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1 INTRODUCTION

1-1 [3.3] and [2.3]Sigmatropic Rearrangements

The investigation of reaction mechanism during the last

fifty years or so has provided a satisfying and coherent picture

of organic reactions. As ideas of mechanism developed. two broad

classes of reactions. involving either ionic species or free

radicals, were recognized. Although many reactions could con­

fidently be classified as ionic or radical processes, a third

group fell outside this classification; they appeared not to

involve intermediates but proceeded by reorganization of elec­

trons through cyclic transition state, and were therefore clas­

sified as concerted (one-step) processes.

Concerted reactions have the following general character­

istics discriminating themselves from stepwise reactions. And

those can be used as criteria for concertedness.

1) Concerted reactions never involve any intermediates con­

trary to stepwise reactions. In the latter, intermediates can

actually be isolated sometimes and may be detected by ir, uv,

or nmr spectroscopies. Transient radical intermediates can be

detected by ear spectroscopy and the technique of CIDNP. The

presence of intermediate can also be proved by trapping them

with other reactants.

2) The rates of concerted reactions are, in general, less

sensitive to changes in substituents and solvents than are the

rates of stepwise reactions.

3) In general, concerted cycloadditions and rearrangements

require critical orientations of atoms and therefore show large

negative entropy of activation, 6S+. Stepwise processes gener­

ally do not require such critical alignment, and smaller activa-
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tion entropies are to be expected. Concerted processes usually

have small enthalpies of activation, ~H+, since they do not re­

quire energies to cleave chemical bonds in transition states.

4) The stereochemical course of concerted reactions is gov­

erned by the strict rule which will be referred to later. In

the allowed course, additional stereoselectivity is often ob­

served which is inherent to critical alignment in transition

state.

The development of a general theory of concerted reactions

has been due chiefly to the work of Woodward and Hoffmann.
l

)

They have taken the basic ideas of molecular orbital theory and

used them, mainly in a qualitative way, to derive selection rules

which predict the stereochemical course of various types of con­

certed reactions; electrocyclic reactions, cycloadditions, and

sigmatropic rearrangements. These rules are best understood in

terms of symmetries of interacting molecular orbitals. The same

kind of selection rules have been obtained by various other the-
. 2)

oretical approaches; frontier orbital theory by Fukui, Dewar-
3)

ztmmerman rule based on the aromatic transition state concept,

and a valence bond treatment. 4) Woodward and Hoffmann have in­

troduced the term "pericyclic" to cover all those concerted re­

actions, and have derived the following general selection rule;

A ground-state pericyclic change is symmetiy-allowed when the

total number of (4q+2) and (4r) components is odd.
supra antara

Uncatalyzed thermal rearrangements occurring intramolecu-

larly and involVing a 6-membered cyclic transition state are

very common, and include an enormous variety of structural types.

Some of these, such as the Cope and Claisen rearrangements and

[l,S]hydrogen shifts in conjugated dienes, have been known for

many years; others which occur thermally or photochemically in

anions, cations, ylides, and carbenes as well as in neutral

- 2 -



molecules have only recently been recognized as being of this

type. The unifying features of all these reactions are that

they are concerted, uncatalyzed, and involve a sigma bond mi­

gration through a cyclic transition state in which an atom or

group is simultaneously joined to both termini of a ~ electron

system. Woodward and Hoffmann have given the name sigmatropic

rearrangements to such reactions, the adjective "sigmatropic"

indicating movement of a sigma bond.

The extent of the migration of a sigma bond is represented

by the prepositive of [i,j]. The total number of atoms, N, con­

cerning a rearrangement is the sum of i and j. A reaction is

neutral, cationic, anionic when the difference (N-n) is 0, +1,

or -1 respectively, where n is the total number of electrons

concerning the reaction. Selection rules for sigmatropic rear­

rangements are depicted in Table 1. The stereochemical course

of the reaction is governed by the number of electrons partic­

ipating as are the other pericyclic reactions.

Table 1. Selection rules for sigmatropic rearrangements

n

4q

4q+2

Ground state

antara-supra

supra-antara

supra-supra

antara-antara

Excited state

supra-supra

antara-antara

antara-supra

supra-antara

The [3,3] and [2,3]sigmatropic rearrangements involve 6

electrons participating in transition state. The (3,3}shifts
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~)
such as the Cope and the C1aisen rearrangements show charac-

teristics typical of concerted processes. These have large neg­

ative entropies of activation and are highly stereoselective.

The [2,3]changes are the anionic equivalent of the [3,3]shifts,
6)

are not confined to carbon systems, but also involve many
7)

hetero systems.

The transition state of [3,3]sigmatropic change can be con­

sidered as two interacting a1lylic systems. Various geometries

are possible for the transition state, which can be classified

according to whether each of the al1ylic systems interacts with

lobes of the other system on the same side (suprafacially) or

on the opposite side (antarafacially). Fig. 1 shows the transi­

tion state topologies. The modes of 1, 2, and 3 are a priori

predicted to be thermally allowed and the mode of 4 to be ther­

mally forbidden from the above selection rules for sigmatropic

rearrangements. Of the three possible types of transition state,

the antara-antara one 3 is much less likely to be found than

the others, because it involves twisting of the a11ylic systems.

1 2 3 4

Fig. 1. Transition state topologies of [3,3]shifts.
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Yet the doubly antarafacial Cope rearrangements have been

observed; the stereospecific rearrangement of [3.2.0]heptadiene
8a)

derivatives have been reported. In these systems. both of

the allylic parts are sterically fixed and in the correct po­

sition for a doubly antarafacial rearrangement. It is noteworthy,

however. that alternative mechanisms for the rearrangements of

the [3,2,0]systems have been advanced. 8b) Since the torsion of

the allylic halves will strongly diminish the allylic resonance.

the antara-antara mode can be safely excluded and the supra­

supra modes are adopted in the flexible [3,3]rearrangement.

The chair and boat forms of the supra-supra transition

state are both relatively strain-free. Of the two, the chair

form 1 (4 center) might be expected to be more favored because

the 6 p-lobes lie in a quasi-planar arrangement. The interaction

of the central p-lobes of the two allylic systems in the boat

form 2 (6 center) does appear to have a slight destablizing

effect. This has been shown with the aid of correlation diagrams
la)

by Woodward and Hoffmann, by means of ~olecular orbital cal-
9) 10)

culations by Dewar. and by other theoretical approaches.

H

~ ~~ Me Z,E
H

5 6

H

~ ~~~~ ~Me Z,Z
7

~ ~ ~~ E,EH

8
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In the Cope rearrangement of acyclic 1.5-dienes. the ev­

idence is that the transition etate prefers a chair to a boat

conformation. Doering and Roth showed this with the mBao-diene

(5) which rearranged almost exclusively (99.7%) to the Z.E-diene

(6).5b,ll) This stereochemistry is consistent only with a chair

conformation for the transition state; 8 boat would give the

2,2- (7) or E,E-diene (8).

Similarly, the stereochemistry of the Cope rearrangement

was investigated from the viewpoint of self-immolative asymmet­

ric synthesis. l2) The optically active hexadiene (9) rearranged

to an 87:13 mixture of the new hexadienes (10) and (11). both

of which were afforded with 94-96% optical yield. The geometry

of double bonds and the absolute configurations of the products

are consistent with the chair conformations shown for the re­

action and place an upper limit of 2-3% on the contribution of

boat conformations. The difference in energy of the two types

of transition state is probably about 6 keel/mol. Finally. the

87:13 preference for 10 corresponding to a free energy differ­

ence of about 2 kcal/mol between 9a (phenyl equatorial) and 9b

(phenyl axial). lends confidence to the prediction of favored

transition state conformation in 4 center thermal rearrangements

on the basis of cyclohexane conformation analysis.

10Me Ph

H

Me~

~~
9a

Ph

Me

Me

H

Me

9b

...
Me

H
11
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Another stereochemical study in the Cope rearrangement of

a chira1 dienone also shed light on the transition state topol-
13)

ogy. The dienone (12) rearranged to 13 and 14, which is one

step of the aromatic Claisen rearrangement. From the optical

yield of the reaction, it follows that chair transition state

accounts for at least 75-80% of the transformation of 12 to

13 and 14.

In some cyclic systems the chair transition state is ster­

ieally impossible to attain, and the Cope reaction still goes

but by a boat transition state.

In the aliphatic Claisen rearrangement, the supra-supra

transition state was proved by the study of a self-immolative
14)

asymmetric synthesis. It appears that transfer of chirality

from 15 to 16 is complete. The C1aisen-type processes are ex-
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cellent procedures for introducing various functionalized an­
15)

gular methyl groups in condensed-ring compounds.

Like the Cope rearrangement. the Claisen seems to prefer

the chair conformation. E,E-Ether (17) gave more than 97% of

threo-aldehyde (18), indicating a preference for the chair tran­

sition state. Reaction in the boat conformation leads to the

erythro-aldehyde (19). The same preference was supported by the
16)

use of 2,Z- and Z,E-crotyl propenyl ethers.

The supra-supra route in the aromatic Claisen rearrange­

ment has been also established by the study of a self-immolative
l7}

asymmetric synthesis. The preference of chair transition

state has been shown by various investigation. For example, in

the rearrangement of a-methylallyl aryl ethers. the ratio of

2I(E)/22(Z) is extremely sensitive to substituents in position

6. For R:H, Me. Et. i-Pro and t-Bu this ratio is 14. 37.5, 39,

39, and 99 respectively. The sterie influence is understanda&le

if the rearrangement proceeds through chair transition state.

Otherwise one would expect the reverse trend in the ratio

2l(E)/22(Z).13)

Other [3.3]shifts have been also investtlated from the

viewpoint of stereochemistry. The double Clqfseo-Cope rear­

rangement (Thomas method) has been confirmed to proceed via

supra-supra fashion by the experiment using (-)-cis-carveol. 18)

The Carrol reaction was shown in the convereiOD of 23 to 24.

Although the extent of asymmetric synthesis vas not known, the
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stereochemical outcome supports the doubly suprafacial transi-
19) 6tion state. The Claisen-type rearrangements of 25 to 2 have

been proved to be highly stereoselective; the E isomer were ob-

98% d h i 1 i Id about 90%.
20)

tained in more than an t e opt ca yes were

0-
Mel'r

0

p 23
H

R
0-......b

Me~Me
25

0 p °H
R

>- M~M'
26

The study of a self-immolative asymmetric synthesis of 27

supports the chair transition state of the amino-Claisen rear­

rangement. The ratio of Z and E products (13:87) indicates that

the transition state having the equatorial methyl group is pre-

ferred.
21 ) The f 11 Ii h 1 hrearrangement 0 an a y c p eny uret an to an

aniline derivative was proved that the reaction proceeded via
22)

a supra-supra fashion. The conversion of centrodissymmetry

to molecular dissymmetry was achieved in the Claisen rearrange­

ment (30 -+31) involving a triple bond, which substantiates the

concertedness of the reaction. 23 )

Phr!rM~Ph
Me 27a Me 28 (E)

Me

Me Me

~N~R ~.#N __R

Ph /I-Ph-~

Me Me
27b 29
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r<
o
#1-C-C-H

H 1 30
Me

H
-C-C-C ......

Me'" H
31

The [3,3]rearrangements have been utilized for the stereo­

selective synthesis of natural products since the E isomer are
24)

usually produced much more than the Z counterparts. Faulkner

has noted suprisingly close quantitative agreement between the

observed Z/E ratios and the observed axial/equatorial ratios in

cyclohexanes, notwithstanding the obvious fact that the transi­

tion state for these rearrangements are not identical with cyclo­

hexanes. He suggested alternative approaches that will increase

the stereospecificity; 1) the reaction should be carried out at

lower temperature, 2) a trisubstituted double bond should be

constructed in such a fashion that R2 in 32 is not a hydrogen,

and 3) suitable bulky substituents, possibly removable, should

be placed at R3 and perhaps R6 •
25

)

X~"'.'l R
S

I .' •
: R2 :

rt
.: ....L.. R

6
/ R'+. ..-.... '

R3

R 32

ii) [2,3]sigmatropia rearrangement

Based on the reaction systems, [2,3]sigmatropic rearrange­

ments are formally classified in the following manner; anion,

carbene, lone-pair, and ylide types. In all the systems, six

electron participate and therefore the same selection rules for
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13,3]sigmatropic rearrangements can be applied. The supra-supra

(33) and antara-antara (34) migrations are thermally allowed.

Of the two, the doubly antarafacial fashion can be safely ex­

cluded because of the geometrical disadvantage.

34

Fig. 2. Transition state topologies of [2.3]shifts.

The preference of the supra-supra transition state (33)
26)

has been supported clearly in the Wittig rearrangement.

Chiral ether (35) rearranged to 36 (83%) and 37 (17%). The

stereospecificity of the process was 72% for the E and 62%

for the Z series. The extent of randomization derived from the

classical Wittig [1,2]shift was established to be 28:t5%. Then

the [2,3]shift for the E isomer was proved to proceed with

quantitative stereospecificity, and those processes were ver­

ified to be doubly suprafacial fashions. The preference for

the E isomer formation can be rationalized by the favorable

quasi-equatorial orientation of the methyl group in the enve­

lope form (38).

Ph
"--- PhCHOH

- I H-H·~M
~ Me

38a Me 36

Ph~ Ph~CHOH

-" ~ I_ H --. M:'"
~38~ H 37

Me
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The [2.3]rearrangement of cyclic N-arylsulfimides was shown

to proceed with a stereochemistry of 95% suprafacially with
27)

respect to the sulfoniumylide fragment.

The allylic sufoxide-sulfenate rearrangements in the ster­

oidal systems (39 ~ 40 ~ 41) have been shown to proceed supra­

facially with respect to the allylic systems. The relation be-

S 41
~""-o Me

etl~y9
/ s 39 0 40

~ ""-Me 0 SHe

tween chirality on sulfur and reaction rate was discussed in

terms of the relative compressions in the model transition
28)

states.

Self-immolative asymmetric syntheses were achieved with

high stereospecificity in the rearrangements of an acyclic

sulfenate to a sulfoxide. 29 ) and of a sulfinate to a sulfone. 3D)

The rearrangement of a sulfonium ylide to a sulfide was demon­

strated to proceed with a minimum of 94% optical induction. The

transition state topology is rather speculative since the ab­

solute configuration of the starting material was not known. 3l )

The transition state topology of an allylic rearrangement

of an amine oxide was unequivocally established with a self­

immolative asymmetric synthesis. The chira! amine oxide (42)

rearranged to give 43 with the retention of optical activity

as high as 84%. The tolyl group and the methyl group were proved

to orient trans to each other assuming the supra-supra mode
(44) .32)
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I ~

PTOlY{;~
Me 42

pTolyl ••... JpTolyh....
.,....Nft":":":"I' 0 N -- 0

Me:: Me~. :
I : __ H --.,. ••••.• H

H~M Me

44 43

In the rearrangement of benzyl crotyl ethers, the config­

urations of products seem to be dominated by the steric hin-
33a)

drance in the transition state of envelope form. Lithiation

of the Z ether (45) afforded only the threo-alcohol (46), which

indicates that the exo-arrangement is more favorable than the

endo-one. However, any selectivity did not appear in the E­

ether. The ratio of the erythro-form to the threo-form from
33b)

the E-ether was proposed to be 2 by another work. The same

preference of the exo-arrangement to the endo-one has been pro­

posed in the allylic rearrangement of sulfenates to sulfoxides. 34 )

r<L Ph] ---."r. ..
F

..... LiO exo

....~
~.

LiV- Ph

-
endo

MeH:C 46
'-H

RO Ph

~
'Me

...~H
RO

Ph

In the presence of sulfenate ester trapping agents (tri­

methyl phosphite and others), allylic sulfoxides (47) can be

cleanly transformed into the rearranged alcohols (48), in which

the E products are produced nearly exclusively.35) The [2,3J­

sigmatropic rearrangement of sulfur ylides (49) in which a

- 13 -



cyclohexyl ring carbon is the migration terminus occurs highly
36)

regioapecifically; 97% equatorial attack (50). A similar

selectivity in the Claisen rearrangement has also been reported
37)

but that was rather low; 75-77% equatorial attack.

Me

+R~OH

XSPh

XSp\~
50

Me

~OH
R 48

49

o Me

/~'- ~ )I

Ph T._-..o
47

R X

~~'ph
'f..J--.J )

Now, [3,3] and [2,3]sigmatropic rearrangements are compared

from the viewpoint of stereoselectivity. The energy level of the

starting system of [2,3]rearrangements is usually higher than

that of [3,3]rearrangements. Assuming that the energy difference

between alternative steric courses, e.g. leading to E and Z

products respectively, in [3,3]shift is equal to that of [2,3]­

shift, higher selectivity should be expected for [2,3]shift

which can be conducted at lower temperature. On the other hand,

the radical by-path accompanying the concerted process often

lowers the yield of the aimed product and the stereoselectivity.

- 14 -



1-2 Se1f-Immolative Asymmetric Synthesis

It is one of the most striking characteristics of the re­

action in nature that it produces specifically one of the paired

enantiomers. Thus, the mechanism of the phenomenon has been very

mysterious and an attractive subject of a number of chemists'

investigations. Chemical asymmetric synthesis is a point of con­

tact between organic chemistry and biochemical process. Since

organic chemistry originally means "chemistry of organism", the

study of asymmetric synthesis should be an important area of

organic chemistry.

In 1894, Fischer clearly outlined the concept of asymmetric

synthesis based upon his experiments in the conversion of one

1 · h d . 38)sugar to its next higher homo og V~Q the cyano y rin reactlon.

The chemical definition of asymmetric synthesis was proposed by
39) .

Marckward in 1904; "Asymmetric syntheses are those reactions

which produce optically active substances from symmetrically

constituted compounds with the intermediate use of optically

active materials but with the exclusion of all analytical proc­

ess. 1I This classical definition is based on the observation of

optical activity and experimental procedure.

The more general definition instead of the narrower one by

Marckward has been proposed with accumulation of the knowledge

about stereochemistry as well as development of the analytical

technique. Now, the following definition is accepted in general;

"An asymmetric synthesis is a reaction which converts a prochiral

unit into a chiral unit under chiral environment so that unequal

amounts of stereoisomeric products result." Chemical environment

means not only chiral reagents but also chiral solvents, cata­

lysts, and physical forces such as a circularly polarized light.

At first, the phenomenon of asymmetric synthesis was ex-

- 15 -



plained to be induced by flasymmetric molecular force" from the

asymmetric center through chemical bonds. which was advocated
40)

by McKenzie. But the concept of the asymmetric synthesis mech-

anism was changed completely by the presentation of the now well-
41)

known rules of steric controls of asymmetric synthesis by Prelog

and cram. 42 ) These rules interpret the stereochemical correlation

between a starting material and a product in terms of a model

based on steric interactions in the transition state. Since then,

these stereochemical models have been playing a role of leading

principle in the area of the asymmetric synthesis investigation.

Since the organic reaction is controlled stereoelectronically,

a steric model based solely on the interaction with steric bulk­

iness does not always repesent the real transition state topology.

Now one should attempt to analyze critically all such asymmetric

syntheses on a rational thermodynamic and kinetic basis in terms

of the steric and electronic interactions.

CB

Reaction coordinate~

A

7\----- ·~----···_·?"---r··--~····--·····?~·

/ 't--_._..._...._.._F(.._-/ \.__.i~~2!__.__.-/ -t..
, \ l I

\
\

....
.....

...- Reactants ...........
Products

1

Fig. 3. Energy-reaction coordinate diagram.

Considering the energetics in the asymmetric synthesis,

one recognizes three basic types of reactions which are under

kinetical control. These reaction types, energy diagrams for

which are given in Fig. 3, differ from each other as follow.

- 16 -



The ground state free energies of the reactants for the com­

peting pathways are identical (~Go;O). Only the free energies

of activation of the two pathways differ (~6GfI0); the extent

of asymmetric transformation depends only upon the differences

in the free energies of activation. A mixture of diastereomers

is afforded in types A and B in which the ground state free

energies of the products differ. The process of type C where

GO is zero yields a mixture of enantiomers.

And, based on the reaction systems, asymmetric syntheses

are formally classified in the following manner.

* * *1) A-C + B D -C + E

* * *2) A + B-C ---- ------+ D + E-C

*3) A + B
*

D + E
C

* *4) A + B C + D

In system 1, the substrate holds a chiral center and the

attacking species is achiral. On the other hand, the substrate

is achiral and the attacking species is chiral in system 2,

And in system 3, the substrate and the attacking species do

not hold chiral center, but the reaction proceeds under chiral

environment in the presence of chiral catalyst, solvent, and

physical agent. The reaction of type 1 has the energy profile

of A or B and is named diastereo differentiating reaction. And

the reactions of type 2 and 3 are termed enantio differentiating

reactions which have the energy profile of C.

In the above types of reactions, the chiral moiety employed

is conserved whether or not it can be practically and quantita­

tively recovered, 80 that they are of common feature in this

- 17 -



point. hence being called "conservative asymmetric synthesis".

On the other hand. the originally existing chiral center is being

destroyed at the same time that the new chiral center is being

formed in the reaction of type 4. It has been termed "self-immo­

lative asymmetric synthesis" by Mislow
43

) and "asymmetric trans-
44)

fer" by Pracejus. The transfer of chirality includes the

interconversion of centrodissymmetry and molecular dissymmetry.

Self-immolative symmetric synthesis meets strictly the require­

ments of the energy profile of C that the ground state free en­

ergies of the reactants and products are identical respectively

(~Go=O) and only the free energies of activation differ (~~Gt/O).

Self-immolative asymmetric syntheses are achieved both in

intermolecular and intramolecular fashions. The examples of the

former are the asymmetric Meerwein-Ponndorf-Verley reaction45 )

(eq. 1) and the reduction with the chiral Grignard reagent 46 )

(eq. 2). Asymmetric eliminations can be looked upon as a form

of self-immolative asymmetric synthesis (eq. 3).47) A thermal reac­

tion of olefines with maleic anhydride yielded optically active

adducts (eq. 4), which is a concerted process termed "ene reac­

t10n".48)

MeI Me

/'" +. >=0RHo Et 1.Hex

Me
'-0

tBu~
+ ...~2MgC_l_-->!o~

Me' H Et

Me
'-0..",-

Et

~··xC1MgO tBu

Me

+ ..~
RHo iHex

+
Me Et

eq. 1

eq. 2

O-
Me
1+
~- nBu _
'B CC141. u
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Me

o

(>
o

eg. 4

The self-immolative asymmetric synthesis in intramolecular

mode is achieved via a molecular rearrangement. It is the phe­

nomenon that the chirality originally residing on a moiety of a

molecule is transferred to another part in the same molecule

during simultaneous fission and formation of chemical bonds.

Consequently, the study of the intramolecular self-immolative

asymmetric synthesis can be regarded as the study of the stereo­

chemistry of molecular rearrangement. The change of stereochem­

istry at the same atom during a reaction is excluded from self­

immolative asymmetric synthesis but is the object of stereochem­

ical study of rearrangement.

Interest in the asymmetric synthesis of this category has

often been forcused on the reactions which occur through [3,3]

and [2,3]sigmatropic rearrangements. As was referred to in the

preceding section, these investigations have shed light on the

stereochemical course of the sigmatropic rearrangements. The

development of the stereochemical theory of the sigmatropic

rearrangement has a close relation to the accumulation of ex­

perimental results of these self-immolative asymmetric synthe­

ses.

In other than [3,3] and [2,3]changes, a self-immolative

asymmetric synthesis was also carried out through the [1,5]­

sigmatrop1c rearrangement. The optically active diene gave the

two iaamera expected from thermally allowed suprafacial fashions
49)

(eq. 5). Recently, an asymmetric induction in the pyrolysis

- 19 -



50)
of 8-hydroxy olefines was reported (eq. 6), which is clas-

sified in "re tro-ene reaction".

0
Me

.. [:f:e
Me Et

0~
eq. 5

~MeMe D "Et
Et e

H

11 Me ::;(Phrh .- PhCHO + ... eq. 6
Ph

OB

Contrary to the concerted process, the radical dissocia­

tion-recombination mechanism makes one recall a loose stereo-

chemical course resulting in a low asymmetric yield. Although

the Stevens rearrangement proceeds via a radical path, the ex-
51)

tent of asymmetric synthesis was presumed to be substantial. A

self-immolative asymmetric synthesis with nearly quantitative

stereoselectivity was effected in the base-catalyzed 1,3-tau­

tomerism of 3-methyl-l-alkylindenes to 3-alkyl-l-methylindenes.
52

)

Stereoselective intramolecular hydrogen transfer has been ob­

served in the acid catalyzed isomerization of an alcohol to a

ketone. 53)
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2 STEREOCHEMISTRY OF THE REARRANGEMENT
OF AN ALLYLIC AMINE OXIDE

2-1 Objective

The reactions upon heating of tertiary amine oxides fall

in the following categories.

(eq. 7)

(eq. 8)

(eq. 9)

Elimination Ceq. 7); The tertiary amine oxides decompose,
" 54)when heated, to yield olef1nes plus hydroxylamines, which

proceeds by cis-elimination mechanism. 55) Oxidation Ceq. 8);

Pyridine oxide can oxidize halides to yield aldehydes or ketones

i h f "d 56) R (9) I hn t e presence 0 epox1 es. earrangement eq. ; n t e

case that a benzyl group is attached to nitrogen atom of amine

oxides, this group may migrate from nitrogen atom to oxygen

atom to yield O-substituted hydroxylamines. Similar reaction

can proceed when an allyl group is attached to nitrogen atom.

These rearrangement reactions are designated as the Meisenheimer
57)

rearrangement.

Reactions belonging to the last category are of interest

from the mechanistic point of view. The reaction mechanism of

the amine oxides carrying a benzyl group is believed to differ

from that of the allylic amine oxides. In the rearrangement of

benzylamine oxide, the reaction proved to proceed through the

radical dissociation-recombination by esr58 ) and CIDNP59)

studies. Besides, this route through which racemization should
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63)

be expected to occur was confirmed by the investigation em­

ploying optically active N,N-dimethylbenzyl-(a-d)-amine

oxide. 58)

In the case of allylic amine oxides, the concerted mecha­

nism via a 5 membered cyclic transition state was suggested

from the observation that N-crotyl-N-methylaniline oxide rear-
60)

ranged with inversion of the crotyl group. Recently the

concertedness of this reaction was more clearly confirmed with

the study of a self-immolative asymmetric synthesis of a chiral

amine oxide. 32 )

This process is classified in the [2,3lsigmatropic rear­

rangement. It is also known that this process is accompanied

by a second pathway shown to be a radical-pair mechanism. The

dual pathway (eq. 10) have been observed actually in the Wittig

rearrangement 26 ) and the rearrangements of N-ammonio-amidates
6l

)

and carbenes derived from imidates. 62 ) The mechanistic dif-

ference depends on molecular environment and reaction condition.

In the case of the rearrangement of triallylamine oxide

and the analogs, radical mechanism was proposed from the ki­
64)

netical study. The concerted process usually has lower ac-

tivation energy, as revealed by the fact that the proportion

of the product which is formed by the concerted pathway to

that afforded by the radical pathway increases at lower temper­

ature.

[

x=y I
'V J

- 22 -
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In order to clarify the stereochemistry of the rearrange­

ment of the allylic amine oxide and to discuss the reaction

mechanism. the present author undertook to effect the thermal

rearrangement of an optically active allylic amine oxide, N,N­

dimethyl-(ZE)-l-methyl-3-phenyl-2-propenyl amine oxide (53).

which was expected to rearrange into O-1-phenyl-2-butenyl-N.N­

dimethylhydroxylamine (56) through the concerted mechanism.

The result of the present self-immolative asymmetric synthesis

will enable one to elucidate the steric course and the transi­

tion state topology of the [2.3]shift and add to the knowledge

of the reaction mechanism. Furthermore the influence of tem­

perature on the variation of the rearrangement products and

the stereochemistry might also shed light on the reaction

mechanism.
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2-2 Result and Discussion

Preparation of the ehiral amine oxide~ N~N-dimethyl-(2EJ­

(lsJ-l-methyl-3-phenyl-2-propenylamine oxide (53).

Benzalacetone oxime65 ) from benzalacetone
66

) was reduced

with zinc dust in acetic acid to yield (±)-(lE)-I-phenyl-3­

amino-I-butene [(±)_Sl).67) The levorotatory enantiomer having

[aID -7.8° was obtained by optical resolution with (+)-tartaric
68)

acid. The Eschweiler-Clarke methylation of (-)-51 gave the

N-methylated amine [(-)-52, [aID -34.0°). The amine oxide (53)

was obtained by the action of peracetic acid and directly sub­

jected to the rearrangement reaction because of the lability

of 53. The amine oxide (53) was characterized by the picrate,

[aID -54.4°, in a parallel run starting from (-)-52 having a

rotation [aID -36.4°.

Scheme 1

H
I

Ph-C=C-C-CH 3, u
H NOH

H
Ph-C=C-CH-CH 3

it I
N(CH3)2 52

H
I

Ph-C=C-CH-CH], I
H NH2 51

H,
Ph-C=C-CH-CH 3Ii I

O....N(CH3)2 53

(+)-51
H

I

Ph-C=C-CH-CH 3
I I

54 H NHCOPh
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The S configuration of (-)-51 was established by chemical

correlation of the enantiomeric (+)-51 to (-)-N-benzoylalanine

methyl ester69 ) of the well defined R configuration. through

the consecutive N-benzoylation, barium permanganate cleavage.

and esterification with diazomethane. In the earlier stage of

this investigation. the author deduced the R configuration to

(-)-51 based on the catalytic hydrogenation of (-)-51 ([a]D

-8.9°) to give (+)-1-phenyl-3~aminobutane ([a] 10.1°), to
v D 70)

which the R configuration was inferred by Cervinka. In con-

trast. the opposite S configuration was claimed for the same

(+) enantiomer by Terent~ev.7l) The author was inextricably

confused by this situation and so he worked out the absolute

assignment of configuration by independent and unambiguous means.

Recently, the S configuration of (+)-1-phenyl-3-aminobutane was
72)

supported by Nagai based on chiroptical data; the CD spectrum

of the N-DNP derivative of the (+)-saturated amine shows the

positive Cotton effect around 400nm which indicates the posi­

tive chirality of the two transition moment (phenyl and DNP

groups) and consequently the S configuration.

The optical purity of (-)-51 was determined to be 81%

on the basis of the maximum rotation. [olD 9.6°, found by the

optical resolution via the (-)-ma1ic acid salt.

Rearrangement and correlation of products

After testing several rearrangement conditions, it was

found to be most appropriate to stand the amine oxide (53) at

-20 DC for 24 days. Under these conditions. 53 rearranged to

O-(2E)-l-phenyl-2-butenyl-N.N-dimethylhydroxylamine (56) in

44% yield based on {-)-52. The E geometry of the double bond

in 56 was established by ir and pmr spectra in comparison with

-n-



(2E)-l-phenyl-2-buten-l-01.

Since the rearrangement product 56 was not so stable as

to permit one to observe constant rotation at room temperature,

it was at once hydrogenated over platinum oxide to give the

saturated hydroxylamine [(-)-57]. [a]n -83.4°. Reductive N-O

bond fission of (-)-57 with zinc dust in acetic acid afforded

(-)-1-pheny1-1-butano1 [(-)-58], [a]o -31.6°.

Scheme 2

Ph-CH-CH2CH2CH3
I

O"'N(CH 3)2 57

H
I

Ph-CH-C=C-CH 3
I H
O'N ( CH 3) 2 56

Ph-CH-CH2CH2CH3
I

OH 58

Successful transfer of the chirality originally residing

on the tetrahedral carbon to the trigonal carbon was thus

achieved in the present system. Since the S configuration of
73)

the end product (-)-58 has been unambiguousfY established,

the same configuration can be assigned to the parent (-)-57

and 56. Consequently, the S configuration of the [2,3]rear-

rangement product 56 was newly created at the expense of

the S chirality of the substrate amine oxide (53). The optical

purity of (-)-58 proved to be 69% based on the reported max­

imum rotation [a]n _45.9°,74) so that 85% optical activity was

retained during the present process. It was reported that ca.

16% racemization occurred when the hydroxylamine derivative of

(-)-benzy1 alcohol-a-d was treated with zinc dust in acetic
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acid. 75 ) To assess the extent of racemization inherent to the

method for N-O bond cleavage, (-)-l-phenyl-l-butanol (58) having

a rotation [a]n -41.2 0 was subjected to exactly the same treat­

ment and the recovered alcohol had a rotation [a]n -35.4 0 which

corresponded to ca. 86% retention of optical activity. It then

follows that the optical yield in the present self-immolative

asymmetric synthesis can be looked upon as being nearly quan­

titative.

The complete transfer of chirality during the [2,3]shift

supports the concerted mechanism and excludes the radical dis­

sociation-recombination. There are two conceivable transition

states expected for thermally allowed [2,3]sigmatropic rear­

rangement from the viewpoint of the conservation of orbital

symmetry; doubly suprafacial and doubly antarafacial (cf. p.10).

H H

Ph~' ..·;fy..... CH
O=N 3

yo \

59 S,E

Ph .O~"~-....-..CH3

Y
.. ....'. ,

' ...~ : .,.
.rt'

H \ H

61 R,E

AI
0-------- N

PhY" .~H

H CH 3

60 R,Z

/
Phr(>

- N

--. X~':\\H'0" "'~\-
H

CH 3

62 S, Z

Fig. 4. Transition state topologies of (2,3]shift of 53

Depicted in Fig. 4 are the conceivable transition state

topologies which may not only meet the orbital symmetry require-
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ments, but also may account for the newly created chirality and

double bond geometry of the product in the present [2,3]sigma­

tropic rearrangement. The finding that (S)-(E)-amine oxide (53)

rearranged to give (S)-(E)-hydroxylamine (56) cogently supports

the fashion 59. In this fachion. both fragments orient doubly

suprafacial, which is geometrically preferred to the antara­

facial modes (61 & 62) (cf. p.ll). The preference of the mode 59

to an alternative suprafacial 60 could be rationalized by the

unfavorable nonbonded interaction between methyl group and hy­

drogen atom which orient syn-quasi-axial in an envelope form

of the latter.

When the amine oxide (53) derived from (R)-(+)-52. [a]
D

36.6° (87% optical purity). was heated in chloroform under re-

flux for 1 hr, the [1.2]shift product, (+)-O-(2E)-1-methyl-3­

phenyl-2-propenyl-N,N-dimethylhydroxylamine [(+)-63], [o]D 6.9°,

was obtained in an overall yield of 56% from 52 through 63.

There was no detectable contamination of the [2.3]shift product

56.

Scheme 3

H
I

Ph-CH-C=C-CH 3
1 : H
O'N(CH3) 2 56

1
H

Ph-C=C-CH-CH 3
H I

O'N(CH3)2 63

Ph-CH2CH2-CH-CH3
I

O'N(CH3h 64
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Hydrgenation of (+)-63 over platinum oxide gave the sat­

urated hydroxylamine [(-)-64], [aID -6.6°. Subsequent treat­

ment of (-)-64 with zinc dust in acetic acid afforded (-)-4­

phenyl-2-butanol (65), [aID -3.2 D
• The R configuration can be

safely assigned to (-)-64 and {+)-63, and the optical purity

was assesed to be 17% by transformation to (-)-65 whose R con-
70) 20 ° 76)figuration and maximum rotation, [aID -19.41, have

been known.

The chirality at the carbon atom originally bonded to the

nitrogen atom was conserved to the extent of 20% (corrected

for the optical purity of the amine oxide used) at the same

chiral center during the present thermal process.

An aliquot of chloroform solution of the chiral amine

oxide (53) was subjected to [2,3]rearrangement under the same

condition described above and the resultant product 56 was

then heated in chloroform under reflux for 1 hr. Along with

a small amount of 56, the compound (+)-63 was obtained, which

upon hydrogenation was converted into (-)-64 having a rotation

[aID -6.5°. Consequently, the conservation of chirality in the

course of the present consecutive [2,3] and [1,3]rearrangements

compared well with that of the direct thermall [1,2]shift.

These facts show that the (1,2]shift upon heating takes

place via the classical Meisenheimer mechanism. 59) The higher

the temperature. the more radical path seems to prevail in

competition with the [2,3] concerted rearrangement, which is

often observed in similar thermal preocesses (cf. p.ll). The

radical dissociation-recombination is supported by the fact

that the conservation of chirality at the carbon atom was of

the extent of 20%. which might be a little bit larger because

of the method employed for N-O bond fission. The value is in

accordance with the observation that the rearrangement of
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(+)-N N-dimethyl-benzyl-a-d-amine oxide preceeded with 22-39%
, 58)

retention of configuration via a radical intermediate. The

radical pair intermediate of the present [l,2]shift can be for~

mulated as explicit in 66. N,N-Dimethylnitroxide radical is

in juxtaposition to the allylic radical. The orientation seems

to permit access of no less than 20% of retention at the chiral

center concerned during the thermal process which has inevita-

ble randomness.

66

It seems likely that the [l,3]shift from 56 to 63 involes

a process of dissociation into two halves, since the magnitude

of racemization is comparable with that of direct [l,2]shift.

The same solvent-caged radical pair was assumed in the [1,3]-
77)

rearrangement of O-linalyl-N,N-dimethylhydroxylamine.

Concerted processes have large negative entropies of ac­

tivation, 6S~ and relative small enthalpies of activation, 6H+.

On the other hand, radical dissociation-recombination processes

have smaller ~S+ and larger 6H+ (cf. p.l). Since activation free

energy is defined as 6G+=6H+-T~S+, it is rational that the

radical mechanism becomes to prevail over the concerted process

with increasing temperature. This is the case for the present

thermal processes and the energy profile of the reaction can

be roughly depicted as in Fig. 5. It can be explained by prod­

uct stability that the [l,2]shift product was finally obtained

on heating. The higher stability of 63 than 56 is rationalized
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by the conjugation of double bond with phenyl.

----- concerted process

\
56 \

--L63

----- radical path

56

53

~ ...-,,:.- ...,
/ , ~

I \\
I \ \

1 \ \
I , \
I \ •
I \ \, \ \, \

I \ \/ \ ,
I \ \
r \ ,
r ,, ,, ,, ,, ,,

••
--'-63

I

at lower temp. at higher temp.

Reaction coordinate -
Fig. 5. Energy-reaction coordinate diagram.
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2-3 Experimental

All melting and boiling points were uncorrected. Ir spectra

were recorded with a Hitachi EPS-2 and a Hodel 215. Pmr spectra

were measured on a Vairian Associates Hodel A-60 and a Hodel

EM-360. Elementary analyses were done by a Yanagimoto CHN-corder

TH-l. optical rotations were observed with a Yanagimoto OR-50 or

a Perkin Elmer R-24l.

In pmr spectra, chemical shifts are reported in 6-values

relative to THS as an internal standard~ and the data are given

in the o~er of multiplicity (5; singlet, d; doublet, t;

triplet, m; multiplet), integration and assignment.

A Varian aerograph Hodel A-700 was used for preparative

vpc (column; length 3m, diameter 3/8inch).

Preparation of the chi1'al C1l1tine oxide

Benzalacetone oxime

Benzalacetone
66

) (200g; 1.37 mol), hydroxylamine hydro­

chloride (114g, 1.64 mol) and sodium acetate (135g) were heated

under reflux in ethanol (960ml) for 4 hr, and allowed to stand

overnight at room temperature. The mixture .was filtered and

evaporated to a reduced volume. Addition of vater gave the crys­

talline oxime. Recrystallization from etbanol-water yielded

1969 (89%) of benzalacetone oxime; up 117°C (lit. 65) -p 89°C).

(±)-(lE)-1-Phenyl-3-amino-l-butene [(!J-5l]

Benzalacetone oxime (63g. 0.39 Il101) was dissolved in a mix­

ture of ethanol (500ml) and acetic acid (500m1). Zinc dust (284g.

3.7 g atom) was added to the mixture in saall portions at 10°C

with mechanical stirring. The JIliIture vas allowed to stand over-
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night at room temperature and heated under reflux for 1 hr, then

. filtered and distilled in steam. The remaining solution was

made alkaline with 30% sodium hydroxide and the amine was dis­

tilled off with steam. The steam distillate was saturated with

potassium carbonate and extracted with ether. The ether extract

was dried over anhydrous potassium carbonate and evaporated.

Distillation gave 20g (29%) of (±)-5l; bp 120-122°C (2Omm),

~l 1.5614, ir (liquid): vNH2 3400 & 3320, 6=CH(E) 966cm- 1 ,

pmr (CDC1 3): 6 1.23(d,3H,CH 3). 1.41(s,2H,NH2 ), 3.65(m,lH,CH),

5.96-6.64(m,2H,CH=CH), 7.l4-7.43(m,5H.phenyl). Benzamide; mp

137°C (lit;67) mp 136-137°C).

(-)-(lE)-1-Phenyl-3-amino-l-butene [(-)-51]

The racemic amine (30g, 0.2 mol) was added to (+)-tartari~

acid (31g, 0.2 mol) in ethanol (1200ml) and the salt formed

was recrystallized twice from ethanol to yield colorless plates

(llg); mp l65-l66°C, [a]~l 0.0° (0 0.20, ethanol). The amine

liberated from the salt had [a]~O -7.8° (0 10.0. benzene).

Benzamide; mp l45-l46°c

Elementary analysis

Caled

Found

C: 81.24

c: 81.23

C17H17NO

H: 6.82

H: 6.86

N: 5.57

N: 5.55

(+)-(lE)-1-Phenyl-3-amino-1-butene [(+)-51]

The racemic amine (31g, 0.21 mol) was added to (-)-malic

acid (28g. 0.21 mol) in ethanol (230ml). The salt obtained was

recrystallized 6 times from ethanol to yield 2.8g of crystals;

mp l57-158°C. [a]~6 35.I D C (0 1.0, ethanol). The physical con­

stants did not alter on further recrystallizations. From the

crystals the optically pure enantiomer was obtained; [a]~7 9.6 0

(0 9.8. benzene).
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Configurational correlation of (+)-51

(-)-N Benzoylalanine methyl ester [(-)-55] from (+)-51

The N-benzoylation of (+)-51 (4.0g. 27 romol. [a]~O 7.2°)

was effected in the usual manner to give (+)-(lE)-1-phenyl-3­

benzoylamino-l-butene (6.5g. 95%); mp 132°C. [a]~O 34.2° (c 1.0.

methanol). To the benzoylamine [(+)-54. 2.5g, 10 romol] dis­

solved in pyridine (2Oml) were added. alternately and stirring

barium permanganate (5.0g, 13 romol) in water (4Oml) and barium

hydroxide (5.0g) in warm water (5Oml). The temperature was kept

at 40°C. Manganese dioxide was filtered off, washed well with

hot water. and the filtrate and washings were combined. The

solution was warmed with a small amount of methanol to destroy

excess of permanganate, carbon dioxide was passed to precipitate

barium and the solid was filtered off. The filtrate was evapo­

rated to dryness and the residue was dissolved in 50% ethanol.

Barium was removed with 4N sulfuric acid with rhodizonic indi­

cator. The filtrate was evaporated to a reduced volume and ex­

tracted with ethyl acetate. After drying over anhydrous sodium

sulfate. ethyl acetate was evaporated to dryness and benzoic

acid was removed with hot ligroin. The residue was dissolved in

ethanol (5ml) and ethereal solution of diazomethane was added

to the solution until a faint yellow color persisted. After

standing overnight. the mixture was evaporated. The product was

purified by the silica gel column chromatography (eluent; ben­

zen:ethyl acetate~8:1). Crystallization from ligroin yielded

(-)-55; mp 53-54°C (lit. 69a) mp 58°C). [a]~9 -29 0 (c 2.0, acet­

ylene tetrachloride). ir (KBr): vNH 3300, vOC=O 1745, vNC=O

1630 em-I. pmr (CDCI 3): 0 1.52(d.3H.CH3), 3.82(s.3H,OCH3)' 4.62­

5.13(m,lH,CH), 6.65-7.08(broad,lH,NH), 7.40-8.08(m,5H,phenyl).

Elementary analysis CIIH13N03
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Calcd

Found

c: 63.75

c: 63.75

H: 6.32

H: 6.49

N: 6.76

N: 6.94

The ir and pmr spectra were identical in every respect with

those of the authentic (+)-55 which was derived from (+)-alanine.

(+)-N-Benzoylalanine methyl ester [(+)~55] from (+)~alanine

(+)-Alanine (3.0g. 35 romol) was dissolved in water (3Oml),

then sodium bicarbonate (22g) and benzoyl chloride (14.5g, 103

romol) in small portions were added. The mixture was shaken at

room temperature for 1 hr and filtered. The crude product was

deposited by the addition of conc. hydrochloric acid. Benzoic

acid was extracted off with hot ligroin. Recrystallization from
20

water yielded (+)-benzoylalanine (3.5g. 54%); mp l40-l55°C. [olD

19.1° (c 9.3. water containing equivalent of potassium hydroxide)

(lit.
69b

) mp l5Q-15loC, [a]~O 37.13°). By the addition of diazo­

methane. (+)-55 was obtained (56%); [a]~9 33°.

(-)-(LE)-1-Phenyl-3-N,N-dimethylamino-l-butene [(-)-52]

To (-)-51 (4.0g, 27 romol) formic acid (98%. 25g, 530 romol)

was added with ice cooling, then formaldehyde (36%, 20g, 240

romol) was added. The mixture was heated at 55-60°C for 13 hr

and under reflux for 4 hr. The mixture was treated with conc.

hydrochloric acid (12ml) and distilled in steam. Then the re­

maining mixture was made alkaline with 30% sodium hydroxide

and the amine was distilled in steam. The steam distillate was

saturated with potassium carbonate and extracted with ether.

The ether extract was dried over anhydrous potassium carbonate

and evaporated. Distillation gave (-)-52 (2.3g, 47%); bp 133­

134°C (2lmm), ~2 1.5351 [lit.
78

) bp 1~9-140°C (25mm), n~5

1.5350 for the racemate]. [a]~O -34.0° (c 10.0, benzene), ir

(liquid): o=CH(E) 969cm- 1 • pmr (CDC1 3): 0 1.23(d,3H,CH3)' 2.27
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[s.6H.N( CH 3)2], 3.04(m,lH,CH). 5.94-6.63(m.2H.CH~CH). 7.14­

7.46(m,5H,phenyl).

Picrate of N.N-dimethyl-(2E)-1-methyl-3-phenyl-2-propenyl­

amine oxide (53)

Peracetic acid (40%. 1.3g, 7 mmol) was added dropwise at

-40°C to (-)-52 (0.81g, 4.7 mmol, [a]IS -36.4°) in chloroform
D

(20ml). The reaction mixture was allowed to stand at -20°C over-

night and then made alkaline with 10% sodium hydroxide and the

aqueous layer was extracted with chloroform (15ml x 3). The

combined extract was dried over anhydrous potassium carbonate

and filtered. Picric acid (0.85g. 3.7 mmol) in ethanol (20ml)

was added to the filtrate. and the mixture was stored in a re­

frigerator. The picrate salt deposited (0.75g. 38%); mp 141­

l42°C. Recrystallization from ethanol yielded the analytical

sample; l44-l45°C. [a]~l -54.4° (0 0.50. methanol). ir (KBr):

vN-O & o=CH(~) 968 & 962cm- I , pmr (DMSO-d6 ): 0 l.57(d,3H.CH 3),

3.30(broad,lH.OH), 3.39 & 3.42[s.6H,N(CH3)2]' 4.50(m.1H.CH).

6.l5-7.08(m.2H.CH=CH). 7.22-7.68(m,5H.phenyl). 8.58(s.2H.pic-

rate).

Elementary analysis CISH20N40S

Calcd C: 51.43 H: 4.80 N: 13.33

Found C: 51.14 H: 4.98 N: 13.10

Rearrangement and correlation of products

[2.3]Rearrangement of 53 to give O-(ZE)-1-phenyl-2-butenyl­

N.N-dimethylhydroxylamine (56)

The amine oxide (53) was obtained by the oxidation of (_)_

52 (2.3g. 13 mmol, [a]~O -34.0°) with peracetic acid (40%, 3.8g,

20 romol) in chloroform (60ml) in exactly the same way as de-
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scribed above. The amine oxide in chloroform was allowed to

stand still at -20°C for 24 days. The chloroform solution

was filtered through activated alumina (50g) and evaporated in

vacuo at O°C. The hydroxylamine (56) [l.lg, overall yield

of 44% from (-)-52]; ir (liquid) o=CH(E) 962cm- 1 , pmr (CC14 ):

6 1.70(m,3H,CH3)' 2.47[s,6H,N(CH3)2], 4.74-5.72(m,3H,CH &

CH=CH), 7.27(s,5H,pheny1).

(-)-O-1-Phenylbuty1-N,N-dimethylhydroxylamine [(-)-57]

Over platinum oxide (4Omg) in ethanol (80ml), 56 (l.lg,

5.2 mmol) was hydrogenated with ice cooling in a shaking appa­

ratus, 122m! of hydrogen having been absorbed (91% of the the­

oretical amount). After filtration, the ethanol solution was

evaporated to give the saturated hydroxylamine [(-)-57] (l.Og,

90%). The analytical sample was obtained by preparative vpc

(5% DEGS on Neosorb, 150°C, He 80ml/min); ~s 1.4842, [a]~6

-83.4° (c 6, benzene), pmr (CC1 4): 0 0.93(m,3H,CH3)' 1.15-1.85

(m,4H,CH2CH2)' 2.37[s,6H,N(CH3)21, 4.43(t,1H,CH), 7.19(s,5H,

phenyl).

(-)-1-Phenyl-l-butano1 [(-)-58]

Zinc dust (2.0g, 26 mg atom) and 30% acetic acid (2Om1)

were added to (-)-57 (1.0g, 5.2 mmol, [a]~6 -83.4°). The mix­

ture was heated under reflux for 5 hr and extracted with ether.

The ether extract was washed with saturated sodium carbonate

and water. dried over anhydrous sodium sulfate. and evaporated

to give the 1evoratatory alcohol [(-)-58], (0.58g, 75%). The

analytical sample was obtained by preparative vpc (5% PEG 20M

on Neosorb, 200°C, He 70ml/min); mp 36-37°C (lit. 74) 49-S0°C

for pure enantiomer). [a]~2 -31.6° (c 10.0, benzene), ir (KBr):

vOR 3260cm- 1, pmr (CDC1 3): 0 0.98(m.3H.CH3), 1.14-1.95(m.4H,
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CHZCHZ). 2.03(8.lH.OH). 4.73(t.lH.CH), 7.42(s.5H.phenyl).

Elementary analysis

Calcd

Found

C: 79.95

C: 79.77

CIOH l40

H: 9.39

H: 9.53

Control reaction

Zinc dust (4.0g) and 30% acetic acid (4Oml) were added to

(-)-58 (1.55g. [a]b9 -41.2°) and the mixture was treated in ex­

actly the same way as described above. The recovered alcohol

(-)-58 (1.3g) had [a]~O -35.4°.

[l,2]Rearrangement of 53 to give (+)-O-(lE)-l-methyl-3­

phenyl-2-propenyl-N,N-dimethylhydroxy1amine [(+)-63]

The amine oxide (53), obtained from (+)-52 (5.0g, [a]~5

36.6°) and peracetic acid (40%, 8.2g) in chloroform (l20ml),

was divided into two portions, (i) 200ml and (ii) l60ml.

The portion (i) was heated under reflux for 1, hr and evap­

orated, then the product was purified by thealuminacolumn chro­

matography (eluent; hexane) to give the hydroxylamine [(+)-63]

[l.7g, 56% from (+)-2]; ~6 1.5178, [a]~5 6.9 0 (c 5.8, benzene),

ir (liquid): o=CH(E) 95Scm- l , pmr (CC14): 0 1.27(d,3H, CH3)'

2.5S[s.6H,N(CH 3)2], 4.35(m,IH,CH), 6.00-6.78(m,2H.CH=CH), 7.20­

7.62(m,SH,phenyl).

(-)-O-l-Methyl-3-phenylpropyl-N,N-dimethylhydroxylamine

[(-)-64]

Over platinum oxide (10Omg) in ethanol (SOml), (+)-63 (1.7g,

8.2 mmol, [a]~5 6.9°] was hydrogenated in a shaking apparatus,

193ml of hydrogen (89% of the theoretical amount) haVing been

absorbed. After filtration, the ethanol solution was evaporated

to afford the saturated hydroxylamine [(-)-64] (1.3g, 76%). The
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analytical sample was obtained by preparative vpc (5% PEG 20M on

Neosorb, I80 a C, He 8Oml/min); n56 1.4823. [a]~5 _6.6° (e 10.3.

benzene), pmr (CC14 ): 6 1.15(d,3H.CH 3), 1.34-2.17 & 2.58-2.99

(m,4H,CH2CH2)' 2.53[s,6H,N(CR3)2]' 3.7l(m,lH,CH), 7.27(s,5H,

phenyl).

(-)-4-Phenyl-2-butanol [(-)-65]

Zinc dust (1.6g) and 30% acetic acid (16ml) were added to

(-)-64 (0.8g, [a]~5 -6.6°) and the subsequent work up in exactly

the same manner as described for (-)-58 yielded the levorota­

tory alcohol [(-)-65] (0.64g, 96%). The analytical sample was

obtained by preparative vpc (5% DEGS on Neosorb. 170°C, He 50

ml/min); ~8 1.5090, [a]~6 -3.2 (c 6.2, benzene), ir (liquid)

vOH 3350cm- 1 , pmr (CC1 4 ) 6 1.17(d,3H,CH3), 1.49-1.92 & 2.53­

2.90(m,4R,CH2CH2), 2.13(s.lH,OH). 3.75(m,lH,CH), 7.19(5,5H,

phenyl).

Phenylurethane; mp 113-l14°C (lit. 79 ) mp 113 D C for racemate).

Elementary analysis C17H19N02

Calcd C: 75.81 H: 7.11 N: 5.20

Found C: 76.03 H: 7.27 N: 5.25

Consecutive [2,3] and [1,31rearrangements of 53

The portion (ii) containing the amine oxide (53) was first

allowed to stand at -20 DC and wored up in the same way as de­

scribed for 56 to afford the same product 56 (1.2g, 48%), which

was then heated in chloroform (160ml) under reflux for 1 hr to

yield crude (+)-63 (l.lg, 92%). The contamination by 56 was de­

tected to an extent of ca. 17% as estimated by pmr spectroscopy.

The product 63 was hydrogenated to give (-)-64, which on puri­

fication by preparative vpc afforded the analytical sample,
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(±)-l-Phenyl-l-butanol [(i)-58]

Butyraldehyde (36g, 0.5 mol) in ether (lOOml) was added

dropwise to phenylmagnesium bromide [from bromobenzene (86g.

0.55 mol) and magnesium (12g, 0.5 g atom)] in ether (500ml).

The reaction mixture was stirred overnight at room temperature.

The Grignard adduct was worked up in the usual manner and dis­

tillation gave (±)-58 (Sag, 67%); bp ll9-122°C (21mm)

[lit. 74 ) bp lI6-ll8°e (2Omm)].

Acid phthalate of (±)-58

Phthalic anhydride (74g, 0.5 mol) and anhydrous pyridine

(26g) were added to (i)-58 (Sag. 0.33 mol). The mixture was

heated at lOOoe for 4 hr and poured into 6N hydrochloric acid

with ice cooling. The product was extracted with ether and

the ether extract was washed with water, dried over anhydrous

sodium sulfate. and evaporated. The residue was crystallized

from a mixture of carbon disulfide and petroleum ether to afford

the acid phthalate (74g, 74%); mp 89-90 0 e (lit. 74 ) mp 88°C).

(-)-l-Phenyl-l-butanol [(-)-58]

To the acid phthalate (70g, 0.23 mol) in benzene (300ml)
80) 20(-)-a-phenylethylamine [28.4g. 0.23 mol, [a]D -39.9° (neat)

(lit. [a]~5 -39.2- -39.7°)] was added. The salt obtained was

recrystallized twice from benzene to yield slender needles

(24.4g); mp ll4-ll5°C, [a]~O -1.8° (c 5.0. methanol). The salt

was treated with 6N hydrochloric acid the liberated acid phtha­

late was extracted with ether. The ether extract was dried and

evaporated. The levorotatory acid phthalate (17g); mp 6l-65°C,

[a]~9 -10.9° (c 5.6, ether) (lit. 74) mp 53°C, [al
D

-10.2°). It
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N: 7.32

N: 7.38

was hydrolyzed in 10% sodium hydroxide (180ml) by heating at

80°C for 1.5 hr. The resulting carbinol was extracted with

ether. Distillation gave (-)-l-phenyl-l-butanol [(-)-58] (7.0g,

87% from the levorotatory acid phthalate); mp 38-40°C, [a]~9
74)

-41.2° (c 10.0, benzene) (lit. mp 49°C, [a]D -45.9° resolved

with strychnine).

(2E)-1-Phenyl-2-buten-l-ol

E-Crotonaldehyde (7.0g, 0.1 mol) in dry tetrahydrofuran

(lOml) was added dropwise with ice cooling to phenylmagnesium

bromide [from bromobenzene (15.7g, 0.1 mol) and magnesium (2.4g,

0.1 g atom)] in tetrahydrofuran (sOml). The reaction mixture

was stirred overnight at room temperature. The Grignard adduct

was hydrolyzed with ice cold water and was worked up in the

usual manner. Distillation gave (2E)-1-phenyl-2-buten-l-ol (8.lg,

55%); bp 74-75°C (3mm) [lit. S1 ) 9D-92°C (2mm)], ~5 1.5321, ir

(liquid):6=CH(E) 958cm- 1 , pmr (CC1 4 ): 61. 72 (m, 3H,CH 3), 2.56 (5 ,lR,

OR), 4.94-5.84(m,3H,CH &CH=CH), 7.34(m,sH,phenyl).

Hydrogenation of (-)-51 to yield (+)-l-phenyl-3-aminobutane

Over palladium carbon (5%, 25Omg) in ethanol (8Oml), (-)-51

(5.0g, 34 mmol, [a]~5 -8.9°) was hydrogenated in a shaking appara­

tus, 830m! of hydrogen (the theoretical amount) having been ab­

sorbed. Distillation gave the saturated amine; bp lOB-109°C (lBmm)

~7 1.50Bl, [a]~7 10.1° (neat), [lit. 67) bp 10l-l02°C (14mm) , ~o

1.5152 for the racemate).

Acetamide; bp 149°C (2mm.), mp 6B-69°C, [a]n26 -35.2° (c 0.7,
70)

ethanol), [lit. bp l42-l50°C (3mm.), mp 55°C].

Elementary analysis C12H17NO

CalcdC: 75.35 H: 8.96

Found C: 75.33 H: 9.11
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3 STEREOCHEMISTRY OF THE REARRANGEMENT
OF TRICHLOROACETIMIDATES

3-1 Objective

In the preceding section, the author described transfer

of chirality from tetrahedral carbon to trigonal carbon with

nearly quantitative conservation of chirality. The finding not

only indicates that the reaction proceeds via [2,3]sigmatropic

rearrangement but also offers a novel method for stereospecific

synthesis of alcohols from amine oxides with allylic inversion.

The reverse transformation, allylic alcohols to amines with

allylic inversion, can be achieved by the Chapman-type rearrange-
82)

ments (eq. 11), which are classified as [3,3]sigmatropic re-

arrangement according to the Woodward-Hoffmann rule. The con­

version of an allylic phenylurethan into an N-phenylallylamine

by Hill was the sole precedent in which the stereochemistry was

thoroughly elucidated (eq. 12).22) In spite of the reasonable

stereochemical outcome in favor of a doubly suprafacial mode,

the optical yield obtained (65%) was rather moderate in view

of the general observations in this type of rearrangements (cf.

p.6 & 9). This may presumably be due to the radical by-path.

(' >
/j

0yNAr 0yNAr

R R

0 ~ a
0yNHPh NHPh

°

eq. 11

The Chapman Rearrangement

eq. 12

O.Y. 65%
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RecentlYt the rearrangement of al1y1ic trich1oroacet~date8

83)
to trichloroacetamides was reported by Overman (eq. 13).

This process would be advantageous in enabling one to ensure

high yields of primary amines over those which are l~ted by

substituents on nitrogen.

eq. 13

The author now presents another self-immolative asymmetric

synthesis of amines from chiral a1ly1ic alcohols by the use of

trichloroacetimidic ester as an intermediary. The substrate

used in the present study was the chiral trichloroacetimidate,

(+)-(2E)-1-methyl-3-phenyl-2-propeny1 trich1oroacetimidate

[(+)-68].
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3-2 Result and Discussion

[3,3]Rearrangement of (2EJ-(lR)-1-methyl-3-phenyl-2-propenyl

triahloroaaetimidate (68).

By the treatment with sodium hydride and trichloroaceto­

nitrile. (+)-(3E)-4-phenyl-3-buten-2-ol [(+)-67, [n]D 17.3°]84)

was converted to the trichloroacetimidic ester [(+)-68] having

[u]D 34.7° in 94% yield. whose purity proved to be 85% as as­

sessed by pmr spectrum. The trichloroacetimidate [(+)-68] was

heated in toluene under reflux to give the [3.3]shift product,

(+)-N-[(2E)-1-phenyl-2-butenyl]trichloroacetamide [(+)-69. [olD

15.1°] in 74% yield. The E geometry of double bond in resulting

(+)-69 was established by ir and pmr spectra. Neitber Z-isomer

nor [1,3]shift product was detected in the reaction mixture.

Hydrogenation of (+)-69 over palladium charcoal resulted in the

formation of the saturated dichloroacetamide [(+)-70, [olD 32.7°],

one of the three chlorine atome having been simultaneously re­

placed by hydrogen during the reaction process.

Scheme 4

H
I

Ph-C=C-CH-CH 3
I I
H OR 67

H,
Ph-CH-C=<;:-CH 3

I
HN OR 69

Y
CCl 3

H,
Ph-C=C-CH-CR 3

I I
HN H a 68y

CC13

Ph-CH-CH2CH2CH3
I

NHR 70: R=COCHClz

71: R=H
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The absolute configuration as well as enantiomeric purity

of 70, crucial to the mechanistic picture of the present rear­

rangement, were obtained by the conversion of optically pure

(-)-l-phenyl-1-aminobutane [(-)-71, [a)D -22.2°) of the well­

defined S configuration
85

) into (-)-70, [a)n -71.7°. Conse­

quently, the end product (+)-70 and the parent rearrangement

product (+)-69 can be safely assigned the R configuration and

should be of 45.6% optical purity.
. 84a c)

Since the R configurat10n ' of the starting (+)-67 has

been un~biguously established by the correlation to (R)-(-)-
70)

4-phenyl-2-butanol, and the pmr spectroscopy with the use

of a chiral shift reagent showed the chira1 alcohol [(+)-67)

to be of 45±2% enantiomeric purity, the present thermal rear­

rangement proceeded with complete retention of chirality.

1
2.5
The

achieved

Fig. 6.

Chemical shift non-equivalence

of methyl doublets of 67.

I I
2.4 2.3 2.2

finding that the complete transfer of chirality was

during the [3,3]shift and that the [l,3]shift product

was not detected at all corroborates the concertedness of the

process and excludes radical dissociation-recombination. Two

transition states would be conceivable for doubly supra£acial
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faehion in thermally allowed [3 t 3]sigmatropic rearrangement;

4-centered chair form and 6-centered boat form (cf. p.5). In

view of the Cope and the Claisen rearrangements attained so far t

the author can reasonably formulate the transition state topol­

ogy of choice for the allylic rearrangement of trichloroacetimi­

date as the former in agreement with Overman. Furthermore, the

finding that the (R)-(E)-trichloroacetimidate [(+)-68] rearranged

to give the (R)-(E)-trichloroacetamide [(+)-69) cogently sup­

ports the fashion 72. The (S)-(Z) product, which would be ex­

pected from the alternative 4-centered mode 73, was not detected

at all in the present rearrangement. The preference of fashion

72 to 73 could be rationalized by the unfavorable non-bonded

interaction in the latter between methyl group and hydrogen

atom which orient syn-axial, while both methyl and phenyl groups

orient equatorial in the former, therefore thermodynamically more

favorable.

72

.:F'::o7
CC1

'4 --'oN

Ph H

73

Fig. 7. Transition state topologies of [3,3]shift of 68.

Now the author examines the energetics of the present sys­

tem according to the Faulkner treatment (cf. p.lO). It is assumed

that the presence of a nitrogen atom in the ring does not make

significant change on the energetics although Faulkner treated

only the Cope and the Claisen rearrangements. Since the present
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that a bulky substituent at Rb

In the present system. Rb is tri-

system has no gem-substitution. this method is expected to be

efficient for the examination of E/Z selectivity. The equa­

torial and the axial orientation of methyl group in the tran­

sition state lead to the E and Z products respectively. The

found ratio of E/Z (no detectable amount of the Z product)

indicates the activation energy difference (66G+) of >3.5

kcal/mol. In this system. substitutions occur at RI • R4 • and

RD which correspond to methyl. phenyl. and trichloromethyl

groups respectively (Fig. 8). Since it was pointed out that

the product ratio seems to be insensitive to the nature of sub­

stituent R4 • the discussion can be focused only on R1 and RD.

The value for GO h 1 is reported to be 1.7 kcal/moI
86

); the
met y

free energy change for the conversion of methyl group from the

equatorial to the axial position of a cyclohexane. This value

can be adopted at the reaction temperature (toluene reflux:

IIIOC). It is clear that the found 66G~ is not explained alone

by the term of 6Go but that an additional interaction
methyl •

exists. Faulkner suggested

leads high E/Z selectivity.

chloromethyl group which is extremely bulky. It can be consid­

ered that the interaction between axial methyl group and tri­

chloromethyl group is appreciably large. The high E/Z selec­

tivity was also observed in some di- and trisubstituted tri­

chloroacetimidates by Overman.
B3

)

,o~••..... NH
" ., .

p" ROp"

~R4,J .. p -~

R I

Fig. 8. The Faulkner treatment.
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[3~3]Rear~angementB of aa~veol derivatives

As a probe of synthetic utility, the present rearrangement

was successfully applied to the naturally derived ally1ic alco­

hols whose configurations have been known.

According to scheme 5, (+)-tpans-carveol [(+)-74 aD 172°]87)

was converted into the corresponding trich1oroacetimidate [(+)-

75 [a]D 72°] in 85% yield. In this case, potassium hydride was

used in place of sodium hydride which provided an unsatisfactory

yield for carveo1s. It is noted in this system that the a11ylic

group is tied back in a 6 menbered ring, which a pPiori compels

the transition state topology to assume nothing but a doubly

suprafacial mode.

Scheme 5

~yo~

X74
HQ

80 81

82

83

R=CCl 3

R=Ph

Upon heating, (+)-75 gave (-)-N-carvey1trich1oroacetamide

[(-)-76 [olD -117°] in 44% yield. The observed lowering in the

yield of rearrangement product may be attributed to the elimi­

nation side process, as actually indicated by the formation of

the triene (77 18%) and trichloroacetamide (78 41%). The yield
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of 77 lower than that of 78 can be ascribed to the loas during

the purification work-up because of the high volatility of 77.

The transformation of (-)-76 by the consecutive alkaline hy­

drolysis and benzoylation gave (-)-N-trans-carveylbenzamide

[(-)-79]. The absolute configuration of (-)-79 can be safely

assigned as depicted in scheme 5 by the comparison of physical

constants in agreement with those in the literature (Table 2).

In the case of the (-)-cis counterpart [(-)-81. [olD -48°.

from (-)-80 (oD _22 0 )89)]. (-)-N-carveyltrichloroacetamide

[(-)-82. [olD -43.6°] was obtained in 42% yield along with

78 (35%). By exactly the same work-up as for (-)-trans isomer,

(-)-82 was transformed into (-)-N-cis-carveylbenzamide [(-)-83].

Table 2. Physical constants of N-carveylbenzamides

Compound

79

Found

mp l12-ll3°C

[olD -245°

Literature

mp 103°C (lit. 88a)

[olD -175.4°

mp 114°C (lit. 88b)

[olD -250°

83 mp 169°C.

[olD -95.2°

mp l6goc

[a]D -91. go

(lit. 88a)

(lit. 88b)

In both cases, the absolute configurations of the rear­

rangement products coincided with those predicted from the

doubly Buprafacial transition state. The stereospecific 1,3-
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transposition of alcohol and amine functions was thus achieved

by the present self-immolative asymmetric synthesis.

3-3 Experimental

(+)-(3E)-4-Phenyl-3-buten-2-ol [(±)-67]

To benzalacetone (224g. 1.5 mol) in methanol (lOOOml).

sodium borohydride (22g. 0.58 mol) was added portionwise with

ice cooling. The mixture was allowed to stand overnight at

room temperature. After addition of water (sOml). the mixture

was evaporated and extracted with ether. The ether extract

was washed with 2N hydrochloric acid. saturated sodium bicar­

bonate, and water. Distillation gave (±)-67 (177g. 78%); bp

14l-l43°C (22mm) [lit. 84a ) bp l29-13l o C (llmm»).

Acid phthalate of (+)-67

Phthalic anhydride (250g, 1.7 mol) and pyridine (750ml)

were added to (±)-67 (2s0g. 1.7 mol). The mixture was heated

at 100°C for 5 hr and poured into a mixture of ice and conc.

hydrochloric acid. The resulting oil was dissolved in ether

and extracted with saturated sodium carbonate. After acidifi­

cation. the aqueous layer was extracted with ether. The product

was crystallized from a mixture of ether and pentane to give

the acid phthalate (140g. 28%); mp 92-93.5°C (lit. 84a) mp 92-

93 5 0 Ii 84b) 0. C, t. mp 95.0-96.8 C).

(+)-(3E)-4-Phenyl-3-buten-Z-ol [(+)-67]
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gave

[al 20
D

[ex] 30
D

To the acid phthalat~ (140g, 0.47 mol) in hot ethyl acetate

(42Oml), cinconidine (140g, 0.47 mol) was added. The salt ob­

tained was systematically recrystallized from methanol to yield

slender needles (20g); mp l67-l69°C. The salt was treated with

2N hydrochloric acid and the liberated acid phthalate was ex­

tracted with ether. The ether layer was extracted with satu­

rated sodium carbonate. and the aqueous layer was acidified and

extracted with ether to afford the levorotatory acid phthalate
o • 84a)(5.0g); [a]~ -11.2° (c 5. ethyl acetate) (ht. [olD -19.0°).

It was hydrolyzed in a mixture of ethanol (17ml) and 5N sodium

hydroxide (13ml) by heating under reflux. Distillation

(+)-67 (2.lg. 84% from the levorotatory acid phthalate);

7 30 (5 hI ) (. 84a) [] 24 7° 1· 84b)1. c .1, C oroform IlL C1 D . , lL

34. r).

Assessment of the enantiomeric purity of (+)-67

Chemical shift non-equivalence of the enantiomer was ob­

served on the following conditions; carbon tetrachloride solu­

tion of (+)-67 (O.45M, [a]~O 17.3°) and tris-[3-(trifluoro­

methylhydroxymethylene)-d-camphorato]europium (III) (84, O.06M)

using JEOL MH-lOO (100 MHz). Methyl doublets of enantiomers

appeared at (0 2.31 & 2.37) and (0 2.34 & 2.40) respectively.

The enantiomeric purity of (+)-67 proved to be 45~2% by the

calculation from peak heights and areas. The maximum rotation

was calculated to be 38±2° (reported maximum rotation: lit. 84a)
" 84b) 30[a]n 24.7 , lit. [a]D 78±6") •

(+)-(2E)-1-Methyl-3-phenyl-2-propenyl trichloroacetimidate

[(+)-68]

A solutlO~ of (+)-67 (1.8g, 12 mmo1, [a]~O 17.3°) in dry

ether (20ml) was treated with sodium hydride (1IOmg, 47% in
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mineral oil. 2.1 mm01) which had been previously washed 3 times

with dry hexane. The resulting mixture was added to trichloro­

acetonitrile (1.8g, 12 romol) in dry ether (lOmI) at -15°C in

nitrogen atmospher. After stirring at DoC for 1.5 hr, the so­

lution was concentrated under reduced pressure. Pentane (4Oml)

containing methanol (0.8ml, 2.1 romol) was added and the mixture

was shaked for 1 min. Successive filtration and evaporation gave

(+)-68 (3.3g, 94%) whose purity proved to be 85% as assessed by

pmr [Methyl doublet of unreacted (+)-67 appeared at 6 1.33].

The trichloroacetimidate [(+)-68]; [a]~O 34.7° (c 5.0, chloro­

form), ir (liquid): vNH 3350, vC~N 1650, 6=CH(E) 960 em-I. pmr

(CC14): 6 1.63(d,3H,CH3). 5.77-6.28(m.lH,CH). 6.39-7.33(m.2H,

CH=CH). 7.57-8.00(m,5H.phenyl), 8.70-9.00(broad,lH.NH).

[3.3]Rearrangement of (+)-68 to give (+)-N-[(2E)-1-pheny1­

2-buteny1]trichloroacetamide [(+)-69]

The trich1oroacetimidate [(+)-68] (3.2g, purity 85%. [a]~O

34.7°) in toluene (35m1) was heated under reflux for 4 hr. Dis­

tillation gave (+)-69 (2.0g, 74%); bp l21-124°c (0.06mm). mp

62-64°C, [a]~O 15.1° (c 2.7. chloroform), ir (KBr): vNH 3400,

vC=O 1680, 6=CH(E) 962 em-I, pmr (CC14): 61.70-l.9l(m,3H. CH 3).

5.28-5.87(m,3H.CH &CH=CH). 6.44-7.00(broad,lH,NH). 7.31(s,5H,

phenyl).

Elementary analysis

Ca1cd

Found

C: 49.26

c: 49.30

Cl2Hl2NOC13

H: 4.13 N: 4.79

H: 4.18 N: 4.76

(+)-N-(l-Phenylbutyl)dichloroacetamide [(+)-70]

Over palladium carbon (5%,20Omg) in ethanol (lOOmI). (+)­

69 (l.Og, 3.4 mmol) was hydrogenated in a shaking apparatus,

17Om1 of hydrogen having been absorbed at room temperature
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(I .qu1v.l~ .....). ~ L L~t.e ~..e was neutralized

with aqueous potassium carbonate. Distillation gave (+)-70

(0. 741. 83%); bp· l16°C (0.03mm). mp 92-93.5°C. [a]~O 32.7° (a

3.0. cbloroform), ir (KBr): vNH 3280. vC=O 1660 cm- I • pmr

(CDCl 3): 6 0.78-l.12(m.3H.CH 3). 1.l3-2.08(m.4H.CHzCHZ). 4.78­

S.20(m.lB.CH}. 5.98(s.IH.CHC12). 7.41(s.5H,phenyl).

Blementary analysis C12HlSNOC12

Calcd c: 55.40 H: 5.Bl N: 5.38

Vouad C: 55.34 H: 6.07 N: 5.39

(±)-l-PheDyl-l-~nobutane [(±)-71]

Butyrophenone (220g. 1.5 mol) was reacted with ammonium

fo~t' (300g, 4.7 mol) in exactly the same manner as for syn­

theais ·of a-phenylethylamine. 90) The racemic amine [(±)-71]

(1298. 59%); bp 109-llloC (2Imm) [lit. 91 ) bp I07-l09°C (16mm)].

(-)-1-Phenyl-l-aminobutane [(-)-71)

The racemic amine (136g. 0.91 mol) was added to (-)-N­

acety11eucine (158g, 0.91 mol) in methanol (120OmI) and the

salt formed was recrystallized 4 times from methanol to yield

fine needles (4.6g); mp 196-l98°C. [a]~5 -1.8° (a 5.0, methanol).

The physical constants did not alter on further recrystalliza­

tiona. The amine liberated from the salt had [a]~S -22.2° (c

'.1. chlo~form). The racemic 71 exhibited an apparent chem­

ical &hill non-equivalence for the methine proton in carbon

tetraehloride solution of (±)-7l (0.4M) and the shift reagent

(84, O.OZM). whereas no separation of the same signal was ob­

served with the resolved amine under the same conditions.

(-)-N-(l-Phenylbutyl)dicb!oroacetamide [(-)-70]

To the solution of dicbloroacetyl chloride (l.5g, 10 mmol)
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ta benzene (lOml), the mixture of (-)-71 (1.5g, 10 mmol) and

anhydrous pyridine (1.6g. 20 mmo1) in benzene (lOml) was added

dropwise at O°C. After stirring at room temperature overnight.

the resulting dichloroacetamide was extracted with benzene. Dis­

tillation gave (-)-70 (1.7g. 56%); [al~5 -71.7 0 (c 3.1, chloro­

form).

(+)-trana-Carveo1 {(+)-74]

To the mixture of (-)-carvone [60g. 0.4 mol, [a]5 9 -58 0

(neat)] and hydrogen peroxide (30%, 115g, 1.0 mol) in methanol

(40Oml). 6N sodium hydroxide (33ml) was added dropwise under

vigorous stirring at -15°C. After stirring at 60 0 e for 2 hr,

the mixture was allowed to stand overnight at room temperature.

After evaporation, the resulting epoxide was extracted with

ether. Distillation gave the epoxide (38g, 58%); bp 93-98°C

(8mm), ~9 1.4781, a~9 80° (neat) (lit.
87

) n~O 1.4825, a~4

87.58 0
). To the solution of the epoxide (42g, 0.25 mol) in

anhydrous methanol (25Om1) and acetic acid (3g). hydrazine hy­

drate (38g. 0.75 mol) was added dropwise with stirring at ODC.

After the evolution of nitrogen gas ceased. the mixture was

evaporated and extracted with ether. Distillation gave (+)-74

(16.5g. 43%); bp 73-75°C (3mm), n~6 1.4916, a~O 172° (neat)

(lit.
87

) ~o 1.4962, a~O 185.8 0
). 3.5-Dinitrobenzoate; mp 110­

!ll0 C, [a]~9 220° (c 2, chloroform) (lit. 89a) mp 111.SoC, [a]~6

232.0°).

(+)-trana-Carveyltrichloroacetimidate [(+)-75]

The reaction of (+)-74 (1.5g, 10 mmol. a 20 172°) and tri-
D

chloroacetonitrile (1.4g, 10 mmol) was conducted with potassium

hydride (50Omg, 23.8% in mineral oil, 2 mmo!) in place of so­

dium hydride. The subsequent work-up in exactly the same manner
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as described for (+)-68 yielded {+)-75 (2.5g. 85%). In this

case. the unreacted (+)-74 was not detected in pmr spectrum;

n~O 1.5089, [1l]~2 72° (0 3.0. chloroform), ir (liquid): vNH

3350, vC=N 1650 em-I, pmr (CC14): 0 0.68-2.75(m,5H.ring pro­

tons), 1.78(s,3H,CH3), 1.82(s,3H,CH3), 4.78-4.99(m,2H.=CHZ),

5.4l-5.66(m,lH,CH-O), 5.77-6.07(m,lH,=CH-), 8.33-8.63(broad,

IH,NIl).

[3,3]Rearrangement of (+)-75 to give (-)-N-carveyltrichloro­

acetamide [(-)-76]

The trich1oroacetimidate (+)-75 (2.5g, [a]6Z 72°) in tol­

uene (25ml) was heated under reflux for 10 hr. The reaction

mixture was concentrated and treated with warm hexane. After

removal of the insoluble material, trich1oroacetamide (78,

56Omg, 41%, mp l38-l39°C), the solution was evaporated. After

l,5,8(9)-p-menthatriene (77. 20Omg. 18%) was removed, (-)-76

(l.lg, 44%) distilled at 114-11S o C (O.1Smm). The analytical

sample was obtained by recrystallization from hexane; mp 91­

93°C. [a]~3 -117° (0 3.0. chloroform). ir (KBr): vNH 3310,

vC=O 1690 em-I, pmr (CC14 ): 0 1.20-2.58(m.5H,ring protons),

1.80(s,6H.2CH3). 4.28-4.66(m,lH,CH-N). 4.85-5.00(m,2H,=CHz),

5.79-6.0l(m,lH,=CH-), 6.40-6.83(broad,lH.NH).

Elementary analysis

Calcd

Found

C: 48.59

c: 48.55

CIZHI6NOC13

H: 5.44 N: 4.72

H: 5.58 N: 4.69

(-)-N-tranB-Carveylbenzamide [(-)-79]

Sodium hydroxide (1.6g, 40 mmo1) in water (8rol) was added

to (-)-76 (40Omg, 1.4 mmol. [al~3 -117°) in ethanol (13m1).

The reaction mixture was stirred in nitrogen atmosphere at room

temperature for- 40 hr. The amine extracted with ether was treat-
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ed with benzoyl chloride (420 mg, 3 mmol) in pyridine (3ml).

The resulting benzamide was extracted with chloroform and re­

crystallized from methanol-water, (-)-79 (4Omg, 11%); mp 112-
88a) 0

113°C. [a]bB -245 0 (0 3.0, chloroform) (lit. mp 103 C,

[a]~l -175.4°, lit. 8Bb) mp 114 0
, [a]D -250°).

Elementary analysis C17H21 NO

Calcd c: 79.96 H: 8.29 N: 5.49

Found c: 79.76 H: 8.36 N: 5.41

(-)-ois-Carveol [(-)-80]

To lithium aluminum hydride (l.lg, 0.029 mol) in anhydrous

ether (25ml), (-)-carvone (15g, 0.1 mol, [a]~9 _58 0
) in ether

(25ml) was added dropwise. After heating under reflux for 1 hr,

water (Sml) was added with ice cooling, followed by 10% hydro­

chloric acid (7Oml). The product was extracted with ether.

Distillation gave crude (-)-80 (10.5g, 69%, containing a little

amount of the trans isomer); bp 85-87°C (Smm) , ~o 1.4900,

[a]~O -35.7° (neat) [lit. 89b ) bp 109-lll o C (12mm) , n~O 1.4955,

[a]D -36.2°]. To the crude product (26g, 0.17 mol) in an­

hydrous pyridine (7Oml) , 3,S-dinitrobenzoyl chloride (40g, 0.17

mol) was added with ice cooling. The reaction mixture was

stirred overnight and heated at 80°C for 3 hr. The resulting

3,5-dinitrobenzoate was extracted with dichloromethane and re­

crystallized 3 times from acetone-ethanol to yield pale yellow

needles (25g, 42%); mp 92-92.5°C, [a]~5 48° (0 2.0, chloroform)

(lit. 89a) mp 92-92.5°C, [a] 44.2°, lit. 89b ) mp 9l-92.5°C, [a]
D D

45.0°). The 3,S-dinitrobenzoate (24g, 0.07 mol) was heated

under reflux for 20 min with 5% methano1ic potassium hydroxide

(94ml, 0.08 mol). The free alcohol was extracted with ether

and washed with saturated sodium bicarbonate. Distillation gave

(-)-80 (9.6g, 91%); bp 56-87°C (7mm), ~6 1.4941, a~4 -22° (neat)
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(lit. 89a) bp 101.2-101.4°C (lOmm), ~5 1.4959, a~5 -22.8°).

(-)-cis-Carveyltrichloroacetimidate [(-)-81]

By the same procedure as described for the (+)-trans coun­

terpart [(+)-75], (-)-80 (1.5g, 10 mmo1, a~4 -22°) was converted

to (-)-81 (2.9g, 99%); ~3 1.5163, [a]~3 -48° (c 3.0, chloro­

form), ir (liquid): vNH 3350, vC=N 1660 em-I, pmr (CC1 4): 0

0.87-2.80(m,5H,ring protons), 1.85(s,6H,2CH3). 4.97-5.18(m,2H,

=CHz), 5.7l-6.19(m,2H,CH-O & =CH-), 8.7l-8.95(broad,lH,NH).

[3,3]Rearrangement of (-)-81 to give (-)-N-carveyltrichloro­

acetimidate [(-)-821

The trichloroacetimidate (-)-81 (2.6g, [al~3 -48°) in xy­

lene (26m!) was heated under reflux for 8 hr. The reaction

mixture was worked up in exactly the same manner as described

for (-)-76. Along with 78 (50Omg, 35%), (-)-82 was obtained

(l.lg, 42%); bp 109-1l0°C (O.lmm), mp B7-89°C, [al~3 -43.6°(c

3.0. chloroform), ir (KBr): vNH 3270, vC=O 1680 em-I. pmr

(CC1 4 ): 0 1.05-2.63(m.5H,ring protons), 1.73(s.3H,CH3}, 1.77

(s.3H.CH 3), 4.26-4.75(m,lH,CH-N), 4.73-4.93(m,2H,=CHz}, 5.52­

5.87(m,lH,=CH-}, 6.35-6.93(broad,lH,NH}.

Elementary analysis

Calcd

Found

C: 48.59

C: 48.82

CIZH16NOC13

H: 5.44 N: 4.72

H: 5.54 N: 4.77

(-)-N-cis-Carveylbenzamide [(-)-83]

By the same procedure as described for (-)-79, (-)-82

(60Omg, 2 mmol, [a]~3 -43.6°) was converted to (-)-83 (lOOmg.

19%); mp 169°C. [al~O -95.2° (c 4.7. chloroform) (lit. 8Ba)

mp 169°C, [a]~9 -91.9°. 1it.
88b

) mp 169°C, [olD -96°).
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Elementary analysis

Ca1ed

Found

C: 79.96

C: 79.97

C17H21NO

H: 8.29

H: 8.24

N: 5.49

N: 5.66

(-)-N-Aeetylleucine

To the suspension of (+)-leucine (50g, 0.38 mol) in water

(133ml), acetic anhydride (117g. 1.1 mol) and sodium hydroxide

(107g, 2.7 mol) in water (133ml) were added simultaneously during

2 hr with ice-salt-cooling at 5-15°C. After 20 min the cold mix­

ture was gradually acidified with eonc. hydrochloric acid (244ml).

The product deposited On ice cooling overnight. Recrystalliza­

tion from methanol-water (1:2) yielded translucent prisms (48g.

73%); mp l73.5-l74°C, [a]~5 -24.2° (0 4. methanol) (lit. 92 ) mp

l85-l86°C. [a]~5 -24.1°).

1.5.8(9)-p-Menthatriene (77) was identified by ir and pmr

spectroscopy; ir (liquid): vC=CH2 1640. o=CH2 890.> o=CH- 790.

CH=CH (Z) 730 em-I, pmr (CC1 4): 6 1.51-1.87(m.3H.CH3). 1.70(s,

3H. CH 3), 1.87-3.20(m,3H.ring protons). 4.59-4.89(m.2H.=CH2),

5.25-6.00(m.3H,=CH- & CH=CH).
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4 SUMMARY

The stereochemistry of the rearrangement of the allylic

amine oxide and the allylic trichloroacetimidate was estab­

lished from the viewpoint of self-immolative asymmetric syn­

thesis.

The rearrangement of N,N-dimethyl-(2E)-(lS)-1-methyl-3­

phenyl-2-propenylamine oxide (53) to give O-(2E)-(lS)-l-pheoyl­

2-butenyl-N.N-dimethylhydroxylamine (56) was effected at -20G e
with nearly complete transfer of chirality from tetrahedral

carbon to trigonal carbon. The finding indicates that the

reaction proceeds via the concerted mechanism; doubly supra­

facial [2,3]sigmatropic rearrangement. The transition state

topology was proved to be a 5 membered ring orientation of an

envelope form in which both phenyl and methyl groups orient

quasi-equatorial positions.

At higher temperature, the {l,2]shift product, O-(2E)-l­

methyl-3-phenyl-2-propenyl-N,N-dimethylhydroxylamine (63), was

exclusively yielded with conservation of chirality to the ex­

tent of 20%. This fact reveals that this process progressed

through a radical pair intermediate; N.N-dimethylnitroxide

radical being in juxtaposition to the allylic radical.

The steric course of the allylic rearrangement of the

trichloroacetimidate was clarified using (2E)-(lR)-l-methyl­

3-phenyl-2-propenyl trichloroacetimidate (68), which thermally

rearranged to give N-{(2E)-(lR)-l-phenyl-2-butenyl]trichloro­

acetamide (69) with nearly complete transfer of chirality.

The finding indicates the reaction to proceed via {3,3]sigma­

tropic rearrangement of a doubly suprafacial mode; a chiar

form orientation in which both phenyl and methyl groups orient

equatorial positions. As a probe of synthetic utility, the



present reaction was successfully applied to the conversion of

chiral carveols to chiral carveyl amines.

The doubly suprafacial [2,3] and [3,3]sigmatropic rear­

rangements enable the stereospecific transformation of amines

to alcohols and alcohols to amines with allylic inversion (asym­

metric 1.3-transposition).
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