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Science of Synthesis

Science of Synthesis is the authoritative and
comprehensive reference work for the entire
field of organic and organometallic synthesis.

Science of Synthesis presents the important
synthetic methods for all classes of compounds
and includes:
- Methods critically evaluated
by leading scientists
- Background information and detailed
experimental procedures
- Schemes and tables which illustrate
the reaction scope
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Preface

As the pace and breadth of research intensifies, organic synthesis is playing an increasing-
ly central role in the discovery process within all imaginable areas of science: from phar-
maceuticals, agrochemicals, and materials science to areas of biology and physics, the
most impactful investigations are becoming more and more molecular. As an enabling
science, synthetic organic chemistry is uniquely poised to provide access to compounds
with exciting and valuable new properties. Organic molecules of extreme complexity can,
given expert knowledge, be prepared with exquisite efficiency and selectivity, allowing
virtually any phenomenon to be probed at levels never before imagined. With ready ac-
cess to materials of remarkable structural diversity, critical studies can be conducted that
reveal the intimate workings of chemical, biological, or physical processes with stunning
detail.

The sheer variety of chemical structural space required for these investigations and
the design elements necessary to assemble molecular targets of increasing intricacy place
extraordinary demands on the individual synthetic methods used. They must be robust
and provide reliably high yields on both small and large scales, have broad applicability,
and exhibit high selectivity. Increasingly, synthetic approaches to organic molecules
must take into account environmental sustainability. Thus, atom economy and the over-
all environmental impact of the transformations are taking on increased importance.

The need to provide a dependable source of information on evaluated synthetic
methods in organic chemistry embracing these characteristics was first acknowledged
over 100 years ago, when the highly regarded reference source Houben-Weyl Methoden
der Organischen Chemie was first introduced. Recognizing the necessity to provide a
modernized, comprehensive, and critical assessment of synthetic organic chemistry, in
2000 Thieme launched Science of Synthesis, Houben-Weyl Methods of Molecular
Transformations. This effort, assembled by almost 1000 leading experts from both in-
dustry and academia, provides a balanced and critical analysis of the entire literature
from the early 1800s until the year of publication. The accompanying online version of
Science of Synthesis provides text, structure, substructure, and reaction searching capa-
bilities by a powerful, yet easy-to-use, intuitive interface.

From 2010 onward, Science of Synthesis is being updated quarterly with high-qual-
ity content via Science of Synthesis Knowledge Updates. The goal of the Science of
Synthesis Knowledge Updates is to provide a continuous review of the field of synthetic
organic chemistry, with an eye toward evaluating and analyzing significant new develop-
ments in synthetic methods. A list of stringent criteria for inclusion of each synthetic
transformation ensures that only the best and most reliable synthetic methods are incor-
porated. These efforts guarantee that Science of Synthesis will continue to be the most
up-to-date electronic database available for the documentation of validated synthetic
methods.

Also from 2010, Science of Synthesis includes the Science of Synthesis Reference
Library, comprising volumes covering special topics of organic chemistry in a modular
fashion, with six main classifications: (1) Classical, (2) Advances, (3) Transformations, (4)
Applications, (5) Structures, and (6) Techniques. Titles will include Stereoselective Synthesis,
Water in Organic Synthesis, and Asymmetric Organocatalysis, among others. With expert-
evaluated content focusing on subjects of particular current interest, the Science of Syn-
thesis Reference Library complements the Science of Synthesis Knowledge Updates,
to make Science of Synthesis the complete information source for the modern synthetic
chemist.
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The overarching goal of the Science of Synthesis Editorial Board is to make the suite
of Science of Synthesis resources the first and foremost focal point for critically evaluat-
ed information on chemical transformations for those individuals involved in the design
and construction of organic molecules.

Throughout the years, the chemical community has benefited tremendously from
the outstanding contribution of hundreds of highly dedicated expert authors who have
devoted their energies and intellectual capital to these projects. We thank all of these in-
dividuals for the heroic efforts they have made throughout the entire publication process
to make Science of Synthesis a reference work of the highest integrity and quality.

The Editorial Board September 2018
A. Fuerstner (Editor-in-Chief, Muelheim/Ruhr, Germany)

E. M. Carreira (Zurich, Switzerland) G. A. Molander (Philadelphia, USA)

M. Faul (Thousand Oaks, USA) C. Nevado (Zurich, Switzerland)

S. Kobayashi (Tokyo, Japan) B. M. Trost (Stanford, USA)

G. Koch (Schlieren, Switzerland) S.-L. You (Shanghai, China)
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21 Organic Electron Donors in Electron-Transfer Reactions
K. F. Clark, D. Dimitrova, and |. A. Murphy

The field of organic electron donors is large and diverse, both in terms of the structures of
the donors and the structures of the acceptors. In the past 15 years, organic donors have
been developed that show remarkable strength, with ground-state or excited-state oxida-
tion potentials rivalling even the most reactive metals. At the other end of the scale of re-
activity, highly reactive oxidizing agents are now available upon photoactivation of a
number of organic structures. The first part of this chapter reviews organic electron do-
nors that are based upon an alkene that is activated by strongly electron-releasing sub-
stituents; these donors can be active in the ground and/or excited states. The chapter
also covers anionic organic donors that emerged in the field of Sgy1 and base-induced ho-
molytic aromatic substitution (BHAS) reactions, as well as substrate-based anionic donors
including borates and silicates. The use of photoexcited organic dyes as electron donors is
described and, finally, some of the recent research with very weak organic donors is high-
lighted.

Me,N NMe,

Me,N NMe,

OMe
K\\ Mes
N N SN
= = But” N N But
MeoN NMe; Ph

Keywords: organic electron donors - radicals - radical anions - reduction - tetrakis(di-
methylamino)ethene (TDAE) . tetrathiafulvalene (TTF) - Sgy1 reactions - base-induced
homolytic aromatic substitution (BHAS) reactions - tert-butoxide - organic dyes - eosin Y -
rhodamines - acridinium salts - photoexcitation



X Abstracts

p83 —
2.2 Samarium-Mediated Reductions
R. A. Flowers, II, T. V. Chciuk, C. O. Bartulovich

Samarium(II)-based reductants have been shown to be a group of very powerful reagents
whose reactivity can be tuned significantly by the use of additives. The use of additives
has been shown to greatly impact the rate, diastereoselectivity, chemoselectivity, and
mechanism by which these reactions proceed, making these systems extremely useful
and versatile. These reagents have been shown to promote several reactions including re-
ductions of a range of functional groups and a variety of carbon—-carbon bond forming re-
actions. More recently, initial work has demonstrated catalytic reactions of samarium(II)-
based reductants. This chapter focuses on the chemistry of samarium diiodide (SmlI,) and
a few other samarium(Il)-based reductants, with examples of the reactions they promote,
both with and without the use of additives. Additionally, recent work on the mechanistic
understanding of catalytic reactions using terminal reductants and a novel example of an
approach employing radical relay that negates the use of a terminal reductant are pre-
sented.

— —1t
| AN

%
Smi(H0), + H,O + OOO —_

—_— O‘O +  SmM(OH)(H20)n 1

Keywords: samarium - electron transfer - proton donors - hexamethylphosphoric tri-
amide (HMPA) - Lewis bases - additives - lithium halide additives - cyclizations - reductions -
reductive coupling - catalysis
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2.3 Single-Electron-Transfer Oxidation and Reduction Involving Metal Complexes other
than Samarium
M. Cormier and |.-P. Goddard

Recent advances in the field of radical organic chemistry involving single-electron trans-
fer (SET) are highlighted in this chapter. The focus is on processes between organic mol-
ecules and metal complexes that facilitate the creation of challenging covalent bonds. A
selection of oxidation and reduction reactions is reported, with special attention paid to
enantioselective reactions. Mechanistic discussions are also provided.

oxidation

S
0" - 0| = |0

reduction
R1 e //( ‘
v’ —[M]™*
Zz :| i

o+

"
SET

o

Keywords: radical chemistry - organic synthesis - oxidation - reduction - single-electron
transfer - metal complexes - enolate coupling - atom-transfer radical addition (ATRA) -
C—H oxidation - amination - fluorination - enantioselective reactions - hydrofunctional-
ization - aryl coupling - phosphorylation

p181 —
2.4 Redox-Active Ligands in Catalysis for Single-Electron-Transfer Processes
Y. Ren, A. Das, C. Hessin, and M. Desage-El Murr

Redox-active ligands are well known for their ability to stabilize electronic density on
their scaffolds, and coordination complexes with such ligands are often stable, open-shell
species. This property can be used as a means to favor single-electron transfer (SET) with
external sources and devise catalytic radical manifolds. This chapter highlights selected
representative reactions resulting in efficient and broad-scope catalytic methodologies.
It covers nitrene and carbene radical reactivity, as well as radical trifluoromethylation.

Mn+_|_red MM+ —LoX

Keywords: redox-active ligands - radicals - single-electron transfer - nitrenes - carbenes -
trifluoromethylation - aziridines - cyclopropanes - C—H functionalization - porphyrins -
transition-metal complexes
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2.5 Radical-Polar Crossover Reactions
F. Chemla and A. Pérez-Luna

Radical-polar crossover reactions, that is, single-electron redox events allowing for the
interconversion between radical and ionic intermediates, make it possible to connect rad-
ical and polar processes in the same synthetic transformation. Such a combination is the
basis of much original synthetic methodology, which is particularly useful in the context
of domino, tandem, or multicomponent reactions. This chapter comprehensively covers
the field of radical-polar crossover reactions, with a primary emphasis on transforma-
tions wherein both the radical and polar processes provide synthetic elaboration.

(A) radical-to-cation crossover

polar reaction
radical reaction + Nu~
R1 . —_— F{Z‘ —_— RZ R2 —Nu
_e
(B) radical-to-anion crossover
polar reaction
1 radical reaction > e > E* >
R —_— Re* —_— R —_— Rc—E
(C) anion-to-radical crossover
- anionic reaction - radical reaction
R _— R2 _— R2: - > R3-

Keywords: radical-polar crossover reactions - anionic reagents - carbocations - domino
reactions - multicomponent reactions - organometallic reagents - oxidation - photochem-
istry - radical addition - radical cyclization - radical reactions - radicals - reduction - tandem
reactions

p339 —
2.6 Generation of Carbon-Centered Radicals by Photochemical Methods
M. Fagnoni, D. Ravelli, and S. Protti

A selection of the recent literature describing the light-driven generation and subsequent
exploitation of carbon-centered radicals for synthetic purposes is presented in this chap-
ter. The aim is to showcase to organic (photo)chemistry practitioners the impressive po-
tential of photocatalytic and photochemical strategies in terms of versatility, efficiency,
and sustainability.

photoredox catalysis

hydrogen-atom transfer

R'X or R'H R"

carbon-centered radicals
homolytic cleavage for C—C and C—X
bond formation

remote activation

Keywords: C—C bond formation - photocatalysis - photochemistry - radical ions - radicals
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27 Radical Cascade Reactions
Z-Q. Liu

This chapter briefly summarizes the concept of radical cascade reactions (RCR). The chap-
ter is divided into two main parts, describing intramolecular and intermolecular radical
cascade reactions, which are further classified based on the six types of relay manner (in-
tramolecular RCR) and six commonly used relay molecules (intermolecular RCR), respec-
tively. This simple classification allows readers to understand this area easily and quickly.
Features of radical cascade reactions include step-economy and waste minimization,
which endow these radical cascades with a bright future.

relay by cyclization N E\/ .
o S Py
ol

X =CR';, O, NR!
relay by
hydrogen-atom transfer W
s - 5, -
X H X=H
1 o A
relay by 1,n-migration Ar X . X—-Ar
e iy n — e n

—> intramolecular RCR —

) . O
relay by ring opening .
- LA — R 1 ~_OM
M = Ti(III), Fe(II), etc.
relay by B-scission 707

T 2H7x
n

relay by

1
spin-center shift R O: r O>\ /
X

X = OH, CI, OCOR?

RCR —

relay by alkene N A
_eeybyakene SN2 e
relay by alkyne N A~
- - R'+ = — R
relay by isocyanide oS X 2
————  R" + C=N —_— H1/§N’R
R2
—> intermolecular RCR —
relay by CO VR
————— R" :+ CO - i
R1
relay by SO, \ V' O\\ //O
. >~
R + SO, R1—S
relay by O, A~ A 0.

R1' + 0=0 R — R1 O‘

Keywords: free radicals - radical cascade reactions (RCR) - domino reactions - synthetic
methods
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2.8 Selective Radical Fluorinations
T. G. Bolduc, B. Thomson, and G. M. Sammis

Fluorine atoms are found in numerous industrially relevant materials, including pharma-
ceuticals, agrochemicals, and plastics. In the pharmaceutical industry alone, more than
20% of all therapeutics and a majority of the top-grossing drugs contain fluorine. The
ubiquity of fluorinated compounds in industry has necessitated the development of new
methods for selective fluorination. Historically, selective fluorination has relied upon
electrophilic or nucleophilic processes. Recent breakthroughs in the discovery of mild
radical fluorine-transfer reagents have led to a renaissance in selective radical fluorina-
tions. This review provides a brief overview of the known fluorine-transfer reagents, in-
cluding molecular fluorine, hypofluorites, xenon difluoride, electrophilic N-F reagents,
and metal-F reagents. A survey of a range of radical fluorination reactions is covered, in-
cluding fluorodecarboxylation, fluorination of alkenes, fluorination of boronic acid deriv-
atives, C—H activation and fluorination, C—C activation and fluorination, deoxyfluorina-
tion, and halogen-exchange reactions. This review primarily focuses on advances in the
last ten years, with an emphasis on the most practical methods.

OH
0 . /<] or
R/ j})l\ OCs R R )
1-3
% C(sp® 3
deoxyfluorination (sp")—Clsp™)
activation/fluorination
R—BXp
fluorodecarboxylation fluorodeborylation
R—CO.H R—F or
R—BX3
C(sp®—H alkene

activation/fluorination fluorination

halogen exchange

R—Br or R—I

Keywords: selective radical fluorinations - fluorine-atom transfer - Selectfluor - N-fluoro-
benzenesulfonimide (NFSI) - fluorine - hypofluorites - xenon difluoride - metal fluorides -
fluorodecarboxylation - fluorination of alkenes - fluorodeborylation - C(sp®)—H fluorina-
tion - C(sp?)—H fluorination - C(sp®—C(sp®) activation and fluorination - deoxyfluorina-
tion - halogen exchange - photocatalysis - electrochemistry
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2.9 Electrochemical Organic Synthesis via Radical Species
K. Mitsudo and S. Suga

An electrochemical single-electron-transfer reaction is a promising method to generate
reactive radical species in organic synthesis. One-electron oxidation of a neutral com-
pound gives a radical cation, which usually breaks down into a radical and a cationic spe-
cies; conversely, one-electron reduction of a neutral compound affords a radical anion,
which forms a radical and an anionic species. The radical species generated in this way
can be used for a variety of transformations. In this chapter, selected recent electrochem-
ical transformations that involve electrogenerated radical species are collected and de-
scribed.

one-electron
oxidation

R1-X hstesn sl I R'-X |.+
—e \
—-X*
R a van_ety of
P organic
one-electron transformations
reduction
- - /
R-x ———  [R-x] “x-

Keywords: electrochemistry - electroorganic chemistry - radical species - single-electron-
transfer reaction - one-electron oxidation - one-electron reduction - electrochemical oxi-
dation - electrochemical reduction - nitrogen-centered radicals - sulfur-centered radicals -
carbon-centered radicals

p459 —
2.10 Radical Chemistry in Flow
S. Sumino, T. Fukuyama, and I. Ryu

The past two decades have witnessed a rapid growth in flow-based organic synthesis and
synthesis involving radical reactions in flow systems is no exception. Flow microreactors
have large surface-to-volume ratios that become available by the employment of tiny
channels, and this allows radical reactions to occur with efficient heat transfer and diffu-
sion. Flow photomicroreactors with thin, glass-made channels allow for efficient light
penetration, which enables highly efficient photo-radical reactions. This chapter high-
lights recent advances in both thermal and photo-induced radical reactions, which have
achieved increased efficiency by using flow reaction systems.

.
|a
' o

efficient radical reactions

/
‘

substrates |[——= products

flow microreactor
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Keywords: radical reaction - flow chemistry - microreactors - radical reduction - radical
cyclization - radical carbonylation - radical halogenation - radical C—H functionalization -
photo-radical reaction
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21 Radical-Radical Cross-Coupling Reactions
M. Zhou and T. Qin

Due to nearly diffusion-limited radical-radical coupling, synthetically useful, selective
radical-radical cross-coupling reactions remain challenging. However, different radical
lifetimes and various radical initiation approaches now provide the possibility for radi-
cal-radical cross-coupling. In this chapter, recent advances in radical-radical cross-cou-
pling reactions are described. In the first part, a basic kinetic phenomenon called the per-
sistent radical effect is briefly reviewed and explained. The remainder of the chapter pres-
ents a series of case studies, illustrating several types of radical-radical cross couplings in
a variety of disparate settings.

radical-radical cross coupling

persistent radical effect
or

|;(1 . |§(2 confined radicals R1_R2

Keywords: radical-radical cross coupling (RRCC) - persistent radicals - transient radicals -
persistent radical effect - single-electron transfer - C—C bond formation - metal-free cou-
pling - radical-metal crossover

p539 —
212 Asymmetric Catalysis of Radical Reactions
H. Subramanian and M. P. Sibi

Synthetic methodologies based on radical chemistry are efficient and powerful tools for
the construction of carbon-carbon and carbon-heteroatom bonds. This chapter high-
lights the significance of asymmetric catalysis in free-radical reactions. Several asymmet-
ric catalytic principles, ranging from early chiral Lewis acid and organocatalytic activa-
tion to recent photoredox and transition-metal-based asymmetric catalytic systems, are
discussed.

ph/\ Bu‘Ozchk toluene, rt, 36 h A,COzBu‘

88%; dr 24:1; 94% ee Ph J—

Keywords: asymmetric catalysis - radical reactions - chiral Lewis acids - hydrogen-atom
transfer - chiral aluminum Lewis acids - chiral Brensted acids - organocatalysis - photore-
dox catalysis - transition-metal catalysis - single-electron transfer - chiral porphyrins - chi-
ral N-heterocyclic carbenes
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213 Recent Developments in Reversible Deactivation Radical Polymerization
S. Yamago and Y. Lu

Recent developments in reversible deactivation radical polymerization, which is also
called controlled or living radical polymerization, are summarized in this chapter. In par-
ticular, this chapter focuses on (1) broadening the range of applicable monomers from
conjugated monomers to unconjugated monomers, (2) the expansion of the polymer
structure from linear polymers to highly branched polymers, and (3) the use of light, in
particular low-intensity and inexpensive visible light, to enable a higher degree of poly-
merization control under environmentally benign polymerization conditions.

hV .
P—X —_— P :> + monomer xxm:k £
(unconjugated) “» f’"‘g’*‘f X
N

dormant active

Keywords: reversible deactivation radical polymerization - living radical polymeriza-
tion - unconjugated monomers - highly branched polymers - hyperbranched polymers -
photoactivation - photoredox catalysts
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