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I. INTRODUCTION

Only that part of the extensive literature on the oxidation
of aliphatic amines in which problems of the kinetics and
mechanism of the oxidation reaction are considered is sur-
veyed. These studies are of considerable and general inter-
est to organic chemists as an example of the current approach
to the problem of the mechanisms of complex reactions. They
are of interest also to biochemists in view of the biological
importance of aliphatic amines.

Our aim was to find common features in the oxidative reac-
tions of aliphatic amines, to understand the causes of the
differences between them, to examine the existing ideas about
the mechanism, and to give a critical and general compilation
of the entire set of the available data. We do not include
studies on photochemical oxidation, electrochemical oxidation,
and the interaction of amines with free radicals, since modern
reviews of the literature on these problems are available ™3,

1. INTERMEDIATE OXIDATION PRODUCTS
+

Non-aromatic ammonium radical-cations RR'R"N are formed
in various reactions of amines, their derivatives, and
certain other nitrogen-containing compounds. Their struc-
ture and properties have been thoroughly investigated (see
the latest review on this problem").

The simplest ammonium radical-cations have a planar struc-
ture. They are extremely unstable, but their stability can
be made appreciable or increased for radical-cations corre-
sponding to triethylenediamine or olefins with N(CH,), groups
at the double bond. In weakly acid, neutral, or basic media
the above species rapidly lose a proton at the a~carbon atom and
give rise to a-amino-radicals;

T, = t . - .,
RCH,NR; —7z~ RCH—~NR; «— RCH~NR; . 1)

This reaction is usually much faster than the abstraction of
an H' atom from the medium by the radical-cation; it is

retarded in a strongly acid medium. Species of the type
+

RR'NH are stronger acids by several orders of magnitude
than RR'NH,.

The existence of a-amino-radicals has been demonstrated
and their EPR spectra have been studied®. Their chemical
properties have not been investigated by direct methods;
all the available information about them is hypothetical and is
based on indirect data obtained by studying the oxidation of
amines in the intermediate stages of which the formation of
a-amino-radicals is postulated. In the oxidation of amines
o~amino-radicals can be obtained not only via reaction (1)
but also as a result of the abstraction of H" from the a-carbon
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atom in amines. Under oxidation conditions, the radicals
undergo further rapid reactions, probably via two path-
ways—with electron transfer to the oxidant and the forma-
tion of immonium ions:

RCH,CH—RR] + Ox —gz=— RCH,CH—NR] <~ RCH,CH=RR;

or by transition with the oxidation of a hydrogen atom and
the formation of an enamine:

RCH,CH—RNR; -+ Ox —gz5—> RCH=CH~— R,

Enamines can be obtained also from immonium ions:
RCH,EH—KR], «-» RCH,CH=NR; ~—57— RCH=CH—KR;

Radicals of the type RCH—NHR' are also capable of dispro-
portionating:

9RCH—NHR’ —» RCH=NR’ -+ RCH,NHR’

The radicals of the last type as well as RCH,NH can give rise
to imines also by losing H' atoms as a result of oxidatign.

Among the properties of the immonium ions RR'‘C = NRY and
imines RR'C = NR", we may mention their tendency to
hydrolyse with formation of aldehydes or ketones and
dealkylated initial amines. This tendency depends on the
structure and the reaction conditions. Sometimes the hydrol-
ysis is slow or does not occur at all and the imines are the
main oxidation products. We may also mention the capacity
of certain imines for polymerisation, which can lead to tarry
products.

Carbinolamines R,NCH(OH)CH,R' are formed when secon-
dary amines interact with aldehydes. They are unstable and,
as regards their properties, we shall mention their ability to
hydrolyse in an acid medium with formation of the initial
amine and an aldehyde and to undergo dehydration to the
enamines R,NCH = CHR' (see, for example, Henbest and
Stratford®).

A significant feature of the properties of enamines (vinyl-
amines)’ is that these compounds readily hydrolyse in an
acid medium to carbonyl compounds and dealkylated initial
amines and that enamines containing hydrogen at the nitrogen
atom are in tautomeric equilibrium with imines:

RR’C=CR"—NHR"” & RR'CH—CR"=NR""

1. THE OXIDATION REACTIONS OF ALIPHATIC AMINES

1. Oxidation by lodonium Salts

The interaction of iodonium salts Ar21+X‘ with amines has
been widely investigated ®”!? under various conditions. These
reactions give rise to the salts of the initial amines, the
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products of the reduction of the iodonium salts (iodoarenes),
and the compounds ArH and Ar—Ar. In certain cases a
nitrogen-containing resin is also obtained.

This composition of the products serves as an argument in
support of a radical reaction mechanism. The latter has been
confirmed by the formation of diphenylmercury in the inter-
action of (CGH5)ZI+BF; with diethyl- or triethyl-amine in the
presence of mercury®°; the following reaction mechanism has
been proposed:

k4
Ary1¥X~ 4 NRy & [Ar, : NRyJ* X™— Arpl 4- NR;X™

+AT
— Ar—Ar

Ar —x— Ar
¥ - &
NR;X~ 4 H — NHRgX~ .

By analogy with aromatic amines'® and spectroscopic data®, it
has been suggested that the first stage involves the formation
of a donor—acceptor complex, whose homolytic decomposition
leads to the products.

This mechanism does not reflect the entire complexity of
the reactions of amines with iodonium salts (see below). We
may also mention that its last stage requires revision, since
ammonium radical-cations rapidly split off protons, particu-
larly in basic media. One can therefore postulate that
ammonium salts are formed via the reactions

RyNHX~ - R,NH — RN + RzKIHgX‘ (for primary and secondary amines); (2a)
T . .
R,;NCH;R'X~ + RsN — R,;NCHR’ 4+ R;NHX~ (for tertiary amines). (2b)

Apparently the main pathway, leading to the formation of
biaryls, consists in the addition of radicals Ar’ to the com-
pounds ArH and the splitting off of H' from the resulting
cyclohexadienes.

An alternative reaction mechanism, possible only in an
aqueous medium, namely homolytic decomposition of diaryl-
iodonium hydroxide, has been rejected’! on the grounds that
the decomposition of Ar,I'OH™ is slower than the interaction
of iodonium salts with amines and gives rise to other prod-
ucts.

The formation of arylated amines (which are the main
products according to some data, for example, those of
Beringer et al.!*) in the reactions considered has also been
explained by a radical mechanism?®?):

Aryi +NH;R —z5;— ArNHR + H

However, one cannot rule out the possibility that nucleo-
philic substitution of iodonium salts by amines takes place
simultaneously with the homolytic reaction®* and that the
arylated amines are formed via this mechanism. We may
note that the simultaneous occurrence of nucleophilic and
radical reactions has been established in the interaction of
iodonium salts with alkoxides!®.

An unambiguous proof of the involvement of radicals in the
reactions of amines with iodonium salts has been obtained
with the aid of chemically induced nuclear polarisation
(CIDNP) and EPR. Chemically induced nuclear polarisation
arises in radical pairs and is manifested by anomalies in the
NMR spectra of the reaction products of the radicals in
these pairs. The reaction kinetics can be inferred from the
CIDNP kinetics'®. In the case considered CIDNP was
observed in the benzene obtained by the interaction of
jodonium salts with N, N'-tetramethyl-p-phenylenediamine -
(TMPA) or triethylamine. At the same time the TMPA radical-
cations were detected'”!®., These data have been treated!’s®
as evidence proving electron transfer from the amine to the
iodonium salt in the key stage of the reaction. However,
kinetic studies have shown that the mechanism is much more
complex.
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The kinetics of the oxidation of amines by diphenyliodonium
chloride have been investigated in several studies. Reactions
with di-n-butylamine!®, ethanolamine?’, and triethylamine?®'
proved to have a radical-chain mechanism. They have an
inductive period the duration of which is increased by the
addition of inhibitors of radical-chain processes. CIDNP in
the resulting benzene and iodobenzene is observed under
certain conditions. The kinetic equations for the reactions
with ethanolamine and triethylamine have the same form (here
Am = amine):

w=HkPh,I*CI-JAm] (3)

However, this form changes for dibutylamine, for which the
following equation is valid in the presence of an excess of
the amine:

w=~k[Ph.I*Cl-]?, w,=k,[Ph,I*X"] (4)

’
where w, and k, are the rate of initiation and the initiation
rate constant+.
The following mechanism of the reaction with triethylamine
corresponds to Eqn.(3).

(5)

(CaHe)a T¥ + (CHe)s N — == [(CsHe)a T: N (GiHa)al* 55

S E——

] (initiation)
— (CoHa)s 1N (CHy)s —cgmr CallsN (CiHy)s —~ Cols -+ N (CHids

CsHs + (CoHs)aN ;c‘)w — CgH; + (CyHy), N—-CHCH; ]
(CoHaJa 1+ CHICH—N (CoHy)y e
) ~Cetis ~Cabhl } (chain
- CH3CHTN (CHle)y CH;CH=IT (CaHy)s | propagation
[
CH,=CH—N (C,Hy), + H* J

CoH; + inhibitor® inactive products (chain termination)

Mechanism (5) explains the formation of benzene, biphenyl,
and the triethylammonium salt on oxidation: it agrees with

the formation of the compounds RCH = Ii‘IR2 or vinylamines,

frequently observed in the oxidation of aliphatic amines (see
below), and also with the formation of the radicals CH;CHN.
.(C,H,), identified in the photochemical oxidation reaction?2.

The reaction with ethanolamine differs only by the fact that
in the rate-limiting chain propagation stage the phenyl radical
abstracts hydrogen not from a carbon atom of the amine but
from the nitrogen atom to give the radical ﬁHCHZCHZOH,
which participates in the chain propagation process.

On the other hand, the mechanism of the oxidation of
dibutylamine differs significantly from mechanism (5)—the
chain propagation is controlled by the second and not the
first reaction:

. , .
CeHs + (C4Hy)z NH = CgH + (CjHa)oN

(CeHs)y I+ + (C4Ho)y N*

. N >
o Gl + PhL+ (CH N (6

This leads to the change in the kinetic equation already men-
tioned above.

The differences discussed are apparently caused by the
fact that the radicals (C,H;),NCHCH, and NHCH,CH,OH are
less stable and are formed more slowly than the radicals

1 The last equation was obtained from data for CIDNP
kinetics in the benzene formed in the initiation stage. The
addition of hydroquinone alters the form of the kinetic equa-
tion for the oxidation of dibutylamine; the mechanism of the
effect of hydroquinone is obscure?®.
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(C,Hy),N. On the other hand, it may be that the first two
radicals give up their electrons to the iodonium cation more
rapidly than (C,H,),N, because the ionisation potential of the
last radical is higher than those of the first two. This alters
the ratio of the rates of the two chain propagation stages and
the form of the kinetic equation.

The interaction of (C5H5)21+Cl_ with N, N'-tetramethyl-p-
phenylenediamine (TMPA) ?* also obeys Egn.(3) but differs
radically from the three reactions considered. This is a
radical and not a chain process. The CIDNP of the benzene
formed is observed in the reaction, but there is no induction
period and inhibitors of radical-chain reactions do not lead
to its appearance and do not alter the rate of reaction. The
reaction considered probably procceeds via a mechanism
whose slow stage [and not the fast stage as in mechanism (5)]
involves the formation of the complex

[(CsHs) 1: N (CHs)y CaHoN (CHg)s]* () or CTC:
(CoHs 1+ CHYs N= SN (CHgly —— () 0or CTC —
— slow

S
— Gt i e N—d SN ]
(1 T

“Colal

Q
S

o — — 1t
~ Cafls " | (CH)s N=¢_5—N (CHua | — CoHty +[ CHal N— 5N (CHapa|
(@)

However, one cannot rule out the possibility that the complex
or the charge-transfer complex (CTC) are formed reversibly
and that the homolytic decomposition of the complex or elec-
tron transfer in the CTC with formation of the pair (II) take
place in the slow stage.

Reaction (7) is analogous to the initiation stage in mech-
anism (5) but, in contrast to mechanism (5), it is followed by
the chain propagation stage. This can be explained by the
fact that the radicals

cu Ph H

1 M
+1\|1|_<_D—N (CHy) or (CHgeN— )~ N(CHah,
CH,

which are probably formed when phenyl radicals interact with
TMPA and which may be expected to be very stable, are
incapable of transferring electrons rapidly to the Ph,I"* ions.
This is why the chain propagation process cannot compete
with reaction (7) as regards rate.

Thus the non-chain mechanism of the reaction considered is
determined by the properties of the radicals formed from
TMPA. It is clear from the foregoing that the properties of
the radicals corresponding to amines determine the charac-
teristics of the kinetics and mechanisms also of the other
reactions considered.

2. Oxidation by Diazonium Saits

The interaction of the salts ArN;BF, with tertiary amines
has been studied?®2®. The reactions with tribenzylamine or
benzyldimethylamine lead to the compounds ArH and immonium
salts, which have been identified from the hydrolysis prod-
ucts. These results have been explained by the transfer of
a hydride ion from the a-carbon atom to the ArN, ion:

+H,0

ACN; +N (CHiCaHi)s —ror;  CHICH=N (CH,GCiHy —=

-~ CH;HO + (C¢H5CH2)2 NH + H* .
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N-Methyl- or N-benzyl-piperidine and N-benzylpyrrolidine
react via a mechanism of the first type, which, however, is
more complex

CH, CH,
/0N 7\
e o
Iy -
THC  on, AN pC cH P
\ll\l/ \I\IL"/
CHj CHs
CH, CH,
N N
m¢ ot . mE¢ CoN—NHAr
- | AN, !
HC CH HC CH
\‘N/ \ N 4
| |+
CH, CHa

There are data in conflict with the above mechanism which
indicate the involvement of radicals in the reactions. Thus
the reaction induces the polymerisation of acrylonitrile’’ and
is inhibited by oxygen and added bromotrichloromethane.

A radical-chain mechanism was therefore proposed?®:

AN? + (RCH,)s N » ArN=N 4 (RCHy); N* ;
ArN=N > Ar+N, ;
Af + (RCHy)sN -» ArH + RCHN (CH;R)s ;
RCHN (CHyR); + AfNI — RCH= N (CH;R); + AIN=N.,

Unambiguous proof of the radical mechanism was obtained
by Bilevich and coworkers'®2°731  They observed CIDNP in
the benzene formed in the reactions of PhN;BF, with aliphatic
tertiary amines and the formation of the TMPA radical-cations
and the polarisation of the protons of the substituted ben-
zenes formed in the oxidation of TMPA by diazonium salts;
the rate of the last reaction is proportional to the concentra-
tions of both reactants. Substituents in the para-position in
the ring of the salt alter by several orders of magnitude the
rate of reaction (the oxidation is accelerated by the with-
drawal of clectrons by substitutents); the influence of the
substituents obeys the Hammett equation (p = 1.92). The
data presented served as the basis for the following mech-
anism of the slow stage:

AN + @ty N—C SN (CHy)y A=K+ [(CHaN—¢ SN (Gt |
which includes electron transfer from the amine to the cation,
ArN;.

The kinetics of the oxidation of trimethyl-, triethyl-, and
tri-n-butyl-amines by the salts p-XCgH,N JBF, have been
investigated by Gragerov and coworkers®?3? on the basis of
the CIDNP kinetics in the compounds C ;HX formed. The
reactions proved to be of the non-chain type and obeyed a
first-order equation. Both electron-accepting and electron-
donating substituents X accelerate the reaction by a factor of
only 2-3 and the nature of the amine hardly affects its rate,
although the basicities of the amines differ considerably.

The results differ sharply from those obtained by the
oxidation of TMPA. To account for them, the authors
assumed that the slow stage involves the decomposition into
free radicals of the intermediate, possibly Ar—N=N—§1R3,
formed via the mechanism

ANZ + RN = Ar—N=N—KR; .

This hypothesis is consistent with the first order of the
reaction and explains the weak dependence of the reaction
rate on the nature of X and the acceleration of the reaction
by both electron-donating and electron-accepting substitu-
ents (these features are characteristic of many reactions
involving decomposition into radicals—see, for example,
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Walling®*) and agrees with the independence of the rate of
reaction of the nature of the amine.

The significant difference between the reactions of
diazonium salts with TMPA and aliphatic tertiary amines is
apparently caused by the stability of the TMPA radical-cations
and the ease of electron transfer from TMPA. Thus, like the
oxidation of amines by iodonium salts, it is caused by the
nature of the radical species formed. The difference shows
how unjustified can be a hypothesis concerning the details
of the reaction mechanism arrived at by analogy.

The reactions of the radical pairs arising in the decomposi-
tion of the above intermediate can be represented schemat-
ically as follows:

S
. i
AIN=N N (CHR);
/-/Ns it (CHLR)s iwmﬂ.m.
oy sy ; :
AtH « Ar RCH~N (CH;R), ™ — RCH=N (CHgR), + ?l‘ .

ArH

The presence of ammonium salts may be expected in the
reaction products.

3. Oxidation by Quinonoid Compounds

The reactions of aliphatic tertiary amines with quinones
have been investigated®>?*® and it has been found that, for
example, triethylamine interacts with chloroanil in benzene
via the mechanism

Cg0:Cly + (CoHy)s N — CHp=CHN (CoHs)a + CoHo0,Cly

Cg0,Ciy + CHy=CHN (CgHp); + (CoHs)s N — (1I1)
o
c i a
\]/\ﬂ/
VAVAN +
Cl cll) CH=CHN (C,Hs), + NH (C,Hg)3 CI~ . (8)

Other halogen-containing quinones react similarly, but the
rate of reaction diminishes with decrease of the electron
affinity of the quinone. Compounds of type (III) ('"blue
quinone") are formed only from amines containing the residue

\

SNCH-CH,~. Amines with a different structure give rise to

aldehydes among other products.

The authors®>3% suggest that the key stage involves the
transfer of a hydride ion from the amine to the quinone,
which is followed rapidly by proton transfer from the R-posi-
tion relative to the nitrogen atom. If there is no such proton
in the molecule then the process stops at the stage involving
the formation of immonium salts, whose hydrolysis gives rise
to aldehydes:

.
>NCH,<:Ha — DN:CHCH,,] —— >NCH:CH, .

+H,0

ONCH,Ph —=— [>N=CHPh}+
A hydride ion is transferred in the CTC of quinones with
amines. The existence of such complexes has been confirmed
by spectroscopic data. The details of the hydride shift
remain obscure.

The above mechanisms involve the formation of semiquinone
radical-anions preceding the formation of the "blue quinone”.
This was demonstrated by spectroscopic methods for reaction
(8) in solution in chloroform or acetonitrile and the rate and
activation energy and entropy for the formation of the semi-
quinone and compound (III) were determined®®. The kinetic
and activation parameters have also been obtained for elec-
tron transfer from tri-isopropylamine and tri-n-butylamine to

>NH + PhCHO + H* .
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chloranil. In these cases the process stops at the semi-
quinone radical-ion formation stage. In methanol or ethanol
reaction (8) leads to trichlorohydroquinone and not to the
"blue quinone"; the reason for this change has not been
elucidated.

The formation of semiquinone radicals has been established
in the interaction of quinones with amines of different struc-
ture. It is promoted by a low jonisation potential of the
amine, a high electron affinity of the quinone, and a high
solvent polarity?®. These radicals proved to be intermediates
in the nucleophilic substitution of quinones by amines"®. In
the first stages of the substitution reaction semiquinones
accumulate and are then consumed as the products accumu-
late:

ot 1
+ CHoNHy—>
Qr 1

"
+ CeHoNHy —>

0
O
Cl 1
- Ch NHCH,
> | 5 ——— +2HG
cr C4Hg

Cl HgC HN' 1
Q

The reaction kinetics have been investigated.

The reactions of amines with other compounds having a
quinonoid structure were investigated in a number of
studies. Thus it has been established"! that the reactions
of sterically hindered quinobromides or quinonitrols

(0]
Il

R\
0
R/'\x

R=CHj or C (CHy)s; R'=C (CHy)s; X=Br or NO,

R

with triethylamine, piperidine, or pyridine give rise to
phenoxy-radicals. The reaction in the presence of an excess
of amines obeys a first-order kinetic equation; its rate and
activation parameters have been found. It proceeds via the

mechanism:
o o -
ok , ' | ’
R\AAR AR N
u n 4+ (CHs)sN —W—’ || J + (C,Hs)s N —
X K
R \Br R Br _|
(¢} o]
, | ’ .M
AR BOAR

4 HBr 4 CHCHN (CyHy)g

It has also been shown that the reaction of phenoxy-radicals
with amines results in the formation of phenols.

The reactions of the above quinobromides with primary and
secondary amines have been investigated"®"*® and it has also
been concluded that phenoxy-radicals are formed as inter-
mediates. Apart from phenols and ammonium salts, the main
products include quinamines (IV) and quinol (V). The reac-
tions obey a second order kinetic equation and their rates
and activation parameters have been found. The authors
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believe that electron transfer from the amine to the quino-
bromide is the key stage in the processes:

j : °
Col , . o
R AR RAR RGAR
| | +HNRRe —g L NRR7 > | j
\ \
X é A
R Br R R NRR”.
(VD) av)

The formation of quinol (V) has been explained by the recom-
bination of the phenoxy-radicals liberated from the pair (VI)
with their isomerisation products**—hydroxybenzyl radicals:

:]) OH (o]
' ’ . ’
R \H/\/R R \j/R R \f\(k
+ L - ,
| . X L
Sty CH, cuy eh—{  »—OH
N
Y
™

The reactions of amines with p-benzoquinone diazides have
been investigated. These reactions proceed rapidly with
primary amines even at room temperature, giving rise to
phenol, the quinone, and diphenoquinone corresponding to
the quinone diazide used. The same products are obtained
slowly in the reaction of quinone diazides with secondary
amines or in the decomposition of the triazenes formed by the
reaction of quinone diazides with secondary amines. Oxidation
products are formed from amines, while with tertiary amines
the reaction does not proceed.

The authors*® suggest that triazenes are formed as inter-
mediates. The triazenes corresponding to primary and
secondary amines differ sharply in their stabilities. They
are capable of decomposing into radicals (see, for example,
Rozantsev and Sholle*®). Radicals were indeed detected by
EPR and with the aid of CIDNP. The CIDNP method made it
possible to investigate their reaction pathways and thus to
elucidate a series of details of the mechanisms of the proces-
ses*”"8, The reaction mechanism taking into account all the

Scheme 1

o -

R’

i

AR
(] v LT
N

Na N*—N—NHR
(A) (vID)
on
R\ A
R'CH=NH + “ J -
N
.
w  ®
/
v
RAANR

o
R\/ K
§.,707 ="y
RN
O
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data obtained is presented below in relation to the inter-
action of 2,6-di-t-butyl-p-benzoquinone diazide with primary
amines (Scheme 1). Here the letters (A) and (E) denote
positive and negative chemically induced nuclear polarisation,
an asterisk represents a polarised atom, and (RP) is a rad-
ical pair (see below). The reaction begins with the addition
of the electrophilic quinone diazide to the amine, which leads
to the formation of a compound analogous to the product of
the interaction of diazonium salts with tertiary amines (see

above). Proton transfer to the oxygen results in the forma-
tion of a hydroxyphenylitriazene:
(()‘ OH
R’ , ’ | ’
R \I//\"/R R \/\u/R
Y Y
N=N—NHR N=N-—NHR

The nuclear polarisation in the latter indicates the reversi-
bility of its decomposition and the sign of the polarisation in
the azophenol (VIII) indicates its formation on disproportion-
ation in (RP,)S. The sign of the polarisation shows that the
main reaction product—the phenol (IX)—is formed mainly on
disproportionation in (RP,)S.

4. Oxidation with Chlorine Dioxide and Hypochlorous Acid

The oxidation of amines with chlorine dioxide in aqueous
solutions has been studied*?~%2. Under conditions where side
reactions are suppressed, two moles of Cl0, are consumed
per mole of the amine in the presence of an excess of the
latter and amine dealkylation products and aldehydes are
formed, for example:

(C;Hg)s N +- 2C104 + HgO - CH3CHO + (CyHg)y NH + 2H* 4 2CIO]; .

The rate is proportional to the amine and Cl0, concentrations.
It decreases in the sequence (C,Hy);N > (CH,);N > (C,H;),NH;
the rate falls very rapidly on passing from tertiary to
secondary and primary amines. The rates are correlated with
the values of Lo* for the substituents at the nitrogen atom;

p = —5.24. The rate constants for meta- and para-substi-
tuted benzyldimethylamines are satisfactorily correlated with

on - OH
, , ;) g
RV RGAR
” ’ NHR |~ . + NH=CHR'
N/ N/
(. {
| . N=N | N*=NH
(RP}) (Vi)
-N,
OH - o
C ol
NVAVAIEN EAVAVA
]U wwf ]
4 4
N—NH,
(RPp)

R\(

N
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the pKg of the amines (the Brdnsted parameter o = 0.812) and
with the o constants (p = -0.924). The dealkylation is rela-
tively unselective: formaldehyde and benzaldehydes are
formed in proportions of ~3: 1. The formation of amine

radical-cations in the oxidation of [(CH,),N—< \/—JQN or

(CHy),—{__>= N(CH,), was established by EPR.
The authors*®~52 suggest that the rate-limiting stage
involves electron transfer from the amine to the oxidant with
formation of ammonium radical-cations and ClO, ions and not
the abstraction of a hydrogen atom. This is confirmed by the
finding that the Zo* for the residues at the nitrogen atom in
secondary or tertiary amines are correlated not only with the
rate of oxidation but also with the half-wave potential for the
polarographic oxidation of amines, for which a similar mech-
anism is valid.

However, this mechanism does not account for all the
observed features of the reaction. It has been shown that
the addition of ClO, ions diminishes the rate of oxidation
without altering the kinetic equation and electron transfer is
thus reversible. The decrease of the rate is proportional to
the amounts of added ClO, for (C,H;);N, (CH;);N, and
[(CH;),CH],NH, but its dependence on the concentration of
additives is more complex in the case of C;H;CH,NH,,
(C¢HsCH,) ,NH, and C¢H,CH,NHC(CH,),. Analysis of these
relations leads to the conclusion that the last three amines
react simultaneously via two mechanisms: with reversible
electron transfer in the rate-limiting stage and with irrever-
sible transfer of H* from the a-carbon atom to the oxidant
molecule in the slow stage of the reaction. The contribution
of the reaction via the second pathway is 31% (at 41 °C) for
C¢H,CH,NHC(CH,),, 35% for (C,H,CH,),NH, and 73% (at 25 °C)
for C;H,CH,NH,. It is considerable for the amines under con-
sideration because the C~H bonds in the CH, groups are
weakened by the interaction with the benzene ring, and
increases with increasing ionisation potentials of the amines,
which hinders the competitive electron transfer. The trans-,
fer of H' in the slow stage was confirmed by the observation
of primary kinetic isotope effects in the oxidation of
C,H,CD,NHC(CH,); and C¢H.CD,NH,.

Thus amines which do not contain a CH, group next to the
benzene ring react with Cl0O, by electron transfer in the
slow stage:

/R' slow . + /R' i
ClO, + RCHEN\R’ =—==> CIO; +RCH, N\R‘
+ /

R’ fast R
RCH,N{ ——— H++RCH ~=N{

\R' \R’ 5
R R
N4 fast Y4 -
RCH_N\R’ +CIO, RCH_N\R' +co; . (§:))

The proton elimination stage cannot be excluded from this
mechanism and the latter cannot be replaced by

. /R’ slow _ + R
Clo; + RCH,N\R' ——= Clo] + RCH,N<R' .

t R R’
/ _ fast N
RCH,N\R’ +Clo, - H1C¢IO’ + RCH N\Rl

H+4CIO;

since analysis showed that the added Cl0, would infringe the
first order of the reaction with respect to ClO, without the
proton elimination stage, which is not observed.
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Amines containing CH, groups linked to the benzene ring
react with Cl0, both via mechanism (9) and with transfer of
H® in the slow stage:

R R
CI0, +RCH,N<R, —fow RCH;N<R/ + HCIO, 2 H* + CIO; ;

fast

RCH;;N<I; 1 o, - RCH=§1<: + clog )
Hydrolysis of the immonium salts formed via both mechanisms
leads to the observed reaction products—the aldehydes RCHO
and the amines R)NH.

The results of Kudesia®®, who found that the replacement
of water in the oxidation of benzylamine by D,O (the replace-
ment of C;H,CH,NH, by C(H,CH,ND,) slows down the reaction
by a factor of 5, are in conflict with the mechanisms
described above and with experimental kinetic isotope effect
data.

The amine dealkylation reactions under the influence of
Cl10, discussed above proceed with dissociation of C—N bonds.
Reactions of another type, with dissociation of C—C bonds,
are observed in the interaction of Cl0, or HCIO with g-amino-,
B-hydroxy-, or R-oxo-amines, for example:

H,NCH;CH,0H + 2CIO, - NHj -+ 2CH,O

+2Cl0,
Qs
Such "oxidative fragmentation" has been studied®*”%® and the
rate constants have been determined in many instances. The
kinetics and mechanism of oxidative fragmentation have been
investigated in relation to triethylenediamine. The reaction
with this substance obeys a first-order kinetic equation with
respect to the amine and a second-order equation with
respect to the oxidant and is retarded by ClO, ions in pro-
portion to their concentration. The formation of triethylene-
diamine radical-cations in the course of the reaction has been
demonstrated by EPR and the following mechanism has been
proposed:

. o+
N,
fast -
+ Cl0, =—=> + Cloz

o+

o+ -
N

@ + mozﬂw——»@ + a0y ¢
-+

+2C10, o +2C10, g+
o5 ———
oo HoNCH,CHoNH) == aNH, + 2CH;0

..
o+

fragmentation +/_\: +2H20 N/__\
@ Jagmentan: HZG=I\—/ =CH, —2>H NH + 2CH0 + 2H*,

fast

o+

It involves the formation of the amine biradical-dication in
the slow stage and not of a radical-cation as in mechanism
(9). This difference is responsible for a change in the
kinetic equation, which arises owing to the high stability of
the triethylenediamine radical-cation. The triethylenediamine
biradical-dication is unstable and rapidly fragments.

The oxidation of triethylenediamine by HOCI requires three
moles of the acid per mole of the amine and probably obeys a
first-order kinetic equation with respect to both the amine
and the oxidant. Here too it was concluded that an ammonium
radical-cation is formed in this reaction but the above inves-
tigators suggest that it is formed as a side product, since
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HOCI1 is a two-electron oxidant. The mechanism is different:

ﬁ% N
@ + H0c1—>[g);—_.->© + a ;
+
¥}
- H2c=ﬁ ."L_—.CH2 i Y
A _/ N

NH + 2CH,0 + 2H" ;
+2H,0 -
HI H + 2HOCI —> CIN NCl — 2H+ 2C1" + 2CH,0 + HyNCH,CH)NH,,

The products contain 1,4-dichloropiperazine, since its
hydrolysis is slow.

The oxidation of trimethylamine with HOCI in aqueous solu-
tions gives rise to dimethylchloroamine and formaldehyde®:

—

. CHz\ﬁ /CH,

CHy_ CHT*
CHyaN+HOCl | SN | om-
(CH N+ [c ] O ey Nal

HyY NCI
(X)
CH N
+;g) N 8>NH HCHMNCL
el CH,
It proceeds via a mechanism analogous to mechanism (11). A
proton is probably split off from compound (X) also in the

reaction with the initial amine.

CH
- 8>NCH,CI
CH.

3

CH
3>NCI 4 (CHy):RH .
CHy

5. Oxidation with Bromine, Chlorine, and N-Halogenoamino-
Compounds

The oxidation of amines with an aqueous solution of bromine
at pH 5-7 in the presence of an excess of the amine has been
studied®®. Under these conditions, amines lose one alkyl
group. Secondary alkyl groups are split off in the form of
ketones and the fate of primary alkyls depends on the struc-
ture of the initial amine. The rate of oxidation of tripropyl-
amine is proportional to the concentrations of both reagents,
depends on pH in a complex manner, and is independent of
illumination. The Hammett relation between the rate and the
o constants of the ring substituents holds for substituted
benzyldimethylamines; p = -0.84. The reaction mechanism
can consist in the elimination of an a-hydrogen atom in the
form of H* with simultaneous abstraction of the electron pair
at the nitrogen atom by the bromine. However, this mech-
anism does not account for the differences between the reac-
tion products of primary, secondary, and tertiary amines. It
has been confirmed and specified in greater detail by studies
of the kinetics of the oxidation of para- and meta-substituted
benzyldimethylamines with a bromine solution in 50% aqueous
acetic acid®®.

The reaction is of first order with respect to each reactant
and its rate is correlated with the pK, of the amines (the
Brénsted parameter a = 0.67) and obeys the Hammett relation
(p = -0.95). The addition of sodium acetate or benzoate
accelerates the oxidation; C,H;CD,N(CH;), reacts more slowly
than C,H;,CH,N(CH,),. Irradiation with light does not affect
the rate of reaction. The oxidation proceeds very selectively
with formation of a high yield of benzaldehyde (in contrast to
the radical oxidation of benzyldimethylamine with Cl0,). All
these features of the reaction can be accounted for by the
mechanism

(\

‘Br—Br
slow * +Hg0
A, e =]
rCH-—N(CHy), eroaF ArCH N(CH;), —f-a?/u-cuo + (CHy),NH
\B
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(where B is a base). The selectivity of the oxidation is asso-
ciated with the preferential formation in the limiting stage of
the ions (XI), which, in contrast to the jons (XII), are sta-
bilised by the conjugation of the C=N bond with the ring:

CHy  ,— cH,

TS—au=N T SN

\=> NcH, N—" N
(X1) (X1

When trimethyl- or triethyl-amine interacts with an aqueous
solution of an equimolar amount of chlorine, the hydrochloride
of the corresponding secondary amine is formed. In solution
in CCl,, trimethylamine forms with chlorine a compound which
probably has the following structure:

CHa CH)*
[CH;,/ e ] o

(X111
On hydrolysis, this compound is converted into the products
formed on reaction of trimethylamine with an aqueous chlorine
solution. On this basis, the following heterolytic mechanism
has been proposed®’:

HC. . CHy |* HC, ;. CH,
CHy)sN +Cl, | = SN C- _Hel SR -
o " T e N T He! Nal
N HC +Hy

ONCHCI (11)

© . (CHy)s NH 4+ HC{O +HCI .
4 H
However, it has been shown®! that mechanism (11) is not con-
sistent with the kinetic data and that compound (XIII) or the
reaction mixture in the interaction of trimethylamine with
chlorine cause the polymerisation of acrylonitrile. The
authors®! therefore propose the radical mechanism

+Cl

+
(CH)s N + Cly——g7~ (CHg)sNCI™ —gy— (CHy)a NCH, -

)
- (CHy); NCH,Cl —%, (CH,), NH + H—C{H +HCl .

The oxidation of amines of the type RN(CH,CH,Cl), with
chlorine and N-chloroimides, leading to the dealkylation of
the amine, has been studied®?, for example:

H,0
CH,N (CHyCH;Cl}; + Cly —i— CICH,N (CH,CH,Cl)y ———~

)
~ HN (CH,CH,CD), + HCL e

The reaction mechanism was not investigated.

The oxidation of amines by 1-chlorobenzotriazole has been
investigated®®. In the case of para-substituted benzyldi-
methylamines the reaction leads to 1- and 2-aminoalkylbenzo-
triazoles, the hydrochlorides of the initial amines, and com-
pounds containing active (positive) chlorine. The rate of
formation of products, not containing active chlorine, in
benzene is proportional to the concentrations of both reac-
tants and is correlated with the pK, of the amines (the
Brénsted parameter o = 0.63). The influence of substituents
in the benzene rings of the amines is described by the Ham-
mett equation (p = -0.71). An induction period is not
observed in the reaction and its rate is independent of illu-
mination and the presence of oxygen or radical-chain process

inhibitors. C;H;CH,N(CH,), is oxidised faster than C.H;CD,N.
.(CH;),. The reaction is accelerated by the addition of
methanol. para-Substituted benzaldehydes, p-XCH,CH,.

.NHCH; and formaldehyde, formed from aminoalkylbenzotri-
azoles, were identified after acid hydrolysis.

The oxidation of triethylenediamine yields 1,4-bis(benzo-
triazolylmethyl)piperazine—the product of the oxidative
fragmentation of the amine. It has been established by EPR
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that ammonium radical-cations are formed in the reaction. The
radical-cations have been identified also in the oxidation of
N, N'-tetramethyl-p-phenylenediamine. Primary amines give
rise to monochloroamines.

The formation of aminoalkylbenzotriazoles has been
explained by a radical non-chain mechanism, which agrees
with all the data described above:

N
\ 3 . R
ArCH;N(CHg); + @C\/’\‘ —> ArCH;N(CHy); + €17 + _\N H
) N

|
al

Ar‘"ﬂ\l(uis)z + Ar(‘HgNH((AHq)Q
Arf‘HoN(uls)z 4+ ArCH,N(C "311“{

Arm,NCH3 + ArCUQNH(CH;;)z H

(JHQ

4+ ArCHN(CHy)y —> @
?\( HA:‘

N(CH3)2

\N + ArCHQNc113—> @(
@i ?\CH N—CHQAr .
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AN\
S —/N

(12)

The authors®’ rejected two variants of the ionic mecha-~
nism—with transfer of H™ or Cl*—on the grounds of not very
reliable criteria—the inconsistency of the values of p and the
kinetic isotope effects with values usually observed for such
mechanisms.

The ratio of the yields of the hydrolysis products of amino-
alkylbenzotriazoles, namely substituted benzaldehydes and
p-XCH,CH,NHCH,, is determined by the rates of abstraction
of H* from the CH, or CH, groups of the ammonium radical-
cations and is equal to the ratio k,/k, [see mechanism (12)].
This mechanism depends on the nature of X and decreases
with increasing solvent polarity. For reactions in methanol,
it is close to the statistical value, as in the oxidation of
benzyldimethylamines by a solution of Cl0, in water.

When tertiary amines are acted upon by N-bromosuccin-
imide, the C—N bonds are broken and secondary amines and
aldehydes are formed (see, for example, Dunstan and Hen-
vest and Filler®®). A radical mechanism has been proposed
for the reaction on the basis of general considerations®®

Studies on the oxidation of amines by "chloramine-T"
(CH,;C4H,SO,NNaCl) have been undertaken for synthetic
purposes. The problems of the reaction mechanism have been
investigated only in relation to diethanolamine®’ and mono-
ethanolamine®®, Both compounds undergo oxidative fragmen-
tation with formation of formaldehyde, formic acid, and
ammonia. The details of the mechanism are obscure.

6. Oxidation with Potassium Permanganate, Periodic Acid,
and Chromic Acid

The mechanism of the oxidation of amines by potassium
permanganate has not so far been thoroughly elucidated. A
brief review of early studies has been published®®; the
investigations in recent years are considered below.

Substituted benzylamines give rise to compounds (XIV)
and (XV) on oxidation with KMnO, in a 1: 1 aqueous t-butyl
alcohol in the presence of an excess of CaSO,:

ArCH=NCHNHCAr ArCNHCHNHCHNHCAr
| i I I
Ar O O Ar Ar O
(X1V) (XV)
(CeHs); CHNH,  (CeHs); CHNHC,H;
Xvn (XVII)
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The reaction mechanism has not been established, but the
aldimines ArCH=NH are probably formed in the initial stages;
the initial amines then add to them, giving rise to products
whose oxidation leads to compounds (XIV) and (XV).”’? The
oxidation of compound (XVI), dibenzylamines, and compound
(XVII) apparently proceeds similarly. Tertiary amines,
incapable of being converted into aldimines, are oxidised
differently. Thus tributylamine gives rise to dibutylamine,
butyraldehyde, butyric acid, and the N, N-dibutylamide of
butyric acid, which are products of subsequent interactions
of the enamine (C,H,) ,NCH=CHCH,CH, formed initially. Tri-
benzylamine is oxidised to benzaldehyde and benzoic acid;
dibenzylamine is not formed. The mechanism of this reaction
has not been established”’.

It has been observed’! that in the reaction of substituted
benzylamines with KMnO, in water, the amines and not their
salts are oxidised. At pH 10 the rate of reaction is described
by a first-order equation with respect to the amine and the
oxidant. The rate is independent of the ionic strength of the
solution. The activation energy and entropy are 10.4—11.7
kcal mol™ and from -21.6to-24.8 e.u. respectively. Benzyl-
amine is oxidised seven times faster than C,H,CD,NH, but at
the same rate as C;H,CH,ND,. The influence of substituents
is correlated with o* (p = -0.28). At high pH yet another
reaction takes place whose mechanism has not been estab-
lished. The following mechanism has been proposed for the
reaction in weakly alkaline media:

NH,

!
ArCHpNH; 4- MnO; — | ArC—C.. H...OMnO; | -
|

H
- ArCH=RH, + HMnOZ"
- ArCHNH, ++ HMnO;

Here the activated complex decomposes with transfer of a
hydride ion or H'. The radicals are then (after the loss of
the proton) oxidised to benzaldimine.

It has been found”® that the rate of oxidation of amines at
pH 7.5-8 is proportional to the concentration of the oxidant
and the substrate and decreases in the sequence (C,Hg);N >
(C,Hy),NH > C,H,NH,; it has also been found that (CH,;)};N
is oxidised to formaldehyde 1.84 times faster than (CD;),;N.
According to the authors’®, an electron is transferred in the
slow stage of the oxidation of trimethylamine and the abstrac-
tion of hydrogen is not the main reaction pathway. The reac-
tion proceeds preferentially via a mechanism analogous to that
of the oxidation by ClO,:

+

CH,
HC—NS  _fast

slow
MnOj - N (CHy)s =

N\ “H
-MnOf - CH,
CHs 4mu07; fast
- HyC = N/ _“‘—'2____,
\CHj,4 —-MnO;

CH.
+H,C =R CH’ 10 | 1.CO 4 HN (CHy)s

3

On passing to secondary or tertiary amines, the abstraction
of hydrogen in the slow reaction stage assumes increasing
importance, as in the oxidation by ClO,.

The oxidation of (CH;);N and (C,H),N with aqueous KMnO,
at pH 6—8 has been studied’ and a mechanism has been
proposed in which the ammonium radical-cations are formed
when amines interact with manganese complexes. The latter
are obtained in the first stages from complexes of the amines
with manganese (VII) and manganese(V) compounds.
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On treatment with periodic acid; ethanolamine, diethanol-
amine, triethanolamine, ethylenediamine, and the amines
(XVIII) and (XIX) undergo oxidative fragmentation’®, the
reactions with ethanolamine and ethylenediamine being quan-
titative7®

CH,
HoN amon  cupy OO
A *\CH,CH,0H .
CHs
(XVIII) (XIX)

The study of the kinetics of the oxidation of ethanolamine’’
and N-methylethanolamine’”7® did not yield sufficient data
for the determination of the reaction mechanism. It is not
even clear whether ethanolamine or their protonated forms
and which of the ions H,I0; and H,;10", H,IO;, or HIO? are
involved in the reaction.

The mechanism of the oxidation of amines with chromic acid
has not been studied. Data on the kinetics of the oxidation
of a number of amines to CO,, H,0, and NH; by K,Cr,0, in an
acid medium have been published in only one communication’®

7. Oxidation by K,Fe(CN),, Pb(OCOCH,),, Silver(Ill)
Picolinate, and AgNO,

Smith and coworkers studied the oxidation of tertiary
amines by K ,Fe(CN); in aqueous solutions at pH > 12. In the
presence of an excess of the substrate, two moles of the
oxidant are consumed per mole of the amine and mainly oxida-
tive dealkylation products are formed. The reaction obeys a
first-order kinetic law with respect to the oxidant and the
amine. Tertiary N-methyl- and N, N-dimethyl-amines are
mainly demethylated®®. The secondary amines formed are not
oxidised further. The rate of reaction is correlated with the
Lo* of the substituents at the nitrogen atom; p* = -5.45 and
is close to p* = -5.24 found for the oxidation of amines by
Cl0,, where an electron is transferred in the rate-limiting
stage. The addition of K,Fe(CN), does not affect the rate of
oxidation. The salt effect of cations is observed. All these
data can be accounted for by a mechanism involving the
irreversible transfer of an electron from the amine to the
oxidant in the slow stage#:

+
“"""_ ~ RCH,NR] —~

RCH;NR; -+ Fe (CN)?~

+Fe (CN)g

~RCH == NR

~ RCH (OH) NR; - RCHO + R,;NH 13)

An alternative mechanism, in which the first two stages
have been replaced by the concerted loss of an electron and
an a-proton by the amine, i.e.

RCHNR, + Fe (CN)}” ~ RCHRR; +Fe (CN){™ -+ HY

is in poor agreement with the high value of p* and the small
kinetic isotope effect (see below). The possibility of the
simultaneous occurrence of the reaction via both mechanisms
is ruled out by the finding that a linear relation between
S§AH” and 8AS* holds for a series of the amines investigated.

# It has been found®? that at pH 8.8 the rate of oxidation of
triethylamine by K,Fe(CN), diminishes following 'the addition
of K,Fe(CN); in proportion to the concentration of the addi-
tive. It was therefore concluded that the electron transfer in
the slow stage is reversible. The discrepancy between these
data and the findings described above was explained by
differences in the pH.
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The oxidation of para-substituted benzyldimethylamines®®
also proceeds via mechanism (13). The rate of reaction is
correlated with the Hammett o constants of the ring substitu-
ents, with the Io* of the substituents at the nitrogen atom,
and with the pK, of the amines. The values of p, p*, and a
(-0.989, —4.24, and 0.990 respectively) are close to those
found for the oxidation of benzyldimethylamines by Cl10,. The
ratio of the demethylation and debenzylation products (formed
after the loss of H* from the CH, or CH, group in the amines)
differs from the statistical ratio. According to mechanism
(13), it is determined by the relative acidity of the N-methyl
or N-benzyl hydrogen atoms and the number of these atoms.

Mechanism (13) has been confirmed in the oxidation of tri-
alkylaminoalcohols and trialkylaminoamines®. Thus 3-piperi-
dino-1-propanol gives rise to a cyclisation product and
piperidine, which can be explained by the intermediate forma-
tion of a radical-cation and of immonium ions:

HQ o
Fe(uc)ﬁ | O\ -
-Fe(C N)‘ N) > N
+
6
ovid
HO,
FP(CN)G "20
-Fa(CN)‘ N + HOCH,CH,CHO .

The electron transfer in the rate-limiting stage is confirmed
by the low kinetic isotope effect in the oxidation of CH,N.
.(C,Hy), and CD,N(C,H,), (kg/kp = 1.04). The ratio of the
demethylation and debutylation products changes greatly on
isotope substitution—the isotope effect is 3.6.°%"

It has also been shown® that the characteristics of the rate
of oxidation of tertiary amines with a nitrogen atom in the
ring or bicyclic tertiary amines can be satisfactorily explained

by mechanism (13). The radical-cations R3N have a planar
structure and the transition state for their formation is a
structure close to that of radical-cations. The rate of oxida-

tion is therefore controlled by the changes in ring strain and
the barriers to changes in conformation which arise when the
molecules are converted into radical-cations. This treatment
has been confirmed®® in relation to trialkylaminoalcohols, their
ethers, trialkylaminoamines, phenetylamines, and cyeclic,
bicyclic, and tricyclic amines.

In contrast to tertiary amines, diethanolamine undergoes
oxidative fragmentation in oxidation by K;Fe(CN), in aqueous
alkali®5~%8;

NH (CH,CH,OH), -+ 40H~ -+ 4Fe (CN)?™ - 4HCHO -
+ NH; + 4Fe (CN)!™ +2H,0 .

The process is analogous to the oxidation of 8-hydroxyamines
by Cl0,, but its mechanism has been studied inadequately.

At low K;Fe(CN), concentrations the rate of oxidation is pro-
portional to the concentrations of alkali, the substrate, and
the oxidant, but the reaction order with respect to the oxi-
dant decreases with increasing concentration of the latter and
may become zero. The addition of salts, including K,Fe(CN),,
accelerates the reaction, while the addition of methanol
retards it. The following mechanism has been proposed:

) +FeCNy”
NH (CH,CH,OH), -+ OH"2-—= HOCH,CH;NHCH,CH,0~ ———*-~
)

' +FeCN

- complex — 2Fe (CN)4~ + products.

At low oxidant concentrations the rate of reaction is limited
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by the formation of a complex, which explains the third order
of the reaction, while at high oxidant concentration it is
limited by the ionisation of ethanolamine.

The oxidation of primary amines with a methylene group by
Pb(OCOCH,), in boiling benzene®®:*? leads to the formation of
nitriles in yields up to 60%. The reaction is believed to be a
two-stage dehydrogenation process with the intermediate
formation of aldimines. The mechanism has been confirmed
by the formation of 2—4% of benzaldehyde in the oxidation of
benzylamine and subsequent hydrolysis, since the aldehyde
is probably formed from the aldimine C.H,CH=NH. Aliphatic
aldehydes are not formed in the reaction, since their ald-
imines are unstable. They rapidly polymerise, which lowers
the yield of nitriles and increases the yield of resins.

In specifying the details of the mechanism, the authors
postulated the intermediate formation of the products (XX)
and (XXI) of the aminolysis of lead tetra-acetate [see mech-
anism (14)] and their homolytic decomposition. This is based
on the analogy with the alcoholysis of Pb(OAc), and the
photochemical oxidation of benzylamine to benzonitrile by
Pb(OAc),. The reaction mechanism is as follows:

89,90

RCH,NH, -+ Pb (OAc), 2 RCH,NHPb (OAc); + AcOH
[y XX
13

c |
i
RCH,NH - Pb (OAc)s - RCH=NH - Pb (OAc); + AcOH ;

RCH—NH 4- Pb (OAc), =« RCH=NPb (OAc); -+ AcCH
c i \+ , (XD

¥
RCH=N -+ Pb (OAc); — RC =N + Pb (OAc), - AcOH ., (14)

Compounds (XX) and (XXI) are converted into an imine or a
nitrile either directly (pathway b) or with the intermediate
formation of radical pairs (pathway c¢). Mechanisms involving
the formation of side products have also been proposed.

The oxidation of dibenzylamine gives rise to benzaldehyde,
benzonitrile, benzylamine, and the compounds C;H;CH,N =
CHCH; (XXII) and C;H,CH(COCH,)NH = CHC.H; (XXIII). A
reaction mechanism has been proposed in which compound
(XXII) is formed in the first stage via a mechanism analogous
to mechanism (14); its subsequent reactions explain the
formation of the other products mentioned.

Triethylamine is very slowly oxidised by lead tetra-acetate
in glacial acetic acid, while the amines (XXI1V)—(XXVII) are
rapidly oxidised. After hydrolysis, the amines (XXIV)-
(XXVI) give high yields of diethylamine, while compound
(XXVII) gives rise to piperidine. The hydroxylamines
(XXVIII) and (XXIX) are oxidised much more slowly than
compounds (XXIV)—(XXVII) but faster than the mixture
of (C,Hy);N and 1-propanol, which is in its turn oxidised
faster than triethylamine®l. The oxidation of the amines
(XX1V) and (XXVII) results in the formation of glyoxal.

(C4H;)s NCH,CH;OH (C;Hs); NCH,CHCHg (CyH;)2 NCH,C (CHy),
(XX1V) CI)H \O‘H
(XXV) (XXVD)
<:\NCH,CH,OH (CaHs); NCH,CH,CH,OH  (CyH;); NCH,CH,CH,CH,OH ,
(XXVID) (XXVIID) (XXIX)

The above data show that the C—N bonds are cleaved in the
reaction. The authors quoted above proposed the following
process mechanism:

+CH,C00 FCH,CO0

(CaHg),NCH,CH; OH ~35agi> (CaHe)sNCHCH,OH
140, (C,Hy)aNH + CH;COOH + O=CHCH,0H

- (C,H;)sNCH (OCOCH;) CH,0H
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The oxidation of primary and secondary amines with an
a-hydrogen atom by a suspension of silver(II) picolinate
(XXX) in water or polar solvents®? leads to the formation of
aldehydes or ketones and apparently proceeds via an imine
formation stage.

0—0C
/_}\\I——)AI <-N>——\
—_ F Ne—
—O
(XXX)

The imines were isolated in those instances of the oxidation of
secondary amines where the imines were stable. Stable
imines, corresponding to primary amines, are oxidised fur-
ther to nitriles. The stoichiometry of the reaction is
described by the equations
>CHNH2 + 2Ag?+ 4+ H,0 ~ >CO + NH; 4 2Ag* - 2H
H,0

“SCHNHR + 2Ag* (>C=NR +2AgH 4 2H+) == >co +RNH, - 2Ag*-+-2H* .
The authors®® suggest that the amines substitute picolinic
acid in the complex (XXX), after which they give up an
electron to silver(II). This is followed by the oxidation of
the resulting radical by a second picolinate molecule, which
leads to an imine either directly or via a hydroxyamine forma-
tion stage:

*
RCH,NHR’ - Ag (I) + RCH,NHR’ ~~ RCHNHR' -+ H*
Ag (1)
——— Ag (I) 4+ H* + RCH=NR’
Ag (1) -~ REHNHR' —

110, Ag () + H* 4 RCH (OH) NHR' 2 RCHO + R'NH, .

One cannot rule out the possibility that imines are formed in
the disproportionation of a-amino radicals:

2RCHNHR' — RCH=NR’ + RCH,NHR’

The interaction of vinylidenebisdialkylamines with silver
nitrate in acetonitrile leads to oxidative dimerisation with
formation of diamidinium salts®*®5. Thus compound (XXXII)
and metallic silver are formed from compound (XXXI).

N (CHz),  (CHg)N N (CHs),
CH,=C C+—CH=CH—+C
N (CHj);  (CHa)N N (CHy)e
(XXX1) (XXXIT)

If the initial amine contains two double bonds, there is a
possibility of the formation of eyclic or bicyclic products. It
has been suggested that the reaction proceeds with participa-
tion of radical-cations. In certain cases their formation was
established by EPR.

8. Oxidation with Molecular Oxygen and Ozone

When triethylamine is oxidised with oxgen in the gas phase
at 200 °C, °%>°7 mainly ethylamine, acetaldehyde, and diethyl-
amine are formed. The diethylamine concentration initially
increases, but rapidly attains a limiting value. It has been
suggested that oxygen abstracts H' from the CH, group,
after which another oxygen molecule adds to the resulting
radical to form a peroxy-radical; ethylamine is formed in the
intramolecular decomposition of this radical, while diethyl-
amine arises in consequence of the decomposition of the
hydroperoxide. The details of the mechanism have not been
determined.

The kinetics of the radical-initiated liquid-phase oxidation
of amines by oxygen have been studied®®”1°®, These reac-
tions proceed at a lower temperature than the gas-phase
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oxidation, but their products have not been investigated. In
most cases the oxidation involves radical-chain processes and
proceeds via the following mechanism with both primary and
secondary amines:

Initiator *RM:40: , b 401, p5, #RH_, ROOH + R

2RO, - 0, + molecular products.

’

Here R = a-amino-radical. Tertiary amines are oxidised
more readily than primary and secondary amines. The
involvement of enamines in the reaction and in certain cases
linear chain termination have been postulated®?,

The specific features of the reactions consist in the fact
that a~aminoperoxy-radicals have not only oxidative but also
reductive properties. They are capable of regenerating the
inhibitors of radical-chain processes, which explains the
observed high stoichiometric inhibition coefficients.

The liquid-phase autoxidation of enamines with a complex
structure has been studied!!°, The reaction proceeds via a
radical-chain mechanism. In the initiation stage the amine
gives up an electron to the oxygen with formation of ammo-
nium radical-cations. The Fe3* and Cu?* ions react similarly
and greatly accelerate the autoxidation.

It has been found'!! that RuCl, catalyses the homogeneous
liquid-phase oxidation of amines by oxygen. In toluene at
100 °C benzylamine is converted into benzonitrile and benz-
amide, while butyronitrile and butyramide are formed from
n-butylamine. 2-Aminohexane gives rise to the correspond-
ing ketone (formed in the hydrolysis of the imine) and the
product of the condensation of the ketone with the initial
amine. Variants of the mechanism involving ruthenium(III)—
amide and ruthenium(IIl)—hydride complexes have been
proposed.

In their interaction with ozone in chloroform at low temper-
atures, tertiary amines are converted with high yields into
N-oxides'!?, The reaction probably proceeds via the mech-
anism12113

. . -
RyN: + :B-i?—ij:‘ — Raﬁ——bh—:(}——ij: — naﬁ—Q: +0,-

The reaction has been studied in detail in relation to tri-n-
butylamine®*, Apart from its N-oxide, compounds (XXXIV)
and (XXXVI) and dibutylamine are formed. The ratio of their
yields is influenced by the nature of the solvent and tempera-
ture. In chloroform or methanol at —45 °C the main product
is the N-oxide, while in hydrocarbons or 1l-chlorobutane the
products are dibutylamine at —45° or —-78 °C and compound
(XXVI) at +15 °C. It has also been shown that, for a tri-
butylamine : ozone ratio of 1: 1 at —-78 °C in pentane, subse-
quent heating to 20 °C results in the formation of the enamine
(XXXV), which is oxidised by ozone to compound (XXXVI).
The following process mechanism has been proposed:

(C4Hy)3 NO < (C4Hy)s N (C;H,), NCOC,H,

i b (XXXIV)
H;0 + (C4H,)g NCH==CHC,H; = (C,H,)y NCH (OH) C;H,
b (XXXV) b (XXXI)
(C4Hy)a NCHO - C;H,CHO (C:Hy); NH + C;H,CHO
(XXXVI)

The formation of an N-oxide is apparently favoured by the
tendency of the solvent to form hydrogen bonds; the car-
binolamine (XXXIII) is obtained in solution in hydrocarbons
or l-chlorobutane. It is oxidised to compound (XXXIV),
hydrolyses to butylamine and butyraldehyde, and is
dehydrated to compound (XXXV) with subsequent ozonolysis
at the double bond. Heating, which promotes dehydration,
lowers the yield of dibutylamine and increases that of dibutyl-
formamide. Hydrolysis of the carbinolamine, leading to
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dibutylamine and butyraldehyde, predominates in the oxida-
tion of a suspension of tributylamine in water. The mech-
anism discussed does not, however, explain the formation of
carbinolamine.

Primary amines are oxidised by ozone to nitro-compounds.
At low temperatures the yields are 25-50%.'% Alkylhydroxy-
amines and nitroso-compounds are probably formed initially,
which is confirmed by the presence in the reaction mixture of
alkylhydroxylamines when the oxidation is interrupted, after
the introduction of one equivalent of ozone, by the conver-
sion of alkylhydroxylamines into nitro-compounds under the
influence of ozone and by the colour characteristic of nitroso-
compounds appearing in the course of the reaction.

Since oximes are not converted into nitro-compounds on
being oxidised with ozone, it is to be expected, in conformity
with the mechanism discussed, that amines with tertiary
hydrocarbon groups, which are converted into nitroso-
compounds incapable of isomerising to oximes, would give
rise to higher yields of nitro-compounds than amines with
primary or secondary hydrocarbon groups. This prediction
has been confirmed. However, it is noteworthy that the
mechanism of the formation of alkylhydroxylamines and of
their conversion into nitroso-compounds and then nitro-com-
pounds remains obscure.

9. Oxidation by Peroxy-Compounds

The oxidation of amines by peroxy-compounds frequently
depends on the nature of the solvent and the mechanism is
often different for primary, secondary, and tertiary amines.
These reactions apparently include both heterolytic and
homolytic processes. The study of their kinetics is com-
plicated by the inhibition or acceleration of the oxidation by
reaction products, which is frequently encountered, and by
the widespread occurrence of radical-chain processes. The
oxidation mechanisms are by no means always satisfactorily
justified and their details are frequently unknown.

The interaction of benzoyl peroxide with tertiary amines
has been investigated’'®. In benzene, in the presence of an
excess of the amine, the stages involving the oxidation of
amines with the R,NCH,CH, group yield enamines, which have
been identified from the formation of compounds of the "blue
quinone" type (see Section III, 2) when the reaction is car-
ried out in the presence of quinones. The enamine (C,Hg),.
.NCH=CH, has been isolated''’. Amines of the type (CH,),.
.NCH,Ar, which are incapable of forming enamines, give rise
to immonium salts, which hydrolyse to secondary amines and
carbonyl compounds. These data can be accounted for by a
mechanism analogous to that of the interaction of benzoyl
peroxide with dimethylaniline*®:

(0] o] (o] + 0
i i fi 1
ReNCH,R’ + CH;C—00—~CC¢Hs ~ [RQN—OCCGP& CeH;CO~ =

CH,R’

~CeH,COOH

——H+ > enamine

2 [RyN=CHR']* — 41,0

——— R,NH + R'CHO (15)

The first stage involves nucleophilic substitution with forma-
tion of a quaternary salt, corresponding to the ether of the
substituted hydroxylamine. Mechansim (15) has been con-
firmed by the isolation of a compound of this type in the
oxidation of triethylamine by acetyl peroxide!!®; however, it
conflicts with the formation of radicals giving rise to polymer-
isation (see, for example, Margaritova and coworkers!2°:121),
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The involvement of radicals in the stages where amines are
oxidised by benzoyl peroxide, the intermediates, and the
kinetics and mechanisms of the reactions have been investi-
gated!??7128 The authors used a method based on the chemi-
luminescence which arises in the course of the recombination
of radicals: its appearance is a sign of a radical mechanism
and the variation of its intensity makes it possible to infer
the reaction kinetics. It has been established that the oxida-
tion of triethylamine by benzoyl peroxide obeys a first-order
kinetic equation with respect to each reactant and has a
radical but not chain mechanism. Benzoic acid retards while
pyridine accelerates the reaction as a result of the formation
of complexes with the amines or the peroxide respectively.

In the presence of an excess of the peroxide, chemilumines-
cence, corresponding to the oxidation of an intermediate,
probably an enamine, is observed. On hydrolysis, the
enamine gives rise to diethylamine and acetaldehyde. The
following mechanism has been proposed:

O (o]

I i : .
(C4H;)sN + CH;C—O00—CCyH; ~ [ complex | - (Csz)gﬁCchﬂg -+ CsH;COO~ + CgHsCOO
i +CeH;COO hv
SO s (CaHg)eN—CHCH; -~
OCOCgH;
— (CgHs); NCH=CH, + C;H;COOH | (16)

(CaHy)aNCH,CHy —2yr (CoHy)oNCHCH,

It is closer to Horner's mechanism of the oxidation of N,N-
dialkylanilines (see, for example, Horner and Junkermann®®).
It may be that the intermediate complex is a quaternary salt,
corresponding to an ether of the substituted hydroxylamine
which rapidly decomposes into radicals. It is also possible
that the salt decomposes simultaneously via a non-radical
mechanism (see, for example, Walling and Inductor!?’).

According to the authors of the studies quoted, the oxida-
tion of aminoalcohols R'R"NCH,CH,OH 12%:128:131 proceeds via
a mechanism analogous to mechanism (16). The oxidation of
triethanolamine!3?713* is a radical-chain reaction.

The structure factors which determine the mode of dealkyl-
ation of tertiary amines have been studied!®®.

The secondary amine oxidation reactions!??:126,127,133,136=140
are also usually second-order reactions. Radicals are prob-
ably not formed in these reactions or not in the initial stages,
being produced in the oxidation of the intermediates [for
example, of (C,H;),NCH=CH,, obtained in the oxidation of
diethylamine'*®*]. The radical mechanisms proposed previ-
ously (see, for example, Horner and Kirmse'®*) are probably
incorrect*?, Apparently the cations of the quaternary salts
obtained from hydroxylamine derivatives are formed in these
reactions and then rapidly lose protons:

o o]
Il Il
RyNH + C;H;C—00—CCgH; — [RyN--OCOCgH;]* CgH;COO™ —~
!
H
— R;NOCOC,H; + C;H;COOH

(17

Nor can one rule out the possibility!®® that secondary amines
react with an amine—peroxide complex rather than the per-
oxide itself.

The oxidation of primary amines by benzoyl peroxide has
been investigated only in relation to propylamine?’, butyl-
amine®, and benzylamine!**~*¢, The ideas concerning the
mechanisms of these reactions have been only slightly elab-
orated.

When primary or secondary amines interact with p-nitro-
benzenesulphonyl peroxide with subsequent hydrolysis, car-
bonyl compounds are obtained, frequently in good yields.
Imines are formed in the intermediate oxidation stages and
can sometimes be isolated. The process apparently begins
with nucleophilic attack by the amine on the peroxide, analo-
gous to reaction (17), and then yet another sulphonic acid
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molecule is split off from compound (XXXVII):
RCH,NHR’ -+ (ArS0;0), - [RCH,NHR'] ArSO; ——xrso™
0OSO.Ar
— RCH,NR’ - RCH=NR’ 4- ArSO;H
Cl)SO,Ar
(XXXVII)

The electrophilic nature of the peroxide and its tendency to
split off the ArSO; residue favour this two-electron mecha-
nism.

The "anomalous" course of the reaction has been studied*®.
In the oxidation of, for example, p-methoxybenzylamine or
diphenylmethylamine the products are p-methoxyaniline or
benzaldehyde instead of p-methoxybenzaldehyde or benzo-
phenone expected on the basis of mechanism (18). These
results have been explained by the migration of the aryl
residue from the carbon atom to the positively charged nitrogen
atom arising on ionisation of a compound of type (XXXVII):

cnp—@-—cmuz + (Ar80,0), —> Cﬂgo@—cuﬁﬂf)sozm—»

+H,0" A A
——> CH30 CH=NH —> CH,0 4 cf
-ArsOgH — g

OCH,

- 72 LT 7\
—> ArSOj3 —>»A\rsc o CH30—C N=CH —> CH;0 NH, .
10, — —

HC—-NH

(18)

It has been shown'*® that the radical variants of the mech-
anism are less probable.

The oxidation of amines by dicyclohexyl peroxydicarbonate
(CH,;;0CO00), has been investigated'*’. In the presence of
an excess of the amine, the reactions with triethylamine,
N-diethylethanolamine, and N-ethyldiethanolamine obey a
second-order kinetic equation and are accompanied by chemi-
luminescence. A radical mechanism analogous to mechanism
(16) has been proposed.

The oxidation of amines by potassium persulphate in water
has been studied*® !¢, According to the characteristics of
the rate and the reaction mechanism, the authors divided
amines into two groups®*®!*°. Primary and secondary amines
were assigned to the first group. Their oxidation products
have not been determined, but the rate obeys a second-order
kinetic equation and is proportional to the KOH concentration.
Primary amines are oxidised more slowly than secondary
amines. The initial rates of oxidation of amines in this group
are proportional to their pK,, which has been explained by
complex formation between the amine and the peroxide in the
slow stage. The reaction mechanism has not been established,
but it is probably of a non-radical type'*®~152,

Tertiary amines and aminoalcohols were assigned to the
second group. The oxidation of tertiary amines!"®:150,353-156
results in the formation of secondary amines and carbonyl
compounds. Diethylvinylamine, which gives rise to diethyl-
amine and acetaldehyde on hydrolysis, was detected among
the products of the reaction with triethylamine. The oxida-
tion of tertiary and secondary aminoalcoholg!*?7150:152,154-166
leads to secondary or primary aminoalcohols and carbonyl
compounds respectively. In the case of triethylamine,
diethanolamine, and N-ethyldiethanolamine, formaldehyde is
present among the products, i.e. oxidative fragmentation
takes place. The kinetics of the above reactions are fairly
complex; fractional reaction orders, the acceleration of the
consumption of the oxidant by the reaction products, and the
dependence of the rate of oxidation on the presence of rad-
ical chain process inhibitors are observed. The rate is not
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simply related to the basicity of the amines; the addition of
KOH has a different and more complex effect on the rate than
for amines in the first group. These data can be accounted
for by the involvement of radicals in the reaction, which is
consistent with the finding that some of the reactions of this
type induce radical polymerisation.

The mechanism of the oxidation of amines of the second
group remains obscure. We believe that the proposed mech-
anisms150,153,154,156,158,159 g jnadequately founded and are
unconvineing. They do not explain or only explain poorly
the dependence of the rates of the reactions on the concen-
tration of alkali, their orders, etc. and are not detailed.

The oxidation of amines by potassium persulphate is cata-
lysed by variable-valence metals. These reactions with
amines and aminoalcohols have been studied!®’"'7®, The cata-
lytic effect of metal ions increases in the sequence Co*t <
Cu® < Ag*.17%!"2 In most cases the rate of oxidation falls
with increasing basicity of the amines!®”'72, which the
authors explained by a decrease of the activity of the metal
ions as a result of the increase of the stability of their com-
plexes with the amines. A reaction mechanism involving the
formation of a complex comprising the amine, Ag™ ions, and
persulphate, in which the metal ion behaves as an agent
transferring an electron from the amine to the persulphate,
has been proposed'’®!72, The reaction products were not
determined in the above investigations.

The interaction of persulphate with primary amines in the
presence of Ag' ions is of preparative value'’™. Amines of
the type RCH,NH, are converted into aldimines RCH=NCH,R,
amines of the type RR'CHNH, give rise to ketones, while the
amines R,CNH, are not oxidised. In contrast to the results of
Bacon and Stewart!’, Babu et al.'”® isolated hydroxylamine
derivatives and oximes as intermediates in the above reac-
tion. In the presence of an excess of the amine (Am), the
rate of reaction is proportional to the concentrations of per-
sulphate and Ag*, the order with respect to the amine falls
with increasing Ag* concentration, and the reaction is of first
order with respect to the amine in the absence of the catalyst.
Neutral salts retard the reaction. These data have been
explained by the fact that non-catalysed and catalysed reac-
tions take place simultaneously. Ions of opposite sign react
in the slow stage of the latter. The overall rate of the pro-
cess is expressed by the equation

2.
KT b (Am] S07 1+ (Ag") 1207

At a high Ag"’ concentration the quantity k,[Am] becomes
much smaller than k,[Ag*] and the order of the reaction with
respect to the amine becomes zero. The rate constant k, is
higher the smaller the stability of the complexes of the amines
with Ag*. The catalysed reaction proceeds via the mechanism

8,027 2250

2507 + Agt —A¥ _, 950 + Ag*

M

Ag** + RNH, -+ H;0 -~ RNHOH + Ag*

(19)

according to which w = ky[SO;1°[Ag*]. Bearing in mind
that [SOE] 2 = K[S,02"] (where K is the equilibrium constant
of the reaction S,0; = 2S07), then w = kyK[Ag*1[S,037] and
k, = kyK. We may note that the last stage in mechanism (19)
is not specified in detail and that an analogous mechanism
explains the formation of aldimines.

Secondary amines of the type (RCH,),NH react with per-
sulphate and Ag* ions to form aldehydes, while those of the
type (RR'CH),NH give rise to ketones. Primary amines are
formed simultaneously. o-Aminoacids give rise to aldehydes
while N-methylpiperidine and N-methylpyridine are not
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oxidised. These reactions are more complex than the oxida-
tion of primary amines!’®,

In contrast to the data presented above, it has been
found!”? that di-isopropylamine and the aminoalcohol
HN(CH,CHOHCHj,), are oxidised to hydroxylamine derivatives;
the mechanism of these reactions has not been established.

Among the reactions of dialkyl peroxides, only the inter-
action of di~-t-butyl peroxide with tri-n-butylamine, di-iso-
propylamine, and 4-methyl-2-pentylamine has been investi-
gated!’®17°  t-Butyl alcohol and compounds with —C=N—
bonds are formed almost quantitatively. The rate of reaction
is determined by the stage involving the decomposition of the
peroxide into radicals, which dehydrogenate the amine. Two
variants of the mechanism have been proposed:

o - , _+(CHg)CO
(CHy)5CO -+ R,CH—NHR’ —@pry;con ™ ReC—NHR _HCHNCO

— (CHj)3 COH +- R.C=NHR'
(CH,);CO +- R,CH—NHR’ — (CHj); CO™ + RyCH—NR’ ~Cr);con " RyC—NHR' -~

_CHCO b RHR' -+ (CHg)sCO~ - ReC=NR’ -+ (CH;);COH

The interaction of hydroperoxides with amines has been
studied more widely. It has been shown!®® that these reac-
tions lead to satisfactory yields of the alcohols coresponding
to the peroxides. Their mechanism has been studied!”® in
relation to the reactions of t-butyl hydroperoxide with an
excess of 4-methyl-2-pentylamine, di-isopropylamine, tri-n-
propylamine, and 2,4,4-trimethyl-2-pentylamine. All these
amines form hydrogen-bonded complexes with the hydroper-
oxide; t-butyl alcohol was detected among the products. The
last of the above amines, which does not contain a hydrogen
atom in the o-position relative to the amino-group, reacts at
a higher temperature than the other amines and gives rise to
2,4, 4-trimethyl-2-nitropentane and the products of the ther-
mal decomposition of the hydroperoxide. The reaction mech-
anism is unknown. The first three amines are converted
respectively into the ketimine (XXXVIII), ammonia, and water,
into acetone, isopropylamine, water, and the ketimine
(XXXIX), and into dipropylamine, propionaldehyde, and its
aldol condensation products. Compounds (XL)—(XLIII) are
probably formed in addition from tri-n-propylamine.

(CHa), CHCH,C=NCHCH,CH (CHj),
|

(CHy),C=NCH (CHg),

CH; CHj (XXXIX)
(XXXVILI)
C3H,NHCHCH,CH, (CsH,):NCHCH,CHj
OC,H, dc,n,,
(XL) (XLY)
CyH,NHCHCH,CH, (CgH;);NCHCH,CH,

C,H;NHCHCH,CH,
(XLID)

(CsH;),NCHCH,CH,
(XLII)

One may therefore assume that the first three amines give
rise to dealkylation products and carbonyl compounds, which
can be converted into imines by reacting with the initial
amine or the amine formed in the reaction. The products
(XL)—(XLIII) probably arise from intermediate radicals. The
involvement of radicals is confirmed by the retardation of the
reactions by radical chain process inhibitors, for example
ionol. The formation of the radicals (CH,),COO has been
demonstrated by the isolation of compound (XLIV)—the
product of their interaction with radicals corresponding to
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ionol.

(o) CH,NR'  RCH—RR, CH,—NR, ]* OH~

R N i e
\"/ \U/ *
(XLVID)

N (XLV)

X
(CH;),COO  CH,

(XLIV)

De La Mare'”® explained the set of results obtained in terms
of a radical-chain mechanism. The radicals (XLV) or (XLVI)
arise in the initiation stage. The formation of the radicals
(XLV) in the oxidation of tertiary and secondary amines by
t-butyl hydroperoxide has been demonstrated by EPR.'® The
mechanism of their formation is obscure in the case of tertiary
amines and that in the reaction with secondary and primary
amines is

RCH,—NHR’ 4 R'O0H — [RCH,—N|HR’ J*R'0™ ~gor— RCH,-I\IIR’ -
oH OH

OH 4+
+R”O0H { , Y= 714 RO~ ’ u
———— | RCH,—NR’ | RO =7 [RCHr—-II\lR 1+ RO —»RCH,-I‘{R +R‘OH
(20)

OIH OH o

The radicals (XLVI) are obtained via the mechanism
o, t, EN A -
R(}l,—NR, + R'OOH —_E;E-’ [RCH;—~NR,] OH~ TEDT RCH--NR,; < RCH— NR,, (21)

possibly with the intermediate involvement of the quaternary
ammonium salt (XLVII). The chain propagation and termina-
tion mechanisms proposed by De La Mare!’® easily explain the
mechanisms of the formation of all the reaction products.

The interaction of amines with cumenyl hydroperoxides in
water has been studied'®?7'®%. Two parallel reactions take
place with triethanolamine. The rate of one of them is pro-
portional to the concentrations of the amine and the hydro-
peroxide. The rate of the second reaction is proportional to
the square of the concentration of the hydroperoxide and
depends on the dielectric constant and the presence of
neutral salts. The reaction products—the alcohol (XLVIII),
the aldehyde (XLIX), the peroxide (L), oxygen, and pos-
sibly the ether (LI)—are believed to be formed on decom-
position of complexes of the amine with the hydroperoxide or
its dimer. The latter complex is formed only by aminoalco-
hols, which has been explained by the structure (LII).

CHs CH, CH,
C,Hs(‘%OH (HOCH@H;),NCH,C(E cﬁns(:l—oo—(lac.m
CHs CH; H;
(XLVIII) (XLIX) L

C'HS CIH*' RGO - . . HOOR
CeHC—0—CC;H; i o
CH, CH;

| ;L
O—(CH,),—NR;
(LI (L1I)

The mechanism of the decomposition of the complexes is
unknown.

Metal compounds catalyse the oxidation of amines by hydro-
peroxides. Tertiary amines and aminoalcohols are converted
into N-oxides in high yields, piperidine is converted into
2-piperidinone, and primary amines are converted into
oximes. Vanadium, molybdenum, titanium, and tungsten
compounds are particularly active. The reaction mechanism
has not been established'®®. A study has been made of the
kinetics of the reactions of triethylamine and morpholine with
cumenyl hydroperoxide catalysed by metal ions®’.
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The oxidation of amines by hydrogen peroxide has been
little investigated. Only isolated data are available concern-
ing its kinetics and mechanism. Thus it has been shown'®®
that in acetonitrile the intermediate in the oxidation of
n-butylamine is the aldimine (LIII), which is converted by
the peroxide into the amides (LIV) and (LV).

o}
CH,yCH,CH,CH==NC,H, cmca,cx—x,c{
NHC,H,
Ly (LV)
40 P
HC< (LV)  (CiHy)sNCH=CHC,H; (LVI) R,N—c< (LI
NHC,H, H

In addition the corresponding hydroxylamine and oxime are
formed. The reaction with di-n-butylamine leads to dibutyl-
hydroxylamine, the aldimine (LIII), and its oxidation prod-
ucts. Tri-n-butylamine gives rise to an amine oxide and the
enamine (LVI), which hydrolyses to dibutylamine and butyr-
aldehyde. It has been established!®® that the hydroxylamines
formed in the oxidation of secondary amines on treatment with
an aqueous H,0, solution always contain an admixture of the
corresponding N-formyldialkylamines (LVII) and a mechanism
of their formation has been proposed. The kinetics of the
oxidation of triethylamine by hydrogen peroxide have been
investigated!®®.

The characteristics of the catalytic oxidation of amines by
hydrogen peroxide in the presence of NaWO, or NaMoO, have
been studied®®!°2, The rate of reaction is proportional to
the concentrations of the amine and the catalyst, decreasing
on passing from tertiary to secondary amines and with
increasing branching of the hydrocarbon residues at the
nitrogen atom. It has been suggested that the primary prod-
ucts are amine oxides or amine oxide hydrates. Those
obtained from ammonia and primary and secondary amines
isomerise to hydroxylamines, which have been identified.
Among other products, oximes and in certain cases carbonyl
compounds have been detected. The formation of oxides
from tertiary amines and of N, N-dialkylhydroxylamines from
secondary amines on treatment with hydrogen peroxide in the
presence of NaWQ, has also been established in another
study!®®. t-Butylamine is converted into a nitro-compound,
while amines in which a primary or secondary carbon atom are
linked to the NH, group give rise to aldoximes or ketoximes
(isomerisation products of nitroso-compounds). It is believed
that the above reactions involve electrophilic substitution at
the nitrogen atom.

It is noteworthy that, despite the incompleteness of the
data presented, one can postulate that radicals are involved
in the reactions. It may be that radical processes take place
simultaneously with electrophilic substitution. This is indi-
cated by the formation of imines, enamines, and carbonyl
compounds, usually obtained in the radical oxidation reac-
tions of amines. One cannot rule out the possibility that
radical reactions involving oxidation by hydrogen peroxide
begin with reactions of types (20) and (21).

10. Other Oxidation Reactions

The oxidation of tri-n-alkylamines with N—CH,—CH, resi-
dues by a suspension of hydrated manganese dioxide
(HOMnO,.) in cyclohexane'*/1°% leads to the formation of
dialkylformamides. The hydrolysis of the reaction mixture
gives rise also to dialkylamines. It has been suggested that
the "HOMnO,." surface generates HO radicals, which oxidise
the adsorbed amines to carbinolamines. As in the reaction of
amines with ozone, the latter hydrolyse to dialkylamines or
are dehydrated to enamines, whose oxidation gives rise to
dialkylformamides.
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The formation of carbinolamines and their reactions account
for the nature of the products of the reactions of various
tertiary amines with "HOMnO,". Thus benzaldehyde has been
obtained from benzyldimethyl-, benzyldiethyl-, and tri-
benzyl-amines. 1,4-Dibenzylpiperazine gives rise to com-
pound (LVIII). Cyclohexyldimethyl- and cyclohexyldiethyl-
amines are converted into cyclohexanone, while the latter
amines also give rise to acetaldehyde.
1, 2-dipiperidinoethane are converted into 1,4-diformylpiper-
azine and 1-formylpiperidine respectively. The amine (LIX)
is converted into compound (LX), 519

o 0
H>c—N—CH,— CH,—II\I—C<H (CH3)+€CH,C (CHy), N (CHy),
CH,C¢Hs

CH,C¢Hs (LIX)
(LVIID)

(CH3)sCCH,C (CH;); NHCH; (LX)

Nitrous acid in aqueous acetic acid reacts with tertiary
amines via the mechanism R,NCHRj + HNO, » R,N—-NO +
RIC=0.

Nitrous oxide is present among the products. The intro-
duction of substituents in the meta- or para-positions in one
of the tribenzylamine rings influences the process: the frac-
tions of unsubstituted benzaldehyde and substituted nitros-
amine are given by the Hammett equation with a small nega-
tive value of p. The rate of reaction decreases with decrease
of the basicity of the amines. Quinuclidine does not react.
Substituents in one of the a-positions of tribenzylamine or
benzyldiethylamine lead to the preferential formation of
benzaldehyde or acetaldehyde regardliess of the nature of
the substituents. The amine C;H,CD,N(CH,C,H;), is con-
verted into deuterated and non-deuterated benzaldehyde in
proportions of 1: 8 (ky/kp = 3.78). The results have been
explained by a heterolytic mechanism?®7-%8:

+HNO,

, . /CHR,' . .
R,NCHR, »R,N\No - R,;N=CR, + HNO ;

s +H, +HNO,

+ o , +
RN=CR, =%~ R/C=0 + R;NH,

R,N—NO ;

2HNO - H,N;0y ~ HiO+ N,O .«

It has been suggested that the elimination of HNO takes
place intramolecularly in the reaction with a cyclic transition
state. The mechanism involving the intermediate formation of
ammonium radical-cations and nitric oxide as one of the reac-
tion products!®® does not explain the formation of nitrous
oxide, while the nucleophilic dealkylation mechanism?®? is
inconsistent with the isotope effect. Nor can one rule out a
mechanism in which NO* abstracts a hydride ion from the
a-carbon atom of the amine?®,

In the oxidation of triethylamine by iron(III) complexes of
phenanthroline derivatives or the molybdenum(V) octa-
cyanide complex®® an electron is transferred from the amine
to the oxidant with formation of ammonium radical-cations.

The oxidation of cyclic tertiary amines by mercury(II)
acetate has been investigated®2°172°5, The reaction leads to
the formation of enamines. For example, the enamine (LXII)
is formed from quinolizidine (LXI) and is converted into a
salt.

O

(LX1) (LX)

|
k)

(LXIID)

Triethylenediamine and
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The oxidation apparently proceeds via a heterocyclic mech-
anism involving structure (LXIII):

COA(:-
N

H
+Hg(0Ac),
— ——
- ~HOAc, -Hg
OAC

d

HgOAc

Ag(OAc), + Hg® — Hgy(0Ac),

Quinolizidine-10-d is oxidised 2.3 times more slowly, so that
the rate is limited by the decomposition and not the formation
of the complex illustrated in the scheme above. The C-H
bond involving the eliminated proton must be located in the
trans-position relative to the N—Hg bond. A one-electron
reaction mechanism is also not ruled out.

The data described above show that most of the reactions
considered have radical or radical chain mechanisms. How-
ever, in only a few instances has direct evidence been
obtained for the involvement of the radicals and their decisive
role in the formation of the main reaction products established.
We include in evidence of this type the observation of chem-
ically induced nuclear polarisation in the products, the
observation of EPR and optical spectra of the radicals or
radical-cations involved in the formation of the products, the
observation of the chemiluminescence of the reaction mixture
and the initiation of polymerisation processes by the reaction
mixture, and the presence of an induction period, which
depends on the presence of inhibitors or initiators of radical
chain reactions. Such evidence has been obtainecd for the
oxidation of amines by diazonium and iodonium salts, Cl10,,
quinonoid and peroxide compounds, etc., but in such cases
there is no certainty that the main reaction products are
obtained solely via the radical mechanism.

In other instances the radical mechanism has been justified
indirectly. The relevant evidence has been obtained by
considering kinetic data (in particular, the nature of the
dependence of the rate of oxidation on the substituents in the
substrate and the oxidant), the nature of the products
formed, etc. Such combined indirect evidence constitutes a
serious argument in support of the proposed mechanisms but
cannot be regarded as their unambiguous confirmation.

The radical mechanisms examined can be classified in terms
of the mode of generation and the nature of the radicals
formed in the key stages. In most reactions the key role is
due to the ammonium radical-cations, but direct evidence for
their involvement in the reactions is available in only rare
instances. These radicals can be obtained on electron trans-
fer from the amines to the oxidants. If the transfer is
reversible and limits the rate of oxidation, then the rates of
reaction of a specified amine with a series of oxidants are
correlated with their oxidation potentials E° and the rates of
oxidation of different amines are correlated with the E° and
the sum of the o* constants of the substituents at the nitro-
gen atom of the amine or with the E° and the photoionisation
potentials of the amines®?. The validity of these correlations
may serve as a criterion of reversible electron transfer from
the amine to the oxidant in the slow stage of the reaction.
(Its other features were frequently discussed above.)

Yet another way of forming ammonium radical-cations con-
sists in the decomposition of an intermediate compound or
complex of the amine with the oxidant. The choice between
this pathway and electron transfer is important for the
understanding of the mechanism; however, frequently, such
choice is based on indirect data in view of the lack of detailed
information about the reaction kinetics. In only relatively
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rare instances (see Section III, 2) has it been shown clearly
that there is no direct electron transfer in the slow stage of
the reaction.

In certain reactions (see, for example, Sections III, 4 and
III, 6) the primary formation of a-amino radicals or the com-
petitive formation of these radicals and ammonium radical-
cations has been postulated. The rates of such reactions do
not obey the above correlations. However, one should note
that the involvement of a-amine radicals in the reactions,
which can be regarded as likely on the basis of the available
experimental data, has not been demonstrated directly. The
observation of the primary isotope effect of deuterium cannot
be regarded as direct evidence, since it can arise in the
transfer of protons or hydride ions in the slow stage.

The formation of nitroxy-radicals has been established in
the interaction of amines with t-butyl hydroperoxide. It is
natural to postulate their key role in radical reactions of
hydroperoxides and possibly of hydrogen peroxide with
amines, particularly in those cases where compounds with
nitrogen—oxygen bonds are formed.

As can be seen from the data presented above, the non-
radical (molecular and ionic) amine oxidation mechanisms have
been specified in less detail and are less well founded than
the radical mechanisms. This applies particularly to mech-
anisms where the shift of a hydride ion is postulated. We
may note that doubts have arisen in recent years as to
whether the hydride ion shift is an elementary step and not
consecutive transfer of an electron and a hydrogen atom or
of two electrons and a proton2*37,

We emphasise the importance of the results obtained in the
study of the mechanism of the oxidation of amines with the
aid of CIDNP. This method not only permits an unambiguous
solution of the problem of the involvement of radicals in the
formation of the reaction products but also allows one to
derive information about the fine details of the mechanism,
in particular to identify the radical pairs whose radicals are
converted into the products (see Section III, 2 and Section
111, 4).

In conclusion we may note that, despite the considerable
advances in the study of individual amine oxidation reactions,
this field has still not been adequately studied.
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