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5 Abstract-This review describes react ions  of the 7l - p y r r o l y l  

l iqand w i th  special  emphasis on t h e i r  app l i ca t i on  i n  syntheses 

of subst i tu ted pyr ro les .  

INTRODUCTION 

2 3 Reactions of hydrocarbnn T-l igands (e.g. TJ -alkens, 7 -enyl, 714-diene, etc.1 i n  t r a n s i t i o n  metal 

complexes have been ex tens ive ly  s tud ied and have found widespread use i n  modern orqanic synthcs- 

is. '  I n  cont ras t ,  su rp r i s i ng l y  l i t t l e  i s  known about react ions  of metal T-coordinated heterncy- 

5 5 
cles.' Among five-membered systems on ly  11.-phospholyl and tl -thiophene complexes have been 

s tud ied i n  some d e t a i l ,  and recen t l y  both showing o r i g i n a l  and r i c h  react ion  

chemistry. The aim of t h i s  a r t i c l e  i s  t o  b r i ng  i n t o  focus the chemistry o f  the t r a n s i t i o n  metal 

coordinated py r ro le  system. Pyrroles form several types o f  metal 7r-complexes, the  most important 

5 beinq ?5 -py r ro l y l  (1) and ll -py r ro le  (1). 

5 6  The complexes 1 and 1 are i soe lec t ron i c  w i t h  the corresponding 7 - c y c l o p m t a d i e n ~  and 7 -arene 

5 carbocycl ic systems, respect ive ly .  The known 7 -pyr ro le  compl~xes are k i n e t i c a l l y  ra the r  unsta- 

5 b l e  and have so f a r  not been explored. On the other hand, recent studies have shown tha t  

5 
7l - p y r r o l y l  complexes underqn a  v a r i e t y  of h i gh l y  se lec t i ve  react ions  a t  the  coordinated hetero- 

cycle.  I n  my opinion, these react ions  cons t i t u te  a  formidable challenqe fo r  the  chemistry 

pyr ro les  e.g. enabl ing f a c i l e  and se lec t i ve  i n t roduc t i on  of subst i tuents  i n t o  t h i s  system. It 

should be mentioned t h a t  despi te the  tremendous research i n  t h i s  area the se lec t i ve  subs t i t u t i on  



react ions o f  pyr ro les  remain r e l a t i v e l y  rare.6 I t  i s  of ten eas ier  t o  prepare a  s p e c i f i c a l l y  

subst i tu ted py r ro le  (even a  monosubstituted one1 v i a  r i n g  synthesis ( i .e .  by c y c l i z a t i o n  of an 

appropr iate acyc l i c  precursor)  r a the r  than by a  subs t i t u t i on  react ion .  

5  The -py r ro l y l  l igand displays an i n te res t i ng ,  a c t i v a t i n g  ef fect  on the r e a c t i v i t y  o f  the metal 

center. This area has been ex tens ive ly  explored and reviewed by Rasolo e t  a l .  7 

PREPARATION OF ~ I ~ - P Y R R O L Y L  METAL COMPLEXES 

5 The synthet ic  routes leading t o  basic types o f  q - p y r r o l y l  t r a n s i t i o n  metal complexes 3-8 are 

s u n a r i z e d  i n  Scheme 1. Only r i n g  unsubst i tu ted compounds are shown fo r  c l a r i t y .  

9 
M + /& 

N 

(unstable,  only the C-perm~thyl-  

5  Syntheses o f  q -p,yrrolyl t r a n s i t i o n  metal complexes. Reaoents: 

5  
(a )  ( ? 5 - ~ 5 ~ 5 ) ~ o ( ~ ~ e 2 ) : + ;  l b )  FeC12; ( c )  (q -C5H51FefC0121; ( d l  MnlCO15Br; 

( e )  M ~ ( c H ~ c N ) ~ ( c o ) : + ;  i f )  (q5-c 5  H  5  )Fe(CO)211diisoprooylamin~IhY; (q )  M~I~(CO),~; 

( h )  (Ph3P)2ReH7/3,3-dimethyl-l-butene; ( i l  ( q 5 - ~ 5 ~ e 5 ) ~ f ~ ~ ~ ~ ~ 3 1 7 [ ~ 7 ~ ~ .  

Scheme 1 
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STRUCTURE AND STABILITY OF V ~ - P Y R R O L Y L  METAL COMPLEXES 

5  The bonding mode o f  the  7 - p y r r o l y l  l i gand  can be discussed i n  terms of who l lv  de loca l ized coor- 

5  3 d i na t i on  1 (analogous t o  t h a t  of the  7 - cyc lopen tad i~nv l  l i g a n d l  o r  coord ina t ion  i nvo l v i nq  7 - 
2 

a z a a l l y l  a n d 7  - 0 l e f i n i c  subsystems 2. 

The l a t t e r  s t r uc tu re  has been pos tu la ted  f o r  the  rnanqanese complex 5 on the  basis o f  5 5 ~ n  NOR 

data.'' More recent ly ,  a  s l ippage o f  manganese from the  p y r r o l y l  r i n g  cen t ro i d  toward n i t rogen 

has been evidenced f o r  the  3,4-dimethyl d e r i v a t i v e  o f  !.I5 Such a  s l ippage probably p lays  an 

important  r o l e  i n  CO s u b s t i t u t i o n  reac t ions  of  6.7 Nevertheless, f o r  the sake o f  s i m p l i c i t y  the 

5  
general representa t ion  of 7 - p y r r o l y l  complexes remains the  s t r uc tu re  1. 
5  5  7 -Py r ro l y l  complexes are  as a  r u l e  less  s tab le  than t h e i r  11 -cyclopentadienyl  counterparts. 

Whereas ferrocene i s  s tab le  up t o  4 7 0 " ~ , ~ '  azaferrocene 5 decomposes a l ready a t  R O ' C ' ~  and 

1 , l ' -d iazafer rocene 4 (unknown) i s  considered h igh l y  unstable.' This i n t r i n s i c  u n s t a b i l i t v  i s  

due t o  the  h igh  e l e c t r o n e g a t i v i t y  o f  n i t rogen which tends t o  a c t  as a  monodentate l i gand  only. 
21 

Such behavior can be i l l u s t r a t e d  by the  reac t i on  o f  araferrocene 5 w i t h  T -ac id i c  l igands L  (CO, 

5  1 5  PF,, i s o n i t r i l e s l  i n  which n ->I transformat ion  o f  the  p y r r o l y l  l i q a n d  ( b u t  no t  the ? -cycle- 
" 

pentadienyl 1  igand) i s  observed. 
20 



Electron-withdrawing substituents in the pyrrole ring weaken itsn-bonding ability and stabilize 

1 the 7 -coordinated species.22 On the other hand, the introduction of alkyl substituents seems to 

5 stabilize 7 -pyrrolyl complexes. By virtue of such stabilization octamethyl-1,l'-diazaferrocene 

has recently been synthesized as a hydrogen-bonded adduct with two molecules of the parent 

9 pyrrole g: 

REACTIONS OF THE $-PYRROLYL LIGAND 

Electrophilic attack at nitrogen 
5 The lone pair of electrons on nitrogen endows the 7 -pyrrolyl ligand with basic and nucleophilic 

character. As expected, these properties depend largely on the nature of the metal center. For 

example, whereas azaferrocene 5 displays basic properties in aqueous solutions (pKa = 4.5),1° the 
5 manganese complexes 6 and (? -pyrr~lyl)Mn(CO)~(PPh~) are considerably less basic and undergo N- 

73.24 
protonation only in CF3COOH or CF3COOH-CH2C12 media. 

Azaferrocene (5 )  reacts readily, at room temperature, with methyl iodide to afford rather 

5 unstable 7 -N-methylpyrrole complex g. 10 

Mel 
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Less nuc leoph i l i c  complexes 5 and L are not a f f ec ted  by methyl iodide. However, i s  methylated 

a t  n i t rogen by means o f  methyl t r i f l a t e  t o  g ive  the  c a t i o n i c  complex 12 i n  high y i e l d .  16 

TfOMe 
I D OTf - 

The react ion  of w i t h  acy l  ha l ides  a f fo rds  the corresponding N-acylpyrroles i n  high y ie ld .Z5  I t  

can be r a t i o n a l i z e d  by e l e c t r o p h i l i c  a t tack  a t  n i t rogen, accompanied by  spontaneus decomplexa- 

t i o n  o f  heterocycle accelerated by the electron-withdrawing effect. of the acyl group. This reac- 

t i o n  cons t i t u tes  there fore  a m i l d  method nf decomplexation of the py r ro le  system. 

r COR 1+ 

Similar,  although uncomplete (30%) release of N-acylpvrrole was observed i n  the reac t i on  o f  5 
wi th  diphenyl ketcne. 26 

5 The 7 - p y r r o l y l  l i gand  can a c t  as a two e lec t ron donor n i t rogen l i gand  toward e l e c t r o p h i l i c  metal 

centers. I n  f ac t ,  chemistry of 5 i s  dominated hy formation of b i -  and t r i n u c l e a r  complexes con- 

I 5  t a i n i n g  7 ,7 -b r idg ing p y r r o l y l  l igand. Representative examples of such species a re  complexes 

13-15. - - 



N-Coordinating properties of azaferrocene are less known. Only very recently it has been demons- 

trated that it coordinates, similarly to pyridine, to the axial sites of cobalt (11) porphyrins 

and alkylcobaloximes to form heterobinuclear complexes 16-12, 

Electrophilic attack at carbon 

5 Electrophilic attack at carbon is less characteristic for the q -oyrrol.vl ligand since its most 

nucleophilic site is situated at nitrogen. Moreover, the electrophilic addition to nitrogen can 
5 deactivate theq -pyrrolyl ligand towards subsequent electrophilic attack at carbon or results in 

decomposition of the complex. Nevertheless, a few examples of electrophilic C-substitution of 
5 

the q -pyrrolyl ligand have been reported. The simplest one is the hydrogen-deuterium exchange 
5 in (q -pyrr~lyl)Mn(CO)~ in acid media.30 Curiously, the rates of exchange inor- rnd &positions 

are equal. Coordination of the pyrrole nitrogen in this complex to the W(C0)5 moipty (complex 

13) decreases the rate of exchange by a factor of about 40, conserving the lack of regioselecti- - 

vity. 27 

The attempted acetylation of 5 by means of the acetic anhydride-phosphoric acid system gave the 
binuclear complex 19 containing the expected 2-acetylpvrrole ligand as a chelating species. 

1 However, half of the starting material remained unaffected, serving only as a 7 -N ligand 

stabilizing the intermediate 2. 31 
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Up t o  now, a l l  attempts t o  achieve e l e c t r o p h i l i c  C-substitution of azafer rocen~ have been un- 

successful. 

Obviously, i t  may be expected t h a t  me ta l l a t i on  ( l i t h i a t i o n )  would r e s u l t  i n  enhancement of C-nu- 

c l e o p h i l i c i t y  enabl inq e l e c t r o p h i l i c  C-subst i tu t ion :  

The evidence t h a t  such an approach i s  feas ib le  has been supported on l y  very recent ly .  The com- 

plex 5 i s  no t  we l l  su i t ed  f o r  t h i s  scope since the  m e t a l l a t i n g  agent (n-BuLi) a t tacks  t he  coordi-  

nated CO instead of the  he te rocyc l i c  l igand,  t o  a f f o rd  the  t r i n u c l e a r  complex 20. 32 

6 &-n - 20 
5 On the  o ther  hand, t h e ?  - p y r r o l y l  l i gand  i n  azaferrocene 5 can be r e a d i l y  meta l la ted  a t  the  

a - p o s i t i o n  by means of n-BuLi. l ln fo r tunate ly  i n  t h i s  case, however, the  comppt i t ive l i t h i a t i o n  

5 of t he  ? -Cp l i gand  takes place, leading, a f t e r  quenchinq w i t h  an e lec t roph i l e ,  t o  t he  complex 

reac t i on  mixtures 21-13, 33 



p y r r o l y l )  complexes 25 i n  high ,yield. 

5 The exc lus ive  l i t h i a t i o n  of the 7 - p y r r o l y l  l igand i n  a  t r a n s i t i o n  metal complex was observed 

on ly  very recent ly.34 The treatment of the  rhenium complex 1 w i t h  n-RuLi i n  THF a t  -7R-C a f fo rd-  

5 ed the 2 - l i t h i o  de r i va t i ve  24, which reacted s m ~ o t h l y  w i t h  a l k y l  iodides t o  g ive  (7 -2 -a l ky l -  

Fortunately,  i n  t h i s  case the hydrooen migra t ion  34 26 (very  cha rac te r i s t i c  f o r  the ring-de- 

5  
protonated 1) -cyclopentadien,yl metal h ~ d r i d e s ) ~ ~  does not occur a t  -7R°C. 

Nuc leoph i l i c  a t tack  a t  carbon 

Pyrroles having no electron-withdrawing subst i tuents land obviously the correspondinq p y r r o l y l  

anions) are i n e r t  t o  nuc leoph i l i c  add i t i on  o r  s u b s t i t u t i o n  react ions.6 However, i t  ma," be 

expected t h a t  such react ions could be promoted by coordinat ion of the py r ro le  system t o  a  strong 

e l e c t r o p h i l i c  metal center ( invers ion of the charqe a f f i n i t y  o r  "umpolunp"). This expectat iop 

5  was confirmed i n  1985.16 The q -pyrrolylhydridoiodorhenium complex 2 ( r e a d i l y  accessible from 
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5 7 by treatment w i t h  12-K2C03) reac ts  w i t h  a l k y l -  and a r y l l i t h i u m s  t o  af ford ( I I  -2R-pyrroly1)- - 

rhenium d ihydr ides  28 i n  h igh  y i e l d s  and exce l l en t  (> 98%) r e p i o s e l e c t i v i t . ~ .  

L'PPh3 

This very unusual r eac t i on  cons is ts  of nuc leoph i l i c  a t t ack  a t  C-2, migra t ion  of hydrogen from 

t h i s  carbon atom t o  rhenium and the  e l i m i n a t i o n  of a  good nucleofuge ( i od ide ) .  I t  proceeds 

e i t h e r  as an e n t i r e l y  concerted nuc leoph i l i c  process ( s t r u c t u r e  291 o r  i s  i n i t i a t e d  by e l ec t ron  

t r ans fe r  from RLi t o  c. 

The most i n t e r e s t i n g  f ea tu re  of t h i s  t ransformat ion i s  t h a t  i t  can be e a s i l y  repeated a l lowing 

5 the  i n t r oduc t i on  o f  a  second subst i tuent  i n t o  the  7 - p y r r o l y l  l i gand  ( t ransformat ion 2 5 4  28). 

The i s o l a t i o n  and p u r i f i c a t i o n  a t  the  hydr idoiodo intermediate i s  no t  r e w i r e d  and t he  reac t ion  

can be performed under "one f l ask "  cond i t ions .  

Unfortunately,  attempts t o  repeat t h i s  procedure a  t h i r d  t ime and in t roduce a  t h i r d  subs t i tuent  

5 t o  the  7 - p y r r o l y l  l i g a n d  f a i l ed .  Although the  i o d i n a t i o n  takes place normally, t he  reac t ion  

w i t h  RLi i s  very slow and gives complex un t rac tab le  mixtures.  

5 
The presented approach opens some novel oppo r tun i t i es  f o r  synthesis of subs t i t u ted  7 - p y r r o l y l  

rhenium complexes and corresponding pvr ro les .  For example, i t  enables the  easy i n t r oduc t i on  t o  

t he  py r ro l e  system of one o r  two a r y l  or/and a lkeny l  subs t i tuents ,  t h a t  up t o  now have c o n s t i t u t -  

ed a  d i f f i c u l t  s yn the t i c  problem. However, i t  should be noted t h a t  complex 2 i s  r eac t i ve  only 

towards h i g h l y  nuc leoph i l i c  a l k y l -  o r  a r y l l i t h i u m  reagent and f a i l  t o  r eac t  w i t h  less  nucleo- 

p h i l i c  species e.g. enolates. 



Decomplexation methods 

5 The only Q - p y r r o l y l  complexes s tud ied for  the purposes of developpinq o f  m i l d  and e f f i c i e n t  

methods of decomplexation of the co-ordinated heterocycle are rhenium complexes 1, 25 and 28. 25 

These complexes are s u r p r i s i n g l y  s tab le  (up t o  150°C). Their  py r ro l ys i s  a t  h igher temperatures 

leads t o  the  l i b e r a t i o n  of tr iphenylphosphine ra the r  than pyr ro le .  Only i n  the case of complexes 

having bulky t - bu t y l  subst i tuents  format ion of the corresponding py r ro le  was observed16 e.g.: 

I 
~ p ' 5 p P e r  

A more general decomplexation method cons is ts  of the react ion  of these complexes w i t h  an e lec t ro -  

5 
ph i l e ,  fol lowed by treatment w i t h  DMSO, which remplaces the k i n e t i c a l l y  l a b i l e ?  -py r ro le  l igands 

(Scheme z)." I n  the case of RCOCl decomplexation o f  N-acylpyrrole proceeds spontaneously. 

5 
Decomplexation of pyr ro les  from (Q -pyrrolyl)bis(triphenylphosphine!rhenium 

dihydr ides.  

Scheme 2. 
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Concludinq remarks 

The r e s u l t s  presented here ( e s p e c i a l l y  those obtained f o r  rhenium complexes) c l e a r l y  i nd i ca te  

5 t h a t  q - p y r r o l y l  t r a n s i t i o n  metal comlexes a re  v e r s a t i l e  intermediates i n  synthesis of subs t i t u t -  

ed py r ro l es  v i a  s u h s t i t u t i o n  reac t ions .  E i t h e r  c l a s s i c a l  e l e c t r o p h i l i c  as n u c l e o p h i l i c  C-substi- 

t u t i o n  i s  poss i b l e  (Scheme 3) .  

Synthesis o f  subs t i t u t ed  py r ro l es  from 1. L = PPh ; E = a l k y l ;  Nu = a l k y l ,  a lkenyl ,  3 

a r y l ;  X = H, a l k y l ,  acy l .  

Reagents: ( a )  1. n-BuLifRI; ( b )  1.12-K2C03 2. RLi; ( c )  HBF4/DMS0 o r  TfOMefDMSO 

o r  RCOC1. 

Scheme 3 

Al though de termina t ion  of the  scope and l i m i t a t i o n s  o f  these reac t i ons  i s  i n  need of fu r ther  

s tud ies ,  t h e i r  s yn the t i c  p o t e n t i a l  i s  a l ready  considerable.  A l l  processes invo lved  i n  Scheme 3 



occur i n  high, v i r t u a l l y  quan t i t a t i ve  y i e l d s  and w i th  exce l len t  r eg iose lec t i v i t y .  A l l  rhenium 

complexes shown are c r y s t a l l i n e  ye l low o r  orange a i r  s tab le  compounds, which under m i l d  condi- 

t i ons  e a s i l y  loose the corresponding NH o r  N-subst i tuted pyr ro les .  To complet?, the s t a r t i n g  

com~ lex  1 i s  e a s i l y  accessible from commercially ava i l ab le  perrhenic acid:  

However, the r e l a t i v e l y  high cost of t h i s  reagent should be noted 17-8 US $19 a t  A l d r i c h l ,  which 

cons t i t u tes  a  serious l i m i t a t i o n  of the app l i ca t i on  of t h i s  approach t o  large-scale preparat ions 

o f  pyr ro les .  I t  can be therefore expected t h a t  f u tu re  trends i n  t h i s  f i e l d  w i l l  concentrate on 

the use of cheaper t r a n s i t i o n  metals (e.g. i r on ) .  Amono numerous problems tha t  may be resolved 

5 i n  the  near future by u s i n g ?  -p.vrroly l  metal comlexes one can mention the a c t i v a t i o n  of the 

l a t e r a l  a l k y l  chain i n  pyr ro les  towards the proton l oss  and the use o f  homochiral pyrro1,yl 

complexes i n  enant iose lec t ive  syntheses of pyr ro les  and py r ro l i d i nes .  
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