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React ions that do not involve the f ree  valence have grea t  impor tance  in the t ransformat ions  of the 
der iva t ives  of ni t roxyl  rad ica l s  in that they open uo paths for  the synthesis  of new radica ls  [1]. However,  
the select ive  reduct ion of the unsa tura ted  groups in such radicals  is a complex problem,  since t r ivial  r e -  
action involving the unpaired e lec t ron  can easi ly  take place in this case.  In this connection it  seemed 
in te res t ing  to study the catalyt ic  hydrogenation of some unsatura ted  stable ni troxyl  radica ls ,  and specif i -  
cally the e s t e r s  of the vinylbenzoic,  ac ry l ic ,  and methacry l i c  acids 

HaC CHa HaC CH3 

p-CH2=CHPhCOO--C)N--O'; CH2=CH--CO0--C)N--O'; 

(I) HaC/~CHs (II) HsC/~CH3 
CHa I~C CI~ 

CH2=C--COO--C)N--O" 

(III) HaCACHa 

The react ion was run in alcohol solution in the p r e sen ce  of Raney Ni, the P t - ,  Pd-  or Rh-blacks,  or  the 
homogeneous catalyst ,  the RhCl(PPh3) 3 complex. 

The t rans format ions  that were  observed  in the catalyt ic  hydrogenation of radical  (I) a re  depicted in 
the following scheme 

~p-HaC--CH2PhCOO--C~N --0" 
�9 (v) / ~  ] 

H3C Cl-Is 
~ /  I N /  

. 

(I) H3C/~CH3 (vI) / ~  

(Iv) / ~  

p-CH, CH~PhCoo--C~NH 
(VII) / ~  

The rea l ized  reac t ion  path is de termined  by the nature of the catalyst .  On Raney Ni the p ro ce s s  
p roceeds  by the consecut ive scheme: (I) ~ (IV) --- (VI) --* (VII). The radica l  cen te r  is reduced in the f i r s t  
step: the unsa tura ted  substi tuted hydroxylamine (IV) is obtained in high yield.  The olefinic bond is hydrog-  
enated in the second step, and then the formed saturated hydroxylamine (VI) is reduced to the cor respond-  
ing amine (VII (Fig. la ) .  
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Fig. 1. Change in catalyzate  composit ion when radical  
(I) is hydrogenated on the ca ta lys ts :  a) Ni; b) Pt;  c) Pd. 
1) Radical  (I); 2) substituted hydroxylamine (IV); 3) 
radical  (V); 4) substituted hydroxylamine (VI). 

SkeletalNi t ,0 
Pt-black 0,22 
Pd-black 20,0 
Rh-black 2,0 

TABLE 1. Ratio of Hydrogenation 
Rate Constants k 0 C = c / k  0 NO. 

]Radical !Individual iMixtum of 
Catalyst 1( D VIII and IX) (VIIIand IX) 

0,8 1,1 
0,15 0,17 

15,0 23,0 
2,0 2,i 

The same sequence of react ions  is retained when the hy-  
drogenation is run in the p resence  of Pt -b lack:  the radical  
center  is reduced f i rs t ,  and then the vinyl group (Fig. lb): 
(I) --- (IV) - -  (VI). It should be mentioned that on Pt, in contras t  
to Ni, in harmony with the l i te ra ture  data, the substituted hy-  
droxylamine is not reduced to the amine for the nitroxyl rad ica ls  
that do not contain the C=C bond [2]. 

The reaction ~roceeds most interestingly on the Pd 
catalyst: (1)-~ (V)~ (VD. The vinyl group is selectively 

reduced in the first step without involving the radical center and a new radical (V) is formed (see 
Fig. lc). 

The nitroxyl group and the radical center are reduced simultaneously on Rh-blaek 

(v)-i 
(i)_ (:v,L v') 

The observed react ion sequence for the reduction of the vinyl and nitroxyl groups of radical  (I) on 
Ni and Pt cannot be explained if only the rat io of the hydrogenation ra tes  of these groups is taken into 
account.  Actually, as  can be seen f rom the kinetic curves  (Fig. 2), on the Ni ca ta lys t  the reduction of the 
double bond proceeds  at a fas te r  rate than the saturat ion of the radical  center .  For  the Pt cata lyst  the 
ra tes  of these steps a re  close.  

To es t imate  the react iv i ty  of the nitroxyl and vinyl groups we studied the hydrogenation ra tes  of 
methyl D-vinylbenzoate (VIII) and the stable radical  2 ,2 ,6 ,6 - te t ramethy l - l -oxy l -4 -hydroxypiper id ine  (IX), 
which represen t  the f ragments  of radical  (I). The reduction of these compounds on the studied cata lys ts  is 
a zero  o rde r  react ion.  In Table 1 are  given the values that cha rac te r i ze  the ra t ios  of the rate constants 
for  the hydrogenation (k 0) of the C=C bond and the NO" group, which were obtained f rom the exper iments  
on the hydrogenation of radical  (I), compounds (VIII) and (IX), and their  b inary  mixture .  As can be seen, 
for  the same cata lys t  the ra t ios  of the react ion ra tes  are  prac t ica l ly  independent of whether the reduced 
groups a re  found in one molecule  or  in different molecules .  The same sequence in the reduction of the 
C=C bond and NO" group is re ta ined when b inary  mixtures  of (VIII) and (IX) are  hydrogenated as when 
radical  (I) is hydrogenated.  

In Table 2 a re  given the ra t ios  of the adsorpt ion coefficients for  (Viii) and (IX), which were ca lcu-  
lated f rom the equation 

lg C0 (wu)/Ci(vur) _ k0 (wIi) bo (wn) 
lg Co(ixl/C~(rx) k0(ix) ' b~(~x) 
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Fig. 2. Kinetic curves  for  hydrogenation of radical  
(I) on cata lys ts :  1) Ni; 2) Pt;  3) Pd. 

TABLE 2. Ratio of Adsorpt ion 
Coefficients b( ix) /b(vI i i )  of 
Radical  (IX) and Methyl v -Viny l -  
benzoate (VIII) when Hydrogenated 
as a 1 : 1 Binary Mixture. Solvent 
= Alcohol, Tern Derature = 20~ 

Catalyst b(IX)/b(vIII) 

Skeletal Ni 
Pt-black 
Rh-black 
Pd-black 

74,0 
6,4 
3,7 

,~0,I 

where C0(viii) and C0(IX ) are  the s tar t ing concentrat ions of (VIII) 
and (IX), and Ci(VIII ) and Ci(IX ) are  their  running concentrat ions.  

F rom Table 2 it can be seen that the molecules  that contain 
nitroxyl groups a re  preferent ia l ly  adsorbed on the Ni and Pt ca ta -  
lysts ,  while the compounds with an olefinic bond are  adsorbed 
preferent ia l ly  on Pd. 

It is obvious that the react ion sequence when (I) is hydrogen-  
ated on nickel is determined mainly by adsorption fac tors .  In the 
f i r s t  step radical  (I) is adsorbed via its nitroxyl group, and the 
formed unsaturated substituted hydroxylamine is displaced f rom 
the cata lyst  surface by the molecules  of the start ing compound. 
In the second step (in the absence of the NO" group) the molecules  

a re  adsorbed via the C=C bond, which is hydrogenated at a fast  rate .  
slowly 

~ C - - R  Ira" C-----'C--R--ImH 

C ~ C  C---~C I mH 

Im ~" lmH C~---C 
ads) (ads) (ads) 

Ira" = - ~ N - - O "  ; R =C6H4COO-- 

The NOH group is reduced very 

C---C--R--ImH 

l ~ amine 
Ii mH C--C t l 

!" C--C ImH ~ amLo.e 
lads) (ads) (ads) / 

The high selectivity for the hydrogenation of the NO" group of radical  (I) on Pt is apparently also 
explained by the preferent ia l  adsorption of the radical  centers .  

The established sequence of the react ions on the studied catalysts  is also retained when the Dara- 
magnetic e s t e r s  of acry l ic  (II) and methacryl ic  acids (III) a re  hydrogenated (Fig. 3). 

It is known that the react ivi ty of otefins during catalytic hydrogenation depends on the degree of sub- 
stitution of the C=C bond. It seemed interest ing to ascer ta in  if di- and tr isubsti tuted C=C bonds can also 
be selectively reduced in the presence  of the nitroxyl group on Pd catalyst .  

Since the above given resul ts  revealed that the sequence and selectivity of the react ions  is indepen- 
dent of whether the NO" group and the C=C bond are  found in one or  different molecules,  ex~oeriments were 
run with b inary  mixtures  that contained radical  (IX) and monoolefins (Table 3). F r o m  Table 3 it can be 
seen that in a mixture with radical  (IX) the c i s - i s o m e r  of the/3-olefin is reduced just  as selectively as the 
a -o le f in .  However, the selectivity dec reases  noticeably for the t r a n s - i s o m e r  of the /3-olefin, while an 
olefin with a tr isubsti tuted C=C bond (2-methyt-2-butene) is reduced simultaneously with radical  (IX). 
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Fig. 3. Change in catalyzate compo- 
sition when radical (II) is hydrogenated 
on Pal-black: 1) paramagnetic ester of 
acrylic acid (II); 2)paramagnetic ester 
of 1oroDionic acid (X); 3) substituted 
hydroxylamine of proDionic acid. 

TABLE 3. Selectivity of Hy- 
drogenation S of Radical in 
Binary Mixture with Olefins 
onPd-Black. Solvent=Alco- 
hol, Teml3erature = 20 ~ 

Olefin s = ~c =GI 
hVNO" 

1-Pentene 
cis-2-Pentene 
trans-2-Pentene 
2-Methyl-2-buten# 

0,99 
0,95 
0,70 
0,40 

It is known that on Pd and Ni, due to preferent ia l  adsorption,  
dienic hydrocarbons  a re  reduced select ively in a mixture with olefias 
[3]. Exper iments  on the hydrogenation of isoprene in a mixture with 
radica l  (IX) revealed  that on Ni the molecule with a nitroxyt group is 
adsorbed  more  f i rmly  on the cata lys t ;  the radical  cen te rs  a re  s e l ec -  
tively reduced in the i)resence of the diene, which is then hydrogenated 
at a fast  ra te  (Fig. 4). In cont ras t  to this, on Pd the diene is reduced 
f irst ,  and then the a -o l e f i n s  or  react ion products .  Radical {IX) enters  
into react ion only in the step where 2-methyl -2-butene  remains  in the 
solution. 

Previous ly  it was shown [4] that nitroxyl b i radica ls  are  reduced 
in sequence on metals  of the ~latinum group, evidently due to the 

stronger adsorbability of the molecules with two radical centers. Experiments on the hydrogenation of 
the di-(2,2,6,6-tetramethyl-l-oxyl-4-piperidyloxy)-o-phthalate biradica[ in a mixture with isoprene make 
it Dossible to establish the reaction sequence of these compounds on Ni and Pd catalysts 

Ni: biradieal > monoradical > diene > olefins 

Pd: diene > ~-olefins > disubstituted ~-olefins > biradical 

> monoradical, trisubstituted olefins 

As a result, Raney Ni can be used for the selective reduction of the nitroxyl groups of mono- and 

biradicals in the presence of C=C and C=C-C--C bonds, while Pd can be used for the reduction of the 

diene grou13 and c~-olefins (without involving the radical centers). 

It is known that the triphenylphosphine complex of rhodium (RhCl(PPha) 3) is highly active in the re- 

duction of the double bond of (y-olefins, but it does not accelerate the reduction of the nitro group [5]. It 

d~/~ ml/mm 

10 20 min 

1,o 45 e,o z,5 
H~, moles 

Fig. 4. Hydrogenation of mixture of radical (IX) and 
isoprene on Ni catalyst: a) kinetic curve; b) change in 
catalyzate composition. 1) Radical (IX); 2) substituted 
hydroxylamine (XIV) ; 3) isoprene; 4) 3-methyl-l-butene; 
5) 2-methyl-l-butene; 6) 2-methyl-2-butene; 7) isoDen- 
lane. 
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proved that the vinyl group of es te r  (VIII) in a mixture with (IX) is reduced at a fast  rate,  af ter  which the 
react ion stops. Radical  (IX) when taken separa te ly  is a l so  nor hydrogenated in the presence  of HhCl(PPh3) 3. 

E X P E R I M E N T A L  M E T H O D  

2 ,2 ,6 ,6 -Te t ramethy l - l -oxy l -4 -p iper idy loxy-p-v iny lbeuzoa te  was obtained f rom p-vinylbenzoyl chlo- 
ride and 2 ,2 ,6 ,6 - te t ramethy l -4-hydroxypiper id ine- l -oxy l .  Hecrys ta l l iza t iou f rom hexane gave orange 
c rys ta l s  with mp 59~ mol.  vet. 302 (by mass  spect rometry) .  

Methyl p-vinylbenzoate was obtained by the ester i f icat ion of the acid (prepared and descr ibed in [6]) 
with methanol, sa turated with HCI (10%), mp 36 ~ [7]. 

The paramagnet ic  e s t e r s  of ac ry l ic  and methacryl ic  acids were synthesized as descr ibed in [8], 
mp respect ively  102 and 88% 2 ,2 ,6 ,6 -Te t ramethy l -4 -hydroxyp iper id ine - l -oxy l  was obtained as descr ibed 
in [9], nap 70 ~ . 

The Pt - ,  Pd- ,  and Rh-blacks  were p repared  by the reduction of ladCl 2, H2PtCls, and RhCI 3. 3H20 
with formaldehyde in alkaline medium. The Raney Ni was obtained by leaching the 50 : 50 Ni -AI  alloy with 
2070 NaOH solution. The RhCl(PPh3) 3 was synthesized as descr ibed in [10]. 

The hydrogenation was run in a thermosta ted  hydrogenation vessel  at 20 ~ a tmospher ic  H 2 p re s su re ,  
and intense mixing (700 turns /min)  in methanol medium. Fo r  each experiment  we took 3-10  -3 mote of 
substance in 20 ml of solvent, and ei ther  0.05 g of the black or  0.10 g of Raney Ni. In the case of RhCI- 
(laPh3) 3 a 1 : 1 benzene-e thanol  mixture was used as the solvent. 

The chromatographic  analysis  was run on an LKhM-8MD ins t rument  equip0ed with a f lame-ionizat ion 
detector .  

It was difficult to analyze the hydrogenation products  of radical  (I) due to their  low volatility and in-  
stability at  the analysis  tempera ture .  An indirect  method was developed, which included the p r io r  t r ans -  
es ter i f icat iou of the catalyzate sample with methanol and subsequent analysis  of the formed mixture of the 
methyl e s t e r s  of p -v iny l -  and p-ethylbenzoic acids.  To analyze the e s t e r s  we used a column packed with 
15% poly(ethylene glycol succiuate) deposited on Chromosorb W and a tempera ture  of 130 ~ The method 
makes it possible to quantitatively determine the extent to which radical  (I) is hydrogenated at the C=C 
bond. 

To analyze the hydrogenation products  of the paramaguet ic  e s te r s  of the acryl ic  and methacryl ic  
acids we used 10% of Tri ton 305X deposited on Chromosorb W as the s ta t ionary phase and a temlaerature 
of 120 ~ The selected conditions make it possible to separate  the unsaturated paramagnet ic  e s t e r s  (II) and 
(III) f rom the corresponding e s t e r s  of the saturated acids (X) and (XI). Analysis  of the components that 
emerge  f rom the eh roma tog rauh icco lumnby  EPR revealed that the radical  centers  of the es te r s  are  r e -  
tained. However, the substituted hydroxylamines (XII) and (XIII) give peaks that coincide with the peaks 
of the corresponding radica ls ,  probably due to oxidation during the analysis  p rocess .  

The ElaR analysis  was run on an EPR-2  spec t romete r  designed by the Institute of Chemical  Physics .  
To prevent  oxidation of the formed substituted hydroxylamines the catalyzate samples  were removed and 
sealed in ampules in an argon a tmosphere .  It also proved convenient to remove the samples  into AcOH, 
which combines with the easi ly oxidized substituted hydroxylamines.  

The data that cha rac te r i ze  the previously unknown radical  (I), and the part ial ly reduced products  
(IV), (V), (VI), and (VII) that were isolated f rom it, a re  given in Table 4. 2 ,2 ,6 ,6 -Te t r ame thy l - l -oxy l -4 -  
piperidyloxy-D-ethylbenzoate was isolated when radical  (I) was hydrogenated on lad af ter  the absorption of 

TABLE 4. 

I 
Com- T, mp 1 
pound ,~ C 

Charac te r i s t i c s  of Obtained Compounds 

Found, % Calculated, % [R spectrt~m (v,cm-l) t 
Empirical ] 

c H ~ formula c H N C=C O. NH IU 

C,sH~N0a 7i,50 8,0014,63 [ i635 -- -- 
ClsH~sN03 71,28 8,2514,621 i635 3~0 Pt 
CIsH2sNO8 70,951 8,71 1 4,681 -- Pd 
ClsH~TNO3 71,3 [9,2 [4,74] 3~0 Pt 
CI~H~TNO~ 74,741 9,341 4,83 / -- 3~0 Ni 

(I)l 59,0170 63 8,20 4,60 
(IV)1,09,5170:9518,70 4,67 
(v)[ 8i,5 7i,0 18,60 4,60 

(vI) 87,0 70,8 8,85 4,59 
(vii) 80,0 74,74 9,34 4,84 

1252 



1 mote  of H 2. Rec rys t a l l i z a t i on  f r o m  hexane gave the compound as orange c r y s t a l s  in ~100% yield.  The 
EPR s p e c t r u m  shows that the rad ica l  cen te r  is  re ta ined .  Only the peak  of (V) is obse rved  on the c h r o m a t o -  
g r a m  a f t e r  t r a n s e s t e r i f i c a t i o n  with methanol .  

The unsa tura ted  hydroxylamine  of 2 , 2 , 6 , 6 - t e t r a m e t h y l - l - o x y l - 4 - p i p e r i d y l - p - v i n y l b e n z o i c  acid was 
obtained by  the hydrogenat ion of r ad ica l  (I) on e i ther  Ni or  Pt .  White c r y s t a l s  were  i so la ted  f r o m  the ca t a -  
lyzate  a f t e r  the absorp t ion  of 0.5 mole  of H 2. Only t r a c e s  of r ad ica l  (5) were  detected in the solution by 
EPR. 

2 , 2 , 6 , 6 - T e t r a m e t h y l -  1 -hydroxy-4 -p ipe r idy loxy-p -e thy lbenzoa  te (VI) wa s obtained by the hydrogena-  
tion of r ad ica l  (I) on Pt,  and a l so  on Pd or  Rh. The reac t ion  s tops  spontaneously a f t e r  the absorp t ion  of 
1.5 moles  of H 2. White c r y s t a l s  were  i so la ted  in ~100% yield f r o m  the solution a f t e r  r emov ing  the ca ta lys t  
and evapora t ion .  

2 , 2 , 6 , 6 -T e t r am e t hy l -4 -p i pe r i dy l oxy -p -e thy lbenzoa t e  was obtained by the hydrogenat ion of r ad ica l  (I) 
on Ni, and white c r y s t a l s  were  i so la ted  f r o m  the solution a f t e r  the absorp t ion  of 2.5 moles  of H~. 

The p r o p e r t i e s  of the products ,  obtained by the hydrogenat ion of (I), a r e  given in Table  4. 

The p a r a m a g n e t i c  e s t e r s  of the propionic  and i sobutyr ic  acids (X) and (XI) were  obtained by the 
r e spec t ive  hydrogenat ion of (II) and (III) on Pd. Analys is  of the ca ta lyza te  during reac t ion  by GLC r ev ea l s  
that the peak  of the s t a r t ing  r ad ica l  (II) or  (III) d e c r e a s e s  in ha rmony  with the amount  of abso rbed  H 2 and a 
new peak appea r s ,  which c o r r e s p o n d s  to rad ica l  (X) or  (XI). The EPR spec t rum of the produc t  c o r r e s p o n d s  
to the spec t rum of rad ica l  (II) or  (III). The bands for  the C=C bond and the OH group (which c h a r a c t e r i z e  
the s ta r t ing  rad ica l  and the subst i tuted hydroxylamine)  a r e  absent  in the IR spec t rum.  

The subst i tuted unsa tura ted  hydroxylamines  (XII) and (XIII) were  obtained by the hydrogenat ion of (II) 
and (III) on e i ther  Ni or  Pt  ca ta lys t .  The reac t ion  products  do not give EPR signals ,  while the IR spec t ra  
have bands at  1640 and 3480 cm -1, which c h a r a c t e r i z e  the C=C bond and OH group. 

CONCLUSIONS 

i. The hydrogenation of unsaturated stable radicals, the paramagnetic esters of the p-vinylbenzoic, 
acrylic, and methacrylic acids, on Pd-black or in the presence of RhCI(PPh3)3, proceeds stepwise. The 
C=C bond is reduced in the first step of the reaction without involving the paramagnetic center. 

2. On Raney Ni and Pt catalysts the radical center and C=C bond are reduced in sequence due to 
the preferential absorption of the nitroxyl group of the molecule. 

3. The established sequence of the reactions on Pd catalyst is also retained when mixtures of ole- 
fins and the nitroxyl radical (IX) are hydrogenated, and here the selectivity of the process depends on the 
degree of substitution of the C--C bond. 

4. Some previously unknown unsaturated substituted hydroxylamines and stable nitroxyl radicals 
were obtained by catalytic hydrogenation. 
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