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Abstract :  The react ions  o f  t e r t i a r y  phosphorus compounds w i t h  dimethyl acet-  

y lened icarboxy la te  and, on occasion, o ther  acety len ic  systems are discussed 

w i t h  emphasis upon the synthesis of phosphorus heterocycles. The discussion 

i s  d i v i ded  i n t o  two sections. The f i r s t  sec t ion  surveys the react ions  of 

open-chain t e r t i a r y  phosphines, bis-phosphines and vinylphosphines w i t h  acet-  

Y len i c  systems whi le  the  second sect ion  i s  concerned w i t h  s i m i l a r  reac t ions  

o f  c y c l i c  phosphines w i t h  these alkyne de r i va t i ves .  Both sect ions record  

Syntheses of novel he te rocyc l i c  systems which, f o r  the  most pa r t ,  are inac- 

cess ib le  by more conventional routes.  

INTRODUCTION 

Dimethyl acetylenedicarboxylate i s  a v e r s a t i l e  and r e a d i l y  ava i l ab le  e l e c t r o p h i l e  which 

has played a r o l e  of considerable importance i n  the  chemistry o f  n i t rogen heterocycliccompounds!~2 

Phosphorus i n  t e r t i a r y  phosphines, l i k e  n i t r ogen  i n  amines, i s  a reasonably good nucleophi le i n  

many instances and one might expect react ions  between dimethyl acetylenedicarboxylate and e i t h e r  

phosphines o r  phosphorus heterocycles t o  l ead  t o  s y n t h e t i c a l l y  i n t e r e s t i n g  products by mechanist i -  

c a l l y  i n t e r e s t i n g  pathways. This i s  indeed the case b u t  there  are some important differences be- 

tween the chemistry o f  n i t r ogen  and phosphorus compounds i n  t h i s  contex t  as o u t l i n e d  below. 

For example, a l though phosphorus has an ou te r  s h e l l  e l e c t r o n i c  con f i gu ra t i on  s i m i l a r  t o  

t h a t  o f  n i t rogen,  by using i t s  normal ly vacant b u t  accessible 3d o r b i t a l s ,  i t  i s  capable of Val- 

ence she l l  expansion and a change of ox ida t i on  s t a t e  t o  g ive  both four-coordinate and f ive-coor-  

d inate,  f i ve -va len t  phosphorus compounds as we l l  as a range o f  compound types which p a r a l l e l  those 

of n i t rogen.  I n  add i t ion ,  the chemistry of phosphorus-carbon heterocycles i n  general and the 

phosphorus analogues of p y r r o l e  (phosphole) and p y r i d i n e  (A ' -  and h5-phosphorin) i n  p a r t i c u l a r  re-  

mained r e l a t i v e l y  undeveloped u n t i l  very recen t l y  and systemat ic s tud ies  o f  these systems began 

on l y  about twenty years ago. Thus, much l ess  i s  known about these systems than the corresponding 

n i t rogen systems. Furthermore, wh i l e  the  non-bonding e lec t ron  p a i r  of the n i t r ogen  atom i n  the 

Various types of amine and n i t rogen heterocycle i s  apparent ly almost always i n  the h ighest  occu- 



p ied  molecular o r b i t a l ,  t h i s  i s  no t  necessar i l y  the case i n  phosphorus heterocycles such as the 

phosphorus analogues of ~ y r i d i n e . ~  

Next, there  are s i g n i f i c a n t  hyb r i d i za t i on  and o ther  e lec t ron i c  d i f fe rences between 

three-coordinate n i t rogen and phosphorus compounds. Thus, w h i l e  the n i t rogen atom i n  ammonia i s  

c lose t o  sp3 hybr id ized, w i t h  a bond angle of about 107O, the  phosphorus atom i n  phosphine (PHI) 

behaves as i f  i t  i s  e s s e n t i a l l y  unhybr id ized w i t h  a bond angle of on l y  93.5O.4 Even t r i a l k y l p h o s -  

phines have bond angles a t  the phosphorus atom o f  on ly  about 100' and some degree o f  rehybr id iza-  

t i o n  i s  therefore requ i red when the phosphorus atom acts  as a nucleophi le.  Also, wh i le  the lone 

p a i r  i n  conjugated unsaturated n i t rogen compounds, p a r t i c u l a r l y  a r y l  amines, i s  o f t en  ex tens ive ly  

delocal ized, such de loca l i za t i on  i s  usua l ly  n e g l i g i b l e  i n  the corresponding phosphines although 

there  are some notable exceptions t o  t h i s  which w i l l  be touched upon l a t e r .  F i n a l l y ,  simple 

amines normal ly have very low pyramidal invers ion ba r r i e r s  wh i le  t e r t i a r y  phosphines have i nve r -  

s ion b a r r i e r s  which are genera l ly  over 30 kcal/mol. 

It i s  apparent then from the differences noted above t h a t  wh i l e  three-coordinate phos- 

phorus compounds (open chain and he te rocyc l i c )  could be expected t o  reac t  i n  many instances w i t h  

dimethyl'acetylenedicarboxylate, i t  i s  most u n l i k e l y  t h a t  the react ions  would p a r a l l e l  those o f  I 
the corresponding n i t r ogen  compounds. 

I Reactions of n i t r ogen  heterocycles w i t h  dimethyl acetylenedicarboxylate and r e l a t e d  I 
acety len ic  systems have been s tud ied very thoroughly.l.2 However, wh i l e  s i m i l a r  reac t ions  w i t h  

phosphines and phosphorus heterocycles have received much l ess  a t t en t i on ,  i t  i s  i l l ready apparent 

t h a t  such react ions  lead t o  a wide v a r i e t y  of s t r u c t u r a l  types ( o f t e n  he te rocyc l i c  i n  nature) by 

mechan is t ica l ly  unusual pathways. It i s  the purpose of t h i s  b r i e f  review, therefore,  t o  summarize 

these s t "d ies  i n  the  context  of phosphorus heterocyc l ic  chemistry. The i nves t i ga t i ons  f a l l  con- 

ven ien t l y  i n t o  two sect ions - react ions  of phosphines w i t h  dimethyl acetylenedicarboxylate 

which produce phosphorus heterocycles and react ions  of phosphorus heteracycles themselves w i t h  the  

acety len ic  es ter .  From time t o  time, react ions  w i t h  o the r  acety len ic  systems w i l l  be discussed t o  

i l l u s t r a t e  p a r t i c u l a r  po in ts .  I t  should perhaps a l so  be mentioned t h a t  a much more general review 

o f  e a r l y  s tud ies  o f  the  react ions  of t e r t i a r y  phosphorus compounds w i t h  e l e c t r o p h i l i c  o l e f i n s  and 

acetylenesappeared i n  19725 as d i d  a more spec ia l ized review on c y c l i c  phosphonium y1ids.k 

F ina l l y ,  wh i l e  several of the papers reviewed here were publ ished some years ago, phos- 

phorus he te rocyc l i c  chemistry has deveoped very  r a p i d l y  dur ing  recent years'-" and renewed a c t i v -  

i t y  i n  t h i s  area o f  phosphorus heterocycle-acetylenic e s t e r  reac t i ons  i s  t o  he expected i n  t h e  

near fu ture .  A review a t  t h i s  t ime i s  there fore  considered t o  be desirable.  

REACTIONS OF SIMPLE PHOSPHINES WITH DIMETHYL ACETYLENEDICARBOXYLATE 

Several s tud ies  of the  react ions  of s imple phosphines, such as tr iphenylphosphine, w i t h  
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dimethyl acetylenedicarboxylate have been made - mainly by Tebby's group. The type o f  product ob- 

t a i ned  depends c r i t i c a l l y  upon the reactant  r a t i o s  and the temperature a t  which the reac t i on  i s  

c a r r i e d  out  and, al though the f i n a l  product i s  an y l i d  o r  b i s - y l i d ,  phosphorus he te rocyc l i c  y l i d s  

are obtained on l y  under c e r t a i n  cond i t ions .  I t  should a l so  be noted a t  the  ou tse t  o f  t h i s  discus- 

s ion  t h a t  several i n c o r r e c t  s t ruc tu re  assignments of the products o f  var ious react ions  of t h i s  

type were made i n  the  e a r l y  s tud ies  i n  the  area. Indeed, i t  was no t  u n t i l  i t  was recognized t h a t  

these react ions  almost always g i ve  y l i d i c  products o r  intermediates and t h a t  products conta in ing 

f i ve-coord inate  phosphorus are r a r i t i e s  and are, a t  best, t r a n s i e n t  intermediates i n  some of the 

react ions  t h a t  s t ruc tu re  assignments became much l ess  speculat ive.  The work of Tebby's group12 

and o thers l3 , lQ on the i d e n t i f i c a t i o n  and cha rac te r i za t i on  of carbonyl s t a b i l i z e d  y l i d s  by i r 1 2 * 1 3  

and va r i ab le  temperature nmrlz-14 methods (which demonstrate the  slow r o t a t i o n  of the  carbonyl- 

conta in ing funct ion  about the  bond l i n k i n g  the carbonyl group t o  the y l i d i c  carbon atom) was Par- 

t i c u l a r l y  usefu l  i n  t h i s  respect. 

The very e a r l y  work i n  t h i s  area w i l l  be summarized ra the r  b r i e f l y  here s ince i t  has 

been reviewed much e a r l i e r  elsewhere5s6 (from a somewhat d i f f e ren t  v iewpoint)  and because many of 

the  react ions  o f  t h i s  type i n i t i a l l y  studied, desp i t e  the  e a r l y  conclusions, do no t  lead t o  phos- 

phorus heterocycles o r  i nvo l ve  such heterocycles as intermediates.  Nevertheless, these react ions  

provide s t r u c t u r a l  and mechanistic in format ion  which has been o f  g reat  value i n  l a t e r  work i nvo l v -  

i n g  phosphorus heterocycles. 

The f i r s t  r epo r t  o f  reac t ions  between t e r t i a r y  phosphines and dimethyl acetylenedicar-  

boxylate was made by Horner and Hoffmann.ls They s ta ted  t h a t  t r iphenylphosphine reacts  w i t h  the 

ace ty len i c  e s t e r  t o  g ive  the very water -sens i t i ve  1 : l  z w i t t e r l o n i c  adduct (1) (a  r e s u l t  which 

cou ld  no t  be dup l ica ted by l a t e r  workers) wh i le  t r ie thy lphosph ine was repor ted t o  g ive  the 1:2 ad- 

duct (2). Few d e t a i l s  were given i n  t h i s  paper but,  very s h o r t l y  a f t e r  t h i s ,  both  Johnson 

X =C02Me in all structures 



and Tebby16 and Hendrickson's groupI7 c a r r i e d  o u t  s i m i l a r  s tud ies  which were repor ted i n  consider- 

ab ly  more d e t a i l .  The paper by Johnson and Tebbyls, thqugh r e l a t i v e l y  short ,  i s  o f  considerable 

i n t e r e s t  f o r  two reasons. F i r s t ,  i t  showed how the react ion  pathway i s  c r i t i c a l l y  dependent upon 

react ion  cond i t ions  such as reactant  r a t i o s  and temperature. Second, a number o f  i n c o r r e c t  s t ruc -  

t u r e  assignments were made f o r  the reasons o u t l i n e d  i n  the  i n t roduc t i on  t o  t h i s  review. The pre- 

l im ina ry  observations and conclusions of Johnson and Tebbyls are summarized i n  the react ion  scheme 

below: 

Hendrickson s ta ted  s h o r t l y  a f te r  t h i s  t h a t  they too had prepared t h e  yel low, 

unstable'phosphole (3a*3b) and the yel low, s tab le  rearrangement product ( 4 )  by the same route.  

I n  add i t ion ,  they claimed t o  have made the corresponding 1.1.1-triphenylarsole (8)  as co lour less  

c r y s t a l s  ( s tab le  a t  room temperature) by a s i m i l a r  method although the reac t i on  on l y  occurred a t  

room temperature over several days. They, however, p re fer red the pentacovalent fo rmula t ion  (3b) 

f o r  the unstable phosphole, mainly on the basis o f  i t s  physical  p roper t ies  and i t s  behaviour on 
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treatment w i t h  HCe (causing rearrangement t o  (4) r a t h e r  than pro tonat ion  o f  (3a). On the o the r  

hand, Johnson and Tebby16 preferred the z w i t t e r i o n i c  formulat ion (3a) on the grounds t h a t  t h i s  

provided a d r i v i n g  force fo r  phenyl migra t ion  t o  g ive  (4) even though a 1,2 m ig ra t i on  might be 

considered more reasonable than a 1.5 migra t ion .  The s t r u c t u r e  of the compound formulated as 

(4) was assigned mainly on the grounds t h a t  ox ida t i on  w i t h  hydrogen peroxide i n  ace t i c  ac id  gave 

both diphenylphosphinic ac id  and benzoic acid.  

Pentacovalent phospholes and arso les  and r e l a t e d  pentacovalent phosphorus heterocycles 

such as ( 7 )  therefore seemed r e l a t i v e l y  r e a d i l y  ava i l ab le  by t h i s  type of r eac t i on  and t h i s  

conclusion was reinforced by a repo r t  by Reddy and Weisle i n  1963 t h a t  dicyanoacetylene reacts 

w i t h  t r iphenylphosphine i n  a c e t o n i t r i l e  a t  25' t o  g i ve  an orange 2:l adduct t e n t a t i v e l y  

i d e n t i f i e d l e  as the pentacovalent phosphole (9) .  

Rather i n t e r e s t i n g l y ,  i t  was shown l a t e r  i n  a ser ies  of s tud ies  spanning almost a 

decade tha t ,  wh i l e  s t ruc tures  (5 )  and (6) are co r rec t  and (3b l  i s  i n  a sense co r rec t  i n  t h a t  i t  

i s  an in termedia te  i n  these react ions,  the  t e n t a t i v e l y  assigned s t ruc tures  (71, (81 and (9) 

are noJ, i n  fact ,  he te rocyc l i c  whereas the product formulated as the open-chain s t r u c t u r e  (4)E a 

phosphorus heterocycle.  Furthermore, i t  has a l so  been shown t h a t  there  are add i t i ona l  intermed- 

i a t e s  and products in the react ions  of t r iphenylphosphine w i t h  the  acety len ic  e s t e r  and the 

mechanisms of the var ious react ions  and transformat ions have been es tab l ished beyond reasonable 

doubt. 

Deal ing f i r s t  w i t h  the tr iphenylphosphine-acetylenic es te r  react ions ,  Tebby u. 
c o n f i m e d ~ ~  the s t ruc tu re  of the  2 : l  adduct (5), mainly by ir and var iable-temperature nmr 

measurements (which demonstrate the carbony l -s tab i l i zed y l i d i c  nature o f  the system) and by 

chemical degradation. This compound i s  n o t  o f  p a r t i c u l a r  importance i n  the  context  of the 

present discussion bu t  i t s  probable mode of formation ((1)-(lb)+(5)) i s  of i n t e r e s t  s ince 



mechanisms o f  t h i s  type, which can be regarded i n  a sense as nuc leoph i l i c  a t t ack  upon a v i n y l -  

phosphonium system, a re  q u i t e  comnon i n  phosphine-acetylenic e s t e r  react ions .  Indeed, many such 

react ions  y i e l d  q u i t e  novel phosphorus heterocycles as w i l l  be seen l a t e r .  

By s i m i l a r  methods and a l so  by potent iomet r ic  t i t r a t i o n ,  formation o f  a b is -perch lora te  

and 31P nmr chemical s h i f t  measurements, Tebby mal. also showedzo t h a t  the 2:2 adduct o r i g i -  

na l l y16  assumed t o  be the pentacovalent phosphorus heterocycle (7) i s ,  i n  f a c t ,  the open-chain 

b i s - y l i d  (11) which i s  probably formed by a mechanism s i m i l a r  t o  t h a t  o u t l i n e d  above and as 

shown below. The adduct (11) can a l so  be formed by d i r e c t  ac t i on  of t r iphenylphosphine upon 

+ 
P h3p\!?~ / C-C 
9 

c=c 2% 
x' 6 'x 5P - x/ - 1 

'x 

the ace ty len i c  e s t e r  under c e r t a i n  circumstances. 
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The next  such s t r u c t u r e  r e v i s i o n  was t h a t  of the product o r i g i n a l l y 1 6  assigned the 

open-chain phosphine s t r u c t u r e  (4 )  and was a l so  c a r r i e d  ou t  by Tebby's group.21 Using methods 

s i m i l a r  t o  those o u t l i n e d  fo r  the o the r  adducts discussed above, Tebby w. showed t h a t  the  

St ruc ture  of the adduct i s ,  i n  fact ,  the 2i-phosphole s t r u c t u r e  (12) - .i&. i t  i s  y e t  another 

y l i d i c  s t ruc ture .  Clear ly,  y l i d i c  products are s t rong l y  favoured i n  these react ions  and, 

equa l ly  c l ea r l y ,  the pentacovalent phosphole s t ruc tu re  (3b) i s  a probable imnediate precursor of 

the 24-phosphole (12) s ince formation of (12) from (3b) requ i res  on l y  a 1,2-phenyl s h i f t .  As 

w i l l  be seen l a t e r ,  t h i s  1.2-shift i n  a f ive-coordinate, t r i g o n a l  b lpyramidal  phosphorus s t ruc tu re  

i s  a common (and s y n t h e t i c a l l y  very  useful)  r eac t i on  i n  phosphorus he te rocyc l i c  chemistry. Thus, 

the  o r i g i n a l  t e n t a t i v e   assignment^^^.'^ of the s t r u c t u r e  (3b) t o  the  unstable 1:2 adduct o f  the 

phosphine w i t h  the  e s t e r  formed a t  -500 would, a t  t h i s  stage, appear t o  be reasonable. 

Sho r t l y  a f t e r  the  s t r u c t u r e  reassignment discussed imnediately above, Tebby's group22 

i s o l a t e d  y e t  another 1:2 adduct of the phosphine w i t h  the ace ty len l c  e s t e r  (no t  p rev ious ly  i s o l a t e d  

because of i t s  g reat  s o l u b i l i t y  i n  methanol) which i s  isomeric w i t h  the 2E-phosphol.4 (12) and 

which, as w i l l  be seen sho r t l y ,  i s  fanned from the same precursor. The cyc l i c ,  b u t  n o t  hetero- 

c y c l i c ,  s t r u c t u r e  (13) was assigned t o  t h i s  adduct on the bas is  of the  usual chemical and 

spectroscopic evidence and the s t r u c t u r e  was confirmed by an X-ray c r ys ta l l og raph i c  study.23 

I n  a f i n a l  paper on the triphenylphosphine-dimethyl acetylenedicarboxylate system, 

Tebby et.24 c a r r i e d  ou t  a d e t a i l e d  study aimed a t  determining the nature of the unstable 1:2 

adduct of the phosphine w i t h  the  e s t e r  formed a t  -500 which, t o  t h i s  po in t ,  had been assumed t o  be 

the pentacovalent 1.1 . I - t r iphenylphosphole (3b). This study showed that ,  w h i l e  the pentacovalent 

phosphole (3b) i s  invo lved as a t r ans ien t  in termedia te  i n  t?e formation of the  2k-phosphole ( I ? ) ,  

the unstable adduct which can a c t u a l l y  be i s o l a t e d  a t  -50° has the unexpected cyclopropenyl-  

phosphonium y l i d  s t r u c t u r e  (14). The arguments lead ing t o  the assignment o f  t h i s  s t r u c t u r e  are 

outs ide the scope o f  t h i s  review and are w e l l  se t  ou t  i n  the  o r i g i n a l  paper.*' However, i t  i s  

c l e a r  tha t ,  i n  the  react ions  of trtphenylphosphine w i t h  the  acety len ic  es ter ,  a t  l e a s t  f i v e  (two 



stable,  one unstable b u t  iso lab le ,  and two t rans ien t )  1:2 adducts are formed. The var ious i n t e r -  

conversions lead ing t o  the  format ion of t h e  two s tab le  adducts (12) and (13) are o u t l i n e d  below. 

OMe 

I t  should be noted t h a t  the  t r ans ien t  intermediate (15) i s  merely a  t r anso id  version of 

the z w i t t e r i o n i c  s t ruc tu re  (3a) o r i g i n a l l y  proposed16 f o r  the unstable in termedia te  i s o l a b l e  a t  

-500 and now known t o  be (14). 

This l a s t  study es tab l ished a  number o f  o ther  important po in ts .  For example, whether 

one obtains the  2b-phosphole (12) o r  the phosphorane (13) depends merely upon conformational 
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changes i n  (14). Furthermore, the reac t i on  i s  no t  l i m i t e d  t o  t r iphenylphosphine since tri-e- 
toly lphosphine, diphenyl-p-chlorophosphine, diphenylanisylphosphine, and diphenyl-ptoly lphosphine 

a l l  r eac t  w i t h  the  e s t e r  t o  g i ve  2H-phospholes. Moreover, the  r e s u l t s  obtained w i t h  the l a s t  

th ree o f  the  above-mentioned phosphines showed t h a t  the  ease o f  a r y l  group migra t ion  i s  i n  the 

order  pch loropheny l>pheny l>  p to ly1 ,an isy l  - k. migra t ion  i s  eas ie r  f o r  groups w i t h  b e t t e r  

s t a b i l i z a t i o n  o f  negat ive charge. This i s  cons is tent  w i t h  migra t ion  from an ap ica l  p o s i t i o n  of 

a t r i g o n a l  b ipyramidal  phosphorus atom. 

The mechanism shown e a r l i e r  i nd i ca tes  t h a t  a r y l  migra t ion  i n  (3b) t o  g i ve  (12) i s  an 

in t ramolecu lar  process. This was confirmedz' by ca r r y i ng  ou t  react ions  using mixtures of 

t r iphenylphosphine and t r i - p t o l y l p h o s p h i n e  w i t h  the  ace ty len i c  es ter .  Mass spectrometr ic 

ana lys is  o f  the 2H-phosphole f r a c t i o n  o f  the products showed the presence o f  on l y  the  t r i pheny l -  

o r  t r i - p t o l y l -  products. No mixed pheny l -p- to ly l -  product was detectable.  F i n a l l y ,  migra t ion  

of the var ious a r y l  groups noted above occurs w i t h  re ten t i on  o f  o r i e n t a t i o n  - u. y t o l y l -  

remained e - t o l y l -  a f t e r  migra t ion .  A l l  of t h i s  in format ion  then i s  cons is tent  w i t h  in t ramolecu lar  

migra t ion  o f  an a r y l  group from an ap i ca l  p o s i t i o n  of a t r i g o n a l  b ipyramidal  phosphorus atom of 

a t r ans ien t  intermediate,  such as (3b1, t o  an adjacent equator ia l  carbon atom by a process 

i n v o l v i n g  the development of a t  l e a s t  a p a r t i a l  negat ive charge upon the m ig ra t i ng  group. 

Presumably, much of the  d r i v i n g  f o r ce  f o r  the  rearrangement comes from the format ion of the 

carbony l -s tab i l i zed y l i d i c  product (u. 12). 

Before l eav ing  t h i s  se r i es  of studies,  i t  i s  worth no t i ng  t h a t  cyclopropyldiphenyl-  

phosphine (16) reactsz5 w i t h  the ace ty len i c  e s t e r  i n  a manner s i m i l a r  t o  t h a t  of t r i pheny l -  

phosphine as shown i n  the  sequence (16)+(17). I t  had been thought poss ib lez5 a t  the  t ime t h i s  

18 .., 19 
N 

react ion  was c a r r i e d  ou t  t h a t  generat ion of the z w i t t e r i o n  (18) would p o l a r i z e  the  C-C bonds of 



the cyclopropyl  group and formation of the six-membered bu t  uns tab i l i zed  c y c l i c  y l i d  (19). It 

appears, however, t h a t  format ion o f  the s t a b i l i z e d  y l i d  (17) i s  s t i l l  the favoured react ion  

pathway. 

From the preceding discussion, i t  i s  very c l ea r  tha t ,  a t  l e a s t  i n  the case o f  

t r ia ry lphosph ines and dimethyl acetylenedicarboxylate,  phosphorus heterocycles are formed on ly  

under c e r t a i n  cond i t ions  and heterocycles conta in ing f ive-coordinate phssphorus e x i s t ,  a t  best, 

on l y  as t r ans ien t  intermediates i n  these react ions .  This, o f  course, suggests t h a t  the proposed 

1.1 , I - t r ipheny larso le  and 1 ,],I-tr iphenylphosphole s t ruc tures  (8) and (9) could bear reexamination. 

I t  should be borne i n  mind a t  t h i s  p o i n t  tha t ,  although many of the  o r i g i n a l  s t ruc tu re  assign- 

ments i n  the  triphenylphosphine-acetylenic es te r  react ions  were i nco r rec t ,  the ac tua l  s t ruc tures  

are, i n  a l l  cases, isomeric w i t h  those o r i g i n a l l y  proposed. This i s  no t  the  case w i t h  e i t h e r  of 

the  adducts formulated as (8) and (9). 

Thus, Hendrickson's group showed 1 7 ~  t h a t  the  product o f  the slow reac t i on  of 

t r i pheny la rs ine  w i t h  dimethyl acetylenedicarboxylate i n  e ther  i s ,  i n  fact ,  an adduct of 

t r i pheny la rs ine ,  one molecule of the  es te r  and an oxygen atom apparent ly der ived from water. 

On the basis of a v a r i e t y  of chemical and physical  evidence, the h i g h l y  s t a b i l i z e d  arsonium y l i d  

s t r u c e w e  (20) was proposed f o r  the  adduct. 

The mechanism f o r  the 

- 
i s  obscure. One piece of mechanistic evidence 

i s  t h a t  i n  the  reac t i on  o f  the a rs ine  w i t h  the es te r  t o  g i ve  (201, dimethyl fumarate i s  a l so  a 

major product. Thus, as one molecule of the  es te r  i s  consumed t o  g i ve  (20). another i s  reduced 

t o  dimethyl fumarate thereby a l so  consuming one molecule O f  water. One i s  tempted t o  invoke a 

z w i t t e r i o n i c  in termedia te  r e l a t e d  t o  (3a) o r  (15) which hydrates and then undergoes fragmentat ion 

t o  g i ve  the observed products. However, the f a c t  t h a t  the best y i e l d s  of (20) and dimethyl 

fumarate were obtained i n  the  presence o f  benzoyl peroxide suggests t h a t  a f r e e  rad i ca l  mechanism 

may operate here. 

The f i n a l  s t ruc tu re  r e v i s i o n  of a poss ib le  pentacovalent phosphole der ived from 
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t r iphenylphosphine and t h e  very  powerful e l e c t r o p h i l e  dicyanoacetylene was a lso  c a r r i e d  ou t  by 

Tebby's group.26 Again, the  product postu la ted by Reddy and Weisle as having the 1.1.1- 

t r iphenylphosphole s t r u c t u r e  (9) has an e n t i r e l y  d i f f e r e n t  s to ich iomet ry  t o  t h a t  o r i g i n a l l y  

suggested. It i s ,  i n  fact ,  an adduct of two molecules o f  the phosphine and three molecules o f  

the  alkyne t o  which has been assigned26 the open-chain y l i d i c  s t ruc tu re  (21). As usual, the  

s t r u c t u r a l  assignment was made on the bas is  o f  extensive chemical and spectroscopic evidence 

and o f  p a r t i c u l a r  importance here i s  the 31P nmr chemical s h i f t .  For the  adduct, a downf ie ld 

s h i f t  of 22.0 ppm ( r e l a t i v e  t o  ex terna l  85% H3P041 was observed whereas most phosphorus atoms 

bonded t o  f i v e  carbon atoms have s t rong u p f i e l d  s h i f t s  i n  the range 80 - 100 ppmZ7 The down- 

f i e l d  s h i f t  observed i s  t y p i c a l  o f  y l i d i c  s t ruc tures .  

These s t ruc tu re  cor rec t ions ,  together w i t h  the  very t r ans ien t  nature  of (3b). might 

Suggest t h a t  s tab le  phospholes conta in ing f i ve-coord inate  phosphorus cannot e x i s t .  This i s  no t  

the  case since the free 1.1.1-triphenylphosphole (22)28, the coordinated system (23)29 and the 

fused-ring system (24)30 have a l l  been prepared. The methods o f  p repara t ion  are outs ide t h i s  

discussion and i t  i s  on ly  necessary t o  s t a t e  here t h a t  the syntheses o f  (22) and (23) used 

phosphine-metal complexes as s t a r t i n g  ma te r i a l s  wh i l e  the  synthesis of (24) invo lved methods 

e n t i r e l y  d i f f e r e n t  from the react ions  discussed i n  t h i s  review. 

Before moving on from t h i s  discussion o f  the  react ions  o f  t e r t i a r y  phosphines w i t h  

e l e c t r o p h i l l c  alkynes, t he re  i s  one o the r  type o f  reac t ion  which deserves b r i e f  a t t en t i on .  To 

t h i s  p o i n t  i n  th is .d iscuss ion,  a l l  of the react ions  surveyed lead t o  a c y c l i c  o r  heterocyc l ic ,  

carbonyl o r  n i t r i l e  s t a b i l i z e d  phosphonium (or,  i n  one case, arsonium] y l i d s  al though non -y l i d i c  

t r a n s i e n t  intermediates a re  invo lved i n  some of the react ions .  Although t h i s  i s  no t  s t r i c t l y .  a 

p a r t  of the main theme of t h i s  survey, the  quest ion of what types of products would be obtained 

if y l i d  s t a b i l i z a t i o n  by negat ive charge de loca l i za t i on  were no t  poss ib le  nevertheless ar ises .  

Most alkynes l ack ing  s t rong l y  electron-withdrawing groups are n o t  s u f f i c i e n t l y  a c t i v e  t o  r e a c t  



w i t h  t r ia ry lphosph ines  bu t  one h i g h l y  a c t i v e  a lkyne- re la ted  system which does n o t  bear e l ec t ron -  

wi thdrawing groups i s  benzyne. 

Both W i t t i g  et.31,32 and Zb i ra133 have i nves t i ga ted  reac t ions  o f  t r iphenylphosphine 

w i t h  benzyne. I n  the  f i r s t  o f  these studies,  c a r r i e d  o u t  many years ago. W i t t i g ' s  group showed31 

t h a t  the  product  o f  the  reac t i on  (obtained i n  low y i e l d )  i s  the  5-phenyl-5H-dibenzophosphole (27) 

which almost c e r t a i n l y  a r i ses  from the  rou te  reac tants  + (25) + (26) + (27). 

This r eac t i on  i s  o f  i n t e r e s t  f o r  several  reasons. F i r s t ,  the  carban ion ic  p o r t i o n  

of  the  z w i t t e r i o n  ( 2 5 )  i s  s u f f i c i e n t l y  nuc leoph i l i c  t o  a t t a c k  a benzene r i n g  a t tached t o  a 

phosphonium grouping. Next ,  an y l i d  (26) i s  formed ( t r a n s i e n t l y )  even though i t  has l i t t l e  

s t a b i l i z a t i o n  through de loca l i za t i on .  Furthermore, t he  y l i d  (26) decomposes by e l i m i n a t i o n  o f  

benzene t o  g ive  the  f u l l y  unsaturated species (27).  That t h i s  i s  indeed t he  c o r r e c t  s t r u c t u r e  

assignment f o r  the  product  i s  i r r e f u t a b l e  s ince such s t ruc tu res  have been w e l l  known fo r  many 

This means, o f  .course, t h a t  i n  con t ras t  t o  the  reac t ions  discussed p rev ious l y  where 

phosphorus changes permanently . i t s  coo rd ina t i on  number from three t o  four and i t s  ox i da t i on  s t a t e  

from three t o  f i v e  dur ing  the  reac t ion ,  these changes are  temporary i n  the  t r iphenylphosphine- 

benzyne reac t i on  where, i n  the  f i n a l  product, phophorus reve r t s  t o  a three-coordinate,  three- 

va len t  s ta te .  Nonetheless, as i n  a l l  o t he r  reac t ions  o f  t h i s  k i n d  discussed so f a r ,  an y l i d  
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i s  formed dur ing  the  reac t i on .  I t  should a l so  be noted t h a t  the  z w i t t e r i o n  (25) can be trapped3' 

as t he  corresponding t r ipheny lborane adduct and t h a t  (25) i s  s u f f i c i e n t l y  s tab le  a t  low tempera- 

t u r e  i n  t he  f r e e  s t a t e  t o  have been s tud ied  f a i r l y  e ~ t e n s i v e l y . ~ ~  

Zb i ra133 has c a r r i e d  o u t  s i m i l a r  reac t ions  between benzyne and t r iphenylphosphine and 

was ab le  t o  increase t he  y i e l d  of  (27) t o  40%. He a l so  c a r r i e d  o u t  reac t ions  between benzyne 

and phosphorus he te rocyc l i c  systems. 

TO survey b r i e f l y  developments t o  t h i s  po in t ,  on the  one hand many i n t e r e s t i n g  and 

r a t h e r  novel r eac t i ons  have been repor ted  but ,  on t he  o the r  hand, t he  i n i t i a l  promise o f  these 

reac t ions  as useful t o o l s  i n  phosphorus he te rocyc l i c  chemistry would appear t o  have faded some- 

what because of  numerous s t r u c t u r e  rev i s i ons .  This however i s  @ the case and v i r t u a l l y  a l l  

reac t ions  of  t h i s  na ture  i nves t i ga ted  s ince these i n i t i a l  s tud ies  have l e d  t o  phosphorus hetero- 

c y c l i c  systems, some o f  which would be extremely d i f f i c u l t  t o  prepare by more convent ional  

methods. 

The next  s i g n i f i c a n t  development came when two groups i nves t i ga ted  t he  reac t ions  o f  

bis-phosphines w i t h  dimethyl  acety lenedicarboxylate.  The f i r s t  such r e p o r t 3 5  was of  the  reac t i on  

of 1,2-bis(dipheny1phosphino)ethane (28) w i t h  t he  ace t y l en i c  e s t e r  t o  g i ve  t he  r e l a t i v e l y  stable 

Yel low 1.4-diphosphacyclohexa-1.3-diene (30) by  a  cyc loadd i t i on  reac t ion .  The reac t i on  i s  now 

thought t o  f o l l ow  the  r o u t e  (28)+(29)+(30) a l though a  s l i g h t l y  d i f f e r e n t  mechanism was considered 

(on the  bas is  of incomplete informat ion der ived from some unpublished r e l a t e d  reac t i ons )  t o  be a  

p o s s i b i l i t y  a t  t he  t ime o f  pub l i ca t i on .  C lea r l y ,  t he  reac t i on  i s  very  c l o s e l y  r e l a t e d  t o  t h a t  

lead ing  t o  the  2 : l  adduct ( 5 )  of  t r iphenylphosphine w i t h  the  e s t e r  as o u t l i n e d  i n  the  sequence 

( l ) - ( lb )+(5) .  

S h o r t l y  a f t e r  t h i s ,  Tebby et.36 and Hughes et.37 inves t i ga ted  the  s i m i l a r  r eac t i on  

of bis(dipheny1phosphino)nethane (31) w i t h  t he  es te r  and found t h a t  a  r eac t i on  almost i d e n t i c a l  



t o  t h a t  descr ibed above occurs t o  g i ve  the b i s - y l i d  (32) which, however, i s  i n  tautomeric 

equ i l i b r i um w i t h  the isomer (33) w i t h  the  equ i l i b r i um favouring (33). Again the  product i s  

r e l a t i v e l y  s tab le  under normal condi t ions.  S t ruc tures  were determined by the usual chemical and 

spectroscopic methods. 

The groups of T e b b P  and of Hughes38 a l so  b r i e f l y  s tud ied the reac t i on  o f  the 

unsaturated bis-phosphine &-1 2-bis(dipheny1phosphino)ethylene (34) w i t h  the acety len ic  es ter .  

Both groups i s o l a t e d  a h i g h l y  water sens i t i ve  adduct which they charac ter ized as the f u l l y  

unsaturated phosphorus heterocycle ( 3 5 ) .  The cha rac te r i za t i on  by Tebby's group36 res ted mainly 

upon ir and mass spect ra l  data wh i l e  the o the r  workers were able (w i t h  d i f f i c u l t y )  t o  ob ta in  

reproduc ib le  analyses, nmr data i n  CDCL3 and ac id  so lu t ion ,  and a stable,  c r y s t a l l i n e  b i s -  

perchlorate.  

The adduct (35) i s  of i n t e r e s t  f o r  two reasons. F i r s t ,  i t  i s  a p o t e n t i a l l y  aromat ic 

phosphorus heterocycle. Whether i t  i s  aromatic i n  the conventional sense o r  no t  i s  debatable bu t  

what may be s i g n i f i c a n t  here i s  the  i n f ra red  spectrum. This shows t h a t  the  main carbonyl 

s t re t ch ing  frequency i n  (35) occurs a t  1640 on-' w i t h  l esse r  peaks nearby on e i t h e r  side. By 

i t s e l f ,  t h i s  observat ion i s  n o t  s t a r t l i n g  s ince i t  ind ica tes  a ce r ta in  amount o f  y l i d i c  negat ive 
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charge de loca l i za t i on  i n t o  the  e s t e r  groups. However, i n  the s i m i l a r  system (30). where an 

aromatic phosphorus-containing r i n g  i s  n o t  possible,  the main carbonyl s t re t ch ing  frequency i s  a t  

1585 cm-l. This i nd i ca tes  t h a t  negat ive charge de loca l i za t i on  i n t o  the  carbonyl groups i s  much 

l ess  i n  (35) than i n  (30) and t h i s ,  i n  turn,  may i n d i c a t e  a greater  degree o f  e l ec t ron  de loca l iza-  

t i o n  i n t o  the phosphorus-containing r i n g  o f  (35) t o  g i ve  something l i k e  an aromat ic system. The 

o ther  p o i n t  o f  i n t e r e s t  i s  the extreme s e n s i t i v i t y  o f  the  adduct (35) towards hydro lys is  compared 

w i t h  the  adduct (30) which i s  e a s i l y  i s o l a t e d  and charac ter ized and which can be s tored fo r  q u i t e  

long per iods w i thout  ser ious de te r i o ra t i on .  C lear ly ,  there  are considerable e l e c t r o n i c  d i f f e r -  

ences between (30) and (35) bu t  whether these d i f fe rences a r i s e  from some degree of a roma t i c i t y  

i n  (35) i s  n o t  y e t  c lear .  

Reactions between the trans isomer o f  the bis-phosphine (34) and the acety len ic  es te r  

have a l so  been invest iga ted38 but,  s ince the react ions  do no t  p a r a l l e l  those o u t l i n e d  above fo r  

o the r  bis-phosphines and f o r  mechanistic reasons, discussion of t h i s  w i l l  be defer red u n t i l  a 

l i t t l e  l a t e r .  

Yet another approach t o  phosphorus heterocycles from react ions  o f  simple phosphines 

w i t h  dimethyl acetylenedicarboxylate invo lves  treatment o f  vinylphosphines w i t h  t h i s  es ter .  3 e 3 3 4  

Add i t i on  react ions  occur but, as w i t h  tr iphenylphosphine, the nature  o f  the product depends upon 

the cond i t ions  o f  the reac t i on  - p a r t i c u l a r l y  the  r a t i o s  of the reactants and the nature  o f  the  

v inylphosphine used. The 1 : l  cyc loadd i t ion  which would be expected from diphenylv inylphosphine 

i s  o u t l i n e d  i n  the  sequence (36)+(37) but,  a l though t h i s  occurs when the es te r  ( 1  mole) i s  added 

the phosphine (1  mole) i n  ether,  tautome! - i z a t i o n  of (37) t o  the carbonyl s t a b i l i z e d  isomer (38) 

a l so  occurs. As can be seen, (37) i s  a 3H-phosphole wh i l e  (38) i s  a 2H-phosphole and these 

products are therefore c l o s e l y  r e l a t e d  t o  the  2H-phosphole (12) which was obtained by an e n t i r e l y  

d i f f e ren t  rou te  mechan is t ica l ly .  

I n  fact, both,  (37) and (38) a re  h i g h l y  r e a c t i v e  and water s e n s i t i v e  and n e i t h e r  can be 



i s o l a t e d  i n  the f r e e  s ta te .  However, (37) can be trapped38 (as i t  i s  formed and before 

tautomerizat ion can occur) by e-nitrobenzaldehyde i n  a  W i t t i g  reac t i on  and i n  another reac t i on  

which w i l l  be discussed s h o r t l y  wh i l e  (38) has been character ized as i t s  hydro lys is  and 

deutero lys is  products (39) and (40).  The f a c t  t h a t  both deuterium atoms are introduced a t  the 

S i t e  i nd i ca ted  confirms the nature of the c y c l i c  precursor,  (38) and the mechanism o f  hydro lys is .  

The s t ruc tures  o f  the W i t t i g  react ion  product mentioned above and o f  (39) and (40) were 

establ ished by h i g h l y  de ta i l ed  nmr and mass spect ra l  examination. 

I t  was mentioned i n  the above discussion t h a t  the  1 : l  cyc loadd i t ion  product (37) can 

be trapped i n  two react ions,  one o f  which was the W i t t i g  reac t i on  already re fe r red  to .  I f  one 

mole of the vinylphosphine (36) i s  added t o  two moles of the acety len ic  es te r  i n  ether,  the  

i n i t i a l l y  formed c y c l i c  y l i d  (37) i s  generated i n  the presence of an excess o f  the  es ter .  

Phosphonium y l i d s  w i t h  r e l a t i v e l y  l i t t l e c a r b a n i o n  s t a b i l i z a t i o n  are known40 t o  reac t  very r e a d i l y  

w i t h  dimethyl acetylenedicarboxylate (as would be expected from the s t rong l y  nuc leoph i l i c  nature 

of the y l i d i c  carbon atom) and, a t  the t ime t h i s  research was i n  progress, a l l  such react ions  

known40 resu l t ed  i n  the  i n s e r t i o n  of a  two-carbon u n i t  d i r e c t l y  i n t o  the  y l i d i c  P-C l i n k  by a  

cyc loadd i t ion  fo l lowed by r i n g  opening o f  the r e s u l t i n g  four-membered r i ng .  I f  t h i s  were t o  

occur w i t h  the adduct (37) the product would be the seven-membered r i n g  (41). However, the 

Product a c t u a l l y  f ~ r m e d ~ ~ ~ ~ ~  i s  the phosphabicycloheptadiene (42) which presumably a r i ses  by the 

rou te  shown i n  the  sequence (37)+(42). Supe r f i c i a l l y ,  t h i s  react ion  resembles a  D ie ls -A lder  

cyc loadd i t ion  but,  i n  view o f  the h i g h l y  po la r  nature of the y l i d i c  l i n k  i n  (37) and the s t rong l y  

nuc leoph i l i c  nature of the y l i d i c  carbon atom, it i s  u n l i k e l y  t h a t  (42) a r i ses  from a (4 t2)  cyclo- 

add i t i on  governed by the ru les  f o r  the conservation o f  o r b i t a l  symmetry. 
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As w i t h  (37) and (38). the b i c y c l i c  adduct (42) i s  much too water s e n s i t i v e  t o  a l low 

i t s  i s o l a t i o n .  I t  has, however, been charac ter ized (by d e t a i l e d  spectroscopic examination) as 

the hyd ro l ys i s  and deutero lys is  products (43) and (44). 

Returning now b r i e f l y  t o  bis-phosphines, the trans isomer (45) o f  the unsaturated b i s -  

phosphine (34) reacts30 w i t h  dimethyl acetylenedicarboxylate more as a vinylphosphine than as a 

bis-phosphine. However, i n  t h i s  case several  q u i t e  unexpected react ions  occur. Thus, when one 

r o l e  o f  the ace ty len i c  e s t e r  i s  added t o  one mole o f  the  phosphine (45)  i n  benzene-pentane, a 

1 : l  adduct i s  obtained30 as a pa le  ye l l ow  p r e c i p i t a t e  which can be iso la ted,  analyzed and 

spect roscop ica l ly  examined w i thou t  h y d r o l y t i c  decomposition if reasonable precaut ions are taken. 

By analogy w i t h  the behaviour of d iphenylv inylphosphine (36) the  expected product o r  products 

would be one o r  more of the c y c l i c  y l i d s  (46). (47) o r  (48) w i th ,  perhaps, (47) as the most 



l i k e l y  s t ruc ture .  

While the i n f r a r e d  spectrum i s  cons is tent  w i t h  a carbony l -s tab i l i zed y l i d i c  s t r u c t u r e  

i n  t h a t  i t  shows one normal e s t e r  carbonyl s t re t ch ing  frequency a t  1712 cm-' and apparent ly 

y l i d i cca rbony l  group s t re t ch ing  frequencies a t  1601 and 1585 cm-I (suggest ing (47) o r  (48) f o r  

the s t ruc ture ,  the 'H nmr spectrum of the  adduct i s  no t  cons is tent  w i t h  any o f  the th ree 

proposed s t ruc tures .  For example, the 'H spectrum ( a t  -2' t o  slow h y d r o l y t i c  decomposition) 

shws  on l y  20 aromatic, 2 o l e f i n i c  and 6 methow protons. This appears t o  r u l e  o u t  a l l  th ree 

o f  the s t ruc tures  suggested above since (46) should Show one y l i d i c  proton, one t e r t i a r y  pro ton 

and no o l e f i n i c  protons, (47) should show two methylene protons and no o l e f i n i c  protons and (48) 

Should Show a t e r t i a r y  Proton and on l y  one o l e f i n i c  proton. Var iable temperature 'H nmr studies 

(down t o  -500) showed t h a t  wh i l e  one of the es te r  groups appears as a s i n g l e t  the o ther  s p l i t s  

i n t o  a doublet (w i t h  the two peaks of unequal area) thereby e x h i b i t i n g  the  conformational 

preference shown12 by e s t e r  carbonyl s t a b i l i z e d  y l i d s .  However, if one remembers t h a t  t h i s  

behaviour r e a l i y  on l y  shows t h a t  the  e s t e r  group i s  adjacent t o  a negat ive ly  charged carbon 

atom, o ther  poss ib le  s t ruc tures  f o r  the  adduct can be envisaged. 

I t  was there fore  s ~ g g e s t e d 3 ~  t h a t  the 1 : l  adduct i s o l a t e d  ex i s t s ,  i n  s o l u t i o n  a t  leas t ,  

mainly i n  the z w i t t e r i o n i c  form (49). This s t ruc tu re  would be compatible w i t h  a l l  of the 

spectroscopic evidence i n  t h a t  i t  would show the low frequency carbonyl s t r e t c h  i n  the ir 

spectrum and i t  contains on l y  aromatic, o l e f i n i c  and methoxy protons w i t h  one e s t e r  group 

adjacent t o  a negat ive ly  charged carbon atom. 

The nmr spectra of the adduct i n  ac id  (CF3C02H) s o l u t i o n  under var ious cond i t ions  are' 

of i n t e r e s t .  A f resh ly  prepared s o l u t i o n  shows a very complex 'H nmr spectrum which suggests 

t h a t  i t  i s  a mix ture  of protonated forms of the  z w i t t e r i o n  (49) and some o r  a l l  of the isomeric 

s t ruc tures  (46)-(48). However, over a per iod  of several days, the mix ture  e q u i l i b r a t e s  and the 

s o l u t i o n  then shows a spectrum e n t i r e l y  cons is tent  w i t h  s t r u c t u r e  (50) which i s  presumably 

der ived from (47). 

The behaviour o f  the adduct forumulated as (49) upon hydro lys is  i s  even mare 

surpr is ing .  Cyc l i c  y l i d s  such as (38) and (42) (poss ib ly  a l so  der ived from z w i t t e r i o n i c  

precursors r e l a t e d  t o  (49)) have been charac ter ized as the h y d r o l y t i c a l l y  r i n g  opened phosphine 

oxide products (39) and (43) respect ive ly .  One would therefore expect t h a t  the 1 : l  adduct (49) 

(which may a lso  reac t  w i t h  water a s  one o r  more o f  the isomeric forms (46)-(48))  mtght behave 

s i m i l a r l y .  Instead, the product o f  the hyd ro l ys i s38  of the 1 : l  adduct (49) i s  the phosphine 

oxide (39)  - & the product i s  the  same as t h a t  obtained from (38): C lear ly ,  one of the  

diphenylphosphino groups has been removed dur ing  the hydro lys is .  Indeed, i t  appears t o  be 

l i b e r a t e d  as diphenylphosphine oxide since the acetone-diphenylphosphine oxide adduct (51) can 
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a lso  be i s o l a t e d  from the react ion.38 The reac t i on  i s  thought t o  f o l l o w  the unusual course 

(49P(46)t~~b(52)+(38)+H~0+(39) as shown above. This proposed mechanism i s  suggested both by 

the  i s o l a t i o n  o f  (51) and by deutero lys is  experiments which produce t h e  te t radeutera ted phosphine 

oxide (53). 

0 
II 

Ph2P-CD2CH=CCD2X 
I 
X Ph' Rm \ Ph 

Before l eav ing  react ions  o f  vinylphosphines and a l s o  t h i s  sec t i on  o f  the  review, we 

w i l l  consider very  b r i e f l y  react ions  of vinylphosphines w i t h  benzyne since, as mentioned 

e a r l i e r  i n  t h e  context  of t r iphenylphosphine, such react ions  cannot lead t o  carbony l -s tab i l i zed 

y l i d s  b u t  may lead t o  he te rocyc l i c  systems. Moreover, one o f  these react ions  gives a most 

unexpected resu l t .  Thus, p re l im ina ry  studies38 o f  the thermal decomposition o f  c-benzenediazo- 

nium carboxylate i n  the  presence o f  d iphenylv inylphosphine (36) show t h a t  the  reac t i on  leads no t  

t o  the  expected tetemcycle (54,R.H) b u t  t o  the  sa tura ted bis-phosphlne 1.2-bis(dipheny1phosphino)- 

ethane (28) i n  moderate y i e l d .  Th is  q u i t e  ex t raord inary  reac t i on  has n o t  y e t  been explained. On 

the o ther  hand, t h e  unsaturated his-phosphine m-1.2-bis(dipheny1phosphino)ethylene (45) 

apparent ly reactsJ8 q u i t e  normal ly t o  g i ve  the  expected heteracycle (54.R=PPh2) which was, as i s  

usual i n  these react ions,  trapped and i s o l a t e d  as i t s  hyd ro l ys i s  product. 



REACTIONS OF PHOSPHORUS HETEROCYCLES WITH ACETYLENIC ESTERS 

Al though r e l a t i v e l y  few papers have been pub l i shed i n  t h i s  area, t h e  r e s u l t s  ob ta ined 

a re  very s i g n i f i c a n t .  Thus, severa l  mechan i s t i ca l l y  unusual and s y n t h e t i c a l l y  very  useful 

r eac t i ons  have been i n v e s t i g a t e d  and t he re  i s  c l e a r l y  very  g rea t  p o t e n t i a l  i n  r eac t i ons  of t h i s  

type. The r i n g  systems which have rece ived  a t t e n t i o n  a r e  simple, four-membered, saturated,  

phosphorus-containing r i n g s  (phosphetans); simple, f u l l y  unsaturated five-membered phosphorus 

heterocycles (phospholes); benzophospholes (phosphindoles) and dibenzophospholes. Reactions have 

a l so  been attempted, w i t hou t  success, w i t h  six-membered, f u l l y  unsaturated phosphorus he tero-  

cyc les  U3-phosphor ins)  and f u r t h e r  c o n e n t  on t h i s  w i l l  be made l a t e r .  

Consider ing f i r s t  the  four-membered r i n g  systems, T r i p p e t t ' s  group has examined4' the  

r eac t i ons  o f  bo th  2.2.3.3-tetramethyl-1-phenylphosphetan (55,R;Me) and 2,2,3-tr imethyl-1- 

phenylphosphetan (55,R=H) w i t h  d imethyl  ace ty lened icarboxy la te  and a l s o  w i t h  e t h y l  p rop io l a te .  

In a l l  four  reac t ions ,  one-carbon r i n g  expansions of t h e  four-membered r i n g  occur. 

For example, t h e  te t ramethy l  compound (55,R=Me) r eac t s  smoothly t o  g ive,  i n  moderate 

y i e l d ,  the  r i n g  expanded produc t  (57 )  ( w i t h  no t r a c e  of  the  isomer which would be formed by -CH2- 

m ig ra t i on ) ,  p robab ly  by the  mechanism shown i n  the  sequence (55)+(56)+(57) a l though the  authors" 

suggested a mechanism i n v o l v i n g  e l e c t r o n  f l ow  i n  the  oppos i te  d i r e c t i o n .  Th i s  suggest ion was 

made on the  grounds t h a t  one might  expect  t h e  CH2 group of the  r i n g  t o  be more l i k e l y  than the  

CMe2 group t o  occupy the  ap i ca l  p o s i t i o n  i n  t h e  in te rmed ia te  (56) (because o f  i t s  b e t t e r  accomlro- 

da t i on  of nagat ive  charge) and t o  m ig ra te  more e a s i l y  than the  CMe2 group by any mechanism 

i n v o l v i n g  the  development o f  negat ive  charge upon the  ap i ca l  m ig ra t i ng  group. These authors 

therefore a t t r i b u t e d  the  apparent ap i ca l  na tu re  o f  CMe2 i n  the  probab ly  in te rmed ia te  (56) as 

be ing  due t o  s t e r i c  reasons4' and invoked a mechanism i n v o l v i n g  development of  p o s i t i v e  charge 
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upon the ap i ca l  m ig ra t i ng  group. Whlle T r l p p e t t  u."' are  probably c o r r e c t  i n  assigning the 

CMe2 group t o  the  ap ica l  p o s i t i o n  f o r  s t e r i c  reasons, the d r i v i n g  f o r ce  f o r  rearrangement o f  

t r i g o n a l  b ipyramida l  intermediates t o  carbonyl s t a b i l i z e d  y l i d s  i s  so great  compared w i t h  the  

minor e l e c t r o n i c  d i f fe rences between the CH2 and CMe2 groups t h a t  t h i s  author prefers the 

mechanism shown. The evidence f o r  developlng negat ive charge on the m ig ra t i ng  group i n  these 

react ions  i s  a l so  reasonably convincing (see e a r l i e r  d iscussion of triarylphosphine-acetylenic 

es te r  1:2 adducts). Fur ther  discussion of s i m i l a r  reac t ions  w i l l  be made l a t e r .  I t  i s  q u i t e  

possible, i n c i d e n t a l l y ,  t h a t  cyclopropenyl intermediates r e l a t e d  t o  (14) may a l so  be invo lved 

but,  s ince the reac t i on  was c a r r i e d  ou t  a t  00-room temperature, no evidence f o r  such an i n t e r -  

mediate was obtained. 

A s i m i l a r  r eac t i on  occurs w i t h  the  tr imethylphosphetan (55,R.H) (us ing a 19:l mix ture  

o f  stereoisomers) t o  g i ve  (57.R-H) which i s  presumably formed by a mechanism s i m i l a r  t o  t h a t  

invo lved i n  the formation of (57.R-Me). Thus, i t  seems t h a t  the type o f  r eac t i on  i n i t i a l l y  found 

t o  lead t o  the  formation of the ZH-phosphole (12) by the  rou te  (1)+(15)-r(14)+(3b),(12) i s  much 

more general and the t rans ien t  formation o f  f i ve-coord inate  phosphorus intermediates (e.g. 3b and 

56) fo l lowed by  ap ica l  migra t ion  o f  some grouping from the phosphorus t o  a neighbouring 

unsaturated equator ia l  carbon atom t o  g i ve  a carbony l -s tab i l i zed y l i d  seems particularly favoured. 

As w i l l  be seen l a t e r ,  t h i s  conclusion, i n  general terms, i s  c o r r e c t  b u t  t he re  a re  notab le  

exceptions and these except ions are not e a s i l y  pred ic tab le .  

Mechan is t ica l ly  r e l a t e d  one-carbon r i n g  expansions a l so  occur when the two phosphetans 

(55, R=H o r  Me) are t r ea ted  w i t h  e t h y l  p rop io la te .  For example, (55, R= Me) reacts  smoothly w i t h  

the p r o p i o l i c  es te r  i n  mois t  ether,  probably by the  route(55)+(58)+(59)+(60), t o  g i ve  the  

phospholane oxide (60) i n  very good y i e l d  (72%) w i t h  on l y  t races o f  the  phospholane oxide formed 

by -CH2- ins tead o f  -CMe2- migra t ion .  A s i m i l a r  r eac t i on  occurs w i t h  a 19: l  isomer mix ture  of 

the  tr imethylphosphetan (55, R=H) except t h a t  both -CMe2- and -CH2- m ig ra t i on  occur i n  t h i s  



instance. 

Turning now t o  s imple unsaturated five-membered r ings ,  there  have been three studiesbz, 

43,4* o f  the react ions  of phospholes ( t h e  phosphorus analogues o fpy rm les )  w i t h  dimethyl acety le-  

nedicarboxylate. The f i r s t  studyb2 a r r i v e d  a t  erroneous conclusions fo r  the  general reasons 

ou t l i ned  a t  the beginning o f  t h i s  review wh i l e  the  o ther  two showed t h a t  p r e d i c t i n g  mechanistic 

pathways and products f o r  these react ions  i s  very d i f f i c u l t .  

The f i r s t  phosphole t o  be invest iga ted i n  t h i s  manner was 1.2.5-triphenylphosphole (61) 

which was chosen because i t  was one of the very few phospholes r e a d i l y  ava i l ab lek5  a t  t h a t  time. 

The purpose o f  the study was t o  probe the a v a i l a b i l i t y  o f  the phosphorus lone-pa i r  f o r  chemical 

reac t ions  i n  the  context  of the poss ib le  aromatic characterg," o f  the phosphole system. It was 

found t h a t  t h i s  phosphole does no t  reac t  w i t h  the  e s t e r  i n  benzene under r e f l u x  and t h i s  i s  i n  

con t ras t  t o  the behaviour o f  t r iphenylphosphine which reacts  very r e a d i l y  a t  -50'. C lear ly ,  

i n  t h i s  phosphole, the  lone-pa i r  i s  no t  very r e a d i l y  ava i l ab le  f o r  r eac t i on  and t h i s  might be 

taken t o  i n d i c a t e  some degree of lone pair-diene i n t e r a c t i o n  i n  the  phosphole r i ng .  

Reaction does, however, occur over a per iod  of two days i n  the  absence of so lvent  and 

a ye l low 1:2 adduct of the  phosphole w i t h  the es te r  i s  formed i n  good y i e l d .  The product was, 

on the basis o f  a c e r t a i n  amount of spectroscopic and chemical evidence and by analogy w i t h  

o ther  ( i nco r rec t )  f ive-coordinate phosphole s t ruc tures  i n  the  1 i t e r a t u r e  already discussed, 

erroneously assigned the s t ruc tu re  (62). However, i n  l i g h t  of var ious phosphine-acetylenic 

es te r  product s t ruc tu re  rev i s i ons  which were publ ished a t  about the  same time, Tebby 

reinvest igatedk3 t h i s  proposed s t ruc tu re  and showed by the usual methods already re fer red t o  

t h a t  the ye l l ow  1:2 adduct i s ,  i n  fact ,  the complex t r i c y c l i c  y l i d i c  s t ruc tu re  (65) apparent ly 

formed by the route(61)+(63)+(64)+(65). Thus, the sp i ran system (62) o r i g i n a l l y  proposedQ2 does 
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n o t  even occur as an in termedia te  (unless (63) i s  regarded as a z w i t t e r i o n i c  version of ( 6 2 ) )  as 

might have been expected by analogy w i t h  such s t ruc tu res  as (3b) and (56) already discussed. 

Both groups o f  workers a l so  found t h a t  the  i n i t i a l l y - f o r m e d  adduct (65) rearranges 

r a p i d l y  on b o i l i n g  i n  chloroform t o  g ive  what i s  c l e a r l y  a t e r t i a r y  phosphine t o  which the f i r s t  

group assigned42 the i n c o r r e c t  s t r u c t u r e  (66). This was l a t e r  correctedb3 t o  the novel 

phosphonin s t r u c t u r e  (67) which i s  thought t o  be formed by the i n t e r e s t i n g  rearrangement (65)+(67) 

shown below. Th is  i s  the  f i r s t  example i n  the l i t e r a t u r e  o f  a phosphonin r i n g  but,  as w i l l  be 

Ph 
Ph 

Ph Ph 

seen sho r t l y ,  there are a t  l e a s t  two o the r  examples o f  four-carbon r i n g  expansions of t h i s  type 

now known. 

I n  the e a r l y  1970's much s impler  phospholes became f a i w  r e a d i l y  ava i lab le1 '  and 

f u r t h e r  i nves t i ga t i ons  of phosphole-acetylenic e s t e r  react ions  were therefore undertaken.'" 

However, f o r  the  most pa r t ,  these react ions  are e n t i r e l y  d i f f e r e n t  from t h a t  descr ibed f o r  (61) 

above. For example, 1-phenylphosphole (68). 3-methyl-1-phenylphosph~le (69. R-H) and 3.4-dimethYF 

1-phenylphosphole (69. R-Me) a l l  r eac t  very r a p i d l y  w i t h  dimethyl acetylenedicarboxylate i n  

d i l u t e  benzene s o l u t i o n  a t  room temperature - j&. these phospholes are b e t t e r  nucleophi les than 

(61) which i s  a l so  the case4= ( w i t h  one o r  two notable e x c e p t i ~ n s l ~ , ' ~ )  i n  react ions  w i t h  t r a n s i -  

t i o n  metal ions.  

Furthermore, the  react ions  w i t h  s imple phospholes f o l l ow  e n t i r e l y  d i f f e r e n t  reac t i on  

pathways t o  t h a t  fol lowed by  (61) and the three simple phospholes mentioned above do no t  even 

reac t  i n  p rec i se l y  the same manner. Thus, the  phospholes (69, R=H and R=Me) r e a c t  w i t h  the 

ace ty len i c  e s t e r  by the  sequence (69)+(70)+(71) t o  g i ve  the  one-carbon r i n g  expanded adduct (71). 

On the o the r  hand, al though the phosphole (68) a l so  reacts  w i t h  the e s t e r  t o  g i ve  a one-carbon 

r i n g  expansion product, the reac t i on  fo l lows a s l i g h t l y  d i f f e ren t  sequence as o u t l i n a i n  (6&(72)+ 

(73)+(74). I n  add i t ion ,  w i t h  the  phosphole (68) .  a minor reac t i on  pathway produces what has been 

t e n t a t i v e l y  assigned the s t r u c t u r e  (75). This presumably ar ises  by a mechanism s i m i l a r  t o  t h a t  



suggested" f o r  the  format ion of (67) a l though t he  p o s s i b i l i t y  t h a t  both (74) and (75) a r i s e  from 

the  same in termedia te  (73) cannot be dismissed. 

75 - 73 
S i m i l a r  s tud ies  have been c a r r i e d  ou t  w i t h  t he  phosphindole (benzphosphole) system.'a As 

w i t h  the  e a r l y  s tud ies  on phospholes the  p re l im ina ry  i nves t i ga t i ons  w i t h  phosphindoles were 

c a r r i e d  ou t  w i t h  t he  on l y  phosphindole ( t he  heav i l y . subs t i t u ted  d e r i v a t i v e  (76)) which was r e a d i l y  

a ~ a i l a b l e ' ~  a t  t h a t  t ime and i t  may be t h a t  l ess  heav i l y  subs t i t u ted  phosphindoles may reac t  by 

d i f f e r e n t  pathways. Even though i t  i s  very heav i l y  subs t i tu ted ,  the  phosphindole (76) reac ts  

smoothly w i t h  dimethyl  acety lenedicarboxylate i n  benzene t o  g i ve  two products, both o f  which have 
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s t ruc tures  of a k i n d  which had no t  been encountered i n  phosphine-acetylenic e s t e r  react ions  

before. The f i r s t  of these products i s  an adduct of one molecule of the phosphindole and two 

molecules of the es te r  l e s s  one oxygen atom. On the basis o f  the usual chemical and spectroscopic 

s tud ies  o u t l i n e d  e a r l i e r  i n  t h i s  review, t h i s  adduct was assigned the phosphindolium cyclopenta- 

d ieny l i de  St ruc ture  (80) and i t  was suggested t h a t  i t  i s  formed by the sequence (76)+(77)+(78)+ 

There i s  precedent i n  the l i t e r a t u r e  f o r  the steps lead ing t o  (78) s ince the re la ted  

tr iphenylphosphine adduct (13) i s  formed by a s i m i l a r  route. However, i n  the case of the phosphin- 

dole. (78) reacts  f u r t he r  by ox i rane formation ra the r  than methoxy-migration as occurs i n  the 

formation of (13).  Presumably, the d r i v i n g  f o r ce  f o r  the  steps (78)+(79)+(80) i s  provided by the 

formation o f  the  aromat ic cyc lopentad ieny l ide  r i n g  w i t h  deoxygenation o f  the ox i rane (79) occur r ing  

by reac t i on  w i t h  unreacted phosphindole. Evidence was presented4e t o  support  t h i s .  

The second product o f  t h i s  reac t i on  i s  an adduct o f  one molecule of the phosphindole, 

two molecules of the  e s t e r  and one molecule o f  water. This i s  the four-carbon, ring-expansion 

product (85) bu t  t h i s  i s  a dihydrophosphonin oxide s t ruc tu re  r a t h e r  than a phosphonin of the type 

encountered i n  s i m i l a r  reac t ions  w i t h  both heav i l y  subs t i t u ted  and simple phospholes. 

The compound (85) i s  thought t o  a r i s e  from e i t h e r  of the  two sequences (76)+(81)+(82)+ 



(85) o r  (76)+(83)+(84)+(85). Evidence was presented which suggested t h a t  the  second rou te  i s  the  

more l i k e l y .  

Other r ing-expansion and ring-opening reac t ions  o f  t he  phosphindole (76) have been 

c a r r i e d  out .s0 Among these reac t ions  i s  t reatment o f  (76) w i t h  e t h y l  p r o p i o l a t e  i n  the  presence 

o f  water which leads t o  the  format ion o f  t he  one-carbon, ring-expanded product  (86). There i s  

no th ing  remarkable i n  t h i s  r eac t i on  since, mechan is t ica l l y ,  i t  i s  c l o s e l y  r e l a t e d  t o  the  reac t i on  

which leads t o  the  format ion o f  (60) discussed e a r l i e r  i n  t h i s  sec t ion .  I t  i s ,  however, of 

i n t e r e s t  s ince  reac t ions  which l ead  t o  phosphanaphthalene de r i va t i ves  have rece ived r e l a t i v e l y  

l i t t l e  a t t e n t i ~ n . ~  

Turning now very  b r i e f l y  t o  dibenzophospholes, no reac t ions  of these systems w i t h  

dimethyl  ace ty lened icarboxy la te  appear t o  have been recorded bu t  5-phenyl-5H-dibenzophosphole 

(27). and o the r  dibenzophospholes w i t h  d i f f e ren t  subs t i tuents  upon the  phosphorus atom, have 
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been treated5'  w i t h  e t h y l  p rop io la te  t o  g ive  the  ring-expanded products (87) by a mechanism of 

the type discussed above fo r  the phosphindole system. 

The on l y  o the r  repor t5 '  of treatment o f  phosphorus heterocycle w i t h  an ace ty len i c  

e s t e r  i n  the  l i t e r a t u r e  concerns the attempted reac t i on  of 2.4.6-triphenyl-A~-phosphorin (88) w i t h  

dimethyl acetylenedicarboxylate.  No react ion ,  i n  f a c t ,  occurs and t h i s  i s  because A'-phosphorins 

have a most unusual e l e c t r o n i c  s t ruc ture3 i n  which the phosphorus lone-pa i r  o r b i t a l  i s  n o t  the 

h ighest  occupied molecular o r b i t a l  . 
I n  conclusion, i t  can be seen t h a t  react ions  between phosphines o r  phosphorus hetero- 

cycles and ace ty len i c  es ters  l ead  t o  a very wide v a r i e t y  of s t r u c t u r a l  types. Most (though no t  

a l l )  o f  the  products formed are carbony l -s tab i l i zed y l i d s  and the m a j o r i t y  o f  these products 

recorded i n  the  l i t e r a t u r e  a r e  he te rocyc l i c  i n  nature. Reaction pathways f o r  these react ions  

are d i f f i c u l t  t o  p r e d i c t  and a l a r g e  number of poss ib le  mechanistic sequences have now been 

i d e n t i f i e d .  

Now t h a t  phosphorus he te rocyc l i c  chemistry has become f i r m l y  establ ished, renewed 

i n t e r e s t  i n  react ions  o f  the  type o u t l i n e d  i n  t h i s  review can be expected. 
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