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Series Preface

NEW DIRECTIONS IN ORGANIC AND BIOLOGICAL CHEMISTRY

Organic and biological chemistry forms a major division of chemistry research and
continues to develop rapidly, with new avenues of research opening up in parallel
with exciting progress in existing activities. This book series encompasses cutting-
edge research across the entire field, including important developments in both new
and fundamental aspects of the discipline. It covers all aspects of organic and bio-
logical chemistry. The series is designed to be very wide in scope and provides a
vehicle for the publication of edited review volumes, monographs, and “How to”
manuals of experimental practice.
Examples of topic areas would include

Synthetic chemistry

Natural products chemistry

Materials chemistry

Supramolecular chemistry

Electrochemistry

Organometallic chemistry

Green chemistry, including catalysis and biocatalysis

Polymer chemistry

Protein—protein, protein-DNA, protein-lipid, and protein—carbohydrate
interactions

Enzyme/protein mechanism, including cofactor—protein interactions and
mechanisms of action

Pathways in cofactor (including metal) homeostasis

Synthetic biology—the engineering of natural systems toward novel functions

Development of physical methods and tools, for example, new spectroscopic
methods, imaging techniques, and tools

The volumes highlight the strengths and weaknesses of each topic and emphasize
the latest developments emerging from current and recent research. The series is of
primary interest to academic and industrial chemists involved broadly in organic,
materials, biological, and medicinal chemistry. It is also intended to provide research
students with clear and accessible books covering different aspects of the field.

Philip C. Bulman Page, DSc, FRSC, CChem

Series Editor
School of Chemistry, University of East Anglia, Norwich, UK
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Preface

Carbocation chemistry is one of the most important fields of organic chemistry. Yet,
counter intuitively, the field is not represented by the number of books published.
Indeed, the last book on carbocation chemistry was published a decade ago and the
materials were mostly geared toward specialists in the field.

This book, in contrast, is written by and for synthetic chemists, who are more
interested in how to apply carbocation chemistry in synthesis.

To that end, Chapter 1 summarizes the advancement of our understanding of the
mechanisms of carbocation chemistry during the last decade. Chapters 2 and 3 cover
the Syl and Sy2 reactions, respectively. The implication of carbocation intermedi-
ates for the Sy1 reactions is universal, the connection between carbocation interme-
diates and S\2 reactions is somewhat less rigorous. Chapter 4 covers electrophilic
addition to alkenes, and Chapter 5 covers electrophilic aromatic substitution, both of
which are critical to our learning of the fundamentals of organic chemistry. Last but
not least, Chapter 6 entails fragmentation and rearrangement reactions, which have
historically shed much light on the mechanisms of carbocation chemistry and are
now important to synthesis as well. I want to thank all the authors who painstakingly
contributed to this manuscript. I am also indebted to John Hendrix for proofreading
my chapters.

As a consequence, this book is not just for chemists whose expertise is carboca-
tion chemistry. The experts could learn a thing or two from the advancement of
carbocation chemistry in the last decade. More than that, any practitioner in organic
synthesis will find this manuscript helpful in gauging the literature of the last decade.
Therefore, this book is useful to senior undergraduate students, graduate students,
professors teaching organic chemistry, and researchers in pharmaceutical and chem-
ical companies.

Jie Jack Li
San Francisco
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’I Introduction

Jie Jack Li
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RELEIEIICES ... .ottt st 29
1.1 NOMENCLATURE, STRUCTURE, AND STABILITY

In sophomore organic chemistry, we learned that many organic compounds bear posi-
tive charges. For instance, bromonium ion was invoked as the putative intermediate
when explaining the mechanism of electrophilic addition of bromine to alkenes. In
1985, Brown at Alberta isolated and determined the crystal structure of the bromonium
ion 2 during the course of electrophilic bromination of adamantylideneadamantane (1).!

BrDBr BrO ®
ot & 3 gy

1 2



2 Carbocation Chemistry

Other positive species in organic chemistry include mercurinium ion (3),
hydronium ion (4), ammonium ion (5), nitronium ion (6), sulfonium ion (7), and
phosphonium ion (8), just to name a few.

OAc
|
Hg® H
H, 7\ .CHs P l®
AN SO N
H H H \H
Mercuriniumion (3)  Hydronium ion (4) Ammonium ion (5)
CH, A
C) | )
0=N=0 s@ P Ph
e ~, /
H,C™ "CHy " Sph
Nitronium ion (6) Sulfonium ion (7) Phosphonium ion (8)

But none of the aforementioned -nium ions are as prevalent as carbonium ions.
After all, organic chemistry is the study of carbon-containing compounds. As time
passes, the term carbonium ions have been largely replaced by the more popular
term, carbocations. This was probably inevitable since carbocation is one word and
carbonium ion are two!

As a matter of fact, initially proposed by Olah? and later accepted by the TUPAC
(International Union of Pure and Applied Chemistry), the term carbocation encom-
passes two species, one is the carbenium ion, which represents the “classical” tri-
valent ions with CH3® as the parent, and the other is the carbonium ion, which
represents the “nonclassical” penta- (or higher) coordinate ions with CH;® as the
parent.

This book titled Carbocation Chemistry will cover both carbonium ions and
carbenium ions. And in this chapter, carbocation and carbenium ion are used inter-
changeably because nearly all of the carbocations mentioned here are carbenium
ions.

Carbocations depicted below as 9, with a cation on the carbon atom, is one of
the important reaction intermediates in organic chemistry. The other intermediates
include carbanions (10), radicals (11), carbenes (12), etc. For a trivalent carbocation,
it is sp? hybridized with a geometry of trigonal planar and all three bond angles are
120°.

R! R R! R!
le lo L. Y.
RZ/ R2 RZ/ R2 R2/ R2 RZ/ °
Carbocation (9) Carbanion (10) Free radical (11) Carbene (12)

The stability of a carbocation is determined by its structure: the more alkyl sub-
stituents, the more stable. For tertiary (3°), secondary (2°), primary (1°), and methyl
carbocations, their corresponding stability may be explained using the concept of
hyperconjugation, which refers to the donation of a pair of bonding electrons into an
unfilled or partially filled orbital. As depicted by ethyl cation (13), the two bonding



Introduction 3

electrons of the C—H ¢-bond adjacent to the carbocation may donate part of its elec-
tron cloud to the carbocation’s empty p orbital. As a consequence, cation 13 is more
stabilized than it would if the oo C—H bond did not exist. In all, ethyl cation 13 has
three o C—H bonds, thus three hyperconjugations (a short hand to describe three pos-
sibilities of having hyperconjugation).

13

As clearly depicted below, t-butyl cation (14) as a representative of tertiary (3°)
carbocations possesses nine o. C—H bonds, therefore it has nine hyperconjugations.
Meanwhile, isopropyl cation (15) as a representative of secondary (2°) carbocations
possesses six oo C—H bonds, therefore it has six hyperconjugations. In the same vein,
primary (1°) cation 16 has three hyperconjugations and the methyl cation (17) has
none. We can thus conclude that tertiary (3°) carbocations are the most stable in
this series, followed by secondary (2°), primary (1°), and methyl carbocations. The
stability of cations decreases in this sequence from the left to the right. This trend is,
not surprisingly, consistent with experimental data generated from their dissociation
energies in the gas phase.’

H H
H \\/H H \\/H H
| @ H

® ® H C

H ¢ H . H ¢ ~y > “H > C|®
H H-  NH
H H H H
H H H

3° Carbocation (14) 2°(15) 1°(16) Methyl cation (17)

In addition to evoking the concept of hyperconjugation, the stability of carboca-
tions may be explained using the concept of inductive effects. The carbon atom is
more electronegative than the hydrogen atom with electronegativity values of 2.55
and 2.20, respectively. Therefore, the methyl group is considered electron donating.
The #-butyl cation (14) has three electron-donating methyl groups; isopropyl cat-
ion (15) has two electron-donating methyl groups; ethyl cation 16 has one electron-
donating methyl group; and methyl cation (17) has none. The more electron-donating
groups a carbocation has, the more stable it is. As a consequence, the same trend of
stability can be arrived at: (14) > (15) > (16) > (17).

H
HTLH
\\/ CH, T H
® l® c® lo

C
H” SH

3° Carbocation (14) 2°(15) 1°(16) Methyl cation (17)
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However, hyperconjugation/inductive effect is not the only force playing here in
determining the stability of carbocations. The other factor is resonance as in reso-
nance structures. For instance, the dissociation energies in kJ/mol for generating the
following cations in gas phase are listed below.*

®
® ®
CH, CH, ®
D e
)
18 19 20 21 22
996 1030 1070 1200 1230 kJ/mol

Since a lower dissociation energy correlates to a more stable cation, benzyl cat-
ion (18) is more stable than cyclopentyl cation (19). This coincides with the number
of resonance structures that we can draw: five for benzyl cation (18) and three for
cyclopentyl cation (19). The allylic cation (20) is the least stable of the trio because
it only has two resonance structures. There is no additional resonance structure for
both ethylene cation (21) and benzene cation (22).

® @ @
A SO
® ®
18-2 18-2 18-3 18-4 18-5

B~ 8 - O

19-1 19-2 19-3
® =
0 — F
©)
20-1 20-2
®
CH, @
e @f i
14 18 20
970 996 1070 kJ/mol

According to the dissociation energies in gas phase shown below,>* the stability
of the #-butyl cation (14) is greater than those of benzyl cation (18) and allylic cation
(20). This is probably the interplay among all three factors including resonance,
hyperconjugation, and inductive effects, especially the electron-donating effect of
the three methyl groups.
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1.2 GENERATION OF CARBOCATIONS

One of the popular methods of generating carbocations is acidic dehydration of
secondary or tertiary alcohols. When colorless triphenylmethanol (21) was treated
with concentrated sulfuric acid, a deep yellow solution of triphenylmethyl cation
(trityl, 22) was obtained.’ As a matter of fact, that was how one of the first carboca-
tions, trityl cation (22), was discovered by Norris® in 1901.

Conc H,SO,
OH

Triphenylmethanol (21) Trityl cation (22)

Under the influence of a strong protic acid, trifluoroacetic acid (TFA), secondary
alcohol 23 readily dehydrates to form a secondary carbocation 24.6

O OH O ® H
H CF43CO,H
999 L)
23 24

Dehydration of primary alcohols using strong acids to generate carbocations is
complicated and beyond the scope of this chapter.

The second popular method of generating carbocations is through removal of an
energy-poor anion from a neutral precursor using Lewis acids. For instance, tertiary
chloride 25 was converted to tertiary carbocation 26 in the presence of Lewis acid
pentafluoroantimony.” The concept can be extended. Chloride on 25 can be all the
halogens and the methoxyl group and the Lewis acids could be AICl;, BF;, ZnCl,,
TiCl,, SnCl,, SnCls, etc. for generating tertiary carbocation 26.

SbFs
©]
4 SO,CIF
25 26

The third method of generating carbocations is the addition of electrophiles such
as a proton to the m-systems such as double or triple bonds (C=C, C=0, C=N, etc.).
As shown below, protonation of olefin 27 in strongly acidic condition would give rise
to tertiary carbocation 28 as the intermediate. For example, 2,4-dimethylpent-1-ene
(29) as a branched olefin undergoes a proton exchange in 73% H,SO, to generate
tertiary carbocation 30.3
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R R H @ R R
— "
R R R R
27 28
[©)
)\/k H " \)Q/k
29 30

The fourth category of generating carbocations is hydride abstraction from neutral
precursors to give stable carbocation. In one example, the stable cation 1,1-dimethy-
1H-azulenium cation (32) was obtained when 1,1-dimethyl-1,4-dihydroazulene (31)
was treated with trityl perchlorate (Ph;C® C10,®) in acetonitrile. The Lewis acid
used here is trityl perchlorate, but other Lewis acids such as trityl borontetrafluo-
ride, borontrifluoride, and phosphorus pentachloride may be used for the purpose of
hydride abstraction.

H

H

@ S
Ph,C” ClO,
B ———— e
‘ CH,CN, 0°C ‘e‘

60%

31 32

Finally, carbocations can be generated through the Syl or the E1 mechanisms,
which will be the subjects of the later sections in this chapter.

1.3 THE NONCLASSICAL ION CONTROVERSY

The nonclassical ion controversy which took place during the second half of the last
century was one of the more acrimonious and colorful events for organic chemistry.
Despite hurt pride and feelings for the adversaries involved, organic chemistry is
richer and we now have a better understanding of carbocations than arguably all
other species.

The story goes back to the Wagner—Meerwein rearrangement (see also
Section 7.6) where 2-norbornyl cation (21) was proposed as the intermediate. Since
1949, Winstein at UCLA (University of California, Los Angeles) investigated the
solvolysis of exo-2-norbornyl brosylate (22) and its isomer endo-2-norbornyl bro-
sylate (227).-'2 Brosylate is an analog of tosylate where the methyl group on the
phenylsulfone is replaced by bromine. Winstein et al. observed that the reaction rate
of solvolysis in acetic acid of the exo-isomer 22 was 350 times faster than that of the
endo-isomer 22”. Winstein proposed the reaction’s cationic intermediate was, instead
21, an o-delocalized, symmetrically bridged norbornyl ion 23. This “nonclassical”
2-norbornyl cation 23, where two electrons delocalized over three carbon atoms,
deviated from the accepted classical cation structure proposed by Meerwein as 21,
where the positive charge was considered to be localized on a single atom. It helped
to explain that in the exo-isomer 22, electrons from a C—C single bond near the
brosylate help push off the leaving group, accelerating the reaction with the benefit
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of heightened levels of anchimeric assistance. But the geometry of the endo-isomer
did not allow the anchimeric assistance by the two electrons on 22’, therefore it had
a slower reaction.

Brown: Winstein:
Ab A [& Lb o8 — /3 --'
Equilibrating classical Nonclassical
carbonium ion 21 22 carbonium ion 23
H 22
OBs

In addition, regardless of which isomer (endo/exo) is utilized as the reactant, the
exo-acetate is produced exclusively. Finally, optically active exo-starting materials
react to give complete racemization, providing a 1:2 mixture of 24 and 25. These
data can be sufficiently explained through the intermediacy of a symmetrical and
achiral structure 23.9-12

AcOH T/ Ej \'ﬂb
OBs ——> &
A 75°C ®
H
22 23 \

24 H

Brown at Purdue was the future Nobel Laureate in chemistry in 1979 for organo-
boron chemistry. In the 1950s, he strongly disagreed with the existence of the “non-
classical” ion intermediate. He insisted on a rapid equilibrium between the two
classical carbocation forms facilitated via the Wagner—Meerwein rearrangement.'>14
The exo- and endo-rate ratios were attributed to steric effects, as strain caused
endo-isomers to exhibit more hindrance to ionization. Finally, Brown criticized the
bridged intermediate model for not providing sufficient electrons for all bonds.

The controversy became increasing vitriolic and personal. In 1954, Brown
referred to Winstein as spicy peppers by writing “The Southwest must have a similar
effect on the fauna of the region.”’> Winstein was less subtle, in reference to Brown
in 1969, he said “That man is nothing but a shyster of a lawyer.”

In 1983, Olah, Saunders, and Schleyer were able to identify the intermediate as
indeed the methylene-bridged nonclassical carbonium form of the norbornyl cation
at low temperature. This was demonstrated through extensive spectroscopic analy-
sis, including 'H- and *C-NMR, Raman, ESCA (electron spectroscopy for chemical
analysis), and further physical and kinetic studies.!” Olah went on to win the 1994
Nobel Prize in chemistry for “his contributions to carbocation chemistry.”

In 2013, Schleyer and colleagues obtained the long-sought x-ray crystallographic
proof of the bridged nonclassical geometry of the 2-norbornyl carbonium ion 23 salt.'®
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The salt crystals were obtained by reacting norbornyl bromide with aluminum tri-
bromide in CH,B, at 86 K and then crystallization took place at 40 K.
Other important nonclassical ions are 26-29."°

1.4 ELECTROPHILIC ADDITION TO ALKENES

We know more about nucleophilic aliphatic substitution than nearly all other classes
of organic reactions. Ingold in 1928 defined Sy2 reaction as substitution nucleo-
philic bimolecular and Syl reaction as substitution nucleophilic unimolecular.?
This section will focus on nucleophilic substitution, unimolecular (Sy1)*' because
the mechanism involves a formal carbocation intermediate. Nucleophilic substitu-
tion, bimolecular (Sy2) will be mentioned briefly because the reaction mechanism
involves only partially charged carbocation as the intermediate.

In the 1930s, Hughes and Ingold proposed the “classic” mechanism for the Sy1
reaction where a formal carbocation is the intermediate.?? In a typical Sy1 reaction,
(R)-3-chloro-3-methylheptane (30) has a tertiary carbon at its reaction center thus
inversion of configuration is completely out of question due to its steric hindrance.
Instead, substrate 30 dissociates heterolytically to produce the chloride and carboca-
tion 31 as the reaction intermediate. This step is slow and the rate-determining step
(RDS). As aresult, the reaction rate is proportional to sole the concentration of sub-
strate 30. Intermediate 31 is of sp? hybridization and trigonal planar configuration. A
nucleophile (often a weak nucleophile) such as water may attack 31 from either side,
giving rise to 32 as two possible enantiomers. Deprotonation of 32 then affords the
final Sy1 product 32 as a mixture of two possible enantiomers.

Me H\ Me CI © /H
Slow 0O !O\
By RDS 3
u =
Et Bu™ Et
Stepwise
30 31
a® Y Me Me
. @/\O = HO +HCl
H “Bu ‘Bu
Et Et
A mixture of enantiomers
32 33

In the 1950s, Winstein et al.>>?* discovered that the real Syl mechanism is
more complex than the Hughes—Ingold mechanism shown above. They observed
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significant solvent effects during solvolysis of neutral substrates. It turns out that
for substrate 34 to convert to a “free” carbocation 37, 34 needs to form an “intimate
ion pair” (IIP, 35) first, which is the RDS. Intimate ion pair 35 is then transformed
to a discreet intermediate 36 as a “solvent-separated ion pair” (SSIP). Since then
on, more refined mechanisms have been proposed,? but the Winstein’s mechanism
seems to have withheld the test of time.

R @ R®//x° R® + X°

34 35 (IIP) 36 (SSIP) 37 38

R-X ==

Because the generation of carbocation as the reaction intermediate is the slow-
est step, the reactivity of the Sy1 reaction depends on the structure of the substrate.
The more stable the carbocation intermediate, the faster the Sy1 reaction is. In case
of haloalkanes, the rate of Syl reaction is fastest for the tertiary halogen, followed
by secondary and primary halides. Methyl halides are the slowest. In fact, primary
halides do not undergo through the Sy 1 mechanism unless the substrate is a benzylic
halide or a vinylic halide.

R,CX > R,CHX > RCH,X > CH,X

As far as the leaving group is concerned, as a rule of thumb, when all else is
equal, a positively charged species is a better leaving group and a neutral species is a
better leaving group than a negatively charged species. For instance, H,O is a better
leaving group than a HO® group. For halides, I© is the best leaving group because it
has the largest size and the C-I is the easiest to break. Thus

1° > Br® > CI° > F®

This section is divided into five subsections: addition of hydrohalides and acetic
acid, hydration, addition of halogens, hydroboration, and oxymercuration.

1.4.1 AppiTiIoN oF HYDROHALIDES AND ACETIC ACID

The mechanism of electrophilic addition to alkenes is shown below. Protonation of
alkene 39 affords a carbocation intermediate 40, which then captures a nucleophile
to afford adduct 41. The regiochemistry follows the Markovnikov rule because car-
bocation intermediate 40 is more stable than the intermediate formed when a proton
is added to the less substituted carbon on the double bond.

HC} e}

HﬁQ %H“/@ s

39 40 41

The aforementioned mechanism is also known as the Adg2 mechanism—
addition-electrophilic bimolecular.?® This reaction can be viewed as the reverse of
the El reaction of 41, which provide olefin 39 by eliminating HX, also via the inter-
mediacy of 40.
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While the Adg2 mechanism readily explain the electrophilic addition to alkenes in
polar solvents, the Ad.3 (addition-electrophilic termolecular) mechanism?’ must be
invoked when the electrophilic addition to alkenes takes place in nonpolar solvents.
Under such circumstances, there is no distinctive carbocation intermediate: rather the
reaction goes through a “concerted” mechanism with transition state 42. This mecha-
nism could be viewed as the reverse of the E2 mechanism from 41 to give olefin 39.

39 42 41

The regiochemical outcome for the electrophilic addition of hydrohalides to ole-
fins is more conspicuous if it is done using a cyclic olefin 43. Treatment of 43 gave
predominantly bromide 45.?7 Evidently carbocation 44 is the major intermediate
because it is more stable.

HBr SN Br
©Br
H H

42 43 44

For alkynes, electrophilic addition works similarly except the intermediate is a
vinylic cation in place of alkyl cation 40.

Addition of acetic acid follows the same mechanism and stereochemical outcome
as those for hydrohalides.

1.4.2 HYDRATION

The acid-catalyzed hydration of olefins gives rise to alcohols whereas hydration of
alkynes gives rise to ketones.

In the presence of a catalytic amount of protic acid HX, hydration of olefin 39
begins with its protonation to afford carbocation intermediate 40. This step is slow,
thus the RDS. The combination of 40 with water as a weak nucleophile produces
adduct 45, which delivers the final product as alcohol 46 upon losing a proton. The
last step for deprotonation—protonation is reversible. The regiochemistry follows the
Markovnikov rule.

HX
: (E H "9 H H
H ®
RDS
39 40 45 46

For hydration of terminal alkyne 47, protonation with catalytic protic acid HX
affords vinylic carbocation intermediate 48. Similar to that of an alkene substrate, this
step is also slow and the RDS. Combination with weak nucleophile water produces
intermediate 49, which readily loses a proton to afford enol 50. Tautomerization of
enol 50 takes place promptly to deliver the more stable tautomer ketone 51. The regio-
chemistry generally follows the Markovnikov rule. Modern methodology affords
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many conditions that render functionalization of terminal alkenes and alkynes with
anti-Markovnikov regiochemical outcome as well.?®

H X H0

\ @

( Slow ® H H,0 H

R—=-H RDS R/ —g > =
48

R H
47

HO H 0] H
. Y—( — N—¢H
R H R H
50 51

1.4.3 AbDITION OF HALOGENS

As we see at the beginning of this chapter concerning addition of bromine to an
olefin 1, bromonium ion 2 was invoked as the putative intermediate when explaining
the mechanism of electrophilic addition of bromine to alkenes.! A generic scheme
for addition of halogens to olefins may be depicted below: the m-electrons attacks
the halogen molecule to form the m-complex 52 first. It is converted to the halo-
nium ion intermediate 53, which is in equilibrium with the nonbridged carbocation
54. Nucleophilic attack of either halonium ion ring opening 53 or the nonbridged
carbocation 54 with the available halide then delivered dihalide 54. However, the
outcome would be the same regardless which site the halide attacks the halonium
ion intermediate 53.% There are no regiochemical issues although the two halogens
have an anti configuration.

XQ X
5t & X2 /O
] T Hus A28,
,,/,_\IH _— v T~ X@)
39 n-Complex 52 Halonium ion 53

. X X
Anti HM' - - Hy_(
addition ) X

X©

Nonbridged ion 54 55

For the latest advances in catalytic, stereoselective dihalogenation of alkenes, see
Demark’s latest review in 2015.3°

1.4.4 HyYDROBORATION OF OLEFINS

After Brown’s pioneering work, hydroboration flourished in organic synthesis.
Hydroboration of olefins is now sometimes known as the Brown hydroboration as
represented in the transformation of terminal olefin 56 to alcohol 57.3!
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1) BH3 - THF
R X ()—> R/\/OH

(2) H,0,, NaOH

56 57

The regiochemical outcome follows the anti-Markovnikov rule and it is readily
predicted using the concept of electronegativity. First, since R is an electron-donating
group, therefore, the terminus of olefin 56 is partially negative. On the other hand,
since boron’s electronegativity is 2.04 and that of hydrogen (it is actually a hydride
here) is 2.2, this makes the hydrogen atom partially negative. When they meet, it is
not surprising that tetracyclic borane 58 is the predominant intermediate to afford
the adduct 59. Since there are still two hydrides left, borane 59 can consume two
more molecules of olefin 56 to provide trialkyl borane 60. Basic oxidative workup of
60 then delivered alcohol 57.

H
8© “BH, H
5@ 5 5@ =HQBH2 . )\/BH
56 58 59
R
H,0, H
_56 H 22, g~
R~ B~R NaOH
60 57

Asymmetric hydroboration of olefins, especially challenging substrates such as
1,1-disubstituted alkenes, was reviewed in 2009.3? In addition to olefins, hydrobora-
tion has found wide-spread application in the hydroboration of carbonyls, imines,
and enamines.®

1.4.5 OXYMERCURATION OF OLEFINS

Oxymercuration is not widely used in real-world synthesis due to the use of toxic
mercury reagents. However, it has been an excellent teaching tool with regard to the
learning mechanism so a brief summary is presented here.

In addition to hydroboration, Brown also made significant contributions to the oxy-
mercuation of olefins.3* As shown in the scheme below, treatment of olefin 56 gives
rise to organomercury compound 61. The regiochemistry follows the Markovnikov
rule. Therefore, this sequence is also called oxymercuation—demercuration (OM—
DM), which is complimentary to the hydroboration in terms of the regiochemistry.

H

Hg(OAC), OH (1) NaOH 0
AN ——— HgOAc —— > H

RS 1hem0 R)\/ ° (2) NaBH, R)\/
56 61 62

In terms of mechanism, the concept of electronegativity may be applied here as
well. Since mercury’s electronegativity is 2.00 and that of oxygen is 3.44, this makes
the Hg atom partially positive. When olefin 56 is in contact with mercury acetate, the
two T-electrons could attack the Hg atom and expel the acetate away. Meanwhile, two
electrons on the Hg atom could migrate in between the C—C bond and the Hg atom
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to form a mercurium ion 63, not unlike the halonium ion 53. Because the R group
is electron donating, a partial positive charge on the carbon o to R as shown in 64
is more stable than on its B position. Nucleophilic ring opening using water would
give rise to oxonium ion 65, which readily loses a proton to produce intermediate 61.
Demercuriation of 61 under basic oxidative conditions is not discussed here but it
most likely involves a reductive elimination step of the mercury hydride intermediate.

5@ OAc OAc
5@ | 8
AcO\Hg/OAc 7 Hg Hg
/o s
/’ - Hn-“' A -:.,H —~ 8_ / :.
OH, OH
2
56 Mercurium ion 63 64
OAc
Hg
H, OH
R o <"-~H ) NaOH
H—O\j H R)\/HQOAC 2) NaBH, R)\/H
®H
»__OH,
65 61 62

1.5 ELECTROPHILIC AROMATIC SUBSTITUTION

1.5.1 MECHANISM AND ORIENTATION

The large majority of electrophilic aromatic substitution (EAR) reactions share a
common mechanism: the arenium ion mechanism.? If we designate an electrophile
as E®, then the first step of the electrophilic aromatic substitution is donation of a
pair of electrons from benzene to E®. This is the slow, thus rate-limiting, step. The
resulting cyclohexadienyl carbocation 1 exists in three resonance structures known
as the Wheland intermediates, or 6-complex, or arenium ion. To simplify things, we
generally draw resonance hybrid 67 rather than three 6-complexes 66-1, 66-2, and
66-3. Once the cyclohexadienyl carbocation is formed, it loses a proton to regain the
aromatic sextet to deliver the EAR product 68. Since the second step restores the
aromaticity, a thermodynamically favored process, it is a fast step.

When the electrophile is a dipole rather than a cation, the electrophilic aromatic
substitution proceeds via a similar mechanism.

s @ ©~©
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While the two-step mechanism involving the 6-complex has been widely accepted,
a three-step mechanism involving a mt-complex is also supported by experimental evi-
dence.’-3 The first step is a reversible process where benzene as a m-donor provides
electrons from its m-bonds to the electrophile to form m-complex 69. This step is the
rate-limiting step. The second step is conversion of T-complex 69 to G-complex 67.

E
/. E*
= I E+ . + H®
NS
69 68

n-Complex o-Complex

The regiochemical outcome of electrophilic aromatic substitution depends on the
electronic nature of the substituents on the benzene ring. For deactivating groups
(electron-withdrawing groups), monosubstituted benzene gives predominantly meta-
substitutions. On the other hand, ortho- and para-directing groups are mostly acti-
vating groups (electron-donating groups), but some are deactivating groups.*

A deactivating group such as nitro on benzene is predominantly meta-directing.
Other deactivating groups include halides, aldehyde, ketone, acid, ester, amide, sul-
fonic acid, nitrile, ammonium ion, etc. The halides are weak deactivating groups. The
aldehyde, ketone, acid, ester, and amide are moderate deactivating groups. Finally,
nitro, sulfonic acid, nitrile, and ammonium ion are strong deactivating groups.

Let us take a look of the simpler case first with regard to its orientation of electro-
philic aromatic substitution reactions.

0.0.,0
N~ J

The nitro group is one of the most powerful deactivating groups. When nitro-
benzene attacks an electrophile E®, there are three possible outcomes. One is the
ortho-substitution to give product 70. As shown by the three resonance structures
of the intermediates, the carbocation is highly destabilized because the nitro group
is electron withdrawing. The same scenario is encountered for the intermediates to
produce the para-substitution product 71. In stark contrast, the resonance structures
to generate the meta-substitution product 72 does not place the positive charge right
next to the nitro group, rendering them the most stable among all three possible
outcomes. Therefore, the activation energy (Ea) for meta-substitution is smaller than
that for ortho- and para-substitution, and meta-product 72 is the predominant prod-
uct. However, the Ea leading to meta-substitution product 72 is still higher than that
of benzene because the nitro group is a deactivating group.

The outcome of electrophilic aromatic substitution reactions for a benzene ring
with an electron-donating group is exactly the opposite.

51
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For ortho-substitution to give product 73, the methoxyl group sits right adja-
cent to the cation on the intermediate. The same is true for the para-substitution
to give product 74. This makes the Ea for both ortho- and para-substitutions not
only lower than that for meta-substitution to give product 75, it is also lower than
that of benzene because the methoxyl group is an activating group. The final out-
come is that electron-donating groups such as methoxybenzene favor ortho- and
para-substitutions.

The energy diagram of the electrophilic aromatic substitution of nitrobenzene is
shown below.

NO, NO,
&) H H @ E
E - -
— - > —_—
©]
J Ortho 70
o _:L NO, NO,
2/' B+ @ H®
—— - - — >
@
E H E
- Para71
l NO,
H
E
L Meta 72

Transition state

NO2
Ortho, para
Meta ©L

>

o

g ®
9 Benzene H
©

S Ea I E
I

o

(s

H .
@ Intermediates

Reactants

NO,

©or + EY

Reaction coordinate
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The energy diagram of the electrophilic aromatic substitution of methoxybenzene

is shown below.

OMe OMe OMe OMe
@ H H H H@ E
— E - E - E B —
@ ©]
J Ortho73
OMe OMe OMe OMe
ome
/_ E*+ €] @
— > - S _>_H
® ®
E H EH £ H
B - Para 74
I OMe OMe OMe OMe
L » @
® ® -H
H H H
E E ® E E
L Meta 75
Transition state
Meta OMe
@
H
P Benzene
g @
()
= H
= Ortho, para E
z
o
[a

Ea

Intermedlates
Reactants

OMe
O-Q

Reaction coordinate

As far as halobenzenes are concerned, they are the “trouble makers” of the rules.
On the one hand, halogens are electron-withdrawing groups, thus they are weak
deactivating groups. On the other, they possess three lone pairs of electrons that are
capable of halonium ions 52-2 and 53-2. While they are not as stable as oxonium
ions and immonium ions, they are important enough to make both ortho- and para-
substitution more predominant than the corresponding meta-substitution.
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X ®

5 % .X;)
JH * H -
E = E
©]
E E H
Ortho-76-1 Ortho-76-2 Para-77-1 Para-77-2
Halonium ion Halonium ion

Three major types of electrophilic aromatic substitution reactions are reviewed
here: nitration, halogenation, and Friedel-Crafts alkylation and acylation reactions.
Protonation, sulfonation, diazonium ion formation, etc. are not covered in this chapter.

1.5.2 NITRATION

Benzene is readily nitrated in a mixture of nitric acid in concentrated sulfuric acid,
where a powerful electrophile nitronium ion NO,? is generated.40-42

~ H o
HOSTH= 0O A
0-No == HsO” + ©Q—5N®
PN /N
H 0 H 0

® ®
H,50, 2H0® + H0 4 0=N=0

Nitronium ion
According to a mechanism advanced by Ingold and Hughes,* the electron pairs

on the benzene ring attacks nitronium ion, producing the intermediate as G-complex
78, which rapidly loses a proton to rearomatize to nitrobenzene 79.

@
89 N\ Qae 0.®.0
® H N-Oo N

79

This classical mechanism, now known as the Ingold—Hughes mechanism, has
largely withstood the test of time and many experimental data.**

Olah suggested a modified mechanism with an additional step of m-complex 80
formation.* Formation of the -complex in a RDS explains the low substrate selectivity
observed upon nitration of activated aromatics while retaining positional selectivity.

(0] (0]
Il Slow =~ I

+ No | Ne 78 79
o) X o)

80, t-Complex a-Complex  Nitrobenzene

Both the Ingold and Olah mechanisms involve transfer of two electrons. Another
mechanism invoking the single-electron transfer (SET) with 81 as the counter ion
was proposed and has gained much credence.*647
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PhH - NOy

= 78 —» 79

81, Encounter pair o-complex nitrobenzene

For nitration of monosubstituted benzenes, ipso-substitution, in which X is dis-
placed by nitro, has been known for over half a century.*®* Normally, X = alkyl,
acyl, —SiRr, —SO;H, and —N,Ar.>® The mechanism of ipso-nitration is summa-
rized below.’!5? The ipso-intermediate then loses X to provide the corresponding
nitrobenzene.

H NO,
Ipso Ortho Meta Para
Side reactions®® and some unconventional pathways>* for aromatic nitration have
been reviewed in the literature.

1.5.3 HALOGENATION

In the presence of Lewis acid catalysts, electrophilic aromatic bromination and chlo-
rination readily take place. Iodine is the least reaction electrophiles among halogens.
Electrophilic aromatic iodination requires the aid of an oxidizing agent even for
activating substrates so that iodine is converted to a more powerful electrophile.’
Generally speaking, the power of electrophilicity follows the trend below

Cl, >BrCl >Br, >ICI > 1,

Recall that bromination of benzene with bromine alone is very slow. Adding an
iron nail drastically accelerates the bromination reaction, by reacting with bromine
to form the ferric bromide salt, which serves as a Lewis acid to react with another
molecule of bromine to produce the bromonium ion.

2Fe+3Br, — » 2 FeBry
Ferric bromide

FeBry+Br, ——» Br® . FeBrfla
Bromonium ion
The bromonium ion is a much more powerful electrophile than bromine. Even
nonactivated benzene may be readily brominated to provide carbonium ion 82 as a
a-complex. Intermediate 82 then loses a proton to the base FeBr,™, affording bromo-
benzene (83) and regenerating FeBr;.

FeBr® ™\

g® H Br Br
@/ Slow
—_—

Fast
> + HBr + FeBr,

83
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An electron transfer (ET) mechanism was invoked for aromatic iodination using
I-Cl in hexafluoropropa-2-o0l.>® Spectral and kinetics data suggested the existence of
the cation radical intermediates.”” The mechanism below is capable of explaining the
fact that there are three products for aromatic iodination using I-Cl: Arl, ArCl and
mixed iodination/chlorination on the same molecule.

AH+IC —= AH @1 a®

AH® 4 1T o Ar—Il + H®

AH® L c® _» Ar—a + H%

A review appeared in 2009 to summarize oxidative halogenation using green
oxidants such as oxygen and hydrogen peroxide.’® Halogenation via C—H activation
was also reviewed in 2010.%°

Fluorination has become a more and more popular research area because of the
important role fluorine plays in medicine.®® Electrophilic aromatic fluorination®-62
using fluorine in inert liquid is not operationally convenient. Therefore, electro-
philic fluorinating reagents are used as the fluoronium ion (F®) source. In addition to
N-fluorobenzenesulfonimide (NFSI, 84), there are two other classes of fluorinating
reagents:536* N-fluoropyridinium salts (FP salts) as represented by [pyF]BF, (85) and
N-fluorotriethyldiamine salts (F-TEDA salts) as represented by Selectfluor (86).

CH SCl
(o) [5] oo,
. BF
NFSI, 84 [pyFIBF,, 85 F—TEDA—BF4 (Selectfluor, 86)

When hydroxyl-tetrahydronaphthalene 87 was treated with Selectfluor (86),
cyclohexa-dienone 88 was the predominant product.®

£®
ﬁﬁ@ -
Ho-”-‘ MeCN, 74%

Recently, fluorination via C—H activation is intensively being investigated.5¢-
Last year, Xu developed a selective ortho-fluorination by installing aryl-N-heterocy-
cles such as quinoxaline, pyrazole, benzo[d]oxazole such as 89, and pyrazine as the
directing groups.”® While those heteroarene directing groups survived the strongly
acidic Pd(OAc),-NFSI-TFA system, they are not removable.

H r\;@ Pd(OAG),, NFSI, TFA F N/@

o CH3NO,, 110°C,12h 0

53%
MeO ° MeO

89 90
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Also in the last year, Daugulis accomplished a copper-catalyzed fluorination
of arene and heteroarene C—H bonds.”! Daugulis used his signature auxiliary
8-aminoquinoline such as 91 as the directing group. In contrast to Xu’s fluoronium
ion, Daugulis used a nucleophilic F® in the form of AgF as the fluorinating agent.
While the auxiliary is readily removed via hydrolysis to expose the carboxylic acid
functionality, the atom economy is not ideal because the auxiliary has similar mass
as the substrate.

H O AgF, NMO, Cul, pyridine F o
H DMF, 75-105°C, 1.5-2 h ”
AN 67% N <
FsC F,C
91 0

1.5.4 FriEDEL—CRAFTS ALKYLATION

The Friedel-Crafts reaction has been a workhorse for organic synthesis since its
discovery in 1877. A number of books’>7¢ and many reviews have appeared in the
literature.

Friedel-Crafts alkylation involves an electrophilic addition of a benzene ring to
a carbocation intermediate generated from an alkyl halide or an alkyl alcohol.”” For
example, ethylation of a benzene takes place between ethyl chloride and benzene
under the catalysis of AICl,. Lewis acid AICl; interacts with ethyl chloride to produce
ethyl cation and AICI,°. Electrophilic attack by the benzene ring to the ethyl cation
leads to a-complex 93, which loses a proton readily to afford ethylbenzene (94).

HyC__ _Cl  AlCl @
3 T o HiCCH, Aict?
2
AICI,©
H,C—CH 477N
e H CH,CH, CH,CH,
/ _>S|0W Fast
a2 . + HCl + AlCl,
93 94

A more nuanced mechanism for Friedel-Crafts alkylation is shown below’87

Generalized Friedel-Crafts intermolecular RX/ROH alkylation mechanism

MXn 3" & @® 0 RR ® o
R1 —X e — Ry X "Mxn P —— R1 + MXn+1 P — R1, +MXi 4
1 u m
MX, & & ® 9 RR ® ©
R—OH "= R—0—MX, ——» R, +OMX, "= R/4OMX,
I u m
H® & & @ RR @
R—OH =—= Ri—-OH, =— R +H,0 ——= R{+H0
1 I n

(RR denotes rearrangement took place)
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R, or R’ R, or Ry
MXn+1 or OMX R or Ry
© O R +|v|x — ©/ +MX,
- -~ +
+ /171 OMX ™
(n-Complex) (o—CompIex) or HZO

Two points need to be added to the simplified mechanism above. One, the carbo-
cation intermediate could also be generated from the reaction of alcohols and Lewis
acids. For instance, see below.

a.,, . @ o
N

R~
cl

The second point to add to the simplified mechanism above is cationic rearrange-

ment. The Friedel-Crafts alkylation of benzene with n-butyl chloride and AICI,

actually gives the rearrangement product 2-phenylbutane (96) in addition to 95. This
is a clear evidence of cationic rearrangement of the n-butyl cation via hydride shift.

O s O O

95, 35% 96, 35%

Since one of the resulting sp? carbon could be chiral such as on 96, much has been
achieved in the field of asymmetric Friedel-Crafts alkylation.”®3°

1.5.5 FRIEDEL—CRAFTS ACYLATION

Friedel—Crafts acylation cannot be asymmetric because the resulting carbonyl com-
pounds are sp? hybridized.?! In case of acid chloride 97, it complexes with Lewis
acid catalyst AICl; to form donor—acceptor complex 98, which undergoes a hetero-
lytic C—Cl bond cleavage to provide acylium ion 99 as the key intermediate. The
highly reactive electrophile 99 and benzene undergoes the electrophilic aromatic
substitution to produce the a-complex 100, which readily rearomatizes to deliver the
carbonyl product 101.

®
AlCI S) 0}
3 Alcl
.07 ) ®y. Al Il
:0: Complexation 0] AlClg Fl -
R)J\Cl R)J\CI
97 Donor-acceptor complex 98 Acylium ion 99
Cl
|
0 aSara
RS Electrophili '\ 0
ectrophilic al A
O Rearomatization
. H

N

_—
@ substitution “Hal R + AlCI
(P

100 101
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A more nuanced mechanism for Friedel-Crafts acylation is shown below’?’8

|IC=0
+

(rare)

O
R1)LX

@
R, + M
lorll (shown)

!

+ Viyvii (n-Complex) (6-Complex) 1X 1:1 LA- product adduct
(Acylation only)

1.6 B-ELIMINATION REACTIONS

There are three common mechanisms for elimination: elimination, unimolecular
(E1); elimination, bimolecular (E2); and elimination, unimolecular, conjugate base
(Elcb). Since the El1, E2, and Elcb mechanisms all involve elimination of the hydro-
gen atom [- to the leaving group X, we group them together and call all three mecha-
nisms B-elimination reactions.

A typical El mechanism involves generation of a carbocation, which is the RDS
followed by expulsion of a proton to yield an olefin, as exemplified below. Both El
and Sy 1 are two-step process and they may be considered as the reverse of each other.

B:
H H
H F : <
" /} RDS \H X\ A ast —

41 40 39

The E2 mechanism is a concerted process. Both E2 and Sy2 are one-step con-
certed process and they may be considered as the reversal of each other.

B:

N
H \h o
; {X n--)l—(;(u)l > <
M 102 39

The stereochemistry of the E2 mechanism prefers the anti-periplanar conforma-
tion as shown on transition state 102. For instance, bromide 103 can only undergo
B-elimination to give olefin 104 exclusively because of the stereoelectronic effects.
In contrast, olefin 106 is the sole product from the E2 elimination of bromide 105.
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""" KOt-Bu @
_—  »

103 104

105 106

The Elcb mechanism is a two-step process. The first step is to generate the conju-
gate base 107. Usually, there is an electron-withdrawing group o to the carbanion on
107, often in the form of a carbonyl group, which is the stabilizing force here.

B: o
H @ H X o
K‘ Fils}———{g-x ! (5:\‘ ('; ; <
a1

107 39

One of the important steps for the mechanisms of organometallic reaction is
B-hydride elimination. It is the syn-elimination of hydrogen and Pd(II) from a pal-
ladium alkyl complex with no change in oxidation state.

B-Hydride elimination

H R /H R
) ——= pd) +

R Pd(IX X R

For instance, oxidative addition of the heteroaryl chloride 108 to Pd(0) would pro-

vide Pd(II) intermediate 109, which subsequently inserts into benzoxazole to form

the arylpalladium(II) complex 110.8? B-Hydride elimination of 110 would afford 111

with concomitant regeneration of Pd(0) for the next catalytic cycle. However, alterna-

tive mechanisms for product formation via C—H activation processes involving the
C,—H bond on benzoxazole are also conceivable.

N= Pd(0) % @E
a W, ~oxidative ™ C— Pd(IIAEi

addition

PdCI

Base

N N=—
S /
T wpda o \_x
11
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1.7 REARRANGEMENT REACTIONS OF CARBOCATIONS

One of the most unique aspects of carbocation chemistry is the propensity for the
carbocation to rearrange to a more stable carbocation. This ability is what affords
carbocation chemistry many diverse fascinating rearrangement reactions.

1.7.1 PINACOL REARRANGEMENT

The carbocation rearrangement most familiar to organic chemists is the pinacol
rearrangement.®® This is one of the first carbocation rearrangement reactions we
encounter when we traverse the road of learning organic chemistry. When gem-diol
(pinacol) 112 was treated with a catalytic amount of acid, the rearrangement product
was obtained as pinacolone 113.

HO  OH He o R
R! R* N R?
RZ  R3 R RS

112 113

The mechanism of pinacol rearrangement commences with protonation of pinacol
(112) with a proton to provide intermediate 114. Departure of a water molecule from
114 affords the key carbocation intermediate 115. Experimental evidence support-
ing carbocation intermediates in pinacol rearrangements has been furnished in the
literature.3* The crucial [1,2]-migration of the adjacent alkyl, aryl, or hydride group
transforms carbocation intermediate 115 to another carbocation intermediate 116,
which readily loses a proton to furnish pinacolone 113.

H®
H®
H H. @O _H H.
H‘o (o (] 0) (o} ®
R1 R4 R! | | R4 RZ | R4
R2 RS R2 R3 R! R3
112 114 115
H
o) R! o] R!
- = @ R4 ) R4
R2 R3 R? R3
116 113
1.7.2 BECKMANN REARRANGEMENT
o N-oH Acid 0
JL NH,OH Jl\ catalysis R1. )J\
R OR R OR2 N® R
117 118 119

The acid-catalyzed rearrangement of an oxime 118, easily prepared from ketone
117 and hydroxylamine, to an amide 119.%> The intramolecular version using cyclic
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oxime such as 120 results in ring expansion affording lactam 121, which is a reaction
performed on an industrial scale since the product is used as a monomer for manu-
facturing synthetic fibers.

_OH 0

o] N
| Acid
NH,OH catalysis NH
_— —_—
120 121

Under acidic conditions, the hydroxyl group of the oxime 118 is protonated to give
the oxonium ion 122. The migration of R and loss of a water molecule occur concur-
rently to afford the cation 123. Water addition to iminyl cation 123 then gives rise to
oxinium ion 124, which loses a proton to afford iminol 125. In general, the substitu-
ent trans to either the hydroxyl or the leaving group migrates. Tautomerization of
115 results in the more stable amide 119.

H
N e Co®  mo R
| o8, L H,0
—_— —_—
oo ] L,
R'” "R2 R
118 122 123
R!
- RL RL
agl, = T ——
~0 R2 )\ 5 }\ 2
; HO™ R 07 R
124 125 119

1.7.3 DemjaNoOv AND TIFFENEAU—DEMJANOV REARRANGEMENT

The Demjanov rearrangement involves the reaction of a primary alkyl amine 126
with a diazotizing reagent to form the diazoalkane 127. Alkyl azide 127 losses of N,,
forms the primary cation which rearranges normally by ring expansion to afford the
corresponding secondary cation 128. A solvent such as water then acts to trap the
rearranged cation typically leading to mixtures of isomeric alcohols 129.

. . @
NH, Diazonium N (Nz
_—
( in formation ( 5n

126 127

Nucleophile

Rearrangement m OH,
( n ®‘) trapping N OH

128 129
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Mechanistically,® reaction of the amine 126 with activated O=N—X (130, X is
thought to be ONO)®’ delivers the N-nitroso compound 131, which undergoes rear-
rangement to provide hydroxyl-diazo material 132. Protonation of 132 gives rise to
oxonium 133 and its loss of water provides the diazonium 127, which losses N, to
provide cation 134. Since carbocation 134 is an unstable primary carbocation, it
undergoes rearrangement to provide cyclic secondary carbocation 128. Cation 128
then traps a nucleophile (typically water sometimes nucleophilic cosolvents or acid
counterions like acetate) to provide alcohol 129.

o H“\ 0
Tl N
NH, NOY  -H® NN N=N,
UK —— =
n n
126 130 131 132
(Y ®
+H® NIN_ -H,0 N=N
( n Diazonium ( in
formation
133 127

_N2

Y Rearrangement "OH, Nucleophile
e (4o (
n h ® trapping N "OH

134 128 129
A variation of the Demjanov rearrangement is the Tiffeneau—Demjanov rearrange-
ment that concerns the formation of diazo-alcohol 136 from amino-alcohol 135 and

the subsequent rearrangement of 136 to cyclic ketone 137. The mechanism of the
Tiffeneau—Demjanov rearrangement is similar to that of the Demjanov rearrangement.

OH NH, Dlazonlum Rearrangement (I;l\
n 0 n

0]
( n formatlon

135 136 137

1.7.4 MEYER—SCHUSTER REARRANGEMENT

The Meyer—Schuster rearrangement refers to the isomerization of secondary or ter-
tiary propargyl alcohols such as 138 to o,3-unsaturated carbonyl compounds such
as 139 under acidic conditions. It involves a propargyl carbocation.

\C’!" HCO,H o F
UL
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In terms of the mechanism,3 propargyl alcohol 138 first gets protonated under
acidic conditions to afford oxonium ion 140, which loses a molecule of water to
produce propargyl cation 141. Rearrangement of propargyl cation 141 gives rise to
allenyl cation 142, which then traps water as a nucleophile to produce allenol 143
after loss of a proton. Tautomerization of allenol 143 then delivers o.,3-unsaturated
carbonyl compound 139.

Ho

H © H
C

© — g N ®
R R R
141 142
® g OH . o
-H Tautomerize
N AU
R R
143 139
1.7.5 ScHMIDT REACTIONS
R m
—_— -
R “OH o R—NH,
£, a0k
3L L .
R™H H® REEN+ Sy
H
O HN, (0]
— T w
R1” R? H® N~ R?
H
144 145
OH HN, R R
—_— G
R/)\R S =N
R R
R_R HN, R R
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Many variation of the Schimdt reaction exist.®” Some examples are listed in the box
below. However, despite the existence of many different substrates, they all involve
using hydrozoic acid and they follow a similar mechanistic pathway involving
carbocations.

The conversion of ketone 144 to amide 145 is the quintessential example to illus-
trate the mechanism. Protonation of ketone 144 gives rise to oxonium ion 146, which
is considerably more electrophilic than its un-protonated cousin 144. Nucleophilic
addition of azide to 146 then affords azido-alcohol 147, which is protonated to pro-
duce oxonium intermediate 148. Loss of water from 148 provides a tertiary carboca-
tion but a more stable resonance structure as 149 is presented as the major species.
Migration of R! on 149 takes place with concurrent loss of N, leads to nitrilium ion
150, which traps water as a nucleophile to offer hydroxyl-imine 151, which readily
tautomerizes to the final product as amide 145.

No
/[OJ\ W oM N, Ho N, o N/,N ®
E— e —
R R2 R1JJ\R2 R! R2
R'" "R?
144 146 147 147’
N©
Y 1
® N -H,0 R ® 1
H @ o 2 /C_* _ R

> EEm— N—N=N ——»

HZ%N) Rz A Migration

R'" "R?
148 149
_CNRl Ho R 0
R2—E\N , Tautomerization R!
R B e T
) R? H
H,0

150 151 145

1.7.6  'WAGNER—MEERWEIN REARRANGEMENT

R! @ R! R
RNt
5 OH RZ  R3
R
152 153

The Wagner—-Meerwein rearrangement refers to acid-catalyzed alkyl group’s
1,2-migration of alcohols such as 152 to afford more substituted olefins such as 153.%°

In terms of mechanism, the substrate alcohol 152 is protonated to give oxonium
ion 154, which promptly loses a molecule of water to afford carbocation 155. The
key operation of this mechanism is the 1,2-alkyl shift from a secondary carbocation
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155 to produce the more stable tertiary carbocation 156. It rapidly loses a proton to
deliver olefin 153.

R R
R? @ R! R -H,0 R!
\/l\’<H H H 2 2>Q(H
R2 o R2 R ®

R3 R3 (%Hz R3
152 154 155
R! ® !
) R R
1,2-Alkyl shift CI{A -H
—y> RZJ\’<H S >;/
R3 R RZ RS
156 153

In summary, I have gone over the fundamental mechanisms of several salient
classes of reactions involving the intermediacy of carbocations. In the ensuing chap-
ters, their applications in synthesis will be highlighted with an emphasis on the
advances in the last decade.
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2.1 INTRODUCTION

In organic chemistry, nucleophilic substitution is a fundamental catalog of reactions
involving the addition of a nucleophile to an electrophilic atom or ion. When such
substitution takes place at a tetrahedral or sp® carbon, it is termed as a nucleophilic
aliphatic substitution. There are two major mechanisms for nucleophilic substitu-
tions: Syl reaction and S\2 reaction. In such, S stands for substitution, N stands
for nucleophilic, and the number indicates the kinetic order of the reaction. So Syl
reaction is a first-order nucleophilic substitution which means the rate of the reaction
depends only on the concentration of substrate (Equation 2.1).

Rate = k[S] Q.1

The mechanism for the reaction is described in Scheme 2.1, and the corre-
sponding energy level changes have been depicted in Figure 2.1. This pathway
is a multistep process: (1) slow loss of the leaving group (LG) to generate a car-
bocation intermediate and (2) rapid attack of a nucleophile on the electrophilic
intermediate to form a new & bond. In Syl reaction, the rate-determining step is
the first elementary step (loss of the LG to form the intermediate carbocation),
which means the more reactive the LG, the faster reaction rate. The carbocation
is a real-life positive ion with a limited lifetime and thus is not just a transi-
tion state. Bulky groups attached help stabilize the charge on the carbocation via

33
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R R
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L: leaving group Carbocation Side reactions: E1, rearrangements, etc.

SCHEME 2.1  General mechanism for an Sy1 reaction.

Intermediate

SM

Product

Reaction progress

FIGURE 2.1 Reaction energy profile of Syl reaction.

distribution of charge and resonance. Polar solvents which stabilize carbocation
can also favor the Syl reaction. The common side reactions include elimination
(E1) and rearrangements.

2.2 TI-ACTIVATED ALCOHOLS: BRONSTED ACIDS

Usually, m-activated alcohols can generate allylic, benzylic, and propargylic cations.
Direct nucleophilic substitution reactions!-? of -activated alcohols are considered as
green chemistry processes, allowing new allylic compound formations and generat-
ing only water as a by-product.

Benzofuran-3(2H)-one (1) reacted with Michler’s hydrol (2) under the influence
of 20 mol% TFA (trifluoroacetic acid) catalyst to form Sy1 reaction adduct 3 in 64%
yield.? The methodology was also applied to the alkylation of many oxazolones and
related heterocycles through an Sy1 reaction pathway.

0 OH

LT O
o Me,N NMe,

1 2
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TFA (20 mol%)

Et,O,rt, 14h
64%

NMe,

Enantioselective a-alkylation of ketones was a challenging endeavor until the
emergence of chiral organocatalysts.* One of them, pyrrolidinethioxotetrahydro-
pyrimidinone (5), proved to be an efficient catalyst for enantioselective a-alkylation
of ketones. For example, with the aid of chiral organocatalyst 5,° and using 4-nitro-
benzoic acid (4-NBA) as the Brgnsted acid, ketone 4 was alkylated with activated
alcohol Michler’s hydrol (2) in a direct, Sy1, and diastereoselective fashion to provide
adduct 6 in 62% yield and 44% ee.

o
OH
)
Q 0 Me,N NMe,

4 2

NMe,

O i
5 (10 mol%) o) (j/\ N
4-NBA

N
—_— \\\\ H
CH,Cl,, 44 h O s)\
0, 0
62%, 44% ee NMez

o o
-/

=

Ph

w T

6

Fluorinated solvents such as trifluoroethanol (TFE) and hexafluoroisopropanol
(HFIP) are unique solvents with high ionizing power (acidic) and yet low nucleo-
philicity. When TFE was used as the solvent, nitro compound 7 was alkylated with
activated alcohol Michler’s hydrol (2) in a direct, Sy1, and diastereoselective fashion
to provide adduct 8 in nearly quantitative yield and excellent diastereoselectivity.®

Ph

OH
Me,N NMe,
2

Me
7
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0.2 M CF;CH,OH
99%, 10:1:1

NMe,

Tris-propargyl alcohol 9 was treated with benzyl azide to synthesize tris-
“benzyl” alcohol 10 using the copper-promoted alkyne-azide [2 + 3] cycloaddition
click chemistry (Huisgen reaction). Under the influence of trifluoroacetic anhy-
dride, alcohol 9 was converted to tri(triazolyl)carbenium ion 11, which may be
captured by a variety of nucleophiles including O-, N-, S-, and C-nucleophiles
to give the corresponding triazolylmethane derivatives 12 in moderate-to-high
yields.”

. _N OH
™S ™S 3 equiv. PhCH,N, l\ll = \l\ll
cuso, N/ NN
sodium ascorbate Bn” “Bn
N
EtOH/H,0 N
\
Bn
9 10

(CF,C0),0
CH,Cl,, 0°C

11 12

Sometimes, for asymmetric synthesis, bis-cinchona alkaloids work better than
mono-cinchona alkaloids by providing stronger interactions. One bis-cinchona
alkaloid (DHQ),-PHAL [1,4-bis(9-O-dihydroquinine)phthalazine, 13] is most
famous for its application in Sharpless asymmetric dihydroxylation. When 13 was
used as a cocatalyst with a Brgnsted acid such as mesylic acid, direct o-alkylation
of 2-oxindole 14 with Michler’s hydrol (2) generated the C-2 symmetrical cat-
ion 15 via an Syl-type pathway in the noncovalent activation mode. The direct
a-alkylation product 16 with a tertiary chiral carbon center was obtained in good
yield and ee.?
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13, (DHQ),-PHAL

Bn
Me,N NMe,
0 (1
¥
N
\
Boc OH

14

Me.N NMe
2 2 Bn
(L=

C)

13 (20 mol%)
MsOH (20 mol%)

CH,Cl,(0.2 M), rt
85%, 76% ee

Me,N ‘ ‘ NMe,

OMe
OMe
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Like Lewis acids, Brgnsted acids have been used to generate benzylic cations
from benzyl alcohols. Barbero et al.” took advantage of an interesting strong Brgnsted
acid, o-benzenesulfonimide (17). With a pK, value of approximately 1.0, compound
17 is as acidic as phosphoric acid. In an Sy1 fashion, benzyl alcohol 2 was converted
to the corresponding benzylic cation by catalytic strong Brgnsted acid 17, which was
then captured by a strong nucleophile 1,2,4-trimethoxybenzene (18), giving rise to
alkylation product 19. The reaction was carried out neat.

Stereoselective construction of carbon—carbon bonds can be accomplished through
asymmetric C-o-alkylation of carbonyl compounds. Chiral N-acyl thiazolidine-
thiones can undergo highly stereoselective Syl direct-type alkylation catalyzed by
structurally simple, commercially available, and easy to handle nickel(IT) complexes.
(S)-4-isopropyl-N-propanoyl-1,3-thiazolidine-2-thione (20), with 4,4"-dimethoxyben-
zhydryl methyl ether (21) is catalyzed by 5 mol% of (Me;P),NiCl, to produce adduct
22 as a single diastereomer in 92%—94% yield in a simple and very efficient manner.'°

A S
7N J\/ Me
\_S/ Me MeO oM
Me
20 21
5 mol% (Me,P),NiCl,
1.2 equiv. TESOTf,
1.5 equiv. 2,6-lutidine
CH,Cl,, -20°C, 15 h
92%-94% OMe
22
OH
XH 10 mol% H,PO,
3
1,2-dichloromethane
80°C
23
23a, X=0,99% 24a, X =0, chirality 91%
23b, X =N-Ar, 99% 24b, X = N-Ar, chirality 96%
23¢, X=5,95% 24¢, X =S, chirality 91%

Direct substitution of hydroxyl groups with transfer of chirality is a major challenge
in C-heteroatom bond-forming reactions. Samec et al. used Brgnsted acid catalyzed
intramolecular substitution of enantioenriched aryl, allyl, propargyl, and alkyl alco-
hols by O-, N-, S-centered nucleophiles. The reaction of (S)-1-phenylbutane-1,4-diol
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(23a) with phosphinic acid catalysis generated (R)-2-phenyltetrahydrofuran (24a)
with inversion of configuration with excellent yields and chirality transfers.!!

2.3 [II-ACTIVATED ALCOHOLS: LEWIS ACIDS

Highly stable chiral benzylic cations reacting with weak nucleophiles can produce
adducts with highly diastereoselectivity. The reaction of acetate 25 with the ace-
tophenone-derived silylenolether 26 was conducted in the presence of ZnCl,. The
carbenium ion occurred smoothly with high level of stereocontrol and only a single
diastereomer 28 was obtained.?

Ph
OAc ZnCl,,
Bu Ph cH,Cl, 1t o)\:
p - tBu
- + TBSO /& 48% Y
Me -
Me
25 26 28

[Single diastereomer]

27
OH Ar
tBu HBF, - OFt, " _tBu
Me CH,Cl,, -78°Ctort m
29 31
tBu  Me
HO®
C§\”
Ar-H
30
Ar:
OMe
Me
(e}
: \7
N\ TsN B g
— , MeO (
// 4 : \
31a 31b 31c 31d

92%, dr 95:5 48%, dr 94:6 93%, dr97:3 62%, dr 95:5
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Benzylic carbocations can be produced under optimized conditions using Lewis
acid HBF,- OEt, in the nonpolar solvent methylene chloride. The reaction of alcohol
29 with several arene nucleophiles generated diastereomeric ratio exceeding 94/6 and
satisfactory to excellent product yields.!* It should be pointed out that the epimeric
composition of 29 (no matter syn- or anti-) did not influence the stereo-outcomes.

While m-activated alcohol derivatives such as allylic esters, carbonates, carba-
mates, phosphates, halides, etc. have been extensively used for the synthesis of allylic
amines, m-activated alcohol itself per se has not been used as frequently. Using a
rhenium catalyst Re,O,, allylic alcohol 32 reacted with electron-deficient amines
such as oxazolidin-2-one (33) to furnish the direct substitution adduct 34 via the Sy1
mechanism."* Benzylic and propargylic alcohols also work for this methodology.

o
OH ¢/\—> Re,0, (1.5 mol%) O/A/N_>
)\/\ CH,Cl,, rt, 30 min )\/\
Ph Ph~ " ph

99%
32 33 34
t-Bu
t-Bu )\
/& 3 © :
R TMSO “_ _R
=
Bi(OTf)3 (10 mol%), Me
MeNOZ, rt
MeO MeO
35a, R=t-Bu 37a, 98%, dr > 95/5
35b, R=-Pr 37b, 98%, dr > 81/19
35c, R=Et 37c, 82%,dr >61/39

Chiral propargylic cations may be generated under the influence of Lewis acid
Bi(OTf), in polar solvent nitromethane. For the reaction between propargyl ace-
tate 35 with silylated nucleophiles such as (1-z-butylvinyloxy)trimethylsilane (36)
resulted in diastereoselective product 37. While the yields were excellent regardless
of the size of the o-substituent R, the diastereoselectivity decreased as the size of R
became smaller: R = #-Bu > i-Pr > Et.

The dichotomy between reactivity and chemoselectivity in direct Syl reactions
of alcohols in the presence of acid-sensitive alkenes and protecting groups can be
accomplished using B(CFs),, a strong nonhydrolyzable neutral Lewis acid whose
hydrates undergo rapid ligand exchange. When comparing B(CFs), to establish mild
boronic acid cyclodehydration catalyst, 1 mol% B(CFs); is able to cyclize isomer 38
in just 2 h producing 39 in good yields. Likewise, secondary propargylic alcohol 40
is cyclized to 2-alkynyl tetrahydrofuran (41) in excellent yield without the additional
preactivation step.'®
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OH o
\ OH  B(C4Fy); (1 mol%) X + H,0

MeNO,, 2 h, 23°C

38 39
OH o)
OH
= B(C4Fs); (1 mol%) >
MeNO,, 2 h, 23°C
40 M

Unsymmetrical diarylmethanes and other 1,1-diarylalkane may be generated
using a superior air and moisture-tolerant catalyst ferroceniumboronic acid hexa-
fluoroantimonate salt (42) in hexafluoroisopropanol as cosolvent. The reaction of
m-xylene (43) with benzylic alcohols (44) containing an electronically neutral arene
core or others with slightly deactivating substituents such as fluoride or bromide
resulted in high yield with good to high regioselectivity products (45)."”

Me
HO/\@ 42 (10 mol%)
+ | -
Me V& CH;NO,: (CF;),CHOH
Y
43 44

1:4[0.5M], 50°C, 24 h

Me
N @I—B(OH)Z
|// ® Fe(n) Osbr
Me Y <= ¢
45 42

45a, Y =F (99%, a:b = 78:22)
45b, Y= CF3(99%, a:b =81:19, 80°C)
45¢, Y =Br(87%, a:b =78:22)

2.4 ALKYLATION OF ALDEHYDES AND KETONES

The asymmetric organocatalyzed o-alkylation of aldehydes under galvanostatic
conditions may result in versatile aldehydes in a stereoselective manner. An achiral
sec-amine catalyst, pyrrolidine was used to promote the coupling of hydrocinnamal-
dehyde (46) with xanthene (47) producing 49 in reasonable yield.'®
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46 47
0
N (48,50 mol%) H Ph
Anodic oxidation
Pt anode/CH,Cl,/TBAP
undivided cell (0}
49

The catalytic enantioselective intermolecular o-alkylation of aldehydes is
one of the most challenging fields in asymmetric catalysis. An organocatalytic
asymmetric oxidative hydrogenative o-alkylation of aldehydes may be gener-
ated via benzylic C—H bond activation using molecular oxygen as the oxidant.
Jiao et al. demonstrated that the reaction of commercially available xanthene (47)
with hexanal (50) in the presence of MacMillan catalyst 51 in nitromethane under
1 atm of oxygen produced the adduct 52 in relatively good enantiomeric excess
and yields."

51 (20 mol%)
+
o H,0, MeNO,
0, (1 atm)
47 50

CHO Me

A

“"Me

N

O O BT H.TRA
o

MacMillan catalyst 51

Me

52

55 (10 mol%)

o OH 2,3,4-Trihydroxybenzoic acid
[V
CH,Cl,, rt, 12 h
Me (6]

91% yield, 95% ee

53 54
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Me OH FC

4989 Sa
0 oTMS
56

FiC 55

=

Similarly, the butyraldehyde (53) and xanthydrol (54) was carried out in the pres-
ence of a catalytic amount of 55 and trisubstituted benzoic acid. The desired enan-
tioenriched adduct 56 was obtained in good yield and excellent ee.?”

In the case below, indium(III) triflate worked in tandem with a chiral organocata-
lyst 57 (MacMillan catalyst) to promote a synergistic stereoselective Sy1 reaction.
Thus, under the influence of both In(OTf), and 57, benzyl alcohol 58 was converted
to the corresponding carbenium ion, which was then captured by propionaldehyde
59 to offer adduct 60.?!

OH
57 (20 mol%)
0/
// + Me\/CHO In(OTf);(20 mol%)
S °C, n-
MeO 0°C, n-hexane (0.5 M)
58 59
(0]
NMe
>vMe
N" Me
ph M
MeO MacMillan catalyst 57

MacMillan catalyst (57) also found utility in another Syl alkylation. Under
the influence of catalytic amount 57, stereoselective organocatalytic alkylation
of aldehyde 62 took place with benzodithiolylium tetrafluoroborate (61) to offer
adduct benzothiol 63 in 62% yield and 92% ee. Here 61 is a commercially avail-
able carbenium ion and benzothiol 63 may serve as a useful synthon for further
manipulations.?
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57 (20 mol%)
PhCO,H (20 mol%) NPA

s ©8F,  BnO o
\> NaHPO,, MeCN/H,0 o
s + H 0°C, 62%, 92% ee BnO \/Y

H
62 61 63

o

A direct enantioselective nucleophilic substitution using less reactive carbo-
cations (from alcohols) has been achieved by the Cozzi group.? In the presence
of MacMillan imidazolidinonium catalyst (64), ferrocenyl alcohol 65 smoothly
reacted under mild reaction conditions with propionaldehyde to form the desired
(28, 3R)-syn-product 66 in 48%, a 3:1 dr and 90% ee. This remarkable methodol-
ogy revealed the entries for domino, consecutive, and multicomponent organocata-
lytic reactions.

Me
0 N
\]\: >--|ll‘-BU
R
Ph

H-TFA

MacMillan catalyst 64

OH Ph
64 (20 mol%) CHO
Ph PN Et,0
/ + Me”” “CHO /
Fe 48% yield, 1:3 dr, Fe Me
90% ee b
@ (2S,3R)-syn 0
65 59 66

Subsequently, the same group demonstrated that MacMillan organocatalyst (64)
was also able to catalyze the o-alkylation of aldehyde.?* As shown below, bis(4-
dimethylamino-phenyl)methylium tetrafluoroborate (67) reacted with propionalde-
hyde 59 in the presence of (§,5)-MacMillan catalyst ent-64 to give the adduct 68 in
75% yield and 65% ee. The temperature is crucial for the stereoselection, and better
results were obtained at lower temperature.

64 (20 mol%)

S
BF,
2,6-lutidine (1 equiv.)
o
Me,N NMe, CH,Cl,,4°C, 22 h
67

75% yield, 65% ee
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Me,, _CHO

Me
O N
\]\: >- t-Bu
W N
Me,N NMe, F|>h H - TFA

68 64

Alkylation of a variety of 2-arylpropionaldehydes proceeded in moderate-to-
good yields and high enantioselectivities in the presence of thiourea-derived catalyst
(69).> The o-alkylation of 2-arylpropionaldehyde 70 with bromodiphenylmethane
(benzhydryl bromide 71) was shown to produce compound 72 with excellent enanti-
oselectivity and relatively good yield.

CFy
X
FyC N)J\N W
H H
NR,
69a: R=H;X=5S
69b: R=H;X=0
69c: R=Me; X=S
69a (20 mol%)
H,0 (100 mol%)
0 Br NEt; (100 mol%)
AcOH (1 19
H)J\/R + cOH (10 mol%)
Toluene (0.05 M), rt
Me

70 71

Using Brgnsted acids such as p-toluenesulfonic acid (p-TSA), o-alkylation of
aldehydes such as 73 with allylic/benzylic alcohol 74 gave the Sy1 alkylation adducts
such as 75.26

Ph

OH p-TSA (20 mol%) 0 oh

* Ph T Ph Toluene, rt, 40 h, 85%

73 74 75

In order to generate benzylic cations, benzyl alcohols have been often used as the pre-
cursors by the breaking C—O bond with the help of Brgnsted or Lewis acid. N-benzylic
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sulfonamides may be also employed to produce benzylic cations using TFA by breaking
the C—N bond.?’ Using a chiral organocatalyst 76, N-benzylic sulfonamide 77 reacted
with propionaldehyde to prepare the a-alkylation product 78 in 83% yield and 65% ee.

0] /
N
K\TNM
H
6

Ph
7
Ts Me CHO
HN”
76, (10 mol%) N
O O + Me __CHO TFA (10 mol%) O O
CH,Cl,, 10°C, 3d
s 272 s
77 78, 83%, 65% ee

Jgrgensen—Hayashi organocatalyst (79) was employed for an enantioselective
tandem reaction at elevated temperature for a one-pot hydroformylation followed
by an Syl alkylation of the resulting aldehyde.?® Taking diene 80 as an example,
hydroformylation was accomplished using both Rh and Ru catalysts and 1,4-bis(dip
henylphosphinobutane) (DPPB) as the bidentate ligand. In situ, the aldehyde was not
isolated but was subjected to a direct o-alkylation using Michler’s hydrol (2) as the
cation source, the Jgrgensen—Hayashi catalyst (79), and valeric acid as the promoter
to assemble adduct 81 in 76% yield, 80% ee and 3:1 dr.

OH Ph
Me Me N2 OTBS
)\/\/l\/ * " Ph
Me X =
Me,N NMe, Jorgensen-Hayashi
80 ’ 2 catalyst 79

NMe,
[Rh(C,H,5CO,),1, (1 mol%) Me Me  CHO
[Ru(C5Hs),,]1 (1 mol%) X

30 bar CO/H,, 50°C Me
DPPB (1 mol%)

Valeric acid (12 mol%) O
79 (12 mol%), CHCl;, 15 h
76% yield, 80% ee, 3:1 dr

81 NMe,

While it is impressive that the authors combined hydroformylation and Sy1 alkyl-
ation in a one-pot procedure, this reviewer would be hesitant to apply the procedure
to real synthesis because it would take longer to gather all the ingredients needed
than to carry out the actual cooking.
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82 (10 mol%)
83 (30 mol%) HN OPMB
//, - O
0°C, CHCl, . ¥
80% yield, 94% ee 1)
N
H

Steps

(+)-Gliocladin C (86)

The combined catalyst of a chiral primary amine and phosphoric acid 82 has
been demonstrated to be an efficient system to o-alkylation of aldehydes with
3-hydroxyoxindole 84. The approach allowed to construct functionalized 3,3’-di-
substituted oxindole 85, which led to a concise total synthesis of (+)-glicladin C (86)
in 12 steps from 3-hydroxyoxindole 84 in 19% overall yield.?

Indium(III) salts are unique because, as a Lewis acid, it is compatible with water
and amines. Therefore, indium(III) Lewis acid has been widely used in aqueous
reactions. As shown below, o-alkylation of aldehyde 88 with propargyl alcohol 87
was carried out in water using indium(IIl) triflate as the Lewis acid catalyst.>* With
the aid of the MacMillan’s catalysts 57 as the organocatalyst, the resulting propar-
gylated aldehyde 89 and 90 were obtained with high enantioselectivity.

Me,N 57 (20 mol%)

TMS
0,
= b a0 mOTs0mal%)
H,0, 0°C
OH 95% yield, dr, 2.5:1

87 88
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MezN //TMS MeZN ™S
K Z 4 é
a =0 cl _0

89, anti, 94% ee 90, syn, 93% ee

The a-alkylation of ketones with primary alcohols may also be accomplished
using the highly effective and versatile Cp*Ir (91) catalyst, functionalized with
bipyridonate ligand. Under the influence of 1 mol% catalyst, the reaction of aceto-
phenone (92) with benzyl alcohol (93) was carried in fert-amyl alcohol as solvent
generating the a-alkylated product (94) in exceptional good yield.?!

L
Arl

N~ N
\

91L=H,0

OH 91 (1 mol%) (6]
CsCO3 (1.0 equiv.)

Me _—
+ t-amyl alcohol
reflux, under air

92 93 94

The copper(Il) triflate-tert-butyl-bisoxazoline [Cu(OTf),--Bu-BOX, 95]-cata-
lyzed asymmetric alkylation of B-keto esters 96 using free benzylic alcohols such
as xanthydrols (54), as alkylating agents, is herein described for the first time. This
green protocol renders in general the corresponding products 97 with good results in
terms of both yields and enantioselectivities using different keto esters, even when
quaternary stereocenters were created.’> The scope, limitations, and mechanistic
aspects of the process are also discussed.

Me_ Me
0

\RS/O

Ve N
Y

tBu” 10" ‘oTf “t-Bu

95

N R1M\(C02R3 95 (10 mol%)
Toluene, A,20h
(6] R,

54 96
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O
99 (10 mol%
Q OH| \n ( 6)
Toluene, -15°C
MeN o 80%, 95:5dr, 91% ee

98

The alkylation of unmodified ketones with alcohols and using Brgnsted acid
catalysis has resulted in high yields and high enantioselectivities. The reaction of
isatin-derived 3-hydroxy-3-indolyoxindole 98 with cyclohexanone using the chiral
phosphoric acid 99 as a catalyst could generate chiral 3-indolyl-oxindole 101.%

2.5 GLYCOSYLATION

Glycosylation is one of the most classical and essential reactions in the field of car-
bohydrate chemistry. Crich and coworkers have extensively studied the mechanism
for the glycosylation.?*

A general Syl-type glycosylation mechanism is depicted in Scheme 2.2. Usually,
it involves a reaction between an activated glycosyl donor (103) and glycosyl acceptor
(nucleophile) to form a glycosidic bond. In the presence of an activator or promoter,
the departure of the LG leads to the formation of an oxocarbenium ion intermediate
(104, glycosyl cation). The real existence of the glycosyl cations have been demon-
strated by Crich through spectroscopic methods. The nucleophile then attack either
from the top or the bottom face of the flattened ring. The stereochemistry would be
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R R
0 O
s Sl po SN
R ,
1) X

F‘//Q‘ Activated o-donor B-glycoside

103a 105a
X ‘\\\

PO

o-donor R ® o
102a 0 Nu
PO *
104

O 4(?(.
d e PO/\/Q‘
B-donor Po%x'

102b

Activated B-donor a-glycoside
103b 105b

SCHEME 2.2 A general Sy1-glycosylation mechanism.

controlled by the neighboring substituent at C-2 and uncontrolled reactions may lead
to a mixture of o-glycoside (105b) and B-glycoside (105a).

Eukaryotic enzymes are able to use 2-C-acetylmethylsugars as replacement of
2-N-acetamidosugars. When 1,2-cyclopropaneacetylated sugar 106 was treated with
strong Lewis acid such as trimethylsilyl trifluoromethanesulfonate (TMSOTTY), an
Syl displacement took place to give 2-C-acetylmethylsugar 107 with predominantly
B-substitution product 107 when alcohols were used as the nucleophiles.! On the
other hand, when BF; - OEt, was used as the Lewis acid promoter, alcohols reacted
with glycosyl donor 106, the major product is the B-substitution product (not shown
here) via the Sy2 displacement pathway.

OBn OBn
BnO o TMSOTF, ROH BrO o
BnO CH,Cl,, MS 4A BnO
o 0°Ctort o OR
Me Me
106 107

For glycosylation, the widely invoked mechanism involves the intermediate of
glycosyl oxocarbenium ion, a species that eluded chemists. In 2012, Crich et al.
reported evidence that they obtained through a relative kinetics study using a com-
peting cyclization reaction as a clock.’” Chiral sulfoxide 108 was activated by triflic
anhydride in the presence of 2,4,6-tri-tert-butylpyrimidine (TTBP) to give two cycli-
zation products after quenching. The expected cis-fused system 109 was the major
product and the unexpected trans-fused system 110 with a twisted boat conforma-
tion in the middle.
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Ph--0 /\[f 6 equiv. TTBP
&H 1.7 equw Tf,0

5% 4A MS, CHZCI
©0 ~72°C, 70%
108
o OBn
Ph
TR - metheze
BnO (6]
109, 45% 110, 25%

The results may be rationalized by invoking the intermediacy of a mannosyl oxo-
carbenium ion 111, which exists with o-glycosyl triflate 112. The intramolecular
Sakurai reaction would then give the major product from -face attack and the minor
product from o-face attack. Competition reactions of sulfoxide 108 with isopropa-
nol and trimethyl(methallyl)silane indicated that B-O-mannosylation proceeded
via an associative Sy2-like mechanism. Meanwhile, o.-O-mannosylation and B-C-
mannosylation are dissociative and Sy1-like.

0 ™S
o  Ph /%w

108 — BhO —_—

o0Tf ™S
f; ttack
! BnO )‘_f B-face attac| 109
®0-|- |

0 o o-face attack
Ph""~v H 110
H

Woerpel et al. discovered profound solvent effects when they carried out their
stereoselective C-glycosylation.’® When tetrahydropyran acetal 113 was treated with
silyl ketene acetal 114 using Me;SiOTf as the catalyst and nonpolar solvents, the Sy2
product 115a was isolated as the major product. In contract, the Sy1 product 115b
prevailed, presumably through the intermediacy of oxocarbenium ion 116.

0SiMe, 0+ OPh
o_onc  _k 114

U OPh O
Me,SiOTf, Cl,C=CCl O
BnO 3 2 2 BnO™

-78°C
113 115a (major)
OSiMe, OBn o) OPh
113 OPh (¢}
o=
Me,SiOTf, EtCN <) % R
_78°C BnO™

116 115b (major)
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To avoid formation of potential bicyclic ring products (via intramolecular addi-
tion), De Brabander et al. developed smooth conditions for introduction of a cyano
group.® In a one-pot procedure, trimethylsilyl cyanide was added to alcohol 117
(neat) in the absence of Lewis acid to allow protection of the secondary alcohol as
a silyl ether, followed by addition of a solution of zinc iodide in acetonitrile to initi-
ate oxonium 118 formation, followed by axial cyanide attack. After acidic aqueous
workup, compound 119 was obtained in 91%.

AcO OTBS  TMSCN (neat);
TMSCN, Znl,(20 mol%), THF;
Me  then INHCI

81%

117 119
[single diastereomer]

R
TBSO §}=2@§/\(
; OTMS
OCN 118

Per-O-acetylation is one of the most common reactions in carbohydrates
research. Hung et al. found that Cu(OTf), is an extremely efficient catalyst (low-
est loading: 0.03 mol%) for per-O-acetylation of hexoses. They developed an
efficient one-pot cascade per-O-acetylation-anomeric substitution of hexoses to
thioglycosides.*’ Initially, solvent-free per-O-acetylation of hexoses 120 with a
stoichiometric amount of acetic anhydride in the presence of Cu(OTf), proceeded
at room temperature to afford pyranosyl products as an anomeric mixture (struc-
ture not shown), the o/ ratio of which was dependent on the temperature and
amount of catalyst used. Subsequently, anomeric substitution with p-thiocresol
employing of BF; etherate gave the B-isomer 121 as the single product in a 73%
overall yield.

HO Cu(AOchZ) (0.03t rgoo(l:%)) ACO
c,0, neat,
HO 0 2 AcO o}
HO OH p-thiocresol, AcO STol
OH BF; OFEt, rt, 2d OAc
120 73%, B-isomer only 121

Gervay-Hague and coworkers developed an efficient, one-pot syntheses of bio-
logically active a-GalCer and BbGL-II analogs via glycosylation between a TMSI
(trimethylsilyl iodide)-protected glycosyl iodide (122, donor) and an unprotected
ceramide (123, acceptor).*! Tetrabutylammonium iodide served as a promoter that
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accelerated the reaction and induced o.-stereoselectivity via in sifu anomerization.
This method has been demonstrated that tolerates unsaturation and free hydroxyl
group in the fatty acid side chain.

OTMS j’\

TMSO O HN™ Gy H3s
™SO " HO A CisHy
TMSO H
' OH
122 123
OTMS

TBA|, DIPEA  TMSO Q Q

CH,Cl,, 1t ™SO HNJ\C H
> TMSO = 17035
77% OM/Q 3Hy7
124 ©OH

To gain an insight for the mechanism underlying the exceptional 1,2-cis
selectivity, Codee and coworkers explored the use of a 1-thio mannosaziduronate for
glycosylation.*> Employing the Ph,SO-Tf,0 activator system, oxocarbenium ion 125
was formed, which can lead to the B-linked product via an S\2-like displacement.
However, the transformation can also proceed via an Syl1-like pathway in this case.
As aresult, it allowed the nucleophile 126 preferentially to attack the oxocarbenium
ion (125b/c) intermediate from the B-face to produce disaccharide 128 with com-
plete 1,2-cis selectivity in 85% yield.

N
MeO,C 3 Ph,S0, Tf,0 N3 C) OAc
AcO O oy —————— —0 CO,Me
BnO —650! BnO
CH,Cl,, -65°C @OTf
Sy 1-lik
127 N 1-like 125b

/

MeO.C SN2-IIke SN1'|ike OBn
eV, OBn g N j§ ® CO,Me
-0 orf __ 3 ~—0
N3 S)
OTf
OAc OAc

125a 125c¢
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Me
Me %—‘O H
° 3 210 Me Me
‘. )V Me 0
HO 0 Me 0
Meo,c N3 H
126 AcO -0 N
BnO 0 o
85% |
GXO
128 Me™ Me

Shiga toxins 1 and 2, expressed by genes are two major virulence factors of
Escherichia coli (E. coli) O157:H7. To differentiate between structurally homologous
Shiga toxins 1 and 2, Weiss and coworkers synthesized a series of glycoconjugates.*
Initially, the coupling of acceptor 129 with trichloroacetimidate donor 130 in the
presence of catalytic amount of TMSOTY afforded disaccharide 131 in 63% yield.

OAc
OAC OH OBn
0 0
AcO OT s+ o NS
3 NH Ns

129 130

TMSOTF, CH,Cl, AcO

B ——

-20°Ctort
63%

2.6 FRIEDEL-CRAFTS ALKYLATION AND ACYLATION

Both Friedel-Crafts alkylation and acylation are typical Syl reactions because they
all involve the generation of carbocation and acylium ion intermediates.

For some Syl reactions such as dehydrative transformations of alcohols, Lewis
acid catalysts are accompanied by undesirable Brgnsted acid-catalyzed reactions
when water or other protic functional groups are present. As a consequence, one
has to choose between powerful but harsh catalysts or poor but mild ones. A com-
mercially available strong Lewis acid BPh, is nonhydrolyzable and neutral. It may
be the answer to the prayer because its hydrates also undergo rapid ligand exchange.
Taking the Friedel-Crafts alkylation reaction as an example, a catalytic amount of
BPh, promoted conversion of allylic alcohol 132 to allylic cation 134,'® which was
then captured by mesitylene (133) to furnish the Friedel-Crafts alkylation adduct
135. Unlike most Lewis acids, there was little (<5%) of olefin isomerization from 135
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to the more stable isomer 136 when BPh, was used as the strong Lewis acid catalyst,
which inevitably took place when other Lewis acid catalysts and Brgnsted acids were

used as catalysts.
HO —  Me Me
BPh; (1 mol%)
+ _—
MeNO, (0.2 M)
Me
132 133

rt,4h,77%

- O |-
134 134

Me Me Me Me
e
/ —_—
QAIE
135 136
A first catalyzed enantioselective propargylation of aromatic compounds with
propargylic alcohols via allenylidene intermediates was developed by Nishibayashi
and coworkers.** The chirality was controlled by an in situ prepared thiolate-bridged
diruthenium complex. Although the reactivity of N,N-dimethylaniline is less than
that of 2-alkylfuran in the propargylation of aromatic molecules, under this condi-
tion that in the presence of a large excess of N,N-dimethylaniline, such transfor-
mation was completed in moderate-to-good yields and high enantioselectivities.
They proposed that an allenylidene intermediate 140 was generated and then its
resonance structure alkynyl complex 140" was attacked by nucleophiles from the
Si face. Employing the propargylic alcohol 141 as electrophile, this article recorded

a novel protocol for the catalytic asymmetric Friedel-Crafts alkylation of aromatic
compounds.

[(CP"RUCI(1,-SR"),] (5 mol%)

R/ b ArH NH,BF, (10 mol%) R\,/
oH CICH,CH,Cl, 60°C Ar
141 142 143
[Ru]* R
” [Ru] Siface
[Rul* n || attack
_H O .
? G)Nu
Ph~ “H Ph-H

140 140’
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SR™: Et .
1 1
( S—)E Arg: Ary: '
o
Ph Ph —
Ph Me
144 NMe,
Me
Ar1 Ar,

) 142a 143c
Yield 49% 53%
ee 83% 85%

Ph

Ar, Ar,
142d 143f
Yield 38% 75%
ee 89% 77%

MeO

- Qs OO~
Ar, Ph  Ar, Ar,

. 1429 142h 143i
Yield 40% 52% 67%
ee 81% 94% 83%

In place of Lewis acids, organocatalysts have been applied to promote Friedel—
Crafts alkylation. Kotsuki et al. developed a series of thioureas such as 145 as halo-
philic catalyst because these thioureas can bind anions through double hydrogen
bonding.* These thiourea catalysts have been able to effectively induce ionization of
alkyl halides as electrophiles to generate carbocation intermediates in an Sy1-type
Friedel-Crafts alkylation. Since 145 is only weakly basic, with a pK, of 8.5, it is a
very mild catalyst.

CF, CF,

F3C

Iz
=z

145
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For example, treatment of a mt-excessive heteroaromatic 146 with benzylic chlo-
ride 147 gave rise to the Friedel-Crafts benzylation using organocatalyst 145.4 Other
T-excessive heteroaromatics such as furans, thiophenes, pyrroles, benzofurans, and
indoles also underwent similar Friedel-Crafts benzylation in good yields although
bis-benzylation often competed with mono-benzylation for furans, thiophenes, and
pyrroles.

) 145 (10 mol%)
p 3AMS (10 mg) Ph
LY - o -0
0 ph  DME(0.5M),83°C o  h
2h,78%
146 147 148

Fluorinated alcohols feature unique properties, including strong H-bonding
donor ability, high ionizing power, and low nucleophilicity, enabling them to eas-
ily generate cationic intermediates through hydrogen bonding interactions. As a
result, reactions can be launched in the absence of Lewis acid or Brgnsted acid
catalysts. Recently, Xiao and coworkers developed the first fluorinated alcohol-
mediated Sy1 reaction of indolyl alcohols with diverse nucleophiles. For example,
2-phenyl-3-indolylmethanol 149 was selected to form the alkylideneindoleninium
ion 150 using TFE as solvent. Treatment with N-methyl indole, it gave adduct 151
in excellent yield.*¢

HO
Ph
N N
H H
149

For Friedel-Crafts benzylation of p-xylene, it was discovered that XtalFluor-E
([Et,NSF,]BF,), a relatively more thermally stable (than DAST) deoxofluorinating
agent, may activate benzyl alcohols in situ.! For instance, benzyl alcohol 152 reacted
with 5 equiv. of p-xylene 153 to afford 1,1-diarylmethane 154 in 61% yield with
the aid of XtalFluor-E. Here cosolvent HFIP stands for 1,1,1,3,3,3-hexafluoro-2-
propanol [HOCH(CF;),].#’
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Me Me
/@/\oH 1.1 equiv. [EtzNSFZ]BF4 ‘ O
+ _ .
ACO CH,CL,—THIP (9:1) ACO
rt,4h,61%
Me Me
152 153 154

Mechanistically, XtalFluor-E, a reagent that requires an external fluoride source
to induce the deoxofluorination reaction, reacted with benzyl alcohol 152 to an acti-
vated alkoxy-N, N-diethylaminodifluorosulfane intermediate 155 rather than benzyl
fluoride. Ionization of 155 then produced a stabilized benzylic carbocation 157 along
with diethylaminosulfinyl fluoride (156) after loss of a fluoride. Cation 157 then
could react with nucleophile p-xylene to deliver 1,1-diarylmethane 154.

@

FF
(E,NSF,]  “BF4 D
Ar=">OH - Ar="X0> “NEt,
152 -H 155
Sy F H
N
N /s'\ + Ar)@H ——, 154
FO 077 NE,
156 157

Mirroring the Bi(OTf);-catalyzed method, Hua et al. developed a BiCl;-catalyzed
synthesis of 1,l-diarylalkanes starting from electron-rich arenes and styrenes.
Additionally, they found that heating of styrene 158 in the presence of catalytic
amounts of BiCl, yielded substituted dihydroindenes 159 as a result of styrene dimer-
ization.*® This reaction may proceed via an intermolecular ene reaction between
styrene 158 and the carbocationic intermediate 160 followed by an intramolecular
Friedel-Crafts alkylation of the resulting carbocationic 1,3-diarylpropane 161.

Me
Me Me

BICl, (5 mol9%) O’
- a
a 110°C, 24 h, neat Me
92% a

158 159

Me
/9
®

@
Ene reaction
M . N

€ d Me " ®
Cl
160 161 Cl

Intramolecular
Friedel-Crafts
alkylation

Me
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A dehydrative nucleophilic substitution of benzyl alcohols in water using a
dodecylbenzenesulfonic acid (DBSA) as a surfactant-type Brgnsted acid catalyst
has recently been developed by Kobayashi and coworkers.* With this environ-
mental-friendly methodology, a variety of aromatic compounds were employed as
nucleophiles to yield corresponding diarylmethanes and 3-substituted indoles. This
reaction system can particularly be extended to the stereoselective C-glycosylation
of 1-hydroxysugar 162 yielding the products 164 in good yields and with remarkable
anomeric ratios.

BnO BnO Ar
(o] OH DBSA (10 mol%) 0
+ Ar-H
OBn OBn H,0,40-80°C, 48 h OBn OBn
162 163 164
B/ow > 20:1
Me\ OMe
N
Ar-H Me@
MeO OMe
Yield 61% 62%

Toste and coworkers developed a mild aromatic propargylation reaction, using an
air- and moisture-tolerant rhenium oxo complex as a catalyst and a propargyl alco-
hol 166 as the electrophile.®® With this methodology in hand, the authors achieved
the synthesis of a couple of bioactive molecules, including B-apopicropodophyllin
(168) and podophyllin (169). The synthesis was starting from the rhenium-catalyzed
Friedel-Crafts alkylation of ethyl propiolate 166 with safrole (165).

OMe
o MeO OMe ReO(dppm)Cl; (5 mol%)
< N AgPF (5 mol%)
0 MeNO,, 50°C
HO
N X 0
CO,Et 66%
165 166

OMe
OMe OMe

O MeO OMe
0
0
SOV
CO,Et l’
6] 2
0

A
167 B-apopicropodophyllin (168)

MeO



60 Carbocation Chemistry

Podophyllotoxin (169)

2.7 ELECTROPHILIC FLUORINATION USING FLUORONIUM ION

Electrophilic fluorination is an electrophilic source of fluorine to react with car-
bon nucleophiles to afford C—F bond. The common electrophilic fluorinating agents
include N-fluoropyridinium salts, N-fluorosulfonamide and its derivatives, and
Selectfluor and its derivatives.3' Although elemental fluorine and reagents incorpo-
rating an oxygen—fluorine bond can be used for this purpose, they have largely been
replaced by reagents containing a nitrogen—fluorine bond. Specially, in this section,
we only introduce the electrophilic fluorination using fluoronium ion.

Halonium ion 170 is well known in organic chemistry. Any sophomore organic
chemistry course would cover it extensively to provide mechanistic insight for
fundamental reactions. Iodonium ions are stable and some have been isolated.
Bromonium ions are less stable, but some bromonium ions such as 172 have been
isolated when caged in a crowded molecule such as adamantylideneadamantane
(171).5% Chloronium ions are less documented, but some stable chloronium ions have
been synthesized.’? However, the existence of the fluoronium ion has been doubted
because fluorine is small in size yet it is the most electronegative element, making
it difficult for fluorine’s electron pairs to engage in hypervalent bonding, like other
halogens can.>

®
X

X=1,Br,Cl
HIIHIIH X: F?

H H
170, halonium ion

Br —[I;r

S
Br.
3 Br@
w Brz @u@
—_—
171 172

In 2013, Lectka et al. obtained strong evidence of the existence of the fluoronium
ion (F®) in solution.> Solvolysis of isotope-labeled fluoro-triflate 173 with 2,2,2 -tri-
fluoroethanol and water at 60°C furnished a 1:1 mixture of two isomers 174 and 175.
The outcome strongly suggests the existence of a symmetrical fluoronium ion 176.%¢
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A
0
oA S
S o S
TFE, H,0 I °
60°C 5
- 176

2.8 MISCELLANEOUS S 1-RELATED REACTIONS

Using ionic liquid BmimBF, as the medium, the Sy1 reaction between 9H-xanthen-9-ol
(54) and indole 177 took place at room temperature. Presumably, carbocation 178 was
generated from 54 under the influence of BmimBF,.” The Syl reaction of 178 with
indole 177 occurred at the C-3 position of the indole ring to produce adduct 179.

BmlmBF4
rt, overnight
64%

H

N

5 HN

N\

’5 177 N

® OAc . OAc
8% 980
178 179

Azabicyclo[5.3.0]alkanone amino acids have been modified to prepare mimics of
peptide B-turn backbone and side-chain geometry.>® In particular, 6-iodo-pyrroloaz-
epine-2-one amino ester 180 has served as a common precursor in reactions with
a variety of nucleophiles to provide an array of constrained peptide mimics. The
nucleophile included alcohols, phenols, nitrates, and azides. Nitrate 182 and azido-
compound 183 were isolated in 89% and 76% yield, respectively, presumably via the
intermediacy of secondary carbenium ion 181.
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|
Y@"\

H @®H
AgY, CH;CN
A At e N + Agl
N rt,2h 9
BocHN o) CO,Me BocHN o) CO,Me
180 181
Y
H
182, Y = ONO,, 89%
— N 183,Y=N,, 76%

BocHN 0 CO,Me

Organophosphonates are a class of important compounds. One of their utilities
is to serve as one of the two coupling partners in the Horner—-Wadworth—Emmons
reaction with aldehydes. The Michaelis—Arbuzov reaction, in turn, is the most fre-
quently used method to prepare organophosphonates. Interestingly, a Lewis acid-
mediated Michaelis—Arbuzov reaction at room temperature undergoes through the
Syl mechanism. For instance, chiral benzyl alcohol 184 and chiral benzyl bromide
185 were treated with triethylphosphite and catalyzed by ZnBr, to give the corre-
sponding phosphonates 186 and 187 as 1:1 mixtures of enantiomers.>® This is in
accord with an Sy1 pathway.

Me P(OEY), Me O
WOH ——S > >~vP —OEt
ZnBr, Ph |
Ph s, OFt
184 186
Me P(OEY), Me O
>_ Br ————> >~vP —OEt
Ph ZnBr, Ph”  OFt
36%
185 187

Multimetallic complexes are supposed to be superior sometimes in terms of
reactivity and selectivity over mono-metal catalysts. A multimetallic complex
[Cp*Ir-(SnCl;),{SnCl,(H,0),}, 188] was able to promote y-hydroxylactams via the
intermediacy of N-acyliminium ions.! For instance, under the influence of 188, serv-
ing as a Lewis acid, y-hydroxylactam 189 was converted to oi-amidoalkylation prod-
uct 190, presumably via the N-acyliminium ion intermediate 191 in an Sy1 fashion,
being captured by a strong nucleophile, 2,5-dimethylfuran. The solvent for the reac-
tion was dichloroethane (DCE).%°

0 \ [Cp I (SnCl3),{SNCl,(H,0),}]
4> / A\ (188, 1 mol%)
N + Me
¢ Me~" ~0 DCE, 80°C
OH 6 h, 95%
189
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100°C, 14 h, 83% ND
N

¥e)
T

Kutateladze et al. assembled oxirane 192 as a reactive versatile intermediate.5!
While in the presence of strong nucleophiles, Sy2 reactions prevailed, under the Sy1
conditions, that is, in the absence of strong nucleophiles in wet DMSO, trans, cis-
triol 193 was generated through the intermediacy of iminium 194.

Hydrolysis of epoxides with water generally takes place via the Sy1 mechanism
because water is a weak nucleophile. For hydrolysis of (—)-o-pinene oxide (195),
a stark contrast was observed when the reaction was carried out at different tem-
peratures.> As shown below, when hydrolysis of 195 took place at room tempera-
ture, trans-sobrerol (196) was the sole product with its chiral integrity completely
preserved. However, when the solvolysis was carried out in boiling water, trans-
sobrerol (196) was determined to be 73% yield with complete scramble of the chiral-
ity (50:50). Meanwhile, cis-(1)-sobrerol (197) was produced in 27% yield.

T : :
/I\OH /I\OH
195 196 197
T=22°C, 100 0
T=100°C, 73 27

The aforementioned observation may be explained using the following mechanism.
Epoxide ring opening of 195 is promoted by water. The resulting tertiary cation
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198 rearranges to tertiary cation 199. Presumably, the process is favored because
the rearrangement released the four-membered ring strain associated with cation
198, which traps water to afford frans-sobrerol (196). However, in hot water, trans-
sobrerol (196) dehydrates easily, giving rise to allylic cation 200, which traps water
to give a mixture of diastereomers 197 and 196.

H
Q

E_l OH

(8, SyT ® LOH Cationic
» _
Rearrangement H
PO

195 198 199

o e e O,

~TroH ~ToH ~T>oH

196 200 197

l>
(T
(T

Pinacolatoboron fluoride (pinBF, 201) was found to be an efficient fluoride trans-
fer agent for diastereoselective synthesis of benzylic fluorides.®® For instance, epox-
ide 202 chelated to the boron Lewis acid to give complex 203, which invoked the
epoxide cleavage in an Sy1 fashion to expose the benzylic cation 204. An intramo-
lecular fluoride transfer then delivered flurohydrin 205 in 55% yield and >95% dr.

Me
Me O, ©
B—F ® BHFX,
o Me o (‘O’M
/©/<|/ e Me 201, pinBF /©/<|/ e
Ph BF,- OEt, CH,Cl, 1t,55%  pp,
202 203
X X F
N7
S, 1 F’B\e Me
Ho ® 6} _—
Ar , '|:|Me Ph OH
204 205, > 95% dr

A Ritter reaction between o-methylene-B-hydroxy ester 206, readily assembled
from the Morita—Baylis—Hillman reaction, was carried out in acetonitrile and was
mediated by sulfuric acid to assemble allylic acetamide 207.* Mechanistically, the
Ritter reaction in acidic medium proceeded via the intermediacy of an allylic cat-
ion. At first, allylic alcohol 206 is protonated by the acid to give 208, which dehy-
drates to produce the key intermediate, allylic cation 209. Experimental evidence
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and computational calculation indicated that carbenium ion 209’ prefers the Syl’
pathway rather an Syl mechanism (after all, 207 is the Syl” product!) because Syl’
path is more exergonic than the Syl path. The resulting Sy1” adduct, nitrilium ion
210, then captures water and delivers allylic acetamide 207.

0
OH O
MeCN X OMe
OMe ———>
H,S0, R NH
R )\
206 207 ©
®
OH, O
H,50, ke
206 OMe
-H,0
R 208
0
© ® $\120
‘@I OMe « N OMe
R ' R \_:NC-Me
209 209’
m O/\ﬁ‘\
210 207 o Me
Me

In the presence of two strong acids, H,SO, and TFA, carbinol 211 was converted
to 10-arylpyrrolo[1,2-bJisoquinoline 212 in a diastereo-controlled fashion with >95%
de.% Mechanistically, benzyl alcohol 211 was at first protonated to give 213, which
loses a molecule of water to offer carbenium ion 214. An intramolecular Sy1 reaction
then afforded 212.

OMe

OH
MeO
O . OMe

MeO 30 equiv. H,S0,
0 3 equiv. TFA H
MeO ~
O CH,Cl,, reflux, 2 h 84%
MeO MeO
OMe 0]

211 212
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211

Woerpel et al. have developed an Syl reaction to construct the 1,2-dioxepane
of 10,12-peroxycalamenene.®® The treatment of catalytic amount of DDQ to silyl
peroxide ether 215, it led to desilylation followed by intramolecular Sy1-type seven-
membered ring formation to yield 216 in a 60% overall yield. In such transformation,
the mechanistic details of this reaction were unknown, but it was postulated that the
DDQ played the roles as both a single-electron acceptor and a weak acid.

Me OSiEt, Me @H
DDQ (20 mol%)
THF/H,0 9:1
—_—
Me Me
Me Me
Me” "OOSiEt, Me” OOH
215 217
Me
Me
O °
. \
Me 60% 0
Me .. Me Me
Me” “OOH Me
218 216
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The inversion of stereochemistry in a synthetic scheme is a powerful tool for an
organic chemist. The synthetic intermediate in this mechanism lacks true carboca-
tion character, and only a partial positive charge exists. Nonetheless, within this
chapter are multiple examples from the recent literature that use synthetic modifica-
tions with the Sy2 mechanism under a variety of different conditions.

3.1 CONSTRUCTION OF QUATERNARY STEREOGENIC CENTERS

The Sy2 reaction, one of the most fundamental reactions in organic transformation,
can be used for the construction of enantioenriched chiral carbon centers because
the substitution proceeds with the complete inversion of stereochemistry.! Shibatomi
et al.! used optically active acid chlorides for the preparation of a variety of chiral
molecules having a quaternary stereogenic center. These intermediates would be
useful in a synthetic scheme if Sy2 substitution were to occur at the chlorinated ter-
tiary carbon.! Prior to this chemistry, the Sy2 displacement of chlorinated carbons
has failed due to two major issues.! The first is that tertiary halides rarely undergo
Sy2 substitution.! The second is that there are relatively few catalytic methods that
afford highly enantioenriched tertiary chlorides.! The researchers afforded the
enantioselective chlorination of a variety of B-keto esters, and subsequently used

71
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A g 2 cogm
Ri " DMSO 1 N
a R 25-40°C R, ™
1-8h
1 2
0
Pd/BasO, . )S/cozr-su
1 “,
(10 mol%) R NH,
MeOH 3

r,1-4h 85%-99% yield

86%-98% ee

SCHEME 3.1 S,2 substitution with sodium azide and subsequent hydrogenolysis to give
o-amino acid derivatives.!

o RSH, Et;N )
co,rBu _ CHallyrt1-4h ; CO,t-Bu
R »,,R or 1 "'//X
a 2 CsF, 18-crown-6 R
CH,CN, 1t, 12 h
1 4: X=SR
5:X=F

35%-98% yield
84%-98% ee

SCHEME 3.2  S\2 reaction with alkylthiols and cesium fluoride.!

an unimpeded Sy2 substitution at the chlorinated tertiary carbon.' This chemistry is
illustrated in Schemes 3.1 and 3.2.

3.2 SULFUR CHEMISTRY

Avenoza et al.? did extensive synthetic work on the reaction of sulfur nucleophiles
with hindered sulfamidates. Cyclic sulfamidates have been used as reactive inter-
mediates in organic synthesis because most ring-opening reactions of cyclic sul-
famidates with nucleophiles proceed by the Sy2 pathway with total inversion at the
stereogenic center.> Scheme 3.3 illustrates the synthetic utility of this methodology
using a cyclic sulfamidate.

Robertson and Wu? prepared a variety of chiral tetrahydrothiophenes (THTSs) in
high enantiopurity via phosphorothioic acids and related compounds. The authors
consider the methods developed to be a safer alternative to the use of H,S, which
is a highly toxic gas.> Each THT is derived from a common intermediate, thereby
greatly enhancing the flexibility of the synthesis.® The key transformation is a base
promoted, intramolecular, carbon—sulfur bond-forming event.* These reactions are
highly stereospecific as they operate through a double Sy2 displacement mecha-
nism.? A representation of the synthesis is shown in Scheme 3.4.
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SCHEME 3.3 Sy2 reaction of cyclic sulfamidate (R)-6 with different sulfur nucleophiles.?
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SCHEME 3.4 Scope of chiral THT formation.?
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SCHEME 3.5 Hydrolysis of benzylic sec-sulfate esters.*

Toesch et al.* showed that the stereochemistry of enzymatic and nonenzymatic
hydrolysis of benzylic sec-sulfate esters proceeded by S\2 inversion at the benzylic
carbon to give the major product shown (Scheme 3.5). The suppression of the other
possible products was carried out with the addition of DMSO as the cosolvent.*

3.3 ORGANOMETALLIC CHEMISTRY

Zhu et al.’ developed a palladium-catalyzed intramolecular aminohydroxylation of
alkenes, in which H,0, was applied as the sole oxidant. A variety of alkyl alcohols
could be successfully obtained with good yields and excellent diastereoselectivities,
which directly derived from oxidation cleavage of alkyl C—Pd bond by H,0,.° Facile
transformation of these products provided a powerful tool toward the synthesis of
2-amino-1,3-diols and 3-ol amino acids.’ Preliminary mechanistic studies revealed
that major nucleophilic attack of water (Sy2 type) at high-valent Pd center contrib-
utes to the final C—O(H) bond formation.’> Scheme 3.6 illustrates the aforementioned
chemistry and the reaction scope.
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NHTs Pd(OAc), (5 mol%) Ts
O:< __ 35% aq H,0, (3 equiv.) N “0H
Of CF,CO,Li (2 equiv) O_ﬂ/ol
R acetone, 0°C, 10 h R
13
12 50%-95% yield
>20:1 de

SCHEME 3.6 Pd-catalyzed intramolecular aminohydroxylation of alkenes with hydrogen
peroxide as oxidant and water as nucleophile.’

Fang et al.% afforded a general inversion-stereospecific, N-selective alkylation of
substituted 2-pyridones (and analogs), amides, and carbamates using chiral o-chloro
or bromocarboxylic acids in the presence of KOz-Bu (or KHMDS) and Mg(O#-Bu),.
The researchers isolated the resulting o-chiral carboxylic acid products in high
chemical yields and high ee (>90% ee).® Mechanistic evidence suggested that the
reaction proceeds through 2-pyridone 0-coordinated Mg carboxylate intermediates,
which afford the product through an intramolecular S\2 alkylation.® Scheme 3.7
illustrates this chemistry.°

Katcher and Doyle’ described the enantioselective fluorination of readily avail-
able cyclic allylic chlorides with AgF using a Pd(0) catalyst and Trost bisphos-
phine ligand. The reactions proceed with unprecedented ease of operation for
Pd-mediated nucleophilic fluorination, allowing access to highly enantioenriched
cyclic allylic fluorides that bear diverse functional groups.” The mechanism pro-
ceeds by an Sy2-type attack of fluoride on a Pd(I)-allyl intermediate to afford the
C-F bond.” Scheme 3.8 summarizes this chemistry.

Ghorai et al.® described a highly efficient strategy for the Cu(OTf),-mediated Sy2-
type nucleophilic ring-opening followed by the [4 + 2] cycloaddition reactions of a

CH,
/'\ v E
RO a CO,H RO
TN . B N" > coH
Base
—
N 7 N
14 15

)J\ R, KOt-Bu (1.05 equiv.) P
R, NH* )\ MgOt-Bu (2 equiv.) le ’}l CO,H
! ' X~ COH - R
| 53 THF, rt to reflux B

16 17 18

73%-94% yield
86%->99% ee

SCHEME 3.7  Synthetic route and reaction scope for enantioenriched N-alkylated products.®
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SCHEME 3.8 Palladium-catalyzed fluorination of allylic chlorides.’

number of 2-aryl-N-tosylazetidines with nitriles to afford a variety of substituted tet-
rahydropyrimidines in excellent yields. The resulting tetrahydropyrimidines could
easily be transformed into synthetically important 1,3-diamines by acid-catalyzed
hydrolysis.® The strategy has been extended to the synthesis of enantiomerically
pure tetrahydropyrimidines from enantiopure disubstituted azetidines.® Scheme 3.9
illustrates the cycloaddition of 2,4-disubstituted-N-tosylazetidines with acetonitrile
which proceeds through a Sy2 mechanism.®

Trost et al.® published an article describing the palladium-catalyzed decarboxyla-
tive asymmetric allylic alkylation (DAAA) of allyl enol carbonates as highly chemo-,
region-, and enantioselective process for the synthesis of ketones bearing either a
quaternary or a tertiary o-stereogenic center. Their mechanistic studies revealed
that, similar to the direct allylation of lithium enolates, the DA AA reaction proceeds
through an “outer sphere” S 2-type attack on the w-allylpalladium complex by the
enolate.” Scheme 3.10 illustrates this chemistry.

Geier et al.!” presented a reaction of a complex Pt organometallic species with
electrophilic halogen sources in the presence of X~ ligands which changes the
mechanism of reductive elimination from a concerted reductive coupling type to

Ph,, Ph N CH
Ph Ts S 3
N Cu(OTf), Y \(
+ CHON ——— 2 » + Ner
80 °C, 30 min
R R
22
23 24
a:R=Et
R — 80% (23a:24a; 71:29)
b:R=n-Pr
80% (23b:24b; 69:31)

SCHEME 3.9 Cycloaddition of 2,4-disubstituted-N-tosylazetidines with acetonitrile.
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X X
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SCHEME 3.10 Palladium-catalyzed decarboxylative AAA of substituted allyl enol
carbonates.’

an S\2-type reductive elimination. In the absence of the X~ ligand the reductive
elimination is stereoretentive; in its presence, the process is stereoinvertive.!” This
selectivity hinges on the reactivity of a key five-coordinate Pt(IV) intermediate with
the X~ ligand.'” These findings are summarized in Scheme 3.11.

Thompson and Dong!' described the alkylation of rhodium(III) porphyrins
[Rh™(por)] which was achieved under relatively mild conditions in up to 98% yields,

Ph CH,
o CH,
" ~Ph . o
Ph—p /p/t (6] XeF,
Ph - H H
ph M H
28

K

29

CH,
XeF, 0
s H
28 AcO~
F H
30

SCHEME 3.11 Pt reductive elimination.'”
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O0H H,0, air, A R
31 32

SCHEME 3.12 Alkylation of rhodium porphyrins.!!

where readily available ammonium and quinolinium salts were utilized as the alkyl-
ating agents. This transformation was shown to tolerate air and water, thus serving as
a convenient method to prepare a variety of alkyl- and benzyl-Rh'(por) complexes."!
Preliminary mechanistic studies support an Sy2-like reaction pathway involving
Rh(por) anion intermediate."" Scheme 3.12 illustrates this chemistry.

Nookaraju et al.!> presented a simple and novel synthesis of (+)-monocerin
which was achieved in 15 steps and 15.5% overall yield from 3-buten-1-ol employ-
ing hydrolytic kinetic resolution, Julia olefination, intramolecular tandem Sharpless
asymmetric dihydroxylation-S\2 cyclization, and a novel copper-mediated tandem
cyanation—cyclization as the key steps. Scheme 3.13 illustrates the relevant chemistry.

Shafaatian and Heidari'® described a new organoplatinum(II) complex containing
2,2"-biquinoline ligand (biq) synthesized from the reaction of [Pt(p-MeC¢H,),(SMe,),
with 2,2"-biquinoline in a 1:1 molar ratio. In this complex the ligand was coordinated
to the metal via the chelating nitrogen donor atoms."3 Also, platinum(I'V) complex
was obtained by the oxidative addition reaction of methyl iodide with the platinum(II)
complex in acetone.!® The kinetic studies of the oxidative addition reaction of methyl
iodide with the platinum(II) complex in different temperatures were investigated.' It
was indicated that the reaction occurred by the Sy2 mechanism. Scheme 3.14 illus-
trates this oxidative addition.

MeO AN CH; (1) MsCl, NEt;, CH,Cl,,
rt,2h
OH
MeO (2) AD-mix-B, t-BuOH:H,0
OMe 0°C, 24 h, 95%
33
CH,
o}

MeO

OH
MeO 34

OMe

SCHEME 3.13 Tandem asymmetric dihydroxylation-Sy2 cyclization."?
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SCHEME 3.14 Oxidative addition using methyl iodide.!?

3.4 MACROCYCLIZATION

Marti-Centelles et al.'"* synthesized a family of pseudopeptidic macrocycles contain-
ing nonnatural amino acids. The overall macrocyclization reaction was studied both
experimentally and computationally.”* This reaction proceeded via a Sy2 reaction
mechanism."* The researchers studied the effects of both the amino acid side chain
and the bromide anion as it pertained to the overall macrocyclization." The main
conclusion found that use of the cyclohexylalanine side chain within the amino acid
portion of the molecule gave the highest yield of macrocyclization.'* Scheme 3.15
illustrates the chemistry used to synthesize a variety of macrocyclic products.

3.5 SUGAR CHEMISTRY

Issa and Bennett'> worked on a tosylate Sy2-glyosylation for the direct synthesis
of B-linked 2-deoxy-sugars. Starting with 2-deoxy-sugars the researchers used
p-tolunesulfonic anhydride to afford an o.-glycosyl tosylate which undergoes nucleo-
philic attack to afford the B-anomer exclusively (Scheme 3.16)."> This powerful syn-
thetic tool overcomes an obstacle which has puzzled synthetic chemists for years.!?
Previously the B-linked deoxy sugars have been uncontrolled with the stereochemi-
cal information intrinsic to the glycosyl donor.

Jiang et al.'s described a highly efficient methodology for the stereo-controlled
synthesis of aminodeoxyalditols through a dimesylation/intramolecular Sy2 nucleo-
philic substitution ring-forming reaction sequence from glucose, mannose, and gla-
ctose derivatives. The degree of difficulty and the rate of the reaction of dimesylates
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SCHEME 3.15 [1 + 1] Macrocylic structures obtained from C,-symmetrical open-chain
pseudopeptides.'*

(1) KHMDS, THF
-78°C
v

OBn
OBn

o)
cH B”O/f§§;14;,
BnO 0 HC } BnO BnOO 0
BnO oH 3. BnO
KO BnO
8O o 43 e
42 Bro 83%
BnO

OMe B-only

SCHEME 3.16 Reaction optimization with carbohydrate acceptors.'

in the cyclization process was evaluated in the text and shows the trend: galac-
tose > glucose > mannose derivatives, which has been identified from the research-
ers experiments and classical theories.!® Scheme 3.17 illustrates the synthesis using
the galactose derivative.

3.6 NUCLEOSIDE ANALOGS

Prevost et al.”” reported a highly diastereoselective route to 1°,2’-cis-nucleoside ana-
logs in the D-ribo, D-lyxo, D-xylo, and D-arabinoside series. Five-membered ring
lactols undergo highly selective N-glycosidation reactions in the presence of dimeth-
ylboron bromide with different silylated nucleobases.!” Stereoelectronic control plays
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SCHEME 3.17 Formation of a galactose dervative.'®
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SCHEME 3.18 N-glycosidation of C-2-substituted lactols."”

a crucial role for the observed induction, and the products are proposed to be formed
through Sy2 “exploded” transition states.'” Scheme 3.18 illustrates this chemistry as
it applies to the N-glycosidation of C-2-substituted lactols.

3.7 N-ALKYLATION

Zeinyeh et al.'® showed that regioselectivities were determined for N-alkylations of
imidazo[4,5-b]pyridine-4-oxide and 2-methyl-imidazo[4,5-b]pyridine-4-oxide with
benzyl bromide or benzyl iodide at RT using K,CO; in DMF as a base. Experimental
attempts have shown that N-1/N-3 ratios slightly varied according to the substitution
on C-2 position.!® This was confirmed by DFT calculations in solvent phase.'® This
computational study has shown first that this N-benzylation reaction passed through
a Sy2 mechanism.”® Moreover, regioselectivity of N-benzylation has appeared essen-
tially governed by “steric approach control.”!® It explained that opposite site N-1/N-3
ratios were obtained with imidazo[4,5-b]pyridine-4-oxide and its 2-methyl-substi-
tuted analog."” Finally, regioselectivities varied slightly with the nature of benzyl
halide.’® Scheme 3.19 illustrates the N-benzylation of imidazo[4,5-b]pyridine-4-ox-
ide and its 2-methyl derivative.

3.8 CYCLOTETRAPHOSPHAZENES

Ciftci et al.”” presented a study where 2-naphthylamine substituted cyclotetrap-
hosphazenes were synthesized and characterized for the first time. The reaction of
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SCHEME 3.19 N-benzylation of 3H-imidazo[4,5-b]pyridine-4-oxide derivatives 53-56.18

octachlorocyclotetraphosphazene (57) with 2-naphthylamine (58) was performed in
a THF (tetrahydrofuran) solution and gave eight products.’® All of the 2-naphthyl-
amine substituted cyclotetraphosphazene compounds were fully characterized.”® A
number of these products were formed by both Sy1 and Sy2 reaction mechanism."
The mechanisms were supported by 3P NMR (nuclear magnetic resonance) and
x-ray crystallography results. A representative reaction for the conversion using an
Sx2 mechanism is shown in Scheme 3.20.

al
cl. NH
S R
p? Et;N a. N N
-\ \P/Cl _—  » N P
- AN 7,
NN O T a” N, N7
R P
a” AN I
57 58

59

SCHEME 3.20 Representative formation of a 2-naphthylamine substituted cyclotetraphos-
phazene using S\2 chemistry."”
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3.9 CONFORMATIONALLY LOCKED TETRAHYDROPYRAN RING

Karban et al.?® have presented a paper where 1,6-anhydro-2,3,4-trideoxy-2,3-
(tosylepimino)-3-p-hexopyranoses underwent aziridine ring-opening reactions with
halides and other heteroatom-centered nucleophiles. Ribo-epimine provided (60)
provided trans-diaxial and cis products.”® The lyxo-epimine (61) gave trans-diax-
ial and trans-diequatorial products, depending upon the reaction conditions (acid
cleavage versus base cleavage) and the nucleophile (hard nucleophiles versus soft
ones).?Y These results have been rationalized by assuming that both Sy2 and border-
line Sy2 cleavage mechanisms are operative.?’ Scheme 3.21 illustrates a representa-
tion of this chemistry.

3.10 THE IONIC LIQUID EFFECT

Hallet et al.?' presented their findings in the field of ionic liquids. The application
of liquids that are salts at room temperature to chemical synthesis has become a
hugely exciting field of study. The greatest promise that these ionic liquids hold
is that they might offer process advantages, even novel behaviors that cannot be
achieved in molecular solvents.”! The Sy2 reaction of the trifluoromethanesulfonate
and bis(trifluoromethanesulfonyl)imide salts of dimethyl-4-nitrophenylsulfonium
([p-NO,PhS(CH,;),]*[X]:[X]~ = [CF;SO;], [N(CF;S0,),]") with chloride ion follow
a fundamentally different pathway to when the same salts react in molecular sol-
vents.?! Scheme 3.22 illustrates the Sy2 mechanism in molecular solvents.

3.11  SILVER CHEMISTRY

Llaveria et al.?? describes their synthetic work with silver complexes bearing trispyr-
azolylborate ligands (Tp*) which catalyze the aziridination of 2,4-diene-1-ols in a

(6]
-0
N
)

60 61
Bu,NI/NH,|
60 ——— — »
Toluene, 1 h, reflux NHTs NHTs
trans-diaxial cis-product
product P
7% 67% 16%

SCHEME 3.21 Ring opening of aziridines.?
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0 . CH; 0* ST f saltand not the bis-trifluoromethylsulfonyl amide
E F >(F ion.

65

Kinetic scheme

(1) Formation of ion pair:

0 CH o £
. K NOS+ CH
NOS a + Q' g ‘o,

CH, Ky

66 67

(2) Formation of products from ion pair:

0 /CH3 k, o} CH;
N st ooa | — N7 S +CH,Cl + Q*Cl
o/, + \ O/

Qtcr 68 69 70
67

(3) Redistribution of ion pair:

0 CH, L. © CH

. Pk Lk O S ,

/,N S\ a + Q a > /,N+ s\ +d +
0 CH,§ d CH,

Qfar 71 72 73
67

-
2

(4) Monomer-dimer equilibrium:

_ Rapi
[QTI ‘ P4 atr
2
73 74
+ =y A
Final rate law: d Products _ kiky(E"CI)(QCI)
dt ky +ky + ks (QTCI)

k1 k2
k (second-order) = ————————
k, +k, +k;(Q°Cl)

SCHEME 3.22 S2 mechanism in molecular solvents.?! Note: Q* refers to the (quaternary)
cation originally associated with the chloride ion.
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Ts NHTs
/ KOH _ ho N~
N —_— 3
HO <L X CH;  68% H
OH
75 76
Ts NHTs
N NHy/YbOTh, — ho I~ cHy
HO L L CHy — = :
N 64% NH
2
75 77
Ts NHTs
N PhSNa Ho A~
_—
HO L~ CHs 46% éPh
75 78

SCHEME 3.23 Ring-opening of vinylaziridine 75 by Sy2 reactions.??

chemo-, regio-, and stereoselective manner to give vinylaziridines in high yields by
means of the metal-mediated transfer of nitrogen tosylates (N'Ts) (Ts = p-toluensul-
fonyl) units from Phl = NTs. The ring opening of vinylaziridines can be carried out
under Sy2 and Sy2’ conditions based on the reagents.??> Scheme 3.23 illustrates the
use of three different conditions that react with the vinylaziridine to form products
via the Sy2 mechanism.??

Rijs et al.?® describes their findings in researching the allylic substitution reac-
tions with silver and gold catalysts. Copper-mediated allylic substitution reactions
are widely used in organic synthesis whereas the analogous reactions for silver
and gold are essentially unknown.?® To unravel why this is the case, the gas-phase

Ci "5 ’
R—M—R] Hzcé\/ — R—M~R----2
[
79 80 81
R

—>l R—Ml + 7~ 4
H,C
82 83

SCHEME 3.24 Possible mechanistic pathway for the C—C silver coupling reaction.?
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reactions of allyl iodide with the coinage metal dimethylmetallates were examined
under near thermal conditions of an ion trap mass spectrometer and via electronic
structure calculations.?? Based on the results described in the article, the authors find
that the kinetically most probable pathway for silver is through the Sy2 reaction.?®
Scheme 3.24 illustrates this plausible mechanism based on their results.
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4.1 INTRODUCTION

Electrophilic additions to alkenes are ubiquitous and at the same time invisible in
much of natural product synthesis. With the exception of a few named reactions,
electrophilic additions to alkenes are often utilized as a necessary step in functional
group transformation to set up the key reaction—not necessarily acting as the key
reaction in a total synthesis. As such, classical electrophilic additions to alkenes
rarely receive attention in article abstracts or titles. This chapter deals with electro-
philic additions to alkenes as used in the synthesis of natural or biologically active
targets and, wherever possible, highlight their use as the key step in that synthesis.

4.2 CYCLOPROPANATION

Carbenes can be electrophiles for electrophilic addition to alkenes.'® The carbene
lone pair of electrons then captures the forming carbocation to install a cyclopropane
ring. The carbene can be generated through a variety of methods and utilized in a
variety of reactions to generate cyclopropane products. Cossy and coworkers opened
cyclopropenes with a rhodium catalyst to form a transient carbene which cyclized
onto an intramolecular alkene to form tricyclic cyclopropane-containing products.
Yields and diastereoselectivities are typically high, and the authors used this meth-
odology in the synthesis of benzazocanes and benzoxocanes.’

87
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R R R’ R’
Carbene formation: [M] cat. | R
B

R R

96%
>96:4dr

0.5 mol% [Rh,(OAc),]
O\JJM CH,Cl,, rt, 30 min

",
"y
\\\\

/\ (1) 0.5 mol% [Rh,(OAc),]
HO (\ .
AN CH,Cl,, rt, 60 min

O N\n/o\/\ (2) 5 mol% Pd(PPh,),

o morpholine, THF, rt

50% (2 steps)
> 96:4 dr

The cyclopropane generated in these reactions also holds interest as reactive func-
tional groups. (+)-Barekoxide and (+)-barekol have been synthesized by Davies and
coworkers through tandem carbene cyclopropanation/Cope rearrangement.® This
tandem reaction (a formal [4 + 3]-cycloaddition) is often highly diastereoselective.
The tricyclic fused cycloheptane framework generated is present in several terpene
natural products. Depending on the setup of the precursors, three new stereocenters
can be set in the course of this reaction. For this particular reaction, the stereochem-
istry of the diene and the stereochemistry of the catalyst create a matched system in
model studies, whereby the cyclopropanation occurs from one face selectively. In the
actual system, the methodology allows access to a congested, all-carbon quaternary
center with good diastereocontrol.

Model system

OTBS
CO,Me
OTBS
N,
[Rh,(R-PTAD),]
—_—
PhMe, 0°C
(Carbenoid approaches
opposite OTBS group)
MOMO  _ ~a
A OTBS
OTBS ~ >
CO,Me (Catalyst blocks
approach from
— [Rh] front-right,

back-left)
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MOMO‘ B OITBSOTBS Cope
B CO,Me rearrangement
H (boatTS)

MOMO . OTBS
: - | ,OTBS
T CO,Me =
H
H TBSO  CO,Me
Total synthesis
OTBS CO,Me
CO,Me
OTBS
[Rh,(R-PTAD),] 47%
e A )
hexanes, A *6:1.dr

(+)-Barekoxide (+)-Barekol

Nakada and coworkers successfully employed intramolecular copper-catalyzed
cyclopropanation of o-diazocarbonyls to synthesize the structurally related natural
products nemorosone,” hyperforin,'” and garsubellin A."'' An enantioselective intra-
molecular cyclopropanation by the same group was a key step in the synthesis of
()-colletoic acid."?
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OMe

2 mol%

=N
‘( 2 [{Cu(OTf),-PhMe]

Carbocation Chemistry

MeO OTIPS

0

OTIPS O\\><(O

M WY
N N

at Bl

OMe
(Not isolated)

o)
\\ —oTIPS

S

e z iR

CO,Me

Nemorosone Garsubellin A

Hyperforin

10 mol% Cu(BF,)
70°C, PhMe, 12 h

15 mol%

(+)-Colletoic acid

79%
95.5:4.5 er
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Rhodium-catalyzed cyclopropanation of o-diazocarbonyls is also synthetically use-
ful, and Taber et al.!3 prepared (+)-coronafacic acid in such a manner. The stereoselectiv-
ity is controlled by a menthyl ester chiral auxiliary. (+)-Coronafacic acid induces tubers
and cell expansion while promoting senescence and inhibiting cell division in plants.

N, PN rt, 3h

o o f
pIV
0 Toha, ,Cl, 5\\:]\

63%
2:1dr

CO,H
(+)-Coronafacic acid

(-)-Ardeemin was isolated from a strain of Aspergillus fischeri' and has been
shown to reverse multidrug resistance in some tumor cell lines. It has increased
the cytotoxicity of vinblastine 1000-fold against the KBV-1 tumor cell line. Qin
and coworkers used copper salts to facilitate carbene formation and effect cyclo-
propanation. The conditions for the cyclopropanation event were exploited to induce
a cascade reaction consisting of cyclopropanation, ring opening, and iminium ion
cyclization. The product was carried on to complete the synthesis of (—)-ardeemin.'?
The same group utilized this cascade reaction on different indole scaffolds to synthe-
size (¥)-vincorine,'® (+)-minfiensine,"” and (+)-communesin E.!8

Model system

o o)
N2 §)J\OEt N/EO

H
| 0
. HN. O 5 mol% Cu(OTf), CO,Et
Me 5 CH,Cl,, -35°C,30h N
Me
o®
CO,Et H EtO\
: .
K7 0
HN
me Y
— O -
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Total synthesis

()
N
2§)J\OEt
N | HN. _O 5 mol% Cu(OTf),
Me \g/ CH,Cl,, -35°C,30 h
—_—
B —
(-)-Ardeemin
NHTs
| CO,Me 5 mol% Cu(OTf)
- .
E N, CH,Cly, rt, 12 h
oc
(¢}
R ——
—_—

7 OH
Engd
N~
(+)-Minfiensine
Br 0 0 (0}
(1) 1 mol% Cu(OTf)
CH,Cl,, 1, 1h
I N,

N (2) PBu, aq. THF ’

| N o, N ///,N

ve N3 0°C,0.5h NN

73%

(Two steps)
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—. v
N
N
|HH
Me

(+)-Communesin F

4.3 HYDROBORATION-OXIDATION

The hydroboration—oxidation of terminal olefins in organic synthesis is often used to
set the stereochemistry of the internal carbon atom more so than necessarily function-
alizing the terminal position. Often, the newly installed hydroxy group is a placeholder
until further functional group transformations convert it into the desired functional-
ity of the ultimate target. Like other electrophilic additions, hydroboration—oxidation
events often receive less focus in articles than the key bond-forming events.!%20

The fungus Claviceps paspali produces the indole diterpene alkaloid paspaline.
The Johnson lab has disclosed the synthesis of this alkaloid utilizing hydroboration—
oxidation.?! The hydroboration—oxidation step of an exocyclic alkene set the C4b
(paspaline numbering) stereocenter. The resulting alcohol was oxidized and used as
an electrophile for an aldol condensation. Paspaline was completed in 28 steps and
0.4% yield.

0] 0
[BH, - THF]
THF, 50°C
H nm H OH
1) Then H,0,, NaOH o)
H 0°C—rt H
OTBS OTBS
74%
>20:1dr

Paspaline

In much the same way, the Carreira lab set a key stereocenter through
hydroboration—oxidation and oxidized the alcohol to use as an electrophile for an
aldol condensation. With this sequence, the researchers completed the synthesis of
gelsemoxonine, an alkaloid isolated from Gelsemium elegans Bentham.?

(0] . (0]
o S omem o]
% L RS H
N Then H202: NaOH N ""\

Boc r,4h 79% Boc OH
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Gelsemoxonine

Two hydroboration—oxidations were utilized in the synthesis of (+)-daphmanidin
E by the Carreira group.? (+)-Daphmanidin E has been shown to be a vasorelaxant
in studies of rat aorta. A high concentration (>1 M) of BH; in THF was required
to complete the slow hydroboration of a protected cyclohexenone, and two contigu-
ous stereocenters were set with high diastereoselectivity. Later in the synthesis, the
researchers carried out a second hydroboration of a monosubstituted olefin in the
presence of an exocyclic 1,1-disubstituted olefin. The completion of the synthesis
marked the first synthesis of any member of the daphmanidin alkaloids.

Y [BH; - SMe,]

Then NaBO; - 4H,0
COEt  (iBu)AI, THE-25°C HO” OH
OTBDPS "> 0TBDPS
72%

9-BBN,THF, rt
Then NaBO; - 4H,0

( OBz

OTBDPS
O CO,Me
N

w0 \

o)

/07 omom —= HOT ™7 A

f OBz AcO
TBDPSO 60% (+)-Daphmanidin E

Stereoselective hydroboration—oxidation of a 1,1-disubstituted olefin is difficult
without any inherent structural bias. Tietze et al. instead performed a hydroboration—
oxidation on a trisubstituted vinyl silane as a 1,1-disubstituted alkene surrogate in
their synthesis of (+)-linoxepin.?* (-)-(ipc)BH, provided the best yield, and protodesi-
lylation with TBAF (tetrabutylammonium fluoride) revealed the primary alcohol.
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Enantiopure (+)-linoxepin was synthesized in 11 steps and 27% yield through this
method.

=~ SiMe,Ph
OTIPS (-)-ipcBH,, THF
MeO 0°C—>rt, 16 h MeO

B ————

0 Then H,0,, NaOH
0°C—rt, 1h

2.5 equiv.Bu,NF  MeO

—_— >
THF, 0°C, 30 min
89%

76:24 er

(+)-Linoxepin

One of the strategies for sequential formation of the ring ethers of marine ladder
toxins involves hydroboration of a cyclic alkene and ring closure through an intermedi-
ate acetal. Recently, the ladder toxin gambieric acid A was produced in this manner by
Fuwa et al.>> The C-ring was formed by this sequence. In addition, a temporary F-ring
was functionalized through hydroboration—oxidation to introduce the oxygen atom
which would eventually take part in closing the E-ring. The free hydroxy group on the
B-ring was also introduced earlier in the synthesis through hydroboration—oxidation.

H H

OYPh ThexylBH,

—_—
1) Then NaOH
H,0,

[BH,-SMe,]

Then NaOH
H,0,

NAPO

>20:1dr
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C
[BH;-SMe,]
Then NaOH H H
H,0, 2:1dr

Gambieric acid A
HO,C

OH

Hydroboration—oxidation quietly set the C6 stereocenter of (—)-callipeltoside
throughout several iterations of the synthesis by Hoye et al. While late-stage issues
with cyclization of the cytotoxic macrolide called for rethinking the synthetic
strategy, the hydroboration—oxidation furnished the C6 stereocenter each time.
(—)-Callipeltoside was finally achieved in 21 linear steps and 0.7% overall yield.?

9-BBN

OPMB .
Then NaOH
MeO | OPMB H,0,

OTBS

(-)-Callipeltoside A

For Cho et al.,”” a Diels—Alder reaction was a key step in their synthesis of
(H)-pancratistatin, however, the dienophile would have needed to be an unstable enol.
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To work around this issue, a terminal alkyne was treated with pinacolborane. The
resulting vinylborane was utilized as the dienophile to form an alkylborane, which
was subsequently oxidized to the (S)-alcohol. Unfortunately pancratistatin contains
the (R)-alcohol. This could be remedied by an oxidation—reduction strategy at one of
(+/-)-lycorine, which does contain the (S)-alcohol. Cho and his group again utilized
this strategy in the more recent synthesis of (¥)-lycorine.?

P 0__0
¢} = pinBH C/) /E;I:
< HZrCp,(l O X8 Br Br

~0
o =< =,
! CHC it g PhMe
R 80°C

R =H (lycorine)

o R=H:85%
OMe (pancratistatin) R = OMe: 82%
0]
0 0]
(0] 7
H
Br
NaBO,
—_——
aq.THF R
) 0°C — 5°C 0
o~/ o~
. R = H: (not isolated)
R=H:74% R=0Me: 81%
R =OMe: 86%
HO,,,
HO™
—_—
B —

(0] OH

Pancratistatin Lycorine

4.4 THE PAUSON-KHAND REACTION

The Pauson—Khand reaction is well known for its ability to form cyclopentenones
from enynes and a metal carbonyl. The metal center coordinates with the alkyne for
use as the electrophile in the electrophilic addition to an alkene. The Pauson—Khand
reaction has been reviewed several times recently,?—? and examples of its use in total
synthesis will be highlighted here.

Chung and his team prepared a library of steroids with modified D-rings.®
The D-rings were prepared through the Pauson—Khand reaction. The ring forma-
tion proceeded with comparable yields utilizing either cobalt or rhodium carbonyl
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catalysts. Steroid derivatives were more recently prepared by Helaja and team with
an appended E-ring.3*3° A D-ring alkene served as the nucleophile for an intermo-

lecular Pauson—Khand reaction.
1.1 equiv. CO,(CO), GQ o
toluene, 20°C

R2
ThenNMO,80°C Oa R,
1

R,=H, R,=Ph, 91%
R,=H, R,=Tolyl, 77%
R,=H, R,=nBu, 44%
R,=H, R,=TMS, 19%
R,=H, R,=H, 23%
R,=OMe, R,=Ph, 81%

2.5 mol% [Rh(CO),Cll, 0’ 0
1atm CO
PhMe, 100°C, 18 h o Oe R,
1

1=H, R,=Ph, 63%
1=H, R,=Tolyl, 82%

=H,  R,=nBu, 46%
=H,  R,=TMS, 29%
=0OMe, R,=Ph, 80%

=

1 equiv. CO,(CO)g
< .
Then tBuSMe
CH,dl,
rnt— A 3d

R= Yield AB
H, 55%,  1:16
OMe,  83%, 141
Me, 59%, 1.5:1
CO,Me, 29%, 1.3:1
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50 mol% CO,(CO)g

CICH,CH.CI
uwave

= Yield A:B
CH,OMe, 60%  1.3:1
CH,0H, 44% 2:1
nPr, 33% 1.7
Ph, 57%  1.3:1
TMS, 6% 1.0

MeO

Two similar monoterpene piperidine alkaloids were prepared by Honda and
Kaneda’® utilizing an intramolecular Pauson—Khand reaction. The two rings of
(—)-incarvilline were closed diastereoselectively in the Pauson—Khand reaction, with
the MOM (methoxymethyl ether) group sterically blocking one of the diastereomers
from forming to an appreciable extent. Similarly, a diastereoselective Pauson—Khand
reaction closed the two rings of (+)-a-skytanthine.”’

OMOM OMOM
B 1.05 equiv. CO,(CO)g B

Z €O, tBuSMe 0 :<j©
SN CICH,CH,CI S NTs

A 25h IH

HO
—_—
—_—
(=)-Incarvilline
1.05 equiv. CO,(CO)g H
A 5 equiv. Me;NO o 5
X NNs THF/H,0 (3:1) NNs
0°C—rt,7h 71%
11.8:1dr
H
- > NMe
H

(4)-0-Skytanthine
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The carbanucleosides (—)-abacavir and (—)-carbovir,*® as well as prostaglandin
B, and a botanical analog phytoprostane B,** were prepared enantioselectively
by Verdaguer, Rieira, and coworkers. Abacavir has been FDA (Food and Drug
Administration) approved for the treatment of HIV. All of the syntheses rely on an
intermolecular Pauson—Khand reaction to create the cyclopentene ring necessary for
the synthesis.

CO,(CO)q, hexanes

rt, 1h o
then A, toluene H
70°C, 16 h 7
=—TMS T™S
Then B, NMO, CH,Cl, g
70°C, 16 h H
g? 53%
S “N” PPh,
DS
Ph
A B
HNA o
¢ ] <L
—
—_— N N/)\NHZ NTSNTNH,
B — H H
“—on “—OoH
(-)-Abacavir (—)-Carbovir
Co,Me 1.1 equiv. CO,(CO)g O Co,Me
)n Then C,H,, 6 bar Jn
Z A
TBSO NMO, 4 A MS
CH,Cl,, 1t, 24 h OTBS
n=06,70%
n=7,69%
[0} O
CO,Me CO,Me
= =
., H H
OH OH
Prostaglandin B, Phytoprostane B,
methyl ester methyl ester

The structurally related (+)-achalensolide*® and (+)-indicanone*' were prepared
through a Pauson—Khand reaction of a terminal allene by Mukai and coworkers.
The terminal T bond of the allene is the reactive w bond, while the internal © bond
remains intact as part of the newly formed cycloheptene.
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OMOM 10 mol% [RhCl(cod)],

50 mol% dppp OMOM
un QPjv 0 1,
I CO, 1 atm ‘OPiv
_ PhMe, A, 24 h

96%

(+)-Achalensolide

HO
OTBS 5 mol% [RhCI(CO)dppp],
CO, 1 atm, PhMe, A

Then 10% aq. HCI
__ MeOH, rt 95%

(+)-Indicanone

Baran and coworkers recently reported the gram-scale synthesis of (+)-ingenol
utilizing an intramolecular Pauson—Khand reaction of an allene.*> Again, the distal
1t bond of the allene ends up in the newly formed cyclopentenone. A degassed, anhy-
drous solvent, bis-protection of the two hydroxy groups, and high dilution (0.005 M)
were required for the Pauson—Khand reaction to proceed in appreciable yield.

10 mol% [RhCI(CO),],

H
“OTBS

p-xylene, 140°C, 12 h

72%

(+)-Ingenol

4.5 PRINS REACTION

The Prins reaction is well known for constructing dihydropyran rings,*-4 especially
in the formation of macrocycles. The Prins reaction is an established methodology
as the ring-closing step to make many of these macrocycles. The 14-membered mac-
rolide (+)-neopeltolide was synthesized in 2010 by Yadav and Narayana Kumar.*6
(+H)-Neopeltolide was isolated from a deepwater Caribbean sponge and showed cyto-
toxicity against several cancer cell lines by inhibiting mitochondrial ATP (adenosine
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triphosphate) synthesis. An initial intermolecular Prins reaction formed a temporary
tetrahydropyran ring. Further elaboration to a straight-chain ester set the stage for a
second Prins macrocyclization as the final step to complete the synthesis.

OH

O M CF,CO,H H
CH,Cl,

HO KU ————
/\_/m + Then K,CO,
OH

CH,0H,3.5h

OBn

OBn
OMe

00O

T
T

TESOTf, TMSOAC
AcOH

Then K,CO, OH
CH;0H,0.5 h 66%

(+)-Neopeltolide

Polycavernoside A was isolated from the edible red alga Polycavernosa tsudai and
confirmed to be the cause of a fatal food poisoning event in Guam several decades
ago. The marine toxin has been the subject of several syntheses, and recently Lee
and team utilized the Prins reaction in their synthesis.*” The Prins reaction of a
late-stage diethyl acetal closed the macrolide and formed the first tetrahydropyran
ring with 5.5:1 dr. The tetrahydrofuran ring was closed through an alkyne hydration
strategy (also an electrophilic addition, see Section 4.10).

TESOTf
TMSOACc

- -
AcOH, rt, 30 min

OAc
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Iterative Prins cyclizations allowed Scheidt and coworkers to assemble the mac-
rocyclic ester (—)-exiguolide,®® isolated in 2006 from the marine sponge Geodia
exigua Thiele. The biological profile of the natural product demonstrates poten-
tially useful anticancer activity. Extensive optimization was required to complete
the first Prins cyclization. Robust protecting groups, the Lewis acid borontrifluo-
ride and calcium sulfate as a dehydrating reagent were required, and the reaction
proceeded in 63% overall yield on gram scale. The 16-member macrolactone was
closed through the Prins reaction using scandium triflate as the Lewis acid. With
this strategy, (—)-exiguolide and a number of analogs were prepared for biological
testing.

™S y om0
I 0FNF 3 equiv. [BF;-OEt,]
o Ho CaS0,, CH,Cl,
& + ~78°C — —40°C
HO™ TBDPSO
™S

HO

R=TBDPS, 45%
R=H, 18%

50 mol% Sc(OTf),
CaSoO,

MeCN, 0°C

(-)-Exiguolide
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4.6 SCHMIDT REACTION

In one of the variations of the Schmidt reaction, an alkene undergoes electrophilic
addition with a protic acid, and an azide traps the resulting carbocation. Alkyl
migration and evolution of nitrogen gas completes the Schmidt reaction. Pearson
and Fang® utilized this variation of the Schmidt reaction in their formal synthesis
of gephyrotoxin. Treatment of an azide-tethered indane with triflic acid afforded
isomeric iminium ions. Without isolation of the iminium ion, the intermediate was
elaborated to an azotricycle, intercepting an intermediate in Ito’s total synthesis.>

OMe TfOH, PhH OMe
then L-selectride, THF
N +
N, Br Then nBu,NOAc, THF N OH
| then LIAIH,, THF H®

(10%)

OMe
Ito’s
WH synthesis
\ o
HO
45% Gephyrotoxin

4.7 HALOGENATION

Adding molecular halogens in total synthesis often involves opening the intermedi-
ate halonium ion with an oxygen- or nitrogen-based nucleophile, rather than with the
matching halide ion typically generated during formation of the halonium ion. Jamison
and group treated an alkene with the tetrafluoroborate salt of bis(trimethylpyridine)
bromine as the electrophilic source of bromine. The bromonium ion was opened
with a tethered oxygen atom to form the oxepane ring of armatol A.>! The synthesis
of several diastereomers utilizing this methodology allowed for the confirmation of
the absolute configuration of armatol A. In the same paper, they detail a bromonium-
initiated, epoxide-opening cascade reaction utilizing N-bromosuccinimide to con-
struct the three, fused, cyclic ethers of ent-dioxepandehydrothyrsiferol.

O\H/OX Br(coll),BF,
- —— — > Br

o) MeNO,, 0°C

22%

Armatol A Br(coll),BF,

! Z

! ® n !

| Br
. i | SNC

1

A~ OB

!

1

1
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NBS, 4 A MS

B — e
(CF3),CHOH
0°C

OH

o

~
2

ent-dioxepandehydrothyrsiferol

Podlech and coworkers required a vinyl iodide for a key cross-coupling reac-
tion in the synthesis of altenuic acid II1.5? They prepared this vinyl iodide from
an allene. Treatment with elemental iodine and potassium carbonate allowed the
intermediate iodonium ion to be trapped by a tethered carboxylic acid to create an
iodobutenolide. The synthesis of altenuic acid III allowed for confirmation of the
structure elucidated via NMR (nuclear magnetic resonance) studies by the same
group.

co j
2 |2, K,CO, | o
THF, 0°C, 18 h \
44%
OH
CO,H
—_—
MeO HOLC = o
o]

Altenuic acid Il

Barrett and coworkers formed an iodoether as a protecting group for an alkene
in their synthesis of mycophenolic acid.® The synthesis required an aryl bromide
for a cross-coupling reaction, yet attempts at direct halogenation led to intractable
mixtures due to reaction at the tethered alkene. Treatment with elemental iodine
and 7-butylamine afforded the iodo ether, which could be brominated cleanly at the
desired position.
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0]
MeO MeO

I, tBUNH, o
0 OH = [, H |

PhMe/CH,Cl, o 0

20°C,18h
0
OMe 0]
82% OMe
¢}
OH

OMe

Mycophenolic acid

In the synthesis of dendrodolide K by Mohapatra et al.,>* a 1,3,5-triol substruc-
ture was required. The group took advantage of successive iodocarbonate cyclization
reactions to set the alcohols with the desired regio- and stereochemistry. Treatment of
a Boc-protected homoallylic alcohol with N-iodosuccinimide and elemental iodine
led to the decomposition of the Boc group and concomitant intramolecular opening
of the iodonium ion intermediate. The newly installed alcohol was again turned into
a Boc-protected alcohol for a second iodocyclization.

OBoc NIS/I O)J\ TBSO  OBoc

PN N N A

OH OH
0
NIS/I, TBSO o)J\o Wy A
I —
CH,CN, 2h o O
90% Dendrodolide K

4.8 OXYMERCURATION-REDUCTION

While mostly abandoned due to toxicity issues, oxymercuration—reduction is still
the desired alkene hydration method for certain syntheses. Carboxymercuration of
a conjugated carboxylic acid formed the second ring of a fused bicyclic lactone
in Hayashi and coworkers synthesis of epi-ent-EI-1941-2.5 Carboxypalladation
formed the same fused ring system with the natural configuration of the epimeric
side chain stereocenter, though in a lower yield than the 99% achieved through
carboxymercuration.
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Hg(OTf),, 4 AMS

EtCN/MeCN
H —78°C, 3 min E
TBSO (¢} then aqg. NaCl TBSO o
99%
(¢}
(0}
—_—
—_—

OH O
epi-ent-EI-1941-2

Late-stage hydration of a dihydropyran ring in (-)-apicularen A by Uenishi and
coworkers required regio- and stereocontrol at the resulting carbinol position.>®
Hydroboration—oxidation and epoxidation—hydride reduction both produced an
alcohol with the undesired regio- and stereochemistry. However, oxymercuration—
reduction of the same alkene did provide the desired alcohol at the desired position
with the desired stereochemistry.

OBn
OBn

Hg(0,CCF),
THF/H,O, rt, Th

Then NaOH, NaBH,
rt, 1 min

(-)-Apicularen A

OH

4.9 EPOXIDATION

Many natural products contain epoxides, and epoxides are also useful electrophiles
in synthesis. Strategies for the stereoselective installation of epoxides are well stud-
ied and are used widely in synthesis. Bittman’s group used the Sharpless asymmetric
epoxidation protocol to install an epoxide with >20:1 diastereomeric ratio. The epox-
ide was opened regioselectively with sodium azide to ultimately provide a hydroxy
amide in the preparation of a-1C-galactosylceramide.>’
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OBn
OBn Ti(0-iPr), BnO
BnO o-(-)-DIPT
o] PhC(CH;),00H  BnO
BnO o BnO C,,H
BnO 4 AMS, CH,CI B 14129
" A it e 30C 77% ¢
OH 48 h >20:1dr OH
NaNs, NH,Cl
MeOCH,CH,OH/H,0
110°C, 20 h
HO
—_—
—_—

H51

NH OH

CZS\H/
0]

o-1C-Galactosylceramide

Illicidione A and illihendione A are related natural products derived from the stem
bark of Illicium oligandrum and Illicium henryi, respectively. They were prepared
by Yu and coworkers®® through the Diels—Alder reaction of a dihydropyran-fused
o-quinol with either itself or with a structurally similar dihydrofuran-fused o-quinol.
Both of the Diels—Alder precursors could be prepared through epoxide opening of
a tethered phenol. Acid-catalyzed epoxide opening provided the chromane, and the
base-promoted epoxide opening yielded the dihydrobenzofuran. Oxidation of a mix-
ture of the Diels—Alder precursors with a stabilized formulation of IBX safe for scale
up (SIBX)* formed the o-quinols. Conveniently, the dihydrofuran-fused o-quinol
served only as a dienophile, leading only to the two desired Diels—Alder adducts
instead of the four possible adducts.

D-epoxone
nBu,NHSO,
NaB,0, - 10H,0

TBSO 0TBS aq. Na,EDTA TBSO OTBS
MeCN 0
N CH,0CH,0CH,

Then K,CO;, oxone 849%
0°C,24h

nBu,NF

HO o)
THF,rt, 10min 1O 0 %
OH = 0Bn
B

Then K,CO,

rt,24 h 90%
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.
B30 0TS nBu,NF, ACOH, THF, 10 min H0\©/\O;|L
Then p-TsOH-H,0 " OH

rt,1h 83%
HO 0
R —
—_—
= “OBn
A
/\;@;f /\J@Q) SIBX
BET
OBn OBn i 1oh
B
OBn

BCl,
pentamethylbenzene
(A+A)
CH,Cl,, -=70°C, 10 min
lllihendione A
BCl,
pentamethylbenzene
(A +B)

CH,Cl,, ~70°C, 10 min

lllicidione A

(5)-Amphidinolide K is an epoxide-containing natural product. The epoxide was
installed in the final step of the recent synthesis by Vilarrasa and coworkers.®® After
macrolactonization, a Sharpless asymmetric epoxidation with (+)-diethyl tartrate
provided the natural product.
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L-(+)-DET
Ti(OiPr),
tBuOOH

—_—
4AMS
CH,Cl,

-20°C,12h 90%
(=)-Amphidinolide K

An N-acyl-N-alkoxyaziridinium ion provided the necessary site of reactivity
to form the lactam and lactone necessary for the formation of (-)-swainsonine by
Wardrop and Bowen.®' Oxidation of an N-alkoxy enamide with bis(trifluoroacetoxy)
iodobenzene induced intramolecular aziridinium ion formation. The aziridinium ion
was opened with a tethered methyl ester to form both a lactone and a lactam in the
same step.

S\O PIFA

0 Os_OMe CF,CO,H
—_—
| CH,Cl,
07 "NH 0°C,9h
OMe

(=)-Swainsonine

/__
(@)
N

Macrolides (—)-amphidinolide P and (-)-amphidinolide O are epoxide-
containing natural products recently synthesized by Lee and coworkers.®> The
epoxide was installed diastereoselectively by simple treatment with mCPBA in
dichloromethane.
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(=)-Amphidinolide P (=)-Amphidinolide O

410 GOLD-CATALYZED ALKYNE HYDRATION

Gold-catalyzed alkyne hydration has proven to be a successful strategy for the for-
mation of cyclic ethers and ketones. A tandem gold-catalyzed electrophilic addi-
tion of both an alkyne and a tethered alkene was accomplished by Echavarren and
coworkers in their synthesis of (—)-nardoaristolone B.%* The alkyne underwent elec-
trophilic addition to the gold center, followed by electrophilic addition of the alkene
onto the alkyne to form a fused tricycle.

— 5 mol% iPrAuNTf,
@\/j\ 4 equiv. A
Z CICH,CH,CI

80°C, 5 h
0
al
O @y \
—_— oO-N_
A«

(-)-Nardoaristolone B

In Shair and coworkers’ synthesis of (+)-cephalostatin 1, the gold—alkyne complex
was attacked by a pendant homopropargylic alcohol to form a cyclic enol ether.®* The
reactive site was further cyclized to ultimately form a spiroketal.

AgBF,
THF




112 Carbocation Chemistry

Forsyth and coworkers utilized the gold-catalyzed alkyne hydration twice in
their formal synthesis of okadaic acid.®> A trihydroxyalkyne was subjected to

10 mol% gold(I) chloride to close both rings of two separate spiroketals in one
step.

0]

CH,Cl,
O —_—
(2) TsOH-H,0
MeOH

10 mol% AuCl
4 AMs
X H

(0] —_—

BnO

THF, 0°C

M

Okadaic acid H

Qum
T

T

T
<_/O

An impressive late-stage spiroketalization reaction by Fiirstner and cowork-
ers closed the final two rings of spirastrellolide F.% The spiroketalization

reaction occurs after macrocyclization and proceeds through an intermediate enol
ether.
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S
tBu SbFg

tBu_ |
P —Au—NCMe

@
(1) 10 mol%

4 AMS, CH,Cl,

(2) p-TsOH
PhMe, 80°C

Spirastrellolide F
methyl ester

411 CONCLUSION

The number of examples of electrophilic additions to alkenes is quite large.
Considering that many electrophilic additions are not necessarily the key steps of
a synthesis, these transformations are often not given as much attention in abstracts
or the text of articles. There is no doubt that many more examples could have been
included in this chapter. Alkenes are versatile functional groups, and their transfor-
mations are often critical in setting up the key steps of many synthetic efforts.
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5.1 INTRODUCTION

Electrophilic aromatic substitution is also known as EAS or S Ar for short. On this
topic, in 1990, Taylor published a book titled Electrophilic Aromatic Substitution.!
In this chapter, key advancements in the field of EAS are summarized.

The most fundamental mechanism for EAS reaction is the Ingold—Hughes mech-
anism shown below.> More sophisticated mechanisms have been put forward,® with
the most popular one invoking © complex 4 and ¢ complex 2.

1 4 (t complex) 2 (6 complex) 3

In 2003, Lenoir highlighted the electrophilic substitution of arenes.* The
textbook perception of the mechanism of such reactions may be represented as
1 — 3 with the key intermediate as © complex 4. The nature of the ¢ complex

17
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is relatively straightforward, the nature of the © complex 4 is less clear although
Benesi and Hildebrand first established the existence of & or charge-transfer (CT)
complexes in 1949 from the characteristic CT bands in the UV/Vis spectrum. In
1991, Kochi et al. derived a symmetrical over-ring structure similar to 4 for the
complex from mesitylene and NO. In early 2000s, Kochi et al. demonstrated the
existence of CT complexes as a key intermediate in the bromination of benzene
and toluene by isolating different arene—bromine CT complexes and determined
the x-ray crystal structure at —150°C. Another mechanism involves the interme-
diacy of radical pair § while a third mechanism involves a combination of «
complex 4 and radical pair 5.

E
©+ . <>

1 5 (radical pair) 2 (6 complex)

E* E HE
@ s s

4 (r complex) 5 (radical pair) 2 (6 complex)

One of the unconventional outcomes of EAS is the formation of dienones and
quinones.’> When 4-bromo-1,2-dimethylbenzene (6) was treated with nitric acid in
acetic anhydride, 3,4-dimethyl-4-nitrocyclohexa-2,5-dien-1-one (9) was produced in
addition to conventional nitration product via intermediates 7 and 8. As a matter of
fact, in the case of 3,4-dimethylanisole, its adduct 11 has been isolated and shown to
decompose readily to nitrocyclohexadienone 9.

Me  NO,
Me

Me
Br
6 7 8
10
OAc
Me NO, Me NO,
Me Me
—_—
MeO OAc

11
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Another unconventional outcome of EAS features the #-butyl group as the leaving
group.® Bromination of 1,3,5-tri-z-butylbenzene (12) in acetic acid gives rise to four
products 15-18, presumably through intermediates 13 and 14. Acetoxylation product
17 is the product from intermediate 13 and bromination product 18 is the product
from intermediate 14, respectively. Both cases have the #-butyl cation as the leaving
group!

NBS
—_—
AcOH
12
Br OAc
OAc Br
+ + +
15 16 17 18

A review published in 2014 highlighted recent advances in mechanistic studies of
the aromatic C—H bond substitution and related chemistry.’

5.2 NITRATION

EAS is one of the most important types of reactions in undergraduate education.
Nitration using sulfonitric mixture as an experiment for undergraduates is far from
“green.” Attempts have been made to make this more environmentally friendly by
using tyrosine (19) as the substrate and water as the solvent.3

[0}
HNO,, H,SO N
OH 3 122 0, OH
H,0, 43%
HO NH2 2 HO NH2
Tyrosine (19) 20

Nitration of phenylacetic acid (21) affords an opportunity for undergraduates
to solve a puzzle of the products.® Only one major product 22 was obtained when
phenylacetic acid (21) was heated together with 90% HNO;. The melting point and
NMR (nuclear magnetic resonance) were consistent with those of 2,4-dinitro phen-
ylacetic acid. The nitration product was more puzzling when phenylacetic acid (21)
was heated together with 70% HNO,. Since the resulting product had a melting
point lower than all three possible mono-nitrated products, it was decided that
the product was actually a mixture of 2-nitro-phenylacetic acid (23) and 4-nitro-
phenylacetic acid (24).
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O,N 0
©\/a\ 90% HNO,4
—_—
OH
A
OH NO,
Phenylacetic acid (21) 22
(¢}
0 70% HNO, ON o
- . +
A OH
OH NO, OH
Phenylacetic acid (21) 23 24
(0]
0 (0]
)J\ )j\ H;C )I\NH
HyC NH HNO,, H,SO, H,C NH
—_—_—8
HOAC NO, |
NO,
25 26, 10% 27,90%

Nitration of acetanilide (25) gives different regiochemical outcomes depend-
ing on the reaction conditions. When 25 was nitrated with conventional sulfoni-
tric mixture, the ortho-nitration product 26 was the minor regioisomer (10%) and
the para-nitration product 27 was the predominant regioisomer (90%).° This result
may be explained using the electric hindrance argument because the amide adopts a
resonance structure where the C=N has a positive charge on the nitrogen atom. This
positive charge would repel the positive charge on the nitronium ion and drive the
formation of the product the para-nitration. On the other hand, when 25 was nitrated
with acetyl nitrate (also known as acetonitric anhydride, 28), the ortho-nitration
product 26 was isolated exclusively. This phenomenon may be explained by evoking
the formation of the precursor complex between the amide and the nitrate reagent,
bring it to the vicinity of the ortho-position.

0 o)
HyC )]\NH CH,CO,NO, (28) c )I\NH

NO,

25 26

2-(Arylsulfenyl)pyrrole are good substrates for nitration. After adding one or two
nitro groups to the benzene ring, the resulting substrates 29 and 31 are still active
enough to be nitrated at the 5-position of the pyrrole ring to produce products 30 and
32, respectively.!! The outcome is not completely surprising because pyrrole is one
of the most electron-rich aromatic heterocycles. However, when the sulfides on 29
and 31 are oxidized to the corresponding sulfoxides, they cannot be nitrated at all
because the sulfoxide group is too electron withdrawing.
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NO, . NO
@\ 1.1 equiv. HNO, o N/@\ /©/
NS Ac,O,rt, 1h 16% 20 N7 S
29
NO,
1.1 equiv. HNO3
0. on L)
” S ACZO rt, 1h,35%
NO,

32

Nitration of substituted pyrido[1,2-a]benzimiodazoles have been reported.'? Since the
pyridyl ring is an electron-deficient heterocycle, it is not surprising that EAS reactions
take place on the benzene ring. In case of substrate 33, the nitration still took place on
the benzene ring in spite of the presence of a nitro group to provide dinitro product 34.

NO,

NO NO

N\ N 2 o ashosn N ¥ ?
33 34

When 1,2-dialkoxybenzene (35, R = -Me, —Et, —n-Bu, —n-Hex) was treated with
concentrated nitric acid, the 4,5-dinitro product 36 was obtained almost exclusively.!?
On the other hand, nitration of 1,4-dialkoxybenzene (37, R = —Me, —Et, —n-Bu, —n-Hex)
with concentrated nitric acid also displayed good regioselectivity. However, instead of
the expected regioisomers, dinitro products 38 and 39 were the only isomers detected
in an approximately 9:1 ratio. The interesting regioselectivity was investigated using the
density functional theory (DFT) analysis, which suggests that the nitration is likely to
involve the single-electron transfer (SET) mechanism. For the nitration of 1,2-dialkoxy-
benzene 35, the regioselectivity is mainly determined by the symmetry of the HOMO
(highest occupied molecular orbital) of the aromatic moiety that defines the structure
of the SHOMO (second highest occupied molecular orbital) of the aromatic radical cat-
ion formed by the SET process. For the nitration of 1,4-dialkoxybenzene 37, salvation
effects were the determining factor to give rise to the observed regioselectivity.

OR
OR
Conc. HNO3
O,N
NO,
36
OR
Conc. HNO,
OR

37 38 9:1 39
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5.3 HALOGENATION

Fluorination of aromatics was known as early as 1927 when the Balz—Schiemann
reaction was discovered."* Therefore, diazotization of aniline 40 gives rise to dia-
zonium tetrafluoroborate 41, which readily decomposes to fluorobenzene 42 upon
heating. However, regardless of the minutia of the detailed mechanism, the overall
outcome of the transformation from 41 to 42 is a nucleophilic aromatic substitution.
This is outside the scope of this chapter.

0
NH, ® N? BF, F
NaNO,, H A
= _— =z R — =z
R BF/HF R— | R—-
X X X
40 M 42

Fluorination via electrophilic aromatic substitution was known in the early 1970s
when Grakauskas reported direct liquid-phase fluorination of aromatic compounds
using molecular fluorine.'> Also in 1970, Shaw et al. reported that fluorination of aro-
matic compounds using xenon difluoride followed the EAS mechanism.'® For elec-
trophilic fluorination of aromatic compounds using F,, Hehre and Hiberty'” studied
the intermediates and Wolfe and colleagues investigated'® the substrate selectivity
and orientation. A review on elective direct fluorination using elemental fluorine was
published in 2001."°

The amine group on aniline is an activating and an ortho- and para-directing
group (DG). However, when anilines were treated with elemental fluorine in triflic
acid, meta-fluorination was the major product.?® The reaction was sometimes pro-
moted by a catalytic amount of SbF; and the regioselectivity was increased when an
electron-donating substituent was situated at the para-position.

1.2 equiv. F, NH,
2/N2 10/90
TfOH rt
C=0.05M
59% conversion 29% 23% 19%

One of the first synthetically useful electrophilic fluorination of aromatic com-
pounds was reported by Fifolt et al.”! Fluoroxytrifluoromethane (43, FTM, CF,OF)
was prepared from carbon monoxide and fluorine, followed by cesium fluoride
catalysis. On the other hand, bis(fluoroxy)difluoromethane (44, BDM) was prepared
from carbon dioxide and fluorine, followed by cesium fluoride catalysis. When N-(4-
(trifluoromethyl)phenyl)acetamide (45) as a substrate was treated with fluoroxytri-
fluoromethane (43) in CHCl,, ortho-monofluorinated product 46 was obtained in
greater than 57% yield because the para-position was blocked. In addition to electro-
philic fluorination of aromatic compounds, fluoroxytrifluoromethane (43) was used
to achieve direct trifluoromethoxylation although the reaction went through a SET
mechanism.??
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F\ CsF
C=0:F, —> /C=O F—» CF;OF

2
F 43
CsF JOF
0=C=0 —» F,C
F, “OF
a4
o o}
HNJ\CH3 CHs
CF,OF( 43) F
T s
CF,
45 46

Fast forward to 2003. Klapdtke and colleagues prepared a more convenient
fluorinating reagent, 1-fluoro-2,4,6-trochloro-1,3,5-triazinium tetrafluroborate
([(CICN),FI*[BF,I, 47) using 2.4,6-trichlorotriazine, fluorine, and boron trifluoride.?*
Electrophilic fluorination of chlorobenzene gave the ortho-, meta-, and para-fluoro-
chlorobenzne in a 1:0.3:2 ratio. Indeed, although chlorine atom is a deactivating
functional group, it also is an ortho- and para-DG.

cl

b A,
NZ N CFCl, NN ‘RE 1
+F,+BF, ol ==ICCN),F[BF
Cl)\ )\o ~196°C to 20°C Cl)\ly)\c'
F
47
a
a al
a ;
[(CICN),FI* [BF I~ (47) . .
F F
48 (1) 49(03) 50 (2)

Interestingly, fluorofullerene CyF,; was found to be an efficient fluorinating
agent via the EAS mechanism.?* Even more interestingly, the reaction between
4-substituted trimethyltin aromatics with perchloryl fluoride (FCIO;) did not yield
the desired fluorinated aromatic compounds,? yet it was accepted for publication. It
is refreshing that negative results were published. Some may argue that more nega-
tive results should be published but they rarely passed muster with referees and asso-
ciate editors.

Borodkin et al. investigated the kinetic isotope effects (KIE) and mechanism for
electrophilic fluorination of aromatic compounds with nitrogen—fluorine (NF)-type
reagents such as 1-chloro-2,2-methyl-4-fluoro-1,4,diazoniabicyclo[2.2.2]octane
bis(tetrafluoroborate) (Selectfluor, F-TMEDA-BF,), 1,1’-difluro-2,2"-bispyridinium
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bis(tetrafluoroborate), and N-fluorobenzenesulfonimide (NFSI).2 The deuterium
isotope effects was small (ky/kp = 0.86—0.99) thus indicating that decomposition of
a Wheland-type intermediate was not rate determining. It was concluded that the
mechanism is consistent with a polar S;Ar mechanism.

Selectfluor is probably the most popular electrophilic fluorinating agent. With
the aid of microwave, diphenylether 51 was fluorinated product 52 in 14% yield.”’
Although the yield was low, but it was convenient because it was the last-stage func-
tionalization of a complex molecule.

(0] N
=z o/\©i \©
cl
51 F
Selectfluor, MeCN

UW, 150°C, 20 min
14%

wn O

(0] N F
F5C \(YKO/\@O@
cl
52 F
Using ionic liquid as the solvent for electrophilic fluorination may be considered
as green chemistry since the solvent can be recycled. Electrophilic fluorination of
N-(naphthalen-2-yl)acetamide (53) using Selectfluor in a mixture of [bmim][PF]

and EtOH as the solvent formed N-(1-fluoronaphthalen-2-yl)acetamide (54) as the
predominant product.?®

wn O

F

1.1 equiv. Selectfluor
NHACc [bmim][PF¢] NHAC
EtOH, rt, 2 h, 98% OO
N-(naphthalen-2-yl)acetamide (53) 54

The selectivity problem in electrophilic fluorination of aromatic compounds was
reviewed in 2010.%

Radiosynthesis of ['*F]-Selectfluor bis(triflate) was accomplished and was evalu-
ated to make the positron (3*) emission tomography (PET) reagent.* Tobias and col-
leagues also reported a fluoride-derived electrophilic late-stage fluorination reagent
for PET imaging.?! The reagents are arylpalladium complexes where the palladium
atom is chelated by three nitrogen atoms. In 2012, a review was published delineat-
ing the conversion of fluoride to fluronium ion.*

The methoxyl group is an ortho- and para-DG. When electron-rich substrate 55
was treated with Selectfluor in acetonitrile, the reaction offered the expected ortho-
fluorination product 56 and an unusual para-fluorination product in the form of
4-methyl-4-fluoro-cyclohexa-2,5-dienone (57).33 Needless to say, compound 57 was
the consequence of the electron-pushing nature of the methoxyl group.
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OMe
Selectﬂuor
MeCN 60%
Me
55 56,47% 57,53%

Imidazo[l1,2-a]pyridines such as 58 are electron-rich aromatic heterocy-
cles. Treatment of 59 with Selectfluor in aqueous condition in the presence of
4-dimethylaminopyridine (DMAP) afforded regioselective fluorination product 59
in 83% yield.>

Selectfluor
1 equiv. DMAP m
@i)_@ CHCl3/H,0 (3:1)

83%

In 2009, Knochel et al. reported a convenient electrophilic fluorination of
Grignard reagents.* Grignard reagent 60 was prepared from the corresponding aryl
bromide via halogen—metal exchange with i-PrMgCl - LiCl. Treatment of 60 with
N-fluorobenzenesulfonimide (NFSI) then produced aryl fluoride 61 in 91% yield.
Addition of fluorinated solvent perfluorodecalin was helpful.

.Li i F
o MgBr - LiCl 1.2 equiv. NFSI o

o CH,Cl./perfluorodecalin o
(4:1)rt,15h,91%

60 61

A curious side reaction was reported when NFSI was used as the electrophilic
fluorinating agent. Instead of the corresponding fluorinated product, N-methyl-N-
(phenylsulfonyl)benzenesulfonamide (63) was observed when tetramethylnaphtha-
lene-1,8-diamine 62 was treated with NFSI.3¢

Me,N NMe,
FN(SOzPh)Z
Qe @ @

Palladium-catalyzed electrophilic fluorination of carboranes has been reported.?’
With the assistance of a Pd(II) catalyst, o-carborane 64 was treated with 10 equiv.
of 1-fluoro-2,4,6-trimethylpyridinium triflate (65) to lead to tetrafluoro-o-carborane
66 in 78% yield.
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Nt Cat. Pd(MeCN),(BF,), FF
N oTf F-
\ﬁ CH,CN, 110°C, 78% F
F
64 65 66

Using pyrazole as the directing group (DG), ortho-substituted phenyl-pyrazole
67 was fluorinated with Pd(OAc), as the catalyst and N-fluorobenzenesulfonimide
(NSFI) as the electrophilic fluorinating agent, that is, the fluoronium ion (F®)
source, to synthesize monofluorinated product 68.3* When there was no ortho-
substitution on substrate 69, electrophilic fluorination gave rise to difluorinated

product 70.
[ \\N PA(OAC), (10 mol%) 14 }‘N

N 3.0 equiv. NFSI N

~ ON F
H
ON PhCH,, 110°C, 17 h g

64% isolated yield

67 68
Y Pd (OAC), (10 mol%) !\
N” 5.0 equiv. NFSI N
H H - F F

PhCH,,110°C, 17 h
44% isolated yield

NO, NO,
69 70

A large portion of this halogenation section has been devoted to electrophilic
fluorination, which is justified considering the intense interest in the last decade.
Electrophilic chlorination is ignored here since aryl chlorides are not as syntheti-
cally useful. However, important developments of electrophilic bromination and
iodination during the last decade are summarized below since they are important
substrates for transition metal-catalyzed cross-coupling reactions among other appli-
cations in organic chemistry.

A “greener” electrophilic bromination was reported to teach organic chemistry
experiments for undergraduates.* The bromonium ion was generated from the reaction
between NaBr and NaClO (bleach) in acetic acid and ethanol. To that end, acetanilide
(25) was brominated to afford the para-brominated product 71 as the major isomer.

0]

o H3CJ\NH

H3CJ\NH
NaBr, NaClO
—_—
AcOH, EtOH 75%
Br

25 71
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Applying the directing-group effects, we can predict the regiochemical out-
come of EAS reactions. When there are three substituents on the benzene ring, the
regiochemistry is harder to gauge. It is not obvious where the bromine would go on
substrate 72 when it was treated with NBS. However, experimental data indicated
bromination 73 was the near exclusive product.*® Here the sterics were probably the
dominating force for the regioselectivity.

oB OBn
. OBn
OBn NBS, silica gel
- - 5
CCly, rt, 15 min Br
0 OTBS
QOTBS 7%
72 73

As shown in the structures of vancomycin and 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl (BINAP), biaryl atropisomers are isolable if the barrier to rotation about
the single bonding linking the rings is high. Miller and coworkers discovered a novel
tripeptide-catalyzed asymmetric bromination to carry out dynamic kinetic resolu-
tion of biaryl atropisomers.* In case of racemic bisphenol (+)-75 as the substrate,
electrophilic bromination with 3 equiv. of N-bromosuccinimide (NBS) took place
exclusively on the phenol ring because it is more electron rich than the benzoic acid
ring. With the aid of a catalytic amount of the chiral tripeptide 74, nonracemic bia-
ryl compound 76 was isolated with excellent optical yield and good chemical yield.
Employing the same approach with minor variations on the peptide catalysts and
bromonium source, enantioselective synthesis of biaryls has been extended to syn-
thesize atropisomeric benzamides*** and 3-arylquinazolin-4(3H)-ones* via atro-

poselective brominations.
NMe
N 2
<j,\>)LH/\n/

.

0
e
BocHN —,
/
Me,N 74
74 (10 mol%) CO,H
O COH 3 equiv. NBS Br
OH  CHCly/3% MeOH OH
O (0.01 M substrate)
18 h, rt, 90% Br Br
()75 76 (er, 92:8)

In addition to palladium catalysts, copper(l) is able to facilitate C—H halogena-
tion. For a substrate like 77, controlling the mono- and di-selectivity is an issue
encountered to accomplish mono-halogenation selectively. Through careful optimi-
zation, the best conditions to give mono-brominated product 79 in 82% yield, with
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6% contamination of the dibrominated product 79, when using 1 equiv. of CuBr and
0.5 equiv. of acetic acid as the promoter.®

1 equiv. CuBr Br
@_@ 0.5 equiv. AcOH — -
\ > \ + \
N / CH;CN, 100°C, 24 h N / N /
91% Br Br
77 78 79

Pyrazolones have been employed as directing groups (DGs) for C—H halogena-
tion as well.*® For example, 3-methyl-1-phenyl-1H-pyrazol-5(4H)-one (80) was selec-
tively brominated at the ortho-position to give 81 with the assistance of a palladium
N-heterocyclic carbene (NHC) and using NBS as the bromonium source.

n n

N, 0 N 0}
PA(NHC)CI,, NBS, Ag,0

H Br

\© CH,CN, 80°C, 8 h, 75% \©

80 81

Bromination of heterocycles is interesting because the heteroatoms such as N,
O, S change the regiochemical outcomes drastically. In case of benzo[b]thiophene-
3-carboxylic acid (82), bromination takes place predominantly on the benzene ring
because thiophene is an electron-deficient heteroaryl compound and an acid makes
it even more so. Therefore, electrophilic bromination of 82 gave rise to 6-brominated
product 83 and 5-brominated product 84 in a 1.5:1 ratio.¥’

(1) 2 equiv. NBS
CO,H TFA (10 mol%) CO,Me CO,Me
CHCl5, rt, 24 h Br
N\ > N\ 4+ A\
(2) MeOH, H,SO
S 2°%4 B S S
reflux, 18 h, 90% °F
82 83 84

Bromination of the 1N-Boc protected pyrrole 85 using NBS gives the C2(o)-
bromination product 86 predominantly.*®

Q NBS, THF Br/@\sr

| -78°Cto 0°C, 70% 1
Boc Boc

85 86

However, if the pyrrole ring is protected with a bulky protective group, the ste-
ric hindrance drives the substitution to the B-position. For example, triisopropylsi-
lyl group (TIPS) protected pyrrole 87 was brominated with NBS, C3(B) positions
were brominated predominantly to afford 88 and 89, respectively, depending on the
amount of NBS used.*’
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Br
Br Br
/) (/ \S
]\ 2 equiv. NBS N NBS, THF N
N -~ Si . L
\(Sli \( THF, rt, 63% \( )\\( -78°C, 90% \(7\\(
88 87 89

Since electrophilic fluorination and bromination are often applicable to electro-
philic iodination, here I will focus on mostly C—H aromatic iodination below.

As early as 2007, Sanford described a regioselective palladium-catalyzed C-H
halogenation using chelating groups as the DGs.* In addition to pyridine, O-methyl
oxime on substrate 90 was a powerful DG for regioselective iodination to give iodo-
benzene 91. In the same vein, oxazoline on substrate 92 was equally efficient at
directing the regioselective iodination to make iodobenzene 93.

MeO_ Pd(0AQ), (5mol%)  MeO.
N 1.5 equiv. NIS
Br - Me Br
Me AcOH, 100°C, 12 h
H 57% I
20 91

Pd(OAc), (5 mol%)
H -0 OAc 1.5 equiv. NIS N-O OAc

AcOH, 100°C, 12 h

0
92 >4% 93

More than a dozen DGs have been found to be effective in directing C—H activa-
tion. One of them, amonotetrazole was reported to direct ortho-selective halogena-
tion of arenes.’! The distal distance between the key N atom on the tetrazole from the
H to be four-bond lengths, making the putative intermediate involving the palladium
atom a seven-membered ring. As exemplified by substrate 94, palladium-catalyzed
ortho-iodination took place on the fluorobenzene ring at the bottom, not the one on
top, to give 95.

F F

N-N, Pd(OAC), (10 mol%) N-N,
s N 1.2 equiv. NIS < N
HN N - HN N
H 0.5 equiv. CF,S0;H |
DCE, 60°C, 6 h, 90%
F F

94 95
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Benzol[d]thiazole was discovered to be a DG for C—H activation albeit an
unremovable one. ortho-Bromination of 2-arylbenzo[d]thiazoles was achieved
using N-halo-succinimide (NXS) as a halogen source and [Rh(Cp*Cl,)], as the
catalyst.’? Using N-iodosuccinamide (NIS) as the iodonium source, substrate 96
was iodinated at the ortho-position selectively to deliver iodoarene 97.

H Me 1.1 equiv. NIS H Me
N [Rh(Cp*Cl,)], (1 mol%) N\
N AgSbF (40 mol%)
S - S
H DCE, 80°C, 96% l
2 97

4a,8a-Azaboranaphthalene (98) is an electronic isostere of naphthalene. When
98 was treated with the electrophilic N-iodosuccinamide (NIS) in the presence of
the Lewis acid AICl,, the iodinated product 99 was obtained.” It could be further
chlorinated by treating 99 with N-chlorosuccinamide (NCS) with AICI, catalyst to
produce dihalogenated 4a,8a—azaboranaphthalene 100.

I«
NIS, AICI, éB NCS, AICI, 6:85
C j 75% j 65% N
100

5.4 FRIEDEL-CRAFTS ALKYLATION

During the last decade, a book>* on Catalytic Asymmetric Friedel-Crafts Alkylations
and several reviews (vide infra) on Friedel-Crafts alkylations have been published.

For the Friedel-Crafts alkylation, the alkylation reagents include activated
alkenes, carbonyl compounds, imines, and epoxides. The catalysts include Lewis
acids such as AlCl,, FeCl,, BF,, ZnCl,, and TiCl,; Brgnsted acids such as HF, H,SO,,
and H;PO,; and acidic oxide catalysts of, for example, silica-alumina type and cat-
ion-exchange resins. The three major types of asymmetric Friedel-Crafts alkylation
were reviewed in 2008 by Poulsen and Jgrgensen.>

¢ Ar O
Cat. Type 1
Ar—H + R! /\)J\RZ E— R? J\/U\RZ
[0}
Ar. OH
Cat. Type 2
Ar—H 4+ g1 J\RZ T R1XR2 yp
R3
Ar. NHR3
Cat.
Ar—H + R J\Rz —>a R sz Type 3

The first type of the Friedel-Crafts alkylation uses activated alkenes, often in
the form of o,B-unsaturated carbonyls, as the alkylating agents. In this area, the
bidentate Cu(II)-bisoxazolines (BOX) have proven to be successful catalysts for
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asymmetric synthesis. In case of the Friedel-Crafts alkylation, when indole 101 is
the substrate, diethyl arylidene malonates 102 are the alkylation reagents, and chiral
copper complex Cu(OTf),-#-Bu-BOX (103) is the catalyst, the catalytic enantioselec-
tive Friedel-Crafts alkylation proceeded in excellent yield (45%—99%) and moderate
enantiomeric excess (46%—69% ee) to afford alkylated indoles 104.5

Me Me
oy
LI
R /l A+ CO,Et t-Bu \Cu/ it—Bu
NN Al o (O, 103
(10 mol%)

101 102

Organocatalysts have also been employed to catalyze enantioselective Friedel—
Crafts alkylation when activated alkenes are used as the alkylating agents. Employing
imidazolidinone 107 as the organocatalyst, MacMillan carried out the enantioselec-
tive Friedel-Crafts alkylation of indoles 105 using enals 106 as the alkylation agent
to produce alkylated indoles 108.%7

Oy 7
N
/Ké fo R H
Rz N 4
H "
3 [¢]
R3 | +R4MO Imidazolidinone 107 \ |
N

20 mol% 107, CH,Cl,--PrOH /!

R, -87°C to -50°C 1
70%-94% yield, 89%-97% ee

105 106 108

The second category of asymmetric Friedel-Crafts alkylation involves carbonyl
compounds as the alkylated agents. Taking advantage of the same bidentate complex
Cu(OTf),--Bu-BOX (103) as the chiral catalyst, the reaction between electron-rich
arene 2,4-dimethoxybenzen (109) and trifluoropyruvate (110) gave rise to adduct 111
in 58% yield and 86% ee.>® The Cu(Il) served as a bidentate ligand binding to the
substrates and rendering the stereoselectivities.

Me Me

°M°
OMe S/[\{‘ }q\) OMe CF;
t-B Cu

@ Foom
(0T, 103 p

+ F,C7 NCO,Et -

MeO 3 2 MeO

(10 mol%)
105 106 107

ot

Again, when carbonyl compounds are employed as the alkylating agents, organo-
catalysts have been employed to catalyze enantioselective Friedel-Crafts alkylation.
In 2005, Torok’s large group carried out an enantioselective Friedel-Crafts alkyla-
tion of indoles (108) with aldehydes 109 (R! = —CO,Et, Aryl-).”° The organocatalysts
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that they selected were simple cinchona alkaloids such as 110, where PHN stands for
phenanthrene. The reaction afforded adduct 111 in 60%—-96% yield and 82%—-93% ee.

R1
Z
R— | N +
A N
H .
108 109 110(10 mol%) 11

The third type of asymmetric Friedel-Crafts alkylation uses imine compounds
as the alkylated agents. Once again, “copper leads the way.”> For the asymmetric
Friedel-Crafts alkylation of indole 108 with imine 112, the complex of CuPF,—
Tol-BINAP (113) was utilized as the chiral catalyst to render adduct 114 in 67%—

89% yield and 78%—-97% ee.®°
‘O Rrol, TosHN

CO,Et
R _Tos /C uPFe R g
N EOC N
H
108 112 113 (1-5 mol%) 114

After screening, an optically active thiourea derivative 115 was chosen as the
organocatalyst for the asymmetric Friedel-Crafts alkylation using imine compounds
generated in situ as the alkylated agents.%' N-acyliminium ions were formed from
the reaction between indoles 116 and alkyl aldehyde R!ICHO, with the subsequent
enantioselective acyl-Pictet—Spengler reaction, producing tetrahydro-fB-carboline
derivatives 117 in 65%—-81% yield and 85%—-95% ee.®!

| H
i-Bu /NrNJ\H\\» 115
H
N__Ph

NH,
(1) R'CHO, MS or Na,SO, 4 NAC
> R
R \ (2) AcCl, 2,6-lutidine N R!
H 115 (5-10 mol%) H
116 117

Also in the arena of asymmetric Friedel-Crafts alkylation, Yu et al. in 2009
reviewed the nascent field of using chiral Brgnsted acids as the catalysts.®?

In one example of Friedel-Crafts alkylation of indoles 108, enamine 118 served
as a surrogate of imine because they are isomers.®> With the aid of the Brgnsted acid
in the form of chiral phosphoric acid 119, the reaction between 108 and 118 gave rise
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to adduct 120 in good to excellent yields and excellent ee. For the same methodol-
ogy, if the enamine 121 was used as the alkylating agent, adduct 122 with a tertiary
chiral center was assembled enantioselectively (94%-99% yield and 73%-97% ee).5

NHBoc 119 (5 mol%) R

S A N
N 63%-98% yield N

R
90%-96% ee
108 118 120
ACHN §
= NHAC 119 (10 mol%) =
R_m + SEAR
X N Ar/& toluene, 0°C—25°C N
4AMS H
108 121 122

Alkylation of indoles almost always takes place on the C3 position. By blocking
the C3 position with R! and using 4,7-dihydroindoles 123 as the substrates, You and
coworkers achieved the asymmetric Friedel-Crafts alkylation of substrates 123 with
enamine 124 to prepare the 2-substituted indoles 126 smoothly in good yields with
up to >99% ee.*

SiPh,

‘O Q 0
. X R’
R2 _Ts wQ OH R? NHTs
o R e
N Ar Ar

H (1) 125 (10 mol%), toluene
—40°C, 5-30 min
(2) 3 equiv. p-benzoquinone
123 124 CH,Cl,, 1t,2d

I=
o

74%-88% yield
98%-99% ee
126

In addition to chiral phosphoric acids, chiral thioureas are another key class of
Brgnsted acids employed in the asymmetric Friedel-Crafts alkylation. In addition
to thiourea 115 that catalyzed the acyl-Pictet—Spengler reaction of 116 to make
tetrahydro-B-carboline derivatives 117, thiourea 127 was also found to be an effec-
tive chiral Brgnsted acid catalyst.% Here nitroolefin 129 was the active alkene serving
as the alkylating agent. The Friedel-Crafts alkylation of indoles 128 with nitroolefin
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129 proceeded to deliver adduct 130 in 35%—-88% yield and 71%—-89% ee. This could
be considered as a conjugate addition (1,4-addition) as well.

CF,
S
P 127
F3C NN
H

H

ow

H
R3
R2 2
R NO
3 127 (20 mol% 2
mw P Ao, T N—r

H CH,Cl,, —24°C N
72h H

128 129 130

Another review also published in 2010 by de Figueiredo and colleagues focused
on “organocatalyzed asymmetric Friedel-Crafts reactions.”®® There are five cate-
gories of chiral catalysts. In addition to the popular MacMillan’s imidazolidinone
catalysts (e.g., 107), there are also cinchona alkaloid derivatives (e.g., 110), thioureas
such as 115 and 127, chiral phosphoric acid (119 and 125), as well as diarylprolinol
ethers as exemplified by 131.9 The Friedel-Crafts alkylation of 1-naphthols 132
with o,B-unsaturated aldehydes (enals 106) took place in a Michael addition fash-
ion, followed by cyclization to produce chromanes 133 in 63%—-93% yield with dr of
2:1 to 7:2 and er of 86:14 to 99:1.

o)
I

Ph
OH N ph 131 o)

H
(I # e
131 (10 mol%)

g2 R 0-O,NPhCO,H (10 mol%) R
wet toluene
132 106’ 133

In addition to focusing on asymmetric synthesis, a review by Rueping and
Nachtsheim in 2011 also summarized green chemistry of the asymmetric Friedel—-
Crafts alkylation reactions.®® The first diastereoselective Friedel-Crafts alkylation
reactions were developed by Bach and coworkers in 2005.97° When substrate 134
(99% ee) was exposed to Lewis acid HBF,, the Friedel-Crafts alkylation of arene
Ar-H gave rise to adduct 136 with remarkable syn-diastereoselectivities up to 94:6
dr. The stereochemical outcome may be rationalized by the steric blockage by the
bulky fert-butyl group as shown in benzyl carbocation intermediate 135. In addition
to the tert-butyl group, other regio-dominating groups also include nitro-, cyano-, or
hydroxyl groups. The case in point of the nitro group is shown with substrate 137.7!
Under the influence of catalytic Bi(OTf),, benzylation of silyl enol ether 138 with
137 led to the anti-product 139 with excellent diastereoselectivity. To be fair, the
mechanism is closer to the Sy1 pathway than the Friedel-Crafts alkylation for the two
reactions shown below because the reaction centers were not on the benzene rings.
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i ke t-Bu
OSiMe, Bi(OTf); (1 mol%) o,
tBu 5-20h, MeNO,, rt, T
9 e
B4% MeO dr, 95:5
138 139

Now we move on to conventional Friedel-Crafts alkylations not involving chi-
ral centers. The Friedel-Crafts alkylation with benzyl alcohols has proven to be an
efficient approach for preparing 1,1-diarylalkanes. Using the venerable FeCl, as the
Lewis acid catalyst, o-xylene (140) was benzylated with benzyl alcohol 141 nearly
exclusively on the para-position to give adduct 142.7> The intramolecular version
works as well for the Friedel-Crafts alkylations using benzyl alcohols as the alkylat-
ing agents as exemplified by transformation 143 — 144.3

Et0,C
Me EtO,C
@ 2 j\ FeCly(10mol%) ~ Me Ph
N -
Me HO~ NPh 50°C-80°C,20h,98% .
140 141 142
MeMe Me

Me

O OH BI(OTf), (1 mol%) O‘
O CH,Cl,, 2 h, 79%

OMe OMe

143 144

The synthesis of B-alkylpyrroles were reviewed in 2011.7* A typical approach
employing the Friedel-Crafts alkylation is showcased by transformation 145 — 146.7

S
-=Z
—

J\ 3 equiv. AICI;
L . -

CH,Cl,, 1t, 4.5 h, 80%
SO,Ph SO,Ph

145 146
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Klumpp reported a synthesis of functionalized 2-oxindole using Friedel-Crafts
alkylation reaction.”® When benzene and 3-hydroxyisatin 147 were exposed to a
catalytic amount of triflic acid, two different outcomes were observed depending
on the reaction conditions. When the reaction was carried out at rt, the Friedel—
Crafts alkylation took place twice to afford adduct 148. But if the reaction
was done at 0°C, the Friedel-Crafts alkylation took place only once to deliver
adduct 149.

Me
o
CgHg, CF3SO;H
OH
rt, 12 h, 81%
0
N
H
147
Me
o]
OH C¢Hg, CF3SO5H
\ 0 0°C, 1 h, CH,Cl,, 62%
H
147

5.5 FRIEDEL-CRAFTS ACYLATION

Generally speaking, the Friedel-Crafts acylation is cleaner than the Friedel-Crafts
alkylation since acylation does not have the issue of carbocation rearrangements
often seen for alkyl cationic intermediates. On Friedel-Crafts acylation, a book titled
Advances in Friedel-Crafts Acylation Reactions: Catalytic and Green Processes
was published in 2009.”7 And a review on Use of Solid Catalysts in Friedel-Crafts
Acylation Reactions was published in 2006.78

Normally, carboxylic acids are not active enough for the Friedel-Crafts reaction.
Treatment of carboxylic acids with cyanuric chloride in the presence of pyridine was
discovered to yield the corresponding acid chloride smoothly. Addition of aluminum
chloride to the reaction mixture then provided a mild and efficient Friedel-Crafts
acylation.” An example of the intramolecular version is shown by the transformation
150 — 151 although the intermolecular version worked just as well.

o Cl N Cl (1) Pyridine, CH,Cl
 CHLL
g
OH + NQrN (2) AICI;, rt, 88%
(0]
cl
150 151

Photo-Friedel-Crafts acylation is known and is considered green chemistry. In
one example, 1,4-naphthoquinone 152 in an ionic liquid as the solvent was acylated
with butyraldehyde under irradiation to produce adduct 153.3° The reaction was car-
ried out at room temperature.
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OH O
(0]
o h
V300 nm
o e O
[C,mim][OTf]
rt
0 OH
152 153

Meldrum’s acid (2,2-dimethyl-1,3-dioxane-4,6-dione) is a versatile synthon and
its synthetic utility was reviewed in 2010.8! In 2009, Fillon and Fishlock?? described
a scandium triflate-catalyzed intramolecular Friedel-Crafts acylation of Meldrum’s
acid derivative 154 to give rise to ketone 155. A mechanism was proposed by invok-
ing the intermediacy of a ketene.

0
00/
S Sc(OTf); (12 mol%)
CH;NO,, reflux
o 30 min, 56%
154 155

Friedel—Crafts reaction is usually performed with carboxylic acid chlorides or
anhydrides because they are the most reactive among all carboxylic acid deriva-
tives. Generally esters are not active enough to be the acylating agents. But under
the right circumstances, esters may be activated enough to take part in the Friedel—
Crafts reaction. For example, esters 156 were activated to intermediate 157 when
exposed to 10 mol% of InBr; and dimethylchlorosilane with the concurrent evolution
of the alkanes.?? Under the influence of InBr;, intermediate 157 was active enough to
undergo Friedel-Crafts acylation with arene to afford product 158.

Cat. InBr. O Me Me
j\ Me,HSiCl r Ao g Ar—H L
R OR’ —T> . ~ R Ar
R—H InBry
156 157 158

Meanwhile, o-acetoxybutendioic anhydride (160) is a unique ester. The anhy-
dride functional group could serve as an activating group since it has two points to
chelate with the Lewis acid catalyst.®* The methodology also works when the anhy-
dride moiety was replaced with a bis-ester functional group such as the Meldrum’s
acid derivative 154.

(0]
AICI3, rt

\/© /\n/ 10 min, 72%
~o

159 161

Among all carboxylic acid derivatives, amides are the least reactive. However,
Klumpp and coworkers found that a series of amides capable of providing aromatic
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ketones in good yields.®> When amide 161 was exposed to Brgnsted super acid
triflic acid, intramolecular Friedel-Crafts acylation occurred to afford 1-indanone
162. A mechanism involving diminished C-N resonance through superelectro-
philic activation is shown in transition state 163 and subsequent cleavage to acyl

cations.
N
RO
H
O°C 88%
Br ?
161

HO,N o
: " 163
N A

Acid chlorides can be activated using a simple iodide source such as KI or Lil
to undergo nucleophilic attack from a variety of relatively weak nucleophiles.®¢
The Friedel-Crafts acylation of hindered phenol 164 with pivaloyl chloride took
place at the para-position to produce ketone 165. However, if the para-position
was blocked, then the same reaction conditions would have given the pivaloyl ester
instead.

t-Bu
1.2 equw Kl HO
\AH< MeCN, reflux t-Bu
24 h, 58% o
165

O-Methylketoximes and O-methylaloximes have been employed as DGs for rho-
dium-catalyzed C—H activation reactions. Substrate 166 with O-methylketoxime as
the DG was acylated with aldehyde 167 via rhodium-catalyzed ortho-acylation to
make diaryl ketone 168.%” In the absence of Ag,CO;, no product was observed with
full recovery of the starting materials. Therefore, the role of Ag,CO; may be more
than just an oxidant.

Br

NOMe Br 0.05 equiv. [Cp*RhCl,], O
0.2 equiv. AgSbFg 0 NOMe
+
| 2.5 equiv. Ag,CO;4
0] CH,CL, (0.2 M) O
85°C, 24 h, 64%

166 167 168

O-Methylketoximes have also been employed as DGs for palladium-catalyzed
C—H activation reactions. In addition to aldehydes being the acylation agents,
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alcohols may be acylation agents if they are oxidized during the reaction. Substrate
169 used O-methylketoxime as the DG and underwent a palladium-catalyzed ortho-
C-H activation followed by acylation from benzyl alcohol 170 after oxidation to
afford acylation product 171.88 The net outcome is the same as a Friedel-Crafts
acylation reaction.

Pd(OAC), (5 mol%) O
3 equiv. TBHP (6]
NOMe
3 equiv. AcOH NOMe
/©)J\ + DCE (0.3 M), 80°C O
a OH 5h,76% al
169 170 171

Oh et al. took advantage of two sequential Friedel-Crafts reactions to build
4-substituted 2-naphthols.® At first, the Friedel-Crafts acylation of phenylacetyl
chloride 172 with alkyne 173 gave rise to B-chlorovinyl ketone 174, a versatile syn-
thetic precursor in its own right. A tandem Friedel-Crafts alkylation of 174 then
assembled 4-substituted 2-naphthols 175. For a specific example of phenylacetyl
chloride (172%), its reaction with terminal alkyne 173" proceeded smoothly to pro-
vide 4-substituted 2-naphthols 175" in 81% yield.

0} (0}
| OO
RN —— | R PN R

———=R! ql
173 174 175

OH
1.5 equiv. AlCl, OO
/ > H H
MeOzC CH,Cl,, 0°C-23°C, 1 h
81% MeO,C
172 173’ 175

Without protection of the NH group on indoles 176, a Friedel-Crafts acylation
with propionic anhydride was achieved with regioselectivity favoring the C-3 posi-
tion as shown in 177.°° The catalyst was ytterbium triflate and the solvent was an
ionic liquid [BMI]BF, (1-butyl-3-methylimidazolium tetrafluroborate) thus the reac-
tion is considered green chemistry.

0
Et
Br m v(oTf),/BMIBF, B {
+ (€00 —— o
N MW, 80°C,10 min N
H 85% H
176 177

Normally, the Friedel-Crafts reactions are catalyzed by either Lewis acids or
Brgnsted acids. Aubé’s group observed that 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
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could serve as a solvent as well as a catalyst for the Friedel-Crafts acylation.’! In a
way, one could view HFIP as a Brgnsted acid because the six fluorine atoms makes
it much more acidic than the corresponding isopropanol. The intramolecular version
is showcased by transformation 178 — 179.

0
2N, 0% HRP 06 ]
EDG — | _— T
A < 51%-99% n
178 179

Copper-catalyzed aerobic intramolecular oxidative acylation of benzoylacetone
derivative 180 afforded naphthoquinone 181 bearing two acyl groups at positions
ortho to each other on the benzene ring.”? In contrast, when ethyl ketone 182 was
employed as the substrate, 1,3-indandione 183 was produced. The proposed mech-
anism is similar to that of the Friedel-Crafts acylation reaction because they all
involve electrophilic attack of a carbonyl by the benzene ring.

o s
0 5y o, B
s/ Cul0AQ), (60 mol%) s
DMSO, 115°C t-Bu 9
t-Bu o)

25 h, 85% 0
180 181
o s /> o, 0
S Cu(OAc), (60 mol%) S]
cl DMSO, 145°C a S
0 21h,52% o)
182 183

5.6 APPLICATIONS OF FRIEDEL-CRAFTS REACTION
ON TOTAL SYNTHESIS

For this chapter thus far, most examples presented here are methodologies involving
the Friedel-Crafts acylation. Now, some applications of the Friedel-Crafts alkyla-
tion and acylation to total synthesis are summarized below.

5.6.1 FRIEDEL—CRAFTS ALKYLATION

Fukuyama et al. employed a Friedel-Crafts alkylation as one of the key operations in
the total synthesis of (+)-haplophytine.”> A rather sophisticated alkylating agent 185
was prepared by the treatment of indole derivative 185 with NIS. Then subsequent
Friedel-Crafts alkylation of aniline 186 took place with the facilitation of AgOTf at
the para-position of the amine group, leading to adduct 187.
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NIS
NCbz _ =
CH,CL,, rt
CO,Me a2
184
\/\N /v/
OMe AgOTf, CH,Cl,
—10°C, 61%, 2 steps
OMe
186 187

Tokuyama, Fukuyama and their colleagues again used the Friedel-Crafts
alkylation as one of the key operations in the total synthesis of dictyodendrin A
and B.%* Under similar conditions for the transformation 186 — 187, bromoin-
dole 188 was alkylated at the C-2 position with para-methoxyphenylethyl bro-
mide (189) smoothly under mild condition using AgOTf at —78°C to assemble
adduct 190.

MeO

O Br
MeO,C

74 Br
AgOTf, THF
N OMe +
-78°C,2h, 81%
OMe
MeO
188

MeO

OMe

MeO
189 190

In an effort toward the total synthesis of microstegiol, Green et al. carried out the
Friedel-Crafts alkylation of naphtholic acetate 191 with propargyl alcohol-CO,(CO),
complex 192.% The reaction was catalyzed by a boron Lewis acid. Interestingly,
intermediate 193 was later manipulated to serve as a substrate for a Friedel-Crafts
acylation to construct a seven-membered ring.
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CO,(CO)g
MeO OAc =" com
+ /—_— P e
HO
191 192
(CO),CO
6 2\ //Cone
==

0.7 equiv. Bu,BOTf
MeO

OAc
CH,Cl,, 0.5 h, 0°C OO
90%

193

In the total synthesis of laetevirenol A, Heo and group took advantage of an intra-
molecular Friedel-Crafts alkylation as the penultimate step.®® It was proposed that
the olefin intermediate from dehydration of tertiary alcohol under the influence of
tosylic acid assembled the trans-cyclized product 194, which was subsequently glob-
ally demethylated to deliver laetevirenol A.

MeO MeO

p-TsOH, toluene MeO

OMe B —— e

120°C, 18 h, 43%

OMe

In the total synthesis of mersicarpine, a cationic cyclization approach was
adopted.”” Under the influence of Lewis acid AlCl,, cyclic carbamate 195 decom-
posed to expose a carbocation, which underwent an intramolecular Friedel-Crafts
alkylation onto the indole ring to afford lactam 196. Apparently the strategical
installation of the chlorine at the C-3 position was critical to stabilize the indole ring.
Without it, the intermediate was very labile to acidic conditions. Although chlorine
is not on the mersicarpine molecule, it was later conveniently removed by acidic
oxidation conditions using hydrogen peroxide in trifluoroacetic acid.

NH,
a a

0
N L, AlCl, CHCI N
3 2%72
m oroNH 7 T N
rt, 86%
o o

195 196

In an attempt to achieve a one-pot biomimetic total synthesis of an indole alka-
loid yuechukene, Hong’s group accomplished a Friedel-Crafts alkylation with a
sterically encumbered o-alkyl enal 197.°% After extensive screening of a variety of
Brgnsted acids, solvents and reaction conditions, the organocatalytic alkylation of
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indole gave the desired product 198 in only 25% yield using quinine derivative 199
as the organocatalyst and phosphoric acid (5)-200 as the additive.

199, 200
D +
N OHC CHCI5/EtOAC (1:1)
H
197

rt, 15d,25%

O
2 O\’/O
199 P (5)-200
N SO

In a total synthesis of pisiferin (202), Xie’s group took advantage of a Friedel—
Crafts alkylation as one of the five key operations.”® Substrate 201 was used as a
racemate because the alcohol would lose chirality at the end anyhow. When it was
exposed to 3 equiv. of BF;-OEt,, pisiferin (202) was obtained in 60% yield presum-
ably via the intermediacy of the corresponding allylic cation.

B ORy ‘.O
Toc o

202 (pisiferin)

5.6.2 FriEDEL—CRAFTS ACYLATION

As mentioned before, Friedel-Crafts acylation reactions are often superior to the
alkylation reactions because the former do not undergo carbocationic rearrangement
sometimes encountered by the latter. So it is not surprising that there are more syn-
thetic applications of the former reactions.

In studies toward the total synthesis of lactonamycin, Barrett and colleagues assem-
bled carboxylic acid 203 using a Negishi coupling reaction.'” Exhaustive optimization
of the Friedel-Crafts acylation of 203 resulted in conditions including zinc chloride
and the Ghosez reagent (1-chloro-N, N-2-trimethyl-1-propylenamine) to give tetracycle
204 in excellent yield. This is a good example that sometimes hard work pays off.

Me

’

OMe OH N

2 equiv. ZnCl, OOO 0
5 equiv.
oM
Me,C=C(C)NMe, €
929% OMe OMe

204
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In 2008, Hecht et al. finished the total synthesis of the topopyrones as a new class
of topoisomerase I poisons.'”" After a few false starts, they succeeded in carrying
out a titanium-mediated ortho-directed Friedel-Crafts acylation of phenol 205 and
installing the required acyl chain at the ortho-position to afford quinone 206.

OH OMe OH OMe
AcCI Ticl, O O ¢
OO 1,2-DCE, reﬂux M
MeO 78% €0
OMe
205 206

For a formal total synthesis of (+)-taiwanianiaquinol B and (¥)-dichroanone,
She et al. applied a domino-Friedel-Crafts acylation/alkylation sequence as the key
operation to install the core structure.'> Optimization of the reaction between anis-
ole and carboxylic acid 207 to give adduct 208 in 75% yield arrived at the best
conditions using methanesulfonic acid and P,Os, a powerful dehydrating agent.
Fascinatingly, the reaction between anisole and linear carboxylic acid 209 also led
to 208 under similar condition with a yield of 71%.

OMe HOC CH,SO,H/P,0,
_ SRS
©/ * 70°C, 1.5 h, 75%
MeO

207 208

Sarpong et al. took a Ga(Ill)-catalyzed cycloisomerization approach to make
(H)-icetexone and (+)-epi-icetexone.!?? In one of the key operations, carboxylic acid
210 was converted to the corresponding acid chloride, and the ensuing intramolecu-
lar Friedel-Crafts acylation was catalyzed with aluminum chloride to give indanone
211. The benzene ring on 211 is substituted on all six positions.

0 OMe OMe
oMe (1)(COCL), cat. DMF OMe
HO .
(2) AlCI,, CH,CI,
88%, 2 steps (6}

2 oM
OMe €

210 211

Due to their electron-rich nature, pyrroles and indoles are useful substrates for
the Friedel-Crafts reaction. Bull et al. discovered that 1,5-diazabicyclo[4.3.0]non-5-
ene (DBN) could serve as a nucleophilic catalyst for the Friedel-Crafts acylation of
pyrroles and indoles with acid chlorides.'% Mechanistically, DBU attacks the acid
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chloride functional group and expels the chloride, forming a more reactive N-acyl-
DBN intermediate, which was actually detected by the mass spectroscopy (MS).
Thus, catalysis by DBN, pyrrole ester 212 was acylated with 1.2 equiv. of p-toluoyl
chloride to give the o-acylated product 213, which upon hydrolysis produced anti-
inflammatory drug Tolmetin in 78% isolated yield.

p-toluoyl chloride

DBN (15 mol%)
@\/COzMe S / \\_ CO,Me
'i‘ Tol, 115°C, 4 h N
66% o} I
212 213

An intramolecular Friedel-Crafts acylation of chiral carboxylic acid 214 was
accomplished using chlorosulfonic acid to afford tetralone 215, which was converted
to (+)-sertraline after a reductive amination.!®

cl
Cl

CISO,H

.
|

9
OH 93%

8q

214 215

Strong Lewis acid BBr; is an efficient demethylation agent as well as a catalyst for
the Friedel-Crafts acylation. In a total synthesis of diptolidonesin G (217), substrate
216 was exposed to 30 equiv. BBr;, which effected a global demethylation followed
a Friedel-Crafts acylation to deliver the natural product 217 in an impressive 92%
yield.!0¢

MeO,C 30 equiv. BBr; ‘
_—
N

CH,CL, rt O OH
(- i L
MeO HO

MeO HO OH
O OMe O
(0]
A\
O
216 217

In the total synthesis of sandresolide B and amphilectolide, Trauner and cowork-
ers used the intramolecular Friedel-Crafts acylation as one of the key operations.!?’
After meticulous optimizations, the only conditions that led to desired product
entailed activation of acid 218 with trifluoroacetic anhydride (TFAA) followed
by gentle heating with zinc chloride. Short reaction times and stoichiometric zinc
chloride were crucial to the ring closure to afford seven-membered product 219.
Although the absolute configuration at the chiral center o~ to the carbonyl group was
incorrect, it was epimerized using 1,8-diazabicycloundec-7-ene (DBU) as a base.
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)~

2.5 equiv. ZnCl,

- 0@ .
TFAA,40°C, 1 h

Me 71%

5.7 MISCELLANEOUS EAS REACTIONS

In the presence of acid promoters, trifluoromethylthiolation of phenols takes place via
the EAS mechanism. For instance, trifluoromethylthiolation of 2,3,5-trimethylphenol
(220) gave rise to the para-substituted product 221 using (N-trifluoromethylsulfanyl)
aniline as the reagent as triflic acid as the promoter.'%

OH
OH
PhNHSCF,, TFOH
CH,Cl,, 14 h, rt, 84%
SCF,
220 221

Triflic acid as a Brgnsted acid was also the acid promoter for the an intramo-
lecular cyclization.'” When arene-ynamide 222 was treated with 1.2 equiv. triflic
acid, cyclization took place to deliver 3H-pyrrolo[2,3-c]quinazoline 223 via the EAS
mechanism as well. The intermediate is supposed to be a highly reactive ketenimin-
ium ion. This methodology was developed to the total synthesis of marine natural

products.

NBoc 1.2 equiv. TfOH
S—
‘ TIPS CH,CI 77%
/ ,Cly, 1, 77%
N
|
Boc
222 223

Pappo et al. developed an EAS of aldehydes, followed by reduction in situ with
triethylsilane.'® The methodology is highly chemo- and regioselective in introducing
primary alkyl substituents into aromatic compounds. The net outcome is alkyla-
tion, which could serve as a two-step alternative of a Friedel-Crafts acylation. This
method may be showcased by 17B-estradiol (224) as the substrate. The EAS of iso-
butyraldehyde was catalyzed by ethanethiol to give the alcohol intermediate, which
was reduced in situ to give alkylated product 225 in 67% yield. The same reaction
also worked for benzaldehyde with a yield of 85%.
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EtSH then Et;SiH

Cu(OTf) (2.5 mol%)
CF;CH,OH
rt to 50°C, 67%

225

An investigation into the mechanism of the Pechmann condensation reaction
using NMR suggested that EAS was the key step for both of the possible pathways.!!!
To reconcile the fact that intermediates 229 and 230 and NMR data, the authors con-
cluded the Pechmann condensation reaction probably first proceeds to form tertiary
alcohol 229 via an EAS. An intramolecular transesterification then affords interme-
diate 230, which undergoes dehydration to deliver coumarin 228.

CF, CFs
Cat.
Q. o, = 0
HO OH EtO o HO 0~ ~o
226 227 228

F,C OH O

EAS

226+227 OFt
HO OH
229
HO CF,
Transesterification -H,0
= ——» 228
HO 0”0
230

In summary, we have reviewed the advances during the last decade of EAS.
Halogenation and Friedel-Crafts reactions continue to play important roles in
organic synthesis as evidenced by their application in total synthesis.
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6.1 INTRODUCTION

For the undergraduate organic student, rearrangement and fragmentation reactions
are not as commonplace as substitution, addition, or elimination reactions. Be it
much to their surprise, they do indeed explore rearrangement—fragmentation reac-
tions early on in their organic chemistry journey. “Rearrangement” reactions, in
practicality, describe organic reactions involving either a one-step or multiple-step
atom (or large fragment) migration.!

Generally, rearrangements take place when carbocations are present. A case in
point are Wagner—Meerwein rearrangements associated with [1,2]-hydride, alkyl, or
aryl shifts.? The driving force, of course, for these rearrangements is the creation of
a more energetically stable carbocation trending 3° > 2° > 1°.2
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(a) H

)QD_’%D\

A 2° carbocation is more energetically favored than a 1°. Therefore, the positive
charge on the 1° position is eliminated via a hydride shift.?

In a similar fashion, alkyl and aryl shifts occur to create a more energetically cc
favored carbocation.?

Most synthetic chemists would agree that reducing the number of necessary steps
to achieve a desired product increases efficiencies and yields, while reducing mate-
rial cost and man-hours. In this vein, Wang utilized the aza-Cope—Mannich cycliza-
tion to construct the D ring within (¥)-cycloclavine (see structure in Section 6.7.2).#
The synthesis of this 3,4-fused indole skeleton, across 14—17 steps, has posed a sig-
nificant challenge to chemists. The utilization of the aza-Cope—Mannich cyclization
allowed Wang et al. to devise a 7-step synthetic strategy that increased the overall
percent yield to 27% versus reported low yields (0.2%, 1.2%, and 2.3%).3¢

The average undergraduate organic student is aware of the fragmentation that
occurs during mass spectrometry, where a given compound is exposed to high ion
frequency. The following literature, however, indicates that fragmentations occur in
reactions to create target compounds.

6.2 REARRANGEMENTS

Rearrangement reactions are a broad class of organic reactions in which a molecule’s
carbon skeleton is “rearranged” to afford a structural isomer of the parent com-
pound. In essence, these reactions involve the migration of an atom from one loca-
tion to another in the carbon skeleton architecture. Two key rearrangements are the
[1,2]-rearrangements and pericyclic reactions.’

6.3 [1,2]-REARRANGEMENTS

[1,2]-Rearrangements involve the movement of a substituent from one atom to
another across two adjacent atoms.* The most readily known examples include the
Wagner—Meerwein rearrangement, as mentioned above, and the [1,2]-Wittig rear-
rangement. The [1,2]-Wittig rearrangement transposes aryl alkyl ethers, in the pres-
ence of a stoichiometric amount of a strong base, to the corresponding secondary or
tertiary alcohols.?

Protic or Lewis - 1,2-Migration of substituent R from carbon 2 to carbon 3.°
R acid R

)\/\ R=alkyl, aryl, H \)\/
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6.4 PERICYCLIC REACTIONS

In the case of pericyclic reactions, a transition state molecule, possessing cyclic
geometry, occurs in a concerted fashion.’

t
R2 RZ RZ
X Heat C’ @ =
T 3 N
R, Ry R, U Ry R Ry

6.5 FRAGMENTATIONS

As per their name, fragmentation reactions generate fragments of the originating
compound via carbon—carbon bond breakage. The structural feature that allows for
fragmentation is the presence of a carbon [ wherein an electron deficiency may
develop and accommodate carbocationic character.!® This type of reaction has
a higher frequency of occurrence when the y atom is a heteroatom containing an
unshared electron pair. The presence of an unshared electron pair is critical in
the stabilization of the newly formed cationic center.’ Either heterolytic or homo-
lytic hydrocarbon fragmentation may occur, however, each is governed by its own
set of rules.!"!3 Heterolytic fragmentation, for instance, is governed by “polarity
alternation”! and the prediction of the product generated is based upon the con-
cepts of consonance/dissonance, conjoinment/disconjoinment, and resonance.'!!
Homolytic hydrocarbon fragmentation, on the other hand, is less reliably predicted
and the energy differences are less directing.'?

The ease with which hydrocarbon fragmentation occurs may be enhanced by
altering the charge distribution on the homopolar carbon backbone.!'-!3 A favor-
able charge distribution is established by introducing polar functional groups in
such a manner as to create consonant/dissonant patterns.'”> The following exam-
ples demonstrate hydrocarbons that either fragment well or resist fragmentation

altogether.
Fragments + ¢
well + //_// +

Resists
d d

fragmentation
d =OH, OR, OCOR, NRR; NR(COR), SH, SR, F, Cl, Br, |

Fragmentation reactions are either concerted or stepwise in nature. Regardless of
the fashion in which the fragmentation occurs, it is perfunctory for each member of
the atomic chain to engage in electron pair exchange.!?

Concerted mechanistic pathways have the added restraints of molecular geometry
due to the need of continuous overlap of the participating orbitals.!” Discussion on
the most well-known fragmentation reactions will follow later in this chapter.

For the purpose of this chapter rearrangements that involve electron deficient car-
bons (resulting from insufficient valence shell electrons or induction) will be considered.
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6.6 REARRANGEMENTS

6.6.1 CLAISEN REARRANGEMENTS

The Claisen rearrangement is one of the better-known reactions in the rearrange-
ment category. Discovered by L. Claisen in 1912, this rearrangement refers to the
thermal [3,3]-sigmatropic rearrangement of ally vinyl ethers 1 to the corresponding
v,0-unsaturated carbonyl compound 2.3

Heat t
S P A\O,_—/ ojj
v [3,3] [ o= S~ Y A
1 2

Under the broad umbrella of Claisen rearrangements, there are multiple subclasses
which undergo concerted pericyclic reactions. A brief overview of the aza-Claisen,
Johnson—Claisen, Claisen—Ireland, and Eschenmoser—Claisen variations is provided
in the following sections.

6.6.1.1 Aza-Claisen Rearrangement

The thermal [3,3]-sigmatropic rearrangement of N-allyl enamines, such as 3 to the
corresponding imines 4, occurs through a concerted process. This rearrangement
usually takes place via a chair-like transition state in which the substituents are
arranged in quasi-equatorial positions.>+15

t

R
SN _Heat RN~ RNZ
v /‘/ﬂ\\‘// N
3 4

After solidifying their understanding of the ether-directed, stereoselective aza-
Claisen rearrangement, Jamieson and Sutherland were able to execute the process in
achieving efficient synthesis of cyclic natural products containing erythro-hydroxyl
and -amino functional groups.'® Jameson and Sutherland chose to target the syn-
thesis of piperidine alkaloid, a-conhydrine S. Up to this point, the biologically
active compound (originally isolated from the poisonous plant Conium macula-
tum L in 1856) posed a synthetic challenge."” In general, compounds possessing a
2-(1-hydroxyalkyl)-piperidine unit (e.g., the aforementioned targeted o-conhydrine
5) are of interest owing to their antiviral and antitumor properties.!®!° Jamieson and
Sutherland’s quest for the conhydrine began with the production of allylic trichlo-
roamines. The allylic trichloroacetimidate 6 was prepared using a catalytic amount
of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and trichloroacetonitrile. Aza-Clasen
rearrangement of 6 in tetrahydrofuran (THF), using bis-(acetonitrile)palladium(II)
chloride (10 mol%) as the catalyst, generated erythro- and threo-allylic trichloro-
amines 7 and 8 in 52% yield over the two steps in a 12:1 ratio. Exchanging the THF
for a noncoordinating solvent, such as toluene, increases the yield (55%) and boosts
the stereochemical outcome (16:1).
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OMOM OMOM OMOM
PdCl,(MeCN
= i h o X
THF (52%, ratio 12:1) N
0] HN 0]
HN Yo toluene (55%, ratio 16:1) HN
cal, caly caly
Major Minor
6 7 8
OH
HN

a-Conhydrine 5

6.6.1.2 Johnson-Claisen Rearrangement

When allylic alcohols 9 are heated in the presence of excess triethyl orthoacetate
under weakly acidic conditions, a ketene acetal intermediate 10 is created.®?° This
intermediate undergoes a facile [3.3]-sigmatropic rearrangement to afford v,8-
unsaturated esters 11.3

S

o _ _
o ¥

Propanoic acid ! OFEt

Ri 140-180°C JL 133] R,

—— k0~ 07 R, [~ |
HO™ "R,
R
9 L 10 _ 1

Johnson—Claisen rearrangement is an efficient diastereoselective route for the cre-
ation of quaternary stereocenters of the C-3 position of cyclic lactams of y-hydroxy-
o,B-unsaturated lactams, such as physostigmine 12. Compound 13 was subjected to
standard Johnson—Claisen rearrangement reaction conditions (triethyl orthoacetate,
propionic acid, reflux), which produced compound 14 in 97% yield and >99% enan-
tiomeric purity.?!

VN
0 H
wOH 0 P ’{l
o} - (0]
PN : N (//,_ o 5 m/ “\H
o Propanoic acid N OEt © N
’}l reflux, ) 0 N N
Bn 2-8h, 97% Bn |
ee > 99% Physostigmine
13 14 12

6.6.1.3 Claisen-Ireland Rearrangement

Standard Claisen—Ireland rearrangements convert allylic esters 15 to acids through
O-trialkylsilylketene acetals such as 16 will undergo [3,3]-sigmatropic rearrange-
ment to afford y,0-unsaturated carboxylic acids 17822



Rearrangement and Fragmentation Reactions 157

+
R
(\/Rz LDA/THF [~ (1) Warm tort B,
o -78°C Ry~ 7, [3,3] NCOOH
TR " Thenadd bW omms | @NaoHM,0 -
0 2
T™SCI
15 16 17

Williams utilized the Claisen—Ireland rearrangement for the stereo-controlled
total synthesis of 18 (4-hydroxydictyolactone) which established the carbon back-
bone asymmetry of the contiguous C2, C3, C10 stereotriad. This was accomplished
by synthesizing the nonracemic Ireland—Claisen precursor 19, followed by the addi-
tion of LDA (lithium diisopropylamide) into a cold reaction mixture containing
TMSCI (trimethylsilyl chloride), and Et;N. Once heated to 70°C, the intermediate
product E (O)-trimethylsilyl ketene acetal 20 is converted to the carboxylic acid 21
(dr 94:6) and isolated in high yield.?

t
o] CH, CH,4 TMSCI, TBs0 H ,TMS,—OPMB
OW Et;N \7Lo \T/g
TBSO\/L}\M CHs -78°C AL
—/opmB Then LDA, H 10
2 _78°C, HAR
then reflux, 3
19 85% 20

dr=94:6

21 4-hydroxydictyolactone 18

6.6.1.4 Eschenmoser—Claisen

When allylic or benzylic alcohols 22 are heated in N, N-dimethylacetamide dimethyl
acetal in xylenes, the intermediate 23 undergoes [3,3]-sigmatropic rearrangement to
afford v,8-unsaturated amides 24.524

R s
R OMe 3

3 OMe R R

R NMe, 4N 2
RN 3,3
4 Xylenes J\ [3,3]

HO™ "R,  150°C Me,N” 07 R

22 — 23 =

An excellent example of the Eshenmoser—Claisen rearrangement is the synthesis
of the tricyclic compound aplykurodinone 25. This process begins by taking the
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crude intermediate 26, mixing it with N,N-dimethylacetamide dimethyl acetal and
microwaving in a sealed reaction vessel to produce Y,8-unsaturated amide 27 in 90%
yield.?

Me OMe

ToALWOH Y <OMe
/ —_—
-~ —_—
TBSO H Xylene, MW
140°C, Th, 90%
26 27

Aplykurodinone 25

6.7 COPE REARRANGEMENTS

The Cope rearrangement was discovered in 1940 when A. C. Cope observed
that ethyl (1-methylpropylidene)-cyanoacetate 28 rearranged into isomeric ethyl
(1-methylpropenyl)-allylcyanoacetate 29 upon distillation.?

i 9
o Heat N O/\
= ~ \\N

0]

28 29

A shared attribute of the Claisen and Cope rearrangements is their multiple
subclasses that all undergo concerted pericyclic reactions. The anionic oxy-Cope
and aza-Cope subclasses are discussed below.

6.7.1 ANioNic Oxy-CopE

This type of rearrangement is mechanistically identical to the oxy-Cope, yet it
occurs at an accelerated rate of 10'°-10". This rate acceleration is attributable to the
treatment of the 1,5-dien-3-ol 30 with a base, such as potassium tert-butoxide, which
provides an oxide transition state 31 to reveal aldehydes 32 as the final product.

- s
HO (o] (NN
\C Base \i) Acid \O
= 13,3] X X
30 31 32
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Mulinanes (33) are a class of diterpenoids that are biologically active natural
compounds.?” They can be synthesized by employing the anionic oxy-Cope rear-
rangement to construct the relative configuration of the C8 stererocenter.?® Addition
of potassium hydride to a solution of alcohol 34 and 18-crown-6 affords the desired
aldehyde 35 as a major product (73% yield) due to the anionic oxy-Cope’s high
stereoconvergency.?®

KH
18-crown-6

PhCH,, 100°C
(73%, >30:1 dr)

6.7.2 Aza-Corr

When nitrogen is incorporated within the 1,5 7 bond system, the [3,3]-sigmatropic
rearrangement is referred to as aza-Cope. Variants of this Cope subclass include
l-aza, 2-aza (36), 3-aza, and 1,3-, 2,3-, 2,5-, 3,4-diaza-Cope rearrangements.®

t
R @ R
X =
ST =

Loy —ton| azes F@
N R N

|

R

37 38

|
R
36

Wang utilized the aza-Cope—Mannich cyclization to construct the D ring within
(H)-cycloclavine 39, which consists of a complex 3,4-fused polycyclic molecular
architecture.* The synthesis of this 3,4-fused indole skeleton has posed a daunt-
ing challenge to chemists given its low yield (0.2%, 1.2%, and 2.3%) across 14—17
steps.>® By using the aza-Cope—Mannich cyclization, Wang devised a synthetic
strategy, employing the aza-Cope—Mannich cyclization, and achieved a seven step
synthetic approach with an impressive 27% overall yield. The aza-Cope—Mannich
tandem reaction is initiated by a cationic 2-aza-Cope rearrangement (2-azonia-[3,3]-
sigmatropic rearrangement) followed by the Mannich reaction. The desired aldehyde
44 is obtained in high yield (83%) from aldehyde 40 when subjected to aza-Cope—
Mannich conditions (FeCl,, CH,Cl,, reflux 45°C, 0.2 h) with 2-hydroxyhomopropar-
gyl tosylamine 41.
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6.8 KETONE AND KETENE FORMATION REARRANGEMENTS

6.8.1 CARROLL REARRANGEMENT

The Carroll rearrangement is defined by the [3,3]-sigmatropic rearrangement of
allylic B-keto esters (45) to y,0-unsaturated ketones 46.”

R, R, R, e} (o) ' Heat . ' R3 R,
)\KQ )UJ\(RG [3,3]-sigmatropic shift RSW
R, 0 R
Loss of 0—=C=0 6
R3 R7 R4 R1 RZ (0]
45 46

Abe determined that this particular rearrangement would be beneficial in synthe-
sizing the trans-bicyclic enone of spirocurcasone 47. Via aldol condensation, 2-oxo-
butyl derivatives 50/51 are produced by the Carroll rearrangement of B-keto allyl
ester 48. This, in turn, leads to the formation of the desired tricyclic diterpenoid
final product, spirocurcasone 47.2° Efficient synthesis of related tricyclic diterpenoid
curcusones is highly sought after due to their antiproliferative activity toward mouse
lymphoma L5178Y cell lines.*® Bringing together the B-keto allyl ester 48 with LDA
in cyclopentyl methyl ether (CPME) at —=78°C, results in the lithium dienolate inter-
mediate 49. The lithium dienolate intermediate is then refluxed in CPME for 20 h.
During this time, a rearrangement takes place of the enolate anion from the CI to
the C2 position, which is followed by decarboxylation. The process of rearrangement
initiates mainly from the opposite face of the diethyl acetal group at C3. The final
bulk product is a mixture containing the target compound, o-2-oxobutyl 50 (15%)
and the nondesirable 3-2-oxobutyl product 51 (46%). Ensuing treatments of the iso-
lated 50 render the target spirocurcasone derivative.
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OEt OEt

50 (15%) 51 (46%) Spirocurcasone 47

6.8.2 RuPE REARRANGEMENT

When a tertiary propargylic alcohol 52 undergoes acid-catalyzed dehydration,
a rearrangement takes place that results in the [1,2]-shift of the hydroxyl group.
Subsequently, the corresponding o.,B-unsaturated ketone 53 is created.®!

R, OH
3 R, 0O R,
(1) Protic or Lewis acid
4 R 7
7 R (2) H,0 R,
H R;
52 53

The Rupe rearrangement, in tandem with Donnelly—Farrell cyclization, can result
in the conversion of 54 to 55. This is noteworthy due to 55 being an essential inter-
mediate for the synthesis of 4,5,5-trimethyl-5,6-dihydrobenzo[c][2,7]naphthyridine,
56.% This debrominated analog of marine alkaloid veranamine (which shows poten-
tial as an antidepressant)®* can be synthesized in three steps with a 38% overall yield.

(1) HCl (conc.) H,0 0
=~ o 120°C
(2) K,CO,4 —_—
NH, 75% m
54 55
Z N
s
H N
H

4,5,5-trimethyl-5,6-
dihydrobenzolc][2,7]naphthyridine 56
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6.8.3 SAkURAI REACTION

The Neber rearrangement results in the formation of an azirine (37) when O-acylated
ketoximes 58 are treated with a base. Subsequent transformations of the azirine ring
results in a oi-amino ketone 59 or ketals.’* This rearrangement is critical not only
for creating intermediates to synthesize heterocycles, but for introducing o-amino
ketones into natural products.” Unlike the Beckmann rearrangement, this process
creates nonstereospecific amino ketones.

NH2 HCl
R
R /\/ Base 2
-OR3 20

The synthesis of motualevic acids A—F, and (E) & (Z) geometrical isomers of
antazirines 60, is accomplished utilizing the Neber rearrangement in the later stages
of the synthesis. Tosylated compound 61 is catalyzed with quinidine in toluene at
0°C in order to induce the chirality that is present in (E)-antarzirine. The desired
(R)-(E)-antazirine (ent-60) was produced in high yield (85%) and 76% ee.®

TsO\N o CO,R
| Quinidine
N OMe toluene, 48 h
Br 81% ee, 76%
X
Br
61

6.8.4 BAKER—VENKATARAMAN REARRANGEMENT

B-Diketones are important synthetic intermediates in the production of chromones,
flavones, coumarins, and isoflavones.? This rearrangement takes place when an aro-
matic ortho-acyloxyketone 62 is treated with a base, which catalyzes a rearrange-
ment that yields the corresponding aromatic 3-diketones 63.

R, (1) Base/solvent
(2) Work-up R
2

62 63

R, = alkyl, aryl, NH,; R, = alkyl, aryl; base = KOH, KOt-Bu, NaH, Na Metal, KH, C;H;N

A method for the synthesis of the natural product platachromone B 64 and related
compounds has been developed and takes advantage of the Baker—Venkataraman
rearrangement. Base-catalyzed Baker—Venkataraman rearrangement of acrylate
derivatives 65a—c will yield (2Z,4E)-5-aryl-3-hydroxy-1-[2-hydroxy-4,6-dimethoxy-
3-(3-methylbut-2-en-1-yl)phenyl]penta-2,4-dien-1-ones 66a—c.*
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Ry R, KOH
MeO ) DMSO, rt
OMe O
66
65
a:Ry = CH,CHCMe,, R, =Rs =H a:Ry = CH,CHCMe,, R, =Rs =H
b: Ry = CH,CHCMe,, R, = H, Rs = OMe b:R; = CH,CHCMe,, R, = H, R = OMe
¢:Ry = CH,CHCMe,, R, = Rs = OMe ¢ Ry =CH,CHCMe,, R, = Rs = OMe

Platachrome B 64

6.8.5 FERRIER REARRANGEMENT

In general, the Ferrier rearrangement refers to the Lewis acid promoted rearrange-
ment of unsaturated carbohydrates.’” Depending on the starting material, 1,2-gly-
cal (Type I) or exocyclic enol ether 67 (Type II), either a 2,3-unsaturated glycosyl
compound or highly substituted cyclohexanone (such as 68) is created, respectively.®

0-_OR, H,0 o) OH
organic solvent
Lewis acid
R, R, R, R,
R3 Ry
67 68

R; =alkyl; R,_s = O-alkyl, O-acyl

The Ferrier rearrangement can be utilized to convert a sugar into a ketone, as
shown by Seth for the preparation of fluoro cyclohexenyl nucleic acid (F-CeNA).3
F-CeNA 69 has the potential to be used in antisense therapeutics, which is a specific
manner of treating genetic disorders. Fluorine substitution improves the hybridiza-
tion of CeNA-modified oligonucleotides in a three prong approach by (1) increas-
ing the strength of Watson—Crick base pairing; (2) creation of a conformationally
more flexible CeNa ring versus the hexitol ring, and (3) the production of extreme
half-chair conformations of CeNA (which resemble the conformational states of the
C2’-endo and C3’-endo sugar puckers of the furanose ring in DNA and RNA). Seth
transformed the sugar 70 into the carbocycle 71 via the Ferrier rearrangement by
introducing 70 to catalytic PdCl,.
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6.8.6 TiFFENEAU—-DEMJANOV REARRANGEMENT

The Tiffeneau—Demjanov rearrangement is regarded as a variant of the pinacol rear-
rangement, and can be carried out on four- to eight-membered rings.** The percent
yields of ring-enlarged products, although better than the Demjanov rearrange-
ment, decrease with increasing ring size.’**' Cycloalkanone 72 are created when
B-aminoalcohols 73 are combined with nitrous acid. The cycloalkanone 72, how-
ever, has a tendency to undergo a ring expansion.’*-4!

C
(CH,), HNO,/H,0 ?CHz)n
n=2-6
73 72

There has been a heightened interest in the synthesis of Merrilactone A 76 due
to its potential as a nonpeptide neurotrophic factor that can be used for neurodegen-
erative diseases.*> However, its complex compact sesquiterpene architecture, which
features five rings and seven chiral centers (five of these chiral centers are contiguous
fully substituted carbon atoms) has made its synthesis quite a feat. The Tiffeneau—
Demjanov rearrangement can be utilized to construct one of the five rings. In order
to transform the cyclobutanone 74 to the required cyclopentanone 75 with regioslec-
tive ring enlargement, the least substituted methylene carbon underwent preferential
migration. Ethyl diazoacetate in the presence of BF;-Et,0 yielded the cyclopenta-
none 75 in very good yield (88%).*

Me BF, - OEt,, o
/l;i:OBn N, & -CO,Et
—_—
N\—0Bn < O
O Me O Me
Merrilactone A
74 75 76

6.9 ALDEHYDE (OR KETONE) FORMATION REARRANGEMENTS

6.9.1 FRrIES REARRANGEMENT

Phenolic esters (77) in the presence of a Lewis, Brgnsted, or solid acid results in
a rearrangement to the corresponding ortho-(78) or para-(79) substituted phenolic
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aldehydes (or ketones).®* While this rearrangement allows for the preparation of
acyl phenols, the harsh reaction conditions that the rearrangement requires can only
accommodate esters with stable acyl components.” Another concern is the presence
of heavily substituted aromatic or acyl components. A high degree of substitution
can invoke steric constraints that will result in an overall decrease in the yield.!

0" R, OH O OH
Lewis, Brgnsted
7N or solid acid N R, and/or X
R1 s _ R1 | _ R1
R, = alkyl, —OR, —NR,, -aryl =
R, =H, alkyl, aryl
() R,
77 78 79

The Fries rearrangement allows for the introduction of the terminal o.-substituted
butenolide in the total synthesis of muricadienin 80.% This compound is sought after
since it is the unsaturated putative precursor in the biosynthesis of frans- and cis-
solamin. In essence, subsequent O-acylation with fatty acid 81 was followed by the
in situ Fries rearrangement triggered by DM AP. The resulting tricarbonyl intermedi-
ate 82 was then directly reduced with NaBH,CN in acetic acid to afford o-alylated
butenolide 83 in an excellent yield of 98% over three chemical transformations.*®

CyoHys
B \\ RE:
0 HO NaBH,CN,
DCC, DMAP, AcOH,10°C
(SPLPY __ DIPEA, DCM, | =~ 0 1 ort,12h
—_—
\\ OOC -rt, 12h (@] 98%
(0] (over 2
82 steps)
CO H - -
CioHas
OH ::‘
N 7 n /
10 > CyHys MO
O
83 0 0

(+)-Muricadienin
80

6.9.2 MEYER—SCHUSTER REARRANGEMENT

The Meyer—Schuster rearrangement refers to the acid-catalyzed isomerization of
secondary and tertiary propargylic alcohols (84) through a [1,3]-shift of the hydroxyl
group to the corresponding o,3-unsaturated aldehyde or ketone 85.8
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R1—__——ﬁ Protic or Lewis acid 2
R, /U\/\
Ry R R3
84 85

R, =H, alkyl, aryl; R,_; = H, aryl, or alkyl with no H atoms adjacent to o.-carbon

This rearrangement was utilized by Beretta to construct an enone moiety for the
synthesis of B, and L, prostanoids (88).# Cyclopentanoid phytoprostanes (PhytoPs)
are a group of bioactive compounds that perform various functions, such as immu-
nomodulatory activity on dendritic cells, as well as antiinflammatory and apoptotic
properties. With this being said, the enone moiety of 87 can be synthesized by subject-
ing the propargylic alcohol 86 to Nolan’s Au(I) dinuclear catalyst [(IPrAu),(u-OH)]
BF, in MeOH — H,0 (1:1).*8 The result is a smooth transformation to enone 87 in
76% isolated yield with 295% E-diastereoselectivity.

OH [(IprAu),(u-OH)IBF, 0
TBSO MeOH-H,0, 1:1 TBSO —
== rt, overnight
76% \
Br (76%) Br
86 87
HO
() —~
> CO,H

88 (RS)-16-L,-PhytoP

6.9.3 PiNACOL REARRANGEMENT

When vicinal diols (89) are treated with a Lewis or protic acid they undergo an
[1,2]-alkyl, aryl, or hydride shift to afford an aldehyde 91 or ketone 93 through a
carbocation intermediate (90,92).” The reaction can be highly regioselective, which
is determined by the relative migratory aptitudes of the substituents attached to the
carbon adjacent to the carbocation center. The relative migratory aptitudes corre-
late with their ability to stabilize a positive charge, such that the following trend is
observed: aryl ~ H ~ vinyl ~ -Bu >> cyclopropyl > 2° alkyl > 1° alkyl.*>->

-HOH [1,2]-shift R
| R | © R, R ¢
3
Protic R Rs Ry
HO OH or Lewis acid 20 91
R > < R4
L oH hif i
1,2]-shift R
89 _HOH R, CHl R, [1.2] 1 R,
R, Ry Ry R3

R,_, = H, alkyl, aryl, acyl 92 93
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Ingenane diterpenes possess important biological activity ranging from anticancer
to anti-HIV.>! The development of a synthetic route for diterpenoid (+)-ingenol 94,
was a challenging process due to the challenging scaffold design of the compound.
The reaction that leads to 96 that is used for the complete synthesis of ingenol 94
had to be carefully tweaked in order to reach completion. Treating alcohol 95 with
BF,; - Et,0 in CH,Cl, and quenched at —78°C resulted in a recovery of only starting
material. When the reaction was quenched with saturated aqueous NaHCO, at —78°C,
a low yield of the desired product 96 was obtained. Upon further investigation, it was
noted that the temperature of the reaction quench was essential to getting a high yield
of desired product (80%) with the following conditions 1:1 MeOH/Et;N at —40°C.>?

ME/,'
TMSO,,

Me  BF3-E,0

z\; H CH,Cl,
“"1OTBS -78°Cto -40°C
o=" 2 then MeOH/Et;N
O Me 80%
95 926
Me,,

Me y Me
L

HO
H (+)-Ingenol

HO %
OH

6.9.4 SEMIPINACOL REARRANGEMENT

Similar to the pinacol rearrangement, when 2-heterosubstituted alcohols (97) are
subjected to mild acidic conditions they undergo an [1,2]-alkyl, aryl, or hydride shift
98 to afford an aldehyde or ketone 99.”>° The semipinacol rearrangement is almost
exclusively utilized in complex molecule synthesis due to its predictability and mild
reaction conditions.?

0]
Mild HO
HO. X S R
R1§—€R4 cond_ltlons R]#_@vR4 Rl&R;‘
Ry Rs -X R, Rs Ry
97 98 29

R,_4 = H, alkyl, aryl, acyl; X = Cl, B, |, SR, OTS, OMs, N,
Mild conditions = LiCIO,/ THF/CaCOs,, Et;Al/CH,Cl,, etc.

One such complex molecule synthesis is that of peribysin E and its analogs, as
developed by Handore and Reddy.** Peribysin E 100 exhibits potent cell adhesion
inhibitory activity and therefore serves as a potential candidate as an anticancer and
antiinflammatory agent. Epoxy alcohol 101, underwent a semipinacol-type rear-
rangement to afford the peribysin E analog 102.
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6.10 CARBOXYLIC ACID FORMATION REARRANGEMENTS

6.10.1 FAvORskil REARRANGEMENT

The Favorskii rearrangement is useful for highly branched carboxylic acid synthesis,
where an o-halo ketones possesses at least one o-hydrogen.>>* Treatment of such
starting materials with a base, in the presence of a nucleophile, induces skeletal rear-
rangement via a cyclopropane intermediate. The creation of the new carboxylic acid,
or carboxylic acid derivative, is regio- and steroselective. Given this consideration, the
Favorskii rearrangement is sensitive to structural factors and reaction environment.

R1>HJ\KR3 _Base RZWNUC
R R Nuc-H R
2 4 H
X=dl, Br, |
The synthetic optimization of nitroxides emanates has garnered interest after it
was determined that this class of compounds ameliorates the toxic effects of radia-
tion during cancer therapy.””*® The Favorskii rearrangement of 3,5-dibromo-4-oxo-

2,2,6,6-tetramethylpiperidine 103 was performed in the presence of piperidine to
form the piperidine derivative 104 directly in 89% yield.*

0 Piperidine, TEA, N
Br Br H O rt6h I{t IQ
; :N: \/_\ 50°C, 6 h
H

89% 0
103 104

6.10.2 Homo-Favorskii REARRANGEMENT

Similar to the Favorskii rearrangement, the homo-Favorskii occurs when a -halo
ketone 105 is treated with a base in the presence of a nucleophile. Carboxylic acids



Rearrangement and Fragmentation Reactions 169

or carboxylic acid derivatives 107 are formed through cyclobutanone intermediates
like 106.3-5°

O, Re O
m Base /\)t(:
H X
R,
Ry Ry Ry Ry R
X=dl, Br, 1, OTs
105

t-BuOK/t-BuOH

rt, 2 min
95%
108 109 110
H
p-TsOH/CF;CH,0H .
0°C,4h H

90%

Kelsoene 112

The synthesis of a sesquiterpene with a unique tricycle decane skeleton, (+)-kel-
soene (112),** involves a base-catalyzed reaction of y-keto tosylate 108. This process
initiates a homo-Favorskii rearrangement to cyclobutanone 109. Treatment of y-keto
tosylate with excess -BuOK at room temperature results in rapid (<2 min) formation
of a 5:4 mixture of two cyclobutanes, 109 and 110 (combined yield 95%). The expo-
sure of this mixture to p-TsOH in trifluoroethanol (at 0°C for 4 h) induced the clean
isomerization into a roughly 1:1, separable mixture (90%) of two cyclobutanones 109
and 110. However, only cyclobutanone 109 underwent the rearrangement to cyclobu-
tanone 111, while the other intermediate remains unchanged.®!

6.10.3 QuaAsi-FAVORskil REARRANGEMENT

There are o-halo ketones 113 that, due to their structural arrangement, undergo what
is referred to as the quasi-Favorskii rearrangement. These o-halo ketones lack o
position hydrogen atoms or are bicyclic with an o-hydrogen atom at bridgehead car-
bon. In either case, just as with the Favorskii rearrangement, skeletal rearrangement
occurs when the compound is treated with a nucleophile to yield a carboxylic acid or
their derivative 114.362
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2 R3 R4 5 2 R3
113 114
X=dl, Br, |
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Me Me Me
B Br THF B | E—
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115 116
OAc
O ~""CO,Me
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H

Tricycloclavulone 117

A natural product synthesis that benefits from the quasi-Favorskii rearrangement
is that of prostanoid tricycloclavulone 117. The carboxylic core of this compound
is generated from its [4 + 3]-cycloadduct. This intermediate adduct was achieved
via the reaction of 2,5-difromocyclopentane with cyclopentadiene to provide ketone
115. The adduct then underwent quasi-Favorskii rearrangement to provide ketone
116, followed by a sequence of ring-opening and ring-closing metathesis (RCM) to
yield the targeted natural product tricycloclavulone.®®

6.10.4 BenziLic AciD REARRANGEMENT

The Benzilic acid rearrangement refers to the rearrangement of o-diketones 118
to salts of o-hydroxy acids in the presence of a base.®* The desired final product is
achieved after the salt is acidified.’

0 R .
©
R OH 02 LOH  cidification (H) _ Ho OH
R' R o
o) [1,2]-shift o I
118 119 120

Taiwaniaquinoids are rearranged diterpenoids that have significant bioactivity,34663
such as aromatase inhibition or cytotoxicity to human oral epidermoid carcinoma KB
cells.®® The total synthesis of (—)-taiwaniaquinone H (123) from abietane 121a/122b
was partly accomplished by treating the hydroxydione 121a and 121b with lithium
bis(trimethylsilyl)amide (LHMDS) to yield the hydrofluorene derivative 122a/122b.5
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R
R 0
LHMDS OMe
THF R —
-15—>0°C
: "o 0
OHH
121a:R=H (90%) 122a:R=H (65%) (-)-Taiwaniaquinone H 123
121b: R = OMe (91%) 122b: R = OMe (6%) (63% over 3 steps)
6.10.5 BAEYER—VILLIGER REARRANGEMENT
0
0 o 0
)L A" 0" H )J\ R
R R' R O’
CH,Cl,
124 125
o)

PR o
2(H,Q) Ar (0] H |/
0 n(HZC))ZO

CH,CI
126 22 127

The Baeyer—Villiger rearrangement, also known as the Baeyer—Villiger oxidation,
refers to the transformation of ketones 124 into esters 125 and cyclic ketones 126
into lactones 127 or hydroxy acids by peroxyacids.®¢’

The Baeyer—Villiger rearrangement is one of the main features for the synthesis
of carbazole alkaloids 131a/131.9%%° These compounds have a multitude of desirable
therapeutic properties, such as: antitumor, antibiotic, antiviral, anti-HIV, antiinflam-
matory, antimalarial, psychotropic, antihistamine, antioxidative, and significant anti-
tuberculos activiites. When aromatic aldehydes 128 are placed in Baeyer—Villiger
oxidation reaction conditions, the corresponding unisolable formate ester 129 is
formed. In situ hydrolysis then transforms 129 to the known phenolic compounds
130 in 95%—-96% yields.58%

CHO KHSO,, ocHO
30% H,0, Silicagel
Me Me
N MeOH, 0°C, 1h N 96% 2 steps
H Me H Me
128 129
R,0
OH 2 OMe
oS —. O
N
” Me H Me
130 R=Me Carbazomycin B (131a, R, = H)

Carbazomycin A (131b, R, = Me)
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6.11 ALCOHOL FORMATION REARRANGEMENTS

6.11.1  MisLow—EvANS REARRANGEMENT

Due to their ability to undergo reversible 1,3-transposition, allylic sulfoxides 132
can be transformed into allylic alcohols 134 and vice versa.® However, although this
reaction is reversible, equilibrium lies largely to the left (it should be noted that the
sulfonate is not detectable by NMR [nuclear magnetic resonance].)”

R R, -
zﬁ/\ [2,3] \/\ (1) Thiophile Ry ~_OH

Sy R~ O (2) Work-u
R0 s P
132 133 134

R, =alkyl, aryl; R, = alkyl, aryl, propargyl
Thiophile = PhSNa, P(OMe)s, P(OEt);, P(NEt,), Et,NH

The synthesis of the enantiomers of Gabosine D 138a and E 138b can be accom-
plished by converting allyl sulfide 135 prepared from (-)-quinic acid. This synthetic
route begins with a Mislow—Evans rearrangement and subsequently follows a series of
sequential reactions.”! These natural products are of interest due to their antiprotozoal
activity, DNA binding properties, and their ability to inhibit glyoxalase-I and glyco-
sidases.’>7* Oxidation of allyl sulfide 135 with m-CPBA (chloroperoxybenzoic acid)
afforded a 1:1 mixture of sulfoxide 136. After thermolysis of 136 in the presence of
(EtO);P, the allyl alcohol 137 is produced as a single diastereomer in 98% yield.”! A cas-
cade of subsequent reactions creates the target compound in the form of 138 and 139.

BBA~Q BBA ~Q
O~ .OTBS mCPBA 0 WOTBS (EtO),P
CH,C, EtOH, reflux
20 min (90%) 16h (98%)
.0
SPh >
Ph
135 136
BBA ~Q or
O_~_..OTBS HO OH
OH °
RO
137 138aR=H (59%)

138b R = Ac (64%)

6.12 AMINE FORMATION REARRANGEMENT

6.12.1 CuUrTIUS REARRANGEMENT

The Curtius rearrangement refers to the thermal decomposition (which is catalyzed
by both protic and Lewis acids) of acyl azides 139 to the corresponding isocyanates
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140.7* These isocyanates can then be reacted with a multitude of reagents (e.g.,
water, amines, or alcohols) to form amines 141, urea 142, or carbamates 143,
respectively.®™

J\ Heat
R "N, —N,
139

An example of how the Curtius rearrangement can be utilized to synthe-
size complex natural products is manifested in the total synthesis of aspe-
verin 1477 Prenylated indole alkaloids, such as asperverin, exhibit important
biological activities ranging from antibiotic and anthelmintic to potent cyto-
toxicity properties. The initial synthetic step was to convert the carboxylic acid
to the acyl azide. The carbamate 146 was yielded when the acyl azide under-
goes Curtis rearrangement in the presence of 2-(trimethylsilyl)ethanol. This
carbamate was then converted to the natural product to complete the synthetic
sequence.

(1) Ag. NaOH
dioxane/MeOH

(2) (PhO),P(O)N,,
NEt; (71%, 2 steps)

SiMe,

MeSi~gy o/\/
PhMe, 90°C

(66%)

(0]

146 Aspeverin 147

6.12.2 LOSSEN REARRANGEMENT

When O-acyl hydroxamic acids 148 are converted to the corresponding isocyanate
149, this is referred to as the Lossen rearrangement.”® Nucleophilic attack of these
isocyanate renders a variety of different products. It is of interest to note that the
activation of the oxygen is a key mechanistic step since free hydroxamic acids do
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not undergo this particular rearrangement. Additionally, milder reaction conditions
lends to Lossen rearrangements being preferentially chosen over the Hofmann and
Curtius rearrangements.376

o]

0
OH NHOH
O/\\ CDI H,NOH ‘
o~ %m
F

FE 151
ol

§
- )
- = S
z !\l/\"/’\o/\\
Sl

Bis-amide analog 156
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0O

R
R1%N/°\R M,RN(N#:O __ Nuc—H 1 i
H ’ R R,”™ "N” "Nuc
R, 2 H
148 149 150

R,_, = alkyl, aryl; Ry = CO-alkyl, CO-aryl, Cl, SiR3, CsH3(EWG),(O-aryl), PO,R,
SO,R, C=NR(NHR); base: NaOH, KOH, DBU, (i-Pr),NEt; nucleophile: H,O, ROH, RNH,

A prime example of the Lossen rearrangement’s functionality over other methods
to generate isocynates can be displayed by Sulzer-Mosse’s synthesis of N-thiazol-4-
yl-salicylamides 156.”” This new family of compounds has the potential to be anti-
oomycete agents. The Lossen approach was selected since the authors did not feel
that Beckmann-type ketones were suitable building blocks, and chose to avoid any
Curtius-type azide derivatives. The Lossen-type transformation proceeds seam-
lessly, with carbonyldiimidazole playing two key parts. First this reagent facilitates
the formation of the hydroxamic acid under mild conditions. Second, as soon as
151 is formed, additional carbonyldiimidazole causes its cyclization to the dioxa-
lone 152. Subsequent loss of carbon dioxide delivers the isocynate 153. This highly
reactive species is then trapped with 2-(trimethylsilyl)ethanol to deliver the Teoc-
protected amine 155. Surprisingly, even given the complexity of carboxylic acid 151,
chemoseletivity is high in this process. The final step is the delivery of the thiazole-
4-amine 154 by tetrabutyl-ammonium fluoride-promoted cleavage of the carbamate
function.

6.12.3 HOFMANN REARRANGEMENT

(1) MOR or M(OR),

0 MOX or NaBrO, O
o o 5 R
vl R | apeeo ko i §
NH, (2) Heat R,” "N~ TOH
R R, H
2 M= Na, K, S
157 Ba. Ca Isocyanate Carbamic acid
y not isolated not stable
1° Carboxamide X=Cl, Br ( ) ( )
R,_,=alkyl, aryl,H
R .
NH,
—0=C=0 R,
158

The Hofmann rearrangement, also known as the Hofmann reaction, refers to the
conversion of primary carboxamides 157 to the corresponding one-carbon shorter
amines 158.78 This method does not allow for the presence of base sensitive groups
in the amide, due to the basic reaction conditions. This rearrangement does give high
yields for a variety of aliphatic and aromatic amides. In addition, complete retention
of amine product’s configuration is ensured if the starting amide is enantiopure at
the alpha position.!?78
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Oxycodone 161 is a semisynthetic analgesic that is clinically prescribed as a
primary opioid for cancer pain management.”*# The construction of the morphi-
nan skeleton 160 is possible via a Hofmann rearrangement/lactamization cascade
sequence from amide 159. In essence, a (diacetoxyiodo)benzene-mediated Hofmann
rearrangement followed by hydrolysis of the resulting isocynate affords a primary
amine. The ensuing spontaneous attack of lactone by the amine forms the desired
lactam in good yield.”

MeO
PhI(OAC),
o,
g NH, MeCN-H,0
40°C
o 0 0 78%
(0]
(-)-Oxycodone 161
159 160

6.12.4 Aza-[2,3] WITTIG REARRANGEMENT

The nitrogen analog of the highly stereoselective rearrangement of o-metalated
ethers to metal alkoxides is referred to as the aza-[2,3] Wittig rearrangement.®! This
rearrangement involves the isomerization of o-metalated tertiary amines 163 to
skeletally rearranged metal amides 164. With subsequent work-up, the homoallylic
secondary amine 165 is then obtained.®

o 1 , . Aza231Wittig 1
WR RLi R Y\P”R rearrangement R \/\/EFR Work-up
N_H - N

R2 Y R2 N W.@ ® ® e: N R4

Rt R4 Li Li R2
162 163 164
R3 = R
H.
N R
R2
165

Kainoid amino acids such as kainic acid 168 are a group of nonproteinogenic
pyrrolidine dicarboxylic acids which exhibit a wide variety of biologically active
properties.®? These compounds have been used as insecticides, anthelmintic agents,
and most prominently neuroexcitatory agents. The route to creating the kainoid skel-
eton depends on the aza-[2,3]-Wittig sigmatropic rearrangement to efficiently install
the relative stereochemistry between C2 and C3. This rearrangement began by uti-
lizing LDA at —78°C to deprotonate 166 with warming to 0°C for 2 h to give the
pivotal unnatural amino acid derivative in 78% yield.®
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SiPhMe, SiPhMe,

. Ot—Bu ™ . Ot—Bu

— >
BocN 78 §L° 0°C HN “~CONMe,
|
CONM82 Boc
78%
166 167

L

—CO,H

{A~cop
H

W

W

1
11,

(+)-kainic acid 168

6.12.5 CiAMICIAN—PLANCHER REARRANGEMENT

The Ciamician—Plancher rearrangement refers to the 1,2-migratory shift of an alkyl
or aryl group from position 2 to position 3 of indolenines, or vice versa, to form com-
pounds originating from a more stable carbocation intermediate. As can be noticed
from the following example, the rearrangement of 3,3-dimethylindole 169 goes
through carbocation intermediates 170 and 171 to yield 2,3-dimethylindole 172. The
rearrangement requires high temperatures, and depends on the thermodynamic sta-
bility of rearranged product.’

H H H H
N+ N N N
\ + —> /
+
169 170 171 172

A notable use of this rearrangement is in the synthesis of tetrahydrocarbazoles.
Tricyclic 1,2,3,5-tetrahydrocarbazoles have a wide range of biological applications,
especially in the neurological arena. The enantioselective synthesis proceeds in a one-
pot manner. Once the AgSbF, is added, the substrate becomes an activated complex. A
subsequent S\2-type attack of the indole C3 position gives the spirocylcic indolenine
intermediate 175. This intermediate then undergoes a 1,2-migratory shift to yield 176.%°

i
; N NO,

X
O,N HO H
BArFO H'g F

/
MeO A | (1) CHCI .
0 S —
N (2) AgSbFg, 2 h N\
reflux, 66% N
| H
175

173 174
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MeO

6.12.6 MEISENHEIMER REARRANGEMENT

There are specific tertiary amine N-oxides 177 that will undergo a thermal rearrange-
ment ([1,2],[2,3] in cyclic or acyclic systems) to the corresponding O-substituted-
N,N-disubstituted hydroxylamines 178.86

\ O NaOH (aq.) Ph O~ PR
.Nt__Ph —_— |
Ph 100°C
177 178

The enantiospecific total synthesis of the &-lactonic marine natural product
(+)-tanikolide (181) was achieved using [2,3]-Meisenheimer rearrangement as the
key reaction. Under oxidative conditions, 179 smoothly rearranged to give 180 in
83% yield. The allylic N-oxide can actually direct the m-CPBA double-bond epoxi-

dation to the syn position.’”

AcO AcO ONBn,
N oA m-CPBA, DCM c N ~op
NBn, 35°C, 2 h, 83%
9 9
179 0 180

i‘\/?rOH
"'11/69\

(+)-Tanikolide 181

6.13 AMIDES

6.13.1 BECKMANN REARRANGEMENT

The conversion of aldoximes and ketoximes to the corresponding amides in acidic
medium has been highly utilized in industry, especially for the production of
e-caprolactam.?® This rearrangement can be used for the production of substituted
amides, however, since the hydrogen atom never migrates, this method is not useful
for the synthesis of unsubstituted amides.%
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Ri xs Brgnsted acid Q Ry X xs Brgnsted acid Q
)=N\ — )J\N,R1 =N )J\N,Rz

Ry X or Lewis acid R, i R, or Lewis acid Ry H

R, isanti to X R, isantito X

R,_, = alkyl, aryl, heteroaryl; X = OH, OTs, OMs, Cl

N
OH 182 183

Urea derivative 184

Inhibition of 11B-hydroxysteroid dehydrogenase (11B-HSD) type 1 and type 2 by
glycyrrhetinic acid and hydroxamic acid derivatives has proven to be an effective
treatment of metabolic diseases (113-HSDI), chronic inflammatory diseases, and
cancer (113-HSD2).”° The Beckman rearrangement of the 3-oxime 182 to a seven-
membered ring 183, and the rearrangement of the C-ring from 11-keto-12-ene to
12-keto-9(11)-ene can be utilized to create derivatives of glycyrrhetinic acid 184.%

6.13.2 OVERMAN REARRANGEMENT

Overman described the facile thermal and mercuric ion catalyzed rearrangement
of allylic trichloroacetimidates to afford the corresponding trichloroacetimidates in
1974.°! Hence, this rearrangement performs 1,3-transpositions of alcohol and amine
functionalities via the [3,3]-sigmatropic rearrangement of allylic trichloroacetimidates.

cal Heat or ccl,
OH 3 metal
/}\/\ Cl;CCN o) NH catalyst o) NH
e —— _—
R R R
1 R, 3 Na(ER (ocat.) RMR [3.3] 2N
t, 'R, 3 R, R3

1°, 2°, or 3° allylic alcohol
R,_; = H, alkyl, aryl; metal catalyst: Hg(OCOCF;),, Hg(NO,),, Pd(")-salts
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The development of one-pot multireaction processes involving the Overman
rearrangement are used for the rapid and efficient synthesis of amino-substituted
carboxylic and heterocyclic compounds. Before the Overman rearrangement could
take place, a highly regioselective ring opening of the epoxide with allylmagnesium
bromide and copper(I) salt was necessary to introduce the alkenyl side chain and
generate the secondary alcohol 185 that would ultimately lead to the directing group.
One-pot ether-directed Overman rearrangement leading to 188 followed by a RCM
reaction process completed the cycloalkene. The phenanthridone skeleton could rap-
idly be prepared from the carboxylic amide 189 generated from the one-pot reaction,
which can be used in the preparation of natural products such as (+)-7-deoxypan-
cratistatin 190. This compound has high in vitro antiproliferative activity against
human tumor cell lines, and its analogs are also of interest.’?

OMOM
OMOM
Cl,CCN X 7
™ = -
DBU (cat.) HN & ©
OH
ccal,
185
186
OMOM
\/\/'\/\
PdCl,(MeCN), - o B
! HN (0]
Toluene bNH \(
cal,
CCI
188
OH
HO ~ OH
Grubbs’ OMOM _ o
60% Os_NH < - OH
Y o) NH
ccly
(0]
189

(+)-7-Deoxypancratistatin 190

6.13.3 ANIONIC ORTHO-FRIES REARRANGEMENT

The anionic ortho-Fries rearrangement occurs when ortho-lithiated O-aryl carba-
mates 191 undergo a facile intermolecular [1,3]-acyl migration to furnish the substi-
tuted salicylamides 192 at room temperature.®>**
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(0} (6} Li ’)
\
A S 0
0~ NEt, 0 KNEtz S et
2
N R-Li ol 4-exo-trig _
R, —I T e | R—- -/
17 P -78°C T R/\\ /
1
R, =alkyl, —OR, Cl L 191 -
Warm to OH O
rt
—_— N NEt,
Then Ry _
work-up 192

(+)-(R)-Concentricolide (195), a fungal metabolite of the Ascomycete Daldinia
concentrica, has exhibited anti-HIV effects.”> One of the key features for the syn-
thesis of this compound includes an anionic ortho-Fries rearrangement to furnish
3-iodosalicylamide. The synthetic route begins with commercially available 2-iodo-
phenol. The hydroxyl group is carbamated to create 193, which is then transformed
into 3-iodosalicylamide 194 via anionic ortho-Fries rearrangement.”

(6}
(0] NEt
O)J\ i

NE, DA, THF OH
s

-60°C

72% |

193 194 (+)-(R)-concentricolide 195

6.14 HYDROCARBON REARRANGEMENTS

6.14.1 WAGNER—MEERWEIN REARRANGEMENT

The Wagner—Meerwein rearrangement pertains to the generation of a carbocation
followed by the [1,2]-shift of an adjacent carbon—carbon bond to generate a new
carbocation.”” This rearrangement is used to describe all [1,2]-shifts of hydrogen,
alkyl, and aryl groups.

L@
H R, R,
Protic acid or R, Ry
RR1 Rﬁi Lewis acid RR1 @ n2shit. Rig Rﬁ
2 ] ; 2| H [
R, X or solvolysis R, R, Ry

©
Nuc R Nuc R,

R,_4=H, alkyl, aryl; X =Cl, Br, R, R,
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The synthesis of (—)-huperzine A (199), a potential candidate for treatment of
Alzheimer disease, can be accomplished by utilizing the Wagner—Meerwein rear-
rangement to induce double-bond migration.”® Ding developed a one-pot sequence
by reacting alcohol 196 with SOCI, to yield putative carbocation 197, the Wagner—
Meerwein rearrangement followed to generate 198. Through additional steps
Huperzine A was completed to study its biological application.

Me
. socl, -BocNH,
HO 7/ \\—OMe
"
Me Boc
196 197
0 Me
Me A — NH
/ (0]
H “ = —
N~ “OMe NH,
198 (-)-HuperzineA 199

6.14.2 DIENONE—PHENOL REARRANGEMENT

Speaking to the migration of alkyl groups, Dienone—Phenol rearrangement relates to
the acid- and base-catalyzed or photochemically induced migration of these groups
in cyclohexadienones 200.° This rearrangement is used widely for the production of
highly substituted phenols 201.%

0 OH
Acid
B ———————
[1,2]-shift R,
R 2 ;
200 201
R,_, =alkyl

Many researchers have pursued the synthesis of 4,6-di-fert-butyl-2,2-dipentyl-
2,3-dihydro-5-benzofuranol (BO-653 structure 205) due to it being an antiath-
erogenic antioxidant that exhibits high radical scavenging activities against lipid
peroxidation and inhibitory action of LDL oxidation. The base-promoted dienone—
phenol rearrangement is invoked to efficiently construct the dihydrofuran moiety
on the aromatic ring carrying the requisite functionalities without employing strong
acid conditions. The hydroxy-dienone 202, upon exposure to potassium fert-butox-
ide in dimethylformamide (DMF), brought about the selective 1,2-shift of an alkyl
group to yield the phenols 203 and 204.1%°
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t-BUOK
0 DMF HO 0
—— +
R OH 0
OH
202 203 204
HO
—_—»
—_—
9

BO-653 205

6.14.3 RAMBURG—BACKLUND REARRANGEMENT

An o-halogenated sulfone subjected to a base will produce an alkene via episulfone
intermediates according to the Ramburg—Backlund rearrangement.!” This reaction
is an optimal method for constructing 1,1- or 1,2-di, tri or tetra-substituted alkenes.

a & =50, Ry, R,
X (.). R, Base/heat S g
>—S—/ _ OOEEe (6] +O
R, = Solvent +
0 Ry Ry
i, -~ R
’/S\\ R1
O O (E)

R,_, = H, alkyl, aryl, heteroaryl, CO,R; X = Cl, Br, |, OTs
Base: KOH, NaOH, KOt-Bu; solvent: THF, t-BuOH/DCM

C-Glycolipids such as 208 are of interest due to their potential as cell growth
inhibitors. The Ramberg—Backlund rearrangement in combination with ionic hydro-
genation allows for the synthesis of C-glycosides with high stereoselectivity at the
anomeric center. Subjecting sulfone 206 to C,F,Br, in KOH/Al,O; and refluxing
affords the B-sulfone 207 in 60% yield.!??

OBn C_)Me C2F4BI’2, OBn OMe
: KOH/AI,O B
B”@so/\/\ ——————  BnO oM
BnO 2 Reflux, 60% BnO
OCy6H33 OCygHs3
206 207
OH

OMe
> O -
HO OCy6H33

C-glycoside 208
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6.15 OXACYCLIC, CARBOCYCLIC, OXAZOLES,
TETRAHYDROPYRAN, AND TETRAHYDROFURAN
FORMATION REARRANGEMENTS

6.15.1 PetASIS—FERRIER REARRANGEMENT

Five-membered or six-membered enol acetals (209 and 212) will rearrange to the
corresponding tetrahydrofurans (211) or tetrahydropyrans (214), respectively, when
subjected to a Lewis acid. This rearrangement proceeds via an oxocarbenium ion.!%

o oo g g
Cp2T|Me2 i-BusAl ——d
R —4 R, THFGSC s s R
2

PhMe =0 TR
0° or 65° 2
209 210 211
R 0 R HO, H
. 3 Cp,TiMe, 3 i-Bu,Al Ra -
(N B —— we —_— e
)\ THF, 65°C R, i PhMe R
R, o R, 0°or 65° Ry 0" 'R,
212 213 214

Petasis—Ferrier rearrangements of 4-(vinyloxy)-, 4-(propenyloxy)-, and 4-(iso-
propenyloxy)azetidin-2-ones to corresponding 4-(carbonylmethyl)azetidin-2-ones
(216) is promoted by trimethylsilyl triflate. Compounds (216) possessing this archi-
tecture serve as intermediates (examples 219 and 220) in the synthesis of carbape-
nem antibiotics. Compound 215 is alkylated with benzyl bromoacetate to yield 216,
which is subsequently subjected to the Petasis—Ferrier rearrangement to afford an
inseparable mixture of 217 and 218 in a 7:1 ratio. These compounds may then be
processed through a series of steps to produce the carbapenams 219 and 220 in a
ratio of 7:1.104

OTBS
JOTBS \J _ 0 \) TMSOTT,
SN /,;‘/ CH,Cl,
/,/j,\g_| NW -30°C, 1h

° ° CO,Bn
215 216
oTBS = OTBS OTBS
N O N +
o
° CO,Bn CO,Bn © 210 CO,Bn 220COZBN

56%,217:218=7:1 Carbapenams (53%, 7:1)
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6.15.2 CORNFORTH

When 4-carbonyl substituted oxazoles are subjected to heat, they undergo rear-
rangement to their isomeric counterpart.!®> However, the extent of this rearrange-
ment depends on the thermodynamic stability of the starting material versus the
product.!%6

0 0 o
R H ® k& R
3 _Heat | | R—=N—© . 2
/R R ]\
3
Ri™ Y07 'R, 0 R Y07 TRy

R, = alkyl; R, = alkyl or Ph; R; = Ph, Me, OMe, CO,Et

5-Amino-oxazole containing structures have biological activity and therapeutic
potential. For example, 4-(methoxycarbonyl)-2-(1-normon-2-yl)-5-piperidin-1-ylox-
aczole 221 is a pseudomonic acid-derived antibiotic and oxazolo-[5,4-d]pyrimi-
dine is an inhibitor of ricin and shiga toxins.'”” The Cornforth rearrangement is
an efficient method for rapid generation of these products. This is owing to the
formal rearrangement which occurs upon heating 5-alkoxyoxazole-4-carboxamides
(=100°C for 17 h). This particular rearrangement is believed to proceed via an inter-
mediate nitrile ylide. The Cornforth rearrangement is a critical step in converting
amide 221 to the required ester 222. This is achieved through thermal rearrange-
ment conducted at 180°C to provide the advanced intermediate toward the target
compound 223.1%8

(0} (0]
180°C
N N > N OMe _—
1\ Hw 7\
o) OMe 0 NQ
OBn OBn
221 222
OH
: HO ‘\\\\Y\fo
OH © OMe

4-(methoxycarbonyl)-2-(1-normon-2-yl)-
5-piperid in-1-yloxaczole 223

6.15.3 DIMROTH REARRANGEMENT

The Dimroth rearrangement refers to heterocyclic isomerization in which endocy-
clic, or exocyclic heteroatoms, and their attached substituents are translocated via a
ring-opening-ring-closure sequence.'?
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N~N N~N

)N\)E/ NaOMe MHeON/%/ j\/ﬁ/
o

7N N

The Dimroth rearrangement is a synthetic option for the synthesize aza-
analogs of purine. Variation of the substituents at positions 2, 5, and 7 of the
1,2,4-triazolo-1,3,5-triazine heterocycle system allows for the preparation of com-
pounds with a wide spectrum of biological activity.!'” Some examples of this set
of compounds’ application areas: antidepressants, treatment for Parkinson disease,
immunosupressors, antiinflammatory and antitumor agents, and antithymidine
phosphorylase activity. The desired 2-aryl(hetaryl)-5-amino-1,2,4-triazolo[1,5-0]-
1,3,5-triazin-7-ones 224 were obtained via oxidative cyclization of the correspond-
ing arylidene(hetarylmethylidene)hydrazinyl-1,3,5-triazinones 225 with lead(IV)
tetraacetate in acetic acid.

0 Pb(OAC),, 0
HNJ\N ACOH, 61% HNJ\N’N\
L A M)
oy i
224 225

6.16 REARRANGEMENTS RESULTING IN LESS
COMMON FUNCTIONAL GROUPS

6.16.1 SMILES REARRANGEMENT

This rearrangement covers intramolecular nucleophilic aromatic rearrange-
ment, and requires activation via electron-withdrawing groups at the ortho- or
para-positions.3-11!

R! sy R 9 R!
Y K X
Z,/ 2% Base ZI\X/\ 723 %’ |1 AN
6 5.0 Solvent 6 53¢ 6 5¢
Zoxn ~Sq >R Zoyy NS

XH = NHCOR, CONH,, SO,NH,, OH, NH,,, SH, SO,H, CHy;
Z = sp, or sp; hybridized substituted-or unsubstituted carbon, C = O, sp; nitrogen
Y=5,0,50, C0, 5=0, SO, I*, P*,
R, = EWG =NO,, SO,R, CI; R, = alkyl, halogen, NO,
Base: NaOH, KOH, RONa, RLi, K,CO3/DMSO

The Smiles rearrangement allows for convenient construction of a novel biaryl lac-
tams, which are an important class of heterocyclic compounds that exhibit a plethora
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of biological properties. One specific example is the human A, adenosine receptor
antagonist 228. 2-bromo-5-(o-tolyl)pyrazolo[1,5-a]pyridol[3,2-e]pyrazin-4(SH)-one
227 is transformed from 3-bromo-1-(3-chloropyridin-2-yl)-N-(o-tolyl)-1H-pyrazole-
5-carboxamide 226 via intramolecular Smiles rearrangement cyclization.!'?

Br
\ s
H
N / N DBU N = _
N ,)—Br _—
_ N

0 . a NMP 100°C Nl AN N~
g _
226 227

228

6.16.2 STEVENS REARRANGEMENT

Sulfonium and ammonium salts can undergo base-promoted transformation into
their corresponding sulfides or tertiary amines via a [1,2]-migration of one of the
groups residing on the nitrogen or sulfur atoms.!!?

Ry Ri ok XG) Ri R
Y-N: R;X Y —N-R, Base /Y_N:
\ — . . \
R Alkylation R, [.2] R, R
Ry O R
CSt - O) AN
// N R4X // N Base 7/ N
R R Alkylati R R R R
] 2 ylation 1 2 [1,2] 1

R, = EWG = Ar, heteroaryl, COR, COOR, CN; Y=CH,, CHR, NH
R,_; = alkyl with no B-hydrogen, aryl

R, = CH,, alkyl, allyl, benzyl, CH,COAr; X=Cl, Br, I. OTs, OMs;
Base = NaH, KH, RLi. RONa. ROK

The synthesis of Nupharis rhizoma sesquiterpene thioalkaloids (232) is of interest
due to their biological activities such as potent antimetastic and apoptosis-induc-
ing activity.""* All four stereoisomers of thiolane 231 can be synthesized based on
Stevens-type ring expansion of readily available thietanes such as 229 in the pres-
ence of 2% Rh,(OAc),. The synthesis of thiolane 231 provided the central compo-
nent needed to complete the dimeric natural product.'
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MeO,C
2% Rh,(OAQ), SN
/?ij\ /\[HJ\ Benzene, 80°C
T20h,dr1, 71% >
MeO,C \—
229 230 231

6,6'-dihydroxythiobinupharidine 232

6.16.3 PUMMERER REARRANGEMENT

In 1909, R. Pummerer discovered a general transformation for sulfoxides when they
are subjected to an activating agent and acid- or base-co-catalyst.!'¢ Sulfoxides will
transform into their corresponding o-substituted sulfides when the aforementioned
conditions are met.?

X
¢ a R, Activating agent/solvent 5.@,R, Nucleophile s o R,
R1/ \( Acid- or base-co-catalyst R1/ &( R/ \6Nuc
Rs R,

H,0 0
3 SH + )L

| R R

R, 2 3
R, = alkyl, aryl; RZ3=H, alkyl, aryl; X=0, NR
Activating agent: HCl, H,5O,, TsOH, I,/MeOH, Ac,0, TFAA, t-BuBr, Me,SiX, PCl;, PClg
Nucleophile: H,0, ROH, RCO; nuc: OH, O-alkyl, O,CR, F, Cl, Br, SR, NR,
Catalysts: AcOH, TsOH, TFAA, NaOAc

4’-Thionucleosides (235) represent a class of thiosugar-containing modified
nucleosides, having the furanose ring oxygen replaced with a sulfur atom. These
nucleoside analogs are targeted for their potential as antiviral and anticancer thera-
peutic agents. A series of novel pyrimidine D- and L-apiothionucleosides were syn-
thesized from L- and D- arabinose. A critical point in the synthesis is the utilization
of a region- and stereoselective Pummerer rearrangement between a pyrimidine
nucleobase and an appropriately functionalized thiosugar moiety (233).!7
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(0]
HN)j/
O)\H (1) TMSOTF, Et;N, o
N benzene, 25°C, 0 S
Thymine 30min S B
o) /J@ S_B
(2) CH,Cl,, TBDPSO 3O 10rsd 4 » —=. HO \ /
(e} —
HN 25°C, 30min < 233 °7<
HO OH
0 N~ (3) Et;N, benzene, 234 235
; 25°C, 2h, B =Thymi il B =Thymi il
. ; =Thymine, uracil, =Thymine, uracil,
Uracil 47%in 3 steps or N-acetylcytosine or N-acetylcytosine
NHACc
N~ |
o)\m

N-acetylcytosine

6.16.4 AMADORI REARRANGEMENT

The N-glycosides of aldoses undergo an acid- or base-catalyzed isomerization into
I-amino-1-deoxyketoses.!"® The rearrangement occurs when an aldose is reacted
with an amine in the presence of a catalytic amount of acid.

—0 H“ o Lewis or protic E—OH g—oH

N~ acid N— N—
e Nl e e
§ HOH $ oH 8 o

This rearrangement can conveniently be performed in a one-pot reaction motif
to produce multibranched australine derivatives. These derivative types are used as
selective inhibitors of B-glucosidase and appear to be promising candidates to act as
pharmalogical chaperones for Gaucher disease. The Amadori rearrangement pro-
ceeds via one-pot reaction following the reaction of a substrate bearing a masked
2-hydroxyaldehyde segment with an amine. The substrate was 3-(N-octylimino)-2-
oxacastanospermine derivative 236 and n-butyl,-octyl, and -dodecylamine served
as the amine partners. The transformation involved a crucial step with the ring
opening of a gem-diamine intermediate to give a transient Schiff base. The pres-
ence of the basic isourea functionality facilitates this process by enabling a con-
certed mechanism involving the intramolecular proton transfer from the amino to
the closely located imino group. The Schiff base is then assumed to be in equilib-
rium with the corresponding enol form that further proceeds to yield the more stable
o-aminoketone derivative.'!



190 Carbocation Chemistry

Huu /\/\NHZ H i
HOum MeOH, rt, HO wm
24 h,57%
HO HO
236 237 238

6.17 FRAGMENTATIONS

6.17.1 ESCHENMOSER—TANABE FRAGMENTATION

The Eschenmoser fragmentation was devised for the production of muscone (organic
compound that is responsible for the smell of musk), as well as other related macro-
cyclic musks.!?° Published in 1967, this fragmentation describes the chemical reac-
tion of o,B-epoxyketones with aryl sulfonylhydrazines to yield alkynes and carbonyl
products.'?!

ArSO,NHNH, 0
RM Rq R———R, )LR
Base Rs 4

R,_4 = alkyl, alkenyl, aryl, H
Base = EtOH, AcOH, etc.

The Eschenmoser-Tanabe fragmentation can also be used for the production of
indole alkaloid, mersicarpine (241).!22 The overall structure includes three hetero-
cycles (indole, cyclic imine, and §-lactam) fused with each other around a tertiary
hydroxyl group. This fragmentation method is used in synthesizing the alkyne 240
containing the quaternary carbon center by oxidizing the epoxide 239 with lead
tetraacetate. This advanced intermediate then goes through additional reaction sce-
narios to complete the synthesis of mersicarpine.

0.__NH
2 CO,Me
CO.Me  pp(0Ac), CH,Cl, S
_-10Ge0% O Yoy T
H
239 240 (-)-Mersicarpine 241

6.17.2 GROB FRAGMENTATION

In 1950, C. A. Grob broke into a new frontier by being the first to investigate the reg-
ulated heterolytic cleavage reactions of molecules containing certain combinations
of carbon and heteroatoms (B, O, N, S, P, and halogens)."® The Grob fragmentation
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is an elimination reaction that breaks a neutral aliphatic chain into three fragments,
which consist of the following: a positive ion (electrofuge), an unsaturated neutral
fragment, and a negative ion (nucleofuge).®

:f;‘,b\c/\‘/df;‘ Grob fragmentation Qb+ c—d + x©
Electrofugal Unsaturated Nucleofugal
T fragment fragment fragment
Electrofuge Nucleofuge

The Grob fragmentation can be applied to the production of the B ring opened
7,8-seco-cyanocobalamins (see structure 244). Discovery of facile synthetic path-
ways for 7,8-seco-cyanocobalamins is desirable due to their potential as therapeu-
tic drug carrier molecules. Hydrolysis of the lactone vitamin B12 (242) derivative
generates a cobalamin with a B-bromo alkoixde subunit that reacts in situ via Grob
fragmentation to the secocorrin 244.123

Co \f
7/
0
H,N
244
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Adenosine triphosphate synthesis (ATP

synthesis), 101

Afford adduct, 9

Alcohol, 5, 11, 26, 28, 36, 40, 51,97, 139
formation rearrangements, 172

Aldehyde(s), 43, 131, 132, 159, 166
alkylation, 41, 49

asymmetric organocatalyzed o-alkylation,

41-42

catalytic enantioselective intermolecular

a-alkylation, 42—-43
Cu(OTf),-t-Bu-BOX, 48—49
formation rearrangements, 164
Fries rearrangement, 164—165
generate benzylic cations, 45-46
hydroformylation, 46—47
Indium(III) salts, 47-48
MacMillan catalyst, 43—-44
MacMillan organocatalyst, 44—45

Meyer—Schuster rearrangement, 165-166

Pinacol rearrangement, 166—167
semipinacol rearrangement, 167-168
N-Alkoxy enamide, 110
Alkyl amine, 25
Alkylated indoles, 131

Alkylation, 80, 81, 146
of indoles, 133
product, 38
Alkyl azide, 25
Alkylborane, 97
Alkylideneindoleninium ion, 57
Alkyne, 10, 139, 190
Alkynyl complex, 55
2-Alkynyl tetrahydrofuran, 40
Allenol, 27
Allenyl cation, 27
N-Allyl enamines, 155
Allylic
acetamide, 64
alcohols, 40, 54, 64, 156, 172
allylic/benzylic alcohol, 45
B-keto esters, 160
cation, 4, 54, 64
sulfoxides, 172
Allyl sulfide, 172
Ally vinyl ethers, 155
a-acetoxybutendioic anhydride, 137
a-alkylated product, 48
a-alkylation of aldehydes, 45, 47
a-alkylation product, 36
a-alkyl enal, 142, 143
a-alylated butenolide, 165
a-amidoalkylation product, 62
o-amino ketone, 162
o,B-unsaturated aldehydes, 134, 165, 166

o,B-unsaturated carbonyl compounds, 26, 27

o, B-unsaturated ketone, 161
a-1C-Galactosylceramide, 107, 108
a-chiral carboxylic acid, 74
a-complex, 20
a-conhydrine, 155, 156
a-diazocarbonyls, 89
o-diketones, 170
a-glycoside, 50
a-glycosyl tosylate, 78
a-glycosyl triflate, 51
o-methylene-f-hydroxy ester, 64
a-2-oxobutyl, 160, 161
(-)-a.-pinene oxide, 63
Amadori rearrangement, 189-190
Amides, 24, 28, 137-138, 178
anionic ortho-Fries rearrangement,
180-181
Beckmann rearrangement, 178—179
Overman rearrangement, 179-180

195



196

Amine formation rearrangement, 172; see also
Hydrocarbon rearrangements;
Carboxylic acid formation
rearrangements; Claisen
rearrangements; Ketene formation
rearrangements

aza-[2,3] Wittig Rearrangement, 176177
Ciamician—Plancher rearrangement, 177-178
Curtius rearrangement, 172—173
Hofmann rearrangement, 175-176
Lossen rearrangement, 173—175
Meisenheimer rearrangement, 178

Amines, 26, 28, 173
group on aniline, 122

Aminodeoxyalditols, 78

2-Amino-1,3-diols and 3-ol amino acids, 73

5-Amino-oxazole, 185

8-Aminoquinoline, 20

Ammonium ion, 2

(-)-Amphidinolide K, 109

(-)-Amphidinolide O, 110, 111

(-)-Amphidinolide P, 110, 111

1,6-Anhydro-2,3,4-trideoxy-2,3-(tosylepimino)-
B-p-hexopyranoses, 82

Aniline, 140, 141

Anionic ortho-Fries rearrangement, 180—181

Anionic oxy-Cope rearrangements, 158-159

Antazirines, 162

Anti-Markovnikov rule, 12

(-)-Apicularen A, 107

Aplykurodinone, 157, 158

(-)-Ardeemin, 91, 92

Arene-ynamide, 146

Armatol A, 104

2-Aryl(hetaryl)-5-amino-1,2,4-triazolo[1,5-0]-
1,3,5-triazin-7-ones, 186

Aryl-N-heterocycles, 19

(2Z 4E)-5-Aryl-3-hydroxy-1-[2-hydroxy-4,6-
dimethoxy-3-(3-methylbut-2-en-1-yl)
phenyl]penta-2,4-dien-1-ones, 162, 163

2-Aryl-N-tosylazetidines, 75

Aryl fluoride, 125

Arylidene(hetarylmethylidene)hydrazinyl-1,3,5-
triazinones, 186

Arylpalladium(II) complex, 23

2-Arylpropionaldehydes, 45

10-Arylpyrrolo[1,2-blisoquinoline, 65

2-(Arylsulfenyl)pyrrole, 120

Aspergillus fischeri (A. fischeri), 91

Aspeverin synthesis, 173

Asymmetric Friedel-Crafts alkylation, 21

ATP synthesis, see Adenosine triphosphate
synthesis (ATP synthesis)

Aza-Claisen rearrangement, 155-156

Aza-Cope—Mannich cyclization, 153, 159

Aza-Cope rearrangements, 159-160

Azabicyclo[5.3.0]alkanone amino acids, 61-62

Index

4a,8a-Azaboranaphthalene, 130
Aza-[2,3] Wittig Rearrangement, 176-177
Azide-tethered indane, 104
Azido-alcohol, 28

Aziridine ring-opening reactions, 82
Azirine, 162

B

B, and L, prostanoids synthesis, 166
Baeyer—Villiger oxidation, see Baeyer—Villiger
rearrangement
Baeyer—Villiger rearrangement, 171
Baker—Venkataraman rearrangement, 162—163
(+)-Barekol, 88, 89
(+)-Barekoxide, 88, 89
BDM, see Bis(fluoroxy)difluoromethane (BDM)
Beckmann rearrangement, 24-25, 178-179
Benzazocanes synthesis, 87
Benzene, 14, 17, 136
cation, 4
ring, 144
0-Benzenesulfonimide, 38
Benzhydryl bromide, 45
Benzilic acid rearrangement, 170—171
benzo[b]thiophene-3-carboxylic acid, 128
Benzodithiolylium tetrafluoroborate, 43
Benzo[d]oxazole, 19
Benzo[d]thiazole, 130
Benzofuran-3(2H)-one, 34-35
Benzothiol, 43
Benzoxocanes synthesis, 87
Benzoylacetone derivative, 140
Benzyl(ic)
alcohols, 40, 41, 43, 48, 65, 135, 139, 157
bromide, 80
carbocations, 40
cation, 4, 64
chloride, 57
iodide, 80
sec-sulfate esters, 73
Benzylation of silyl enol ether, 134, 135
N-Benzylic sulfonamide, 46
B-alkylpyrroles synthesis, 135
B-aminoalcohols, 164
B-apopicropodophyllin, 59
B-Diketones, 162
B-elimination reactions, 22-23
B-glycoside, 50
11B-HSD, see 11B-Hydroxysteroid dehydrogenase
(11B-HSD)
B-isomer, 52
B-keto allyl ester, 160, 161
B-keto esters, 48, 71
[B-substitution product, 50
B-sulfone, 183
Bi(OTf),-catalyzed method, 58
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Biaryl atropisomers, 127
BINAP, see 2,2"-Bis(diphenylphosphino)-1,1”-
binaphthyl (BINAP)
2,2’-Biquinoline ligand, 77
Bis-cinchona alkaloids, 36
Bis(4-dimethylamino-phenyl)methylium
tetrafluoroborate, 44
1,4-Bis(9-O-dihydroquinine)phthalazine
(DHQ),-PHAL), 36
2,2"-Bis(diphenylphosphino)-1,1-binaphthyl
(BINAP), 127
1,4-Bis(diphenylphosphinobutane) (DPPB), 46
Bis(fluoroxy)difluoromethane (BDM), 122, 123
Bis(trifluoroacetoxy)iodobenzene, 110
Bis(trimethylpyridine) bromine, 104
Bisoxazolines (BOX), 130-131
Borane, 12
BOX, see Bisoxazolines (BOX)
BPh,, 55
Bromide, 10
Bromination, 127, 129
5-brominated product, 128
6-brominated product, 128
of heterocycles, 128
product, 119
of 1,3,5-tri-z-butylbenzene, 119
3-Bromo-1-(3-chloropyridin-2-yl)-N-(o-tolyl)-
1H-pyrazole-5-carboxamide, 187
4-Bromo-1,2-dimethylbenzene, 118
2-Bromo-5-(o-tolyl)pyrazolo[1,5-a]pyridol[3,2-¢]
pyrazin-4(5SH)-one, 187
Bromobenzene, 18
Bromoindole, 141
Bromonium ions, 1, 11, 18, 60, 104
N-Bromosuccinimide (NBS), 127
Bronsted acids, 34, 38, 130
asymmetric synthesis, 36-37
benzofuran-3(2H)-one, 34-35
direct substitution of hydroxyl groups, 38-39
fluorinated solvents, 35-36
Lewis acids, 38
Brosylate, 6
Brown hydroboration, 11
t-Butyl cation, 3, 4
t-Butyl group, 119
(1-t-Butylvinyloxy)trimethylsilane, 40
Butyraldehyde, 43

C

C-2-substituted lactols, N-glycosidation of, 80
Calcium sulfate, 103

(—)-Callipeltoside, 96

Carbamates, 173

Carbanions, 2, 23

Carbanucleosides, 100

Carbazole alkaloids, 171
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Carbenes, 2, 87
Carbenium ion, 2, 43, 61, 65
Carbinol, 65
Carbocation, 2, 8, 11, 26
carbocations, generation of, 5-6
dissociation energies, 4
electrophilic addition to alkenes, 8—13
electrophilic aromatic substitution, 13-22
B-elimination reactions, 22-23
generation, 5-6
intermediate, 9, 24, 166
lower dissociation energy, 4
nomenclature, structure, and stability, 1
nonclassical ion controversy, 6—8
positive species, 2
rearrangement reactions of carbocations,
24-29
stability of carbocation, 2-3
2° carbocation, 153
Carbocyclic formation rearrangements, 184
Cornforth rearrangement, 185
Dimroth rearrangement, 185-186
Petasis—Ferrier rearrangements, 184
Carbonium ion, 2, 18
Carbonyl
compounds, 131
group, 23
product, 21
4-substituted oxazoles, 185
4-(Carbonylmethyl)azetidin-2-ones, 184
o-Carborane, 125, 126
(-)-Carbovir, 100
Carboxylic acid formation rearrangements,
168; see also Amine formation
rearrangement; Hydrocarbon
rearrangements; Ketene formation
rearrangements
Baeyer—Villiger rearrangement, 171
benzilic acid rearrangement, 170—171
Favorskii rearrangement, 168
homo-Favorskii rearrangement, 168—169
quasi-Favorskii rearrangement, 169-170
Carboxylic acids, 136, 143, 144, 157, 168—169
Carboxylic amide, 180
Carboxymercuration, 106
Carboxypalladation, 106
Carroll rearrangement, 160-161
(+)-Cephalostatin 1, 111
Ceramide, 52
C-H activation, 19
Charge-transfer (CT), 118
Charged species, 9
Chiral benzyl alcohol, 62
Chiral benzyl bromide, 62
Chiral carboxylic acid, 145
Chiral copper complex Cu(OTf),-t-Bu-BOX, 131
Chiral N-acyl thiazolidinethiones, 38
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Chiral organocatalyst, 35, 43, 46
Chiral phosphoric acid, 132, 133, 134
Chiral propargylic cations, 40
Chiral tripeptide, 127
Chloride, 5, 8
Chlorinated tertiary carbon, 71
Chlorine atom, 123
(R)-3-Chloro-3-methylheptane, 8
Chloronium ions, 60
N-Chlorosuccinamide (NCS), 130
Chromanes, 134
Ciamician—Plancher rearrangement, 177-178
Cinchona alkaloids, 132
Cis-(¥)-sobrerol, 63
1,2’-Cis-nucleoside analogs, 79
Claisen rearrangements, 155; see also Amine
formation rearrangement; Carboxylic
acid formation rearrangements;
Hydrocarbon rearrangements; Ketene
formation rearrangements
aza-Claisen rearrangement, 155-156
Claisen—Ireland rearrangement, 156157
Eschenmoser—Claisen rearrangement,
157-158
Johnson—Claisen rearrangement, 156
“Classic” mechanism, 8
Claviceps paspali (C. paspali), 93
(+)-Colletoic acid, 90
(£)-Communesin F, 91, 93
(+)-(R)-Concentricolide, 181
“Concerted” mechanism, 10
Conformationally locked tetrahydropyran ring, 82
Conium maculatum (C. maculatum), 155
Cope rearrangements, 158
anionic oxy-Cope, 158-159
aza-Cope, 159-160
Copper(1I) triflate-rert-butyl-bisoxazoline
(Cu(OTf),-1-Bu-BOX), 48
Cornforth rearrangement, 185
(+)-Coronafacic acid, 91
Coumarin, 147
Cp*Ir catalyst, 48
CPME, see Cyclopentyl methyl ether (CPME)
CT, see Charge-transfer (CT)
Cu(OTf),-1-Bu-BOX, see Copper(I1)
triflate-tert-butyl-bisoxazoline
(Cu(OTf),-t-Bu-BOX)
Cu(OTf),, 52
CuPF;-Tol-BINAP, 132
Curtius rearrangement, 172—173
Cyclic
carbamate, 142
olefin, 10
oxime, 24-25
sulfamidates, 72
Cycloalkanone, 164
Cyclobutanone, 169

Index

(3)-Cycloclavine, 153, 159
Cyclohexa-dienone, 19, 182
Cyclohexadienyl carbocation, 13
Cyclohexylalanine side chain, 78
Cyclopentanoid phytoprostanes (PhytoPs), 166
Cyclopentenones, 97
Cyclopentyl cation, 4
Cyclopentyl methyl ether (CPME), 160
Cyclopropanation, 87

copper-catalyzed, 89

menthyl ester chiral auxiliary, 91-93

stereochemistry, 88
1,2-Cyclopropaneacetylated sugar, 50
Cyclotetraphosphazenes, 8081
Cytotoxic macrolide, 96

D

DAAA, see Decarboxylative asymmetric allylic
alkylation (DAAA)

(+)-Daphmanidin E, 94

DBN, see 1,5-Diazabicyclo[4.3.0]non-5-ene
(DBN)

DBSA, see Dodecylbenzenesulfonic acid (DBSA)

DBU, see 1,8-Diazabicycloundec-7-ene (DBU)

DCE, see Dichloroethane (DCE)

Decarboxylative asymmetric allylic alkylation
(DAAA), 75

Demjanov rearrangement, 25-26

Dendrodolide K, 106

Density functional theory analysis (DFT
analysis), 121

(+)-7-Deoxypancratistatin, 180

2-Deoxy-sugars, 78

Deuterium isotope effects, 124

DFT analysis, see Density functional theory
analysis (DFT analysis)

DG, see Directing group (DG)

(DHQ),-PHAL, see 1,4-Bis(9-O-dihydroquinine)
phthalazine (DHQ),-PHAL)

1,2-Dialkoxybenzene, 121

1,4-Dialkoxybenzene, 121

Diaryl ketone, 138

1,1-Diarylmethane, 57, 58

Diastereomers, 39, 64

1,5-Diazabicyclo[4.3.0]lnon-5-ene (DBN), 144

1,8-Diazabicycloundec-7-ene (DBU), 145, 155

Diazoalkane, 25

Diazonium tetrafluoroborate, 122

Diazotization of aniline, 122

3,5-Dibromo-4-0x0-2,2,6,6-
tetramethylpiperidine, 168

Dichloroethane (DCE), 62

Dichotomy, 40

Diels—Alder reaction, 96

1,5-Dien-3-ol, 158

Dienone—Phenol rearrangement, 182—183
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Diethylaminosulfinyl fluoride, 58

Diethyl arylidene malonates, 131

(+)-Diethyl tartrate, 106

Dihalide, 11

Dihydrofuran-fused o-quinol, 108

4,7-Dihydroindoles, 133

2,4-Dimethoxybenzen, 131, 132

4,4’-Dimethoxybenzhydryl methyl ether, 38

1,1-Dimethy-1H-azulenium cation, 6

2,2-Dimethyl-1,3-dioxane-4,6-dione, see
Meldrum’s acid

1,1-Dimethyl-1,4-dihydroazulene, 6

3,4-Dimethyl-4-nitrocyclohexa-2,5-dien-1-one, 118

4-Dimethylaminopyridine (DMAP), 125

Dimethylboron bromide, 79

Dimethylformamide (DMF), 182

2,3-Dimethylindole, 177

3,3-Dimethylindole, 177

2,4-Dimethylpent-1-ene, 5

Dimroth rearrangement, 185-186

Dinitro products, 121

Diphenylether, 124

Diptolidonesin G, 145

Directing group (DG), 122, 126

Disaccharide, 53

Discreet intermediate, 9

1,1-Disubstituted alkenes, 12

1,1-Disubstituted olefin, 94

2.4-Disubstituted-N-tosylazetidines, 75

Diterpenoid(+)-ingenol, 167

DMAP, see 4-Dimethylaminopyridine (DMAP)

DMF, see Dimethylformamide (DMF)

Dodecylbenzenesulfonic acid (DBSA), 59

Donnelly—Farrell cyclization, 161

DPPB, see 1,4-Bis(diphenylphosphinobutane)
(DPPB)

D-ring alkene, 98

E

El, see Elimination, unimolecular (E1)
Elcb, see Elimination, unimolecular, conjugate
base (Elcb)
E2, see Elimination, bimolecular (E2)
EAS, see Electrophilic aromatic substitution (EAS)
Electron donating, 3
Electronegativity, 12
Electron transfer mechanism (ET mechanism), 19
Electrophiles, 5, 13, 21
Electrophilic addition to alkenes, 8
addition of halogens, 11
addition of hydroha lides and acetic acid, 9-10
cyclopropanation, 87-93
epoxidation, 107-111
gold-catalyzed alkyne hydration, 111-113
halogenations, 104-106
hydration, 10-11
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hydroboration of olefins, 11-12
hydroboration—oxidation, 93-97
oxymercuration of olefins, 12—13
oxymercuration—reduction, 106—107
Pauson—Khand reaction, 97-101
Prins reaction, 101-103
Schmidt reaction, 104
Sy1 mechanism, 8-9
Electrophilic aromatic substitution (EAS), 13, 117
electrophile, 13—14
Friedel-Crafts acylation, 21-22, 136-140
Friedel-Crafts alkylation, 20-21, 130-136
Friedel-Crafts reaction applications, 140-146
halobenzenes, 16-17
halogenations, 18-20, 122-130
mechanism and orientation, 13
miscellaneous EAS reactions, 146-147
nature of ¢ complex, 117-118
nitration, 17-18, 119-121
ortho-substitution, 15
Electrophilic fluorinating agents, 60
Electrophilic fluorination, 6061, 126, 129
Elimination, bimolecular (E2), 22
of bromide, 22
Elimination, unimolecular (E1), 22
Elimination, unimolecular, conjugate base
(Elcb), 22
Enals, 131
Enamine, 132, 133, 133
Enantioenriched chiral carbon centers, 71
Enantioenriched tertiary chlorides, 71
Enantioselective a-alkylation of ketones, 35
Endo-2-norbornyl brosylate, 6
Endo-isomer, 6
Enol, 10
Ent-dioxepandehydrothyrsiferol, 104
Epi-ent-EI-1941-2, 106,
Epoxidation, 107
acid-catalyzed epoxide, 108
sharpless asymmetric epoxidation, 109
tethered methyl ester, 110-111
Epoxide, 64, 190
Epoxy alcohol, 167, 168
Erythro-allylic trichloroamines, 155, 156
Eschenmoser—Claisen rearrangement, 157-158
Eschenmoser-Tanabe fragmentation, 190
Escherichia coli (E. coli), 54
Esters, 137
17B-Estradiol, 146, 147
Ethylbenzene, 20
Ethyl cation, 2, 3
Ethylene cation, 4
Ethyl ketone, 140
Ethyl(1-methylpropylidene)-cyanoacetate, 158
Ethyl propiolate, 59
ET mechanism, see Electron transfer mechanism
(ET mechanism)
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Eukaryotic enzymes, 50
(-)-Exiguolide, 103
Exo-acetate, 7

Exocyclic enol ether, 163
Exo-isomer, 6
Exo-2-norbornyl brosylate, 6

F

F-CeNA, see Fluoro cyclohexenyl nucleic acid
(F-CeNA)
F-TEDA salts, see N-Fluorotriethyldiamine salts
(F-TEDA salts)
F®, see Fluoronium ion (F®)
Favorskii rearrangement, 168
FCIO;, see Perchloryl fluoride (FC10;)
FDA, see Food and Drug Administration (FDA)
Ferric bromide salt, 18
Ferrier rearrangement, 163—164
Ferroceniumboronic acid hexafluoroantimonate
salt, 41
Five-membered enol acetals, 184
Five-membered ring lactols, 79
Fluorination, 19
of aromatics, 122
via electrophilic aromatic substitution, 122
fluorinated alcohols, 57
fluorinated solvents, 35
N-Fluorobenzenesulfonimide (NFSI), 19,
124-126
Fluoro cyclohexenyl nucleic acid (F-CeNA), 163
N-(1-Fluoronaphthalen-2-yl)acetamide, 124
Fluoronium ion (F®), 19
electrophilic fluorination using, 60—61
N-Fluoropyridinium salts (FP salts), 19
N-Fluorotriethyldiamine salts (F-TEDA salts), 19
Fluoro-triflate, 60
1-Fluoro-2,4,6-trimethylpyridinium triflate,
125, 126
Fluoroxytrifluoromethane (FTM), 122, 123
Flurohydrin, 64
Food and Drug Administration (FDA), 100
FP salts, see N-Fluoropyridinium salts (FP salts)
Fragmentation reactions, 152, 154, 190; see also
Rearrangement reactions
Eschenmoser-Tanabe fragmentation, 190
Grob fragmentation, 190-191
“Free” carbocation, 9
Friedel-Crafts acylation, 21-22, 54, 136, 143
acid chlorides, 138
acylation agents, 138—139
a-acetoxybutendioic anhydride, 137
amides, 137-138
Bi(OTf),-catalyzed method, 58-59
carboxylic acids, 136
copper-catalyzed aerobic intramolecular
oxidative acylation, 140

Index

enantioselective propargylation, 55-56
Friedel-Crafts benzylation of p-xylene, 57-58
HFIP, 139-140
of indoles, 131, 132
O-methylaloximes, 138
O-methylketoximes, 138—139
mild aromatic propargylation reaction, 59—-60
NH group on indoles, 139
photo-Friedel-Crafts acylation, 136
place of Lewis acids, 56
Sy 1 reactions, 54-55
Friedel-Crafts alkylation, 20-21, 54, 130,
140-143
activated alkenes, 130-131
alkylation reagents, 130
Bi(OTf);-catalyzed method, 58—59
carbonyl compounds, 131
chiral thioureas, 133-134
enamine, 132-133
enantioselective propargylation, 55-56
Friedel-Crafts benzylation of p-xylene, 57-58
imine compounds, 132
Lewis acid catalyst, 135
mild aromatic propargylation reaction, 59-60
organocatalysts, 131-132
2-oxindole, 136
place of Lewis acids, 56
silyl enol ether, 134
Syl reactions, 54-55
Friedel-Crafts benzylation of p-xylene, 57-58
Friedel-Crafts reactions, 139-140
applications on total synthesis, 140
DBU, 144-145
demethylation agent, 145
Friedel-Crafts acylation, 143
Friedel-Crafts alkylation, 140—143
Fries rearrangement, 164—165
FTM, see Fluoroxytrifluoromethane (FTM)

G

Gabosine D and E, 172

Gambieric acid A, 96

v-hydroxylactam, 62

Y-keto tosylate, 169

Y,8-unsaturated amides, 157, 158
v,8-unsaturated carbonyl compound, 155
v,0-unsaturated carboxylic acids, 156, 157
v,8-unsaturated esters, 156
Y,8-unsaturated ketones, 160

Garsubellin A, 90

Gelsemium elegans (G. elegans), 93
Gelsemoxonine synthesis, 93, 94
Gem-diol, 24

Gephyrotoxin, 104

1,2-Glycal, 163

N-Glycosidation of C-2-substituted lactols, 80
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N-Glycosidation reactions, 79
Glycosyl
cation, 49
donor, 49
iodide, 52
Glycosylation, 49-54
1,2-cis selectivity, 53-54
Gervay-Hague, 52-53
glycosylation, 50-51
profound solvent effects, 51-52
Sy1-type glycosylation mechanism, 49-50
Gold-catalyzed alkyne hydration, 111-113
Green oxidants, 19
Grignard reagent, 125
Grob fragmentation, 190-191

H

H,S, 72
Halides, 9, 14
N-Halo-succinimide (NXS), 130
Halobenzenes, 16—17, 122
Halogenations, 18-20, 104
amine group, 122
amonotetrazole, 129
4a,8a-azaboranaphthalene, 130
Boc-protected alcohol, 106
bromination, 128
chlorine atom, 123
cross-coupling reaction, 105
electrophilic bromination, 126
fluorination of aromatics, 122
fluoroxytrifluoromethane, 122
Grignard reagent, 125
KIE, 123-124
methoxyl group, 124
mono-brominated product, 127-128
selectfluor, 124
Halonium ion, 13, 15, 60
intermediate, 11
Heteroaryl chloride, 23
N-Heterocyclic carbene (NHC), 128
Heterolytic fragmentation, 154
2-Heterosubstituted alcohols, 167
Hexafluoroisopropanol (HFIP), see
1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP)
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), 35, 57,
139-140
Hexanal, 42
Hexoses, 52
HFIP, see 1,1,1,3,3,3-Hexafluoro-2-propanol
(HFIP)
Highest occupied molecular orbital (HOMO), 121
HOCH(CF,),, see 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP)
Hofmann reaction, see Hofmann rearrangement
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Hofmann rearrangement, 175-176
HOMO, see Highest occupied molecular orbital
(HOMO)
Homoallylic secondary amine, 176
Homo-Favorskii rearrangement, 168—169
Homolytic hydrocarbon fragmentation, 154
Horner—-Wadworth—Emmons reaction, 62
Huisgen reaction, 36
Human A, adenosine receptor antagonist, 187
(—-)-Huperzine A synthesis, 182
Hydration, 10-11
Hydride shift, 21
Hydroboration—oxidation, 93
Diels—Alder reaction, 96
ladder toxin gambieric acid A, 95
terminal alkyne, 97
vasorelaxant, 94
Hydrocarbon rearrangements, 181; see also
Amine formation rearrangement;
Carboxylic acid formation
rearrangements; Claisen
rearrangements; Ketene formation
rearrangements
Dienone—Phenol rearrangement, 182-183
Ramberg—Backlund rearrangement, 183
Wagner—Meerwein rearrangement, 181-182
Hydrocinnamaldehyde, 41
Hydroha lides and acetic acid, addition of, 9-10
Hydronium ion, 2
Hydroxy-dienone, 182, 183
4-Hydroxydictyolactone, 157
2-Hydroxyhomopropargyl tosylamine, 159, 160
3-Hydroxyisatin, 136
Hydroxyl-diazo material, 26
Hydroxyl-imine, 28
Hydroxyl-tetrahydronaphthalene, 19
3-Hydroxyoxindole, 47
11B-Hydroxysteroid dehydrogenase (113-HSD), 179
1-Hydroxysugar, 59
Hyperconjugation, 2

IIP, see Intimate ion pair (IIP)
Tllicidione A, 108, 109
I1lihendione A, 108, 109
Imidazo[1,2-a]pyridines, 125
Imidazo[4, 5-b]pyridine-4-oxide, 80
Imidazolidinone, 131

Imine, 132

Iminol, 25

Iminyl cation, 25

Immonium ions, 16
1,3-Indandione, 140
Indanone, 138, 144
(+)-Indicanone, 100, 101
Indium(III) salts, 47
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Indole, 61, 131
derivative, 140, 141
diterpene alkaloid paspaline, 93

(4+)-Ingenol, 101

Ingold—Hughes mechanism, 17, 117

In situ hydrolysis, 171

Intimate ion pair (IIP), 9

Todine, 18

6-lodo-pyrroloazepine-2-one amino ester, 61

Todoarene, 130

Iodobenzene, 129

3-lodosalicylamide, 181

N-Iodosuccinamide (NIS), 130

N-Iodosuccinimide, 106

Ionic liquid BmimBF,, 61

Ionic liquid effect, 82, 83

(-)-(ipc)BH,, 94

Ipso-nitration, 18

Ipso-substitution, 18

Isocyanates, 172-174

Isomeric alcohols, 25

Isomeric ethyl(1-methylpropenyl)-
allylcyanoacetate, 158

Isomers, 70

(S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-
thione, 38

Isopropyl cation, 3

)

Johnson—Claisen rearrangement, 156
Jgrgensen—Hayashi organocatalyst, 46

K

Kainic acid, 176
Kainoid amino acids, 176
KBV-1 tumor cell line, 91
(+)-Kelsoene, 169
Ketene acetal intermediate, 156
Ketene formation rearrangements, 160;
see also Amine formation
rearrangement; Carboxylic acid
formation rearrangements; Claisen
rearrangements; Hydrocarbon
rearrangements
Baker—Venkataraman rearrangement,
162-163
Carroll rearrangement, 160—161
Ferrier rearrangement, 163—-164
Rupe rearrangement, 161
Sakurai reaction, 162
Tiffeneau—Demjanov rearrangement, 164
Ketone, 24, 28, 35, 137, 138, 166
alkylation, 41-49
alkylation of unmodified ketones, 49

Index

asymmetric organocatalyzed o-alkylation,
41-42
catalytic enantioselective intermolecular
a-alkylation, 42—-43
Cu(OTf),-t-Bu-BOX, 48—49
generate benzylic cations, 45-46
hydroformylation, 46—47
Indium(III) salts, 47-48
MacMillan catalyst, 43—44
MacMillan organocatalyst, 44—45
KHMDS, 74
Kinetic isotope effects (KIE), 123
KOt-Bu, 74

L

Lactam, 25, 142
Lactone vitamin B12, 191
LDA, see Lithium diisopropylamide (LDA)
Leaving group (LG), 33
Lewis acids, 6, 36, 39, 103, 130, 163

BBr;, 145

catalysts, 18, 55, 135

dichotomy, 40—41

highly stable chiral benzylic cations, 39-40
LG, see Leaving group (LG)
LHMDS, see Lithium bis(trimethylsilyl)amide

(LHMDS)

(+)-Linoxepin, 94, 95
Lithium bis(trimethylsilyl)amide (LHMDS), 170
Lithium dienolate intermediate, 160, 161
Lithium diisopropylamide (LDA), 157
Long-sought x-ray crystallographic, 7-8
Lossen rearrangement, 173—175
(+)-Lycorine, 97

M

m-Chloroperoxybenzoic acid (m-CPBA), 110, 172
MacMillan catalyst, 42
MacMillan organocatalyst, 44
Macrocyclization, 78, 79
Mannosyl oxocarbenium ion, 51
Markovnikov rule, 9

Mass spectroscopy (MS), 145
Me,SiOTf, 51

Meisenheimer rearrangement, 178
Meldrum’s acid, 137
Mercurinium ion, 2

Mercurium ion, 13

Merrilactone A synthesis, 164
Mersicarpine, 190

Mesitylene, 54

Mesylic acid, 36
Meta-substitution, 14

Metal amides, 176
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Methoxybenzene, 16
4-(Methoxycarbonyl)-2-(1-normon-2-yl)-5-
piperidin-1-yloxaczole, 185
Methoxyl group, 124
4-Methyl-4-fluoro-cyclohexa-2, 5-dienone,
124, 125
2-Methyl-imidazo[4,5-b]pyridine-4-oxide, 80
3-Methyl-1-phenyl-1H-pyrazol-5(4H)-one, 128
N-Methyl-N-(phenylsulfonyl)
benzenesulfonamide, 125
O-Methylaloximes, 138
Methyl carbocations, 2
Methyl cation, 3
Methyl halides, 9
O-Methylketoximes, 138—139
O-Methyl oxime, 129
Meyer—Schuster rearrangement, 26-27, 165-166
Michaelis—Arbuzov reaction, 62
Michler’s hydrol, 34-36, 46
Mild aromatic propargylation reaction, 59-60
(+)-Minfiensine, 91, 92
Miscellaneous EAS reactions, 146-147
Miscellaneous Sy1-related reactions, 61-66
aforementioned observation, 63—64
Azabicyclo[5.3.0]alkanone amino acids,
61-62
multimetallic complexes, 62—63
Ritter reaction, 64—65
Syl reaction, 66
strong acids, 65-66
Mislow—Evans rearrangement, 172
Mono-brominated product, 127, 128
Monofluorinated product, 126
Monoterpene piperidine alkaloids, 99
MS, see Mass spectroscopy (MS)
Mulinanes, 159
Multimetallic complexes, 62
Mycophenolic acid, 105, 106

N

N-(Naphthalen-2-yl)acetamide, 124

Naphtholic acetate, 141, 142

1,4-Naphthoquinone, 136, 137, 140

(-)-Nardoaristolone B, 111

4-NBA, see 4-Nitrobenzoic acid (4-NBA)

NBS, see N-Bromosuccinimide (NBS)

NCS, see N-Chlorosuccinamide (NCS)

Nemorosone, 90

(+)-Neopeltolide, 101, 102

Neutral species, 9

NF, see Nitrogen—fluorine (NF)

NFSI, see N-Fluorobenzenesulfonimide
(NFSI)

NHC, see N-Heterocyclic carbene (NHC)

NIS, see N-Iodosuccinamide (NIS)
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Nitrate, 61
Nitration, 17-18, 119-121
of acetanilide, 120
Nitrilium ion, 28, 65
2-Nitro-phenylacetic acid, 119, 120
Nitrobenzene, 15, 17
4-Nitrobenzoic acid (4-NBA), 35
Nitro compound, 35
Nitrocyclohexadienone, 118
Nitrogen—fluorine (NF), 123
Nitrogen tosylates (NTs), 84
Nitro group, 14
Nitronium ion, 2
Nitroolefin, 133, 134
4-Nitrophenylacetic acid, 119, 120
-nium ions, 2
NMR, see Nuclear magnetic resonance
(NMR)
“Nonclassical” 2-norbornyl cation, 6
Nonclassical ion controversy, 6—8
long-sought x-ray crystallographic, 7-8
Wagner—Meerwein rearrangement, 67
Nonclassical ions, 8
Nonracemic biaryl compound, 127
Nonracemic Ireland—Claisen precursor, 157
2-Norbornyl carbonium ion, 7
2-Norbornyl cation, 6
Norbornyl ion, 6
NTs, see Nitrogen tosylates (NTs)
Nuclear magnetic resonance (NMR), 172
Nucleophile, 8, 53, 61
Nucleophilic aromatic substitution, 122
Nucleophilic bimolecular, 8
Nucleophilic substitution, 33
Nucleophilic substitution, bimolecular (Sy2), 8,
33,51,71
N-alkylation, 80, 81
conformationally locked tetrahydropyran
ring, 82
construction of quaternary stereogenic
centers, 71-72
cyclotetraphosphazenes, 80—81
ionic liquid effect, 82, 83
macrocyclization, 78, 79
nucleoside analogs, 79-80
organometallic chemistry, 73-78
silver chemistry, 82—85
sugar chemistry, 78-79, 80
sulfur chemistry, 72-73
Nucleophilic substitution, unimolecular (Sy1),
8, 33,51
alkylation of aldehydes and ketones, 41-49
electrophilic fluorination using fluoronium
ion, 60-61
Friedel-Crafts alkylation and acylation,
54-60
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Nucleophilic substitution, unimolecular
(Sy1) (Continued)
glycosylation, 49-54
glycosylation mechanism, 49-50
mechanism, 33-34
miscellaneous Sy1-related reactions, 61-66
m-activated alcohols, 34—41
Nucleoside analogs, 79-80
Nupharis rhizoma sesquiterpene thioalkaloids
synthesis, 187, 188
NXS, see N-Halo-succinimide (NXS)

(0]

3-(N-Octylimino)-2-oxacastanospermine
derivative, 189, 190
Olefins, 9, 11, 12, 22, 28, 29
hydroboration, 11-12
oxymercuration, 12—13
OM-DM, see Oxymercuation—demercuration
(OM-DM)
1° cation, see Primary cation (1° cation)
One-pot ether-directed Overman
rearrangement, 180
One-pot multireaction processes, 180
Organic chemistry, 2, 33
Organocatalysts, 131-132
Organomercury compound, 12
Organometallic chemistry, 73
alkylation of rhodium porphyrins, 77
enantioenriched N-alkylated products, 74
oxidative addition using methyl iodide, 78
palladium-catalyzed fluorination of allylic
chlorides, 75
Pd-mediated nucleophilic
fluorination, 74
Pt reductive elimination, 76
Organometallic reaction, 23
Organophosphonates, 62
Organoplatinum(II) complex, 77
Ortho-acyloxyketone, 162
Ortho-and para-DG, 123, 124
Ortho-Bromination of 2-arylbenzo[d]thiazoles,
130
Ortho fluorination product, 124, 125
Ortho-lithiated O-aryl carbamates, 180, 181
Ortho-monofluorinated product, 122, 123
Ortho-nitration product, 120
Ortho-substitution, 14
ortho-substituted phenyl-pyrazole, 126
on substrate, 126
Overman rearrangement, 179-180
Over-ring structure, 118
Oxacyclic formation rearrangements, 184
Cornforth rearrangement, 185
Dimroth rearrangement, 185-186

Index

Petasis—Ferrier rearrangements, 184
Oxazoles formation rearrangements, 184
Cornforth rearrangement, 185
Dimroth rearrangement, 185-186
Petasis—Ferrier rearrangements, 184
Oxazolidin-2-one, 40
Oxazoline on substrate, 129
Oxime, 24, 25
Oxindole, 36, 47
Oxinium ion, 25, 28
Oxirane, 63
2-Oxobutyl derivatives, 160, 161
Oxocarbenium ion, 51, 53
Oxonium, 26, 51
intermediate, 28
ion, 13, 15
Oxycodone, 176
Oxymercuation—demercuration (OM-DM), 12
Oxymercuration-reduction, 106—-107

P

Palladium-catalyzed electrophilic
fluorination, 125

Pancratistatin, 96, 97

Para-brominated product, 126

Para-nitration product, 120

Para-substitution, 14

Pauson—Khand reaction, 97
carbanucleosides, 100
gram-scale synthesis, 101
monoterpene piperidine alkaloids, 99
steroid derivatives, 98

Per-O-acetylation, 52

Perchloryl fluoride (FClO;), 123

Peribysin E, 167, 168

Pericyclic reactions, 154

PET, see Positron emission tomography (PET)

Petasis—Ferrier rearrangements, 184

Phenol, 138, 144

Phenolic esters, 164—-165

Phenols, 182, 183

2-Phenyl-3-indolylmethanol, 57

Phenylacetic acid, 119

Phenylacetyl chloride, 139

2-Phenylbutane, 21

Phosphonates, 62

Phosphonium ion, 2

Phosphorothioic acids, 72

Photo-Friedel-Crafts acylation, 136

Phytoprostane B,, 100

PhytoPs, see Cyclopentanoid phytoprostanes

(PhytoPs)

m-activated alcohol derivatives, 40

n-allylpalladium complex, 75

n-complex, 11, 14, 117, 118
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T-systems, 5

Pinacolatoboron fluoride (pinBF), 64
Pinacolborane, 97

Pinacol rearrangement, 24, 166—167
pinBF, see Pinacolatoboron fluoride (pinBF)
Piperidine derivative, 168

Pisiferin, 143

Podophyllin, 59

Polycavernosa tsudai (P. tsudai), 102
Polycavernoside A, 102

Positron emission tomography (PET), 124
Primary cation (1° cation), 3

Prins reaction, 101-103

Propargyl acetate, 40

Propargyl alcohols, 26, 59

Propargylated aldehyde, 47

Propargyl cation, 27

Propargylic alcohols, 40, 55, 161, 166
Propionaldehyde, 43, 44

Prostaglandin B,, 100

Protonation of alkene, 9

p-TSA, see p-Toluenesulfonic acid (p-TSA)
Pummerer rearrangement, 188—189
Pyrazole, 19

Pyrazolones, 128

Pyrrole ester, 145
Pyrrolidinethioxotetrahydropyrimidinone, 35
3H-Pyrrolo[2,3-c]quinazoline, 146

Q

Quasi-Favorskii rearrangement, 169—-170

Quaternary stereogenic centers, construction
of, 71-72

Quinone, 144

Quinoxaline, 19

R

Racemic bisphenol, 127
Radicals, 2
radical pair, 118
Ramberg—Backlund rearrangement, 183
Rate—determining step (RDS), 8
RCM, see Ring-closing metathesis (RCM)
RDS, see Rate—determining step (RDS)
Rearrangement reactions, 152; see also
Fragmentation reactions
alcohol formation rearrangements, 172
aldehyde formation rearrangements,
164-168
Amadori rearrangement, 189-190
amides, 178—181
amine formation rearrangement, 172-178
Beckmann Rearrangement, 24-25
of carbocations, 24

205

carbocyclic formation rearrangements,
184-186
carboxylic acid formation rearrangements,
168-171
Claisen rearrangements, 155-158
Cope rearrangements, 158—160
Demjanov rearrangement, 25-26
hydrocarbon rearrangements, 181-183
ketone and ketene formation rearrangements,
160-164
Meyer—Schuster rearrangement, 2627
oxacyclic formation rearrangements,
184-186
oxazoles formation rearrangements,
184-186
pinacol rearrangement, 24
Pummerer rearrangement, 188—189
[1,2]-rearrangements, 153
rearrangements in functional groups, 186
Schmidt reactions, 27-28
Smiles rearrangement, 186—187
Stevens rearrangement, 187-188
tetrahydrofuran formation rearrangements,
184-186
tetrahydropyran formation rearrangements,
184-186
Tiffeneau—-Demjanov rearrangement, 25-26
Wagner—Meerwein rearrangement, 28—-29
Rhodium(III) porphyrins [Rh"(por)], 76
Rhodium carbonyl catalysts, 97
Rhodium catalyst, 87
Ribo-epimine, 82
Ring-closing metathesis (RCM), 170
Ritter reaction, 64—65
Rupe rearrangement, 161

S

Safrole, 59

Sakurai reaction, 162

Salicylamides, 180, 181

Scandium triflate, 103

Schiff base, 189

Schmidt reactions, 27-28, 104

SgAr, see Electrophilic aromatic substitution
(EAS)

Secocorrin, 191

7,8-Seco-cyanocobalamins, 191

Second highest occupied molecular orbital
(SHOMO), 121

Selectfluor, 19, 124

Semipinacol rearrangement, 167-168

SET, see Single-electron transfer (SET)

SHOMO, see Second highest occupied molecular

orbital (SHOMO)
o-complexes, 13, 17, 117
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Silver chemistry, 82
ring-opening of vinylaziridine, 84-85

Silyl ketene acetal, 51

Silyl peroxide ether, 66

Single-electron transfer (SET), 17, 121

Six-membered enol acetals, 184

(4)-o-Skytanthine, 99

Smiles rearrangement, 186—187

Sy1, see Nucleophilic substitution, unimolecular
(SuD)

S\2, see Nucleophilic substitution, bimolecular
(Sx2)

Sodium azide, 107

Solvent-separated ion pair (SSIP), 9

Sophomore organic chemistry, 1

Spirastrellolide F methyl ester, 113

Spiroketalization reaction, 112

SSIP, see Solvent-separated ion pair (SSIP)

Stable isomer, 55

Stereochemistry, 71

Steric approach control, 80

Stevens rearrangement, 187-188

Strong protic acid, 5

O-Substituted-N, N-disubstituted hydroxylamines,
178

4-Substituted 2-naphthols, 139

Substituted pyrido(1,2-a)benzimiodazoles, 121

Substitution nucleophilic unimolecular, 8

Sugar chemistry, 78—80

Sulfides, 120, 121

Sulfonium ion, 2

Sulfoxide, 51

Sulfur chemistry, 72-73

Sulfur nucleophiles, 72

Sulzer-Mosse’s synthesis of N-thiazol-4-yl-
salicylamides, 175

(-)-Swainsonine, 110

(25,3R)-Syn-product, 44

T

Taiwaniaquinoids, 170

(-)-Taiwaniaquinone H synthesis, 170

(+)-Tanikolide, 178

Tautomer ketone, 10

TBAF, see Tetrabutylammonium fluoride
(TBAF)

Tertiary amine N-oxides, 178

Tertiary carbocation, 5

Tertiary chloride, 5

Tertiary propargylic alcohols, 165, 166

Teterahydrothiophenes (THTs), 72

Tetrabutylammonium fluoride (TBAF), 94

Tetracyclic borane, 12

Tetrafluoro-o-carborane, 125, 126

Tetrahydro-B-carboline, 132, 133

Tetrahydrofuran (THF), 155, 184

Index

Cornforth rearrangement, 185
Dimroth rearrangement, 185-186
formation rearrangements, 184
Petasis—Ferrier rearrangements, 184
Tetrahydropyrans, 184
acetal, 51
Cornforth rearrangement, 185
Dimroth rearrangement, 185-186
formation rearrangements, 184
Petasis—Ferrier rearrangements, 184
Tetralone, 145
Tetramethylnaphthalene-1, 8-diamine, 125
TFA, see Trifluoroacetic acid (TFA)
TFAA, see Trifluoroacetic anhydride (TFAA)
TFE, see Trifluoroethanol (TFE)
THE, see Tetrahydrofuran (THF)
N-Thiazol-4-yl-salicylamides, Sulzer-Mosse’s
synthesis of, 175
4’-Thionucleosides, 188, 189
Thioureas, 56, 132—134
Threo-allylic trichloroamines, 155, 156
THTSs, see Teterahydrothiophenes (THTs)
Tiffeneau—Demjanov rearrangement, 25-26, 164
TIPS, see Triisopropylsilyl group (TIPS)
TMSCI, see Trimethylsilyl chloride (TMSCI)
TMSI, see Trimethylsilyl iodide (TMSI)
p-Toluenesulfonic acid (p-TSA), 45
Tosylated compound, 162
Trans-bicyclic enone of spirocurcasone, 160, 161
Trans-cyclized product, 142
Trans-sobrerol, 63
O-Trialkylsilylketene acetals, 156, 157
Triazolylmethane derivatives, 36
Trichloroacetimidate donor, 54
Tricyclic 1,2,3,5-tetrahydrocarbazoles, 177
Tricycloclavulone, 170
Triflic acid, 146
Trifluoroacetic acid (TFA), 5, 34
Trifluoroacetic anhydride (TFAA), 36, 145
Trifluoroethanol (TFE), 35
N-(4-(Trifluoromethyl)phenyl)acetamide,
122,123
Trifluoropyruvate, 131, 132
Trihydroxyalkynem, 112
Triisopropylsilyl group (TIPS), 128
1,2,4-Trimethoxybenzene, 38
4,5,5-Trimethyl-5,6-dihydrobenzo|c][2,7]
naphthyridine synthesis, 161
2,3,5-Trimethylphenol, 146
Trimethylsilyl chloride (TMSCI), 157
Trimethylsilyl iodide (TMSI), 52
E (O)-Trimethylsilyl ketene acetal, 157
1,3,5-Triol substructure, 106
Triphenylmethanol, 5
Triphenylmethyl cation, 5
“Tris—benzyl” alcohol, 36
Tris-propargyl alcohol, 36
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Trityl perchlorate, 6 w
Trivalent carbocation, 2
Tyrosine, 119 Wagner—Meerwein rearrangement, 67, 28-29,
152, 181-182
[1,2]-Wittig rearrangement, 153
U
Urea, 173 X
9H-Xanthen-9-ol, 61
Vv Xanthenes, 41, 42
Xanthydrols, 43, 48
Vicinal diols, 166 XtalFluor-E, 57-58
(3)-Vincorine, 91, 92 m-Xylene, 41

Vinylborane, 97 o0-Xylene, 135
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