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Pbstract - The synthesrs of stable nltrosonium salts end thelr use as 
oxldiz~ng agents in organlo chemistry wlll be summarlzed. Thoes 

systems in which n~tr~xldes are oxidized to nitrosonlum salts 

whlch, in turn. Function as oxldants (mediated systems) will also be 

discussed. Nitrosonil~m salts can be used to oxidize alcohols (to 

aldehydes or ketones), primary amines (to aldehydes, or in certain 

Case=, RCHpHZ, to nitriles), ketones (tooC-dlketones), and 

phenols (to quinones). Some dehydrogenations are also known, as well 

as other miscellaneous reactions. 

Stable Free nltroxide radicals such as 2,2,6.6-tetramethylpiperidlnyl-1-oxy, 1 i 
~ F t e n  called TEnPO, have been used to place a recognrzable molecule in many 

types of tissue, membranes, surFaces, g&.' The radlcal, however, represents 

only one stage in an interesting serles OF compounds interrelated by oxrdation 

and reductron and shown, For TENPO, by equatron 1. These are the secondary 

amlne, 2 the hydroxylamine, & the n1troxide.A and the nitrosonlum salt,& 
h' 

N~troxides are normally preparsd by-~xldatlon of 2 or 3, and nltrosonlum salts 

are prepared by oxidation of sltherz, ark. Reagents are known For most 

steps in the redox serles, flany radlcals of dlverse structural types have been 

prepared as spln labels o r  as surlositles,3 and most should have a redox 

behavior slmilar to that shown in equatlon 1. Two members OF the serles, the 

nltrox~des,~ and the nltro3onlum salts, are ox~dlzlng agents, the nrtro!mnlum 

salts belng much more powerFu1. In this article, the maln emphasls will be 

upon the nltrosonlum salts and their chemistry. One review, in Japanese, has 

appeared on the subJeCt. '4 0 ?& ~ - ~ , H ~ c H 3 &  - CH $& (1)  

b~ 3 
CH3 

H 2 
Ir 

0 -  1 
IV 

0 4 
r\, 

+ H20 + 2 ~ ' ~  + H+ - 
Still another redox reaction, not apparent From equation 1 rs Important in this 

chemlstry. Thrs is a reversible and acrd catalyzed drsproportionation o F A t o  



give 3 a n d 2  (squatlnn 2). The equilrbrrum is shrFted to the rlght In strong * 
acid 51nCe Z i S  baslc enough to Form a salt, and the hydroxide Lon Formed can 

be neutrsl~zed. The reverse reactlon takes placs in neutral or basic 

ccndltlons; It was First proposed by Meyer and Reppe to explaln the reactions 

OF drarylnrtroxrdes (For example, 51,' and its mechanrsm has been studled. 7 
N 

Nitroson~um salts have been used as oxidants in three diFFerent modes. Flrst, 

they have been prepared, isolated, and used as pure compounds. There are 

relatrvely Few examples OF this, due to their reputed instability. Second, 

nitrosonlum salts have besn used as medratoFs in that they have been Formed 
From redlcals or even amlnes by a secondary oxidatlon system u. Such a 
system has been used extenslvsly. The th~rd mode depends upon the a c ~ d  

catalyzed dlsproportlonatlon reaction (equation 2) .7 Treatment OF a substrate 

wlth a radical in the presence OF acld leads to oxidatlon by ths nltrosonium 

salt Formed by drsproportionation. This mode has besn observed to take place, 

but has not been exploited as a synthetic method. It is llkely that at least 

Snme OF the oxidation reactzons obssrved For nitroxlde radlcals5 take place in 

this latter manner. 

The stability OF the various redicals 1s attributed3 to the Fact that there are 

no sloha hydrogens present. IF thsre were, nltrones would be Formed From 

hydroxylamines by a two-electron oxidation, rather then radicals. There are 

some exceptions, namely some bicycllc systems such as gwhich cannot Form 

nitrones without breaking Bredt's rule,3c however, there may be an alternate 

explenatr~n.~~ Presumably, nitroscnlum Ions are stabilized by the same 

phenomenon. 0 

CH$IQ.NCH~ & C H ~ ~ $ @ O C H ~  

5 
N 

6 
IU 

7 
N 

Sunthesls oF Nitroso 
C I O i  

n u  z&k?. 

In 1913, Mqer and ~ottlieb-Blllroth8 summarlred the work OF many others on the 

nitric acid oxrdetion OF act~vated aromat~cs and isolated pure samples OF the 

dieryln~trosonium salts so derived. Thus, treatment OF anisole with HNO -HOec 
3 

Followed by HClQ, yielded the salt, 2 In 1926, BanField and ~en~on' appear td 

have prepared e nitrosonium salt by treatment OF the radical, 5 with dry HC1 
(equation 2 > ,  but it was not charactsrized. Otherwise, most nitrosonium salts 

have been prepared From ditertrary nrtrox~des such es TEMPO. The maJor 
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rssearch group ln thls Fleld has been that of U. 0 .  Eolubsv in the Sovlet 

Unlon. The recorded syntheses in which the salts have been lsolated snd 

characterized are glven in Table 1 along w ~ t h  the preparation method, comments 

on stablllty (IF any) melt~ng points and reFsrsncss. 

most nltrosonrum salts have been prepared by oxldatmn OF the appropriate 

nrtroxide radlcals. The most general method is oxidation with chlorine or 

bromrne to glve the respective nitrosonrum chlorides or bromides; lt was First 

used by nBysr6 and devsloped extsnslvely by Golubev. lo-'' T h e m  are three 

problems with t h ~ s  method. F~rst, the chlorides are sometlmes not very 
- 

stable.'' Second,the bromlne relaction ylelds perbromide selts. Br except For 
'l3,16,17 one case, , P - OH, OR, in wh:ich the slmple bromide is obtalned. 

Third, brom~des, elther slmple or perbromides, tend to disproportronate In such 

a way as to glve bromlnation OF sultable Funct~onal groups. 11f'16 xenon 

Fluor~de has been used as an oxrdizlng agent to y~eld nitrosonlum Fluorrdes 

wh~ch are hygroscopic and unstable, but which can be transFormed to other salts 

bg anlon exchange.'' Nitrogen dioxlde, NO', has bean used to make a 

nltroscnlum nrtrate, A  NO^-." Finally, we have developed an electrochemmal - 
procedure For the oxidation of 1 to 9, BFq rn 89% yield. 21 

I" - 
O~sproportionatlon, squatLon 2, was used by ~olubev" as an eFF2r;lent method 

For preparrng nltrosonum perchlorates, tetraFluoroborat~s and sulfates From 

varrous radlcals. Half of the radical 1s converted to hydroxylamlne salt which 

can be recovered. Treatment OF radlcals wlth a number OF matal chlorides such 

as SbC1s,23 SnCLq,'* ~ d ~ l ~ , "  and T ~ c ~ + ~ ~  has glven nltrosonlum salts wlth 

complsx anlons. 

The anions of nltrasonum salts can be exchanged, sometlmes qulte easily. This 

exchange has been used to convert less stable selts to more stable ones. Thus, 

the rather unstable chloride o F X w a s  easlly converted to the perchlorate w ~ t h  

HCLOq," and a number of less stable Fluorides were converted to perchlorates 

and tetraFluoroborates. 18 

Only two examples OF dinltrosonium salts are known, , W3- and ~ 1 -  12,13 but 

many dr, tri, and even tetra radicals are IF these were oxldized to 

nitroson~um selts, one would have compounds wlth two or more ox~dizlng csntars 

a measureble dlstance apart. Polymers containrng nitroxide centers (in 

prper~dlne r ~ n g s  such as 16) have been prspared 32'33 and used3' rn med~ated . - 
oxidations (see below). Tin oxlds electrode surfaces contalnrng nltroxlde 

residues have been prepared and shown to be oxidizable to nitrosonlum salts. 
35 



X&b-L. Stable and Isolated Nitrosonium Salts 
n 

- 
Structure. & 
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, 59, 88-89 
> 'is, - 
, 53, 110-120 
, 8 9  165-167 

, 72. 162-163 
, 89, 165-165 

9, c1- 
C12 sxplodes r, t., -, . ,,, 
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- 5 B r 3  - B r 2  
9 B F q  N' X e F ? ,  B F 3  

HBF,, d i s p .  - 
2. C l o y  , H C 1 0 + ,  d i s p .  - 
9 ,  S b C 1 6  - S b C l S  

10. R - OH. ~ 1 -  
N C12 x, R - O H ,  B r -  B r 2  - 
1 0 ,  R - OH, B r 3  B r 2  N 

1 R - OH,  S b C 1 5  - 
S b C 1 6  

10, R - 0CH3,  
'-- 
C 1  

s t ab l e  1. t .  , 9 0 ,  86-68 

R - OCO#, HBF, d i s p .  - 
BF 9 

d .  s l o w l y  , 98. 194-195 

12, R - CONH?, - - _ , 92, B 3 - B 9 d .  19 

B r 3  
g, R - EONH?, 5 b C 1 5  - - , 80. 197-150 15 
S b C $  

1 3 ,  R - pj, c1- c12 - 
Y , 9 3 ,  196-197 29 

g, R -#,  B r -  B r 2  o n l y  i n  s o l u t i o n  29 

jk R - 2 - fu ry l ,  X e F 2  - , 31, 1 1 0 - 1 2 O d  10 
F 



13 R - 2-Furyl, 13, R - 2-Furyl, 
-, - e 
BF'+ F + BF3 

, R - 2-Furyl, 13, R - 2-Furyl, 
- e 

ClO? F + HClO* 

?2 Pb02 
12, R - '+-MeO- HNO on aro- - 3 
/d, cloo, matlc + HCIO? 

R - 2-Me+- 
neo-pl, clo; 

R - '+-Em- 
, c1,- 

R - 2.6-di- 
ns-'i-1.0-jd, clqt- 

1 R - ?,'+-dl- 
nso-@, ~1%- 

15, R - 2-ne- 
N 

'+.6-d1+le0-#, 

~1%- 

l,& R - 2,'+,6- 
trl-men-@. 

c1,- 

Q, R - 'i-neO- Br2 - 
pJ, Br3 

- , 85, 165-170 

- , - 198-200 

- , 9, 155d. 

- , 8. 1 W d .  

- , 5, ll'id. 

- , 17, - 

- , 39, 17Bd. 

- , - 121 

a Unless noted, reagent given was used to oxldlze the corresponding 

radical, 0 - decompos~t~on, r. t. - room temperature, and 1. t. - low 
temperature. Oisp. - d~sproportionatlon. 

R unlqus nitrosonrum salt,lJ, was prepared in solution wlth the idea OF 

producing a materlal wlth properties smilar to those oF singlet oxygen.36 The 

compound oxrdlzed allylrc alcohols to aldehydes and reacted wlth dimes to glve 

adduots (For example, with cyclopentadiene to give El. Compound A7 was 

N 
17 
w 

18 
N 
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Stablllk. Stability is a relative term, and no systematic study OF the 

varlous nitrosonium salts has h e n  made. However, there are several clearly 

recognizable Factors. 

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

the wnw posltion to the 'N+-CI as shown in compound 9 in equation 3. This 
/ 'U 

allows a HoFFmann-typa elimrnat~.on which may take place in very weak base, 

yielding nitroso compounds. Thus, 9, ~ 1 -  1s reported to detonate at room - 
temperature,'' and solutions OF %are not stable at pH's OF Lf.OLf or above. 37 

The synthesis OF the radical, 19, has recently bsen Found to be complicated by 
A. 

overoxldation to nrtrosonium salts (21 and decomposition .3E The chemistry in 

equation 3 was First observed and explained by Rbakumov and ~ i k h o n o v ~ ~  during 

the oxidation OF j_9 tozwlth Rg2D. Slmllar chemistry has been noted when 

compounds such e s g  were oxidized wlth Ag 0" or were pyrolyzed. 31 

Rlthough the elimlnatlon reactlon in equation 3 is clearly enhanced by the 

presence OF the carbonyl group, it rs likely that most nitrosonlum salts can 

decompose rn a similar Fashlon. For example, di*-butyl nitroxide radical, 

22, decmposes upon o x l d a t i ~ n , ~ ~  probably to Give the same products as those 
N 

Formed From 23, which is, in eFFect, a salt OF e hydrated nitrosonium ion; Lf3 , Lllf 

(see discussion about% below). Rlthough was isolated along with several 

other compounds, the slksne by-product was not. Furthermore, it was shown 95 

that 3 ~ 1 -  is dscomposed by sodium benzoate or silver benzoate to give the 

nitrone, 25, as shown in equation 5, nost nitrosonium salts decompose when 
heated in water, probably by similar routes. Since acia treatment OF nitroxide 

radicals gives nitrosonium salts (equation 21, these mechanisms can also 

account For 5018 OF the deCompositions OF  radical^.^ Nitrosonium salts are 

also decomposed by excess XeF2. 19 



, - 
Nitrosonium salts containing an oxygen to  the)^+-0 are also inherently 
uhstable. Thus, oxidation OF radicals such as 26 (known as "doxyl" compounds) 

with NO2, 20 ~ l ~ , "  or E-chloroperbenzoic acidq6~roduces the nitrosonlum salt, 

27, which decomposes, removing the doxyl group quantitatively, presumably by * 
the route shown rn squation 6. lsopropylena was trapped as its epoxideq6 when 

the oxidizrne a ~ e n t  was a ueracld. 

G 
N~trosonium salts containing a second Functional group whlch can react wlth the 

salt are obviously unstable. Thus, although e number OF salts have been made 

OF l& R-0HHtsee Table 11, they would be expected to decompose slowly to Form a 

9-kato product through a selF oxidation by the nitrosonium salt OF the 9- 

hydroxy; group (See below). This has been observed." The reaction can be 

blocked by making ethsrs or esters OF the hydroxyl group of 2 as shown in 
Table 1. 

elthough never stated, it would appaar that stability, at least OF the 

crystalline salts, is a Function OF the anion present, Thus, whilez, ~ 1 -  

detonates at room temperature," its parbromide, tetraFluoroborate, perchlorate 

and haxechloroantimonate are not reported as unstable. Nitroxides are oxidized 

to nitrosonium salts by chlorine and bromine as ststad above. Howaver, iodine 

will not oxidize nitroxidss. In Fact, nitrosonium iodides readily decompose to 

nltroxides and lodine. 10,ll 

Finally, nitrosonzum salts are generally hygroscopic. We have Foundz1 that 

chlorides are very hygroscopic, but that perchlorates and tetraFlucroborates 

are much less so. 

w. Nitrosonium salts have bean assayed by iodometric analysis. 10,11 The 

salt is allowed to react wlth I -  to give I 2  which is tltrated with thmsulfate. 

-. Quinones have bean used For years as dehydrogenating agents 

and oxidants," and thalr electrochemistry has been extens~vely explored.48 It 

has been possible to correlate quinone structure with electrochemically 

measured oxidation potentials, and further, to correlate potentials with actual 

oxidizing propertres in preparative systems. Similar correlations 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 been approached by studying the oxidetion of 

nitroxides to salts and back by cyclic voltammetry (CU1 (equation 1, k t o  2 to 
1). ,., 
Cyclic voltammetrlc data can be used in the study of the nitrosonium salts in 

two ways. First, one can derive inFormation about the oxidizing B~YISE. of 

various salts by measuring the oxidation potential of the nitroxide-nitrosonium 

salt couple. Shchukin and his coworkersq9 have measured the oxidation 

potentials of about 57 nitroxides, and their data as wall as that OF others is 

given in Table 2. Some anodic half-wave potentials 3s's1 are also recorded in 

the Table. It was concluded thut ths potential is First a Function OF the ring 

system and second a Function of the ring s u b s t i t u e n t ~ . ~ ~  In general, those 

ring atoms or substituents that tend to be alectronegative or electron 

withdrawing raised the potential. Within some of the ring systems, 

mathematical relatronships were derived relating Hammett Functions and 

potential. The bicyclic systems have high potentials, and diary1 systems such 

as 2 have a low potential. Thus, a range OF oxidizing nitrosonium salts wlth 

qulte difFerent potentials should be available. The magnitude OF the oxidation 

Potential has an important bearlng on the development of mediated systems, as 

drscussed below. 

CyCllC voltammetric data can also be ussd to study the stability of nltrosonium 

salts in 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 

halght of the Forward Coxidet~on) wave. IF the reduction wave is lower, it can 

ba presumed that the nitrosonium salt rs decomposing or reacting with its 

surroundings. 

In at least two cases, s2'sq the e l e s t r ~ o x ~ d a t ~ o n  of radicals to nitrosonium 

ions has been the basis For radlcal assay. 

Acid-Base ~ e a c t r o n s . ~ ~ ' ~ ~  The nitrosonium salts are Formally salts OF the N- 

oxides of N - h y d r o ~ y l a m i n e s , ~ ~  2R whlch are amphoteric. Since the parent a=id, -' 
28, is a stronger acid (pKa - 13.51 than the nitrosonium catlon, 9 CpKa - * & 
1 5  its isolation is unlikel~ and has not been Treatment of 

nitrosonium salts wlth concentrated aqueous NaOH or KOH causes the preclpltaion 
+ + + 

OF the sodlum or potasslum salts OF E, ll - 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 oxldize alcohols to carbonyl 

compounds and, surprisingly, w o n  oxidlze dlmethylformamide (to unidentified 

productsl. The metal salts are insoluble in C CN and nitromethane and cannot "3 
be purlfled or recrystallilzed. 0s precipitated, they are about 8 3  pure, and 

their properties as oxldants in preparative systems have not been explored. 

The corresponding sodium salt of di*-butylhydroxylamlne oxide, W, had been 
prepared much earller from nitruxlde, 22, and sodium metal. 'i3 - 



WakLL Oxidation Potentials OF Nitroxidss 

Hsasured bu Cucllc Uoltemmetr~ e 

Compound 

CHOH H 

l& CHCl H 

3 c-0 
N 

H 

RsF . 

- 
H 0.05 

#- 0.86 
p-F-#- 0.86 

2-Fury1 0.87~ 

2-thienyl 0.88 

C%8tr 0.31 
CONH2 0.31 

CO$H3 0.32 

IL-NO~-@ 0.32 

RNO~-#- 0.32 

5-NO2-2-Fury1 0.39 

CHBr2 0.35 

5-NO -2-thisnyl 0.35 
2 

CHO 0.36 

1.01 

CN 1.05 

ReF 

93 

99 
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Compound Re€. 

1 &. 0.32 

radlcal of 0.37 

radical of l& R - q-cHH-@- 0.2 

radical OF )_7 about 0.73 

e When compound numbers appear in the Table, they repressnt nltrosonium 

compounds that have been prepared (Table 1) From the radical in question, 

unless noted. This is the potential at a point half-way between the anodlc 

and cathodic peaks observed in CU. The measurements in reFs. 99 and 51 were 

made in CH CN against a Rg/ 0.01 M AgNOgre€erence electrode. Those in reFs. 3 
LfZ and 50 were madm in CNSN containing 0.9 M LiClO,, against a Ag/ 0.1 n AgN03 
reFerence electrode. Those in re€. 37 were measured in buFFered aqueous 

solution at about pH 7 against e standard calomeL electrode. Those in re€. 36 

were measured in CH$N against a standard calomel elactrode. No conditions 

were given For the value measured in re€. 70. The oxidation reaction wave 

was not reversible, indicating decomposition OF the nitrosonium ion. 

0- L 0 OH- [Q] yQ9+ 
& 

-0 OH 28  - 0- 0 M 
~ - 

- & C  f LLQll. The various six-member rlng nltrosonium salts 
(9 9 10, 11) seem to have certain consistent spectral properties. The infra- 
ddTU N 

red spectra all contain a band st 1600-16q0 c K 1 ,  which is attributed to 

>N+ -0,12'16'18'22'2Lt'27'2e with the precise value depending upon 

substitution end the anion involved. In the case OF the Five-member ring 

compounds such as 12, the band is shiFted to 1660 No assignments seem - 
to have been made For 12. 

The ultraviolet spectra OF most nitrosonium salts show two broad bands in the 
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- 
regions of 290 and 975 nm.1B'22'23'2q2'6'27 The perbromides (9 Br3 ; - - 
9, Br3 ; 2, R - OH or OCOC&, Br3 ) are exceptlons in that they show bands at 
N 
about 220 and 268 nm. 13"' The 268 nm band has bean assigned to a charge - 
transFer transit~on involv~ng Br3 . 
Since the nitrosonium salts are not paramagnetic (as compared to the 

nitroxides), their nuclear magnetic resonance spectra are normal. However, the 
\ + 

positively charged ,N -0 does cause the proton resonances to appear about 0.7- 

l.q d units downfleld, at least in the piperldine series,13'Zq'27'28 (shown by 

comparing the salt, 3 with the hydroxyulamine, 2). No spectra seem to 

have been measured. 

- 
The nitrosonlum salt, & CIOq , has a twlstad boat conformation, according to X- 

ray crystallography OF the solid salt.Z7 Thls is in contrast to the 

corresponding radical, which has a chalr conformation. The N-0 bond i n 2  - 0 
CIOq is shortsned,(compared to,t) to 1.19 e, correspmndlng roughly to a double 
bond. 

The instability of nitrosonium salts may have been overemphasized in some 

cases, but there is little question that they are highly reactive. Golubev has 

~tated,'~"On the one hand, these compounds ere strong oxidizing agents which 

react readily with alcohols, ketones, water, aminas, and phosphines, undergoing 

reduction to radicals, hydroxylamines, and amines and acting as one-, two-, or 

Four-electron oxidizing agents. On the other hand, they are speciFic 

electrophilic reagents, which readily add on nucleophilic reagents at the 

oxygsn atom OF the oxazonlum (nltrosonium) group". 

Tha sltuat=on is complicated by at least three Factors. The most serlous 

lnVO1ves equatlon 2. At any tims when acid and radical are present, some 

nitrosonium salt will be generated by dlsproportionation. Furthermore, at any 

time nitrosonium salt and hydroxylamina (+ and 2) are present togethsr, they - - 
will react to produce a radical. Thls latter aspect is crucial For soma of the 

mediated systems discussed below. 

The second compllcation 1s that r~ltrox~de radicals are often Formed in the 

course OF nitrosonium salt oxidat.~ons, and are, themselves, potent oxrdizing 

agents.' Thus, ths Flrst step UP a reactlon series may be due to a n~trosonrum 

salt, and e later step may be duo to the radlcal. The thlrd factor Involves 

the polnt OF attack on the 'N+-0. Golubev statesz7 that it is on the oxygen . / 
(to yield an ,N-0-R system) rather than on nitrogen. This is not certain and 

is discussad in the mechanisms section below. 

kdi&Zl React~ons. The radicals used to make nltrosonlum salts are expensive, 

and the salts have limited stability. For these reasons, a number OF 



procedures have been developed in which catalytic amounts OF radrcal or, 

sometlmss, even the hydroxylamine or amine, are oxidized by a sscondary, and 

chsaper, oxrdizing agent to produce nitrosonium salts u. The nitrosonium 
salts react with substrate in their own unique way and are rsduced back to 

radical or hydroxylemine. These products are then reoxidized by the sacondary 

oxidant and so on. The nitroxide radical and its derived nitrosonium salt ere 

therefore mediators or catalysts. 

Thers are, however, some disadvantages to mediatsd systems. The main one is 

that the secondary oxidant must be strong enough to generate the nitrosonium 

salt From radical or other precursor, but must nct react with the substrate 

itsel€. Thus, the electrochsmically assisted system developed so successFully 

by Sammslhack 56'57 is quite sultable For alcohol or amine oxidation because 

these Substrates are dlFFicult to electroox~dize. However, the method should 

not work For phenols, which are more easily oxidized than ths 

r a d i ~ a l . ~ ~ ' ~ ~ ' ~ ~  In some cases," the mediator is appreciably decomposed 

durlng the procsss. 

-. The most commonly used solvent For nitrosonrum salt oxidations has 

been CH3CN, but nitromethane. acetic anyhudride, and w - b u t a n o l  have been 

Plethylens chloride has been used with 3 R - 0CH3. ~ 1 -  17, but 

has been reported to react slowly with 9, CI-.~' elcohole, primary and - 
secondary, and ketones react with nitrosonium salts. The salts are, OF course, 

ionic and not soluble in non-polar solvents such as CClq, hexane, ether and 

ethyl acetate. They are usually recrystallized by dissolving them in a cold 

polar solvent such.as CH#N and precipitating them with ether or ethyl acetate. 

DxldatlDn QE Alcohols. LYgn padiated. It was noted several years ago that 
nitrosonium salts reacted quantitatively with simple elcohols such as methanol 

or ethanol to give aldehydes with no ~ v e r o x i d a t i o n . ~ ~ ' ~ ~  However, the reaction 

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

Endo and his covorkers 16'17 prepared l0, R - 0CH3, ~ 1 -  and ~ r -  and used them to 

oxldlze a series OF alcohols to aldehydes or ketones. The methyl ether was 

prepared to block reaction OF the 9-hydroxyl group in g, R - OH which was, in 
turn, presumably chosen For Further study because it is the only cation Forming 

a simple bromide (rather than a perbromidel. In general, the chloride was 

Found to be more eFFective and to have Fewer side reactions. With the 

chloride, yields varied From 32 to 1004 in most cases (as measured by ges- 

lrq~id chromatographyl. The chloride was Found to react more rapidly with 

primary alcohols than with secondary alcohols, but, strangely enough, the 

bromide was Found to react Fester with secondary alcohols. Benzyl and ally1 

alcohols reacted Faster than simple aliphatic alcohols. The bromide gave 

double-bond bromination OF alcohols containing'double bonds, but the chloride 

, gave the expected products. e series OF diole was investiget.d,17 with quite 
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interesting results. Thus, l,L~-butenediol and 1,s-pentenediol were Found to 

yield their respective Y- end &lactones in isolated yields OF 81 end +O%, 

respactively. This would indicate that, elthough aldenydes ere not Further 

Oxidlzed to acids, cyclic hemiacetels ere. This was also Found in e mediated 

system. 56 2,3-Butanedlol yielded ecetoin rn 30% yleld. The nitrosonium salt, 

13, ox~dizes allylic alcohols. 33 - 
Oxidation ef Alcoho~s Mediated Sustems. nost OF the potentially useful work 
on elcohol oxidetlon has involved mediated procedures using various secondary 

oxidizing systems. In 1975, cullaS9 end   an em" reported the use OF a- 
Chloroperbenzoic acid es e secondary oxidant For the nitrosonium salt Oxidation 

OF alcohols. The mediator was the tetremethylpiperldine, 2 or its 

hydrochloride salt. The radrcal, 5 was also used.53 Either 2 or 2 was 
oxidized by peracid to the nitrosonium salt, whlch brought about the deslred 

oxidation. Secondary alcohols ylelded ketones, but prlmary aliphatrc alcohols 

were oxidizsd to cerboxylic eclds (by the peracid?); some eromatlc primary 

alcohols gave aldehydes. Yields were hlgh. Amounts OF one mole % OF mediator 

were ussd by Cella, but Ganem used one mole equivalent. Genem used two molar 

equivalents OF perecld, but Cella used only 1.5. Celle Found that ecrd was 

required, but that the KC1 in the piperidine hydrochloride. 2-HC1, would 

suFFice. Only simple piperidine derivatives were ussd; in the pyrrolidine 

series. 12 was unrsactive. +6.5+ 

The inherent oxidlzlng properties OF m-chloroperbenzoic acid were cleverly 

combined with those OF nitrosonium salts to cerry out some interesting "one- 

pot" synthesss. Thus, epoxidation Followed by elcohol oxidation yielded 2 
From %(EE%>~' and 2 From x.62 Compound was not isolated, but was 

converted to a subsequent molecule in the sequence. filcohol oxidation Followed 

by Baeyer-Uilliger oxidation yi~lded benzyl acetate From 1-phenyl-2-propenol in 
90% yield." Othsr sxamples usre gxvsn.  

Oxygen oxidation OF methanol in the presence OF copper salts was Found to be 

Facilitated by dl--butyl nltroxide saverel years ago,63 but the mechanism 

was not clear. The sequence could involve a nitrosonium lon, but as noted, 'I2 

di-m-butyl nitrosonium salts are not stable enough For isolation. It is 
interesting that HCN was a product when methanol was oxidized in the presence 

OF ammonia. 



nore recently, catalytic amounts of copper ion and sitherctor the radical From 

10, R - OH have been used to promote the oxygen oxidation OF allylic or 
hr 

benzylic alcohols to aldehyd-s.~' Isolated ylelds were hlgh (90-96% in most 

cases). In the reaction, cuprous chloride is oxygenated to glve cupric ion 

which o~idlzes the radical,& to the nitrosonum salt ,A. The cuprous ion so 

Formed is reoxidized by Oxygen to cupric ion. The nltrosonium salt than 

oxidizes alcohol and 1s simultaneously reducad to hydroxylamine,~. corn pound^ 
rmacts with ,&to regenerate the mediator,k (equation 2 ) .  The method was used 

to prepare aldehyde, 2, From its alcohol,65 and a good general d~scusslon OF 
the alcohol-aldehyda oxidation problem was given. 

Stoxchiometric amounts OF cuprlc ion, as CuCl? were used to oxidize primary 

aliphatic alcohols to aldehydes in the presence OF ?;6' Yields are g m d .  but 

the reaction must be carried nut under anhydrous conditions in the presence of 

Calir Secondary alcohols are oxidized very slowly in this system. 

P~tassium P~rricyanlde has been ussd as e secondary oxidizing agent in the 

msdiated (with 10, R - 0CH3).oxidetron OF bsnzyl alcohol to benzaldehyde. 66 - 
The reaction was carried out In a two phase system consisting OF 1 aqueous 

KOH and CH3CN and has also been carried out using polymer-bound nitroxide 

units. 3' 

The most promlslng and controllable system For nitroxide mediated oxldations is 

the one devrsed by SemmelhackS6 uslng anodlc oxidation as a back-up oxidizing 

aQ~nt. The reactlon is carried out in the anodic chamber OF a two-compartment 

cell containing a Pt slectrode at about +0.3S U (y~.Clg/O.l n AgN03). The 

systsm is analogous to the one described above For the oxygen-copper system 

except that the anode is used in place OF the coppec end oxygen. The 

alectrolyte was L1c10' ~n CH3CN, and 5-33 mole % OF nrtr0xide.A was used. 

1,Z-Dibromopropane was placed in the cathode chamber. A base.(2,6-lutidina) 

was used to pick up the acid Formed. Yields were good (isolated, 90-BBL), and 

primary alcohols were oxidized more rapidly than were secondary. 

The oxidation OF alcohol to aldehyde tor ketone) is a two-electron oxidation, 

Forming hydroxylamine. 3 In an excess OF alcohol, 3 can be isolated in good 

yield.1° However, under Semmelhack's c ~ n d i t i o n s , ~ ~ ~ ' ~ '  the hydroxylamine 

reactsd wlth the generated nitrosonium salt to yield nitroxide (equation 2). 

udation of Rmines-Non nsdiaw. In 1965, ~olubev" showed that nitrosonium 

salts react with amines. He allowed g, R - OH, Br- to react wlth N.N.Nr ,N'- 
tetramethyl-Q-phenylenediamine to yield the well known catron radical, 

wt'rster's blue, z, in a presumably one-electron reaction. He showed that 

triethylamine decomposed nitrosonlum salts to radicals but was unable to 

 sola ate any product From amine oxidation. 
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Thls work has been re~nvestigated recently.30 Several tertiary aliphatic 

amlnes (conanine, tristhylenediamine, and ethyldiisopropylamine) were allowed 

to react wlth 4 ~ 1 -  at -80' C. As in the earlier work, radical, 1, could be rr: ,L 
isolated, but no amine products were obtained. However, oxidation OF N,N- 

dimethylaniline, z, yielded N-methylFormanilide, 90, and N-methylaniline, a, - 
(equation 8). It was suggested that the intermediate, 27, was Formed First. 

In the presence OF small amounts OF water, intermediate 27 would be converted 

to 2 which could be Further oxidlzed'to the Formanillde. In the absence OF 

watsr, the Intermediate would be hydrolyzed durlng workup to give Formaldehyde 

(trapped) and N-methylan idk"3". C H3 C"3 
M *  O N C H ~ ~ ~ $ ~ ~   ON,^,,,, 03, 36 \ 

38 - J e l  4 cy (8) 
AN 

/w N 

W a t l o n  OF Amines-Mediatea. Semmelhack has applied his elsctrochem~cal 

method to amines, using 1 as a med~ator.'~ The products From primary amlnes 
& 

were aldehydes or ketones in gclod yield, es long as some water was present. 

Under anhydrous or near anhydrcus conditions, nitriles were the major products 

From prlmary amines on prlmary carbons (RCH NH 1. Ylelds were reasonable to 
2 2 

good. One secondary amlne, N-benzylaniline, gave benzaldehyde. It was Found 

that the medrator decomposed mare rapidly in the amrne serles than in the 

alcohol series, end in some caa;es, two equivalents OF the nltrosonium salt were 

preformed in solutlon beFore the amlns was added. The rsectlon rs similar to 

that shown above For N,N-dlmethylaniline. The First product Formed would be a 

SChiFF base corresponding to 37, but, OF course, uncharged. Water present 
A. 

would cause the hydrolysis to aldehyde or ketone. In the absence OF water, the 

SChlFF base would be Further oxid~zed to nrtrlle. In one case. a SchlFF bass, 

52. Was actually isolated From the oxidation OF --(diph~nylmethy1)-amine, 

92. The F ~ r m a t ~ o n  OF nrtriles is remlniscent OF the nitroxlde-caralyzed 

Oxygsnatlnn OF methanol to HCN noted above.63 It is OF lnterest that SchiFF 

bases, as oppossd to aldshydes, ssem to be ox~dized by nitroson~um salts. 

g2CH-NHCH g2 - &C=N CH g2 
4 1 
N 

4 2 
N 

Pxidation OF KELtBL?B+. Nltrosonium salts react wlth ketones containing an&- 
hydrogen. Both piperidine <? 3 I O ) ~ ~ ' ~ ~ , ~ ~ - ~ ~  and pyrrolzdlne salts *' rd h 

react. The products dapend upon the anlon portion OF the salt. 



- 
When the anlon is Br3 , the product is an&-bromoketone. "'" ~ h l s  does not 

appear to be a product OF reaction with the n~trosonium salt. It results From 

the react~nn OF ketone with small amounts OF Br2 released by equilibration OF 

nitrosonlum perbromrde to glve nitroxide and halogen. Since one OF the 

products OF bromination 1s HBr which causes a disproportionation OF nitroxlde 

to hydroxylamine and nitrosonium bromide again. (equation 21, the ultimate 

product 1s hydroxylam~ne as its hydrobromlde. 

- - 
With other anlons such as CI-, C104 , and PdC13 , N-alkoxyamlne salts such as 
'i'i are Formsd Cequatron 9 ) .  The ethers. 'is, can be isolated aFter 
ICI 

neutralization. The reaction appears to take place through the enol, 43, and, 

in Fact, has been used For ths spsctrometr~c analysis OF the snol content OF 

sthyl acstoacstate and acetyla~stone.~~ It 1s OF Further intsrest that methyl 

ethyl ketone reacts at the methulene, not at the methyl group. 69 

I These alkoxy ether salts, 44, deoompose on heating to givelfi-dlcarbonyl 
N 

compounds in a remarkable reactlon that appears as a Four-electron oxidation 

(equations 9 and 10). fi number OF nltrosonium salts have been investigated, 69 

and yields OF dlcarbonyl products are good.70 Some OF this work has been 

repeated recently,30 and the reaction was Found to be improved by the addltlon 

OF 2 mole % OF p-toluenesulfonic acid. Cholestan-3-one was oxidizebto glve 

chlestan-2,3-dione which was rsolated in 35 2 yield as a mixture OF enol 

benzoates. 
U 

Ql4 - + O = C - ? - R + H *  (10) 
I 4 6  

N gL;.pR H 

ttLscellaneous 0-. Nitrosonlum salts react wlth phenols, 21'30 but only 

two reactions have actually been published, OC-Naphthol gave a 95 % yield OF 

l,?-naphthoquinone, end (%naphthol gave a mixture OF 1,2- and I,%- 

naphthoqu~nones.~~ It should be noted that phenols also react with nitroxide 
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radloals to glvs qulnonn~d o r o d ~ c t s . ~ ~ .  Ir~phenyl phosphlne was converted 

to its oxlde by 2 Cl- In 91 % y~eld.~' Certaln partially rsduced aromatic 

systems contalnlng nltrogen can be dehydrogenated wlth nltrosonrum salts. 71 - 
Thus, L17 gave 2 on treatment w ~ t h  2, ClO* , probably through a hydrrde 
tran~F2.~' It 15 possible that the lndole rlng plaus an important role in the - 
reaction. We have used _, % BF,, to convert 1.2,3,9-tetrahydrocarbarole, 93, to - 
Lt-keto-1.2.3,L1-tetrahydr=carbazole, s, in 62% yreld." Benzyl ethers react . 
with IO; R - 0CH3, 3r- and ~ 1 - .  The product From the benzyl portlon 1s 
benzaldehyde; the product From the other portlon 1s an alkyl hal~de in low 

yield or. ~n the case OF drbenzyl ether, benzaldehyde also. 73 

When susaended in ether, the nltrosonrum salts reart wlth Grlgnard reagents to 

glve, prlmarrly, the alkoxy ethers, 2.'' Thls reactron was visualized as 

taklnG Place by Crlgnard addltlon to :N+-0 where the polarlty is such that the 

oxygen 1s more oosltrve than N. R secondary and mxnor product, the 

hydrocarbon, , resulting From a coupl~ng OF the Grlgnard reagent was also 

noted. (equatlon 11). Other srganometalllc compounds such as dlbenzylmercury 

or trmsthylbenzylstanane also react wlth n~troson~um salts to glve alkoxy 
ethers such as 2, but th1s was Shown to be a radlcal reactlon.75 

h 

0 H 
Comoound k7, as noted above, reacts wlth dlenes to glve addltion compounds such 
as E.36 The radlcal corresponding to g, R - C1, dzsproportlnnates In acld to 
yleld 10, R - C1 whlch was shown, spectrometricelly, to react wlth N,N,Ns,N'- .- 
t e t r a m e t h y l - r p h e n y l e n e d r a m r n e ,  thlanthrene, phenothrazlne, N-methyl- 

phenothrazlne, and carbarole to yleld catlon r a d l ~ a l s . ~ ~  Trlphenylamlne was 

thought to be ccnverted to N,N,N',N'-tetraphenylbenzldine whlch then gave a 



cation rad~cal. The interesting intsrnal salt, 1 ,  also produced by an acid 

disproportionation CCF3C02H in CH2Cl21, was show?' to oxldize 9,10- 

diphenylanthracene, perylene, and tetraphenylethylene to their respective 

cation radicals. 

- 
Nitrosonium ions, For example. 10, R - OW3, Br , react wlth hydroxide ion to - 
yield hydrogsn as hydroxyl radlcal, a reactlon also noted For 2, R - phenyl, Br-." Simllar reactions wsre not~d For the salts wlth water. 1 0 , W  

Nltrosonlum salts have also been shown to react with hydrogen peroxide to give 

oxygen." Nitrosonlum salt, 5, was generated electrochernlcally and shown to 
79 - 

react with Iron wire. 

Nitrosonium salt, 9, ~ 1 - ,  was speciFically Found not to react with camphor, 1- - 
methoxynaphthalene, diphenylather, diphenylsulFide, benzylphenylsulfide, 

2 30 2 bsnzylphenylsulFone, A -cholestene and 3-acetoxy-A -cholestene. 

pDxidations. Thess reactions presumably come about by an electron 

transFsr From substrate to salt. The best svrdence For this is the Formation 

of ~ & s t ~ r ' s  blue, E, a well known catlon radicalL0 and the various cation 
radrcals observsd spectrometrically. 31'76 The oxidation OF benzyl ethers is 

thought to proceed by way OF two one-electron transFers. 73 

Do-elactron Oxldetions. Thesa reactions are the most intaresting 

synthetically, end most of the reported mechanistic work has been done with 

them. It was s ~ g g e s t a d ~ ~  that -OH or, presumably :NH in amines, is necessary 

For successful ox~dation with nitrosonium salts. This would be logical For two- 

and four-electron oxidatrons and could be a Factor in determining a reasonable. 

mechanism. It is OF interest that tartlary amlnes are reactive while ethers 

[except For benzyl ethers73) and thiosthers are not. 30 

In an ext~nsive klnetrc study, hlubevE0 established the Following Facts 

concsrning alcohol oxidation. First, the reactlon was two-electron, yielding 

the aldehyde or ketone and hydroxylamrne. When the pH was below 2, the 

hydroxylamins could ha isolated. Second, at pH values above 2, the initially 

Formsd hydroxylemine reacted with excess nitrosonium salt to yield nitroxide 

(equation 2). Third, the oxidations involved a hydride transFer From what 

amounted to an alcoholic anion (in a complex or intermediate with nitrosonium 

ion). However, he made little attempt to propose a transrtim state or 

interrnedlate.  ane em" noted the probable prasenw OF an intermediate in the 
reaction, but was unable to isolate it. He suggested the structure given in 

eauation 12. 

Semmelhack and hls students have recently made a more thorough study OF the 

mechanrsm of alcohol oxrdation." Two pathways were rejscted; simple electron 
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transfer f0110wed by loss OF H+ to give nitroxide radical and alkoxy radical. 

and slmple hydride transfer From the carbon bearing the hydroxyl gt'OUp. The 

radical mechanism was presumablu reJected because the product From the 

nitrosonium salt is clearly hydroxylamlne, not nitroxideEO and there are no 

obvious radical products From an alkoxy radical. Simpls hydride transfer was 

rej~ctsd because it could be demonstrated that littlw positive chsrpe was built 

up on the carbon bearing the hydroxyl group during the reaction. This leaves 

two eathwaus as shown in equations 12 and 13. . - 
\ CHOH +Q 

/ + 
I 

4 - 0 H 
0, + H+ 

The authors Favored equation 12 although 13 could not be ruled out. The 

crucial matter 1s whether initial reaction takes place on nitrogen (as in 12) 

or oxygen (as rn 13). There 1s only ona clear example where reaction is on 

oxygen. This is the reaction of the salts with Grlgnard reagents and other 

organometalllcs (equation 11). 79'7s but it 1s pos~ible'~ that some OF these 

reactions take place by radical coupling. 

Reactions with prlmary or secondary amines could take place in a manner simllar 

to alcohols as, in Fact, could ruactions oF prlmary amlnes to nltriles.. No 
evidence has been given on thess mechanisms. It is not posssible to comment on 

the reactions OF tertiary allphatlc amines since none OF the products are 

known. R reactlon scheme is given above (equation 8) For the oxidation OF N,N- 

dimethylaniline. 

- Feu+. The rroactlons of nltrosonium salts with ketones, and 
probably phenols, is an overall four-electron oxidation. However, it certainly 

takes place in steps. These are shown above in equations 9 and 10. The 

r~actlon with phenols is less cloar. It could be a Four-electron reactlon, but 

the observed quinonold products are also formed by nitroxide  radical^^^'^^ and 
quin~nes,'~ both wldely recogn~zod as being one-electron reagents. 

Several conclusions can be drawn From the relatively sparce published data on 

nitroscnlum salts. Flrst of all, there is a question OF stebility. There 



would appear to be a wlde range of stabilltles for various salts, depending 

upon -the cetlon end the enlon pressnt. Soms should be sufficiently stable 

for commercial exploitatlon. Second, the salts exhibit a wrde range of 

reactivlties toward several funct~onel groups in organlc chem~stry. 

Finally, almost ell of ths preparatlve work has been done with the chloride 

ealts of two or three OF the plperidlne derivativss, because they ere 

relat~vely inexpsnsive and easy to make. However, the chlorides are probably 

the least stabls and most hygroscopic of the known salts. Bassd upon the 

verlous electrochemioel parameters that have been measured, it should be 

posslble to Formulate a series of nitrosonium salts with various oxidation 

potentials. If the transition states as shown in equations 12 and 13 have any 

vel~dity, it should also be possible to construct nltrosonlum salts wlth 

SpecifLC Steric configurations for specific purposes. 
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