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One of the bas ic  p r o b l e m s  of ca rbene  c h e m i s t r y  is the es tab l i shment  of the e lec t ronic  s t ruc tu re  of the 
in t e rmed ia t e  ea rbene  r e spons ib l e  for  the fu r the r  cou r se  of the p r o c e s s .  The exper imenta l  and theore t ica l  
development  of the method of chemica l ly  induced po la r iza t ion  of nuclei CPN [1] opened up new poss ib i l i t i es  
for  its solution. 

E a r l i e r  we inves t igated the t h e r m o l y s i s  of 2 ,6 -d i - t e r t -bu ty l -p -benzoqu inone  diazide (I) in var ious  
med ia  [2-4]. It was shown that  a common fac tor  in all ca ses  is the in t e rmed ia te  fo rmat ion  of a cyclohex-  
adienone ca rbene  (II), which, in te rac t ing  with the medium,  leads to the final r eac t ion  product .  A definit ive 
es tab l i shment  of' the m e c h a n i s m  of one reac t ion  or another  would be imposs ib le  without a knowledge of the 
mul t ip l ic i ty  of the reac t ing  ca rbene .  

The pu rpose  of this work was to inves t iga te  by the CPN method the e lec t ronic  s t r u c t u r e  of cyclohex-  
adienone ca rbenes  at the m om en t  of t he i r  in te rac t ion  with halogen-containing organic  compounds (HOC): 
CC14, CC13Br, CC13COCC13, CH3I, CH3CH2I, and (CH3)2CHI. 

In ent i re ly  halogenated hydroca rbons ,  the bas ic  products  of t h e r m o l y s i s  of the quinone diazide (I) 
a r e  cyclohexadienone de r iva t ives  (III) with a halogen a tom as one of the geminal  subst i tuents  (their yield is 
85-90%) [4]. In an analys is  of the PMR s p e c t r a  of the reac t ion  mix tu re s ,  negat ive polar iza t ion  on the 
m e t a - p r o t o n  of the r ing of cyclohexadienone de r iva t ives  (III) was detected '(Fig. 1). This indicates  that the 
r eac t ion  of t h e r m o l y s i s  of the quinone diazide (I) in HOC medium proceeds  (at l eas t  par t ia l ly)  by a radica l  
pathway accord ing  to a s t r i pp ing - r ecombina t ion  m e c h a n i s m .  Evidently,  the in te rac t ion  of the carbene  (II) 
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Fig. 1. PMR s p e c t r a  
of the reac t ion  m i x -  
tu re  in the t h e r m o l y -  
s is  of 2 , 6 - d i - t e r t -  
buty l -p-benzoquinone  
diazide in CC14 med ium 
at the beginning (a), 
during (b), and at the 
end of the reac t ion  (c). 
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Fig. 2. NMR-13C spec t ra  of react ion mixtures  in t h e t h e r -  
molys is  of 2 ,6-di - ter t -butyl -p-benzoquinone diazide in 
hexachloroacetone medium after  90 sec of heating (a) and 
at the end of the reac t ion(b) .  For (IV, X =  C 1 ) : A g <  0, a 1 
> O,a 2 > 0, a 3 < 0, a 4 > 0. For CC13COC" C12 :Ag  > 0, a > 0. 

Fig. 3. PMR spec t ra  of the react ion mixtures  in the the r -  
molys is  of 2 ,6-di - ter t -butyl -p-benzoquinone diazide in CC14 
in the p resence  of ethyl iodide at the beginning (a), during 
(b), and at the end of the react ion (c). 

formed with the subst ra te  leads to the appearance of a radical  pair ,  consist ing of a 4 - c h l o r o - 2 , 6 - d i - t e r t -  
butylphenoxyl radical  (IV) and a radical  of a halogenated solvent, the recombinat ion of which gives the com-  
pound (III), ca r ry ing  polar izat ion on the rec ta-protons  
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R = (CH3)3C; R '=CC13 ,  CCI~COCCI3; X ~ Cl, B r  

According to the theory of CPN, the sign of the polar izat ion is determined by the type of e lementary  
chemical  react ion of format ion of the polar ized product,  by the value of the constants of hyperfine in te rac -  
tion (HFI) of the basic radical ,  and by the rat io of the g - fac tors  of the components of the radical  pair .  For 
the phenoxyl radical  (IV), the g - fac to r  is equal to 2.004 [5], and the HFI constant a > 0. If we consider  
that the g - fac to r  of the t r ich loromethyl  radical  (the case of thermolys i s  in CC14) is equal to 2.009 [6], i . e . ,  
Ag < 0, then in accord  with the rules  of select ion according to nuclear  spin in S - -  To t ransi t ions  in radical  
pa i rs ,  the meta-pro tons  of the eyclohexadienone ring will be negatively polar ized in the recombinat ion pr  9- 
duct (III), if its formation was preceded by radical  pa i rs  with uncorre la ted  spins or  t r iplet  radical  pa i rs .  
The format ion of one radical  pa i r  or another is determined by the multiplicity of the react ing carbene:  a 
t r ip le t  pair  a r i ses  with the part icipat ion of the tr iplet  form of earbene,  a singlet pair  is generated by the 
singlet form of carbene.  Finally, radical  pairs  with uncor re la ted  spins are  formed in random encounters 
of radicals  escaped f rom the p r im a ry  radical  pa i rs .  
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The data obtained on the CPN of protons a r e  in good ag reemen t  with the r e su l t s  of an invest igat ion 
of the CPN of 13C in the t h e r m o l y s i s  of the quinone diazide (I) in hexachloroacetone  (Fig. 2). In ag reemen t  
with the theory  of CPN, emis s ion  is obse rved  on nuclei of ~3C with a > 0, while an i n c r e a s e  in the a b so rp -  
t ion is obse rved  on nuclei with a < 0. 

Since it is known [7] that  the ground s ta te  of cyclohexadienone ca rbenes  is a t r ip le t  s tate,  it is not 
ve ry  probable  that t r i p l e t - - s ing le t  inve r s ion  of the e lec t ronic  s t r u c t u r e  of ea rbene  would occur  under  the 
conditions of the reac t ion .  E~idently, when ni t rogen is  e l iminated f rom the quinone diazide (I), a cye lo-  
hexadiene ca rbene  (II) a r i s e s ,  which r eac t s  with the s u b s t r a t e  in i ts  s inglet  fo rm,  giving a p r i m a r y  singlet  
pa i r  (RPs). The rad ica l s  of this pa i r  can r ecombine  with the fo rmat ion  of the product  (III), and can also 
e scape  into the volume and  subsequent ly  give pa i r s  with uncor re l a t ed  spins (RPu) in random encounters .  
In the f i r s t  case ,  absorp t ion  should be  obse rved  on the m e t a - p r o t o n s  of the product  (III), and in the second 
case  emis s ion  [8]. Evidently the po la r iza t ion  obse rvab le  expe r imen t a l l y  on these  protons  is a s u m m a r y  
effect,  and the po la r iza t ion  c rea ted  in p a i r s  with uncor re l a t ed  spins (emission) p redomina tes .  

This hypothesis  is conf i rmed  by an exper iment  with the addition of alkyl iodide (CH~I, C2H~I, and 
i-C3HTI) to the bas ic  solvent .  An ana lys i s  of the PMR s p e c t r a  of the reac t ion  mix tu re s  obtained in the t h e r -  
mo lys i s  of the quinone diazide (I) in a medium of ent i re ly  halogenated hydrocarbons  in the p r e s e n c e  of 
var ious  amounts of alkyl iodide showed that  as the concentra t ion of the alkyl iodide i n c r e a s e s  in the initial 
mix tu re ,  the emiss ion  obse rved  on the m e t a - p r o t o n s  of the cyclohexadienone compounds (III) d e c r e a s e s .  
As suff icient ly high concentra t ions  of the alkyl iodides ([(I)] = 0.5; JR'I] = 0.4 M), t he re  is a r e v e r s a l  of the 
sign of po la r iza t ion  on the m e t a - p r o t o n s  of compounds (III). The s a m e  r e v e r s a l  was obse rved  in an inves -  
t igat ion of the CPN of 13C in the reac t ion  of t h e r m o l y s i s  of the quinone diazide (I) in hexachloroacetone .  
Evidently,  when alkyl iodides,  which a r e  rad ica l  accep to r s ,  a r e  added to the bas ic  solvent ,  the concen t ra -  
t ion of r ad ica l s  that  have  escaped  into the volume (especial ly  "CC13 or  "CC12COCC13) d e c r e a s e s ;  the con t r i -  
bution to the po la r iza t ion  f rom the recombina t ion  of secondary  pa i r s  with uncor re l a t ed  spins (RP u) c o r r e -  
spondingly drops .  At a suff icient ly l a rge  content of alkyl iodides in the init ial  mix ture ,  the obse rvab le  ab-  
sorp t ion  on the m e t a - p r o t o n s  is due to the fact  that  the dienone (III) is  fo rmed  only f rom p r i m a r y  singlet  
rad ica l  pa i r s  (RPs).  

With inc reas ing  concentra t ion of alkyl iodides in the bas ic  solvent ,  the yield of the diphenoquinone 
(V) i n c r e a s e s ,  and in the t h e r m o l y s i s  of the quinone diazide (I) in pu re  alkyl iodides it is 92-95%. At the 
s a m e  t ime,  products  of the in te rac t ion  of the ca rbene  with alkyl iodides (VI) appear  in the reac t ion  m i x -  
tu re .  It is noteworthy that  the content of compounds (VI) in the reac t ion  mix tu re  does not exceed 5-8% 
(according to the data of PMR spec t roscopy)  and does not i n c r e a s e  with inc reas ing  concentrat ion of alkyl 
iodides.  In accord  with this ,  in the PMR s p ec t r a ,  posi t ively  po la r ized  signals  f rom the m e t a - p r o t o n s  ap-  
pea r  in the region of 6-7 ppm, and po la r i zed  s ignals  f rom the protons  of the geminal  alkyl subst i tuent  of 
compounds (VI) appea r  in the region of 1.5-2 ppm; m o r e o v e r ,  the CH 3 groups (a > 0) c a r r y  negat ive pol-  
ar iza t ion,  while the CH and CH 2 groups  (a > 0) c a r r y  pos i t ive  po la r iza t ion  (Fig. 3). 

When ethyl or  i sopropyl  iodide is  used  as an addit ive to the bas ic  solvent ,  s ignals  f rom po la r i zed  
ethyl and i sopropyl  iodide a r e  also detected in the PMR s p e c t r a  of the reac t ion  mix tu re s ;  m o r e o v e r ,  the 
protons  of the methyl  groups (a > 0) p roved  to be  negat ively polar ized ,  while the protons  of the CH 2 and CH 
groups (a < 0) were  posi t ively  po la r i zed  (see Fig. 3). The l a t t e r  indicates  that the polar iza t ion  of the 
protons  of alkyl iodides is  c rea ted  in the p r i m a r y  singlet  rad ica l  pa i r  (RP s) on account of the e scape  of 
alkyl rad ica l  r e s idues  into the volume,  followed by r e l ay  t r a n s f e r  of va lence  in the reac t ion  of alkyl r ad i -  
cals with alkyl iodide molecu les .  

It should be  noted that  the protons  of alkyl subst i tuents  of geminal  compounds (VI) (products of r e -  
combination) and alkyl iodides (products of r ad ica l s  that have escaped  into the volume) pos se s s  polar iza t ion  
of the s a m e  sign. According to the CPN theory  [1], the signs of po la r iza t ion  of the protons  of the sub-  
s tances  fo rmed  during recombina t ion  and on account of the escape  of r ad ica l s  f rom the s a m e  pa i r  should be 
opposi te .  Since the po la r i za t ion  of alkyl iodides can be c rea ted  only in p r i m a r y  singlet  pa i r s  (RPs), it can 
be a s s e r t e d  that  the obse rvab le  po la r iza t ion  of ,the protons  of the geminal  products  (VI) is  the s u m m a r y  
effect  and is  c r ea t ed  both in the p r i m a r y  s inglet  pa i r s  (RPs) and on account of a different  rad ica l  pathway 
of the i r  format ion .  

Actually,  the quinolide compounds (VI), containing an iodine a tom in the gem-pos i t ion ,  a r e  ex t r eme ly  
unstable ,  and e l imina te  it r ead i ly  upon heating,  with the appea rance  of phenoxyl r ad ica l s  (VIII). The la t te r  
can in te rac t  with alkyl iodide molecu les  with the fo rmat ion  of the s a m e  geminal  de r iva t ives  (VI). However ,  
the po la r iza t ion  on the i r  protons  will be  opposi te  to that  which is  c rea ted  in the init ial  s inglet  pa i r s  (RPs).  
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Judging by the signs of the polarization, it makes a large contribution to the summary polarization of the 

compounds (Vl). 

Finally, the PMR spectrum of the reaction mixture, when CHal is added to the basic solvent, contains 
a weak singlet signal from the protons of ethane, the presence of which in the mixture is also confirmed by 
the method of gas chromatography. The formation of ethane is evidently the result of dimerization of the 
methyl radicals that escaped into the volume from the primary singlet pair (RPs). 

Thus, the general process of thermolysis of the quinone diazide (I) in halohydroearbons can be rep- 
resented by the s c h e m e .  In the t h e r m o l y s i s  of  the quinone  d i z i d e  (I), a s i n g l e t  c a r b e n e  (II) i s  i n i t i a l l y  
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R = C(CHa)a; R' = CCI, and CC12COCCla, X = C1 andBr (III); 
R' = CH,, C~H5 and CH(CHa)~, X = I (IV) 

f o r m e d ;  a s  a r e s u l t  of t he  p e c u l i a r i t i e s  of  i t s  e l e c t r o n i c  s t r u c t u r e  ( l o c a l i z a t i o n  of one of t he  nonbonding  
e l e c t r o n s  on ~ - o r b i t a l s ,  and the  o t h e r  on p - o r b i t a l s )  i t  r e a c t s  wi th  h a l o g e n a t e d  s o l v e n t s  wi th  s t r i p p i n g  of a 
h a l o g e n  a tom,  fo l lowed  by  the  a p p e a r a n c e  of  s i n g l e t  r a d i c a l  p a i r s  (RPs) .  The  r e c o m b i n a t i o n  of r a d i c a l s  
in  t h e s e  p a i r s  g i v e s  t h e  p r o d u c t  (III). A c e r t a i n  f r a c t i o n  of the  r a d i c a l s  e s c a p e  f r o m  the  singlet p a i r s  in to  
t he  v o l u m e ,  which  s u b s e q u e n t l y  l e a d s  d u r i n g  t h e i r  e n c o u n t e r s  to  the  a p p e a r a n c e  of p a i r s  wi th  u n c o r r e l a t e d  
s p i n s  (RPu),  in  t he  r e c o m b i n a t i o n  of r a d i c a l s  in  which,  t he  c o m p o u n d  (In) i s  a l s o  f o r m e d .  

The  i n t e r a c t i o n  of  t he  s i n g l e t  c a r b e n e  (II) with a lky l  i o d i d e s  i n i t i a l l y  a l s o  g ives  s i n g i e t  p a i r s  (RPs) ,  
from which the compound (VI) can be formed during recombination. Moreover, the radicals from these 
pairs may partially diffuse into the Volume. This leads to secondary reactions. Thus, 4-iodo-2,6-di-tert- 
butylphenoxyl radicals dimerize during collisions, with the formation of the geminal product (VII), which 
readily eliminates an iodine molecule, being converted to the diphenoquinone (V). On the basis of this, an 
increase in the concentration of alleyl iodides in the initial mixture should give an increase in the yield of 
the diphenoquinone (V), which was also noted above. 
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Fig. 4. Kinetics of CPN during 
the t h e r m o l y s i s  of 2 , 6 - d i - t e r t -  
buty l -p-benzoquinone  diazides  
in CC14: 1) (I); 2) diD. 

Alkyl rad ica l s  (alkyl iodide res idues)  that  have  escaped into 
the volume par t i c ipa te  in a r e lay  exchange of an iodine a tom with 
alkyl iodides,  c rea t ing  po la r iza t ion  of them.  Moreover ,  in encoun- 
t e r s  wi th4- iodo-2 :6 -d i - t e r t -bu ty lphenoxy l  rad ica l s ,  the alkyl r ad i -  
cals  fo rm pa i r s  with unco r re l a t ed  spins (RPu), recombina t ion  in 
which gives cyclohexadienone compounds (VI). 

The l a t t e r  in turn  a r e  capable  of inducing 4 - a l k y l - 2 , 6 - d i - t e r t -  
butylphenoxyl rad ica l s  (VIII) under  the conditions of the react ion;  
they r eac t  with alkyl iodides,  being conver ted  again to t h e  initial  
geminal  de r iva t ives  (VI). 

Thus,  the data of CPN p e r m i t  us to a s s e r t  that in the t h e r m o -  
lys i s  of quinone diazides ,  the reac t ion  is c a r r i e d  only by the singlet  
f o rm of the carbene ,  while the obse rved  polar iza t ion  in the bas ic  
product  is the r e su l t  of secondary  p r o c e s s e s ,  a s soc ia ted  with the 
diffusion of r ad ica l s  f rom the s inglet  rad ica l  pa i r s  into the volume.  
This conclusion is in good ag reemen t  with the data on the inves t iga -  

t ion of the mul t ip l ic i ty  of cyclohexadienone ca rbenes  by the method of Skell and compet ing reac t ions  
[9]. 

Kinetic t r e a t m e n t  of the CPN data for  t h e t h e r m o l y s i s  of the quinone diazide (I) in CCI 4 med ium is 
ci ted in Fig. 4. The kinetic equation for  the m e a s u r e m e n t  of CPN in f i r s t - o r d e r  reac t ions  (or reducible  
to them) takes  the fo rm 

g = I - -  Io  Ek  --  T~: T~t)] (-- Tip. 
= , k t.xp ( -  kt) - exp ( "  _ exp 1 t),  

where  K is the coefficient  of amplif icat ion;  E is  the t rue  coefficient  of ampl i f ica t ion  of CPN; k is the r a t e  
constant  of decomposi t ion  of the quinone diazide (I); T-1 is  the re laxa t ion  t ime  of po la r i zed  pro tons .  lp 

If k << Ti-~ (this ca se  is  r ea l i zed  in the decomposi t ion  of quinone diazide,  T1- ~ ~ 5 sec),  then the shape  

of the PMR signal  f rom the m e t a - p r o t o n s  of (lid at t > t m a  x is desc r ibed  by the equation (see Fig. 4) : 

K = (EkT;~ --  l) exp (--kt).  (1) 

An analys is  of the k inet ics  of CPN accord ing  to Eq. (1) gives the coefficient  of ampl i f ica t ion of the 
po la r iza t ion  E = --(1000 �9 300) and r a t e  constant  of decomposi t ion  of the quinone diazide (I) k 95 ~ = 2 . 1 0  -3 
sec  -1. The l a t t e r  value is  in good ag reemen t  with the r a t e  constant  of the decomposi t ion  of the quinone di-  
azide (I) in CC14 obtained by the method o f U V s p e c t r o s c o p y  (k 95 ~  2 .7-10  -3 sec - l ) .  The coefficient  of 
po la r iza t ion  on the 13C nuclei  is lower ,  E = 620 �9 200 for  the CC12 group in the pentachloroace tone  rad ica l  
and E = --210 ~: 60 for the CC1 group in the cyclohexadienone r ing in the reac t ion  of the quinone diazide (I) 
with hexachloroace tone .  

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

The CPN of the protons  was inves t iga ted  on a Var ian  DA-60-H h igh- reso lu t ion  NMR s p e c t r o m e t e r .  
The po la r iza t ion  on the 13C nuclei  was inves t iga ted  on a YaR-1 s p e c t r o m e t e r .  The chemica l  shifts  we re  
counted re la t ive  to TMS. 

The volume of the s am p l e  did not exceed 0.4-0.5 cm3; automat ic  t h e r m o s t a t i c  control  of the s amp le  
was accompl i shed  with an accu racy  of ~:2 ~ with r e s p e c t  to the volume of the sample .  The t e m p e r a t u r e  of 
the s amp le  was es tab l i shed  for  20-30 sec  a f t e r  p lacement  of the s amp le  in an a i r  flow of set  t e m p e r a t u r e .  
The t e m p e r a t u r e  was va r i ed  in the in te rva l  60-140 ~ 

CONCLUSIONS 

The thermolysis of 2,6-di-tert-butyl-p-benzoquinone diazide in a medium of halogenated hydrocar- 
bons was investigated by the method of chemically induced polarization of nuclei. The cyclohexadienone 
carbene formed during thermolysis reacts with the medium in the singlet form, while the observed polar- 
ization is the result of secondary processes, associated with the diffusion of radicals from the primary 
singlet radical pairs into the volume. 
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