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Foreword 

This is the second volume published in the new series entitled ‘Updates from the Chemistry 
of Functional Groups’. 

As in the other volumes of this series, our intention is to present selected chapters in the 
original form in which they were published, together with an extensive updating o f  the 
subject, if possible by the authors of the original chapters. 

The present volume contains the chapter ‘Nitronic acids and esters’ by A. T. Nielsen, 
first published in 1969 in The chemistry ofthe nitro and nitroso groups, edited by H. Feuer. 
This is followed by the chapter ‘Nitrones and nitronic acid derivatives: their structure and 
their roles in synthesis’ by E. Breuer, published originally in Supplement F: The chemistry 
ofamino, nitroso and nitro compounds und their derivatives (Ed. S. Patai, 1982). Both the 
chapters mentioned above are updated by E. Breuer in Chapter 3 of the present book, 
which contains also some sections on material which has not been discussed previously in 
the main series. 

This is followed by the chapter on ‘Nitroxides’ by H. G. Aurich, originally also 
published in Supplement F ,  and by an ‘Appendix to Nitroxides’ (Chapter 5), again written 
by H. G. Aurich. 

An additional volume in the same series, now in the press will deal in a similar manner 
with crown ethers, based on the original chapters published in 1980 in Supplement E .  and 
updated to account for the rapid development of this subject. Several other volumes are in 
the course of active preparation. 

We will be grateful to readers who would call our attention to mistakes and/or 
omissions in this and other volumes of the series. 

JERUSALEM 
October 1988 

SAUL PATAl 
ZVI RAPPOPORT 

ix 



Nitrones, Nitronates and Nitroxides 
Edited by S. Patai and 2. Rappoport 
@ 1989 John Wiley & Sons Ltd 

CHAPTER 1 

Nitronic acids and esters 
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1. INTRODUCTION 

The  nitronic acids, or aci-nitro compounds, R1R2C;N02H, are  a n  
important group of organic acids. They may be characterized as 
rather unstable substances and good oxidizing agents, as are their 
esters. Most are relatively weak acids ( pK,lc' 2-6) resembling 
carboxylic acids in acid strength. They are somcwhat unique among 
organic acids of this strength in that their chemistry is closely linked 
with that of a stable tautomeric form, tlie parent nitroalkane. 'The 
nitro and aci forms share a common anion. This relationship, 
fundamental to nitronic acid chemistry, is illustrated with plienyl- 
nitromethane1.2~3. The  equilibria of equation ( 1) illustrate the 
phenomenon of aci-nitro tautomerism. 

0- O H  

R.p. looo (8 mrn) 
'0 0 

M.P. a 4 O  
Phenylnitromethane Phenylmct1i;rnrnirronnte Phcnylmrthanenitronic acid 

Nitro compound Sitronate anion Nitronic acid (mi form) 

The  nomenclature of nitronic acids lias often been a matter of 
di~cussion4.~. The  term nitronic acid (nifronsiilue) was introduced by 
Bamberger,. However, use of the prefix nci before the nitro com- 
pound name, a concept introdLiced by Hantzsch a few years later', 
achieved much wider use for many years. Thc  general term nci was 
taken to mean the tautomeric, more acidic form of a pseudo acid. A 
pseudo acid is one whose proton is rcmo\.ed slowly'; a nitroalkane is 
a pseudo acid8. The  prefix ZJO', and sometimes incorrectly pseudo, 
before the nitro compound name to indicate the nitronic acid form 
were widely employed for many years (isonitro listings are found in 
Chemical Abstracls through 1916). 

The  nitronic acid naming sj-stem is now more widely acceptcd"lO. 
As pointed out originally by Bamberger,, and later by H a s 5 ,  it 
follows more closely the systematic naming of other organic acids and 
derivatives. I t  also clearly recognizes the identity of these substances 
as genuine organic acids. The naming of dcri\.ntives such as salts, 
esters, and anhydrides follows systematically. 'The nci-nitro term 
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employed only as a prefixl1*l2 does not readily adapt itself to naming 
these derivatives. 

The nitronic acid function is = N 0 2 H ;  as a suffix it is called 
nitronic acid. If a prefix is required aci-nitro may be used11r12. For 
example, butane-2-nitronic acid = 2-aci-nitrobutane. However, the 
prefix nomenclature should be avoided with nitronic acids, as it is 
with carboxylic acids. 

I t  is suggested that the two possible types of nitronic acids, 
RCH=NO,H and R1R2CH=N02H, derived from primary and 
secondary nitroalkanes, be designated primary and secondary nitronic 
acids, respectively. Some examples of nitronic acid nomenclature 
follow. 

CH,CH=SO,H Ethanenitronic acid ( p ~ i m a r y )  
(CH,I,C~- NO,H Propane-2-nitronic acid (secondury) 
rr-C3H,CH=S0,-Naf Sodium butane-1-nitronate 
C,H,CH-SO,CH, Methyl phenylmethanenitronate 

N 0 , E t  Ethyl cyclohexanenitronate 

CH,CH---NOCOCH, '4cetic ethanenitronic anhydride 
1 

0 
0 

CH,-- ~SCI hlethanenitronyl chloride 
1 
0 

The first preparation of a nitronic acid was apparently made by 
Konowalow ( 1893) l 3  who isolated diphenylmethanenitronic acid, 
mp  90", and described it as a very unstable substance, decomposing 
at room temperature. The phenomenon of aci-nitro tautomerism in 
solution was discovered by Holleman (1895) 14, who observed 
conductometrically the isomerization of 3-nitrophenylmethane- 
nitronic acid into the nitro form. Hantzsch (1896)' was first to 
preparc both forms of a single nitro compound (phenylnitromethane 
and phenylniethanenitronic acid) and to recognize their tautomeric 
relationship. 

The first preparation of a nitronic ester appears to be that of Nef 
( 1894) 15, who synthesized, isolated, and recognized the unstable 
substance H,NCOC(CN) -=NO,C,H,. 

The question of nitronic acid structure was incompletely resolved 
and a subject of some debate and discussion for nearly 50 years after 
the disco\.ery of these substances. The now accepted structure 1 was 
originally proposed by Nef15 and employed by Bamberger'j. An 
alternate oxazirane structure (2) was proposed by Hantzsch'. 
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Reports that certain nitronate salts possess optical 

R' OH R' 

(1) (2) 

supporting structure 2, were later shown to be in error18-zo. Nitronate 
salts prepared from optically active nitroalkanes are, in fact, optically 
inactive19. The strong T - T* ultraviolet absorption of nitronic 
acids, esters, and salts supports structure 1. Oxaziranes do not 
exhibit strong ultraviolet absorptionz1. Unsuccessful attempts have 
been made to prepare substances having structure 3, with substituents 
directly attached to nitrogenzz. 

R' OH 

"/ 
/ \  

Rz 0 

(3) 

Cis-trans isomerism might be observed, a t  least in the solid state, 
with unsymmetrically substituted nitronic acids, analogous to the 
yn and anti forms of oximes. This type of isomerism has been 
demonstrated for nitronic estersz3, nitronesz4, and oximesz5*zs, but 
not for nitronic acids. I t  is possible that the rather stable unsym- 
metrical nitronic acids of wide melting range described by Hodgez7 
are mixtures of cis and trans isomers. In  solution in protic solvents 
such isomers would, of course, lose their identity rather rapidly. 

I I .  ACI-NITRO TAUTOMERISM 

A. Introduction 

Study of the phenomenon of aci-nitro tautomerism has been, and 
remains, important to the development of acid-base catalysis and 
proton-transfer theory. The process in neutral or basic medium 
consists principally of equilibria involving nitronic acid (aci form), 
nitroalkane, and a common nitronate anion (equations 2, 3) .  

R' OH R' 0- 
\ / k, \ A' 

R2 0 R2 0 

R +  C=N C=I';' + BHf (2) 
/ I k-1 / c;. 

Nitronic acid Nitronate 
(aci)  
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R' 0- R' 

BH+ + .C= (3)  

0 
Nitronate Nitro 

The acid-base equilibria of these equations define, to a close 
approximation, the ionization constants of nitronic acids (K,Aci = 
kl/kk1) and nitroalkanes (Kzitro = k, /k- , )  where B is a solvent 
molecule (water, ethanol). Tautomerization involving ketonitronic 
acids is discussed in section III.C.4. 

Many kinetic studies of aci-nitro tautomerism, employing diverse 
methods, have been made. The earliest s t ~ d i e s ' ~ . ~ ~ . ~ ~ ,  which em- 
ployed conductivity measurements, made use of the much greater 
conductivity of the aci form, due to its greater dissociation into 
nitronate anion. Other methods have taken advantage of various 
properties of the aci form not observed in the nitro form, such as: 
rapid reaction with bromine ( t i t r a t i ~ n ) ~ ~ - ~ ' ,  failure to be reduced 
polarographically3a-4p, and strong ultraviolet a b s o r p t i ~ n ~ - ~ ~ .  These 
studies have included rate measurements of forward and reverse 
processes. 

I n  retrospect, an interesting aspect of many rate studies was the 
failure, even until recent times, to recognize the hybrid structure of 
the nitronate anion intermediate29*30.38. Confusion exists in many 
earlier papers relating to nitronate anions having different 'structures' 
(with negative charge on carbon or oxygenm, or possessing optical 
activity1*), and giving validity to these structures in kinetic and 
mechanistic  expression^^^. Present theory allows only one structure 
for the mesomeric nitronate anion, with negative charge delocalized 
principally on oxygen. 

B. Tautomerization of Nitronic Acids t o  Nitroalkanes 

The tautomerization of a nitronic acid to its parent nitroalkane 
(equations 2 and 3) proceeds essentially to completion for most 
simple nitroalkanes because of the relatively weaker acidity of a 
nitroalkane compared to its corresponding nitronic acid (aci form). 
The kinetics of tautomerization of the aci to the nitro form has been 
studied extensively, principally in water solvent. Early conducto- 
metric studies of Holleman14*54 and Hant~sch32.3~ showed the process 
to be very rapid. 

Proton removal from nitronic acid oxygen (k,) has been measured 
for phenylmethanenitronic acid (k, = 4.14 x l/mole-sec in 
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99.5% water, 0.5% ethanol at  25"). From the ionization constant 
in water, K;t'c2 = 1.3 x 3 4 * 3 9 t 5 5 ,  the reverse process, protonation 
on oxygen, may be calculated to be much faster (k1 = 3.2 x 
lO-'l/mole-sec). 

Many more measurements have been made of the overall rate of 
tautomerization of the nitronic acid to the nitro form (protonation 
on carbon). One may assume a steady-state expression and define 
this rate as K;,Ic' k- ,  since k k ,  is slow compared to kp1.  Table 1 sum- 
marizes the available rate data. From the K,IC' values the rate of 
protonation on carbon, kk.,, may be calculated. 

The mechanism of the tautomerization process expressed in 
equations (2)  and (3) requires that C-protonation occurs on the 
intermediate nitronate anion, not on the nitronic acid or some other 
species. In agreement with this postulate is the fact that the tautom- 
erization ratc is accelerated in slightly basic solution, inhibited in 
acid s~lut ion""~~.  Strong nitronic acids which are highly ionized, 
such as bromomethanenitronic, tautomerize extremely r a ~ i d l y ~ , . ~ ~ .  
Highly hindered acids of the type R,CC(C,H,) =NO,H do not 
tautomerize at a measurable rate in acid solution, but require a 
basic catalyst to increase the concentration of nitronate ion, thus 
permitting tautomerization to occur readily65. 

Tautomerization does occur in acid solution44, but strong acid 
suppresses ionization and usually favors other reactions such as the 
Nef. Armand4? found acids XCH =NO,H, X,C =NO ,H, and 
CH,CX=NO,H ( X  = C1, Br) to tautomerize rapidly and corn- 
pletely without undergoing Nef reaction, even at low pH. O n  the 
other hand, with d-2-nitrooctane acid-catalyzed Nef reaction (in N 
hydrochloric acid at 100') to form 2-octanone occurred more rapidly 
than tautomerization since it was observed that the recovered un- 
reacted nitro compound retained all its optical activity50. 

A different mechanism involving direct proton transfer to carbon 
from a nitronic acid intermediate (rather than a nitronate anion) is 
involved in the much-studied dark reaction of tautomerization of 
compounds such as arylmethanenitronic acids to the nitro compound 
(e.g. 5 + 4)66-72 (equation 4). Nitronic acids identical with those 
formed photochemically can also be formed by acidification of the 
alkali metal salts?,. The presence of a nitro group ortho of the methyl- 
ene group is required for the photochromic tran~formation~*-'~. The 
pyridyl group in 4 may be replaced by ~ h e n y l ? ~ ,  a l k ~ l ? ~ ,  or hydro- 
gen71. The reaction is not limited to solutions, but occurs also in the 
solid state where it was first o b ~ e r v e d ~ ~ ~ ' / ~ ~ ~ ~ .  
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~ i ~ : H 2 + ~ 0 2  N -xi- - ( Q - c H P N o ! ?  HO--S (4) 

j .  
O t N  

II 
0 0 

( 5 )  Deep blue 

540 m p  

(4) 1'.11t yellow 

The  direct intramolecular proton transfer mechanism involving 
a nitronic acid is supported by several facts, in addition to the 
requirement of an  ortho nitro group. The  dark reaction rate [Aci (5) ---f 
Nitro (4)] is accelerated in acid solutionB1. I t  is also faster in an  
aprotic solvent such as isooctane than in a protic solvent (ethanol) 
by a factor of ca lo4  66.  'The rate is strongly accelerated by electron- 
releasing groups; replacing NO, by NH, in 5 increases the rate 
ca A large negative entropy (-45-50 eu) supports a rigid 
transition state'5.H2. The  intramolecular nature of the process was 
demonstrated in a very simple system. Deuterium is incorporated 
into o-nitrotoluene (6)-but not p-nitrotoluene under the same 
conditions-when irradiated in deuterium o ~ i d e - d i o x a n e " ~ ~ ~ - ~ ~ .  
Ionization of the nitronic acid (7)  provides a facile deuterium 
exchange mechanism (equation 5). 

(6) (7) 

The effect of structure on the overall rate of tautomerization of 
nitronic acids to the nitro form (rate = K t c l  kk2) is determined by 
the two factors in this expression-the ionization constant of the 
nitronic acid, K;l"l, and the rate of C-protonation of the anion (k-,). 
The  constant kk, may be evaluated from the above rate expression 
if K;:c' is known, or, if K,Fitro and the uncatalyzed rate of proton 
removal from the nitroalkane (k,) are  known, k-, may be calculated 
from the equilibrium expression K:itor = k , / k - , .  The available data 
are summarized in Table 1. Structural factors which affect KiLCt and 
k - ,  are germane to the general problem of anion stability. 

Inductive effects may be compared by examining those nitronic 
acids not exhibiting large resonance or other anion-stabilizing 
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effects. Of these, the strongest acids tautomerize at the fastest rate 
as shown in Figure 1. 'I'he acids which tautomerize at  the fastest 
rate also have the fastest C-protonation rate (k2) as shown in 

- I  0 
1 2 3 4 5 6 

Aci 
PK 0 

FIGURE I .  Plot of logarithm of overall rate of tautomerization of nitronic acids to nitro- 
alkanes x 102 (2 + log K t c l  k2)  vs. pK:Ci; data at 2.5' in Table I .  Data for bisnitronic 

acids have been corrected for statistical factor. 

Figure 2. H a n t z ~ c h ~ ~  reported bromomethanenitronic and nitro- 
methanenitronic acids to tautomerize at rates much too rapid to 
measure compared to methanenitronic, the weaker acid. Armand4' 
observed only instantaneous tautomerization, even at low pH 
(no Nef reaction), with the strong acids X,C=N02H, X C H = N 0 2 H  
and CH,CX=NO,H ( X  = C1, Br). rn-Nitrophenylmethane- 
nitronic acid tautomerizes to the nitro form ca 20 times faster than 
the weaker phenylmethanenitronic acid. 
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I 2 3 4 5 6 
Logarithm C-protonotton rote  (log k - ? )  

FIGURE 2. Plot of logarithm of overall rate of tautomerization of nitronic acids to nitro- 
alkanes x lo2 (2 + log K f C i  k--2)  vs. logarithm of C-protonation rate (log kP2;) data at  

25' in Table 1. 

Inductive effects exhibit predictable behavior in relation to 
ionization constants, which affect tautomerization rates. Electron- 
withdrawing groups such as halogen and nitro increase K f c i  (see 
Table 5 in section II.D), and tautomerization rate. Electron-releasing 
groups such as methyl decrease K f c l  and tautomerization rate. For 
example, ethanenitronic acid tautomerizes ca 1 O 3  times more slowly 
than the stronger methanenitronic acid; a-phenylpropanenitronic 
acid tautomerizes more slowly than a-phenylethanenitronic acide3. 

O n  the other hand, the increase in C-protonation rate caused by 
substitution of electronegative groups on the nitronate carbon 
(Figure 2) is opposite to what one might expect. An electron- 
withdrawing group lowers electron density at  the nitronate carbon 
and should slow C-protonation. One possible explanation may be 
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the presence of a polar, negative field very close to the nitronate 
carbon ; thus protons are readily attracted to the site. However, when 
the electronegative group is moved away from the nitronate carbon, as 
in the series of w-nitronalkanenitronic acids O,N(CH,),CH=NO,H, 
one observes expected behavior5*. The overall tautomerization rate 
decreases with increasing chain length; K f c '  decreases also, and the 
C-protonation rate increases slightly (Table 1). 

Slow tautomerization of nitronate anions to the nitro form is 
observed for those anions having ground state energies very much 
lower than the parent nitro compound. For example, certain 
resonance-stabilized nitronate anions may show this property. The 
nitro forms of fluorene-9-nitronic acid ( 8)a4.as and indene- 1 -nitronic 
acid (9)86 can be prepared only in aprotic solvents85". Fluorene- 
9-nitronic acid (8) is very stableE4. 2,4-Cyclopentadiene- 1-nitronic 
acid is very unstableas". Its sodium salt on acidification, produces 

(8) (9) 

a black polymer and 1 -nitro- 1 ,3-cyclopentadieneaE". Phenyl- 
methanenitronic and methanenitronic acids are of comparable acid 
strength (pK$'* 3.9 and 3.25, respectively), but phenylmethane- 
nitronic acid tautomerizes approximately 100 times more slowly 
(Table 1). Resonance-stabilized nitronic acids which tautomerize 
slowly do so principally because the C-protonation rate is relatively 
slow. There is a rather large activation energy barrier between the 
anion and the nitro form. 

Resonance stabilization of a nitronate anion often increases acid 
strength which may sometimes actually account for a slight enhance- 
ment of overall tautomerization rate. For example, a 20 % increase 
in tautomerization rate is observed for 4-nitrophenylmethanenitronic 
acid relative to the 3-nitro isomers1; the 4-brOmO and 4-chloro 
isomers tautomerize more slowly than their corresponding meta 
isomerss1. However, the most usual consequence of significant 
nitronate anion stabilization relative to the nitro form appears to be 
a decrease, rather than an increase, in overall tautomerization rate. 

Stabilization of nitronate anions by hydrogen bonding also results 
in an increase in K t c i  and a decrease in C-protonation rate. The 
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methylol derivative 10 is a somewhat stronger acid than the corre- 
sponding methyl ether (ll)? But, the overall tautomerization rate 
(K,Aci k-,) of the hydrogen-bonded acid (10) is about 4 times slower, 
despite the greater acidity. This is due to the slower C-protonation 

0 

0 
/ 

N O  
A‘ 

ON,CHCH,CH,C-N * 0 
// \.o 

I I kb 
O,NCHCH,CH,C 

I 
CH, 
I 

CH, H CHZ 
I 

CH, 
I I 

‘0’ OCH, OCH, OH 

(10) (11) 

pK/ c i  3.55 p K t C i  4.00 

k - ,  = 1.6 x 10-2 min-1 k-,  = 16.4 x lo-* rnin-l 

rate (10 times slower). A similar effect is observed with the butane- 
1,4-bisnitronic acid derivatives of 10 and 11 (data in Table 1). The 
failure of certain hydroxynitronic acids (including 10) to undergo 
a Nef reaction may be caused by their hydrogen-bonded, stabilized 
nitronate anions (see discussion in section 1II.C. 1 .a). 

Rapid tautomerization of nitronate anions to the nitro form is 
observed with anions which do not differ much in ground state energy 
from the parent nitro compound. The nitronic acid forms are 
extremely unstable and are rarely isolated. Conjugated anionsderived 
from conjugated nitroolefins, nitrodienes, and nitro aromatic com- 
pounds protonate rapidly. C-protonation usually occurs most 
rapidly at the terminal position of these nitronate anions and often 
favors the conjugated nitroolefin product under kinetic control. For 
example, anion 12 rapidly protonates at the terminal 3-position to 
yield 1 -nitrocyclohexene (13) exclusively (equation 6) apparently 
without intervention of non-conjugated 3-nitrocyclohexenesB; this 
protonation is very rapid and occurs a t  about the same rate as that 
for propane- 1 -nitronate to 1 - n i t r o p r ~ p a n e ~ ~ * ~ ~ .  Conjugated nitronate 
anion 14 protonates at the terminal 5-position to yield only nitro- 
olefin 1558 (equation 7). 
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H +  
CH,=CHCH=CHC=NO,- CH,CH=CHCH=CNO, (7)  

I I 
CH3 CH3 

(14) ( ‘ 5 )  

Protonation of nitronates derived from aromatic nitro compounds 
occurs very rapidly, also at a terminal position (equation 8). 

Protonation can occur under kinetic control to yield some of the 
unconjugated nitroolefin, as in the protonation of nitronate anion 
16; a 1 : 1 mixture of olefins 17 and 18 is produced’O (equation 9). 

(16) (17) (18) 

Hf  
CH,=C(CH,)CH=NO,- __f CH,=C(CH,)CHZNO, + (CH,)zC=CHNO, (9) 

The equilibrium composition of nitroolefins is a matter of interest 
and has received some As with olefinic ketones and 
other unsaturated calbonyl compounds the a,b-unsaturated isomer 
is usually favored, and the position of equilibrium is affected by 
structure and solvents7. Nitrobenzenes and olefins such as 13 and 
15 are favored. Thermodynamically, conjugated isomer 18 is 
favored over 17 by 4: 110-87; but, olefin CH,CH=C(CH,)NO, is 
favored 100 % over CH,=CHCH(CH,)NO, s7. 

Exceptional behavior is exhibited by certain olefins substituted 
with a nitromethyl group, CH,NO, (note 17, above). The B,y- 
isomer is often favored at equilibrium as, for example, with olefins 
1910,88, 20s8-90, and 219’. The product composition of nitroolefins 

(19) (20) (21) 

derived from the nitronate anions of 19, 20, and 21 under kinetic 
control is not known. 

Slow tautomerization is observed with certain nitronic acids highly 
substituted about the nitronate carbon. Quantitative data are 
limited. Octane-2-nitronic acid tautomerizes 25 times more slowly 
than propane-l-nitronic acid52. Nitronic acids such as 2266 tau- 
tomerize much more slowly than phenylmethanenitronic acid’. 
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These results indicate that a slow rate of C-protonation of the 

(22) 

nitronate anion is believed to be a factor, a result of poor solvation 
about the nitronate carbon. 

The stereochemistry of aci-nitro tautomerism has been studied in a 
few systems. I n  simple monocyclic nitronate anions with vicinal 
substituents one observes kinetic preference for protonation from the 
least hindered side; this result leads to the least stable product 
(steric approach control). Protonation of 2-phenylcyclohexane- 
nitronate ion (23) leads to 98 % cis-2-phenyl- 1 -nitrocyclohexane 

(24) cis (25) trans 

(24, axial nitro); equilibration with alkali leads to 99% of the trans 
(equatorial nitro) isomer (25)92 (equation 10). Similar results are 
found in certain steroids (kinetic preference for axial n i t r ~ ) ~ ~ . ~ ~ .  
(A controversy exists relating to the configuration of 23-whether 
the phenyl group is axial or equatorial in the protonation transition 
state92~e6~Bs.) In  cyclohexane systems, in the absence of vicinal 
substituents, there is a kineticg2' as well as equilibrium preference 
for equatorial nitro (ca 80-90 %) over axia193~94*B7-104. For example, 
4-t-butylcyclohexanenitronate protonates under kinetic control to 
yield 76 % trans-4-t-butylnitrocyclohexane (equatorial nitro)B2'. 
Equilibration of 1,3- and 1,4-dinitrocyclohexanes in ethanolic sodium 
bicarbonate leads to the diequatorial isomers (ca 80-90 %)lo3. 

I n  the rigid bicyclic system 26, protonation with dilute acetic acid 
occurs with 84--97% kinetic preference for the most stable, trans 
product (27)106*'os (equation 11). Proton approach is cis to the 
vicinal R group (product development control). In  this more rigid 
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system, eclipsing of incipient nitro and neighboring R group results 
in a higher energy transition state than in the more flexible cyclo- 
hexane ring system. 

0 
\ 

(26) R = CH,, C,H, (27) trans 

C. Proton Removal from Nitroalkanes 

Removal of a proton from a nitroalkane produces a nitronate 
anion (reverse of equation 3) (equation 12). This reaction occurs 
in the reverse of aci-nitro tautomerism and has been studied ex- 
tensively; it proceeds at  a convenient rate at  ordinary temperatures 

and is easily followed for kinetic measurements. The reaction of 
proton removal, as well as protonation of nitronate anions, is subject 
to general acid-base ~ a t a l y s i s ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  Rate measurement in various 
buffer solutions of different bases gives good Bronsted plots (Figure 
3)40*10B*111*111*. However, dimethyl and trimethylamine show poor 
correlation of amine base strength with neutralization rates of 
nitroethane112; the discrepancy has been attributed to steric 
factorslll”.ll? 

The rates of uncatalyzed proton removal from various nitro- 
alkanes determined in water solvent are summarized in Table 2. 
Also included are rates of reprotonation (C-protonation) and ioniza- 
tion constants (KFitro). As noted by Bell (reference 107, p. 160) an 
expected linear relationship is observed between acid strength of the 
nitroalkane and rate of proton removal (Figure 4). The nitroalkanes 
of greatest acidity ionize most rapidly. 

The energy of activation for proton removal with water as a base 
is ca. 20-23 k c a l / m ~ l e ~ ~ * ~ ~ ~ .  A relatively large negative entropy of 

For other bases (amines, hydroxide, and acetate ion) the energy of 
activation is less (12-16 kcal/mole) and the entropy of activation 

activation is observed ( - 19-24 eu for nitro alkane^^**'^*^^*^'^^^^^ > *  
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on- 

I I 1 

-1 0 - 5  0 5 

FIGURE 3. Dissociation and recombination rates of the nitro-form of I-nitropropane as 
a function of the dissociation constant of the acting acid or of the acid conjugated with the 
acting base: 0 recombination of nitro-form, 0 dissociation of the nitro-form. [Repro- 

duced, by permission, from ref. 40.1 

more positive (-7-16 eu)92a*111*112*120. These data agree with a slow 
proton removal process requiring a large amount of solvent reorgani- 
zation in the transition statelZ1. 

Base-catalyzed proton removal from nitroalkanes is an important 
reaction (equation 13). In kinetic studies solutions of sodium hydrox- 
ide in water, aqueous dioxane or aqueous ethanol have been fre- 

(13) 

quently employed. Reaction rate data are summarized in Table 3. 
Hantzsch3, made the first studies with nitroethane employing a 
conductometric method. 

June1137*130-132, and later Pedersen133, made the first thorough 
kinetic investigations of proton removal from nitroalkanes employing 
acetate catalyst and bromine titration of the nitronate anion formed. 
They demonstrated that the bromine and chlorine reaction rates 
are identical, that the rate-limiting step is proton removal, and that 
the reaction is first order in nitro compound and base. Pearson and 
Dillon showed bromine and iodination rates to be identicals7. 

Deuterium substitution in nitroalkanes results in a slower reaction 
rate; for hydroxide ion an isotope effect of 7.4-10.3 is observedlll*laO. 

t 
R ~ R ~ C H N O ,  + OH- SI R~R~C=NO,- + H,O 
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The isotope effect varies with the pK, difference of the reacting 
s y s t e r n ~ ~ ~ ~ . ' ~ ~ - ' ~ ~ .  The rate of neutralization of nitroalkanes is faster 
in D2OIz7 and in aprotic solvents121,126 than in water. Hindrance in 
the attacking base (e.g. collidine) results in a relatively slower rate 
of proton remova1111~112~135-138. 

The effect of structure on rates of proton removal may be seen from 
the data in Tables 2 and 3, and Figure 4. It has been pointed out by 
Bordwe11g2" that the transition state for proton abstraction resembles 
the ground state rather than nitronate ion; inductive and steric 
effects are the important factors which affect rate of proton removal. 
Thus electron-withdrawing groups such as nitro enhance the 
rate32 .57 .I39 . Rates of neutralization of substituted phenylnitro- 
methanes indicate a 50-fold rate acceleration by p-nitro (relative to 
hydrogen)'20. The substitution by electron-releasing p-methyl 
decreases the rate by one-half120. Bulky substituents about the acidic 
proton decrease the rate; 2-nitrobutane reacts ca. 25 times more 



20 

TABLE 3. Rates of neutralization of nitroalkanes by hydroxide ion. 

R' R' 
\ k \ 

/ / 
CHNO, + OH- C=NO,- + H,O 

R2 R2 

Temp. k, 
No. Nitroal kane ("C) Solvent (I/rnole-rnin) Ref. 

I .  CH,NO, 

2. CH,CH2N0, 

3. CHsCHZCH2NOZ 

4. (CH5),CHN02 

5. n-C,H,CH,NO, 
6. CH,CH,CH(CH,)NO, 
7. C,H,CH,CH(CH,)NO, 

8. i)so.) 

11.  0 KO, 

12. i-C,H,, NO, 

25 

0 

25 

0 

25 
0 

25 

0 
25 
25 
25 
25 

1026 
1600 

173 
237 
236 
312 
336 
354 

35 
37.5 
39 

195 
29 
16.4 
19 
2 

19.2 
I92 

8.8 
27.6 

~~ 

110, 122 
1 1 1  
123 
28 

122 
111 
124 
110, 125, 126 
123 
127 
28 

110, 122 
123 
110, 122 
1 1 1  
28, 123 

92a 
122 
122 
92 a 

0 1 : l  No reaction 120 
Dioxane-HzO 

0 1 : l  165 120 
Dioxane-HzO 

0 1 : 1  39.8 120 
Dioxane-HzO 

28 1 : l  78.3 120 

0 1 : l  7.62 120 
Dioxane-HzO 

Dioxane-HzO 
25 H,O 21.4 111, 128 
25 CH,OHa 19.8 92a 

25 CH30Ha ciJ 60 92 a 
trans 12 

25 CH,OHa cis 114 92a 
trans 0.56 

(continued) 
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TABLE 3-confinued 

Temp. k3 
No. Ni troalkane ("C) Solvent (l/mole-min) Ref. 

' S O ,  

14. 6 C,;H,-2-(:tl: ,  

15. c) NO, 

16. c) NO,! 

17. &NO2 

18. 

21. 0 0 2  

24. 3-OzNC,H4CHzNOz 

25. 4-OzNC,H4CHzNOZ 

26. C,H,CH,NO, 

27. 4-CH3C,H,CH,NOz 

25 

0 

0 

0 

0 

0 

0 

0 

25 

25 

0 

0 

0 

0 

CH30Ha 

1 : l  
Dioxane-HzO 

1:l  
Dioxane-HzO 

1 : l  
Dioxane-HzO 

1 : l  
Dioxane-HzO 

1:l  
Dioxane-HzO 

1 : l  
Dioxane-HzO 

1 : l  
Dioxane-HZO 

EtOH, 37% 

EtOH, 37% 

1:l  
Dioxane-HzO 

1 : l  
Dioxane-H20 

1 : l  
Dioxane-HZO 

1 : l  
Dipxane-H,O 

cis 60 
trans 0.28 

20.6 

16.0 

endo 134 
ex0 6.8 

endo 2 10 
cxo 7.86 

cndo 50.6 
ex0 47.2 

37.9 

21.4 

(0 .022)b.C 

0.O06gb 

2110 

4560 

92.8 

51.9 

92a 

120 

120 

120 

120 

120 

120 

120 

129 

129 

120 

120 

120 

120 

Sodium methoxide base. 

Estimated from data in 27% EtOH reported in ref. 129. 
' Stereochemistry not established. 
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slowly than nitroethanelZ2. 3-Ethyl-5-(3-metfioxyphenyl)-4-nitro- 
c y c l ~ h e x e n e ' ~ ~  (Table 3, no. 23) is extremely unreactive compared 
to the less substituted parent 4-nitrocyclohexene itself (no. 21) ; 
stereochemistry, undetermined, is also important here.92". 

The rate of proton removal from C,-C, nitrocycloalkanes (in 
1 : 1 dioxane-water at  0') has been studiedlZ0. Nitrocyclopropane 
does not react, whereas nitrocyclobutane reacts fastest; the reaction 
rate order is: C4 > C, > C, > C8 > C, >> C,. The order may be 
explained in terms of relative ring strain and steric repulsions of ring 
hydrogens in the reactant. 

The stereochemistry of proton removal has been examined for 
substituted nitrocycl~hexanes~~". The cis isomers react more rapidly 
than the trans.  This effect is large in 2-arylnitrocyclohexanes in which 
the cis isomers react ca. 200 times faster. The rate enhancement 
effect has been ascribed in part to a relief of strain in the transition 
state proceeding from the axial nitro in the cis-isomersv2". There 
appears also to be a slight steric preference for abstraction of an 
equatorial hydrogen. 

The stereochemistry of proton removal has been examined for 
nitrobicycloheptanes, -heptenes, -octanes, and -octenes (Table 3, 
nos. 17-20)120. Proton removal is fastest for the endo isomers, where 
attack occurs at  the least hindered exo hydrogen. The rate accelera- 
tion for the endo isomers relative to exo is greatest for the most rigid 
bicycloheptene compound (26-fold). In  the less rigid bicyclooctene 
series (no. 19) both isomers react at essentially the same rate which 
is nearly that observed with nitrobicyclooctane (no. 20). 

Proton removal from nitroalkanes is catalyzed by a ~ i d ~ ~ ~ . ~ , ~ ~ . ~ ~ ~ , ~ ~ ~ .  
This process resembles the acid-catalyzed enolization of aldehydes 
and ketones. The mechanism probably involves a protonated inter- 
mediate which is attacked by solvent or other base to produce a 

R' R' 
\ \ 

/ / 
H + +  C H S O , e  CHIUO,H+ (14) 

RZ 

R' R' 

RZ 

\ '\ 

/ / 
R2 

K' 

H,O + CHSO,H+ C=-NO,H + H,O+ slow (15) 

R2 

C=NO,H __f Products 
\ 

/ 
R2 
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nitronic acid directly (equations 14,15) 51.140a. For acid-catalyzed halo- 
genations of nitroalkanes the rate is independent of the halogen 
employed, or halogen concentration, and is first order in nitro 
compound3'. The proton removal step (equation 15) is slow com- 
pared to the oxygen protonation equilibrium (equation 14) and 
reaction of nitronic acid to form products (equation 16). The proton 
removal step is quite slow compared to the base-catalyzed process. 
Its rate is ciose to the auto-dissociation rate in water (Table 2). 
Table 4 summarizes the rate data obtained in N hydrochloric acid 
solution. 

TABLE 4. Rates of acid-catalyzed reactions of nitro compounds in N hydrochloric acids1 

Pseudo first order 
Temp. rate constant 

Compound Reaction ("C) min-' x 105 

Nitromethane B r ~ m i n a t i o n ~ ~  60 
2-Nitropropane B r ~ m i n a t i o n ~ ~  60 
2,5-Dinitro-l,6-hexanediol (28) Isomerizationsl 60 
2,.5-Dinitro- 1,g-hexanediol (28) Isomerizationsl 100 
2-Nitrooctane Hydrolysisso 100 
Nitromethane Bromination3' 35 
Bromonitromethane B r ~ m i n a t i o n ~ ~  35 
Dibromonitromethane Bromination3' 35 

a Value corrected for reaction at  one asymmetric center. 
Solvent "50%" ethanol, N hydrogen chloride. 

14 

20a 
200a 

3.0 

1.2b 
0.9 

240 
12,000 

Many reactions of nitroalkanes in acid solution require an initial 
acid-catalyzed proton removal to produce a nitronic acid. Examples 
are formation of ~ a r b o ~ y l i ~ ~ ( ' ~ * ~ ' ~ ' - ' ~ ~  and hydroxamic acids153 from 
primary nitroalkanes, and the acid-catalyzed Nef r e a c t i ~ n ~ ~ ~ ' ~ ~ .  The 
epimerization of low-melting 2,5-dinitro-l,6-hexanediol (28) to the 
high-melting form (29) is acid-catalyzed. The bromination of 28 
and 29 to yield 30 is acid-, as well as base-catalyzed (equation 17). 

H+ 
HOCH,CHCH,CH,CHCH,OH - HOCH,CHCH,CH,CHCH,OH 

NO, NO, NO2 
I 

(28) \ yNo2 (29) 

I I I 

M.p. 112-1 13" Bra Br2 M.P. 164-165" 

Br Br 
I I 
1 1 
NO, NO, 

(30) 

HOCH,CCH,CH,CCH,OH 

M.P. 11 1-1 12" 
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Epimerization does not occur at a measurable rate in acid solution 
with the bisphenylurethane or bismethyl ether derivatives of 28; the 
corresponding derivatives of 29 are not formed under conditions 
whereby 28 -+ 29. The epimerization 28 -+ 29 does not occur at a 
measurable rate in pure water in the absence of added acid or basic 
catalysts. No formaldehyde is produced during the epimerization. 
A similar epimerization reaction is observed with the next higher 
homolog, 2,7-dinitr0-1,7-heptanediol~~. The epimerization is believed 
to be favored over the competing Nef reaction due to stabilization 
of the nitronate anion (e.g. 31) by hydrogen bonding which slows 
hydrolysis, and a relatively rapid C-protonation rates2. 

D. Ionization Constants of Nitronic Acids and Nitroalkanes 

The ionization constants of nitronic acids may be expressed as 

where [Aci]  = the concentration of the nitronic acid and [ A - ]  is the 
concentration of nitronate a n i ~ n ~ ' , ~ ~ .  Fewer values of K t C i  have been 
determined than K?ltro. A complication in measurement lies in 
tautomerization to the more weakly acidic nitro form; but, by 
extrapolation of measurements back to zero time this error may be 
eliminated. Methods of determination include conductivity meas- 
urementsZ8, p ~ l a r o g r a p h y ~ ~ ,  and potentiometric tit ration^^^. Known 
values of K!ci and K?ltro are summarized in Table 5. Most nitronic 
acids are much stronger acids than the parent nitroalkanes (usually 
pKdYitro - pKtci = 2-5). However, this ratio narrows as acidity 
increases as shown in Figure 5. For very strong acids having pK, 5 0, 
such as nitroform, HC(N0 , )  3, pKfct 

Substitution affects acidity of nitronic acids in the manner 
observed in carboxylic acidslS2. 

There is evidence for intramolecular hydrogen bonding in 1,3- 
propanebisnitronic acid (32) and 1,4-butanebisnitronic acid52. A 
large K ! / K i r  ratio is observed, similar to the values found for cis- 
caronic and dipropylmalonic acids (33 and 34 respectively). For the 

pKpitro. 
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TABLE 5. Ionization constants of nitronic acids and nitroalkanes in water at  25'. 

N i troal kane PK,A cia pKtitr0' Ref. 

CH,NO, 

CH,CH,biO, 

CH,CH,CH,NO, 
(CH,),CH%O, 
CH,(CH,),NO, 
CH,CH,CH (CH,) NO, 

ONoz 
C,H,CH,NO, 
CH,(CH,),CH(CH,)NO, 

(O,N),CHCH,CH(NO,), 

O,N(CH,),SO, 

O,K(CH,),NO, 

O,N(CH,),KOZ 

O,N (C H,) eKOz 

0,NCH (CH,),CHNO, 

CH,OH CH,OH 
O,NCH(CH,),CHNO, 

CH,OH CH,OH 
0,NCH (CH,),CHNO, 

I I 

I I 

I I 
CH,OCH,CH,OCH, 

A. Mononitroalkanes 

3.25 10.21 47, 56, 59, 60, 113, 

4.4 8.5 28, 31, 47, 52, 56, 59, 

4.6 8.98 40, 59, 60, 115 
5.1 7.68 47, 59, 60, 116 
- 10 116 
- 9.4 116 

130, 132 

60, 114, 130, 132 

6.35 8.3 109, 128 

3.9 6.8 34, 36, 38, 39, 53, 55, 64 
(5.3)b (10 )b  50, 52, 116 

B. a,w-Dinitroalkanes 

- 1 1 . 1 1  (20') 115, 117 
I1 4.96 (20') 

52 

52 

52 I 3.46 - 

I 3.55 (l0)b 52 

52 

I ( I  .95)b - 

I (3.30)b - 
I1 8.40 

I1 8.30 

I1 7.57 

I1 4.80 
I (3.15)b - 

I1 9.17 
52 I 4.30 - 

I1 8.45 
52 I (3.60)b - 

I1 8.35 

C. I,l-Dinitroalkanes 

- 3.47 144 
- 3.80 144 
- 7.70 (20') 118, 145 
- 0.06 56, 115, 144, 146-148 

0.17 (20') 
- -6.23 144 

(confinued) 
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a P K P o a  Ref. 
Nitroalkane p p 4 ~ i a  

C. 1,l-Dinitroalkanes 

CH,(NO,), 1.86 3.57 

CH,CH (NO,) , 4.0 5.13 

CH,CH,CH (NO,) , 4.1 5.6 

CH,C(NO2)2CH,CH(NO.J, - 1.36 (20') 
CH3(CH2) ZCH 2 - 5.20 

HOCH,CH,CH(NO,), 4.44 

32, 56, 115, 117, 118, 
145, 146, 148, 148a 
113-1 15, 144, 146, 148a 
148-150 
114, 115, 148, 148a, 150 
I56 
115, 117 
115, 148, 148a, 150 

- 6.75 148a 150, 
- 5.4 115, 148, 148a, 150, 151 
- 5.42 (20') 115, 148a, 150, 151 
- 5.48 (20') 115, 148a, 150, 151 
- 3.7 I I48a 

CI,CHN02 
F,CHNO, 
CIFCHNO, 
BrCH,NO, 
CICH,NO, 
CF,CHFNO, 
CF,CH,NO, 
CH3CHBrN02 
CH,CHCINO, 
H2NCOCHCIN0, 
H,NCOCHFNO, 
H,NCOCH,NO, 
CH,COCH,NO, 
C,H,O,CCHCINO, 
C,H,O,CCHFNO, 
C,H,O,CCH,NO, 
C,H,O,CCH(CH,)NO, - 7.4 113, 116 
C,H,0,CCH(C,H5)N02 - 7.6 116 
C,H,O,CCH( i-C,H,)NO, - 9.0 116 

C,H,02CCH(n-C5H11)N0, - 7.7 116 
- 6.9 116 

32 - C6H5COCH,N0, 2.2 

D. a-Substituted Mononitroalkanes 

- 5.99 118 
- 12.4 149 
- 10.14 I18 
- 8.2 (21') 47 
- 7.20 47, 118 
- 9.1 149 
- 7.4 149 

- 6.8 (21') 47 
- 3.50 118 
- 5.89 118 
- 5.18 118 
- 5.1 56 
- 4.16 118 
- 6.28 118 
- 5.75 56, 113, 118 

- 7.3 (21') 47 

Average of values reported at 25', neglecting divergent values. 
* Estimated values. 
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longer chain 1,6-hexanebisnitronic acid K;f/Ki' = 17.7, indicating 

0 
II 0 0 

/N,O II 

HC C-6' c-0 
\N/O' I 

c -0 
HC y 2  I \ H (CH& (p)H (Pri,C( \ H 

I 
00 

00 

(32) ( 33) (34) 

I 00 

K;,I/K;,II 2.9 x 106 9.3 x 105 2.8 x 105 

no intramolecular hydrogen bonding in the mononitronate anion. 
The ionization constants of nitroalkanes may be expressed as 

where [Nitro] = the concentration of the nitroalkane and [A-] is the 
concentration of nitronate anion. A complication lies in the fact that 
the nitronate anion is in equilibrium with the more strongly acidic 
nitronic acid. One observes an apparent ionization constant, Ktpp* 
defined as 

where [h i ]  = the concentration of nitric a ~ i d ~ O . 1 ~ ~ .  If K f e i  is known 
Ktitro can be calculated from Ktpp..  For most nitroalkanes in 
solution the concentration of undissociated nitronic acid is very small 
and the [Aci] term may be neglected. Thus Ktpp. is very nearly 
equal to Kc;itro. Values of pK,Nifro are summarized in Table 5 ;  most 
are determined conductometrically or spectrophotometrically, some 
by titration. Ionization constants of nitroalkanes are solvent 
dependent lS3. 

Mononitroalkanes are relatively strong pseudo acids, pK,Nifro = 
7-10. They are stronger than most monocarbonyl compounds 
(acetone pK, = 2015'), but are comparable to 1,3-diketones (acetyl- 
acetone pK, = 9155). Nitromethane appears to be the weakest acid 

Electron-withdrawing groups such as halogen (Cl, Br) and nitro 
are inductively acid-~trengtheningl~~. However, alpha-fluorine sub- 
stitution is decidedly acid-weakening. This unusual effect has been 
attributed to stablilizing no-bond resonance in the nitroalkane118. 

PK,Ni"O 7.20 5.99 10.14 

( p K < y  10.2). 

CICHzNO, CI,CHNO, CIFCHNO, 
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Electron-releasing alkyl groups, it appears, can also be acid- 
strengthening when a-substitution occurs (on the carbon bearing 
the nitro group) in mononitroalkanes. Compare 1- and 2-nitro- 
propane (35, 36). Two factors may contribute to this effect which is 

CH,CH,CH,NO, (CH,),CHNO, 

(35) (36) 
P,:i'ro 8.98 7.68 

associated with a relatively slower C-protonation rate of the nitronate 
ion derived from 36. One is a stabilization of the nitronate anion by 
hyperc~njugation'~'. Another may be a steric effect related to poor 
solvation about the nitronate carbon. O n  the other hand, @-alkyl 
substitution is acid-weakening ( I-nitrobutane, pK,Fitro lo), the 
expected result of electron-releasing bulky alkyl substitution. 

I n  1,l-dinitroalkanes and a-nitroesters both a- and @-alkyl 
substitution are acid-weakening (this effect is also observed in the 
carboxylic acidP2) .  Dinitromethane ( pK:itro 3.57) is the strongest 
acid of the 1,l-dinitroalkane series. The 1 , 1-dinitro-n-alkanes 
(C,-C,) all have similar, but smaller, ionization constants (pK~"ro 
5.2-5.7). An interesting compound is 1 , 1-dinitro-2-methylpropane 
(38). The weaker acidity of this more hindered 8-alkyl substituted 
compound is probably associated with a relatively slower rate of 
proton removal (compare the unbranched isomer 1,l-dinitrobutane 
37). The a-alkyl-a-nitroester C,H,O,CCH(CH,)NO,, pKcitro 7.4, 

CH,CH,CH,CH(NO,), (CH,),CHCH(NO,), 

(37) (W 
&Yo 5.20 6.75 

is weaker than the unbranched homolog C,H,O,CCH,NO, 
pKiEJitro 5.7556*113*116.11*. More rate data are needed to supplement the 
available pK,& measurements. A quantitative correlation of structure 
with pKFitro has been reported15'. 

111. NITRONIC ACIDS 

A. Preparation of Nitronic Acids 

Several methods are available for preparation of nitronic acids. 
All depend on oxygen-protonation of a nitronate anion as the final 
step. Certainly the most convenient and frequently employed method 
is acidification of a nitronate salt (equation 18). The procedure often 
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involves preparation of a sodium or potassium salt by neutralization 

C=NO,-Na+ + HCI d C=NO,H + NaCl (18) 
/ 

R' R' 
0 - 5 O  \ \ 

/ 
R2 R2 

of a nitroalkane with aqueous alkali at  0-25". Acidification of the salt 
usually proceeds best with an excess of a strong mineral acid, such as 
hydrochloric, keeping the temperature a t  0-5" '*13. A low tempera- 
ture is required to minimize Nef and other decomposition reactions. 
Use of a weak acid (acetic or carbonic) is preferred for C-protonation 
to regenerate a nitroalkane from its nitronate sa1t13-159.160. The weak 
acid permits a slightly acidic buffered solution having a relatively 
high concentration of nitronate ion needed for C-protonation to the 
nitroalkane. An excess of a strong mineral acid results in a strongly 
acidic solution having a low concentration of nitronate ion which 
inhibits C-protonation to the nitroalkane. 

An interesting example of nitronic acid preparation is found in the 
acidification of a Meisenheimer-type salt161-168. Trinitrotoluene (39) 
reacts with potassium methoxide to form the thermodynamically 
stable potassium salt 40'61~1sg. Acidification of this salt with 
hydrogen chloride at  -5" is reported to produce nitronic acid 41, 

NO; KC 
I 
NO, 

(39) (40) 

o ~ ~ ~ ~ &  -CH,OH, 39 (19) 

NO,H 

(41) 

described as a dark red solid which explodes on heating170 (equation 
19). Many examples are known of reactions to form adducts like 
40188.171-174. Usually upon acidification of these substances a nitro- 
aromatic compound is produced immediately since the nitronic acid 
decomposes so rapidly (41 -+ 39)73'171-175. 
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Salts other than those of the alkali metals have been employed 
for preparing nitronic acids. Reaction of lead a-cyanophenyl- 
methanenitronate with hydrogen sulfide produced the nitronic 

(equation 20). Ammonium salts of nitronic acids on standing 

(20) 

may evolve ammonia and produce a nitronic acid17' (equation 21). 

cH3@cH=No2-NH4t -% CHs*CH=NOZH + NH, 

(21) 

Another important general method for preparation of nitronic 
acids involves addition of anions to nitroolefins. Alkyl and aryl 
Grignard reagents add to a-nitrostilbenes to form hindered nitronic 
acids in high yielda5 (equations 22 and 23). Addition of nitroform to 

(22) 

FA 0 
(C H C=NO,-),Pb++ + H2S --% 2 C,H,C=NO,H + PbS 

I 
CN 

a ' 1  
CN 

CH3 CH3 

CH3 CH3 

Et 0 
CaHoMgBr + C,H,CH=C(CaH,)N02 -& (C,H,)2CHC(C,H,)=N02H 

E t , O  
(90% 1 

CH3MgI + (C&5)2C=C (C,H,)NO, - (C&,),C(CH,)C (CeHJ=NO,H (23) 

nitroolefins is a similar reaction and provides excellent yields of 
nitronic acids17a (equation 24). Hydration of nitroolefins may involve 

(NO,),CH + CH2=C(CH3)N02 __f (N02),CCH2C(CH3)=N02H (24) 
(95%) 

intermediate nitronate ion and nitronic acid formation, but retro- 
grade Henry condensation or nitroalcohol formation is apparently 
favored at  e q ~ i l i b r i u m ~ ~ ~ - ' ~ ~ ~  (equation 25). 

CH,CH=CHNO, + H 2 0  __+ CH3CHOHCH=N02H + 
CH3CHOHCH2N02 - CH3CH0 + CH3N02 (25) 

Oxidation of oximes appears to be a most useful route to nitronic 
acids. The method has not been fully developed, however. Oxidation 
of acetophenone and propiophenone oximes by Caro's acid (peroxy- 
monosulfuric acid) leads to nitronic acids (not isolated) a t  room 
t e m p e r a t ~ r e " ~ * ' ~  (equation 26). O n  warming, these nitronic acids 
rapidly tautomerize to the nitro forma3. The use of other oxidizing 

agents, including dinitrogen t e t r o ~ i d e ~ ~ * ~ " ' * ~ ~ ~ ,  manganese dioxide 
in acetic acid'8s, peroxytrifluoroacetic acidla', and nitric for 

C,HsC(C2Hs)=NOH + H,S05 __f C,HsC(C,H5)=N02H + H2S04 (26) 
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conversion of oximes to nitroalkanes, probably proceeds through a 
nitronic acid intermediate. Action of powerful oxidizing agents 
(peroxytrifluoroacetic acid) on hindered oximes should yield nitronic 
acids directly. 

Photochemical conversion of nitroalkanes to nitronic acids is the 
subject of a recent patentlS5 (equation 27). The reaction has been 

studied extensively with a limited group of compounds, the pyridyl- 
nitrophenylmethanes; nitronic acids derived from these compounds 
are unstable and tautomerize very rapidly to the nitro form (see 
section II.B)7391s6. The scope of photochemical generation of nitronic 
acids has yet to be determined. 

Thermal generation of a nitronic acid intermediate 42 has been 
postulated in the conversion of an o-nitrobiphenyl into the phen- 
anthridine 43187#188 (equation 28). 

hv 
RCH,NO, v RCH=NO,H (27)  

0, __* q NO2 CH3 Iq N 0 2 H  C b C H 3 j  CH2 

(42) (28) 

CH3 

(43) 32% 

A nitronic ester has been converted into a nitronic acid. Potassium 
fluorene-9-nitronate and t-butyl bromide form t-butyl ester 44 in 
ethanol solution8*. Ester 44 decomposes on standing at  room tem- 
perature to form fluorene-9-nitronic acid (8) and butylene (equa- 
tion 29). Application of this reaction to sodium phenylmethane- 

25' 

GGi? BNOzH + 

(44) (8)  

nitronate, however, led to phenylnitromethane rather than the 
nitronic acid8'. Hydrolysis of nitronic esters under mild conditions 
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TABLE 6. Properties of nitronic acids. 

Half-life 
M.p. (approx.) 

Nitronic acid ("C) a t  25'0 Ref. 

(0,N) ,C=SO,H 
CH3CH=N02H 
(0,N) ,CCH,C(CH,)=NO,H 
(NC),C=CHCH=NO,H 
(O2N) 3CCH,C(C,H5)=NO,H 

NO,H eo2Nh /N\  

H 0 CH, 

(0,N)3CCH,C(n-C3H,)=NOzH 

2-BrCeH,CH=N0,H 
4-BrC,H4CH=N0,H 
4-CIC,H,CH=KO2H 
4-02NC,H,CH=N0,H 
C,H,CH=NO,H 
C,H,O,CC(CN)=CHCH=NO,H 
(CH30,C) ,C=CHCH=NO,H 
(i-C3H7) ,C=NO,H 
2-BrC,H,C(CN)=NO2H 
4-BrCeH,C(CN)=N0,H 
C,H,C(CN)=NO,H 

C,H,C(CH,)-NO,H 

4-CH30C,H,CH=N0,H 

(O,N)&CH,C( i-C3H7)=N0,H 

m 
\ 
NOpH 

Z-CH3C,H4C(CN)=N0,H 
3-CH3C,H,C(CN)=N0,H 
4-CH3C,H4C(CN)=N0,H 
3,5- ( CH3) 2C,H3CH=N0,H 
C,H5C(C2H5)=N02H 
(C2H,0,C),C=CHCH=N0,H 

C,H5C(C0,C,H5)=N0,H 
2,4,5-(CH,)3C,H,CH-N0,H 
C,,H,C(i-C,H,)=NO,H 

50 
liquid 
91-91.5 
liquid 
70.5-71 

119 

85-85.5 
93-93.5 
100 
89-90 
64 
91 
84 
liquid 
liquid 
69-70 
51-52 
64 
39-40 

45 

65-70 

50 

- 
- 
- 

63 
- 

b.p. 130- 
140/0.2 
mmb 

liquid 
102-1 10 
54 

few min 
few min 
2-3 h 
few h 
2-3 h 

few days 

2-3 h 
2-3 h 
several h 
12 h 
2 days 
1 day 
few days 
several h 
several h 
1 day 
1 week 
1 day 
few h 

few min 

few h 

few h 

few h 
few h 
few h 
few min 
few min 
few days 

few days 
few h 
few h 

146, 190 
32 
I 78 
191 
178 

192 

178 
178 
193 
33 
62 
32, 194 
1 
191 
191 
195 
193 
196 
176, 
197, 198 
13, 83, 
180 
199 

86 

200 
2 00 
200 
13, 159 
13, 83 
191 

197 
177 
13 

(conf inucd) 



33 

TABLE 6+ontinucd 

Half-life 
Nitronic acid M.p. (approx.) 

at 250a Ref. 
- 

("C) 

~ C H I N 4 H  
2,3,4,5-(CH3),C,HCH=NOzH 

C(CN)=NO?H 

& 

aN0,, CGH, 

Q p ' '  

e NOZH 

=C (CN ) = N O ~ H  

C ( CONH,)=N02H OD 
-C=NOzH 

(CH,),o I 
L C H z  

NOZH 

74; 83 

- 

- 

- 

- 

- 

155-156 

84-86 

85-86 

132 

145-1 50 ; 
132-135 

few rnin 

few h 

few h 

few h 

few h 

few h 

several h 

1 day 

several days 

201,202 

200 

200 

177 

200 

2 00 

200 

92 

203 

several weeks 204 

several weeks 84, 85 

(C6Hr) ,C=NO,H 90 few h 33 
2-ClC6H4 (4-BrC6H,) CHC (CH,)=NO,H 101-118 >6  months 27 

(continued) 
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TABLE 6-conlinued 

Nitronic acid 

4-CIC,H4(4-BrC6H4)CHC(CH3)=N02H 
2-CIC,H4(4-IC,H4) CHC(CH,)=NO,H 
2-CIC,H4(4-ClC,H4)CHC(CHJ=NO2H 
(2-CICoH~)zCHC(CH3)=NOzH 
(C,H5),CHC(CH3)=NOzH 
2-CIC,H4(4-CH3C,H4)CHC(CH3)=NOzH 
4-CIC,H~[2,4-(CH~)~C,H~]CHC(CzH5)=NOzH 

V C O C G H 5  NOZH 

M.p. 
("C) 

48-65 
116-130 
75-80 
42-55 
70-77 
89-94 
47-70 

Half-life 

at 250a 
(approx.) 

Ref. 

4-20 h 
>6 months 
> 6  months 

4-20 h 
8 days 

4-20 h 

4-20 h 

27 
27 
21 
27 
27 
27 
27 

80-84 several weeks 205 

a Approximate time for undiluted sample to liquefy or exhibit evident decomposition. 
' About 90% of the sample is reported to decompose during the distillation. 

may be expected to yield products other than nitronic acids (section 
IV.C.l). Thus, the conversion of nitronic esters to nitronic acids 
appears to be a reaction of limited scope and utility, particularly 
since most esters are prepared from nitronate salts. 

Fluorene-9-nitronic acid (8) may also be prepared by reduction 
of 9-bromo or 9-iodo-9-nitrofluorene with potassium iodidee4. This 
reaction should be considered unique, however, since reduction of 
other 1-bromo-1-nitroalkanes with mild reducing agents produces 
ni t roa lkane~ '~~ .  

Table 6 lists most of the known, isolable nitronic acids in order of 
molecular formula. Usually only solids are sufficiently stable to be 
isolated in pure form. Melting points and approximate half-lives 
are given where this information is available. The approximate half- 
life (measured at  room temperature) is arbitrarily chosen as the time 
required for liquefaction or evident decomposition of a compound. 
Since no standardized procedure has been employed for this meas- 
urement, the times listed are necessarily very approximate. The 
information should prove useful, however, in correlating structure 
with stability. 

0. Physical Properties of Nitronic Acids 

melting points in Table 6. 
Ionization constants of nitronic acids are summarized in Table 5, 
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The ultraviolet spectra of nitronic acids resemble closely the 
spectra of nitronate anions (salts) and nitronic esters206. A strong 
T - n* band ( F  10000) is found near 220-230 m p  for simple 
aliphatic nitronic acids measured in ethanol or ~ a t e r ~ ~ e ~ 2 .  The 
corresponding nitronate anions absorb at  nearly the same wave- 
length (usually ca. 10 rnp higher, depending on structure) with 
approximately equal extinction c o e f f i ~ i e n t s ~ ~ * ~ ~ * ~ ~ ~ * ~ ~ ~ .  Absorption 
spectra of nitronate anions have been published 
Olefinic or aromatic ring conjugation produces the expected batho- 
chromic shift in absorption maximum wave length [C,H,CH= 
N O  2 A"2" max 284 m p  C,H,CH=NO,-Na+ A::: 294 m p  
( E 25000)]53*211-214. The nitronic acids produced by irradiation of 
pyridyl and phenylnitrophenylrnethanes are highly colored with 
strong absorption bands near 580-700 m p  (see section 11.B)74*75; in 
this group of compounds the corresponding nitronate salts absorb 
at wave lengths ca. 10 m p  lower (ethanol ~olvent)'~. 

The infrared spectra of nitronic acids are characterized by C==N 
absorption near 1620-1680 cm-' 150-178*206. This absorption is in the 
region of oxime C=N absorption, 1640-1684 crn-l 215. Conjugation 
shifts the absorption to slightly lower frequencies; fluorene-9- 
nitronic acid absorbs at  1652 cm-l 211. Nitronic esters absorb 
intensely in the region 1610-1660 cm-' (C=N). Nitronate salts 
absorb at much lower frequencies, as one observes with carboxyiate 
salts215. Sodium alkanenitronate salts reveal a C=N band in the 
region 1587-1605 crn-' 216. 

The infrared absorption of nitronic acids in the OH stretching 
region resembles that of carboxyiic acids. A free OH stretching band 
is absent211. One observes the broad absorption band envelope in the 
region 2500-3000 cm-l characteristic of associated weak acids206*211. 

Few nrnr spectra of nitronic acids have been r e p ~ r t e d ~ ~ ~ - ~ ~ ' .  From 
nrnr, infrared, and ultraviolet spectra measurements it was concluded 
that the imine 45a exists as the nitronic acid 4.52, rather than nitro- 
olefin 45b, in methanol or deuteriochloroforrn; in the latter solvent 
an AB quartet was observed at T 2.38, 3.27217. 

( E 20000) ; 

a E 2 C  H 2 NO, @ cNoHCc:= c H NO, 

(45s) (45b) 
M.p. 124-125° 

@COCH1 
N=C H C H=NO2 H 

(45.c) 
388 mp ( E  23691) fH,OH 

max 
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C. Reactions of Nitronic Acids 

Nitronic acids are quite reactive. The C=N bond undergoes many 
addition reactions. Nitronic acids are also good oxidizing agents and 
are readily reduced to oximes. They participate in autooxidation- 
reduction reactions. The reactions which are discussed in this section 
are principally those of nitronic acids and nitronate anions in acid 
solution. Reactions of nitronate salts, or of nitronate ions in basic 
solution, with a few exceptions, are not discussed. Formation of 
nitronic esters and anhydrides is described in following sections. 

1. Addition reactions of nitronic acids 

Two distinct patterns of addition are evident: (a )  In  acid solution 
a protonated nitronic acid (46) adds nucleophiles such as halide 
and hydroxide ion ; simultaneously the nitronic group ultimately 

R' OH R' NO 

(16) Nu- = OH-(H,O), CI-, Br-, I- 

becomes nitroso in the product (equation 30). Alternatively, in 
strongly acidic solution a dehydration to a nitrile oxide may precede 
addition of water to form a hydroxamic acid. (6) Nitronate anions 
exist in acid solution, although they are present in much lower 
concentration than in basic solution. They undergo addition with 
electrophiles such as nitrosonium, and nitronium ions, halogens, and 
hypohalogen acids. The nitronate group becomes nitro in the 
product (equation 31). 

R' R' NO, 

C=NO,- + E+ - 'C' 
\ 

/ 
R2/ 'E R2 

E+ = NO+, NO,+ (N204) ,  C1+ (Cl,, HOCI), Br+ (Br,, HOBr), CH,O 

a .  Nucleophilic addition. Nucleophilic additions occur on a pro- 
tonated nitronic acid. Addition of water to nitronic acids is one of the 
most important nucleophiiic addition reactions. I t  is a useful route 
to aldehydes and ketones (Nef reaction), hydroxamic acids, and 
carboxylic acids. 
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The Nef reaction15 is important synthetically. I t  has been re- 
vie~ed4.2~0 and its mechanism ~ t u d i e d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  The reaction 
involves treatment of a nitronate salt or nitronic acid with aqueous 
acid; in effect, it is the acid-catalyzed hydrolysis of a nitronic acid. 
The mechanism may be expressed by the equations 32, 33, 34, 
and 35209.222-227. The details of the decomposition of the hydrated 

R' 0 R' OH R' OH 

(fast) ( 3 2 1  
'\ n/ \o / 

/ \  

(46) 

R' OH R' OH 

OH 
*- /c-N\ 

+ H f +  C=N 
\ r  
/ \  

C=N 

OH R2 OH R2 R2 

(slow) (33! 
\ Q /  

/ I  I \ 
+ H20 C-N 

\ 4/  

OH R2 OH H OH 
/c=N\ 

R2 

R' OH R' 
(46) (47) 

(34) 
\ 

/ 
__t C=O + H,O + H+ t HNO 

\ @/ 

/ I  I \  
C-N 

R2 R2 OH H OH 

(47) 

R' OH R' 

(35) 
\ 

/ I  

(47) (48) 

_j C--N-0 + H,O + Hf 
\ 9/ 

/ I  I \  
C-N 

Rz OH Rz OH H OH 

intermediate 47 are not completely understood. The formation of the 
blue color which frequently accompanies the Nef reaction may be 
explained by formation of the hydroxynitroso compound 4fiZo9. The 
initially formed nitrogenous product of the reaction is believed to be 
the unstable intermediate nitroxyl (HNO) which forms nitrous 
oxide (equation 36). 

(36) 

A direct acid-catalyzed Nef reaction is possible without starting 
with a nitronate salt or a nitronic acidso*51~141.228. 2-Octanone has 
been obtained directly from d-2-nitrooctane by refluxing with 
aqueous hydrochloric acid50. The recovered nitro compound re- 
tained all its optical activity indicating, in this example, that the 
Nef reaction was faster than tautomerization of the intermediate 
nitronic acid, formed by an acid-catalyzed process (equation 37), 

2 HNO - H,O + N,O 
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R' 0 R' 0 R' 0 

(49) 

Studies have been made to determine optimum conditions for 
securing high yields of aldehydes and ketones in the Nef reac- 
tion46*47-'05*223. The reaction is pH dependent. A low pH (0.1-1) 
favors Nef reaction over tautomerization which occurs more readily 
at pH 3-5 (see Table 7)47. A very low pH (as with 85 % sulfuric acid) 
favors hydroxamic acid formation, possibly proceeding by a different 
mechanism222. 

The yields of aldehydes and ketones on Nef hydrolysis vary 
(0-100 %) and depend on the structure of the nitronic acid (Table 8), 
as well as on p H  (Table 7). Tautomerization to the parent nitro 
compound is an important competing reaction, although other 
reactions can occur65~240. Simple, unsubstituted aliphatic nitronic 
acids readily undergo the Nef r e a c t i ~ n ~ ~ * ' ~ ~ .  However, branch- 
ing near the nitronate carbon, which hinders attack, decreases 
yields221.229.231,232. Compounds of structure Ar,CCH(Ar)NO, fail 
to undergo the Nef reaction65. 

Factors which stabilize nitronate anions (and nitronic acids) 
inhibit the Nef reaction32. These include resonance stablization, 
presence of electron-withdrawing groups, and hydrogen bonding. 
p-Nitrophenylnitromethane222 and 1 , 1 , 1,2,2,3,3-heptafluor0-5-nitro- 
pentane233 fail to undergo the Nef reaction. Nitrodesoxyinsitols fail 
to undergo the Nef and may be recovered unchanged; 
stabilization of the nitronate anion by hydrogen bonding 49 has 
been suggested to explain this result5I. Homoallylic resonance in the 

HO A O H  

(49) 

nitronic acid of 5-nitronorbornene (Table 8, no. 20) has been 
suggested as an explanation for failure of the Nef r e a ~ t i o n ~ ~ ~ . ~ " ;  
however, the nitro compound is not recoverede40. 

Ring strain in the transition state leading to a product having an 
exocyclic double bond is probably the explanation for failure of the 
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TABLE 7. Products of nitronic acid decomposition in water a t  various pH. 

A. Ethanenitronic acid 

(0.1 M solutions of nitronic acid in buffer solutions at 2 

NOH 

3.4 100 0 0 0 0 
2.9 85 7 3 4 0 
2.07 59 28 6 6 0 
1.50 27 61 6 6 0 
1.18 6 82 6 5 0 
0.45 0 98 0 0 0 

B. Propane-2-nitronic acid 

NO 

NO,- 
/ 

\ 
pH (CH,),CHNO, (CH,),CO (CH,),C=NOH (CH,),C 

NO2 

5.4 
5 
4.25 
3.75 
3.10 
2.5 
2.2 
2 
1.5 
1.15 
0.50 

100 
85 
44 
27 
10 
3 
0 
0 
0 
0 
0 

0 
7-8 
20 
26 
30 
32 
33 
39 
49 
80 

100 

0 
7-8 

19 
25 
30 
31 
32 
32 
28 
12 
0 

0 
0 

15 
20 
29 
32 
33 
29 
22 
7 
0 

0 
7-8 

4 
5 
0 
0 
0 
0 
0 
0 
0 

C. Cyclohexanenitronic acid 

2 

4.8 100 0 0 0 0 
4.15 43 20 21 14 7 
3.05 6 32 31 31 0 
2.40 0 38 31 30 0 
1.50 0 70 24 5 0 
1 0 a4 15 I 0 
0.15 0 100 0 0 0 
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TABLE 8. Syntheses and attempted syntheses of carbonyl compounds 
by the Nef reaction. 

No. Nitroalkane 
Yield carbonyl 
compound (%) Ref. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

CH,NO, 
CH,CH,NO, 
CH,CH,CH,NO, 
(CH3)2CHNO, 

CH3CHzCH(CH3)N0, 
(CH,),CHCH,KO, 

CH3(CH2)3N02 

(CH3)3CCH2N02 

(CH3)2C(CH2N02)2a 
CF3CF,CF2CH,CH,N0, 
CH,CH,CH(CH,OH)NO, 
(CH,) ,CHCH (OH)CH,NO, 

C7-NO2 

(C6H5)2 

100 
77 
80 
84 
85 
82 
32 

very low 
0 
0 

50 
0 

56 

very low 

89 

85-97 

88 

47 
47,229 
47, 229 
47, 229 
229 
229 
229 
230, 231 
232 
233 
179 
179 

209 

234, 235 

209 

47, 209 

236 

0 237, 238 

80 226 

Ob 22 I ,  226, 236, 
239-241 

68 242 

- 
(confinurd) 



1. Nitronic Acids and Esters 41 

TABLE 8-confinucd 

Yield carbonyl 
No. Nitroalkane compound (%) Ref. 

______- 

22. 4-02NC6H4CH2N02 0 22 
23. (C6H5)2CHCH(C6H5)NO,e 94 65 
24. (C,H5)2C(CH3)CH(C,H5)~02C Od 65 

a Monosodium salt employed. 
b " was obtained in 42% yield with 9.2% aqueous HCI at -20 to 

- 100 240. 

Nitronic acids employed rather than salts. 

5)2 was obtained in 70% yield with methanolic hydrogen 
chloride. 

Nef reaction with certain strained nitrocycloalkanes. This effect may 
explain the failure of 5-nitronorbornene to undergo Nef reaction in 
contrast to the behavior of 5-nitrobicyclo[2,2,2]-2-octene (Table 8, 
no. 21). An example of the effect of ring strain coupled with steric 
hindrance is shown by l-nitro-2,3,3-triphenylcyclobutane (no. 14) 
which undergoes the Nef reaction in very low yield234*235. Nitrocyclo- 
butane provides a lower yield (56%) of ketone than nitrocyclo- 
pentane (89 %) and nitrocyclohexane (85-9770)47-209. 

Reaction of concentrated sulfuric acid (85-100 %) with salts of 
primary nitroalkanes leads to hydroxamic a ~ i d s ~ ~ ~ - ~ ~ ~ .  The subject 
has been reviewed246 and the mechanism d i s ~ ~ s s e d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  
Direct conversion of nitroalkanes to hydroxamic acids has been 
observed in concentrated sulfuric a ~ i d ~ ~ ~ - 2 ~ ~  (equation 38). Nitronic 

(38) CH,CH,CH,NO, - CH,CH,CONHOH 

acid should be considered a primary reaction intermediate244.249*2s0. 
The nitronic acid would be protonated as in the first step of the Nef 
reaction. Two' mechanisms may be consideredzzz: 

In strong acid solution-in con- 
trast to dilute aqueous acid used in the Nef reaction-dehydration 
of intermediate 46 might be expected to be favored over hydration. 
The resulting nitrile oxide intermediate 50 could rehydrate to 

Has04  

44 % 

(1) Nitrile oxide mechanismz40. 
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produce hydroxamic acid (equation 39).  The nitrile oxide mecha- 
nism is favored to explain the cleavage and/or rearrangement of 

R OH 

---+ RC=i%OHt + H,O 
\ , /  

C=N 

H / 'ON 

(46) (50)  

RCTNOH''' + H,O __f H+ + RC=NOH RCNHOH (39) 
I I1 

a-nitro ketones247. Of two tautomeric forms, the hydroxyamide form 
52 is usually favored over the oxime 51 at e q u i l i b r i ~ m 2 ~ ~ .  

A less favored mechanism, 
since water concentration is so low, involves initial hydration of 46 
to the Nef intermediate 47, followed by dehydration to the nitroso 
alcohol 48 and tautomerization to the hydroxamic acid (equation 

( 2 )  Nitroso alcohol r n e c h a n i ~ r n ~ ~ ~ , ~ ~ ~ .  

R H OH R NO 
I / "  --H,O+ 

C-i% r 'C' -----tRCNHOH (40) 
\ 

/ I  \ II 
0 

/ \  

(47) (48) (52) 

OH H OH H OH 

40). Argument against this mechanism is the fact that hydroxamic 
acids are not usually formed under Nef conditions where dilute acid 
is employed. 

The effect of structure on yields of hydroxamic acid has been 
studied222. In  contrast to behavior observed in the Nef reaction, 
electron-withdrawing groups facilitate hydroxamic acid formation. 
In 85 % sulfuric acid solvent the yield from p-nitrophenylnitro- 
methane is 86 %; from 1-nitropropane, 28 % (equation 41). 

86 O/o 

Carboxylic acids and hydroxylamine are formed by 
treatment of primary nitroalkanes with concentrated mineral 
a ~ i d ~ ~ ~ ~ ~ * ~ ~ ~ - ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  Nitronate salts may also be employed. The 
reaction is sometimes called the Victor Meyer reaction after its 
discoverer and developer (1873-1876) 141.142*243.253*254. The reaction 
has synthetic utility both for preparation of carboxylic a ~ i d ~ ~ ~ ~ ~ 2 ~ ~  
and h y d r o ~ y l a m i n e ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ,  
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Reaction conditions for carboxylic acid formation are somewhat 
more vigorous than those required for hydroxamic acid formation. 
Solutions of nitroalkane in 85 % sulfuric acid, or concentrated hydro- 
chloric acid-acetic acid, are heated under reflux for several hours 
(equation 42). Yields of both acid and hydroxylamine are often 

850b H,S04  

Reflux 8 h 
CH,CH,NO, t CH,CO,H + NH,OH+, HS0,- (42) 

88% 86% 

high (80-90%)143. Hydroxamic acids may be isolated when lower 
temperatures or shorter reaction times are e m p l ~ y e d l * ~ * ~ ~ ~ .  It seems 
reasonable that hydroxamic acids are intermediates in the reaction. 
Thus the mechanism would involve the steps for hydroxamic acid 
formation, followed by acid-catalyzed hydrolysis of the hydroxamic 
acid140a.z70 (equation 43), 

RCNHOH + H+ + RCOH + NH,OH (43) 
rr) 

I1 
0 

II 
0 

One commercially feasible hydroxylamine synthesis employs 
1,2-dinitroethane which forms oxalic a ~ i d ~ ~ ~ - ~ ~ ~  . Another process 

An extension of the reaction to secondary nitroalkanes permits 
preparation of amides by including azide as a r e a ~ t a n t ~ ~ ~ . ~ ~ ~  
(equation 44). 

employs nitromethane142 ,255 .256.258.266,271 

H SO , N a N  
n-Pr,C=NO,-Na+ - n-PrCONHPr-n (44) 

62 ”/; 

Hydrogen halides add to nitronic acids105. With nitronate salts in 
ether solvent the blue a-halonitroso product 203.24D may occasionally 
be isolated as a colorless dimer18D*24D~274 (equation 45). (The a- 

0 c1 
HCI Et 0 T I  

CHSCH=N02-Na+ 2 CH,CHNO - CH,CHN=NCHCH, (45) 
I 1  

Cl 0 
I 

Colorless 
M.p. 65’ 

/ B:e oil 

CH,CH=NOH 

halonitroso compounds are also readily prepared by halogenation of 
OximeSi~e,a74,z74~ 

The reaction mechanism is believed to depart from the protonated 
nitronic acid intermediate 46 common to nucleophilic addition 
reactions of nitronic acids. Addition of hydrogen chloride to form 

) *  
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53, followed by dehydration, produces the nitroso product 54 
(equation 4 6 ) ,  

R' OH R' OH 
\ o/ \ o/ 

/ I  I \  / \  
C=N +HCI- C-N 

OH Rz GI H OH RZ 

\ 6/ \ 

/ I  I \  
C-N - CNO+H,O+ 

/ I  
RE CI Rz CI H OH 

(53) (54) 

The stereochemistry of this addition has been examined (equation 
47)lo5. The potassium salt of 55 was treated with hydrogen chloride 
in ether at 0". The resulting nitroso group appears trans to the 
adjacent R group (phenyl, methyl) in product 56 in the kinetically 
controlled process. Interestingly, 56a could not be prepared by 
chlorination of the required oxirne'O5. 

H. 

- H,Of 
___+ 
Ec,O, 0' (47) 

(55a) R = CH, 
(55b) R = C,H, 

(56a) (780/,, R = CH,) 
(56b) (23%, R = C,H,) 

The cc-halonitroso compounds derived from primary nitronic 
acids tautomerize readily to form hydroxamic acid chlorides 
( a - c h l o r o ~ x i m e s ) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  The blue phenylchloronitroso- 
methane 57 is observed in solution when phenylmethanenitronic 

C,H,CH=NO,H __f C H CHNO C H C=NOH (48) 
HCI 

Et,O 7 
CI CI 

(57) Blue (58) Colorless 
(not isolated) M.P. 50-51" 

acid is treated with hydrogen chloride in ether; it has not been 
isolated, however, and rearranges to colorless benzohydroxamic 
acid chloride (58)249*274.275 (equation 48). The ammonium salt of 
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ethyl nitroacetate forms ethyl chlorooximinoacetate (59)260 (equa- 
tion 49). 

HCI 
C,H,O,CCH=NO,-, NH4f __t C,H,O,CCHNO C,H,O,CC=NOH 

I c1 (49) 
(59) 

Reaction of hydrogen bromide with nitronic acids to form a- 
bromonitrosoalkanes appears not to have been reported. The less 
stable a-bromonitrosoalkanes are prepared by bromination of 

Hydrogen iodide (aqueous) reduces nitronic acids to oximes and 
is the basis for a quantitative analytical determination; the liberated 
iodine is titrated with sodium th ios~l fa te~ '~  (equation 50). 

R,C=NO,H + 2 HI(aq.) __+ R,C=NOH + H,O + I, (50) 

The a-halonitrosoalkanes may be oxidized to a-halonitroalkanes 
with peroxytrifluoroacetic acid18e. 

6 .  Electrophilic addition. Electrophilic additions to nitronic acids 
occur on the nitronate anion. The following discussion is limited to 
reactions of nitronic acids in acid solution. With a few exceptions 
the many reactions of nitronate salts and nitronate anions in basic 
solution-Michael addition and aldol-type condensations, for 
example-will be discussed in the second volume of this treatise. 

Halogens, or hypohalogen acids, add readily to nitronic acids 
to yield a-halonitr~alkanes~'~*~~~ (equation 51). The mechanism 

C6H5CH=N0,H + Cl, C,H,CHClNO, + HC1 (51) 

involves addition of halogen to a nitronate anion (equation 52). 

I Et,O 

c1 

oximes189 ,274 

R' OH R' 0- 

\ ' &  C=N - 'c=N{' + H +  

rd \O R L  Kb 
(52) 

R' 0- R' 
\ 

/ I  
+ X, (or XOH) + C-NO, + X- (or OH-) 

\ A* 

RS X 

X = C1, Br, I 

RS /c=N% 

Addition of iodine monochloride (IC1) produces the iodo compound, 
R'R*CINO,, and chloride ion2". I t  is to be noted that a-halonitro- 
alkanes are most conveniently prepared by halogenation of nitronate 
salts. 
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Reaction of nitrous acid with nitronic acids and salts yields 
pseudonitroles ( b l ~ e ) ~ ~ ~ * ~ ~ ~ * ~ ~ ~ - ~ ~ ~ .  These pseudonitroles derived 
from primary nitronic acids isomerize very readily to nitrolic 
a ~ i d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  The reaction was discovered by Victor Meyer 
( 1873)278*279 who first prepared acetonitrolic acid and dimethyl 
pseudonitrole by addition of dilute acid to a mixture of nitroalkane 
salt and potassium nitrite (equations 53 and 54). The blue pseudo- 
nitroles may be isolated in the solid state or in solution; often they 
are isolated as colorless crystalline dimers. On melting, the dimers 
form blue liquids containing pseudonitrole monomer (equation 54). 

CH,CH=NO,-Na+ + KNO, __f CH,C=NOH (53) 
H +  

I 
NO, 

Acetonitrolic acid 
M.p. 81-82' 

NO, 0 
ti+ I t  

(CH,),C=NO,-Na+ + KNO, + (CH,),CNO, (CH,),CN=NC(CH,), 
1 1  Heat 

0 NO, 

M.p. 76' 

I 
NO 

Dimethyl pseudonitrole Dimer 

(54) 

The reaction mechanism for pseudonitrole formation very likely 
involves nitronate anion, rather than nitronic acid, in a reaction 
with nitrosonium ion (NO+) or N,0,'05 (equation 55). 

HNO, + H+ __f NO+ + H,O 

R' C=KOH 

R' 
'CNO 

2/ I R NO, 

Blue 

I 
I 

NO? 

Colorless 

R' 0 

Dimer (Colorless) 
(55) 

The stereochemistry of pseudonitrole formation has been examined 
in the system shown in equation 56Io5. Addition of NO+ to 60 occurs 
cis to the R group (C,H6, CH,) leading to a trans arrangement of R 
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(608) R = CH3 @la) (83%, R = CH3) 
(6Ob) R = C,H, (61b) (58%, R = C,H,) 

and nitro (product development control) in the product 61; repul- 
sion of R and incipient NO, in the transition state may account for 
the result. 

Since nitrous acid may be formed from nitrite on acidification of 
nitronate salts (the nitrite formed in situ by air oxidation of nitro- 
natesZBo or autooxidation-reduction of nitronic acids4') , pseudonitrole 
and nitrolic acid formation is a side reaction which often results on 
regeneration of nitroalkanes from their salts*E0~1B0~228~249~2B1-~B3. This 
reaction is favored by use of aged nitronate solutions at 0-25", and 
by slow addition of the nitronate salt to the a ~ i d ~ ~ ~ ~ ~ ~ ~ .  For example, 
sodium bicyclo[2,2,l]heptane-2-nitronate when added slowly to 
aqueous hydrochloric acid at room temperature leads to a 20 % yield 
of pseudonitrole dimer 62226. Conditions have been developed for 

(62) 
M.p. 108' 

securing high yields of pseudonitroles by simple acidification of 
nitronate salts; the process has been patented281-283. 

Addition of dinitrogen tetroxide to nitronic a ~ i d s ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~  or 
nitronate salts285*286 also leads to pseudonitroles or nitrolic acids, a 
reaction discovered by BambergeP. Oximes also may be used as 
reactantsB3~1B1~1B2~2B6. Excess N204 converts phenylpseudonitrole into 
a,a-dinitrotol~ene'~~*~~~~~~~ (equations 57-59). 

CgHsC(CH,)=NO,-Na+ + N204 3 C,HsC(CH,)NO + NaNO, (57) 
I 

NO2 
C,H,O,CCH=NO,-Na+ + N204 --& C,H,O,CC=NOH + NaNOs (58) 

I 
NO2 
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0 NO, 
C6H5CH=N0,H t I  

C H CHN=NCHC,H, (59) 

NO, 0 / 6 5 '  

N P 4  \ 
&04, CCI,, 0" 

CsH5CHNO 
I \ NO, 

pI',o,, CCI,. 0" 

C6H5CH(N02)2 

/ 
C,H,CH=NOH 

Attempts to convert 1,l-dinitroalkanes into 1,l-dinitro-1-nitroso- 
alkanes by this method have led to other products181. Potassium 
1-nitroethanenitronate forms acetonitrolic acid, presumably due to 
hydrolysis by adventitious water of the observed blue intermediate, 
1,l-dinitro-I-nitrosoethane (63)286 (equation 60). a-Nitrophenyl- 
methanenitronate forms trinitromethylbenzene by oxidation of the 
intermediate nitroso compound 64181*284 (equation 61). 

NXO4 

NO 
I H,O 

(60) CH,C===NO,-K+ CH,CNO, __+ CH,C=WOH 
I I Et,O I 

NO2 NO2 NO2 
(63) Blue 

(not isolated) 

NSO4 1 ~ a 0 4  

Et,O 

NO NO2 
I 

NO, NO, 

(6') C H C=NO,-K+ __f C H CNO, C H CNO, 
" 1  ' 5~ 'I 

NO2 
(64) 

Pseudonitroles are quite reactive compounds and may become 
converted into other substances under the usuai preparation condi- 
tions. The isomerization of primary pseudonitroles (those having 
an  alpha hydrogen) to nitrolic acids occurs very readily in the ali- 
phatic series. No simple aliphatic pseudonitrole of structure 
RCH(NO)NO, appears to have been described. Phenyl pseudo- 
nitrole, C,H,CH(NO)NO,, has been prepared and isolated as its 
dimer which was found to be unstable a t  room temperature, de- 
composing in one day, and melting with explosive decomposition"l. 
With aqueous alkali it readily isomerizes to benzonitrolic acid181. 
Dimers derived from disubstituted pseudonitroles, R1R2C(NO) NO2, 
are  table^'^.^^^. Benzonitrolic acid decomposes on standing in 
nitrous acid solution, or on warming, to yield diphenylfuroxan 
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(65) 277 ; benzonitrile oxide may be an intermediate (equation 62). 

OH- 

I I 
C,H,CHKO, - C,H,C=NOH 

The nitration of dipotassium tetranitroethane with mixed acid 
(5-70") to produce hexanitroethane in 90% yield should be con- 
sidered an electrophilic addition of nitronium ion to a bisnitronate 
ionm7 (equation 63). 

OZN NO, 
*b (2 

0 ,C-C. 0 + 2 NO,+ + (O,N),C-C(NO,), (63) .;/ \. 
OZN NO, (HZSO,, HNOJ (90%) 

M.p. 142' 

The conversion of the trinitromethyl substituted nitronic acid 66 
into a bisdinitromethyl derivative 67 is an interesting rearrange- 
ment288*e8e. The reaction, carried out in ethanol with potassium 
acetate288 or ammonium hydroxide'", may involve intramolecular 
or intermolecular nitration of the intermediate nitronate ion by the 
o-trinitromethyl group (equation 64). 

(O,N),CCH,C=NO,H __f (O,N),CHCH,C (NO& (64) 
KOAc 

EtOH I 
R 

I 
R 

(66) (87) 
R = H, CH,, C,H, 

Nitronic acids, nitronate salts, and certain nitroalkanes react with 
diazonium salts to form a-nitroaldehyde hydrazones in high 
yield6~"0~'~B~'90--2B9. The reaction was discovered by Victor MeyerZB0.2B1. 
I t  involves an addition to a nitronate anion (equation 65). The 

C,H,CH=NO,H C,H,CH=NO,- -+ H+ 

C,H,CH=NO,- + C,H,N,+ __t C H C=NNHC,H, ' ' 1  

M.p. 101.5-102' (65) 
NO' 

I 
NO, 

CH,CH=NO,-Na+ + C,H,N,+ __t CH,C=NNHC,H, 

92%; M.p. 141-142' 
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a-nitroaldehyde hydrazones react with diazomethane to produce 
orange-red methyl esters of phenylazonitronic acids (see section 

Phenyl isocyanate reacts with arylmethanenitronic acids to 

1V.A. 1 ) 6 . 2 9 5 - 2 9 9  

produce d i p h e n y l ~ r e a ~ ~  and unidentified 0 i l ~ ~ 2 . ~ ~ ~ .  

2. Oxidation and reduction reactions 

The reaction of nitronic acids with oxidizing agents has not been 
extensively studied. Bornane-2-nitronic acid is oxidized to camphor 
with permanganate2a1~z30 (equation 66). Oxidation of 2-(nitromethy1)- 
alkanenitronic acids (formed in situ from the sodium salts) occurs 

smoothly with nitric acid (but not sulfuric acid) to yield 2-nitromethyl- 
alkanoic acids23, (equation 67). The hindered nitronic acid, 

HNO, 
(CH3)2CCH-N0,H 90-Y5" (CH,),?CO,H (67) 

I 
I 

CH,NO, 
I 

CH,NO, 
660,: 

(C,H,),CHC(C,H,) =NO,H, was found to be inert to sodium 
peroxide or ozone65. The oxidation of secondary nitronate anions 
by oxygen in basic solution to yield ketonesza0 is not observed in acid 
solution. 

Reduction of nitronic acids to oximes occurs readily in excellent 
yields, with a wide variety of reducing agents (Table 9). The 
polarographic half-wave potential at p H  0 for reduction of propane- 
2-nitronic acid to acetoxime is -0.9 v; at p H  2, E, = 1.05 \Pa 

(equation 68). Reduction of cyclohexanenitronic acid to cyclo- 
hexanone oxime (70-80 % yield) has been accomplished with several 
reducing agents (see Table 9 (equation 69)). Hydroxylamine 
reduces cyclododecanenitronic acid to the oxime in 91 % yieldZa3. 

(CH,),C=NO,H + 2 H+ + 2e- + (CH,),C-:NOH + H,O (68) 

NOZH f HZS + O N O H  + HzO + S (69) 

17% 
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TABLE 9. Reduction of nitronic acids to oxirnes. 

Yield oxirne 
Kitronic acid Reducing agent (7;) Ref. 

CH,CH=KO,H 
CH,CH,CH===NO,H 
(CH,),C=NO,H 

/\.INOZH 

U 

HI 
HI 
HI 
HI 
H,S 
H,S,O, 
S H 2 0 H  
SH,CI, CH,OH 
NaHg 
NaHg 

NH,OH 

.,\IHg 

I ooa 2 76 
100" 2 76 
1 ooa 2 76 
1000 2 76 
77 300, 301 
80 302 
- 303 
70 301 

33 
33 

- 

- 

91 203 

65 - 

Quantitative analytical method; product not isolated. 

Phenylmethancnitronic acid is reduced to the oxime with zinc and 
alkali and sodium amalgam,,; aluminum amalgam has also been 
used for nitronic acid reduction65. Complete reduction of a nitronic 
acid to the corresponding amine appears not to have been reported; 
catalytic (Pt) hydrogenation should effect it. 

The mechanism of nitronic acid reduction may involve a radical- 
chain process initiated by electron transfer between nitronic acid and 
nitronate anion (equation 70)305. Reduction of the radical-anion 
intermcdiate 69 could include steps 7 1-74. These suggested steps 
include dissociation of 69 into oximate ion 70 and hydroxyl radical 
(71) (equation 71),  followed by reduction of hydroxyl by hydrogen 

0- 
/ 

R,C SO,H + R,C- NO,- R,CSO, + R,CN (70) 

'OH 

(68) (69) 
0- 

(71)  R,CS ---+ R,C=NO- + HO' 
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+ H,S __f R&=NO- + H,O + HS’ (73) 
,O- 

‘OH 

R,CN 

(69) (70) (72) 

0- 
/’ 

\ 

(69) 

R,C==NO,- + HS’ - K&N + S  (74) 

OH 

sulfide to hydrosulfide radical (72) (equation 72). Alternatively, a 
concerted reaction of 69 with hydrogen sulfide (equation 73) may 
be more likely to occur in the presence of the reducing agent. 
Finally, another electron exchange (equation 74) would regenerate 
69 and continue the chain. 

An interesting and complex reaction exhibited by nitronic acids 

process has been observed in solution and in the solid state. Oxime 
is a characteristic product. Other products are ketones, substituted 
1,2-dinitroethanes, nitrolic acids, nitrous acid, and oxides of nitrogen. 

In  solution the reaction is dependent on the structure of the nitronic 
acid and on the pH. I t  has been studied quantitatively in dilute 
aqueous solution by Armand47.48 (Table 7, section III.C.1 .a., sum- 
marizes some of the data). For example, cyclohexanenitronic acid 
at  pH 2.4 produces the following products4’ (equation 75). Tau- 
tomerization to nitrocyclohexane is important only at higher pH. 

is an a u ~ o o x ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ u ~ ~ ~ ~ ~ 1 3 , 2 7 . 4 7  .48.65.84.203.204 ,226.298.308.307. This 

At lower pH ( < 1 )  one obtains only the Nef product, cyclohexa- 
none. I t  is to be noted that oxime is not a Nef product. The auto- 
oxidation-reduction reaction is catalyzed by acids. At certain acid 
concentrations (pH 2-4) it competes with tautomerization and Nef 
reaction. Secondary nitronic acids undergo the reaction much more 
readily than primary. 

A mechanism for the reaction is suggested by the facts above. 
Nitronic acids are very easily reduced to oximes and are present in 
unprotonated form in rather high concentration at p H  2-4. The 
initial step(s) is the Nef hydrolysis (equation 76). The reducing agent 
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is believed to be the Nef hydrolysis product, nitroxyl, or its equiv- 
alent (equation 77) ; cJ. the mechanism of oxime formation (equa- 
tions 70-74). The stoichiometry of the process which indicates that 

' C=N ' 5 ' C = O + H + + H N O + H , O  Nef (76) 

R' 0 R' 

/ 

\ r  \, 

/ / \  

OH R2 
R' 0 R' 

/ \  
R2 

C=N + HNO C=NOH + HNO, Oxidation-reduction (77) 

OH R2 R2 
R' 00  R' NO 

Nitrosation (78) 

oxime and pseudonitrole form in equal amounts, and in yields always 
less than that of ketone, suggests an immediate reaction of nitrous 
acid with remaining nitronic acid (equation 78). A relatively slow 
tautomerization of nitronic acid to nitroalkane (observed with 
secondary nitronic acids) evidently favors the oxidation process. 

The conversion of nitronic acids into oximes by boiling in ethanol 
could involve decomposition of an ethyl nitronate (see 

section IV.C.2), as well as autooxidation-reduction. 
Decomposition of nitronic acids occurs in the absence of sol- 

vents13. 27 -65.296 , but this process has received no systematic study. 
BambergerZg6 and K o n o ~ a l o w ' ~  observed the facile formation of 
benzophenone and its oxime from diphenylmethanenitronic acid. 
The decomposition, which is believed to include autooxidation- 
reduction, often leads to oxime, ketone, and oxides of nitrogen. 
Tautomerization also occurs. The decomposition is accelerated by 
traces of water. I t  is inhibited by accumulation of bulky groups 
about the nitronate carbon (see half-lives listed in Table 6, section 
1II.A) which also inhibits Nef hydrolysis. 

An interesting intramolecular oxidation-reduction is observed 
with the very hindered nitronic acid 73, which does not tautomerize 
to nitroalkane nor undergo the Nef reaction. In  methanolic hydrogen 
chloride 73 forms the 3,4,4-triphenyl-2-isoxazoline (74) by participa- 
tion of the neighboring alkyl group, CH2Rs5 (equation 79). 

(73) R = H,  CH, (74) 70% 
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Bimolecular coupling products ( 1,2-dinitroethanes such as 76) 
are obtained from fluorene-9-nitronic acid (75) and its ring- 
substituted derivatives by warming in ethanols4-205*308-310. Fluor- 
enone oxime (77) is also formed in 26% yields4 (equation 80). 
Although other nitronic acids have not been observed to undergo 
this reaction, nitronate salts can form bimolecular coupling products 
on o x i d a t i ~ n ~ ~ ~ . ~ ~ ~ .  Dimer 76 is also prepared in quantitative yield 

+ 

(75) (76) (77) 

by reaction of the potassium salt of 75 with iodine313, or by heating 
9-iodo-9-nitrofluorene314. I t  may also be prepared in 71 % yield by 
electrolysis of the 75 salt313. 

Formation of dimer 76 is believed to involve the spontaneously 
initiated process leading to radicals 68, 69 (equation 70)305.312.314-316. 
The following equations (81-86) are suggested to explain dimerization 
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and oxime formation. Formation of a radical anion intermediate 
(78) (equation 81) would he fa\.ored over a reaction between radi- 
cals 68 and 69312.315. An exchange would lead to dimer 79 (equation 
82). Oxime formation is explained by the sequence suggested for 
nitronic acid reduction (equation 83) involving dissociation of 69 
into oximate ion 70 and hydroxyl radical 71. Radical 68 is regene- 
rated by electron exchange hetween hydroxyl radical and nitronate 
ion (cquation 84). Alternatively, a direct electron transfer between 
69 and nitronic acid could lead to the same result (equation 85). 
Finally, protons made availalile by required ionization of the 
nitronic acid can produce oxime (cquation 86). 

'I'tie decomposition of p-bromophenylcyanomethanenitronic acid 
(80) into dimeric products, in the solid state or in benzene solution, 
may be a radical process1y6. Gentle heating leads to a 1-nitro-1,Z- 
dicyano derivative 81 (cquation 87) ; a 1,2-dinitroethane derivative 
was not  Prolonged hcating or a slightly higher tempcra- 
ture lcads to a 1,2-dicyanostilhene (82). o-Bromophenylcyano- 
methanenitronic acid l)eha\.es ~ i m i l a r l y ' ~ ~ .  I n  dilute aqueous sulfuric 

acid solution at  room temperature 80 is coniw-ted quantitatively 
into the dicyanostilbene derivative 82196,197 (equation 88). T h e  
mechanism may involve combination of spontaneously initiated 
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radical and radical anion, with loss of nitrite from the initially 
formed adduct 83 (equation 89). 

0- 
/ 

ArC(CN)- SO,H + .\rC(CN)=SO,-- ArC(CS)SO, + ArC(CN)N 

0- 

\ 
O H  

Ar 0- 
I /  

I I ‘\\ 

ArC(CN)CN (89) 
/ 

\ 
ArC(CN)SO, + ArC(CN)N 

O H  NO, CN O H  

(83) 

83 :\rC(CS)CH(CN)Ar + NO,- 
I 

NO, 

Heating strongly in aqueous alkali converts the nitronate salt 84 
into an unsubstituted stilbene 8 5 I g 6  (equation 90). Certain other aryl 
nitronate salts behave ~ i m i l a r l y ~ ~ ~ ~ ~ ” .  

NaOH,  aq. 
p-UrC H C-NO,-Na+ 150- 160” p-RrC6H4CH= CHC6H4Rr-p (90) 

4~ 5-6 h 
(: S 
(84) (85 )  70-80°, 

3. Reactions of a-halonitronic acids 

The a-halonitronic acids, R C  (X) =NO ,H (X  = halogen), are 
somewhat unique in the ease with which they undergo displacement 
of halide ion by various nucleophiles. Reactions of these substances 
are believed to occur with a nitronic acid, rather than a nitronate 
intermediate. Examples of such reactions include the ter Mee13I8 
hydrolysis to carboxylic and coupling to 1,2-dinitroethyl- 
enes313.320. a-Halonitronic acids are reactive and attempts to isolate 
them have failed32. They are readily reduced to halide and nitronate 
anion3z1. 

The ter Meer reaction318 involves a displacement of halide by 
weakly nucleophilic nitrite ion3,,. For example, 1,1,4,4-tetranitro- 
butane (86) may be prepared by reaction of the dipotassium salt of 
1,4-dibromo-l,4-dinitrobutane with potassium nitrite323 (equation 

K+-O,N=CCH,CH,C=KO,-K+ + 2 KNO, __f 

I 
Br 

I 
Br 

K+-O,N=C (NO,) CH,CH,C(NO,)=NO,-K+ + 2 KBr I HCI, Et,O 

J. 
(O,N),CHCH,CH,CH(NO,), 

(86) 
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91). The mechanism is depicted as a displacement on the a-halo- 
nitronic acid3,, (equation 92). 

57 

H+ NO,- -H+ 
RC=NO,- RC=NO,H RC=NO,H 

I - Br- I 
Br NO2 

I 
Br 

Hf  
RC=NO,- RCHNO, (92) 

I I 
NO, NO, 

The mechanism of a-chloronitroalkane hydrolysis has been 
s t ~ d i e d ~ ' ~ . ~ ~ ~ .  The reaction is interpreted as a displacement of 
chloride, by water, from an a-chloronitronic acid intermediate 
(equation 93). 

CH,C=NO,H + H,O __f CH,C=NO,H 3 CH,CO,H + N,O (93) 
-cI- H O+ 

I 
OH 

Halonitromethanenitronic acids are ~ n s t a b l e ~ ~ * ~ ~ ~ * ~ ~ ~ .  They under- 
go a complex rearrangement to dihalodini t romethane~~~~ (equation 
94). Br 

(94) 

I 
CI 

Has04 I 
I I 

BrC=NO,-K+ BrC=N02H --+ BrCN02 

NO, 
I 

NO2 NO2 

1,2-Dinitroethylene coupling products of a-halonitronic acids 
apparently are formed by displacement of halide-by attack of 
nitronate anion on an a-halonitronic For example, 1,2- 
dinitro-2-butene may be formed in 36% yield from l-chloro-l- 
nitroethane by treatment with ca. one mole-equivalent of aqueous 
sodium hydroxide solution at 10-15" (pH ca. 9) (equation 95). 

CH3 
I 

I 1  
CH,C=NO,H + CH,C=NO,- HO,N=C-CNO, + C1- 

CH, Cl 
CH, 
I 

CH, 
I 2 1 -  

I I  I 
CH, CI CH, 

c1 I (41 

AH, CI I 

CH, 
1 -H+ 

HO,N=C-CNO, + -O,N=C-CNO, + 02NC=CN0, (95) 

36% 

Coupling of a-halonitroalkanes and nitronate salts can lead to 1,2- 
dinitroethanese4~310*313~3T7~328 (equation 96). This reaction may be 
conducted in situ by treating nitronate salts with iodine84~310~313*82'. 
Such reactions apparently involve nitronate ions rather than nitronic 
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NO, 
I 

2 C,H5CH-S02-Saf + I, + C,H,C:tI~HC,H, + 2 NaI (96) 
I s 0, 

h1.p. 155' 
(low me1 t ing isomer)3Z7 

acids. They may proceed by displacement8' or radica1-anion8'J1' 
mechanisms. 

4. Reactions of ketonitronic acids 

Several u- and y-ketonitronic acids ha\.e been described and their 
somewhat unique chemistry is discussed in this section. Ketonitronic 
acids are usually prepared by acidification of their alkali metal 
salts; the salts of a-nitroketones are conveniently prepared by the 
alkaline nitration of  ketone^^'"^^^. a-Kitroketones may be prepared 
by reaction of a-bromoketones with silver nitrite331 or sodium 
nitrite332. 

For all u-ketonitronic acids there exist three possible tautomeric 
forms: acz or u-ketonitronic acid (87), keto (88), and enol (89) 
(equation 97). 

R'CC(R2)=N0,H R'CCH(R')SO, R1C=C(R2)Ii02 (97) 
I 

OH 
II 
0 

l l  
0 

(87) Aci (88) Keto (89) Enol 
a-Ketonitronic acid 

Compounds representing each of the three forms have been reported. 
In  solution the three forms can exist in tautomeric equilibrium with 
the common anion, R1COC(R2) =NO,-. The interconversion is 
catalyzed by bases and acids. 

The relative concentration of 87, 88, and 89 may be measured by 
ultraviolet, infrared, and nmr and with the 
aid of bromine t i t r a t i ~ n ~ ~ .  A complication lies in the presence of the 
fourth species, the common anion, particularly in protic solvents. 
The composition of the equilibrium mixture is solvent dependent 
(Table The keto form of a-nitroketones (88) is favored in 
polar proti; solvents such as ethanol as one observes with @- 
dicarbonyl c o m p o u n d ~ ~ ~ .  Enol form 89 is favored more in aprotic 
solvents such as carbon tetrachloride or hexane suggesting a n  
intramolecularly hydrogen-bonded form330. Its concentration usually 
remains low, however. 
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The amount of a-ketonitronic acid (87) present in these equilibria 
is believed to be quite small. However, freshly prepared solutions, 
obtained by acidification of salts of a-ketonitronic acids, probably 
contain relatively high concentrations of nitronic acid form; on 
standing the nitroketone usually results329. 

The acyclic a-ketonitronic acids derived from a-nitroacetophenone 
and a-nitroacetone were studied earlier by Hantzsch32-33Y*340 and 
by others36.249.331. Other examples have been studied more 
r e ~ e n t l y ~ ~ ~ ' ~ ~ ~ .  The nitronic acid appears to be the least favored 
form at equilibrium. The keto form predominates (ca. 99%) in 
protic and aprotic solvents for aromatic and aliphatic acyclic nitro 
ketones. 

The properties of alicyclic a-ketonitronic acids (91) generally 
resemble those of their acyclic counterparts. Alkali salts of alicyclic 
a-ketonitronic acids (90) have been prepared frequently since they 
are readily available by alkaline nitration of ketones329*330. An oil 
is obtained by acidification of the C6 potassium salt (90, n = 4) 
with dilute sulfuric acid at  0"; the oil, possibly a mixture of tautomers 

n = 4-8; 10 (90) 

(91) (92) (93) (98) 

91, 92, and 93 (equation 98), slowly crystallizes on standing to form 
a-nitrocyclohexanone (92, .n = 4; m.p. 39.5-40°)329. Solutions of the 
freshly prepared oil give a red color with ferric chloride and are 
acidic. 

In  solution in aprotic solvents alicyclic a-nitrocycloalkanones 
appear to exist to some extent in the enol form 93334-342. However, in 
protic solvents the keto form is strongly favored (Table 10). Ring 
size affects the enol content in carbon tetrachloride solution330; 
C6, C8, and C,, a-nitrocycloalkanones have higher enol contents 
than C,, C9, and C1, homologs. 
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TABLE 10. Equilibrium composition of nitroketones. 

Nitroketone Solvent % Keto Ref. 

CH,CH,CH,COCH,NO, 
CH,CH,COCH(CH,)NO, 
CH,COC(CH,),NO, 

0 2 N - - f ~ - N o 2  

0 

NO2 b- 
d N O ?  

CH,CH,CH,COCH(C,H5)N02 
C6H5COCH,N0, 

0 

C,H,COCH (CH,) NO, 

CCl, 
CCI, 
CCI, 

CH,Cl, 

EtOH 
(CD3)2S02 

CCI, 
CDCI, 

CCI, 

CCI, 

C6H5CH3 
C,H50H 
CH,OH 
CDCI, 

CCI, 

CCl, 

HZ0 
EtOH 
CH,CO,H 
Et,O 

C6H6 

CCI, 
EtOH 

neat 

CCI, 

I00 
100 
100 

25 
100 
100 

50 
69.4 

100 

100 
89.7 
94.7 
97.2 

100 

100 

70 

2 
10 
12 
62 
90 

10 
70 
70 

100 

90 

333 
333 
333 

335 
335 
335 

330 
333 

330 

330 
36 
36 
36 

333 

330 

330 

336 
336 
336 
336 
336 

330 
330 
3 30 

333 

330 

- 
(continued) 
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TABLE l0-continued 

61 

Solvent % Keto Ref. 

* KOs 

93 337 
100 337a 

C6H6 

DZO 

CCI, 60 330 

CCI, 100 330 

EtOH 97 35 

02N& 0 H3 CDCI, 50 334 

CH, 

Spectroscopic evidence strongly supports the presence of the enol 
93 rather than nitronic acid form 91 in aprotic solvents330. For 
a-nitrocyclohexanone a sharp OH peak at -3.6 T (CCl,), intensity 
N - 0.5 proton, is observed in the nmr spectrum of the equilibrated 
mixture. I n  addition there appears a weak band at 1613 cm-' in 
the neat sample (possible C=C), and NO,  bands at 1550 and 1515 
cm-l representing unconjugated and conjugated nitro groups, 
respectively. Other a-nitrocycloalkanones (C,-C 12) have similar 
spectra. The carbonyl band appears in reduced intensity near 1720- 
1740 cm-' in carbon tetrachloride solution indicating presence of 
a-nitroketone 92 rather than a-ketonitronic acid 91; also the latter 
might be expected to have a carbonyl band near 1639 cm-' as found 
in the salts 90. No sharp OH stretching bands are found in the 
infrared spectra ; only very broad bands, characteristic of more 
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associated protons, occur. The ultraviolet spectrum of a-nitrocyclo- 
hexanone in carbon tetrachloride reveals a strong band at 320 mp 
( E 3970)330. Other a-nitrocycloalkanones ((2-C,,) have similar 
ultraviolet spectra (i.,,,, 320-370 mp;  F,,:,, 1700-4000), which could 
be assigned to the enol form330. Alkali salts of a-nitroketones also 
have strong bands at ca. 340 m p  ( E  12000) in  absolute ethanol330. 

Comparison of the ultraviolet spectra of the a-nitroketone 94 with 
that of its nitronic ester 98 and enol ether 97 (prepared by reaction 
of' 94 with diazomethane) indicate very little keto form to exist in 
96 % ethanol s o l ~ t i o n ~ ~ " ~ ~ ~  (equations 99, 100). However, the 
relative concentrations of enol 95 and nitronic acid 96 cannot be 

,I$?:' 285 m/t (5320) ,I gtt:'310 m/c (7950) 
358 rnp (3740) 

determined from the ultraviolet spectral data alone. 2-Nitro-l- 
tetralone (99) exhibits behavior different than that of 94. I t  exists 
in the enol form in hexane, but in ethanol the keto form predomi- 
n a t e ~ ~ ~ ~ .  The band at  370 mp is not found in 2-bromo-Z-nitro-l- 
tetralone or 1-tetralone and is believed to be characteristic of the 
enol form 100 rather than the nitronic acid, 101330*334 (equation 101), 

0 OH 0 

&NO2 -- 

(99) (100) (101) (101) 
(99, 100, 101) : Agt2z 370 mp (294) ; 370 my (l0,SOO) 

The formation of oxindigos (e.g. 102) by heating acidified 
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a-ketonitronate salts suggests a radical-anion coupling reaction char- 
acteristic of nitronic acids whose anions are resonance ~tabilized332.3~~ 
(equation 102). 

The cnol form 103 of 2-nitro-l-indanone (104) described bv 
earlier ~ ~ r k e r ~ ~ ~ ~ . ~ ~ ~  has recently been shown to have the isomeric 

(102)  

nitroolefin structure 105349*350. The substance is prepared by con- 
densation of o-phthalaldehyde with nitromethane. 

OH 0 

(103) (104) (105)  

a-Nitrocamphor and certain bromo and chloro derivatives have 
been studied e ~ t e n s i v e l y ~ ~ ' . ~ ~ ~ - ~ ~ ~ .  With Pseudo bromonitrocamphor 
(106) two forms have been isolated, m.p. 108" and 142"; the higher 
melting form is said to be a nitronic a ~ i d ~ ~ ~ . ~ ~ ~ * ~ ~ ~ .  However, the 
various crystalline so-called aci forms could also be epimeric nitro 

(106) 

ketones362. The mutarotation of a-nitrocamphor is catalyzed by 
acids and bases357.362; general acid catalysis is observed362. 

Salts of alicyclic a, a'-dinitronic acids (e.g. 107) have been prepared 
from cycloalkanones by reaction with alkyl nitrates and alkali 
a l k o ~ i d e s ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ * ~ ~ ~ .  Acidification of salt 107 produces an oil 
described as a bisnitronic acid 10832Q, but which may contain 
ketone 109, enol 110, as well as a nitronic acid derived from 110. 
O n  standing, the oil slowly crystallizes forming ketone 109. In  
methylene chloride solution 109 appears to exist 75% as the enol 
form 110, but in ethanol solely as ketone (equation 103). 
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(107) (108) (103) 

(109) 
M.p. 110.So 

Dipotassium cyclopentanone-2,5-bisnitronate on acidification gave 
crystals (not identified) which decomposed readily to produce an 

Extending this reaction to N-methyl-4-piperidone produced a 
zwitterion (112) on acidification of the bisnitronate salt (111) lg2. 

Its structure is believed to be the enol 112, rather than the keto- 
nitronic acid 113 since its spectra are different from the disalt 111. 
The carbonyl band of 111 at 1600 cm-' (Nujol) is not found in 112, 
and 112 has a broad OH band near 2750 cm-' and an ultraviolet 
band at 364 mp not found in 111 (equation 104). 

0i1329. 

0 OH n 

(111) (112) (113) (104) 
M.p. 119' 

,I*" EtoH-Hzo 304 m p  (2240) 

364 rnp (3440) 
415 rnp (4150) 

max A'" EtoH-Hzo 234 rnp (4960) 

308 mp (4080) 
390 rnp (10,300) 

max 

Alicyclic a, a'-diketonitro compounds 114-118 have been pre- 
pared64~396~399*364-370. These substances are rather strong acids and 
in solution in protic solvents exist largely as resonance stabilized 
nitronate anions. The 2-nitro- 1,3-~yclohexanedione derivatives 
114a and 114b, have been described as nitroenols 115a,b in the 
solid state374 (equation 105). The strong absorption bands at 293 m p  
( E  5000) and at  296 m p  ( E  7000) of chloroform solutions of 114a 
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(105) 

(114a) R1 = R* = CH, 

(114b) R' = H ;  R2 = C,H, 

(115a,b) 

and 114b, respectively, suggest a high concentration of enol in the 
aprotic solvent. 2-Nitrodimedone (114a) is a relatively weak acid 
(pKsYitro 3) compared to nitrobarbituric acid (116a) and 2- 
nitro- 1,3-indanedione (118, pK~~it 'o < 0)54*339*365*369. Nitrobarbituric 
acid (116a) and its dimethyl derivative (116b, m.p. 152") were 

O= 

K 

=NO,H 

) 

(116a) R = H (117) 
(116b) R = CH, 
M.p. 152' 

prepared and studied by H ~ l l e m a n ~ ~  who described them as nitronic 
acids 117 (equation 106). 

is a strong acid, comparable to h y d r o ~ h l o r i c ~ ~ ~ ~ ~ ~ ~ .  I t  cannot be 
a ~ e t y l a t e d ~ ~ ~  and in water exists only 2 %  in the nitrodiketo form 
118, or 98% as forms 119-121 by bromine titration,,,; in benzene 

Z-Nitr0-1,3-indanedione (1 18), a much studied 
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solution, however, it exists 90% in the nitrodiketo form 118 
(equation 107). This interesting solvent effect is opposite to that found 
for all other a-nitroketones. Usually the nitroketone form is favored 
in protic solvents and the enol form is favored in aprotic solvents. I t  
appears that the enol form 121 in this unique system is not important 
in either protic or aprotic solvents; the ionic form 120 is evidently 
very important in protic solvents. 

Nitromalonaldehyde (122, 123) is an unstable substance, m.p. 
50-51" 377. It is prepared by acidification of its silver salt with 
ethereal hydrogen In water it produces a yellow, 
strongly acidic solution, but it decomposes rapidly in this solvent 
to yield 1,3,5-trinitrobenzene and formic acid. It is soluble in benzene 
and may be crystallized from ligroin. In the solid state and in 

CHO CHOH CHO 
I1 
CNO, 

I 
CHSO, 

I I 
CHO 

(122) (123) (124) 

I 
I 

C-SO,H 

CHO CHO 

aprotic solvents it probably exists principally as the enol 123. Very 
little nitronic acid 124 would be present in protic solvents. Rather, 
one would find principally the anion since this is a strong acid 
(pK.:itro = - 0). The sodium salt is nearly colorlcss in the solid state 
and relati\dy  table^^^."^. Aqueous solutions of nitromalonaldeliyde, 
however, are colored yellow. 

y-Ketonitronic acids are known. Some are readily prepared by 
Michael addition of vinyl ketones to suitable nitro alkane^^^^^^^^^^^^. 
The slow rate of reduction of the carbonyl group of 125 with sodium 
borohydride may be explained by formation of the cyclic pseudo ester 
127 from y-ketonitronate anion 1263s1 (equation 108). Some keto- 
nitronic acid might be expected to be present in the aqueous 
methanol which was employed as solvent. 

CH3COCH- CH, + CH,(NO,), + C:H,CO(:H,CH,CH,(NO,), 

(125) 

(126) (127) 

The nitrovinylation reaction1g1.2*3,3H2 leads to 4-keto-1-nitro- 
olefins which exist principally in the nitronic acid form in protic 
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solvents, and principally in the nitro form in aprotic  solvent^^^^^^^^. 
The compound 128 in methylene chloride solution has the charac- 
teristic phenyl vinyl ketone absorption (e.g. C,H,COCH=CHCH, 

I .  CIOK, EtOH; -(CH3)*KH 
C,H,COCH, + (CH,),NCH=CHNO, * 

2. HCI 

C6H5COCH= CHCH,NO, C,H,COCH=CHCH=NO,H ( 109) 

(128) (129) 

400 rnp (6600) l,ClI,CI max 2 258 rnp (10,900) 

p 3 0 1 i  
max 256 mp, cmax 17,400) and absorbs at much lower wave 

length than the nitronic acid 129, with its extended conjugation, 
which is formed in methanol (equation 109). Unlike compound 125 
the carbonyl group in 128 can be easily reduced to hydroxyl with 
sodium borohydride213. 

The benzoylindenenitronic acid 130 is known and is prepared by 
acylation of potassium indene-1-nitronates6 (equation 1 10). 

c,H,COCI W 7 C O C , j H 5  

0 1 -  (1 10) 

NOZQ NO, NO2 H 

(130) 77% 
M.p. 121' 

The tautomers of o- and p-nitrophenols are ct- and y-ketonitronic 
acids, r e ~ p e c t i v e l y ~ ~ ~ ~ ~ ~ ~ .  Their yellow color in basic solution in 
protic solvents is due to nitronate anions. The yellow color was 
observed by Hantzsch to remain momentarily on acidification of these 
salts due to formation of the relatively weak nitronic acids 131, 
1323833.384 (equation 11 1 )  ; esters of these acids have been prepared384. 

Colorlcss Yellow (132) Yellow 
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Tautomerization of the yellow nitronic acids 131, 132 to the 
colorless nitrophenols occurs very rapidly. 

Anthrone- 10-nitronic acid (134) is an interesting y-ketonitronic 
a ~ i d ~ ~ * ~ ~ - ~ ~ .  Two tautomeric forms have been reported-nitro 
ketone 133 and nitrophenol 135. Colorless 10-nitroanthrone (133) 
is prepared by nitration of anthracene in acetic acid. I t  forms a deep 
red potassium salt when treated with potassium hydroxide solution. 

0 

(133) Colorless 
8076; h1.p. 137'; 148' 

H,O, 1. KOH 

(1  12) 
25' 2. Dil. H,SO,,O' I 

* @  NO, H 

NO, 

(135) R = H; yellow; unstable 
(136) R = OAc; yellow; m.p. 182' 
(137) R = O,CCGH,; yellow; m.p. 238' 

(134) Red 
M.p. 80-85' 

The salt reacts with cold dilute sulfuric acid to yield carmine-red 
crystals of the ketonitronic acid 134386 (equation 112). The nitronic 
acid is quite stable and may be stored for months in a desiccator. I t  
melts unsharply, ca. 80-85', with decomposition, ultimately forming 
anthraquinone on continued heating386. O n  standing with water or 
dilute acids it is converted into the nitro form 133 with formation of 
some a n t h r a q u i n ~ n e ~ ~ ~ .  The nitronic acid or its potassium salt can 
be brominated to form colorless 1 O-bromo- 10-nitroanthrone, m.p. 
116" 386. Reaction of the silver salt of 134 with methyl iodide pro- 
duced a resin from which only anthraquinone could be isolateds6. 
The red potassium nitronate salt may be acetylated or benzoylated 
to produce yellow 10-nitro-9-anthryl acetate (136) or benzoate, 
13735. 10-Nitro-9-anthrol (135, an unstable yellow substance, isolable 
only at  -5") was prepared by H a n t z ~ c h ~ ~ ~  by acidification of the 
ammonium salt of 134 with hydrogen chloride in ether at  Dry Ice 
temperature; evaporation of the yellow solution gave 135. O n  
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warming to room temperature 135 immediately produced the red 
nitronic acid 134. 

IV. N I T R O N I C  ACID ESTERS 

A. Preparation of Nitronic Acid Esters 

The various methods available for preparing the rather unstable 
nitronic acid esters are presented in this section. Acyclic and cyclic 
esters (e.g. the 2-isoxazoline N-oxides) are considered separately. 
Certain side reactions which defeat the syntheses are discussed, 
including C-alkylation of nitronates. 

1. Acyclic nitronic acid esters 

Three principal methods are available for preparation of acyclic 
nitronic esters: (u) alkylation of sodium or potassium nitronate salts, 
(6) alkylation of silver nitronate salts, and (c) reaction of nitroalkanes 
and nitronic acids with diazomethane. 

The 0-alkylation of sodium and potassium nitronate salts has 
been examined extensivelys~23~84~275~387-3g3. The initial product is a 
nitronic ester (138; equation 113), which may decompose easily 
under the reaction conditions to form an oxime and an aldehyde 
or ketone (equation 114). C-Alkylation may also occur (equation 
115). The course of the reaction depends on the structures of the 

R1R2C=NO,-Naf + R3R4CHX d R1R2C=N02CHR3R4 + NaX (113 

(138) 
Nitronic ester 

R1R2C=N0,CHR3K4 + R1R2C=NOH + R3R4C=0 ( 1  14) 
(138) 

R1R2C=N0,-Na+ + R3R4CHX _j R1R2C(N0,)CHR3R4 + NaX ( 1  15) 

nitronate salt and alkylating agent. Alkylating agents of various 
types have been employed, including alkyl f l ~ o r o b o r a t e s ~ ~ ~ ~ ~ * ~ ~ ~ ,  

prepared by this method are listed in Table 11 (method A). 
0-Alkylation with alkyl fluoroborates is the best method when 

alkali metal nitronate salts are employed23.390*391. In a procedure 
developed by Kornblum and c ~ w o r k e r s ~ ~ ~ ~ ~ ~ ,  nearly quantitative 
yields are obtained in a rapid reaction at  0" (equation 116). 

sUlfates275,394-396 and halides65.196,387-389.392.393.396.397. Nitronic esters , 

00 
R1R2C-N0,-Na+ + (EtO),BF4 R1R2C=N02Et + Et20 + NaBF4 (116) 

75-9574 
R1, R2 = alkyl 
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Several ethyl alkanenitronates have been prepared by this method. 
However, when this reaction is applied at  50-70" to sodium cyclo- 

pentane- and cyclohexanenitronates and propane-2-nitronate, the 
esters are not obtained390. Oximes and N-alkyl oximes result (equa- 
tion l 17) .  Esters derived from simple secondary nitroalkanes are less 
stable than those from primaryz3. 

50-7496 I2-18% (117) 

Methyl sulfate has been successfully employed as an alkylating 
agent for the preparation of certain nitronic esters, in unstated 
yieldsz75~394*395 (equation 118). In  the reaction of methyl sulfate with 
cyclohexanenitronate, cyclohexanone oxime was formed3g6. 

C,H,CH=NO,-Na+ + (CH,),SO, __+ C,H,CH=NO,CH, + Na2S04 

(118) 

Alkylation of sodium or potassium nitronates with alkyl halides 
has not yet produced a nitronic ester by any reported proce- 
d ~ r e 6 5 . 1 9 6 . 3 8 7 . 3 8 9 , 3 9 2 , 3 9 3 , 3 ~ ~ . ~ ~ ~ .  Oximes, aldehydes, ketones, or C-alkyl 
products result314.393 (equation 1 19). These reactions are discussed 

EtOH 

25-80" 
(CH,),C=NO,-Na+ + ArCHzBr __f ArCHO + (CH3),C=NOH 

68-77% 

CEH5CH=N0,-Na+ + p-OzNC,H4CH2CI 

C,H5VHCH2C6H4N0,-p + C,H,CH=NOH + p-O2NC,H4CHO 
I 

NO2 
37% 

in detail in subsequent sections (cf. Tables 13 and 14, sections 
IV.A.2 and 1V.C. 1, respectively). 

I n  contrast to the behavior of alkali nitronate salts, the reaction 
of silver nitronate salts with alkyl halides can be used to prepare 

thetic method it appears limited to electronegatively substituted 

nitronic esters15, 191.193,194.196.306.384.386,387.401,403-408.410-413~ As a syn- 
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salts. Methyl and other alkyl iodides have been employed more fre- 
quently than bromides or chlorides (ether solvent) to produce 
nitronic esters (Table 11, method B) (equation 120). Silver picrate 

(CH,O,C),C=CHCH=NO,A\g + CH,I d 

(CH,0ZC)ZC=CHCH=Pi02CH, + AgI 

80% 

4-BrC,H4C=N0,Ag + CH,I ---+ 4-BrC H C=NO,CH, + AgI (120) 
‘I 
CN 

I 
CN 

70-80% 

H,NCOCH=NO,Ag + RI H,NCOCH=NO,R + rig1 
28-32y0 

R = Et, Pr, Am 

led to a very low yield of the unstable methyl or ethyl ester, 139384*38s 
(equation 12 1). As with alkali nitronate salts, certain silver nitronates 
react with alkyl halides to produce C-alkylation products and/or 

NO? 

O o N 0 2 , 1 g  + R X  0 0 . ” ; .  + A g X  (121) 

KO? NO, 

R = CH,, Et (139) 
X = Br, I 

oximes, oxime ethers, and aldehydes or  ketone^^^*^^^*^^^*^^^-^^^ 
(equation 122). 

NO, 
I 

CH,C=NO,Ag + CH,I - CH,CCH, + CH,C=NOCH, + CH,O (122) 
I I I 

NO, NO, NO, 

Methyl nitronic esters are conveniently obtained by reaction of 
nitronic acids with diazomethane in ether solvent (direct method). 
More conveniently, certain acidic nitroalkanes may be used as 
reactant (indirect method). The diazomethane reaction has the 
advantage that mild conditions may be employed, and C-alkylation 
products are not obtained. Oximes can result, however, by decom- 
position of the ester394, Nitronic esters prepared by reactions of 
diazomethane are listed in Table 11, method C. 

The direct method which requires a nitronic acid reactant has seldom 
been employed23*1g1*3g4, but would appear to be potentially quite 
useful. I t  is applicable at low temperature, and, although not yet 
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exploited, should be applicable to those nitronic acids derived from 
more weakly acidic nitroalkanes which do not react with diazo- 
methane. 4-Nitro, 4-bromophenyl- and phenylmethanenitronic 
acid have been converted into their methyl esters; the parent 
nitroalkanes also rcact to give the same p r o d ~ c t ~ ~ * ~ ~ *  (equation 123). 

4-O2NC,H,CH=NO,H + CH,N, __f 4-0,NC,H,CH=N0,CH3 + N, 

C,H,C(CN)=CHCH=NO,H + CH,N, __f ( 1  23) 

C,H,C(CN)=CHCH=NO,CH, + N 

38% 

The indirect method is quite effective with negatively substituted 

ketones and carboxylic esters react, but some enol methyl ether 
formation may be expected to result with some of these compounds 
(see section 111.C.4)344 (equation 124). More weakly acidic nitro- 
alkanes (pK:itro > ca. 8) such as nitromethane, 2-nitrobornane, 
and 3-phenyl- 1 -nitropropane do not react with d i a ~ o m e t h a n e ~ ~ * * ~ * .  

nitroalkanes ( pK<ritro < ca. 8) 2 3 ~ 2 1 3 ~ 3 4 4 . 3 9 4 . 4 ' 9 . 4 2 0 . 4 ~ 0 ~ .  Q- and y-Nitro 

4-BrC6H,CH,NO, + CH,N, 4-BrC,H,CH=N02CH, + N, 

C2HS0,CCH,N02 + CH,N, C2H,02CCH=N0,CH, + N, (124) 

THF 
C,H,COCH=CHCH,NO, + CH,N, __f C,H,COCH=CHCH=NO,CH, + N 

(28%) 

The deeply red-colored u-arylazonitronic esters may be prepared 
by reaction of diazomethane with aldehyde 1-nitrohydrazones. 
Several of these esters have been prepared by Bamberger and 
coworkers (see Table 1 1)6*295--299. The orange-red hydrazones are 
readily prepared in high yield by reaction of nitronate salts with 
diazonium salts at  0" (see section III.C.l.b)2g3-2es. Some 
formation accompanies formation of these unstable esterseg8 
tion 125). 

0" 

Et,O 
Several 
days 

C,H,NHN=CNO, + CH& __+ 

I 
CH, 

oxime 
(equa- 

C,H,N=NC=NO,CH, + C,H,N=NCFNOH + C,H,N=NC=NOCH, 
I I I (125) 
CH, CH, CH, 
65% 20% 6% 

A special method of synthesis of nitronic esters derived from 
2,6-di-t-butyl-4-nitrophenol employs a trialkyl phosphite and ethyl 
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acrylate reacting at room temperature without a solvent (equation 
1 2 5 ~ ) ~ ' ~ ~ .  

OH 

0 
I1 + (R0)2PCHzCH,C0,C,H, (1250) 

II 
s\ 
N 

0 OR 
28-56% 

R = CH3, CzH5, i-C3H7 

A new, special method of ester preparation is said to involve 
addition of iodo- or bromotrinitromethane to olefins in a solvent such 
as dimethyl sulfo~ide~QB.4ZZ-423~.~ , e.g. ethylene and iodotrinitro- 
methane yields 140 (equation 126). 

CH,=CH, + IC(NO,), __t ICH,CH,O,N=C(NO,)z (126) 

However, recent evidence has shown that the reaction in dimethyl 
sulfoxide does not lead to simple addition compounds of structure 
140, but rather to compounds of sulfonium structure 141423a. The 
structure of 141 was proved by synthesis. Dimethyl sulfoxide was 

(140) 

+ CH3 
I 

CH3 
I +  
I I I 

CH3 0- CH3 

CH3--S-O-N=C(NOz), CHsO-S+ + -O-N=C(NOZ)z 
I 
0- 

(141) 

methylated with dimethyl sulfate to compound 142 (equation 127). 
room temp. + 

(CH3)ZSO + (CH3),S04 - CH,OS(CH,)z; CH,OSO3- (127) 
(142) 

Addition of potassium trinitromethane dissolved in dimethoxyethane 
gave 141 (equation 128). 

142 + K+C(NO,),- __+ 141 + CH30S0,K (128) 

Nitronic esters have not been prepared by reaction of a nitronic 
acid with an alcohol. 
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Finally, a comparison of C- and 0-alkylation of nitronate salts 
should be considered at  this point4*"". 'The extent of C- and 0- 
alkylation is known to depend on three principal factors: ( a )  the 
nature of the leaving group in the alkylating agent, ( b )  the structure 
of the alkylating agent, and (c) the structure of the nitronate anion. 
Other factors include nature of the cation and solvent, reaction 
temperature, and solubility of reactants and products. 

The alkylation of alkali nitronate salts has been studied 
extensively with substituted benzyl alkylating agents (Table 
1 2)5~314~366~393~397~424-426n~t ' .  When 0-alkylation is the sole reaction, the 
yield is independent of the nature of the leaving group. However, 
2- and 4-nitro substituted benzyl alkylating agents are notably 
exceptional in their behavior. The extent of C- and 0-alkylation of 
lithium or sodium propane-2-nitronate salts by 2-0,N- and 4- 
O,NC,H,CH,X does depend on the nature of the leaving group X. 
Here, 0-alkylation is favored by the best leaving groups. 

The extent of C- and 0-alkylation depends on the structure of the 
alkylating agent. 2- and 4-nitrobenzyl and 2,4-dinitro- 
benzyl effect principally C-alkylation. However, 3- 
nitrobenzyl chloride and other benzyl halides effect 0-alkylation 

I t  is to be expected that yields of C- and 0-alkylation products 
would depend on the structure of the nitronate anion. For example, 
with 4-nitrobenzyl chloride yields of C-alkylation products are : 
CH,CH=NO,- (24%) and (CH,),C=NO,- (62%)397. 

Evidence for radical anion intermediates has been obtained by 
esr measurements in the C-alkylation with 4-nitrobenzyl chlo- 
ride314.424-427. The mechanism in this particular case is considered to 
be an exchange leading to a radical anion (143) and a nitro radical 
(144), followed by loss of chloride ion and coupling in a chain process 
(equations 129-132)314.427. 

0111~393. 

O,NC,H,CH,CI + (CH,),C=NO,- - O,NC,H,CH,CIA + (CH,),NO,. (129) 
(143) (144) 

O,NC,H,CH,CI' d O,NC,H,CH,. + C1- ( 130) 

O,NC,H,CH,. + (CH,),C=NO,- - 0,NC,H,CH,C(CH3)2N0zi (131) 
O,NC,H,CH,C(CH,),NO,' + O,NC,H,CH,CI w 

Supporting this mechanism is the finding that addition of 1,4-dinitro- 
benzene to this system as an electron scavenger increases the extent 
of 0-alkylation from 6 to 88 %,,,. 

O,NC,H,CH,C(CH,),NO, + O,NC,H,CH,CI A ( 1  32) 
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I'ABLE 12. Effect of substituents and leaving group on the extent of C- and 0-alkylation 
of substituted benzyl alkylating agents reacting with sodium and lithium propane-2- 

nitronate salts. 

-MX 
ArCH2X + (CH.J2C-N02-Mf __f 

M = Li, Na 
ArCH2C(CH3)2N02 + ArCHO + (CH3),C=NOH . 1 - 

C-Alkylation 0-A1 kylation 
Product I'roduc ts 

Ar X yk C-AI kylation 0,LO-Alkyla tiona Ref. 
- 

4-0,NC6H4 

4-NCC,H4 
4-CH30zCC,H4 
4-CH3COC,H4 
4-(CH3)3N+I-C,H4 

4-CF3C,H4 
4-CH3C,H4 
2-CH3C,H4 

4-BrC,H4 

+N(CH3) 2 

C,CI,CO, 
c1 

OTos 
Rr 
I 
CI 
CI 
Br 
CI 

Br 
I 
CI 
CI 

OTos 
Br 

I 
Br 
Br 
Br 
I 
Br 
Br 
Br 
Br 

93b 
90c 
93b 
92b 
83c 
40b 
20* 
8b 

46C 
31b 

I b  

Ob 

Ob 

Ob 

33c 
Ob 

O C  

Ob 

Ob 

O C  

Ob 

O C  

O C  

O C  

O C  

O C  

O C  

O C  

O C  

_c 

0 
0 
0 
6 
1 

32 
60 
86 
30 
52 
98 
82 
73 
80 
84 
- 

82-84 
73 

82-84 
82-84 

73 
82-84 

70 
72 
77 
68 
75 
77 
70 

68-73 

424 
425 
424, 426 
424,426 
5, 388 
424,426 
422, 426 
424, 426 
388 
424 
424 
424 
388 
424 
424 
307, 308 
424 
5 
424 
424 
393 
424 
5, 393 
5,393 
5 
5 
5, 393 
5,393 
5 
393 

a Determined by yield of aldehyde, ArCHO, or corresponding acid, ArCOZH. 
Lithium propane-2-nitronate in dimethylformamide at  0'. 
Sodium propane-2-nitronate in ethanol at 25-80'. 
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Other C-alkylations with various alkylating agents are known 
(equations 133-1 36)328,428a.b.429-431. I n  these examples, in contrast 
to the 4-0,NC,H4CH,X example, good leaving groups (Br-, I-, 

68% 
DMF 

(C,H,),I+, OTos- + R1R2C=N02-, Na+ ~ f 
--NaOTos 

C,H,I + C,,H,C(R’R2)h’0, (134)uo 

R1,R2 = H, alkyl, cycloalkyl 
58-690,L 

NO, 
I 

I 
NO, 

9yo, x = CI 

(CH,),C(X)NO, + (CH,),C=NO,-, iYaf (CH3),CC(CH3), ( 135)328 

290,:,, X = Br 
430,,, x = I 

so, i?.02 

N a H .  I ) X I t  

OTos-) favor  C-alkylation. Recently, the reaction of equation 135 
has been shown to proceed by a radical-anion chain mech- 
anism314 . 4 z a a  

The mechanism of silver dinitromethanenitronate alkylation with 
alkyl halides has been studied in acetonitrile at 25” 401.410-415*418*418. 

Overall third-order kinetics are observed in a mechanism which 
involves dinitromethanenitronate anion418 (equation 137). With the 
silver salt C-alkylation is limited to primary halides, including ally1 

CH,I + (O2N),C=NOZAg - CH,C(NO,), + AgI (137) 

and benzyl halides (28-52 % yield)401*418,432. 2-Bromopropane and 
other secondary, as well as tertiary halides are believed to undergo 
0-alkylation ; the resulting nitronic esters decompose to yield alkyl 
nitrate as the principal anomalous product418. 

Silver nitrocyanomethanenitronate gave a 58 % yield of nitronic 
ester by 0-alkylation with methyl iodide (equation 138), but could 

CH,CN 

51% 
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also be C-alkylated with t-butyl and ally1 bromides418 (equation 139). 

I ( 138) 
O,NC=NO,Ag + CH,I ___+ 0,NC=N02CH3 + AgI 

CN 
I 

CN 
58 % 

O,NC=NO,Ag + (CH,),CBr __f (O,N),CC(CH,), + AgBr 
I ( 139) 

CN 
I 

CN 
17% 

C-Alkylation is observed with silver and mercury phenylmethane- 
nitronate and silver a-cyanophenylmethanenitronate with diphenyl- 
methyl bromide and trityl ~ h l o r i d e ~ ~ ~ . ~ ~ ~ * ~ ~ ~ , ~ ~ ~ * ~ ~ ~  (equations 140, 
141). 

NO2 
I 

C,H,CH=NO,Hg + (C,H,),CCI __f C,H,CHC(C,H,), + HgCl (140) 
33-40x 

C,H,C=NO,Ag + (C6H5),CHBr 
I 

CN 
NO2 
I 

CeH5CCH(C,H,), + C,H,C=NOH + (C,H,),C=O (141) 
I I 
CN C N  

In  these particular reactions 0-alkylation predominates with the 
silver salts leading to the nitronic ester decomposition products 
oxime and ketone. 

A generalization for the direction of alkylation of ambident anions 
has been presented by K ~ r n b l u m ~ ~ ~ .  I t  states that the greater the 
SN1 character of the transition state, the greater the preference for 
bonding to the most electronegative atom in the ambient anion. 
Because of the instability of nitronic esters it is difficult to test this 
generalization using the available data on C- vs 0-alkylation of 
n i t r ~ n a t e s ~ l ~ . ~ ~ ~ .  0-Alkylation products (nitronic esters) are thermo- 
dynamically less stable than the corresponding C-alkylation prod- 
ucts. Also, several routes for ester decomposition are available 
making it difficult to assess the extent of 0-alkylation. With one 
exception only those nitronic esters having 0-n-alkyl groups are 
sufficiently stable to be isolable (Table 11) ; those having all other 
types of groups, including secondary and tertiary 0-alkyl groups, 
decompose. O n  the other hand, stable C-alkylation products have 
been obtained (usually in low to moderate yields) with a variety of 

10-18:; 500; 
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alkylating agents, including those with primary, secondary, and 
tertiary alkyl groups. Thus ,  i n  making predictions in thermodynamic 
terms about tlie extent of C- vs 0-alkylation of nitronates, one needs 
knowledge of the thermodynamic stability of the products and their 
potential routes of decomposition-as well as a good material balance 
of reaction products. 

2. Cyclic nitronic acid esters 

Cyclic nitronic esters corresponding to tlie lactones in the car- 
boxylic acid series are known. Only one type has been in\.estigated 
extensively, the 2-isoxazoline A-oxides, 145 (Table 13). ’The cyclic 
esters, unlike tlie acyclic, are rclativcly stable, crystalline solids. 

(145) 

They are good oxidizing agents, the LV-oxo group being easily 
removed. 

Available synthetic routes to  2-isoxazoline N-oxides proceed from 
either 3-halo- 1-nitroalkanes or 1,3-~liiiitroalkanes. ’The methods were 
discovered and developed by Koliler and ~ o \ v ~ r k ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  
Usually the starting compound is a hlichael-addition deri\red 
product. ‘The 0-alkylation cyclization reaction to produce ester 
employs one mole-equi\ralent of a base such as potassium hydroxide, 
potassium acetate, or diethylamine. For example, benzal malonic 
ester (146) adds phenylnitromettianc to produce the Michael adduct 
147. Bromination of 147 leads to the 3-bromo- 1 -nitrcalkane 148, 
which upon refluxing with ethanolic potassium acetate for 1 11 
produces isoxazoline N-oxide 149 i n  90 % yield (equation 142). 

CGHsCHtNO? + C G H ~ C H = C ( C O ~ C ~ H ~ ) ~  - C H CHCH(CO,C,H5)2 
(146) / C6H5CHN02 5~ 

(‘47) 
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The reaction has been extended to 3-bromo- 1,l -dinitroalkanes 
(Table 13) 436. 3-Bromo-1,l-dinitropropane (150) reacts with potas- 
sium acetate in water to precipitate 3-nitro-2-isoxazoline-2-oxide 
(151)436 (equation 143). 

(151) 
84% ; M.p. 96.5' 

Use of a 1,3-dinitropropane for cyclic ester synthesis is illustrated 
with 173-dinitro- 1,2,3-triphenyIpropane (152) , prepared by Michael 
addition of phenylnitromethane to ~x-nitrostyrene~~~.~~":'. One 
equivalent of sodium methoxide converts the dinitro compound to 
3,4,5-triphenyl-2-isoxazoline-2-oxide (153) (equation 144). 

NaOCH, 
CtjH,CH,NO2 + C,H5CHzC(N0,)CaH5 - 
The mechanism of the isoxazoline synthesis from 3-bromoalkane- 

1-nitronates is reasonably a bromide displacement by nitronate 
oxygen, The mechanism departing from 1,3-dinitroalkanes has 
been shown not to involve nitroolefin intermediate 154444'1. The 
reaction occurs by intramolecular displacement of nitrite ion from 
the mononitronate anion 155 (equation 145)444". 

(154) 

Cyclic nitronic esters with six-membered rings are available from 
4-keto-1-nitroalkanes. As discussed in section III.C.4, 4-keto-1,l- 
dinitropentane is belicved to cyclize in solution, although the 
pseudo ester 127 was not isolated. 

Michael addition of a I-nitroalkene to cyclohexane- 1,3-dione 
anion (156) (sodium methoxide catalyst) leads to the bicyclic 
nitronic ester 160J06 (equation 146). 
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+ RCH=CHNO, + Ga, 

(160a) R = CH, (5296); m.p. 164-166" 
(160b) R = C,H, (7276);  m.p. 165-167' 

Cyclic nitronic esters having four, seven, eight, and larger mem- 
bered rings (homologs of 2-isoxazoline N-oxides) are unknown. 
Heterocyclic compounds such as isoxazole and oxadiazole N-oxides, 
etc., may be called cyclic nitronic  ester^^^'.^^*. 

Cyclic nitronic esters are not readily prepared by oxidation of the 
corresponding desoxy compounds (2-isoxazolines, for examples5) 437. 

(159) 

B. Physical Properties of Nitronic Acid Esters 

Melting points of nitronic esters are listed in Tables 11 and 13. 
The ultraviolet spectra of a few nitronic esters have been 

rep0rted2~.401.402.409,~49. None representing the simple aliphatic type, 
(alkyl),C=N02R are available, but these would be expected to 
have strong rr - T* bands near 220-230 m p  like the parent nitronic 
acids (see section 1II.B). Several a-nitro acyclic and cyclic esters 
(e.g. 161, 162) have been examined in methylene chloride at 5" and 
in water s o l ~ t i o n s ~ ~ ~ ~ ~ ~ ~ .  They all have strong absorption of ca. 
3 15-320 mp ; the corresponding nitronate anions absorbed at  
wavelengths 25-50 m p  higher402. The extinction coefficient in the 
spectrum of unstable ethyl nitroformate (161) was obtained by 
extrapolation to zero t i r e .  

(O,N),C=NO,C,H, 
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The spectra of the high-melting, presumably trans isomers of 
nitronic esters 163a and 164 reveal intense absorption near 300 mp23. 
The solutions are unstable; the half-life of 164 in 95% ethanol at 
19" is ca. 7 daysz3. The half-life of 163a in deuteriochloroform at 
room temperature is ca. 2 daysz3. 

4-02NC6H4 0 4-BrC,H4 0 
\ f  \ r  

C=N C=N 
/ '~ 

OR H 
/ \  

OCH, H 
( t rans)  ( t rans)  

(163a) R = C,H,; (164) M.p. 66.5-67.5' 
m.p. 100-101' 
) ~ ~ ~ ' ~ '  240 m p  (9300) 

337 mp (17,600) 
(163b) R = CH,; 

m.p. I18-12Oo 

The ultraviolet spectra of a-keto nitronic esters (165, 96) have 
been reported; that of 165 resembles that of nitrone 166414. 

(cH3)2y'J40 

I 
N O ~ C ( C ~ H ~ ) J  d C o H 5  0- 

(96) (166) 

(CH3)z a 
(165) 

AEt,O msx 288 mp (13,900) 310 mp (7950) 
358 m p  (3740) 

A::!' 280 m,u (17,500) 

The infrared spectra of nitronic esters reveal intense C=N 
absorption in the region 1610-1660 cm-1 23.178.408. This is within the 
C=N absorption region of nitroiiic acids (1620-1680 cm-l) and 
oximes (1640--1685 cm-l); see section III.B.1.(1). 

Examination of the n.m.r. spectra of certain nitronic esters permits 
stereochemical as~ignments2~.2~~. Like oximes, nitronic esters exist 
in two geometric forms. Two forms of ester 168 have been isolated 
by reaction of nitroolefin 167 (presumably trans) with diazo- 
methane213 (equation 147). Both produce the same oxime 169 by 
4-BrC,H,CO H 4-BrC6H4 H 

--CH,O - \ /  

/ \  
C-c \ /  C H P ,  

Heat 

CH=N02CH3 H /=\ CH,NO, H 
(167) M.p. 91" (168a) 277;; M.p. 114' 

(168b) 350,;; M.p. 128' 
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4-BrC6H4 H 
\ /  
‘c=c’ 
/ \  

H CH=NOH 
(169) M.p. 164’ 

(one isomer only 
from 1688 or 168b) 

89 

(147) 

heating in t0luene2~~ and are believed to be isomeric about the C=N 
bond, i.e. cis and trans forms of the nitronic ester. 

The n.m.r. spectra of nitronic esters prepared from primary nitro 
compounds exhibit vinyl hydrogen peaks near 6.0 6 for alkyl R in 
RCH=N0,C2HS, and near 7.0 6 (singlet) for aryl R (CDCI, 
solvent)23. A mixture of cis and trans isomers is indicated in crude 
ester samples by noticeable splitting of these peaks. For example, 
one isomer (probably trans) of methyl 4-nitrophenylmethane- 
nitronate (163b), m.p. 118-120°, has a sharp vinyl singlet at 7.20 6, 
whereas crude ester, m.p. 100-108”, clearly containing a mixture of 
cis and trans forms, exhibits vinyl singlets at 7.20 and 6.92 623. 
Similar observations were made with the 4-bromo compound 164. 
Pure samples of the other (probably lower-melting, cis) isomers of 
163b and 164 were not isolated; these isomers were observed (by 
n.m.r.) to be much less stable than the trans isomers; the half-life of 
cis-164 is estimated at ca. 40 min in deuteriochloroform at room 
temperaturez3. 

C. Reactions of Nitronic Acid Esters 

Reactions of the rather unstable nitronic esters parallel those of 
nitronic acids. The same products often are formed from both sub- 
stances under similar reaction conditions. Hydrolysis under acidic 
conditions can lead to Nef products or hydroxamic acids. Nitronic 
esters are good oxidizing agents, are easily reduced, and participate 
in auto-oxidation-reduction reactions, the most important of these 
being a disproportionation to an oxime and an aldehyde or 
ketone. Diene addition, a reaction not yet observed with nitronic 
acids, leads to 1,2-isoxazolidines with nitronic esters. 

1. Hydrolysis of nitronic esters 

I t  seems remarkable that hydrolysis of a nitronic ester to produce 
an isolable nitronic acid directly (equation 148) has never been 
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observed. Surprising also is the fact that the reverse reaction, 
synthesis of a nitronic ester from an alcohol and a nitronic acid, has 

R1R2C=N0,R3 + H,O R1R2C=-N02H + R30H (148) 

not been found. I t  has been possible, however, to hydrolyze certain 
nitronic esters (those which form stabilized nitronate anions) to 
nitroalkanes and a l ~ o h o l s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Either acidic or basic 
catalysts have been employed (equations 149-152). 

HCI 
CgH&OCH=N02CH3 + H2O __f C ~ H S C O C H ~ N O ~ + C H ~ O H  (149)3Q4 

yo2 yo2 

0 ~ N 0 ~ C , I i 6  + H 2 0  H O e N O z  + C,H,OH 

No, No, 
( 1  5 0 p  

(151)414 
NaOH 

50' 
O,NC(CN)=NO,CH, + H,O - HC(NO,),CN + CH,O + NO," (152)401 

Ethyl acetamidomethanenitronate reacts with ammonia or silver 
nitrate to form nitronate salts403*407 (equations 153, 154). 

H,NCOCH=NO,C,H, + NH, + H,NCOCH=NO,-NH,+ + C,H,OH 
(153) 

H,NCOCH=NO,C,H, + AgNO, __+ H,NCOCH=NO,Ag + HNO, + C,H,OH 
( 154) 

Acid hydrolysis of nitronic esters under Nef reaction conditions 
produces aldehydes and ketones (Table 14) 222. With aliphatic 
nitronic esters the products and product yields are virtually the same 
as those obtained from the corresponding nitronic acids (generated 
from nitronate sa1ts)47*222~22g. For example, either sodium butane-2- 
nitronate or ' ethyl butane-2-nitronate produces 2-butanone in 
81-82 %yield when treated with 4Nsulfuric a c i d 2 2 2 ~ ~ ~ ~  (equation 155). 

dil. H,SO, dil. H,SO, 
C H C=NO,-Na+ 

(155) 
C H C=NO C H C2H,COCH3 t- 

2 2  5 8 1 %  82 70 

CHS 
' I  
CH3 
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On the other hand, 4-nitrophenylmethanenitronic acid does not 
undergo the Nef reaction (equation 156). Yet, its ethyl ester yields 
the Nef product, 4-nitrobenzaldehyde (80-82 %) under the same 
conditions222 (equation 157). A similar observation is made with 
4-bromophenylmethanenitronic acid222. 

02NC6H4CH=N02-H+ - 02NC6H,CH2N02 93% (156) 
dil. H,SO, 

dil. H,SO, 
02NC6H4CH=N02Et - 02NC6H4CH0 80-8270 (157) 

These results indicate a mechanism with aromatic nitronic esters 
(and probably with all nitronic esters) which does not involve a 
nitronic acid intermediate and does not involve prior hydrolysis of 
the ester to a nitronic acid. As pointed out by Kornblum222, a 
protonated nitronic ester must be involved. Hydration of this species 
170, followed by loss of alcohol, would yield carbonyl compound by 
a mechanism (equations 158-160) like that of the Nef; compare 
section 1II.C.la. 

R' 0 R' OH 

(158) 
\ o/ 

+ H + -  C=N 
\ r  

C=N 

R' OH 
\ o/ $. 

C=N 

/ \  

(170) 
R2 0C2H6 

R' OH 
\ o/ 
/ I  I \  

H,O + C-N ( 159) 

R2 OH H OCzH5 

R' 
-, \ 

/ 
+ C=O + CzHoOH + H+ + HNO (160) 

R2 

The observation that nitroalkanes are not usually obtained by acid 
hydrolysis of nitronic esters suggests that the rate of acid hydrolysis 
of protonated ester 171 to nitronic acid (equation 161) is usually 
slower than the 'ester Nef' reaction (equations 159, 160). The acid- 

R' 0 R' 0 

+ CzHsOH (161) 
\ r  \ r  
/ \  /C=N\ 

@?CIH5 I 

C=N + H2O 

R2 @OH R2 

H 

(171) 

H 
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catalyzed hydrolysis of a-ketonitronic esters to a-ketonitroalkanes 
(equations 149-151) may be particular and proceed by a mechanism 
involving a protonated carbonyl group; formation of a resonance 
stabilized nitronate anion RIC-C-N-0- , also facilitates these 

reactions. 
Hydroxamic acids are formed in concentrated sulfuric acid (3 1 N )  

from both aliphatic and aromatic nitronic esters (equation 162) ; 
yields (higher with aromatics) are comparable to those obtained 
from nitronic acids (via nitronate salts) (Table 14)222. However, in 

PrCH=N02Et ____t PrCONHOH (427;) 
(162) 

dilute (4N) sulfuric acid solution a difference in behavior is noted 
between nitronic esters and nitronic acids in forming hydroxamic 
acids. In the more dilute acid aliphatic nitronic acids form hydroxa- 
mic acids, but aromatic ones do not. The opposite is true of the 
nitronic esters. In  4N sulfuric acid solution aliphatic nitronic esters 
do not, but aromatic nitronic esters do form hydroxamic acids. 

This difference in behavior between nitronic acids and esters in 
yet another acid-catalyzed reaction suggests, as in the ‘ester Nef’ 
reaction (equations 158-160), a mechanism which does not require 
a nitronic acid intermediate. In a nitrile oxide mechanism (see 
section 1II.C. 1) the protonated ester 170 could lose alcohol, ulti- 
mately forming a protonated nitrile oxide 172, which hydrates to 
the hydroxamic acid (equation 163). The formation, in 4N sulfuric 
acid, of more hydroxamic acid from aliphatic nitronic acids than 

[ I I ~  0 R2 0 1 
Concd H,SO, 

Concd H,SO, 
4-02NC6H4CH=N0,Et ____t 4-OzNC6H4CONHOH (98%) 

R OH - RC=NOH@ + C,H,OH 
\ o/ 

C=N 

H ’ ‘OC,H, 

(170) (172) 

RC=NOH@ + H,O - H+ + RCONHOH (163) 

from aliphatic nitronic esters (which form aldehydes) is readily 
explained by assuming that 170 is more stable (forms nitrile oxide 

more slowly) than the corresponding intermediate, RCH=N(OH) , 
(173), obtained from the acid. The assumed relatively greater 
stability of 170 over 173 also explains the observed formation of 
hydroxamic acids from aromatic nitronic esters, and the absence of 

(172) 

GI 
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formation of hydroxamic acids from the corresponding aromatic 
nitronic acids (which tautomerize to nitroalkanes) under the same 
conditions in 4 N  sulfuric acid. 

A hydroxamic acid 175 has been prepared from a nitronic ester 
(174) in a basic medium; a nitrile oxide intermediate has been postu- 
lated for this r e a ~ t i o n " ~  (equation 164). 

(175) 

Hydrogen chloride should add to nitronic esters-as it does to 
nitronic acids-to yield chloronitroso compounds or hydroxamic 
acid chlorides (section 1II.C.la). Methyl dicarbomethoxymethane- 
nitronate (176) produces oxides of nitrogen and a blue color (possibly 
compound 177; not isolated) when treated with aqueous hydrogen 

(CH,O,C),C==NO,CH, + HC1 - (CH,O,C),CNO + CH,OH 

(equation 165). 

(165) 
I 

(177) 

Cl 

(not isolated) 
(176) 

The addition of hydrogen chloride to ethyl carbethoxymethane- 
nitronate leads to the hydroxamic acid chloride 181. Addition 
probably proceeds, as with nitronic acids, through a protonated 
ester 178 and an HC1 adduct 179 which loses ethanol to form a 
chloronitroso compound 180. Rearrangement of 180 would yield 
the hydroxamic acid chloride product, 181 (equation 166). 

Et0,C OH Et0,C OH 
\ @/ + HCI + C-N 

\ o/ 
C-N 

Et0,C O H  Et0,C Et0,C 

C=NOH 
\ @/ -C,H,OH \ \ 

/ 
CI 

- C-N 
-H + /A I \  

H 1 H OC,H, 
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Since electrophilic additions to nitronic acids (section II1.C. 1 b) 
appear to involve the nitronate anion in acid solution, no reactions 
of this type are to be expected for nitronic esters. None are found. 
Reactions of ethyl and methyl acetamidomethanenitronate with 
aqueous bromine are reported to produce 1 -bromonitronic esters 
[H,NCOC(Br)=NO,R; R = CH,, C,H,], solids which decomposc 
slowly at room temperature403. The possibility also exists, however, 
that these products are N-bromo derivatives, BrNHCOCH =NO,R. 

2. Oxidation and reduction reactions of nitronic acid esters 

Nitronic esters, like nitronic acids, are good oxidizing agents. 
They are easily reduced to oximes. Only a few reducing agents have 
been employed in reactions with nitronic esters. Reaction of nitronic 
esters with added oxidizing agents apparently has not been studied. 

Hydrogen iodide reduces nitronic esters to oximes with formation 
of iodine394.412 (equation 167). The reaction may involve an addition 

5~ (1671 

of hydrogen iodide, followed by loss of alcohol to yield a transient 
iodonitroso compound ; reduction of this product by hydrogen 
iodide would yield the oxime. Unlike the reduction of nitronic acids 
with hydrogen iodide27s, the reaction rate is quite variable and is not 
cleanly quantitative. Arndt and Rose394 observed that when esters 
are treated with concentrated hydriodic acid, the number of equiv- 
alents of iodine formed, and the rate of reaction, varied with the 
structure of the ester: 4-CH3C6H4S0,CH=N0,CH, reacted 
exothermically to liberate 2-2.5 equivalents of iodine ; C,H,CH=- 
N0,CH3 reacted on warming to produce 0.5 equivalent, and 
(CH,O,C),C=NO,CH, produced 4.36-4.38 equivalents. No iodine 
was formed when 4-BrC,H,CH=NO,CH, was treated with cold 
colorless azeotropic hydroiodic 

Although reduction of a nitronic acid to an  amine appears not 
to have been described, nitronic esters have been so reduced. 
Methyl a-cyanophenylmethanenitronate (182) is hydrogenated 
(platinum, acetic anhydride) completely to phenyl- 1,2-diamino- 
ethane, isolated as the bisacetyl derivative 183*11 (equation 168). 

C H C=NO,CH, + 2 HI d C H C=NOH + CH30H + I, 

CN 
' I  
CN 

Ha, Pt 

Ac,O 
C H C=NO,CH, C H CHCHzNHAc 

(168) 
6 1  

CN NHAc 

(182) (193) 
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Hydrogenation of keto ester 174 led to triphenyl carbinol and a 
mixture of epimeric amino alcohols 184414 (equation 169). 

(174) (184) Epirners 86 % 

An auto-oxidation-reduction reaction of nitronic esters is one of 
their most important and characteristic properties. I t  is the dis- 
proportionation of the nitronic ester to form an oxime and an alde- 
hyde or ketone (Table 15) and is of synthetic utility for preparing 
each of these products. The reaction proceeds by heating in solution 
in various solvents, or, in the absence of solvents (equations 170-1 72). 
I t  appears to have been discovered by Nef (1894)150404. Yields, 

EiOH 

Rcflux 3-4 h 

C,H,COCH=CHCH=NOH + CH,O ( 170)213 

C,H,COCH=CHCH=NO&H, f 

80% 

t 
H a 0  

Rcflux 3 min 
C,H5N=NC(CH3)=N02CH, 

C,H,N=NC(CH,)=NOH + CH,O (171)298 

9076 86 % 
100" 

10h ' ' 1  C H C=N02CH3 C H C=NOH + CH,O 

CN ( I72)197 
' ' 1  

CN 

50% 

although seldom reported, generally appear to be very good. 
The reaction is not limited to the few types of stable nitronic 

esters. I t  is also observed with esters generated in situ. Alkylations 
of nitronic acids or nitroalkanes with diazomethane, alkyl fluoro- 
borates, or alkyl halides can produce oximes. The synthetic value 
of the reaction applied to simple esters (methyl, ethyl) lies in oxime 
synthesis (e.g. equation 173)419; cf. Table 15 for other examples. 

0 0 €1~0, CH,N, GH, a ( 1  73)4'9 

0 0 
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Preparation of aldehydes and ketones from nitronic esters generated 
in situ is important s y n t h e t i ~ a l l y ~ ~ ~ ~ 3 ~ 3 ~ ~ ~ Q ~ ~ ~ ~ .  An alkali or silver 
nitronate reacts with a primary or secondary alkyl halide in a solvent 
such as ethanol, usually at reflux temperature (equations 174-1 76). 

C,H,C(CN)=NO,Ag + 4-02NC6HpCH,Br 
C,H,C(CN)=NOH + 4-O2NC,H4CHO ( 1  74)3*’ 

800,; 80”/b 

+ BrCH2COCH3 

97 % NOH 

(176)m 

I t  is possible to examine the scope of this reaction since many 
examples are known (Table 16). The reaction has been developed 
as a synthetic method392.393*450. The customary procedure involves 
preparation of a nitronate salt from the nitroalkane and sodium 
ethoxide in ethanol, followed by addition of the halide. A short 
period of heating under reflux (1-3 h) is usually sufficient to com- 
plete the reaction. Yields of both carbonyl compound and oxime are 
usually excellent. Side reactions seem to present no difficulties and 
are seldom encountered. The range of structural variations allowed 
in nitro compound and halide is quite large. Primary and secondary 
nitroalkanes seem equally effective. Yieldsof aldehydes (from primary 
halides) appear to equal those of ketones from secondary halides. 
Aliphatic, alicyclic, and arylalkyl halides and nitronate salts have 
been employed with equal success. The method has been employed 
successfully in the synthesis of 1,2-dicarbonyl compounds from 
a-halo Although alkali metal salts have been em- 
ployed in most studies, silver salts are equally e f f e c t i ~ e ~ ~ * ~ ~ ’ * ~ l ~ .  
What appears to be the first example of the reaction, due to Nef15, 
employed silver 1 -nitroethanenitronate and ethyl iodide to yield 
acetaldehyde and a-nitroacetaldoxime. 

The mechanism of the disproportionation of nitronic esters to 
carbonyl compounds has been Generally, the reaction 
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appears to proceed more rapidly, and in higher yield, in a solvent 
than without a solvent. A slightly basic medium (pH 7-9) favors 
the reaction. A strongly basic medium is avoided to minimize self- 
condensation of the aldehyde or ketone products. Heating a nitronic 
ester with acids leads to a different reaction, formation of an alcohol 
rather than aldchydes or ketones (section IV.C.l). These observa- 
tions agree with a mechanism, suggested by Kornblum, involving 
base attack at  the a-carbon of the alkyl groupz3 (equations 177-179). 

R' 0 R' 0 

+ BH+ (177) 
\ r  
/ \ G  

\ \ r  
/ \o / 

\ ,\ 

/ / 

---+ C=N 
\ f  

/ \  

Rl 0 R' 

B : +  C=N 

R2 OCHR3R4 R2 OCR3R4 

C=NO- + R3R4C=0 ( I  78) C=N 

R2 OCR3R4 R2 

R' R' 

C=NO- + BH+ C=NOH + B: ( 1  79) 

However, the rate of decomposition of alkyl 3,5-di-t-butyl-4-oxo- 
2,5-cyclohexadiene nitronates is not base-catalyzed, and a cyclic 
intramolecular decomposition mechanism has been suggested.421n. 

Variations of the nitronic ester disproportionation reaction can 
lead to products other than aldehydes, ketones, and oximes. Epoxides 
react with nitronates (lithium ethoxide catalyst) to produce oxime 
ethers (e.g. 185) when an excess of epoxide is employed; the expected 
a-hydroxy aldehydes were not isolated451 (equation 180). Amides 
have been prepared by reaction of nitroalkanes with amine~*~O 
(equation 181). 

R2 R2 

LiOEt 

EtOH 
C,H,C(CH,)=NO,- + CH,CHCH, d 

Y 
excess 

C2H5C(CH3)=NOCH,CHOHCH3 + CH,CHOHCHO (180) 
(185) 39% (not isolated) 

EtOH 
(CH3)2CHN02 + C6H5CH[N(CH3)212 

(CH,),C=NOH + C6H5CON(CH3)2 + (CH,),NH (181) 
94 % 

Heating methyl 4-toluenesulfonylmethanenitronate produces 4-tolyl 
thiocyanate and carbon dioxide, but no formaldehyde394 (equation 
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182). Heating methyl dicarbomethoxymethanenitronate with aque- 
ous sodium hydroxide produced methanol, carbonate, and fulminate 
(isolated as the silver salt)3Q4 (equation 183) 

950 
4-CH3C6H4SOzCH=N02CH, 4-CH3C6H4SC=N + CO, + 2 H 2 0  (182) 

(183) 

The formation of stilbenes from what appear to be in situ-generated 

Aq. NaOH 

Heat 
(CH,O~C)ZC=NO,CH, - + CH,OH + CO,= + C=NO- 

nitronic esters has been o b ~ e r v e d * ~ - ~ ~ ~  (equations 184, 185). 
EtOH 

Heat 
2 4-BrC6H4CH=N02-Na+ + CH31 + 4-BrC6H4CH=CHC6H4-4-Br (184) 

CH,OH. NaOH 

25", 3 weeks 
2 C H C=NO,-Na+ + (CH,),SO, - C H C=CC6Hs (185) 

6 5 ~  I 
CN CN 

" 1  
CN 

Nitronic esters of tertiary alcohols cannot disproportionate to 
form aldehydes or ketones. Such nitronic esters are reported to form 
in situ in hot ethanol solution from potassium fluorene-9-nitronate 
(186) and tertiary bromides (t-butyl bromide, 2-bromo-2-phenyl- 
propane, and triphenylchloromethane)84~z'J5. These esters were not 
isolated. The products actually isolated are the same as those derived 
from fluorene-9-nitronic acid (see section III.C.2), namely fluor- 
enone oxime (77) and the 1,2-dinitroethane 76 (equation 186). 
When t-butyl bromide was a reactant, isobutylene was isolated 
as the dibromide. 

(186) (76) 6876 

NOH + 3 (CH,),C=CH? + H,O + 
50% (as dibromide) 

(77) 2 1 % 

3 K B r  (186) 

Keto ester 165 is isomerized by heating at  125" in xylene to form 
oxaziran 187 in the first example of such a conversion into this val- 
ence bond isomer of a nitronic esterP14.452 (equation 187). The 
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conjugated carbonyl band of the nitronic ester at 1724 cm-l is 

0 

(165) M.p. 149-15Z0 

VEZ: 1724 

(187) 33%; 

M.p. 176-177' 

,,ern-' 1751 

shifted to 1751 cm-l by the rearrangement. The extent to which 
oxaziran intermediates are involved in nitronic acid and ester 
chemistry is yet to be determined453. The conversion of the related 
nitrones into oxazirans is known; e.g. 188 + 189a1~24-454*455 (equa- 
tion 188). 

3. 1,3-Dipolar addition reactions of nitronic acid esters 

Nitronic esters undergo 1,3-dipolar addition to olefins, a 
reaction di~covered45~ and developed by Tartakovskii and CO- 

workers398~400*436~4~6-4@J. The products are stable, often crystalline, 
2-alkoxyisoxazolidines (Table 17). A wide variety of olefins have 
been added to methyl dinitromethanenitronate (190). The reactions 
are conducted under mild conditions-room temperature in methyl- 
ene chloride or without solvent. Yields are good to excellent in most 
examples (equations 139, 190; Table 17). 

CH CI ( 0 2 N ) 2 q J  
(0,N)2C=N0,CH3 + CH,=CH, 2 

20' CH~O' (189) 

73%; B.p. 66' (0.33mrn) 
(190) 

46%; M p .  96O 
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The reaction has been extended to cyclic nitronic esters as in the 
preparation of bicyclic 191436*456,458a (equation 191). 

NO2 mNo2 t CH,=CH, ---+ &J N. (191) 
0' \*o 

('91) 

The scope of the reaction appears large, but has not been com- 
pletely defined since relatively few nitronic esters have been em- 
ployed. The required nitronic esters, some of which are very unstable 
(e.g. 190)) may be generated conveniently in situ. Thus, the reaction 
is not limited to the few stable nitronic esters. The reaction has 
failed in certain reported instances. The reaction of methyl phenyl- 
methanenitronate with styrene failed to yield an isoxazolidineP5'. 
2-Alkoxyisoxazolidine products having a hydrogen in the 3-position 
may eliminate alcohol to form a 2-isoxazoline; for example, in the 
reaction of methyl nitromethanenitronate with styrene the product 
was 192400 (equation 192). 

(not isolated) (192) 34y0 

The structure of the adducts derived from unsymmetrical olefins 
has been established in a few i n s t a n ~ e s ~ ~ ~ , ~ ~ 0 * ~ ~ ~ .  Vinyl compounds 
(CH,=CHR) examined thus far add so that the R group appears 
in the 5-position. Hydrolysis of 193 with dilute sulfuric acid led to 
@-benzoylacetic acid, thereby establishing the 3,5-relationship of 
phenyl and c a r b ~ m e t h o x y ' ~ ~  (equation 193). 

(193) 

The addition of methyl phenylmethanenitronate (194) to benzald- 
oxime (195) led readily to 3,5-diphenyl-l,2,4-oxadiazole (197), 
which is also formed slowly from 194 on standing4b7. Since oximes 
form readily from nitronic esters (equation 194), the formation of 
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oxadiazoles from certain nitronic esters on  tand ding^^.^,' appears 
to be simply an addition of product to reactant. The intermediate 
196 demethanolates and dehydrates to yield the oxadiazole 197 
(equation 195) 

C6H5CH=N0,CH3 ___+ C,H,CH==NOH + CH,O (194) 
(194) (195) 

] -"F* C e H 5 7  NOH 

C,H,CH=NO,CH, + C,H,CH=NOH 7 . 0 / L ~ 6 ~ 5  

L o  
(194) (159) (196) (195) 

C ~ H ~ F S  
N , O I L C t H  3 

('97) 

The demethanolation of a 2-methoxyisoxazolidine has been 
shown to be acid-cataly~ed'~~, thus offering an explanation for the 
observed facile conversion of nitronic esters into oxadiazoles in hot 
hydrochloric (equation 196). An alternate acid-catalyzed 

15% HCI 4-BrCoH47--N 
2 4-BrC6H4CH=N0&H3 R c f l u x  J m i n .  N.o,!&6Hp13r-1 (196) 

mechanism could involve formation of a nitrile oxide intermediate 
from the nitronic ester (see section III.C.l.a), followed by addition 
of the oxime400. Diene addition of nitrile oxides to olefins has been 
r e p ~ r t e d ~ ~ ' , ~ ~ ~  (equation 197). 

H +  
ArCH=N0,CH3 ___+ ArCzNO + CH,OH 

ATCENO + ArCH=NOH --+ rArT-fr ] a ArKJAr 
(197) 

V. NITRONIC ACID DERIVATIVES OTHER T H A N  
ESTERS 

A. Nitronic Acid Salts 

Salts of nitronic acids may be prepared by reaction of bases with 
nitronic acids. However, they are usually most readily prepared 
from nitroalkanes, employing a suitable solvent. Unlike most nitro- 
alkanes, nitronic acids are soluble in sodium bicarbonate solution. 
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Many nitronate salts are shock sensitive explosives, and are particu- 
larly hazardous when anhydrous. The alkali metal salts are useful 
for purifying and isolating nitronic acids and nitroalkanesl. Prop- 
erties of salts of polynitroalkanes have been reviewed460. 

Several metal cations have been employed in the preparation of 
nitronate salts. The sodium and potassium salts are the most com- 
m ~ n ~ ~ ~ ~ ~ ~ ;  these are prepared by treatment of a nitroalkane with 
aqueous sodium or potassium hydroxide, or the ethanolic metal 
ethoxides (equation 198). 

R1R2CHN0, + KOH R1R2C=N0,-K+ + II,O (198) 

The usually colorless mononitronate salts often precipitate from cold 
solutions and may be isolated by filtration339. Alkali metal salts of 
1, I-dinitroalkanes are yellow and often less solqble than mono- 
nitronateslS4. The potassium salts are less soluble than sodium salts. 

Several heavy metal salts are known, the most common being 
silver, mercury, and ~ o p p e r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  These insoluble, largely 
covalent compounds may be prepared from the alkali salts by 
metathesis (equation 199) 

R1R2C=N02-Na+ + AgNO, R1R2C=N0,AgL + N a N 0 ,  (199) 

The silver salts are employed for nitronic ester synthesis (Table 11, 
method B, in section IV.A.l). The silver salt of nitroform exists in 
colorless and yellow modifications suggesting the possibility of 
CAg and OAg forms147s415. Insoluble mercury methanenitronate 
decomposes to form mercury f ~ l m i n a t e ~ ~ * ~ ~ ~  (equation 200). 

H&I, -2 H,O 
2 CH,=NO,-Na+ - (CH,=NO,),Hg - Hg(ON=C), (200) 

The qualitative test for nitronic acids employs aqueous ferric 
chloride. The resulting characteristic red-brown C O I O ~ ~ . ~ ~ ~  is probably 
that of a ferric salt, (Fe0,N=CR1R2)++; CJ section VI. 

Nitronate salts of weak bases such as ammonia and amines may be 
prepared from nitronic The reaction is conveniently 
conducted in ether solvent in which the salts are insoluble. O n  
standing, the ammonium salts of weak nitronic acids liberate am- 
monia to regenerate the nitronic acid3e.177 (equation 201). 

R1K2C=N0,H + NH, R1R2C=N0,-NH4+ (201) 

Nitroalkanes react directly with ammonia or The 
kinetics of this second-order process has been examined with 
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nitroethane”2. P-Nitro-l,3-indanedione readily forms stable salts 
(198) useful for characterization of a m i n e ~ ~ “ ~ .  

0 

0 
(‘98) 

Nitronate salts are very useful and important reaction inter- 
mediates. They are employed in numerous reactions, either in solution 
or in suspension in anhydrous solvents. Typical are aldol-type 
condensation (Henry reaction), Michael addition, acylation, 0- 
and C-alkylation, and halogenation (to form a-halonitroalkanes). 
Thermal decomposition of nitronate salts has been 

B. Nitronic Acid Anhydrides 

Simple nitronic anhydrides-acyclic 199 or cyclic 201-appear 
to be unstable compounds. The cyclic anhydrides 201 are known as 
furazan dioxides. Attempts to prepare them by oxidation of furazan 
oxides (200) have failed4ss-468. Evidence for a cyclic nitronic acid 

P99) (200) (201) 

f0 

’.O 

Cl c1 \ e C1 m;: 
(204) (202) 

anhydride 203 as a reaction intermediate is found in the facile 
interconversion of 4- and 5-chloro-2-nitronitrosobenzenes (202 and 
204, respectively) (equation 202). Heating pure samples of either 
202 or 204 at  low concentration in refluxing tetrachloroethane gave 
a mixture of equal parts of the two isomers, regardless of the direction 
from which equilibrium was approached4““. 

The known stable nitronic acid anhydrides are mixed anhydrides 
derived from secondary nitronic acids (with one exception) and 
carboxylic acids. These nitronic carboxylic acid anhydrides (Table 
18) appear to be somewhat more stable than most nitronic esters. 

(202) (203) 
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They may be prepared by acylation of a secondary nitronate salt 
with an acid chloride, or anhydride275.411,4BS-471. Silver and alkali 
metal salts have been used (equations 203, 204). 

C6H6 
C ti C=NO,Ag + C,H,COCI + C,H,C=NOCC,H, + AgCl 

I 1 ll (203) 
C N O  0 

' 5~ 
C N  

85:; 
M.p. 116' 

I : q )  
(CH,),C=KO,-Na+ + (CH,CO),O ---+ (CH,),C=NOCCH, + CH,CO,-IVa+ 

1 I /  
0 0  (204) 

17:; 

The nitronate salt does not need to be prepared first. Treatment 
of a secondary nitroalkane with potassium acetate and an acid 
anhydride leads to a low yield of mixed anhydride4'0. Ketene may 
be used as in the preparation of 205, the only known anhydride 
derived from a primary nitronic a ~ i d ~ ~ ~ . ~ ~ ~  (equation 205). This 
compound could not be prepared by reaction of sodium phenyl- 
methanenitronate with acetyl ch1oride"O. 

C,H5CH-N02H + CH,=C=O d C,H5CH-NOCCH, 
i I/ 0 ii 

(205) M.p. 98' 

The physical properties of nitronic carboxylic anhydrides 
not been examined extensively. No spectra appear to have 
recorded. The compounds which have been prepared (Table 18) 
are relatively stable, distillable liquids or crystalline solids. 

Studies of reactions of nitronic carboxylic anhydrides are few. 
From what is known their reactions appear comparable to those of 
carboxylic anhydrides. However, a simple hydrolytic cleavage 
reaction to carboxylic and nitronic acids (or nitroalkanes) is not 
always found. 

Two reaction patterns are distinguished. Anhydrides derived from 
primary nitronic acids rearrange with great ease to hydroxamic acid 
esters. Those derived from secondary nitronic acids cannot undergo 
this rearrangement, but form other products. 

Reactions of primary nitronic carboxylic anhydrides prepared 
in situ can be observed by examining the reaction of salts of primary 
nitroalkanes with acid chlorides and anhydrides (equation 206). 
Nitronic carboxylic anhydrides have not been isolated from these 
reactions. Hydroxamic acid esters are the principal p r o d ~ c t s ~ ~ ' - ~ ~ ~ .  

(205) 

have 
been 
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The reaction was discovered by Kissel in 1882472. Both sodium 

CH,CH=NO,-Na+ + CH,COCI __+ CH,CHNOCCH, + NaCl 
II 15 

(206) 
0 

C,H,CH=NO,-Na+ + CH,COCI C H CNHOCC,H, + NaCl 
"11 II 

0 0  

ethanenitronate and sodium phenylmethanenitronate can yield 
dibenzohydroxamic acid with benzoyl ~ h l o r i d e ~ ~ , ' ~ ~ - ~ ~ ~  (equations 
207, 208). 

CeH5CH=N0,-Naf + C,H,COCI C,H,CNHOCC,H, + NaCl (207) 
II 
0 

CH,CH=NO,-Na+ + C,H,COCI __f 

CH,CNHOCC,H, + CsH,CONHOCC,H6 + NaCl (208) 
II 
0 

/ I  I /  
0 0  

When primary nitronate salts are treated with an excess of acylat- 
ing agent, trisacylhydroxylamines result245. Acylation and trans- 
acylation of the hydroxamic ester are involved (equation 209). 

(CH CO) 0 

CH,CO,-Na+ 
RCH,NO, - (CH,C0)2NOCCH, + RCO,-Na+ (209) 

II 
0 

76-79% (R = CH,) 
75-76% (R = CZH,) 

6% (R = H) 

Van Raalte observed that acyl exchange can occur when different 
aryl groups are present in the acid chloride and nitronate saltsn 
(equation 210). 

4-CIC H CNHOCCsH4-CI-4 (2 10) 
6 4 1 /  II 

\ 
C6H5CH=N0,-Naf + 4-CICsH4COCI 

4-CIC,H4CH=N0,-Na+ + C,H5COCI / O 0  

The mechanism of hydroxamic ester formation as suggested 
originally by probably involves initial formation of a nitronic 
carboxylic acid anhydride followed by a tautomeric rearrangement 
(equation 21 1).  An oxaziran intermediate is possibly involved. The 
thermal rearrangement of oxazirans to amides has been studied4?, 

r~ 1 H 
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and is accelerated (relative to N-alkyl) by N-aryl substitution4". 
However, the actual conversion of a primary nitronic carboxylic 
anhydride into its isomeric hydroxamic ester has yet to be described. 

Reactions of primary nitronic carboxylic anhydrides, prepared 
in situ, can also be examined by studying the reactions of primary 
nitronic acids, rather than the salts, with acid chlorides and anhy- 
drides. Reaction of phenylmethanenitronic acid with acetyl or benzoyl 
chloride (or hydrogen chloride) leads to hydroxamic acid chloride 
58249*275 (equation 212). In the presence of pyridine one obtains the 
benzoyl derivative 206, which is also obtained from 58 under the 
same conditi~ns"~ (equation 213). 

C,H5CH=N0,H + RCOCl + C H C=NOH + RCO,H (212) 

CI 

R = CH,, (58) 
C6H5 M.p. 50-51' 

G"5N 
C,H,CH=NO,H + C,H5COCI + C H C=NOCOC,H, + H 2 0  (213) ' 'I 

CI 
(206) 

The mechanism of this reaction may parallel the hydroxamic acid 
chloride forming reactions of nitronic acids (section 1II.C. 1 .a) and 
esters (section 1V.C. 1). Addition of hydrogen chloride to protonated 
anhydride 207, followed by loss of water and a proton from adduct 
208 would yield 206; loss of benzoic acid would yield 58 (equation 
214). 
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Reactions of secondary nitronic carboxylic acid anhydrides can 
be examined readily because of the stability of these substances. The 
acyl function remains intact in reaction products. The nitronic acid 
function may be destroyed, however. 

Hydrolysis of anhydride 209 with aqueous sodium hydroxide led 
to benzoic acid and u-cyanophenylnitromethane; reaction with 
phenylhydrazine led to hydrazide 210 (equations 215, 216)411. 

0 
t I .  NaOH 

C,H5C=NOCOC,H5 C,H,CHNO, + C,H5C0,H (215) 
I I 

CN 
(nos) 

CN 

(:,H,SHNH, 
209 + C,H,CHNO, + C,H,CONHNHC,H, (216) 

I 
CN 

(210) 

Hydrolysis of propane-2-nitronic acetic anhydride (21 1) by 
boiling water, with or without an acid catalyst, gave equal amounts 
of acetone and acetic acid in quantitative yield; nitrogen appeared 
as nitrous oxide and hydroxylamine (equation 21 7)470. In  sodium 
hydroxide, hydrolysis of 211 occurred to give the same carbon 
products; nitrogen appeared as ammonia, nitrogen, and nitrous 
oxide, but no hydroxylamine was found (equation 218)4’0. 

H,O or H,O+ 

Kcflux 15 miti 
(CH,),C=NOCOCH, 

1 

(211) 

+ (CH3)zC=O + CH,CO,H + N,O + NH,OH 

0 100% 100 yo (2 17) 

IOo,H20 S a O H  
211 t (CH,),C=O + CH3C0,-Na+ + N,O + NH, + N, (218) 25” 

(209) 

Ethaiiolysis of 211 in the presence of an acid catalyst, but not in 
ethanol alone, occurred to yield acetoxime, ethyl acetate, and a trace 
of acetone (equation 219)470. Aminolysis of 211 with aniline led to 
acetanilide (quantitative yield) as well as acetoxime and ammonia 
(equation Z!O)470. 

H +  

Heat 
211 + C,H,OH + (CH,),C=NOH + CH3C0,C,H, 

27% looq, 

18y0 IOOO,, 

211 + C,H,NH, - (CH,),C=NOH + CH3CONHC,H5 + 
Hral 

(2 19) 

NH, (220) 
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The  solvolysis reactions of nitronic carboxylic anhydrides would 
appear to require more than one mechanism. A simple cleavage to 
nitronic and carboxylic acids and derivatives (esters, salts) would 
explain most of the reactions. Alternative mechanisms may be in- 
vol\red, however. For example, acid-catalyzed hydrolysis of propane- 
2-nitronic anhydride (211) (equation 217) to yield acetone and 
nitrous oxide could be the result of Nef hydrolysis of the resulting 
propane-2-nitronic acid. However, as in the acid-catalyzed hydrolysis 
of nitronic esters to Nef products, the failure to isolate any nitro- 
alkane (equation 217)  as a product suggests an  alternate mechanism. 
Like the 'ester-Nef' (section 1V.C. 1 ) )  an 'anhydride-Nef' is possible 
(equations 22 1 , 222). 

K' 0 H R' OH 
/ / 

/ \\ / I  I \  
C-N + H 2 0 +  C--S (22 1 ) 

K' 02CR3 RZ OH H O,CR~ 

I t 1  O H  R' 

/ I  I \ \  / 
R2 OH H 0 2 C R 3  R2 

\ 

+ C: 0 + R3C0,H + HNO + H' (222) 
/ c- s 

T h e  formation of acetoxime and ethyl acetate from anhydride 211 
by acid-catalyzed ethanolysis (equation 219) could be a result of 
nitronic ester formation (212), followed by disproportionation to the 
oxime (equations 223, 224), 

(CH,)2C=NOCOCH, + C2H,0H __f (CH,),C=-NOC,H, + CH,CO,C,H, 
1 (223) 
0 

1 
0 

(2111 (212) 

212 - (CH,),C- NOH + CH,CHO (224) 

The base-catalyzed cleavage of anhydride 209 to x-cyanophenyl- 
nitromethane and benzoic acid (equation 215) appears as a simple 
cleavage to nitronate anion followed by tautomerization to the nitro 
compound. O n  the other hand, the base-catalyzed cleavage of 
anhydride 211 (equation 218) to acetone and ammonia, and the 
aminolysis of 211 (equation 220) tc yield acetoxime and ammonia 
appear not to be nitronate anion reactions. 

0-Alkyl oximes (e.g. 214) were observed on attempted acetylation 
of potassium 1-nitromethanenitronate (213) and I-nitroethane- 
nitronate with acetyl chloride or acetyl nitrate (52 % yield of 214)469 
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(equation 225). Some 214 (12 %) was also formed in the reaction of 

2 CH,C SO,-K+ + CH,COCI c_f 
I 

NO, 
(213) 

CH,C-NOC(NO,),CH, + CH,CO,-K+ + KCI (225) 
I 

KO2 
(214) 31% 

213 + C,H,COCI --+- 214 + CH,C=NOCOC,H, (226) 
I 

NO, 

(215) 

213 with benzoyl chloride in which the benzoyl oxime 215 was 
produced469 (equation 226). Formation of 214 suggests C-alkylation 
of an anhydride intermediate 216 by anion 217 (equation 227). 
Compound 214 has also been prepared from 217 and 1,l-dinitro- 
ethane4'*". 

0 

(227) 
t 

I I1 
NO, 0 

(216) (217) 

CH,C=NOCR + CH,C(NO,), __f 214 

C. Nitronic Acid Halides 

There are two published accounts purporting to describe nitronic 
acid ~ h l o r i d e s ~ ~ * ~ ~ ~ .  In  both instances the unstable oils obtained are 
very poorly characterized substances. Hantzsch and Veit32 treated 
phenylmethanenitronic acid with phosphorous pentachloride. The 
product was said to be acid chloride 218 (equation 228), 

0 
PCI, 7 

C,H5CH=N0,H + C,H,CH=N (228) 

'Cl 
(218) 

an exceptionally unstable oil. A more vigorous reaction occurred 
with 4-nitrophenylmethanenitronic acid to yield 4-nitrophenyl- 
nitr~rnethane,~.  

Reaction of nitroalkanes with picryl or N- (oxydichlorophos- 
phino)pyridinium chloride a t  80-1 20" produces low-boiling oils 
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(distilled from the reaction mixture and condensed in cold traps) 
and said to be nitronic acid chlorides 219479. The compounds have 
the following colors; a, colorless; b and c, faint greenish blue; d, 

R' 0 
\ r  

C=N 

( a )  R1,R2 = H,H; b.p. 2-3"; m.p. - 4 3 O  
( b )  H,CH,; b.p. 5' 
( 6 )  H,Et; b.p. 5' 
(4 CH,,CH,; b.p. 15' 

intense blue. With aqueous or ethanolic ferric chloride no colors are 
developed with the compounds. The blue colors suggest the presence 
of nitroso compounds 220. 2-Chloro-2-nitropropane is known as a 
blue liquid b.p. 70" (760 mm)480. However, chloronitrosoalkanes 

RIRZCNO RCLKOH 

(220) (221) 

of the type RCH(C1)NO are known only in solution and readily 
isomerize to colorless a-chlorohydroxamic acids 221274". I t  appears 
that the substances assigned structure 219 have not been adequately 
characterized, and an authentic nitronic acid chloride is yet to be 
described. 

D. Nitronic Acid Amides 

Nitronic acid amides are not well known. No substance having 
the hydrazone oxide structure 222 has been described. Nitronic acid 
amides of primary amides 223 would be azoxy tautomers 224. 

R1R2C=NNR3R4 
1 

(222) 

0 

R'R2C=NNHR3 R'R2CHN=NR3 
1 

(223) (224) 

0 
1 
0 

A cyclic nitronic acid amide ('lactam') would be a pyrazole oxide 
225 or pyrazoline oxide 226. Examples of the former are the indazole 
oxides; e.g. 227481-484 (equation 229). 
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I 

R R 

1225) 

CN 

(226) 

c: N 
(229) 

(227) 

A nitronic acid imide would be a 2-H-1,2,3-triazole-l,3-dioxide 
(228) ; none has been described. However, 1-oxides such as 229 have 
been ~ r e p a r e d ~ ~ ~ - ~ ~ ? .  

R 

(228) 

0 

(229)  

Nitronic acid amides could exist as reaction intermediates. Ami- 
nolysis of nitronic carboxylic anhydrides might involve a nitronic 
acid amide intermediate (equation 220). 

Finally, nitrones (e.g. 231) may be considered the 'ketones' of the 
nitronic acid series. They have not been prepared directly from 
nitronic acids, but are available from oxazirans (230 + 231)24*454.477 
(equation 230), 

C6H5CH- NC(CH3), - C6H,CH- h'C(CH3), (230) 
Hrar 

1 
0 

\ /  
0 
(230) (231) lOOO,& 

VI. ANALYTICAL METHODS FOR NlTRONlC ACIDS 

Several methods are available for qualitative detection and quantita- 
tive determination of nitronic acids. Since tautomerization to the 
nitroalkane form often occurs readily in solution, the analytical 
method selected must consider this fact. The following tests do not 
apply to nitroalkanes. Some tests for nitronic acids are also applicable 
to nitronate anions. 

The ferric chloride test used for enolic substances may be applied 
to nitronic acids. A red color usually develops when aqueous or 
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alcoholic solutions of nitronic acids are treated with dilute ferric 
cliloride s ~ l u t i o n ' ~ ' ~ .  Green85 or brown33 colors are also observed. 
This test, sometimes called the Konowalow reaction after its dis- 
coverer13, was employcd by the early workers in nitronic acid 

Cvlors with lerric chloride 

Red I k c p  brohn Ihrk green 

c t i e m i ~ t r y ' ~ ~ ~ ~ ~ ~ ~ .  The  color is probably due to a Fc"' nitronate salt, 
Fe (0 ,X  =CRzKz)++, similar to the colored Fe"' phenolate salts, 
F e ( 0 A r )  + +488. 'The test has been the basis for a quantitative colori- 
metric method489. 

Bromine titration of nitronic acids occurs rapidly and is the basis 
of the Kurt  Meyer analysis36 (equation 231).  Bromine or ferric 
chloride may be used as an  indicator. Iodine monochloride has been 

R'R2C NOzH + Hrz __f R'K'CNO, + HBr (23 1) 

Ijr 

employed for quantitative analysis of nitronic acidszo9 (equation 232). 
The  unreacted iodine monochloride, which is employed in excess, 
is allowed to react with N,N,N',N'-tetramethyl-p-plienyienediamine 
to produce the intensely blue Wurster radical cation 232, which 
may be assayed spectrophotometrically (equation 233). 

(232 1 R1R2C-N0,H + ICI + R1R2CNOZ + HCI 
I 
I 

(232) Blue 

The  oxidizing property of nitronic acids is the basis of a n  excellent 
quantitative methodZ76. A mixture of potassium nitronate salt and 
potassium iodide is acidified. The  hydrogen iodide reacts with the 
liberated nitronic acid to produce iodine and an  oxime (equation 
234). The  iodine is then titrated with sodium thiosulfate employing 
starch indicator. 

R'R2C=N0,H + HI R'R2C=NOH + I, (234) 
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Polarography has frequently been employed as a convenient 
method of quantitative analysis of nitronic acid-nitroalkane 
mixtures38~44~47~110~3F1~490. The nitronic acid form, as well as the 
nitronate anion, are not reduced polarographically at  the dropping 
mercury electrode at  the same voltage as nitroalkanes. 

The greater acidity of nitronic acids (pK, 3-6) over the parent 
nitroalkanes (pK, 8-10) [ApK, = ca. 3-6 (Figure 5)] is a property 

l lr 

-*I -3  

1 
ACI 0 

PK o- I 

1 CH(NO2I3 

2 CH3CH(N021Z 
3 CH3CHzCH(N0212 

4 CH2(NO2I2 

5 C6H5CHZN02 

6 (CH3i2CHNO2 

7 CH3CHZNOz 

8 CH3CH2CHzNOZ 

9 CHJ(CH2)5CH(CH3)N02 

10 02N(CH216N02 

1 I CH3N02 

0 1 2 3 4 5 6 7 8 9 1 0  
F.],tro P C I  

pK, - PKo- 

FIGURE 5. Plot of pK$ci and pKFitro vs. pKtitro - pK$c i .  Data for nitronic acids 
and nitroalkanes in water at 25' in Table 5. 

frequently employed for analysis. The nitronic acids are usually 
soluble in sodium bicarbonate solution'; most nitroalkanes are not 
(see p K ,  values in Table 5, section 1I.D). Sodium hydroxide solution 
is not suitable for nitronic acid titration since nitroalkanes also 
react. 1,l-Dinitroalkanes and their nitronic acids are of nearly equal 
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acid strength (pK, 5-6); 4. Figure 5. Because of their relatively 
greater acidity, nitronic acids are better conductors in solution than 
nitroalkanes. The conductometric method has frequently been 
employed for quantitative analysis of those nitronic acids which have 
conductivities significantly greater than the corresponding nitro- 

A most convenient analytical method, useful for rapid determi- 
nation-as in kinetic studies-takes advantage of the strong char- 
acteristic nitronic acid 7r - 7r* ultraviolet absorption band in the 
ultraviolet region near 240 mp52.53. Nitroalkanes do not absorb 
significantly in this region. Rapid reactions, such as mi-nitro tau- 
tomerization, may easily be followed by this spectrophotometric 
methods2. 

alkanes28-31 ,112 
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1. INTRODUCTION 
The nitrone function is represented by formula 1 (R = H, alkyl or aryl). If R1 = OH, 
the compound is a nitronic acid. The present review is divided into two parts: the 
first dealing with nitrones, the second with nitronic acids. 
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!I. NITRONES 
The subject of nitrones has been reviewed several times in the pasti-I0. The most 
recent general reviews concerning nitrones were published in the m i d - ~ i x t i e s ~ - ~ .  
Specific aspects of the chemistry of nitrones, namely their rearrangementss and their 
participation in 1,3-dipolar cycloaddition reactions6 were reviewed later. In view of 
the considerable expansion in the knowledge and understanding regarding the 
chemistry of nitrones during the past decade, the preparation of a new and 
up-to-date review seemed appropriate. The present review will not be concerned 
with the preparation of ni t rone~'-~,  and their uses in medicinal chemistryi". These 
subjects have been reviewed recently and adequately. 

A. Structure of Nttrones 
Nitrones are usually represented by formulae such as  2 or 3, which imply that there 

is a positive charge on the nitrogen. However it has to  be made clear that this 
positive charge is delocalized between the nitrogen and the a-carbon as represented 
by 3 tf 4, resulting in a 1,3-dipolar structure. 

h N  

(2) (3) (4) (5) 

The extent of this delocalization will naturally be influenced by the substituents in 
the a-position as well as on the nitrogen, which therefore will also have a marked 
influence upon the reactivity of the nitrone function. Another electronic structure 
that has to be considered is 5. There is evidence that it contributes little in the 
ground state but certain phenomena can be best explained by invoking it (see 
below). 

It is necessary to  make a general remark regarding the various nomenclatures used 
in nitrones. There are two positions in the parent nitrone molecule: the a-position 
and the N-position (see formula 3), the a-position is often referred to as the 
C-position. In addition nitrones are often called Schiff base N-oxides (e.g. 
N-benzylidene-N-methylamine N-oxide) or  aldehyde N-alkyloximes or aldehyde 
N-alkyl nitrones. In the older literature nitrones were often called oxime N-alkyl 
ethers. The names of cyclic nitrones are usually derived from the name of the parent 
heterocycle. 

1. Theoretical calculations 
Ab inirio molecular orbital calculations have been carried out for the parent 

molecule 6 and its eight isomers, showing that formamide is far more stable than the 
other isomers". However, the calculated dipole moment of 4.99 D was quite far 
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from the experimental value of 3.37-3.47 D (see Section II.A.2.c). Subsequent 
CND0/2 and INDO calculations gave results closer to the experimental values2*. 
CND0/2 was also used to calculate the 0- and n-electron density of a-phenyl 
N-methyl nitrone (7)12. 

2. Nonspectral physical methods 
a. X-ray studies. The structures of two nitrones have been determined by this 

method. Lipscomb and coworkers have determined the structures of 
C-p-chlorophenyl N-methyl nitrone (8) and compared its bond lengths to those of the 
isomeric 0-methyloximes of p-chlor~benzaldehyde~~. The bond angles of 8 are 
indicated in the formula. The N-0 bond length in 8 was found to be 1.284 A, 
considerably shorter than the N - 0  distance in the isomeric syn oxime( 1.408 A), 

CI 

indicating the partial 
the C=N distance of 
the O-methyloxime ( 

(8) 

double-bond character of this 
1.309 A in the nitrone is longer 
1.260 A). The data found for 

bond in the nitrone. Moreover 
than the corresponding bond in 
a,a,N-triphenyl nitrone (9) are 

(9) 
indicated in the formula14. These data lend support to the ideas regarding the 
structure of nitrones that were expressed in Section 1I.A. 

b. Mesomorphism. Some nitrones are found to exhibit mesomorphism. This 
property can be exploited for the formation of liquid  crystal^^^-^'. 

c. Dipole moment and acid-base properties. Dipole moments have been 
determined for several series of nitrones and found to be 3.37-3.47 D; this confirms 
the dipolar structure indicated previously12J8-21. 

In a study of a series of N-phenyl nitrones having variously substituted aryl or 
heteroaryl groups in the a-position it was found that the N-oxide group is capable of 
acting either as an electron acceptor or as an electron donorI9, contributing to the 
effects of electron-donating and electron-withdrawing substituents. This can be 
illustrated for a-(p-nitrophenyl) (10) and a-(p-anisyl) (11) nitrones. Similar results 
have been found in a series of N-methyl nitronesl*. 
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+ ,Ph + ,Ph 

(11) 
The ionization constants of a series of conjugate acids of substituted phenyl 

nitrones (e.g. 12) and other aryl nitrones have been determined by potentiometric 

(1 2) 

t i t r a t i ~ n ~ ~ . ~ ~ .  The values obtained could best be correlated with the o+ values of the 
substituent R. The basicity of nitrones towards a Lewis acid (BF3) has also heen 
studied. Complexation with boron trifluoride (equation 1) increased the dipole 

RCH=&O- + BF3 RCH&-O-BF3 (1 1 
I 
R 

I 
R 

moment by approximately 5 DZ5. Calculations indicated that approximately 0.43 e 
was transferred from the oxygen to  the boron. 

The rate constants of the exchange of a-hydrogens in afi-diary1 nitrones and the 
a and methyl hydrogens of a-aryl N-methyl nitrones with deuterium have also been 
correlated with the substituent constants of the groups in the aryl rings26. The 
electron-withdrawing effect of the N-oxide group has been found to  have strong 
influence on the sensitivity of the methine hydrogen exchange to substituent 

The capability of nitrones to serve as electron donors is also manifested by their 
tendency t o  sewe as ligands in nickel c ~ m p l e x e s ~ ~ ~ ~ *  (see Section II.B.9.e). 

3. Spectra of nitrones 
a. Photoelectron spectra. The photoelectron spectra of a number of nitrones 

have been measured and various ionization potentials have been a s ~ i g n e d ~ ~ - ~ ~ .  The 
correlation of these with the mode of 1,3-cycloadditions of nitrones has also been 
discussed30. 

b. Ultraviolet spectra. A large number of papers report on the ultraviolet spectra 
of nitrones. Most of these are reported in the previous  review^^,^. More recent 
 report^^^-'^ deal with special aspects such as the influence of steric  effect^^^-'^.^' 
and of solvent  effect^^^-^^ upon the ultraviolet spectra of nitrones. 

Spectral data of various types of nitrones are summarized in Table 1. 
c. Infrared spectra. This subject has also been discussed in the previous 

and since then no papers have been especially devoted to  this subject. It 
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TABLE 1. Ultraviolet spectral data of various types of nitrones in alcohol solvents 

TY pe Amax (nm) Emax x 10-3 References 

221-240 
241-280 
310-372 

2 05 
22 1 
290 

21 1 
228 
304 

244 

230-235 

1-1 7 
6-1 2 
8-20 

8 
7 

14-11 

6 
12 
16 

6 

8-9 

2. 36 

2 

2 

35 

2 

~~ ~~ 

"The two groups are connected to form a ring. 

is generally accepted now that nitrones exhibit two characteristic bands resulting 
from N + 0 and C=N bond stretching vibrations. The N + 0 band appears in 
aromatic ketonitrones in the region of 1200-1300cm-', while in aldonitrones it is 
seen between 1050-1 170 cm-I. The C=N stretching vibration appears in aromatic 
nitrones at 1550-1600 cm-' and in aliphatic and alicyclic nitrones at 
1570-1 620 cm- ' 3R.3y. In the related 4-substituted 3-imidazoline-3-oxides 
frequencies up to 1340 and 1630 cm- '  have been observed4". 

d. Nuclear magnetic resonance spectra. Only proton chemical shifts are available. 
Some typical chemical shifts of protons adjacent to the nitrone function are listed in 
Table 2. 

In addition to  these general data there are some additional features of interest in 
the NMR spectra of nitrones. The spectra of a-aryl aldonitrones and a,a-diary1 
nitrones show signals corresponding to  two hydrogens at a field lower than the rest 
of the aromatic These low field signals have been assigned to 
the two oriho hydrogens of the phenyl group situated syn to the nitrone oxygen 
(see 13) and apparently arise from its deshielding influence. The magnitude of this 
deshielding influence has been found comparable to that of the nitro g r o u ~ ~ ~ . ~ ~ .  In 

H w o -  /C=N, 

(13) 

contrast. the deshielding effect of the nitrone group upon the meia protons of aryl 
groups attached to  it is very weak35.36. From a study of a series of substituted 
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TABLE 2. Approximate chemical shifts of protons in the vicinity of 
the nitrone function35~36.38~4’~42 

Posirion Chemical shift. 6 (ppm) 

145 

+ /o-  
Alkyl CH=N, 

A 

+/o- 
Aryl CH=N, 

A 

6.4-6.7 

7-8 

3.44 

5 

a,N-diary1 nitrones it appears that there are nonbonded interactions between the 
ortho substituent of the a-phenyl group and the N-oxygen, as there are between 
the ortho substituent of the N-phenyl group and the a-hydrogen. As a consequence 
of this the stable conformation of 2,2’-dimethyl-a-N-diphenyl nitrone would be as 
indicated by formula 14, and the hydrogen at  position 6 appears at the unusually 
low field of 9.5 ppm due to the deshielding effect of the oxygen”. In 

(14) 

2.6-unsubstituted a-phenyl nitrones the phenyl group rotates freely and the two 
orrho hydrogens become magnetically equivalent. With more hindered 
2.6-disubstituted aryl groups in the a-position of a nitrone it has been possible to 
obtain and isolate stable (E)-aldonitrones in addition to the predominant (Z) 
isomers (e.g. 15)4’ (see Section II.A.4). The NMR spectra show the N-methyl of 
(E)-15 at higher field (3.4 ppm) than that of the ( Z )  isomer (3.90 m m ) ,  while the 
opposite trend is observed for the vinyl pro’ton [(Z)-15: 7.6’ppm; (E)-15: 
7.9 ppm145. 

In kyciic nitrones of various ring-size it has been found that there is a homoallylic 
coupling between two groups that lie in a transoid fashion across the nitrone 
function. The magnitude of the coupling constant varies somewhat with the 
ring-size (16-18)46. 
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H Me h' \o- 

(2-15) 

I 0- U- 

(E-15) 

I 

NMR spectroscopy has also become a convenient tool to study geometrical and 
other isomerizations of nitrones since the spectra of the pairs of compounds 
involved are often found sufficiently different. For example the interconversion 
between the (Z) and (E) isomers of 19 has been followed by examining the 

Me Me 

Q +,o- 
d="" 

(E-19) (2-19) 

aromatic methyl signal4', while the equilibrium composition of a series of a-aryl 
N-benzyl nitrones has been examined by integrating the N-benzyl CH2 signal 
(equation 2)3y. 

Specialized techniques such as the aromatic solvent-induced shift (ASIS) and shift 
reagents have also been used in connection with NMR spectra measurement of 
nitrones. The stereochemistry of the two geometric isomers of 20 has been assigned 
on the basis of ASIS48. The use of shift reagents has proved valuable in assigning 
the structures of the geometrically isomeric steroidal nitrones 214y.50, as well as the 
(E) configuration to  a-phenyl-a,"-dimethyl nitrone (22)5 ' .  

e. Mass spectra. The mass spectra of variously substituted and deuterated 
a,N-diary1 nitrones have been studied by several g r o ~ p s ~ ~ - ~ ~ .  In all spectra appears 
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I 
0- 

I 
Me 

(E-21) (2-21) 

Ph, +,Me 
Me ,C=N,O- 

(E-22) 

the M - 16 peak, which results from the loss of oxygen. This is a peak of some 
diagnostic value for N-oxidesss. A summary of the mass spectral processes which 
a&-diary1 nitrones undergo is presented in Scheme 1. The presence of the benzoyl 
cation requires oxygen migration from nitrogen to carbon and presumably the 
intermediacy of an oxaziridine, which may rearrange to  an amide, which in turn 
may provide the fragment PhC-0'. In addition to  this in all spectra the 
biphenylene radical cation and the 2-substituted benzisoxazolium cation are 
produced. 

PhCH=+"Ph - PhC=hPh - -+- 
0 l b  It / \  

PhCH=NPh - PhCH-ZPh PhCONHPh+' - PhC& 
A 

Ph6H / PhCHO \\ t PhN" HCNPh ;.+ 
I 1 Ph 

N-Ph 

SCHEME 1 
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N-methyl a-arylsh and a,a-diaryls7 nitrones show analogous fragmentation 
patterns, as does a,a-liaryl N-methyithiomethyl nitrone (23) which undergoes a 
McLafferty-type rearrangement in addition tu the normal fragmentation pattern". 

J 

(231 
The mass spectrum of N-ethylidenecyclohexylamine N-oxide (24) is a 

representative of that of an aliphatic nitroneS8. The peak M - 16 is not seen in this 
case. A peak M - 15 results from the loss of the methyl group by a-cleavage. 

The mass spectrum of the isomeric oxaziridine shows a similar pattern so 
interconversion with the nitrone cannot be ruled ou t .  The mass spectra of 
N-alkylidene N-( 1-cyanoalkyl) N-oxides have also been examined, showing similar 
patterns? N-alkyl-N-arylalkylidene nitrones (25) undergo different kind of 
fragmentations indicated by equations (3). (4) and (5)5y. The mass spectra of some 
a-aminonitrones have also been determined60. 

-mcn2- 0' 
I -0 i 

RCH=NCHCH2Ph - RCH=N=CHCH3 
+ I  
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(25) R=H 

-cCH+==rrwn l 
Alicyclic nitrones a re  somewhat different. 2,4,4-Trin+lethylpyroline N-oxide gives 

a base peak of m/e = 41 which was assigned as CH3CN6', (equation 6). although 

I t 

0' 
the fragment m/e = 41 was observed in pyrroline N-oxides that have no methyl 
substituent at the 2-position, and therefore was assigned by others as C ~ H S +  5s. The 
isomeric 2,5,5-trimethylpyrroline N-oxide (26) shows a base peak believed to  
correspond to  [NOH]'+, along with other peaks e.g. m/e = 83. 

mle = 31 
(26) 

mJe = 03 

The negative-ion mass spectra of some afl-diary1 nitrones have also been 
measured6*. These spectra are found to  be much simpler than the positive-ion 
spectra and the fragmentations are indicated in Scheme 2. 

4. Geometrical isomerism of nitrones 
The phenomenon of geometrical isomerism in nitrones has long been recognized 

and in many instances pairs (E) and (Z) isomers have been separated and 
configurations a s ~ i g n e d ~ ~ ~ . ~ ~ . ~ ~ .  However it is only recently that such pairs of isomers 
have been successfully isolated in acyclic aldonitrones, which usually exist entirely 
as  the (Z) isomers (27). It has been found that in derivatives of 27 with highly 



I50 

substituted aryl groups it is possible to isolate the stable ( E )  isomers (28)45. 
Apparently in these cases the increased steric requirements of the a-aryl group 
cause it to twist out of its normal coplanar conformation (27) and assume an 
orthogonal orientation (29). 

\ +/O- 
C=N 

H’ ‘R ’ 

In this conformation there is increased repulsion between the negative oxygen 
and the electron-rich aromatic ring, resulting in an increase in the ground-state 
energy of the (Z) isomer and greater ease of formation of the (E) isomer (28). This 
effect can be counteracted by the size of the N-substituent. Indeed only one isomer 
(Z) is observed with nitrones (27) containing bulky R groups such as t-butyl, 
neopentyl or a d a ~ n a n t y l ~ ~ .  

(Z) isomerizations. 
The activation energies of such isomerizations have been determined in a number 
of cases and some representative data are listed in Table 3. 

The influence of the N-substituent upon the rate of isomerization has been 
studied in the a,a-diphenyl nitrone series (31)63. The approximately twofold rate of 
isomerization of 31b as compared to 318 is considered to be due to increased 
ground-state energies of the former caused by the stronger nonbounded interactions 
between the benzyl and the a-phenyl groups. However the fact that the benzhydryl 
derivative 31c isomerizes 10 times faster than 31a is taken as an indication that a 
new mechanism is operating in this case. It has been suggested that the 

There have been a number of investigations regarding (E) 
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TABLE 3. Energy of activation of (E) * (Z) isomerization of representative nitrones 

Nitrone E A  (kcal/mol) References 

Ph, -+,Ph 
/C--N,O- 24.6 

NC 

12 

23.2 

33.6 

33.1 

34.6 

28.2 

64 

65 

66 

63 

45, 67 

45, 67 

68 

isomerization of N-benzhydryl nitrones proceeds, at least in part, via dissociation to  
iminoxy radicals followed by fast isomerization of the radical and recombination. 

Me 

Q +/O- (a) R = Me 
(b) R = CH2Ph 
(C) R=CHPh2 

(31 1 

The question of the mechanism of (E) = ( Z )  isomerization has been approached 
theoretically. CND0/2 and INDO calculations on the parent nitrone, 6, indicate a 
high charge density on the oxygen and are consistent with a major contribution of 
structure 6a in the ground state22. The twisted conformation, which is proposed to  
be the transition state for the rotation around the C=N bond, appears, however, to  
be well represented by 6b since there is a high electron density on the carbon. 
However the calculated rotational barriers of 60 and 80 kcal/mol by these methods 
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+ ,0- ++o 
‘H 

H ~ C = N ,  H ~ C - N  
H 

(W (6b) 
are much higher than those observed experimentallyz2. Results from a more recent 
M I N D 0 / 3  study are consistent with a concerted rotation-pyramidalization pathway 
for the ( E )  S (Z) i s ~ m e r i z a t i o n ~ ~ .  According to this as the dihedral angle between 
the CH and the N H  bonds increases the CH2 undergoes deformation from its initial 
planar trigonal geometry and the carbon becomes pyramidal along the rotation 
coordinate. The driving force for this presumably arises from the negative charge 
density at the carbon (du) and the known preference of carbanions to be pyramidal. 
The MIND0/3  rotational barrier of 40.2 kcal/mol is closer to  the experimental 
values (Table 3) than those obtained in the previous calculations. 

5. Tautornerism of nitrones 
a. Nitrone-hydroxyenamine tauromerkm. This type of tautomerism is analogous 

to the keto-enol tautomerism of carbonyl compounds. The question of such 
tautomerism has been the subject of a number of papers. N-Hydroxy-Az-pyrrolines 
(33) are not detectable by NMR in A’-pyrroline N-oxides (32)70. Similar conclusions 
have been reached on the basis of deuterium exchange studies showing that only 
the hydrogens of the 2-methyl group undergo exchange in substituted A’-pyrroline 
N-oxide derivatives (e.g. 34)61. However in the case of indolenine N-oxides (e.g. 
35) the N-hydroxyindole tautomers (36) d o  exist, and their proportion can be 
increased using polar  solvent^^^^^^. 

0- OH 

(35) (36) 

This type of tautomerization is assumed to be involved also in the base-catalysed 
reaction of the flavanononitrone, which leads to the Schiff base as one of the 
products (equation 7)73. Interestingly the nitrone-hydroxyenamine equilibrium is 
found to be influenced by the heteroatom in the chromane system. Thus reaction of 

(7) -0 NOH 

0 CH2Ph CHZPh CHPh 
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the oxime 37 (X = 0) with diazomethane leads to nitrone 38, whereas the thio 
analogue 37 (X = S) with the same reagent affords the hydroxylaminothiochromane 
3974. 

(31) 
X = S  

NOH 4Qt!$  0 Me I 

(39) 
A keto group appropriately situated relative to  the nitrone function will enhance 

tautomerism similarly to  0-dicarbonyl compounds. Indeed the infrared spectrum of 
phenacylpyrroline N-oxide (40) shows bonds attributable to  an intramolecular 
hydrogen bond which could result from either or  both structures 4Oa o r  40b7s. 

(4ob) (40) (-1 
A band at 1700 cm-' in the infrared spectrum of the cyclic hydroxamic acid 41 was 

interpreted as indicating the presence of the a-hydroxynitrone tautomer 41a76. The 

OH 0- 

(41) (41 4 
related question of a-aminonitrone/N-hydroxy-N,N'-disubstituted amidine 
tautomerism also should be considered in this section. A number of cases belonging 
to different categories have been examined by spectral methods and have been 
assigned the a-aminonitrone structure (see 42, 44 and 45) although acylation 
reactions of 42 afford acylation products derived from 43". 

n 
(Ref. 77) 
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R2 R2 
I I 

R ~ N H - C ~ ~ R ~  R~N=C-NR~ 
I 
OH 

I 
0- 

(44) 
R’ = aryl or alkyl 
R2 = alkyl or H 

(Ref. 78) 

(Ref. 79) 

6. Behrend rearrangement. Since this type of tautomerism was first reported by 
Behrend in 189lao it is often referred to by this name. It is represented by equation 
(8). The history of this tautomerism has been r e v i e ~ e d ~ ” , ~ .  The reaction clearly 
involves base-catalysed proton abstraction leading to a delocalized carbanion (e.g. 
47), which can be converted by protonation to either of the two nitrones. However 
this has never been demonstrated by experimental means such as by deuterium 
incorporation. The influence of substituents in the aromatic ring upon the 
equilibrium in a series of a-aryl N-benzyl nitrones (46) has been studied by NMR39. 

................... Rat 
0 

(41) 

It has been found that all para substituents (NOz, CI, Me, OMe) favour nitrone 
type 46b over 46s although in the p-NOz case the equilibrium constant is not far 
from 1. This reasserts the previously mentioned assumption (Section II.A.2.c) that 
the nitrone function is electronically amphoteric and can interact both with 
electron-releasing and electron-withdrawing groups (see equations 9 and 10). This 

conclusion is supported by the fact that meta substituents disfavour the substituted 
benzylidene isomers. In the ortho-substituted nitrones the substituted benzylidene is 
also disfavoured. This latter result can be rationalized in terms of steric interference 
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of the substituent with conjugation. The question of the equilibrium in a,a-diphenyl 
N-benzyl nitrone (48). which was one of Behrend's first examples has also been 
reexamined39. It has been found that 49 predominates approximately by a factor of 2 
over 48 presumably due to  steric hindrance in the latter. 

- 
n u 

Ph, ] Ph 

Ph' \+I 
Ph\ +,O- -- CH-N=IC" C-N 
Ph' 'CHZPh 

(41)) (49) 

In certain instances Behrend rearrangement is indicated by the structure of the 
end-product obtained. Thus the base-catalysed conversion of the flavanononitrone 50 
to the oxazole 51 can be rationalized by assuming Behrend rearrangement followed 

(51 1 
by cyclization and loss of a water molecule73. The base-catalysed reaction of a-phenyl 
N-methyl nitrone (52) with triethyl phosphonoacetate leads predominantly to  
1 -benzylaziridine-2-carboxylate (55) and less to its isomer 54 indicating the 
involvement of the unstable but reactive N-benzyl nitrone (53) in the reaction8'. 

PhCH7$Me PhCH21lhCH2 
I 
0- 

(52) (53) 

0. - 

Ph 

PhCH2NY 
I C02Et 

Me 

(54) (55) 
Similarly the reaction of 2,4,4-tnmethylpyrroline N-oxide (56) with triethyl 

phosphonoacetate gives only product 58 resulting from the less stable but more 
reactive aldonitrone (57), whereas the more reactive diethyl 
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cyanomethylphosphonate is capable of reacting with the ketonitrone 56 t o  give 
product 59E2. 

(59) 

An unusual thermal transformation occurs in (E)-a-benzoyl-a-phenyl N-methyl- 
thiomethyl nitrone (60). The formation of the oxazole (62) is rationalized by 
assuming the conversion of the a-benzoyl nitrone to the N-(2-hydroxyvinyl) nitrone 
61 by a [1,5] proton shift, which then undergoes cyclization (see Section 1I.A.S.c) 
followed bv loss of water to  626E. The ( Z )  isomer of 60 

, I  

reactio@. 

SMe 
I 

H SMe 

does not undergo this 

- 

(62) 

An isomerization which can be viewed as formally if not mechanistically related to 
the Behrend rearrangement is observed in steroidal nitrones. It is found that 
hydroxynitrone 63 is converted by acid to its isomer 65, presumably through 
intermediate ME). Both 63 and 65 furnish the same methoxynitrone 66 upon 
treatment with methanolic acidE3. 

c. Ring4huin tuutomerism. Early examples of this type of tautomerism have been 
reviewed2. More recently the preparations of a large series of a-aryl 
N-(2-hydroxyalkyl) nitrones (67)E4,85 and one example of a-aryl N-(3-hydroxyalkyl) 
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ti '/MeOti \ 
0- 

/ ti+/MeOM 

(67)n = 1 
(68 )n  = 2 
(69 )n  = 3 

(68) and of a-aryl N-(4-hydroxyalkyl) (69) nitrones5 have been reported. There is no 
spectral evidence found to indicate the presence of any cyclic tautomer in any of 
these cases. Acetylation of 67 gives, however, mixtures of the open-chain and cyclic 
acetatesa4. 

Oxidation of an N-(2-hydroxyalkyl) nitrone of type 67 with mercuric oxide leads to 
an oxazoline N-oxide indicating involvement of the cyclic tautomer in the reaction 
(equation 1 l)84. The gem-dimethyl nitrone 67 is oxidized by silver ion to the cyclic 

L 

nitroxide radical 70a5. It has been suggested that in this case the cyclization is 
facilitated by the silver ion acting as a Lewis acides. 

In contrast to the a-aryl nitrones mentioned, examination of a series of aliphatic 
aldonitrones by spectroscopic methods has revealed the presence of the cyclic 
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+ Ag' PhCH 
0 
H H 

(12) RHC 
0 
H 

tautomers in the equilibrium mixture (equation 12). Acylation gives derivatives of 
the cyclic tautomer86. Ring-chain tautomerism has also been studied in 
2-hydroxynaphthalene derivatives, 7187J'8. The equilibrium composition is influenced 
by R as well as by the medium. Acetylation gives derivatives of the cyclic tautomer 
7289. The o-hydroxyphenylaminoacyl nitrone 73 could be converted to the cyclic 
tautomer 74, which could be oxidized to the new nitrone 7S90.91. Acetylation of both 

0- OH 

(71 ) (72) 

H 

I 
Ph Ph Ph 

(73) (74) (75) 

tautomers is reported to lead to the derivative of the open-chain tautomer, 74. The 
condensation products of a-hydroxyaminooximes (e.g. 76) with aliphatic aldehydes 
exhibit pH-dependent ring-chain tautomerism (77 == 78)92. Acylation in these caSes 

cm (71)) 

leads to derivatives of the cyclic tautomers9*. The related N-(2-ketoalkyl) nitrones 
(79) undergo acid-catalysed cyclization-dehydration to oxazoles (80) through their 
enol t a ~ t o m e r s ~ ~ .  Attempts to convert N-(2-cyanoalkyl) nitrone 81 to the 
correspondin imino ether, 82, have resulted in the formation of the imidazoline 
derivative 83 14 . 
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Ph 

B. Renctionr of Nttrones 

I .  Rearrangements of nitrones 
Nitrone rearrangements have been reviewed extensively by Lamchen in 1 9 w ;  

also some photochemical processes of nitrones can be found in a more general 
review concerning N-oxidesg5. Consequently this chapter will not be concerned with 
the historical background. 

a. Formation of oxime O-ethers - the Martynoff rearrangement. This re- 
arrangement, which is represented by the thermal conversion of a,a-diphenyl 
N-benzhydryl nitrone (84) to benzophenone oxime 0-benzhydryl ether (85) is far 

+,o- 
Ph2C=N Ph2C=NOCHPh2 

‘CHPh2 

(84) (85) 
from being a general reaction. For example N-alkyl, N-aryl or N-benzyl nitrones do 
not undergo this reaction. In spite of its limited synthetic importance the mechanism 
of this reaction has been thoroughly studied by a variety of experimental techniques. 
The initially proposed concerted mechanismg6 involving a three-membered cyclic 
transition state (86) has been disproven. The mechanism which is supported by all 

(86) 
experimental results involves dissociation to iminoxy radicals (e.g. 88) and 
benzhydryl radicals (89) which then recombine to form the oxime benzhydryl ether. 
ESR spectra indicate the presence of iminoxy radicals9’, while the presence of 
benzhydryl radicals has been shown by chemically induced nuclear and 
also be the isolation of tetraphenylethylene. By careful study of the steric course of 
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(E-87) 

b r  Ar . 
Ph' 'OCI 

8 , -  w.. 

the rearrangement of ( E ) -  and (Z)-nitrones 87, it was found that the formation of 
ethers is not stereoselective due to (E) (2) isomerization of the iminoxy radicals 
which is faster by several orders of magnitude than the isomerization of nitrones and 
of oximate anions under the reaction ~ond i t ion~~ .  Other studies include a kinetic 
investigation of the effect of substituents in the aromatic ring. The lack of significant 
substituent effect upon the rate of the rearrangement argues against an ionic 
mechanismIw. This rearrangement has also been studied using mixtures of 
a,a-diphenyl N-benzhydryl nitrone (84) and its tetradeuterio derivative 91. On the 

+ ,0- 
(P-DCGH4)2C=N, 

CH(C&W-p)2 

(91 ) 
basis of the crossover products that were observed, the extent of the 
intermolecularity of the reaction has been determined10'. It was found that the 
intermolecular process is solvent-dependent. The thermal rearrangement of 
N-(diphenylmethylene)methylthiomethylamine N-oxide (92) yields, beside the oxime 
0-alkyl ether 93, several products (see Scheme 3)Io2. The formation of these 
products is rationalized by assuming that several competing free-radical reactions 
take place simultaneously. Some free radicals are observed by ESR. 

N-Methylthiomethyl nitrone 92 also undergoes rearrangement with acid catalysis 
to the same products. These results are rationalized by mechanisms that involve 
protonation of the nitrone oxygen followed by reaction with a nucleophile present'"'. 
The related methoxymethyl nitrone 94 rapidly isomerizes under the influence of acid 
catalysis to the corresponding oxime ether, which, however, decomposes slowly 
under the reaction conditionslW. The mechanism suggested for this reaction consists 
of a protonation step, followed by dissociation to the oxime and methoxymethyl 
carbonium ion which recombine to yield the protonated oxime ether (95). 

+,0- + t 
Ph$=N, Ph2C=N-OCH+CH3 + Ph$=N-CH2-N=CPh2 

I 
0- 

CHfiCH3 I 
0- 

+ CH3SCHfiCH3 + CH3SSCH3 

SCHEME 3 
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(95) 
The reverse reaction, namely the rearrangement of oxime 0-ethers  to  nitrones has 

also been observed in the case of 0-ally1  ether^'^^-'^'. This reaction has been 
considered initially as a [ 2,3] sigmatropic rearrangement (9697)Io5. Subsequently it 

(96) (97) 
has been suggested on the basis of ESR spectralo6 that, at least in part, it proceeds by 
a radical dissociation-recombination mechanism. 

This rearrangement is represented by equation (1 3). 
The stability of the three-membered ring products is varied, some are quite stable 
and others are formed as transient intermediates which undergo transformation to  
other products, mainly to one or both of the two possible amides (equation 14). 
Oxaziridines can sometimes undergo thermal rearrangement back to  nitrones*. 

b. Formation of oxaziridines. 

0- 0 
I hW / \  

RCH=y-R RCH-NR 

0 
/ \  

HCONR2 RCH-NR RCONHR 

The earlier studies regarding this rearrangement can be found in the 
Recent additions to  the existing reports on  stable oxaziridines are the 
N-monosubstituted compounds 99 that can be formed by irradiation of methylene 
nitrones, %Io8. These oxaziridines can be further rearranged to the corresponding 
fonnamides. 

0- 
I hw /O\ 

C H F V R  - CH2-NR 

R = adamantyl. 1-butyl 

Studying the mechanism and stereochemistry of this rearrangement, Boyd and 
coworkers reported that irradiation of a-(p-nitrophenyl) N-alkyl nitrones (e.g. 100) at  
room temperature gives rise to mixtures of cis- and trans-oxaziridines, with the latter 
predominating, but the composition of which depends upon the solventIw. These 
findings were disputed by Splitter and coworkers, who observed at  -60°C the 
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exclusive formation of tmns-oxaziridines (lO1)”o. They also found that under the 
conditions of partial irradiation a photostationary state consisting of the two 

(€-loo) 

H 

(cis-1 01 ) 

(2-100) 

I 
O2N 

qN, H Et 

geometrical isomers of nitrone 100 in the ratio 37% E/63% Z is attained. Comparing 
the ratio of products calculated from the quantum yields of the reaction of each 
nitrone isomer with the the experimental results it was found [hat the reaction of 
conversion of nitrones to  oxaziridines is stereospecificll0. 

In attempts to  achieve asymmetric syntheses of oxaziridines nitrones were 
irradiated in a chiral solvent”’ as well as in an asymmetric liquid crystalline 
cholesteric medium”*. While in the asymmetric solvent oxaziridines were obtained in 
optical yields of about 3046, the products from the experiments in cholesteric media 
showed negligible optical rotation. 

The effect of intramolecular hydrogen bonding on the nitrone photoisomerization 
has also been studied1I3. The effect of different solvents upon the quantum yield of 
oxaziridine formation from N-phenyl salicylaldonitrone (102) with intramolecular 

(102) 

hydrogen bonds have been correlated. The quantum yields in the reaction of 102 
increase with decreasing temperature. In contrast the quantum yield in the reaction 
of aJ-diphenyl nitrone is not temperature-dependentIl3. 

The photolysis of some interesting sulphur-containing nitrones has been shown to 
lead to  methyleneoxaziridine radicals and via these t o  benzophenone and to  sulphur- 
nitrogen he terocyclesl l 4 . l  ’ s (e.g. Scheme 4). 

Oxaziridines derived from cyclic nitrones such as pyrroline N-oxides often undergo 
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Ph2CO + N q  - 
SCHEME 4 

ring-contraction reactions that lead to I -a~ylazet idines~ (see equation 15). Some new 
examples of this reaction have been r e p ~ r t e d " ~ . ' " ~ . ~ .  Similarly to acyclic 

(15) 
(&R 2 (-&R - G C O  A 

I 
0- 

ketonitrones that upon irradiation yield imide~"* ."~  as a consequence of acyl 
migration in the intermediate oxaziridines, the irradiation of 3-oxo-A1-pyrrolIne 
N-oxides yield b-lactams accompanied by 1,3-0xazine-6-one derivativesIz0 (see 
Scheme 5). When the five-membered ring is condensed to a benzene ring only the 
ring-expansion reaction leading to benzoxazines is observed as has been 
demonstrated in several cases (equation 16)12'-'23. The first example of this series 

SCHEME 5 

X = Me2 (Ref. 121) 
X = 0 (Ref. 122) 
X = NPh (Ref. 123) 
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(X = Mez) cannot accommodate a free-radical-type mechanism because of the 
presence of the two gem-dimethyl groups. However the 3-keto and the 
3-phenylimino derivatives may react through a biradical pathway similar to that in 
Scheme 5 .  

The photorearrangement of related indolinylidene N-oxides also results in 
ring-enlargements via oxaziridines. Thus amidine N-oxides (103) yield mixtures of 
benzoxazines (104) and benzopyrimidines (105) in addition to products resulting 
from d e o x y g e n a t i ~ n ~ ~ ~ .  The isomeric N-oxide derivatives (106) also yield 105 in 

0 0 

k 2  t 
I 
R2 

addition to products of hydrolysis and of geometrical isomerization. In addition to 
the photochemical processes there are other reports concerning the isomerizations of 
nitrones to oxaziridines. One paper reports the thermal conversion of a,a-dibenzoyl 
N-phenyl nitrone (107) to the oxaziridine loS'z5. 

In another it has been reported that the steroidal nitrone 109 is converted 
to the isomeric oxaziridine 110 by p-toluenesulphonyl chloride followed by base. 

c. Formation of arnides. The rearrangement of nitrones to amides has already 
been mentioned in the previous section, as amides are often the end-products of the 
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0 +/o- 14o’c / \  
(PhC0)2C=N - (PhCO)&-NPh 

‘Ph 

(110) 

nitrone-oxaziridine rearrangement2s. However in addition to this mode of amide 
formation there are several ways to effect the nitrone-amide rearrangement under 
conditions that clearly d o  not involve oxaziridines as intermediates. These include 
reactions which proceed under the catalytic effect of sodium alkoxides as  well as acid 
anhydrides and acyl halides, catalysts normally used in the Beckmann 
rearrangement. Most of these examples can be found in the  review^^-^^'^^. Therefore 
it will suffice here to  limit the discussion to  the mechanism and to  some recent new 
examples. 

It seems reasonable to represent the mechanism of the base-catalysed 
rearrangement of nitrones to amides by the sequence of additions and eliminations 
depicted in Scheme 6. 

R, -on 
C=NR’ 

P 
H I  ‘P-N=”,: EtO’ 

OEt 

R‘ 
,C=NR’ - RCONHR’ R, _c- 1 A 

NR HO 
OH 

SCHEME 6 
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Ph 

- b i t  HCI - PhC=NPh - PhCONHPh + PhCOCl 
I 
0 

I 
A0 

Ph 

SCHEME 7 

The other types of catalysts that can effect the nitrone-amide rearrangement 
include acetic anhydride, acetyl chloride, benzoyl chloride, phosphorus pentachloride 
and p-toluenesulphonyl chloride. By the use of '80-labelled acetic anhydrideIz8 and 
benzoyl chloride'z9 it has been shown that the rearrangement reaction of 
a,N-diphenyl nitrone to benzanilide under the influence of these reagents proceeds 
with the partial incorporation of I8O into the amide. It has been suggested that these 
results are consistent with the initial formation of acyloxyimine which rearranges in 
part by a cyclic and in part by a 'sliding' mechanism as depicted in Scheme 7. A 
simple scrambling which would result from the dissociation-recombination of an 
acyloxyimino compound is ruled out on the basis of the I8O incorporation 
There is no incorporation of I8O into the amide when p-toluenesulphonyl 
chloride-180 or phosphorus oxychloride are used for the rearrangement. This is 
taken as an indication that in these cases the reaction proceeds entirely by the 
'sliding' mechan i~ rn '~~ .  

This rearrangement, which was initially only known for aldonitrones was more 
recently extended to ketonitrones and represents an analogy to the Beckmann 
rearrangement. In contrast to the latter, however, its outcome does not depend on 
the stereochemistry of the starting material since (Z)- and (E)-nitrones (21) were 
found to interconvert rapidly under the reaction conditions and they both give the 
same Iactame iiiS0. 

A mechanism which is consistent with the experimental results and which 
resembles that of the Beckmann rearrangement is presented in equation (17)50. This 
rearrangement has recently been applied to a series of bicyclo[4.2.0]octanones (112), 
which rearrange via the corresponding nitrones 113 to perhydroindolone, 114. The 
conventional Beckmann rearrangement leads to the isoindole skeleton'30. Other 
reactions of nitrones with acid anhydrides and acyl halides, that do not result in 
Beckmann type rearrangement are reviewed in Section II.B.7.a. 

d. Oxygen migrotion. This is a rather unusual reaction somewhat reminiscent of 
the acetic-anhydride-induced reaction of aromatic N-oxides. It was found'3' that the 
oxygen of the N-oxide in a benzodiazepine derivative migrates to the position a to 
the nitrogen under the influence of a Lewis acid in a nitrile solvent (equation 18). 
The presence of nitrile was claimed essential to the success of the rearrangement, 
however, it was not specified in what solvents the experiments failed. 
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2. Formation of olefins by elimination of nitrones 
The possibility of this reaction, which resembles the Cope elimination, was first 

pointed out by Kim and Weintraub in order to explain the formation of oxime and 
nitroolefin products in an attempted preparation of n i t r o n e ~ l ~ ~  (see Scheme 8). It 
was suggested that the nitrone is an intermediate in the reaction. This behaviour was 
found to be general for aldehydes possessing electron-withdrawing groups. The first 
examples of authentic elimination reactions of nitrones were reported by Boyd133.134. 
It was shown that N-alkyl-N-fluorenylidene N-oxides undergo elimination to olefins 
under mild conditions (equation 19). The proportion of I-butene (58%) and 
2-butene from the N-2-butyl-N-fluorenylidene nitrone and other results indicate that 
the direction of elimination is influenced by statistical and steric factors. There have 
been kinetic studies of eliminations from N-fluorenylidene-N-alkyl N-~xidesl’~ as 
well as from various a,a-diary1 N-alkyl n i t r~nes l~~- l~’ .  It was concluded on the basis 
of activation entropy values that were found to be close to zero, that the reaction is 
concerted and proceeds through a cyclic transition ~ t a t e ’ ~ ~ - ’ ~ ’ .  Examination of the 
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SCHEME 8 

+ CH2=CHR 

effect of substituents in substituted benzophenones upon the rate gives further 
evidence that the reaction is not synchronous, but that the N-C bond breakage 
precedes considerably the formation of the O-H135 (equation 20). Radicals that 

W 

have been observed in pyrolytic elimination of a-aryl N-t-butyl nitrones13* have been 
suggested to arise from minor side-rea~tionsl~~. 
In a series of a,a-diphenyl N-alkylthioalkyl nitrones olefin-forming eliminations 

were sometimes accompanied by N to 0 migration. However the reaction could be 
used for thiacycloalkene formation (equation 2l)I3’. 

0 

Ph2C=NOH + CH=CH (21 1 
t 

Ph&=NCH-CH2 - 
1 1  I t  
S-(CH2)n S-(CH2), 

n = 2,3 

uses for special cases of olefin synthesis. 
In conclusion this elimination reaction seems to be fairly general and might find 

3. Oxidation of nitrones 
The influence of a variety of oxidizing agents upon nitrones has been examined. 
a. Lead tetraacetate (LTA). This reagent reacts with several types of nitrones. 
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Similarly to its reaction with aromatic N-oxides, arylaldonitrones yield 
N-acetoxy-N-acylamines, that can also be viewed as (N)O-acylhydroxamic acids 
(115)139-142. A similar result has been reported for the cyclic aldonitrone (116) which 
gives N-acetoxy-2-pyrrolidone (1 17) in good yield76. 

+/o- LTA ,OAC 
ArCH=N - ArCON 

‘Ar ’Ar 

0- OAc 

(116) (117) 

Various mechanisms can be considered for this reaction; however, it seems 
reasonable to assume that the reaction leads in the first step to a pentocoordmated 
lead derivative (118) which subsequently rearranges to 119. The latter collapses to 
the a-acetoxynitrone (120) with the loss of acetic acid and lead (11) acetate. 
Intramolecular transfer of the acetyl group in 120 leads to the end-product (115). In 

H 

the reaction of a-phenyl N-t-butyl nitrone with LTA free radicals are observed; 
however, it has not been shown that hydroxamic acetates are formed therefore there 
is no conclusive evidence for a free-radical mechanism in this reaction. 

In a study using labelled starting material it has been shown that the reaction of 
a-phenyl N-benzyl nitrone (121) with LTA gives a scrambled product (122)143. 
Consequently it has been assumed that a symmetrical intermediate (123) is involved 
in the reaction. 

Ketonitrones react with LTA giving a different product since there is no possibility 
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0' OPb(OAc)3 
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Ph'4CHt=kCH2Ph - Ph%HpCHPh - Ph"CH-N-CHPh 
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(121) 
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Ph14CH -i=CPh Ph"C=k-CHPh 
I I I  AcO I l l  0-OAc 

AcO 0- OAc 

Ph'4CHL-N-COPh + Ph14CON-CHPh 
I I  

~ A c  ~ A c  AcO OAc 

(122) 

of eliminating acetic acid from the intermediate. a,a,N-triphenyl nitrone gives with 
LTA benzophenone diacylal and nitrosobenzene'" presumably via the sequence 
shown in equation (22). 

P +  
Ph2C= hPh + Pb(OCOCH3)4 - Ph2C=NPh \ - 

0- I CH3&~(OcoCH~)3  

(22) 

OCOCH3 

Ph2C-NPh 
I 

- 0) L'o Ph2C(OAC)2 + PhN=O + Pb(0Ac)p 

CHJi 'fl' qb(OCOCH3)2 

6. Iron (m)* salts. Ferric chloride has been shown to oxidize aldonitrones of the 
pyrroline N-oxide series to hydroxamic acids (e.g. equation 23)145. The kinetics and 

$+-$-)+o 
I I 
b OH 

the mechanism of this reaction have been s t ~ d i e d l ~ ~ J ~ ' .  In contrast to this, 
ketonitrones can be oxidized either to nitrosoketones or to products devoid of 
nitrogen, depending upon the amount of oxidizing agent used. For example using 
two moles of ferric chloride the hydroxynitrone 124 may be isolated; however, excess 
reagent leads to the keto acid (125). 
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(125) 

The oxidation of some 2-amino-A'-pyrroline N-oxides with potassium ferricyanide 
has also been studied". It has been shown that aminonitrone 42 yields upon 
treatment with alkaline ferricyanide (or neutral permanganate) the dimeric 
azopyrroline N-oxide (126) presumably via the radical intermediate 127. oNH2 - K3Fa(CN)6 

G N H  - QNH 
N 

I 
0- 

I 
N 

0- 0' I 

0- 

(1 26) 

Oxidation of the related hydrazonitrone 126a (which is obtained by hydrogenation 
of 126) can be effected by air, giving the blue radical anion 128 which can be kept 
indefinitely in the absence of air77 (see also Section II.B.4a). 

(1 20.) 

In contrast to this, ferricyanide oxidation of the monomethyl nitrone 129 leads to 
laevulinonitrile presumably via the sequence shown in equation (24)77. 

c. Perwdate. Sodium and tetraethylammonium periodate have been used for the 
oxidation of pyrroline N - o ~ i d e s ' ~ * * ' ~ ~ .  It has been shown that variously substituted 
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pyrroline N-oxide aldonitrones can be oxidized by periodate to give nitrosopentanoic 
acids, isolated as the dimers (equation 25). 

,$&H 
I 
0- 

-0 - s O * H  - dimers 

I KMnO, 

OH 

In contrast a 2-substituted pyrroline N-oxide was found to be stable under the 
reaction  condition^'^^. a-Benzoyl N-phenyl nitrone (130) reacted slowly with 
periodate; however, its hydrate (131) underwent a facile oxidation to benzoic acid 
and nitro~obefizene'~~. 

H?o 104 
PhCOCH=!! PhCOCH-NPh - PhC02H + O=NPh 

I 1  
OH OH 

(1 30) (1 31 1 
d. Halogenation. An attempted preparation of an a-bromonitrone by direct 

bromination of a,N-diphenyl nitrone with bromine resulted in bromination of the 
N-phenyl ring'50 (equation 26). 

Hypobromite presumably introduces the bromine atom into the a-position of 
variously substituted pyrroline N-oxide derivatives; however, the products hydrolyse 
rapidly in the reaction mixture (equations 27 and 28)15'. The cyclic hydroxamic acid 
can be isolated from the oxidation of 5,5-dimethylpyrroline N-oxide-2-carboxylic 
acid if excess hypobromite is avoided15' (equation 28). 

Chlorination of some aliphatic open-chain nitrones was achieved by 
N-chlorosuccinimide. This reagent introduced the chlorine atom into the 
f i -pos i t i~n '~~  (e.g. equation 29). 

2-Substituted 5,5-dimethylpyrroline N-oxides (132) undergo bromination at the 
3-position by N-bromosuccinimide. In case of the 2-cyano derivative (132, R = CN) 
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+,0- NCS + ,o- 
RCH&H=N, - RCHCH=N, 

I C6H11 CI 
C6H11 

R = H, Me 
the 3-bromo compound (133) is ~ b t a i n e d ” ~ .  The latter can undergo various 
transformations indicated by the formulae. The reaction of the 
2-t-butyl-5,5-dimethylpyrroline N-oxide (132, R = t-Bu) with NBS leads to the 
4-bromo derivative (138) presumably through the intermediate 137lS4. The same 

=$: - N8HCO3 lfo: N 

I I 
0- 0- 

(132) (1 33) (1%) 

I 
0- 
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reaction with the 2-phenyl derivative (132, R = Ph) gives the dibromopyrrolenine 
N-oxide derivative (139)159. Bromination of the related 3-oxonitrones (140) gives the 
4-bromo or the 4,bdibromo compounds159. 

1 32 

132 

(R = 1-Bu) 

R = Ph 

QOR I 

0- 

(140) 

R = Ph or 1-Bu 

Br 

NBS S i h  

I 

e. Selenium dioxide. This reagent is capable of oxidizing in variable yield a methyl 
or methylene group attached to the a-position of a nitrone function (e.g. equation 
30)155. 2,4,4-Trimethylpyrroline N-oxide had previously been reported to yield upon 

A$"- Q0 I 

0- 
I 
0- 

oxidation the six-membered ketonitrone (142) as a result of rearrangement of the 
initially formed aldehyde 1413. More recently it has been reported that the aldehyde 
141 can be obtained in satisfactory yield if the oxidation is conducted at room 
temperature156. 

t& 2% +C"O - v 
0- I b- I 

0- 

(141) (142) 

f. Ozone. Aldonitrones undergo ozonolysis rapidly at -78°C to yield aldehydes 
and nitro compounds. However, it has been shown that if the reaction is stopped 
after 1 mole of ozone is absorbed, nitroso compounds can be isolated (equation 
31)15'. The effect of substituents upon the rate ozonization has been studied, and on 
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+ 
(31) 

the basis of the results the conclusion has been reached that the reaction proceeds via 
an electrophilic attack of the ozone molecule upon the a-position of the nitrone 
(equation 32)158. 

0 3  0 3  
ArCH=NR - ArCHO +O=NR - RN02 

I 
0- 

g .  Photooxidation. Ultraviolet irradiation of some a,N-diary1 nitrones of a-phenyl 
N-r-butyl nitrone in solution was shown to produce aroyl nitroxide radicals (equation 
33)'59. 

0- 0 0' 
I hv II i 

RCH=N-R -.-+ RC-N-R + (33) 

Various mechanisms could be suggested to rationalize this observation. The source 
of oxygen was assumed to be either the nitrone or the isomeric oxaziridine that could 
be formed under the reaction conditions. 

Singlet oxygen reacts with 2,4,4-trimethylpyrroline N-oxide to give the explosive 
hydroperoxide 143I6O. The aldonitrone 4,5,5-trimethyIpyrroline N-oxide is recovered 
unchanged from such a reaction. 

hv/senr /02 

-b3'C/CDCIJ 

I 
0- 

I 
-4..,,0 

(143) 

h. Miscellaneous. Methylene groups attached to the a-position of the nitrone 
function that are adjacent to additional activating groups exhibit particular sensitivity 
to oxidation. 

The activated nitrones (144) undergo easy oxidation by nickel peroxide or by lead 
dioxide to the stable radicals vinylaminyl oxides or vinyl nitroxides 145I6l. The 

R2 R2 
I +  - w  

R'CHS=N--CMe3 - R'CHd-N-CMe3 
I b- 0' 

PhS02 H 

PhS02 Ph 

MeOCO MeOCO 
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stability of the radicals is probably due to the presence of the electron-withdrawing 
groups R' 1 6 1 .  Indeed, oxidation of nitrones containing active methylene groups that 
are not adjacent to electron-withdrawing groups results in the formation of dimers 
probably via the reactive free radicals. This is demonstrated by the reactions of 
various pyrroline N-oxide derivatives. 

Attempts to prepare p-dinitrone 147 by the oxidation of the hydroxylaminonitrone 
146 resulted in the formation of the dimeric products 148 and 149162.'63. Similarly the 

[OICuz' or MnO, 

or chloranil or no2+ 

I 
OH 

I 
0- 

(1W 

(1 49) 
(or geometrical isomer) 
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a-benzyl nitrone 151 could not be isolated. The oxidation of the hydroxylamine 150 
led to the dimer 153 presumably via 151 and 152Ia. 

The y-ketonitrone 154 is a stable compound but it can also be easily oxidized to 
the dimer 15575. 

A P h  A- 'J 0- 
d p h  ___f I 

Ph- \&Y I 
0- LY (1%) (1 55) 

Chromate oxidation of the six-membered ketonitrone 156 also gives a dimeric 
product 157l"". 

4. Reduction of nitrones 
Nitrones can be reduced to the corresponding radical anions by the addition of one 

electron. They can be deoxygenated to imines as well as reduced to hydroxylamines 
or  to amines by a variety of reducing agents. The earlier knowledge of these aspects 
is summarized in the previous reviews2,3. 

a .  Reduction to radical anions. The addition of one electron to a nitrone 
converting it  to  a radical anion has been achieved using sodium metal as the reducing 
agent. a,a,N-Triphenyl nitrone has been converted to 15816"' and 126 to 12877 by this 
method (see also Section II.B.3.b). 

+ ,0- 
Ph2C=N, - Ph&-NPh 

Ph I 
0- Na' 

Y $ - N = N q  - N1 YJ=N-NQ 

I 
0' 

I 
Na+ 0- 

I 
0- 

I 
0- 

( 1 26) (128) 

b. Deoxygenation. A summary of typical deoxygenation procedures of aromatic 
N-oxides that are also applicable to nitrones is available in a recent book'". Only 
more recent methods will be discussed in this section. 

Deoxygenation of a nitrone is reported to be induced by iron p e n t a ~ a r b o n y l ' ~ ~  
Some nitrones derived from cinnamaldehyde are successfully deoxygenated by 
treatment with sodium borohydride at room temperature'". At higher temperatures 
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further reduction is observed. Hydrogenation over a freshly prepared W4 Raney 
nickel has been found a reliable method for the deoxygenation of A’-pyrroline 
N-o~ides’~ .  Recently hexachlorodisilane has been shown to act as a mild reagent, 
capable of selective deoxygenation of nitrones and N-oxides in good yields a t  room 
temperature in c h l ~ r o f o r r n ’ ~ ~ .  

One of the most common methods for the deoxygenation of nitrones and N-oxides 
is by the use of trivalent phosphorus compounds such as phosphorus trichloride, 
phosphines and phosphites (equation 34). The reaction of nitrones with phosphites 

i ,o- 
‘R 

RCH=N + R3P - RCH=NR + R3P0 

has been studied in some detail. Using a,N-diary1 nitrones substituted in both 
rings’70, as well as a-aryl N-alkyl nitrones substituted in the aromatic ring”‘, it was 
found that the rate is enhanced by electron-withdrawing substituents, and retarded 
by electron-donating ones. I t  was suggested that the deoxygenation reaction proceeds 
by nucleophilic attack of the phosphorus upon the n i t r ~ g e n ” ~ .  However, a 
mechanism involving attack of the phosphorus upon the oxygen seems more 
reasonable and is in accordance with the substituent effects observed (equation 35). 
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SCHEME 9 

Recently i t  has been reported that the reaction of a steroidal cyclic nitrone with 
trimethyl phosphite may take a variety of courses, but can be controlled to give, 
selectively. different products172. Thus, reaction of N-demethy15a-A18-conenine 
N-oxide (159) with trimethyl phosphite (TMP) in refluxing methanol leads to a 
1 8-epimeric mixture of N-methoxyphosphonates 160. On the other hand reaction o f  
159 with T M P  in acetic acid gives iminophosphonate 161'72. The formation of these 
two products is rationalized by Scheme 9. 

Finally simple deoxygenation of 159 can be achieved by using T M P  in the presence 
of triethylamine. 

c. Reduction to hydroxylamines and to amines. Complex metal hydrides have been 
reported to reduce nitrones to N,N-disubstituted h y d r ~ x y l a m i n e s ~ . ~ .  These includc 
lithium aluminium hydride and sodium or potassium borohydride. Some recent 
examples of partial and total reduction of dinitrones by such reagents have been 

Trichlorosilane has been reported to effect reduction of N-aryl and N-alkylketo- 
and aldo-nitrones to the corresponding N,N-dialkylhydroxylamines at IOU 
temperatures and in high yields16Y. The polarographic reduction of nitrones to  
secondary amines via the corresponding imines has also been reported'7s. 

d .  Nitrones as oxidizing agents. It is pertinent to this section to  mention reports 
concerning the ability of nitrones to act as oxygen donors. There are numerous 
reactions of nitrones with ketenes and ketene imines in which the major product 
consists of the elements of the heterocumulene with the addition of the oxygen. 
which on mechanistic grounds can be assumed as originating from the nitrone. There 
is also the imine by-product isolated in these reactions. These reactions can be 
viewed as nitrone-induced oxidative rearrangements and are discussed in Sections 
II.B.6.a and b. A simple case of oxidation by a nitrone is supplied by the reaction of 
thioketenes with pyrroline N-oxides which yields a-thiollactones (equation 36)17h. 

Recently i t  has been reported that flavin N(5)-oxide 162 oxidizes under 
illumination at ambient temperature a variety of substrates, such as phenols to  

reported165,173, 174 
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I 
0- 

p-quinones, N,N-dialkylhydroxylamines to  nitrones and N,N-dialkylbenzylamines to  
benzaldehyde. The reaction is assumed to  proceed via the nitroxyl radical 163 as 
illustrated by the conversion of phenol to  hydroquinone (Scheme lo)]”. An attempt 
has been made to  rationalize a number of flavin-dependent enzymatic oxidations in 
biological systems on the basis of this finding. It is proposed that nitroxyl radical 163 
could also be formed from Q-hydroperoxyflavin, which has previously been 
suggested to be the initial product of binding of molecular oxygen to flavin. 

5. Cycloaddition reactions of nitrones 
a. 1,3-Dipolar cycloaddifions. This aspect of the chemistry of nitrones is clearly 

by far the most studied one. The mechanism of the reaction has been given a great 

R R 
I 

(162) (1 63) 

0 

R = Tetraisobutyrylribityl 
SCHEME 10 



2. Nitrones and nitronic acid derivatives 181 

deal of attention within the context of the general 1,3-dipolar cycloaddition which 
encompasses reactions of a variety of 1 ,3-d ipoIe~I~~.  There also exist a number of 
recent reviews dealing with the synthetic aspects of this r e a c t i ~ n I ~ ~ - l ~ ' .  The emphasis 
in this section will be placed on more recent papers not included in the previous 
reviews. 

Huisgen, who was the first to formulate 1,3-dipolar cycloadditions in modern, 
generalized terms, advocates a concerted mechanism which assumes that the two 
sigma bonds are formed simultaneously'82 (equation 37a). The diradical mechanism of 

\ I  d=e d-e 

Firestone depicts the formation of the ring in two steps, the first leading to a 
diradical. the second involving the cyclization (equation 37b)Ig3 An attempt to 

+ 
a4b\c- a/b\c 

- \  - \ I  
d=e d-e* d-e 

reconcile the conflicting points between the two mechanisms has been made by 
Harcourt, who proposes a concerted diradical mechanism for these reactions'**. The 
apparent lack of influence of solvent polarity in most 1,3-dipolar cycloadditons rules 
out mechanism involving ions or ~ w i t t e r i o n s ~ ~ ~ ~ ' ~ ~ ,  although this type of mechanism 
(equation 38) needs to be considered for reactions of highly polarized alkene 
dipolarophiles'86. 

* 

Most cycloaddition reactions between a nitrone and a monosubstituted ethylene 
lead to 5-substituted isoxazolidines 165 rather than the 4-substituted heterocycles 
166, regardless of whether the R2 group is electron-withdrawing or 

R' R' 
a t  

(1 65) (1 66) 
electron-releasing. Only cycloadditions of nitrones with very electron-deficient 
alkenes lead predominantly to 4-substituted isoxazolidines. Initial attempts to explain 
this behaviour invoked both electronic and steric  effect^'^^-'^^; however, 
subsequently this aspect has been successfully treated by application of the 
perturbation theory. According to this the course of the reaction will be determined 
by the selection of the favoured frontier orbital interactionlW. More recently i t  has 
also been shown that the amount of 4-substituted isoxazolidine also depends upon 
the nature of the nitrone30. The more electron-rich the nitrone the higher the relative 
proportion of the 4-substituted product. This can also be predicted by experiment, 
namely by determining the ionization potential of the nitrone by means of 
photoelectron spectroscopy. The lower the ionization potential of a nitrone the larger 
the tendency for a 4-substituted isoxazolidine formation, provided that the second 
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condition is fulfilled, namely that the dipolarophile is sufficiently electron-deficient. 
These results are rationalized in terms of frontier orbital  interaction^^^. The unusual 
nitrone N-cycloheptatrienylidenemethylamine oxide (167), reacts with the strongly 
electron-deficient phenyl vinyl sulphone to give only the unstable 4-substituted 
isoxazolidine 168 which rapidly rearranges by a 1,7-sigmatropic shift to the final 
stable product 16919'. 

Me 

O N < " "  '0- ,,,,,, 9 
PhSO2 

S02Ph 

(163 (168) (169) 

It is necessary to mention several recent papers with mechanistic or theoretical 
objectives. The kinetics of a,"-diary1 nitrones with N-phenylmaleimide192 and 
diben~oylethylene'~~ have been studied. The stereochemistry of the reaction was 
studied using 3,4-dichloro~yclobutene~~~, indene19s, 3,4-dihydr0naphthalene~~~, 
bi~ycloheptadiene'~~ and 2-methylene[2,2,l']bi~ycloheptane~~~ as dipolarophiles. 
The influence of secondary orbital interactions upon the mode of cycloadditions of 
nitrones with unsaturated esters has been studied by the group of Carrie and 
Hamelin'98. These interactions are of two types, one between the nitrogen of the 
nitrone and the ester carbonyl group of the dipolarophile and the second type, 
between the a-phenyl group of the nitrone and the alkyl oxygen of the ester group. 

Synthetic applications of the 1,3-dipolar cycloadditions of nitrones can be found in 
the previously mentioned r e v i e w ~ ] ~ ~ - ' ~ ~ ;  however, there are significant recent 
contributions that deserve mentioning. A convenient method for cycloaddition with 
in siru prepared N-methyl nitrone (170) has been published199 (equation 39). 170 can 

(1 70) 

53 % 

be prepared by adding N-methylhydroxylamine to an aqueous solution of 
formaldehyde in the presence of a dipolarophile. 

The 1.3-dipolar cycloaddition serves as a key step in a number of natural product 
syntheses. A simple entry to the pyrrolizidine alkaloid system is presented in 
Scheme 1 l2O0. 

Compound 171 is converted to alkaloids by standard methods. An analogous 
synthesis based on tetrahydropyridine N-oxide (172) provides entry to the 
quinolizidine group20'. Compound 172 has also been reacted with styrene and with 
propene providing syntheses of sedridine (173), sedamine (174) and allosedamine 
(175) (Scheme 1 2)202. 

The synthesis of cocaine has also been reported recently by Tufariello and 
C O W O ~ ~ ~ ~ S ~ ~ ~ - ~ ~ ~  (Scheme 13). The key intermediate in this synthesis is the 
unsaturated nitrone ester 177, which was expected to cyclize intramolecularly as 
Indicated. The efforts to synthesize 177 were initially met with severe difficulties203. 
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However, when the nitrone function was protected as the 1,3-cycloadduct (176) the 
side-chain could be elaborated in good yield. Finally heating 176 caused 
retrocycloaddition liberating the nitrone function which in situ cyclized to the bridged 
product 178. Further elaboration gave d-cocaine (179). 

Another example of use of an intramolecular 1,3-dipolar cycloaddition reaction is 
a new synthesis of biotin (181)206. The key step again is the intramolecular 
cycloaddition leading to the tricyclic compound 180. This can be carried out either by 
the use of nitrile oxide, or by the use of a nitrone 1,3-dipole. The latter is indicated 
in Scheme 14. 

An enantioselective total synthesis of the alkaloid (+)-luciduline (182) has also 
been accomplished recently by intramolecular nitrone-olefin cycloaddition followed 
by methylation, reduction and oxidation207. Fortunately only the 'right' regioisomer 
was obtained in the cycloaddition step (see Scheme 15). 

SCHEME 14 
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Me 
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h I  

SCHEME 15 

The stereospecificity of the intramolecular nitrone-olefin cycloaddition has 
recently been exploited for the synthesis of the sesquiterpene bisabalol (183)208. 
Intramolecular cycloaddition of the nitrone derived from farnesol is followed by 
several steps that have to  be taken in order to remove the nitrogen from the 
molecule (Scheme 16). 

An elegant way to utilize intramolecular 1,3-dipolar cycloaddition for the 

(1 03) 
SCHEME 16 
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construction of two heterocyclic rings has been devised by Black and coworkers. 
They have shown that the reaction of C-acyl nitrones with allylamine results in the 
formation of tetrahydropyrroloisoxazoles (equation 40)209. 

'"2 

4 
H 

In a related intramolecular cycloaddition, vinyl nitrone 184 undergoes thermal 
cyclization to the isoxazoline 18568. This reaction is the first reported case of a 
nitrone participating in a 1 ,S-dipolar cyclization2I0. 

MeSCH2,+ ,O- 
MeSCH N-0 AJ N 

C Ph 
I I  

Ph' 'CH=CH2 

(184) (1 85) 

Unusual products are obtained in the reactions of perfluoro-alkenes and -alkynes 
with diary1 nitrones. Although isoxazolines, which are the primary products of the 
cycloaddition of nitrones with alkynes, have been shown to undergo a variety of 
rearrangement~l'~, only recently has it been reported that the reaction of a-aryl 
N-phenyl nitrone with hexafluoro-2-butyne leads to indole 1862". 

ArCH=NPh + + CF~CECCF~ - mCF3 
CF3 

I 
0- I 

A 
(1 w 

Another unusual observation is the formation of B-lactam 187 in the reaction of 
C, N-diphenyl nitrone with hexafluoropropene2I2, in contrast to previous reports of 
normal reactions of nitrones with hexafluoropr~pene~l~. 

PhCH=NPh + + CF2=CFCF3 - P h - v o  

I Ph-N 
0- 

(183 
There are a number of reports concerning cycloadditions of chiral nitrones, Some 

nitrones derived from sugars have been reported to undergo such reactions with the 
formation of two e p i r n e r ~ ~ ~ ~ * ~ l ~ .  Some of the products are intermediates in the 
synthesis of nucleoside analogues. 

The question of asymmetric induction has been studied by Vasella in nitrones 
derived from D-ribose2I6. Reactions of the protected ribose oxime 188 with aldehydes 
or acetone give nitrones that enter into cycloadditions with methyl methacrylate 
yielding adducts of type 189. Cleavage of the glycoside bond and dehydrogenation 
give isoxazolines 190 in enantiomeric excess (e.e.) of 67-95%. An example using 
actaldehyde is depicted in Scheme 17. 
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e.e. 67-95% 

SCHEME 17 

The presence of a chiral group linked to the nitrogen has been found to be very 
effective in inducing asymmetry. For example C-phenyl N-(S)-1-phenylethyl nitrone 
(191 gives dipolar cycloaddition products in some cases in enantiomeric excess of 
1 OO%217. Unfortunately reactions of this nitrone with many dipolarophiles give 
mixtures of three or all four of the possible regio- and stereo-isomers. Another 
nitrone that gives products of high optical purity is a derivative of L(-)-menthy1 
glyoxalate, 192217. 

Ph\ + ,H -O,+ / COOR 
HIIIIII-N=C, 

Me' I Ph t-BU/N=C\ H 
0- 

(191) (192) 

R = (-)-menthy1 

A different use of the 1,3-dipolar cycloaddition is its application to  the 
polymerization of appropriately designed olefinic nitrones. One such compound is 
a-(p-maleimidophenyl) N-phenyl nitrone (193) which polymerizes readily by 
intermolecular cycloaddition to  give a polymer of the structure 19421R. 
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6. Cycloaddifion fo ofher 1,J-dipoles. The six-membered cyclic nitrone, 
3,4,5,6-tetrahydropyridine N-oxide (195) undergoes rapid dimerization to 1%2 as a 

0 0  

"d 0- I 

0- 

(195) ( 1 W  

consequence of dipole-dipole interaction. This type of interaction could conceivably 
involve two different 1,3-dipoles with the formation of unsymmetrical products. 
There are only a few examples of this principle in the literature. Dioxadiazine (179) 
have been obtained in the reactions of nitrile oxides with nitrone-boron trifluoride 
adducts in 20-45% yields2". 

(197) 

Some aziridines and diaziridines behave as masked 1,3-dipoles in reactions toward 
certain dipolarophiles. Such are 1-aroylaziridines, which undergo cycloaddition, 
when heated with nitrones, to oxadiazines (equation 41)220. Similar behaviour is 
shown by azaspiropentanes (equation 42)22' and diaziridines (equation 43222. 

6, + ,Ph - R e H P h  + N 
II 

phN"y NPh 
NPh ,c, 

Ph ti 
&hph - 

Ph 

Ph gN 0 qj 0 I 0 

I I (43) ';JX - - 
0 0 NY 0 "xO 
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Related to this section is the reaction of nitrones with an aziridinium compound 
which is defined as a ‘1,3-polar’ moiety since it behaves as a 0-aminocarbonium ion. 
Its reaction with a nitrone is shown in equation (44)223. 

c104- 
0- A 

c. Reactions of C-(1-chloroalky1)nitrones (‘a-chloronitrones’). This class of 
compounds, represented by formula 198 was introduced by Eschenmoser and named 
by him ‘a-chloronitr~nes’*~~. This name is incorrect and contrary to Chemical 
Abstracts nomenclature, since the clorine is not located at the a-position of the 
nitrone function. The name a-chloronitrone is also misleading in view of the 
existence of true a-chloronitroneszz4225. The usefulness of this class of compounds 

n 

(1 -1 (1991 

stems trom the fact that ionization of the chloride (brought about by silver ion) leads 
to the development of a positive charge in the a-position of the masked aldehyde 
function (Umpolung), which can be stabilized by the nitrone function to form the 
heterodienic N-alkyl-N-vinylnitrosonium cation (199). This is an electron-deticient 
diene and is capable of undergoing Diels-Alder-type cycloaddition to unactivated 
ole fin^'^^ and acetyleneszz6. Double bonds that are capable of undergoing such 
cycloaddition may have up to four alkyl substituents or may be of enol ethers2z7-229. 
The adducts obtained from the cycloaddition of N-alkyl-N-vinylnitrosonium cations 
(e.g. 199 + 200) can be used in a number of ways. For example stabilization of the 



SCHEME 18a 

H 

SCHEME 18b 

oxazinium cation 200 by cyanide ion leads to a stable molecule 201 that can 
easily be converted to a y-lactone (202)230. If C-(l,2-dichloroethyl) 
nitrones('a,b-dichloronitrones') are used as starting materials, the same sequence of 
reactions leads to a-chloromethyl-y-lactones, which can easily be converted to 
a-methylene-y-lactones (Scheme 1 8a)231. 

Recently is has been reported that epoxynitrones (203) are also useful for the 
synthesis of this group of compounds (Scheme 18b)232. 

Another possible way to utilize the oxazinium salts (200) synthetically is to convert 
them by base to the enamine-like derivatives 204 which undergo a thermal 

q y R  ___c. qR - q WR - 3 4  

(200) (201) 
cycloreversion reaction with cleavage of the weak N-0  bond to yield a 
monounsaturated dicarbonyl compound233. If this reaction is carried out using 
bicyclic olefins such as 205 large-ring ketones (206, X = CH2) or lactones (206, 
X = 0) may be obtained234. 
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0 

CH=NR 

(206) 
Cycloaddition of the chloronitrone-derived heterodienes with acetylenes provides 

a route to a$-unsaturated ketones226 (Scheme 19). 
The cations obtained by the ionization of chloronitrones may also react as 

electrophilic reagents in Friedel-Crafts-like substitution reactions toward olefins and 
activated aromatic compounds235. If the reactions of N-alkyl-N-vinylnitrosonium 
cations with olefins are carried out in polar solvents such as liquid sulphur dioxide 
the main products are p,y-unsaturated aldehydes (Scheme 20)235. Similarly reactions 
with activated aromatic systems yield a-arylaldehydes (Scheme 21)235. In these 
reactions the N-alkyl-N-alkenylnitrosonium ions serve as masked a-acylcarbonium 
ions (Urnpolung). 

N -  Alkyl-N-alkenylnitrosonium ions derived from chloronitrones have also been 
found to cleave etherszz9.234. A particularly elegant application of such a 
nitrosonium ion was its use by Eschenmoser and coworkers for selective hydrolysis 
of the amide function in cobyrinic acid hexamethyl ester monoamide to the 

+ R3HNCH0 

SCHEME 19 

- q y R  - qo 
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SCHEME 22 

hexamethyl ester monoacid in the total synthesis of vitamin B 
in Scheme 22 using partial structures. 

This is illustrated 

6. Reactions of nitrones with heferocumulenes 
With the exception of a recent report describing an unusual mode of reaction of 

nitrones with allenes leading to a rearranged product depicted in Scheme 23*”, in 
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+ R'CHO SCHEME 23 

general the reactions of nitrones with allenes lead to  cycloaddition products in 
analogy to simple olefins. In contrast, reactions of many heterocumulenes with 
nitrones take a course entirely different from that of 1,3-dipolar cycloaddition. This 
difference in behaviour can be attributed in part to the polar nature of the double 
bonds (or at least one double bond) in heterocumulenes. There are also similarities 
that can be noted between many of the reactions discussed in this section and the 
one dealing with electrophilic reagents (Section II.B.7.a) due to  the same reasons. 

a. Ketenes. The reaction of nitrones with ketenes was first studied by Staudinger 
and M i e ~ h e r * ~ ~ .  They, and later others239.240, found that N-aryl nitrones react with 
ketenes to  produce o-imino-a,a-disubstituted-arylacetic acids (207). The mechanism 
suggested differs from cycloaddition, and involves attack of the nitrone oxygen 
upon the carbonyl carbon of the ketene, followed by sigmatropic rearrangement 
and proton transfer (Scheme 24). 

SCHEME 24 
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Other products that were also isolated from these reactions are the oxindoles 208 
and 209. The formation of 209 can be rationalized either by reaction of 208 with 
ketene or by the reaction of 207 with a second molecule of ketene leading to the 
mixed anhydride 210 that rearranges to 209. 

207 + R, R ,c=c=o - &$ R - 2 0 9  

II 

(21 0) 

PhCH ( 0 

This reaction has been recently utilized for a new synthesis of isatins (211) by 
reacting N-aryl nitrones with di~hloroketene~~~.  Oxindole 209 (R = CI), which was 
obtained initially, could be hydrolysed to isatins in good yields. 

209 (R = CI) - *o 
0 

(21 1) 

In contrast the reaction of the N-2,6-disubstituted-aryl nitrone gives lactone 212, 
presumably through a mechanism which is similar to that described previously 
(Scheme 25)242. 

Further work by Taylor and coworkers has concerned reactions of nitrones 
derived from 9-fluorenone. N- Alkyl nitrones of this series have given with 
dimethylketene spiranic products 213 and 214243. 

It was assumed that the p-lactam, 213, resulted from deoxygenation of the nitrone 
followed by cycloaddition of the fluorenone imine to the ketene. The reaction of the 
same nitrones with diphenylketene give the analogous oxazolidinones (214, R1 = Ph) 
but a different rind of p-lactam (215)244. The formation of these products is 

@&Ph 

I I  
0- 

+ 
R, ,c=c=o 
R 

0- / 
N=CHPh 

SCHEME 25 
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(213) (214) 

R' = Me 

rationalized by assuming the formation of the zwitterionic intermediate 216, which 
may undergo two types of sigmatropic shifts leading to the two products (Scheme 
26). 

h e  more electron-deficient a-cyano-t- butylketene reacts with N-alkyl-N- 

& 
0 PhPho 

\ 

(21 5) 
SCHEME 26 
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fluorenylidene N-oxides to afford the product of 1,3-cycloaddition, 217245. The Same 
ketene reacts with N-arylfluorenone nitrone to give oxazolidinones (equation 45)245. 

b. Ketene imines. The reactions of nitrones with ketene imines have been studied 
in a number of laboratories. Del’tsova and coworkers have reported that 
N-arylketene imines and nitrones may yield two types of products, namely oxindoles 
(218) and amidines (219)246-247. Reactions of C,N-diphenyl nitrones with N-arylketene 
imines with at least one ortho position of the N-aryl group unoccupied give oxindoles, 
while those with both ortho positions substituted are unable to follow this course and 
lead to an unstable cycloaddition product 220 which subsequently rearranges 
(Scheme 27). The oxindoles are formed with the elements of the ketene imines, with 
only the oxygen atom contributed by the nitrone. The latter is reduced in this 
reaction to the imine. Therefore these reactions can also be viewed as oxidative 
rearrangements in which the nitrones act as oxidizing agents. 

In contrast to the above-mentioned results Barker and coworkers have reported 
the formation of iminoisoxazolidines (221) resulting from cycloaddition of the nitrone 
across the C=C bond248*249. This structure assignment has been disputed by Ohshiro 
and coworkers, who suggest the imidazolidinone structure 222 on the basis of the 13C 
spectrum. They suggest that 222 is a product of rearrangement of 221250. These 
workers have observed the formation of an imidazolidinone of type 222 in the reaction 
of C-phenyl N-t-butyl nitrone with N-aryldimethylketene imine. This nitrone, when 
reacted with diphenyl-N-arylketene imine gives the oxindoles 223 and 224 and the 
aldimine250. 

c. Isocyanates and isothiocyanates. The functional groups add the nitrone across 
the C=N bond. In the reactions of isocyanates the products are oxadiazolidinones 
(equation 46)209. 

The reactions of nitrones with phenyl isothiocyanate proceed in an analogous 
manner; however, other isothiocyanates, such as p-tolyl- or benzoyl-methyl 
isocyanates add nitrones across the C=S bond to yield unstable products which 
undergo fragmentation to thioamides and isocyanates (e.g. equation 47)251. 

d. Carbodiimides. Reactions of alkyl nitrones with diphenylcarbodiimide yield the 
cycloaddition product 225252. However, the analogous products from N-aryl nitrones 
are apparently not as stable and therefore only secondary products are isolated 
(Scheme 28)253. 
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*; + CHPh VPh 
R 

SCHEME 27 

The fragmentation leading to amidine with loss of isocyanate is reminiscent of 
what was observed in the case of isothiocyanate. The amidine formation is sometimes 
accompanied by the migration of a group from the carbon to nitrogen2s3. 

e. Sulphines. There is only one paper concerned with the reaction of this 
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heterocumulene function with nitronesZs4. Reaction of 9-thiofluorenone S-oxide 
(226) with C-phenyl N-methyl nitrone gives in high yield product 227 formed from 
two moles of thiofluorenone and one mole of nitrone with the loss of sulphur dioxide 
(Scheme 29). 
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SCHEME 28 

Sulphines derived from thiobenzophenone and its substituted derivatives were 
found to  be not sufficiently reactive towards this nitrone. Bis(pheny1thio)sulphine 
(228) was found t o  react slowly with C-phenyl N-methyl nitrone to  give in high yield 
the enamine 229254. 

f: N-Sulphinyl compounds. The reaction of N-sulphinylbenzenesulphonamide 
(230) with two types of nitrones has been studied. The reaction between 230 and 
C,N-diary1 nitrones yields N-benzenesulphonyl-N’,h”-diarylfomamidine (231) 
(Scheme 30). The formation of this product is postulated to  proceed via the 
fragmentation of the cycloadduct 232 involving carbon to nitrogen migration of an 
aryl group similarly t o  what was observed with the products of c a r b o d i i m i d e ~ ~ ~ ~ .  The 
reaction of an N-alkyl nitrone also yields an amidine (233) which in this case is 

SCHEME 29 
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SCHEME 30 
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formed without skeletal rearrangement255. It seems that the higher electron density 
of N(2) in the precursor of 233 as compared to 232 makes the phenyl migration less 
favoured. 

PhS02N=S=O 

phs3 + so2 
PhS02N-S,=O 

___) 

+ A N , O  I 

(=4 
Ar 

MeNH 

(233) 

+ /o- I 
Me ArCH=N, 

Me 

Reactions of N-sulphinylanilines with cyclic aliphatic nitrones have been shown to 
lead to amidines (235) through the cycloadduct 234 and the loss of sulphur 
dioxide256. 
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g. Sulphenes. The reaction of N-aryl nitrones with sulphene has been shown by 
Truce and coworkers to  lead to benzoxathiazepines 237 via rearrangement of the 
initial cycloadduct 236257-259. The rearrangement is essentially a migration from 

(236) (237) 
nitrogen to the ortho position of the aromatic ring, to which there are many 
precedents in the literature. Several mechanisms have been considered for this 
rearrangement 258. 

a-Ketosulphenes have been reported t o  react with N-aryl nitrones similarly t o  
sulpheneZ6O. Thus the reaction of benzoylsulphene with a C,N-diary1 nitrone yields 
two benzoxathiazepines 238 and 239, the first of which has been shown to lose a 
bemaldehyde in a fragmentation involving an unusual rearrangement leading to 239, 
for which the pathway depicted in Scheme 31 has been proposed260. 

Cyclic nitrones of the pyrroline N-oxide series react with sulphene or  with 
phenylsulphene in benzene to yield the corresponding iminosulphonic acids201,262 
(equation 48). 

In contrast the reactions of a-ketosulphenes with these nitrones in dioxane lead t o  
ketoenamines (240) which may react with a second mole of ketosulphene262 
(Scheme 32). Similar behaviour is shown by cyclic ketosulphenes derived from indane 
and tetralin. 

The reaction of a-methyl nitrone (241) with a ketosulphene yields a product with a 
rearranged skeleton 242, which may add a second mole of ketosulphene to  yield 
243262. The reaction of ketosulphenes can be directed towards the formation of 
iminosulphonic acids by performing the reactions in methylene chloride o r  
acetonitrile instead of dioxane262. 

Ph +/CHAr 
‘N’ 

b- CHCOPh 
I I  
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Ar 

SCHEME 31 
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7. Reactions of nitrones with electrophiles 
It is expected from the dipolar nature of nitrones that the oxygen of the nitrone 

function will behave as a nucleophile. On the other hand, the polarity of the nitrone 
function also increases the acidity of the protons in the p-position. The magnitude of 
this stabilizing effect probably depends on the stereochemistry of the nitrone, but so 
far there are no comparative data on the acidities of p-carbons in geometrical isomers 
such as ( E ) -  and (2)-244, or the relative stabilities of the two types of carbonions 245 
and 246. 

The tendency of 2-methylpyrroline N-oxide derivatives to undergo deuterium 
exchange6' (equation 49) and aldol-type condensat i~n~*~ (equation 50) involving the 
methyl group rather than the 3-position seems to indicate the preference for 245 over 
246. However, the fact that the two groups being compared are unequal (i.e. one is a 
methyl group and the other is a methylene in a five-membered ring) might account 
for a considerable part of the difference and therefore one cannot draw a definite 
conclusion. 
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Another relevant aspect is the question of 0- versus C-alkylation, which has 
received a great deal of attention in carbonyl compounds, but has not been studied 
systematically in nitrones. 

However, nitrones clearly are ambident nucleophiles and they may react with 
electrophilic reagents either as oxygen or as carbon nucleophiles and accordingly this 
section will be divided into two parts. 

a. Nitrones as oxygen nucleophiles. In addition to the reactions that will be 
reviewed here it is appropriate to point out that the acid-catalysed Beckmann 
rearrangement of nitrones (Section 1I.B.l.c) as well as many of the reactions of 
nitrones with heterocumulenes (Section II.B.6) may be classified as belonging to this 
section, as their first step is a nucleophilic attack of the nitrone oxygen upon the 
electrophilic site of the reagent. The present discussion deals almost exclusively with 
reactions of nitrones with acid derivatives. 

The reaction of 2,4,4-trimethylpyrroline N-oxide with acetic anhydride156 or 
benzoyl chloride263 yields the diacyl derivatives of type 247. It is reasonable to 
assume the formation of 247 as taking place by the mechanism indicated by Scheme 
336'. T X  t o m  

RCOCI 

or (RCO)fl y 0 I 
6- CO 

I 
R 

(247) 

CO 
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SCHEME 33 

The steroidal nitrone 109 (cf. Section 1I.B.l.b) exhibits a different kind of 
behaviour. Its treatment with benzoyl chloride followed by water gives the a-hydroxy 
N-benwyloxy compound (248) which can be rearranged thermally to the imine 
249126. 

0- OCOPh 
I OH 

Me 

2 PhCOcl 

OCOPh 

(24@) 

The reactions of N-aryl nitrones take a different course. Almost all reactions of 
N-aryl nitrones with acid derivatives lead to ortho substitution in the aromatic ring 
resembling the reactions of ketenes that lead to indoles (Section II.B.6.a). C,N-diary1 
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nitrones react with phosgene or with thionyl chloride t o  give in high yield, and in 
most cases exclusively, the orrho-chlorinated imine S0264.265. A cyclic mechanism has 

0 

been suggested for the reaction. The related reaction of N-aryl nitrones with oxalyl 
chlc -ide leads to  the introduction of the chlorooxalyl group into the ortho position 
of the N-aryl group (equation 51)266. 

0 

0- 
I 

PhCH=NPh 

ocococl 
\ 

Reaction of C,N-diphenyl nitrone with formic acid results also in a product of 
orrho substitution and reduction, S1267 .  Its formation is rationalized in Scheme 34. 

Seeking evidence for the existence of N-aroyloxy-N-benzylideneammonium 
chloride (252), the assumed intermediate in the acyl-halide-catalysed Beckmann 
rearrangement of nitrones, Heine and coworkers treated a-phenyl N-alkyl nitrones 
with aroyl chlorides in wet solvents. The products, N-alkyl-0- 
aroyloxyhydroxylamines (253) which were isolated in good yields can be considered 
to arise from the postulated intermediates (252) through hydrolysis26B. 
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0 

SCHEME 34 
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In contrast, treatment of N-aryl nitrones with aroyl chlorides resulted in ortho 
substitution and the N,O-diacyl derivative of the corresponding o-aminophenol was 
isolated268. 

The reaction of a-phenyl N-p-dimethylaminophenyl nitrone that leads to  the 
introduction of an azido group into the ortho position269 may be represented by 
Scheme 35. 

The reactions of some thiophosphoryl compounds with C, N-diary1 nitrones have 
been reported to  give puzzling results. While thiophosphoryl trichloride gave ortho 
chlorination, similar to  thionyl chloride and phosgene270 (equation 5 2 ) .  the reaction 

CI 
0- 
I P(S)CI, 

ArCH=yPh ArCH=N 

of phenylphosphonothioic dichloride with C, N-diary1 nitrones gave b e n z o t h i a z ~ l e s ~ ~ ~  
(equation 53). In contrast reactions of methyl diphenylphclsphonothioate gave the 
corresponding benzoxazoles (equation 54)270. 

A different type of electrophilic centre is provided in the C=N bond of 
phenylazirines. It has been found by Padwa that nitrones react as oxygen 
nucleophiles with such compounds, transferring their oxygen, and causing an 
oxidative rearrangement to  the unstable benzoylimine intermediate 254 which will 
further react with the medium271. 

PhCH=NPh 
+ 

[ PhCON=CH2] 

Ph 
(254) 

N 
Ph'+'O- Ph 

b. Nitrones as carbon nucleophiles. Earlier examples of aldol-type condensations 
of nitrones with carbonyl compounds (e.g. equation 501) can be found in the 

There are also reports of aldol-type condensations involving nitrones both 
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as  the nucleophile and the electrophile. However older structure assignments should 
be viewed with caution. Since the publication of the review of Hamer and Macaluso2 
the structures of the N-phenyl nitrones derived from acetone and from 
butyraldehyde have been reexamined by X-ray crystallography as well as by mass 
and NMR spectra, and have been revised. The  dimers are isoxazolidines as shown by 
formulae 2SS272 and 256273.274. 

n-Pr. .Et 

(255) 

The formation of these dimers can be rationalized by assuming an aldol-type 
dimerization followed by intramolecular nucleophilic attack of the oxide anion on the 
a-position of the nitrone (Scheme 36). Recently it has been reported that such 
dimerization may be accompanied by the loss of hydroxylamine leading to  an 
isoxazoline (equation 55)275. 
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Derivatives of pyrroline N-oxide have been reported to  undergo reactions with 
3,5-dicarbomethoxypyridinium tosylate to  yield 1,4- and 1,2-dihydropyridine~~~~. 
An aldonitrone of this series reacted through the 3-carbanion (equation 5 6 )  while a 
2-methylpyrroline N-oxide formed the anion on the methyl carbon affording 
products in which the two rings are connected by a methylene group (equation 
57)276. Equation (56) represents a rare example indicating the formation of a 
carbanion of type 246, anti to a nitrone oxygen (see introduction t o  Section II.B.7). 

A different kind of aldol-like condensation, involving a carbanion obtained by 
deprotonation of the N-alkyl group was found in the process of elucidating the mode 
of base-induced formation of desoxybenzoin from N-benzyl a-phenyl n i t r ~ n e ’ ~ ~ .  It 
was found that under base catalysis this nitrone dimerizes to  form the 
hydroxylaminonitrone 257 which subsequently undergoes a series of reactions that 
produce, among other products, d e s o x y b e n z ~ i n ~ ~ ~ .  
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8. Reactions of nitrunes with nucleophiles 
The simplest reaction belonging to this class is the hydrolysis of a nitrone to an 

N-substituted hydroxylamine and the carbonyl compound (equation 58) .  This 

R’CH=kR2 + H20 - R’CHO + HhlR2 
I I 
0- OH 

reaction constitutes the final step of the Krohnke aldehyde synthesis278, and is 
usually carried out by acid catalysis. A number of more recent papers report 
acid-catalysed hydrolysis of nitrones279-285 in addition t o  those cited earlier2”. 
Nitrones also undergo cleavage by hydrazine or its derivatives2.2801286 or by 
h y d r ~ x y l a m i n e ~ * ~ ~ ~ . ~ ~ *  to furnish directly the hydrazone or oxime of the carbonyl 
compound and the N-substituted hydroxylamine (e.g. equation 59). 

(59) 
R, +,o- R, 

R/ 
R,C=N,Rl + NHPH - C=NOIi + HONHR’ 

The reaction of aryl nitrones with arylnitroso compounds, leading to azoxyarenes 

Methanol can add to suitably activated nitrones such as 2-cyanopyrroline N-oxides 
has been shown to involve hydrolysis to the N-arylhydroxylannine in the first step289. 
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with the formation of the corresponding hydroxylamine, which upon heating loses 
hydrogen cyanide to furnish the a-methoxynitrone (equation 60)290. This reaction 

QCN + MeOH - @tie - S O M e  N (60) 

I 
0- 

I 
0- 

H 

may serve as a general method to  a-alkoxynitrones. Similarly suitably activated 
nitrones add azide ion to  give tetrazoles, presumably via a-azidoiminesZ9' (equation 
61) in addition to other competing reactions. 

C,C-Diary1 nitrones may be converted to  the corresponding thiobenzophenones 
and N-alkylhydroxamic acids in good yields by treatment with thio acids2y2. This 
reaction involves nucleophilic attack of the thiocarboxylate anion upon the nitrone, 
followed by decomposition for which a cyclic mechanism has been suggested 
(equation 62)292. In contrast reactions of N-(  1)cyanoalkyl)-N-alkylideneamine 

Ar2C=N Ar2C=S 
+,Me 

'0- Ye 
+ Ar$x(J-OH - + 

MeCONOH 17 Hs\,90 s-c=o 
I 

Me 
I I 

Me Me 

N-oxides with thiols yield imidazoles. Nucleophilic attack of the thiolate anion upon 
the cyano group initiates the reaction, followed by cyclization and loss of water 
(equation 63)2y3. 

Cyanide has long been known to add to  nitrones providing the corresponding 
cyanoimines (equation 64)2~2y4~295. Recently it has been shown that the reaction of 

0- OH 
I I -I+$ 

RCH=!R' + HCN - RCH-NR' - RC=NR~ (64) 
I 
CN 

I 
CN 

C-aryl N-alkyl nitrones with cyanide can form imidazoles directly via the 
corresponding cyanoimines2y6. The mechanism in Scheme 37 has been suggested for 
this process2Y6. 

The ability of carbanions to add to the nitrone function has also been recognized. 
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0- CN 
I I 
t I r  PhCH=NMe + CN- - PhC=NMe 

Ph, ,>H? 
C=N 

NC' 

SCHEME 37 

Early examples that include nitromethane and 2-methylpyrroline N-oxide have been 
reviewed2. 

More recently reactions of active methylene compounds and of some ylids have 
been studied. The reactions of diethyl malonate with A'-pyn.oline N-oxides proceeds 
beyond the initially obtained product and with the loss of ethanol isoxazolidines are 
formed (equation 65)297. The reaction has been further studied by Stamm reacting a 

,COpEt - +cop,, -+ COpEt 
COpEt 

+ -CH, 

0- CO2Et 
I 
0- 

(65) 
series of C-aryl N-alkyl nitrones with carbanions derived from diethyl malonate, 
malonamide, a-ethoxycarbonyl-y-butyrolactone, ethyl phenylacetate and ethyl 

equation 66). The yields have been found to  vary with the steric requirements of the 
N-alkyl group of the nitrone and with the nature of the carbanion. 

cyanoacetate to  yield predominantly the 3,4-rr~ns-isoxazolidinones~~~-~~ (e.t3. 

X = C02Et, CIV. Ph, etc 

Although simple enamines add to  nitrones in a 1,3-dipolar fashion17y it was found 
recently by Zbaida and Breuer that the enaminonitrile 258 can add as  a nucleophile to  
a nitrone function. The hydroxylamine product 259 is capable of adding to a second 
mole of enaminonitrile if an excess of the latter is present in the reaction mixture 
(Scheme 38)301. 

The reaction of nitrones with phosphorus ylids has been studied in some depth. 
Huisgen and Wulff have' reported that the reaction of triphenylphosphonium ylids 
with nitrones leads to stable oxazaphospholidines (equation 67)302. Later it was 
shown by Black and Davis that reaction of ethoxycarboriylmethylenephosphorane 
with 5,5-dimethyl-A'-pyrroline N-oxide leads, with the extrusion of 
triphenylphosphine oxide, to a mixture of aziridine (260) and the enamino ester 261 
(equation 68)303. 
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SCHEME 38 

\h' A -CH2 

O-PPh3 
I + I  
0- PPh3 

)@ + -CHC02Et I - + v C H C O 2 E t  (68) 

C02Et H I 'PPh3 
0- 

(260) (261 1 

The formation of aziridines from nitrones by the action of phosphono ylids was 
first reported by Breuer and coworkers, who found that the reaction of triethyl 
phosphonoacetate and C-phenyl N-methyl nitrone (52) gives a mixture of two 
aziridines 54 and 55 due to tautomerism in nitrone 52 under the reaction conditionss1 
(see Section 1I.A.S.b). 

0- 0 

NaH phh + dco2Et I I I  
PhCH=I?Me + (Et0)2PCH2C02Et - 

N C02Et N 
I I 

PhCH2 Me (52) 

(54) (55) 

The reaction of phosphonates with nitrones of the pyrroline N-oxide series has 
been studied by Black and Davis303 and by Breuer and ~ o w o r k e r s ~ ~ ~ . ~ ~ ~ .  It has been 
found that the reaction leads to trans aziridines (260) and enamines (261)303-305, and 
that in certain cases it can be directed to  lead predominantly, or even exclusively. to  
yield one of the products by appropriate choice of solvent and c o u n t e r i ~ n ~ ~ ~ * ' ~ ~ .  
Protonation inhibits aziridine formation and then base-catalysed elimination leads to  
enamine (Scheme 39). 

Similarly the reactions of 3,4-dihydroisoquinoline N-oxide with phosphonates lead to 
the aziridine 262 (X = C0,Et )  or enamines 263 (where X may be either CN or 
COzEt)306. Subsequently it has been shown that the course of the reactions of 
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SCHEME 39 

nitrones with phosphonates can also be controlled by using cyclic phosphonates of 
varying ring-size. The reactions of five-membered cyclic phosphonates give 
predominantly aziridines while those of the six-membered compounds yield 
e n a m i n e ~ ~ ~ ' - ~ ~ .  This is rationalized in terms of varying basicities of the intermediate 
264 as a function of the size of the dioxaphosphacycloalkane ring and their differing 
tendencies to undergo protonation (Scheme 40). The existence of intermediate 264 
(n = 2 )  has been established by means of 31P-NMR spectro~;copy~~~. The reactions of 
some nitrones with phosphinoxy ylids have also been shown ta give aziridines and 
enamines301. 

9. Reactions of nitrones with organometallic compounds 
a. Organo-lithium and -magnesium compounds. The Grignard reaction of 

nitrones has been known for over 60 It is one of the reactions upon which 
the recognition of the similarity between the carbonyl and nitrone functions was 
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0- 

SCHEME 40 

based. The increased interest in this subject in recent years is stimulated by the 
usefulness of the products, N, N-disubstituted hydroxylamines. Oxidation of 
compounds of this type yields stable nitroxide radicals used as spin labels. In some 
cases the tendency for oxidation of the N,N-dialkylhydroxylamines is so great that 
their isolation is difficult and the Grignard reactions yield the nitroxide radicals 
directly. Benzhydryl-t- butylnitroxide radicals have been synthesized through the 
addition of phenylmagnesium bromide or phenyllithium to a-phenyl N-t-butyl nitrone 
and oxidation of the hydroxylamine (equation 69)311. Radicals derived from 
pyrrolidine (265, X = CH#I2 or oxazolidine (265, X = 0)313 have been prepared by 
a similar reaction sequence. 

0- 
I 

PhCH=Y-Bu-t 

0’ 
I PhMgBr 

or PhLi “31 - - PhCH-N-BU-1 

The a-cyanonitrone (266) reacts with a Grignard reagent with the loss of the 
cyanide (equation 70)314; however, the tetrasubstituted derivative 267 is too hindered 
to react on the nitrone function and the a-acetylnitrone 268 is obtained from the 
reaction of the cyanide group3I4. 

Reactions of 0-ketonitrones with Grignard reagents have been studied in the 
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1 MeMgI dCN I 3% A& 
0- 0- 0 

pyrroline system and with isatogens. 3-0x0-1-pyrroline N-oxides (269) react at the 
carbony1 group to affo: d alcohols 270 that easily undergo dehydration to 2H-pyrrole 
1-oxides (271)315. The reaction of phenylisatogens (272) with Grignard or lithium 
reagents has been shown to yield two types of products, cine (273) resulting from 
addition to the carbonyl group and a second (274) to the nifrone function3I6. 

R = Ph, 1-Bu 

I 
0- 

(272) 

r 
RMgX or RLI 1 

L 

& G h  'N I 

0- 

(273) 

OH 

(274) 

Oxidation of 274 leads to nitroxide radicaIs3l6. Re'lated studies concerning 
Grignard reactions of 2-alkylquinoline N-oxides3" and 2,3-disubstituted 
benzimidazole 1-oxide3'* have shown that these can also lead to nitroxide radicals. 

6. Organo-zinc and -copper compounds. C- Aryl N-allcyl nitrones undergo the 
Reformatzky reaction with organozinc compounds derived from a-bromo esters, such 
as a-bromo-acetate, -propionate, -butyrate and - i s o b ~ t y r a t e ~ ' ~ ~ ~ ~ ~ .  The reactions lead 
to the formation of isoxazolidinones, 275 (Scheme 41) resembling the reaction of 
nitrones with diethyl malonate (Section 1I.B.8). 
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SCHEME 41 

The reaction of a copper acetylide with nitrones was shown to give p - l a ~ t a m s ’ ~ ~ . ~ ~ ~ .  
Tracer studies indicate that the carbonyl oxygen originates from the nitrone, while 
the hydrogen in the 3-position originates from the solvent322. A mechanism which is 
consistent with these results is presented in Scheme 42. 

Reactions of copper acetylides with 5 -  or 6-membered cyclic nitrones result in 
bicyclic p-lactams 276 and 277322. 

c.  Organogerrnaniurn compounds. Germanium hydrides can react with nitrones 
via three different pathways: ( i )  polar addition of Ge-H to the nitrone to yield 
Ge-C-bonded products (278), ( i i )  a dark homolytic reaction to give a 
Ge-0-bonded product (279), and (iii) a photocatalysed homolytic reaction to give a 
Ge-C-bonded 

d .  Organo-lead, -tin and mercury compounds. The photolysis of these 
organometallic compounds yields radicals (see Section 1I.B. 10). 

e .  Transition metal derivatives. This aspect of the chemistry of nitrones is almost 
completely unexplored. Iron pentacarbonyl has been reported to cause 

Ar3C=CCu 

Ar’, )+>- - 
H/C=N, Ad Ar’ 

I 
Ar2 

I 

Ar’ 
H 

Ar’ 

H 

SCHEME 42 
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L--- PhCHpNOCieR3 
I 
Bu-I' 

(279) 

deoxygenation of a nitroneI6'. Nitrones can serve as ligands in nickel c ~ m p l e x e s ~ ~ ~ ~ * .  
For example, N-methyl C-(2)pyridyl) nitrone forms complex 230 with nickel. 

CI-N:I-CI 

10. Reactions of nitrones with free radicals 
It has been shown that free radicals generated thernially from azobisiso- 

butyronitrile (AIBN) add in the 1,3-manner to a,N-diphernyl nitrone (equation 
71)326. Similar adducts have been obtained from related nitrones, and the reaction 

0- CN CN Ph 

PhCH=yPh + Me2CN=NCMe2 - PhCtiNOCMe2 

shown to involve free radicals by chemically induced nuclear polarization 
(CIDNP)327. Other  workers have reported, in contrast, that a-a-diphenyl  nitrone 
reacts with radicals to give n i t r o x i d e ~ ~ ~ ~ .  

The formation of nitroxide radicals is a general reaction with the more hindered 

A 
(71) 

I I I  I 
I I  

(AIBN) Me2CCN CN 
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a-phenyl N-t-butyl nitrone (PBN). Reaction of this nitrone with free radicals 
generated from AIBN gives the crystalline stable free radical 281329. 

0' 
I 

0- 
I 

PhCH=yBu-t + AIBN - Phf?l-NBU-t 

PBN 

m.p. 121-122°C. red needles 

5,5-Dimethylpyrroline 1-oxide can also trap free radicals with the formation of 
nitroxides, but these products found to be relatively unstable and to disproportionate 
readily (equation 72)329. Earlier the arylation of pyrroline N-oxides by 
arenediazonium salts was postulated to proceed by a free-radical mechanism165. 

Subsequently it was rapidly recognized that nitrones can be useful traps for 
short-lived reactive free radicals, since their reactions can produce more stable 
radicals detectable by ESR and whose hyperfine coupling parameters permit 
identification of the initial radical trapped. This technique has been named spin 
trapping330. Radicals generated by the decompositim of organo-lead, -tin and 
mercury compounds were thus trapped by PBN and the structures of the resulting 
radicals of type 281 were confirmed by alternate synthesis142. Later the complicating 
influence of the presence of traces of air in the reaction mixture was recognized, 
especially since the nitrones used were not selective and they reacted with alkyl, 
alkoxy and alkylmetaloxy radicals giving a variety of products331. PBN was reported to 
add alkoxy and alkylperoxy radicals obtained from photolysis of di-t-butyl ketone in 
1702-saturated solvents332 and also from alkyl halides by reaction with potassium 
s ~ p e r o x i d e ~ ~ ~ .  The trapping of hydroxy and hydroperoxy radicals with PBN and 
53-dimethyl pyrroline 1-oxide was also reported334, but disputed recently335. 

Less reactive radicals such as succinimidyl (282) have been successfully trapped by 
N-t- butyl nitrone (equation 73)336.337. Recently special nitrones have been designed 

(a) 
to serve as radical traps. An interesting bifunctional trap is a-(3,5-dif-butyl- 
4-hydroxyphenyl) N-t-butyl nitrone (283)338. This nitrone differentiates between 
alkyl and alkoxy radicals. Alkyl radicals add to the nitrone function (equation 74) to 
give nitroxy radicals 284, and alkoxy radicals abstract the phenol proton leading to 
the phenoxy radical 285 (equation 75). The ESR spectra of the two radicals are 
markedly different. a-(4-Pyridyl 1-oxide) N-t-butyl nitrone (286) is particularly 
suitable for trapping hydroxyl radicals in aqueous solutions335. 

The most recent additions to this arsenal of nitrones, with a nonpolar hydrocarbon 
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0- 
I 

chain that are particularly suitable to serve as spin traps in complex biphasic systems 
containing regions of different viscosity and polarity, are the two general structures 
287 and 288339. The methods developed for these two nitrones permit the synthesis of 
nitrones with a variety of R, R1 and R2 side-chains. 

O- Me 0 -  
CH=y3U-1 I PhCH=+;+R2 I 

O-NQ 

(286) R' 
(287) 

(288) 

An unusual type of reaction of a nitrone with a free ra,dical is shown by the 
perchloronitrone 289, which loses a chlorine atom under the influence of radicals t o  
yield a new species 

0- 0- 
I I 

(289) (290) 

cI2c=ycc13 + CI' - c12c=y-cc12 + Cl2 

111. NITRONIC ACID DERIVATIVE!S 

A. Nttroalkane-Nkmk Add Tautometism 
Nitronic acids (292) are tautomers of aliphatic nitro compounds (291)3m, sharing a 

common anion, the structure of which can be represented by formulae 293-295. 
The tautomeric equilbrium usually favours the nitro compounds 291 rather than 

the nitronic acids 292 since the former are normally weaker acids. The mechanism of 
the tautomerization 291 292 and data concerning the acidily constants of aliphatic 
nitro compounds and nitronic acids were presented by N i e l ~ e n ~ ~ O .  

In recent years the thermodynamic and kinetic acidities of nitroalkanes have been 
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(293) (294) (295) 

more intensively s t ~ d i e d ~ ~ l - ~ ~ '  and some anomalies have become apparent. In 
measuring rates of deprotonation and equilibrium acidity constants of nitroalkanes 
and nitrocycloalkanes it became apparent that an increase in equilibrium acidity is 
not necessarily paralleled by the same trend in rates of deprotonation. For example, 
2-nitropropane is more acidic (by 2.5 pKa units) than nitromethane, yet it undergoes 
deprotonation 89 times slower than the latter347. Also nitrocyclobutane is less acidic 
than nitrocyclopentane by nearly 2 pK units, but deprotonates at a four times faster 
rate. Two series of arylnitroalkanes, namely I-aryl-2- nitro pro pane^^^^ and 
l-arylnitroethane~~~~,~~~ bearing various substituents on the aromatic ring have also 
been studied. One surprising result was that the substituent effect in one series 
paralleled that in the other in spite of the difference in distance between the aromatic 
ring and the nitro group between the two series. This is explained by indirect 
resonance effects relayed by induction since in the 1-aryl-2-nitropropanes the 
transmission of direct resonance effects is not possible. It has also been f o ~ n d ~ ~ ~ + ~ ~ ~ ,  
that substituent effects are greater on the rate of deprotonation of the nitroalkane, 
than on the equilibrium acidities. All the results can be rationalized by visualizing the 
mode of deprotonation, which leads first to the pyramidal carbanion, 293. The rate of 
formation of this species will be the kinetic acidity, and it is easy to see that in an 
arylnitroalkane substituents in the aromatic ring will influence it. This carbanion has 
to undergo reorganization to the planar nitronate, 294, the stability of which will 
determine the equilibrium acidity of the nitro compound. 

Consider the case of nitromethane and 2-nitropropane. The tertiary hydrogen of 
the latter would be expected to be less acidic than the hydrogens of nitromethane, 
and this is reflected by the lower ionization rate or kinetic acidity of 2-nitropropane. 
The higher equilibrium acidity of the latter clearly results from the increased stability 
of Me2C=N02- (as compared to CH2=N02-) and its relatively low rate of 
protonation on carbon. The situation is analogous in arylnitroalkanes. For example, a 
substituent such as rn-NOz increases the rate of deprotonation of ArCHMeN02, but 
it also increases the rate of protonation of A r c M e ~ N 0 , - ~ ~ ~ .  

Recently it has been suggested350, that since the nitroalkane anomalies are 
observed always in protic solvents, they can be explained by assuming that 
stabilization of the nitronate anion 294 by hydrogen bonding of the solvent is the 
major factor determining equilibrium acidity, while hydrogen bonding has little or no 
stabilizing influence upon the transition state leading to 293. Therefore, substituents 
will affect more the stability of 293 than that of 294. Indeed a linear Brgjnsted plot 
was found for a series of substituted arylnitromethanes, whose equilibrium acidities 
and rates of deprotonation were measured in dimethyl sulphoxide. 

The stereochemistry of protonation of nitronates was also discussed previously34o. 
Later papers conclude that this is a kinetically controlled process in which steric 
hindrance may control the direction of approach and give preponderantly one 
i~mer351-353 
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B. Structum of Nltronlc Acid Derlvatlveo 

1. Theoretical considerations 
Huckel molecular orbital calculations have been carried out for a series of 

delocalized bicyclic anions (2%)354. These calculations indicate that the negative 
charge resides on the oxygen atoms of the nitronate and that the carbon framework 
is slighly positive. 

2. X-ray studies 
The molecular dimensions of the following nitronates have been determined by 

X-ray crystallography: dipotassium nitroacetate (297)355, dirubidium tetranitro- 
ethanediide bis(propane-2-nitronato)copper (299)357, and 2-nitro- 1,3-indane- 
dione hydrate (300)358. The results obtained in these works are consistent with 

(299) (300) 
the ideas previously accepted for the structure of nitronate anions. It is found 
that the nitronate anion is planar. The C-N bond length is between 1.35- 
1.38 A, which is shorter than a single (1.45 A) and longer than a double 
(1.23A) bond indicating partial double-bond character. Thie N-0 bond lengths 
found (1.25-1.27 A) are somewhat longer than those in nitro groups, indicating 
considerable contribution of resonance structures in which both oxygens are equally 
negatively charged. 

3. Dipole moments 
This method is useful for the determination of the structures of geometrically 

and isomeric nitronate esters. GrCe and Carrie separated the isomeric pair 
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(2-301) (E-301) 

determined their dipole moments. The experimental values (indicated) corresponded 
well with those calculated by two different methods for various rotational conformers 
around the N-OMe bond. 

p = 4.71 D p = 2.25 D 

4. Spectra 
Fundamental spectral properties of nitronic acids, nitronates (salts and esters) are 

available in the previous review340. Apart from some additional 'H-NMR data of (E) 
and (2) nitronic esters359, almost all recent work has been devoted to the study of 
the effect of solvent upon various spectral properties of nitronate salts. It is now 

that the ultraviolet absorption maximum can be shifted to higher 
wavelengths by as much as 150 nm upon changing from a hydroxylic solvent (e.g. 
MeOH) to a dipolar aprotic solvent such as hexamethylphosphoric triamide. This 
change in the spectrum reflects the transfer of the negative charge from the oxygens 
of the nitronate anion, where it can no longer be stabilized in the absence of a 
hydrogen-bonding solvent, to the carbon of the nitronate, resulting in lesser 
stabilization, and accordingly the II + IT* transition occurs at lower energy (higher 
wavelength). This phenomenon is illustrated by some examples. The potassium salt 
of 1-nitroindene (302) has an absorption maximum of 338 nm in ethanol and 418 nm 
in HMPA360, whereas the sodium salt of 1-p-nitrophenylnitroethane (303) absorbs 
at 394 nm in methanol but at 557 nm in HMPA343. 

Q C=N + ,0- 

I '0- 
CH3 

(-1 (-1 (=) 

Earlier infrared studies also indicate that the charge of nitronates is concentrated 
on the oxygen  atom^^^'*^^*, but investigation of the infrared spectra of a series of 
lithium, sodium, and potassium nitronates derived from 2-nitropropane has shown 
that the C=N stretching bond shifts from 1603 cm-I (for the K+ salt) to 1637 (for 
Li'), showing that the latter has more C=N double-bond character due to tighter 
coordination between the lithium and the oxygen343. 

Similar conclusions can be reached from examining NMR spectra. Although the 
NMR data found for some sodium alkylnitronates in water are consistent with a 
structure in which the negative charge resides on the oxygens, studies of solvent 
effects upon the IH-NMR spectrum of 1-nitroindene indicate3m that there is a 
downfield shift of H(2) and an upfield shift of H(3) upon passing from 
trifluoroethanol to HMPA. In addition, there is a change in the magnitude of the 
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coupling constant of the olefinic protons J2 ,3 .  The latter has a value of 5.6 Hz (as in 
indene) in the hydroxylic solvents, but the value decreases to 5.0 Hz in HMPA. All 
these are consistent with the assumption that in the aprotic solvent there is increased 
electron density at C(3) and a lower a-bond order between C(2)-C(3) (see structure 
302b). 

Some I3C-NMR results confirm these conclusions, as it was found that the 
chemical shift of the nitronate carbon is also highly ~olvent -dependent~~~.  In a 
series of sodium nitronates the nitronate carbon appears at a lower field by 10 ppm 
in methanol than in dimethyl sulphoxide. 

C. Reactions of Nltronic Acid Derivatives 

7 .  Oxidation of nitronates 
Oxidation of nitronates is one of the most popular alternatives for the usual 

hydrolytic conditions of the Nef reaction (Section III.C.5). Permanganate oxidation 
has been shown previously to give carbonyl products340. More recently this reaction 
has been employed in prostaglandin ~ y n t h e s i s ~ ~ ~ . ~ ~ ~ .  Recent kinetic results from 
studies of this reaction are consistent with a mechanism which consists of 
rate-determining attack of permanganate upon the C=N double bond leading to 
species 304 which is transformed to products by the sequence shown in Scheme 
43366-369. Other oxidizing agents that provide high-yield alternatives to the Nef 
reaction are ozone370-371 and singlet oxygen372. 

Nitronate salts are also oxidized by persulphate. This reagent can also affect the 
conversion of nitronate salts to carbonyl c o m p o ~ n d s ~ ~ ~ . ~ ~ ~ ,  but it can also be 
directed to yield vicinal dinitro compounds if carried out in the presence of an 
organic solvent which extracts the product formed (equation 76)373.374. In the 
absence of such a solvent, various other secondary oxidation products, such as nitro 
olefins (305) or 3.4,s-trisubstituted isoxazoles (306) can be f ~ r m e d ~ ’ ~ . ~ ~ ~ .  This 
persulphate oxidation reaction is catalysed by silver ions374. 

Recently, it has been shown that nitronates derived from arylnitromethanes can 
be converted to 3,4,5-triarylisoxazoles by silver ion in dimethyl sulphoxide 
(equation 77)376. t-Butyl hydroperoxide oxidation of nitronates catalysed by 
vanadium acetylacetonate has also been shown to give Nef products377. 

Many examples of direct halogenation of nitronates have been known for some 
time378. Recently, it has been shown that nitronates can also be fluorinated directly 

SCHEME 43 
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RCHN02- + S202- - RCH-CHR + 2S042- 
I I  
NO2 NO2 

3 ACHN02- 

by treatment with fluorine 
corn pound^^^^-^^^. 
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(76) 

Ar Ar 

(77) 

in aqueous solution to  give a-fluoronitro 

2. Reduction of nitronates 
The treatment of nitronate salts with reducing agents under hydrolytic conditions 

provides an additional alternative to  the Nef reaction. These reactions presumably 
proceed via the formation of the oxime, which undergoes hydrolysis to the carbonyl 
compound (equation 78). Reducing agents that have been employed include 

+/o- red "20 
RCH=N - RCH=NOH - RCHO \o- H+ 

titanium t r i ~ h l o r i d e ~ ~ ~ . ~ ~ ~  vanadium II  chromium I I  and 
ascorbic 

Similarly to other N-oxide-type compounds, nitronates can also be deoxygenated 
by appropriate oxygen acceptors. Thus, silyl nitronates can be converted to  
0-silyloximes by trimethyl phosphite (equation 79)388. 

A fragmentation of nitronate esters that results in the formation of carbonyl 
compounds from the alcohol moiety of the nitronate may be viewed as an 
intramolecular oxidation by a nitronate (equation This fragmentation has 

recently been developed into a method for the oxidation of alcohols via nitronates. 
These can be synthesized in good yield from the alcohol and 2,6-di-r- 
butyl-Cnitrophenol and subsequently decomposed to  the carbonyl compounds 
(Scheme 44)389. 
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3' 

OH 0 

NOH 

SCHEME 44 

3. 1,3- Dipolar cycloaddition reactions of nitronates 
1,3-Dipolar cycloadditions have been discussed in Section II.B.5.a and in reviews 

The regiospecificity of the nitronate cycloaddition has been reconfirmed. In all 
known cases cycloaddition of a nitronate to a monosubstituted olefin leads to a 
5-substituted isoxazolidine (equation 81)34.390-394. In contrast to nitrones (Section 

of this ,,bje~tI78.182-184.340. 

II.B.5.a) no variation in regioselectivity has been observed in reactions of nitronic 
esters. Disubstituted olefins such as methyl crotonate or crotononitrile give 
products with the electron-withdrawing group in position 5393, and trisubstituted 
olefins react with formation of 5,s-disubstituted 1,3- and 1 ,Cdienes 
react with nitronic esters with the participation of each double bond separately39s. 
Boron trifluoride has been shown to catalyse the 1,3-dipolar cycloaddition of a 
nitronic ester4"0. 

The influence of the structure of the nitronic ester upon its reactivity in 
1.3-dipolar cycloaddition and the stereoselectivity of the reactions have been 
extensively studied by CarriC and his group396-399. They have found that (Z)  
nitronic esters (307) are more reactive in these reactions than their (E) isomers 
(308)396. (Z)  Nitronic esters react with olefins with the exclusive formation of 

(2-W (E-300)  

isoxazolidines with the OMe and R groups cis-related (equation 82), while the 
reaction of the (E) isomer (308) yields only the stable tram invertomer (equation 
83)3w.397. These results were discussed in terms of secondary orbital interactions of 
the two reactants. It was concluded that the governing factor is the interaction 
between the orbitals of the central atom of the 1,3-dipole and those of the 
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H 
+ 

H 

R ‘OMe 

H 
R + 0- 

(308) 
substituent on the dipolarophi!ejyU. The mode of approach of nitronic esters to 
dipolarophiles has also been determined. Using maleic anhydride and maleic imides 
as models for 1,2-disubstituted dipolarophiles, it was found that the reaction 
proceeds by the endo approach illustrated in Scheme 45399, yielding, 
stereoselectively, the corresponding N-alkoxyisoxazolidines 309 and 310, which 
exist as stable invertomers on the nitrogen. In contrast to this, the mode of 
approach in the cycloaddition reactions of nitronates with monosubstituted olefins 
varies with the substituent of the dipolarophile and with the reaction cmditions; 
both endo and ex0 approaches have been observed397. 

The products of nitronate ester cycloadditions may undergo various further 
transformations. Acid catalysis may induce the elimination of alcohol with the 

0 

SCHEME 45 
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formation of an isoxazoline (equation 84)391 or  cleavage of the ring and the 
formation of an acyclic product (equation 85)391. This type of ring-opening can also 

C02Et 
nci 

(84) 
Ph J--Jco2Et I Ph 

OMe 

be caused thermally, as has been elegantly used for the synthesis of y-aminoa- 
hydroxybutyric acid. which is a constituent of some aminoglycoside antibiotics 
(see Scheme 46)392a. Ethyl nitronate reacts with methyl acrylate to  give the 
isoxazolidine 311. Thermolysis of 311 gives the oxime ether, which can be reduced 
catalytically to the desired product in good yield392a. 

The cycloaddition of acetylenes t o  nitrones leads to  4-isoxazolines, which 
rearrange easily to  acyla~i r id ines~~ ' .  In contrast nitronate esters with alkenes give 
directly N-alkoxy-2-acylaziridines also, presumably, through 4 - i ~ o x a z o I i n e s ~ ~ ~ .  Gree 
and CarriC have shown that the reaction is stereoselective and from each geometric 
isomer of the nitronic ester a different pair of products is formed402. Thus a (Z) 
nitronic ester gives two aziridines 312 and 313 with R and OMe cis-related, while 
the ( E )  isomer gives the two other stable invertomers 314 and 315. Various 
mechanistic possibilities for the isoxazoline-acylaziridine rearrangement are 
discussed402. 

4. Reactions of nitronates wifh elecirophiles 

It follows from their structures (293 and 294) that nitronates may behave as 
ambident nucleophiles that can react with electrophiles either at the oxygen or  at 
the carbon. Accordingly, this section is divided into two parts. 

a. Nitronates as oxygen nucfeophifes. In general, the carbon atom of a nitronate 

C02Me 

($ cC02Me - 
I 
OEt 

H2NCH2CH2CHOHC02Me 

SCHEME 46 
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r 1 

YCO 
___) yco#'\\" '4,H 

- - - - 
OMe 

f + 

OMe 

(31 4) (31 5) 

anion is a poor nucleophile, therefore alkylation or  acylation of the oxygen is the 
reaction that is most often observed403. Quenching of nitronate anions, generated 
from nitroalkanes with lithium diisopropylamide, with a trialkylsilyl chloride results 
in silyl nitronates that are useful synthetic intermediates393.394.404.405 (equation 86). 

0- R', R', + /  

R2/C=N, OSiR3 
CHN02 + LiN(i-Pr), - ,C=N02- + R3SiCI- 

R', 

R2' R2 Li+ 

The 0-alkylation of nitronates by methyl bromoacetate is the first step in a novel 
synthesis of p-aminoa-hydroxy acids of some importance in antibiotics (Scheme 
47)406. The primary product of this reaction (317) undergoes fragmentation into an 
oxime and methyl glyoxylate (cf. Section III.C.2); the latter enters the Henry 
reaction (Section III.C.4.b) with a second mole of nitronate 316, resulting in an 
a-hydroxy-p-nitro acid, which can further be reduced to the end-product406. 

The reactions of nitronates with acylating agents result in end-products that are 
different from the 0-acylnitronates that are the postulated primary products. 

Nitronates derived from primary nitroparaffins are converted by chlorodiethoxy- 
phosphine t o  nitriles via the 0-acylated product 318 as  illustrated in Scheme 484"7. 

More recently i t  has been proposed that the conversion of primary nitroalkanes 
to carboxylic a ~ i d s ~ ~ ~ . ~ ~ ~  by acetic anhydride-sodium acetate proceeds through the 
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R1 \ 
2,C-CHC02Me 

R I  I 
NO2 OH 

+316 CHO R’, - I  + ,,C=NOH 
C02Me R 

C-CHC02Me 
R’, 

R2’ I 
NH2ldH 

SCHEME 47 

0- - + /  

‘OP(OEt)2 PhCHN02- K *  + (Et0)2PCI RCH=N 

0 
II 

0 
II - PhCH=NOP(OEt)2 PhCN + HOP(OEt)2 

SCHEME 48 

+ ,o- 
RCH=N + Ace0 - R 

‘0- OCOCH3 

H?o 
OCOCH3 - RCONHOCOCH3 RCOOH 

SCHEME 49 
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intermediacy of a mixed carboxylic nitronic anhydride (319) (Scheme 49)410. 
Mixed anhydrides of type 319 may also lose carboxylic acid to give nitrile oxides 
which can be trapped by d i p o l a r o p h i I e ~ ~ ’ ~ * ~ ~  I. 

6. Nitronates as carbon nucleophiles. This aspect of the reactivity of nitronates is 
probably the most interesting one, since the importance and synthetic utility of any 
synthon will be related to its ability to serve as partner in carbon-carbon 
bond-formation reactions. Although nitronates are rather weak carbon 
nucleophiles, there are examples indicating that they can be alkylated and acylated 
on the carbon as well as they can add to a carbonyl group or to a polar 
carbon-carbon double bond (Michael reaction). Recently, it has been discovered 
that, by the addition of two equivalents or butyllithium to a nitroalkane, ‘doubly 
deprotonated’ species such as 320 can be produced (equation 87)412. 

(320) 
(i) C- Alkylation of nitronates. Alkylations of nitronates that proceed by radical 

chain mechanisms413 are reviewed in a separate chapter in this volume414. The 
earlier literature contains only intramolecular C-alkylations of nitronates as 
indicated in equations (88)415 and (89)416. 

Since in dipolar aprotic solvents the negative charge resides upon the carbon of 
the nitronate anion (Section III.B.4) carbon alkylations are promoted by the use of 
solvents such as N,N-dimethylacetamide and yields up 88%, depending upon the 
alkyl halide, can be obtained (equation 90)417-419. This reaction has been developed 
into a synthesis of amino acids. 

RXiNaOEI 
CH3CONMe2 . RCHC02Me (90) I 

NO2 

02NCH2C02Me 

Katritzky and coworkers have reported recently that nitronate anions can be 
carbon-alkylated by I-substituted 2,4,6-triphenylpyridinium cations, also in dipolar 
solvents420. However, the mechanism of this reaction has not yet been clarified. 

Nitroalkanes that cannot be alkylated by alkyl halides via nitronates have been 
shown to undergo smooth alkylation using the ‘doubly deprotonated’ (cf. 320) 
 derivative^^^'. 

( i i )  C-Acylation of nitronates. Although most acylating agents attack nitronate 
anions on the oxygen, some give C-acyl products. Such reagents are methyl 
methoxymagnesium carbonate (equation 91 )422, aroyl cyanides (equation 92)423-425 
acylimidazoles (equation 93)426 and isatoic anhydride (321) (equation 94)427. 

Dilithiated derivatives are considerably more reactive than nitronates toward 
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RCHN02- + CH30C02MgOCH3 - RCHN02 
I 
C02CH3 

RCHN02- + R’COCN - R’COCHN02 
I 
R 

CH2=NO? + dlo - (94) 

I 
H 

(321) 

acylating agents as, in contrast to the monoanions, they can be acylated by 
anhydrides and esters to give cleanly C-acylnitro corn pound^^^^^^^^. 

(iii) C-Hydroxylalkylation of nitronates. This reaction, the addition of nitronates 
to the carbonyl group of aldehydes and ketones, is known as the Henry or the 
nitroaldol reaction403. The formation of nitro alcohols is often accompanied by 
spontaneous loss of water with the formation of nitro olefins (equation 95). In this 

case too, the use of dianions presents an improvement since the product formed 
from the dianion is stable and the reaction is not r e v e r ~ i b l e ~ ~ ~ . ~ ’ ~ .  

Another improvement in the nitroaldol condensation has been reported by 
Seebach. It was found that silyl nitronates derived from primary nitroalkanes add to 
the carbonyl group of aldehydes in the presence of a catalytic amount of tetrabutyl- 
ammonium fluoride (equation 96)405. 

(iv) Addition of nitronates to polar C=C bonds. The Michael addition of 
nitroalkanes to a$-unsaturated aldehydes, ketones, esters and nitriles, as well as to 
unsaturated sulphones and nitro olefins is a very efficient reaction. An extensive 
survey of it can be found in H ~ u b e n - W e y l ~ ~ ~ .  Some recent applications have been 
used in the synthesis of natural products. The Michael addition of nitromethane to 
the cyclopentenone 322 has been used by two groups to introduce carbon-13 of the 
prostaglandin molecule (Scheme 50)364.428. 

The Michael addition of a nitronate may sometimes be followed by the 
elimination of nitrite. In such cases the net result is the Michael addition of a vinyl 
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&(cH2)6co2Me + CH3N02 - b.lb h,,+\(cH2)6co2Me 

'CH2N02 (322) 

Net reaction I 
,,\dCH2)6C02Me 4 CH=O 

SCHEME 50 

carbanion. This is illustrated in the reaction of fbnitropropionate with 
cyclopentenone (Scheme 5 1)429. 

Another application of the Michael reaction is the addition of nitronates derived 
from 2-nitro alcohols to acrolein. These reactions yield, nitropolydeoxy sugars, 
which can be converted to aminopolydeoxy sugars; some of these are components 
of antibiotics (e.g. Scheme 52)430. 

5. Reactions of nitronates with nucleophiles 
One of the most important reactions of nitroalkanes is the Nef reaction43'. This 

reaction is the hydrolysis of a nitronic acid derived from a primary or secondary 
nitroalkane to yield an aldehyde or a ketone (equation 97). 

The yields in this reaction are not always high, and therefore, some effort has 
been directed towards improvements. Some variants, using oxidizing or reducing 
conditions, have already been presented in Sections III.C.l and IlI.C.2, 
respectively. In addition to these, there exist several recent reports concerning the 
Nef reactions using solvolytic or neutral conditions or solid catalysts. These are 
presented in Table 4. 

0 
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- 

HO HO 

SCHEME 52 

Finally, attention is drawn to two recently published review articles concerning 
the synthetic utility of aliphatic nitro c o m p o ~ n d s ~ ~ ~ . ~ ~ ~ .  
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'11. NITRONES 

The present update includes the additional sections 1I.C and ILD, which present some 
biological aspects and newer results regarding the synthesis of nitrones, respectively. These 
topics were not included in the original chapter. 

'A. Structure of Nitrones 

* 7  Theorebcal calculations 

Ab initio molecular orbital calculations have been used to calculate the potential energy 
surface connecting nitrosomethane and its isomers, the syn- and anti-formaldoximes. 
Formaldonitrone (CH,=N(H)O-) is the favoured intermediate for the syn anti 
isomerization, and from the results it was concluded that this nitrone might even be 
amenable to experimental o b ~ e r v a t i o n ~ ~ ' .  

CND0/2  calculations were carried out on a series of ( E ,  E )  and ( E ,  Z )  chalcone nitrones 
(323)441, assuming coplanarity of the aryl(a) ring with the two coplanar double bonds (i.e. 
(s-E) conformation). The results confirm that ring b prefers an out-of-plane conformation; 
K, u and total electron densities were calculated for the atoms of the nitrone function and 
for atoms 1 and 1' of the two aryl rings. One of the conclusions to be made from the 
calculations for C-p-anisyl nitrone is that the p-methoxy group polarizes the styryl system, 
but is not a sufliciently strong electron donor to affect polarization of the nitrone function. 
This correlates quite well with what is said in Section II.A.2.c concerning the weak 
electron-withdrawing properties of the nitrone function. On the other hand the p-nitro 
group, a powerful electron acceptor, is able to  polarize the whole conjugated system, thus 
increasing, in resonance terms, the importance of the resonance contributor of type 5, also 
in accordance with what is said later regarding electrophilic substitution of C-aryl groups 
(see Section II.A.2.c). 
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A MIND0/3 study of C=N bond rotation was carried out on CH,=N(H)O-442. 
This study resulted in a rotational barrier of 40 kcal/mol, which is reasonably close to  the 
experimental value. The results of this work also indicate that the CH=N-0 carbon is 
negatively charged both in the ground state and in the 90" twisted state, thus lending 
theoretical support to resonance structure 5. Additional calculations are reported in 
Section II.B.S.a.i, which deals with the mechanistic aspects of 1,3-dipolar cycloadditions. 

*2. Nonspectral physical methods 

*a. X-ray studies. The reaction products of C,N-diary1 nitrones with N- 
bromosuccinimide were found by X-ray crystallography to  have the ( E )  structure 324443. 
The C-aryl group is coplanar with the plane of the C=N-0 atoms, while the N-aryl and 
the C-succinimidyl rings are approximately orthogonal to that plane. The bond lengths 
and bond angles conform to those found in earlier works. 

(324) 

The structure of an N-glycosyl nitrone (derived from a protected mannofuranose), 
which served as a starting material for the asymmetric synthesis of a-aminophosphonic 
acid, was determined by X-ray ~ r y s t a l l o g r a p h y ~ ~ ~  (see also Section II.B.8). The crystal 
structure of an unusual nitrone containing a cyclic phenylboronate moiety in the molecule 
(see 330) was recently reported450. 

*c. Dipole moment and acid-base properties. Molecular polarizability studies have 
been carried out on a few C-phenyl N-p-substituted phenyl nitrones. On the basis of model 
studies of (Z)-C-phenyl aldonitrones it was assumed that, because of steric interactions 
between the oxygen and the ortho hydrogens of the C-phenyl group, this ring is twisted out 
of the plane determined by the C=N-0 atoms. This angle was assumed to be 30". 
Following this, the angle between the plane of the N-ring and the nitrone function was 
determined by calculating the Kerr constants of the nitrones and comparing them with the 
experimental values. The angles thus obtained were around 25-30", except for the N-p- 
dimethylaminophenyl C-phenyl nitrone, for which the angle was found to  be 0", 
presumably as a result of the powerful donor properties of the dimethylamino 

Dipole moments were used, along with spectroscopic methods, to  determine the 
structures of a series of mononitrones of cyclic a-diketones of type 325. The ( Z )  isomer had 
a dipole moment of 5.3 D, somewhat higher than the value for simple nitrones. In contrast 
the ( E )  isomer showed the considerable lower value of z 1.1 D446. 
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The fact that the polarity and the polarizing ability of the nitrone function should not be 
overestimated, appears also from its ortho-para directing effect in the electrophilic 
substitution of an aromatic ring placed in the C - p ~ s i t i o n ~ ~ ~ .  Nitration of 4-phenyl- 
2,2,5,5-tetramethyl-3-imidazoline-3-oxide nitroxide yields the Corresponding p -  
nitrophenyl derivative. This result can, presumably, be rationalized by invoking the 
contribution of a resonance structure of type 5. In contrast to this, the nitrogen atom of the 
nitrone function has a positive charge that can help to stabilize an adjacent carbanion. 
Based on this, a new synthesis of N-hydroxy-a-amino acids was developed by alkylation of 
the carbanions (326) derived from the methyl esters of N-benzylidene-a-amino acid N -  

- 
0 R’ 

- 
0 R’ 

I I  I I  
+ I  

PhCH-N-CC02Me + R2X - PhCH-N-CC02Me + X- + -  
R2 (326) 

The donor properties of the nitrone function are usually assumed to be concentrated on 
the negatively charged oxygen. For this reason it was previously assumed that a metal 
would be bound by the two oxygens of the bidentate ligands, C-(2-hydroxy-l -naphthyl). 
N-methyl and N-p-chlorophenyl nitrones with the formation of seven-membered chelates. 
However ESR results of these complexes, determined more recently, are more consistent 
with structures in which the metal is bound by nitrogen, with the formation of six- 
membered complexes of type 327449. In this respect, the nitrones investigated seem to 
resemble oximes, which are known to prefer to bond metals via nitrogen, rather than N- 
oxides that are known to bond via oxygen. 

(327) 

The influence of the a-substituent upon the donor properties of the nitrone oxygen is 
shown in the difference in the behaviour of the N-bis(hydroxyalky1) nitrones 328a and 328b 
towards phenylboronic acid450. While the reaction of the a-phenyl nitrone (328a yields the 
bicyclic structure 329, through coordination of the nitrone oxygen with the boron atom, 
the weakening of the donor properties of the oxygen by the p-nitro substitution in the 
reaction product of 328b stabilizes the nitrone phenylboronate 330. Both structures have 
been confirmed by X-ray c r y ~ t a l l o g r a p h y ~ ~ ~ .  

A series of papers report data such as stoichiometry, apparent formation constants and 
transition energies as well as solvent effects of charge-transfer complexes of nitrones with 
acceptors such as tetracyanoethylene, dichlorodicyanobenzoquinone and chloranil, based 
upon visible spectroscopic studies45’. Such charge-transfer complexes have also been 
suggested to be involved as intermediates in the isomerization of 3H-indole 1-oxide to the 
corresponding lactam (see Sections 1I.B.l.c and * I I . B . ~ . c ) ~ ~ ’  and in 1,3-dipolar cycload- 
dition reactions (see Section *II.B.5.a.i)490b. 
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*3. Spectra of nitrones 

*a. Photoelectron spectra A number of papers that deal primarily with mechanistic 
questions related to 1,3-dipolar cycloaddition of nitrones report photoelectron spec- 
troscopic determination of nitrone ionization potentials (see Section *ILB.S.a). 

*b. Ultraviolet specrra. The ultraviolet spectra of the series of chalcone nitrones 
mentioned above (323) was measured442. From the results obtained it was concluded that 
only substituents on ring (a) shift the absorption maximum to longer wavelengths, while 
substituents on ring (b) have little or no effect. This is in contrast to the parent chalcones, in 
which substituents on both rings affect the absorption. From the results the conclusion 
was drawn that there is non conjugation between ring (b) and the rest of the molecule442. 
This confirms the results of the calculations presented in Section II.A.l, and is also in 
agreement with I3C-NMR data (vide infra). Measurement of the ultraviolet spectra of the 
pairs of ( E ) -  and (2)-325 nitrones revealed no differences in the spectra as a consequence of 
the geometric isomerism446. 

*c. Infrared spectra. There is little to add in this area. The C=N vibration in tl- 

ketonitrones appears at somewhat lower frequency than in simple nitrones, and differs for 
the two isomers, the (E)isomers absorbing at a higher frequency by 8-35 cm- '. The values 
are (E) :  1547-1586, (Z) :  1524-1573. The vibration frequency of the N - 0  bond in these 
compounds is in the range of 1318-1360cm-', higher than the usually observed value of 
1200- 1300 cm ' for simple n i t r ~ n e s ~ ~ ~ .  

*d.  Nuclear magnetic resonance spectra. 'H -NMR data are available now for some 
simple aliphatic n i t r ~ n e s ~ ' ~ ,  the structures of some of which were in question452. These 
include several N-alkyl N-alkylidene N-oxides that show the CH=N resonance at 6.57- 
6.86ppm. In addition, 'H-NMR data are presented for the N-methyl nitrones derived 
from acetone, cyclopentanone and cyclohexanone, which are isolable only as 
 hydrochloride^^^^. 

Substituent effects on the 'H  and "C chemical shifts o fa  series ofdifferently substituted 
(Z)-cr, N-diary1 nitrones have been obtained. Correlations have been found between the 
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chemical shifts and the Hammett CT parameters and the Swain and Lupton F and R 
parameters. These correlations confirm the dual behaviour of the nitrone group and the 
presence of 'through-resonance' in these n i t r ~ n e s ~ ~ ~ .  

'H- and I3C-NMR spectra of several (E) and (Z)-N-alkyl a-methoxycarbonyl nitrones 
(331) were determined4s6. It was found that the chemical shift of the C H = N  proton is 
sensitive to the substituent, to  the geometry around the C=N double bond and to the 
solvent. Such protons are deshielded in the (E) isomers, by the anisotropy of the cis oxygen, 
relative to the (Z) isomers. Large solvent shift differences between the two isomers (li,,,, 
- Sbenlene values of about 0.9 for (Z) as compared to 2 0.4 for ( E )  were noted. The (E)/(Z) 
values were found to correlate linearly with solvent polarity and the slopes with the 
bulkiness of the N-substituent. It was also shown in this work that the I3C resonances of 
the C-CH=N and CH=N carbons appear at lower field in the ( E )  isomer, in contrast to  
the N-C substituents which appear a t  higher field in these isomers. 

0 0- 
II I 

MeOC -CH=NR 

The I3C chemical shifts of the a-carbon atom in the nitrone functions are around 
125-150ppm (JCH = 175-180Hz), with the large majority falling into the middle of this 

The natural abundance I70-NMR spectroscopy of a series of (Z)-(substituted 
benzylidene) phenylamine N-oxides has recently been reported458. It was found that the 
chemical shift of the parent compound, a, N-diphenyl nitrone is down field from that of 
pyridine N-oxide, confirming that the N - 0  bond in this nitrone has more double-bond 
character than that of the aromatic N-oxide. The chemical shift range for these nitrones 
is 350-405 ppm in acetonitrile, relative to  2-butanone. A reasonable correlation was 
obtained when the 1 7 0  chemical shifts were plotted against the corresponding Hamrnett 
cr values. I9F-NMR data were reported for some polyfluorobenzophenone nit rone 
derivatives. 

*e Mass spectra. The mass spectra of some nitrones derived from oxomalonate and 
from camphorquinone were studied in comparison with the corresponding isomeric 
oxime ethers460. A characteristic feature in the mass spectra of nitrones is the absence 
of a-cleavage, which is proposed as a diagnostic tool to help distinguish between nitrones 
on the one hand and the isomeric oxime ethers or amides on the other. Another 
characteristic feature which is also absent in the isomeric compounds is the occurrence 
of the peaks [M - 01' and [M - H I + ,  which are however found to be very weak (2 -4% 
and 2-24%, respectively). A series of fluorenone nitrones was also examined by electron 
impact mass ~ p e c t r o m e t r y ~ ~ ' .  The substituent on the nitrogen exerted a considerable 
influence on the fragmentation pattern, causing significant differences within this series. 

(331) 

range44 1.444.446.45 3-45 7.466.470 

'4. Geometrical isomerism of nitrones 

A set of substituent parameters was proposed which permits the prediction of (E /Z )  
equilibrium constants for nitrones along with other C=N and C=C double-bonded 
functional groups. The set includes values for the nonbonded electron pairs and the 
nitrone oxygen as well as for groups coplanar or orthogonal to the double bond4h2. 

It has been recognized that aldonitrones are usually more stable in the(Z) configuration. 
Recently it was found that when pure, crystalline (Z)-a-methoxycarbonyl N-alkyl nitrones 
are dissolved and their 'H-NMR spectrum is examined, a time-dependent change in the 
spectrum is observed, which can be rationalized in terms of an (E-Z) e q ~ i l i b r i u m ~ ~ ' .  
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The final position of the equilibrium depends on the solvent polarity. Thus for 
cr-methoxycarbonyl N-methyl nitrone ( E / Z )  values ranging from 6 in benzene to  0.67 in 
DMSO were observed. Reinvestigation of C-phenyl N-methyl nitrone by the same 
authors, however, did not show any evidence for the presence of the hitherto unknown 
( E )  isomer. In this context it is worth mentioning a somewhat older report about the 
observation of two isomeric a-p-tolyl N-methyl nitrones in benzene and the assignment 
of their configuration by the use of lanthanide shift reagents5'. 

*5. Tautomerism of nitrones 

Many acyclic, aliphatic and aromatic 
nitrones have been synthesized and studiedq5'. It has been found that nitrones derived 
from aliphatic aldehydes and N-alkylhydroxylamines are converted to dimeric iso- 
xazolidines as a result of 1,3-dipolar cycloaddition of the nitrone to the double bond of the 
tautomeric hydroxyenamine. In contrast, the nitrones of ketones or N -  
arylhydroxylamines are stable as Additional examples of this type of tautomerism 
have been reported. One paper deals with a series of/?-carbonyl nitrones in the imidazoline 
N-oxide series. The main conclusion of this work is that in all compounds the ketonitrone 
form (analogue of 40) is the disfavoured tautomer. In the B-formyl nitrone derivative the 
authors favour the hydroxyenaminoketone (of type 40b) over the enol nitrone (40a) on the 
basis of the absence of coupling between the two hydrogens indicated: =CH-0-H. In 
the ketonitrones no such possibility exists, therefore the case between 40a and 40b is 
undecided464. 

Reactions of /3-keto esters and /3-diketones with N-substituted hydroxylamines, which 
constitute a new pyrrole synthesis, are reported to stop in certain cases a t  the nitrone stage. 
Thus the reaction of ethyl acetoacetate with N-cyclohexylhydroxylamine yields the 
nitrone as a mixture of ( E )  (82%) and ( Z )  (18%) isomers. In contrast, N -  
methylhydroxylamine reacts with benzoylacetone to  give the hydroxyenamine ( z 80%) 
and the C-methyl C-phenacyl N-methyl nitrone as apparent from the 'H-NMR spectrum 
of the product465. On the other hand, the majority of nitrones derived from a-formyl cyclic 
ketones exist in the enol nitrone tautomeric form466. 

*a. Nitrone-hydroxyenamine tuutomrrism. 

*b. Behrend rearrangement. The equilibrium in the triethylamine catalysed Behrend 
rearrangement of a series of C-aryl N-1-cyanoisobutyl nitrones was studied recently. It 
was found that in all cases the aldonitrone predominates in the equilibrium with constants 
ranging from 0.125 to 0. 194467. The equilibrium constants were also temperature and 
solvent dependent. The final conclusion was that the most important influence on this 
equilibrium is solvation and the reason for the predominance of the aldonitrones is that 
these are more solvated that the corresponding k e t ~ n i t r o n e s ~ ~ ' .  
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*c. Ring-chain tautomerism. Additional papers have appeared on the subject of 
tautomerism in the series of N-(2-hydroxyalkyl) n i t r o n e ~ ~ ~ ~ ~ .  The open-chain tautomers 
can be derivatized in the form of cyclic borinate derivatives of type 332, while treatment of 
the equilibrium mixture with acylating agents such as acyl halides or isocyanates affords 
the N-acyloxyoxazolidines (333) derived from the ring tautomers. In a number of cases the 
tautomeric equilibrium was detectable by 'H-NMR spectroscopy and details of the 
spectra of the tautomers are reported468". 
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(332) (333) 

Analogously, ring-chain tautomerism was observed in a series of N-(3-hydroxyalkyl) 
nitrones and the tautomers were characterized by the same methods468b. Another type of 
bifunctional nitrones which shows this kind of tautomerism is that of C-aryl N -  
carboxyalkyl nitrones. Although by NMR spectroscopy only the presence of the chain 
tautomer can be observed (which can be derivatized as a cyclic borinate derivative similar 
to 332), acylation affords N-acyloxyoxazolidinones (333) derived from the ring tauto- 
mer469, N - (  l-hydroxy-4-chloro-2-naphthylmethyl) nitrones derived from aliphatic alde- 
hydes are in equilibrium with the corresponding naphtho-N-hydroxydihydrooxazines, 
analogous to 72470. Both tautomers can be observed by 13C-NMR spectroscopy. In  the 
compounds derived from aromatic aldehydes, only the naphthol nitrones are observed. 

*B. Reactions of Nitrones 

*1. Rearrangements of nitrones 

*b. Formation ofoxaziridines. Full details have been published of Reference 11 1471. 
Other cases of photoisomerization of a nitrone to  an oxaziridine include the conversion of 
the dinitrone derived from 2,2,4,4-tetramethyl-l,3-~yclobutanedione to a bis- 
~ x a z i r i d i n e ~ ~ ' ,  and of some bicyclic 1-pyrroline l - o ~ i d e s ~ ~ ~ " .  The oxaziridines described 



254 Eli Breuer 

(337) (338) 

SCHEME 53 

in these reports undergo further reactions ending with the formation of amides. An 
interesting application of this principle for the synthesis of medium-ring-sized oxolactams 
is described by Black and Johnstone473b. In this work, /?-hydroxynitrones (334) are 
converted to oxaziridines (335). Treatment of these with iron@) sulphate afforded 
ketolactams (336) in approximately 40% yield. This reaction constitutes a ring enlarge- 
ment by three atoms. 

A four-membered cyclic nitrone was converted to  the bicyclic 5-oxa-l- 
azabicyclo[2.1.O]pentane derivative (337), which upon further irradiation rearranged to  
the aziridine (338) (Scheme 53)474. 

An attempt was made to achieve an asymmetric synthesis of oxaziridines by 
photocyclization of some C-aryl N-t-butyl nitrones in a chiral e n ~ i r o n m e n t ~ ~ ’ .  In the 
presence of cyclodextrin, optical yields of 0.06-0.41% were observed, which could be raised 
to  about 1% upon the addition of an equimolar amount of optically active amino acid. 

In an attempt to apply the ring-expansion reaction of the 
steroidal nitrones (E) -  and (Z)-21, which leads to seven-membered lactams (lll)”, to 
simple cyclic conjugated ketones, it was found that it is not applicable to these in any 
efficient manner476. The mechanism of the conversion of nitrones to  amides in their 
reaction with aroyl chlorides was The result of the reaction of a diary1 nitrone 
with 0-labelled benzoyl chloride in the presence of a base in Scheme 54 is that the label is 
equally divided between the two oxygens of the diacylamine. In the absence of base the 
reaction brings about isomerization of the nitrone to amide. The mechanism proposed to  
account for these results (Scheme 55)477a is preferred over that in Scheme 7. In the absence 
of base, the nitrilium ion (339) is attacked by benzoic acid, followed by chloride ion, 
resulting in a rearranged amide containing 50% of the label, while the other 50% remains in 
the recovered benzoyl 

However, the nitrone +amide isomerization does not occur when the nitrone’s N -  
phenyl ring is substituted with an electron-releasing N-p- 
Dimethylaminophenyl nitrones give imidoyl chlorides instead of amides upon treatment 
with an acyl halide, while N-p-anisyl nitrones are converted to products of ortho 
substitution (similarly to  Scheme 34 and equation 51) that can be converted to benzox- 
azoles (compare with equations 53 and 54) and the corresponding aldehyde derived from 
the nitrone’s C-substituent (Scheme 56)477b. 

*c. Formation of amides. 
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SCHEME 54 
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The p-toluenesulphonyl-chloride-induced isomerization of nitrones to amides shows 
different pH dependence in different systems. The treatment of 3.4-dihydroisoquinoline N -  
oxide with p-toluenesulphonyl chloride in the presence of sodium hydroxide gave 1- 
phenylisoquinoline, while in the presence of sulphuric acid a high yield of 2-pheny- 
lisocarbostyryl (340) was obtained478. 
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In contrast, the action ofp-toluenesulphonyl chloride (TsCI) upon nitrones derived from 
17-ketosteroids gives rearranged D-ring-expanded lactams (341) when carried out in the 
presence of water, but leads to 16-functionalized steroids of type 342 in the presence of base 
(Scheme 57)479. 
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This reaction appears to have been discovered and applied independently in a series of 
keto-and aldo-nitrones and in proposed as a novel method for a-oxygenation of ketones 
and aldehydes480. The reaction is suggested to proceed by way of a spontaneous 
[3,3]sigmatropic rearrangement of the intermediate N-vinyl-0-acylhydroxylamine 
(343a) to the a-acyloxyimine (343b)480. This can either hydrolyse to the a-acyloxycarhonyl 
compound or may be reduced by hydrides to the corresponding amino alcohol o r ,  in 
special cases, to the esters (Scheme 58). 

A certain type of C-3-( 1,2,4-oxadiazolyl) N-p-dimethylaminophenyl nitrone was found 
to rearrange to the corresponding amide, simply by heating in ethanol481. In this 
rearrangement a stable, dipolar oxadiazolium intermediate could be isolated. A charge- 
transfer complex has also been suggested to be involved as intermediate in the fluoranil- 
catalysed isomerization of 3H-indole 1 -oxide to the corresponding l a ~ t a m ~ ~ ' .  However, 
addition of fluoranil to open-chain nitrones did not give the corresponding a m i d e ~ ~ ~ ' .  

Four-membered cyclic nitrones of type 344 have been shown to 
undergo concerted conrotatory ring opening to yield the corresponding N-vinylnitrones 
(345) (Scheme 59)482. O n  the other hand, treatment of the same nitrones (344) with 
potassium t-butoxide results in a different kind of ring opening which leads to  mixtures of 
stereoisomeric oximes (Scheme 60). In this reaction the first step is the abstraction of a 
proton by the base to yield the anion of N-hydroxy-1,2-dihydroazete, which then 
undergoes electrocyclic ring opening to the final products, ( E  + Z)-346483. 

*e. Miscellaneous. 

(344) (345) 

SCHEME 59 

0- 

(344) (E+Z-346)  
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Another remarkable case of isomerization is shown by the highly reactive butenynyl 
nitrones of type 347 which give a number of rearrangement products in short duration 
thermolysis (350 "C, 10 sec) in a substituent-dependent manner (Scheme 61)484. 

These results are rationalized in terms of the formation of a ketocarbene intermediate 
(348), which can be formed either directly from the seven-membered cyclization product of 
the starting nitrone or from its secondary rearrangement products as shown in Scheme 62. 
This reaction may become applicable for the synthesis of special pyrrole or pyridine 
derivatives. 
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'3. Oxidation of nitrones 

*a. Lead tetraacetate ( L T A ) .  Oxidation of the four-membered cyclic nitrone 349 
gives N-acetoxyazetidinone (350), which can be hydrolysed to the corresponding N -  
hydroxy compound which in turn is reduced by TiCI, to the corresponding p-lactam 
(351)485. 
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The oxidation of a series of enol nitrones derived from a-formyl cyclic ketones with lead 
dioxide should also be mentioned in this context: the initial products of these reactions 
were vinylaminyl oxides that could in some cases be detected by ESR spectroscopy, before 
they dimerized, either by B-C, fi-C- or /?-C,O bond formation466. 

*d. Halogens. Reaction of a series of a,N-diary1 nitrones with N-bromosuccinimide 
gave the a-aryl a-(N-succinimidyl) N-aryl nitrones 324 that were mentioned in 
Section *II.A.2.A443. 

*f Ozone. N-Glycosyl C-aryl nitrones can be prepared in high yields from sugar 
oximes that are in equilibrium with the ring tautomer, N-glycosylhydroxylamine, and an 
aromatic aldehyde. These can be oxidized by ozone to  the corresponding 1-deoxy-1-nitro 
sugars486. An advantage of this method is that it is compatible with unprotected hydroxy 
groups that are present in the sugar molecule. 

*h. Miscellaneous. Nitric acid oxidation of the tricyclic nitrone 352 was reported to 
afford the diketonitronitrone 353473p. 

(352) (3531 

C-Benzyl nitrones (354) show sensitivity to air and on storing most of them are observed 
to  form pyrroles in low yields. The yields can be increased by carrying out the reactions 
with excess oxygen487. In the first step the reaction leads to  the linear dimers 355 which 
undergo cyclization as shown in Scheme 63. 

' 4 .  Reduction of nitrones 

*b. Deoxygenation. Sodium hydrogen telluride is reported to  reduce nitrones in a pH- 
dependent manner. At alkaline p H  (10-1 1) deoxygenation is obtained, while at lower pH 
(6) the imine obtained in the first step is reduced to the secondary amine4". Three 
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examples are given: l-phenyl-3,4-dihydroisoquinoline 2-oxide and two steroidal nitrones 
(see also Section *II.B.4.d). 

*c. Reduction to hydroxylamines und amines. 

*d.  Nitrones as oxidizing agents. 

See preceding section. 

Aliphatic nitrones act as oxygen donors and are 
converted to imines. Thus they react with benzylisothiocyanate to  give the unstable 
intermediate benzyl isothiocyanate S-oxide which is trapped by a second molecule of 
isothiocyanate to form 2,4-dibenzyl-3-thiono-1,2,4-thiazolidin-5-0ne~*~. 

3. Cycloaddition reactions of nitrones 

*a. 1,3-Dipolar cycloadditions. This aspect is the most intensively studied in the 
chemistry of nitrones and was recently reviewed490. Because of the large volume of work 
done in recent years, this section will be subdivided, in contrast to the original chapter. 

The more recent work is focused on the 
examination of the behaviour of special types of nitrones or dipolarophiles, or both, under 
special conditions. 

The question of the activity-selectivity ratio in the 1,3-dipolar cycloaddition of C-aryl 
N-phenyl nitrones with N-arylmaleimides and tetracyanoethylene has been studied491. It 
has been shown that the relation between activity and selectivity depends on the relative 
influence of the donor-acceptor interactions of the dipole with the dipolarophile on one 
hand or their localization energies on the other. The mode of addition of nitrones to  the 
four-membered ring thiete 1,l-dioxide is markedly different from that to the acyclic vinyl 
s u l p h ~ n e ~ ~ ~ .  While in the acyclic series a mixture of the two regiomers 4- or 5- 
sulphonylisoxazoline, is formed, in the cyclic compound only 4-sulphonylisoxazoline is 
obtained. It is concluded that frontier orbital interactions, calculated by CND0/2 
approximations, alone are not sufficient to account for the experimentally 
observed behaviour and that the participation of lower lying orbitals needs 
to be considered. Neither can calculations explain the stereoselectivity in the reactions of 
a, N-diphenyl nitrone with the homologous ring size benzo[b]thiophene S-oxide and S, S- 
dioxide series493. In contrast, in this case it was possible to discuss the regioselectivity in 
terms of frontier orbital interactions on the basis of CNDO/S calculations and 
photoelectron spectral ionization potentials in a satisfactory manner. The regiochemical 

(i) Mechanistically oriented studies. 
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behaviour of some simple cyclic nitrones such as pyrroline N-oxide and tetrahydropyr- 
idine N - o ~ i d e ~ ~ ~  and a 8-carboline-derived n i t r ~ n e ~ ~ ~  follow the predictions of frontier 
orbital theory; however, the explanation of reactivity differences between the five- and the 
six membered nitrones (found by kinetic studies) requires the consideration of strain- 
related influences in the transition state494. There are conflicting reports on the formation 
of charge-transfer complexes in the course of interactions of nitrones with electron- 
deficient dipolarophiles. While the interaction between C, N-diary1 nitrones with tetra- 
cyanoethylene is assumed to result in the formation of a charge-transfer complex on the 
basis of absorption bands that appear in the visible spectrum, and cannot be assigned 
either to reactants or there was no indication of such complex formation in 
the reactions of nitrones with 8-nitrostyrene or phenyl vinyl ~ u l p h o n e ~ ~ ’ .  A thermochem- 
ical study was carried out on the reaction of a-benzoyl N-phenyl nitrone with a number of 
norbornene derivatives496. The reactions of this nitrone with olefins that are more electron 
rich than norbornene, such as styrenes and vinyl selenides, are known to take place by 1,3- 
dipole donor-dipolarophile acceptor interactions. Hence the fact that there was no effect 
of the substituents in the norbornene on the reaction was taken as an indication that the 
influence of donor-acceptor interactions is cancelled out by localization effects, resulting 
in the leveling of reactivities in the substituted norbornenes. 

The cycloaddition of a series of C, N-diary1 nitrones to ‘captodative’ alkenes (e.g. cr-t- 
butylthioacrylonitrile and related olefins containing both electron-withdrawing and - 
donating groups) was examined. Such systems are considered as good tools to differentiate 
between concerted and stepwise diradical mechanisms. The regio- and stereo-chemical 
results in this work were completely in accord with the accepted principles of frontier 
orbital control and concerted mechanism and could rule out any diradical intermedi- 
a t e ~ ~ ~ ’ .  In contrast, the possibility of a two-step ionic mechanism was raised for the 
reactions of some oxazoline N-oxides with acetylene dicarboxylate and methyl propidate, 
because of the observation of isoxazoles in these reactions498b. The formation of these 
isoxazoles could be rationalized by zwitterionic intermediates. 

It was found possible to change the known regioselectivity in nitrone-olefin cycload- 
ditions to give 4-substituted isoxazolines by introducing electron-releasing substituents in 
the a-position. Thus C-cyclopropyl N-alkyl nitrones and C, C-dicyclopropyl N-methyl 
nitrone give significant amounts of 4-substituted products with electron-deficient 
dipolarophiles. This behaviour was expected from the observed low ionization potentials 
measured for these nitrones and the results of calculations that indicate that their HOMOS 
are heavily localized on the nitrone moiety499. Another way of achieving the same goal is 
by introducing the electron-donating alkoxy group into the nitrone a-position. This 
approach also yields predominantly 4-isoxazoline: however, because of their low 
reactivityso0 these nitrones are limited to the most active dipolarophiles such as acetylene 
carboxylates, acrylates and phenyl isocyanate498. This is rationalized by assuming that the 
a-oxygen substitution on the nitrone releases electrons and raises the H O M O  of the 
nitrone, thereby narrowing the HOMO-LUMO gap between the dipole and dipolarop- 
hile. The structure of the dipolarophile can also influence the regioselectivity, as for 
example in the reactions of nitrones with allyl ethers and allyl silanes. While reactions of 
silanes give predominantly the usual 5-substituted isoxazolidines, those of the ally1 ethers 
lead mainly to  4-(alkoxymethyl)isoxazolidines50 

The reactivities of a-ketonitrones towards different types of dipolarophiles have heen 
studied. Thus, the rate of reaction of C-benzoyl N-phenyl nitrone with styrenes502 and aryl 
vinyl ethers503 increases with the electron-attracting character of the substituent on the 
dipolarophile. On the other hand, with more nucleophilic dipolarophiles the rate increases 
for electron-donating substituents, a-piperidin~styrenes”~ and fur an^'^^".^ behaving 
analogously, and correlations can be found between the kinetic data and the ionization 
potentials of the dipolarophile. These results and those obtained for other heterocyclic a- 
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k e t o n i t r ~ n e s ~ ~ ~ . ' ~ ~  can be rationalized by considering that the carbonyl group lowers the 
LUMO of the nitrone and therefore the interaction between LUMO (nitrone) and 
HOMO (dipolarophile) is the one that controls the reaction. 

In the reactions of C-benzoyl N-phenyl nitrone with heterocycles such as N -  
methylpyrrole, thiophene and their benzo derivatives, side-products derived from 
elimination, substitution and decomposition are observed together with the usual 
cycloaddition products 04c.d. 

The reactions of nitrones with cumulenes are interesting. C, N-Diphenyl nitrone reacts 
with allene to yield three products (Scheme 64)506. The 4-methylene isoxazolidine 
derivative 356 (22%) is the minor product of the 1,3-dipolar cycloaddition, while the 3- 
pyrrolidinone 357 (23%) and the benzazepinone 358 (3 1%) come from rearrangement of 
the unstable major regiomer, 5-methylene isoxazolidine, via a diradical species. 
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In contrast, the reaction of fluoroallene with nitrones gives high yields of the 
corresponding 4-fluoromethyleneisoxazolidines (359). In this case, however, an additional 
effect came to light, namely the significant ( > 80%) preference for the formation of the syn 
isomer (359) (Scheme 65)507. There is no satisfactory explanation for this phenomenon. 
The reaction of nitrones with substituted butatrienes also leads to 4-alleneisoxazolidines 
although in this case the low yields observed do not permit any conclusion to be made 
about the absence of the other regiomer5O8. 
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Apart from the obvious 
possibility of heating the reaction mixture in order to increase its rate, other possibilities d o  
exist: 

(a) Some very interesting results have been reported on the influence of pressure on rate 
as well as on stereoselectivity. The application of pressures of 2-4 kbar make it possible to 
reach close to quantitative yields in reactions in which either the nitrones or the 
cycloadducts are heat sensitive and which therefore cannot be carried out a t  elevated 
temperatures5". The improvement in the stereoselectivity is exemplified by the reaction of 
C-phenyl N-methyl nitrone with vinylene carbonate. In the thermal reaction a 1 : 1 ratio of 
the exo and endo products is formed, while in the pressure-induced reaction the endo 
product predominates to the extent of 2: 1 509. A high-pressure kinetic study has been made 
of the 1,3-dipolar cycloaddition reaction of a-benzoyl N-phenyl nitrone with a number of 
dipolarophiles. Activation volumes have been determined, and the experimentally 
determined volume changes compared with the theoretically calculated changes in the van 
der Waals' volume for a prototype 1,3-dipolar cycloaddition between HC=N-O and 
HC-CH5'0. 

(b)  Gallium chloride, a Lewis acid, has been found to have a spectacular effect in 
enhancing the rate of cycloaddition of C-phenyl N-methyl nitrone with maleic anhydride 
by a factor of > lo6. The products are identical to those of the uncatalysed reaction5' I .  In 
contrast, in a spectroscopic investigation of the effect of aluminium chloride on the 1,3- 
dipolar cycloaddition of a series of nitrones with N-phenylmaleimide, a decrease of 
reactivity and increase of stereoselectivity has been reported5'*. 

(c) In contrast to a-benzoyl N-phenyl nitrones, discussed previously, ketonitrones 
bearing electron-withdrawing substituents in the a-position, such as a-cyano x ,  N- 
diphenyl and a-methoxycarbonyl a, N-diphenyl nitrone, show lack of reactivity in the 
ground state513. Irradiation of these nitrones gives products which are quite different from 
the usual cycloadducts. The primary products of these reactions, which are not always 
stable enough to be isolated, are oxazolidines (360). Their formation is proposed to take 
place by way of the corresponding oxaziridines and their subsequent homolytic ring 
fission to diradicals that attack the olefin in a stepwise manner (Scheme 66)5'3. 

(ii) The influence of external factors upon the reaction. 
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(iii) Synthetically oriented studies. It is hard to predict the steric outcome of inter- 
molecular cycloadditions of acyclic nitrones to open-chain olefins. The addition of a series 
of N-benzyl C-alkyl and C-/?-alkoxyalkyl nitrones to  methyl crotonate gave predomi- 



264 Eli Breuer 

nantly the 3,5-trans-substituted isoxazolidines in 3: 1 selectivity, while N-benzyl C-a- 
alkoxynitrones gave 4:l excess of the cis product5I4. In contrast, the hindered C- 
tetramethyldioxolanyl nitrone 361 gave only the trans product (Scheme 67). A less 
hindered C-dioxolanyl nitrone showed little s t e r e o s e l e ~ t i v i t y ~ ~ ~ * ~  ”. 
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The behaviour of nitrones derived from benzaldehyde, bearing in the ortho position 
olefinic side-chains suitable for intramolecular cycloaddition (e.g. 362), was examined5I6. 
It was found that such compounds react preferentially with acetylene dicarboxylate 
(intermolecularly!) to give isoxazolines that rearrange to azomethine ylids which are 
finally captured by the side-chain double bonds (Scheme 68). 
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On the other hand, the treatment of a series of 2-acetylpiperidines (363), in which the 
olefinic side-chain is linked through an amide bond to the 1-position, with N -  
alkylhydroxylamines results (via nitrones formed in situ) in facile stereo- and regio- 
selective intramolecular cycloaddition, yielding d-lactams (Scheme 69)’ ”. 

An interesting utilization of the 1,3-dipolar cycloaddition is the preparation of amino 
and azabicyclic diols by reacting nitrones with cyclic dienes. The cycloaddition reaction is 
coupled with the N-oxidation of the isoxazolidine products (by m-chloroperbenzoic acid, 
MCPBA to afford new nitrones, which can further cycloadd intramolecularly to the 
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remaining double bond. This is illustrated in Scheme 70 using N-methyl nitrone and 1,4- 
cy~lohexadiene~ 

SCHEME 69 
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Nitrones 364, derived from a series of 5-alkenyl and 6-alkenyl aldehydes, undergo 
intramolecular 1,3-dipolar cycloaddition. All 5-alkenyl nitrones and most 6-alkenyl 
nitrones afford the fused products 365. Only the 6-alkenyl nitrones bearing an aryl group 
at C(6) give predominantly the bridged isoxazolidines of type 366 (Scheme 71)5 1 9 .  

The relationship between reactivity in intramolecular dipolar cycloaddition and the 
distance between the nitrone and the double bond was also studied in a series of N -  
methylcyclohexylidenimine oxides having an unsaturated side-chain at position 2sz". It 
was found that only compounds in which the double bond is in position 5 or 6 undergo 
intramolecular cycloaddition, the former being the more reactive. The 2-allylcyclohexy- 
lideneimine oxide, in which the double bond is in position 4 relative to the nitrone, 
underwent rearrangement, while there was no reaction at all in the compound in which the 
double bond was more remote, e.g. at the end of a decyl chain5*'. It was recently pointed 
out that, in addition to the factors mentioned, nonbonded interactions might also be 
decisive in determining the steric outcome of the cyc loaddi t i~n~~ ' .  Thus intramolecular 
cycloaddition of the C-cyclohexenyloxycarbonyl nitrone 367 affords only product 368. 
The formation of product 369, which would be the one predicted on stereoelectronic 
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grounds, is presumably disfavoured due to nonbonded interactions of the carbonyl oxygen 
and the quasi-axial allylic hydrogen, as indicated in Scheme 72521. 
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Intramolecular reactions of bicycloalkenyl nitrones provide a convenient entry into 
noradamantane, protoadamantane and adamantane systems522. Thus at room tempera- 
ture the C-endo-bicyclo[3.2.l]oct-6-enyl nitrone 370 affords the epoxyiminonoradaman- 
tane derivative 371. 

An unusual kind of intramolecular cycloaddition was noted when tricyclic nitrones of 
type 372 were heated. The formation of the pentacyclic cage compounds 373, which were 
obtained in high yields, required the hitherto unprecedented intramolecular addition of a 
cyclic 'ene' to a cyclic n i t r ~ n e ~ ~ ~ .  



3. Nitrones and nitronic acid derivatives: an update 267 

(370) (371) 

%<Ph 

(yJ--+Ph Ph 0- - G Ph 

(372) (373) 

In intramolecular additions distinction is made between two types of starting 
materials-those having the double bond in the C-substituent and others having it linked 
to the nitrogen. The examples discussed previously in the update belong to  the first class, 
although Schemes 13 and 15 (Section II.B.5.a) illustrate synthetic applications of the 
second type. A systematic study was made recently of N-3-alkenyl and N-4-alkenyl 
nitrones, and of some cycloalkenylalkyl derivatives, in an attempt to  understand and to be 
able to predict their regio- and ~tereo-chernistry'~~. In a series of straight-chain ,Y-3- 
butenyl, N-4-pentenyl and N-5-hexenyl nitrones dependence of the product structure 
upon the chain length was observed (see Scheme 73)524. Similarly, nitrones derived from 
N-cyclohexylmethyl-, N-cyclohexylethyl-, N-cyclopentylmethyl- and N-cyclopentyl- 
ethylhydroxylamines were examined and found to  give products, often, but not in all cases, 
in high degree of regioselectivity, depending on the distance between the reacting 
g r o ~ p s ~ ~ ~ . ~ ~ ~ .  
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N-Bicycloalkenyl nitrones derived from hydroxylamines 374, 375 and 376 have been 
shown to yield azatricyclo ring systems in good yields and with r e g i o s e l e ~ t i v i t y ~ ~ ~ .  
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268 Eli Breuer 

The question of asymmetric induction involving nitrones is being further pursued. 
Nitrones derived from ( -)-methyl glyoxalate afford products of cycloaddition with 
styrene and with 1,l-diphenylethylene giving an enantiomeric excess of up to 2OX5". In 
contrast, the optically active spironitrone 377 gives approximately 85% of the major 
product 378, in addition to small amounts of the other three possible d i a s t e r e o i s ~ m e r s ~ ~ ~ .  
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O n  the other hand the addition of achiral nitrones (e.g. C-phenyl N-methyl nitrone and 
C, N-diphenyl nitrone) to the double bond in (R)-( + )-p-tolyl vinyl sulphoxide results in 4- 
(p-toly1sulphinyl)isoxazolidines as a mixture of diastereoisomers. After removal of the 
tosylsulphinyl function by desulphurization, and opening of the isoxazolidine ring, the 
final amino alcohol products are obtained in enantiomeric excess in the range of 80- 
90xSz9. 
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Asymmetric induction in cycloaddition has been exploited for the synthesis of some 2- 
amino acid analogues and a-aminophosphonic acids. As an asymmetric handle the oxime 
of diisopropylidene-D-mannose (379) was used. Its reaction with t-butyl glyoxalate gave 
nitrone 380 which underwent cycloaddition with ethylene to isoxazolidine 381 in over 90% 
yield and 54% diastereomeric excess. After separation of the diastereoisomers the pure t- 
butyl ester of (~)-5-oxaproline (382) could be obtained (Scheme 74)530. 

In analogy to  this, cycloaddition of the N-glycosyl C-phosphonyl nitrone 383 with 
ethylene gave the isoxazolidine 384 in a diastereoisomeric excess of SO%, of which the 
major isomer could be converted to (~)-5-oxa-l-phosphaproline (385) (Scheme 75). 
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As is apparent from the previous examples, the 1,3-dipolar cycloaddition reaction is 
eminently suited for the synthesis of natural products, in particular where stereoselectivity 
and enantioselectivity are required. Although the first step of the cycloaddition reaction 
always leads to an isoxazolidine, this heterocyclic ring can be elaborated in a variety of 
ways to yield other functional groups or just a chiral centre, o r  none at  all. The subject of 
natural product synthesis based on nitrones has been recently reviewed490.532*533, and 
therefore only a few recent examples will be described to  present the different uses of this 
methodology. 

A short synthesis of 4-hydroxyproline was achieved when a series of nitrones derived 
from N-benzylhydroxylamines and methyl glyoxylate were condensed with acrolein. 
Hydrogenolysis of isoxazolidines 386 opened the ring by cleaving the N-0 bond, and 
in situ recyclization of the amino aldehyde 387 and reduction of the imine, followed by 
hydrolysis of the ester gave the final products (Scheme 76)534. For other examples of 
amino acid synthesis see Schemes 74 and 75. 
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Negamycin (390), a peptide-like natural product, which has interesting antibacterial 
properties, has been synthesized by the nitrone cycloaddition methodology535. Nitrone 
388, derived from D-gulono-y-lactone and methyl glyoxylate, was added to N -  
benzyloxycarbonylallylamine. Removal of the chiral auxiliary group by acid hydrolysis 
gave two diastereoisomeric isoxazolidines, one of which (389) was converted to the 
optically active natural product 390 (Scheme 77)535. 
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An approach to the /I-lactams system is based on the cycloaddition of a nitrone with an 
a, /?-unsaturated ~ a r b o x y l a t e ~ ’ ~ ,  the product of which (391) is subjected to ring opening to 
a /I-amino ester, followed by its cyclization as shown in Scheme 78. This approach was 
applied to the synthesis of t h i e n a m y ~ i n ~ ~ ’ .  
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Another way to obtain 8-lactams from nitrones was discovered when it was observed 
that 4-nitro-5-cyanoisoxazolidines (392), obtained in dipolar cycloaddition, undergo 
thermal reorganization to  8-lactams 394 (Scheme 79)538. The mechanism suggested for 
this reaction involves the opening of the isoxazolidine by homolytic fission of the N -0 
bond to an acylnitro intermediate 393 which cyclizes by the expulsion of nitrous acid. 
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Full details have appeared of the biotin synthesis described in Scheme 14539. Another 
biotin synthesis, based on cysteine, involves intramolecular cycloaddition between the 
nitrone function constructed on the carboxyl carbon of cysteine and the double bond of 
thiovinyl ether attached at  the other end of the chain’40. It was found that the 
stereoselectivity in the cyclization of an acyclic compound (395) was disappointingly low. 
However, confinement of the thioenol ether side-chain in a ring, by linking it to the a- 
amino group, blocked the formation of the undesired stereoisomer and the cycloaddition 
resulted in a product that had the required two additional chiral centres, and could be 
converted to biotin (Scheme 80)540. 
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Cycloaddition is particularly suited for the synthesis of amino sugars containing several 
chiral centres, among them one nitrogen. The various groups can be inserted by judicious 
choice of starting materials or reactants. 

The synthesis of nojirimycin, 5-amino-5-deoxyglucose (an antibiotic), was achieved by 
cycloadding an N-glycosyl nitrone to furan, followed by further elaboration as shown in 
Scheme 8lS4’ .  

The amino sugar daunosamine, a constituent of the important antitumour drug, 
adriamycin, was the target of two synthetic approaches. In one, the isoxazolidine 3%, 
derived from a nitrone based on tartaric acid and ethyl vinyl ether, was elaborated to  
daunosamine in high yield (Scheme 82)542. 
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Another total synthesis of daunosamine has been achieved by intramolecular cycliz- 
ation of nitrone 397 (derived from trans-propenyl glyoxylate and the chiral N-a- 
methylbenzylhydroxylamine) giving predominantly the bicyclic lactone 398 which was 
elaborated to daunosamine (Scheme 83)543. 

Ph 

( 397) (398) 

SCHEME 83 

Further syntheses of pyrrolizidine alkal~ids-dl-retronecine~~~ and 
~roalbinec ine~~~-have  been accomplished by adaptations of the methodology shown in 
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Scheme 1 I .  Utilization of the dipolar cycloaddition to achieve (eventually) z,a’- 
dialkylation of 1-pyrroline N-oxide (32) for the synthesis of solenopsis ant venoms (e.g. 
399) is displayed in Scheme 84546. 
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Nitrone 32 also served as a starting material in the synthesis of anatoxin-a, the ‘very fast 
death fa~tor”~’.  In this work 32 was reacted with 1,3-hexadien-5-01 to give 400, which was 
oxidized to a new nitrone that underwent spontaneous intramolecular cycloaddition to 
401, which in turn could be converted to the target molecule (Scheme 85)547. 
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A number of strategies for the synthesis of alkaloids having nitrogen in a bridgehead 
position have been described. Examples of these compounds are the indolizidine, 
quinolizidine, phenanthroindolizidine and phenanthroquinolizidine alkaloids. One ap- 
proach is represented by the synthesis of a group of elaeocarpus alkaloids (e.g. 
elaeocarpine, 402) by elaborating the B-aminoketone 403, obtained from the cycloadduct 
of nitrone 32 with a styrene (Scheme 86)548. An analogous approach was employed for the 
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synthesis of the pentacyclic alkaloids, tylophorine, cryptopleurine, septicine and 
j ~ l a n d i n e ’ ~ ~ .  
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The quinolizidine alkaloid lasubine I1 (404) was recently synthesized by a quite different 
type of route. Intramolecular cyclization of nitrone 405, derived from an N-homoallylic 
hydroxylamine and 4-methoxycarbonylbutyraldehyde gave the bicyclic compound 406 
which could be transformed to the target 404 (Scheme 87)550.  

A totally different entry to bridgehead nitrogen compounds is provided by the 
rearrangement of the cycloadducts of nitrones to rnethylenecy~lopropane~~ I .  For 
example, cycloadduct 407 derived from 5,5-dimethylpyrroline 1 -oxide and methylenecy- 
clopropane rearranges thermally to indolizidinone 408; there are also enaminone by- 
prod~cts’’~.  

An approach to the total synthesis of the indole derivatives, clavine alkaloids, also based 
on nitrone-olefin cycloadditions, is described5 5 2 .  The key step in these involves an 
intramolecular reaction of the transient nitrone 409 as demonstrated by the synthesis of 
( )-chanoclavin (Scheme 88)552. 

Representatives of another class of indole alkaloids, the Aristotelia alkaloids ( - )- 
hobartine and ( + )-arktoteline, have been synthesized from indole and ( S ) -  l-p-menthen-8- 
ylamine via nitrone 410, which underwent intramolecular cycloaddition. Further 
elaboration of the cycloadduct resulted in the two alkaloids indicated (Scheme 89)553. 

Another class of natural products that was the target of such a synthetic approach is that 
of the guanidine-containing natural products, displaying a broad spectrum of biological 
activity, represented by ( - ) - p t i l ~ c a u l i n ~ ~ ~ .  One of the key steps in this synthesis is also an 
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intramolecular dipolar nitrone-olefin cycloaddition, followed by cleavage of the N-0  
bond of the isoxazolidine 411 and construction of the cyclic guanidine ring (Scheme 90)554. 
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An extensive study was carried out to examine the behaviour of nitrones derived from 
cyclic ketones having double-bond-containing side-chains“’. 13 different systems 
derived from cyclohexanone and cyclopentanone with various substituents and side- 
chains were examined and found to yield bridged and fused polycarbocyclics. The 
exploitation of this methodology resulted in total syntheses of the sesquiterpenes ( + )- 
secoishwaran-12-01, ( )-hirsutene and ( f)-coriolin5”. 
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The nitrone cycloaddition was also used as a means of introducing the chiral centre to 
position 25 in the side-chain of trihydroxycholecalciferol. Reaction of nitrone 412 with 
methyl methacrylate gave isoxazolidine 413 as the major product, which was transformed 
via ketone 414 to trihydroxycholecalciferol (Scheme 91)556. 

A new approach to prostanoid synthesis was recently presented. It was found that 
nitrones derived from y,d-unsaturated aldehydes (of type 415) undergo intramolecular 
cycloaddition to give the oxazaC2.2. llbicycloheptane system 416 which is an analogue of 
prostaglandin H, and may serve as starting material for other prostaglandin  system^'^'. 

la, 2 5S,26 -Trihydroxychole- calciferol 

SCHEME 91 
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Nitrones have been shown to react with vinylphosphonates to form 4-phosphonoiso- 
xazolidines5 5 8 .  The cycloaddition of nitrones to  vinylsilanes is suggested as a method for 
the homologation of aldehydes to a,B-unsaturated aldehydes, an alternative to  the Wittig 
reaction. The 5-trimethylsilylisoxazolidines (417), which are the primary products in this 
cycloaddition, undergo ring opening followed by elimination, to give the final Droducts in 
high yields, upon treatment by H F i n  acetonitkle a t  room temperature for one minute 
(Scheme 92)55y. 

(417) 

SCHEME 92 

A ditrerent type of behaviour is seen in the reaction of nitrones with dibenzoylacetylene. 
In this case the acyclic products 3-anilino-1,4-diphenylbutane-1,2,4-trione (419) and 
aldehyde 420 were formed, presumably by fragmentation of the isoxazoline 418 initially 
obtained560. 
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b PhNHCHCOCOPh -t RCH=O (H*0) 
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I 
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PhCO PhCO 

(418) ( 419) (420) 

.% 
The reaction of nitrones with a,P-unsaturated azo compounds has been found to 

proceed selectively at  the C=C (and not the N=N) double bond, to yield 5- 
azoiso~azol id ines~~ ' .  

Nitrones have been found to react with tetracyanoethylene at the CEN bond rather 
than the C=bond with the formation of A4-l,2,4-oxadiazolines (421)4y'h. 
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The reactions of aldonitrones with isocyanides are rather complicated562. Under the 
influence of boron trifluoride etherate 4-imino- 1,2-oxazetidines (422) and 4-imidazolidi- 
nones (423) predominantly are formed. Further work has revealed that the four-membered 
ring products 422 can undergo ring expansion to the five-membered 423. In certain cases a 
rarer type of product a derivative of I ,  2,4-oxadiazolidi-5-one (424) is formed562. 

t-BU 

‘N-0- I + C II - q.Tr + Axs +$ 0 
N l-Bu’ t-Bu’ ‘0 I H 

II 
I 
CH 

t -Bu I 
Me Ar 

(422) (423) (424) 

*h. Cycloaddition to other I,j-dipoles. The reaction of 2,3-dihydro-2,2,4-trimcthyl- 
1H- 1,5-benzodiazepine (425) with C-benzoyl N-phenyl nitrone (426) is rather 
The formation of the final product, which was identified by X-ray crystallographq as a 
pyrrolobenzodiazepinone derivative (427), was explained by a multistep route 
(Scheme 93). In the first step the nitrone acts as an oxygen donor (see Section II.B.4.d) and 
converts 425 to the corresponding N-oxide (partial structure 428) which was assumed to 
cycloadd to another molecule of unreacted nitrone 426 to give 429, which in turn was 
suggested to rearrange via 430 to  the final product. Although the structure of the final 
product 427 seems to have been solidly established, the mechanism depicted in Scheme 93 
is purely speculative563. 
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Another unusual observation is the formation of 1,2,4-A2-triazolines in the reaction of 
aldonitrones with the 1,3-dipolar C-acetylnitrile imine 431564. From the product 432 it is 
clear that in some stage during the reaction deoxygenation of the nitrone took place, 
followed by an apparent 1,3-dipolar cycladdition between 431 and the azomethine. 
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*6. Reactions of nitrones with heterocumulenes 

*a. Ketenes. Further details have been published on the reactions of ketenes with 
nitrones derived from 9-fluorenone, reporting results similar to  those in Scheme 26565. 
The subject has also been reviewed566. 

*b. Ketene imines. Results in a further report on the reaction of nitrones with ketene 
imines largely conform to those described earlier (see Scheme 27 and structures 221-224). 
One novel result is the formation of spiranic and fused products 433 and 434 in the reaction 
of 5,5-dimethylpyrroline N-oxide with dimethylketene N - ~ h e n y l i m i n e ~ ~ ~ .  These results 
may be rationalized by analogy with known ketene chemistry567. 

Me\_/Me 
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Ph 
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Ph (433) (434) 

*c. Isocyanates and isothiocyanates. Reactions of dinitrones derived from glyoxal 
and N-alkylhydroxylamines with isocyanates have been shown to give either 
monoadducts, oxadiazolidinones see equation 46), or bis-adducts, depending on the 
nature of the nitrone’s N-substituent and the isocyanate568. When heated with aryl 
isocyanates, a-(3-indolyl-N-aryl(alkyl) nitrones are converted into N-aryl-N-aryl(alkyl)- 
N-(3- indolyI)amidine~~~~.  The latter products are presumably formed through the 
extrusion of carbon dioxide from the initially obtained, expected oxadiazolidinones, 
followed by migration of the 3-indolyl group from carbon to the electron-deficient 
nitrogen569. This new reaction makes it possible to transform 3-indolecarboxaldehyde to 
a 3-aminoindole derivative. 

Further papers reporting on the interaction of isothiocyanates with nitrones and 
dinitrones, derived from glyoxal, have a p ~ e a r e d ~ ~ ’ . ~ ’ ’ .  The products are 1,2,4- 
oxadiazolidine-S-thiones and secondary products formed from these by loss of COS and 
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further reaction of the amidine with isothiocyanate. In view of this previously reported 
conversion of nitrones to thioamides by isothiocyanates (equation 47) it is relevant to 
mention that a similar conversion could be effected by the use of 1,l- 
thiocarb~nyldiimidazole~~~. 

'7. Reactions of nitrones with electrophiles 

*a. Nitrones as oxygen nucleophiles. The reaction of a 1,3-oxazoline with N- 
phenylbenzimidoyl chloride has been shown to give substitution of the nitrone in the 8- 
position (Scheme 94). This approach is suggested as a new general synthesis of substituted 
a-amino 

-n 
>C;,pi,,R + Phi-NPh H+/E1OH RCHCOOEt 

I I I Cl PhNCOPh 
0- 

SCHEME 94 

N-Carboxyalkyl nitrones are converted by the action of acyl halides to 2-oxazohn-5- 
ones ( a z l a c t o n e ~ ) ~ ~ ~ .  This reaction may be rationalized either by assuming a rearrange- 
ment of the nitrone to an amide, followed by cyclization (route a) or by tautomerization of 
the nitrone to N-hydroxyoxazolidinone followed by elimination (route b, Scheme 95)574. 
This reaction is reminiscent of the acid-catalysed conversion of N-P-oxoalkyl nitrones to 
oxazoles5 75. 

Ar CH-NCHCOOH 

-0 " R \ 
I 

OH 

SCHEME 95 

Full details have appeared on the conversion of N-aryl nitrones to 2-arylbenzothiazoles 
by phenylphosphonothioic dichloride (equation 53)576. Treatment of N-alkyl nitrones 
with the same reagent, or with its related analogues, diphenylphosphinothioic chloride or 
thiophosphoryl trichloride, gives amides and t h i ~ a m i d e s ~ ~ ~ .  The full paper of the related 
conversion of nitrones to 2-arylbenzoxazoles (equation 54) by O-methyl diphenylphosph- 
inot hioate has also been published ''. 

*b. Nitrones as carbon nucleophiles. The carbanion derived from 1,2,2,4,5,5- 
tetramethyl-3-imidazolin-3-oxide by phenyllithium treatment has been added to various 
electrophiles (e.g. amyl nitrite, benzaldehyde, benzophenone and a number of carboxy- 
lates) to afford the expected products464. 

The unusual result that the reaction of C-aroyl nitrones with a-arylidene-8-dicarbonyls 
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such as benzylidene Meldrum’s acid or benzylidenebarbituric acid give 2-aroyl-a- 
indolenines (435) in unreported yields was reported recently (Scheme 96)s78. The 
mechanism of this reaction is not known, but it is clear from the end-product that the 
elements of arylaldehyde (from the arylidene group and the nitrone oxygen) are lost in the 
reaction. The bond formed at  the ortho position of the nitrone’s N-aryl ring is not without 
precedent (e.g. Schemes 24, 25, 27, 31 and 35, and equations 52- 

t 
PhCOCH=NC6H4NMe2 + ArCH 

1 
0- 

0 X O  

P hCi& + [ArCH=O ?I 

54). 

- 

(435) 

SCHEME 96 

‘8. Reactions of nitrones with nucleophiles 

As pointed out previously the simplest reaction belonging to this category is the 
hydrolysis of nitrones to N-substituted hydroxylamines. This principle has been exploited 
for a general synthetic method to obtain N-hydroxyamino acidss79. The procedure 
involves N-alkylation of (Z)-furfural oxime by an a-halo acid, followed by acid hydrolysis 
of the resulting nitrone. By suitable adaptation of this methodology, the biologically active 
natural products emimicyn (436) and hadacidin (437) can be synthes i~ed~’~ .  The full paper 
on the imidazole synthesis in the reaction of N-alkyl nitrones with cyanide (Scheme 37) has 
appeared580. 

0- 
I 

(436) (437) 

The reactions of trimethylsilyl cyanide with C ,  N-diary1 nitrones give the expected a- 
cyano-0-trimethylsilyl products (438)58’. Thermal decomposition of these gives a variety 
of products-azoxybenzene, diarylsuccinonitrile, iminonitriles and benzanilide~’~’. 
Compounds of type 438 can be utilized for the blocking of the nitrone function; their 
treatment with silver fluoride regenerates the original nitrone”’. When the addition of 
trimethylsilyl cyanide to nitrone is carried out in the presence of a base (triethylamine) a- 



(4
3

9
) 

1 R=H
 

(4
4

0
) 

Ph
 

M
e

 

(4
4

1
) 

SC
H

E
M

E
 9

7 



284 Eli Breuer 

iminonitriles are formed in high yields through the elimination of Me,SiOH (cf. 
equation 64)583. 

0- NC OSiMe, 
I I I  

ArCH=yPh + Me,SiCN - ArCH-NPh 

Four-membered cyclic nitrones (e.g. 439) react with nucleophiles (cyanide, hydroxide, 
alkoxides, hydrides and Grignard reagents) by stereospecific addition to the C=N 
bond584. The reaction with hydroxide is illustrated in Scheme 97. In this case the structure 
of the final product depends on the substitution at the a-position of the nitrone. If the 
nitrone is unsubstituted (R = H) an isoxazolidine derivative (440) is formed. In cases where 
R = Me or Ph, the reaction leads to unsaturated oximes 441 (cf. Scheme 60)584. 

C-Methoxycarbonyl N-alkyl nitrones react with enolates to give addition products 
which can be elaborated by Hofmann degradation to give the formal products ofa directed 
aldol condensation (Scheme 98)585. 

N+ 
-0' 'R 

I 

SCHEME 98 

In contrast to the behaviour of simple nitrones, which react with diethyl malonate to 
give isoxazolidines (equations 65 and 66), the reaction of a-carbamoyl nitrones with the 
anion of malonic ester leads to 3-imino-2,5-pyrrolidine diones (442) (Scheme 99)586. 
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The reaction of a-3-indolyl nitrones with the anion of malonic ester is unusual. The final 
product is a ~-N-(3-indolyl)-N-aryl(alkyl)aminopropenoic acid (443). This indicates that 
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in the course of the reaction C t o  N migration of the indole moiety has taken place. The 
mechanism suggested to account for this assumes the initial formation of the expected 
isoxazolidinone product (444) and its subsequent ring opening (Scheme 100)587. 
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(443) R-COOH, H 

Ind=Indoyl  

SCHEME 100 

As in the reactions of nitrones with a-phosphoryl carbanions (equation 68 and 
Scheme 39), carbanions derived from trimethylsilyl compounds give a z i r i d i n e ~ ~ * ~ .  

Nitrones have been found to  be valuable starting materials for the synthesis of a- 
aminophosphonic acids, which are of considerable current interest. The addition of 
lithium diethylphosphite, and in cases where this did not react, of tris(trimethylsilyl) 
phosphite was shown to proceed with some diastereoselectivity and can be used as a 
synthetic route to these 

N-2-(j?-lndolyl)ethyl nitrones (e.g. 445) have been shown to act as electrophiles in 
intramolecular Friedel-Crafts-like electrophilic substitution of the indole nucleus afford- 
ing tetrahydrocarb~lines~~~. 

(445) 

N -  I-Cyanoalkyl C-phenyl nitrones react with thiocarboxylic acids to give thiazoles in 
40-70% yields591. This reaction constitutes a relatively simple and convenient thiazole 
synthesis. Although the mechanism is not clear, the reaction probably involves a 
nucleophilic attack of the thiocarboxylate at the nitrone’s a-position in the first step. In the 
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ring-closure step the acyl group is transferred from the sulphur to the nitrogen by a 
mechanism which is not understood (Scheme 101)591. 

iN+ 
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SCHEME 101 

‘9. Reactions with organorneta///c compounds 

*a. Organomagnesium compounds. The Grignard reaction has been applied to  four- 
membered cyclic nitrones (type 439)584, to a,B-unsaturated n i t r ~ n e s ’ ~ * ~  and to a- 
a r n i n ~ n i t r o n e s ~ ~ ’ ~  to yield substituted hydroxylamines. 

*b. Organocopper compounds. The B-lactam synthesis based on the reaction of 
nitrones with copper acetylides (Scheme 42) has been extended to  a variety of C-aryl and 
C-heteroaryl n i t r ~ n e s ~ ~ ~ .  

* f. Boron derivatives ofnitrones. Boron derivatives of nitrones have been prepared 
from salicylaldehyde nitrones having seven-membered N-0-B dipolar heterocyclic 
structures with charged N +  and B-  atomss94. On the other hand, six-membered N-O- 
B heterocyclic structures (also with dipolar structure) could be formed when nitrones were 
made from o-formylbenzeneboronic The crystal structures of some boron 
derivatives of nitrones (328-330) have already been mentioned450. 

‘70. Reactions of nitrones with free radicals 

The spin trapping of t-butylperoxy radicals and tetralylperoxy radicals by C-phenyl N- 
t-butyl nitrone and C-methyl N-duryl nitrone was investigated. The peroxy radicals were 
generated by the alkoxy-radical-induced decomposition of hydroperoxides. The spin 
adducts of the alkoxy radicals could clearly be distinguished from the adducts of peroxy 
radicals596. A number of special nitrones of increased lipophilicity (5,5-dipropyl-l- 
pyrroline 1 -oxide, 5-butyl-5-methyl-1-pyrroline 1 -oxide and 2-aza-2- 
cyclopentenespirocyclopentane (446)) were designed for intracellular trapping of super- 
oxide and hydroxide radicalss9’. 

(446) (447) 

The use of nitrones in spin-trapping experiments conducted in Fez +-phosphate buffer 
systems was examined critically598. It was found that under these conditions both 
commonly used nitrones, 5,5-dimethyl-l-pyrroline 1-oxide and C-phenyl N-t-butyl 
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nitrone, generate spin adducts without added substrate. It was suggested that decompo- 
sition of the nitrones is the source for these radicals598. The spin-trapping technique was 
applied to the detection of free radicals in NADPH-dependent lipid peroxidation of rat 
ischaemic brain h ~ m o g e n a t e ’ ~ ~ .  

The question of the applicability of nitrones to serve as antioxidants in polymer 
stabilization was recently studied600. 

C. Bloiogicai Aspects 

A series of retinoids containing the nitrone function (e.g. 447) have been found to be 
effective in reversing the keratinization in hamster tracheal organ cultures601. Nitrone 447 
also showed inhibitory activity against platelet aggregation induced by ADP or collagen 
and potentiates the submaximal platelet aggregation induced by a low concentration of 
arachidonic acid601. 

D. Synthesls of Nitrones 

The following new section consists mainly of a survey of recent improvements in 
synthetic methods and some applications for the syntheses of special nitrones. The reader 
is directed to earlier  source^^-^ for a general review of the subject of nitrone synthesis. 

1 .  Oxidative methods 
A series of C-aryl N-t-butyl nitrones were 

synthesized by hydrogen peroxide oxidation of substituted benzyl-t-butylamines cataly- 
sed by sodium tungstate602. Subsequently this method was applied to purely aliphatic 
secondary amines, both acyclic (diisopropylamine) and cyclic (piperidine  derivative^)^'^. 
The catalytic effect of other metals (V, Ti and Mo) has also been studied, but found to  be 
inferior to tungsten603. An improved method for the preparation of C, N-diary1 nitrones 
is based on the oxidation of N-benzylanilines by m-chloroperbenzoic acid in acetone at 
low  temperature^^'^. 

a. Oxidation of secondary amines. 

h. Oxidation of N,N-dialkylhydroxylamines. These are quite susceptible to oxidation 
and therefore even very mild reagents are capable of performing the task. 

(i) Electrochemical oxidation. N-Hydroxy derivatives of cyclic amines such as 
piperidine, pyrrolidine etc. were oxidized to the corresponding nitrone electrochemically, 
using halide ions as mediators, in high yields6”. 

( i i )  Catalytic oxidation. The dehydrogenation of N,N-disubstituted hydroxylamines 
could be carried out by heating the starting material with palladium black. The yields were 
60-90% and the reaction is applicable to  dialkylhydroxylamines (cyclic and acyclic) as well 
as N-benzyl-N-alkylhydroxylamines606. 

(iii) Oxidation by peroxides. Seven-membered cyclic nitrones of the dibenzazepine 
system were prepared by hydrogen peroxide oxidation of the Corresponding N -  
benzyloxyamines in acetic acid6”. 

(iv) Oxidation by quinones. Dichlorodicyanobenzoquinone was used for the prepar- 
ation of nitrone 448 from the corresponding N-hydro~y-P-carboline~~~. An N-glycosyl-N- 
hydroxy-a-aminophosphonate was oxidized by p-benzoquinone to the corresponding 
nitrone, which was trapped in situ by ethylene531. 
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H 

(448) (449) 

(v) Oxidation by metal oxides. N,N-Diethylhydroxylamine was oxidized to  C-methyl 
N-ethyl nitrone, in quantitative yield, by silver oxide in ether6'*. 1-Hydroxyazetidines 
could be oxidized to four-membered cyclic nitrones by yellow mercuric oxide in 
d i~hloromethane~ '~ .  Subsequently active lead(1V)oxide was found to be milder and better 
suited for the preparation of such sensitive and unstable nitrones610.611. This reagent was 
also used to oxidize acyclic dialkylhydroxylamines; however, in some cases the initially 
obtained nitrones underwent further oxidation to vinylaminyl oxide radicals, which in 
turn dimerized to  l,4-dinitrones of type 449612. 

c.  Oxidation ofimines. The reaction of N-methylhydroxylamine-0-sulphonic acid has 
been found to be a mild method for the preparation of N-methyl nitrones from imines613. 
The original nitrogen of the imine along with its substituent is replaced by the nitrogen and 
the methyl group of the reagent. Thus the reaction of fluorenylideneanil gives fluorenone 
methyl nitrone. The yields are reportedly high613. The anil of perfluorobenzophenone 
could not be oxidized by peracetic acid; however treatment by trifluoroperacetic acid 
yielded a series of desired polyfluoroaryl n i t r ~ n e s ~ ~ ~ .  The imine-peroxy acid reaction may 
lead either to oxaziridines or to nitrones. It was found that both steric and mesomeric 
effects have marked influence on the course of the reaction614. 

2. Condensation reactions of N-substituted hydroxylamines 

A convenient 'one-pot' method was recently reported for the preparation of N -  
substituted hydroxylamines by the borane/tetrahydrofuran reduction of nitroalkenes6' '. 
Alternatively, pyridine-borane in ethanol was also shown to be applicable for the same 
kind of reduction6l6. 

a. Condensation with aldehydes and ketones. This is one of the most widely used 
synthetic entries to nitrones and has been used for the preparation of a variety of special 
nitrones, e.g. N-cyclohexyl chloral nitrone6I6, the butadiene-irontricarbonyl-derived 
nitrone 4506' ', C-cyclopropyl N-methyl epoxynitrone 203232 and N-benzyl a- 
ethoxycarbonyl nitrone derived from ethyl glyoxalate and N-benzylhydroxylamine618. 

The preparation of C-unsubstituted nitrones requires the condensation of hydroxylam- 
ines with formaldehyde. Such syntheses can take place either by heating paraformaldeh- 
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yde with an N-alkylhydr~xylamine~~~*~~~ . ~ ’ ~  or by the introduction of gaseous for- 
maldehyde, prepared by heating paraformaldehyde, into the solution of N -  
a l k y l h y d r ~ x y l a m i n e ~ ~ ~ .  

A modification of this reaction, using N-methyl-N,O-bis(trimethylsilyl)hydroxylamine 
is reported to be extremely efficient6”. This reagent is prepared from N -  
methylhydroxylamine hydrochloride and chlorotrimethylsilane at  room temperature in 
the presence of triethylamine in ether and reacts with carbonyl compounds under mild 
conditions giving nitrones in high yields, along with the volatile by-product 
hexamethyldisiloxane620. 

It was found possible to avoid the somewhat undesirable step of isolating N-substituted 
hydroxylamine, by carrying out the reduction of the nitro compound in the presence of an 
aldehyde (by zinc/ammonium chloride for aromatic nitro compoundss80 and by activated 
zinc dust/acetic acid in ethanol for 2-methyl-2-nitr0propane~~ I )  and obtaining the nitrone 
in one step. 

A nitrone could also be obtained by this approach from ethyl acetoacetate and N -  
cyclohexylhydr~xylamine~~~. In contrast, the analogous nitrones derived from N-methyl- 
and N-benzyl-hydroxylamine proved to be too reactive to be isolated and reacted further 
to give pyrroles as secondary reaction products465. 

b. Condensation with acetylenes. A study of the reaction of hydroxylamines with a 
variety of acetylenes has been carried out6”. The nitrones initially formed in this reaction 
are usually too reactive to  be isolated and they react further with a second molecule of 
acetylene (Scheme 102). However, in some cases (e.g. the reaction of N -  
methylhydroxylamine and phenylacetylene) a mixture of nitrone and isoxazoline was 
isolated622. When acetylenes having an additional double bond were used, the nitrones 
formed were trapped intramolecularly622. 
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SCHEME 102 

c. Condensation with an enamine. A B-dimethylaminoacrylate (451) was found to  be a 
convenient aldehyde equivalent in the synthesis of a nitrone (not isolated)543. Compound 
451 was prepared by heating propenyl acetate with bis-dimethylamino-t-butoxymethane. 
The nitrone underwent in situ intramolecular cycloaddition to the double bond in the 
molecule (see Scheme 83). 

d. Intramolecular ketone alkylhydroxylamine condensations. The reduction of y- 
nitroketones has been used recently for the preparation of some b i ~ y c l i c ~ ~ ~  and 
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bridgehead h y d r ~ x y l a t e d ~ ’ ~  pyrroline N-oxide derivatives. Improved conditions for such 
reductions have been developed, using activated zinc dust in ethanol and glacial acetic 

e. Condensation with an orthoester or amide acetal. Treatment of 2-hydroxylamino 
alcohols with or tho ester^^^*^ or with amide a ~ e t a l s ~ ~ ~ ~  gave cleanly and efficiently 
oxazoline N-oxides, which were previously accessible from the isomeric oxaziridines in 
low yields (e.g. Scheme 103). 

SCHEME 103 

The analogous acyclic a-alkoxynitrones were prepared by reacting N- 
alkylhydroxylamines with amide acetals (Scheme 104)498b. 
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3. N-Alkylation of oxirnes 

This is another very common method for nitrone synthesis. It has been applied, for 
example, to the synthesis of C, C-dicyclopropyl N-methyl nitrone, which cannot be 
prepared by condensation of N-methylhydroxylamine with dicyclopropyl ketone499. The 
main disadvantage of this method is that it usually gives mixtures of 0-alkylation and N- 
alkylation products, namely oxime ethers and nitrones. The outcome of the reaction is 
correlated with the stereochemistry of the starting oxime; (Z)-aldoximes give preferably N- 
alkylation, whereas (E)-oximes suffer O - a l k y l a t i ~ n ~ ’ ~ .  There is some success in influencing 
the N-vs. 0-alkylation ratio by reaction conditions. It has recently been found that when 
alkylation of chalcone oximes is carried out using methyl iodide in benzene aqueous 
sodium hydroxide using benzyltriphenylphosphonium bromide as phase-transfer catalyst, 
60-80% N-methylation versus ca. 10% 0-methylation is observed44’. Another way to 
suppress 0-alkylation has been devised by protecting the oxime as the 0-trimethylsilyl 
derivative. The alkylation can be carried out using trimethyl- or triethyloxonium 
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fluoroborate, o r  methyl or  ally1 trifluoromethanesulphonate (triflate)626. This method is 
equally applicable to ketoximes or to aldoximes. In the case of aldoximes, the usually pure 
(E)-0-trimethylsilyloximes are used and in rapid ice-cold work-up the presence of the less 
stable (E)-aldonitrones can be detected. However, purification always gives the more 
stable (Z)-aldonitrone626. 

/ (r) PhCH=O/CsF 

+ -  + 
PhCH=NCH 2 PhCH-NCH2CHPh 

0 OH 
I 
OH 

(454) (453) 

The reaction of oximes with trimethylsilylmethyl triflate gives the iminium derivative 
452627. When this compound is treated with benzaldehyde, in the presence of caesium 
fluoride as the desilylating agent, nitrone 453 is formed. Treatment of 452 in the presence of 
a dipolarophile gives a Gcibadduct indicating the intermediacy of an azomeihine ylide 
4 5 4 6 2 7 .  

4. Nitrones from nitroso compounds 

The best known reaction in this class is the Krohnke reaction, which involves the 
conversion of benzyl halides into N-benzylpyridinium salts, and the reaction of the latter 
with p-nitroso-N,N-dimethylaniline to  give C-aryl N-p-dimethylaminophenyl 
nitronesZ7*. This reaction has now been extended to primary amines as possible starting 
materials628. Primary amines react with 4,6-diphenyl-2-(ethoxycarbonyl)pyrylium cation, 
to give the corresponding pyridinium cation, which can be reacted, after hydrolysis of the 
ester function, with p-dimethylaminonitrosobenzene to give the nitrone. NitrosobenLenes 
may act as nucleophilic reagents at other electrophilic sites with the formation of nitrones. 
Thus reaction of nitrosoarenes with a-bromoheterocyclic carbonyl compounds (2-  
pyrazolin-5-one, isoxazolin-5-one or oxindole) lead to nitrones (e.g. 455)505b.629. 

H H 

(4 5 5 )  
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The opposite kind of (namely electrophilic) behaviour is exhibited by nitrosoarenes in 
their reaction with silyl enol ethers, which leads to adducts 456, which can be transformed 
to a-aroyl nitrones 457 by desilylation followed by silver oxide oxidation630. 

ArC=CH, + PhN=O - ArCCH,NPh - ArCOCH=$Ph 
I 
0- 

I II I 
OSiMe, 0 OSiMe, 

(456) (457) 

This synthesis provides an alternative to the Krohnke reaction using haloketones. In the 
present method630, electron-donating substituents on the aryl ring of the enolate promote 
the reaction, contrasting with the classical Krohnke synthesis. Nitrogen analogues of a- 
aroyl nitrones, also called bifunctional 1 ,Cdiazabutadiene nitrones (458), are available by 
the related, base-catalysed condensation of acetophenone anils (presumably via the 
enamines) with n i t ro~oa renes~~  '. 

Ar2N=CMe + Ar3N=0 - ArZN=CCH=&Ar3 
I 

Ar ' excess 
I I 

Ar' 0-  
(458) 

The reaction of a-chloronitrosoalkanes with aliphatic and aromatic Grignard reagents 
has also been shown to lead to nitrones, usually in quite good yields (Scheme 105)632. By 
this method a series of nitrones derived from adamantanone as well as other aliphatic, 
cyclic and acyclic ketones could be prepared632 (a-chloronitrosoalkanes are made by 
chlorination of ketoximes). 

R;CICN=O - R;CIC-NR* - R;c=&R~ 
I 
0-  

I 
OMgCl 

SCHEME 105 

5. Miscellaneous 

Nitrocycloalkenes undergo cycloaddition to ynamines with the formation of four- 
membered cyclic nitrones (459) as the main These nitrones undergo 
isomerization by ring opening to C-carbamoyl N-vinyl nitrones (460) upon standing in 
solution (Scheme 106). 

H co - -  - -  
I ii i74 

I 
R4 

NR; 
(4 59) (460) 

SCHEME 106 
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'A. Nitroalkane-Nitronic Acid Tautomerirm 

The subject of nitro-activated carbon acids, which are tautomers of nitronic acids, has 
been reviewed633. 

There are new opportunities to  study the stereochemistry of the nitronate $ 
nitroalkane tautomerism in the transformation of the adducts of Grignard reagents of 
various aromatic nitro compounds. When the adduct 461, derived from 4-methoxy-l- 
nitronaphthalene, is treated with acetate buffer the nitronic acid 462, which is formed 
initially, tautomerizes predominantly to the thermodynamically less stable cis nitro 
compound 463. The predominant formation of the less stable isomer is rationalized in 
terms of steric control of the approach of the proton in the nonplanar cyclohexadienic 
system as shown in structure 464634. 

I 
OMe 

(461) 

p 

@/R + trans isomers 

OM e 

(463) 

Similar effects are seen in 2-metho~y-l-nitronaphthalene~~~~, in which the Grignard 
reagent enters position 4, and in 9 - n i t r o a n t h r a ~ e n e ~ ~ ' ~  in which the site of attack is 
position 10. However, contrary to  the above, in both of these cases the cis isomers are the 
more thermodynamically stable. All dihydroaromatic compounds can be converted to the 
corresponding aromatics by oxidation with DDQ; consequently this reaction is an 
eficient procedure for nucleophilic alkylation of aromatic nitro compounds. 

Although the nitronic acid is usually the less stable tautomer, and the majority of cases 
in which it has been isolated belong to the arylalkyl series, the purely aliphatic dinitronic 
acid 465, derived from 1,4-dinitro-2-butene, was isolated as a crystalline compound and 
was characterized by infrared spectroscopy in the solid state. Other spectroscopic studies 
(ultraviolet and NMR) carried out in solution indicated rapid tautomerization to the more 
stable 1,4-dinitr0-2-butene~~~. 

-0 ( 0 -  
N =CHCH =CHCH =N '+ 

OH 
\ 

HO' 

(465) 
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A different type of ring-chain tautomerism, involving equilibrium between a nitro 
compound and a cyclic nitronate ester, has been observed in the cycloaddition product of 
I-phenyl-2-nitropropene and 4-t-butyl-1-aminocyclohexene (466), which was found to 
exist in solution as an equilibrium mixture containing the nitroenamine 467637. NMR 
and infrared spectral data are reported for both tautomers. 

qyMee /N\ 0' \o- ++ /N\ Ph Me 

(466) (467) 

'6.  Structure of Nitronic Acid Derivatives 

' 1 .  Theoretical considerabons 

Quantum-chemical calculations were carried out for the dianions of 1,4-dinitro-2- 
butene and 1,2-dinitroethane using the perturbation theory of molecular orbitals to 
determine charges and orbital coefficients of the potential nucleophilic oxygens and 
carbons, in order to correlate them with their observed reactivities (see 
Section *III.C.4)638. 

Me-S 

S-Me 

(468) 

*2. X-ray studies 

Me -S 
I 

S-Me 

(469) 

Methyl 4-nitro-N-isopropylthiobenzimidate (468) exhibits photochromism in the 
crystalline state. Determination of its crystal structure confirmed the possibility of 
intermolecular prototropism leading to  the tautomeric nitronic acid 469639. 

The crystal structures of t-butyldimethylsilyl esters of aci-a-nitrotoluene (470a) and of 
aci-a-nitrodiphenylmethane (470b) have been determined at low (101 K) t e r n p e r a t ~ r e ~ ~ ' .  
The interesting feature in these structures is the relatively small distance between Si and O2 
( zz 2.8A), which is considerably shorter than the sum of the van der Waals' radii of the two 
atoms (3.62 A). This appears to be in accordance with the phenomenon of bond switching 
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(0'-Si 02=0' Si-O*) which was indicated by the magnetic equivalence of the carbon 
substituents in a series of silyl nitronates examined (see also Section *III.B.4)640. The trans 
structure of the zwitterionic nitronate 471 was in question because of the small olefinic 
H-H coupling constant (10.6 Hz) until it was proved by X-ray ~rys ta l lography~~ ' .  

0- 

I 

R /C=N 

\ +YO2 - MeN HX+N-o H 

Ph 

,o,,SiMe2 Bu-f 

Me 

(470 a) R=H 

(470 b) R-Ph 

I 
Me 

I 
Me 

(471) 

'4 .  Spectra 

The I3C- and 'H-NMR spectra of a series of aliphatic anL alicyclic nitroalkanes and 
their nitronate anions have been determined in methanol and dimethyl ~ u l p h o x i d e ~ ~ * .  The 
conclusions of this study agree with those summarized in Section III.B.4 regarding the 
influence of the nature of the solvent upon the structure of the nitronate and the 
distribution of charge in it, which were based on other spectral data and a preliminary 
account from the same laboratory363. 

A series of silyl nitronates (prepared by reacting primary or  secondary nitroalkanes with 
lithium diisopropylamide, followed by quenching with trialkylsilyl chloride) was 
examined by NMR640. All of the silyl nitronates thus prepared appeared to be single 
compounds. Those derived from primary nitroalkanes show only one triplet for the 
olefinic proton in their 'H-NMR spectra-around 6 ppm. Those derived from secondary 
nitroalkanes show no evidence of nonequivalence of the a-and a'-positions. For example 
the silyl nitronate derived from 2-nitropropane shows a singlet a t  2.0ppm in its 'H-NMR 
spectrum and one at 17.6ppm in its I3C-NMR spectrum, corresponding to both methyl 
groups. Other examples are given in the paper640. These results are in marked contrast to  
those obtained from alkyl nitronates. For example methyl nitronate derived from 1- 
nitropropane shows the N=CH protons as two triplets a t  5.75 and 6.06ppm (see also the 
data in Chapter 1, Section 1V.B). However, magnetic nonequivalence in these compounds 
could be demonstrated at  low temperature, on the nitronate derived from nitrocyclopen- 
tane in Frigen 22 at  - 75 "C with a coalescence at  - 65 "C corresponding to an activation 
energy for a first-order process of 10 k c a l / m 0 1 ~ ~ ~ .  This phenomenon is rationalized in 
terms of a bond-switching process, moving the silicon from one oxygen to the other 
through a transition state in which both oxygens are bound to the silicon (involving the 
formation of a pentacoordinated silicon), thus proceeding with retention at  silicon64". X- 
Ray crystallography lends support to this hypothesis (see previous section). 

'C. Reactions of Nitronic Acid Derivatives 

' 1 .  Oxidation of nitronates 

2-Nitroalkylphosphonates (472) have been converted to p-aldehydophosphonates (473) 
by oxidation of the corresponding nitronate anions (in methanol in the presence of sodium 
methoxide with singlet oxygen643. 
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0 0 0 
II MeO‘ I1 +/o- ’0 I1 

I I 
( M O O ) ~ P C H C H ~  NO2 - (Me0)2PCHCH-N (MIO)~PCHCH===O 

R ‘0- R 
I 

R 
(472) (473) 

Cyclohexadienyl nitronates (of type 474), which are formed by treatment of some 
substituted nitrobenzenes and nitronaphthalenes with Grignard reagents (see also 461), 
are converted by acetate buffer to nitronic acids 375644.64s. These can be oxidized to the 
corresponding substituted nitroaromatics by mild oxidizing agents such as DDQ or 
bromine followed by triethylamine. Similar results have been obtained with nitronates 
derived from the reaction of lithiumalkyls with n i t r ~ a r e n e s ~ ~ ~ .  Subsequently a modific- 
ation has been developed that makes it possible to  oxidize the initial adduct of type 474 
directly, by adding a solution of potassium permanganate to the reaction mixture646. 

-O\N+/oMgR -O\;/OH 

R ACOH . :+ . ;:+ roi *R+ 
\ \ 

M a 0  M e 0  Ma0 M a 0  

(474) (475) 

*2. Reduction of nitronates 

The addition of Grignard reagents to aromatic nitro compounds, which has already 
been mentioned in previous sections, is a versatile reaction that may lead, via nitronates, to 

- O,+,OMgR 

4 3 :+ ‘9 + H20 

X x 
(478) 

X 

(476) 
I 

Me0 

L\N’/O- 0 

MeO: -J 

0- 0- 

H H$ 

MeO+ 

(477) (479) 
SCHEME 107 



3. Nitrones and nitronic acid derivatives: an update 297 

aromatic nitrogen copounds in varying oxidation states. The basic reaction is illustrated in 
Scheme 107. In this scheme it can be seen that acidification of the primary product of 
addition (476) yields nitronic acid 477, which in most instances will lose a molecule of water 
to give the corresponding nitrosoarene 478647. However, in cases in which there is an ortho 
or para methoxy substituent on the aromatic ring, this will stabilize 477 and suppress the 
elimination leading to 478. Nitronic acid 477 will tautomerize to the dihydronitroarene 
479644. It was found that by carrying out the reaction in the presence ofcuprous iodide, the 
corresponding anilines were obtained in reasonable yields648. 

In analogy to equation (79), treatment of nitronates of type 461 with hexamethylph- 
osphorus triamide causes their deoxygenation, and leads to the corresponding (E) -  
dihydronaphthalene- 1 -oximes (480) or, by acid treatment, to (E)-dihydronaphthoquinone 
monoximes (481)649. On the other hand, the action of phosphorous trichloride followed by 
acid on 461 gives the completely reduced, aromatic 2-alkyl- l-amino-4- 
methoxynaphthalene 482649. 

461 

(480) (481) (482) 

Nitronic acids (483), formed by the addition of 8-dicarbonyl compounds to nitro olefins, 
were reduced by sodium sulphide to y-keto oximes, which spontaneously underwent 
cyclization to dihydro-1,2-oxazines (484a) and to 1,2-oxazines (484b)650". Other reducing 
agents (Sn2+, Zn/H+, Fez+) give pyrroles (485)650b. 

The fragmentation reaction of nitronate esters to carbonyl compounds and oximes 
(Chapter 1, equations 174-176 and Scheme 44) has been extended. Ethyl nitroacetate, in 
the presence of diethyl azodicarboxylate and triphenylphosphine oxidizes alcohols to 
aldehydes and ketones in good yields, under neutral conditions and in one step, without 
the need to isolate the intermediate nitronate ester 486 (Scheme 108)65'. 

'3. 1,3-Dipolar cycloaddition reactions of nitronates 

The N-trimethylsilyloxyisoxazolidine products (487) of cycloaddition of silyl nitronates 
to olefins have proved to be versatile synthetic intermediates that can be transformed to 
isoxazolines, isoxazoles, pyridazines, pyridazones, hydroxyfurans, hydroxy- 1,4-diketones 
and c y c l ~ p e n t e n o n e s ~ ~ ~ ~ ~ ~ ~ .  It has been found that it is advantageous to carry out the 
sequence of silylation, cycloaddition and silanol elimination to isoxazoline 488 as a one- 
pot reaction6". Reduction of 488 with Ti2+ gave hydroxyketone 489, or 2-hydroxy-1,4- 
diketone when R' = MeC=O. Treatment of hydroxyketones of type 489 (or even 488) 
with hydrazine gave 3,6-disubstituted pyridazine 490. In the case of R' = MeOC=O, 488 
gave 6-substituted 3-pyridazones 491652. 
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(483) 

H 

(485) 

0- 
R02CN NCOzR I 

RCH,OH + O,NCH,COOEt + RCH,ON+=CHCOOEt 

(486) 1 Ph,P 

RCH=O 

SCHEME 108 
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1. T i z +  

2.  H2NNH2 
489 - 

R’ = a I k y I 
R’ 
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H 
(491) 

Further work on hydroxydiketones 489 (R’ = MeC=O) revealed that these can be 
converted with acid or acetic anhydride to a,p-unsaturated ketones 492 or, where 
R’ = Me0,C--, to 8-acylated acrylates. In one case, however, the furan derivative 493 
was formed652. 

(493) (489) (492) 

An additional synthetic option was discovered upon treatment of hydroxydiketones 489 
with base. This reaction gave hydroxycyclopentenones 494, which can serve as valuable 
synthetic intermediates to natural products in the terpene field and in addition provide a 
new approach to  prostaglandin^^^^. 

&: - OH- AR1 
HO R2 

HO 

(489) (4 9 4) 

Another interesting transformation is shown by the adducts of acrylonitrile with silyl 
nitronates 495. These compounds rearrange, when treated by fluoride, to 5-silyloxy 
derivatives 496, presumably by the mechanism indicated in Scheme 109. Subsequent 
treatment of 4% by p-toluenesulphonic acid gave isoxazoles 497652. 

The 1,3-dipolar cycloaddition product of the unstable cyclic nitronate ester 498 and an 
acetylene dipolarophile has the same type of structure (499) as the adducts obtained from 
four-membered cyclic nitrones (459)482. The formation of products 499 from nitronates 
498 was rationalized by assuming the initial formation of adducts 500, followed by their 
rearrangement as shown in Scheme 1 
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‘4. Reactions of nitronates with electrophiles 

In contrast to the nitronates derived from simple nitro compounds, which follow the 
rules of hard and soft acids and bases (HSAB) in their reactions with electrophiles (reacting 
with hard electrophiles such as protons, Meerwein’s salts etc., on the oxygen and with soft 
electrophiles such as bromine or diazonium salts on the carbon), dinitro dianions derived 
from dinitroalkenes and dinitrodienes behave somewhat differently. The products from 
oxygen attack (by Meerwein’s reagent) in this series are considerably more stable than 
those obtained from simple nitronates and the resulting aryl nitronates can be isolated654. 
It has also been found that in this series even the relatively soft arenediazonium cations 
react at the oxygen, with the formation of 0-aryl nitronates (through the loss of nitrogen). 
Frontier orbital calculations have been carried out to correlate the reactivities of the two 
potential nucleophilic sites (C vs. 0) of these bidentate n u ~ l e o p h i l e s ~ ~ ~ .  

*a. Nitronates as oxygen nucleophiles. Full experimental details have appeared of an 
improved procedure for the silylation of nitronate anions using trialkylsilyl halides 
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(equation 86)640*652. However, when the silylation is carried out with an excess of 
trimethylsilyl trifluoromethanesulphonate (TMSTf) the initially formed trimethylsilyl 
nitronate is further silylated on the second oxygen to give N , N -  
bis(trimethylsilyloxy)aminoalkenes (501)655. 

R2 R2 0- I TMSTf I 4 TMSTf  . 
R ' C H ~ C = N  

\OTMSE taN 
Et,N 

R1 CH2 CHNO2 

Enamines 501 undergo thermal or acid-catalysed 
(trimethylsi1yloxy)oxime 0-trimethylsilyl ethers (502)655. 

R2 R2 

R2 

R' CH = CN (OTM s12 I 

(501) 

rearrangement to 2- 

I haat  or acid I 
R'CH=CN(OSiMe3)2 - R'CHC=NOSiMe3 

I 
i)SiMe3 

(501) (502)  

Enamines 501 can also add amines to their double bond to form, with the loss of one 
molecule of trimethylsilanol, a-aminooxime 0-trimethylsilyl ethers (503) as products. 
Compounds 503 can be easily hydrolysed to a - a m i n o o ~ i m e s ~ ~ ~ .  

R2 

I 
RLNCHC-NOSiMe, 

I 
R3 

(501) (503 )  

In analogy to nitrones, the influence of acetic anhydride and of acetyl chloride on 
lithium nitronate derived from 2-phenylnitroethane was also examined656. It appears that 
in the first step, the reaction leads to mixed nitronic-acetic anhydride 504, which loses 
acetic acid to a nitrile oxide (505), which in turn can dimerize to  a furoxan (506). Other 
products that have been observed in the reaction mixture are 0-acetylbenzhydroxamic 
acid (PhCH,CONHOCOMe) and the chlorooxime acetate PhCH,C(CI) = 
NOCOMe656. 

*b. Nitronates as carbon nucleophiles. The full paper reporting the fluoride-catalysed 
addition of silyl nitronates to aldehydes (equation 96)405 has appeared657. The resulting 
vicinal silyloxynitroalkanes can be smoothly reduced to amino alcohols, thus constituting 
an efficient synthetic route to a wide range of substituted amino alcohols657. Further work 
revealed that by carefully following a list of precautions during the experimental work, the 
2-(t-butyldimethylsilyloxy)nitroalkanes may be obtained in high degree of diastereoselect- 
ivity ( > 95% e r y t h r ~ ) ~ ~ ~ .  In addition to this, conditions were defined to direct the Henry 
reaction to proceed diastereoselectively to give either threo- or erythro enriched 
nitroaldols. It was found that the dilithio adducts 507 obtained from the addition of 
doubly deprotonated nitroalkanes undergo stereoselective protonation in the presence of 
HMPA or D M P U  (1,3-dimethyl-2-oxohexahydropyrimidine) to  give, predominantly, the 
threo- nitroaldol 508658. 
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Ac,O LOcoMe + 
PhCH2CH-N h PhCH2CH-N - PhCHZC-N-0- 

‘OLi \0- 
(504) (505 )  

(507)  

Y +  

HMPA 

/CHZPh 
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II II 
\o/ \o- 

PhCH2 

N N+ 

(508)  

O n  the other hand, when a diastereomeric mixture of 0-t-butyldimethylsilyl-protected 
2-nitro alcohols (509) is treated with lithium diisopropylamide at  dry-ice temperature, a 
solution of nitronate 510 is formed. This nitronate can be protonated with high 
diastereoselectivity to give a considerably ( > 90% d.e.) erythro enriched product (51 l)658. 

RkSi  R i S i  R i S i  
\ \ \ 
0 

R2 / y ~ 3  -76’ L D A  C . R2 ) y ~ 3  -90‘ ACOH C . R2 L R 3  - - - 
- 

NO2 NO2 Li NO2 

(509) (510) (611) 

Some of the C-alkylation reactions of nitronates proceed by a single-electron-transfer 
(SNRl) mechanism involving radical anions and free radicals659. The influence of 
branching at the proximity of the reacting sites on the rate and regiochemistry of S,,1 
reaction of aci-nitronates with a series of p-nitrobenzylic substrates has been studied, and a 
set of rules that makes it possible to predict the outcome of the reaction has been 
formulated660. In addition to  the usual products of C-alkylation, other products such as p- 
nitrobenzyl alkyl ketones, oximes and p-nitrophenol may also be formed in these 
reactions660. The following two examples of synthetically useful reactions belong, 
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mechanistically, to this class. Nitronates of type 513, which are generated in the base- 
catalysed retro-Henry reaction of 5-hydroxymethyl-5-nitro-1,3-oxazines (512), are alky- 
lated on the carbon to form 5-substituted 1,3-oxazines (514)66'. 

R- &NO2 - - C H z O  b a s *  R'-N fQ+-o--R1-N R'X c>R;2 
C H 2 q  0- I 

H 

(512) (513) (514) 

Reactions of this kind do not necessarily give nitro compounds as final products. Such a 
case is the synthesis of 2-vinylimidazole derivatives (517) in the reaction of 2-chloromethyl- 
5-nitroimidazoles (515) with nitronates derived from s-nitroalkanes (e.g. 2-nitro- 
propane)662. The addition products (516) formed in the first step of this process suffer 
elimination of nitrous acid, to afford the final products (517) having unsaturated side- 
chains662. 

O ~ N X - C H Z C I  w O2N ~ ' C H 2 C R 2 N 0 2  , 
Me 

(515) (516) 

I 
Me 

'5. Reactions of nitronates with nucleophiles 

Nitronic acids 483, obtained from the addition of active methylene compounds to  nitro 
olefins (Section *III.C.2), react with a second molecule of active methylene compound to 
yield 4,5-dihydro-5-methyleneaminofuran-3-carboxylates (519) presumably via the dihy- 
droxyamino intermediate 518, which is formed by intramolecular nucleophilic cyclization 
of the 4-enolnitronic acid 483663. 
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aci-Nitro esters obtained from the treatment of alcohols with 2,6-di-t-butyl-4- 
nitrophenol in the presence of diethyl azodicarboxylate and triphenylphosphine 
(Scheme 44) react with stabilized Wittig reagents to yield, directly, ole fin^"^^. In this 
reaction the nitronate esters serve as marked aldehydes. This reaction was applied to the 
conversion of simple primary alcohols, via mi-nitronates, to olefins in good yields. In the 
nucleoside series this method makes it possible to extend the sugar moiety by two carbon 
atoms at the 5'-position, without the need to protect the other hydroxyl groups (see 
(Scheme 11 l)664. 

HO OH 

P h,P=CHE 
b 

'6. Reactions of nitronates with free radicals 

mi-Nitroalkane anions are known to be good radical traps and have been used as 
Recently a kinetic study has been carried out to measure the rate constants for the 

methyl radical's addition to nitronate anions. Significant differences were observed in the 
bimolecular rate constants between the various nitronates. There was a decrease in two 
orders of magnitude going from the nitronate of nitromethane to that of 2-nitropropane. 
This is in accordance with the nucleophilic character of the methyl radical. The methyl 
radical reacts on the carbon atom of the nitronate with the formation of radical anions of 
type R*R2MeCN0, - these were characterized by absorption in the ultraviolet at 
210 nm666. 

*7. Photochemistry of nitronic acids 

Irradiation of certain cr,P-unsaturated nitro compounds, such as 6-nitrocholest-Sene- 
3j-yl acetate (520) was observed to give, among others, the corresponding a,P-unsaturated 
ketones: 6-oxocholest-4-ene-3j-yl acetate (521)667. * Aco& + other products 

AcO 

NO2 0 

(520)  (521) 
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The formation of the ketone (of type 525) was rationalized in terms of a y-hydrogen 
abstraction leading, via a dipolar diradical intermediate (522), to an unsaturated nitronic 
acid (523). This undergoes a photochemical cyclization to hydroxyoxaziridine (524) (in 
analogy to the behaviour of nitrones), which in turn decomposes to the corresponding 
ketone. Support for this assumption can be derived from the results obtained by 
examination of the behaviour of the stable, saturated nitronic acids 4-t-butyl-aci- 
nitrocyclohexane and 9 - a ~ i - n i t r o f l u o r e n e ~ ~ ’ ~ ~ ~ ~ .  

HO HO 

(522) (523) 

I 

‘8. Miscellaneous 

a. Rearrangement ofa nitronic ester. Cyclic nitronates of type 526 (derived from the 
cycloaddition of nitroalkenes to enaminones) undergo thermal rearrangement to hexahy- 
dropentalenone derivatives (529). The mechanism suggested for this transformation 
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Ph 
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involves opening of the nitronate ring, its reclosure by the nucleophilic attack of the a- 
carbon of the nitronate anion on the carbonyl in 527 and finally a ring contraction of the 
bridged intermediate (528) leading to the final product (529)669. 

a. Autocondensat ion of nitronic acids. When secondary polynitro compounds were 
treated with concentrated sulphuric or trifluoroacetic acid they were found to  undergo 
dimerization: e.g. 2,2,6,6-tetranitroheptane-3-nitronic acid (530) was converted to 0-a- 
nitroalkyloxime (531)670. 

HO 6- O;!N NO2N0, O,N NO, 
\ /  I I /  ' 4  CH3CCHZ CCH2 CCH3 
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I 1 

0 
YO2 ! YO2 H+ 

2CH3CCH,CCH;!CCH3 - 
1"1 NO2 

I 
NO;! 

CH3CCH2 CCH2CCH3 

OaN NO2 OpN NO;! 
/ \  A 

(531) (530)  
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1. GENERAL AND THEORETICAL ASPECTS 

A. Stabilization of the Nitroxide Group 
Nitroxides14 are N,N-disubstituted NO radicals, the unpaired electron being 

delocalized between the nitrogen and oxygen atoms, as is indicated by the 
mesomeric formulae A and B. Following IUPAC rules these radicals should be 
named aminyl oxides, but aminoxyl would be more appropriate. In the Soviet 
literature the name nitroxyl or even iminoxyl is frequently used. Nevertheless, we 
prefer the term nitroxide in view of the vast amount of literature using that name. 

x 
‘N’ 

& 
X 

(A) (8) (C) 

The rssonance hybrid formulation A c* B and the Linnett formulationS C indicate 
the unique stabilization of these radicals in which three n-electrons are distributed 
over two atomic centres. A simple MO picture shows the remarkable gain in energy 
resulting from delocalization of the three n-electrons within the two molecular 
n-orbitals, obtained by a linear combination of the two atomic p,-orbitals (Figure 
1). Since the nitrogen atom of the skeleton has formally two positive charges, one 
has to  assume that its atomic p,-orbital lies below the atomic p,-orbital of the 
singly charged oxygen atom. Two of the n-electrons occupy the low-lying bonding 
n-orbital, the third one is in the antibonding n*-orbital, thus yielding a net 
n-bonding of one electron. That the NO bond of the nitroxide group is in fact a 
one-and-a-half bond (one o-bond and a half n-bond) is indicated by the bond 
energy of approximately 100 kcal/mo16. This is compared to  53 kcal/mol for the 
N-0 single bond and 145 kcal/mol for the N=O double bond6. Further evidence 
of the bond order is found in the position of the IR frequencies for the N O  valence 
vibration. For 2,2,6,6-tetramethylpiperidine-N-oxyl and 4-oxo-2,2,6,6-tetra- 
methylpiperidine-N-oxyl, the delocalization energy is of the order of 30 kcal/mo16, 
as shown by thermochemical studies. Thus, dimerization through formation of an 
0-0 bond cannot occur (equation l), because the gain of about 35 kcal/mol for 
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FIGURE 1. Molecular orbitals of nitroxides using linear combination of atomic orbitals. 

the new bond cannot compensate for the loss of delocalization energy for the two 
nitroxide molecules. The gain in energy from delocalization compared to a hypo- 
thetical radical without delocalization, such as represented by formula A, is defined 

according to  Ingold's proposal' as stabilization of the nitroxide group. This means 
that every nitroxide radical is considerably stabilized. On the other hand. the 
persistence of nitroxides may be very different. There are, for example, nitroxides 
which have life-times of several years in the solid state. O n  the other hand, in solution 
some nitroxides exist for only a split second and therefore can be detected only under 
special conditions. 

B. Types of Nitroxide Radicals 
The variety of substituent groups which can be used in nitroxides is great6. 

Besides the parent compound, R1 = R2 = H, nitroxides with primary, secondary 
and tertiary alkyl groups, aryl, alkoxy and amino groups, and with substituents 
derived from other elements of the higher periods are known. Recently, nitroxides 
substituted by transition metal complexes have been described 

R', ,R2 
N 

I .  
0 

R' and/or R 2  = H. Me,  n - .  s- and 1-alkvl. awl. 
(M = transition metal, L = ligand) 

OR, SA. NR2, PR2, SiR3. ML, 

Whereas the delocalization of the unpaired electron in nitroxides with alkyl groups 
is restricted to  the nitroxide group, in aryl nitroxides and nitroxides with conjugated 
double bonds or  substituents with a free electron pair further delocalization can 
occur. These nitroxides can be characterized as  nitroxides with extended 
delocalization. Nitroxides with acyl, imino, nitrone and vinyl groups, belong to  this 
class of radicals: 

R2 
I + 

I 
A '-N-c=x x = =O. =NR. =N-R. =N-OH, =CR2 

6 0- 
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One such nitroxide with extended delocalization, the porphyrexide 11, is the first 
known isolable organic radical9. Radicals 1-12 are some representative nitroxides. 
Finally, many diradicals and polyradicals with nitioxide groups are known. In these 
radicals two or more nitroxide moieties are connected by various bridges’O. as 
shown for instance in structure 13. 

r-Bu-N-6u-r CF3-N-CF3 t-Bu-N-Ph Ph-N-Ph Ph-N-H 
I. I .  

(1 1 (2) (3) (4) (5) 

k 0 0 
I- I .  
0 0 

Ph -N-COMe r-BU-y-0Bu-r Me3Si-Y-SiMe3 
I *  
0 

Me Me A M e  1. Me 

0 

6 
(7) 

C. Related Radicals 

1. Thionitroxides 
Substitution of the oxygen in nitroxides by sulphur leads to thionitroxides. Since 

the electronegativity of sulphur is less than that of oxygen and the bond distance 
between nitrogen and sulphur is larger, the thionitroxides are less stabilized than 
nitroxides. Furthermore, dimerization is favoured in the case of thionitroxides due 
to the higher bond energy for formation of a S-S bond (equation 2). Therefore 
thionitroxides can be detected in only a few cases under favourable 
circumstances”-13. 

2. lminoxyls 
The oxidation products of oximes, the iminoxyls, are fundamentally different 

from nitroxides. Whereas nitroxides are r-radicals. in which the unpaired electron 
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(8) (b) 
FIGURE 2. Electronic configuration of (a) nitroxides and (b) iminoxyls. 

occupies the n*-orbital in the z-plane, in iminoxyls the unpaired electron occupies 
a molecular orbital which results from a linear combination of the nitrogen 
sp*-orbital and the oxygen p,-orbital and is therefore orthogonal to  the z-plane. 
Since this orbital has some s-character, iminoxyls are called o-radicals. Obviously, 
an electron configuration joining four electrons in the three-centre molecular 
orbital system of the z-plane and three electrons in the two-centre molecular orbital 
system of the y-plane is more favourable than the alternative possibility with only 
three electrons in the three-centre molecular orbital system of the z-plane but four 
electrons in the two-centre molecular orbital system of the y-plane (see Figure 2). 

II. FORMATION OF NITROXIDES 
Because of their high stabilization nitroxides are easily formed. This is true for 
nitroxides which are persistent enough t o  be isolated as well as for those which are 
only intermediates in a reaction sequence. The most important methods of 
nitroxide formation are shown in Scheme 1: 

(1) The oxidation of hydroxylamines o r  the corresponding anions, including 
cases where the hydroxylamino group is only an intermediate. 

+A (4) 1 
R’-A=X 

I 
lQl 

(X = CHR3 or 0) 

SCHEME 1 
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(2) Addition of an oxygen atom to an aminyl radical. 
(3) Addition of a radical R’ to a nitroso group. 
(4) Addition of a radical R’ to nitrones (X = CHR3) or nitro compounds 

( 5 )  Oxidation of nitrones with heteroatoms Y in the 0-position (especially 
(X = 0). 

Y = N), yielding conjugated nitroxides. 
Routes (3) and (4) are known as spin trapping. 

A. Oxidation of the Hydroxyiamino Group 
In hydroxylamines such as . N-hydroxy-2,2,6,6-tetramethylpiperidine and 

N-hydroxy-4-0~0-2,2,6,6-tetramethyIpiperidine, the bond energies for the OH bond 
are relatively low, 69.6 and 71.8 kcal/mol, respectively, compared to 
80-85 kcal/mol for the corresponding oximes14. Thus, oxidation of hydroxylamines 
occurs readily. This method of preparation is very important because 
hydroxylamines synthesized from amines or nitroso compounds, respectively, can be 
oxidized directly without isolation of the intermediate. 

1 .  Formation from hydroxylamines 
Oxidation of hydroxylamines occurs with a variety of Potassium 

hexacyanoferrate (nr ) ,  silver oxide, lead dioxide, lead tetraacetate, nickel peroxide 
and mercury oxide are frequently used. In some cases oxidation can occur using 
oxygen itself either with or without a catalyst. Organic compounds such as nitroso 
compounds can also oxidize hydroxylamines”. In this connection, the formation of 
monoarylI8- or monoalkyl nitroxideslg from hydroxylamines and nitroso compounds 
should also be mentioned (equation 3). 

R’-N=O + R~-N--H (3) 
I 
OH 

2. Formation from amines 
Oxidation of secondary amines is one of the most important methods of 

preparing disubstituted nitroxides. Hydrogen peroxide in the presence of tungstate, 
molybdate or vanadate, alkaline hydrogen peroxide, perbenzoic acid and substituted 
perbenzoic acids, hydroperoxides and lead dioxide are among the many oxidizing 
agents used20. The course of this reaction is not well known. In principle, oxidation of 
amines can occur through aminyl radicals as the direct precursors of the nitroxides, but 
in most cases it is assumed that hydroxylamines are the direct precursors of the 
nitroxides*’. 

3. Formation from nitroso compounds 
Addition of nucleophiles to nitroso compounds leads to hydroxylamines or the 

corresponding anions, which can be easily oxidized to nitroxides (equation 4)22. 
Frequently, the oxidation is performed by the nitroso compound itself which is 
partly reduced to azoxybenzene. In particular, Grignard compounds and 
organolithium compounds react according to equation (4)23. Sulphinic acidsz4 and 
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(4) 

the hydrogen sulphite ionL',L6 also yield adducts with nitroso compounds, which are 
oxidized directly to  the nitroxides 14 and 15, respectively. Alkenes bearing at least 
one hydrogen atom at the allylic position may easily add to  aromatic nitroso 
compounds forming nitroxides by the subsequent oxidation reaction (5)27. For 
instance, 2,3-dimethyl-2-butene yields 16 in this Radicals 17 and 18 are 
formed from i m i n e ~ ~ ~  and ketones30, respectively, which react in their tautomeric 
enamine and enolic forms in an analogous manner. Finally, 
4-morpholino-1-cyclohexene and aromatic nitroso compounds yield nitroxides 193'. 

- e -  
R'-N=O + IR- - R'-N-R - R'--N-R 

(R~-N=O)  I. 
0 

1 
0- 

X = CRz, NR or 0 

4. Formation from nitrones 
In the same way, adducts from nucleophiles and nitrones may be converted to  

nitroxides (equation 6). Thus, Grignard compounds o r  organilithium compounds 
attack nitrones, the adducts 20 being subsequently oxidized t o  nitroxides 213* 
(equation 7). The addition of amines to  nitrones usually occurs to  only a small 
extent giving an equilibrium mixture. Nevertheless, the adduct can be oxidized to  
nitroxides (equation 6, X = R2N)33.34. The oxidation of nitrones 22, yielding 
nitroxides 23 with extended d e l o ~ a l i z a t i o n ~ ~ ~ ~ ~  (see route 5 in Scheme 1). can 
formally be considered as a reaction of the tautomeric hydroxylamine (equation 8). 

HX + >c=&- X-C-N- - X-C-N- (6) 
I -H '  I 

I I. 
0 

1 I I  
0- OH 
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X = RN=or RCH= 

5. Formation from 0-substituted hydroxylamines 

0 ,N-Disubstituted hydroxylamines can, in special cases, be converted to  nitroxides. 
Thus, deprotonation of 24 gives the anion 25 which exists in equilibrium with the 
rearranged anion 26 (equation 9). Oxidation of the latter, either by oxygen or 
electrochemically, gives the nitroxide 27". 

-n+ 
RMe2SiNH-OSiMe2R - RMe$3i&--O-SiMe2R (RMefii)2N--ql- -c 

(24) 

B. Nitroxider from Aminyl Radicals 
Contrary to nitroxides, aminyl radicals which are substituted by two alkyl groups 

are not stabilized, and even when substituted by two aryl groups only to  a small 
degree. Consequently, aminyl radicals are very reactive, forming in most cases 
nitroxides on reacting with oxygen (equation 10). Unambiguous evidence for the 
direct reaction of aminyl radicals and oxygen was obtained from the reaction of 

\ /  N 
1 

hv -CI' I NO 

\ / 
N-N=N-N 
/ \ 

hv Or - - y 2  A 

U 
, R O - x  , , 

nv N 
I LN/ 1 '  loz H 

SCHEME 2 
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2,2,6,6-tetramethylpiperidyl radical and oxygen-17 at low temperatures3u. The 
reaction rate is so fast that it cannot be measured. An adduct of the aminyl radical 
and an oxygen molecule is assumed to be an intermediate in the formation of the 
nitroxide. This method is extremely important in ESR spectroscopic investigations. 
It is especially suitable for the "0-labelling of nitroxides. The precursors of the 
nitroxides, the aminyl radicals, can be easily generated in the cavity of an ESR 
spectrometer by either photolysis or thermolysis of tetrazenes or hydrazines. by 
photolysis of N-chloroamines or N-nitrosoamines and by hydrogen abstraction from 
secondary a m i n e ~ ~ ~  (see Scheme 2). 

C. Spin Trapping 

1. General remarks 

The reaction of a short-lived radical with a nitroso compound, a nitrone or any 
other suitable compound, affording a new, persistent radical is called spin trapping 
because, in using this process the radical character, the spin, is retained40*41. This 
method has wide applications for two reasons. Firstly, it can be used to obtain 
nitroxides which are difficult to generate using other methods. Secondly, it can be 
used to study indirectly the mechanism of certain reactions, since it allows the 
detection of transient radicals. In the latter case, one must consider the possibility 
that the formation of a 'spin adduct' can also arise by the addition of a nonradical 
nucleophile to the spin trap, followed by oxidation of the adduct4*. Furthermore, 
the high sensibility of the ESR method can easily lead to misinterpretations insofar 
as radicals arising from side-reactions are also trapped. 

The exceptionally high reactivity of nitroso compounds in radical addition 
reactions was discovered many years ago. Szwarc found that nitrosobenzene reacts 
with methyl radicals about lo5 times faster than benzene does43. This high 
reactivity can be understood if one assumes that the transition state itself is already 
stabilized by partial delocalization owing to the developing nitroxide moiety. 
Theoretical considerations suggest that the reaction begins with the transfer of 
electron density from the radical to the unoccupied antibonding n*-orbital of the 
nitroso group. Consequently, the NO bond is stretched, reducing the bond energy 
and facilitating twisting of the NO group. During the progress of the reaction, one 
electron of the original NO double bond is used in the formation of the new bond 
with the attacking radical, the other one being localized at the oxygen. This 
decoupling of the electron pair is facilitated by the increasing twist of the stretched 
NO bond leading to an increase in overlap between the p,-orbital of the oxygen 
with its single electron, and the original sp2-orbital of the nitrogen with its electron 
pair. The latter gets more and more p-character which results in the final formation 
of the two molecular n-orbitals of the nitroxide group by linear combination with 
the single occupied orbital of oxygen: 
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Similar arguments can be used to  explain the high reactivity of nitrones in radical 
trapping reactions. In this case, the decoupling of the C=N double bond with the 
beginning of C-R bond formation is facilitated by the increasing gain in 
delocalization energy connected with the formation of the nitroxide moiety. 
Furthermore, it seems reasonable that the addition of radicals is rendered more 
difficult if the nitrone is stabilized by conjugation with other groups, such as  the 
phenyl group. 

On the other hand, decoupling of an electron pair of the considerably stabilized 
nitro group is much more difficult. Thus, nitro compounds d o  not trap alkyl 
radicals, except when the nucleophilic character of the radical is enhanced by 
electron-donating groups44. 

2. The properties of spin traps 
Formulae 28-43 show a selection of spin traps. The use of nitroso compounds 

has the advantage over nitrones that the radical being trapped is directly attached 
0 Me 
II I 

Me-C -C-NO 

Me I (CF3)&-NO 

1-Bu 

@NO 

1-Bu 

Bu-1 

t-Bu*NO 

Bu-t 

Me CI 

\ 

CI 
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to  the nitroxide group and thus makes a contribution t o  the splitting of the 
ESR spectrum, enabling, in most cases, unambiguous identification of the onginal 
radical. On the contrary, the ESR spectra of spin adducts with nitrones give less 
information. However, the ESR spectra arising from partial decomposition of the 
nitroso compounds are often superimposed on the spectra of spin adducts derived 
from nitroso compounds. Aliphatic (e.g. 2-methyl-2-nitrosopropane) as well as 
aromatic (e.g. nitrosobenzene) nitroso compounds may be cleaved to  some extent 
thermally, even at  room temperature, or photochemically, to  nitrogen oxide and the 
corresponding alkyl or aryl radical which is trapped by intact nitroso compound, 
giving dialkyl or diary1 nitroxides, r e ~ p e c t i v e l y ~ ~ .  This is not true for spin traps 
34-37 which are finding increasing use. Nitrosodurene (35) easily gives spin 
ad duct^^^, though even in solution an equilibrium between dimeric and monomeric 
forms 

A s  was shown recently, 2,6-dichloronitrosobenzene (37) and similar compounds 
(2,6-dibromonitrosobenzene, 2,4,6-tribromonitrosobenzene) react with compounds 
like o-xylene at  slightly elevated temperature by abstraction of hydrogen and 
trapping of the benzylis radical, thus acting as a spin trap as well as a 
radical-generating reagent49. 

For nitrone spin traps the possibility for variations at the side-groups is greater. 
The compounds 4143, which have been synthesized only r e ~ e n t l y ~ ~ . ~ l .  are of 
special interest. The water-soluble compound 4250 is the first anionic spin trap. In 
nitrones 41 and 43 long-chain alkyl groups may also be introduced". These spin 
traps are  of particular interest for application in complex biphasic systems; as such 
they may be of value for the study of reactions in biological systems. The lifetime 
of the cationic spin adducts derived from 41 is longer than those of corresponding 
neutral spin adducts, since disproportionation to the corresponding nitrone and 
hydroxylamine is retarded by the positive charge5'. 

3. Examples of spin trap reactions 
In addition to  the many different types of carbon-, nitrogen, oxygen-, sulphur- 

and phosphorus-centred radicals5*, a n  increasing number of transition metal 
complexes has recently been trapped by nitroso compoundss3. A great number of 
radicals has also been trapped by nitrones. 

Free-radical formation by the photolysis of aliphatic nitroso compounds in 
solution has been unambiguously confirmed by de  Boers4. From compound 44 he 
has obtained nitroxide 47 which can arise only via the intermediate free radical 45 
and its rearrangement product 46. An example of intramolecular spin trapping is 
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the photochemical conversion of 48 to the nitroxide 49ss. On the other hand, the 
acylnitroxides 52 may be obtained by a twofold spin trapping process between the 
intermediate diradicals 51, generated by photolysis of cyclic ketones 50, and nitrogen 
oxides6. 

$f- N' '0 &o -& & (12) 

0 I 
0 

(40) (49) 

(50) L (51) J (52) 

n = l o r 2  

After many unsuccessful attempts, peroxy radicals have been recently trapped by 
r-butyl phenyl nitrone (39) at low temperature, the adduct being converted to the 
corresponding alkoxy adduct at 0°Cs7. Using 2-methyl-2-nitrosopropane, adducts of 
peroxy radicals have also been detecteds7. 

The following example shows that spin trapping can also be used in the 
investigation of biological processes. Radicals formed by y-irradition of aqueous 
solutions of dipeptides or of bases such as uracil or thymine, may be trapped using 
2-methyl-2-nitrosopropane (equation 14)s8. 

0 0 

4. Selectivity in spin trap reactions 
Some spin traps show a certain selectivity in their reaction with the attacking 

radicals. For instance, 2,4,6-,tri-t-butyInitrosobenzene (34) yields the usual 
N-adducts 53 with primary alkyl radicals, whereas with tertiary alkyl radicals, only 
0-adducts 54 are formed. Secondary alkyl radicals give both ad duct^^^. 
Nitrosoethylene (55) adds alkyl radicals that are formed from alkyl bromides and 
tri-r-butylstannyl hydride with the formation of nitroxides M60. On the other hand, 
r-butyl radicals generated by the irradiation of 2,2-azoisobutane surprisingly yield 
spin adduct S761. 

Nitrone SS allows for the differentiation between carbon- and oxygen-centred 
radicals6*. Alkyl and aryl radicals add to the nitrone group, whereas oxygen-centred 
radicals abstract hydrogen from the hydroxy group thus affording a radical 59 that 
may be considered as both phenoxyl and nitroxide. 
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,Bu-1 

f - B u e N O  + R'  

With the aid of selective spin traps 30 and 2.8, the rearrangement of radical 60 
has been demonstrated. Compound 30 having strong acceptor properties traps 
radical 60 in a fast reaction before rearranging, yielding adduct 62. On the other 
hand, with compound 28 having weaker acceptor properties, rearrangement of the 
radical is faster and only the spin adduct 63 of the rearranged radical 61 is 
detected63. 
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XCH2CHCC13 + MeCO-CMe2-NO - XCH2$H-N-CMe2-COMe (18) 

P 
XCH2CHCC12 + r-Bu-NO - XCH2CHCC12-N-Bu-1 (19) 

I 
CI 

I 
CI (2%) 

(61 1 (63) 

The example in equation (20) shows how the donor properties of the attacking 
radical influence the course of the reaction, indicating that a transfer of electron 
density is occurring from the radical to the spin trap before the new bond is 
formed. Aryl radicals substituted by an electron-donating group are sufficiently 
nucleophilic to attack nitrosodurene directly in benzene solution yielding radicals 
64. On the other hand, aryl radicals substituted by electron-accepting groups react 
primarily with the solvent benzene to form cyclohexadienyl radicals 65 which are 
then trapped by nitrosodurene, affording radicals 66. These may be further oxidized 
to yield 6764. Similar trends are observed using nitrones as the spin trap, but the 
effects are 

ArNO CgHg I 2I.l (20) I 

A r =  3e 
Me Me 

64: R = 4-Me. 2-Me. 4-OMe. 2, 4. 6-Me3 
66/67: R = 4-CI. 4-Br. 4-NO2. 2, 4, 6-Cl3, 2, 4. 6-Br3 

(67) 

5. Kinetic studies of spin trapping 
Ingold has determined the reaction rates for spin trapping for several spin traps. 

For this purpose, the competition between ring-closure of the 13C-labelled 
5-hexenyl radical %lr'- or the 6-hepten-2-yl radical 9p'48 and the trap reaction was 
utilized. 
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From the rate of cyclization s’ -+ % * or 9’ -+ 9’. and the proportion of spin 
adducts, s--T/ %-T or 9-T/ 8-T, absolute rate constants were calculated. The 

TABLE 1. Relative rate constants for the spin trapping of alkyl radicals in benzene at 
40°C48 

Spin trap Primary (2.) Secondary ( y’) 

2-Methyl-2-nitrosopropane (28) 1 O P  68 
Nitrosodurene (35) 450 450 

5.5-Dirnethylpyrroline-1-oxide (40) 29 4.7 
N-Methylene-r-butylarnine-N-oxide (38) 34 14.5 

Tri-r-butylnitrosobenzene (34) 5.2 0.2 

N-Benzylidene-1-butylamine-N-oxide (39) 1.4 0.75 

“Assumed for standard. 

relative rate constants48 are given in Table 1. 
The relative values show that nitroso compounds, with the exception of the 

sterically hindered 34, are superior to nitrones in reactions with alkyl radicals. 
Similar results have been obtained by Yoshida4’. He has estimated the relative 
rates of spin trapping from competition experiments with 2-methyl-2- 
nitrosopropane and a second spin trap using t-butyl radicals. 

The activation energy for the addition of primary alkyl radicals to nitroso 
compounds is in the range of 1-2 kcal/mol; for addition to nitrones it is somewhat 
higheP. With the exception of nitrosodurene, the rate of the trap reaction is in the 
order primary > secondary > tertiary alkyl radicals48. Aliphatic nitrones (e.g. 38 
and 40) react faster than aromatic nitrones (e.g. 39). The reason is that addition to 
aromatic nitrones like 39 is not only sterically more hindered, but also disfavoured 
because conjugation between the aromatic ring and the nitrone group must be 
disrupted. Finally, it should be mentioned that in reactions with the electrophilic 
1-butoxy radical, nitrones are the better spin traps compared to nitroso compounds”. 

6. Spin trapping with nitro compounds 
The low reactivity of nitro compounds in spin trap reactions requires a high 

degree of electron transfer in the transition state. Thus, only carbon-centred 
radicals substituted by electron-donating groups are sufficiently nucleophilic to be 
trapped by nitro compounds68. Frequently the reactions are performed 
photochemically. The primarily formed spin adduct 68 can be easily split to afford a 
nitroso compound and an alkoxy radical. The nitroso compound can then add to 
the original carbon-centred radical (equation 21a), or to the alkyl radicals being 
formed by cleavage of the alkoxy radical (equation 21b). 
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R’ R’  R’ 
I I I 

I 
R-N02 + .C-OR3 - P-N-O-C-OR3 - R-N=O + -O-C-OR3 

A2 b‘ A 2  R2 

(68) (21) 

R‘ 
I 

1. 1 
R2-C02R3 + R ’  R-N-C-OR3 (21a) 

n’R2CoY O R2 
R-N=O 

- R’  / 
A 2  \ 

. - 0 -4 -OR3 g 
R’-C02R3 + R2 R-N--R’ or R-N-R~ 

I .  
0 

(21 b) 

Contrary to carbon-centred radicals, the highly nucleophilic silyl-, germanyl- and 
stannyl-centred radicals are easily trapped by nitro  compound^^^^^^ (equation 22), 
the reaction being further favoured by the gain of bond energy in the formation of 
the metal-oxygen bond. 

R-NO2 + . M R i  - R-N-OMR~ (22) 
& 

M=Si,  Ge. Sn 

D. Further Modes of Formation of Nitroxides 

1. From nitro compounds 
The reduction of 2-methyl-2-nitropropane either with sodium or electro- 

chemically, yields as the final product di-r-butyl nitroxide7’.’*. At first, the anion 
radical of 2-methyl-2-nitropropane (69) is formed, this readily decomposes to 
nitrite ion and f-butyl radical. The latter reacts further with additional anion 
radicals as indicated (equations 23a-c). Di-r-butyl nitroxide can then arise directly 

1-Bu-NO2 + e - 1-Bu-N02: - 1-Bu’ + NO2- (23) 

(69) 

1-Bu 0- 
\ + /  

N 
/ \  

1-Bu 0- 

(70) 

(23a) 
- 

/ 
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by the addition of r-butyl radicals to  2-methyl-2-nitrosopropane as well as by the 
hydrolysis of anion 70 during work-up. With the exclusion of water, the anion 70 
can be isolated. 

The reaction of phenylsodium with 2-methyl-2-nitropropane yields an analogous 
anion radical 71 (R’ = Ph, R2 = r-Bu), the hydrolysis of which gives t-butyl phenyl 
n i t r ~ x i d e ~ ~ .  A very important method for the preparation of nitroxides is the 
reaction of nitro-r-alkanes with aryl o r  r-alkyl Grignard compounds o r  of aromatic 
nitro compounds with t-alkyl Grignard compounds (equation 24). It is suggested 
that in these reactions also, the anion 71 is initially formed74. 

2. From nitroso compounds 

The high tendency for the formation of nitroxides due to  their high stabilization 
implies that nitroso compounds may not only trap free radicals but are also capable 
of oxidizing other compounds. Thus, nitroso compounds are converted into 
monoaryl o r  monoalkyl nitroxides, which can dimerize t o  give azoxy compounds or  
may subsequently be reduced further to hydroxylamines (equation 25). In this way not 
only hydroxylamines (see Sections II.A.l) but also amines can be oxidized by nitroxo 
compounds7’. 

HX = RNHOH. R2NH. RNH2 

The formation of nitroxides in reactions of aromatic nitroso compounds and 
alkenes having no hydrogen atom in the allylic position has also been observed. It 
is assumed that diradicals are formed first and that these are converted to  
nitroxides of unknown structures in the course of the reaction (equation 26)76. 

\ /  I I  I 
Ar-N=O + C=C - [Ar-N-C-C.] - Ar-N-L-C-x 

/ \  b ’ l  I I *  I I 
0 (26) 

Alkynes such as dimethylacetylenedicarboxylate react with nitrosobenzene in a 
similar manner affording nitroxides, for which a probable structure is 72 (equation 
27)77. Reaction of aromatic nitroso compounds and nitrite oxides yielding 
N-hydroxybenzimidazole-N-oxides through the intermediates ,7378 is accompanied 
by redox processes with the formation of nitroxide 74 or  benz- 
imidazole-3-oxyl-1 -oxide 75 depending on the reaction conditions (equation 
28)79. 
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E E  
1 1  * H  

Ph-N=O + E-CGC-E - [Ph-N-C=C] - 
I. 
0 

E E  E H  - Ph-N=k-A-N--Ph (27) 
Ph-N-kZC Ph-N=O 

d’ ‘H b L b ‘  
E = C02Me (72) 
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/N=O 
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111. INVESTIGATION OF NlTROXlDES BY PHYSICAL METHODS 

A. X-ray Analysis and Electron Diffraction 
Most physical methods of structure elucidation can be applied to  nitroxides which 

are isolable in crystalline form. Obviously one of the most informative methods is 
X-ray analysis. X-ray analysis and electron diffraction data for some nitroxides are 
collected in Table 2. The electron diffraction results are congruent with the X-ray 
studies. For all nitroxides studied the NO bond lengths are in the range 
1.23-1.29 A, intermediate between the NO single bond (1.44 A) and the N O  
double bond (1.20 A). This confirms the existence of a two-centre-three-electron 
bond in nitroxides. 

The other outstanding problem in discussing the structure of nitroxides is 
whether or not the nitroxide group is planar or pyramidal. As shown in Table 2, 
the out-of-plane angle a (dihedral angle between the N O  bond and the C-N-C 
plane) is not uniform. The different values, such as  for the similar 
piperidine-N-oxyls 9, 79 and 80, indicate that even small differences can cause a 
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(2) (78) (9) (79) 

TABLE 2 .  Bond lengths (A) and bond angles (degrees) for some nitroxides 

rNO NC c-G-c 0-A-c ff Reference 

76 
77 

l d  
2d 

78 
9 

79 
80 

1.23 
1.272 
1.28 
1.26 
1.27 
1.276 
1.291 
1.27 

1.44 
1.435 
1.51 
1.441 
1 SO 
1.483 
1.499 
1.49 

124' 
119.Y 
136 
120.9 
114.5 
123.5 
125.4 
125 

- 
120.0 

117.2 
122.5 
118.3 
116.2 
115 

- 

0 
0 
0 
21.9 
0 
0 
15.8 
25.8 

80 
81 
80 
80 
82 
80 
80 
83 

%See text. 
bThe phenyl rings are twisted about 33" 
'The phenyl rings are twisted about 57". 
dElectron diffraction. 

considerable change in the geometry of the nitroxide group. In fact, several 
calculations show very little difference in the energy of an optimized pyramidal 
configuration and a planar c o n f i g u r a t i ~ n ~ ~ - ~ ~ .  Thus it seems reasonable that results 
from studies in the crystalline or gaseous state cannot be easily applied to the 
structure of nitroxides in solution. There does seem, however, to be general 
agreement that the nitroxide group of diary1 nitroxides is planar in solution alsoa5. 

6. Dipole Moment Measurements 
The delocalization of the unpaired electron as shown by the two mesomeric 

formulae, a neutral one and a charged dipolar one, shows the probable existence of 
a relatively high dipole moment. This is in fact true, as a comparison of the dipole 
moments of nitroxides and the corresponding hydroxylamines shows8*. The 
absolute dipole moment of 4-oxo-2,2,6,6-tetramethylpiperidine-N-oxyl is 
reduced, since the dipole moment of the carbonyl group is opposed to that o f  the 
nitroxide group (Table 3). 

TABLE 3. Dipole moments of nitroxides and hydroxylaminesEa 

Compound Ir (D) 

2,2.6,6-Tetrarnethylpiperidine-N-oxyl 3.14 
Diphenyl nitroxide 3.00 
4-0xo-2,2,6,6-tetramethylpiperidine-N-oxyl 1.36 
N-Hydroxy-2,2,6,6-tetramethylpiperidine 1.76 
N.N-Diphenylhydroxylarnine 1.30 
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C. Electron Spin Resonance 
The most important method in the investigation of nitroxides is Electron Spin 

Resonance (ESR), which is the preferred method for detection of free radicals. 
ESR spectroscopy makes it possible to get a more or less detailed picture of the 
structure of a vast number of persistent and transient nitroxides. Even radicals with 
a lifetime of only a split second can be studied when generated continuously in the 
cavity of the ESR spectrometer. 

1. Anisotropic ESR spectra 
Besides the ESR study of nitroxides in nonviscous solvents, nitroxides can be 

investigated under various special conditions. ESR spectra can be recorded from 
single crystals and from nitroxides included in host crystals, as well as in liquid 
crystals, from matrix-isolated radicals, and from nitroxides in the polycrystalline or 
powder state, in rigid glasses (frozen solutions) and in viscous solutions. The ESR 
spectra are characterized by three constants: the g-factor, the coupling constants of the 
nuclei with a nonzero nuclear spin, especially the nitrogen nucleus, and the line-width. 

If a single crystal is orientated in the ESR spectrometer aligning the magnetic 
field with the principal axes of the nitroxide, three different spectra are obtained 
for the three principal axes (x-axis: parallel to NO bond, z-axis: parallel to the 
nitrogen p,-orbital, y-axis: perpendicular to both the x- and z-axes). 

For example the following are the values found for di-r-butyl nitroxidevO: 

gxx = 2.00881 g, = 2.00625 g, = 2.00271 giso = 2.00592 

axx = 7.59 G ayy = 5.95 G azz = 31.78 G also = 15.1 G 

In nonviscous solvents these anisotropic effects are nearly averaged to zero by the 
Brownian molecular motion, affording an isotropic spectrum with average values of 
g and a.  However, small residual effects remain as time-dependent perturbations. 
Essential for the disappearance of anisotropy is a fast rotational motion. This 
rotational motion is dependent on several factors such as molecular size, 
temperature, viscosity of solvent and possible association with other molecules. 

If the rotational motion of the nitroxides decreases, the spectra become 
increasingly asymmetric and change their line-shapee9. Computer simulation of the 
line-form of the ESR spectra with the aid of known values of a,, ayy, a,, and the 
anisotropic g-factors, gives the rotational correlation time T which is inversely 
related to the tumbling rate of the molecule. Thus, important infbrmation 
concerning the molecular environment of the molecules is obtained. This effect can 
therefore be used in the study of biological systems (see Section VI). 

Anisotropic effects are also observed in ESR studies of nitroxide radicals and 
biradicals in nematic solvents9'. In this case the solvent molecules first align 
themselves in the direction of the external magnetic field, then the radical 
molecules dissolved in the mesophase are forced to partially align with the field due 
to the solute-solvent interactions. This alignment causes anisotropy in the ESR 
spectrum. The observed anisotropic hyperfine splitting constants can be used to 
determine the orientation of the radicals in the liquid crystal. It has been found that 
the molecular shape of a molecule makes a major contribution to its ordering 
properties. Thus the degree of orientation increases with increasing molecular 
length and is more pronounced the narrower the molecular shape. 
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TABLE 4. Coupling constants aN and a 
(in Gauss) 

for some nitroxides 

Compounds a N  a 1 7 ~  

Dialkyl nitroxides 14 -16.5 18.5-1 9.5 
Alkyl aryl nitroxides 10.5-1 3.5 -18.3 
Diary1 nitroxides 9 -11  -17.3 
Monoalkyl nitroxides 12.0-13.5 - 
Monoaryl nitroxides 8.5- 9.5 - 
Acyl nitroxides 6.5- 8.5 -20.4 
lmino nitroxides 7.5-10.0 18.0-19.5 
Nitronyl nitroxides 6.5- 7.5 -12.2 (Ref. 95) 
Alkyl alkoxy nitroxides 24 -29 ==18.5 
Alkoxy aryl nitroxides 13 -15.5 - 
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2. Isotropic ESR spectra 
The g-values in the isotropic spectra are usually of the order 2.0055 to 2.O06Sg2. 

Heteroatoms in the vicinity of the nitroxide group shift the g-factor (for instance 
bistrialkylsilyl nitroxide: g i= 2.0093). Since the g-factor of aminyl radicals lies 
generally between 2.0030-2.004593, an unambiguous differentiation between 
nitroxides and aminyls is possible on examination of the g-factor. 

The isotropic coupling constants of the different nuclei of a radical yield even 
more information. The spectra of nitroxide radicals are best characterized by the 
nitrogen coupling constant aN, but the proton coupling constants of neighbouring 
alkyl groups or conjugated aryl groups, as well as the coupling constants of the 
nuclei of conjugated groups, can also give interesting information. Only recently, 
some 170-labelled nitroxides were prepared to determine the oxygen coupling in 
the nitroxide g r o ~ p ~ ~ . ~ ~  (see Table 4). 

D. NMR Spectroscopy and ENDOR Spectroscopy 
In general, radicals can be studied by NMR spectroscopyg6; however, a 

disadvantage of this method is that concentrated solutions of radicals (>0.1 M) 
must be used. On the other hand, resolution is better by one to two orders of 
magnitude compared to ESR. Thus NMR is particularly used in the determination 
of small coupling constants. In this way, coupling through several bonds in mono- 
and bi-cyclic nitroxides can be detectedg7. Not only the magnitude of hyperfine 
coupling but also its sign can be determined by NMR. Contrary to ESR spectra, 
NMR spectra are relatively simple since for every group of equivalent nuclei only a 
single line is obtained. The coupling constant for these nuclei can be determined 
from the shift of the line relative to its position in the corresponding diamagnetic 
molecule according to equation (29): 

AH -e(~d~n)(88W kT) (29) 

A shift to a lower field corresponds to a positive coupling and vice versa. In dilute 
solutions the lifetime of the electron-spin state is too large, hence NMR spectra of 
radicals are not observed. However. the lifetime can be reduced through 
intramolecular spin exchange thus giving sharp lines. This can be attained by very 
high concentrations of the radical ( > O . ~ M )  or by using a paramagnetic solvent such 
as di-r-butyl nitroxide. 
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Concerning NMR spectroscopy, a very high concentration of radical is necessary 
for the application of the ENDOR method (Electron Nuclear Double Resonance). 
Even very small coupling constants can be detected by this method. For instance, in 
nitroxides 81 the coupling constants of R have been detectedy8. These nitroxides 
are formally spin adducts of radicals R' and N-benzylidene-r-butylamine-N-oxide; 
they can, however, be prepared in sufficiently high concentration only by the 
addition of organometallic compounds t o  the nitrone and subsequent oxidation of 
the adduct. 

Ph-CH-N-BU-1 
I I. 
R O  

(81 1 

E. Other Spectroscopic Methods 
In accordance with the proposed one-and-a-half bond of nitroxides, the charac- 

teristic I R  absorptions for the N O  bond lie in the range from 1340-1380cm-' 
(drphenyl nitroxide 1 342y9, di-r-butyl nitroxide 1 34SY9, 4-oxo-2,2,6,6-tetramethyl- 
piperidine-N-oxyl 138O1O0 and 4-hydroxy-2,2,6,6-tetramethylpiperidine-fV-oxyl 
1371 cm-I)Iw. 

In the U V  and visible spectra of dialkyl nitroxides, absorption maxima at  240 nm 
( E  = 3000) and 410-460 ( E  = 5)  were foundlo'. Whereas the position of the first 
maximum is independent of the solvent, the second maximum is shifted to lower 
wavelengths with increasing polarity of solvent, according to  a n + X *  absorption. The 
absorption is shifted to  higher wavelengths by conjugation. 

The absolute configuration of the chiral radical 82 has been determined using circular 
dichroism. The circular dichroism agrees with the octant rule if the molecule in solution 
adopts a half-chair conformation as it does in the crystalline statelo5. 

The photoelectron spectra of di-r-butyl nitroxide and 2,2,6,6-tetramethyl- 
pipendine-N-oxyl have been studiedlo6. The  vertical first ionization potentials were 
found to be 7.20 and 7.31 eV, arising from theunpaired electron in the antibonding 
n * -orbital. 

The mass spectra of several persistent nitroxides have been recordedlo7. 
Ionization by electron bombardment gives rise to  an even-electron molecular ion 

TABLE 5 .  Absorption. maxima of conjugated nitroxides 

Nitroxide Absorption maxima (nm) Reference 
~~~ ____ ~ 

Bis(4-methoxyphenyl) nitroxide 493, 407, 333, 323, 262 102 
2-Phenyl-4,4,5,5-tetramethylimidazoline- 

1 -oxyl-3-oxide (90) 588, 360, 263, 238 103 
N '-Avl-N It-butylformamidine-N I-oxyl 597, 542 104 
N ',N 2-Diarylformamidine-N '-oxyl 607, 550 104 
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species. The fragmentation mode of the ions arising by this ionization is dependent 
on the structure of the different nitroxides in a specific manner. 

IV. SPECIFIC PROPERTIES OF NlTROXlDES AS STUDIED BY ESR 

A. Spin Density Distribution 
According to the polar character of the mesomeric formula B, the spin density 

distribution in nitroxides should be solvent-sensitive. In fact, an increasing spin 
density at nitrogen pN and a decreasing spin density at oxygen po is observed with 

\Fj0 'N' 

(4 (6) 

Id, - 1-1 b -  

L 

16 - 

aN=3 66x lO-'€..+ 141 ( r  ~097541 

151 - 
I . . , . l . . . . l . . . . l . . . . I . . . , 1  

30 35 40 45 50 55 
€7 

FIGURE 3. Values aN and of tetramethylpiperidine-N-oxyl versus the solvent 
parameter E,. Solvent (ET):  cyclohexane (31.2). toluene (33.9), tetrahydrofuran (37.4), 
acetone (42.2), acetonitrile (46.0), isopropyl alcohol (48.6) ethanol (51.9) and methanol 
(55.5) .  E ,  is a solvent polarity paramter based on the transition energy (kcal/mol) for the 
largest wavelength solvatochromic absorption band of a pyridinum-N-phenol betaine229. 
Reproduced from H. G. Aurich, K. Hahn, K. Stork and W. Weiss, Terruhedron, 33, 971 
(1977) by permission of Pergamon Press. 



336 Hans Giinter Aurich 

increasing polarity of the solvent as indicated by the increasing values of u N  and the 
decreasing values of uo y4. A linear correlation between uN and the solvent polarity 
has been found by many workers"'*. The correlation between the ET values of 
several solvents and the u N  and u0 values for tetramethylpiperidine-N-oxyl is shown 
in Figure 3. 

Conversion of coupling constants to spin densities is performed with the aid of 
equations (30a) and (30b): 

aN = 01. pN + Q& - (ma) 

where Q," or Qtx is the contribution to the hyperfine splitting constant u x  
expected for unit spin population at the atom X or Y, respectively. Since different 
Q values have been used by several authors, large discrepancies occur in the 
prediction of the spin densities. Thus for simple dialkyl nitroxides, spin densities 
from pN = 0.2 to pN = 0.9 have been discussed. More recently, it has been 
concluded from the determination of anisotropic coupling constants for nitrogen 
and oxygen that pN = po = 0.5. 

Using the dependence of aN and uo on solvent polarity, the simplified equations 
(3 1) and (32) were derived empiricallyY4. Applications of these simplified equations 
to the determination of the approximate spin density distributions for different 
types of nitroxides gave good results. 

aN = 33.1 pN G (31 1 

ao = 35.3 po G (32) 

The spin density at the various positions of the phenyl rings in diaryl, monoaryl 
and alkyl aryl nitroxide radicals, for example, may be detected from the proton 
hyperfine coupling using the McConnell equation (33). The spin density at the 
meta-positions is generally negative. 

a" = -27 pc G (33) 
Whereas electron-accepting substituents in the phenyl group shift the spin density 

distribution towards the mesomeric formula A, thus decreasing aN, 
electron-donating substituents operate in the opposite direction, i.e. uN increascs. 

(D) 
Hammett plots for aN have been discussed together with other ESR-derived 

Hammett plots. In all cases the best agreement was obtained using u- values for 
para substituentslOgJ1O. The values in Table 6 indicate the increasing delocalization 
of the unpaired electron in the order 1 < 83<84<  85. The sum of the spin 
densities in the phenyl ring of 83 is 0.1 and in either of the phenyl groups of 84 is 



TABLE 6. Cou ling constants u N  and u"0 (in Gauss) and 
spin densities p l.f and po for some nitroxides9' 

U N  .I70 PN PO 

1 15.0 19.1 0.455 0.54 
83 12.6 18.3 0.38 0.52 
84 9.9 17.3 0.30 0.49 
85 6.65 16.5 0.20 0.47 
86 9.50 13.1 0.29 0.37 

0.12. The delocalization of the spin density into the phenyl rings occurs mainly at 
the expense of pN. Another situation arises with radical 86. In this case the 
additional x-electron pair of the ring-oxygen causes the spin density within the 
nitroxide group to be shifted more towards the oxygen atom. 

In nitroxides with conjugated groups C=X, increasing electronegativity of X 
should increase po and pc  and decrease pN and p x .  Inspection of Table 7 shows that 
this is true39. As expected, the spin density distribution is strongly modified if the 
x-system is extended by an additional oxygen atom as in 9095. 

* -  1 + I .  

I I 
101 - IQI - 

-N-C=X - -N=C-X 

(6) (El 

The fact that the simplified equations (31) and (32) with unchanged values for Q 
may be applied to these different types of nitroxides is considered as evidence that 



338 Hans Giinter Aurich 

0 

TABLE 7.  Spin density distribution in nitroxides with 
conjugated g r o ~ p s ~ ~ . ~ ?  

I 
-N-C=X 

A 
P a 0  PMO PC P X  

87 0.58 0.23 0.07 0.12 
88 0.55 0.28 -0.05 0.21 
89 0.51 0.28 -0.06 0.28 
90 0.34 0.22 -0.12 a 

'See p& and p#o, 

all these radicals, including the dialkyl nitroxides, have virtually the same geometry 
of the nitroxide group in solution" and therefore should be approximately 
planar39. Since any deviation from planarity should introduce some s-character in 
the singly occupied orbital, an increased value of aN compared to the planar 
structure should result. Thus, a total spin density considerably greater than one 
should be obtained on the application of equations (31) and (32). However, this 
has only been found to be true for alkoxy alkyl n i t r ~ x i d e s ~ ~  and for the bicyclic 
nitroxides 91-93112 for which a planar nitroxide group seems unreasonable due to 
considerable ring-strain. Nevertheless, discussions on the structure of the nitroxide 
groups, especially in dialkyl nitroxides, is continuing1l3-lI5. 

0 

(91) m = n = 1 

( 9 2 ) m = l , n = O  
(93) rn = n = 0 

8. Conformation of Nitroxldes 
Conclusions concerning the conformation of nitroxides can be derived from the 

coupling constants of the B - p r ~ t o n s ~ ~ ~ J ~ ~ ,  the coupling of which is caused by 
hyperconjugation. The magnitude of the coupling constants depends on the angle (p 

between the single occupied orbital and the CH o-orbital according to equation 
(34) ' 16. 
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Assuming that pN is approximately 0.45, the following values of u H  for some values 
of rp are given: 

cp(degrees) 0 30 45 60 90 

an (Gauss) 26 19.5 13 6.5 0 

TABLE 8. Coupling constants a ;  and aN for some nitroxidesl"? 

R-N-CHR'R~ 

(94H99) 
d' 

R R' R2 aN 4 
94 I-BU H H 16.4 12.7 (3H) 
95 I-BU H Me 15.7 10.7 (2H) 
96 I-BU H Ph 14.6 7.7 (2H) 
97 I-BU Me Me 16.8 1.8 (IH) 
98 Et Me Me 16.0 4.8 ( I H )  
99 H Me Me 12.7 12.1 (IH) 

In Table 8 some examples of f3-proton couplings are given along with u N  values, 
which may be interpreted as follows. The methyl group in 94 rotates freely, thus for 
each individual proton a time-averaged angle of 45" may be assumed, according to 
a coupling constant of 13 G. In the case of methylene and methyne groups, rotation 
is restricted with the exception of 99. Thus, molecules adopt preferred 
conformations, the energy of which is determined by the interactions of the various 
substituents. Steric effects have the largest influence, but hyperconjugation and the 
formation of hydrogen bridges can also contribute to these interactions. Therefore, 
quantitative conclusions are difficult and the discussion rests on a more qualitative 
basis. 

For methyne group conformations A and B have the lowest energy, A being 
somewhat more favourable in the case of R = r-Bu. For both conformations, it 
would be expected that u p  = 0. The larger the substituent R, the more frequently 
the molecule should adopt conformation A or B, averaged over the time and the 
less the value of ur. This effect explains nicely the trend in u p  values for nitroxides 
97-99. For 99, free rotation of the isopropyl group is assumed. 

The situation for the methylene group is even more complicated. Besides 
conformation C, conformations D-G must also be considered. In conformation C, 
u t  is expected to be about 6.5 G for both hydrogens. Thus, this conformation 
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(A) (6) 
seems to be important, as for example in 96, for the benzyl group only. With other 
groups such as ethyl, n-propyl and n-butyl, the u p  values are larger for two 
equivalent protons. In conformations D-G, u p  values -19.5 G for one proton and 
u p  i= 0 G for the other proton are expected. However, a fast exchange between the 
enantiomeric conformations D and E, or F and G, would make both hydrogens 
equivalent so that a value of about 9.75 G for both protons would be expected. 
This is in agreement with the observed value of 10.7 G. Thus it may be concluded 
that radical 95 as well as other similar radicals exist preferentially in rapidly 
interchanging conformations similar to D-G. 

A’  

A’ 
\ 

The results obtained for ethyl-r-octyl nitroxide113 at various temperatures merit 
special comment. At room temperature, u p  = 10.7 G for two protons, as in the case 
of 95, whereas at -100°C different coupling constants of 8.75 and 12.75 G are 
found for the two protons. This means that the rapid interconversion between the 
enantiomeric pairs D * E and F * G is frozen at lower temperatures and only 
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interconversion of the diastereomeric pairs D S F and E S G can occur. In this case, 
the two protons are no longer equivalent and therefore exhibit different 
coupling constants. 

The equivalence of both protons is also lost by the introduction of a chiral group 
Rl ,  when D and E, or F and G, are no longer enantiomers but diastereomers 
instead. For nitroxides of this type, even at room temperature, two different values 
for u r  have been found'I9. 

The fast ring-inversion in piperidine-N-oxyl at + 1 10°C causes the equivalence of 
the four p-protons. At -1OO"C, however, the rate of the ring-inversion is 
sufficiently slow on the ESR time-scale that the molecule appears frozen in one 
conformation. Thus two different coupling constants are detected = 26.3 G, 
uH, = 3.78 G)lZo. 

fioupling constants of protons distant from the nitroxide group (y- or &protons), 
are usually very much smaller; y- o r  &coupling constants can also be used to study 
conformational problems especially in cyclic and bicyclic nitroxides9'. Frequently 
very small coupling constants can be detected by NMR spectroscopy only. 

C. Dynamic Processes in Mono- and Poly-radicals 
Dynamic processes in radicals can also be studied by ESR spectroscopyI2'. As 

already mentioned for nitroxides with a methylene group, the two p-protons are 
equivalent because of rapid interchange of the two enantiomeric conformations at  
room temperature, whereas at low temperature the conformational change is slow 
and two individual proton couplings are observed. In the intermediate temperature 
range, the change in position of the two protons causes broadening of the ESR 
lines. From the temperature dependence of the line-broadening, the activation 
energy for the conformational interchange can be determined. In this way. the 
activation energy for the rotation of the ethyl group in ethyl f-octyl nitroxide was 
estimated to  be =7.5 kcal/mol"8. Similar conformational changes in nitroxides have 
been studied by JanzenlZ2. The study of ring inversion in piperidine-N-oxyl afforded 
an activation energy of 5-6 k c a l / m ~ l l ~ ~ .  In radical 100, a fast exchange of the 
hydrogen atom, as indicated, makes the two nitrogen atoms equivalent. For this 
process an activation energy of 4.5 kcal/mol was estimated from the temperature 
dependence of the line-widthsIz4. 

(100) 

Similar dynamic processes are observed in di- and poly-radicals. As shown for 
diradicals of the type 101, spin exchange between the two radical centres can 
occur125. In cases where spin exchange J is slow (a  S J ) ,  the two halves of the 

e.g. X = -O-CO-(CHZ)~-CO-O- 
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diradical act as independent monoradicals and the hyperfine splitting is a triplet 
splitting, as has also been found for the analogous monoradical. When spin 
exchange is fast (J * u),  each nitrogen nucleus interacts with both electrons and the 
hyperfine splitting drops to one half of the value of the coupling in the analogous 
monoradical, yielding a five-line spectrum with the intensity ratio 1:2:3:2:1. In the 
intermediate range, complicated spectra can resultIz6. The magnitude of spin 
exchange J seems to be a complex function of the biradical structure being 
influenced by temperature and solvent as well as by the chemical nature of the 
connecting bridges12'. Particularly rigid diradicals such as 102-105 have been 
proposed as structural probes in biological systemslZ*~'z9. For polyradicals 106. the 

(108) 

x = P.n = 3 
x = S i , n = 4  

situation is analogous. For instance, the ESR spectra of triradicals, for which J + u 
is valid, show hyperfine splitting into seven lines, uN being one third of the usual 
value I 3 O .  

V. REACTIONS INVOLVING THE NlTROXlDE GROUP 
In general most nitroxide group reactions can be divided into reductive processes 
yielding hydroxylamines and oxidative processes yielding nitroso compounds or 
nitrones (see Schemes 3 and 4). For instance, radicals can add to the oxygen atom 
of the nitroxide group affording 0-substituted hydroxylamines. A special case of 
this reaction is the addition of a hydrogen atom. On the other hand, an electron 
can be transferred to the nitroxide group giving at first an anion, which 
subsequently can accept a cationic species, especially a proton, to yield a 
hydroxylamine. Protonation or complexation of the nitroxide group does not 
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I 
R 

SCHEME 3 

Y 

SCHEME 4 

change the oxidation level, but stabilization due to delocalization of the unpaired 
electron is for the most part lost. Thus cationic species easily accept an electron, 
being reduced to  hydroxylamines. 

Removal of an electron leads to  nitrosonium cations which are for the most part 
unstable. The nitrosonium cations can afford nitroso compounds or nitrones by 
splitting off the groups X+ or Y+, respectively. O n  the other hand, homolytic 
cleavage of the N-X bond (a-cleavage) or of the C-Y bond (p-cleavage) can give 
the nitroso or nitrone group directly. 

A. Protonation and Complex Formation of Nitroxides 
Nitroxides can interact with electrophiles via their free electron pair. The 

formation of hydrogen bridges in protic solvents such as alcohols, slightly increasing 
the spin density at nitrogen, is a weak interaction of this kindi3i. For hydrogen 
bridging, a o-model and a n-model have been discussed, the former being 
favoured 32. 



344 Hans Gunter Aurich 

R 
I 
H 

&model K- model 

Protonation of nitroxides occurs only with strong acids. pKA values of dialkyl 
nitroxides are in the range of -5.5. ESR spectra of protonated nitroxides, 107-109, 
have been detected in concentrated sulphuric acid, in trifluoroacetic acid with 
added sulphuric acid'33, and in methylene chloride with added wet aluminium 
t r i~h lo r ide '~~ .  However, in dilute sulphuric acid (lo%), the spectra of the 
unprotonated nitroxides are obtained. Increasing the acid concentration to 40% 
causes the lines to broaden, and at 55%, they disappear entirely, due to fast 
exchange of the protons between the nitroxide molecules. The fast exchange 
process stops only at very high acid concentration when the protonated species can 
be observed. Nevertheless, the yield of protonated nitroxide is surprisingly only 
about 0.3% in concentrated sulphuric acid'33. Since the spin density at nitrogen is 
increased by protonation, the values of uN increase. Protonation of carbazol-N-oxyl 
in a mixture of benzene and trifluoroacetic acid causes uN to increase by 
approximately the same factor as for 107-109 to 8.8 2-Phenyl-4,4,5,5- 
tetramethylimidazoline-1-oxyl-3-oxide (12) can also be protonated in benzene 

and trifluoroacetic acid'('3 to give 110. However, in this case it is obvious that 
protonation leads to an increasing spin density at the oxygen atom of the unprotonated 
site of the molecule. Thus, the decrease in spin density at both the nitrogen atoms 
causesaN to drop to 5.7 and 4.5 G, compared to a value of 7.5 G for both nitrogens in 
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the unprotonated radical. In aqueous hydrogen chloride ( 1 ~ )  only the spectrum of the 
unprotonated form is obtained. 

No individual spectra corresponding to the unprotonated and protonated species 
are obtained in the H range from 7 to -1 for 2-phenyl-4,4,5,5-tetramethyl 
i m i d a z o l i n e - l - ~ x y l l ~ ~ , ~ ~ ~ .  With increasing acidity, a continuous decrease in a ~ t r o x , ~  
and increase in aslno is observed. In this case, a fast proton transfer causes an 
averaging of the spectra of the two species. The pKA for this radical is estimated to 
be 1 .9136 and 1 .613'. 

With Lewis acids such as BX3'38, AIX313Y, SiX4I4O, GeX4I4O and SnX414" and 
othersI4l formation of complexes (111) is observed, resulting in a more or less 
strong increase in aN. 

MXn BCI3 AIC13 SIC14 GeCt4 SnC14 

aN(G) 21.18 19.86 16.5 16.6 18.53 

Nitroxides can act as electron donors and thus form electron donor-acceptor 
complexes (EDA) with various n-electron acceptors. For di-t-butyl nitroxide, 
complex formation with tetracyanoethylene, 2,3-dichloro-5,6-dicyano-p- 
benzoquinone and pyromellitic dianhydride has been confirmed14*. The resulting 
complexes show charge-transfer absorption bands. From the effect of complex 
formation on the hyperfine splitting constant aN, a contribution of electrostatic 
forces to complex formation has been demonstrated. However, in the case of 
complexes with strong acceptors such as tetracyanoethylene, the values of the 
hyperfine coupling constant have indicated a significant contribution of 
charge-transfer interaction to complex formation. Similarly, the formation of 
n-complexes from t-butyl mesityl nitroxide with various aromatic compounds and 
alkenes, substituted by electron-accepting groups, has been e~ tab l i shed '~~ .  The bond 
energy for the formation of these complexes is estimated to lie in the range 
3-8 kcal/mol. 

B. Addition of Radicals to the Nitroxide Group 
Addition of a radical R' to the nitroxide group (equation 36) occurs if the gain 

in energy for R-0 bond formation overcomes the loss of delocalization energy 
which is of the order of 30 kcal/mol for the nitroxide group. This is true for most 
alkyl radicals. The kinetic studies of spin trapping have shown that the decay 

0 0 
I 
R 

reaction of the nitroxides, caused by the addition of alkyl radicals, is even faster 
than the formation of nitroxides ( k l  < k2)47.66. 
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Furthermore, 4-oxo-2,2,6,6-tetramethylpiperidine-N-oxyl (9 )  readily adds 
2-cyano-2-propyl radicals generated from the azoisobutyronitrile by thermal 
decomposition with formation of a stable a d d ~ c t ' ~ ~ .  Even the stabilized 
1.1-diphenylethyl radical is added to the nitroxide 9, but in solution this adduct is 
unstable. There exists an equilibrium with the precursor radicals (equation 37) 

I 
0 
I 

R'-C-R3 

A2 

( I )  R1 = R2 = Me, R3 = CN 
(b) R1 = R2 = Me, R3 = Ph 
(c) R1 = Me, R2 = R3 = Ph 

(AH = -21.4 kcal mol-I, AS = -36 cal deg-I ~ o I - ~ ) ' ~ ~  which obviously induces the 
decomposition to give 1 -hydroxy-2,2,6,6-tetramethylpiperidine and 1.1 -diphenyl- 
ethylene. As expected, dissociation is far less in the case of the adduct of the cumyl 
radical, the adduct being much more stable. The high tendency for formation of 
such adducts is pertinent to the use of nitroxides in the inhibition of the autoxidation 
of hydro~arbons l~~ .  For the same reason, nitroxides can interrupt chain-reactions 
in polymerization and are thus frequently used as inhibitors14'. 

Addition reactions of diary1 nitroxides have been known for a long time. 
Diphenyl nitroxide reacts with triphenylmethyl to give a 1:2 adduct. whereas from 
bis(4-nitrophenyl) nitroxide a 1 : 1 adduct has been obtainedI4*. Furthermore. diphenyl 
nitroxide adds to the para position of tri-r-butylphenoxyl. Aminyl radicals can also add 
to the oxygen atom of nitroxides. For instance, diphenyl nitroxide and dianisylaminyl 
radicals react through an intermediate adduct with exchange of the oxygen atom, as 
indicated in equation (38)'". 

Ar2N. + O'NPh2 - Ar2N-O-NPh2 - Ar2N'0 + ph2N. (38) 

Ar = p-MeOC6H4 

Bis(trifluoromethy1) nitroxide, the stabilization of which is reduced due to the 
electron-accepting properties of the trifluoromethyl groups, can even form stable 
adducts with nitrogen oxide or nitrogen dioxide149: 

F3C\ F3C\ 

F3C' F3C 

N-O-N=O N-O-NOz 
/ 

C. Dlmerlzatlon of Nltroxlder 
Contrary to the addition of alkyl radicals to the nitroxide group, the dimerization 

of nitroxides to afford dimers 112 or 113 is improbable due to energy 
considerations (see Section LA). 
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lgl- 
(112) 

(113) 
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Nevertheless, some sterically unhindered nitroxides such as the Fremy salt'50, 
bis(trifluoromethy1) nitroxideIs", tetraphenylpyrrol-N-oxyllsO, 9-azabicyclo[3.3.1]- 
nonane-3-on-9-0xyI'~" and 8-azabicyclo[3.2.1]octane-8-oxyl's', respectively, exist 
as dimers in the crystalline state. However, in the dimer of 9-azabicyclo[3.3.1]- 
nonane-3-0n-9-oxy1, the distance between the nitroxide groups is estimated to be 
2.278 A by X-ray analysis, indicating that there is no genuine covalent bond 
between the 

\ 2278.4 
0 

0 N 

1 

I 12L)9A 

\' 
In the case of sterically hindered nitroxides formation of diamagnetic dimers could 

no longer be observed. Instead, formation of radical pairs of tetramethyl 
piperidine-N-oxyl in the plastic phase of carbon t e t r a c h l ~ r i d e ' ~ ~  and of di-r-butyl 
nitroxide in the plastic phase of ~ a m p h e n e ' ~ ~  have been recently detected. In these 
radical pairs, the two nitroxide groups are at a distance of about 7.0 A, but are in a 
relatively rigid orientationIs3. 

In solution, reversible dimerization is detected for methyl (2,4,6-tri-t-butyI) 
phenyl nitroxide ' >>, 8-azabicyclo[ 3.2. I]octane-8-oxyl and 9-azabicyclo[ 3.3.13- 
nonane-9-oxyl Is' at low temperatures, affording diamagnetic species. By 
comparison with the situation in the solid state it seems probable that these dimers 
are not covalently bonded, but rather are molecular complexes for which the 
geometry of the nitroxide group is only changed slightly. The bonding situation can 
arise by combination of the two singly occupied molecular orbitals to afford a 
bonding and an antibonding molecular-complex orbital, the former being capable of 
taking up the two originally odd electrons with gain of energy, provided that their 
spin is opposite. Similar dimers of nitrogen oxide have been detected in the gas 
phase, for which the van der Waals' bonding forces have been found to be only about 
1% of the energy of the usual covalent bondsIS6. For the nitroxide dimers, however, 
calculations show that dipolar attraction forces of about 5 kcal/mol are operative 
between the two nitroxide groups. In this work has Ingold stated that the dipolar 
attraction can provide a very significant fraction of the enthalpy for dimerization of 
unhindered nitroxides in solution's'. 

For nitroxides with extended delocalization there is an alternative way of 
dimerization. Phenyl-substituted nitroxides can form dimers of the type  114 which are 
obviously energetically less favourable than their monomers but can decompose 

- - R-N G - y h  - 
-N I -  

(114) 9 3  
2). 0 

R-N+ + Ph-NH-fl (39) 

(116) 
I -  
0 

(1 15) 
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irreversibly with formation of the stable products 115 and 11615'. Curiously, since the 
nitroxide is additionally stabilized through delocalization of the unpaired electron into 
the phenyl group, i t  becomes even less persistent than di-r-alkyl nitroxides. Bulky 
substituents at the para, or even at the mefa, positions prevent the radical from 
dimerization and consequently from decomposition. 

Radical 117 can be detected at only slightly elevated temperatures by ESR 
spectroscopy. The gain of about 80 kcal/mol for formation of the carbon<arbon 
bond in the dimerization to  yield 118 causes the equilibrium to lie far to  the right at 
room t e ~ n p e r a t u r e ' ~ ~ J ~ ~ .  

H O  
I I 

Ph-C -N=N-Ph 

1. Ph-C-N=N-Ph 
0 I I 

2 Ph-CH=N-N-Ph I (40) 

On the other hand, analogous dimerization of nitroxide 119 through formation of 
a nitrogen-nitrogen bond affords only about 40 kcal/mol and is therefore not 
sufficient to  compensate the loss of delocalization energy for the two radicals. Thus, 
nitroxides like 119 are persistent for several hours o r  even days in solution, 

Ph-N=CH-N-Ph 
I. 
0 

(119) 

although they rapidly decompose when the solvent is removedIo4. In this way the 
persistence of acyl nitroxides can also be understood. One of the few known vinyl 
nitroxides dimerizes through formation of a C-C bond as does 117, but in this case 
the dimer cannot dissociate reversibly to  the monomeric radical but rather 
decomposes to  afford other products36. 

D. Dlaproportknatkn of Nltroxlckr 
Disproportionation is an alternative pathway for radical decay. Aryl nitroxides as 

well as alkyl nitroxides can easily disproportionate to  yield hydroxylamines and nitroso 
compounds, or the corresponding oximes. Formally the oxidation reaction is an 

PR-N-H RNHOH + RN=O (41) 

6 
a-scission. A s  kinetic studies have shown, this is a fast bimolecular reaction whose 
rate is barely influenced by the nature of the group RI6O. The reaction is reversible 
in the case of phenyl nitroxide and f-butyl nitroxide. This means that a small 
concentration of nitroxide is formed by mixing of the corresponding hydroxylamine 
and nitroso compounds (R = f-Bu:AH = -10.4 kcal mol-I; A S  = +8.2 cal 
mol-I deg-I; A S  = -2.9 cal mol-l deg-I). 
Whereas, however, the concentration of phenyl nitroxide decreases con- 
tinuously according to the formation of azoxybenzene, t-butyl nitroxide is 
persistent for several days, because f-butylhydroxylamine and 2-methyl-2-nitroso- 
propane form the corresponding azoxy compound only extremely slowly, if a t  all. 

Dialkyl nitroxides can usually disproportionate only if there is a hydrogen atom in 
the p-position, when the oxidation process affords a nitrone (equation 42). This is 

R = PI): AH = -7.2 kcal mol-I; 



4. Nitroxides 349 

also a bimolecular reaction, the carbon-hydrogen bond being broken in the 
rate-determining step. Isotope effects k d k D  between 6 and 14 have been foundI6'. 
The disproportionation of diethyl nitroxide is calculated to be exothermic by 
28 kcal/mol. The rate of disproportionation is very different for different nitroxides 
as can be seen from the relative values in Table 9I6l. 

It has been shown that the formation of a dimer precedes the disproportionation 
in the last three cases of Table 9, but the nature of this dimer is not known. Although 
Ingold has formulated a structure with a covalent oxygen-oxygen bond for the dimer, 
he himself has expressed doubts for thermodynamic reasons about this structureI6*. 
On the other hand, no dimer formation is observed in the disproportionation of 
diisopropyl nitroxide161 or t-butyl isopropyl n i t r ~ x i d e ' ~ ~ ,  the reaction of which is also 
very slow. 

The different reaction rates can be understood if one realizes that hydrogen 
abstraction from a nitroxide molecule affording a nitrone can proceed with a 
relatively small activation energy only if the molecule adopts a conformation 1u) in 
which the hydrogen atom to be abstracted and the single occupied orbital are in 
the same plane. Diisopropyl nitroxide, t-butyl isopropyl nitroxide and other 

H 

simil r nitroxides, can dopt such a conformation only if supplied with an jditional 
amount of energy, thus raising the activation energy for the reaction. The bicyclic 
nitroxides 10, 121 and 92 can never adopt such a conformation. Thus 10 and 121 
are very persistent radicals'51, whereas 92 surprisingly yields a dimer, 122, which 
must have been formed from the corresponding n i t r ~ n e ' ~ ~ .  Of course the formation 
of this dimer is very slow and the decay of 92 is about lo9 times slower than that of 
diethyl nitroxide. 

Isolation of the primary disproportionation products is often difficult, since 
secondary reactions can easily occur14s. For example, the disproportionation of 
r-butyl isopropyl nitroxide affords products, the formation of which can be 

TABLE 9. Relative rate of disproportionation of 
nitroxides16' 

Nitroxide k,l 

Diisopropyl nitroxide 1 
Diethyl nitroxide 1.3 x 103 
Dimethyl nitroxide 3.9 x 103 
Piperidine-N-oxyl 31 x 103 



350 Hans Gunter Aurich 

(10) (121) (92) (122) 

explained by the addition of unchanged nitroxide to the nitrone 123 formed in this 
reaction, to give adduct 124 (equation 44), followed by decomposition of this 
adduct to several  fragment^'^^. 

(44) 
Ipr-j 

t-Bu-N=C(CH3)2 + i-Pr-N-Bu-I - 1-Bu-N-C(CH3)z-0-N 
\ 
Bu-1 

(1 24) 
0 I & & 

(1 23) 

Only the nitrone 127 formed by the disproportionation of N-methyl 
(2,4,6-tri-t-butyl)phenyl nitroxide (125) was isolated directly, but the 
simultaneously formed hydroxylamine 126 was also detected (equation 45)155. As 

t-Bu*-L-CH3 - t - B u q i ; C H 3  + t-Bu*i=CH* 0 1 

Bu-1 Bu-I 
6 

Bu-1 

(1 26) 

shown by the isolation of the products 128 and 129, ortho-substituted aryl t-butyl 
nitroxides can disproportionate in an analogous manner (equation 46)IM. 

Contrary to nitroxides substituted by primary or secondary alkyl groups, di-t-alkyl 
nitroxides are usually very persistent. For instance, di-t-butyl nitroxide and 
2,2,6,6-tetramethylpiperidine-N-oxyl remain unchanged over periods of several 

FH3 
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months or even years. On the other hand, 4-0~0-2,2,6,6-tetramethyl- 
piperidine-N-oxyl (9) decomposes after six months, a dimer of structure 132 being 
formed. The diradical 131 is formulated as an intermediate in this decomposition 
reaction. Nitroxide 9 also decomposes yielding hydroxylamine 130 (60%), a 
polymer of unknown structure and phoron 134 (trace) by heating to 100 "C or by 
refluxing in benzene for several hours. It is suggested that the diradical 131 is also 
an intermediate in this rea~tion'~'.  

2 4 5  0 I -  h OH I 

+ 

131 

A I. 

0 

130+131 - & l l  

A 0 I 1  

-No' 7 

(47) 

E. Reduction of the Nitroxido Group 

An increasing spin density at oxygen (increasing weight of contribution structure 
A) should enhance the electrophilic character of the nitroxide, enhancing the 
tendency for hydrogen abstraction (equation 48). This should be reflected by the 
0 - H  bond dissociation energy of the corresponding hydroxylamines. A high bond 
dissociation energy is indicative of a strong tendency for hydrogen abstraction in 
the nitroxide. 

Inspection of Table 10 shows that bicyclic nitroxides and acyl nitroxides should be 
reduced more easily than normal nitroxides. This is in fact found to be true. But 
the bistrifluoromethyl nitroxide shows an even higher tendency to be reduced. On 
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TABLE 10. 0 - H  bond dissociation energies (DOH) of hydroxylamines 

DOH 
Hydroxylamine (kcal/mol) Reference 

N-Hydroxy-2,2,6,6-tetramethypiperidine 69.6 
N-Hydroxy-4-oxo-2.2,6,6-te trame thylpiperidine 71.8 
N-Hydroxy-8-azabicyclo[ 3.2.1 ]octane 77.0 
N-Hydroxy-9-azabicyclo[ 3.3.1 Inonane 76.2 
N-r-Butvlarvlhvdroxamic acids 76-80 

14 
14 
14 
14 

168 

the other hand, the fact that di-r-butyl nitroxide can abstract a hydrogen atom 
from l-hydroxy-2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide giving the corres- 
ponding nitronyl nitroxideIo3 indicates that in the nitronyl nitroxides the 
tendency to be reduced is very small. This order of reactivity for the reduction of 
nitroxides agrees with the spin density at oxygen as determined by the 170-coupling 
constants*. 

In general, the reduction of a nitroxide to yield the corresponding hydroxylamine 
is possible with mild reducing reagents such as hydrazine, phenylhydrazine, 
hydrazobenzene, ascorbic acid and thio a l c o h ~ l s ~ ~ ~ J ~ ~ .  Catalytic reduction using 
a platinum catalyst also gives hydroxylamines, whereas the use of Raney nickel yields 
a m i n e ~ ~ ~ ~ . ~ ’ ~ .  On the other hand, in many cases nitroxides can also be used as 
oxidizing agents. For instance, they may oxidize substituted phenylenediamines to 
give the corresponding radical cations, and hydroxybenzoquinones or phenols, to 
give q ~ i n o n e s l ~ ~ .  Heterocyclic compounds such as 1,5-dihydroflavines and 
1 ,S-dihydrolumiflavines can also be oxidized by nitroxidesl7I. The reaction of a 
nitroxide and a hydroxylamine which leads to an equilibrium between the two 
nitroxides and their parent hydoxylamines is catalysed by cupric ions. The catalysis 
can be explained by the process shown in equation (49)17*. 

\ /  N \ /  N 
I + Cu2+ I *  + Cu+ + H* 
OH 0 

(49) 

The strong electrophilic character of bis(trifluoromethy1) nitroxide is indicated by 
the fact that this nitroxide can abstract a hydrogen atom from hydrocarbons with 
the exception of methane. Reaction with ethane proceeds slowly, and the ethyl 
radical formed reacts with a second nitroxide molecule to yield 135. Further 
reaction affords 136 and 137 (equation 50)173 On the other hand, reaction with 

+2 
(CF&NO- + CH&H3 - (CF3)2N-OH + CH3CH2. - 

(2) 
CH&H~-O-N(CFS)~ 

(1355) 

*170-labelling of bistriflu omethyl nitroxide has not yet been rrformed but in r-butyl 
trifluoromethyl nitroxide ay50 is larger than in the other nitroxides3 . 



4. Nitroxides 353 

(CH3)3c-O-N(CF3)2 (CH3)2C-O-N(CF3)2 

(138) ~ ~ - O - N ( C F J ) ~  

(139) 
methylpropane occurs easily, the products 138 and 139 being formed. Formation 
of 139 occurs via the intermediate methylpr~pene"~. Reaction of 
bis(trifluoromethy1) nitroxide (2) and toluene in the ratio 2:l affords mainly 140, 
whereas a large excess of nitroxide yields products 141, 142 and 143. These 
products are formed by the reaction sequences shown in equation (51)'74. I t  seems 
remarkable that even the aldehydic hydrogen atom can be abstracted by the 
radical. 

PhCH3 + 2 (CF3)2NO' PhCH2-O-N(CF3)2 + (CF3)2NOH 

(2) (140) (141) 

PhCH-O-N(CF3)2 + 141 (51 1 

+ 2 x 2  tz 
PhCOO-N(CF3)2 + 141 PhCH=O + (CF&N' - ( C F ~ ) Z N - ~ - N ( C F ~ ) ~  

(142) (143) 
Acyl nitroxides are also good hydrogen acceptors. Although benzoyl t-butyl 

nitroxide 144a reacts with ethylbenzene only at elevated temperatures to yield 145 
(equation 52), this reaction is faster by a factor of lo3 than with dialkyl nitroxides, 

(a) Ar = C&, 
(b) Ar = 3, 5-(N02)&,H3. R = CgH&HCH3 or C-CgH11 

The more reactive 3,5-dinitrobenzoyl r-butyl nitroxide 144b can even attack 
cy~lohexane '~~.  144b can also oxidize alcohols, for instance, cyclohexanone is 
formed from cycl~hexanol '~~ .  An aspect of special interest is the application of the 
chiral acyl nitroxide 146, which can, for instance, oxidize benzoin in an 
enantioselective manner176. 
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Whereas dialkyl nitroxides in the ground state d o  not usually react with 
hydrocarbons or the reaction is extremely slow, photochemical reaction with 
hydrocarbons occurs very readily. Thus, 4-hydroxy-2.2.6.6-tetramethyl piperidine- 
N-oxyl (79) is converted to hydroxylamine 147 and 0-benzylhydroxylamine 148 
in a 1:l ratio when irradiated in toluene (equation 53)177. 148 is the addition 
product of nitroxide 79 and the benzyl radical. Hydrogen abstraction from alkanes 

+ PhCHS - 3500 h v  A & + & (9) 
0 OH OCH2Ph 

(147) (1 48) 

A 
(79) 

by photochemically excited dialkyl nitroxides occurs from the n + A* excited state 
of the radical. 

The activation energy for reactions of photochemically excited 
2,2,6,6-tetramethyl piperidine-N-oxyl is estimated to be in the range 2-3 kcal/mol, 
indicating that the radical is very reactive in its excited state. The excitation causes 
the dipole moment to  fall from 3.14 D for the ground state to  1.0 D in the excited 
state'78. This reflects a shift in electron density from oxygen to nitrogen making the 
oxygen atom much more electrophilic. 

Demethylation at a specific position has been achieved in a steroid molecule 
labelled with a nitroxide group by a photochemically induced intramolecular 
oxidation'7Y. Another intramolecular hydrogen abstraction by a photochemically 
excited nitroxide group involves the photochemical conversion of nitronyl nitroxide 
149 in aqueous solution, 152a and 152b being isolated. It has been suggested that 
this reaction occurs via the intermediates 150 and 151IRo. 

0 -...!$ xrr3) 2 

I 
OH 

0 

(a) X = OH 
(b) X = OOH 

F. Oxldatlon of the Nltroxlde Group 
Oxidation of monoaryl and monoalkyl nitroxides affording nitroso compounds 

has already been discussed in Section V.D. This reaction is part of the oxidative 
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conversion of hydroxylamines to  nitroso compounds, in which the nitroxides are 
intermediates. An analogous situation arises for the oxidation of disubstituted 
nitroxides to give nitronesl". For instance, hi-benzylidene benzylamine-hi-oxide is 
formed by the oxidation of dibenzyl hydroxylamine via dibenzyl nitroxide (equation 

PhCH2-N-CH2Ph - PhCHz-N-CH2Ph 2 PhCH =N -CH2Ph 
- w e  

I A" k 0 (55) 

55)In2. Frequently, however, the resulting nitrones undergo secondary reactions and 
cannot be isolatedlh3.'h5. Oxidation of nitroxides beyond the nitrone level yielding 
apunsaturated nitroxides has been only observed for aminoalkyl nitroxides (equation 
56)lR3. Oxidation of di-r-alkyl nitroxides gives the oxoammonium salts 153 (equation 
57). 

R2 
1 - t i *  

R'NH2 + R2CH=N-R3 R'NH-CH-N--R3 - 
A H  

I 
0 

R2 R2 R2 
I - n *  I -+I* I 

(56) R'NH-cH-N-R3 - R'NH-C=N-R3 - R1N=C-N-R3 
I .  
0 I L 0 

In Table 11 the half-wave potentials determined by electrochemical oxidation of 
some nitroxides are listedIB4 reflecting the trend for the formation of 
oxoamrnonium cations. 

Oxidation occurs with a variety of oxidizing For instance, 
2,2,6,6-tetramethylpiperidine-N-oxyl is oxidized by xenon difluoride to  afford the 
corresponding oxoammonium fluoride186. Using bromine or  chlorine in inert 
solvents, oxoammonium salts can be isolated in most cases185. Oxoammonium salts 
can also be obtained by the disproportionation of dit-alkyl nitroxides after partial 
protonation (equation 58)la5. 

Oxoarnmonium cations are electron-deficient compounds compared to  nitroxides, 
thus easily undergoing secondary reactions. For instance, reaction with the solvent 
can occur. The hydroxylammoniurn cation 155 is formed from 154 in acetoneIB7. 

TABLE 11. Half-wave potentials ( E l p )  of nitroxidesIa4 

Nitroxide ElI2(V) 
~ ~~~ 

Di-r-butyl nitroxide 0.207 
Te trame thylpiperidine-N-oxyl 0.271 
4-Hydroxyte tramethylpiperidine-N-oxyl 0.331 
4-Oxotetrame thylpiperidine-N-oxyl 0.444 
3-Oxo-9-azabicyclo[ 3.3.1 Inonane-N-oxyl 0.473 
1,5-Dimethyl-3-oxo-8-azabicyclo[ 3.2.1]octane-N-oxyl 0.448 
3-Oxo-8-azabicyclo[ 3.2.1 ]octane-N-oxyl 0.509 
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A+& I I .  d + A  I I1 (58) 

0 OH 0 OH 

II 
0 er3- 

(158) (1 57) 

The oxoammonium salt 156 is reduced by warming it in alcohol, to yield 157, from 
which the corresponding free hydroxylamine can be obtained by treatment with 
potassium carbonateIR7. This reaction is used to  oxidize secondary alcohols using a 
mixture of rn-chloroperbenzoic acid and 2,2,6,6-tetramethyIpiperidine-N-oxyl to 
yield ketoneslRR. The oxidation does not occur in the absence of the nitroxide but 
proceeds with only a catalytic Therefore the reaction sequence shown in 
equation (61) is suggested188. The oxidation of methanol in the presence of 
di-t-butyl nitroxide and cupric phenanthroline complexes to  yield formaldehyde 
appears to  be more c o m p l i ~ a t e d ' ~ ~ .  

In some oxoammoniurn salts, bond cleavage occurs, being favoured by the 
presence of suitable functional groups within the molecule. Thus the oxoammonium 

OH 
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salt 158, formed by oxidation of 4-oxo-2,2,6,6-tetramethylpiperidine-N-oxyl, is 
cleaved to  afford the nitro compound 160 via the nitroso compound 159 (equation 
62) whereas the cation obtained from 2,2,6,6-tetramethylpiperidine-N-oxyl is 
stable under these conditionskY'. 

h-&L*= I. 0 (159) 

0 

(62) 

( I S )  

NO2 

(160) 

Nitroxide 161 is oxidized by rn-chloroperbenzoic acid or nitrogen dioxide, and 
decomposes via its oxoammonium cation to  yield cyclohexanone, isobutylene and 
N O +  (equation 63)IY1. Molecular rearrangements, accompanying the oxidation of 
bicyclic nitroxides by silver oxide, are assumed to be induced by cleavage of the 
primarily formed oxoammonium c a t i o n ~ l ~ ~ ~ ~ ~ ~ .  

G. a-Scission of Nitroxides 
The reverse of spin trapping by nitroso compounds is the a-scission of a 

disubstityted nitroxide. The a-scission of the N-C bond occurs readily if the resulting 
radical R2 is stabilized (equation 64). 

R2 = Ph3C', H2C=CH--(CH3)2, HC-C-C(CH3)2 

Thus, trityl nitroxides decompose yielding the triphenyl methyl radical and the 
nitroso compound'94. This reaction occurs easily if the R' group is bulky, as for 
instance the 1-butyl group. In solution, radical 162, decomposes even at 25°C 
affording the ally1 radical 163, which further attacks the nitroxide 162 to yield the 
product 164 (equation 65)195. On the other hand, the corresponding 

/\< - + 162 1-BU-N 4 (65) 
1-BU-N &iG- I 

O - f  
(163) 8 

(162) 

(164) 
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r-butyl-( 1,1 -dimethyl) propyne-2-yl nitroxide is only cleaved in refluxing benzene 
solution, when subsequent reactions yield a bicyclic compound with a complicated 
structure'96. 

Di-1-butyl nitroxide (1) is only decomposed at temperatures above 125"C, 
yielding 2-methyl-2-nitrosopropane and tri-r-butylhydroxylamine (equation 66), 

hv + l  
1-Bu-N-Bu-t - t-BuN=O + t-Bu' - t-Bu-N-Bu-t (66) 

Or A & b-Bu-t 

(1) 

the latter arising from the trapping of 1-butyl radicals by unreacted dit-butyl 
nitroxide. The dissociation energy for the N-C bond has been estimated to be 
29 kcal/molL9'. The same products are formed by the photochemical cleavage of 1 
but the reaction requires K + x' excitation (A < 320 nm), the n + K' excitation 
being photochemically inert'98. 

The photochemical decomposition of nitroxide 165 is thought to proceed via the 
intermediate 166, which is stabilized by its allylic group. Elimination of nitrogen 
oxide then affords product 167 (equation 67). 

(165) (168) 

On the contrary, photochemically excited 4-hydroxy-2,2,6,6-tetramethyl- 
piperidine-N-oxyl (79) does not decompose but abstracts hydrogen in the presence 
of toluene (equation 68) (see Section V.E). It is suggested that a-scission also 
occurs in this case, but that the radical 168 not being stabilized is converted 
reversibly to 79 by intramolecular spin trapping198. 

The photochemically induced reaction of 2-r-butyl-4,4,5,5-tetramethyl- 
imidazoline-3-oxide- 1-oxyl in aprotic solvents follows a rather complicated 
course199. Irradiation at low temperature causes the usual conversion of the nitrone 
group to an oxaziridine ring. At higher temperatures the NO bond of the 
oxaziridine ring is broken, inducing a-scission at the nitroxide moiety to afford the 
intermediate 169. Finally this undergoes intramolecular spin trapping to yield the 
nitroxides 170 or 171 (equation 69). 

Radicals in which a heteroatom such as nitrogen or oxygen is attached directly to 
the nitroxide group undergo a-scission much more readily. Until now, the acyclic 
triazene-N-oxyls 172 have not been detected. All attempts at generating these 
radicals have given only the nitroxides 173200. Their formation is assumed to occur 
by a-scission of the transient triazeneoxyl giving the nitroso compound and a 
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BU-1 

(1 69) 

b 
(171) 

diazonium radical which further decomposes by elimination of nitrogen. The radical 
R' is then trapped by the nitroso compound yielding the nitroxide 173 (equation 70). 

-n* 
R'-N=N-N-R2 - [R'-N=N-N-R2] R'-N-R* (70) 

I I. ~ N2 I. 
OH 0 0 

(172) (173) 

On the other hand, benzotriazole-1-oxyl (174), is sufficiently persistent to be 
detected by ESR in several solventsz0'. In aromatic solvents, however, or even in 
the presence of aromatic compounds, 174 decomposes with the formation of the 
o-nitrosophenyl radical. In, for example, benzene, the reaction of the 
o-nitrosophenyl radical with the solvent affords the carbazole-N-oxyl 176 (equation 
71). Substituent effects on the persistence of radicals of the type 174 makes it 

n ,N=N' 

probable that in the first step of the reaction a-scissioii occurs to yield the 
a-nitrosodiazophenyl radical 175 which subsequently eliminates nitrogenzo2. 

The conversion of bicyclic hydrazyls 177 in the presence of oxygen is a further 
example of N-N scission in the a-position of the nitroxide group. Firstly the 
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oxidation of 177 gives 178. The latter is assumed to  be oxidized via the intermediate 
178 to yield 180 (equation 72)203. 

O'N -Bu-1 

The low persistence of alkoxy nitroxides is well d o c ~ m e n t e d ~ ~ ~ ~ ~ ~ ~ .  The activation 
energy for the a-scission of the N-0 bond in alkoxy nitroxides has been 
determined to  be 10 kcal/mo1206, indicating that cleavage of alkoxy nitroxides 
occurs readily. 

H. pScis8ion Of Nitroxi- 

The oxidation of nitroxides to  afford nitrones may be considered as a f3-scission. 
Moreover halogen substituents in the f3-position of the nitroxide group can be easily 
eliminated. Thus it has been shown, that the chlorine atom in p-chlorinated 
nitroxides is substituted by hydrogen after treatment with tri-n-butyltin hydridezO! 
The reaction is considered to be a radical-chain reaction, the propagation of the 
chain involving the steps shown in equation (73). 

CI 
I 

R - N - C R ~ R ~  + ~ u ~ s n '  - R-N=CR%~ + B U ~ S ~ C I  
I A- 0 

(73) 

H 
I 

R-N=CR1R2 + Bu3SnH - R-N-CR'R2 + Bu3Sn' 

d d' 
Supposing that intermediate formation of f3-chloronitroxides occurs, followed by 

elimination of chlorine to yield nitrones, several reactions can be reasonably 
interpretedZoG2l0 such as the photochemical synthesis of the nitrone 181 from 
2-chloro-2-nitrosoadamantane and nitrosobenzene (equation 74)'08. 

/ hv PhNZO F' - CI' 

-NO \cl I. 1 
'Cl 0 0 

NO 

(74) - Ad' - Ad-N-Ph - Ad=NPh Ad 

(181) 
Ad = adamantane 

Similarly, photolysis of 1 -nitro-1 -nitrosocyclohexane is assumed to occur via the 
intermediate 182. The latter eliminates nitrogen dioxide with the formation of 183 
which then reacts further (equation 75)211. 
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1. Miscellaneous Nltroxlde Group Reactions 
The most reactive nitroxide, bis(trifluoromethy1) nitroxide, is capable of addition 

to alkenes. A 2: 1 adduct 184 is formed with ethylene in 99% yield (equation 76)”’. 

2 (CF312NO’ + CH2=CHz - (CF3)2N-O-CH&H2 --O--N(CF3)2 (76) 

(184) 

Reactions with isobutene, 2-methylbutene-1 and 2-methylbutene-2 also give the 
corresponding products, On the other hand, hydrogen is abstracted from 
3-methylbutene- 1, the resulting radical being trapped by a further nitroxide 
molecule to yield 185 and 186 (equation 77)173. 

2 (CF&NO’ + Me2CHCH=CH2 -,CF3)2NOH 9 

Me2CCH=CH2 + MepC=CH-CH2-ON(CF3)2 (77) 

(1W 
1 
ON(CF3)2 

(la) 

Acetylene and substituted acetylenes can first add two bis(trifluoromethy1) 
nitroxide molecules, but contrary to the reaction of ethylene very complex reactions 
occur213. In the reaction of bis(trifluoromethy1) nitroxide and benzene, substitution 
occurs yielding the 1,2,4-tris[N,iV-bis (trifluoromethyl)] aminoxybenzene214. 

Recently some addition reactions of acyl nitroxides have been reported2Is. 
Nitroxides of usual reactivity can induce homolytic cleavage of weak a-bonds. It 

has been found that in di-t-butyl nitroxide as the solvent or in molten 
4-oxo-2,2,6,6-tetramethyl piperidine-N-oxyl, compounds such as benzoyl peroxide, 
N-bromosuccinimide, allyl and benzyl bromide and even the less reactive secondary 
and tertiary alkyl bromides and iodides can be cleaved. This process, called 
homosolvolysis216, can be formulated as in equation (78). If X is bromine, the almost 
insoluble oxoammonium bromide precipitates; benzyl and allyl bromides afford the 

R 1  + ~ N R :  

R’ONR; + R:NOX or R~,NO+X- 
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corresponding 0-substituted hydroxylamines, whereas the radicals formed from 
N-bromosuccinimide or benzoyl peroxide abstract hydrogen. Most strikingly, a 
small amount of di-r-butyl nitroxide in an inert solvent is sufficient to induce the 
dissociation of triphenylmethyl bromide, the triphenylmethyl radical being detected 
by ESR217. 

Deoxygenation of nitroxides occurs with a variety of reagents such as triethyl 
phosphite, methyl iodide or iodine, sodium sulphide in dimethyl sulphoxide, 
tetramethylthiuram disulphide and sulphur dioxide*'*. The mechanism of this reaction 
has been discussed for triethyl phosphite onlyz1". It is assumed that the reaction 
begins with the formation of a P-0 bond; then scission of the N-0 bond follows, 
yielding triethyl phosphate and an aminyl radical which finally abstracts hydrogen 
from the solvent to form an amine. 

R d  222 

VI. REACTIONS WITHOUT DIRECT INVOLVEMENT OF THE 
NITROXIDE GROUP 

The extraordinary persistence of the di-t-alkyl nitroxides makes it possible for 
various reactions to be performed at other reactive positions of the radical 
molecule, the nitroxide group itself being unaffectedI4. Such reactions were first 

COOH 

b' 

R d  220 

b' 

0 

I -  
0 

SCHEME 5 
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d" 0 I .  
- 

Re1 224 4"" 0 I .  
- 

Re1 224 

I Rot 220 

CONH2 

I. 
0 

Ref 223 I Ref 220 

I .  k 0 

SCHEME 6 

camed out by R o z a n t s e ~ ~ . ~  using the carbonyl group reactivity of the 
4-0~0-2,2,6,6-tetramethylpiperidine-N-oxyI. The great numer of possibilities for 
the application of such reactions is demonstrated in Schemes 5 and 6z20-zz*: 

The reactions, occurring at the position 2 of 4,4,5,5-tetramethyl- 
imidazoline-3-oxide-1-oxyl 187 and its 2-halogeno derivatives, leaving the nitroxide 
group unchanged (equations 79-81), indicate that the high persistence of the 
nitroxide group does not originate alone from steric effectszz5. 

2-Substituted derivatives of 187 can undergo various reactions at the side-chain 
without loss of the radical propertieszz5. Moreover, nitroxides containing 
chelate-forming groups can form chelate complexes with metal ionszz6. 

The reactions of nitroxides without direct participation of the nitroxide group 
have been extensively applied in the field of spin labelling227~228 during recent years. 
This technique depends on the fact that a nitroxide which is either covalently or 
noncovalently incorporated into a biological system can give, via its ESR spectrum, 
information about its environment. Thus, for instance, the anisotropy of the ESR 
spectrum of the spin label can give information about the mobility of the 
biomolecule (see Section III.C.l). Moreover, from the magnitude of the coupling 
constant aN, it can be concluded whether the environment of the nitroxide label is 
polar or nonpolar. Other properties of nitroxides affecting their ESR spectra such 
as the spin exchange in biradicals, which is dependent on several factors (see 
Section 1V.C) can also be used to gain information about biological systems. 

The most important spin labels are 2,2,6,6-tetramethyIpiperidine-N-oxyls, 
2,2,5,5-tetramethylpyrrolidine-N-oxyls, 2,2,5,5-tetramethylpyrroline-N-oxyls and 
4,4-dimethyloxazolidine-N-oxyls, substituted by functional groups which are capable 
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/ 

/ 
x2 

X = Br or I 

' 0  

$$+GI- N 

t; 

of undergoing chemical reactions with the reactive sites of biomolecules. A 
selection of alkylating, acylating, sulphonating and phosphorylating spin labels is 
shown in formulae 18%199. 

Cl 
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*I. GENERAL AND THEORETICAL ASPECTS 

In contrast to an earlier issue the new recommendations of the IUPAC assign the term 
‘Aminoxyl’ instead of ‘Aminyl Oxide’ to the individual compounds of this class of 
radicalsz30. ‘Nitroxide’ should be retained as the group name, however. 

The contributions of the First International Symposium on Spin Trapping and Nitroxyl 
Radical Chemistry have been publishedz3’. They reflect the widespread interest in 
nitroxide chemistry. In particular, spin trapping and spin labelling have found extensive 
application for the study of biochemical, biophysical, pharmacological and medicinal 
problems. Among the new types of nitroxides, 2,2,5,5-tetramethyl-3-imidazoline-l-oxyls 
merit special attention. 

Throughout the appendix the following abbreviations are used: 

TEMPO 2,2,6,6-Tetramethylpiperidine-N-oxyl 
TEMPOL 4-Hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (79) 
TEMPON 4-0~0-2,2,6,6-tetramethylpiperidine-N-oxyl (9) 
DTBN Di-t-butyl nitroxide (aminoxyl) (1) 
MNP 2-Methyl-2-nitrosopropane (28) 
NB Nitrosobenzene (32) 
ND 2,3,5,6-Tetramethylnitrosobenzene (nitrosodurene) (35) 
PBN 
DMPO 5,5-Dimethyl-l-pyrroline-l-oxide (40) 

cr-Phenyl N-t-butyl nitrone (N-t-butylbenzylidenamine-N-oxide) (39) 

*II. FORMATION OF NlTROXlDES 

*A. Oxidation of the Hydroxylamino Group 

‘ 1 .  formation from hydroxylamines 

can be favourably performed by cobalt-coordinated peroxyl radicals23z. 
Oxidation of hydroxylamines to afford nitroxides as well as further oxidation products 

*2. Formation from amines 

The peroxyl radical assumed to be the intermediate in the conversion of 2,2,6,6- 
tetramethylpiperidinyl radical into TEMPO can be detected by its ESR signal in a matrix 
in the temperature range from - 150” to - 80°Cz33. 

The lithium salts of secondary aliphatic amines are oxidized by molecular oxygen to 
afford the corresponding nitroxides. This reaction proceeds with retention of configur- 
ation at the a-carbon atoms as shown by asymmetric substitution. The coupling constants 
of diastereomeric radicals formed in this way differ considerably. (For instance bis( 1- 
phenylethy1)aminoxyl: racemic mixture R, R / S ,  S ,  uN = 14.9, uH = 9.0‘3; meso, uN = 14.6, 
uH = 5.9 Gz34.) In this connection it is remarkable that spin trapping of the 1-phenylethyl 
radical by 1-phenylnitrosoethane yields only the racemic mixture of the chiral nitroxide. 

From trialkylamines with at least one hydrogen atom at the B-position dialkyl- 
aminoxyls are formed in aqueous solution in the presence of oxygen by oxidative 
elimination of one alkyl 

*3. Formation from nitroso compounds 

As has been shown in Section II.C.245 and II.C.3 (e.g. equations 11 5 4  and 1255) aliphatic 
and some aromatic nitroso compounds can be photolytically decomposed to give alkyl 
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and aryl radicals which are subsequently trapped by the parent compound affording the 
corresponding nitroxides. This reaction has been subject to misinterpretation (e.g. 
equations 2676 and 2777). In fact, some of the nitroxides formed by reactions in which 
nitroso compounds are involved arise by inadvertent photolysis rather than by molecular- 
assisted h o m o l y ~ i s ~ ~ ~ .  However, this should not be true if a hydroxylamine is formed in 
equilibrium with the nitroso compound causing a redox reaction to occur between these 
two compounds (see equation 5 for X = CR, or NR, but not for X = 03’).Thus 2,4,6- 
trichloronitrosobenzene reacts with c i s -b~tene-2’~~ and the enamine form of N-t-butyl-(2- 
pheny1ethylidene)aminez3’ according to equation ( 5 )  to yield the nitroxides 200 and 201, 
respectively. 201 is also formed by oxidation of the hydroxylamine intermediate237. 

A r N C H (  Me)CH=CH2 ArNCH(Ph)CH=NBu- t  

I* I* 
0 0 

(200)  (201 1 
A r =  2,4,6- CI3C6H2- 

RIN=O + R 2 0 0 H  R1N-OOR2& R’N--OR2 + R’N02 + *OR2 I ( R N = O )  [ 1; ] 
OH 

R’N=O +  OR^-+ R ’ N - O R ~  

I. 
0 

RN=O + MEW,,----, R N - B H ~ - M +  

I* 
0 

(202 1 
M=Na or K 

‘4. Formation from nitrones 

Molecule-induced homolysis of hydroperoxides with nitroso compounds gives initially 
a lkoxyn i t ro~ ides~~~  which should arise by reaction sequence (82). Furthermore, boronit- 
roxides 202 are formed when nitroso compounds are treated with sodium or potassium 
borohydride in aprotic polar solvents (equation 83)239. 

The molecule-induced homolysis of hydroperoxides with nitrones is also assumed to 
occur by addition of the hydroperoxide to the nitrone group followed by oxidation of the 
hydroxylamine as shown in equation (84)238. 

R ~ & = c H R ~ +  I -B~OOH ~ R ’ N - C H R ~  
I I  
OH OOBu-t  

I 
0- 

(203) 

203 + I -Bu00H - R’N-CHR2 + H20 + I -BuO’  (8.1) 
I* I 
0 0 0 B u - I  

(204 )  

203 + I-BuO’ + 204 + I-BuOH 
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I-BUN-CHPh + HX + I-BUN-CHPh + X *  

I* I I I  
0 C(OH)Me2 OH C(0H)Mez 

(2051) (206) 

(206 )+  f-BUN-CHPh - 205 

'0' 

( 2 0 7 )  

Spin trapping by nitrones performed under irradiation may also take a rather 
complicated course. For instance, photochemically generated a-hydroxyalkyl radicals are 
first of all trapped by PBN to give the expected spin adduct 205. This, however, is 
photochemically labile and is converted to hydroxylamine 206 under hydrogen abstrac- 
tion from the solvent. In a competition reaction the nitrone PBN is rearranged to the 
oxaziridine 207 by the action of light. When irradiation is stopped 207 oxidizes 206 to 
afford nitroxide 205 in a dark reaction240. 

*C. Spin Trapping 

'7 .  General remarks 

Several reviews on spin trapping have appearedz4'. 

'2. The properties of spin traps 

Various novel spin traps adjusted to special requirements and synthesized by 
introducing specific substituents into the widely used systems, the nitroso compounds and 
nitrones, are the following: 2,4-dimethyl 3-nitrosobenzenesulphonate (208)242, 4- 
nitrosopyridine-N-oxide (209)243, pentamethoxynitrosobenzene trifluoronitro- 
somethane (21 1)245 and the compounds 212-216. 208 and 209 are water-soluble, 
photostable compounds. 209 and 211 are particularly suited for trapping of 0-centred 
radicals. In the ESR spectra of the spin adducts of 210 the hyperfine splittings are better 
resolved than in those of other traps, thus providing more information about the trapped 
radicals. 

R ~ = C H R ~  
I 
0- 

(212)246 R' = t-Bu, R2 = 4-C,H4AMe, 
(213)246 R'  = c-Bu, R 2  = 4-C,H4~(CHZ), Me 

(216)249 R' = HOCH,-C(Me,), Rz = Ph 

(214)247 R' = t-Bu, R2 = 4-C5H4N-0- 
(215)248 R' = z-Bu, R Z  = CH=N(O)Bu-t 

The well-known DMPO (40) has been modified. Thus the lipophilic character of the 
trap can be successively increased by substituting a methyl group by propyl, hexyl Qr 
d e ~ y l ' ~ ~ .  Use of 3,3,5,5-tetramethyl-l-pyrroline-l-oxide gives more persistent adducts'". 
There should be a brief comment on a few specific applications of spin traps. Sodium 2- 
sulphonatophenyl t-butyl nitrone (42) and 213 were used in sodium decyl sulphate (SDS) 
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micellar solutions246. Whereas 42 is located in the aqueous phase, 213 traps the radicals in 
the lipophilic interior of the micelles. Radicals in the smoke of cigarettes have been trapped 
by solid-state D M P O  which was either placed as a thin film on a glass fibre or was 
adsorbed at silica gelzs2. By means of its hydroxy group, nitrone 216 could be covalently 
attached to silaceous surfaces using cyanuric chloride as the linking agentz4’. 

Under certain circumstances spin traps can act as electron acceptors or even as electron 
donors. Since the generation of the radicals to be trapped is frequently connected with 
redox reactions, knowledge of the redox potentials of the traps is necessary in order to  
know the potential window wherein they are redox inactive. Thus the redox potentials of 
several nitrones and of M N P  were measured in acetonitrile as well as in aqueous 

It was found that ease of reduction is in the order PBN (39) < 3-pyridyl t-butyl 
nitrone < 3-pyridyl-N-oxide t-butyl nitrone < 3-(N-methylpyridinylium) t-butyl nitrone, 
according to the increasing electron-acceptor properties of the aryl group. The oxidation 
potential was found to  increases in the same order. In acetonitrile the oxidation potentials 
of 42,214 and 2-pyridyl-N-oxide t-butyl nitrone were lower than expected, the potentials 
of 42 and 214 being even lower than that of PBN. This was ascribed to resonance effects. 

Potential measurements in D M F  and acetonitrile confirm that reduction of nitrones is 
more difficult than that of nitroso compounds253. The following normalized reduct ion 
potentials (Pt electrode, aqueous solution) were determined: 

NB(32) ND(35) MNP(38) PBN(39) DMPO(40) 
- E(V) 0.2 0.44 0.11 1.53 2.18 

Comparison of these reduction potentials with the oxidation potentials of various radicals 
suggests that nitroso compounds can undergo a competition reaction (equation 86). Thus, 
electron transfer instead of radical trapping can occur with strong electron-donating 
radicals. This is particularly true for radicals, such as ketyl a-hydroxyalkyl and a- 
aminoalkyl, with an oxidation potential of less than - 0.6. Quantitative trapping by 
nitroso compounds is only possible for radicals, such as alkyl, aryl or alkoxy, whose 
oxidation potential are sufficiently positive. 

R‘N - R~ 

R’N=O + R ~ *  A- 

In contrast nitrones are reduced only at extremely negative potentials. For example, no 
electron transfer between nitrones and ketyl radicals occurs. For this reason nitrones can 
be widely used for spin-trapping experiments. In principle, nitroso compounds can also 
operate, with strong electron acceptors, as electron donors. 

*3. Examples of spin trap reactions 

Unambiguous distinction between hydroxyl and peroxyl radicals in spin-trapping 
experiments is necessary, particularly in view of their application to biological problems. 
This is possible since the coupling constants found for the adducts of peroxyl and hydroxyl 
radicals with nitrones are different (cf. 217 and 218). To confirm this, the hydroxyl spin 
adducts were formed independently from hydroxyalkyl radicals and nitroso compounds 
(equation 87)238. 
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ArN-CHR ArN-CHR ArNO + RkHOH + 218 
I -  I I *  I 
0 OOH 0 OH 
(217) (218) Ar = duryl 

a N =  13.12G a N =  13.89G 
a! = 4.67 G a" = 6.61 G 

(R = CH,, Ar = duryl) 

That in fact the 0-centred radicals are trapped is also indicated by the spin adducts of 
the 170-labelled hydroperoxyl or superoxide radical and the hydroxy radical which 
exhibit "0  couplings.254 However, in view of the results with trifluoronitrosometh- 
ane245, the report on the trapping ofthe hydroperoxyl radical by MNP57 is presumably an 
error. 

In the same way the spin adducts of alkylperoxyl and alkoxy radicals can be 
d i s t ing~ i shed~~~ . '~ ' .  Since the spin adducts of alkoxy and a-hydroxyalkyl radicals with 
PBN (39) can be distinguished by their ESR parameters, differences in the mechanism of 
alcohol oxidation by aryloxyls can be revealed. It was found that primary alcohols and t -  
butyl alcohol yield preferably alkoxy radicals on treatment with aroxyls at 100 "C. The 
alkoxy radicals are assumed to be formed by electron transfer followed by deprotonation. 
In contrast, secondary alcohols preferentially afford u-hydroxylalkyl radicals which 
obviously arise by direct hydrogen ab~t rac t ion '~~.  

DMPO is one of the most efficient traps. It was used to trap a cobalt-dioxygen 
complexz57 as well as alkylthiyl radicals258 and other sulfur-centred radicals derived from 
thiol drugs and biochemicalsz59. 

Radicals formed by UV photolysis of peptides and DNA constituents and by photo- 
induced reactions of benzoyl peroxide with amino acids, peptides, fatty acids and 
pyrimidines were characterized by spin trapping with MNPZ6'. 

When mixtures of amino acids were y-irradiated, the radicals formed were first trapped 
by MNP. Subsequently, the spin adducts were separated by high-performance liquid 
chromatography and finally the various fractions were identified by ESRZ6'. 

In some cases it is possible to convert the spin adducts in diamagnetic trimethylsilyl 
derivatives which are stable and volatile and may thus be separated and identified by 
GLC/mass spectrometryz6'. 

Ligated boryl radicals 219 were trapped by MNP and other traps. As a competition 
reaction 8-scission of the boryl radicals occurred. Since the rate of the fi-scission, k,, was 
known, the rate k,,,, could be determined from the relation ktrap/kS which was estimated 
from the product ratio 220/221. According to their stronger nucleophilic properties boryl 
radicals are trapped faster than alkyl radicals 263. 

+ I - B u N E O  
t-BuN-BH2-, NEt (Pr - i  )* 

I* kt.op 

0 

i-Pr2EtN + BH2 ( 2 2 0 )  

-i-Pr Et N =BHt + t-BuN=O 
i -  Pr'  - t-BuNPr- i  

k P  I *  
0 -E (221 1 

(219) 

Inorganic radicals such as azidyl, cyanatyl, cyanyl and chlorine can be trapped by 

(87) 
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radicals, e.g. bromine atoms248. In the ESR spectra of the adducts of alkyls radicals to this 
trap even the coupling of 7-protons is frequently resolved248. 

If hydroxy radicals are generated in the presence of 2,4,6-trimethoxyphenyl t-butyl 
nitrone, the formation of the usual spin adduct is accompanied by hydrogen abstraction 
from the methoxy group. The 2-oxalkyl radicals (222) so formed undergo an intra- 
molecular spin trapping to give nitroxides (223)266. 

pBN264.265 . Ho wever, glyoxal bis(t-butyl) nitrone (215) is a superior trap for certain other 

Me0 

f-BuN=CH + I +OMe - t-BuS<@OMe (89) 

0- 
‘C HzO 0 

(222) (223) 

R‘I; =CHCH,R~ 
I R’ N-CHCH2R2 
0- (224)  

+ - b ’ /  L 7 

R‘N-CH=CHR~ R ~ - - + N = c H c H R ~  
I *  I 

(226) O- (226) ( 2 2 7 )  

( 90) 

Vinyl nitroxides with only one substituent at the 8-position (225) are extremely reactive. 
When formed by oxidation of nitrone 224 these nitroxides are immediately trapped by the 
precursor nitrone to afford 226, which in turn can undergo an intramolecular spin trap 
reaction to give 227267. Another intramolecular spin trap reaction is the formation of 230 
from 228 in the reaction sequence 228 + 229 + 230268. 

The formation of spin adducts with nitric oxide is described in a series of papers269. In 
the absence of oxygen, alkyl radicals simply form the corresponding dialkyl nitroxides, 
whereas in the presence of oxygen acyl alkyl nitroxides are detected. It is assumed that 
initial formation of alkylperoxyl radicals is followed by several reaction steps in which 
nitric oxide is involved269. 
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*5. Kinetic studies of spin trapping 

The trapping rates by para-substituted phenyl t-butyl nitrones were measured for 
several radicals generated by pulse radiolysis. Whereas no dramatic increase in trapping 
rates with increasing acceptor properties of X was found for s- and t-hydroxyalkyl radicals 
or for primary alkyl radicals, an acceleration by a factor of 17.5 and 28 was observed for 
hydroxymethyl radicals when X is CN and NO,, respectively (compared to X = H)270. 
The effect of the strong acceptors CN and NO, points to some charge transfer in the 
transition state. In general, however, the observed substituent effects are mainly due to 
their influence on the ground state of the nitrone, charge-transfer interaction in the 
transition state being less important as Schmid and Ingold concluded66. 

0- 

(231 1 
X=Me,  Me0,H,CN,N02 

Thiyl radicals 231, generated by flash photolysis, were trapped by PBN and DMP0271 
and by pentamethyl nitrosobenzene, NB and MNP272. A clear increase in trapping rates 
was found in going from donor to acceptor substituents Y in 231. The Hammett plots vs. 
a +  were linear with positive slopes. It was concluded that the substituent effect is partly 
due to a decreasing stabilization of radicals 231 by acceptor substituents Y and partly to a 
charge transfer in the transition state. This means that, contrary to expectation, the thiyl 
radicals would act as acceptors and the nitrones and nitroso compounds as donors. The 
solvent effect on the trapping rate has also been discussed271. 

In the system .O;/*O,H both radicals are trapped by DMPO in aqueous solution. The 
values estimated for the trapping rates are far less than those for other 0-centred radicals, 
indicating the low reactivity of -0; and -0,H273.  

In a further kinetic study the rate of rearrangement of the 2,2-dimethyl-3-buten-I-yl 
radical to yield the l,l-dimethyl-3-buten-l-yl radical was determined from the ratio of the 
spin adducts of both radicals with l-methyl-4-nitros0-3,5-diphenylpyrazole~~~. 

‘111. INVESTIGATION OF NlTROXlDES BY PHYSICAL METHODS 

A compilation of crystal structure data indicates that in nitroxides with hydroxy or amino 
groups intermolecular hydrogen bonding involving the nitroxide group exists. Even if 
other potential acceptors for hydrogen bonding such as amide or carboxyl groups are 
present, the nitroxide group is always preferred. The geometry of the hydrogen bonding 
moiety is similar in all structures, corresponding to the a-model rather than to  the n- 
model. If no hydrogen bonding is possible ‘short contacts’ between the oxygen atom of the 
nitroxide group and the carbon atom of a methyl or methylene group of neighbouring 
molecules exist, resembling the geometric disposition in the hydrogen-bondzd 
molecules2 ’. 

X-ray analysis indicates that the 1 : 2  complex from copper(i1) chloride and 2-phenyl- 
4,4,5,5-tetramethyl-2-imidazoline-3-oxide-l-oxyl (90) consists of structurally discrete 
molecules with square-planar coordination276. The three interacting paramagnetic 
centres are arranged in a linear fashion. The molecule exists in an electronic doublet 
ground state. Whereas the metal-oxygen bond is short, the nitrogen-oxygen bond was 
found to be longer than in the uncomplexed compound. Presumably this is due to transfer 
of spin density from the nitronyl-nitroxide system to the copper ion. 
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Discrete nitrosonium cations and perchlorate anions exist in the nitrosonium 
perchlorate which was obtained from the same nitronyl nitroxide by oxidation with 
copper p e r ~ h l o r a t e ~ ~ ~ .  

The study of a crystal of 2,2,6,6-tetramethyl-4-piperidyl-l-oxyl suberate by neutron 
diffraction using the classical polarized neutron technique has shown that the unpaired 
electron is approximately equally distributed between nitrogen and oxygen, at least in this 
particular n i t r o ~ i d e ~ ~ ~ .  

The spin density distribution was calculated by the Local Spin Density Theory for the 
most simple nitroxides. The ratio pN:po for the unsubstituted aminoxyl was found to  be 
0.44:0.57, whereas for dimethylaminoxyl a ratio of approximately 1 : 1 was estimated. 
Hydrogen bonding by methanol shifts the spin density towards the nitrogen atom' 79. 

UV spectroscopic studies of DTBN have revealed that the influence of the solvent on the 
absorption band at  23 OOO cm ~ parallels the solvent effect on its ESR coupling constants 
as well as the solvent effect on the IR absorption band v,,,(C==O) of acetone. Thus it is 
concluded that the mode of solvation of the nitroxide group resembles that of the keto 
group. However, nitroxides are found to be somewhat more basic than ketones2". 

Solvent effects on the visible spectra of TEMPO and TEMPON have also been 
correlated with the hyperfine coupling constants of DTBN'". Microenvironmental 
effects on energies of visible bands of these nitroxides in electrolyte solutions and in 
micelles have been studied282 and their micelle-water distribution coefficients 
determined283. 

5N-NMR spectroscopy has been applied to  studies of nitroxides. Thus, determination 
of the hyperfine splitting of the nitrogen atom at position 3 in 2,2,5,5-tetrameth>1-3- 
imidazoline-1-oxyls and 3-imidazoline-3-oxy- 1-oxyls was possible; this could not be 
detected by ESR or ENDOR284. 

In addition to ' H-ENDOR spectroscopy, I4N-ENDOR spectroscopy is being used 
increasingly. A compilation of the nitroxides studied by ENDOR has been published285. 
The sign of the coupling constants can be determined by such special technique5 as 
CRISP286 and TRIPLE r e s ~ n a n c e ~ ' ~ . ~ ~ ~ .  Superhyperfine coupling of y- and &hydrogen 
atoms can be found due to the better resolution of the ESR spectra with the aid of the out- 
of-phase detection method288. 

Changes in the ESR spectra of some diradicals in the plastic phase of cyclohexane at 
- 10 "C or in the frozen state in toluene at - 150°C are observed when the orientation of 
the probe is changed. Under favourable conditions it is thus possible to obtain anisotropic 
spectra289. 

*IV. SPECIFIC PROPERTIES OF NlTROXlDES AS STUDIED BY ESR 

*A. Spin Density Distribution 

The I7O coupling constant of the 70-labelled bis(trifluoromethy1)aminoxyl (2) was 
determined (a"' = 23.6, aN = 9.4 G)290. These values correspond to an increased spin 
density at oxygen (po = 0.67) and decreased spin density at nitrogen (pN = 0.28). This result 
clearly indicates the effect ofelectron acceptor substituents on the spin density distribution 
of the nitroxide group (cf. DTBN (l) ,  Table 6). Only recently the I 7O coupling constants of 
a variety of five- and six-membered nitroxides were determined using the nonisotopiciilly 
enriched c o m p o ~ n d s ~ ~ l .  

Further discussions concerning the problem of geometry (configuration) of the 
nitroxide moiety have appeared. In this connection bis(trifluoromethyl)aminoxyl(2) itnd 
trifluoromethylalkoxyamin-N-oxyls were particularly studiedz9'. From these studies it 
was concluded that in 2 the nitroxide group is either planar or quasi-planar; i.e. the 
inversion barrier is so small that it is overcome by the vibrational energy of most of the 
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molecules. resulting in a time-averaged planar configuration. Other dialkyl nitroxides 
were considered to be more rigidly planar. In any case temperature-dependent ESR 
spectra do not constitute strong evidence for the configuration of n i t r ~ x i d e s ~ ~ ~ .  

In general, there seems to be agreement that the energy difference between the planar 
and the pyramidal configuration of the nitroxide group is extremely small so that 
conformational or lattice forces are more than sufficient to overcome the inherent 
geometry of the nitroxide The conclusion that an increase of the out-of-plane 
bonding should occur with increasing temperature was verified by a study of t -  
b ~ t y l a m i n o x y l ~ ~ ~ .  

By M N D O  calculations the transoid conformation of a-acyl nitroxides was found to  be 
lower in energy than the cisoid conformation and to have the higher spin density a t  
nitrogen, in accordance with experiments. In contrast, in calculations for N- 
nitrosonitroxides the cisoid conformer turned out to be of lower energy294. 

The nitrogen coupling constants aN for several spin adducts of PBN and for the adduct 
of the t-butoxyl radical to D M P O  increase with increasing solvent polarity because of the 
higher spin density at nitrogen. Due to hyperconjugation the b-hydrogen coupling 
constants a! also increase. There is a linear relationship between aN and a! with the 
exception of the benzoyl spin adduct of PBN295. 

In contrast, a decrease of aN was found for t-butoxy-t-butylaminoxyl in aprotic solvents 
with increasing polarity. Two explanations were given: aN may be diminished by the 
enhanced delocalization according to mesomeric formula C (equation 92) or by an 
increase of planarity of the nitroxide moiety296. 

(92) 
*+ ot 

t - ~ u i - o ~ u - t  f--) ~ - B u N - ~ B ~ - ~  -  BUN- 2 ~ u - t  
I I I 

H 

I -  I* 
0 0 

( 2 3 2 a  1 ( 2 3 2 b )  

The cyclic nitroxide 232 exhibits a special solvent effect in so far as the equilibrium 
between the thioamide and the iminethiol form is markedly influenced. In apolar solvents, 
such as benzene, or protic polar solvents, such as ethanol or water, the iminethiol tautomer 
232b is preferred. In aprotic solvents such as DMSO and D M F  which are hydrogen bond 
acceptors the thioamide form 232a is, however, dominating297. A similar influence of the 
solvent on the tautomerism of the related porphyrexide and its hydrolysis product had 
been previously observed298. 

An excellent correlation between aN and the CT Hammett parameter was found for meta- 
and para-substituted aryl spin adducts of DMPO. Obviously, this correlation is not 
disturbed by resonance effects because the aryl and nitroxide groups are separated by a 
tetrahedral carbon atom299. 

As the ESR spectra reveal, diastereomeric spin adducts 233 are formed from alkoxyalkyl 
and aminoalkyl radicals with PBN300. The diastereomeric radicals have different 8-factors 
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as well as different N and 8-H coupling constants. The differences in g-factors and aN are 
due to the different orientations of the C-0 and C-N dipoles, respectively, with respect 
to the nitroxide group. The repulsive interactions of the various groups affect the 
conformation in a different way, giving rise to the differences in u! (cf. Section 1V.B). 

Ph 

I 
I -  I 

~-BuN-CH-CH-X-CH~R 

0 R 

( 2 3 3 )  X=O, NH 

*B. Conformation of Nltroxlder 

The dependence of the 8-hydrogen coupling constant a! (Table 12) on the angle cp (see 
equation 34) yields interesting conclusions concerning the conformation of b-silyl 
nitroxides 235. Their values for a! are larger than those of the corresponding alkyl- 
substituted nitroxides 234 (X = CH,). They are thus incompatible with conformation C 
(a" = 6.5 G), which is expected to be favoured by the hyperconjugation effect of the silicon. 

RN-CH2X 
I -  
0 

(234) X=Me 

( 2 3 5 ) X = S i M e 3  

HN-CHPh 
I -  I 
o x  

( 2 3 6 )  

X X 

R a0 H :-Bx H H&O Ph H 

( C )  ( H I  (C') 

On the other hand, conformation H would give rise to values in the order of 19.5 G. 
Thus it is assumed that a rapid interconversion between the conformers C and H with an 
averaging of a; takes place. Whereas conformation C is stabilized by x--6 (C-Si) 
hyperconjugation and/or x-d homoconjugation, conformation H is believed to be 

TABLE 12. Comparison of coupling constants a! (G) for 
nitroxides 234 and 

R = M e  t-Bu Ph 

234 10.3 10.3 7.8 
235 12.1 14.5 10.8 
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stabilized by a specific nonbonded attractive interaction between the nitroxide oxygen and 
the silicon with participation of CT* or 3d orbitals of silicon301. 

A similar phenomenon was observed on comparison of P-sulphur-, silyl- and germanyl- 
substituted nitroxides. 236 (X = SBu-n, u; = 6.55 C) is thought to exist exclusively in 
conformation C’. In contrast, for 236 (X = SiEt,, u! = 14.8 G) and 236 (X = GePh,, 
u; = 14.1 G) an equilibrium with other conformations is assumed to be responsible for the 
enhancement of u ~ ~ ’ ’ .  

O n  the other hand the /3-hydrogen couplings for alkoxyalkyl- and hydroxyalkyl- 
trifluoromethylaminoxyls are even smaller than those expected for conformation C. It is 
believed that conformation C is realized as a result of steric and anomeric effects and that 
additionally the OR group is bent towards the nitroxide A- orbital moving the hydrogen 
atoms away from this orbita1303. The selective line-broadening in the ESR spectra of the 
trimethylamine-ligated boryl-t-butylaminoxyl is ascribed to the out-of-phase modulation 
of the boron and the 8-H splitting which is caused by an exchange of two almost equally 
occupied conformers2 ”. 

In a similar way conclusions may be drawn from the /I-l3C coupling304 (Table 13). 13C 
couplings of about 10C point to a conformation in which the respective substituent 
eclipses the nitroxide n-orbital. In nitroxides 81 (R = CN, CCI,) the substituent R is 
preferably in the eclipsed position, whereas in nitroxides 81 (R = H, Me) the phenyl group 
is eclipsed with the n-orbital. In 81 (R = Ph) both phenyl groups form an angle of 
approximately 30” with the plane of the n-orbital. From these results a stabilizing 
interaction between the nitroxide group and the phenyl group is concluded which is, 
however, exceeded by the effect of the electron acceptor substituents CN and CC1,285~304. 

Ph Ph 

I K I 
t-BUN-CH-CHR + MeOH t-Bu-N-CH-CHR 

I 
t-BUN-CHPh 

O R  

(81 1 (237 1 H - OMe 

I *  Q OH 
I* I 
0 ........ H-0 

I* I 

(94) 

A special situation arises for molecules such as 237 (R = H) that can form an 
intramolecular hydrogen bond. uN is almost unchanged when the aprotic solvent toluene is 
replaced by the protic solvent methanol (aN = 15.0 and 15.1 G, respectively), but a! 
changes drastically (0; = 6.6 and 3.6 G, respectively). Whereas in toluene an intra- 
molecular hydrogen bond exists, formation of an intermolecular hydrogen bond is more 
favourable in methanol. Thus the conformation of the molecule on which u! depends is 
quite different in both solvents. Since the nitroxide group is hydrogen bonded in both 
solvents its direct environment which determines uN remains, however, almost 
unchanged3’ ’. 

By addition of increasing portions of methanol to  a solution of 237 in toluene the 
equilibrium constant K was determined from u!. AHo = - 7.4 f 0.5 KJ mol- ’ and AS’ = 

TABLE 13. Coupling constants (G) for nitroxides 
g1285.304 

R = C N  CCI, H Me Ph 
~~~ ~ 

9.85 9.68 - 3.25 7.38 
- - 9.82 10.50 7.38 

a”c 
I ,Ca.CR 

a B-CPh 



5. Appendix to  'Nitroxides' 383 

- 19 2 J mol-' K -  ' result from its temperature dependence. AHo approximately 
represents the strain energy due to formation of the hydrogen-bonded ring. If R # H the 
two diastereomeric forms of 237 could be detected, the trans form being energetically more 
f a v o ~ r a b l e ~ ' ~ .  

The two TEMPO groups attached to the crown ether skeleton in the syn position of 238 
exhibit only a weak spin-spin interaction. Every change in conformation caused eithcr by 
the solvent, by variation of pH or complexation with K f  changes the distance between the 
nitroxide groups, giving rise to a change in spin-spin interaction306. 

(238) R=CONH 

N-G N C O O a G  NCOO-G 

(2401 (241) (242) 

The ESR spectrum of the hetero diradical239 reveals that a strong exchange interaction 
between the two spin systems in the molecule takes place307. Hetero diradicals consisting 
ofa six- or five-membered nitroxide (N,  or N2) and the galvinoxyl (G) linked either directly 
(240) or by the phenyloxycarbonyl (241) or the biphenyloxycarbonyl group (242), 
respectively, were extensively studied by ESR and ENDOR spectroscopy308. The 
magnitude of the exchange integral J relative to the nitrogen hyperfine splitting was found 
to  change from IJI < aNI to I J (  >> laN\ depending on the length of the connecting link. The 
sign of the exchange radical was negative as was shown by ENDOR for three of the 
biradicals. That means that their ground state is a triplet308. 

Two nitroxide molecules can also be connected by a metal-chelate bridge (243). For I his 
purpose cyclic nitroxides were covalently bonded to  complexing agents such as 8- 
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dicarbonyl compounds, carboxylic acids, hydroxamic acids, crown ethers and monosub- 
stituted phosphates. Nitrogen-containing heterocycles with a hydroxy group in a 
favourable position and their corresponding N-oxides are also frequently used. In 
addition to the various piperidine-N-oxyls, pyrrolidine-N-oxyls and nitronyl nitroxides, 
particularly 2,2,5,5-tetramethyl-3-imidazoline-l-oxyls and 2,2,5,5-tetramethyl-3- 
imidazoline-3-oxide- 1-oxyls bonded to the complex-forming agents at the 4-position (see 
for example 244) were used as nitroxide compounds. Since many of the metal-chelate 
complexes are soluble in organic solvents the spin-labelled agents can be applied to extract 
the metal cations from aqueous solutions. The imidazoline compounds are particularly 
suitable for analytical applications since they make the nitroxide moiety relatively 
insensitive to an acid medium due to their basicity309. 

(243) 

With diamagnetic metals and weak interaction of the two nitroxide groups an almost 
unchanged three-line ESR spectrum is observed. However, if the exchange interaction is 
strong, the spectrum changes to a five-line pattern (see Section 1V.C). With paramagnetic 
metals the central atom may participate in the exchange interaction309. 

The interaction between transition metals, in various spin states, and the nitroxide 
group was extensively studied in many metal complexes3 I" .  In particular, metal complexes 
of tetraaryl porphyrins were the subject of these studies. The nitroxide label was either 
covalently bonded to the porphyrin skeleton or to one of the aryl groups or it was 
introduced by means of a carboxylate or pyridine ligand at the axial position. In addition 
to porphyrins spin-labelled ethylendiaminetetraacetic acid and fl-diketones were used as 
complex ligands for various metals310. 

*V. REACTIONS INVOLVING THE NlTROXlDE GROUP 

*A. Protonation and Complex Formation of Nltroxldes 

Radicals 245 and 246 are protonated at the amino group in acid solution (pK, = 4.5 and 
2.0, respectively). Due to the inductive effect of the ammonium moiety aN decreases on 
protonation (see Section 1V.A: mesomeric formula A is favoured over B). Since proton 
exchange is fast on the ESR time-scale the coupling constants are weighted averages of the 
protonated and unprotonated species. Thus, aN can be used for the determination of pH. 
(246: uN is reduced from 15.50G at pH 2.92 to 14.366 at pH0.8). 246 was even used to 
determine the absolute pH value in intravesicular solutions31 '. 

For nitroxides 247 and 248 fast, slow or moderate proton exchange was observed 
depending on the substituent R. Fast proton exchange occurs when pK, < 3. 247 (R 
= CH,I) was connected with a protein and can be used in this way for pH determination in 
biological systems312. 

A variety of complexes have been described in which the nitroxide group is directly 
coordinated to the metal3 1 3 .  Nitroxides form inclusion complexes with cyclodextrins. 
With a-cyclodextrin (six glucose units) only the hydrophobic part of DTBN fits into the 
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(245) (246) ( 247 f (248) 

cavity with the nitroxide moiety remaining outside314. In the larger cavity of /?- 
cyclodextrin (seven glucose units) however, the entire molecule is included. However. the 
nitroxides TEMPO and TEMPOL are only partly enclosed in /?-cyclodextrin, the 
nitroxide group and the hydroxy group, respectively, remaining outside. Furthermore, /?- 
cyclodextrin catalyses the hydrolysis of carbamoyl nitroxides in alkaline medium3 ' '. 

The shifts of NMR signals of various substrates in the presence of nitroxides are 
suggested to be caused by different types of interactions, e.g. hydrogen bonds of the 
nitroxide lone pair, Lewis acid-base association with the nitroxide lone pair, spin 
polarization of lone pairs of the substrate or changes of the bulk s ~ s c e p t i b i l i t y ~ ~ ~ .  

'B. Addltlon of Radicals to the Nitroxide Group 

1,1,3,3-Tetramethylisoindole-2-oxyl(249) reacts readily with alkyl radicals to afford the 
corresponding N-alkoxy compounds 250. The reaction was used to study a variety of 
mechanistic problems by identification of the products formed. In this way the following 
reactions were studied (equation 95): (a) the reaction of t-butoxyl radical with methyl 
acrylate317, (b) the rearrangement of the radical formed by addition of the t-butoxyl 
radical to n o r b ~ r n a d i e n e ~ ~ ~ ,  (c) the competition between the trapping of the 5-hexenyl 
radical by 249 and its ring closure to ~yclopenty lmethyl~ '~  and (d) the competition 
between the trapping of the cyclopropylmethyl radical and its ring opening to 3- 
buteny13*". The reaction of t-butoxy radical with methyl acrylate, for instance, yielded a 
number pf products 250, which indicate that apart from addition (63% t -  
BuOCH,CHCO,Me + 1% 'CH,CH(OBu-t)CO,Me) other processes take place. 

\ /  

R=t-BuOCH2EHC02Me + others (a ) 
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I *  
0 

I* 
0 

(251 ) (252) 
( 0 )  X=t-BuO’ 

( b) X= Ar2N’ 

( C )  X =  A& 

However, ifthere is conjugation between the nitroxide group and the aromatic ring as in 
the indolinone oxyl251, substitution of the aromatic ring by the t-butoxy radical occurs to 
give 252a321. Obviously, the first step ofthe reaction is radical combination, with attack of 
t-butoxyl at the para position of 251 followed by oxidation of the intermediate. The same 
reaction can take place once more at the free ortho position. No decomposition of t -  
butoxyl was observed. On the other hand, the methyl radical adds to the nitroxide group, 
as expected, to afford the N-methoxyindolinone. Diarylaminyl radicals react in the same 
way as t-butoxyl, affording the radicals 25213. With primary arylaminyls further oxidation 
to a quinonoid intermediate occurs followed by addition of a second arylaminyl and 
additional oxidation steps’22 (see Section *V.*F). 

*C. Dimerization of Nitroxides 

As is found for other nitroxides with extended delocalization (equations 39 and 40), the 
formation of covalently bonded dimers of vinyl nitroxides 253 should be energetically 
favoured. Such dimers can arise either by C-C bonding (254) or C - 0  bonding (255). 

In fact, C-C bonding is observed in most cases, but frequently secondary reactions of 
the dimers 254 take place323. Unchanged dimers 254 could be isolated with R’ = alkyl, 
R Z  = Ph and R3 = H324. These are relatively stable and do not dissociate. Most of the 
dimers 254(R3 = H) formed under oxidative conditions from their monomers 253 undergo 
further dehydrogenation to afford the corresponding dehydro d i m e r ~ ’ ~ ~ .  

The dirnerization of radicals 253 (Rz # H, R3 = acyl) takes a rather complicated course. 
Thus 253a (R’ = t-Bu, R 2  = Ph, R3 = COPh) yields a tricyclic dimer 256326. The C-C- 
bonded intermediate 254a undergoes an intramolecular [3 + 2 + 2]cycloaddition in 
which one nitrone and two carbonyl groups are involved. Dimer 256 dissociates in 
solution even at room temperature, a process in which four bonds are broken. In contrast, 

2R’-N-CH-CR2 R3 

I. 
0 

(253) 

- R’-N=CH-CR2 R3 or R’-N-CH=CR2R3 (97) 

0-CR2R3 -CH=6-R’ 

I 
0- (254) (255) 

i i- 



2530 

5. Appendix to  'Nitroxides' 387 

(0) R'=t-Eu, R2=Ph, R3=COPh 

(b) R'=R2=Ph, R3=COPh (257 )  

dimerization of 253b (R' = RZ = Ph, R 3  = COPh) begins with C-0  bond formation 
followed by an intramolecular [3 + 2lcycloaddition to give the bicyclic dimer 257. The 
latter does not dissociate up to 150"C327. The effect of substituents on the course of 
dimerization of the acyl vinyl nitroxides 253 as well as on dissociation of dimers 256 was 
studied3 *. 

'D. Disproportlonatlon of Nitroxides 

The decomposition of acyl nitroxides 258 affording the hydroxamic acids 259 and the 
extremely reactive nitrones 260 by disproportionation was studied kinetically329. The A 
factors and activation parameters of this bimolecular reaction were found to be unusually 
low. For this reason it is assumed that in the encounter pair both nitroxide groups are in a 
rather unfavourable orientation for disproportionation due to their dipole-dipole 
interaction. Since rearrangement of the unfavourably oriented 'unreactive' complexes into 
'reactive' complexes with favourable orientation does not occur readily, only a very few of 
the encounter complexes afford the disproportionation products, while most of them 
decompose regenerating the acyl nitroxides. The same assumption may hold for the 
bimolecular decomposition of dialkyl n i t r ~ x i d e s ~ ' ~ .  

The acid-catalysed hydrolysis of the decomposition products of nitroxide 261 affords N -  
t-butyl-p-formylphenylhydroxylamine (264) via the intermediate formation of dimers and 
t r i m e r ~ ~ ~ ' .  The key step of the reaction is disproportionation of 261 giving 262 and 263. 

2 CH3NCOR - CH3NCOR + CH2-NCOR (1W 

OH I L- I* 
0 

(258) (2 59) (260) 
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0 

CH20Me 4 dimer - t - B u I / e C H O M e  \ + +BUN I a- 
,OH 

'\ 

-_. '. 0- 

(262) (263) 

- + 262 tr imer H*/H*O 2 t-BuY+H=O + (263) (101) 

OH 

'E. Reduction of the Nitroxide Group 

The OH bond dissociation energies of a number of N-t-butylhydroxamic acids and 
related compounds were found to fall in the range from 74.4 to 79.4kcalmol-' (cf. 
Table lo), the bond strength increasing with increasing electron demand in the acyl 

Due to the even higher electron-withdrawing properties of the trifluoromethyl 
group, the O H  bond dissociation energy of bis(trifluoromethyl)hydroxylamine was 
determined to be 85.3 f 3 kcal mol- I 332.  

As the rate constants for hydrogen abstraction from a number of substrates by 
bis(trifluoromethy1)aminoxyl (2) indicate, this radical, although being the most reactive 
nitroxide, is still far less reactive than other radicals such as phenyl and t-butoxyl. The 
Arrhenius pre-exponential factors for the reactions of 2 are unusually low. It is assumed 
that these reactions require transition states that have highly restrictive geometries with a 
specific orientation of the nitroxide group relative to the bonds which are attacked332. 

2 first abstracts a benzylic hydrogen atom from benzyl cyanide, benzyl chloride or 
benzyl alcohol. The benzylic radicals so formed rapidly undergo secondary reactions with 
2. Benzyl cyanide reacts in a similar way as toluene (see equation 51)333. 

When cyclic nitroxides were reduced by ascorbic acid it was found that it is usually more 
difficult to reduce tetramethylpyrrolidine-N-oxyls than tetramethylpiperidine-N-oxyls. 
Substituents accelerate the reduction, as is seen in particular in the reaction of 2,2,5,5- 
tetramethylpyrrolid-3-on- 1 - 0 x y 1 ~ ~ ~ .  

Whereas nitroxides such as TEMPO and DTBN are not reduced by thiols in the 
absence of catalysts they are reduced in the presence of superoxide. This is even more 
surprising since superoxide alone usually oxidizes hydroxylamines to nitroxides. To 
explain this curiosity, formation of an adduct 265 from TEMPO and 0, * is assumed. Its 
protonated form is believed to be a stronger oxidizing agent than its components. Thus the 
thiol can be oxidized by adduct 265 with formation of sulphinic acid and N -  
hydroxypiperidine (266). The sulphinic acid is then further oxidized by T E M P O  to give 
sulphonic acid. The reaction rate for this process is about two orders of magnitude higher 
than for oxidation of hydroxylamines by s ~ p e r o x i d e ~ ~ ~ .  
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(265) (266) 
(102) 

Photochemically excited TEMPO is found to be an efficient hydrogen abstractor. It 
therefore abstracts hydrogen atoms from acetonitrile and toluene under irradiation, 
affording reaction products as in equation (53). It is assumed that the reaction occurs from 
an upper excited state336. 

RSOZH + 2 TEMPO + OH- - 2 266 + RS03-  

'F. Oxidation of the Nitroxide Group 

Nitroxides substituted by primary or secondary alkyl groups are oxidized to form 
nitrones (see Scheme 4). Since these can easily undergo spin trap reactions or addition of 
nucleophiles followed by further oxidation, a sequence of reactions is possible adjacent to  
the nitroxide group (equation 103). Thus, treatment of hydroxylamines substituted by a 
primary alkyl group with cobalt-complexed peroxyl radicals affords successively the 
nitroxides 267, 268 and 269. In the oxidation of hydroxylamines substituted by two 
primary alkyl groups nitroxides 270 with two peroxy groups at the a-carbon atoms can be 
detected. Finally, these peroxyalkyl groups are converted to acyl 

-+ * +  -H + Y. or 
-N-CH,R 4 --N+=cHR - --N--CHR -. -+- 

+ Y H  -H  I 
0- 

I 
0- 

R'NCH'R~ R'N-CHR' R'N-CR' R'CH-N-CHR' 

o 0 0 ~ ~  o o R'OO o OOR' 
I* 1 I* II 1 I* I I* 

0 

(267) (268) (269) (270) 

When l-hydroxy-5,5-dimethyl-3-imidazoline-3-oxides are oxidized in methanol, a t  first 
nitroxides 271 and subsequently 272 and 273 can be detected by ESR. The latter have been 
isolated337. They arise from the corresponding nitrone formed by oxidation of 271 (cf. 
equation 103), subsequent 1,2- or l,I-addition, respectively, of methanol to the nitrone 
and then more dehydrogenation. Starting from 271 (Rz = H) the oxidation process 
produces the isolable nitroxides 274337. 
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Even with 3-imidazoline-3-oxide-1-oxyls without hydrogen at position 2, oxidation is 
possible if there is a suitable substituent that can be split off. Thus 275 and 276 are oxidized 
in the presence of nucleophiles X -  to afford nitronyl nitroxides 278 via 4-H-imidazole-l,3- 
dioxides 277. With the corresponding spiro compounds (connection of R'-RZ) the 
annexed ring can be 

+ x- - 
-0 

-R'CHO 

- 
-RPCOX 

6- 
(277) 

X=OH, OMe, NH2 
0 

(276) 

Another example of the reaction sequence oxidation-addition-oxidation is the 
conversion of 279 to the bicyclic nitroxide 280 in which the oxime group adds to the 
nitrone intermediate340. The same is true for the secondary reaction of the nitroxide 252c 
(X = ArNH) formed by oxidative substitution of the indolinone-N-oxyl with primary 
arylaminyls. 252c is oxidized to the quinoneimine oxide 281; addition of a second 
arylamine molecule to 281 and further oxidation yields 282, which can be oxidized to give 
again the corresponding quinoneimine oxide3". Three oxidation steps without any 
addition occur when alkyl- or aryl-hydroxylamines substituted at their 8-carbon by an 
electron-acceptor group R Z  form successively nitroxides 283, nitrones and finally vinyl 
nitroxides 253341. The latter can be directly detected by ESR if R 3  is an aryl group or 
another stabilizing group. Otherwise spin adducts from 258 to the nitrone intermediates 
are detected (see equation 90). 

for a number of cyclic di-t-alkyl nitroxides were 
determined by cyclic voltametryiq2. It was found that oxidation of the nitroxide group of 
piperidine-N-oxyls becomes more difficult with increasing electronegativity of the 
substituent in the piperidine ring. The same is true for substituents in five-membered ring 

The half-peak potentials E ,  
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0 

252c - - H  ArN&i - +,:HZ 

Ph 

I 
0- 0 

(281) (282) 
X=ArNH 

( 106) 

R’NCH2CHR2R3 R’NCH=CR2R3 ( 107) 
I *  
0 

I* 
0 

(283) (253) 

systems. If R is constant in the series, the potential increases due to the inductive effect are 
in the following order: 

I* 
0 

I* 
0 

I* 
0 

R=C02 Me 0.42 0.54 0.65 0.92 V 

Oxidation of alcohols by oxoammonium salts (see equation 61, last line) was applied in 
a catalytic cycle. TEMPO or TEMPOL was used as a catalyst in the electrochemical 
oxidation of primary and secondary alcohols to aldehydes and ketones, respectively ‘43. 

At first the nitroxide was oxidized to the oxoammonium salt which in turn oxidixd 
the alcohol. The hydroxylamine formed by this process reacted with additional 
oxoammonium salt to give the nitroxide which again entered the catalytic cycle. Primary 
amines were also oxidized in this way, forming nitriles in acetonitrile or aldehydes in 
aqueous 
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Cupric ions may also be used as an oxidative agent in the nitroxide-mediated oxidation. 
Thus it is possible to oxidize alcohols to aldehydes by cupric ions. The oxidation of 
benzylic and allylic alcohols may even be performed by oxygen with only catalytic 
amounts ofcupric ions and n i t r ~ x i d e ~ ~ ~ .  The higher oxidation potential of the 4-methoxy- 
2,2,2,6-tetramethyl-l-oxopiperidinium salt can be utilized to oxidize hydroxide ions in 
nonaqueous media to hydrogen peroxide346 and to cleave ethers347. 

In contrast to cupric chloride which forms a 1 :2  complex with 4,4,5,5-tetramethyl-2- 
phenyl-2-imidazoline-3-oxide-l-oxyl (W), cupric perchlorate oxidizes the nitronyl nitro- 
xide 90 in acetonitrile to the corresponding oxoammonium salt2". The oxidation of 
TEMPO by dibenzoyl peroxide takes a rather complicated course. An adduct 284 is 
possibly initially formed, which then eliminates benzoic acid to give 285. Further 
conversion to 287 occurs via 286348. 

(284) 

OH 0- 

In contrast to the irradiation in pentane yielding products that result from a K, K* 
excited state (equation 66) irradiation of DTBN (1) in carbon tetrachloride or chloroform 
affords products 28 and 288-291 which arise via a charge-transfer excited state. The 
primary photochemical event in the contact charge-transfer excited state is electron 
transfer from DTBN to carbon tetrachloride with formation of the di-t- 
butyloxammonium cation 292 and the trichloromethyl radical. 292 undergoes cleavage 
with formation of M N P  and t-butyl chloride or isobutylene and hydrogen chloride, 
respectively. DTBN disproportionates under the influence of hydrogen chloride to give 28, 
290 and 288. 291 arises by combination of DTBN and 'CCl,349. 

h u  + 
t-BupNO' - cc14 t-Bu-N==O + t-BupNHOH CI- t t-BuCI (109) 

+ CHZ==CMez t t-Bu2N-O-CC13 
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t-Bu2;=0 CI- t-BuN=O + t-BuCI + CH2=CMe2 + HCI 

(292) (2 8)  (289) (290) 

2 I-BupNO'+ HCI --+ t-BUN-0 + CH2=CMe2 + t-Bu2;HOH CI- 

(1) (28) (290) (288) 

*H. pSclssion of Nitroxides 

When the azide radical is trapped by certain nitroso compounds the primary adtlucts 
293 spontaneously eliminate nitrogen. The radical intermediate 294 is subsequently 
trapped by another molecule of nitroso compound to give 295350. The cyanate radical also 
affords nitroxides 295 when it is trapped by nitroso compounds. In this reaction carbon 
monoxide is eliminated from the primary a d d ~ c t ~ ~ ' .  Since the coupling constants of the 
spin adduct formed from reaction of diphenyliminyl radical with nitrosodurene are very 
similar3s2, it can be supposed that a radical of structure 295 is also formed in this reacrion. 

(293) (294) (295) 

*I. Miscellaneous Nitroxide Group Reactions 

Additional examples of homolytic solvolyses (equation 78) have been found, as for 
instance the reductive cleavage of diazonium salts353. The aryl radicals so formed can 
either combine with additional nitroxide radicals or abstract hydrogen from their alkyl 
groups. With o-allyloxy or -allylamino substituents the aryl radicals undergo an exo 
ring closure to afford radicals 297 which are then trapped by DTBN or TEMPO 
(equation 11 1)354. When such homosolvolytic reactions initiated by DTBN are performed 
with a sufficient excess of radical precursor RX, the radical R' may be trapped by the M N P  

(296) 
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formed in the course of the reaction to give the corresponding spin adducts 298 
(equation 1 12)355. Homosolvolysis occurs extremely fast with compounds that form 
captodative substituted radicals such as cl-bromo-a-methoxy-substituted ketones or 
methyl acetates356. 

4. 
RX + t-Bu2NOo R* + t-Bu2N=0 X- 

R* + t-Bu2NO* - RH + CH2=CMe2 + I-BUN--0 

R* + t-BUN-0 - t-BUN-R 

I* 
0 

(298) 

R =Ph2CH, R'CO, Ar, Succinimidyl 

Diphenylcarbene existing as a triplet molecule in the ground state reacts cleanly with 
T E M P O  with transfer of the oxygen atom (equation 11 3). The tetramethylpiperidyl 
radical formed in addition to benzophenone is slowly converted to  tetramethylpiperidine 
by hydrogen abstraction from the solvent357. With TEMPOL this reaction proceeds at  
approximately the same rate as with TEMPO. Insertion into the O H  bond takes place as a 
competition reaction. This reaction is about 10 times slower. Its rate is comparable to  that 
of the carbene insertion into the O H  bond of cyclohexanol. 

'Cff + OLN X Ph2C=0 + *N X (113) 

Ph 

Ph' 

X=H or OH 

*VI. REACTIONS WITHOUT DIRECT INVOLVEMENT OF THE NlTROXlDE GROUP 

A remarkable reaction without participation of the nitroxide group is the addition of 
singlet oxygen to the anthracenyl nitroxide 299 (equation 114). The reaction is accom- 
panied by a striking change in the ESR spectrum and proceeds quantitatively in organic 
solvents and in the bilayers of vesicles3s8. The 3-imidazoline-3-oxide-I-oxyl 300 
undergoes a 1,3-dipoar cycloaddition at  its nitrone moiety with suitable dipolarophiles, 
leaving the nitroxide group intact (equation 1 15)359. 

OMe 
I 

OMe 

t-BuN- 

I* 
0 

0 
\ 
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X 

4 P h N 5 C = 0  xk +/O- P CHt=CHX $& 
I* I* 

0 

(300) 

X=CO,Me, CN,COMe 

0 

(1 15) 

I* 
0 

The diradical302, the dehydropiperidine rings of which are connected by two acetylenic 
bridges, arises from coupling of compound 301a and its iodo derivative 301b by cuprous 
chloride360. 

R=Me,  Ph (304) (303) 

(116) 

Radicals of type 304 are changed under acidic or basic conditions without direct 
involvement of the nitroxide (equation 11 6). Pyrrolidine-N-oxyls used as spin 
labels (see 191, 192 and Scheme 6) are modified insofar as the functional groups required 
for the coupling with biomolecules or other molecules are now also attached to  one or 
both of the alkyl groups at  the 2- or the 2- and 5- positions (305/306), respectively 16’. 

In addition to nitroxides 188-199, 3-imidazoline-1-oxyls 247 and 3-imidazoline-3- 
oxide- 1 -oxyls (307), functionalized at  the 4-position, are particularly useful as spin 
labels309.359. A review on the phosphorus compounds labelled by TEMPO has 
appeared362. Spin-labelled metal complexes have been extensively In this 
connection a number of spin-labelled crown ethers have been prepared364. The 
application of spin labelling to studies of biochemical and biophysical problems has 
increased considerably365. 
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+/o- 

x \, \c)..,Y I’ x\?Q-x kk 2 .  
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