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The Determination of Gossypol 
Structure 

BY E. P.  CLARK * 

U. S. Dep't of Agriculture, Washington 

T 
H E  next  phase  of the  prob-  

lem unde r t aken  was t ha t  
of ob t a in ing  i n f o r m a t i o n  

which m i g h t  lead to the  de t e rmina -  
t ion of the  s t ruc tu r e  of  gossypol.  
Work  of th i s  n a t u r e  has  previous-  
ly been l imi ted  to the  expe r imen t s  
of Ca r ru th  (3) who s tud ied  the 
effects of a lka l i  fus ion  and  severa l  
oxid iz ing  agen t s  upon gossypol  bu t  
d id  not  succeed m ob ta in ing  any 
pu re  c rys ta l l ine  de r iva t ives  or  
o ther  evidence of a c l a r i f y i n g  
charac te r .  

Among  m a n y  poss ib i l i t i es  which 
p resen ted  themselves  was  the  
ac t ion  of ho t  concen t ra t ed  a lka l i  
upon gossypol  (13) .  Th is  r eagen t ,  
f o r t y  per  cent  sodium hydroxide ,  
a t  the  t e m p e r a t u r e  of the  s team 
bath ,  b rough t  about  a well  defined 
t r a n s f o r m a t i o n .  When  the  two 
components  a r e  f i rs t  b r o u g h t  
together ,  the  gossypol  does not  
immed ia t e ly  dissolve as i t  does in 
less concen t ra t ed  a lkal i ,  bu t  
fo rms  a d a r k  o range  paste .  I f  
t h i s  is con t inuous ly  hea ted  a t  the  
t e m p e r a t u r e  of the  s t eam ba th  and 
f r equen t ly  s t i r r ed ,  a r eac t ion  slow- 
ly t akes  place in  which the  color 
of the  mixtu ' re  becomes g ray .  

The produc ts  of the  r eac t ion  are  
fo rmic  ac id  and a new phenolic  
subs tance  which  has  been des ig-  
na ted  as apogossypol .  Apogossy-  
pol is a colorless c rys ta l l ine  ma-  
t e r i a l  hav ing  no definite me l t ing  
point .  I t  is soluble in o r d i n a r y  
o rgan ic  solvents,  and  the  solut ions 
thus  fo rmed  da rken  more  or less 
quickly depending  upon the  na tu r e  
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of the  solvent  employed.  I t  dis-  
solves f ree ly  in di lul te  alkal i ,  f rom 
which i t  is p r ec ip i t a t ed  by carbon  
dioxide.  I t s  a lkal ine  solut ions  
darken  a t  once and r ap id ly  acqui re  
a purp le  color. Even  c rys ta l l ine  
apogossypol  is so uns tab le  t ha t  a 
few hours '  exposure  of the  d ry  
c rys ta l s  to a i r  and l igh t  causes  
them to change  to a j e t  black 
powder.  A n o t h e r  cha rac t e r i s t i c  of  
i t s  phenol ic  n a t u r e  is  the  b lu i sh  
green  color r eac t ion  produced when 
a di lute  alcoholic solut ion of the  
subs tance  is t r e a t e d  wi th  f e r r i c  
chloride.  

A p o g o s s y p o l  Der iva t ives  

Apogossypol  r ead i ly  fo rms  color- 
less c rys ta l l ine  acetyl  and  me thoxy  
der iva t ives ,  which  are,  in con t r a s t  
wi th  the  f ree  substance,  qui te  
s table .  A s tudy  of these  subs t i t u -  
t ion products ,  as well as  of the  f ree  
phenol, has  shown t h a t  apogossypol  
has  the  molecular  f o r m u l a  C2sH3o - 
0 6 . F u r t h e r m o r e ,  i t  has  been 
shown t h a t  t he re  a re  s ix  acetyl  
g roups  in the  acyl  der iva t ive .  No  
d i rec t  d e t e r m i n a t i o n  of  the  meth-  
oxy g roups  in the  methy l  e t h e r  
could be made  since the  subs tance  
was complete ly  i n e r t  in bo i l ing  
hydr iod ic  acid  under  t he  condi t ions  
used in the  Zeisel  method.  Carbon  
and hydrogen  figures,  however,  
checked well fo r  a hexamethyI  
ether .  I t  t h e r e f o r e  follows t h a t  alI 
the  oxygen a toms  in apogossypoI  
a re  p re sen t  as hydroxy l  groups .  
F r o m  a cons ide ra t ion  of the  mole- 
cu la r  f o r m u l a  for  gossypol,  CsoH~o - 
0 s, i t  wil l  be seen t h a t  s t rong  hot  
alkali ,  under  the  condi t ions  of the  
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exper iment ,  func t ions  only in re-  
moving  the  two carbonyl  g roups  
f rom the  gossypol  molecule. Since 
fo rmic  acid  is the  only o ther  sub-  
s tance  p roduced  by the react ion,  the  
carbonyl  g roups  mus t  have been 
e l imina ted  as fo rmic  acid. Such a 
process  r equ i res  t ha t  each mol of 
gossypol  should produce one mol of 
apogossypol  and  two tools of 
fo rmic  acid. The  yield of each of 
these  subs tances  ac tua l ly  ob ta ined  
co r responded  to 97.5 per  cent  and  
95.3 per  cent  respect ive ly  of t h a t  
demanded  by  the  theory .  

.-Nature of C h r o m o p h o r e s  

I t  is no t ewor thy  tha t  in the  
e l imina t ion  of the  two carbonyl  
g roups  f rom gossypol  the charac -  
t e r i s t i c  yellow color of the  sub-  
s tance  d i sappears .  This  s t r e n g t h e n s  
the  hypothes i s  p rev ious ly  advanced  
t h a t  the  chromophores  of go~sypol 
a r e  carbonyl  groups .  

The  tox ic i ty  of apogossypol  was  
f o u n d  to be app rox ima te ly  one 
t h i r d  of t ha t  of gossypol.  The  
l e tha l  dose, when given i n t r a p e r i -  
tonea l ly  in oil solut ion to whi t e  
ra t s ,  is f rom s ix ty  to seventy-f ive 
rag. per  k i l og ram of body weight .  
I t s  phys io logica l  action, however ,  
i s  in sha rp  con t r a s t  wi th  t ha t  of 
gossypol  as no chronic  effects 
fol low the  a d m i n i s t r a t i o n  of small  
doses.  I t s  ac t ion  seems to be re-  
s t r i c t e d  to the  development  of acute  
toxic  symptoms  only. 

E x p e r i m e n t s  upon the ox ida t ion  
vf  gossypol  (14) as a whole have 
been more  or  less d i scourag ing ,  
fo r  wi th  most  r eagen t s  and  
methods  t r i e d  e i ther  no th ing  or  
only amorphous  or  t a r r y  products ,  
hav ing  no tendency  to c rys ta l l ize ,  
were  obtained.  W i t h  po ta s s ium 
p e r m a n g a n a t e ,  however,  c e r t a in  
p roduc t s  were  ob ta ined  tha t  have a 
s ign i f ican t  bea r i ng  upon a t  l eas t  
one phase  of the  problem. In  these  

expe r imen t s  gossypol  dissolved in 
s l igh t ly  more  than  2 tools of sodium 
hydrox ide  was t r e a t e d  at  0 ~ wi th  
po ta s s ium p e r m a n g a n a t e  in the  
p ropor t ions  of  one p a r t  of  gossypol  
to five p a r t s  of pe rmangana t e .  
The  reac t ion  was decidedly ener-  
get ic  and  t e r m i n a t e d  in a shor t  
t ime.  The manganese  d ioxide  
fo rmed  was removed by f i l t ra t ion,  
and  the  f i l t ra te  was made  acid  wi th  
su l fu r i c  acid. In  ad i t ion  to the  
evolut ion of carbon dioxide the re  
was evidence of the  presence of 
vola t i le  f a t t y  acids  in t h e  reac t ion  
mix tu re .  The solut ion was there-  
fo re  s team-dis t i l led ,  and the  dis- 
t i l l a t e  was examined  by  the 
method  of Dyer  (15) fo r  f a t t y  
acids. F r o m  an examina t ion  of 
the  d i s t i l l a t ion  curve ob ta ined  i t  
was possible  to show tha t  formic ,  
acet ic  and  i sobutyr ic  were  the  acids 
p resen t  in the  mix ture .  These 
conclusions were  verif ied by apply-  
ing  specific conf i rmatory  t e s t s  and 
by  p r e p a r i n g  ce r t a in  cha rac te r i s -  
t ic  de r iva t ives  of the  respect ive  
acids. I t  was f u r t h e r  demon- 
s t r a t e d  t h a t  the  acids  ment ioned  
were  the  only ones present .  A 
quan t i t a t i ve  e s t ima t ion  of the  dif-  
f e r en t  ac ids  was made,  and  the 
yie ld  ob ta ined  in the case of 
i sobu ty r i c  acid  was 92.5 per  cent  
of t ha t  r equ i red  by  the theo ry  i f  
i t  is a ssumed  tha t  each mol of gos- 
sypol  yields  one mol of i sobu ty r ic  
acid. 

E v i d e n c e  S u p p o r t i n g  S ide -Cha in  
T h e o r y  

The exis tence of formic  acid 
under  the  condi t ions  of  the  exper i -  
men t  m a y  appea r  a t  f i rs t  to be 
pa radox ica l ;  bu t  when i t  is con- 
s ide red  t ha t  the  po ta s s ium per-  
m a n g a n a t e  was not  used in excess, 
i t  is evident  t h a t  some of  th is  
acid could eas i ly  escape oxida-  
t ion.  I t  would be unwise a t  th is  
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t i m e  to a t t r i b u t e  the  f o r m a t i o n  
o f  fo rmic  and acet ic  acids  to any  
defini te  s t r u c t u r e  in the  o r ig ina l  
ma te r i a l ,  bu t  the  ident i f ica t ion  
of i sobu ty r i c  acid  as a decom- 
pos i t ion  p roduc t  seems to indi -  
ca t e  tha t  t he re  is a side cha in  in 
the  gossypol  molecule involving a t  

1 

l eas t  the  g roup  ( C H ~ ) 2 ~ C H - - C - - .  
1 

O x i d a t i o n  P roduc t s  

F r o m  the resu l t s  obta ined  in a t -  
t e m p t i n g  to oxidize gossypol  i t  was  
:soon real ized t ha t  in o rde r  to p ro-  
g ress  in the  deg rada t i on  of the  
molecule, the  hydroxyl  g roups  
would have to be protected.  The re  
a r e  avai lab le  at  the  p re sen t  t ime  
t h r e e  de r iva t ives  fulf i l l ing th i s  con- 
d i t ion,  namely,  hexaacety l  gossy-  
pol, hexaace ty l  apogossypol  and  
apogossypol  hexamethy l  e ther .  
These  m a t e r i a l s  were  sub jec ted  
to ox id iz ing  agen t s  under  va r ious  
condi t ions  and to date  t h ree  
d i f fe ren t  p roduc ts  have been 
ob ta ined  in ana ly t i ca l ly  p u r e  
c rys t a l l i ne  fo rm.  The ox id iz ing  
a g e n t  used in the  p r e p a r a t i o n  of 
each was  chromic  acid, but  the  con- 
d i t ions  imposed in the  va r ious  cases 
were  different .  

The  produc t  obta ined  f rom hexa-  
acetyl  gossypol  is a b r i g h t  yellow 
neu t r a l  compound which posses-  
ses no carboxyl  or f ree  hydroxy l  
g roups  and which  has  the  molecu- 
la r  f o r m u l a  C33H~0Oj2. I t  is a 
t e t r a a c e t y l  de r iva t ive  of a sub- 
s tance  C2~H220~. I t  follows t h a t  in 
i t s  f o r m a t i o n  two acetyl  g roups  
have been rep laced  by  two quinone 
g roups  and t h a t  the  subs tance  has  
a smal le r  molecular  we igh t  by 
C~H s than  gossypol.  The carbonyl  
g roups  o r ig ina l ly  in gossypol  ap-  
p a r e n t l y  have been r e t a ined  in the  
new substance,  as ani l ine  candenses  
w i th  i t  in much the  same m a n n e r  
as wi th  gossypol .  This  is  not  the  

case wi th  the  quinones to be im- 
med ia t e ly  descr ibed  which a r e  ob- 
t a i ned  f rom apogossypol .  

A produc t  ob ta ined  by  the  
chromic  acid ox ida t ion  of  hexa-  
acetyl  apogossypol  is a b r i g h t  yel-  
low neu t r a l  subs tance  hav ing  a 
mel t ing  po in t  of 230 ~ and the 
molecular  fo rmula  C~oH2sO10. I t  
is a t e t r aace ty l  de r iva t ive  of a 
compound C2~H2o0 ~. In  th i s  case 
two acetyl  g roups  have also been 
replaced by two quinone groups ,  
and the  o r ig ina l  apogossypol  has  
lost  C~H~o. 

The ox ida t ion  of apogossypol  
hexamethy l  e the r  gave  a b r i g h t  
yellow neu t r a l  c rys ta l l ine  compound 
C32H~0 ~. I t  was impossible  to de- 
t e rmine  the  me thoxy  g roups  in th i s  
p r epa ra t i on ,  as boi l ing hydr iod ic  
ac id  under  the  condi t ions  used in 
the  Zeisel  method  had  no appre -  
ciable ac t ion  upon the  subs tance ;  
but  f r o m  ana logy  i t  a ppe a r s  t h a t  
two methoxy  g roups  have been re-  
placed by  quinone groups  and at  
the  same t ime  two hyd rogen  a toms  
have been oxidized to quinone 
groups .  I f  th is  is  the  correc t  ex- 
p l ana t ion  of the  mechan i sm of  the  
react ion ,  the  new subs tance  would 
be a t e t r a m e t h y l  e ther  of a t e t r a  
quinone C~8H~608. 

Bio log i c a l  E x p e r i m e n t s  

The fo rego ing  i n fo rma t ion  sum- 
mar izes  the  definite chemical  f ac t s  
t hus  f a r  obta ined.  The  n a t u r e  of 
the  resu l t s  prec ludes  the  poss ib i l i ty  
of m a k i n g  a s t a t emen t  r e g a r d i n g  
the  n a t u r e  of the  gossypol  mole- 
cule;  bu t  the  exper ience  ga ined  by  
work ing  wi th  the  m a t e r i a l  has  in- 
d ica ted  a method  by  which  the 
problem of cot tonseed i n j u r y  may  
be a t tacked .  W o r k  in th i s  direc-  
t ion is now in p rogress ,  bu t  as  i t  is 
necessa ry  in such inves t iga t ions  to 
r e so r t  to an imal  expe r imen ta t ion ,  
a t t en t ion  was d i rec ted  to the  choice 
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of sui table  an imals  for  the pur -  
pose. Since the P ro t e in  and 
Nu t r i t i on  Divis ion of the Bureau  
of Chemis t ry  and  Soils, Uni ted  
States  Depar tmen t  of Agr icul ture ,  
has been engaged in and  is 
equipped to car ry  on such studies,  
the i r  cooperation, in  the personnel  
of Dr. E. M. Nelson and Dr. D. B. 
Jones, was secured. 

In  th is  work, as in the s tudy of 
nu t r i t i ona l  problems in general ,  i t  
was desirable to employ small 
laboratory an imals  for the neces- 
sary  tests.  The use of such 
an imals  would offer the advantage  
of economy in  labor and expense;  
and also because of the character  

of the mater ia l  to be invest igated,  
the i r  use would insure  more de- 
pendable results.  The albino r a t  
is the an imal  best  sui ted for  th i s  
purpose, bu t  cer ta in  workers  have 
conveyed contradic tory  impres-  
sions r ega rd i ng  its suscept ibi l i ty  
toward orally admin is te red  gossy- 
pol. 

Our first problem was therefore  
to establ ish to what  extent  results  
obtained on ra ts  could be applied 
to gossypol poisoning studies. 
Some exper iments  along this  l ine 
will be briefly described. F ive  
groups of ra t s  received a basal diet 
con ta in ing  gradua ted  quant i t ies  of 
pure gossypol;  a s ixth group, used 

COMPOSITE GROWTH CURVES FOR 4 RATS WHICH 
ARE COMPARABLE IN EVERY RESPECT TO OTHER 

A N I M A L S  IN EACH SERIES 
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Each curve represents the composite growth rates of 4 rats. At the be- 

ginning of the experiment all the animals weighed approximately 40 gin. 

17--Controls on basic ration. 
21--Basic ration plus 0.1 per cent 

gossypol. 
22--Basic ration plus 0.05 per cent 

gossypol. 
23--Controls. 
24--40 per cent raw cottonseed flour, 

gr free. 

25--40 per cent cottonseed meal flour, 
1.6 per cent bound gossypol. 

30--Controls. 

31--40 per cent raw cottonseed flour, 
gossypol free, with modified salt 
mixture. 

32--40 per cent cottonseed meal flour 
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as  controls,  received the same die t  
w i t h o u t  gossypol.  The  an imals  in 
a l l  the  g roups  were  comparab le  as 
to weight ,  sex, and  pa ren tage ,  and  
t h e  bas ic  die t  was adequa te  in 
every  known f ac to r  necessa ry  fo r  
an  op t imum ra t e  of growth .  

The  g rowth  curves  were  sur -  
p r i s i n g l y  un i fo rm  and showed tha t  
even 0.05 per  cent  of pure  gossypol  
p roduced  a not iceable  r e t a r d a t i o n  
of  the  g rowth  ra te .  One t e n t h  of 
one per  cent  gossypol  produced 
much g r e a t e r  depress ions ,  and  0.2 

GROWTH CURVES FOR RATS RECEIVING A 
NORMAL DIET "1" VARIOUS QUANTITIES 

OF GOSSYPOL 

~VERAGE AVERAGE GOSSYPOL-- t.WE LOSS IN 
~040 7 715 7 L- ~ W E I G H T  
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pe r  cent  gossypol,  or  more, in the  
r a t i o n  caused loss in we igh t  and 
death .  The t ime  unt i l  dea th  oc- 
cur red ,  when le thal  quan t i t i e s  ot 
the  subs tance  were  consumed, had  
a d i rec t  r e l a t ionsh ip  to the  dose. 
These  f indings a re  recorded g ra -  
ph ica l ly  in the aceompany ing  char t s .  

An ima l s  rece iv ing  a r a t i on  in 
which  f o r t y  pe r  cent  of the  nor-  
mal  die t  was replaced  by  cot ton-  
seed flour to serve  as the  sole 
source  of  p ro te in  g r ew  more  slow- 
ly t han  the controls .  In  one ex- 
p e r i m e n t  r aw  cot tonseed flour f r eed  
f rom gossypol  was  used, and  in 
a n o t h e r  expe r imen t  cot tonseed meal  
flour con ta in ing  no f ree  gossypol,  
bu t  hav ing  1.6 pe r  cent bound 
gossypol  was fed. The an imals  on 

the  r aw  cot tonseed die t  g r ew  a 
l i t t le  more  r a p id ly  than  those  on 
the  cot tonseed meal  p r epa ra t i on .  
The difference between the g r o w t h  
r a t e s  of an ima l s  rece iv ing  cot ton-  
seed flour and  the  controls  was in 
pa r t  due to an imprope r  mine ra l  
balance.  When th i s  f ac to r  was  cor-  
rec ted  in ano the r  set  of expe r imen t s  
the  g rowth  r a t e s  of the  an imals  on 
the  modified die ts  were  be t t e r  t han  
those  of the  previous  set  but  t hey  
were  st i l l  below those of  the  con- 
t rols .  Here  a g a i n  the  an imals  re-  
ce iving cot tonseed meal  made  the 
leas t  p rogress .  These  resu l t s  a re  
shown by the  accompanying  curves.  

A l though  the  technique  of  tes t -  
ing  the  tox ic i ty  of  cot tonseed meal  
p roduc ts  has  not  ye t  reached the  
des i red  degree  of per fec t ion ,  i t  is 
hoped t h a t  p rac t i ca l  i n f o r m a t i o n  
r e su l t i ng  f rom the  chemical  da t a  
now avai lab le  upon gossypol  will  
soon be fo r thcoming .  
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