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Foreword

“Much of life can be understood in rational terms if expressed in the language of chemistry.
It is an international language, a language without dialects, a language for all time, a language
that explains where we came from, what we are, and where the physical world will allow us
to go. Chemical Language has great esthetic beauty and links the physical sciences to the bio-
logical sciences.” from The Two Cultures: Chemistry and Biology by Arthur Kornberg (Nobel
Prize in Physiology and Medicine, 1959)

Over the past two centuries, chemistry has evolved from a relatively pure disciplinary pursuit
to a position of central importance in the physical and life sciences. More generally, it has pro-
vided the language and methodology that has unified, integrated and, indeed, molecularized
the sciences, shaping our understanding of the molecular world and in so doing the direction,
development and destiny of scientific research. The “language of chemistry” referred to by my
former Stanford colleague is made up of atoms and bonds and their interactions. It is a sys-
tem of knowledge that allows us to understand structure and events at a molecular level and
increasingly to use that understanding to create new knowledge and beneficial change. The
words on this page, for example, are detected by the eye in a series of events, now generally
understood at the molecular level. This knowledge of molecular mechanism (photons in, elec-
trons out) in turn enables us to design and synthesize functional mimetics, providing for the
development of remarkable retinal prosthetics for those with impaired vision and, without a
great leap in imagination, solar energy conversion devices. Similarly, the arrangement of
atoms in natural antibiotics provides the basis for understanding how they function, which in
turn has enabled the design and synthesis of new antibiotics that have saved the lives of count-
less individuals. We are even starting to learn about the chemistry of cognition, knowledge
that defines not only “what we are” but how we think. We have entered the age of molecular-
ization, a time of grand opportunities as we try to understand the molecular basis of all science
from medicine to computers, from our ancient past (molecular paleontology) to our molecu-
lar future. From our environment and climate to new energy sources and nanotechnology,
chemistry is the key to future understanding and innovation.

This book is a continuation of a highly significant educational endeavor started by Rein-
hard Bruckner and joined by Michael Harmata. It is directed at understanding the “language
of chemistry”: more specifically, the structures of organic compounds; how structure influ-
ences function, reactivity and change; and how this knowledge can be used to design and syn-
thesize new structures. The book provides a cornerstone for understanding basic reactions in
chemistry and by extension the chemical basis for structure, function and change in the whole
of science. It is a gateway to the future of the field and all fields dependent on a molecular
view for innovative advancement. In an age of instant access to information, Bruckner and
Harmata provide special value in their scholarly treatment by “connecting the dots” in a way
that converts a vast body of chemical information into understanding and understanding into
knowledge. The logical and rigorous exposition of many of the core reactions and concepts of
chemistry and the addition of new ones, integration of theory with experiment, the infusion of



Foreword

“thought” experiments, the in-depth attention to mechanism, and the emphasis on fundamen-
tal principles rather than collections of facts are some of the many highlights that elevate this
new text. As one who has been associated with the education of both the author and the edi-
tor, I find this book to be an impressively broad, deep and clear treatment of a subject of great
importance. Students who seek to understand organic chemistry and to use that understand-
ing to create transformative change will be well served in reading, studying and assimilating
the conceptual content of this book. It truly offers passage to an exciting career and expertise
of critical importance to our global future. Whether one seeks to understand Nature or to create
new medicines and materials, Bruckner and Harmata provide a wonderfully rich and exciting
analysis that students at all levels will find beneficial. Congratulations to them on this
achievement and to those embarking upon this journey through the molecular world!

October, 2009 Paul A. Wender
Stanford University



Preface to the English Edition

This book is an attempt to amalgamate physical, mechanistic and synthetic organic chemistry.
It is written by a synthetic organic chemist who happens to also think deeply about mecha-
nism and understands the importance of knowing structure and reactivity to synthetic organic
chemistry. I helped get the 1st German edition of this book translated into English, for two
reasons. First, Reinhard Bruckner has been a friend of mine for over twenty years, ever since
we were postdocs in the Wender group in the mid-80s. He was a study in Teutonic determina-
tion and efficiency, and I, and a few other Americans, and one Frenchman in particular, have
been trying to cure him of that, with some success, I might add, though he remains an
extremely dedicated and hard-working educator and scientist. That’s a good thing. Second, I
especially liked the project because I liked the book, and I thought Reinhard’s way of dealing
with synthesis and mechanism together was an approach sufficiently different that it might be
the “whack on the side of the head” that could be useful in generating new thought patterns in
students of organic chemistry.

Well, I was actually a bit surprised to be invited to work on the English translation of the
3rd German edition of the book. I was even more surprised when the publisher gave me edi-
torial license, meaning I could actually remove and add things to the work. This potentially
gives the English edition a life of its own. So besides removing as many “alreadys” (schon, in
German) as humanly possible and shortening sentences to two lines from the typical German
length of ten or so, I was able to add things, including, among others, a word of caution about
the reactivity/selectivity principle. Speaking of long sentences. ..

Will the English-speaking world find the book useful? Time will tell. I see this book as
being most appropriate as an organic capstone course text, preparing those who want to go to
graduate school or are just starting graduate school, as it makes use not only of strictly organic
chemistry knowledge, but of physical and inorganic chemistry as well. I could dream of this
becoming the Sykes of the 21% century, but to make that a reality will require a great deal of
work. To that end, constructive criticism is necessary. As you read this book, can you tell me
what should be added or omitted, mindful of the fact that it should not get any longer and will
likely present concepts with the same general format? Most importantly, is it easy and inter-
esting to read? I did not do all I could have done to “spice up” the text, but [ was very tempted.
I could easily do more. In any case, if you have suggestions, please send them to me at
harmatam@missouri.edu; and put the phrase Bruckner Book in the subject line. I can’t say |
will answer, but feedback given in the spirit of the best that our community has to offer will
do nothing but good.

One omission that might be considered flagrant is the lack of problems. Time precluded
our constructing a problem set with answers. (However, if you are inclined to do one, contact
the publisher!) In the meantime, the web is bulging with organic chemistry problems, and it
may be redundant to construct a book when so much is out there waiting to be harvested. One
website in particular is noteworthy with regard to the variety and quality of advanced organic
chemistry problems and that is the one by Dave Evans at Harvard. With the help of students
and colleagues, Dave put together a site called Challenging Problems in Chemistry and Chem-
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ical Biology (http://www2.lsdiv.harvard.edu/labs/evans/problems/index.cgi) and it is a good
place to start practicing advanced organic chemistry.

Students! There are a number of things [ want to say to you. Don’t just read this book, study
it. Read novels, study chemistry. This book is typeset with fairly wide margins. Use those mar-
gins! Draw structures there. Write down questions. Write down answers, theories, conjectures.
We did not supply you with problem sets. Create them. Ask your instructors for help. Or go
off on your own. Hone your skills by using resources to search out answers to questions.
Searching the literature is not any easier than it used to be, in spite of the space age databases
that exist. Developing the skills to find answers to chemical questions can save time and
money, always a good thing, especially to those whose money you are spending. You will learn
this soon enough if you haven’t already done so.

Although this book is being published by Springer, it was initially taken on by Spektrum.
I want to thank Ms. Bettina Saglio and Ms. Merlet Behncke-Braunbeck of Spektrum for all of
their efforts. I was able to visit with them in Heidelberg and found working with these two
lovely people to be a real joy. They gave me a very long leash and I appreciate it! My experi-
ence with Springer has just begun. May it be as pleasant and productive.

My work on this book began in earnest in Germany in the spring and summer of 2008. The
Alexander von Humboldt Foundation saw fit to “reinvite” me back to Germany for a three
month stay. I am grateful for the opportunity and would like to thank Ms. Caecilia Nauderer,
who was my liaison at the Humboldt Foundation, for her assistance. It is an honor to serve as
a part of the “Atlantik-Briicke”, helping, if in only a small way, to build and maintain strong
and positive relations between the United States and Germany. [ was hosted by my friend and
colleague Peter R. Schreiner at the University of Giessen. Thank you, Peter, for your hospi-
tality. But beware: I will return!

Of course, my family must tolerate or endure, as the case may be, my “projects”! Thank
you Judy, Gail, Diana and Alexander for your support!

Finally, I must note that ventures of this type are very time consuming. They represent
“synergistic activities” and “broader impacts” that would not be possible without my having
some funding for a research program of my own. The Petroleum Research Fund and the
National Institutes of Health deserve some recognition in this context, but it is by far the
National Science Foundation that has allowed me the greatest opportunity to build a research
program of which I can be proud. To them and the anonymous reviewers who have supported
me, [ offer my most sincere thanks.

Learning and creating organic chemistry are joys that only a few are privileged to experi-
ence. May your travels into this delightful world be blessed with the thrills of discovery and
creativity.

August, 2009 Michael Harmata
University of Missouri—-Columbia



Preface to the 1%t German Edition

To really understand organic chemistry requires three stages. First, one must familiarize one-
self with the physical and chemical properties of organic chemical compounds. Then one
needs to understand their reactivities and their options for reactions. Finally, one must develop
the ability to design syntheses. A typical curriculum for chemistry students incorporates these
three components. Introductory courses focus on compounds, a course on reaction mecha-
nisms follows, and a course on advanced organic chemistry provides more specialized
knowledge and an introduction to retrosynthesis.

Experience shows that the second stage, the presentation of the material organized accord-
ing to reaction mechanisms, is of central significance to students of organic chemistry. This
systematic presentation reassures students not only that they can master the subject but also
that they might enjoy studying organic chemistry.

I taught the reaction mechanisms course at the University of Gottingen in the winter
semester of 1994, and by the end of the semester the students had acquired a competence in
organic chemistry that was gratifying to all concerned. Later, | taught the same course again—
I still liked its outline—and I began to wonder whether I should write a textbook based on this
course. A text of this kind was not then available, so I presented the idea to Bjorn Gondesen,
the editor of Spektrum. Bjorn Gondesen enthusiastically welcomed the book proposal and
asked me to write the “little booklet” as soon as possible. I gave up my private life and wrote
for just about two years. [ am grateful to my wife that we are still married; thank you, Jutta!

To this day, it remains unclear whether Bjorn Gondesen used the term “little booklet” in
earnest or merely to indicate that he expected one book rather than a series of volumes. In any
case, | am grateful to him for having endured patiently the mutations of the “little booklet”
first to a “book™ and then to a “mature textbook.” In fact, the editor demonstrated an indes-
tructible enthusiasm, and he remained supportive when I repeatedly presented him increases
in the manuscript of yet another 50 pages. Moreover, the reader must thank Bjorn Gondesen
for the two-color production of this book. All “curved arrows” that indicate electron shifts are
shown in red so that the student can easily grasp the reaction. Definitions and important state-
ments also are graphically highlighted.

In comparison to the preceding generation, students of today study chemistry with a big
handicap: an explosive growth of knowledge in all the sciences has been accompanied in par-
ticular for students of organic chemistry by the need to learn a greater number of reactions
than was required previously. The omission of older knowledge is possible only if that know-
ledge has become less relevant and, for this reason, the following reactions were omitted:
Darzens glycidic ester synthesis, Cope elimination, S,i reaction, iodoform reaction, Reimer-
Tiemann reaction, Stobbe condensation, Perkin synthesis, benzoin condensation, Favorskii
rearrangement, benzil-benzilic acid rearrangement, Hofmann and Lossen degradation, Meer-
wein-Ponndorf reduction and Cannizarro reaction.

A few other reactions were omitted because they did not fit into the current presentation
(nitrile and alkyne chemistry, cyanohydrin formation, reductive amination, Mannich reaction,
enol and enamine reactions).
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This book is a highly modern text. All the mechanisms described concern reactions that are
used today. The mechanisms are not just I’art pour I’art. Rather, they present a conceptual tool
to facilitate the learning of reactions that one needs to know in any case. Among the modern
reactions included in the present text are the following: Barton-McCombie reaction, Mit-
sunobu reaction, Mukaiyama redox condensations, asymmetric hydroboration, halolactoniza-
tions, Sharpless epoxidation, Julia-Lythgoe and Peterson olefination, ortho-lithiation, in situ
activation of carboxylic acids, preparations and reactions of Gilman, Normant, and Knochel
cuprates, alkylation of chiral enolates (with the methods by Evans, Helmchen, and Enders),
diastereoselective aldol additions (Heathcock method, Zimmerman-Traxler model), Claisen-
Ireland rearrangements, transition metal-mediated C,C-coupling reactions, Swern and Dess-
Martin oxidations, reductive lithiations, enantioselective carbonyl reductions (Noyori, Brown,
and Corey-Itsuno methods), and asymmetric olefin hydrogenations.

The presentations of many reactions integrate discussions of stereochemical aspects. Syn-
theses of mixtures of stereoisomers of the target molecule no longer are viewed as valuable—
indeed such mixtures are considered to be worthless—and the control of the stercoselectivity
of organic chemical reactions is of paramount significance. Hence, suitable examples were
chosen to present aspects of modern stereochemistry, and these include the following: control
of stereoselectivity by the substrate, the reagent, or an ancillary reagent; double stercodiffer-
entiation; induced and simple diastereoselectivity; Cram, Cram chelate, and Felkin-Anh select-
ivity; asymmetric synthesis; kinetic resolution; and mutual kinetic resolution.

You might ask how then, for heaven’s sake, is one to remember all of this extensive mater-
ial? Well, the present text contains only about 70% of the knowledge that I would expect from
a really well-trained undergraduate student; the remaining 30% presents material for graduate
students. I have worked most diligently to show the reactions in reaction diagrams that include
every intermediate—and in which the flow of the valence electrons is highlighted in color—
and, whenever necessary, to further discuss the reactions in the text. It has been my aim to
describe all reactions so well, that in hindsight—because the course of every reaction will
seem so plausible—the readers feel that they might even have predicted their outcome. I tried
especially hard to realize this aim in the presentation of the chemistry of carbonyl compounds.
These mechanisms are presented in four chapters (Chapters 7—11), while other authors usu-
ally cover all these reactions in a single chapter. I hope this pedagogical approach will render
organic chemistry readily comprehensible to the reader.

Finally, it is my pleasure to thank—besides my untiring editor—everybody who contri-
buted to the preparation of this book. I thank my wife, Jutta, for typing “version 1.0” of most
of the chapters, a task that was difficult because she is not a chemist and that at times became
downright “hair raising” because of the inadequacy of my dictation.

I thank my co-workers Matthias Eckhardt (University of Gottingen, Dr. Eckhardt by now)
and Kathrin Briischke (chemistry student at the University of Leipzig) for their careful
reviews of the much later “version .10” of the chapters. Their comments and corrections
resulted in “version .11” of the manuscript, which was then edited professionally by Dr. Bar-
bara Elvers (Oslo). In particular, Dr. Elvers polished the language of sections that had
remained unclear, and I am very grateful for her editing. Dr. Wolfgang Zettlmeier (Laaber-
Waldetzenberg) prepared the drawings for the resulting “version .12,” demonstrating great
sensitivity to my aesthetic wishes. The typsesetting was accomplished essentially error-free by
Konrad Triltsch (Wiirzburg), and my final review of the galley pages led to the publication of
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“version .13” in book form. The production department was turned upside-down by taking
care of all the “last minute” changes—thank you very much, Mrs. Nothacker! Readers who
note any errors, awkward formulations, or inconsistencies are heartily encouraged to contact
me. One of these days, there will be a “version .14.”

It is my hope that your reading of this text will be enjoyable and useful, and that it might
convince many of you to specialize in organic chemistry.

August, 1996 Reinhard Bruckner
University of Gottingen

XV



Preface to the 2" German Edition

Working on the second edition of a textbook is similar to renovating a house: on the one hand,

we would like to preserve the existing, but we also know its flaws, and the fact that it isn’t any

longer “fresh as the morning dew” is perceived as more and more irritating. In both cases, it
is unacceptable to simply add new things, since—hoping for enhanced attractiveness—the
continued homogeneity of the complete work is a sine qua non. Only sensitive remodeling of
the existing structure will allow for parallel expansion of the original design in such a way that
the final result seems to be cast from the same mold. The tightrope walk this requires makes
this endeavor a challenge for an architect or author.

Put in a nutshell, it is certainly worthwhile to buy this book, even if you already own the
first edition, since the second edition offers much more! You can tell this by five changes:

1. All misprints, errors in figures, language problems and the few irregularities in the content
of'the first edition have been eliminated. This would not have been possible, however, with-
out the detailed feedback of many dozens of watchful readers whose comments ranged
from a single detail up to the complete inventory of 57 objections (at this point I began to
think this list could have been compiled by my Ph.D. supervisor, since the tone reminded
me of him, until I learned that Erik Debler, a student in his fifth semester at the Freie Uni-
versitdt Berlin was behind it). All of these comments have been truly appreciated and I am
cordially thankful to all these individuals, since they have not only assisted with all this
trouble-shooting, but through their feedback have crucially contributed to motivate work
on the second edition. Apart from the aforementioned people, these include Joachim
Anders, Daniel Bauer, Dr. Hans-Dieter Beckhaus, Privat-Dozent Dr. Johannes Belzner,
Bernd Berchthold, Prof. Dr. Manfred Christl (whose question finally led me to have the
respective issue experimentally checked by Stefan Miiller, one of my co-workers), Marion
Emmert, Timm Graening, Dr. Jiirgen Hain, Prof. Dr. Mike Harmata, S6ren Holsken, Dr.
Richard Krieger, Prof. Dr. Maximilian Knollmdéller, Privat-Dozent Dr. Dietmar Kuck, Eva
Kiihn, Prof. Dr. Manfred Lehnig, Ralf Mayr-Stein, Elisabeth Rank, Prof. Dr. Christian
Reichardt (whose criticism regarding the use of the term “transition state” for what should
have read “activated complex” was as appropriate, as was the uneasy feeling he had
towards analyzing reactions of single molecules instead of macroscopic systems by plot-
ting AG as a function of the reaction coordinate ... all the same, it did not lead to a more
precise conception in the new edition—a concession to the customary and more casual
handling of these terms), Daniel Silinger, Dr. Klaus Schaper, Prof. Dr. Reinhard
Schwesinger, Konrad Siegel and Dr. Jean Suffert!

2. The majority of the many professors who submitted their comments on the first edition to
Spektrum Akademischer Verlag complained about the lack of references. The new edition
eliminates this shortcoming—by providing a clearly structured list of review articles for
each chapter.

3. One of the key features of the first edition has remained in the new edition: “... this new
edition provides the purchaser with a state-of-the-art textbook,” which is assured by (1)
new mechanistic details on cyclopropanations with heavy-metal carbenoids, (2) detailed
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discussions of asymmetric Sharpless epoxidations, the asymmetric Sharpless dihydroxy-
lation and the asymmetric Noyori hydrogenation, which were honored with the Nobel
Prize in 2001, (3) the iodine/magnesium exchange reaction with aromatic compounds, (4)
the discussion of the structures of organolithium compounds/Grignard reagents/cuprates,
(5) the carbocupration of alkynes, (6) instructive findings regarding Grignard reactions
via radical intermediates, (7) Myers’ ‘universal’ alkane synthesis, (8) the Kocienski mod-
ification of the Julia olefination, (9) proline-catalyzed enantioselective Robinson annula-
tions, (10) enzyme-catalyzed polycyclization/Wagner—Meerwein rearrangement routes to
steroid skeletons, (11) the Mukaiyama aldol addition, (12) functionalizations of aromatic
compounds of the Ullmann type with carbon- and heteroatom nucleophiles, (13) the
Stille and the Sonogashira—Hagihara couplings, (14) the Firstner indole synthesis and
many more. Research findings that have been published after the completion of the first
edition have been incorporated in this new edition as changes occured due to scientific
progress; these concern modifications in the mechanisms for the osmylation of C=C
double bonds, for asymmetric carbonyl group reductions with Alpine-Borane® or
Brown’s chloroborane, 1,4-additions of cuprates, Heck reactions, the reductive step of the
Julia—Lythgoe olefination, the McMurry reaction as well as the Si reaction with thionyl
chloride (which was missing in the last edition since it certainly is a standard method for
the preparation of primary chlorides—irrespective of its very seldom used stereochemi-
cal potential). As in the first edition, great care has been devoted in all figures to give
cross-references to the origin of a given substrate and to the further processing of the
final product. This is a valuable aid to acquiring knowledge of the interrelated aspects of
any chemical reaction.

. In the preface to the first edition you can find the following ‘disclaimer’: “We have only

refrained from presenting several other reactions (nitrile and alkyne chemistry, formation
of cyanohydrin, reductive amination, Mannich reaction, and enol and enamine reactions)
to avoid disruption of the coherent structure of the current presentation.” Omitting these
reactions, however, often led to an undesired effect: frequently students would be left with-
out any knowledge in the cited subject areas. Even if one thinks that “I only need one book
per chemical subject” the claim that “for organic chemistry I only need the ‘Bruckner’”—
which in my opinion is a forgivable variant—the latter will not cause any more compara-
ble collective damage in the future: detailed information is offered in Chapter 7 (“Car-
boxylic Compounds, Nitriles and Their Interconversion”) on the chemistry of nitriles, in
the new Section 9.1.3 on the formation of cyanohydrines and aminonitriles and in the new
Chapter 12 (“The Chemistry of Enols and Enamines”) on enol chemistry (including the
Mannich reaction) and enamine reactions.

. Due to my deepened teaching experience the following areas of the second edition are

pedagogically more sophisticated than in the first edition:

— The former chapter “Additions of Heteroatom Nucleophiles to Heterocumulenes, Addi-
tions of Heteroatom Nucleophiles to Carbonyl Compounds and Follow-up Reactions”
has been split into two separate chapters: into Chapter 8 “Carbonic Acid Derivatives and
Heterocumulenes and Their Interconversion”, whose systematic organization should
represent a particularly valuable learning aid, and into Chapter 9 “Additions of Het-
eroatom Nucleophiles to Carbonyl Compounds and Follow-up Reactions—Condensa-
tions of Heteroatom Nucleophiles with Carbonyl Compounds.”



Preface to the 2" German Edition

— The former Chapter “Reaction of Ylides with Saturated or o.,3-Unsaturated Carbonyl
Compounds” got rid of its three-membered ring formations and the rest strictly remod-
elled to furnish the new Chapter 11 “Reaction of Phosphorus- or Sulfur-stabilized
C Nucleophiles with Carbonyl Compounds: Addition-induced Condensations”.

— Chapter 1 (“Radical Substitution Reactions at the Saturated C Atom”) was also sub-
jected to a novel systematization, making it much more easy for students to also per-
ceive reactions like sulfochlorinations or sulfoxidations as “easily digestible stuff.”

In summary, all these modifications also imply that compared to the first edition, the size of
the second has increased by 50%, just like its price. This aspect gave me the collywobbles
because for you this might mean that the price of this book has increased by the equivalent of
two visits to an Italian restaurant. But even if this was exactly your plan to crossfinance: it
shouldn’t give you any collywobbles whatsoever, but at best a short-term sense of emptiness
in the pit of your stomach.

One may say that the increase in information in the second edition—naturally!—involves
a greater part for graduate students (30% rise in volume) rather than that relevant to under-
graduates (20% rise in volume). The text contains 60% of the knowledge that I would expect
an ideal undergraduate student to acquire; graduate students are addressed by the remaining
40%. In the first edition, this ratio amounted to 70:30. The overall change in emphasis is fully
intentional: the broad feedback for the first edition and its translations (Mécanismes Réac-
tionnels en Chimie Organique, DeBoeck Université, 1999; Advanced Organic Chemistry,
Harcourt/Academic Press, 2001) unambiguously revealed that this textbook is not only exten-
sively used in lectures accompanying advanced undergraduate organic chemistry, but also in
advanced-level graduate courses. This in itself warranted the enlargement of the advanced-
level part of the textbook.

Finally, it is my pleasure to thank everybody without whose comprehensive contributions
this new edition would not have been possible: Bjorn Gondesen, with whom I have already
completed two books and who for a third time has stayed with me as—in this case freelance—
copy editor and let me benefit from his critical review of the entire manuscript; Merlet
Behncke—Braunbeck, who has been in charge of this project for Spektrum Akademischer Ver-
lag for quite a long time and applied so much “fur grooming” to the author that he decided to
accept her suggestion for this new edition; Dr. Wolfgang Zettlmeier, who corrected the mis-
takes in the old figures and also prepared the numerous new drawings very carefully and
thoroughly (and, by the way, made the author get accustomed to the idea that you do not nec-
essarily have to stick to the drawing standards of the first edition); Bettina Saglio, who is also
with Spektrum Akademischer Verlag and who took care of the book from manuscript to final
page proofs and managed to meet the increasingly tight deadlines at the very final stage of
production, even during the holiday season; and finally my secretary Katharina Cocar-Schnei-
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The second edition of the present textbook appealed to so many readers that it sold out quickly
and a reprint became necessary earlier than expected. That it became a new edition is owed
primarily to those readers who did not only go error-hunting, but kept me informed about their
prey. These hunter-gatherers included chemistry students Daniel Sélinger (who submitted a
list with suggestions for improvement, the length of which the author prefers to keep private),
Philipp Zacharias (who submitted a long list of deficiencies while preparing for his final
exams), Birgit Krewer (who also compiled a whole catalog of irregularities) and Georgios
Markopoulos (who, too, had conducted a critical error analysis on Chapter 17) as well as my
colleague Professor C. Lambert (who found the only incorrect reaction product to date that
had sneaked into the book). To all these people I am truly grateful for their assistance with
optimizing the contents of this book!

It is due to the commitment of Mrs. Merlet Behncke-Braunbeck of Spektrum Akademischer
Verlag that all these issues raised were actually addressed and resolved. In connection with
these corrections the lists of review articles and web addresses on “name reactions” were
updated as well. The total number of corrections reached the four-digit level; they were per-
formed by the successful mixed-double team consisting of Bettina Saglio (Spektrum
Akademischer Verlag) and Dr. Wolfgang Zettlmeier (Graphik + Text Studio, Barbing). This is
the second time they worked together for the benefit of both the book and its author. The co-
operation with all these persons has been very much appreciated.

June, 2004 Reinhard Bruckner
University of Freiburg

Postscriptum:

A suggestion for the enthusiastic Internet users among the readers: before surfing the Internet
haphazardly, you can brush up your knowledge of name reactions by visiting the following
websites:
e http://www.pmf.ukim.edu.mk/PMF/Chemistry/reactions/Rindex.htm
(840 name reactions)
or
e http://themerckindex.cambridgesoft.com/TheMerckIndex/NameReactions/TOC.asp
(707 name reactions)
or
e http://en.wikipedia.org/wiki/List_of_reactions
(630 name reactions)
or
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e http://www. geocities.com/chempen_software/reactions.htm
(501 name reactions)
or

e http://www.organic-chemistry.org/namedreactions/
(230 name reactions with background information and up-to-date references)
or

e or

e http://www.chemiestudent.de/namen/namensreaktionen.php
(166 name reactions)
or

e http://www.monomerchem.com/display4.html
(145 name reactions)
or

e http://orgchem.chem.uconn.edu/namereact/named.html
(95 name reactions)
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Radical Substitution Reactions
at the Saturated C Atom

In a substitution reaction, a substituent X of a molecule R—X is replaced by a group Y (Fig-
ure 1.1). The subject of this chapter is substitution reactions in which a substituent X that is
bound to an sp3-hybridized C atom is replaced by a group Y via radical intermediates. Radi-
cals are usually short-lived atoms or molecules. They contain one or more unpaired electrons.
You should already be familiar with at least two radicals, which by the way are quite stable:
NO and O,. NO contains one lone electron; it is therefore a monoradical or simply a “radical.”
O, contains two lone electrons and is therefore a biradical.

/=N
R,3—X X = H, Hal, O—C—SMe, O—C—N\) N—NH,
Il Il = |
O:SI =0
0-C¢H,-NO,
NH—ITIH, Hg—O—ﬁ—CH3/CF3
+ reagent, Y :S| =0 o)
— by-products p-CeH,-CH;
\
I I GO
R,,3—Y Y = H, Hal, OOH, T°,|—C1, ﬁ—OH, CH,—CH, , Cl_CIH

Radical substitution reactions may occur with a variety of different substituents X and Y (Fig-
ure 1.1): X may be a hydrogen atom, a halogen atom or a polyatomic substituent, the latter of
which may be bound to the carbon atom (where the substitution takes place) through an O, N
or Hg atom. The substituents Y, which may be introduced by radical substitutions, include
hydrogen, chlorine and bromine atoms, the functional groups ~-OOH, —SO,CI and —SO,H as
well as certain organic substituents with two or more carbon atoms (C>2 units).

A radical substitution reaction may proceed through a complex reaction mechanism (Fig-
ure 1.2). This can be the case, for example, when the substituent X does not leave the substrate
as an intact unit, but in pieces, in which case a fragmentation occurs at some point in the pro-
cess. An intermediate step of overall radical substitutions may also involve a radical addition,
occurring with reaction partners such as elemental oxygen (a biradical), sulfur dioxide (which
can become hypervalent, i. e, possess more than eight valence electrons) and alkenes, includ-
ing o, B-unsaturated esters (by cleavage of a pi bond). As might be expected, there are overall
substitutions involving addition(s) and fragmentation(s). You will learn more about these
options in the following sections.

Bruckner R (author), Harmata M (editor) In: Organic Mechanisms — Reactions, Stereochemistry and Synthesis
Chapter DOI: 10.1007/978-3-642-03651-4_1, © Springer-Verlag Berlin Heidelberg 2010

Fig. 1.1. Some substrates and
products of radical substitution
reactions.
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R.vp3 —H Rsp3 —Hal Rsp3 _HgH Rsp3 —N=NH
pure substitution substitutions
reactions by fragmentation
ch3 _Hal Rsp’; H R-VP3 —H R3P3 H
[l
R.\'p3 —O—C—Het R.\‘113_H R.&'p3 —H
substitutions substitutions
including a fragmentation including an addition
Rypp—H R,,3—0—OH R,)2—S§ —Het
(0)
[l
R,,3—HgH R,,3—HgH R;,3—0—C—Het

substitutions including a |fragmentation and an addition

Fig. 1.2. Classification of sub- CO,R
stitution reactions via radical
intermediates, according to the
type of reaction(s) involved.

R,,3—0—OH R,,3—C—CH R, 3—C—CH
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1.1 Bonding and Preferred Geometries in Carbon
Radicals, Carbenium Ions and Carbanions

A carbon radical has seven valence electrons, one shy of the octet of a valence-saturated car-

bon atom. Typical carbon-centered radicals have three substituents (see below). In terms of

electron count, they occupy an intermediate position between the carbenium ions, which
have one electron less (a sextet and a positive charge), and the carbanions, which have one
electron more (an octet and a negative charge). Since both C radicals and carbenium ions
are electron deficient, they are more closely related to each other than to carbanions.
Because of this, carbon radicals and carbenium ions are also stabilized or destabilized by

the same substituents.

Nitrogen-centered radicals (R,N*) or oxygen-centered radicals (ROe) are less stable than
carbon-centered radicals R,Ce. They are higher in energy because of the higher electronega-
tivity of these elements relative to carbon. Such radicals are consequently less common than

analogous carbon radicals, but are by no means unheard of.
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What are the geometries of carbon radicals, and how do they differ from those of carbe-
nium ions or carbanions? And what types of bonding are found at the carbon atoms of these
three species? First we will discuss geometry (Section 1.1.1). and then use molecular orbital
(MO) theory to provide a description of the bonding (Section 1.1.2).

We will discuss the preferred geometries and the MO descriptions of carbon radicals and
the corresponding carbenium ions or carbanions in two parts. In the first part, we will exam-
ine carbon radicals, carbenium ions, and carbanions with three substituents on the carbon
atom. The second part treats the analogous species with a divalent central C atom. Things like
alkynyl radicals and cations are not really important players in organic chemistry and won’t
be discussed. Alkynyl anions, however, are extremely important, but will be covered later.

1.1.1 Preferred Geometries

The preferred geometries of carbenium ions and carbanions are correctly predicted by the
valence shell electron pair repulsion (VSEPR) theory. The theory is general and can be
applied to organic and inorganic compounds, regardless of charge.

VSEPR theory can be used to predict the geometry of compounds in the environment of a
particular atom. This geometry depends on (a) the number n of atoms or groups (“ligands™)
attached to this central atom. If the atom under consideration is a C atom, then n + m <4. In
this case, the VSEPR theory says that the structure in which the repulsion between the » bond-
ing partners and the m nonbonding valence electron pairs on the C atom is as small as possi-
ble will be preferred. This is the case when the orbitals that accommodate the bonding and the
nonbonding electron pairs are as far apart from each other as possible.

For carbenium ions, this means that the n substituents of the cationic carbon atom should
be at the greatest possible distance from each other:

e Inalkyl cations R3C@, n =3 and m = 0. The substituents of the trivalent central atom lie in
the same plane as the central atom and form bond angles of 120° with each other (trigonal
planar arrangement). This arrangement was confirmed experimentally by means of a crys-
tal structural analysis of the fert-butyl cation.

e In alkenyl cations =C®—R, n =2 and m = 0. The substituents of the divalent central atom
lie on a common axis with the central atom and form a bond angle of 180°. Alkenyl cations
have not been isolated yet because of their low stability (Section 1.2). However, calcula-
tions support the preference for the linear structure.

According to the VSEPR theory, in carbanions the # substituents at the carbanionic C atom

and the nonbonding electron pair must move as far away from each other as possible:

e In alkyl anions R3C@, n =3 and m = 1. The substituents lie in one plane, and the central
atom lies above it. The carbanion center has a trigonal pyramidal geometry. The bond
angles are similar to the tetrahedral angle (109° 28'"). The geometry can be considered to
be tetrahedral if the lone pair is considered to be a substituent.

e Inalkenyl anions =C®—R, n =2 and m = 1. The substituents and the divalent central atom
prefer a bent structure. The bond angle in alkenyl anions is approximately 120°. Basically,
one can look at the lone pair as a substituent and get a reasonable idea of the structure of
the carbanion.
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The most stable structures of alkyl and alkenyl anions predicted with the VSEPR theory are
supported by reliable calculations. There are no known experimental structural data, due to the
fact that counterions occur with formally carbanionic species and they generally experience
some type of bonding with the carbanionic carbon. However, you can often approximate both
structure and reactivity by assuming that such spieces (e. g., organolithiums) are carbanions.

Since the VSEPR theory is based on the mutual repulsion of valence electron pairs, it for-
mally can’t be used to make statements about the preferred geometries of C radicals. One
might expect that C radicals are structurally somewhere between their carbenium ion and carb-
anion analogs. In agreement with this, alkyl radicals are either planar (methyl radical) or
slightly pyramidal, but able to pass rapidly through the planar form (inversion) to another near-
planar structure (fert-butyl radical). In addition, some carbon-centered radicals are consider-
ably pyramidalized (e. g., those whose carbon center is substituted with several heteroatoms).
Alkenyl radicals are bent, but they can undergo cis/frans-isomerization through the linear form
very rapidly. Because they are constrained in a ring, aryl radicals are necessarily bent.

Something that comes as a surprise at first glance is that the fers-butyl radical is not pla-
nar, while the methyl radical is. Deviation from planarity implies a narrowing of the bond
angles and thus a mutual convergence of the substituents at the radical center. Nevertheless,
the fert-butyl radical with its 40% pyramidalization of an ideal tetrahedral center is 1.2 kcal/
mol more stable than a planar tert-butyl radical.

1.1.2 Bonding

The type of bonding at the C atom of carbenium ions, carbanions, and C-centered radicals fol-
lows from the geometries described in Section 1.1.1. From the bond angles at the central
C atom, it is possible to derive its hybridization. Bond angles of 109°28' correspond to sp’,
bond angles of 120° correspond to sp?, and bond angles of 180° correspond to sp-hybridiza-
tion. From this hybridization it follows which atomic orbitals (AOs) of the C atom are used to
form the molecular orbitals (MOs). The latter can be used as bonding MOs, in which case each
possesses an electron pair and represents the bond to a substituent of the central atom. On the
other hand, one AO of the central atom could be a nonbonding MO, which is empty in the car-
benium ion, contains an electron in the radical, and contains the nonbonding electron pair in
the carbanion. How the valence electrons are distributed in the molecular orbitals follows from
the Aufbau principle: they are placed, one after the other, in the MOs, in the order of increas-
ing energy. The Pauli principle is also observed: any MO can have only two electrons and only
on the condition that they have opposite spins.

The bonding at the atom of carbenium ions R3C@ is therefore described by the MO dia-
gram in Figure 1.3 (left), and the bonding of the valence-unsaturated C atom of carbenium
ions of type =C®—R is described by the MO diagram in Figure 1.4 (left). The MO descrip-
tion of R3C@ carbanions is shown in Figure 1.3 (right), and the MO description of carbanions
of type =C°®—R is shown in Figure 1.4 (right). The MO description of the radicals Re or
=CRe employs the MO picture for the analogous carbenium ions or carbanions, depending on
which of these species the geometry of the radical is similar to. In each case, only seven
instead of six or eight valence electrons must be accommodated.
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1.2 Stability of Radicals

Stability in chemistry is not an absolute, but a relative concept. Let us consider the standard
heats of reaction AH° of the homolytic dissociation reaction R—H — Re + He. It reflects, on
the one hand, the strength of this C—H bond and, on the other hand, the stability of the radi-
cal Re produced. So the dissociation enthalpy of the R—H bond depends in many ways on the
structure of R. But it is not possible to tell clearly whether this is due to an effect on the bond
energy of the broken R—H bond and/or an effect on the stability of the radical Re that is

formed.

How do we explain, for example, the fact that the dissociation enthalpy of a Cspn —H bond
essentially depends on 7 alone and increases in the order n =3, 2, and 1, that homolytic cleav-
age of a C-H bond of an sp*-hybridized carbon requires a lot less energy than that of an

sp-hybridized carbon?

Fig. 1.3. Energy levels and
occupancies (red) of the MOs at
the trivalent C atom of planar
carbenium ions R3C® (left) and
pyramidal carbanions R,C®
(right). The indices of each of
the four MOs refer to the AOs
from the central C atom.

Fig. 1.4. Energy levels and
occupancies (red) of the MOs at
the divalent C atom of linear
carbenium ions =C®—R (left)
and bent carbanions =C°—R
(right). The indices of each of
the four MOs refer to the AOs
from the central C atom.
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To help answer this question, it is worthwhile considering the following: the dissociation
enthalpies of bonds such as Csp,, —C, Csp,,—O, Csp,,—Cl, and Csp,,—Br also depend heavily on
n and increase in the same order, n = 3, 2, and 1. The extent of the n-dependence of the dis-
sociation energies, though, depends on the element that is cleaved off, which implies some
important things: (1) The n-dependence of dissociation enthalpies of the Csp,,-element bonds
cannot only be due to the decreasing stability of the radical in the Csp’s > Ce sp? > Cspe series.
(2) So the n-dependence, or at least part of it, reflects an n-dependence of the respective C
element bond, something that should be remembered if one looks at bond dissociation ener-
gies in handbooks. For example, a carbon-iodine bond results from the overlap of an sp®
hybrid (2p-like) orbital of the carbon and a 5p or (“5p-like”) orbital of the iodine. The over-
lap is inherently poorer than that which would be found in the overlap of orbitals of similar
size and shape.

Overall, however, the homolytic bond dissociation energy of every Cspn-element bond
increases in the order n = 3, 2, and 1. This is due to the fact that Csp,,-element bonds become
shorter in this order, i.e. n =3, 2, and 1, which, in turn, is due to the fact that the s character
of the Csp,,-element bond increases in the same order. Other things being equal, the shorter the
bond, the stronger the bond.

An immediate consequence of the different ease with which Cspn—element bonds dissociate
is that in radical substitution reactions, alkyl radicals are more easily formed. Vinyl and aryl
radicals are less common, but can be generated productively. Alkynyl radicals do not appear
at all in radical substitution reactions. In the following, we therefore limit ourselves to a dis-
cussion of substitution reactions that take place via radicals of the general structure R'R>R3Ce.

1.2.1 Reactive Radicals

If radicals R'R?R3Ce are produced by breaking the C—H bond in molecules of the type
R'R?R3C—H, one finds that the dissociation enthalpies of such C—H bonds differ with
molecular structure. These differences can be explained completely by the effects of the sub-
stituents R!, R%, and R? on the stability of the radicals R'R?R3C+ formed.

Table 1.1 shows one substituent effect that influences the stability of radicals. The dissoci-
ation enthalpies of reactions that lead to R—CH,* radicals are listed. The substituent R varies
from C,H, through H,C=CH-—(vinyl substituent, vin) to C.H,— (phenyl substituent, Ph).
The dissociation enthalpy is greatest for R = H. It can also be seen that a radical center is sta-
bilized by 12 + 1 kcal/mol by the neighboring C=C double bond of an alkenyl or aryl sub-
stituent.

In the valence-bond (VB) model, this effect results from the fact that radicals of this type
can be stabilized by resonance (Table 1.1, right). In the MO model, the stabilization of radi-
cal centers of this type is due to the overlap of the 7 system of the unsaturated substituent with
the 2p_AO at the radical center (Figure 1.5). This overlap is called conjugation.



1.2 Stability of Radicals

Table 1.1. Stabilization of Radicals by Unsaturated Substituents
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Alkynyl substituents stabilize a radical center by the same 12 kcal/mol that on average is

achieved by alkenyl and aryl substituents. From the point of view of the VB model this is due to
the fact that propargyl radicals exhibit the same type of resonance stabilization as formulated
for allyl and benzyl radicals in the right column of Table 1.1. In the MO model, the stability of
propargyl radicals rests on the overlap between the one correctly oriented 7 system of the C=C
triple bond and the 2p_AO of the radical center, just as outlined for allyl and benzyl radicals in
Figure 1.5 (the other rsystem of the C=C triple bond is orthogonal to the 2p_AO of the radical
center, thus excluding an overlap that is associated with stabilization).
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Table 1.2 illustrates an additional substituent effect on radical stability. Here the dissociation
enthalpies of reactions that lead to (poly)alkylated radicals (alk),~ H, Ce are listed (*“alk”
stands for alkyl group). From these dissociation enthalpies it can be seen that alkyl sub-
stituents stabilize radicals. A primary radical is by 4 kcal/mol more stable, a secondary radi-
cal is by 7 kcal/mol more stable, and a tertiary radical is by 9 kcal/mol more stable than the
methyl radical.

Fig. 1.5. Stabilization by over-
lap of a singly occupied 2p, AO

with adjacent parall
m* S MOs.

el m_,

©or
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Table 1.2. Stabilization of Radicals by Alkyl Substituents
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In the VB model, this effect is explained by the fact that radicals of this type, too, can be
described by the superpositioning of several resonance forms. These are the somewhat exotic
“no-bond” resonance forms (Table 1.2, right). From the point of view of the MO model, rad-
ical centers with alkyl substituents have the opportunity to interact with these substituents.
This interaction involves the C—H bonds that are in the position o to the radical center and
lie in the same plane as the 2p_ AO at the radical center. Specifically, 6. ,; MOs of these
C—H bonds are able to overlap with the radical 2p_orbital (Figure 1.6). This overlap repre-
sents a case of lateral overlap between a ¢ bond, a bond that is 75% p in character based on
hybridization, and a p orbital. It is referred to as hyperconjugation to distinguish it from lat-
eral overlap between 7 bonds and p orbitals, which is referred to as conjugation. When the
0., bond and the 2p_AO have a dihedral angle y that is different from that required for opti-
mum overlap (0°), the stabilization of the radical center by hyperconjugation decreases. (In
fact, it decreases by the square of the cosine of the dihedral angle y.)

Table 1.3 illustrates a third radical stabilizing effect of a substituent. Homolyses producing
radicals with a heteroatom with free electron pairs adjacent to the radical center are less
endothermic than the comparable reaction giving H,C-H,Ce. Qualitatively, the more “avail-
able” such electrons are, the greater the stabilization. Accordingly, an amino group stabilizes
aradical center better than a hydroxyl group because nitrogen is less electronegative than oxy-
gen. However, carbon radicals bearing oxygen are common. They are the key intermediates in
the autoxidation of ethers (see Figure 1.38). As might be expected, an even larger stabilization
effect on a radical center is achieved through an O® substituent, a better donor than a neutral
oxygen atom. In the alkoxide case, the donation of electrons to the radical center leads to the
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delocalization of the excess negative charge and thus reduces the Coulomb repulsion force.

You may find O° substituted C radicals rather exotic. Nevertheless, they are well-known as

intermediates (so-called ketyl radicals) of the one-electron reduction of carbonyl compounds
(Section 17.4.2).

Table 1.3. Stabilization of Radicals by Substituents with Free Electron Pairs

Fig. 1.6. Stabilization by
overlap of a singly occupied
2p, AO with vicinal nonortho-
gonal o._,, MOs.
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Fig. 1.7. Stabilization by over-
lap of a singly occupied 2p, AO
with the vicinal nonorthogonal
free electron pair of an oxygen

atom.
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In the VB model, the ability of heteroatoms with a free electron pair to stabilize an adjacent
radical center is based on the fact that such radicals may be described by several resonance
forms (Table 1.3, right). In addition to the “C radical” resonance form and the one or two no-
bond resonance forms, a zwitterionic resonance form occurs with neutral radicals, and a car-
banion/O radical resonance form with the negatively charged ketyl radical. In the MO model,
the stabilization of heteroatom-substituted radical centers depends on the overlap between an
orbital containing a lone pair of electrons and the half-occupied 2p_orbital of the radical cen-
ter (Figure 1.7). The result is a small energy decrease, corresponding to the stabilization that
the half-occupied 2p_ orbital of a radical center experiences as in Figure 1.6 by the overlap
with a suitably oriented doubly occupied o ,; MO.

1.2.2 Unreactive Radicals

Just as several alkyl substituents increasingly stabilize a radical center (Table 1.2), so do two
phenyl substituents. The diphenylmethyl radical (“benzhydryl radical”) is therefore more sta-
ble than the benzyl radical. The triphenylmethyl radical (“trityl radical”) is even more stable
because of the three phenyl substituents. They actually stabilize the trityl radical to such an
extent that it forms by homolysis from the so-called “Gomberg hydrocarbon” even at room
temperature (Figure 1.8). Although this reaction is reversible, the trityl radical is present in
equilibrium quantities of about 2 mol%.

Starting from the structure of the trityl radical, radicals were designed that can be obtained
as isolable, stable radicals” (Figure 1.9). There are two reasons why these radicals are so sta-
ble. For one thing, they are exceptionally well resonance-stabilized. In addition, their dimer-
ization to valence-saturated species has a considerably reduced driving force. In the case of
the trityl radical, for example, dimerization leads to the Gomberg hydrocarbon in which an
aromatic sextet is lost. The trityl radical cannot dimerize giving hexaphenylethane, because
severe van der Waals repulsions between the substituents would occur. There are also stable
N- or O-centered radicals. The driving force for their dimerization is small because relatively
weak N—N or O—O bonds would be formed.
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hydrocarbon

)
Gomberg _ 2 PhyCe

The destabilization of the dimerization product of a radical is often more important for the
existence of stable radicals than optimum resonance stabilization. This is shown by compari-
son of the trityl radical derivatives A and B (Figure 1.9). In radical A, the inclusion of the rad-
ical center in the polycycle makes optimum resonance stabilization possible because the dihe-
dral angle y between the 2p_AO at the central atom and the neighboring 7 orbitals of the three
surrounding benzene rings is exactly 0°. And yet radical A dimerizes! In contrast, the trityl
radical derivative B is distorted like a propeller, to minimize the interaction between the
methoxy substituents on the adjacent rings. The 2p_AO at the central atom of radical B and
the 7 orbitals of the surrounding benzene rings therefore form a dihedral angle y of a little
more than 45°. The resonance stabilization of radical B is therefore only one half as great—
cos? 45° = 0.50—as that of radical A. In spite of this, radical B does not dimerize at all!

A\
N | el
| _ MeO" Cp 'OMe

0 )Ci 0 MeQ . OMe
NeE G G&o °:

0) Me Me

A B
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Fig. 1.8. Reversible formation
reaction of the triphenylmethyl
radical. The equilibrium lies on
the side of the Gomberg hydro-
carbon.

Fig. 1.9. Comparison of the
trityl radical derivatives A and
B; A dimerizes, B does not.
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1.3 Relative Rates of Analogous Radical Reactions

In Section 1.2.1 we discussed the stabilities of reactive radicals. It is interesting that they make
an evaluation of the relative rates of formation of these radicals possible. This follows from the
Bell-Evans—Polanyi principle (Section 1.3.1) or the Hammond postulate (Section 1.3.2).

1.3.1 The Bell-Evans—Polanyi Principle

In thermolyses of aliphatic azo compounds, two alkyl radicals and one equivalent of N, are
produced according to the reaction at the bottom of Figure 1.10. A whole series of such reac-
tions was carried out, and their reaction enthalpies AH, were determined. They were all
endothermic reactions (A1 has a positive sign). Each substrate was thermolyzed at several
different temperatures 7" and the associated rate constants k_ were determined. The tempera-
ture dependence of the &_values for each individual reaction was analyzed by using the Eyring
equation (Equation 1.1).

k. -T i k. -T 1 i
k =—2—exp _AG K, exp _AH exp +AS (1.1)
r h RT h RT R
key: Boltzmann constant (3.298 x 10-2* cal/K)
T: absolute temperature (K)
h: Planck’s constant (1.583 x 107 cal s)

AG*:  Gibbs (free) energy of activation (kcal/mol)
AH*:  enthalpy of activation (kcal/mol)

AS*: entropy of activation (cal mol™! K1)

R: gas constant (1.986 cal mol™! K1)

Equation 1.1 becomes Equation 1.2 after (a) dividing by 7, (b) taking the logarithm, and (c)
differentiating with respect to 7.

aln[rj
AH*=RT———~2 1.2
o7 (1.2)

With Equation 1.2 it was possible to calculate the activation enthalpy AH* for each individual
reaction.

The pairs of values AH /AH*, which were now available for each thermolysis, were plotted
on the diagram in Figure 1.10, with the enthalpy change AH on the vertical axis and the reac-
tion progress on the horizontal axis. The horizontal axis is referred to as the reaction coordi-
nate (RC). Among “practicing organic chemists” it is not accurately calibrated. What is
implied is that on the reaction coordinate one has moved by x% toward the reaction product(s)
when all the structural changes that are necessary en route from the starting material(s) to the
product(s) have been x% completed.
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Starting
material

52

Transition
state (TS)

Product

l

l

2Me" + N,

2Et + N,
2iPr" + N,

2 tert-Bu® + N,

For five out of the six reactions investigated, Figure 1.10 shows a decrease in the activation
enthalpy AH* with increasingly negative reaction enthalpy AH . Only for the sixth reaction—
drawn in red in Figure 1.10—is this not true. Accordingly, except for this one reaction AH*
and AH_are proportional for this series of radical-producing thermolyses. This proportional-

= Reaction
coordinate

ity is known as the Bell-Evans—Polanyi principle and is described by Equation 1.3.

The thermolyses presented in this chapter are one example of a series of analogous reactions.
The Bell-Evans—Polanyi relationship of Equation 1.3 also holds for many other series of anal-
ogous reactions. The general principle that can be extracted from Equation 1.3 is that, at least
for a reaction series, the more exothermic the enthalpy of reaction, the faster it will be. But

AH* = const. + const.' AH,

this doesn’t mean that all reactions that are exothermic are fast, so be careful.

Fig. 1.10. Enthalpy change
along the reaction coordinate
in a series of thermolyses of
aliphatic azo compounds. All
thermolyses in this series
except the one highlighted in
color follow the Bell-Evans-
Polanyi principle.
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1.3.2 The Hammond Postulate

In many series of analogous reactions a second proportionality is found experimentally,
namely, between the free energy change (AG ; a thermodynamic quantity) and the free energy
of activation (AGH, a kinetic quantity). In a series of analogous reactions, a third parameter
besides AH* and AG* no doubt also depends on the AH_and AG, values, namely, the structure
of the transition state. This relationship is generally assumed or postulated, and only in a few
cases has it been supported by calculations (albeit usually only in the form of the so-called
“transition structures”; they are likely to resemble the structures of the transition state, how-
ever). This relationship is therefore not stated as a law or a principle but as a postulate, the so-
called Hammond postulate.

The Hammond postulate can be stated in several different ways. For individual reactions
the following form of the Hammond postulate applies. In an endergonic reaction (positive
AG,) the transition state (TS) is similar to the product(s) with respect to energy and struc-
ture and is referred to as a late transition state. Conversely, in an exergonic reaction (neg-
ative AG), the transition state is similar to the starting material(s) with respect to energy
and structure and is referred to as an early transition state.

For series of analogous reactions, this results in the following form of the Hammond
postulate: in a series of increasingly endergonic analogous reactions the transition state is
increasingly similar to the product(s), i.e., increasingly late. On the other hand, in a series
of increasingly exergonic analogous reactions, the transition state is increasingly similar to
the starting material(s), i.e., increasingly early.

What does the statement that “increasingly endergonic reactions take place via increasingly
product-like transition states” mean for the special case of two irreversible endergonic analo-
gous reactions that occur as competitive reactions? Using the Hammond postulate, the out-
come of this competition can often be predicted. The energy of the competing transition states
should be ordered in the same way as the energy of the potential reaction products. This means
that the more stable reaction product is formed via the lower-energy transition state. It is there-
fore produced more rapidly than the less stable reaction product.

The form of the Hammond postulate just presented is very important in the analysis of the
selectivity of many of the reactions we will discuss in this book in connection with chemoselec-
tivity (Section 1.7.2; also see Section 3.2.2), stereoselectivity (Section 3.2.2), diastereoselec-
tivity (Section 3.2.2), enantioselectivity (Section 3.2.2), and regioselectivity (Section 1.7.2).

Selectivity means that one of several reaction products is formed preferentially or exclu-
sively. In the simplest case, for example, reaction product 1 is formed at the expense of
reaction product 2. Selectivities of this type are usually the result of a kinetically controlled
reaction process, or “kinetic control.” This means that they are usually not the conse-
quence of an equilibrium being established under the reaction conditions between the alter-
native reaction products 1 and 2. In this latter case one would have a thermodynamically
controlled reaction process, or “thermodynamic control.”
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For reactions under kinetic control, the Hammond postulate now states that:
e [fthe reactions leading to the alternative reaction products are one step, the most stable

product is produced most rapidly, that is, more selectively. This type of selectivity is
called product development control.

If these reactions are two-step, the product that is derived from the more stable inter-
mediate is produced more rapidly, that is, more selectively.

If these reactions are more than two-step, one must identify the least stable intermedi-
ate in each of the alternative pathways. Of these high-energy intermediates, the least
energy-rich is formed most rapidly and leads to a product that, therefore, is then formed

more selectively.

The selectivity in all three cases is therefore due to “product development control.”

1.4 Radical Substitution Reactions: Chain Reactions

Radical substitution reactions can be written in the following form:

R 3_)( reagent R 3_Y
sp

radical initiator (cat.) 5p

All radical substitution reactions are chain reactions. Every chain reaction starts with an ini-
tiation reaction. In one or more steps, this reaction converts a valence-saturated compound
into a radical, which is sometimes called an initiating radical (the reaction arrow with the cir-
cle means that the reaction takes place through several intermediates, which are not shown

here):

Substrate (Rska) Initiating radical
and/or (from substrate)
reagent O > (e, Rxpz-) or
and/or (1 or more steps) initiating radical

radical initiator (Section 1.5) (from reagent)

The initiating radical is the radical that initiates a sequence of two, three, or more so-called

propagation steps:

Initiating radical (fiom substrate) + reagent TN

k prop, n

— ‘o initiating radical (fiom substrate) + ...

propagation steps *

Rspj — X +reagent —_— Rspj —Y +by-product(s)

15
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Depending on whether the initiating radical comes from the substrate or the reagent, the prop-
agation steps must be formulated as above or as follows:

Initiating radical (fiom reagent) + Rép3 -X
kpmnl 3 e
km——)"‘ - e

LCLEN initiating radical (fiom reagent) + ...

Rgpg — X +ragent —— Rspj —Y + by-product(s)

propagation steps *

As the reaction equations show, the last propagation step supplies the initiating radical con-
sumed in the first propagation step. From this you also see that the mass conversion of a chain
reaction is described by an equation that results from the propagation steps alone: they are
added up, and species that occur on both sides of the reaction arrow are dropped.

If the radical intermediates of the propagation steps did nothing other than always enter
into the next propagation step of the chain again, even a single initiating radical could initiate
a complete starting material(s) — product(s) conversion. However, radical intermediates may
also react with each other or with different radicals. This removes them from the process, and
the chain reaction comes to a stop.

k
fem 4 1 valence-saturated molecule
b (possible structures: A, B, ...)
Term, B
e . . or...
Initiating radical
and/or Other Reaction of 2
radical radicals with
intermediates each other
k erm. .
=M s> pair of valence-saturated molecules
zr (possible structure: M/M', N/N', ...)
Term, N
or...

Reactions of the latter type therefore represent termination steps of the radical chain. A con-
tinuation of the starting material(s) — product(s) conversion becomes possible again only
when a new initiating radical is made available via the starting reaction(s). Thus, for radical
substitutions via chain reactions to take place completely, new initiating radicals must be pro-
duced continuously.

The ratio of the rates v k__[Re][reagent] and v [Re][R'*] of the propagation

prop = prop term = kterm
and the termination steps determines how many times the sequence of the propagation steps
is run through before a termination step ends the conversion of starting material(s) to prod-
uct(s). The rates of the propagation steps (mep in the second- and third-to-last boxes of the
o 11 the fourth box), fre-

quently by several orders of magnitude. An initiating radical can therefore initiate from 1000

present section) are greater than those of the termination steps (v,

to 100000 passes through the propagation steps of the chain.
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How does this order of the rates Vorop > Vierm COME about? As high-energy species, radical
intermediates react exergonically with most reaction partners. According to the Hammond
postulate, they do this very rapidly. Radicals actually often react with the first reaction part-
ner they encounter. Their average lifetime is therefore very short. The probability of a termi-
nation step in which fwo such short-lived radicals meet is consequently low.

There is a great diversity of initiating and propagation steps for radical substitution reac-
tions. Bond homolyses, fragmentations, atom abstraction reactions, and addition reactions to
C=C double bonds are among the possibilities. All of these reactions can be observed with
substituted alkylmercury(Il) hydrides as starting materials. For this reason, we will examine

these reactions as the first radical reactions in Section 1.6.

1.5 Radical Initiators

Only for some of the radical reactions discussed in Sections 1.6—1.10 is the initiating radical
produced immediately from the starting material or the reagent. In all other radical substitu-
tion reactions another substance, the radical initiator, added in a substoichiometric amount,
is responsible for producing the initiating radical.

Radical initiators are thermally labile compounds, which decompose into radicals upon
moderate heating or photolysis. These radicals initiate the actual radical chain through the for-
mation of the initiating radical. The most frequently used radical initiators are azobis-isobu-
tyronitrile (AIBN) and dibenzoyl peroxide (Figure 1.11). AIBN has has a half-life of 1 h at
80 °C, and dibenzoyl peroxide a half-life of 1 h at 95 °C.

Azobisisobutyronitrile (AIBN) as radical initiator:

NC%@KN\%CN —_— Nc% + N=N + %CN

Dibenzoyl peroxide as radical initiator:

O30 — O«

2@%—» 2+2E
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Fig. 1.11. Radical initiators
and their mode of action (in
the “arrow formalism” for
showing reaction mechanisms
used in organic chemistry,
arrows with half-heads show
where single electrons are
shifted, whereas arrows with
full heads show where electron
pairs are shifted).
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Side Note 1.1.
Decomposition of Ozone
in the Upper
Stratosphere

Fig. 1.12. FCHC-initiated
decomposition of stratospheric
ozone.

Certain undesired reactions can take place via radical intermediates. Examples are the autox-
idation of ethers (see Figure 1.38) or the decomposition of ozone in the upper stratosphere.
This decomposition is initiated by, among other things, the chlorofluorohydrocarbons
(“HCFCs”), which form chlorine radicals under the influence of the short-wave UV light from
the sun (Figure 1.12). They function as initiating radicals for the decomposition of ozone,
which takes place via a radical chain. However, this does not involve a radical substitution
reaction.

FCHC,

Net reaction: 20 30,

elatively long wave

3 hy,

hw
Initiation reaction: C,H,CIF, — C,H,Cl,_F,* + Cle

ﬂﬂ o—

Propagation steps: \j

ﬂﬂ

c1—0l + 10—Cl ——> C1—0—0—Cl

— > Cl—O| + 0=0

h Vrelatively long wave

ICl* + O=0 + *ClII

Fig. 1.13. Net reaction (a) for
the hydration of alkenes
(R"=CH,, R” = H) or (b) for
the addition of alcohol to
alkenes (R = CF,, R” = alkyl)
via the reaction sequence (1)
solvomercuration of the alkene
(for mechanism, see

Figure 3.48; regioselectivity:
Figure 3.49); (2) reduction of
the alkylmercury compound
obtained (for mechanism, see
Figure 1.14).

1.6 Radical Chemistry of Alkylmercury(Il) Hydrides

Alkyl derivatives of mercury in the oxidation state + 2 are produced during the solvomercu-
ration of alkenes (the first part of the reaction sequence in Figure 1.13). Oxymercuration
provides (fB-hydroxyalkyl)mercury(Il) carboxylates, while alkoxymercuration gives (f-
alkoxyalkyl)mercury(Il) carboxylates. These compounds can be reduced with NaBH, to the
corresponding mercury(Il) hydrides. A ligand exchange takes place at the mercury: a car-
boxylate substituent is replaced by hydrogen. The S-oxygenated alkylmercury(Il) hydrides
obtained in this way are so unstable that they immediately react further. These reactions take
place via radical intermediates. The latter can be transformed into various kinds of products
by adjusting the reaction conditions appropriately. The most important radical reactions of
alkylmercury(Il) hydrides are fragmentation to an alcohol (Figure 1.14), addition to a C=C

I
Ol R// 0 |O—C —R’ R”0O
_
R”OH
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double bond (Figure 1.15), and oxidation to a glycol derivative (Figure 1.16). The mechanisms
for these reactions will be discussed below.

When (f-hydroxyalkyl)mercury(Il) acetates are treated with NaBH, and no additional
reagent, they first form (B-hydroxyalkyl)mercury(IT) hydrides. These react via the chain pro-
cess shown in Figure 1.14 to give a mercury-free alcohol. Overall, a substitution reaction R—
Hg(OAc) — R—H takes place. The initiation step for the chain reaction participating in this
transformation is a homolysis of the C—Hg bond. This takes place rapidly at room tempera-
ture and produces the radical *Hg—H and a S-hydroxylated alkyl radical. As the initiating rad-
ical, it starts the first of the two propagation steps. This first step is an atom transfer reaction,
more specifically, a hydrogen atom transfer reaction. The second propagation step involves a
radical fragmentation. This is the decomposition of a radical into a radical with a lower molec-
ular weight and at least one valence-saturated compound (in this case, elemental mercury).
The net reaction equation is obtained according to Section 1.4 by adding up the two propaga-
tion steps.

OH H
R)\/Hg

OH H OH H

R)\ +HE

Ionic prereaction:

Initiation step:

. (\/H OH OH
Propagation steps: R)\ +@ — R)\/H + R)\/Hg'

OH OH
e —— A he
\S .
OH
Termination steps, OHvQ\- R R
for example: R)\- + R
OH OH
OH o n OH R
R)\/ Hge + —_— R)\’ Hg/\(
OH OH
Net equation: OH H OH
—_—

Y, Propagation steps:

These propagation steps are repeated many times while the organic mercury compound is con-
sumed and alcohol and elemental mercury are released. This process is interrupted only by
termination steps (Figure 1.14). Thus, for example, two mercury-free radicals can combine to
form one dimer, or a mercury-free and a mercury-containing radical can combine to form a
dialkylmercury compound.
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Fig. 1.14. NaBH,, reduction of
(B-hydroxyalkyl)mercury(II)
acetates to alcohols and radical
fragmentation of (B-hydroxy-
alkylymercury (II) hydrides.
According to the terminology
used in Figure 1.2 it is a “sub-
stitution by fragmentation.”
The fate of the radical H-Hge
of the initiation reaction is
unknown. This, however, does
not limit our understanding of
the overall reaction since under
no circumstances is this radical
H-Hge a chain carrier.
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Fig. 1.15. NaBH,-mediated
addition of (S-hydroxy-
alkyl)mercury(II) acetates to
an acceptor-substituted alkene.
In terms of Figure 1.2 itis a
“substitution reaction including

1 Radical Substitution Reactions at the Saturated C Atom

(B-Hydroxyalkyl) mercury(II) acetates and NaBH, react to form carbon-centered radicals
through the reaction steps shown in Figure 1.14. When methyl acrylate is present in the reac-
tion mixture, these radicals can add to the C=C double bond of the ester (Figure 1.15). The
addition takes place via a reaction chain, which comprises three propagation steps.

a fragmentation and an addi- OH NaBH OH
tion.” abty
HgOAc + X _CO,Me ——> )\/\/CO Me
R g0Ac T A0 R 2
Propagation steps:
OH m OH
R)\[\ Lcome —— R)\/\./COzMe
OH OH {\/H OH OH
)\/\/COZMe + )\/Hg EE—— CO,Me + )\/Hg°
R N R R R
- 0
OH OH

Fig. 1.16. NaBH -induced air
oxidation of a (f-alkoxy-
alkylymercury (II) trifluoroac-
etate (see Figure 3.39) to a
glycol derivative. In terms of
Figure 1.2 it is “substitution
reaction including a fragmenta-
tion and an addition.”

R)\Qgg} R)\. * He

The radicals produced during the decomposition of alkylmercury(Il) hydrides can also be
added to molecular oxygen (Figure 1.16). A hydroperoxide is first produced in a chain reac-
tion, which again comprises three propagation steps. However, it is unstable in the presence
of NaBH, and is reduced to an alcohol.

OMe OMe
NaBH.
HgO,CCF; + 0, —— N )\/OH
Propagation steps:
OMe m OMe
R . UO R (0L
OMe OMe OMe OMe
)\/ 0 * )\/ ISI}/H )\/ 0 H + )\/Hg'
OMe OMe
Hg: ——> )\ + H
R)\Q@ R . &
Subsequent ionic reaction:
OMe OMe
NaBH,
o H )\/OH
R ~o~ R
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1.7 Radical Halogenation of Hydrocarbons

Many hydrocarbons can be halogenated with elemental chlorine or bromine while being
heated and/or irradiated together:

2C—H + CLBr,) —"**~ > C_ - CIBr) + HCI (HBy)

The result is simple or multiple halogenations.

1.7.1 Simple and Multiple Chlorinations

You should already be familiar with the mechanism for the thermal chlorination of methane.
We will use Figure 1.17 to review briefly the net equation, the initiation step, and the propa-
gation steps of the monochlorination of methane. Figure 1.18 shows the energy profile of the
propagation steps of this reaction.

CH, (large excess) + Cl, — % C» CHCI + HCI

cﬂ—[\a —A4 > 0.
AN

Propagation steps: ~ Cl* + H—CH; — > CI—H + *CH; Fig. 1.17. Mechanism for

im[\ monochlorination of methane

*CH; + CI—Cl —> CH;—Cl + Cl» with CL,.

Initiation step:

Startl.ng TS I, TS, Products
mate;rlals

R

Fig. 1.18. Energy profile of the
propagation steps of the
monochlorination of methane
= Reaction with CL, (enthalpies in
coordinate kcal/mol).
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Fig. 1.19. Mechanism for the
polychlorination of methane.

Fig. 1.20. Energy profile of the
propagation steps of the poly-
chlorinations CH,Cl — CH,CL,

CH,CL, % CHCL,, and

CHC, — CCl4 of methane

(n = 1-3 in the diagram), and
of the monochlorination

CH, = CH,CL(n=0'in the
diagram).

1 Radical Substitution Reactions at the Saturated C Atom

In the energy profile, each of the two propagation steps is represented as a transition from
one energy minimum over an energy maximum into a new energy minimum. Energy minima
in an energy profile characterize either long-lived species [starting material(s), product(s)] or
short-lived intermediates. On the other hand, energy maxima in an energy profile (transition
states) are snapshots of the geometry of a molecular system, whose lifetime corresponds to
the duration of a molecular vibration (approx. 10713 s). These are general concepts.

A chemical transformation that takes place via exactly one transition state is called an ele-
mentary reaction. This holds regardless of whether it leads to a short-lived intermediate or to a
product that can be isolated. According to the definition, an n-step reaction consists of a sequence
of n elementary reactions. It takes place via n transition states and (n — 1) intermediates.

In the reaction of a 1:1 mixture of methane and chlorine one does not obtain the monochlo-
rination product selectively, but a 46:23:21:9:1 mixture of unreacted methane, mono-, di-, tri-,
and tetrachloromethane. Thus, all conceivable multiple chlorination products are also pro-
duced. Multiple chlorinations, like monochlorinations, occur as radical chain substitutions.
They are based on completely analogous propagation steps (Figure 1.19).

According to Figure 1.20, analogous propagation steps possess the same heat of reaction,
independent of the degree of chlorination. With the help of Hammond’s postulate, one con-
cludes from this that the associated free activation energies should also be independent of the
degree of chlorination. This means that the monochlorination of methane and each of the sub-

CH;Cl
° CH,Cl
CH; + Cl, (comparable molar amount) A0°C CHZC]32 + HCI

ccl,

Initiation step: Cl—Cl ——> 2l

Propagation steps: ~ Cl* + H—CH;_,Cl, ——> Cl—H + *CH,_Cl,

N

*CH, ,Cl, + Cl—Cl CH, ,Cl,,, + Cle

Cle
+
CH3—nC1n+l
+
HCl e
Reaction
coordinate
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sequent multiple chlorinations should take place with one and the same rate constant. This is
essentially the case. The relative chlorination rates for CH, Cl in the temperature range in
questionare 1 (n=0),3 (n=1),2 (n=2),and 0.7 (n = 3).

If only methyl chloride is needed, it can be produced essentially free of multiple chlorina-
tion products only if a large excess of methane is reacted with chlorine. In this case, there is
always more unreacted methane available for more monochlorination to occur than there is
methyl chloride available for a second chlorination.

Another preparatively valuable multiple chlorination is the photochemical perchlorination
of methyl chloroformate, which leads to diphosgene:

0
Il CcH. ChL.iv L ca
c” ~o” S ——> c1)\ o

1.7.2 Regioselectivity of Radical Chlorinations

Clean, regioselective, monochlorinations can be achieved with hydrocarbons that react via
resonance-stabilized radicals.

A given molecular transformation, for example, the reaction C—H — C—CI, is called
regioselective when it takes place preferentially or exclusively at one place on a substrate.
Resonance-stabilized radicals are produced regioselectively as a consequence of product
development control in the radical-forming step.

In the industrial synthesis of benzyl chloride (Figure 1.21), only the H atoms in the benzyl
position are replaced by Cl because the reaction takes place via resonance-stabilized benzyl
radicals (cf. Table 1.1, bottom line) as intermediates. At a reaction temperature of 100 °C, the
first H atom in the benzyl position is substituted a little less than 10 times faster (— benzyl
chloride) than the second (— benzal chloride) and this is again 10 times faster than the third
(— benzotrichloride).

In the reaction example of Figure 1.22, the industrial synthesis of allyl chloride, only an
H atom in the allylic position is substituted. Its precursor is a resonance-stabilized (Table 1.1,
center line) allylic radical.
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Regioselectivity

Fig. 1.21. Industrial synthesis
of benzyl chloride.

A A
<;>—CH3 + HCl <—#4— <;>—CH3 +C, —> @—CHZQ + HCl
cl

slower:

+ Cl,, — HCI

even slower:
CCl; =——— CHCl,
+ Cl,, — HCI1
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Fig. 1.22. Industrial synthesis
of allyl chloride.

Chemoselectivity

1 Radical Substitution Reactions at the Saturated C Atom

Cl

Cl\)\

Incidentally, this reaction of chlorine with propene is also chemoselective.

500 °C 500 °C

2N+ (L — s Y L wa

Reactions in which the reagent effects preferentially or exclusively one out of several types
of possible transformations are chemoselective.

In the present case, the only transformation that takes place is C—H — C—Cl, that is, a sub-
stitution, and not a transformation C=C + Cl, — Cl-—C—C—Cl, which would be an addi-
tion.

The monochlorination of isopentane gives all four conceivable monochlorination products
(Table 1.4). These monochlorination products are obtained with relative yields of 22% (sub-
stitution of C,, —H), 33% (substitution of C_ —H), 30 and 15% (in each case substitution of

tert

C,;,—H). This is clearly not a regioselective reaction.

Two factors are responsible for this result. The first one is a statistical factor. [sopentane
contains a single H atom that is part of a C_ —H bond. There are two H atoms that are part

tert

of C_, —H bonds, and 6 + 3 =9 H atoms as part of C_, —H bonds. If each H atom were sub-

prim
Table 1.4. Regioselectivity of Radical Chlorination of Isopentane

Cl
cl,, .
>—\ —_— Cl%—\ + H + + + multiple
A chlorinated
Cl Cl

compounds

The relative yields
of the above
monochlorination
products are... - 22% 33% 30% 15%
In order to produce the
above compounds in

the individual case... | 2 6 3.

...H atoms were available
for the substitution. Yields

on a per-H-atom basis were... .. 22%

16.5% 5% 5% ...

... for the monochlorination
product. In other words:

ke c—c1, el in the position
concerned is ... .. 44 33 =1 =1

..., that is, generally for ... . Cp—H  C,..,—H Cprin—H
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stituted at the same rate, the cited monochlorides would be produced in a ratio of 1:2:6:3. This
would correspond to relative yields of 8, 17, 50, and 25%.

The discrepancy from the experimental values is due to the fact that H atoms bound to dif-
ferent types of C atoms are replaced by chlorine at different rates. The substitution of C,, —
H takes place via a tertiary radical. The substitution of C  —H takes place via the somewhat
less stable secondary radical, and the substitution of C,.,—H takes place via even less stable
primary radicals (for the stability of radicals, see Table 1.2). According to Hammond’s postu-
late, the rate of formation of these radicals should decrease as the radical’s stability decreases.
Hydrogen atoms bound to C,,, should thus be substituted more rapidly than H atoms bound

to C_, ., and these should in turn be substituted by Cl more rapidly than H atoms bound to C

prim’
As the analysis of the regioselectivity of the monochlorination of isopentane carried out by
means of Table 1.4 shows, the relative chlorination rates of C,, —H, C_—H, and Cp”.m—H

are 4.4:3.3:1, in agreement with this expectation.

1.7.3 Regioselectivity of Radical Brominations Compared to Chlorinations

In sharp contrast to chlorine, bromine and isopentane form monosubstitution products with
pronounced regioselectivity (Table 1.5). The predominant monobromination product is pro-

Table 1.5. Regioselectivity of Radical Bromination of Isopentane

Br
Br,, .
>—\ — > Br%—\ + H + + + multiple
A "
brominated
Br Br

compounds

The relative yields
of the above

monobromination
products are... .. 92.2% 7.38% 0.28% 0.14%

In order to produce the
above compounds in
the individual case... w1 2 6 3.

...H atoms were available

for the substitution. Yields
on a per-H-atom basis were... .. 92.2% 3.69% 0.047%  0.047% ...

... for the monobromination
product above. In other words:
ke c-pr. rel 1n the position
concerned is ... ... 2000 79

I
—_
Il
—_

..., that is, generally for ... e Ce—H  Cy.—H Corin—H
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duced in 92.2% relative yield through the substitution of C, —H. The second most abun-
dant monobromination product (7.4% relative yield) comes from the substitution of C , —H.
The two monobromination products in which a primary H atom is replaced by Br occur only
in trace quantities. The analysis of these regioselectivities illustrated in Table 1.5 gives rel-
ative rates of 2000, 79, and 1 for the bromination of C, —H, C  —H, and C

‘prim

—H, respec-
tively.

The low regioselectivity of the radical chain chlorination in Table 1.4 and the high regios-
electivity of the analogous radical chain bromination in Table 1.5 are typical: bromine is gen-
erally considerably more suitable than chlorine for the regioselective halogenation of saturated
hydrocarbons. In the following we will explain mechanistically why the regioselectivity for
chlorination is so much lower than for bromination.

How the enthalpy AH of the substrate/reagent pair R—H/Cle changes when Re and H—CIl
are produced from it is plotted for four radical chlorinations in Figure 1.23 (left). These afford
carbon radicals, the methyl, a primary, a secondary, and a tertiary radical. The reaction
enthalpies AH_for all four reactions are known and are plotted in the figure. Only the methyl
radical is formed slightly endothermically (AH_= +2.0 kcal/mol). The primary radical, which
is more stable by 4.3 + 0.7 kcal/mol (cf. Table 1.2), is formed exothermically with
AH_= -2.3 kcal/mol. The formation of the more stable secondary and tertiary radicals are
more exothermic by —4.7 and —7.6 kcal/mol, respectively.

Hammond’s postulate can be applied to this series of the selectivity-determining steps of
the radical chlorination. They all take place via early transition states, i.e. via transition states
that are similar to the starting materials. The more stable the resulting radical, the more simi-
lar the transition state is to the starting materials. The stability differences between these rad-
icals are therefore manifested only to a very small extent as stability differences between the
transition states that lead to them. All transition states are therefore very similar in energy and
thus the different reaction rates are very similar. This means that the regioselectivity of the rad-
ical chlorination of saturated hydrocarbons is generally low.

In radical brominations, the energy profiles of the selectivity-determining step are com-
pletely different from what they are in analogous chlorinations. This is shown on the right side
of Figure 1.23 and is rationalized as follows. The abstraction of a C-bound H atom by CI atoms
leads to the formation of an H—CI bond with a bond energy of 103.1 kcal/mol. In contrast,
the abstraction of a C-bound H atom by Br atoms leads to the formation of a H-Br bond with
a bond energy of 87.4 kcal/mol, significantly weaker than the H-Cl bond. Accordingly, even
the most stable radical considered in Figure 1.23, the tertiary radical, is formed endothermi-
cally in radical brominations (AH =+ 8.1 kcal/mol). From the secondary through the primary
to the methyl radical increasingly less stable radicals are produced in the analogous bromina-
tions of this figure. They are therefore formed increasingly endothermically and consequently
probably also increasingly endergonically. According to Hammond’s postulate, the selectivity-
determining step of radical brominations thus proceeds via late, that is, product-like, transi-
tion states. Consequently, the substituent effects on the free energy changes of the selectivity-
determining step manifest as substituent effects on the free energies of the respective
transition states. This results in different radicals being formed at very different reaction rates.
The regioselectivity of radical brominations is consequently considerably higher than the
regioselectivity of analogous chlorinations.
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AH  four small E, values, obviously four larger E, values, obviously AH
differing little from each other differing more from each other
—— —
—~~
N \
+1 ~ AN +17
=0 ™ H;Ce + HHal
=C—H+Cle

= IR +13.4
\\Jprzm + HHal | \\
-8 \_/ \ +11 . .
+ HHal Fig. 1.23. Thermochemical
Rt \_//’ \ analysis of that propagation
11 +8.1

step of radical chlorination
Ryere + HHal (left) and bromination (right)
of alkanes that determines the

regioselectivity of the overall

~ =0 reaction. The AH_ values were

—C—H+ Bre . T,

-~ determined experimentally; the
Chlorination — ~=— Bromination values for the activation
reaction coordinate reaction coordinate enthalpies (AH?) are estimates.

At the end of Section 1.7.4 we will talk about an additional aspect of Figure 1.23. To under-
stand this aspect, however, we must first determine the rate law according to which radical
halogenations take place.

1.7.4 Rate Law for Radical Halogenations; Reactivity/Selectivity Principle
and the Road to Perdition

A simplified reaction scheme for the kinetic analysis of radical chain halogenations can be
formulated as follows:

Hal, === 2 Hale withK, =

2Hale + RH—5— HalH+R e
Re + Hal, —*— R Hal + Hal e

Let us assume that only the reaction steps listed in this scheme participate in the radical chain
halogenations of hydrocarbons and ignore termination reactions. According to this scheme, the
thermolysis of halogen molecules gives halogen atoms with the rate constant k, These can
recombine with the rate constant k, to form the halogen molecule again. The halogen atoms can
also participate as the initiating radical in the first propagation step, which takes place with the
rate constant k; The second and last propagation step follows with the rate constant &,

Explicit termination steps do not have to be considered in this approximate kinetic analy-
sis. A termination step has already been implicitly considered as the reversal of the starting
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reaction (rate constant k,). As soon as all halogen atoms have been converted back into halo-
gen molecules, the chain reaction stops.

The rate law for the halogenation reaction shown above is derived step by step in Equa-
tions 1.4—-1.8. We will learn to set up derivations of this type in Section 2.4.1. There we will
use a much simpler example. We will not discuss Bodenstein’s steady-state approximation
used in Equations 1.6 and 1.7 in more detail until later (Section 2.5.1). What will be explained
there and in the derivation of additional rate laws in this book is sufficient to enable you to fol-
low the derivation of Equations 1.4—1.8 in detail in a second pass through this book (and you
should make several passes through the book to ensure you understand the concepts).

@ = k,[Re][Hal,] (1.4)

L
AL~ ket R - kR (15)

= 0 in the flamework of Bodenstein’s steady-state approximatic

d[Hale
% = k,[Hal,]— k,[Hale]’
=0 in the framework of Bodenstein’s steady-state approximation (1.6)
/k
Eq.(1.6) = [Hal-]= k—‘[Hal2]
2
= KdiS[Halz] (17)
Eq.(1.7)in Eq. (1.5) =
k, [R-][Hal,]=k, [RH] /K [Hal,] (1.8)
Eq.(1.8)in Eq. (1.4) = %I;Iak] =k, [RH]{ K [Hal, ]

At this stage, it is sufficient to know the result of this derivation, which is given as Equa-
tion 1.9:

Gross reaction rate = k, [RH],/K, [Hal, ] (1.9)

It says that the substitution product R—X is produced at a rate that is determined by two con-
stants and two concentration terms. For given initial concentrations of the substrate R—H and
the halogen and for a given reaction temperature, the rate of formation of the substitution
product is directly proportional to the rate constant k,, k, being the rate constant of the prop-
agation step in which the radical Re is produced from the hydrocarbon R—H.

Let’s look at the energy profiles in Figure 1.23. They represent the step of chlorination (left
side) and bromination (right side) that determines the regioselectivity and takes place with the
rate constant k; According to Section 1.7.3, this step is faster for chlorination than for bromi-

nation.
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If we look at the reaction scheme we set up at the beginning of this section, then this means
that
k; (chlorination) > k, (bromination)

Also, according to Equation 1.9, the overall reaction “radical chlorination” takes place on a
given substrate considerably faster than the overall reaction “radical bromination.” If we con-
sider this and the observation from Section 1.7.3, which states that radical chlorinations on a
given substrate proceed with considerably lower regioselectivity than radical brominations, we
have a good example of the so-called reactivity/selectivity principle. This states that more
reactive reagents and reactants are less selective than less reactive ones. So selectivity be-
comes a measure of reactivity and vice versa. However, the selectivity-determining step of
radical chlorination reactions of hydrocarbons takes place near the diffusion-controlled limit.
Bromination is considerably slower. Read on.

A highly reactive reagent generally reacts with lower selectivity than a less reactive
reagent. It sounds beautiful. The problem with this principle is that it is considered by many
to be completely useless and that the preceding example was actually an exception to what
is the reality in many other reactions.

The reactivity-selectivity principle seems to be intuitively sound. But data indicate
otherwise. The work of Mayr and others has shown that there are many reactions in which
selectivity is not compromised at the expense of reactivity. Rates increase, but relative
reactivities, that is, selectivities, remain constant. The example discussed above is an
exception and conceptually very tempting. It teaches us the lesson that our models about
chemistry must be continually questioned and refined.

The reactivity-selectivity principle holds when one of the reference reactions being con-
sidered occurs close to the diffusion-controlled limit. At or near this limit, reactions are
very fast and not selective. Below this point, selectivity reveals itself. Compare two analo-
gous reactions that differ substantially in rate, neither of which occurs near the diffusion-
controlled limit and each will exhibit similar selectivities, though the rate by which these
reactions occur will differ.

1.7.5 Chemoselectivity of Radical Brominations
Let us go back to radical brominations (cf. Section 1.7.3). The bromination of alkyl aromatics
takes place completely regioselectively: only the benzylic position is brominated. The inter-

mediates are the most stable radicals that are available from alkyl aromatics, namely, benzylic
radicals. Refluxing ortho-xylene reacts with 2 equiv. of bromine to give one monosubstitution

Br

cat. AlCl; A or
+ 2B, — 5, >

Br
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Reactivity/Selectivity
Principle: The Road to
Perdition?

Fig. 1.24. Competing chemose-
lectivities during the reaction
of bromine with ortho-xylene
by a polar mechanism (left)
and a radical mechanism

(right).
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Fig. 1.25. Bromine addition
and bromine substitution on
cyclohexene.
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per benzylic position. The same transformation occurs when the reactants are irradiated at
room temperature in a 1:2 ratio (Figure 1.24, right).

Starting from the same reagents, one can also effect a double substitution on the aromatic
ring (Figure 1.24, left). However, the mechanism is completely different (Figure 5.13 and fol-
lowing figures). This substitution takes place under reaction conditions in which no radical inter-
mediates are formed. (Further discussion of this process will be presented in Section 5.2.1.)

Hydrogen atoms in the benzylic position can be replaced by elemental bromine as shown.
This is not true for hydrogen atoms in the allylic position. The alkene reacts rapidly with
molecular bromine via addition and allylic bromination is not observed (Figure 1.25, left). A
chemoselective allylic bromination of alkenes succeeds only according to the Wohl-Ziegler
process (Figure 1.25, right), that is, with N-bromosuccinimide (NBS).

Q b

Br
Brz
(IB AIBN (cat.) AIBN (cat.)

T

Figure 1.26 gives a mechanistic analysis of this reaction. NBS is used in a stoichiometric
amount, and the radical initiator AIBN (cf. Figure 1.11) is used in a sub-stoichiometric
amount, generally a few percent of the alkene to be brominated. Initiation involves several
reactions, which lead to Bre as the initiating radical. Figure 1.26 shows one of several possi-
ble starting reaction sequences. Next follow three propagation steps. The second propagation
step—something new in comparison to the reactions discussed before—is an ionic reaction
between NBS and HBr. This produces succinimide along with the elemental bromine, which
is required for the third propagation step. Yes, in the radical bromination using NBS, bromine,
not NBS, reacts with the carbon radical to form the product!

In the first propagation step of the Wohl—Ziegler bromination, the bromine atom abstracts
a hydrogen atom from the allylic position of the alkene and thereby initiates a substitution.
This is not the only reaction mode conceivable under these conditions. As an alternative, the
bromine atom could react with the C=C double bond and thereby start a radical addition to
it (Figure 1.27). Such an addition is indeed observed when cyclohexene is reacted with a
Br,/AIBN mixture.

The difference is that in the Wohl-Ziegler process there is always a much lower Br, con-
centration than in the reaction of cyclohexene with bromine itself. Figure 1.27 shows qualita-
tively how the Br, concentration controls whether the combined effect of Br/Br, on cyclohex-
ene is an addition or a substitution. The critical factor is that the addition takes place via a
reversible step and the substitution does not. During the addition, a bromocyclohexyl radical
forms from cyclohexene and Br in an equilibrium reaction. This radical is intercepted by form-
ing dibromocyclohexane only when a high concentration of Br, is present. However, if the
concentration of Br, is low, this reaction does not take place. The bromocyclohexyl radical is
then produced only in an unproductive equilibrium reaction. In this case, the irreversible sub-
stitution therefore determines the course of the reaction.
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/T // ene according to the
0 0 Wohl-Ziegler process.

Figure 1.28 gives a quantitative analysis of the outcome of this competition. The ratio of
the rate of formation of the substitution product to the rate of formation of the addition prod-
uct—which equals the ratio of the yield of the substitution product to the yield of the addition
product—is inversely proportional to the concentration of Br,.

An allyl radical can be brominated at both termini of the radical. This is why two allyl bro-
mides can result from the Wohl-Ziegler bromination of an alkene if the allyl radical interme-
diate is unsymmetrical (examples see Figures 1.29—1.31). Even more than two allyl bromides
may form. This happens if the substrate possesses constitutionally different allylic H atoms,
and if, as a result thereof, several constitutionally isomeric allyl radicals form and react with
bromine without selectivity.
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O, Qe == em
Cdl\

Fig. 1.27. Reaction scheme for
+ Br,

the action of Bre/Br, on cyclo- + By | k_p,
hexene and the kinetic analysis
of the resulting competition Br
between allylic substitution

(right) and addition (left) (in Br
k_,, ~X means homolytic cleav- + Bre + Bre
age of a bond to atom X). Br

Br

d dr = kNH{O} [Bre] (110

because k_yj describes the rate-determining
step of the allylic substitution

Br .
d O: df = k_p[Bry] O\ (1.11)
B

Br T

because k_g, describes the rate-determining
step of the addition reaction

O;B B iddd {O} [Br] (1.12)

T

because the equilibrium condition is met

Equation (1.12) in Equation (1.11) =

Br
Kadd - KBr
[ b - [
Br ’

Divide Equation (1.10) by Equation (1.13) =

Br
Fig. 1.28. Derivation of the d dr
kinetic expression for the
chemoselectivity of allylic sub- _ km * Kais ) 1 (1.14)
stitution versus bromine addi- Br T kyga  kopr [Brz] ’

tion in the Bre /Br,/cyclohex- d dr
ene system. The rate constants

are defined as in Figure 1.27. Br



1.7 Radical Halogenation of Hydrocarbons

Pent NBS, hv
en Y\

H

{ Pent\-/\ Pent\/\. }

j 20 : 80 '
Pent Pent
en \(\ . en %

Br Br

The bromination depicted in Figure 1.29 proceeds via an unsymmetrical allyl radical. This
radical preferentially (80:20) reacts to yield the bromination product with the more highly
substituted C=C double bond. As this reaction proceeds under kinetic control, the selectivity
is based on product development control: the more stable (since higher alkylated) alkene is
formed more rapidly than the isomer.

The bromination shown in Figure 1.30 also proceeds via an unsymmetrical allyl radical
intermediate, and the bromination product with the aryl-substituted C=C double bond is
formed exclusively. Since this process, too, is under kinetic control, the selectivity is again due
to product development control: the alkene isomer, which is strongly favored because of con-
jugation, is formed so much faster than the non-conjugated isomer that the latter is not
observed at all.

Ph NBS, A NBS, A Ph
Y\ \/\

H H

{Ph\/\ -~ Ph\/\]

| |

Figure 1.30 illustrates that the allyl radical intermediate of several Wohl-Ziegler brominations
can be accessed from isomeric alkene substrates as starting materials. This is worth consider-
ing when one substrate is more easily accessible or cheaper than its isomer. The price of allyl
benzene, for example, is just a fraction of what has to be paid for 1-phenylpropene and would
thus be preferred for the synthesis shown in Figure 1.30.

33

Fig 1.29. With Wohl-Ziegler
brominations unsymmetric allyl
radicals can basically react with
the bromine atom at any of
their nonequivalent ends. The
product in which the bromine is
localized on the less alkylated
C atom and in which the higher
alkylated C=C bond is present
will form preferentially.

Fig. 1.30. In some cases the
allyl radical intermediate of
Wohl-Ziegler brominations is
available from alkene double
bond isomers, which can
profitably be used when one of
the substrates is more easily
accessible or cheaper than its
isomer.
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Side Note 1.2.

The Rate of the Wohl—
Ziegler Bromination Is
More Dependent on a
Polar Effect than on
Product Development
Control

Fig. 1.31. The Wohl-Ziegler
bromination of crotonic acid
methyl ester D exclusively sup-
plies the bromocrotonic ester
G. However, vinyl acetic acid
ester Cand NBS exclusively
yield the dibromo addition
product B under Wohl-Ziegler
conditions. Here, NBS acts as a
Br, source for addition rather
than substitution. The fact that
vinyl acetic acid ester and NBS
do not react likewise to yield
the bromocrotonic ester G is
due to an electronic effect dis-
cussed in the text.

Surely you would have correctly predicted the result of the Wohl-Ziegler bromination of cro-
tonic acid methyl ester (Formula D in Figure 1.31): bromocrotonic ester (G) is formed exclu-
sively, and no bromovinyl acetic acid ester (F), which is the result of product development
control and the resonance stabilization (4—5 kcal/mol) observed with conjugated esters. You
would certainly also expect that the allylic bromination of vinyl acetic acid ester (C) would
lead to the same 100:0 ratio of the bromides G and F as the allyl bromination of crotonic ester
(D). Under Wohl—Ziegler conditions, however, vinyl acetic acid ester (C) does not undergo an
allylic substitution, but an addition according to the net equation C + 2 NBS — B + 2 suc-
cinimide, which is most unusual for NBS. The failure of the allylic substitution with the ester
C is all the more surprising since C is a nonconjugated ester with a monosubstituted C=C dou-
ble bond and is therefore less stable than the isomeric ester D, which is conjugated and pos-

Br

MeOZC\('\/ Br MeOZC\(K/ Br
H H
A B
i
via kpgq |1 kB
' NBS, cat. dibenzoyl NBS, cat. dibenzoyl
MeOZC - - MCOZC
Y\ peroxide peroxide \/\‘
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MeOzc\./\ MeOZCV/\'
E
F MeOZC\K\ MeOzc\/\\ G
Br Br
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the a position the y position
@ * ® +
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sesses a disubstituted C=C double bond. The formation of the allylic radical intermediate E,
which is actually obtained from the ester D, would be less endergonic if it originated from C.
According to the Hammond postulate this reaction would have had to be even faster than the
one starting from D. Instead, C turns out to be does not afford E at all. Why?

The rate analysis of radical reactions will only be complete if electronic effects are also
considered. In the transition state of the hydrogen transfer from the substrate to a bromine
atom, partial charges develop during the course of the reaction. This is reflected in the transi-
tion states H and I in terms of a polarization #®C-----H---Br®©. A partial positive charge
developing on the carbon atom suggests that substituents that destabilize this charge will slow
the reaction. The effect of the CO,Me group is negligible when it is removed from that reac-
tion center as in transition state I. However, transition state H is energetically inaccessible and
this allows other reactions to compete with the radical bromination.

This concept can be generalized. Radical substitution reactions that take place via elec-

trophilic radicals (Y ) will proceed through transition states in which positive charge

electrophilic
develops at the carbon atgm involved in the C-H abstraction. These are destabilized by neigh-
boring electron acceptors, which decelerates or prevents this kind of substitution. The transi-
tion states of such substitution reactions are stabilized by substituents on the reacting carbon
atom that stabilized positive charge, electron-donating substituents. In the extreme case, they
can even occur without any explicit initiation. Such an effect is likely to contribute to the fact
that ethers easily undergo autoxidation (Figures 1.37 and 1.38).

So what have we learned here? Both C and D lead to the same intermediate E upon hydro-
gen abstraction, but H is much higher in energy than I, allowing a new pathway to complete
for C to the exclusion of H. Product development control does not work here and it should be
known that, like many of our models in organic chemistry, it has its limits.
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1.7.6 Radical Chain Chlorination Using Sulfuryl Chloride

In university laboratories, radical chlorinations are not usually conducted with the gaseous and
highly aggressive Cl,, but with the more easy-to-handle liquid sulfuryl chloride (SO,Cl,). An
application example is given in Figure 1.32, which shows the chlorination of fert-butyl ben-
zene. As expected, this reaction proceeds as a regioselective substitution at the Cspr- and
not at the ijfH bonds. The mechanism of this substitution is somewhat more complex than
the chlorination mechanism using Cl, (Figures 1.17 and 1.19): it includes three instead of two
propagation steps (Figure 1.32), and the chain initiation comprises a three-step sequence
instead of a single reaction.

In the first propagation step of the sulfuryl chloride reaction *SO,Cl reacts as the initiating
radical (Figure 1.32). It generates a C radical and reacts to furnish chlorosulfuric acid, which
in the second propagation step decomposes to hydrogen chloride and sulfur dioxide. In the
third propagation step, the C radical abstracts a chlorine atom from a sulfuryl chloride
molecule. In this way, the substitution product and a new initiating radical *SO,Cl are formed.
As mentioned above, *SO,Cl is the initiating radical for chlorinations with sulfuryl chloride
(Figure 1.32) and Cle for chlorinations with chlorine gas (Figures 1.17 and 1.19). As the prod-
uct of a radical chlorination only depends on which C—H bond of the substrate reacts with the
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Fig. 1.32. Sulfuryl chloride
(S0,CL,) acts as a chlorinating
reagent. Here, the chlorination
of tert-butylbenzene is shown.
To initiate the chain reaction
catalytic amounts of dibenzoyl
peroxide are used. Dibenzoyl
peroxide undergoes multistep
fragmentation to give the
phenyl radical

(cf. Figure 1.37), which
abstracts a Cl atom from
sulfuryl chloride and thus
generates the initiating radical
*50,CL.

Fig. 1.33. An excess of sulfuryl
chloride is used to chlorinate
toluene to furnish benzal
chloride (PhCHCL,) (while
benzotrichloride = PhCCL, is
obtained with an excess of
chlorine).
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initiating radical, different regio- and/or chemoselectivities can be achieved, depending on the
chlorinating agent used. The potential differences will always reflect that SO,Cl is a less reac-
tive initiating radical than Cle. This might largely be due to the fact that it demands more space
(steric hindrance) and, secondarily, that the unpaired electron is not localized on the S atom,
but delocalized over the two O atoms (reactivity/selectivity principle). Different chemoselec-
tivities can be observed, for example, with the polychlorination of toluene (compare Fig-
ure 1.33 to Figure 1.21). With an excess of sulfuryl chloride — irrespective of how large it
is—toluene can (only) be chlorinated to benzal chloride (PhCHCI,), whereas an excess of

chlorine converts toluene into benzotrichloride.
— @—CHCb
> 2 equiv. of SO,Cl,,
CH;
i i
Ot
— QCC13

(cat.)
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A dependence of the regioselectivity on the reagent used can be observed, for example, with
the monochlorination of adamantane (Figure 1.34). SO,Cl, and adamantane yield one
monochlorination product, whereas Cl, and adamantane furnish both monochlorination prod-
ucts. However, the SO,Cl, experiment brings a surprise as the monochlorination product is the
tert-adamantyl chloride A in Figure 1.34. A must have been formed from the tfert-adamantyl
radical (D), which is by 2.5 kcal/mol less stable than the sec-adamantyl radical (C). Why does
*SO,Cl selectively form the less stable radical? When introducing the reactivity/selectivity
principle in Section 1.7.4 reasons were given why the opposite is true, namely that less reac-
tive and thus more selectively reacting radicals — ¢SO,Cl is one — lead to the highly regios-
elective formation of the most stable C radical possible!

The preferential formation of D instead of C when ¢SO,Cl is employed proves that a steric
effect prevails here, upstaging the electronically based stability sequence D < C. Being a ster-
ically demanding radical, *SO,Cl can abstract only an H atom from adamantane that is acces-

R — E -
Cl
Cl,, A SO,Cl,,
hv 60 °C
@ ~77
Cl B
Less hindered
1) than cleavage of H,y
\\
+ +«Cl or -S—Cl
/
O
Heq “ v )
Hax = X
— X—H,, - X—H
\
~ —>» B A -——r
H
C D

More stable radical
than D

Side Note 1.3.
Pyramidalized Bridge-
head Radicals—and/or
Less Substituted Planar
Radicals as Intermediates
of Radical Chlorinations

Fig. 1.34. Chlorination of
adamantane to furnish tert-
adamantyl chloride (A) and
sec-adamantyl chloride (B),
using differents reagents. In
the reaction with Cl, the A:B
selectivity amounts to 68:32 in
carbon disulphide and 39:61 in
carbon tetrachloride (each at
25°C). In the reaction with
S0,CL, in sulfolan the A:B
selectivity is > 97.5:2.5

(at 60°C). The formation of
sec-adamantyl chloride (B) pro-
ceeds via the secondary radical
C, tert-adamantyl chloride (A)
is formed via the tertiary radi-
cal D.
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sible to it, that is, is unhindered trajectory. Adamantane contains four configuratively fixed
cyclohexane chairs. It is a common experience that the equatorial substituents in cyclohexane
chairs are more easily accessible—they are on the convex face of the chair (for a definition of
this term see Figure 10.11) — than the axial substituents, since the latter are on the concave
face. As is emphasized in the lower part of Figure 1.34, the C,, —H bonds are the equatorial,
that is, reactive, C-H bonds of adamantane. They react with by *SO,Cl, leading to the forma-
tion of tert-adamantyl radicals (D) and, subsequently, of tert-adamantyl chloride (A). In con-
trast, the C_, —H bonds of adamantane are axial C—H bonds and as such too hindered to react
with «SO,CL. This is why no sec-adamantyl radical (C) is formed and thus no sec-adamantyl
chloride (B) either.

In order to fully understand Figure 1.34, we still need to account for the following order of
stability: fert- < sec-adamantyl radical. It contradicts the rule that tertiary radicals are more
stable than secondary ones. The latter statement holds true only if the respective radicals are
able to adopt their preferential geometry, that is, if according to Section 1.1.1 they possess a
planar or partially pyramidalized radical center. This is warranted with the sec-adamantyl rad-
ical (C); it is planar. The fert-adamantyl radical (D), though, is a bridgehead radical. A bridge-
head radical is a tertiary radical, which — as a ring-linkage site — is clamped into a bi- or
polycyclic ring system like into a corset. The rigid periphery forces such radical centers into
a stereostructure that would be avoided by radicals of a mobile conformation. For this reason,
the rigid tert-adamantyl radical (D) must display 80% of the pyramidalization of an ideal
tetrahedral center, while the mobile zert-butyl radical prefers 40% pyramidalization. Despite
its tertiary nature such a “forcefully pyramidalized” radical D becomes more energy-rich than
the merely secondary but non-bridgehead radical C.

Side Note 1.4.
An Industrially
Important Autoxidation

1.8 Autoxidations

Reactions of compounds with oxygen with the development of flames are called combustions.
In addition, flameless reactions of organic compounds with oxygen are known. They are
referred to as autoxidations. Of the autoxidations, only those that take place via sufficiently
stable radical intermediates can afford pure compounds in good yields. Preparatively valuable
autoxidations are therefore limited to substitution reactions of hydrogen atoms that are bound
to tertiary, allylic, or benzylic carbon atoms. An example can be found in Figure 1.35. Unin-
tentional autoxidations can unfortunately occur at the oxygenated carbon of ethers such as
diethyl ether or tetrahydrofuran (THF) (Figure 1.36).

The most important autoxidation used industrially is the synthesis of cumene hydroperoxide
from cumene and air (i.e., “diluted” oxygen) (Figure 1.37). It is initiated by catalytic amounts
of dibenzoyl peroxide as the radical initiator (cf. Figure 1.11). The cumyl radical is produced
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Fig. 1.35. Industrial synthesis
of cumene hydroperoxide. In
terms of Figure 1.2, this reac-
tion is classified as a “substitu-
tion including an addition.”

2 103D — 3D ooy

as the initiating radical from a sequence of three starting reactions. It is a tertiary radical,
which is additionally stabilized by resonance. The cumyl radical is consumed in the first prop-
agation step of this autoxidation and is regenerated in the second propagation step. These steps
alternate until there is a chain termination. The autoxidation product, cumene hydroperoxide,
is a useful reagent, but is more important as the starting material in the cumene hydroperoxide
rearrangement (see Section 14.4.1), which produces phenol and acetone. Worldwide, 90% of
each of these industrially important chemicals is synthesized by this process.

Two ethers that are frequently used as solvents are relatively easy to autoxidize — unfortu-
nately, because this reaction is not carried out intentionally. Diethyl ether and THF form
hydroperoxides through a substitution reaction in the o position to the oxygen atom (Fig-
ure 1.36). These hydroperoxides are fairly stable in dilute solution. However, they are highly
explosive in more concentrated solutions or in pure form. Concentration of a solution of an
ether hydroperoxide on a rotatory evaporator can lead to a really big explosion...be careful to
use pure ethers.

What makes the o position of these ethers autoxidizable? One reason is that the interme-
diates in this process are o-oxygenated radicals, which are stabilized by the free electron pairs
on the heteroatom (see Table 1.3 and Figure 1.7). However, this factor is probably not critical
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1.2 it is a “substitution includ-

ing an addition.” The mecha- OEEO 1)
nism is given in the middle, the T j
electronic effect in the rate- S
and selectivity-determining - -
step at the bottom. B

for the easy autoxidizability of the cited ethers. Rather, a related electronic effect is important.
As shown in transition state B of the H atom transfer (Figure 1.36), positive charge character
builds on the carbon undergoing hydrogen abstraction. 3°C-----+-H-----5°00R. The partial
positive charge is stabilized through the oxygen directly bound to it. Related to this is the fact
that overlap of the lone pairs of electrons of the oxygen with the unoccupied orbitals (c*) of
the adjacent C-H bond(s) weaken that bond, and make hydrogen abstraction easier.
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1.9 Synthetically Useful Radical Substitution
Reactions

Although some of the reactions we have examined are certainly synthetically useful, there are
a broad range of radical reactions that extend well beyond things like simple benzylic bromi-
nation. All of these reactions proceed by essentially the same mechanism: a radical chain pro-
cess. Though details with respect to how a chain might initiate and propagate certainly differ
among different reactions, at the most basic level there is no difference. Recognizing this is a
key to understanding not just radical reactions, but all organic chemistry. There are lots of
reagents, but many common mechanisms.

1.9.1 Simple Reductions

A series of functionalized hydrocarbons can be defunctionalized (reduced) with the help of
radical substitution reactions. The functional group is then replaced by a hydrogen atom. The
groups that can be removed in this way include iodide, bromide, and some sulfur-containing
alcohol derivatives. Compounds with an easily cleaved hydrogen—element (H-X) bond serve
as hydrogen atom donors. The standard reagent is Bu,Sn—H. A substitute that does not con-
tain tin and is considerably less toxic is (Me,Si),Si—H. Reactions of this type are usually car-
ried out for the synthesis of a hydrocarbon or to produce a hydrocarbon-like substructure. Fig-
ure 1.37 illustrates the possibilities of this method using a deiodination and a debromination
as examples. These reactions represent general synthetic methods for obtaining cyclic esters
or ethers. We will see later how easy it is to prepare halides like those shown from alkene pre-
cursors (Figure 3.47).

|
(0] (@)
OQ “, Bu;SnH, O§
AIBN (cat.)

g
=

0O . (Me351)351H o
=0 AIBN (cat. ) —0

Both in radical reductions effected with Bu,SnH and in those carried out with (Me,Si),SiH,
the radical formation is initiated by the radical initiator AIBN (Figure 1.38). The initiation
sequence begins with the decomposition of AIBN, which is triggered by heating or by irradi-
ation with light, into the cyanated isopropyl radical. In the second step of the initiation
sequence, the cyanated isopropyl radical produces the respective initiating radical; that is, it
converts Bu,SnH into Bu,Sne and (Me,Si),SiH into (Me,Si),Sie. The initiating radical gets the
actual reaction chain going, which in each case consists of two propagation steps.

Fig. 1.37. Dehalogenations
through radical substitution
reactions. (Both substrates
are racemic when they are
prepared according to
Figure 3.47.)

41
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Initiation step: NC%[N\Q&CN — A 5 NC% + N=N

NC%/;\(H\DSnB% —_— NC{*H + ¢ SnBuj

or NC%Q@Qi(SiMe% — > NC{—H + + Si(SiMes);
/2

Propagation steps: R—Hal + *ML; —> Re* + Hal—ML;,
Fig. 1.38. Mechanism of

the radical dehalogenations of [‘\mﬁ

Figure 1.37. Re + H—ML; —> R—H + ML,

Both Bu,SnH and (Me,Si),SiH are able to reduce alkyl iodides or bromides but not alcohols.
However, in the Barton—McCombie reaction, they reduce certain alcohol derivatives, namely,
ones that contain a C=S double bond (e. g., thiocarboxylic esters or thiocarbonic esters). Fig-
ure 1.39 shows how the OH group of cholesterol can be removed by means of a Barton—
McCombie reaction. The C=S-containing alcohol derivative used there is a xanthate.

NaH; S
“os, o M
Mol MeS~ SO

Fig. 1.39. Reduction of an
alcohol by means of the
radical substitution reaction
of Barton and McCombie.

In terms of Figure 1.2 a
“substitution including a
fragmentation” occurs.

Bu;SnH,
AIBN (cat.)

The starting sequence of this reduction is identical to the one that was used in Figure 1.39 and
leads to Bu,Sne radicals. These radicals enter into the actual reaction chain, which consists of
three propagation steps (Figure 1.40). The Bu,Sn radical is a thiophile; that is, it likes to com-
bine with sulfur. Thus in the first propagation step, the tin radical bonds to the sulfur atom of
the xanthate. The second propagation step is a radical fragmentation.

Other C=S-containing esters derived from alcohols can also be defunctionalized in a sim-
ilar fashion. Imidazolylthiocarbonic esters, which in contrast to xanthates can be synthesized
under neutral conditions, are one example. This is important for the reduction of base-sensi-
tive alcohols. Figure 1.41 shows a reaction of this type. If the corresponding xanthate was pre-
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Fig. 1.40 Propagation steps of

ﬂmﬂ the Barton—McCombie reaction

Bu3Sn— ‘'R —> BusSne + H—R

in Figure 1.39.

pared through consecutive reactions with NaH, CS,, and Mel, this compound would lose its
cis-configuration. This would occur because of the presence of the keto group. It would
undergo a reversible deprotonation giving the enolate (Figure 1.41). The latter would be repro-
tonated in part—actually even preferentially — to form the frans isomer.

H (0)
| o all |
O e © Sé SM
(cis) (cis) (cis)
J
HO
N © n.®
[| O~ Na
NZONT NN .
\—/ \—/ !
HN/\\N ::
(— \=/ ) '
—————— >
@O/\\\“.H || O/\\\\ |
®
e © 57 kSMe ©
(trans) (trans)
Y
Bu3SnD
” AIBN (cat)
D

Fig. 1.41. Deoxygenation/
|C|) deuteration of alcohols via a
(cis) radical substitution reaction.
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Fig. 1.42. Cyclization of a
5-hexenyl radical intermediate
from a Barton—McCombie
defunctionalization as a
method for cyclopentane annu-
lation (cyclizing defunctional-
ization, in terms of Figure 1.2
this means a “substitution
including a fragmentation and
an addition”).

1 Radical Substitution Reactions at the Saturated C Atom

The starting sequence of the Barton—-McCombie reaction in Figure 1.41 is again identical
to the one in Figure 1.39. However, because now Bu,SnD is the reducing agent instead of
Bu,SnH, D is incorporated into the product instead of H.

1.9.2 Formation of 5-Hexenyl Radicals: Competing Cyclopentane
Formation

The reductions discussed in Section 1.9.1, considered in a different way, are also reactions for
producing radicals that might engage in chemistry beyond H atom abstraction. Certain radi-
cals ordinarily cannot be reduced to the corresponding hydrocarbon: the 5-hexenyl radical and
its derivatives. These radicals often cyclize (irreversibly) before they abstract a hydrogen atom
from the reducing agent. By this cyclization, the cyclopentylmethyl radical or a derivative of
it is produced selectively. An isomeric cyclohexyl radical or the corresponding derivative is
practically never obtained. Often only the cyclized radical abstracts a hydrogen atom from the
reducing agent. Figure 1.42 gives an example of a reaction of this type in the form of a
cyclopentane annulation.

S
N4\N/||\ ?/\Q (Me3Si);SiH

\__/ add drop by drop

(Ring strain 10 kcal/mol)

—+
cat. AIBN

(Ring strain 16 kcal/mol)

The precursor to the cyclizable radical is again (cf. Figure 1.43) a thiocarbonic acid imida-
zolide, as shown in Figure 1.44. The reducing agent is (Me,Si),SiH, but one also could have
used Bu,SnH. AIBN functions as the radical initiator. After the usual initiation sequence (Fig-
ure 1.40, formula lines 1 and 3) the initiating radical (Me,Si),Sie is available, and a sequence
of four propagation steps is completed (Figure 1.43). In the second propagation step, the 5-
hexenyl radical is produced, and in the third step it is cyclized. The cyclization stereoselec-
tively leads to a cis- instead of a frans-annulated bicyclic system. The reason for this is that
the preferentially formed cis-radical has less (by approx. 6 kcal/mol) ring strain than its trans-
isomer. Yet, the cis-selectivity is due to kinetic rather than thermodynamic control. Therefore,
it is a consequence of product-development control.

It is interesting that one can also use the same reagents to reduce the same thiocarbonic
acid derivative without cyclization (Figure 1.44). To do this, one simply changes the sequence
in which the reagents are added according to Figure 1.44. There is no cyclization when the
substrate/AIBN mixture is added dropwise to an excess of the reducing agent. A relatively
concentrated solution of the reducing agent is then always available as a reaction partner for
the substrate and the radicals derived from it. According to Figure 1.44, on the other hand,
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cyclization predominates when the reducing agent/AIBN mixture is added to the substrate
dropwise over several hours. In this, way the substrate and the derived radicals are exposed to
only an extremely dilute solution of the reducing agent during the entire reaction.

S
T
PAN add drop by drop
N7 N o — > H

\__/ N to (Me;Si);SiH
cat. AIBN

According to Figure 1.45, the question whether cyclization takes place or not is decided as
soon as the C—O bond of the substrate is cleaved and radical A is present. Radical A either
cyclizes (at a rate that is equal to the product of the rate constant kCyCl and the concentration of
A) or it reacts with the silane. In the latter case, the rate is the product of the rate constant
k~H~)prim’ the concentration of the radical A, and the concentration of the silane. Let us assume
that the concentration of the silane does not change during the reduction. This assumption is
not correct, but sufficiently accurate for the present purpose. Then the ratio of the rates of the
two alternative reactions of the hexenyl radical A is equal to the yield ratio of the cyclized and

the non-cyclized reaction products.

% Cyclization to the diquinane _ Ky 1 (1.15)

% Reduction to cyclopentene k [(Me,Si),SiH ]

~H — prim

quasistationary

According to Equation 1.15, the yield ratio of the two reduction products depends on a single
variable, namely, the concentration of the reducing agent. This is in the denominator of Equa-
tion 1.15, which means two things: (1) when the radical intermediate A encounters a small
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Fig. 1.43. Propagation steps in
the radical substitution/
cyclization of Figure 1.42.

Fig. 1.44. Cyclization-free
defunctionalization of the thio-
carbonic acid derivative from
Figure 1.42.
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Fig. 1.45. Reaction scheme for
the kinetic analysis of the com-
plementary chemoselectivity of
the cyclizing defunctionaliza-
tion (top reaction) of Fig-

ure 1.42 and the noncyclizing
defunctionalization (bottom
reaction) of

Figure 1.44.
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(Me;Si);SiH
k~H~> prim H

amount of reducing agent, the cyclized product is produced preferentially (see Figure 1.42)
and (2) when the same radical encounters a large amount of reducing agent, the cyclopentane
is preferentially formed (see Figure 1.44). The most important lesson, one that can be applied
to many other reaction processes that are under kinetic control, is that it is all about relative
rates. Understanding kinetics of reactions, even just qualitatively, can help you design reac-
tions or solve reaction problems.

1.10 Diazene Fragmentations as Novel Alkane
Syntheses

One problem with the reduction of alcohols according to the procedure developed by Barton

and McCombie (Figure 1.39-1.42) is the reducing agent: the standard reducing agent Bu,SnH

is toxic, and the alternative reagent, (Me,Si),SiH, is very expensive. This sparked researchers’

ambition to develop other methods for the transformation R—-OH — R—H. For example, the

—-OH+A+B+C—R_. —H of Figure 1.46 can be

used to reduce primary alcohols. This process involves many individual events, some of which

shall be highlighted as follows:

1. The sulfonyl hydrazide D is obtained through a Mukaiyama redox condensation while con-
suming compounds A—C (cf. Figure 2.38).

2. B-Elimination (for the term see Section 4.1.1) of ortho-nitrobenzene sulfinic acid (F) leads
from D to the N=N double bond of compound E. Because of the functional group C-N=N-—
H E is called a diazene. Diazenes assume a middle position between azo compounds,
which contain a C-N=N-C group, and the NH compound diimide (sometimes called dii-
mine; H-N=N-H).

3. Like diimide, diazenes are unstable at room temperature. They decompose while releasing

interesting four-component reaction R - orim

elemental nitrogen. The decomposition mechanism is a radical chain reaction.
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4. The starting reaction and the propagation steps of the fragmentation R . —N=N-—

prim

H — R_. —H + N=N in Figure 1.46 proceed in complete analogy to the corresponding

prim

steps of the demercuration RCH(OH)-Hg-H — RCH(OH)-H + Hg in Figure 1.14.

But diazenes R—CH,-N=N-H do not only occur as the intermediates E of the deoxygenation
of primary alcohols according to the procedure outlined in Figure 1.46. They are also formed
in the course of the two-step aldehyde — alkane transformation discussed in Figure 17.70.
There, the diazene forming step is R-CH=N-NH-Ts + NaBH,(MeOH) — R—~CH,-N=N-H.
The latter species subsequently proceeds along the same route as E as shown in Figure 1.46.

i
R,—OH + PhsP + EtO,C—N=N—CO,Et + ITI—N—H —> R,;—H
A B 0=S=0
NO,
Proceeds initially via: C
H
R NN n
N ;
0=8§=0: 0=$—0
NO, B elimination NO,
R,;,—N=N—H +
D (Formation mechanism: Figure 2.38) E F

... and then via the following chain reaction:

NN

Chain initiation: R,;;,—N=N—H —FF—— > R + *N=N—H

e
prim

E

Chain propagation:

R prim + R prim*N:N_% —> R P am—H + R prim*N:N °

—> R + N=N

e
prim
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Fig. 1.46. One-step defunc-
tionalizations of primary alco-
hols. The diazenes an,m—N=N—H
(E) formed as intermediates
decompose in a chain reaction,
which, according to Figure 1.2,
corresponds to a “substitution
reaction by fragmentation.”
Apart from this radical decom-
position (further examples see
Figure 1.49 and 17.70),
diazenes are also able to
release nitrogen via
(carb)anionic intermediates
(examples see Figures 17.67—
17.69) or in a single step
(example see Figure 17.71).
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Side Note 1.5. An
(Almost) Universal C,C
Bond-Forming Alkane
Synthesis

“Wherever you go, there you are”. Those possessing the wisdom of Yogi Berra might have
recognized that the generation of a diazene from the decomposition reactions in Figure 1.46
and 17.70 as being equivalent to the generation of the corresponding alkane—and so it is! This
insight is at the bottom of Myers’ synthesis of alkanes from aldehydes (Figure 1.47). It
involves three steps: the formation of a hydrazone (— B), a hydrazone silylation (— C) and
an RLi-addition followed by protonation (— sulfonyl hydrazine H). As soon as the latter
species is formed, the same reactions that in Figure 1.46 relate to the intermediate D are
started without any further active intervention of the chemist. These include the -elimination
H — E + G, the desilylation E — D — F and, finally, the “radical substitution by fragmenta-
tion” F — L.

Fig. 1.47. Myers’ synthesis of
alkanes from aldehydes via the
sulfonylated hydrazones B and

their silyl derivatives C. This
procedure provides a skeleton-
generating three-step synthesis
of alkanes from aldehydes. In
terms of Figure 1.2, the chain
reaction F — I'involved is a
“substitution reaction by frag-
mentation.” (The sulfonylated
hydrazide anion, which here
results from the addition of R,-
Li to the sulfonyl hydrazone C,
does—at this reaction’s tem-
perature of =78 °C—not release
toluene sulfinate. Compare the
different behavior of the sul-
fonylated hydrazide anion Cin
the reaction of Figure 17.69,
where a mesitylene sulfinate
residue is eliminated at a tem-
perature that is higher by

160 °C).

R! 1) HCL, R! 2) F4,CSO,;SiMe,/Bu, R! /\
—O0 —_— \'—:‘—N—NH \'—:‘N—N—SiMe2tBu
H,N—NH NEt;
| 0=S=0 0=S=0
0=S=0 i
Me Me
A Me B (Formation C
mechanism
acc. to Table 9.2)
3)R*>—Li; | HOAc
C0Ac
1 H 1
R lo v +HOAc R _ R'
R2>—N—l\{) SiMe,tBu ~—-——— 4 N=N—SiMe,Bu > }\I_)_ N—SiMe,Bu
D E R* _H ‘)
20=S=0
+ -
T
AcO—SiMe,Bu 0—S=0
. Me
R
>—N:N—H H
2
R
F G Me

identical to the chain

reaction of Fig. 1.48

R
> >—H + N=N
R2
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You should be able to draw a mechanism for any radical chain reaction. You should recognize
at least some radical initiators and appreciate when a radical reaction is taking place. More
difficult, but no less important, is to begin to appreciate the occurrence of radicals in reactions
where you might not expect them. For example, treatment of benzophenone with LDA should
result in no reaction, right? There are no protons available to form an enolate. But the reaction
results in the formation of the corresponding alcohol. LDA can reduce benzophenone. How is
this possible? Electron transfer. An electron is transferred from the LDA to benzophenone to
form a ketyl radical. Hydrogen abstraction by the ketyl from LDA gives the alkoxide and a
new species also capable of electron transfer.

So radical intermediates can be accessed from full valence compounds. Keep electron
transfer in mind when thinking about possible reaction mechanisms for a process.
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Nucleophilic Substitution Reactions
at the Saturated C Atom

The book began with chemistry that is by no means uncommon, but the bulk of organic chem-
istry has and continues to be based on two electron processes. Substitution reactions comprise
one class of reactions involving such chemistry. Addition reactions comprise the other. You
should have been introduced to both by now.

2.1 Nucleophiles and Electrophiles; Leaving Groups

Although 4 out of 5 medical doctors probably would not agree, organic chemistry is compar-
atively simple to learn because most organic chemical reactions follow a single pattern. This
pattern is

valence electron

nucleophile + electrophile — e product(s)

A nucleophile is a Lewis base that donates a pair of electrons to the electrophile, a Lewis acid,
to create a bond.

As electron pair donors, nucleophiles must either contain an electron pair that is easily Electrophiles and
available because it is nonbonding or a bonding electron pair that can be donated and thus Nucleophiles
be made available to the reaction partner, the electron acceptor. Thus, nucleophiles are
usually anions or neutral species but not cations. In this book, nucleophile is abbreviated
as “Nu®©,” regardless of charge.
Electrophiles are Lewis acids, electron pair acceptors. They therefore either have an
empty orbital in the valence electron shell of one of their constituent atoms or they have
their valence shell filled but contain an atom that can leave with an pair of electrons, that
is, a leaving group. The atom that bears the leaving group is formally the electrophilic
atom. Other electrophiles can become hypervalent. They can exceed normal bonding con-
straints that would be associated with bonding schemes like the octet rule. Third row (and
below) elements can do this by taking advantage of empty “d” orbitals. For the systems we
will discuss, electrophiles are cations or neutral compounds, but not anions, and we won’t
dig any deeper than that. In this book electrophile is abbreviated as “E®,” regardless of
charge.

Bruckner R (author), Harmata M (editor) In: Organic Mechanisms — Reactions, Stereochemistry and Synthesis
Chapter DOI: 10.1007/978-3-642-03651-4_2, © Springer-Verlag Berlin Heidelberg 2010
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For most organic chemical reactions, the pattern just discussed can be written briefly as fol-
lows:

Nu:® +,E? ———> Nu—E (+ by-products)

It looks simple. It is simple. It is also profound and a huge amount of organic chemistry is
based on this process. In this chapter, we deal with nucleophilic substitution reactions at the
saturated, that is, the sp*-hybridized C atom (abbreviated “S reactions”). In these reactions,
nucleophiles react with carbon compounds that have leaving groups, alkylating agents. They

have the structure (R, H, )C

o3 X The group X is displaced by the nucleophile according to

the equation
k
Nu:® + —Cyp—X —> Nu—(lisps— + :X°

as X©. Consequently, both the bound group X and the departing entity X© are called leaving
groups.

2.2 Good and Poor Nucleophiles

What is the difference between a good nucleophile and a poor one? What about a good elec-
trophile and a poor one? These questions are kinetic in nature in that they ask how fast a par-
ticular species might react. Something with high nucleophilicity will react faster with a given
electrophile than something with low nucleophilicity. The same statement can be made of
electrophiles. What are the guidelines that allow us to make reasonable guesses about answers
to the questions in specific cases? That’s what we are after here.

Answers to these questions can experimentally obtained via pairs of S reactions, which
are carried out as competition experiments. In a competition experiment, two reagents react
simultaneously with one substrate (or vice versa). Two reaction products can then be pro-
duced. The main product is the compound that results from the more reactive (or or more
nucleophilic/electrophilic, as the case may be) reaction partner.

For example, if two nucleophiles are reacted with some alkylating agent, the nucleophile
that reacts to form the main product is then the “better” nucleophile. From the investigation
of a large number of competition experiments of this type, gradations of the nucleophilicity
exist that are essentially independent of the substrate.

Why are the differences in nucleophilicity relatively the same over many different substi-
tution reactions? Nucleophilicity describes the ability of the nucleophile to make an electron
pair available to the electrophile (i.e., the alkylating agent). With this as the basic idea, the
experimentally observable nucleophilicity trends can be interpreted as follows.
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e Within a group of nucleophiles that react with electrophile with the same atom, the
nucleophilicity decreases with decreasing basicity of the nucleophile (Figure 2.1).
Decreasing basicity is equivalent to decreasing affinity of an electron pair for a proton,
which to a certain extent, is a model electrophile for the electrophiles since both alky-
lating agents and protons are Lewis acids.

.. .. t e ) (R ) e .. ) h
RO® > HO® > 0° | > -5 | > ROH, H,0 >»> ..
4 [l
0
) R
X !
—0 >:o .
L O° J

)
: @ZO ¢
| 0
N R—S$=0
= L 0° J
. J

e The nucleophilicity of a given nucleophilic center is increased by attached hetero-

atoms—i.e., heteroatoms in the o-position—with free electron pairs (the so-called
o-effect):
HO—0° > H—0°
HN—NH, > H—NH,
The reason for this is the unavoidable overlap of the orbitals that contain the free electron
pairs at the nucleophilic center and its neighboring atom. This raises the energy of the
HOMO of the molecule, making it a better nucleophile.
o Nucleophilicity decreases with increasing electronegativity of the reacting atom. This is

always true in both comparisons of atoms that belong to the same row of the periodic
table of the elements

o o

R,N®> RO° > F° RS® > CI°
Et3N > Et26
e and in comparisons of atoms from the same column of the periodic table:
RS®>R0O°  I°>:B° >:CI°>»F°
RSH > ROH
e Solvation of anionic nucleophiles is poorer in dipolar aprotic than in dipolar protic sol-

vents. The reason is that dipolar aprotic solvents cannot form a hydrogen bond to such
nucleophiles. Consequently, anionic nucleophiles are not stabilized in dipolar aprotic
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solvents and therefore are better nucleophiles. The higher the charge density in the
anionic nucleophile and the higher the demand for stabilization of its charge, the
stronger the effect. Therefore, it is especially the small anionic nucleophiles that exhibit
an increased nucleophilic reactivity when changing from a dipolar protic to a dipolar
aprotic solvent:

SN2
Me—I1 + CI° > Me—Cl + I°

[ [ [
in MeOH in H—C—NH, in H—C—NMe, in Me—C—NMe,

kS ) 1.0 12.5 120,000 7,400,000

N2, rel

e this causes a complete reversal of the nucleophilicities of the halide ions in a dipolar
aprotic instead of a dipolar protic environment:

increase

k 2 in protic polar solvent >

Sn

F® C1® Br® 1°

decrease

An important lesson from this is that the idea of nucleophilicity in the real world of organic

k

sy Inaprotic polar solvent

reactions is not easy to pigeonhole. Polarizability is important, but basicity is also very
important and can be influenced by solvation. Values of the pKa of a given compound vary
as a function of solvent, and so does basicity. You can make a species, anions in particular,
more reactive by putting them in solvents that don’t solvate them very well. Dipolar apro-
tic solvents interact nicely with cations, but not so well with anions. Polar protic solvents
(e. g., water, alcohols) can hydrogen bond to anions, diminishing their basicity and literally
blocking them sterically.

Side Note 2.1.
Ether Cleavages

The increase in reactivity of nucleophiles by using dipolar aprotic solvents that was just
described can be exploited when, for example, aromatic ethers are cleaved with thiolate or
chloride ions instead of with boron tribromide (BBr,, a Lewis acid, is quite an aggressive
reagent (Figure 2.2). Aryl methyl ethers are demethylated (“deprotected”) to furnish the cor-
responding phenols using these reagents. When performed with chloride or thiolate anions,
the reaction medium is essentially neutral and groups sensitive to acids like BBr, can survive.

The demethylation of the arylmethyl ethers A in Figure 2.2 is run in dimethyl formamide
(DMF; structural formula see Figure 2.17); the fourfold demethylation of the aryl tetramethyl
ether B is performed in molten salt and the monodemethylation of the aryl dimethyl ethers C
in DMFE. The selectivity of the latter reaction deserves comment. Compound C and lithium
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R

sec

R % O,

Na® ®SEt in DMF,
A

(0)
C{I/\/Ie

+ 4 Me—ClI

Fig. 2.2. C(leavage of aro-
matic methyl ether using
o° S,2 reactions. In the dipolar

H - +  Me—Cl aprotic solvent DMF, thiolate

,-' and chloride ions are particu-
> larly good nucleophiles for
,'/ OMe want of solvation through
.: L hydrogen bonding. In pyri-
! ) P D dinium hydrochloride a similar
< effect occurs because for each

0
chloride only one N3©-H3®
OMe group is available for hydrogen
bonding. The same increase in
nucleophilicity in a dipolar
aprotic solvent is used to

A\

0° 1;® cleave B-ketomethyl esters
with lithium iodide in DMF
E (cf. Figure 13.29).

chloride exclusively form the lithium phenolate D and not the isomeric lithium phenolate E.
This might be due to a chelation effect: bidentate chelation of the lithium ion will selectively
activate the methoxy group that reacts.
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2.3 Leaving Groups: Good, Bad and Ugly

In Figure 2.3, substructures have been listed in the order of their suitability as leaving groups
in S reactions. Substrates with good leaving groups are listed on top and substrates with
increasingly poor leaving groups follow. At the bottom of Figure 2.3 are substrates whose
functional group is an extremely poor leaving group. The effect of nucleophiles on substrates
of the latter type can result in a reaction, but it is not an S, reaction. For example, a nucleo-
phile might remove an acidic proton from the carbon that bears a certain functional group
instead of replacing the functional group. Attempted S reactions with ammonium salts, nitro
compounds, sulfoxides, sulfones, sulfonium salts, phosphonic acid esters, phosphine oxides,
and phosphonium salts often fail as a result of such a deprotonation. Another reaction com-
peting with the substitution of a functional group by a nucleophile is a reaction on the func-
tional group by the nucleophile. For example, S reactions of nitriles, phosphonic acid esters,
and phosphonium salts often fail because of this problem.

Alcohols, ethers, and carboxylic acid esters occupy an intermediate position. These com-
pounds as such—except for the special cases shown in Figure 2.3—do not particpate in any
Sy reactions with nucleophiles. The reason for this is that poor leaving groups would have to
leave (P°OH, ©OR, ©0,CR; see below for details). However, these compounds can enter into
Sy reactions with nucleophiles when they are activated as oxonium ions, for example, via a
reversible protonation, via bonding of a Lewis acid (LA in Figure 2.4), or via a phosphoryla-
tion. Thus, upon attack by the nucleophile, better leaving groups (e. g., HOH, HOR, HO,CR,
O=PPh,) can be released.

Only special carboxylic acid esters, aryl ethers and special ethers like epoxides enter into
S, reactions as such, that is, without derivatization in some fashion (Figure 2.4). In carboxylic
acid esters of secondary and tertiary alcohols, the carboxylate group @OZCR can become a
leaving group, namely in solvolyses. With epoxides as the substrate, an alkoxide ion is also an
acceptable leaving group. Its depature, which is actually bad because of the high basicity, is
coupled with the release of part of the 26 kcal/mol epoxide ring strain. Product development
control therefore makes this reaction path feasible.

What makes a leaving group good or bad in substrates that react with nucleophiles as alky-

lating agents? The Hammond postulate implies that a good leaving group is a stabilized
species, not a high-energy species. Therefore, good leaving groups are usually weak bases.
Another way of thinking about it: A strong base reacts rapidly with protons (electrophiles) in
an energetically favorable process, the reverse of which is necessarily energetically unfavor-
able. By analogy we can conclude that a mixture of a strongly basic leaving group with the
product of an S reaction is also relatively high in energy. Very basic leaving groups are pro-
duced relatively slowly.
The suitability of halide ions as leaving groups is predicted correctly based on this reasoning
alone, where 19> Br® > CI© > FO, The trifluoromethanesulfonate anion (triflate anion)
F3C—803@ is a far better leaving group than the p-toluenesulfonate anion (tosylate anion)
Me—CH,—SO,© or the methanesulfonate anion (mesylate anion) H,C—SO,®. The
pKa values for the corresponding conjugate acids of these leaving groups are —13, —6 and
—2.5, respectively. Leaving group ability is correlated with the pKa of the conjugate acid of the
leaving group, at least to a first approximation.
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I
® R—OSCF; = R—OTf Alkyl triflate
lcl) (Record holder; for R = allyl or benzyl ionic
mechanism)
I
° R—Oﬁ@Me =R—OTs Alkyl tosylate
O
I
R—OﬁMe = R—OMs Alkyl mesylate
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Good leaving groups:
RHal and epoxides can
be further activated with
Lewis acids

a leaving group
in solvolyses

in situ activation of
the leaving group necessary

very poor leaving group or
not a leaving group

Fig. 2.3. Leaving-group
ability of various functional
groups; LA = Lewis acid.
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Fig. 2.4. Energy profile and
rate law for S2 reactions.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

Finally, HOH and ROH can leave protonated alcohols or ethers as leaving groups, but nei-
ther the OH® group (from alcohols) nor the OR® group (from ethers, except for epoxides, see
above) can leave. Remember, the conjugate acid of water is the hydronium ion, a strong acid
(pKa=-1.7)

Another consideration is that lower the bond energy of the bond between the C atom and
the leaving group, the better the leaving group. This again follows from the Hammond postu-
late. For this reason as well, the suitability of the halide ions as leaving groups is predicted as
19> Br® > CI® > F©,

2.4 S, 2 Reactions: Kinetic and Stereochemical
Analysis—Substituent Effects on Reactivity

2.4.1  Energy Profile and Rate Law for S, 2 Reactions: Reaction Order

An SN2 reaction refers to an SN reaction

Nu:@QR—ﬂX — > Nu—R +:X°

in which the nucleophile and the alkylating agent are converted into the substitution product
in one step, that is, via one transition state (Figure 2.4).

Do you remember the definition of an elementary reaction (Section 1.7.1)? The S, 2 reac-
tion is such an elementary reaction. Recognizing this is a prerequisite for deriving the rate law
for the S 2 reaction, because the rate law for any elementary reaction can be obtained directly
from the reaction equation.

E
d[Nu—R]
: .©

——— = [Nu][R=X] @1

..................................... where k = A exp(—E,/RT) (2.2)
Nu:® + R—X
Nu—R + X°
= Reaction coordinate
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Rate laws establish a relationship between

e the change in the concentration of a product, an intermediate, or a starting material as a
function of time,

e and the concentrations of the starting material(s) and possibly the catalyst,

e and the rate constants of the elementary reactions involved in the overall reaction.

The overall reaction rate is the rate of product formation d[product]/dt or a starting material
consumption rate —d[starting material]/ds. The following applies unless the stoichiometry
requires an additional multiplier:

d[final product] _ —d|[starting material(s)] 23)

dt dt

With the help of the rate laws that describe the elementary reactions involved, it is possible to
derive Equation 2.4:

w = f{[starting material(s) and (if needed) catalyst], 2.4)

rate constants , }

where the subscript ER refers to the elementary reactions participating in the overall reaction.
If the right-hand side of Equation 2.4 does not contain any sums or differences, the sum of the
powers of the concentration(s) of the starting material(s) in this expression is called the order
(m) of the reaction. It is also said that the reaction is of the mth order. A reaction of order m
= 1 is a first-order reaction, or unimolecular. A reaction of order m = 2 (or 3) is a second- (or
third-) order reaction or a bimolecular (or trimolecular) reaction. A reaction of order m,
where m is not an integer, is a reaction of a mixed order. The rate laws for elementary reac-
tions are especially easy to set up. The recipe for this is

d[product of an elementary reaction] _  d[starting material(s) of the elementary reaction]
dt dt

The rate of product formation or starting material consumption is equal to the product of the
rate constant & for this elementary reaction and the concentration of a// starting materials
involved, including any catalyst. It turns out that all elementary reactions are either first- or
second-order reactions.

Side Note 2.2.
Rate Laws

Because the reactions we consider in this section are single-step and therefore elementary
reactions, the rate law specified in Section 2.3 as Equation 2.1 is obtained for the rate of for-
mation of the substitution product Nu—R in Figure 2.4. It says that these reactions are
bimolecular substitutions. They are consequently referred to as S\ 2 reactions. The bimolecu-
larity makes it possible to distinguish between this type of substitution and S1 reactions,
which we will examine in Section 2.5: nucleophile concentration affects the rate of an S, 2
reaction, but not an S 1 reaction.
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Fig. 2.5. Proof of the inver-
sion of configuration at the
reacting C atom in an

S\2 reaction.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

The rate constant of each elementary reaction is related to its activation energy £, by the
Arrhenius equation. This of course also holds for the rate constant of S, 2 reactions (see Equa-
tion 2.2 in Figure 2.4).

2.4.2  Stereochemistry of S, 2 Substitutions

In sophomore organic chemistry you learned that S, 2 reactions take place stereoselectively.
Let us consider Figure 2.5 as an example: the displacement by potassium acetate on the trans-
tosylate A gives only the cyclohexyl acetate cis-B. No trans-isomer is formed. In the starting
material, the leaving group is equatorial and the C—H bond at the reacting C atom is axial. In
the substitution product cis-B, the acetate is axial and the adjacent H atom is equatorial. A
100% inversion of the configuration has taken place in this S 2 reaction. This is also true for
all other S, 2 reactions investigated stereochemically.

A
X
tert-Bu (_)  K9%0Ts tert-Bu

trans-A cis-B

H
/=0 \O
but no tert-Bu

trans-B

The reason for the inversion of configuration is that S 2 reactions take place with a backside
entry by the nucleophile on the bond between the C atom and the leaving group. In the tran-
sition state of the S, 2 reaction, the reacting C atom has five bonds. The three substituents at
the reacting C atom not participating in the S reaction and this C atom itself are for a short
time located in one plane:

a
[\y LIS) NS
Nu:e\_-l/: X —> |[Nu- '.'./ ...... X —> Nu - + :X@
b*= - ’/C
c b ¢ b

The S, 2 mechanism is sometimes referred to as an “umbrella mechanism.” The nucleophile
enters in the direction of the umbrella handle and displaces the leaving group, which was orig-
inally lying above the tip of the umbrella. The geometry of the transition state corresponds to
the geometry of the umbrella, which is just flipping over. The geometry of the substitution
product corresponds to the geometry of the flipped-over umbrella. The former nucleophile is
located at the handle of the flipped-over umbrella. Can you see that in your mind’s eye?
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2.4.3 A Refined Transition State Model for the S, 2 Reaction;
Crossover Experiment and Endocyclic Restriction Test

Figure 2.6 shows several methylations, which in each case take place as one-step S reactions.
The nucleophile is in each case a sulfonyl anion; a methyl (arenesulfonate) reacts as elec-
trophile. These classic experiments were carried out to clarify whether these methylations take
place inter- or intramolecularly.

Experiment 1 Experiment 2
O§ 40 O§ 40
Q Q
) CH3 © CD3
0=8=0 O0=S=0
CH; CD;,
[Hel-A [Dgl-A
[ OQS ¢O OQS 40
\Oe \Oe
+ +
CH3 CD3
0=S=0 O0=S=0
Experiment 3
(Crossover
experiment) CH, (D,
l 25% [Hg]-B 25% [Dg]-B
[Hgl-A + [Dgl-A —>
(50 : 50 mixture) O§S¢O O\\S4O
\O@ \Oe
+
CD; CH;
0=8=0 0=S=0
Fig. 2.6. Determination of
the mechanism of one-step
CH, CD;, S, reactions on methyl
‘ ] (arenesulfonates): intra- or

\ 25% [H;D;]-B 25% [D3H,)-B intermolecularity.
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In experiment 1, the perprotio-sulfonyl anion [H,]-A reacts to form the methylated per-
protio-sulfone [H ]-B. It is not known whether this is the result of an intra- or an intermolecu-
lar S reaction. In experiment 2 of Figure 2.6, the sulfonyl anion [D]-A, which is perdeuter-
ated in both methyl groups, reacts to form the hexadeuterated methylsulfone [D]-B. Even this
result does not clarify whether the methylation is intra- or intermolecular. An explanation is
not provided until the third experiment in Figure 2.6, a so-called crossover experiment.

The purpose of every crossover experiment is to determine whether reactions take place
intra- or intermolecularly. In a crossover experiment two substrates differing from each other
by a double substituent variation are reacted as a mixture. This substrate mixture is subjected
to the same reaction conditions in the crossover experiment that the two individual substrates
had been exposed to in separate experiments. This double substituent variation allows one to
determine the origin of the reaction products from their structures, i.e., from which parts of
which starting materials they were formed (see below for details).

The product mixture is then analyzed. There are two possible outcomes. It can contain
nothing other than the two products that were already obtained in the individual experiments.
In this case, each substrate would have reacted only with itself. This is possible only for an
intramolecular reaction. The product mixture of a crossover experiment could alternatively
consist of four compounds. Two of them would not have arisen from the individual experi-
ments. They could have been produced only by “crossover reactions” between the two com-
ponents of the mixture. A crossover reaction of this type can only be intermolecular.

In the third crossover experiment of Figure 2.6, a 1:1 mixture of the sulfonyl anions [H]-A
and [D]-A was methylated. The result did not correspond to the sum of the individual reac-
tions. Besides a 1:1 mixture of the methylsulfone [H]-B obtained in experiment 1 and the
methylsulfone [D,]-B obtained in experiment 2, a 1:1 mixture of the two crossover products
[H,D,]-B and [D,H,]-B was isolated, in the same yield. The fact that both [H;D,]-B and
[D,H,]-B occurred proves that the methylation was intermolecular. The crossover product
[H,D,]-B can only have been produced because a CD, group was transferred from the sulfonyl
anion [D]-A to the deuterium-free sulfonyl anion [H(]-A. The crossover product [D,H,]-B
can only have been produced because a CH, group was transferred from the sulfonyl anion
[H,]-A to the deuterium-containing sulfonyl anion [D]-A.

The intramolecular methylation of the substrate of Figure 2.6, which was not observed,
would have had to take place through a six-membered cyclic transition state. In other cases,
cyclic, six-membered transition states of intramolecular reactions are so favored that inter-
molecular reactions usually do not occur. Why then is a cyclic transition state not able to com-
pete in the S reactions in Figure 2.6?

The conformational degrees of freedom of cyclic transition states are considerably limited
or “restricted” relative to the conformational degrees of freedom of noncyclic transition states
(cf. the fewer conformational degrees of freedom of cyclohexane vs. n-hexane). Mechanistic
investigations of this type are therefore also referred to as endocyclic restriction tests. They
suggest certain transition state geometries in a very simple way because of this conformational
restriction. The endocyclic restriction imposes limitations of the conceivable geometries on
cyclic transition states. These geometries do not comprise all the possibilities that could be
realized for intermolecular reactions proceeding through acyclic transition states.

In the S reactions of Figure 2.6, the endocyclic restriction would therefore impose a
geometry in an intramolecular substitution that is energetically disfavored relative to the
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geometry that can be obtained in an intermolecular substitution. As shown on the right in Fig-
ure 2.7, in an intramolecular substitution the reason for this is that the nucleophile, the react-
ing C atom, and the leaving group cannot lie on a common axis. However, such a geometry
can be realized in an intermolecular reaction (see Figure 2.7, left). From this, one concludes
that in an S 2 reaction the approach path of the nucleophile must be collinear with the bond
between the reacting C atom and the leaving group.

This approach path is preferred in order to achieve a transition state with optimum bond-
ing interactions. Let us assume that in the transition state, the distance between the nucleo-
phile and the reacting C atom and between the leaving group and this C atom are exactly the
same. The geometry of the transition state would then correspond precisely to the geometry
of an umbrella that is just flipping over. The reacting C atom would be—as shown in Fig-
ure 2.7 (left)—sp>-hybridized and at the center of a trigonal bipyramid. The nucleophile and
the leaving group would be bound to this C atom via (partial) o bonds. Both would result from
overlap with one lobe of the 2p_AO. For this reason, a linear arrangement of the nucleophile,
the attacked C atom, and the leaving group is preferred in the transition state of S reactions.
Thus, S 2 reactions proceed with a certain stereoelectronic requirement, a well-defined
orientation of electron pairs within the transition state. Specifically, this is a 180° angle

Intermolecular Substitution Intramolecular Substitution

ent) Sn-Product

Linearity in the transition Angled transition
state possible state enforced

Reaction coordinate ;rmolecular Reaction coordinate i,y amolecular

65

Fig. 2.7. Illustration of the
intermolecular course of the S,
reactions of Figure 2.6; energy
profiles and associated transi-
tion state geometries.
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HH H
H & o H
' Huy=— —H . H
: H 7 N
H H H HH
BE 82.6 kcal/mol 2% 72.9 kcal/mol 65.3 kcal/mol
Fig. 2.8. Bond enthalpy (BE) H H H
of linear (left) and bent H : )@(__H mg
(middle and right; cf. explana- B H Hi HYY
tory text) C—C bonds. H H H H

between the pair of electrons in the bond to the leaving group and the pair of electrons coming
from the nucleophile and forming the new bond.

Figure 2.7 (right) shows that in a bent transition state of the S reaction neither the nucleo-
phile nor the leaving group can form similarly stable ¢ bonds by overlap with the 2p_AO of
the reacting C atom. Because the orbital lobes under consideration are not parallel, both the
Nu-- C» and the Cspz~--leaving group bonds would be bent. Bent bonds are weaker than linear
bonds because of the smaller orbital overlap. This is known from the special case of bent C—
C bonds (Figure 2.8) as encountered, for example, in the very strained C—C bonds of cyclo-
propane. Bent bonds are also used in the “banana bond” model to describe the C=C double
bond in olefins. (In this model, the double bond is represented by two bent single bonds
between sp3-hybridized C atoms. Don’t worry about this picture of the double bond. We won’t
monkey around with this concept too much.) Both types of bent C—C bonds are less stable
than linear C—C bonds, such as in ethane.

2.4.4 Substituent Effects on S 2 Reactivity

How substituents in the alkylating agent influence the rate constants of S 2 reactions can be
explained by means of the transition state model developed in Section 2.4.3. This model
makes it possible to understand both the steric and the electronic substituent effects.

E
-~
~
T+ "«
N
/X 8o N
Ey\ Sn-Product
X—cC
b /
\Nu ]
)
. . three 109°28° six 90°
Fig. 2.9. Steric effects on T L
o . interactions interactions .
S\2 reactivity: substituent com- Reaction

pression in the transition state. coordinate
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When an alkylating agent is approached by a nucleophile, the steric interactions become
larger in the vicinity of the reacting C atom (Figure 2.9). The spectator substituents come
closer to the leaving group X. The bond angle between these substituents and the leaving
group decreases from. the tetrahedral angle of ~109° to about 90°. However, the reacting
nucleophile approaches the spectator substituents until the bond angle that separates it from
them is also approximately 90°. The resulting increased steric interactions destabilize the tran-
sition state. Consequently, the activation energy £, increases and the rate constant kSN2
decreases. It should be noted that this destabilization is not compensated for by the simulta-
neous increase in the bond angle between the inert substituents from the tetrahedral angle to
approximately 120°.

This has three consequences:

e First, the S 2 reactivity of an alkylating agent decreases with an increasing number of
the alkyl substituents at the electrophilic C atom. In other words, a-branching at the
C atom of the alkylating agent reduces its S\ 2 reactivity. This reduces the reactivity so
much that tertiary C atoms don’t react via the S;2 mechanism in intermolecular pro-
cesses:

Nu€ + Me-X Et-X iPr—=X tert-Bu—X
30 1 0.025 tiny

kSNZ, rel

Generally stated, for S, 2 reactivity we have k(Me—X) > k(Rp”.m—X) >> k(R ,—X);
kR, —X)=0.

e Second, the S, 2 reactivity of an alkylating agent decreases with increasing size of the
alkyl substituents at the reacting C atom. In other words, -branching in the alkylating
agent reduces its S\ 2 reactivity. This reduces the reactivity so much that a C atom
(neopentyl) with a quaternary C atom in the B-position does not react at all via an

S\ 2 mechanism:

Nu® + MeCH,~X EtCH,-X iPrCH,-X fert-BuCH,-X
1 0.4 0.03 tiny

kSNZ, rel

Generally stated, for S.2 reactivity we have Ak(MeCH,—X) > k(RprimCH2_
X) >> k(R,, .CH,—X); k(R CH,—X) = 0 (unit: 1 mol"' s™").

e Third, there is a substituent effect on the S| 2 reactivity that results from a change in the
geometry at the attacked C atom. This effect occurs with S, reactions with cyclic alky-
lating agents. Here, an increase of the bond angle between the reaction center and the
two adjacent ring carbon atoms to the 120° of the transition-state geometry is only
strain-free in five-membered rings (cf. Figure 2.10); therefore, cyclopentylation occurs
as fast as isopropylation:

e D O [Dw (o

kSNZ,rel = 1.0 < 0.0001 0.008 1.6 0.01

Tendencies and Rules
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Fig. 2.10. Electronic effects
on S,2 reactivity: conjugative
stabilization of the transition
state by suitably aligned
unsaturated substituents.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

e Cyclohexylations are different. In such cases, ring strain is built up when a bond angle
of 120° is reached in the transition state, leading to a severely reduced S 2 reactivity.
S\ 2 cyclobutylations proceed even more slowly. Intermolecular S, 2 cyclopropylations
are very uncommon. The ring strain associated with achieving an sp?>-hybridized carbon
atom in a three-membered ring is just too large and it slows S 2 reactions of cyclo-
propyl halides and related compounds to a virtual halt.

In S 2 reactions there is also a rate-increasing electronic substituent effect. It is due to facili-
tation of the rehybridization of the reacting C atom from sp* to sp? (Figure 2.10). This effect
is exerted by unsaturated substituents bound to the reacting C atom. These include sub-
stituents, such as alkenyl, aryl, or the C=0 double bond of ketones or esters. When it is not
prevented by the occurrence of strain, the z-electron system of these substituents can line up
in the transition state parallel to the 2p_atomic orbital of the reacting C atom. This orbital
thereby becomes part of a delocalized m-electron system. Consequently, there is a reduction in
energy and a corresponding increase in the S, 2 reaction rate. Allyl and benzyl halides are
therefore as good electrophiles as methyl iodide:

Nu® + MeCH,~X  vinylCH,-X  PhCH,-X

k. 1 40 120

S2, el —

Because of the substituent effect just described, allyl and benzyl halides generally react with
nucleophiles according to an S,2 mechanism. This occurs even though the S 1 reactivity of
allyl and benzyl halides is higher than that of nonconjugated alkylating agents (see Sec-
tion 2.5.4).

o-Halogenated ketones and a-halogenated carboxylic acid esters also react with nucleo-
philes according to the S, 2 mechanism. However, for them the alternative of an S 1 mecha-
nism is not possible. This is because it would have to take place via a carbenium ion, which
would be extremely destabilized by the strongly electron-withdrawing acyl or alkoxyacyl sub-
stituent.

= conjugative stabilization by
overlap with the parallel
antibonding MO of the 7 system
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2.5 SNl Reactions: Kinetic and Stereochemical

Analysis; Substituent Effects on Reactivity

2.5.1 Energy Profile and Rate Law of S 1 Reactions; Steady State

Approximation

Substitution reactions according to the S 1 mechanism take place in two steps (Figure 2.11).
In the first and slower step, heterolysis of the bond between the C atom and the leaving group
takes place. A carbenium ion is produced as a high-energy, and consequently short-lived, inter-
mediate. In a considerably faster second step, it reacts with the nucleophile to form the sub-
stitution product Nu—R.

In the S, 1 mechanism, the nucleophile does not actively react with the alkylating agent.
The reaction mechanism consists of the alkylating agent first dissociating into a carbenium
ion and the leaving group. Only then does the nucleophile change from a “spectator” into an
active participant that intercepts the carbenium ion to form the substitution product.

What does the rate law for the substitution mechanism of Figure 2.11 look like? The rate
of formation of the substitution product Nu—R in the second step can be written as Equa-
tion 2.5 because this step represents an elementary reaction. Here, as in Figure 2.11, &, and
k... designate the rate constants for the heterolysis and the nucleophilic reaction, respectively.

However, Equation 2.5 cannot be correlated with experimentally determined data. The rea-
son for this is that the concentration of the carbenium ion intermediate appears in it. This con-
centration is extremely small during the entire reaction and consequently cannot be measured.
However, it cannot be set equal to zero, either. In that case, Equation 2.5 would mean that the
rate of product formation is also equal to zero and thus that the reaction does not take place at
all. Accordingly, we must have a better approximation, one that is based on the following con-
sideration:

khct + R@ kassoc

Nue+R—X —_— — %€ » Nu—R + ‘)‘(e

Reaction
coordinate
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Fig. 2.11 Mechanism and
energy profile of S 1 reactions:
E, . designates the activation
energy of the heterolysis,

k. and k. designate the
rate constants for the hetero-
lysis and the nucleophilic reac-
tion on the carbenium ion,

respectively.
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The Steady State
Approximation

NS}

Nucleophilic Substitution Reactions at the Saturated C Atom

M — kagq [R®][Nue] (2.5)
dt SSOC
d[RY] L . . I
~a = 0 within the limits of the Bodenstein approximation (2.6)
=k, [R—X]—k . [R®][Nu®] (2.7)
k —
= [RO)= -t [REX] 2.8)
kaSSOC [Nu ]
Equation 2.8 in Equation 2.5 =
% =k, +[R—X] 2.9)

The concentration of an intermediate in a multistep reaction is always very low when it
reacts faster than it is produced. If this concentration is set equal to zero in the derivation
of the rate law, unreasonable results may be obtained. In such a case, one resorts to a dif-
ferent approximation. The change of the concentration of this intermediate as a function of
time is set equal to zero. This is equivalent to saying that the concentration of the interme-
diate during the reaction takes a value slightly different from zero. This value can be con-
sidered to be invariant with time, i.e., steady. Consequently this approximation is called the
steady state approximation.

Equipped with this principle, let us now continue the derivation of the rate law for Sy reactions.
The approximation [carbenium ion] = 0 must be replaced by Equation 2.6. Let us now set the
left-hand side of Equation 2.6, the change of the carbenium ion concentration with time, equal
to the difference between the rate of formation of the carbenium ion and its consumption.
Because the formation and consumption of the carbenium ion are elementary reactions, Equa-
tion 2.7 can be set up straightforwardly. Now we set the right-hand sides of Equations 2.6 and
2.7 equal and solve for the concentration of the carbenium ion to get Equation 2.8. With this
equation, it is possible to rewrite the previously unusable Equation 2.5 as Equation 2.9. The
only concentration term that appears in Equation 2.9 is the concentration of the alkylating
agent. In contrast to the carbenium ion concentration, it can be readily measured.

The rate law of Equation 2.9 identifies the S reactions of Figure 2.11 as unimolecular
reactions. That is why they are referred to as S(1 reactions. The rate of product formation thus
depends only on the concentration of the alkylating agent and not on the concentration of the
nucleophile. This is the key experimental criterion for distinguishing the S 1 from the
Sy2 mechanism.

From Equation 2.9 we can also derive the following: the S 1 product is produced with the
rate constant k,  of the first reaction step. Thus the rate of product formation does not depend

on the rate constant k

amack OF the second reaction step. In a multistep reaction, a particular step



2.5 Syl Reactions: Kinetic and Stereochemical Analysis; Substituent Effects on Reactivity 71

may be solely responsible for the rate of product formation. This is referred to as the rate-
determining step. In the S 1 reaction, this step is the heterolysis of the alkylating agent. The
energy profile of Figure 2.11 shows that the rate-determining step of a multistep sequence is
the step in which the highest activation barrier must be overcome. This is a general concept.
Equation 2.9 can also be interpreted as follows. Regardless of which nucleophile enters
into an Sy 1 reaction with a given alkylating agent, the substitution product is produced with
the same rate. Figure 2.12 illustrates this using as an example S\ 1 reactions of two different
nucleophiles with Ph,CH—CI. Both take place via the benzhydryl cation Ph,CH®. In the first

Experiment 1 Experiment 2
| N
\\\Cl N_— (\Cl + NEt;
+
l khet l khel

C SENG
+
+

l kassoc. pyr l kassoc,NEn
~
o] N
N~ NEt,

Q0 wQ

Experiment 3 T Kassoc. pyr T Kossoe, NEW !:ig. 2.12. RaFe and selectiv-
(Competition . ity of Sy1 reactions. Both reac-
experiment) N tions 1 and 2 take place via the
+ N‘ o |+ NEt, benzhydryl cation. Both reac-
l tions (with pyridine and tri-

ethylamine) take place with the
same rate constant. The higher
nucleophilicity of pyridine does
not become noticeable until

experiment 3, the “competition
experiment”: The pyridinium

salt is by far the major product.
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experiment, this cation is intercepted by pyridine as the nucleophile to form a pyridinium salt.
In the second experiment, it is intercepted by triethylamine to form a tetraalkylammonium
salt. Both reactions take place with the same rate, represented by the heterolysis constant &,
of benzhydryl chloride. The fact that pyridine is a better nucleophile than triethylamine there-
fore is not apparent under these conditions.

The situation is different in experiment 3 of Figure 2.12. There, both S 1 reactions are car-
ried out as competitive reactions: benzhydryl chloride heterolyzes (just as fast as before) in
the presence of equal amounts of both amines. The benzhydryl cation is now intercepted faster
by the more nucleophilic pyridine than by the less nucleophilic triethylamine. The major prod-
uct will be determined by the relative rates of the reaction of each nucleophile with the benz-
hydryl cation. The major product in this case is the pyridinium salt.

2.5.2  Stereochemistry of S 1 Reactions; Ion Pairs

What can be said about the stereochemistry of Sy 1 reactions? In the carbenium ion interme-
diates R'R?R?*C®, the positively charged C atom has a trigonal planar geometry (cf. Fig-
ure 1.3). These intermediates are therefore achiral, if the substituents R' themselves do not
contain stereogenic centers.

When in carbenium ions of this type R! # R? # R3, these carbenium ions react with achiral
nucleophiles to form chiral substitution products R'R?R3C—Nu. These must be produced as
a 1:1 mixture of both enantiomers (i.e., as a racemic mixture). Achiral reaction partners alone
can never form an optically active product. But in apparent contradiction to what has just been
explained, not all S 1 reactions that start from enantiomerically pure alkylating agents and
take place via achiral carbenium ions produce a racemic substitution product. Let us consider,
for example, Figure 2.13.

Figure 2.13 shows an S 1 reaction with optically pure (R)-2-bromooctane carried out as a
solvolysis. By solvolysis we mean an S 1 reaction performed in a polar solvent that also func-
tions as the nucleophile. The solvolysis reaction in Figure 2.13 takes place in a water/ethanol
mixture. In the rate-determining step, a secondary carbenium ion is produced. This ion must
be planar and therefore achiral. However, it is highly reactive. Consequently, it reacts so
quickly with the solvent that at this point in time it has still not completely “separated” from
the bromide ion that was released when it was formed. In other words, the reacting carbenium
ion is still almost in contact with this bromide ion. It exists as part of a so-called contact ion
pair R'IR?HC®LBr®.

The contact ion pair R'R?HC®"LBr®, in contrast to a free carbenium ion R'R?HC®, is
chiral. Starting from enantiomerically pure (R)-2-bromooctane, the contact ion pair first pro-
duced is also a pure enantiomer. In this ion pair, the bromide ion adjacent to the carbenium
ion center partially protects one side of the carbenium ion from the reaction by the nucleo-
phile. Consequently, the nucleophile preferentially reacts from the side that lies opposite the
bromide ion. Thus, the solvolysis product in which the configuration at the reacting C atom
has been inverted is the major product. To a minor extent the solvolysis product with retention
of configuration at the reacting C atom is formed.

It was actually found that 83% of the solvolysis product was formed with inversion of con-
figuration and 17% with retention. This result is equivalent to the occurrence of 66% inver-



2.5 Syl Reactions: Kinetic and Stereochemical Analysis; Substituent Effects on Reactivity
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83% S -Enantiomer + 17% R -Enantiomer, or:
66% S -Enantiomer + 34% racemic mixture

sion of configuration and 34% racemization. We can therefore generalize and state that when
in an Sy 1 reaction the nucleophile reacts with the contact ion pair, the reaction proceeds with
partial inversion of configuration.

On the other hand, when the nucleophile reacts with the carbenium ion after it has sepa-
rated from the leaving group, the reaction takes place with complete racemization. This is the
case with more stable and consequently longer-lived carbenium ions. For example, the o-
methyl benzyl cation, which is produced in the rate-determining step of the solvolysis of R-
phenethyl bromide in a water/ethanol mixture, is such a cation (Figure 2.14). As in the solvol-
ysis of Figure 2.13, the nucleophile is a water/ethanol mixture.

The following should be noted for the sake of completeness. The bromide ion in Fig-
ure 2.14 moves far enough away from the o-methylbenzyl cation intermediate that it allows
the solvent to react on both sides of the carbenium ion with equal probability. However, the
bromide ion does not move away from the carbenium ion to an arbitrary distance. The elec-
trostatic attraction between oppositely charged particles holds the carbenium ion and the
bromide ion together at a distance large enough for solvent molecules to fit in between. This
is the so-called solvent-separated ion pair.

2.5.3 Solvent Effects on S 1 Reactivity

In contrast to the Sy2 mechanism (Section 2.4.3), the structure of the transition state of the
rate-determining step in the S 1 mechanism cannot be depicted in a simple way. As an aid, we
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Fig. 2.13. Stereochemistry of
an S, 1 reaction that takes
place via a contact ion pair.
The reaction proceeds with 66%
inversion of configuration and
34% racemization.
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Fig. 2.14. Stereochemistry of
an S, 1 reaction that takes
place via a solvent-separated
ion pair. The reaction proceeds
with 0% inversion and 100%
racemization.
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Solvent-separated ion pair

r A}
Hex ﬂ H\ Ph /H
aqueous \/\ =) / o
Me \\\">_Br EtOH > /O/ \: ~. \O\ + Br
H Me™ H

R-Enantiomer

relatively  just as
slow slow

H\ Ph Ph @/H
<3 \ >
/OAQ’ Me ME‘Q; X
H H H H

-H® -g°®
Ph Ph
/04<"/Me + Me\‘% O\
H H H H

50% S -Enantiomer + 50% R -Enantiomer, thus:
0% S -Enantiomer + 100% racemic mixture

can use a transition state model. According to the Hammond postulate for an endothermic
reaction like carbenium ion formation, the transition state should be late, or product-like, so a
suitable model for the transition state of the rate-determining step of an S 1 reaction is the
corresponding carbenium ion. The rate constant &,
greater the more stable the carbenium ion produced in the heterolysis:

of S 1 reactions should therefore be

ﬁ kl let

R-X —» R® 4 :X©

As a measure of the rate of formation of this carbenium ion, one can take the free energy of
heterolysis of the alkylating agent from which it arises. Low free energies of heterolysis are
related to the formation of a stable carbenium ion and thus high S, 1 reactivity. Because
Sy reactions are carried out in solution, the free energies of heterolysis in solution are the
suitable stability measure. These values are not available, but they can be calculated from
other experimentally available data (Table 2.1) by means of the thermodynamic cycle in Fig-
ure 2.15.

Heterolyses of alkyl bromides in the gas phase always require more energy than the corre-
sponding homolyses (cf. Table 2.1). In fact, the AG values of these heterolyses are consider-
ably more positive than the AH values of the homolyses (even if we take into consideration
that AG and AH values cannot be compared directly with each other). The reason for this is
that extra energy is required for separating the charges. As Table 2.1 shows, this situation is
reversed in polar solvents such as water. There the heterolyses require less energy than the
homolyses.
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Tab. 2.1 Free Energy Values from Gas Phase Studies (Lines 1-3). Free Energies of Heterolysis in Water (Line
4) Calculated Therefrom According to Figure 2.15*

RQBr e Me Et iPr tert-Bu PhCH,
R + Br®
AGhet, g
_— +214 +179 +157 +140 +141
kcal/mol
AG 5
EOhyd R%) 96 78 59 54 59
kcal/mol
AG,
DhydBre) ) 7 ) vy 72
kcal/mol
AGhet, H,O
— +47 +30 +27 +14 +11
kcal/mol
AH, ;
<vg1. ke M ) (+71) (+68) (+69) (+63) (+51)
kcal/mol
T1/2, Het, 208 K >10%yr > 103 yr > 220 yr >0.7s >0.007 s

*From these energies and using the Eyring equation (Equation 1.1), one can calculate minimum
half-lives for the pertinent heterolyses in water (line 6). These are minimum values because the
AGye, 0 values were used for AG* in the Eyring equation, whereas actually AG* > "AGyy, 1,0
AGyyq = free energy of hydration, AGy,, = free energy of heterolysis, and AHy,,,, = enthalpy

of homolysis.

You see the reason for this solvent effect when you look at lines 2 and 3 in Table 2.1. Ions
are stabilized considerably by solvation. Heterolyses of alkylating agents, and consequently
Sy 1 reactions, therefore, succeed only in highly solvating media. These include the dipolar
protic (i.e., hydrogen-bond donating) solvents like methanol, ethanol, acetic acid, and aque-
ous acetone as well as the dipolar aprotic (i.e., non-hydrogen-bond donating) solvents ace-
tone, acetonitrile, DMF, NMP, DMSO, and DMPU and HMPA (Figure 2.16).

It is important to note that just because a reaction occurs with an species that could give
rise to a reasonably stable cation and the solvent is polar does not mean that an S 1 reaction
is necessarily taking place.

AGh S
R— Brso]v - Rso]v + Brsolv
AGg (small AGg (large
absolute value) absolute value)
AG
R— r —= _» R® 4+ B’

Fig. 2.15. Thermodynamic
cycle for calculating the free
energy of heterolysis of alkyl
bromides in solution (AG,, ,)
from free energies in the gas
phase: AG, refers to the free
energy of solvation, AG, ., .
refers to the free energy of
heterolysis in the gas phase.
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Fig. 2.16. Polar aprotic sol-
vents and the abbreviations
that can be used for them.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

Il
DMF = Dimethylformamide: =~ H—C—NMe,
N\
NMP = N-Methylpyrrolidone: QNM ¢

DMSO = Dimethylsulfoxide: Me—|S|—Me

© M ﬁ M
. O eV
DMPU = N,N’-Dimethyl-N,N’-propylene urea: U
T, MeN
HMPA = Hexamethyl phosphoric acid triamide: MezN—/PZ o
Me,N

2.5.4 Substituent Effects on S 1 Reactivity

The stabilities of five carbenium ions formed in the heterolyses of alkyl bromides in water (as
an example of a polar solvent) can be compared by means of the associated free energy values
AG, ., H,0 (Table 2.1, row 4). From these free energy values we get the following order of sta-
bility in polar solvents: CH,® < MeCH,® < Me,CH® < Me,C® < Ph—CH,®. One can thus
draw two conclusions: (1) a phenyl substituent stabilizes a carbenium ion center, and (2) alkyl
substituents also stabilize a carbenium ion center. The stability order just cited is similar to the
stability order for the same carbenium ions in the gas phase (Table 2.1, line 1). However, in
the gas phase considerably larger energy differences occur. They correspond to the inherent
stability differences (i.e., without solvation effects).

We observed quite similar substituent effects in Section 1.2.1 in connection with the sta-
bility of radicals of type R'R?R3Ce. These effects were interpreted both in VB and in MO
terms. For the carbenium ions, completely analogous explanations apply, which are shown in
Tables 2.2 (effect of conjugating groups) and 2.3 (effect of alkyl groups). These tables use res-

Tab. 2.2 Stabilization of a Trivalent Carbenium Ion Center by Conjugating Substituents: Experimental Find-
ings and Their Explanation by Means of Resonance Theory

Stabili-
zation VB formulation
of ®
@ " Ne
, [increases AN S X

50y )

AL~ O~ O
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R — r— i

conjugation energy

localized delocalized localized
MO MOs MO

onance theory for the explanation. Figures 2.17 and 2.18 explain the same phenyl- and alkyl
group effects by means of MO theory. Conjugating substituents, which are electron-rich, sta-
bilize a neighboring carbenium ion center via a resonance effect, and alkyl substituents do the
same via an inductive effect. Hyperconjugation plays a role as well.

The very large inherent differences in the stability of carbenium ions are reduced in solu-
tion—because of a solvent effect—but they are not eliminated. This solvent effect arises
because of the dependence of the free energy of solvation AGhy 4&® on the structure of the car-
benium ions (Table 2.1, row 2). This energy becomes less negative going from Me® to Ph—
CH,®, as well as in the series Me® — Et® — iPr® — tert-Bu®. The reason for this is hin-
drance of solvation. It increases with increasing size or number of the substituents at the
carbenium ion center.

Allyl halides heterolyze just as easily as benzyl halides because they also produce a res-
onance-stabilized carbenium ion. Even faster heterolyses are possible when the charge of the
resulting carbenium ion can be delocalized by more than one unsaturated substituent and can
thereby be stabilized especially well. This explains the remarkably high S 1 reactivities of the
benzhydryl halides (via the benzhydryl cation) and especially of the triphenylmethyl halides
(via the trityl cation):

PhCH,-X Ph,CH-X Ph,C-X

1 1000 108

k

Sn1, rel

Oc-n

‘ } half the
------------------------------- conjugation energy

delocalized localized

localized
MO MOs MO
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Fig. 2.17. MO interactions
responsible for the stabiliza-
tion of trivalent carbenium ion
centers by suitably oriented
unsaturated substituents
(“conjugation”).

Fig. 2.18. MO interactions
responsible for the stabiliza-
tion of trivalent carbenium ion
centers by suitably oriented
C—H bonds in the f position
(“hyperconjugation”).
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Tab. 2.3 Stabilization of Trivalent Carbenium Ion Centers by Methyl Substituents: Experimental Findings
and Their Explanation by Means of Resonance Theory

Stabili-
zation VB formulation
of ®
H
H,C® H—@
H
Hg H Hf H
H3C—H2C@ HB D -«—> Hﬁ — -~
Hp H Hy H
Hpg H Hp H i.e. 1 no-bond
increases Hy \‘F‘( > HﬂA_<®— resonance form
5 HY H | perH,
Hs. Hg
Hpg Hpg
(H;C),HC® A Hg g -<—> ( no-bond resonance forms
Hy H
[ Hp Hg A
Hp Hp
(H;0);C® < Hg & <—> 9 no-bond resonance forms
Hy Hy
L Hp Hp J

Side Note 2.3.

The Structures of Alkyl-
and Aryl-substituted
Carbenium Ions

The fact that one or more resonance form(s) for the carbenium ions in Tables 2.2 and 2.3 can
be drawn, does not only account for the stabilities already discussed, but also for structural
factors. First, the C=C double bonds that in the resonance forms of a tertiary carbenium ion
may be drawn from the central C atom to each of its three neighboring C atoms result in a trig-
onal planar coordination (the same conclusion is arrived at with VSEPR theory, see Sec-
tion 1.1.1). Second, these C=C double bonds imply that the C®-C bonds of carbenium ions
are shorter than the C—C bonds in neutral analogous compounds. Third, wherever a C=C
double bond occurs in the resonance form of one of the carbenium ions in Table 2.3, this is
accompanied by the disappearance of a C-H, bond. Therefore, the C—H 5 bonds in carbenium
ions are expected to be longer than in neutral analogous compounds. The same is true of C—
C bonds in the same relative postion. All this means is that hyperconjugation (double bond/no
bond resonance) can occur with both C-H and C-C bonds. Actually, it can occur, in principle,
with a variety of sigma bonds. The C-Si bond is one of the most important of these and such
hyperconjugation contributes significantly to the stability of S-silyl carbenium ions, the so-
called S-silyl effect.

Hyperconjugation using C-H and C-C bonds is illustrated by X-ray crystal structure ana-
lyses of the tert-butyl and fert-adamantyl cations (Formula A and B in Figure 2.19, respec-
tively):
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144 pm long 144 pm long 151 pm long 154 pm long

L =0° 4 =30° I =43° 4 =55°
162 pm long 153 pm long 154 pm long

e The cationic center is planar unless it is incorporated into a (poly)cyclic ring system and
extant pyramidalization becomes inevitable.

e The C®-C bonds of the adamantyl cation are by 10 pm shorter than the C—C bonds in the
neutral adamantane (Formula D in Figure 2.19).

e The C—C bonds at the 8 position in the adamantyl cation are by 8 pm longer than in the
adamantane.

The four resonance forms of the benzylic cations (bottom of Table 2.2) allow for the predic-
tion of structural details. They are confirmed, for example, by crystal structure analysis of the
cumyl cation (Figure 2.20):

e The three substituents of the benzylic carbon atom and the phenyl ring are coplanar.

e The C®—Cipw bond is shortened.

e The CinsoCortho bond is elongated.
e TheC_ , —C, . bondis shortened.
e The C

C ., bond is elongated.

meta  pai

bond 2.5 pm shorter than in o-methylstyrene
H K

e ~T=H
H

\—' 3 nonaromatic resonance forms
C@—Cipw— bond 6 pm shorter than in cunene

Cipso—Corino—bond 3 pm longer than in cunene
Cortho—Cerg—bond 2 pm shorter than in cunene
C,iera—Cparqe—bond 2 pm longer than in cunene
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Fig. 2.19. (P-C® bond-length
reduction in the stabilization of
carbenium ions through hyper-
conjugation. The planar carbe-
nium ion center experiences
the highest hyperconjugative
stabilization leading to a large
(B-C® bond length reduction.

Fig. 2.20. C,C bond-length
reductions and elongations in
the cumyl cation (compared to
cunene) confirming the stabi-
lization of the carbenium ion
center through conjugation,
and H,CP-C® bond-length
reduction (compared to
o-methylstyrene) due to the
additional stabilization of the
carbenium ion center caused
by hyperconjugation

(cf. Figure 2.19).
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The C®-CH, bonds in the cumyl cation are also shortened, but only slightly, by 2.5 pm.
Clearly, this falls short of the truncation observed with the C@—CH3 bonds of the fert-butyl
cation (Figure 2.19). The bulk of the stabilization of the cation is performed by the phenyl ring
via resonance, mitigating the need for extensive stabilization via C-H hyperconjugation.

Side Note 2.4.  One methoxy group in the para-position of the trityl cation contributes to further stabilization
para-Methoxylated Trityl  due to its pi electron-donating ability. The same is true for each additional methoxy group in
Cations in Nucleotide  the para-position of the remaining phenyl rings. The resulting increase in the S 1 reactivity of
Synthesis  multiply para-methoxylated trityl ethers is used in nucleotide synthesis (Figure 2.21), where
these ethers serve as acid-labile protecting groups. The more stable the resulting trityl cation
(i.e., the more methoxy groups it contains in para-positions), the faster it is formed under

acidic conditions.

Rl Rl
R2@C—o Nucleotide 80% aqueous RZOC—OH
\CH base —>
2 0] HOAc, 20°C
¥ +
R o:> P—O R?
RO :
Oligo- A HO Nucleotide
nucleotide N b
CH, ase
1 2 3
i, R R R t O\
R! + H H H 48 h 5
MeO | H H 8h A O—/P ?
MeO | MeO | H 15 m@n RO Oligo-
MeO | MeO | MeO 1 min +H,0 nucleotide
H
®
R? @C—O/ Nucleotide R
b N CH base
2.0

R’ 0=P—0

RO

Oligo-
nucleotide

R3

Fig. 2.21. Acid catalysed S,1 substitutions of trityl ethers to trityl alcohols, using deprotection procedures
from nucleotide synthesis as an example. The table in the center indicates the time (t) it takes to completely
cleave the respective trityl groups.




2.5 Syl Reactions: Kinetic and Stereochemical Analysis; Substituent Effects on Reactivity

Finally, two or three amino or dimethylamino groups in the para-position stabilize trityl
cations so efficiently that the associated nonionized neutral compounds are no longer able to
exist at all but heterolyze quantitatively to salts. These salts include, for example, the well-
known triphenylmethane dyes malachite green and crystal violet:

_
2 all-octet resonance forms 3 all-octet resonance forms

MezN NM62 MezN NMez

J S

. J . NMeZ J

A
Y
A
Y

malachite green crystal violet

Only one other substituent is capable of stabilizing trityl cations more effectively than amino
or dimethylamino groups: namely, the oxyanion substituent O©. The stabilization of the trityl
cation form of the dianion of the indicator dye phenolphthalein depends on the presence of
two such substituents:

2 all-octet resonance forms

Na®©0 O° Na®

l coy

phenolphthalein at pH = 10 — 12: pink color would be colorless

0° Na®

A
Y

Crystal structure analyses of trityl cations have always shown that their benzylic cation sub-
structures deviate considerably from the planarity that might be expected (cf. Figure 2.20). It
is found that the aryl rings are distorted like a propeller (Figure 2.22). The cause of this dis-
tortion is similar to the one observed in trityl radicals (cf. Figure 1.9): Here, it is the ortho
hydrogen atoms of adjacent aryl residues that avoid each other.

Why then are trityl cations still more stable than benzylic cations? An aryl residue that is
rotated out of the nodal plane of the 2p_AO of the benzylic cation center by an angle y pro-
vides resonance stabilization that is decreased by cos?y-fold. Three aryl residues in a trityl
cation can thus provide up to 3 X cos?(30°) = 2.25 times more resonance stabilization than one
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Fig. 2.22. Non-planarity of
trityl cations: compromise
between maximum benzylic
resonance (planarizing effect)
and minimum aryl/aryl
repulsion (twisting effect).
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R In,,

2R -~

q

OMe

<

torsion, phenyl ring =

aryl residue in a planar benzylic cation assuming that the distortion from planarity of the aryl
residues in trityl cations amounts to an average 30°. An additive net stabilization would thus
actually be predictable. Incidentally, in the trityl cations of B and C in Figure 2.22 the (para-
methoxyphenyl) residues are associated with smaller y values than the phenyl residues. This
ensures that the cations are most effectively stabilized by the better donor—a MeO substituted

phenyl residue.

< -<—> 9 nonaromatic resonance forms

A <): torsion, phenyl rings = 350» 3307 29°

10 nonaromatic resonance forms

— o o
<): torsion, phenyl rings — 39 5 32

— o
torsion, methoxyphenyl ring = 27

11 nonaromatic resonance forms

37°

<):torsion, methoxyphenyl rings = 28°, 30° _J

/
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2.6 When Do S Reactions at Saturated C Atoms
Take Place According to the S 1 Mechanism and
When Do They Take Place According to the
S\2 Mechanism?

From Sections 2.4.4 and 2.5.4, the following rules of thumb can be derived:

Sy1 reactions are always observed Rules of Thumb

e in substitutions on R, —X, Ar,HC—X, and Ar,C—X;

e in substitutions on substituted and unsubstituted benzyl and allyl triflates;

* in substitutions on R, —X when poor nucleophiles are used (e. g., in solvolyses);

* in substitutions on R —X that are carried out in the presence of strong Lewis acids
such as in the substitution by aromatics (‘“Friedel-Crafts alkylation,” see Figure 5.25);

e Dbut almost never in substitutions on Rprim—X (exception: Rprim—N@ N).

2 reactions always take place

e (almost) in substitutions in sterically unhindered benzyl and allyl positions (exception:
benzyl and allyl triflates react by S, 1);

e in substitutions in MeX and Rp”.m—X;

e in substitutions in R  —X, provided a reasonably good nucleophile is used.

These are guidelines. Nucleophilic substitution reactions proceed via a mechanistic con-
tinuum from S 2 to S 1. And that doesn’t include processes that proceed by SET (single
electron transfer)! Life is neither easy nor fair.

2.7 Getting by with Help from Friends, or a Least
Neighbors: Neighboring Group Participation

2.7.1 Conditions for and Features of S, Reactions with Neighboring
Group Participation

A leaving group in an alkylating agent can be displaced not only by a nucleophile added to the
reaction mixture but also by one in the alkylating agent itself. This holds for alkylating agents
that contain a nucleophilic electron pair at a suitable distance from the leaving group. The
structural element on which this electron pair is localized is called a neighboring group. It dis-
places the leaving group stereoselectively through a backside reaction. This process thus cor-
responds to that of an S 2 reaction. But because the substitution through the neighboring
group takes place intramolecularly, it represents a unimolecular process. In spite of this,
organic chemists, who want to emphasize the mechanistic relationship and not the rate law,
classify substitution reactions with neighboring group participation as S, 2 reactions.
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Fig. 2.23. Alkylating agents
with structural elements that
can act as neighboring groups
in Sy reactions. (In the exam-
ple listed in parentheses, the
neighboring group participa-
tion initiates an alkylation of
the aromatic compound, in
which an external nucleophile
is not participating at all.)

2 Nucleophilic Substitution Reactions at the Saturated C Atom

Because of this neighboring group participation, a cyclic and possibly strained (depending
on the ring size) intermediate A is formed from the alkylating agent:

(:\—sc—ﬁ — X 5 C\C/\L> Q:\C—Nu

X [
w | rate- determmlng \\\‘l

A (three- or five-membered) B

This intermediate generally contains a positively charged center, which represents a new leav-
ing group. This group is displaced in a second step by the external nucleophile through
another backside reaction. This step is clearly an S 2 reaction. In the reaction product B, the
external nucleophile occupies the same position the leaving group X originally had. Reactions
of this type thus take place with complete retention of configuration at the reacting C atom.
This distinguishes them both from substitutions via the S\ 2 mechanism and from substitutions
according to the S, 1 mechanism. Two inversions equal retention.

For an S reaction to take place with neighboring group participation, a neighboring group
not only must be present, but it must be sufficiently reactive. The reaction of the “neighbor-
ing group” must take place faster than the reaction with the external nucleophile. Otherwise,
the latter would initiate a normal S,2 reaction. In addition, the neighboring group must
actively displace the leaving group before this group leaves the alkylating agent on its own.
Otherwise, the external nucleophile would enter via an S 1 mechanism. Therefore, reactions
with neighboring group participation take place more rapidly than comparable reactions with-
out such participation. This fact can be used to distinguish between S reactions with neigh-
boring group participation and normal S\ 1 and S 2 reactions.

The nucleophilic electron pairs of the neighboring group can be nonbonding, or they can
be in a 7 bond or, in special cases, in a o bond (Figure 2.23). Generally they can displace the
leaving group only when this produces a three- or five-membered cyclic intermediate. The for-
mation of rings of a different size is almost always too slow for neighboring group participa-
tions to compete with reactions that proceed by simple S 1 or S 2 mechanisms.

The “range” of possible neighboring group participations mentioned above reflects the
usual ring closure rates of five-membered > three-membered > six-membered >> other

ring sizes.

In general, one speaks of a neighboring group effect only when the cyclic and usually posi-
tively charged intermediate cannot be isolated but is subject to an S 2-like ring opening by the

OH
P C—X
N c—X o
Hett o7 o.ék.c—x ©A/ @C *
. \\

v
nsl,: Ilwz T O
R Ow
C—X 0: C—X 2" c—x
Het: \\\‘/' ° \\\‘/' \\\7
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external nucleophile. This ring opening always happens for three-membered ring intermedi-
ates. There it profits kinetically from the considerable reduction in ring strain. In the case of
five-membered intermediates, the situation is different. They are not only subject to reaction
with the external nucleophile, but they can also react to form isolable five-membered rings by
elimination of a cation—usually a proton.

2.7.2 Increased Rate through Neighboring Group Participation

The sulfur-containing dichloride “mustard gas,” a high-boiling liquid used in World War I as
a combat gas in the form of an aerosol, hydrolyzes much more rapidly to give HCI and a diol
(Figure 2.24) than its sulfur-free analog 1,5-dichloropentane. Therefore, mustard gas released
HCI especially efficiently into the lungs of soldiers who had inhaled it (and thus killed them
very painfully). The reason for the higher rate of hydrolysis of mustard gas is a neighboring
group effect. It is due to the availability of a free electron pair in a nonbonding orbital on the
sulfur atom.

fast OH?
Cl\/\s/\/CI — Cl\/\@sg/\\—>

T
X \_/1 -Cl \/ H
Mustard gas al OH
\/\\S //\/
o

H,Op
HO g OH < s 42_/\‘ Ag/\/OH PR

\/ -CI°

Phenethyl tosylate solvolyzes in CF,CO,H orders of magnitude faster than ethyl tosylate (Fig-
ure 2.25). Because the neighboring phenyl ring can make a m-electron pair available, a phe-
nonium ion intermediate is formed. Phenonium ions are derivatives of the spirooctadienyl

H H
(\OTS
H3C OTs fast
X D D - OTs®
D D
Ethyl tosylate Phenethyl tosylate Phenonium ion 1:1
HO CF HO. CF
krel =1 \“/ } \”/ 3 krel = 3040
(0] O
H H D D
+
1:1
_HO - H®
‘ ......

Fig. 2.24. Acceleration of
the hydrolysis of mustard gas
by neighboring group partici-

pation.

85

Fig. 2.25. Acceleration of the
trifluoroacetolysis of phenethyl
tosylate by neighboring group

participation.
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cation shown. They are therefore related to the sigma complexes of electrophilic aromatic sub-
stitution (see Chapter 5). The intermediacy of a phenonium ion in the solvolysis of phenethyl
tosylate was proven by isotopic labeling. A deuterium label located exclusively o to the leav-
ing group in the tosylate was scrambled in the reaction product—it emerged half in o-posi-
tion and half in -position.

2.7.3 Stereoselectivity through Neighboring Group Participation

A carboxylic ester can participate in an S reaction as a neighboring group. In this case, a non-
bonding electron pair on the double-bonded oxygen displaces the leaving group in the first
reaction step. Let us consider, for example, the glycosyl bromide B in Figure 2.26. There a
bromide ion is displaced by an acetate group in the B-position. The departure of the bromide
ion is facilitated by reaction with Ag(I) ions and converted into insoluble AgBr. The five-
membered ring of the resonance-stabilized cation ion E is formed. At this stage, an axially ori-
ented C—O bond has emerged from the equatorial C—Br bond of substrate B via an inver-
sion of the configuration. In the second reaction step, this C—O bond is broken by the solvent
methanol via another inversion of the configuration at the reacting C atom. In the resulting
substitution product C, the methoxy group is equatorial just like the bromine in the starting
material B. The saponification of the acetate groups of this compound leads to isomerically

HO o HO o HO o
HO MeOH HO HO
HO —u > HO HO OMe
HO OH HO OM: HO
o~/B-D-Glucose an o~Glucoside ¢ isomeric -Glucoside
| 1) A0, Pyridine

2) HBr l T KOH
AcO AcO AcO
7
O\> 0 0
AcO AcO AcO
AcO 5 + Acg&(/‘B ! ACE&/OMe
(0] (0] (0)
P AS PR
X0l ~ol ~o
C

A B
+ AgClO,4 in MeOH,
slow l AgBr lfast

AcO
AcO fast
T
ACO very 1as J

Q
W
Fig. 2.26. Stereoselectivity 0 H
due to neighboring group )\
N Q‘
D

participation in glycoside
syntheses.




2.7 Getting by with Help from Friends, or a Least Neighbors: Neighboring Group Participation

pure [-D-methylglucopyranoside (Figure 2.26, top right). This is of preparative interest
because the direct acetalization of glucose leads to the diastereomeric o-methylglucoside
(Figure 2.26).

Bromide A, is a stereoisomer of bromide B. It is interesting that in methanol in the presence
of silver cations, A stereoselectively produces the same substitution product C as produced by
B. In glycosyl bromide A, however, the C—Br bond cannof be broken with the help of the
acetate group in the B-position. In that case, a trans-annulated and consequently strained
cationic intermediate would be produced. Glycosyl bromide A therefore reacts without neigh-
boring group participation and consequently more slowly than its diastereomer B. The first
step is a normal Sy 1 reaction with heterolysis of the C—Br bond to form the cation D. How-
ever, once formed, the acetate group in the S-position still exerts a neighboring group effect.
With its nucleophilic electron pair, it closes the ring to the cyclic cation E that was produced in
a single step from the diastereomeric glycosyl bromide B. The subsequent ring opening of E by
methanol gives the methyl glucoside C, regardless of whether it was derived from A or B.

Sy reactions of enantiomerically pure diazotized o-amino acids are also preparatively
important (Figure 2.27). There the carboxyl group acts as a neighboring group. It has two
effects. First, it slows down the S 1-like decomposition of the diazonium salt, which for nor-
mal aliphatic diazonium salts takes place extremely fast to form carbocations. But heterolysis
of a diazotized o-amino acid is slowed down. This is because the carbenium ion produced
would be strongly destabilized by the carboxyl group, an electron acceptor. In addition, the
carboxylic acid group enters actively into the reaction as a neighboring group and displaces
the leaving group (N,) with the nucleophilic, free electron pair of its double-bonded O atom.
A highly strained protonated three-membered ring lactone is produced, in which the C—O,C
bond reacts from the back side with the external nucleophile. The nucleophile therefore
assumes the position of the original amino group, i.e., appears with retention of the configu-
ration. As in Figure 2.27, H,O is the entering nucleophile when the diazotization is carried out
with aqueous H,SO, and NaNO,. But if the diazotization is carried out with aqueous HBr and

@OA;*R
0° OH i
O=— [QO=—
R R
S-Amino acid

©0 OH ¢ OH
—QO AN— AN—
@ NH; N N
g -
H;N Q) (Se2 = Br or = OH
R reaction) R R

R-Amino acid

for HX = HBr for HX = H,SO,
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Fig. 2.27. Stereoselectivity
due to neighboring group
participation in the synthesis
of o~functionalized carboxylic
acids.
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Fig. 2.28. Stereoselectivity
by neighboring group partici-
pation in the acetolysis of
norbornane derivatives; 2e, 3c,
two-electron, three-center.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

NaNO,, then a bromide ion acts as the external nucleophile. These chemoselectivities are
explained by the nucleophilicity order HSO,© < H,0 < Br® (cf. Section 2.2).

A bonding electron pair that is contained in a C—C single bond normally is not a neigh-
boring group. However, one famous exception is a particular bonding electron pair in the nor-
bornane ring system (Figure 2.28). It is fixed in precisely such a way that it can interact with
a reaction center on C2.

<OBs

H
endo Brosylate exo Brosylate
(enantiomerically pure) (enantiomerically pure)
- OBsel slow - OBsel fast HO

Carbenium ion* VB formulation of the carbonium ion**, ***
Attack on Attack on
an C-1 an C-2

ifm lf He

(i.e., racemic mixture)

*actual stereo structure: *actual stereo structure: ***MO diagram of the
2e, 3¢ bond in the carbonium ion

@5




2.8 Syl Reactions

This electron pair speeds up the departure of a suitably oriented leaving group. It also
determines the orientation of the nucleophile in the reaction product. The formulas in Fig-
ure 2.28 describe both of these aspects better than many words.

Nonetheless, Figure 2.28 requires two comments: (1) the six-membered ring substructure
of all other molecules including the cations possesses a boat conformation and not a twist-boat
conformation, as the two-dimensional structures of the figure imply. If they had been drawn
with the correct boat conformation, the crucial orbital interaction could not have been drawn
with so few C—C bonds crossing each other. The ball-and-stick stereoformulas at the bottom
of Figure 2.28 show the actual geometry of both cations. (2) The carbenium ion shown in Fig-
ure 2.24 is an isomer of, and less stable than, the carbonium ion shown there. It has slightly
longer C1-C6 and C1-C2 bonds, and no C2—C6 bond (the C2/C6 separation is 2.5 A in the
carbenium ion and 1.8 A in the carbonium ion). Whether the acetolysis of the endo-norbornyl
brosylate takes place via the fully formed carbenium ion or follows a reaction path that leads
to the carbonium ion without actually reaching the carbenium ion has not been clarified exper-
imentally.

For many decades chemists had been interested in whether the positively charged interme-
diate of the S reaction in Figure 2.28 was a carbenium or a carbonium ion. Also the existence
of a rapidly equilibrating mixture of two carbenium ions was considered. It is now known with
certainty that this intermediate is a carbonium ion; it is known as a nonclassical carboca-
tion. In this carbonium ion, there is a bond between the centers C1, C2, and C6, that consists
of two sp? AOs and one sp> AO (see MO diagram, lower right, Figure 2.28). It accommodates
two electrons. There are many examples of nonclassical carbocations.

2.8 SNi Reactions

A common method for the transformation of alcohols into alkyl chlorides is the reaction with
thionyl chloride. The advantages of this method include the lower price of the chlorinating
agent and the fact that only gases (sulfur dioxide, hydrogen chloride) occur as by-products in
stoichiometric amounts, thus facilitating workup. Moreover, a primary OH group may react
selectively as shown in the example in Figure 2.29. The two secondary and therefore slightly
more hindered OH groups remain untouched without requiring protection.

OH cl
o /=N o /=N
NN NH,  50CL NN NH,
/ , ! |

The term “S i reaction” was coined during mechanistic investigations into this transformation
with the substrates shown in Figure 2.30. Using the R enantiomer as the substrate, it was pos-
sible to elucidate the steric course of the substitution. Upon reaction with thionyl chloride in
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Fig. 2.29. Selective exchange
of an OH group for a Cl residue
by reaction with thionyl
chloride.
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Fig. 2.30. Stereoselective
exchange of an OH group for a
Cl residue by reaction with
thionyl chloride. Depending on
the solvent, either complete
(100%) retention of configura-
tion (Si reaction; — A) or
complete (100%) inversion of
configuration (S,2 reaction;
B) can be observed.

2 Nucleophilic Substitution Reactions at the Saturated C Atom

=
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in pyridine

pyridine the chloride B was formed with complete inversion of configuration. Amazingly, the
reaction of the same alcohol and the same reagent in diethyl ether also proceeded selectively,
but yielded the chloride A, which is the mirror image of B. A is the result of a substitution
proceeding with complete retention of configuration.

The bottom part in Figure 2.30 makes all the difference. Irrespective of whether pyridine
or diethyl ether is used as the solvent, a short-lived alkyl chlorosulfite is formed initially. In
addition, a proton and a chloride ion are generated. These ions react with pyridine to give pyri-
dinium hydrochloride; in diethyl ether they form an H-CI molecule. Pyridinium hydrochlo-
ride contains nucleophilic chloride ions, a solvated H-CI molecule, however, does not. The
chloride ions of the pyridinium hydrochloride react with the alkyl chlorosulfite with inversion
of configuration. It is an S, 2 reaction; no surprises. In diethyl ether, however, the analogous
attack fails from lack of free chloride ions. In this solvent the alkyl chlorosulfite undergoes a
unimolecular decomposition. The C—O bond and the S—CI bond are simultaneously cleaved,
and the Cl atom, together with the previously bonding electron pair, moves from S to C before
any contact ion pair can be formed from a secondary carbenium ion and the chlorosulfite
anion. This means that an “internal” S reaction has occurred, for which the abbreviation
“S\l reaction” is used, as mentioned above.
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2.9 Preparatively Useful S 2 Reactions: Alkylations

The three-part Figure 2.31, with a list of synthetically important reactions, shows the various
nucleophiles that can be alkylated via S, 2 reactions. This list refers to alkylations with alkyl

Hydride nucleophiles
Rprim/sek_X + LiBEzH —> R—H

+ LiAlH, ——>» R—H

Organometallic compounds
R

prim

—X + (R ’prim)ZCULi — > Rprim - R,prim

+ vinLi or vinMgX/kat. CuHal or vin,CuLi ——> R,,;,,— vin

+ ArLi or ArMgX/kat. CuHal or Ar,Culi ——> R,,;,,— Ar

Heteroatom-stabilized organolithium compounds

SO,Ph SOPh [ R
Rprim_X + Li — > Rprim *g> p”m_\R
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Fig. 2.31. Preparatively
important S, 2 reactions.
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Fig. 2.31.

(continued)

2 Nucleophilic Substitution Reactions at the Saturated C Atom

Further C-nucleophiles

]
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2.9 Preparatively Useful S, 2 Reactions: Alkylations

O-nucleophiles

R,,—X + Na®°OR —> R,;,—OR or
|
Williamson ether synthesis

b

—X + Na.éD e()IAI‘ —_— Rp”‘m(sec)_OAr

R

prim(sec)

+ CS@ e(:)IAC E— Rprim(sec)_OAC

S-nucleophiles

R—X + Na,S,0;