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CONFORMATIONAL STUDIES OF PHOSPHORUS-CONTAINING R I N G  SYSTEMS 
OF PHARMACOLOGICAL AND BIOCHEMICAL IMPORTANCE--DERIVATIVES OF 
CYCLOPHOSPHAMIDE AND C Y C L I C  NUCLEOTIDES 

W . G .  BENTRUDE, J. B E R E S ~ ,  s .  CHANDRASEKARAN, K .   NELSON,^ 
G.  SZAKAL Q U I N ,  W.N. SETZER, A.E.  SOPCHIK AND J. TOMASZ 
Department o f  Chemis t ry ,  U n i v e r s i t y  of  Utah, S a l t  Lake C i t y ,  
Utah 84112 

A b s t r a c t  R e s u l t s  o f  a s y s t e m a t i c  s t u d y  o f  t h e  c o n f o r m a t i o n a l  
f e a t u r e s  o f  t h e  1,3,2-oxazaphosphorinane r i n g  s y s t e m  c h a r -  
a c t e r i s t i c  of  t h e  a n t i t u m o r  d r u g  cyc lophosphamide  and  i t s  
congeners a re  r e p o r t e d .  Comparisons are made t o  t h e  r e l a t e d  
1,3,2-dioxaphosphorinane r i n g  s y s t e m  o f  n u c l e o s i d e  c y c l i c  
3 ' ,5 ' -monophosphates ,  e . g .  CAMP and  cTMP, and  t h e i r  n e u t r a l  
d e r i v a t i v e s ,  I. 

The e q u i l i b r i u m  A t  B ( R  = H) i s  found t o  b e  v e r y  s e n s i t i v e  

t o  changes  i n  t h e  a p p a r e n t  e f f e c t i v e  s t e r i c  s i z e  o f  Z f o r  a series 

o f  d i a l k y l a m i n o  s u b s t i t u e n t s  on phosphorus .  3 ' 4  

A i n  C6D6 ( p a r e n t h e s e s )  d e c r e a s e s  i n  t h e  o r d e r  M e 2 N  (60%), E t  N(40%) 
( C l C H  CH ) N ( 3 0 % ) ,  i s o P r  N (12%).  (Based on JAp, JBp, e t c .  and  

r e l a t i v e  chemica l  s h i f t  changes  f o r  H A, H B ,  HC, and  HD. ) 

a x i a l  p r e f e r e n c e  o f  t h e  M e  N i n  s o l u t i o n  and  i n  t h e  c r y s t a l  (X-ray 

s t u d y ) 5  i s  i n  s u r p r i s i n g  c o n t r a s t  t o  t h e  c o r r e s p o n d i n g  5 ,5 -d i -  

methyl- 1,3,2-dioxaphosphorinane (Me2N >90% e q u a t o r i a l ) 6  and  cTMP 

d e r i v a t i v e  ( I ,  B = t hyminy l ,  Y = H ,  2 = M e  N,  X = 0,  50-75% t w i s t  

p o p u l a t e d  ) .  The g r e a t e r  e f f e c t i v e  s t e r i c  s i z e  o f  i s o P r  N i s  con- 

f i rmed  by t h e  s h i f t  i n  e q u i l i b r i u m  C t: D ( R  = H) from ca.  80% i n  

f a v o r  o f  C w i t h  Z = M e 2 N  t o  a n  approx ima te  65% p o p u l a t i o n  o f  D f o r  

Z = i s o P r  N .  

The p o p u l a t i o n  o f  
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The e q u i l i b r i u m  C ZZ D, as ear l ie r  r e p o r t e d 8 ,  i s  s t r o n g l y  

s h i f t e d  t o  t h e  r i g h t  f o r  Z = M e 2 N  on change o f  R from H t o  Ph 

(AA G o = l  . 5  kca l /mol )  . 
no ted  f o r  A , " B . 4  

i n t e r a c t i o n s  between NR and PNMe2 i n  A and C i s  s u p p o r t e d  by t h e  

s t r o n g  s h i f t  towards D (>95%)  o f  t h e  e q u i l i b r i u m  C D i n  t h e  case 
9 

R = Ph, Z = m e s i t y l  compared t o  t h a t  f o r  R = Z = Ph (60%). 

Aneffect of G. t h e  same magnitude h a s  now been  

I ts  l i k e l y  o r i g i n 8  (11) i n  d e s t a b i l i z i n g  s t e r i c  

Replacement o f  t h e  t - b u t y l  o f  t h e  above sys t em by pheny l  

f a i l s  t o  r e s u l t  i n  measu rab le  p o p u l a t i o n  o f  t h e  c h a i r  conformer 

w i t h  phenyl ax ia l  and M e  N e q u a t o r i a l  (X-ray and 'H NMR) . lo 

i s  l i k e l y  a r e s u l t  o f  t h e  very low f r e e  ene rgy  change @ G o  ) CT 
a s s o c i a t e d  w i t h  t h e  c h a i r  t o  t w i s t  i n t e r c o n v e r s i o n  E+F which can 

be e s t i m a t e d  t o  b e  0 .5  t o  1.0 k c a l / m 0 1 . ~  Th i s  v a l u e  i s  a t  l eas t  

as low as t h a t  f o r  t h e  1,3,2-dioxaphosphorinanes and i s  u n u s u a l l y  

s m a l l  f o r  a s a t u r a t e d  six-membered r i n g .  

T h i s  2 

These f i n d i n g s  mean t h a t  cyclophosphamide i t s e l f  can r e a d i l y  

assume any o f  t h e  confo rma t ions  ana logous  t o  A,  B(E) o r  F as might 

b e  r e q u i r e d  f o r  i t s  b i o l o g i c a l  o x i d a t i v e  a c t i v a t i o n  by t h e  P450 

enzyme system. The same can be s a i d  c o n f o r m a t i o n a l l y  f o r  t h e  o x i -  

d a t i o n  p r o d u c t ,  4-hydroxycyclophosphamide, w i t h  r e g a r d  t o  i t s  

breakdown t o  c y t o t o x i c  m e t a b o l i t e s .  

The c h a i r - t w i s t  e q u i l i b r i u m  a v a i l a b l e  t o  I ,  which w a s  e a r l i e r  

found' t o  b e  d i s p l a c e d  50-75% towards t h e  t w i s t  form f o r  t h e  case 

B = t hyminy l ,  Y = H,  2 = M e  N ,  X = 0 ,  f a v o r s  t h e  t w i s t  conforma- 2 
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t i o n  (H)  by o n l y  0.5 kca l /mol  less (DMSO) w i t h  t h e  co r re spond ing  

compound based on adenos ine .  The 5-iOdO- and 5- isopropyldeoxy-  

u r i d i n e  ana logs  of  I w i t h  Z = PhCH NH and X = 0 a l s o  p o p u l a t e  

t w i s t  forrnsl2 though t o  a lesser e x t e n t  (%33%, DMSO-d6) t h a n  does 

t h e  above Z = M e  N c a s e  based  on thymidine.  P h o s p h i t e s  d e r i v e d  

from thymidine (I ,  Z = l o n e  p a i r ;  X = M e O ,  PhO) are 75%-95% i n  t h e  

t w i s t  c o n f ~ r m a t i o n ~ ~  w i t h  RO p s e u d m i a l ,  which demons t r a t e s  t h e  

e n e r g e t i c  ease of  t h e  c h a i r  t o  t w i s t  i n t e r c o n v e r s i o n  i n  t e r v a l e n t  

as w e l l  as p e n t a v a l e n t  1,3,2-dioxaphosphorinane r i n g s  t r a n s - f u s e d  

t o  a r i b o s e  o r  deoxyr ibose  r i n g  as i n  I .  The p o t e n t i a l  biochem- 

i c a l  s i g n i f i c a n c e  is t h a t  t h e  d i e s t e r s ,  c y c l i c  AMP and c y c l i c  GMP, 

l i k e l y  can be  r e a d i l y  conve r t ed  from t h e  c h a i r  t o  t h e  t w i s t  con- 

fo rma t ion  on fo rma t ion  o f  enzyme-substrate  complexes, a l t h o u g h  

t h e r e  i s  as y e t  no e x p e r i m e n t a l  e v i d e n c e  t h a t  t h i s  o c c u r s .  
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Though s t r u c t u r a l l y  s i m i l a r ,  t h e  1 ,3 ,2-oxaza-  and 1,3,2-diox-  

aphosphorinane r i n g  systems d i f f e r  s i g n i f i c a n t l y  i n  s e v e r a l  re- 

spec t s .  F i r s t ,  w h i l e  A G O  i s  very s m a l l  f o r  b o t h  sys t ems ,  i t  may 

w e l l  b e  lower f o r  t h e  1,3,2-oxazaphosphorinanes. Second, the 

1,3,2-oxazaphosphorinane sys t em i s  s u b j e c t  t o  a p p a r e n t  NR/PZ 

s t e r i c  e f f e c t s .  Th i rd ,  M e  N and pe rhaps  o t h e r  s u b s t i t u e n t s ,  have 

an e f f e c t i v e  s t e r i c  s i z e  which i s  smaller i n  t h e  1,3,2-oxazaphos- 

phor inane  system. F i n a l l y ,  t h e  1,3,2-oxaza compounds undergo 

N H . .  .O=P hydrogen bonding i n  t h e  c r y s t a l 5  which i f  p e r s i s t e n t  i n  

s o l u t i o n  could i n f l u e n c e  confo rma t iona l  e n e r g i e s .  
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