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SUMMARY 

T r i t i u m ,  deuter ium,  and carbon-13 l a b e l e d  cyc lohex im ide  

were prepared th rough  fe rmen ta t i on  o f  Streptornyes griseus i n  

t h e  presence o f  S-methyl l a b e l e d  L-meth ion ine .  Cyc lohex imide-  

3 H  o f  s p e c i f i c  a c t i v i t y  4.96 mCi/mg (1.40 Ci/mmol) was 

ob ta ined  i n  25% o v e r a l l  r ad iochemica l  y i e l d .  Nuc lear  

magnet ic  resonance and mass s p e c t r a l  analyses o f  t h e  

deu te r ium and carbon-13 l a b e l e d  p roduc ts  showed t h a t  

i s o t o p e  i n c o r p o r a t i o n  occu r red  v i r t u a l l y  e x c l u s i v e l y  i n  

t h e  two methy l  groups i n  cyc lohex imide ,  w i t h  n e q l i q i b l e  ( < 5 % )  

i n c o r p o r a t i o n  i n  t h e  r e s t  o f  t h e  molecu le .  Furthermore, 

deu te ra ted  spec ies  con ta ined  e i t h e r  t h r e e  o r  s i x  deu te r ium 

atoms, i n d i c a t i n g  t h a t  t h e  methy l  groups were t r a n s f e r r e d  

i n t a c t  f rom L-meth ion ine .  Also,  t h e  two methy l  qroups i n  

cyc lohex i rn ide  were o f  equal  i s o t o p e  enr ichment .  The 

o v e r a l l  enr ichment  ach ieved i n  t h e  methy l  groups was 55: 

and 45%, r e s p e c t i v e l y ,  i n  t h e  deu te r ium and carbon-13 l a b e l e d  

compounds. 
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INTRODUCTION 

Cycloheximide *Q), an a n t i b i o t i c  f i r s t  i s o l a t e d  by Whiffen, Bohonos, and 

Emerson (1, 2 )  from Streptomgees griseus, possesses ant i tumor (3, 4, 5 )  and 

amebicidal ( 6 )  a c t i v i t i e s .  

a g r i c u l t u r a l  u t i l i t i e s  as an absc iss ion agent and fungic ide (8-12). 

c u r r e n t l y  under development as a drug candidate f o r  treatment o f  dermatologic 

diseases. Synthesis o f  cycloheximide was undertaken t o  meet the need f o r  

r a d i o a c t i v e  drug f o r  conducting absorpt ion and metabolism stud ies i n  t e s t  

animals and man. 

I t  i s  a l so  a po ten t  rodent  r e p e l l e n t  ( 7 )  and has 

I t  is  

D I S C U S S I O N  AND RESULTS 

Because of a n t i c i p a t e d  t o p i c a l  app l i ca t i ons ,  r a d i o a c t i v e  drug of h 

s p e c i f i c  a c t i v i t y  was needed. The t o t a l  synthes is  o f  cycloheximide was 

repo r ted  by Johnson et u Z .  i n  1966 (13 ) .  Unfor tunate ly ,  t he  chemistry 

gh 

s no 

r e a d i l y  app l i cab le  t o  the  p repara t i on  o f  h igh a c t i v i t y  t r i t i u m  labe led  m a t e r i a l .  

We the re fo re  turned t o  b iosynthes is  from r a d i o a c t i v e  precursors.  

0 OH 

The biogenesis o f  cycloheximide was s tud ied  by Vanzk et aZ. (14-16). The 

carbon skeleton o f  t he  compound r e s u l t s  from condensation o f  f i v e  three-carbon 

u n i t s  o f  malonate, i n i t i a t e d  by a s i x t h  "pr imer"  malonate u n i t ,  as shown i n  

s t r u c t u r e z .  One carbon atom, shown i n  parentheses, i s  l o s t  through 

* Also known as naramycin A and Acti-Dionem (The Upjohn Company), 



d e c a r b o x y l a t i o n  f rom each u n i t  except  t h e  p r i m e r  u n i t .  

b l o c k s  a r e  i n  t u r n  d e r i v e d  f rom two-carbon a c e t a t e  u n i t s .  Fermenta t ion  of  

S. griseus i n  t h e  presence o f  sodium a ~ e t a t e - ~ H ,  t h e r e f o r e  shou ld  produce 

cyc lohex im ide  b e a r i n g  t r i t i u m  l a b e l s  a t  t h e  odd-numbered carbon atoms. 

the  mode o f  condensat ion  would suggest t h a t  a t  l e a s t  t w o - t h i r d s  o f  t h e  t r i t i u m  

i n  sodium a ~ e t a t e - ~ H  would be l o s t  t h rough  d i l u t i o n  by t h e  f e r m e n t a t i o n  medium. 

T h i s  coup led  w i t h  t h e  expec ted  low i n c o r p o r a t i o n  (2-8%) o f  ace ta te ,  as 

r e p o r t e d  i n  t h e  l i t e r a t u r e  (16 )  when sodium aceta te-14C was used as s u b s t r a t e ,  

r a i s e d  doubts  as t o  whether  t h e  r e q u i r e d  s p e c i f i c  a c t i v i t y  o f  1 mCi/mg i n  

cyc lohex im ide  c o u l d  be  achieved. Moreover, most o f  t h e  t r i t i u m  l a b e l s  i n  such 

a p roduc t  would be  l o c a t e d  a t  p o t e n t i a l l y  exchangeable p o s i t i o n s  nZpha t o  

e x i s t i n g  and l a t e n t  ca rbony l  groups and t h e  ca rbox im ide  f u n c t i o n ,  an u n d e s i r -  

a b l e  s i t u a t i o n  when t h e  compound i s  used f o r  metabo l ism s t u d i e s .  

The malony l  b u i l d i n g  

However, 

The two methy l  groups i n  cyc lohex im ide  can be d e r i v e d  f rom L-meth ion ine  

( 4 )  t h rough  t r a n s - m e t h y l a t i o n  (14 ) .  Cycloheximide-l5,16-"+C was produced 

w i t h  14-17% i n c o r p o r a t i o n  (16 )  d u r i n g  f e r m e n t a t i o n  i n  t h e  presence o f  L- 

me th ion ine  ( 4 )  l a b e l e d  w i t h  carbon-14 i n  t h e  S-methyl group. By analogy, i t  

appeared t h a t  by  u s i n g  L-meth ion ine ,  l a b e l e d  w i t h  t r i t i u m  i n  t h e  S-methyl 

group, as t h e  precursor,  cyc lohex im ide  c o u l d  be ob ta ined  w i t h  S p e c i f i c  t r i t i u m  

l a b e l s  i n  t h e  me thy l  groups. The s u p e r i o r  i n c o r p o r a t i o n  e f f i c i e n c y ,  s p e c i f i -  

c i t y ,  and t h e  l o c a t i o n  o f  t r i t i u m  a t  c h e m i c a l l y  s t a b l e  p o s i t i o n s  i n  t h e  p roduc t  

lu 

lu 

made L-methionine-S-Me-3H t h e  p o t e n t i a l  r a d i o i s o t o p e  l a b e l  Source o f  c h o i c e  for 

p r e p a r i n g  h i g h  s p e c i f i c  a c t i v i t y  cyc lohex im ide  w i t h  n o n - l a b i l e  t r i t i u m  l a b e l s .  

A l ow  r a d i o a c t i v i t y  t r i a l  f e r m e n t a t i o n  was c a r r i e d  o u t  t o  de te rm ine  

t r i t i u m  i n c o r p o r a t i o n  e f f i c i e n c y  and whether t h e  methy l  g roup was t r a n s f e r r e d  

f rom L-meth ion ine  t o  cyc lohex im ide  as an i n t a c t  group o r  th rough some t r a n s i e n t  

spec ies  o f  h i g h e r  o x i d a t i v e  s t a t e ,  t o  be subsequent ly  reduced back t o  t h e  

me thy l  group. 

would r e l e a s e  t r i t i u m  as v o l a t i l e  t r i t i a t e d  water ,  wh ich  i n  a m u l t i - c u r i e  

The l a t t e r  p o i n t  was o f  concern  because such t r a n s f o r m a t i o n s  



experiment would c o n s t i t u t e  a heal th  hazard. 

fermentation was car r ied  out i n  an environmentally contained apparatus under 

a regulated stream of s t e r i l e  a i r  which, a f t e r  e x i t  from the fermentation 

chambers, was led through a s e r i e s  of  cold traps a n d  drying agents t o  remove 

any escaping moisture. 

the fermentation medium during the period of presumed maximum production of 

cycloheximide i n  order  t o  e f f e c t  optimum incorporat ion,  s i n c e  i t  was expected 

t h a t  methionine would probably a l s o  be d i s s i p a t e d  through biotransformations 

o ther  than those d i rec ted  towards the  synthes is  of the  product. 

of  t r i t i a t e d  methionine of 201 mCi/mmol, 0.796 mCi of cycloheximide o f  

2.33 mCi/mnol was produced, which represented a 17.8% radiochemical y i e l d .  

Only 0.03:: of r a d i o a c t i v i t y  used was found in  the s u b s t a n t i a l  amounts of 

traDped water and/or o ther  v o l a t i l e  products condensable a t  -70" C ,  suggesting 

the i n t a c t  methyl group a s  the  predominant i f  not sole mode of t r a n s f e r .  

To minimize such hazards, the 

The labeled methionine was added i n  increments t o  

From 4.45 mCi 

Similar  r e s u l t s  were obtained in  a biosynthesis  c a r r i e d  o u t  with a much 

l a r q e r  amount of r a d i o a c t i v i t y .  

methionine, nominally 77 Ci/mmol, yielded 661 mCi of  cycloheximide with a 

s p e c i f i c  a c t i v i t y  of 4.96 mCi/mg o r  1.40 Ci/mmol, which represented a 25% 

radiochemical y i e l d .  I t  i s  of i n t e r e s t  t o  note t h a t  exposure t o  mul t i -cur ie  

amounts of rad ioac t iv  t y  had no apparent d e l e t e r i o u s  e f f e c t  on 5. griseus. 

The product, however, known t o  be unstable  in both a c i d i c  and bas ic  media ( 1 3 ) ,  

proved highly suscept  ble  t o  r a d i o l y t i c  decomposition a s  wel l .  

c r y s t a l l i n e  s t a t e ,  high s p e c i f i c  a c t i v i t y  cycloheximide decl ined i n  pur i ty  a t  

a r a t e  of 1 %  per day a t  -15" C .  The mater ia l  was pur i f ied  by column chroma- 

toqraphy on s i l i c a  gel and s tored  a t  -15" C i n  ethyl  a c e t a t e  a t  a concentrat ion 

of %5 mCi/ml t o  maintain the radiochemical s t a b i l i t y  of labeled cycloheximide. 

Fermentation i n  the presence of 2.64 Ci of 

I n  the 

Carbon-14 labeled methyl group of L-methionine was reported (14)  t o  be 

incorporated i n t o  the two methyl groups of  cycloheximide exc lus ive ly  and 

equal ly .  By analogy, t h e  t r i t i u m  l a b e l s  i n  ou r  cycloheximide were therefore  

expected to  be a l s o  loca l ized  evenly a t  carbon atoms number 15 and 16. To 
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v a l i d a t e  t h i s  assumpt ion  and de te rm ine  i s o t o p e  d i s t r i b u t i o n ,  p a r t i c u l a r l y  

w i t h  r e s p e c t  t o  whether t h e r e  was any s i g n i f i c a n t  randomiza t i on  o f  l a b e l s  

elsewhere i n  t h e  cyc lohex im ide  molecule,  we prepared deu te r ium and 

carbon-13 l a b e l e d  cyc lohex im ide  th rough  f e r m e n t a t i o n  o f  S. piseus i n  t h e  

presence o f  L -meth ion ine  l a b e l e d  w i t h  deu te r ium and carbon-13 i n  t h e  methy l  

group. The e x c l u s i v i t y  o f  t h e  l a b e l  p o s i t i o n s ,  o r  l a c k  o f  i t ,  i n  t r i t i a t e d  

cyc lohex imide ,  i s  o f  i n t e r e s t  because o f  i t s  a n t i c i p a t e d  use i n  metabo l ism 

s t u d i e s .  

The l a b e l e d  L-meth ion ines  &U a n d L b  were prepared f rom S-benzyl-L- 

homocysteine ( 3 )  and deu te r ium (99% enr ichment )  and carbon-13 (90% enr i chmen t )  

l a b e l e d  methy l  i o d i d e  acco rd ing  t o  known procedures ( 1 7 ) .  In o r d e r  t o  maximize 

u t i l i z a t i o n  o f  l a b e l e d  p r e c u r s o r  w h i l e  m i n i m i z i n g  t h e  e f f e c t s  o f  i s o t o p e  

N 

CHz - CH2 - CH - COOH 1 )  Na, NH3 CH2 - CH2 - CH - COOH 
I I 3 1  I 
S-CH?-Ph NH2 2 )  13CH31 o r  S - Y R 3  NH? 

CSH3 I 

3 
..4 

4 a )  Y = I 3 C  R = 'H 
R = 2 H  b )  Y = 1 2 C  

IC/ 

d i l u t i o n *  i n h e r e n t  d u r i n g  t h e  course  o f  t h e  fe rmen ta t i on ,  r e l a t i v e l y  massive 

amounts o f  deu te r ium and carbon-13 l a b e l e d  L-meth ion ine  (750-1000 mg), i n  

comparison t o  t r i t i a t e d  L-meth ion ine  (%5 mg), were f e d  t o  t h e  c u l t u r e  i n  

numerous inc rements  ove r  a p ro longed p e r i o d  o f  t ime .  Al though, as no ted  

e a r l i e r ,  exposure t o  r a d i a t i o n  a p p a r e n t l y  had no e f f e c t  on t h e  fe rmen ta t i on ,  

p ro longed presence o f  h i g h  c o n c e n t r a t i o n s  o f  L -meth ion ine  e x e r t e d  an i n h i b i t o r y  

e f f e c t  on c u l t u r e  g rowth  and/or  cyc lohex im ide  p roduc t i on ,  r e s u l t i n g  i n  l o w  

p roduc t  t i t e r s  (40-50'1, o f  no rma l ) .  Never the less ,  adequate amounts o f  deu te r ium 

and carbon-13 l a b e l e d  p roduc ts  were ob ta ined .  These m a t e r i a l s  were sub jec ted  

* Comparison o f  s p e c i f i c  a c t i v i t i e s  o f  L - m e t h i ~ n i n e - ~ H  and c y ~ l o h e x i m i d e - ~ H  
shows a one-hundred-and-ten f o l d  i s o t o p i c  d i l u t i o n  d u r i n g  fe rmen ta t i on .  
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t o  p r o t o n  and carbon-13 n u c l e a r  magnet ic  resonance, as w e l l  as mass s p e c t r a l  

ana lyses .  

55% deuter ium, 45% carbon-13) o f  equal  d i s t r i b u t i o n  between t h e  two methyl  

groups. 

Scheme 1. 

i o n i z e d  species>, and a M c L a f f e r t y  rearrangement f o l l o w e d  by  a r e t r o  D i e l s -  

A l d e r  t y p e  f r a g m e n t a t i o n  o f  1 l e d  t o  i o n s 2  a n d z .  

and un labe led  ions ,  w i t h  t h e  excep t ion  o f  t h e  m o l e c u l a r  i o n s  wh ich  were r a t h e r  

weak, were p resen t  i n  good abundance and r e a d i l y  measured i n  t h e  mass spec t ra .  

The r e l a t i v e  i n t e n s i t i e s  

i n  Tab le  1, a l o n g  w i t h  t h e  c a l c u l a t e d  d i s t r i b u t i o n  f o r  t h e  v a r i o u s  l a b e l e d  

and un labe led  forms o f z .  The spectrum o f  d e u t e r a t e d  cyc lohex im ide  showed 

t h a t  v i r t u a l l y  a l l  t h e  l a b e l e d  molecu les  were e i t h e r  t r i d e u t e r a t e d  o r  hexa- 

deutera ted ,  w i t h  a l l  o t h e r  d e u t e r a t e d  spec ies  combined, e.g., d l ,  d 2 ,  d,,, d 5 ,  

etc . ,  accoun t ing  f o r  l e s s  than 5% o f  t h e  t o t a l  m i x t u r e .  The spectrum o f  t h e  

carbon-13 l a b e l e d  compound showed presence o f  l e s s  than  2% o f  m a t e r i a l s  con- 

t a i n i n g  more than  two carbon-13 atoms p e r  mo lecu le .  

c o n c l u s i v e l y  t h a t  t h e r e  was n e g l i g i b l e  random i n c o r p o r a t i o n  o f  l a b e l s  d u r i n g  

fe rmen ta t i on ,  t h e  methy l  groups were t r a n s f e r r e d  i n t a c t  f r o m  meth ion ine  t o  

cyc lohemix ide ,  and t h e  p roduc ts  were s p e c i f i c a l l y  l a b e l e d  i n  t h e  methy l  groups. 

The NMR s p e c t r a  c l e a r l y  showed e x c l u s i v e  i s o t o p e  enr ichment  ( o v e r a l l  

The mass s p e c t r a l  f r a g m e n t a t i o n  p a t t e r n  o f  i n t e r e s t  a r e  shown i n  

Loss o f  t h e  elements o f  wa te r  f rom cyc lohex im ide  a f f o r d e d  t h e  

A l l  t h e  l i s t e d  l a b e l e d  

f o r  m/z 263-271, a t t r i b u t a b l e  t o d ,  a r e  t a b u l a t e d  

These s p e c t r a l  da ta  showed 
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Scheme 1. Fragmentation of Cycloheximide 

, OH t 

H 
/ 

1 m/Z 281 (U=unenriched) 
m/z 281, 284, 287 (2H=Deuterium enriched) 
m/z 281, 282, 283 (13C=Carbon-13 enriched) 

d 

t H  1 
* 0’ 

- CH3-CH.CHZ 
CH3%@ > 

CH3 

6 m/z 126 (u) 
m/z 126, 129, 132 (’H) 
m/z 126, 127, 128 (l3C) 

H I, 
5 m/z 263 (U) 

m/z 263, 266, 269 (2H) 
m/z 263, 264, 265 (l3C) 

t o’H 

n H H  

EXPERIMENTAL 

Radioactivity determinations were carried out by means of external 

standard method with a Packard Tri-Carb liquid scintillation spectrometer, 

Model 2425. Diotol (Burdick-Jackson) was used as the scintillation solvent. 

Thin-layer chromatographic (TLC) analyses were done on 2 . 5  x 10 cm glass 

plates precoated with a 250 

zones were visualized by exposure to iodine vapor. 

detected by scanning on a Vanguard Model 880 Autoscanner equipped with Model 

885 glass plate scanner, and were quantified by elutinq the sectioned plate 

with MeOH and counting aliquots of the eluates. Infrared (IR) spectra were 

obtained with a Digilab Model 140 Fourier transform spectrometer. Nuclear 

magnetic resonance (NMR) spectral analyses were carried out with a Varian 

layer of silica gel GF (Analtech). Developed 

Radioactive zones were 

t 
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CFT-20 spec t rometer  f o r  carbon-13 and a Var ian  XL-100 f o r  p ro ton .  Mass 

s p e c t r a l  ana lyses  were done w i t h  a Var ian  MAT CH-5 OF spec t rometer .  

M e l t i n g  p o i n t s  were de termined i n  c a p i l l a r y  tubes  and were unco r rec ted .  

Mic roana lyses  were ob ta ined  f o r  t h e  elements l i s t e d  where i n d i c a t e d ,  and 

t h e  r e s u l t s ,  except  as noted, were w i t h i n  t0.4% o f  t heo ry .  

L -Meth ion ine  S-Methyl-13C and 2 H  (4a and 4b)  
C - N -  

S-Benzyl -L-homocysteine (Sigma Chemical Co. 

d i s s o l v e d  i n  100 ml o f  d i s t i l l e d  l i q u i d  amnonia 

round bo t tom f l a s k  f i t t e d  w i t h  a s i l i c o n  rubber  

condenser.  To t h e  c l e a r  s o l u t i o n  was added smal 

, 2.93 g, 13.0 m o l e s ,  was 

n a p r e d r i e d  250 m l  3-necked 

eptum and a d r y  i ce -ace tone  

chunks o f  sodium meta l  u n t i  

an i n t e n s e  b l u e  c o l o r  p e r s i s t e d .  

was rep laced  w i t h  a d r y  i c e - a c e t o n i t r i l e  b a t h  (-50" C), and methy l -13C i o d i d e  

( S t o h l e r  Chemical Co., 90% 13C-enr ichment) ,  1.86 g, 13 .0  m o l e s ,  was added 

dropwise  w i t h  s t i r r i n g  from a sy r inge .  

n e g a t i v e  sodium n i t r o p r u s s i d e  t e s t  (a  v i o l e t  c o l o r  s i q n i f i e d  a p o s i t i v e  t e s t ) ,  

was a l l owed  t o  evapora te  a t  room tempera ture  o v e r n i q h t .  

were d i s s o l v e d  i n  120 ml of water,  and t h e  s o l u t i o n  (pH 2.11) was t i t r a t e d  

w i t h  concen t ra ted  h y d r i o d i c  a c i d  t o  pH a5. 

a pad o f  c e l i t e  t o  remove gummy m a t e r i a l s ,  and t h e  c l e a r  f i l t r a t e  was 

concen t ra ted  a t  40" C under vacuum t o  %15 m l .  The m i x t u r e  was heated t o  r e f l u x  

t o  d i s s o l v e  p r e c i p i t a t e s ,  300 m l  o f  h o t  e thano l  was added, and t h e  m i x t u r e  was 

kep t  a t  0" C o v e r n i g h t .  

a b s o l u t e  e thano l ,  and d r i e d .  1.707 g (88% y i e l d )  o f  L -meth ion ine  S-methyl-13C 

(c), m.p. 278-9' C (dec . ) ;  homogeneous and i d e n t i c a l  t o  a s tandard  sample o f  

L -meth ion ine  by TLC (10:1:3 bu tano l  : a c e t i c  ac id :wa te r ,  n i n h y d r i n  spray,  R f  

0.39);  I R  spectrum conformed w i t h  t h a t  o f  a r e f e r e n c e  sample o f  L -meth ion ine ;  

mass spectrum: m/z 150; p r o t o n  NMR i n  'H20:3.96 ( t ,  l H ,  J = 7 Hz, -CH-COOH), 

2.6-2.85 (m, 2H, S-CH?), - 2.05-2.356 (m, 2H, CH2-CH), - 2.176 ( s ,  <1H, S - 1 2 C b ) ,  

1 .46  and 2.876 (d,  >2H, JH-13c = 141 Hz, S-13CH3), methy l  carbon on s u l f u r  

*"852 deu te ra ted ;  nna2.- C(-0.97:'), H, N .  

The d r y  i ce-acetone c o o l i n g  b a t h  (-72" C) 

The c o l o r l e s s  m i x t u r e ,  wh ich  gave a 

The r e s i d u a l  s o l i d s  

The m i x t u r e  was f i l t e r e d  th rough  

The r e s u l t i n g  c r y s t a l s  were f i l t e r e d ,  washed w i t h  

I 

- 
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S i m i l a r l y ,  f rom 2.80 g, 12.4 mmoles, o f  S-benzyl-L-homocysteine and 

1 .8  g, 12.4 mmoles o f  methy l -2H i o d i d e  ( S t o h l e r  Chemical Co., 99% * H -  

enr ichment) ,  t h e r e  was ob ta ined  1.304 g (69% y i e l d )  of  L -me th ion ine  S-methyl-  

'H ( 4 b ) ,  mp.p. 275-7" C (Dec.); i d e n t i c a l  t o  a r e f e r e n c e  sample o f  L -meth ion ine  

by I R  and TLC ( R f  0 .39  i n  10:1:3 bu tano1:acet ic  a c i d : w a t e r ) ;  p r o t o n  NMR i n  

cc 

I 
'H,O: 3.96 ( t ,  l H ,  J = 7 Hz, -CH-COOH), 2.675 ( t ,  2H, J 7 HZ, S-CFZ), 

I 
2.05-2.355 (m, 2H,-C&-CH), S-CH, n o t  d e t e c t i b l e ,  i n d i c a t i n g  v i r t u a l l y  t o t a l  

2H-enrichment; anaZ.-C, H, 'H, N; mass spectrum: 

Fermenta t ion  

m/z 152. 

StreTtomyces griseus was t h e  organ ism used i n  these s t u d i e s .  The 

compos i t ion  o f  t h e  agar  s l a n t  medium was t h e  same as desc r ibed  p r e v i o u s l y  (18) .  

Spores f rom t h e  agar  s l a n t  c u l t u r e s  were used as t h e  inocu lum f o r  a seed medium 

o f  t h e  f o l l o w i n g  compos i t ion :  

5 g; NaC1, 4 g; CaCh. 4 g; p o l y a l k y l e n e  g l y c o l ,  0.1 m l ;  and t a p  wa te r  t o  

1000 m l .  The i n o c u l a t e d  medium (100 m l  i n  a 500-1111 Er lenmeyer f l a s k )  was 

incubated  a t  28" C f o r  3 days on a r e c i p r o c a t i n g  shaker.  

medium was composed o f  t h e  f o l l o w i n g :  

(NHI+)~SOI,, 5 g; CaCh,  8 g; NaC1, 4 g; KHzPO,,, 0.2 g; soybean f l o u r ,  14 g; 

p o l y a l k y l e n e  g l y c o l ,  0.1 m l ;  and t a p  wa te r  1000 m l .  

wide-mouthed 500-ml Erylenrneyer f l a s k )  was i n o c u l a t e d  w i t h  5% o f  t h e  seed 

medium. The f l a s k s  were i ncuba ted  a t  25O C on a r o t a r y  shaker (300 rpm) i n  

a Psycro Therm c o n t r o l l e d  environment i n c u b a t o r  shaker (New Brunswick  S c i e n t i f i c  

Co., I n c . )  f o r  7 days. 

15 l b s / i n 2  p ressu re  f o r  30 min. 

Carbohydrate,  1 0  g; yeas t ,  10  g; co t tonseed f l o u r ,  

The f e r m e n t a t i o n  

Carbohydrate,  80  g; yeas t ,  2.5 g; 

T h i s  medium (50 ml i n  a 

A l l  media were s t e r i l i z e d  by a u t o c l a v i n g  a t  121" C a t  

Where r a d i o a c t i v e  p recu rso rs  were used, t h e  c o t t o n  and gauze covers  on 

t h e  f l a s k s  were rep laced  w i t h  s t e r i l e  rubber  s toppers  f i t t e d  w i t h  a i r  i n l e t  

and o u t l e t  tubes, and an  i n j e c t i o n  p o r t  topped w i t h  a s i l i c o n e  rubber  septum. 

The two f l a s k s  were connected i n  s e r i e s  w i t h  s t e r i l e  r u b b e r  tub ings .  

s t e r i l e  a i r  was pumped th rough  t h e  two f l a s k s  a t  1 5  ml /min  and l e d  th rough 

two c o l d  t r a p s  ( d r y  i ce -ace tone  ba th )  and f i n a l l y  two 5 cm x 60 cm d r y i n g  

F i l t e r e d  



Y r i t i w i ,  Deuterium, a d  Carbon-13 Labeled Cuclohez?hide 

towers  f i l l e d  w i t h  a m i x t u r e  o f  c a l c i u m  c h l o r i d e  and O r i r i t e  i n d i c a t o r  

( c a l c i u m  s u l f a t e )  g ranu les ,  p r i o r  t o  v e n t i n g  i n t o  a hood. 

ba ths  were p e r i o d i c a l l y  r e p l e n i s h e d  w i t h  d r y  i c e  as needed. 

I s 0 1  a t  i o n  

The c o l d  t r a p  

T y p i c a l l y ,  t h e  combined con ten ts  f rom two f e r m e n t a t i o n  f l a s k s ,  d i l u t e d  

w i t h  an equal  volume o f  water,  were mixed w i t h  6-8 g o f  f i l t e r a i d  FW-40 

and a d j u s t e d  t o  pH 2.5-3.0 w i t h  %2 m l  o f  6N H2S04. The m i x t u r e  was f i l t e r e d  

th rough a wet pad o f  10  g o f  FW-40, and t h e  cake was washed t w i c e  w i t h  50 m l  

o f  H20. 

m l  of  CH,Cl,. 

c a t i o n .  The combined e x t r a c t s  were washed w i t h  90 m l  each o f  H20 and b r i n e ,  

and d r i e d  ove r  MgS04. 

The combined f i l t r a t e  and washings were e x t r a c t e d  t w i c e  w i t h  160-190 

O v e r l y  v igo rous  m i x i n g  shou ld  be avo ided t o  m in im ize  e m u l s i f i -  

The f i l t e r e d  CH2C12 s o l u t i o n  was concen t ra ted  a t  25" C and 25 t o r y  

p ressure ,  and t h e  r e s i d u a l  foam was d i s s o l v e d  i n  0.2 m l  o f  warm amyl ace ta te .  

The c l e a r  m i x t u r e  was coo led  t o  room temperature,  seeded w i t h  cyc lohex imide ,  

and a l l owed  t o  c r y s t a l l i z e  i n  t h e  r e f r i g e r a t o r  o v e r n i g h t .  The supernate  was 

removed w i t h  an eye-dropper,  and t h e  c r y s t a l s  l i n i n g  t h e  f l a s k  w a l l s  were 

r i n s e d  w i th  0.3-0.5 m l  p o r t i o n s  o f  i c e - c o l d  1 : l  and 1:2 amyl ace ta te :hexane 

i n  t h a t  o rde r ,  and f i n a l l y  b roken up under hexane and f i l t e r e d .  Y i e l d s  o f  

64-89 mg of  cyc lohex im ide  were ob ta ined .  

Cyc lohex imide  Methy l  3 H 

The L-meth ion ine  S - m e t h ~ l - ~ H ,  s u p p l i e d  by New England Nuc lear  Corp. as a 

10  m C i / m l  s o l u t i o n  i n  7:3 EtOH:H20, n o m i n a l l y  77 Ci/mnol,  was added t o  t h e  

medium i n  two p o r t i o n s  a t  48 and 72 hours a f t e r  t h e  s t a r t  o f  f e r m e n t a t i o n .  

In each i n s t a n c e  150 m l  o f  t h e  s o l u t i o n ,  n o m i n a l l y  1 .5  C i ,  i . e . ,  2.91 mg 

o f  meth ion ine ,  was concen t ra ted  a t  35" C and 25 t o r r  p ressure .  

was d i s s o l v e d  i n  5 m l  o f  H20, s t e r i l i z e d  by f i l t r a t i o n  (Nalgene f i l t e r ,  0.20 pm), 

and t h e  f i l t e r  was washed w i t h  5 m l  o f  water.  The combined f i l t r a t e  and 

washings were weighed and assayed f o r  r a d i o a c t i v i t y  ( f i r s t  ba tch :  

The r e s i d u e  

8.60 9. 



C84 R.S.P. Hsi e t  al. 

1.32 C i ;  second batch: 8.20 9. 1.32 C i ) .  H a l f  o f  t h e  s o l u t i o n  was added t o  

each o f  two fe rmen ta t i on  f l a s k s ,  each c o n t a i n i n g  50 m l  o f  f e rmen ta t i on  medium. 

A f t e r  7 days, t h e  con ten ts  o f  t h e  two f l a s k s  were combined and worked up a s  

descr ibed above. There was ob ta ined  89 mg o f  c r y s t a l l i n e  p roduc t  w i t h  a 

s p e c i f i c  a c t i v i t y  o f  4.96 mCi/mg, 98.8% r a d i o c h e m i c a l l y  pure by TLC (95:5 v/v 

CHC13 :MeOH, R f  0.35, same as a s tandard sample o f  cyc lohex im ide ) .  

f rom t h e  mother l i q u o r  was mixed w i t h  150 mq o f  n o n - r a d i o a c t i v e  cyc lohex im ide  

and c r y s t a l l i z e d  f rom 0.2 m l  o f  amyl a c e t a t e  t o  g i v e  118 mg o f  c r y s t a l s ,  sp. 

ac t .  1.18 mCi/mg, 97.8% r a d i o c h e m i c a l l y  pure by TLC. The r e s i d u e  f rom t h e  

second mother l i q u o r  was chromatographed on a column o f  50 g o f  s i l i c a  ge l  

packed i n  and e l u t e d  w i t h  95:5 v/v CHC13:MeOH. 

7 m l  f r a c t i o n s  a t  2 min pe r  f r a c t i o n .  The combined f r a c t i o n s  33-45 a f f o r d e d  

90.3 m C i  o f  t r i t i a t e d  cyc loheximide,  97.8% r a d i o c h e m i c a l l y  pure by TLC, as a 

s o l u t i o n  i n  EtOAc a t  a c o n c e n t r a t i o n  o f  6.0 m C i / m l .  

r a d i o a c t i v e  cyc loheximide was 661 m C i ,  o r  25% o f  t h e  2.64 C i  o f  t r i t i u m  l a b e l e d  

L-meth ion ine used. 

The r e s i d u e  

The e l u a t e  was c o l l e c t e d  i n  

The t o t a l  y i e l d  o f  

A f t e r  6 days i n  t h e  c r y s t a l l i n e  s t a t e  a t  -15" C, t h e  4.96 mCi/mg m a t e r i a l  

d e c l i n e d  i n  rad iochemical  p u r i t y  f rom 98.85 t o  92.0% as determined by TLC. 

The m a t e r i a l ,  430 m C i ,  was t h e r e f o r e  p u r i f i e d  by column (24 mm 10) chromatography 

(60 g of  s i l i c a  ge l ,  97:3 v /v  C H C l s  :MeOH) t o  g i v e  396 m C i  o f  product ,  99.7% 

r a d i o c h e m i c a l l y  pure by TLC, which was s t o r e d  as a s o l u t i o n  i n  EtOAc a t  

-15" C, a t  a c o n c e n t r a t i o n  o f  4.78 m C i / m l .  

Cycloheximide Methyl  -2H 

A s t e r i l e  s o l u t i o n  o f  1.0 g o f  L-meth ion ine S-methyl-2H (99% enr ichment)  

i n  56 ml o f  H20 was added i n  7 p o r t i o n s  t o  f o u r  f e r m e n t a t i o n  f l a s k s  each 

c o n t a i n i n g  50 ml o f  fe rmen ta t i on  medium. 

beg inn ing  on t h e  second day o f  t h e  7-day fe rmen ta t i on .  

172 mg, was chromatoqraphed on a 60 g column ( 2 4  mm ID) o f  s i l i c a  ge l  packed i n  and 

e l u t e d  w i t h  97:3 v /v  CHC13:MeOH t o  a f fo rd  87 mg o f  deu te ra ted  cyc loheximide,  

The a d d i t i o n s  spanned 72 hours,  

The o i l y  crude product ,  
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a f t e r  c r y s t a l l i z a t i o n  from benzene-hexane, m.p. 113-114.5" C; homogeneous 

and i d e n t i c a l  t o  a r e f e r e n c e  sample o f  cyc lohex im ide  by TLC (95:5 v / v  

CHC13:MeOH, R f  0.39);  mass s p e c t r a l  da ta  shown i n  Scheme 1 and Tab le  1; p r o t o n  

NMR i n  C2HC13 (TMS): 0.996 (d,  <1.5H, J = 7 HZ 16-CH3), 1.246 (d ,  ?1.5H, J = 7 Hz, 

15-CH, 1, 1.55% deu te ra ted  i n  b o t h  methy l  groups; anaZ.-C, H, N. 

Cycloheximide Methy l  - ' 3 C  

2. 

A s t e r i l e  s o l u t i o n  o f  750 mg o f  L -meth ion ine  S - m e t h ~ l - ~ ~ C  (90% enr i chmen t )  

i n  56 m l  o f  H20 was added i n  7 p o r t i o n s  t o  f o u r  f e r m e n t a t i o n  f l a s k s  each 

c o n t a i n i n g  50 m l  o f  f e r m e n t a t i o n  medium. 

beg inn ing  on t h e  second day o f  t h e  7-day fe rmen ta t i on .  

127 mg of  o i l ,  was chromatographed on a 60 g column of  s i l i c a  ge l  packed i n  and 

e l u t e d  w i t h  97:3 v /v  CHC1, :MeOH t o  g i v e  91 mg o f  c o l o r l e s s  o i l ,  wh ich  a f f o r d e d  

64 mg o f  c r y s t a l s  f rom benzene-hexane, m.p. 114-115" C; s i n q l e  component 

i d e n t i c a l  t o  a r e f e r e n c e  sample of cyc lohex im ide  by TLC (95:5 v / v  CHC13 :MeOH, 

Rf 0.39) ;  mass s p e c t r a l  d a t a  shown i n  Scheme 1 and Tab le  1; carbon-13 NMR i n  

C ? H C 1 3  ( T M S ) :  

NMR i n  C2HC13(TMS): 0.99A (d,  31.5H, J = 7 Hz, 16-"CH3), 0.36 and 1.626 

(d,  <1.5H, JH-H = 7 Hz, JH-l,c = 126 Hz, 16-13CH3), 1.256 (d ,  >1.5H, JH-H 

15-12CH3), 0.62 and 1.886 (d,  21.5H, JH-H = 7 Hz, JH-13c = 126 Hz, 15-'jCH,), 

1.45% carbon-13 l a b e l e d  i n  bo th  methy l  groups; ana2.-C, H, N. 

The a d d i t i o n s  spanned 72 hours,  

The c rude  p roduc t ,  

enr ichment  a t  18.88 porn (16-I3CH3) and 14.17 ppm (15-13CH3); p r o t o n  

2. 2. 
7 Hz, 
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