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ABSTRACT: Rearrangement occurs in many organic reactions. Rearranged products result from the
thermodynamic stability facet. The widely used rearrangements are those which take place on the
carbonium ions. Wagner-Meerwein rearrangement is undoubtedly the best example of this kind.
Rearrangements on heteroatoms such as oxygen and nitrogen in organic compounds are best
illustrated by those of Hofmann and Beckmann. Cope and Claisen rearrangements are among the
most well-known pericyclic reactions governed by the Woodward-Hoffmann rules. These reactions
are decribed in detail here, while the rest are compiled in tables. Few industrial applications of crucial
rearrangements are importantly outlined. [Chem. Educ. Res. Pract. Eur.: 2002, 3, 33-64]

KEYWORDS: organic chemistry, rearrangements, isomerization; classical carbonium ion; non-
classical carbonium ion; sigmatropic shift

INTRODUCTION

Organic reactions usually end up with products that are in line with the unanimously
accepted mechanisms. Consequently the products are often called “normal products”. In
many instances, reactions do not give exclusively and solely the expected products, but may
lead to other ones that stem from mechanistically different pathways. These unexpected
products are referred to as “abnormal products” or “rearranged products”. The rearranged
product is sometimes not only the abnormal but also the major one. This may result from a
plausible rearrangement occurring during the mechanistic course to fulfill the principle of the
minimum energy state of the whole system, that is, of the transition state. A certain energetic
relief or a certain ease of the system must manifest to yield the stable product, the
rearrangement product. This can be provided through several phenomena: a) a delocalization
of the generated radical, cation or anion species over the atoms of the molecules with the
mostly probable localization on the thermodynamically favored site, a phenomenon called
resonance; this final stage of the intermediate, that is, the activated complex, would resemble
the resulted product in accord with the Hammond postulate, ) a shift or a migration of one
atom or a group of atoms (radical) from one site to another via a breaking-forming bond rule.
Overall, all these mechanistic phenomena are likely to occur intramolecularly. In many cases,
the rearrangement affords products of an isomerization, coupled with some stereochemical
changes. An energetic requirement is also observed in order for a rearrangement to take place;
that is, the rearrangement usually involves a heat evolution to be able to yield a more stable
compound. For instance, the energy difference between the tertiary and the secondary
carbocations and between the secondary and the primary ones are about 16 kcal/mole.
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The keto-enol tautomerization shown in equation (1) can be viewed as an example of
an intramolecular rearrangement in which the keto form of the equilibrium is always the most
thermodynamically favored, frequently in proportion higher than 99%. A very related
rearrangement is the early Lobry de Bruyn — van Eckenstein rearrangement (1895) of the
glyceraldehyde to dihydroxyacetone as indicated in equation (2).
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There are cases where, acidic, alkaline, thermal or photochemical treatment (or
combination of these) of an organic compound leads to a product which is actually the
rearranged starting material with an unabated molecular formula (an isomerization). A quite
of few related examples can be found in Tables 3,4, and 5.

This article is but intended to sum up the well-known rearrangements in order to bring
them closer to the chemist reader in general and particularly to serve as a handout to the
undergraduate and graduate students. It is not within the scope of this manuscript, however, to
present an up-to-dated review on this special topic.

REARRANGEMENTS ON DEFICIENT CARBONS

The chemistry of the carbocation or carbonium ion has been extensively studied and
many outstanding organic chemists have largely enriched and developed this field. The term
carbenium ion is more convenient than the former ones as suggested by G. A. Olah. An
elegantly condensed description of the emergence of the carbocation species is penned by
Professor James G. Traynham [1]. To name but a few are the following pioneers in this
subject: Hans Meerwein, Egor Egorovich Vagner (or Wagner), Arthur Lapworth, Frank C.
Withmore, Moses Gomberg, Adolf Baeyer, Victor Villiger, Paul Walden,, James F. Norris, C.
W. Porter, James B. Conant, Christopher K. Ingold, P. Schleyer, Herbert C. Brown, S.
Winstein, G. A. Olah. Only after 1930 has the carbocation species been accepted by most
contemporary chemists, though the first experimental data on the triarylmethyl were actually
obtained in 1902 by Baeyer and Villiger. Yet, before 1930, it was compulsory even on the
hard-convinced chemists to use the carbocation concept to explain some rearrangement
mechanisms. Nowadays a series of most known rearrangements are based on the carbonium
intermediate. Moreover, the carbocation species can now be readily evidenced by some
spectroscopic analyses; for example, Olah reported the infrared and Raman spectra of
(CH3);C" which were similar to those of its isoelectronic compound, (CH3);B [2]. Olah was
also able to record the ESCA spectrum of #-butyl cation [3], another stark and unshakable
proof (ESCA: electronic spectroscopy of chemical analysis). In addition, 2-norbornyl cation
and C4H;" ion, the longstanding controversy ion, were unambiguously approved by isotopic
tracer experiments, solvolytic studies, and, more interesting, by the BC CPMAS NMR
spectroscopy (cross-polarization magic angle spinning), a powerful analysis arsenal [4,5]. The
carbonium ions as involved in the nucleophilic substitution Sx1, in the elimination reaction
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E;, and in the addition reaction to double bond, often undergo rearrangements. Of these the
Wagner-Meerwein rearrangement is by far the most interestingly spread one.

Wagner-Meerwein rearrangement

Rearrangements that occur with elimination of water in the dehydration of an alcohol,
of hydrogen halide in the dehydrohalogenation of an alkyl halide, ....etc., are commonly
referred to as “Wagner-Meerwein rearrangement” (W-M rearrangement) [6]. The W-M
rearrangement is sometimes named “retrogade pinacol rearrangement” because it is the exact
reverse of the pinacol rearrangement discussed below. The most illustrative example of this
type of a rearrangement is the formation of tetramethylethylene as the main product of the
acid-catalyzed dehydration of methyl-#-butyl carbinol (pinacoy! rearrangement), equation (3).
The rearrangement is in a good agreement with the stability feature of Saytzev olefin.

CH3_$_CH _H /C:c (3)

This rearrangement is characterized by a 1,2-shift of an aryl or an alkyl group R (the
migrating species is shown in bold throughout this paper) from an o-carbon to the carbonium
ion site either in a stepwise mechanism, a classical ion, or in a concerted one, a non-classical
ion as depicted in Scheme 1 [7].

Besides the energetic requirement for a 1,2-shift to take place, the stereochemical one
should also be considered. As to the latter, the bond C — R in the above scheme (R is a
migrating group) must lie in the plane of the empty p orbital consisting of the positive charge,
that is, the dihedral angle between C — R and the vacant orbital must be nil.

The solvolysis of neopentyl iodide in the presence of silver nitrate undergoes a Wagner-
Meerwein rearrangement as traced in equation (4), called “neopentyl rearrangement”|8§].

Classical ion:

R
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Scheme I: Classical and non-classical carbonium ions
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A parent rearrangement was observed earlier on the deamination of the

neopentylamine upon treatment with nitrous acid. The literature is replete with many
examples of such rearrangement often coined the Demjanow rearrangement [9].
One distinct feature of the W-M rearrangement is that it provides, in some cases, a ring
expansion as well as a ring closure which may have a valuable synthetic interest. Indeed the
solvolysis of some cyclic compounds yields the unrearranged products and products from ring
enlargement or ring contraction visibly through a 1,2-shift. For example, the hydrolysis of
cyclocarbinyl chloride leads to a mixture of the unrearranged alcohol and cyclobutanol, the
rearranged alcohol, equation (5) [10].

CH2Cl CHp" CH2OH
H20
—

OH

+

(48%) (47%)

5
CH2=CH—CH2—CH20H (5%) ©)

It is worthwhile to recall that the deamination of both cyclopropyl carbinyl amine and
cyclobutyl amine affords the same products in nearly the same ratio [11]. In order to explain
the distribution of these products, a valuable proposal was advanced by Roberts [12] who
states that a set of charge-delocalized carbonium ions C4H;" existing in a rapid equilibrium
are the actual intermediates among which two are depicted in Scheme 2; according to the non-
classical ion concept, these carbonium ions were called “bicyclobutonium ions” which have
been later found to be bisected cyclocarbinyl cations [13, 14].
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Scheme 2: Possible bicyclobutonium ions
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Good examples are by far those of the bicycloalkyl systems such as the norbornyl [15] and the
bicyclo[2.2.2] octyl systems [16, 17].

Bicyclic terpenes are prone to W-M rearrangement when subjected to some reaction
conditions [18]. The treatment of a- and B-pinenes with hydrogen chloride at temperature 0°C
gives the pinene hydrochloride, the normal product, equation (6). However, at higher
temperatures, bornyl chloride is obtained as a rearranged product.

S D = [H—h]—

o-pinene B-pinene
! Cl <
- AN
+ == [jé ; cl (6)
pinene hydrochloride bornyl chloride

A “Nametkin isomerization” is defined as a W-M double rearrangement [19]. An
example of this isomerization is the acidic hydrolysis of an borneol-type substance to give
camphene-like structures, the W-M rearrangement (camphene rearrangement type I) and the
Nametkin isomerization (camphene rearrangement type II) products respectively. A
successive Nametkin isomerization takes place in the fascinating example shown in equation
(7) where flower petals are formed by expansion of the cyclobutyl rings [20a].

R

SOCI2 —

(7

pyridine

A 1,2-hydrogen shift to a deficient carbon center has been also found to occur on some
organometallic  reactions. For instance, the reaction of methyllithium with
(CO)sW=C(OMe)(Ph), a Fischer carbene, ends up with products that stem from a Wagner-
Meerwein rearrangement [21]. Interesting is the formation of a valuable polymer starting
material, styrene, when a phenyl group is present in the Fischer carbene.

The intramolecular rearrangement of a 1,2-shift occurs frequently in the cationic
polymerization of a-olefins either by a hydride or an alkyl shift, equation (8). For example,
the polymerization of 3-methyl-1-butene with coordination catalysts (Ziegler-Natta) yields the
conventional 1,2-polymer. However, with Lewis acids as initiators at —130°C, the
polymerization of this monomer gives a high molecular weight and crystalline 1,3-polymer
which results from a hydride shift, a structure actually suggested by 'H NMR spectrum
revealing two singlet peaks [22]. Interesting is the fact that, at relatively high temperature (-
100°C), a copolymer of 1,2 and 1,3 units is obtained as an amorphous material. The alkyl shift
is also observed in the cationic polymerization of 3,3-dimethyl-1-butene at —130°C or lower
affording exclusively the 1,3-polymer [23]. A set of examples of polymers which are the
results of such rearrangement can be found in reference [24].
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(R = hydrogen or methyl )

In some cases, the rearrangement is a result of a nucleophilic assistance of a
neighboring group (an intramolecular assistance) to the departure of a leaving group: this
phenomenon is called “neighboring group participation” or “anchimeric assistance”. An
illustrative example is the solvolysis of B,B,B-triphenylethyl chloride in formic acid which
involves the participation of one of the phenyl groups as shown in equation (9) [25]. Cram
finically analyzed the acetolysis products of the L-threo and erythro —3-phenyl-2-
butyltosylate and the results were consistent with the “phenonium ion” proposal [26]. The
Cram’s findings were further buttressed by Winstein’s results on kinetic studies of this
solvolysis [27]. Notwithstanding these convincing evidences, a tremendous controversy has
lasted for decades as to the existence of this intermediate species [28]. Herbert C. Brown
approved it by performing thorough and sound studies on the rates and the products of
acetolysis of threo-3-phenyl-2-butyltosylate with a number of substituents on the phenyl
group [29]. For example, he reported that the rate constant of the acetolysis of threo-3-anisyl-
2-butyltosylate is about 99% of the aryl assistance.

ces, . CoHs_,
P C CH 7 — /C—CHZ—C6H5
CeHs \\ B CeHs
Cl
CeH5
CeHs —(IJ— CH2—Cl \ ©)
H
CeHs <o 5\ C CH2 —> solvolysis products
C6H5

"phenonium ion"

A similar radical feature is also observed in the Urry-Karasch rearrangement,
equation (10), where the rearrangement is promoted by the mixture of cobaltous chloride and
a Grignard reagent to give a set of rearranged products in 30 to 50% yields [30].

s
CoCl
(CH3)2(|?—CH2C1 + RMgX 0—2> (CH 3)2CHCH2Ar + CH3CCH2Ar +
Et20
Ar (10)

(CH3)2C=CHAr + (CH3)3CAr

In a 1,2-shift the stereochemistry at the migration terminus is bound to the relative
departure time of the leaving group in the picture 1 (Scheme 1). That is, if R migrates before
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the departure of X, an inversion at the carbon terminus can be observed. If, however, the
leaving group X begins to depart first, the migrating R starts also to move, and consequently,
both inversion and retention are probable. In some cases, a racemization may result.

An intensive research on the chemistry of short-bridged [#]cyclophanes is now going
on. One of their chemistry features is their propensity towards rearrangement upon an acid
catalysis. Indeed the rapid Wagner-Meerwein rearrangement observed in such compounds
discloses unscrupulously their strong deviation from the normal, planar aromatics [31]. Such
rearrangement of these compounds are typified by the example shown in equation (11).

X
N _—X (11)
o = :
—_—
Y Y Y Y
[SImetacyclophane

Pinacol rearrangement

In 1860 Rudolph Fittig reported one of the earliest rearrangements in organic
chemistry. It consisted of the transformation of pinacol to pinacolone under acidic treatment
as shown in equation (12) [32]. Nowadays the pinacol rearrangement encompasses all o-
glycols other than methyl-containing ones. The driving force of the rearrangement is likely
the carbonyl formation. Electrophilic reagents such as Lewis acids can also promote this kind
of rearrangement.

CH3 CH3 CH3 CH3 CH3
I i | ~ch3 |
CH3—C—C—CH3 —— CH3—C—C—CH3} ——— CH3—C—C—CH3
+
HO OH H~-O CH3 (12)
pinacol

pinacolone

Studies on pinacol rearrangement using '*O-labeled water showed, besides the
pinacolone formation, the presence of a '*O-labeled pinacol which may result from the attack
of the carbocation by H,O'® before a methyl shifting [33]. These results demonstrate clearly
that no anchimeric assistance by methyl group can ensue in the pinacol rearrangement but the
carbocation formation. In 1989, two French research groups studied the clay montmorillonite-
promoted pinacol rearrangement shown in equation (12) providing that the monmorillonite
acidity is similar to that of sulfuric acid based on the Hammett function acidity scale [34,35].

A semipinacol rearrangement is the rearrangement that results from the deamination
of a B-aminoalcohol by nitrous acid as in equation (13) [36,37]. The analogous pB-
sulfonatealcohol undergoes similar reaction which has been vastly employed in terpene
synthesis [38].

Ry 1122 Ri R2 R1 R R2
HNO l
Rl—é—C—R2 _HaNO2 R1—J:—C—R2 R Rl—Jli—é—Rz =Ri_ Rl—C—é—Rz
+
HO NH» HO N=N HO R1 ( 1 3)

"hot carbocation”
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In 1975 D6tz found that alkynes can be inserted into the Fischer carbenes, (CO)sM =
C RiR; (M= W, Cr), leading to a benzannulation when R; or R, is a phenyl group [39].
Recently, a tandem alkyne insertion—semipinacol rearrangement has been observed by Zora
and Herdon when carrying reaction of chromium carbene complexes with 1-
alkynylcyclobutenols producing 2-alkenyl-4-cyclopentene-1,3-diones in quantitative yields
, 76%, as traced in equation (14) [40].

0
R4
R Il
R1| o e ID—Q%O
+
~
R) C=C—R3 R4 OCH3 R ks
HO 0
(14)

In the pinacol rearrangement, it is questionable as to which of the B-groups will
preferentially migrate to the carbocation. As a general rule and in respect with the carbocation
stability, the migratory aptitude is as follows: hydrogen > aryl > alkyl; yet, the steric factors
may make the inverse aptitude prevail. To assess the migratory aptitude of different
substituted aryl groups, Bachmann and Ferguson undertook a careful study of pinacol
rearrangement of a series of symmetrical pinacols 2 [41].

Ry R»
| l symmetrical pinacols
RI—C—C—R] ( R1 = phenyl; R2 = aryl group )

HO OH 2

A striking difference has been found in migratory aptitudes of the aryl groups between
the pinacol and the semipinacol rearrangements [42]. It has been generally observed that the
deamination reactions show lower selectivity than other Wagner-Meerwein rearrangements.
These results can be explained by the “hot carbocation theory.

A paramount application of an acid-catalyzed rearrangement is the design of chemical
amplification resist systems, the lithographic imaging. A stringent requirement for such
application is the polarity change of the system, that is, from a polar to a nonpolar
environment or vice-versa. For this purpose, the pinacol rearrangement is well suited for the
design of aqueous base-developable negative resists because a polarity change is expected
from a vic-diol (glycol) system to a ketone or an aldehyde. For instance, the copolymer of
styrenic pinacol and 4-acetoxystyrene undergoes a facile acid-catalyzed pinacol
rearrangement as described in Scheme 3 to afford negative resists [43].
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Scheme 3 : Pinacol rearrangement in resist design.

Favorskii rearrangement

In 1914 A. Favorskii observed a ring contraction when 2-chlorocyclohexanone reacted
with alcoholic alkali [44]. This reaction is akin to Wallach reaction (also known as Wallach
degradation) involving the conversion of 2,6-dibromocyclohexanone to cyclopentanone [45].
The Favorskii rearrangement became versatile and generalized to a-haloketones of the type
indicated in equation (15). As pictured, the proposed mechanism involves the 1,3-dipolar
species and cyclopropanone as intermediates [46].

f

| , "= | |
RCH2—C—CHR RO, RCH-C—CHR' ——» RCH-C-CHR' <—> RCH-C-CHR'

X X open 1,3-dipolar
E Qg\c /l())R CO2R
. 4 “ ¥ RCH2—CHR'
— RCH/z —\bHR' RO, rCA EHR' /
. (15)
RCH—CH2R'
CO2R"

Among the experimental evidences of the cyclopropane intermediate are those of
Bordewell [47] and of Lotfield [48]. The former worker found that the same product has been
obtained from two different a-chloroketones as given in equation (16). The latter author, on
the other hand, obtained convincing results from '*C-labeling studies on 2-
chlorocyclohexanone; an even distribution of '*C between the two formed products has been
detected as illustrated in equation (17).
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|
Ph|CHCCH3
Cl \
CH30 PhCH2CH2CO2CH3

7

(16)

l
PhCH2CCH2Cl

RO- c*”

e mds TG LG

(*= C the number nearby stands for the percentage of t)

The most extensive use of Favorskii rearrangement is by far in ring contractions. An on-top
example is the synthesis of Eaton’s cubane via a double Favorskii rearrangement [49] as
depicted in equation (18). The Ramberg-Backlund reaction produces olefins through a
Favorskii-type mechanism from a-halogenosulfones in the presence of a strong base.

Br

) 0 HOOC
0 NaOH 2200 (18)

COOH

Allylic rearrangement

Allylic system is very liable to rearrangement owing to the very plausible resonance.
Few examples are selected to throw some light on this particular system. The first one is the
mixture of 1-bromo-2-butene and 3-bromo-1-butene observed in the Wohler-Ziegler allylic
bromination of 2-butene with N-bromosuccinimide (NBS) as appeared in equation (19) [50].
The second example is the observed equilibrium mixture between 1-bromo-2-butene and 3-
bromo-1-butene when heating either one of these compounds as given in equation (20) [51].
An allylic radical rearrangement seemingly takes place in both cases.

CHJCH=CHCH3 — B> » CH3CH=CHCH2Br + CH)= CHOHCH3 (19)
Br
CH3CH = CHCH2Br CH3—CH—CH=CH (20)

Br



REARRANGEMENTS IN ORGANIC CHEMISTRY 43

The allylic rearrangement is also common in allyl-based Grignard reagents; the
equilibrium shown in equation (21), often called “butenyl Grignard”, is a typical example.
This equilibrium has been confirmed by 'H NMR analysis revealing both 2-
butenylmagnesium bromide and 1-methylpropenylmagnesium bromide [52, 53].

CH3CH=CHCH2MgBr === CH = CHCHMgBr Q1)
CH3

The last example is depicted in equation ( 22) where a and y -methylallyl chlorides are shown
to give, in the presence of potassium ethoxide, exclusively normal products (A and B)
respectively, in a bimolecular reaction Sy2. However the ethanolysis of each one affords, in a
monomolecular reaction Sy1, a mixture of these two products [54]. In the latter case, an
allylic carbonium ion rearrangement is involved.

/Cl
CH2=CH—CH 2—C{{

CH3 | (CoH50K
or C2H50H

(l)C2H5
CH3CH—CH=CH? 4+ CH3CH=CH —CH2-0C2H5

A B
CH3CH=CH —CH2—Cl
(22)

Not only in low molecular weight substances has the allylic rearrangement been
observed, but also in high molecular weight analogues, the polymeric systems. The
halogenation of butyl rubber (polyisoprene) comes up with exo- and endo-allylic structure
halobutyl rubber as traced in equation (23). No addition reaction has occurred but rather a
substitution reaction through an allylic rearrangement induced by the halide anion [55].

?HB CH3
X"

o CHQ—C =CH— CH 2mwww» 4 X5 5 wwww CH) —é_:_CH—CH Qwwws ——>

\\ + //

(23)
%Hz C|H3
et CH2 —C —ClH—CHZWWW +  wwww CH=C —CH — CH 2 e
X X
exo-allylic structure endo-allylic structure

In an attempt to apply the “vapor deposition polymerization” (VDP) on 1-vinyl [2.2]
paracyclophane, Cram observed a ring expansion of the cyclophane, visibly through an allylic
radical rearrangement [56].

An allylic-sort rearrangement has been established in the polymerization of a great
deal of linear internal olefins in the presence of Ziegler-Natta catalysts like AIEt; - TiCls
[57,58]. These reactions are called “monomer isomerization polymerization™; that is, the
polymerization occurs only after the isomerization of the monomer as depicted in equation
(24). Polymers were found to consist almost entirely of 1-olefin units. 1,4-Cylohexadiene also
underwent monomer isomerization polymerization to yield poly(1,3-cyclohexadiene) [59].
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Moreover, the copolymerization of some of the above-cited monomers with the Ziegler-Natta
catalyst in conjunction with a nickel dimethylglyoxime or transition metal acetylacetonates
resulted in copolymers containing 1-olefin units of the corresponding monomers [60].

CH=CH M CHZ:CH Polymerization > (FHz_CH_)nwwwwvw

|

CH3 R CH2R CH2R

(24)
R =CH3, C2Hs5, C3H7,C5H11

Recently the living cationic isomerization polymerization of -pinene was reported, as
well as its isomerisation copolymerization with styrene and methylstyrene initiated by 2-
chloroethyl- vinyl ether HCI adduct coupled withTiCl3-(O iPr) [61].

Isonitrile-Nitrile rearrangement

French chemists are credited for the first reporting on the thermal isonitrile-nitrile
rearrangement as depicted in equation (25) [62,63]. Later, in his study on the thermal p-
tolylisocyanide—p-tolylcyanide isomerization, Rabinovitch suggested the below activated
complex, shown in equation (26), in which the development of a new C-C bond is nearly
synchronous with breaking of the N-C bond [64]. In less than one decade, this proposal was
validated theoretically and experimentally by Roald Hoffmann [65] and J. Casanova [66]
respectively. The thermal rearrangement of arylisonitrile is accompanied with a concomitant
formation of highly colored tetramers which are indigo derivatives [67].

R—N=C —A> R—C=N (25)

R N
Me—((O)ne=c 180200°C, MOl | — we<O)-e=n
c (26)

REARRANGEMENTS ON CARBONYL GROUP
Benzylic rearrangement

Probably the first intramolecular rearrangement in organic reactions is that observed
by Liebig in 1838 [68] when the benzil was treated with a basic solution. But, it was Jena in
1870 who illustrated the Liebig’s compound as benzylic acid [69]. About a century later,
Ingold proposed the common experimentally-evidenced mechanism of this rearrangement
[70] as shown in equation (27).

0 - 0 O -0
0 C OH ) 9L _cens R
CoH5 —C —C—CeH5 —> C6H5—C—C—0H —> C6H5—C —C—OH
Benzil CeH5 Ce¢Hs5
o g "
CeH5 —Cl —C—0OH —> ——» C6H5—C — 8—011 (Benzilic acid) (27)

CeHs C6H5
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A feature of the benzylic rearrangement is the better migration ability of the phenyl group
substituted with weaker electron-donating groups (such as m-chloro) than that with stronger
electron-donating groups (such as p-methoxy) [71].

One special case is the rearrangement of phenylglyoxal to mandelic acid in an alkaline
medium as in equation (28). In this instance, a hydride shift is observed after the preferential
attack of the aldehyde group by OH [72]. A similar 1,2-hydride shift to carbonyl group
occurs in the intramolecular Cannizzaro reaction on the glyoxal molecule to yield
HOCH,COOH, the hydroxy-acetic acid.

0 0 - Q0 9
C6H5—C—C—H ——~ CeH5—C—C—OH — C6H5—C —C—O0H
Phenylglyoxal H
0" o HO

| I | [l
CoH5 —C —C—O0H —> —> C6H5—C—C—OH (Mandelic acid) (28)

H H

REARRANGEMENTS ON HETEROATOMS
Hofmann rearrangement

In 1882 A. W. Hofmann found that the reaction of amides with bromine in basic
solution afforded products with one carbon less than the starting amide [73]. This latter facet
of the reaction, often called “Hofmann degradation” (Scheme 4), makes this rearrangement a
distinct reaction in synthesis. In the generally accepted mechanism (a), both N-bromoamide
and the isocyanate can be isolated which supported this pathway. However, mechanism (b)
that presents a nitrene should be also taken into account [74].

i g

| | -
R— C—NHy —B2» R—C—nuBr 2H

9 N
a: R—C—N-Br ——> RAC
- II\II _L,Br T R—N=C=0 E» R—NH?

/!

e+

7~ 9 QN

b: R—C—N-Br — R_C{_/I\I + Br-—> R

Scheme 4: Mechanism of Hofmann rearrangement.

It is interesting to note that the Hofmann degradation of optically active amides with a chiral
carbon bound to the carbonyl groups yields products with retention of configuration [75].

Two rearrangements related to Hofmann’s are the Curtius degradation (Theodor
Curtius, 1890) and the Wolff rearrangement (Ludwig Wolff, 1912). While in the Curtius
rearrangement a nitrene intermediate is possible as in Hofmann’s, a carbene intermediate may
ensue in the Wolff rearrangement as can be noticed in equations (29) and (30). The Wolff
rearrangement is the key step in the Arndt-Eistert synthesis, reaction (30).
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Curtius rearrangement:

0 Co o
N . + A I .+ 150/0)
R—C—NtI:IEN —> R— CEN*’ R+-C= =Ry R N=c=0 22 R—NH2

(29)

Wolff" rearrangement:

. K9 o

-k \ +
\ UH DCO2H
(30)
Beckmann rearrangement

In 1887 Ernst Beckmann observed the acid catalysis conversion of ketoximes and
aldoximes to their corresponding amides (31) [76]. Protic acids, Lewis acids, anhydrides, and
acid halides promote efficiently this rearrangement. Yet, the picryl ether oxime undergoes
Beckmann rearrangement in the absence of a catalyst, and this would indicate that the acid is
rather used to engender a better leaving group. The yields of such rearrangement up to 95%
are not surprising

N
R—H—R‘ H—l:> R_ iR

€2))

A general observation of this rearrangement is that the group in position anti to the leaving
will migrate preferentially to the nitrogen atom in a concerted fashion as shown in (32).

+II(A)-H £-H
N/OH + CII\I»/; R?r +
R_I(!_R, AR é—R' — é\ o —>R—C=N—R
32
i i 62

I
—~ » R—C=N—R —» R—C—NHR

With Bronsted acids, both RCO-NHR’ and R’CO-NHR are often obtained. To
account for this finding, an interconversion between the syn and the anti forms of the oxime
can be envisioned as a possible pathway in which the C-N rotation occurs.

The Beckmann rearrangement is well valorized in the industrial production of one of
the important polyamides, nylon 6, equation (33) [77].

l I i
H
@ __250°C WW{_NH—Q—(CHz)s e (33)

H20 trace

g- caprolactam Nylon 6
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Of particular interest is the deviation of the oximes of o, P-unsaturated alicyclic
ketones from the expected Beckmann rearrangement, producing instead aromatic amines in
the presence of the Beckmann mixture ( (CH3;CO),0 + CH3;COOH + HCI). This peculiar
deviation is known as Semmler-Wolff- Schroeter reaction or chemically known as oxime
aromatization. The Beckmann rearrangement is extended to oximes of esters and ethers
RiR,C = NORj;, by A. W. Chapman in 1925, and therefore, this reaction was coined the
“Beckmann-Chapman rearrangement”. Regard may be paid to a special oxime mentioned in
Table 4 which, itself, is an interesting rearrangement product of a Barton reaction.

A somewhat similar kind of rearrangement but to a lesser degree is the photo-
promoted intramolecular rearrangement of the nitro group in poly(p-nitrostyrene) as shown in
equation (34) [78]. This particular rearrangement is of great significance as far as a phenyl-
containing polyamide can be formed upon reduction of the rearranged polymer. This latter
polymer, due to the -CO-N(OH)- linkage in the matrix, is soluble in acetone, methanol, and
ethanol at room temperature, a very important solubility feature.

NO2 HO ﬁ) ) ﬁ

e ©

n

. (34)
Poly( B -nitrostyrene)

Schmidt rearrangement

The acid-catalyzed reactions of aldehydes, ketones, and carboxylic acids with
hydrogen azide occur with rearrangement upon a dehydration process. This reaction is
frequently coined “Schmidt rearrangement” (K. F. Schmidt, 1923). Of such reactions, only
that of the ketone is illustrated here in equation (35) to show the commonly accepted
mechanism. In case of a carboxylic acid substrate, the amine is the final product resulting
from a decarboxylation.

H
i il o ®
+ - +
R—C—R —Hfyp_¢_p N3 R—él—lxll—NsN M0 S — =N
Lok RSO
i
=R R_c=N1R +Np H20, R ¢ _NHR (35)

The evidence of a carbocation intermediate is provided from the fact that tetrazoles
have been isolated as side products [79]. On the other hand, the migrating group in Schmidt
rearrangement retains its chirality. Moreover, the bulkier group, regardless of its nature, has
been found to be the favored group for the migration in case of a ketone substrate.

Baeyer-Villiger rearrangement
In 1899 A. Baeyer and V. Villiger discovered that the ketones can be converted to

esters using peracids as oxidizing agents [80]. This reaction is renowned under “Baeyer-
Villiger oxidation” in which a rearrangement is brought about, equation (36). The mechanism
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for this rearrangement was proposed by R. Criegee, a well-versed authority in oxidation
reactions. The results of the oxidation of '*O-labeled benzophenone have strongly endorsed
the fact that the second step is rate-determining. In this study, the result revealed that
phenylbenzoate retains the labeled oxygen in the carbonyl group [81]. Other evidence of the
proposed rate-determining step stems from the kinetic studies of the oxidation of substituted
acetophenones by CF;COOOH [82]. In this case, the plot of the rate constant versus ¢ (logk
vs. 6) was found to be consistent with Hammett’s equation with a negative p (p = - 1.45)
suggesting a positive charge development at the transition state. (Hammett equation, logk/ky

= po).
o 0

f i G TR

R—C—R' +R-C-0-OH —> R—(C—0-0—C-R" =2 »
i
~H (36)
] n - ||
R—C—OR' +R-C-0 —» R—C—OR' +R"- IC-OH

Other studies were undertaken on the oxidation of aryl alkyl ketones to reveal the

migratory aptitude of different groups. The results led to the following decreasing order in the
migrating ability: #-alkyl > cyclohexyl > sec-alkyl > benzyl > phenyl > primary alkyl >
cyclopropyl > methyl [82- 85]. The point that the bulkier group migrates readily is useful in
the synthesis of bridgehead alcohols.
It is suitable to recall that a migration similar to that shown in equation (36) takes place in the
oxidation step of the hydroboration-oxidation of alkenes, an intramolecular rearrangment, to
give primary alcohols [86]. Another alike intramolecular rearrangement involving organic
borane with a diazoacetonitrile was reported as traced in equation (37 ) [87].

R R

A Sk |
RIB + CH=N2  —— Rz—_B—|CH-CN2—> R2B—CH—CN —20-RCHXN (37)
CN CN

Cumyl hydroperoxide, under acidic conditions, undergoes rearrangement similar to to

Baeyer-Villiger’s. This example is actually an industrial application of the reaction to produce
both phenol and acetone from cumyl hydroperoxide [20b]. As in Beckmann rearrangement,
the Baeyer-Villiger oxidation is best applied in the synthesis of e-caprolactone (usually in
high yield) which can be polymerized to polyester via either an anionic or a cationic ring-
opening polymerization [77].
It has been known that Baeyer-Villiger reaction could not take place via an asymmetric
synthesis, however, an enzymatic pathway has made it very plausible. Indeed, Walsh and
Chen reported that flavin monoxygenase, found in some types of Acinetobacter , is capable
to catalyze this reaction [88].

Criegee rearrangement

Besides his valuable oxidation of a-glycol compounds by lead tetraacetate, R. Criegee
has further enriched the organic chemistry with a rearrangement of one of his oxidized
products. Indeed, in 1944 he noticed that the trans-9-decalyl peroxyesters rearrange on
standing to 1,6-epoxycyclohexyl esters as traced in equation (38) [89].
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/C\R 0/ R i

+ O/C\R O/C\R
SO ENCS TG

Criegee extended his work and brought experimental evidence of the existence of the intimate
ion pair shown in the above equation through studies on the polarity medium of the
rearrangement [90]. It is therefore an ionic rearrangement rather than a radical one as might
be expected. Later, Winstein looked over the possible anchimeric assistance to the departure
of the leaving group in this rearrangement [91]. He worked on 2-R-2-propyl-p-
nitroperoxybenzoates (R is the migrating group) and found that the more electron-releasing R
is, the greater is its migratory ability. In Table 1, a summary of the results on the relative rates
on the ionic dissociation of 2-R-2-propylperoxypenzoates (¢ stands for phenyl group) is
provided. It can be deduced from these results that the rate is tightly bound to the donation
ability of R and, therefore, the transition can be pictured as 3 in which the anchimeric
assistance of R is shown [91].

In the ozonolysis of unsaturated compounds the instantaneous conversion of the very
unstable and exploding primary ozonide to the relatively more stable final ozonide occurs
almost in the same mechanistic fashion as the Criegee rearrangement.

CH3 |(|)

C’i“-o-fro C @
cH3”

3

TABLE 1: Relative rates of Criegee rearrangement of 2-R-2-propylperoxypenzoates.

R Me Et i-Pr t-Bu ¢- CH, )

Rel. Rate 1 45 2.9x10° 2.3x10° 1.6x10° 1.1x10°

REARRANGEMENTS IN PERICYCLIC REACTIONS

In pericyclic reactions the term “sigmatropic shift” or “sigmatropic rearrangement”
is better suited than rearrangement. That is, a hydrogen atom or an alkyl is shifted
intramolecularly to a m bond and the shift is usually brought about thermally or
photochemically. On the basis of the Woodward-Hoffmann theory [92], a sigmatropic shift as
pictured in 4 is always designated as [n, m] where n and m stand for the initial and the final
positions of attachment of the moving bond ends. For instance, a [1,2] sigmatropic shift
means that one end of the bond remains attached to its initial site while the other end
migrates to the adjacent bond.
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S N\
X S X
; k: J (39)
X=C,0,S,NH
X=C, Cope
= 0O, Claisen

S, thia-Claisen
= NH, aza-Claisen

pi-bond

Though many sigmatropic shifts are well known and well studied such as the allylic
system, the [3,3] rearrangement is probably the most interesting as far as the synthesis is
concerned. A general picture of this shift is outlined in equation (39) where X may be a
carbon, oxygen, sulfur, or nitrogen atom. We speak about Cope rearrangement when X is a
carbon and Claisen rearrangement when it is an oxygen.

Cope Rearrangement

The Cope rearrangement [93] holds its prestige as one of the best applications of the
Woodward-Hoffmann pericyclic rules. As a recall, this rearrangement was discovered prior to
the development of the pericyclic chemistry by Roald Hoffmann and Robert Woodward, the
nobelized chemists. According to this chemistry, the Cope rearrangement is a [3,3]
sigmatropic shift. It customarily occurs for both cyclic and acyclic 1,5-dienes as illustrated in
equations (40) and (41).

2 3
o A T H = 150-200°C =M
N _ /3 (40); 1% > v

2 3 — — (41)
Shifted bond

Cope rearrangement is usually a reversible reaction, thus, the final equilibrium
position depends strongly on the stability difference between the starting material and the
product. Thermodynamic studies of the sigmatropic shift of this kind are in accord with a
concerted mechanism [94]. The most probable chair-like transition state is conceived, but still
a boat-like one may also be envisioned.

The Cope rearrangement proceeds frequently at elevated temperatures and, in some
instances, up to 350°C. Doering and Roth have extensively investigated the Cope
rearrangement in a great deal of suitable molecules [94, 95]. They have shown that for
strained compounds such as the cis-divinylcylopropane, a Cope rearrangement can be easily
promoted at very low temperature, -40°C, as given in equation (42); the trans-isomer,
however, is stable up wuntil 190°C as noted. Surprisingly, upon applying this
divinylcyclopropane property to a related substance, the bicyclo [5.1.0] octa-2,5 diene 5, they
found it very withstanding to Cope rearrangement up until 305°C without decomposition.
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V4
)z -40°C
cis-divinylcyclopropane
/ —<{ @

// 190°C

trans-divinycylopropane

9]

However, the degenerate Cope rearrangement has been conceived for the bullvalene
by the same authors. These authors even stated that if each of the 10 CH groups of the
molecule were individually labeled, there would be 1,209,600 arrangements of the molecule,
equation (43). Schréder shortly disclosed that the 'H NMR spectrum of its own bullvalene at
100°C revealed a magnificently sharp singlet peak which broadened into two bands at lower
temperatures [96]; this result confirmed Doering’s prediction.

Recently, the hypostrophene 6, first synthesized by Pettit et al in 1971 [97], was found
to undergo a degenerate Cope rearrangement similar to that of bullvalene by Gimarc and Zhao
[98].

Bullvalene

Transition metals such as PdCl,(CH3CN), have been found to be very efficient catalysts for
the Cope rearrangement, and indeed, some compounds may undergo such rearrangement even
at room temperature [99].

The Oxy-Cope rearrangement involves compounds with a hydroxyl group affixed to
C-3 so that the rearranged product is an enol which tautomerizes to the keto form as outlined
in equation (44) [100]. The speed of this peculiar rearrangement can be enhanced by
converting the alcohol to an alkylate and the reaction is therefore called anionic Oxy-Cope
rearrangement. For instance, the alkylate of 1,5-hexadiene substituted at C-3 with OH
rearranges by a factor of 10'° — 10", particularly when the alkylate anion is naked using a
crown-ether to coordinate the counterion (K*, Li", or Na") [101].

OH / OH OH ﬁ
[ el = @ — [ J e

90%

Claisen Rearrangement

A closely related Cope rearrangement is that of Claisen, a very early reported
rearrangement (1912) [102]. The starting material containing an oxygen atom in place of the
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C-3 may undergo a [3,3] sigmatropic shift, equation (39). The synthetic value of Claisen
rearrangement is most appreciated in the allyl phenol synthesis often coined “Claisen
allylation” as depicted in equation (45).

oé’\l 0 N OH \\
(/ [3,3] shift R R (45)
R R > R enolization R
Claisen

A tandem Claisen — Diels- Alder reaction is that in which a Claisen rearrangement is
followed by an intramolecular Diels-Alder reaction. It is employed in part in the multi-step
synthesis of the 11-deoxydaunomycinone 7, one of the most active antiobitic anthracyclines
[103]. The peculiarity of this reaction is the observed excellent regioselectivity (as indicated
by an arrow) of the Claisen rearrangement when a meta-positioned acyl group is present in

f i

the benzene ring.

=
CH30O O OH OH

12
o

In tune with the plausible diradical intermediate 7 (see above) in Claisen and Cope
rearrangements, these rearrangements can be accelerated by both electron-donating and
electron-withdrawing groups in respect with the Dimroth principle. For aliphatic systems, the
Claisen rearrangement is generally faster than Cope’s; this is explained by the fact that the
former rearrangement is an exothermic transformation while the latter one is almost
thermoneutral.

In some aspects, Lewis acids have been found to catalyze Claisen rearrangement
[104]. Because the Bronsted acid-inducing Claisen rearrangement provides a polar change, it
has been valorized in the field of negative resist design discussed above. The examples
illustrated in equations (46) and (47) show a deprotection of the phenolic functionality by the
acid-catalyzed Claisen rearrangement [ 105], thus a polarity increase is ensued.

e CH2 — CH e e CHD — CH e

-0 (46)

e CHD — CH s
e CH2 — CH wnen

o-0) =0 47
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The Claisen sigmatropic rearrangement has been extensively employed to realize
small ring expansion. One of the latest work on this matter is the Tebbe methylenation of the
chloro-difluorovinyl-substituted lactone shown in equation (48) affording the corresponding
ring expanded product upon heating at 85° C [106]. It is worthwhile to mention that the
fluoro substituents have an accelerating effect on the Claisen ring expansion.

F Cl F

Tebbe reagent /C H2 o (48)

Tebbe reagent : TiICRCp2 + AICB ; Cp = cylopentadienyl group.

Claisen and Cope rearrangements are compiled in Table 2. Of particular significance
are N-allylamines [107] and N-oxide rearrangements [108]. It is interesting to point out that
for aromatic N-allylamines, the degree of aromaticity of the nucleus is a determining factor
for the rearrangement to take place, that is, a highly aromatic group such as a phenyl group
inhibits the rearrangement. Whereas with N-allylamine naphthalene, a less aromatic aryl, the
rearrangement is observed in a quantitative yield.

Almost similar to that of Claisen is the Wittig rearrangement [109]. This latter
rearrangement is actually a [2,3] sigmatropic shift by which allylic ether can be converted to
a-allylalkylate in the presence of a strong base, equation (49). This specific reaction is only
but a special case of the general Wittig rearrangement outlined in 7able 4. The [2,3] Wittig
rearrangement is particularly useful in the ring contraction in many unsaturated compounds as
shown in equation (50) [110].

Chorisimic acid is a key intermediate in the shikimate biosynthesis, which bacteria and
fungi use to convert glucose-6-phosphate into primary and secondary metabolites. The
corresponding chorisimate undergoes a [3,3] sigmatropic rearrangement, not only thermally
but also via an enzymatic route with chorisimate mutase, equation (51) [111]. For this
peculiar feature, this chorisimate-prephenate Claisen rearrangement is considered to be a
unique pericyclic process. The transition state is most probable as the one depicted with a
structure similar to that of the compound 9, the most potent inhibitor known used to elicit the
antibody hapten.

CONCLUSION

The formation of rearranged products in some organic reactions shed further light on
the governing thermodynamic parameter in a chemical reaction. Organic reactions in which a
migration takes place are commonly designated “rearrangements” frequently associated with
the names of their discoverers. Some rearrangements, however, are named after the type of
rearranged radicals or the resulting function such as isopyro rearrangement, acyloin
rearrangement, aromatization rearrangement and others mentioned in this article. The
migratory aptitude of one substituent over another in the course of a rearrangement is related
to its chemical nature. Yields of the rearranged products are sometimes high. A ring
expansion as well as a ring closure are sometimes observed in certain rearrangements to
relieve the existing strains in the molecule. The rearrangement of free radicals has been herein
scarcely touched on because of some similarity with the carbonium chemistry, and some good
textbooks treat well this matter (see the general references). Some rearrangements have
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TABLE 2 : Claisen and Cope related rearrangements.

o

0 0 0 O
|
L, I, i
} — 3 — _ arroll (1940)

(Rearrangement followed by decarboxylation)

>— \\
o — s > C:C—J\ Saucey-Marbet
>&_—5 (1960)
(Acetylenic Claisen rearragement)
NMe2 Me2N
AO 0
\i/l - — Eschenmoser (1964)
/

— CH2—C—CH
Hunstmann-Boer-
_ — Woosley (1965)

OMe Me

£ =~
(0]

\/(,) > Johnson (1970)

i —

OSiMe2 H

AO q + Qo
—_— o Ireland (1972)

o= 60°C

Zn ( powder), .
benzene > — > o Baldwin-Walker

= — 85°C (1973)

Br / OZnBr H
> =L . <0

(Reformatsky-Claisen rearrangement)

PhSO? PhSO2—&@ PhSOz—\_
7:\0 . _>—:\O " 4 /;O
— l Denmark (1982)
— (Me2N)3PO — 50°C N—

(Anion-accelerated Claisen rearrangement)
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R'-CH2 -0 & /O ) (l)H
’_ 2 _
N\ base R'QH/ C; — - RCH E— R’CH—Cle—CH:CHQ
— \r
% /

Y
R/J RL/ R (49)
(0] OH
=—" BuLi u
- . (50)
HMPT

(0]
- ) )
026, o
§ )
HO
Transition state (51)

9

gained foothold in industry. A mass of rearrangements have been exploited or detected during
the total syntheses of numerous alkaloids [112].

It is true, as can be noticed, that most of these rearrangements are old, but they have
unshakably served as special topics of research and seminal studies for some research
workers, and their availability as indispensable tools and means, throughout the years, have
helped to elucidate some of their mechanisms. In this article, we attempted intentionally to
bring the well-known rearrangements closer to the reader, while the less important
rearrangements are compiled in Tables 3, 4, and 5.

CORRESPONDENCE: Sadd MOULAY, Laboratoire de Chimie-Physique Moléculaire et
Macromoleéculaire, Institut de Chimie Industrielle, Université de Blida, Route de Soumaa, B. P. 270
Blida 09000, Algeria; fax: 213 2543 36 31/ 11 64 /38 64 /36 39, e-mail: saadmoul@yahoo.com.
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TABLE 3 : Miscellaneous Rearrangements: Shifting to an aromatic carbon (the shifted radicals are
shown in bold)

REARRANGEMENT REACTION DISCOVERER (S)’S
NAME(S)
(Date of discovery)
+
@NH— N=N- Ar O > HzN@N:N — Ar Griess-Martius  (1866)
Ar— CONHOH A&, A-NCcO 2 Ar—NH?2 Lossen (1872)
(Degradation)
@NZTQ — HO@NZN@ Wallach (1880)
(0}
R R' R R'
7 Z
@ 200-300°C | E%
1 - - Ladenburg (1884)
X" R X H X H
R = alkyl group; X = halide
ON-NR' NHR'
R HCI or HBr R Fischer-Hepp (1886)
NO
Rl RY
ﬁR R (R = alkyl, Cl, Br, I
H2S04 cong, - e T Jacobsen (1886)
—_— [
R N A R R R'=SO3H, CI, Br, )
R
Ilil
N-NO NH-R1
R 2 H—+, R Bamberger (1893)
20° C, ROH N
NO2
1 HT
NHOH ——> HO NH2 Bamberger (1894)
2) H20
NHCOR'
N(COR')2
R ZnClp R
W I Chattaway (1904)
COR'
R = H, Cl, Br, CH3; R' = alkyl, C6H5
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TABLE 3 (continued).
i
—C—R OH OH
AlCI3 @/ﬁ—R Fries (1908)
* 0
0—=C—R
X—NCOR' NHCOR' NHCOR'
X
R _ HX R LR Orton (1909)
CH3COOH
X
X = halide
A1C13 Pummerer (1921)
Hydrazobenzene Benzidine
R")2 _NaNH2 CH— NR2 Sommelet-Hauser
@ CH-N—CHR" — <> (1937, 1953)
R + NH3 Ligq. “CHoR

OCeH5 s

@ DCoHsNa _ @ Liittringhaus (1938)
2) H20 CeH5

COCH3 COCH3 COCH3

R1 AICI3 Baddeley (1944)
_—
R2 170° C R2 \
R1,R2 = H, CH3, C2H5
COOM
COOM
CdClI2 ou ZnCl2
> Henkel (1952)

400°C MOO

COOM

M = Na, K
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TABLE 4 : Miscellaneous Rearrangements: Shifting to a non aromatic carbon.

DISCOVERER(S)’S

REARRANGEMENT REACTION NAME(S)
(Date of discovery)
\C =C EtONa; 200°C ArC=CAr" Fritsch-Buttenberg-
ArY o Wiechell (1894
H
Il I Il
_C=CH—C_ ™°¢_ _C—cH—C— .
| Claisen-Haase (1900)
OCOR COR
0 HO
J N COR
©i>NCH2COR _RONa__ Gabriel (1900)
N
]
(6} OH
R R1
02N | ! ON |
CI_H light Cl_OH Ciamician (1901)
R2 R2
Ar | |
R—(li—C—I Aq. AgNO3 R— ?_(lj_ Ar .
1o Tiffencau (1907)
R = Alkyl, H
H3C_  CHCI2 CH3
160-170°C
_—
R3 Y 'R2 R3 I \R2 Auwers ( 1907)
RCH RCHCHCI2
R,R1,R2,R3=H, CH3
H2S0O4 conc.
Me Me (CH3)2C|—(CH2)3 _CI_CH3 Rupe (1908)
Me COOH COOH
i
R _S_CH2R" + (R"COpo —10-140°C R—S=CHR"
OCOR'"" Pummerer (1909)
—» R'—S—CHR"
OCOR'" R"™ = alkyl, phenyl
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TABLE 4 (continued).
R1 R1
N~ e A
o C—C=CR3 — > >C=CH—C-R3 Meyer-Schuster (1922)
OH R2
OH o
I HCOOH [l
RCH—C—C =CH  — ——» R-CH=C—C—CH3 Rupe (1926)
A
R’ R’
1) Ar'SO2Cl
ArCH2-C—R D ArSO2CL ArGH— R
| 2)R'ONa NHy O Neber (1926)
NOH +
3)H
R = Ar, ArCH?2
R R
COAr COOH

H2504
—_—

ou

COOH P205

R = NO2,CH3, CH30

COAr

Hayashi (1927)

COCH3
HOL
OCOCgH5

COCH2COCe¢H5

CoHSONa o @
OH

(R = alkyl, hydroxyl, alkoxyl)

Baker-Venkataraman
(1933)

EtOH

KOH,
R-CH2-C=CH —— > R—CH=C=CH2 — R-C=C—CH3

170°C

Favorskii ( 1935)

2) H20

R = H, Alkyl
R CuzX2 R -
c—C=CH N C=C=CHX Favorskil Favorskya
R | 180°C R (1935)
X
RoC_OR' _R'Liou _ poc_on i (1942
| NaNH?2 Wittig (1942)
H R'
Q . . ~ COOH
~ N=N .
7 Dlight; HCI, 0°G, Sis  (1944)
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TABLE 4 (continued).

Aro_ﬁ_OAr _300°C_ ArS—C—OAs
S o}

Schonberg (1944)

HN
[l
ATCH=N= NH- CoHs 220> Ar—C—NHC 6Hs Rober (1954)
0
R—CH — CH—CH 20H Base.  R—CH— CH—CH2 Payne  (1962)
\O/ OH Y
ArO-C—NR2 200°C | Ars c-NR?
g N2 y) Newman-Kwart
(1966)
{ | .
ﬂ» Doering-Moore-
Br ether Skattebel (1967)

Br carbene rearrangement
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TABLE 5: Miscellaneous Rearrangements.: Shifting to a heteroatom.
REARRANGEMENT REACTION DISCOVERER(S)’

S NAME(S)
(Date of discovery)

RV
SN cenop _C6HsS02CI | AGEOH | S\_c_NHR
Rn/ ﬁ: idi R |
R pyridine

R = CgH5, CH2C6H5

Tiemann (1891)

NH3 Liq.

MM'zC—NHOH% Ar'2C=N—Ar + ArAr'C=N- Ar Stieglitz (1913)
R1 NaOH, 80 - 165° C RI
SN Ty N— . .
/ I|\I 0 10 or CHH<OH R> OR Meisenheimer
2D ortats (1919)
R1,R2 = Aryl, Alkyl; R=ArCH2, Ar2CH,
Ar R
\ﬁ Hal AN Rowe (1926)
~& >
- . T
(0]
N Br~
RCH2—N(CH3)2 NaNH2 _ ReH—N(CH3)

Stevens (1928)

Triflate rearrangement (Bzand Tfstand for benzoyl and triflate respectively )

CH2Ar CH2Ar
ArNH HOOC
base / N
)\ Sawdey (1957)
CeH5 CH3OH \N Ce6Hs
I
Ar
- + A |
CH3—C—N—N—CH3)2 CH3—C—N—N(CH3)2
I | Wawzonek (1960)
R R
R=CeH5CH2- , CH2=CH—CH? -
N
light, 10°C [
CH3-(CH2)7-ONO ——> HO-(CH2)3-C-(CH2)3-CH3 Barton (1960)
benzene
Me Me
BZO% H20 Ho%
OMe — OMe Binkley (1986
TfO pyridine BzO y ( )
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