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Abstract - Over 140 polyfluorinated nitroxides, mstly new, have been 
generated by some novel reactions. Many of them are initiated by electron- 
transfer processes. Mechanistic aspects of these reactions are discussed. 
ESR spectra of these nitroxides, including the temperature dependence of 
some % and % values, and of selective line broadening, have been 
investigated. Substituent effects on the % and aF values of some 
nitroxides have been discussed. 

INTRODUCTION 

Nitroxides are one of the most studied class of compounds in radical chemistry (ref. 1 ). 
Although m n g  various types of nitroxides, polyfluoroalkyl nitroxides have also aroused 
rmch research interest, only few reactions were used to generate these radicals. The first 
bis(polyfluoroalky1) nitroxide I, i.e., u, was prepared by the oxidation of the corres- 
pnding hydroxylamine in 1965, and this method is still used today (ref. 2 1. A number of 
alkyl polyfluoroalkyl nitroxides 2 were generated by using spin trapping reactions of 2- 
methyl-2-nitrosopropane , nitrosobenzene or 2-methyl-2-nitrosobutanone-3 and fluorinated 
radicals derived either from radical addition to fluormlefins or from the photolysis of 
plyfluoroalkyl iodides %I (ref. 3 1. Many polyfluorinated nitroxides were generated by 
direct reaction of a fluormlefin with a nitroso ccmpound, especially with CF3N0 (ref. 4 ) .  

Zhao et al. have generated over 140 polyfluoro- or perfluoroalkyl nitroxides, including the 
symmetrical bis(polyfluoroalky1) nitroxides 1 ( a Y )  , and the alkyl polyfluoroalkyl nitro- 
xides 2 (2-nY-R), most of them new compounds (ref. 5-15 ). Most of these nitroxides were 

Y-(CF2 In-N (0' ) -(CF2 ln-Y 
- 1 or l-ny, e.g., a 
for n = 2, Y = C1. 

Y-(CF2 In+ (0' ) -R 
- 2 or 2-nY-R, e.g., 24H-tBu 
for n = 4, Y = H, R = mu. 

obtained by using new reactions, and many of these reactions are initiated by electron- 
transfer (ET) processes (ref. 5,6,9). Mechanistic aspects of these reactions have also been 
discussed. 

ESR spectra of these nitroxides, inclding the temperature dependence of some % and 
values as well as selective line broadening, have been investigated. Structure and su&ti- 
tuent effects on the % and values of these nitroxides have been discussed. Correlation 
analysis of and aF with s3stituent parameters (up , u' , etc.) , of nine parasubstituted 
benzoyl W -Hxrfluoro-n-hexyl nitroxides has been studied (ref. 12 ) . 
Spin trapping experiments have ken performed on several other reactions. Our results 
indicate that (1) N-bmtetrafluorosuccinimide reacts by a radical rather than by an ionic 
mechanism (ref. 16), (2) bis(po1y- or perf1uoroalkyl)nitroxides can selectively abstract 
Hat- from various hydrocarbon substrates (R+)r and (3) subsequent reactions eventually 
yield nitroxides of the type %+?(O')-R or 2-nY-R (ref. 11 1. 

SOME NEW REACTIONS FOR GENERATING FLUORINATED NlTROXlDES 
In recent years, we have worked out a series of reactions or conditions (eq. 1-13) which 

* radicals as well as their nitroxides at room temperature or below. Two types of 

alkyl polyfluoroalkyl nitroxides 2 ( 2-nY-R) ( ref. 5-15 1. In following equations, OP 
stands for " other prcducts ". 

es are fomd, i.e. , the symetrical bis(polyfluoroalky1) nitroxides (-1 , and 
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- 4 + donor t 11 - 2-nY-tBu + OP (6) 

2-nY-Ph t OP (7 1 3 + Ph-NO (15) - 
pX<6H4-CF=CF2 (16) + Br2 + 1 - pX-C6H4-CF(CF2Br)+(O')-tBu (17) + OP (8) 

- 

R-H (18) + 1 + 1 - 2-nY-R + OP (9 

R-CHO(E)+ 1 + I - 2-nY-R + CO + OP (10 

pX-C6H4-CH2-H (g) + 1 + - 2-nY-CH2-C6H4-pX + OP (11 

pXX6H4-CH0 (2) t 1. + 2 - 2-nYG-C6H4-pX + OP (12 

- 3 + N o -  - 1 + 7 + O P  - (13 

- 3 t R m - R  (22) - R+(O')* (23) + OP (14 1 

In many of the above reactions , e.g. , equations 1-5 and 9-12, the spin trapping nitroso 
compounds 1 or 1 are formed during the course of reaction and then becane precursors 
to the fluorinated nitroxides 1 or 2. In other WDrdSr the 5' radicals derived fran ET- 
initiated reactions are trapped by nitrosoalkanes generated in situ, thus leading to the 
formation of 1 or 2. Other nitrosoalkanes, e.g. , 2methyl-2-nitrosapropane (11) and 
nitrosobenzene (151, have also been used to generate the fluorinated nitroxides 2 in 
reactions 6-8. 

Many of the reactions have been studied at different temperatures in order to demonstrate 
the presence of the nitroso compounds (ref. 4, 10). For example, in reaction 6 , the blue 
colour of 2methyl-2-nitrosopropane (11) is clearly observable at -3O.C. When the 
tenperature is raised to O'C, the blue color fades away while the ESR signals of the 
polyfluorinated nitroxides 2-nY-tBu become detectable. 

The ratio of the nitroxide products &/2 in reaction 2 can be changed by changing the ratio 
of the reactants _3/3. If an excess of the peroxides 3 is used, e.g., at molar ratio 
- 3 / 3 = 2 : 1 , the radicals recorded will be minly 1-nY with a snall m u n t  of 
2-nY-CRR'NO . Presumably, under these conditions, relatively higher concentrations of 
radicals ar8 formed and are easily t r a m  by 
of the reactants is used, ESR signals of 2-nY Y RR'NOzbecane daninant (ref. 6 ) .  

Many new fluorinated nitroxides 2-nY-R can also be generated by the hydrogen-atan abstrac- 
tion reactions as shown in reactions 9-12. When the very reactive radicals 1 make a protiurn- 
abstraction frm alkanes R-H (18 and 2) and aldehydes RCHO (2 and 211, the alkyl radicals 
R' thus formed are imnediately captured by 2 and usually very stable fluorinated nitroxide 
products 2-nY-R are recorded by ESR (ref. 11, 15). An interesting application of the 
fluorinated nitroxide chemistry is the elucidation of the mechanism of the branination 
reaction of N-bmtetrafluorcsuccinimide (12, see equation 5) (ref. 16). Although it is 
generally accepted that the branination by N-brcmosuccinimide is a radical chain process 
(ref. 17), Martin (ref. 18) has suggested an ionic pathway for the branination of electron- 
rich olefins by 12. Thus it would be of interest to see whether the imidyl radical derived 
from photolysis of 12 could be trapped by a nitroso compound such as t-BuNO (see eq. 5 1. 
Our results shw that both the imidyl radical and its ring-opened radical product can be 
trapped to yield the ESR-identified radicals 2 and 3. Furthemre, it has been shown that 
the bromination of 1-chloropentane by 12 also proceeds via radical pathways (ref.16 1. 

Speculative mechanistic paths are proposed in Scheme 1. Equations 15-19 represent initiation 
steps of the reactions 1-13. Product studies accord with a mechanisn which starts with an 
initial ET fran the donor to the acceptor (2, 4, or s)  and ends up with the formation of the 
key intermediate 
21-22, and by equa 7 ion 23. The f o m r  depicts the fragmentation of a hypothetical interme- 
diate 24, whereas the latter assumes a radical attack on an ambident ion. Equation 21-28 
describe various pathways of the formation of another key intermediate, the nitroso compound y, Equation 29 summarizes the nitroxide formation steps. 

5; ( I ) .  If a reversed ratio (1 / 8 = 1 : 

* .  Some interesting mechanistic possibilities are suggested by equations 
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Scheme 1 

A. ET, photo and thermal initiated reactions 

( F p X ) 2  (2) + donor D - %' + .a2 + %Coo- + OP (15) 

$I(A) t donor D - %Is , D* - $* + I + OP (16 1 
V 2 B r  (5 )  + donor D - $S02Br' , Dt - $' + SO2 + Br- + OP (17) 

$* + 002 (18 1 

, D* - 
- 

A- - 
4 Au_ + I' (19 1 

- 
donors = Cu , NO2 , Na2S204, CH2N02Na, MeU-E02Na, Me2CN02Na. 

For illustration, if the donor is RR'W2Na (81, it can react with 1. according to 
equation 20. 

(%CcO)23, Na + , RR'(C')N02 - ~CooCRR'N02 (24) + +' + OP (20) z + g -  

B. Fonnation of the R$KI intermediate 

STRUCTURAL EFFECTS ON ESR PARAMETERS 

The presence of one or two polyfluomalkyl groups in nitroxides 1 or 2 makes them interest- 
ing targets of ESR research, but the structural effects on ESR parameters of these 
nitroxides (1 and 2) have not been studied systematically, Ingold et al. (ref. 19 ) first 
used canonical structures A and B to rationalize the fact that the % value of CFJ+(O')-CF3 

= 9.5 G) is smaller than the values of R-N(O.1-R ( ca. 15.3 G), -N(O )-t-Bu IPl.1 to 12.3 G) and +(O')Ph 3 ( .5 to 11.0 G)(ref. 3, 3 7. In other word % , the electron- 
.. attracting groups will 7 ncrease the relative importance of A and a smaller % value will 

0 
I 

6 
I 

R-p RY,-R - 
B - A - 

be expected. Table 1 reveals that the % values of perfluoroalkyl nitroxides 
sistent trend (ref. 6, 10). In other words, if the electron-attracting pwer of the 
groups are CF < C F < (CF 
(CF >C F >n% 6 kd n-? 6 ) nidly bears out the notion that in addition to ghtric or 
con?o&t?onal $actors the7&ar effect may play a major role in affecting the % values. 

shm a con- 

v lues 2 CF< (CF ),C (ref. 21 1, then the decreasing order of 
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Table I. 
Generated i n  t h e  Reactions of N W 2  with Polyf luorcdiacyl  Peroxides 3 , Polyfluoroalkyl  
Id ides  4 and Polyf luoroalkylsulfonyl  Branides 5 a t  20 f. 2'C ( r e f .  10)  

ESR Parameters of '% and 15N-labelled Bis(polyfluoroalky1) Nitroxides  l-ny 

____l__l_l__ -ll_-l--_--l--------_I------------- 

n Y g 15N-1-nY '%-l-ny 
aN 4 G a N T  .F 

_-_______l--------l-_l__l________l_l_____l 

1 F 
2 F 
2 c1 
2 H 
2 CF 

4 H 
6 c1 
6 H 
6 CF 
6 FSO,CF,CF,a 

4 C? 

2.0069 
2.0071 
2.0069 
2.0068 
2.0070 
2.0071 
2.0071 
2.0072 
2.0071 
2.0072 
2.0071 

13.12 
12.13 
12.41 
13.62 
12.16 
12.47 
12.62 
12.45 
12.05 
12.38 
12.22 

8.28 
12.13 
10.87 
14.38 

9.96 
9.88 
9.98 
9.67 
9.81 
9.69 

10.22 

/ 9.35 
1.03 8.86 
0.92 8.65 

9.76 
8.80 

/ 
1.22 
1.19 8.77 
1.14 8.94 
1.15 8.75 
1.16 8.61 
1.12 8.75 
1.10 8.54 

8.35 
12.13 
10.87 
14.40 

9.99 
9.77 
9.91 
9.67 
9.75 
9.74 

10.22 

/ 

/ 

1.02 
0.89 

1.20 
1.22 
1.44 
1.18 
1.16 
1.17 
1.10 

Hwever,  we  should not  take mall d i f fe rences  i n  
mental uncer ta in t ies  too ser ious ly .  I n  f a c t ,  t h e  aserved 
14N and 15N spectra may not  be i d e n t i c a l .  For instance, for%e % values  of  t h e  four  

n i t roxides  , the  orders  of  t h e i r  I4 N and l5 N spec t ra  are H > F 7 CF 7 C 1  and H > C 1 >  CF3 > F 
respect ively.  For t h e  unsyrrrnetrical n i t rox ides  2-nY-tBu ( r e f .  14?, t h e  order  H>CF r C 1 7  
F seems to p a r a l l e l  the  trend i n  axand TI values ( r e f .  22) .  Table I1 s h w s  t h e  ESR aata of  
H(CF )4-N(O')-R (2-4H-R) with R groups of  d i f f e r e n t  s i z e s  ( r e f .  11). Of p a r t i c u l a r  i n t e r e s t  
is de trend i n  t h e  % values  which decrease with t h e  increasing bulk of t h e  R groups . 
Table 11. ESR Parameters of W-H-perfluorobutyl Alkyl Nitroxides  (2-4H-R) Generated f r a n  H- 
abs t rac t ion  Reactions of Bis(d-H-perfluorobutyl)  Nitroxides  (u) and Alkanes R-H (18). 
i n  F113, 20 & 2 ' C 

values  which might be caused by experi-  
-Orders" of t h e  corresponding 

-_--l------_____-----I_________________-- --- 
R-H 4 aN .F' aH 

___----l---l-______-----____________I______---- - 
PhCH2-H 2.0062 10.67 15.73 1.65 6.79 

PhMeCH-H 2.0062 11.17 15.88 1.68 3.98 

PhEtcH-H 2.0062 11.01 17.97 1.45 3.53 

Ph2CH-H 2.0062 10.92 16.28 1.34 2.96 

Fl-Ha 2.0063 10.60 17.99 1.04 2.02 

PMle2C-H 2.0061 11.74 14.75 0.89 

EtMe2C-H 11.75 20.89 

a. F1 = 9-Fluorenyl. 
_________-l___l__l_______ll_l______l___l ---- 

15N labe l led  n i t roxides  1 and 2 as w e l l  as n i t r o s o  carq?ounds RfO (1) , have been generated 
by reactions of Nad5N02 with 2, 4, and 2 i n  CF2C1CFC1 
spectra are i l l u s t r a t e d  by Fig. 1 and 2. Cer ta in ly ,  ?he simpler s p l i t t i n g s  and larger a~ 
values  of these  ''N l abe l led  n i t roxides  can be quite h e l p f u l  i n  s tuding r a d i c a l  reactions, 
e.g., H-abstractions from alkanes R-H (2) ( r e f .  11). 

(F113) a 2OoC ( r e f .  10) .  mica1 ESR 

SUBSTITUENT EFFECTS O N  ESR PARAMETERS aN AND a F  OF 
FLUORINATED NlTROXlDES 

I n  r a d i c a l  chemistry,  when steric e f f e c t s  are negl ig ib le ,  s u b s t i t u t e n t  e f f e c t s  on s t r u c t u r e  
and r e a c t i v i t y  are usual ly  discussed i n  terms of  two f a c t o r s ,  i.e., p l a r  and spin-delocal i -  
za t ion  effects ( r e f .  23) .  The former includes both induct ive/f ie ld  and resonance e f f e c t s ,  
and is usual ly  r e l a t e d  to Hamnet type parameters Ox, e.g. , up r a' , Sr r a, , amb , . . . etc, 
whereas t h e  latter, hopeful ly ,  should be represented by a sp in-de lcca l iza t ion  parameter, 0' 
( r e f .  23).  

I n  the  past decade, we have been t ry ing  to set up a reliable (T' scale ( Oj', ) as well as a 
polar rmb scale f o r  systems with a s u b s t i t u e n t  on an a r y l  r i n g  t h a t  conjugates with a 
mult iple  b n d  (mb) ( r e f .  23,) .  This  review reports sane prel iminary results of correlation 
ana lys is  of s u b s t i t u e n t  parameters ( By and a ' )  with ESR parameters (% and aF ) of nine 
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Fig.1, ESR spectra of nC F N ( 0 ' ) -  
nc F formed f r m  (c~F:&)~ 
and Aa ' 4 ~ 0 ~  (spectrum a )  or 
Na '5N02 (spectrum b) i n  F113. 

Figr2.  ESR spectra of  nC F N ( 0 ' ) -  
tAm formed f r m  ( C ~ F  A3 r iso- 
p n t a n e  and Na ''N02 7spec&um a) 
or N a  'sN02 (spectrum b) i n  F113. 

para-substi tuted benzoyl p l y f l u o r o a l k y l  n i t roxides  2-6H-CW6H4-p& ( X = M a ,  E t ,  Me, H ,  
F,  C1 ,  B r ,  CF , NO2; c f .  eq. 12; r e f .  12 ). As expected (v ide  supra) ,  e lec t ron-a t t rac t ing  
subs t i tuents  decrease both % and aF values.  More i n t e r e s t i n g l y ,  t h e  values  are l i n g a r l y  

equation with cP and u,', (r = 0.999, F = 648.6, n = 6, s = 0.021, y =  0.039) does not  
seem to inprove t h e  cor re la t ion .  This  r e s u l t  suggests  t h a t  t h e  canonical s t r u c t u r e  
no importance ( r e f .  12) .  

re la ted  to  U p ( r  = 0.991, F = 399.2, n = 9,  s = 0.053, y =  0.050), an 2 a two-parameter 

is of 

6 0- 
.. - 

0 0  0 0- 
I: I I: I I I  I 1  
0 0  

pX-C6H4-C+-% - pX-C6H4-CY-% - M-C6H45?-% - @-C6H4<!-% 

F - E - D - C - 

THE TEMPERATURE DEPENDENCE OF THE SPLITTING CONSTANTS OF 
FLUORINATED NlTROXlDES 

Apparently, not  too much systematic  work has been done on t h e  dependence of  % values  on 
temperature. We have measured % values  f o r  n i t roxides  i n  t h e  temperature range o f  + 20 
to -12OoC, and found t h a t  they slawly decrease with decreasing t e r r p r a t u r e  ( r e f .  15). 
Variable-temperature s t u d i e s  of n i t roxides  i n  s o l u t i o n  by ESR spectroscopy have s h a m  selec- 
t i v e  l i n e  broadening i n  some f luor ina ted  n i t roxides .  This  was a t t r i b u t e d  to restricted 
r o t a t i o n  of t h e  d-N-C bonds a t  law temperatures by Ingold ( r e f .  25 1 and Tabata ( r e f .  3 ) .  
For instance,  t h e  f a c t  t h a t  the t h r e e  f l u o r i n e  atom i n  CF3N(O')OtBu ( c f .  G _ )  become 

m u 0  F@: 
F 

- G 

A. 
F2\ p 

F2C -N-R 

H - 

nonequivalent a t  law temperatures ind ica tes  t h a t  r o t a t i o n  of t h e  CF3 around t h e  d-N< bond 
has  been frozen ( r e f .  25).  

Notably, We have observed t h r e e  types of behavior of  t h e  n i t roxides  2-nY-R, i.e., (1) those 
which do  not  c l e a r l y  s h a i  l i n e  broadenig, e.g., 2-3F-tBur etc. ( r e f .  151, ( 2 )  those which 
s h a i  broadening of t h e  center  l i n e s  (as s h a m  i n  r e f .  3 ,  251, e.g., 2-2F-R, with E = tBu, t- 
Am, etc. (ref .13,  1 5 ) ,  and ( 3 )  those which shaw broadening of t h e  s i d e  l i n e s ,  e.g., 2-3F-tAmr 
etc. ( r e f .  1 3 ) .  The t h i r d  behavior does not  seem to have been previously observed. Evidently,  
s u b t l e  i n t e r a c t i o n s  which a f f e c t  ESR of these  n i t roxides  are a t  present  still not  f u l l y  
understocd. As an  i l l u s t r a t i o n  of t h e  complexity of t h i s  problem, we might mention t h a t  
intramolecular  hydrogen-bonding may a f f e c t  t h e  conformer p p u l a t i o n  d i s t r i b u t i o n  of n i t ro-  
xides  with hydrogen on t h e  p-carbon, i.e., 2-W-R ( c f .  s t r u c t r u e g  and r e f .  10 ,  11). 
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