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MECHANISM OF NUCLEOPHILIC SUBSTITUTION AT TRICOVALENT 
PHOSPHORUS 

OTTO DAHL 
Department of General  and Organ ic  Chemistry,  The H .  C .  0 r s t e d  
I n s t i t u t e ,  U n i v e r s i t y  of Copenhagen, U n i v e r s i t e t s p a r k e n  5 ,  
DK-2100 Copenhagen, Denmark 

A b s t r a c t  The mechanism of s u b s t i t u t i o n  r e a c t i o n s  a t  t r i c o v a -  
l e n t  phosphorus,  mainly t h e  sys t em >P-NR2 + ROH, i s  d i s c u s -  
s ed  on t h e  b a s i s  of s t e r e o c h e m i s t r y ,  c a t a l y s i s ,  k i n e t i c s  and 
s u b s t i t u e n t  e f f e c t s .  

INTRODUCTION 

N u c l e o p h i l i c  s u b s t i t u t i o n  r e a c t i o n s  a t  t r i c o v a l e n t  phosphorus ( eq .  
1) o c c u r  r e a d i l y  and are w i d e l y  used f o r  p r e p a r a t i o n s  of  t r i c o -  

L - CI. NR2. OR. etc. 
P - L  t Nu - *-Nu L 

Nu= ROH. R2NH. R U  etc. 

v a l e n t  phosphorus compounds ; one r e c e n t  a p p l i c a t i o n  i s  t h e  p repa -  
r a t i o n  of o l i g o n u c l e o t i d e s  by L e t s i n g e r ' s  p h o s p h i t e  o r  C a r u t h e r s '  
phosphoramid i t e  meth0d.I F o r  o p t i m a l  r e s u l t s  i n  t h e s e  a p p l i c a t i o n s  
i t  i s  e s s e n t i a l  t o  know t h e  f a c t o r s  which i n f l u e n c e  t h e  s u b s t i t u t -  
i o n  r e a c t i o n s ;  p u b l i s h e d  i n f o r m a t i o n  abou t  t h e s e ,  however,  i s  s c a r -  
ce .  I n  o r d e r  t o  o b t a i n  such  i n f o r m a t i o n  w e  have unde r t aken  a s t u d y  
of t h e  mechanism of  s u b s t i t u t i o n  r e a c t i o n s  a t  t r i c o v a l e n t  phospho- 
r u s ,  and p r e s e n t  h e r e  a summary o f  r e c e n t  r e s u l t s  from a s t u d y  of 
s imple  model systems l i k e  1 - 3. - -  

STE RE O C H E M I  S TRY 

In a number of cases w e 2  and o t h e r s 3  have found t h a t  t h e  r e a c t i o n s  
proceed w i t h  i n v e r s i o n  a t  phosphorus.  Very c l e a n  i n v e r s i o n  i s  ob- 
s e r v e d  when t h e  n u c l e o p h i l e  i s  a s t r o n g  base  l i k e  R L i  o r  MeO- and 
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t h e  l e a v i n g  group i s  O R ,  NR2, o r  Ph. I n  o t h e r  cases,  e . g .  2 ,  t h e  
p r o d u c t s  are i n i t i a l l y  formed w i t h  i n v e r s i o n ,  b u t  t hey  i s o m e r i z e  
d u r i n g  t h e  r e a c t i o n s . 2  Only when t h e  l e a v i n g  group i s  v e r y  good 
( C l )  are m o s t  r e a c t i o n s  s t e r e o c h e m i c a l l y  u n s e l e c t i v e .  

CATALY S I S 

Reac t ions  w t h  NR2 as l e a v i n g  groups  are c a t a l y z e d  s t r o n g l y  
by a c i d s ,  e g. R2NH2+C1- .  C a r e f u l l y  p u r i f i e d  aminophosphines  r e a c t  
v e r y  s lowly  w i t h  n o n - a c i d i c  ROH compounds, b u t  s i n c e  R2NH2+C1- i s  
an i m p u r i t y  i n  most aminophospliine samples  t h e  r e a c t i o n s  a r e  usu- 
a l l y  found t o  b e  f a s t .  

KINETICS 

A f e w  ra te  s t u d i e s  have been  p u b l i s h e d  on s u b s t i t u t i o n  of amino 
groups  on t r i v a l e n t  phosphorus  w i t h  a l c o h o l s  o r   phenol^.^ However, 
s i n c e  t h e  r a t e s  have been measured w i t h o u t  added c a t a l y s t s  t h e y  
are p robab ly  n o t  m e a n i n g f u l ,  because  t h e  ra tes  are  governed by t h e  
amount of a c i d i c  i m p u r i t i e s .  A n  example of  t h i s  from o u r  work i s  
shown i n  F ig .  1 which shows t y p i c a l  r a t e  c u r v e s  f o r  t h e  s y s t e m  1. - 

(Mc,Nl, P-Pr'OH - (Me, M,P-OPr'* M c 2 W  

A 1  1 0.02 
8 1  1 001 
c 1 0.5 0.01 

0 
E f 0.5 0 

cat. Me2NH;Cl-, COCI,, 30'C 

I 1  I I I * 1 S L  

o 10 60 60 w min. 

F i g .  1 

In t h e  absence  of added c a t a l y s t  (D and E )  t h e  r a t e  i s  low and 
v i r t u a l l y  independen t  of t h e  n u c l e o p h i l e  c o n c e n t r a t i o n ,  b u t  when 
c a t a l y s t  i s  added (A-C) t h e  r a t e s  are rough ly  p r o p o r t i o n a l  t o  t h e  
n u c l e o p h i l e  and t h e  c a t a l y s t  c o n c e n t r a t i o n s .  P robab ly  t h e  c a t a l y t i c  
s t e p  i s  r a t e  l i m i t i n g  when no c a t a l y s t  i s  added (D and E ) .  

Ra te  c o n s t a n t s  have been  c a l c u l a t e d  f o r  s e v e r a l  u n c a t a l y z e d  
sys tems by assuming second o r d e r  ra te  e x p r e s s i o n s  t o  app ly  i n  t h e  
e a r l y  s t a g e s  of t h e   reaction^.^ D e v i a t i o n s  from t h e  second o r d e r  
b e h a v i o r  were a s c r i b e d  t o  r e t a r d i n g  e f f e c t s  f rom t h e  a c c u m u l a t i n g  
R2NH. We have s t u d i e d  s e v e r a l  sys t ems  k i n e t i c a l l y  ( c o n c e n t r a t i o n s  
measured by 31-P NMR i n t e g r a t i o n )  and found t h a t  t h e  r a t e  c u r v e s  
f o r  c a t a l y z e d  r e a c t i o n s  can  be s i m u l a t e d  r e a s o n a b l y  w e l l  by r a t e  
c u r v e s  c a l c u l a t e d  from t h e  e x p r e s s i o n  shown (eq .  2 ) .  The e x p r e s s i o n  
i s  i n t e r p r e t e d  as  t h e  r e s u l t  of a two-step r e a c t i o n  ( eq .  3 ) .  The 
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[PNRJ[ROHI[RINH~I (eq . 2 )  
[ R W ]  

,>-OR R l N H  V *  k o b  R2W.X' 
)P-NR2 ROH 

f i r s t  s t e p  i s  t h e  c a t a l y t i c  s t e p ,  where phosphorus ( o r  t h e  l e a v i n g  
group) i s  a c t i v a t e d  f o r  n u c l e o p h i l i c  s u b s t i t u t i o n .  The second s t e p  
i s  t h e  p r o p e r  s u b s t i t u t i o n  s t e p .  The p r o d u c t ,  of c o u r s e ,  must l o o s e  
a p r o t o n ,  e i t h e r  d u r i n g  t h e  s u b s t i t u t i o n  s t e p  o r  i n  a f a s t  t h i r d  
s t e p .  

SUBSTITUENT INFLUENCE ON THE RATE 

According t o  (eq.  3 ) ,  kobs i s  a p r o d u c t  of an e q u i l i b r i u m  c o n s t a n t  
K and a ra te  c o n s t a n t  k .  A g i v e n  change of s u b s t i t u e n t s  on P o r  N 
i s  expec ted  t o  change K and k i n  o p p o s i t e  d i r e c t i o n s ;  e l e c t r o n  do- 
n a t i n g  s u b s t i t u e n t s  on P o r  N shou ld  i n c r e a s e  K and d e c r e a s e  k ,  and 
v i c e  v e r s a  f o r  e l e c t r o n  a c c e p t i n g  s u b s t i t u e n t s .  The n e t  r e s u l t  on 
kobs i s  t h e r e f o r e  d i f f i c u l t  t o  p r e d i c t .  R e l a t i v e  o r d e r s  o f  r e -  
a c t i v i t y  have been de te rmined  i n  a number of c a s e s  unde r  i d e n t i c a l  
c o n d i t i o n s  (1 M i n  r e a c t a n t s ,  0 .02  M i n  Me2NH2+C1-, 40OC, CDC13): 

0 
[OI\P-NMq . ROH PhOH > HIOH Z &I'OH > Pr'OH > BU'OH 

i 
2 The r a t e  i n c r e a s e  from NPr 

l i t y  and i s  o p p o s i t e  t o  t h e  b a s i c i t y ;  t h i s  i n d i c a t e s  t h a t  t h e  p ro to -  
t o  NPh2 f o l l o w s  t h e  l e a v i n g  group a b i -  
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n a t i o n  s i te  i s  P. Rate v a r i a t i o n s  wi th  nuc leophi le  are as expec ted ,  
a p a r t  from PhOH ( s e l f - c a t a l y s i s ) .  The v a r i a t i o n s  with phosphorus 
subs t i t u e n t s  are less clear; appa ren t ly  h igh ly  n u c l e o p h i l i c  phos- 
phorus compounds ((R2N) 3P, Me2PNMe2) react f a s t  because they have 
l a rge  K ' s ,  whereas o t h e r  phosphorus compounds react more i n  accor- 
dance wi th  t h e i r  e l e c t r o p h i l i c i t y  ( con t ro l l ed  by k ) .  

MECHANISM 

A nuc leoph i l i c  c a t a l y s i s  mechanism, proposed by Nifan t ' ev  and Pu- 
d ~ v i k , ~  seems excluded because i t  would g ive  products  e i t h e r  wi th  
r e t e n t i o n  o r  racemizat ion.  A 4-center mechanism, advocated by Ev- 
d a k ~ v , ~  i s  un l ike ly  a l s o  f o r  s tereochemical  reasons ,  and should 
g ive  a r a t e  v a r i a t i o n  with NR2 oppos i t e  t o  t h a t  tound here .  A me- 
chanism as dep ic t ed  (eq. 3) exp la ins  t h e  c a t a l y s i s  and can accomo- 
da te  t h e  s u b s t i t u e n t  e f f e c t s .  I t  does n o t ,  however, t e l l  anyth ing  
about the mechanism of the  proper  s u b s t i t u t i o n  s t e p ,  a p a r t  from i t  
being 1. o rde r  i n  nuc leophi le  and p r o t .  aminophosphine. The f a c t  
t h a t  t h e  r eac t ions  normally proceed wi th  inve r s ion  p o i n t s  t o  a 
S$(P) type mechanism, a l though inve r s ion  can be expla ined  a l s o  by 
an addi t ion-e l imina t ion  mechanism. Probably the  degree of bond ma- 
k ing  and bond breaking  i n  t h e  TS v a r i e s  wi th  the  nuc leoph i l e ,  the  
leav ing  group and the  s u b s t i t u e n t s  on phosphorus. The mechanism may 
approach the sN1 l i m i t  f o r  very good leaving  groups l i k e  C 1 ,  and 
t h e r e  may be phosphorane o r  phosphoranide in t e rmed ia t e s  when these  
a r e  s t a b i l i z e d  by four- o r  five-membered r i n g s ,  l i k e  those  i n  2 
and 3. However, n e i t h e r  phosphenium ions  (sN1 in t e rmed ia t e s )  nor  
phosphoranes (add.-elim. in t e rmed ia t e s )  have been observed du r ing  
the  r e a c t i o n s ,  a l though they can be made under s l i g h t l y  d i f f e r e n t  
coiidi t i ons .  
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