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EXOCYCLIC SUBSTITUTION OF FIVE-MEMBERED R I N G  CHLOROPHOSPHATES 

A REEXAMINATION OF THE RULE 

FOR NUCLEOPHILIC SUBSTITUTION AT PHOSPHORUS 

R . J . P .  CORRIU,  G.F. LANNEAU and D. LECLERCQ 
Labora to i re  des Organom6tall iques,  LA 3 4 9 ,  Unive r s i t6  des 
Sciences e t  Techniques du Languedoc, 34050 Montpel l ie r  (France)  

Abs t rac t  Opposite t o  t h e  sN2(P) r e a c t i o n s  t ak ing  p l ace  wi th  
inve r s ion ,  which are h igh ly  dependent upon t h e  na tu re  of t he  
nuc leophi le ,  exocycl ic  s u b s t i t u t i o n s  of five-membered r i n g  
chlorophosphates wi th  r e t e n t i o n  show a marked k i n e t i c  l e v e l l i n g  
e f f e c t ,  emphasing s i l i con - type  argumentat ions.  

S N ~ ( P )  r e a r t i o n s  wi th  inve r s ion  a r e  gene ra l ly  supposed t o  involve  
the  formation of t r i g o n a l  hipyramidal  ( tbp)  i n t e rmed ia t e s  ( o r  t r an -  
s i t i o n  s t a t e s )  by a t t a c k  of t he  nuc leophi le  oppos i te  t o  the  leav ing  
group. To e x p l a i n  r e t e n t i o n  a t  phosphorus i t  i s  customary t o  cons i -  
der  t he  i n i t i a l  formation of a tbp s t r u c t u r e  wi th  the  a t t a c k i n g  
nuc leophi le  and the  leav ing  group i n  ap ica l - equa to r i a l  p o s i t i o n s .  
Then, a l igand  r eo rgan iza t ion  ( v i a  pseudorota t ion  o r  o t h e r )  a l lows  
the  a p i c a l  depar ture  of t he  leav ing  group with r e t e n t i o n .  The 
key f i n d i n g  of these  i n t e r p r e t a t i o n s  i s  the  i n i t i a l  format ion  of 
t he  more s t a b l e  tbp  s t r u c t u r e  i n  terms of t he  r e l a t i v e  a p i c o p h i l i -  
c i t y  ( o r  e q u a t o r i o p h i l i c i t y )  of t he  d i f f e r e n t  s u b s t i t u e n t s .  1-2 

s i d e r e d  a t  s i l i c o n  t o  e x p l a i n  the  s te reochemis t ry  of s ~ 2 ( S i )  
r e a c t i o n s .  Two predominant f a c t o r s  are e s s e n t i a l  : both ,  t he  
s t e r e o e l e c t r o n i c  cha rac t e r  of t he  nuc leophi le ,  and t h e  na tu re  of 
t he  leav ing  group govern the  approach of t he  nuc leoph i l e .3  Ab 
i n i t i o  c a l c u l a t i o n s  a r e  i n  good agreement wi th  these  i n t e r p r e t a -  
t i o n s  .4 

Obviously, t he  c u r r e n t  mechanisms proposed i n  the  two s e r i e s ,  
S i ,  P ,  a r e  no t  r e l i a b l e .  Despi te ,  we have a l r eady  mentioned 
s i l icon-phosphorus ana log ie s ,  and SN2(P)ctenvage of t he  P-F bonds 
wi th  r e t e n t i o n  allowed us5 t o  propose an e q u a t o r i a l  a t t a c k  of t he  
nuc leophi le  t o  g ive  the  most s t a b l e  tbp  s t r u c t u r e  before  depa r tu re  
of t he  leav ing  group. Therefore ,  an important  ques t ion  was t o  know 

the  o r i g i n  of t hese  d i f f e r e n t  i n t e r p r e t a t i o n s  between S i  and P 
compounds. 

A completely d i f f e r e n t  approach of t h i s  problem has  been con- 

The mechanisms a t  phosphorus a r e  commonly accepted as an exten-  

s i o n  of t he  Westheimer's concepts .  But these  concepts  were conside- 

red i n  the  case of phosphates and phosphonates,  i n  which phosphorus 
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i s  only surrounded by oxygen atoms, and fur thermore,  i n  t he  case 

of hydro lys is  r eac t ions ,  involv ing  the  displacement of one oxygen 

by another  one.' The experimental  r e s u l t s  were a l a r g e  rate increa-  

s e  of the  hydro lys is  of e thy lene  phosphate d e r i v a t i v e s  r e l a t i v e  t o  
7 those of a c y c l i c  phosphates (10 ) f o r  both endocycl ic  and exocyc l i c  

c leavage i n  a c i d i c  cond i t ions .  I n  these  cases ,  t he  Westheimer's 

concepts ,  which have oppened a new f i e l d  of i n v e s t i g a t i o n s  i n  phos- 

phorus chemistry,  completely f i t  a l l  t h e  experiments .  Very r e c e n t l y  

such l igand  r eo rgan iza t ions  ( v i a  pseudorota t ion)  have been 

evidenced by Knowles . 
be d i r e c t l y  extended t o  a l l  nuc leoph i l i c  displacements  a t  phospho- 
rus .  For in s t ance ,  Mislow had a l ready  poin ted  o u t  t he  inapp l i cab i -  
l i t y  of t he  p r i n c i p l e  of microscopic r e v e r s i b i l i t y  when the  leav ing  
group i s  not  a n  oxygen. I n  such a c a s e ,  a p i c a l  e n t r y  o r  a p i c a l  
depar ture  i s  no more a r u l e ,  bu t  o t h e r  routes  are t h e o r e t i c a l l y  
poss ib l e .  7 

6 

However, i t  i s  not "a p r i o r i "  obvious t h a t  t hese  concepts  could 

The f i r s t  comparison w e  made concerned the  endocycl ic  s u b s t i t u -  

t i o n  of oxa ( o r  t h i a ) s i l a c y c l o a l c a n e s .  K ine t i c  d a t a  showed a l a rge  

rate inc rease  (10 ) f o r  t h e  methanolysis  of t he  five-membered r i n g  

oxasi lacyclopentane r e l a t i v e  t o  the  a c y c l i c  one ( an  oxygen r ep laces  

another  oxygen). The same r a t e  v a r i a t i o n  was no t  observed when the  

t h i o  d e r i v a t i v e s  were s u b s t i t u t e d  by a lcohols  (0 r ep laces  S )  ( A = l O )  . 

4 

8 

I n  the  present  communication, SN2(P) r e a c t i o n s  have been chec- 

ked changing the  na ture  of both the  nuc leophi le  and the  l eav ing  

group. I n  o rde r  t o  compare more c l o s e l y  wi th  Westheimer's d a t a ,  

based upon the  hydro lys is  of  phosphates and phosphonates,  w e  have 

s t u d i e d  the  nuc leoph i l i c  displacement of t he  P-C1 bond wi th  d i f f e -  

r e n t  nuc leophi les  i n  the  case  of five-membered r i n g ,  I., six-membe- 

red  r ing ,  L, and a c y c l i c ,  2, chlorophosphates .  

F i r s t  of a l l ,  we have s t u d i e d  the  s te reochemis t ry  of t hese  
r eac t ions .  Nucleophi l ic  s u b s t i t u t i o n s  of a c y c l i c  chlorophosphates 
proceed wi th  i n v e r ~ i o n . ~  I n  the  case of six-membered r i n g  compounds 
the s te reochemis t ry  i s  much more dependent upon t h e  na tu re  of t he  
nuc leophi le .  However, i nve r s ion  i s  predominant,even wi th  phenole5-10 
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On t h e  cont ra ry ,  i n  the  case  of five-membered r i n g  compounds, t he  
s tereochemical  behaviour  of ft, 2-chloro-2-oxo-4,5dimethyl-l, 2,3- 
dioxaphospholane (scheme) al low us t o  conclude t o  predominant re ten-  
t i o n  a t  phosphorus.11 The two isomers of 4 were coupled r e spec t ive -  
l y  wi th  methanol, phenol and diethylamine.  The r e a c t i o n s  are s t e r e o -  
s e l e c t i v e .  The a t t r i b u t i o n s  are made by comparison wi th  t h e  31P che- 
mical  s h i f t s  of t he  analogs,  4 ,5  dimethyl and 4 ,5  diphenyl-1,3,2- 
dioxaphospholanes-2-thiones . 12 
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Secondly, w e  have c a r r i e d  o u t  a d e t a i l e d  rate a n a l y s i s  of t h e  reac-  
t i o n  of A,;, 2 wi th  var ious  nuc leoph i l e s .  The only  cha rac t e r i zed  
r e a c t i o n  i s  s u b s t i t u t i o n  of t he  P-C1 bond.13 L-2 obey a s imilar  
r a t e  low wi th  a r ep resen ta t ive  s e r i e  of second o r d e r  r a t e  cons t an t s  
(Table) .  I n  the  case of six-membered r i n g ,  2, and a c y c l i c  compound, 
2, cons tan t  va lues  a r e  h igh ly  dependent upon the  na tu re  of t he  
nuc leophi le .  Amines a r e  much more r e a c t i v e  than  a l coho l s  (4=lO4).  
Such a d i f f e rence  i s  not  observed i n  t h e  case of s t r a i n e d  r .  Very 
c lose  r a t e  cons tan ts  a r e  measured f o r  var ious  nuc leoph i l e s .  

upon the  rate of s u b s t i t u t i o n ,  the  r a t i o s  kgIka cons iderably  vary 
wi th  the  na ture  of t he  nuc leophi le .  A s  a matter of  f a c t ,  amines 
r e a c t  a t  similar r a t e s  wi th  five-membered r i n g  and a c y c l i c  esters. 

A s  a consequence, when we compare the  in f luence  of r i n g  s t r a i n  

TABLE : Second-order r a t e  cons t an t s  f o r  the  r e a c t i o n s  of 
nuc leophi les  wi th  P-C1 d e r i v a t i v e s  a t  O°C i n  CH2C12 

4 9 x 10 

4 

8 

7.5 

3 . 4  102 
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The s i t u a t i o n  is  completely d i f f e r e n t  t o  t h a t  observed i n  the  case 
of phosphate e s t e r  hydro lys i s ,  f o r  which l a r g e  k i n e t i c  e f f e c t s  were 
noted .  

The g rea t  i n f luence  of t he  nuc leophi le  upon the  ra te  of s u b s t i -  
t u t i o n  wi th  inve r s ion  i s  i n  good agreement wi th  a S N ~ ( P )  mechanism 
involv ing  a p i c a l  e n t r y  and a p i c a l  depa r tu re  of t he  leav ing  group 
(synchronous o r  wi th  t r a n s i e n t  formation of a tbp  in t e rmed ia t e ) .  The 
l a r g e  k i n e t i c  e f f e c t  i s  l i k e  it would be expec ted .  l 4  On the  cont ra -  
ry ,  when the  e n t e r i n g  nuc leophi le  approaches the  phosphorus spec ie s  
a t  90' r e l a t i v e  t o  the  leav ing  group ( r e t e n t i o n ) ,  t he  l e v e l l i n g  
e f f e c t  of the  nuc leophi le  corresponds t o  a s i t u a t i o n  i n  which the  
or thogonal  nuc leophi le  has only a l i t t l e  l a b i l i z i n g  e f f e c t  on the  
P-C1 bond. 

d i r e c t  ex tens ion  of Westheimer's concepts  f o r  mechanis t ic  purposes 
i n  the  case of s ~ 2 ( P )  r e a c t i o n s  of P-X bonds i s  r a t h e r  s p e c u l a t i v e .  

g i e s  found f o r  nuc leoph i l i c  displacement processes  a t  S i  and P .  I n  
the  two s e r i e s ,  we observe a h igh  dependence of t he  r a t e  upon the  
r e a c t i v i t y  of t he  nuc leophi le  f o r  a g iven  s t e reochemis t ry .  15 Also, 
w e  no te  a similar v a r i a t i o n  of the  s te reochemis t ry  upon the  s t r u c t u -  
r e  around the  heteroatom. 3 Fur ther  ana logies  w i l l  be h e l d .  

Conclusions do not  h e l d  phosphate-type argumentat ions.  Therefore ,  

Meanwhile, t he  p re sen t  da te  are i l l u s t r a t i v e  of t he  s t r o n g  analo- 
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