 74.0 -61.8
74

BHandHLYP/6-311G** energies in kJ mol™', zpc included.

*2.9 without zpc.

SCHEME 2.14
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due to the radical stabilizing effect provided by the lone pair of electrons at oxygen, the
a-oxo radicals of type 72 with X = H, C(O)R, C(O)OR, and C(O)NR; are “trapped” in
alocal thermodynamic minimum, where potential alternative unimolecular reactions
(e.g., ring opening) are also both kinetically and thermodynamically unfavorable.

In these cases, it may be suggested that termination of the radical cyclization
sequence could, at least in part, proceed through a different pathway that involves
a bimolecular radical chain process, as outlined in Scheme 2.15 using the simplified
a-oxy radical 75 as a model system. HO" and most of the organic O-centered radicals
used during the study of self-terminating radical cyclizations were generated through
photolysis of either Barton esters* or dithiocarbamates developed by Kim et al.
(see Table 2.1).%7 According to calculations at the BHandHLYP/6-311G** level of
theory, addition of the a-oxy radical 75 to Barton or Kim esters (using 76 and 79 as
representative simplified model compounds) requires only a moderate activation
energy of around 40 kJ/mol and is exothermic for both cases. Fragmentation of the
adducts 77 and 80 should also both be rapid and exothermic and would lead to the
mixed thioacetals 78 and 81, respectively, which are likely to undergo hydrolytic
decomposition to form the carbonyl group in 74.%

OAc E;:11.9 OAc
:(} AE: -109.9 s
76
/ n-OMe i hydrolysis
OAc E,:37.7 \

AE: -18.7

E,: 43.9 .
AE:-13.5 27.7
\ <:><OAC AE: -59.0 OAC
hydrolysis
OMe &

N OMe MeO- MeS \N
/79 ' !
80 81
BHandHLYP/6-311G** energies in kJ mol™', zpc included.
SCHEME 2.15

NOg' is a very unique representative of an O-centered radical, since it cannot only
transfer one but even two of its oxygen atoms to alkynes to yield o.-diketones. The latter
reaction occurs when the vinyl radical formed upon addition of NO5" to alkynes cannot
undergo intramolecular HAT or cyclization. Thus, reaction of the bis-aromatic alkynes
82 with an excess of electrogenerated NO;" leads to 1,2-diketones 83 as the major
products, which are accompanied by varying amounts of benzophenones 84
(Scheme 2.16).%® Computational investigation of the mechanism using both ab initio
and hybrid density functional methods revealed that the diketones 83 are likely formed
through a strongly exothermic 5-endo cyclization of the intermediate vinyl radical 85,
followed by loss of NO". The fragmentation 86 — 83 is a virtually barrierless process,
which can be rationalized by the fact that two stable C=0 bonds in 83 are formed, in
addition to the stability of the released NO". Thus, this sequence represents another
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i 2
Arl—=—pr2 LiNOs, anode Apj\w’” + Ar1J\Arz Ar'2 = Ph, 4-CICgH,, 4-AcCgH.,
82 o) 4'MeCGH4, 4-MGOCGH4
83 84
16-52% 7-27%
5 .
via: N
NO3 ONO: 5-endo o’N\o _NO" 83
82 — _>endo_ _-NO*
(Ar'2 = Ph) Ph Ph  E;:80.3 )=< E;:=0.3*  (Ar'2=Ph)
85 AE:-82.3 Ph 86 Ph  AE:-311.3
E,:51.4 .
AE: 24.4 | ~NO2
. O Wolff rearrangement  Ph [O], - CO, 84
/ Z O —= 12
Ph Ph E;:29.7 PH AE: —204 (Ar'= = Ph)
87 AE:-170.5 88 $—204.3

BHandHLYP/6-311G** energies in kd/mol, zpc included.
*6.7 without zpc.
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type of self-terminating radical oxygenations and provides a mild and exciting
alternative to the existing nonradical methods for oxidizing alkynes to a-diketones,
which usually require toxic reagents and/or significantly harsher reaction conditions
that often also lead to complete cleavage of the former alkyne bond.

According to computations, the benzophenones 84, which contain one carbon atom
less than the starting alkyne 82, could be formed through y-fragmentation of the
relatively labile O—NO, bond in vinyl radical 85, followed by Wolff rearrangement of
the intermediate oi-oxo carbene 87 (and/or oxirene, not shown) to yield ketene 88,
which undergoes decarboxylation upon further oxidation either by NO3® or directly at
the anode.? This unprecedented y-fragmentation of a vinyl radical is a synthetically
highly remarkable reaction, as it could potentially provide a very rapid access to 0-0xo
carbenes simply through addition of suitable radicals to alkynes.

A related reaction was recently discovered when phenylthiyl radicals, PhS’, which
were generated through autooxidation of thiophenol, were reacted with diphenyla-
cetylene (82) in the presence of O, to give unexpectedly diketone 83 (Scheme 2.17).*°
It could be revealed through a combination of experimental and computational studies
atthe BHandHLYP/cc-pVTZ level of theory that thiylperoxyl radicals 89 are the likely
reactive key intermediates in this transformation, which are formed through a
reversible reaction of PhS® with O,. This reaction is in competition with the direct
addition of PhS" to alkyne 82 (not shown), but becomes the favorable pathway with
increasing [O,]. Addition of 89 to 82 gives vinyl radical 90 in a slightly exothermic
process, which could be converted into the diketone 83 through various routes.
A pathway involving radical recombination with O, could initially lead to peroxyl
radical 91 in a fast and strongly exothermic reaction. Fragmentation of the peroxylic
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0]

PhSH, O, (80 psi
o — pn > (80 psi) F,h)l\ﬂ/Ph
82
83 °
via: 74%
o 2 OOSPh
PhS'ﬁ PhSOO" — 8 . )
gt V& 2. 72.1 —
AE 332 89 AE:-54 Ph Ph
90
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BHandHLYP/cc-pVTZ energies in kd/mol, zpc included.
*0.8 without zpc.
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O—O0OSPhbondin 91 leads to biradical 92, which could isomerize (through intersystem
crossing (ISC)) to carbonyl oxide 93. This fragmentation is kinetically and thermo-
dynamically highly favorable because a comparatively stable sulfinyl radical,
PhS*=0, is released. Carbonyl oxides of type 93 are suggested intermediates in
the ozonolysis of alkynes, leading to a-diketones.*'** Alternatively, 92 could be
formed via biradical 94 (which is in resonance with the a-oxo carbene 87, see
Scheme 2.16) that results from exothermic y-cleavage of the peroxyl O—OSPhbond in
vinyl radical 90, followed by trapping with O,. A pathway that does not require
additional O, could proceed through a concerted or stepwise rearrangement of 90 to
radical intermediate 95, which undergoes B-fragmentation of the O—S bond with
release of PhS" in a subsequent step. However, the experimental observation of a by-
product that results from dimerization of PhS'=0O would support a pathway proceed-
ing via carbonyl oxide 93.

Although the detailed mechanism is not yet clear, this reaction is a synthetically
highly interesting example for a free radical-mediated “activation” of O, that enables
transformation of alkynes into o-diketones under extremely mild and metal-free
conditions.
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2.2.3 Cascade Reactions Initiated by Addition of N-Centered
Radicals to Alkynes

In intermolecular reactions, neutral aminyl radicals, R,N°, react with  systems
preferably by HAT. N-protonation increases the electrophilicity of the radical center,
and successful addition of aminium radicals, R,NH* ", ton systems, usually alkenes,
has been reported in the literature.** Compared to aminium radicals, amidyl and
imidyl radicals, for example, RN"C(O)R’ and [RC(O)],N", are less electrophilic.
Although they are delocalized m-allyl radicals, they react exclusively at nitrogen.**
Only very few examples for radical cascades that are initiated by addition of
N-centered radicals to alkynes have been reported.

Scheme 2.18 shows that reaction of phthalimidyl radicals, Im’, which were
generated through photolysis of N-bromophthalimide, with cyclodecyne (52) leads
to formation of small amounts of unsaturated bicyclic compounds 96 and 97 among
other products (not shown).*’ This sequence is believed to proceed via initial addition
of Im" to the C=C triple bond, which initiates a sequence of transannular HAT
(98 — 99a/b), followed by transannular radical cyclization (99a/b — 100a/b).
In contrast to the self-terminating radical cyclizations shown in the previous section,
B-fragmentation of the intermediate o-imidyl radicals 100a/b is not possible, since no
stable radical could be released. It is therefore believed that the reaction proceeds
through trapping of 100a/b by bromine atoms, which are formed as by-products in the
photolysis of N-bromophthalimide, to give the tertiary bromides 101a/b. Elimination
of hydrogen bromide leads to the final products 96 and 97.

0
N-Br, hv
Im
ﬁ (Im-Br) O =~ m
e e B S
52 96 97
via: Im-Br
M L i A
Bre~/| hv —=
I]Uf 100a 101a — HBr
Im
Im*® — H
52 ——
H \
6-exo .
98 Zéj tm -9
100b 101bB B
SCHEME 2.18

Self-terminating radical cyclizations have been explored with both aminium
and amidyl radicals using the reaction with cyclodecyne (52) as a model system.
However, instead of N-containing compounds, the bicyclic ketones 53 and 54 were
exclusively obtained. Their formation could be explained by the mechanism that is
exemplary shown for reaction of the N-benzyl acetamidyl radical, AcBnN°
(Scheme 2.19).%¢
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® Radical Yield (GC)
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In analogy to the previously shown sequences, N radical addition to the cycloalkyne
52 could initiate the usual radical translocation/cyclization cascade that is terminated
by B-fragmentation. The resulting imides 105a/b could subsequently undergo hydro-
lysis to form ultimately the observed bicyclic ketones 53/54. Quite remarkably,
however, although both the aminium and the amidyl radicals, which were used in
these experiments, were equipped with substituents that should form stable radical
leaving groups in the terminating B-fragmentation (e.g., benzyl or tosyl), no apparent
correlation between radical stability and yield of cyclized products was found. It even
appeared that N radicals with primary alkyl substituents, which should not be released
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asradicals at all, performed significantly better in this cyclization sequence (see table in
Scheme 2.19) than N radicals with seemingly highly suitable substituents. This is a
clear indication that the mechanism of radical cyclization cascades involving N
radicals must be different.

BHandHLYP/6-311G** calculations of the potential energy surface for the addition
of AcBnN' to cyclodecyne (52) and the subsequent 1,6-HAT/6-exo cyclization
pathway revealed that the various steps in this sequence are both kinetically
and thermodynamically highly feasible, except for the final B-fragmentation
(see Scheme 2.19). Systematic computational studies on this B-fragmentation using
the simplified model reaction 107 — 109 revealed that, as expected, homolytic
cleavage of a N-benzyl bond in an oi-amino radical is both kinetically and thermody-
namically significantly more favorable than scission of a N-methyl bond
(Scheme 2.20). Interestingly, B-fragmentation of a N—C bond at a quaternary,
protonated nitrogen, a very likely scenario under the acidic conditions involving
aminium radicals, not only lowers E, for releasing a benzyl radical by about 40 kJ/
mol or a methyl radical by about 25 kJ/mol, but also renders the cleavage thermody-
namically more favorable. On the other hand, the required energy for B-fragmentation
at an amide or imide nitrogen depends on the nature of the remaining substituent
R. Generally, release of an acetyl radical is kinetically and thermodynamically even
more unfavorable than release of a methyl radical, and cleavage of a benzyl radical
through B-fragmentation of an acetamide N—C bond requires about 20kJ/mol
more energy than [-fragmentation of a sulfonamide N—C bond. Of all the various
B-fragmentations studied, the kinetically and thermodynamically most superior
leaving group should be the phenylsulfonyl radical (which represents a simplified
model for tosylate that was used in the experimental studies).

Since the computational studies support the general perception of good or poor
leaving groups in self-terminating radical reactions, but clearly contradict the
experimental findings, radical cyclization cascades initiated by N-centered radical
addition to alkynes are not terminated by homolytic B-fragmentation.

R X 4 X R E, AE
N Bn* Me 82.4 ~10.9
: *Bne Me 41.1 -35.4

Me- Me 1108 40.4
“Me- Me 90.6 10.0
~(CHp)5— - 108.6 45.1
Bn* Ac 108.0 21.2
Ac* Bn 154.2 100.2
Me* Ac 143.2 68.2
Ac* Ac 155.3 97.5
PhSO, Bn 27.1 -29.5
Bn° PhSO, 88.2 -11.8

BHandHLYP/6-311G** energies in kJ mol~', zpc included.
*Protonated N.

SCHEME 2.20
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On the other hand, o-nitrogen radicals of type 104a/b could be relatively easily
oxidized to iminium ions 106a/b, which undergo subsequent hydrolysis to the ketones
53/54 (see Scheme 2.19). Indeed, calculation of the reduction potentials, E° (not
shown), revealed that in all cases the respective electrophilic N-centered radical,
which initiates the radical addition/translocation cascade, is also capable of perform-
ing the oxidation 104a/b — 106a/b. Thus, in this sequence, the N radicals have a dual
role, first as initiator of the radical cyclization cascade and second as terminator of the
sequence through a redox process, which is a highly interesting variation of self-
terminating radical cyclizations.

2.3 CASCADE REACTIONS INITIATED BY ADDITION OF HIGHER
MAIN GROUP (VI)-CENTERED RADICALS TO ALKYNES

Of the higher main group (IV)-centered radicals, so far only cascade reactions
initiated by addition of the nucleophilic Sn radicals to alkynes have received
considerable attention.*” It has been shown, however, that hydrogermylation of
alkynes via triphenylgermyl radicals, PhyGe",*® or tris(trimethylsilyl)germyl radicals,
(TMS);Ge",* produces the corresponding alkenylgermanes, but this radical addition
has not yet been applied in a radical cyclization cascade.

2.3.1 Cascade Reactions Initiated by Addition of Sn-Centered
Radicals to Alkynes

The triethylborane-mediated hydrostannylation has been used to generate the
oxolanes 111 from the open-chain precursor 110 in a radical chain process
(Scheme 2.21).°° The reaction proceeds through vinyl radical 112, resulting from
Snradical addition to the less electron-rich alkyne 7 system, which undergoes a highly
stereoselective 5-exo cyclization in accordance with the Beckwith—Houk rules,!
leading to products possessing (Z)-trans geometry. The compounds 111 could be
oxidatively destannylated to a-methylene-y-butyrolactones (not shown), which rep-
resent a major class of natural products with important biological activities.

07 ™ o
1 N PheSH, EtgB 1L = SMPs
R 70-84%
2 RS

R2OR3 R R+-R® = H, Me, Ph, n-C3Hy, n-C4Hg
110 111
R? s
via:
O/\‘/‘%Snphs R17\)\R3 [e)
Phssn. O/\‘\'/\SnPhg Rw%/San PhsSnH
110 —— R! 111
\ 5-exo
R2ORS RPTOR3 PhaSn*
112 113

SCHEME 2.21
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The facility by which C—Sn bonds can undergo homolytic fragmentation under
certain conditions has been used in a number of cyclization cascades involving
alkynes, where Sn radicals formally catalyze the rearrangement of the molecular
framework without appearing as substituents in the final product. For example,
Baldwin and Adlington have shown that in the presence of Sn radicals, 5-
cyclodecynone (58) undergoes rearrangement to the bicyclic o,f-unsaturated
ketone 114 (Scheme 2.22; no yield was reported).>* The vinyl radical 115 obtained
from addition of the Sn radical to the C=C triple bond undergoes 5-exo cyclization
to the carbonyl group. However, in contrast to the self-terminating cyclization
sequence shown in Scheme 2.11, where the intermediate allyloxyl radicals 62/65
undergo a 3-exo cyclization, the allyloxyl radical 116 undergoes a-cleavage to give
intermediate 117, which subsequently cyclizes in a 5-exo fashion to produce the
allylic radical 118. The cascade is terminated through B-fragmentation and
elimination of the Sn radical.

Baldwin et al.
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W BugSnH, AIBN é?@
058 114
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SnBug SnBug SnBug ( SnBus
— 5-exo — _— 5-exo
e méﬁmé [T g
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o 5 o) 0,
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Bachi et al.
—
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N N
o o
CO»tBu CO,tBu
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via: .
\ 1,5-HAT \ 6-endo :
N SnBuz — N SnBus N — =120
¢} Y o] Y o SnBuz —BusSn*
COgtBU COgtBU CngBU
121 122 123

SCHEME 2.22

Bachi and Bosch used Sn radicals as mediator for the cyclization of the B-lactam-
substituted alkynes 119 through a sequence consisting of radical addition and
1,5-HAT, followed by a 6-endo cyclization of the radical intermediate 122, to give
the bicyclic B-lactam 120 after B-fragmentation and release of BusSn radicals
(Scheme 2.22).>® The moderately low yield of this cyclization is due to the competing
fast reduction of the vinyl radical 121 to the corresponding alkene by the tin hydride
(not shown).
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A remarkably complex cyclization/twofold ring expansion sequence that is
catalyzed by Sn radicals is shown in Scheme 2.23.3* The vinyl radical 126 formed
after radical addition to the terminal end of the alkyne bond in 124 cyclizes to the
carbonyl group in a 6-exo fashion. The resulting alkoxyl radical 127 undergoes o.-
cleavage to produce the tertiary radical 128, which is donor stabilized by the o-
heteroatom (it should be noted that capto-stabilizing groups in ¢-position lead to
significant reduction in the overall reaction rate). The first ring expansion occurs in
a 5-exo cyclization, which is followed by a 3-exo cyclization of 129, leading to the
cyclopropyloxyl radical 130. Opening of the cyclopropyl ring results in the second
ring expansion and formation of the bicyclo[6.3.0]undecane framework in 131.
The final product 125 is obtained through B-fragmentation and release of the Sn
radical.

P 0
o = BusSnH, AIBN
51%
OSiEts OSiEts
124 125
. ~SnBug SnBug o
o | o | ._-SnBug
_bexo_ — _5-exo_ _3-exo_
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127 128 129
Co SnBus O, { SnBug
. — 125
—BU3Sn'
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A double radical cyclization/B-fragmentation of the homolog acyclic ®-yne vinyl
sulfides 132a/b that is catalyzed by Sn radicals and also involves an unusual endo
radical cyclization is shown in Scheme 2.24.%° The initially formed vinyl radicals
134a/b undergo a 5/6-exo cyclization to the C=C double bond, which is activated by
one electron-withdrawing group (the reaction does not occur if the alkene in 132
carries two electron-withdrawing substituents). B-Fragmentation of 135a/b leads to
the thiyl radical 136a/b, which in the case of 136a cyclizes in a highly unusual 5-endo
fashion (6-endo for the larger homolog 136b) to the remaining C=C double bond to
give allylic radical 137a/b. The reverse ring opening of the latter is prevented by a
chain terminating B-fragmentation under release of the Sn radical to give the diene
133a/b.
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2.4 CASCADE REACTIONS INITIATED BY ADDITION OF HIGHER
MAIN GROUP (VI)-CENTERED RADICALS TO ALKYNES

The vast majority of radical cascades initiated by addition of higher main group (VI)-
centered radicals to alkynes focus predominantly on S-centered radicals, mainly thiyl
radicals, whereas considerably fewer intermolecular addition reactions involving
radicals with the unpaired electron located on selenium or even tellurium are known.

2.4.1 Cascade Reactions Initiated by Addition of S-Centered
Radicals to Alkynes

One of the earliest radical cyclization cascades initiated by addition of S-centered
radicals to alkynes was reported in 1987 by Broka and Reichert (Scheme 2.25).%
Thiophenyl radicals, PhS®, which were generated under radical chain conditions,
undergo addition to the terminal end of the C=C triple bond in enyne 138.
The resulting vinyl radical 141 can undergo cyclization in both 6-endo (preferred)
and 5-exo fashion, and reduction of the radical intermediates 142 and 143 leads to the
final observed products 139 and 140, respectively.

The apparent chemoselectivity for the addition of the electrophilic S-centered
radicals to the less electron-rich alkyne moiety in enyne 138 can be rationalized by
the fact that addition of S radicals to both alkenes and alkynes proceeds smoothly (the
rate constants for addition of S radicals to alkenes are about three orders of magnitude
larger than those for the addition to alkynes),ﬁ7 but is also reversible. However, the
reversibility is less pronounced for the radical addition to alkynes, due to the high
reactivity of the vinyl radicals formed (compared to alkyl radicals), which undergo
subsequent reactions at faster rates than undergoing fragmentation back to the S
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radical and alkyne. Therefore, S radicals ultimately can promote cyclization of enynes
through a mechanism consisting of radical addition to the C =C triple bond, followed
by cyclization to the alkene moiety.’® A similar behavior is also observed in the
reactions of other electrophilic heteroatom-centered radicals with enynes (see below).

A highly complex radical addition/cyclization/rearrangement reaction is shown
in Scheme 2.26.°° Addition of thiyl radicals derived from 144, under radical
chain conditions, to the alkynyl azide 145 leads to vinyl radical 147, which cyclizes
in a 5-exo fashion to the aromatic ring to give the spiro radical intermediate 148. The
presence of the para cyano group is crucial, as it leads to a significant radical
stabilization—indeed, the 5-exo cyclization does not occur in systems lacking a
radical stabilizing substituent at the aromatic ring; in these cases, the vinyl radical is
directly reduced to the corresponding S-substituted alkene (not shown). Reduction of
the aryl radical 148, followed by opening of the S-heterocyclic ring and rearomatiza-
tion, yields the final product 146 in 65% overall yield.
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S-centered radicals were also explored in self-terminating radical cyclizations
(Scheme 2.27).°° Using the 10-membered cyclic alkyne 52 as amodel system, reaction
with PhS’ radicals, which were photogenerated from diphenyl disulfide, leads to the
cis- and trans-fused bicyclic thioethers 149a/b and 150 possessing a decalin frame-
work, which were identified through a combination of independent synthesis, X-ray
analysis and computational studies. Formation of the cis-configured diastereomeric
thioethers 149a/b should proceed through the usual pathway involving an initially
formed Z-configured vinyl radical Z-151, followed by 1,6-HAT and 6-exo cyclization
to give the oi-thioradical 153a, which undergoes subsequent reduction from both faces
of the planar radical center. The trans-configured product 150 results from a similar
radical addition / translocation cascade involving the isomeric vinyl radical E-151.
Computational studies revealed that E-151 is not formed through E/Zisomerization of
the vinyl radical Z-151, which requires a surprisingly high activation energy due to ring
strain in the ten-membered ring, but through reversible addition of PhSI to the alkyne
C=Cbondin 52. According to GC/MS studies, the hydrogen donor in this system is
believed to be the radical adduct 154, which results from addition of PhS’ to
diphenyl disulfide. Homolytic B-fragmentation of the S—C bond in 153a/b to yield
thioketones, in accordance with the general mechanism of self-terminating radical
cyclizations, is not possible in this case because highly unstable phenyl radicals
would be released.

Keck and Wagner used a diastereoselective thiyl radical addition/cyclization
sequence to generate the key compound 157 for a total synthesis of ent-lycoricine
158 (Scheme 2.28).°' In this sequence, photogenerated PhS' undergo exclusive
addition at the B-site of the C=C triple bond in the starting alkyne 156 to
produce the resonance-stabilized vinyl radical 159 (interestingly, with Bu;Sn°,



CASCADE REACTIONS INITIATED BY ADDITION OF HIGHER MAIN GROUP 33

only addition at the o-carbon was found, which may be a result of the sterical
hindrance imposed by the substituents at tin). The subsequent 6-exo radical
cyclization of 159 proceeds, due to the presence of the cis fused dioxolane ring,
in a highly diastereoselective fashion through a boat-like transition state, in which
the imine C=N double bond and the hydroxy substituent both assume a pseudo-
equatorial position. This leads to a cis arrangement of the hydroxy and amino
substituents in the cyclized intermediate 160, which is subsequently reduced to 157
in a radical chain process.
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Igu,
MeO,C o
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A diastereoselective formal addition of a trams-2-(phenylthio)vinyl moiety to
a-hydroxyhydrazones through a radical pathway is shown in Scheme 2.29.°* To
overcome the lack of a viable intermolecular vinyl radical addition to C=N double
bonds, not to mention a reaction proceeding with stereocontrol, this procedure
employs a temporary silicon tether, which is used to hold the alkyne unit in place
so that the vinyl radical addition could proceed intramolecularly. Thus, intermolecular
addition of PhS’ to the alkyne moiety in the chiral alkyne 161 leads to vinyl radical 163,
which cyclizes in a 5-exo fashion, according to the Beckwith—-Houk predictions, to
give aminyl radical 164 with an anti-arrangement between the ether and the amino
group. Radical reduction and removal of the silicon tether without prior isolation of the
end product of the radical cyclization cascade, 165, yields the a-amino alcohol 162.
This strategy, which could also be applied to the diastereoselective synthesis of
polyhydroxylated amines (not shown), can be considered as synthetic equivalent of an
acetaldehyde Mannich reaction with acyclic stereocontrol.

Renaud and coworkers applied aradical addition/translocation/cyclization cascade
as a key step in the diastereoselective synthesis of the spirocyclic compound (—)-
erythrodiene 168 (Scheme 2.30).%* Addition of photogenerated PhS" to the terminal
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alkyne in 166 gives vinyl radicals 169, which undergo a regioselective 1,5-HAT,
followed by 5-exo cyclization of the intermediate tertiary radical 170 and subsequent
reduction of 171 to yield 167 as a mixture of four diastereomers. The high trans
selectivity of this cyclization can be explained by a transition state where a new axial
C—Cbondis formed, butit should be noted, however, that the stereochemical outcome
was found to be very sensitive to reaction temperature and solvent polarity. A very
similar thiophenol-mediated radical cyclization cascade has also been applied to the

synthesis of various 1-azabicyclic alkanes from N-homopropargylic amines (not
shown).%*
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An interesting four-component radical cascade that leads to formation of B-arylthio-
substituted acrylamides 172 and involves thiyl radicals, aromatic acetylenes, and
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isonitriles, as well as an oxidant, has been reported by Nanni and coworkers
(Scheme 2.31).%° The sequence is initiated by chemoselective addition of photogen-
erated PhS’ to the C=C triple bond in phenylacetylene (which is more electron rich
than the isonitrile 7 system), leading to the vinyl radical 173, which is subsequently
trapped by intermolecular addition to the isonitrile N=C triple bond. The resulting
imidoyl radical 174 is captured by m-dinitrobenzene, which acts as an oxidant to
produce the amidyl radical 176 via the intermediate 175. Subsequent hydrogen transfer,
presumably through an intermediate of type 154 (see Scheme 2.27), terminates the
cascade.
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Inthe case of S radicals, where sulfur is in a higher oxidation state, sulfonyl radicals
(RSO;’) have gained considerable synthetic value, since their addition to 7 systems,
usually C=C double bonds, provides a facile method to introduce the sulfonyl moiety
into a molecule. Although in sulfonyl radicals the spin density is delocalized over
sulfur and both oxygen atoms, they react with t systems exclusively to form C—S
bonds.>” Simpkins and coworkers used a tandem sequence triggered by the addition of
sulfonyl radicals to alkynes of type 177 for the synthesis of N-containing heterocycles
178 (Scheme 2.32).°° The initially formed vinyl radical 179 undergoes a 5-exo
cyclization to the remaining C=C double bond, leading to the bicyclic radical
intermediate 180, which is transformed into the final product through homolytic
substitution in a chain propagating step. The stereochemistry of the latter step can be
understood on the basis that the substitution takes place from the less hindered site of
the molecule.

A related radical addition/5-exo cyclization cascade involving addition of sulfonyl
radicals to alkynes has been used for the diastereoselective synthesis of bicyclic
B-lactams 182 from the B-lactamic enyne precursor 181 (Scheme 2.33).%” In this
radical chain sequence, where tosyl bromide is used as source of sulfonyl radicals, the
final product is a mixture of epimers (90: 10) at the newly formed exocyclic chiral
center.
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2.4.2 Cascade Reactions Initiated by Addition of Se-Centered
Radicals to Alkynes

In contrast to the large amount of S radical-mediated cascade reactions, only a few
examples for radical cascades that are triggered by intermolecular Se radical addition
to an alkyne are reported in the literature. Ogawa and coworkers described a highly
selective four-component radical coupling reaction of unsaturated compounds that is
mediated by phenylselenyl radicals, PhSe® (Scheme 2.34).%® The reaction of diphenyl
diselenide with ethyl propiolate and a large excess of alkenes with an electron-
withdrawing group (EWG; e.g., acrylates) and with an electron-donating substituent
(e.g., 2-methoxypropene) leads to formation of the highly substituted cyclopentane
systems 185a—c in good to excellent yields. This reaction proceeds through a
sequential addition of PhSe" to the alkyne, of the resulting highly electrophilic vinyl
radical 186 to the electron-rich olefin, followed by addition of the nucleophilic radical
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adduct 187 to the electron-poor olefin. The subsequent 5-exo cyclization of 188
proceeds with high preference through a chair-like transition state, according to the
Beckwith—Houk predictions, with the electron-withdrawing substituent at the radical
center assuming an axial position (to minimize sterical interaction with the C=C
double bond in the late transition state, as a result of the radical stabilizing effect of the
EWG group). Trapping of the cyclized intermediate 189 by phenyl selenide gives
185a. The minor diastereomers 185b and 185¢ result from 5-exo cyclizations with an
axial methoxy group and/or a pseudo-equatorial EWG substituent in the respective
transition states (not shown).

2.5 CASCADE REACTIONS INITIATED BY ADDITION OF HIGHER
MAIN GROUP (V)-CENTERED RADICALS TO ALKYNES

Of the higher main group (V) elements, only P-centered radicals have been used in
intermolecular radical additions to alkynes, whereas radical reactions with the
unpaired electron located at the higher metallic elements arsenic, antimony, and
bismuth have not been reported.

2.5.1 Cascade Reactions Initiated by Addition of P-Centered
Radicals to Alkynes

Phosphorous hydrides, such as phosphites, (RO),P(O)H, thiophosphites, (RO),P(S)H,
and phosphinates, R(RO)P(O)H, have received considerable attention in the recent
years as nontoxic alternative to tin hydrides commonly used in radical chain reactions.
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However, their intermolecular addition reactions with alkynes are mostly aimed at
synthesizing substituted alkenes,*”’® and only very few cascade reactions that are
initiated by P radical addition to C=C triple bonds have been reported. Renaud and
coworkers developed a simple one-pot procedure for the cyclization of terminal
alkynes mediated by dialkyl phosphites (Scheme 2.35).”' In this radical chain
procedure, dialkyl phosphite radicals, (RO),P*=0, undergo addition to the C=C
triple bond in 190, which triggers a radical translocation (1,5-HAT)/5-exo cyclization
cascade. The sequence is terminated by hydrogen transfer from dialkyl phosphite to
the intermediate 194 and regeneration of P-centered radicals.
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H Ro'P\ H )
) (ROL)P(O)H, DLP )
n
MeO,C COsMe Me0,C”\ H
190 COsMe
(n=1.2) 191
DLP = dilauryl peroxide e e e ere
Ve PO)(RO): o PO)(RO): o (ROR(OP— |, O
Q190 X 15HAT N - 5-ex0 (ROJPOMH o
(RO)P-— > )n ——— I ——— )n )
I
MeO,C CO,Me MeO,C COMe MeOoC 05'2,\,,e (RO)zP-
192 193 194
SCHEME 2.35

Diphenylphosphanyl radicals, Ph,P", generated from diphenylphosphane in the
presence of a radical initiator were used to cyclize the alkynyl-substituted carbohy-
drate derivative 195 in a radical addition/5-exo cyclization sequence to give the
bicyclic deoxysugar derivative 196 (Scheme 2.36).°® Ph,P" have also been used as
promoters for the cyclization of alkynyl B-lactam 181 for a highly efficient, diaster-
eoselective synthesis of bicyclic B-lactams (see Scheme 2.33).%”

NQJ PhyPH, AIBN Aco
I B C
196 “PPh,

ZIE =6:1
0.0 5-ex0 Aco“(j PhsPH
196
LPth <
198 PPh, thP'

SCHEME 2.36
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SCHEME 2.37

A radical diphosphanylation of alkynes using tetraorganodiphosphanes as pre-
cursors for phosphanyl radicals has been applied to the synthesis of a doubly
phosphinated diene 200 (Scheme 2.37).” Tetraphenyldiphosphane was generated
in situ from diphenylphosphane with an excess of chlorodiphenylphosphane in the
presence of triethylamine. Addition of the phosphanyl radical to one C = C triple bond
in the dialkyne 199 leads to vinyl radical 201, which undergoes a 5-exo cyclization
(outof a Z-configured vinyl radical to minimize sterical hindrance in the cyclization) to
give vinyl radical intermediate 202. The latter is trapped by a second phosphine moiety
in a radical substitution step. The radical cyclization product is ultimately isolated as
bis-phosphane sulfide 200 after treatment of the intermediate phosphane 203 with
sulfur.

REFERENCES

. McCarroll, A. J.; Walton, J. C. Angew. Chem., Int. Ed. 2001, 40, 2224-2248.
. Parsons, P. J.; Penkett, C. C.; Shell, A. J. Chem. Rev. 1996, 96, 195-206.
. Albert, M.; Fensterbank, L.; Lacote, E.; Malacria, M. Top. Curr. Chem. 2006, 264, 1-62.

. Radicals in Organic Synthesis; Sibi, M.; Renaud, P., Eds.; Wiley: Weinheim, 2001; Vols 1
and 2.

. Yet, L. Tetrahedron 1999, 55, 9349-9403.

6. Amiel, Y. In The Chemistry of Functional Groups, Supplement C; Patai, S.; Rappoport, Z.,
Eds.; John Wiley & Sons, Ltd., 1983; pp 917-944.

7. Fischer, H. In Free Radicals in Biology and Environment; Minisci, F., Ed.; Kluwer
Academic Publishers, 1997; pp 63-78.

8. Fischer, H.; Radom, L. Angew. Chem., Int. Ed. 2001, 40, 1340-1371.

9. Beckwith, A. L. I.; O’Shea, D. M. Tetrahedron Lett. 1986, 27, 4525-4528.
10. Heiba, E. I.; Dessau, R. M. J. Am. Chem. Soc. 1967, 89, 3772-3777.
11. Suzuki, A.; Miyaura, N.; Itoh, M. Synthesis 1973, 305-306.

AW N =

9]



40

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.
41.
42.
43.

44.

INTERMOLECULAR RADICAL ADDITIONS TO ALKYNES

Ichinose, Y.; Matsunaga, S.; Fugami, K.; Oshima, K.; Utimoto, K. Tetrahedron Lett. 1989,
30, 3155-3158.

Curran, D. P;; Kim, D. Tetrahedron 1991, 47, 6171-6188.

Montevecchi, P. C.; Navacchia, M. L. Tetrahedron 2000, 56, 9339-9342.

Leardini, R.; Nanni, D.; Tundo, A.; Zanardi, G. Tetrahedron Lett. 1998, 39, 2441-2442.
Montevecchi, P. C.; Navacchia, M. L.; Spagnolo, P. Tetrahedron 1997, 53, 7929-7936.
Oka, R.; Nakayama, M.; Sakaguchi, S.; Ishii, Y. Chem. Lett. 2006, 35, 1104-1105.
Fernandez, M.; Alonso, R. Org. Lett. 2005, 7, 11-14.

Fernandez-Gonzales, M.; Alonso, R. J. Org. Chem. 2006, 71, 6767-6775.

Lenoir, 1.; Smith, M. L. J. Chem. Soc., Perkin Trans. 2000, 1, 641-643.

Wille, U.; Plath, C. Liebigs Ann./Recueil 1997, 111-119.

Wille, U. Unpublished.

Wille, U.; Dreessen, T. J. Phys. Chem. A 2006, 110, 2195-2203.

Curran, D. P; Porter, N. A.; Giese, B. Stereochemistry of Radical Reactions: Concepts,
Guidelines and Synthetic Applications; Wiley-VCH Verlag: Weinheim, 1996.

Example: Felix, D.; Schreiber, J.; Ohloff, G.; Eschenmoser, A. Helv. Chim. Acta 1971, 54,
2896-2912.

Wille, U.; Lietzau, L. Tetrahedron 1999, 55, 10119-10134.

Lietzau, L.; Wille, U. Heterocycles 2001, 55, 377-380.

Wille, U.; Lietzau, L. Tetrahedron 1999, 55, 11465-11474.

Stademann, A.; Wille, U. Aust. J. Chem. 2005, 57, 1055-1066.

Beesley, R. M.; Ingold, C. K.; Thorpe, J. E. J. Chem. Soc. 1915, 107, 1080-1106.
Li, C. H. Honours Thesis; The University of Melbourne, 2006.

Wille, U. Org. Lett. 2002, 2, 3485-3488.

Wille, U. Tetrahedron Lett. 2002, 43, 1239-1242.

Wille, U. J. Am. Chem. Soc. 2002, 124, 14-15.

Jargstorff, C.; Wille, U. Eur. J. Org. Chem. 2003, 3173-3178.

Sigmund, D.; Schiesser, C. H.; Wille, U. Synthesis 2005, 1437-1444.

Kim, S.; Lim, C. J.; Song, S. E.; Kang, H. Y. Synlett 2001, 688-690.

Wille, U.; Andropof, J. Aust. J. Chem. 2007, 60, 420-428.

See, for example: (a) Koenig, T. W.; Barklow, T. Tetrahedron 1969, 25, 4875-4886;
(b) Dayan, S.; Ben-David, L.; Rozen, S. J. Org. Chem. 2000, 65, 8816-8818.

Tan, K. J.; Wille, U. Chem. Commun. 2008, 6239-6241.

Yang, N. C.; Libman, J. J. Org. Chem. 1974, 39, 1782-1784.

Griesbaum, K.; Dong, Y.; McCullough, K. J. J. Org. Chem. 1997, 62, 6129—4136.
Examples: (a) Wolf, M. E. Chem. Rev. 1963, 63, 55-64; (b) Neale, R. S. Synthesis 1971,
1-15; (c) Minisci, F. Synthesis 1973, 1-24; (d) Chow, Y. L. Acc. Chem. Res. 1973, 6,
354-360; (e) Minisci, F. Acc. Chem. Res. 1975, 8, 165—-171; (f) Chow, Y. L.; Danen, W. C.;
Nelsen, S. F.; Rosenblatt, D. H. Chem. Rev. 1978, 78, 243-274; (g) Stella, L. Angew.
Chem., Int. Ed. Engl. 1983, 22, 337-350; (h) Chow, Y. L. Can. J. Chem. 1965, 43,
2711-2714; (i) Chow, Y. L.; Colén, C. Can. J. Chem. 1967, 45, 2559-2568.

Fossey, J.; Lefort, D.; Sorba, J. Free Radicals in Organic Chemistry; John Wiley & Sons/
Masson: Chichester, 1995.



REFERENCES 41

45.
46.
47.
48.

49.

50.
51.

52.
53.
54.

55.
56.
57.
58.
59.

60.
61.
62.
63.
64.
65.
66.
67.

68.
69.

70.
71.
72.

Wille, U.; Kriiger, O.; Kirsch, A.; Liining, U. Eur. J. Org. Chem. 1999, 3185-3189.
Wille, U.; Heuger, G.; Jargstorff, C. J. Org. Chem. 2008, 73, 1413-1421.
Early example: Stork, G., Mook, R. Jr. Tetrahedron Lett. 1986, 27, 4529-4532.

Review: Oshima, K. Advances on Metal Organic Chemistry; JAI Press, Ltd., 1991; Vol. 2,
pp 101-141.

Bernardoni, S.; Lucarini, M.; Pedulli, G. F.; Vaglimigli, L.; Gevorgyan, V.; Chatgilialoglu,
C. J. Org. Chem. 1997, 62, 8009-8014.

Nozaki, K.; Oshima, K.; Utimoto, K. Bull. Chem. Soc. Jpn. 1987, 60, 3465-3467.

(a) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron Lett. 1985, 26, 373-376;
(b) Spellmeyer, D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959-974.

Baldwin, J. E.; Adlington, R. M.; Robertson, J. Tetrahedron 1991, 47, 6795-6812.
Bosch, E.; Bachi, M. D. J. Org. Chem. 1993, 58, 5581-5582.

Nishida, A.; Takahashi, H.; Takeda, H.; Takada, N.; Yonemitsu, O. J. Am. Chem. Soc. 1990,
112, 902.

Journet, M.; Rouillard, A.; Cai, D.; Larsen, R. D. J. Org. Chem. 1997, 62, 8630-8631.
Broka, C. A.; Reichert, D. E. C. Tetrahedron Lett. 1987, 28, 1503—-1506.

S-Centered Radicals; Alfassi, Z. B., Ed.; John Wiley & Sons: Chichester, 1999.
Montevecchi, P. C.; Navacchia, M. L. Recent Res. Dev. Org. Bioorg. Chem. 1997, 1-13.

Montevecchi, P. C.; Navacchia, M. L.; Spagnolo, P. Tetrahedron Lett. 1997, 38,
7913-7916.

Tan, K. J. PhD Thesis, University of Melbourne, 2009.

Keck, G. E.; Wagner, T. T. J. Org. Chem. 1996, 61, 8366-8367.

Triestad, G. K.; Jiang, T.; Fioroni, G. M. Tetrahedron: Asymmetry 2003, 14, 2853-2856.
Lachia, M.; Dénes, F.; Beaufils, F.; Renaud, P. Org. Lett. 2005, 7, 4103-4106.

Dénes, F.; Beaufils, F.; Renaud, P. Org. Lett. 2007, 9, 4375-4378.

Leardini, R.; Nanni, D.; Zanardi, G. J. Org. Chem. 2000, 65, 2763-2772.

Brumwell, J. E.; Simpkins, N. S.; Terrett, N. K. Tetrahedron 1994, 50, 13533-13552.
Alcaide, B.; Rodriguez-Campos, I. M.; Rodriguez-Lopez, J.; Rodriguez-Vicente, A. J. Org.
Chem. 1999, 64, 5377-5387.

Tsuchii, K.; Doi, M.; Hirao, T.; Ogawa, A. Angew. Chem., Int. Ed. 2003, 42, 3490-3493.

Jessop, C. M.; Parsons, A. F.; Routledge, A.; Irvine, D. J. Tetrahedron: Asymmetry 2003,
14, 2849-2851.

Antczak, M. L.; Montchamp, J.-L. Synthesis 2006, 3080-3084.
Beaufils, F.; Dénes, F.; Renaud, P. Angew. Chem., Int. Ed. 2005, 44, 5273-5275.
Sato, A.; Yorimitsu, H.; Oshima, K. Angew. Chem., Int. Ed. 2005, 44, 1694-2696.






RADICAL CATION
FRAGMENTATION REACTIONS
IN ORGANIC SYNTHESIS

ALEXANDER J. PoniaTowskl AND PauL E. FLOREANCIG

Department of Chemistry, University of Pittsburgh,
Pittsburgh, PA, USA

3.1 INTRODUCTION

Radical cations, the products of single electron oxidation reactions, are high-energy
intermediates that can react through numerous pathways, including cycloaddition,
nucleophilic addition, metathesis, and fragmentation processes.l The potential for
reaction through multiple pathways leads to speculation that radical cations are not
viable intermediates for complex molecule synthesis. Careful mechanistic studies,
however, have provided an understanding of the structural features that promote
selective reactions and applications of this information have provided spectacular
transformations. For example, nucleophilic addition reactions to radical cation
intermediates have been applied to natural product synthesis and asymmetric bond
formation (Scheme 3.1).2 In this chapter, we will discuss the manner in which
fundamental mechanistic studies on radical cation fragmentation reactions have
provided the framework for the development of an electron transfer-initiated cycliza-
tion reaction® that has been applied to the synthesis of a wide array of complex
structures.

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
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SCHEME 3.1 Addition reactions through radical cation intermediates.

3.1.1 Oxidative Carbon—Carbon Bond Cleavage

Arnold’s demonstration® that oxocarbenium ion intermediates can be formed through
homobenzylic ether radical cation fragmentation reactions shows that mild oxidizing
conditions can be used to prepare important reactive intermediates.’ Scheme 3.2
illustrates a critical observation in the development of an explanatory model that
allows for the application of radical cation fragmentation reactions in complex
molecule synthesis. In Arnold’s seminal work, cleavage of the benzylic carbon—
carbon bond in substrate 1 is promoted by 1,4-dicyanobenzene (DCB) with photo-
irradiation by a medium-pressure mercury vapor lamp. With methanol as the solvent,
the resulting products were diphenylmethane (2) and formaldehyde dimethyl acetal (3).

Arnold’s proposed mechanism® for these oxidations is shown in Scheme 3.3.
Photoexcitation of 1,4-dicyanobenzene produces a potent single electron oxidant

OMe  hv.DCB, 10°C

+ MeO.__OMe
O CH3CN, MeOH O
1 2 3

SCHEME 3.2 Arnold’s oxidative carbon—carbon bond fragmentation.
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(Step 1) that removes an electron from the substrate to form the radical cation (Step 2).
The benzylic bonds in the radical cation are substantially weakened relative to those in
the neutral substrate, allowing for mesolytic bond cleavage to form the diphenyl-
methyl radical and the oxocarbenium ion (Step 3). The oxocarbenium ion is subse-
quently captured by MeOH to form the acetal product (Step 4). The radical anion of
dicyanobenzene is a potent electron donor and can reduce the diphenylmethyl radical
to form the diphenylmethyl anion (Step 5), which can be protonated by MeOH to form
diphenylmethane (Step 6). Notably, no diphenylmethyl ether product was detected,
indicating that the fragmentation reaction proceeds exclusively to form the diphe-
nylmethyl radical and the oxocarbenium ion. This suggests that cleavage provides the
more stable cationic fragment.

(Step 1) .
NC NC
(Step 2)
* + _
Ph CN electron Ph ) CN
oMe * /©/ ” OMe + /©/
Ph)\/ NG transfer ph)\/ NG
(Step 3)
t
Ph fragmentation Ph +
s, . + OMe
Ph)\/OMe o P _
(Step 4)
+ MeOH cation MeO. _OMe "
+ _— +
~OMe © capture ~
(Step 5) _
CN |°* CN
jh . /©/ electron jh . /©/
PR " NC transfer ph” "~ NC
(Step 6)
Ph
Ph 4+ MeoH _ proton +  MeO
Ph” "~ transfer Ph

SCHEME 3.3 Mechanism for photosensitized carbon—carbon bond cleavage.

Additional examples of oxidatively initiated cleavage reactions demonstrated that
heteroatom stabilization of the cationic fragment is not necessary and that reactivity can
be tuned by manipulating the strength of the benzylic carbon—carbon bond (Scheme 3.4).
Entry 1 shows that substrate 4 with a benzyl rather than a diphenylmethyl group is
completely stable toward oxidative cleavage. Substrate 5, in which the methoxymethyl
groupis replaced by a diphenylmethyl group, also does not undergo oxidative cleavage at
room temperature (Entry 2) but does cleave at elevated temperature (Entry 3). These
experiments show that oxidative cleavage reactivity can be enhanced by weakening the
benzylic carbon—carbon bond through the addition of phenyl groups or alkoxy groups and
that alkoxy groups are particularly effective at promoting fragmentation.’
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SCHEME 3.4 Tuning reactivity by manipulating benzylic bond strength.

Substitution of the aromatic ring was also shown to be an important factor in
determining the facility of bond cleavage (Scheme 3.5).® Cyano-substituted ether 7
cleaved under oxidizing conditions, while methoxy-substituted ether 9 did not. These
results are contrary to the ease of radical cation formation, but are consistent with
fragmentation proceeding more readily from nonstabilized radical cations.

o hv, DCB, 10°C . MeOvOMe
O € CH3CN, MeOH O
NC NC

7 8 3

! hv, DCB, 10°C
O OMe  GH,4CN, MeOH
MeO

9

NR

SCHEME 3.5 Reactivity as a function of oxidation potential.

3.1.2 Thermodynamic and Kinetic Considerations

These studies taken together show that, from a thermodynamic perspective, three
factors can be utilized to predict the bond dissociation energy of a homobenzylic ether
radical cation (BDE(RC)) and thereby its propensity to fragment: (1) the bond
dissociation energy of the benzylic carbon—carbon bond in the neutral substrate
(BDE(S)), (2) the oxidation potential of the substrate (E,,,(S)), and (3) the oxidation
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potential of the radical that corresponds to the eventual electrophilic fragment
(Epa(E)). These factors combine to yield equation 1 as illustrated in Scheme 3.6
by using a representative Arnold mesolytic cleavage. The same equation explains the
enhanced reactivity of the diphenylmethyl-containing substrates relative to their
monophenyl counterparts because of their lower bond dissociation energies. The low
reactivity of the radical cation of methoxyphenyl-containing substrate is also
explained by this equation because of its low oxidation potential. Finally, the
selectivity of the cleavage to form the oxocarbenium ion rather than the diphenyl-
methyl radical can be explained by the lower oxidation potential of alkoxyalkyl
radicals compared to diarylmethyl radicals.’

©/\O(Me — ©/ 0 BDE(S)
OMe
+
- —_— - E a S
(O 0| - ) b =

i - e Eqa(E)

OMe OMe
+
T .
- + ( BDE(RC)
OMe OMe
+
BDE(RC) = BDE(S) — Epa(S) + Epa(E) (Equation 1)

SCHEME 3.6 Thermodynamics of radical cation fragmentation.

A subsequent study'® from the Arnold group showed an intriguing stereoelectronic
effect in oxidative benzylic carbon—hydrogen bond cleavage reactions of substrates 8
and 9 (Scheme 3.7). In this study, electron transfer reactions were conducted in the
presence of a nonnucleophilic base. Radical cation formation also weakens benzylic
carbon—hydrogen bonds, thereby enhancing their acidity. Deprotonation of benzylic
hydrogens yields benzylic radicals that can be reduced by the radical anion
of dicyanobenzene to form benzylic anions that will be protonated by solvent.
This sequence of oxidation, deprotonation, reduction, and protonation provides a
sequence by which epimerization can be effected at the benzylic center. In this study,
trans isomer 10 showed no propensity to isomerize to cis isomer 11 (equation 1 in
Scheme 3.7), but 11 readily converted to 10 (equation 2 in Scheme 3.7). The reactions
were repeated in deuterated solvents to assure that these observations resulted from
kinetic rather than thermodynamic factors. Trans isomer 9 showed no incorporation of
deuterium (equation 3 in Scheme 3.7) whereas cis isomer 11 showed complete
deuterium incorporation. The authors attributed this difference in reactivity to
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conformational effects. The dihedral angle between the phenyl ring and the benzylic
carbon-hydrogen bond in 10 was calculated to be 1° while the corresponding dihedral
angle in 11 was calculated to be 34°. These studies indicate that benzylic fragmenta-
tion is possible only when the cleaving bond can overlap with the w-orbitals of the
arene radical cation. The role of orbital overlap in determining fragmentation
propensity has also been discussed extensively by other research groups.''

(Equation 1) @
hv, 1,4-dicyanobenzene

HZ N.R.
2,4,6-collidine, CH3CN

HsC
10
(Equation 2) H @
g hv, 1,4-dicyanobenzene H 2
2,4,6-collidine, CH3CN I>
HBC ch
11 10
(Equation 3) @
/ hv, 1,4-dicyanobenzene
H N.R.
j:> 2,4,6-collidine
HaC CH3CN, CH30D
10
(Equation 4) @
hv, 1,4-dicyanobenzene D -
2,4,6-collidine j:>
CH3CN, CH30D H3C
11 12

SCHEME 3.7 Stereoelectronic effects.

This work and related studies provided the basis for the stereoelectronic model for
homobenzylic ether cleavage in Fig. 3.1. This model includes overlap of the benzylic
carbon—carbon bond with the SOMO of the aromatic ring (structure 13),
thereby stabilizing the benzylic radical upon cleavage. Additionally, overlap of a
heteroatom lone pair and the benzylic 6* orbital was shown to be necessary for
cleavage (structure 14).

13 14

FIGURE 3.1 Preferred conformation for radical cation carbon—carbon bond cleavage.
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3.1.3 Reactive Intermediate Lifetime

In addition to thermodynamic and stereoelectronic factors, the lifetime of the radical
cation and the efficiency of its formation are important considerations for developing
practical reactions based on single electron oxidation. Return electron transfer from the
reduced sensitizertotheradical cationis generally afastand highly thermodynamically
favorable process. Slowing this process can dramatically facilitate fragmentation.
Dinnocenzo and coworkers demonstrated'? that promoting electron transfer with the
cationic oxidant N-methylquinolinium hexafluorophosphate (NMQPFg) in the pres-
ence of an aromatic cooxidant such as toluene or biphenyl greatly improved the yield of
trialkyl benzylsilane radical cation formation through photooxidation relative to
reactions with cyanoarene oxidants (Scheme 3.8). This effect can be attributed to
two factors. Cationic oxidants such as the methylquinolinium ion form neutral radicals
upon accepting an electron. The neutral reduction product has no electrostatic
attraction to the radical cation, in contrast to the strong electrostatic between the
radical cation and the radical anion that forms from neutral oxidants such as dicya-
nobenzene. The lack of an electrostatic attraction allows the reductant and oxidant to
diffuse, thereby diminishing the potential for return electron transfer. 13 The cooxidant,
being present in large excess, statistically has superior opportunities for encountering
the photoexcited oxidant, thereby increasing the radical cation quantum yield.

N N X
3. o] L len
N N N

t
SN R O
+
OMe

SCHEME 3.8 Cationic oxidant and aromatic cooxidant.

3.2 ELECTRON TRANSFER-INITIATED CYCLIZATION REACTIONS

These impressive mechanistic studies on radical cation cleavage reactions provide the
foundations for devising new oxidative methods of increasing molecular complexity.
One method for achieving this objective is to append a nucleophile to the homo-
benzylic ether. This concept was precedented by reports of cyclization reactions that
were initiated by oxidative cleavage of stannylalkyl ethers.'* Intramolecular nucleo-
philic addition into the oxocarbenium ion that forms upon fragmentation leads to
annulation. Kumar and Floreancig showed'” that applying Arnold’s conditions to a
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homobenzylic ether with a pendent alcohol nucleophile (15) provided cyclic acetal 16
in an example of an electron transfer-initiated cyclization (ETIC) reaction
(Scheme 3.9). While this reaction was very slow, it provided a proof of concept
that justified further research efforts.

OH DCB, hv ,
(20% conversion)
OCBH17 DCE (@) OCBH17

24 h
15 16

SCHEME 3.9 Initial ETIC reaction.

This low reaction rate was attributed to fragmentation and cyclization not being
kinetically competitive with return electron transfer between the homobenzylic radical
cation and the dicyanobenzene radical anion. In principle, the kinetics of this reaction
could be improved by utilizing a cationic oxidant and an aromatic cooxidant in accord
with Dinnocenzo’s studies.'> When 15 was irradiated in the presence of NMQPF¢ and
the cooxidant zert-butylbenzene, shown by Kochi'® to form a radical cation that stable
toward fragmentation, the reaction proceeded to form 16 within 20 min. As illustrated
in Scheme 3.10, other examples in the same report demonstrated that five-, seven-, and
eight-membered rings could also be formed in good yields.

OH  hv, NMQPF, ((j\)
n _—_ > n 100% conversion
OCBH17 NaOAC, DCE o) OC8H17

tert-butylbenzene

SCHEME 3.10 Kinetically viable ETIC reactions.

3.2.1 Rate Enhancement and Mechanistic Studies

The mechanism of these nucleophilic additions was proposed to proceed through a
dissociative rather than associative pathway (Scheme 3.11) based on observations that
reactions of substrates that contain multiple chiral centers could be stereoselective but
were not stereospecific, 15 consistent with the formation of a carbocationic intermedi-
ate. Evidence that the dissociation step is rapid and reversible was provided by
observations of epimerization at the homobenzylic center in recovered starting
materials when reactions were taken to partial conversion.

3.2.2 Development of a Catalytic Aerobic Protocol

The reaction conditions for these cyclization reactions were further improved by
devising conditions by which NMQPFg could be used in catalytic amounts.



ELECTRON TRANSFER-INITIATED CYCLIZATION REACTIONS 51

SR ol
OCshHi7 0~ "“OCgH47

+1e™ || —1e” slow
N OH |* fast ) OH
1/\/\/ st .\ (\/\/
OCgH17 908H17
fast

OH +1e™ S ~OH
O/\E;t;ﬂ/\/ —1e” 6CSH17

SCHEME 3.11 Mechanism of the cyclization reaction.

Dinnocenzo and coworkers reported'? that spectroscopic signals from N-methyl
dihydroquinolyl radicals were suppressed in the presence of O,, suggesting that
methylquinolinuim ions can be regenerated through aerobic oxidation. Conducting
the ETIC reaction with continuous aeration'’ allowed the loading of NMQPF to be
reduced to 2.5 mol percent (Scheme 3.12), in accord with the postulate of quinolinium
ion formation through dihydroquinolyl radical oxidation. Aeration also promoted
oxidation of benzyl radical leaving group to form benzaldehyde, which facilitated
separation by minimizing the number of by-products. Toluene could be used as
the cooxidant rather than the less volatile and more expensive fert-butylbenzene
because toluene oxidation also produces benzaldehyde. Due to superoxide formation,
a terminal reducing agent was necessary to guard against unselective overoxidation.
While soluble reducing agents inhibited cyclization completely, insoluble sodium

+

o CPNT | oer — g,

NayS,03 |

Oz

Ha0 o

@*H

SCHEME 3.12 NMQPF catalyzed aerobic photooxidation.
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thiosulfate proved effective for scavenging superoxide while not impeding the
desired pathway.

3.2.3 Oxidative Cascade Reactions

Oxidatively generated oxocarbenium ions can be trapped by epoxides to form highly
electrophilic epoxonium ions under nonacidic conditions. This method, shown in
Scheme 3.13,'® is desirable for designing cascade reactions that employ substrates
with multiple acid-sensitive groups because the ordering of electrophile formation is
controlled by the kinetics of cyclization rather than bimolecular acid-base interac-
tions. Substrate 20 was subjected to oxidative cleavage conditions to provide polyether
21 through a series of exo-cyclizations into epoxonium ion intermediates. A subse-
quent report'® showed that fused polyether structures could be formed by structural
modifications, as shown in the conversion of 22 to 23.

hV, NMQPFs, 02

0 0
Bn Woj\oa NaOAc, Na;S,03
OMe 20

DCE, PhMe, 79%

MeO' o4 (0] \g/

H +

hV, NMQPFG, 02
Bn (o) OBu NaOAc, NayS,03

OMe o) DCE, PhMe, 79%
22

SCHEME 3.13 Epoxonium ion cascade reactions.

3.3 OXIDATIVE ACYLIMINIUM ION FORMATION

Iminium and acyliminium ions are useful nitrogen-containing analogs of oxocarbe-
nium ions that could in principle be formed through oxidative fragmentations of
homobenzylic amines and amides. Oxidative fragmentation reactions of silylalkyl
amides have been reported by several groups, with notable examples shown in
Scheme 3.14. Yoshida and coworkers reported (Entry 1 in Scheme 3.14) that silylalkyl
amides could be cleaved under anodic oxidation conditions to form acyliminium ions
that react with MeOH to form acylaminals.?° These studies provided the foundations
for the elegant “cation pool” method®' that was devised by this group. Mariano
showed?? that iminium and acyliminium ions could be formed by cleaving silylalkyl
amines and amides, respectively. Cyclization was effected by tethering the electro-
phile to allylsilane groups (Entry 2 in Scheme 3.14). Moeller reported®’ that the
Yoshida conditions could be applied to peptides that contain silylalkyl amide groups
(Entry 3 in Scheme 3.14). Oxidative cyclization reactions of these substrates provide a
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SCHEME 3.14 Previous examples of oxidative iminium and acyliminium ion formation.

powerful method for manipulating peptide structure after completing the synthesis of
the linear structure.

Secondary and tertiary amides 30 and 31 were prepared based on the hypothesis that
amide groups, such as alkoxy groups, would weaken benzylic carbon—carbon bonds
and stabilize the cations that form upon fragmentation of their radical cations.
Exposing these substrates to the photochemical aerobic oxidation conditions resulted
in the expected cyclizations to form amido tetrahydropyrans 32 and 33 in good yield
(Scheme 3.15).%* Substrates 34 and 35 with methyl substituents at the bis homo-
benzylic position cyclized under aerobic ETIC conditions, showing modest diaster-
eoselectivity in the formation of secondary amide 36 and high diastereoselectivity in
the formation of tertiary amide 37. The lack of stereospecificity in these reactions
suggest that the displacements proceed through discrete acyliminium ion formation
occurs rather than Sy2-type displacement. Although electronegative groups at the
homobenzylic position could inhibit fragmentation by destabilizing the intermediate
acyliminium ions carbamates, 38 cyclized to form 39 in 63% yield and 40 cyclized to
form 41 in 89% yield. Notably, the cyclization of 40 showed that THP ethers are
nonpolar surrogates for hydroxyl groups in these reactions.

The sensitive amido trioxadecalin framework of the mycalamide family of natural
products® provides an attractive target for applying the ETIC reaction to complex
molecule synthesis. This structure could potentially be prepared by adding a formal-
dehyde hemiacetal or its equivalent into an acyliminium ion. Glucose-derived
homobenzylic carbamate 42, in which a tetrahydrofuryl ether was used to prepare
a formaldehyde acetal equivalent, was subjected to oxidative cleavage under the
standard aerobic conditions to form amido trioxadecalin 43 in good yield
(Scheme 3.16).%° Green and Floreancig recently completed a total synthesis of
theopederin D*’ through the cyclization of 44 to 45. The ability to effect acyliminium
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SCHEME 3.15 Oxidative amido tetrahydropyran formation.

ion formation in the presence of acid-sensitive groups such as tetrahydrofuranyl ethers
highlights the orthogonality of oxidative cleavage with respect to acid-mediated
electrophile formations and highlights the utility of the protocol in complex molecule
synthesis.

3.4 CARBON-CARBON BOND FORMATION

3.4.1 Chemoselectivity and Reactivity

Oxidative cleavage of homobenzylic ether substrates in the presence of electron-rich
n-nucleophiles presents a significant chemoselectivity challenge to forming carbon—
carbon bonds through this process. This problem could be circumvented by lowering
the oxidation potential of the arene through appending an electron-donating group.
Incorporating a para-methoxy group to a substrate that was known to undergo
oxidative cyclization (46, Scheme 3.17), however, completely suppressed the reac-
tion. From a thermodynamic perspective, this result is consistent with equation 1 in
Scheme 3.6, which shows that the bond dissociation energy of the radical cation is
raised when the oxidation potential of the substrate is lowered. Reactivity was
restored by introducing additional radical stabilizing (bond-weakening) groups at
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Theopederin D

SCHEME 3.16 Oxidative amido trioxadecalin construction in the synthesis of theopederin D.

the benzylic position, with the phenyl group in 47 being a representative bond-
weakening element, in accord with the prediction from equation 1 in Scheme 3.6 that
lowering the benzylic bond dissociation energy of the substrate lowers the bond
dissociation energy of the corresponding radical cation. The lowered oxidation
potential of substrates that contain p-methoxyphenyl groups allowed for the use
of ground-state oxidants, such as the commonly used reagent ceric ammonium nitrate
(CAN), to initiate oxidative cleavage. Utilizing ground-state oxidants facilitates the
reactions from a technical perspective and removes the requirement for a photo-
chemical reactor.

3.4.2 Reaction Scope

Cyclizations proceeded smoothly to form carbon—carbon bonds when a variety of
n-nucleophiles were appended to electron-rich homobenzylic ethers (Scheme 3.18).%8
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SCHEME 3.17 Cyclizations of substrates with electron-rich arenes.

Silyl allenes such as 48 and enol acetates such as 50 were particularly effective
substrates for these reactions. The oxidative cascade reaction of trisubstituted alkene
substrate 52 demonstrated a powerful application of ETIC chemistry to form bicycle
53 through consecutive carbon—carbon and carbon—oxygen bond construction.
Highly diastereoselective reactions were observed when the nucleophile was

Ph
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SiMez
H DCE, MeCN
MeO OCsfh7
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/@)\(\/\% CAN, NaHCO3
DCE, MeCN
MeO OC8H17 OAc e
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54
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CgH470 (6]

49%

80%

=

CeHim O
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SCHEME 3.18 Carbon—carbon bond forming ETIC reactions.
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tethered to the oxygen of the homobenzylic ether, resulting in an endo-cyclization
rather than an exo-cyclization, as shown in the conversion of 54 to 55. This cyclization
was also intriguing because it showed that the alkene substituent that lowers BDE(S)
can be appended to the homobenzylic position as well as the benzylic position.

Several of the reactivity patterns that were observed in the development of the
oxidative carbon—carbon bond forming reactions were evident in the ETIC reaction of
compound 56 (Scheme 3.19).%° Two homobenzylic ethers that potentially could
fragment are present in this substrate. Cleavage in the presence of CAN was observed
exclusively at the site that contains the geminal methyl groups, however, resulting in
the formation of tetrahydropyran 57. This cyclization, which was used in the synthesis
of a subunit of the cytotoxin apicularen A,*° demonstrated that fragmentations can be
effective in structures that contain multiple groups that undergo single electron
oxidation, and that selectivity will arise when differences exist in the kinetic barriers
of downstream events.

MeO MeO
MeO OAc MeO OAcC

CAN, NaHCO

o) o s ) o
DCE, MeCN

40°C, 73%
OAc OMe 0
56 57

Apicularen A
SCHEME 3.19 ETIC reaction en route to apicularen A.

A diastereoselective endo-cyclization into an oxidatively generated oxocarbenium
ion was a key step in a formal synthesis®' of leucascandrolide A.** Exposing 56 to CAN
provided cis-tetrahydropyran 57 in high yield and with excellent stereocontrol
(Scheme 3.20). This transformation provides further evidence that oxidative electro-
phile formation is tolerant of several functional groups and can be applied to complex
molecule synthesis. The synthetic sequence also utilized a Lewis acid mediated
ionization reaction to form an oxocarbenium ion in the presence of the homobenzylic
ether (58, 59), illustrating that two carbocation precursors that ionize through
chemically orthogonal conditions can be incorporated into the same structure.
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Leucascandrolide A

SCHEME 3.20 Ionization reactions in the synthesis of leucascandrolide A.

3.5 SUMMARY AND OUTLOOK

Abundant opportunities for developing new reactions that proceed through radical
cation intermediates become available by understanding the structural features that
promote the available pathways for these high-energy intermediates. The studies that
were detailed in this chapter focused on oxidative cleavage reactions to generate
carbocations under nonacidic conditions. These efforts required a basic understanding
of the thermodynamic factors that influence bond strengths in radical cations and
kinetic factors that impact the lifetime of the intermediates. The basic investment in
studying the physical organic chemistry of radical cation fragmentation pathways has
resulted in the development of a highly versatile cyclization protocol. The chemo-
selective oxidation conditions that are employed to form the radical cation inter-
mediates are tolerant of a number of functional groups including but not limited to
ethers, silyl ethers, epoxides, acetals, ketones, esters, amides, alkenes, alkynes, and
arenes. Thusradical cation fragmentation reactions can be employed to form cations in
highly functionalized compounds. Strategically, these reactions create opportunities
for forming cations through oxidative cleavage in the presence functional groups that
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are sensitive to the acidic conditions that are commonly utilized for ionization, and for
introducing multiple precursors to electrophiles in molecules that can be released in a
perfectly orthogonal manner. With the fundamental reactivity patterns and the utility
of the method toward complex molecule synthesis soundly established, continued
efforts to devise creative applications of radical cation cleavage processes are highly
warranted. Developing new reactions that utilize cationic intermediates in structures
where conventional methods would not be viable and making the process “greener” by
improving atom economy and utilizing oxygen as the terminal oxidant for ground-
state oxidants are exciting and under explored frontiers of research in this area.
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4.1 INTRODUCTION

Ever since its discovery in 1928,! the Diels—Alder (DA) reaction has remained one of
the most useful reactions in organic synthesis because of its utility in forming two new
carbon—carbon bonds. The easy construction of cyclohexenes from acyclic precursors
has remained an invaluable method for the synthesis of many important compounds.
Attempts to react electron-rich dienes and electron-rich dienophiles reveal a limitation
of the DA reaction, namely, the requirement for energetically close frontier orbitals of
the reaction partners.”™ Low yields or forcing conditions™ often present roadblocks
in chemical syntheses. Traditional solutions to this problem have called for the use of
Lewis acid catalysts such as transition metals.”® Even with such carefully controlled
systems, DA additions fall sometimes short of satisfactory results in terms of atom
economy and synthetic applicability. This is, for example, the case for simple
hydrocarbons that have large HOMO-LUMO gaps and are often not susceptible to
transition metal catalysis. The last few decades have brought about attempts to expand
the capabilities of the DA reaction by oxidation of one reacting substrate to the radical
cation through single electron transfer (SET),’~'? providing the desired difference in
electron density. This strategy can be classified as a redox umpolung.'® Product
formation and back electron transfer (BET) completes the cycle of electron
transfer catalysis (ETC). The application of ETC to pericyclic reactions was first

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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suggested by Woodward in 1942,'* but was not applied until Ledwith’s pioneering
work 30 years later.'?

4.2 MECHANISM AND THE ORIGIN OF THE RATE ACCELERATION

Mechanistically, radical cation Diels—Alder reactions are generally considered to be
stepwise reactions,'®~'® as demonstrated by experimental'>*° and computational®' >
studies. The stepwise mechanism is the result of removing an electron from the HOMO
(or, less commonly, the addition of an electron to the antibonding orbital in the case of
radical anions), weakening the bond and making the bond easier to break. At the same
time, the concerted pathway becomes energetically less favorable because the
concerted transition state is no longer subject to aromatic stabilization on account
of an odd number of electrons. Furthermore, the symmetry preserving pathway is
subject to Jahn—Teller distortions that increase the activation energy even more.**° The
overall result is an acceleration of slow or symmetry forbidden cycloadditions,>’°
electrocyclic reactions,**™ sigmatropic shifts,**** cycloreversions**° by up to 13
orders of magnitude.

N\ T

IE

(Neutral)

E/_\_

SCHEME 4.1 Thermodynamic representation of radical cation cycloaddition reaction
acceleration.

An explanation for the increased reaction rates observed for radical cation
Diels—Alder reactions has been proposed by Bauld and is shown in Scheme 4.1.°"
The same principle is applicable for other radical cation pericyclic reactions. The
butadiene cation radical is formed by removing an electron from the HOMO of the
diene, which is according to Koopman’s theorem equal to the ionization energy (IE).
This radical cation reacts with neutral ethylene forming the distonic, acyclic radical
cation. The energy gained from BET to the acyclic diradical is of equal magnitude to
the ionization energy required to remove an electron from the nonbonding 2p atomic
orbital of a carbon in a hypothetical 1,6-diradical. Because the electron is removed
from a nonbonding orbital, the IE required is much smaller than the energy initially
required to remove an electron from the t-bonding molecular orbital of the butadiene.
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As a result, the transition state of the radical cation cycloaddition is much more
reactant-like and the activation energy will be much smaller than in case of the
cycloadditions between two neutral reactants. Finally, the thermodynamic driving
force for this radical cation/neutral addition is equal to the large difference in
ionization potentials between the bonded and the nonbonded orbitals.

4.3 SELECTIVITY IN RADICAL CATION CYCLOADDITIONS

The Bauld analysis highlights the fact that radical cations are highly reactive species.
Surprisingly, they have at the same time been empirically found to be highly selective.
In direct comparisons with neutral reactions, the ETC cycloaddition reaction was
found to be more selective in both [4 + 2]°>>% and [2 + 2]°* reactions, which is in
contrast to the widely applicable reactivity—selectivity principle. Furthermore, com-
plete facial diastereoselectivity and a high endo/exo ratio were observed when chiral
dienes were used.”>™” This remarkable combination of high reactivity and high
selectivity has great promise for a variety of processes, but applications remain rare.
One possible reason is the lack of predictability of selectivity due to various competing
mechanisms as well as the generally low familiarity of many organic chemists with the
selectivity determining factors. This review complements the previous, mechanisti-
cally oriented reviews® 1171838260 iy aqdressing some of these questions by provid-
ing an overview of patterns governing the selectivity that has been observed in ET
catalyzed cycloadditions. Using selected literature examples rather than a compre-
hensive overview, we will discuss the experimental findings and provide an overview
of the factors determining them.

We will begin by considering the chemoselectivity of various systems. A cycload-
dition reaction between two substrates can in principle lead either to the homodimer-
ization of substrate or to the formation of a cross-adduct. This competition, which we
define as chemoselectivity, between the commonly desired cross-adducts and the
homodimer side products must be assessed before discussing any higher order
selectivity. Once the factors governing the chemoselectivity have been outlined,
the regioselectivity, that is, the position of the initial bond formation, will be analyzed.
Due to the stepwise nature of the radical cation cycloadditions, the position of the
initial bond formation has a significant effect on peri- and stereoselectivity.
Periselectivity refers to the position of the ring closure to give either the [4 4 2]
Diels—Alder or the [2 4 2] cyclobutane adducts. Due to the breakdown of the
Woodward-Hoffmann rules for open shell radical cations, both [2 4 2] and
[4 + 2] products have been observed in a number of cases. Finally, a discussion of
the stereoselectivity will consider both the endo/exo diastereoselectivity as well as the
remarkable diastereoselectivity observed with chiral reaction partners.

Several factors that are less important in the case of neutral cycloadditions have to
be considered because they can potentially be exploited for greater selectivity. As a
result of the charged nature of the radical cations, solvents and the solvation state of
the ions as contact ion pairs, solvent separated ions pairs, or free ion pairs involved in
the reaction now play a much greater role than for the cycloadditions of a neutral
substrate, which for the most part show only a weak solvent dependence. The
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induction of the reaction by electron transfer also plays a major role in determining
both the identity and the concentration of the reactive species and because back
electron transfer is a common competing reaction at any point during the reaction.
Scheme 4.2 shows some common thermal one-electron oxidants (2 and 4) and
sensitizers for photoinduced electron transfer (1, 3, 5-7). In comparison, the
formation of the radical cations through electrochemical methods is less common. '
Itis noteworthy that following oxidation of the reacting species, 1-3 will be reduced
to neutral while 4-7 will exist in radical anion form leading, to the possibility of an
ion pair complex. Together with the substrate concentration and the solvent, this
dictates the rate of back electron transfer that is a crucial element in ETC reactions.
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SCHEME 4.2 Photoelectron transfer catalysts.

44 CHEMOSELECTIVITY

Chemoselectivity is generally defined as the preferential outcome of one instance of a
generalized reaction over a set of other possible reactions. In the context of this review,
we will narrow this definition to a competition between homodimerizations and cross-
additions of starting materials.

4.4.1 Effect of Dienophile Substituents on Chemoselectivity

Most dienes studied in radical cation Diels—Alder reactions are derivatives of 1,3-
cyclohexadiene 8. As shown in Scheme 4.3, the dimerization of 8a can already lead to
four different products 9a—12a that are commonly observed in many crossed radical
cation Diels—Alder reactions. Reacting cyclohexadiene 8a with styrenes 13a—c thus
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results in the unavoidable competition between the homodimerization of 8a
(Scheme 4.3) and formation of the cross-adduct as shown in Scheme 4.4.
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a, R'=R%=H ¢, R'= OAc; R%=H
b, R'= OCHj; R2=Hd, R'= H; R2= OAc

SCHEME 4.3 Observed products associated with the dimerization of dienes 8a-d.
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SCHEME 4.4 Cycloadditions of various dienophiles with 8a.

As shown in Table 4.1, formation of the mixed adduct is favored over homo-

dimerization of 8a with the simple styrene 13a, but this selectivity is inverted for the
case of the more bulky dienophile trans-B-methylstyrene 13b, presumably due to
steric effects. Although the overall reaction is highly exothermic on the radical cation
surface, the reaction is not insensitive to steric effects. Chemoselectivity in the radical
cation cycloaddition is largely a consequence of a substrate’s ability to stabilize the
radical cation of the oxidized species through the formation of a weakly bound ion-
molecule complex.?® Such complexes have been known for a long time in gas-phase

TABLE 4.1 Chemoselectivity in the Reaction of 8a with 13a-c

Entry Reagent Sensitizer Solvent Yield (%) Mixed Product/8a Dimer

137

237
462
562
662
762
862

13a 3a CH,Cl, 49.0 3.46/1
13b 3a CH,Cl, 78.0 0.70/1
13c 3a CH;CN 323 1.6/1
13c 6 CH;CN 36.1 3.40/1
13c 6 CH,Cl, 27.0 4.40/1
13c 6 THF 3.7 1.06/1
13c 6 Et,O 13.6 0.94/1
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studies of charged species and were studied computationally for radical cation
Diels—Alder reactions.”> Ion-molecule complex formation greatly increases the
statistical probability for a successful cycloaddition resulting in either cross-products
or homodimers. Steric effects that favor some ion-molecule complexes over others
thus become important. As a result, formation of the sterically less constrained ion-
molecule complex 8a*/8a is apparently more favorable than forming the less stable
8a " /13c ion-molecule complex.

4.4.2 Effect of Sensitizers and Solvents on Chemoselectivity

In addition to the steric issues in chemoselectivity, which are intrinsic to the reaction of
a given set of substrates, solvent and sensitizer effects are of importance for a direct
control on selectivity because they can be controlled. The reaction of 8a and 13¢
catalyzed by sensitizer 6 shows an overall increase in cross-product formation with
increasing solvent polarity. Entries 4 and 5 in Table 4.1 demonstrate that use of 3a
reduces the formation of cross-products in polar solvents. This difference can be
rationalized by the fact that after ET by 6, a strongly complexed ion pair is formed,
whereas in the case of 3a, the sensitizer is neutral and can dissociate more easily from
the radical cation formed.

H20 H . H21 An

hv
3b

+
AL OCHg
18 19

™\ I
22 CHs 23 CHg
SCHEME 4.5 Cycloadducts of ET catalyzed reaction between 18 and 19.

These results are in agreement with the ones from a more recent study of the
cycloaddition of 18 and 19 catalyzed by 3a. Ref. 63 Entries 4-7 in Table 4.2 show the
loss of cross-product formation with increasing solvent polarity when using 13b as a
sensitizer. Although in direct contrast with results in Table 4.1 catalyzed by 6, the
results of Steckhan et al. using 3a shows trends in agreement with the results in
Table 4.2.%* Switching catalysts to 7, which exists as a radical anion upon oxidation of
18, confirms the inversion of chemoselectivity similar to the one shown in Table 4.1.
These differences between sensitizers that are after electron transfer neutral or anionic,
respectively, have been rationalized with ion-molecule complex formation.®*** Using
3b*, which is neutral following the oxidation of 18, is unlikely to complex with 18 .
Weakly polar solvents are unable to stabilize the radical cation, forming an ion-
molecule complex with 19 over the more electron-rich diene 18 on account of its steric
bias toward 19. Formation of such ion-molecule complexes is less favored in solvents
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TABLE 4.2 Chemoselectivity in the Reaction of 18 and 19

Entry Concentration (M) Sensitizer Solvent Cross-Product/18 Dimer
1 1.51 3b CH,Cl, 0.33/1
2 0.50 3b CH,Cl, 0.43/1
3 0.15 3b CH,Cl, 2.67/1
4 0.05 3b CH,Cl, 8.12/1
5 0.15 3b Acetone 2.19/1
6 0.15 3b CH;CN 0.99/1
7 0.15 3b DMSO 0.67/1
8 0.15 7 CH,Cl, 4.27/1
9 0.15 7 CH;CN 8.44/1

of higher polarity due to better solvation of the charged species, leading to the observed
decrease in cross-adduct formation. When utilizing neutral sensitizers such as 6 or 7,
the ion-molecule complex is a diene/sensitizer rather than diene/dienophile complex.
As the results indicate, solvation in more polar solvents of 7 /18 * frees 18" to
interact with less sterically hindered 19, increasing cross-adduct formation.

4.4.3 Effect of Concentrations on Chemoselectivity

Results shown in Scheme 4.5 and Table 4.2 demonstrate a preferred formation of
cross-adducts at lower concentrations.®* Lower concentrations allow radical cations to
equilibrate between 18 " /18 and 18 * /19. Due to the unfavorable steric bulk discussed
earlier between 18 7/18, a predominant population of 18 7/19 is present in solution
leading to a higher chemoselectivity.

4.4.4 Effect of Electron-Rich Dienophiles on Chemoselectivity

In the cases discussed so far, the charged species has been the diene radical cation
due to its generally lower oxidation potential. Consequently, chemoselectivity has a
greater dependence on the substituents of the diene rather than the dienophile. Results
summarized in Scheme 4.6 and Table 4.3 for the electron-rich dienophile, show an
approximately 1 : 1 selectivity when using 8a.%% Placing substituents at the 1-position
as in 8b,c completely inhibits the formation of cross-adducts, while substitution at the
2-position of the dienes leads to preferential formation of the cross-adduct.

0} s o)
L) = BT - A,
R2 O
8 RI 24

R2 R rZR' o
25-exo 25-endo

8a,25a: R'=R’=H 8c, 25c: R'= OAc; R?=H
8b, 25b: R'= OCHj; R2=H 8d, 25d: R'=H; R?>= OAc

SCHEME 4.6 Diene substituent effects on ETC cycloadditions.
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TABLE 4.3 Substituent Effects Upon Reaction of Dienes 8a-d with 24

Entry Diene Yield (%) Cross-Product 25/8a—d Dimer
1 8a 45 0.8/1
2 8b 94 0/1
3 8c <5 0/1
4 8d 37 4.3/1

24 24

AcO -
d 8d

OAc

8 8c

28""

SCHEME 4.7 Comparison of distonic intermediates of cross-adducts and homodimers.

An examination of effects from substituent position is shown in Scheme 4.7.%% The
stability of the singly linked intermediate of the stepwise cycloadditions is key in
understanding the selectivity. Comparing the singly linked intermediates of the cross-
products 26 * and 27 ", it is clear that 27 * will be disfavored due to steric bulk at the
bridgehead position and the lack of stabilization of the cation by the acetoxy group at
the 2-position of the allyl system. As aresult, the intermediate 26 , where the positive
charge can be stabilized as an oxonium ion, is favored. Conversely, intermediate 28 +
will provide greater stabilization of the cation with the acetoxy group at the 1-position
rather than the 2-position as in the less stable intermediate 29 *. This 1-position
stabilization effect on diene dimerization becomes more pronounced with the use of a
methoxy moiety, giving an exclusive 94% yield of homodimers.

4.5 REGIOSELECTIVITY

The presence of the singly linked intermediate resulting from the stepwise nature of the
ET catalyzed reaction determines the regioselectivity of the reaction through the radical
ion stability following initial bond formation. This has been studied in detail for the
reaction of electron-richindoles with dienes including 8b, 8¢, 8d, and 18, viaETC 20536
Scheme4.8 shows the singly linked intermediates leading to the experimentally observed
regioisomers. This reaction has displayed complete regioselectivity. Dienes with sub-
stituents on C-1 led to the exclusive formation of 1-substituted adducts, 33. Dienes with
substituents on C-2, on the other hand, resulted in the formation of adducts substituents in
3-position, 34. This observation can be explained by the fact thatinitial bond formation to
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SCHEME 4.8 Indoles reacted with dienes demonstrate the high regioselectivity associated
with ETC reactions.
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C-1orC-4 of the diene allow for allylic conjugation and stabilization by substituents at C-
1 or C-2 as shown in 31" and 32, respectively.

Later, a more detailed and quantitative rationalization was given for the selectivity
observed in ET catalyzed cycloadditions with indoles and various exocyclic dienes
that provided complete regioselectivity. Distonic radical cation intermediates leading
to all regioisomers were studied computationally. Potential energy surfaces showed
that areaction path leading to an intermediate with lower energy proceeds with alower
activation barrier, whereas the pathway leading to the high-energy intermediates
involved higher energy barriers. Intermediates leading to the observed adducts were
more than 10 kcal/mol lower in energy than the other possibilities.>*> This deep
potential well achieved by the greatest radical cation stabilization is the driving force
for the heightened regioselectivity. Similar computational studies were done with
methyl-substituted butadienes at different positions undergoing Diels—Alder reactions
with ethylene. Regioselectivity was based on the formation of the singly linked
intermediate most capable of stabilizing the radical cation species.®® These trends
were also found in substituents effect studies for anumber of other pericyclic reactions
of radical cations.®”%®

4.6 PERISELECTIVITY

One of the most interesting aspects of radical cation cycloadditions is that the same
substrates can lead to both [4 + 2] and [2 + 2] products under similar conditions.
Woodward-Hoffmann controlled, neutral cycloadditions provide only one set of
products depending on whether the reaction proceeds thermally or photochemically.
Differentiating the forces dictating the periselectivity, that is, the formation of [4 + 2]
cyclohexene adducts versus [2 + 2] cyclobutane adducts, is of great practical value
and considerable effort has been devoted to such studies. In analogy to the analysis of
chemoselectivity and regioselectivity, much of the understanding of periselectivity is
derived from the analysis of the singly linked radical cation intermediate. The
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TABLE 4.4 Solvent Effects on Addition of 8a to 13b%°

Yield (%)
Solvent (¢) 14b + 15b 16b + 17b (14b + 15b)/(16b + 17b)
CH;CN (37.5) 27.5 04 68.8/1
CH,Cl, (9.1) 18.8 32 5.9/1
THF (7.4) 0.9 1 0.9/1
Benzene (2.3) 3.3 3.3 1.0/1
1,4-Dioxane (2.2) 4.9 53 0.9/1

periselectivity of radical cations has been found to be both solvent and concentration
dependent.

4.6.1 Effects of Solvent and Concentration on Periselectivity

Reanalysis of the results shown in Scheme 4.4%° from the viewpoint of periselectivity
demonstrates the influence of external factors such as solvents and sensitizers.
Table 4.4 illustrates the trends toward increased [4 + 2] cycloaddition at higher
solvent polarity, while [2 + 2] cyclizations are favored at lower solvent polarities.®’

Kinetic studies of the dimerization of 1,1-diphenylethylene (Scheme 4.9), suggest
that different radical ion pairs lead to the observed periselectivity.’® After oxidation of
52 by 7, the singly linked intermediate 53 is formed. Formation of 56 and 57 results
from cage escape of 327" leading to a solvent separated ion pair (SSIP).
Cyclobutanation to 55 is hypothesized to be the result of an ion-molecule complex
formation with sensitizer 7~ affording a close ion pair (CIP). With a greater probability
for BET, formation of a 1,4 biradical and rapid [2 + 2] cyclizationis expected. The use
of neutral sensitizers produced a 0.65:1 of 55:(56 + 57) ratio, while positively
charged sensitizers lacking Coulombic attraction to the radical cation following diene
oxidation eliminated all formation of [2 + 2] products.

ot
Ph Ph
)L hv,7_ |Ph—(-**3%—Ph| _CIP 7D<

Ph™ >Ph CHsCN PhPh Ph 55 Ph
52 53"+
Ph
| =
H
PH Ph PH Ph PH Ph
54'*

SCHEME 4.9 Different mechanistic pathways associated with periselectivity.
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Mechanistic studies of styrene dimerizations have been performed in attempt to
elucidate the form of the intermediate, that is, whether it is an acyclic, singly linked
intermediate or a “long bond” cyclobutane. Farid suggested an acyclic radical cation
intermediate, analogous to classic styrene dimerizations.”' Later on, a concerted but
nonsynchronous [2 + 1] cycloaddition involving a “long bond intermediate” 53"
was proposed.”>"7>73 Laser flash studies of ET dimerization reactions of vinylani-
sole and other arylethene derivatives concluded that the rate determining step in the
formation of 54 © was the cleavage of the long bond intermediate 53 .7 This model
was also used to explain the experimentally observed concentration dependence of
periselectivity, that s, the formation of [4 4 2]adducts atlow substrate concentrations
and [2 + 2] products at high substrate concentrations. In the later case, collision of
53" with a substrate would lead to BET and formation of the biradical, which rapidly
cyclizes to the cyclobutane. In the case of lower substrate concentrations, collisions
and BET are less frequent, allowing the required time for the rearrangement to 54 *.
However, the distinction between singly linked and “long bond” intermediates might
not be clear. Recent computational studies demonstrated that the long bond interme-
diate is rapidly equilibrating with the acyclic intermediate and that the assignment of
the absorption observed in laser flash studies to the “long bond” intermediate might be
inconclusive.”

Returning to the effect of solvents, two reasons for the frequently observed
dominance of [2 + 2] cycloadditions in nonpolar solvents can be proposed. Less
polar solvents will be less effective in stabilizing the radical cation species, thus giving
rise to formation of CIP with the reduced sensitizer and more likely and more
exothermic BET. Additionally, forward electron transfer might not favorable in all
cases. The thermodynamically disfavored ET in nonpolar solvents increases the
probability of a direct photoexcitation of the substrate, leading to the cyclobutane
adduct via the normal Woodward-Hoffman dictated excited-state process.”””"’

4.6.2 Effect of Diene/Dienophile Redox Potentials on Periselectivity

The dependence of the periselectivity on the relative redox potentials of the reaction
partners has been studied for the case of the electron-rich dienophiles 36a—e and 13b
with the acyclic diene 35, shown in Scheme 4.10. While the corresponding neutral
reaction is not observed, ET efficiently catalyzes this cycloaddition.’"”® Table 4.5
shows that [2 + 2] selectivity dominates the reaction when incorporating dienophiles
with oxidation potentials higher than that of 35 (1.36 eV). In these cases, the reaction
will proceed via oxidation of 35. [4 + 2] addition to acyclic dienes, which

2
R1/\/R R1 ) R2
13b, 36a—e R® +
—_— 1
hn, 5 R
35 37 38

SCHEME 4.10 ET catalyzed additions of dienophiles to acyclic 35.
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TABLE 4.5 Periselectivity in the Reaction of 35 with Various Dieneophiles

Dienophile R! R? E, (eV) [4 + 2]:[2 + 2]
36a’® NAcMe H 1.55 0:100
36b% OEt H 1.60 2:98
364 SPh-p-Br H a 10:90
13p%? OPh H 1.62 18:82
36¢% SPh H 1.42 31:69
36e% SPh-p-CH,CH; H a 5446
365> p-An CH; 1.11 100:0

“Potentials not given.

predominantly exist in the frams conformation, is not observed. Equilibration of
the radical cation diene to the s-cis conformation is very slow due to the delocalized
charge. The high-energy transition state required for bond rotation of a conjugated
radical cation species necessary for the [4 + 2] cyclization has been documen-
ted.%*798! Therefore, [2 + 2] adducts are the observed products following
BET and closure of the biradical species. Conversely, lowering the oxidation potential
below that of 35 leads to the [4 4 2] cyclization as shown for the case of 36f.52
With an olefin radical cation intermediate, the isomerization to the trans-diene is
possible, forming the more thermodynamically stable [4 + 2] adduct as the major
product.

Although oxidation potentials do not precisely correlate with the observed trend in
selectivity, vinyl phenyl sulfide derivatives incorporating p-bromo and p-ethyl moie-
ties were shown to behave as predicted by the oxidation potentials.** Absolute
oxidation potentials were not given, presumably due to the irreversibility of the redox
reactions in cyclic voltammetry, but qualitative estimates show at the increase and
decrease in oxidation potentials has a direct effect on the selectivity. p-Bromophenyl
vinyl sulfide increases the probability of forming a diene radical cation over its own
oxidation, resulting in a higher [2 + 2] selectivity than 36¢. When the oxidation
potential is lowered with a p-ethyl moiety, the probability of oxidizing either diene or
dienophile becomes equal and an approximately 1:1 ratio of [4 + 2]:[2 + 2]
adducts is observed. As evidence for the dependence of the periselectivity on the
cis/trans conformational ratio, the rigid s-cis cyclic diene 8a formed DA adducts
exclusively when reacted with 36¢ and 13b.% Tt is noteworthy that 36a continued to
react in a [2 + 2] fashion even with 8a.%° This has been tentatively accredited to the
highly nucleophilic nature of the vinyl amine .”®

4.6.3 Substituent and Steric Effects on Periselectivity

A surprising steric sensitivity is frequently observed for these radical cation
reactions. As was shown previously during the discussion of chemoselectivity, the
variable positioning of bulky substituents has effects on periselectivity as well. DFT
calculations on the influence of diene substitutions for the neutral reaction have
demonstrated a behavior similar to that of the radical cation reaction.®” Although
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SCHEME 4.11 Acyclic diene substituent effects on periselectivity.

electron-rich (E)-anethole (36e) reacts primarily in a [4 + 2] fashion with acyclic 35,
this exclusive periselectivity does not hold true when substituents are introduced at
different positions Scheme 4.1 1.82 Simple 1,3-butadiene (39) was used as a control,
providing equal amounts of [4 4 2] and [2 + 2] adducts. Addition of a methyl group
to the C-1-position results solely in DA adducts. Scheme 4.12 illustrates the driving
force for a [4 + 2] cyclization that is brought about from the stabilizing effect of the
electron donating methyl moiety. Radical character localization is reduced at C-3
because of the C-1 methyl that disfavors [2 + 2] addition, as implied by 50 .

CHa

50" 51+
SCHEME 4.12 Acyclic intermediates leading to [2 + 2] (50" )and [4 + 2] (51") adducts.

Diene 41 was used to further test this hypothesis. By adding an electron-withdraw-
ing group to the critical C-1-position, one would expect a decrease in [4 + 2]
additions on account of destabilization of a positive charge at C-1. A methyl group
was added to C-3, depicted as diene 42, to stabilize intermediate 50" and favors
[2 + 2] cyclization. The [4 + 2] additions were observed exclusively on account of
sterically induced isomerization to the E isomer. Finally, 43 added to 36e yielded only
the [2 + 2] product due to steric bulk at the C-1-position. The (Z) methyl substituent
impedes rotation to the s-cis diene that would be conducive to [4 + 2] product
formation.
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SCHEME 4.13 Singly linked intermediates of ET catalyzed reaction between 18 and 19.

Another implication of steric effects on the periselectivity was highlighted in a
study of the chiral diene phellandrene 18 shown in Scheme 4.5.%* Addition of 19 can
occur on either face of 18, leading to the to singly linked intermediates shown in
Scheme 4.13. Attack of the anisole dienophile on the face, trans to the isopropyl group
58" allows for cyclization to the [4 + 2] products 20 or 21. In contrast, addition cis to
the isopropyl group forms 59 ", which cannot proceed to the [4 + 2] cyclization on
account of steric bulk of the isopropyl group. Consequently, intermediate 59+ can
either equilibrate to 58 * by breaking the already formed carbon—carbon bond in the
singly linked intermediate or undergo a BET and collapse to cyclobutane products 22
and 23. Calculations at the B3LYP/6-31G* level of theory suggested that diradical
collapse tothe [2 + 2] is more likely than the cyclizations of the radical cation to form
a cyclobutane intermediate prior to BET. Thus, the facial selectivity (decreased by
solvation of the ion-molecule complex in more polar solvents) predetermines the
[2 + 2] versus [4 + 2] mode of cyclizations.

4.6.4 Quantifying Periselectivity Through Ion Pair Association

Work by Steckhan attempted to quantify the periselectivity induced by different
sensitizers using the Weller equation (Eq. 4.1),*® as estimation to the degree and
direction of charge transfer.®*°

AGer(A™D™) = EV(D) = Ej5 (A) — Aexcit + AEcou (4.1)

where EY},(D) is oxidation potential of donor, Elf/eg(A) is reduction potential of
acceptor, AEex.i; 1s the excitation energy, and AEc,y, is the Coulombic interaction
(incorporates solvent with €).

The results for cross-cycloadditions between 8a and 13a using various pyrylium
and thiopyrylium salts are summarized in Table 4.6.°* The sensitizer 3b ™ induces the
most periselective reaction and has the lowest oxidation potential although this
generalization does not hold true for the remaining sensitizers. Attempting to compute
free enthalpies of formation for radical ion pairs demonstrated an unexpected inverse
correlation: the more negative the value, the greater the formation of the [4 + 2]
product. The most selective sensitizer, salt 3b ™, has the highest AGg(3b/8a ™) value,
indicating that the use of simple relationships such as Equation 4.1 does not fully
represent the complexity of the system.
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TABLE 4.6 Effect of Sensitizer Variation on Reaction Periselecitivity Between
8a and 13a in CH,Cl,

AGEer Yield (%)
Sensitizer 3/8a° ") 4 +2]:
Sensitizer Ered (eV) (eV) 14 + 15 16 + 17 2 + 2] 14:15
3b —0.36 —0.29 10.2 — 100:0 243:1
3c —0.28 —0.58 8.3 0.8 10.4:1 14.0:1
1b —0.19 —0.35 8.2 1.1 75:1 15.1:1
3g —0.18 —0.38 7.2 49 1.5:1 8.8:1
3a —0.13 —0.84 7.2 1.6 45:1 9.0:1
3f —0.10 —0.84 5.8 39 1.5:1 19.8:1
1a —0.05 —0.90 7.5 1.2 6.3:1 11.7:1
3e —0.05 —0.81 5.1 3.6 1.4:1 16.0:1
3d —0.03 —0.80 7.4 53 1.4:1 11.5:1

4.7 ENDO/EXO SELECTIVITY

The relative orientation of the two reaction partners in cycloadditions leads to different
endo and exo diastereomers and is therefore a key event that has been studied
extensively in both neutral and ETC cycloadditions. The study of the endo/exo
selectivity not only is crucial for the stereochemical outcome of the reaction but also
has yielded important mechanistic insight into both types of reactions. In the context of
this chapter, only a few illustrative examples will be shown.”!'!->?8491

=
7 H R?
© . hv, 3a . R
R2
R1 R? H
R?

8a 13a 60a—e 61a—e 62a—e

SCHEME 4.14 Endolexo selectivity when using electron-rich and electron-poor
dienophiles.

4.7.1 Effects of Secondary Orbital Interaction and Solvents
on Endo/Exo Selectivity

In neutral Diels—Alder reactions, the endo/exo selectivity is often rationalized through
secondary orbital interaction (SOI)*** and differences in the electron density of
reacting partners, although this notion is not unchallenged.®>*® Extending this line of
thought to ETC cycloadditions, the reaction shown in Scheme 4.14 allows for an easy
control of the electron density difference through appropriate substitution of the
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TABLE 4.7 Dienes Reacted with 8a Catalyzed by 3a

Diene R! R? Epox (V) Yield (%) 53:54
52a NO, H 1.80 —

52b Cl H 1.49 7 :
13a H H 1.45 38 10:1
52¢ CH; H 1.35 28 :
52d OCH, H 0.98 24 23:1
52¢ OCH, OCH, 0.85 6 1.8:1

styrene moiety. Table 4.7 shows a good correlation between high oxidation potential of
the styrene and high endo selectivity. The greater selectivity of 52b and 13a has been
attributed to their low lying highest occupied molecular orbitals (HOMOs) leading to
better SOI with the diene singly occupied molecular orbital (SOMO).®!

The notion that the electronic structure has a significant effect of the endo/exo
selectivity through the stabilization of the singly linked intermediate is supported by
the observation of a clear solvent dependence of the endo/exo selectivity for the
reaction of 18 and 19 shown in Scheme 4.15.
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SCHEME 4.15 Solvent dependence of endo/exo ratio in the reaction of 18 and 19.
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4.7.2 Effect of Sensitizer on Endo/Exo Selectivity

Unlike the correlation between the periselectivity and the physical properties of the
sensitizer, the endo/exo selectivity does not seem to be dependent on either the
measured E,q (sensitizer) or the calculated AGgt values. An inquiry into the properties
of pyrylium salts based on intersystem crossing (ISC) rates was undertaken®® using the
well-studied indole cycloaddition with electron-rich dienes®’ catalyzed by 1a ™™ and
3a ™. The efficiency of stereoselection has been hypothesized to be tightly coupled
with spin multiplicity.'® Because of the recognized physiological activity of the
carbazole-type products, stereoselective cyclizations of indoles have been of great
interest but with limited success under neutral reaction conditions.'”" As an excellent
candidate for ET catalysis, the indole dienophiles showed greater endo selectivity
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(4.6:1 versus 1.7:1) ET was induced by the latter pyrylium salt 3a™ .37
Fluorescence studies established a greater ISC for the thiopyrylium sensitizer 1a ™
(P15 =0.97 versus 0.47) indicating a larger triplet state population. Photoinduced
electron transfer (PET) is thermodynamically feasible to occur with both the triplets as
with the singlet excited state of the photocatalyst and quencher. Longer lived triplet
states allow reacting partners to diffuse and react, forming exo and [2 + 2] adducts.
The observation of nearly equal reaction yields (66% and 67%), but lower selectivities
for the thiopyrylium salt, implies a higher contribution of the photocatalytic triplet state
in these cases.

4.7.3 Ion Pairs and Endo/Exo Selectivities

Mattay hypothesized different pathways in forming the exo and endo products.®® This
hypothesis was the result of observing higher endo selectivity at lower concentrations,
suggesting that the formation of SSIP would be favored at low substrate concentra-
tions, producing more endo adducts. Further evidence was acquired with the addition
of LiClOy4, EtOH, and 1,2,4-trimethoxy benzene (TMB) to reacting systems. Addition
of LiClO4 has shown to reduce formation of the cyclobutane product and enhance
endolexo selectivity from 9:1 to 15:1 in 1,3-cyclohexadiene and styrene ETC
reactions. The salt effect observed can be explained by the greater dissociation of
the CIP (3a/8a ") to (3b/Li ™). On the other hand, adding radical ion scavengers such
as EtOH or TMB more efficiently quenched endo adducts, as shown in Table 4.8. The
hypothesis that endo adducts are formed via SSIP or free radical cation pathways is
supported by the fact that TMB and EtOH have the greatest effect on the endo adduct.
TMB and EtOH can more readily interact with free ion species than those in a CIP. It is
noteworthy that 3a™ does not form any [2 + 2] adducts and has the highest endo/exo
ratio, presumably due to greater SSIP formation resulting from a lack of Coulomb
attraction to the radical cation of the diene.

Work by Turro on dimerizations of 8a (Scheme 4.3) under variable pressure led to
the hypothesis of a comprehensive cause-and-effect scheme for ETC reaction
selectivity.'*® Table 4.9 shows an increase in endo selectivity at lower concentrations
as expected, but a decrease in selectivity with increasing pressure yielding a positive
activation volume AAV”, Reactions in less polar benzene show overall poorer endo
selectivity in comparison to reactions in CH;CN. The opposite trend is observed with

TABLE 4.8 Dimerization of 8c

Yield (%) [Quenched (%)]

Sensitizer 9¢ 10c 11c 12¢
3a 17.7 3.2 — —

6 4.6 1.5 1.3 3.8
6/TMB — [100] 0.5 [67] 0.4 [69] 1.5 [61]

6/EtOH 0.5 [89] 0.6 [60] 0.6 [54] 1.7 [55]
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TABLE 4.9 Dimerization of 8a; Ratio 9a/10a in CH;CN; Sensitized by 6

Pressure (MPa) 1.00M 0.40M 0.16 M 0.10M
0.1 5.7 5.6 9.2 13.0
44 5.6 5.4 9.2 12.6
97 5.4 5.2 8.8 12.0
151 5.3 5.2 8.5 11.7
203 5.1 4.8 8.3 10.9
AAV® (cm>/mol) +1.2 +1.6 +2.4 +2.0

higher pressures that increase endo/exo ratios. A surprisingly large negative value was
found for the activation volume. The higher pressures in nonpolar solvents increase the
formation of [4 + 2] adducts (Table 4.10) while the opposite holds true in polar
solvents.'®?

Attempts to rationalize periselectivity, stereoselectivity, solvent, and sensitizer
effects, ion—ion complexes and ion-molecule complexes have been proposed in a
framework as shown in Scheme 4.16 that connects ETC reaction with direct
photochemical reactions for the case of the reactants 6 and 8.'> A CIP formed
following ET in polar solvents can either equilibrate to the SSIP or be captured by
another diene forming the [2 + 2] and exo products 10a, 11a, and 12a as described in
literature.®*%* Increasing concentration of 8a would promote capture of the CIP. The
experimentally observed pressure effects can then be rationalized with the dissocia-
tion of the CIP that requires an increase in volume. Higher pressures favor equilibra-
tion to the CIP and decrease endo selectivity as SSIP formation is hindered. Nonpolar
solvents disfavor an electron transfer event on account of poor radical cation
stabilization leading to overall endergonicity as predicted by the Weller equation.®®
An exciplex between donor 8a and acceptor 6 is formed which can either capture
another diene to form a triplex as described by Schuster'*'° or undergo ISC to the
triplet *8a . The triplex path results in formation of the endo 9a while the latter forms
the triplet dimers 10a, 11a, and 12a. 197 As demonstrated, increasing concentrations of
8a enhance triplex formation following capture of the singlet exciplex increasing the
endolexo ratio. The increasing pressure disfavors the necessity for an increase in
volume associated with dissociation for a triplet sensitized pathway.

TABLE 4.10 Dimerization of 8a; Ratio 9a/10a in benzene; (% 9a + 10a of All
Dimers); Sensitized by 6

Pressure (MPa) 1.00M 0.40M 0.16 M 0.08 M

0.1 1.62 [56.3] 1.05 [44.1] 0.75 [37.8] 0.59 [36.7]
12 1.74 [58.6] 1.15 [46.0] 0.82 [39.5] 0.64 [37.6]
34 1.86 [61.0] 1.24 [48.0] 0.88 [41.2] 0.70 [39.5]
55 1.93 [62.5] 1.35 [50.1] 0.97 [42.7] 0.74 [41.0]
76 2.02 [64.2] 1.48 [53.5] 0.98 [44.8] 0.83 [42.9]

AAV® (cm*/mol)  —11.6 -10.7 —8.7 —11.1
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Tripl
6 +10a, 11a, 122 e € , _t8a o 6" +9a
(Triplet dimers) 6° +°8a (6---8a) (6---8a---8a) (Endo)
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16" + 8a
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SSIP CIP
92 _+8 70 . ey Y8 L 10a, 11a, 12a
(Endo) 66 8ag) - 6" 8a 6---8a---8a — (CIP dimers)

SCHEME 4.16 Selectivity—reactivity scheme for ETC reactions.
4.8 CONCLUSIONS

Electron transfer catalyzed cycloadditions via radical cations show remarkable
selectivity that could be exploited for expanded synthetic methodology. As a com-
plement to the neutral Diels—Alder reaction, ET catalysis fills the void of the electron-
rich diene/electron-rich dienophile cyclizations. In attempt to understand the intricate
details of the reaction, experimentalists and theorists have uncovered a range of novel
factors to control and manipulate these high-energy reactive intermediates. As
exemplified by the cases discussed in this contribution, the charged character of
the intermediates and the presence of back electron transfer leading to the biradical
reaction manifold opens new pathways to control the chemo-, peri-, and stereochemi-
cal patterns in these dynamic species.
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5.1 INTRODUCTION

Carbon-centered radicals play an important role in organic synthesis, biological
chemistry, and polymer chemistry. The radical chemistry observed in these areas can,
to a good part, be rationalized by the thermodynamic stability of the open shell species
involved. Challenges associated with the experimental determination of homolytic
bond dissociation energies (BDEs) have lead to the widespread use of theoretically
calculated values. These can be presented either directly as the enthalpy for the C-H
bond dissociation reaction described in Equation 5.1, the gas-phase thermodynamic
values at the standard state of 298.15K and 1 bar pressure being the most commonly
reported values.

AH
Rs., PN R,
.C — C-Rp + He
R R, R” 2 (5.1
1 2
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AHI'XI']
CH, ——= oCHy + He (52)
3 4
AHnn H (5.3)
R3, b Rs, , °
CHy + ,C-R *CHz + .C
4 R(C 2 3 R7 %R,
3 2 4 1

Alternatively, the BDE values may be reported relative to the C-H bond dissocia-
tion energy in methane (3) as the reference.' This is quantitatively described in
Equation 5.3 as a formal hydrogen transfer process between methane (3) and a
substituted carbon-centered radical 2. The reaction enthalpy for this process is often
interpreted as the stabilizing influence of substituents Ry, R,, and R; on the radical
center and thus referred to as the radical stabilization energy (RSE). When defined
as in Equation 5.3, positive values imply a stabilizing influence of the substituents on
the radical center. The RSE energies are connected to the BDE values in
Equations 5.1and 5.2 as described in Equation 5.4.

RSE (eCR;R,R;) = BDE(CH,) - BDE (HCR;R,R;) 54

It has been pointed out by Zavitsas that RSE values calculated according to
Equation 5.3 reflect the influence of substituents R;, R,, and R3 on both the radical
and its parent hydrocarbon.” This latter effect will be particularly large for all bond
dissociation processes, in which the cleaved bond has substantial polar character, and
Equation 5.5 has therefore been suggested as an alternative approach for the
determination of RSE values.

o AHpn Rs Ry
Rs., RaQ
HsC-CHy + 2 “JC-Ry, — 2 oCH; + . (5 5)
R1 R R2 *
1 R3
5 2 4
6
RSE (#CR;R,R;) = 0.5 (BDE(CH;-CH;) - BDE (CR;R,R;-CR;R,R;)) (5.6)

The RSE is calculated here as the difference between the homolytic C-C bond
dissociation energy in ethane (5) and a symmetric hydrocarbon 6 resulting from
dimerization of the substituted radical 2. By definition the C-C bonds cleaved in this
process are unpolarized and, baring some strongly repulsive steric effects in symmet-
ric dimer 6, the complications in the interpretation of substituent effects are thus
avoided. Since two substituted radicals are formed in the process, the reaction enthalpy
for the process shown in Equation 5.5 contains the substituent effect on radical
stability twice. The actual RSE value is therefore only half of the reaction enthalpy for
reaction 5.5 as expressed in Equation 5.6.
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Even in the absence of repulsive steric effects, the use of Equation 5.6 is not free
from complications as substituents R;, R,, and Rj in the parent dimer 6 may still
interact in a through-space fashion (e.g., hydrogen bonding interactions) or in a
through-bond fashion (e.g., stereoelectronic effects leading to the gauche effect).
These latter problems can be minimized by calculating RSE values as the difference
between the C-C bond dissociation energy in ethane and in hydrocarbon 7. This latter
closed shell reference compound contains substituents only on one side of the cleaved
C-C bond and may thus avoid some of the complications with reference compound 6.
The actual RSE values are then obtained as the difference of the respective C-C BDE
values as defined in Equation 5.8.

Rs.,® AHpn Ry
H3C-CHs + JC-R, — CH; + H3C , .
3 3 R1,C 2 3 3 _<'R2 (5.7
Ra
5 2 4
7
RSE (eCR,R,R;) = (BDE(CH;-CH;) - BDE (CH;-CR;R,R;3)) (5.8)

5.1.1 The Consequences of Different Stability Definitions: How Stable
Are Ethyl and Fluoromethyl Radicals?

The differences in RSE values obtained from Equations 5.3, 5.6 and 5.8 will be
illustrated here using the ethyl radical (CH3CH,¢, 8) and the fluoromethyl radical
(FCHye, 9) as examples. Both systems are not burdened by steric effects and the
RSE values can thus be interpreted as the consequences of electronic substituent
effects. Also, experimentally measured C-H and C-C bond dissociation energies
are available for both systems, allowing for a side-by-side evaluation of experimental
and theoretical results (Table 5.1).

The C-H BDE in methane is 18.8 kJ/mol larger than in ethane, implying an equal
amount of radical stabilization energy for the ethyl radical according to Equation 5.3.°
A significantly smaller RSE value of 7.1 kJ/mol is found when comparing the C-C
BDEs in ethane and n-butane and dividing the difference by half as defined in
Equation 5.6. Practically the same value of RSE = 7.1 kJ/mol is found for the ethyl
radical when comparing the C-C BDE in ethane and propane as defined in
Equation 5.8. Following the arguments proposed by Zavitsas we can interpret the
difference between the results obtained from C-H BDEs (as in Eq. 5.3) and those
obtained from C-C BDE:s (as in Egs. 5.6 and 5.8) of 11.7 kJ/mol as a reflection of the
small, butnotable polarity of the C(sp3)—H bondin ethane. Theoretical results obtained
from two high-level compound methods (G3(MP2)-RAD* and G3B3°), designed to
reproduce thermochemical data with high accuracy, closely parallel the experimental
data and thus lend some credibility to this type of interpretation.

The model proposed by Zavitsas also suggests that RSE values calculated from
Equation 5.3 for C-H bond cleavage and Equations 5.6 and 5.8 for C-C bond cleavage
will diverge more strongly for systems carrying more electronegative substituents.
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TABLE 5.1 RSEs Calculated According to Equations 5.3, 5.6 and 5.8

System RSE(3) RSE(6) RSE(8)
*CH; (4) 0.0 0.0 0.0
*CH,CH; (8)

Exp.’ +18.8+£1.7 +7.1£23 +7.1429
G3B3 +13.8 +23 +2.5
G3(MP2)-RAD +13.5 +2.0 +22
*CH,F (9)

Exp.>¢ +155+4.6 +4.6492 —10.9+9.2
G3B3 +13.4 —8.0 —13.8
G3(MP2)-RAD +12.8 —8.2 —13.9

This is indeed found when RSE values are calculated for the fluoromethyl radical
(FCHy, 9) that, according to Equation 5.3, is stabilized by RSE(3) = + 15.5 kJ/mol
relative to methyl radical. Different results are obtained when using the
definitions given in Equations 5.6 and 5.8 with RSE(6) = + 4.6 kJ/mol and RSE
(8) = —10.9kJ/mol). The RSE(3)- and RSE(8)-values obtained for radical 9 from
experimental data are closely matched by data from G3B3 and G3(MP2)-RAD
calculations, but deviations are somewhat larger for the RSE(6) value for radical
9, casting some doubt on the accuracy of the experimentally determined C-C BDE
in 1,2-difluoroethane of 368.2 + 8.4 kJ/mol.° Aside from these technical problems, it
is interesting to note that the defining Equations 5.3 and 5.8 for this particular example
only differ in the choice of reference compounds: Equation 5.3 uses the CH,/CH3F pair
as a reference for the «CH,F/»CHj radicals, while Equation 5.8 uses the CH;CHs/
CH;CH,F pair. The difference in RSE(3) and RSE(8) for radical 9 of 26.4 kJ/mol is
thus solely due to differences in the thermochemical stability of these closed shell
reference compounds. We may go ahead at this point to dissect bonding phenomena in
the four closed shell reference compounds into individual components to further
narrow down the origin of the thermochemical differences, but any such discussion
will lead very far away from the original objective of using Equations 5.3, 5.6 and 5.8:
the quantification of properties of radicals. Given the fact that hydrogen transfer
reactions represent an important part of experimentally observed radical chemistry, we
will thus opt for defining radical stability through Equation 5.3 for the remainder of this
chapter, keeping in mind the minefield connected to the interpretation of these data as
manifestations of substituent effects.

5.2 THEORETICAL METHODS

Theoretical methods used for the calculation of BDE and RSE values in recent studies
can be divided into two larger groups. The first corresponds to the class of density
functional theory (DFT) methods. The most commonly used functional is the B3LYP
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hybrid functional, usually in combination with a triple zeta, multiply polarized basis
set.” More recent studies also include double-hybrid functionals such as B2-PLYP®
and B2K-PLYP? or meta-hybrid functionals such as M05-2X or M06-2X."°

The second group contains all theoretical approaches involving the determination
of stability values from single or multiple calculations at ab initio level. These single
point calculations are often, but not always, based on geometries optimized with one of
the DFT methods mentioned before. The simplest approach, referred to here as
“ROMP2,” is based on geometry optimizations at the (U)B3LYP/6-31G(d) level,
addition of thermochemical corrections to 298.15K using the rigid rotor/harmonic
oscillator model and a scaling factor of 0.9806, and finally a single point energy
calculation at the (RO)MP2(FC)/6-311 + G(3df,2p) level.""'""'* The more reliable
“G3(MP2)-RAD method” developed by Radom et al.*is again based on (U)B3LYP/6-
31G(d) geometries and thermal corrections to 298.15 K, but also involves single point
calculations at the ROMP2(FC)/G3MP2large//UB3LYP/6-31G(d) and the URCCSD
(T)/6-31G(d)//UB3LYP/6-31G(d) level of theory. In the spirit of the G3(MP2)B3
compound method developed by Curtiss et al.,” higher level corrections (HLCs) are
also included with the following definitions: E(HLC) = —Any, — B(n, —n,) with
A=9413x 1073 a.u., B=3.969 x 1073 a.u., n, =number of o valence electrons,
and n, = number of 3 valence electrons. It is worth noting, however, that the empirical
HLC term in this and other G3 methods always cancels entirely from RSE calculations;
hence, in such cases these composite methods can be viewed as wholly ab initio.
Finally, a comparison of the performance of several compound energy methods in
reproducing thermochemical data of small open shell species has shown that the
“G3B3” method developed by Baboul et al.” performs somewhat better than G3(MP2)-
RAD, but is also significantly more expensive.*® More recent developments of accurate
compound energy schemes include procedures for extrapolating the Hartree—Fock and/
or correlation energy to the infinite basis set limit. Extrapolation schemes can be based
on components of variable complexity and the W1 model by Martin et al. represents
one of the more economical versions of the approaches using correlation energies
calculated at coupled cluster level."* The accuracy obtained with this approach for
open shell systems is significantly better than at G3 level, but this improved perfor-
mance comes at a significantly increased computational cost.'*

5.2.1 Testing the Performance of Different Theoretical Approaches:
How Stable Are Allyl and Benzyl Radicals?

A comparison of the stability values for allyl radical (10) and benzyl radical (11) will
be used here to illustrate the performance of these methods (Table 5.2). Earlier
compilations of C-H BDE data put the allylic C-H bond in propene (369.0 + 8.8 kJ/
mol) and the benzylic C-H bond in toluene (370.3 & 6.3 kJ/mol) at almost identical
values. Together with the C-H BDE in methane of 438.9 & 0.4 kJ/mol this equates to
RSE(3) values of +68.6+6.7 and +69.9 +9.2kJ/mol for the allyl and benzyl
radical, respectively.'> New measurements of C-H bond strengths in the gas
phase'®!'7'? and in solution'” led to a slightly larger difference with a C-H BDE
in propene of 371.5 = 1.7 kJ/mol and a C-H BDE in toluene of 375.7 + 2.5 kJ/mol.*'®
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TABLE 5.2 RSEs at 298.15K Calculated According to Equation 5.3 of Allyl Radical
(10) and Benzyl Radical (11) (in kJ/mol) at Various Levels of Theory

Method +«CH,CHCH, (10) «CH,Ph (11)
Exp."® +68.6+6.7 +69.9+92
Exp.>'8 +67.4+2.1 +63.2£2.9
UB3LYP/6-31G(d) +83.4 +71.9
UB3LYP/6-31G(d) (scaled, 0K) +82.1 (—1.3) +69.8 (—2.1)
UB3LYP/6-311 4+ + G(d,p)’ +79.4 +68.2
UB3LYP/6-311 4+ + G(3df,2p)’ +80.4 +69.4
UMO5-2X/6-311 + + G(3df,2p)’ +76.7 +63.1
UB2-PLYP/TZVPP//UB3LYP/6-31G(d) +72.6 +56.3
UB2-PLYP/6-311 4+ G(3df,2p)//RB3LYP/6-31G(d)" +71.8 +55.2
RB2-PLYP/6-311 + G(3df,2p)//RB3LYP/6-31G(d)” +70.5 +59.1
ROMP2 +78.8 +525
G3(MP2)-RAD +72.0 +61.0
G3X(MP2)-RAD* +724 +61.3

G3’ +72.4 +54.9

G3B3 +70.5 +55.1
CBS-Q’ +78.2 +62.8
CBS-QB3* +76.1 +62.0
ROCBS-QB3* +75.7 +65.3

Wk +71.6 +61.2

“Data from Ref. 14 and addition of thermal corrections from G3(MP2)-RAD.

In combination with the unchanged C-H BDE in CH, this equates to RSE(3) values
of +67.4+2.1and + 63.2 £ 2.9kJ/mol for the allyl and benzyl radicals, respectively.
This implies a stability difference of these two systems of just over 4 kJ/mol.

The results obtained at a variety of different theoretical levels are ordered in
Table 5.2 approximately by computational effort. The most expensive methods are
those at the bottom of the table with W1 being the reference method of choice for
systems composed of first row elements.'® At this latter level, the stability of allyl
radical (10) is 4.2 kJ/mol higher than the experimental value, while that for benzyl
radical (11) is 2.0 kJ/mol lower. As a consequence the stabilities of these two radicals
differ by 10.4 kJ/mol, significantly more than derived from experimental data. This
finding also extends to practically all other theoretical methods compiled in Table 5.2,
including expensive compound methods from the G3 family as well as the much more
economical hybrid DFT methods such as B3LYP. Absolute RSE values are somewhat
too large at the B3LYP level, regardless of the basis set used, but can be reduced
substantially with either the double-hybrid B2-PLYP or the meta-hybrid UM05-2X
functionals. The two compound methods optimized for the treatment of open shell
systems G3(MP2)-RAD and G3X(MP2)-RAD yield results that are practically
identical to those obtained at W1 level. From a price/performance perspective, the
G3(MP2)-RAD level thus represents one of the most attractive procedures for the
calculation of radical stability values.
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5.2.2 The Application of IMOMO Schemes: How Stable Are Benzyl
and Diphenylmethyl Radicals?

The treatment of large molecular systems with G3-type compound methods is still
challenging from a technical perspective due to the unfavorable scaling of computa-
tional effort with system size. One of the strategies to deal with this problem in a
systematic manner is the ONIOM scheme developed by Morokuma and coworkers, in
particular in its IMOMO incarnation (integrated MO/MO method) combining two
different molecular orbital-based theoretical methods.”® Energies are in this case
calculated at a high level of theory for a small core region, while the overall system is
calculated at somewhat lower level. If, for example, we choose to treat the core region
at G3(MP2)-RAD level and the overall system at ROMP2 level, the total energies are
calculated in the IMOMOM scheme as

E (IMOMOM) = E(core,G3(MP2)-RAD))
5.9
- E(core, ROMP2)

+ E(overall, ROMP2)

Combination of these two theoretical methods is particularly straightforward
since both are based on the same level of geometry optimization (UB3LYP/6-31G
(d)). For the open shell systems discussed here, the core region will most likely be
defined as the radical center together with the most important substituents.?*° Bonds
dissected when cutting a core region out of the overall system are typically saturated
with hydrogen atoms in order to arrive at the correct electronic state. The calculation of
RSE values with IMOMO schemes involves, in principle, the calculation of three
energies for all four species shown in Equation 5.3 and we will use the stability of the
diphenylmethyl radical (12) as an example here. This system presents a worst-case
scenario for many IMOMO schemes as the spin is delocalized over a large mt-system
and the definition of a meaningful small core region is not immediately obvious.
One possibility involves the selection of the radical center and one phenyl substituent
as the core region as shown in Equation 5.10. Definition of this core region cuts through
the sigma bond connecting the radical center and the second phenyl substituent. After
saturation of the cleaved bond with hydrogen atoms, this leaves us with the benzyl
radical 11 as the “core” system on the open shell side and with toluene as the “core”
system on the closed shell side.

core
_core | T on :
CHs +! MCipn A Hy + | Ph\c: Ph
RS SR (5.10)
[ ' H
3 12 4 e
13

With this choice, the IMOMO(G3(MP2)-RAD,ROMP2) radical stabilization
energy of radical 12 is calculated as expressed in Equation 5.11.
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RSE (IMOMO, Ph,CHe) =

E(G3 (MP2) -RAD,CH,e) + E(G3(MP2)-RAD,PhCH,) - E(G3(MP2)-RAD,CH,) -
E(G3 (MP2) -RAD, PhCH,e) - E(ROMP2,CH,e) - E(ROMP2,PhCH,) +

E (ROMP2,CH,) + E(ROMP2, PhCH,e) + E(ROMP2,CH,e) + E(ROMP2,Ph,CH,) -
E (ROMP2,CH,) - E(ROMP2, Ph,CHe)

(5.11)

Even though this may not be visible immediately from this lengthy list of energies,
the first four energy terms in Equation 5.11 equate to the RSE of benzyl radical (11) at
G3(MP2)-RAD level, the second four energy terms equate to the negative of the
RSE of benzyl radical (11) at ROMP2 level, and the last four energy terms equate to
the RSE of radical 12 at ROMP?2 level. Equation 5.12 may thus be rewritten more
simply as

RSE (IMOMO, Ph,CHe) = RSE (G3 (MP2) -RAD, PhCH,e)
- RSE (ROMP2, PhCH,e) (5.12)

+ RSE (ROMP2, Ph,CHe)

We can thus conclude that the use of IMOMO schemes for the calculation of
RSE values equates to combining absolute RSE values calculated at a high level
of theory for a small core system with changes in RSE values through introduction of
new substituents at some lower theoretical level. The results obtained with this
strategy for radical 12 are summarized in Table 5.3. The RSE of radical 12 can be
determined directly at G3(MP2)-RAD level and amounts to + 85.5 kJ/mol. Using
the IMOMO approach, the RSE of benzyl radical 11 at G3(MP2)-RAD level
of +61.0kJ/mol is combined with the difference of the RSE values of radicals
12 and 11 at ROMP2 level (79.8 —52.5=27.3kJ/mol) to yield RSE(IMOMO,
12) = 4 88.3kJ/mol. Considering the immense savings in computer time and
the challenging nature of the diphenylmethyl radical 12 this is a remarkably good
result.

TABLE 5.3 RSEs at 298.15K of Benzyl Radical (11) and Diphenylmethyl Radical
(12) (in kJ/mol) at Various Levels of Theory

Method «CH,Ph (11) «CHPh, (12)
ROMP2 +525 +79.8
G3(MP2)-RAD +61.0 +85.5
IMOMO +61.0 +88.3
Exp. +69.9+£9.2' +85.8+£2.5°

+63.2+29>18
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5.3 RSE VALUES FOR CARBON-CENTERED RADICALS

Radical stabilization energies calculated according to Equation 5.3 at 298.15 K have
been compiled in Table 5.4 for a variety of monosubstituted methyl radicals at either
G3(MP2)-RAD or higher level. In those cases in which results are available at more
than one theoretical level, good agreement between these results is usually found.
Overall, the mean absolute deviation of the G3(MP2)-RAD values from experiment is
8.3 klJ/mol, comparable to that reported in an earlier assessment of the G3 and CBS-Q
methods.” However, exceptionally large deviations (>20kJ/mol) occur for the
following radicals: *CH,SO,CHj;, *CH,SOCH;, «CH(CH3)CH,OH, <CH(CHj3)
CH=C(CH3;),, *C(CH3),0C(O)CH3;, *C(CH3),CCH, +C(O)OH, and «C(O)OCHj;.
In those cases, reexamination of the experimental values may be advisable.

Substituent effects on RSE values can be interpreted as a combination of three
different molecular orbital interactions: (a) resonance stabilization through interac-
tion of the radical center with m-systems; (b) stabilization through hyperconjugation
of the radical center with adjacent C-H bonds; and (c) stabilization through
interaction of the radical center with high lying orbitals describing lone pair electrons.
A detailed discussion of these effects in more quantitative terms using molecular
orbital interaction diagrams has been the subject of earlier compilations and will
therefore not be repeated here.'*

An overview of the RSE(3) values compiled in Tables 5.4-5.7 has been given in a
graphical mannerin Fig. 5.1.Itis easily seen from this overview that substituent effects
in primary, secondary, and tertiary alkyl radicals are rather similar in most cases,
indicating a comparable mechanism of interaction between substituents and the
radical center in all these systems. RSE values for sigma radicals derived from
alkynes, alkenes, aldehydes, and carboxylic acids through C-H bond cleavage cover a
much larger range than those of alkyl radicals and show a rather different dependence
on the substitution pattern.

5.4 USE OF RSE VALUES IN PRACTICAL APPLICATIONS

The analysis of substituent effects on RSE values does not only aid our understanding,'
but also holds a degree of predictive power, allowing one to design and select species
with optimal radical stabilities for specific practical applications. Indeed, provided due
attention is given to the effects of substituents on the other species involved, RSEs can
even provide a qualitative guide to the thermodynamic stability of radicals in other
types of chemical reaction, such as addition and beta-scission. In this section, some
practical applications of RSE values are illustrated using some selected case studies
from the literature.

5.4.1 Susceptibility to Hydrogen Atom Abstraction

An important practical application of RSEs is establishing, at least from a thermody-
namic perspective, whether certain species are vulnerable to hydrogen atom
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TABLE 5.4 RSEs for Monosubstituted Methyl Radicals at 298.15 K Calculated
According to Equation 5.3 Together with BDE(C-H) Energies for Selected Systems
(All in kJ/mol)

BDE
RSE(3) RSE(3) RSE(3) (C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
+CH,-CF; —8.0%% —8.0 (G3)° -7.1 446.4+4.5
—6.4 (W1)'*
«CH,-CF,CF; -6.2 —5.2 (G3(MP2)-
R AD)ZZZ’
«CH,-CF,H -3.1 +63 43304146
«CH,-SO,CH; —24 +25.1 4142
*CH,-H (4) 0.0 0.0 0.0 439.3+0.4
«CH,-CCls +0.4
«CH,-CCLH +4.6
«CH,-CH,F +58 +12.4 (G3)° +5.8 4335484
*CH,-C(CHs); +7.1 +6.8 (G3)° +205 418.8+8
«CH,-S(O)CH;4 +8.4 +46.0 3933
«CH,-CH,Cl +10.2 +10.8 (G3)° +162 423.1+24
«CH,-CH,OH +10.3 +11.6 (CBS-QB3)*° +15.5 423.8
«CH,-CH,-CgHs +10.4%%
+CH,-CH(CH3), +10.6 +10.1 (G3)* +20.1 4192442
«CH,-CH,CHCH, +11.1 +284 4109
'CH2—SiH3 +11.8
*CH,-CH,CH,CHj, +12.2 +10.5 (G3)*
+12.6 (G3B3) +18.0 4213
+CH,-Si(CHs)5 +122 +12.6 (G3)° +213 418+623
+CH,-CH,CH;4 +12.2 +12.1 (WD)'* +17.1  4222+2.1
+11.5 (G3)°
+11.9 (G3(MP2)-
RAD)ZZZJ
*CH,-NO, +12.4%% +14.4 (W' +239 4154
*CH,-OCF; +12.7 +125 4268442
+CH,-F (9) +12.8 +15.1 (WD)'* +15.5 423.8+42
+13.4 (G3B3)
«CH,-CH; (8) +13.5 +15.1 (WD)'* +18.8 4205+1.3
+13.8 (G3B3)
+12.8 (G3)*
«CH,-OPO;H, +15.1 (G3B3)?
«CH,-Br +15.3%% +142 4251442
+CH,-OCHO +17.2
«CH,-OC(O)CHj; +18.4%% +17.9 (WD)'* +347  404.6
«CH,-Cl +20.2%% +222 (WD)'* +203  419.0£23
+20.5 (G3)°
«CH,-C(O)N(CH3), +21.0

*CH,-C(O)N(CH,CH3), +22.6
«CH,-COOH +22.7%% +252 (WDH'# +40.6 398.7+12.1
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BDE
RSE(3) RSE(3) RSE(3) (C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
+CH,-C(O)NHCHj; +23.1 +23.0 (G3X(MP2)-
R AD)sz
+CH,-COOCH; +23.2%b +250 (WDH'* +30.0 40634105
«CH,-C(O)NH, +23.4 +23.4 (G3X(MP2)-
RAD)25b
«CH,-CH(CH,), +234 +31.8  407.5+6.7
«CH,-COOCH,CHj, +23.4 +23.4 (G3(MP2)- +37.6 4017
RAD( +))*
+39.8 3995
+CH,-COOC(CH3)3 +23.5
*CH,-PH, +23.5%% +27.1 (WD)'#
«CH,-P(CH;), +24.9
«CH,-CO-C¢Hs +30.4 +343  405.0
+50.2  389.1
+412  390.4
+489 402.8+3.6
*CH,-OCHj, +31.5% +35.6 (W)'#
+32.8 (G3)° +37.2  402.1
+«CH,-OCH,CH; +31.6 +50.2  389.1
«CH,-OH +32.3 +36.0 (W1)'# +374 4019406
+33.5 (G3B3)?
+33.2 (G3)°
«CH,-COCH; +324 +33.3 (G3)° +38.1 401.2+29
«CH,-CN +32.5%2 +33.7 (WD +37.6 4017
+36.2 (G3)°
+32.5 (G3(MP2)-
RAD(+))*
«CH,-SC(CH;),CN +35.6
«CH,-SH +36.22% +415 (WD)'# +46.4  3929+84
+37.7 (G3)°
«CH,-CHO +36.7 +38.2 (WDH'# +447  394.6+92
+36.9 (G3)°
+«CH,-SCH,COOCH, +37.0
«CH,-SCH,-CgHs +38.5
«CH,-BH, +40.9%% +41.7 (WD)'#
«CH,-SCH; +41.0 +43.0 (G3)° +473  3920+5.9
«CH,-NHCHO +42.5 +42.5 (G3X(MP2)-
RAD)2517
+«CH,-NHC(O)CH; +43.0 +43.0 (G3X(MP2)-
R AD)ZSZ’
*CH,-NH, +44.9%2b +50.0 (WD)'* +464 3929+84

+46.7 (G3)°
+44.9 (G3X(MP2)-
RAD)>"

(Continued)
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Table 5.4 (Continued)

BDE
RSE(3) RSE(3) RSE(3) (C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
+CH,-N(CH3), +46.1 +48.0 (G3)° +49.5 389.8
*CH,-NHCH;, +46.6 +48.6 (G3)° +452  394.1
«CH,-CCH +52.8%% +542 (W)'* +673 372.0+4.2
+53.8 (G3)°
+CH,-C¢H4-pNO, +61.0 +659 3834
*CH,-C¢Hs (11) +61.0 +61.2 (WDH'* +69.0 3703463
+54.9 (G3)*
+55.1 (G3B3)
+«CH,-CgH,-pCN +62.1 +71.3  368.0
+CH,-C¢H,-pOH +63.0
+«CH,-CgH,-pOCH, +63.3 +76.8 3625
«CH,-C(CH3)=CH, +68.4 (G3)°
«CH,-CH=CH, (10) +72.0 +71.6 (W' +70.7 368.6+2.9
+72.4 (G3)*
+70.5 (G3B3)
*CH,-CH=CH-CH; (E) +73.9 +73.0 (G3)° +825 356.8
«CH,-CH=C(CHj3), +713
+CH,-C(CH3)=C(CHs), +75.9 (G3)° +86.5 3528
«CH,-CH=CH-CH=CH, +93.71 +95.1 (G3)° +92.0 3473+12.6

+91.3 (G3B3)

“All BDE data at 298.15K taken from Ref. 3, if not specified otherwise.

PReference data given at 0 K and corrected to 298.15K by thermal corrections calculated at (U)B3LYP/6-
31G(d) level using a scaling factor of 0.9806.

“Calculated from BDE(C-H) data at 298.15K in Ref. 7.

Calculated from BDE(C-H) data at 298.15K in Ref. 24.

abstraction reactions. By definition, a hydrogen atom abstraction reaction is thermo-
dynamically favorable if the RSE of the product radical is greater than that of the
reactant radical. Moreover, where a species has several potential hydrogen abstraction
sites, the most thermodynamically favorable site is that which results in the radical
having the highest RSE. While kinetic factors can sometimes favor alternative reaction
pathways, the consideration of RSE values can in the very least establish whether or
not certain reactions are potentially feasible, and this in turn has important practical
applications in chemistry and biology.

One such application of RSEs, or their constituent bond dissociation energies, is in
the study of radical-mediated degradation mechanisms. For example, based on an
examination of the relevant C-H and S-H bond dissociation energies in model
peptides, Rauk et al. postulated a mechanism for generating and propagating oxidative
damage via a Metresidue of the AP peptide of Alzheimer’s disease or the prion peptide
of Creutzfeldt—Jakob disease.>' In a similar manner, Li et al. used C-H BDE
calculations to identify the most vulnerable sites for radical-mediated damage in
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TABLE 5.5 RSEs for Disubstituted Methyl Radicals at 298.15K Calculated
According to Equation 5.3 Together with BDE(C-H) Energies for Selected Systems

(All in kJ/mol)
BDE
RSE(3) RSE(3) RSE(3) (C-H)

Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
«CH(CH,), —20.0 —13.1 (G3)° -55 444.8+1.0
*CH; (4) 0.0 0.0 0.0 4393 +0.4
«CH(CH;)-CF; +7.7
*CHF, +89 +10.0 (G3)° +75 431.8+4.2
«CH(CH;)-CHF, +103
«CH(CH;)-CF,CF; +11.5
*CH(CH;)-SO,CH; +14.2
«CH(CH,)3 +15.1 (G3)° +30.1  409.2+1.3
«CH(CH;)-CCl, +155
«CH(CH;)-CFH, +16.5
«CH(CH,)-CH,OH +17.4 +447 3946484
«CH(CF;)-Cl +18.1 (G3)° +134 4259463
«CH(CH,)-CCLH +19.3
«CH(CH5)-CH,CHj; +195 +21.2 (G3)© +282  411.1422
«CH(CH;)-F +19.7 +284  4109+84
*CH(CH,)s +20.0 (G3)° +23.0 4163
«CH(CH,)-CH,-C4Hs +20.1
«CH(CH;)-C(CH3); +20.1
«CH(CH,;)-OCF; +20.6
«CH(CH,)-CH,CH=CH, +20.9
«CHFCI +21.0 (G3)° +17.6  421.74+10.0
+CH(CH;)-CH,CH +22.4%7

(CH3)COOCH;
«CH(CH;)-Br +229 +32.6 406.7+4.2
*CH(CHs), +23.0% +22.2 (G3)° +288  410.5+29
«CH(CH;)-CH,C(CHs), +23.07

COOCH;
«CH(CH;)-OCHO +23.6
«CH(CH,)-OC(O)CH; +243 +24.3 (G3(MP2)-

RAD( +))*

+CH(CH;)-CH(CH;), +24.8%
«CH(CH;)-CH,Cl +252 +30.0 409.3+3.9
«CH(CH;)- +25.4

CH,CH(CHs),
«CH(CH,) +26.9 (G3)° +523  387.0%4
«CH(CH,)-Cl +26.7 +27.0 (G3)° +327  406.6+1.5

+26.7 (G3(MP2)-
RAD( + )%

«CH(CH;)-SiH; +28.8
«CH(CH,)-Si(CH3); +29.1
«CH(CH;)-CH(CH,), +29.1
«CH(CH;)-PH, +31.1

(Continued)
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BDE
RSE(3) RSE(3) RSE(3) (C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
«CH(CH3)-NO, +323 +28.8 4105
*CH(CH,), +33.0 (G3)° +39.3  400.0+4.2
«CHCl, +32.2 +34.2 (G3)° +322 407.1+£42
«CH(CH3)-OCHj, +36.5
«CH(CH;)-OCH,CH, +36.5 +34.8 (G3)° +502  389.1
«CH(CH;)-OH +383 +38.2 (G3)° +427  396.6
+42.7 (CCSD(T)/
CBS)*

«CH(CH3)-P(CH3), +37.8
«CH(CH3)-CON(CH;), +38.6
«CH(COOCH;)- +39.2%7

CH,C(CH;),COOCH,4
«CH(COOCHj;)- +39.4%

CH,CH(CH;)COOCH;
+CH(CH5)-CON(CH,CH5), +40.1
«CH(CH;)-SCH,COOCH;  +40.8%%
«CH(CH5)-SH +41.6
«CH(CH;)-COOC(CH3), +41.8
«CH(CH3)-COOH +41.9 +405  398.8
«CH(CH;)-COOCH; +41.9%
«CH(CH;)-COOCH,CH; +42.0
«CH(CH3)-SC(CH;),CN +42.0%%
«CH(CH;)-CONH, +42.2
«CH(CH3)-SCH,-CgHs +43.7%%
«CH(OCH,CH,CH,) +44.1 (G3)¢ +540 3853+6.7
«CH(CH5)-NHCOCH; +44.9
«CH(COOCH;)- +454%

CH,CH(CH3),
«CH(CH5)-NHCHO +455
«CH(CH;)-SCH; +45.6%%
+CH(CH;)-CONHCH; +45.7
«CH(CH3)-SOCHj; +46.6
«CH(CH3)-CN +48.5 +49.0 (G3)° +46.0 393.3+£12.6

+48.5 (G3(MP2)-
RAD(+))*®

«CH(CH3)-NH, +49.9 +623 377.0+£84
«CH(CH3)-CO-CgHs +50.0 +50.6 3887
«CH(CH;)-NHCH; +50.2
«CH(CH3)-COCHj; +53.9 +52.2 (G3)° +53.1 3862+7.1
*CH(CH;)-N(CHs3), +54.6
«CH(CH5)-CHO +56.4
«CH(CH;)-CC-CHj; +60.7 (G3)° +740  3653+11.3
«CH(CH;)-CCH +63.9 +65.1 (G3)° +663  373.0
«CH(CH;)-BH, +65.2
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Table 5.5 (Continued)

BDE

RSE(3) RSE(3) RSE(3) (C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)”
*CH(CHj;)-C¢Hs +68.3 +68.3 (G3(MP2)- 4820 3573463

RAD( + )%
'CH(CH3)—C6H4—pOH +69.4
*CH(CH3)-C¢H4-pOCH; +69.9
'CH(CH3)—C6H4—[7N02 +73.0
*CH(C])-CH=CH, +83.0 (G3)° +68.6 370.7£4.6
*CH(CH;)-CH= +83.4 +97.5 341.8+6.3
CH-CH; (E)

*CH(CHCHCH,CH,) +83.7 (G3)° +92.6  346.7
«CH(CH5;)-CH=CH, 184.6 1 81.7 (G3)° 1887 3506
*CH(CHj3)-CH=C(CH3;), +86.5 +107.3 3320
*CH(C¢Hs), +85.5 +72.4 (G3B3) +858 3535+£2.1
CH(CH), 1873
*CH(OH)-CH=CH, +103.6 (G3)“ +979  3414+75
*CH(CHCHCHCHCH,) +118.6 (G3)° +1343 305+21
«CH(CHCHCH,CHCH) 11242 (G3)° 11196 3197

“All BDE data taken from Ref. 3, if not specified otherwise.

PReference data given at OK and corrected to 298.15K by thermal corrections calculated at (U)B3LYP/6-
31G(d) level using a scaling factor of 0.9806.

‘Calculated from BDE(C-H) data at 298.15K in Ref. 21.

RNA and DNA, and to study the effects of phosphorylation state and charge on the
results.®* In the polymer field, Berry et al. used BDE calculations for model alkyl
urethanes to identify vulnerable sites to radical attack, and to examine the effect of
branching on the photostability of urethane coatings.*>

An advantage of using RSEs is that they provide a convenient framework for
ranking and analyzing the effects of substituents on radical stability, and this
information has predictive value, allowing one to choose substituents that target
the optimum radical stability for a given application. For example, studies of
substituent effects on the RSEs of glycyl and related radicals® have been exploited
in the development of successful inhibitors of peptidylglycine c-amidating mono-
oxygenase (PAM).** In this work, analogs of the substrates of PAM were designed so
as to competitively bind to the enzyme, without being processed. To this end, the first
step of the process, in which a copper-bound superoxide radical abstracts the pro-S
hydrogen from the glycine residue, to give a glycyl radical was targeted. By replacing
the glycine moiety with glycolate, this simple substitution (of the glycine NH for O)
significantly reduced the RSE of the resulting glycolyl radical compared with the
corresponding glycyl due to reduced lone pair donation and increased sigma with-
drawal. This reduction in stability was sufficient to stop catalysis by monooxygenase,
without affecting binding to the enzyme.
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TABLE 5.6 RSEs for Trisubstituted Methyl Radicals at 298.15 K Calculated
According to Equation 5.3 Together with BDE(C-H) Energies for Selected

Systems (All in kJ/mol)

RSE(3) BDE

(G3(MP2)- RSE(3) RSE(3) (C-H)
Radical RAD) (Other) (Exp.) (Exp.)*
*CF; —13.1 —11.6 (G3)° —10.1 449.4
«CE,CF; ~12 102 (G3) 196 4297421
*CH; 4) 0.0 0.0 0.0 4393+04
*CF,(Cl +8.9 (G3)° +18.0 421.3+£83
+C(CHs),-OCHO 1172
'C(CH3)2—CF3 +17.3
*C(CH3),-OC(O)CH3 +17.5 +47.0 392.3
+C(CHs),-CHF, 1176
*C(CH;),-OCF; +21.0
*C(CHs;),-CH,OH +233
+C(CHs),~CH,F 1234
*C(CH;),-F +23.6
*C(CH;),-CCl; +245
+C(CHs),-CH,CH; 1258 1£10.0 (G3)° 1385  400.8
'C(CH3)2—CH2CH:CH2 +26.3
*CCIL,F +26.7 (G3)° +25.5 413.8£5.0
+«C(CHs),-SO,CH; 1272
'C(CH3)2—CF2CF3 +27.8
*C(CHj3),-CH,-CgHs5 +279
«C(CHs),-Br 1279
'C(CH3)2—C(CH3)3 +28.4
*C(CH3); +28.5 +28.4 (G3)° +28.8 410.5+£29
+C(CHs),-CH(CHs), +29.0 1401 399.24+13.0
*C(CHs;),-CHCl, +30.2
*C(CH;),-Cl +30.6
M C(CH3)2—CH(CH2)2 +31.6
*C(CH3),-NHC(O)CHj; +354 +49.8 389.5
*C(CH;),-CCIH, +35.5
‘C(CH3)2—OCH3 +36.3
'C(CH3)2—OCH2CH3 +36.5
*C(CH;)Cl, +36.9 (G3)° +48.7 390.6+1.5
+C(CHs),-NHCHO 1378
'C(CH3)2—P(CH3)2 +38.6
*C(CH3),-C(O)N(CH,CH3),  +39.3
‘C(CH3)2—PH2 +40.0
'C(CH3)2—SCH2—C6H5 +40.0
*C(CH;),-OH +41.1 +40.8 (G3)° +42.8 396.5
'C(CH3)2—SiH3 + 41.7
*C(CH3;),-Si(CH3)3 +42.0
*C(CH3),-NO, +42.2 +44.4 394.9
*CCl,-CHCl, +42.3 (G3)° +46.3 393+8
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Table 5.6 (Continued)

RSE(3) BDE
(G3(MP2)- RSE3) RSE(3) (C-H)

Radical RAD) (Other) (Exp.) (Exp.)*
*CCl; +42.5 +46.8 3925+£25
*C(CH3),-SC(CHj3),-CN +43.3
'C(CH3)2—SH +44.3
*C(CH3),-C(O)N(CH3), +44.6
*C(CH3)»-SCH;3 +45.6
*C(CHj3),-SCH,-COOCH; +46.9
*C(CHj3),-C(O)NHCH; +49.6
*C(CHj3),-N(CH3), +49.6
'C(CH3)2—CONH2 +50.8
*C(CHj3),-NHCH; +50.9
«C(CH;),-NH, +51.5 +673 3720484
*C(CH3)(COOCH3)- +52.3

CH,C(CHj3),-COOCH;
«C(CH3),-COOC(CH3); +53.9
'C(CH3)2—SOCH3 +54.0
+C(CH3),-COOCH; +54.6”
«C(CH3),-COOCH,CH; +54.7 +51.9 3874
*C(CH3)(COOCH3)- +55.2

CH,CH(CH3)-COOCH3;
«C(CH,),-COOH +55.7 +503  389.0
*C(CH3)(COOCH3)- +57.4

CH,CH(CH3),
«C(CHs),-CN +583%" 1583 (G3(MP2)- +54.8 3845

RAD(+))*
+60.3 (G3)°

«C(CHs),-CO-CgHs +58.8 +632 3761
'C(CH3)2—CO—CH3 +64.4
*C(CHj3),-CgHs +69.7
«C(CH;),-C¢H,-pOH +70.1
'C(CH3)2—C6H4—pOCH3 +70.8
*C(CHj3),-CC-CHj3 +71.3 (G3)° +95.0 3443+11.3
«C(CHs),-CC-H +72.0 +71.9 (G3)° +94.1 3452484
'C(CH3)2—C6H4—pN02 +73.2
*C(CHj3),-CgHy-pCN +73.6
«C(CH;),-C¢H,-pCHO +73.7
«C(CH;),-CH=C(CH3), +77.8
*C(CHj3),-C(CH3)=CH, +80.0 (G3)° +88.2 351.1
«C(CHs),-CH=CHCH; +872
*C(CH3),-CHCH, +88.7 +89.0 (G3)° +106.7 332.6£7.1
*C(CH3),-BH, +91.0

“All BDE data taken from Ref. 3 if not specified otherwise.

PReference data given at OK and corrected to 298.15K by thermal corrections calculated at (U)B3LYP/6-
31G(d) level using a scaling factor of 0.9806.

“Calculated from BDE(C-H) data at 298.15K in Ref. 7.
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TABLE 5.7 RSE:s for Vinyl Radicals at 298.15K Calculated According to Equation
5.3 Together with BDE(C-H) Energies for Selected Systems (All in kJ/mol)

RSE(3) RSE(3) RSE(3) BDE(C-H)
Radical (G3(MP2)-RAD) (Other) (Exp.) (Exp.)*
«CCH —117.6 —122.6 (G3)® —117.3 556.6£2.9
«CN —93.8 —100.9 (G3)® —88.3 527.6+1.7
+CF=CF, —58.4 (G3)”

«CF=CFCl —52.0 (G3)”

«CF=CFH —47.4 (G3)’

+CgH,4-pOH —41.9

’C6H4—pOCH3 —41.6

'C6H4—pN02 —404

+CgH4-pCN —39.4

+C¢Hs -37.0 —48.4 (G3)” -329 4722422
«CCI=CFCl —38.3 (G3)”

+CH=C(CH3), —343

«CH=CHCH; (E) —-32.0 -25.5 464.8
«CCl=CHCl —29.5 (G3)”

+CH=CH, —-26.6 —25.3 (G3)’ —26.0 4653433
«CH=C=0 —12.8 (G3)”

*CH; (4) 0.0 0.0 0.0 43934+0.4
«COOH +14.2 +35.1 404.2
+COOCH; +16.2 +18.0 (G3)” +514 387.9+4.2
«COOCH,CHj; +18.1

*COOC(CHj3);3 +24.6

+C(O)N(CHs), +37.8

«C(O)NHCH; +38.1

+C(O)N(CH,CHs), +38.6

«C(O)NH, +39.6

+C(O)CF; +46.9 (G3)”

+C(0)Cg¢Hs +52.4 +68.2 371.1410.9
+C(O)CH=CH, +54.5 (G3)”

+C(O)CH; +59.8 +62.0 (G3)° +65.3 374.0+1.3
+C(O)CH,CH; +61.1 (G3)”

«C(O)H +64.6 +66.3 (G3)” +70.9 368.4+0.7

“All BDE data taken from Ref. 3, if not specified otherwise.
Calculated from BDE(C-H) data at 298.15K in Ref. 7.

5.4.2 Assessment of Radical Stability in Other Types of Reactions

Although RSEs specifically measure radical stability toward hydrogen atom abstrac-
tion, they often provide a qualitative guide to radical stability and reactivity in other
types of reactions. For example, one generally finds that radicals that have high RSEs
such as benzyl radicals tend to have higher barriers and lower exothermicities in
radical addition to alkenes, when compared with less stabilized radicals such as



‘(Jowy (Y ul [[&) ¢'G uonenby 0] SUIPI0dOE PaJeINO[Ed 3 G1'86T I8 S[BIIPRI PAIouad-uoqied Arenis) pue ‘Arepuodes ‘Arewinid 105 SHSY  1°S AANDIA

"B 'ry pue ‘3g "o ‘a sdnoaf SOTMEIpY)TA-WOIIOLTE e
Fom pue ““¥m00 “HOOD “OED "NO ‘®d-%4 "E00 ‘D=0 vweieks-y wasa sdnozg—

B0 pue ‘=g ‘Tum :sdnosf zowop ayed Sy Se—t
ngy pae ‘347 ‘13 e :sdnoab Barieioluosxsdln St

(Tow/ry) =ESH

00T 419 o8 0L 09 0s aw 0g 0E 0T 1] 0T
CHD $uﬂ|c “om m* .
} i i } i t i t i i = 2°("HoiDe
— | — . xL Jd L i
2=0 yd-ug ED 900 "THO0D MMOO  H0 'K
[ [
L S I tiyre
“an
oot o0& i }:] oL o9 oS 0% oE oz 0T o 0T-
umn.% .r 08D Fnuz .
t i ! ; i ; “ T i ; i - #(*HD)HOw
L il el Rl Ll ERTER R R RRE R
o=2 ud-ud HOTE00  ES o] e ™5 4
e e— TANTE
.1[ HWROD " HO0D
N
00T o] o8 oL o9 0s 0% 0E oz o1 a otT-
I 1 1 I il M__F__. 1 F.umﬂ._. 1 1 v.ﬂmm+ 1 m+ 1 d'HDe
1 " T k 1 T T 1 1 T 1 T .
S—! i[ e—t
=2 #d-qd g1 B “HDD e P 4
bl e ENODCHEOOD  TANTE
¥s 9o
4] 0s 0% [T 0 [ P 0%- 05- 0g- 00T~ DET-
1 1 1 1 1 1 1 1 1 mﬂ.* L nmu.ﬁ‘. He
1 T 1 1 T | p——— T T T T
oo — d oy S=oad-ug

101
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methyl.*® Likewise in a competitive addition of a specific radical to two different
alkenes, the favored reaction is usually that which results in the most stabilized product
radical. Of course other factors, such as polar and steric effects are important;
nonetheless, RSEs play an important role in interpreting structure-reactivity trends
in these reactions, and this in turn has predictive value. For example, in a free-radical
copolymerization of styrene with vinyl acetate, propagating radicals with styryl
terminal units have significantly higher RSEs than those terminated by vinyl acetate
units, due to the greater resonance stabilization of the unpaired electron in the former
case. As a result, both types of propagating radicals tend to add to styrene rather than
vinyl acetate, resulting in copolymers that are rich in styrene, even at low monomer
feed ratios.*®

RSEs have proven to be particularly useful in controlled radical polymerization
processes such as reversible addition fragmentation chain transfer (RAFT) polymeri-
zation,>” where a consideration of the effects of substituents on radical stability
has contributed to the design of new and improved control agents.® Controlled
radical polymerization processes allow for the synthesis of polymers with narrow
molecular weight distributions, designer endgroups and special architectures, by
minimizing the occurrence of bimolecular termination processes with respect to
chain growth. This is achieved by establishing a dynamic equilibrium between the
propagating radical and a dormant or protected species. However, their success rests
upon a delicate balance of the rates of several competing reactions such that the
concentration of the active species is orders of magnitude lower than that of the
dormant species and the exchange between the two forms is rapid. Choosing optimal
control agents for various types of monomer can be difficult. We have shown that
RSEs, together with related isodesmic measures of the stabilities of the other
reagents present, can provide a simple practical method for ranking and analyzing
the effects of substituents on the controlling equilibrium in RAFT polymerization,
and thereby aid in the design and selection of optimal control reagents for the
various classes of monomer.>’ Moreover, on the basis of this analysis we were
able to design first multipurpose RAFT agent, which was subsequently verified
experimentally.*® A similar approach, albeit based on the Riichardt radical stability
parameter,’® has been used successfully in nitroxide-mediated polymerization
(NMP),*! where it aided the design of the first effective NMP agent for methyl
methacrylate polymerization.**

5.5 CONCLUSIONS

Radical stabilization energies for a wide variety of carbon-centered radicals have been
calculated at G3(MP2)-RAD or better level. While the interpretation of these values as
the result of substituent effects on radical stability is not without problems, the use of
these values in rationalizing radical reactions is straight forward. This is not only true
for reactions involving hydrogen atom transfer steps but also for other reactions
involving “typical” elementary reactions such as the addition to alkene double bonds
and thiocarbonyl compounds.
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6.1 INTRODUCTION

Carbon-centered radicals play a significant role in a number of processes of techno-
logical and biological relevance, but as most of the radicals are unstable and very
reactive species, difficult to study by experimental techniques. Many available
experimental studies focused on the physicochemical properties of radicals come
from the spectroscopic techniques, not only electronic spin resonance (ESR) but also
IR/Raman and UV-vis, often obtained in matrices at low temperature. Unfortunately,
in most cases, experimental results are extremely difficult to interpret, even in terms of
appropriate identification of molecular species. For example, the entire UV-vis
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spectrum recently reported and assigned to the phenyl radical' should be rather
attributed to the phenoxy radical.” In fact, quite elaborate integrated experimental
procedures involving the combined use of several complementary spectroscopic
techniques and possibly few precursors are usually necessary to unequivocally
identify radical species. On the other hand, recent developments in computational
techniques, in particular the high accuracy of the results achievable for small
systems,””’ clearly demonstrates the potentiality of computational chemistry experi-
ments to become key tools for the prediction and understanding of spectroscopic
properties of all kinds of molecular systems: this reflects a more general trend, since
nowadays the experimental characterization of new systems relies more and more on
computational approaches, for example, for the evaluation and rationalization of
structural, energetic, electronic, and dynamic features.®'° Recently integrated ap-
proaches capable of accurately simulating vibronic spectra, at the same time easily
accessible to nonspecialists, have been introduced''. As such, a fully automatic
computation and visualization of vibrationally resolved UV—vis spectra complements
tools already available for other spectroscopic ranges (e.g., IR/Raman), highly
increasing the overall predictive/interpretative power of computational spectroscopy.
Extension of such approaches to larger flexible systems in condensed phases involves a
number of additional problems ranging from the development of cheaper, yet reliable,
electronic methods to the implementation of effective vibrational approaches beyond
the harmonic approximations and to the proper account of environmental effects by
effective discrete/continuum models. Furthermore, procedures validated for closed-
shell systems and/or for properties ruled by valence electrons need further elaboration
and validation for open-shell systems and for properties (such as hyperfine couplings)
receiving significant contributions from core electrons.

Here last-generation approaches rooted into the density functional theory (DFT)
and its time-dependent extension (TD-DFT) have revolutionized the situation because
they are able to couple in a very effective way computational speed and reliability.
There are, of course, situations in which such approaches need further improvements
(e.g., charge transfer electronic transitions or van der Waals interactions), but the
present situation is, in general, already satisfactory and ongoing work in several
research groups promises further significant progresses.

Direct comparison with experimental results requires that dynamic effects are
properly taken into account. At present, the most common way to evaluate molecular
properties is their computation at the “bottom of the well” corresponding to the global
minimum. Nevertheless, this approach does not take the vibrational effects into
account that can be nonnegligible even at very low temperatures. The molecular
vibrations imply that molecular geometry is never fixed and might vary in a way
defined by the zero point vibrational energy levels. In an ideal case, when harmonic
approximation is valid and a perfectly symmetric potential energy profile represents
correctly the true shape of the potential energy surface (PES) close to a minimum, the
vibrationally averaged properties and those calculated at the “bottom of the well” are
coincident. But such a condition is not generally fulfilled and the harmonic potential
can only be considered as an approximation valid in a region close to the minimum.
This model is useful and allows determining molecular properties in a simple manner;
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however, in many cases it is crucial to take into proper account the effects of nuclear
motions for the direct comparison between experimental and theoretical results. In
particular, the ESR parameters often show a strong dependence on the molecular
geometry. A number of studies have confirmed that the effects of vibrational motion on
some parameters can change their values up to 25%, as, for example, in the case of a
(H2) of cyclopropyl.'?

6.2 EPR SPECTROSCOPY

6.2.1 Theoretical Background

The effective spin Hamiltonian (SH) that includes Zeeman and hyperfine interaction
for a single unpaired electron and N nuclei is:
Be

A= Aot By =By g 8 44,5 1,4 8 6.1)

where the first term is the Zeeman interaction depending upon the g tensor, in the
presence of a magnetic field By; the second term is the hyperfine interaction of each
couple nth nucleus/unpaired electron, defined with respect to hyperfine tensor A;.

The hyperfine coupling tensor (Ay), which describes the interaction between the
electronic spin density and the nuclear magnetic momentum of nucleus X, can be split
into three terms: Axy=axI; + Tx + Ax, where 15 is the 3 X 3 unit matrix. The first
term (ax), usually referred to as Fermi-contact interaction, is an isotropic contribution,
also known as hyperfine coupling constant (hcc), and is related to the spin density at
the corresponding nucleus X. The second contribution (7x) is anisotropic and can be
derived from the classical expression of interacting dipoles. The last term, Ay, is due to
second-order spin-orbit coupling and can be determined by methods similar to those
used for the g tensor.'® In the present case, because of the strong localization of spin
density on the studied atoms and of their small spin-orbit coupling constants, its
contribution can be safely neglected and will not be discussed in the following. Of
course, upon complete averaging by rotational motions, only the isotropic part survives.

The gyromagnetic tensor can be written: g =g.13 + Agrm + Agc + Agozsoc
where g. is the free-electron value (g. =2.0023193). Computation of the relativistic
mass (RM) and gauge (G) corrections is quite straightforward because they are first-
order contributions.'* The last term arises from the coupling of the orbital Zeeman
(OZ) and the spin-orbit coupling (SOC) operator. The OZ contribution is computed
using the gauge-including atomic orbital (GIAO) approach,'> whereas for light
atoms, the two electron SOC operator can be reliably approximated by a one
electron operator involving adjusted effective nuclear charges.'® Although those
charges were optimized for MCSCF/HF wavefunctions, a number of test computa-
tions showed that they are nearly optimal for DFT computations too. Upon complete
averaging by rotational motions, only the isotropic part of the g tensor survives,
which is given by g;s, = 1/3Tr(g). Of course, the corresponding shift from the free
electron value is Agiso = &iso — Ze-
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6.2.2 Environmental Effects

The most promising general approach to the problem of environmental (e.g., solvent)
effects can be based, in our opinion, on a system-bath decomposition. The system
includes the part of the solute where the essential of the process to be investigated is
localized together with, possibly, the few solvent molecules strongly (and specifically)
interacting with it. This part is treated at the electronic level of resolution, and is
immersed in a polarizable continuum, mimicking the macroscopic properties of the
solvent. The solution process can then be dissected into the creation of a cavity in the
solute (spending energy E..,), and the successive switching on of dispersion—repul-
sion (with energy Egisrep) and electrostatic (with energy E) interactions with
surrounding solvent molecules.

The so-called polarizable continuum model (PCM)'” offers a unified and well
sound framework for the evaluation of all these contributions both for isotropic and
anisotropic solutions. In PCM, the solute molecule (possibly supplemented by some
strongly bound solvent molecules, to include short-range effects such as hydrogen
bonds) is embedded in a cavity formed by the envelope of spheres centered on the
solute atoms. The procedures to assign the atomic radii'® and to form the cavity'” have
been described in detail together with effective classical approaches for evaluating
E.,,and Edis,rep”’lg. Here we recall only that the cavity surface is finely subdivided in
small tiles (tesserae), and that the solvent reaction field determining the electrostatic
contribution is described in terms of apparent point charges appearing in tesserae and
self-consistently adjusted with the solute electron density.'”*° The solvation charges
(q) depend, in turn, on the electrostatic potential (V) on tesserae through a geometrical
matrix Q (q = QYV), related to the position and size of the surface tesserae, so that the
free energy in solution G can be written as

G = E[p] + Van + %VQV (6.2)

where E[p] is the free solute energy, but with the electron density polarized by the
solvent, and Vyy is the repulsion between solute nuclei.

The core of the model is then the definition of the Q matrix, which in the most recent
implementations of PCM depends only on the electrostatic potentials, takes into the
proper account the part of the solute electron density outside the molecular cavity, and
allows the treatment of conventional, isotropic solutions, ionic strengths, and aniso-
tropic media such as liquid crystals. Furthermore, analytical first and second deri-
vatives with respect to geometrical, electric, and magnetic parameters have been
coded, thus giving access to proper evaluation of structural, thermodynamic, kinetic,
and spectroscopic solvent shifts.

6.2.3 Vibrational Effects

In the framework of the Born—Oppenheimer approximation, we can speak of a PES
and of a “property surface” (PS), which can be obtained from the quantum mechanical
computations at different nuclear configurations. In this scheme, the expectation
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values of observables (e.g., isotropic hcc values) are obtained by averaging the
different properties on the nuclear wave functions. Semirigid molecules are quite
well described in terms of a harmonic model, but a second-order perturbative inclusion
of principal anharmonicities provides much improved results at a reasonable cost*'
(see Ref. 25 for extensive review on the more computationally demanding variational
approaches). In perturbative model, the vibrational energy (in wavenumbers) of
asymmetric tops is given by

E—&0+Zm,(n, ) ZZ§U<n, )( +;) (6.3)

i j<i

where the ® values are the harmonic wave-numbers and the & values are simple
functions of third (F;%) and semidiagonal fourth (F;;) energy derivatives with
respect to normal modes Q?2. Next, the fundamental vibrational frequencies (v;)
and zero point vibrational energy (E,) are given by

vi=+28+ Zé,, (6.4)

j¢l

Ey=8&+~ Z(m: &) > &,]) (6.5)

J>i

At the same level, the vibrationally averaged value of a property €2 is given by

1
Q>n = Qe + ZA, (I’li + 2) (66)
where €2, is the value at the equilibrium geometry and

B oFi
2
0 T 00

(6.7)

o; and [3; are the first and second derivatives of the property with respect to the ith
normal mode. The first term of the right hand side of Equation 6.7 will be referred to in
the following as harmonic and the second one as anharmonic. Also in this case,
methods rooted in the density functional theory perform well provided that numerical
problems are properly taken into account.”®?’

6.2.4 Dynamical Effects

Large amplitude motions and solvent librations cannot be described by the perturba-
tive approach sketched above, but a classical treatment is usually sufficient. Then, the
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computational strategy involves two independent steps: first, MD simulations are run
for sampling with one or more trajectories the general features of the solute—solvent
configurational space; then, observables are computed exploiting the discrete/contin-
uum approach for supramolecular clusters, made by the solute and its closest solvent
molecules, as averages over a suitable number of snapshots. Itis customary to carry out
the same steps also for the molecule in the gas phase, just to have a comparison term for
quantifying solvent effects. The a posteriori calculation of spectroscopic properties,
compared to other on-the-fly approaches, allows us to exploit different electronic
structure methods for the MD simulations and the calculation of physical-chemical
properties. In this way, a more accurate treatment for the more demanding molecular
parameters, of both first (e.g., hyperfine coupling constants) and second (e.g.,
electronic g tensor shifts) order, could be achieved independently of structural
sampling methods: first principles, semiempirical force fields, as well as combined
quantum mechanics/molecular-mechanics approaches could be all exploited to the
same extent, once the accuracy in reproducing reliable structures and statistics is
proven.

6.3 CALCULATION OF EPR PARAMETERS

First, in this section we illustrate the performance of our methods on selected carbon
radicals. In particular, we choose to use the new NO7D*73° (Table 6.1) basis set (with
PBEO*! and B3LYP*? functionals) because it seems to be the best choice for a number
of properties: geometrical parameters, dipole moments, and magnetic properties. To
demonstrate the accuracy that can be obtained in A and g tensor calculation, we
selected 27 radicals (aliphatic and aromatic), including ¢ and 7 species (Fig. 6.1). The
selected molecules are neutral, cationic, anionic; doublet, triplet, quartet; and local-
ized and conjugated radicals.

TABLE 6.1 Functions to be Added to 6-31G Set to Obtain the NO7D Basis Set for
B3LYP and PBE(O Functionals

s(B3LYP) s(PBE0) P d d

H 0.4 0.750
B 7.0 0.035 0.343
C 75 8.7 0.050 0.820
N 12.6 13.7 0.053 1.015
0 15.1 16.0 0.065 1.190 0.180
F 183 17.7 0.083 1.370 0.230
Al 3.1 3.1 0.015 0.189
Si 3.6 5.0 0.033 0.275
P 55 6.3 0.035 0.373

8.0 75 0.041 0.479
cl 8.5 8.5 0.048 0.600 0.196

For He, Li, Be, Na, and Mg atoms NO7D and 6-31 + G(d,p) are identical.
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FIGURE 6.1 Structures of the radicals studied.

Then, as case study, we consider the glycine® and glycyl®® radicals (Fig. 6.2) in
solution. As mentioned above, the calculation of magnetic tensors needs to take into
account the several factors such as the geometries, environmental effects, and
dynamical effects (vibrational averaging from intramolecular vibrations and/or
solvent librations). We use an integrated computational approach where the molecular



112 INTERPLAY OF STEREOELECTRONIC VIBRATIONAL

| |
H\N/<N/O\H H\N/§O
X
X
L] |

(0]
\ H
GlyRcis Glthrans
/ C\ / s / N \
H N H

| X
H O

Glycyl radical

FIGURE 6.2 Structures of glycine and glycyl radicals. The orientations of the principal axes
of the g tensor are also shown.

structure is accurately described with last generation models rooted in the density
functional theory and the treatment of solvent effects is able to give full account of bulk
(PCM) and specific interaction (solute—solvent H bond) with a discrete/continuum
model. Finally, with molecular dynamic (MD) simulations we have a dynamical
description of solute—solvent systems.

6.3.1 Geometric Parameters

The magnetic properties of a radical are tuned by small modifications of its geometry.
Indeed, small geometry changes can be interpreted in terms of shape of the SOMO
(single occupied molecular orbital), the orbital that directly affects the hyperfine
coupling constants. For example, the deviation from planarity is the most influential
geometric effect for m-like radicals (for example, the methyl radical); the bond
distance between specific pair of atoms in the radical is another one. In fact, the
variation of the bond distance contributing to the -system can modify the shape of
the SOMO, and, thus the magnetic properties. At the same way, in a 6-radical (vinyl)
the distance between two atoms modifies the localization of the SOMO.

In summary, a good geometry is necessary to evaluate in the right way different
effects, such as the direct and spin polarization contributions to the hyperfine coupling
constant, for example. In this connection, the performance of the NO7D basis set
coupled with PBEO and B3LYP functional are comparable to those of aug-cc-pVDZ,
with increased computational efﬁciency.29 For the purpose of illustration, we report in
Fig. 6.3 some significant parameters of vinyl, propyl, and phenyl radicals. It is quite
apparent that B3LYP/NO7D results show remarkable agreement with highly accurate
computational studies at CCSD(T)**** and multireference® levels with extended
basis sets. For C—C bond lengths maximum deviations do not exceed 0.01 A, and in
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FIGURE 6.3 Ground-state optimized geometry structures (bond in A angles in degrees) for
vinyl, propanyl and phenyl radicals.

many cases are as small as 0.002 A. For C—H bond lengths even better agreement has
been found with a maximum discrepancy of 0.05 A. The same stands for angles that are
predicted by B3LYP/NO7D model with accuracy of two degrees. These findings are
particularly encouraging having in mind larger systems for which expensive coupled
cluster studies are still unfeasible.

6.3.2 EPR Parameters

The NO7D basis set with PBEQ and B3LYP functional provides a good description
of the magnetic properties of carbon radicals in comparison with some standard basis
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set at a very convenient computational time.”*>° The results are collected in
Tables 6.2—6.6.

We report the number of data (N), mean absolute deviation (MAD), datarange, and
average absolute error and average percent error between calculated and experimental
values. Next, we give the correlation coefficient (R2), slope, and intercept of the least
square line.

Hydrogen atoms require some specific considerations in view of the lack of inner
shells and of the overwhelming role of small hcc values in an unbiased statistics. We
have thus selected a specific set of data in which the presence of ¢ radicals
(characterized by large hcc values) has been overemphasized. The results collected
in Tables 6.2 and 6.3 show that different basis sets are nearly equivalent in this
connection leading to a percent error approximately 10%, which is close to that of
second row atoms. For the radicals containing carbon atoms, we compare (Table 6.4)
our data with the theoretical ones calculated with four different basis sets [6-31G(d),

TABLE 6.2 Theoretical and Experimental Hyperfine Coupling Constants (Gauss) of
Hydrogen Nuclei of the Radicals Studied. All the Theoretical Values have been
Obtained with B3LYP Functional

6-31G(d) EPR-IT EPR-III NO7D Exp’
1 H —18.2 —17.8 -17.1 —17.0 20.6
4 2H —-17.1 —-16.8 —13.8 —14.2 16.0
5 H 21.8 21.9 21.1 21.8 18.0
8 3H —25.2 —23.8 —23.2 —23.0 25.0
9 2H —18.3 —-17.8 —17.6 —-17.4 21.1
10 H -23.1 —24.5 —253 —-22.1 222
12 H —78.8 —83.4 —83.0 —79.4 83.2
13 2H —121.5 —128.2 —128.7 —120.0 132.7
14 Hcis. 59.8 63.8 63.8 59.5 68.5
14 Htrans 36.6 40.2 40.2 36.0 342
14 H(CH) 14.0 17.1 17.5 13.9 133
15 2Hcis —15.8 —14.9 —14.5 —143 135
15 2Htrans —16.5 —15.7 —15.4 —15.0 14.8
15 H(CH) 49 4.7 4.5 44 4.2
18 H(orto) —6.0 —5.8 —5.6 -5.9 5.2
18 H(meta) 2.6 25 2.4 25 1.8
18 H(para) —6.8 —6.6 —6.5 —6.7 6.2
18 H(CH2) —18.3 —-17.4 —16.8 —17.6 16.3
21 4H —-2.0 —-2.0 -1.9 —-2.0 4.0
22 2H =51 —-4.9 —4.9 —5.1 24
22 2H —-1.2 —-1.2 —-1.2 —-1.2 0.6
23 2H -7.3 —6.8 —6.7 -71 5.6
23 2H 2.1 —-2.0 -2.0 2.1 1.4
24 H -1.1 -1.1 —1.1 —1.1 2.1
24 H -3.1 -29 -29 -3.0 4.2
25 2H —0.1 —0.1 —0.1 —0.1 0.3

“Experimental data for 1, 4, 5, 8-10,12-15, 18 are from Ref. 36; for 21-25 are from Ref. 37.



CALCULATION OF EPR PARAMETERS

115

TABLE 6.3 Data Analysis for Hydrogen Nuclei. MAD (Mean Absolute Deviation

in Gauss) =X lacaic —@expl/N; E% (Percent Error) = lacae —@expl/@exp

B3LYF/ B3LYP/ B3LYP/ B3LYP/
6-31G(d) EPR-II EPR-III NO7D Exp.
Hydrogen: N =29
MAD 2.1 1.9 1.9 1.8
Max absolute error 11.3 6.0 6.0 9.0
Average E% 27.2% 27.1% 26.9% 27.4%
Max E% 113.1% 108.4% 104.6% 113.9%
R2 0.9946 0.9938 0.9934 0.9943
Intercept 1.4588 0.9353 0.6423 0.9796
Slope 0.9104 0.9670 0.9696 0.9060
Max 121.5 128.2 128.7 120.0 132.7
Min 0.1 0.1 0.1 0.1 1.8

TABLE 6.4 Theoretical (B3LYP) and Experimental Hyperfine Coupling Constants

(Gauss) of Carbon Nuclei

6-31G(d)* EPR-III“ TZVP? cc-pVQZ* NO7D? Exp“
Structure  Carbon (13C)
1 C 16.8 19.0 14.8 9.0 15.5 16.8
2 C 183.9 207.7 214.6 201.6 200.9 209.8
3 C 495.3 569.3 587.8 566.5 5553 561.3
4 C 33.0 29.4 20.7 16.0 27.3 21.0
5 C 348.2 378.7 390.7 374.3 371.3  362.0
5 C(H) 72.9 81.2 82.9 83.5 78.9 76.0
6 C 16.7 14.2 12.0 8.1 13.3 15.7
6 C(O) —-2.7 —-7.1 —8.5 —8.1 —6.5 10.7
7 C 152.2 138.5 142.7 136.8 137.1  134.7
8 C 44 .4 28.6 27.0 19.9 28.7 27.0
9 C 62.3 56.4 50.9 40.0 56.3 54.8
10 C 152.8 143.4 146.8 137.6 1454 148.8
11 C 258.9 264.5 274.0 261.3 266.9 271.6
12 C —23.6 —24.5 —25.7 —24.4 —24.4 28.9
13 C -30.1 —33.5 —35.1 —33.2 —-33.2 38.9
14 C 121.9 107.7 109.6 101.5 109.5 107.6
14 CH2 -7.0 —-4.9 -53 —-4.0 —4.8 8.6
15 CH —17.5 —16.0 —16.3 —14.9 —15.9 17.2
15 CH2 28.2 18.3 17.0 13.2 18.6 21.9
16 CH 108.8 93.6 95.5 87.7 95.5 95.9
17 CN —8.3 -9.2 -9.7 -89 —-9.1 9.5
18 CH2 32.0 20.4 19.0 15.1 21.0 24.5
18 Cl(3) —144 —13.7 —14.1 —13.2 —13.6 14.5

“From Ref. 36.
b From Ref 29.
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TABLE 6.5 Data Analysis for Carbon Nuclei. MAD (Mean Absolute Deviation
in Gauss) = X lacaic—@expl/N totainucieiys E% (Percent Error) = lacaic—@expl/@exp

B3LYP/ B3LYP/  B3LYP/ B3LYP/ B3LYP/ PBE(/
6-31G(d) EPR-III TVPZ  cc-pVQZ NO7D NO7D Exp.

Carbon: N =23

MAD 10.7 4.0 5.0 6.6 3.5 2.9

Average E% 18.6% 10.9% 9.3% 18.7% 10.5% 9.9%

R2 0.9915 0.9988 0.9991 0.9983 0.9991 0.9994
Intercept 7.5938 —1.7012 —3.6841 —6.2305 —1.1153 —-0.9734

Slope 0.9033 1.0182 1.0562 1.0196 0.9987 0.9968

Max 495.3 569.3 587.8 566.5 555.3 555.3 561.3
Min 2.7 49 5.3 4.0 4.8 4.8 8.6

EPR-III, TVPZ, and cc-pVQZ]. In general, all DFT methods yield ax values close to
the experimental ones, and the best results are consistently delivered by the NO7D
basis set.

The performances of the different basis sets are compared in Table 6.5 (statistical
analysis data). The NO7D results for carbon atoms are much better than those delivered
by other (even significantly larger) basis sets both in terms of MADs and closeness of
the slope of the linear regression to the theoretical value of 1.0. The PBEO and B3LYP/
NO7D models give by far the lowest MAD (Table V) for C hcc values.

The NO7D basis set has been assessed by comparison with EPR-IIT*> basis set for
the g tensors. The results collected in Table 6.6 show a very good agreement between
computed and experimental values.

Furthermore, the availability of effective discrete/continuum solvent models and of
different dynamical approaches, together with the NO7D basis set, allow to perform
comprehensive analyses aimed at evaluating the roles of stereoelectronic, vibrational,

TABLE 6.6 Theoretical and Experimental g;,, Tensor (in ppm)
Stucture  PBEO/EPR-IIT¢ B3LYP/EPR-IITY PBEO/NO7D B3LYP/NO7D Exp.?

1 2.0008 2.0008 2.0010 2.0010 2.0007
2 2.0005 2.0005 2.0006 2.0006 2.0000
3 2.0002 2.0003 2.0004 2.0003 2.0003
4 2.0027 2.0027 2.0027 2.0027 2.0027
5 2.0040 2.0041 2.0039 2.0039 2.045

6 2.0040 2.0040 2.0033 2.0039 2.0041
7 2.0033 2.0034 2.0032 2.0033 2.0031
8 2.0028 2.0028 2,0027 2.0028 2.0028
9 2.0042 2.0042 2.0041 2.0041 2.0036
10 2.0027 2.0027 2.0026 2.0027 2.0027
11 2.0028 2.0028 2.0027 2.0028 2.0028
12 2.0029 2.0029 2.0028 2.0028 2.0026

“Single point calculations on geometries optimized at the PBEO/NO7D level.
®From Ref. 30.
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TABLE 6.7 Hyperfine Coupling Constants (in Gauss) of Glycine Radical

B3LYP/EPR-II B3LYP/NO7 D
Exp.
pH:1-10 cis trans cis trans
N 6.4 5.5 5.5 6.3 6.3
H1 5.6 54 —-5.6 -53 -5.1
H2 5.6 —53 —5.4 —53 —5.1
Ho 11.8 —11.9 —11.7 —11.6 —11.7
PBEO/EPR-II PBEO/NO7D
Exp.
pH:1-10 cis trans cis trans
N 6.4 5.5 55 6.4 6.1
H1 5.6 54 —5.6 -5.0 —4.8
H2 5.6 -53 54 —-5.2 —-4.9
Ho 11.8 —11.9 —11.7 - -
11.7 11.8

and environmental effects in determining the overall properties of radicals as shown
with the following examples.

6.3.3 Case Studies: Glycine and Glycyl Radicals

The performances of the PBEO and B3LYP/NO7D models for a typical problem
involving at the same time stereoelectronic, vibrational, and environmental effects can
be judged by the results reported in Tables 6.7-6.10 for the glycine?®**>*% and
glycyl®* radicals (Fig. 6.2) in aqueous solution.

6.3.3.1 Glycine Radical Since the hcc values computed for the minimum energy
structure in vacuum are significantly tuned by both intramolecular vibrations and by
solvent librations, the reported results (Table 6.7) are obtained by averaging more than
100 frames extracted at regular time steps from the ab initio dynamics described in
Ref. 38. From a general point of view, all the computations provide, as expected,
positive values for the C* and N hcc values, and negative values for the hydrogen
atoms. Moreover, dynamical effects reduce the differences between the pairs H;, Hy,
and C* H*. Polar solvents increase delocalization along the GlyR backbone, due to an

TABLE 6.8 Hyperfine Coupling Constants (in Gauss) of Glycyl Radical

PBEO Best B3LYP Best
PBEO B3LYP Estimate Estimate

Exp. EPR-II NO7D EPR-II NO7D EPR-I NO7D EPR-II NO7D

C 16-21 18.3 17.5 18.3 17.5 133 12.5 12.9 13.3
Ho 14-15-17 -187 -199 -187 -199 -148 -158 —-13.0 —-13.7
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increased importance of ionic resonance structures characterized by double N-C and
C—C' bonds, and to the concomitant reduction of H* hce and of the pyramidalization of
the aminic moiety. This last structural effect induces both a significant reduction of the
H; hce and an increased delocalization of the SOMO, with the consequent reduction of
the C% and H* hee values. After averaging by over MD snapshots in aqueous solution,
the computed values are in general good agreement with experiment. It is, however,
quite apparent that hydrogen atoms are described in a nearly equivalent way by the
EPR-II and NO7D basis set, whereas the nitrogen hcc is much improved by the new
basis set, which is able to deliver quantitative agreement with experiment.

In Table 6.9 are reported the principal components of the g tensors (8g.., 8gy,, and
dg-.) and the g, values obtained using two functionals (PBEO and B3LYP) and two
basis sets (EPR-III and NO7D) together with the g;,, value measured in aqueous
solution (2.00340 4 0.00005). As shown, the g tensors are sensitive to the conforma-
tion of the radical, for example, the g tensors of GlyR“* and GlyR""“"* are significantly
different (Table 6.9). In particular, the results obtained with the NO7D basis set for
GlyR“® are in remarkable agreement with experiment, confirming the prevalence of
this isomer in aqueous solution, as suggested by direct energetic evaluations.

6.3.3.2 Glycyl Radical Also the magnetic parameters of glycyl radical are sensi-
tive to anumber of different physicochemical effects such as vibrational averaging and
solvent shifts. In Tables 6.8 and 6.9 are shown the hyperfine coupling constants
calculated with and without solvent and/or vibrational contributions. In Table 6.10, we
compare our g tensors values obtained with NO7D basis set for the glycyl radical with
the theoretical ones issuing from PBEO/EPR-III computations and with experimental
data obtained for different enzymes and for N-acetylglycyl radical.*® In general, the g
tensors calculated with the NO7D basis set are slightly smaller than their EPR-III

TABLE 6.10 Calculated and Experimental g Tensors (ppm) of Glycyl Radical in
Solution (Water). The Experimental Data are Given With an Error of 4+ 400 ppm

<Agz98> Agsolv Aggas Aggas Aggas
NO7D* EPR-1I1¢ EPR-111I°
Agxx —26.4 320.9 2190.1 2423.5 2363.9
Agyy —28.9 —489.4 1402.1 1546.4 1524.9
Ag:: 4.4 54 —164.9 —-170.3 —173.3
Best Estimate Exp*
N-Acetyl
NO7D* EPR-III“ EPR-II° RNR RNR PFI BSS Glycyl
Agxx 2484.6 2718.0 26584 1900 2000 2400 2200 2200/1900
Agyy 883.8 1028.1 1006.6 1000 1000 1600 1300 800/900
Ag.. —-1659 —171.3 —174.3 0 0 200 —100 —300/400

“Geometry optimized at the PBEO/NO7D level.
bGeometry optimized at the PBE0/6-31 + G(d,p) level.
“From Ref. 30.
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counterparts. Moreover, the g tensors are affected by both direct and indirect solvent
effects as well as by intramolecular motions. Comparison with experiment confirms
the remarkable performances of B3LYP/NO7D and PBE(O/NO7D computational
models when taking into the proper account dynamical and environmental effects.

6.3.4 Case Studies: Vibrationally Averaged Properties of Vinyl
and Methyl Radicals

In the following section, we will see that vibrational averaging plays a significant role
in the computation of reliable hcc values for a number of interesting systems. Here, we
just discuss vibrational averaging effects related to inversion at the radical center of
typical ® (methyl) and ¢ (vinyl) radicals.

The results shown in Table 6.11 point out the effect of harmonic and anharmonic
terms (see Eq. 6.7) on the total hyperfine coupling constants computed for the vinyl
radical.** The harmonic contribution is the most important (although anharmonic
terms are not negligible) except for H* and, especially, C*. As a matter of fact for this
latter atom, there is a nearly exact compensation between harmonic contributions by
in-plane and out-of-plane bendings, which have opposite signs. On the other hand,
anharmonic terms are particularly large for C* and H* since they are not negligible for
in-plane bending at the radical center, whereas they vanish (due to symmetry) for out-
of-plane bendings.

The methyl radical has a planar equilibrium structure with a low frequency out-
of-plane motion. The behavior of hce values as a function of the out-of-plane angle (6)
is the following: ac is always positive and increases with 6 due to the progressive
contribution of carbon’s orbitals to the SOMO (see Fig. 6.4). The effect is similar for
ay, but since ay is negative for the planar structure (due to spin polarization) the
absolute value of ay decreases up to § = 10° and next increases due to the direct
contribution (see Fig. 6.4). The ground vibrational function is peaked at the planar
structure, thus vibrational averaging changes the coupling constant toward values that
would have been obtained for pyramidal structures in a static description. The wave
function of the ground vibrational state being symmetrically spread around the planar
reference configuration introduces contributions of pyramidal configurations. The
effect is even more pronounced in the first excited vibrational state, whose wave
function has a node at the planar structure and is more delocalized than the
fundamental one, thus giving increased weight to pyramidal structures.

TABLE 6.11 Harmonic and Anharmonic Contributions to hce of Vinyl Radical
Calculated at the PBEO/EPR-II//PBE/6-311 + G(d,p) Level

Atom Min AAnh AHarm Tot Exp.
c* 112.67 —2.41 0.05 110.31 107.6
ch —5.89 —0.61 —1.01 —7.51 —8.6
H” 16.90 —1.61 0.52 15.81 134
HP 64.58 0.32 1.65 66.55 65

HP 41.46 0.33 1.59 43.38 37
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FIGURE 6.4 (a) Energy variation (in kcal/mol) and hcc for carbon and hydrogen atoms as
a function of the hydrogen out-of-plane angle in methyl radical. PBEO/EPR-II computations.
(b) Decomposition of the total hce in its direct and spin polarization contribution.

As a first approximation, the vibrationally averaged value of a property can be

written as
oQ 1 /0°Q
Q) =Qui+(—) o — (=) o 6.8
-0t () 043 (G) 0 o9

For planar reference structures, the linear term is absent for symmetry reasons and the
key role is played by mean square amplitudes, which, however, can be quite large and
badly described at the harmonic level. From a quantitative point of view, vibrational
averaging changes the equilibrium value of ay by about 2 G (10%) and that of ac by
about 10G (30%): thus quantitative (and even semiquantitative) agreement with
experiment cannot be obtained by static approaches, irrespective of the quality of the
electronic model.

The low frequency motions of vinyl radical correspond to out-of-plane vibrations
(wagging and torsion) and in-plane inversion at the radical center. The out-of-plane
motions have the same effect as the methyl inversion, albeit with a significantly smaller
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strength. On the other hand, in-plane inversion is characterized by a double-well
potential with a significant barrier. Vibrational averaging now acts in an opposite
direction, bringing the coupling constants to values that would have been obtained for
less bent structures in a static description. The ground-state vibrational wave function
is more localized inside the potential well, even under the barrier, than outside. So it
introduces more contributions of “nearly linear” structures. Vibrational effects, while
still operative, are less apparent in this case since high energy barriers imply high
vibrational frequencies with the consequent negligible population of excited vibra-
tional states and smaller displacements around the equilibrium positions. Unless
Boltzmann averaging gives significant weight to states above the barrier, this kind of
vibration is effectively governed by a single-well potential unsymmetrically rising on
the two sides of the reference configuration. Now, 0€2/0s and <s> do not vanish and
usually have opposite signs, thus counterbalancing the positive harmonic term. The
resulting correction to €. is small and can be treated by perturbative methods.

Letus point out, as a final comment, that also large amplitude internal rotations can
have a significant effect on hcc values: however, in most cases they can be treated by a
simple average of the hcc values of different substituents.

6.4 VIBRATIONAL PROPERTIES BEYOND THE HARMONIC
APPROXIMATION

Computations of harmonic frequencies have become nowadays key tools necessary to
assist the studies of IR/Raman spectra and identification or assignment of vibrational
bands. Usually scaling of harmonic frequencies by a uniform or frequency-dependent
factor is exploited to obtain better agreement with experimental data. This procedure
has been extensively applied to the calculations of vibrational frequencies of closed-
shell molecules in the ground state, and in most cases adequate scaling factors obtained
mainly by comparison of extensive data sets of well-defined experimental results are
proposed in the literature (see Ref. 41 and references therein). However, such simple
methodologies should not be applied to the studies of radicals for which experimental
data is rather scarce and often quite error prone. On the other side, it is necessary to
account for the anharmonicity to fully assist the analysis of experimental results. This
goal can be achieved by performing the computation of the vibrational level beyond the
harmonic approximation: in particular second-order perturbative approach®>**(PT2),
can be effectively applied for studies of relatively large semirigid molecules. It leads to
simple expressions of vibrational levels in terms of third and semidiagonal quartic force
constants (see Eq. 6.3-6.5) and the range of application can be further extended by
taking the resonances into proper account. Of course, large amplitude modes require
different methods based, for example, on direct dynamic simulations.

6.4.1 Case Studies: Anharmonic Frequencies of Phenyl and Naphtyl
Cation Radicals

Several well-established experimental studies are available for the phenyl radical**~**
and naphtyl cation radical,* thus these systems have been chosen to demonstrate the
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accuracy achievable by the above described theoretical approaches. Tables 6.12
and 6.13 compare the most reliable experimental frequencies usually obtained in
low-temperature matrices with PT2 anharmonic frequencies obtained by with the
B3LYP/NO7D computational model. It is evident that a remarkable agreement has
been obtained in both cases. In particular, a root mean square deviation of ~10cm ™"
between computed and experimental frequencies is achieved, and in the case of phenyl
radical even for strongly anharmonic C—H stretching modes, the maximum deviation
does not exceed 30 cm ™. For naphtyl radical cation the maximum deviations has been
observed for C-H in and out-plane deformation modes, but also in this case these

discrepancies do not exceed 50 cm ™"

TABLE 6.12 Computed and Experimental Vibrational Frequencies (in cm ') of the
Phenyl Radical

B3LYP/NO7D
Exp
Mode Symm Ref [42] Harm Anh
1 a2 400 393
2 bl 416 426 418
3 b2 587 598 591
4 al 605 618 611
5 bl 657 663 654
6 bl 706 721 709
7 a2 816 815 801
8 bl 874 895 873
9 a2 945¢ 968 946
10 al 976 984 970
11 bl 972 994 970
12 al 997 1017 1001
13 al 1027 1052 1027
14 b2 1063 1074 1064
15 al 1154 1176 1159
16 b2 1159 1177 1163
17 b2 1283 1306 1283
18 b2 1321 1337 1309
19 b2 1432 1463 1435
20 al 1441 1473 1440
21 al 1581 1578 1556
22 b2 1624 1633 1603
23 al 3037 3174 3053
24 b2 3060 3182 3037
25 al 3072 3195 3058
26 b2 3072° 3197 3059
27 al 3086 3207 3067

“Observed only in the Raman spectrum*? tentative assignment.
?From a high-resolution gas-phase spectrum“.
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TABLE 6.13 Computed and Experimental Vibrational Frequencies (in em ™Y of the

Naphtyl Radical Cation

B3LYP/NO7D

Mode Symmetry Exp.* harm anh Delta (Calc.-Exp.)
1 Ag 3209 3084

2 1584 1629 1575 9
3 1463 1504 1472 9
4 1394 1417 1379 15
5 1187 1204 1192 5
6 1043 1068 1048 5
7 763 775 762 1
8 507 514 508 1
9 Blu 3230 3091

10 1019 1006

11 848 874 856 8
12 550 557 554 4
13 176 183 178 2
14 Blg 940 982 961 21
15 705 755 737 32
16 365 376 368 3
17 Blu 3219 3077

18 3205 3085

19 1525 1555 1528 3
20 1433 1404

21 1305 1282

22 1124 1107

23 807 797

24 365 357 357 8
25 B2g 1016 1020 1010 6
26 933 927

27 722 765

28 440 432

29 B2u 3230 3088

30 3206 3077

31 1518.8 1573 1535 17
32 1400.9 1427 1396 4
33 1215 1240 1217 2
34 1193 1180

35 1023.2 1041 1029 6
36 608 602

37 B3g 3219 3096

38 3203 3084

39 1468 1515 1490 25
40 1401 1469 1445 44
41 1218 1261 1242 24
42 1098 1120 1107 9
43 927 939 926 1
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TABLE 6.13 (Continued)

B3LYP/NO7D
Mode Symmetry Exp.45 harm anh Delta (Calc.-Exp.)
44 455 473 469 14
45 B3u 965 1004 982 17
46 759 779 759 0
47 Blu 423 427 421 2
48 125 158 155 30

6.4.2 Case Studies: Gas and Matrix Isolated IR Spectra of the Vinyl Radical

Itcan be postulated that the overall accuracy achievable by good quality computational
studies in cases of huge discrepancies with experimental findings casts serious doubts
on the latter. As an example, we would like to recall recent findings on the vinyl
infrared spectrum. The most recent study*® on infrared absorption spectra of vinyl
radical isolated in low temperature neon matrices reports all fundamental vibrations of
C,H;. In this work, band assignments have been assisted by experiments performed for
the *C and D isotopically substituted species and computation of harmonic frequen-
cies. The obtained results show exceptionally large deviations between the solid Neon
and gas-phase*” vibrational wavenumbers putting severe doubts on the assignment of
band lines from the earlier gas-phase experiments.*’ The experimental frequencies in
gas-phase and in Argon®® and Neon*® low temperature matrices are compared in
Table 6.14 with computational results. Harmonic and PT2** anharmonic frequencies
have been computed by B3LYP/NO7D and CAM-B3LYP/NO7D computational
models. Since low-temperature experimental frequencies in Argon and Neon are
very close, matrix effects have been taken into account by continuum medium

TABLE 6.14 Computed Anharmonic and Experimental Vibrational Frequencies
(in cm ™) of the Vinyl Radical in the Gas-Phase and Low-Temperature Matices

Computed Ar matrix

Computed gas phase (CPCM)
Exp. Gas phase Exp. Ne Exp. Ar

B3LYP CAM-B3LYP Ref. (47)  B3LYP CAM-B3LYP Ref. (46) Ref. (48)
vl 3108 3146 3235 3107 3144 3141.0
v2 3010 3049 3164 3009 3048 2953.6
v3 2899 2943 3103 2898 2941 2911.5
v4 1611 1650 1700 1609 1649
v5 1364 1372 1277 1361 1369 13574 1356.7
v6 1004 1011 1099 1003 1010
v7] 678 683 758 678 683 677.1 677.0
v8 917 936 955 916 935 895.3 900.8

9 797 823 895 797 822 857.0
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CPCM* model, with the dielectric constant corresponding to Ar. It is immediately
visible that an inert gas environment has an almost negligible effect on the computed
frequencies, as it was expected. Moreover, the anharmonic frequencies computed with
both functionals agree very well with experimental data from solid-state studies, while
quite large discrepancies (average of ~110cm ™) can be observed by comparison to
the gas-phase experimental data. Such a disagreement is far off the usual error
associated to PT2 anharmonic frequencies for small molecules® and strengthens
the need for a reinvestigation of the gas-phase IR absorption spectrum of vinyl radical,
possibly accompanied by accurate computational studies.

6.5 ELECTRONIC PROPERTIES: VERTICAL EXCITATION
ENERGIES, STRUCTURE, AND FREQUENCIES IN EXCITED
ELECTRONIC STATES

6.5.1 Theoretical Background

The latest developments of time-dependent methods rooted in the density functional
theory, especially by the so-called range separated functionals like LC-wPBE or
LC-TPSS>'*? are allowing computation of accurate electronic spectra even for
quite large systems. Moreover, the recent availability of analytical gradients for
TD-DFT>*>* allows an efficient computation of geometry structures and harmonic
frequencies (through the numerical differentiation of analytical gradients) also for
excited electronic states.

6.5.2 Case Studies: Vertical Excitation Energies of the Vinyl Radical

Vertical excitation energies for the first eight doublet electronic states of vinyl
radical computed by highly accurate ab initio methodologies like equation of motion
coupled cluster single and double excitations (EOM-CCSD)’> and multireference
configuration interaction (MRCI)*®, are compared to the results obtained by time-
dependent density functional theory. For TD-DFT several functionals have been
tested starting from the standard B3LYP or PBEO to the functionals corrected for
the long-range interactions CAM-B3LYP, LC-0wPBE, and LC-TPSS. In all cases,
the appropriate NO7D basis set has been applied. All vertical excitation
energies have been computed for a ground-state geometry computed with the related
functional. The results are gathered in Table 6.15 together with a short description of
the nature of electronic states and an indication of the molecular orbitals involved in
the transition.

The plots of molecular orbitals involved in all reported electronic transitions are
collected in Fig. 6.5. The available experimental energies® °® are also listed, and
assigned to the electronic states as proposed by Krylov et al.** In general, a good
overall agreement between TD-DFT and high-level computations***> has been
achieved. TD-B3LYP provides accurate results for the lowest excited state, and
only slightly overestimates the VE of higher electronic states, while the LC functionals
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FIGURE 6.5 Vinylradical, frontier molecular orbitals involved in electronic transitions into
the first eight doublet excited electronic states.

systematically overestimates vertical excitation energies. The main discrepancy is the
underestimation of excitation energy for ©* «— 7 transition, large enough to reverse
the ordering of second and third electronic states. Nevertheless, it should be mentioned
that accurate computation of electronic excitations is still a challenging task even for
the most elaborate (and expensive) ab initio methodologies. In summary, TD-DFT is
normally able to provide quite reliable information about the nature and properties of
highly excited electronic states at a reasonable cost.
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6.5.3 Case Studies: Structures and Frequencies of Vinyl Radical in First Three
Doublet Excited Electronic States

Electronic excitation can lead to significant changes of the geometry structure and
vibrational properties of molecular systems. Vinyl radical stands as an example where
such modifications are particularly enhanced. Computational studies of geometry
changes induced by electronic excitations require geometry optimization in excited
electronic states. This can be accomplished at TD-DFT level in a quite easy manner, in
particular without the need of reducing the number of molecular orbitals considered as
often necessary in multireference approaches (CASSCF).®! It is also possible to
compute TD-DFT harmonic frequencies from numerical differentiation of analytical
gradients. Moreover, computational studies provide information on the electron
density in both electronic states in a way that it is possible to analyze in detail its
changes upon excitation, and describe appropriately their influence on radical
properties. Such approach has been chosen to study first three doublet electronic
states of vinyl radical with the TD-CAMB3LYP model. Changes in geometry structure
and frequencies upon excitation are reported in Tables 6.16 and 6.17, while the plots of
electron density difference between excited and ground states are shown in Fig. 6.6.

The first excited electronic state is related to the transfer of an electron from a &
orbital into the SOMO leading to a lone pair. This induces strong repulsive interaction
and leads to the strong deviation of HC1C2 angle, and slight elongation of C—C bond.
The TD-CAMB3LYP results are in remarkable agreement with their CASSCF and
EOM-CCSD counterparts. Such transition influences mostly the frequency related to
the »7 mode, the C—H out of plane bending (see Fig. 6.7). Next excited state of 2A”
symmetry can be described as the * < n transition, and leads to changes of opposite
tendency than for 1A’ state, increase of HC1C2 angle, and smaller frequency for v7
mode. The lowest state of 2A’ symmetry is related to the ©* < 7 transition thus
weakening of C—C bond. Indeed the most pronounced change in the structure is a C—C
bond elongation by about 0.2 A, while all other geometry parameters remain almost
unchanged from their ground-state values. Conversely, this state is characterized by
most pronounced changes in frequency values mainly for modes v7 and »8 related to
out-of plane bending.

6.6 VIBRONIC SPECTRA

Valuable information on the physical-chemical properties of radicals can be often
obtained by photoelectron studies in which the electron is detached, so that open-shell
systems can be created. Moreover, excited electronic states of radicals can be studied
by absorption spectroscopy in the UV-vis regions. An analysis of the resulting
experimental spectra can be even more difficult than for ground-state IR or Raman
ones. The additional factors can be related to the often not trivial identification of
electronic band origin, possible overlap of several electronic transitions and nonadia-
batic effects. Although such complications are challenging also for the theoretical
approaches, some”®? examples show already their interpretative efficiency.
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TABLE 6.17 Vibrational frequencies (in em ™Y of Vinyl Radical in its Ground
and First Three Doublet Excited Electronic States
State 2A’ 2A" 2A" 2A
Transition Ground n <« mi m*«<—n T
Mode CAM-B3LYP 7b->8b Av 7a,b->12a,b Av 8a->12a Av
vl 3284 3001 —284 3437 153 3302 18
v2 3202 3191 —11 3164 -38 3296 94
v3 3102 3078 —24 3087 —15 3176 74
v4 1680 1621 -59 1537 —143 1845 165
v5 1404 1448 44 1645 241 1406 2
6 1061 1282 221 1268 207 1057 -5
v7 951 1059 108 646 -305 111 —840
v8 842 1479 637 1146 304 5154 4312
19 720 944 224 756 36 711 -9

D-Dg

D2>-Dyg

D3-Dy

FIGURE 6.6 Vinyl radical: plots of the difference in electron density between the ground and
the first three doublet excited electronic states. The regions that have lost electron density as a
result of the transition are shown in dark blue, and the bright yellow regions gained electron

density.



132 INTERPLAY OF STEREOELECTRONIC VIBRATIONAL

FIGURE 6.7 Normal modes of vinyl radical.

6.6.1 Theoretical Background

A vibronic stick spectrum can be obtained by summing the intensities of the lines of
absorption or emission. For a given incident energy, these intensities are proportional to
the square of the transition dipole moment integral between the electronic states. Using
the Born—-Oppenheimer approximation and the Eckart conditions,® this integral can be
obtained through the analysis of the transitions between vibronic states. This, is
however, insufficient due to the lack of an analytic solution for the electronic transition
dipole moment. An approximation derived from the Franck—Condon principle®*®°
allows to expand the electronic transition dipole moment in a Taylor series whenever
the electronic transition is fast enough that the relative positions and velocities of the
nuclei are nearly unaltered by the molecular vibrations. This concept is sketched in
Fig. 6.8. Replacing the electronic transition dipole moment by its Taylor expansion
about the equilibrium geometry of the final state, it is possible to compute the
probability of transition, and so the intensity of a line of absorption or emission,
by calculating the overlap integrals between the vibrational states of the initial and final
electronic states. The so-called Franck—Condon (FC) approximation assumes that the
transition dipole moment is unchanged during the transition. The Herzberg—Teller
(HT) approximation takes into account a linear variation of the transition dipole
moment along normal coordinates. For most systems, the FC and HT approximations
are sufficient to correctly describe both absorption and emission spectra.
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E

3
FIGURE 6.8 The Franck—Condon principle is shown by the vertical dotted line. The clear
rectangle shows schematically the broader possibilities of transitions when the Herzberg—Teller
approximation is used.

In the framework of the Franck—Condon principle,**~®° time-independent ab initio

approaches to simulate vibronic spectra are based on the computation of overlap
integrals (known as FC integrals), between the vibrational wave functions of the
electronic states involved in the transition. The computation of FC integrals requires a
detailed knowledge of the multidimensional PES of both electronic states or, within
the harmonic approximation, at least computation of equilibrium geometry structures
and vibrational properties. For Herzberg—Teller calculations also the transition dipole
moment and its first derivatives are required. Moreover, it is necessary to take into
account mixing between the normal modes of the initial and the final states, using the
linear transformation proposed by Duschinsky®”:

Q=JQ +K (6.9)

where Q and Q' represent the mass-weighted normal coordinates of the initial and final
electronic states, respectively. The Duschinsky matrix J describes the projection of the
normal coordinate basis vectors of the initial state on those of the final state and
represents the rotation of the normal modes upon the transition. The displacement
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vector K represents the displacements of the normal modes between the initial-state
and the final-state structures.

6.6.2 Computational Strategy

Till recently, computations of vibronic spectra have been limited to small systems or
approximated approaches, mainly as a consequence of the difficulties to obtain
accurate descriptions of excited electronic states of polyatomic molecules and to
computational cost of full dimensional vibronic treatment. Recent developments in
electronic structure theory for excited states within the time-dependent density
functional theory (TD-DFT)**** and resolution-of-the-identity approximation of
coupled cluster theory (RI-CC2)®® and in effective approaches to simulate electronic
spectra' **~"* have paved the route toward the simulation of spectra for significantly
larger systems.

Recently integrated approaches, capable of accurately simulating one-photon
absorbtion (OPA) or one-photon emission (OPE) vibronic spectra and at the same
time easily accessible to nonspecialists, have been introduced.!' The computational
strategy is based on an effective evaluation method’*"* able to select a priori the
relevant transitions to be computed. The details of the procedure used to compute the
spectrum can be found in Refs11,72—74. In brief, simulation of vibrationally resolved
electronic spectra starts with the computation of the equilibrium geometries, frequen-
cies, and normal modes for both electronic states involved in the transition. The
computational tool has been set within the harmonic approximation, but a simple
correction scheme to derive excited state’s anharmonic frequencies from ground-state
data has been implemented.”* The simplest computation of Franck—Condon spectrum
requires the following data: Cartesian coordinates of the atoms, atomic masses, energy
of the ground and excited states, frequencies for the two electronic states involved in
the transition, and normal modes for the two electronic states, expressed by the atom
displacements.

6.6.3 Case Studies: Electronic Absorption Spectrum of Phenyl Radical

The electronic absorption spectrum of phenyl radical is an interesting example where
computational approaches can be compared to the experimental spectrum assigned to
the above-mentioned radical on the basis of the strict correlation of intensity evolution
in simultaneously measured IR and UV-vis spectra,” for which several independent
precursors gave consistent results.

In general, the accuracy of a simulated spectrum depends on the quality of the
description of both the initial and the final electronic states of the transition. This is
obviously related to the proper choice of a well-suited computational model: areliable
description of equilibrium structures, harmonic frequencies, normal modes, and
electronic transition energy is necessary. In the study of the A’B; —X>A, electronic
transition of phenyl radical’® the structural and vibrational properties have been
obtained with the B3LYP/TDB3LYP//NO7D model, designed for computational
studies of free radicals.”®*° Unconstrained geometry optimizations lead to planar
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FIGURE 6.9 Phenyl radical, atom numbering scheme and plot of the electron density
difference between the AzBl and )22A1 electronic states. The regions that have lost electron
density as aresult of the transition are shown in bright yellow, and the darker blue regions gained
electron density.

structures for both ground and first excited electronic states. The geometry parameters
are compared in Table 6.18 with the results reported by Kim et al.”® while the atom
numbering can be found in Fig. 6.9. It can be observed that the DFT results are in good
agreement with their multireference (CASSCF) counterparts.’® Both computational
models predict the same trend in the geometry changes upon electronic excitation and
agree also on their magnitude. The main geometry changes are related to the increase
of C1-C2 and C1-C6 bond lengths and decrease of C2—C1-C6 angle, in line with the
n «+— mtransfer of electron density from the aromatic ring to the carbon orbital. Indeed,

TABLE 6.18 Geometry Structure of Phenyl Radical in the Ground X2A,; and First
Excited A’B; Electronic States. Bond Lengths are in A and Angles in Degrees

CASSCEF Ref. [76] TD-B3LYP/NO7D

X2A, A%B, A X2A, A%B, A
Bonds [/f\]
Cl-C2 1.381 1.468 0.087 1.379 1.463 0.084
C2-C3 1.398 1.373 —0.025 1.407 1.381 —0.026
C3-C4 1.396 1.415 0.019 1.400 1415 0.016
C2-H7 1.074 1.077 0.003 1.086 1.089 0.003
C3-H8 1.076 1.076 0.000 1.087 1.088 0.000
C4-H9 1.075 1.075 0.000 1.086 1.087 0.001
Angles [degrees]
C6-C1-C2 124.6 112.4 —122 125.9 112.3 —13.6
C6-C2-C3 117.3 124.1 6.8 116.5 124.5 79
C2-C3-C4 120.1 119.5 -0.6 120.2 119.0 -12
C3-C4-C5 120.7 120.3 —0.4 120.6 120.7 0.1
C1-C2-H7 121.5 117.4 —4.1 1224 117.3 5.1
C3-C2-H7 121.2 118.5 -27 121.0 118.2 -28
C4-C3-H8 120.0 119.2 -0.8 120.2 119.4 -0.8
C2-C3-H8 119.9 121.3 1.4 119.6 121.5 1.9

C3-C4-H9 119.7 119.8 0.1 119.7 119.6 0.0
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the excited electronic state is characterized by an electron lone pair on the carbon atom,
as confirmed by the difference density plot of Fig. 6.9.

The simulated Franck—Condon Hertzberg—Teller (FC-HT) spectra (Fig. 6.10)
computed taking into account changes in structures, normal modes, and vibrational
frequencies between both electronic states closely resemble their experimental
counterparts. The most striking difference is a relative shift of both spectra. It is
worth to recall that this part of the spectrum is very weak and the measurements have
been close to the performance limit of spectrometer even by application of a multiple-
pass technique, as described in detail in Ref. 2. The reason for the discrepancy can be
the weak intensity of the 0-0 transition: as a matter of fact, an analysis of the
experimental spectrum from Ref. 2 shows a weak progression preceding the first
intense band assigned to the spectrum origin. For the weakly allowed transitions the
unequivocal assignment of the 0-0 transition may be cumbersome, and the theoretical
spectrum suggests that transition assigned as 0-0 can be already a result of the
progression to the excited vibrational state of A’B;. The comparison of theoretical
spectra with the experimental spectrum shifted by ~850cm ™' (as to match the
transition origin reported in Ref. 77) shows a very good agreement, also for
the band position of the most intense transitions, suggesting possible revision of
the experimental data. It is interesting to recall that earlier theoretical results have not
been able to reproduce correctly the spectrum shape, discrepancies being attributed to
nonadiabatic couplings.”®’® Nevertheless, this seems to be due to the limited
dimensionality models both studies have been performed with. It is thus strongly
advisable to exploit full-dimensional vibronic models prior to analyze the possible role
of nonadiabatic effects.
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FIGURE 6.10 Theoretical, convoluted and stick FC-HT spectrum of the A%B, <—)?2A1
electronic transition of phenyl. The experimentall spectrum is shown for comparison. Spectra
have been arbitrarily shifted along energy axis to achieve best match, see text for details.
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6.7 CONCLUDING REMARKS

The present paper summarizes the results of systematic computational studies devoted
to the calculation of several properties of carbon-centered radicals using DFT and TD-
DFT approaches and the new NO7D basis set. The results for a representative set of
organic free radicals seem accurate enough to allow for quantitative studies. This
finding together with the computational efficiency of the approach suggests that we
dispose of a quite powerful tool for the study of free radicals, especially taking into
account that the same density functional and basis set can be used for different
properties and for second and third row atoms. Furthermore, the availability of
effective discrete/continuum solvent models and of different dynamical approaches,
together with the reduced dimensions of the NO7D basis set allow to perform
comprehensive analyses aimed at evaluating the roles of stereoelectronic, vibrational,
and environmental effects in determining the overall properties of large flexible
radicals of current biological and/or technological interest.
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UNUSUAL STRUCTURES OF
RADICAL IONS IN CARBON
SKELETONS: NONSTANDARD
CHEMICAL BONDING BY
RESTRICTING GEOMETRIES

GEORG GESCHEIDT
Institute of Physical and Theoretical Chemistry, Graz University of Technology, Graz, Austria

7.1 INTRODUCTION

Interactions between formally nonbonded molecular moieties have been of interest in
many fields of molecular research e.g., as theoretical models or for the study of -
interactions in DNA. Significant discoveries comprise, for example, dimeric sulfur—
sulfur' and nitrogen—nitrogen®~°® two-center three-electron bonded radical cations (a
whole variety of analogous systems has been reported®’'%). In these cases, it was
shown, particularly by optical and EPR spectroscopy, that the newly formed bond is
caused by the interaction of lone pairs and the unpaired electron resides in a formally
antibonding orbital. This is schematically illustrated in Fig. 7.1.

Generally, the persistence of these unusually bonded stages is particularly high
when the geometry of the respective molecular system is confined facilitating unusual
orbital interactions and if they are structurally hindered to undergo (stabilizing)
transformations (e.g., “anti-Bredt protection”). Illustrative examples are the bicyclic
diamines synthesized in the group of R. Alder (1) or 1,6:8,13-diimino[ 14]annulenes
(2), or tricyclic tetramines (3).

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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Energy

X=N,S
FIGURE7.1 Two-center three-electron bond formed by the lone pairs of an arbitrary atom X.

All these lone pair interactions lead to a considerable thermodynamic
stabilization of the one-electron oxidized stages mirrored by remarkably low oxida-
tion potentials.

In the field of hydrocarbons, radical cations of extended 1t systems tend to form
dimers under appropriate reaction conditions. This was established for classical
aromatics such as naphthalene or anthracene. In cyclophanes, the geometric restric-
tions force the aromatic constituents to interact through space.''~">

Much less persistent radical cations with remarkable electronic structures can be
produced by 7y-irradiation of small hydrocarbons'®™'® in freon matrices at low
temperatures. Analogously, such short-lived species can also be detected by
CIDNP spectroscopy.'® Moreover, radical cations can be generated in zeolites.”

In such systems, rearrangements of the molecular skeletons, particularly of strained
systems are often observed.

This chapter shows that unusual electronic structures of radical ions can be
established in constraining carbon environments. The molecular features introduced
in this chapter are derived from cyclovoltammetric measurements and, predominately,
from EPR spectroscopy and theoretical calculations.

7.2 THE TOOLS

Before discussing the specific molecular skeletons and the properties of their radical
ions a brief survey of the spectroscopic parameters is presented.
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7.2.1 Cyclovoltammetry

Cyclovoltammetry provides redox potentials for a variety of molecules. By applying a
well-defined (versus a reference electrode) voltage to a dissolved substrate, it can be
determined, whether a molecule can be reversibly reduced or oxidized or whether a
first electron transfer is followed up by chemical transformations. Accordingly, the
thermodynamic stability of the radical ion, which is formed by a primary electron
transfer between the substrate and the working electrode can be measured together
with the detection of electron transfer-induced follow-up reactions (Scheme 7.1).

—e +€
s - S » S
oxidation reduction
Radical Diamagnetic Radical
cation substrate anion

SCHEME 7.1 Formation of radical ions by redox (electron transfer) reactions.

7.2.2 EPR Parameters: Experimental and Calculated

EPR spectra of organic radicals recorded in fluid solution present two principal
parameters: The g factor and the isotropic hyperfine coupling constant, hfc. The
g factor characterizes the center of the EPR signal and spin orbit coupling leads to
specific deviations from the value of the free electron, 2.0023.

The hfc represents the orientation-independent interaction between the free
electron and a magnetic nucleus (e.g., g, Bc, PF, etc.). It reflects the spin density
and the spin population at the magnetic nucleus and the orbital character of the spin-
carrying atom (Fermi contact).

In most cases, carbon-centered radicals carry the unpaired electron in p(m)-type
orbitals. Since '*C isotopes are present at a very low percentage (natural abundance,
1.11%), the spin distribution is monitored by adjacent 'H nuclei. The spin from the
p-type orbital of the C atom is transferred to the adjacent H atom (H,,) via ©—C spin
polarization (Fig. 7.2a); however, spin transfer to more distant protons follows the
model of a hyperconjugation mechanism illustrated in Fig. 7.2b. The closer the Cg-Hp
is oriented toward the z-axis of the C, p. orbital, (6 =0°) the bigger becomes the
lHB hfc. When 0 is equal to 90°, the 'H, hfc reaches its minimum value. This
behavior is described by an empirical formula®':

'Hp hfc = p(Cq) - (A + B cos” (6))

with p(C,,) being the spin population at C, and A and B being empirical parameters.
A third arrangement for a rather efficient long-range spin transfer is a W-plane-like
arrangement between the z-axis of the C,, p; orbital and a C,-H,, bond (Fig. 7.2¢).
Obviously, the interactions sketched in Fig. 7.2 are very helpful, yet rough,
empirical models for efficient spin transfer. Substantially more precise hfc values
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FIGURE 7.2 Models for spin transfer.

can be obtained by density functional theory calculations and, therefore, this type of
calculation is utilized throughout for rationalizing the experimental results.

7.3 PAGODANE AND ITS DERIVATIVES

This remarkable class of hydrocarbons has been developed by the Prinzbach group. In
C,g cages, possessing a geometry resembling a (double) pagoda, particularly in the
case of [1.1.1.1]pagodane (Fig. 7.3), a notable feature is the central peralkylated
cyclobutane ring. This highly strained C,, carbon cage had originally been synthe-
sized as potential precursor of the pentagonal dodecahedrane. The rather surprising
properties of the [1.1.1.1]isopagodane radical cation (and dication), first observed
along the routes taken for the pagodane — dodecahedrane conversion motivated the
construction of the homologous [2.2.1.1]/[2.2.2.2](iso)pagodanes and the respective
pagodadienes. Ultimately, also two unsaturated dodecahedranes with their extreme
olefinic pyramdalization could be added (Chart 7.1).

[1.1.1.1]Pagodane Dodecahedrane
FIGURE 7.3 Pagoda and [1.1.1.1]pagodane and dodecahedrane.
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X3

[1.1.1.1]Pagodane [2.2.1.1]Pagodane [2.2.2.2]Pagodane
[1.1.1.1]Pagodadiene [2.2.1.1]Isopagodadiene  Dodecahedradiene Secoodecahedradiene
[1.1.1.1]Isopagodane [2.2.1.1]Isopagodane [2.2.2.2]Isopagodane

CHART 7.1 Pagodane derivatives.

The parent pagodane molecule or more precisely, [1.1.1.1]pagodane with
“[1.1.1.1]” possesses four symmetrically equivalent bridging methylene groups. In
[1.1.1.1]isopagodane, two facing methylene groups are twisted by 90°. Elongation of
two facing methylene bridges leads to [2.2.1.1]pagodane and its iso derivative.
Moreover, dodecahedraene-type molecules dodecahedraene and diene could be
synthesized. All these hydrocarbons are displayed in Chart 7.1.

Unexpectedly, several of the pagodane derivatives possess rather low oxidation
potentials, indicating a considerable thermodynamic stability of the one-electron
oxidized stages, the radical cations. The oxidation potentials of pagodane derivatives
are listed in Table 7.1.

TABLE 7.1 One-Electron Oxidation Potentials of Pagodane

Derivatives®?

Pagodane Derivative First Oxidation Potential V versus Ag/AgCl
[L. 1. 1. ]]Pagodane + 1.20 (E})
[1.1.1.1]Pagodadiene +0.66 (Ey)»)

[L. 1. 1. 1]Isopagodane +1.72 (E})
[2.2.2.2]Pagodane + 1.33 (E})
[2.2.2.2]Pagodadienee +0.77 (Eq))
[2.2.1.1]Pagodane +1.46 (E,)
[2.2.1.1]Isopagodane + 1.36 (E},)
[2.2.1.1]Isopagodadiene +0.80 (Ey)0)

Dodecahedra-1,6-diene +0.99 (E,)
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[1.1.1.1]Pagodane "
[1.1.1.1]Pagodadiens
e —
| I | [ | | I
0.0 1.0 0.0 1.0
V versus Ag/Agcl V versus Ag/Agcl

FIGURE 7.4 Cyclovoltammograms of [1.1.1.1]pagodane and [1.1.1.1]pagodadiene versus
Ag/AgCl (solvent, CH,Cl,; supporting salt, tetrabutylammonium perchlorate).

According to cyclovoltammetric investigations some of the derivatives possess
even quasi-reversible oxidation waves although no extended ® systems are present.
This is illustrated in Fig. 7.4 for [1.1.1.1]pagodadiene. A first quasi-reversible redox
process can be detected at E1/, = 0.66 V versus Ag/AgCl resembling the formation of a
persistent radical cation.

Indeed, the EPR spectrum recorded after oxidation of [1.1.1.1]pagodadiene is in
very good agreement with the formation of a well-defined radical cation. The splitting
of the EPR spectrum into nine equidistant line groups (Fig. 7.5) that indicates the
hyperfine interaction of 8 equivalent protons with the unpaired electron can be
attributed to the eight protons in B-position relative to the four sp” alkene C atoms.
The considerable size of the proton hyperfine coupling constant (hfc) that is equal to
1.54 mT (Table 7.2) mirrors the spin and the charge being predominately located in the
central C, fragment. The splittings within the nine line groups stem from the remaining
protons.

These hyperfine data can be rationalized by an in-plane interaction between the two
ethene moieties embedded in the polycyclic skeleton representing a four-center three-
electron radical cation (Fig. 7.6).

The hyperfine data presented in Table 7.2 are in favorable agreement with their
calculated counterparts. Particularly, the dominant 'H hfc values attributed to the
B-hydrogen atoms serve as well-suited reporters of the bonding situation within the
“inner” cyclobutanoid fragment.

When parent [1.1.1.1]pagodane is oxidized in the same way as the isomeric diene
above, an identical EPR spectrum is detected. Accordingly, the oxidation leads to a
formal ring opening of the cyclobutane fragment producing the identical radical cation
as the diene. Such release of strained bonds has often been observed upon oxidation
and is in straightforward agreement with cyclovoltammetric measurements displayed
in Fig. 7.4. Whereas the oxidation of the diene leads to a quasi-reversible oxidation
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1.544 mT

FIGURE 7.5 EPR spectrum obtained after oxidation of [1.1.1.1]pagodadiene.

wave at 0.66 V versus Ag/AgCl, oxidation of the parent [1.1.1.1]pagodane shows an
irreversible wave at 1.2 V versus Ag/AgCl with a rereduction at 0.65 V, the identical
value as the reoxidation of [1.1.1.1]pagodadiene. The follow-up voltammogram
shows a newly emerging wave being identical to that of the diene.

Hence, the radical cation derived directly from the parent [1.1.1.1]pagodane has to
have rather a short lifetime. Fortunately, the application of a time-resolved technique,
fluorescence-detected magnetic resonance” revealed a radical cation possessing
8 equivalent protons with a 'H hfc of 0.96mT being substantially smaller than

TABLE 7.2 Selected Hyperfine Data for Pagodane Derivatives

'H hfc(B protons)/mT

Calculated)
Molecule Experimental “Tight” “Extended”
[1.1.1.1]Pagodadiene 1.54 1.48
[L. 1. 1. I]Pagodane 1.05 1.01 1.48
[2.2.1.1]Pagodane 0.96/1.76 0.97/1.73 1.11/1.54
[2.2.2.2]Pagodane 0.06 —0.03 0.0

“UB3LYP/6-31G(d)//UB3LYP6-31G(d)
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FIGURE 7.6 Sketch of the structure of a four-center three-electron radical cation embedded
in [1.1.1.1]pagodadiene and the interaction of the 7 orbitals with the B-hydrogen atoms.

that obtained by conventional EPR. This short-lived radical cation represents the ring-
closed (“tight”) inner radical cation. The markedly smaller 'H hfc clearly resembles
the more pronounced pyramidalization of the cyclobutanoid carbon atoms. The thus
lowered T character leads to the decrease of the 'H hfc of the B-hydrogens.

What happens, if the upper and the lower part of [1.1.1.1]pagodane are twisted by
90° yielding D,g symmetric [1.1.1.1]isopagodane where no preferred ring opening can
occur?

The radical cation of [1.1.1.1]isopagodane could be generated by y-irradiation in a
freon matrix. The corresponding EPR spectrum indicated two 'H hfc values, one of
0.95 (4 equivalent H) and one of 0.11 mT (4 equivalent H) showing that the D,q4
symmetry of the parent molecule was reduced to C,,. This mirrors a slight ring
extension but still a cyclobutanoid configuration as confirmed by quantum mechanical
calculations.

Up to now, the valence isomers of [1.1.1.1]pagodane were regarded. The next
aspect is extending the methylene bridges connecting the two symmetry-equivalent
molecular moieties by one methylene group leading to [2.2.2.2]pagodane.

Remarkably, different EPR spectra are obtained upon oxidation of [2.2.2.2]
pagodane depending on the experimental conditions. The EPR spectra obtained
upon oxidation by y-irradiation in a freon matrix and with TI(CF;COO); in fluid
solution are distinctly different but both are substantially narrower than that of the
[1.1.1.1]pagodanes above (Fig. 7.7). This is due to markedly smaller 'H hfc values of
the latter two radical cations. In contrast to the “[1.1.1.1] cases”, the largest 'H hfc of
0.562mT (freon matrix) is attributed to the Yy protons (exo y-hydrogens in the
ethylene bridge, see Fig. 7.8) and not to the  hydrogens (these hfc values are
only 0.060 mT here). An even narrower EPR spectrum is recorded after chemical
oxidation with the prominent 'H hfc of only —0.167 mT (y” protons, Fig. 7.8). This, in
first respect astonishing finding can be rationalized by the formation of a
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FIGURE 7.7 EPR spectra obtained upon oxidation of [2.2.2.2]pagodane. (a) y-Irradiation,
freon matrix (CFCls, 77K), (b) oxidation with TI(CF;COO); in CH,Cl,, 253K, and (c)
comparison of the EPR widths with the radical cation of [1.1.1.1]pagodadiene (cf. Fig. 7.4).

cyclobutanoid, tight [2.2.2.2] radical cation in the freon matrix and of an extended
structure in CH,Cl,. However, in both cases, the orientation of the extended bonds is
perpendicular to that in the [1.1.1.1]pagodane radical cation (Fig. 7.8).

As for the lower homolog, the “twisted” derivative [2.2.2.2]isopagodane could be
prepared,”* yet, various attempts of oxidation did not provide EPR spectra.

More promising were oxidations of derivatives possessing a “mixed geometry,”
such as the [2.2.1.1]pagodane family. Both derivatives, [2.2.1.1]pagodane and [2.2.1.1]

[1.1.1.1]Pagodadiene [2.2.2.2]Pagodadiene

FIGURE 7.8 Preferred ring opening in the radical cations of [1.1.1.1]pagodane and [2.2.2.2]
pagodane.
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FIGURE 7.9 EPR spectra obtained after oxidation of (a) [2.2.1.1]pagodane and (b) [2.2.1.1]
iospagodane (solvent, CH,Cl,; oxidant, AICl3).

isopagodane possess C,, symmetry and can be oxidized to species yielding well-
distinguishable EPR spectra at 213K (Fig. 7.9).%

The dominating splittings in the EPR spectra displayed in Fig. 7.9 (1.76 mT for
[2.2.1.1]pagodane and 1.63 mT for [2.2.1.1]iospagodane) are clearly attributable to B
hydrogens. Again, the assignments of the experimental data can be straightforwardly
performed by DFT calculations and the significant 'H hfc values of the B and 7y
hydrogens serve as “reporters” for the bonding situation (analogous to the molecules
displayed in Fig. 7.8). For the [2.2.1.1]pagodane radical cation, the tight geometry
reveals an energy minimum, but for the isomer “iso”” an extended form was established.

Lateral C-C bond formation in [1.1.1.1]pagodadiene leads to the (seco)dodecahe-
dradienes. The distance between the two coplanar double bonds in the latter molecules
is substantially longer than in [1.1.1.1]pagodadiene and amounts to 352 versus
262pm.*° Is a through-space delocalization still possible at such a long distance?
Again the EPR spectrum attributed to the dodecahedradiene radical cation (detected
after v irradiation in freon matrices) shows a nonet pattern with a 'H hfc of 1.45 mT
reflecting 8 equivalent 3 protons. This value is essentially twice the value obtained for
the reference compound dodecahedraene with just one double bond (H hfc of
3.10mT, quintet, 4 equivalent B protons). Thus, even at low temperatures (77 K),
the two 7 bond moieties in the docecahedradiene radical cation do communicate.

A related effect can be followed by regarding derivative secododecahedradiene
(and reference secododecahedraene).?’ In the secodiene, the two C=C bonds are
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FIGURE 7.10 Trapezoidal arrangement of the two coplanar double bonds in secododeca-
hedra-1,6-diene.

essentially coplanar but not parallel (Fig. 7.10). According to the calculations, the t—7
distances between the formally nonbonded ethene moieties equal to 290/325 pm in the
neutral precursor and are slightly reduced in the radical cation (277/311 pm). Here,
two sets of B hydrogen atoms (4 equivalent H each) are present, one adjacent to the
longer nonbonded distance and one related to the shorter one. The EPR spectrum
obtained upon vy irradiation (CFCl; matrix, 77K) is split into a nonet spaced by 1.5 mT.
This experimentally determined 'H hfc is very close to the calculated counterparts of
1.49 and 1.59mT for the P/’ protons and shows that the two symmetrically
nonequivalent positions are not distinguishable in the experiment. Nevertheless,
through-space delocalization in the 4c—3e system is retained even in a trapezoidal
arrangement of the two double bonds. The reference compound secododecahedraene
allows distinction between the two different f hydrogen atoms: Here, the experimental
B 'H hfc values are equal to 4.3 (Hg,calc.: 4.0mT) and 2.9 mT (Hg,calc.: 2.7 mT).

7.4 DIFFERENT STAGES OF CYCLOADDITION/CYCLOREVERSION
REACTIONS WITHIN CONFINED ENVIRONMENTS

The array of radical cations derived from pagodane/dodecahedrane-related cages
introduced in the preceding paragraph showed that the spin and the charge delocalize
in a “tight” or “extended” way.

Whereas a[2 + 2] pericyclic reaction is essentially forbidden in the ground state, a
[2 + 1] open-shell reaction is feasible. In this respect, the radical cations detected in
this context represent distinct stages of pericyclic, radical-cation catalyzed cycloaddi-
tions/cycloreversions.?® InFig. 7.11, three distinct stages, a “tight” (cyclobutane-like),
an “extended” (bis ethene), and a trapezoid, of a hole- (or radical-cation) catalyzed
cycloaddition/cycloreversion are presented in a schematic way.?*%>-*3
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“Tight” “Extended” “Trapezoidal”

FIGURE 7.11 A schematic representation of 4c—3e system geometries established within
hydrocarbon cages.

7.5 EXTENDING THE “CAGE CONCEPT”

In the above sections, it was shown that restricted carbon cages lead to unusual
structures of one-electron oxidized stages. This concept is extendable to molecular
skeletons comprising heteroatoms.

For, example, joining azo groups into are rigid carbon polycycle, such as in bis
(diazenes) N1 and N2. These proximate, parallel in-plane preoriented bis(diazenes)
were synthesized by the Prinzbach group are candidates for lacking N=N/N=N
photocycloadditions. The n—m distances (d) are equal to approximately 280 pm and the
nitrogen lone pairs are unable to interact because of steric reasons. On the other hand,
an efficient overlap of the p. orbitals is enforced.

d d
rf\;—'-k———\ (———-—A___ﬂ
7 i /1 n
i K K 7

N1 N2
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N,N,N,N & plane ﬁ
/ /)

FIGURE 7.12 A schematic view of the “through-space” delocalization (as established for
N1~ and N2'7) and a scheme for a 4N/5e bonding. Only the interaction of the antibonding 7-
orbitals is displayed.

Oxidation of N1 and N2 cannot be established. However, one-electron reduction is
feasible in a straightforward way. Exposure with alkali-metal mirrors in THF or
dimethoxyethane under super dry conditions allows the detection of EPR spectra
attributable to the radical anions N1~ and N2"~. The '>N hfc values of the pairwise
equivalent nitrogen nuclei are 0.420/0.394 and 0.430/0.340 mT, respectively. This is
approximately half the size of the corresponding values of (mono) diazenes and
reveals that the spin is (almost) evenly distributed between the virtually equivalent
nitrogen centers.

Are N1~ and N2 really “through-space” delocalized radical anions as illustrated
in Fig. 7.12? A rather clear indication can be derived from the conspicuously large 'H
hfc values of the ¥ protons in N1'~ and N2~ of 0.625 and 0.842 mT. This size can
only be rationalized by a dominating electron density between the formally nonbonded
diazene units and is in perfect agreement with density functional theory calculations.

In summary, the specific arrangement of the two diazene moieties allows an in-plane
delocalization of five (in-plane) 7w electrons within four almost coplanar nitrogen centers
(4N/5e bonding). This type of stabilization can even be extended to the corresponding
dianions (4N/6e bonding), which are remarkably persistent and can be characterized by
NMR spectroscopy. The unusual feature of these bonds is the fact that they are formed
by the interaction of antibonding ©* orbitals (Fig. 7.12). The confinement of the

additional charge(s) to only four atoms causes intense ion pairing.®'*>
0 o} "0 0
A A
N
O, 7 //N O, % O\ ,gN
NO1 NO2
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Oxidation of the four N atoms in N1 leads to trinitroxide NO1 and tetranitroxide
NO2. By comparison with spectra of the bis(nitroxide) radical cation, NO3" ", it could
be concluded that in NO2'*, a radical cation comprising all four NO moieties is
formed. This can be anticipated from the EPR spectrum (narrow, g factor =2.0061)
and the substantially lower oxidation potential of NO2 (1.37 V versus Ag/AgCl) in
comparison to NO1 and NO3 (1.65V versus Ag/AgCl, both).; moreover, a charac-
teristic absorption at 1020 nm was found for NO2' .3

T NTTN
N/r/'\ 7 ‘ri 5 P
N3 N4
/—N
<)
N
—N
TTD

Structurally related to bis(diazene) N2 are tetrazolidine N3 and N4, caged,
proximate syn periplanar bishydrazines. Their oxidation led to novel highly persistent
4N/7e radical cations with dominant electron delocalization along the cage bonds
mirrored by virtually identical EPR spectra dominated by a splitting by 4 equivalent
nitrogen nuclei with a '*N hfc of 0.98 mT.** A closely related 4c/7e bonding situation
was established in 1,3,6,8-tetraazatricyclo[4.4.1.13’8]d0decane (TTD). In TTD,
however, the nitrogen atoms are embedded in a more flexible skeleton and undergo
a more pronounced planarization upon oxidation. This leads to an attenuated ©
character at the nitrogen centers and, consequently, a distinct decrease of the '“N hfc
values (4 equivalent N atoms) to 0.343 mT.»

7.6 SUMMARY

Unusually persistent remarkable open-shell structures were discovered upon one-
electron oxidation/reduction of C4 and N4 fragments embedded into rigid carbon
skeletons. The thus generated radical ions reveal “electron deficient bonding.”

For pagodane-related carbon skeletons 4C/3e radical cations with “tight” and
“extended” geometries could be established by spectroscopy (predominately EPR)
and quantum chemical calculations at the DFT level of theory. Such structures
resemble frozen stages of cycloadditions/cycloreversions on the hyper energy surface
of the hole-catalyzed cyclobutane formation.

Related unusual electron deficient bonds formed by the interaction of nonbonding
orbitals (4N/5e, 4N/7¢e) can also be established between azo, nitroxide, and amino
groups when they are appropriately arranged within a rather rigid molecular
framework.
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MAGNETIC FIELD EFFECTS ON
RADICAL PAIRS IN HOMOGENEOUS
SOLUTION

JonaTHAN. R. WOODWARD
Chemical Resources Laboratory, Tokyo Institute of Technology, Midori-ku, Yokohama, Japan

8.1 INTRODUCTION

The idea that the application of a magnetic field might alter the course of a chemical
reaction is a tantalizing one that was, however, considered by physicists for along time
to be unlikely due to the very small magnitude of the interaction of molecules with
magnetic fields relative to the thermal energy and typical reaction barriers of most
reactions. However, the development of the radical pair mechanism (RPM) in the
1960s'~ led to the prediction that chemical reactions proceeding through radical pair
(RP) intermediates might show sensitivity to externally applied magnetic fields. The
first experimental verifications of this prediction followed in the 1970s. Buchachenko
et al. demonstrated a magnetic field effect (MFE) on the reaction of substituted benzyl
chlorides with n-butyl lithium,4’* and Brocklehurst et al. showed MFEs on the
fluorescence and absorption intensities in the pulse radiolysis of fluorene in squalene. ’
Research in this field flourished and soon overwhelming evidence was amassed
confirming that indeed both the rate and yield of RP reactions could be controlled by
the application of magnetic fields easily generated by common permanent and

* This experiment was carefully repeated more recently by Hayashi ez al., > who were unable to reproduce
the effect, although the experimental conditions varied slightly from the original work.

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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electromagnets. Alongside theoretical treatments,® '° these experiments showed that
RPreactions show a complex dependence on magnetic field strength that could be used
to gain insight into the dynamic processes involved. A comprehensive and seminal
review of the first 15 years of MFE studies was written by Steiner and Ulrich'" and is
essential reading for those with an interest in this field.

8.2 THE SPIN-CORRELATED RADICAL PAIR

Central to the magnetic field sensitivity of chemical reactions is the spin-correlated
radical pair (SCRP).'*!> The creation of free radicals from neutral molecules requires
the separation of two electrons and thus always results in the formation of a pair of
radicals. Furthermore, the spin states of the unpaired electrons on the two radicals are
correlated and defined by the multiplicity of the precursor molecule (Fig. 8.1).
Typically, RPs generated in thermal reactions will be born from singlet-state (S)
precursors and thus are generated in a pure singlet state, whereas for photochemical
reactions, both singlet and triplet (T) RPs can be prepared. Generation of a triplet RP
represents an unusual chemical scenario. The excess energy supplied to generate the
original triplet molecule through absorption of a photon is rapidly removed from the
newly born RP through collisions with the surrounding solvent. This now leaves two
reactive radical species next to one another in solution, but unable to react together as
the spin states of the two electrons prevent them from entering the same molecular
orbital due to the restrictions imposed by the Pauli principle. As the first triplet excited
state of the molecule is usually energetically inaccessible, this means that for neutral
free radicals in solution, triplet-correlated RPs are nonreactive. For reaction to take
place between the two radicals, the RP must first undergo spin-state interconversion to

Radical pair formation and reaction

The RP multiplicity is the same as that of the molecular precursor

Singlet precursor = singlet RP 'A-B ——» Y{A* + B} —> 'A-B

Triplet precursor = triplet RP SA-B —> ¥A* + B} —> A-B

Examples of important RP formation processes

Homolytic fission

'CeHsCOC(CHa)s ™5 3CeHsCOC(CHs)s ——> HCsHsCO® + *C(CHa)s}

Hydrogen atom abstraction (typically from solvent)

"(CoHe)CO G 5(CaHs)CO* + CHsCH(OH)CHs ——>  3{(CsHs)C*OH + CHaC*(OH)CHa}

Electron transfer (Py = pyrene, DCB = dicyanobenzene)

h
Py —“» 1Py’ 4 DCB ——> 1{Py*+ + DCB*}

FIGURE 8.1 The formation and subsequent recombination of S and T RPs from closed shell,
neutral molecules with conservation of spin state. Examples of the three most common methods
of RP formation are illustrated.



THE SPIN-CORRELATED RADICAL PAIR 159

a singlet state. The key to the magnetic field sensitivity of RPs is that the process of
conversion of a triplet RP to and from a singlet one (referred to as S—T state mixing) is
driven by weak magnetic interactions in the radicals and can be influenced by the
presence of an external magnetic field.

8.2.1 Radical Pair Interactions

RP reactions have been found to be well described by the application of a spin
Hamiltonian,'* a common approach used in the field of magnetic resonance, which
reduces the full Hamiltonian to one that contains only spin-dependent terms. The
interactions capable of influencing spin-state mixing processes in RPs are concisely
introduced in the expression for the spin Hamiltonian of a RP, which can be written as a
sum of interradical, intraradical, and external interactions.

I:IRP :I:Iinter+l:lintra +I:Iext (81)

The intraradical interactions provide the mechanism for coherent spin-state mixing
and the interradical interactions act contrary to this process.

The spin state of a given radical is commonly and simply described by a spin vector
operator

S=38i+8j+5k (8.2)
Wherel, j, and k are unit vectors along the x, y, and z directions. The expectation value
of this operator is the electron spin magnetization vector, which describes the bulk
electron spin state for a given radical.

(8) = (8)i+ (8,05 + (8:)k 63)

8.2.2 Intraradical Interactions

Electrons possess the properties of charge and spin angular momentum and thus
possess a magnetic moment (e.g., Ref. 15 and references therein). This magnetic
moment is capable of interacting with other magnetic moments in its vicinity. For an
isolated free radical, the only other source of magnetic moments is those generated by
the nuclei in the molecule with nonzero spin quantum numbers. The coupling between
electron and nuclear magnetic moments is known as the hyperfine interaction'> and
has two components. The first is the direct, through-space dipolar interaction between
the electron and a given nucleus. This interaction is anisotropic and for radicals in a
homogeneous solution, rapid tumbling serves to average this interaction to zero. An
isotropic interaction between electron and nuclear magnetic moments exists only
when the electron penetrates inside a nucleus. This is only possible for s-orbitals or
orbitals that possess some s-character. Being isotropic, it is not influenced by the
relative orientation of electron and nuclear spins. It is usually written as

Hhﬁ = CliS : ii (8~4)
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where a;is the isotropic hyperfine coupling constant (HFC) for the interaction between
electron spin S and nuclear spin I;. Thus, for the RP, we must consider the total set of
electron—nuclear spin interactions for each electron (i.e., one on each radical, labeled 1
and 2) with all the nuclear spins in the given radical.

Hinra = Zaisl A+ Zaksz Ty (8.5)
i k

Unlike a free electron, an electron in a molecule also experiences a complex
interaction between spin and orbital angular momentum, spin—orbit coupling.
These interactions are described in terms of a tensor, g.'>'® EPR spectroscopy is
the most common method for determining g-tensors. Indeed, g-tensor analysis in
complex biomolecules can give important orientational information on paramag-
netic centers.'®!” For radicals free to tumble in isotropic solution, the EPR
spectra reveal a reduction to an isotropic g-value. For typical small organic free
radicals, this g-value is very similar to the value for a free electron (g.=2.0023)
but can differ much more substantially (0-6) for species such as transition metal
ions.

8.2.3 Interradical Interactions

The Hamiltonian for interradical interactions can be decomposed into two terms
corresponding to the electron exchange interaction and the electron dipolar interaction

Hiper = I:Iexchange +I:ID (86)

The electron exchange interaction is critical to the magnetic field sensitivity of
reactions. It is a purely quantum mechanical effect arising from the fact that the
wavefunction of indistinguishable particles (in this case electrons) is subject to
exchange symmetry as defined by the Pauli principle. It results in an energy separation
between S and T RP states as the radicals approach close enough for the electrons to
become correlated and bonding begins to occur.

Figure 8.2a shows a diagrammatic representation of the orbital energies for a pair of
hydrogen atoms as a function of the separation of these two radicals. For separations of
greater than about 1 nm, the S and T states have equal energy, as the two electrons are
uncorrelated. For shorter distances, bonding can occur for the singlet state but not for
the triplet state. The energy separation between the two is the electron exchange
interaction and rises very rapidly for close RPs. At these short RP separations, the
exchange interaction dominates the spin Hamiltonian and serves to halt S-T state
mixing. This is significant because it means that when radicals approach one another
close enough to react, the ability to undergo spin-state interconversion is lost. Thus, for
aRPoriginally born in a triplet state, no interconversion to singlet, and thus no reaction
can occur until the radicals diffuse apart sufficiently that the exchange interaction no
longer swamps the hyperfine interaction. The exchange interaction is typically
included in the spin Hamiltonian in the following form, where J is the value of the
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FIGURES8.2 (a) Variation of RP energy with interradical separation exemplified by a pair of
hydrogen atoms. The difference in energy between the S and T states is given by the electron
exchange interaction and falls rapidly as the radicals become separated. (b) Variation of RP
energy with applied external magnetic field strength due to the electron Zeeman effect. The
S and T states remain unchanged, their separation determined by the interradical separation

(see (a)).

exchange integral between the two electron spins, r is the separation of the radicals,
and r; and J are both empirically determined parameters.

A 1
Hexchange = - J(r) (2 +28;- SZ) (87)

I(r) = Joe 1" (8.8)

The exchange interaction typically drops to magnitudes of the same order as
hyperfine couplings within a single diffusive step.'®° For neutral RPs, the exchange
interaction is always negative, but positive J has been proposed and observed in some
radical ion pairs (RIPs).zl*24

The dipolar interaction is a direct interaction between the magnetic dipoles of the
electrons on the two radicals.

S MM (& & 3
Hp 4.1'5}12}’3<S1 'S2— ﬁ(S] ’l')(Sz'I')) (89)

where g; and g, are the isotropic g-values of radicals A and B and r is the vector
separation of the two radicals, usually defined to be between the centers of the relevant
electron orbitals. The dipolar interaction has a shallower distance dependence than the
exchange interaction and is capable of retarding spin-state interconversion at larger
radical separations. The significance of the dipolar interaction in differing field
strengths is discussed later, but in general, for RP reactions in homogeneous solution,
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the dipolar interaction is neglected and the total spin Hamiltonian for a RP in zero
magnetic field is usually given as

N 1 A s A A
Hgp, p—o = —J(r) (2 +28; 'Sz) + 3 aSi T+ > S, 1y (8.10)
i K

8.3 APPLICATION OF A MAGNETIC FIELD

Application of an external magnetic field alters the nature of some of the magnetic
interactions in a RP and also leads to additional terms in the spin Hamiltonian through
the electron Zeeman interaction.

8.3.1 The Zeeman Effect

The Zeeman effect is the name given to the interaction between an electron and an
external magnetic field.'” For a radical tumbling freely in solution, it can be written as

IA{Zeeman = gHBS ‘B = gupS.B (8'11)

where g is the g value of the radical concerned and g is the Bohr magneton. It causes
the two possible spin states (m,= + 1, o. and m, = —1, 3) to become nondegenerate;
their energy separation increasing linearly with the strength of the applied magnetic
field. EPR spectroscopy is based on using resonant microwave radiation to cause
transitions between these two spin states.

For a pair of radicals, the Zeeman effect serves to energetically separate the triplet
RP into three sublevels, written as T | , Ty, and T_;. The energy of the T, ; state
increases, while that of the T_ | state is reduced by an equal amount. The S and T, states
possess no magnetic moment in the direction of the applied field and thus are
unaffected. This is illustrated in Fig. 8.2b.

The effect of the application of an external field on an electron is well described in
many EPR texts, for example, Ref. 15. A vector picture is often used that, while
approximate, describes the interaction sufficiently for most situations. The electron
magnetic moment experiences a torque that causes it to precess around the direction of
the applied magnetic field at the Larmor frequency.

— ngB Blocal

® h

(8.12)
Figure 8.3 shows vector pictures for the four RP spin states in an external magnetic
field. A static image is insufficient to visualize this model, and we must remember that
all the electron magnetic moments are in constant precession about the direction of the
magnetic field at their respective Larmor frequencies.
The orientation of electron spins in this manner influences the electron—electron
dipolar interaction described above. For strong magnetic fields, the diffusive
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FIGURE 8.3 Vector representation of RP spin states in an applied external magnetic field.
The vectors are each in constant precession about the magnetic field axis at the Larmor
frequency of the respective radical.

movement of radicals around one another causes an averaging of the dipolar interac-
tion to zero. However, in zero and weak magnetic fields, the situation is more
complicated. Detailed simulations have shown that, in general, the dipolar interaction
serves to reduce the magnitude of MFEs in weak fields*> except for the case in which
the dipolar and exchange interaction energies are similar, where MFEs may still be
manifest.*®

8.4 SPIN-STATE MIXING
Critical to the observation of magnetic field effects in solution is the ability of the RP to
interconvert between triplet (nonreactive) and singlet (reactive) spin states. Having

established the various interactions present in the RP, we can now consider how such a
mixing process might take place.

8.4.1 Coherent Spin-State Mixing

The complete spin Hamiltonian for the RP in zero and applied field can be written as
follows:

. 1 A PN
Hgp = —J(r) (2 +28; 'Sz> + ) aiSi- L+ > S, - L+ 1B (8151: + 82522
i x

(8.13)
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The vector model introduced above provides a very simple visual representation of
the RP spin states in an applied magnetic field and allows us a clear glimpse of how
spin-state mixing occurs. Examination of Fig. 8.3 reveals that the S and T, states differ
only in the phase of the precession of the two electron spins. The Larmor precession
frequency depends on the strength of the applied magnetic field, the radical g-value,
and the HFCs. Thus, if the two radicals in a RP possess different g-values or are in
different hyperfine states, their Larmor precession frequencies will differ and the
phase difference between their electron spins will change in time. Thus, they will
coherently oscillate between S and T states at a frequency dependent on the difference
in their Larmor frequencies. Typically, the g-values of organic radicals are very
similar. As the g-value-dependent term is magnetic field dependent, spin-state mixing
brought about by a difference in g-values is generally only manifest at strong magnetic
fields.

Thus, it is hyperfine couplings in the individual radicals that drive the spin-state
mixing process. While in high field, hyperfine coupling is not capable of causing
S-T.-state mixing due to the separation in their energies, the case is different in
zero magnetic field. It is useful to consider the spin Hamiltonian for a real RP. The
simplest of RPs is one in which one member is an electron and the other has an
electron with coupling to a single spin 1/2 nucleus. Figure 8.4 shows the spin
Hamiltonian for such a pair, written in a basis of the high-field singlet/triplet states,
expressed in the form of a table. It is clear that the diagonal terms in the
Hamiltonian are dependent on J or B, the former giving rise to the energetic
separation between S and T states and the latter to the separation between S, T, and
T, states in an applied field. Spin-state mixing between particular states occurs

- | Toaw™ | To1aw® | T—1aw | Topw> | Tapw® | Tapw®

2J | g+ar4 0 0 0 0 -ai8 0
| Toaw> REERL! 0 0 0 0 0 ah/s 0
| T+1av> 0 0 wy+ald 0 0 0 0 0
| T—1an> [0 0 0 |-wp-a4| an8 | anB 0 0
0 0 0 ans 2J g-al4 0 0
| Topn> [ 0 0 ang | gal4 0 0 0
R —av8 | a8 0 0 0 0 |wyak4| o0
| T—1pn> Y 0 0 0 0 0 0 |-wgt+a/d

FIGURE 8.4 The spin Hamiltonian for the simplest RP consisting of one electron and a
radical with a single spin-1/2 nucleus on the basis of the high-field S/T states. The coupling
between individual RP spin states can be directly obtained from the off-diagonal elements.
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through the terms that connect them in the Hamiltonian. We can see that there are
two singlet states, with the nuclear spin in either the o state or the 3 state. If we
consider the Syn state, we can see that this has a diagonal element allowing its
conversion to the Ty state (i.e., S—Ty) mixing and that the value of this term
increases with magnetic field strength (thus remaining active in applied magnetic
fields). This is the S—T process described above. However, the Sy state also has a
term allowing its interconversion to the T;py state that is dependent only on the
HFCs and is magnetic field independent. However, no terms exist that allow
conversion to any of the triplet states with o nuclear spin. This arises due to
the requirement for conservation of total spin angular momentum. For S-T.,
interconversion, electron and nuclear spins must flip simultaneously. For the one
nucleus RP, the available S-T.; conversion channels are Sgn<+ T, gy and
SBN —T_ion

Thus, at zero field for a general RP, spin-state mixing can occur between the
singlet and all three triplet states. The rate of this spin-state mixing depends on the
strength of the HFCs in the radicals. If any other magnetic interactions become larger
than this interaction, spin-state mixing can be interrupted. Examples include the
exchange and dipolar couplings at short interradical separations and the Zeeman
interaction at magnetic fields greater than the HFCs. Typical average hyperfine
couplings for organic radicals lie in the range of 1-10mT. By using the Zeeman
resonance condition, we can estimate the typical mixing times to be about 3-30 ns.
This means that for external magnetic fields to influence RP reactions, the RP must
exist for periods longer than this under the condition of negligible exchange and
dipolar interactions.

8.4.2 The Life Cycle of a Radical Pair

We are now in a position to consider the lifetime of a RP. For simplicity, we will
consider a RP born in a triplet state. Figure 8.5 shows the formation and subsequent
reaction processes of a RP born from a photoexcited triplet state.

A ground-state molecule is photoexcited, initially to an excited singlet state, and
undergoes intersystem crossing to produce an excited triplet state. This state can then
react (typically by homolytic bond fission, electron transfer, or hydrogen atom
transfer; see Fig. 8.1) to produce a triplet-correlated RP. At the moment of formation,
the two radicals are close together and the exchange energy is large and dominates all
other interactions. No reaction between the two radicals can take place. The radicals
diffuse apart and once the interradical separation becomes sufficiently large, the
exchange interaction becomes essentially negligible. As the RPs continue their
diffusive motion at such distances and beyond, coherent spin-state mixing gradually
causes the RP to oscillate between S and T spin states (this is a coherent quantum
mechanical process, and after birth in a pure spin state, the RPis best described as being
in a mixed quantum state with a certain degree of singlet/triplet character). If the
radicals continue to diffuse apart from one another, their probability of reencounter
drops away and they eventually become the familiar solution “free radicals.”
Alternatively, the radicals may reencounter, now in a state with some singlet character.
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FIGURE 8.5 The life cycle of a geminate RP formed from a photoexcited triplet state.
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Their probability of reaction is now dependent on the degree of this singlet character. If
they do not react on this encounter, they diffuse apart again and the process repeats.
This initial RP is known as a geminate (“born together”) pair or g-pair, the stage of the
reaction is referred to as the geminate phase, and any reaction that takes place produces
geminate product. For those radicals that escape the geminate phase and diffuse into
the bulk, the products subsequently formed (e.g., by reaction with solvent) are referred
to as escape products.

If a magnetic field is applied, the rate of singlet—triplet mixing is altered. For
increases in the rate of spin-state mixing, RPs develop singlet character more rapidly
and so the rate of geminate recombination increases. As well as this change in reaction
rate, this produces a change in the geminate product: escape product ratio. For
decreases in the rate of spin-state mixing, singlet character is less rapidly established
in the RP and so geminate reaction is slower and the ratio of geminate:escape product
decreases. For a singlet-born RP, the formation process usually provides sufficient
excess energy to propel the RPs apart, meaning that not all RPs instantly recombine. In
this case, S—T mixing serves to reduce the rate of formation of geminate product, and so
the effects of increases and decreases in spin-state mixing rates are reversed relative to
a triplet-born pair.

The effect of spin-state mixing on the overall reaction rates and yields of RPs is
strongly dependent on how long the RP is able to undergo spin-state mixing while still
maintaining the possibility of reencounter and reaction. This means that the diffusion
process is key to the observed RP dynamics. For nonviscous solutions, the escape rate
of RPs from the solvent cage is more rapid than the spin-state mixing processes,
meaning that field effects are seldom observed.” However, increasing the viscosity of
the solvent allows the RP to live long enough for spin-state mixing to matter and MFEs
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become manifest. In the case of RIPs, the electrostatic attraction between the pair
members means that they remain associated for longer and so MFEs can be observed
even in nonviscous solution.”” Studies on RIPs in mixed solvents have found evidence
for the role of microheterogeneity in the solvent influencing the RP dynamics **' and
indeed l\gleEs have been used to measure solvent microviscosity in a range of
solvents.

8.4.3 Incoherent Spin-State Mixing

‘We have thus far considered coherent processes that take place in RPs (which in some
cases been have been modulated by stochastic motion). However, the common spin-
lattice and spin—spin relaxation processes familiar from magnetic resonance also come
to bear on the dynamics of RPs. Typical values of 7'} and 75 for small organic radicals in
homogeneous solution are on the microsecond timescale and as such are rather slow
relative to coherent mixing and RP diffusion. Thus, for the most part, effects of
incoherent spin relaxation are not manifest in such reactions. However, for reactions in
which the RP lifetime is substantially extended, for instance, by constraining the RP
inside a microreactor such as a micelle (many examples in Ref. 14), relaxation effects
become significant.

8.5 THE MAGNETIC FIELD DEPENDENCE OF RADICAL PAIR
REACTIONS

The response of RPs to fields of increasing magnitude is distinctly nonlinear.
Figure 8.6 shows how the geminate product yield typically changes with field strength
for a triplet-born RP. Experimentally, the dependence of reaction yield on magnetic
field strength is referred to as a MARY (magnetic affected reaction yield or magnetic
effect on reaction yield have both been used) curve.

The curve exhibits three distinct regions of differing field sensitivity. For typical
fields produced by static and electromagnets, the field dependence is dominated by the
field saturation observed in the middle region of the curve and fields of this magnitude
are most sensibly employed to determine if a reaction is field sensitive or not.

8.5.1 “Normal” Magnetic Fields

For applied magnetic fields that are larger than the HFCs present in the RP (“normal”
strength magnetic fields), the effect of a magnetic field is generally referred to as a
MEE. Here, the field dependence is due to a decrease in the rate of S—T mixing caused
by the energetic separation of the T.; states from the S and T, ones through the
Zeeman interaction (Fig. 8.2b). As the energy gap increases, the S—T.; mixing
becomes less efficient until the energy separation becomes greater than the size of the
hyperfine interaction. A plateau is observed once S—-T_; mixing ceases completely.
The standard approach for analyzing the field dependence in this region is to determine
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FIGURE 8.6 The effect of magnetic field strength on the yield of geminate product and
radicals escaping the geminate cage for a triplet-born RP.

the size of the saturated field effect and then read off the magnetic field value where the
field effect is half this value; this is known as the B;,, value. This value is usually
compared with values predicted theoretically from average HFCs in the two radicals
calculated as follows:

1
2

ar = li LI+ 1)(“:‘)2] (8.14)

2(6_112 + 6_122)

8.15
ap+ap ( )

Bl/z,theo =

This analysis is based on the semiclassical approximation®*** (see Section 8.6).

This analysis is highly useful as a rapid evaluation of whether the expected RP is
responsible for the field dependence can be performed and deviations due to effects
like spin relaxation or electron exchange can be rapidly discerned.
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8.5.2 Weak Magnetic Fields

At very weak fields, it is sometimes possible to observe an increase in the rate of S—T
mixing, which in Fig. 8.6 corresponds to an increase in geminate product yield. This is
known as a low-field effect (LFE) and has been a topic of interest recently due to the
interest in the effect of environmental electromagnetic fields on human health =7 and
the recent resurgence of the proposal of the SCRP as a carrier of magnetic field sensing
ability in some animals.*®** Despite the fact that at weak magnetic fields a level
crossing between (typically) the S and T_ states takes place, movement through this
region is usually too rapid for this to serve as a mechanism for enhanced S-T mixing
(although in constrained systems, this is an important mechanism; see examples in
Ref. 15).

The LFE arises due to a purely quantum mechanical effect. Let us return to our one-
proton RP, which can exist in one of the eight different spin states obtained by
diagonalization of the matrix in Fig. 8.4. Figure 8.7 shows the zero-field wavefunc-
tions of these eight states and the dependence of their energy on the strength of the
applied magnetic field. Examination of these wavefunctions reveals that the different
states have different degrees of singlet/triplet character. At zero field, the RPs exist as
two degenerate groups of six and two states. Quantum coherences exist between some
of the degenerate states, but have oscillations of zero amplitude and thus the states are
unmixed. As a magnetic field is applied, the degeneracy of many of these states is
broken and so they can now oscillate with nonzero amplitude. In other words, the
application of a weak magnetic field unlocks the quantum coherences and provides
additional pathways for S—T mixing due to the differing S/T character of the now
mixed states. Figure 8.7 also shows that S—T state mixing is only enhanced for weak
magnetic fields as the energetic separation of the states through the Zeeman interaction
soon dominates and the total rate of S—T state mixing drops.
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FIGURES8.7 The zero-field wavefunctions of the eight spin states of a one-proton RP and the
dependence of their energy on the strength of an applied magnetic field.
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There have been a number of observations of the LFE in systems where the RP
lifetime has been extended through the use of RIPs or microreactors (summarized in a
recent review).*® Of interest for neutral RPs in solution reactions is the hyperfine
dependence of these LFEs. Early experimental and theoretical studies concluded that
substantial LFEs are only observed for RPs in which there are substantial HFCs in one
pair member and negligible couplings in the other.*”**® In a more recent study, RPs with
a wide range of combinations of HFCs and lifetime were screened for LFEs by
simulation on a supercomputer.*’ This study concluded that indeed for short-lived
RPs, the large:small HFC combination is required to produce substantial LFEs, but for
long-lived RPs the restriction vanishes.

Until recently, however, there were virtually no observations of the LFE in
homogeneous solution. A single data point was observed in an early paper by
Fischer °° and a LFE can be discerned in a study on the electronically excited radicals
born in glycerol solution.”’ However, distinct LFEs have now been observed for a
range of benzoyl radical containing neutral RPs in homogeneous solutions of
moderately high viscosity.”*>> The observed MARY dependence in these systems
has been well reproduced using Monte Carlo simulations. By varying the RP partners,
the size of the LFE can be substantially modified (and even removed) (see Fig. 8.8). In
such systems, those pairs with large HFCs in one pair member and negligible
couplings in the other produce the strongest LFEs in good agreement with previous
prediction *”*® and the short lifetime regime found in the theoretical screening work.*’
The presence of substantial LFEs also causes a problem for the useful MARY By,
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FIGURE 8.8 Magnetic field dependence for the photolysis of a series of benzoyl containing
molecules in cyclohexanol solution obtained by time-resolved infrared spectroscopy of
the carbonyl group of the resulting benzoyl radical. Key: 1 = a,ot,0-trimethylacetophenone,
2 =2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone, 3 = 1-benzoylcyclohexanol,
4 =2-hydroxy-2-methylpropiophenone, 5 = benzoin, 6 = methyl ether benzoin, 7 = dimeth-
yl ether benzoin, 8 =2-dimethylamino-2-(4-methyl-benzyl)-1-(4-morpholin-4-yl-phenyl)-
butan-1-one.



THE MAGNETIC FIELD DEPENDENCE OF RADICAL PAIR REACTIONS 171

analysis method. By analyzing a range of MARY curves with LFEs of varying
magnitude, simple subtraction of the field value at which the field effect passes through
zero was shown to produce B, values in good agreement with those calculated from
average HFCs.>?

An alternative approach to investigating the LFE is to choose RPs with extremely
large HFCs to shift this field region to larger magnetic field strengths. Such studies
have been undertaken using phosphorous-centered radicals®*>> and although the
fields are not true low fields, useful information about spin dynamics in the LFE region
has been reported.

Thus, the shape of the magnetic field dependence for weak and normal strength
fields can provide information on the HFCs present in the RP and some details about
its lifetime. The shape of the curve is also affected by incoherent processes occurring
in the RP. The effect of spin relaxation on long-lived RPs causes deviation from the
usual field saturation characterized by average HFCs. The rate at which the MFE
increases and saturates is reduced and the behavior is well described in terms of the
relaxation mechanism >° that results directly from spin-lattice relaxation in the pair
members. As neutral RPs in free solution do not live long enough to be subject to
such effects, readers are directed to Azumi, Nagakura and Hayashi’s book that
provides an excellent summary.'* An incoherent relaxation process acting on a more
rapid timescale has recently been observed and explained®’ that involves spin
dephasing brought about by the modulation of exchange and dipolar interactions
during RP diffusion. Thus far this effect has only been observed in micelles and
seems to require the constrained motion and thus frequent movement into regions
where D and J operate that they provide.

For RIPs, the shape of the field dependence is often modified by another spin-
scrambling process, degenerate electron exchange (DEE). Here, electrons can hop
between a donor or an acceptor and its uncharged form (i.e., another precursor
molecule). This process serves to broaden and then narrow the MARY curve as the rate
of DEE increases in a manner similar to that observed in chemical exchange in
magnetic resonance.’* %% One of the benefits of working with short-lived uncharged
RPs is that both of these relaxation effects can be ignored.

MARY has been developed into a precise form of spectroscopy by Russian spin
chemists.*>*” For many RPs generated using radiolysis, crossings of energy levels
during the move from zero to normal field can bring about specific resonances due to
level crossings of the various RP spin states, which in ideal cases can be observed as
peaks in the MARY spectrum. Early experiments only showed such resonances in RPs
with degenerate HFCs,*® but recent work has revealed experimentally observable
resonances even in RPs with nondegenerate couplings.®’

8.5.3 Strong Magnetic Fields

The third field region observed in the MARY curve shows areversion of the field effect
relative to the Zeeman effect saturation. We saw previously that the rate of S—T, mixing
depends on the difference in Larmor precession frequencies of the two radicals and that
this difference may arise from a difference in the g-values of the radicals. This
frequency difference is proportional to the strength of the applied field. As the g-value
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difference is small for most organic radicals, the mixing term is normally dominated by
the hyperfine-induced differences. However, at strong magnetic fields, this term can
become significant and produces an increase in the rate of S—T, mixing. This effect is
referred to as the Ag effect.''™'* Magnetic field studies have been performed in
magnetic fields of up to approximately 30 T.°® Although the bulk of measurements
have focused on reactions inside micelles,'** high-field studies have been performed
inhomogeneous solution and the Ag effect can be observed. Theory predicts thatthe Ag
effect should be saturated at fields of about 10° T. Hayashi and coworkers observed
saturation of the Ag effect on the photoreduction of methoxybenzophenone with
thiophenol in 2-methyl-1-propanol solution in fields of up to 30 T.”” This was
explained in terms of spin—spin relaxation competing with coherent S—T, mixing at
high field.

8.6 THEORETICAL APPROACHES

The theoretical approaches for describing the RP and the influence of magnetic fields
are well established. Let us first consider the case of a RP in which the members are
sufficiently separated that the exchange and dipolar interactions are negligible.

8.6.1 General Approaches

The initial singlet or triplet RP is a nonstationary state that evolves under the influence
of the interactions described above, primarily the hyperfine interaction. This process is
readily simulated exactly, even for systems with many nondegenerate nuclei. To
perform calculations, the electron spin vector operator is written in terms of Hilbert
space matrices, typically

S(l(/)z 1(/)2>i+<l.?2 _5/2>j+<162 _?/2>k (8.16)

The system is described by a spin density matrix, p(¢). The electron spins are then
allowed to evolve under the spin Hamiltonian (Equation 8.13 with the exchange term
removed) by application of the Liouville—Von Neumann equation.

%(tt) =i[H,p(1)] (8.17)

Thus, the precise time evolution of the population of the various hyperfine states can
be calculated for any given magnetic field. For the determination of MFEs, the singlet
or triplet character of the pair is readily calculated, for example, using the singlet
projection operator.

. 1

(Ps)(1) = Tr(p(1)Ps)Ps = 7 = S1 -8, (8.18)
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The problem however, is that for a RP that can undergo diffusion, this spin-state
mixing process becomes retarded every time the radicals become close enough for the
exchange and dipolar interactions (where applicable) to become significant. Thus, a
quantum mechanical approach alone is not sufficient to describe the RP, and the
diffusion of the pair must be considered. The simplest theoretical approaches make the
assumption that the spin and spatial dependences of the RP can be treated separately by
assuming simply that beyond a certain separation, spin-state mixing occurs unhin-
dered but is halted completely at separations less than a certain encounter distance.
Thus the (for example) singlet product yield is determined by modifying the above spin
evolution with the reencounter probability, f(?), of the RP, which depends inherently on
its diffusion.

Oy = JOO (Ps)(1)f (1)dt (8.19)

8.6.2 Modeling Diffusion

For homogeneous solutions, two different models are usually employed to determine
the reencounter probability. The simplest, and most often employed, is the
“exponential model” >’" that assumes an exponential falloff in reencounter probabil-
ity with time.

f(t) = ke ™ (8.20)

Here, k is a phenomenological rate constant. The great advantage of this model is its
computational simplicity, allowing rapid calculations even for real RPs with multiple
nondegenerate HFCs. A more realistic model of diffusion in free solution developed by
Adrian >”"* assumes arandom walk of radicals and can be reduced to the following form:

3
R(S(RO — Ro-) 1 2 _ (Rg —Ro)?
N 821
o) Ro ampr) ¢ (8.21)

Here, spin-state mixing is possible only at distances beyond R, and R is the
separation at which the radicals can recombine. D is the mutual diffusion coefficient
for the radicals in the given solvent.

Notably, recent studies have used some modern mathematical deconvolutions to try
to extract reencounter probabilities from experimental MARY curves.*” It is signifi-
cant that experiments employing time-insensitive measurements can be used to deliver
time-resolved information on rapid diffusional processes.

8.6.3 The Semiclassical Approach

A different approach to simplifying RP spin evolution for calculation is the semiclas-
sical approach developed by Schulten and coworkers.**~* In this approximation,
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electron spins are treated quantum mechanically, but nuclear spins are treated
classically and the model involves the precession of the electron spin about the
magnetic field and the resultant of the nuclear spins. Thus, it is possible to define an
“average” HFC for a given radical (Eq. 8.14, and the MARY curve shows a Lorentzian
saturation characterized by the By, value (Eq. 8.15) as discussed previously. The
semiclassical approach is also highly useful in calculations that try to model J and D
more precisely.”’ In these cases, use of a full density matrix would make calculations
impractically slow. Great care must be taken, however, when using the semiclassical
approximation, as it is incapable of predicting and thus accounting for the presence of
LFEs.

8.6.4 The Stochastic Liouville Equation

Itis possible to perform more precise calculations that simultaneously account for the
coherent quantum mechanical spin-state mixing and the diffusional motion of the RP.
These employ the stochastic Liouville equation.”® Here, the spin density matrix of the
RP is transformed into Liouville space and acted on by a Liouville operator (the
commutator of the spin Hamiltonian and density matrix), which is then modified by a
stochastic superoperator, to account for the random diffusive motion. Application to a
RP and inclusion of terms for chemical reaction, W, and relaxation, R, generates the
equation in the form that typically employed

%ﬁ(r, ) = [~ iLr) +K+R+W|p(r,1) (8.22)

The stochastic Liouville equation is highly useful when applied at high field, as
techniques exist to reduce in size the typically large matrices it produces, and it has thus
been used to simulate electron and nuclear spin polarizations in magnetic resonance
experiments.”®’® A relatively recent book describes the approach in detail.”®
However, for determining field dependences, such reductions are not possible,
meaning that the sizes of the matrices are too large for even modern computers,
and so this approach is seldom used for the simulation of field effects.

8.6.5 Monte Carlo Approaches

In order to better model the effects of J and D without the complexity of the stochastic
Liouville equation, Monte Carlo approaches have recently been employed.?>-*37-80
Such calculations have been used to discuss dephasing effects introduced by the
dipolar interaction that can both influence the LFE in low fields and also cause changes
to the time evolution of the RP in micellar cages.

8.7 EXPERIMENTAL APPROACHES

There are two basic strategies available for the experimental monitoring of MFEs:
measurement of products and measurement of intermediate radicals. Much early work
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in the field focused on measuring product distribution (many examples in Ref. 11), that
is, comparing the amount of products formed through the geminate and escape product
channels. The advantage of such an approach is that a wide range of standard analytical
techniques can be used in the product analysis. The disadvantage is that useful
information about the reaction kinetics is not easily obtained.

8.7.1 Fluorescence Detection

One of the problems facing spin chemists performing these measurements is that the
observed field effects can be rather small. Thus the method of detection should be as
sensitive as possible. In some systems, it is possible to use the inherent fluorescence of
one of the species involved in the reaction as a probe of RP activity. The most common
of these approaches is the situation with the formation of RIPs that can often lead to
spin-selective exciplex formation via the singlet RIP. Systems involving conjugated
aromatic molecules, for example, anthracene and pyrene as electron donors/acceptors,
amines as electron donors, and substituted benzenes (e.g., dicyanobenzenes) as
electron acceptors, have been commonly employed and are now extremely well
characterized. Grampp and coworkers have used these systems in recent years >~ to
examine electron transfer processes in detail. These systems have been employed in
many studies in Oxford, being successfully employed to study DEE,’® the effects of
radiofrequency oscillating magnetic fields,®' * and reaction yield detected magnetic
resonance at low®>%¢ and high fields.®’~*° Although fluorescence-based experiments
are the most sensitive available, their great limitation is the small number of reactions
that can be studied. In recent years, Basu and coworkers have been extending the range
of systems of this type and revealing distinct solvent polarity dependences for different
electron/donor pairs.”'~*

Both time-resolved and continuous-wave experiments have been performed using
fluorescence detection. For the former experiments, the sample is typically excited
with a nanosecond pulsed laser (originally nitrogen lasers, later excimer lasers, and
now typically solid-state Nd: YAG lasers) and the fluorescence is detected orthogo-
nally with a PMT, solid-state detector, or photon counting system. In the latter
experiments, an approach similar to CW EPR is employed where the magnetic field
is modulated at an audiofrequency and phase-sensitive detection is used to measure
only the component of the fluorescence that follows this oscillation, thus substantially
improving the signal-to-noise ratio. In such experiments, RPs are continuously
generated with light from a bright lamp source (typically a Xe arc lamp).

The alternative to generating RPs photochemically is to use radiolysis: excitation
of a sample with high-energy (X- or gamma ray) photons. This is a very important
technique and has generated much of the important data that informs our knowl-
edge of RP field sensitivity. In analogous experiments to the photoinitiated
reactions described above, CW and pulsed radiolysis experiments can both be
readily performed. The high-energy photons initiate solvent ionization generating
solvated electrons and holes that are then scavenged to produce RIPs. The reaction
systems employed in radiolysis studies tend to be complementary to photochemical
ones, and the two approaches together have allowed the study of a diverse range
of RPs.
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8.7.2 Optical Absorption Detection

Alongside fluorescence, the other most commonly employed approach is to monitor
intermediate free radicals directly through their optical absorption in the UV/visible
region of the spectrum, time-resolved optical absorption (TROA). This is a more
general technique than the fluorescence methods described above, but is still limited to
radicals that have appropriate optical absorptions, which in general means the
presence of (mostly conjugated) aromatic groups. In ideal cases, the radical kinetics
can be directly observed, but in many cases, there are absorptions from other species
(typically excited triplet states and reaction products) in the same spectral region,
which means that observed kinetic traces require deconvolution.

Recently, time-resolved experiments have been performed that employ molecular
vibrations of the radicals to allow their detection.’>>>° The concept is similar to the
TROA technique, but instead uses strong IR absorptions in a radical to monitor its
concentration dependence. To date this technique has been employed to examine RPs
containing benzoyl radicals using the carbon—oxygen double bond stretching fre-
quency close to 1800 cm . This technique has the potential to extend the range and
type of RPs available for study. The technique relies on the use of a solid-state IR diode
laser and a fast mercury cadmium telluride (MCT) detector.

8.7.3 Rapid Field Switching

A significant step in the measurement of MFEs is the development of rapid field
switching apparatus.®>® Modern MOSFET transistors have made the possibility of
field switching on the timescale of RP dynamics a reality. This technique was first used
in a method called SEMF-CIDNP (switched external magnetic field chemically
induced dynamic nuclear polarization).”®

Rapidly switched external magnetic fields have proven highly useful in examining
MFEs directly using TROA techniques described above. A magnetic field can be
rapidly switched on or off at any point in time after RP formation (with rise times of less
than 10 ns possible for fields of up to 40 mT).”> By measuring the product yield as the
timing of the field pulse is varied relative to laser excitation, the time dependence of RP
concentration can be determined directly. This allows the problem of overlapping
absorptions to be readily overcome and has been used in both the investigation of rapid
dephasing processes in micellized RPs °”**° and in the study of f-pair MFEs’ (see
later).

8.8 THE LIFE CYCLE OF RADICAL PAIRS
IN HOMOGENEOUS SOLUTION

Unlike constrained RPs, those in homogeneous solution present a unique situation in
that radicals that escape from their geminate cage to bulk solution have the possibility
of encountering other radicals that have shared the same fate. Such an encounter leads
to the formation of a new RP. Such an RP is formed through free diffusion and is
referred to as a freely diffusing RP or f-pair. Until recently, only a single publication
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had experimentally investigated MFEs in f-pairs and observed a field effect on the
second-order recombination rate constant.'®” Recent experiments have employed
multiple techniques to show unequivocally distinct MFEs from g- and f-pairs and also
to investigate the MARY dependence of f-pairs.”

8.8.1 Differentiating G-Pairs and F-Pairs

G-pair and f-pair MFEs should exist on distinct timescales when the g-pairs are all
generated simultaneously (e.g., through the use of a nanosecond laser flash). For
neutral RPs in viscous isotropic solution, this period should be tens of nanoseconds or
so. Any MFEs established during the geminate reaction phase should be time invariant
thereafter. F-pair MFEs should occur throughout the subsequent reaction period in
which radicals randomly encounter one another in solution. In order to observe these
two different MFEs in isolation, a SEMF TROA method was employed. First, the
lifetime of the geminate period of the reaction was established in a magnetic field
switching shift experiment.

Figure 8.9 shows the pulse schemes employed in the experiment and the experi-
mental data obtained. Essentially as the time delay between RP generation and
application of the magnetic field increases, the RP concentration falls and the effect
of the field is reduced. In this manner, the point at which the geminate phase of the
reaction is complete is readily established. The experiment reveals that the geminate
period is complete within 100 ns at zero field. This is perhaps longer than might be
expected in a cyclohexanol solution, but is likely due to the fact that the RP formation
step of hydrogen abstraction from the solvent is relatively slow and so the birth of the
RP is smeared out in the early time period. With the geminate phase of the reaction
defined, a second experiment then examined the reaction kinetics under two field
switching regimes. In the first, the magnetic field is switched on only during the
geminate period, and in the second, no field is applied in this early period (indeed for
the first 400 ns to ensure the geminate period is completely over) but then the field is
rapidly switched on and applied for the duration of the rest of the reaction. Figure 8.10
shows the time dependence of the field effect for these two switching schemes.

For the geminate field, a MFE of about 4% is developed immediately and is
unchanged throughout the rest of the reaction period. For the field applied only after
the geminate phase is complete, the f-pair MFE is observed to slowly build from
nothing to about 4% over the next 60 us. Thus, it is clear that MFEs from g-pairs are
distinct in terms of timescale. There are some other important differences between g-
and f-pairs that are confirmed in these experiments.

(1) Regardless of the of the spin multiplicity with which a g-pair is born, f-pairs
will always show MFEs of the same sense as a triplet-born g-pair. F-pairs are
formed by randomly encountering RPs. If RPs encounter in a singlet state, then
they will immediately react and be removed. However, radicals encountering
in a triplet state are initially unreactive and do not lead to product formation.
However, these unreactive encounters may be turned into reactive ones
through the now familiar spin-state evolution of the RP. If, for example, a



178

MAGNETIC FIELD EFFECTS ON RADICAL PAIRS IN HOMOGENEOUS SOLUTION

Time

Off-on-off pulse scheme (vary 1)
- RP lifetime information

500 ns

Pulse scheme for g-pair measurement

400 ns

Pulse scheme for f-pair measurement

400 ns

FIGURE 8.9 Magnetic field pulse schemes used in the measurement of g-pair lifetime and
the separation of g- and f-pair RP kinetics.

magnetic field with a magnitude in the normal MFE region is applied, then
f-pairs encountering in a T state are unable to evolve into a singlet state and
remain unreactive, whereas f-pairs encountering in a singlet state have no
opportunity for spin-state evolution after encounter. Strictly speaking, it
should be remembered that random encounters will not be in pure spin states
but will always involve RPs with a certain degree of singlet/triplet character. In
an applied field, RPs can encounter in pure T.; states or mixed S—T, ones.
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FIGURE 8.10 Time dependence of the g- and f-pair MFEs for the photoexcitation of
benzophenone in cyclohexanol solution.

(2) Formolecular precursors that produce an unsymmetrical RP, the pair members
are predefined in a g-pair. However, f-pairs produced in such a reaction may be
composed of any combination of the two types of radical. Figure 8.11 shows
the different combinations possible. This means that the MARY dependence
of f-pair MFEs must depend on the members that compose the f-pair. As
the MARY curve can reveal something about the nature of its members based
on the By, value and the size of the LFE, the MARY curve can be used to probe
the nature of the f-pair throughout the reaction period. This has recently been
demonstrated for the first time for the photolysis of 2-hydroxy-4'-(2-hydro-
xyethoxy)-2-methylpropiophenone in cyclohexanol.”” The RP has large HFCs

Triplet

FIGURE 8.11 Formation and reaction of f-pairs generated from a nonsymmetric g-pair.
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in one radical and negligible ones in the other giving rise to a substantial
geminate LFE. As the reaction progresses, the size of the LFE decreases while
the MFE increases. By subtracting the geminate MFE from the later time MFE
(which contains contributions from both g- and f-pairs), it is possible to look at
the MARY dependence of f-pairs. In this system, the LFE disappears
completely and the Bj/, value reveals (by comparison of the MARY curve
with simulations for the possible pair combinations) that the pair is composed
of like (benzoyl) radicals with very small HFCs. Use of rapid field switching in
such experiments could improve the sensitivity of the f-pair measurements,
and thus this method may have potential for measuring the kinetics of RP
members that are spectroscopically silent through the MARY dependence of
g- and f-pairs measured via their original geminate partners.

The observation of MFEs in f-pairs is important as this is how most ordinary
chemical reactions take place. Most recombination reactions of organic free radicals
donot occur through photochemically generated RPs with initially pure spin states, but
instead through the random encounter of radicals in solution (think of the classic
termination reaction in free radical chain reactions).

8.9 SUMMARY

The study of RPs in solution has had a fruitful history and we now have a very good
understanding of the behavior of RPs in this environment and the way that they respond
to applied magnetic fields. This knowledge provides an essential basis on which to
understand MFEs in more complex systems. At the time of writing, there are a number
of areas in which such MFEs are taking a high profile: in the quest to explain the
magnetosensitivity of birds and other animals,*®™* in the question of whether
magnetic fields can have desirable or deleterious effects on human health *>=’ on
our understanding and design of chemical systems to efficiently harvest light,'®" and in
the behavior of conducting and electroactive polymers.'®*'%’ The spin selectivity of
radical reactions has a subtle but profound effect across many aspects of chemistry.
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CHEMICAL TRANSFORMATIONS
WITHIN THE PARAMAGNETIC
WORLD INVESTIGATED

BY PHOTO-CIDNP
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Institut fiirr Chemie, Martin-Luther-Universitat Halle-Wittenberg, Halle/Saale, Germany

9.1 INTRODUCTION

The paramagnetic world, populated by radicals and biradicals, is an important terrain
to be traversed in the course of many chemical reactions, in particular photoreactions.
Of the numerous techniques used to obtain glimpses into that world, magnetic
resonance yields the most detailed information about the structures and structural
changes of its inhabitants. EPR spectroscopy, which is dealt with elsewhere in this
book, observes paramagnetic species directly. This chapter is concerned with an
indirect method, chemically induced dynamic nuclear polarization,'~ or CIDNP for
short, which detects and characterizes paramagnetic species through the imprint they
leave on the nuclear spin states; this signature is produced by the hyperfine interactions
between the unpaired electrons and the nuclear spins and is observed in diamagnetic
products at later stages of the reaction.

Experimentally, CIDNP denotes the occurrence of anomalous line intensities
(enhanced absorption or emission) when NMR spectra are recorded during a chemical
reaction. These anomalies are due to spin polarizations of the reaction products, that is,
populations of their nuclear spin states that deviate from thermodynamic equilibrium.
Only reactions involving radical pairs or biradicals exhibit CIDNP.
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The CIDNP phenomenon was discovered in 1967.*° Two years later, the hitherto
unknown radical pair mechanism®’ was shown to be responsible for CIDNP, as well
as for many other effects a magnetic field has on radical reactions. Within the
ensuing 40 years, CIDNP has evolved into a powerful tool for the study of radical
reactions.

‘Why should one resort to an indirect method when a direct method exists or, to put it
less provocatively, what are potential advantages of CIDNP spectroscopy over EPR
spectroscopy? The answer is that the independence of generation and detection of a
physical observable, which is the essence of an indirect method, has three very
attractive consequences.

First, these two steps are separated in time, so can occur on quite different
timescales. This discrepancy is especially pronounced with CIDNP where the
polarizations are created during the lifetime of intermediate spin-correlated species,
on a nanosecond timescale or faster, but persist in the diamagnetic products for a time
on the order of T, which means seconds for protons. Hence, CIDNP captures shorter
lived intermediates and responds to faster processes than does EPR®? although
detection proper is by NMR spectroscopy, which is normally considered a very
slow method.

Second, these two steps can take place (and with CIDNP do take place) in different
molecular surroundings. As aresult, a CIDNP experiment acts like a double resonance
experiment, which greatly facilitates assignments of the observables on a molecular
level. An EPR spectrum yields a set of hyperfine coupling constants but does not, by
itself, reveal which constant belongs to which nucleus. In contrast, the CIDNP
experiment encodes those hyperfine coupling constants as polarization intensities
and detects that information in an NMR spectrum of the products, so immediately
correlates each hyperfine coupling constant with a particular nucleus.'*"!

Third, the observables can be regarded as labels that are affixed at an early stage of
the reaction. By reading them out at a later stage, the pathways connecting those stages
can be traced out. Because the magnetic energies are so tiny, the nuclear polarizations
are nearly ideal labels that affect neither the energetics nor the kinetics of all chemical
processes after their generation. This feature makes CIDNP especially valuable for the
investigation of complex reaction mechanisms.'*'?

This chapter is concerned with chemical reactions that occur while the system is
still in the paramagnetic world. After an explanation of the radical pair mechanism and
abrief treatment of experimental details, three case studies are presented that illustrate
the application of CIDNP to transformations of radicals into other radicals and to
interconversions of biradicals.

9.2 CIDNP THEORY

CIDNP effects are described qualitatively and quantitatively by the radical pair
mechanism, which is depicted in Chart 9.1.%7

As the name implies, the key intermediates are radical pairs. The property that
causes two radicals to be a pair instead of two independent radicals is a correlation of
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TPrecursor or SPrecursor

1 - 3

R; R, — R} R,
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Product(s) of Product(s) of
singlet exit channel triplet exit channel

CHART 9.1

their electron spins. When organic molecules with an even number of electrons
produce radicals by either of the two possible pathways, homolytical bond cleavage or
electron transfer, fwo radicals are inevitably born in one such process, and the principle
of spin conservation in chemical reactions demands that their joint spin state be the
same as that of their precursor. In contrast to widespread chemical thinking, radical
pairs are thus much more common species than are single radicals. Depending on the
spin state of its precursor, a pair can only be born in the singlet state IS) or one of the
three tripletstates, IT . |),ITy), or IT_;), where the subscript gives the z spin projection.
The spin correlation is symbolized by an overline. Only IS) and IT) are relevant for the
radical pair mechanism in high magnetic fields, so the superscripts “1” or “3” are used
as shorthand notations of these two spin states.

Diffusion causes a rapid separation of the two radicals constituting the pair to
distances where the interaction between them is negligible. However, they do not
invariably lose each other for good; instead, the probability is quite substantial that
they will reencounter at some later point of time. It is important to realize that such a
reencounter involves the same two radicals that were initially in contact, and not just
chemically equivalent others. The described sequence of events is called a diffusive
excursion.

What are the implications for the spin state? In contact, that is, both at the moment of
pair formation and at the moment of a later reencounter, the eigenstates of the pair are
IS) and ITy). For the separated, noninteracting radicals, that is, during the longest part
of adiffusive excursion, the proper eigenstates are the two independent doublets |Dg?)
and |Dg; ). Nevertheless, IS) and IT,) remain valid basis functions also in that situation
and allow a description of the joint spin state ly) of the radical pair by a linear
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1S) Cs|S) + cr,[To)

FIGURE 9.1 Vector model for intersystem crossing of radical pairs in high magnetic fields.
Left, singlet state; centre, superposition state; right, state ITy). The labels “1” and “2” denote the
electron spins of the two radicals. Further explanation, see text.

combination

W) = ¢s[S) +cr| To) (9.1)

with time-dependent coefficients ¢s and cr,. During a diffusive excursion, ly)
undergoes coherent oscillations between singlet and triplet.

This oscillation can be visualized most conveniently with the aid of vector diagrams
as shown in Fig. 9.1.'* The electron spin of each radical is depicted as an arrow. In the
singlet state, the two arrows are antiparallel, and in state |ITy), they lie in a plane that
also contains the z axis. In the absence of any interaction between the unpaired spins,
each arrow precesses independently under the influence of Zeeman and hyperfine
interactions. Unless the two radicals are absolutely identical, with respect to both their
chemical structure and the spin state of each nucleus, the two precession frequencies
differ, and the two arrows gradually get out of phase. The result, a superposition state as
described by Equation 9.1, is also displayed in Fig. 9.1. When the diagrams are taken to
rotate with the average of the two precession frequencies and the two starting states are
drawn with a phase shift of 90°, the projections of the superposition state onto the two
orthogonal planes gives the instantaneous singlet and triplet character of the pair. In
high magnetic fields, the intersystem crossing frequency ;s follows from
Equation 9.2,

Oise = zlh{(gl —2)BBo+ Y aim;— Zakmk} (9.2)
i k

where g; and g, are the g values of the two radicals, B is the Bohr magneton, By is
the magnetic field of the NMR spectrometer, a; and a; are the hyperfine coupling
constants of the nuclei in the first and the second radical, and m; and m,, are the z
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spin components of those nuclei. The difference g, — g is abbreviated as Ag. As the
first radical one has to choose the one containing the nucleus whose polarization is to
be observed or to be calculated.

The term Ag provides an intersystem crossing mechanism that is independent of the
nuclei, but the nuclear spins come into play through the hyperfine terms of
Equation 9.2. Because nuclear spin levels m1; lie symmetrically around zero, the
intersystem crossing frequencies also lie symmetrically around the constant contri-
bution of the Ag mechanism. When the radical pairs are born, their spin states are
populated according to the Boltzmann distribution, which for attainable magnetic
fields means that their populations are practically equal. Hence, in an ensemble of
radical pairs, a certain fraction contains nuclear spin states that cause faster intersys-
tem crossing, and an equally large fraction contains nuclear spin states that cause
slower intersystem crossing. Approximating the coherent oscillation of Fig. 9.1 by a
rate process, the “slower” nuclear spins are seen to be enriched in the radical pairs of
the starting multiplicity and the “faster” ones in the pairs of the other multiplicity. In
effect, the nuclear spins are, therefore, sorted between the two multiplicities of the
pairs.

At the moment of an encounter, the feasibility of a reaction of the two radicals with
each other (a so-called geminate reaction) is used to probe the state of the system: A
singlet pair can only give a singlet product, and a triplet pair only a triplet product; in
the majority of cases, the former is possible while the latter is not. Those pairs not
capable of undergoing a geminate reaction can enter on another diffusive excursion
during which some of them will separate for good (“escape”) to give the so-called
free radicals, which finally decay by reactions with other species. This partitioning of
the radical pairs between geminate products and ecape products continues until they
have all disappeared. Because not only the electron spin state but also the nuclear spin
state is conserved in a chemical reaction, the surplus of “slower” nuclear spins shows
up in the product(s) of the same multiplicity as that of the precursor and that of the
“faster” ones in the products of the other multiplicity. The resulting over- and
underpopulations of the nuclear spin states in the two kinds of products are thus of
opposite signs but exactly equal magnitudes.

Quantitative calculations of CIDNP intensities can be performed with the stochas-
tic Liouville equation (Eq. 9.3),"

Zo= —%[H,Q]-I—DFQ—&-KQ—I—RQ (9.3)

where p is the density matrix of the radical pair. The four terms on the right-hand side of
Equation 9.3 describe evolution under the the spin Hamiltonian H, interdiffusion (DI,
diffusion operator), electron-spin selective chemical reactivity (operator K), and
electron spin relaxation (operator R). In general, Equation 9.3 can only be solved
numerically. However, by assuming that during a diffusive excursion there are abrupt
transitions between regions where H is completely dominated by the exchange
interaction and regions where the exchange interaction is zero, an approximate
treatment is possible.'® In the very simplest form, the nuclear-spin dependent
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probability F* that a triplet precursor yields a singlet geminate product is given by

Equation 9.4,
Ny |72
F' =~ L)lzld (9.4)

where ;. is the intersystem crossing frequency of Equation 9.2, d the sum of the
molecular radii, and D the interdiffusion coefficient. The CIDNP spectrum is
obtained by calculating the product yields for all nuclear spin configurations
with Equation 9.4 and taking differences across all the levels connected by
NMR transitions.

As can be shown by inserting Equation 9.2 into Equation 9.4 and expanding to first
order, the CIDNP intensity of a particular nucleus is often approximately proportional
to its hyperfine coupling constant. The so-called polarization pattern, that is, the
relative CIDNP intensities of the different nuclei in a product, thus carries very similar
information as the EPR spectrum (and, in addition, also reveals the signs of the
coupling constants), so allows the identification and structural characterization of the
paramagnetic intermediates.'’

Very simple rules connect the polarization phases (i.e., signs) with the magnetic
parameters on one hand and with the pathway from the precursor to the observed
product in Chart 9.1 on the other hand.'® Although only semiquantitative, these
relationships are extremely valuable assets of CIDNP spectroscopy. In the present
context, only net effects—meaning that all NMR lines of a nucleus are scaled by the
same factor—are relevant. Their phase I',, (I, = + 1, absorption; I',, = —1, emission)
is given by Equation 9.5,

I'; = u x € x sign (Ag) X sign q; (9.5)
where L = + 11is assigned to a triplet precursor, L = —1 to a singlet precursor,€ = + 1
to the singlet exit channel, and €= —1 to the triplet exit channel; the magnetic

parameters Ag and a; are those entering Equation 9.2.

9.3 EXPERIMENTAL METHODS

Although CIDNP effects were first observed in thermal reactions, photochemical
generation of radical pairs gives much better control, so it is not surprising that photo-
CIDNP studies account for almost all CIDNP work published today.

The only pieces of hardware needed for photo-CIDNP are a light source and an
unmodified NMR spectrometer. Pulsed lasers are most convenient for illumination, as
they allow both time-resolved experiments (when the laser flash is followed by an
acquisition pulse after a variable time delay)'® and steady-state ones (when the laser is
triggered with a high repetition rate, thus providing quasi-continuous excitation).?’
All the examples of this work draw on the second variant. Nevertheless, they yield
kinetic information about much faster processes than would be observable by direct
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time-resolved CIDNP because they use the spin-correlated lifetime (which is on the
order of a nanosecond) as an intrinsic clock.

For these experiments, gated illumination for a period much shorter than the nuclear
T, was applied, and the polarizations were then sampled by an NMR pulse. This
protocol results in a very good signal to noise ratio because the number of absorbed
photons is large, and the CIDNP intensities are undisturbed by nuclear spin relaxation
in the products. However, these experiments would also record the equilibrium NMR
signals of unreacted molecules. This was avoided by special pulse sequences,?' and all
spectra shown below are completely free from such background signals and represent
pure polarizations only.

9.4 RADICAL—RADICAL TRANSFORMATIONS DURING
DIFFUSIVE EXCURSIONS

When one of the radicals of a pair undergoes a reaction to give another radical while on
a diffusive excursion, the spin correlation persists but the intersystem crossing
frequency of Equation 9.2 abruptly switches to a different value at that point of
time because in general the new radical will have different magnetic parameters.
Although only one radical is involved chemically, the effect is thus the exchange of one
pair for another, which explains the name “pair substitution” that was given to this
phenomenon. The earliest example of such a process, the decarbonylation of an acyl
radical, was reported in 1972.%%

Because CIDNP arises through a coherent oscillation, pair substitution does not
simply produce a superposition of the individual CIDNP intensities of the first and the
second pair in isolation. Figure 9.2 shows this for two consecutive pairs RP, and RP,
with one proton in the first radical and a triplet precursor. In this figure, the two vectors
of Fig. 9.1 have been projected onto the xy plane. Further projections of the two arrows
onto the axis they were initially aligned with and on the axis perpendicular to that then
yield the triplet and the singlet character of the pair, respectively. Assume Ag to be
positive for the first and zero for the second pair, and the hyperfine coupling constant to
be zero in the first and positive in the second pair. (Although these conditions may
sound contrived, similar examples have been reported.)*

It is evident that a proton without a hyperfine coupling cannot acquire polarization
because its spin state does not influence the intersystem crossing rate. This is the case
for RP;. Perhaps less obvious is the fact that a g-value difference of zero, as in RP», also
does not lead to any polarization; the reason is the symmetrical evolution of the
electron spin state for the two nuclear spin states.

Hence, each pair on its own is incapable of producing CIDNP. If, however, the spin
state after the life of RP; serves as the starting condition for evolution under the spin
Hamiltonian of RP,, CIDNP results because for the o spin state of the proton the
hyperfine interaction reinforces the Zeeman interaction whereas for the [ spin state
these two interactions oppose each other. The resulting CIDNP is the same as that of a
hypothetical pair with an average Ag and an average hyperfine coupling constant, with
the lifetimes of the two pairs as weighting factors for the averaging.
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FIGURE 9.2 Vector models (projections) illustrating pair substitution. The labels “1”” and
“2” denote the electron spin of the first and the second radical of the pairs. The observed proton
is contained in the first radical. Its spin state, lo.) or IB), is displayed at the respective leftmost
projection. The radical pairs are born in the triplet state, and the product is formed from
the singlet state; cg gives the singlet character. First radical pair RPy, positive g-value difference,
zero hyperfine coupling constant; second radical pair RP,, equal g values, positive hyperfine
coupling constant. For the situations without pair substitution, the spin evolutions under the
influence of the Zeeman and the hyperfine interaction have been separated for clarity. Further
explanation, see text.

The example presented in the following serves to illustrate the effects of pair
substitution. However, the experiments were originally carried out with quite a
different purpose in mind, namely, to prove that for the reaction under study the
route giving rise to the polarizations is the only, or at least the predominant, pathway to
the observed products. This addresses a controvertial issue when CIDNP is applied to
the study of reaction mechanisms: Although it is universally accepted that CIDNP
arises only from radical pairs or biradicals, the question is often raised whether the
observation of CIDNP allows a definitive conclusion as to the reaction mechanism, the
counter argument being that, because by their nature polarizations are amplified
signals, the CIDNP experiment might have captured a minor side reaction while the
greater part of the reaction proceeds via nonradical intermediates. This objection can
be invalidated by preparing the CIDNP-active intermediates by an indirect route that
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bypasses any other intermediates potentially capable of leading to the observed
products; if the CIDNP-active intermediates so obtained yield the same products with
the same polarization intensities, other reaction routes are insignificant or
nonexistent.'?

The described problem was encountered in investigations of cis—trans isomeriza-
tions and cycloadditions of donor olefins D and acceptor olefins A in acetonitrile.>*?
All polarizations, both of the cycloadducts and of the starting and isomerized olefins,
couldbe traced toradical ion pairs D* * A* ~ formed by photoinduced electron transfer.
As, however, exciplexes are frequently discussed as percursors to the products in such
systems,”®® and CIDNP does not respond to exciplexes because no diffusive
separation is possible, the question as to the relative contributions of the radical
ion and exciplex pathways arose. To answer it, we employed photoinduced electron
transfer sensitization (PET-sensitization).?

PET-sensitization means that the desired radical pair D*TA*~ is produced
indirectly by first generating another radical pair D*"X*~ using an auxiliary
sensitizer X and then exchanging X*~ for A"~ by a thermal electron transfer. X is
chosen such that the photophysical parameters and redox potentials bar all other
pathways except the PET-sensitized one. Of particular significance for the above
mechanistic question is that neither D nor A are excited; hence, an exciplex (D - - - A)*
cannot be formed. Chart 9.2 juxtaposes the direct and the PET-sensitized formation of

D' +A .
(D---A)* A
v X*
™ \,x
DA h DA

14

Direct reaction PET-sensitized reaction
CHART 9.2

The rate of the exchange of the radical anions X'~ and A*~ depends on the
concentration of A. If that exchange is slow, it can only involve the long-lived free
radicals X°7; in that case, CIDNP generation has long come to a close, and PET
sensitization has no influence on the polarizations in D and in the products of D, which
only stem from the pair D** X* . In contrast, if the exchange is fast on the CIDNP
timescale, the intermediacy of the pair D* ™ X*~ does not reveal itself in the CIDNP
spectrum because that pair is too short lived for polarization generation; in that
situation, all polarizations arise from the second pair D** A* ~ even though this is not
formed directly.

These limiting situations can be seen in Fig. 9.3. The system consisted of 9-
cyanophenanthrene as the sensitizer X, trans-anethole as the donor D, and diethyl-
fumarate as the acceptor A. The excitation wavelength, 357 nm, was chosen such that
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FIGURE 9.3 Photo-CIDNP spectra in the system 9-cyanophenanthrene (X, 3 mM), trans-
anethole (D, 20 mM), and diethylfumarate (A, 110 mM), excitation at 357 nm. Adjacent signals
groups “t” and “c” belong to the same proton in the starting and the isomerized anethole. The
labels “F” and “M” denote the olefinic protons in A and its isomerized form, and “S” is an
imperfectly suppressed solvent signal. Trace (a), only X and D; trace (b), only D and A; trace (c),
only X and A; trace (d), all three components. Further explanation, see text. Reproduced from
Ref. 29 with permission, copyright (C) 2006 the PCCP Owner Societies.

D and A do not absorb. The analysis most conveniently focuses on the CIDNP signals
of the starting and isomerized donor olefin, which all result from geminate reactions of
the radical pairs. Their polarization pattern reflects the hyperfine coupling constants of
the trans-anethole radical cation. The precursor multiplicity is singlet (L= —1), the
starting olefin is recovered by reverse electron transfer of singlet pairs (€= + 1), and
the isomerized olefin is formed via reverse electron transfer of triplet pairs (€ = —1) to
give the anethole triplet, which then decays to both isomers. The reason why the
CIDNP intensities of the starting and the isomerized anethole are identical despite
different chemical yields is well understood.*
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Trace (a) shows the outcome of an experiment without the acceptor olefin, i.e., for
the first of the two limiting cases discussed above. The polarizations necessarily stem
from the pair D** X* ~, which has a positive Ag, that is, g (D" *)>g (X"7).

Trace (b) represents a control experiment on a mixture D and A, without the
sensitizer X but all other conditions identical. The absence of any CIDNP signals,
together with the observation that the same mixture produces strong polarizations at
other excitation wavelengths (e.g., 308 nm), proves that the first step of any photore-
action at 357 nm is the excitation of X.

Trace (c) belongs to yet another control experiment: X in the presence of only A (at
the same concentration as in traces (b) and (d)) yields small CIDNP signals of the
starting and isomerized acceptor olefin, which stem from radical pairs X* ™ A*~.
However, Stern-Volmer experiments show that this reaction channel is blocked in the
presence of D, which is a much better quencher of X*.

The PET-sensitization experiment uses a very high concentration of A to make the
exchange of X* for A*~ fast on the CIDNP timescale, thatis, realizes the second of the
two above-mentioned limiting cases. It is displayed as trace (d). The polarizations of
the donor olefin are seen to be a mirror images of those in trace (a), which is simply due
to the fact that the polarizations now arise from the pair D* ™ A* ~, for which Ag is
negative. The phase inversion is thus a spectacular demonstration of the radical
exchange in the three-component system.

The PET-sensitized experiment of trace (d) can be compared to the direct
photoreaction of D and A at 308 nm, that is, without X. When the amounts of light
absorbed are matched in these two cases, the absolute CIDNP intensities are found to
be very similar, not only for the olefins but also for the cycloaddition products. Hence,
the pathway via radical ion pairs is the predominant pathway to these products.

It is obvious that in between the two extremes of no radical-anion exchange (trace
(a)) and very fast exchange (trace (d)) there must be a range where the exchange rate
falls within the timescale of CIDNP generation, and for which, therefore, pronounced
pair substitution effects are expected. This can be conveniently explored by varying
the concentration of the acceptor olefin A. Best suited for a quantitative analysis is the
strongly polarized 3 proton of the anethole (see Fig. 9.3; trans, about 6.2 ppmy; cis,
about 5.7 ppm). The normalized integrals over these signals have been displayed in
Fig. 9.4 as functions of the concentration of A.

A description of pair substitution by a numerical solution of Equation 9.3, after
appropriate modification, is always feasible. However, that frequently employed
procedure has one major drawback: it depends on many parameters, some of which are
often not known very precisely. The usual remedy is to determine them by a
multiparameter nonlinear fit, but the uniqueness of a many-component solution vector
obtained in that way is questionable if the curves do not have very characteristic
shapes, asin Fig. 9.4. As an alternative approach, one can exploit the fact that the same
parameters are contained in the polarization intensities in the limits of no pair
substitution and of infinitely fast pair substitution. For the system of Fig. 9.3, recasting
the equations in terms of these experimental quantities leads to a closed-form
expression that contains most parameters implicitly and only has a single adjustable
parameter, namely, the rate constant of pair substitution divided by the intersystem
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FIGURE 9.4 Signal integrals of the anethole [ protons under the conditions of Fig. 9.3d, but
for varying concentrations [DEF] of the acceptor olefin A. Filled symbols and solid curve,
trans-D (signal at about 6.2 ppm); open symbols and dashed curve, cis-D (signal at about
6.2 ppm). All integrals were normalized to the value for trans-D in the absence of A. The curves
are fit functions of a theoretical model. Further explanation, see text. Reproduced from Ref. 29
with permission, copyright (C) 2006 the PCCP Owner Societies.
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crossing frequency of the first radical pair (Eq. 9.2). The fit curves of Fig. 9.4 were
obtained in that way and allow a reliable determination of that kinetic parameter.

9.5 RADICAL—RADICAL TRANSFORMATIONS AT REENCOUNTERS

The very first use of the polarization pattern to identify the paramagnetic intermediates
was in photosensitized (sensitizer, A) reactions of tertiary aliphatic amines DH, for
example, triethylamine.'” Although the gross reaction is a one-step hydrogen ab-
straction

A* +DH— AH + D' (9.6)

to give an oi-amino alkyl radical D, for example, >N- CH*-CHj3, CIDNP spectra do
not always exhibit the polarization pattern of that radical but in many cases that of an
amine radical cation DH* ", for example, >N -CH,-CH3, instead.

In D* the hyperfine coupling constants of both the o and the 3 protons are large and
have opposite signs whereas in DH" * only the o protons have a substantial hyperfine
coupling. These distributions are translated into an up/down (or down/up) pattern for
the neutral radical, and a pattern of polarized o and unpolarized 3 protons for the
radical cation. Evidently, these two very distinct patterns allow the determination of
the intermediate the polarizations stem without knowledge of the other parameters
entering Equation 9.5 (i.e., Ag, W, and €). The bottom and top traces of Fig. 9.5 show
examples of these two cases in the same reaction product, N, N-diethylvinylamine V
(for the formula see below, Chart 9.3).
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FIGURE 9.5 Polarity-dependent polarization patterns in photosensitized hydrogen abstrac-
tions from triethylamine DH (sensitizer A, 9,10-anthraquinone). For the formulas, see Chart
9.3. Shown are the signals of the olefinic o and 3 protons of the product N, N-diethylvinylamine,
V- (6.05 ppm) and V-B (3.45 ppm), as functions of the relative permittivity € (given at the
right). Top, pure acetonitrile-d; bottom, pure chloroform-ds; other traces, mixtures of these two
solvents. All spectra were normalized with respect of the absolute amplitude of V-o. Further
explanation, see text.

The occurrence of the radical ion pattern in a polar solvent indicates that the
photoreaction involves an electron transfer step

A*4+DH— A"~ +DH"" (9.7)

under these circumstances. However, a direct reaction of the radical cation DH® ™ to
give the vinylamine V is chemically inconceivable; the direct precursor to V must be
the neutral radical D*. Hence, a deprotonation of DH* " yielding the conjugated base
D’ is a key step of the electron transfer-induced formation of V.

Extensive studies of the sensitizer dependence® and the solvent dependence®! of
the polarization patterns led to the identification of two parallel pathways of that
deprotonation. One is a proton transfer within the spin-correlated radical pairs, with
the radical anion A"~ acting as the base. The other is a deprotonation of free radicals,
in which case the proton is taken up by surplus starting amine DH. Furthermore,
evidence was obtained from these experiments that even in those situations where the
polarization pattern suggests a direct hydrogen abstraction according to Equation 9.6
these reactions proceed as two-step processes, electron transfer (Eq. 9.7) followed by
deprotonation of the radical cation by either of the described two routes. The whole
mechanism is summarized by Chart 9.3 for triethylamine as the substrate. Best suited
for an analysis is the product V.
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Asinthe preceding section, a pair substitution is central to the scheme, and there are
again two limiting cases depending on the rate of that step relative to the spin-
correlated life: If in-cage deprotonation is negligibly slow on the CIDNP timescale, the
second radical pair is not formed, so V results from deprotonation of the radical cations
after escape from the first pair; the escaping radical cations, and hence the product V,
exclusively bear the polarization pattern of DH® *. If, on the other hand, in-cage
deprotonation is extremely fast on the CIDNP timescale, the first radical pair has no
chance of developing polarizations before it is transformed into the second radical pair,
so CIDNP develops only in the latter pair; therefore, the escaping neutral radicals
exclusively bear the polarization pattern of D°, which s then carried over to the product
V. This example illustrates the power of CIDNP: Although the same product, V, can be
formed by two parallel routes, a clear distinction is possible because these routes yield
different polarization patterns.

In contrast to the PET sensitizations discussed in the preceding section, the
concentrations do not influence the rate constant of the in-cage proton transfer,
kqep, because that key step involves the radical pair as an entity, so is a first-order
process. However, ke, can be changed by varying the thermodynamic driving force.
With different sensitizers,° this can be effected only in rather large steps, but a much
finer gradation can be realized by the relative permittivity of the reaction medium,>'**
which only influences the free energy of the radical ion pair but leaves that of the pair of
neutral radicals essentially unaffected.
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FIGURE 9.6 Photosensitized hydrogen abstraction from triethylamine DH by 9,10-anthra-
quinone A (for the formulas, see Chart 9.3). The rate constant of in-cage deprotonation Kgep,, as
obtained from the polarity pattern, is shown as a function of the relativity permittivity € of the
reaction medium (mixtures of acetonitrile and chloroform). The timescale of the CIDNP effect
provides a kinetic window, within which such a quantitative treatment is applicable. Further
explanation, see text.

An interesting threshold behavior is found. Within a transition range from about
—90kJ/mol to about —130kJ/mol, the polarization pattern completely changes from
that of the radical ion pair to that of the pair of neutral radicals. In-cage deprotonation is
thus negligibly slow compared to the “natural” life of the radical ion pair on the more
positive side of this range and too fast to be observable on the more negative side. Two
spectra within that range have also been included in Fig. 9.5 and serve to illustrate the
gradual transmutation of the patterns.

Within the kinetic window provided by the transition regime, the pair substitution
process is amenable to a quantitative analysis. Again, the equations can be converted to
a form that contains the parameters of the two radical pairs implicitly and expresses
them by the polarization patterns in the two limiting cases.’> The use of the patterns,
that is, polarization ratios, has the advantage that all factors influencing the absolute
size of the polarizations cancel. Figure 9.6 shows the result for the sensitizer 9,10-
anthraquinone. It is seen that the kinetic window spans a chemically very important
range, namely, from about the diffusion-controlled limit to about two orders of
magnitude below that limit.

9.6 INTERCONVERSIONS OF BIRADICALS

As far as CIDNP is concerned, the most important difference between radical pairs and
biradicals is that the interdiffusion of the paramagnetic centres is restricted in the latter
case. This has two implications.
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First, the exchange interaction often does not fall off to zero. On the one hand, this
reduces the efficiency of intersystem crossing between IS) and ITy). On the other hand,
it opens up another intersystem crossing pathway, namely, between IS) and IT_;) (or,
rarely, IT , ;)) because the potential energy curves of these states intersect at some
point, and the system spends more time in that region if diffusion is not free.

Second, there is usually no escape channel because the two radical termini cannot
separate completely. This usually causes a fundamental difference between CIDNP
fromradical pairs and CIDNP from biradicals: Being nuclear spin sorting as described
above, intersystem crossing between IS) and IT) crucially relies on both exit channels
leading to different products, whereas intersystem crossing between IS) and T )
occurs by simultaneous electron—nuclear spin flips, and so creates net nuclear
polarizations without the need of different exit channels.

Hence, in most cases, biradicals do not exhibit radical-pair type CIDNP but S-T_ ;-
type CIDNP. The two variants are easily distinguishable because the former gives rise
to both absorptive and emissive polarizations with, ideally, a grand total of zero
(compare Fig. 9.3), while the latter manifests itself by the same phase, usually
emission, of all CIDNP signals.

The 1,5-biradical BR; formed during the Paterno—Biichi reaction of excited benzo-
quinone B with quadricyclane Q (for the formulas, see Chart 9.4) provides one of the
extremely rare examples of a short-chain biradical that produces CIDNP of the radical
pair type.>” Extracts of the CIDNP spectra are displayed in Fig. 9.7. The occurrence of
both absorption and emission in the same product is clear evidence for this mechanism
of polarization generation.

Py By i

‘l

BR; BR; BR,
8 l
O 77
O
i M
7
P, P

CHART 9.4
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FIGURE 9.7 CIDNP effects in the Paterno—Blichi reaction of benzoquinone B with quad-
ricyclane Q to give the oxolane P, and the oxetane P,. Shown are the most strongly polarized
signals, of Hy, H7, and Hy, in the two products. The formulas and the assignment are given in
Chart 9.4. For clarity, the spectra of P, and P, have been separated, and all other signals have
been blanked. Further explanation, see text.

The reaction affords two products, an oxolane P, and an oxetane P,, which exhibit a
mirror-image relationship of their CIDNP patterns. The three most strongly polarized
signals, of H;, H;, and H;, with intensity ratios of about —2to + 3to + 3.5, have been
shown in the figure; all the other protons are also polarized, but more weakly. The
observed pattern is found to be in excellent agreement with the relative proton
hyperfine coupling constants of the neutral benzosemiquinone radical and of the
tert-butoxybicyclo[2.2.1]heptenyl radical, which were tested as model compounds
for the two radical moieties.>® The biradical BR| is thus the source of the polarizations.
It is formed in a triplet state, its singlet exit channel produces the oxolane P, and its
triplet exit channel the oxetane P,.

Evidently, P, is obtained from BR; by a straightforward combination of the two
radical centres, but an extensive skeleton rearrangement must occur on the route to the
product P,. Because it is natural to assume that no carbon—hydrogen bonds are broken
in that process, the polarization of each proton serves as a label of the carbon atom it is
attached to. The mechanism displayed in Chart 9.4 sums up the result, and identifies
the structural changes as a cyclopropylmethyl-homoallyl rearrangement of the
quadricylcane-derived moiety.

Both the biradical with the cyclopropylmethyl structure, BR,, and that with the
other homoallyl structure, BR3, are too short lived for CIDNP generation, the former
because of steric strain and the latter because it is a 1,4-biradical of the Paterno—Buchi
type, that s, a structure that is known to undergo fast and efficient intersystem crossing
without the participation of the nuclear spins. The latter property explains not only the
absence of any polarizations from BRj; but also the fact that S—T-type polarizations
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FIGURE 9.8 Ratio —S(P,)/S(P;) of the CIDNP signals of H; in the two products P; and P,
formed by the Paterno—Biichi reaction of benzoquinone with quadricyclane as function of the
experimental temperature 7. Further explanation, see text.

from BR, are observable at all in that system: because BR3 acts as a chemical sink, the
rearrangement of BR, to give BR; provides the analog to an escape reaction; hence,
those nuclear spin states that decrease the rate of intersystem crossing in BR; are
enriched in BR3, and thus in P,, while those that increase that rate end up preferentially
in Py.

As opposed to the previous examples, the rate of the “pair substitution” BR; =
BR, = BRj; can be varied by neither the reactant concentrations nor the solvent
polarity because it is intramolecular and only involves neutral species. However, the
ratio of polarizations of corresponding protons in P, and P, exhibits a pronounced
temperature dependence,®* which is shown in Fig. 9.8 and can be explained in the
following way. Ideally, these opposite polarizations should have exactly equal
magnitudes, but their ratio deviates from —1 if nuclear spin relaxation in the
paramagnetic intermediates is taken into account. Biradicals with nuclear spin states
that slow down intersystem crossing of BR, live longer, so their nuclear spins suffer a
stronger relaxation loss.

The rate-limiting step of the complicated biradical interconversions is the
formation of the three-membered ring, that is, the transformation of BR; into
BR,, which follows an Arrhenius law. The known temperature dependence of
dipolar relaxation provides a gauge against which the activation energy of the
rearrangement can be measured. Again, a polarization ratio is analyzed, so all other
influences on the absolute CIDNP intensities—in particular, the temperature depen-
dence of the CIDNP effect itself—cancel. By setting up an appropriate kinetic
model, the relative rates of intersystem crossing of BR; and BR; (about 5: 1), the
rate of formation of BR; relative to intersystem crossing of BR; (about 4 : 1), and the
activation energy of the transformation BR; — BR; (17 kJ/mol) are obtained from
these experiments.**
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9.7 CONCLUSIONS

These case studies illustrate the power of CIDNP spectroscopy. Short-lived paramag-
netic intermediates can be identified because their EPR spectrum remains frozenin as a
polarization pattern of the nuclear spins in much longer-lived secondary species, and
the pathways of their subsequent reactions can be traced out because these polariza-
tions behave as nearly ideal labels. As the examples have shown, transformations
of radical pairs into other radical pairs, with or without the participation of a third
molecule as a scavenger, and transformations of biradicals can all be investigated
by this method, which yields information that is often inaccessible by other
techniques.
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10.1 INTRODUCTION

Photosynthesis is the inspiration for all efforts to harvest solar energy ranging from
solar cells to light-induced water splitting. Historically, synthetic molecular systems
that undergo light-induced electron transfer reactions have featured prominently in
efforts to functionally mimic photosynthesis.'™ Like the natural system, many of the
intermediates and transient products of these light-induced electron transfer reactions
are radicals; thus, they are subject to spin-chemical effects.

While artificial photosynthetic mimics come in many manifestations, our efforts
have focused predominantly on the class of molecules represented by the structure in
Fig. 10.1. These molecules consist of a visible-light-absorbing chromophore in the
form of a trisbipyridineruthenium(II) complex (C) linked by flexible polymethylene
chains to one or more electron donors (D) and an electron acceptor (A). The electron
acceptoris an N,N'-dialkylated-2,2'-bipyridine (a so-called “diquat™); and the electron
donors are N-alkylated phenothiazines. The diquat type acceptor was chosen because

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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FIGURE 10.1 Donor—Chromophore—acceptor triad. X =a chalcogenide atom: oxygen,
sulfur, or selenium.

it is possible to tune its redox potential by almost a half a volt by simply altering the
length of the alkyl chain connecting to two quaternary nitrogens. Three different but
closely related donors are considered in the following discussions: phenothiazine
(PTZ), phenoxazine (POZ), and phenoselenazine (PSZ). Finally, the fact that the
structure represented in Fig. 10.1 contains two rather than a single donor moiety is a
matter of synthetic expediency and is of no functional consequence. Subsequently, we
will refer to structures analogous to the one in Fig. 10.1 as DCA triads.

In the ground state, these DCA triads are singlets. Upon irradiation with visible
light, a metal-to-ligand charge transfer (MLCT) transition occurs in which an electron
from a metal-based d-orbital is transferred to a t* orbital on one of the bipyridine rings.
In less than a picosecond, this state undergoes intersystem crossing to yield a triplet,
SMLCT. " It is from this *MLCT state that a series of intramolecular electron transfer
steps ensues leading ultimately to the charge separated state (CSS). The steps in this
electron transfer cascade are first the oxidative quenching of the MLCT state by
the diquat acceptor followed by transfer of an electron from one of the donors to the
oxidized chromophore; thus, in the resulting CSS the acceptor is reduced, one of the
donors is oxidized and the chromophore is returned to the ground state.'' This specific
class of DCA triads is quite unusual in that the CSS state is formed with essentially
unity quantum efficiency irrespective of the identity of the specific azine donor (i.e.,
PTZ,POZ, or PSZ) or diquat acceptor.' ! Detailed models of the energetics and kinetics
of the CSS formation and decay back to the ground state in these specific DCA triad
systems have been provided earlier."' '
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Of particular relevance to the present discussion is the observation that the CSS,
which is a biradical cation, is formed with essentially pure triplet spin correlation.'?
For energetic reasons, this triplet radical pair cannot recombine to form the *MLCT
state and can only form the singlet ground state. Therefore, direct recombination is
spin forbidden. Moreover, because the radical pair which constitute the CSS
product can separate only to a limited distance, essentially every CSS recombina-
tion eventis between the same geminate radical pair—in other words, every reduced
acceptor is ultimately oxidized by the donor radical cation that was formed from the
same initial photochemical event. The spin behavior of the DCA triad CSS can be
effectively explained by application of the relaxation mechanism of Hayashi and
Nagakura.?

Scheme 10.1 shows how this model is applied to the DCA triad CSS under
consideration.'>** The reduced diquat acceptor and oxidized azine donor are
“normal” organic radicals that can physically separate within CSS to at least 20A.
Therefore, at zero applied magnetic field, the triplet CSS (*CS) and singlet CSS ('CS)
are nearly degenerate and isotropic hyperfine coupling provides a path to mix these
states allowing for CSS decay. In the zero field case, this mixing and transition occur
rapidly relative to the singlet decay (k). Upon application of a magnetic field, Zeeman
splitting of the *CS occurs yielding three energy states: a magnetic field independent
T, state and field dependent 7 and T, states. The path to the ground state for the T
state remains unchanged while at small fields the splitting of the field dependent states
exceeds the hyperfine coupling energy, thus diminishing singlet—triplet mixing from
those states and retarding their rate of decay to the ground state.'?

The model in Scheme 10.1 suggests that application of a magnetic field to the CSS
should result in biexponential decay kinetics consisting of a field independent (7))
portion along with a field dependent portion (7_ and 7', ). Within the CSS of these
DCA triads the oxidized donor and the reduced acceptor each exhibit intense, isolated

3CS(T+)
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cs M %68 g % Pt acsry
- —
\Wﬂ 3CS(T)
kr,1

Zero fiel Nonzero field
ero field Kt ks ke
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SCHEME 10.1
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FIGURE 10.2 Field dependent transient absorption for CSS of DCA. (0) OmT, (1) 10 mT,
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features in their respective UV—vis absorption spectra. Thus, it is possible to probe the
formation and decay of the CSS by transient absorption spectroscopy at the wave-
lengths corresponding to either component of the CSS (i.e., the oxidized donor or
reduced acceptor). Figure 10.2 is a transient absorption measurement taken for a
representative DCA triad at 520 nm that corresponds to the oxidized phenothiazine
donor absorption. Attime 7 = 0, the excitation laser initiates charge separation leading
to CSS formation (subsequently also referred to as the radical pair) and finally to a
decay to the ground state. With zero applied magnetic field, the decay of the CSS to the
ground state is approximately monoexponential (t = 100 ns).'*** Upon application of
an external magnetic field, the decay becomes distinctly biexponential with a field
dependent portion and a field independent portion. This result is a clear demonstration
of the applicability of the model in Scheme 10.1 to the DCA system. There are
numerous examples in the literature of systems that demonstrate an increase in decay
lifetime upon application of a magnetic field. However, no system previously reported
has shown such a clear and quantitative demonstration of the predictions of the
Nagakura relaxation model: monoexponential decay at zero field with biexponential
decay at nonzero field with the predicted weighting (1/3 field independent—2/3 field
dependent).

Two magnetic field effect (MFE) studies of CSS formation and decay in these DCA
triads have been previously reported.'?* In the first, a series of DCA triads were
synthesized with exclusively phenothiazine donors (X = S in Fig. 10.1). The linkages
separating the donor and acceptor moieties from the chromophore were altered over
the series along with the acceptor redox potential. Results from this study primarily
shed light on how the maximum separation distance in the radical pair influenced the
spin chemistry. Consideration from this study led to the generation of a second set of
DCA species wherein a single optimal DCA structure was chosen (i.e., the one shown
in Fig. 10.1) and the identity of donor species was varied (phenoxazine X =0,
phenothiazine X =S, and phenoselenazine X = Se). This set of triads was chosen
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because they are isostructural, they are qualitatively similar in their CSS formation
behavior, the donors have only slightly different (from one another) redox potentials,
but vary in the atomic number of the heteroatom and, thus, the expected spin-orbit
coupling.

In order to understand the magnetic field dependence of spin relaxation in the CSS,
the contributions of various mechanisms need to be considered. These comprise the
effects of anisotropic hyperfine coupling, g tensor anisotropy and spin-rotational
interaction. All these mechanisms depend on specific magnetic properties of the two
radical moieties forming the radical pair in the CSS. In particular, we need the
components of the anisotropic hyperfine coupling tensor A;; of the magnetic nuclei and
the components g;; of the g tensors of the two radicals. Our approach was to analyze the
EPR spectra in liquid solution in as much detail as possible. Since, however, spectra in
liquid solution yield only the orientationally averaged isotropic parameters, the
measurements were complemented by quantum chemical theoretical calculations
yielding all the tensor components, and to use the isotropic information from the
spectra to validate the more detailed information from the calculations.

10.2 EPR FOR THE ISOLATED IONS

A detailed discussion of the contribution of various relaxation mechanisms determin-
ing the magnetic-field dependence of the decay of the charge separated state in
the class of DCA species shown in Fig. 10.1 will follow. However, prior to this
discussion it is necessary to establish some properties of the isolated radical species
(reduced diquat and the oxidized azine species). The primary information required for
these two radical species can be obtained through CW EPR measurements.
Unambiguous hyperfine data can be found in the literature for the reduced diquat
radical cation.>* Hyperfine coupling constants for the diquat radical are reported as
n=2) xan=04mT, 4 xag=0.35mT, 2 x ag=0.31mT, 2 X ag=0.25mT,
2 X ayg=0.06 mT, and 2 x ay =0.03 mT).

The hyperfine information for the series of azine radical donors requires deeper
consideration. Gilbert et al. report detailed hyperfine information for unmethylated
azine donors.>>*® However, the methylated donors provide a better model for
application to the DCA species under consideration. Also, the Gilbert studies do
not conclusively explain the experimental EPR data, noting a trend of reduced EPR
resolution with donor heteroatom size, without conclusive explanation. We therefore
have conducted a detailed study of the cw EPR for the oxidized methyl azine radical
cation series (MePOZ ', MePTZ "', and MePSeZ ).

Synthesis of the methylated donors can be found in the literature.>” All EPR
measurements were recorded with a Bruker EMX 200U spectrometer with a 4102ST
resonator and a variable temperature TE102 cavity. Spectra of solid DPPH were
collected immediately following each sample run for g value calibration. Solutions of
each of the donorradicals were prepared in an N, glovebox. Upon mixing of the sample
with the oxidant, the sample tube was sealed, removed from the box and frozen in
liquid nitrogen prior to the experiment. AlCl; oxidant was used in nitromethane
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solvent for the MePOZ and MePTZ donors. The MePSZ radical was formed in toluene
solvent with thallium acetate and trifluoroacetic acid. The radical species remained
stable under the given conditions for approximately 20 min at room temperature.
Variables impacting signal broadening (concentration of analyte, microwave power,
frequency, temperature, frequency modulation) were arrayed to achieve maximum
signal resolution. A concentration of 0.06 mM with room temperature data collection
proved optimal for all three species.

Figure 10.3 shows the results for the EPR measurements on the three oxidized
donor radical cations. The loss of hyperfine resolution across the series (as noted
previously by Gilbert et al.) is obvious within this methylated series.*® The isotropic
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FIGURE 10.3 EPR spectra for the oxidized donor azine series. Each spectrum is overlaid
with the relevant DPPH calibration spectrum.
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TABLE 10.1 EPR Parameters® of Me-PXZ Cation Radicals

MePOZ MePTZ¢ MePSZ
a(1N) 9.18 7.56 (7.49) 6.82
a(3H) 9.07 7.22 (7.24) 7.30
a(2H) 2.99 2.17(2.11) 2.13
a(2H) 1.49 0.96 (0.98) 0.92
a(2H) 0.56 0.75 (0.73) 0.77
a(2H) 0.57 0.31 (0.24) 0.43
a("’Se)” 23.5 (25)¢
G 2.0040 2.0052 (2.0052) 2.0153
Linewidth 0.30 0.30 0.55

“Hyperfine couplings and linewidths in Gauss.
?Natural abundance of 7.6%.

“Values from Ref. 25.

4Value for phenoselenazinium cation from Ref. 26.

magnetic parameters and homogeneous linewidth data of the azine radicals are
presented in Table 10.1.

The spectral parameters were obtained by fitting the experimental EPR spectra
using the WinSim package.”® In order to determine the hyperfine linewidth, the
specific modulation amplitude of the CW detection mode had to be taken into account.
To this end, the theoretical spectrum with optimized Lorentzian linewidth was used as
a starting point. Then the theoretical spectrum with the same hyperfine parameters but
areduced Lorentzian linewidth was calculated and transformed taking into account the
broadening due to the CW modulation technique. The reduced Lorentzian linewidth
was varied until the best correlation between experimental and modulation-trans-
formed theoretical spectrum was obtained.

In view of the visible differences in resolution of the EPR spectra, it seems
astonishing that the linewidth for the MePTZ radical cation is the same as that for
MePOZ. However, as is borne out by the simulations, the reason for this deceiving
impression is essentially exclusively due to the differences in hyperfine structure that
gives more congested lines in the case of MePTZ. For MePSZ there is a noticeable
increase in linewidth, but here again the apparent low resolution of the spectrum is
largely due to the hyperfine structure. A secondary contribution is the underlying
spectrum of 7.6% of the radicals with the magnetic ’’Se isotope.

The increase in linewidth between MePOZ/MePTZ to MePSZ is due to the spin-
orbit coupling effect of Se. (In the case of MePTZ, the increased SOC with respect to
MePOZ is not manifest in the linewidth, because other relaxation mechanisms
dominate).

10.3 CALCULATION METHODS FOR EPR OF THE ISOLATED IONS

Molecular geometries were optimized using Gaussian03 at a DFT B3LYP/6-31G
(2d,2p) level of theory using SCI-PCM solvation model (water). Effective core
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potential basis set (CRENBL ECP) was used for selenium. Hyperfine couplings were
computed using DFT B3LYP/EPR-II method in SCI-PCM water witha CRENBL ECP
basis set for Se. The calculation of g tensors was carried out in ADF2007 using
collinear unrestricted ZORA DFT PBE/TZP method.

10.3.1 Calculation of g Tensor Components

Accurate simulation of radical g tensors has only recently become possible, courtesy
of accurate solvent models,” ZORA approximation to Dirac equation,”® and the
arrival of an accurate treatment of spin-orbit coupling within the density functional
theory.' All these methods are implemented in the ADF 2007 package, which was
used for the g tensor calculations reported in Table 10.2.

As these results show, there is very good agreement between the theoretical and the
experimental values of the isotropic g factors. Thus, the anisotropic components
obtained from the quantum chemical calculations may also be considered as reliable.
These components are needed in the following two mechanisms contributing to spin
relaxation.

The relaxation mechanism depending on orientational modulation of the Zeeman
interaction is determined by the anisotropy of the radicals’ g tensors. In an axially
symmetric approximation, this anisotropy is given by

Ag=g|—8L (10.1)

In Ref. 23, we have assumed that g, equals the value g. of the free electron,

g = & (10.2)
Hence,
3giso —
gL _ (30— gc) gs"z ) (10.3)

TABLE 10.2 Theoretical Components of Radical g Tensors and Derived Quantities

Phenoxazine Phenothiazine Phenoselenazine

Cix 2.00199 2.00189 1.99982

&y 2.00411 2.00792 2.01654
8-> 2.00433 2.00607 2.02774
Ziso 2.0035 2.0053 2.0147

8exp 2.0040 2.0052 2.0153

Ag —0.00223 —0.00510 —0.02232
%(ge — giso) —0.00176 —0.00449 —0.01860
? 7.49E-06 4.60E-05 8.56E-04

5
9 (ge — giso)’ 6.23E-06 4.03E-05 6.92E-04
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and

3
Ag = E(giso_ge) (104)
As the data in the table show, the assumption of axial symmetry is well founded.
Comparing the Ag values based on the approximation (10.3) with the quantum
chemically derived values according to Equation (10.1) there is also fair agreement.

The spin-rotational interaction is controlled by dg2, the sum of square deviations

between the individual tensor components of g and the free electron value:

3% = (gi—g) (10.5)
Using, again, approximations (10.2) and (10.3) we obtain

9
dg? :i(giso_ge)z (10.6)

As is shown in Table 10.2, the agreement between the results according to the exact
Equation (10.5) and the approximation (10.6) is fairly good.

10.3.2 Calculation of Hyperfine Coupling Constants

10.3.2.1 Ab Initio Hyperfine Coupling Constants: General Notes The elec-
tron-nucleus dipolar interaction that gives rise to hyperfine coupling naturally falls
into two categories: the anisotropic part corresponding to pure dipolar interaction
between electron and nucleus at large separations and the isotropic part resulting from
a short-range dipolar interaction and stemming from the fact that because of finite size
of the nucleus, the spherical average of point-to-point dipolar interaction is not zero.
Because this second part results from short-range interactions, it is often referred to as
contact interaction.>>

The expression for the anisotropic part of hyperfine coupling involves an integral
over the spatial distribution of the unpaired electron, which is relatively easy to
compute accurately even at a relatively low level of theory.> The contact term,
however, includes a delta-function that chips out the wave function amplitude at the
nucleus point. The latter is quite difficult to compute both because standard Gaussian
basis sets do not reproduce the wavefunction cusp at the nucleus point and because
additional flexibility has to be introduced into the core part of the basis to account for
the now essential core valence interaction.>*

The basis sets and methods adequate for computing contact hyperfine couplings are
relatively recent; the best general-purpose methods (DFT B3LYP with EPR-II or EPR-
I11 basis set) were introduced in 1995 and 1996.%° EPR-I1 is a double-{ and EPR-II1 a
triple- basis set augmented by polarization and diffuse functions with core s-type
Gaussians uncontracted and a number of tight s-type functions added. Furthermore,
contraction coefficients were specifically optimized to reproduce experimental
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isotropic hyperfine couplings in a standard set of molecules. Notably, the basis sets
have been optimized for computing hyperfine couplings specifically with B3LYP
exchange correlation functional, and an attempt to use a different functional, even a
fairly good one like B3PWO91 or PBE1PBE, usually leads to poorly predicted contact
interactions. The anisotropic components, however, are always satisfactory.

The important aspect of ab initio hyperfine coupling calculations is the variation of
this parameter during molecular vibrations. In the paper that introduces the EPR-II and
EPR-III basis sets, Barone and coworkers show that the equilibrium geometry
calculation of hyperfine couplings underestimates the large couplings, which are
rectified after taking a vibrational average.>® The practical difficulties of performing
this averaging even for medium-sized molecules are, however, formidable with aneed
to compute a Hessian to perform even the simplest vibrational average. Even though
the code performing this procedure was available to the authors, the necessary
calculations were well out of reach of SGI Altix 4700 supercomputer, with the result
that the larger of the computed hyperfine couplings in the tables reported below are
noticeably smaller than the experimental values. Annoying as these small deviations
might be, the estimates obtained at the equilibrium geometry are still very reliable.’”

10.3.2.2 Theoretical Values of Isotropic and Anisotropic Hyperfine Coupling
Constants  The theoretical values for the various magnetic nuclei in the azine radials
are given in Table 10.3. The correlation of experimental and theoretical values is
plotted in Fig. 10.4. The numbering of the protons is given as follows:

10 CHs

2
8 0O 4

7 5

As exhibited by Fig. 10.4, the correlation between theoretical and experimental values
of the isotropic hyperfine coupling constants is generally very good. However, the

TABLE 10.3 Experimental and Theoretical Values of Isotropic Hyperfine Coupling
Constants”

Phenoxazine Phenothiazine Phenoselenazine

Experimentalb DFT Expt" DFT Experimentalb DFT

a("*N) 9.18 689 7.6 6.12 5.75 8.06
a(CH;) 9.07 9.50°  7.22 8.11° 7.30 7.83¢
a(HuyHey) 2.99 —289 217 234 2.13 —2.20
a(HoHoio) 1.49 134 096  —1.06 0.92 ~1.07
a(H),Ho)) 0.57 063 075  —0.57 0.77 ~0.41
a(Hsy(H7)) 0.56 063 031 0.50 0.43 0.49

“Values in Gauss.
bExperiment is insensitive to HFC sign.
¢ Average for the three protons in the minimal energy conformation of the methyl group.
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FIGURE 10.4 Experimental versus theoretical hyperfine couplings in phenoxazine, pheno-
thiazine, and phenoselenazine. The three points deviating significantly from the bisector line
belong to the '*N nuclei. This deviation is likely caused by the lack of vibrational averaging in
the calculation.

nitrogen hyperfine couplings are estimated somewhat too low. As an explanation, one
has to consider that in all structures nitrogen is significantly bent out of plane. Thus,
some very anharmonic motion is expected to exist along the direction perpendicular to
that plane. Vibrational averaging should be taken into account in order to improve the
theoretical predictions.

The anisotropic part of the nitrogen hyperfine interaction tensors are given in
Table 10.4. As assumed in Ref. 23, these are well described by axial symmetry. The
ratio between the axial anisotropy parameter Ay and the isotropic value is fairly
constant. However, the value of 2.7-2.8 for this ratio is significantly larger than
previously assumed (1.1-1.7%%). The anisotropy parameters for the 'H-nuclei at the
ring positions are in the range of 1-3 Gauss. Thus, neglecting their effect in the

TABLE 10.4 Theoretical Values of the Eigenvalues of the Anisotropic Part of the
Nitrogen Hyperfine Interaction Tensors®

Phenoxazine Phenothiazine Phenoselenazine
ANy —6.30 —5.50 —5.20
Apn.-: 12.70 11.10 10.50
AAN 19.05 16.65 15.75
ApNiso 6.89 6.12 5.75
AANANiso 2.8 2.7 2.7

“Values are given in Gauss; the z-coordinate is perpendicular to the molecular plane, x is parallel to the long
axis and y along the short axis of the molecule.
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anisotropic hyperfine relaxation mechanism, which is proportional to A%, seems well
justified. The hyperfine coupling of the methyl group is expected to be near-isotropic
due to its rotational motion.

In the diquat radical, the Ay values of the two nitrogens amount to 9.0 G. The
anisotropy axes are approximately perpendicular to the rings. Since these rings are,
however, significantly rotated against each other due to the strain exhibited by the
(CH,); bridge between the nitrogens, the two anisotropy axes are tilted toward each
other by an angle of 53°. Thereby, the combined effect of the two nitrogen couplings in
the anisotropic hyperfine relaxation mechanism must be significantly reduced relative
to a strictly coaxial situation.

10.4 IMPLICATIONS FOR SPIN-RELAXATION IN LINKED
RADICAL PAIRS

It is of interest to see how the information on the magnetic properties of the individual
radicals relates to the spin-chemically observed spin relaxation in the Ru-chromo-
phore linked radical pairs. As detailed in Ref. 23, the relaxation rate constant k, defined
in Scheme 10.1 can be extracted from the magnetic field dependence of the radical pair
recombination kinetics. The pertinent data points for DCA-POZ and DCA-PSZ are
shown in Fig. 10.5 together with the theoretical field dependence of k, and its various
contributions. For DCA-PTZ, no significant deviation from the DCA-POZ case is
observed.

Theoretically, T, relaxation of individual radicals ¢ and b is related to a k,
contribution in the radical pair by>®

1 1
k., =
2T 4 T 2T

(10.7)

Our theoretical analysis shall start with the high field behavior of k, for the DCA-PSZ
case. In this radical pair, k. must be dominated by the short 7' time of the PSZ radical.
From the linewidth, that exceeds those of the radicals POZ and PTZ by 0.25 G, we
derive a specific mechanistic contribution to 1/75 of 3.8 x 10°s™! in this radical.* It
seems natural to assign this to the spin-orbit coupling effect of selenium in this radical,
which is also borne out by the values of the g tensor components. This should lead to a
large contribution of spin-rotational relaxation for which 1/T} = 1/T,.*> With this
interpretation of the excess linewidth and using Equation 10.7, we conclude that for
DCA-PSZ k, should not drop below approximately 2 x 10°s™". Taking into account
various other magnetic field dependent contributions, we found that the magnetic-
field independent part for DCA-PSZ amounts to 3.4 x 10°s™" (cf. Fig. 10.5). This
value is close to what is expected (1.9 x 10° s~ ") for the contribution of spin-rotational
relaxation from the PSZ radical. Considering the uncertainty of linewidth determined
from the CW EPR spectra the agreement seems fair. Adopting 3.4 x 10°s™" as the
spin-rotational contribution to k. we can estimate a relation between the effective
hydrodynamic radius r of the PSZ moiety and the effective viscosity exhibited by it, by
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FIGURE 10.5 Contributions to &, in the theoretical simulation of spin relaxation in the
radical pairs from DCA-POZ and DCA-PSZ evaluated under the assumption of k7= 0 (data
points). The full simulations are represented by the curves denoted k-POZ/DQtot.A*0.45 and
k-PSZ/DQtot, respectively. The contribution from the esdi mechanism (k-esdi D = 6E-7)
corresponds to an effective translational diffusion constant of D=6 x 1077 cm?s™". The curves
indicated as k-POZ/DQ.A* represent the contributions of the a/hfi mechanism, the * indicating
the factor by which the theoretical anisotropy parameter A is reduced. The curve indicated by
k-PSZ/DQ.g denotes the contribution due to the g tensor anisotropy in the PSZ radical. The
constant values ¢ POZ and ¢’ PSZ represent the field-independent contributions to k. For details
of the calculation cf. Ref. 23.

using the theoretical relations™

1 1 1 6g2
Kisi = 57— = =_2 (10.8)
2'Tl,sri 2T2,sri 18 Te
and
4mnr
.= 10.
T 3kT (10.9)

Fromk,=3.4 x 10°s~!, weobtaint, = 1.38 x 10~ "' sandpr® = 13.8 cP Al Assuming
an effective radius between 2.5 and 3.0 A that seems geometrically reasonable, the
effective viscosity would range between 0.50 and 0.89 cP. For 1,2-dichloroethane, the
solvent used in the experiments n = 0.464 cP at 25 °C. Since, however, the radical is
linked to the complex by a tetramethylene chain one might well expect some increase of
the effective viscosity for rotational diffusion.
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To assess the spin-relaxational contribution k, ., of anisotropic hyperfine coupling
we only take the contribution from the nitrogen nuclei into account. This approach is
justified on the basis of the theoretical DFT calculations showing that the contribution
of anisotropic coupling to the 'H spins is at least by one order of magnitude smaller.
Details of the calculations of k, ,,¢ for the radical pairs are given in Ref. 23. In Fig. 10.5,
the curve denoted k-POZ/DQ.A*1 shows the theoretical field dependence of ki ¢
using the full anisotropic hyperfine couplings as obtained from the DFT calculations. It
is apparent that this contribution is quite negligible at low fields and at high fields. So,
different mechanisms must contribute in these field regions. At low fields, the main
contribution can be assigned to electron spin dipolar interaction (k) between the two
radicals which is stochastically modulated by the relative translational diffusion of the
two radicals toward each other. This may be parametrized by the distances of closest
approach and farthest separation and an effective diffusion constant. For the distance
boundaries, limits of 5.5 and 20 A, respectively, seem reasonable on geometrical
grounds. Adopting an effective diffusion constant D of 6 x 10~’ cm?/s, the low-field
behavior of k; is well reproduced (for details of the calculations of k.g; Ref. 23). Such
an effective value of D is much smaller than to be expected for free diffusion of the
radicals in the solvent 1,2 dichloroethane. However, values of such order of magnitude
may be expected for pairs of molecules covalently linked by a flexible bridge of the size
of the DCA-PXZ systems.*'** A molecular dynamic simulation for our systems
should be desirable for a more quantitative modeling of the k. contribution.

AsisshowninFig. 10.5, anisotropic hyperfine interaction can only contribute in the
intermediate field region. At high fields, even in the case of the DCA-POZ radical pair
where the spin-orbit coupling effect on g is too small to cause a significant contribution
of spin-rotational relaxation, a field-independent contribution of k, ~ 4.5 x 10°s ' is
present. This applies also to the DCA-PTZ radical pair. As for the source of this field-
independent contribution, we can only speculate. A vibrational mechanism with very
short correlation time has been invoked.? Adding the contribution k5 of the
anisotropic hyperfine mechanism to that of the esdi mechanism and the magnetic-field
independent contribution obtained from k, at high fields, the theoretical prediction
when using the values of the anisotropic hyperfine constants from the DFT calcula-
tions in the intermediate field range lead to k, values that are clearly higher than
observed (cf. the curve denoted k-POZ/DQ.tot.A*1). In order to become compliant
with the experimental field dependence of k, we have to reduce the hyperfine
anisotropy values by at least a factor of 0.45 (cf. Fig. 10.5). The reason for this
discrepancy is not clear at present. Since evaluation of the CW spectra is not sufficient
for this purpose, it would be illuminating to access the 7 times of the free radicals by
time-resolved pulsed EPR methods.

Finally, we address the apparent trend of the k,-values for the DCA-PSZ pair to
increase slightly at the high field end. Actually, this trend can be reproduced by the
contribution k. 4, of the g tensor anisotropy mechanism, however, using an orienta-
tional correlation time T, of 8 x 10~ "% s that is only about half the value extracted from
a fit of the spin-rotational mechanism, as described above. It is possible that
distortional motions of the nonplanar azine ring—which has been invoked to account
for the deviation of the isotropic '“N hyperfine constants of the azine radicals
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from the theoretical values predicted by DFT—also contributes to the modulation of
the g tensor.

In summary, the field dependence of spin relaxation in the Ru-chromophore linked
DCA-PXZ radical pairs can be rationalized well in terms of existing spin relaxation
mechanisms and the magnetic parameters of the individual radicals taken from CW
EPR spectra and DFT calculations. To complete and refine the picture, it would be
most rewarding to measure the field-dependent 7 times of the individual radicals
using pulsed FT EPR and to investigate the dynamic motion of the radical moieties in
the Ru-chromophore-DCA-PXZ triad by molecular dynamic calculations.
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REACTION DYNAMICS OF
CARBON-CENTERED RADICALS
IN EXTREME ENVIRONMENTS
STUDIED BY THE CROSSED
MOLECULAR BEAM TECHNIQUE

RALF 1. KAISER
Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI, USA

11.1 INTRODUCTION

The chemical dynamics, reactivity, and stability of carbon-centered radicals play an
important role in understanding the formation of polycyclic aromatic hydrocarbons
(PAHs), their hydrogen-deficient precursor molecules, and carbonaceous nanostruc-
tures from the “bottom up” in extreme environments. These range from high-
temperature combustion flames' ~® (up to a few 1000 K) and chemical vapor deposition
of diamonds’™'! to more exotic, extraterrestrial settings such as low-temperature
(30-200 K), hydrocarbon-rich atmospheres of planets and their moons such as Jupiter,
Saturn, Uranus, Neptune, Pluto, and Titan, 12 a5 well as cold molecular clouds holding
temperatures as low as 10K."?

On Earth, carbonaceous nanoparticles are commonly referred to as soot and are
often associated with incomplete combustion processes.'*'® Soot is primarily
composed of nanometer-sized stacks of perturbed graphitic layers that are orientated
concentrically in an onion-like fashion.'” These layers can be characterized as fused
benzene rings and are likely formed via agglomeration of polycyclic aromatic
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hydrocarbons.'® Carbonaceous nanoparticles are emitted to the atmosphere from
natural and anthropogenic sources with an average global emission rate of anthropo-
genic carbon from fossil fuel combustion.'® Once liberated into the ambient environ-
ment, soot particles with sizes of 10—-100 nm can be transferred into the lungs by
inhalation®® and are strongly implicated in the degradation of human health,?'
particularly due to their high carcinogenic risk potential. PAHs and carbonaceous
nanoparticles are also serious water pollutants of marine ecosystems>* and bioaccu-
mulate in the fatty tissue of living organisms.* Together with leafy vegetables, where
PAHs and soot deposit easily, they have been further linked to soil contamination,**
food poisoning, liver lesions, and tumor growth.*' Soot particles with diameters up to
500 nm can be transported to high altitudes®> and influence the atmospheric chemis-
try.%° These particles act as condensation nuclei for water ice, accelerate the degrada-
tion of ozone, change the Earth’s radiation budget,?” and could lead ultimately to an
increased rate of skin cancer on Earth?®* and possibly to a reduced harvest of crops.*°
Nienow and Roberts also emphasized the significance of carbonaceous nanoparticles
to understand the chemistry of atmospheric pollutants such as sulfur dioxide, nitric
acid, and nitrogen oxides.

Whereas on Earth, PAHs and related species such as (benzo[a]pyrene) are
considered as highly carcinogenic,’’ mutagenic,’ and teratogenic, and therefore
resemble unwanted by-product in combustion processes, the situation in quite
reversed in hydrocarbon-rich atmospheres of planets and their moons, as well as in
the interstellar medium.*® Here, PAH-like species are thought to contribute to the
unidentified infrared emission bands (UIBs) observed between 3 and 15 pm.** Itis also
estimated that PAHs and related molecules such as their radicals, ionized PAHs, and
heteroaromatic PAH make up to 20% of the total cosmic carbon budget.*> Also, the
role of PAHs in astrobiology should be noted.**=*

But despite the key role of carbonaceous nanostructures and their hydrogen-
deficient radical precursors in combustion processes and in extraterrestrial settings,
the fundamental question “How are these nanoparticles and their precursors actually
formed?” has not been conclusively resolved. The majority of mechanistic informa-
tion on the growth processes has been derived from chemical reaction networks that
model the formation of, for instance, PAH-like structures in combustion flames.>®>’
These models suggest that the synthesis of small carbon-bearing molecules together
with their radicals is linked to the formation of PAHs and to the production of soot and
possibly fullerenes in hydrocarbon flames.*®** Various mechanisms have been
postulated; those currently in favor are thought to involve a successive buildup of
hydrogen-deficient carbon-bearing radicals and molecules via sequential addition
steps of small hydrogen-deficient species such as carbon atoms (C), carbon clusters
(C,, C3), and carbon-bearing doublet radicals including ethynyl (C,H), cyano radicals
(CN), and phenyl radicals (C¢Hs).**>” Upon reaction with closed-shell hydrocarbons
and their radicals, these elementary reactions do not only form more complex, closed-
shell hydrocarbons, but also extremely stable resonantly stabilized free radicals
(RSFRs) and aromatic radicals (ARs)'~*'#71¢38-61 [y RSFRs, such as in the propargyl
radical (C3Hj3), the unpaired electron is delocalized and spread out over two or more
sites in the molecule. This results in a number of resonant electronic structures of
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comparable importance. Owing to the delocalization, resonantly stabilized free
hydrocarbon radicals are—similar to aromatic radicals such as phenyl
(C6H5)—62’63 more stable than ordinary radicals.®* Consequently, RSFRs and ARs
can reach high concentrations in flames. These high concentrations make them
important reactants to be involved in the formation of soot and PAHs.**’

Here, we review contemporary developments on crossed molecular beam studies
that lead to the formation of highly hydrogen-deficient molecules acting as pre-
cursors to PAH-like species. In detail, crossed molecular beam reactions of carbon
atoms (C), carbon clusters (C,, C3), and carbon-bearing doublet radicals including
ethynyl (C,H), cyano radicals (CN), and phenyl radicals (C¢Hs) will be discussed.
This chapter is organized as follows. First, a general overview of the crossed
molecular beam technique and their unique power is presented in Section 11.2.
The experimental setup (crossed beam machine) and multiple supersonic beam
sources (ablation, pyrolysis, photolysis) are compiled in Section 11.3. Hereafter, the
results of the crossed beam reactions involving carbon-centered radicals
are compiled in Section 11.4. Section 11.5 with concluding remarks closes this
chapter.

11.2 THE CROSSED MOLECULAR BEAM METHOD

Which experimental approach can best reveal the chemical dynamics of carbon-
centered radicals? Recall that since the macroscopic alteration of combustion
flames, atmospheres of planets and their moons, as well as of the interstellar
medium consists of multiple elementary reactions that are a series of bimolecular
encounters, a detailed understanding of the mechanisms involved at the most
fundamental microscopic level is crucial. These are experiments under single
collision conditions, in which particles of one supersonic beam are made to “collide”
only with particles of a second beam. The crossed molecular beam technique
represents the most versatile approach in the elucidation of the energetics and
dynamics of elementary reactions.'>®"°7 In contrast to bulk experiments, where
reactants are mixed, the crossed beam approach has the capability of forming atoms
and radicals in separate supersonic beams. In principle, both reactant beams can be
prepared in well-defined quantum states before they cross at a specified energy under
single collision conditions; these data help to derive, for instance, the reaction
mechanism, entrance barriers, information on the reaction intermediates, and
product distributions. These features provide an unprecedented opportunity to
observe the consequences of a single collision event, excluding secondary collisions
and wall effects. The products of bimolecular reactions can be detected via
spectroscopic detection schemes such as laser-induced fluorescence (LIF)®® or
Rydberg tagging,’® ion imaging probes,’®”"* or a quadrupole mass spectrometric
detector (QMS) with universal electron impact ionization or photoionization.
Crossed beam experiments can therefore help to untangle the chemical dynamics
and infer the intermediates and the nascent reaction products under single collision
conditions. It should be mentioned that recent kinetics experiments pioneered an
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isomeric-specific detection of reaction products utilizing time-resolved multiplexed
photoionization mass spectrometry via synchrotron radiation.”” Under those experi-
mental conditions, the reaction intermediates may undergo up to a few thousand
collisions with the bath molecules so that three-body encounters cannot be elimi-
nated, and true single collision conditions are not provided. On the other hand, in
“real” combustion processes, stabilizations due to collisions are important, and they
can be only probed in collisional environments. Therefore, crossed beam and
kinetics studies must be regarded as highly complementary.

The use of crossed molecular beams has led to an unprecedented advancement in
our understanding of fundamental principles underlying chemical reactivity in light
elementary reactions such as three-"*"*? and tetraatomic systems.® > These simple
systems are prototypical reactions in bridging our theoretical understanding of
reactive scattering, via dynamics calculations on chemically accurate potential energy
surfaces, with experimental observations.®® These dynamics calculations are needed
to turn the ab initio results into quantities that can be compared with experiments.
Although interest in these light elementary reactions still continues, with the devel-
opment of powerful theoretical models, attention is turning to more complex systems
of significant practical interest such as in catalysis,®’*° atmospheric chemistry,”**?
interstellar®*~° and planetary chemistry,”®'%° organometallic chemistry,'®'~'% and
combustion processes.'**'% Due to the experimental difficulties in generating two
unstable reactants simultaneously, only a very few atom-radical reactions have been
conducted so far under single collision conditions. These are reactions of ground-state
carbon atoms with propargyl by the PI'® and of oxygen atoms with z-butyl
(-C4Ho),"'? propargyl,''"''? and allyl (C5Hs)."">'"* However, the detection of the
products of the oxygen atom reactions was limited to those with well-established
fingerprints using LIF of the hydroxyl (OH) radical product formed in the hydrogen
abstraction channel and of atomic hydrogen using hydrogen atom Doppler profile
analysis. The oxygen—allyl and oxygen—-methyl system was also investigated by
Casavecchia and coworkers.'"?

11.3 EXPERIMENTAL SETUP

11.3.1 The Crossed Beam Machine

The crossed molecular beam method with mass spectrometric detection presents the
most versatile technique to study elementary reactions with reaction products of
unknown spectroscopic properties, thus permitting the elucidation of the chemical
dynamics and—in the case of polyatomic reactions—the primary products.''® The
apparatus consists of two source chambers at a crossing angle of 90°, a stainless steel
scattering chamber, and an ultrahigh-vacuum tight, rotatable, differentially pumped
quadrupole mass spectrometric (QMS) detector that can be pumped down to a vacuum
in the high 10" Torr range (Fig. 11.1).

In the primary source, a pulsed beam of open unstable (open shell) species is
generated by laser ablation (C, C,, C3),1 17 Jaser ablation coupled with in situ reaction
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FIGURE 11.1 Top view of the crossed molecular beams machine. Shown are the main
chamber, the primary (laser ablation configuration) and secondary source chambers, and the
rotatable differentially pumped mass spectrometer detector.

(CN, C,D),”® % photolysis (CoH, C,Hs, C3Hy), '%%119129 or flash pyrolysis (C3Hs,
CeHs)."*"1?2 The pulsed primary beam is passed through a skimmer into the main
chamber; a chopper wheel located after the skimmer and prior to the collision center
selects a slice of species with well-defined velocity that reach the interaction region.
This section of the beam then intersects a pulsed reactant beam released by a second
pulsed valve under well-defined collision energies. It is important to stress that the
incorporation of pulsed beams allows that reactions with often expensive (partially)
deuterated chemicals be carried out to extract additional information on the reaction
dynamics, such as the position of the hydrogen and/or deuterium loss if multiple
reaction pathways are involved. In addition, pulsed sources allow that the pumping
speed and hence costs can be reduced drastically.

To detect the product(s), our machine incorporates a triply differentially pumped,
universal quadrupole mass spectrometric detector coupled to an electron impact
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ionizer. Here, any reactively scattered species from the collision center after a single
collision event has taken place can be ionized in the electron impact ionizer, and—in
principle—it is possible to determine the mass (and the gross formula) of all the
products of a bimolecular reaction by varying the mass to charge ratio, #1/z, in the mass
filter. Since the detector is rotatable within the plane defined by both beams, this
detector makes it possible to map out the angular (LAB) and velocity distributions of
the scattered products. Measuring the time-of-flight (TOF) of the products, that is,
selecting a constant mass to charge value in the controller and measuring the flight time
of the ionized species, from the interaction region over a finite flight distance at
different laboratory angles allows extracting the product translational energy and
angular distributions in the center-of-mass (CM) reference frame. This provides insight
into the nature of the chemical reaction (direct versus indirect), intermediates involved,
the reaction product(s), their branching ratios, and in some cases the preferential
rotational axis of the fragmenting complex(es) and the disposal of excess energy into
the products’ internal degrees of freedom as a function of scattering angle and collision
energy. However, despite the triply differential pumping setup of the detector cham-
bers, molecules desorbing from wall surfaces lying on a straight line to the electron
impact ionizer cannot be avoided. Their mean free path is of the order of 10°m
compared to maximum dimensions of the detector chamber of about 1 m. To reduce this
background, a copper plate attached to a two-stage closed-cycle helium refrigerator is
placed right before the collision center and cooled down to 4 K. In this way, the ionizer
views a cooled surface that traps all species with the exception of hydrogen and helium.

What information can we obtain from these measurements? The observables
contain some basic information. Every species can be ionized at the typical electron
energy used in the ionizer, and, therefore, it is possible to determine the mass and the
gross formula of all the possible species produced from the reactions by simply
selecting different m/z in the quadrupole mass spectrometer. Even though some
problems such as dissociative ionization and background noise limit the method, the
advantages with respect to spectroscopic techniques are obvious, since the applica-
bility of the latter needs as a prerequisite the knowledge of the optical properties of the
products. Another important aspect is that, by measuring the product velocity
distributions, one can immediately derive the amount of the total energy available
to the products and, therefore, the enthalpy of reaction of the reactive collision. This is
of great help when different structural isomers with different enthalpies of formation
can be produced. For a more detailed physical interpretation of the reaction mecha-
nism, it is necessary to transform the laboratory (LAB) data into the center-of-mass
system using a forward-convolution routine.'** This approach initially assumed an
angular distribution 7(0) and a translational energy distribution P(E+) in the center-of-
mass reference frame. TOF spectra and the laboratory angular distribution were then
calculated from these center-of-mass functions. The essential output of this process is
the generation of a product flux contour map, 1(6, u) = P(u) x T(6#). This function
reports the flux of the reactively scattered products (/) as a function of the center-of-
mass scattering angle (6) and product velocity () and is called the reactive differential
cross section. This map can be seen as the image of the chemical reaction and contains
all the information on the scattering process.
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FIGURE 11.2 Schematic view of the laser ablation source.

11.3.2 Supersonic Beam Sources

11.3.2.1 Ablation Source A pulsed supersonic beams of ground-state carbon
atoms, C(’P), can be generated via laser ablation of graphite utilizing a home-built
ablation source generating reactant concentrations of up to 3 x 10 cm™ in the
interaction region of the scattering chamber (Fig. 11.2).1%

Here, a laser beam originating from a Nd:YAG laser is tightly focused onto a
rotating rod. The ablated species are seeded into a carrier gas (mostly helium, neon, or
argon). Note that no ablation source can produce a pure beam of carbon atoms or of
pure dicarbon or tricarbon molecules. However, a careful adjustment of the experi-
mental conditions (laser power, laser focus, delay times, backing pressure) can often
maximize one reactant and minimize other coreactants to less than a few percent. It
should be stressed that the experimental conditions can also be optimized so that no
carbon clusters higher than tricarbon are produced. A chopper wheel located behind
the ablation zone and after the skimmer selects beam velocities between 800 and
2950 m/s. Even though the primary beam still contains small amount of, for instance,
dicarbon and tricarbon, which may also react with the hydrocarbon reactant in the
secondary beam, energy conservation and angular momentum conservation as well
as the different center-of-mass angles and the product masses can distinguish the
carbon atom channel from those of dicarbon and tricarbon.'?> For completeness, we
would like to mention that a simple replacement of the graphite rod by boron or
silicon also enables us to establish a supersonic atomic boron and silicon source,
respectively.'®"'?® Finally, it is important to note that the seeding gases (helium,
neon, argon) can be also replaced by molecular nitrogen or deuterium. In those cases,
both nitrogen and deuterium act not only as a seeding gas, but also as a reagent. In the
ablation center, the ablated species can react with nitrogen or deuterium, thus
producing strong supersonic beams of cyano radicals (CN)''® and d,-ethynyl
radicals,”® respectively. This in situ production of cyano radicals offers numerous
advantages compared to photolytic (from ICN or C,N,) or pyrolytic (NOCN) cyano
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FIGURE 11.3 Schematic view of the pyrolytic source.

radical sources since the photolytic/pyrolytic precursors are either highly toxic or
thermally unstable.

11.3.2.2 Pyrolytic Source Pyrolytic sources can be utilized if radical precursors
are available that have very weak bonds so that a thermally induced homolytic bond
cleavage process generates two radical species (Fig. 11.3).

In this way, allyl iodide (C5H;I) and nitrosobenzene (C¢HsNO) can be pyrolyzed
quantitatively to generate allyl (C3Hs)'*' and C¢Hs'*? radicals, respectively. For
instance, a pulsed supersonic beam of phenyl radicals can be generated via flash
pyrolysis of a nitrosobenzene precursor at seeding fractions of less than 0.1%
employing a modified Chen source;'?” this unit was coupled to a piezoelectric pulsed
valve. Helium buffer gas was introduced into a stainless steel reservoir; the latter kept
the nitrosobenzene sample at a temperature of 283 K. The mixture was expanded
through a resistively heated silicon carbide tube; the temperature of the tube was
estimated to be about 1200-1500 K. At these experimental conditions, the decompo-
sition of the nitrosobenzene molecule to form nitrogen monoxide and the phenyl
radical was quantitative. Typically, supersonic beams with phenyl radical segments
holding velocities of 2800-3500 m/s can be achieved. Again, the advantage of this
beam source is the quantitative conversion of the precursor molecule into radicals; on
the other hand, the heated silicon carbide tube only allows generating “fast” radical
beams.

11.3.2.3 Photolytic Source In case of photochemically active molecules, super-
sonic beams of radicals can be generated via photodissociation of helium-seeded
precursors (Fig. 11.4).

Typically, these are bromide or iodide precursors such as bromoacetylene
(C,HBr),'" vinyl bromide (C,H5Br),'*° and propargyl bromide (C3H;Bn) ' to yield
supersonic beams of helium-seeded ethynyl, vinyl, and propargyl radicals, respec-
tively. Briefly, the radical precursor is entrained in helium at a ratio of typically 1%.
The gas mixture is released by a pulsed valve at 700 Torr backing pressure. A teflon
extension with a slit located parallel to the expansion direction of the pulsed beam was
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FIGURE 11.4 Schematic view of the photolytic source.

interfaced to the end of the nozzle; this allowed the photolysis laser (for instance,
193 nm in case of bromoacetylene) to be focused to 2 mm by 5 mm downstream of the
nozzle. Note that higher concentrations of the precursor must be avoided to eliminate
radical-radical recombination reactions in the teflon extension nozzle.

114 CROSSED BEAM STUDIES

11.4.1 Reactions of Phenyl Radicals

In this section, we compile the results of our crossed molecular beam experiments of
phenyl radicals with acetylene (C,H,), ethylene (C,H,), methylacetylene (CH;CCH),
allene (H,CCCHS,), propylene (CH;CHCH,), and benzene (C¢Hj)."'® Specific details
and the methodology of the crossed beam approach are given for the reactions of
phenyl radicals with acetylene, ethylene, and benzene as simplest representatives of
unsaturated molecules containing triplet, double, and “aromatic” bonds, respectively.
Then, the conclusions are transferred to the methylacetylene, allene, and propylene
reactants to elucidate generalized concepts on the chemical dynamics, reactivity, and
reaction mechanisms of the reactions of phenyl radicals with unsaturated hydro-
carbons in extreme environments.

We observed reactive scattering signal at m/z=102 (CgHg ") (acetylene),
miz=104 (CgHg ") (ethylene),'** and m/z=159 (C;,HsDs™") (dg-benzene)'*
(Fig. 11.5).

For all systems, ion counts were also detected at lower mass to charge ratios. It is
important to stress that at all angles, the TOF spectra recorded at lower m/z values
are after scaling identical to those taken at m/z = 102, 104, and 159 in the acetylene,
ethylene, and dg-benzene systems, respectively. These findings indicate that the
phenyl radical reacts with the unsaturated hydrocarbon molecule only under
elimination of a hydrogen atom (acetylene/ethylene) or a deuterium atom
(ds-benzene) to form hydrocarbon molecules of the gross formulae CgHg (acety-
lene), CgHg (ethylene), and C;,HsDs (d¢-benzene). Since TOF spectra at lower m/z

128
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FIGURE 11.5 Time-of-flight (TOF) spectra of ion counts at mass-to-charge rations (m/z) of
102 (CgHg") (a), 104 (CgHg*) (b), and 159 (C;,Hs5Ds") (c¢) recorded in the reactions of phenyl
radicals with acetylene (a; 99.0 kJ mol™Y), ethylene (b; 83.6 kJ mol™!), and D6-benzene
(c; 185.0 kJ mol ™) at distinct laboratory angles. The open circles represent the experimental
data, and the solid black lines the best fits utilizing the center-of-mass functions as depicted in
Figures 7 and 8. The collision energies are given in parenthesis.

values are superimposable to those at the parent ion, signal at these lower mass to
charge ratios originate from dissociative ionization of the primary products in the
electron impact ionizer of the detector. However, these data alone do not allow us to
elucidate the nature of the product isomer formed. The laboratory angular distribu-
tions, derived by integrating the TOF spectra at distinct laboratory angles, are
depicted in Fig. 11.6.

It is important to note that, for example, in case of the acetylene and ethylene
reactions, the hydrogen atom can be lost from either the phenyl radical or from the
closed-shell molecule. To pin down the position of the atomic hydrogen loss, we
conducted the crossed beam reactions of phenyl radicals with perdeuterated acetylene
(C,D5) and ethylene (C,D,). Considering the d>-acetylene reactant, the emission of a
hydrogen atom from the phenyl group should resultin signal at m/z = 104 (CgH,D, *);
on the other hand, the release of atomic deuterium is expected to be monitored at



CROSSED BEAM STUDIES 231

1201 -120

901
604
304
I

1201

(a)
(b)

-90

-60

C, 30

0 || : —— ; FL 0
(c)

-90

-60

i

-30

-120

[o7] w
(=] o
3 1

Relative intensity (a.u.)
w
o

T T T 7/

1201 -120
90 - -90
601 -60

301 C.M. 30

0 l Y 0

U T I L i I 1 T e

0 5 10 15 20 25 30 35 40 90
Lab angle © (degree)
FIGURE 11.6 Laboratory angular distributions (LAB) of 102 (CgH¢") (a), 104 (CgHg")
(b), and 159 (C,,HsDs") (c), recorded in the reactions of phenyl radicals with acetylene (a; 99.0
kJ mol 1), ethylene (b; 83.6 kJ mol 1), and D6-benzene (c; 185.0 kJ mol™1). The collision
energies are given in parenthesis. The arrows indicate the corresponding center-of-mass angles.
The open circles represent the experimental data, the solid lines the best fits with the center of
mass functions shown in Figure 7.

mlz =103 (CgHsD*). An analysis of the data taken demonstrated clearly that only
deuterium atom losses are observed from d,-acetylene and dy-ethylene, indicating that
under single collision conditions, the phenyl group stays intact during the reactions;
furthermore, the phenyl radical versus deuterium atom replacement pathways are the
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FIGURE 11.7 Corresponding center-of-mass translational energy distributions (left) and
angular distributions (right) extracted from the laboratory data as presented in Figures 5 and 6.
The solid lines are the best fits and the hatched areas the acceptable fits within the error limits of
the experiments.

dominating exit channels for the reactions with perdeuterated acetylene, ethylene, and
benzene. However, the laboratory data alone provide only evidence that products of
the generic formula CgHg (acetylene), CgHg (ethylene), and C1,H;5Ds (ds-benzene) are
formed under single collision conditions. So far, we have no information on the actual
product isomer(s) formed.

To gain these important data and to gather crucial mechanistic information, it is
important to inspect the derived center-of-mass functions and flux contour maps
(Figs 11.7 and 11.8, respectively).

The translational energy distributions, P(Et) (Fig. 11.7), are illustrated by charac-
teristic maxima of the translational energy, Eqnax, of 125-140 (acetylene), 100-120
(ethylene), and 210-230 kJ/mol (dg-benzene). Energy conservation dictates that each
high-energy cutoff (the maximum translational energy released assuming no energy
channels into the internal degrees of freedom) presents the sum of the collision energy
plus the reaction exoergicity. Consequently, a subtraction of the collision energies
from these high-energy cutoffs yields the reaction energies of the phenyl versus
hydrogen/deuterium atom exchange pathways. The reactions are found to be exoergic
by 45 4+ 11kJ/mol (acetylene), 25 + 12 kJ/mol (ethylene), and 35 4 15 kJ/mol (ds-
benzene). By comparing these experimental data with those obtained from electronic
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FIGURE 11.8 Center-of-mass velocity contour flux map for the reaction of phenyl radicals
(left; 0°) with acetylene (a), ethylene (b), and D6-benzene (c) to form phenylacetylene
(a), styrene (b), and D5-diphenyl (c) (right; 180°). The colors connect data points with an
identical flux and range from red (highest flux) to yellow (lowest flux). The units of axis are
given in ms™! (see legend).

structure calculations and/or from those extracted from the NIST database,'*® we can
identify which structural isomer is formed. A detailed comparison indicates the
reaction products are phenylacetylene (C¢HsCCH), styrene (C¢HsC,H3), and ds-
diphenyl (CcH5C¢Ds) in the reactions of phenyl radicals with acetylene, ethylene, and
dg-benzene, respectively. The second set of information that can be extracted from the
translational energy distributions originates from the distribution maxima. Itis evident
that all distributions peak away from zero translational energy at a range of 15-40
kJ/mol. This likely indicates the exit barriers when the hydrogen/deuterium atoms are
emitted. Considering the reversed addition of hydrogen/deuterium to the closed-shell
hydrocarbon molecules phenylacetylene (C¢HsCCH), styrene (C¢HsC,H3), and
ds-diphenyl (C¢HsCgDs), entrance barriers of this order of magnitude are expected
to be present.'>!
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As stated in section 11.2, the center-of-mass angular distributions, 7(6) values, and
the flux contour plots present a second set of data (Figs 11.7 and 11.8, respectively). For
all systems, fits of the laboratory data were derived with center-of-mass angular
distributions showing intensity over the complete angular range from 0° to 180°. Each
time an angular distribution has intensity over the whole range, this result is evidence
that the reactions of the phenyl radicals with acetylene, ethylene, and dg-benzene
follow indirect scattering dynamics via reaction intermediates, here C,H,CgHs,
C,H,4CgHs, and CgDgCsHs. Recall that the experiments were carried out under single
collision conditions; the absence of wall effects and third-body stabilization of these
intermediates dictate that a/l intermediates fragment due to the high internal energy
content (rovibrational excitation of the intermediates). The energy of the chemical
bond formed upon the phenyl radical reaction with the unsaturated hydrocarbon
molecule cannot be diverted by a collision with a third body! This helps us to identify
the true, primary reaction product that results from fragmentation of the reaction
intermediates. It is important to point out that the 7(8) values are not symmetric with
respect to 90°, but depict an enhanced flux in the forward direction (with respect to the
phenyl radical beam). These findings strongly indicate that the lifetime of each
reaction intermediate is shorter than their rotation periods (osculating complex
behavior).132

We would like to summarize these experimental finding and compare these data
with recent electronic structure calculations. The relevant parts of the potential energy
surfaces (PESs) are compiled in Fig. 11.9 for all phenyl radical reactions studied in our
laboratory. Here, the experimental findings correlate very well with the ab initio
calculations. As suggested by the experimental results, the phenyl radical with its
unpaired electron located in a A; symmetric G-like orbital adds via small entrance
barriers to the 1 cloud of acetylene, ethylene, and benzene to form doublet, carbon-
centered radical intermediates. It is important to recall that crossed molecular beam
experiments can predict the existence of these intermediates based on the shape of the
center-of-mass angular distributions; however, the experiments could not pin down the
energetics of these collision complexes. Here, the electronic structure calculations
provide these missing data and indicate that the collision complexes are stabilized by
about 100-70kJ/mol with respect to the separated reactants. These radical inter-
mediates are rovibrationally excited and fragment via atomic hydrogen pathways to
form closed-shell hydrocarbons. The experimentally derived reaction energies agree
nicely with those obtained from electronic structure calculations. In addition, the
computed exit barriers are confirmed by our experiments and the off-zero peaking of
the center-of-mass translational energy distributions.

It should be indicated that the methylacetylene'** and propylene'** are more
complex reactants than the nonsubstituted counterparts and depict nonequivalent
hydrogen atoms at the acetylenic and methyl group (methylacetylene) and at the
vinyl and methyl group (propylene). Therefore, even the detection of the atomic
hydrogen loss makes it difficult to elucidate if the hydrogen atoms are lost from the
methyl group, the acetylenic/vinyl units, or from both positions. In these cases, it is
very useful to conduct experiments with partially deuterated reactants ds-
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FIGURE 11.9 Schematic potential energy surfaces for the reactions of phenyl radicals with
acetylene (a), ethylene (b), and D6-benzene (c) to form phenylacetylene (a), styrene (b), and
diphenyl (c).

methylacetylene (CD;CCH) as well as ds-propylenes (CD;C,H;; CH3C,D3). Here,
the experiments showed that in the case of the ds-methylacetylene reaction, only a
hydrogen atom loss (from the acetylenic group) was observed; however, in the case
of both ds-propylene reactants, the crossed beam studied depicted explicitly
hydrogen atom losses from the methyl group (CH3C,D3) and from the vinyl group

Here, the phenyl radical once again attacks the unsaturated bond. However, the
steric effect and larger cone of acceptance (the methyl group screens the 3 carbon atom
and makes itless accessible to addition) direct the addition process of the radical center
of the phenyl radical to the o carbon atoms of methylacetylene and propylene
(the carbon atom holding the acetylenic hydrogen atom). Consequently, crossed
beam reactions with complex hydrocarbon molecules can be conducted and valuable
information on the reaction pathways can be derived if (partially) deuterated reactions
are utilized.
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11.4.2 Reactions of CN and C,H Radicals

The reactions of the isoelectronic cyano and ethynyl radicals with acetylene, "'

ethylene,'*® benzene,”” methylacetylene,”®'?” and allene'*® depict striking similari-
ties, but also important differences to the reactions of the phenyl radical. First, both the
cyano and ethynyl radials interact with their radical centers with the 7 electronic
density of the hydrocarbon reactant yielding to an addition of the radical reactant to
triple, double, and “aromatic” bonds. Compared to the phenyl radical reactions, which
depict distinct entrance barriers to addition, the reactions of cyano and ethynyl radicals
have no entrance barrier.'>' This is extremely important since a barrierless addition is
one of the prerequisites that a chemical reaction occurs in low-temperature environ-
ments such as in the interstellar medium and in planetary atmospheres. These addition
processes lead to doublet radicals. Note that in case of the cyano radicals, electronic
structure calculations also predicted that the cyano radical can add barrierlessly with
the nitrogen atom to the hydrocarbon reactant. The resulting isocyano radical
intermediates can isomerize via cyclic intermediates yielding ultimately the corre-
sponding nitrile radical intermediates. Similar to the double radicals in the phenyl
reactions, the resulting radical intermediates can fragment via atomic hydrogen
emission through tight exit transition states. These processes form closed-shell nitriles
(cyano radical reactions) as well as highly unsaturated hydrocarbon molecules
(ethynyl radical reactants) (Fig. 11.10).

CN
-0-0—0-@ '+T o-e-@—< /:E:H"’- Diacetylene
= TTTTo— 0-0-0—0-@
Cyanoacetylene -Hg
1,3-Butadiynyl

+CN +CH ® e
i — ol
Vinylcyanide Vinylacetylene
3 o
5
-H

Cyancbenzene
+CN +CH
-H -H )
1-Cyanomethylacetylana Methyldiacetylens

-

/ Ethynylallene
+CN +CoH
-H H
1,3-Pentadiyne
3-Cyanomethylacetylene

FIGURE 11.10 Products formed in the reactions of ethynyl and cyano radicals with
unsaturated hydrocarbon molecules under single collision conditions. The reaction of ethynyl
radicals with benzene is currently being studied in our laboratory.
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It should be stressed that in case of the ethynyl-acetylene reaction, a molecular
hydrogen loss channel synthesizing the 1,3-butadienyl radical is open as well. Since
the reactions of cyano and ethynyl radicals have no entrance barrier, are exoergic, and
all transition states involved are lower than the energy of the separated reactants, these
reaction classes are extremely important to form nitriles and complex unsaturated
hydrocarbons in low-temperature environments. On the other hand, the corresponding
phenyl radical reactions are—due to the presence of an entrance barrier—closed in
those environments. However, the elevated temperature in combustion systems helps
to overcome these barriers, thus making phenyl radical reactions important pathways
to form aromatic molecules in combustion flames.

11.4.3 Reactions of Carbon Atoms, Dicarbon Molecules,
and Tricarbon Molecules

The reactions of ground-state carbon atoms'* and dicarbon and tricarbon molecules'*”
have been reviewed previously. Therefore, only a very brief summary is presented
here. The interested reader is referred to the original research papers and review
articles for details. Whereas the reactions of the doublet radicals phenyl, cyano, and
ethynyl with unsaturated hydrocarbons are dominated mainly by a radical addition,
atomic hydrogen elimination mechanism and bimolecular reactions of carbon,
dicarbon, and tricarbon are more diverse. In a similar manner to the doublet radicals,
carbon, dicarbon, and tricarbon also add to the carbon—carbon double or triple bonds of
the unsaturated hydrocarbon reactant. Reactions of carbon atoms and dicarbon
molecules have no barrier to addition; however, tricarbon reactions have to pass
substantial entrance barriers between 40—110 kJ/mol in the initial addition. Recall that
the doublet radicals only add to one carbon atom of the reactant molecule (screening
effects direct an addition to the sterically more accessible and hence least substituted
carbon atom of the hydrocarbon reactant). However, carbon, dicarbon, and tricarbon
can also add to two carbon atoms simultaneously; this can lead to initially cyclic
reaction intermediates. These initial addition processes are often followed by complex
isomerization steps; in most of the cases, this results in acyclic reaction intermediates
that decompose via atomic hydrogen loss. Note that in strong contrast to the phenyl,
ethynyl, and cyano radical reactions, in case of carbon, dicarbon, and tricarbon
reactions the intermediates may also decompose without exit barrier (e.g., singlet
intermediates fragment via simple bond rupture processes). Ultimately, these
bimolecular reactions can lead to important “families” of carbon-centered radicals
(Figs. 11.11-11.13). These include linear hydrogen-terminated carbon clusters of the
formula C,H (n = 3—-6), resonantly stabilized free radicals including the C,H3 (n = 3-6)
and C,Hs (n=4-5) groups (among them propargyl), 1- and 3-alkyl-substituted
propargyl radicals (R =CH3s, C,H, C,H3), and 1- and 5-methyl-substituted i-C4Hj;
radicals. These considerations make it clear that the reactivity of carbon atoms and of
dicarbon and tricarbon molecules are remarkably diverse and differ substantially from
the reaction dynamics of doublet radicals such as ethynyl, cyano, and phenyl with
unsaturated hydrocarbons.
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FIGURE 11.13 Products formed in the reactions of ground state tricarbon molecules with
unsaturated hydrocarbon molecules under single collision conditions.

11.5 CONCLUSIONS

We have reviewed the reaction dynamics of hydrogen-deficient species such as carbon
atoms (C), carbon clusters (C,, C3), and carbon-bearing doublet radicals including
ethynyl (C,H), cyano radicals (CN), and phenyl radicals (CgHs) with unsaturated
hydrocarbons. The crossed beam reactions have provided important information on
the reaction dynamics involved (entrance barriers tricarbon and phenyl radical
reactions; exit barriers; indirect nature of the reactions proceeding via addition;
position of hydrogen versus deuterium losses), on the nature of the reaction inter-
mediates, as well as on the energetics of the reactions and on the identity of the reaction
products formed under single collision conditions. We have identified various classes
of reaction products, all of the important reaction intermediates in the chemical
evolution of combustion flames, hydrocarbon-rich atmospheres of planets and their
moons, and in the interstellar medium. These classes are organic nitriles carrying the
cyano group, phenyl-substituted closed-shell hydrocarbon molecules acting as pre-
cursors to complex PAHs, and hydrogen-deficient, carbon-centered radicals like
linear, hydrogen-terminated carbon clusters C,H (n=3-06), resonantly stabilized
free radicals including the groups C,H; (n=3-6) and C,Hs (n=4-5), 1- and
3-alkyl-substituted propargyl radicals (R = CHs, C,H, C,H3), and 1- and 5-methyl-
substituted i-C4H;3 radicals. We also inferred the existence of multiple reaction
intermediates on singlet, doublet, and triplet potential energy surfaces. Although
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in the interstellar medium and in hydrocarbon-rich atmospheres of planets and their
moons these intermediates cannot be isolated, these intermediates might be stabilized
in high-density environments like combustion flames if the time between collisions of
the energized intermediate and the bath molecules is shorter than the lifetime of the
reaction intermediates. We hope that these crossed beam experiments trigger future
investigations of hitherto poorly studied radical reactions under single collision
conditions.
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12.1 INTRODUCTION

Photopolymerization has been a rapidly growing area of science and technology during
the past several decades. Materials produced by photopolymerization are widely used
as coatings, imaging compositions, adhesives, rapid prototyping, electronics, and
optics." The most common is so-called “UV cure,” which is the polymerization of
formulations, including vinyl monomers/oligomers, under the irradiation of UV
light." Irradiation occurs in the presence of photoinitiator(s) (PI) that produce free
radicals. In this chapter, we will deal with PIs for free radical polymerization (FRP).
Moreover, we will mainly discuss PIs of Type L'® that is, compounds that undergo
photodissociation to form free radicals under UV-vis irradiation:

AB L A* + B°

The obvious requirement for a Pl is that it should absorb UV light emitted by available
light source and produce free radicals with a high yield throughout the cure. “UV cure

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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of coatings” means the formation of a polymeric film from a (viscous) liquid in the
course of photopolymerization. There are many other demands for industrial PI, for
example, low migration, low toxicity, lack of hazardous by-products of the reactions of
PIs, lack of odor, etc.

In this chapter, we will focus on photogeneration of free radicals of PIs and some
elementary reactions of these radicals. This chapter does not aim to provide an
exhaustive coverage of the subject; but tried to outline the current status of this area,
accomplishments and unresolved problems. For more specific information on one or
another reaction or a process, the reader is referred to cited literature.

12.2 PHOTODISSOCIATION OF INITIATORS

12.2.1 Quantum Yields of Free Radicals in Nonviscous Solutions

The quantum yield of the formation of free radicals @ ;s in the photodissociation step
is an important characteristic of a PI. A large family of PIs manufactured by Ciba
Additives under the names Irgacure® and Darocur® have a benzoyl fragment in their
molecular structure:

|T1
K)
@] Rj

These molecules have a high quantum yield for the formation of their triplet state
and usually rapidly dissociate into free radicals in the triplet state undergoing
o-cleavage™*®:

X

R4 Rs
O = O f
X O R3 x |c|) AS

This is termed the Norrish I type process for ketones.*

Photophysical characteristics of PIs (Scheme 12.1), especially the quantum yields
of their dissociation ®g;,, are very important. Most of the photophysical data were
measured by nanoseconds or picoseconds laser flash photolysis (LFP) or phospho-
rescence at low temperature. The properties of representative Pls are given in
Table 12.1.

There can be a substantial difference in the reactivity of n,n*and n,n* excited triplet
states in a-cleavage. These differences are experimentally characterized by Tr (triplet
lifetime) or kg; (the dissociation rate constant) for oc-cleavage.2 In general, aromatic
ketones with 7,1t lowest triplet states undergo much faster a-cleavage and have
shorter triplet lifetimes than ketones with TC,TC* states.” The latter may be dubbed
inefficient PIs.”
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SCHEME 12.1 Chemical structures of widely used PIs and their abbreviations. IRG with a
number stands for Ciba’s designation of a PI: Irgacure 2959, etc.; DAR stands for Ciba’s
Darocur 1173; TPO stands for Lucerin TPO of BASF or Darocur TPO of Ciba; BAPO stands
for bis-phosphine oxide or Irgacure 819 of Ciba.

Picosecond flash photolysis of DAR (see Scheme 12.1) allowed the direct mea-
surement of Tt as 0.4 ns (cyclohexane) and 0.2 ns (acetonitrile.)*® The lowest triplet
nm state of DAR undergoes crossing with the’s,c” state of the forming radicals.*®

Many PIs (Table 12.1) demonstrate an unusual performance: the rate constant of
S;—Tintersystem crossing is lower than kdiss.6 There is no experimental evidence so far
that PIs (Table 12.1) dissociate in the S; state.®
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TABLE 12.1 Photophysical Properties of Photoinitiators in Acetonitrile and Other
Nonviscous Solvents”

PI 71 (ns) Et (kJ/mol) Triplet Nature D giss Reference
IRG651 0.25 - - 0.95 3a
IRG651 <0.1 278 - 0.52 5
DAR 0.2-0.5 - n,m* ~0.8 3a,b
DAR 0.37 299 n,m* 0.38 2
DAR-F 0.86 301 n,m* 0.67 2
DAR-C1 1.0 295 n,m* 0.60 2
DAR-A 12,000 264 n,m* 0.03 2
DAR-B 0.31 - n,m* 0.33 2
DAR-B 3000 - n,m* 0.05 2
IRG907 10 - - ~0.3 3
IRG2959 12 295 n,m*/m,m* 0.29 2
TPO ~0.09 262-263 n,m* ~0.5 6

“For determination error of parameters, solvents, and assumptions made under estimation of parameters,
see the original publication. Tt and ®gis were measured at room temperature.

12.2.2 Cage Effect Under Photodissociation

The cage effect means that in the liquid phase, as opposed to the gas phase, molecules
undergo not a single collision but a series of collisions or contacts.”® As a result of the
cage effect, the fragments produced under photolysis (thermolysis, radiolysis) of a
molecule do not promptly separate, and they exist for a while as a dynamic geminate
(G) pair. Molecules (radicals and atoms) can also encounter each other in the course of
random walking in a solution (F pairs—pairs of radicals met in the solvent bulk as a
result of random wandering (an encounter)) and they also undergo a series of contacts.
The value of the cage effect (@) under pairwise distribution of generated radicals in the
liquid phase (G pairs—geminate RP) is the fraction of radical pairs (RPs) that undergo
reaction within a pair with formation of a diamagnetic product. The efficiency of
thermoinitiators in polymer chemistry is often designated as f =1 — @, where fis a
cage escape value. Thus, the efficiency of a Type [ Pl is @ X f. Obviously, the ideal
efficiency of a Plis 1.0, which means that every absorbed light quantum of the UV light
leads to two reactive free radicals that escape the solvent cage. PIs, which dissociate in
a triplet state with a formation of a triplet G pair, are preferable to those PIs that give
singlet pairs. Radicals of a triplet pair cannot immediately recombine or dispropor-
tionate due to spin prohibition, and they have to exit a cage (P~ 0, f ~1.) A large
family of PIs used in industry undergoes a Norrish Type I process with formation of a
triplet RP (see the previous section).’

Triplet RPs in nonviscous solutions exit the cage withf ~ 1. Anincrease in viscosity
leads to an increase in a RP lifetime and slows down molecular diffusivity: these
features allow S—T transitions to occur in the RP, and geminate recombination of free
radicals is expected to occur, increasing the cage effect ®.!" Experimental measure-
ments demonstrate that the cage effect ®@ increases with an increase in solvent
viscosity.!'™"* An increase of media viscosity, which usually takes place upon
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polymerization, also results in a decrease in the rate of polymerization as the process
approaches completion.'*

Cage effect dynamics or kinetics of geminate recombination was observed for the first
time under photodissociation of a C—C dimer of aromatic radicals in a viscous media.'* A
suggestion has been made that at least in a number of studied cases the mutual diffusion
coefficient of radicals in the pair is approximately 10 times lower than the sum of
macroscopic diffusion coefficients of the individual species. In other words, a geminate
recombination proceeds considerably longer than expected.'>'*!1

Not only does the temperature/viscosity of media affect ®@; another possible way
that @ increases in a system with the same reagents was observed in Ref. 16.
Photopolymerization of acrylamide initiated by IRG2959 (Scheme 12.1) was studied
in the aqueous solution in the presence of poly(methacrylic acid) (PMA).'® It was found
that PMA forms a cluster around the IRG2959 at pH < 6.9 and that the cluster holds the
RPin proximity. As aresult, ® increases, and the rate of photopolymerization decreases.'®

There is an important question on the initial distance and initial mutual orientation
of photogenerated free radicals. The initial distance between atoms formed from
diatomic molecules should increase with a decrease in wavelength (increasing energy
of the absorbed photon) of photolyzing light and a decrease in solvent viscosity.
However, experimental evidence for such a conclusion to multiatomic radicals is not
evident due to fast translational and vibrational relaxation. Still, there are data
testifying to the fact that with a decrease in viscosity, radicals separate at larger
initial distances or at least turn one radical against another in a way that reactive atoms
are positioned at larger distance.'!

A study of chemically induced dynamic electron polarization, CIDEP (see Section
12.3.3) on F and G pairs of radicals formed under photolysis of a common termo- and
photoinitiator 2,2’-azobis(2-methylpropionitrile) (AIBN) led to a tentative conclusion
that initial spatial separation of 2-cyano-2-propyl radicals does not depend upon
viscosity."’ However, it is plausible that the diamagnetic dinitrogen molecule formed
under photolysis of AIBN (and is invisible by ESR) separates further from a contact RP
under photolysis in solvents of lower viscosity. The problem of initial spatial separation
and mutual orientation of radicals under photolysis still waits experimental elucidation.

There is an interesting predicted effect of polymer environment on low MW
molecules (radicals).'® Let us assume that radicals strongly interact with polymer
chains by attraction or repulsion. Then, the free energy of a polymer system with low
MW species decreases when low MW species are located in the proximity of each
other.'® That means that the value of ® of transient radicals should increase in such
polymer solutions. To the best of our knowledge, this effect has not yet been observed
experimentally.

12.2.3 The Magnetic Field Effect on Photodissociation

Application of low, moderate, and strong magnetic fields (MFs) affects the escape of
free radicals from a (viscous) solvent cage or from a microheterogeneous compart-
ment such as amicelle. The theory of magnetic field effects (MFEs) is well described in
a number of review articles.'’
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FIGURE 12.1 Effect of an external magnetic field (B) on the yield of free radicals obtained
under photodissociation of IRG2959 (Scheme 12.1) in cyclohexamol.20

Figure 12.1 presents data on a low field effect (LFE) and on a moderate MFE on the
relative initial concentration of substituted benzoyl radicals obtained under LFP of
IRG2959. An application of MF of a few millitesla leads to a decrease in the yield of
radicals (see Fig. 12.1). This is the result of the action of the LFE, which enhances S—-T
mixing in the RP through removal of HF spin-state degeneracies.’>*' At higher
magnetic flux densities (B > 10 mT), a well-studied HFC mechanism'® leads to an
increase in the radical escape from a triplet RP (Fig. 12.1). LFE leads to a decrease in @
for both singlet- and triplet-born pairs. Photodissociation in a microheterogeneous
solution or in a viscous solvent leads to an increase in the RP lifetime and to the action
of the HFC mechanism of MFE.'° For example, a HFC mechanism was observed for
TPO (Scheme 12.1) in micelles. At B~ 500mT the radicals exit, and the yield of
radicals escaping from the micelles increases.”

Athigh magnetic fields of B > 1 T, another mechanism becomes efficient, namely, a
Ag mechanism.'*¢ Action of a Ag mechanism leads to an increase in ® and a decrease
in f 19a,c

The RP must live long enough to allow singlet—triplet evolution under MF: that is
one of the main demands for observation of each of the three MFEs briefly mentioned
above, 131921

Application of a moderate MF accelerates photopolymerization initiated by PI
leading to triplet RPs.'* The main effect is an increase in fand an increase in the rate
of initiation. One should expect a second weak effect leading to deceleration of a
chain termination by bimolecular radical reaction. A MFE on an F pair was observed
for the first time in Refs 23,24.

12.3 TR ESR DETECTION OF TRANSIENTS

12.3.1 CIDEP Under Photodissociation of Initiators

Laser flash photolysis of PIs in the cavity of an ESR spectrometer is often accompanied
by chemically induced dynamic electron polarization, CIDEP, that is, by the formation
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of radicals with non-Boltzmann population of electron Zeeman levels.'***¢%5 CIDEP
manifests itself in enhanced absorption or emission of all or of certain components in
the ESR spectra of photogenerated free radicals. Radicals, which manifest CIDEP, are
termed polarized. The main mechanisms leading to CIDEP in photoinduced reactions
are well established and have been investigated both theoretically and experimen-
tally. 192.6.25 The most common mechanisms, which are well described in the literature,
are triplet mechanism (TM), radical pair mechanism (RPM), and spin correlated RP
mechanism (SCRP).!?%0-25

Analysis of a CIDEP pattern with time-resolved ESR (TR ESR) spectra provides a
solid conclusion to be made on the spin multiplicity of molecular precursors of
polarized free radicals (a singlet or a triplet excited molecule) and the tracking of fast
reactions of polarized radicals leading to secondary radicals. Thus, TR ESR is a
convenient method in mechanistic photochemistry and free radical chemistry.
Continuous wave TR ESR (CW TR ESR) devices are widely used for detection of
photogenerated radicals. They usually consist of a pulsed ns laser with detection of
transients by their ESR spectra with a X band ESR spectrometer in the direct detection
mode (no filed modulation).'®*>2> Time-resolved Fourier transform ESR (FT ESR)
has some advantages and drawbacks with respect to CW TR ESR.?®?’ Rather
sophisticated FT ESR devices have become available, and FT ESR studies become
more common.

Many research groups have observed TR ESR spectra under photolysis of DAR,
IRG651, TPO, and BAPO (Scheme 12.1) and of other Type I PIs. Analysis of ESR
spectra of the primary radicals formed and their spin adducts allows determination of
radical structure. Computer simulation with user-friendly software was used to
elucidate the radical structure.

The reactions following photolysis of IRG651 and TPO lead to polarized free
radicals of PlIs:

M C%F@

IRG651

QO - QMO

SCHEME 12.2 Photolysis of PIs occurs via a triplet state and leads to polarized reactive free
radicals.

The superscript #isused in Scheme 12.2 and throughout this chapter to represent spin
polarization, a term applied to situations for which a paramagnetic species possesses
a population of spin states that is different from the Boltzmann distribution at the
temperature of the experiment. Polarization disappears during the radical paramag-
netic relaxation time, usually in the microsecond timescale. Here and below, we will
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FIGURE 12.2 TR ESR spectra of TPO in ethyl acetate were taken at different observation
times after a laser pulse. The two outmost components correspond to a large hyperfine coupling
(HFC) constant on the P atom. The signal in the center of the spectrum corresponds to 2,4,6-
trimethylbenzoyl radical (an envelope of small HEC.)*%%

use the symbol r* (r) to designate polarized (and nonpolarized) free radicals produced
by the photolysis of PIs, respectively.

Radicals r initiate polymerization. Figure 12.2 shows the TR ESR spectra obtained
under photolysis of TPO and shows that both primary radicals are polarized.

The chemical structures of other compounds described in this chapter, namely,
photosensitizers thioxanthene-9-one (TX) and 2-isopropyl thioxanthene-9-one
(ITX), monomers isobornyl acrylate (IBOA), n-butyl methacrylate (NBA), methyl
acrylate (MA), vinyl acrylate (VA) and methyl methacrylate (MMA) are presented in

Scheme 12.3.
(6] (0]
900
X ITX

AFor— oy oy
(0] O o}

IBOA NBA MA
e e
O va O NBmMA O mma

SCHEME 12.3 Chemical structures and designations of sensitizers and (meth)acrylates
described in this chapter.
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FIGURE 12.3 TR ESR spectra in ethyl acetate of (a) TPO in the presence of TX and (b) a
mixture of TPO and BAPO in the presence of ITX. Laser light was absorbed predominantly by
sensitizers.”®

The energies of the triplet states of sensitizers TX (ITX) and of PIs TPO (BAPO) are
close to each other (~260 kJ/mol), allowing for slightly exothermic or thermoneutral
T-T energy transfer from sensitizer to PL.?® Direct photolysis of phosphine oxides
results in a well-documented initial strong absorptive (A) pattern of ESR spectra (see
Fig. 12.2). Sensitization by TX or ITX of the photolysis of phosphine oxides leads
evidently to the same radicals, but an initial polarization pattern is quite different,
namely, emission/absorption (E/A) pattern (see Fig. 12.3).

Thus, the observation of TR ESR spectra patterns allows the determination of the
reaction pathway leading to the same radicals. In the cases studied, it is direct versus
sensitized photolysis.

ESR spectrometers at the X band are the most common but are not unique.
Figure 12.4 presents experimental TR ESR spectra of IRG651 (Scheme 12.1)
obtained with ESR spectrometers at different frequencies.

X band (9.5 GHz) Q band (35 GHz) W band (95 GHz)

UBW ) g \ r.ra'""" " r
3 E Igh
.R‘?IIRﬁ 87 I I.k’f‘ H-;I .
0.7 us \\ 14 :
A
. E ImT
2.0 s h f F Lﬂ ﬂl o B,

FIGURE 124 X, Q, and W band TR ESR spectra taken at different times after laser flash of
IRG651. Here, g¢ and g; are g factors of benzoyl and 1,1-dimethoxybenzyl radicals,
respectively.*”
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The data of Figure 12.4 demonstrate that an increase in frequency (and of magnetic
flux density B) leads to a larger contribution of Ag radical pair mechanism: the benzoyl
radical manifests absorption in the W band spectrum.®® A high MF leads to an increase
in Boltzmann polarization and even allows detection of transient radicals without
CIDEP effects. TR ESR spectra of TPO and BAPO were studied with these three
different microwave frequencies (Fig. 12.4) and also with a S band spectrometer
(2.8 GHz).>'>® The results obtained demonstrated a quantitative agreement
between theory and experiment of the TM action. Parameters of the excited triplet
state of BAPO (Scheme 12.1) were estimated from the dependence of the TM
polarization versus microwave frequency. In particular, zero field splitting
DZFS ~O.180m71.31

Figure 12.5 presents TR ESR and FT ESR spectra obtained under photolysis of
DAR (Scheme 12.1). One can observe a broadened signal of benzoyl radical in the FT
ESR (or a signal of much lower apparent intensity). The intensity of the signals in CW
TR ESR is determined by polarization, longitudinal (spin lattice) relaxation time T
and by the rate of chemical disappearance of r*. The intensity of signals in FT ESR is
determined by polarization, and phase memory time Ty, which includes 7', transverse
(spin—spin) relaxation time 75, and a rate of chemical disappearance of r* Broad ESR
components have short Ty, and they are difficult to observe. Broadening of compo-
nents in spin adducts is ascribed to a hindered rotation around a C,—Cg bond or
cis—trans isomerization (Scheme 12.4).26’32

Spin correlated radical pairs, SCRPs, have been observed in micellar solutions and
their origin was elucidated by Forbes et al.>>* These SCRP have been widely studied
under photoreduction of benzophenone and other electron/hydrogen acceptors mostly

| I 7

FT ESR

'_"_\[—ﬂf_"ﬁ | ()

CW TR ESR

*

o hv ?
Oor == Ot yren
20G
ﬁ.

FIGURE 12.5 FTESR (a)and (CW) TR ESR (b) spectra taken at times of several hundreds of
nanoseconds following laser excitation of DAR in propan-2-ol solution. The asterisk marks the
benzoyl radical.*®
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SCHEME 12.4 Cis—trans isomerization of acrylate adduct radicals.?®

in micellar solutions.>> SCPR in micelles were observed under photodissociation
4-tert-phenyl-1-hydroxy-1-propyl butyl ketone.*

It was suggested that substituted benzyl r of IRG651 (Scheme 12.1) slowly
dissociates (kgiss ~ 250 s~ ') with the formation of methyl benzoate and methyl radical**;

OCHj

0
| I ]
@C. e ©7C_OCH3 R CH3

|
OCH3

At the same time, this 1,1-dimethoxybeznyl radical r undergoes a facile photofrag-
mentation.>** Thus, a mechanism of photodecomposition of IRG651 becomes rather
complex and it strongly depends upon light intensity.***

It was found that photoexcited IRG651 reduces dye Methylene Blue in acrylate
media.**" It was speculated that a reducing agent is the methyl radical formed under
decomposition of IRG651.%"

Radicals r of BAPO (Scheme 12.1) are believed to dissociate during their lifetime
if they are not promptly intercepted by an acrylate (Scheme 12.5)."°

O 0O 0 0}
Il I} hv Il Il
C—P—C e Ce o P_(C
1] Ml
0O 0

SCHEME 12.5 Some probable dark reactions accompanying photolysis of BAPO.
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A trivalent phosphorous compound phosphene can abstract hydrogen from a C—H
bond with a formation of two radicals. Thus, BAPO can produce up to four
radicals upon absorption of one photon. (One absorbed einstein can lead up to four
moles of reactive radicals.) This unusual feature makes BAPO a very efficient P

IRG2959 (Scheme 12.1) was used as a probe of molecular motion in cotton fibers.>
TR ESR spectra of IRG2959 consist of spectra of RPs in aliquid-like and in crystalline
environments. Simulation of spectra led to the conclusion that radicals participate in
3D and in 2D motion. Observation of a contribution of SCRP suggested that
approximately 50% of radicals are trapped in cages of cotton fibers during the
time of the experiment (0.5 ps).>

The TR ESR spectrum of IRG651 in a viscous solvent ethylene glycol was
subjected to a detailed analysis in Ref. 36. It was assumed that in ethylene glycol
the following holds true: T; >> T,. This assumption allows the simplification of
calculations and to obtain for 1,1-dimethoxybenzyl radical T, = 0.8 ps.*

In conclusion, it is worthwhile mentioning that a number of common PIs without an
aromatic carbonyl group in their structure dissociate via an excited singlet state and
demonstrate not an E/A but an A/E (absorptive/emissive) CIDEP pattern. An A/E
CIDEP pattern was observed under photolysis of AIBN'” and of HABI dimers'®?’
(see Fig. 12.6).

12.3.2 Addition of Free Radicals to the Double Bonds of Monomers

Addition of a free radical of an initiator r to a monomer (oligomer) M is considered as
the initiation step of a polymerization. In TR ESR experiments r* can be polarized, as
well as secondary radicals:

" +M—r-M 7

1.0mT N
— O

I | I I I I I | I 1
FIGURE 12.6 TR ESR spectrum of 0-CI-HABI'® dimer in cyclohexanol.?’
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FIGURE 12.7 TR ESR spectra in ethyl acetate of (a) TPO in the presence of IBOA
and (b) BAPO in the presence of TX and IBOA. In the latter case, laser light was absorbed
mainly by triplet sensitizers. See Schemes 12.1 and 12.3 for chemical structures of compounds.*®

If the fast reactions of polarized radicals are fast enough, polarization is preserved and
is transferred into secondary radicals or spin adducts. As examples of the addition
study, we will consider the reaction of r produced from photolysis of TPO with IBOA
and with MMA (see Schemes 12.1 and 12.3 for structures of compounds.)
TR ESR spectra of PIs in the presence of IBOA are presented in Fig. 12.7.

The observed spectra (Fig. 12.7) consist mainly of polarized signals of spin adducts of
a phosphinoyl radical and an acrylate with the following structure: Scheme 12.6
demonstrates the so-called “tail” adduct, where r adds to a CH, group (“tail”). Tail
adducts are the most common in addition to substituted olefins.>® In this work, only the
tail addition was observed.?®

SCHEME 12.6 The structure of the main product of the addition of a phosphinoyl radical to
IBOA.*

(Substituted) benzoyl radicals are known to be much less reactive than phosphinoyl
radicals in addition to acrylates, and benzoyl radicals persist contributing to the center
of the CW experimental spectra of spin adducts (Fig. 12.7); see Table 12.2 and
additional comments below.

The spectra presented in Fig. 12.7 and 12.8 demonstrate that a polarization pattern
is preserved during a fast addition of radicals to a monomer. Absorptive (A)
polarization observed under direct photolysis of PIs (Fig. 12.2) results in the A
pattern of a spectrum of the spin adduct (Fig. 12.7a), and the E/A pattern observed
under sensitized photolysis (Fig. 12.3) results in an E/A pattern of a spectrum of the
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TABLE 12.2 Addition Rate Constants k,qq of Radicals of Photoinitiators

to Acrylates”

Radical Acrylateb Solvent kaaaM™'s™h Method® Reference
> 5 NBA Acetonitrile 1.3 x 10 LFP 52
>. i MA Propan-2-ol 3.5x% 107 LFP 56
>_ OH MA Toluene 367 ESR 57
(315K)
>_ H VA Propan-2-ol 7500 ESR 58a
NBA Acetonitrile 1.1 x 107 LFP 52
oo O)¢ NBA Acetonitrile 3.5x10° LFP 58¢
Q_“ NBA Acetonitrile 2.7 x10° LFP 58¢
0
C ﬁ NBA Acetonitrile 55x% 10° LFP 58¢
/
>_ / \0 NBA Acetonitrile 6.1 x 10° LFP 52
N/
Q_LO NBA Acetonitrile 2.9 %107 LFP 59a
Q_j_D NBA Toluene 1.79 x 107 ESR 42
3 1.98 x 107 LFP
Q_g —Q NBA Ethyl acetate 2.2 %10’ LFP 58a
NBA Acetonitrile 1.8x10° LFP 58¢
(o]
CSJ j—b NBA Toluene 1.2 x 10° ESR 42
i 1.45 x 10° LFP
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TABLE 12.2 (Continued)

263

Radical Acrylateb Solvent kagaM's™h  Method® Reference
(}LLL\O NBA Toluene 2.2 % 10° ESR 42
: 2.6 x 10° LFP
Cgu‘;ﬁb NBA Toluene 8.8 x 10° ESR 42
9 22 NBA Acetonitrile 2.4 %107 LFP 59a
NBA Toluene 1.25x 107 ESR 42
{;}J 1.46 x 107 LFP
Y‘i ig NBA Toluene 2.3 x 10° ESR 42
NBA Acetonitrile 1.5 x 107 LFP 59a
A “59 2
9 NBA Toluene 1.1 x 107 ESR 42
mjg)\ 1.4 % 107 LFP
e & gj NBA Acetonitrile 1.1 x 107 LFP 59a
el 5\3 NBA Toluene 7.7 % 10° ESR 42
: 8.7 x 10° LFP
O s\3 NBA Acetonitrile 1.1 x 10’ LFP 59a
dg i;} NBA Toluene 8.0 x 10° ESR 42
; 9.2 x10° LFP
N;_ Lb NBA Acetonitrile 4.0 x 10° LFP 59a
M NBA Toluene 3.73 x 10° ESR 42
' LFP
VA Ethyl acetate 3.3 x 107 LFP 58a

(continued)
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TABLE 12.2 (Continued)

Radical Acrylateb Solvent Kada (Mf1 sfl) Method Reference
Q‘E D MA n-Hexane 3.3 % 10’ LFP 60
Oﬁ_@ MMA scCO»; 140 bar 6.1 x 107 (315K) ESR 41

O_g 'G MMA Acetonitrile 8.1 x 107 ESR 41
O_g ‘O MMA Toluene 4.0 x 107 ESR 41
Q_ﬁ_@ MMA n-Hexane 1.1 x 108 LFP 60

MMA n-Hexane 2.3 %107 LFP 60

MA n-Hexane 1.1 x107 LFP 60

38

“Experiments done at ambient (room) temperature unless stated otherwise. Usual determination error of
rate constants is ~15%. See original references for more detail.

bSee Scheme 12.3 for structures of monomers.

“Methods of determination of k,qq used: ESR; Laser flash photolysis (LFP) with IR or optical detection.

spin adduct (Fig. 12.7b). Thus, TR ESR allows the establishment of the origin and
structure of free radicals, and their reactions as well.

An FT ESR and TR ESR study of the addition of radicals of DAR to NBA, NBMA,
and MMA (see Schemes 12.1 and 12.3 for abbreviations) allowed the determination of
HFC constants of the spin adducts (Fig. 12.8). An E(missive) CIDEP pattern of an ESR
spectrum of photolyzed DAR (Fig. 12.5) is transferred to the adducts (Fig. 12.8).%°

Scheme 12.7 presents another case of the addition of r#, this time to the monomer
MMA, which is very important in industrial polymerizations:*

The data shown in Scheme 12.7 confirm that addition of (substituted) benzoyl
radicals is slower than that of counter radicals (Scheme 12.7b), and therefore the
benzoyl adducts have weak signals in the TR ESR spectra. A similar conclusion was
obtained by FT TR ESR study of the photolysis of IRG2959 in the presence of NBA
(Schemes 12.1 and 12.3).*° ESR signals of two products of photolysis of IRG2959,
namely, 2-hydroxy-2-propyl radical and substituted benzoyl radical, demonstrate
quite different time dependences in the presence of acrylate. The signal of 2-hydroxy-
2-propyl radical disappears faster with an increase in acrylate concentration, whereas
benzoyl radical is practically unaffected by the presence of acrylate in concentrations
up to 0.1 M.* However, one can obtain only estimations of kinetic rate constants k,aq
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FIGURE 12.8 FTESR ((a) and (c)) and CW TR ESR ((b) and (d)) obtained under photolysis
of DAR in the presence of n-butyl acrylate NBA ((a) and (b)) and n-butyl methacrylate NBMA
((c) and (d)) in propan-2-ol solution. x: unreacted 2-hydroxy-2-propyl radical; *: benzoyl
radical 2

in TR ESR experiments by the disappearance of a radical spectrum. Examining a TR
ESR component width at a constant delay time allows the determination of k,qq (rate
constant of addition of r to a substrate).*'*?

We conclude that the dominant process under photoinitiation of polymerization of
(meth)acrylates by TPO (Scheme 12.1) is a tail addition of phosphinoyl radical to a
double bond (Scheme 12.8).

Vinyl acrylate (VA) is an intriguing compound capable of self-initiation under UV
irradiation.***** Photopolymerization of VA proceeds faster when PI is added, with
other conditions being the same. The question is which double bond is attacked by r of
PI (Scheme 12.9).

Different reactivity of the two distinct double bonds toward free radicals will lead
either to polyacrylate or to poly(l-acryloyloxyethylene) or to a mixed polymer if
reactivity of both double bonds is comparable (Scheme 12.10).

One can formally expect the formation of a total of eight adducts under the photolysis
of PIin the presence of VA: each r can form four secondary radicals: two “head to tail”
and two “head to head.”?

Photolysis of TPO (Scheme 12.1) in the presence of VA leads to the main adduct
presented according to Scheme 12.8 above. However, a weak signal, which is ascribed
to the addition to a vinyl ether group, is also observed in the TR ESR spectra.”® The
ratio of the intensities of two ESR signals is approximately 20:1. This ratio is in good
agreement with the ratio of the rate constant of the addition k.44 of phosphinoyl
radicals to the acrylate group and to the vinyl ether group (in a model compound vinyl
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SCHEME 12.7 TR ESR study of addition of r of DAR to MMA (Schemes 12.13) in ethyl
acetate. Arrows at the spectra point to a signal of substituted benzoyl radical. The top spectrum
was obtained under photolysis of DAR only. The second and the third spectra from the top were
taken in the presence of MMA. The spectra correspond to adducts of both r s of DAR
(predominantly of ketyl radical) to MMA. All radicals are polarized; the sign * is not shown in
the scheme. Vertical arrow points to a signal of a benzoyl radical.*
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SCHEME 12.8 Reaction of a phosphinoyl radical with an acrylate.
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SCHEME 12.9 The two possible additions of radicals to vinyl acrylate.

Resulting polymers: ’ N/ or mixed
n o n polymer
1) 0/\ \n/\

0]

SCHEME 12.10  Structures of polymers that can be formed under free radical polymerization
of vinyl acrylate.

pivalate) as 17:1.>° Experimental data demonstrate that polyacrylate is the main
product of the free radical polymerization of vinyl acrylate.*’

No adducts of substituted benzoyl radical are observed during the time of monitoring
of phosphinoyl adducts. Thus, in experiments with VA one main adduct and the second
adduct (in the much lower concentration) are observed instead of eight adducts is seen.

TR ESR allows not only structural identification of short-lived radicals but also
provides insights into their conformation. Analysis of the ESR spectra of adducts of
phosphinoyl radicals to acrylates reveals that these secondary radicals have two
conformations (Scheme 12.11):

OCMe3

cis trans

SCHEME 12.11  Cis—trans isomerization of acrylate adduct radicals.?® For a similar scheme,
see Scheme 12.4.

We have discussed above (Scheme 12.4) that hindered rotation along a single bond
manifests itself as a broadening of TR ESR spectra components.

The same conclusions for the primary and secondary radicals can be achieved by
steady-state (SS) irradiation in the ESR cavity termed SS ESR. SS ESR has several
advantages and disadvantages as compared to TR ESR. First, SS ESR allows for
detection of all free radicals, not necessarily only those in non-Boltzmann population
(polarized). Second, SS ESR has a high sensitivity toward paramagnetic species in low
concentration because it enables the application of field modulation. SS ESR spectra
are presented in the well-known form as the first derivative of the signal. On the other
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hand, itis not easy to detect highly reactive free radicals by SS ESR due to their low SS
concentration.

FT ESR spectra of acrylate radicals in the presence of acetone/propan-2-ol were
studied.*® A suggestion was made that acrylate radicals are vinyl radicals;*® such a
suggestion probably requires further study. Estimations of rate constants were
obtained by monitoring the temporal behavior of several components in FT ESR
spectra.*

12.3.3 Electron Spin Polarization Transfer from Radicals of Photoinitiators to
Stable Nitroxyl Polyradicals

Termination of free radical polymerization is a reaction between two macroradicals
R, ):

R, +R,’ — diamagnetic product(s)

or between R, and any other reagent X leading to the disappearance of reactive
radicals:

R,’ + X — no reactive free radicals

In particular, X can be a spin trap>” or dioxygen. (Peroxyl radicals are inactive in
propagation of the polymerization.)

Using TR ESR, amodel reaction between the free radicals of PIs and stable nitroxyl
radicals of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) family was studied. We
will abbreviate the TEMPO fragment further as N. Nitroxyl biradicals (N-O-N), had
radical termini in proximity to each other (see Scheme 12.12).

e N—O 14
149 '
N
15
OH o o N-0
N (N-O-N)

SCHEME 12.12 Chemical structure of 2,2,6,6-tetramethyl-4-hydroxypiperidine-N-oxyl
(TEMPOL, N) and biradical (N-O-N). Both symmetric (N-O-N) with "N isotopes and
asymmetric (N-O-N) with '*N and 'SN isotopes such as those presented in the scheme.*’

Both stable nitroxyls and nitroxyl biradicals are known as inhibitors of free radical
polymerization: they intercept reactive free radicals. Scheme 12.13 presents processes
occurring upon an encounter of r* and N:
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R r-N Radical combination

xn
rf+ N <:
Hex

SCHEME 12.13 Competition between chemical reaction (cross-section R.,) and spin
exchange (cross-section R.y) of a reactive polarized radical r* and a nitroxyl radical N.*’

r + N* Spin exchange

The diamagnetic molecular combination product r-N is invisible by ESR, but we can
state that the radical v*was in proximity of the stable nitroxyIN, because the TR ESR
spectrum of N*was observed. Polarization transfer from one radical to another occurs
by spin exchange.*® It is believed that spin exchange does not require physical contact
of the reagents, and it can occur at the distance of one or several molecular diameters
between radicals.

In the case of a reaction of r* with (N-O-N) (Scheme 12.12), two polarization
transfers occur: by spin exchange with an appearance of (N-O-N)* and by addition of
r* to (N-O-N) with the formation of polarized monoradical see Scheme 12.14.

Rrxn 2(r14N_o_1 5N)# + 2(14N_0_15Nr)#
r# + 1,3(14N_o_1 SN)

RGX
r+3(14N-0-15N)#
SCHEME 12.14 Competition between chemical reaction (cross-section R.,) and spin

exchange (cross-section Rey) of a reactive polarized radical r* and an asymmetric nitroxyl
biradical (“N-0-1°N).*’

In the case of symmetric (*N-O-1*N), one observes only one polarized mono-
radical (substituted TEMPO) and (14N-O-14N)#. A relatively simple TR ESR 2D
spectrum that was obtained during photolysis of IRG651 in the presence of (**N-O-
14N is demonstrated below.

The key feature of the isotopically asymmetric system is that an interaction of
a polarized reactive free radical r* with (“N-O-'SN) results in three distinct
polarized species with different sets of an for each paramagnetic species
and not overlapping spectra (Scheme 12.14): (r¥N-0-N)*, (¥N-0-'*Nr)*, and
(YN-O-"N)*. This situation is essentially different from the previously studied
case of (1¥N-0-1%N), where the three basic components of the ESR spectrum of
(N-0-"N)* coincide with components of the adduct (**N-O-"Nr)* (see Fig. 12.9).
The TR ESR spectra obtained with isotopically asymmetric (*4N-0-15N) are pre-
sented in Fig. 12.10.

The relative values of R.x versus R, were estimated by employing TR ESR and
computer simulation to estimate the concentrations of products of spin exchange and
chemical reaction between the same reagents.>®*” It was assumed that the exchange is
“strong” and chemical reactions are diffusion controlled. The unique feature
(Scheme 12.14) of the isotopic asymmetric biradical (MN-O-*N) allows the
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FIGURE 12.9 2D-TR-EPR spectrum produced by photolysis of IRG651 in the presence of
(MN-0-"N) in acetonitrile.*’

extraction of values of the ratio R.,/R,, to be ~4 from the TR ESR results. Thus, we
conclude that spin exchange between a biradical (N-O-N) and a polarized organic
radical r* occurs at a relatively large distance. If k., is in fact lower than kg (rate
constant of diffusion-controlled relation), then an estimation of 4-6 is found as an
upper limit of Rex/Ron ¥’

12.4 OPTICAL DETECTION OF TRANSIENTS

12.4.1 UV-vis Spectra of Representative Radicals

Detection of transients by their UVand visible spectra is usually performed by the laser

flash photolysis. Such experiments have been performed for more than 35 years, and

much of the data on spectra of transients, especially radicals, and on their decay

kinetics has been accumulated and has been summarized in reference books.**~>°
Figures 12.11 and 12.12 demonstrate optical spectra of P-centered radicals.

The spectra of benzoyl and 1,1-dimethoxybenzyl radicals have low extinction

coefficients. They are presented in Figures 12.13 and 12.14.

12.4.2 Representative Kinetic Data on Reactions of Photoinitiator
Free Radicals

Table 12.2 presents rate constants k,qq for the addition of r of Pls to acrylates.
In a series of reactions of phosphinoyl free radicals with different HFC ap a rate
constant of addition k,qq to NBA decreases with a decrease in ap.>” Such a correlation
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FIGURE 12.10 TR-EPR spectra produced by photolysis of IRG651 in the presence of (*4N-
0O-15N) in acetonitrile. (a) 2D spectrum, (b) 1D spectrum at 1 us after the laser flash (solid line)
after subtraction of the spectrum of r* of IRG651 contribution and its simulation (dotted line),
and (c) relative contributions of each of three polarized species into the simulation spectrum, see

the text for discussion.*’
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FIGURE 12.11 Transient absorption spectrum obtained under laser flash photolysis of TPO

in n-hexane. The spectrum is ascribed to phospinoyl radical. The inset demonstrates a transient
decay measured at A = 330 nm."!
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FIGURE 12.12 Transient absorption spectrum obtained under laser flash photolysis of
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AA x 103

S

AD

i

300 500 700
A (nm)
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FIGURE 12.14 Absorption spectrum of 1,1-dimethoxybenzyl radicals obtained under
photolysis of terz-butyl peroxide in the presence of 1,1-dimethoxytoluene in acetonitrile.***

was attributed to a decrease in the s-character of the P-atom, indicative of P-centered
radicals more planar structure and to a decrease in reactivity.’*® At the same time, the
o-radical of benzoyl with its high electron density located on the carbonyl C atom’*®
has a much lower k,qq than the 1,1-dimethoxybenzyl nt-radical with its delocalized
unpaired electron (see Section 12.3.2). Strictly Generally speaking, there is no
correlation between the reactivity of a free radical and electron or spin density on
the reactive atom of a radical.

Steric and polar effects on the values of k,qq have been analyzed in great detail
basically exhausting the problem at the present status of chemical kinetics.®'

A suggestion was made that k,4q of the 2-hydroxy-2-propyl radicals of DAR to MA
(Schemes 12.1 and 12.3) decreases with the viscosity increase,>* which would be a sign
of a diffusion-controlled or a diffusion-enhanced reaction.>> In fact, an increase in
viscosity 1200 times leads to a decrease in k,qq only 5 times and not “by orders of
magnitude,”* which does not allow the classification of the addition as almost a
diffusion-controlled (diffusion-enhanced) reaction.

Evidently, r of PIs can participate in multiple reactions, and the rate constants of
many of these reactions have been measured.*' 1523860 2_Hydroxy-2-propyl radical
reacts with TEMPO with a rate constant of ~10° M~} s_l, a value that is somewhat
lower than the rate constant k4;r expected for diffusion-controlled reactions.>* In our
opinion, it is quite possible that this reaction is limited by diffusion, but an absolute
value is less than ki due to steric limitations—screening off a reactive oxygen atom
by methyl groups of TEMPO (pseudodiffusion reactions.’”)

It was demonstrated that the P-centered radical of BAPO and its derivatives is
oxidized by cationic photoinitiators (onium salts in their ground state).%**
Phosphonium ion, a BAPO fragment, can efficiently initiate cationic polymerization.
Thus, under certain conditions, PI used in free radical polymerization can initiate a
cationic polymerization as well.**

Type I PIs that have two aromatic chromophores in their structure and, are dubbed
difunctional PIs,**® demonstrate higher rates of photopolymerization compared to
common PIs (excluding phosphine oxides) with benzoyl fragment, in particular to
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DAR (Scheme 12.1.) Difunctional PIs usually have higher extinction coefficients than
monofunctional Pls.®?*¢

12.5 IR DETECTION OF FREE RADICALS AND MONITORING THEIR
REACTIONS

There are many cases when radical absorption in the UV region overlaps with a tail of
absorption of a photoinitiator or other species produced by photolysis. Optical
detection may become less sensitive or impossible. Also, a transient radical may
have low absorption (extinction coefficient) in the UV-vis region. For example, a
benzoyl radical exhibits a weak transition at A =368 nm (e~ 150M~'cm™' 3*%)
(Fig. 12.13). In this case, the IR detection of transients can be a useful alternative.
Substituted benzoyl, substituted benzyl and phosphinoyl radicals, often discussed in
this chapter, have weak absorption in the UV region. On the contrary, benzoyl radicals
have strong absorption in the mid-IR region in the 1780-1880cm ™' due to >C=0
vibrations. IR detection of transients is observed by using a diode laser fitted with
monochromators and a sample chamber with a fast IR detector. TR IR spectra of
several r are presented in Fig. 12.15.

Kinetics of reactions of substituted benzoyl radicals of IRG2959 (Scheme 12.1) is
conveniently monitored at their maximum in an IR spectrum at 1805cm ™' (see
Fig. 12.1)*° TR IR measurements allowed determination of the rate constants of
elementary reactions of free radicals of PIs with dioxygen, thiophenol, and bromotri-
chloromethane.’">** The radicals react with dioxygen in nonviscous solutions with
rate constants of ~10° M 's™! meaning that reactions are completely or partially
controlled by diffusion.>?

Radicals of TPO (Fig. 12.16) participate in self- and cross-termination and second-
order kinetics fit is probably a random case.

12.6 CONCLUDING REMARKS

TR ESR allows the identification of the structure and even configuration of free
radicals, and helps in the understanding of their reactivity. Polarized and nonpolarized
radicals have the same reactivity because their magnetic energy is negligible com-
pared to thermal energy (kgT). Studying reactions in the magnetic field of an X band
ESR spectrometer (~0.3 T) does not affect the reactivity of radicals toward multiple
bonds of molecules. An external moderate magnetic field can slightly decrease the rate
constant of bimolecular self- or cross-termination of free radicals.'®"* Polarization of
radicals is considered a noninvasive labeling of radicals, which allows observation of
their fast reactions.

In some exceptional cases, one can detect not only a secondary polarized radical
r-M"* but also a tertiary radical r-M-M* 38

Unfortunately, it is difficult to use TR ESR in determining the rates of disappear-
ance of radicals due to a complex interplay of chemical reaction and paramagnetic
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FIGURE 12.16 Decay of a phosphinoyl radical produced under laser flash photolysis of TPO
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relaxation.*' Radical kinetics can be studied by laser flash photolysis with detection by
absorption spectra. Light of the same pulsed laser can be directed into the ESR cavity
with a flow flat cell or into an optical cell of a time-resolved spectrophotometer. Both
cells may contain the same solution.

During a microsecond time frame, which is the typical paramagnetic relaxation time
of free radicals, polarized free radicals can participate in addition to multiple bonds, to
dioxygen, in hydrogen (electron) transfer, in addition to polyradicals, etc. Products of
these reactions are polarized in most cases, and they demonstrate TR ESR signals.

The same conclusions on the structure and configuration of primary and secondary
radicals canbe achieved by SS ESR. TR ESR allows the relatively simple observation of
highly reactive transient free radicals. The method is especially convenientin the case of
transient radicals with a few magnetic nuclei, that is, with a simple ESR spectrum.

Detection of triplet states and photogenerated radicals and in the nanosecond
timescale by their optical spectra is probably the most common method used for
several decades. However, detection of radicals by their IR spectra becomes valuable
in cases of low optical extinction coefficients of transients and overlay of spectra of
radicals and parent compounds. In conclusion, laser flash photolysis with optical, IR,
and ESR detection provides a powerful arsenal to investigate radical species produced
in the photoinitiation of radical polymerization.
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APPENDIX: GLOSSARY

PI - photoinitiator

r, r' —reactive free radical formed under photolysis of PI

HFC —hyperfine coupling

RP —radical pair

SCRP —spin-correlated radical pair

TM — triplet mechanism

RPM -radical pair mechanism

TR ESR, (CW) TR ESR —time resolved continuous wave ESR
FT ESR —time resolved Fourier transform ESR

SS —steady state

;s —quantum yield of photodissociation inside a solvent cage

b -

cage effect value

f—cage escape value

Kaiss» s~ ! —rate constant of dissociation of molecule of radical into fragments

kaads M~ 1.s7!_rate constant of addition of r to a substrate

Kaisrs M~ '.s7!—rate constant of diffusion-controlled relation

G-pair — geminate RP

F-pair —pair of radicals met in the solvent bulk as a result of random wandering
(an encounter)

LPF —1laser flash photolysis

Tr—life-time of a triplet state

Ty —phase memory

A, E, A/E, E/A —absorptive, emissive, absorptive/emissive, emissive/absorptive
pattern of CIDEP spectra, respectively

MFE —magnetic filed effect (general)
LFE -low (magnetic) field effect
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13.1 INTRODUCTION

13.1.1 General Considerations

This chapter presents a critical review and a state-of-the-art assessment of the
dynamics of the motions and reactions of geminal radical pairs that are generated
by photolyses of guest molecules in glassy or rubbery polymer matrices. By virtue of
their mode of creation, these radical pairs must reside initially (that is, at their moment
of birth) in a common “cage”" within their polymer host. Specifically excluded from
this treatment will be processes of biradicals (i.e., single molecular species containing
two radical centers separated by a saturated group),” radicals that are not spin '/, and
radical pairs generated from the polymer itself. The dynamics of charge recombina-
tion® and electron or hole migration* processes in bulk polymers are not treated here as
well.

A detailed description of bulk polymers as hosts for geminal radical pairs and
their precursors is also beyond the scope of this chapter. For general sources of
information about photochemical and photophysical processes in bulk polymers, we
recommend the classic book by Guillet’ as well as the book edited by Winnik,° the
journal Polymer Degradation and Stability (incorporating the defunct journal,

Carbon-Centered Free Radical and Radical Cations. Edited by Malcolm D. E. Forbes
Copyright © 2010 John Wiley & Sons, Inc.
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Polymer Photochemistry), and a number of other physical chemistry journals. The
Polymer Handbook' is an excellent source of information about the macroproperties
of bulk polymers. Because the design of the experiments described in this chapter
requires that the incident radiation be absorbed by guest molecules directly, host
polymers that are largely transparent in the near UV and visible regions, such as
polyethylenes and polyacrylates, will be featured. Two aspects that are important in
assessing the kinetics of radical motions in bulk polymers, diffusion® and relaxation
properties,” of bulk polymers have been treated in detail for other purposes. It should
be noted that history and hysteresis can complicate analyses of dynamic data in the
glassy state.'®™'? In this regard, although probe molecules remain in the same cages for
long periods in glassy polymers (such as in poly(alkyl methacrylate)s below their glass
transition temperatures, 7g'?),'* they migrate much more rapidly in the rubbery states,
but still several orders of magnitude more slowly than in low viscosity liquids. More
than 50 years ago, Norman and Porter noted the differences in radical pair dynamics in
“soft” and “hard” glasses.'” That work presaged an understanding of the “hole” free
volumes in the glassy and rubbery states of polymers. The motional freedom
experienced by a radical pair will also depend acutely upon their shapes and volumes,
and the “hole” free volumes of the host polymers in their glassy and rubbery
states.'%!°

The reactions analyzed here (and used to generate the initial radical pairs in the
polymer media) can be separated into two distinct categories: those that involve lysis
of one molecule into two radicals (such as the Norrish Type I, photo-Fries, and photo-
Claisen reactions) and those that require bimolecular processes in which a part of one
molecule is abstracted by another (e.g., H-atom abstractions from a phenol or an amine
by the lowest energy triplet state of benzophenone). Each reaction produces either
singlet or triplet radical pairs and, thus, allows the influence of spin multiplicity on
radical pair reaction rates to be separated somewhat from other influences, such as the
natures of the polymer matrices and the radical structures. Different methods for
extracting rates of processes for the radicals from both static and dynamic data will be
discussed.

In principle, geminal radical pairs in polymeric matrices, A. . . B, can select among
amyriad of processes. The empirically observed major modes of reaction and motion,
summarized in Scheme 13.1, include: (1) recombination to reform their precursor;
(2) recombination to form a rearranged species, C, that is an isomer of the precursor;
(3) disproportionation into two non-radical species, D and E; (4) escape from the
cage and react with another entity (P) within the polymer matrix; (5) escape from the
cage and then recombine discriminately or indiscriminately upon reencounters;
(6) fragmentation within the cage to produce one or two different radicals that still
exist as a geminal pair and then undergo one or more of the processes in (2), (3),
(4), and (5).

The absolute and relative rates at which these processes occur depend on the
molecular structures of the radicals in a pair, their initial spin multiplicity and rates of
intersystem crossing, their rates of both rotational and translational diffusion'’ within
and outside their initial cages, and the nature of the radical centers. In addition, they
can be affected enormously by “external factors,” such as temperature, the nature of
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SCHEME 13.1 Important potential processes available to a geminal radical pair in a polymer
cage. A unimolecular precursor, A-B, is assumed here for purposes of illustrating step [1].

the polymer matrix,"” and applied magnetic fields.'® Although almost all of these
considerations apply to the dynamics of radical pairs in liquid isotropic media of low
viscosity, as well, their influence may be very different in bulk polymers, and local
anisotropy of the polymer microenvironments can lead to the suppression of processes
that dominate in liquid media or to new processes that are not observed there.

13.1.2 Escape Probability of an Isolated, Intimate Radical Pair
in Liquids and Bulk Polymers

Estimating the probability that an isolated, intimate radical pair, A. .. B, will either
combine or separate prior to combining has been the subject of a great deal of
experimental and theoretical effort.'”

Diffusion models of geminate pair combination connect the time-dependent pair
survival probability, P(¢), with the macroscopic properties of the host solvent.?
Radicals are treated as spherical particles immersed in a uniformly viscous medium.
The pair is assumed to undergo random Brownian movements that ultimately lead to
either recombination or escape. The expression of P(¢) depends on the degree of
sophistication of the theory chosen for analyzing the process. In the simplest theory,

known as the exponential model, it is assumed that (a) the radical pair A. .. Bis born
and reacts in a sphere of radius 6 with a uniform (unimolecular) rate constant &, and
(b) radicals escape the sphere and become free with a time-independent (unim-
olecular) rate constant kgag. Under these simplifications, the survival probability is
given by Equation 13.1.'%°

P(1) = (1 = Fea) + Feape /" (13.1)

Here, T = 1/(kaap + k;) and Feap = k,/(kaas + k) represent the fraction of radical
pairs that combine in the geminate cage (i.e., the cage factor). According to
Equation 13.1, P(f) decreases monoexponentially with time, approaching
(1 — Feap). Approximation (a) of this model is acceptable, although most experi-
mental evidence is that radicals are created at an (average) separation distance (r¢) that
generally exceeds the contact distance 6. Approximation (b) has received much more
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Free radical combinations
SCHEME 13.2 Simplified representation of the formation of a geminate radical pair, “in-
cage” combination of the radical pair (a), progressive separation (and reencounters) of the
radicals, and bimolecular random free radical combination reactions taking place at a longer
time scale when the rates of diffusion and reaction of A and B are approximately equal. An
important aspect of this scheme is that radicals A and B’ can reencounter each other and form
A-B in “out-of-cage” reactions.

criticism because it implies that the separation of a radical pair occurs in a single step,
from intimate contact to (operationally) infinite distance.

More rigorous treatments of the geminate combination also take into consideration
the probability that the radicals of a pair escape from each other, reencounter in a later
event, and finally recombine (Scheme 13.2). This model leads to time-dependent
radical pair combination rates and, accordingly, they predict that P(#) does not follow a
simple exponential decay. For instance, even for the simple case of a contact-start
recombination process (1o = ©), the survival probability is a complex function as
shown in Equation 13.2%";

P(t) = (1 — Feap) + Feape/erfe\/1/1g (13.2)

where “erfc” is the complementary error function and the relaxation time of the
process, o (Eq. 13.3), is expressed in terms of D (the mutual diffusion coefficient of
the radicals), 6 and Feap = k;/(kaas + k). In this model, &, represents an intrinsic
(bimolecular) rate constant as defined in the partially reflecting boundary condition**
and kgap is approximated by the Smoluchowski equation23: kaas = 4noD. According
to Equation 13.2, P(¢) undergoes a sharp initial decrease followed by a slow decay that
approaches asymptotically (1 — F.ap). This behavior clearly differs from that pre-
dicted by the exponential model (Eq. 13.1).
o2

tO:B(l_FcAB)Z (13.3)

In principle, the cage factor can be estimated from stationary (F.) or time-resolved
(F.ap) experiments. As will be shown later, only F5p represents the actual fraction of
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cage reaction in all cases. Radical pairs generated via thermal or photochemical
decomposition of diazenes,zz‘*26 ketones,”*29 disulﬁdes,30 and other substrates>' have
been used to study cage effects in liquids or constrained media. Asymmetrically
substituted compounds allow estimation of the fraction of radicals reacting in the
geminate cage by analyzing the product distribution according to Equation 13.4. This
equation relates product yields to (what are thought to be) the fraction of “in-cage” and
“out-of-cage” combinations by the A. .. Bradical pair.

Fo = (13.4)

Implicit in the form of Equation 13.4 are the assumptions that AA, AB and BB are
the only products, that they are always obtained 1:2:1 ratios of from out-of-cage
combinations, and that exclusive formation of AB signifies complete in-cage reaction
of the radical pairs. The limitations of Equation 13.4, particularly when applied to the
evaluation of the cage factor in constrained or microphase-compartmentalized media,
have been discussed recently.”’ In symmetrically substituted compounds where the
geminate radicals produced upon lysis have the same structures, the addition of radical
scavengers_~ or time-resolved detection of the radicals is needed for the estimation of
Feas.

Several studies directed to the estimation of the relevant parameters that control the
kinetics of radical pair combination processes using time-resolved techniques have
been reported. Results have been interpreted generally using expressions such as
Equations 13.1 or Equation 13.2, as well as more sophisticated theoretical treatments.
However, obtaining dependable absolute (or even relative) values of &, and kgqap has
been a formidable task.

As pointed out above, the possibility of observing the actual competition between
combination and escape processes depends on numerous factors, of which the most
important are: the initial multiplicity and separation of the radical pair, the mass and
size of the radicals, the viscosity of the medium, and, in some cases, specific
interactions between the radicals and their medium. In low viscosity media, only
combination and escape processes from singlet radical pairs, occurring on the pico-/
femto-second time scale, can be observed.>>3! Asnoted, Foap = 1/(1 + kgag/k:) can
be obtained from the extrapolated value of P(t — oo). However, this apparently simple
procedure has several drawbacks. For example, on the pico-/femto-second time scales,
deconvoluting P(7) from the initiating (pump) and interrogating (probe) light pulses
becomes difficult, making the estimation of the actual value of the initial concentration
of radical pairs inaccurate and, consequently, the verification of the exact time
dependence of P(¢) and the estimation of the F.ap values derived from such
experiments suspect as well. In addition, in order to fit the experimental data to
Equation 13.1 or Equation 13.2, the decay curves have to be observed over all time
(i.e., until the “plateau-like” region of P(¢) is reached). However, this is not a
straightforward task because the plateau is reached asymptotically, and what may
be considered to be the plateau value of P(¢) in a “short” time window is usually not.
The scenario can be complicated further by the interference of (bimolecular) free
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radical combination reactions that become increasingly important in the long time
scale. Nevertheless, reasonably good correlations between the values of (1 — Feap)
and the inverse of the solvent viscosity (1/1) have been found.*~*

Few time-resolved studies involving triplet radical pairs have been reporte
Because the direct interaction of a triplet radical pair to give singlet-state products is
spin-forbidden, radicals in low viscosity media can diffuse massively into the bulk,
making F.ag = 0. Thus, competition between combination and escape processes in
geminate triplet radical pairs can be observed only in very viscous media, such as the
environments provided by polymers in their in glassy or rubbery states. Although many
of the phenomena experienced by radical pairs in liquids of low viscosity and in
polymers are (in principle) similar, the anisotropy the polymer microenvironments and
the large restraints to the rotational reorientation of the radicals within the “reaction
cages” in the polymeric matrices introduce new and intriguing (theoretical and
experimental) challenges. For example, when the radii of the diffusing radicals are
not much larger than that of the solvent, as is the case of a polymer in which motions of
chain segments larger than the solutes constitute the dominate relaxation mode,
classical diffusion theory (the basis for Equations 13.1 and 13.2) is not entirely suitable
and alternative approaches must be considered.”

Hence, although following the history of combination/escape processes of radical
pairs based either on conventional laser flash photolysis or time-resolved ESR
measurements*'**? is quite tempting, obtaining reliable results from analyses of
the experimental kinetic decay curves using diffusion theory (Equations 13.1
and 13.2) is not simple. This statement is particularly true when the methodology
is applied to the study of reactions in complex matrices such as a polymer media.
Frequently, more reliable estimations of absolute values of k;, kgap, and F¢ap can be
achieved using a different approach that is more directly related to the evolution and
loss of singular radical species in mixtures of them. Examples of both types of analyses
are shown in this chapter.

35-3
d.29a, 5-38

13.2 SINGLET-STATE RADICAL PAIRS FROM IRRADIATION
OF ARYL ESTERS AND ALKYL ARYL ETHERS

13.2.1 General Mechanistic Considerations From Solution
and Gas-Phase Studies

The important mechanistic steps leading to and proceeding from singlet-state radical
pairs are shown in Scheme 13.2.4

" The diffusion coefficients associated with translational motions when the radii of the diffusing radicals are
not much larger than that of the solvent are expressed more accurately by D = kT/6mrm,,, (where r is the
radius of the diffusing radical assuming a spherical shape and 1, (= fx1) is the microviscosity. The value of
f, the microfriction factor, can be calculated® or taken equal to Dgg/Deypy, the ratio between the
Stokes—Einstein diffusion coefficient (that considers van der Waals volumes, but not interstitial volumes)
and the experimentally measured diffusion coefficient, Deypy. As will be discussed later, these relationships
appear to hold even in some polymer matrices.
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13.2.1.1 Photo-Fries Reactions of Aryl Esters Meyer and Hammond were the
first to show that the first reactive step in the photo-Fries reactions of structurally simple
aromatic esters is homolysis, leading to an aryloxy and a bent acyl radical in which the
odd electron is somewhat localized in an sp-like orbital.** Their experiments and
subsequent ones by Miranda and coworkers*® demonstrate unequivocally that the
mechanisms leading to the rearranged products, acylphenols, are not concerted.
Both experimental data (unsuccessful attempts to sensitize the rearrangements with
triplet sensitizers or to quench it with triplet quenchers)*®*” and calculations*® eliminate
the lowest energy triplet and strongly suggest the first excited singlet as the immediate
precursor of the reactive species. The observation that the rate of acetyl/1-naphthoxy
radical pair recombination in acetonitrile at room temperature is >10'"s™" *° is further
evidence for the singlet nature of the precursor in this case, 1-naphtyl acetate (1-NA).

At the moment of their “birth” (i.e., when the excited singlet states of the aryl esters
undergolysis), the geminal radical pairs mustbe in positions that make their shape similar
to that of their precursor ester: the radical center of the acyl part is very near the oxygen
atom of the aryloxy part, and all subsequent diffusion of the two species starts from this
orientation. As a result, addition of an acyl radical to its aryloxy partner is favored
spatially at the nearer adjacent (ortho) position(s) than at the more distant meta and para
positions. However, the ability of the acyl radical to add to each of the positions of an
aryloxy radical is expected to depend on the energies of the adducts*®° (which are keto
intermediates that enolize thermally with time to the eventual products’'; Equation 13.5
shows an example of the keto intermediate for acyl addition to the ortho position of
phenoxy). The spin densities at the 2-, 4-, and oxy-positions of 1-naphthoxy (and of
phenoxy) from ESR measurements> and HF/6-31G* level calculations™ (in parenthe-
ses) are shown in Fig. 13.1. Those for the 2-naphthoxy radical by ESR measurements™*
and MNDO-UHF calculations>> are collected in Table 13.1. These considerations
explain why the yields of products from addition at the “meta” positions are very low.

O o) R OH R
o o (135)
i .\/ o o .
b H

(0.72)0 s 0840 076
© / (0.86) / (0.91)
10 10
(0.68) (0.94)

FIGURE 13.1 Spin densities at different positions of phenoxy and 1-naphthoxy radicals.
Values at the meta and meta-like positions are not shown because they are very low.
Reproduced with permission from Ref 43. Copyright (2001) Japanese Photochemistry
Association.
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TABLE 13.1 Spin Densities (Atomic Units) of Carbon Atoms and Oxygen of the 2-
naphthoxy Radical from MNDO-UHF Calculations and ESR Data

position MNDO-UHF ESR

1 0.399 0.454

3 0.055 0.061 8 1 o
4 0.005 0 (assumed) 7

5 0.004 0.062 6 OO 3

6 0.134 0.228 5 4

7 0.000 0.051

8 0.100 0.181

oxygen 0.110

Decarboxylation of excited singlets of aromatic esters (Eq. 13.6) is a concerted
process,’® and it can account for a significant fraction of the reaction by appropriately
substituted aryl esters, especially in bulk polymers and other media that are capable of
imposing conformational constraints on guest molecules.”” Because photoinduced
decarboxylation occurs before lysis of the aryl esters, it does not influence the rates at
which the A’ B’ singlet pair react. For that reason, the relative yields of decarboxylation
products need not be considered in analyses of the radical pairs unless their formation
precludes sufficient radical pair production for their easy direct or indirect detection.

2

1 R
O/O (o) ©::0\‘¢0 -co, . 3
Rﬁ’“‘--l R R\':"'T- " R ;
3 57 3
R, R,

(13.6)

WA

Asindicated in Scheme 13.1, radicals that escape from their cage of origin can undergo
a myriad of reactions, but the dominant one for the aryloxy radicals in media with
potential H-atom donors is production of arylols (step 4). Thus, in the absence of
radical pair disproportionation (step 3) and reencounters of aryloxy and acyl as in
step 5 (or their decarbonylated counterparts, alkyl radicals; see below), the yield of
arylol-type product can be related directly to the amount of cage escape suffered by
the geminal radical pair. Alternatively, the absence of A—A or B-B type products in
step 5 (or combination of radicals derived from A" and B’) constitutes evidence
against the escape of geminal radical pairs from their initial cages.

Reaction of all of the radical pairs within their initial cages does not preclude one
or both of the radicals from undergoing a structural change (N. B., step [6] in
Scheme 13.1). In the case of photo-Fries reactions, the most commonly encountered
structural change is loss of carbon monoxide (CO) from the acyl radical, leading to
formation of an alkyl radical. The rates of decarbonylation of acyl radicals have been
measured for a wide variety of acyl structures as a function of the medium viscosity
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and polarity and at different temperatures. The results indicate that the rate of loss of
CO is not affected appreciably by solvent viscosity,”**® but it is profoundly by the
acyl structure®® and somewhat by solvent polarity.”®*>**% Based upon data for
decarbonylation of arylacetyl radicals,”® the rates for loss of CO from alkanoyl
radicals are expected to be a factor of about 3 slower in a very polar solvent,
acetonitrile (€ ~ 36) than in the low polarity solvent, n-hexane (€ ~ 1.9). Because the
bulk polarities of the polymers discussed in this chapter, polyethylene (€~ 2.3),
poly(vinyl acetate) (e~ 3.5), and poly(methyl methacrylate) (€ ~2.8),” are much
closer to that of hexane or the gas phase (¢ =1.0) than that of acetonitrile, it is
reasonable to use the decarbonylation rates in the gas phase or in alkane solutions
throughout.

13.2.1.2 Photo-Claisen Reactions of Alkyl Aryl Ethers Photo-Claisen reactions
of alkyl aryl ethers®' proceed via a homolytic cleavage of the aryloxy—alkyl
bond, yielding an aryloxy/alkyl geminal radical pair initially®*“* that can undergo
all of the processes shown in Scheme 13.1. Interestingly, photolysis of an aryl ester
and subsequent decarbonylation can produce a radical pair that is structurally the same
as the pair made directly upon photolysis of the analogous alkyl aryl ether. As will be
discussed in some detail, the mechanistic consequences of the immediate (from an
alkyl aryl ether) and delayed (from an aryl ester) formation of an aryloxy/alkyl radical
pair can yield interesting dynamic information about microdiffusional processes.

The multiplicity of the excited state of the alkyl aryl ether responsible for the direct
formation of aryloxy/alkyl geminal radical pairs is not as clearly defined as in the case
of the aryl esters. For example, although allyl phenyl ether can react from its excited
singlet or excited triplet states, the photoproduct distributions from each are very
different,* and direct irradiation initiates reaction from only the excited singlet
state.®*%* Although reaction occurs from both the excited singlet and triplet states of
dimethylallyl 1-naphthyl ether when it is irradiated directly,* very little (if any) lysis
from the triplet state is found when benzyl 1-naphthyl ether is irradiated directly.®®
Thus, reaction by the triplet state of benzyl 1-naphthyl ether can be sensitized, but the
rate of intersystem crossing from the excited singlet state is much slower than the sum
of the rates for its deactivation, including that for lysis.

13.3 PHOTO-REACTIONS OF ARYL ESTERS IN POLYMER
MATRICES. KINETIC INFORMATION FROM CONSTANT
INTENSITY IRRADIATIONS

Control over the course of the rearrangements of aryl esters can be achieved when the
host matrix can interact with the ester and its intermediates through electrostatic or
H-bonding interactions. Zeolites®® and Nafion membranes®’ are two polymeric
matrices in which such studies have been conducted. As mentioned above, the
positions of the radical centers of the acyl radicals are known to be very near the
oxygen atoms of their aryloxy partners at the moment of “birth” of the radical pairs
from the excited singlet state of an aryl ester in all media; all subsequent diffusion
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commences from this arrangement. The amount of acyl migration to positions
adjacent to the aryloxy oxygen atom is enhanced and escape of the radicals from
their initial cage is greatly suppressed in Zeolites, Nafion membranes, and bulk
polymers in their rubbery states. Escape is also suppressed in the glassy state of poly
(methyl methacrylate) (PMMA), where diffusion of small guest molecules is slowed
much more than in the melted (rubbery) state, and irradiation results in the creation
of a nonrandom distribution of “quenchers” of additional reaction'>* that we suggest
may be the keto intermediates that form upon recombination of the radical pairs
and eventually enolize to yield the isolated acylarylol rearrangement products.
Regardless, the inability of the radicals to escape from their initial cages and the
inability of the “quenchers” to diffuse over long time periods are manifestations of the
difference between bulk polymeric and normal liquid solvent hosts. To understand
these differences quantitatively and to exploit them, it is necessary to analyze the
kinetics of the processes responsible for the reactions.

13.3.1 Relative Rate Information from Irradiation of Aryl Esters
in Which Acyl Radicals Do Not Decarbonylate Rapidly

As mentioned above, the general preference for the ortho- and para-like rearrange-
ment products can be understood on the bases of the heat of formation and spin density
arguments. It is not necessary for the guest aryl ester to be imbedded in a glassy matrix
or to be exposed to electrostatic and H-bonding interactions for a polymer matrix to
exert control over the motions of an aryloxy/acyl radical pair within a polymeric cage
that affect profoundly the preference for ortho or para combinations.

For example, irradiation of either 2-naphthyl acetate (2-NA) or 2-naphthyl
myristate (2-NM) in the rubbery state of a low density polyethylene (LDPE) or a
high density polyethylene (HDPE) yields a variety of in-cage rearrangement products
and 2-naphthol (2-NOL), a cage-escape product (Table 13.2).°*%° Both LDPE and
HDPE consist of amorphous and crystalline regions; LDPE has a larger volume

TABLE 13.2 Photoproduct Distributions from Irradiations of 2-NA and 2-NM in
Hexane and in PE Films at Room Temperature

substrate medium 1-AN 3-AN 6-AN 3-AN/6-AN 2-NOL“

2-NA hexane 5742 16+1 6+3 9.5 21+2
LDPE(u) 38+2 1741 2242 0.77 2343
LDPE(s) 31+2 21+1 17+£2 1.2 31£5
HDPE(u) 21+4 29+5 21+3 14 29+5
HDPEC(s) 20+4 66 +4 2 >33 12

2-NM hexane 43 £2 32+2 8+1 4.0 15+6
LDPE(u) 0 8542 10+2 8.9 5
LDPE(s) 0 >90 1 >90 10
HDPE(u) 0 8342 1242 6.9 5
HDPE(s) 0 94+3 1 >04 5

“Limit of detection was 5%.
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fraction of amorphous parts than HDPE. In general, guest molecules reside only in the
amorphous parts and in “interfacial regions” that are at the borders between the
crystallites and amorphous chains. Equations 13.7 and 13.8 summarize the relevant
reactions and products.

o
“ ob* : q @ 137
1-NA R=CH,
1-NM R = (CH,),;H Z-A 1-NOL
2-NA R=CH
2 R={CH30)‘3H 1-AN 3-A (13.8)
I I ,OH l I OH
2-NOL

Stretching the LDPE film, a macroscopic perturbation on the matrix, resulted in
an interesting microscopic change in the guest cages that causes the some suppression
of the formation of the most globularly-shaped product, 1-AN. Stretching the HDPE
film also suppresses strongly the formation of 6-AN, a photoproduct whose formation
requires much more translational acetyl radical diffusion within the cage than
does formation of 3-AN, a similarly shaped product. The effects of increasing the
size of the acyl radical (and, thereby, decreasing it rate of diffusion), as well as
film stretching, are demonstrated by results from irradiation of 2-naphthyl myristate
(2-NM). Even in unstretched LDPE and HDPE, neither the cage-escape product
2-NOL nor the bulky rearrangement product 1-AN is detected. The absence of 2-NOL
from irradiation of 2-NM marks the acetyl radical rather than the 2-naphthoxy
radical as the species that escapes from the cages when 2-NA is the guest
molecule. Stretching the films increases the relative yields of the more linear product
from 2-NM.

The influence of irradiating 1-naphthyl myristate (1-NM) in LDPE or HDPE
is even more dramatic (Table 13.3). In hexane solutions, two photoproducts,
2-myristoyl-1-naphthol and 4-myristoyl-1-naphthol are obtained in a 1.3/1 ratio®®";
only one photoproduct, 2-myristoyl-1-naphthol (2-AN), is obtained in unstretched
LDPE and HDPE.®*"

Theirradiations of 1-NA and 1-NM have also been investigated above (at 323K) and
below (273K) the Tg of two poly(vinyl acetate) films (PVAC-83 and PVAC-140;
average molecular weight 83K and 140K, respectively).”! The results in Table 13.4 are
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TABLE 13.3 Photoproduct Distributions from Irradiations of 1-NA and 1-NM in
Hexane and Unstretched (u) and Stretched (s) PE Unstretched (u) and Stretched (s)
Films at Room Temperature

substrate medium 2-AN 4-AN 2-AN/4-AN 1-NOL“

1-NA hexane 28.0+0.4 31.2£04 0.9 40.81+0.2
LDPE(u) 77.84+0.5 150403 42 82+04
LDPE(s) 77.8+04 159+0.5 4.9 6.3+0.4
HDPE(u) 78.1+0.2 16.1£0.4 4.9 58+0.3
HDPE(s) 76.84+0.2 13.1+04 5.9 10.1+0.4

1-NM hexane 40+£0.1 3.0+0.1 1.3 <2
LDPE(u) 100 <1 >100 <2
LDPE(s) 100 <1 >100 <2
HDPE(u) 100 <1 >100 <2

“Detection limit was 2%.

representative. They indicate that the fate of the radical pairs depends on the state of the
PVAcaswell as the specific aryl ester being irradiated. Thus, the 2-AN/4-AN ratios for
acetyl/1-naphthoxy radical pairs from 1-NA are very high in the glassy states and
decrease significantly in the rubbery states (where polymer chain mobility is increased
and acetyl radical motions to the more distal 4-position of the 1-naphthoxy radical are
facilitated). The relative yields of NOL are surprisingly high from irradiations in both
states of the polymer and their formation may be associated with the presence of
abstractable H-atoms along the polymer chains. Regardless, the 2-AN/4-AN ratios for
myristoyl/1-naphthoxy radical pairs from 1-NM exhibit a completely different depen-
dence on the state of the polymer. Their ratios are higher in the glassy state than in the
rubbery one! A possible explanation for this result is that the glassy polymer
matrix controls the ground state conformations of 1-NM and subsequent motions
of myristoyl radicals with respect to their 1-naphthoxy partners. The qualitative
observation that the efficiency of the photoreactions of 1-NM in the glassy states is
very low may be important here as well—reaction may be occurring in cages that force
1-NM molecules into conformations that are not representative of the vast majority of
molecules.'***%°

TABLE 13.4 Photoproduct Distributions from Irradiations of 1-NA and 1-NM in
PVAc Films

Substrate  PVActype T (K) 2-AN 4-AN NOL [2-AN]/[4-AN]
1-NA PVAc-83 273 65.5+3.7 23405 322+3.8 28
323 80.2+32 40+04 15.8+3.3 20
PVAc-140 273 90.9+0.1 1.6 +£0.1 7.5+0.2 57
323 61.3+5.7 254+0.6 36.1 £5.1 24
1-NM PVAc-83 273 66.3+27 320425 1.74+£0.2 2.1
323 833+24 132428 35+£04 6.3
PVAc-140 273 812+12 169+1.7 1.9+0.6 4.8

323 879+03 83+07 3.8+£03 12
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SCHEME 13.3 A simplified mechanism for photo-Fries reactions of 1-naphthyl esters,
showing the central role of the initially formed singlet radical pairs.
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In each of the aryl esters discussed above, the acyl radical formed upon lysis of the
excited singlet state of the ester loses CO very slowly at the temperatures of
the irradiations. At 296K, the rates of loss of CO by acetyl and propanoyl radicals
in the gas phase are 4.0 and 2.1 x 10%s ™', respectively.** As a result, no products from
decarbonylation and rearrangement are expected®® (or have been found) when either
of the NA or NM isomers is irradiated in liquid solvents or bulk polymers, and kinetic
information from photoproducts alone is limited to relative rates of radical pair
processes (Scheme 13.3). For example, if no Fries products from 1-NA or 1-NM
emanate from reencounter of radicals that have escaped from their initial cages,
[2-AN]/[4-ANV/[1-NOL] = koalksalknoL-

13.3.2 Absolute and Relative Rate Information from Constant Intensity
Irradiation of Aryl Esters in Which Acyl Radicals Do Decarbonylate Rapidly

When the rate of decarbonylation by an acyl radical is comparable to the rates of
in-cage combination by the acyl/aryloxy radical pair and no Fries- or Claisen-like
(from in-cage combination of alkyl/aryloxy radical pairs after decarbonylation)
rearrangement products are derived from radicals that reencounter after escaping
from their initial cages, a great deal of additional kinetic information can be
obtained. Because no acyl radicals of which we are aware lose CO at rates that
are comparable to the rates at which geminal singlet acyl/aryloxy radicals combine
in low-viscosity liquid solutions***°and the rates of decarbonylation cannot be
enhanced significantly by solvent effects, the lifetime of the radical pairs in their
cages must be prolonged in order to allow decarbonylation to precede radical pair
combination and formation of the needed Claisen-like products (Eq. 13.9).
Irradiating aryl esters such as 1a and 1b in bulk polymers is a convenient method
to accomplish this goal; placing the esters in a polymer matrix does not affect the
“clock,” the rate of loss of CO, but placing the radical pairs in “viscous space” does
slow their rates of in-cage combination by a factor of 10°~10>. Using this approach
and aryl esters whose lysis yields substituted arylacetyl radicals with rates of
decarbonylation from ~10°to >10%s ' at 296K in low-viscosity alkane solutions,**
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SCHEME 13.4 Reprinted with permission from Ref 47. Copyright (2000) Elsevier
Science Ltd.

it is possible to form Claisen-like products can be formed.*’

D
a: R CH,Ph
b: R = CH(CH,)Ph i R i
NOL (B2),

(13.9)

Starting from the mechanistic Scheme 13.4, it is possible to apply Equations 13.10
and 13.11 (below), provided some verifiable assumptions hold:

1. The fraction of the acyl/naphthoxy radical pairs that escape from their initial
cages (kesc) should be known. That fraction can be approximated from the
yields of (Bz),, the dimerization product of the decarbonylated radical. In
practice, the fractions of NOL and (Bz), arising from the k.. and k. pathways
cannot be determined easily. As long as the relative yield of (Bz), is very small,
the values for k5 and k4 calculated from Equations 13.10 and 13.11 are
overestimated by amounts that are usually less than the experimental error in
determining the relative yields of the 2-AN, 4-AN, 2-BN, 4-BN, BzON, and
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NOL. The NOL' in Equations 13.10 and 13.11 is the naphthol formed from the
Keser step.

2. There should be no return of CO to add to an alkyl radical (i.e., the reverse of
k.co). Ryu and coworkers’? have demonstrated that the activation barrier for
such a process is prohibitively high—6.0 kcal/mol in benzene solution for a
primary radical, and it must be higher for a benzylic or aryloxy radical—to
allow it to compete with the other in-cage processes in Scheme 13.4, even when
the medium is a polymer matrix. In addition, it is possible to estimate the
translational distance (d) traveled by a molecule of expelled CO during the
periods required for a singlet radical pair to combine. Using the simple
expression, d=(2Dt)"?,”? and the diffusion coefficient D for CO in polyeth-
ylene,’”* the distances are <5 Ain the first ns and 100 A during 100 ns. If the
radius of a cage is approximately the same as the van der Waals radius of a
simple aryl ester (such as those discussed here), <10 A a large fraction of the
CO should be able to escape before a benzylic radical combines with an aryloxy
partner.”

3. The absolute rate constant for loss of CO from the acyl radical in the cage
occupied by the other radical, k_.co, must be known. Laser flash photolyses
carried out in both liquid solutions*®® and bulk polymers*** on dibenzyl
ketone and derivatives of it, yielding triplet benzylic/arylacetyl radical pairs,
indicate that the presence of a benzylic radical within a cage has no discernible
effect on the rate of loss of CO from the arylacetyl partner. Thus, where values
of k_co are not known in a polymer, rate constants measured in liquid media of
similar polarity may be used.

Rate constants for radical combinations for several arylacetyl/aryloxy radical pairs
in unstretched (u) and stretched (s) polyethylene films of different crystallinities** and
in PVAc-83 above Tg’¢ have been calculated in this way over a range of temperatures.

In polyethylene, the values for k5 are in the range of 10% s~ ! and those for kan are
about one order of magnitude lower, ca. 107 s~ l; rate constants at the lowest and
highest temperatures examined and activation energies (E»4 and E45) for the radical
pair combinations from irradiations of 1b in an LDPE and an HDPE film are collected
in Table 13.5. The preexponential factors associated with the activation energies were
not reported because the rate constants were not as precise as is necessary for the
relatively small temperature ranges over which the data were collected.

kaa ~ k.co[2-AN]/{[2-BN] + [4-BN] + [BzON] -+ [NOL']} (13.10)
kan ~ k.co[4-AN]/{[2-BN] + [4-BN] + [BzON] -+ [NOL']} (13.11)

At room temperature, film stretching reduces both k, and k4 of the radical pair
from 1b by a factor of 2—-3. The consequences of film stretching on the microscopic
properties of polymer films containing both amorphous and crystalline parts, such as
LDPE and HDPE, explain why the rate constants decrease. Although the relative
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TABLE 13.5 Rate Constants and Activation Energies for Combination of 2-phe-
nylpropanoyl/1-naphthoxy Radical Pairs and Relative Rate Constants (at 295 K) for
Combination of 1-phenylethyl/1-naphthoxy Radical Pairs from Irradiation of 1b in
Unstretched (u) and Stretched (s) Polyethylene Films

108k2A 107k4A EZA E4A
polyethylene T (K) (sH Y kowlksa (keal mol™Y) (keal mol™Yy  koplkyn/ki

LDPE (u) 278 0.51 0.13 39.2 51+£02 83£0.7 1.0/1.9/1.4
333 14.3 24.8 5.8

LDPE (s) 278 023 <0.02 >115 102+14 12.8+£0.7 1.0/3.0/1.1
333 10.4 16.9 6.2

HDPE((u) 265 0.22 0.24 9.2 10715 11.5£09 1.0/4.5/2.6
333 15.5 252 6.2

HDPE(s) 265 0.11 0.15 73 13.1£1.7 11.6+£25 1.0/2.5/1.1
333 1.3 1.1 11.8

yields of NOL decrease somewhat as a function of increasing polyethylene crystal-
linity or upon stretching, no distinct trend has emerged—the relative yields are
probably controlled more by conformational constraints placed on the radical pair
within their cage than by the ability of a radical to escape from it.”’

Film stretching causes a net translocation of guest molecules from less constraining
cages in amorphous regions to cages in more constraining interfacial ones (at the
borders between crystallite lateral surfaces and amorphous chains)’® in a cage and a
decrease in the average “hole” free volume.**® Both factors reduce the ability of guest
molecules (or radicals derived from them) to diffuse and are instrumental in explaining
the reductions in both the rate constants for in-cage radical pair combinations and the
relative yields of NOL that attend stretching the polymer host. Other changes that are
germane to reactions of radical pairs—breaking the spherulitic crystal assemblies into
rod-like pieces that become oriented along the direction of the film extension and
increasing in the degree of crystallinity, especially for the LDPE’®*—also occur whena
polymer is stretched. As a result, stretching LDPE has a much greater influence on the
activation energy for combination of the 2-phenylpropanoyl/1-naphthoxy radical pair
than does stretching HDPE. Additionally, the activation energies in unstretched
LDPE are significantly lower than in unstretched HDPE because a larger fraction of
1 molecules reside in the more constraining interfacial sites in the more crystalline
HDPE,

Contrary to the much higher rate constants for the formation of 2-AN than 4-AN,
the relative rate constants for formation of 2-BN, k,g, are lower than those for
formation of 4-BN, k4g! In addition, a third combination process, leading to BZON,
must be considered. It is analogous to recombination by the phenylacyl/1-naphthoxy
radical pairs leading to reformation of 1; the rate of that process has not been
determined. Regardless, the relative yields (and, therefore, the relative rate constants
in Table 13.5) for formation of 2-BN, 4-BN, and BzON mirror the relative spin
densities of 1-naphthoxy (Figure 13.1). This is the result expected if the 1-phenylethyl/
1-naphthoxy radical pairs are able to explore completely the space within their cages
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TABLE 13.6 Rate Constant Ratios (k,p/k,5) from Irradiations of 1a, 3a, 2a and 3c
and k,/k 4 from 2a (in parentheses) in Unstretched (u) and Stretched (s) PE Films
Under a Nitrogen Atmosphere at 295 K

polyethylene from la from 3a from 2a from 3c
LDPE (u) 0.75 2.1 1.8 (1.1) 0.9
LDPE (s) 0.79 2.0 1.3 (1.3) 1.1
HDPE (u) 0.70 2.2 0.7 (0.9) 0.6
HDPE (s) 0.90 2.1 0.5 (0.9) 0.8

before combining. The k,p/k4p rate constant ratios from irradiations of la in
unstretched and stretched LDPE and HDPE are also less than one (Table 13.6).%
However, the relative yields of BZON are <0.02%. They indicate that the greater
reactivity of the benzyl radical (from 1a) than the 1-phenylethyl radical (from 1b) is
less selective in its reactions with 1-naphthoxy and that the longer period for
decarbonylation of a phenylacetyl radical (than a 2-phenylpropanoyl radical) places
the benzyl radical farther than the 1-phenylethyl radical from the oxygen atom of their
1-naphthoxy partners at the moment of their birth.

The k»4 and k45 from 1b in PVAc-83 at 323 K (i.e., well above Tg) as calculated
from Equations 13.10 and 13.11 are (0.8-1.3) x 10° and (2.0-3.3) x 10" s™', respec-
tively;’® the range limits are determined by assuming that either all or none of the NOL
emanates from cage escape at the 1-phenylethyl/I-naphthoxy stage.*” Although it is
possible to make similar calculations from data in the glass phase at 278K, the validity
of the numbers is questionable because the efficiency of the irradiations is very low,
indicating that the photochemistry may be occurring in sites that do not represent the
bulk.'?*?°° The koalkya ratio, ~40, is much larger than the 5.8 ratio for unstretched
LDPE and the 6.2 ratio for unstretched HDPE at 333K.*’ Also, the k,p/k4p/ky ratios in
PVAc-83 at 323K are 1/0.35/2.4.7° The most dramatic difference between these ratios
and those reported in Table 13.5 for irradiations in the polyethylene films is the much
lower relative rate of formation of 4-BN. The most economical explanation for these
observations is that translational motions of the 2-phenylpropanoyl and 1-phenylethyl
radicals (as well as of their 1-naphthoxy partner) are impeded by attractive interactions
of the radical centers with ester groups of the polymer.

13.4 RATE INFORMATION FROM CONSTANT INTENSITY
IRRADIATION OF ALKYL ARYL ETHERS

At room temperature, the rate constant for loss of CO from a 2-phenylpropanoyl or a
phenyacetyl radical in a low polarity solvent, isooctane, is 4.2 x 10”°°* or
8.1 x 10°s~ 1,9 corresponding to a lifetime of 24 or 120ns, respectively. Those
periods are sufficient in a polyethylene host for the acyl/1-naphthoxy radicals from
both 1a and 1b that eventually lose a molecule of CO (i.e., that neither regenerate the
initial ester nor combine to form one of the rearrangement products, 2-AN or 4-AN) to
diffuse within their cages over distances that encompass the cavity dimensions (see



298 DYNAMICS OF RADICAL PAIR PROCESSES IN BULK POLYMERS

above). As a result, the positions of the geminal benzylic and 1-naphthoxy radicals
with respect to each other are not known at the moment of their “birth” from their acyl/
I-naphthoxy radical parents. The general uncertainty associated with the initial
relative positions of an alkyl/aryloxy geminal radical pair generated upon irradiation
of an aryl ester can be largely eliminated by using alkyl aryl ethers as the precursors.
Lysis of the alkyl-aryloxy bond results in a radical pair that is chemically equivalent to
the one obtained after decarbonylation of an acyl radical in an analogous acyl/aryloxy
pair. In addition, as in the case of the acyl/aryloxy pair, the initial position of the alkyl
radical center with respect to its aryloxy radical partner is known by virtue of the nature
of the chemical process leading to the alkyl fragment; its radical center must be very
near the oxygen atom of aryloxy. Thus, a comparison of the relative rate constants, k,g
and kyg, for radical pairs generated indirectly from aryl esters and directly from
analogous alkyl aryl ethers can provide insights into the motions of the radicals within
their cages over very short periods of time.

oj’\/Ph 0’_@ o)_@ o/_@
O Q

2a

The kyp/k,p ratios from la and benzyl 1-naphthyl ether (3a) are compared in
Table 13.6.** Although the ratios from 3a may be affected slightly by the very small
amounts of out-of-cage reactions indicated by the presence of very low relative yields
of (Bz), from irradiations in LDPE, the pattern is clear. Addition of benzyl radicals to
the closer 2-position of 1-naphthyl is favored when the benzyl/1-naphthoxy radical
pair is produced directly and, therefore, the benzyl radical center is closer to the
2-position than to the 4-position of 1-naphthoxy.

Another interesting comparison is between the k»p/k4p ratios from the ester, phenyl
phenylacetate (2a), and benzyl phenyl ether (3¢), in which the aryl part is phenyl
instead of naphthyl.”” Because the phenyl ring has two ortho and one para sites at
which a radical can add, the rate constant ratios for 2a and 3¢ in Table 13.6 have been
statistically adjusted. Although all of the ratios from the esters 1a and 2a are close to
unity, the differences between an unstretched and a stretched film or between a LDPE
and a HDPE (un)stretched film do not follow a consistent order. Similarly, the ratios
from 2a and 3¢ do not exhibit an obvious trend.

Volume differences between the guest molecules containing naphthoxy and
phenoxy and the hole free volumes of the polyethylenes do not appear to be the
reason for these results.®®® An indication of what may be responsible is found in the
koalkaa ratios from 2a; regardless of the polyethylene type or its unstretched/stretched
state, the ratios remain near unity. If the rotational motion of the coin-shaped phenoxy
moiety of a radical pair is faster than (or comparable to) to the rate combination of
phenylacetyl to phenoxy, the overall effect on the relative rates would be the same as if
there were translational motions between the two radicals.®
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13.4.1 Rate Information from an Optically Active Ether

More detailed kinetic information about the motions and reactions of the alkyl/aryloxy
radical pairs can be obtained if the alkyl carbon atom making an ether bond is chiral and
the alkyl aryl ether is optically active.®' Because the radical centers of the alkyl
fragments derived from irradiation of such ethers are either planar or invert very
rapidly, they exist initially with their aryloxy partners as prochiral pairs. Their ability
to retain the memory of the chirality of their parent ethers and impart it to the
rearrangement products depends on the ratio between the in-cage rates of radical
tumbling and radical pair combination.

The corresponding esters are much less informative because the centers of chirality
in their acyl radicals are structurally protected from racemization like that experienced
by translational or rotational motions of prochiral alkyl radicals. In addition, the
decarbonylated radicals derived from them are formed long after their acyl precursors
have moved to orientations with respect to their aryloxy partners that result in a loss of
the memory of their host stereochemistry within a cage; see above. Thus, of the
Claisen-like photoproducts from irradiation of (R)-1b, only the BZON (i.e., 3b) retains
a measurable amount of optical activity even in the solid phases of long n-alkane.®*
However, in polyethylene films, all of the Claisen products from irradiation of
(R)-1b—2-BN, 4-BN, and 3b—exhibit significant ee values.® In the same media,
the photo-Fries products from 1b retain virtually all of the enantiomeric purity of the
starting ester.®*

A more convenient and sensitive probe of the tumbling (rotational) and transla-
tional motions within a cage is the 1-phenylethyl/1-naphthoxy radical pair formed
directly upon photolysis of optically active (R)-3b. Even in hexane solutions, the 2-BN
and 4-BN photoproducts retain a large enantiomeric excess (ee) of the parent (R)
configuration, and the ee values increase when the irradiations are conducted in solid -
alkane phases.®” To be directly comparable, ee values of photoproducts must be
extraplolated to 0% conversions of (R)-3b because return of the 1-phenylethyl/1-
naphthoxy radical pair to (S)-3b (k3 in Scheme 13.5) is a viable alternative to in-cage
formation of 2-BN and 4-BN or out-of-cage formation of 1-NOL. As the degree of
conversion (and, therefore, formation of (S)-3b) increases, the ees of the rearrange-
ment products will decrease, regardless of the mechanism of their formation. For that
reason, the ee values discussed here are extrapolated to 0% conversion of (R)-3b.

13.4.1.1 Results from Irradiation in n-Alkane Solutions  To obtain useful kinetic
information based upon the detailed mechanism outlined in Scheme 13.5 is a daunting
task. By simplifying it, useful kinetic data can be extracted from irradiations of (R)-3b
in polymer films. Before doing so, information obtained in isotropic media, n-alkanes
of differing viscosities, will be analyzed.®

As shown in Figure 13.2, the selectivities of the radical pair combinations, as
measured by the [2-BN]/[4-BN] ratios, increase with n-alkane viscosity and reach a
plateau value at | > 2.5 cP.3 At the same time, the ee%q values (i.e., ee% values
for products formed from both in-cage and out-of-cage combinations and extrapolated
to 0% conversion of 3b) for 2-BN and 4-BN follow a very similar dependence on
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FIGURE 13.2 Plots of (a) 2BN/4BN, (b) ee%;y1 0of 2BN, and (c) ee%;ora of 4BN from
irradiations of (R)-3b at 296 () or 333K (@) versus bulk viscosity (n) of various n-alkanes.
The curves are visual aids only; they are not based on a physical model. Reprinted with
permission from Ref %°. Copyright (2005) American Chemical Society.

viscosity. The yield of out-of-cage diagnostic productin this case, 2,3-diphenylbutane,
is very small in the most viscous solvent, n-heptadecane (1 =3.91cP at 296K),
examined; almostall of the radical pairs in this solvent combine in cage. Yet the ee % a1
values in n-heptadecane are only 47 and 32% for 2-BN and 4-BN, respectively; the
rates of tumbling and translational diffusion within a cage are comparable (i.e., k, and
the sum, kg + k4p + k3, must be the same order of magnitude). In the much lower
viscosity solvent, n-hexane (n =0.304 at 296K), the ee%;, values are lower, 31%
and 18%, for the two photoproducts. The fact that they are not close to 0% is a clear
indication that most of the radical pairs combine in cage even in this solvent.

Asthe viscosity of the n-alkanes increases, radical movements are attenuated and so
are the rates of the three possible in-cage recombination processes, ko, k45, and ks.
However, there is no a priorireason to believe that the three rate constants are equally
dependent on viscosity. As mentioned above, if translational diffusion of aradical from
its initial solvent cage is the most sensitive motion, the reciprocal of the fraction of in
cage combination of a radical pair can be expressed as a linear function of (1/m)".*?
Although this expression does not always hold in solvents of low viscosity, like
hexane,* it was observed that (2 x ($)-3b + 2-BN + 4-BN)j, cqge. the relative yield
of in-cage 1-phenylethyl/l1-naphthoxy combination products from irradiations of
(R)-3b, does increase qualitatively with increasing viscosity.®’

In hexane, the sum of the diffusion coefficients for a 1-phenylethyl and a 1-
naphthoxy radical is calculated from Equation 13.2 to be 8.7 x 10> cm?s ™" at 296K
and 13x10%*cm?s™' at 333K. Using them and Equation 13.2,
kair=3.6 x 10"°M's™! at 296K and 5.4 x 10'°M's™! at 333K. Based on
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Scheme 13.5, the ratio between the percent of relative product yields from out-of-cage
(100-[2 x ($)-3b + 2-BN + 4-BNliy cape) and in-cage ([2 x (S)-3b + 2-BN + 4-
BN]Jin-cage) 1s given by Equation 13.12 in terms of four rate constants. Assuming
that ca. 10 ps is needed at 296K in hexane for the radicals in the pair from (R)-3b to
move from their initial positions and combine at the 4-position of 1-naphthoxy*® and
an initial separation of 5.1 A¥ between the two immediately after lysis of the C-O
bond,® an in-cage diffusion coefficient, Di,_cage = 1.3 X 10*cm?s ™!, that is very
near the value calculated from Equation 13.2, is calculated from Equation 13.13.%+%

kese/(2k3 + kg + kag) = 100/(2 x (S)-3b+2-BN+4-BN), .. —1 (13.12)

in-cage

d ~ (2Dip.caget)'/? (13.13)

Because kg is directly proportional to kg, the in-cage combination product yield can
be related directly to the solvent microviscosity, N,,. Thus, plots of In [100/(2 x (S)-
3b + 2-BN + 4-BN);, cqge-1] versus In (1/n,,) using data from irradiations of (R)-3b
in the n-alkanes are linear, with positive slopes, 0.47 +0.10 at 296K and 0.6 £ 0.1 at
333K. Unfortunately, the number of data points is too small to determine whether the
two slopes are truly different. Regardless, the positive slopes indicate that the sum of
the in-cage combination rate constants, k3 + kog + k4p, is less sensitive to micro-
viscosity than is k.s. (and kg;sr).

OH
cage
escape
1-NOL

+ other out-of-cage products

)Ph

O - - ”,

Me k, H Me
hv

(R):3b —* (R)-3b — kt OO

Prochiral-A radical pair Prochiral-S radical pair
kzs ka k48 kZE k.? kga
l (R)-3b l ‘ (S)-3b l
(R)-2-BN (R)-4-BN (S)-2-BN (S)-4-BN

SCHEME 13.5 A mechanism for photoreactions of (R)-3b.

The efficiency of photoinduced racemization (S) of (R)-3b, due to recombination of
1-phenylethyl/1-naphthyl radical pairs is given by Equation 13.14.°" In this equation,
the conversion fraction is the part of 3b that has become photoproducts. The values of
S, as calculated from the slopes of the plots in Fig. 13.3, are nearly constant, 0.13-0.16,
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Ref. 85. Copyright (2005) American Chemical Society.

for irradiations in a series of n-alkanes of different viscosities and at 296 and 333K.

n <663b-mm1)
€€(R)-3b
S = 13.14
In(1 — conversion fraction) ( )

Because the energies of the enantiomeric (prochiral) 1-phenylethyl/1-naphthoxy
radical pairs from (R)-3b and their rate constants leading to (R)-3b and (S)-3b are the
same,S =2P;,,/(1 — Piny — Pre), Where Py, and P are the probabilities that a radical
pair will form the (S)- and (R)-enantiomers of 3b, respectively.’® The expressions for
Pinys Prer, and S based on Scheme 13.5 are very complex,85 andevenitdoesnotdescribe
all of the processes involved in the tumbling of the 1-phenylethyl radicals because k;,
really should not be described by one rate constant. To do so requires the introduction
of ki3, kg, and k,_4p, defined as the specific tumbling rate constants inside a cage for
1-phenylethyl radicals that combine with 1-naphthoxy to form, respectively, 3b and
the keto tautomers of 2-BN and 4-BN; taking their sum as k, is convenient but not
accurate. The necessity to invoke separate tumbling rate constants for formation of 3b,
2-BN, and 4-BN is indicated by the observation that the ee values for 2-BN and 4-BN
extrapolated to 0% conversion of (R)-3b are different. Were one rate constant for
tumbling sufficient, the limiting ee values should be the same. Mechanistically, S is a
function of radical motions from tumbling (k.3, k.op, and k4p) and translation (ks,
kog, k4p, and kee.) as shown in Equation 13.15. More information can be extracted
from schemes and resulting kinetic expressions that concentrate on specific aspects of
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the processes experienced by 1-phenylethyl/1-naphthoxy radical pairs.

2 .
S= . Kakes (13.15)
[(kog + kap + ki + kese)™ + k3 (kog + kap + kiop + Kia + kesc )]

In simplified Scheme 13.6, both prochiral radical pairs are combined implicitly into
one, so that Pi,, =ki/(k; + k; + ko), Pt =k/(ki + k. + k). Thus, k;~0.07k,
regardless of the n-alkane or temperature among those investigated. Relating the
two schemes, k,, is approximately k... + kop + k4p,and k; equals k3 multiplied by the
fraction of prochiral-(R) radical pairs that become prochiral-(S) radical pairs. Since S
is essentially constant as well, viscosity- or temperature-induced changes of k; and the
sum or the dominant term of (kes. + kop + k4p) must be proportional.

k. k.,-
(R)-3b <~—
hv k-‘ r | hv
(R)-3b — (S)-3b =—— (S)-3b
k" other _—

products
SCHEME 13.6 A simplified mechanism for photoracemization of (R)-3b.

Whereas Scheme 13.6 focuses on the kinetics of stereochemical changes to (R)-3b
induced by its photolyses, Scheme 13.7 focuses on regiochemical considerations of
product formation. Scheme 13.7 links in-cage formation of 2-BN and 4-BN to specific,
regio-isomeric radical pairs, [radical pair],g and [radical pair]4g, and Equation 13.16
can be derived from it.

ke-28
k4-28 [radical pair]og — = 2BN
prochiral-(R) ka2 || k2a
radical-pair Kc.ap
)

radical pair — = 4-BN
Kg.48 [ pairlsg

SCHEME 13.7 A simplified mechanism for in-cage radical pair combinations.
(Z_BN/4'BN)in-Cage =
[keoB /keas] X [(kaz + keas)Kaop + kaoka.a]/ (K24 + KeoB ) Kka.aB + Koakaop]
(13.16)

Because the radical pairs in this case are singlets, no spin change is needed for their
combination and their rate constants for combination after the 1-phenylethyl radical
center reaches the proximity of C(2) or C(4) of 1-naphthoxy, k..,p and k. 45, should be
>10"" % regardless of the microviscosity. Thus, they should be much faster than
the viscosity-dependent rates, k4., and k4_4g, at which the radicals of the pair move
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from their initial positions to the orientations appropriate for bond formation, [radical
pair],p and [radical pair]4g. Also, although k>4 # k45, both are expected to be similar in
magnitude to the kq.,p and ky.4p rate constants. Thus, the rate-limiting steps of the
combination process are expected to involve formation and interconversion of [radical
pair],p and [radical pair],g, but not the actual bond-formation steps in Scheme 13.17.
Because the slope of a plot of In (2-BN/4-BN);,_c.ge Versus In (1/m,,) is slightly
negative, microviscosity influences the in-cage combination process involving the
longer pathway to 4-BN slightly more than the shorter pathway to 2-BN.

The extent of tumbling by 1-phenylethyl radicals along the pathways to the 2- and
4-positions of their 1-naphthoxy partners are related to the ee values of 2-BN and 4-
BN. For the purpose of simplifying the kinetic treatment, we assume that no tumbling
occurs in those cases where the (R)-enantiomer of a product forms and that tumbling is
the only route to an (S)-enantiomer. The activation energy of another possible route,
internal rotation about the phenyl-benzylic C-C bond of 1-phenylethyl is ca.
54 kJ/mol®! and, therefore, too high to compete with combinations within a cage;
typically, the activation energy for a diffusion-controlled radical-radical combination
leading to a C-O bond is ca. 12 kJ/mol.®! Thus, the slopes of plots of In (S)-2-BN/(R)-
2-BN)incage and In (5)-4-BN/(R)-4-BN)jp_c.ge versus In (1/my,) at 296K are both
0.2 +0.1.% These values indicate that microviscosity influences in a similar fashion
the k, (Scheme 13.5) associated with the pathways to both BN products. However and
unfortunately,>*?~44%=48¢ 6 simple function appears to describe adequately the
relationship between the fates of in-cage radical pairs and the properties of their host
solvents, even in “simple” media such as n-alkanes!

13.4.1.2 Results from irradiations in polyethylene films. Given these analyses,
the data from irradiations of (R)-3b in polyethylene films will now be discussed
(Table 13.7).”” As mentioned above, the ability of the radical pairs from (R)-3b to
diffuse translationally within a cage is related qualitatively to the 2-BN/4-BN ratios
whereas the ability of the 1-phenylethyl radical to tumble along the translational
course that brings it to combine at either the 2- or 4-position of its 1-naphthoxy partner
is related to %ee,p or %ee,p. Although a 1-phenylethyl radical center is attracted
intrinsically more to the 4-position than the 2-position of 1-naphthoxy (Fig. 13.1), itis

TABLE 13.7 Distribution Ratios and Extrapolated Enantiomeric Excesses (ees) of
2-BN and 4-BN Photoproducts (ee,p and ee4p, Respectively) from Irradiations of
99.5% Enantiomerically Pure (R)-3b in n-hexane, n-heptadecane, and Unstretched (u)
and Stretched (s) Completely Amorphous (PE0) and LDPE Films at 296 K

medium [2-BNJ/[4-BN] Y%oeerp Yoee,p
Hexane 0.62 31 18
Heptadecane 0.87 47 32
PEO (u) 1.2 56 42
PEO (s) 1.41 57 43
PE46 (u) 1.5 50 33

PE46 (s) 1.45 42 26
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reasonable to assume a proportionality between the times and distances required for
the radical center of 1-phenylethyl to traverse the vectoral distances to the closer
2-position and farther 4-position.”® Viewing the data in Table 13.7 in this way, both the
much higher 2-BN/4-BN ratios in polyethylene than in liquid #n-alkane solutions and
the >1 values for the ee,p/ee,p ratios in the polyethylene matrices are expected; the
general conclusion that can be reached from inspection of the data in Table 13.7 is that
the PE reaction cages exert much more control over the regio- and stereochemistry of
1-phenylethyl/1-naphthoxy radical pairs than the cages of n-alkanes. It can be
attributed to a combination of “templating” and microviscosity effects that are related
to the much longer relaxation times of the chains constituting the walls of the PE cages.
In partially crystalline polyethylenes, such as LDPE, analyses of the effects is
complicated further by the aforementioned presence of two distinct cage types—
those within amorphous regions and those within interfacial regions. In the completely
amorphous polyethylene, PEQ, only one general site type exists and an unknown, the
fraction of (R)-3b molecules residing and reacting within each site type, is
eliminated.”

Because amorphous and interfacial cages influence translational and tumbling
motions differently, some being attenuated more than others, radical pair combina-
tions are predicted and found to be less regio- and stereoselective in interfacial sites
than in the amorphous ones:®* the higher ee values for 2-BN and 4-BN are found upon
irradiation of (R)-3b in the completely amorphous PEQ (i.e., a polymer without
crystalline parts) than in a mixture of amorphous and more highly ordered cages in the
partially crystalline LDPE. In addition, from the slopes of the lines drawn in Fig. 13.4,
the values of S (Eq. 13. 15)*° are 0.23 and 0.24 for irradiations of (R)-3b in unstretched
and stretched PEOQ, respectively, and 0.27 and 0.44 in LDPE before and after
stretching.”” All of these are much higher than the S found in liquid a n-alkanes,
0.13-0.16,* and only in the partially crystalline polyethylene, LDPE, does stretching
have a discernible effect. The net result is that (R)-3b is more easily photoracemized in
partially crystalline LDPE than in completely amorphous PEQ and least easily in the
much less viscous environments offered by liquid n-alkanes! These results also
suggest that most of the (R)-3b reside and react in amorphous cages of unstretched
LDPE; stretching increases the fraction of reaction occurring in interfacial cages,
where the probability that a 1-phenylethyl radical will tumble before combining is
lower than in an amorphous cage. This conclusion is supported by (1) the lack of
change in the %ee,g and %ee,g induced by stretching PEOQ, (2) the decreases in both
Y%ee,p and %ee,p caused by stretching LDPE, and (3) the lower values of %ee,g and
Yee,p obtained in unstretched LDPE than in unstretched PEO.

Comparisons between the results from irradiations of (R)-3b in liquid n-alkanes and
in polyethylene films lead to several other interesting conclusions. Foremost among
them is that lower tumbling probabilities are found for radical pair combinations
leading to reformation of an enantiomer of 3b in liquid n-alkanes than in polethylene
films (N. B., S values), but the tumbling probabilities are figher for combinations
leading to 2-BN and 4-BN in the liquid n-alkanes (N. B., %ee values)! An economical
explanation for these and a myriad of other results from both thermal and photochem-
ical reactions in polymer matrices is that the cages act as templates as well as diffusion-
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FIGURE 13.4 Plots of In(eeg)-3v/€€3p-total) Versus —In(1 — conversion fraction) for irradia-
tions of (R)-3b in unstretched (@) and stretched () PEO films, and in unstretched (A ) and
stretched (W) LDPE films at 296K. Points at each plot from bottom to top are vertically offset
by 0.05 increments. Reproduced from Ref. 77 by permission of the Royal Society of Chemistry
on behalf of the European Society for Photobiology and the European Photochemistry
Association.

modulating environments for the durations of the lifetimes of the reactive species'
(which are radical pairs in the examples of this chapter). Especially when reaction
occurs in an interfacial cage of PE46, the proximity of the radical center of
1-phenylethyl to the oxygen atom of the 1-naphthoxy radical immediately after lysis
of (R)-3b makes k3 more impervious to medium anisotropy (and microviscosity) than
are Kese, k3, kop, and kyp. Clearly, the “templating” effects of interfacial cavities
impose additional anisotropic constraints to some motions and may be accelerating
others. Those radical pairs that follow the more difficult and longer routes in PE films
(Fig. 13.5) experience greater resistance to tumbling than to translational motions (i.e.,
lower kg and k,_45 with respect to k,p and k4p in the same medium), allowing higher
ee values of 2-BN and 4-BN in PE films. A corollary of this qualitative analysis is that
the fraction of the radical pairs that returns to 3b rather than escaping from their cages
or forming one of the BN rearrangement products is larger in PE films than in liquid
n-alkanes.

13.5 COMPARISON OF CALCULATED RATES TO OTHER
METHODS FOR POLYETHYLENE FILMS

The diffusion coefficients of N,N-dialkylanilines (where alkyl was varied from methyl
to dodecyl) in unstretched or stretched PE films have been measured using methods
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FIGURE 13.5 Radical pairs from irradiation of (R)-1b and (R)-3b showing their relative
positions at their moments of formation. Adapted from Ref. 77 by permission of the Royal
Society of Chemistry on behalf of the European Society for Photobiology and the European
Photochemistry Association.

based on static and dynamic fluorescence.”®*? In general, they indicate that molecules
move slower in LDPE than in the completely amorphous PEQ. Two diffusion
coefficients, attributed to the movement of , and y; mole fractions of dialkylanilines
in amorphous and interfacial regions, respectively, were found for diffusion within
LDPE; in PE0, y, = 1 andy; = Oin terms of diffusing species, occupancy, and even for
photoreactions of (R)-3b. As in the case of diffusion, the photochemical data in LDPE
are based on weighted averages of the fractions of reaction occurring in amorphous and
interfacial reaction cages. Because the dialkylanilines are similar in size to the radicals
in the pairs derived from 3b, the diffusion coefficients obtained from the fluorescence
measurements can provide interesting comparisons with the rate data obtained from
the irradiations. These comparisons are especially useful for PEQ because there is no
ambiguity about the value of the mole fractions for occupancy or reaction in the
cages—all are amorphous. Then, taking the values obtained from this film and
applying them to the LDPE may shed additional light on the differences between
the dynamics of the reactions occurring in the amorphous and interfacial cages.
Using the D values of the dialkylanilines at 298K and Equation 13.13, the time
required for 1-phenylethyl and 1-naphthoxy radicals to move to the locations
amenable to combine at the 2- and 4-positions of 1-naphthoxy, ca. 3.1 and 5.0A,
respectively,®” correspond to ca. 2.4-24 and 6.3-63ns in unstretched PEO and
ca. 24-240 and 63-630 ns in unstretched PE46, depending on the specific diffusion
coefficient employed.®® The times required for formation of the keto intermediates of
2-AN and 4-AN from 1b by the “radical clock” method described above***” are ca. 3
and 14 ns, respectively, in unstretched or stretched PE0Q and ca. 2-3 and 26-33 ns,
respectively, in unstretched LDPE. In stretched LDPE, where translocation increases
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Xi» the times are longer, ca. 5-8 and 59-91 ns, respectively. Whereas the “radical
clock” technique considers the effects of templating by a cage that may affect
translational motions (and, therefore, rates of combinations) by a radical pair,
Equation 13.13 does not. The intracage radical pair combinations are influenced
less by surrounding polymeric chains than are bulk diffusional processes (that are
germane to Eq. 13.13) and, as a consequence, are faster than those calculated from bulk
diffusion constants.”®> Good agreement between the two methods in PEO may be
ascribed to its lack of interfacial reaction cavities.

It is important to note that a 2-phenylpropanoyl radical (from which the radical
clock based rate constants were derived) should be more reactive than a 1-phenylethyl
radical toward an electron-rich 1-naphthoxy radical since the odd electron density of
the former radical is more localized.?>** Therefore, absolute comparisons between k3,
kog, and k4 rate constants from irradiations of (R)-3b and k,, and k4 from
irradiations of 1b, even in the same medium, are not very useful.

13.6 TRIPLET-STATE RADICAL PAIRS

13.6.1 Triplet-State Radical Pairs from the Photoreduction of Benzophenone
by Hydrogen Donors

The photoreduction of benzophenone (B) in solution is one of the most extensively
investigated photochemical reactions, having been studied using a wide range of
reductants, solvents, reactant concentrations, and irradiation conditions.” In the
presence of H-donating substrates, the triplet excited state of B is able to abstract
an H-atom directly (Equation 13.17) or via a sequential electron/H™ transfer
mechanism (Equation 13.18) to produce triplet radical pairs, SBHR'.

B +HR — *BHR’ (13.17)

B +HR — B~ 'HR*" —*BHR’ (13.18)

Because direct interaction of the triplet radical pair to give products in the ground
singlet state is spin-forbidden, the radicals massively diffuse into the bulk and
ultimately react to give a variety of products in fluid solvents. Hence, the rates of
cage-escape and in-cage combination of the SBH R’ become competitive only in
high-viscosity media.

The kinetics of combination of radical pairs formed by quenching of the triplet
excited state of B by 2,4,6-trimethylphenol (HR) in films of rigid and plasticized
polyvinylchloride (PVC) were studied by the method of laser flash photolysis by
Levin et al.>> At high concentrations of the phenol quencher (~15 wt%), most of the
triplet excited state of the ketone is quenched and the formation and disappearance of
the ketyl and phenoxyl radicals can be followed from changes in their characteristic
transient absorptions at 540 and 390 nm, respectively.
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FIGURE 13.6 Transient absorption spectra obtained from laser flash photolysis experiments
in PVC films containing 6% B (1), 6% B and 15% HR (2), 6% B, 15% HR, and 59% plasticizer
(3). Kinetic curves are for the disappearance of the 2,4,6-trimethylphenoxyl radicals (390 nm)
in PVC films containing 6% B and 15% HR, and 49% [(a) and (d)], 29%, (b) and 0% [(c) and
(e)] of plasticizer. Taken from Ref. 35.

In a liquid plasticizer solution comprised of a polychlorinated decane or in films
containing the plasticizer with less than 30 wt% of PVC, the combination of the
radicals follows a second-order rate law (Fig. 13.6). The observed reaction rate
constant (k;») in neat plasticizer is ~3 X 108M 's7! and decreases slightly with
increasing concentration of PVC in the films. This observation suggests that the
radical combination reactions occur in segments of the films with higher molecular
mobility, where molecules of the plasticizer are aggregated.

With 30-70 wt% PVC, the kinetic curves show an initial sharp decrease followed
by a slow component that satisfactorily obeys a second-order rate law (Fig. 13.6).
Levin et al. proposed that the initial change in the absorption corresponds to the
“in-cage” combination of the radicals pairs, while the slow component represents
the combination of the radicals that have diffused into the (polymer) bulk.
Interestingly, at >70 wt% PVC, only the fast “in-cage” combination of the geminate
radical pairs can be observed. From the relative amplitudes of the fast and slow
components of the kinetic curves, approximated values for the cage factor F g were
calculated. Fap increase from zero in films with <30 wt% PV C to near unity (>0.95)
in films with >70wt % PVC.
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The value of k,, calculated from the slow component of the kinetic curves decreases
by more than one order of magnitude on going from the liquid plasticizer to films with
70 wt% of PVC. In this range of PVC concentrations in the films, the activation energy
associated with k», ~30-40 kJ/mol, is consistent with the activation barriers expected
for the forward diffusion of the radicals in the viscous “liquid” phases of the polymers.

The first-order combination rate constants from in-cage processes, k,j~ 3 X
10°s™!, were determined from the initial slopes of the fast components of the kinetic
curves. They remain nearly constant in films with 30-100 wt% of PCV. The activation
energy of k. is very small, ~8 kJ/mol, suggesting that geminal recombination in the
PVC films is limited only by the rotational mobility of the radicals in their cages.
Furthermore, k,; was insensitive to the application of a strong external magnetic field
(0.3T), as well as to the influence of an internal heavy atom.?” These facts strongly
support a model in which geminal combinations are controlled by molecular (rather
than spin) dynamics.

Kinetic curves of films containing >70 wt% PV C and in glassy PMMA films were
clearly nonexponential. Figure 13.7 shows the results obtained in PMMA at room
temperature. Because the characteristic half-lives are independent of the initial
concentration of the radical pairs (as changed by varying the laser pulse energy),
the radical pairs appear to combine according to aunimolecular mechanism despite the
fact that the decays cannot be fitted to a first-order rate law. Above 333 K, the glass
transition temperatures of the PVC film containing 15 wt% 2,4,6-trimethylphenol and
6 wt% B, results in a qualitative change in the kinetics in the 100% PVC film. The
decay curve becomes similar to that observed in films with 40-60% wt PVC at room
temperature; that is, in addition to the fast geminate combination, a slow component
due to in-bulk combination of the free radicals also appears.

The observed nonexponential character of the decays observed in films containing
>70wt% PVC (orin the PMMA films) was ascribed to the existence of a distribution
of unimolecular combination rates, apparently caused by the dependence of the rate
constants on the properties of different local environments in the polymer films. This
effect was quantified according to a kinetic dispersive model,*®**® which predicts
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FIGURE 13.7 Kinetic curve for the decay of radical pairs in PMMA at 20°C. Points
represent the experimental data and the line is the fitting to Eq. 13.9. Taken from Ref. 36.
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that the survival probability P(¢) of the radical pairs follows Equation 13.19:
P(1) = [1 +nkgyt] /" (13.19)

where k,, is the initial rate constant of the process and n characterizes the
distribution width of unimolecular rate constants. Kutsenova et al.>® showed that
n is independent of temperature and that it approaches 2 in neat PMMA and PVC
films. As noted by the same authors, this result is somewhat surprising because it
suggests that the distribution of unimolecular rate constants is independent of the
nature of the polymer matrix and temperature. The values of k,, measured at 20 °C in
the PMMA and PVC films are 0.84 x 10°s~" and 2.4 x 10° s~ respectively, and
they increase with increasing temperature. The activation energies associated with
kqy in both type of films are small, ~13kJ/mol, giving further support to the
contention that the combination processes are controlled primarily by molecular
dynamics.

The data in Fig. 13.7 is amenable to other interpretations. For instance, it can be
fitted well to Equation 13.20 which is Equation 13.2 solved in the limit, Fag — 1."%°

P(t) = exp(— ‘”) (13.20)

Tty

In this case, the relaxation time of the process is given approximately by

s 2
= (%) (1(;‘%) . The ty calculated in this way from the data in Fig. 13.7 is

~2 % 107%s. Thus, taking reasonable values for the contact distance ¢ (~5-7 A)
and assuming F.ap to be in the range, ~0.95-0.99, an approximate value of D ~
10~ cm?/s can be estimated. In turn, D can be used to recalculate kgap (= 4noD) and
k;, which are ~10%and ~10°M "' s !, respectively. Not surprisingly, k; is of the same
order of magnitude as k,,. However, according to this approach (Eq. 13.20), the
nonexponential behavior of the decay curve in Fig. 13.7 is caused by transient effects
on the combination rate. As shown in Scheme 13.2, the radicals can escape intimate
contact and explore (the geminate and) the nearest reaction cages before combining,
even in the case of F¢ap ~ 1. In principle, both models (Eqs 13.19 and 13.20) explain
reasonably well the pseudo-first-order kinetic curve observed in Fig. 13.7. However,
while the kinetic dispersive model attributes the phenomenon to the heterogeneity of
the polymeric media, the diffusion-based theory attributes the nonexponential decay
to the probability that, after several escape/reencounters of the radicals, an effective
collision leads to product formation.

13.6.2 Triplet-State Radical Pairs from Norrish Type I Processes

Asymmetrically substituted dibenzyl ketones (ACOB) have been employed frequent-
ly as precursors of geminal triplet radical pairs in studies of cage effects in constrained
or microphase-compartmentalized media.?’®
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Irradiation of ACOB results in a classic Norrish Type I process. The first homolytic
step from the triplet state leads to an arylacetyl/benzylic radical pair,””*® as shown in
Scheme 13.8. In high viscosity media, loss of carbon monoxide from the arylacetyl
part is sufficiently rapid to compete with cage-escape by one of the radicals. Thus, a
large fraction of the resulting pairs of benzylic radicals A...B can be formed in
the reaction cavity of their origin while retaining the triplet spin multiplicity of the
precursor ketone excited state. The triplet A. . . Bpairs can either combine within their
cage of origin, yielding AB or escape and react after reencounters (if no trapping
species are present in the medium), yielding principally AA, AB, and BB.

DI DI DI

ACOB, ACOB, ACOB;

Photochemical reactions of the dibenzyl ketones in shown above have been studied
by Bhattacharjee et al. in fluid solutions and in PE films of different degrees of
crystallinity: PEO, LDPE, and HDPE.*® Irradiation of ACOB; and ACOB g4 at
>300 nmin fluid media (such as n-hexane, pentane, etc.) yields AA, AB, and BB as the
only detected products in a 1:2: 1 distribution (i.e., implying a zero cage effect: all
geminal radical pairs escape from their cages into the solvent bulk before combining).
The F values (Eq. 13.4) calculated from steady-state irradiations of the ACOB,, in the
fluid media are collected in Table 13.8. In contrast, photolyses of ACOB; and
ACOByg in the PE films produce large excesses of AB, suggesting (but not
requiring®®®) that a significant component of reaction by the geminal radical pairs
involves in-cage combinations in the polymeric matrices. In the particular case of
ACOByg, the values of F, are ~1 in all the PE films employed. This result was
unexpected because even assuming that the mobility of the long-tailed benzyl radical
(By6 ) can be severely attenuated by the polymer matrices, the diffusion of the lighter
benzyl radical (A") should be relatively rapid. Hence, the observed F, ~ 1 cannot be
entirely ascribed to a decrease in kqap; instead, it is attributed to persistent radical
effects (see below).

Laser flash photolyses of ACOBy, ACOBy, and ACOB 4 in the PE films produced
transient absorptions with maxima around 320-324 nm that were assigned to the
benzyl and p-alkylbenzyl radicals. Typical kinetic curves are shown in Fig. 13.8. The
profiles show three different time domains: an initial “instantaneous” rise (1), a time-
resolvedrise (2) and (3) atime-resolved decay. The initial rise was attributed to the fast
homolysis of dibenzyl ketone triplets yielding a benzylic and arylacetyl radical pair.
The time-resolved rise is from formation of additional benzylic radicals as decarbo-
nylation of the arylacetyl radical occurs. In agreement with the mechanism in
Scheme 13.8, the ratio of the change of optical density (AOD) for the initial
“instantaneous” rise and the protracted rise is ~1. The decay of the AOD signal in
the <20 us time window was ascribed to in-cage combination of the triplet radical
pairs (see below).
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TABLE 13.8 Rate Constants and F,4z Values at 290 K Calculated from Laser Flash
(LF) Photolysis Experiments According to the Model and F, Values from Steady-state
(SS) Photolyses Conducted at 295 K.” Error Limits are the t-test Confidence Intervals
Calculated at the 95% Confidence Level

polyethylene ACOB, ACOB; ACOB;¢4
PE(’ k.col10%s7! 46+0.5 6.0+0.3 6.2+0.3
47402
4740.3¢
kaap/10%s71 7.4+0.9 7.5+0.9 11.0£05
k. /10%s7! 47402 50402 54402
Fern 0.38 £0.04 0.40 £ 0.04 0.33 £0.01
LDPE k.co/10%s7! 47+0.7 55+02 >54
kaap/10*s71 8.6+0.9 9.4+0.3 16.0+0.2
k110%™ 11.04+0.2 11.0£0.1 14.0+0.1
Feap 0.55+0.04 0.55+0.05 0.46 +0.02
F, - 0.51+0.03 1.00 +0.04
HDPE k.col10°s™! 48+0.6 5.6+0.5 >5¢
kaap/10%s71 7.8+0.8 74404 13.0+£0.4
k/10%s7! 9+1 12+1 11.0+0.1
Fenp 0.53 £0.01 0.61+0.07 0.44 +0.06
F. - 0.67 £0.04 1.00 £0.04
n-hexane k.co/10%s™! 6.4
F. 0.01£0.03 —0.01£0.04

“Exceptas indicated, all laser flash data are averages from 10 laser shots on one spot of an aerated film. In the
fitting routines using the model, k.o was fixed to the values derived from the rise portions of transient
absorption traces.

b For ACOB,, from one shot-averaged decay trace in each of two different films.

“Stored for 1 month under an argon atmosphere prior to irradiation.

4For ACOB, average from four separate shot- average decay traces from four different spots of the film surface.
“No accurate measurement possible due to strong scattering and fast decays.

Experiments performed on a 4ms time scale in PE films that were either
equilibrated with air or (partially) deoxygenated demonstrated that molecular oxygen
can efficiently trap the benzyl radicals during the longer time periods. A manifestation
of the incomplete (and systematic) elimination of oxygen (and other possible radical
scavengers intrinsic to the polymer films) is the poor reproducibility of the intensities
and characteristic decay times of the transient absorption signals at the longer times.
However, the decay kinetics during the first 20-30 us were reproducible; molecular
oxygen or other quenchers within the PE matrices do not interfere with the processes
shown in the faster events box in Scheme 13.8 (Fig. 13.8). The decay characteristics
were also independent of the laser-pulse energies (in the 40—120 mJ range). These
facts are consistent with a pseudo-unimolecular in-cage combination cage-escape of
the triplet radical pairs and in the 20-30 us timescale. Simple analyses of the decay
curves using a first-order model always produced consistently better fits than when
second-order fits (i.e., indicative of bimolecular out-of-cage combination processes)
were used.”
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SCHEME 13.8 Basic processes in a classic Norrish Type I reaction of ACOB in a
constraining medium. Events faster that 30 us and much slower (bimolecular) free radical
combination processes are separated for simplicity. I" and J” represent any of the radicals shown
in the top panel. The scheme involves a number of important assumptions. For details, see
Ref. 29a. Reprinted with permission from Ref. 29a. Copyright (2007) American Chemical
Society.

The values of k _ ¢ reported in Table 13.8 were obtained from analyses of the AOD
traces recorded in a much shorter time period, 2—-8 s, and they were calculated from
the rise portions of the curves. These k _ ¢o actually represent weighted averages for
the decarbonylation of the phenylacetyl and p-alkylphenylacetyl radicals that are
known to be very similar.>36%19 The & _ co measured in the PE films are very similar
to those found in alkane solvents, supporting earlier suggestions that the decarbonyla-
tion process is independent of the viscosity of the medium.'®

Due to the complex nature of the systems inspected, modeling the decay portions of
the kinetic curves according to Equation 13.2 (or similar expressions) becomes very
difficult. Fitting the experimental data to Equation 13.2 requires treatment of the AOD
over all time and, as was commented above, the kinetic curves obtained in the milli-
second time window are affected by dissolved oxygen and other possible scavengers.
Also, the AOD signals in the early time domains (0-2 ps) are convoluted due to the
simultaneous decarbonylation of the phenylacetyl radicals and in-cage combination
processes; rigorous determination of the initial concentration of the triplet radical pairs
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FIGURE 13.8 Transient absorption profiles (black) monitored at 320 nm for laser-pulsed
photolyses of ACOB, in PE films at 293K and best fits according to the fitting model. Numbers
after PE refer to % crystallinity. Reprinted with permission from Ref. 29a. Copyright (2007)
American Chemical Society.

(and, therefore, the exact form of P(¢)) is not possible. Hence, experimental kinetic
curves such as those in Fig. 13.8 were analyzed using a relatively simple approach
based on the exponential model in Equation 13.1. The proposed fitting model solves
numerically eight simultaneous differential equations and allows the calculation of
approximated values of k;, kqap, and F.ap. The best fits to the experimental data
achieved using the proposed model are shown in Fig. 13.8. The values of the rate
constants and the corresponding cage factors are collected in Table 13.8. Note that
the model ignores the possible consequences of secondary cage effects and it is
applicable only to systems in which the diffusion is Fickian.'?''%2

The cage factors calculated from either the steady-state (F.) or time-resolved
(F.ap) photolysis experiments for ACOB; in the different PE films are, within
experimental uncertainties, the same. However, in the case of ACOB, the F. are
always larger than the F.ap. This apparent disagreement can be attributed to the fact
that the diffusion coefficients for the benzyl and p-methylbenzyl radicals are nearly the
same, but that for the p-hexadecylbenzyl radical is much smaller, and is rationalized in
terms of the persistent radical effect.”®>®° The cage factor F,, as calculated from
photoproduct distributions and Equation 13.4, can be related to the rates constants
shown in Scheme 13.8 by Equation 13.21. In this equation, F.ap is given by
Equation 13.22 and R_ and R | are complex functions that depends on the relative
diffusion coefficients of radicals A" and B'. F s represents the “true” cage effect of the
Norrish Type I reactions.

_ Feag +R_ (1 —Feap)
¢ Feap+ R4 (1—Feap)

(13.21)
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ke k_co )
Foag = 13.22
AB (kr + deB) (k _co +kaas ( )

Feap depends not only on &, and kgqap but also on k _ ¢g. Central to the results from
the steady-state and laser-pulsed determinations of the cage effect, Equation 13.21
predicts that the “true” cage effect (F.ag) and that obtained from photoproduct
distributions (F.) will be the same only when special conditions are met. In principle,
there are two practical limiting conditions for F:

(1) Ifradical A’ is the same as radical B (as in the case of irradiations of ACOB,),
kaaa = kqpp (the same diffusionrate), R_ =0,R, = 1,and F, = F.ag. Itis
not possible to measure F, experimentally from the product yields of ACOB,
because AA, AB, and BB are the same molecules. However, due to the similar
structures and diffusivities of A" and B’ from ACOB;, the approximation that
kaaa =2 kqpp should be valid and Fap values from laser-flash experiments and
F. from steady-state irradiations should be (and are confirmed experimentally
to be) almost the same in this case.

(2) However, when A" and B” have very different rates of diffusion, the value of F
can be evaluated in the limit, ,’;‘% — 0 (taking arbitrarily kqaa > kqgp, in
keeping with the nature of B from ACOB,, when nis a large number). In such a
case, Limyg  (Fc) = 1.

kaaa

Case (2) indicates that when kgaa > kapg, F. approaches unity independent of the
absolute values of kgaa and F.ap. Hence, the observed value F, ~ 1 measured for
ACOB g in the PE films can be ascribed to a large difference in the mobilities of the
two benzylic radicals and the real cage effect must be obtained via analyses of transient
absorption profiles such as those in Fig. 13.8. The observed excess of AB in the
polymer films in the case of ACOBg is not (or not exclusively) a result of the cage
effect, but rather to the enhancement of “out-of-cage” formation of AB. Conceptually,
the low diffusivity of B’ makes the probability of it finding another radical B" very
small. As a result, the concentration of B’ in the photostationary state will exceed that
of radical A’. Also, the diffusion rate constant associated with the formation of AB
(kqap) is not dramatically affected when kgap >> kqpp: although a radical B, can be
considered to be “static” during its lifetime in a very high-viscosity medium, the high
mobility of radical A" allows it to diffuse to sites occupied by radicals B', producing AB
preferentially because kqap = kqaa /2. Hence, although the large accumulation of B’
in the photostationary state of a constant intensity irradiation experiment favors the
formation of BB, it is offset by the relatively small value of kggg; although kgaa is
large, the formation of AA is offset by the small [A’]. As a result, the efficiency of out-
of-cage formation of AB is greatly enhanced, independent of the value of the true cage
effect factor, F.ap. This situation is tantamount to “the persistent radical effect”.19?

The data in Table 13.8 are reasonable and self-consistent. Note that k_cq is not

influenced by the degree of crystallinity of the PE matrices and matches the values
found in fluid solutions of similar polarity. 100 Interestingly, in all cases, k _co >> kqas,
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confirming that in high-viscosity media, loss of carbon monoxide from the arylacetyl
part is fast enough to compete with cage-escape by one of the radicals.

The kgap in Table 13.8 are approximately five orders of magnitude lower than in
fluid alkane solutions, but are comparable to that measured for the combination of
triplets radical pairs formed upon quenching the triplet excited state of B by 2.4,6-
trimethylphenol in PMMA or PVC (Fig. 13.7). The larger value of kgag for ACOB1¢
than for ACOB, or ACOB; in the three PE films may be indicative of more than one
type of cage even within the amorphous regions. It has been conjectured that the
ACOB4, because of strong London dispersive interactions with long, unbranched
segments of the polymer chains, are able to reside preferentially in cages which differ
somewhat from those preferred by ACOB, and ACOB,.*® If that is correct,
what appears to be faster random diffusional motion over an average distance by a
p-hexadecylbenzyl radical may, in fact, be slower directed motion over shorter
distances.

The k, from one of the ACOB,, did increase between the completely amorphous
PEO and partially crystalline (LDPE and HDPE) films, but the differences among the
k. values in one PE film for the three ACOB,, are nearly the same. At first glance, a
tentative conclusion from these data is that the in-cage radical combination rates may
increase slightly in more confining environments. However, other interpretations are
also possible (see below). Crystallinity is only one of several factors that contribute to
the nature of the sites of PE in which radical pairs combine. The k, in Table 13.8 are
three to four orders of magnitude lower than the analogous values obtained for
combination of singlet radical pairs from photo-Fries lyses of aromatic esters in the
same media.”””® Because the singlet radical pairs are similar in size to the A’/B’ from
the ACOB,,, and the steric requirements for combination of the singlet pairs are more
severe than those of the A’/B’ triplets, the rate-limiting process for in-cage combina-
tion of the triplets seems to be intersystem crossing. In principle, k; is the rate for
hyperfine-coupling-induced intersystem crossing followed by fast, spin-allowed bond
formation. Because intersystem crossing usually requires some spatial separation of a
radical pair (so that exchange interactions are minimized and hyperfine coupling
interactions become comparable to electron exchange interactions), k; should repre-
sent a convolution of spin evolution and radical diffusion processes.>’*!%*195 The
experimental data in Table 13.8 show that an increase of k, is always accompanied by
an increase of kgag. However, given the large number of approximations involved in
the model used for the interpretation of the decay curves (Fig. 13.8), this conclusion
will require additional testing before it can be accepted fully.

Finally, the values of k, (or k,,) estimated for the combination of benzophenone/
2.,4,6-trimethylphenol (Fig. 13.7) in the PMMA and PVS polymer matrices are
approximately two orders of magnitude larger than the k, calculated for the > A B
from the ACOB,, in the PE films. While the combination of the > BH Ris apparently
controlled by molecular dynamics, spin dynamics seems to be mostly responsible in
the case of triplet benzyl radical pairs. The hetero atoms in the * BH R pairs are
probably responsible for the fast intersystem crossing process by enhancing spin-
orbital coupling (for example, by allowing electrons in singly occupied orbitals to
move from p, to p,, as the electron spin changes). Considering that the estimated values
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of kgap are similar in both cases, the substantially different k. have practical
consequences. Although most of * BH R pairs combine “in-cage” in the first 5 s,
animportant fraction of the benzyl radicals from the ACOB,, in the PE films are able to
escape from their cages of origin and, therefore, the laser-flash decay traces observed
at t>30us are extremely sensitive to the presence of oxygen and other possible
scavenges in the polymeric matrices.

13.7 CONCLUDING REMARKS

Although aspects of the processes suffered by radical pairs in polymeric media have
been investigated for many years, and information about those processes is of
fundamental importance to industry and new technologies, the field is still in its
infancy. Few studies have delved into the detailed mechanisms by which radical pairs
move and interact in the confining environments of bulk polymers.

Clearly, there are many benefits to investigating radical processes in bulk polymers
because the media constitute a “viscous space” in which the processes suffered by
radicals (and, especially, pairs of radicals) are slowed significantly, allowing them to
be observed more easily. We have provided an example in which decarbonylation can
be used as a “clock” over time domains that are appropriate in polymeric media, but
would be too slow in many fluid solvents. A great deal of basic scientific information
about the dynamics of polymeric radicals can be derived as well.

The information presented in this chapter is intended to provide a platform for
future studies. It has attempted to point readers toward challenges and possible
approaches for those studies. The challenges and opportunities are manifold.
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ACRYLIC POLYMER RADICALS:
STRUCTURAL CHARACTERIZATION
AND DYNAMICS
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14.1 INTRODUCTION

Polymer degradation is a subject of intense interest to chemists, physicists, and
materials scientists.'~ Mechanistic information about degradation processes is highly
sought after in fields such as environmental science,4 aerospace,5 and medicine.®
Acrylic polymers are used in many applications where exposure to intense light
sources is common, such as bendable light pipes in the automobile industry,’
architectural coatings,® and lithography.”'° The degradation mechanisms of acrylates
often involve free radical reactions,“_13 therefore knowledge of the structure,
molecular dynamics, and chemical reactivity of these reactive intermediates is highly
desirable. Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool for
such studies and has contributed much to our understanding of polymer degradation
and dynamics over the past 60 years.'*'> This chapter will focus on the use of time-
resolved (CW) EPR spectroscopy (TREPR) experiments to investigate free radicals
produced via acrylic polymer photodegradation in liquid solution. These studies have
been carried out in the authors’ laboratory for the last decade.'®"*° The unique ability
of TREPR to record spectra of radicals created from the primary photochemical events
after an acrylic polymer absorbs UV light has provided much insight into macromo-
lecular free radical structure and dynamics.

Carbon-Centered Free Radicals and Radical Cations, Edited by Malcolm D. E. Forbes
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14.2 THE PHOTODEGRADATION MECHANISM

The photodegradation of acrylic polymers, illustrated in Scheme 14.1 for a generic
structure, has been extensively studied by photochemists and polymer scientists for
many years.'*!> Despite some contrary interpretations,”' there is a general consensus
that Norrish I oi-cleavage of the ester side chain is the first bond breaking event after
absorption of UV light by the ester chromophore. The result of side-chain cleavage is a
main-chain polymeric radical a and a smaller oxo-acyl radical b as a primary radical
pair. Radical a has available to it a unimolecular decomposition pathway, namely, B-
scission,?* to give a terminal alkene and the so-called propagating radical ¢.>*** This
reaction is analogous to the reverse of the free radical polymerization reaction, that is,
free radical addition to the alkene monomer.*’
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SCHEME 14.1 The general structure of an acrylic polymer and the established photode-
gradation mechanism via Norrish I o-cleavage of the carbonyl side chain, leading to main-chain
polymeric radical a and oxo-acyl radical b. The secondary -scission rearrangement reaction
leading to the propagating radical ¢ is also shown.

Because of the rapid B-scission reaction, steady-state electron paramagnetic reso-
nance (SSEPR) investigations carried out since 1951 on acrylate and methacrylate
degradation were unable to confirm the chemistry shown in Scheme 14.1 as the first step.
In 1982, Liang et al. suggested the existence of a main-chain acrylate radical in a cold
SSEPR experiment,”® but the spectrum contained many overlapping lines from other
radicals, so a definitive conclusion regarding its structure could not be reached. In fact,
main-chain polymeric radical such as a had not been unambiguously characterized in
any work except in that reported here. The TREPR experiments described below will
provide unambiguous spectral assignment of both radicals a and b from many acrylic
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polymers, confirming the mechanism shown in Scheme 14.1. In addition, our results
show novel features beyond the original mechanistic problem, in particular regarding
nuclear spin symmetry relationships in these polymeric free radicals, their chain
dynamics and spin relaxation processes in solution, and the anomalous intensities
associated with chemically induced electron spin polarization (CIDEP) mechanisms>’
that almost always accompany TREPR spectra.

14.3 POLYMER STRUCTURES

The photochemistry and ensuing free radical chemistry of the eight acrylic polymers
shown in Chart 14.1 have been studied intensely over the past decade in our
laboratory.'®?° Structural modification of acrylates can be achieved by modifying
either the substituent on the polymer backbone (o-substitution), or the ester side chain
(B-substitution). Poly(methyl methacrylate) (PMMA), 1, was the starting point for our
investigations as it is the most ubiquitous acrylic polymer. Common commercial
names for PMMA include Lucite, Perspex, and Plexiglass; in many applications,
PMMA is exposed to UV light where radiation damage can occur. In EPR spectros-
copy, it is often desirable to confirm spectral assignments by isotopic labeling, and
therefore the deuterated analog of PMMA was also studied. Here, the deuterium
substitution is only on the backbone methyl group and the polymer is abbreviated as
dz-PMMA, structure 2 in Chart 14.1.

vy
Polymer Acronym R R’

1 Poly(methyl methacrylate) PMMA CH; CHs

2 Poly(methyl ds-methacrylate) d3-PMMA  CDj3 CH3

3 Poly(ethyl methacrylate) PEMA CH3 CH.CH3

4 Poly(ethyl cyanoacrylate) PECA CN CH,CH3

5 Poly(ethyl acrylate) PEA H CH,CH3

6 Poly(fluorooctyl methacrylate) PFOMA CH3 CH(CF2)xCF3

7 Poly(acrylic acid) PAA H H

8 Poly(methacrylic acid) PMAA CH3 H

CHART 14.1 Structures of all polymers investigated in this work, numbered with their
common acronyms from the polymer literature.
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The next three polymers in this series are all ethyl acrylates, meaning that while the
backbone (o) substituent is different in all three structures, the ester side-chain group
(B) is the same for all of them (—CH,CHj;). Polymer 3 is poly(ethyl methacrylate)
(PEMA), and 4 is poly(ethyl cyanoacrylate) (PECA), which may be recognizable as a
primary component of the so-called “superglues.” Polymer S is poly(ethyl acrylate)
(PEA), with H on the backbone o.-position. From structure 3to 4 to 5, the a-substituent
becomes simpler in structure and this will be reflected in the observed TREPR spectra
below in terms of the number of observed transitions, and in some cases the linewidths
as well.

Poly(fluorooctyl methacrylate) (PFOMA, structure 6) has very different physical
properties from the other four methacrylates shown in Chart 14.1. Primarily this is
due to the bulky (and more rigid) B-substituent, which is actually a mixture of
straight chain and branched perfluorooctyl groups. The rigidity of the main chain
enforced by these bulky groups has drastic consequences on the appearance of the
TREPR spectra of the resulting radicals. PFOMA was the first polymer to be
synthesized in liquid CO, and was the basis of several new surfactant technologies
developed for recyclable solvents.

The last two polymer structures listed in Chart 14.1 are poly(acrylic acid) (PAA, 7)
and poly(methacrylic acid) (PMAA, 8), which exhibit interesting properties due to
their water solubility and ionic strengths. From a structural perspective, PAA and
PMAA are the simplest polyelectrolytes, and they are of significant interest as
biodegradable materials for wound dressings>® and other biomedical and bioanaly-
tical® applications. The main difference between the polyacrylic acids and their ester
counterparts is the presence of charges on the carboxyl side chains in solution. The
degree of ionization of these functional groups can influence the morphology of
the polymer chains in solution (coiled versus stretched),?® the redox properties of the
carboxylate groups,®’ and the nature of the excited states involved in the photode-
gradation process.>> The water solubility of polymers 7 and 8 has some experimental
ramifications: EPR in aqueous solution presents some technical challenges due to the
high dielectric constant of the sample. In addition, there is the possibility of pH and/or
ionic strength dependences of their photochemical reactivity and their TREPR
spectral features.

The polymers selected for these studies are structurally similar in that the primary
photophysics and chemistry are not expected to change; that is, we do not expect a
major deviation from the mechanism shown in Scheme 14.1 in terms of UV photo-
degradation for these macromolecules. However, the small structural variations from
one polymer to another have been chosen to allow structural, dynamic, solvent, and pH
effects in the ensuing free radicals to be probed as systematically as possible. It should
be noted that all of the polymers under investigation are, to the best of our knowledge,
homopolymers of high molecular weight (M, > 10,000), high purity (>95% by NMR
and GPC), and unless otherwise indicated, atactic in terms of macromolecular
stereochemistry. Tacticity is an important factor in magnetic resonance of polymers,
afactlong recognized in the NMR research community>> but, as we will show below, it
is anissue that was somewhat underappreciated by EPR spectroscopists because of the
lack of clean, well-resolved spectra of main-chain macromolecular free radicals.
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In routine steady-state EPR spectroscopy, the transitions are detected by sweeping an
external magnetic field B, through each resonance at a constant microwave frequency
. The external field is modulated, usually at a frequency of 100 kHz, so that phase-
sensitive detection can be used to increase the signal to noise (S/N) ratio and the
spectral resolution.>® The resulting spectra have first-derivative line shapes, and care is
usually taken to keep the amplitude of the field modulation smaller than the linewidth
to avoid line shape distortions. A consequence of the 100 kHz field modulation is that
the time response of the spectrometer becomes limited to, at best, the inverse of the
modulation frequency. Practically, for good S/N, three or four cycles of modulation are
necessary, which means that species with chemical lifetimes less than about 40 s
become difficult to detect. Since most organic radicals have lifetimes in solution on the
order of 10-100 ps, their detection can be problematic in SSEPR. Lower temperatures
(below —50°C) can help with this problem. Continuous, intense light or heat can be
used to generate large steady-state concentrations of radicals.”

The CIDEP enhancements of 1-100 above the Boltzmann population differences
are common to TREPR spectra and decay with T, values on the order of 1 to 10 us. This
makes CIDEP difficult (but not impossible if strong enough) to observe at steady state.
Historically, it was quickly recognized that a significant amount of kinetic and
magnetic information could be obtained by studying the CIDEP mechanisms, and
therefore an EPR experiment with submicrosecond time resolution and response
became highly desirable. The earliest attempts to build such an apparatus were coupled
to pulse radiolysis instrumentation by Avery and Smaller®® and by Fessenden,*” who
also made seminal contributions to the analysis of TREPR data.*® The apparatus and
methodology used in the authors’ laboratory couples laser flash photolysis to EPR,
which was first developed by Trifunac and coworkers®” and used widely by others such
as McLauchlan,‘m Levanon,41 van Willigen,42 and Hirota.*> The experiment found
great utility in photosynthesis research, most notably in the research groups of Hoff,**
Mobius,45 Lubitz,46 and Norris.*’

In our X-band TREPR apparatus, temporal resolution is achieved by pulsing the
production of the radicals, and then gating the detection system. Pulsed production of
radicals is typically accomplished using an excimer or YAG laser. The EPR signal
from the microwave bridge preamplifier is passed directly to a boxcar gated integrator
or to a transient digitizer, which allows the signal to be trapped and stored on the
submicrosecond timescale. Figure 14.1a shows how the apparatus is connected, and
Fig. 14.1b shows the timing sequence. The phase-sensitive detection system of
the SSEPR system is bypassed (hence, the experiment is sometimes called “direct
detection”). The only additional components to the TREPR spectrometer are the
timing electronics (usually a Stanford DG535 delay generator or equivalent), a boxcar
signal averager, and the laser (excimer or Nd* *:YAG). A computer is used to store and
display the data as an xy array (By, TREPR intensity). Quartz flow cells are used to
avoid heating and sample depletion, and either holes or slots are cut into the sides
of the resonators to allow light access. The microwave excitation is continuous
wave throughout the experiment, even during the production of the radicals, as
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FIGURE 14.1 The Time-resolved EPR experiment. (a) The apparatus. (b) The timing
sequence (see text for scale and definitions).

opposed to pulsed microwave methods such as electron spin echo or Fourier transform
(FT) EPR. Significant advantages in sensitivity with similar time response are
available with FT-EPR,*® but there are also disadvantages in terms of spectral width
of excitation that limit the application of this technique. The TREPR (CW) method is
the most facile and cost-effective method for the observation of field-swept EPR
spectra of organic radicals on the submicrosecond timescale.

There are two modes in which the experiment can be run. The preferred mode is to
fix the delay time between the two boxcar gates. The first gate opens before the laser
flash to sample the dark signal and provide a baseline; the second gate opens at a set
delay time 7 after the flash and samples both light and dark signals. Gate widths are 100
to 300 ns, which defines the time resolution of the experiment. Typical delay times (t)
are 0.1 to 10 us. A processor in the boxcar unit provides the difference between the
gates (the light-induced EPR signal) as an output voltage, which is passed to a
computer for storage at each field point. Time constants in the boxcar charging circuit
are adjusted to give an exponentially averaged output after 5 to 10 laser flashes at a
single magnetic field value. The external magnetic field sweep is usually divided into
1000 data points. Clock pulses are generated during the field sweep to control the rate
at which data are downloaded to the computer. In many spectrometers, there exists an
option to program the data collection software to provide a DC voltage ramp that can
sweep the external magnetic field externally, providing complete computer control of
the scan. The laser repetition rate ranges from 10 to 100 Hz, with 60 Hz being nominal.
The microwave power in most TREPR experiments is 2-20 mW, but it is essential to
vary this parameter during the experiment to investigate whether the line shapes and/or
intensities change with it.

The second mode is to run the experiment at a fixed magnetic field and sweep the
second boxcar gate over time to collect kinetic information. There are two problems
with this approach. First, the experiment must be repeated several times with a slow
scan rate in order to get satisfactory S/N. To extract the EPR kinetic curve, the
experiment is repeated off resonance and the two curves subtracted. Kinetics are more
easily obtained using a high-bandwidth transient digitizer instead of a boxcar, and
many researchers perform TREPR in this fashion.**>° It is important to note here two
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disadvantages of the TREPR technique. It is not generally possible to observe a
Boltzmann (equilibrium) population of spin states using the boxcar method because of
1/fnoise. Also, lifetime broadening effects are observed when the second boxcar gate
is placed close in time to the laser flash. This is a consequence of having the microwave
excitation running continuously. Near the laser flash, and during the photochemical
events that produce radicals, the apparatus is attempting to excite spin states that are
still in the process of forming. In other words, small interactions such as hyperfine
couplings take time to evolve and may not be visible in the TREPR spectrum for
several hundreds of nanoseconds after the laser flash.

Since a Boltzmann population is not generally detectable using the boxcar
method, it is then logical to ask why the experiment works at all? The answer lies in
the fact that in most, if not all, photochemical reactions that produce radicals, radical
ions, or biradicals, CIDEP phenomena are observed. It is here that much of the
sensitivity is gained back that was lost in bypassing the phase-sensitive detection
unit (100 kHz field modulation). A smaller improvement in sensitivity comes from
the use of the boxcar to signal average. In all of the TREPR spectra shown in this
proposal, transitions below the baseline are in emission (E), while those above the
baseline are in enhanced absorption (A). This is different from most conventional
EPR spectra that are displayed as first derivative curves representing the change in
detected intensity with the external field.

A detailed description of CIDEP mechanisms is outside the scope of this chapter.
Several monographs®’>'? and reviews™* are available that describe the spin
physics and chemistry. Briefly, the radical pair mechanism (RPM) arises from
singlet—triplet electron spin wave function evolution during the first few nanoseconds
of the diffusive radical pair lifetime. For excited-state triplet precursors, the phase of
the resulting TREPR spectrum is low-field E, high-field A. The triplet mechanism
(TM) is a net polarization arising from anisotropic intersystem crossing in the
molecular excited states. For the polymers under study here, the TM is net E in all
cases, which is unusual for aliphatic carbonyls and will be discussed in more detail in a
later section. Other CIDEP mechanisms, such as the radicaltriplet pair mechanism’”
and spin-correlated radical pair mechanism,5 6 are excluded from this discussion, as
they do not appear in any of the systems presented here.

The photochemistry taking place in these polymers is destructive. It is therefore
essential to flow or recirculate samples during the experiment. Flowing through the
microwave resonator also prevents excessive heating of the samples by the laser flashes.
To obtain high-temperature TREPR spectra of polymer radicals, a special insulated flow
apparatus has been constructed in our laboratory that provides stable laminar flow of
liquids through the EPR resonator at temperatures up to 150°C. The choice of solvent is
critical for the success of high-temperature experiments. The solvent must (1) dissolve
the polymer to concentrations of several grams per 100 mL, (2) have a high enough
boiling point that it can withstand our reservoir temperature without evaporating or
decomposing, and (3) be optically transparent at 248 nm. To date, we have found only
one solvent, propylene carbonate, shown below, which fits all of these criteria. It is an
excellent solvent for PMMA at room temperature and above, boils at 240°C, and
shows no TREPR signal when run as a blank under 248 nm irradiation. It is used for all
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acrylates with ester side chains except for PFOMA, where specialized fluorinated
solvents must be used. For the polyacids PAA and PMAA, aqueous solutions (neutral
or basic) are appropriate, but if temperatures above 100°C are desired, small amounts
of ethylene glycol should be added to raise the boiling point.

)

PN

0] 0]

propylene carbonate

14.5 TACTICITY AND TEMPERATURE DEPENDENCE
OF ACRYLATE RADICALS

Acrylic polymers have stereogenic centers on every other carbon atom. As aresult, the
polymers can be classified as atactic (random stereochemistry), isotactic (the same
configuration at each stereogenic center), or syndiotactic (alternating configurations at
each stereogenic center).5 " For PMMA, these are denoted as a-PMMA, i-PMMA, and
s-PMMA, respectively. The tacticity of the polymers can be controlled during
synthesis to some extent. While highly syndiotactic or isotactic acrylic polymers
are reasonably straightforward to synthesize, it is rather difficult to generate highly
atactic material. In general, samples of acrylic polymers purporting to be completely
atactic have large sections of the polymer chain that are syndiotactic. We will see
below that polymer tacticity plays a large role in the appearance of the TREPR spectra
of acrylic main-chain radicals.

Figure 14.2 shows the temperature dependence of the TREPR spectra obtained upon
photodegradation of all three tacticities of PMMA in propylene carbonate. Near room
temperature, an alternating linewidth pattern indicative of conformationally induced
hyperfine modulation is observed (Fig. 14.2, top). Upon heating, a large transformation
takes place. At high temperatures (at or over 100°C), all three samples reveal
motionally narrowed spectra, simple in appearance and with sharp linewidths
(<1G). Even more remarkable is that at the highest temperature recorded for each
sample, all three spectra are quite similar in appearance. The convergence temperature
to the fast motion spectrum is different for radicals from all three tacticities of PMMA,
with the -PMMA radical converging at the lowest temperature. This result is expected
as i-PMMA has been found in many studies to be the least rigid of the three polymers.”®
0 Computer simulations of the fully converged, high-temperature limit spectra are
shown at the bottom of each data set in Fig. 14.2. The hyperfine coupling constants used
for each simulation are nearly identical and will be discussed in the next section.

The fast motion spectrum of the i-PMMA radical consists of 21 lines attributed to
three separate isotropic hyperfine coupling constants. There is coupling to the methyl
group to form a quartet (22.9 G) that is then split further into a triplet from one set of 3-
methylene protons (16.4G) and another triplet from the other set (11.7G).
Theoretically, this should lead to 36 lines (4 x 3 x 3), but a fortuitous degeneracy
exists because one of the fast motion 3-methylene coupling constants is almost exactly
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FIGURE 14.2 X-band TREPR spectra of main-chain polymer radical 1a produced from
248 nm laser flash photolysis of atactic, isotactic, and syndiotactic PMMA in propylene
carbonate at 0.8 us delay time. The temperature for each spectrum is shown in °C, and the
magnetic field sweep width is 150 G for all spectra, which exhibit net E CIDEP in all cases.
Simulations of each fast motion spectrum (highest temperature) are shown at the bottom of each
data set. Hyperfine values for each simulation are 3 ay(CH3) =22.9G, 2ay(CH,) =16.4G,
2ay(CH,)=11.7G for isotactic PMMA; 3ay(CH3)=229G, 2ax(CH,)=16.2G,
2ay(CH,) =11.7G for syndiotactic PMMA; and 3ay(CH3)=23.0G, 2ay(CH,) =164G,
2ay(CH,) =11.3 G for atactic PMMA.

half the value of the methyl proton coupling constant. The syndiotactic and atactic
polymers give rise to radicals with 27 lines, due to a lifting of this degeneracy (or
perhaps an incomplete high-temperature averaging process). The slight changes in
coupling constants from 16.4 to 16.2 G for s-PMMA, and from 11.7 to 11.3 G for
a-PMMA, are minor but clearly observable at 0.8 us delay time.

A special consequence of the stereoregularity of these polymers is the pseudo-
symmetry relationships between the B-methylene protons of the main-chain radicals.
The concept is briefly reviewed here by introducing Fig. 14.3, which shows the
possible radicals formed by loss of the ester side-chain moiety from PMMA by
the Norrish I o-cleavage reaction from the first excited triplet state. Because of the
repetition pattern of stereogenic centers in isotactic and syndiotactic materials, these
two tacticities are required to lead to the same free radical, which has a mirror plane of
symmetry. We call this the “meso” radical. The mirror plane establishes magnetic
equivalence in each of the two sets of B-methylene protons and is the reason why these
protons show a triplet of triplets in the TREPR spectrum. Note that on each
nonstereogenic center, the two protons are chemically and magnetically inequivalent
because of the adjacent stereogenic centers.

In the “meso” and “racemic” radical structures, the hyperfine coupling constants to
the B-methylene protons are not perturbed greatly by the change in stereochemistry on
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FIGURE 14.3 Nuclear spin symmetry relationships for main-chain radical 1a from PMMA,
as a function of polymer tacticity. The two radicals shown have o, mirror plane (“meso”) or
C, axis (“racemic”) symmetry elements establishing magnetic equivalence of each set of
[-methylene protons.

the next carbon further down the chain. For this reason, the observed spectra for each
type of radical are very similar. The difference in coupling constant for a methylene
proton pair in either the meso or the racemic radical can be quite large. In PMMA, for
instance, the methylene couplings on the same carbon atom differ by about 5 G. In
contrast, for an acrylic ester such as PEA, the difference is less than 1 G (see below).
The methylene proton inequivalencies are a function of polymer stereochemistry and
therefore cannot be removed by fast rotation.

14.6 STRUCTURAL DEPENDENCE

The left side of Fig. 14.4 shows TREPR spectra obtained 1.0 us after 248 nm laser flash
photolysis of eight acrylic polymers, with computer simulations on the right side.

All these spectra were acquired at elevated temperatures (~100°C), that is, where
the observation of fast motion spectra is expected. In Fig. 14.4A, the TREPR spectrum
of the main-chain polymer radical from photolysis of i-PMMA is repeated from the
bottom left side of Fig. 14.2, as it is the starting point for comparisons of spectral
features such as linewidths and hyperfine coupling constants. The nomenclature used
throughout this section is derived using the notations indicated in Scheme 14.1 and
Chart 14.1. For example, a main-chain radical from PMMA will be denoted 1a,
whereas the oxo-acyl radical from PFOMA will be designated as radical 6b, and so on.
For all radicals simulated, the parameters used are listed in Table 14.1.
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FIGURE 14.4 Experimental TREPR spectra (left) and simulated spectra (right) for radicals
observed at 0.8 us after 248 nm laser flash photolysis of the following polymers (see Chart 1
for acronym definitions): (A) PMMA, (B), d;-PMMA, (C) PEMA, (D) PECA, (E) PEA,
(F) PFOMA, (G) PAA, (H) PMAA. Except for the spectrum obtained from PFOMA (6), the
simulation unambiguously assigns the signal carrier to main-chain polymer radical a. In the
case of PFOMA, oxo-acyl radical 6b is the dominant signal carrier. For PMMA (spectrum A),
the material is isotactic (91% by NMR), but all other polymer samples are atactic material.
Simulation parameters are listed along with the radical structures in Table 14.1.

14.6.1 ds-Poly(methyl methacrylate), d;-PMMA

Figure 14.4B shows the experimental and simulated TREPR spectra acquired during
the photolysis of d;-PMMA (radical 2a) in propylene carbonate at 120°C. The spectral
width is quite narrow, and there are more transitions observed here than for the
protonated analog. There are many overlapping lines and only the outermost lines of
the spectrum are clearly resolved. In Table 14.1, itis seen that the value of the hyperfine
coupling constant for the o-methyl protons has decreased from 22.9 to 3.5 G, exactly
as expected for this isotopic substitution.®’ The values for the B-methylene protons
used in the simulation are 16.3 and 10.9 G, which are close to the values used in the
simulations of the nondeuterated polymer. The fact that they are slightly different
suggests that deuteration of the polymer backbone substitutent has a small but
observable effect on the conformational energies of this polymer in solution.
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TABLE 14.1 Magnetic Parameters Used in the Simulations in Fig. 14.4

Acronym Structure Hyperfine Constant
PMMA CH;=229G
radical HSCOOC CHa CHG CHSCOOCH,, HB =16.7G
1a o )I>/-\<wa ; Hy=112G
Hy = 2%
B ) S
Ry Py
d3-PMMA CH3 CD3 CHS CD3 = 35 G
radical H,COOC COOCH, Hp=163G
2a . . . Hy =109G
H = =
p Ay’ Ay (i
PEMA CH CH CH CH;=229G
radical Et00C 2 3 SCOOEI Hp=158G
3a - . — Hg=112G
H? = B
B ﬁu’ ﬁﬂ’ B
PECA N=33G
CH CN CH
radical H,CO0C 3 SCOOCH-, Hp=163G
4a o W“’W ? Hy = 148G
HY 2 S VH
p Ry’ Ay B
PEA H,=21.7G
radical H=235G
5a Hp =23.8G
PFOMA CH,=3.2G
radical oxo-acyl | CF,=0.8G
6b
PAA Hy=215G
radical Hg=23.7G
7a Hp =23.8G
H,=09G
PMAA CH H CcH CH;=23.1G
radical 4 y Hz=273G
8a Hg =11.0G
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14.6.2 Poly(ethyl methacrylate), PEMA

The spectrum of radical 3a no longer consists of 21 lines (Fig. 14.4C). In a similar
fashion to the tacticity dependence described earlier, one or more of the accidental
degeneracies observed in i-PMMA radical 1a have been lifted to give a total of 27 lines.
Also, the overall spectral width has decreased slightly. The new lines are assumed to
arise from the main-chain radical and not a new signal carrier, because the kinetic
decay curve for this line is identical to all the other lines and the intensity ratios of all of
the transitions in Fig. 14.4C are constant with temperature. These differences in
hyperfine coupling constants are somewhat unexpected because the only structural
difference between these radicals is the identity of the B-substituent in which the ester
R group changes from methyl to ethyl.

From the simulation parameters in Table 14.1, we see that the hyperfine values for
the o-methyl protons remain the same for both methacrylate polymers. The methyl
group has free rotation about the C—C bond from the backbone to the methyl group,
even at temperatures as low as —100°C.%* The additional splittings in the TREPR
spectrum of radical 3a can be simulated by lowering the hyperfine values for one set of
the B-methylene protons (the largest coupling constant) by 1 G compared to that from
PMMA. This suggests that making the side-chain ester group bulkier changes the
relative energies of the conformations of the polymer near the radical center.

14.6.3 Poly(ethyl cyanoacrylate), PECA

Figure 14.4D shows the experimental high-temperature TREPR spectrum obtained
during photolysis of PECA (radical 4a) in propylene carbonate solution, along with a
computer simulation. There are five packets of lines from coupling to the -methylene
protons. Each of these packets of lines is split into three additional lines from the y-
nitrogen (I =1) in the nitrile group. The larger width of the second and the fourth
packet of lines can be explained by the diastereotopicity of the B-methylene protons.
The hyperfine values used in the simulation are 3.3 G for the y-nitrogen and 16.3 and
14.8 G for the B-methylene protons (Table 14.1). The difference between the hyperfine
coupling constants for each of the B-methylene protons is much smaller for this
polymer than for the other acrylic polymers. This may be related to the increased
conformational flexibility of this polymer because of the small backbone substituent.

14.6.4 Poly(ethyl acrylate), PEA

The TREPR spectrum obtained after photolysis of PEA (radical 5a) in solution is
shown in Fig. 14.4E. There are six major transitions observed in B-methylene
hyperfine couplings of 23.0 and 24.7 G, and one «-hyperfine coupling of 21.5G.
These coupling constants are comparable to values reported in the literature for
radicals of similar chemical structure.>®> At room temperature, the B-methylene
couplings are not resolved due the increased natural linewidth, and at such tempera-
tures the spectrum appears to have five nearly equivalent coupling constants lead to a
six-line spectrum, with transitions ina 1:5:10:10:5:1 intensity ratio. It is only at higher



338 ACRYLIC POLYMER RADICALS: STRUCTURAL CHARACTERIZATION

temperatures such as in Fig. 14.4E that the difference in the B-methylene coupling and
the a-hyperfine coupling are resolved. The B-hyperfine interactions in radical 5a are
close in value at all temperatures, but the fast motion limit appears to be achieved at
lower temperatures for acrylates versus methacrylates. This is because there is more
conformational flexibility in this polymer.

14.6.5 Poly(fluorooctyl methacrylate), PFOMA

Because of the importance of fluorinated polymers in a wide range of new industrial
applications, from dry cleaning to microlithography,°®¢’ the photochemistry of PFOMA
(6) was investigated. Fluorination of the alky] tail of the ester group increases the rigidity
of the polymer chain, decreasing the internal motion of the polymer.®®® It should be
expected that the TREPR spectra of radical 6a from photolysis of PFEOMA will be much
broader, at least at room temperature. To obtain the high-temperature TREPR spectrum
of PFOMA, a solvent mixture consisting of different fluorinated hydrocarbons (FC-70,
3M Corporation) was used. This solvent system has a boiling point of 201°C, dissolves
PFOMA easily, and is transparent at 248 nm.

The high-temperature TREPR spectrum observed during photolysis of PFOMA is
shown in Fig. 14.4F. For all polymeric radicals previously presented and discussed, the
polymeric main-chain radical generally exhibits a very intense signal, and the oxo-
acyl signal is weak or absent from the TREPR spectrum at high temperatures. The
opposite relative intensities are observed here. The well-resolved TREPR spectrum of
fluorinated oxo-acyl radical 6b is superimposed on a wide signal that has some similar
features to the signal from the polymeric radical of PMMA (radical 1a) at lower
temperatures (see top left of Fig. 14.2). The broad signal is most likely due to the main-
chain polymeric radical from PFOMA (6a). Slow dynamics of the PFOMA main-
chain radical is reflected in the TREPR spectra by lines that are broadened due to
slower motion around the C,,—Cp bond.

We suggest two reasons for this anomaly in the intensities of the two radicals from
PFOMA: one is that the relaxation time of radical 6b is longer than usual for an acyl
radical. This is to be expected because the major relaxation mechanism in such radicals
is from the spin—rotation interaction.”® This process will be less effective in structures
such as 6b because the radical is larger in size than typical acyl radicals observed in
organic photochemical reactions of carbonyl compounds—it will certainly undergo
slower molecular rotations than the oxo-acyl radical 1b, observed at room temperature
from side-chain cleavage of the ester group in PMMA (data not shown). Another
reason for the strong intensity is based on the number of total transitions for the two
radicals. Since both radicals acquire the same initial spin polarization from the triplet
mechanism, more intensity has to be packed into fewer lines for radical 6b than the
polymeric radical. We will return to the TREPR spectroscopy of PFOMA radicals 6a
and 6b in later section on oxo-acyl radicals.

We have observed similar effects in the TREPR spectra of the polymeric radical of
poly(adamantyl methacrylate) (PAMA, spectrum not shown). Large ester side chains
such as the adamantyl and fluorinated alkyl groups experience a larger amount of
hydrodynamic friction than do smaller side chains such as methyl and ethyl groups.”*
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The polymer then undergoes slower internal rotations, and the TREPR spectrum of
the main-chain radical is broadened. The similarity in the spectra from PFOMA and
PAMA suggests that the conformational mobility of the polymeric radical in solution
plays a major role in the intensity and spectral shape of the TREPR signal from these
polymeric radicals and that side chain size and structure can completely prevent access
to the fast motion limit, at least at temperatures below 135°C. Higher temperatures are
not currently available to us because our high temperature flow system in limited to a
maximum reservoir temperature of 150°C, for safety reasons.

14.6.6 Polyacrylic Acid, PAA

The TREPR spectrum acquired during 248 nm photolysis of PAA in aqueous
solution at high temperature is shown in Fig. 14.4G. The PAA main-chain radical
7a is easily identified as arising from direct Norrish I a-cleavage of the carboxyl
group, and the CIDEP pattern is again that from the triplet mechanism (net E), the
same pattern observed for the ester side-chain analogs. The only major difference
between the PAA radical spectrum in Fig. 14.4G and the PEA radical spectrum in
Fig. 14.4E is that we have included a small y-hyperfine coupling to better fit the PAA
spectrum. The oxo-acyl counter radical 7b is not observed in these spectra, even at
low temperatures. This is unusual: for the acrylate polymers with ester group side
chains, oxo-acyl radicals were observed at room temperature just to the high-field
side of the center of the polymer radical signal. Acyl radicals are known to have fast
relaxation times due to spin—rotation interaction,72 and so a lack of observation of
radical 7b in our system at high temperatures is understandable. However, the
absence of any signal from radical 7b at room temperature suggests that this
relaxation mechanism may be much more efficient in the smaller carboxyl radical
7b than in its ester analogs. We are currently exploring methods to test this
hypothesis using isotopic labeling experiments.

Another interesting feature of Fig. 14.4G is that there is second signal carrier
present, with less intensity but transitions that are clearly visible in between those of
the main-chain radical 7a. This is also a departure from the behavior of the acrylate
polymers such as PEA and PMMA. This unknown radical probably has an even
number of hyperfine interactions and a similar g-factor to the main-chain radical,
because the observed lines are evenly spaced between the lines of main-chain radical
7a and are symmetrically distributed about them. Unambiguous identification of this
radical has not been achieved to date, but some candidates include (1) the propagating
radical 7¢ (Scheme 14.1), (2) the product of a rearrangement, similar to that
described for the radical anions of carboxylic acids and esters,”> (3) a radical
from photochemistry at branched sites caused by backbiting of the propagating
polymer chain during the synthesis, or (4) aradical produced by photochemistry at a
tail-to-tail or head-to-head defect site in the polymer chain. The radical arising from
Norrish I cleavage at a head-to-head defect site in PAA is a strong candidate for the
origin of this signal because it has four hyperfine coupling constants that are all
expected to be different due to stereochemical issues and the disruption of symmetry
due to the defect.
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14.6.7 Polymethacrylic Acid, PMAA

Quantum yields, molecular weight distributions, and product analyses from the
photolysis of aqueous solutions of PMAA have been reported by several research
groups.”*"” Side-chain cleavage and B-scission of the main-chain radical 8a for
PMAA were proposed as the major mechanistic events of degradation, with a
particular emphasis on reactivity with H,0,.”® Reactions of the acrylic acids with
reactive oxygen species such as hydroxyl radical are well understood and are the focus
of biodegradability studies of these polymers.”” Low-temperature (frozen) SSEPR
spectra have been reported from X-ray’® and y-radiation”®™®" of several homopoly-
mers and copolymers.®” In all cases, these reports contain spectra that carry the typical
burdens of low-temperature EPR spectroscopy, namely, broad lines and overlapping
signal carriers that make assignment and interpretation difficult and/or ambiguous.
However, the main conclusion from much of this previous work was that the B-scission
process was operative even in neat polymer samples at low temperatures. There have
also been studies of PMAA degradation in the presence of additives such as iron salts®
and acridine,** and one report of TREPR experiments during photolysis of an initiator-
labeled methacrylic acid sample.®® This latter work showed an interesting pH
dependence of the signal carriers that is relevant to the results reported here and
this will be elaborated below.

Figure 14.4H shows the TREPR spectrum acquired during 248 nm photolysis of
PMAA in aqueous solution at high temperature. A small amount of ethylene glycol
was added to the solutions to go over 100°C. Compared to PAA, it is notable that the
observed photochemistry of PMAA is very clean, with no additional radicals present,
although such radicals may be masked by the large number of transitions and by the
high intensity of this signal, which is assigned to main-chain radical 8a. Similar to
PAA, the oxo-acyl counter radical 8b is not observed in TREPR spectra of PMAA at
any temperature. The spectral simulation of radical 8a is shown to the right of the
experimental spectrum. While the positions of the transitions line up quite well, it is
clear that the linewidths for each transition are not all equal in the experimental
spectrum. We conclude that while we have confidence in the structure of the radical
being created, the polymeric radical has not reached a true “fast motion” state even at
the highest temperature accessible with our current apparatus. Nonetheless, each
transition in the experimental spectrum does appear to be accounted for in the
simulation. One striking difference between the PAA and PMAA radicals is the
magnitude of the B-hyperfine interactions (Table 14.1). For PAA these coupling
constants are almost identical, whereas for PMAA they differ by more than a factor of
2. This is a much larger difference in coupling constant than observed in PMMA and
clearly reflects the asymmetry imposed on the radical conformations by the neigh-
boring stereogenic centers. This effect may also be amplified by solvent effects and by
the repulsion of charges on the carboxylate anions along the backbone.

14.7 OXO-ACYL RADICALS

Transitions representative of oxo-acyl radical b are not generally observed in high-
temperature TREPR experiments, although they often appear at room temperature and
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below for acrylate polymers. When observed, the oxo-acyl radicals typically exhibit
a single emissive peak slightly to the right of the center of the spectrum (the g-factor
for o-type acyl radicals is slightly lower (approximately 2.0009%¢~*°) than that of
the 3° alkyl polymeric radical (about 2.0026°°°?). Radical b has two unimolecular
decomposition pathways available to it: loss of CO and loss of CO,. In the previous
studies on the photoablation of PMMA using high-resolution mass spectrometry,
both gaseous products were detected.”® Griller and Roberts determined the decar-
boxylation rate of an oxo-acyl radical of similar structure to b tobe 2.1 x 10°s™" at
373K.%® This corresponds to a decomposition time of 500 ns, which is well within
the resolution time of our instrument. However, with only one exception (see
below), radical b is not observed at high temperatures by TREPR at any delay time
from 0.1 to 10 us.

The most likely reason for the absence of signals from radical b in the high-
temperature TREPR spectra is fast spin relaxation. Paul has shown by line shape
analysis that relaxation of an acyl radical is on the order of 10 ns or faster in solution,”®
and this has been confirmed by the kinetic analysis of acyl-alkyl biradicals by
Tsentalovich et al.”®’? The mechanism of this relaxation is through spin—rotational
interaction in the radical, which in this case is equal to the longitudinal relaxation time
T,. Electron spin relaxation is much slower in polymeric radical a due to hindered
rotation, and therefore it remains spin-polarized long enough to be observed by
TREPR. It should be noted here that radical b is observed at room temperature in
acrylate polymer photochemistry, that is, when the oxo-acyl radical contains the ester
functionality. Their signals can be seen in the lowest temperature spectra at the top of
Fig. 14.2. They are not observed when the functional group is an acid, at any
temperature we have accessed to date. It is possible that because of their smaller
size, the spin—rotation interaction responsible for the fast spin relaxation is even more
dominant in these structures.

There is of course a major exception to this trend in oxo-acyl radical behavior as
observed by TREPR and that is for PFOMA (6). Figure 14.5 shows the complete
temperature dependence of the TREPR signals observed when PFOMA is irradiated at
248 nm. The defining feature of these spectra is the large emissive triplet superimposed
on abroad emissive background. The intense triplet arises from hyperfine couplings of
the unpaired electron to the protons and/or fluorines in the alkyl tail of the oxo-acyl
radical 6b. As discussed above, the broad emissive signal in the background is assigned
the main-chain polymeric radical of PFEOMA, 6a. As the temperature is increased, the
general spectroscopic features of the polymeric radicals of methacrylates become
apparent on the perimeter of the spectrum (compare to the low-temperature spectra at
the top of Fig. 14.2), while the central signal remains unchanged. The observation of
radical 6b at room temperature is remarkable by itself. Even more unusual is that the
signal remains strong at high temperatures as well. Both observations are anomalous
but perhaps understandable in terms of the steric bulk and conformational stiffness of
the perfluoroalkyl ester side chain. Spin—rotation-induced relaxation may be very
inefficient for such a structure.

Upon expansion of the highest temperature spectrum to a sweep width of 50 G, it
can be seen that the signal in Fig. 14.5 is actually a triplet of triplets (Fig. 14.6a). A
simulation of this spectrum is shown in Fig. 14.6b. For this simulation, a '°F hyperfine
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FIGURE 14.5 TREPR spectra of the polymeric (6a) and oxo-acyl (6b) radicals from 248 nm
laser flash photolysis of PFOMA in the FC-70 solvent system (1.72 g in 40 mL). Delay time
is 0.3 uG. (A) 25°C, (B) 51°C, (C) 65°C, (D) 80°C, (E) 110°C.
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FIGURE 14.6 Experimental (top) and simulated (bottom) TREPR spectra of oxo-acyl
radical 6b from laser flash photolysis of PFOMA in the solvent system FC-70 (3M
Corporation). Sweep width is 50 G. Simulation parameters are listed in Table 14.1.
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coupling of 3.2 Gauss and a proton coupling of 0.8 G were used. Krusic and coworkers
have shown that y- and even &-hyperfine couplings from fluorinated radicals can be
observed in SSEPR spectra due to spin polarization through C—F bonds.®” The coupling
constants for long-range '°F hyperfine interactions are typically small, from 0.1 t0 2.5 G.
Our values agree reasonably well with the values of 2.6 and 0.1 G reported by Krusic et al.
for - and 8-hyperfine '°F couplings, respectively, in perfluoroalkyl radicals.”® The
hyperfine constants reported here are slightly larger, probably a consequence of having a
o-type radical rather than a m-type radical as was the case in Krusic’s work.

14.8 SPIN POLARIZATION MECHANISMS

The spectra in Fig. 14.2 and Figs. 14.4-14.6 show strong net emission from the
TM of CIDEP.' %' It is revealing that the dominant polarization mechanism is the TM
and not the RPM'%*'% or the spin-correlated radical pair mechanism (SCRP).'%*1%
The magnitudes of both SCRP and RPM polarization patterns depend on the rate of
encounters taking between the two radical centers. Polymeric radical a and oxo-acyl
radical b have drastically different diffusional properties in solution. Radical b is small
and will undergo much more rapid diffusion than a. An immediate consequence of this
is that RPM and SCRP polarization mechanisms may be quenched by relatively slow
reencounter rates and will therefore be obscured in this case by the very strong TM. In all
TREPR spectra detected here, emissive TM is always observed, which is unusual for
aliphatic carbonyl compounds, although not unprecedented for esters.'®

While we cannot directly correlate signal intensities to radical populations because
of the polarization, we know that the photodegradation of our samples over the time
taken to collect our data is extremely slow. This suggests that either the polymers do not
absorb very much light, or the quantum yield for the production of radicals is quite low.
In fact, both situations exist for our samples. The polymer solutions begin to absorb in
the UV at about 250 nm, and we are exciting them at 248 nm. We are therefore just on
the edge of the n—n* excitation of the ester carbonyl group. Guillet and coworkers'"”
and others'*®®*~''” have measured overall quantum yields of about 0.1 for degradation of
acrylic polymers in solution. We conclude that we are not creating many radicals with
each laser flash, but the TM polarization they carry is extremely intense.

For TM polarization to be strong, several physical and magnetic parameters must
fall in certain ranges. For example, the cleavage rate should be faster or comparable to
the electron spin relaxation time in the excited triplet state, typically 1-10ns for
carbonyl triplet states. However, a major factor is the orbital symmetry of the triplet
state and its tumbling rate with respect to the external magnetic field. If an excited state
tumbles quickly, the intersystem crossing process loses selectivity and all three triplet
levels are populated more or less equally from the singlet excited state. The symmetry
of the orbitals is not really an issue for carbonyl n—n* states, but the tumbling rate can
be very important. We suggest that (1) the polymer rotational motion along the main
axis occurs on a slower timescale than rotation of the individual ester side-chain
groups, (2) this asymmetric motion leads to higher selectivity in the intersystem
crossing process, (3) a somewhat slower relaxation time of both the excited triplet
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state and the ensuing polymeric radical exists for the same reasons, and (4) that the
overall effect leads to an optimal situation for the creation of TM polarization.

A final noteworthy feature of these spectra is the lack of RPM polarization, which
for these radicals would appear as low-field emissive, high-field absorptive transitions.
It is curious that such polarization never develops at any delay time, even out to 20 s
where we have observed only TM polarization. The creation of RPM polarization
requires reencounters of radicals on a suitable timescale and modulation of the
exchange interaction between the unpaired electrons. This is normally accomplished
by diffusion of the radicals between weak and strong exchange regions. That it never
develops indicates that either these radicals do not make a significant number of
reencounters, or perhaps it is due to the fast spin relaxation in the oxo-acyl radical. It
may also be that the TM is simply so dominant that the RPM intensity is always much
weaker and is never observed. At lower temperatures (cf. Fig. 14.1, top spectrum at
25°C), there does appear to be a slight superposition of an E/A pattern on top of the
emissive TM polarization, but it has a very small effect.

Regarding the relative intensities of the observed spin polarization mechanisms, it is
also important to note that the P-hyperfine interactions in these radicals
are conformationally modulated, and this process can also quench RPM polarization.
In a qualitative way, we can consider the modulation process to be a relaxation
mechanism that exchanges magnetization between different nuclear spin orientations.
Since these different orientations can have opposite phases of RPM polarization,
the exchange of emissive and absorptive lines can cancel the intensity of the transitions.

149 SOLVENT EFFECTS

14.9.1 pH Effects on Poly(acid) Radicals

Figure 14.7 shows the TREPR signals from the PAA main-chain radical as a function
of the pH of the solution. The spectrum of this radical completely disappears in basic
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FIGURE 14.7 (a) Experimental TREPR spectra (only the two intense central transitions are
shown), obtained upon 248 nm photolysis at 122°C of PAA (leading to radical 7a) in water, at
the pH values indicated. (b) Integrated intensities of these transitions plotted as a function of
solution pH.
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solutions. This is may be due to a change in the side-chain chromophore structure from
COOH to COO™. The absorbance of the solution at 248 nm changes by only 15%
across the whole range of pH values studied (2-10), but it appears that the resonance-
stabilized carboxylate anions are much less photoreactive than their conjugate acids.
Figure 14.7b shows a plot of the integrated intensities from Fig. 14.7a as a function of
pH, showing that the most drastic changes occur at about pH = 5.5, which is close to
the reported pK,, value for PAA of 4.8 reported by Mandel.''" It is interesting to note
that titration of PAA using NMR chemical shift information as a function of pH,
performed by Chang etal.,"'? produces an inflection point at exactly the same pH value
as we report in Fig. 14.7b.

It is also possible that stretched (high pH) versus coiled (low pH) polymer
chains may exhibit different photophysics. This was commented by Chou and
Jellinek in their early report on PMAA photochemistry,” and a detailed TREPR
study of pH-dependent cage effect manipulation using initiator-labeled PMAA was
reported by Maliakal et al."'* It has been reported by Mittal and coworkers''? that
for small molecule analogs of PAA and PMAA, the quantum yield for Norrish I
cleavage drops to zero for the completely deprotonated structure. For PMAA, we
also observe a pH dependence in the TREPR signal intensities (data not shown).
The data in Fig. 14.7 are the first experimental evidence for such an effect in PAA
radicals.

14.9.2 General Features for Polyacrylates

The dynamics of polymer chains in solution depend greatly on solvent properties.
Unfavorable polymer—solvent interactions can cause the polymer chain to collapse,
slowing down its internal motion. Favorable interactions have the opposite
effect, meaning the polymer will adopt a more extended conformation allowing
for greater mobility.'>'"® In the magnetic resonance literature, NMR studies of
stereoregular polymers in various solvents have demonstrated that the conformation
adopted by the polymer is highly solvent dependent.*!'"” It is of interest to see if
similar effects are observed in TREPR spectra of acrylic main-chain radicals. In this
regard, the radical center in these macromolecular-free radicals are functioning as a
tiny “spin probe.”

Figure 14.8 shows TREPR field-swept spectra of the PMMA polymeric radical
1a in five different solvents at room temperature and similar concentrations. At first
glance these spectra look very similar, but there are subtle differences, especially in
the broader packets of lines from the polymeric radical. Even the lines not broadened
by hyperfine modulation show slightly different linewidths and positions. In Fig. 14.9,
kinetic profiles of the TREPR signal of the main-chain polymeric radical for
each solvent are presented, obtained by measuring the intensity of one of the strong
sharp central transitions in the spectra in Fig. 14.8. There are large differences in the
decay rates of these signals at room temperature. The decay is fastest in dioxane
(Fig. 14.9A), while in methylene chloride (Fig. 14.9B) and chloroform (Fig. 14.9C)
it is slowest.

Analysis of the decay of TREPR signals can be complicated and has been the
subject of many previous investigations.***° Qualitatively, we can say the following
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A
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FIGURE 14.8 TREPR data obtained during 248 nm laser flash photolysis of atactic PMMA
in five different solvents at ambient temperature. Delay time is 0.6 us for all spectra, and the
sweep width is 150 G. (A) 1.61 g in 20 mL dichloromethane. (B) 1.53 g in 20 mL chloroform.
(C) 1.04 gin 20 mL acetonitrile. (D) 1.20 gin 20 mL THF. (E) 1.49 g in 25 mL dioxane. Note the
changes in width and shape for the alternating broad and sharp packets of lines.

about the kinetic profiles in Fig. 14.9: (1) the transitions, for symmetry reasons, are
not greatly affected by dynamic effects from hyperfine modulation; that is, there are
no exchange broadening effects for this line, (2) chemical decay is unimportant on
this timescale, and (3) if the decay rates are governed mostly by T, we can conclude
that we are not in the fast motion regime. The linewidths are almost the same, yet the
decay rates are drastically different, that is, Ty # T,. The fact that we do not see the
spectrum of the propagating radical from B-scission of the main-chain radical or alkyl
radicals from decarbonylation or decarboxylation of the acyl fragment is good
evidence that we can ignore chemical decay processes. This, and the fact that the
shape of the traces is independent of the microwave power, means that 7, relaxation is
indeed the most dominant mechanism for the TREPR signal decay.

The decay time constants for the polymeric radicals clearly vary from solvent to
solvent, ranging over an order of magnitude from about 2 us in tetrahydrofuran (THF)
to 200 ns in methylene chloride. A similar solvent dependence of '*C NMR T values
has been reported by Spyros et al.”" They studied poly(naphthyl methacrylate) using
the '*C inversion recovery technique and found that the spin-lattice relaxation time of
the polymer varied from 1 Us in chloroform to 5 pis in pentachloroethane. The solvents
used to collect the data in Fig. 14.9 represent a much wider range of viscosities and
dielectric constants, so itis not surprising that we observe a much larger variationin T
in our experiments. If the mechanism of relaxation is hyperfine anisotropy modulation,
as is typical for heavily substituted alkyl radicals, then our results suggest that these
polymers experience faster motion in methylene chloride versus THF. It is a bit
perplexing that there appears to be no direct correlation between the decay constants
and either viscosity or dielectric constant in this data set.
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us
FIGURE 14.9 Kinetic traces of the TREPR signal from main-chain polymeric radical 1a in
various solvents. (A) Methylene chloride, (B) chloroform, (C) acetonitrile, (D) tetrahydrofuran,
and (E) dioxane. The dashed line represents the baseline for each kinetic trace.

14.10 DYNAMIC EFFECTS

Dynamic effects have been observed previously in SSEPR studies of acrylic polymers.
However, as mentioned above, it is the propagating radical (1c in Scheme 14.1) rather
than the main-chain radical that is observed in the SSEPR experiment because of the
B-scission rearrangement process. In early studies of the photodegradation of acrylic
polymers, SSEPR spectra showed an unusual nine-line spectrum with alternating
linewidths of five sharp and four broad lines.'"® "' The spectrum was assigned to the
propagating radical ¢ (Scheme 14.1). As a function of temperature, this spectrum
changed reversibly to a 13- or 16-line spectrum depending on the available resolution.
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Several theories have been proposed to account for these findings: one is that there
exists a superposition of two or more static conformations of the radical and that
changing the temperature alters the relative populations of the two conformers.'**~'*
A second theory proposes that the propagating radical exists with a Gaussian
distribution of dihedral angles, centered about a single preferred conformation.'?

The third and most recent theory comes from Matsumoto and Giese,l%’127 who
suggested that the observed steady-state (SSEPR) spectrum of radical ¢ is due to a
superposition of two conformations of the same radical, and that one of these structures
has a pyramidalized center. Iwasaki et al.'*® invoked a fourth model, hyperfine
modulation, to explain the spectra of the propagating radical. They were able to
simulate the observed 9- and 13-line SSEPR spectra using a set of modified Bloch
equations for a two-site exchange model between two conformations.

For main-chain acrylic radicals, created in solution at room temperature and above,
the presence of a superposition of conformations or Gaussian distributions is unlikely.
Polymers undergo conformational jumps on the submicrosecond timescale, even in
bulk at room temperature.'?*~'*° The first two theories above require that the radicals
be fairly rigid with little (Gaussian distribution) or no (superposition of static
conformations) movement around the C,—Cpg bond. The main-chain radical is
sterically hindered but still quite flexible, and a dramatic change in the hybridization
at C, is unlikely. We have approached our simulations with the hyperfine modulation
model.

14.10.1 The Two-Site Jump Model

The alternating linewidth effect arises because hyperfine couplings fluctuate due to
some inter- or intramolecular process. Selective broadening of the lines in the
spectrum occurs according to the following equation:'!

Ty ' = v21(8a®) (My — My)” + Ty (14.1)

where T, ! is the linewidth after broadening, v, is the gyromagnetic ratio of the
electron, M, and My, are the nuclear spin quantum numbers of the transitions, and Tzfo]
is the contribution to the linewidth from other mechanisms. The term T is the
correlation time for the exchange process. The term da represents the mean square
deviation in the hyperfine splitting; that is, it is the difference between the fast motion
hyperfine coupling constants.

If the motion of an acrylic polymer radical about the C,—Cg bond is hindered,
changing the temperature should lead to changes in the TREPR spectrum. This is
indeed observed for all acrylic polymers we have examined to date. Simulation of the
complete temperature dependence of TREPR spectra of acrylic polymer main-chain
radicals should allow information regarding the conformational motion of the polymer
in solution to be extracted, such as rotational correlation times, spin-lattice relaxation
times (7), and activation energies for conformational transitions.

Our standard simulation routine for CIDEP can easily be modified to incorporate
the hyperfine modulation process according to Equation 14.1. The spectroscopic and
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FIGURE 14.10 Streamlined view of the hyperfine modulation model used in the simulation
program. The methyl group hyperfine couplings have been removed for clarity. The confor-
mational change shown converts one triplet of triplets from the equivalent -methylene protons
on one side of the radical center (H,, Hy,) into their symmetric counterparts on the other side (H,/,
Hy'), and vice versa. The nuclear spin quantum numbers representing each transition in
each state (A and B) are shown below the transitions in o and B notation. Dashed lines drawn
between thick lines show transitions that exchange due to the motion—these lines broaden in
the TREPR spectrum. The transitions represented with thin lines remain sharp through the
modulation process, as their total nuclear spin quantum number does not change during a jump
between sites.

physical features of the two-site jump model are outlined in Fig. 14.10. The methyl
group hyperfine coupling constant in PMMA radical 1a is assumed to be constant for
all conformations and therefore is omitted from Fig. 14.10. It is assumed that one of the
two triplets from the B-hyperfines (two diastereotopic H’s on either side of the radical
center) is being modulated into the second triplet on some timescale, T. That is, the
hyperfine constants for H, and H," are exchanging into those for Hy, and Hy,', and vice
versa. This process is shown graphically on the right-hand side of Fig. 14.10 and
clearly indicates the anticorrelation of the two triplets. In the first conformation shown
in Fig. 14.10a, the stick plot expected from this triplet of triplets is shown with a given
set of hyperfine couplings. Below this stick plot, the total nuclear spin quantum
numbers for each transition are listed (our notation reads that o represents mg = + 1/2,
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and P represents mg = —1/2). The lines that do not change total spin quantum numbers
upon interconversion to the new triplet of triplets are the transitions that remain sharp
in the TREPR spectrum. These are indicated with thin lines in the stick plots.
Transitions exchanging different total spin quantum numbers are broadened as
predicted by Equation 14.1. Specifically exchanged lines are connected with dashed
horizontal lines in Fig. 14.10.

Three sets of hyperfine coupling constants were input to the simulation program.
The methyl (or single H o-coupling for PEA) hyperfine coupling constant was
assumed to be the same in all conformations and was not considered further. The
program is able to calculate the amount of linewidth added to each transition from [3-
hyperfine modulation separately for each pair of protons according to Equation 14.1.
Values for the correlation time (T) and the hyperfine difference (@, — a,) were input as
fitting parameters. In all the simulations shown here, the (a; — a,) value used was
15.6 G. The program calculates the amount of additional linewidth based on the
change in nuclear spin quantum numbers for each transition. Some of the lines in the
spectrum received no additional broadening (M; — M, =0) as per Equation 14.1. As
was noted in the discussion on hyperfine modulation, one of the requirements for the
hyperfine modulation mechanism to be active is that the sum of the hyperfine couplings
must remain constant. A value of 28 G (approximately the sum of the two fast motion
(average) coupling constants) was used for this sum.

14.10.2 Simulations and Activation Parameters

The temperature dependence of the TREPR spectra from the d;-PMMA polymer
radical 2a is shown in Fig. 14.11. The differences between these spectra are less

3300 Experimental Simulated

T e g™

WCHz'CIF'CHz ~G—CHy-C-CHpnn
C=0 c=0

|
OCHy OCHg

FIGURE 14.11 Experimental (left) and simulated (right) TREPR spectra of the main-chain
polymeric radical 2a from 248 nm laser flash photolysis of d3-PMMA in propylene carbonate
solution at the indicated temperatures. Sweep width for all spectra is 100 G. Simulation
parameters are listed in Table 14.2.



DYNAMIC EFFECTS 351

TABLE 14.2 Parameters Used in the Simulation of the Temperature Dependence
of TREPR Spectra of Radical 2a (from d;-PMMA) Shown in Fig. 14.11

Temperature °C ap (G) acyz (G) acwo (G) Line width (G) 1. 1+0.2 (s)

33 3.5 15.7 10.3 2.7 25x%x 10710
50 3.5 15.9 10.5 2.2 20x 10710
71 3.5 16.1 10.7 1.7 1.0x 1071°
90 3.5 16.3 10.9 1.5 7.0x 1071
110 3.5 16.3 10.9 14 -
119 3.5 16.3 10.9 1.3 -

dramatic than that of the nondeuterated polymer (Fig. 14.2) due to the smaller spectral
width, however, the alternating linewidth effect is clearly observed at the lower
temperatures. The simulations are shown to the right of the experimental data in
Fig. 14.11 and the simulation parameters are presented in Table 14.2. In all simula-
tions, a value of 3.5 G was used for the hyperfine coupling constant of the CD; group
because this group is always in fast rotation about the C,,—Cp bond. For the spectra
obtained at temperatures of 90, 110, and 119°C, the hyperfine coupling constants are
the same. The only difference is the amount of natural linewidth added to each of the
spectra and a small amount of hyperfine modulation at 90°C. Increases in the natural
linewidth of the spectrum will broaden all of the transitions uniformly, while including
hyperfine modulation in the simulation program only broadens selected transitions as
described above.

For spectra obtained at 110 and 119°C, additional linewidth to each transition equally
is necessary to simulate the experimental data. As the temperature drops below 100°C,
incorporation of hyperfine modulation becomes necessary to simulate the data. Simply
increasing the natural linewidth for all transitions without addition of hyperfine
modulation does not lead to satisfactory fitting. As the temperature drops, the overall
linewidth of all of the transitions increases, and also slight changes in the average
hyperfine coupling constants from 90 to 30°C were observed. The simulated data in
Fig. 14.11 gives values of T that closely fita modified Arrhenius plotshownin Fig. 14.12.

The activation energy determined from this plot is 22 & 2 kJ/mol. This value is
somewhat higher than that found for the PEA radical (data not shown). This is not
surprising because the addition of a methyl group on the polymer backbone will
change the conformational energies and in particular it should increase the barrier to
rotation of the polymer chain in solution.'** The activation energy measured here is
comparable in magnitude to that measured for protonated PMMA by NMR methods.

The two-site jump model appears to work well for this polymer. However, it should
be noted that the density of transitions is large here due to the larger spin quantum
number of deuterium (/ = 1), the fact that there are three of them in the isotopically
substituted polymeric radical, and that the coupling constant for each deuterium is
smaller by a factor of 6.4 compared to the protonated radical. Coupling these facts to
the visual fitting process, these fits may not be unique. In fact, when the same model is
applied to the temperature dependence of the protonated PMMA spectra (Fig. 14.2),
reasonable visual fits could not be obtained with this model. Deuteration of the
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FIGURE 14.12 Arrhenius plot for rotational correlation time data from TREPR spectra of
polymeric radical 2a. Squares are the experimental data, solid line is the linear fit, with
E,=224+2kJ/mol.

backbone may have drastically altered the conformational dynamics of the polymer
near the radical center. It is also possible that multiple conformations are available to
the polymer near the radical center and a four- or even six-site jump model may be
more appropriate here. Such a simulation of the dynamics requires a substantial
computational effort as well as data from small-molecule model systems; this is the
focus of present research in our laboratory.

14.11 CONCLUSIONS

The TREPR experiments and simulations described here have provided an enormous
amount of structural and dynamic information about a class of free radicals that were
not reported in the literature prior to our first paper on this topic in 2000. Magnetic
parameters for many main-chain acrylic radicals have been established, and interest-
ing solvent effects have been observed such as spin relaxation rates and the novel pH
dependence of the polyacid radical spectra. Itis fair to conclude from these studies that
the photodegradation mechanism of acrylic polymers is general, proceeding through
Norrish I a-cleavage of the ester (or acid) side chain. Recently, model systems have
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been reported for both the esters and the acids based on the Kemp’s triacid frame-
work."**1** The molecular weight dependence (or rather lack of one) of this chemistry
is currently being studied with experiments on short oligomers of PMMA.. Future work
will include an examination of block and alternating copolymers, with an emphasis on
site-selective photochemistry detected by TREPR.
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