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Heteroaromatic N-oxides and related tertiary amine oxides
react ﬁith acylating agents and undergo various reactions depending
upon the nature of the amine oxides, acylating agents,etc. These
reactions are broadly divided into the following five basic types of
reactions: 1) deoxygenative reduction, 2) rearrangement to ring
carbon, 3) rearrangement to side chain carbon, 4) other hetero—
aromatic rearrangements, 5) rearrangements of open-chain N-oxides.

Each of these five representative reactions are illustrated by
numerous examples, including many of our mechanistic investigations,
hoping eventually to serve as nice guides to new synthetic inventions
and innovations. The contents of this review are the following:

1. Introduction

2. Deoxygenative Reduction of N-oxides

— 583 —




3. Reactions with acylating agents : Rearrangements to hetero-
aromatic ring

4, Reactions with aéylating agents : Rearrangements to alkyl
side-chain

5. Other related rearrangements of hetercaromatic N-oxides

6. Reactions of non-hetercaromatic N-oxides with acylating
agents : Aliphatic t-amine oxides, nitrones and azoxybenzenes

7. Acknowledgement

1. Introduction

A few books have already been published concerning physico-
chemical properties and chemical behaviors of substituted pyridine,
quinoline, isoguinoline and other related heterocaromatic N—ozides.l_3)

As compared to other fields of heterocyclic chemistry, the
chemistry of heterocaromatic amine oxides has bheen extensively
explored, not only because it has led to the syntheses of many
biochemically and pharmaceutically important compounds, but due
much to the pioneering works of late Professor Eiji Ochiai and his
school in this Country.

Heterocaromatic amine oxides, such as pyridine and gquinoline
N-oxides, bearing a semipolar N-0O linkage, i.e.,EENf—O-, show
different behaviors as compared to the corresponding un-oxidized
mother heteroaromatics or related quaternary ammonium salts in the
reactions with either electrophiles, nuclecophiles or radicals and
display interesting orientatibns and reactivities in substitution
reactions, as was dramatically illustrated in the nitration of

pyridine N-oxide by Ochiai et al. in their initial work.l) since the
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N-oxide group is electron-withdrawing, it facilitates the
nucleophilic substitution on the ring and activates methylene group
at ®- and [-positions. The terminal oxygen being nucleophilic,
protonation, alkylation and acylation take place on oxygen, often
leading eventually to rearrangements or introduction of a new

substituent into the ring. :
9D © Q. @
: } } ¥
Q OR . 24

R = H, alkyl, aryl, acyl
The N-oxides are also known to be mild oxidizing agents and
oxidize sulfur compounds or even some acyl anhydrides.
Many examples of these reactions have been compiled in the
1-3)

literatures, and known widely, however, their detailed

mechanisms were not fully understood before around 1960, when we

18,

started our initial mechanistic investigation by the use of
tracer technique. The first attempt was to see if the acyloxy
migration from ¥ atom to either ring carheon or methylene carkbon is
intra- or intermolecular in the reaction of pyridine and picoline
N-oxides with acetic anhydride. Then the incipient formation of
"anhydrobase" was examined, while the initial formation of acyloxy-
pyridinium or -quinolinium acetate was well substantiated both by

us and Traynelis' group. The first kinetic investigation on such
rearrangement was carried out by Markgraf on the reaction of

pyridine N-oxide and acetic anhydride, followed by our determinations
of hydrogen-deuterium kinetic isotope effects which indicate rather

4)

precisely the rate-determining step of each of these reactions.
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In the initial stage of investigations, the mode of the N-0
kond cleavage was suggested to be homolytic, but is now believed
to be heterolytie, due mainly to the nice caxbonjum ion trapping
experiments by Ratritzky's group and Cohen's group.

Meanwhile, soﬁe acyl anhydrides, such as phenylacetic and
ethoxyacetic anhydrides were. found to reduce the N-oxides of pyridine
bases back to original pyridine bases by deoxygenation. Both
sulfonyl and sulfinyl chlorides also reducé the pyridine N-oxides.

Nitrones and azoxybenzenes are open-chain analogs of hetero-
aromatic N-oxides. They also react with acylating agents similarly
and give rearrangement products. The mechanisms ©of these xrearrange-—
ments were also found to be similar upon scmewhat detailed kinetic
and isotopic tracer studies.

Since we initiated our investigation on the rearrangements of
t-amine oxides, we have'published more than f£ifty papers.

However, a few remarks in some of our earlier papers contradict
against the more recent ones and may lead readers to puzzle at what
would be the real picture. Thus, we now have reassembled all our
pertiment data and others of related investigations and would like
to present the mechanistic pictures of these reacticons in the light
of newest available results.

This is not a review of all kinds of Xnown reactions involving
t-amine oxides but intending to show somewhat in detail the
mechanisms of representative reactions of various types involving
t-amine oxides and acylating agents. Once the mechanisms are well-
understood, the synthetic utilizations of these and related reactions

will automatically be developed in the next stage.
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2. Deoxygenative Reductions of N-Oxides

Heterocaromatic amine oxides are readily reduced back to the
original bases by oxygen-transfer reaction upon treatment with
trivalent phosphorous compounds such as PC13, (R0)3P, R3P, sulfur
compounds such as elemental sulfur, sulfur dioxides, sulfur
dichloride, arenesulfenyl or -sulfinyl chloride and diaryl disulfide
and also such a silane compound as Cl3SiSiC13. Metal hydrides
such as LiAlH4, NaBHd—AlCl3 or R,SnH are also good reducing agents
to deoxyganate the N-oxides back to the amines.

Pyridine-and picoline N-oxides react with p-nitrobenzene-
sulfenyl chloride and afford pyridine and picoline, besides
dinitrodiphenyl disulfide, -thiosulfonate and the sulfonic acid

together with a small amount of p-chloronitrobenzene as shown below.5)

/ @

s AU+ o N@SCI _— SHR -

N 2 cL
R |

A
—_——> [Products Mixture]
H,O Z |
22, + 02N@9-©N02 +
R

OZNQS—50©N02 + 021\1@50311
The appearance of clear-cut ESR signals during and shortly

after the reaction was considered to support the mechanism inveolving

homolytic N-O bond ¢leavage shown below:
o~ o

. | . ey ] -
N+ m—s@mz — $ c1
0 o-s@}wo2
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However, since the same ESR signals of the sulfenate radical
could be observed in thermal disproportionétion of di-p-nitro-
phenyl thiolsulfinate, which can be formed by the hydrolysis of the
sulfinyl chloride, the direct oxygen-transfered product, the
initial step of the main deoxygenative reduction could be a hetero-
lytic oxygen transfer shown below, in view of a somewhat similar

deoxyganative reduction of pyridine N-oxide by substituted diphenyl
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digulfides in which the electron-donating substituent on diphenyl
disulfide increases the rate ( Hammett £ =-0.7 ) while more basic
F-methoxypyridine ( pRa=2.05 vs. 0.79 for unsubstituted pyridine ),
was found not to react at all with 8i-{p-nitrophenyl) disulfide
under the same condition for pyridine N-oxide and the initial

step is suggested to involve the following oxygen transfer.6)
= ~4

"
g G CENG
N + Arscl \ N~ + Ar-s-cl
g o i
Ar-g-cl 0

S
O, + L) — [pOp O,
) I
o 0~N®
. S
o
—— O - K
o]

p-Nitrobenzenesulfinyl chloride also reacts with pyridine or

picoline N-oxide forming N-arenesulfinoxy-pyridinium or picolinium

salt, which upon further treatment eventually gives the reduced base,

i.e., pyridine or picocline, besides the disulfide, the sulfonic acid
and p—chloronitrobenzene.7)
=
!

CL

\ﬁ R

sy~r * 02N{C:>-soc1 ——— | c1
1 o-s@-No

0 g 2

~———fg—"é [Products Mixture}

—=° , a
S - A
g * 021\1-@-3 s<;>mo2 + OZN-@SO3H
+ c1©-N02

Although no detailed mechanistic investigation has been carried out,
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both reactions appear to follow similar mechanistic routes and

resembles the deoxygenative reductions of sulfoxides. Many other
examples of such deoxygenative reductions of N-oxides, sulfoxides
and related compounds are reviewed in " Reduction Reactions " by
us,s) and hence not included.

While the reaction of pyridine or o~ and ['-picoline N-oxides
with acetic anhydride gives the corresponding rearrangement products,

via acyloxy-migration, Rﬁchardt?)Cohenlo) 11)

and Koenig chserved that
some o{-substituted acetic anhydrides eventually reduce the N-oxides
back to the original bases, evolving carbon dioxide from the
anhydrides used. The first example is with phenvlacetic anhydride
shown below. Substituted phenylacetic, diphenylacetic anhydrides

and anhydrides of ¢,gor ﬁ,f—unsaturated carboxylic acids also

react similarly.lz) Phenoxy~ and ethoxy-acetic anhydrides also
react with the N-oxides similarly as shown below.lz)
4 | 4
—
2 5y + (PhCH,C0) ,0 > 2 %y~ + PhCHO + CO,
¢
P9
+ PhCHchZCHzPh + | Jo
Ph
g — Q)
\N + (EtOCH2C0)20 \N + E£OCHO
¥ (39%)
o)
+ C02 + EtOCH2C02CH20Et
(83%) (22-45%)
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The general scheme of the reaction is shown below.

- .
| R~ —_— C_ R R- -
\lf + [ RECRCO ) 0 === (#N-0-C-cfp, + p;CHCO,
0 0
(11
Path A Path B
. -
¢ Xo SR ®€—“0'CH:§| . \Nf
=/ 1o~ "C R &
07 “
d N R~cnco,”
2 ¥ RO,
& !
2
R A PSPPSR R~ PP -
o, | _, @N 0-G-0~CHZp, £, CHO-G-0-G-CHIp,
S¢-C~R
HO~ i 0 o a
0 (2) |
S
\\\ Base
Base 2 3 R. R
(3) Base \Nl + €0, + R-g-R! RECHOCCH
) ¢ 0 o
gt CO, - * R-(I:I-CO2H 2
0
+ RC-R' R'=#
|
(o]

The initial step ié undoubtedly the formation of O-acyloxypyridinium
salt {1), however, there are three different mechanistic arguments
as to the subsequent steps.

Kdenig favored the carboxy-inversion mechanism, Path B, which
involves the intermediate ( 2 ) on the basis of 180 tracer experi-

18

ments with O-labeled phenylacetic acid and their observation of

ester formation upon treatment of the intermediate, formed by
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13} However,

treating ﬁyridine N-oxide with benzyl chloroformate.
scant formation of other such important products as benzaldehyde
and bibenzyl ketone in their model experiment with benzyl chloro-
formate suggests that the carboxy-inversion mechanism is not the
whole picture for the over-—all reaction.

Cohen and Song'examined the reaction of the N-oxide with
diphenylketene or ¢-bromodiphenylacetic acid and suggested the
reaction of pyridine N-oxide with diphenylacetic anhydride to
proceed through Path A which involves the common intermediate. 4

Recently, however, Sliwa and Tartar reexamined the reaction of
pyridine N-oxide with o{-halocarboxylic acid and isolated the

intermediate ( 4 )} as its nitrate, which upon treatment with a hase

gave phenylglyoxylic acid@ and a small amount of decarboxylated

product, i.e.,benzaldehyde.lS)
o
\.+J - ~
N NO, . _IN-NaOE, @+ PhCOCO,H + PhCHO + CO,
0-CH-CO,H
1 (78%) (70%) (25%) {2.1%)

Ph
{4)

This experimental observation seems to swggest that the

mechanism involving a betaine intermediate ( 5 )} and subsequent

formation of of-lactone, postulated by Koenig,z'll) is worthy for
reconsideration.
¢ +N-o- ~C- CH\R, — | { +n~ o:C_ —— { +n-o C:R
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—> [ + rc-R" + CO

I 2
N o]

The reaction of Sliwa and Tartarl5}

can be applied to ci-haloc-
carboxylic esters which upon treatment with the ﬁ—oxide give
O-ketogsters in high yields. Thus the reaction is a useful synthetic
procedure of o-ketoesters by oxidizing oi~halocarboxylic esters with

the N-oxides, and is quite similar to the Kornmblum reaction to

prepare aldehydes or ketones by treating alkyl halides with DMSO.lG)

a
S x~ Bt N @
_ é-cr:Hcozk' in MeOH et R‘E“CozR'
R
(89-97%)

R, R' = H, Me, t-Bu, Ph
X = Br, NO3, picrate
Unlike N-acyloxypyridinium salts which give various products,

O-alkylpyridinium salts are better intermediates for the preparation
of aldehydes and ketones, since O-alkylpyridinium salts give only
aldehydes or ketones together with reduced pyridine upon treatment
with bases, thus serving as an excellent synthetic procedure.
O-Alkylpyridinium salts, however, give different products with

other nucleophiles and Xatritzky et a1.17)

divided the reactions
into the following four classes:

1) 1,2-Carbonyl—-forming Elimination with Hard Bases

]
\IE el
& — |+ remso
O—?H—R N
HRH#/:Base
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2) Nucleophilic Substitution with Soft Bases on Ring Carbon

i
K\‘ff Nu N gu &/or
OR

1
OR
& AL S
——r———— e
N §/ox 4 + ROH

Nu = CN , RS , etc.
3) Nucleophilic Substitution on Alkyl Group with C-0 Bond Cleavage

by Soft Bases

= ~

\*l — \-I + CH,Nu
a3 - N 3
1% ~—iNu ¥
O—CH3 O

Nu = NO,™, I, N3", 8CN , PhSOZ_, ete.

4) Ring Opening Cleavage with Hard Bases

~ jﬁ\ ~

\ﬁi —— lr"\ H P —> |
| BR™ fag BH N SpT
CcH, OCH3 OocH,

The reactions of c¢lass-1 type resembles the Kornblum reaction.
Indeed, like the Kormblum reaction, an intramolecular Ei type

elimination was observed with o-dideuterated p-nitrobenzyloxy-

8) Another similar reaction between

lutidine N-oxide and styrene oxide is also known.lg)

pyridinivm salt as shown below.

Ph Ph
= ~
\ﬁ | Bxr Base \§ |%

{_......_——._-
] el
o-cnf<::>moz O——CD<::>N02
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Ph
slow
—— 1, - =0~
. [ —
N D D

One of the earliest examples of deoxygenation is the deoxyge-—
native chlorination of pyridine N-oxide with sulfuryl chloride,

found by Bobranski and his co-workers in Poland.zo)

: c1
= 50,C1, \/ﬁ T~ c1” SN el Xy ,
2,
6

57 1 43

-2

Other chlorinating agents such as phosphorous oxychloride also

react similarly with ¥-nitropyridine and isoquinoline N-oxides.21)

[ POC1 [ [
SNa0 ——3> gforoct, | —> ZN

KCI— cl

A few other reactions with these chlorinating reagents are

shown below.zz)
Ccl NO2 Cl
= ] POC1, = , S0,C1, = '
X, o oy a o
? 70 C ? 110 C N Cl
6] 6]

40 c N D

Since the acylation or even alkylation of the N-oxide function

O
m-

increases the electron-withdrawing nature to attract the nucleo-

philic substitution at ¢- and ['-positions, a combination of
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acylation or alkylation and subseguent treatment with nucleophiles
has been used effectively for the introduction of nueleophilic
substituents into the heteroaromatic rings by Henze's, Ckamoto's

and Hamana's groups and a few others as shown below.

[ 2
l F H — ~xy 23)
@ 1) PhCOCl N N l
O

-
= | N” "N
2) N olﬁ—Ph
o (60-90%)
- [ - - = o 24)
“ (CH,) ,80, - | | _cx 1~
N~ —2t—s CH_ 80 N |
¢ | 3774 rﬁb-H 0 CN +
0 OCH, o~ N
' (48%) (24%)

These reactions are modifications of the Reissert reaction.25)

Hamana compiled many reaction$ to introduce various nucleophilic

26)

substituents, including many of his group. Some of the repre-

sentative examples are shown below.

[:::Hjtj . . | “ NR,R, 27
TsC
e v [::I[ﬁjl + B
¥
0

—
2) NHRR, N7 “NR,R W

= 28)
] 1) Ac,0 “ N SR
s 2) RSH N

2

RCH.CO. Ft
|\ +  Ae,0 2°°2 : NZ SCHCOEt
- 2 ]
N
I
&

2\ R
Et, NO,, N+

R = CN, CO o (60-90%)

2
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Abramovitch and his group developed procedures to introduce

various substituents without cleaving N-0O linkage of the N-oxides,

31) 33)

acylation,32) halogenation, chloro-

35,36) 37)

such as alkylation,

34)

mercuration , thiolation, , etec.,

aminoalkylation
however, these reactions are beyond the scope of this review on
deoxygenative reduction of the N-oxides.

Deoxygenations of substituted pyridine, quinoline and iso-

quinoline N-oxides were found to take place by heating with DMSO.3B)

R 195°¢C I/}R
* CH;CH, 1,80 DY

conc.
2594
© 20 hr

(94% for Py-N-oxide)
The formation of diphenyl sulfone in the deoxygenation of pyridine
N-oxide with diphenyl sulfide suggests strongly that the reaction
invelves an oxygen-transfer. In the deoxygenation of 4-alkyl-
pyridine Nwoxides with DMSCO, not only the reduced pyridine base but
also other products, apparently formed from either 4-picolyl-

39)

cation or radical, were obtained. An electron-transfer type

mechanism may be operating in this reaction.,

CH2Ph ) CH2Ph COPh PhCH
= reflux ’/I + ’/l + -’/|
—_— s =~
Xy + CHaSCH, —— . . .
4 r
é (29%) (41%) (9%)

Deoxygenation of the N-oxides can be achieved by treating with

dichlorocarkbene from PhHgCCl3§0)or carbene from 9—diazofluorene.4l)

Intramolecular deoxygenation,‘shown below, also takes place in high

yields.42)
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f | R A or hy \/ l R
N7~ e g N (I:I/
|l
5oL J
R = Me, t-Bu, Ph, and p—02N06H4

An interesting example is the following reaction, in which the

hydrogen~deuterium kinetic isotope effect was found to be larger

IiI(OI: P 1 o= 99
N-NaOH - %
= (l: Ph o5 - |C| Ph }
= OH C, 10-16hr - o — AB%
b N \ F- 993
0

than 3 with (cl~hydroxybenzyl)pyridine N-0xide,43) suggesting that

the rate-determining step to be the proton-removal as shown below.

(])H OH
Ph-C-H (D) Ph- C.
= - =
z |k OB slow O f‘% OH
N N
4 —Hy0 | a
0---H~OH 0---y-OH o—-H H
_ = | + HZO + 200
\N

A similar redox reaction was found in the acid~catalyzed
intramolecular conversion of 6-acetoxymethylphenanthridine N-oxide to

the corresponding formyl derivative via " anhydrobase " as shown
44)

_laN-HC) "" V-0
\ N0 \ Moo —>

CH,0Ac CH,OH ~HLcron

below.
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3. Reactions with Acylating Agents : Rearrangements to Hetero-—

aromatic Ring
a). With Acvl Anhvdride:

When pyridine or g -picoline N-oxide is treated with acetic
anhydride, of- or I'-pyridone derivative is formed, via the initial
formation of QO-acetoxypyridinium acetate and subseguent acyloxy-
migration from N to ©- or J'-ring carbon. This reaction has been
found genexal for most hetercaromatic N-oxides without alkyl
substituent at either ol- or Y-position and with many other acylating
agents, and widely used for the syntheses of substituted pyridines,
guinolines and isoquinolines.l_S)

The general scheme of the reaction is as depicted below.

ZN—R! step 1 = R -
—_— RCO
| + (RC).,0 — > | 2
. i 2 >
g L
-C=R
R' [
step 2 D step 3 2 R
=l Ol —22 XY
" - >
1? H RCO,H - O_ﬁ_R
O}—g-R
. H,O
2 ~y—R!
R = alkyl and aryl :ﬂjﬁjli
. ﬂ (@)

R' = H, Me, C1, N02
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The formation of O-acyloxypyridinium acylate as an initial

intermediate can be shown by trapping it as its perchlorate like in

45)

the case of quinaldinre N-oxide with acetic anhydride, thus

showing that the rough mechanistic picture for the rearrangement of

6)

pyridine N-oxide with acetic anhydride,4
47}

postulated by Ochiai

and Okamoto, was found to be real.

Markgraf et al. undertook the first kinetic study of this
reaction between pyridine N-oxide and acetic anhydride and suggested
that the reaction involves the intermolecular nucleophilic attack

of acetate anion on N-acetoxypyridinium ion on the basis of kinetic

parameters (AH*= 29.2 kcal/mole, 48%¥= ~5,5 e.u. ) and others.48)

an 18

18

O~tracer experiment of the reaction of 3-picoline N-oxide with

49) also

O-labeled acetic anhydride, carried out by Oae and Kozuka
confirmed the intermolecular nature of the rearrangement which
demands all the oxygen atoms to be completely scrambled. Further-—
more, the small but reverse kinetic isotope effect, i.e.,kH/kD= 0.92,

50) revealed

found with pyridine d—dz N-oxide, by Oae and Rozuka
clearly that the rate-determining step of the reaction is the
nucleophilic attack of acetate ion at ¢i-ring carbon rather than the

subsequent 1,2-elimination of acetic acid as shown below.

= fast = faster = -
<)+ Ac,0 E;] AcO | ——— \ﬁ‘ * o AcO
g Ohc OAc

ey
slow ﬂri1<0Ac fast /’,
®=H 3 E + AcOH
6Ac N TOAC

The reaction of acridine N-oxide with acetic anhydride was also

51,52)

kinetically investigated by Markgraf et al. and suggested to
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proceed via an intramolecular rearrangement invelving the rate-
determining N-0 bond cleavage on the basis of activation parameters
{48¥ = 12.2 keal/mole, 45%= -32.2 e.u. ) and no significant
kinetic isotope effect kH/kD= 1.0 with 9-mopodeuterated acridine
N-oxide. Uplike the similar reaction of pyridine N-oxide, which
proceeds via an intermolecular mechanism, that of acridine N-oxide
is slow { the ratic of pseudo-unimolecular rate consts.,
kpy*o/kacr+o= 4 x 106 at 25°C ) and involves a transannular

18

rearrangement. The results of
53)

O-tracer experiments are also
complicated and the amount OleO—incorporatiOn into the result-
ing acridone increased with the increase of solvent used.
Apparently a large amount of solvent disfavors the sliding-type
bridged ion-pair but favors the cyclic process, except in a polar
medium,sulfolane, in which the sliding mechanism becomes more
favored. The intramolecular process of this rearrangement may be

depicted as shown below.53)

/ I P / I 18-
=~ _— * )
g + A020 b AcO

O~C=0

- CHy ~
Zg“:ols
=67 H

@C’

/"5 5+ .

N@ Yo,

/’;# { cyclic + AcOH
alB

- e

P4

( sliding )
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The reaction of acridine N-oxide with diacetyl sulfide was
studied by Markgraf et al. and shown to give 9-thicacridone
apparently via an intermolecular attack of acetylthioclate ion as

shown below.54)

= =
o 0

Ac
AcC S

\‘ ~AcOH - H20
Z — - —_—2 tN|
it

This appears to contradict the intramolecular nature of thg
rearrangement of acridine N-oxide with acetic anhydride. However,
in view of the much larger nucleophilicity of acetylthiolate ion
than that of acetate ion, the intermolecular nature of the rearrange-
ment with the thioc—-analog of acetic anhydride is gquite under-
standable.

When the reaction of pyridine N-oxide with acetic anhydride
was conducted in anisole, a small amount of a mixture of 2-{o,m, and
p-methoxyphenyl)pyridine was obtained besides the major normal

product, pyridone.SS)

This observation suggests again the mechanism
to involve the nucleophilic attacks of both acetate ion and anisole

on the most electron-defficient 2-position of N-acetoxypyridinium

ion.
& “one ——> CI
Sye o Be0 ‘ﬁ Oac N"Soac
o} OAc

PhOMe

o:mz:p= - OMe f\ﬂ/@,OMe
11.1 : 3.4 :72\ - + 5y
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b). With Arenesulfonyl Halides

The reaction of pyridine or guincline N-oxide with arene-
sulfonyl c¢hloride, another acylating agent, is gquite different
from those with acetic anhydride and gives various products.56’57)
Among the products, 3-tosyloxypyridine or -guinoline was isolated
though in a.low yield. This rather unusual rearrangement to
[3-position instead of normal - or V'-position stimulated many
further extensive investigations. A rough mechanistic route,

suggested by previous wOrkers,57) shown below, was later found

nearly in the right direction.

H, ,Cl

XD — X a-— L)
"‘N + TsCl \ﬁ Cl N

$ OTs . OTs

H.C1 ' H,Cl OTs
—_ m 750" —> mOTs —HChs AN
N N
3
e = cagl o,

A similar reaction of isoguinoline- or 3-methylisoquinoline
N-oxide is markedly mild and affords 4-togyloxyisoquinoline and

a small amount of isocarbostyril. 58)

R = H, CHy ( 75% ) ( ~10%" )
A rough mechanistic picture, Ochiai and Ikehara intuitively

suggested, was as imaginative as follows.

® 2N a- »
N + TsCl—> | +, 0T —> N-OTs
o] ZNNOTS

H Cl
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+ H _OTs oTs
" cl q el HCl
Their suggestion which pointed@ out the involvement of nucleo-
philic addition of chloride ion at l-position is remarkable and was
verified by the detailed analysis of the results of kinetic¢ and
isotopic tracer experiments of Oae, Kitao, Ogino, Kozuka, et al.

who revealed the following scheme for the overall reaction,>r60)

N * *
| + Arso,cl 7T S 0 -
@“o 2% «— | ;N“O_E;M + ¢l
\LiClO4
=

P oot 98 ]
o} +or clo
I N"O“g-AI =N OSOZAr 4

H Cl * {6)
(7 * *
slow ! :"ﬁb g g 0-80. A
l 6+\l ”. g AT H S-Ar -ucl 2 r
N * I " — I\\
cL I N
H{C1

When isoguinoline N-oxide is treated with tosyl chloride in
the presence of lithium perchlorate, One sees immedigtely the change
of the U.V. spectrum. Furthermore, N-tosyloxyisogquinolinium
perchlorate ( 6 ) can be isolated. This salt (6) does not give
any rearrangement product upon ﬂeating. Meanwhile, the rate of the
overall reaction is accelerated by the addition of chloride ion
till it reaches a plateau, thus suggesting the incipient formation
of 17ghloro-N-tosyloxy—l,2~dihydroisoquinoline ( 7 ), a kind of

anhydrobase as the key intermediate of this reaction. The pseudo-
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first-order rate constant increases markedly by the increase of the
ionic strength of the reaction medium by galt effect, and also
remarkably in polar media, while hydrogen-deuterium kinetic isotope
effects, measured with l-monodeuterated and 1,3,4-trideuterated
isoguinoline N-oxides, were quite small (kH/kD= 1.16 and 1.22,
resp.) which is the size of that expected from hyperconjugative
B~hydrogen-deuterium isotope effect in solvolysis. A nice Hammett
plot with ¥-values of substituted benzenesulfonyl chlorides gave
Rvalue of +2.0, suggesting strongly the cleavage of N-O linkage to
be the rate-determining step of the over-all reaction.

The activation parameters of this reaction in dioxane were found to
be 4Ea = 9.6 kecal/mole and 4s¥ = -40.2 e.u.. One characteristic
feature of this reaction is the mode of arenesulfonoxy migration
from N atom to 4-position of the ring. The resulting 4-tosyloxy-

18O—concen—

isoquineline was found to retain practically the same
tration of the original tosyl chloride in the sulfonyl group,
depicting the rearrangement to proceed intramolecularly via a very
tight ion-pair shown by {( 8 ). The negligible lso—scrambling in
the resulting product by the addition of p-tosylate ion into the
reaction system, also supports the intramolecular nature of the

rearrangement and excludes the possibility of the solvent separated

ion-pair { 2 ) or cyclic ion-pair ( 10 ) as the intermediate.

~ ' X0 ar
| - s+ &~ 8L
N+ //ArSO3 _ | s+l 525
HCl Cl
{ 2 { 10

A similarxly scant 18Ovscrambling was observed in the formation

of f-tosyloxypyridine by the reacticon of pyridine N-oxide with 18O-
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labeled p-tosyl chloride,sg) depicting the o, I'~tosyloxy migration to
preceed via a similarly tight ion-pair as {8). The reaction of
3-methylisoquinoline N-oxide with p-tosyl chloride is considered to
proceed in a similar fashion.

Similar rearrangements with tosyl chloride are known with
N-hydroxyisocarbostyril, N-hydroxycarbostyril, l-aminoisoguinoline
N-oxide and 2-aminoguinoline N-oxide which give the corresponding

rearrangement products in good yields as shown in the following

equations.
s S 4 cfis 61)
N + TsCl T Negme > |
OR OTs NH
0 _ o X
! L0, 4. O ™
N0+ TsCl N0 N
OH OTe TsO §
] N , N - fs 63,64)
-
ZNug + TsCl — ZN ype _bas [/,N
NH2 NHZ NH2
» O rase, CX.
NRH, + TsClL ——> NNH, -SSR NP NH
b OTs 2
Mechanisms of these rearrangements were studied through 184

tracer and kinetic experiments by Cae and Ogino.ss)

Here again,
the reaction proceeds via an intermediate { 11 ) or ( 12 ), a kind

of anhydrobase.

Y m
N—OSO2Ar N X

X
( 11} X =0, NH
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When X is oxygen, the N-arenesulfonoxy-intermediates can be
igolated and upon heating in solvent, give the rearrangement
products. The rearrangements of N-tosyloxyisocarbostyril and

N-tosyloxycarbostyril with 18

O-labeled specifically on sulfonyl
oxygens upon heating in either nitromethane or acetonitrile gave
tosyloxy-migrated products in which all three oxygen atoms were
found to be completely scrambled. Apparently the rearrangements

proceed wvia "

solvent-separated ion pairs ", unlike in the reaction
of isoquincline N-oxide with arenesulfonyl chloride. Activation
parameters were found to be Ea = 28.0 kcal/mole, 48T = +13.4 e.u.
for N-tosyloxyisocarbostyril and Ea = 27.1 kcal/mole, 48F = +9.5
e.u. for N-tosyloxycarbostyril. In the reaction of N-({substituted
benzenesulfonoxy)isocarbostyrils, the Hammett plot with ¢-values of
the substituents gave a straight line with = +1.6, while the rate
was found to increase in polar media. Thus, the rate-determining

step of the rearrangement is considered to be the SNl type N-0Q bond

cleavage shown below.

@@‘] o %’Ar slow @ / / Ar-s0;
%;0~so Ar O SO Ar

In the reactions of c-aminoisogquinoline N-oxides with tosyl
chlorides, O-tosylated salts are formed and can be isclated, however,

upon treatment with bases, the subsequent rearrangements take place

n

intermediates were neither

isolated nor even detected in the U.V. spectra. The usunal 18O-

n 18

so guickly that the " anhydrobase

tracer experimentsg wit O~labeled tosyl chloride were carried out
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and l-amino-4-tosyloxyisoquinoline was found to retain the original
18O in the sulfonyl function, while all the three oxygen atoms of
2-amino-6-tosyloxyquinoline were found to be completely scrambled,
revealing that the reaction of l-aminoisoguinoline N-oxide with
tosyl chloride proceeds via the intramolecular oxygen-bridged ion
pair process like that of isoguinoline N-oxide, while that of

2~aminoquinoline N-oxide undergoes wvia the formation of the solvent

separated ion pairintermediate as depicted in the following equations.

RN . s
| . * BArso,cl —> Negso*ar * CL7
H, NH,, 2
~x . _ b= %
~ o] TI0-80,AT
Base | N % _ ‘8+N”‘ 2
> 080,Ar
NH it
*
*
Hy 080,41 0S0,Ar
| =3
—_— N —_— | N
~
H
NH,,
| B . ‘ AN
_— -
NPug. T ArS0,Cl o, + €l
v 2 | o« 2
0 050,Ax
0, |—[C0L e T, s
—_—— —— -
N7 % Xn-wn /BT8Oy
i .
0-80,Ar

* % x %
Ar8020 N ArSOZO N
N H 2

Obviously in the rearrangement of arenesulfonoxy to a distant

position such as 6-position of 2-aminoquinecline N-oxide and also
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that to the benzene part as seen in the case of N-hydroxycarbostyril,
the arenesulfonoxy group is completely broken from the M atom and
all the three oxygen atoms are completely scrambled. The different
behaviors shown in the similar d,f—arenesulfcnoxy migrations in the
thermolysis of N-arenesulfonoxycarbostyril and in the reaction of
l-aminoisogquinoline N-oxide with arenesulfonyl chloride may be due

to the difference in stabilities of the intermediary anhydrobases.

c). 1,5—Dipolar Addition

Heteroaromati¢ amine oxides are also 1,3-dipolar reagents.es)

Abramovitch and Shinkai67)

recently summarized a new type of
rearrangement which appears to involve the initial concerted
1,3~dipolar addition and subsequent intramolecular rearrangement

as shown below.

e : ¥ Y
1)
“) ¢ RGN-R —— [ — |
X\N c1 x\ﬁ‘\' X N SR'
_N-R' e
o 6~g\R O-¢=R
&7 &
Y '
: +
_TECr | (/‘1 _H0 @ X, ¥ = H, Me
>
X XN SwR'  OF OH o Su-Synre R = ph
-R
5 R' = Ph, PhCH,

The reactions between heteroaromatic N-oxides and N-phenyl-
benzimidoyl chloride have been investigated in detail by

68) and Parham et al.sg)'and shown to give not

Abramovitch’s group
only 1,3-dipolar addition products but also 1,5-sigmatropic

rearrangement products as shown below.
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1 =
Xy 4 gfl‘:c N-Ph —————> N
& C1CH,CH ,C1 boPh
{ 27.8% )
= N~ OCOPh
. \Nl wppn + PhCONHPh  + \N|
{ 35.8% ) ( 17.8% ) ( 33.5% )

Following mechanism, involving the initial 1,3-dipolar addition,
subsequent 1,5-sigmatropic shift, which is followed by another
1,3-dipolar addition to afford 2-anilinoguinoline and 3-benzoyloxy-~
guinoline was presented. Formations of nearly equal amounts of the
latter two products appear to support this mechanism.

~
R N
g ci N -Ph ——————} N N-Fh

COPh

015 ‘Ph

ll,5~sigmatropic
H

o-b- Ph 21Ol
Sy Fh
' l H éh
N 1
o}
m‘{ o-8-pn
N~ N}Ph = ~
0¥ Lpp . ’ S
:: jﬁ 8 N~ NHPh N
The reactions of tl-alkylpyridine and gquinoline N-oxides give
p-acyloxy-derivatives, 1,5-sigmatropic shift products, undoubtedly
formed via anhydrobases which also give side—chain chlorinated and

fA-chlorinated products as mechanistically depicted below.
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3§ M3 33 83 3 CH,
~C-K-Ph O
~ TN C- NHPh
M//// Cl* 'ph c1r lcl Ph
[ <
CH N
o 33 }\T-ﬁh CH3N. CH,
~C. ( 21%)
cr Ph
l 1,5-sigmatropic -
fe1 HIN CH,C1
ee s £
( 128 )
g Ph *
0-C-Dh
= PhCONHPh
o | ( 453 )
CHIN"CH,
( 37-59% )
o
(CH,) = (CH,) __
\NI 2'n, Pheeoypn 4 2'n-1
s I N C-H
¢

{ 16% )

Activated acetylenes or nitriles are also known to act as

dipolarophiles and add to the following N-0xide.70)

o—g—
-co, CH N
R-C2C-CO,CH,
[:::[ §&£ S}CH—COZCH3
/ I;I dOR
o
C{ 90% )
P;t;;ﬁ\\\& s N
Ne N ) —_— \>NHCOPh
24 y
N g ¢H

3
CHy { 113 )
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The reaction of isoquinoline N-oxide gives its N-ylide,
apparently via the initial 1,3-dipolar addition and subsequent

aziridine-ring-closure followed by the ring opening, as shown

below.Tl)
D - [
—CZO—- - -
Sy + = R-CZC-CO,R /+N‘*0=c’°
i "‘-R
cO. R
_ 2
o/ I
1 .
AR ) ~ e
il c=C-R ——> C-r | —> 7 R
EoR! H H CO,R
2 CO.R'
-~ 2

In the reaction of pyridine N-oxide with phenylpropicnonitrile,

Abramovitch et al. isolated only a small amount of the N-ylide but

also 1,3~sigmatropic rearrangement products.72)
] ] ]
> —C=C- —_— + ~
+ Ph-C=C-CN Xy CHEN & o
¢oph C=c]
CN Ph

{ small amount )} ( small amount )

NC ' NC
_~~Ph ~._~Ph
+ E?tﬂb'c‘o_ + = l C—C‘O-QHCN
\ﬁ \N COPh
( 56% ) ( 6-17% )

Quinoline N-oxide reacts similarly and the reaction was suggested

by Abramovitch et al. to proceed via symmetry-allowed [F2s+i2a+nds)

73)

process, shown below, instead of incipient formation of carbene

species, suggested earlier.

H
= 1 la_\ - fj;><cw
X + ph-czc-cN T A o T Ay A CcoPh
N _ N UL Ny
6 2

YN
0= Clpn } New_ooPh
= [ ~0-
N
H
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A similar reaction between pyridine N-oxide and benzyne gives

29— and 3-(o—hydroxyphenyl)pyridines.

© n2s+nds | % slow | :
fas

@2s+n2a+u4§

{ main product }
The reaction of 3,5-lutidine N-oxide with benzyne also gives
- (o~hydroxyphenyl)-3,5-1lutidine ﬁnder the normal reaction condition,
however under a very mild condition two dihydropyridine‘derivatives,
i.e., 1,3- and 1,5-sigmatropic shift products can be isolated.

These two were transformed to the final product as shown below,.

Me
Me Me
| = 1,5-sigmatropic shift _ J€yz2~N-0
N Sy
| B
) -~
- S L7
1,3-sigmatropic = ~ _ : 4
shift RN

| T
0 Me Me
M(eg 4 =
A - o~
N

N H Me

Pyridine N-oxide is known to react with the isocyanate74) or

the N-sulfinyl compoundTS) via 1,3-dipolar addition as shown below.

e -~ el
] o 110°C ] H -co @
y- + Ph-N=C=0 DMF g1 CN-Ph| ——2—> SN-“NHPh

!
C..‘_-o { 81% )
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The reaction with phenylisocyanate was reexamined with 3-picoline
76)

N-oxide and 1,2-dihydropyridine derivative, 1,3-dipolar addition
intermediate, was isolated and shown to give the final products
after decarpoxylation in the presence of a base, in this case

potassium hydroxide and in the earlier case perhaps pyridine

N-oxide.
=~y CH - Xy CH,, CHy~ ™S
| s Exmco ., @H 3.7 e KOH-EOH
. DMF, 110°C S _ ——— >
; y—Ph NTN~Ph T TS
6 o- o-¢ it
CH CH
= 3 3z
<) o
N “NHPh N NHPh

In the reaction of 3,5-1lutidine N-oxide, 1,5-sigmatropic shift
product, 2,3-dihydro derivative, was isolated, identified by NMR

and further reduced for structural assignment.67)

CH
CH _ cH, CH. S §H3 CHy oy
| PhNCO 1,5-shift N e
\N —_ | N N-Ph| — . N H g
& o-¢ h
3
NaBH

CH ,:*:E ? >=0

H

Similar reactions were found with N,N~diethylthiocarbamoyl

7 and also with perfluoroolefins78), as shown below.

» Oy S 7
g/ Et NCSCl g C NEt

chloride
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~

.
+ N

s-C-NEt
& 2

{ only in the presence of base }

* ] ——»@ O
—
\N + R'CF= CF CFR! N CHF + COF2

o) (51 e
¥ \

Decomposition of aromatic diazonium salts with hetercaromatic

N-oxides in the presence of cuprous chloride proceeds via a

homolytic path and givesd~arylated N-oxide, shown below.79)
2 ' CuCl,, pH3-4 LI
+ 2 5 N R
+ R<::>—N2 acetone-Hzo |
P ZN+0
{ 16-42% )
1 1
n
2 ——— =
l - + " " I -~
N N~ Ar
o _ 8
Rl, R2 = H, Me ; R = H, MeQ, N02, COzMe

In the reaction of pyridine N-oxide with aryldiazonium
tetrafluoroborates bearing strong electron-withdrawing substituents

in acetonitrile, W-aryloxy salts were successfully isolated by

Abramovitch et al..S?)
@ @_ - _ CHgeN o, R i
BF
\.' X 4
L
X = p-NO,, p-CN, p-CF,, o-CF { 24-70% )
o-No2 and m—No2
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The same salts were synthesized by the use of diaryl iodonium

tetrafluorcborate and shown to give the o-rearranged product, i.e.,

2-(o-hydroxyphenyl)pyridine in high yields upon treatment with

bases.
A @ ~ ] 4
. Et.N or
N e o L T
SRR
X X &

2-Pyridinecarboxylic acid N-oxide undergoes decarboxylation

81) 82)

either upon heating or by reaction with acetic anhydride.

Recently the reaction of 6-methyl-2-pyridinecarboxylic acid N-oxide

with acetic anhydride was examineda3)

and shown to give a small
amount of 6-methylpyridine besides the normal fearrangement product ,
i.e., 2-acetoxy-6-methylpyridine. The following mechanism was

suggested for the abnormal reaction.

e =
0, oo, L e L
CH3§ CO,H ——> H3! CO,H .

5 Cc , 2 —> CH ﬁj C=0
OAc 0=C”O
_TAoOH, G0, O _acou, @
CH oac CH3§ 0
H

4. Reactions with Acylating Agents : Rearrangements to Alkyl Side-

Chain

o= or Y-picoline and quinoline or lepidine N-oxides react with
acetic anhydride to give (- or T -acetoxymethylpyridine and
guinoline, as the major products, via the formation of following

" anhydrobases ", as the intermediates prior to the rearrangement.

— 616 —



HETEROCYCLES, Vol 6, No.5 1977

Actually the rearrangement is not limited to the alkyl side-chain

alone.
CH CH
N” "CH N N° "CH N
] 2 | | 2 |
Ong20 O Ones0 O~ 20
CH, <':H3 éH3 ¢H3
anhydrobase [:::H::?
N
o]
~C-CH
CH2 0// 3

For example, the reaction of G~picoline N-oxide with acetic
anhydride gives not only 2-acetoxymethylpyridine but also 3-acetoxy-—

2-picoline and S5-acetoxy-2-picoline as shown below.

Q OOAC Ac&(j\
cH, * Ac,0 > cH,0ac N7 CH,

( 66% ) ( 16% } ( 18% )

o-—z@

However, all the three products are presumed to be formed from the

common intermediate, " anhydrobase The general scheme of the

rearrangement is now believed to be as shown below, after many

18

years ©f intensive studies on O and D tracer and kinetic experi-

ments, analyses of hydrogen kinetic isotope effects and product

distributions, besides solvent effects since the discovery of the

original reaction by Kobayashi and Furukawa84)

85)

and Boekelheide and

Lin in early fifties.

- -
Step 1 Step 2 :I:i:L
< + Ac,0 m + hcOH
CH 2 N CH

N

) 3
o} OAc AcO AC
QAc
= =
t
e, 7)o+ XX
N H20Ac N CH3
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By the end of sixties, the existence of " anhydrcbase "

as the key
intermediate was experimentally proved and each step of the overall
reaction has been well established. Thus, each step of the
reaction will be carefully examined in the light of mechanistic

considerations.

Step 1
The initial step ( Step 1 ) involves acetvlation of the
N-oxide function to form N-acetoxypicolinium acetate which can be

converted to the perchlorate when acetylation with acetic anhydride

3

is conducted in the presence of perchloric acid. 86)
@' 70% HC1O, = 1
[ S
Sy en, T 229 Tin acom \if cn, 10

OAc
A similar salt of picrate was obtained with d-picoline N-oxide

and 2,4,6-trinitrophenyl acetate as shown below. 87)

QCH3 * Aco%mz — @cr& D@

\
o NO,

These salts give the same rearrangement products upon treatment
with a base such as sodium acetate, triethylamine or even sodium
cyanide, thus depicting clearly that acetoxypicolinium ion is the
initial intermediate in this rearrangement. Furthermore, success-
ful recovery of the original N-oxide upon treatment of the salt

in alkaline media, and formation of 2-butyroxymethylpyridine as
the major product upon heating the salt with n-butyric anhydride
indicate that the acylation step is an eguilibrium reactien.

86a,86b)

Muth and his co-workers treated N-acetoxyguinaldinium
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perchlorate, 14

C-labeled at carbenyl group, With a mixture of
acetic anhydride and sodium acetate, quenched the reaction mixture
during the reaction and recovered N-acetoxyguinaldinium salt
together with the rearranged ester. Both the rearranged product
and the recovered salt were found to retain rather small percent-
ages of 14C activities, supporting the initial acetylation

step O be an eguilibrium.

~ 3
| ﬁ/ clio 1 ACZO—ACONa | P *
CH. 4 N CHéO-g—CH

) 3 2) HCID, 3
0820 14
& (25% C activity of the salt)}
3 .
QB!
+ $/ CH3 Clo4
*
éH3
14

(10% of C activity of original =alt)

Step 2

This step involves proton-removal from N-acetoxypicolinium ion

.

by a weak base, in this case acetate ion, to form " anhydrobase ".
The importance of the proton-removal can be understood if one
considers that there is no rearrangement when N-acetoxypicolinium
perchlorate alone is heated. However, " anhydrobase " intermediate
cannot be isolated or identified by any spéectroscopic analysis.

The most evident support for the anhydrobase was obtained by the
deuterium tracer experiment by Oae's group. The kinetic obsexrva-
tion of Traynelis et al. on the reaction of 2= (d,d-dideuterated)-
benzylpyridine N-oxide alsc suggests the proton-removal to be

87)
important and irreversible, supporting the anhydrobase formation.
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Oae, Tamagaki and Kozuka used the reaction between lepidine
N-oxide and benzoyl chloride to give 3-benzoyloxylepidine { major
product ) and 4-benzoyloxymethylguinoline ( minor product ), paying
their attention especially on the former major product which could
be formed by a direct acyloxy-migration without invelving " anhydro-

base " intermediate.sg)

When 3-deuterated lepidine N-oxide was
treated with benzoyl chloride in benzene, 3-benzoyloxylepidine

was found to be incorporated with deuterium at 4-methyl group over
90% of the original D-label at 3-position. Thus, the following
mechanism involving the anhydrobase is strongely supported.

The rather exclusive 1l,3-deuterium migration to exo-methylene

group appears strange, however this kind of base-catalyzed d,T-

allylic shift is known to proceed predominantly via an intra-
molecular path.

89)
 cH, cH, a2
D D
r e )
0 Ong20 One20

Ph Ph

CH, o CHiDo-g-Ph
-C- =
o o
N N

The formation of the incipient key intermediate, anhydrchase ",
during the reaction and the subsequent d, f-acyloxy-migration

are also keeping with the formation of anhydrobase-like chloride
addition intermediate in the reaction of isoqguinoline N-oxide
with tosyl chloride and the successful isolation of other

anhydrobase-1like intermediate, N-tosyloxycarbostyril ( &)

and N-tosyloxyisocarbostyril ( B ) both of which give the
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corresponding o, f-rearranged products upon heating.

T C
N0 N~050. Tol
\ 2
(B)

OSOzTol

{a)
As models of " anhydrobase ", Traynelis and his co—workergo)
attempted to synthesize the following two compounds for spectro-
scoplc comparision but were unsuccessful.

! )
N CH<C::>N02 ? CHPh

I
CH CH

3 3

Then they qarried out the reaction of 2—benzyl-d2—pyridine N-oxide
with acetic anhydride to 50% completion and recovered the original
N-oxide together with the rearranged product. Wwhile the original
N-oxide did not lose any deuterium, the rearranged ester was also
found to retain exactly one deuterium atom per molecule. This

observation clearly indicates that k3))k‘2 in the feollowing

equation and the N-0 beond cleavage and the subsequent rearrange-

ment after the formation of " anhydrobagse ", are very fast.
Cl Cl
HC1O -
“1? cp,ph * ACR0 ——]E-4—> \$ CD,Ph ClLOy
0 1 OAc

in CH.CN & DPh ————

- |
3 2 OAc 50% completion Oac o

of reaction {recovered)

] -~ . / -
QH-
AcOH-AcONa k., Eji]§ Ky [:«EL ¥ E:NIL
N7TC N” CDPh § CD,Ph

The H-D kinetic isotope effect of this reaction at 30°C was
measured by QOae, Tamagaki et al. and found to be laxge, kH/kD = 7.6,
Those of the reactions of 2-picoline and 4-picoline N-oxides are

1)

also large, i.e., kH/kD = 6.3 and 6.2, reSpectively,9 clearly
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depicting that the rate-determining step in all these reactions is
the proton-removal from N-acetoxy-03 or y-alkylpyridinium salts to

form " anhydrobase "

while the subseguent reactions are gquite fast.
On the other hand, the hydrogen-deuterium kinetic isotope

effect in the reaction with guinaldine N-oxide, trideuterated at

methyl group, at 3¢° was found to be rather small ( kH/kD =2.0)

92/93) and a substantial portion of deuterium was found to be lost

when the original deuterated guinaldine N-oxide was recovered.93)
A small value of H-D kinetic isotope effect ( “H/kj = 3.5 at 30° )
was observed in the reaction of l-methyl—d3~isoquinoline N-oxide
and a similar hydrogen isotope exchange was found during the
reaction, unlike in the case of picoline N-oxide. Furthermore, the
rates of the reactions of these benzopicoline N-oxides were found to
increase markedly in the polar media and by electron-donating
substituents at 6-position of guinaldine N-oxide while electron-
withdrawing groups at 6-position retard the rate. All these observa-
tions reveal clearly that the formation of " anhydrobase " by
proton-removal is an egquilibrium and the subsequent N-O bond
¢cleavage is the rate-determining step of the reaction for these
benzopicoline N-oxides series.

Thisg different behaviors of benzopicoline N-oxides from those
of picoline N-oxides, can be well understood when one considers the
strong electron-withdrawing nature of benzo-group attached to
pyridine ring, as is well illustrated in the comparison of

. . . qs 94
basicities of the following two quinuclidines. )

6 ©

pKa 7.79 10.58
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The methyl-proton ¢f N~acetoxyguinaldinium ion, a benzo-
picolinium ion, should be markedly more acidic than that of
N-acetoxypicolinium ion, thus reducing the energy-barrier of proton-
removal while the same strong electron-withdrawing effect of benzo
group will make the N-O bond cleavage of N-acetoxygquinaldinium ion
more difficult than that of N-acetoxypicolinium ion, thus the N-0
bond cleavage being the rate~determining step in the reactions of
benzopicoline N-oxides.

A slightly different but related reaction would be the follow-

ing example, studied by Traynelis.gs)

Gl - oo (2, 1~
_ ag. NaOH —
~§ cH, X e, S en, PhCHO

T3
OCH,Ph OCH,Ph
lPhCHO
= ==
. .
i CH;—~CH=Ph N7 CHzCHPh.
OcH,Ph - OH
+ DPHCHO

Step 3

This step involves two consecutive reacticons, namely, N-O bond
cleavage of " anhydrobase " intermediate and subsequent recombina-~
tion of acetoxy group with either methylene or ring carbon.
Earlier, a radical-chain mechanism was proposed for this reaction
based on the observations that there are formations of small amounts
of COZ' methane after an induction period, while styrene polymerizes
96)

in this reaction system.

Products formed in a typical run is shown below.
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o | Y ETN:IOAC ACOI:A:l
X + Ac,0 /> & |
3 2

g CH N CHOAC N~ CH,
( 53% ) { 128 ) ( 14% )
]
Xy CH3+ co, + CH, + CH,CO,CH,
( 0.14g% ) ¢ 2:58)(0.93% ) ( 0.16% )

A concerted sigmatropic-type cyclic mechanism through an intra-
melecular six-membered cyclic transition state shown below was also

proposed without any experimental support,97) but was later ruled

out by the 18O tracer studies of QOae's group.ga)
! g
1}1{ %Hz — Xy CH,
03020 o=c—°
¢H 3 <‘:H3

Although the free radical-chain mechanism was disfavored based
upon the observation that the reaction of picoline N-oxide and
acetic anhydride proceeds to form the rearranged esters regardless
of either presence or absence of a radical scavenger such as
m-dinitrobenzene, a radical cage mechanism shown below, was
considered guite reasonable for sometime because of several
partinent observations. The formation of p-phenethylpyridine in
the reaction of 2—picoline'N—oxide and phenylacetic anhydridegg)
and that of alkylpyridine in the reaction of 4-picoline N-oxide and

100)

n-butyric anhydride can be rationalized as cage-recombination

geminal products after homelytic cleavage of N-0O bond of " anhydro- ,
base ". Meanwhile, an appreciable amount of carbon dioxide in the
latter reaction can also derived from the decomposition of

n-butyroxy radical, formed by homolysis of the N-0 bond of the

— 624 —



HETEROCYCLES, Vel 6, No. 5, 1977

" anhydrobase ". The reaction between 2-picoline N-oxide and

185 _1abeled acetic anhydride gave 2-acetoxymethylpyridine which

18 18

containg only a half of O-concentration of that of O-labeled

acetic anhydride, while both carbonyl and ether oxygen atoms are
incorporated withlso. Thus, the following homolytic process was

suggested. 2 8-100)

3 . ol
I S | Onccon. |— I %
N~ "CH N, ~CH o= 3 N~ CHzO0~C-CH
2 2 27 8«

O"'-.

3

+ other esters

2
fa AN
—
-—

S
N7 CH C02+ CH4
3
Later, however, a more precise mass-spectroscopic determination

has become possible tco analyze the 18

18

O-contents of both carbonyl

and etheral ¢oxygens and the O-distribution between these two

functions was found not equal. Thus, the mechanism involving the
homolytic cleavage of N-O hond of " anhydrobase " was abandoned

and substituted by that involves heterclytic cleavage of the N-O

101) 102)

bond. Recently Iwamura examined CIDNP emission and enhanced

absorption signals of NMR in the reaction of 4-picoline N-oxide and
acetic anhydride and free radicals formed were suggested to be due
to a minor process, while the major path appears to be the hetero-

lysis of the N-O linkage. Like in the thermal decomposition of

103)

diacyl peroxides, both homolytic and hetercolytic processes are

competing in this step. However, in view of the markedly uneven

18

distribution of "0 in the resulting esters and the incorporation

18

of only a half of 0 from acetic anhydride suggested strongly that

the major reaction proceeds via an " intimate " or a " tight " ion
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pair and the recombination is guite rapid. Meanwhile, Cohen and

Deetle4)

obtained a small amount of mixture of picolylanisoles,
apparently formed by trapping 4-picolyl-cation by solvent anisole,
besides normal rearranged esters, when the reaction of 4~picoiine
N-oxide with acetic anhydride was conducted in a large amount of
anisole. A similar trapped product was alsc isolated though in a
low yield when they carried out the same reaction in benzonitrile,
but there was no detectable amount of 4-picolylbenzonitrile which
would be formed if 4-picolyl radical would be the attacking species

in benzonitrile.

H CH,0Ac CH
= |3 CH,OPh (solvent) 2 |2 . |30Ac
>~ > - \‘
g + Aczo N N
\\ﬁﬁ_‘\/’d,_,/
predominant

OCH3 CH3
+ CH + —
H2 Y /N
( 20% yield of a mixture of picolylanisoles }
m/p = 0.25

{ ef. m/p=5.6-1.4 in common free
radical substitution)

0

3 HZOAC H3
PhCN (solwvent)} = == CAc
\I + Ac,.0O — \l + \I
2 N N
\____‘\,”_,_ﬂ/

N
b
Predominant
CH§N=C-Ph
= AC
+ -~
N ({ 112 yield )

Bodalski and Katritzkylos)

carried ocut the reactions of
2-cyclopentylmethylpyridine and 2-neopentylpyridine N-oxides with

acetic anhydride and obtained small amounts of Wagner-Meerwein
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rearrangement products along with normal rearranged esters as

shown below, revealing clearly that 2-picolyl cation analogs are

the incipient intermediates { 13 ) and ( 14 ) in these reactions.

g oy ey
\gl CH + Ag,0 > CH N
( 52% ) ( 3. ?% )
AP ST«
?I::> { 4.5% )z::>

{ 3.4% ) { 2.0%
S TS
X caj—c cH, + Ac,0 CH-C— CH, TR CHZ-C cH,
E CH OAcCH i
3 3 3
{ 54% ) { 8% )
~ e
+ 0\ T, \I CcH
N CH;—~C-CH, C= c:CH3
H CH 3
3 3
( 28 ) (38 )
= =
I - [j\IL ?HB T0Ac
E:;:lgﬁ OAc Sy ﬁﬂ—c—cn3
CHB
{ 13)
( 14 )

Traynelis, Yamauchi and Kimballloe) alsc carried out the
reaction of 4-phenethylpyridine N-oxide and obtained, along with

the normal product, an elimination product, formed apparently from

4~-pyridylalkylcarbonium ion as shown below.

CH3‘CH’Ph CHy o -Ph CH %P
ot
_— -
\/ | + Ac,0 —>—> @ ‘Nl Ohe
g Onc
Ph

CH~{-0Ac CHax o -Ph
— [
o) (1esy T ( 42% )

N

— 627 —




In the reaction of guinaldine N-oxide in which kH/kD was
found to be small, i.e., ca&. 2.0 and the proton-removal, i.e.,
Step 2, is not the rate-determining, the rate was found by Oae's
group to be accelerated markedly in polar media, depicting that
the N-O bond cleavage now becomes the rate-determining step of the

K}

rearrangement of the benzopicoline N—oxide.9

Mode of Rearrangement of Anhydrobase

Although the dissociation of the N~0 bond is now believed to
be heterolytic rather than homolytic, suggested earlier, while
the rearrangement is shown to be intramolecular on the basis of
180 tracer experiments of Qae's group, the mode of the ester
formation by acyloxy migration has not been discussed yet. ULike in
the solvolysis, according to Winstein's definitions, there are
three possible ion pairs which would give the final ester products,
namely intimate ion pair ( 15 }, solvent separated ion pair ( 16 )
and dissociated ion pair ( 17 ). Among these, the mechanism
involving " solvent separated ion pair ( 17 )" can be ruled out
because 0f the lack of 184 scrambling with solvent acetic acid in
the resulting esters. If the acyl migration would take place via
" dissociated ion pair ( 16 ) ", 18O contents of both oxygen atoms
in the resulting ester should be identical because oxygen atoms

of dissociated acetate ion should be completely scrambled.

_ . R
@ “\/1 O (ACOH) @
N Ser, — VX, == “wipen, —oie-cry | == | & cH}
O‘Q4. 0Q05 ACOH
CH, CH, P
(15) (16) LY 3
(17)
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=
— |

0
N CHZ-o—-&-CH3

i 180-distributions in the result-

184_

Bowever, careful analyses ©

91,93,101) revealed that

ing esters incorporations are unevenly
distributed in both carboﬁyl and etheral oxygen atoms and the
oxygen atom closer to the combining site of the anhydrobase of the
most stable conformer appears to have & better chance to combine
with the combining gite than the other which is slightly more
remote from the recombination site. For example, among the follow-
ing two conformers of anhydrobase from 2-picoline N-owxide, the

comformer at right hand is more stable than that at left hand.

) ()
N”"CH N7 ~C

| }
Ou, 0

C C
& ¢H

2 H

LO% (0.92) o
(0.9

2

i

2

n
w

3
Thes, the N-oxide oxygen atom in the right hand-side conformer has
a better chance to recombine with methylene carbon or 3-position

of pyridine ring in the resulting esters as shown below.

0.57 0
= _0.49 = 0-—*%-(31—!3 i~n0.44
) g [ &, enrdey
= = 8.35
— 0=~ pAL-LR
N CH2 0-C CH3 N CH3 0.48 XN CH3

In other words, once N-O bond is cleaved, the subsequent recombina-
tion is extremely rapid and conformationally controlled.

In the anhydrobase from 2,6~lutidine N-oxide, the conformer at
left hand side is considered to be slightly more stable than that

at right hand side, thus carbonyl oxygen has a better chance to

— 629 —




recombine with methylene carbon but not with 3-carbon in the ring

in the formations of esters as shown bhelow.

8! 1)

ciryNen, CiyNCH,
O~c=Q.901 0.919=¢c"°
H, éH3
0.0.52
/ O-C~CH
I;NEL fao. 40 ~ T \0.39°
CHIN" CH~0~C~CH N
3 2 0.51 3 CH3N CH3

Intramolecular nature of the rearrangement was illustrated

1062) itn 2-diphenvlmethyl-

in the recent work of Markgraft et al.
pyridine N-oxide, which would give a stable carbonium ion intermi-
‘diate and is considered to live long forming either a "dissociated"
or a "solvent separated" ion pair. In the usual 180 tracer

experiment, however, the resulting ester was found to contain only

18

a half of 0 of acetic anhydride, while Dabco can substitute

acetate ion as the proton-removing base in acetonitrile.

@ _ . C
Sy~ cHph, ¢ Acy0 J— S8 ceh,
61 3 (I)AC
HC1O,
+
N cupn, 1% CH3CN N cZr Syt
OAc OAc “oac

Dabco = E%j

The reaction of lepidine N-oxide with acetic anhydride gives

two ester products and the ratio of the two products changes with

93)

solvent. Since the carbonium ion of the ion pair formed from
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the "™ anhydrobase " derived from " bhenzopicoline N-oxide " is
considered to be more stable than that from monocyclic picoline

N-oxide, it would be more susceptible to the effect of solvation.

CH3 CHZOAC CH3OA
= i + = c
g N N

{ 18 ) ( 19 )

neat benzene dioxane CHCl3 CH3CN

(18 y/(19) 0.73 0.32 0.32 0.26 0.16

Thus, the ratio of the two products is believed to be effected by
the change of the polarity of solvent. Here again, however, the
rearrangement proceeds undoubtedly via " intimate ion pair " in

18

view of the ¢ tracer experimental results.

Energy Profiles

Up to now, the main discussion was focussed on each step of
the reaction and the rate-determining step of the reaction was only
briefly mentiOned.. However, one would already have noticed that
the reaction of monocyclic picoliné N-oxides and that of benzo-
picoline N-oxides, such as quinaldine N-oxide, are somewhat
different energetically. Therefore, the reactions of these two
N-oxides will be dealt separatedly.

In the reactions of monocyclic picoline N-oxide derivatives
with acetic anhydride, . the pseudo-first order rate constant
increases in the following order: 2-~ethylpyridine=~2-picoline ¢
4-picoline {2,6-1lutidine {2~phenyl-é6-methylpyridine ¢ 2~benzyl-
pyridine N-oxides. Thus, it appears that both initial O-agylation

egquilibrium, namely the basicity of N-oxide function, and the
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subsequent proton~removal have to be taken intc considerxation for

the discussion of the rate-determining step. FHowever, the large
hydrogen;deuterium isotope effects, i.e., kH/kD = 6.3 at 60°C for
2-picoline N-oxide, kH/kD = 6.2 at 60°C for 4-picoline N-oxide
and kH/kD = 7.6 at 30°C for 2-benzylpyridine N-oxide, together
with the observation that there was no deuterium loss in the
recovered 2—ben2yl—d2—pyridine N-oxide at half-completion of
reaction, supportstrongly that the proton-removal is not an
equilibrium but the rate-~determining step of the overall reaction.

Thus, the energy profile can be illustrated as shown below.( Fig.A )

L

N ¥a = 22.5kcal

S 3

cH., OAc
5 3 @L + ete
+ Aczo 2 CH20Ac

reaction coordinate
Fig. A. Energy Profile of the Reaction of Picoline N-Oxide
with Ac20

Among few steps involﬁed in the reaction, the proton-removal
reguires the highest energy for picoline N-oxides ( Ea £or
2-picoline N-oxide = 22.5 kecal/mele, 4-picoline N-oxide Ea = 22.5
kecal/mole ) and even for.2—benzylpyridine N~-oxide which reacts
markedly faster { Ea = 14.8 kcal/mole ).

In the bonzopicoline N~oxides series, the pseudo-first order

rate falls in the following order: lepidine { quinaldine { l-methyl-
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isogquincline N-oxides. The size of hydrogen-deuterium kinetic
isctope effect flucturates substantially from the largest kH/kD =
7.9 at 30 C°for lepidine N-oxide to kH/kD = 2.0 at 30°C for
guinaldine N-oxide and again to kH/kD = 3,5 at 10°C for l-methyl-
isoquinoliqe N-oxide. Only in the case of lepidine N-oxide, the
proton-removal is the rate-determining step and not an equilibrium.
With the latter two benzopicoline N-oxides, the proton-removal is
an eduilibrium reaction, and the rate-determining step is believed
to be the N-O bond cleavage, while the pseudo-first order rate
constants increase markedly by the addition of lithium perchlorate

inte the system and also in polar media, e.9.. kl'in CH.CN /

3
kq in dioxane = ca. 3. When the reaction of trideuterated
guinaldine and 1-methy1-d3—isoquinoline N-oxides were stopped at a
half completion of the reaction, the recovered N-oxides were

found to have lost appreciable percents of deuterium. Thug the
proton-removal is not the rate-determining but an equilibrium
reaction. However, the energy barrierg of both proton-removal and
N-0 bond cleavage are considered to be of comparable magnitude.

Even with guinaldine N-oxide, substitution at 6 position changes

the size of kinetic isotope effect. For example, kH/kD for
6-methylquinaldine N-oxide is 7.4, depicting that the proton-
removal is the rate-determining step, whereas kH/]gD for 6-chloro-
derivative and unsubstituted guinaldine N-oxide are 2.2 and 2.0,
respectively. An electron-withdrawing group reduces basicity of
ﬁ—oxide function, increases acidity of methyl proton and streng-
thenes the N-0 linkage, thus retarding the initial acetylation,

facilitating the proton-removal at the second step and making the

— 633 —




cleavage of the N-O bond hard.

The energy profiles for the reactions of three typical benzgo-

picoline N-oxides are illustrated in Fig. B.93)
— lepidine N-oxide
~. ——-guinaldine N-oxide
/Y —"-l-methylisoqguinoline

\ N-oxide

Product

reaction coordinate
Fig. B. Energy Profiles of the Reactions of Benzopicoline -
N-Oxides with Ac20

In the case of lepidine N-oxide, the highest energy barrier is the
proton-removal ( Ea = 16.9 kcal/mole ) and in both quinaldine
N-oxide ( Ea = 13.7 kcal/mole ) and l-methylisoquinoline N-oxide
{ Ea = 10.9 kcal/mole }, the N-O bond cleavage reguires the highest
energy. Apparently there is an energy minimum, corresponding to the

ion pair, which in the recombination stage collapses differently

in different solvents, thus changing the ratioc of ester isomers.

Similar Reactions

The reaction of picoline N-oxide with arenesulfonyl chloride

or phosphorous oxychloride to form 2-chloromethylpyridine is also

considered to proceed via " anhydrobase ".107)

)
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7] (@, «]—[C)
‘g cu, T YL \ﬁ CH, N CH

I
OY

[jN:L + YOC1 [jmjLCH Cl E;;jLCH 954

( ¥ = socl, Ppcl,) Y = PhCO, CH,CO,

50Cl, Arsce

2

97 C’PC].2

Koenig and his co—workerlog)

carried out the reaction of
2-picoline N-oxide with trichloxoacetyl chloride in refluxing
chloroform for many hours and obtained 2Z-chloromethylpyridine.
Howeyer, when they stopped the reaction only after.one hour of
refluxing, they could isolate 2-trichloroacetoxymethvlpyridine,
which upon heating in acetonitrile underwent decarboxylation and
gave 2-chloromethylpyridine. Thus, the final prodﬁct is believed
to be formed by the nucleophilic attack of chloride ion on
2—trichlbroacetoxymethylpyridine.

e l e
\ c1,ccoc1 |
CH,

> N CH,CL
in CHC13, reflux, 12 hr

cl CCoOCL in CH4CN

in CHCl

refiux, 1 hr

/ = -

- | HC1 (\ﬂ\ : ¢l

N8, 0-g-ccl N“cn,0-¢-ce1,
N _

3 orc

Parham and his co~workerslog)

conducted reactions of 12,13-
benzo—lG—chloroflO)(2,4)pyridinophane N-oxide, a cyclophane

derivative of 2,4-dimethyl-3-chloroquinoline N-oxide, with acetic

— 635 —



anhydride and other acyl chlorides and obtaiped corresponding
esters of both syn- and anti-forms. In the reaction with tosyl

chloride, however, only the syn-isomer was found to be formed.

= cl . = Cl
|
o )
N /C'-, \N /C"
X B H X
syn anti

syn. a. QAc [ 32% ) anti. a. OAc (26%)

b. OCOPh( 26% ) b. OCOPh (46%)
c. 0502T01(73%) c. OSOZTol(O%)
d. OPOC12

e. C1

In a model reaction with 2,4-dimethvl-3-chloroguinoline N-oxide,
only 2-chloromethyl derivative, but no ester was formed. There-
fore, the formation of esters with the cyclophane N-oxide is

gquite interesting and may give some clue for understanding the
energetic relation between " anhydrobase ", N-0O bond cleavage and
subsequent recombination., The formation of only syn-isomers with
tosyl chloride and phosphorous oxychloride appears to suggest that
such poor nucleophiles as tosylate and dichlorophosphate ions have
rather low polarizabilities and recombine as soon as they can find
any nearby cationic center, which happens to lead to the syn ester
formation. The formation of esters again indicates that the
rearrangement is intramolecular and takes place within " anhydro-
base " and the chloromethyl derivatives are formed by the

nucleophilic attack of chloride ion on the esters formed earlier.
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5. Other Related Rearrangements of Heteroarcmatic N-Oxides
110}

Dinan and Tieckelmann found that thermolyses of 2-alkoxy-
pyridine N-oxides give the corresponding N-alkoxypyridones in high
yields and the yield is better with allylic or benzylic than with

methyl or ethyl group at low temperatures.

//l A ‘ AN _ - o
- e R = -CH,CH=CH, 100" 83%
? OR $ 0 .
5 OR -CH,Ph 100° 928
~CH, 140° 89%
111)

FOr the rearrangement of allylic group, Thyagarajan proposed
earlier a mechanism involving a seven-membered cyclic transition

state in contrast to the Meisenheimer rearrangement, however, such

a possibility was ruled out by TieckelmannllZ) in the following
experiments.
o o ™~ T
& at 85 | + |
—_—— s
¥OOR Tin aiglgme §oo N
o] OR éR'
R = —CHZCH=CH2 —CHZCH=CH2 100%
—CHECH=CH"CH3 —CHECH=CH—CH3 98%
~CH-CH=CH
2 2%
¢u,

—CHZ«(:] -CH2*<i] 6%
T .

-CH-CH=CH
éHB

"CHé CH=CH—CH3

-CH-CH=CH

2
¢H3

2 803

10%

At relatively low temperatures { r.t. to 85°C ) only a very small

portion ( ca. 2% ) of alkenyl group undergoes 1,3-allylic shift
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while 98% retains its skeleton Quring the rearrangement, while
optically active 2-(df,T-dimethylallyloxy)pyridine N-oxide gives,
upon heating, an optically active N-allyloxypyridone ( though the
structure is not well confirmed ). The cross-over experiment with
two different allyloxypyridine N-oxides revealed that over 80% of
the thermal rearrangement proceed via an intramolecular route.
Conversion of cyclopropylcarbinyl group to cyelobutyl group, though
only in 4%, still indicates that the contribution of heterolytic
process is important at the transition state.

At higher temperatures {125-135°C), however, another product,
formed via Claisen type rearrangement, namely,'3—alkenyl-N—hydroxy—

2-pyridone is formed together with the normal rearrangement product.

50% 433
CR,,CH=CH

Q! Y L )

\111 0-CH,,CH=CH,, N0 * N0

0 138° OH O~CH,CH=CH,
55% 39%

Ap interesting, but somewhat different reaction is that

between 2-ethoxypyridine N-oxide and acylating agents to afford

N-acyloxy-2-pyridone and ethyl chloride.ll3)
e, o [ @l )
¥-Cl cl -C,H.Cl
\If oc, H, ﬁ B¢ 25 N0
o} oy

Y = Ae, Arco, CH3802, AJ:SO2

This reaction was applied for the stereoselective synthesis of
peptides and following is an example of dipeptide synthesis without

. . 114)
racemization,

— 638 —




HETEROCYCLES, Vol.8, Neo. 5, 1977

1
N OC2H5

N-CHCOCL b N-cr:HCONchzcozczﬂs
CHzPh 2) NHZCH C02C H +« HC1 Q CHzPh
~Et,N
optically active optically pure

‘Photochemical deoxygenative reduction, ring contraction and
expansion to other hetero-rings, ring cleavage and other photo-

chemically interesting reactions of hetercaromatic N-oxides are

many and well-covered in a few exellent reviews by Katritzky,z)

115) 116)

Taylor et al. and Kaneko, Therefore, we have no intention to

duplicate the subject but will cover only recent works briefly.

Photolysis of pyridine and 3-picoline N-oxides in gaseous

117}

phase gives deoxygenated pyridine and 3-picoline. Whereas,

*
photolysis of gaseous 2-picoline N-oxide with 2537 A light (g~ 7®
excitation ) leads to deoxygenation by N~O bond cleavage and that

*
with 3266 A { n~ T excitation ) gives 2-pyridinemethanol as the

118)

main product. Photolysis of pyridine N-oxide in aromatic

hydrocarbon, such as benzene, gives both phenol and deoxygenated

119)

pyridine, in a high quantum yield. In other solvents, ring

contraction is the main course of the pheotolysis, forming 2-formyl-

pyrrole.
O_A 0 —L- L. - L
H
R = H, CH3 R=H;10%
R=CH3:B%

- Pollowing is believed to be the general route for the product

formation in the photolysis of pyridine N-oxide,
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product product

In the photolyses of hetercaromatic N-oxides, various intermediates
have been suggested and many of them were actually isolated.

These examples are listed in the following eguations,

| 22 2 22 g2 121)
OH HO,
= hy = =
Mg > / N 1t <) 1t 3 i 1
R g R R¥ SN COR R SNR R™ Sy
f
RY, r?, B3 = H, Me
N N OH 122)
| P hy I P
N R ? N7 R
}
)
R = CN, Ph
c1
cl. y c1 123)
| S N C1,C=-C=CrN=C=0
Cc1 ? Ccl in CCl4 ¢l c1 c1
O.
2
o2 ' <K 124)
W
|\‘N v Lo,
=8 g in CH,COCH o] R
26l 3 3
1 2

R™ = Ph, CN ; R = H, Me
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l >
©\/:@H2)n (I‘/‘O

N
$
\w ( 803 ) (108
hw n=4 —
= N =
0 (CHy)
intermediate ‘ \‘ ( 70% )
N +
( 8% ) 0
@;@
H
{ 10% )
oh Ph Ph 126)
/I hv (~30004 ) fj\ + f\\o
S " — s Ph —
PHSNTPh T in CH,COCH, PH SN” Ph N——(Ph
0 (~12% ) (~8% )
Ph
OH Ph
Coor e o
PH “N” Ph PH N g—~Ph
( 10% ) H
( 56% )

In the photolysis of N-methoxyphenanthridinium perchlorate in
arematic hydrocarbong, Taylor and his co-workers 127) observed that
methoxy radical, formed by the cleavage of the N-O bond, attacks
aromatic selvent to give o-, m— and p-anisole derivatives while the

W-oxy compound is reduced back to the original base in a good yield.'
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-OCH _ hy

. N CH
/N €10, 4 CH,CN /N *+ CHLOH + $H23
(=D (O~ bz,
hy ( 80% )
in Ph-H

Ph—OCH3 7 N %
N OCH
- +
Ph-CN —— o=, m-. p...

aniscle 21.8% 79 trace 21
toluene 4,9% 70 13 17

benzonitrile 7.6% 73 g 22

6. Reactions of Non-Heteroaromatic N-Oxides with Acylating Agents :

Aliphatic t—-Amine Oxides, Nitrones and Azoxybenzenes

Apart from heteroaromatic N-oxides, following are other
tertiary amine oxides which can undergo rearrangements or other

interesting reactions.
2

R 1 2 1 3
R R R OR
I
rEN-0 ~n=cZ ~e=nl
3 o ~g3 R? 0
R
aliphatic t-amine nitrones nitronic esters
oxides
1
R 2 -
N=N—R R-C=EN=0
o<

ceri .
azoxy compounds nitrile oxides

a). Aliphatic t-Amine Oxides

Aliphatic t-amine oxides may undergo the Meisenheimer

rearrangement,128)

the Cope elimination, if there is at least one
p-hydrogen in the molecule, and also dealkylation such as the

Polonovski reaction. There are many examples of these reactions.
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Intramolecular nature of the Meisenheimer rearrangement was de-

picted by the following experiments, shown below, with an optically

. , 2 .
active t~am1nel 9) and also by a cross-over tracer experiments

between deuterated and. undeuterated t-amine 0xides.l30)

Me Me
I % Z I * 129)
Ph—lll-CHDPh —_—> Ph-N-0O~CHDPh
Q

61~2% racemic
optically active '

Me Me

| | 4 130)
O+ Ol —4—

y o2 y 2

Q o]

?e ) Me
i
o ro-eus (> + (o)

The reaction is kinetically unimolecular, i.e., first order

with the concentration of t-amine oxide while the ease of alkyl

group to rearrange is allyl %) benzyl.131) With substituted benzyl

groups, the Hammett plot with o values gave £= 0.9 which is substan-
tially small than that { = 3.4) for the Stevens rearrangements of

phenacyl (subst.-benzyvl)methylammonium salts.

M 132}

Ph—N—CH-@ -4 . Ph— N o~ crx@’x

= H, p- CH3, m- Cq3, p-Cl, m~Cl, p-F, m~F, m~Br, p-NO2

- 133
PhCOCH—ﬁMe [ PhCOCHi:NMe J PhCOCHNMe )
2 —— 2 | ———

2
CHZAr CHZAr CHZAr

Relatively small electronic effect and the activation parameters

( Ea = 33-40 kcal/mole, 48% = $19,2—~+41.2 e.u. } seem tO suggest

that the Meisenheimer rearrangement does not proceed via a c¢yclic
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such as SNi or SNi' transition state but via an initial N-C bond

cleavage and subsequent C-0 bond formation.
TN L an
RY § —cH Ar R
2 N J. 2 CH
R 0 27 Ny Ry

C
R -

2

S,.i s
N SNl

Indeed, it is now believed to be a free radical cage reaction as

shown below.lzs)
1}2 ol o1
REN—+0 — | N0 er3| —>  N-0-R®
|3 r% R
R

The Cope elimination reaction is a typical Ei reaction which
proceeds via 5-membered transition state shown below, and has a wide

application in the syntheses of olefins.

l -
R\i&/’ ° ,\ 1.2
SN oE —— e=C 4+ RURTNOH
R k-f/j:——c\, FARAN
/. >

The stereoselectivity is one of the best among many similar Ei

reactions that proceeds via S-membered transition state, as is

illustrated by the following examples.134)
O o,
HQ_C?N(C%)Z___, gg:c=c:§H3 + gg:@cng + CH3GH-CH=CH,
Ph™"y N\, “CH, 3 3 3 Ph
CHj H trans cis
erythro 90% 3% 7%
Ox
H\ﬂé\_-c’_ﬁN(Cﬂ:a)z
-4 N H - 123 93% 7%
PO o CH
3 3
threo
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One example of dealkylation of tertiary amine oxides is ferxic

ion-catalyzed or dichromate ion-catalyzed reaction which gives

hydroxymethylamine derivative at the initial stage as shown below.lBs)
CH
+oh +
R-CH, 1xl1->o __Fe [R~CH-N:CH2°“ B 5  RCH,NHCH, + HCHO
+ 2 ™CH 2 3
CH B 3
3
R = Ph, p~NO,C.H mCHz_
r p 2 6 4! t‘q
H

Following are interesting dealkylation reactions by treatment
with acylating agent and called "Polonovski reaction?! In the reaction
of dimethylaniline N-oxide, the ratio of the two products, i.e.,

rearranged ester and demethylated amide varries with the polarity of

the solvent used.l38)
3\ ,, 138)
I 3 137
III-CHB Ac, N-Ac N- CH,
o = @
‘ CAc

The rearranged product predominates in water and also in acetic

anhydride, while the amide is the major product in less polar or
non-polar media such as THF and benzene. Earlier, a free radical
sclvent cage mechanism was proposed by Oae's group based on a crude

18O tracer experiment,l37) however, was questicned later by a recent

139} 18

CIDNP observation. The renewed 0 tracer experiment indicates

that the reaction is intramolecular but the lao—distribution among

the two oOxygen atomsof the rearranged ester is not equal, suggesting

the reaction to proceed via another ion-pair process.l40)
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b). Nitrones
Photolyses of nitrones usually give three-membered oxaziranes
~which are unstable and transformed back to nitrones, leading to

cis-trans isomerization or eventuwally isomerizing to the correspond-

ing stable carboxylamides.l4l)

hv
CH€:>[:”;>\\ CH?;?K:_:}VPCH3 e
N N
CH3 é CH3 CH3 0

hv 2\
Pg::C=N::gh — PE::c——N-Ph — Ph—ﬁ—NHPh

o]
The reactions with acylating agents usually give acylamides.
A typical example is the reaction hetween g,N-diphenylnitrone with
acetic anhydride and the following three mechanistic routes have

been suggested.

- 143)

[Ph—$~§-Ph]

péii/g//z AcO OAc

- 141)
H

Phe._,._ Ac,0 E - Ph-{==N-Ph

H-C=Y~Ph 29, rh c-$ Ph AcO b

& —> Ph-C=N-Ph
0 0-C-CH & |
§ 3 C=0 0-C-CH

3
\ CH, 4
path ¢ H 144)
Ph-C=—N-Ph

&0
&u

Path a involves the attack of external acetate ion, while both path

b and ¢ are intramolecular shifts of acetoxy group, and the 180

8

tracer experiments with 1 O-labeled acetic anhydride can easily

discriminate path a from the other two. Thus, the usual 18

145)

O tracer

study was conducted by Tamagaki and Oae and the possibility of
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path a was ruled out. Meanwhile, the usual kinetic study on the
reaction of o~aryl-N-phenylnitrone with acetic anhydride gave

activation parameters of Ea = 10.9 kcal/mole and 4s¥ = -59.6 e.u.
and the Hammett linear correlation with oi_values and fwalue of

-0.8. Thus the following mechanism, which includes participation

of both path b and path ¢, has been suggested as most plausible.145)
Ar—— .o fast Ar-— .._+ —Ph -
poC-N-Ph  + Ac,0 —E2EE, H__,C—ﬁ..,_OAcAcO
0
AY — —FPh
—slow 1 p-F=N -| ZB<CH _ aAr-c=N-Ph
. 1T20 AcO Gac
s
CH, leo
Ar~-C=-NEPh
B

The similar reactions with benzoyl and benzenesulfonyl chloride
and also with phosphorus oxychloride were investigated by Tamagaki

and an146) 18

through their usual O tracer technique, which suggested
that the reaction with benzoyl chloride proceeds intramclecularly
via both " oxygen bridged " and " cyclic " routes while those with

the sufonyl chloride and phosphorus oxychloride undergo through

"

oxyyen bridged@ " transition state, shown below.

H- + He _g-Ph -

ar-CY PR Y-Cl ——> ,Me=RED el
Hen t-Ph ..~ Y = DPheO q -HC1
ansCsBIgy T —E=ERO, o bonepn | ZECL, ar-c=w-ph
) _'_‘\\\ - Bz
~f20 c1
= +HCL
Y= Phso, and POCL, Ph
Ar-C-NHPh
Eaen 8
Ar-Co=N-Phi _ZHCl . ap con-ph .
© oy
v 1HC1 PhCOCL

ArCONHPh + ¥Cl
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In the reaction with methylenesulfene, o,N-diphenylnitrone

gives a heterocyclic sulfone, apparently an intramolec¢ular rearrange-

ment product.l47)
He
C=N-Ph
Et N Ph- I
CH.S0,C1 —2 & cn=so] Z O, Ph-CH—-N-Ph
3772 2 2 CH2 4}
N O/
80,
NH~cp-ph
s’gHz
0-°%

The reaction with arenesulfonyl chleoride bearing an electron-

withdrawing substituent such as p-nitro group, also gives an ortho-

rearranged product.l48)
©—§=cnph + p-NO~C,H,80,C1 — §I=cnph c1”
) : 080,CyH,~NO,=p
N=CHPh NH
—s @ 5,0 @ 2
0S0,CyH, =NO,=D ; 0S0,C B, ~NO,~p

As for the reactions of nitronic esters, Nielsen summarized

many examples of various kinds,149a)and a few of them are shown
below.
Ph~.._..20 _ 20° Ph
H'—C—N\“OCHB + CH2—CHCN "‘Z‘da—ys‘> 4 CN ( 46% )
CH, 07 0
3
(\rNo2 N0,
[ + CH,=CH, ——>
O,-Nuo 2 2 O/N\O

This addition reaction was applied to the synthesis of d-hydroxy-

. .o 149)
W amlpo acids. CH.—CH~-CO..Me
0 ~10° cr,’ o 2
CH2=N‘0Et + CH2=CH002Me Z\N/
OEt
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116° _ 1y =t '
s +N=CHCH,~CH-CO,Me ——>  H,NCH,CH,CHCO,H
EtO ou 2} HCL bu

Nitrile oxides also give cyc¢loaddition preducts together with

dimerized heterocycles, presumably via 1,3-dipclar addition, accord-

ing to Huisgen.lBD)
N~
Phw.. Et,N e J Ph-C=CH Ph./ ©
PENC=Nw o 3 [Ph c=Nso | ER-CsCH a
H Ph
CHszHCO2Et
dimerization
N
Ph~.__.-Ph Ph_y O
f i
N\O/Nuo . COzEt

¢). Azoxyhenzenes

Aromatic azoxy compounds undergo rearrangement in the presence
of strong acids. For examples, treatment of azoxybenzene with
conc. sulfuric acid gives p-hydroxyazobenzene and this rearrangement

is known as the Wallach rearrangement, which has received consider-

able attentions in the past.lsl)
Ph-y=N-Fh conc. HyS0 | Ph-—N=N©—OH
Shemyakin and his co-workerslsz), based on their 15N and 180

tracer experiments, proposed the following mechanism involving the

N,N-oxide intermediate, shown bhelow.

o .
L % O x * %
QA — O — Qe o

Oae, Fukumoto and Yamagami also carried out the rearrangement of

18O—labeled azgoxybenzene and found the resulting p-hydroxyazobenzene

18,

to have lost Thus, the following mechanism was suggested.
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* * *
0 CH OH

i /N
Ph-Nem-ph + HY —> [Ph—§=N—ph — ph-iN-ph

lHZO
OH

|
* +
Ph-—N==N-©—OH + H,0 +H

As to the rearrangement to ortho-position, Oae et al.r 2>

suggested

the following intramolecular rearrangement via an intimate ion pair,

18

based on their observation that O-label of the medium was not

incorporated in the resulting ortho hydroxy group of the rearranged

*
product. H,50, ,0§~
5(:}& —_— p-Tol- N\\N”<j>
H O
2
HO,

—— pHTOl-N=N@

Kinetic studies of the rearrangement in various concentrations of

sulfuric acid have been carried out and the mechanism involving
154)

" dicationic intermediate " was also proposed, however the
mechanism appears to change with the change of concentration of
sulfuric acid. At higher acid concentrations, the diecation
intermediate is considered to be formed.lSS)
C+) H-!— CI)H HA A--IéIH
Ph-N=N-Ph == Ph-N=N-Ph 7o [Ph'ﬁin—ph]

—_— .‘-‘N ‘N—. H,0 + A
M, e KE —2 enewend e
fast Nu ast
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The reaction looks quite simple, yet it involves oxygen migration
not only between N and 0, and p-carbons of both benzene rings but
also between the two nitrogen atoms, thus complicating the whole
mechanism. Purther studies are now underway at several laboratories_
and will clarify the detailed mechanism.

A Photo-Wallach rearragement is known to be intramolecular and
involves the shift of hydroxy group to OrthO—pOSitiOh,lSl) however,
a question has remained as to which benzene ring hydroxy group

migrates. In order to shed light on this problem, Oae et al.lss)

conducted the reaction with azoxybenzene-—l—14

14

C and determined the
location of the C by the reductive cleavage of o-hydroxyazobenzene.
The result indicates that the photo-Wallach rearrangement leads to no
gignificant delocalization of the iscotopic 14C during the ortho

rearrangement, shifting oxygen to the unlabeled benzene ring to the

extent of 87%. Thus fhe following mechanism was suggested.

oo hy %g -
g in EtOH @Nf’ N/ —+®N=N—©
A HO

' Since the basicity of azoxybenzene is very gmall {( pKa =6.45}),
as compared to other common tertiary amine oxides, by factors of
5-10 pKa units, the reaction of azoxybenﬁene with acetic anhydride
is considered to be sluggish. The reaction, however, did occur
under prolonged heating at 190°C in an autocléve and a mixture of

azobenzene, acetanilide and acetic acid was obtained along with such

gaseous products as carbon dioxide, carbon monooxide and methane.157)
-]
PhY=N-Ph + Acy0 % Ph-N=N-Ph + PhNHAC + CH,COOH
{ 60% ) { 132 ) { 63% )
+ co '

2 + CO + CH4
( 95% ) ( 14% ) ( 2% }
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Acetanilide obtained is considered to be formed via azoxybenzene.

Treatment with an excess acetic anhydride gave acetanilide in a

high yield.

The formation of acetanilide was inhibited by the

addition of such radical scavengers as iodine, hydroquinone and

nitrobenzene.

acetanilide formation.

O +

Thus a free radical mechanism was suggested for the

s — OfO)
diO"CCH
o}

cH
CH, 35 3
. <‘|:o
— OO =0+ O
: 0-6-CF 0-c-cH, 0

Oae, Maeda and Kozuka

157)

l 4 Hy
lAr—H
o, + polymer @NHCOCH3

also found that phenazine N-oxide

undergoes a similar reaction in refluxing acetic anhydride.

N
+ Ac,0
LD

N
¥
o]

HC1O, N _

—_— - C10, |
T

\\\{iflux OAc

OH
N N
X1 €1
> >
N s
( 713 ) { 5% )
+ CH3C020H3 + CH3COZH + 002 + CH4

(4.7% ) ( 10.1% ) ( 64% )} { 5% )

Since the N-acetoxy salt can be isolated as perchlorate, the initial

step is undoubtedly the acylation, however, the subsequent step

seems to be homdlytic fission of the N~O bond, in view of the large
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amounts of the reduced phenazine, methane, carbon dioxide and
methyl acetate.

Azoxybenzene was found by oae and MaedalSB)

to react smoothly
with arenesulfonic anhydride and yielded p-arenesulfonoxyazobenzene

in high yields.

PhoY=N-Ph +  (Ars0,),0 —4 Ph—N=N@os<)2Ar
Ar : p—CH,C.H, 92 %
: Ph 92 %
: p-BrC

H 80 %

64

In this reaction, both isomers of bromoazoxybenzene gave the same

rearrangement product, suggesting the oxygen transfer during the

reaction.

Br<<:>%g=N—<::> (Tolsoz)zo
Br4<:>kN=N4<:>fOSO2TOl
Oyl Do

The usual 18O tracer experiment with lso—labeled benzene-

sulfonic anhydride revealed that all the oxygen atoms in the result-
ing benzenesulfonoxyazobenzene was completely scrambled, showing
that migration of the benzenesulfonoxy group proceeds through a

completely intermolecular pathway. Meanwhile a 14

&

C tracer experi-
ment with azox},’benzene--l—]L C, which inveolves reductive cleavage of
p-hydroxyazobenzene with sodium hydrosulfide to p-aminophenol and
aniline, revealed that the intermclecular attack of the sulfonate

was slightly favored at phenyl group of the azo side ( 4-position }

as compared to the azoxy side ( 4'-position ) in the ratio of 57 to
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14

43%., However, the result of this C tracer experiment clearly
Qeplcts that there is a definite oxygen—-migration between the two'
nitrogen atoms during the process.

Kinetic experiments with substituted benzenesulfonic anhydride
in acetonitrile gave a good Hammett correlation with dgwalues and
the fwvalue was calculated as + 1.3, while, with p-substituted
azoxybenzene, the Hammett correlation with ¢values gave fvalue of
- 1.5, The activation parameters are Ea = 22.4 kcal/mole and
48%¥ = - 14.2 e.u. The hydrogen-deuterium kinetic isotope effect,
measured with azoxybenzene—d10 was as nil, i.e., kH/kD = 1.00.
Based on these observations, QOae and Maeda presented the following

mechanism which inveolves the cleavage of N-O bond at the rate-

determining step.

@—@:N-@ +  (ArS0,)},0 -
0
OpQ = OpO= arTayes

0S0,Ar oso Ar
02Ar
slow
> @'N""NQOSO Ar @ “N'.(oso Ar A¥SOg
0S0,ar

fast
—_— @-N=N-©—0802Ar + ArsogH

When both para-positions are substituted, the rearrangement

occurs at an ortho position, for example.

3—@64\1@-&1 +  {TolS0,),0 —> CH§©—N=N©—CH3

OSOzTol
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Like many other ortho-rearrangements, this migration of the

sulfonoxy group to ortho position is considefed to be intramolecula;.
The reaction of azoxybenzene with arenesulfonyl chlorides

gives both orhto- and para—arenesulfonoxyazobenzenes'in different

ratios depending upon the substituents, thus proceeding apparently

via a somewhat different mechanistic route from that with arene-

sulfonic anhydride.lse)

arraryate
@@@ T nendYosorT

—

as0
X = p-NO, 59.7 % 24.8 %
p-Br 28.8 36.8
p-CH3 0.6 6l.4

Ph-gzN-—Ph + CHyS50,C1 —> Ph—N=N@-OSOch3

( 63.8% )

The reaction is guite sluggish as compared to that with arenesulfonic
anhydride, but the vields of the rearranged products are pretty good. '
A few characteristic features are followings. 1) There are formations
of both ortho- and para-rearrangement products while the formation
of ortho-derivative is favored with benzenesulfonyl chloride bearing
an electron-withdrawing substituent and disfavored with that having
an electron-releasing substituent. 2) In thé reaction of sterically
twisted benzocinnoline N-oxide with p-nitrobenzenesulfonyl chloride,
no rearranged product was obtained because of the steric hindrance

of the attack of chloride ion on the azo group after the arene-
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sulfonylation of the N-oxy function.

+ OzN-@302Cl

—_— =N Cl” ——> no rearrangement

‘$SO—<:)}NO products
2 2
3} When both para-positions are bklocked by substituents, as in the

case of p,p'-dimethylazoxybenzene, the rearrangement to ortho

position occurs,as shown below.

CH;@-E#\T@-CH:; + Br—@sozm

110 , 7 hrs. CH3—©—N=N CH,
in nitrobenzene
osoz—©3r

( 35% )

4) The reaction proceeds smoothly in polar media such as nitro-

benzene but becomes sluggish without solvent. 5) The usual 18

18

e}
tracer experiment with O-labeled p-bromobenzenesulfonyl chloride
revealed that all oxygen atoms of p-brosyloxyazobenzene are
completely scrambled, suggesting an intermolecular nuclecophilic
process for the para migration while o-brosyloxyazobenzene retains
the ofiginal oxygen atoms of azoxybenzene implying an intramolecular
oxygen-bridged ion-pair process for the ortho migration. 6) The

small excess of 18

O found in the recovered azoxybenzene seems to
suggest that there is a pre-equilibrium of oxygen atoms between the
azoxybenzene and arenesulfonyl groups prior to the rearrangement

via either ( 20 ) or ( 2) ), though in a wvery minor extent.
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7) The 14C~tracer experiment of azoxybenzene—l—14c with p-nitro-
benzenesulfonyl chloride revealed that the ratio of the sulfonoxy
migration to the phenyl ring attached to the azoxy side ( path A }

to that attached to the azo side { path B ) is 1 to 2 for the ortho

rearrangement.

@—-N=N© + RArso c1 Pra— [/ ) i‘i—ﬂ—@}

OSOZAI
OO e ., [ OHD | o
—_— [ or Cl
‘-—— 32 %
S
ax” “o" ar” o

Based on all these observations, the following mechanism was

suggested by Oae and Maeda as most plausible.

@1;:51@ + Arso,cl —> O—ﬁ— @ 1"

OSO Ar

[:::L ortho-migration lpara—migration
Cl
? Ly
SR cl
\\\ lsm / \ ﬁ—NO
path A - path B -

“0,.8Ar

l"HCl | l—HZl
Ol Y aare

OSOZAr

¢} . H-Hydroxylamines

There are a few interesting rearrangement reactions of

N-hydroxylamines which are related to those of t~amine oxides.

159}

Lwowski et al. studied the reaction of N-arylhydroxylamines
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and benzoyl or arenesulfonyl chloride and isolated o-benzoyloxy-— or

arenesulfonyloxyanilines.

R-N-O-C-R' RNH
O-C-R'
3 A &
X X
— | B——
R = CHBCO, R’ = CHCl2
R =R' = pPh

In the case of o-sulfonyloxy-migration, the etheral oxygen atom of

18

the resulting ester was found to be incorporated with 0O exactly

as much as that of the sulfonyl chloride used. Thus, the following

intramolecular cyclic mechanism was suggested for the rearrangement.

R-C-N-OH N R—cuN-o-HSAC::rNoz
o! + O,N s0,C1 AN

2 ” ﬁ:tj*o Ne)
.
SN @0'3@1"02

A little later, a careful 18O—tracer study was conducted by

160) changing the reaction temperature and the

Gutschke and Heesing,
solvent while varying the substituent. '"The results indicated that
there is a partial scrambling of 184 in the resulting ester, while
electron~-withdrawing substituents accelerate the rate. Thus the

following mechanism was suggested for the rearrangement.

o PhCON+ 74 PhCONH,_ 2 -Ar
Ph-CO-N-O=&-Ar o L 0
_._.+ —
Q-S~Ar Q
Phc0N$ & | ~23% Phcifﬂofg -Ar
PhCONH 050,
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Oae and Sakurai found that O-(p-substituted benzoyl),N-(tosyl)-
N-arylhydroxylamines rearrange thermally and give o-acyloxy-p-tosyl-

161
anilides in another 1,3-migration. )

TOI-SOZ\N/O-g@R A TOl"SOZ_NHo_C_Q_Rr
g g
R

R
R = CH3, H, ¢1°

R' = NO ci, H, CH3, OCH

2! 3

18 18

The usual ~70 tracer experiment with = O-labeled benzoyl
chloride was carried out and the etheral oxygen was found to be
originated nearly completely from the carbonyl oxygen. Thus, this
readtion is considered to be the first example of intramolecular
concerted process among similar reactions. The kinetic study
revealed that the value of entropy of activation is unusually large
and negative, e.g., - 25 e.u. for unsubstituted compound ( cf.

A5¥% = + 13.4 for Nuarenesulfonoxy-i50carbostyri165) Y,

and a good
Hammett correlation with ¢values of substituent, R', gives fvalue
of + 1.5, while the effect of solvent on the rate of rearrangement

is very small. Based on these observations, the rearrangement is

considered to involve the rate-determining N-O bond cleavage within

the following rigid structure of the lonic transition state ( 22 ).
Mo/ Hd_ Bt -0 an
N = R
5 ?7

(22)

It is interesting to examine the general mode of 1,3-acyloxy
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migration in open systems, focusing attention mainly on the effect

of substituents, X, ¥, and % on the rearrangements of the hydroxyl-
amines ( 23 ).
X"]?"O-Z
Y
( 23
The results obtained by Oae and others are tabulated in the follow-

ing Table A.

Table A. Survey of 1,3-acyloxy migrations of the

hydroxylamines X—$—O—Z { 23 )

¥
X 4 Z mechanism ref.
1. CH,CO Ph c1,cHCo 184 scrambling 162
2. PhCO Ph CF 4CO 184 _scrambling 162
3. - Ph Ph PhCO 18- scrambling 163
4. PhCO Ph PhCO Cyg%lc with partial L6l
O-scrambling
*
5. PhCO Ph Tos 180-scrambling 160
*
6. Tos Ph PhCO Cyclic 16l
N . . .
7. Tos  p-CH,CH,  PhCO Cyglic with partial 161
O-scrambling
* = — -
Tos P CH3C6H4SO2

Data in Table A reveal that replacement of sulfonyl or benzoyl group
by phenyl group for the substituent X alters the mechanistic route
from the cyclic path to the scrambling path when substituents Y

and % are phenyl and benzoyl group, respectively, ( line 3, 4 and 6 ).

As the leaving ability of the migrating group, i.e., 0Z increases,
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the oxygen scrambling increases even though the substituent X
suppresses the heterolytic cleavage of the N-0 bond, since the
1,3~acyloxy migration of ( 23 )} bearing dichloroacetoxy or arene-
sulfonoxy groups proceeds via the scrambling path, while the intro-
duction of benzoyloxy group with poor leaving ability for OZ
resulted in an exclusive cyclic process during the rearrangement

( line 2, 4 and 5 ). Furthermore, a partial scrambling of 18O was
observed when Me group was introduced to the para-position of the
phenyl ring as substituent ¥ { line & and 7 ). Comparison of lines
l and 2 indicates that the mode of 1,3-acyloxy migration is not
affected by the change from bhenzoyl to acetyl groups for the
substitvent ¥ of ( 23 ) when a gooé leaving group such as trifluoro-
acetoxy or dichloroacetoxy is the 02 group.

These observations suggest that the oxygen scrambling in the
1,3~acyloxy migration tends to increase by substituents, X, ¥, and
% which promote the heterolytic cleavage of the N-O bond by stabi-
lizing the cation or the anion formed by the heterolvtic cleavage
0f the N-C bond. On the other hand, the 1,3~acyloxy migration
involving a concerted cyclic transition state becomes predominant
when the substituents X, Y and 2 suppress the heterolytic cleavage
of the N-O bhond. Thﬁs, the mechanism of the 1,3~acyloxy migration
of the hydroxylamine { 23 ) can reaéonably be explained in terms of
electronic effects of substituents, X, ¥ and 2 on the heterolytic
cleavage of the N-C bond. |

An interesting 1,3-sulfonyloxy migration of N-hydroxy oxyindole,

shown below, was found by Gassman et al.164)
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T 0 -78> ,THF §
o] 050
MeOH @ Meom
—_———
N0 N0
H * H
X .

+ x
O
“=})

34 % 42 %

N:O
]

X = p-CH,

p-NO 30 % 52 %

2

Another modification is the thermolysis of l-acetoxybenzo-

165)

triazole, done by Leonard et al. who found the intermediate to

be a biradical species before yielding the final rearranged product.
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