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i i i .

S U M M A R Y .

The theme o f th e se  in v e s t ig a t io n s  i s  th e  development 

o f  th e  concept th a t  th e  proxim ate cau sa l agent in  chem ical 

c a rc in o g en e s is  i s  energy l ib e r a te d  during  th e  o x id a tio n  of 

th e  substance ad m in is te red . O xidations o f a wide range 

o f  ca rc inogens w ith  v a r io u s  o x id is in g  ag en ts  have been 

s tu d ie d  and chem ilum inescence phenomena have been observed 

during  many o f th e  r e a c t io n s .  A s p e c ia l study o f th e  azo- 

dye group o f  ca rc inogens was conducted and t h i s  shows th e  

im portance of th e  amino group in  th e se  compounds fo r  th e  

chem ilum inescence e f f e c t s .  A c lo se  p a r a l l e l  has been e s ta b 

l i s h e d  between ca rc in o g en ic  a c t i v i t y  and p a r t ic ip a t io n  in  

chem ilum inescent r e a c t io n s ,  and th e re  appear to  be few n o te 

worthy ex cep tio n s  to  t h i s  o b se rv a tio n .

The re a c t io n s  which ^s^-benzpyrene and 1|—dim ethylam ino- 

azobenzene, two ty p ic a l  carc in o g en s , undergo w ith  th e  M ilas 

re a g e n ts  have been s tu d ied  in  d e t a i l .  I n te r e s t in g  s im ila r 

i t i e s  were found between th e se  o x id a tio n s  and th e  in  v ivo re  

a c t io n s  of th e  su b s tan ces . During th e  course o f th e  in 

v e s t ig a t io n  w ith  *J~dimethylaminoazobenzene i t  was d e s ira b le  

to  have samples o f th e  azoxy compounds d e riv ed  from t h i s  

su b stan ce . These compounds, p rev io u s ly  unknown, were 

sy n th e s ise d .

The r e la t io n s h ip  between th e  r a te  of e lim in a tio n  of 

carc inogens from th e  anim al body and th e  ca rc in o g en ic  r e -



sponse has been s tu d ied  in  th e  case o f benzpyrene. The 

experim ents show a p a r a l l e l  between th e  development o f 

tum ours and th e  con tinued  p resence  o f th e  carc inogen  through

ou t th e  l a t e n t  p e r io d .

F in a l ly ,  th e  b ea rin g  o f th e  work on th e  mechanism o f 

th e  ca rc in o g en ic  p ro cess  i s  d isc u sse d . A new th eo ry  on 

th e  mode o f  a c tio n  o f ca rc inogens i s  p re se n te d . T his has 

a wide a p p l ic a tio n  to  chem ical carc inogens and l in k s  them 

w ith  th e  p h y s ic a l ca rc in o g en ic  a g e n ts .
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The p ro d u ctio n  o f v a r io u s  ca rc in o g en ic  t a r s  by Kennaway 

(1 ,2 ) and th e  sy n th e s is  by Cook ( 3) o f homologues o f 1 :2 -  

benzan thracene which had c e r ta in  p h y s ic a l p ro p e r t ie s  in  common 

w ith  th e  t a r s  le d  to  th e  dem onstration  th a t  a number o f pure 

chem ical compounds, belonging  to  th e  c la s s  of p o ly c y c lic  

arom atic hydrocarbons, could  e l i c i t  m alignant n e o p la s t ic  

le s io n s  when su ita b ly  ap p lied  to  th e  sk in  o f  an im als. In  

1930 Kennaway and H ieger (^) showed th a t  th e  p ro p e rty  o f c a r 

c in o g e n ic ity  was possessed  by a substance u l t im a te ly  id e n t i f i e d  

as l:2 :5 :6 -d ib e n z a n th ra c e n e  ( I ) .  T his was th e  f i r s t  pure

i  II
compound to  be la b e l le d  ca rc in o g e n ic . In  a sh o rt tim e numerous 

in v e s t ig a t io n s  showed th a t  a number of m ethyl d e r iv a t iv e s  o f 

t h i s  compound and of th e  t e t r a c y c l i c  hydrocarbon, l : 2-benzan - 

th racen e  ( I I )  a lso  had t h i s  b io lo g ic a l  p ro p e r ty , w hile  a 

s tro n g ly  ca rc in o g en ic  compound is o la te d  from p i tc h  was found



2.

to  be id e n t ic a l  w ith  th e  p e n ta c y c lic  3 s b e n z p y r e n e  ( I I I ) .  The 

id e a  th a t  p o ly c y c lic  hydrocarbons m ight a r i s e  in  v ivo from 

s te r o l s  prompted th e  p re p a ra tio n  o f 20-m ethylcholan threne (IT) 

from desoxycholic  a c id  and th e  dem onstration  o f h igh  c a rc in o -

These o b se rv a tio n s  gave r i s e  to  numerous s tu d ie s  designed  

to  d isco v e r a p o s s ib le  r e la t io n s h ip  between ca rc in o g en ic  a c tio n  

and chem ical c o n s t i tu t io n .  A ccordingly , many hundreds o f 

substances o f v a r io u s  chem ical groups were te s te d  and i t  i s  

now proposed to  in d ic a te  th e  d i f f e r e n t  ty p e s  of compounds which 

have been found to  be c a rc in o g e n ic .

Most o f th e  ca rc in o g en ic  hydrocarbons a re  t e t r a c y c l i c  o r  

p e n ta c y c lic  compounds a lthough  re c e n tly  a weak a c t iv i t y  has 

been dem onstrated in  th e  t r i c y c l i c  compounds 1 : 2 : 3 : *1—t e t r a -  

m ethylphenanthrene and 9 5 1 0 -^ m e th y lan th rac en e . Of th e  s ix  

p o s s ib le  t e t r a c y c l i c  compounds composed e n t i r e ly  o f arom atic  

r in g s ,  only 3 :1*—benzphenanthrene (V) i s  a c t iv e .  However, many 

m ethyl d e r iv a t iv e s  o f t h i s  substance and o f l : 2-b en zan th racen e  

andr chrysene (VI) a re  a c t iv e  compounds. S everal ch o la n th ren e s ,

genic a c t iv i ty  a s so c ia te d  w ith  t h i s  s t ru c tu re

ni IV



3.

most co n v en ien tly  consid ered  as s u b s t i tu te d  benzan th racenes,

V VI
a re  a lso  a c t iv e .  In  th e  p e n taq y c lic  group, 3:**—benzpyrene and 

l : 2 : 5 : 6-d ib en zan th raeen e  and c e r ta in  d e r iv a t iv e s  of th e se  a re  

p o te n t ca rc inogens w hile  th e  o th e r  th i r te e n  p o s s ib le  s t r u c tu r e s ,  

a lthough  n o t so e x te n s iv e ly  s tu d ie d , show very  weak a c t iv i t y  o r 

a re  in a c t iv e .  Of th e  h ex acy c lic  compounds te s te d  only 1 :2 :3 :* !- 

d ibanzpyrene (VII) and i t s  7-m ethyl d e r iv a t iv e ,  and 3 : 8 : 9 -  

d ibenzpyrene (V III) a re  a c t iv e .

W l 
VII Vi

Many h e te ro c y c lic  analogues o f th e  p o ly c y c lic  arom atic 

hydrocarbons and r e la te d  f lu o re n e  d e r iv a t iv e s  have been te s te d  

and examples o f a c t iv e  compounds a re  found in  1 : 2:5  : 6-d ib e n z -  

a c r id in e  (IX ), l : 2 : 5 : 6-d ib e n z flu o re n e  (X) and 5 : ^ : 5 : 6-d ib en z -



ca rb azo le  (XI)

f )

' V

IX x  XI
The ca rc in o g en ic  e f f e c t  of th e  compounds l i s t e d  so f a r  i s  

produced lo c a l ly  when th e se  a re  ap p lied  to  th e  sk in  o r  in je c te d  

in to  th e  subcutaneous t i s s u e s  o f  anim al s . A ttem pts to  produce 

tumours w ith  azo compounds were u n su ccessfu l u n t i l  Yoshida (5) 

produced l i v e r  tumours in  r a t s  by in c o rp o ra tin g  k f-am ino-2 : 3 f-  

azo to luene  (XII) in  th e  d ie t  over long p e r io d s . Using th e  

same te ch n iq u e , K in o s ita  (6) o b ta in ed  s im ila r  r e s u l t s  w ith  ty- 

dim ethylam inoazobenzene (X I I I ) .

m ,

CHCH

CH,

x h 3

XU XU

These two compounds form th e  b a s ic  s t r u c tu re s  o f a la rg e  

number o f compounds o f th e  azo-dye group o f ca rc in o g en s . An

o th e r  ty p e  o f compound which produced m u lt ip le  hepatomas in



m ice i s  2-am inoanthracene (X IV ). Grouped w ith  t h i s  su b stan ce

XIV XV p
a re  2-am inonaphthalene (XV) and 2 -am inofluorene (XVI), th e  

form er producing b lad d er tumours when ad m in iste red  to  th e  dog 

and th e  l a t t e r  in  th e  form of i t s  a c e ty l  d e r iv a t iv e  being 

capable o f e l i c i t i n g  tumours in  many organs o f a v a r ie ty  o f 

sp e c ie s . A d i f f e r e n t  group o f compounds re c e n tly  d isco v ered  

and having a v e r s a t i l e  ca rc in o g en ic  a c tio n  a re  d e r iv a t iv e s  of 

ty-am inostilbene (XVII) and th e se  may be compared w ith  th e  com

pound tts ty r y l - il-50fl (XVIII) p rev io u s ly  known to  be ca rc in o g en ic

X V ll X V Ill
when in je c te d  in to  th e  subcutaneous t i s s u e s  o f m ice.

C e rta in  o e s tro g e n ic  su b stan ces , o ccu rrin g  n a tu r a l ly  o r



sy n th e s ised  in  th e  la b o ra to ry , a re  capab le  of inducing  tumours 

m ainly in  th e  t i s s u e s  which a re  h ig h ly  resp o n siv e  to  t h e i r  

p h y s io lo g ic a l a c t io n . These substances a re  exem plified  in  

o es tro n e  (XIX) and d ie th y l s t i l b o e s t r o l  (XX).

OH

OH

M  XX
To t h i s  v a r ie ty  o f chem ical carc inogens may be added th e  

s a l t s  o f th e  r a d io a c tiv e  e lem en ts , compounds o f a r s e n ic  and z in c , 

th e  sim ple o rgan ic  su b stan ces u re th a n e , g lucose and some n itro g e n  

m ustards, and f i n a l l y  h y d ro ch lo ric  a c id  and potassium  hydrox ide, 

a l l  o f which p o ssess  some ca rc in o g en ic  a c t io n . A part from 

th e se  chem ical ca rc in o g en s , tumours may be e l i c i t e d  w ith  c e r ta in  

e lec tro m ag n e tic  r a d ia t io n s ,  w hile  o th e r  ty p es  o f tumour may be 

propagated  w ith  p re p a ra t io n s  in  which th e  a c t iv e  agen t i s  a 

complex p r o te in .

Numerous a ttem p ts  have been made to  f in d  p ro p e r t ie s  s p e c if ic  

to  th e  ca rc in o g en ic  compounds. From th e  p u re ly  chem ical s tan d 

p o in t ,  F ie s e r  and h i s  a s s o c ia te s  (7*8) sought to  c o r r e la te  th e  

ease  w ith  which v a r io u s  ca rc in o g en ic  hydrocarbons undergo c e r ta in  

s u b s t i tu t io n  re a c t io n s  and th e  mechanism of th e  ca rc in o g en ic



p ro ce ss , b u t th e  p ro p e r t ie s  were n o t common to  a l l  th e  c a rc in 

ogenic hydrocarbons. A s im ila r  study was c a r r ie d  o u t by Eck- 

h a rd t (9) u sin g  perbenzo ic  a c id  to  o x id ise  a number o f ca rc in o 

genic and n o n -carc in o g en ic  hydrocarbons and in  th e  l im ite d  

range o f th e  experim en t, a rough p a r a l l e l  was found between 

ca p a c ity  f o r  o x id a tio n  and ca rc in o g en ic  a c t i v i t y .

Another approach was made by Clowes, Davis and K rahl 

(10, 11) who s tu d ied  th e  in te r a c t io n  o f a number of p o ly c y c lic  

hydrocarbons w ith  monomolecular f ilm s  o f s t e r o l s  on w ater and 

suggested th a t  th e  in f lu e n c e  which th e  substances produced in  

th e se  f i lm s  may be r e la te d  to  a p o s s ib le  in te r f e r e n c e  in  v ivo 

of th e  p h y s io lo g ic a l fu n c tio n  o f th e  s t e r o l s .  The id e a  o f 

Schmidt (12 , 13) t h a t  th e  m olecules o f ca rc in o g en ic  hydrocarbons 

possess reg io n s  of h ig h  e le c tro n  d e n s ity  which may i n t e r a c t  

w ith  and a l t e r  a c e l lu l a r  c o n s t i tu e n t ,  i s  worthy o f n o te .  

Schmidt’ s m athem atical tech n iq u e  w ith  which he claim ed to  demon

s t r a t e  th e  p resence o f reg io n s  o f h igh  e le c tro n  d e n s ity  in  

c e r ta in  hydrocarbons has been shown to  be a t  f a u l t  by th e  

Pullm ans (1*0 who have been engaged in  an e x te n s iv e  quantum 

m echanical tre a tm en t o f th e  e le c t ro n  d e n s ity  d i s t r ib u t io n  o f 

many ca rc in o g en ic  and r e la te d  su b s tan ces . In  many ca ses  a 

c o r r e la t io n  has been found between th e  e le c tro n  d e n s ity  o f th e  

phenan th rene-type  double bond p re se n t in  most o f  th e  c a rc in o 

gen ic  hydrocarbons and th e  a c t i v i t y  o f th e se  compounds, b u t 

t h i s  r e la t io n s h ip  i s  n o t c o n s ta n t. Schmidt’ s su g g estio n  o f 

th e  p o s s ib le  s ig n if ic a n c e  of reg io n s  of h igh  e le c tro n  d e n s ity



in  ca rc in o g en ic  compounds has been taken  up and extended by 

Daudel (15) a lthough  no chem ical analogy i s  o f fe re d  f o r  th e  

ca rc in o g en ic  p ro cess  en v isag ed . A tte n tio n  has a lso  been 

drawn to  th e  shape and th e  s iz e  of th e  m olecules o f  th e  po ly

c y c lic  hydrocarbons and s t r ik in g  s im i l a r i t i e s  in  th e  ca rc in o 

genic members o f th e  group suggest a p o s s ib le  r e la t io n s h ip  

between th e se  f e a tu re s  and th e  b io lo g ic a l  p ro p e r t ie s ,  though 

th e  a c tu a l  s ig n if ic a n c e  rem ains undecided .

Biochem ical in v e s t ig a t io n s  w ith  th e  p o ly c y c lic  hydro

carbons have shown th a t  they  undergo h y d ro x y la tio n . An i n t e r 

e s tin g  fe a tu re  o f t h i s  h y d ro x y la tio n  i s  th a t  in  a number of 

cases  i t  ta k e s  p la ce  a t  a p o s i t io n  in  th e  m olecule which i s  

n o t th e  most r e a c t iv e  one as judged by o th e r  chem ical re a c t io n s  

(16) .  I t  i s  to  be em phasised th a t  th e  hydroxy d e r iv a t iv e s  

re p re s e n t only a sm all f r a c t io n  of th e  o r ig in a l  hydrocarbon 

and th a t  o th e r  m etabo lic  r e a c t io n s  must o ccu r. M etabolism 

s tu d ie s  w ith  *1—dim ethylam inoazobenzene and r e la te d  compounds 

show th a t  d e a lk y la tio n  o f t e r t i a r y  and secondary amine group

in g s  o ccu rs , to g e th e r  w ith  re d u c tiv e  f i s s io n  o f th e  azo- 

l in k a g e , and th e re  i s  a lso  evidence of d i r e c t  h y d ro x y la tio n  

o f th e  d y e s tu f f .  H ydroxylation a ls o  occurs w ith  2 -a c e ty l-  

am inofluorene and 2-am inonaphthalene. D iffe re n ce s  in  th e  

m etabolism  o f c e r ta in  substances in  d i f f e r e n t  sp e c ie s  a re  

accompanied by d if fe re n c e s  in  b io lo g ic a l  response suggesting  

a connection  between m etabo lic  r e a c t io n  and ca rc in o g en ic  

a c tio n  (1 7 ). On th e  o th e r  hand, th e  f a i l u r e  to  e l i c i t  tumours



w ith  th e  known o r p o s s ib le  m e ta b o lite s  in d ic a te s  th a t  th e  

ca rc in o g en ic  p ro p e rty  r e s id e s  in  th e  p a re n t compound.

The study of th e  f a c to r s  governing th e  ex p erim en ta l p ro 

ductio n  of tumours i s  im p o rtan t s in ce  i t  o f f e r s  an approach to  

th e  und erstan d in g  o f th e  mode o f a c tio n  o f ca rc in o g en s . From 

t h i s  p o in t o f view th e  profound in f lu e n c e  o f th e  so lv en t used  

as an in je c t io n  medium on th e  ca rc in o g en ic  response in  subcut

aneous t i s s u e s  has a ls o  been w idely s tu d ied  and a connection  

has been e s ta b lis h e d  between th e  e f f e c t  o f th e  so lv en t on th e  

r a te  o f m etabolism  o f  th e  carc inogen  and i t s  a c t iv i ty  under 

th e  given co n d itio n s  ( l 8 ) .

T his in tro d u c tio n  shows th e  wide range o f ag en ts  to  be 

considered  in  any com prehensive th eo ry  on th e  mode o f a c tio n  

o f ca rc in o g en s , and p re se n ts  th e  co n c lu sio n s and su g g estio n s  

of some of th e  im p o rtan t re se a rc h e s  w ith  th e s e  ag en ts  in  o rd e r 

to  g ive an in d ic a t io n  o f th e  background to  th e  p re se n t work.

The in d ic a t io n s  th a t  th e  chem ical ca rc inogens a re  ca rc in o g en ic  

per se and do n o t a c t  th rough  t h e i r  m etabo lic  p ro d u c ts  to g e th e r  

w ith  th e  f a c t  th a t  many o f them a re  compounds p o ssess in g  no 

fu n c tio n a l group and a re  com paratively  i n e r t  a re  su g g estiv e  

of a physicochem ical mode o f a c t io n . T h is view i s  in h e re n t 

in  th e  id e a s  o f Schmidt and Daudel (v ide  supra) and i s  r e 

f le c te d  in  th e  tendency to  group th e  chem ical ca rc inogens w ith  

th e  p u re ly  p h y s ic a l ag en ts  r a th e r  than  w ith  th e  v i ru s  ty p e  o f 

agent (19 , 20) .



From th e se  c o n s id e ra tio n s  th e  id e a  occurred  to  th e  au th o r 

th a t  th e  proxim ate ca rc in o g en ic  agen t may be th e  energy l i b e r 

a ted  during  th e  m etab o lic  r e a c t io n s .  The p o s s ib i l i t y  th a t  

such energy may be in  th e  form o f e lec tro m ag n e tic  r a d ia t io n  

o f v i s ib le  and low er w ave-lengths seemed worthy o f in v e s t ig a 

t i o n .  I t  i s  w ith  th e  development o f t h i s  concept and i t s  

p o s s ib le  s ig n if ic a n c e  in  chem ical ca rc in o g en e s is  th a t  t h i s  

th e s i s  i s  m ainly concerned. The m ajor p a r t  o f th e  work was 

designed to  e s ta b l i s h  th e  e x te n t to  which th e  d i f f e r e n t  ty p e s  

o f carc inogens p a r t i c ip a te  in  r e a c t io n s  which a re  accompanied 

by chem iluminescence and th e  f in d in g s  a re  d iscu ssed  in  S ection  

I .  S ec tio n s I I  and I I I  a re  s tu d ie s  on th e  o x id a tio n  o f two 

ty p ic a l  carc in o g en s and show th e  r e la t io n s h ip  between th e  

chem ilum inescent r e a c t io n s  and th e  r e a c t io n s  which occur w ith  

th e se  substances in  v iv o . The experim ents on th e  e l im in a tio n  

o f carc inogens from th e  anim al body in  S ection  IV have been 

in c lu d ed  s in ce  they  have a bearing  on th e  mechanism o f th e  

ca rc in o g en ic  p ro cess  which i s  d isc u sse d  in  S ec tio n  V.



SECTION I . 

CHEMILUMINESCENCE STUDIES.

The n a tu re  of chem ilum inescence. P re lim in ary  in v e s t ig a t io n s  

w ith  ca rc in o g en ic  compounds. -  I t  i s  u su a l to  suppose th a t  

a l l  bo d ies above a tem peratu re  o f ab so lu te  zero em it e le c t r o 

m agnetic r a d ia t io n .  The s p e c tr a l  d is t r ib u t io n  o f such r a d ia 

t io n  and i t s  in te n s i t y  a re  dependent, in  th e  f i r s t  p la c e , on 

th e  tem peratu re  o f th e  body. I f  th e  energy em itted  a t  a 

c e r ta in  w avelength g re a t ly  exceeds th e  v alue  c a lc u la te d  fo r  

f u l l  tem pera tu re  r a d ia t io n ,  then  th e  body i s  sa id  to  lum inesce. 

Chemiluminescence i s  lum inescence which a r i s e s  from th e  energy 

of a chem ical r e a c t io n .  For p r a c t i c a l  p u rp o ses , a lum inescen t 

chem ical re a c tio n  can be considered  to  em it chem ilum inescence 

only  a t  tem p era tu res  below about 800°K, f o r  h ere  tem pera tu re  

r a d ia t io n  in  th e  red  reg io n  can j u s t  be p e rce iv ed . In  a r e 

a c tio n  accompanied by chem ilum inescence, th e re  a re  being pro

duced m olecules p o ssessin g  h igh  in te r n a l  e n e rg ie s , and th e  

lum inescence r e s u l t s  when such m olecu les pass to  a low er energy 

l e v e l .

The l i s t  o f chemilumine scen t r e a c t io n s  c o l le c te d  by T rau tz  

(21) t e s t i f i e s  to  th e  w idespread occurrence o f th e  phenomenon, 

a lth o u g h  a number o f th e  e f f e c t s  reco rded  were observed only 

a t  h igh  tem p era tu res  (500°-600°K ). Furtherm ore Drew (22) has 

p o in ted  out t h a t ,  w ith  few e x c e p tio n s , th e  chem ilum inescence 

o f o rg an ic  substances in  so lu tio n  appears to  be confined  to



o x id a tio n  r e a c t io n s .  The low in te n s i ty  o f th e  em ission  from 

th e se  o x id a tio n s  has p reven ted  th e  d e te rm in a tio n  o f i t s  s p e c tra l  

d i s t r ib u t io n  in  th e  m a jo rity  o f th e  r e a c t io n s .  O bservations 

made on th e  b r ig h te r  r e a c t io n s  have shown th a t  th e  sp e c tra  a re  

o f  a con tinuous n a tu re  resem bling  in  some cases  th e  f lu o re s 

cence sp e c tra  o f th e  substances (2 2 ). I t  i s  p o ss ib le  t h a t  th e  

r a d ia t io n  ex tends in to  th e  u l t r a v i o l e t  and f a i l u r e  to  d e te c t  

i t  in  t h i s  reg io n  may be due to  re a b so rp tio n  by th e  r e a c tio n  

m ix ture  (2 3 ). The em ission  o f u l t r a v i o l e t  r a d ia t io n  by chem ical 

re a c t io n s  i s  now being s tu d ied  by employing s e n s i t iv e  photo

e l e c t r i c  co u n te rs  and reco rd in g s  have been made o f r a d ia t io n  

ex tend ing  in to  th e  u l t r a v i o l e t  as f a r  as  2000 A (2*1-) •

Among th e  chem ilum inescent r e a c t io n s  d esc rib ed  by T rau tz  

(21) a re  o x id a tio n s  w ith  c h lo r in e  or bromine w ater o f an th racen e , 

phenanthrene and chrysene d isso lv ed  in  h o t e th an o l s a tu ra te d  

w ith  potassium  hydrox ide. These re a c t io n s  were re p e a te d  and 

o th e r  hydrocarbons were a lso  o x id ised  under th e  same c o n d itio n s . 

The compounds te s te d  were n ap h th a len e , l :2 :5 :6 -d ib e n z a n th ra c e n e , 

9 :1 0 -d im e th y l- l:2  -b en zan th racen e , 2 0 -m ethy lcho lan th rene , and 

3 s*l—benzpyrene; in  each  case a lum inescence was observed . The 

p o s s ib i l i t y  th a t  th e  momentary em ission  o f r a d ia t io n  observed 

in  th e se  cases  m ight be a c ry s ta llo lu m in escen c e  i s  excluded , 

wince c o n tro l p r e c ip i ta t io n  o f th e  su b stan ces from a lc o h o lic  

a lk a l i  so lu tio n  by th e  a d d itio n  of w ater produced no lum ines

cence. I t  i s  l ik e ly  th a t  th e  o x id is in g  agen t in  th e se  r e a c t io n s  

was h y p o c h lo rite , as th e  e f f e c t s  could  be reproduced by a d d itio n
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o f a s o lu tio n  of sodium h y p o c h lo rite  to  a lc o h o lic  s o lu tio n s  

o f th e  su b stan ces .

A ttem pts were now made to  produce chem ilum inescence w ith  

perbenzo ic  a c id , which E ckhardt (9) has employed to  o x id ise  

a number of p o ly c y c lic  arom atic  hydrocarbons (see  In tro d u c tio n ) .  

Of a number of hydrocarbons t e s t e d ,  only  an th racene  and 20- 

m ethyl chol an th re n e  in  co n cen tra ted  s o lu t io n s  gave a chemilumin

escence . However, a f t e r  c o n s id e ra tio n  of th e  f a c to r s  govern

in g  th e  p roduction  o f chem ilum inescence, a f u r th e r  s e t  o f 

experim ents was designed  w ith  a more co n cen tra ted  re a g e n t, and 

chem ilum inescence was observed w ith  numerous su b stan ces; t h i s  

i s  d iscu ssed  l a t e r .

T rau tz  (21) has a lso  d esc rib ed  lum inescen t r e a c t io n s  on 

th e  a d d itio n  of hydrogen perox ide to  v a r io u s  su b stan ces , and 

Biswaw and Dhar (25) ,  u s in g  hydrogen perox ide c a ta ly se d  w ith  

f e r ro u s  su lp h a te , o b ta in ed  e f f e c t s  from many d y e - s tu f f s .  Sim

i l a r  te ch n iq u es  were used f o r  th e  o x id a tio n  o f p o ly c y c lic  

arom atic hydrocarbons and azo-dyes, b u t no chem ilum inescence 

was observed . S ince th e  M ilas re a g e n ts  (26) (hydrogen perox ide 

in  t e r t .  b u ty l a lc o h o l, and osmium te t ro x id e  in  t e r t .  b u ty l 

a lco h o l as  c a ta ly s t )  a re  capab le  o f h y d ro x y la tin g  u n sa tu ra te d  

compounds and can even co n v ert benzene to  phenol and n a p h th a l

ene to  n ap h th o ls  (27) ,  experim ents were conducted w ith  th e s e . 

Chemiluminescence was observed w ith  v a r io u s  ca rc in o g en ic  and 

r e la te d  compounds o f th e  hydrocarbon and azo-dye groups and 

w ith  o th e r  n itro g e n -c o n ta in in g  ca rc in o g en ic  compounds. These



o b se rv a tio n s  were more s a t i s f a c to r y  than  th e  p rev ious ones, 

s in ce  th e  r e a c tio n  m ix ture  was homogeneous and th e  lum inescence 

p e r s i  s te n t ;  th e  r e a c t io n s  a lso  had p o in ts  o f s im i la r i ty  w ith  

r e a c t io n s  o ccu rrin g  in  th e  anim al body (see  S ec tio n s  I I  and 

I I I ) .

D e ta i ls  o f th e se  p re lim in a ry  experim ents w ith  views on 

t h e i r  p o s s ib le  s ig n if ic a n c e  have been p u b lish ed  (2 8 ).

Chemiluminescent r e a c t io n s  w ith  ca rc inogens and r e la te d  com

pounds. -  The work was now extended and d ire c te d  tow ards a s s e s s 

ing  th e  p ro b a b il i ty  th a t  o x id a tio n s  of carc inogens in  th e  animal 

body a re  accompanied by th e  em ission o f  r a d ia t io n .  S ec tio n s 

I I  and I I I  of th e  th e s i s  were designed  m ainly to  d isc o v e r how 

f a r  th e  r e a c t io n s ,  which th e  hydrocarbons and th e  azo-dyes 

undergo w ith  th e  M ilas re a g e n ts , a re  com parable w ith  th e  in  vivo 

re a c t io n s  judged from th e  p o in t of view o f th e  p ro d u c ts  which 

a re  formed in  th e  d i f f e r e n t  p ro c e s se s . In  th e  p re s e n t in v e s t i 

g a tio n  as wide a range of chem ical carc inogens as were a v a i la b le  

were te s te d  fo r  chemilumine sconce w ith  d i f f e r e n t  o x id is in g  

a g e n ts . In  t h i s  way i t  was hoped to  gain  in fo rm atio n  which 

would show w hether th e  ’a b i l i t y  to  p a r t i c ip a te  in  chem ilum ines- 

cen t o x id a tio n s ’ can be considered  a p ro p e rty  o f th e s e  sub

s ta n c e s .

C e rta in  l im i ta t io n s  were imposed on t h i s  method o f a t ta c k  

by th e  p h y s ic a l p ro p e r t ie s  of th e  m a te r ia l s .  I t  was n e c e ssa ry , 

fo r  exam ple, to  avoid  s tro n g ly  co lo u red reag en ts  which ten d  to
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mask weak chem ilum inescence. O x id ising  ag en ts  re q u ir in g  an 

aqueous medium were a lso  u n d e s ira b le . The M ilas re a g e n ts  

were adm irably su ite d  to  th e  re se a rc h  and a s tro n g  so lu tio n  

o f perbenzo ic  ac id  in  chloroform  a lso  proved s a t i s f a c to r y .  

A ttem pts to  produce chemilum inescence by p assin g  oxygen in to  

h o t a lc o h o lic  s o lu tio n s  of d i f f e r e n t  ca rc inogens were unsuccess

f u l  b u t th e  tech n iq u e  o f Biswas and Dhar (25) o f p assin g  ozone 

through a lc o h o lic  so lu tio n s  y ie ld e d  many p o s i t iv e  r e s u l t s .

The o b se rv a tio n s  made w ith  th e  d i f f e r e n t  substances du r

ing  o x id a tio n  w ith  ( l )  th e  M ilas re a g e n ts , (2) perbenzo ic  

a c id , and (2) ozone, a re  d esc rib ed  in  accompanying ta b le s .  The 

experim ents were ap p lied  to  r e p re s e n ta t iv e s  o f th e  groups o f 

carc inogens o u tlin e d  in  th e  In tro d u c tio n . In  T ables I  and I I  

a re  given th e  r e s u l t s  o f th e  in v e s t ig a t io n s  w ith  arom atic  hydro

carbons, h e te ro c y c l ic  analogues o f  th e s e , arom atic  amines and 

members of th e  s t i lb e n e  group of ca rc inogens and r e la te d  com

pounds. The azo-dye group o f compounds showed no sign  of r e 

a c tio n  w ith  perbenzo ic ac id  o r ozone, and in  numerous t e s t s  

under v a r io u s  co n d itio n s  no lum inescence was observed w ith  th e se  

r e a g e n ts .  The e f f e c t s  which they  y ie ld  w ith  th e  M ilas re a g e n ts  

a re  d isc u ssed  in  subsequent s e c tio n s .

The i n t e n s i t i e s  o f th e  lum inescence e f f e c t s  a re  co n d itio n ed  

m ainly by th e  s tre n g th  o f th e  re a g e n ts , th e  c o n c e n tra tio n  o f 

th e  s o lu t io n s , th e  co lou r o f th e  s o lu t io n s , and th e  tem p era tu re  

o f th e  r e a c t io n  m ix tu re . For each s e t  o f experim ents reag e n t 

co n c en tra tio n  and tem pera tu re  a re  th e  same, b u t some d if fe re n c e



in  so lu tio n  c o n c en tra tio n  and co lo u r were u n avo idab le , and 

where th e se  a re  im p o rtan t to  th e  ev a lu a tio n  o f th e  r e s u l t s  

m ention i s  made.

Among th e  arom atic  hydrocarbons, th e  sim pler substances 

show only a s l i g h t  tendency to  g ive  chem ilum inescence e f f e c t s .  

Benzene, su b jec ted  to  r ig o ro u s  t e s t i n g ,  d id  n o t g ive any r e 

a c t io n , and th e  only  p o s i t iv e  r e s u l t  w ith  n aph tha lene  was ob

ta in e d  u sin g  th e  M ilas re a g e n ts  w ith  th e  co n c e n tra tio n  o f m ater

i a l  f i f t y  tim es th a t  used w ith  th e  o th e r  su b stan ces . Weak 

e f f e c t s  were o b ta in ed  w ith  an th racen e  and phehanthrene u sing  

th e  M ilas re a g e n ts  o r ozone, b u t th e  r e a c tio n  between phenan- 

th re n e  and th e  M ilas re a g e n ts  re q u ire d  a more co n cen tra ted  

s o lu t io n . The t e t r a c y c l i c  and p e n ta c y e lic  compounds and th e i r  

h e te ro c y c lic  analogues a l l  gave lum inescence e f f e c t s  w ith  two 

o r th re e  o f th e  re a g e n ts ;  one ex cep tio n  was l :2 :5 :6 -d ib e n z -  

a c r id in e  which gave only  a f a in t  re a c tio n  w ith  th e  M ilas r e 

a g e n ts . I t  should be n o te d , however, t h a t  in  a l l  th e  t e s t s  

w ith  t h i s  compound and w ith  th e  m a jo rity  o f compounds of t h i s  

group g iv in g  very  f a i n t  o r  n e g a tiv e  e f f e c t s ,  th e  substances 

have a low s o lu b i l i ty  in  th e  re a g e n ts . An excep tio n  to  t h i s  

g e n e ra l is a t io n  i s  found in  th e  r e a c t io n  of ^ s ^ -h ^ z p k e n ^ th re n e  

w ith  th e  M ilas re a g e n ts ,  f o r  w ith , t h i s  substance a more concen

t r a t e d  so lu tio n  th an  th e  s tan d ard  was re q u ire d  to  produce th e  

weak e f f e c t .

Most o f th e  r e a c t io n s  w ith  th e  arom atic  amines were accom- 

paM ed by strong  lum inescence e f f e c t s  and a lth o u g h  a n i l in e
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showed no e f f e c t s  w ith  perbenzo ic  a c id  and ozone, a p o s i t iv e  

r e s u l t  was o b ta in ed  u sin g  th e  M ilas re a g e n ts . The a c e ty l  

d e r iv a t iv e s  o f th e se  compounds gave n e g a tiv e  or weaker r e s u l t s .  

Most o f th e  r e a c t io n s  w ith  th e  s t i lb e n e  group were accompanied 

by chem ilum inescence. The com plete la c k  o f r e a c tio n  w ith  

s t i lb e n e  i t s e l f  shows th e  im portance to  th e  phenomenon o f th e  

amino group in  th e  o th e r  compounds.

I t  may be concluded th a t  most of th e  compounds l i s t e d  in  

T ab les I  and I I  a re  r e a d i ly  o x id is a b le  and th a t  in  th e  m a jo r ity  

o f th e  r e a c tio n s  chem ilum inescence phenomena can be observed .

I t  i s  in te r e s t i n g  to  n o te  t h a t ,  w ith  th e  p o te n t ca rc inogens 

5:̂ 1—benzpyrene, 20 -m ethy lcho lan th rene and 9 * 1 0 -d ia ie tb y l- l:2 -  

b en zan th racen e , a l l  th e  r e a c t io n s  g ive  a p o s i t iv e  e f f e c t  and 

i t  should  be added th a t  th e  o x id a tio n s  o f th e se  su b stan ces w ith  

h y p o c h lo rite  were a lso  chemilumine scen t (v ide  s u p ra ) . I t  i s  

f u r th e r  s ig n i f ic a n t  th a t  a l l  th e  ca rc in o g en ic  su b stan ces te s te d  

in  th e s e  groups o f compounds g ive p o s i t iv e  e f f e c t s  w ith  th e  

M ilas re a g e n ts . The ta b le s  a ls o  show c le a r ly  th a t  th e  a b i l i t y  

to  ta k e  p a r t  in  chemilumine scen t r e a c t io n s  i s  possessed  by non- 

ca rc in o g en ic  su b stan ces r e la te d  to  th e se  compounds.

%

Chem~niiminescant r e a c t io n s  w ith  azo compounds. -  In  most o f 

th e  above re a c t io n s  where a lum inescence e f f e c t  was o b ta in ed , 

co lo u r changes in  th e  r e a c t io n  m ix tu res  gave ev idence o f ox ida

t io n  of th e  su b stan ce , w h ile  w ith  n e g a tiv e  t e s t s  no such co lo u r 

changes were observed . T h is su g g ests  th a t  th e  absence of



chem ilum inescence may be r e la te d  to  la c k  o f r e a c t io n . An 

in te r e s t in g  ex cep tio n  was found in  th e  r e a c t io n  o f a n i l in e  w ith  

perbenzo ic  a c id  where a co lour change to  b r ig h t  green in d ic a te d  

th e  fo rm ation  o f n itro so b en zen e ; in  t h i s  case no chem ilum ines

cence was observed . Since th e  t e s t  o f th e  same substance w ith  

th e  M ilas re a g e n ts  was p o s i t iv e ,  i t  w il l  be seen th a t  t h i s  lumin

escence e f f e c t  i s  dependent on a p a r t ic u la r  type  o f in t e r a c t io n .

The absence o f e f f e c t s  w ith  th e  azo compounds on tre a tm e n t 

w ith  ozone and perbenzoic a c id  may be r e la te d  to  a la ck  o f r e 

a c tio n  w ith  th e se  re a g e n ts , s in ce  no co lou r changes were ob

served  in  th e  s o lu t io n s .  The r e a c t io n s  conducted w ith  th e  

M ilas re a g e n ts  a re  d esc rib ed  in  Table I I I .  A ll th e  ca rc in o 

genic compounds d eriv ed  from B u tte r  Jfellow (N :N-dimethyl-*l— 

aminoazobenzene) y ie ld e d  p o s i t iv e  r e s u l t s ,  a s  d id  th e  s tro n g ly  

ca rc in o g en ic  M -am ino-2s3f -a z o to lu e n e . As w ith  th e  p rev io u s  

groups of su b s tan ces , n o n -carc in o g en ic  members o f th e  s e r ie s  a lso  

gave lum inescen t r e a c t io n s .

The s e r ie s  o f  c lo s e ly - r e la te d  d e r iv a t iv e s  o f B u tte r  Yellow pro

v ided  an e x c e l le n t  b a s is  f o r  determ in ing  w hether th e re  i s  any r e 

la t io n s h ip  between th e  ca rc in o g en ic  potency o f th e  substance  and 

th e  in te n s i t y  o f th e  lum inescence. C a re fu l c o n s id e ra tio n  was 

given to  t h i s  p o in t  and i t  was found th a t  no such r e la t io n s h ip  

e x i s t s .  D iffe re n c e s  in  th e  i n t e n s i t y  o f th e  e f f e c t s  can be ade

q u a te ly  ex p la in ed  by th e  d if fe re n c e s  in  th e  co lo u rs  o f th e  r e 

a c tio n  m ix tu re s . The in f lu e n c e  o f th e  s o lu t io n  co lo u r on

th e  lum inescence e f f e c t  was s t r ik in g  w ith  th e  th re e  compounds



p o sse ss in g  prim ary amine groups; i t  was n ecessa ry  in  th e se  

ca ses  to  employ s o lu tio n s  l e s s  co n cen tra ted  than  th e  stan d ard  

in  o rd er to  p rev en t masking e f f e c t s  from th e  dark co loured  

re a c tio n  p ro d u c ts .
%

Two azo compounds reco g n ised  as carc inogens f a i l e d  to  

g ive p o s i t iv e  t e s t s .  The f i r s t  of th e se  i s  2 : 2 f -azo n a p h th a l9ne 

(A) which produces l i v e r  tumours in  m ice. However, th e  i n t e r 

e s tin g  s tu d ie s  o f Cook, Kennaway and Kennaway (29) showed th a t  

2 :2 » -d ia m in o -1 :lf -d in ap h th y l (B ), which would he expected  on 

red u c tio n  o f th e  azo compound to  th e  hydrazo compound w ith  

subsequent rearrangem ent, was a more p o te n t h e p a tic  carc inogen  

than  th e  azo compound; i t  i s  f u r th e r  p o in ted  ou t (30) t h a t  th e  

diamino compound r e a d i ly  deam inates to  th e  p o te n t carc inogen  

5 : ^ : 5 : 6-d ib en zca rb azo le  (C ).

A e> c
The assum ption th a t  s im ila r  r e a c t io n s  occur in  th e  anim al body 

i s  n o t un reaso n ab le  in  th e  l i g h t  of m etabo lic  s tu d ie s  conducted 

w ith  o th e r  azo compounds. I t  i s  th e re fo re  s ig n i f ic a n t  in  t h i s  

connection  th a t  3 :^ :5 :6 -d ib e n z c a rb a z o le  g iv es  p o s i t iv e  lum ines



cence t e s t s  w ith  th e  th re e  o x id is in g  ag en ts  used (T ab le I ,

No.1 9 ) .

The second substance i s  ty-hydroxyazobenzene which has 

induced papillom a in  th e  r a t f s stomach. We may a lso  co n s id er 

h e re  two o th e r  su b stan ces . 2 : 3 f -azo to lu en e  has produced

b lad d er tumours in  th e  r a t ,  and k »-hydroxy - T  : 3 f -azo to lu en e  

was shown to  be weakly ca rc in o g en ic  fo r  th e  l i v e r  o f  th e  mouse. 

The l a s t  tv/o substances have n o t been su b jec ted  to  t e s t  f o r  

chem ilum inescence bu t th e  experim ents conducted on o th e r  s t ru c 

tu r e s  (v id e  i n f r a ) s tro n g ly  suggest th a t  such t e s t s  would be 

n e g a tiv e . The p o s s i b i l i t y  th a t  th e  a c t iv i ty  of compounds of 

t h i s  ty p e  i s  due to  th e  fo rm ation  of ca rc in o g en ic  re d u c tio n  

p ro d u c ts  d ese rv es  c o n s id e ra tio n , s in ce  re d u c tiv e  f i s s io n  has 

been e s ta b lis h e d  as a main re a c tio n  in  th e  m etabolism  o f many 

azo compounds. In  t h i s  re s p e c t i t  i s  s ig n i f ic a n t  th a t  th e  

th re e  substances p o ssess only a weak a c t i v i t y .  I t  i s  a lso  n o te 

worthy th a t  a n i l in e  has caused th e  fo rm ation  o f pap illom as in  

th e  b lad d e r o f th e  r a b b i t  and re c e n tly  White and h e r a s s o c ia te s  

( 31) have found a low in c id en c e  of l i v e r  tumours in  r a t s  fed  

w ith  a n i l in e .  Of i n t e r e s t ,  th e re fo r e ,  a re  th e  chem ilum ines

cence e f f e c t s  w ith  a n i l in e  and th e  to lu id in e s  (Table IV ). The 

f u r th e r  p o s s ib i l i t y  th a t  th e se  azo compounds form o rth o  dihydroxy 

d e r iv a t iv e s  has to  be co n s id e red , f o r  i t  lass been dem onstrated  

th a t  benzene g iv es r i s e  to  ca tech o l in  r a b b i ts  and dogs. The 

chem ilum inescence r e s u l t s  w ith  ca tec h o l and 3 :^ - d ihydroxyazo- 

benzene (T ables I I I  and IV) a re  th e re fo re  worthy o f n o te .
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D eta iled  in fo rm atio n  on th e  m etabolism  of B u tte r  Yellow 

i s  a v a i la b le .  The main re a c t io n s  a re  dem ethylation  o f th e  

t e r t i a r y  amine grouping in  two s ta g e s , h y d ro x y la tio n , and 

re d u c tiv e  f i s s io n  o f th e  azo lin k a g e  to  y ie ld  a n i l in e s .  S tu d ies  

designed  to  t e s t  th e  ca rc inogen ic  potency o f th e  known and 

p o s s ib le  m e ta b o lite s  show th a t  a h igh  potency i s  possessed  

only by th e  p a ren t compound and i t s  N-monomethyl dem ethy lation  

p roduct (3 2 ). These in v e s t ig a t io n s ,  however, do n o t n e c e ssa r

i l y  e lim in a te  th e  m e ta b o lite s  as re sp o n s ib le  f o r  th e  a c t iv i ty  

o f th e  p a re n t compound. In  t h i s  connection , th e  p o s i t iv e  

r e s u l t s  (Table I I I )  w ith  th e  N-monomethyl compound and prim ary 

amine d eriv ed  from B u tte r  Yellow, w ith  th e  hydroxyaminoazo 

compounds, and th e  azoxy compounds which may a lso  be considered  

as p o s s ib le  m e ta b o lite s , le a d  to  th e  in te r e s t in g  conclusion  

th a t  th e  a b i l i t y  o f B u tte r  Yellow to  ta k e  p a r t  in  a chemilumin- 

e s c e n t re a c tio n  i s  shared by many of i t s  m e tab o lic  p ro d u c ts .

The p o s i t iv e  lum inescence t e s t s  w ith  th e  a n i l in e s  (Table IV) 

f u r th e r  dem onstrate t h i s  o b se rv a tio n .

The im portance o f th e  amine n itro g e n  in  th e  chem ilum inescence 

e f f e c t s  o b ta in ed  w ith  th e  azo compounds. -  The im portance of 

th e  amino r a d ic a l  in  th e  chem ilum inescence e f f e c t s  w ith  th e  azo 

group o f  compounds i s  shown by i t s  p resence  in  a l l  th e  sub

s ta n ce s  g iv ing  a p o s i t iv e  t e s t  and in  th e  f a i l u r e  o f azobenzene 

to  g ive  a r e a c t io n .  To s u b s ta n t ia te  th e se  o b se rv a tio n s , azo

benzene was te s te d  under v a rio u s  co n d itio n s  and f a i l e d  in  a l l



t e s t s  to  y ie ld  a chem ilum inescent r e a c t io n .  Experim ents 

were th en  designed to  gain  in fo rm atio n  on. th e  ro le  of th e

amino group in  th e  m a jo rity  o f azo-dye carc inogens suggests 

th a t  i t  i s  a lso  im portan t to  th e  carc inogen ic  p ro p e r ty . The 

r e s u l t s  w ith  th e  v a r io u s  substances during  re a c tio n  w ith  th e  

M ilas re a g e n ts  a re  shown in  Table IV. Throughout th e se  t e s t s ,  

com parable re a c tio n  c o n d itio n s  were m ain ta ined , and c a re fu l 

n o te  made of a p o s s ib le  masking o f any lum inescence by s tro n g ly  

co loured  s o lu t io n s .

The p o s i t iv e  r e s u l t s  w ith  a n i l in e  and N -a lky l s u b s t i tu te d

of th e  p a ren t azo compounds i s  n o t e s s e n t i a l  to  th e  chemilumin

escence p ro ce ss . On th e  o th e r  hand th e  absence o f any e f f e c t  

w ith  benzene examined under th e  same co n d itio n s  as azobenzene 

confirm ed th e  im portance o f th e  amine n itro g e n  to  th e  r e a c t io n . 

The q u es tio n  now aro se  w hether th e  arom atic  n a tu re  of the  

compounds was e s s e n t i a l  to  th e  a c t io n . To t h i s  end a s e r ie s  

o f sim ple a l ip h a t ic  amines and cyclohexylam ine were te s te d ;  

trim ethy lam ine  was su b jec ted  to  thorough te s t in g  s in ce  i t  r e 

p re s e n ts  th e  te rm in a l m oiety o f th e  B u tte r  Yellow m olecu le . In  

a l l  th e se  r e a c t io n s  e v o lu tio n  o f h ea t and gases occurred  show

ing th a t  chem ical r e a c t io n  was ta k in g  p la c e , b u t no lum inescence 

e f f e c t s  were observed. These f in d in g s , summarised in  F i g . l ,  

c le a r ly  dem onstrate th a t  th e  amino n itro g e n  and th e  arom atic  

n a tu re~ o f th e  azobenzene re s id u e  a re  o f prim ary im portance in

amino group in  th e  phenomena, s in ce  th e  occurrence of an

a n i l in e s  dem onstrate th a t  th e re s id u e
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th e  chem ilum inescence e f f e c t s  ob ta in ed  in  th e  r e a c t io n s  o f  th e  

azo compounds w ith  th e  M ilas re a g e n ts .

P o s i t iv e  R eactions N egative R eactions
♦

O

0 ""* R r < ^

P ig . 1 . — R i.=  H orCVij.

The lum inescence i s  produced during  th e  in te r a c t io n  of 

hydrogen p ero x id e , in  th e  p resence  of osmic a c id , w ith  some 

reg io n  in  th e se  .s t ru c tu re s .  The n ex t s e t  of r e a c t io n s  was 

co n triv ed  to  d isco v er w hether th e  fu n c tio n  o f th e  amine group

in g  i s  o f a d i r e c t iv e  n a tu re , a c t iv a t in g  th e  arom atic  re s id u e , 

o r  w hether i t  i s  im p o rtan t by v i r tu e  of p ro v id in g  a p o in t f o r  

d i r e c t  re a c tio n  w ith  th e  p e ro x id e . The d e c is io n  between 

th e se  a l t e r n a t iv e s  i s  n o t s tra ig h tfo rw a rd , f o r  w hile i t  i s



Imown th a t  th e  dim ethyl amino r a d ic a l  i s  one of th e  most power

f u l  o f a c t iv a t in g  groups, a study o f th e  p roducts  o f th e  r e 

a c tio n  w ith  B u tte r  Yellow (see  Section  I I I )  dem onstrated th a t  

much of th e  a c tio n  w ith  th e  perox ide ta k e s  p lace  a t  th e  amino 

group.

The t e s t s  conducted w ith  phenol, a n is o le ,  to lu en e  and 

ch lo robenzene, a l l  o f which p o ssess  an o, j> -d ire c tin g  ■ group, 

were n e g a tiv e . While t h i s  o b se rv a tio n  fav o u rs  th e  view th a t
D

th e  d i r e c t iv e  in f lu e n c e  of th e  -N^ 1 group i s  no t of g re a t
r 2

im portance in  th e  a c t io n , i t  must be remembered th a t  th e  

d i r e c t iv e  power o f th e  o th e r  groups i s  o f a low er o rd e r . The 

t e s t s  w ith  d i -  and t r i - s u b s t i t u t e d  benzenes a re  more en lig h te n ' 

in g . I f  th e  d i r e c t iv e  in f lu e n c e  i s  th e  main f e a tu re  o f th e  

a c t io n , one should ex p ec t a p o s i t iv e  r e s u l t  from re s o rc in o l  

and m -creso l where th e re  i s  a su p e rp o s itio n  o f th e  d i r e c t iv e  

e f f e c t s  from th e  two groups (F ig . 2 ( a ) ) .

R

o c L i - r e c f c i o v \ .

(M



However, o f th e  re a c tio n s  conducted w ith  th e  th re e  

e re s o ls  and th e  th re e  dihydroxy d e r iv a t iv e s  of benzene, th e  

only one to  y ie ld  a chemilum inescence was th a t  w ith  th e  o- 

s u b s t i tu te d  compound, c a te c h o l, which gave a very b r ig h t  

e f f e c t .  An even b r ig h te r  e f f e c t  was ob ta ined  w ith  pyro- 

g a l lo l  which has hydroxyl groups in  th e  1- ,  2- ,  3- ,  p o s i t io n s .  

The p o s i t iv e  r e s u l t  w ith  ph lorog lm cino l ( l :3 :5 - t r ih y d ro x y -  

benzene)' i s  worthy o f n o te  s in ce  th e  groups h ere  a re  meta to  

each o th e r ;  th e  u n c e r ta in  n a tu re  of th& co n fig u ra tio n  o f t h i s  

m olecule however under th e  c o n d itio n s  of th e  experim ent make 

th e  o b se rv a tio n  l e s s  u s e fu l  to  th e  p re se n t in v e s t ig a t io n .  More 

s ig n i f ic a n t  i s  th e  absence o f an e f f e c t  w ith  o-dim ethoxybenzene, 

th e  p heno lic  e th e r  d eriv ed  from c a te c h o l. T his o b se rv a tio n  

p ro v id es stro n g  co n firm atio n  of th e  view th a t  th e  p o s i t iv e  r e 

a c tio n s  w ith  ca tec h o l and p y ro g a llo l a re  due to  d i r e c t  i n t e r 

a c tio n  o f th e  perox ide w ith  th e  hydroxyl groups. Furtherm ore, 

th e  h ig h ly  re a c t iv e  hydrocarbon m e s ity len e , w ith  th re e  p o in ts  

in  th e  m olecule under th e  in f lu e n c e  o f two o rth o  groups and 

one p ara  group a l l  f a c i l i t a t i n g  s u b s t i tu t io n  (see  F ig .2 (b ) , 

f a i l e d  to  g ive  a lum inescence e f f e c t .  Again, in  a c a re fu l ly  

conducted s e t  o f r e a c t io n s ,  no enhancing e f f e c t  was o b ta in ed  

o f th e  lum inescence observed w ith  dim ethyl a n i l in e  o r  a n i l in e ,  

by n u c le a r  s u b s t i tu t io n  w ith  o ,- j> -d ire e tin g  m ethyl groups 

(Table 1$, r e a c t io n s  2 7 -3 2 ).

The la c k  of re a c tio n  w ith  n itro b en z en e  and benzoic a c i3  

was expected , f o r  th e  fu n c tio n a l  groups n e i th e r  a c t iv a te  th e



m olecule n o r do they  p rov ide  a d i r e c t  p o in t f o r  o x id a tio n . 

N egative r e s u l t s  w ith  benzaldehyde and n itro so b en zen e  however 

in d ic a te  th a t  a p a r t i c u la r  type  of o x id a tio n  i s  e s s e n t i a l  to  

th e  chem ilum inescence e f f e c t  s in ce  b o th  aldehyde and n i t r o s o  

groups o f fe r  an o x id is a b le  p o in t to  th e  re a g e n t.

A tte n tio n  was re d ir e c te d  to  azobenzene d e r iv a t iv e s .  The 

n eg a tiv e  t e s t s  w ith  th e  mono-hydroxy, m ethyl- and n i t r o 

compounds to g e th e r  w ith  th e  b r ig h t  re a c tio n  from 3*^-1dihydroxy- 

azobenzene (T able I I I )  compare w ell w ith  th e  r e s u l t s  ob ta in ed  

w ith  th e  benzene d e r iv a t iv e s .

The t o t a l  evidence shows th a t  th e  a b i l i t y  of th e  azo-dye 

groups o f carc inogens and r e la te d  non-carc inogens to  ta k e  p a r t  

in  chemilumine scen t r e a c t io n s  w ith  th e  M ilas re.agents i s  depen

den t on t h e i r  arom atic c h a ra c te r  and on th e  p resence o f an 

amino group which appears to  be im p o rtan t by v i r tu e  o f p ro v id 

ing  a p o in t fo r  a t ta c k  to  th e  re a g e n t.

An a p p l ic a tio n  to  ca rc in o g en ic  m ix tu res  in  which th e  a c t iv e  

agent i s  unknown. -  The ca rc in o g en ic  a c t iv i ty  of v a r io u s  

h ea ted  f a t s  and l ip o id s  (33) i s  of i n t e r e s t  because o f i t s  

b ea rin g  on th e  problem of human can ce r. The n a tu re  o f th e  

a c t iv e  agen t i s  unknown and th e  f a i l u r e  so f a r  to  dem onstrate  

th e  p resence o f any known carcinogen  su g g ests  th a t  i t  may be a 

ca rc in o g en ic  substance o f an o th er chem ical group. Samples of 

h ea ted  co tto n seed  o i l ,  which has induced stomach tumours in  

the~mouse ( 3*0 > v a r io u s  f r a c t io n s  of th e  h ea ted  o i l ,  c o rre s
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ponding to  s a p o n if ia b le  and n o n -sa p o n if ia b le  p a r t s ,  were 

a v a i la b le .  On conducting chemiluminescence t e s t s  w ith  th e  

M ilas re a g e n ts , p o s i t iv e  r e s u l t s  were ob ta ined  w ith  th e  

h ea ted  o i l  and w ith  many o f th e  f r a c t io n s  of th e  h ea ted  o i l  

in  b o th  th e  n o n -sa p o n if ia b le  and sa p o n if ia b le  f r a c t io n s .  In  

s t r i c t l y  comparable t e s t s  no e f f e c t s  were ob ta ined  w ith  th e  

unheated  o i l  o r th e  f r a c t io n s  of t h i s  r e la te d  to  those  

of th e  h ea ted  m a te r ia l .  A p o s i t iv e  t e s t  was o b ta in ed  w ith  

th e  u n sa p o n ifia b le  m a te r ia l  from th e  unheated o i l ,  bu t s in ce  

t h i s  i s  only a t r a c e  c o n s ti tu e n t in  th e  o r ig in a l  o i l  and i s  

n o t com parable w ith  th e  n o n -sa p o n if ia b le  p a r t  o f th e  h ea ted  

o i l ,  i t  has l i t t l e  s ig n if ic a n c e  to  th e  in v e s t ig a t io n .

The n a tu re  o f  th e  m a te r ia l  in  th e  h ea ted  o i l  re sp o n s ib le  

fo r  th e  chemilumine scen t a c tio n  i s  o f much i n t e r e s t .  The 

b r ig h t  e f f e c t  w ith  th e  sa p o n if ia b le  f r a c t io n  i s  a s so c ia te d  

w ith  a substance w ith  a c id ic  o r p heno lic  p ro p e r t ie s .  In  th e  

lum inescence s tu d ie s  w ith  th e  M ilas re a g e n ts  only arom atic  

compounds have shown lum inescen t e f f e c t s  and t h i s  f in d in g  was 

s u b s ta n tia te d  by numerous o th e r  r e a c tio n s  w ith  sim ple a l ip h a t ic  

substance* . The p o s s ib i l i t y  th a t  a ro m a tisa tio n  has occurred  

in  th e  h ea tin g  o f th e  o i l  i s  being  co n s id e red .

For th e  p re se n t work th e  im p o rtan t p o in t i s  th e  demon

s t r a t io n  th a t  t h i s  ty p e  o f carc inogen  a lso  p a r t i c ip a te s  in  a 

chemilumine scen t o x id a tio n .

C arcinogenic compounds which have n o t been te s te d  f o r  chemi-



lum inescence. -  The q u es tio n  as to  what e x te n t th e  chemi

lum inescence phenomena have been a s so c ia te d  w ith th e  v a s t  

range o f substances w ith  carc in o g en ic  p ro p e r t ie s  d eserv es  

c o n s id e ra tio n .

Although only  a sm all f r a c t io n  o f th e  ca rc in o g en ic  mem

b e rs  o f th e  p o ly c y c lic  arom atic  hydrocarbon s e r ie s  has been 

co n s id e red , i t  should be no ted  th a t  many of th e se  substances 

a re  d e r iv a t iv e s  o f th e  b a s ic  s t r u c tu re s  wjiich have been te s te d  

I t  i s  a lso  s ig n i f ic a n t  th a t  a l l  th e  substances of t h i s  group 

which were te s te d ,  p a r t ic ip a te d  a t  l e a s t  in  one lum inescen t 

r e a c t io n . A s im ila r  s ta tem en t a p p lie s  to  th e  o th e r  groups 

o f carc inogens t e s te d .  For th e  few ex c ep tio n s  in  th e  azo- 

dye group of compounds th e re  i s  good ev idence  th a t  th e  com

pounds may form m e ta b o lite s  which ta k e  p a r t  in  chem ilum ines- 

cen t r e a c t io n s .  I t  i s  in te r e s t in g  to  n o te  th a t  a l l  th e  m ajor 

groups o f chem ical carc inogens a re  invo lved  in  th e se  s tu d ie s .  

The i s o la te d  groups which a re  n o t in c lu d ed  a re  now co n sid e red .

F i r s t l y ,  th e re  i s  a range o f o e s tro g e n ic  and androgenic 

compounds a s so c ia te d  w ith  th e  in d u c tio n  of tumours a t  v a rio u s  

s i t e s  (3 5 ). The la rg e  m a jo rity  o f th e se  le s io n s ,  however, 

have f e a tu re s  which d is t in g u is h  them from th o se  e l i c i t e d  by 

o th e r  ca rc in o g en ic  chem icals. For example, th e  mammary 

cancer induced by a p p lic a tio n  of o e s tro g e n ic  compounds in  

mice i s  dependent a lso  on th e  p resence of a non-gen ic t r a n s 

m is s ib le  f a c to r  which may be a v i r u s .  F u r th e r ,  th e  e f f e c t s  

o f  th e  compounds a re  la rg e ly  l im ite d  to  t i s s u e s  which a re



h ig h ly  resp o n siv e  to  t h e i r  p h y s io lo g ic a l a c tio n  and, a p a r t 

from th e  b re a s t  can ce r, most o f th e  e f f e c t s  a re  r e v e r s ib le  

on c e s sa tio n  o f oestro g en  supply . The in d u c tio n  of subcut

aneous sarcom ata w ith  th e  sex hormones appears to  p rovide a 

p a r a l l e l  to  th e  e f f e c t s  ob ta ined  w ith  o th e r  ca rc in o g en ic  com

pounds. The tech n iq u es  employed in  producing th e se  tumours 

however le a v e  th e  r e s u l t s  open to  d e b a te . A ll o f th e  tumours 

r e s u l te d  from rep ea ted  in je c t io n ,  in  some cases d a i ly  in je c t io n ,  

o f  th e  m a te r ia l  over se v e ra l m onths. In  some t e s t s  th e  

v e h ic le  used i s  su sp e c t, and in  t h i s  connection  i t  i s  o f i n t e r 

e s t  th a t  th e  substances have f a i l e d  to  m an ifes t any c a rc in o 

gen ic  a c tio n  when s o lid  p e l l e t s  o f th e  pure m a te r ia l  have been 

u sed , o r when ap p lied  to  th e  sk in . Risk of contam ination  

from o th e r  carc inogens as p o in ted  out by th e  au th o r (36) must 

be taken  in to  accoun t, e s p e c ia l ly  in  experim ents employing 

m u lt ip le  tre a tm e n ts . A gainst t h i s  background i t  i s  to  be 

adm itted  th a t  p re lim in a ry  experim ents w ith  s te ro id  hormones on 

tre a tm e n t w ith  th e  M ilas reag en t f a i l e d  to  g ive chem ilum ines

cence e f f e c t s ,  a lthough  a p o s i t iv e  r e s u l t  was o b ta in ed  w ith  

s t i l b o e s t r o l .  F in a l ly ,  th e  su g g estio n s o f Cook (37) on th e  

p o s s ib i l i t y  o f conversion  o f s t e r o l s  and b i l e  a c id s  to  p o ly - 

c y c lic  arom atic  hydrocarbons w ith in  th e  anim al body supported  

by examples o f a ro m a tisa tio n  o f  o th e r  a l i c y c l i c  compounds (38) 

should a lso  be borne in  mind when a sse ss in g  th e  s ig n if ic a n c e  

of tum our-induction  w ith  th e se  compounds.

The s a l t s  of th e  r a d io a c tiv e  elem ents do n o t a f f e c t  thfc
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is s u e  s in ce  t h e i r  e f f e c t s  a re  w ell exp la in ed  by t h e i r  em ission 

of ca rc in o g en ic  r a d ia t io n s .  The rem aining in o rg a n ic  m a te r ia ls  

to  be co nsidered  a re  s a l t s  o f zinc  and a r s e n ic ,  potassium  

hydroxide and h y d ro ch lo ric  a c id . The main e f f e c t  w ith  zinc 

s a l t s  i s  th e  in d u c tio n  o f te ra tom a in  fow ls b jit th e re  i s  ev idence 

th a t  th e  a c tio n  o f th e  compounds i s  in  th e  n a tu re  o f a p a r t i a l  

d e s tru c tio n  o f th e  t e s t i s ;  p a r t i a l  c a s t r a t io n  o f th e  b ird s  

le a d s  to  s im ila r  r e s u l t s .  I t  i s  th e re fo re  d o u b tfu l w hether 

th e  e f f e c t  o f th e se  compounds i s  to  be regarded  as th e  r e s u l t  

o f a s p e c if ic  ca rc in o g en ic  a c tio n  (59) •  The bulk  o f ev idence 

p o in tin g  to  a rse n ic  as  a carcinogen  d e r iv e s  from c l in i c a l  

s tu d ie s  o f workers exposed to  th e  substance and in  a l l  o f th e  

cases  o th e r  substances a re  su spect (^ 0 ) . There i s  some e v i

dence o f a rs e n ic  compounds being invo lved  in  th e  in d u c tio n  o f 

n e o p la s ia  in  t i s s u e s  t r e a te d  m ed ic in a lly  during  long p e r io d s , 

b u t on th e  o th e r  hand th e  experim en ta l in d u c tio n  o f tumours 

w ith  a r s e n ic  compounds i s  in d e te rm in a te . The p o s s i b i l i t y  o f 

a chem ilum inescence o ccu rrin g  during  th e  o x id a tio n  o f a rsen io u s  

compounds has been co n s id ered , b u t a few p re lim in a ry  e x p e r i

ments f a i l e d  to  s u b s ta n t ia te  t h i s  view. To p o s tu la te  th a t  

chem ilum inescence phenomena may be invo lved  in  th e  ca rc in o 

genic a c tio n  a sc r ib e d  to  h y d ro ch lo ric  a c id  and potassium  

hydroxide seems unnecessary  s in ce  i t  overlooks th e  profound 

e f f e c t  o f hydrogen and hydroxyl io n s , on a l l  o f th e  s t r u c tu r a l  

and fu n c tio n a l components o f c e l l s .

A v a r ie ty  o f tumours has been ob ta in ed  re c e n tly  w ith



c e r ta in  arom atic n itro g e n  m ustards and some w ith  a l ip h a t ic  

n itro g e n  m ustards (*J-1 ) . These compounds have n o t y e t  been 

te s te d  f o r  chem ilum inescence bu t on th e  b a s is  of th e  p rev io u s  

experim ents p o s i t iv e  r e s u l t s  m ight be expected from th e  a ro 

m atic  compounds and n e g a tiv e  r e s u l t s  from th e  a l ip h a t ic  com

pounds. U rethane which i s  a s so c ia te d  w ith  a h igh  in c id en ce  

o f lung adenomata in  mice f a i l s  to  g ive a chemilum inescence 

e f f e c t  w ith  th e  M ilas re a g e n ts . These examples seem to  be 

th e  only notew orthy ex c ep tio n s  to  th e  g e n e ra l is a t io n  th a t  

ca rc in o g en ic  chem icals p a r t ic ip a te  in  chem ilum inescent r e 

a c t io n s .

The rem aining anomalous example o f a chem ical carcinogen  

i s  found in  th e  sim ple o rgan ic  m olecu le, g lu co se . T h is 

however does n o t c o n s t i tu te  an excep tion  to  th e  above g en era l 

i s a t i o n ,  s in ce  Radziszewski (^ 2 ), in  18775 d esc rib ed  a chemi 

lum inescence e f f e c t  during  th e  o x id a tio n  o f g lucose w ith  a i r  

in  a lc o h o lic  a lk a l i  s o lu t io n .
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TABLE I I I :  CARCINOGENIC AZO COMPOUNDS AND RELATED SUBSTANCES,
(R eactions w ith  M ilas R eag en ts)•

No, SUBSTANCE
LUMINESCENCE

EFFECT
CARCINOGENIC 1 

ACTIVITY* 1

- 1
Azobenzene N egative

11
1

2 . ty-aminoazobenzene Medium
1
i

3. N -m ethyl-1!—amino a zoben zene Medium !I
k. N ̂ -d im e th y l-1!—amino azobenzene Medium i 1+ 11
5. 2 -m ethy l- dmaab B rig h t

ii1
6 . 2 1 -m e th y l-1!—dmaab Very f a i n t +

7. 3 f -m e th y l-1!— dmaab B rig h t +

8 . M -m eth y l-1!—dmaab B rig h t +

9. 2 :2 f -d im e th y l-1!—dmaab Medium ? i
10. 2 : 31-d im e th y l-1!—dmaab B rig h t ?

11. 2 : ̂ 1 -  d im e th y l-1!—dmaab B rig h t +

12 . N ̂ - d i e t h y l - 1!—aminoazobenzene Medium -

13. f -amino- 2 :3 1-azo to lu en e F a in t +

1^. 2 * -am ino-1!-: 5 f -azo to lu en e F a in t -

15. 2 :2 1-azonaph thalene N egative +

16. *!—hydroxy a zoben zene N egative +

17. methy lazoben zene N egative ?

•
COH ty -n itro a  zoben zene N egative ?

19. 3 :  ty -dihydroxyazobenzene B rig h t ?

20. ^ »-hydroxy-1!—dmaab B rig h t -

21. ^ 1 -hydroxy-1!—aminoazobenzene Medium -

22. ^  -ty-dimethylaminoazofcybenzene Medium

23. dimethylaminoazoxybenzene F a in t

* See Table I .
N ote: *!—dmaab i s  a c o n tra c tio n  f o r  N ̂ - d im e th y l-1!—aminoazo

benzene.
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EXPERIMENTAL.

D etec tion  o f Chemiluminescence,

In  a l l  th e  experim ents th e  r a d ia t io n  was d e te c te d  by 

d i r e c t  o b se rv a tio n . To accom plish t h i s  i t  was n ecessa ry  fo r  

th e  o b serv er to  adapt h is  eyes in  a com pletely dark room fo r  

20 m inutes p r io r  to  conducting th e  t e s t .  Many of th e  e f f e c t s  

could  be seen w ith  a sh o r te r  p eriod  of a d a p ta tio n , b u t th i s  

p e rio d  was always used in  o rder to  s ta n d a rd ise  th e  re co rd in g s ; 

lo n g e r p e rio d s  o f ad ap ta tio n  made only s l ig h t  d if fe re n c e s  in  

th e  observed i n t e n s i t i e s .  At th e  commencement o f each s e t  of 

experim ents a c o n tro l re a c tio n  o f known lum inescence in te n s i ty  

was observed to  ensure th a t  th e  eyes were l ig h t-a d a p te d . The 

very  f a i n t  re a c t io n s  were b e s t observed by holding th e  r e a c tio n  

tu b es  c lo se  to  th e  eyes and employing s id e  v is io n . A ll th e  

e f f e c t s  recorded  were q u ite  d e f in i t e  and th e  p o s s i b i l i t y  th a t  

th e  f a i n t e s t  o f e f f e c t s  were m erely fmouches v o la n te s 1 i s  

excluded . In  th e  s tu d ie s  where th e  r e la t iv e  i n t e n s i t i e s  o f 

th e  lum inescence e f f e c t s  were im portan t to  th e  d is c u s s io n , as 

in  th e  s e r ie s  of B u tte r  Yellow d e r iv a t iv e s ,  each re a c tio n  was 

compared d i r e c t ly  w ith  th e  same a r b i t r a r i l y  chosen standard  

r e a c t io n .

Source and P u r i ty  o f M a te r ia ls .

A number o f th e  hydrocarbons and r e la te d  compounds were 

samples p resen ted  to  th e  Cancer H o sp ita l, p r in c ip a l ly  by 

P pofesso r J.W.Cook, F .R .S .; o th e rs  were su p p lied  by M essrs
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L igh t & C o .L td ., London, and M essrs Ward, B lenkinsop & C o .L td ., 

London. A number o f th e  azo compounds were sy n th es ised  in  

the Cancer H o sp ita l by Dr. A.H.M.Kirby. The m a jo rity  o f th e  

o th e r  compounds were supp lied  by M essrs B r i t i s h  Drug Houses L td . ,  

D o rse t. The fo llo w in g  compounds were prepared  by th e  au th o r: 

n itro so b e n zen e j ^-m ethylazobenzene; n itro azo b en zen e ; 3 : 1!— 

dihydroxyazobenzene; M-hydroxy-N :N -dim ethyl-^-am inoazobenzene; 

M -hydroxy-1!-- aminoazobenzene; o^- and ^ -*!•-dim ethyl amino a zoxy- 

benzene.

A commercial, sample o f an th racen e  la b e l le d  fP u r i f ie d f , 

which gave a p o s i t iv e  t e s t  w ith  th e  perbenzoic a c id  re a g e n t, 

f a i l e d  to  g ive  th e  same e f f e c t  a f t e r  i t  had been p u r i f ie d  by 

chrom atography. This o b se rv a tio n  emphasised th e  n e c e s s i ty  

o f employing c a re fu l ly  p u r if ie d  samples o f th e  substances to  be 

t e s t e d .  A ll th e  azo compounds were su b jec ted  to  p u r i f i c a t io n  

by chrom atographic ad so rp tio n  on alum ina o r  s i l i c a  columns and 

a s im ila r  procedure was ap p lied  to  many of th e  hydrocarbons and 

r e la te d  compounds. Most o f th e  compounds su p p lied  by M essrs 

B r i t i s h  Drug Houses L td . were A nalar g rade , b u t where p o s i t iv e  

e f f e c t s  were observed and th e  p u r i ty  o f th e  m a te r ia l  was a t  a l l  

su sp e c t, i t  was p u r i f ie d  by standard  m ethods.

R eactions w ith  H y p o ch lo rite .

In  th e  r e a c t io n s  w ith  c h lo rin e  w ate r, th e  s o lu t io n s  were 

p repared  by wanning th e  powdered substances w ith  e th a n o l, p re 

v io u s ly  s a tu ra te d  in  th e  co ld  w ith  potassium  hydrox ide, and
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f i l t e r i n g  to  remove und isso lved  m a te r ia l .  To a measured 

volume o f th e  so lu tio n  an eq u a l volume of 0 *5^ ch lo rin e  w ater 

was added; bo th  so lu tio n s  were hea ted  to  60- 70°  p r io r  to  

m ixing. In  th e  experim ents w ith  h y p o c h lo rite , an a lk a lin e  

so lu t io n  of sodium h y p o ch lo rite  (6 . 5^ NaCIO, 8% NaOH), p re 

pared by passing  c h lo rin e  gas th rough co n cen tra ted  c a u s tic  

soda s o lu t io n , was added to  an eq u a l volume of a sa tu ra te d  

s o lu tio n  of th e  substance in  e th a n o l. The so lu t io n s  were 

h ea ted  as b e fo re . Adequate c o n tro ls  on th e  reag e n ts  showed 

th a t  th e  lum inescence e f f e c t s  were due to  the o x id a tio n  o f 

th e  hydrocarbons. A ll th e  e f f e c t s  were momentary em issions 

of green o r g reen ish -w h ite  r a d ia t io n .

R eactions w ith  Perbenzoic A cid .

The chloroform  so lu t io n s  of perbenzoic a c id  were p repared  

from benzoyl perox ide (*1-3). In  th e  e a r ly  experim ents th e  

co n c en tra tio n  o f th e  ac id  was 1% and eq u a l volumes o f t h i s  

so lu tio n  and a strong  so lu tio n  o f th e  substance in  chloroform  

were mixed a t  *K)-50°. In  a l l  th e  re a c tio n s  l i s t e d  in  T ables 

I  and I I  an 8 .5#  so lu tio n  o f th e  a c id  was employed. T h is  

so lu tio n  i s  s ta b le  f o r  se v e ra l weeks, i f  s to re d  in  a r e f r i g e r 

a to r .

The e f f e c t s  ob ta ined  w ith  t h i s  re ag e n t in c re a s e  w ith  

in c re a s in g  co n c en tra tio n  o f th e  substance under t e s t .  The 

tech n iq u e  employed in  a l l  t e s t s  was to  d is s o lv e  th e  t e s t  sub

s tan ce  (10 mg..) in  chloroform  (0 .5  c .c . )  and add th e  reag en t
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( l  c .c . )  to  t h i s  s o lu tio n ; th e  so lu tio n s  were hea ted  p re 

v io u s ly  to  lJ-O-lJ-50 . In  th o se  cases where th e  substance d id  

n o t com pletely  d is s o lv e , th e  suspension was employed. The 

d u ra tio n  of th e  lum inescence v a r ie d  from a few seconds to  

se v e ra l m inutes and was green o r g reen ish -w h ite  in  appearance.

R eactions w ith  th e  M ilas R eagents.

The so lu tio n s  of hydrogen peroxide in  t e r t .  b u ty l a lco h o l 

were p repared  by th e  method o f M ilas and Sussman (26 ); th e  

a lco h o l was d i s t i l l e d  b efo re  u s e . The so lu tio n s  a re  s ta b le  

f o r  se v e ra l months i f  s to red  in  a r e f r ig e r a to r .  D if f ic u l ty  

was found in  o b ta in in g  c o n s is te n t r e s u l t s  w ith  the  c a ta ly s t  

s o lu t io n , osmium te tro x id e  in  t e r t .  b u ty l a lc o h o l, u n t i l  th e  

fo llow ing  tech n iq u e  was u sed . The a lco h o l was d r ie d  over 

magnesium w ire  and d i s t i l l e d .  Osmium te t ro x id e  was d isso lv ed  

in  t h i s  to  g ive a O .f# so lu tio n  which was m ain ta ined  a t  ^0° 

f o r  fo u r  days. This y ie ld e d  a b lack  so l which was s to re d  a t  

th e  same tem p era tu re , and gave co n s tan t r e s u l t s  over many 

months.

The t e s t s  were made by d is so lv in g  th e  substance in  th e  

perox ide reag e n t and adding th e  so lu tio n  to  th e  c a ta ly s t .

Using d i f f e r e n t  ty p es  o f compound i t  was found th a t  th e  in 

te n s i ty  o f th e  chem ilum inescence in c re a se d  w ith  in c re a s in g  

co n c en tra tio n  o f substance , tem pera tu re  and c o n c e n tra tio n  of 

perox ide re a g e n t. No advantage was ob ta in ed  by u sin g  a 

c a ta ly s t  so lu tio n  more co n cen tra ted  t h a t  0.5/6. Optimum



r e s u l t s  were g iven by a d d itio n  of ^ p a r ts  of peroxide reag en t 

to  1 p a r t  of c a ta ly s t  so lu tio n  and th i s  arrangem ent was used  

th roughout th e  t e s t s .  The most s u i ta b le  co n c en tra tio n  of 

th e  substance in  th e  reag en t was found to  be 0 . 1£, and when 

th e  substance was n o t com pletely so lu b le  to  t h i s  e x te n t sus

pensions were u se d . This v a lue  was v a rie d  in  th e  case of 

some azo-dyes which produce a masking e f f e c t  a t  t h i s  concen

t r a t i o n ,  in  cases  of very  f a in t  chemiluminescence and in  com

p ariso n  experim ents between azo-compounds and benzene d e r iv a 

t iv e s  where equim olar so lu tio n s  were d e s ira b le .  In  th e  e a r ly  

experim ents a 6% peroxide reag e n t was used b u t fo r  th e  t e s t s  

d esc rib ed  in  T ables I  to  IV an 8£ so lu tio n  was employed. In  

th e  r ig o ro u s  te s t in g  of azobenzene, benzene and trim ethy lam ine 

so lu t io n s  rang ing  from 6% to  16%, HgOg were u t i l i s e d .  The 

s o lu t io n s  o f s o l id  m a te r ia ls  were prepared  by powdering th e  

m a te r ia l  and shaking a weighed q u a n tity  w ith  th e  re a g e n t; 

s l ig h t  h e a tin g  was used i f  re q u ire d . L iqu id  substances were 

measured w ith  a m ic ro p ip e tte . Gases were bubbled through  

th e  reag en t and th e  co n cen tra ted  s o lu tio n s  e s tim a ted  and 

d i lu te d  as re q u ire d . C are fu l n o te  was taken  o f th e  co lo u r 

o f th e  so lu tio n s  b e fo re  and im m ediately a f t e r  th e  t e s t  and 

where th e se  f e a tu re s  in f lu e n c e  th e  in te n s i ty  o f any e f f e c t  

which i s  im p o rtan t to  th e  d is c u s s io n , re fe re n c e  i s  made in  

th e  t e x t .

R eactions in  T ables I  and I I  were conducted a t  60- 65° .  

R e ac tio n s-in  T ables I I I  and IV were conducted a t  37° except
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numbers 13 to  23 , Table I I I  and numbers 7 to  36, Table IV, 

which were conducted a t  6O-650 . A number of th e  t e s t s  r e 

corded a t  th e  h ig h e r tem peratu re were rep ea ted  a t  37°  • I t  was 

found th a t  only  th e  ^ b r ig h t11 and Medium® e f f e c t s  observed a t  

60- 65° could s t i l l  be observed, b u t w ith dim inished in t e n s i t y .  

The e f f e c t s  were green or g reen ish -w h ite  r a d ia t io n  except 

th a t  from p y ro g a llo l which was b lu e . The d u ra tio n  o f th e  

lum inescence v a r ie d  in  th e  d i f f e r e n t  re a c tio n s  from a few 

seconds to  se v e ra l m inutes and was la rg e ly  c o n tro lle d  by th e  

co lou r o f th e  re a c tio n  p ro d u c ts . Many c o n tro ls  were c a r r ie d  

ou t on a l l  th e  re ag e n ts  b u t th e se  always gave n eg a tiv e  r e s u l t s .

R eactions w ith  Oxygen and Ozone.

The n e g a tiv e  t e s t s  conducted w ith  oxygen were made by 

p assin g  oxygen from a c y lin d e r  through b o il in g  so lu tio n s  o f 

th e  substances in  ab so lu te  e th a n o l. The substances te s te d  

w ere: 3 • benzpyrene; 9 •10-d im ethy l- 1 : 2-b en zan th racen e;

ty-d im ethylam inostilbene; dim ethylam inoazobenzene. The 

co n c e n tra tio n  o f th e  so lu t io n s  was 0.23&.

For th e  p roduction  o f ozone used in  th e  in v e s t ig a t io n s  

a 1 Siemens tu b e 1 was co n s tru c ted  and th e  e l e c t r i c a l  d isch arg e  

e f f e c te d  by an in d u c tio n  c o i l  supp lied  w ith  k v o l t s .  Oxygen 

from a c y lin d e r  was d r ie d  in  a calcium  c h lo rid e  tube  p r io r  to  

o z o n isa tio n . The co n c en tra tio n  of ozone in  th e  e x i t  gases 

was n o t e s tim a ted  bu t was s u f f ic ie n t  to  cause a ra p id  *t a i l i n g 1 

e f f e c t  in  mercury and g ive# an immediate co lou r r e a c tio n  w ith
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m oist s ta rc h - io d id e  paper. The whole ap p ara tu s  was housed 

in  a l i g h t - t i g h t  enc lo su re  to  avoid confusion  between th e  

r a d ia t io n  from th e  tube and in d u c tio n  c o i l  and weak chemi

lum inescence e f f e c t s .

E thanol was th e  most s u i ta b le  so lven t f o r  th e se  r e a c t io n s  

a lthough  e f f e c t s  were ob ta ined  u sin g  g la c ia l  a c e t ic  a c id , 

e th y l  a c e ta te ,  carbon te t r a c h lo r id e  and benzene; a l l  th e se  

so lv e n ts  a re  g e n e ra lly  employed in  th e  form ation  o f ozon ides.

The a lco h o l used  was f re e d  from aldehyde, d r ie d  over a c t iv a te d  

aluminium amalgum and d i s t i l l e d .  The t e s t s  were conducted 

w ith  0 .5# s o lu tio n s  o r suspensions of th e  v a rio u s  su b stan ces , 

by bubbling th e  ozone through the  s o lu t io n s . The observa

t io n s  * e re  made a t  6O-650 . In  the cases where th e  so lu tio n s  

were s a tu ra te d , th e  f a l l  in  tem pera tu re  caused by th e  i n t r o 

du ctio n  of th e  ozone le d  to  c r y s ta l l i s a t i o n  o f some m a te r ia l .  

L est th e  corresponding  lum inescence should be a c r y s ta l lo -  

lum inescence, d u p lic a te  t e s t s  were made of th e se  r e a c t io n s  

passin g  only oxygen th rough th e  s o lu t io n . In  a l l  examples 

th e  lum inescence was due to  in te r a c t io n  o f th e  compound w ith  

ozone. The n a tu re  of th e  r a d ia t io n  was s im ila r  to  th a t  ob

ta in e d  w ith  th e  o th e r  re a g e n ts .

A tte m p ts  to  In c rea se  th e  I n t e n s i t i e s  o f th e  lum inescence E ffe c ts .

A few a ttem p ts  were made to  photograph th e  r a d ia t io n  

from §ome o f th e  b r ig h te r  r e a c t io n s ,  u sing  s e n s i t iv e  em ulsions. 

I t  became obvious however th a t  t h i s  would only be p r a c t ic a b le



i f  th e  i n t e n s i t i e s  of th e  e f f e c t s  were g re a t ly  in c re a se d .

The i n t e n s i t i e s  were in c reased  by ad ju s tin g  th e  co n c en tra tio n  

o f th e  re a g e n ts  and in c re a s in g  th e  re a c tio n  tem p era tu re , bu t 

th e  e f f e c t s  were s t i l l  too  weak to  be reco rded .

In c re a se s  in  chemiluminescence in te n s i ty  have been p ro 

duced by adsorb ing  substances on alumina o r s i l i c a  g e ls  (^*0, 

o r  on s i l i c i c  a c id  (25) .  A daptations of th e se  p rocedures 

were n o t su c ce ss fu l w ith  th e  substances in  th e  p re se n t in v e s 

t i g a t io n .  The o b se rv a tio n s  of Biswas and Dhar (25) when 

o x id is in g  v a r io u s  d y e -s tu f f s  w ith  ozone showed th a t  on mixing 

a  d y e -s tu f f  which gave a weak lum inescence e f f e c t  w ith  one 

g iv in g  a strong  e f f e c t  th e re  was produced a lum inescence much 

b r ig h te r  than  w ith  e i th e r  o f th e  substances s e p a ra te ly . T his 

method f a i l e d  to  g ive s im ila r  r e s u l t s  when ap p lied  to  th e  

re a c t io n s  o f th e  p o ly c y c lic  hydrocarbons w ith  ozone.



SECTION I I .
OXIDATIONS OF ^-BENZPYRENE.

I t  was e s ta b l is h e d  in  S ection  I  th a t  chemiluminescenee i s  

produced during th e  o x id a tio n  of v a rio u s  p o ly c y c lic  armteatic 

hydrocarbons w ith  d i f f e r e n t  o x id is in g  ag en ts . In  o rd e r to  

form an op in ion  on whether th e  o x id a tio n s  which occur w ith  

th e se  substances in  th e  animal body may a lso  be accompanied 

by chem ilum inescence, a com parative study of th e  r e a c tio n  

p ro d u cts  o f th e  chem ical o x id a tio n s  w ith  th o se  of the  b io 

lo g ic a l  r e a c tio n  was c a r r ie d  ou t w ith  ^J^-kenzpyrene.

Benzpyrene was chosen s in ce  numerous b io lo g ic a l  s tu d ie s  

have been conducted w ith  i t ,  and much a t te n t io n  has been 

d ire c te d  to  th e  form ation  of 8-hydroxybenzpyrene ( I ) ,  ^6)

OH

I

in  v a rio u s  an im als. In  t h i s  m etabo lic  r e a c t io n , as w ith  

o th e r  p o ly c y c lic  arom atic hydrocarbons s tu d ie d , h y d ro x y la tio n  

has been e f f e c te d  a t  a d i f f e r e n t  p o s it io n  in  th e  m olecule 

from th a t  u su a lly  a tta c k e d  (p o s it io n  5, w ith  benzpyrene).
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P re lim in ary  experim ents were conducted in  an a ttem pt to  

S im ulate t h i s  e f f e c t  in  a chem ical o x id a tio n  of benzpyrene.

I t  was observed during th e  chem ilum inescent o x id a tio n  

w ith  sodium h y p o ch lo rite  of benzpyrene, s o lu b i l is e d  in  w ater 

w ith  c a f f e in e ,  th a t  th e  b r ig h t v io le t  f lu o re sce n ce  of th e  

benzpyrene so lu tio n  was changed to  a green f lu o re sc e n c e . 

E x tra c tio n  o f th e  a l te r e d  m a te r ia l showed th a t  i t  possessed  

a b lu e  f lu o re sce n ce  in  benzene so lu tio n ; t h i s  gave a two- 

banded f lu o re sc e n c e  spectrum s im ila r  to  th a t  d escrib ed  by 

Chalmers (*1-5) f o r  a hydroxybenzpyrene i s o la te d  from th e  r a t .

For d i r e c t  comparison a f r a c t io n  co n ta in in g  8-hydroxybenzpyrene 

was p repared  from th e  faeces  o f r a t s  fed  w ith  benzpyrene.

T his m a te r ia l  and th e  f r a c t io n  ob ta ined  from th e  h y p o c h lo rite  

o x id a tio n  were s im ila r  in  t h e i r  chrom atographic behaviour 

and in  t h e i r  s o lu b i l i ty  and f lu o re sce n ce  p ro p e r t ie s .  M ethyl-  

a t io n  o f th e  two f r a c t io n s  allow ed th e i r  p u r i f ic a t io n  by 

chrom atography. T his showed th a t  th e  f r a c t io n  from th e  hypo

c h lo r i t e  o x id a tio n , corresponding  w ith  th e  two-banded f lu o r 

escence spectrum , was p re se n t only in  m inute q u a n ti ty . I t s  

spectrum was s im ila r  to ,  b u t n o t id e n t ic a l  w ith , t h a t  o f 8 - 

m ethoxybenzpyrene. F urtherm ore, an ab so rp tio n  spectrum o f 

th e  m a te r ia l  showed none of th e  f in e  s t ru c tu re  c h a r a c te r i s t i c  

o f 8-m ethoxybenzpyrene. Thus w hile th e  f lu o re sc e n ce  spectrum

in d ic a te d  th e  p resence of a methoxybenzpyrene, no f u r th e r  

ev idence was o b ta in ed  to  support the  view. I t  should a lso  

be no ted  th a t  t h i s  spectrum d i f f e r s  in  th e  p o s i t io n  of th e



bands from th o se  recorded  by Berenblum and Schoental (*1-7) f o r  

5- and 10-methoxybenzpyrene.

Although t h i s  p a r t ic u la r  re a c tio n  was u n su c c e ss fu l, th e  

id e a  of form ing a complex w ith  ano ther m olecule p r io r  to  

o x id a tio n  seemed worthy of f u r th e r  in v e s t ig a t io n ,  s in ce  i t  

has been suggested  (ty-8) th a t  a p rocess of t h i s  type may 

o p e ra te  in  th e  b io lo g ic a l  r e a c t io n . The s tro n g ly  co loured  

complex which benzpyrene forms w ith  tr in itro b e n z e n e  (^9) 

seemed to  o f f e r  an approach to  th e  problem. I t  was decided 

to  u se  t h i s  complex in  con junction  w ith  osmium te tro x id e  which 

Cook and S choental (50) have shown to  be capable of hydroxy l- 

a t in g  many p o ly c y c lic  arom atic hydrocarbons in c lu d in g  benz

pyrene. A study o f th e  r e a c t io n s  o f benzpyrene w ith  osmium 

te tro x id e  in  p resence and in  absence o f t r in itro b e n z e n e  

showed th a t  th e  tr in it ro b e n z e n e  had no s ig n i f ic a n t  in f lu e n c e  

on th e  course o f th e  r e a c t io n . The p ro d u cts  i s o la te d  in  

bo th  ca ses  were th o se  ob ta in ed  by Cook and S ch o en ta l. F u rth e r  

in v e s t ig a t io n s  on s im ila r  l i n e s  were p reven ted  by th e  d i f f i 

c u lty  of o b ta in in g  adequate su p p lie s  o f  s ta r t in g  m a te r ia ls .

The p roduction  o f  d ih y d ro d io ls  during  th e  r e a c t io n s  o f 

v a r io u s  hydrocarbons in  v ivo suggests  th e  a c tio n  o f a hydrogen 

perox ide system (5 1 ); on t h i s  b a s is  th e  chem ilum inescent 

r e a c t io n s  of th e  hydrocarbons w ith  the  M ilas re a g e n ts  which 

in c o rp o ra te  hydrogen p ero x id e , have a p o in t o f s im i la r i ty  to  

th e  b io lo g ic a l  p ro ce sse s . The re a c tio n  o f 5 :^-benzpyrene 

w ith  th e  M ila s -re ag e n ts  i s  d iscu ssed  below, in  r e la t io n  to



th e  b io lo g ic a l  o x id a tio n s  which occur w ith  t h i s  substance .

Two main p roducts i s o la te d  from th e  re a c tio n  o f benz

pyrene w ith  th e  M ilas re ag en ts  were id e n t i f ie d  as  J t X - benz- 

p y ren e-5 : 8-quinone ( I I )  and benzpyrene-5 :10-quinone ( I I I ) .

It

o

ut
A f r a c t io n  was a lso  o b ta in ed  which may be th e  anhydride 

o f b e n z a n th ro n e -p e ri-d ic a rb o x y lic  ac id  (IV ). A la rg e  

p o r tio n  of th e  re a c tio n  p ro d u c ts  was a c id ic .  A f lu o re s c e n t 

m a te r ia l  o b ta in ed  from th i s  had a f lu o re scen ce  spectrum 

s im ila r  to  th e  spectrum of th e  ’f r a c t io n  V’ i s o la te d  by 

Berenblum and Schoental (52) from r a t s  and r a b b i ts  in je c te d  

w ith  benzpyrene. These au th o rs  reg ard  t h i s  f r a c t io n  as a 

m e ta b o lite  o f benzpyrene p o ss ib ly  formed by breakdown o f 

th e  m olecu le . I t  i s  a lso  o f i n t e r e s t  t h a t  Peacock and 

Chalmers (unpublished  work) i s o la te d  a f r a c t io n  w ith  a s im ila r  

f lu o re sce n ce  spectrum , from th e  b i l e  of goats fed  w ith  benz

pyrene.

Under th e  co n d itio n s  employed in  the  r e a c t io n  w ith  th e  

M ilas re ag e n ts  no d ih y d ro d io ls  or hydroxyl d e r iv a t iv e s  o f



benzpyrene were d e te c te d  although th e  i s o la t io n  of th e  

quinones suggests  th e  in te rm ed ia ry  form ation  o f hydroxy 

compounds.

From v a r io u s  m etabolism  s tu d ie s  on benzpyrene th e re  

have been i s o la te d  th e  8 - and 10-hydroxybenzpyrenes (^ 5 ,^ 6 ,5 2 ) , 

th e  5 *8-  and 52lO-QUlnones (52) ,  and th e  ff r a c t io n  Vf of 

Berenblum and S choen tal. The evidence fo r  th e  fo rm ation  of 

a d ih y d ro d io l o f  benzpyrene i s  n o t co n c lu siv e  (55) > a lthough  

th e  8 - and 10-hydroxy compounds may a r i s e  v ia  1perhyd roxy l- 

ation* of th e  8-9 and 9-10 bonds w ith  subsequent d e h y d ra tio n . 

The fo rm ation  in  th e  chem ical o x id a tio n  of th e  quinones o f 

benzpyrene to g e th e r  w ith  th e  s im ila r i ty  between one o f th e  

re a c tio n  p ro d u c ts  and ’f r a c t io n  Vf shows some r e la t io n s h ip  

to  th e  course  o f th e  b io lo g ic a l  r e a c t io n .

The in d iv id u a l im portance o f th e  v a r io u s  m e ta b o lite s  

produced from hydrocarbons to  th e  ca rc in o g en ic  p ro cess  has 

n o t y e t  been e lu c id a te d . In  th e  cases  so f a r  te s te d  th e  

m e ta b o lite s  a re  in a c t iv e  compounds o r po ssess  only s l ig h t  

a c t i v i t y .  With benzpyrene, th e  quinones a re  in a c t iv e ;  th e  

hydroxyl d e r iv a t iv e s  have h o t been adequate ly  t e s te d ,  b u t i t  

has been shown th a t  8-methoxybenzpyrene i s  s tro n g ly  c a rc in o 

g en ic . I t  i s  o f i n t e r e s t  in  t h i s  connection  th a t  chemi- 

lum inescence t e s t s  w ith  th e  quinones of benzpyrene were 

n e g a tiv e  b u t th a t  a b r ig h t  e f f e c t  was o b ta in ed  from a m ix tu re  

o f methoxybenzpyrenes (b e lie v ed  to  be th e  6- and 7 -d e r iv a t iv e s )  

p repared  in  th e  osmium te tro x id e  o x id a tio n  of benzpyrene (v id e

supra) .
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In  co n c lu sio n , i t  may be s ta te d  th a t  th e  evidence 

adduced supports  th e  view th a t  re a c t io n s  o f th e  hydrocarbons 

in  th e  anim al body may a lso  be accompanied by chem ilum ines- 

cence . F u rth e r  study however to  gain  in fo rm atio n  on th e  

p a r t i c u la r  r e a c tio n  re sp o n s ib le  f o r  th e  lum inescence i s  

d e s i r a b le .



EXPERIMENTAL.

O xidation  w ith  Sodium H y p o ch lo rite :

The a lk a l in e  so lu tio n  o f sodium h y p o c h lo rite  (656 NaCIO, 

10% NaOH) was p repared  by passing  c h lo rin e  gas th rough  a 

co n c en tra ted  so lu tio n  of sodium hydrox ide. Equal volumes 

{ l  l i t r e )  of t h i s  so lu tio n  and a so lu tio n  o f 3 :^-benzpyrene* 

(0 .01£) in  aqueous c a ffe in e  so lu tio n  (W ) were mixed a t  70°. 

The m ix tu re  was m ain ta ined  a t  t h i s  tem p era tu re  fo r  30 m inu tes 

and allow ed to  s tan d  a t  room tem peratu re  o v e rn ig h t. The 

green f lu o re s c e n t  so lu tio n  was a c id i f ie d  w ith  h y d ro ch lo ric  

a c id  and e x tra c te d  w ith  e t h e r .  On removal o f th e  e th e r  th e re  

rem ained a s e m i-c ry s ta l l in e  mass m e ltin g  150° - 170° .  The 

s o lu b i l i ty  o f t h i s  m a te r ia l  in  a lk a l i  to  g ive  a s tro n g  green  

f lu o re s c e n t  m a te r ia l ,  and th e  fo rm ation  o f a s tro n g ly  adsorbed 

green f lu o re s c e n t  zone on an alum ina column were in  accord  

w ith  th e  p ro p e r t ie s  d e sc rib ed  by Chalmers (^5) f o r  a hydroxy- 

benzpyrene i s o la te d  from th e  fa e c e s  o f r a t s  fed  w ith  benz

pyrene; th e  f lu o re sce n c e  spectrum shown on P la te  I  (Spectrum 

(a ))  i s  a ls o  s im ila r  to  th a t  d esc rib ed  by Chalmers f o r  th e  

h y d ro x y -m e tab o lite . A wpectrum o f benzpyrene i s  shown f o r  

com parison (Spectrum ( b ) ) .  A crude p re p a ra t io n  o f 8 -hydroxy- 

benzpyrene (5*0 was o b ta in ed  from th e  fa e c e s  of r a t s  fed  w ith  

benzene d is so lv e d  in  m ilk  and th e  spectrum  o f t h i s  (Spectrum  

(c ) )  shows a s im i la r i ty  to  th a t  o f th e  m a te r ia l  from th e

* The benzpyrene used in  a l l  o f t h i s  work was su p p lied  by 
M essrs Ward, B lenkinsop & C o .L td ., London. I t  was p u r i f i e d  
by chrom atography on alum ina, u sing  l i g h t  petro leum  (b .p .  
6O-8O0) as  so lv e n t and e lu e n t .
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h y p o c h lo r ite  o x id a tio n . The f r a c t io n  from th e  o x id a tio n  and 

th e  crude f r a c t io n  from th e  fa e c e s  co n ta in in g  th e  8-hydroxy 

compound were m ethy la ted  by tre a tm en t w ith  diazom ethane (55) 

in  e th e r e a l  s o lu t io n  a t  room tem pera tu re  f o r  2b h o u rs . T h is  

allow ed f u r th e r  p u r i f i c a t io n  o f th e  f r a c t io n s  fo r  th e  m ethyl 

p ro d u c ts  formed b lu e  f lu o re s c e n t  zones on an alum ina column, 

which were r e a d i ly  e lu te d  by benzene. From th e  chrom ato

graphy of th e  m ethy la ted  o x id a tio n  product only 2 mg. o f semi

s o lid  m a te r ia l  which possessed  a two-banded spectrum  was 

o b ta in e d . The f lu o re sc e n c e  spectrum of t h i s  m eth y la ted  f r a c 

t io n  (Spectrum (d )) i s  s im ila r  to  th a t  o f 8-m ethoxybenzpyrene 

(Spectrum (e ))  b u t i s  d isp la c e d  to  lo n g e r w aveleng ths. The 

a b so rp tio n  spectrum  of th e  m ethy la ted  m a te r ia l  in  hexane had 

no f in e  s t r u c tu r e .

No d e te c ta b le  q u a n t i t ie s  o f benzpyrene quinones were 

formed in  th e  r e a c t io n .

O x idation  w ith  Osmium T e tro x id e :

A p re lim in a ry  o x id a tio n  of benzpyrene w ith  osmium t e t r 

ox ide in  th e  p resence  of p y r id in e  was c a r r ie d  ou t by th e  

method d e sc r ib e d  by Cook and S choental (50) .  The benzpyrene- 

o sm a te -p y rid in e  complex was converted  to  th e  d ih y d ro d io l and 

th en ce  to  th e  m ix tu re  of hydroxybenzpyrenes (p robab ly  th e  6- 

and 7~‘ky<3-roxy compounds) • The spectrum  o f t h i s  m ix tu re  i s  

shown (Spectrum  ( f ) ) .  The corresponding m ix tu re  of methoxy 

compounds was p repared  by trea tm en t w ith  d iazom ethane. A
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p a r t i a l  s e p a ra tio n  of th e se  was e f fe c te d  by chromatography 

on alum ina u s in g  l i g h t  petroleum  (b .p . 6o°-8o°) -  benzene 

m ix tu re s  as  so lv e n ts  and e lu e n ts .  The f r a c t io n  e lu te d  

f i r s t  gave Spectrum (g) and th e  more s tro n g ly  adsorbed 

m a te r ia l  gave Spectrum ( h ) .

The o x id a tio n  was now rep ea ted  in c o rp o ra tin g  s - t r i n i t r o -  

benzene in  th e  re a c t io n  m ix tu re . Twice th e  th e o r e t i c a l  

amount o f  th e  p o ly n itro  compound re q u ire d  to  form th e  complex 

w ith  benzpyrene (^9) was added to  th e  so lu tio n  o f benzpyrene 

in  benzene, which became re d . The o th e r  re a g e n ts  were 

added as b e fo re . The re a c t io n  was conducted a t  *K)°, in s te a d  

o f a t  room tem p era tu re , and k tim es th e  p rev io u s  volume of 

benzene was employed, to  p rev en t se p a ra tio n  o f th e  benzpyrene- 

t r in i t ro b e n z e n e  complex. The course o f t h i s  r e a c t io n  was 

s im ila r  to  th a t  o f th e  r e a c t io n  w ith o u t th e  t r in i t ro b e n z e n e ,  

though th e  y ie ld  o f methoxy compounds was s l i g h t ly  reduced .

The f lu o re sc e n c e  sp e c tra  o f th e  v a r io u s  r e l a t e d  p a r t s  

were i d e n t i c a l .

O xidation  w ith  th e  M ilas R eagents:

The M ilas re a g e n ts  were p repared  by th e  same methods 

used  in  th e  chem ilum inescence s tu d ie s .  A 6% p ero x id e  r e 

ag en t and a 0 . 5$  c a ta ly s t  so lu t io n  were u sed . Benzpyrene 

(0 .15  g .)  was d is so lv e d  in  t e r t .  b u ty l a lcoho l-hydrogen  

p ero x id e  (150 c . c . )  w ith  s l i g h t  h e a tin g , and th e  c a ta ly s t  

(7 .5  m l.)  added. The re a c t io n  m ix tu re  was m ain ta in ed  a t
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57° ^8 h o u rs . I t  was th en  d i lu te d  w ith  w ater (1 .5  l i t r e s )

and e x tra c te d  w ith  e th e r  (E x tra c t A) t i l l  c o lo u r le s s  and non- 

f lu o re s c e n t .  The e th e r  was e x tra c te d  w ith  sodium hydroxide 

(2N) which became g re e n - f lu o re s c e n t . The a lk a l in e  e x t r a c t  was 

a c id i f ie d  w ith  h y d ro ch lo ric  a c id  and e x tra c te d  w ith  e th e r  

(E x tra c t B ). T h is  e x t r a c t  B was taken  to  d ryness and y ie ld e d  

a brown s o lid  (^0 m g .). A flu o re sc e n c e  spectrum  o f t h i s  i s  

shown on th e  p la te  (Spectrum ( i ) ) .  A ttem pts to  m e th y la te  

t h i s  m a te r ia l  w ith  diazom ethane and p u r ify  th e  p roduct by 

chrom atography were u n su c c e s s fu l.

The e th e r  e x t r a c t  A, taken  to  d ry n ess , y ie ld e d  a re d -  

brown s o l id  (0 .1  g . ) .  T his was d isso lv ed  in  a c e t ic  a c id  

( k  c . c . )  c o n ta in in g  a few drops o f co n cen tra ted  h y d ro ch lo ric  

a c id , and th e  m ix tu re  b o ile d  f o r  a few m inutes to  co n v ert any 

d ih y d ro d io l p re s e n t to  hydroxyl d e r iv a t iv e s .  The absence of 

hydroxybenzpyrenes was dem onstrated  by f a i l u r e  to  o b ta in  a 

f lu o re s c e n t  a lk a l i - s o lu b le  f r a c t io n  from th e  d eh y d ra tio n  

m ix tu re . The bu lk  of th e  m a te r ia l  was recovered  from th e  

a c e t i c  a c id  s o lu tio n  and chrom atographed on alum ina u s in g  a 

50:5 0 -b e n z e n e :lig h t petro leum  (b .p . 6o°-8o°) m ix tu re  a s  so lv e n t 

and e lu e n t .  The main zones which formed were a v io l e t  f lu o r 

e s c e n t zone which moved qu ick ly  down th e  column and two 

s tro n g ly  adsorbed  yellow  and red  zones which were c lo s e ly  

a s s o c ia te d  and e lu te d  to g e th e r  by washing th e  column w ith  

ch lo ro fo rm . The v io le t  f lu o re s c e n t  zone gave  r i s e  to  

unchanged benzpyrene (^5 n ig .). T*1® yellow  and red  zones



y ie ld e d  a red-brow n m a te r ia l  (*K) mg.) and i t  seemed l i k e ly  

th a t  t h i s  com prised th e  two quinones o f benzpyrene.

A m ix tu re  o f th e  quinones of benzpyrene was p repared  by 

o x id a tio n  o f benzpyrene w ith  chromic a c id , as d esc rib ed  by 

Vollmann e £  a l .  (5 6 ). T h is m ix tu re  was passed  on to  a s i l i c a  

column from benzene. The m a te r ia l  spread over th e  column in  

a d if fu s e  zone which c o n s is te d  o f 5 main bands; th e  low er 

band was y e llo w , th e  m iddle y e llow -o range , and th e  upper 

o ran g e -red . The low er band was e lu te d  and rechrom atographed. 

The m iddle and upper bands were sep ara ted  by c u ttin g  th e  

column and washing th e  m a te r ia ls  from th e  s i l i c a  w ith  ch lo ro 

form . The sep ara ted  m a te r ia ls  were su b je c ted  to  5 o th e r  

s im ila r  chrom atographic p ro ced u res . The m .p. 295° - 29^° o f 

th e  o range-yellow  m a te r ia l  from th e  m iddle band compared 

w ell w ith  t h a t  o f 3 ; *i—benzpyrene-^ : 10-au in o n e . m .p. 295° •  The 

m .p. 21j-l°-2^3° of th e  o ran g e-red  m a te r ia l  from th e  upper band 

a lso  compared w ell w ith  th a t  o f 5 : ^ -benzpyrene-5 ; 8 -q u in o n e . 

m .p. 2^5° .  The co lou r r e a c t io n s  o f th e se  p ro d u c ts  w ith  

su lp h u ric  ac id  were a lso  in  accord w ith  th o se  reco rded  fo r  

th e  qu inones. The m a te r ia l  from th e  low er band was in ly  

p re se n t in  sm all q u a n tity  b u t th e  view th a t  i t  was th e  anhydride 

o f b e n z a n th ro n e -n e r i-d ic a rb o x y lic  ac id  was suggested  by th e  

f a c t  thfct Vollmann e t  a l .  i s o la te d  some o f t h i s  substance from 

th e  re a c t io n  w ith  chromic a c id . The co lo u r r e a c t io n  o f th e  

m a te r ia l  w ith  co n cen tra ted  su lp h u ric  a c id  (deep red  c o lo ra tio n )  

was irT accord  w ith  th a t  reco rded  f o r  th e  anhydride (m .p. 36k0 ) ,
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although  th e  m elting  p o in t of th e  m a te r ia l  was n o t sharp  (310°-

325° ) .
The reddish-brow n m a te r ia l  (^0 mg.) from the  o x id a tio n  

w ith  th e  M ilas re a g e n ts  was t r e a te d  in  th e  same way as th e  

quinone m ix tu re  from th e  chromic ac id  o x id a tio n . The appear

ance o f th e  column was id e n t ic a l  to  th a t  d esc rib ed  above and 

th e  th re e  p ro d u c ts  were i s o la te d  as b e fo re . The id e n t i ty  of 

th e  m iddle and upper bands w ith  th e  5*10- and 5*8-quinones 

r e s p e c tiv e ly  was shown by m eltin g  p o in t and mixed m e ltin g  

p o in t d e te rm in a tio n s , and by th e  r e a c t io n s  w ith  su lp h u ric  a c id . 

The low er band y ie ld e d  a f r a c t io n ,  m eltin g  g98° - 5l 8° ,  which 

gave a deep red  c o lo ra tio n  w ith  co n cen tra ted  su lp h u ric  a c id , 

and may be th e  anhydride r e f e r r e d  to  above.

Recording o f F luorescence  and A bsorption S p e c tra :

A ll f lu o re sc e n c e  sp e c tra  were made w ith  benzene s o lu t io n s  

o f th e  m a te r ia ls ,  to  o b v ia te  so lv en t e f f e c t s  in  th e  re c o rd in g s . 

The f lu o re sc e n c e  was e x c ite d  by r a d ia t io n  from a G.E.C. O sira  

lamp, focused  by a condensing le n s  on to  th e  s o lu t io n s ,  which 

were co n ta in ed  in  a sm all g la s s  c e l l  p laced  c lo se  to  th e  s l i t  

o f th e  sp ec tro g rap h . The in s tru m en t was a H ilg e r  Medium Q uartz 

S pectrograph  and th e  s l i t  w idth  used th roughou t was 0 .1  mm. 

I l f o r d  Is o  Z en ith  p la te s  were used to  reco rd  th e  spefctra y  th e  

exposures v a r ie d  from 1 to  10 m inu tes. The benzene used  as 

so lv en t was f re e d  from f lu o re s c e n t im p u r i t ie s  b e fo re  u s e .

For ab so rp tio n  sp e c tra  th e  sp ec tro g rap h  was f i t t e d  w ith



a H ilg e r ’ Spekker1 photom eter, u s in g  a condensed spark between 

tu n g sten  s te e l  e le c tro d e s  as  l i g h t  so u rce . I l f o r d  P ro cess  

p la te s  were used  in  th e se  m easurem ents, and th e  read in g s  were 

made by v is u a l  in s p e c tio n . The hexane used  in  th e  m easure

ments was a s p e c ia l  grade fo r  ab so rp tio n  spectropho tom etry , 

su p p lied  by M essrs B r i t i s h  Drug Houses L td . ,  D o rse t.



P L A T E  1

Fig. 3  Spectra of 3 : 4 -  benzpyrene

and som e flu orescen t oxidation products.
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SECTION I I I .

CONTRIBUTIONS TO THE CHEMISTRY OF N:N-DIMETHYL-  

Ij-AMINOAZOBENZENE.

In  t h i s  S ec tio n  a s im ila r  study to  th a t  conducted w ith  

Jzk -benzpyrene in  S ection  I I  was designed  w ith  a ty p ic a l  

carc inogen  o f th e  azo-dye group. The course o f th e  chemi- 

lum inescen t r e a c t io n  o f ty-dimethylaminoazobenzene w ith  th e  

M ilas re a g e n ts  (see  S ection  I )  was in v e s t ig a te d  to  d isco v e r 

w hether th e re  i s  any r e la t io n s h ip  between t h i s  re a c t io n  and 

th e  r e a c t io n s  which occur w ith  t h i s  substance in  th e  anim al 

body. The experim en ta l work inv o lv ed  a d e ta i le d  study of 

th e  p ro d u c ts  formed in  th e  chem ical o x id a tio n  and to  a id  in  

t h e i r  i d e n t i f i c a t i o n  a number of substances reckoned as 

p o s s ib le  r e a c t io n  p ro d u cts  were c o l le c te d  as re fe re n c e  com

pounds. I t  seemed l ik e ly  th a t  th e  azoxy compounds d e riv ed  

from dim ethylam inoazobenzene would be form ed, and s in ce  

th e se  were unknown* t h e i r  sy n th e s is  was a ttem p ted . T h is work 

i s  re p o r te d  below p r io r  to  th e  o x id a tio n  s tu d ie s .

1 . The S y n th esis  o f th e  Azoxy Compounds d e riv ed  from N;N- 

dim ethy1 - amino azobenzene.

The methods a v a ila b le  fo r  th e  p re p a ra tio n  o f unsym m etrical 

azoxy compounds a re  ( l )  th e  d i r e c t  o x id a tio n  o f th e  co rrespond

ing  azo compounds and (2) th e  condensation  o f N -a ry l-h y d ro x y l—

* See n o te  on e r r o r s  in  th e  l i t e r a t u r e  ( p . 5 ^ ) .
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amines and a r y l - n i t r o s o  compounds.

The f i r s t  o f  th e se  methods was used  by A ngeli (57) in  

th e  o x id a tio n  of ^-dim ethylam inoazobenzene w ith  hydrogen 

p e ro x id e  (30%)  in  g la c ia l  a c e t ic  a c id , th e  u su a l re ag en t f o r  

th e  p re p a ra tio n  o f azoxy compounds. However, th e  d im ethy l- 

amino group p re se n t in  t h i s  compound i s  a lso  su s c e p tib le  and 

th e  main r e a c t io n  p roduct o b ta in ed  was an amine oxide ( I ) .

The second method has n o t been used  in  th e  case  o f th e  

azoxy compounds in  question* , and indeed  i t  has been a p p lie d  

su c c e s s fu lly  in  only a very  few c a se s , f o r  w h ils t  d if fe re n tly -  

s u b s t i tu te d  N -ary l-hydroxy lam ines and a r y l - n i t r o s o  compounds 

may be u sed , sym m etrical azoxy compounds g e n e ra lly  r e s u l t ,  by 

a p ro cess  o f m utual o x id a tio n  and re d u c tio n :

A survey of th e  l i t e r a t u r e  on t h i s  ty p e  o f r e a c t io n  i n 

d ic a te d  th a t  th e  absence o f th e  unsym m etrical compounds as 

p ro d u c ts  may be due to  th e  r e a c t io n  c o n d itio n s  employed. I t  

has been shown (58,59) t h a t  th e  p resence  o f a l k a l i  g r e a t ly  

in c re a s e s  th e  r a t e  o f fo rm ation  o f azoxy compounds from 

hydroxylam ine d e r iv a t iv e s  and n i t r o s o  compounds. However,

I

?  0
2 .R .N R 0H  + 2R*. NO -* ■  R .N = N .R  - R ' . N = M . R ' + Z - H zO .

* See n o te  on e r ro r s  in  th e  l i t e r a t u r e  (p«59)



th e se  s tu d ie s  were only ap p lied  to  r e a c tio n s  of hydroxy l-  

amine d e r iv a t iv e s  and n i t r o s o  compounds w ith  th e  same a ry l  

re s id u e , and i t  seems s ig n i f ic a n t  th a t  w ith  compounds p o sse ss 

ing  d i f f e r e n t  a ry l  re s id u e s  (6 0 ,6 1 ,6 2 ,6 3 ) , th e  r e a c t io n s  were 

conducted in  n e u t r a l  s o lu t io n . The condensations le ad in g  

to  azoxy compounds have been re p re se n te d  (63) by a scheme 

s im ila r  to  th a t  employed fo r  th e  a ld o l  type  condensa tion :

On t h i s  b a s i s  th e  in f lu e n c e  of th e  a lk a l i  on th e  r e a c t io n  

r a te  would have a s im ila r  ex p lan a tio n  to  th e  c a ta ly s in g  in 

f lu e n c e  o f b ases in  o th e r  ty p es  of condensation  (6 ^ ) .

N-phenylhydroxylam ine was condensed w ith  p -n itro so d im e th y l 

a n i l in e  in  a lc o h o lic  so lu tio n  in  th e  p resence  of a l k a l i .  The 

crude re a c t io n  product w ubjected to  chrom atographic a n a ly s is  

y ie ld e d  two p a le  orange c r y s ta l l in e  su b stan ces , ( l )  m .p .122°, 

(2) m .p. 126° .  The se p a ra tio n  of th e  two su b stan ces on th e  

column i s  q u ite  d e f in i t e  and th e  m e ltin g  p o in ts  a re  s tro n g ly  

d ep ressed  in  a m ix tu re  so th a t  th e re  i s  no doubt th a t  th ey  a re  

d i s t i n c t  chem ical compounds. T h e ir b a s ic  n a tu re  i s  shown by 

t h e i r  s o lu b i l i ty  in  warm d i lu t e  h y d ro ch lo ric  a c id  and w hite  

c r y s t a l l i n e  h y d ro ch lo rid es  may be formed i f  s p e c ia l  p re ca u tio n s  

a re  tak en  to  exclude m o is tu re . The method of p re p a ra tio n  

made i t  p o s s ib le  t h a t  th e  p roducts  were iso m eric  azoxy  com

pounds d eriv ed  from ^-dim ethylam inoazobenzene and t h i s  was

OH OH

2R.N0 +ZHNfc>h}.R '-*JLR-*-N-R '—<£

0
r . - n = n - r '

r - N = N ~ R .
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confirm ed by th e  a n a ly se s . The substances were c h a ra c te r 

is e d  as t h e i r  p i c r a te s .

The weaker co lo u r of th e  substances in  com parison w ith  

th e  azo compound i s  in  accord  w ith  th e  g en e ra l ex p e rien ce  fo r  

co lou r r e la t io n s h ip s  of azoxy and azo compounds. Reduction 

of bo th  su b stan ces to  ^-dim ethylam inoazobenzene p rov ided  

f a r th e r  co n firm atio n  o f th e  s t r u c tu re s  assig n ed  to  them. The 

l i t t l e  understood  W allach tran sfo rm a tio n  o f p ara  s u b s t i tu te d  

azoxy compounds to  phenols by h ea tin g  w ith  co n cen tra ted  

su lp h u ric  a c id  i s  a g en e ra l r e a c t io n :

S ub jec ted  to  t h i s  tre a tm e n t, th e  two isom ers y ie ld e d  

M -hydroxy-^-dim ethylam inoazobenzene alm ost q u a n t i ta t iv e ly .

I t  i s  notew orthy  th a t  b o th  isom ers gave r i s e  to  th e  same 

pheno l. Most r e a c t io n s  of t h i s  ty p e  have been ap p lie d  to  

only one compound o f an iso m eric  p a i r ,  a lthough  tran sfo rm a

t io n s  of b o th  to  th e  same phenol a re  n o t unknown (6 5 ).

The ab so rp tio n  sp e c tra  of th e  su b stan ces in  e th a n o l show 

a s im ila r  r e la t io n s h ip  to  th e  spectrum  of k - dim ethylam inoazo

benzene, as  was found by SzegB (66) f o r  numerous p a i r s  of 

unsym m etrical iso m eric  azoxy compounds and t h e i r  co rrespond

ing  azo compounds. These r e s u l t s  p rov ide  good ev idence  th a t  

th e  substance  w ith  m .p. 126° i s  th e  -isom er ( I I )  and th a t

+ h e a t- .



th e  substance  m .p. 122° i s  th e  r e la te d  6  -isom er ( I I I )

m- ch.

o

II

N

ch5

N  =  N

IV
The sp e c tra  a re  a lso  in  accord  w ith  th e  op in ion  th a t  bo th  

compounds p o ssess  th e  tra n s -a z o  c o n f ig u ra tio n  s in ce  sp e c tra  of 

c is -azo x y  compounds, w hile s im ila r  in  s t r u c tu re  to  th o se  of 

th e  r e l a  t e d  azo compounds, have g re a t ly  reduced abso rp 

t io n  i n t e n s i t i e s  (6 3 ). A lso, th e  compounds were s ta b le  a t  

tem p era tu re s  w ell above t h e i r  m e ltin g  p o in t .  A ttem pts to  

produce th e  cis-azow y compounds (IV and V) by th e  methods 

employed by M flller (63) were u n su e d ess fu l.

A study o f th e  c o n d itio n s  fo r  th e  fo rm ation  o f th e  t r a n s -  

isom ers showed th a t  th e  r e a c tio n s  proceeded a t  room te m p era tu re  

and t h a t  th e  presence o f a lk a l i  was e s s e n t i a l .  Under th e se  

c o n d itio h s  no d e te c ta b le  q u a n t i t ie s  o f azoxybenzene o r N:N:N, :N!
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te tra m e th y l-4 :l|-»-diaminoazoxybenzene were o b ta in ed . The 

r e a c t io n  seems to  be th e  f i r s t  of i t s  ty p e  in  which th e  two 

p o s s ib le  unsym m etrical iso m eric  tran s-azo x y  compounds have 

been i s o l a t e d .  A ll th e se  f e a tu re s  o f th e  re a c tio n  a re  in  

keeping w ith  th e  th e o r e t ic a l  scheme p o s tu la tin g  th e  i n t e r 

m ediary fo rm atio n  of a d ihydroxy-azo compound. I t  i s  to  be 

em phasised however th a t  a dihydroxy compound of t h i s  ty p e  has 

nev er been is o la te d  from nitroso-Jiydroxylam ine condensations 

and th e  scheme may be an o v e r - s im p li f ic a t io n . The r e s u l t s  

suggest th a t  th e  f a i l u r e  o f p rev io u s a ttem p ts  to  sy n th e s ise  

un sym m etrical azoxy compounds by t h i s  method may be r e la te d  

to  th e  absence o f a condensing agen t in  th e  r e a c t io n  m ix tu re . 

I t  i s  to  be n o te d , however, t h a t  Bamberger and Bem ays (67) 

were ab le  to  i s o l a t e  some unsym m etrical ty-hydroxyazoxybenzene 

from a n e u t r a l  r e a c tio n  o f p>-nitrosophenol w ith  N -phenyl- 

hydroxylam ine, a lthough  azoxybenzene, and p o ss ib ly  

dihydroxyazoxybenzene, was a lso  produced. This in d ic a te s  th a t  

th e  d i r e c t iv e  in f lu e n c e  o f th e  hydroxyl group in  th e  n i t r o s o  

compound fav o u rs  th e  a ld o l type condensation  and su g g ests  th a t  

th e  ea se  o f fo rm ation  o f th e  azoxy compounds in  th e  p re se n t 

study i s  p a r t i a l l y  r e la te d  to  th e  pow erful d i r e c t iv e  in f lu e n c e  

o f th e  d im ethyl amino group in  p -n itro s o d im e th y la n il in e .

From th e  b io lo g ic a l  p o in t of view th e  sy n th e s is  of th e  

azoxy compounds d eriv ed  from ^-dim ethylam inoazobenzene i s  of 

i n t e r e s t  in  th a t  i t  w il l  allow  th e  t e s t in g  of th e  su b stan ces 

f o r  ca rc in o g en ic  a c t iv i ty  and w il l  a id  t h e i r  d e te c t io n  i f



p re se n t in  r e a c t io n s  o ccu rrin g  in  th e  anim al body. As 

p o s s ib le  m e ta b o lite s  o f th e  azo compound t h e i r  te s t in g  i s  

e s s e n t i a l  to  th e  s tu d ie s  o f M ille r  and M ille r  (52) which 

suggest t h a t  th e  dye m olecule i s  a c t iv e  p e r se o r  th rough  

th e  N-monomethyl compound and n o t by v i r tu e  of conversion  to  

any o th e r  o f th e  known o r p o s s ib le  m e ta b o li te s . A te n ta t iv e  

f o re c a s t  o f i n a c t i v i ty  o f th e  substances may be made on th e  

b a s is  o f experim ents w ith  one of th e  azoxy-compounds o f th e  

o th e r  p o te n t h e p a tic  ca rc inogen , -am ino-2 : 5 t -a z o to lu e n e ; in  

t h i s  case  th e  only b io lo g ic a l  response  was some b i l e  duc t pro 

l i f e r a t i o n  (68) .

E r ro rs  in  th e  l i t e r a t u r e . ( l )  In  Chemical A b s tr a c ts . 

1936, 22 , 999^ a^cl i b i d . 2 9 5 ^  a substance i s  l i s t e d  as 

• a n i l in e ,  N :N -dim ethyl-phenylazoxy* w ith  m olecu lar form ula 

Ci^Hi^N^O. T h is i s  in  re fe re n c e  to  a paper by B ig ia v i , D ., 

and A lbanese, C ., G a z z .c h im .I ta l . . 1955* §5.> 775* The com

pound used  by th e s e  a u th o rs , however, was an amine oxide and 

should be d es ig n a ted  1 a n i l in e  o x id e , N sN -dim ethyl-phenylazoxy 

w ith  m o lecu lar form ula Cl 4H15N5°2

(2) In  a review  on azoxy compounds Bigelow, H .S ., Chem. 

Reviews. 1951 , %  157> r e f e r s  to  a paper by F is c h e r , 0 . ,  and 

Wacker, L .,  B er. d . d e u tsc h . chem. G e se llsc h .« 1888 , 21, 2609, 

and s t a t e s  th a t  th e se  a u th o rs  condensed £ -n itro so d im e th y l-  

a n i l in e  w ith  phenyIhydroxylam ine in  a b so lu te  a lco h o l and ob

ta in e d  th e  sym m etrical p -a zo x y d im e th y lan ilin e . The r e a c t io n  

a c tu a l ly  conducted by F isc h e r  and Wacker was a condensation



o f p -n itro s o d im e th y la n il in e  w ith  pheny lhydrazine in  a b so lu te  

e t h e r .

2 . O x idations o f N :N -dim ethyl-i|-am inoazobenzene.

(a) O xidation  w ith  th e  M ilas r e a g e n ts , -  P rev ious s tu d ie s  

w ith  th e  M ilas re a g e n ts  have been m ainly concerned w ith  

h y d ro x y la tio n  o f e tb y le n ic  compounds (26) b u t i t  has a lso  been 

shown th a t  th ey  can convert arom atic  hydrocarbons to  p h en o lic  

d e r iv a t iv e s  (27) .  The l a t t e r  o b se rv a tio n s  in d ic a te d  th e  

p o s s i b i l i t y  th a t  ^-d im ethy l aminoazobenzene (B u tte r  Yellow) (VI) 

in  th e  p resen ce  o f th e se  re a g e n ts  would be converted  to  a

VI
p h en o lic  d e r iv a t iv e .  S ince th e re  i s  strong  ev idence  th a t  

h y d ro x y la tio n  o f B u tte r  Yellow a t  th e  p o s i t io n  o ccu rs  to  

some e x te n t in  th e  r a t  (69,70)* th e re  was a p o s s ib le  connection  

between th e  chem ilum inescent o x id a tio n  w ith  th e  M ilas re a g e n ts  

and th e  in  v ivo  r e a c t io n .  However, a p re lim in a ry  study  (71) 

o f th e  r e a c t io n  p ro d u c ts  from th e  o x id a tio n  o f B u tte r  Yellow 

w ith  th e se  re a g e n ts  rev ea led  th a t  much o f th e  a c tio n  was 

ta k in g  p la c e  a t  th e  dimethylamino group w ith  th e  removal of 

th e  m ethyl groups and f u r th e r  o x id a tio n  to  th e  n i t r o  compound. 

T h is uncommon ty p e  of r e a c tio n  gave an added s ig n if ic a n c e  to



th e  in v e s t ig a t io n s  s in ce  dem ethy lation  i s  one o f th e  p r in c ip a l  

m etab o lic  r e a c t io n s  which occurs w ith  B u tte r  Yellow (72) .  A 

f u r th e r  in v e s t ig a t io n  o f th e  course of th e  r e a c tio n  was th en  

d es ig n ed .

I t  was found th a t  th e  main p roduct o f th e  re a c t io n  was 

N -m ethyl-1!— aminoazobenzene and th a t  sm all q u a n t i t ie s  o f k -  

aminoazobenzene and ty-n itroazobenzene were produced. I t  has 

a ls o  been e s ta b lis h e d  th a t  h y d ro x y la tio n  of th e  dye occurs to  

a sm all e x te n t and some evidence has been adduced of th e  

p resence  o f M -hydroxy-1!—dim ethylam inoazobenzene in  m inute 

amount in  th e  p h en o lic  f r a c t io n .  There i s  s tro n g  ev idence  

th a t  th e  amine oxide of ty-dimethylaminoazobenzene was a lso  

p re se n t in  th e  r e a c t io n  p ro d u c ts  bu t no t r a c e  o f th e  azoxy 

compounds was found. The chrom atographic tech n iq u e  used  ex ten 

s iv e ly  in  th e  se p a ra tio n s  showed th a t  many o th e r  co lou red  

f r a c t io n s  were p re se n t b u t a l l  o f th e s e  were in  sm all q u a n ti ty  

and were n o t id e n t i f i e d ;  th ey  in c lu d ed  b a s ic ,  p h en o lic  and 

am pho teric  f r a c t io n s .  The in v e s t ig a t io n s  were n o t ex tended  

to  th e  i s o l a t i o n  o f c o lo u r le s s  p ro d u cts  a lth o u g h  s in ce  only 

75 p e r c en t o f th e  s ta r t in g  w eight was recovered  i t  i s  p ro b ab le  

t h a t  some f i s s io n  o f th e  m olecule to  sim pler p ro d u c ts  took 

p la c e . - A s e m i-q u a n ti ta tiv e  e v a lu a tio n  o f th e  course  of th e  

re a c t io n  was made p o ss ib le  by th e  methods employed; t h i s  i s  

summarised in  F ig .1!-.
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Phenols U n id e n tif ie d  
p ro d u c ts

(25*) i 12%) ( w )  &%)

R— i s o N N
o

F ig .1}- -  P ro d u c ts  o f R eaction  o f *1—dim ethylam inoazo- 
benzene w ith  th e  M ilas Reagents a t  37° fo r  
•̂8 h o u rs .

N ote: The p ro d u cts  a re  shovm. as p ercen tag es of th e
t o t a l  w eight of ^-dim ethylam inoazobenzene which was 
a l te r e d  in  th e  r e a c t io n .

The fo rm atio n  of hydroxyl d e r iv a t iv e s  and d em ethy la tion  

p ro d u c ts  shows an in te r e s t in g  r e la t io n s h ip  between th e  r e 

a c tio n  and th e  o x id a tio n  p ro cesse s  so f a r  known to  occur w ith  

B u tte r  Yellow  in  th e  l i v e r  o f th e  r a t .  I t  should be n o ted  

th a t  re d u c tiv e  f i s s io n  o f th e  azo lin k a g e  a lso  o ccu rs to  a 

la rg e  e x te n t in  vivo b u t M ille r  e t  a l .  (72 ,69) have demon

s t r a t e d  th a t  th e  dem ethy la tion  and h y d ro x y la tio n  p ro ce sse s  

occur la rg e ly  p r io r  to  cleavage of th e  dye m olecu le . There 

i s  as  y e t  i n s u f f i c i e n t  ev idence to  d ec ide  which, i f  any, o f  

th e se  b io lo g ic a l  r e a c t io n s  a re  im p o rtan t to  th e  ca rc in o g en ic  

p ro cess  and which a re  harm less d e to x ic a t io n s .  I t  i s  s i g n i f i 

can t however fo r  th e  p re se n t study  th a t  in te r a c t io n s  w ith  th e  

dim etbylam ino group of B u tte r  Yellow occur in  th e  anim al 

body and le a d  to  th e  same p ro d u c ts  which a r i s e  in  a s im ila r  

in te r a c t io n  w ith  th e  M ilas re a g e n ts . F urtherm ore, as  demon
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s t r a te d  in  S ection  I ,  th e  chem ilum inescence phenomenon asso c

ia te d  w ith  th e  chem ical o x id a tio n  i s  p robably  r e la te d  to  

t h i s  in te r a c t io n .  The dem onstra tion  by K irby and Peacock 

(75) o f  a ca rc in o g en ic  a c tio n  a s so c ia te d  w ith  k-am inoazobenzene 

su ggests  th a t  th e  dem ethy lation  p ro cess  i s  n o t e s s e n t i a l  to  

th e  ca rc in o g en ic  a c tio n  o f B u tte r  Yellow, a lthough  th e  p o s s i

b i l i t y  th a t  b io lo g ic a l  m e th y la tio n  o f th e  prim ary amine ta k e s  

p la c e  has been considered  by th e se  a u th o rs . At any r a t e  i t  

has been shown th a t  chem ilum inescence a lso  occurs during  th e  

o x id a tio n  o f am inoazobenzene. I t  must be em phasised how

ever th a t  th e re  i s  no g en e ra l r e la t io n s h ip  in  th e  b io lo g ic a l  

experim ents between r e a c t io n s  a t  th e  amine group and c a rc in o 

genic a c t i v i t y .  For example, d e a lk y la tio n  o f th e  in a c t iv e  

N:N-diethyl-*J— aminoazobenzene has been dem onstrated  by K en sler 

e t  a l .  (7*0 and i t  i s  l i k e ly  th a t  s im ila r  p ro cesses  occur w ith  

o th e r  in a c t iv e  d e r iv a t iv e s  of B u tte r  Yellow . On th e  o th e r  

hand th e  f a r - re a c h in g  experim en ts o f M ille r  and M ille r  (75) 

show a s t r ik in g  r e la t io n s h ip  between th e  ca rc in o g en ic  a c tio n  

o f B u tte r  Yellow and i t s  a b i l i t y ,  in  a s s o c ia t io n  w ith  i t s  

dem ethy la tion  p ro d u c ts  and some o th e r  u n id e n t i f ie d  m e ta b o l i te ,  

to  form stro n g  un ions w ith  c e r ta in  p ro te in s  o f  l i v e r  t i s s u e .

The resp o n se  o f th e  d i f f e r e n t  t i s s u e s  of v a r io u s  sp e c ie s  i s  

s t r i c t l y  r e la te d  to  th e  l e v e l s  o f  bound dyes in  th e se  t i s s u e s .  

F urtherm ore , th e  le v e ls  of bound dyes o b ta in ed  w ith  th e  very  

weakly a c t iv e  ty-amino azobenzene in  com parable t i s s u e s  a re  

much sm a lle r  than  w ith  th e  very  a c t iv e  d im ethyl d e r iv a t iv e .



These o b se rv a tio n s  s tro n g ly  suggest th a t  a b i l i t y  to  form an 

ad so rp tio n  complex w ith  c e r ta in  p ro te in s  i s  a p r e r e q u is i te  

f o r  c a rc in o g e n e s is  w ith  th e s e  compounds, and th u s  g ive  an 

in d ic a t io n  o f th e  f e a tu re s  which may d is t in g u is h  th e  c lo s e ly  

r e la te d  ca rc in o g en ic  and n o n -carc in o g en ic  compounds. I t  i s  

p o s s ib le  th a t  r e a c t io n s  a t  th e  amine group w hile  th e  dye i s  

s tro n g ly  adsorbed to  p ro te in  a re  im p o rtan t to  th e  c a rc in o 

genic p ro c e s s . This view i s  d isc u sse d  more f u l ly  in  S ec tio n  

V.

From th e  chem ical s ta n d p o in t th e  re a c t io n  w ith  th e  M ilas 

re a g e n ts  shows a number o f  in te r e s t in g  f e a tu r e s .  The removal 

o f a lk y l groups from arom atic  t e r t i a r y  amines i s  n o t uncommon 

i n v ivo  re a c t io n s  bu t l i t t l e  i s  known of th e  r e a c t io n  

mechanism and th e  p ro cess  i s  sim ply r e f e r r e d  to  a s  f d e a lk y la -  

t i o n f . S tu d ie s  w ith  amine ox idase  (77*78) show th a t  a 

number o f amines undergo o x id a tio n  a t  th e  ca rb o n -n itro g en  

lin k a g e  in  th e  p resence o f t h i s  enzyme. The experim en ts  of 

Hess e t  a l .  (79) on c y c lic  ^N.CH^ compounds co n ta in in g  a 

k e tone  o r aldehyde grouping (d e r iv a t iv e s  o f g j r r a l id in e  o r 

p ip e r id in e )  a f fo rd  examples of in tra m o le c u la r  o x id a tiv e  de

m e th y la tio n . V arious amino a lc o h o ls  co n ta in in g  con tiguous 

hydroxyl and t e r t i a r y  amino groups have been found to  undergo 

o x id a tiv e  c leavage w ith  le a d  te t r a a c e ta te  (80) • The p re se n t 

experim ents p rov ide  an example of o x id a tiv e  d em ethy la tion  of 

an arom atic  t e r t i a r y  amine, e f f e c te d  by hydrogen p e ro x id e .

The re c e n t work by Rusch and M ille r  (76) showing th a t  dem ethyl-
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a t io n  o f dim ethylam inoazobenzene i s  a lso  e f fe c te d  by 

a u to x id is in g  l i n o l e i c  a c id  i s  worthy o f m ention . I t  i s  

p o s s ib le  th a t  t h i s  p ro cess  occurs v ia  pero x id es p re se n t in  

th e  m ix tu re s .

The unexpected  absence of azoxy compounds from th e  

re a c t io n  p ro d u c ts  em phasises th e  fundam entally  d i f f e r e n t  mode 

o f a c tio n  of hydrogen perox ide c a ta ly se d  by osmium te t ro x id e  

and hydrogen perox ide  in  th e  p resence of g la c ia l  a c e t ic  a c id , 

a lth o u g h  i t  i s  notew orthy th a t  bo th  o x id is in g  ag en ts  g ive  

r i s e  to  th e  amine oxide (v id e  i n f r a ) . The v e r s a t i l i t y  o f 

th e  M ilas re a g e n ts  i s  f u r th e r  evidenced by th e  i s o l a t i o n  o f 

th e  n i t r o  and hydroxyl d e r iv a t iv e s .  The appearance of th e  

n i t r o  compound i s  p o ss ib ly  due to  o x id a tio n  of th e  prim ary  

amine formed in  th e  r e a c t io n  and may a r i s e  v ia  th e  n i t r o  so 

compound. O xidation  o f prim ary amines to  n i t r o  so and n i t r o  

compounds has been observed w ith  numerous o x id is in g  ag en ts  

in c lu d in g  C arof s a c id , p e ra c e tic  a c id  and aqueous sodium 

p e ro x id e . I t  would be of i n t e r e s t  to  know w hether conversion  

o f B u tte r  Yellow to  ^ -n itro azo b en zen e  occu rs in  th e  anim al 

body, s in c e  th e  fo rm ation  o f t h i s  compound may be connegted 

w ith  th e  chem ilum inescence p ro c e ss .

O xidation  w ith  p e ra c e tic  a c id * -  The p r in c ip a l  a c tio n  

o f p e ra c e t ic  a c id  (J0$  hydrogen p erox ide  in  g la c ia l  a c e t ic  

ac id ) w ith  azo compounds i s  th e  fo rm ation  o f th e  azoxy com

pounds. The reag e n t i s  however a lso  capab le  of co n v e rtin g  

a rom atic  " t e r t i a r y  amines to  amine ox ides and as m entioned
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p re v io u s ly  A ngeli (57) i s o la te d  a p ro d u ct from th e  o x id a tio n  

of dim ethylam inoazobenzene w ith  p e ra c e tic  a c id  co n ta in in g  

oxygen atoms on b o th  th e  azo and th e  t e r t i a r y  n itro g e n  (see  

p .5 4 , S tru c tu re  I ) .  The ex perim en ta l d e t a i l s  in  A ngeli*s 

paper a re  somewhat vague, and numerous a ttem p ts  to  re p e a t h is  

r e s u l t s  were u n su c c e s s fu l . A p roduct s im ila r  in  appearance 

and re a c t io n  to  Angeli* s oxide was always o b ta in ed  b u t a f t e r  

many c r y s t a l l i s a t i o n s  i t  m elted  w ith  decom position over a 

range below th a t  reco rded  by him. Conversion to  th e  su lp h a te  

gave s im ila r  r e s u l t s .  In  each a ttem p t i t  appeared th a t  mix

tu r e s  o f two o r  more substances n o t e a s i ly  sep a rab le  were 

form ed. S ep ara tio n  by chromatography waw a lso  u n su c c e ss fu l 

f o r  th e  m a te r ia l  formed a s in g le  d if fu s e  zone on th e  column.

From th e  o x id a tio n  o f ^-dim ethylam inoazobenzene w ith  

th e  M ilas re a g e n ts  a f r a c t io n  had been o b ta in ed  which seemed 

to  be th e  amine oxide o f t h i s  su b stan ce . During th e  removal 

o f so lv e n t from t h i s  m a te r ia l  on th e  w ater b a th , i t  decomposed 

w ith  th e  fo rm ation  o f red  vapours. Exam ination o f th e  a l te r e d  

m a te r ia l  showed th a t  i t  c o n s is te d  la rg e ly  of th e  p a re n t azo 

compound. These f in d in g s  le d  to  a study o f th e  e f f e c t  o f h ea t 

on th e  m ix tu res  formed in  th e  o x id a tio n  w ith  p e ra c e t ic  a c id .

The p a r t i a l l y  p u r i f ie d  m ix tu re  was h ea ted  to  i t s  decom

p o s i t io n  tem p era tu re  and in  t h i s  reg io n  ye llo w  vapours were 

thrown o f f .  A chrom atographic s e p a ra tio n  o f th e  a l te r e d  

m a te r ia l  rev e a le d  th a t  i t  com prised m ainly th r e e  su b s tan ce s ; 

th e se  were ^-dim ethylam inoazobenzene and th e  r e c e n t ly  syn the
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s is e d  iso m eric  azoxy compounds d eriv ed  from t h i s  su b stan ce .

The p rev io u s  chrom atographic behaviour and o th e r  p ro p e r t ie s  

o f th e  unheated  m a te r ia l  excluded th e  p o s s i b i l i t y  th a t  th e se  

su b stan ces were p re se n t p r io r  to  th e  decom position . The 

only  s a t i s f a c to r y  ex p lan a tio n  was th a t  th e  p roduct from th e  

o x id a tio n  o f th e  azo compound w ith  p e ra c e tic  a c id  co n ta in s  

th e  amine ox ides o f th e se  ih r e e  su b s tan ces . Thus w hile  t h i s  

method of o x id a tio n  does n o t appear to  be s u i ta b le  f o r  th e  

p re p a ra tio n  o f th e  se p a ra te  amine o x id es , th e  p re se n t s tudy  

p ro v id es  in te r e s t i n g  in fo rm atio n  on th e  course o f th e  r e a c t io n ,  

and o f th e  behaviour o f th e  compounds. A p o s s ib le  ro u te  to  

th e  se p a ra te  p re p a ra tio n  o f th e  amine ox ides o f  th e  azoxy 

compounds l i e s  in  th e  d i r e c t  o x id a tio n  o f th e  azoxy compounds 

w ith  p e ra c e t ic  a c id .

I t  may be added th a t  th e  amine ox ides a re  p o s s ib le  

m e ta b o lite s  o f B u tte r  Yellow and th e i r  b io lo g ic a l  t e s t in g  i s  

im p o rtan t to  an understand ing  o f th e  ca rc in o g en ic  a c tio n  o f 

t h i s  dye.
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EXPERIMENTAL.

1 . S y n th es is  o f Azoxy Compounds,

R eaction  o f N -phenylhydroxylam ine w ith  p -n itro so d im e th y l-  

a n i l i n e . -  The N -phenylhydroxylam ine, p repared  by re d u c tio n  

o f n itro b en z en e  w ith  z in c  d u s t and aqueous ammonium c h lo r id e , 

was d r ie d  q u ick ly  on porous p la te  and used im m ediately . Com

m erc ia l £ -n itro s o d im e th y la n il in e  was p u r if ie d  by c r y s t a l l i s 

a t io n  from l i g h t  petroleum  (b .p . 6o°-8o°).

S o lu tio n s  of th e  n i t r o s o  compound ( l  g . in  12 c .c . )  and 

th e  hydroxylam ine (2  g . in  12 c . c . )  in  e th an o l were mixed 

and a few drops o f l : l - a q u e o u s  potassium  hydroxide added 

im m ediately , w ith  shaking . The m ix tu re  was h ea ted  in  b o il in g  

w ater f o r  10 m in u tes , th en  cooled and poured in to  w ater 

(*K)0 c . c . ) .  A fte r  stand ing  2k h o u rs , th e  p r e c ip i ta te d  

m a te r ia l  was f i l t e r e d  o f f  and d r ie d  to  g ive  a brown powder 

(0 .6  g . ) .  A lthough a s im ila r  y ie ld  wAs o b ta in ed  when th e  

re a c t io n  was conducted a t  room te m p era tu re , f in e r  p r e c ip i t a t e s  

were o b ta in ed  which were d i f f i c u l t  to  h an d le . S trong h ea tin g  

beyond 10 m inutes a lso  r e s u l te d  in  f in e  p r e c i p i t a t e s .  In  

th e  absence of a lk a l i  only  a f in e  t a r r y  suspension , which was 

n o t stopped by th e  f i l t e r ,  W'te o b ta in e d . The y ie ld s  were 

h ig h e r  when th e  hydroxylam ine was employed in  excess o f th e  

th e o r e t i c a l  amount.

The methods d esc rib ed  by Iff llle r  ( 63) f o r  th e  fo rm atio n  of 

c is -azo x y  compounds from hydroxylam ine d e r iv a t iv e s  and n i t r o s o  

compounds w ere ap p lied  to  th e  compounds under s tu d y . Only
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f in e  t a r r y  suspensions which passed  th rough  th e  f i l t e r  were 

o b ta in ed  from th e  d i lu te d  re a c t io n  m ix tu re s .

The brown powder (0 .6  g .)  was d isso lv ed  in  benzene and 

passed  on to  an alum ina column ( l 0n x 1 . 5n) (aluminium oxide 

f o r  chrom atographic ad so rp tio n  a n a ly s is  su p p lied  by M essrs 

B r i t i s h  Drug Houses L td . ,  D orse t, gave s a t i s f a c to r y  sep a ra 

t io n s )  • The column was developed w ith  benzene, and th e  

m a te r ia l  spread  in to  a broad orange zone which f i n a l l y  r e 

so lved in to  two bands. The two bands were e lu te d  s e p a ra te ly , 

a lthough  i t  was n o t p o s s ib le  to  ach ieve a  sharp s e p a ra tio n  in  

t h i s  f i r s t  chromatogram. The two p a r ts  were su b jec te d  to  

two f u r th e r  chrom atographic se p a ra tio n s  and sm all f r a c t io n s  

suspected  as m ix tu res  o f  th e  two zones were d isc a rd e d . Re

moval o f th e  so lv e n t from th e  e lu a te  d e riv ed  from th e  low er 

band y ie ld e d  a p a le  yellow -orange c r y s ta l l i n e  s o l id  (0 .1 7  g . ) ,  

which was an azoxy compound o f dim ethylam inoazobenzene. 

A bsorption  s p e c tr a l  d a ta  suggested  th a t  i t  was t r a n s -  -N:N- 

dimethyl-*J—aminoazoxvbenzene ( I I I )  . A fte r  su b lim atio n  o f 

th e  m a te r ia l  a t  135° / 0.05  mm. and c r y s t a l l i s a t i o n  from l i g h t  

petro leum  (60° - 80°) i t  formed p a le  yellow -o range n e e d le s , m .p. 

122° (Found: C, 69 . 87 ; H, 6 .2 2 ; N, 1 7 .2 6 . C ^R ^O N - r e 

q u ire s  C, 69 . 68 ; H, 6 .2 7 ; 1 7 .^ 2 * ). The p ic r a te  p rep ared

and c r y s t a l l i s e d  from e th a n o l formed s to u t  yellow  p rism s, 

m .p. llJ-9°-151° (decom p.). (Found: C, 51 .22 ; H, 5-95 .

C H ON , C H O N  re q u ire s  C, 51 *0 6 ;  H, 3 .8 6 $ ). The p a le
1 U 5  3 6 3 7 3

orange m ateria l. (0.31  g .)  o b ta in ed  on rem oval o f th e  so lv e n t



from th e  e lu a te  d e riv ed  from th e  upper band was a lso  an azoxy 

compound of ^-dim ethylam inoazobenzene. The ab so rp tio n  spec

trum su g g ests  th a t  i t  i s  trans-<A -N:N -dim ethyl-ij-am inoazoxy-  

benzene ( I I )  . A fte r  c r y s t a l l i s a t i o n  from l i g h t  petro leum  

e th e r  (b .p .  60° - 80°) i t  formed sm all p a le  orange p rism s, m .p. 

126°. (Found: C, 70 .00 ; H, 6 .2 7 ; N, 1 6 .9 0 . 

r e q u ire s  C, 69 . 68 ; H, 6 .2 7 ; N, 1 7 A 2 $ ). The p ic r a te  p re 

pared  and c r y s ta l l i s e d  from e th a n o l formed f in e  yellow  

n e e d le s , m .p. 155*50-157*50 (decom p.). (Found: C,

H, 3»89« Ci ^El^ONj  , C^H^O^N  ̂ re q u ire d  C, 51*06; H, 3 .8 6 $ ).

The appearances of th e  alum ina columns v a r ie d  w ith  

d i f f e r e n t  b a tch es  o f m a te r ia l .  They were l e s s  complex when 

th e  re a c t io n  had been c a r r ie d  ou t a t  room te m p era tu re . In  

columns correspond ing  to  r e a c t io n s  conducted a t  r a is e d  temp

e r a tu r e s  a f a i n t  zone preceded th e  main orange zone and 

an o th e r orange zone appeared a f t e r  th e  main zone. These e x t r a  

zones y ie ld e d  only a few m illig ram s o f impure m a te r ia ls  bu t 

t h e i r  chrom atographic behav iour su g g ests  th a t  th ey  may be 

azoxybenzene and :Nf- te t r a m e th y l -^ :^ t -diam inoazoxybenzene.

The two azoxy compounds ( I I )  and ( I I I )  h ea ted  in  sea led  

tu b es  a t  200° f o r  1 hour were la rg e ly  unchanged. Only th e  

substance  m .p. 126° showed s l ig h t  decom position .

R eduction o f th e  Isom ers. Reduction o f th e  isom ers was 

c a r r ie d  ou t w ith  z in c  d u s t in  p resence  o f aqueous a lc o h o lic  

sodium hydrox ide . The substances (0 .0 5  g .)  were suspended in  

e th a n o l (5 c . c . )  and 25$ aqueous sodium hydroxide (10 c . c . )
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added. An excess o f z inc  d u s t was added over a p e rio d  o f 10 

m inutes w ith  v ig o ro u s s t i r r i n g .  The re a c t io n  m ix tu res  were 

d i lu te d  w ith  w ater (100 c . c . )  and e x tra c te d  w ith  l i g h t  p e t r o l 

eum (b .p . 6 0 °-8 0 °), t i l l  th e  e x t r a c t  was c o lo u r le s s .  Chroma

tography  of each e x t r a c t  on alum ina w ith  l i g h t  petro leum  gave 

an orange zone which e lu te d  slow ly . Removal o f th e  so lv e n ts  

from th e  e lu a te s  o f th e  zones gave b r ig h t  orange c r y s ta l l i n e  

su b stan ces (0 .02  g .)  each w ith  m .p. 115°-117°. In  chromato

g rap h ic  b eh av io u r, s o l u b i l i t i e s  and co lo u rs  w ith  d i lu t e  hydro

c h lo r ic  a c id  th e se  substances were id e n t ic a l  w ith  ty-dim ethyl-  

aminoazobenzene, m .p. 117°. The id e n t i ty  o f th e  m a te r ia ls  

was confirm ed by mixed m elting  p o in t d e te rm in a tio n s .

T his method of red u c tio n  was used  by M eldola and Andrews 

(8l )  f o r  th e  red u c tio n  o f ^ t^ -d iam inoazoxybenzene to  th e  azo 

and hydrazo compounds.

W allach T ransfo rm ation . Samples o f th e  isom ers (0 .05  g .)  

were d is so lv e d  in  co n cen tra ted  su lp h u ric  a c id  (5 c . c . )  and th e  

s o lu t io n s  h ea ted  on th e  w ater b a th  f o r  10 m in u tes . The re a c t io n  

m ix tu re s  cooled  and s t i r r e d  in to  w ater (50 c . c . ) ,  gave b r ig h t  

m agenta-co loured  s o lu t io n s .  These were n e u t r a l i s e d  w ith  sodium 

hydroxide (2N) and f in e  suspensions developed which were ex

t r a c te d  w ith  e th e r .  The yellow  e th e r  s o lu t io n s  were d r ie d  over 

anhydrous sodium su lp h a te  and th e  so lv e n t was then  removed.

Both e x t r a c t s  y ie ld e d  b r ig h t  red  s o l id s  (0 .0%5  g .)  each  w ith  

m .p. 202° (decom p.). In  s o l u b i l i t i e s  and co lo u rs  w ith  d i lu t e  

a c id s  th e s e  s o l id s  were id e n t ic a l  w ith  M -hydroxy-l!~dim ethyl-
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am inoazobenzene, m .p. 202° (decom p.). The id e n t i ty  of th e  

m a te r ia ls  was confirm ed by mixed m e ltin g  p o in t d e te rm in a tio n s .

B asic n a tu re  of th e  iso m ers . The su b stan ces were so lu b le  

in  d i lu t e  a c id s  on warming g iv ing  c o lo u r le s s  o r s l ig h t ly  p ink  

s o lu t io n s ;  t h i s  i s  in  c o n t r a s t  to  ^-dim ethylam inoazobenzene 

which y ie ld s  b r ig h t  re d  s o lu t io n s .  I t  was no t p o s s ib le  to  

i s o l a t e  th e  su lp h a te  presumably due to  i t s  ready  h y d ro ly s is  in  

an aqueous medium. White c r y s ta l l i n e  h y d ro ch lo rid es  of th e  

su b stan ces  were o b ta in ed  by passing  dry  hydrogen c h lo r id e  

th rough  dry  bensene s o lu tio n s  o f th e  m a te r ia ls .  These hydro

c h lo r id e s  were r e a d i ly  hydro lysed  in  th e  la b o ra to ry  atm osphere 

and were n o t s u i ta b le  f o r  ro u tin e  a n a ly s is .  Handled w ith  as 

l i t t l e  exposure to  m o istu re  as p o s s ib le ,  th ey  d id  n o t g ive 

sharp  m e ltin g  p o in ts  even in  sea led  tu b e s . The h y d ro ch lo rid e  

of th e  isom er m .p. 122° decomposed over th e  range l i*0° - 152° 

and th e  o th e r  m a te r ia l  decomposed over th e  range 150° - l 65° .

The p ic r a te s  formed re a d i ly  in  e th a n o l and were s ta b le  (v id e  

s u p ra ) .

A bsorption  s p e c tr a . (For d e s c r ip tio n  o f ap p a ra tu s  

see p . 5 1 ) .  I l f o r d  Rapid Panchrom atic P rocess p la te s ,  which 

a re  s e n s i t iv e  up to  650 m/A , were used to  reco rd  th e  s p e c tra .

The e th a n o l employed as so lv en t was p u r i f ie d  by th e  method r e 

commended by L eighton e t  a l .  (82) f o r  o p t ic a l  m easurem ents.

For each compound, 0.01% s o lu t io n s  were used and measurements 

were made w ith  d i f f e r e n t  c e l l  th ic k n e s s e s  to  in c re a s e  th e  

accuracy  o f th e  cu rv es . The samples o f  azoxy compounds were
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o f th e  same p u r i ty  as th o se  used  in  t h e i r  elem entary  a n a ly s is ,  

and th e  1|— dim ethylam inoazobenzene, m .p. 117°> had been p u r i 

f ie d  ch ro m ato g rap h ica lly  on an alum ina column u sin g  l i g h t  

petro leum  (b .p .  60° - 80°) as so lv e n t and e lu e n t .

The re c o rd in g s  a re  shown diagram m atic a l ly  on P la te  I I ,

F ig .5 and a re  summarised in  th e  fo llow ing  t a b le ,  v a lu es  o f A  

max. being fo llow ed  in  p a re n th e s is  by th o se  o f l o g . 'S  max. The 

v a lu e s  o b ta in ed  f o r  *1—dim ethylam inoazobenzene a re  in  good 

agreement w ith  th o se  reco rded  by Pongratz e t  a l .  (85) in  0.05# 

e th an o l s o lu t io n . There i s  a s l ig h t  d if fe re n c e  in  th e  2 max. 

v a lu es  of th e  s h o r te r  w avelength bands.

Azpxy compound, m .p. 122° 393 (^*^7) 2*1-1 (* f.l7) .
Azoxy compound, m .p. 126° 414 (^*53) 2 6 l ( ty .l6) .
*1—dim ethylam inoazobenzene *K>9 (*K4o) 257
^-dim ethylam inoazobenzene * *1-09 255 (*l-.04) •

* These a re  v a lu es  o b ta in ed  by Pongratz  e t  a l .

The f e a tu re s  s ig n i f ic a n t  to  th e  p re se n t work a re  ( l )  th e  

s im i la r i ty  f o r  th e  th re e  compounds o f th e  max. v a lu e s  in  

th e  com parable bands, (2) th e  la r g e r  s h i f t  o f th e  A  max. p o s i

t io n s  in  th e  azoxy compound, m .p. 122° ,  r e l a t i v e  to  th e  azo 

compound, and ( 5) th e  c lo s e r  r e la t io n s h ip  o f th e  g e n e ra l shape 

of th e  curve o f th e  azoxy compound m .p. 126° to  th a t  o f  th e  

azo compound.

The f i r s t  p o in t i s  consonant w ith  th e  view th a t  th e  isom ers 

p o sse ss  a tra n s  c o n f ig u ra tio n , f o r  M flllerf s c i s  azoxy compounds 

(65, 8*0 have i n t e n s i t i e s  about h a l f  th e  v a lu es  of th o se  of th e
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t r a n s  s te re o iso m e rs , w h ile  th e  t r a n s  compounds have s im ila r  

v a lu es  to  th o se  of th e  r e la te d  azo compounds. The second two 

p o in ts  to g e th e r  p rov ide  stro n g  ev idence th a t  th e  azoxy com

pound m .p, 122° i s  th e  f t  -isom er and th e  o th e r  th e  c/— isom er. 

For numerous p a i r s  o f iso m eric  azoxy compounds co n ta in in g  

s tro n g ly  d i r e c t iv e  groups, Szeg8 (66) showed th a t  th e  compounds 

to  which th e  - s t r u c tu r e  had been assig n ed  by chem ical 

methods had ab so rp tio n  curves w ith  A  max. c lo s e r  to  th a t  o f 

th e  com parable bands o f th e  r e la te d  azo compounds th an  had th e  

ft - iso m e rs . The a b so rp tio n  bands o f th e  ft - iso m ers  a re  

s h i f te d  to  reg io n s  o f sh o r te r  w avelength , and th e re  a re  d i f f e r 

ences in  th e  shape o f th e  curves in  comparison w ith  th o se  o f 

th e  -azoxy and azo compounds w ith  com plete d isap p earan ce  of 

th e  h ig h e r  frequency  band in  many c a se s . SzegB has suggested  

th a t  th e  absence o f t h i s  band in  th e se  cases  may m erely be due 

to  a hyp so chromic e f f e c t  causing th e  maximum to  move to  a 

reg io n  ou tw ith  th e  o b serv ab le  ran g e . I t  i s  th e re fo re  of 

i n t e r e s t  t h a t  th e  compound correspond ing  to  th e  ^  -iso m e r, in  

th e  p re se n t study , shows two bands, one o f which i s  j u s t  w ith in  

th e  measured re g io n . T his i s  in  accord  w ith  Szeg8 f s sugges

t io n  f o r  th e  whole ab so rp tio n  curve o f th e  p a re n t azo compound 

l i e s  f u r th e r  tow ards th e  red  end o f th e  spectrum  th an  do th o se  

o f most o f th e  azo compounds s tu d ied  by him.

The narrow er bands of th e  azoxy compounds in  com parison 

w ith  th a t  o f ^-dim ethylam inoazobenzene i s  a lso  in  keeping w ith  

SzegB1s f in d in g  s^
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2 . O x ida tions o f N:N-dimethyl-lj--aminoazoberizp>r»ft.

O xidation  w ith  th e  M ilas R eagents. -  The re a g e n ts  used  

in  th e se  o x id a tio n s  were p repared  as d esc rib ed  in  th e  chemi- 

lum inescence s tu d ie s  (see  p . 3 5 ) .  Throughout th e  in v e s t ig a 

t io n s  an 8% hydrogen p e r o x id e - te r t .  b u ty l a lco h o l re ag e n t and 

a 0 . 5# osmium te t ro x id e  c a ta ly s t  so lu tio n  were employed, and 

th e  r e a c t io n s  were conducted a t  y j °  in  o rd e r to  have th e  con

d i t io n s  com parable w ith  th o se  o f th e  chem ilum inescence t e s t .

The re a c t io n  p ro d u c ts  were i s o la te d  by e x tra c t io n  o f th e  

d i lu te d  re a c t io n  m ix tu re  w ith  o rgan ic  so lv e n ts , s in c e  th e  

method used  by M ilas and Sussman (26) o f d i s t i l l a t i o n  of th e  

a lco h o l from th e  re a c t io n  m ix tu re  may have le d  to  f u r th e r  

o x id a tio n  during  th e  co n c e n tra tio n  o f unchanged p ero x id e . 

S everal p re lim in a ry  o x id a tio n s  were c a r r ie d  ou t in  which ex

t r a c t i o n  was made w ith  benzene and th e  e x t r a c t  su b je c te d  to  

chrom atographic s e p a ra tio n s . While a la rg e  p a r t  o f th e  

i d e n t i f i c a t io n  o f th e  p ro d u c ts  found in  th e  r e a c t io n  was accom

p lis h e d  in  th e se  s tu d ie s ,  th e  fo llo w in g  scheme, which was 

employed in  a more d e ta i le d  s e m i-q u e n ti ta tiv e  in v e s t ig a t io n ,  

re c o rd s  th e  experim en ta l ev idence f o r  th e  r e s u l t s  d iscu ssed  

in  th e  t e x t .

^-dim ethylam inoazobenzene ( l  g .)  p u r i f ie d  by chrom ato

graphy, was d isso lv e d  in  th e  perox ide reag e n t (200 c . c . )  and 

c a ta ly s t  s o lu t io n  (10 c .c . )  added. The m ix tu re  was m ain ta ined  

a t  57° f o r  k8 h o u rs , and then  poured in to  w ater (1 .8  l i t r e s ) .  

T his was e x tra c te d  by shaking su c ce ss iv e ly  w ith  benzene, e th e r
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and ch lo roform . The scheme o f se p a ra tio n s  shown in  T able V 

gave r i s e  to  th re e  f r a c t io n s  which a re  d iscu ssed  below . I t  

should be n o ted  th a t  numerous e x t r a c t s  were made w ith  each 

so lv en t and th e  p ro cess  was con tinued  t i l l  an e x t r a c t  was 

alm ost c o lo u r le s s .  A fte r  th e  chloroform  e x tra c t io n  th e  

d i lu te d  re a c t io n  m ix tu re  was alm ost c o lo u r le s s .  B efore 

removal o f th e  so lv e n ts  from th e  th re e  f r a c t io n s  by d i s t i l l a 

t io n  th ey  were d r ie d  over anhydrous sodium su lp h a te .

FRACTION I :  Removal o f th e  so lv en t l e f t  a dark brown

re s id u e  (0 .55  £•) which was d is so lv e d  in  a 1:1  m ix tu re  o f 

benzene and l i g h t  petroleum  (b .p . 6o°-8o°) and passed  on to  

an alum ina column ( l0 n x 1 .5 n) .  On washing w ith  th e  same 

so lv e n t th re e  main b r ig h t  orange zones appeared preceded by 

a d i f fu s e  fawn band. By g ra d u a lly  in c re a s in g  th e  p ro p o rtio n  

o f benzene in  th e  e lu e n t fo u r  p a r ts  were e lu te d  s e p a ra te ly  and 

w i l l  be r e f e r r e d  to  as A, B, C, and D, taken  in  o rd e r o f e lu t io n .  

There rem ained on th e  column a d if fu s e  band com prising s ix  o r  

more zones, bu t th e se  could n o t be se p a ra ted  e f f e c t iv e ly  and 

were d isc a rd e d . P a r t  A y ie ld e d  a n e u t r a l  p a le  orange sub

s ta n ce  (0 .05  g . ) ,  m .p. 150°-152°. An ab so rp tio n  spectrum  in  

e th an o l was c lo s e ly  s im ila r  to  th a t  d e sc rib ed  by P ongratz  (85) 

f o r  ty -n itroazobenzene, m .p. 15^ ° . A sample of th e  n i t r o  

compound was sy n th e s ise d . I t s  m eltin g  p o in t was n o t d ep ressed  

on adm ixture of f r a c t io n  A. P a r ts  B (O.lty g . ) ,  C (0 .206 g .)  

and D (0 .079 g . ) ,  in  co lou r r e a c t io n s  w ith  d i lu t e  h y d ro ch lo ric  

a c id  and in  chrom atographic behaviour were s im ila r  r e s p e c t iv e ly
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t o  unchanged ^-dim ethylam inoazobenzene, k - monomethylamino- 

azobenzene, and ^-am inoazobenzene. Mixed m eltin g  p o in t d e te r 

m in a tio n s  confirm ed th e  id e n t i ty  o f th e  s im ila r  m a te r ia l s .  I t  

should  be p o in ted  ou t th a t  th e  m a te r ia ls  were n o t o b ta in ed  in  

pure form from th e  s in g le  chrom atographic s e p a ra tio n . Many 

o th e r  chrom atographic se p a ra tio n s  employing d i f f e r e n t  e lu e n ts  

were re q u ire d  to  e f f e c t  adequate removal o f o th e r  m a te r ia ls  

from th e  main zones. G re a te s t d i f f i c u l t y  was experienced  w ith  

P a r t  D which was c lo s e ly  a s s o c ia te d  on th e  column w ith  un iden

t i f i e d  m a te r ia l .

The azoxy compounds o f ty-dimethylaminoazobenzene were n o t 

p re s e n t in  d e te c ta b le  q u a n t i t i e s .  A m ix ture o f th e se  com

pounds w ith  ty-monomethylaminoazobenzene and ^-am inoazobenzene 

was re s o lv a b le  by th e  chrom atographic tech n iq u es  employed 

above.

FRACTION I I :  Removal o f th e  so lv en t l e f t  a dark  brown

re s id u e  (0 .03  g .)  which was d is so lv e d  in  benzene and chroma

tographed  on a s i l i c a  column u sin g  benzene a s  e lu e n t ,  s in ce  

t h i s  tech n iq u e  had proved s u i ta b le  fo r  se p a ra tio n  o f p h en o lic  

d e r iv a t iv e s  o f azobenzene. Many d if fu s e  bands were formed and 

th e  numerous am photeric f r a c t io n s  o b ta in ed  from th e se  each 

c o n s is te d  o f only a few m illig ram s o f impure m a te r ia l .  Some 

o f th e s e  gave p ink  co lo u rs  in  d i lu t e  h y d ro ch lo ric  a c id  and i t  

i s  p o s s ib le  t h a t  they  were hydroxyl d e r iv a t iv e s  o f  th e  b a s ic  

dyes p re s e n t in  th e  r e a c t io n  m ix tu re . An a b so rp tio n  spectrum  

was made o f  a f r a c t io n  whose chrom atographic behav iou r and
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co lo u r in  d i lu t e  a c id  was s im ila r  to  th a t  o f M -hydroxy-^- 

dim ethylam inoazobenzene. The spectrum i s  shown diagram m ati- 

c a l ly  in  P la te  I I ,  F ig .6 , w ith  th e  spectrum of th e  hydroxy- 

aminoazo compound f o r  com parison. E thanol was used as 

s o lv e n t. The sample o f  th e  re fe re n c e  compound was one which 

had been sy n th e s ise d  and p u r i f ie d  by chromatography on s i l i c a .  

The cu rves a re  very  s im ila r  in  th e  lo n g er w avelength re g io n ;

A max. v a lu es  o f th e  main bands a re  id e n t ic a l  (*1-03 m/*) . The 

d is p a r i ty  in  th e  s h o r te r  w avelength reg io n  may be due to  

abso rb ing  im p u r i t ie s .

FRACTION I l l s  The removal o f th e  l a s t  t r a c e s  o f th e  

chloroform  from t h i s  f r a c t io n  by h ea tin g  on th e  w ater b a th  

r e s u l te d  in  i t s  decom position and b r ig h t  red  vapours were 

thrown o f f .  There rem ained a red-brown m a te r ia l  (0 .11  g . ) .

The s o lu b i l i ty  p ro p e r t ie s  o f th e  f r a c t io n  had a l te r e d  in  th e  

decom position f o r  i t  was now only sp a rin g ly  so lu b le  in  w ater 

and on th e  o th e r  hand i t  was, in  p a r t ,  r e a d i ly  so lu b le  in  

l i g h t  petro leum  (b .p . 6 0 °8 0 °). I t  was chrom atographed on 

alum ina and y ie ld e d  *1—dim ethylam inoazobenzene (0 .03  g . ) .  I t  

i s  c e r ta in  th a t  t h i s  l a t t e r  compound a ro se  in  th e  decom position 

o f F ra c tio n  I I I  and was n o t m erely some unchanged s ta r t in g  

m a te r ia l  which had escaped  p rev io u s e x t r a c t io n ,  f o r  c o n tro l  

t e s t s  showed th a t  com plete e x tra c t io n  o f t h i s  substance i s  

o b ta in ed  w ith  benzene. Furtherm ore, in  th e  decomposed F ra c tio n  

I I I  th e re  was no t r a c e  o f *1—monomethylaminoazobenzene or 

am inoazobanzene, which would a lso  have escaped e x t r a c t io n .
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Strong co n firm atio n  th a t  th e  azo compound a ro se  from th e  

decom position of i t s  amine oxide i s  p rov ided  elsew here 

(p . 6^) •

O xidation  w ith  p e ra c e tic  a c id . ^-dim ethylam inoazo

benzene (3 g .)  c r y s t a l l i s e d  from l i g h t  petroleum  (b .p . 60° -  

80°) was suspended in  g la c ia l  a c e t ic  a c id  (30 c . c . )  and 30% 

hydrogen perox ide  (15 c .c . )  added. T his m ix tu re  was allow ed 

to  stand  a t  room tem p era tu re  fo r  k days. The yellow  brown 

s o lu t io n  was d i lu te d  w ith  w ater (50 c . c . )  and d i lu te  s u l

p h u ric  a c id  added (100 c . c . ) .  Orange lam inae (2 .5  g .)  

sep a ra te d  o v e rn ig h t in  th e  co ld  room. These were f i l t e r e d  

o f f ,  suspended in  w ater and d i lu te  sodium carbonate  added to  

n e u t r a l i s e  th e  m ix tu re . The r e s u l t in g  m a te r ia l was c r y s t a l l 

i s e d  once from w ater and tw ice from benzene. T h is gave a 

p ro d u c t which decomposed on h e a tin g , l l6 ° -1 2 0 ° . F u rth e r  

c r y s t a l l i s a t i o n  from benzene d id  n o t r a i s e  t h i s  decom position 

te m p e ra tu re . The m .p. reco rded  by A ngeli f o r  (3-4-^diirietbylamino- 

azoxyberisene oxide ( I)  i s  12£° (decom p.). The m eltin g  

p o in t o f  th e  su lp h a te  o f t h i s  he reco rd s  as 156° (decom p.).

The su lp h a te  o f th e  p re se n t m a te r ia l  decomposed on h e a tin g  a t  

136°-ll|-20 .

A sam ple o f th e  b ase , m .p. I l6 ° -1 2 0 °  (decom p.), (0 .2  g .)  

was h ea ted  in  a tube  to  120° when a ra p id  darkening  occurred  

and yellow -o range vapours were thrown o f f .  The t a r r y  re s id u e  

was tho rough ly  e x tra c te d  w ith  a 1:1  m ix tu re  o f  benzene and 

l i g h t  petroleum  (b .p . 60° - 80°) and th e  e x t r a c t  chrom atographed



on alum ina. Three main orange zones appeared which were 

e lu te d  s e p a ra te ly  by g rad u a lly  r a is in g  th e  p ro p o rtio n  o f 

benzene in  th e  e lu e n t .  In  o rd e r o f e lu t io n  th e  th re e  zones 

gave r i s e  to  dim ethylam inoazobenzene (0.05  g .)>  ^ 4 -  

dim ethylam inoazoxybenzene (0 .02  g . ) ,  and -^^^--dim ethylam ino- 

azoxybenzene (0 .06  g . ) .  This id e n t i f i c a t io n  was made by 

com parison of th e  appearance, chrom atographic behav iou r 

and s o lu b i l i ty  p ro p e r t ie s  o f th e  d i f f e r e n t  m a te r ia ls  w ith  

pure samples o f th e se  su b s tan ce s . The m elting  p o in ts  o f th e  

f r a c t io n s  were n o t more than  2° below th o se  o f th e  r e la te d  

pure  samples and th e re  was no d ep ress io n  o f th e  m eltin g  

p o in ts  in  m ix tu re s .
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SECTION IV .

THE RATE OF ELIMINATION OF CARCINOGENS 

FROM THE ANIMAL BODY.

In  c o n t ra s t  w ith  th e  p rev io u s s e c tio n s  of th e  t h e s i s ,  

which re p re s e n t  a new approach to  th e  problem of experim en ta l 

c a rc in o g e n e s is , th e  work d esc rib ed  here  i s  an ex ten s io n  o f 

a s e r ie s  o f in v e s t ig a t io n s  on th e  f a t e  of chem ical ca rc inogens 

in  th e  anim al body, conducted in  th e  Cancer H o sp ita l by Pea

cock and h is  co lle a g u es  over th e  p a s t tw enty y e a r s .  The 

r e s u l t s  o f th e  p re se n t work a re  b r ie f ly  d iscu ssed  below in  

r e l a t io n  to  th e  s im ila r  s tu d ie s  of o th e r  in v e s t ig a to r s .  The 

in v e s t ig a t io n s  were made in  c o l la b o ra tio n  w ith  Dr. P . R. 

Peacock and Dr. S. Beck, who jo in t ly  conducted th e  b io lo g ic a l  

p a r t  o f  th e  ex p erim en ta l work in v o lv ed  (85) •

The d e ta i le d  study  o f th e  f a t e  of chem ical ca rc inogens 

in  th e  anim al body i s  made d i f f i c u l t  by th e  f a c t  th a t  sm all 

q u a n t i t i e s  of th e  carcinogen  a re  s u f f i c ie n t  to  e l i c i t  tumours 

and because o f t h i s  many o f th e  in v e s t ig a t io n s  have been con

ducted  w ith  r e l a t iv e ly  la rg e r  q u a n t i t ie s  o f th e  ca rc in o g en , 

study ing  th e  m etabolism  of th e  substance by exam ination  o f th e  

p ro d u c ts  in  b i l e ,  u r in e  o r  fa e c e s  (86) .  While t h i s  i s  an 

im p o rtan t method of a t ta c k  i t  i&ust be reckoned as only  a 

p re lim in a ry  approach to  th e  problem , which must be ta c k le d  by 

d eterm in ing  th e  in tim a te  m etabolism  of th e  su b stan ces in  th e  

t i s s u e s  which u l t im a te ly  become m alig n an t. Much p ro g re ss  has



been made w ith  th e  azo-dye group o f ca rc inogens s in ce  th e  

chem istry  o f th e se  substances i s  r e l a t iv e ly  sim ple and be

cause th e  l i v e r ,  in  which they  produce t h e i r  ca rc in o g en ic  

e f f e c t ,  i s  com parative ly  la rg e  and g iv es  r i s e  to  d e te c ta b le  

q u a n t i t i e s  o f th e  m e ta b o lite s  iji  s i t u . With th e  hydrocarbon 

group where th e  chem istry  i s  complex and th e  tumours appear 

on th e  sk in  o r in  th e  subcutaneous t i s s u e s ,  th e  most f r u i t f u l  

method has been to  study th e  r a t e  of e lim in a tio n  o f th e  

substance  from th e  s i t e  o f a p p l ic a t io n . In  th e se  in v e s t i 

g a tio n s  u se  has always been made of th e  f lu o re sc e n c e  p ro 

p e r t i e s  o f th e  hydrocarbons which allow  th e i r  d e te c t io n  even 

when p re se n t only  in  m inute t r a c e s .  The experim en ts of 

Peacock and Beck (87) ,  in  which 3 :1!—benzpyrene was in je c te d  

subcutaneously  in  v a r io u s  so lv e n ts  in to  groups o f m ice, 

in d ic a te d  th a t  a ra p id  e l im in a tio n  o f benzpyrene was accom

pan ied  by a low in c id en ce  o f tum ours, and th a t  a h ig h  in c id 

ence o f tumours was r e la te d  to  th e  a b i l i t y  o f th e  so lv e n t to  

r e t a in  some benzpyrene a t  th e  s i t e  o f in je c t io n  f o r  se v e ra l 

m onths. On th e  o th e r  hand, in  a q u a n t i ta t iv e  study o f th e  

r a t e  o f e lim in a tio n  o f benzpyrene a f t e r  subcutaneous i n j e c 

t io n  ih  t r i c a p r y l in  and o th e r  so lv e n ts  in to  m ice, Dickens 

(88) s t a t e s  th a t  nth e  s u rp r is in g  r e s u l t  was o b ta in ed  th a t  

th e  more ra p id  e lim in a tio n  o f benzpyrene was a s s o c ia te d  w ith  

th e  h ig h e r  ca rc in o g eh ic  a c t i v i t y ,  and slow er e lim in a tio n  

w ith  low er a c t i v i t y ” . One of th e  o b je c ts  o f th e  p re se n t 

in v e s t ig a t io n  was to  a ttem pt a r e c o n c i l ia t io n  of th e se  two



ap p a re n tly  c o n tra d ic to ry  o b se rv a tio n s . In  th e  p rev io u s 

experim ents o f Peacock and Beck (87) only v is u a l  o b se rv a tio n  

o f th e  f lu o re sc e n c e  had been made, bu t h e re  i t  was decided  

to  an a ly se  th e  f lu o re s c e n t  m a te r ia l  sp e c tro g ra p h !c a lly  in  

o rd e r to  o b v ia te  confusion  between th e  o r ig in a l  substance 

and p o s s ib le  f lu o re s c e n t  m e ta b o lite s .

A study  was made o f th e  e lim in a tio n  o f benzpyrene d i s 

so lved  in  t r i c a p r y l in  in je c te d  subcutaneously  in to  36 m ice, 

in  r e la t io n  to  tumour p ro d u c tio n . The tech n iq u e  adopted in  

th e se  experim ents was to  examine an e x t r a c t  o f th e  t i s s u e s  

im m ediately  in  c o n ta c t w ith  th e  s i t e  o f in je c t io n  by f lu o r 

escence spectrography  to  dec ide  w hether benzpyrene was 

p re s e n t o r ab sen t in  d e te c ta b le  q u a n ti ty . I t  was f e l t  t h a t  

t h i s  was p re fe ra b le  to  th e  method used  by o th e r  in v e s t ig a to r s  

(88) o f e x tra c t in g  th e  whole an im al, s in ce  th e  is s u e  i s  con

cerned  w ith  th e  in te r a c t io n  o f th e  carc inogen  and th e  c e l l s  

which f i n a l l y  g ive r i s e  to  th e  tum our. The mice were k i l l e d  

a f t e r  v a r io u s  tim es over a p e rio d  o f 10 m onths; th e  r e s u l t s  

o f  th e  sp ec tro g rap h ic  exam ination a re  summarised in  Table VI 

in  r e la t io n  to  th e  b io lo g ic a l  e f f e c t s .

I t  w il l  be seen th a t  o f  17 mice k i l l e d  over a p e rio d  

o f 6 m onths, 13 con ta ined  d e te c ta b le  amounts o f th e  ca rc in o 

gen, and th a t  th e  ^ mice in  which benzpyrene was ab sen t were 

a ls o  f r e e  from tum ours. The absence o f benzpyrene from 

e x t r a c t s  o f 2 tumour—b earin g  mice k i l l e d  a f t e r  a p e rio d  o f 

7 months does n o t p rec lude  th e  p o s s ib i l i t y  th a t  th e  unchanged
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hydrocarbon was s t i l l  p re se n t a t  th e  in c e p tio n  o f th e  tumour 

p ro cess  as i t  was in  th e  o th e r  tum our-bearing  anim als k i l l e d  

a f t e r  s h o r te r  p e r io d s . A fte r  t h i s  7 month p e rio d  no o th e r  

tumours developed and in  th e  rem aining mice k i l l e d  a t  10 

months no benzpyrene was d e te c te d . The sp ec tro g rap h !c  exam

in a t io n  a ls o  showed a steady  d ec rease  in  th e  amounts o f benz

pyrene p re se n t a f t e r  th e  v a r io u s  tim es and th e  exam inations 

a t  5 months and a f t e r ,  in d ic a te d  th e  p resence  of a f lu o re s 

cen t m e ta b o li te .  T h is p o s s ib le  m e ta b o lite , i f  p re s e n t,  

would n o t have been d e te c te d  b e fo re  th e  5 month p e r io d , f o r  

i t s  f lu o re sc e n c e  in te n s i t y  was much weaker than  th a t  o f benz

pyrene which was then  p re se n t in  r e l a t iv e l y  la rg e  amounts.

The f lu o re sc e n c e  spectrum o f th e  unknown m a te r ia l  was s im ila r  

to  t h a t  reco rd ed  by W eigert and Mottram (89) f o r  f r a c t io n s  

e x tra c te d  from t i s s u e s  exposed to  benzpyrene. These au th o rs  

reg a rd  th e  f r a c t io n s  as  d ih y d ro d io ls  as shown in  th e  form ula -

There was in s u f f i c i e n t  m a te r ia l  in  th e  p re se n t experim ents 

to  a llow  f u r th e r  in v e s t ig a t io n  o f th e se  f r a c t io n s .

The r e s u l t s  o f th e  experim ent accord  w ell w ith  th e  

p rev io u s  o b se rv a tio n s  of Peacock and Beck (87) and can b e s t  

be in te r p r e te d  as showing th a t  benzpyrene a c ts  th roughou t

f^VYH0H



th e  l a t e n t  p e rio d  o f c a rc in o g e n e s is . The f in d in g s  do n o t 

a llow  a d e c is io n  to  be made on w hether th e  hydrocarbon a c ts  

p e r se o r th rough  m etab o lic  p ro d u c ts  to  induce m alignancy. 

D ickens and W eil-M alherbe (9 0 ), on th e  o th e r  hand, conclude 

t h a t  t h e i r  o b se rv a tio n s  suggest th a t  a m e ta b o lite  i s  to  be 

reg ard ed  as th e  t r u e  ca rc in o g en ic  su b stan ce . The ev idence  

on which t h i s  su g g estio n  i s  based d e r iv e s  from an experim ent 

u s in g  s o lu t io n s  o f benzpyrene in  t r i c a p r y l in  co n ta in in g  3% 

c h o le s te ro l  in je c te d  subcutaneously  in to  m ice; th e  in c id en o e  

o f tum ours was r e l a t iv e l y  h ig h . The p lo t  o f th e  amount o f 

benzpyrene rem aining in  anim als k i l l e d  a t  v a r io u s  tim es against 

th e  tim e , i s  assumed to  show com plete e l im in a tio n  o f th e  

carc inogen  a f t e r  9 weeks. However, th e  graph i s  drawn as 

a s t r a ig h t  l i n e  th rough  w idely s c a t te re d  p o in ts  and would 

n o t seem to  j u s t i f y  t h i s  co n c lu s io n . F urtherm ore, th e se  

a u th o rs  d id  n o t examine any mice k i l l e d  a f t e r  t h i s  p e rio d  

f o r  th e  p resence  o r  absence of benzpyrene, and th u s  g ive no 

in d ic a t io n  o f any d if fe re n c e  in  th e  f a t e  o f th e  carc inogen  

in  tum our-bearing  mice and in  mice w ithou t tum ours. O ther 

experim en ts ofD ickens and W eil-M alherbe (90) seem to  j u s t i f y  

th e  co n c lu sio n  th a t  "slow" e lim in a tio n  i s  accompanied by a 

low tumour in c id e n c e . In  th e se  c a se s , however, i t  would 

appear th a t  th e  absence of tumours i s  due to  an -encapsu la tion  

o f  th e  carc inogen  to  such an e x te n t th a t  only  su b - th re sh o ld  

amounts a re  allow ed to  a c t  on th e  neighbouring  c e l l s .  Numer

ous examples of t h i s  type have been found in  i s o la te d  t e s t s
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e a r r ie d  ou t by th e  a u th o r in  c o l la b o ra tio n  w ith  Dr. P . R. 

Peacock, where la c k  o f response o f t i s s u e s  to  p o te n t ca rc in o  

gens seems to  be r e la te d  to  th e  fo rm ation  o f a cap su le  in  

which th e  carc inogen  rem ains u n a lte re d  th roughout i t s  s ta y  

in  th e  anim al body.

I t  may be concluded th a t  th e  ev idence a t  p re se n t in d i 

c a te s  th a t  op tim al ca rc in o g en ic  a c tio n  i s  o b ta in ed  by 

p re se n tin g  th e  carc inogen  to  th e  anim al body in  such a 

manner t h a t  i t  i s  su p p lied  co n tin u o u sly  to  th e  neighbouring  

c e l l s  u n t i l  th e s e  g ive r i s e  to  a tum our.
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8 6 .

EXPERIMENTAL.

B io lo g ic a l D e ta i ls  o f th e  In v e s t ig a t io n .

T h ir ty - s ix  mice were in je c te d  subcutaneously  in  th e  

r ig h t  f la n k , w ith  0 .3  c .c .  o f  a 0.156 so lu tio n  o f 3 :*l~benz- 

py rene , which had been p u r i f ie d  ch ro m ato g rap h ica lly , in  

t r i c a p r y l i n .  The mice were k i l l e d  a f t e r  d i f f e r e n t  p e rio d s  

and the  subcutaneous t i s s u e s  exposed and examined fo r  th e  

p resen ce  o f f lu o re s c e n t  m a te r ia l .  When no sign  o f d i s 

t i n c t l y  f lu o re s c e n t  m a te r ia l  was found, th e  anim al was n o t 

examined f u r th e r .  A fte r  th e  t h i r d  month of experim ent 

tum ours began to  be c l i n i c a l l y  recogn ised  a t  th e  s i t e s  o f 

in j e c t io n ,  and some o f th e se  were examined h i s to lo g ic a l ly .  

The tumours were s im ila r  to  th o se  g e n e ra lly  found a f t e r  sub

cu taneous in je c t io n  o f benzpyrene in  m ice.

E x tra c t io n  o f F lu o re sce n t M a te r ia l .

In  many cases  one o r more sm all f lu o re s c e n t  c y s ts  were 

p re s e n t ,  and th e se  were opened and t h e i r  c o n te n ts  ex p ressed  

in to  benzene (2 c . c . ) .  In  o th e r  cases  numerous m inute sp o ts  

o f  b r ig h t ly  f lu o re s c e n t  m a te r ia l  pervading  a tumour, o r  

m erely  a g en e ra l f lu o re sce n ce  lo c a l i s e d  in  th e  neighbourhood 

o f th e  s i t e  o f  in je c t io n ,  were b e s t  e x tra c te d  by t r i t u r a t i o n  

o f th e  t i s s u e s  in  benzene w ith  a g la s s  ro d , a f t e r  d is s e c t io n  

o f  th e  re g io n  b ea rin g  th e  f lu o re s c e n t m a te r ia l  from th e  

r e s t  o f  th e  an im al. Where t h i s  method was u n su c c e s s fu l , 

th e  t i s s u e  was hydro lysed  w ith  10$ aqueous a lc o h o lic  p o ta sh
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(1 :1  -  JE^OrEtOH m ix tu re ) , th e  a lco h o l removed, and th e  un- 

s a p o n if ia b le  f r a c t io n  e x tra c te d  w ith benzene which was then  

d r ie d  over anhydrous sodium su lp h a te .

The benzene was r e c t i f i e d  b e fo re  u se  and was f r e e  from 

v i s i b le  f lu o re sc e n c e . Furtherm ore, to  e lim in a te  th e  p o s s i

b i l i t y  of a f a l s e  p o s i t iv e  r e s u l t  due to  t r a c e s  o f benzpyrene 

adhering  to  th e  ap p a ra tu s  used in  th e  experim ents , benzene 

w ashings of each p iece  of chem ical ap p ara tu s  or o th e r in 

strum en ts u sed , were examined under th e  u l t r a - v i o l e t  lamp 

to  en su re  th a t  th e se  were f r e e  from f lu o re s c e n t m a te r ia l .  The 

n e c e s s i ty  fo r  such p re c a u tio n s , re c e n tly  no ted  by th e  au th o r 

( 56) ,  a r i s e s  from th e  d i f f i c u l t y  o f e lim in a tin g  con tam ination  

by m inute t r a c e s  of m a te r ia l  which a re  reco rded  by th e  very  

s e n s i t iv e  f lu o re sc e n c e  method o f d e te c t io n . I t  i s  con

s id e re d  th a t  th e  p re c a u tio n s  employed exclude th e  p o s s i b i l i t y  

o f  any f a l s e  p o s i t iv e  r e s u l t .

F luo rescence  S p e c tra .

The sp e c tra  of th e  e x t r a c ts  in  benzene were reco rded  as 

d e sc rib ed  in  th e  experim enta l p a r t  o f  S ection  I I  (see  p.51)> 

th e  exposures being  v a r ie d  from 1-60  m in u tes , depending on 

th e  f lu o re sc e n c e  in te n s i ty  of th e  s o lu t io n . In  long expos

u re s  th e re  i s  o f te n  a s trong  r e f le c t io n  of r a d ia t io n  from 

th e  e x c it in g  sou rce , and a spectrum o f th e  r a d ia t io n  from 

th e  mercury lamp used i s  shown on P la te  I I I ,  F ig .7  (Spectrum 

(a ) )  to  allow  comparison w ith th e  r a d ia t io n  due to  f lu o r e s -



qence in  th e  o th e r  s p e c tra .

Spectrum (b) i s  from one of th e  e x t r a c ts  made a t  1* 

months and i s  id e n t ic a l  w ith  th e  spectrum of pure benzpyrene 

in  benzene (see  Spectrum ( f ) ) .  A ll th e  e x t r a c ts  a t  t h i s  

p e r io d  gave id e n t ic a l  s p e c tra .

S p ec tra  (c) and (d) rare th o se  o f th e  two f lu o re s c e n t  

e x t r a c ts  made a t  5 m onths. Both sp e c tra  have th e  benz

pyrene bands a t  l*.1 2 iipU, and th e  f lu o re sce n c e  a lso  ex tends

over th e  reg io n  12^ - l i Q  j j^ ,  which co in c id e s  w ith  th e  lo n g e r 

w avelength reg io n  o f th e  benzpyrene spectrum , and a lso  w ith  

th e  range of th e  f lu o re sc e n c e  o f c e r ta in  m e ta b o lite s . The 

in te r e s t i n g  f e a tu re  o f th e se  sp e c tra  i s  t h a t  they  show an 

in c re a s e  in  th e  i n t e n s i t y  o f th e  f lu o re sce n c e  in  th e  l a t t e r  

re g io n , compared w ith  th e  spectrum o f pure benzpyrene. These 

sp e c tra  a re  in te rp r e te d  as a m ix tu re  o f th e  sp e c tra  o f  benz

pyrene and an o th er m a te r ia l  w ith  a spectrum s im ila r  to  th a t  

o f th e  f lu o re s c e n t  m e ta b o lite s  o f benzpyrene.

S p ec tra  (e) and (g) a re  o f e x t r a c ts  from th e  two mice 

k i l l e d  a t  6 m onths. Spectrum (e) shows no sign  o f th e  strong  

bands o f  benzpyrene a t  %03 -  **1 2 .m/Ji, and has only  a d if fu s e  

band from 1*3 0 -4 5  0 m^ancb may correspond to  a m e ta b o lite  of 

benzpyrene. Spectrum (g) i s  complex l i k e  (c) and (d) and 

i t  w i l l  be seen th a t  th e se  th re e  sp e c tra  would be sim u la ted  

by a su p e rp o s itio n  o f th e  spectrum (e) and th e  spectrum  ( f )  

which i s  t h a t  o f  pure benzpyrene. I t  i s  suggested  th a t  

th e se  complex s jje c ira  a re  to  be ex p la in ed  in  t h i s  way as
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m ix tu re s  o f benzpyrene and one or more o f i t s  m e ta b o li te s . 

Another spectrum , having only a d if fu s e  band and id e n t ic a l  

to  spectrum  ( e ) ,  was o b ta in ed  from a mouse k i l l e d  a t  7 

months a f t e r  in j e c t io n .

A lthough th e  experim ents were n o t conducted q u a n t i ta 

t i v e l y ,  th e  l im i t  o f  s e n s i t i v i t y  o f th e  method p ro v id es  

some in d ic a t io n  o f th e  q u a n t i t ie s  of benzpyrene d e te c te d  

in  th e  v a r io u s  an im als . I t  i s  j u s t  p o ss ib le  to  d e te c t  the 

f lu o re sc e n c e  o f benzpyrene in  s o lu t io n  in  benzene by v is u a l  

in s p e c tio n  a t  a c o n c e n tra tio n  o f l/^g/100  c . c . ,  and a so lu 

t io n  a t  t h i s  c o n c e n tra tio n  w i l l  g ive  a re c o g n isab le  spectrum 

w ith  an exposure o f 60 m inu tes, u sin g  th e  ap p a ra tu s  des

c r ib e d  above. S ince only 2 c .c .  o f benzene were used  in  

th e  e x tra c t io n  p ro cess  i t  can be condluded th a t  a p o s i t iv e  

spectrum  o f benzpyrene shows th a t  i t  was p re se n t in  q u a n t i t ie s  

g r e a te r  th an  0 . 02/^g.

There i s  no doubt th a t  t h i s  l im i t in g  v a lu e  was g re a t ly  

exceeded in  a l l  of. th e  e x t r a c ts  g iv in g  a p o s i t iv e  spectrum 

of benzpyrene, f o r  most o f th e  sp e c tra  were o b ta in ed  w ith  

sh o r t exposures and in  a l l  cases  th e  i n t e n s i t y  o f th e  spectrum 

was g r e a te r  than  a c o n tro l spectrum made under th e  l im i t in g  

c o n d itio n s .
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■"7 S p ectra  of extracts from m ice

treated w ith  3 : 4 — benzpyrene.
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SECTION V.

MODE OF ACTION OF CARCINOGENS:

A Physicochem ical Approach.

The main d i f f i c u l t y  in  an approach to  th e  u n d erstan d in g  

o f th e  mode of a c tio n  of ca rc inogens l i e s  in  th e  la c k  o f know

led g e  o f th e  v i t a l  b io lo g ic a l  changes which th e se  su b stan ces 

e f f e c t  and which d i f f e r e n t i a t e  n e o p la s t ic  and norm al c e l l s .

That th e se  changes in v o lv e  a l t e r a t i o n s  in  th e  c e l l s  them selves 

i s  in d ic a te d  by th e  a b i l i t y  of cancer c e l l s  to  r e t a in  t h e i r  

p r o l i f e r a t i v e  a c t iv i ty  and o fte n  t h e i r  id e n t i ty  in  th e  course  

o f s e r i a l  t r a n s p la n ta t io n  and in  m e ta s ta se s . F urtherm ore, 

a f t e r  a c e r ta in  s tag e  in  th e  experim en ta l p ro d u ctio n  of tumours 

th e  con tinued  p resence of th e  carc inogen  i s  no lo n g e r  n e c e ssa ry  

s in ce  permanent changes a re  in h e r i te d  by daugh ter c e l l s .  These 

f a c t s  support th e  view th a t  ca rc inogens e f f e c t  some s t r u c tu r a l  

a l t e r a t i o n  and t h i s  in  tu rn  im p lie s  an a l t e r a t i o n  of c e l lu l a r  

p r o te in .  Comparative s tu d ie s  (91,92) o f normal and n e o p la s t ic  

t i s s u e s  le a v e  no doubt o f v a s t .d i f f e r e n c e s  in  p ro te in  ch em istry , 

a lth o u g h  th e re  i s  l i t t l e  in d ic a t io n  as to  th e  s ig n i f ic a n t  a l t e r 

a t io n s .

T h is p o in t o f view suggests  th a t  a so lu tio n  o f th e  problem 

o f th e  mechanism o f chem ical c a rc in o g en e s is  should be sought 

in  a c o n s id e ra tio n  o f th o se  p ro p e r t ie s  o f th e  ca rc in o g en s 

which m ight le a d  to  s t r u c tu r a l  a l t e r a t i o n s  in  c e l l u l a r  p ro te in .  

I t  i s  th en  worthy of n o te  th a t  th e  e f f e c t s  produced by chem ical 

ca rc in o g en s can be sim ulated  by p h y s ic a l ag en ts  such as u l t r a 



v io le t  ra y s , X -rays and the r a d ia t io n s  em itted  by radium and 

o th e r  r a d io a c tiv e  e lem ents. With th e se  ag en ts  s u f f i c ie n t  i s  

known o f t h e i r  p h o to ly t ic  and io n is in g  a c tio n s  to  u n d erstan d  

how they  m ight accom plish th e  d eg rad a tio n  o f some v i t a l  c e l lu l a r  

component. In  th e  fo llow ing  d isc u ss io n  an a ttem p t i s  made to  

show th a t  a s im ila r  mechanism i s  a v a ila b le  to  chem ical c a rc in 

ogens.

I t  has been e s ta b lis h e d  th a t  many ty p ic a l  chem ical c a r 

cinogens g ive r i s e  to  e lec tro m ag n e tic  r a d ia t io n  in  th e  v i s ib le  

reg io n  during  c e r ta in  o x id a tio n s . The ev idence which su p p o rts  

th e  view th a t  s im ila r  em issions of r a d ia t io n  may occur during  

th e  o x id a tio n s  which th e  hydrocarbons undergo in  th e  anim al 

body may be summarised as fo llo w s: ( l )  A number of th e  p o te n t

ca rc in o g en s g ive r i s e  to  chem ilum inescent r e a c t io n s  w ith  se v e ra l 

d i f f e r e n t  o x id is in g  a g e n ts ; (2) th e re  i s  a p a r t i a l  r e l a t i o n 

sh ip  between th e  o x id a tio n  o f 3 :^-benzpyrene w ith  th e  M ilas 

re a g e n ts  and th e  in  vivo o x id a tio n  o f t h i s  substance ; ( 3) th e re  

i s  a s t r ik in g  r e la t io n s h ip  between th e  o x id a tio n  of B u tte r  

Yellow w ith  th e  M ilas re a g e n ts  and th e  m etabo lic  r e a c t io n s  

which occur w ith  t h i s  substance in  th e  l i v e r  o f th e  r a t ;

(ty) th e  lum inescence e f f e c t s  w ith  th e  ca rc inogens were 

o b ta in ed  a t  tem p era tu res  encountered  in  th e  anim al body.

The l e a s t  th a t  th e se  in v e s t ig a t io n s  dem onstrate  i s  a 

p ro p e rty  common to  th e  d i f f e r e n t  groups o f ca rc in o g en ic  com

pounds and i t  must now be considered  w hether t h i s  p ro p e rty  

s a t i s f i e s ^ th e  concept o f th e  ca rc in o g en ic  a c tio n  o u tl in e d



above. There i s  a c le a r  connection  w ith  th e  p h y s ic a l type  

o f ca rc in o g en ic  agen t a lthough  th e  energy inv o lv ed  in  th e  

em ission of v i s i b le  r a d ia t io n  i s  of a d i f f e r e n t  o rd e r to  th a t  

o f even th e  low est frequency u l t r a - v i o l e t  r a d ia t io n  known to  

have a ca rc in o g en ic  e f f e c t .  I t  must be remembered however 

t h a t  a lthough  only v i s ib le  r a d ia t io n  has been d e te c te d  in  th e  

r e a c t io n s  t h i s  does n o t p rec lude  th e  p o s s ib i l i t y  o f s h o r te r  

w avelength em issio n s; in  t h i s  connection  th e  o b se rv a tio n s  by 

Audubert (2*0 of th e  em ission o f h igh  frequency r a d ia t io n  from 

c e r ta in  chem ical r e a c t io n s  may be quoted . For th e  p re se n t 

argument th e  chem ilum inescence accompanying th e  o x id a tio n s  of 

carc in o g en s may be assumed to  ex tend  over the  v i s i b le  reg io n  

and p o ss ib ly  in to  th e  n ea r u l t r a - v i o l e t .  A gainst th e  obser-. 

v a tio n  th a t  th e  em issions in  th e  chem ilum inescent r e a c t io n s  

a re  of very  low in te n s i ty  must be p laced  th e  in fo rm atio n  th a t  

r e a c t io n s  in  th e  anim al body a re  g e n e ra lly  o f a heterogeneous 

n a tu re  and h ere  one m ight expect a h ig h e r rad io -ch em ica l y ie ld  

th an  in  th e  corresponding  homogeneous r e a c t io n , s in ce  en e rg ised  

m olecu les would be l e s s  l i a b l e  to  d e a c tiv a tio n  by c o l l i s io n  (95).

Photochem ical change induced by r a d ia t io n  of v i s ib le  and 

lo n g e r w avelength i s  n o t unknown, and i s  ex em p lified  by th e  

p h o to ly s is  o f diazom ethane (9*0 and th e  rearrangem en ts produced 

in  th e  n itro b en za ld eh y d es  (95) ;  a t  a h ig h e r m o lecu lar le v e l  

we may' n o te  th e  in a c t iv a t io n  of th e  enzyme u re a se  by r a d ia t io n  

from 750 to  1^00 m/*-(96). The p o s s i b i l i t y  th a t  r a d ia t io n  

l ib e r a te d  from a chem ilum inescent r e a c t io n  o ccu rrin g  w ith in  a



j j e l l  could be readsorbed  to  produce a chem ical change in  a 

m olecule o f th e  c e l l  s t ru c tu re  was p rev io u s ly  suggested  by 

th e  au th o r (28).* However, th e  f a c t s  of o p t ic a l  s e n s i t i s a t io n  

s i l v e r  h a l id e s  (97*98) oud t h e i r  th e o r e t i c a l  in te r p r e ta t io n  

p rov ide  a u s e fu l  analogy from which by in d u c tio n  we may con

s t r u c t  a more s a t is fy in g  model.

For p r a c t ic a l  purposes th e  s e n s i t iv i ty  o f s i l v e r  h a l id e s  

i s  n e g l ig ib le  f o r  w avelengths g re a te r  than  500 and fo r  

e x te n s io n  in to  t h i s  reg ion  they  a re  s e n s i t is e d  w ith  dyes. Thus, 

w ith  th e  pen tacarbocyan ines th e  pho tographic spectrum may be 

extended to  beyond 12,o6 nyu. S tu d ies  of th i s  phenomenon show 

th a t  th e  dye m olecules a re  adsorbed and o r ie n te d  on th e  su r

fa c e s  of th e  h a l id e  g ra in s  in  th e  pho tograph ic em ulsion. In 

c id e n t r a d ia t io n  i s  then  absorbed by th e  dye m olecu les which 

become e le c t r o n ic a l ly  e x c ite d . In  so lu tio n  such an e x c ite d  

m olecule would lo s e  i t s  excess energy by a d e a c tiv a tin g  c o l l i s 

io n  w ith  some o th e r  m olecu le , or by re -em iss io n  as f lu o re sc e n c e . 

However, th e  coupling  fo rc e s  which e x i s t  between th e  dye mole

cu le  and th e  io n s  o f th e  h a l id e  l a t t i c e  to g e th e r  w ith  th e  

re g u la r  in te r n a l  s t r u c tu re  o f th e  l a t t i c e  allow  th e  ex cess  

energy to  be tra n s m itte d  in  th e  form of an e le c tro n  o r as an 

e x c ito n . The p h o to ly t ic  p ro cess  ensues when th e  e x c i ta t io n -  

wave i s  trap p ed  in  a l a t t i c e  d e fe c t .

In  th e  case of chem ical ca rc in o g en s th e re  i s  s tro n g  

ev idence th a t  during  m etabolism  they  a re  adsorbed to  a c e l l  

c o n s t i tu e n t  (v ide i n f r a ) . and th e  experim ents d e sc rib ed  in  th e
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p re se n t work in d ic a te  th a t  a t  some s tag e  in  t h i s  m etabolism  

th e re  i s  th e  p o s s i b i l i t y  o f th e  fo rm ation  o f p o te n t ia l  e m it te r  

m o lecu les . The adsorbed carcinogen  can be compared w ith  th e  

s e n s i t i s in g  dye adsorbed to  th e  su rfa ce  o f th e  h a l id e  g ra in . 

Then, an o x id a tio n  product o f th e  carcinogen  e l e c t r o n ic a l ly  

e x c ite d  v ia  th e  energy changes inv o lv ed  in  th e  m e tab o lic  r e 

a c t io n , would be comparable to  a s e n s i t i s in g  dye m olecule 

e l e c t r o n ic a l ly  e x c ite d  by v ir tu e  o f ab so rp tio n  o f r a d ia t io n  

from an e x te rn a l  sou rce . The f a t e  o f th e  e x c i ta t io n  energy 

in  th e  pho tograph ic  model has a lre ad y  been in d ic a te d  and i t  

i s  f i n a l l y  m a& ifested in  th e  appearance o f th e  l a t e n t  im age.

On th e  above b a s is  s im ila r  p o s s i b i l i t i e s  o b ta in  in  th e  c e l l u l a r  

model; th e  excess energy may be em itted  as a photon , i t  may 

be converted  in to  v ib r a t io n a l  energy or i t  may be transfo rm ed  

in to  chem ical energy and r e s u l t  in  th e  p h o to ly s is  o f some 

c e l lu l a r  component. The th e o r e t ic a l  d isc u ss io n  o f Franck and 

T e l le r  (99) on th e  m ig ra tio n  o f e x c i ta t io n  energy in  c r y s ta l s  

em phasises th e  im portance o f th e  coupling  between th e  p a r t i c l e s  

in  th e  c r y s ta l  and th e  resonance caused by th e  id e n t i ty  o f 

th e  c r y s ta l  c e l l s ,  f o r  th e  tra n sm iss io n  of th e  e x c i ta t io n  wave 

from one c r y s ta l  c e l l  to  an o th e r . In  a l iv in g  c e l l  composed 

o f many heterogeneous s tr u c tu re s  i t  would be ex p ec ted  th a t  

e x c i ta t io n  energy c re a te d  in  a s p e c if ic  c e l lu l a r  component 

would be lo c a l i s e d  and d is s ip a te d  w ith in  t h a t  s t r u c tu r e .  T h is  

concep tion  i s  in  e x c e lle n t agreement w ith  p r a c t ic a l  r e s u l t s  

o f M ille r  and M ille r  (75 ) in  t h e i r  study o f th e  fo rm ation  o f
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s tro n g ly  bound d y e -p ro te in  complexes during  c a rc in o g e n e s is  

w ith  l*-dimethylaminoazobenzene. Not only d id  th e se  a u th o rs  

dem onstrate  a s t r ik in g  c o r r e la t io n  between th e  a b i l i t y  o f 

d i f f e r e n t  t i s s u e s  to  form such complexes and t h e i r  correspond

in g  b io lo g ic a l  resp o n se , b u t they  a lso  found th a t  th e  c e l l s%
o f th e  r e s u l t in g  cancerous t i s s u e  were f r e e  from bound d yes. 

Since th e  cancer c e l l s  were d eriv ed  from c e l l s  norm ally  con

ta in in g  bound dyes i t  would appear th a t  th e  c e l lu l a r  com

ponents inv o lv ed  in  th e  complexes have been a l te r e d .

A nother in te r e s t in g  p r a c t i c a l  dem onstra tion  of s t r u c 

t u r a l  a l t e r a t i o n  a r is in g  by a s e n s i t is in g  mechanism i s  

a ffo rd ed  by th e  d eg rad a tio n  of c e l lu lo s e  in  f a b r ic s  im preg

n a ted  w ith  c e r ta in  d y e - s tu f f s .  Mott (iod) has p o in ted  out 

th a t  t h i s  p ro cess  i s  p robably  to  be ex p la in ed  by a mechanism 

s im ila r  to  th a t  o p e ra tin g  in  th e  phenomenon of o p t ic a l  sens

i t i s a t i o n .

I t  would appear th a t  s u f f ic ie n t  ev idence i s  a t  hand to  

j u s t i f y  th e  conclusion  th a t  a mechanism i s  a v a ila b le  to  c a r 

c inogen ic  substances whereby th ey  m ight e f f e c t  chem ical change 

in  ano ther, m o lecu le . The e f f ic ie n c y  o f th e  p ro cess  envisaged  

i s  unknown, s in ce  th e re  a re  a l te r n a t iv e  ro u te s  f o r  th e  d i s s i 

p a tio n  o f th e  r e a c tio n  energy . In  t h i s  connection  th e  

experim ents on th e  e lim in a tio n  o f ca rc inogens from th e  anim al 

body d e sc rib ed  in  th e  l a t t e r  p a r t  of th e  th e s i s  a re  o f i n t e r 

e s t .  They in d ic a te  th a t  a p r e r e q u is i te  o f  th e  ca rc in o g en ic  

a c tio n  i s  a continued  in s u l t  to  th e  c e l l s  by th e  carc inogen
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over a long p e r io d , end a re  a t  l e a s t  n o t opposed to  th e  view 

th a t  a low e f f ic ie n c y  p ro cess  may be in v o lv ed .

The s t r ik in g  d if fe re n c e s  in  ca rc in o g en ic  a c t i v i t y  o f 

c lo se ly  r e la te d  substances deserve c o n s id e ra tio n  in  any 

views on th e  mode o f a c tio n  of ca rc in o g en s . The id e a s  so 

f a r  p re se n ted  le a v e  th i s  problem unanswered fo r  most of th e  

r e la te d  n o n -carc in o g en ic  substances a lso  p a r t i c ip a t e  in  

chem ilum inescent r e a c t io n s .  That th e  q u es tio n  i s  complex 

and i s  concerned n o t only  w ith  th e  p ro p e r t ie s  o f th e  compounds 

them selves b u t a lso  w ith  th o se  of th e  b io lo g ic a l  m a te r ia l  on 

which th ey  produce th e i r  a c t io n , i s  c le a r  from th e  profound 

d if fe re n c e s  in  th e  response o f th e  c e l l s  o f d i f f e r e n t  t i s s u e s  

to  th e  same carc in o g en . There a re  c e r ta in  ca rc in o g en s , how

e v e r , which in  many cases  have an a c t iv i t y  o f a h ig h e r o rd e r  

than  th e  g re a t  m a jo rity  and th e  e a r ly  approaches to  th e  prob

lem of th e  mode o f a c tio n  o f carc inogens (see  In tro d u c t io n ) ,  

showing s im i l a r i t i e s  in  th e  chem ical r e a c t i v i t y .o f th e se  

p o te n t compounds, may have some s ig n if ic a n c e . In  t h i s  con

n e c tio n  th e  a b i l i t y  o f s e v e ra l o f th e  p o te n t ca rc inogens 

te s te d  to  p a r t i c ip a te  in  chem ilum inescent r e a c t io n s  w ith  

s e v e ra l d i f f e r e n t  o x id is in g  ag en ts  i s  a f u r th e r  p o in t o f 

s im i la r i t y .  The re c e n t work o f th e  Pullm ans (see  In tro d u c tio n )  

shows some c o r r e la t io n  between ca rc in o g en ic  a c t i v i t y  o f  th e  

hydrocarbons and r e la te d  groups of ca rc inogens and th e  e le c 

t ro n  d e n s ity  o f th e  phenan th rene-type  double bond p re se n t in  

most o f  th e se  su b stan ces . The f in d in g s  have been e x c e l le n t ly
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review ed and d iscu ssed  by Badger (101) who has p o in ted  ou t 

numerous d isc re p a n c ie s  in  th e  tre a tm e n t. The s ig n if ic a n c e  

of th e  p resence  of th e se  reg io n s  of h igh  e le c t ro n  d e n s ity  

has been co nsidered  by many w orkers, and Daudel has c o n s tru c 

te d  a th e o ry  of chem ical c a rc in o g e n e s is  in  which he p o s tu la te s  

th a t  m olecu lar a l t e r a t i o n s  may a r i s e  in  a c e l lu l a r  component 

in  th e  p resen ce  o f carc inogens by v i r tu e  o f in te r a c t io n  o f th e  

reg io n  o f  h igh  e le c tro n  d e n s ity  w ith  a p ro te in  m olecu le . Some 

a ttem p t has been made to  ex tend  th e  in v e s t ig a t io n s  to  in c lu d e  

th e  azo-dye (102) and th e  s t i lb e n e  (105) groups of c a rc in o 

gens in  a s im ila r  th e o ry . P re lim in ary  o b se rv a tio n s  suggest 

th e  p resence  of h igh  e le c tro n  d e n s ity  reg io n s  a t  th e  azo and 

th e  e th y le n ic  l in k a g e s , a lthough  th e  r e la t io n s h ip  o f th e  

v a lu es  o b ta in ed  in  th e se  cases  to  th o se  found w ith  th e  hydro

carbon ty p e  o f carcinogen  i s  n o t c l e a r .  I t  may be n o ted  

however th a t  profound d if fe re n c e s  a re  known to  e x i s t  in  th e  

r e a c t i v i t y  o f azo and e th y le n ic  bonds (10k) and th e se  f a c t s  

must n o t be overlooked in  p o s tu la tin g  in te r a c t io n s  o f th e se  

groups w ith  c e l lu l a r  c o n s t i tu e n ts .

The r e s u l t s  o f th e  work o f th e  Pullm ans and Daudel a re  

capab le  o f an a l te r n a t iv e  e x p la n a tio n  which i s  supported  by 

chem ical f a c t s .  A h ig h  c o n c en tra tio n  o f e le c t ro n s  about a 

s p e c if ic  reg io n  in  a m olecule w i l l  co n fe r on th a t  re g io n  th e  

p ro p e r ty  o f g re a te r  r e a c t iv i t y ;  th u s  th e  K -reg ions to  which 

th e  Pullm ans r e f e r  in  th e  hydrocarbons a re  h ig h ly  r e a c t iv e  

p o s i t io n s  in  th e  m o lecu les.
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The c a re fu l  m etabolism  s tu d ie s  on th e  hydrocarbons, showing 

th a t  h y d ro x y la tio n  occurs a t  p o s i t io n s  o th e r  than  th e  K- 

reg ions,. suggest th e  fo rm ation  o f h y d ro carb o n -p ro te in  com

p lex es in  which th e  K -reg ions a re  d i r e c t ly  invo lved  in  th e  

lin k a g e  (1 6 ). This sug g estio n  th a t  th e  hydrocarbons a re  

absorbed by a c e l lu l a r  component p r io r  to  o x id a tio n  i s  much 

favoured  by th e  o b se rv a tio n  th a t ,  w hile th e  mechanism o f 

enzyme c a ta ly s i s  i s  n o t f u l ly  u n d ersto o d , one f e a tu re  which 

i s  accep ted  i s  th e  fo rm ation  o f an enzym e-substra te  complex 

(105 ). F urtherm ore, ev idence which shows th e  a b i l i t y  o f 

hydrocarbons to  ta k e  p a r t  in  th e  ty p e  o f complex fo rm ation  

env isaged  i s  co n ta in ed  in  th e  s tu d ie s  o f Weiss on th e  com

p lex es  formed between th e  hydrocarbons and quinones (o r p o ly - 

n i t r o  compounds) (106) ,  and on th e  s a l t s  o f  th e se  hydrocarbons 

w ith  d i f f e r e n t  a c id s  (p e rc h lo ra te , su lp h a te  and pyrophosphate) 

(10 7 ). In  bo th  ty p es  of s t ru c tu re  th e re  i s  an e le c t ro n  

t r a n s f e r  from th e  hydrocarbon to  th e  o th e r  component o f th e  

complex and th e  fo rm ation  o f a lin k a g e  of an io n ic  n a tu re .

Such an e le c tro n  t r a n s f e r  would o r ig in a te  a t  th e  K -reg ion  

o f th e  hydrocarbon m olecule . The su g g estio n  may th e re fo re



be made th a t  th e  s ig n if ic a n c e  o f th e  p resence o f re g io n s  o f  

h ig h  e le c tro n  d e n s ity  in  ca rc in o g en ic  m olecules i s  th a t  i t  

p ro v id es  them w ith  a means whereby th e y 'c a n  form a stro n g  

coup ling  w ith  a c e l lu l a r  c o n s t i tu e n t .  On t h i s  b a s is  d i f f e r 

ences in  ca rc in o g en ic  potency o f c lo se ly  r e la te d  su b stan ces 

a re  determ ined by th e  ease  o f fo rm ation  and s t a b i l i t y  o f such 

l in k a g e s .

The term  ’ ca rc in o g en ic  po tency’ must be in te rp r e te d  

c a u tio u s ly . Indeed , th e  r e l a t i v e  potency o f c e r ta in  c a rc in o 

gens v a r ie s  from one c e l l  ty p e  to  an o th er (101) and th e  

th e o r e t i c a l  approach of th e  French school i s  th e re fo re  an 

o v e r - s im p li f ic a t io n .  I f  th e  t r u e  carcinogen  i s  th e  energy

produced during  some m etab o lic  r e a c t io n  a l l  th e  f a c to r s  which 

in f lu e n c e  th e  amount of t h i s  energy l ib e r a te d  during  a g iven 

tim e p e r io d  w i l l  c o n tr ib u te  in  th e  d e te rm in a tio n  o f th e  c a r 

c in o g en ic  potency o f a given su b stan ce . I t  w i l l  be seen th a t  

th e  p re c is e  s p a t ia l  c o n f ig u ra tio n  o f th e  m olecule o f th e  c a r 

cinogen and o f th e  c e l l  s t r u c tu r e  and th e  in tim a te  in te ra c t io n s  

o f th e se  w i l l  be th e  c o n tro l l in g  f a c to r s  in  such a p ro c e s s .
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If. KHJNAWAŶ , E .L ., and HIEGER, I . ,  B r it .M e d .J . .  1930,

5 . YOSHIDA, T ., P roc.Im p.A cad .Japan . 1932, 8 , ^6^ .

6 . KINOSITA, R ., T r .J a p .P a th .S o c . .  1937, 21> 665*

7 . FIESER, L .F .,  A m er.J.C ancer. 1938, 3k ,  37.

8 . FIESER, L .F .,  A.A.A.S. Research Conference on C ancer,
19W .

9 . ECKHARDT. H .J . .  B e r .d .d e u tsc h .c h e m .G e se llsc h .. lQiJ-O.
22 ,  12 .

10 . CLOWES, G.H.A., DAVIS, W.W., and KHRAL, M .E., Amen.
J .C a n c e r . 1929, 26, 98.

11. CLOWES, G.H.A., DAVIS, W.W., and KHRAL, M .E., Amer.
J .C a n c e r . 1939, 22 , ^52.

12 . SCHMIDT, 0 . ,  Z ts c h r . f . p h v slk a l Chem. .  (B ), 1939, *fc2, 83 .

13 . SCHMIDT, 0 . ,  Zt s c h r . f . phv s lk a l  Chem. .  (B) , 1939, I t i ,  19*f.

I lf . PULLMAN, A ., and PULLMAN, B ., R e v .S c i.. P a r is ,  191f6 ,
8i ,  1^5 .

1 5 . DAUDEL, R ., R ev .S c i. .  P a r is ,  19>f6, 8^ ,  37.

16 . BERENBLUM, I . ,  and SCHOENTAL, R ., Cancer Res. .  19^6, 6 ,
703.

17 . BOYLAND, E .,  and WEIGERT, F . ,  B r i t  .M ed.B ull. . 19^7, If,
25*f.

1 8 . DICKENS, F . ,  B r i t  .Med .B u l l . .  19^7, )f, 3lf8.

19 . PEACOCK, P .R ., G las.M ed.J. .  1927, 127. 157.

20. PEACOCK, P .R ., Cancer R e s .. 19^6, 6 , 311.
21. TRAUTZ, M., Z ts c h r .f .p h v s ik a l  Chem. .  1905, 22 , 1«



1 0 1 .

22. DREW, H.D.K., T ra n s .F a rad . Soc. .  1959, 2 5 , 207.

25. HARRIS, L .,  and PARKER. A .S .. J.A m er.Chem .Soc.. 19SS.5 ^  1959>

2 b . AUDUBERT, R ., T ran s .F a rad .S o c . . 1959, 25, 197 .

25. BISWAS, N .N ., and DHAR, N .R .. Z tsc h r.f .an o rg .C h e m ..
1950, 186, 15^. --------------------- ---------

26. MILAS, N .A ., and SUSSMAN, S ., J  .Amer .Chem. S o c .. 19S6.
5.8. 1502. :

27. MILAS, N .A ., J .  Amer. Chem .S oc. .  1937, 52, 23b 2 .

28. ANDERSON, W., N a tu re . 1947, l 6o . 892 .

29. COOK, J.W ., KENNAWAY, E .L ., and KENNAWAY. N.M.. N atu re .
19*0 , 145, 627.

30. COOK, J.W ., HEWETT, C .L ., KENNAWAY, E .L ., and KENNAWAY,
N.M., A m er.J.C ancer. 1940, 42, 62.

31. WHITE, F .R ., ESCHENBRENNER, A .B ., and WHITE, J . ,
paper p resen ted  b e fo re  th e  4 th  In te r n a t io n a l  Cancer 
R es.C ongress, S t.L o u is , S e p t.1!-, 191!

32. MILLER, J .A . ,  and MILLER, E .C ., J . exp .Med. ,  1948, 82,139*

33. PEACOCK, P .R ., B rit.M ed .B u ll. . 1947, 4 , 36b .

5b . PEACOCK, P .R ., and BECK, S ., N atu re . 1948, 162. 252 .

35. BURROWS, H ., and HORNING, E .S .,  B rit.M e d .B u ll. ■ 1947,
4 , 567 .

36 . ANDERSON, W., N atu re . 1947, l6 0 . 338.

37* COOK, J.W ., R oy.Inst.C hem .L ecture, "Chem istry and C ancer", 
1943.

38 . DICKENS, F . ,  N atu re . 1947, 159. 839 .

39. COOK, J .W ., and KENNAWAY, E .L ., A m er.J.C ancer. 19h-0, 22.,
598.

40. CURRIE, A .N ., B rit.M ed .B u ll. .  1 9 b 7 , 4 , 402.

lf-1 . BOYLAND, E .,  and HORNING, E .S ., B r i t .J .C a n c e r . 19*+9,
2 , 118 .

42. RADZISEWSKI, B ., B e r.d .d e u tsc h .ch em .G e se llsch . . 1877.10. 521.



102 .

**3• HICKINB0TT0M, W .J., "R eactions o f  Organic Compounds", 
p . 252 (Longmans, 19*1-0) .

*(■*)■. LENARD, P . ,  and WOLF, M., A nn.d .Phvsik . . 1888, 2lt, 918.

*t-5. CHALMERS, J .G . ,  and CROWFOOT, D ., B iochem .J. .  19*H, 35.
1.270 .

**6 . BERENBLUM, I . ,  CROWFOOT, D ., HOLIDAY, E .R ., and 
SCHOENTAL, R ., Cancer Res. .  19*1-3, 2 , 151 .

BERENBLUM, I . ,  and SCHOENTAL. R .. J.C hem .Soc.. 19^6.
1017.-------------------------------------------- ------------------

^8 . ■ COOK, J.W ., Ann.Rep.Chem.Soc. .  19*12, 22, 155*

*(■9. FIESER, L .F . ,  and HERSHBERG, E .B ., J.A m er.Chem .Soc..
1938, 60 , 166*U ------------------------

50. COOK, J .W ., and SCHOENTAL, R . ,  J.Chem .Soc. .  19^7, 70.

51. FIESER, L .F .,  P ro d u c tio n  of Cancer by P o lynuclear
Hydrocarbons” (U niv .o f Pennsylvania B icen ten n ia l 
C onference, P h ila d e lp h ia , 19^-1)•

H2. BERENBLUM, I . ,  and SCHOENTAL, R ., Cancer R es., I 9W ,
6 , 699 .

53. WEIGERT, F . ,  and MOTTRAM, J .C . ,  Cancer R es. .  19X6 ,  6 ,
97-

5*t-. BERENBLUM, I . ,  and SCHOENTAL, R ., Cancer Res. .  19**3»
3 , 1*5.

55. ARBDT, F . ,  "Organic S yn theses, C o l l .V o l .I I " ,  19^6, p .165 .

56 . VOLLMANN, H ., BECKER, H ., CORELL, M., and STREECK, H .,
Ann.d.Chem. . 1937, 531. 129.

57. ANGSLI, A ., A t t l . Acad. Lin c e l . .  1915, 2**;, 1190.

58 . BRAND, K ., and MAHR, I . ,  J .f .p ra k t.C h e m . . 1931, (2 ) ,
12L* 97*

59. BRAND, K ., and MAHR, I . ,  J .f .p ra k t.C h e m . . 1935, 1**2.
153.

60. BAMBERGER, E .,  and RENAULD, E .,  B er. d . d e u tsc h . chem.
G e se llsc h . . 1897, 22, 2278.

61 . RENAULD, E ., "C o n trib u tio n  a 1 1 e tude des Hydroxylamines
e t  du N itro sobenzene". These du d o c to ra t ,  Rennes, 1896 .



1 0 ? .

62 . BAMBERGER, E .,  Vi.ertel.1 a h r s c h r l f t  d .N a tu rfo rsc h .
G e se lls c h .in  Zflrieh. 18Q6. i n .  ~

63 . MttLLER, E .,  Ann.d.Chem. .  1932, 132.

61)-. WATSON, H .B ., "Modem T heories o f Organic C hem istry",
2nd E dn., p .15^ (Oxford U n iv .P ress , 19IH ).

6 5 . ANGELI, A ., G a z z .c h im .I ta l . . 1916, *£6 , i i ,  82.

66 . SZEGC, L .,  B er. d . d e u tsc h . chem■G ese llsc h . .  I 929, 62, 736 .

6 7 . BAMBERGER, E .,  and BERNAYS, W., B er. d . deu t sch . chem.
G e se llsc h . ■ 1902, 25 , l62*t.

6 8 . NAGAO, N ., Proc.Im p.A cad. Tokio. 1939, 1 5 ,  521.

6 9 . MILLER, J .A . ,  and MILLER, B .C ., Cancer Res.. 19**-7» Z> 59*

70. MILLER, J .A . ,  (d a ta  in  p re p a ra t io n ) .

71. ANDERSON, W., N atu re . 19*1-9, 165. W .

72. MILLER, J .A . ,  MILLER, E .C ., and BAUMANN, C .A ., Cancer
Res. .  19*1-5, I ,  162.

73. KIRBY, A.H.M., and PEACOCK, P .R ., J .P a th .B a c t . . 19*i7,
5 1 ,  1 .

7*i. KEHSLER, C .J . ,  MAGILL, J.W ., and SUGIURA, K ., Cancer
R e s ., 19^7, 1 ,  95-

75. MILLER, E .C ., and MILLER, J .A .,  Cancer Res. .  19^7, 1 ,
^6 8 .

76. RUSCH, H .P ., and MILLER, J .A . ,  P roc.Soc.E x p .Bio l .a n d  Med. .
19*io, 68 , l*i3 .

77. RICHTER, D ., B iochem .J. .  1937, 2 i ,  2022.

78. BLASCHKO, H ., RICHTER, D ., and SCHLOSSMANN, H ., B iochem .J. .
1957, 2 1 , 2187.

79. HESS, K ., MERCK, F . ,  and UIBRIG, C l . ,  B er. d . deu t sch . chem.
G e se llsc h . . 1915> ItfL 1886.

80. LEONARD, N .J . ,  and REBENSTROFF, M.A., J.Amer.Chem.Soc. .
1 9 ^ 5 , &L, ^9.

81 . MSLDOLA, R ., and ANDREWS, E .R ., J.Chem .Soc. , 1896, 69 ,
10.



82 .

83.

8U.

85-

86.

87.

88.
8 9 .

90.

91.
92.

93. 

9^.

95.

96.

97.

98.

99. 
100 . 
101 .

101! .

LEIGHTON, P .A ., CRARY, R.W., and SCHIPP, L .T .. J.Am er. 
Chen.Soc. .  1931, 52, 3017.

PONGRATZ, A ., TAAHKGRAF, G ., and MAYER-PITSCH, E .,  B e r . 
d .d eu tsch .ch em .G ese llsch . . 1938, 'JX (B), 1287.

MttLLER, E ., Ann.d.Chem. .  1932, 1*QE. 166.

PEACOCK, P .R ., BECK, S ., and ANDERSON, W., B r l t . J . 
Cancer. 19**9, 2 , 296 .

BOYLAND, E ., and WEIGERT. F . .  B r it .M e d .B u ll.. lQl*7. 1*. ^  .

PEACOCK, P .R ., and BECK. S ., B r i t .J .E x n .P a th . . 1038.
12 , 315.

DICKENS, F . ,  B rit.M ed .B u ll. .  19^7, it, 3^8.

WEIGERT, F . ,  and MOTTRAM, J .C . ,  Cancer R e s .. 19**6, 6 ,
97.

DICKENS, F . ,  and WEIL-MALHERBE, H ., Cancer Res. .  19>*6,
6, 171 .

TOENNIES, G ., Cancer Res. .  191*7 , £ , 195 .

GREEN STEIN, J . P . ,  J .N a t .  Cancer I n s t . .  191*3, 2 , 1*19.

WEISS, J . ,  T ran s .F arad .S o c . .  1929, 25, 221.

KIRKBRIDE, F.W ., and NORRISH, R.G.W., J.Chem .Soc. .  1933, 
119-

CIAMICIAN, J . ,  and SILBER, P.  , B er. d . deu tsch .chem . 
G e se llsc h . .  1901, 2)*, 20l*0.

COLLIER, H .B ., and WASTENEYS, H ., A u s tra lia n  J.■Exp.Biol. 
M ed.Bel. .  1932, 2 , 89 .

MEES, C .E .K ., "The Theory o f th e  P hotographic P ro c ess" , 
(M acm illan, New York, 19**2).

BERG, W .F., R eo .p rog .P hysics. 19>*6-7, 11, 21*8.

FRANCK, J . ,  and TELLER, E .91 J.C hem .P hys.. 1938, 6 , 86l .

MOTT, N .F ., J .  Phv s . Radium. 19*16, £ , 21*9.

BADGER, G.M., B r i t .J .C a n c e r . 19^8, 2 , 309.



1 0 5

102. PULLMAN, B ., Compt. re n d . Acad. d . s c . .  19*6, 222. 1501.

105. PULLMAN, A ., C om pt.rend .A cad .d .sc . . 19*8, 226. *86 .

10*. SIDGWICK, N .V ., "The Organic Chem istry of N itro g en n ,
p .x iv  (Oxford U n iv .P re ss , 19*2).

105. hBbSE, R ., "P h y sica l Chem istry o f C e lls  and T is su e s" ,
p . 591 (C h u rch ill , 19^5).

106. WEISS, J . ,  J.Chem .Soc. .  19*2, 2*5.

107. WEISS, J . ,  N atu re . 19*2, 1*7. 512.


