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A note on free radical formation in biologically occurring quinones* 

The concept  t h a t  cer ta in  biological ox ida t ion- reduc t ions  m a y  proceed via  success ive  single- 
e lectron t r ans fe r s  wi th  the  fo rma t ion  of free radical  in te rmedia tes ,  ha s  received considerable  
a t t en t i on  since the  work  of MICHAELIS 1. The  direct  observa t ion  of these  free radical  i n t e rmed ia t e s  
ha s  unt i l  recently2,3, 4, been qu i te  difficult expe r imen ta l ly  and  only  a re la t ively  few reac t ions  
of b iochemica l  in te res t  h a v e  been s tud ied  direct ly  ut i l izing the  p a r a m a g n e t i s m  of these  free 
radicals .  

P a r a m a g n e t i c  resonance  m e t h o d s  s impl i fy  and  ex t end  the  sens i t iv i ty  of these  observat ions ,  
and  the  free radical  s emi qu i nones  of a n u m b e r  of biologically occurr ing  qu inones  have  recen t ly  
been observed  in th is  l abora tory .  This  p re l iminary  no te  is concerned  pr incipal ly  wi th  the  quali-  
t a t i ve  behav io r  of these  semiquinones ,  the  kinet ics  of which  con t inue  unde r  s tudy .  

I t  h a s  been t e n t a t i v e l y  concluded  on the  basis  of the  p a r a m a g n e t i c  resonance  s t u d y  of 

a p p r o x i m a t e l y  3 ° qu inones  t h a t  t he  non-enzymic  ox ida t ion- reduc t ion  of these  c o m p o u n d s  
proceeds for all pract ical  purposes ,  t h r o u g h  two success ive  single-electron t r ans fe r s  as the  molecule  
proceeds f rom its  init ial  to i ts  final s ta te .  The  life t ime  of t he  pa ramagne t i c ,  s emiqu inone  free 
radical  appear s  to be de t e rmined  in the  first place by  the  isomeric form, the  para-semiquinone 
being cons iderab ly  more  s table  t h a n  the  ortho, (in the  case of n a p h t h o q u i n o n e s  by  a factor  of 
pe rhaps  as m u c h  as fifty) in a g r e e m e n t  wi th  the  observed  differences in ox ida t ion  potent ia l .  
I t  h a s  been found  also t h a t  the  free radical  s tab i l i ty  depends  upon  p H  in such  a m a n n e r  t h a t  
t he  s emiqu inone  resu l t ing  f rom the  dehydrogena t ion  of a hyd roxy l  group is s tabi l ized in alkal ine 
solut ion,  while the  free radical  fo rmed  by  the  dehydrogena t ion  of an  a m i n o  group is s tabi l ized 
in acid solut ion.  T h u s  t he  alkaline ox ida t ion- reduc t ion  of t he  following c o m p o u n d s  ha s  been 
observed to p roduce  a free radical  concen t ra t ion  t h a t  m a y  pers is t  for as m u c h  as hour s  or days :  
p -benzoquinone ,  o-benzoquinone,  adrenal ine,  DOPA,  pyrogallol ,  gentisic acid, homogen t i s i c  acid, 
tocopherol ,  1 ,4 -naph thoqu inone ,  1 ,2 -naph thoqu inone ,  v i t a m i n  K1, menedione ,  phthiocol ,  
an th r aqu inone ,  anthraquinone- /5-sulfonic  acid, alizarin, carminic  acid, and  p h e n a n t h r e n e q u i n o n e .  
Carminic  acid offers a t  leas t  two modes  of s emiqu inone  fo rma t ion  so t h a t  a free radical  is observed  
on e i ther  t he  ox ida t ion  or r educ t ion  of t he  original molecule.  Of t he  a roma t i c  amines ,  p -amino-  
phenol  and  p -pheny l ened i ami ne  have  been observed  to form semiqu inone  t ype  i n t e rmed ia t e s  
wi th  a s tab i l i ty  increased in acid solution.  In  th i s  respect  t h e y  behave  like r iboflavin which  
shows  a s t rong  and  pe rs i s t en t  resonance  a t  p H  < I, in a g r e e m e n t  wi th  t he  repor t  of KUHN 
AND STRI~BELE 5 regard ing  t he  s tab i l i ty  of th is  free radical.  In  add i t ion  to t he  a romat ic  quinones ,  
we have  observed  t he  single electron ox ida t ion- reduc t ion  i n t e rmed ia t e s  of t he  con juga t ed  com-  
pounds ,  t r ike tohydr inene ,  and  diacetyl  to be s tabi l ized in a lkal ine solut ion.  

If the  free radical  life t i me  is sufficiently short ,  t he  p robab i l i ty  of a typ ica l  free radical  
reac t ion  occurr ing r ema ins  remote ,  and  it is in te res t ing  to observe  t h a t  benzoquinone ,  for example ,  
a t  p H  7.0 appears  to pass  back  and  for th  f rom reduced  to oxidized forms wi th  no side react ions.  
A t  p H  8.0 the re  is a l ready  a ve ry  s l ight  color change  which  evidences  the  exis tence  of side re- 
act ions,  and  a t  p H  9.o the re  appear s  the  b rown  or b lackish  insoluble mate r ia l  which  m a y  be 
supposed  to be a po lymer ic  a romat i c  ma te r i a l  s imilar  to t he  me lan in  t y p e  p igments .  I t  is in 
th is  p H  range  (8-9) and  p r e s u m a b l y  for th is  reason  t h a t  t he  q u i n h y d r o n e  electrode becomes  
unsa t i s f ac to ry .  

As t he  s t ab i l i ty  of t he  free radical  increases,  the  l ikelihood of free radical  cha in  reac t ions  
and  po lymer i za t ions  increases  as well. One  m a y  suppose  t h a t  the  no rma l  biological role of these  
c o m p o u n d s  is insured  in vivo t h r o u g h  control  of p H  and  t he  par t ic ipa t ion  of an t iox idan t s .  T h u s  
t h e  mold  p i g m e n t s  of the  s u b s t i t u t e d  a n t h r a q u i n o n e  t ype  m a y  be de ter red  f rom s table  free 
radical  fo rma t ion  by  the  supposed ly  acid e n v i r o n m e n t  p rov ided  by  these  organisms .  

The  a u t h o r  is g ra te fu l  to Professor  G. E. PAKE and  Doctor  R. H. SANDS Of t he  Phys i c s  
D e p a r t m e n t  of S tanford  Un ive r s i t y  for the  use  of t he  p a r a m a g n e t i c  resonance  spec t romete r  and  
add i t iona l ly  to t he  la t t e r  for technica l  ass is tance .  
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