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Introduction 

One of the outstanding features in the growth of contemporary organic chemistry has been 
the emergence of transition metal-mediated orgamc reactions at the frontiers of organic 
synthesis. Its instant acceptance by synthetic chemists is primarily due to the fact that 
transition metal-mediated organic lransfonnations are extremely versatile and experimenlally 
convenient. Recent development in the catalysis of organic reaction by trans~tion metals has 
paved the way for achieving a remarkable level o i  chemo- and stereoaelectivily, and for 
certain reactions this achievement has reached an extent where near enzyme-like selectivity 
has been witnessed. This development has clearly expanded lhe arsenal of synthetic chemist 
which has eventually facilitated the intensity of a5sault on some of the most challenging 
problen~s of synthesis. 

Transition metal carbonyls", particularly from Fe, Co, Rh, Ni, Pd, play an important role 
in industrial chemistry'. aince they allour for high selectivit) and economic efficiency in such 
processes as hydrogenation, hydrofomiylation~ oxidalion5, epoxidation6, etc. In addilion to 
this, metal carbonyls7-" derived from Mo, Cr, W have also been successfully applied to a 
wide range of unique organic transformations. The introduclion or one carbon in organic 
substrates under the aegis of metal carbonyls constitutes a very important transformation in 
contemporary organic synthesis". Among the barious transition metal carbonyls, Uie 
carbonyls derived from Co have made outstanding contribotion towards achieving a wide 
range of organic transformations, like hydroformylation. carbonylation, oxysilylation, 



cyclonddltion reaction of alhynes, Nicholas reaction, etc. l~npressive advances have been 
made in the domain of cobalt carbonyl-nledinted organic synthesis over the last one decade 
a, clearly ev~dent from the remarkable level of efficiency and s e l ~ ~ t ~ v i t y  achievcd during the 
synthesis of complex natural producls. 

In view of the importance of these rcacliorrs th15 review covers literature on cobalt 
carbonyl-catalysed or mediated reactions in organic ~ynthesis. The revicw has been divided 
into the following sections. 

1. Cycloaddition reactions 

1.1 [2+2+1] Cycloaddition reaclions 

1.2 [2+2+2] Cycloaddition reactions 

2. Nicholas reactiori 

3. Carbonylation reaction 

4. Miscellaneous reactions 

1. Cycloaddition reactions 

[2+2+l] Cycloaddition reactions (Pauson-Khand reaction) is a novel and useful method for 
the synthesis of cyclopentenone derivatives. This reaction, first reported by Pauson and 
Khand" In 1973, involves the cocyclizatiou of alkynes with alkene and carbon monoxide 
under the aegis of dicobaltoctacarbonyl. This transformation is a [2+2+1] cycloaddition 
which involves thcrmally stable hexacarbonyldicobalt complex l I 5 ,  obtained by co-ordination 
of Co-(CO)r: wlth alkynes in hydrocarbon solvents of ether. Subsequenl reaction of complex 
1 with akene followed by insertion of carbon monoxide leads to the formation oC 
cyclopentenone (eqn 1). 

This reaction is cornpatible with a w ~ d e  range of functionalities liLc ether, alcohols, 
tertamines, thioethers. ketones, ketals, esters, terr-anidesI6 and aromatic rings including 
benzene, furan and Ihiophene". 

This reaction can be divided into two categories: (a) Intermolecular reaction, and (b) 
Intramolecular reaction. 

I . I  . I .  Intermolecular [2+2+I] cycloaddition reactions 

Intermolecular reaction of strained alkenes18 with acetylene and Coz(CO)s reacts with 
norhomene and its derivatives to generate cyclopentenone derivatives 3 (eqn 2). Similarly, 



~nsymrneirical alkynea react with 4 rio its Co-complex 5 10 provide 8-oxabicyclo 13.2.1 1 oct- 
6-ene-3-one 6 in quanriYdtive yields (eqn 3). 

3(56) 

P C  C H  5. p h & $  ( 3 )  

DMF, 60°G, 2 days 

Nitropcri-bridged hicyclic" systems have also bezn shown tu undergo Pauson-Klrand 
cycloaddition. Thus. 7 ~indergoes addition to acetylenic Co-complex 2 to provrde 8 111 good 
yields (eqn 4). High regroselectivity in incorporation of the urisymmetricsl alkyne in thc 
product IS  a character-islic featurc of this reaction. In addition, these reactiorra also occur with 
high stereoselectivrty as exo-adduct i.; obtained as the predominant product. 

NC02Me 

2 

DMF, 60°C, 2 days 

Simple unstrained alkenesZ0 are unreaclive under these reaction conditions; Irowever. 
alkenes containing electron-withdrawing groups 9 react to yield conjugated dienes" (eqn 5 ) .  
Alkenes containing one or more electron-withdrawing groups react with acetylenic cobalt 
complex1 to give conjugated diene. However, due to the low yields, this reaclron cannot be 
used as a general synthetic route to conjugated dienes. 

9 
Y=CN,CO2R, SGzR, etc. 

Thcse reactions are bclieved to occur via the insertion of alkene into the cobalt-acetylene 
complex" to give 2a which subsequently incorporates the carbon monoxrde to arford 2b 
which on reductive elimination of cobalt leads to cyclopentenone(Scheme 1). The format~on 
of dicne may be occurring virr a similar pathway involving the hydrogen migration followed 
by a process of reductive elimination (Scheme 2). 



Styrene and substituted styrene" represent the borderline cases where both modes of 
reaction (i e . cyctopentenone and diene hmanon)  are bbscrved (eqn 6 )  

R' 
I 

Ar/-- + 
+ ArCkCH-C-WR 6 1  

Usually terminal a lkene~ '~  givc poor yields arid regioselectivity. Krafft2' has shown that 
alkenes containing groups capable of actlug as soft ligmds at a homoallylic position give both 
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enhanced yields and regioselectivity. This may be a result of coordination of heteroatom prior 
to insertion (Scheme 3). 

S ~ h o r e ' ~  has synthesised 4,s-disubstituted 2-cyclopentenones 11 from the cycloaddition 
product 10 of norbomadiene using cuprate addition followed by retro Diels-Alder reaction 
(Scheme 4). 

This reaction is regio- and stereoselective" as with bicyclic alkene 12; the less-hindered face 
of the x-bond preferentially reacts to give exo-ring fusion product 13 exclusively (eqn 7). 

13(60) 
only isomer 
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This high selectivity has been exploited by Schore and co-workers during the synthesis of 
guaianolide and pseudoguaianolide28. The stereochemistry of the ring fusion as present in the 
key intermediate 15 is remarkably achieved in the first step using the Pduson-Khand reaction 
ohalkene 11 (Scheme 5 )  

HCZECH.CO~(CO)~ 
- 

DME, 65"C,4 days 

OMe 

l5 6 steps 

Me 
I H 

Guaianolide 7 

SCHEUE 5 .  

Interestingly, cyclopropane ring29 is tolerated in the acetylenic partner during the 
cycloaddition on cyclic alkenes to give 17. This methodology has been used during the 
synthesis of linearly fused triquinanes 18 from cyclopropyl acetylene 16 and cyclopentene 
(Scheme 6). 

Senatosa and have synthesised angularly fused triquinanes 21 starting from 
19 and 20 (eqn 8). 

C H ~ O S ~ M ~ ~ B ~  

03 ' B U M ~ + ~ O C H ~ C ~  CHCO,(CO)~ (20) 

benzene, 80"~ 

19 

8.  

21 
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Smit-Caple and co-workers" have shown that intramolecular Khand reaction could he 
carried out with an increased efficiency in a solvent-free system with the substrate adsorbed 
on the surface of chromatography adsorbent (dry state adsorption conditions). Intermolecular 
reaction between 22 and 23 was conducted by conventional Pauson-Khand reaction. Later, 
they have shown that under dry state adsorption conditions the [2+2+1] cycloaddition of 24 
with 5 proceeds quite smoothly in high yields (Scheme 7). These reactions have been shown 
to occur on strained alkene using A1203 or MgOSi02 as dry media. 

A + MeC=CH ____) 2 h, SiQ 50°C &" + +Me 

C O ~ ( C O ) ~  (5:l) 64% 

24 5 
(1 :I) 89% 

SCHEME 7. 

Recently, Krafft and c o - ~ o r k e r s ~ ~  have shown that the regioselectivity of co-cyclization 
is directed by the use of soft atom like sulfur or nitrogen. They observed that alkene 
containing S or N at homoallylic position is more effective in controlling the regioselectivity 
as compared to alkene containing S or N at allylic or homoallylic position (Scheme 8). 

MeS 

SMe n 

I I MeS 



Jeong and co-xorlcrs"' have devised a highly efficrenl onc-pot sllatcgy for the 
prcpamt~on of  az3-b1cj~lic con~poiinds WLI N~cltolas reactioil (see Sechon 2) with arnidlc 
nitrogen nucieoph~les followed by Pauson-Khand reaction (Scheme 9). 

Intrarnoleculnr Pnuron-Khand reactin11 waa CrrsL reported by Schore and Croudace3' in 1981. 
This metllodoiogy has been used during the ~ynthesis of various natural products. Enynes 
cycliie. upon coniplcu~r~or~ to Co2(C0)1 and subsequent heating, to grve bicyclic enones. The 
most extensively studied I S  the ayntl~es~s of bicyclo 13.3.01 oct-I-ene-3-on? from hept-l-cne- 
6-yns (eqn 9). Hex-I-en-5-yne produces a misture of producls oi'lrimerization of ihe alkyne 
t'unctrotiality. 

Thc presence of bicyclic [3.3.0] octane ring system in a variety of  hiologlcally active 
natural products has generated considerable inleresl m the synthesis of its functionalized 
derivatives. In these cycloadditions, substitution on both the alkyne as well as the cham 
linking the alkyne and the alkene is often readily tolerated. 

Hun and co-worker$' have p~epared the key precursor 26 for the synthesis of optically 
active pentaiene and racemic peritalenolactone E methyl ester from enyne 25 (eqn 10). 

Later. Seto et a/" have shorn that Col(CO)i;-mediated cyclizat~on of an acyclic-enyne 27 
provides hlcyclic pentenone 28, which can be elaborated to antibiotic pnitalei~olacmne G 29 
(Scheme 10). 

Magnus and c o - w o ~ k e r s ~ ~  have exploited ~ntramolecular Pauson-Khand reaction to the 
total synthesia uf coriolin 32. a linearly fused triquinane. The key intermediate 31 was prepared 
in one step from the readily available enyne 30 (Scheme I I) .  
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27 28 Pentalenolactone G (29) 

Coriolin (32) 
SCHEME 11. 

Magnus has systematically examined the factors that contribute to the stereoselectivity 
shown in intramolecular Pauson-Khand reaction. This methodology has been used for the 
synthesis of hirsutic acid38 35 from enyne 33 via bicyclopentenone 34 (Scheme 12). 

33 34 Hirsutic acid (35) 
SCHEME 12. 

MagnusA9 has developed an elegant approach to the synthesis of quadrone 38 from the key 
precursor bicyclo [3.3.0] oct-1-ene-3-one 37 prepared in one step from the enyne 36 in a 
highly stereoselective manner (Scheme 13). Q 

SCHEME 13. 

Magnus and co-workers have also achieved a stereoselective synthesis of a carbocycline 
analogue40 41 using the enyne 39 via the cyclopentenone 40 (Scheme 14). 

The presence of alkene in a ring (e.g., 42) is compatible with intramolecular cyclizatian 
as angularly fused triquinanes like bi~norisocornene~~ can be synthesised from cyclopentenone 



6a-carbocycline analogue (41) 

43 stereoseleclively. This reaction has the limitation as only trisubstituted alkenes and ~ imple  
terminal alkynea can be used for the cyclopentenone formation (eqn 11). 

A stereoconttollsd appi-oach to pentalenes4%as been shown by using the above ~uethodology 
(eqn 12). 

Serratosa and co-workers havc developed an exceptionally efficient approach to 
triqninacenes4' 45 making use of similar intramolecular cycloadditio~x of cyclic alkenes 44 
containing alkynyl substitution (eqn 13). 

Billinglon and co-worker? have cyclized substituted ally 1-propargyl ethers 46 to  give 3- 
oxa bicyclo 13.3.01 oct-5-en-7-ones 48 viu hexacarhonyl dicobalt comnplexes 47. Hydrogenation 
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of 48 followed by deprotcction afforded the key intermediate" for the bynthesis of tetrahydro 
anhydroaucubigenone 50 (Scheme 15). 

50 OH OTHP 

Schreiber" and Smit" have synthesised polyheterocycles 52 and 54 by combining 
Nicholas and Pauson-Khand cycloaddition reactions using enyne ether 51 and 53, 
resoectivelv (Schemc 16). 

hexane 
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Later, Smit and co-workers" have shown unusual effect on the efficiency of Co-mediated 
conversion of an enyne-ether 55 into the corresponding bicyclo[3.3.0] octenone 56 by 
adsorption of Co-complexed enyne-ether on to silica gel under O? or air (Scheme 17). 

Veretenov and co-workersiK have developed a simple route for the synthesis of polycyclic 
inearly and/or angularly fused compounds 58 from 57. This cycloaddition occurs with participation 
)f double bond, having an electron-withdrawing group (eqn 14). 

Schreiber and c o - w o ~ k e r s ~ ~  have developed an efficient method which provides a milder 
mnd more stereoselective alternative to the corresponding thermal reactions. Tertiary amine 
)xide ( e . ~ . ,  N-methylmorpholine-N-oxide, NMO) readily promotes intramolecular Pauson- 
(hand cyclization at room temperature on 59 under an inert atmosphere. Due to the milder 
:ondition required. this-reaction tolerates various functional groups like alcohols, silyl ether 
%hers, acetals, remote olefins, etc., and leads to the formation of 60 and 61. One of the 
wtstanding features of this reaction is the high level of stereoselectivity as compared with 
lltrasonic or thermal reaction (Scheme 18). 

Q Q 

NMO, CH2C12, r.t. 

CbCN,  82OC 

C&CN, 0))))))),45'~ 
~CHEME 18. 
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4 novel route to the precursor 63 of (?I) Loganine 64 has bee11 developed by Jeong and 
co-workeri"' from homoally I-propargy I acetal 62 (Scheme 19). 

Co2(c0)8 

k - - ~ e  OH 

0- CH2CI2 
Me02C 

62 63 Loganine (64) 

SCIIEM 19 

Recently. Hoye and Sunano" have shown that electron-defment alkynones can be inter- 
or intramolecularly cyclized to give bicyclic enediones in good yields. They have observed 
that there is a remarkable effect on the reactivity by changing the solvent. The effect of 
solvent is evident from the reaction of 65 in acetonitrile with norbornene which gives 66 by 
intermolecular addition whereas the eiiyne 67 on intramolecular cyclization affords 68 m high 
yields. A similar transformation in methanol was quite sluggish (Scheme 20). 

Interestingly, the highly functionalized alkyne 69 undergoes intramolecular cyclization in 
the presence of NMO to afford 70 in high yields and good stereosele~tivity~~ (eqn 15). 



Smi, and co-\borkers" have synthe$lscd several fruestrane derivatives 72 based on 
intramolecular pausoii-Khand reaction followed by [7+2l photocycloaddition on intermediate 
71 (eqn 16). 

Krafft and co-workerssi have shown the rate of the thermal intramolecular Pauson-Khand 
cycloadditlon can be enhanced by 1.6-enyne-bearing co-ordinating hgands (sulfu~ or oxygen 
atom) in  the homo and bishomopropargylic position. They have shown that sulfur provides 
molt accelerat~on than oxygen (Scheme 21). 

I, 
time (h) %yield 

1.2. /2+2+2] C~cloaddirion reactions 

The discovery of new synthetic methods has already made possible to construct the most 
complex natural products and the most 'unnatural' assemblies. Despite these advdncernents 
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there remains much room for improvement of synthetic strategies to get the chemo-, regio- 
and stereoselectivity of the compounds. A simple analysls showed that a more powerful 
strategy would be based upon the [2+2+21 cycloadditions of the unsaturated moieties. 
CpCo(CO)? as a catalyst was found to promote the successful execution of [2+2+2] 
cycloadditions5'. The many previously unattainable molecules generated in this way have 
been used as a starting material for the preparation of several unnatural and natural products 
of theoretical, medicinal and synthetic interest. Two decades earlier, it was found that 
C ~ C O ( C O ) ~  catalyses a variety of [2+2+21 cycloadditions mvolving a,o-diynes to give 
annelated henzenesj5. In order to get chemoselectiv~ty, bulky alkynes such as trimethylsilyl- 
alkynes were employed""' (eqn 17). Cobalt-catalysed cocychzation reaction was used in 
silicon-directed intermolecular regioselectrve FriedelLCrafts acylations7 (eqn 18). 

To understand the mechanism of these react1ons5~-" many studies have been carried out 
which resulted in the isolation of two intermediates 73 and 74. Cyclobutad~ene complexes 
derived from both 73 and 74 are obtained as byproducts in catalytic reactions employing a,o- 
diynes5' and are responsible for some of the catalyst depletion since they appear to be 
unsuitable as precursors for any catalytic intermediates6'. 

The trimethylsilyl group which is used extensively for controlling the chemo- and 
regioselectivity has a pronounced tendency to promote &selectivity in the metallacycle. This 
effect was synthetically demonstrated in the formation of 77 as the sole isomer on 
cocyclization of I-trimethylsily 1-1,5-hexadiyne 75 and trimethylsilylacetyleneS576 (Scheme 
22). On the other hand, if more Me& groups are present, i.e., 78 then the reaction proceeds 



JAVED IQBAL cr 01 

18io o-xylylene formation and intramolecular ring closure to give benzhydrindane nucleusb2 79 
(Scheme 23). 

(Cy1,S~ 

SILCHQI~ 

79 
SCHEME 23 

The CpCo(C0)z- catalysed [2+2+2] cycloaddition of three alkyne units was applied to 
total synthesis of a variety of natural products such as antitumor anthracyclene aglycones" 
(Scheme 24) and the protoberberine alkaloids@. The protoberberine 81 is readily prepared 
by cocyclization of 80 with bis(nimethylsily1) acetylene6s (Scheme 25). 

0 

SCHEME 24. 
20-30% 
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I,?-Dihydrocyclobutabenzenes are used in the construction of a host of theoretically 
interesting benzenoid  hydrocarbon^^^^. Initially, 1,Shexadiyne undergoes one-step trimerization 
which on oxidative photocyclization gives the two isomeric dicyclohutaphenanthrenes 
showing the tandem cyclization~ycloaddition reactionbY (Scheme 26). A novel series of 

compounds called as multiphenylenes have been prepared using cobalt complexes as 
~ataI~st70.~'  (Scheme 27). Apart from their use in the synthesis of different strained ring 
systems, the ,2-dihydrocyclobutabenzenes have been used in producing polycyclic ~ y s t e r n s ~ ~ . ' ~ .  

Terphenylene 
SCHEME 27. 

Enediyne 82 undergoes intramolecular cyclization to yield stereospecific cyclohexadiene 
cniqpEex 83 in the presence of stoichiometric amount of C ~ C O ( C O ) ~ ' ~ . ' ~  (eqn 19). A sequence 
of 2D NMR experiments in conjunction with labelling experiments has shown the presence 
of intermediates Which on rearrangement gives the product. 



In the same wag, enediynes 84 w ~ t h  internal double bonds u n d e r p  intramolecular 
cycl~zatioti'" to give 85. This cyclization proccdurc proceeds efflclently and with remarkable 
stereoielectlviry. botli with respect to the steteochernistry of the original double bond and of 
crhalt" (eqn 201. CoCp 

This reaction showed that the steric encusnberance of the double bond has little influence 
on the success of the reaction. This advantage was utilized in the preparation of tricyclic 
diene 87 from a substrate conlaininp tetrasubstituted double bond7' 86 (eqn 21). 

Ii~lern~olecular [2+2+2] cycloadditions of enynes 88 on co-uligomeri~ation with BTMSA 
gave mainly cyclobutadiene 89 rather than expected b i c y ~ l e ~ ~ . ' ~  !NJ (Scheme 28). 
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Based on the 'Tandem principle' described earher, CpCo(CO)?-catalysed synthesis of steroids 
was achieved starting from 1,s hexadiyne. Alkylated 15hexadiyne 91 underwent tandem co- 
catalysed cyclization followed by intraniolecular ring closure ~ , ia  o-xylene formation to give 
key precursor 92 of (i) estronex" (Scheme 29). 

Another way8' of synthesising steroids is using CpCo(C0)z in which the -BCD portion 
of their framework would be fused to a pre-existing aromatic A-ring8',a3 (Scheme 30). A 

diastereoselective synthesis of ~ t e r i o d ~ ~  has been achieved using the enediyne 93. Cyclization 
followed by demetallation under acidic conditions gave the known estrapentaneolxj 94 
(Scheme 31). Another approach to the steroid synthesis employing CpCo(C0): as a matrix 
is 0->ABCD, i.e., all four rings are assembled in one step from enetriyne 95 to give B-ring 
aromatic derivatives with the complete co~itrol of the crucial stereochemistry of the C,D-ring 
juncturea6 (Scheme 32). 



Highly crowded steroids87 were prepared using the enediyne 96a to give 97 whereas the 
corresponding silylated derivative 96b afforded a highly stereoselcctive formation 01 38 
(Schcmc 33). The outcome of this reaction demonstrates once again the unique ability of the 
catalyst to make highly hindered compounds. 
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In the early 1970s, several groups independently discovered that cobalt complexes could 
cocyclize alkynes with nitriles to furnish pyridine in stoichiometric and catalytic  reaction^^^.^^ 
(eqn 22). 

This reaction can be used in producing some very rare isoquino[2,1-bl-26-naphthyridine 
nucleus64 99. Similarly, the 2-azaanthracene 100 framework can be obtained efficiently 
(Scheme 34). 



C o ~ ~ c l i n t i o n  of his (~rimelhylsilyl) lOla or his (trimethylstannyl) di-2-propynyl elher 
lOlb wit11 acztouitrde provides a synthetic routc lo 1.3-dihydro-6-methyl-4.7 bis (trimethylsilyl) 
103a or his (trimethylstan11yl)-furo[3.4-c] pyridines 102b. This methodology has been used 
for the total sqnthesis of Vitamin B g  103" (Scheme 35). 

Employment of i so~yna tes~ ' ,~ '  in place of nit& on cocyclization with alkynes afforded 
polyheterocyclic systems (cqn 23). In simple cocyclizations leading to substituted pyridonc, 

Rj and R2= aikyl, kstal, S I [ C H ~ ~  

regioselectivity was not observed, whereas when bulky srtbstituent at the a-position of'oalkynyl 
isocyanates was present ( r . ~ . ,  trimethylsilyl) good chemo- and regioselectivity were observed. 
Applicat~on of the above methodology has Icd to formal synthesi? of the antitumor alkaloid 
~ a m p t o t h e c i n ~ ~ ~ ' ~ 0 4  (Schcme 36). Similarly, incorporation of the 6-heptynenitrile 105 unit 
into the indoie gives the hasic skeleton of the ergot alkaloids9' (eqn 24). 
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It has been found that trimethylsil$4alkynes undergo [2+2+2] cycloadditions under low- 
temperature photolytic conditions in the presence of stoichiometric amount of CpCo(C0)z to 
afford complexed cyclopentadienones regio~electively~~ (eqn 25). Metallocyclopentadienes"'" 
and metallo~yclobutenones~~ have been used in the formation of cyclopentadienones from 
alkynes and carbonylme:al compounds regioselectively. 

(CH3)3SiCECH 
c P c o ( c o ~ 2  

hv, -20°C, 70% - e0 (cH~)~s~ '  + e0 (25) 

CPCo Si(CH3)3 CoCp 

major product minor product 

Sesquiterpene illudolys 108 was obtained from 107 via intramolecular [2+2+2] cycliZati0n 
of 106 (Scheme 37). It is interesting to note that [5.6.4] ring system is constructed during 
cyclization from an acyclic precursor. 

Vollhardt and co-workers have shown that intramolecular cyclization of enedyene 109 
(prepared by Nicholas reaction), containing a tetrasubstituted double bond, provides a 
diastereomeric mixture of spirocyclic diene llOa and llOb which can be converted ma 
routine functional group manipulation to the antimicrobial diterpene stemodine9' 111 
(Scheme 38). 



111 

S C I I F ~  3. Stemodlne 110b 
(23) 

Vollhardt has demonstrated that the precursor 114a and 114b for daunornyc in~ne '~~  can 
be synthesised by reacting diyne 112 with alkene 113 in the presence of CpCo(CO):! (Scheme 
39). 

OMe 0 
112 113 

&? 

114a (1 :I)  114b i 
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Intcreatingly, enamide 115 and bis(irimethylsily1) acetylene (BTMSA) were cocyclired in 
(he presence of CpCo(C0)z to form diastereomeric complexes 116a and 116b, providing galanthan 
ring systems. These intermediates were transformed to y-lyc~rane'~ '  117 by routine synthetic 
operations (Scheme 40). 

<:.~ZX: ~3 (CH3)3S~C=CSi(CH3)3 

0 

115 
0 

busther exploration of this I-eaction by Vollhardt and co-workers has shown that one 
aromatic double bond of many heterocyclic ring systems is capable of iqcorporation into 
cyclohexadieue sing. Reaction with N-substituted heterocycles, imidazole, pyrrole, indole and 
uracil derivatives has shown that aromatic doublc bond can function as lhe alkene component 
in the cyclization. A [2+2+2] cycloaddition of pyrrole'0'118 was carried out to afford fused 
dihydro indole 119 (eqn 26). 

N-substiluted i m i d a z ~ l e ' ~ ~  120 was reacted with BTMSA to give cqcloadduct 121 in high 
yields (Scheme 41). 



S C H ~ W  41. 

N-substituted indole 122 also reacts with BTMSA to provide CpCo-complex. This 
reaction provides an entsy to 4a, 9a-dihydro YH carbazole"'"23 (eqn 27). 

A J  0 

122 

C1*: 

(27) 

(CH3W..,, ,? t-- 

0 9 . O  i, 1 sl(crn), C-- - I I 
0 

123 

lndolr derivative 124 on cocyclization with 125 gwes cobalt complex 126 which on treatment 
with Mn02 fumiahes propellane'Os 127, and the latter rearranges to spirofused compound 128 
on oxidative removal of the metal (Scheme 42). 

Substituted uran i l ' "~29  undergoes Cycloaddition to give Co-complexes 130 which can 
lead to various nucleoside derivatives (eqn 28). 

A novel synthesis of fused 2H-pyranslo7 132 has been achieved via q5-cyclopentadienylcobalt 
complex-induced [2+2+2] cycloadditions of the alkynes 131 with ketones both inter as well 
as intran~olecuiarly (eqn 29). 

Vollhardt and c o - w o r k e r ~ ~ ~ 9 a v e  synthesised enantiomerically pure cyclopentadienyl 
cobalt complexes from chiral ligands obtained from naturally occurring terpenes and acids. 
The chiral cobalt complexes 133a-c werc eflicient catalysts in providing high diastereonieric 
excess. They have used these complexes [or the photolytic cyclization of unsymmetrical a,w- 
dipnes 134 to metal-complexed cyclopentadienones 135 (eqn 30). 
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Later, these complexes were also exploited for diastereoselective enedine cyclization to 
complexed cyclohexadienes. Prochiral a,6,w-enediynes 136 cyclize to chiral tricyclidiene 
complex 137 in the presence of 133a as diastereomeric complexes in 58:42 ratio (eqn 31). 

130 

(35%, syn /anti=lO) 



134 135a 13% (30) 

cat 133a (74%. 60 40) 

F? = SI~CH,)~, f12= CH3CY 
cat 133c (64% 5050) 

2. Nicholas reaction 

4 phcnomenon of long-standing interest in orgmometallic chemistry is the tremendously 
enhanced stability of carbonium ion flaked by oganometallic metal mo~etie.;'". While considerable 
attention has been focussed on the various possible modes of these stabil~~ations, the potential 
applications of these cations in organic synthesis have largely remained an unchal.ted area. 
The use of dicobalt octacarbonyl for the protection of a triple bond is well known and the 
retalisation that triple bond-coordinated Coz(CO)o+ moicty dramalically enhances stahility of 
proparsylic ~~~~~~~~~~~~~~~~~"' ha$ led to the growth of the synthetic transformations now 
known as Nicholas reaction (Scheme 13). This methodology has found numerous applications 
In organic synthesis and some of the salient features of its utility are discussed. 
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2.1. Reartron w t h  nucleophiles 

The enhanced stability of (propargyl) Coz(C0)6+ cations has made them an attractive intermediate 
for a new bond formation on reaction with a wide range of nucleophiles. In all cases, attack 
by nucleophile occurs exclusively at the propargylic carbon, resulting in a versatile 
propargylation method subsequent to mild oxidative demetallation. 

2.2. Aromatics 

Electron-rich aromatic compounds"' including anisole, phenol, N, N-dimethylmiline, etc., 
react at room temperature or even below with the (propargyl) Co2(CO)6' complexes to afford 
C-propargylated aromatic compounds (Scheme 44). 

/CH3 HBF4 
HCZiC- C-OH r 

I 'CH~ 
C O ~ ( C O ) ~  

HCGC--<CH3 
I CH3 
co2(co)6 

BFi 
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2 3. Reaction wirh X-dicaihnyls  

Propargylated cobalt complexes as salts with HBFa or Tic14 react easily with P-diketones and 
P-ketoesters affording mono C-propargylated products in good yieldsH4 (Scheme 45). This 
selective reaction retlects the reversibility of coupling reaction and the steric bulk of the 
(propargyl) CO~(CO)~ '  group"'.'1o. Reactions of chiral cobalt complexes with the prochiral P- 
diketones were found to proceed with diastereoselectivities of 2:1 to I5:l. 

2.4. Reacriorl n'ith al/y/ and en01 siianes 

Propargyl dicobalt liexacarbonyl catlons couple with allylsilanes to give complexes of 1,5- 
enynes in satisfactory (Scheme 46). In the presence of BF3 etherate a cobalt- 
complexed propargylic ether can undergo an intramolecular alkylation with an allylic silane 
to provide six-, seven- and eight-membered complexed cyc loa lkyne~~~ (eqn 32). 

Schreiber and co-workersn9 have performed an exocyclic intramolecular alkylation of 
allylic silane to afford six-membered ring with complete stereocontrol. Oxidative decomplexation 
of extra-annular cobalt complex provided the acetylene 138 (eqn 33). The intennolecular 
version of the reaction provides high levels of diastereoselection for syn-alkylated products 
provided certain stereocontrol elements are maintained. The intramolecular alkylation 
reaction with allylic silanes affords either intra or extra-annular cobalt alkyne c ~ n i p l e x e s ~ ~ ~ " ~ .  
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OMe 
138 

Cap!e and SmitiZo have reported the trapping of the cation formed by electrophilic 
addition to 1,3-enyne conlplexes with trimethylsilyl en01 ethers or allylsilanes (eqn 34). 

The alkylation of silyl en01 etheP5 with the cobalt complex of prop.qgylic methyl ether 
affords alkylated ketone. Cobalt complex can be removed from the products using 
trimethylamine-N-oxide or ferric nitrate while the stereochemical nature of the product is 
being preserved (eqn 35). 

Cobalt-mediated cyclopentanone annulation was used as a new methodology to give the 
guaiane sesquiterpene skeleton 142 as in cyclocolorenone'2' which was synthesised from the 
intermediate 141 derived by the reaction of en01 silane 140 with cobalt complex 139. Magnus 
and co-workers have carried 01u~~%n intramolecular Nicholas reaction on cobalt-complexed 
propargylic methyl ether to provide an access to calicheamicinone model systems (Scheme 
47). 

In the same way, a-alkoxy cations derived from acetylenic a c e t a l ~ ' ~ ~  have been found to 
combine effectively with the en01 derivatives, ally1 silanes and en01 silanes in the presence 
of B F I E ~ ~ O  to afford the P-alkoxyacetylenic ketone derivatives in excellent yield and modest 
to excellent syn stereoselectivity (eqn 36). The uncomplexed ucetals do not undergo reaction 
at-78°C but between - 20 and 0 ° C  reaction did occur affording the corresponding acetylenic 
ketone as a 1:l mixture of syn and anti diastereomers. It is clear therefore that the metal 
fragment not only facilitates coupling but also has categorical effect on diastereoselectivity. 
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1.Ce 

2. H30+ 

3 . 0 H  

PTBDMS 

0 

1. T I C I ~  
DABCO 

Me0 CO(CO)~ 

Although highly diastereoselective products have been achieved from complexed 
aldehyde or acetal precursors with en01 and allyl nucleophile~"~ as mentioned above, facile 
racemization of these cations has previously thwarted attempts to develop general, 
enantioselective route to the diastereomers. In order to get enantioselective propargylation, 
Nicholas and co-workers"* have used enantiomerically pure propargylic alcohol and converted 
them to diastereomeric dicobalt propargylium Co.(CO)sL complexes, where L may be PPh; 
or P[OCH(CF&13. After demetallation of the resulting alkylated complex, enantiomerically 
pure compounds were obtained (Scheme 48). 

3.5. R~uction wirh amines 

The Nicholas reaction with carbon nucleophiles"' has been explored to a great extent and 
apdn from this. the oxygen-centered nu~ leoph i l e s '~~  were also used frequently. However, 
only little is known about Nicholas reaction with nitrogen nucleophiles. The earliest example, 
an unoptimized reaction of propargylic cobalt salt of H B R  with acetonitrile in the presence 
of sulfuric acid, dates from 1981'" (eqn 37). 
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In 1990, Japanese reported the N-propargylation of indole and a few other 
heterocycles. lndole reacted with propargylic alcohol-Coz(C0)a complexes to give 3-(1,l- 
dimethylpropargyl) indole 143 (Scheme 49) whereas N-methoxycarbonyl-tryptamine 145 
gave the corresponding N- and C-substituted derivative 146a,b with (propargyl acetate) C02(C0)6 
complex 144 (Scheme 50). 
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144 145 cA -7~7 
NAN 
H I 

C q M e  
S C I ~ E L ~ E  50 146b 

The reactions of the [(HC&CH?)Co2(C0)61 BFd have been carried out with a wide range 
of amines to give the corresponding propargylic a r n i n e ~ ' ~ " ' ~ ~  (Scheme 51). The primary 
amines were simultaneously C-alkylated by protecting the-NHz group. 

Co2WJ6 
I 

,CH2 -6- CH 
R-N 
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Recently, tertiary amines'j' have been synthesised by a selective reaction from cobalt- 
complexed propargyl cation using primary and secondary amines as nucleophiles (eqn 38). 

2.6. Reaction with other organometall~c nucleophiles 

The reaction of several methyl-metallic compounds (CH:): ML, with the propargylated cobalt 
complexes had been tried to produce the methylated derivativcs or propargyl group 
containing c o r n p o ~ n d s " ~ ~ " ~  (eqn 39). The most efficient method of coupling of propargyl 
cations with acetylenic group was via the reaction (alkyne):Al with complexed propargyl 
acelates lo form 1,4-diyne ~omplexes '~"  (Scheme 52). 

-78°C (NH.&Ce(N02)6 I acetone 

HC CCH,--- C r  C- mBU 

66% 
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2.7 .Mmellaneous nucleophiles 

~ l though not much work has been done on the reaction of propargyl C02(C0)6+ cation witt 
non-carbon-centered nucleophiles, Siege1 et a1'34J35 found that secondary alkyl acetylenes car 
be prepared through the reduction ohthe corresponding cobalt-complexed a-acetylenic 
alcohol$ with NaBHdCF3COOH in dichloromethane (Scheme 53). Deuterium-labellea 
diisopropylacetylene prepared by this method has been used in the synthesis of (hexaisopropyl- 
dg) benzene 

2.8. ~~A1ko.q cations 

The highiy reactive (1,Zepoxy alkyne) dicobalt hexacarbonyl complexes 147 had been generated 
in situ by treatment of 1.2 epoxy-3-alkyne (from 1-octene-3-yne/MCPBA) and with a slight 
deficiency of Coz(CO)s in benzene solution at S°C. The epoxide reacts with several nucleophiles 
(i.e., CH30H, H?O, C13COOH) under acidic conditions to produce the l-substituted 2- 
hydroxy  product^'^^.'^' in good yields (Scheme 54). 

147 
OMe 
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order to further elucidate the steric and eletronic properties of the propargylic carbonium ion 
stabilized with C02(c0)6, the reactions of various nucleophiles with the vinylogous cations'38 
were examined. Accordingly, it was demonstrated that at~isole"~ reacts regio- and stereoselectively 
with 148 to give (E)-1,3-enyne 149 derivative in good yields (eqn 40). 

co2 (co)6 

82% trans 
149 

2.10. mCyclop~-opyl cations 

Descoins and Samain'" have shown the contrast between the stereoselectivitics of the 
reaction with the free and complexed cyclopropyl carhinols. It shows that attachment of 
complex not only facilitates the reaction but also provides a highly stereoselectivc (E)-1,3- 
enyne formation. Saha"' has extended this reaction to carbon nucleophiles (i.e., ally1 silanes, 
anisole, vinylacetate, etc.) which reacted without cleavage of cyclopropane ring (Scheme 55). 



3. CarbonyIafion reaction 

Carbonylation',", as the name suggests here. involves the process of introducing CO into the 
molecule. Transition metal-promoted c a r b ~ n y l a t i o n ' ~ ~ ~ ~ ~  of olefins, acetylenes, halides, 
alcohols, amides, nitro compounds. etc., are very important in both industrial and academic 
research. Cobalt carbonyls have been widely used and most extensively studied among the 
metal carbonyls. It catalyses the hydroformylation of olefin, and was first discovered by 
Roslen in 1937 (eqn 41). Olefins react with Co?(CO)g in the presence of COIH? to provide 
aldehydesLu in very high yields. These resctions were later on developed into an useful 
industrial p roce~s"~  for the synthesis of aldehydes from alkenes (Scheme 56). 

CHO 

(1 : I )  
SCHEUE 56. 

The carbonylarion process using Coz(C0)~ is more useful with vinyl e therP6  or vinyl 
acetates which leads to the formation of mainly one regioisomer (eqn 42). These reactions 
have found widespread application on carbohydrate substrates owing to their high regioselectivity 
and mild conditions (eqn 43). 
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@ 
c02(c0)8 

CO + H2 
AcO HO 

OAc 

Heck and co-workers have developed a novel route to alkyl-Co(C0)d complex1" from the 
reaction between alkyl halide or sulphonales and Co2(CO)s. The alkyl cobalt complex thus 
prepared underwent CO insertion to give acyl cobalt complex which was converted lo 
aldehydes, amides or esters on reaction with hydrogen, arnine or  alcohols, respectively 
(Scheme 57). 

Conjugated dienes undergo reductive hydroformylation to yield saturated m~noaldehyde '~~ 
whereas non-conjugated dicnes are prone to form ketones as byproduct (eqn 44). 

Secondary and tertiary alcohols readily undergo hydrofarmylation presumably via the 
corresponding olefins (eqn 45). 
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D i l a ~ t o n e ' ~ ~  can be synthesised by Co-catalysed carhonylation of acetylenes via the isolahle 
complexes C O ~ ( C O ) ~ C ~ H ~  and Coz(CO)sC2H2 as intermediates (eqn 46). 

Alper and c o - w o r k e r ~ ' ~ ~  have synthesised y-hydroxy lactone using acyl-Co-complexes 
derived from the reaction of Co?(CO)s with CH;I and CO. Co-complex reacts with alkyne to 
gwe 4-keto-3-alkenoyl cobalt intermediate, using phase transfer catalyst. This complex gives 
unsaturated keto acid that cyclised to give y-hydroxy lactone (eqn 47). 

~ a t . C o ~ ( C 0 ) ~  ,Me1 

CO, r.t. 
PhCsCH 5N NaOH, CTAB, C ~ H ~  OH 

One of the outstanding developments in the area of carhonylation using Co2(CO)s is the 
contribution from Murai and co- worker^'^'. They have developed a direct method for the 
synthesis of enolsilyl ether from cyclic olefins in the presence of CO and diethyl (methyl) 
silane (eqn 48). They have suggested a catalytic pathway for siloxymethylation. 

High affinity of silicon towards oxygen in the key intermediate R;SiCo(C0)41S2 is the 
driving force for the cleavage of C-O bond in oxygenated compound 148 to give intermediate 
149 having carhon-cobalt bond. Insertion of CO gives acyl cobalt complex 150 which reacts 
with HSiR; to give Co-complex 151 and the latter on reductive elimination of R&Co(CO)3 
provides aldehyde. Subsequently the reductive addition of HSiR3 gives Co-complex 152, 
which on elimination of HSiCo(C0)3 provides enolsilane 153 (Scheme 58). 

Reaction of epoxides with Co?(CO)s/CO depends upon the solvent used in the reaction as 
3-hydroxy esters'16 were obtained by using MeOH as solvent whereas in aprotic solvent a,P- 
unsaturated acids were found to be the major products (Scheme 59). This methodology has 
been used for the synthesis of 2-(6-methoxycarbonylhexyl)-cyclopent-2-enelone 154. This 
is a simple and short route for the synthesis of 154 via Co-catalysed carbonyIation of 
intermediate epoxide. The reaction does not occur in the absence of base and ethanol was 
used for achieving the highest selectivity (Scheme 60). When reaction of epoxides was 
carried out in the presence of Hz, aldehydes or alcohols'53 were obtained as major products 
(Scheme 61). 
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-CO~E~ - CQEt 

i$---------c%Et E t O 2 C L  t H 

CQEt 
154 

SCHEME 60 

Later, Murai and co-workers have reported hydroformylation of cyclic etherP4 in the 
presence of hydrosilanes. It has been shown that direct hydrofonnylation of these molecules 
suffers from undesirable side reactions. 

Tetrahydrofuran, oxetane and 1,2-epoxycyclohexane undergo cleavage with diethyl 
(methyl) silane and CO to give silyl-protected hydroxy aldehydesls5 (Scheme 62). In the 
absence of CO, epoxides are rearranged to ketone1 by Co?(CO)s (Scheme 63).  

0 
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Oxetanes react with Co2(CO)g and CO to give 4-hydroxy acyl cobalt tetracarbonyls which 
decompose to give y - l a ~ t o n e ' ~ ~ .  Large ring lactones can also be prepared by using 
chloroalcohol (Scheme 64). Ally1 alcohols on inrramolecular cyclization give lactones (eqn 
49). 

co2(c0), r0 - co - 
OH 
I 

Alkyl and acyl Co-complexes react with 1,3-dienes to provide q3-ally1 d e r i v a t ~ v e s ' ~ ~  
which decompose to give I-acyl, 1,3-dienes (eqn 50). 

1.2-Bis(si1oxy) olefin'57can be prepared from Co-catalysed reaction of aldehydes with 
HSiR3 in the presence of PPh,. The PPh3 as co-catalyst is necessary to avoid undesired 
hydrosilylation of aldchydes (eqn 51). In these reactions, Wold excess of HSiEt:Me was used. 

RCHO + HSiEt2Me + CO cat- R 
(51) 

R ="hexyl 66% 



I.ater. these authors reported conversron of aldehydes to their higher a-s~loxy aldehydes'58 by 
hydrosilane and 120. Here ~ h c  use of :in excess of starting aldehyde is essential to  avoid 
formation of 1.2-bis(ailory) nlkenes (eqn 52). 

cat. Co2(CO)3 
+ HSiEt2Me + CO - 

cat. PPh3 

54% 

These reactions may be proceeding via silyl cobalt complex 155 formed in situ From 
CO?(CO)~ with hydrosilane. Thc intermediate i ?  a-siloxy alkyl cobalt coolpound 156 formed 
it7 siru from 155 with aldehyde. The high a f f i~~ i ly  oT silyl group for oxygen may force C-Co 
bond formation (eqn 53). Mural and co-workers"' have described transformation of alkyl 
acetateb to [(tri:llkylsiloxy)methylenejalkanes (Scheme 65). 

This methodology is also applicable to  lactone which is converted to the corresponding 
silyl en01 ethers obtained by reductive opening of the ring (Scheme 66). 

Later, these workers have reported a cobalt carbonyl-catalysed ring enlargement of 
cyclobulanonesi" with hydrosilanes and CO. This waa the first example reported for  the 
catalytic incorporation of CO into a ketonic carbon (Scheme 67). This reaction provides a 
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novel method for the formation of five-membered rings containing disiloxy alkene which can 
be useful in the synthesis of polycyclopentanoids. 

94% 
SCHEME 67. 

The authors have also reported that [R,SiCo(C0)4] is efficient catalyst for nucleophilic 
~xymethyla t ion~~ '  of oxiranes to give 1,3-diol derivatives (Scheme 68). It was obsemed that 
functional groups present in oxiranes are not affected under these reaction conditions. 

k0 HSiEt2Me/C0 _ CH30+ O S i b  
CH3O 

c02(co)8  OSiR3 
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Murai and co-workers have reported a novel route for the synthesis of C-glycosyl 
compounds from gljcosyl acetates ~irr glyoxymethylation'6' (Scheme 69). C-Glycosyl 
compounds are valuable as multipurpose building blocks and also as intermediate for 
methylene phosphonate and homo-C-nucleosides. This method IS useful for one carbon chain 
extension at the anomeric centre of glycosideh. 

OAc 
78% 

Y=Ac 
Y = COPh 

Ito'03 has utilised this methodology for the synthesis of 2-deoxy-C-nucleoside skeletons 
(Scheme 70). It was noted that siloxymethyl group has been ~ntroduced trans to the adjacent 
(C-3) acetate group which is in consonance wlth Murai's result. 

ACO~ OAC H 

SCHEML 70. (1:l) 65% 

Foa and co-workers"j4 have shown that in the presence of appropriate base alkyl 
tetracarbonyl cobalt complexes catalyse the carboxylation of aryl halides in aliphatic alcohols 
to provide ester. In contrast, Murai and co-workers have shown that the reaction of aryl 
halides under phase transfer conditions in the presence of Me1 and NaOH have a mixture of 
aryl methyl ketones and aromatic carboxylic acid (eqn 54). This reaction proceeds via methyl 
tetra carbonyl cobalt complex'65 which can be generated in siru from Coa(C0)a with MeI. 
Product composition is highly dependent on base and solvent used. 

Cq(CO$/COlMel/NaOH 
Arx ArCOMe + ArC02H (54) 

C6 H6-H20/CTAB 



Later, Miura and co-workers'" have demonstrated the carbonylation of vinyl halides on 
the corresponding carboxylic acid under these conditions (eqn 55). 

T h ~ s  methodology can be employed for the synthesi4 of Furan-2(5II)-ones'" by 
carbonylation of 3-chloroprop 2-enols. When carbonylation was carried out in the presence 
of benzaldchyde using NaOIi, an adduct was formed in 70% and furanone in 13% yield. 
These products werc furlher converted inlo y-dkyldenebutenolides on treatment with thionyl 
chloride in pyridine (Scheme 71). 

-+ 

I colco,(Co), 

MellCa (OH)2 

SCHEME 71. 73% 33% 

Alper and c o - w ~ r k e r s ' ~ ~  have develqped an efficient method for regiospecific acylationpf 
fnlvenes by using phase transfer age& (eqn 56). Later, these workers'" have shown the 
hydroxyacylation of allcncs under similar conditions (eqn 57). 

Co2(CO$I Me l l  CO (56) 
5N NaOH, PhCH2N(C2H5)+CT 

Ph Ph 
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Cobalt carbonyl is an efficient catalyst for carbonyl insertion reactions betweenc-N 
and N-N double or triple bond. Unsaturated amines and amides give lactams and 
i m i d e ~ " ~ ,  respectively, under the aegis of cobalt carbonyl and CO (Scheme 72). Schiff bases 
and azo compounds"' provide phthalirnidines and 2-phenyl indazolone, respectively, 
by cyclocarbonylation reaction with Co2(CO)g/CO (Scheme 73). Phenyl hydrazones and 
oximes also undergo cyclocarbonylation reactions to give cyclic amides (Scheme 74). 
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Aldehydes and amides in the presence of Coz(CO)s/CO provide N-acyl a m i n o a c i d ~ ' ~ ~  
(eqn 58). Trifluorovaline and trifluoronovaline are synthesised via cobalt-catalysed 
a m i d o ~ a r b o n y l a t i o n ' ~ ~  of 2-TFMPA and 3-TFMPA, respectively, which are further 
hydrolysed to give free amino acid (Scheme 75). 

NHCOMe 

I 
PhCH2-CH-C02 H 

(58) 

54% 

Ketones can be prepared by the reaction of organomercury  compound^"^ in the presence 
of COZ(CO)~/CO (eqn 59). 

4. Miscellaneous reactions 

Murai and co -worke r~ '~~  have developkd-a novel and efficient method for the synthesis of N, 
N-disilylamines by reduction of aromatic nitriles using cobalt carbonyl-catalysed addition of 
two molecules of HSiMe3. 

Aliphatic nitriles did not react with HSiMea whereas in p-(cyanomethyl)-benzonitriles, the 
cyano group adjacent to benzene ring, selectively reacts with HSiMe3. The rate of conversion 
of aromatic nitriles having electron-withdrawing group or sterically hindered nitriles is rather 
low (Scheme 76). 

C=N 
HSiMe3 

cat. co2(cobF 
Toluene 
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S c n s ~ t  76 

Chatani and co-workers17j have developed a method for the formation of pyrrole ring from 
alkynzs and cyanotrimethyl silane in the presence of COz(CO)dScheme 77). 

SCHLUE 77 

Isobe and co-workcr~'~%ave recently shown the epimeriaation of C-1 alkynyl group on 
pyranose ring through cobalt complexes under acidic conditions. Thus, 157 on complexation 
with Con(Co)s providcs Co-complcx 158 which was equilibrated under acidic conditions by 
imng TfOH to give the opposite isomer in very high yields. This reaction was carried out 
under various cond~tions and best results were obtained at higher temperatures with catalytic 
amount of iodine which afforded the isomer in very high yields. A similar transformation is 
also achieved on pyranose ring 159 containing substituent with two mple bonds by epimerisation 
of bis-cobalt complex 160 (Scheme 78). 

5. Conclusion 

The foregoing sections have clearly established the versatility of cobalt carbonyl in 
contemporary synthesis and this development has a very strong bearing on the future attempts 
towards pursuit of selectivity duriug the construction of sensitive and complex organic 
structures. Pauson-Khand, Nicholas and Vollhardl reactions are the outstanding features of 
these endeavours which will go a long way in achieving the desired efficiency and selectivity 
which has now become a liallmark of modern synthesis. 
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158 
S!Me3 

157 A c O i  1 

AcO 

 SCHEME^^. AcO 
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