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INTRODUCTION 

The desire to Imitate nature and lrvrng organisms In their extraordrnary ability to build complex 

ring systems with complete reglo- and stereocontrol makes ring constructlon a fundamental Interest in 

synthetic organic chemrstry Contemporary methods of ring construction encompass basic reactions 

whrch may be categorized as those involving cationic, radical and anionic IntermedIates, as well as 

metal-catalysed and pencyclic reactions (cycloadditrons, electrocyclic reactions and sigmatropic 

rearrangements) Rather than a comprehensive review, which would requrre a book of Its own, the 

objective of this report IS to provide an overview of the most recent developments in CycliSatiOn 

reactions that involve cationic, radical, anronlc, and metal-complexed Intermediates Pencyclic nng- 

forming reactions will not be included 
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I. CATIONIC CYCLISATIONS 

Cycllsatrons mvolvrng catrontc mtermedrates can be grouped Into four marn types, VIZ 

1 Cyclisation of iminium Ions 

2 Cyclisation of thlonium Ions 

3 Cycllsatlon of vinyl, allyl, propargyl and allenyl sllanes 

4 Cyclisation-rearrangement reactions 

1.1 Cyclisation of immium ions 

Carbon Nucleophiles 

Revived interest In the synthesis of alkaloids and nitrogen heterocycles coupled with the 

‘esults from Overman’s extensive studies have re-directed attention to tmmium ion cyclrsatlons 

Although a review of this subject has already been written,1 many interesting post-review reports 

iave appeared Ten years ago Overman2 reported an acid-catalysed reaction between aldehydes 

and homoallylic ammes carrying a hydroxy group at the allylrc posrtlon 1, to give rearrangement 

oroduct 3-acylpyrrolrdmes 2 (eq 1) Recently, by employing cyclic ammo alcohols, fused-pyrrolidrnes 

n which the rnrtral ring IS enlarged by one atom have been prepared (eq 2) 3 

R’CHO 

--F-- 
eq 1 

1 2 

Thrs reaction constitutes the key step in the syntheses of amarylkdaceae and asprdosperma 

Ukalolds 4-6 The mechanism of this highly stereoselective process, after long study,7y* IS now 
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R3CH0 

H+ 
R? 

\ eq 2 
R’ 

4 

known9 to Involve the formation of an imlnlum Ion Intermediate 5, which undergoes a [3,3]- 

slgmatroplc rearrangement followed by intramolecular cycllsatton to give product 2 (Scheme 1) 

Scheme 1 

Besides the lmlnlum cyclisatlon shown in the above Scheme several related cycllsatlons have 

been reported recently, for example, the cycllsatlon of acetylenlc lmlnlum Ion 8 (generated UJ 

srtu), induced by an external nucleophlle (here a halide Ion), to give methylene plpendlne 9 

(Scheme 2) 10 

Scheme 2 . 

MeOH-II20 = 1 1 

7 9 

R’ R2 X % yield 

OMe Me I 80 

II Me N3 12 

11 hle SCN 82 

OMc II I 56 
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With a shorter acetylemc chain, etther a 5 or 6- membered ring can be formed, dependtng 

upon the mode of cyclrsatron, whrch, in turn, IS found to be influenced by the substrtuent ” R * Thus, 

when R = Me, the lmrmum ion 10 cyclises in an exocyclic fashion to give alkylidrne pyrrolrdmes 11, 

but with termmal alkynes (R = H) or silyl alkynes, endocycllc cyclisation prevails to give 

tetrahydropyndmes 12 (Scheme 3) 

Scheme 3 

Me 

R=Me 
X- 

exocychc 
cycllsahon 

11 

x= 1(90%) R=H,X=I(87%) 

= nr (75 % ) R=SIMC~,X=I(~O%) 

= N,(45%) R = SIMC? , X = IIr ( 44 % ) 

R = H. .SlM% 
)  

endocychc 
cycltsahon 

10 12 

However, it should be pointed out that reactions of the type shown in Schemes 2 and 3 have 

been used a long time ago in alkaloid synthesis, 11 li2 for example, the cycllsatlon of lmlnlum Ion 

intermediate 14 (generated from 13) to yield 15 as a mixture of stereoisomers (49%), or the 

rearrangement-cycllsation of 17 to 20, whose mechanism v/a [3,3]-sigmatropic rearrangement of 17 

to 18 (maklng the latter, not the former, the cycllslng entity) has been thoroughly studied 12,13 

Scheme 4 

13 14 15 ” 

Another related cyclrsatron, recently reported by Gneco,f 4 IS the heterogeneous reaction 

between allylsilane, tnfluoroacetate salt of a primary amrne, and aqueous formaldehyde The 

mixture directly yields product 26 from iminlum Ion cycllsatlon with water acting as nucleophlle 

(Scheme 6) 
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Scheme 5 

16 17 18 

Scheme 6 

R-N-W- 5 
RNH + RN& TFA + HCHO - 

L - 
SlMeB S- \ ‘I \ 

21 - 22 23 24 

26 25 

Table 1 shows further examples of this reaction, lncfudmg the use of hydroxy sllanes whose 

hydroxy groups can act as internal nucleophlles, providing that the size of the ring being formed IS 

appropriate (entries f and g) 
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Table 1 Cycllsatlon of allylsllane and BnNH2 TFA In the presence of aqueous formaldehyde 

Entry Allylsilane Product I ywld 

I I OH I 

f 

SlMe, 
N vc. HO OH 

Bn 

A similar reaction IS the cycllsatlon of 29,‘5 the intermediate formed from the reaction of 28 

with acid The preparation of 28 can be accomplished by ruthenium-catalysed oxrdatlon of tertiary 

amtne 27 with alkyl hydroperoxlde (Scheme 7) 

In another study, the lmlnlum salt 35, generated from the corresponding blcycllc amine 34, 

IS found to undergo simple Mannich cycllsatlon to 3718 and not the expected aza-Cope rearrange- 

ment However, actlvatmg the transItIon state through the use of potassium salt 39 results in 
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Scheme 7 

RQ(PPh,), 

'B&OH 

27 28 29 

R=H( 87%) 
R = C3H, ( 76% ) 

1 

30 

R=H,X=Cl(77%) 
R=C,H,,X=C1(55%) 

aqCF,COOH 

- 

OH 

(44%) H 
31 32 33 

rearrangement slmllar to that observed earlier In the carbon analogue,lT to gwe 40. After 

conversion to 42 and heating in trifluoroacetic acid, cyclisation v/a a boat-shape transition state 43 

Scheme 8 

(k!5j+[,&-.o$]- 
38 39 40 
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m-t 

Meocc e +N 
/ 
Br 

-I I 
41 42 43 

0 

45 44 

Reagents I) KH, THF, 23O II) CICOOMe, pyrdmc , KOH, MeOH-Hz0 (70-900/o from 31) III) RQ, 1,2,2, 

(i,~-pcntamclhylplpcrldIne (88%) IV) CF$IOOH, rcllux (85%) 

yields tncyck product 44,18 an advanced Intermediate In the synthetic route to gelsemlne 45 

(Scheme 8) 

There are several other recent examples of these electrophlk cyclisatlons, employing various 

electrophiles, with potential application in organic synthesis In the reaction of oleflmc enokable 

Scheme 9 

46 47 
L 

a 

L 

51 52 49 

1 1(79%) 
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aldehyde 46 with A!-sulphmyltoluenesulphonam~de 47, boron tnfluonde-etherate has the dual 

function of promotmg first the MI srtu formatton of N-tosylimlnium complex, then the cyclisation to a 1 1 

mixture of 51 and 52 19 Strictly speaking the formation of 52 could result from an ene reaction of 

immium ion 48b, but the fact that a mixture of 51 and 52 was obtained favours the carbomum ion 

mechanism as shown in Scheme 9 

High stereoselectivity of the reaction IS observed in the examples shown in equations 3 and 

Me ) qHTs + ci;“” 

56 

aq IICI , TIIF 
w 

renux 

57 58 

3 1(50%) 

eq 4 

60 61 

c 7 N--Me 
I 

62 

(80%) 

eq 5 
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NHCOF’h 

63 64 65 eq 6 

4, while equations 5 20 and 6 21 d emonstrate a different method of generatmg the lmlnlum ion and 

application of the reactlon in the syntheses of tetracycllc amides Compound 65 IS an intermediate in 

the synthesis of sorbinol, an aldose reductase inhibitor 

Although Nodme-mediated cyclisatlons have long been In use, the recently reported 

stereoselectlve route to (2S, 4R)-4-hydroxyprolme 73 from (S)-0-benzylglycldol 66 as shown In 

Scheme 10 IS nonetheless a clever mnovatlon 22 The key step of the synthesis IS the Iodine- 

mediated cycllsatlon of y,&unsaturated amide 67 to cyclic imlnium salt 68, followed by 

stereoelectronically-controlled23 axial attack of water to give 69 A conformational change from 69 

Scheme 10 

OCOPh 

En0 

67 
Ph 

12 .THF H20(1 1) 
b 

2o” 

68 69 70 
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to 70 allows a second cycllsatlon to form 71, and thereafter, 72 

A synthetically useful process IS the tandem photocycloaddttlon-retro Manntch reaction of 

unsaturated enaminone 74 to yield lmme 76 which can be further cycked In a Mannlch fashion to 

blcycllc 77 An example of application of thus process IS the synthesis of mesembnne 62 from 

veratrole 78, accomplished In seven steps and In 33% overall yield iZ4 

Scheme 11 

0 

I c t 
1 

NH 

74 

Reagents I) hu, CH3CN 11) M&I;, III) aq HC1 

_) 

0 

11 , 111 d -d N NM2 

76 77 

OMe 

OMe 
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The most spectacular cycllsatlon tnvolvlng the lmlnlum Ion IntermedIate reported recently 

IS probably the tetracycllsatlon process shown In Scheme 12 26 Both intermediates 86 and 87 were 

Scheme 12 

I 
Ph 

1 

cPh 
I1 , 111 

t-t 

-+ 

& 

( 77% from 83 ) 

85 

f 
Ph 

I) (COCl),, DMSO, Et,N,CH,CI, 0 

II) NH,, CH,CI, 
cPh 

111) AcOH, A H 

i::: 

H 

=4 

I 

E; 

87 

86 

1 , 11 , 111 
0 -5s !A 

(47%) 

89 

766 
0 

0 

r; 

90 
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Isolated The reachon has led Heathcock 26 to the successful synthesis of daphnllactone A 90 from 

key mtermedlates 88 and 89 

Oxygen Nucleophiles 

Some lnterestmg recent examples of cyclisatlons by oxygen nucleophlles are shown 

below, all of which involve intramolecular attack of alcohol on the iminium ion mtermedtate, but differ 

In the manner of generation of iminium ion, which are elimination of cyanide ion (eq 7),27 irradiation 

in the presence of 1,4-dicyanonaphthalene (DCN) v/a single electron transfer process (eq 8),28129 

and oxidation with chlorine dioxide (ClO2) In a mild basic medium (eq 9) 30 The latter beautifully 

complements earlier observations 31 where mercuric acetate was found to oxidize tertiary amines to 

lmlnium salts which were internally trapped by oxygen Oxidation by Cl02 takes place preferentially 

Ott 

‘( CH2)/ 

Cl02 

Ill 
pll 9-11 

, “O\ c Wdn - 
Nd + 

Inn 

II = 3 111 = 2 ( 70% ) 

II = 4 ) rn = 3 ( X5% ) cq 8 

102 I I 03 
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at the less hindered carbon, m contrast to that by mercunc acetate The results from comparative 

studies are shown In equation 10 

I2 Cyclisation of Thionium ions 

Thionium ion intermediates in the Pummerer reactlon find important use in cyclisation 

reactlons For example, treatment of 105 with a stolchiometnc amount of tnfluoroacetic anhydride in 

dlchloromethane at room temperature affords 108 In 87% yield wa intermediate 106 This reaction 

forms the key step in the synthesis of optically active trachelanthamldlne 109 from L-prolmol 104 

(Scheme 13) 32 

Scheme 13 

104 

i f 

Me Ii &Me 

(7 
= .$ 

+ 
_ _ _ _ _ _ _ * SMe 

N 
SMe CT-- 

0 0 

106 107 

Utilization of intramolecular Pummerer reaction IS also reported in the synthesis of chemical 

COOMe 

110 R=II 

113 R= OMe 

L hOMe -I COOMe 

111 R = II 112 R = II 

114 R=OMe 115 R=OMc 

cq 11 
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models of aspldosperma alkalotds 33 More recently the same group, worktng on the Pummerer 

reactlon of the sulphoxlde derived from 110, finds it to yield, vra Intermediate 111, stereospecifically 

112 (80%) 34 

An interesting observation in connection with this reaction IS that 113, the methoxy derivative 

of 110, fails to cyclrse to 115, even though Its aromatlc system IS expected to be more nucleophlllc 

A possible explanahon IS the formatlon of protonated species 116, from protonation of 114 by 

tnfluoroacetlc acid generated In the Pummerer reaction This IS borne out by successfully carrylng out 

the cyclisation with the addltlon of 2,6-dl-tert-butyl-4-methylpyndine, and obtammg 115 In 65% 

yield 34 

Another mode of thionium ion cyclisation IS shown In Scheme 14 Thionlum salt 120, 

generated from the reaction of sulphoxlde 117 with sllylketene acetal 118 in the presence of zinc 

Scheme 14 

0 11X 

Me0 

(CHdn \_ 

7nIz 

0 

i 

0 

0 

117 119 120 

1’ 
SPh 

n=2 (low?&) 
(CHz)n 

11=1 (51%) N,,Ph 

II = 4 ( 57% ) k 
0 

121 
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0 0 (85%) 

122 123 

L NH-COMe 

124 

SPh 

eq 12 

cq 13 

rodrde, undergoes mtramolecular cyclrsabon to grve lactam 121 rn reasonable-to-good yields 3536 

This reaction has been applred to the synthesis of 123 and 125 (eq 12, 13) 

I3 Cyclisation of vinyl, allyl, propargyl and allenyl Wanes 

Vinylsilanes 

The extensrvely studied’ cyclisatron of vrnylsrlanes, which IS frndmg rncreasmg applrcatron, 

follows the general pathways shown In equations 14 and 15 The regrospecrfrcrty associated with the 

reaction IS a result of the well known ” perfect” of srlrcon 3’ As for the nature of the electrophrle (E+), 

most studres report using the rmrnrum Ion with only a few examples of other alternatives 
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The cycllsatlon may proceed In a stereospeclflc manner as in the synthesis of antibiotic 

streptazolrn 129 from tartrate-derived lmmium ion 127 (eq 16), 38 or of gelssoschzine 132 (eq 17) 

and (Z)-lsosltslnkme 135 (eq 18) 39 There are, however, cases e g acyclic 136, where the 

cycl\satlon renders no asymmetnc induction at all (eq 19), 38 perhaps due to the geometry of the 

lmmlum Ion Involved (here 137) 

126 127 128 129 

-t @$o~e __$‘-H 
0 OMe 

0 

130 131 132 eq 17 

138 

eq 16 

eq 18 

cq 19 136 
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A special mentron must also be made of an unusual cyclisatlon of vmylstlane In which the Q- 

s~lyl cahon appears to tnumph over Its /I- counterpart The reaction of 139 with SnCl4 In 

dlchloromethane followed by 0-desllylatron with fluorrde ion produces 141 m 37% punfred 

yield 46941 Instead of proceeding vra p-s~lyl catronrc intermediate 142 to a 7-membered ring product, 

the reaction seems to prefer the a-s~lyl cation (140) pathway to give exclusively the 8-membered ring 

product (Scheme 15) Details of the apparent mechanism remain to be confirmed 

Scheme 15 

a) n-BqNF-TllF 

Ph Ph-Si 

% ‘Ph 

140 

Pi 

142 

Allyl, propargyl and allenyl sllanes 

Allyl, propargyl and allenyl srlanes are treated here for appropriate contrnurty, despite the 

debatable (cationic) character of their cyclrsatron The Sakurar reaction42 continues to enjoy 

popularity in organic synthesis, In particular the mtramolecular cyclrsatron of allylsllanes to 

conjugated enones which IS a very effective method for constructing blcycllc systems such as [5,5], 

[5,6], [6,6], [6,7] and [6,8] fused ring systems The reaction entails addition of the allylsilane moiety In 

a 1,2-, 1,4- or 1,6- fashion to the enone Direction and stereochemistry of cyclisation are dependent 

on the substrate and catalyst employed Commonly used catalysts include Lewis acids such as 

T1Cl4, EtAICl2, BF3-Et20 and the fluoride ion Equations 20-23 are examples of earlier work while 

equations 24-27 cover the more recent reports 
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0 
H 

143 144 145 

F 85% 
43 

TIC& - 45% eq 20 

146 147 148 149 

F’ 

EtAIClz 

33% 23% - 

- 60% 

cq 21 
44 

150 151 152 153 

F’ 

EtAlC12 70% 

28% 

- 

33% 

- 

eq 22 
44 

154 155 156 

I- 39% 39% 

F1AIC12 16% 47% eq 23 
45 

tJz+ 0 / 0 
SI- 1q 

I 
\- &P (90%) 

46 
157 158 eq 24 
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159 160 

0 
0 (60%) 

161 162 eq 26 
46 

eq 25 
46 

I 
SI- \ 

OAc OAc (20 25%) 47 
163 164 eq 27 

The above type of Intramolecular conlugate addltlon to enones can also be accomplished with 

propargylsilanes to furnish splro compounds (eq 28) or fused nng allenes (eq 29, 30) 

165 166 

R = II , Flhlcl~ 62% 

R=Mc. IQ 46% 
cq 28 

48.49 

R2 O+ 
R’ R2 

catalyst 
0 

I- 
SW 

\ ti 
I33 

167 168 

R’ = R2 = R3 = I{ FtAIC12 50% 

R’ =R3=H , R’=Me 
smgle lwmCr 

r-LAlCI~ 87% . 
R’ =R2=R3=Me TIC14 84% I2 1 mixture of ~wmers at R’ 1 

eq 29 
48.49 
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‘Ksc EtAlC12 =_ -& + “@ 

H H 

169 170 171 

R=II 80% 8% 
48 

R=Me 61% 7% eq Xl 

In a slmllar manner bndged azablcyclic allene compounds can be constructed wa intra- 

molecular cyclisation of acetylemc silanes onto Nacyliminium ions generated m SW (eq 31) 5o151 

I ICOOI I 

(W)n 

f 
Ph 

172 173 

n=l ) 82% 

n =2 , 98% cq 31 

An inti?restmg study of the reaction of 174 with propargyltnmethylsllane In the presence of 

Lewis acid shows that, conttngent upon the substrate and catalyst employed, either oxazlnone 180 or 

a mrxture of 180 and allene 179 can be formed 52 The results are explained as shown in Scheme 

16 The formation of lmmlum ion 176 IS proposed, whose ad&Ion to the sllane generates 

Intermediate 177 that can either cyclise to 178 which subsequently gives 180, or undergo s~lyl 

elimination to yield allene 179 

A few years ago there was a report on the synthesis of hydroazulenes utilizing the reaction of 

iron tncarbonyltropyllum salts with allenylmetal reagents 53 A recent publication reports the use of 

allenylsilane 182 with tropylium tetrafluoroborate 181 in a related reaction to yield substituted 

azulenes (Scheme 17) 54 
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Scheme 16 

1407 

Ph OEI 

R 176 R 171 R 178 

Scheme 17 

BF; 
\% I P’ / 

+ 
C-.3+ 

\ 

181 

R’ 

-II+ 
a+ - 

182 L 

R’ 

n 
183 

it 
R’ 

186 185 

I87 188 

+i: 

DT I- / 
Sit 

R2 
\ 

184 

II’ 11’ = alkyl 

22 63 %~yILIcIc 
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Photocyclisatlon of allylsilyl lmlnium salts 

In connectton with allylstlyl lmlntum salts a mention should also be made of the 

photocycllsation of 189 and 191 to the correspondrng Spiro products (eq 32) 55,56 The 

mechantsm57158 of the reaction IS now proved 59 to be dual radical and radrcal cahon accordmg to 

path a and path b, respectively, tn Scheme 18 

I) hu , CI J&N 

‘B&O 
II 

189 (R=II) 

191 (R= 

Scheme 18 

II 
0 

190 (R=II) 

192 (R= eq 32 

J 

194 
Palh a 

197b I95 

1.4 Cyclisation-Rearrangement Reactions 

D 
-N cc- D 

+ 
/ 

D “t 

I 196 

D 

-Q D 

D 

197a 

Catlomc-initiated cycllsation followed by rearrangement IS observed upon treatment of acetal 

198 with SnC14 in dlchloromethane Evidently the lnitlally formed oxontum Ion 199 IS trapped by the 
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Internal alkene to give the carbomum Ion 200 whrch undergoes a pmacolic rearrangement to yield 

tetrahydrofuran 201 as the final product (Scheme 19) 60 Evidence agamst the alternahve 

mechamsm of [3,3]-sigmatroprc rearrangement of 199 to 202 lres In the hrgh stereoselectrvrty of the 

reaction, product 204 bemg obtamed with high enantlomenc punty from optically active acetal 203 

(eq 33) 

Scheme 19 

198 

R’ 
/ o- 
+ 
MeA OhR2 

t 

R*=Me ,R2=Ph (58%) 

R’=n-Bu,R2=Me (73%) 

R’=Me ,R2=E-CH=CII-Me (70%) 

I3.3 1 

0 

- 

R2 R” 

200 201 

Op11cally acuve 

203 

(90%) 
Optically active 

204 eq 33 

Besrdes SnCl4, other Lewts acids can also be used to catalyse the reactron, for example BF3- 

Et20, T1Cl4, EtAICl2 and MgBr2 Equatron 34 Illustrates the utrkzation of thus sequence In nng- 

enfargrng furan annulatron reactions 61 

In the case of carbon analogues Just recently investigated (eq 35-37), the reaction offers a 

convenient method for the preparation of fused cyclopentane skeletons, the tncycllc structure 212 
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can be assembled In a completely stereospeclfic manner In 56% yteld from 210 

205 

R2CII0 

Iif 

206 207 

n=2,R’=II, R’=Me (74%) 

n = 2, R’ = II , R2 = I’h (63%) 

n = 2, R’ = H , R2 = E-CII=CIiPh (53%) 

n=l,R’=Ph. R2=Me ( 80% ) cq 74 

209 

n=l ( 82% ) 

n=2 ( 90% ) 
62 

n=3 (75% ) eq 35 

62 
eq 36 

HO Me 

213 214 

R = Me Et, C1121’h (60-90’S) eq 31 
63 

Trost64 has also extended thrs type of reaction 65 to the syntheses of 6-, 7- and 8-membered 
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nng splro compounds 216 from sllylacetal 215 In the presence of tr~methylsilyltr~fluoromethane 

sulphonate 

215 216 

II=1 (93%) 

n=2 (93%) 

n=3 (h4%) eq 38 
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II. RADICAL CYCLISATIONS 

Renewed Interest In the chemistry of free radicals has preclprtated a host of applrcatlons, 

especially In the area of radrcal cycksatron However, smce reviews of the toprc have already been 

wntten,66-66 only the latest developments WIII be Included here 

11.1 Alkyl radicals 

It IS established that olefmlc and acetylemc alkyl radicals generated by standard methods 

cyclise predominantly m the 5-exo-tng mode to provide 5-membered rings Much use IS already 

made of the reaction, VIZ synthesis of substituted furans 219 (eq 39),69,70 methylene- 

furobenzopyran 222 (eq 40),7t the natural product andrrolactone 226 (eq 41),7* Corey lactone 

230 (eq 42),73 brs-lactone 234 74 (a precursor of the antrfungal mold metabokte isoavenaclollde 

235) (eq 43),75 and the carbohydrate pyranosrdes 237 and 239 (eq 44 and 45) 76 

R2 R2 I32 

NaCN BII,, 
n-Bu3SnCI , rsoIr.c& 5- 

AIBN .‘BuOH - 
renux 

OEt 

217 218 219 

R’ =alkyl 
RZ = akyl , my1 
Overall ydds 57 - 74 % eq 39 

222 

eq 40 

Intermolecular reaction between cyclooctadrene 240 and radical R to yield substituted blcyclo 

[3 3 OJoctane 241, which achieves concomrtant production of three stereo centres in one operatron. 
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223 224 225 226 

eq 41 

Reagents 1) BrvoEt , F’hNMez, CH2Cl2 II) n-RugSnH, AIBN, C&j III) Jones [0] IV) Shea gel 
Br 

OMe 

Ph 
227 

Ph 
I_ 

228 

(58% from 227 ) 

229 230 

L OEt _I OEt (76%) 

231 232 233 

I 

t 

0 

H- H 

0 0 

235 234 

eq 43 
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HO 

236 

OAc 

238 

OH 

237 

n-Bu,SnlI , OAc hk 
AmN. cdr, 

A 
( -100% , LSOmer rauo = 4 

239 

was reported over twenty years ago (eq 46) 77,78 Intramolecular radical cyckatlon of 242, on the 

other hand, was only recently reported, and IS found to give a mixture of trans-btcyclo[6 3 Olundecane 

243 (major product), the os-isomer 244, and tricycllc products 245 and 246 79 The influence of 

appropnately placed substltuents on the stereochemical course of cyclisatlon IS manifested in the 

ratio of products (eq 47, Table 2) 80 Thus with suitable modlflcatlons the frans- Isomer can be 

obtained almost exclusively 

eq 44 

1) 

eq 45 

R 

0 1 1 + A’ - 05 
240 241 eq 46 

242 243 244 245 246 cq 41 

Apart from undergoing intramolecular additions to unactlvated double and triple bonds, free 

radicals are quite amenable to 1,4-additions equivalent to the Michael addition in anionlc reactions 

Equations 48 81 and 49 82 Illustrate such cycllsatlons of radical intermediates generated from the 

correspondmg thiocarbonate 247 and bromide 249 respectively The high stereoselectlvlty of the 
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Table 2 
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Product ratio 

startmg materia’ (--& (-& & @ % yield 

H 

4, I I * 13 11 11 5 61 
(X=II,II) 

OH 

GJ 

I I I >99 <I 65 
(x=orr,II) 

OH 
$- 

4, I I T 50 10 20 20 70 
(X=11 011) 

0 

I 95 5 _ 65 
(X=0) 

reaction IS noteworthy 

Me 

6 
; 

o-c-o --cl- Me ,,,t Me 
n l%J+II, 

Me 
0 PhCII, , A 

Me 
- a Me 

0 
Me 

Me Me only produc1 ( 70% ) 

241 248 eq 48 

El0 0 

249 250 251 eq 49 

Barton63 has reported a very Interesting process Involving the reaction of radical 256 

(generated by irradiation of thiohydroxamate ester 253 prepared KI sifu from the corresponding acid) 
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with an cc,/%unsaturated ester or sulphone Tandem addition-cyclisation results first In the 

Intermediate blcycllc radical 258, which then adds to a second molecule of olefm, the addition this 

time terminating In the coupling of intermediate radical 259 with 255 (present In the reaction) to give 

260 Salient features of the converslon of 260 to the final products are the ease with which the 

thlopyndmyl group can be removed and the epimensation of C-2 to give, stereospecifically, 261 or 

262 from epimenc mixture 260 (Scheme 20) 

Scheme 20 

E 
H . it!2 - H 

258 

c 
fiE 

259 

253 L 

E 

254 25s 

E = SO$‘h (74%) 

E=CQOMe (43%) 

M&OC 
H COOMe a 
H (60%) 

261 262 

Examples of synthetic applications of the reaction are shown In equations 50 and 51 

Remarkably high stereoselectivity IS observed 
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COOH Me 
hu Me 

Me --- (30%) 

fiCOOMe 

263 264 eq 50 

Me Me 

Me hu 
--- 

COOH eSO,Ph 
PhS0,&so2ph 

Me (43%) 

265 266 eq 51 

BesIdes addition to a&unsaturated carbonyls and sulphones, radical addltlon to oxime ethers 

have also been reported as demonstrated In equations 52 84 and 53 85 

N-0-Ph 

0 0 

267 268 eq 52 

S NOR’ 

269 270 

R , R’= Me or CH2Ph -6 - 

NHOR’ 
n Uupdl 

ALBN , Cdl6 
-rn 

A 

NHOR’ 

HO/““’ 

4 

,,\\OR 

. 

no* OR 

271 

(-90%) eq 53 

Competition between the oleflnlc and the aldehyde groups as internal traps for the alkyl radical 

has been studied In detail (Scheme 21) and the latter (272 - 273) IS found to be much preferred 

over the former (272 -) 274) 86-88 It IS also shown that this intramolecular radical addltlon to 

aldehyde carbonyl IS not reversible, 89 the cycllsatlon of radical 276 glvlng 278 and 281 in a ratio of 

4 1 respectively (91% yield) 
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Scheme 21 

273 272 274 

275 

280 279 278 

(18%) 

281 

Tandem rearrangement-cycllsatlon of alkyl radical IS observed with ol-cyclopropyl radical 283 

Radical-induced cyclopropane nng opening leads to 284 which IS trapped by the alkynyl group in a 

5-exo-dig reaction to produce sptro compound 285 (Scheme 22) 90 The reaction IS stereospecific 

and can be employed as shown In equations 54 and 55 

The presence of hetero atoms on the a-carbon IS not deterrent to the cycllsatlon of alkyl 

radicals For example, a-alkoxy or alkylthlo (eq 56)9’ and a-ammo radicals (eq 57,92 5893 and 

59g4) have all been employed The methods used to provide the a-ammoalkyl radical are vanously 

different, e q photolytlc cleavage of the a-ammocarbon-srlyl bond of 296 In equatron 58 and 

reduction of lmmlum salt 299 with samarium dllodlde In the presence of camphorsulphonic acid 

(CSA) in equation 59 The requirement of CSA for higher yields of product In the latter reaction 
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Scheme 22 

282 283 

285 284 

S 

286 287 eq 54 

SlMe3 

- r.ws,Me3 
Md 

(81%) 

288 289 eq 55 

Indicates that here the protonated ar-ammo radical cycllses more readily than the non-protonated 

species 

290 291 292 

x=0 Y=O 60% ( OllC 190111cr ) 

x=s x=s 60% (C‘P Irum = 2 I ) 

CC] 56 
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293 294 

\ Ph 

296 

r 

0 

4 

I 

“N 

‘Ph 

297 

(40%) 
295 

cq 57 

0 

- Q? 
7 (71%) 

bh 

298 

cq 58 

299 300 301 302 

ll=l (82%) 10 1 

n=2 (60%) 1 1 cq 59 

One of the most mterestmg ar-heteroalkyl radical cycllsatlons IS that of radical 306 (prepared 

from the coirespondtng sulphlde 304) to give trrcycllc products 308 and 309, which structures form 

part of the gelsemine skeleton (cf Scheme 8) An interesting feature of Scheme 23 IS that cyclisation 

of radical 306 IS possible only with the less favourable conformers 307a and/or 307b However, 

interaction between hydrogen atoms as shown In 307a further inhibits this conformatlon with the 

result that product 309 IS predominantly formed over 308 in a ratio of 10 1 96 Meanwhile, In 

remarkable contrast to 306, the radical intermediate from 303 does not cyclrse, but gives only the 

reduction product 305, a significant indication that radical addition to an isolated olefinlc bond IS less 

preferable than conjugate addition to an a,Sunsaturated carbonyl group 

a-Oxoalkyl radicals, generated by manganese acetate oxidation of P-ketoesters, can undergo 

intramolecular cycllsatlon with appropriately placed oleflnlc substltuents to give salicylate esters 



Cychsatlon reacaons 

Scheme 23 

1421 

OMe 

303 n-Bu,SnIi , AIBN , 
(R=H) benzene. A 

(93%) 

(R=COOBt) 

306 

@iL$J 

COOEl 

307n 307b 

Et006 &OOEt 

308 309 

I pan (92%) 10pvl~ 

(eq 60)96$97 or other 7- and 8-membered ring products (eq 61) 98 

0 ctl 

COOMe I%b(OAc), . 21120, COOMe 

Cu(OAcb . Ii20, AcOH 

310 311 

R’ =R2=R3=H 

R’ = Me , R* = R3 = H 

R’ =R3=H , R’=Me 

II’ =R’=tI , R3=Me 

312 

78% 

78% 

38% 

17% 

eq 60 
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O R 

P--f- CooEt Mn(OAc)J 2H,o * 

(CHd- Cu(OAc),.II,O,Ac0H 
) (cHj$CooEt+(cH&OoEt + &cooEt 

313 3141 314b 315 

n=l, R=Me (46%) 3 1 1 

n=l ,R=Cl (68%) 3 _ 1 

n=2 ,R=Mc (38%) dy _ 

n=2 ,R=CI (47%) 0llly _ eq 61 

Synthetic appllcatlons of a-oxoalkyl radicals Include the synthesis of (-)-methyl elenolate 318 

(eq 62)gg and Spiro compound 320 which IS a synthetic model for fredencamycin A (eq 63) 100 

O~COOMe 
k.+~C~Me 1 , I1 )  111 

* 
; I 

'OSPh2 'OH (46%) a-10 (88%) 

t 317 31x 

316 cq B2 

Reagents I) n-Bu3SnH. AIBN, CbHg, A 11) TsOH, A III) aq HF. McOH (1 3) IV) Swem [0] 

320 

cq 63 

The behavlour of the ar-amidoalkyl radical has also been studied Treatment of lodoacetamide 

321 with n-BuSnH / AIBN under normal homolytic cleavage condltlons gives mainly the reduction 

product 323 with a small amount of cycllsatlon product 322 Irradiation of the reaction mixture, In 

contrast, results in formation of the iodine-transferred cycllsed product 324 together with 323 In a 

ratio of 1 2 Addttlon of ethyl iodide not only improves the overall reaction yield (88%), but 

dramatically alters the product ratlo In favour of cycllsed product 324 (Scheme 24) 10’ Ethyl lodlde 

IS attributed a dual role, that of an S-trans-acetamlde radical sink as well as an iodlne atom source 
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Scheme 24 

0,x 
I 

0 
I 
Me 

321 

The reaction 

trachelanthamidine 

322 

( n- Bu,Snh . 
0 + 

1 

hu (sun lamp) 

324 

0 

iA, (53%) 

323 

323 (40%) 

323 (20%) 

has been applied to the synthesis of spirolactam 326 (eq. 64) and natural product 

330 (eq. 65).tOf 

0, b 0 
I 

(n- Bu@)~ , EtI, 

N,,Ph hu (sun lamp) LN’ - 

bh 
(65%) 

325 

d * 
Yr I 

0 
327 

326 . . . . cq 64 

(2%) 0 (56%) 0 

328 329 330 

. . . . cq 65 

An interesting rationalization of the difference between a-oxoalkyl radicals such as 331 and 

their anionic counterpart, for example 332 is as follows. The C(l)-C(2) bond in 331 has single bond 

character with a rotational barrier of approximately 9 kcal/mole 192 whilst the corresponding bond in 

anion 332 has much higher double bond character with a rotational barrier of more than 27 kcal/ 
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mole 103 Consequently cyclrsatlon reactton 331 - 333 proceeds readrly as, for example, In 

Scheme 24 and equations 63-66,104 whtlst cyckatlon 332 - 334 IS unfavourable due to torsional 

strarn m the transItIon state of the 5-(enol-endo)-exe-tng reactron (Scheme 25) 106 

Scheme 25 

331 332 

I t 

333 334 

--g+- [ ccHwo] - icJ+o 

336 337 

n = 0,1,2 eq 66 

II 2 Vinyl and aryl radicals 

Recent examples of vtnyl and aryl radical cycllsattons mostly concern thecr utlllzatron tn 

synthesrs These mclude the syntheses of a-methylene-ybutyrolactone (eq 67),lo6 funcflOnallZed 

polycycl~c carbocycles (eq 68), 107 fused benzofuran and chroman (eq 69 and 7CJ),108~10g the 

formal synthesis of aflatoxm 0, 350 (eq 71) 110 and the constructton of the tndole nucleus 

(eq 72) ‘7’ 

338 339 340 341 

n = 1-3 (92-968) cq 67 
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0 

342 343 

0 co =I 0 Br 

O/ d \’ 
344 

0 

n=l (85%)). n=2 (86%) 

(82%) 

345 eq 69 

cq 68 

OMOM 

Me0 

348 349 350 

I I 
AC AC 

351 352 

K',K2.K3 = II.Me ( >W% ) eq 72 

The total synthesis of antibiotic CC-1065 (Isolated from Streptomyces zelensrs 1 12) and its 

derivatives involves the construction of precursor 356 which can be formed from 353 by two 

complementary cycllsatlon modes 113 
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Scheme 26 

Me n-Bu,Sdl , 
AIBN , C& 

PhOC 0,Ph 

354 355 OH 

PhOC 0,Ph 

356 

Me n-BuSSnI1, 
_t 

AIBN , C Jr, 

PhOC 0,Ph PhOC 0,Ph 

357 358 

Tandem radical cycllsatlons have been employed to assemble the morphine tetracycllc 

skeleton m crs,as-hexahydrophenanthrofurans 361 and 362 Aryl radical 360, generated from 359, 

undergoes successive additions to the olefm then to the oxime ether functional groups as shown in 

equation 73 114 A similar use of tandem vinyl radical cyclrsations for the simultaneous construction 

COOMe 

Br 

yb 0 
0,Ph 

363 

360 

COOMe I COOMe 
I I 

( 43% only one LwJnlCr ) 

366 

cq 74 
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of fused rings IS demonstrated In the preparatton of hexahydrobenzofuran 366 (eq 74) 1 15 

Two beautiful radical cycllsatlon reactlons have been reported recently ‘16 The first IS 

illustrated In equation 75 mltial generation of vinyl radical 368 IS followed by 1,5-hydrogen atom 

transfer to afford stablllsed radical 369 which subsequently cycllses back onto the reinstated olefmlc 

function Substltuents R1 and R* can be any of various radical stablllslng groups such as alkoxyls, 

esters and aryls 

The second reaction makes use of the benzyllc protecting group as the inltlal site of radical 

formation The aryl radical (373) then proceeds through a simrlar sequence of hydrogen transfer and 

subsequent conjugate addition cycllsatlon as depicted In equation 76 

369 370 371 

7o ylcld lwlnCr,c r‘1lw 

I<’ = II ,K2=01DS 66 2 3 

R’=OMe.R*=Mc 78 1 45 

RI-R* = 0-CH2-C112-0 38 

K’ = I1 R2 = COOMe , 60 45 1 

R’=H , R* = I’h 45 1 1 

cq 15 

70 ylcld lS”nlWl rdtl” 

K=Il .X=J 56 I 25 

II=11 ,Y=Hr 46 I 25 

K=Me.X=I 54 I 4 

eq 76 
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11.3 Allyllc radicals 

Although reports on allyllc radicals are few, they are nevertheless of Interest and of high 

potent/al tn organtc synthesis Allyk radicals rn cyckatlon reactions are currently generated by 

etther one of two methods reducttve cleavage of an allylrc halide or allyk hydrogen transfer to a 

preformed radical 

Allyllc radicals formed by the reactlon of an allyk bromide with tnbutyltm hydnde are 

shown to readily undergo mtramolecular cycllsatlons with olefmlc (eq 77-78), acetylenlc (eq 79) and 

382 383 

R = II ( 86% ) Pvmyl a-myI = 2 4 1 

R=Mc (92%) p-vmyl uvmyl = 3 I cq 78 

d 
Br 

R 
0 \ I7 0 

-ti 
H 

386 387 

cq 79 

R = 11 (97%) ~-vinyl n vmyl = 4 1 

R = Me (59%) p vtnyl a-vmyl = 5 1 cq 80 
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a&unsaturated ketone moletIes (eq 80) 1 1 7 

Treatment of bromoepoxlde 388 with tnbutyltm hydride produces alkoxlde radical 389 which 

may directly cycllse to vlnylpyran 390 or follow the hydrogen transfer pathway to afford intermediate 

allyllc radical 391, which then cycllses to vmylpentanol 392 as illustrated In Scheme 27 118 

Scheme 27 

Br 

EtOOC 

388 

EIOOC 

389 

EtOOC 

EIOOC 

391 392 

* 6 0 
EtOOC 

Me 
EtOOC 

CIS Inms > 10 1 (27%) 

390 

EtOOC ( 32% ) 

An elegant route to the pyrrolizidine ring system also utilizes allyllc radical cyclisation 

Scheme 28 

COOMe 

Reagents 

R = Ph , SPh ( 60 85% ) a- ethyl p- ethyl = 4 1 

I) n-BugSnH, C&j, hu II) 03 ut) NaBh, MeOII 



1430 C THEBTARANONTH andY THEBTARANONTH 

Generated WI the hydrogen transfer mechamsm, allyk radical 395 undergoes cycllsatlon to 396 

which can eventually be converted to 397 (Scheme 28) I19 

11.4 Acyl, thioacyl and imidoyl radicals 

The first preparation of acyl radical 398 was from the reaction of acid chlorides with tnbutyltin 

hydnde 120 In the last two years several mteresbng methods have been reported for the generatlon 

of acyl radicals, for example the use of phenyl selenoesters 400121 m place of acid chlorides and 

irradiation of S-acylxanthates 401122 and acylcobalt salophenpyndlne complexes 402,123,124 as 

summarized in Scheme 29 

Scheme 29 

0 0 
II II 

R-C-Cl II-C-SePh 

399 400 

398 

Once generated, 

appropriate group with 

81-87 121,125 

h 

acyl radicals can be trapped inter- or Intramolecularly, provided that an 

affmity for radicals IS present The reaction IS exemplified In equations 

>I COSePh 0 (84%. f-IF wonr = 1 1 ) 

403 404 eq 81 
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H 

01 0 COSePh - 
a? 

H 0 (SG%) 

COSePh 

-8 
0 (69%) 

407 408 

0 

COsePh 

W?@ - 
(n=O-2 74-81%) 

409 410 

eq 82 

eq 83 

cq 84 

(82%, cts lran~ = 2 3) 

412 eq 85 

Wd 
“+COSePh 

(C”,)pCooMe 

413 414 

n=O,m=l -3 (84-92%) 

n=2,m=O.l (71 -83%) eq 86 

415 416 417 

n=2 6% 74% 

II=3 8% 84% cq 87 
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In the rrradlatlon of S-acylxanthate and acylcobalt salophenpyndlne complexes 418 and 424, 

acyl radicals are produced, add to z-bonds, and the process IS eventually terminated by coupling with 

xanthate or cobalt salophenpyndme radtcals Xanthate couplmg product 422 (eq 88) has been 

isolated and treated with base to yield 3-methylene-4-chromanone 423,122 whereas cobalt 

salophenpyndme coupling product 429 apparently suffers spontaneous elimtnation to yield cr$- 

unsaturated ketone 430 isolated along with 428 from alternative process termination with hydrogen 

418 

423 422 

cq 88 

Scheme 30 

l Co(Salophen)py 

I 

424 425 426 

0 0 . 
_H 

COOEI 

COOEt 427 

428 (28%) 

I 

0 0 

6% COOEt 
4 

COOEI Co(Salophen)py 

430 (25%) 429 

mulure of z and E 
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radical (Scheme 30) 123112~ 

Treatment of the dlthlocarbonate of homoallyk alcohol 431 with tnbutyltin hydnde produces 

thloacyl radical 433, which upon cyckatlon and subsequent hydrolysis, yields ybutyrolactone 435 

(Scheme 31) 125 

Scheme 31 

431 432 433 

El El 

lI1o+ 

0 4 
S 

( 82% ) A- 0 & 0 

435 434 

The process can equally well be applied to homopropargyllc alcohols 436 and 438 to 

efflclently provide a-methylene-ybutyrolactones 437 and 439 respectively (eq 89 and 90) 125,126 

436 eq 89 

Ph 

438 439 cq 90 

The generation and use of the lmldoyl radical, a species isoelectronic with the vinyl, acyl and 

thloacyl radicals, has only recently been investigated Reduction of selenoimldate 440 with tnbutyltln 
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hydnde under standard condltlons IS used to generate the lmldoyl radical 441 which, contingent 

upon substituent R, can react in any of two ways fragmentation to give nitrile 442 (pathway “a”), or 

cycllsatlon vra Intermediate 443 (pathway “b”) to 444 In the case that R IS a radical acceptor, 

however, tandem cyclisatlons (pathway “b” followed by “c’) resultmg in product 446 IS observed as 

illustrated in Scheme 32 I27 

Scheme 32 

440 

a) cragmen1a110n r 442 

446 

The influence of substltuent R on the fate of the lmidoyl radical IS clearly demonstrated In the 

Scheme 33 

fiPh N*Ph 

CN 

O-Ph 

447 448 449 

b 

PPh 

II,o+ 
Ph - 

0 

Ph 
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examples shown In Schemes 33 and 34 N-Benzyllmldoyl radical 448 gives a quantltatlve yield of a 

1 1 mixture of mtnle 449 and chromanone 451, whereas the /V-methyl analogue 455 (generated In 

a different manner as shown In Scheme 34) does not undergo fragmentation but gives solely, after 

hydrolysis, chromanone 451 in 60% yield 

Scheme 34 

Me 
‘NnPh 

Ph 

451 456 

An example of tandem cycllsations (pathway “c” In Scheme 32) IS given in Scheme 35 

The resulting product 460 IS further dehydrogenated with DDQ to provide a high yield of 

chromanoquinolme 461 (R=H, 86% form 457 , R=Ph, 84%) 127 

Scheme 35 

L 

457 458 

R=H,Ph 

461 460 
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11.5 Alkoxy radicals and radical anions 

The combmatlon of lodocycllsatlon, a well known process, with alkoxy and peroxy radicals IS 

gaining acceptance as an organic synthetic tool Irradiation of hydroxy homoallyllc tetrahydrofuran 

462 with mercunc oxide in the presence of iodine, a condltlon congenial to the generation of alkoxy 

radlcals,l28 results In the formation of one isomer of spiroketal 463 in 68% yield (eq 91) 129 Other 

examples are shown In equations 92 and 93 

eq 91 

OH u 0 
w CT I (39%) 

464 465 eq 92 

466 eq 93 

The reaction of unsaturated hydroperoxide 468 with an equimolar quantity of N- 

lodosucclnlmide In dlchloromethane at room temperature affords the dloxolane 471 (eq 94) 130 The 

mechanism of the reaction IS believed to involve peroxy radical 469 rather than the conventional 

iodonium ion Intermediate, the reason being that a 1 1 mixture of dlastereoisomenc 471 IS always 

obtained regardless of the starting geometry of the alkene 

0 

R’ I- 

r+ 4 
FP 0 

OOH R3 

468 

I o-o . ( 42 - 57% ) 

469 470 

a) R’=R2=R3=II 

b) R’=R’=II , R3=Me 

c) II’ = Et , R2 = R3 = Me 

d) R’ = R’ = II , R2 = EI 

471 

eq 94 
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Kendel31 has studied Mamolecular phenoltc cycllsatlons such as phenollc P-dlketone 472 

to splrodiketone 473 (eq 95), and p-(nitrobutyl)phenol 474 to tropone 480 which constitutes a 

fantastically short and efficient synthesis (80% overall yield) of such tropone systems The 

mechanism of the reaction IS proposed as shown in Scheme 36 132 

I I (46%) 

412 413 eq 95 

Scheme 36 

474 
L 

475 416 

L 

480 479 478 477 

Awareness of its enormous synthetic potential has led to a detatled mechanistic study of the 

reaction 133,134 In particular, the different results obtained with K3Fe(CN)6 and K21rCi4 have been 

studied and rationalized in terms of the difference m oxldlzmg potentials (0 48 V and 0 89 V 

respectively) Consideration of the new findings in conjunctIon with former evidences and 

observations on related oxldatlve couplings has allowed the building of a complete mechanlstlc 

picture as illustrated in Scheme 37 134 This can be summarized as follows 

I) formation of dlanlon 482 by base, 
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11) 

III) 

IV) 
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a one-electron oxrdatlon of the enolate anlon to form enol radical 483, 

addrtron of the enol radical to the phenoxlde ring to give radical anion mtermedrate 484, 

followed by 

rapid electron transfer from the cycked mtermedlate to yreld product 485 

Scheme 37 

481 482 483 
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III. ANIONIC CYCLISATIONS 

1439 

III.1 Anionic cyclisations at sp3 carbon 

The simple-looklng Mamolecular nucleophtllc displacement of tosylate group by ester enolate 

as depicted In equation 96 has been found to be highly stereoselectlve,l36,137 thus potentially 

useful In organic synthesis The stereoselectivity of the cycllsatlon IS attributed to stringent 

conformational requirements of the transition state 489 as shown 138 

-. 
‘\ . 

LDA , TIIF , 
* 

-78 , 1 hr 

n=O, R=-C=C112 97 3 (45%) 

n=l , R=-CII=CIII 92 8 (45%) 

489 eq 96 

A convenient general method IS recently reported for the synthesis of methyleneazetidlnes I- 

Azaallyl anion 491, readily generated from 490, undergoes Intramolecular displacement of chloride 

to give, exclusively, 2-methyleneazetldlnes 492 in high yields The method IS demonstrated In the 

synthesis of Spiro- 494 (eq 98) and blcycllc compounds 496 (eq 99) 139 It IS also found that the 

methyleneazetldlnes are stable only when aromatic substltuents are present on nitrogen and water IS 

excluded from the reaction procedures 

R4 R’ 

KdBu ) 

‘BuOII 
- R 

490 491 492 

R’,R2.R3,R4=II,Me (87.95%) eq 97 
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Me 

495 

eq 98 

Me 
(82%) 

eq 99 

A short and completely stereocontrolled synthesis of the alkaloid (l)nitramme 500 has been 

reported, the key step of which mvolves splrocycllsation of epoxy sulphone 498 (eq 100) 140 

1s TS 

sop 0 Me -o- MCI'BA 
- 

Na-Hg , 
4 

Na211TQ4 , Me.01 I 

500 

498 

I BULI , 

t 
TIE-/IlMPA 

Me-@w 

CT %ATS 
“QOH (73%) 

499 eq 100 

In another application, the carbanion derlved from 3-phenylsulphonylorthoproplonate 501 

reacts with an epoxide to give, after acidic work up, the lactone 502 which subsequently yields 503 

(eq 101) 141 

I) n BULI 
OMe 0 R 

4 

II) cd 
SOpPh 

- n 

ElsN 

PhSO, OMe 
w 

111) 11,0+ R 
OMe 0 0 R 

IV) TsOl1 
501 502 so3 

R = alkly , aryl ( 55 - 82% ) eq 101 
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III.2 Anionic cyclisations at sp2 and sp carbons 

Nucleophllrc addrhon to sp2 and sp centres constrtutes a common approach to organrc 

synthesrs rn general, consequently a multitude of examples are encountered 

Ring closure via addition to the carbonyl group 

A reported synthesis of the stramed brcyclo[7 3 l] tndeca-4,9-drene-2,6-dryne system 505 (a 

common aglycone framework of novel antibiotics, the esperamicinsl 42 and calicheamrcins,l 43) 

employs cycloaddmon reaction in its key step I44 However, Kende145 finds that such complex 

brcyclrc systems can be directly synthesrsed by anion chemrstry methodology Thus, Inverse addrtron 

of 504 to a solution of LrN(SIMe3)2 in THF gives 42% yield of 505 (eq 102) 

n 
n 

504 505 
cq 102 

In a model study of the syntheses of sprro compound 513, an important intermediate In the 

synthesis of fredencamycin A (cf eq 63), unsaturated lactone 506 IS treated wtth sodrum methoxrde 

In anticipation of rtng openmg to give keto-enolate 507 which should then cyclrse onto the ester 

carbonyl to give 508 Apparent failure IS ascnbed to the reaction berng a drsfavoured 5-(enol-endo)- 

exe-trig cyclrsationtO5 (cf Scheme 25) Surpnsmgly, however, the same type of cyclrsatron IS found 

to prcceed smoothly with aldehyde 509 (obtalned from the treatment of 506 with DIBAH) to yield keto 

alcohol 510 Thus 513 IS prepared In 50% overall yield from 511 as shown In Scheme 38 1 46 

The perplexing 5-(enol-en&)-cyclrsatron WIII probably contrnue to baffle the chemrst for a long 

whrle to come How far can Baldwm’s rules be applied 3 Take, for example, the greatly successful 

and widely used condensatron of 1,4-drketones to cyclopentenones which mvolves a 5-(enol-endo)- 

cycllsatlon step 147 The reactlon IS assumed to be favourable under thermodynamically controlled 

conditions However, recent examples have been reported which prove that other factors also 
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Scheme 38 

Md / 
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0 
II 

M&-C k -0 1: 
:I I 

-&++&$o 
507 508 

Q$]-&oH 

509 510 

Influence the cycllsatlon of these ketones As shown In Scheme 39, base-catalysed condensation of 

Scheme 39 

COOR COOR CCQR 

0 -----* 
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cycloalkanones 514 proceed as expected, when n = 4, 5, to give fused cyclopentenones 515, but 

yields 518 when n = 3 148 

In fact a close encounter with Baldwm’s rules was expenenced in the author’s synthesis of 

sarkomycm a few years ago 149 All attempts to cycllse anthracene adduct 519 (n = 0) falled but 

cycltsatron took place when n = 1 ,150 In keeping wrth the rulrng of 5- and 6-(enol-en&)-cycllsatrons 

as favoured and dlsfavoured reactlons respectively (eq 103) 

519 

0- 

520 

! 
n=O 

I- 
L n=l 

521 

eq 103 

In principle the synthesis of 3-acetyltetromc acid derrvatrve 526 should be easily achievable 

wa cyclisatlon of 524, as shown m equation 104 However, the reaction turned out to be neither 

straightforward nor general In application, bemg sensltlve to I) substltuent R, II) solvent and III) 

enolate countenon (M+) 151 

522 523 524 525 526 

eq 104 

Other interesting examples of anIonIc cyclisations involving addltlon of anion to the carbonyl 

group Include the synthesis of benzothlophene 530 (eq 105)152 and modified Reformatsky 

cyclisatrons as shown in equations 106 and 107 Particularly noteworthy IS the novel use of Sm12153 

in the constructlon of the macrocycllc rmg (eq 106) to yield a smgle isomer,l54 In contrast to the 

formation of two diastereomers from the usual Reformatsky condltlons reported earlier 155 Also 
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noteworthy is the incorporation of HMPA to promote bis-annulation in an otherwise normal 

Reformatsky reaction (eq. 107).156 This model study paved the way for the synthesis of tricyclic 

lactam 539 in a study of daphniphyllum alkaloid synthesis as shown in equation 108 (cf. 

Scheme 12). 

CHO OH 

532 . . . . cq 106 

Y- Er 

0 0 
zn.mF _ 

k CHO 

533 

529 530 

R = alkly , a~1 ( 47 - 63% overall yields ) . . . . eq 105 

Zn ,TIiF 
-e 2 isomers 

Ph 
% 1 isomer 

sd, ,nw 

r f)’ sr 
OZn& ~1 0 0 

i) Zn , THF 
- 

ii) IIMPA 

(a-:&OH=6:1:55%) 

536 
1 

537 

. . . . eq 107 

539 . . . . eq 108 



Cycllsahon reactions 1445 

Taking advantage of an earlier discovery 157 that conjugate addition of tnmethylstannylllthlum 

540 to methylcyclohexenone 541 gives matnly the trans-product 542, Sat0158 treated 542 with 

Lewis acids and obtained two products derived from intermediate 543 The reaction can be 

manipulated to yield solely cyclopentenone 545 (52% CIS trans = 1 28) by using tnmethylsllyl 

tnfluoromethanesulphonate (TMSOTf) as the Lewis acid (Scheme 40) 

Scheme 40 

0 

Mt+Il-LI + 
b 

I- 
Me 

540 541 

0 

Me L3 
544 

0 

Js Me 

Me 

545 

Ring closure via addition to lminlum and thionlum groups 

An interesting example of anlonlc cycllsation Involving an imtmum electrophlllc centre IS that 

shown In equation 109 Attempts to cyclise 546a under various reaction condltlons failed, until 

increasing the nucleophllic character of the starting matenal to 546b successfully effected cycllsatlon 

to 548b upon treatment with TICl4-pyndlne In THF 159 

HOH 

ccx 

: , ;ficm, TEb- pyndme_ 

0 

[&$com.]_ + 

546 a X = Ii , Y = COOCIIzl’h 541 548 

b X = COOMe , Y = COOCIIzPh eq 109 
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The synthettc strategy rnvolvmg m s/U formation of sulphomum ylides wa sulphlde-carbene 

Interaction has received continuous attention 160-162 v ery recently several pyrrollzrdrne alkaloids, 

I e trachelanthamldme 554, isoretronecanol 555 and suplmdlne 556 have been syntheslsed 

v/a the sequence of carbene 550 - ylide 551 - cycllsatlon of zwlttenon 552 as outlined In 

Scheme 41 

COOEt 
%0Wi. 

CCOEt 

N2 
‘J.&s A 

COOEt 

r PhS 
COOEt 

+- 

0 
5.54 553 

J \ 
552 

Scheme 42 

SPh 

SPh P(OQ > 
CHCI, , A 

SPh - 

COOMe COOMe 

557 
x = s , CIIZ 

558 

c 

559 

f-- 
( 

COOMe MeOOC 

562 561 560 
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Scheme 41 163 A slmllar approach, shown In Scheme 42, paved the way for the synthesis of 

penems and carbapenems ‘64 Both processes (Schemes 41 and 42) exploit anion addition, to an 

immium ion In the former and to a thlonlum Ion In the latter 

Cyclisations involving nucleophk addition to other electrophk centres, I e -C=N and :C=S, 

have been applied to the syntheses of functlonalized lsochromanone 567165 and cyclopentenes 

572166 respectively (eq 110, 111) 

l)mA * 
II) PhCHO 

Me0 0 

Ph 

Me Ph 

567 (70%) 

eq 110 

1) LDA , IIMPA, 

568 569 570 571 

R’ 
F12 

R’=R2=R3=H,alkyl (70-90%) J+ COOEI 
I 

R COOEI 

SMe 

572 

eq 111 

Ring closure involving Michael addltlons 

Cyckations Initiated or triggered by Michael addltlon reactions have long been in popular use 

in the synthesis of simple and complex molecules The reaction allows the assembly of several 

structural components in one single operation Many of these cycllsatlons also exhlblt high 

stereoselectivity and high asymmetric InductIon, e g equation 112 167,166 
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kQc Me0 

3 - 
Meooc 

513 

Lithium N-benzyltrtmethyIs~lylam~de 575 

Li 

515 516 

Scheme 43 

a 

COOEl 

1 , 11 
* 

COOEI 

578 

* Me O 
Root 

Meooc 3 
Fi 

574 eq 112 

IS an excellent nucleophlle which adds to crotonate 

lf-J*Ph 
THF.-7u” COOEt 

then AcOH 

* /3cl 
V-M” COOEt 

511 

n=2 (78%) 

n=3 (93%) eq 113 

k3 HO 
0 G G 

Vll 

“: 
Me (90%) 

584 

Me Ho 

0 

Q? - 

vu 

H 
Me (83%) 

585 

(64%) 

580 I 3 581 

1 v , Vl 

0 

0 

G 
v ( VI 

Hi 
MB (69%) 

583 

, 

Reagents - I) 
Phnds: 

:, 
II) H + 1~) MeI, K2CO3 iv) S102, xylene v) LIAR VI) MnO2 w) MezCuLi 
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denvatrves only In Michael fashion 169 Thus It IS ideal for rmtratmg double Michael addition reactions 

as shown m equation 113 170 Application of the reaction IS demonstrated in the synthesis of 

bioactive lactones 584 and 585 as illustrated in Scheme 43 

The term MIRC (Michael Initiated Ring Closure) was coined by Little in 1980171 for the 

reaction between two reactants which involves I) nucleophrlrc contugate addition to an a,/% 

unsaturated carbonyl compound followed by II) nng closure by the resulting enolate As a matter of 

fact these are not novel reactions but earlier reports are rather scattered The course of reactlon IS 

categorized as Type I or Type II as outlined in equations 114 and 115 

L 

/I 
(cHFEw 

NU- 
586 

kl 
- 

kl 

kz EW 

Nu 

588 

Type II 

EW 

589 590 591 

cq 114 

eq 115 

E W = Electron Withdrawmg group , L = Leavmg group 

The success of the MIRC reaction in general depends on two factors first, stability of the 

Michael addition intermediate (587 or 590) relatrve to the nucleophrle (as in 586 or 589 

respectively) and second, rate of cyclisation (k2) 172,173 The reactions shown In equation 113 and 

Scheme 43 are in fact examples of Type I MIRC cyclisatrons which are very useful for the preparation 

of cyclic compounds of various ring sizes 171mi75 

Type II MIRC cyclrsatrons have lately enjoyed increasing use with innovative substrates 

Carbocycles, particularly cyclopropane derivatives, can be easily prepared Equations 116-l 21 

demonstrate the versatlllty of the reaction 
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n-BuLr , 
* 
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592 593 594 595 

EW =COOEt,CN , R’=Aryl,-CH=CH-R , R*=H,Me (40-8590) 

eq 116 
176 

Maoc Br x n-BySb 

hOOC Br 

596 597 

600 601 602 

MeOOC 
EW 

598 599 

EW =CHO (86%) 

= COMe (84%) 

=CN (59%) 

= COO& (43%) 

eq 117 
177 

50% ( 1 1 muture ) 

603 

eq 118 
178 
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604 605 606 

EW =COMe (75%. 19 1) “E W 

=COOEt (83%. 35 1) maJor mmcw 

607 608 

eq 119 
179 

604 

0 

609 

25 

0 

610 
179 

1 (41%) eq 120 

611 612 613 

7 

614 

1 (83%) 

179 
eq 121 

Numerous types of cycllsatlon Wtated by Michael addltlon are known and have been superbly 

documented 180 These mclude the double Michael addition (Michael-Michael-ring closure, MIMIRC) 

and triple Michael addition (Michael-Michael-Michael-ring closure, MIMI-MIRC) of two or more 

reacting components Two of the most recent examples are shown below Equation 122 illustrates 

triple Michael addition of four reactmg components while equation 123 presents the MichaeLMIchael- 



1452 C THEBTARANONTH and Y TIEBTARANONTH 

aldol-nng closure process (MIMI-ARC) Trl-n-butylstannyl amon serves a dual purpose m both 

reactlons, first as Michael addltlon mitlator and then as leaving group rn the final step 161 

0 

3 
COOMe 

O 
1) LlSnhj 

I - 
PN0Ad.i 

10 @hOObk 

615 616 611 eq 122 

I) LlSnBq 0 0 
0 0 

b 

Et 

I- 
WoAc), 

III) c&O 

618 619 620 eq 123 

Of special interest IS the use of tandem Michael addition-Deckmann cyclisation as key steps In 

the short and efficient syntheses of antibiotic sarkomycm 623149 and anthelmmtic dlospyrol 

626.162~163 The acrylate unit conveniently serves as the Michael acceptor in both processes, 

reacting with itaconate amon (derived from 621) in the former and with toluate anion (from 624) in 

the latter (eq 124, 125 respectively) 

621 622 623 

eq 124 

Me0 
COOM0 

I) WA cooMe-- 

Me CCQMe 
10 

624 625 626 

eq 125 

A new class of reagents, the organobls(thlocuprates) 629, readily prepared as shown in 

Scheme 44, are extremely efficient nucleophlles In a one-pot synthesis of Spiro compounds164 (e g 
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[4 4]nonanes, [4 5]decanes and [5 Slundecanes) The reactlon mechamsm mvolves sequentlal 

Michael addition-elimmation-Michael addition 

Scheme 44 

PhSCub 

CuSPh + WMm - 
630 

PhSCULl 

627 628 629 631 

SoyIeld 

X=Cl,m=2,n=3,R=H 85 

X=Cl,m=2.n=3,R=Me 80 

X=Br,m=2,n=2,R=H 87 

X=Br,m=2,n=2,R=Me 76 

633 632 

Another organocuprate reagent, crs-2-trl-n-butylstannylvmyl cuprate 634, also plays an 

important role in the process shown In Scheme 45 185 The cuprate 634 first adds to cyclohexenone, 

then undergoes the Stllle reaction 186 to give 636, which IS cyclopropanated to give 637, before 

eventually cyclislng v/a a cyclopropane ring opening-Michael addition sequence to yield 638 

Scheme 45 

SnBuo 

1 

- 78’ PhS.o*~ 
OTs 

) 
Et+Cl , PdCIflph& . 

GUI , LICI 

635 (SO-E%) 636 (65 -70%) 634 

f 
acetylene gas 

CNL1CuSnBu3 

NzCl KOOIIt , 

copper (II) salt 

638 (75-878) 637 (65%) 
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Ring closure via addition to the unactlvated oleflnic bond 

Unltke the catlonrc- and radical-inmated polyolefmrc cyclrsatrons which are now well 

established methods for the construction of complex polycyclic systems, the anionic counterpart 

remained, until very recently, unprecedented (The foregomg examples have all involved activated 

olefmtc bonds) However, research In the last few years have shown promrsrng results and chemists 

are opttmrstrc that the reactions may yet turn to be useful tools In orgamc synthesis 

Electrochemical reduction of o-(3-butenyl)bromobenzene 639 In DMF In the presence of 

tetrabutylammomum perchlorate (TBAP) evidently generates 640 which cyclrses and IS finally 

isolated as rndane 642 in moderate yreld after work up (eq 126) t87 

639 640 641 

642 eq 126 

A report on the generation of alkenyllrthiums and therr cyclisatron products appeared in 

1987 188 It was shown that treatment of 6-iodo-l -hexene with t-BULI In pentane/ether with or without 

TMEDA at -78’ effects metal-halogen exchange to grve the organometal 644 which can be trapped 

by various electrophrles On warming to room temperature, however, the anion cyckses in a 5exo- 

trig fashion similar to that observed with radicals, giving 645 which IS isolated as 647 (Scheme 46) 

Detailed experimental results shown in Table 3 indicate that the yields of cyclised products are 

vanable 

An earlier reported treatment of allylstannylmethyl ether 648 with butyllithium results in a tin- 

lithium exchange to give 649 which smoothly undergoes anronrc [3,2]-sigmatroplc rearrangement to 

651 189 In contrast, substltutron of the allylrc with a homoallylrc group entirely alters the course of 

reaction Here (653). sigmatroplc rearrangement IS not posstble, and intramolecular CyCllsatlOn 

occurs instead to give 655 (predominantly the c/s-isomer) in 54% yteld (Scheme 47) lgo 
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Scheme 46 

1455 

I 
[ 6 ] ‘Bti ~ [ &j -7S0+RT 

pentme / ether 
-78O 

643 644 645 

[ E = H (from MeOH) , 98% I [E=H, 89%1 

646 641 

Table 3 Cycllsatlon of alkenyillthlums [ degassed MeOH used as eletrophile ] 

r 
En Alkengllithium 

TMEDA Time at 

(es ) RT (hr) 
Products ( %yield , GLC analysts ) 

1 ‘Tb 0 ’ ct’g-r 

(76) (56) (142) 

2 Th 0 3 o-( v 

(56) (863) 

3 q_L, 0 3 & o”, 

H 

(15) (84) 

2 4 (62) (15) 

4 LL, 0 5 & a 

H 

( 65 ) (35) 

2 4 (94) (51) 

5 rLI 2 3 - r 

( >98 ) 
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Scheme 47 

f- #I-BULi 
- - O_S"B"y-+ 

P 

r- 
oGiiz Li+ 

Ll+ -0 31 -Ho 3 
648 649 650 651 

652 653 654 655 

An Interesting observation of the reactton IS that no cycllsed product can be obtained with 656 

The explanation put forward IS that the secondary carbanlon 658 IS electronically less favourable 

than its pnmary counterpart 657 This reasoning also accounts for the poor yield of cycllsed product 

P- 

R’ 

-pep 

[ 

R’ 
LI R’ 

oPLI x-Jfl 0 
tAoPSnBwj 

656 

OMe 

++ R’ R’ - 
FAOPSnBu3 

659 

L 

cc OASnBu, 

657 658 

a)R=H,R’=n-decyl 

b) R = n-octyl , R’ = ~propyl eq 127 

660 

J 
661 

R=n-hexyl,R’=H (85Q.c~ rrms=131) 

R = n-hay1 , R’ = Me ( 80%. as ,r,zm = 10 1 ) eq 128 

n-Bu mBu 

+ 

eq 129 662 
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In entry 2 of Table 3 Replacrng the allylrc substrtuent wrth good leavrng groups (e g 659, 662), on 

the other hand, leads to smooth cyclrsation as might be expected (equations 128, 129) ‘go 

Srmrlar cychsahon IS also observed with the vrnyllrthrum reagent 667, generated from the 

correspondmg hydrazones (Scheme 48) 191 

Scheme 48 

665 

Me 

3 Wdn 

669 668 

i 
LI 

However, the reaction seems favourable only when n = 2 , when yields of product 669 are 

49-87% Yields are extremely poor when n = 3 Nevertheless, the reaction appears to operate quote 

well wrth open chain substrates (equation 130) 

670 671 672 673 
eq 130 

Apart from the anronrc reactions so far drscussed there are also other recent examples 

whose mechamsm, though not yet certain, could well Involve the same type of amon-mrtrated 

cyclrsation 192 

Soon after basrc research had conclusrvely establrshed the vrabrlrty of intramolecular 

CyCllSatlOn of organolrthrum reagents onto unactrvated olefmtc bonds, dramattc tandem amomc 
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cychsatrons were announced 193 As outlined in Schemes 49 and 50, splro[4 4]nonane 678 and 

functionalized (4 3 3lpropellanes 683 can Indeed be obtamed In quite respectable yrefds v/a tandem 

anionlc cychsatrons 

Scheme 49 

674 675 676 

(84%) 

678 677 

Scheme 50 

679 680 681 682 

Iyield of 683 1 E’ 

McOIi 

MeOD 

CD2 

PhCHO CII(OlI)Ph 80 683 

MeCOMe C(OH)Mq 80 

Br-CH,-CII=CH~ CH2-CH=CI12 82 

CI-StMe3 &Me3 73 

Important features of the above reactions appear to the followrng I) a fast metal-halogen 

exchange at low temperature IS essential for a successful, efficient cyclisation (Iithlum-iodme 
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exchange IS much more effectrve than Irthrum-bromme or Irthrumchlorme),l64 II) the presence of 

TMEDA IS also necessary, III) the reaction favours the 5-exo-trig pathway In the same manner as 

radical cyclrsation and IV) functronalrzation of the fmal amon (cyclrsatron product, e g 682) IS easrly 

accomplished This last feature of the reaction IS good indication that further cyclisatron(s) are 

feasible provided the presence of appropnately placed olefrmc substituents In the molecule It IS 

indeed exciting to watch for the outcome of future development of the reactron and the direction that It 

will take towards complex organic synthesis 
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IV. METAL-PROMOTED CYCLISATIONS 

The explosrve growth of current research tn the area of metal-catalysed reactrons ments a 

comprehenstve review of Its own, this has recently appeared 195-197 Nevertheless, the latest 

developments, especially regarding cyclisatlon reactions, deserve further documentation 

IV.1 Carbon-carbon bond formation 

The most widely used metal-catalysed reactron for C-C bond formatron, the Heck reaction,198 

is used to construct 5- and 6-membered rings with the aid of a Palladium catalyst The dependence of 

reactron pathway on the choice of metal catalyst, base and reaction condttrons permits manipulatrons, 

e g of substrate 684, to yield cyclopentane 686 and/or cyclohexene 688, v/a 5-exo-trig or 6-endo- 

trig cyclisations respectively (eq 131) 

X v A B 

684 

X=halogen 

Metal catalyst -II 72 A 6 

6115 

77 A B 
687 

base ;c 

base =r 

77 A El 

686 

eq 131 

Similar to that observed with radical and anionic cycksations, the 5exo-trig mode seems, In 

general, to be the preferred pathway unless otherwise manoeuvred A good example IS shown in 

Scheme 51 where palladium acetate-catalysed cycksatron of 689 yields a mixture of 693 and 696 in 

a 4 1 ratio, while the reaction of modified substrate 690 gives only 697 199 The rationale for the 

latter behavrour IS that organopalladtum mtermedrate 692 from a 5-exo-trrg cyclrsation of 690 lacks 

the necessary P-hydrogen to ellmrnate to the product Therefore, the reaction IS forced to take the 6- 

endo-trig path v/a 695 to the observed 697 
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Scheme 51 

1 Pd(OAc)z - PP$ , 

689 (R=Me) 

690 (R=H) 

R=Me= 0 

691 (R=Me) 

692 (R=H) 

693 

694 (R=Me) 696 (R=Me) 

695 (R=H) 697 (R=Il) 

A variety of weak bases may be employed for the elrmrnatron of the Pd-H fragment In the last 

step of the Heck reaction Tertiary amrnes, carbonates, bicarbonates or acetates of sodrum or 

potassium are all comparable Charactenstrcally, the Heck reactron IS superror to other metal- 

catalysed cyclrsatrons, as testified by the impressive yields obtarned m the preparation of mdole 

denvatrves shown in equatron 132 Cobalt and Nickel complexes can also serve as catalysts, albert 

wrth much lower efficiency than Palladium 260 

698 

The frustratrng rsomensatron of double bond observed In the products In certarn cases IS only 

recently understood For instance, the cycltsatron of rodo-compound 700 wrth palladrum acetate- 

Pd(OAc)~ (2%). P R=R’=H (97%) 

d3&ci , R=Me.R’=II (81%) 

Dh4F R=COMe,R’=H (90%) 
Base (2 5 eq) 

R = Ii 
e~tlm Na$X+ , NaOAc , Et3N 

,R’=Me (73%) 

699 eq 132 

tnphenylphosphme catalyst produces lactam 702 and its double bond Isomer 704 in a 1 1 ratro 

The latter product IS now belreved to anse from re-addrtron-elrmrnatron of the Pd-H specres to 702 WI 

the rntermedracy of 703 (Scheme 52) This mechanrsm IS consistent with the frndrng that add&Ion of 

silver n&rate to the reactron suppresses double bond rsomensatron, resulting in a 26 1 mrxture (70% 
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yield) of products 702 and 704 The sliver salt probably traps the hydnodlc acid generated In the 

reaction and thus stops re-addition of the Pd-H species to 702 201 Further examples are presented 

in equations 133-135 

Scheme 52 

0 

701 702 

700 

o^ I O 
I/ d J 
705 

704 

702 + 

26 

Pd(OAck-PPh,. 

Et,N, A&‘$. 
cIl,cN 

706 

34 

+/ 

708 

4 

(L) Pi 

703 

704 

1 (70%) 

# *some, 

1 (71%) eq 133 

1 (83%) eq 134 



Cyclisanon re.acuons 1463 

Ii 
CQoMe CWMe 

Pd(OAch - PPh3, + f tscmer 
Et3N.ABNO3. 

cH3cN 

709 710 

19 

Apart from the syntheses of heterocycllc compounds, 

versatlllty m the construction of various fused, bridged 

1 (74%) eq 135 

the Heck reactton also offers great 

and splrofused carboblcycltc and 

carbopolycycllc compounds, with the use of a variety of palladium catalysts e g Pd(PPhg)g, Pd(OAc)z 

or Pd(OAc)z-PPhg (eq 136-140) 

COOMe 

@xl 
COOMe 

# tsmne1 

711 712 

30 
201 

1 (86%) eq 136 

COOEI I cool3 

CD + - 
n-Bu Q ‘I # wxtler 

*BLi 

713 714 

4 
202 

1 (86%) eq 137 

mHex 

a&Hex •t # *somer 

715 716 

9 
202 

1 (70%) eq 138 

EtOOC COOEt 

718 
203 

1 (91%) eq 139 
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? 
I 

c+i 
719 

C THEBTARANONTH and Y 

H 

THEBTARAN0NTH 

Pd(OAch . 

n-By&i , KOAc.. 

Ql 

’ 
+ # tsomer 

H 

OH 
720 

203 
28 1 (61%) eq 140 

The problems of reduced regloselectwlty and double bond lsomensatlon in the Heck reaction 

can be controlled by the IncorporatIon of an a$-unsaturated carbonyl group Palladium-catalysed 

cyclisations of alkenyl and aryl halides containing appropriately placed a&unsaturated carbonyl 

groups are highly regloselectwe (eq 141-145) and formation of exocycllc double bonds in the 

products are also stereoselective (eq 144, 145) 204 

Ap- 
CWMe 

Mu I 

721 

COOMe 

723 

725 

LooMe 
727 

COOMe 

729 

Pd(OAch - PPh, , 

NaIKO, , DhfF 

n-Bu 

bOOMe (63%) 

722 

COOMe 

MeOCC (65%) 

724 

0 (68%) 

726 

728 eq 144 

eq 141 

eq 142 

eq 143 

eq 145 
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Pnor to ellmmatlon to product, the advanced Intermediate 733 in the Heck reactlon may 

be captured by hydride or other anions according to a recently proposed mechanism shown In 

Scheme 53 205 

Scheme 53 

(-$ pdo_ (-J$(L,x -_ & 
Pd(L)X 

731 732 733 

IE Y- 

Pd(o) + dTy - ckpd(L)y 
735 734 

The tandem cyclisatlon-anion capture process shown above WIII predlctably become a 

valuable methodology in future organic synthesis The reaction IS conducted with a catalyst 

composed of 10 mol % palladium acetate and 20 mol % tnphenylphosphme In acetonltnle, and with 

the addition of plpendlne (4 mol) and formic acid (3 mol) which provide the base and hydride Ion 

source (eq 146, 147) 205 Besides plpendlne-formic acid, organotln compounds can also be used to 

capture the intermediate palladium complex (eq 148, 149) 206 With z-allylpalladium IntermedIates 

such as 743 or 745, organotln adds In conjugate addltlon fashion to yield products 744 or 746 

respectively (eq 150, 151) 206 

R 

I d :I 

&Ae 

736 

Pd(OAch - PPh3, 

Q , HCOOH 

IY 

R 

PdfOAc), _ PPb , 

I 
R=H.Me 

6OMe (40-60%) 

737 

‘Me R=Il. C&N1 

0 (60-704) 

739 

eq 146 

eq 147 



1466 C THEBTARAN~NTH andY THEBTARANONTH 

Pd(OAcb-PPh3. 
I. 

Le 
I 

R=II,Me,SLMe3 

,-I \-, T Br 

743 

Meooc COOMe 

% 

Br 

745 

Pd(OA&-PPhl. 

Pd(OAc), - Pl’h3 , 

I ICI, CII$ N 

n Bu3SnA 

I'~~OAC)~- PI’q , 
I, 

IX!1 , CIIJCN , 

n-Bu3Sn- 

eq 148 

(63%) 

742 eq 149 

--I \-, 5? - (60%) 

744 

(60%) 

cq 150 

746 eq 151 

Rmg formatron vra palladtum-catalysed displacement of halide from aromatlc substrates as 

shown In Scheme 54 *07 IS essenhally the same type of reactIon as dlscussed above Here the 

Intermediate palladium complex IS intramolecularly captured by stablllsed enolate 749 to give 750, 

and subsequently 751 Although yields are moderate, the reactlon provides a beautiful access to 

splrostructures such as 753 

A related reaction IS the palladrum-catalysed 4-exo-tng cycllsatlon of geometrically isomeric 

bromostannanes 755 and 758 206 to products 756 and 759 respectively (eq 152, 153) *og The 

startmg bromostannanes can be regro- and stereospecrflcally prepared by deprotonatlon and 

alkylatlon of the corresponding vlnylstannanes 754 and 757 206 The reaction provides a very good 

general method for the preparation of 1,2-dralkylldenecyclobutanes 
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Scheme 54 

EW EW 

EW 

X = halogen 

!? s 
EW =CN.C-R,C-OR 

-(CH,),+CO- 

Me 751 

752 753 

pa) 

COOEI 
COOEI 

COOEt 

154 755 (72-91%) 756 (70-95%) eq 152 

COOEI Br 
MesSn 

A 

(I’l’h,)#d , 

DMI X0’ 

COOEI 
COOEI 

R R 

757 758 (74-89%) 759 (70-95%) eq 153 

R = Me, C112-Cl12-O-CH2-OMe, Ct12-C112-C112-OS~Me2 
t 

Metal-catalysed cycllsatlons of dtenes, dlynes, enynes and enallenes (as represented In 

equations 154-157) have been widely studled Numerous examples employing an assortment of 

metal complexes have been reported and form the subject of recent reviews 195t196 Nevertheless, 

due to its Immense synthetic potential, the reactlon continues to stimulate research and new 
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drscovenes are constantly bemg reported These deserve mentton even though some reaction 

mechanisms are still unclear 

760 

162 

764 

766 

761 

R 

763 

R 

+ 

765 

9 / 

767 

eq 154 

eq 155 

763 eq 156 

eq 157 

Heating ally1 acetate 768 at 118’C In acetic acid with Pd(dba)2-PPh3 ytelds the ” palladium- 

ene ” p-elimination product 771, probably vra intermediates 769 and 770 Removing the stenc 

interaction between sulphone and palladium moieties inherent in transition state 769 enables the 

reaction to proceed more efficiently under less severe conditions Thus substrate 772 undergoes a 

reglo- and stereocontrolled cyckation at 80°C to give product 773 m very high yield 210 It should 

be noted that these reactions are, in fact, analogous to the ” magnesium-ene cycllsatlon ” reported 

/\ Q 
02s SOS 

0 
Pd(dbah-PPhs , 

AcOH. 11S”,8hr 

OAc 

768 769 771 (66% ) 

eq 1.58 
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eq 159 

several years ago 211 

A slmllar reactlon mvolvmg the Ir-allylpalladium intermediate IS the cyclisatlon of isomenc 774 

and 775 to give 776 The overall transformation IS nng formatlon with migration of the acetate group 

as depicted in Scheme 55 The geometry of the double bond In the startmg matenal apparently has 

no influence on either the yield (62-63%) or the stereochemlstry of product (frans CIS = 1 4 1) High 

dlasteroselectWy IS observed in certain cases, e g equation 160 

Scheme 55 

Pd*(dba), . CIICI, , 

CII$N ) LlOAC ) 
AcOII. reflux 

(62%) 

OAc Pd2(dbah l CIICI, , ( 

CII&!N , LlOhC , 
AcOH rellux 

tr(In.s tu = 14 1 (63%) 

774 776 775 

A”$0 Ph 
2 2 

- 4;:’ (5’6%) 

2 

781 782 eq 160 

Reductive catalytic cyclisation of dlynes to dlalkylldenecycloalkanes using metal catalysts such 

as low valent tltanlum and/or zlrconlum complexes are known 195 Recently Trost has developed an 

alternative catalyttc system to accomplish the reductive transformation The newly introduced method 

IS effective with a variety of substrates, givmg moderate to excellent yields as exemplified In 

equations 161-163 
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0 

CT 

COO’C3H, Pdl(dbah l CHCl3 (2 5 mol%) , 

trt-o-tolylphasphme (10 mol%) . 
“‘* COt&H, 

- 
AcOH (200 moWi), 

= Et+11 m benzene (excess) 

25 mm 

783 

TBDMSO 

&J 

15 mm 
)_ 

785 

OTSDMS 

& 

COOMe 

COOMe 
/ 

0 ’ 

787 

‘C,H,OOC COO’C3H7 
g 

)1 

OYO az (51%) 

784 eq 161 

Ohk 

TBDMSO 

ch (86%) 

786 eq 162 

OlBDMS 

788 eq 163 

The problematic cycllsatlon of the enyne system (cf equatton 156), catalysed by mckel- 

chromium complex (PPh3)2NICl2-CrCl2, generally affords low yields of product consistently 

accompanied by polymensed material The difficulty IS now overcome by using catalyst on a polymer 

support [@-drphenylphosphmopolystyrene)NClz-CrCl2] with enhanced catalytic activity The yields 

of the reaction shown In equations 164-166 are much improved by this method, now considered 

useful in the realm of cycltsatlons 214 

789 

cm 

(PhzP-p-polystyrene)Nfl2_CrC12, 

THFEtOH 

n=l (82%) 

n=2 (60%) 

eq 164 

(Ph*P-p-polystyrene)NIC12_CrC12 , 
nil- Ctoll 

792 eq 165 
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(Ph2P-p_polystyrene)NIC12_CrCIZ , 

THF-EEoH 

793 794 eq 166 

The polymer support catalyst system functions well also with enallene substrates (see equation 

157) As demonstrated In equations 167-171, product yields are respectable and several advantages 

are apparent first, good to excellent dlastereoselectlvlty IS obtained, second, it IS allowable for the 

allene and/or alkene functions to occupy tertiary or quarternary carbon sites, and third, a free hydroxy 

group a- to the allene or alkene poses no problem to cycllsatlon 215 

195 196 197 

R = Ii , K’ = COOMe (80%) 

R=OII .R’=Me 3 1 (55%) 

R = OSIMQ , R’ = Me >99 1 
t 

(78%) 

& - 3 (72%) 

798 799 eq 168 

800 

803 804 805 

eq 167 

L&P++ 

801 802 

10 1 (78%) eq 169 
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Me Me lie 
806 807 808 

15 1 (86%) eq 171 

Besldes palladium, several other metals are used to catalyse cyclrsatron reactrons A new 

example reports usrng trtanrum chlonde as a catalyst for effectrng tandem cross aldol condensatlon- 

cyclrsation The reaction constrtutes a novel synthesis of c 

173) 2’6 

/cyck aromatlc hydrocarbons (eq 172, 

809 810 811 812 eq 172 

810 
TQ R=II (65%) 

R=Me (62%) 

813 814 eq 173 

IV.2 Carbon-heteroatom bond formation 

Synthesis of heterocyclic compounds 

Stlver, mercury and palladrum salts enjoy popular use as metal catalysts for cyckatrons 

involvmg carbon-heteroatom bond formation The srlver tetrafluoroborate-catalysed rrng closure 

between mtrogen and the allemc function in oxime 815 may, dependrng upon chain length, yield 

either drhydrooxazepme 816, 217G2t6 or vinyl nrtrone 817, 219 from respectrve endo- or exa- modes 

of reaction 

Application of this same catalyst system to allemc amme 818 results In pyrrolldlnes 819 and 

820 Interestingly, if R f H, the c/s-product 819 predommates overwhelmrngly and rn high 

ylr&j220,221 
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116 

cq 174 

EIOOC”” 

k k 

818 819 820 

R = S02eMc >SO 1 (100%) 

= Cl IzI’h >50 I (93%) 

= coo’ uu >50 1 (70%) 

= H 1 1 (60%) cq 175 

The dlfflcult-to-predict reglo- and stereochemlstry of the reactlon shown In equation 175 are 

influenced by several factors such as catalyst, substrate nature and reaction condltlons (kinetically or 

thermodynamically controlled) For Instance, the amldomercuration of 821 or Harding cyclisatlon 

Me ‘04 & 

LOR 

821 822 

R = Me , OMe , OEt , OCH21’h >70% eq 176 

R R R 

d 0 ~~gow, 0 

r+i II) NaRtL, <Y 
‘m, h + 

(3 Me 

ko~Ptl kK+Ph Lo~Ph 

823 824 825 

K=Mc 3 1 

= CllMcz >19 1 

= I’h >I9 1 cq 177 
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reported In 1981 222 IS both reglospeclflc and stereospecific, gtvtng 822 as the sole product In high 

yield (eq 176) The reachon has even led to the synthesis of the valuable optically active 2,5- 

dlmethylpyrrolldme 223 Analogous amldomercuratlon of substrate 823, although not stereospecific, 

still yields predominantly the trans-product (eq 177) 224 

On the other hand, substrate 826, In complete contrast to the almost identical 823, undergoes 

the amrdomercuration reaction in both endo- and exe- fashion to give, respectively, products 828 and 

827 in a 1 4 ratio (60%) The explanation put forward IS that the oxygen atom presence in the 

cyclising chain destabllises the carbocatlon character at the position j3 to itself, forcing nng closure to 

occur at the alternatlve ypositlon in an endo- fashion to yield 828 (eq 178) Support for this rationale 

IS provided by the observations shown In equation 179 When substrate 829 or 830, which has 

balanced oxygen presence at both terminl of the double bond, IS subjected to cyclisatlon followed by 

reduction with borohydnde, only oxazolidme 831 from exe-cyclisation IS obtained 226 

1) IIg(0 l-I-/Q - 
Me II) NaI311,, 

0-Ph 
0 WN4k 

k30-Ph 

II) NaUIb 

829 Z 83 1 ( 65% from 829 ) 

830 E (81% from 830) cq 179 

827 828 

1 4 (60%) cq 178 

& 0-Ph 

kXInPh 

Although more Information IS obviously needed for a full understandmg of the 

amldomercuratlon reaction, the above examples nevertheless help shed light on the regioselective 

nature of the reaction Meanwhile, regarding stereoselectivity, Harding has re-examined the reaction 

shown in equation 176 and dlscovered that It can be controlled to yield mainly the reverse 

stereoisomer by simple manipulations of reaction conditions Thus treatment of 821 with mercuric 

tnfluoroacetate m nitromethane for 9 days followed by reduchon with borohydrlde leads 

predominantly to the c/s-isomer 835 226 This stereochemical puzzle has been disentangled through 
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detailed mechanlstlc studres In short, stereoselectlve amldomercuratlon of Salkenylcarbamate (e g 

821, R = OCH2Ph) requires conditions which do not lead to equlllbratlon (e g Hg(OAc)2 In THF), 

otherwise the thermodynamlcally more favourable (c/s) product WIII predominate (e g Hg(OTFA)2 In 

nitromethane) As shown in Scheme 56, ki > k2 and the inltlal reaction results pnncipally in the 

formation of trans-mercuratlon mtermedlate 833 which yields Vans-product 822 upon reduction 

However, when 833 IS left to equlllbrate, a mixture conslstmg of 7 3 of CIS trans isomers (834 

833) IS eventually obtained In a similar study, the homologous &-alkenylcarbamates also exhibit 

slmllar behaviour 226,227 

Scheme 56 

As regards ring-closure with heteroatom nucleophlles that mvolve n-allylpalladlum complexes, 

836 837 
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0 
842 843 

n-Bu.,NCI , I-RN% , DMF 
841 eq 181 

there are reports of recent applrcatrons rn the syntheses of cyckc vinyl ethers228 and vinyl 

lactones3339330 as outlined in equations 180 and 181 respectively 

Examples of reactions of the type depicted in equation 180 are shown In Table 4 The smaller 

ring ether is preferentially formed in all cases except In entry 1, where strarned oxetane nng formatron 

is unfavourable The high stereoselectrvrty observed with five-membered ring products (entnes l-3) IS 

noteworthy 

Table 4 Cyclrsatron of drolacetates using Pdn(dba)s . CHCls-PPhs as catalyst system 

mtry Starting material Product %yield Dlastereomeric ratio 

OH OAc HO 

1 HO& b-H 95 91 9 

2 w&‘+ w& 86 loo 0 

OAc 

Due to techmcal lrmrtatrons In their preparahons, vinyl mercurrals 840 22g have been 

superseded by vinyl halides 841 330 as substrates in the syntheses of vmyl lactones according to 

equation 181 The reaction works well in the preparatron of yvinyl-ybutyrolactones 
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Synthesls of mono- and blcycllc plactams 

The synthesis of plactams continues to be a favounte excerclse In synthetic orgamc chemistry 

New syntheses are constantly being reported and reviewed 23’ A current synthesis of carbapenems 

utilizes silver-medlated cyclisatlon of 4-allenylazetldmones 844 (eq 182) The reaction proceeds 

very smoothly with terminal allenes 844a and 844b, requlnng as little as 0 1 equivalent of the silver 

catalyst However, formation of nitrogen-carbon bond In allenes 844~ - 844e IS slower, and a 

minimum of 0 5 - 1 equivalent of silver tetrafluoroborate IS necessary 232 

845 846 

Umstcrcomeric ratio %jield 

a) R’= R2= R3z II 15 

h) R’= Me, R2= R3= II 70 

c) R’= II , R2, R3= II, Me 1 2 65 

d) R’= Me , R2. R3= H , Me 1 28 62 

e) R’= H , R2. R3= Me, n-Bu 1 22 58 eq 182 

The above reaction IS also catalysed by palladium This catalyst offers the added advantage of 

further functlonallzatlon capture of the palladium IntermedIate with electrophlles, e g an activated 

alkene, yields functlonallzed carbapenems 849 (eq 183) 233 This method IS a useful variation of the 

former synthesis of carbapenems reported in 1986 234 

a49 

EW %yteld 

COOEt 46 

COMe 46 

CHO 40 

CN 53 (31EIZ) 

eq 183 
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The discovery of monocycllc P-lactam nocardlcm A and B In 1976 235 sparked off Interest In 

their syntheses A general method widely used to construct the P-lactam nucleus IS the [2 + 2]- 

cycloaddltlon reaction between ketene (generated m srtu from acid chloride) and imine 236 A recent 

synthesls,237#238 involving metal catalysed cyclisation, reports the photolysis of imine with 

chromium-carbene complex 850 as illustrated in Scheme 57 The reaction mechanism237 IS 

believed to involve the intermediate chromium-coordinated ketene 854 which IS attacked by the 

imine to result in plactam 856 The reaction IS applicable to the synthesis of both mono- and blcycllc 

Plactams and IS far superior to the conventional method of using free ketene The intermediate 

Scheme 57 

,co)&~x + v R3 X 

hu_ 
(CO)F-(X 

Y 
N\R1 

[ 

l)y - Fw4c 

i 
Q Y 

0 0 

850 851 852 853 

j-r; - [_~4c~jfR3 - (CO)4Cr- xy.:yI 
856 

R’ 
855 854 851 

857 858 859 858 

(CO),Cr=( 

N&p 

+ 858 
H 

861 

hu 
CII3CN 

860 

(6-1340, >98% ee ) eq 184 

coorvk 
862 

( 93%. >98% ee ) eq 185 
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chromium-coordinated ketenes 853 and 854 advantageously eliminate problems normally 

associated with free ketenes, e g dimensahon, hence overall yields are much improved The same 

stereochemistry prevails in the photolytlc reaction (eq 185)237 as In the reaction of free ketene with 

lmme (eq 184) 239 

IV.3 Multiple bond formation 

Similar to cationic, radical and anionic cyclisation reactions, metal-catalysed tandem 

cyclisations can be effected to create multiple bonds in one single operation Sultable catalysts are 

the palladium complexes which have been reviewed up to early 1986 240 

The latest advances in metal-promoted tandem cycllsations include the synthesis of [3 3 31 

propellanes 865 as illustrated in equation 186 241 Comparative studies show palladium to be 

distinctly superior to nickel complexes as a catalyst system for the reaction, furnlshmg an exceedingly 

high yield of propellane 

864 865 

X Catalyst ?&yield 

II PdClyPPh3, DIBAH 74 

COOEt PdClz-PPh3, DIBAH 98 

COOEt Nl(oodh-PPh3 74 eq 186 

Another example IS the tandem Heck reaction of 866, in which Spiro product 869 IS formed v/a 

double cycllsatlon (eq 187) 242 Again the use of silver salt as trappmg agent for hydnodlc acid IS 

practised (cf Scheme 52) 

Substrate 870 provides a good example of a more complex situation Several reaction paths 

were anticipated, with 874, 876 and 877 as possible products The actual results are shown in 

Scheme 58 
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r 
/ 

PW 1 

867 868 869 

n=l 86% 

#I=2 85% 

eq 187 

Scheme 58 

r Path a 

1 

w / ” 

871 L 

Path a’* 
I @-J 

WMn 'H 

876 

870 e&-J _ & 
(CH& Pd(L) (CH2)n 

872 a77 

n=l , yrelded 874 + 877 ( 1 7 1 ,68X1 ) 
n = 2 , yzelded 874 + 876 ( I 3 1 (90% ) 

The double cyclrsatron of allyloxybenzoyl chlonde 878, catalysed by samanum drrodrde as 

shown In the last Scheme (Scheme 59) IS extremely fast, gomg to completion wrthrn one minute, 

givrng a moderate yield of 879 It IS still unclear whether the reactron operates vra acyl radical 880 

(cf Scheme 29) or carbene complex 885 Whatever the mechanrsm, this reachon IS exceedmgly 

attractlve and looks promisingly useful for the constructlon of other molecular structures apart from 

879 
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0 

d =’ oy Fe 

878 

2 S& . THF 

RT ,lmm 

879 

I&l&H 51% 

R’= Me, R2= H 54% 

R’= H , R2= Me 57% (exe en&J=lOl) 

4 

ki 
880 881 882 883 

I 
I 
I I 0 I OSml2 t I : I 
--& ___* _____’ 

I32 R2 

884 885 
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CONCLUSION 

Recent developments m cycksahon reactrons that mvolve cahomc, radical and aniomc 

Intermediates, as well as those catalysed by metal complexes are compiled in the report In each 

area we fmd significant advances ranging from modrfrcations of known reactions to drscovenes of new 

reagents and methodologies Under this active atmosphere, therefore, we can probably expect to 

witness new and excrtmg cycllsatrons for years to come 
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