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S T U D I O R U M  P R O G R E S S U S  

C h e m i c a l  C o n t r i b u t i o n s  to  t h e  M e c h a n i s m  
of  the  B i o l o g i c a l  O x i d a t i o n  of  T r y p t o p h a n  ~ 

~y ARVID EK, HENRY KISSMAN, JAMES B. PATRICK, and BERNHARD 
WITKOP, Washington and Cambridge, U.S.A. 

T h e  i n  vitro o x i d a t i o n  o f  i n d o l e  d e r i v a t i v e s ,  s u c h  as  
i n d o l e  2 i t se l f ,  m e t h y l k e t o l  a, t e t r a h y d r o c a r b a z o l e  a, 2,3- 
c y c l o p e n t e n o i n d o l e  4, 2, 3 - c y c l o h e p t e n o i n d o l e  4, a n d  o t h e r  
i n d o l e s ~  b y  t h e  a c t i o n  o f  c a t a l y t i c a l l y  e x c i t e d  o x y g e n  ~ 
o r  b y  a u t o x i d a t i o n  7, b y  p e r b e n z o i c S  or  p e r a c e t i c 9  a c i d s  
a n d  o t h e r  o x i d a n t s  s h a s  b e e n  s h o w n  to  l e a d  t h r o u g h  
i n t e r m e d i a t e  3 - h y d r o p e r o x y -  or  3 - h y d r o x y i n d o l e n i n e  
d e r i v a t i v e s  *°, t h e  c o l o r f u l  c h e m i s t r y  of  w h i c h  h a s  b e e n  
d e m o n s t r a t e d  in  s e v e r a l  i n s t a n c e s X h  

T h i s  c o u r s e  of  o x i d a t i o n  w a s  e x p o u n d e d  in  t h e  c o n -  
v e r s i o n  o f  t h e  a l k a l o i d  e i n c h o n a m i n e  i n t o  q u i n a m i n e  b y  
t h e  a c t i o n  o f  p e r a c e t i c  a c i d  ~*, a t r a n s f o r m a t i o n  t h a t  h e l p e d  
t o  s e t t l e  t h e  s t r u c t u r a l  a n d  p h y t o c h e m i c a l  r e l a t i o n s h i p  
o f  t h e  t w o  p l a n t  p r o d u c t s ,  

I n  t h e  l i g h t  o f  t h e s e  f a c t s  i t  is n o t  s u r p r i s i n g  t h a t  
~ - h y d r o x y t r y p t o p h a n  ( o x i n d o l y l a l a n i n e ) ,  I I I  ( f i r s t  i so-  
l a t e d  f r o m  t h e  h y d r o l y s a t e  of  t h e  t o x i c  p e p t i d e  p h a l l o i -  
d i n e  la, t h e n  o b t a i n e d  f r o m  t r y p t o p h a n  b y  t h e  a c t i o n  o f  
p e r a c e t i c  ac id*  a n d  b y  t o t a l  s y n t h e s i s l 4 ) ,  o r i g i n a l l y  
p o s t u l a t e d  t o  b e  t h e  f i r s t  i n t e r m e d i a t e  in  t h e  o x i d a t i v e  
b r e a k d o w n  o f  t r y p t o p h a n  (I%OTAKE, BUTENANDT), w a s  
s h o w n  n o t  t o  b e  a n o r m a l  i n t e r m e d i a t e  b y  t h e  i m p o r t a n t  
b i o c h e m i c a l  s t u d i e s  o f K s o x a n d  ~-V[EHLER 15,AMANO et al. 1% 
SAKAN a n d  HAYAISH117, MASON a n d  BERG 18. 

T h e  s y n t h e s i s  o f  t h e  A C T U A L  i n t e r m e d i a t e ,  v iz .  fl- 
hydroxy-w-tryptophan (IVa, p a g .  37) h a s  b e e n  u n d e r  
i n v e s t i g a t i o n  in  t h e s e  I n s t i t u t e s  fo r  s o m e  t i m e .  A l t h o u g h  
t h i s  a i m  h a s  n o t  b e e n  q u i t e  r e a c h e d  y e t ,  s o m e  f i n d i n g s  of  
i n t e r e s t  w e r e  m a d e .  

1 The preparation of tiffs preliminary report, reviewing material 
that appeared or will appear in the Journal of the American Chemical 
Society, was kindly suggested by Prof. L. RUZICKA.--0n the Me- 
chanism o I Oxidation V, vide Papers III and IV in this series : J.Amer. 
Chem. Soc. (in press).--From the National Heart Institute, National 
Institutes of Health, Washington 14, D. C., and the Converse Me- 
morial Laboratory of Harvard University, Cambridge 38, Massa- 
chusetts, U.S.A. 

a B. WirKOe and J. B. PATRICK, J. Amer. Chem. Soc. 73, 713 
(1951). 

a 13. WITKOP, ib. 72, 614 (1950). 
4 j .  B. PATRICK, M. ROSENBLUM, and B. WITKOP, Exper. 6, 

461 (1950)i J, Amer. Chem. Soc. 73, 2641 (1951). 
B. WITKOP (unpublished). 

6 B. %¥tTxoP and J.  B. PATRICK, J. Amer. Chem. Soc. 73, 2196 
(1951). 

R. J. S. BEER, L. McGRATH, and A. ROBERTSON, J. Chem. Soc. 
2118, 3283 (1950). 

s B. WITKOP and H. FIEDLER, Ann. Chem. :i68, 91 (1947). 
9 B. WITKOP, ib. 658, 98 (1947). 

x0 B. WITKOP, J. Amer. Chem. Soc. 72, 1428 (1950). 
11 B. WITKOP and J. B. PATRICK, Exper. 6, 183 (1950); J. Amer. 

Chem. Soc. 72, 633 (1950); 73, 1558, 2188 (1951).--S. G. P. PLANT 
and R. Romt~soN, Nature 165, 36, 928 (1950).--S. G. P. PLANT and 
M. TOMLINSON, J. Chem. Soc. 1950, 2127. 

12 B. WITKOP, lb. 72, 2311 (1950). 
la H. WIELAND and B. WITKOP. Ann. Chem. 543, 171 (1940). 
14 M. KOTAKE, T. SAKAN, and T. MIWA, J. Amcr. Chem. Soc. 7°-, 

5085 (1950).--J. W. CORNFORTH, R .H .  CORNEORTH, C.E.  DAI- 
GLXESH, and A. NI~UBEROER, Biochem. J. ¢8, 591 (1951). 

15 W. E. KNox and A. H. MEHL~R, J. Biol. Chem. 187, 419, 431 
0950). 

xe T. AMANO, M. TORn, and H. IR~rANI, Med. J. Osaka Univ. 2, 
45 (1950). 

17 T. SAKAN and O. HAVAISnI, J. Biol. Chem. 186, 177 (1950). 
is M. MASON and C. P. BERG, lb. 188, 783 (1951). 

A .  - r - M e t h y l -  o r  f l - h y d r o x y i n d o l e n i n e s  w i t h  a n  alani-  
ne  s i d e  c h a i n  a t  p H  < 6 u n d e r g o  a n  i n t e r n a l  a c i d - c a t a -  
l y z e d  c o n d e n s a t i o n  to  y i e l d  d e r i v a t i v e s  o f  e s e r o l i n e  wi th  
a l k y l  o r  h y d r o x y I  s u b s t i t u e n t s  in  t h e  a n g u l a r  p o s i t i o n  
(C10). E v e n  a c e t y l a t i o n  of  t h e  p r i m a r y  a m i n o  g r o u p  does 
n o t  p r e v e n t  t h i s  i n t e r n a l  c y c l i z a t i o n .  T h u s ,  i t  is i m p o s -  
s ib le  t o  s y n t h e s i z e  f l - m e t h y l - y J - t r y p t o p h a n  b y  t h e  ac id-  
c a t a l y z e d  F i s c h e r  s y n t h e s i s  f r o m  t h e  p h e n y l h y d r a z o n e  
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X I I I a :  IR1 = Ru = COOEr,  IRa = CHACO, ira - H 
X I I i b :  R 1 = IRa = COOEt,  R a = IRa = CHACO 
X I I I c :  R 1=  I R ~ = R  a = R  4 -  H 

X I  of  t h e  c o m p o u n d  r e s u l t i n g  f r o m  t h e  b a s e - c a t -  
a l y z e d  a d d i t i o n  o f  d i e t h y l  a c e t a m i d o m a l o n a t e  to  
a - m e t h y l a c r o l e i n  t. I n s t e a d ,  o n e  o b t a i n s  d e r i v a t i v e s  of 
bisnoreserol ine  ( X I I I c ) ,  s u c h  a s  X I I I a  a n d  X I I I b ,  
c o m p o u n d s  t h a t  o p e n  n e w  s y n t h e t i c  r o u t e s  i n t o  t h e  
e s e r i n e  s y s t e m  a n d  f u r n i s h  n e w  d e r i v a t i v e s  of  m e d i c i n a l  
interest 2. 

B.--These internal condensation products, such as 
p r e s e n t  in  t h e  a l k a l o i d  q u i n a m i n e ,  a r e  d e r i v a t i v e s  of 
h y d r o x y i n d o l i n e s ,  l a c k  t i l e  r e a c t i v e  - - N = C <  e l e m e n t  
o f  i n d o l e n i n e s  ( c o m p a r a b l e  t o  a k e t o  g r o u p )  a n d  are ,  
t h e r e f o r e ,  r e s i s t a n t  t o  f u r t h e r  o x i d a t i v e  a t t a c k .  T h e s e  
f i n d i n g s  a r e  in  a c c o r d  w i t h  t h e  f a c t  t h a t  a p H  > 6 is 
r e q u i r e d  fo r  t h e  b r e a k d o w n  of  t r y p t o p h a n  (as s u c h  or 
in  p r o t e i n s )  3 b y  t h e  p e r o x i d a s e - o x i d a s e  s y s t e m  of 

1 Cf., D. T. WARNER and O. A. ~IOE, J. Amer. Chem. Soc. 71, 
°586 (1949). 

2 B. WITKOP, R. K. HILL, and H. KlSSMAN, unpublished. 
a The absorption of oxygen by solutions of serunl proteins ob- 

served under the influence of light and hematoporphyrins is largely 
due to the presence of tryptophan and tyrosine: D.T.  HARRIS, BiO- 
chem. J. 20, 280 (1926) and ref. a. Likewise, it has been known for 
20 years that peroxidase (from milk) oxidizes just these two amino 
acids: K. A. C. ELLIOT, lb. 26, 10 (1931). The formation of the 
dipbenyl ether linkage in thyroxi~w from diiodotyrosine and possibly 
the iodination of tyrosine has lately been attributed also to the 
action of pcroxidase. Thus, the role of peroxidase in animal cells, 
uncertain for such a long time, is gaining more and more biological 
significance. 

4 H. GAFFROI% Biochem. Z. 179, 157 (1926). 
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- 2 H ; (Oxidase, Acceptor: O j ' " . ,  

H ? / C H ~ - C H - C O O H  
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X V VII VIII  
dioxindolylalanine formylkymlreuinc (R =It)  

Tentative Correlation of the Breakdown Products Resulting from Tryptophan by Chemical or Biological Oxidation 

KNOX and 1V[EHLER z or  by  h e a v y  me ta l - ca t a lyzed  taut)-  
ox ida t ion  ~ or  p h o t o o x i d a t i o n  wi th  z o r  w i thou t  photo-  
sensitizers*. 

C. -- F o r m u l a e  I a - X  give a reasonable  scheme of the 
breakdown of t r y p t o p h a n  and  tr ies  to combine  the en- 
zymat i c  f indings of K N o x  and !V[EHLER t and of NEU- 
BERGER and his school s w i th  our  chemica l  s tudies on 
the  m e c h a n i s m  of ox ida t ion  in this  series. 

There  are  two  p r inc ipa l  p a t h w a y s  f rom fl-hydroxy-~/,- 
t r y p t o p h a n  (IVa) to  f o r m y l k y n u r e n i n e  (V). Scheme B 
s tar ts  ou t  w i t h  t he  add i t ion  of wa t e r  to  give the  glycolic 
in te rmedia te  IX% Howeve r ,  th is  glycol  I X  is no t  l ikely 
to be the  p r i m a r y  i n t e rm ed ia t e  ar is ing d i rec t ly  f rom 
t r y p t o p h a n  (Ia). Such a d i rec t  format ion ,  i t  is truc, 
would have  an ana logy  in the  au tox ida t ion  of indenc 
(XIV) yie ld ing (among o ther  products)  2 ,3-0xidoindan 

i W. E. Knox and A. H. MEHLER, J. Biol. Chem. 187, 419, 431 
195o). 

2 B. WXrKOP (unpublished).--K. A. KmKEN, C. M. LYMAN, and 
F. HALE, J. Biol. Chem. 171, 551 (1947). 

a H. GAFFRON', Biochem. Z. 179, 157 (1926). 
4 F. LIEBEN,  lb. 184, 453 (1927). 

C. E. DALGLIESU, W.E. KNOX, and A. NEUR~RGeR, Nature 
168, 20 (1951). 

a W. E. KNox and A. H. MEULER, J. Biol. Chem. 187, 419, 431 
(1950).--C. E. DALGLmStr, W. E. Krmx, and A, NEURERGV.R, Nature 
168, 20 (1951). 

(XV) and  2 ,3 -d ihydroxy indan  (XVI) l .  Y e t  indole  (and 
its der iva t ives)  is qu i te  di f ferent  in its chemica l  hab i tu s  
f rom indene,  and, if one wants  to push the  compar i son ,  
more like indone.  In  fact, i t  has p roved  imposs ib le  to 
prepare  2,3-oxidoindolines and where such s t ruc tu res  
have  been pos tu la ted  2 revision s was necessary.  

~/~/ H H OH 

XIV XV XVI 

The re  stil l  r emained  in the  l i t e ra tu re  a n u m b e r  of 
indole  epoxides  such as XVIIa* ,  X V I I b  s, and X V I I c  6, 

I H. Hock and F. DEPKE, Ber. S4, I~2 (1951). 
2 R. GOUTAREL, M.-M. JANOT, V. PRELOG, and W. I. TAYLOR, 

Hclv. chim. acta 3,*, 150 (1950). 
3 B. WtrKop, J. Amer. Cimm. Soc. 72, 2311 (1950). 
4 M. Noun and A. OSTERSETZER, Monatshcftc a4, 787 (1913).-- 

F. J. MYERS anti H. G. IANDWALL, J. Anmr. CIlem. Soc. 60, 2153 
(19a~). 

a F. J. MYrRS and H. G. LINt)WALL, J. Amer. Chcln. Soc. 60, 
,~lr, a (1038). 

e R. STOLLf~, J. prakt. Chem. 135, 3,15 (1932).--W. C. SUMPTER, 
J. Amcr. Chem. Soc. 64, 1736 (1942). 
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wh ich ,  h o w e v e r ,  t u r n e d  o u t  a c t u a l l y  to  be  al l  i n d o x y l  
d e r i v a t i v e s ,  X V I I I a ,  X V I I I b ,  a n d  X V I I I c  ~. 

T h e  glycol ic  i n t e r m e d i a t e  I X  ~ ( c o r r e s p o n d i n g  to  a 
h y d r a t e d  ke tone )  wou ld  b e  a s u i t a b l e  s u b s t r a t e  for  a 
d e h y d r o g e n a s e  (ox idase  a) w i t h  o x y g e n  s e r v i n g  as a n  
accep to r ,  p r o d u c i n g  h y d r o g e n  pe rox ide .  D i o x i n d o l y l a l a -  
n ine  (X) wou ld  be  t h e  p r o d u c t  of s u c h  a d e h y d r o g e n a -  
t ion .  W h e t h e r  t h e r e  is a n o t h e r  e n z y m e  ( " c a r b o l i g a s e " )  
c a t a l y z i n g  a n  i n v e r s e  a cy lo in  c o n d e n s a t i o n ,  or  w h e t h e r  
t h e r e  is poss ib le  a r i n g - c h a i n  t r a n s f o r m a t i o n  f r o m  X to  
f o r m y l k y n u r e n i n e  (V) m a y  be  le f t  o p e n  a t  t h e  m o m e n t .  
T h e r e  is n o  c h e m i c a l  p r e c e d e n t  for  t h e  e x i s t e n c e  of s u c h  
a r i n g - c h a i n  t a u t o m e r i s m  of d i o x i n d o l e  a n d  i ts  d e r i v a -  
t ives .  

A \__ /C .H ,  xwt ~ , ,  ~o xvm 

I il I/c0   a: / 11 f '0 ,,: b: C#0 

R 

D i o x i n d o l e  b e h a v e s  m o r e  l ike a t r u e  acy lo in  g i v i n g  i s a t i n  
on  m i l d  o x i d a t i o n  4 a n d  r e q u i r i n g  h y d r o g e n  p e r o x i d e  for  
o x i d a t i v e  r i ng  f i ss ion  ~ : 

C6H5 

H 
3-Phenyldioxi ndole 

H202 
/ / , ~ / C O - - C 6 H s  

" ~ ' / ~ ' N - - ( C O ( ) )  H 
H 

2-Aminobenzophenone 

T h e  p r e s e r v a t i o n  of t h e  f o r m y l  g r o u p  in  f o r m y l k y n u r -  
en ine  V m i l i t a t e s  a g a i n s t  o x i d a t i v e  r i ng  open ing ,  t h e  
a b s e n c e  of c h e m i c a l  p r e c e d e n t s  a g a i n s t  r i n g - c h a i n  
t a u t o m e r i s m .  

T h e  s t u m b l i n g  b lock  in  t h i s  course  of Schen l e  B,  
n a m e l y  t h e  b r e a k a g e  of > C, - -Ca  > ,  is a v o i d e d  b y  as-  
s u m i n g  a d i r ec t  g lycol ic  c l e a v a g e  b y  t h e  a c t i o n  of t h e  
ox idase ,  c o m p a r a b l e  to  o t h e r  e n z y m a t i c  r i ng  open ings ,  
e.g. t h e  f o r m a t i o n  of c i s , c i s - m u c o n i c  ac id  f r o m  c a t e c h o l  
b y  t h e  a c t i o n  of p y r o c a t e c h a s e  5. W e  h a v e  s h o w n  

1 B. VeXTKOV and A. EK, lb. (in press). 
2 The preparation of glycols from indolesoffers certaindifficulties. 

Osmium tetroxide forms very stable complexes with tryptophan: 
B. HEL~'ERICU and F. VORSATZ, Z. physiol. Chem. 239, ~241 (1936). 
The reaction of N-acylindoles with hydrogen peroxide in tertiary 
butyl alcohol, now under investigation, seems to be more promising. 
The formation of atroxindol from skatol, or of oxindolylalanine (III) 
with peracetic acid proceeds through a glycolie intermediate (equi- 
valent to IX) followed by acid-catalyzed loss of water (of. Table I). 

a W. E. KNOX and A. H. MEHLER, J. Biol. Chem. 187, 419, 431 
(1950). 

a B. KLEIN, J. A.mer. Chem. Soc. an, 1474 (1941). 
5 S. INAGAK L j .  Phann. Soc. Jap. 59, 1 (1939); Chem. Abstr. 33. 

3790 (1939).--G. ffACINt, Gazz.Chim.Ital. 72,510 (1942) ; 73,85 (1943), 
6 0 .  HAYAISHI and K. HABHIMOTO, Med. J. Osaka University 2, 

33 (1950) ; cf. R. Y. STANIER and O. HAYAISHI, The Bacterial Oxida- 
tion of Tryptophan, Science, 114, 326 (1951) ; The Bactcrial Oxidation 
of Tryptophan. III. Enzymatic Activities of Cell-Free Extracts from 
Bacteria Employing the Aromatic Pathway, j'. Bacteriol, in press . -  
The example of catechol is not quite adequate: as an enediol its oxi- 
dation state is more comparable to dioxindole (eL X). On the other 
hand, saturated glycols [e.g. 1,g-trans-dihydroxy-l,g-dihydroanthra - 
cene-l-glucuronie acid and the analogous glycols from naphthalene 
and phenanthrene, E. BOYI.A~D and G. WoLv, Biochem. J. 47, 64 
(1950)] do not undergo ring fission. This makes the formation of 
forlnylkynurenine (V) a unique biochemical reaction. 

p r e v i o u s l y  ~ t h a t  s u c h  a b r e a k a g e  occu r s  smoothly 
b y  t h e  a c t i o n  of pe r ac id s  o n  h y d r o x y i n d o l e n i n e s  in 
a n a l o g y  to  t h e  f o r m a t i o n  of l a c t o n e s  f rom ke tones .  The 
t w o  r e l a t e d  r e a c t i o n s  can  be  c o r r e l a t e d  in t h e  following 
w a y  ( X  = H,  CHACO, CeH~CO , etc.)  : 

"C--OH )C ¢O"--tl \C= 0 
/ I  HOOX C[ ~ / 

C ~ > C=O 

H H 

Hydroxyindolenine intermediate  with  equivalent  of formyl. 
(ketone) cationoid oxygen kynurenine (lactone) 

RI Rl~ ~O-N--H RI~c= 0 
/~c~o c > I 

iq / 
To  s u m m a r i z e .  S c h e m e  B i n v o l v i n g  d i r e c t  g lycdic  
c l e a v a g e  of I X  ( r a t h e r  t h a n  t h e  f o r m a t i o n  of a dioxindole 
i n t e r m e d i a t e  X) a t t r a c t i v e l y  a c c o m m o d a t e s  t h e  enzym- 
a t i c  r e q u i r e m e n t s .  S c h e m e A  fulfi l ls  all c h e m i c a l  prerequi-  
s i tes ,  b u t  does  n o t  t a k e  d u e  a c c o u n t  of t h e  e n z y m a t i c  con- 
d i t ions ,  viz.  t h e  p r e sence  of a d e h y d r o g e n a s e  (oxidase~}, 
t h e  n e c e s s i t y  of o x y g e n  as a h y d r o g e n  accep to r ,  a n d  the 
f o r m a t i o n  of  h y d r o g e n  p e r o x i d e  in  t h e  d e h y d r o g e n a t i o n .  

D . - - S i n c e  i t  p r o v e d  d i f f i cu l t  to  h a l t  o x i d a t i o n  0i 
t r y p t o p h a n  ( Ia )  u n d e r  a l k a l i n e  c o n d i t i o n s  a t  a n  inter- 
m e d i a t e  s tage ,  s u b s t i t u e n t s  such  as p h e n y l  or  c a r b e t h o x y  
were  i n t r o d u c e d  i n t o  t h e  2 -pos i t ion  ( I b  a n d  Ic )  in  order 
to  b lock  i n t e r n a l  c o n d e n s a t i o n  a n d  to  a l low of t h e  use  of 
ac id ic  c o n d i t i o n s  in  t h e  o x i d a t i o n  r e a c t i o n s .  T h e  syn- 
t h e t i c  p r o b l e m ,  i n v o l v i n g  f o u r d i f f e r e n t  f u n c t i o n a l g r o u p s  
in t h e  case  of I c ,  was  g r e a t l y  h e l p e d  b y  t h e  use  of 

,COOCH2C6H 5 
CaHsCH2OCONH--CH / 

\COOCH~CeH s 
X t X  

d i b e n z y l  c a r b o b e n z y l o x y a m i n o m a l o n a t e  ( X I X )  a, a com- 
p o u n d  w h i c h  s h o u l d  t u r n  o u t  to  be  v e r y  use fu l  for  m a n y  
s y n t h e t i c  r eac t i ons ,  s ince  all  t h r e e  b e n z y l  g r o u p s  can  be 
r e m o v e d  in  one  s ingle  s t ep  b y  c a t a l y t i c  h y d r o g e n a t i o n .  
I t  is t h e n  h o p e d  t h a t  t h e  i n t e r m e d i a t e  I V c  will, af ter  
s a p o n i f i c a t i o n ,  lose c a r b o n  d iox ide  w i t h  t h e  s a m e  ease 
as a -p ico l in ic  ac id  in a b a s e - c a t a l y z e d  d e c a r b o x y l a t i o n  
r e a c t i o n  ~. 

E . - - T h e  n a t u r e  of t h e  b l o c k i n g  g r o u p  R ( Ib ,  Ic) 
g r e a t l y  a f fec t s  t h e  ease  a n d  r a t e  of a u t o x i d a t i o n  of 
t r y p t o p h a n  (I a) r e m i n i s c e n t  of  t h e  i n f l u e n c e  of t h e  ring 
size on  t h e  r a t e  a n d  course  of a u t o x i d a t i o n  of  homologous  
t r i cyc l i c  indoles  5. A cco rd i n g l y ,  t h e  poss ib le  r61e t h a t  a 
cycl ic  c h e l a t e  c o m p l e x  of a s u i t a b l e  h e a v y  m e t a l  (cop- 
per ,  coba l t ,  i ron ,  etc.)  e w i t h  I a  o r  I V a  m i g h t  h a v e  on 
t h e  r a t e  a n d  course  of t h i s  o x i d a t i o n  is b e i n g  s t u d i e d .  

1 B. WITKOP and J. B. PATRICK, J. Amer. Chem. Soc. 73, 2196 
(1951). 

2 W. E. KNOX and A. H. MEHLER, J. BioL Chem. 187, 419, 431 
(1950). 

a B. "WtTKOV and H. KISSMAN (unpublished). 
a Cf. B. R. BROWN and.LL. HAMMICK, J. Chem. Soc., 659 (1949}. 
5 j .  B. PATRICK, M. ROSE,SLUM, and B. WITKOP, Exper. 6, 461 

(1950); J. Amer. Chem. Soc. 73, 2641 (1951). 
s Copper and Cobalt (again in alkaline medium) in concentrations 

down to 5"10 -3 M catalyze still another reaction, viz. the trypto- 
phanase reaction leading from tryptophan to indole and ammonia: 
E. A. DAWES and F. C. HAPPOLD, Nature 164, 704 (1949).--F. C. 
HAPpOLI), Advances in Enzymology, 10, 51 (1950). 
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F . - T h e  f o r m a t i o n  ot h y d r o p e r o x i d e s  of t y p e  VI ,  so 
easily obse rved  in  vitro, m i g h t  also occur  i n  vivo (Table I, 
Scheme C). The  ease of r e a r r a n g e m e n t ,  v a r y i n g  w i t h  t h e  
type  of s u b s t i t u e n t s  in pos i t i ons  2 a n d  3, i n to  d e r i v a t i v e s  
equ iva len t  to  f o r m y l k y n u r e n i n e  (V) has  been  d e m o n -  
s t r a t ed  w i t h  m o d e l  c o m p o u n d s L  A h y d r o p e r o x i d e -  
isomerase e f fec t ing  t h e  t r a n s f o r m a t i o n  f r o m  f l -hydro-  
p e roxy -v ) - t r yp tophan  (Via) t o  f o r m y l k y n u r e n i n e  (V) 
would seem an  a t t r a c t i v e  b io logica l  s p e c u l a t i o n  a p a r t  
f rom t h e  poss ible  m u t a g e n i c  ~, c a r d i o t o n i c  s, a n d  ca rc ino-  
genic 4 a spec t s  of t h e  i n t e r m e d i a r y  h y d r o p e r o x i d e .  

G . - -The  r e a r r a n g e m e n t  of h y d r o p e r o x i d e  i n t e r m e d i -  
ates  equ iva l en t  to  V I  a n d  in p a r t i c u l a r  to  V I b  could  also 
take a second  course  ana logous  to  t h e  a c i d - c a t a l y z e d  
r e a r r a n g e m e n t  of t e t r a l i n  h y d r o p e r o x i d e  (XX)  to  t he  
phenolic c o m p o u n d s  X X I  a n d  X X I I L  In  fact ,  such  a 

O--OH 
l 

XX 

% / , ,  . c m  
, CH 2 

X X I  

~ / )  OH OHICoH , _  
CH2--CH= C \ ( i f \  

I ~, I ! , :, , [ ~-~./.,, /CH~ H2C N /. ~./ 
CH 2 H2C 

X X I [  

r e a r r a n g e m e n t  was  r e c e n t l y  rea l ized in t he  a c i d - c a t a l y z e d  
i somer iza t ion  of t h e  r ing-cha in  t a u t o m e r i c  ozonide ,  
X X I I I  ~_ X X I V ,  t o  t h e  o - d i a c y l a m i n o p h e n o l s  ( X X V ,  
X X V I )  6 

H / 
X X l I I  J X X l V  X X V  F -  

~G/NN_COR~ %/~N~7"\R~ 
H 

X X V I  XXVII  

1 j .  B. PATRICK, M. ROSENBLUM, and B. WITKOP, Exper. 6, 461 
(1950); J. Amer. Chem. Soc. 7J, 2641 (1951).--B. WITKOP and J. B. 
PATRICK, lb. 73, 2196 (1951). 

2 A. LOVELESS, Nature 167, 338 (1951). 
30 .  KRAYER, R . t  ~. LINSTEAD, and D. Tonn, J. Pharmaeol. 

and Exp. Therap. 77, 113 (1943).--O. KRAVER, Proc. Soe. Exp. Biol. 
Med. 53, 51 (1943).--1. MITA, Arch. of Exp. Path. Pharmaeol. 104, 
276 (1924).--H. RICHTER, Arch. ffir exper. Path. Pharmakol. 19~, 
362 (1940).--R. MENDEZ, J. Pharmacol. and Exper. Therap. 81, 
151 (1944). 

4 H. F. PAEK, J. Amer. Chem. Soc. 69, 2248 (1947). 
5 M. S. KH~mASCH, Lecture before the Swiss Chemical Society, 

15 February 1950, at Zfirich, cf. Angewandte Chemie 62., 292 (1950). 
* B. WITKOP and J. B. PATRICK, J. Amer. Chem. Soc. (in press). 

I f  d e r i v a t i v e s  of o - a m i n o p h e n o l  x or benzoxazo le  2 were  
to  be f o u n d  as n o r m a l  or a b n o r m a l  a n i m a l  or  bac t e r i a l  
me tabo l i t e s ,  t he i r  or igin would  h a v e  to  be cons ide red  b y  
th i s  scheme .  

H . - - T h e  i n t r o d u c t i o n  of the  pheno l ic  h y d r o x y l  g roup ,  
p r e s e n t  in t he  " c n + - c o m p o u n d "  ( 3 - h y d r o x y k y n u r e n i n e ) ,  
3 - h y d r o x y a n t h r a n i l i c  ac id  3, x a n t h u r e n i c  acid  a n d  in 
m e t h y l a t e d  fo rm in  t h e  p l a n t  a lka lo id  d a m a s c e n i n e  
( X X V I I I ) ,  has  so far  b e e n  a s s u m e d  to  occu r  a t  t h e  
k y n u r e n i n e  s tage.  Y e t  t h e  coup l ing  p r o d u c t  of  po-  
t a s s i u m  d i c h l o r o p h e n y l d i a z o n i u m  su l fona te  w i t h  a 

N = N--C6H3CI 2 

2 ~  " ..... /CH~--COOH //~/COOCH~ I 
tl 
,,, i !! 

N~( /~N__CH 3 \N'N/' \ / I N 
CHs0 H H 0  H 

X X V I I I  Damasceniue X X I X  

p a t h o g e n i c  indo le  b r e a k d o w n  p r o d u c t  i so la ted  f rom 
the  u r ine  of a p a t i e n t  w i t h  l iver  cancer* ,  if co r r ec t l y  
e x p r e s s e d  b y  X X I X ,  would  i n d i c a t e  t h a t  pheno l i c  
h y d r o x y i n d o l e s  m a y  be f o r m e d  p r io r  to  t h e  b reak -  
d o w n  of  t h e  py r ro l e  r ing.  A more  conc lus ive  piece of 
ev idence  for  th is  h i t h e r t o - n e g l e c t e d  a s p ec t  of t r y p t o p h a n  
m e t a b o l i s m  is f u r n i s h e d  b y  serotonin (II), t h e  v a s o co n -  
s t r i c t o r  p r inc ip le  i so la ted  f rom beef  s e r u m  5. The  syn -  
thes i s  of s e r o t o n i n  e, n o w  a c t i v e l y  p u r s u e d  in  t hese  
I n s t i t u t e s ,  wilt  s h o w  w h e t h e r  th i s  o x i d a t i o n  p r o d u c t  is 
an  i n t e r m e d i a t e  in t h e  cha in  of r eac t i ons  l e ad i n g  to  
x a n t h u r e n i c  acid  or, in an  a l t e r n a t e  p a t h w a y ,  l ead ing  

x The antibiotic properties of o-atninophenol may be mentioned 
in this connection: M. BAgRER and G. A. D. HASLEWOOD, Brit. Mcd. 
J., 1941, 754. 

2 o-Ammephenol as a metabolite passes readily into benzoxazolcs 
(of. R. T. WILLIAMS, Detoxication Mechanisms [John Wiley & Sons, 
Inc.,NewYork 1947],pp. 144, 149) similar to the conversion of XXVI 
t o  the benzoxazole XXVII. 

s The biological transformation of 3-hydroxyanthranilie acid into 
nicotinic acid need not be discussed here. It should be pointed out, 
however, that the formulation of this process according to C. MENT- 
ZER, D. MOLHO, and Y. ]$ERGUER, Bull. Soc. Chim. France 782 
(1950) is unlikely, since it involves the reduction of 6-hydroxynico- 
tinic acid to nicotinic acid; a much more reasonable sequence of 
reactions is suggested by M. GUOGENIIETM, Die biogenen Amine (S. 
Karger, Basel-New York 1950), p. 263. 

4 L. HrRMANUS and P. SAcKs, Z. physiol. Chem. 114, 79, 88 (1921) ; 
these coupling reactions with diazonium compounds have recently 
led R. J. WILLIAMS to the discovery of abnormal products in the 
urine of schizophrenic patients (Chem. Eng. News. 29, 314 [1951]) 
and helped in recognizing the significance of irtdividual metabolic 
patterns in human biochemistry (cL American Chemical Society, 
120th Meeting, Sept. 1951, Abstracts 6C). 

5 M. M. RAPPORT, A. A. GREEN, and I .H.  PAG,% Science 108, 
329 (1948).--M. M. R^eroar, J. Biol. Chem. 180, 961 (1949). 

6 Note added in proof.--According to a private communication 
from Dr. IRVXr¢E H. PACE (Cleveland Clinic Foundation, Cleveland 6, 
Ohio), 5-hydroxytryptamine, synthesized in the Abbott Laboratories 
(North Chicago, Illinois) by Dr. K. E. HAMLXN (J. Am. Chem. Soc., 
in press), exhibits physical and pharmacological properties identical 
with those of serotonin. The final confirmation of identity is awaiting 
the direct comparison of the synthetic with the natural product . -  
The recent reports from the Cleveland group on the existence of 
another hypertension factor, produced in thebrain region andpossibly 
related to serotonin, are of interest in connection with our work on 
the synthesis of further isomers and derivatives of serotonin (B. WIT- 
Kin" and A. EK, unpublished). 
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to 5-hydroxy- ,  5 ,6 -d ihydroxy indo les  and  f rom the re  to 
c o m p o u n d s  of me lan in  c h a r a c t e r L  I t  wou ld  be in te res t -  
ing indeed,  if the re  were  to  be found a biological  para l -  
lel ism to  t he  fact  t h a t  ionic oxidants ( involv ing  O H  +) 
oxidize t he  pyr ro le  p a r t  of indole  compounds ,  whi le  
ce r t a in  rad ica l  ox idan t s  ( i n v o l v i n g .  OH) f a v o r  a t t a c k  of 
t he  benzene  ring. The  posi t ion e q u i v a l e n t  to a benzy l  
carbon,  n a m e l y  the  m e t h y l e n e  g roup  of the  a lan ine  
cha in  of t r y p t o p h a n ,  has also been  cons idered  as a 
l ike ly  si te for m e t a l - c a t a l y z e d  ox ida t ion ,  a process  for 
which  rad ica l  mechan i s ms  h a v e  been discussed 2. A 
s impler  and more  obv ious  m e c h a n i s m  exp la in ing  the  
r u p t u r e  of the  t r y p t o p h a n  molecule  in to  indole,  p y r u v i c  
acid  and  a m m o n i a  is g iven  in the  fol lowing:  

NHa 
H 1 

^ .CH2 .--C--COO H /7\ .4 k@ 
% / \ ,~Z 

Tryptophan (pseudo-form) 

.1 

optimal pH 7.5 

NH., 
I 

/ / \  H,,c =C- COOH 
L, ;I+ ** \N- 

H C I ]  3 - C -  COOH 

Ni t  
indole c~-aminoacryt'c acid 

<__ CHaCOCOOH 
~- + N H  a 

pyruvic acid ~-ammonia 

The  in i t ia l  f o r m a t i o n  of an an ion  could  equa l l y  well  
be f o r m u l a t e d  in a m a n n e r  i n v o l v i n g  radica l  i n t e rmed i -  
ates.  This  f o r m u l a t i o n  would  also accoun t  for  t he  pro-  
duc t ion  of h a r m a n  f rom t r y p t o p h a n  and  ferr ic  chlor ide  3. 
E i t h e r  t he  add i t ion  of t r y p t o p h a n  to aminoac ry l i c  acid, 
or t he  condens a t i on  of the  fo rmer  wi th  p y r u v i c  acid, 
would  lead  to i n t e r m e d i a t e s  g iv ing  h a r m a n  on ox ida t ion  
and  deca rboxy la t i on .  

Acknowledgment: It  is a pleasure to thank Drs. A. H. MEHLER 
and O. Havmsm for stimulating discussions. 

Zusammen/assur~g 
Die O x y d a t i o n  yon  I n d o l - D e r i v a t e n  e inschl iegl ich  

T r y p t o p h a n  durch  moleku la ren  Sauers toff ,  A u t o x y d a -  
t ion,  Pers / iuren  und E n z y m e  f i ihr t  prim~tr zu f l -Hydro-  
pe roxy-  und  f i -Hydroxy-~- indo len .  S o l c h e H y d r o x y i n d o l -  
enine zeigen folgende cha rak te r i s t i sche  R e a k t i o n e n :  

I Cf. I-L BURTON, Chem. and Ind. 818 (1918). 
F. C. HAPPOLD, Advances in Enzymology 10, 62 (19501. 
F. G. HOPKINS and S. COLE, J. PhysioL 29, 451 (1903).--R. 

RC~mNSO~, J. Chem. Soc., 115, 968 (i919}. 

1. In  s au rem M e d i u m  gehen sie intermolekulare oder, 
falls gee ignete  S u b s t i t u e n t e n  (zum Beispiel  die Alanin- 
Se i t enke t t e  in T r y p t o p h a n )  v o r h a n d e n  sind, intra- 
moleku la re  K o n d e n s a t i o n  ein zu V e r b i n d u n g e n  yore 
E s e r o l i n - T y p u s .  

2, Sie add ie ren  un te r  a n d e r m  Wasser  (a), Essigs/iure 
(b), Ess igs i iu reanhydr id  (c), Pers~iuren (d, X = A c ,  Bz 

/ R  1 
- - ~ \ O H  H~O CHaCOOH - - C (  I~1 

I \ O H  

H OH 2 OH ~ N / ' ~ O C O C H s  
(a) I H (b) 

- - C  - R 1 
I 

~ / R 1  ] \ O H  
- ~ \ o H  \x / /cR~ - c (  R' 

d /R2  / " ~  ,/R~ 
" N/ \OOX J \N/%,OCOCHs 

H HOOX (CHaCO)~O COCH a 
(d) (c) 

usw.), Wasse r s t o f f supe roxyd  (d, X = H )  zu Produkten ,  
die fo rma l  h y d r a t i s i e r t e n  K e t o n e n  (a), deren  Mono-  (b} 
und O r t h o - A z e t a t e n  (c) sowie K e t o n h y d r o p e r o x y d e n  (d) 
eh t sp rechen .  

3. Die o x y d a t i v e  R ingspa l tung ,  die tiber das Zwischen- 
p r o d u k t  (d) erfolgt ,  is t  e in  Vorgang,  welcher  der  Lacton-  
b i ldung  aus K e t o n e n  mi t t e l s  Pers~iuren und  W'asserstoff- 
pe roxyd  ana log  ist. Vom chemischen  S t a n d p u n k t  er- 
kli ir t  dieser  Mechan i smus  den b io logischen  A b b a u  des 
T r y p t o p h a n s  zu F o r m y l k y n u r e n i n  zuf r iedens te l lend .  

4, Die A n l a g e r n n g s v e r b i n d u n g e n  yon  V~Tasser oder 
Essigs~iure an  f l -Hydroxy -~ - indo l e  v o m  T y p  (a) und  (b) 
s ind Glykole,  die in saure r  L6sung,  fails Wasserabspal -  
t u n g  erfolgen kann  (a R~ = H),  in Oxindole  i ibergehen 
oder  in a lka l i schem oder  n e u t r a l e m  M e d i u m  m6glicher-  
weise o x y d a t i v e  R i n g s p a l t u n g  er le iden;  ein Sei tenweg 
zu D e r i v a t e n  des Diox indols  ist  m/3glich, wi i rde  abet 
n ich t  we i te r  zu F o r m y l k y n u r e n i n  fi ihren.  Die  Bi ldung 
von  F o r m y l k y n u r e n i n  aus T r y p t o p h a n  nach  S c h e m a  B 
wfirde den e n z y m a t i s c h e n  Versuchen  von K N o x  und 
MEHLER gerecht .  

5. Als d r i t t e r  Mechan i smus  (Schema  C in der  Uber- 
s icht  auf  Tafe l  I) ftir den  b io logischen A b b a u  des 
T r y p t o p h a n s  1/iBt sich ein f l -Hydroperoxy-~p- t ryp tophan  
n ich t  u n b e d i n g t  ausschliel3en. E ine  solche Verb indung  
k6nn te  sich d i rek t  zu F o r m y l k y n u r e n i n  umlagern .  

I m  Z u s a m m e n h a n g  mi t  der  E r 6 r t e r u n g  dieser  Oxy- 
d a t i o n s m e c h a n i s m e n  werden  e inige neue  Beziehungen 
und  Aspek te  im Stoffwechsel  des T r y p t o p h a n s  diskut ier t ,  


