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ghstract - The synthesis of stable nitrosanium salts gnd their use as
oxidizing agents in organic chemistry will be summarized. Those
systems in which nitraxides are oxidized to nitrosonium salts

which, in turn, function as oxidants (mediated systems) will also be
discussed. Nitrosonium salts can be used to oxidize aleohols (to
aldehydes or ketones), primary amines (to aldehydes, or in certasin
cases, RCHENHE, to nitriles), ketones (to &, -diketones), and

phenols (to gquincres?. Some dehygdrogsnations are alsp known, as well
as other miscellaneous reactions.

Stable free nitroxide radicals such as E,E,E,S—tatramethg1piparidlngl—1—uxg,’{:
often celled TEMPDO, have been used to place a recognizable molecole in many
types of tissue, membranes, surfaces, ggg.e The radical, however, represents
only one stage in an interesting series of compounds interrelated by oxidation
and reduction and shown, for TEMPO, by eguation 1. These are the secondary
amlne,’EJ the hydroxylamine, 2$ the nxtroxide,ril and the nitrosonium salt,’ii
Nitroxides are normally prepared by -oxidation of 2 or 3, and nitrosonium salts
are prepared by ox:idation of 51ther‘gﬂ QJ ar'{. Reagents are known for most
steps in the redox series. Many radicals of diverse structural types have been
prepared as spin labels or as CurlDSitlES,a ard most should have a2 redox
behavior similar to that shown in equation 1. Two members of the series, the
nltrmxldes,s and the nitroscrnium salts, are oxidizing agents, the nitrosonium
salts being much more powerful. In this article, the main emphasis will be
upon the nitrosonium salts and their chemistry. One review, 1n Japanese, has

appeared on the sthact

°26 -
Q LN CHQCH;; ELN Q (1)
N 4 (:**3

H 2 . 4
+ Hy0 +2H+ +H ~

Still another redex reacticn, not apparent from egquation ! 1s important in this
chemistry. This 1s a reversible and acid catalyzed dispropertionation of A’tc
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give E'Eﬂd;t (equation 2). The equilibrium :s shifted to the right i1n strong
seid since 3 is basic snough to form a salt, and the hydraoxide i1an formed can
he nEUtrﬂll;;d. The ravarsa reaction takes place in neutral or hasic

corditions; 1t was First proposed by Meyer and Reppe to explain the reactions

of diarylnitroxides (For example, E?,E and its mechanism has bsen 5tud19d.7

2 H0 = M + (2)

'g-,!, EH,% ,{-,g * OH

Nitrosonium salts have been used as oxidants in three different mcdes. First,
they have been prepared, i1splated, and used as pure compounds. Thers are
relatively few examples of this, due to their reputed instability. Second,
nitrosanium salts have besn used as mediatpps in that they have besen Formed
from radicals or aven amings by a secandary oxidation system in situ, Svuch a
system has heen used extensively. The third mode depends upon tha acad
catalyzad disproportionation reaction (egquatign 23.7 Treatmant of a substrate
with a radical in the presence of acid leads to oxidat:zon by the mitrosonium
salt formed by disproportionation. This mode has been ochserved to take place,
but has not been explo:ited as a synthetic method. It is likely that at least
somg of the oxidation react:ons observed for nitroxide radlcalss take place in

this latter manner.

The stability of the var:ous radicals 1s attributad3 to the fact that there are
no glpha hydrogens present. If thers were, nitrones weould be Formed From
hydroxylamines by 8 two-electron oxidation, rather than radicals. Thers are
some exceptionsg, namely some bicyclic systems such as ELmhi:h cannot Form
nitrones without breaking Bredt's rula,BD however, there may be an alternate
Explanatlnn.ad Presumably, nitroscnium ions are stabilized by the same

phenomenon.

ooy D A?q ravas

R C|04 Z
ﬁgmm_m pf Nitrosonaum Salis

in 1919, tMeyer and Gnttliab-Bﬂlrntha summar:zed the work of many others on the
nitric acid oxidation of activated aromatics and isolated purs samples of the
diarglnitrosonium salts so derived. Thus, treatment of anisole with HNDB—HUHC
fFollowsd by HEID& yielded the salt,’l. In 1926, Banfield and Kengcns appear to
have prepared a nitrosonium salt by treatment of the radical, Eb with dry HCl
(equation 2), but it was not characterized. UOtherwise, most nitrosonium salts
have bheen prepared From ditertiary nitroxides such as TEMPO. The majar
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research group in this field has been that of V. A. Goluhev in the Sovaiet
Union. The recorded syntheses in which the salts have been isolated and
characterized are given in Table 1 along with the preparation method, comments
pn stability C1f any) melting points and refarances.

8 N-&
~ ().
Most nitrosonium salts have been prepared by ox:idation of the appropriate
ni:troxide radicala. The most general method is oxidation with chlorine or

bromine to give the respective nitrosonium chlorides or bromides; i1t was fairst

10-15

used by Hsgars and developed extensively hy Goluhev., There arge three

probklems with this methpd. First, the chlerides are sonstimes not vary

stable.1E Second,the bromine reaction yields perbromide salts, Brs_ except for
one case, ;a, P = 0OH, OR, in which the saimple bromide 1s Dbtalned.13‘15’17
Third, bromides, either simple or perbremides, tend to disproporticnate in such

14,18 Xanon

a way as to give bromination of suiteble Functional groups.
fluoride has been used as an cxidizing agent to yield nitrescnium fluorides
which are hygroscopic and unstable, but which san be transformed to other salts

by anign sxchanga.18 Nitrogen dicoxide, NDE' has been used to make a

nitroscnium nitrate, 2J NUB-.E‘IO Finally, we have developed an electrochemical
.- 21

procedure For ths oxidation of 1 to %, BF in BYXx yisld,
~ ~ 4

Dispreportionation, equation 2, was used by Gulubsvae as an afficient method
for preparing nitrosonium perchlorates, tetrafluoroborates and sulfates frem
various radicals. Half of the radical 15 converted to hydroxylamine salt which
can be recovered. Trmatment of radicals with a number of metal chlorides such
as SbElE,23 SnCL,_i,Eli PdElE,ES and TJ.Cl,iES has given nitrosonium salts with

complex anions.

The anions of nitrosonium salts can be exchanged, scmetimes quite easily. This
exchange has bsen used to convert less stable salts to more stable ones. Thus,
the rather unstable chloride of 4 was easily converted to the perchlorate with
HCLUH,E7 and a number uisless stable fluorides were converted to parchlorates
and tetrafluoroborates.

Dnly two examples of dinitrosorium salts are known, ;&. Bra— ard C1° e,13 but
many di, tri, and even tetra radicals are knnmn.3 If these were cxldized to
nitroscnium salts, one would have compounds with two or more oxidizing centers
a measurable distance apart. Polymers containing nitroxide centers (in

32,33

piperidine rings such as }E) have bheen prepared and usad3li 1n med:ated

oxidations (see below). Tin oxide electrode surfaces containing nitroxaide

rasidues have been preparsed and shown to be agxidizable to nitrosonium salts.35
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Ieble 1. Stable and Isolated Nitrosonium Salts

Y o,
4, CLD,

,"‘t‘, (CHaiaSnCl 5

4, PdCl,

8, c1”
[a”d

x_
Nathn

['.‘lE

BrE

XBFE

NDE in NO

;& F + EFE
EF&, disp.
electrooxida-
atian

4, F' + Ec1u

B3t * O
HCan,dlsp.

;iy, Snl::.l.s +
agClGli

2; cl + HClDIi
HESU&, disp.
Shl:i5 _

¢3 SbCl
IiCl&_

:'t.: Cl1 + IiCl&
SnCl&_

2: Cl + TiCly

SnBr&

:fd Ell:l._t +

SnEl3

4, Cl =+

e

(CHBJESnC1E
PdCle

Cla

R

explodes ¢, t.,

—512—

B0 x x~ 1
+ 0
+
O R2N=0
14/ © X
Fa vy () ~
Prop., Yield (%), np . ¢y
Stable, low t.; S8, 1i8-119
- , 98, BB-BS
d. M0 .42, -
- , 93, 110-120
- , B4, 1B65-167
d. slowly , 72, 152-1B63
- , B4, 164-1B65
- , B2, 155-157
- , 75, 157-158
g, slouly , 76, 157-158d
- , 90, 157-158
d. slowly , 74, 126-1287
d. slowly , 95, 1564
- , 100, 156-1%7
d. HED , 100, 150-200
d. HED s T -
- , -, 150-153d
- , -, 137-139d.
- . -, 1E20-121
- , -, 1l03-104
- , 55, 155d

12,24
30
13
18
20
17
22
21

18
28
ae
24

27
22
23
28
=5
28
a4
2%
24
24

24

25
12




Igble 1. Cont.

EJ Bra_

3 By

9, cwo,,

9, SbClg

s

10, R = OH, C1

10, R = OM, Br

18, R = OH, Bry

10, R = OH,

L —

SbClg

;gl R = OCHg,

C1

%91 R = OCH,

Br

10, R - OCO,

c1”

10, R = 0CO ¥,

Era—

10, R = gcod,

BF

10, R - 0COG¥,
—

SbClg

10, R = oco e,

ad —

c1o, )

18, R = Cl, C

10, R = Br, Br

-~ _ 3

11, (Bry,

11, i,

1z, R_- COH

SbClg

18, R - ook,

Br3

12, R = COCHy,

ShClg

12, R = CONM_,

~ [

Br3

12, R—- CONH,

SbCl.

13, R - &, 1

N -

12 R, Br
R = 2-Furyl,

BrE

XaFE, EF3
HBF&, disp.
HElﬂﬁ, disp.

ShClS

HBF

4, disp.

Sb!:l5

HC10

Y disp.

d,

stable 1.

slowly, ,

£,

d. slowly .

stable 1. t. ,

decemp.

only in
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98, 67-5B

40, 115-117
E1, 116-117
77, 120-121
99, 131-132d
100, 17od
100, 1B85-130d
g3, 188-183
g9, 184-1B5
BY, 181-123d

84, 206-207d

80, BE-88
34, 295-897
B84, 130-132
8, 144-145
84, 140-141
95, 130-131
85, 185

21, 43-45
s;, 15;—155d
97, B6-89
89, 168-170
92, B83-89d.
BO. 147-150
93, 146-147
31, 110-120d

i3
18
e
ez
3
10
10
13
23

16,17

1B

1z

13

a2

23

c2

12
13
13
12
15

1S

15

14

I3

23

29
18




Ishle 1. Cont,

13, R = 2-furyl, 13, R = 2-furyl, - , B, 150-185d. 18
o ~
BFH

F~ + BFg
13, R = 2-furyl, 13, R = 2-furyl, - , 85, 185-170 18
cio,~ F  + HC10

[
Y4 4
14 PbﬂE - , =, lg-200C 31
15, R = 4-Meld- HND3 on aro- - , 9, 18854, )
\ ElD& matic + H[:lEJ,_t
15, R = 2-Ma-~4- » - , B, 1i2d. B

is, R = 4-EtO- ? - . 5, 114d. B

;Eb R = 2,6-di~ " - , 17, - 8

Me-4-ned-@f, C10,~

ﬁE} R = 2,4-dar- - , 33, 178d. B8

Met- &2, c1aﬁ'

15, R = 2-Ma- » - ., o~ 121 8
P

4,6-d2-Me0- &,

c1nq'

15, R = 2,4,6~ » - , 17, 189d. 8
trl-naﬂ—ﬁj,

EIDH_

15, R = 4-MeG- Br - , 71, 1iBd. B

2
'd, Bra—h

a Unless nocted, reagent given was used to oxidize the corresponding
radical. b D = decomposition, r. t. = room temperature, and 1. £, = low

temperature. c Disp. = disproportionation.

A unigue nitrosonium Ealt,;z, was prepared in solution with the idea of
producing a material with prouperties similar to those of singlet nxggsn.BE The
compound oxidizaed allglic alcohels to aldehydes and reacted with dienes to give
adducts (for example, with cyclopentadiene to give ;g). Compound }z uas
prepared by iron oxidation of the corresponding radical.

olymer

)

+
N 7SN Clof
0 0

o2
]
o
2
c=Z +
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Eroperties of Nitrosomium Salts

Stabylzty. Stability is a relative term, and no systematic study of the
varipus nitrosonium salts has beesn made. However, there are sgvsral clearly
recoghnizable Factors.

The most obvious source of instability is the presence of a carbonyl group in

L
SN0 as shown in compound 9 in equation 3. This
-~ ~

the gammg position to the
allows a Hoffmann-type elimination which may take place in very weak base,

yielding nitroso compounds. Thus, E& c1 1s reportsd to detonate at room

tamperatura,la and solutions of 5 ars not stable at pH's of 4.04 or abnve.37
The synthesis of the radical, lq has recently been found to be complicated by
overaoxidation to nitrosonium sa]ts Qg} and decomposition. 38 The chemistry in

equation 3 was Tirst obsarved and explained by Abakumov and ‘rikhanov39 during
the oxidation of 13 to 2 with ﬁgaﬂ. Similar chemistry has been noted when

compounds Such as El were oxidized with Rg qu or were pgrnlyzsd.al

Q o
_1e {%Z;_-m(”
N

0 19 ~ N +BH 0/;\1

O=2Z+

Although the elimination reaction in squatian 3 1s clearly anhanced by the
presence of the carbonyl group, it 1s likely that most nitrosonium salts can
decompose 1n & similar fashion. For example, di-tart-butyl nitroxide radiecal,
gs, decomposes upon Dx1datinn,Iia probably to give the same products as those
formed From EE, which 1s, in s8ffect, a salt of a hydrated nitrosonium icn;&a’&&
(see discussion about 28 below). AlLthough 23 was isolated along with ssuﬁ;&l
other compounds, the alkene by-product was not. Furthermore, it was shouwn

that 2J Cl  is decomposed hy sodium benzoate or silver benzoate to give the
nitrone, EE, as shown in eguation 5. Most nitrosonium salts decompose when
heated in weter, probably by similar routes. Since acid treatment of nitroxide
radicals gives nitrosonium salts (equation 2), these machanisms can also
account fFor some of the dscumpaf;tiuns of radica15.3 Nitrosonium salts ara

also decomposed by excess XEFE.

S g L AT — Ay ¢ (4)
0 § %
2 tH20
7?*)( 23

ONa
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QCOQ—

-+
Nitrosonium salts containing an oxygen hgta to ths::,N =0 are alsop inherently

unstable. Thus, oxidetion of radicals such as gE.(known as “daxyl” campoundsl
with NDE,EO
gz, which decomposes, removing the doxyl group quantitatively, presumably by

the route shown in egquation B. Isupropylene was trapped as its EpDXidB&E when

Cla,ED or m~chloroperbenzoic acid&E produces the nitrosonium salt,

the oxidizing sgent was a peracid.
+

o\ -1e| P R, (NG ]

Nitrosonium salts containing 2 second functional group which can react with the
salt are obviously unstable. Thus, slthough s number of salts have been made
of ;g, R=0OH (see Tahle 12, they would he expected tp decompose slowly to form a
4-keto product through a self oxidation by the nitrosonium salt of the 4-
hydroxyl group (see below), This has hean nbsarvsd.lo The reaction can be
bloeked by making ethers or esters of the hydroxyl group of }9 as shown in
Table 1.

Although never stated, it would sppear that stability, at least of the
crystalline salts, is B8 Function of the anion present. Thus, whils’EJ cr
detonates at room tamperatura,la its perbromide, tetrafluoroborate, perchlorate
and hexachlorocantimonate are not reported as unstable. Nitroxides are oxidized
to nitrosonium salts by chlorine and bromine as stated above. However, iodine
will not oxidize nitroxides. In Fact, nitrosonium ipdides readily decomposa to

nitroxidas and 1ndina.10'11

1 that

chlorides are very hygroscopic, but that perchlorates and tetraflucroborates

Finally, nitrosonium salts are gensrally hygroscopic. We have fnunda

are much less so.

10,11 The

salt i allowsd to tresact with I ta give IE which is titrated with thiosulFate.

Assay. Nitrosonium salts have been assayed by iwdomstric analysis.

Electrochemistry., Ouinones have besan used for years as dehydrogenating agents
and nxidants,%7 and their electrochemistry has been extensively sxplursd.&a It
hes been possible to correlate quinone structure with electrochemically
measured oxidation potentials, and further, to correlate potentials with actual
axidizing properties in preparative systems. Similar correlestions should be

possible For nitrosonium salts, but, thus far, only fragmentary studies have
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appeared. In Fact, there are no electrochemical studies of the nitrosonium
salts themselves. The problem has bsen approached by studying the oxidation aof
nitroxides to salts and back by cyclic voltammetry (CU) Cequation 1, k'tn z’tn

13.
~

Cyclic voltammetric data can ba used in the study of the nitrosonium salts in
two ways. First, aone can darive information about the oxidizing powesr of
various salts by measuring ths oxidation potential of the nitroxide-nitrosonium
salt couple., Shchukin and his cumnrkarsﬁs have measured the oxidation
potentials of about 57 nitroxides, and their data as well as that of others is

35,51

given in Table 2. Some anodic half-wave potentials are also recordaed in

the Table. It was concluded that the potential is first a function of the ring
system and second a function of the ring sux:lst::l.tl.lsnts.l"ls In general, those
ring atoms or substituents that tend to be electronegative or electron
withdrawing raised the potential. Within some of the ring systems,
mathematical relationships were derived relating Hammett functions and
potantial., The bicyclic systems have high potentials, and diaryl systems such
as ;é have 2 low potential. Thus, a rangs of oxidizing nitrosonium salts with
guite different potentials should be available. The magnitude of the oxidation
potential has an important bearing on the development of mediated systems, as

discussed below,

Cyclic voltammetric data cam also be used to study the stability of nitroscnium
salts 1n various environments, at least on a fairly fast time scale. This is
done by studying the height of the reverse (reduction) wave in respect to the
height of the forward (oxidation) wave. IF the reduction wave is lower, it can
be presumed that the nitrosonium salt 1s decomposing or reacting with its
surroundings.

52,54

In at least two cases, the electrooxidation of radicals to nitrosoniom

ions has been the hasis For radical assay.
Acid-B R t 54,55

oxides of N—hgdrnxglaminss,ss EE; which are amphoteric., Since the parent acid,

Tha nitrosonium salts are formally salts of the N-

;E- is a stronger acid (pKa = 13.5) than the nitrosonium catlun,,zi (pKa =

14 .52, its isolation is unlikely and has not baen achisvsd.sIi Ireatmant of
nitrosonium salts with concentrated agqusous NaOH or KOH causes the precipitaion
of the sodium or potassium saits of ;@; M= Na+ or K'. These salts are
reported to be stable during long term storage in dry conditions and to have
properties similar to nitrosonium salts. They oxidize alcohols to carbonyl
compounds and, surprisingly, even oxidize dimethylformamide (to unidentified
products). The metal salts are insoluble in CHBCN and nitromethane and cannot
be purified or recrystallilzed. As precipitated, they are about 83% pure, and
their properties as oxidants in preparative systems have not been explored.

The corresponding sodium salt of di-tept-butylhydroxylamine axide, gg, had besn

prepared much earlisr from nitroxide, ;E, and sodium metal.
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Iahle 2. Oxidation Potentials of Nitroxides

Heasured by Cyclic Y m
Compound E b
p/c
‘\7<\‘hl’)k’} 0.21
7[';;\[;
z 0-r
1 CH H 0.29
A 2
0.27
Q.25
10 CHOH H 0.34
Lo d
0.33
0.56
;g CHUCH3 H 0.40
0o.57
}‘C} CHC1 H o.40
g C=0 H 0.44
~
o.44
C=0 Cl 0.B0
o
0.35
N
cr
SNE P
0.685
N
0.
: Q.
12 CO_M 0.54
~ 2
;S CUNHé 0.38
Z’ls CDECHB 0.42

Raf Compound
50° —N
. A
CH 0-
-CH0- B~
CONH,
p-CH 4~ (-
OCH,
49 &-
50 p-F- &
4 2-Furyl
49 e-thienyl
50 CO,CH,
37 CHCl,
48 CClg
77 CN
4g
" FQ‘\ 1',f()
50 -
49
R O-
” P-CHy O F-
CHy
H
55:
p-F-S”L
” 2-furyl
2-thienyl
CHEQr
CONH,
COCH,
R-ND - -
o-NO- -
S—NDE~E*Eurul
37 CHBr,
49 S-NGE—E—thiangl
» CHO
COH
CN
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p/2

0.55
0.586
0.57°
0.58
0.58
0.80
0.60
0.61
0.61
0.85
0.68
0.72
0.75

o.80%
0.81
0.85
0.85
0.85
0.87%
0.82
0.91
0,91
0.92
0.92
0.9
0.94
0.95
0.95
0.56
1.0t
1,05

Raf .

43

1]
»
”
»
»
»

E




Iable 2, Cont,
R1 R2
" ’ N _p?;
Eéex O H 0.54 37
CONK, H 0.50 49
COLCH; M 0.54
COCHy :r Z.::
Br r .
CN Br 0.78
0
r N~-OR
N
g O
H 0.B6" "
CHy 0.85° )
N
/IL¢ 0.e4° 43
ﬁw
cHzo, @
g‘:‘ H 0.93°% 49
CH30 0-
¢il 1¢ 1.00° 4g
”
N

CH10 O."'/O-
l 0.54% 49
0-
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0.47

49

439

50

50

50



tleasured From Anpdlc Half-Waves
Compound El/E Ref .
1 0.37 51
e .
radical of }E 0.37 »
radical of 15, R = 4-CH - 0.2 "
radical of AZ about 0.73 36

8 When compound numbhers appear in the Table, they reprasant nitrosonium
compounds that have been prepared (Table 1) from the radical in question,
unless noted. b This is the potential at a point balf-way betwesn the anodic
and cathodic peaks ohsarved in CV. The measursments in refs. 49 and 51 were
made in CHBCN against a Ag/ 0.01 M ﬂgNEI3 rafarence electrode. Those in refs.
42 and 50 were made in CNECN containing 0.% M LiCqu against a Ag/ 0.1 N ﬁgNDB.
reference electrode. Those in ref. 37 were measured in buffered agqusous
splution at about pH 7 egainst a standard calomel electrode. Those in ref. 36
were measured in CHBEN against a standard calomel electrode. No conditions
were given for the value meesured in ref. 70. € The oxidation reaction wava

was not reversible, indicating decomposition of the nitrosconium ion,

M OH
= -
+ + -— 7
ll\f - )\'\ H* _/K'\ ’2"%- ( )
4 0 OH™ O OH |28 0" 0™M
sSpectroscooy and Conformation. The J;:;nus six-member ring nitrosonium salts

gb Eb ;e, }&} seem to have certain consistent spectrel properties. The infra-

rad spectra all contain a hand at 1600~1640 cm—l, which is attributed to
+ 12,16,18,22,24,27,28

,,N ~0 with the precise valus depending wpon
substitution and the anion involved. In the case of the five-msmber ring
compounds such as ;e, the band is shiftad to 1660 ::mml.l"‘t No assignments seem

to have bhesen mede for 13.
P

Tha ultraviolet spectra of most nitrosonium salts show two broad bands in the
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regions of 240 and 475 nm.lB‘Ea’Ea'E&'EE’E7

8, Br. ; 10, R = OH ar DCDEEH , Br_ ) are sxceptions in that they show bhands at
P 3 Py 13,14 5 3
about 220 and 26BB nm, " 7?

transfer transition invalving Era .

The perbromides (4, Bra";
Mar

The 268 mnm band has been assigrned to a chargs

Since the nitrosonium salts are not paramagnetic (as compared to the
nitroxides), their nuclear magnetic resonance spectra are normal. However, the

positaively charged ::N*-D doss cause the proton resonances to appear about 0.7-
1.4 & units downfield, at least in the piperidine seri;s,la’e*'a7'ea (shown by

comparing the salt, :& wtth the hgdruxgulamine,,gg. No 13C spectra seem to

have been maasured.

The nitrosomum salt, 23 ClDH-, has a twisted hoat conformation, according to X-
ray crystallography of the solid salt.a7

This is 1n contrast to the
corresponding radical, 2; which has a chair conformation. The N-0 bond ln;&

- [+
CIDli is shartened, (compared tnf%) to 1.18 A, corresponding roughly to a double

bond.

Eeactaons pf Nytrpsoniym Salts

The instab:ility of nitresonium szlts may have been overemphasized in some
cases, but there is little question that they are highly reactive. Golubev has
stated.a7"ﬂn the one hand, these compounds are strong oxidizing agents which
react readily with alcohols, ketones, water, amines, and phosphines, undergoing
reduction to radicals, hydroxylamines, and amines and acting as one—-, two-, or
four-electron oxidizing agents. On the other hand, they ars specific
electrophilic reagents, which readily add on nucleophilic reagents at the

oxygen atom of the oxazonium (niftrasonium) group”.

Tha situation is complicated by at least three Factors. The most serious
involves equation 2, At any time when acid and radical are present, some
nitrpsonium salt will he generated by disproporticonation. Furthermorsa, at any
time nitrosonium salt and hydroxylamine E&_andfg} are present tagether, they
will react to produce a radical. This latter aspect is crucial for some of the
mediated systems discussed below.

Tha second complication 1s that nitroxide radicals are often formed in the
course of nitrosonium salt oxidat:aons, and are, themselves, potent oxidizing
agants.5 Thus, the first step of a reaction series may be dus to 2 nitrosonium
salt, and & later step may be dus to the radical. The third factor invplves
the point of attack on thse ::N+-D. Golubav StatBSE7 that it 1s on the axygen
(to yield an ::N—D—R system) rather thanm on nitrogen. This is not certain and
is discussed in the mechanisms section below.

Hediated Esactions. The radicals used to make nitrosonium salts ara expensive,
and the salts have limited stability. For these reasons, a number of
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procedures have bheen develaped in which catalytic amgunts of radical or,
somatimes, sven the hydroxylamine or amins, are oxidized by a secondatry, and
cheaper, oxidizing agent to produce nitrosonium salts in sity. The nitrosonium
salts react with substrate in their own unigue way and are reduced back to
radical or hydroxylamine, Thass products are then reoxidized by the secondary
oxidant and so on. Tha nitroxide radical and its derived nitrosonium salt are

therefaors mediators or catalysts.

There are, however, some disadvantages to mediated systems. The main one is
that the secondary oxidant must be strong encugh to gensrate the nitrosonium
salt from radical or other precursor, but must nct react with the substrate
itself. Thus, the electrpchemically assisted system developed so successfully
by Esmmalhackss'57 ig guite suitables for alcohol or amine oxidation becauss
thase substratss are dafficult to electirooxidize. However, the method should
not work for phenols, which are mere easily oxidized than the

21,30,58 5

radical, In soms casas, 7 the mediator i1s appreciably decomposed

during the procass.

Solvents. The most commonly used solvent for nitrosonium salt oxidations has
been CHECN, but nitromethana, ascetic anyhydride, and fsrt-butanol havalbean
30 7
, but

suggested. Methyleng chloride has been used with 10, R = DCHB, c1”
30 ~/

has bheen reported to react slowly mith‘:: ci. Alcohols, primary and
secondary, and ketones react with nitrosonium salts. The salts are, of course,
ionic and not soluble in non-polar solvents such as CClH, hexanae, ether and
sthyl acetate. They are usually recrystallized by dissolving them in & cold

polar spolvent such. as CHEEN and precipitating them with ether or ethyl acetate.

Bxidation of Algohols, Nop Medisted. It was noted several years ago that

nitrosonium salts reacted guantitatively with simple elcohels such as methanol

10, 14

or sthanol to give aldehydes with no overoxidation. However, the reaction

has only been developed as a useful synthetic method in recent years.

Endg amd his cnmarkersls’17

preparsd %8, R = DEHE, €1~ ard Br and ussd them to
oxidize a series of alcohols to aldehydes or ketones. The methyl ether was
prepared to block reaction of the Y4-hydroxyl group in }8: R = OH which was, in
turn, presumably chosen for further study because it is the only cation forming
a simple bromide (rather than a pesrbhromidel, In general, the chleoride was
fFound to he more effective and to have fewsr side reactions. With tha
chloride, ylelds varied from 32 to 100% in most cases (as measured by gas-
liquid chromatography?. The chloride was fFound to react more rapidly with
primary elcohols than with secondary alctohols, but, strangely enough, the
bromide was. found to react faster with secondary alecohols, Benzyl and allyl
slcohols reascted faster than simple aliphatjic alecohols. The bromide gave
double~bond hromination of alcohols containing double bonds, but the chloride

gave the expected products. A series of dicls was invastigatad,17 with quite
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interesting results. Thus, 1,4~butansdiol and 1,5-pentanedinl were found to
yield their respective )/= and éh—lactnnss in isolated yields of 81 and 40%,
respectively. This wpuld indicate that, although aldehydes are not further
oxidized to acids, cyclic hemiacetals are, This was also found in & mediated

system.ss 2,3-Butanediol yielded acetoin in 30% yield. The nitrosonium salt,

;E, oxidizes allylic aJ.t:l:lht:zls.‘-!3

Oxidation of Alcohols. Mediaterd Sustems, Most of the potentially useful work
on alcohol oxidation has involved mediated procedures using various secondary
pxidizing systems. In 1375, Eallass and Gansmao reparted the use of p-
chloroperbenzoic acid as a secondary oxidant for the nitrosonium salt oxidation
of alcohols. The mediator was the tetramathglpiparldine,’EJ or its
hydrochloride salt, The racl:.r:all,‘&J was alsa used.53 Either L ar 2 was
oxidized by peracid to the nitrosanium salt, %, which brought about the desired
oxidation., Secondary alcohols ygielded ketones, but primary aliphatic alcohols
were oxidized to carbaoxylic acids (by the peracid?); some aromatic primary
alecohols gave aldehydes. Yields ware high. Amounts of one mole % of mediator
were used by Cella, but Ganem used cne mole equivalent, Ganem used two molar
equivalents of peracid, but Cella used only 1.5. Cella found that acid was
required, but that the HCl in the piperidine hgdrochlaride,‘g;HCl, would
suffice. Only simple piperidine derivatives were used; in the pyrcalidine

serias, 12 was unrsactiva.‘is'sIi

The inherant oxidizing properties of m-chloroperbenzoic acid were cleverly
combined with those of nitrosonium salts to carry out some interesting "one-
pot” syntheses. Thus, epnxldatlnn fFollowsd by alcohol oxidation yielded AL
From ;g(BEZ)Sl and 33 From ;v. Compound ;3 was not isolated, but was
converted to a subsequent molecule in the sequence. Alcohol oxidation followed
by Baegsr-Uilligar oxidation yielded benzyl acetate from 1-phenyl-2-propanol in

830% yield. Othar examples were given.
ﬁb \zbm
32

I |-\£34 — —

Oxygen oxidation of methenol in the presence of copper salts was Found to be

Z&

facilitated by di-tert-butyl nmitroxide seversl usars agu,53 but the machanism
was not clear, The ssquence could involve a nitrasonium ion, but as nctad,qa
di-tart-butyl nitrosonium salts are not stable enough for isclation. It is
interesting that HCM wes a product when methanol was oxidized in the presence

of ammonia.
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More recently, catalytic amounts of copper ion and aither'&'nr the radical fFrom
18, R = OH have besn used tao prgguts the oxygen oxidation of allylic or
benzylic alcohols to aldehydes. Isolated yields were high (30-86% in most
casas), In the reaction, cuprous chloride is oxygenated to give cupric ion
which oxidizes the radical,‘_&J to the nitrosonium salt ,4. The cuprous ion so
formed is reoxidized by oxygen to cupric jion. The naitrosonium salt than
oxidizes alcohol and 1s simultanecusly reduced to hydroxylamine, 3. Cumpoundga
reacts with E_tn regenerate the madiataryl'Caquation 2)., The method was used
to prepare aldsehydse, ;&, From its alcuhul,ss and a good ganeral discussicn of

the alcohol-aldehyde oxidation problem was given.

Stoichiometric amounts of cupric ion, as CuClE were used to oxidize primary
=1

aliphatic alcohols to aldehydes in the presence of ;J Yields are good, but
the reactlion must be carried ogut under anhydrous conditions 1n the presence of
CaHE. Secondary alcohols ars oxidized very slowly in this system.

Potassium ferricyanide hes been used as s secondary oxidizing agent in the
mediated Cwith 10, R = OCHy)-oxidation of henzyl aleghol to benzaldehyde.®®
The reaction was carried out 1n a two phase system consisting of 1 N agqueogus

KOH and CH

uhits.Bli

3l:'N and has also been carried cut using polymer-bound nitroxide

The most promising and controllable system For nitrauxide mediated oxidations is
the one devised hy Semmalha:kSE using anodic oxidation as a back-up oxidizing
agent. The reaction is cerrisd out in the anodic chamber of a two-compartment
cell containing a Pt elsctrode at about +0.35 V (ys.Ag/0.1 M ﬂgNGay. The
system 1s analogous to the one described above for tha oxugen-copper system
except that the anode 1s used in place of the copper and oxygen. The

élactrolyte was LiCl0, in CHBCN, and 5-33 mole % of nltrnxide,l_%J was used.

b3
1,2-Dibromopropane was placed in the cathode chamber. A base (2,B-lutidine)
was used to pick up the acid formed. Yields were good (isolated, 40-88%), and

primary alcohols were oxidized more rapidly than were secondary.

The oxidation of alcahol to aldshyde (or ketone) is a two-mlectron oxidation,
forming hydrexylamine, 2; In an excess of alcohol, ;Lcan be isolated in good
uield.lo However, under Semmelhack’s cnnditinns,56’57’sq the hydroxylamine

reacted with the generated nitrosenium salt to yield nitroxide (equation 2J.

io ines—Non dj . In 1865, Gnluhavlo showed that nitrosonium
salts react with amines. He allowed }Q: R = OH, Br to react with N,N,N" N~
tetramethyl-p-phenylenediamine to yield the waell known cation radical,
Wirster's blue, ;5, in a presumably one-electron reaction. He showed that
tristhylamine decomposed nitrosonium salts to radicals but was unable to

1solate any product from amine oxidation,

~ 524 —




HETEROCYCLES, Yol 27, No 2, 1988

This work has bsan rainvestigatsd recantly.30 Spveral tertiary aliphatic
amines (conanine, triesthylenediamine, and ethyldiiscpropylamine) were allouwed
to react with 4, Cl~ at -80° C. As in the earlier work, radical, 1, could be
isolated, but no emine products were obtained. However, oxidation of N,N-
dimethylaniline, §§J yielded N-methylformanilide, ;Eﬂ and N—mathglanilina,izg,
(eguation B). It was suggested that the intermadiate,‘gz, was formed first.
In tha presence of small amounts of water, intermediate Ez would be converted
to ;g which could be further oxidized to the formanilide. In the absence of
water, the intermediate would be hydrolyzed during workup to give formaldehyde

(trapped) and N- methglanﬁﬁm. CH3

- 1,0 N
“N [::TNCHg C E::] H0_ \CH,0H
Q) .
,N\

15ﬁF (8)
CHs

CH3 :
N‘cg-l
39 + HCHO 40

Lad

t ines-Medjated. Sammelhack has applied his electrochemical

method to amines, USihgl£ as a medlator.57

The products from primary amines
were aldeshydas or ketones in good yield, as long as some water was present.
Under anhydrous or near anhydrcus cenditions, nitriles wers the major products
from praimary amines on primary carbons CREHENH ). Yields were reasonable to
good. OCne secondary amine, N-henzylaniline, gave benzaldehyde., It was found
that the mediator decomposed more rapidly in the amine seraes than in the
alcohol series, and in some cases, two egquivalents of the nitroscnium salt uwere
preformed 1n solution hefore the amine was added. The reaction 1S similar to
that shown above For N, N-dimethylaniline. The First product formed would be a
Schiff hase corresponding to ;1, but, of ceurse, uncharged. Water present
would cause the hydrolysis to aldehyde or ketons. In the absence of water, thse
Schiff base would be further oxidized te nitrile. In one case, a Schiff basa,
ia. was actually isolated from the oxidation of Bis-(diphenylmethyl)-amine,

j&- Tha formation of nmitriles is reminiscent of the nitroxide-catalyzed
oxygenation of methanol to HCN noted abnva.53 It is of interast that Schiff

bases, as opposed to aldehydes, seem to be oxidized by mitrosonium salts,

&F+CH-NHCH &5 —_— @2C=NCH &
41 42

Oxidation of Ketones. Nitrosonium salts react with ketones ccntalning an -

25,30,87-70

hydrogen. Beth piperidine (4, 3, 10) and purrolidine (12) salts
Mo M M -~

react. The products depend upon the anion portion of the salt.
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14,68

When the snion is Br the product is aneC -bromoketone. This does not

,
appear to bhe a pradugt of reaction with the nmitrosonium salt. It rasults from
the reaction of ketone with small amounts of BrE relsased by equilibration of
nitrasonium perbrom:ide to give nitroxide and halogen. Since one of the
products of bromination 15 HBr which causes a disproportionation of nitroxide
to hydroxylamine and nitrospnium bromide again, (equation 2), the ultimate

preduct 1s hydroxylamine as its hydrobromaide.

With other anions such as El_, ClD&_, and PdEl , N—alkoxyamine salts such as
22 are Formad (equation 8>. The ethers, 25, can be isolated after
neutralizatinn., The reaction appears to take place through the enal, 233 and,
in fact, has been used for the spectrometric analysis of the enol content of
ethyl acetoacetate and acatgla:atnﬂa.s7 It 1s of Further interest that methyl
sthyl ketons reacts at the methulene groug, not at ths mathyl grnup.ss

OH B gy
+ C=C-R + m
43 — I

0/ % 4 0
=C==C-R | (9
F - 432(:0;

NG D
43 0-CC-R
These alkoxy esther salts, 23, decompose on heating to give xo —dicarbanyl
compounds 1in a remarkeble reaction that appears as & Four-electron oxidation

(equations 8 and 10). A number of nitrosonium salts hava been invsstxgatsd.as

+

oo
o~

and yields of dicarbongl products are guud.7o Some of this work has bean
repeated recantlg,30 and the reaction was found to bs improved by the addition
of 2 mole X of p-tolusnssulfonic acid. Cholestan-3-ona was oxidized- to give
chlestan—-2,3~dione which was isolated in 35 % yield as a mixture of anol

benzoates.

0
— + 0=C-C“r+H" (10
H N2 46

H

%C"
21,30

» Nitrosonium salts react with phenols, ' but only
two reactions have actually been published. oC-Naphthol gave & 95 % yield of
1,2-naphthoquinone, and (s-naphthﬂl gave a mixture of 1,2- and 1,4~

naphthoqu;nanas.ao It should be npted that phenols also react with nitroxide
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S5a. &F
radicals to give guinonoid oroducts.

% gleld.ao Certain partially reduced aromatic

71

Trighenyl phosphine was converted

to 1ts oxide by i, Cl1™ in 91
e

systems containing nitrogen can be dehydrogenated with nitrosonium salts.

Thus, 22 gave 29 on treatment with 2: ClClLt , probably through & hydraide

transf—‘af:.7E It 1s pessible that the indole ring plays an important rele in the

regactign, UWe have wused i; 8F ., to convert 1.2,3,4-tatrahydrocarbazole, 48, to

4
Y-keto-1.2.3,4-tetrahydrocarbazole, §g, in B2% gleld.El Benzyl =thers react

with ;g, R = DCHB, Br and Cl . The preduct frem the benzyl portion 1s
benzaldehuyde; the product From the other portion 1s an alkyl halide in low

yireld or, in the zase of dibenzyl ether, banzaldehude alsc.73

;

9 N 50

When suspended in ether, the nitrosonium salts react with Grignard reagents to

74

give, primarily, the alkoxy ethers,‘ii This reaction was visualized as

+
:N =0 where the polarity 1s such that the

taking place by Srignacd addition to
oxygern 18 more positive thar N. A secondary and minor product, the
hydreocarban, §é, resulting from a coupling of the Grignard reagent was alsc
noted. (equaticn 11). Other argancmetallic compounds such as dibenzylmercury

or tr:methylbenzylstanane also react with nitroscnium salts to give alkoxy

sthers such as ;&, hut this was shown to be a radical raactlnﬂ.75

+ RMgX —» Al
N (1)

OR + o
- N3 RR;{?,

1 L d
Compound 7, as noted above, reacts with dienes to give addition compounds such

as lg.as The radical corresponding to ;e, R = Cl, disproportiomates in acid to

o=+
i

yield lg, R = Cl which was shown, spectrometrically, to react with NN, N' N'—
tetramethyl-p-phenylenediamine, thianthrene, phenothiazine, N-methyl-
phenothigazine, and carbazols to yield cation rad1ca15.75 Triphesnylamine was

thought to be converted to N,N,N’',N'-tetcaphenylbenziding which then gave a
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pation radical. The interesting internal salt, 14, also produced by an acid

disproportionation (CFECDEH in CHECla), was shown 1 to oxidize 9, 10-
diphenylanthracene, perylene, and tetraphenylethylene to their respective

cation radicals.

Nitresonium ions, For sxample, }8, R = UCH3, Br—, react with hydroxide icon to
yield hydrogen parnx1d577 as hydroxyl radical, a reaction also noted for 13, R
= phenyl, Er_.ES Similar reactipns were noted for the salts with watsr.lo'ﬂa
Nitrosonium salts have alse been shown to react with hydrogen peroxide te give
nxggan.7B Nitrosonium salt,,z: was generated elsctrochamically and shouwn to

react with iron wira.7s

Nitrasonium salt, 4, El_, was specifically fFound not to react with camphor, 1-
P
methoxynaphthalene, diphenylether, diphenylsulfide, benzylphenylsulfide,

benzylphenylsulfone, ¢la-:holastane and 3-acatuxg—¢a?—chulastena.30

Mechanigm of the Reactigns

gne-slectron Oxidationg. These reactions presumably come about by an elsctron

transfer from suhstrate to salt. The best evidence for this is the formation

of wirster's blue, ;é, a well knpuwn cation radicallo and the various cation

31,76

radicals ohsarvsed spectrometrically. The oxidation of benzyl ethers is

thought to proceed by way of two one-electron transfars.73

Jwg-slectropn Oxidations. These reactions are the most interesting

synthetically, and most of the reperted mechanistic work has been done with
them. It was suggastad30 that -0H or, presumably :NH in aminss, is necessary
fFor successful oxidation with nitrosonium salts. This would be logical for two-
and four—-electron oxidations and could be a factor in determining & reasonable .
mechanism. It is of interest that tertiary amines are reactive while ethars

{gxpapt for benzyl athers733 and thioethers are nat.30

In an extensive kinetic study, Enlubavﬁo established the following facts
concerning alcohol nxidetion. First, the reaction was two-slectron, yielding
the aldehyde or ketone and hydroxylamine. When the pH was below 2, the
hydroxylamine could be isclated. Second, &t pH values ahove 2, the initially
formed hydroxylamine reacted with excess nitrosonium salt to yield nitroxide
(equation 2). Third, the oxidations involved & hydride transfer from what
amounted to an aleoholic anion (in a complex or intarmediste with nitrosonium
ign). Howsver, he made little attempt to propose & transition state or
intermsdiata. Ganemso noted the probable presence of an intermediate in the
reaction, but was unable to isolate it. He suggested the structure given in

equation 12,

Semmalhack and his students have recently made a more thorough study of the

mechanism of alcohol ux;datinn.al Two pathways were relectad; simple electron
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transfer followed by loss of H+ to give nitroxide radical and alkoxy radical,
and simple hydride transfer from the carbon bearing the hydroxyl group. The
radical mechanism was presumably rejscted because the product from the
nitrosonium salt is clearly hydroxylamine, not nitrnxidaﬂo and there are no
cbvious radical products from an alkexy radicel. Simple hydride transfer was
rejected hecause 1t could be demgnstrated that little positive charpge was built
up on tha carkon bearing the hydroxyl group during the reaction. This leaves

two pathways as shown in equations 12 and 13,

—

"CHOH + — 7)7% Ye=0+ Mﬁz)

+ H*

1
0L0 o-

+H+
The Buthors favored sequation 12 although 13 could not ba ruled out,. The
crucial matter 1s whether initial reaction takes place on mitrogen (as in 12)

o=Z+
by

or oxygen (as in 132, There is cnly one clear example where reaction is an
oxygen. This is the reaction of the salts with Gragnard reagents and other
organometallics (equation 113,7*’75 bBut it is pnssibls75 that some of these

rearctions take place by radical coupling.

Reactions with primary or secondary amines could take place in a manner similar
to alcohals as, in fFact, could reactions of praimary amines to mitriles., No
gvidance has heen given on these mechanisms, It 185 not posssible to comment on
the reactions of tertiary aliphatic amines since none of the products are
knawn. A reaction scheme is given above (egquation B for the oxidation of N, N-
dimethylaniline.

Fopr—electron Oxjdatipns., The reactions of mitrosonium salts with ketones, and
probahly phenols, is an overall four-electron oxidation. However, it certainly
takes place in steps. These arsg shown above in equations 3 and 10, The

reaction with phenols is less clear. It could be a four-electron reaction, but

S5a, 5g

the observed tuincnoaid products are alse formed by nitroxide radicals and

quiﬂnnss,&7 both widely recognized as being wune-electron reagsnts.

Summary

Several conclusions can be drawn from the relatively sparce publishad data on
nitrosonium salts. First of all, there is a question of stability. There

—529—




wowid appear to be a wide range of stahilities for various selts, depending
upon both the cation and the anion present. Soms should be sufficiently stable
for commercisl expleitation. Second, the salts exhibzt a wide range of

rgactivaities toward several functional groups in organic chemistry.

Finally, almost all of the preparative work has been done with the chloride
salts of two wr three of the piperidine derivatives, hecause they are
relatively inexpensive and easy to make. However, the chlorides are probably
the least stable and most hygroscopic of the known salts. Based upon the
various electrochemical parameters that have been measured, it should be
possible toc formulate a series of nitrosonium salts with various oxidation
notentials. If the transition states as shown in aguations 12 and 13 have any
validity, it should also be possible to construct nitroson:ium salts with

specifFic steric configurations fer specific purposes.
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