




O
rg

an
o

m
e

ta
lli

cs
(V

o
ls

)
1

–
8

H
e

ta
re

n
e

s
(V

o
ls

)
9

–
1

7

9
.1

V
o

l.
9

9
1.

.1

9
1.

.1
.1

9
1.

.1
.1

.1

9
.2

O
rg

a
n

iz
a

ti
o

n
a

l S
tr

u
ct

u
re

o
f

S
ci

e
n

ce
o

f
S

y
n

th
e

si
s*

P
ro

d
u

ct
s

o
f

O
rg

a
n

ic
S

y
n

th
e

si
s

S
e

le
ct

e
d

P
ro

d
u

ct
s

a
n

d
R

e
a

ct
io

n
s

C
A

T
E

G
O

R
Y

P
R

O
D

U
C

T
C

L
A

S
S

V
O

L
U

M
E

P
R

O
D

U
C

T
S

U
B

C
L

A
S

S

M
E

T
H

O
D

V
A

R
IA

T
IO

N

…
e

tc
.

…
e

tc
.

…
e

tc
.

…
e

tc
.

…
e

tc
.

9
1.

.2

9
1.

.1
.2

9
1.

.1
.1

.2

4
/3

C
X

b
o

n
d

s
(V

o
ls

)
� 1

8
–

2
4

2
C

X
b

o
n

d
s

(V
o

ls
)

�

2
5

–
3

3

1
C

X
b

o
n

d
(V

o
ls

)
�

3
4

–
4

2

A
ll

C
b

o
n

d
s

(V
o

ls
)

4
3

–
8

4

V
o

l.
1

0

C
la

ss
if

ic
at

io
n

is
,

w
it

h
al

l
p

ro
d

u
ct

s
b

e
lo

n
g

in
g

to
o

n
e

o
f

si
x

b
ro

ad
-r

an
g

in
g

ca
te

g
o

ri
e

s.
A

ll
p

ro
d

u
ct

s
o

cc
u

p
y

a
st

ri
ct

h
ie

ra
rc

h
ic

al
p

o
si

ti
o

n
in

S
ci

e
n

ce
o

f
S

yn
th

e
si

s,
d

e
fi

n
e

d
ac

co
rd

in
g

to
th

e
cl

as
si

fi
ca

ti
o

n
p

ri
n

ci
-

p
le

s*
.

P
ro

d
u

ct
s

in
C

at
e

g
o

ri
e

s
3

–
6

ar
e

o
rg

an
iz

e
d

ac
co

rd
in

g
to

o
xi

d
at

io
n

st
at

e,
w

it
h

p
ro

d
u

ct
s

co
n

ta
in

in
g

th
e

g
re

at
e

st
n

u
m

b
e

r
o

f
ca

rb
o

n
–

h
e

te
ro

at
o

m
(C

X
)

o
r

C
C

-b
o

n
d

s
to

a
si

n
g

le
ca

rb
o

n
o

cc
u

p
yi

n
g

th
e

h
ig

h
e

st
p

o
si

ti
o

n
s

(e
.g

.,
ca

rb
o

xy
la

te
s,

e
n

o
la

te
s,

an
d

al
co

h
o

la
te

s
ar

e
co

ve
re

d
in

C
at

e
g

o
ri

e
s

3
,4

,a
n

d
5

,r
e

sp
e

ct
iv

e
ly

).

b
a

se
d

o
n

th
e

p
ro

d
u

ct

�
�

�

Ea
ch

ca
te

g
o

ry
is

su
b

d
iv

id
e

d
in

to
vo

lu
m

e
s

(s
e

e
o

p
p

o
si

n
g

p
ag

e
),

ea
ch

o
f

w
h

ic
h

is
d

e
vo

te
d

to
d

is
cr

e
te

g
ro

u
p

in
g

s
o

f
co

m
p

o
u

n
d

s
ca

lle
d

(e
.g

.,
“T

h
io

p
h

e
n

e
s”

is
P

ro
d

u
ct

C
la

ss
1

0
o

f
V

o
lu

m
e

9
).

P
ro

d
u

ct
cl

as
se

s
m

ay
b

e
fu

rt
h

e
r

su
b

d
iv

id
e

d
in

to
,

(e
.g

.,
“T

h
io

p
h

e
n

e
1

,1
-D

io
xi

d
e

s”
is

P
ro

d
u

ct
S

u
b

cl
as

s
3

o
f

P
ro

d
u

ct
C

la
ss

1
0

o
f

V
o

lu
m

e
9

).
C

o
n

se
q

u
e

n
tl

y,
th

e
re

la
ti

o
n

sh
ip

b
e

tw
e

e
n

h
ea

d
in

g
n

am
e

an
d

h
ea

d
in

g
n

u
m

b
e

r
va

ri
e

s
b

e
lo

w
p

ro
d

u
ct

cl
as

s
le

ve
lw

it
h

in
in

d
iv

id
u

al
vo

lu
m

e
s.

p
ro

d
u

ct
cl

a
ss

e
s

p
ro

d
u

ct
su

b
cl

a
ss

e
s

Fo
r

ea
ch

p
ro

d
u

ct
cl

as
s

o
r

su
b

cl
as

s,
a

n
u

m
b

e
r

o
f

m
e

th
o

d
s

ar
e

d
e

sc
ri

b
e

d
fo

r
sy

n
th

e
si

zi
n

g
th

e
g

e
n

e
ra

l
p

ro
d

u
ct

ty
p

e.
O

ft
e

n
th

e
re

ar
e

va
ri

at
io

n
s

o
n

a
m

e
th

o
d

g
iv

e
n

.
B

o
th

m
e

th
o

d
s

an
d

va
ri

at
io

n
s

co
n

ta
in

e
xp

e
ri

m
e

n
ta

l
p

ro
ce

d
u

re
s

w
it

h
re

le
va

n
t

b
ac

kg
ro

u
n

d
in

fo
rm

at
io

n
an

d
lit

e
ra

tu
re

re
fe

re
n

ce
s.

d
is

p
la

y
th

e
sc

o
p

e
an

d
lim

it
at

io
n

s
o

f
th

e
m

e
th

o
d

s.

S
e

le
ct

e
d

p
ro

d
u

ct
s

a
n

d
re

a
ct

io
n

s

*
A

co
m

p
le

te
d

e
sc

ri
p

ti
o

n
o

f
th

e
fu

ll
cl

as
si

fi
ca

ti
o

n
p

ri
n

ci
p

le
s

ca
n

b
e

fo
u

n
d

in
th

e
S

ci
e

n
ce

o
f

S
y

n
th

e
si

s
G

u
id

e
b

o
o

k
.

1 2 3 4 5 6



*
D

e
ta

ile
d

lis
ti

n
g

s
o

fp
ro

d
u

ct
cl

as
se

s
an

d
su

b
cl

as
se

s,
m

e
th

o
d

s,
an

d
va

ri
at

io
n

s
ca

n
b

e
fo

u
n

d
in

th
e

se
ct

io
n

s
o

fe
ve

ry
vo

lu
m

e.
T

a
b

le
o

f
C

o
n

te
n

ts

C
A

TE
G

O
R

Y
U

P
D

A
TE

D
V

O
LU

M
ES

O
rg

an
o

m
e

ta
lli

cs
(V

o
ls

)
1

–
8

1
1

2
3

4
5

6
7

8a
8b

2
H

e
ta

re
n

e
s

(V
o

ls
)

9
–

1
7

9
10

11
12

13
14

15
16

17

4
/3

 C
X

 b
o

n
d

s
(V

o
ls

)
�

1
8

–
2

4
3

18
19

20
a

20
b

21
22

23
24

2
 C

X
 b

o
n

d
s

(V
o

ls
)

�

2
5

–
3

3
4

25
26

27
28

29
30

31
a

31
b

32
33

1
 C

X
 b

o
n

d
(V

o
ls

)
�

3
4

–
4

2
5

34
35

36
37

38
39

40
a

40
b

41
42

A
ll 

C
 b

o
n

d
s

(V
o

ls
)

4
3

–
8

4
6

43
44

45
a

45
b

46
47

a
47

b
48

4
C

om
po

un
ds

of
G

ro
up

15
(A

s,
Sb

,B
i)

an
d

Si
lic

on
C

om
po

un
ds

18
Fo

ur
C

ar
bo

n—
H

et
er

oa
to

m
Bo

nd
s:

X
—

C
”

X
,X
=

C
=

X
,X

2C
=

X
,C

X
4

33
En

e—
X

C
om

po
un

ds
(X

=
S,

Se
,T

e,
N

,P
)

37
Et

he
rs



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



Science of Synthesis

Editorial Board A. Fuerstner (Editor-in-Chief )

E. M. Carreira
M. Faul
S. Kobayashi
G. Koch

G. A. Molander
C. Nevado
B. M. Trost
S.-L. You

Managing Editor M. F. Shortt de Hernandez

Deputy
Managing Editor

K. M. Muirhead-Hofmann

Senior
Scientific Editors

T. B. Reeve
A. G. Russell

Scientific Editors M. J. White
F. Wuggenig

Assistant
Scientific Editor

V. S. Rawat

Georg Thieme Verlag KG
Stuttgart · New York



Science of Synthesis

Knowledge Updates 2018/4

Volume Editors K. Banert (Vol. 18)
P. A. Clarke (Vol. 37)
J. Drabowicz (Vol. 33)
M. Oestreich (Vol. 4)

Responsible
Members of the
Editorial Board

G. A. Molander (Vol. 33)
E. Schaumann (Vol. 18)
E. J. Thomas (Vol. 37)
B. M. Trost (Vol. 4)

Authors E. Benoit
J. A. Bull
R. A. Croft
A. Gagnon
R. Kawęcki
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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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2018 p 1
4.3.15 Bismuth Compounds

A. Gagnon, E. Benoit, and A. Le Roch

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for the synthesis of organobismuth compounds and their use in organic synthesis. Or-
ganobismuth compounds are organometallic species that contain a carbon-bismuth
bond. These species have been used as catalysts and reagents in various reactions that
lead to the formation of carbon-carbon, carbon-nitrogen, carbon-oxygen, carbon-sul-
fur, and carbon-selenium bonds.

MgBr
EtO

OEt

BiCl3, THF

−10 oC to rt; then reflux

89% Bi

EtO OEt

OEt

OEt

EtO

OEt

Keywords: arylation · bismuth compounds · carbon-metal bonds · copper catalysts ·
cross-coupling reactions · heterocycles · organometallic reagents · palladium catalysts ·
transition metals

2018 p 113
18.6.12 Acyclic and Cyclic Carbamic Acids and Esters, and Their Sulfur, Selenium,

Tellurium, and Phosphorus Analogues
J. Podlech

This chapter is an update to the earlier Science of Synthesis contribution on the preparation
of acyclic and cyclic carbamates, thiocarbamates, selenocarbamates, tellurocarbamates,
and phosphinecarboxylates, as well on their applications in organic synthesis. It focuses
on the literature published in the period 2013–2017.

N
H

O

OBu
PhBr

O O

NH OK (10 mol%)

90%

CuI (10 mol%), 100−110 oC
KOCN BuOH+ + Ph

Keywords: carbamates · isocyanates · isothiocyanates · oxazinones · oxazolidinones ·
phosphorus compounds · selenium compounds · tellurium compounds · thiazines ·
thiazolidines · thiocarbamates

2018 Updated Section • 2018 Completely Revised Contributions • New New Contributions
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2018 p 209
18.15.8 Tetraheterosubstituted Methanes with a Carbon-Halogen Bond

M. Kleoff, K. Omoregbee, and R. Zimmer

In this chapter, recent methods for the preparation and elaboration of various substituted
halomethanes are summarized. In addition to updates on classical methods, recently de-
veloped procedures employing new fluorinating agents, such as Togni’s reagents, are
also presented. These methods are also put in the context of the synthesis of biologically
active compounds.

reagents

OI
F3C

reagents =

OI
F3C

O TMSCF3
S

CF3
BF4

X = O, S, Se, Te, N, P

X
HR1

X
CF3R1

Keywords: trifluoromethylation · trifluoromethylsulfanylation · Togni’s reagents ·
Selectfluor · tetrahalomethanes · Umemoto’s reagent · Ruppert–Prakash reagent ·
PhenoFluor · trifluoromethylselanylation

2018 p 241
33.1.1.2 Alk-1-enesulfonic Acids and Derivatives

R. Kawęcki

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for the preparation of alk-1-enesulfonic acids and derivatives and their application
in synthesis. This update focuses on methods published since 2004.

S
XR2

R1

R3

O O

aldol reaction

Horner−Wadsworth−Emmons

ring-closing metathesis

Pd-catalyzed alkenylation

oxidation

Michael reaction

radical addition

Baylis−Hillman reaction

1,3-dipolar cycloaddition

Diels−Alder reaction

SYNTHESIS APPLICATIONS

X = OR4, NR4
2, halogen

Keywords: sulfonic esters · sulfonates · sulfonic acid amides · sulfonamides · sulfonic
acid chlorides · sulfonyl chlorides · vinyl compounds

2018 Updated Section • 2018 Completely Revised Contributions • New New Contributions
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2018 p 271
33.1.2.2 Alk-1-enyl Sulfones

R. Kawęcki

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for the preparation of alk-1-enyl sulfones. This update focuses on methods published
since 2004.

S
R4R2

R1

R3

O OSYNTHESIS

Keywords: sulfones · sulfonyl compounds · allenyl compounds · vinyl compounds ·
sulfonylation · sulfonyl carbanions · oxidation

2018 p 337
33.1.3.2 S-Alk-1-enylsulfoximides

R. Kawęcki

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for the preparation of alk-1-enylsulfoximides. This update focuses on methods pub-
lished since 2004. It also covers the application of alk-1-enylsulfoximides in organic syn-
thesis.

S
R4R2

R1

R3

O N R5SYNTHESIS APPLICATIONS

Keywords: sulfoximides · vinyl compounds · imination · Michael addition · furans

2018 p 351
33.1.4.2 Alk-1-enesulfinic Acids and Derivatives

R. Kawęcki

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for the preparation of alk-1-enesulfinates and alk-1-enesulfinamides and their appli-
cations in organic synthesis. This update focuses on methods published since 2004.

R2
S

X

R1

R3

O alkylation

Diels−Alder reaction

tert-butyl sulfoxides

bromination

SYNTHESIS APPLICATIONS

X = OR4, NR4
2

Keywords: sulfinates · sulfinic acid amides · sulfinamides · sulfinyl compounds · vinyl
compounds · sulfoxides · sulfones

2018 Updated Section • 2018 Completely Revised Contributions • New New Contributions
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2018 p 355
33.1.5.2 Alk-1-enyl Sulfoxides, Sulfimides, and Related Compounds

R. Kawęcki

This chapter is an update to the earlier Science of Synthesis contribution describing meth-
ods for preparation of alk-1-enyl sulfoxides and sulfimides. It focuses on methods pub-
lished since 2004.
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37.3 Oxetanes and Oxetan-3-ones

R. A. Croft and J. A. Bull

This is a completely revised chapter on the synthesis of oxetanes and oxetan-3-ones, cov-
ering the literature up to early 2018. The last 10 years has seen many new approaches to
the synthesis of oxetanes, prompted by increased interest in the use of oxetane deriva-
tives in medicinal chemistry. Developments include cyclization methods for ring forma-
tion, as well as functionalization of oxetane-containing building blocks.

O

HO X

O
+

O

S
Me

I−

OH

OH

EWG O
X

O
+

O

X

O

O

Me

Me

Keywords: oxetanes · oxetanones · oxygen heterocycles · cyclization · Williamson ether
synthesis · Patern+–B#chi photocycloaddition · carbon-oxygen bonds · four-membered
rings · carbon-oxygen bond formation · carbon-carbon bond formation

2018 Updated Section • 2018 Completely Revised Contributions • New New Contributions



XI

Science of Synthesis
Knowledge Updates 2018/4

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V

Abstracts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

4.3.15 Bismuth Compounds (Update 2018)
A. Gagnon, E. Benoit, and A. Le Roch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

18.6.12 Acyclic and Cyclic Carbamic Acids and Esters, and Their Sulfur, Selenium,
Tellurium, and Phosphorus Analogues (Update 2018)
J. Podlech . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

18.15.8 Tetraheterosubstituted Methanes with a Carbon-Halogen Bond (Update
2018)
M. Kleoff, K. Omoregbee, and R. Zimmer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

33.1.1.2 Alk-1-enesulfonic Acids and Derivatives (Update 2018)
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R. Kawęcki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

33.1.5.2 Alk-1-enyl Sulfoxides, Sulfimides, and Related Compounds (Update 2018)
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33.1.4.2 Alk-1-enesulfinic Acids and Derivatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

33.1.4.2.1 Synthesis of Alk-1-enesulfinic Acids and Derivatives . . . . . . . . . . . . . . . . . . . . . . . . . 351

33.1.4.2.1.1 Method 1: Bromination of tert-Butyl Sulfoxides with
N-Bromosuccinimide Followed by Esterification . . . . . . . . . . . . . 351

2018 Updated Section • 2018 Completely Revised Contributions • New New Contributions



XXIV Table of Contents

33.1.4.2.2 Applications of Alk-1-enesulfinic Acids and Derivatives in Organic Synthesis . . 352

33.1.4.2.2.1 Method 1: Synthesis of 1-Sulfonyl-1,3-dienes . . . . . . . . . . . . . . . . . . . . . . . . . . 352

33.1.4.2.2.2 Method 2: Diels–Alder Reaction of Alk-1-enesulfinates . . . . . . . . . . . . . . . . . 353

33.1.5.2 2018Alk-1-enyl Sulfoxides, Sulfimides, and Related Compounds
R. Kawęcki
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