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Foreword 

This new volume contains the original chapter on ‘The synthesis of lactones and lactams’ 
by Professors J.  F. Wolfe and M. A. Ogliaruso, which appeared in 1979 in Supplement 
B: The chemistry of acid deriuatiues. To this original chapter, the same two authors have 
added an appendix of about three times the size, albeit the period discussed in the 
appendix is less than ten years. This situation is similar in the Update volume on the 
Synthesis of carboxylic acids, esters and their derivatives, also by the same two authors. 

We would be very grateful to our readers if they would bring to our attention omissions 
or mistakes in this or in any of the other volumes of the series. 

Jerusalem 
July 1992 

SAUL PATAI 
Zvr RAPPOPORT 
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Preface 

Because of the importance of lactones and especially lactams as starting materials for 
the preparation of a large range of antibacterial agents, methods of synthesis and inter- 
conversions of these functional groups are of great significance to a large group of 
practicing organic chemists. Because of this, and in order to provide the series, The 
Chemistry of Functional Groups, with a single source of information on general methods 
for the synthesis of lactones and lactams, a chapter on the synthesis of lactones and 
lactams was authored and appeared in Supplement B: The Chemistry of Acid 
Deriuafiues, Chapter 19, pp. 1063-1330. That chapter contained descriptions of the most 
common methods for the synthesis of lactones and lactams, with emphasis on preparative 
techniques that appeared in the primary literature during the period 1967 through 1976. 

The present monograph volume on the synthesis of lactones and lactams is our 
response to an invitation from the Editors and publishers of the 'Functional Groups' 
series of books to combine the material contained in the original chapter with new 
methodology from the literature for the period 1976 to the present. The format for this 
combination consists of the original text as published in 1979, along with an up-to-date 
Appendix containing the newer material in the same format as used earlier. 

This monograph is designed for the practicing chemist who seeks a convenient, single 
source for synthetic methods leading to lactones and lactams. An attempt has been made 
to include sufficient detail and examples of typical preparations to allow the reader to 
make a rational choice from among several alternative methods. Obviously there will 
be synthetic procedures that have not been included or that have been given only cursory 
attention, but it is sincerely hoped that what has been included will be of help and 
interest to our  colleagues in the international organic chemistry community. 

Deep gratitude is expressed to the Department of Chemistry at Virginia Polytechnic 
Institute, while sincere appreciation Is extended to Marion Bradley Via, without whose 
generosity this project would not have been possible. 

Blacksburg, 
Virginia 
1992 
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I .  INTRODUCTION 

This chapter is devoted to a discussion of recent developments in the synthesis of 
lactones and lactams, and is meant  t o  supplement our earlier chapter in this volume 
dealing with the  synthesis of carboxylic acids and their  acyclic derivatives 
(Chapter 7).  

The primary literature surveyed for  this review consists mainly o f  articles listed 
in Chemical Absfructs f rom 1966 through mid-1976. In order  t o  treat  topics which 
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have not been reviewed before, and to  lend continuity and chronological perspec- 
tive to  certain sections, a number of references which appeared prior t o  1966 are 
also included. 

Although we have not attempted t o  make this chapter encyclopaedic, we hope 
that the  numerous lactone and lactam preparations presented in tabular form will 
be helpful to  practitioners of  the fine art of organic synthesis in spite of inevitable, 
but unintentional, omissions. 

11.  SYNTHESIS OF LACTONES 

The first extensive review of lactones covered the synthesis and reactions of 
p-lactones, and was published in 1954 by Zaugg' . A review? in 1963, while not 
Concerned with lactones per se: discusses many reactions which d o  give rise t o  
lactones. In 1964 three reviews appeared: the first, by Etienne and Fischerj , was on  
the preparation, reactions, etc. of p-lactones; the second, by Rao4, was on  the 
chemistry of butenolides; and the third, by Ansell and Palmers discussed the 
cyclization of olefinic acids t o  ketones and lactones. In 1967 and 1968 three 
reviews appeared which discussed the synthesis of 2-pyrone6, the preparation of 
macrocyclic ketones and lactones from polyacetylenic compounds7, and the syn- 
thesis of  substituted lactones, their odour and some transformations*. A review in 
1972 discussed the preparation, properties and polymerization of p-lactones, E-cap- 
rolactone and lactides9, and another reported on  the preparation, properties and 
polymerization of hydroxy acids and lactones'O. The synthesis of amethylene 
lactones was reviewed" in 1975, while in 1976 Rao reportedIZ on  recent advances 
in the chemistry of  unsaturated lactones. 

Because of the large number and variety of reviews published on all aspects of 
lactone preparation, this section will mainly be concerned with discussion of newer 
methods of lactone preparation along with selected recent applications o f  tradi- 
tional synthetic methods. 

A. By Intramolecular Cyclization of Hydroxy Acids, Hydroxy Acid Derivatives and 

Numerous hydroxy acids, hydroxy esters and hydroxylated acid derivatives can be 
converted t o  lactones by intramolecular reactions similar to  those employed in the 
synthesis of  acyclic esters. Acids containing enolizable carbonyl functions can also 
serve as useful lactone precursors. 

Acid-catalysed cyclization of hydroxy acids comprises a widely used procedure 
for lactone formation. Examples of intramolecular acid-catalysed condensations 
yielding y- and E-lactones are the reaction of sodium o-hydroxymethylbenzoate 
with concentrated hydrochloric acid, which affordsI3 a 67-7 1% yield of phthalide 
(equation l ) ,  and cyclization' of (R)<+)-6-hydroxy4-methylhexanoic acid and 

Related Compounds 

(R)-(+)-6-hydroxy-3-methylhexanoic acid to  (R)-(+)-y-methyl-E-caprolactone (35%) 
and (R)-(-)-/3-methyl-a-caprolactone (59%), respectively (equation 2). Similarly D- 
gulonic-y-lactone has been prepared from gulonic acid' 5 .  
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Meb CHzOH 
C-OH 

0 
II 

Me 

The most popular acidic reagent for effecting direct cyclization of hydroxy acids 
appears to  be p-toluenesulphonic acid in a variety of solvents' 6-22 (Table 1). 

The direct cpl izat ion of P-hydroxy acids with benzenesulphonyl chloride in 
pyridine at 0-5 C (equation 3) has been shown to be a general reaction for the 

El - R=' 0 0 
- - = II II 

I I  ' R3-c-0 

R2*E-C 
-CgHgSO 3 H 

RZ-C-C 
CgHgS02CI 

R~WC-COOH - 
- - - - 

~ 3 - c - o ~  R4 - - - - I C5H5N !R3+"..H5] 

R4 (3) 

formation of  tri- and tetra-substituted f3-lactones in high yields (Table 2 ) .  During 
these investigations it was observed that hydroxy acids 1, 2 and 3 afforded olefins 
rather than lactones upon treatment with benzenesulphonyl chloride. Although no 
explanation was advanced for the absence of lactone formation from 1 o r  2, the  

(1) 
(Ref. 26) 

HOOC HO 

DLb 
(2) 

(Ref. 26) 

R' = H, H, H, H 

R z  = H, H, H, H 

R3 = Ph, PhCH2, Et, i-Pr 

R4 = Ph. Ph. Ph, Ph 

(3) 
(Ref. 25) 

preferred linear dehydration of  acids 3 was explainedZ in terms of  the absence of 
substituents at the P-carbon of  the hydroxy acid, a structural feature which is 
essential for cyclization. 

Stereoselective cyclizations of hydroxy acids to  trisubstituted p-lactones have 
been reported using methanesulphonyl chlorideZ7 - For example, the diastereomers 
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1. The synthesis of lactones and lactams 9 

o f  a-methyl-a*-butyl-P-hydroxyheptanoic acid afford the corresponding P-lactones. 
These lactonizations proceed through formation of intermediate mesyl derivatives, 
which then undergo internal nucleophilic displacement by the carboxylate group 
(Scheme 1). 

n-Bu H$: n-Bu 

MeSO2CI I 

0 

n-Bu. H&e 

n-BU 

COOH 

n-Bu Ho*:e 

n-$u 

n-Bu 

n-8u 

II 

n-Eu o$:e n-Bu 

SCHEME 1. 

The reaction of hydroxy acids with sodium acetate in acetic anhydride-benzene 
mixtures is a very effective method of lactonization, which has been used by 
Woodward and coworkers2* in the total synthesis of  reserpine (equation 4), and by 

HOOC u 
64% 

HOOC 
H 

NaOAc, (MeC0120 

C6H6, hmt, 2h 

66% 
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41% 

lMeC0120, xylene 

heat 
P 

H 

OMe 
(Ref. 28) 

Meinwald and FrauenglassZ9 for the synthesis of various bicyclic lactones (equa- 
tions 8 and 9). 

(MeC0)ZO. k H 6  NaOAc + *o (Ref. 291 (8) 

35% 

Cl ip  COO H 

(MeC0)20. Na0P.c (Ref. 29) (9) h CHpOH C6H6 

36% 

N,N'-Dicyclohexylcarbodiimide (DCCD) is also an effective reagent for lactone 
formation from hydroxy acids' y 3  0-3 

Reaction of 3,4dimethoxyphenylacetic acid with formalin in the presence of  
acetic acid and aqueous hydrochloric acid affords 6,7dimethoxy-3-isochromanone 
(equation 10) in a process which may be regarded as an in situ formation and 
cyclization of a hydroxy acid3 9 3 4  

as illustrated in Table 3. 

Lactones can be prepared by acid-catalysed cyclization of hydroxy esters, as 
shown by the reaction of the methyl or ethyl esters of y-allcyl-y-carboethoxy- 
8-hydroxyhexanoic acids with metaphosphoric acid to afford3 the expected 
&lactones in 95-9976 yield (equation 11) .  

Intramolecular acidcatalysed cyclization of y-hydroxy esters has been found 
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TABLE 3. Lactonization of hydroxy acids by DCCD 

Hydroxy acid Product Yield (7%) Reference 

H 

55--86 16 
OH 0 

COOEt COOEt 

(11) 
I Hm3 

MeCHCCH2CHzCOOR' - 
Me 

I 1  
OH R2 

R' = Me, Et 

R2 = Et, n-Pr, n-Bu, CH2CH2CH(Me)2 

useful in the preparation o f  bicyclic lactones. Thus, reaction of diethyl A4-cycp- 
hexene-cis-l,2dicarboxylate oxide with dilute aqueous sulphuric acid at  40-50 C 
gave36 a 73% yield of diethyl ~runs-4,5dihydroxycyclohexane-cis-l,2- 
dicarboxylate, which upon partial acid hydrolysis a t  8OoC afforded the bicyclic 
lactone shown in equation (12). 

COOEt 
"1 HO///// 

COOEt 

40-5OoC (12) 
- 

HO 
I/ '0 
0 

a -  A\\\ 

Qq, 
COOEt 

Sulphuric acid-catalysed lactonization of cis- and trans-N-(carboxymethyl)-4- 
phenyl-4-ethylpyrrolidin-3+1~, as well as their corresponding methyl and ethyl 
esters o r  their 3-acetates, all afforded3 the bicyclic lactone, 6-phenyldethyl- l -  
aza-4-oxabicyclo[3.2.1] octane-3-one (equation 13). The fact that the same lactone 
was obtained from either the  cis o r  fruns compounds, indicates that the probable 
mechanism for this transformation involves initial protonation o f  the C(3)-OH or  
43R function with subsequent elimination of water o r  alcohol t o  create a positive 
centre at C(3), followed by intramolecular nucleophilic attack by the carbonyl as 
shown in equation (14). 

The use of  boron trifluoride-etherate for direct lactonization of hydroxy esters 
is demonstrated by reaction of methyl 4-hydroxy-6-phenylhex-5en-1-yne- 
1-carboxylate to  give t h e  lactone of 4-hydroxy-2,2dimethoxydphenylhenylhex- 
5-en-l-carboxylic acid, which upon heating at 15OoC afforded3840 (?)- 
kawain (4), a constituent of  the kawa root (equation 15)4 1-44. Hydroxy esters can 
also be converted to  lactones by means of DCCD (equations 16 and 1 7)28 l4 s. 
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I 
CH2COOR2 

R' = R2 = H 

R1 = H; R2  = Me 

R' = H; R2  = Et 

R' = COMe; R2  = Me 

Me0 OMe 
OH 
I BF,--HgO 

PhCH=CHCHCH2CECCOOMe M~OH 
PhCH=CH 

OMe 

1 5OoC - (15) 

OCCO, (y"... (Ref. 45) (16) 

In some instances of lactone synthesis from hydroxy esters, the ester function is 
first saponified, and subsequent acidification leads to lactone formation. Such a 
procedure has been employed in an alternative synthesis of ( + ) - k a ~ a i n ~ * > ~ ~  as 
shown in equation ( 18). The synthesis of P-carboxy-y-tridecyl-y-butyrolactone is 
accomplished in a similar fashion (equation 19)47. 

In general, uncatalysed thermal lactonization of hydroxy esters tends to give 
significant amounts of polymeric material. For example, distillation of a series of 
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OH 

6Me 

(Ref. 28) 

OH 0 
I I1 1. NaOH 

PhHC=CHCHCH2CCH$OOMe A 4 (181 
C H Z N 2  a0 MeOH-ether’ 2.  H+ PhHC=CH 

HOOC 
OH L 

(19) 
I 1. KOH-MeOH 

2. H+ 
Me(CH2112CHCHCH2COOMe 

I 
COOMe 

ethyl a-alkyl-8-hydroxyhexanoates affords a mixture of unidentified polymers. 
However, depolymerization of this mixture by distillation in the presence of 
concentrated sulphuric acid or phosphoric acid produces the corresponding a-alkyl- 
8-hydroxyhexanoic acid lactones in good yields (equation 20)4 

OH A 
R = Et, Pr. n-Bu,  i-Bu, i-amvl (201 

Corey and N i c o l a o ~ ~ ~  have recently reported an ingenious method for lactone 
synthesis in which o-hydroxy carboxylic acids are first converted t o  o-hydroxy-2- 
pyridinethiol esters, which subsequently undergo facile thermal lactonization (equa- 
tions 21 and 22). This appears to be one of the most general methods for large-ring 
lactone synthesis currently available. 

Conversion of a,a-dialkyl-fl-hydroxy acids to 4-oxo-1,3-dioxanes by reaction 
with methyl orthopropionate followed by heating these compounds at 150-200°C 
affords p-lactones in good yields via a proposed concerted mechanism (equa- 
tion 23)’O. 

Reaction of ethyl 1-hydroxymethylcyclopropanecarboxylate with zinc bromide 
in 48% hydrobromic acid results in cyclopropane ring enlargement to afford 
amethylene-y-butyrolactone in 25% yield (equation 24)51. Reaction (25) and 
(26) provided similar results5’. This rearrangement has also been observed with 
cyclopropylmethyl methyl ethers and cyclopropylmethyl bromides (equations 27 
and 28)5’. 

The conversion of y- or 6-keto acids to enol lactones is a well-known process, 
illustrated here by the synthesisSZ of the enol lactone of 1,4,4-trimethylcyclo- 
hexane-boneacetic acid (equation 29). 
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n Solvent Reflux time (h) Isolated yield (%) 

C6H6 10 71 
I Me,C,H, 30 8 

10 Me,C,H, 20 47 
11 Me,C,H, 10 66 
12 Me,C,H, 10 68 
14 Me,C,H, 10 80 

1 .  (CSH~N-S), 

2. CsH6. reflux 
THPO 3. HOAc. H20,THF 

THP = tetrahydropyranyl 

R RxcooH + (MeO)$-Et - 50-100°C .$.x.' 150-2OO0C, "b0 (23) 

R CH2OH R 0 Me 

R = Me, 87% 

R = Et, 84% 

Trea ment of 2-carboethoxymethyl-2-methylcyclohexane-l,3di ne with poly- 
phosphoric acid (equation 30) results in ring-opening, followed by ring-closure to 
form lactone 6 ,  presumably by isomerization of intermediate enol lactone S S 3 .  
When the analogous 2-carboethoxymethyl-2-(3-ketopentyl)cyclohexane-l,3dione is 
treated under similar conditions, a new mode of cyclization is observed5 3 ,  affording 
fused &-lactone 7 in 34% yield (equation 3 1). Formation of unexpected products 
was also observed when 2,2d i( carboethoxymethy1)cy clo hex me-1,3 dione was 
treateds3 with polyphosphoric acid to afford a 64% yield of dilactone 8 (equa- 
tion 32). Treatment of 2,2dimethylcyclohexane-l,3dione under similar conditions 
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( y H 2 0 H  COOEt - my2 
Reaction Reaction conditions Yield (%) 

~~ ~~ ~ ~ ~ 

(25) ZnBr,, 48% HBr, EtOH, 1OO"C, 6 h 50 
(25) Conc. H, SO,, O"C, 2 h 30 
(25) 
(25) p-MeC, H, SO, H 
(26) ZnBr, ,48% HBr, EtOH, IOO", 6 h 43 

F, CSO, H, C, H, - 

- 

AgC104, C6Hg. 25OC. Ih , 
or 

100°C, 6h 
COOEt ZnBrp, 48% HEr, EtOH. 

15 

(26) 

(28) 

Me&o (29) 

Me Me 

0 
II 

OPPA 7 

0 
II 

R' CH,COOEt, R'= MeCHzCCH2CHz 

0 (31 1 I1 MR] 0 2 To 
-PPA 

Me 
( - C O O P P A  COOPAA 
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EtOOCCHz CHzCOOEt oe PPA , 

afforded no reaction, which was attributed t o  the deactivating effect of the two 
methyl groups5 . 

Aldehydic acids can be cyclized t o  enol lactones by treatment with p-toluenesul- 
phonic acid in benzene (equations 33-35)54. 

p-MeC6 H4S0 * 
C6H6 

64% 

0 

30-40% 

73% 

B. By Intramolecular Cyclization of Unsaturated Acids and Esters 

1. Acid-ca tal ysed c yclizations 

Various unsaturated acids and esters have been converted t o  lactones in the 
presence of acidss. Recent examples include the preparation of 4,4dimethyl- 
b ~ t y r o l a c t o n e ~  p 5  and 4-methyl4phenylb~tyrolactone~ by cyclization of  4- 
methyl-3-pentenoic acid and 4-phenyl-3-pentenoic acid, respectively (equation 36). 

R 
I 

MeC=CHCH2COOH 

R = Me, Ph 

(36) 
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Treatment of  alkenyl-substituted malonic esters with aqueous acid affords the 
expected y-lactones in good yields, while basic hydrolysis produces the y,&unsat- 
urated acid (equation 37)s7.  

R '  

R'  
I 

R2CH=C<H2C(COOEt)2 I R '  
R 3  

--cop 

(37) 

R' = H,n-Bu 

R2 = H, n-Bu.n-CgH11 

R3 = H, Me 

2-Hydroxy-2,6,6-trimethylcyclohexylideneacetic acid y-lactones8-62 has been 
synthesizeds2 by treatment of 2,6,6-triniethylcyclohexene-l-glycolic acid with 
aqueous sulphuric acid o r  by simply heating the  glycolic acid at 200-220°C 
(equation 38). Alternatively, this lactone can be prepared5 * by base-catalysed ring 
closure of 9. Interestingly, treatment of 2,6,6-trimethylcyclohexene-l-glycolic acid 
with chromic anhydride -p yrid ine5 affords 'hydro xy ionolactone', which can also 
be prepared5 by permanganate oxidation of p-ionone (equation 39). 

OH 

OH 

CHCOOH 

- d ~o t-- K M ~ ~ ~  @MI? (391 

Me Me I 

O M e  Me 

CrO, 

pyridine 

2,5-Dienoic acids and esters, such as those shown in Table 4, can be converted 
into a,P-unsaturated Nactones upon treatment with 80% sulphuric acid at 

TABLE 4. Cyclization of 2,5-dienoic acids and esters using sulphuric acid6 

Acid or ester Lactone Yield (%) 

Methyl cis-2,s-hexadienoate oo 77.0 

Me 



18 

0-5°C63. Carboxylic acids containing multiple unsaturation can undergo rather 
complex ~ y c l i z a t i o n s ~ ~  in the presence of sulphuric acid as shown in equation (40). 

Synthesis of lactones and Iactams 

Me 
Me Me 

Me 
Me Me 

Me Me Me 
J0 
+ (40) 

M e  Me w Me 

Cyclization of acids and esters containing acetylenic bonds has seen wide 
application in the preparation of lactones6 s-80. A number of representative exam- 
ples are presented in Table 5 .  

o-Phenylbenzoic acids undergo cyclization upon treatment with hydrogen per- 
oxide or chromic anhydride to  form lactones in moderate yields (equation 41)81. 

R R 

'COOH 0 kd 
2. Photochemical and electrochemical cyclizations 

Preparations of lactones by photochemical cyclization of unsaturated acids or  
esters have also been reported in the literature8 3-89. Irradiation82 of a series of 
r-substituted cinnamic and crotonic acids afforded the corresponding substituted 
p-lactones (equation 42). 

R' = Ph, Ph. Me, Ph, Ph, Ph 

R 2  = H. Ph, Ph. Me,Ph,p-MeCgH4 

R 3  = Ph, H.  H ,  H. Ph, H 

y-Lactones have been prepared by the irradiation-induced addition of alcohols to  
a,Punsaturated acids or esters in the p r e s e n ~ e ~ ~ - ~  of a sensitizer, 
by the ust: of 6oCo y-rays88,89, and by reductive electrochemical addition of 
acetones9. Some y-lactones prepared by these various methods are listed in 
Table 6. The mechanism suggested87 for the photolytic addition in the absence of a 
sensitizer is shown in equation (43) and involves initial hydrogen abstraction by the 
excited ester carbonyl, which then leads to a-hydroxyalkyl and allylic radicals. 
Coupling of the former to the P-carbon of the latter and tautomerization affords a 
y-hydroxy ester which then cyclizes. 

o r  absence* 
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R' 

R ' R ~ C - O H  + 

[ &; 
3. Halolactonization 

cis or trans 

O H  

t--. T O M .  

R' R /. 

L 

(43) 

The reaction of unsaturated acids with iodine-potassium iodide and bicarbonate 
in aqueous medium affords iodolactones. This iodolactonization, first reported9 in 
1908, was originally believed to  exhibit the following characteristics: ( a )  a,P-un- 
saturated acids d o  not give iodolactones ( b )  P,y- as well as y,8unsaturated acids d o  
afford iodolactones, (c) 6,c acids o r  acids with the unsaturation further removed 
from the carboxyl group yield only poorly characterized unsaturated acid iodo- 
hydrins and ( d )  a-keto P,y-alkenoic acids and a,P,y&alkenoic acids are 
exceptional in that n o  iodolactones are obtained from them. Since %,&unsaturated 
acids d o  not give iodolactones but P,y-unsaturated acids afford P-iodo-y-lactones via 
this procedure, a number of  workers9 1-93 have used this approach to  distinguish 
a#-unsaturated acids from P,y isomers. In a more involved study of  this reaction, 
Van Tamelen and Shamma94 showed that although P,y-butenoic acid does not 
afford any iodolactone even upon long standing, P,y-pentenoic acid (equation 44) 

Ip-KI 
MeCH=CHCH2COOH - 

NaHC03 M 
(44) 

(45) 

and A1 cyclohexeneacetic acid (equation 45) rapidly affort the corresponding iodo- 
lac tone^^^. Van Tamelen further e ~ t a b l i s h e d ~ ~  that although there are two 
structural possibilities, 6-iodo-Y-lactones and Y-iodo-8-lactones, for lactones derived 
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1. The synthesis of lactones and lactams 2 1  

from y,B-unsaturated acids, both y,G-pentenoic acid (equation 46) and 
AZ-cyclohexeneacetic acid (equation 47) give rise to  the y-lactones rather than the 

O\CH2coOH - p (47) 

i 

6 isomers originally proposed by Bougaultgo. It was also e ~ t a b l i s h e d ~ ~  that 8,Ehex- 
enoic acid affords (probably) 6-iodomethyl-6-valerolactone, again contrary t o  Boug- 
ault's findings, while E,C,-heptenoic acid and w-undecylenic acid led to unstable, 
poorly defined products. 

Halolactonization reactions have also been used t o  separate96 y9' mixtures of 
endo- and exo-norborn-Senyl acids and endo- and exo-methylenenorborn-Senyl 
acids98 In the former caseg6i97 the endo isomer reacts t o  produce a y-lactone 
while the  exo isomer remains in the aqueous layer as the carboxylate salt; in the  
latter, both isomers react with bromine in methylene chloride t o  give lactone 
products, whereas reaction with iodine in methylene chloride affords the iodol- 
actone from the endo isomer only (equation 48)98.  With the carboxylate salt of the 
exo acid p-lactones are obtained during the bromolactonization but none have been 
detected during i o d o l a c t ~ n i z a t i o n ~ ~ .  

COOH 
Me 

In order to determine if B-lactone formation was only associated with rigid 
systems o r  if conformationally more flexible P,y-unsaturated acids would also form 
p-lactones, open-chain P,y-unsaturated carboxylate salts in aqueous solutions were 
treated99 with carbon tetrachloride or methylene chloride solutions containing 
bromine and were observed t o  readily cyclize to  y-bromo-P-lactones (equation 49). 

In 1972, Barnett and Sohnloo  explained the seeming anomaly that iodol- 
actonization of P,y-unsaturated carboxylate salts affords f3-iodo-y-lactones, whereas 
bromolactonization of  the  same salts affords y-bromo-P-lactones, and showed that 
the size of  the  lactone ring obtained did not  depend upon the kind of halogen used, 
but rather the differences in the experimental procedures used. In iodolactonization 
conducted under conditions similar to bromolactonization the products obtained 
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R' R' R3 Yield (%) 

Me Me H 8 3" 
COOEt Me Me 88b 
H H H 50 

"Pure product. 
bMixture of isomers. 

are indeed y-iodo-P-lactones. Thus, if iodolactonization is performed using excess 
potassium iodide and long reaction times, P,y-unsaturated acids produce y-lactones, 
whereas if short reaction times are used in the absence o f  potassium iodide, 
y-iodo-P-lactones are produced (equation 50). One exception to  this rule in stytyl- 
acetic acid, which is concerted'00 t o  the y-lactone regardless of the  procedure 
employed (equation 5 1). 

RO RO 
I I1 NaHC03 I I1 
I 

( 50a 1 HpC=CH-CCOH - HzC=CHCCO- Na+ 
I 
R 

I-CHZ 

R 

R 

,+* * 
R = Me. ?0-80% 

R = H ,  20-30% (50b1 

R = Me 

Bromolactonization of  A4 -cyclohexene-cis- 1,2dicarboxylic acid esters has also 
been reported (equations 52 and 53)Io1, while application to this method to linear 
di- and tetra-carboxylic acid esters affords' substituted y,ydilactones (equations 
5 4  and 5 5 ) .  

An interesting application of a bromolactonization-type of reaction in the field 
o f  steriod synthesis6 , I o 3  has been reported1O4 in the preparation of  5(3,14a-bufa- 
20(22)enolide using N-bromosuccinimide in carbon tetrachloride (equation 56). 
Quinone-mediated dehydrogenation' of  the product in refluxing dioxane con- 
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B I Z  

CHCI-,, -10 to -15OC 

Br 

29 

(52) 

R’ R1 R3 Yield (%) 

Me H Me 36 
Me Me Me 72 
Me Me Et 75 

,COONa 

’COOPh Br 

Br2 

CHCI,, 0--1OOC 
(53) 

39% 

EtOOCCCH2(!d2CH2/XOOEt R1 I R2 R 3  R 1  ___ CCI, or CHCI, Br2 > 10°C ’ ‘$kOOEt R’ (54) 

EtOOC I 
COOEt 

I 
COOEt 

R1 = C1-5, alkyl or benzyl 

R 2  = H, H, Me 

R 3  = H, Me, CI 

R’ A’ 
I I B I Z  

E~OOCCH~CHCHZCH=CHCH~CHCH~COOE~ + 
CCI, or CHCI, > 10°C 

R’ = C1-5, alkyl or benzyl 

&!lCH-CH2COOH -- 48 CCI, NBS h. r.1. & (56) 
H H 

57% 
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taining anhydrous hydrogen chloride or pyridine affords' 0 4 *  O 6  the isomeric 
bufa-l7(20),22dienolides (equation 57). Similar dehydrogenation results are 
obtained' 0 4 *  O 6  using chloranil. However, with 2,3dichlorod,6dicyanoquinone 
(DDQ) in refluxing dioxane containing p-toluenesulphonic acid, the dehydro- 
genation is specific at C(2 1) and C(2 3 )  to produce 5@,14a-bufa-20,22-dienolide in 
quantitative yield. 

DDQ. anhvd. HCI 

/ dioxane, reflux 

3-130 h 

chlorenil 

dioxane, reflux 
120 h 

* 

\ DDQ. P - M ~ C ~ H & O J H  
b 

dioxane, reflux 

3 h  

0 

(57) 

Bromolactonization has also been used to prepare' precursors of gibberellic 
acid (equation 58). 

Arnold and Lindsaylo8 have shown that iodolactones can be obtained by the 
use of cyanogen iodide in place of iodine-potassium iodide and bicarbonate. 

4. Intramolecular Diels-Alder reactions 

Intramolecular cycloaddition reactions of the Diels-Alder type have been em- 
ployed in a number of interesting lactone syntheseslo9*' l o .  These reactions may 
be generalized by viewing them as addition of the dienophilic triple bond of an 
acetylenic acid ester to a diene function contained in the alkoxy moiety of the ester 
(equation 59). A number of representative examples of such reactions are given in 

Table 7 .  Diels-Alder cyclization of the diene ester shown in equation (60) has been 
observed to occur thermally' ' via a [ 1,5] sigmatropic hydrogen shift in which the 
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96% 

10P-hydrogen migrates suprafacially to the C(4) position to produce the inter- 
mediate lactone. This intermediate then undergoes a Diels-Alder reaction between 
the disubstituted double bond of the furan (dienophile) and the cyclohexadiene 
(diene). 

C. By Acetoacetic Ester and Cyanoacetic Ester Condensations 

Heating ethyl acetoacetate with a trace of sodium bicarbonate affords' l 6  a 53% 
yield of dehydroacetic acid (equation 6 1); however, if ethyl acetoacetate is treated 

2 MeCOCH2COOEt a 
Me 

(61) 

with concentrated sulphuric acid at room temperature for 5-6 days a mixture of 
22-27% of isodehydroacetic acid (4,6~imethylcoumalic acid) and 27-36% of 
ethyl isodehydroacetate (ethyl 4,6dimethylcoumaloate) is obtained (equation 
62)' ' '. 

Me Me 

MeCOCH2COOEt H z S 0 4 ,  r,t H o o c ~ o  + EtoIb (621 

Me 0 

Condensation of the monocarbanions of acetoacetic ester or ethyl cyanoacetate 
with a series of a-keto alcohols has been reported' to give the corresponding 
2-acetyl- and 2-cyano-2-Suten4-olides in 55-9676 yield (equations 63 and 64). 
Alcoholysis' of the 2cyano-3,4,4-trimethyl analogue in the presence of sul- 
phuric acid affords the corresponding ethyl ester (equation 65). 

with 3-chior0-1,2epoxypropane 
(epichlorohydrin) at 45-50 C for 18 hours in the presence of sodium ethoxide, a 
6 1 4 4 %  yield of a-acetyl-6-chloro-y-valerolactone is obtained (equation 66). A 
similar report' 2 o  involves the reaction of the carbanion generated from ethyl 
2-furoylacetate and propylene oxide, which affords a-furoyl-y-valerolactone in 54% 
yield (equation 67). 

When ethyl acetoacetate ois allowed to react' 



1. The synthesis of lactones and lactarns 

MeCOCH2COOEt + R2CCOMe R '  I EtOH R K o M e  

I 
OH R2 

R' 
I 
I 

NCCHZCOOEt + R'CCOMe 

OH 

Me COOEt 

M e V  0 HzSOi  EtOH , M e 6  Me 0 
Me 

35 

(63) 

(65) 

COMe 

MeCOCH2COOEt + CICH$HCH2 (66) 
I /  ClHzC 
0 

OMe 



36 Synthesis of lactones and lactams 

Reaction of the dianion of acetoacetic ester with 2,2-(propane-l,3-dithio)- 
hexanal affords'21 the oxolactone 10, which in turn gives the enol ether 1 1 .  
Hydrolysis of the thioacetal provides (+)didehydropestalotin (12). 

The condensation of phenols with P-keto esters, P-keto acids o r  malic acid in 
the presence of concentrated sulphuric acid affords coumarins, and is known as 
the von Pechmann reaction' '. A series of  representative preparations of cou- 
marins1z5-131 by the von Pechmann reaction are given in Table 8. It may be 
noted that treatment of malic acid with fuming sulphuric acid in the absence 
of a phenol affords coumalic ac id '23- '24 .  

0 QC0OH 

H2S04 
HOOCCH(OH)CH;,COOH 

so3 (69) 

6570% 

D. By Aldol Condensations 

Base-catalysed aldol condensations of  substituted malonic and acetoacetic esters 
with paraformaldehyde afford good yields of substituted y-butyrolactones (equa- 
tions 70-72)' 3 2 .  

EtOAc. KOH 

€ton 
(EtOOC)zCHC=CH;, + HOCH;, (OCHZ),OCHZOH 

I 
COOEt 

HOOC 
HCI. 40°C sfi ;,days ' 

(EtOOC)2 

COOEt 
I MeONa 

MeCOCHCHzCOOEt + H O C H ~ ( O C H ~ ) , , O C H ~ O H  

EtOOC MeCO 
HCI, 55OC 

COOEt 
I MeONa 

MeCOCHCHMeCOOEt + HOCH~(OCHZ), ,OCH~OH - 
HCI, 55OC 

5 5 h  

(70) 

(72) 

Although it has been found that steroidal 17-p-hydroxy-16-pacetic acids' 3 3  9 '  3 4  

and 17-~-hydroxy-l6-~-propionic  acids are easily converted into their respective 
cis-fused y- and 6 -lactones by simple intramolecular acid-catalysed condensation, 
the formation of the trans-fused 8-lactones from 17-~-hydroxy-l6-a-propionic acids 
requires a more complex approach13 5 7 1  3 6 .  The procedure involves base-catalysed 
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aldol condensation of 3-phydroxy-5-a-androstan-l7~ne with glyoxylic acid to 
afford 3-P-hydroxy-179x0-5-a-androstand' 6 y a  -acetic acid, the key intermediate in 
the synthesis. Several additional steps convert this compound into 3-p,17-P- 
dihydroxy-5-a-androstane-l6a-propionic acid, which upon warming in a solution 
of acetic anhydride and acetic acid' '7 ' * afford 3-P-acetoxy-17- 
~-hydroxy-5-a-androstane-16a-propionic acid 6-lactone (equation 73). Con- 
densation of !j-=-androstanolone with glyoxylic acid in aqueous methanolic sodium 

HO & - - - - +o=c-c=o - NaOH - 
ri I 1  MeOH. ii 

0 

H20 H OH 

M d 3 H  & (74) 

HCI 
0 - - - 

OMe 

hydroxide at  room temperature affords' 17-~hydroxyd-a-androstan-2-a- 
(a-hydroxyacetic acid)-3-one, which is readily lactonized to 3-e-methoxy-l7-& 
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hydroxy-5-a-androstan-2-a-(a-hydroxyacetic acidj3-one-lactol upon treatment with 
methanolic hydrogen chloride (equation 74). Similarly, 17-a-hydroxy-34x0-5-a- 
androstan-A2*"-acetic acid was prepared in 85% yield' 39 via condensation of  
glyoxylic acid with 5-a-androstanolone. Several additional steps converted this 
product into 3-p,17-~-dihydroxy-5-a-androstan-2-p-acetic acid, which was lactonized 
upon refluxing with p-toluenesulphonic acid (equation 75). & - +o=y-7=0 H OH - MeOH, NaOH heat H N C  Y O  

- - - 
0 - o z  - 

H H 

COOH 

Hlllll 

- -  - -  
H H  

(75) 
p- MeC6H4S03H 

C6H6 

This approach t o  the preparation of key intermediates in the syntheses of 
isocardenolides' O ,  c a r d e n ~ l i d e s ' ~ ~ - ~  2 ,  i s o b u f a d i e n ~ l i d e s ' ~ ~  and bufadien- 
olides'40 has been investigated. 

Intermediates in the total synthesis of  fomannosin (13), a biologically active 
metabolite from Fommes annosus, have also been prepared'43 via the intra- 
molecular aldol condensation of 14 to form 15. This product, which contains the 
formannosane skeleton, appears t o  be  a promising intermediate in the total syn- 
thesis of fomannosin. 

CH20H 

(13) 

An interesting example of the use of an intramolecular aldol condensation for 
construction of a$-unsaturated butyrolactones may be found in the mercuric 
sulphatecatalysed hydration of  the acetylenic ester of acetoacetic acid (equation 
77)' ' 8 .  
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NaOH 

heat 

COOMe COOMe 

(141 (15) 

EtOH, H20 

HgS04 
MeCOCH2COOCMe2CSCH - [MeCOCH2COOCMe2COCH3] 

aldol Me 
-H20 Me 

Me 

(76) 

(77) 

E. By Malonic Ester or Malonic Acid Condensation 

The condensation of malonic acid o r  diethyl malonate with o-hydroxy- 
benzaldehydes or p-alkoxy-a$-unsaturated aldehydes in piperidine has proved t o  be 
a very convenient route to  5,6-fused and 6substituted-2-pyrones. Using this ap- 
proach, salicylaldehyde and ethyl malonate were condensed in piperidine-glacial 
acetic acid solutions t o  yield' 4 4  a 78-83% conversion t o  3carboethoxycoumarin 
(ethyl 2-0x0-2H- 1 -benzopyran-3carboxyIate) (equation 78). The scope of this 

method was i n v e ~ t i g a t e d ' ~ ~  during the synthesis of several isobufadienolides, and it 
was found that optimal conditions involve a 1 : 2 : 2 mole ratio of aldehyde, 
malonic acid and piperidine (or morpholine) in excess pyridine at  steam bath 
temperatures for one hour. Using these conditions, 3-p-acetoxy-20ethoxy-2 1- 
formylpregna-S,2Odiene (equation 79), 3-p-acetoxy-20-methoxy-2 l-formyld- 
a-androst-20ene (equation 80), 2-formyl-3-methoxy-l7-~acetoxy-5 -a-androst-2ene 
(equation 8 1 ), 3-a-acetoxy-20-methoxy-2 l-formyl-5-p-pregna-2Oene (equation 8 2 )  
and 3-a,6-adiacetoxy-2O-methoxy-2 l-formyl-5-p-pregna-2O-ene (equation 83)  were 
converted into 3-~-acetoxy-l7-~-(6'a-pyronyl)-androstdene (54%), 3-pacetoxy- 
1 7-p( 6'a-p yronyl-5 -a-androstane (54%), 1 7-/3acetoxy-S-a-and rostano-[ 2,3-c ] -2- 
p y rone ( 2 0%) , 3 -a-ace t o x y- 1 7 -P-(6'a-pyronyl)-5-P-and ros t ane (2 1 %) and 3 - a,6 -ad i- 

0 

- (791 
0 

MeCO MeCO 
I1 
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0 
It 

OHC 

Me0 

OMe 
I 
C=CHCHO 

MeCO\\'\\ 0 II @ H 

OMe 
I 
C =CHCHO 

Me 

0 
II 

p&pe - 

H 

(81) 

0 0 

acetoxy-l7-P-(6'a-pyronyl)-5-p-androstane (57%), respectively. The mechanistic 
pathway proposed14s for these conversions is shown in equation (84). 

Condensation of tertiary a-hydroxy ketones (acyloins) with malonic ester 
(equation 85)  affords unsaturated y-lactones in good yields (Table 9). The proposal 
that this reaction occurs via initial transesterification, with subsequent intra- 
molecular condensation of the resulting keto ester, was confirmed by several 
observations. For example, when weaker bases such as pyridine and triethylamine 
were used as catalysts it was possible t o  isolate the intermediate keto esters, which 
were converted into the unsaturated y-lactones upon treatment with sodium eth- 
oxide (equation 86) .  
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- 
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(84) 

NaOEt, RE:" (85) 'C-C--R3 + CH2(COOEt)2 -E,OH 

R' 

R2 
R2'l 11 

OH 0 
0 
II Me COOEt 

R \  ,C-C-Me II + CH2(COOEt)2 R1-A C I 'ao (86) 

Me-C CH2COOEt 0 

R2' '0' +o 
R2 b H  R2 

Condensation of malonic ester anions with epoxides (oxiranes) provides a 
popular method for the synthesis of lactones. Reaction of  diethyl malonate and 
styrene oxide was originally reported'48 t o  yield, after hydrolysis and decarb- 
oxylation, y-phenyl-y-butyrolactone. Other workers have made use of the  supposed 
specificity of  this reaction149-' ' . However, DePuy and coworkers' 5 2  reported 
that this reaction in fact affords a mixture of P-phenyl-y-butyrolactone (60%) and 
y-phenyl-y-butyrolactone (40%) (equation 87). These results were independently 
verified by two other groups of workers' p 1  4 .  

TABLE 9 .  Condensations of acyloins with malonic ester to form 
unsaturated y-lactones 

R' RZ RJ Yield (%) Reference 

H Et Et - 146 
H Pr Pr - 146 
H n-Bu 11-BU - 146 
H n-c ,  H, I fl-Cs H ,  I - 146 
Me Me Me 65.5 147 
Me Et Mc 60 147 

-(CH, )s - Me 61 147 
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Van Tamelen and B a ~ h ~ ~  used the reaction of malonic ester anion with methyl 
tridecyl glycidate t o  prepare a,Pdicarbomethoxy-y-tridecyl-y-butyrolactone, an 
important intermediate in the synthesis of d,Z-protolichesterinic acid (equation 88). 

Dalton and coworkers' employed a similar approach t o  prepare fluorene-9- 
spiro4'-(2'-carboxybutyrolactone) ( 16) and fluorene-9spiro-3'-(2'~thoxycarbony~- 
butyrolactone) (17). Thus, condensation of sodium diethylmalonate with fluorene- 
9spira-2'-oxiran afforded a 28% yield of 17 and a 20% yield of a diacid, which 
upon heating under vacuum afforded 16. Both of these products were also decarb- 
oxylated to form spiro butyrolactones 18 and 19. Similarly these workers' 5 5  

EtOH 
+ h a  CH(C02Et)z - 

(891 (171 (18) 

COZH 
(161 

(19) 

prepared 2-~arboxy4,4diphenylbutyrolactone from 2,2diphenyloxirane, while 
condensation of sodium diethylmalonate with 2-chloro-1, ldiphenylethanol a f -  
forded the same product (equation 90). 
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Ph 1 COz H 

Ph-C-CHzCI I + NiCH(CO2Et)Z NeOEt p h a o  

I Ph 
OH 

(90) 

200°C, 1 h I 
P h o O  Ph 

The condensation of 2-chloro-2-methylpropanal with malonic esters in the 
presence of potassium carbonate to  produce y-butyrolactones (equation 9 1) has 
also been studied’ ti. At room temperature, in THF,  using one equivalent each of 

Me Me 
)CCHO + CHIC0OMe)z THF or ‘CCH(COOMe)2 

Me’ I 
CHO 

Me’ I 
CI 

Me, Me,i -CH(COOMe)2 

CH-O- 
I 
I 

CH(C0OMe)z 

(201 

0 

(21 I 

dimethyl malonate and 2-chloro-2-methylpropanal, two products, methyl-3-formyl- 
2-me t ho x y carbo ny l-3 -me th  ylbu t anoat e (20) and a-me t hoxy carbon yl-P,w ime thyl- 
y-dimethoxycarbonylmethyl-y-butyrolactone (2 l) ,  are obtained in 60% and 26% 
yields, respectively. The mechanistic course of this reaction was established by the 
observations that in a separate experiment the methyl butanoate 20 and dimethyl 
malonate condensed to produce the y-butyrolactone 21, and that the yield of 21 
was significantly increased when two equivalents of malonate in THF were used in 
the initial experiment. However, when 20 was treated with sodium methoxide, a 
new lactone, a-methoxycarbonyl-P,Pd~ethyl-y-methoxy-y-butyrolactone (22), 
was obtained in 65% yield via intramolecular cyclization (equation 92). Similarly, 

‘C-CH(COOMeI2 
Me 

Me’ I 
0 

CHO 

(20) (22) 

the  reaction of 2-chloro-2-methylpropanal with dimethyl malonate in ether contain- 
ing sodium methoxide (equation 93) also afforded lactone 22, albeit in 20% yield. 
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OF COOMe (93) 

(MeOOC)2CH Me 

Me \CCHO + CH(COOMe)2 *Meoo$e COOMe + 
Me/ I 

0 0 

(22) (211 

CI 

The major product from this reaction was still 2 1 (46%). Ester cleavage of 2 1 t o  
ac-carboxy-P,pdimethyl-y-carboxymethyl-y-butyrolactone' was effected in 97% 
yield upon heating with concentrated hydroihloric acid (equation 94) at 70-80 
for 24 hrs. Heating this product at 180-200 C for 30 minuted affordedlS6 a 98% 
conversion t o  @,@I ime t hy 1-y-carb ox y me t hy 1-y-bu tyro lac t one. 

(MeOOC)2CH Me HOOCCH2 Me 

0 0 0 

(21) 

When 2-chloro-2-methylpropanal is condensed with the methyl o r  ethyl ester of 
malonic acid in aqueous potassium carbonate' 5 6 ,  a-alkoxycarbonyl-pdialkoxy- 
carbonylmethyl-y,ydimethyl-Y-butyrolactones (23) are formed in 70-82% yield. 
This is explained by assuming an epoxide intermediate, which reacts further with 
malonate as shown in equation (95). 

Me CH(COOR)2 

Me \C'-'CHCH(COORl2) 0 
1 - CHICOOR) 2 ' " ' T C O O R  

[Me/ 

(951 

(231 

Hydrolysis of  lactone 23 gave the  expected diacid (98%) which upon heating 
afforded terpenylic acid (24) (equation 96). These results contradicted a previous 

M e V  Me CH(COOR)2 M e q  Me CH2COOH ~ Me$$H2cooH 

HCI 
__* 

COOR COOH -coZ: 

0 0 0 

(231 (24) 

(96) 

report' that 2-bromo-2-methylpropanal reacted with diethyl sodiomalonate in 
ethanol t o  afford a-ethoxycarbonyl-y,y-dimethyl-A'~P-Y-butenolide. Reinvest- 
igation' s showed that aethoxycarbonyl-~diethoxycarbonylmethyl-y,ydimethy~- 
y-butyrolactone (23, R = Et) was indeed formed in 53% yield. 

The explanation' 5 6  advanced for the results discussed above maintains that in 
aprotic solvents such as THF, the carbanion of malonic esters becomes more 
nucleophilic than in protic solvents and thus attacks the a-carbon o f  the a-halo- 
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aldehyde forming a C-C bond via an S N ~  reaction. This is followed by an 
intramolecular cyclization to afford 21 and 22. However, in protic solvents such as 
water, the carbanion attacks the carbonyl carbon, which is polarized by solvent 
molecules, forming a C-C bond by nucleophilic addition. This is followed by an 
intramolecular cyclization to afford the lactones 23. 

Malonic ester anion has also been used to obtain trans-fused y-lactones. For 
example, reaction' 5 8  of sodium diethylmalonate with 3,4epoxy-l~yclooctene, 
5,6epoxy-l-cyclooctene and 1,2: 5,6diepoxycyclooctane, followed by hydrolysis, 
affords lO-oxo-9-oxabicyclo[6.3 .O] undec-2en-1 lcarboxylic acid (65%), 10-0~0-9- 
oxabicyclo[6.3.0] undec4-en-l l-carboxylic acid (70%) and 4,5-epoxy-lO-oxo- 
9-oxabicyclo[ 6.3.01 -undecan-1 1-carboxylic acid (60%), respectively (equation 97). 

H COOH 

H 

These acids were converted into their methyl esters by reaction with diazomethane 
and were decarboxylated to 9-oxobicyclo[6.3.0 ]undec-2en-lO-one (61%), 9- 
oxabicyclo [ 6.3.0 lundec4-en-l o-one (90%) and endo-4,5-epoxy-9-oxabicyclo[6.3 .O] 
under-10-one (62%) by heating at 160-180°C. 

F. By Perkin and Stobbe Reactions 

Although the Perkin reaction159-162 is not widely used for the direct synthesis 
of lactones, several applications of this condensation have found some utility in 
lactone preparation. 

A Perkin-type reaction of 2,6dimethoxy-p-benzoquinone with propionic an- 
hydride affords'63 the two products shown in equation (98) along with the propyl 
diester of 2,6dimethoxy-p-hydroquinone. Using isobutyric acid anhydride, the 
isobutyl diester of 2,6dimethoxy-phydroquinone and the fused lactone (exclusive 
structure not determined) are formed'63. To establish the mechanistic course164 
the standard Perkin reaction procedure was modified by using shorter reaction 
times and lower temperatures. Under these conditions it was possible to isolate the 
@-lactones 25 and 26, respectively. Transformation of 25 to the mixture of products 
initially obtained was easily accomplished by heating at 100°C for 48 hours in the 
presence of sodium propionate and propionic anhydride. 0-Lactone 26 could simi- 
larly be transformed upon prolonged heating with isobutyric acid anhydride in the 
presence of sodium isobutyrate, but could not be so transformed upon treatment 
with acetic acid-sulphuric acid mixtures. Although these and other experiments 
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CH2 
I I  
CCOOH 

OCOC H2 Me 

MeZCHCOO &-:e 

or 

Me0 

(98) 

&fqe MeZCHCOO 

Me0 
Me 

did not establish with certainty that ,B-lactones are intermediates in the formation 
of the  observed y-lactones, they did establish that P-lactones could be formed under 
Perkin-like reaction conditions. 

MeoMe Me 

o*o 

Me0 Me0 

(25) (26) 

A variety of a-benzylidene-y-phenyl-A~*y-butenolides substituted in the aralkyl 
idene ring with either electron-withdrawing or electrondonating substituents have 
been prepared' by a Perkin-type condensation of  3-benzoylpropionic acid with 
substituted benzaldehydes in the presence of sodium acetate in acetic anhydride 
(equation 99). 

ArCHO + CHzCOOH (MeC0120 MeCOONa , A r c H ~ o  

I 
(99) 

I 
CH2COPh Ph 

The preparation' 6-1 6 9  of aralkylidine- and subsequently arylmethylphthal- 
ides' 6 8  *' 9 ,  originates with the condensation of phthalic anhydride with arylacetic 
acids (equation 100). 

CHAr 

&O + ArCHZCOOH @ --i&-' elzAr 
0 0 0 
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Various applications of the Stobbe condensation to  the  synthesis of lactones 
have been reviewed' 7 0 .  Recently, it has been reported' ' that P-carboethoxy-APJ- 
8-valerolactones can be prepared by an intramolecular Stobbe reaction preceded by 
condensation of tertiary a-keto alcohols with diethyl succinate (equation 10 1). 

Synthesis of lactones and lactams 

0 R' 
I l  I ;; - I  

0 R' 

I I  I MesCONe 
R3-C-C-OH + (CH2COOEt)2 - R3-C-C-O-C-(CH,Iz-COOEt - 

I 
R 2  

I 
R 2  

COOEt 

R' R' R3 

Me Me Me 
Me Me M C  

-(CH,), - Me 

G. By Grignard and Reformatsky Reactions 

During a series of studies' 72 3' 73 involving the synthesis of steroids, a general 
synthesis of 6-lactones was developed. This method' 7 4 , 1  7 5  consists of the reaction 
of Grignard reagents with glutaraldehyde t o  afford 6-hydroxyaldehydes in good 
yields (equation 102). These aldehydes, which exist predominately in cyclic hemi- 
acetal (8-lactol) form, were then oxidized t o  6-lactones using a variety of reagents 
as shown in Table 10. 

TABLE 10. Synthesis of 8-lactols and 8 -lactones by reaction of Grignard reagents 
(RMgX) with glutaraldehyde' " 

RMgX 
Yield of Yield of 
6-lactol (%) Oxidizing agent 6-lactone (%) 

MeCH, MgBr 68.5 &a 0 50 
Me(CH, 1, CH, MgBr - Ag, 0 41 
MeCH(CH,),CH,MgCI 66 Bra ,  HOAc 83 

I 
OCMe, 

[Ix:eHzWH2 MgCl 52 B r a ,  HOAc 77 

Me\ 0 (CH2)2CH2MgCI 64 Bra,  HOAc 88 

Me \\\'\ [OXMe 

a I x : D H I ) 2 C H 2 M g C l  78 A& 0 86 
Na, Cr, 0, , HOAc 60 

Ag, CO, , C6 H, Me 33 
air, MeCOOEt, Pt 90 

MnO, 9 c6 H6 45 

MnO, , c6 H6 35 
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QoH- RQo ('02) 
OHC(CH2)3CHO + RMgX 

H 

Similarly, addition of methylmagnesium iodide t o  diethyl acetoglutarate' 7 6  

produces a racemic %lactone, ethyl terpenylate, which can be easily hydrolysed t o  
terpenylic acid (equation 103). 

Me CH2COOEt Me CHzCOOH 

MeMgl + EtOOC(CH2)2CHCOOEt (103) 
I 
I 
c=o 

Me 

Contrary to  previous reports'77,178, it has now been found*79 that addition of 
the Grignard or  Reformatsky reagent formed from ethyl a-bromoisobutyrate t o  
a,@ethylenic ketones occurs via conjugated addition to  produce a mixture of 8-keto 

Zn or Mg 
R'COCH=CHR2 + BrCMesCOOEt - 

R'COCH2CHR2CMe2COOEt t '+Je 

R' R' Method 

Et Ph Reformatsky 
i-Pr Ph Refor ma tsky 
Ph Ph Grignard 
p-MeOC, H, p-MeOC, H, Grignard 
Ph Me Grignard 
n-Pr Me Grimard 

(104) 

esters and enolic &-lactones (equation 104). In addition, several cyclic a@- 
unsaturated ketones underwent reaction t o  afford the &-lactones shown below: 

R = Et, Ph 

Although these unsaturated ketones underwent smooth conjugate addition, the 
a,@unsaturated methyl ketones, 1-acetyl-cyclohex-lene, methyl styryl ketone and 
3-pentene-2-one, did not  undergo conjugated addition with either the Grignard or  
Reformatsky reagent of ethyl-a-bromoisobutyrate' 7 9 .  

Using the above approach, the reaction of 16dehydropregnenolone acetate with 
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the Grignard or  Reformatsky reagents obtained from the ethyl esters of a-bromo- 
isobutyric, a-bromomalonic and a-bromobutyric acids was investigated' It was 
found that, although the results depended largely upon the type of a-bromo ester 

the best yields were obtained with 1 : 6 molar ratio of steroid to 
Reformatsky reagent, with the Grignard reagent giving less reproducible results. A 
flow chart listing the reactants used and the products obtained is shown in Scheme 2. 

The Reformatsky reagent prepared from diethyl a-methyl-a-bromomalonate has 
been added183 to P-acetylenic alcohols to effect the synthesis of various 6-valerol- 
actones (equation 105). 

R'  R z  

R)C-CHCGCH + MeC(COOEtl2 1 Roo 
R2 1 I 

HzC Me COOEt Br OH R3 

(105) 

R 1  = H ,  H , H , H 

R2 = H, Me, Ph, CHMe2, H , Me, Ph , CHMe2 

R 3 = H ,  H , H ,  H 

, Me, Me, Me. Me 

, Me, Me, Me, Me 

Addition of the organozinc reagents derived from a-(bromomethy1)acrylic esters 
to a variety of aldehydes and ketones in THF affords'84 a singlestep synthesis of 
a-methylene y-lactones (equation 106). This technique affords good yields (Table 

11) except in the case of formaldehyde, where a mixture of a-methylenebutyrol- 
actone and y-hydroxy-a-methylenebutyric ester is formed in low yields. The anal- 
ogous reaction of methyl $-bromotiglate with ketones to produce a-methylene-a- 
methylbutyrolactones has also been reported (equation 107)' This study also 

n Mf ,CH7 

COOMe 
____, / 

'CH2Br 

78% 

H COOMe 

I I  Zn 
MeOOC-C=CCH2Br + C13H27CHO - 

57% 

cis : trans = 1 : 1 

included the synthesis of both the cis and trans isomers of protolichesterinic ester 
(equation 108) and truns;protolichesterinic acid itsel! (equation 109) by reaction of  
myristic aldehyde with fl -bromomesaconic acid or fl -bromocitraconic anhydride in 
the presence of zinc. 
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TABLE 1 1 .  Synthesis of a-methylene y-butyrolactones by reaction of aldehydes 
and ketones with the zinc reagent derived from a-(bromomethy1)acrylic esters"" 

R' R' Yield (%) 

4CHZI.- 66 

Me 
Ph 
Ph 
Ph 
i-Pr 

and 
PhCHZCH- 

43 I 

c=o 
Ph 
I 

Me 
Me 
Ph 
H 
H 
Me 

75 

42 
78 

100 
100 
76 
92 

100 

C=O 
I 
Ph 

12% 
trans 

CHZCH-CHO 

+ ErCH2C=CHCOOMe 

OMe 
I 

(109) 

1. Zn. THF 
2. NHdCI, H 2 0  

(27) oMe 
38% 

(28) OMe 
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The synthesis of d,l-methysiticin (27), another lactone constituent of the kawa 
root4 144,  has been accomplished' 8 6  by a vinylogous Reformatsky-type conden- 
sation of 3,4-methylenedioxycinnamaldehyde and methyl y-bromo- 
P-methoxycrotonate in THF (equation 1 10). Catalytic reduction of d,Z-methysiticin 
affords d,  I-dihydromethysiticin (28). 

d,Z-Mevalonolactone (29) has been synthesized by the Reformatsky conden- 
sation'87p' 8 8  of methyl or ethyl bromoacetate with either 1,ldimethoxy-3- 
oxobutane or l-acetoxy-3-oxobutane, by the use of ethyl lithioacetate in liquid 
ammonia' 9' 9 0 ,  and by the Reformatsky reaction modification using trimethyl 
borate' ' . A new synthesis of d,Z-mevalonolactone (29), which is superior to the 
methods mentioned above, and which holds considerable promise of generality in 
lactone preparation' 9 2 ,  consists of condensation of ethyl lithioacetate, with 1 - 
acetoxy-3-oxobutane (equation 1 11). Hydrolysis of the resulting diester, followed 
by acidification, affords 29. 

0 0 0 OH 
I1 II It I 1 .  KOH. MeOH 

MeCO(CH2)2CMe + LiCHZCOOEt - MeCOCHzCH2CCH2COOEt 2, H+ * 
I 

Me 

H. By Wittig-type Reactions 

methylenetriphenylphosphorane with a variety of Fdiketones (equation 1 12)' 
Preparation of a-pyrones has been effected via reaction of ethoxycarbonyl- 

R '  
I 

,c=o 
HZC, + Ph3P=CHCOOEt 

c=o 
I 
R2 

R' OH 

'c' q E t  

R' Rl Yield (%) 

Ph Ph - 
p-MeOC,H, p-MeOC, H, - 
PCICt.H, PC1Ct.H. 20 
2-thienyl 2-thienyl 17 
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hexanone was used (equation 1 13)193 only 
phenyl-2H-pyran-2-one was obtained. 

Ph 
'c=o 

0 + Ph3P=CHCOOEt 

The mechanism apparently involves initial reaction between the ylide and one of 
the  keto groups of the diketone t o  form an intermediate keto ester, the  enol form 
of  which immediately forms the lactone by ring closure. When 2-benzoylcyclo- 

a 5% yield of 4,5<tetramethylene)d- 

&o (1131 

62% yield as shown in reaction (1  14), Y-Butyrolactone has been DreDared' 9 4  in 
L .  

which, although it is not strictly a Wittig reaction, does involve an intermediate 
phosphonium salt. 

Ph3P + CICH2CH2CH2COOH - Ph3kH2CH2CH2COOH 

CI- 

(1  14) 

Wittig reactions which have been employed for functionization of preformed 
lactones rather than for ring-closure are discussed in Section ILK 

I. From a-Anions (Dianions) of Carboxylic Acids 

Because of their potential as aldosterone inhibitors, steroidal spiro y-lactones 
have been the subject of considerable interest. In 1972 Creger195 published a 
method for the preparation of a wide variety of such compounds. This procedure 
involved dimetalation of  several aliphatic carboxylic acids using lithium diisopropyl- 
amide (LDA), followed by reaction of the  resulting lithio a-anions (dianions) with 
(17S)-spiro [androst-5-ene-l7,2'-oxiran] -3-pal (equation 1 15). Oppenauer oxi- 
dation of these spiro lactones afforded the substituted 4',5'dihydro< 17R)spiro- 
[androst-4ene-l7,2'-(3'H)-furan] -3,5'-diones, which upon further oxidation with 
chloroanil in t-butyl alcohol followed by treat,ment with chloroanil in toluene- 
acetic acid mixtures p r o d y e d  substituted 4 ,5 -dihydro-( 17R)spiro [ androsta4,6- 
diene-l7,2'-(3'H)-furan] -3,5 -diones (equation 1 16). Treatment of these products 
with thiolacetic acid afforded the 7a-thioacetyl derivatives. The parent unsub- 
stituted 4',5'dihydro< 17R)spiro [ androst4ene-l7,2'(3'H)-furan] 3,5 'dione was 
not prepared via the  oxidation technique discussed above but by  the condensation 
shown in equation ( 1 17). 

Other conversions reported by  Creger' 9 5  include the preparation o f  4',5'- 
dihydro -3 p- hydroxy -4'-vinyl-( 17R) -spiro [ androst -5-ene-l7,2'-(3'H)-furan] -5 '-one 
via the reaction of (17S)spiro[androst-Sene-17,2 +xiran] -3p-01 with the crotonic 
acid anion (equation 118). A large number of  steroidal lactones were also synthe- 
sized by hydrolysis of  various amide o r  nitrile derivatives as shown in equations 
(1 19) and (1 20). 

The generality of the reaction of metalated carboxylic acids with simple and 
steroidal epoxides is demonstrated by the results summarized in Table 1 2 1 9 5 .  A 
similar approach to  the preparation of y-butyrolactonesl 9 6  consists of the reaction 
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R1 R1 Yield (%) 

H H 55 
Me Me 81 
H Me 70  
H Et 87 
H n-Bu 76 
H Ph 75 
H OMe 19 

Oppenhauer 

oxidation 

55 

Chloroanil * 
1. r-BuOH 

2. C ~ H ~ M R - H O A C  

Yield (%) 
~~ 

R1 R' Monoene Diene Thioacetyl 

H Me 90 85 64  
H Et 84 82 64 
Me Me 77 61  61 
H n-Bu 35 - - 
H Ph 7 1  - - 
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(117) 

45% 

0 Y 
# X  I &&: 

1. OH-. H 2 0  

2. H+, H 2 0  
* (1 19) 

HO HO 

Y = H ; X = C N  

Y = Me; X = CON(Me2) 

R’ = R2 = H (75%) 

R’ = H; R2 = Me (70%) 

Me & ,\\\\CH2 CHCONMe2 ;,H30+ Meo&5Me ( 120) 

of carboxylic acids with lithium naphthalenide in the presence of diethylaniine to 
produce a-anions of the lithium carboxylates, which are then allowed to react with 
epoxides to afford y-hydroxy acids (equation 12 1). Cyclization of these y-hydroxy 

1. OH-, H 2 0  
b 

Me0 
99% 

acids in refluxing benzene provides the lactones shown in Table 13. As may be seen 
from these results, monosubstituted epoxides react more readily than d o  disub- 
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TABLE 12. y-Lactones by reactions of metalated acids with epoxides 

Epoxide Li' Na' Anion Product Yield (%) 

51 

Do 
P h q o  

Ph-' 

M e  

As above 

As above 

Me, CCOO -, then 
heat in C,H, M e  

M~,CCOO -, then 
heat in C,H, 

Me,CCHCOO 

Me,CCOO- 

Me, CCOO- 

PhCHCOO. 

EHCOO- (3 

M e  
Me 

83 

84 

100 

13  

82 

85 

89 

stituted epoxides. This reaction difficulty was found t o  increase to the  point where 
no product was obtained when the di- and trisubstituted epoxides shown in 
reaction (122) were used. 
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TABLE 13. u-Butyrolactones prepared by lithium naphthalenide-promoted reactions of 
carboxylic acids with epoxides 

R' R' R' R4 Yield (%) 

H H Me H 5 
H H Et H 22 
H H Ph H 31 
H H 4CH*).- 18 
Me H Me H 4 1  
Me H Et H 51 
Me H Ph H 5 1  
Me H -4CH*)4- 39 
Et H Me H 38 
Et H Et H 41 
Et H Ph H 53 
Et H ---(CHZ).-- 35 
Me Me Me H 48 
Me Me Et H 13 
Me Me Ph H 69 

n-Pr H Me H 58 
n-Pr H Et H 64 
n-Pr H Ph H 69 
n-Pr H 4CHi)d-  52 
i-Pr H Me H 44 
i-Pr H Et H 71 
i-Pr H Ph H 53 
i-Pr H 4CHZ)a- 14 
n-Bu H Me H 49 
n-Bu H Et H 53 
n-Bu H Ph H 66 
~ - B u  H 4CHl),-  31 
Ph H Me H 52 
Ph H Et H 68 
Ph H Ph H 55 
Ph H --(CHI),- 23 
Me,C=CH(CH,),CHMe H Me H 66 
MelC=CH(CH,),CHMe H Et H 7 1  
Me,C=CH(CH,),CHMe H Ph H 80 

Me Me 4CH2)4- 55 

Me,C=CH(CH,),CHMe H 4 C H ,  1.- 54 
Me Me EtOCH, H 35 
Me Me i-Pr H 33 
Me Me CH,=CHCH,OCH, H 38 
Me Me n -BuOCH , H 7 0  
Me Me i-BuOCH, H 81 

Me Me ~ O C H ~  H 52 

Me Me PhOCH, H 35 

J. From Lithio Salts of 2-Alkyl-2-oxazolines 

The synthetically versatile' 9 7 * *  9 8  lithio derivatives of 2,4,4-trimethyl-2- 
oxazoline and its 2-alkyl homologues have recently been employed'99 in the 
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i i[C H8 1 
E~ZNH HR3 No product 

Me 

R1 R' R' 

59 

(1221 

H -(CH,)&- 
H -(C& ) lo-  

Ph Me H 
CH2=CMe-CH=CH-CHl- Me Me 
Me Me CH, =CMe(CH,), 
Me Me -CHzCH(i-P~)CHICHl- 

preparation of  a variety of  butyrolactones substituted in the  a& and/or y-positions 
with alkyl groups (equation 123). The procedure involves reaction of lithiated 

Ho&R' R 
(1231 

ii 
oxazolines with an appropriate epoxide. This produces 2-@-hydroxy- 
alkyl)oxazolines, which upon hydrolysis with aqueous acid, acidified ethanol o r  
p-toluenesulphonic acid in benzene afford the butyrolactones shown in Table 14. 

TABLE 14. y-Butyrolactones from epoxides and lithio salts of 2-alkyl-2-0xazolines~~~ 

Hydrolysis 
R' Epoxide methoda Lactone 

Overall 
yield (%) 

H 

H 

Me 

L P h  

L P h  

A 

C 

C 

R G O  

Ph 

(94%) 

Ph d (60%) 

R = H  15 
R = M e  12 
R = Et 85 

Ph 

+ Q o  89 

(6%) 

+ ph& 65 
(40%) 
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TABLE 14. (Continued) 

Hydrolysis 
R' Epoxide method' Lactone 

Overall 
yield (%) 

Me(CH, 1,- 

H 

H 

PhCH, 

H 

H 

H 

Me 

H 

MeQ0 Me 

76 

72 

& 56 

Me b0 
(50:50) 

70 

65 

5-6 

16 

9 

I0 

~ 

aHydrolysis performed in: A = acidic EtOH, B = wet benzene-toluenesulphonic acid, C = acidic 
aqueous methanol. 

It was observed that certain 1,2disubstituted epoxides, especially those with 
trans substituents, gave low yields of lactones, o r  in some cases, n o  product a t  all. 

The oxazoline procedure has also been used in the asymmetric synthesis of 
2substituted y-butyrolactones as shown in equation ( 124)200.  
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&CH3 ’“,LrE ’ &&CHz)3OLi MeoSiCl D 

OMe 

61 

Optical 
R purity (%) Yield (%) 

Me 64.2 58 
Et - 68 
n-Pr 13.3 15 
Ally1 72.0 60 
n-Bu - I1 

K. By Direct Functionalization of  Preformed Lactones 

The acidity of lactone a-hydrogens permits structural elaboration at the a-posit- 
ion of the lactone nucleus via certain carbanion condensations. One of the earliest 
examplesZo 1-204 of  this type of reaction involved dehydrative aldol condensations 
of aromatic aldehydes at the a-methylene group of 2,3dihydrofuran-2-ones. A 
more recent study2 of analogous aldol condensations of 2(3H)-coumaranone 
with 2-hydroxybenzaldehydes in the presence of triethylamine revealed that the 
expected 3<2-hydroxybenzylidene)2-(3H)coumaranones were produced upon 
dropwise addition of triethylamine to  the reaction mixture at 15’C, while an 
increase in temperature to  25-40°C during the condensation increased the yield of 
3-(2-hydroxyphenyl)coumarins at  the expense of the  benzylidene products (equa- 
tion 125). If the  temperature were raised to  7OoC or  if the 342-hydroxy- 
benzylidene)2(3H)-coumaranones were treated at 8OoC with additional triethyl- 
amine, 342-hydroxyphenyl)coumarins resuited via an intramolecular, in situ cycli- 
zation. Analogous results were obtained206 in condensations of substituted 2- 
hydroxybenzaldehydes with y-aryl-Ab9Y-butenolides (equation 1 2 6 ) .  

Several methods for a-alkylation of lactones have appeared in the literature- 
207-2 12. Best results have been obtained by formation of  the lactone enolate with 
a strong base such as LDA, lithium isopropylcyclohexylamide o r  trityl lithium, 
followed by treatment of the enolate with an alkyl halide (Table 15). A similar 
approach2 ’ 2i2 ’ affords dialkylated products, while attempts t o  use benzylbromo- 
methyl sulphide as an alkylating agent have failed2 14. 

Various methods for introducing an a-methylene group into preformed lactones 
have been discussed in a 1975 review’ ’ on a-methylene lactones. A procedure* I s  
which is not discussed in this review involves reactions of  an a-phosphono-y-butyro- 
lactone carbanion with aldehydes, ketones, heterocumulenes and nitrosobenzene t o  
form a-ylidene-y-butyrolactones (Method A; equation 127). The a-brorno-y-butyro- 
lactone employed as the starting material for these reactions has also been used in 
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Yield (%) 

342-hydroxybenzylidene)- 3<2-Hydroxy- 
R’ R’ 2( 3H)-coumaranones pheny1)coumarins 

H H 16 
H CI 62 
H Br a2 
H NO, 62 
c1 c1 91 
Br Br 93 

100 
89 
96 
91 
84 
81 

Br 

OH 
I 

R = Ph, p-MeOCsH4 

R’ 

(126) 
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Reformatsky-type reactions to afford similar products (Method B; equation 
128)2 16. Results from these two procedures are given in Table 16. 

A recent, facile method for the preparation of P-methoxycarbonyl ysubstituted 
y-butyrolactones proceeds via generation of the enolate of succinic anhydride in the 
presence of carboxyl corn pound^^'^. Thus, addition of a THF solution of 3- 
phenylpropanal and succinic anhydride at -78°C under argon to a THF solution of 
lithium 1,1-bis(trimethylsilyl)-3-methyl-l-butoxide afforded, after hydrolysis and 
treatment with diazomethane, an 80% yield of P-methoxycarbonyl-yphenethyl-y- 
butyrolactone. The corresponding substituted y-butyrolactones can be obtained in 
moderate yields when ketones are used in place of aldehydes in this reaction 
(equation 129). Methylsuccinic anhydride produces the enolate on the methylene 

R' R' R' Yield (%) 

H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Me 

Ph H 

n-PrCH=CH H 
H 

PhCH,CH, H 

Me, CH H 
4 C H i ) s -  

Ph H 
PhCH,CH, H 
n-PrCH=CH H 
C J I ,  H 
Me,CH H 

+CH2)5-. 

84 
80 
82 
78 
76 
51 
84 
75 
85 
72 
70 
57 

site and affords the corresponding adduct exclusively, while generation of the 
enolate from glutaric anhydride does not afford the butyrolactones in yields as high 
as when succinic anhydride is used. 

L. From Ketenes 

(271 + 271) cycloaddition to afford P-lactones (equation 130). 
Simple, as well as substituted ketenes react with aldehydes and ketones via a 

R3 
(130) 

.. \ c=o + .c=c=o - R1\ 

R4 
R2' R4' 
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1 .  The synthesis of lactones and lactams 69 

In the preparation of P-butyrolactone, P-propiolactone and P-caprolactone by 
reaction of the appropriate aldehyde with ketene it was found2 ' that boron 
trifluoride or its etherate complex in THF could be used to increase both the yield 
and purity o f  the product. The versatility of both catalysed and uncatalysed 
reactions of ketenes with aldehydes and ketones may be seen by inspection of 
Table 17: 19-224,  where a representative series of lactone preparations are col- 
lected. The first four entries in Table 17 involve y-lactone formation? 19. Gene- 
ration of these products is explained? ' by a mechanism involving initial formation 
of the expected p-lactone, followed by ring-opening, carbonium ion rearrangement 
and recyclization as shown in equation (13 1) with methyl t-butyl ketone. 

Me3C-C-Me 0 I1 + H2C=C=O - BF3 " . 3 ' h 0  a 

Ketenes undergo 1,3dipolar addition with carbenes derived from diazo ketones 
as shown in equation (132) and summarized to form enol lactones (butenolides)22 

in Table 18. 

0 
II -N, [ ! .. p + ] H2C=C=O,  

RCCHN2 ___* R-C-CH - R-C=CH 

An interesting preparation of lactones has been observed during irradiation of 
several a P-epoxy diazoketones in benzene22 6 .  The butenolide products obtained 
are explained in terms of an intermediate epoxy ketene, formed by a Wolff 
rearrangement, which then undergoes intramolecular cyclization (equation 133). 

n 

R' R2 R3 Yield (%) 

Ph Ph H 90 
H Ph H 90 
H Ph Ph I0 
Me Me H 43 
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76 Synthesis of lactones and lactams 

Since it is known2z7-229 that ozone is an effective epoxidizing agent toward 
highly hindered alkenes, Wheland and Bartlett? 3 0  treated an emulsion of diphenyl- 
ketene in ethyl acetate and hexafluoroacetone with ozone at  -78OC expecting an 
a-lactone. Instead they obtained the product shown in equation (134), the struc- 
ture of which was established by spectroscopy and its alkaline hydrolysis t o  benzilic 

Ph 
0 II 03, -JEoC F 3 C g s l  

PhzC=C=O + CFj-C-CF3 
EtOAc F3C 

OH 
1 .  KOH. EtOH I 
2. HCI ’ Ph2C-COOH 

(134) 

acid. A similar approach was used to  prepare di-t-butylacetolactone (equation 
135)z3 ; however, when hexafluoroacetone owas added t o  the chlorotrifluoro- 
methane (Freon 11) used as the solvent at -78 C and the  mixture brought t o  room 

temperature, the two rearrangement products 30 and 31 were isolated upon 
distillation? O .  

Me 

Me 
Me\ ,Me 

Me k M e 3  
,c=c 

130) Me3C 

29% (31 1 
21% 

Although attemptsZ t o  cause nitrous oxide t o  react with hydroxyacetylenic 
compounds in inert solvents have not been very successful, 3-butyn-141 did react t o  
afford y-butyrolactone, presumably via formation and cyclization of the inter- 
mediate 2-hydroxyethylketene (equation 136). 

M. By Reduction of Anhydrides, Esters and Acids 

Although the first report of the sodium borohydride reduction of an acid 
anhydride appeared in 1 949z 3 z ,  it was not until 1969 that this method of lactone 
preparation was thoroughly investigated? i2 3 4 .  Since that time, a variety of 
reagents such as sodium borohydride, lithium aluminium hydride, lithium tri-t- 
butoxyaluminohydride and sodium in ethanol have been used t o  reduce numerous 
acid anhydrides to  lactones (Table 19)? 5-248 .  

One of  the most interesting aspects of  this preparative method is the controversy 
that has developedZ b , 2  7 9 2 4 4  concerning which carbonyl group of the  anhydride 
is reduced when one carbonyl function is hindered and the other is relatively free. 
The majority of unsymmetrical anhydrides undergo reduction at  the more hindered 
carbonyl, irrespective of  the reducing agent employed (see first entry in Table 19). 
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1. The synthesis of lactones and lactams 83 

Although reactions which have been reported to  exhibit the opposite trend are 
apparently not in question, a uniform explanation for the anomalies is still unavail- 
able. 

Lithium aluminium hydride and catalyticZ49 reductions of dicarboxylic acids 
(equation 1 3 7 ) z 5 0 , z 5 1 ,  and their diestersz49 and monoestersZ37,239 have been 
employed with only modest success for  lactone synthesis. 

Me 

(Ref. 250) (137) 
I 

HOOCCCH2CH2COOH ---+ 
I (39961 

n-Bu 

Carboxylic acids and esters containing an aldehyde or  ketone carbonyl function 
at the y- or  &-position often provide good yields of lactones upon treatment with 
various reducing agents (Table 20).252-262. The choice of reduction conditions is 
often governed by whether the carboxyl group is free o r  esterified, for in the iatter 
instances the reducing agent should be capable of reducting the ketone or  aldehyde 
carbonyl without affecting the carboalkoxy function. 

N. By Oxidation Reactions 

Diols, ketones, ethers, olefins and several other miscellaneous types of com- 
pounds can be converted t o  lactones by oxidative reactions employing a variety of 
reagents. The following discussion is organized in terms of  the  type of compound 
used as starting material. 

1. Oxidation of diols 

A wide variety of 1,4- and 1,s- diols have been oxidized t o  lactones by reagents 
such as copper chromite, chromic acid, manganese dioxide, potassium permanga- 
nate and silver carbonate on  celite (equation 1 38)2 3-2 7 .  Table 2 1 contains a 
representative series of diols along with their lactone oxidation products. 

(138) 

Oxidative cleavage of unsaturated keto diols using lead tetraacetate or  sodium 
periodate has been found to be an effective method for the production of steroidal 
lactones (equations 139- 142)2 6*z 7 * .  

R’ =OH, R 2  = Me 

R’, Rz = 0 
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Pb~OAc),, 
HzO. HOAc 

(Ref. 278) (142) 

OMe 

Steroidal 6-hydroxy oximes and lactols derived from the free 6-hydroxy alde- 
hydes can be oxidized t o  lactones with sodium dichromate256 o r  chromic an- 
hydride (equation 143)279.  

or Me 

0 3 C f H  
C r O j  

Me2C0, H20 ' 

H 

(Ref. 279) (143) 
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2, Oxidation of ketones 

reaction remains the premier oxidative method for 
the preparation of lactones from cyclic ketones. The mechanism of this reaction has 
been reviewed in detailzB1 and will not be discussed here. Table 22 contains a 
number of recent e x a ~ n p l e s ~ ~ ~ - ~ ~ ~ .  

Oxygen or  ozone have been used to convert ketones to lactones. For instance, 
reaction of cyclopentanone with oxygen in the presence of l-benzyl-l,4dihydron- 
icotinamide has been reported2 9 6  to afford a 12% yield of butyrolactone (equation 
144). When similar reactions were conducted under nitrogen or  in the absence of 

Synthesis of lactones and lactams 

The Baeyer-Villiger280 ,28  

d + (JCONH2 A Qo 

I 
CH2Ph 

the nicotinamide, no lactone was produced. These findings led the authors296 to 
conclude that the dihydronicotinamide probably functions as an oxygen carrier, 
and is converted by oxygen into its hydroperoxide, which then produces the 
lactone via Baeyer-Villiger oxidation of the ketone. 

Various ketones can be oxidized to lactones using potassium t-butoxide and 
atmospheric oxygen (equations 145- 147)306, Rose Bengal-sensitized photo- 
oxidation (equation 148y07  or potassium t-butoxide and oxygen followed by 
reduction with sodium borohydride (equations 149-15 l ) 3 0 8 .  

Me 

Me Me 

02 

KOBu-r 
t-BuOH 

02 - 
KOBu-t 
r-BuOH 

MG 'Me 

Me Me 

Me & Me Me 

84% 

Me 

Me Me Me Me f-BuOH 

(145) 

Ozonolysis of silyloxyalkenes followed by treatment with sodium borohydride 
has also been reported309 to afford lactones (equation 152). 

Anodic oxidation of the sodium bisulphite addition products of cyclopentanone 
and cyclohexanone3 afford mixtures of y- and 6-lactones as shown in equations 
(153) and (154). Since the relative amounts of the lactones obtained by this 
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/ 
M e 0  

O Y ?  O M e  

Rose Bengal 

11" 
* 

M e 0  

37% 

1 ~ l e V ~ 7 7  r e P H 1 7  

1. 2. 02. NaBH4, KOBu-t, MeOH, r-BuOH HzO * 50% @ (149) 

or 

1. 02. KOBu-r, IMe2NC0I3PO4 

2. NaBH4, H20, MeOH 

- - - - 
0 & H H 

20% 

1. 0 2 .  KOBu-r, r-BuOH 

2. NaBH4, MeOH, H 2 0  

H H 

Me pH17 
1 

X X F  H 

1. 0,. KOBu-r, r-EuOH 

2. NaBH4, MeOH, H 2 0  
* 
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R=CH=CHz 93% 
R = Me 70% 

Na2C03,  -2e HzO Me Q o + Q o  (153) 

17-20% trace 

HO Q S03Na 

method correspond to the relative proportions of the same lactones obtained by  
acid-catalysed cyclization of  S-hexenoic acid3 ' 2 ,  the authors find it reasonable 
t o  assume that the electrolytic oxidation proceeds via a carbonium ion o r  oxonium 
intermediate3 * O .  

Oxidation of 2-adamantanone with ceric ammonium nitrate in aqueous aceto- 
nitrile a t  6OoC has been reported284 t o  afford a 73% yield o f  the corresponding 
lactone, while similar oxidation of 2-adamantanol gave284 the same lactone in SO% 
yield (equation 155). 

Addition of aqueous methanolic sodium periodate t o  a crude sample of  the 
hydroxymethylene ketone shown in equation (156) effected3 l 3  a direct conversion 
t o  R(-)-rnevalonolactone, since the acetal group was hydrolysed during isolation of 
the product. In a similar manner3 13S(+)-mevalonolactone was prepared from the 
analogous hydroxymethylene ketone precursor. 

Me 

Na104. 

MeOH. H 2 0  ' (156) 

A 
Me Me 
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3. Oxidation of ethers 

The oxidative conversion of cyclic esters t o  lactones is not a commonly encoun- 
tered synthetic procedure; however, it has been found t o  be useful in several cases, 
and should not be ignored. 

t o  oxidize tetrahydrofuran to  y- 
butyrolactone, and tetrahydrofurfuryl alcohol to a compound tentatively identi- 
fied as the corresponding aldehyde lactone. Attempts to  convert ethylene oxide t o  
an a-lactone with this reagent were unsuccessful3 4 .  

to  obtain spiro lactones from spiroethers. 
Thus, reaction of 3P-acetoxy-2 ,3'a-tetrahydrofurann-2 ,spiro-17(5-androstene) with 
t-butyl chromate under standard conditions3 l 6  afforded3 a 23% yield of 3 < 3 p  
acetoxy-l7~-hydroxy-7~xo-5-androsten-l7a-yl) propionic acid lactone (equation 
157). Similar results315 were obtained with the spiro ethers shown in equations 
(158) and (1 59). 

Ruthenium tetroxide has been reported3 

r-Butyl chromate has been fused3 

ACO- ' 0  

t-butyl chromate 

CCI,, HOAc, 
. 

lMeCOl20 

40% 

(158) 

R = Me, 48% 

R = H, 30% 

Photosensitized oxygenation of furan and furan derivatives in the presence of  an 
appropriate sensitizer such as Rose Bengal can be employed for the synthesis of 
certain butenolides (equations 160 and 1611)~ 17-3z1.  



I10 

Me 

Q? Me 

Synthesis 

0 2 .  hv. MeOH 

Rosa Eengal 
* 

of lactones and lactams 

MeOH 
__I 

Me 
I 

QMe 

Me OOH 

(Ref. 317, 318) (160) 

NaBH4,Me0H,  or PhjP, E t 2 0  $+ $o 

R r 1 R 

R = H, Me 
L O 4  J 

(Ref. 319-321) (161) 

4. Oxidation of ole fins 

Oxidation of  olefins with excess manganese ( 1 1 1 )  acetate affords Y-lactones in 
moderate to  good yields (Table 23)3 * ,3 3 .  The mechanism of this reaction, 
illustrated in equation (1 6 2 )  with styrene, involves addition of a carboxymethyl 

PhCH=CH2 + eH2COOH ---+ PhtHCH2CH2COOH PhtHCHZCHZCOOH 

- Ph 0 0  
(1621 

radical t o  the double bond, oxidation of the resulting radical to a carbonium ion,  
and then ringclosure to form the lactone. Similar results have been observed with 
manganese dioxide in the presence of acetic anhydride and acetic 

Manganese (111) acetate, as well as certain cerium and vanadium salts, have been 
found effective in catalysing the  addition of carboxylic acids, having an a-hydrogen 
across the double bond of various olefins (equation 163) t o  produce y-lactones 
(Table 24)3 5 .  
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TABLE 23 .  Oxidation of olefins to lactones by manganese (111) acetate 

1 1 1  

R' R2 R3 R4 Yield ('3%) References 

Ph H H H 7 5 , 6 0  3 2 2 , 3 2 3  
Ph Me H H 83 ,74  3 2 2 , 3 2 3  
Ph H Me H 21", 79 3 2 2 , 3 2 3  
PhCH, H H H 1 6' 322 
Ph H H Ph 2oa 322 
Ph H Ph H 16b 323 
Me, C H H H 1 2a 322 
H 4 C H ,  ), - H 1 oa 322 
n - C 6 H , ,  H H H 74 323 
n-Pr H n-Pr H 44c 323 
H d:CH, ) 6 -  H 6 2  323 

'Yields were not maximized. 

'Two isomers in the ratio of 5 :  1 were obtained. 
one isomer was obtained (presumably trans). 

Oxidation of olefins with lead tetracetate has been shown32 t o  produce 
y-lactones (equation 164), but  yields are generally inferior to  those obtained with 
manganese (HI)  acetate. 

In a rather specialized example of olefin oxidation, p-nitroperbenzoic acid has 
been reported32 t o  produce p-lactones from allylallenes (equation 165). 

0. By Carbonylation Reactions 

Unsaturated esters undergo carbonylation with carbon monoxide in the presence 
of hydrogen and dicobalt octacarbonyl t o  afford lactones (Table 2 5 ) 3 2 8 , 3 2  9. These 
reactions are believed328 t o  occur via hydroformylation of the double bond 
followed by cyclization of the intermediate hydroxy ester under the reaction 
conditions (equation 166). 

Alkenyl and acetylenic alcohols are converted t o  lactones by carbonylation by 
nickel tetracarbonyl in the presence of aqueous acid , 3  o r  dicobalt 
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TABLE 24. Preparation of y-lactones by addition of carboxylic acids to olefins3 ' 

Olefin Acid Lactone' Yield (%) 

C, HI , CH=CH, 
PhCH=CH, 
PhC(Me)=CH, 
Me, C=CH, 
Me, C-CH=CH, 
PrCH=CHPr (trans) 
PhCH=CHPh (rruns) 
PhCH=CHMe (trans) 
Cyclooctene 
PhCH=CHCO, Me 
1,s-Hexadiene 
1 ,?-Octadiene 
Butadiene 
Isoprene 

Me(CH, ),C=CCH, CH=CH, 
PhCH=CH, 
PhCH=CH, 
C, HI , CH=CH, 
PhC(Me)=CH, 
4-Octene 
PhCH=CHMe 
Isoprene 

C, HI CH=CH, 

MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 
MeCO, H 

MeCO, 
MeCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 
NCCH, CO, H 

(CH, CO, HI2 

R' =C, HI , 14 
R' =Ph 60 
R' = Ph, R* =Me 14  
R' , R' = Me 30 

44 
R* , R' = Ph 16 

79 
R' , R3 = -(CH,),- 62 

45 
R' = CH, =CH(CH, ),- 24 
R' = CH, =CH(CH, ), - 26 
R' =CH,=CH- 30 
R' = CH, =C(Me)- 13 

R' = CH, =CH-, R' = Me 31 
50 

R' = Ph Rs = Me 50 
R' = Ph, RS = CN 41 
R' = Ph, R' = CN 60 
R' = Ph, R' = Me, RS = CN 43 
R' , R4 = PI, Rs = CN 49 
R' = Ph, R4 = Me, RS = CN 51 
R' = CH, =C(Me)-, R5 = CN+ 5 
R' = CH, =CH, R' = Me, Rs = CN 39 
R' =C ,H, , ,RS  =CH,CO,H 25 

R' = Me,C 48 
R' , R4 = Pr 

R' = Ph, R4 = Me 

R' = Ph, R4 = CO, Me 

+ 

R' = Me(CH, 1, W C H ,  - 

~~ ~ 

'Where not specified R = H. 

RZ 

R' I I  R 3  - R ~ O H  R 1 ~ :  
HOCH2C-CHCOOR4 - 

I 
R 2  

(166) 

octacarbonyl in the presence o f  carbon monoxide and hydrogen3 (Table 26). 
Lactone formation in these cases m a y  be  viewed as proceeding b y  hydrocarboxyla- 
t ion o f  the  unsaturated function with subsequent cyclization o f  an  intermediate 
hydroxy acid. 

Reaction of certain diols and dienes with carbon monoxide or formic acid and a 
s t rong mineral acid in the presence of Group  IB metal  compounds results i n  
Koch-Haaf3 32 3 hydrocarboxylation followed by  ring-closure to form 
lac tone^^^^. As may be  seen from equations (167)  and (168) ,  these reactions are 
accompanied by  deep-seated carbonium ion rearrangements. 

HO(CH2),OH + CO (167) 
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H+ 
HzC=CHCHzCHzCH=CHz + CO 

Me 

N i ( C 0 ) 4  
RCOCl + HCGCH 

R 
(169) 

A recent publication3 describes the synthesis of unsaturated butyrolactones 
by reaction of acetylenes with acyl chlorides in the presence of nickel tetracarbonyl 
and halide ion (equation 169). 

P. By Cycloaddition of Nitrones to Olefins 

An interesting general method for the preparation of y-lactones from olefins 
involves initial silver ion-induced addition of N-cyclohexyl-a-chloroaldonitrones t o  
olefins t o  produce the (2n + 4n)  cycloadduct, which is then treated with base and 
hydrolysed (equation 1 70)3 9 3  ’. 

0- CI 
I 1  

1. AgBF4, CH2CI2 

*N=CHCHR3 

aR1 R 2  + 0 Z . K C N . H z 0  ’ CN 
F12R3 

R’ R’ 

. (1701 
r-BuOK 

r.BuOH, H20 

R’ R’ R3 Yield (%)a 

H H H 91 
H H Me 82b 
Me H H 83 
Me Me H 70 

‘Yields reported are only for the hydrolysis 

‘Diastereorneric mixture, a :  p = 4: 1. 
last) step. 

Use of the diastereomeric 2-butenes in this reaction (equations 17 1 and 1 72)3 
showed the addition t o  be a stereospecific cis process. The reaction may also be 
performed using N-cyclohexyl-a-chloroethanaldonitrone (equations 173 and 
174)3 6,N-(t-butyl>a-chloroethanaldonitrone (equation 175)33 andhr-cyclohexyl- 
a,P.dichloropropionaldonitrone (equation 1 76)3 ’. 



1. The synthesis of lactones and lactams 119 

r-BuOK 
t-BuOH, H20 

1. AgBF4, CH2C12 H 
Me I 0, 

b 

+ c y  
88% ' Me>? 8045% 

2. KCN, H2O 

" 'Me M e  

(171) 

- 
H R 

1. AgBF4, CHzC12 M u O K  
r-BuOH, H 2 0  

80-81 % 
. p + cly3 2. KCN, 74% H 2 0  + :+J-p CN 

Me 

Me 
M e  

M e  
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// 85-95% 

c,OJY 

CN 

-0 

CN 

74% 
IR  = Me) 

60% 
IR = HI 

96% 

87 % 

(176) 

0. By Rearrangement Reactions 

This section deals with lactone preparations by Claisen, carbonium ion and 
photochemical rearrangements. The Baeyer-Villiger reaction and certain lactone 
interconversions, which might also be  regarded as rearrangements, are discussed in 
Sections 11. N.2. and ILR, respectively. 

1. Claisen rearrangements 

Reaction of a series of 2-alkene-l,4-diols with orthocarboxylic esters in the 
presence of a catalytic amount of hydroquinone o r  phenol results338 in the 
formation of various P-vinyl-y-butyrolactones via a Claisen rearrangement (Table 
27). The proposed mechanism, illustrated in equation (177) involves an exchange of 
the alkoxy group of the ortho ester with the diol, followed by  elimination of 
ethanol t o  produce a mixed ketene acetal. Rearrangement of this intermediate t o  a 

k 
-2 EtOH CHzOH 

+ CH3C(OEt)3 
H\ / 

H O H ~ C '  'H 
c=c 
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TABLE 27. y-Lactones by reaction of ortho esters RCH, C(OEt), with unsaturated 1 ,4diols3 

Diol R Product Yield (%) 

HO(Me)ZC\ /H 

,c=c \ 
H CHpOH 

HO(Me)HC\ ,H 
,c=c 

H \CH(Me)OH 

89 

HzC=CH 

H 

0 
HpC=CH 

H vGe 91 

H ge 
0 

MeHC=CH 

0 
cis-trans 
mixture 

52  

H HO(Me)2C\ /H  
,c=c\ 

H CIMe)pOH 

Me2C=CH Me 

V M e  

0 
pyrocin 

HOH2C\ ,Me 
,c=c\ 

H CH2OH 

Me 
I 

HzC=C 

+ T O  

H 

H2C=CH Me 

To 0 

M e $ = C v e  

Me Me 

0 
cis-trans 
mixture 

70 

81 (ratio 6:4) 

60 
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P-vinyl-Y-hydroxy carboxylic ester and lactonization under the conditions of the 
reaction affords the observed lactones. It should be noted that all of the entries in 
Table 27 are truns diols. With substituted cis-2-alkene-l,4diols, y-lactones were 
obtained in lower yields. For example, condensation of cis-2-butene-l,4diol with 
ethyl orthoacetate afforded P-vinyl-y-butyrolactone in 45% yield, along with 20% 
of 2-methyl-2ethoxy-l,3dioxacyclohept-5ene. Condensations of ally1 alcohols 
with cyclic orthoesters have also been used to prepare y- and 6 -1actones (equations 
178 - 18 1)3 9 .  

Me 

Me$-CH=CHMe 

EtoG + 
EtO 

racernic racemic 
65% 

B Z  ne + 
6 H  

racemic 
65% 

racemic 

6H 
racemic racernic 

80% 

Me 

racemic and its epimer racernic 

2. Ca&onium ion rearrangements 

A number of cyclopropane carboxylic acids undergo acid-catalysed and/or 
thermal rearrangements to form Y-butyrolactones. The former reactions may be 
envisioned as occumng via concomitant protonation at the cyclopropyl carbon 
holding the carboxyl group, and ring-opening to form the most highly substituted 
carbonium ion, which then interacts with the carboxy group to generate the lactone 
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ring (equation 182). The specific examples given in equations (183)-(185) are 
representative of this scheme for  lactone formation. 

M e ~ C O O H  r.f. "'v (Ref.341) (184) 

W H O o H  % a. (Ref.342) (185) 

Certain other  monocarboxylic acids containing ring systems which are suscep- 
tible t o  carbonium ion rearrangements can be converted t o  lactones upon treatment 
with acid. Thus, both the  endo and exo isomers of  (+)-1.5,5-trimethyl- 
bicyclo[ 2.1.1 ] hexanedcarboxyl ic  acid produce dihydro-pcampholenolactone in 
49% yield (equation 186)343.  The [4.1.0] bicyclic hydroxy ester shown in 
equation (187) affords an 88% yield of trans-fused cycloheptene b u t y r ~ l a c t o n e ~ ~ ~ .  

Cyclopropane-1 , Idicarboxylic acids can serve as useful starting materials for 
ybutyrolactones as shown by the reaction of  several such acids with deuterated 
sulphuric acid (equation 188)34 s. The location of the deuterium labels in the final 

D 

R' = R2 = H 

R '  = H, R2  = Me 

R' = R 2  = Me 

products is consistent with operation of a mechanism analogous t o  that described 
above for cyclopropanecarboxyclic acids. Thermal decarboxylation of related 
diacids also affords lactones (equation 1 89)342.  
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3. Photochemical rearrangements 

Iactones in 35%-65% yields (equations 190-193). 
Irradiations of p,yepoxy cyclic ketones and simple substituted epoxides produce 

(Ref. 3461 I1 90) 

33% 

,Me ( R e f .  347) (191) M e  c=c 
‘Me 

50% 

65% 

35% 

The photochemical behaviour of the nonenolizable Pdiketone,  2,2,5,5-tetra- 
methyl-l,3cyclohexanedione, has been studied by several groups of 
 worker^^^^-^ 5 2  and aLl are in essential agreement concerning the products obtained 
in benzene (equation 194). However, in ethanol or  cyclohexane, one group of 

M e  

O C f  M e  M e  

C6H6, r.t. 

highprenure. 
Hg arc. no filter, 

NZ 
O t ?  M e  M e  

M e - C g  I + M e z C H p  

+ 

M e  Me M e  M e  

( 194) 

3 95 2 

85% overall 
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workers349 reported a single product, while a second obtained all the  
products shown in equation (194). 

Interestingly, irradiation of  the exocyclic enol lactone, S-hydroxy-3,3,6- 
trimethyl-5-heptenoic acid 6-lactone afforded3 a pseudoequilibrium mixture 
(equation 195). Treatment of 2,2dimethyl-l,3-cyclohexanedione in a similar 

Me Me 
Me Me I I 'p + ""i)"" + " " " ' ~  (195) Me/cTz Me Me Me/ Me Me Me Me Me Me 

95 3 2 

manner afforded3 exclusively the corresponding enol lactone in 70% yield 
(equation 196). 

(196) 

R. Lactone lnterconversions 

Although there are not enough literature reports to permit generalization, the  
following reactions provide some examples of the synthetic potential of lactone 
interconversio ns. 

Treatment of d,I-a-campholenic acid lactone with sulphuric acid has been 
reportedZ 9 0  t o  produce the isomeric dihydro-P-campholenolactone (equation 197); 

Me Me 

however, when the isomeric bicyclic lactone was treated in the same manner no 
interconversion was observed (equation 198)29 ' .  This difference in reactivity has 

Me I Me & HOA~. H2S04 No reaction 
(198) 

been usedzg1 t o  obtain analysis of the lactone products obtained from peracetic 
acid oxidation of camphor (equation 199). 

During the elegant synthesis of reserpine, Woodward and coworkersZ have 
observed a number of lactone interconversions (equations 200 and 201). 

The y- t o  6-lactone interconversion shown in equation (202) has recently30 ' 
been observed during the total synthesis of Rhoeadine alkaloids. 
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Me Me 

L 

HzS04, HOAc 1 
M e h 0  + & Me Me 

- 
25% 

75% 

0 % / moA 
\ 

Al(i-PrO13 

MeCOCI, SnCIJ 

r.t., 15 min 
. 

60% 

43% 

6Me 

(200) 

88% 

-Me 
Me0 M e o w o M e  Me0 (202) 

Me 
Me 

OMe 

90% 
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S. Miscellaneous Lactone Syntheses 

The following preparations do not fall conveniently into any of the preceding 
categories; nevertheless several of them are extremely attractive as general lactone 
syntheses. 

1. The Barton reaction 

consists of reaction of primary or secondary 
amides with lead tetraacetate or t-butyl hypochlorite in the presence of iodine to 
form N-iodo amides, which then undergo a free radical cyclization to lactones when 
the reaction mixture is photolysed. 

This useful synthesis of lactones3 

Me CONHR 

(203) 
PblOAda, 12, C6Hg. hv & - 
t-EluOCI. 12. or CgHg. hu 

AcO - 
H 

R = H. Ph 

l22 
‘I‘ r-BuOCI, 12, C6H6. hv 

R’ = H, %He. Me 

R’ CHCH2CH2CONH2 

R~ = H, n. Et 

(204) 

In a reaction somewhat related to the Barton reaction, photolysis of N-acetyl-3- 
methyl-3-phenylpropionamide was reported to  accord the lactone of 4-phenyl-4- 
hydroxy-3-methylbutyric acid3 s 4 .  

2. Photolysis of a-diazo esters and amides 

Photolysis of certain esters of adiazo carboxylic acids gives rise to lactones by 
insertion of the resulting acarbene into a carbon-hydrogen bond of the alkoxy 
residue3 s f  These reactions are, however, often characterized by low yields. Thus, 
photolysis of the t-butyl esters of diazoacetic acid in cyclohexane affords only a 4% 
yield of Y,Ydirnethylbutyrolactone (equation 207)3 . Performing the same 
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0 
I1 

Me3COCCHN2 - 
Me 

(2071 

reaction on the t-amyl ester o f  diazoacetic acid3' affords P,y,y-trimethyl- and 
y-methyl-yethylbutyrolactone, both i'n low yields (equation 208). Interestingly, 

Me 0 
I I1 hu 

I C6H12 
MeCHzC-0-CCHN2 ---+ 

Me 

Me.ika + M e P o  (208) 

Me 

-1.5% -3% 

photolysis3 of N-[  (t-butoxycarbonyl)diazoacetyl] piperidine produced only 
cis-7-t-butoxycarbonyl- 1 -azabicyclo[ 4.2.0 1 octan-8-one and its truns isomer 
(equation 209), but no y-lactone. Using N-[ (t-butoxycarbonyl)diazoacetyl] pyrro- 

0 0  

14% 

hu 

R = t-Bu 

0 

ROzCCNzC-N 
" 3 
L 

R = E t  

hu 

l h  

V 
40% 

0 

Me 

(210) 

0 CN-'d 
Me 

50% 
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lidine, only the y-lactone forms, while from N-[(ethoxycarbonyl)diazoacetyl]pyrro- 
lidine only t h e  P-lactone is obtained (equation 210)356.  Application of this 
reaction3 t o  N-[  (butoxycarbonyl)diazoacetyl] -L-thiazolidine-4-carboxylate sub- 
stantiated the expectation that the 2-methylene group in the thiazolidine is very 
susceptible t o  carbene insertion, since a mixture of  P-lactam and its isomeric 
y-lactone was obtained (equation 2 11). 

A similar photochemically induced intramolecular insertion has been 
reported3 during the photolysis of diethyl diazomalonate with thiobenzo- 
phenone in cyclohexane (equation 2 12). 

3. Photolysis of 2slkoxyoxetanes 

A novel synthesis3 a of tetramethyl-P-propiolactone involves irradiation of an 
acetonitrile solution of any of the 3,3,4,4-tetramethyloxetanes shown in equation 
( 2  13) with acetone. This lactone may also be prepared358 via irradiation, of either 

+ Me2CO - hu :rv 
(213) Me 

Me Me 

R = -0Me.-0Et.-OPr-n,-OBu-n 

R-0-CH=C-Me + MeZCO - hu M e V  blvl~ORtRO~Me 
R = Me or n-Pr 

I Me (214) 
Me 

Me Me Me 

37% 
(1:l) 

29% 

methyl or  n-propyl &@dimethyl vinyl ether with acetone (equation 2 14). Similar 
irradiation3 of acetone with ethyl P,Pdiethyl vinyl ether affords a,adiethyl-@,@- 
dimethyl-p-propiolactone, which has also been prepared by irradiation of a mixture 
of isomeric oxetanes with acetone or  benzophenone (equation 2 15). Preparation of “v Me2C0 hv 137%) ’ M~ E t g  0; E ; : B E t  (215) Me 

EtOCH=CEt 3 hv 

Me Me 
Ph&O 128%) 

I 
Me Et 

the a,a,@-triethyl-P-propiolactone was accomplished3 
of the corresponding 2- and 3-methoxyoxetanes with acetone. 

via irradiation of a mixture 
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4. a-Lactones by photolysis of 1,2dioxolane-3,5diones 

Methods of preparation of a-lactones are not very common; however, a rather 
unique, high-yield photochemical synthesis of these elusive compounds via photo- 
chemical decarboxylation of 4,4-disubstituted-l,2-dioxolane-3,5-diones has recently 
been reported3 5 9 .  Thus, irradiation of substituted 1,2dioxalane-3,5diones as neat 
liquids at 77  K produces disubstituted a-lactones (equation 2 16). If the  irradi:tion 
is performed at room temperature or if the a-lactone is warmed above -100 C a 
polyester is the  only product obtained. 

Synthesis of lactones and lactams 

hw or heat I 

5. Oxidation o f  rnercaptans, disulphides and related compounds 

When mercaptans and disulphides are treated with an oxidizing agent such as 
dimethyl sulphoxide under basic conditions in a polar solvent, lactones have been 
reportedJ60 as the  products. Also prepared were the 6-lactones where 
R = n-C6H1 3 ,  Me, Et and Ph. 

&OH. H20. 

NaOH, Me,SO 
2 Me(CH2)3CH2SH (217) 

R = n-Pr 

The sulphur-donor ligand ortho-metalated complexes shown in equation (2  18) 
afford lactones upon treatment with 30% hydrogen peroxide or  m-chloroper- 
benzoic acid3 . 

6. Addition of diazonium salts to olefins 

Treatment of olefins with substituted benzenediazonium chlorides in the  
presence of  cuprous chloride and an alkali metal halide affords arylsubstituted 
butyrolactone esters (equation 2 19)3 6 2 .  

7. Addition of dieth yl dibromomalonate to methyl methacrylate 

Condensation of diethyl dibromomalonate with methyl methacrylate in the 
presence of iron pentacarbonyl produces the substituted butyrolactone shown in 
equation ( 2 2 ~ ) ) ~  3.  
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R 

r! 

R Reagent Yield 1%) 

OMe 30%H,O, 13 
OMe rn-CIC,H,CO,H 57 
Me 30% H, 0, 45 
H 30% H, 0, 49 

131 

R’  = R2 = Me; R3 =p-Me,p-CI 

COOEt 
(220) 

M e d  0 

Br\ ,COOEt FelCO), 
C + H2C=C-COOMe - 

Br’ \COOEt I 
Me MeOOC 

8. Deh ydrohalogenation of 22dimethox y-3-chlorodih ydrop yrans 

Treatment of a series of substituted 3chlorodihydropyrans with sodium 
methoxide in dimethyl sulphoxide or  dimethylformamide at room temperature 
affords the  corresponding a-pyrones in good yields (equation 22 

9. Preparation of homoserine lactone 

a-Amino-y-butyrolactone (homoserine lactone), an important intermediate in 
the synthesis of various amino acids, has been prepared by a two-step sequence in 
which N-tosyl- o r  N-benzoylglutamine is converted into N-tosyl- or N-benzoyl-a,y- 
diaminobutyric acid with potassium hypobromite, followed by d i a ~ o t i z a t i o n ~  . A 
second route involves the reaction of  N-acyl methionines with methyl iodide in a 
mixture of  acetic and formic acids t o  produce their corresponding sulphonium salts, 
which are then hydrolysed under reflux at pH 6-7 (equation 2 2 2 ) .  The resulting 
N-acyl-a-amino-y-hydroxybutyric acids are then converted into their corresponding 
lactones using hydrogen chloride3 
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-0Me 

NaOMe R3@Me __ - IlvMe 
cI DMSO or R2 

DM F 

R '  R 1  

R' R1 R3 Yield (%) 

Ph H H 85 
H H Ph 64 
Ph H Ph 12 

18 -(CH2),- Et 
52  CgoHaz H H 

NHR 
Me1 +,Me heat 

RNHCHCH2CH2SMe - RNHCHCH2CH2S, I -  - 
I Me pH6-7 
C02H 

I 
c02 H 

R Yicld (%) 

PhCO 13 
p-MeC, H, SO, 92 
EtOCO 81 
PhCH, OCO 80 
Me,COCO 29 

45 
o=c\ 
O& 

111. SYNTHESIS OF LACTAMS 

Information about the synthesis of lactams may be found in numerous review 
articles, most of which, however, have been limited t o  the preparation of o n e  
particular class of  lactam o r  to  the  general synthesis of amides. 

In 1957 Sheehan and Coreyj6' published a review on 'The synthesis of 
p-lactams'. The synthesis of lactam monomers was reviewed in 1962 by Dachs and 
S ~ h w a r t z ~ ~ *  and by Testa369.  The synthesis of P-lactams was again reviewed in 
1962 by Graf and coworkers370, while in 1966 a review of the preparation, 
properties and pharmacology of amides, amino acids and lactams was published by 
Piovera3 and in 1967 a discussion of the preparation of  p-lactams was published 
by Muller and Harmer3 7 2  . 

The first review on  'a-Lactams (aziridinones)' appeared in 1968 from Lengyel 
and S h e e h a r ~ ~ ' ~ ,  while the synthesis of all types of lactams was reviewed first by 



1 .  The synthesis of lactones and lactams 133 

B e ~ k w i s h ~ ~ ~  in 1970 in his chapter o n  ‘Synthesis of amides’ for this series, by 
L’AbbB and Hassner3 7 5  in 197 1 in their review of ‘New methods for the synthesis 
of  vinyl azides’, by Millich and S e ~ h a d r i ~ ~ ~  in their chapter on lactams in High 
Polymers, by Manhas and Bose3 7 7  in Chemistry of 0-Lactams, Natural and Syn- 
thetic, by hawk in^^^^ in his review of ‘a-Peroxyamines’, and finally, by Mukerjee 
and S r i v a ~ t a v a ~ ~ ~  in a review entitled ‘Synthesis of P-lactams’. 

A. By Ringclosure Reactions (Chemical) 

1. From amino acids and related compounds 

Intramolecular reaction of  a carboxylic acid or  ester function with an appro- 
priately positioned amino group is quite often the method of choice for the 
synthesis o f  Y- and 6-lactams. Lactams of  smaller and larger ring size are somewhat 
less frequently synthesized by such procedures, although a-,  P- and E-lactams can be 
prepared by careful choice of reaction conditions and starting materials. Thermal 
cyclization of a mixture o f  cis- and trans-4-aminocyclohexanecarboxylic acid t o  
produce 3-isoquinuclidone3 is representative of a typical 6-lactam synthesis 
(equation 223). Preparation of  the Y-lactam, 1 ,5dimethyl-2-pyrrolidone3 * , 

COOH 

’ D H o  

Dowtherm 

reflux 

NH2 

involves a related cyclization of  the methylammonium salt of y4methylamino) 
valeric acid (equation 224). 

CH3CHCH2CH2COO- iH3CH3 - 
I 

I 
NHCH3 

CH3 

An interesting example382 of a-lactam (aziridinone) formation involves the 
synthesis of optically active 3-substituted-1 -benzyl-oxycarbonylaziridin-2-ones from 
N-benzyloxycarbonyl L-amino acids by use of phosgene, thionyl chloride or 
phosphorus oxychloride in THF at  -20 to  3OoC (equation 225). The cyclization 
appears t o  involve initial formation of a mixed anhydride between the N-protected 
amino acid and the dehydrating agent. 

0 R2 n 
COC12, Et3N ii 

R’  OCN-CH-R~ 
I I I  

K R’OCNHCHCOOH THF, -200c + (225) 

0 

R’  = -CH2C6Hg, -cH~C6H4Br-p, -CH2CsH4CI-p, 

R2 = -CH2CgHg 

Intramolecular cyclization of amino esters has found numerous applications in 
lactam synthesis. In some cases the desired cyclizations are accomplished thermally 
as in the preparations of  5,5dimethyl-2-pyrrolidone (equation 226)38 3 ,  
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a-(equation 2 2 7 y  * 4 ,  P-(equation 2 2 q 3  
229)3 5 .  

Synthesis of lactones and lactams 

and 6 -methylcaprolactam (equation 

200% 
( C H S ) ~ C C H ~ C H ~ C O O M ~  - 

8846% I 
NH2 CH3 

(226) 

(2271 
ethylene glycol 

162-165'C 
44% 

HzN(CH214CHCOOEt 
I 
CH3 

Cyclization of dienamino esters, obtained by addition of enamino esters t o  
methyl and ethyl propiolate, has been accomplished at  160-190 C in dipolar 
aprotic solvents to afford a-pyridones in  good yields (equation 230)3 8 6  - Reaction 

R' R' 

H CH1C6 H5 
Me H 
Me Me 
Ph H 
Ph Me 
o-CH,C6 H, H 

~~ ~ ~~ 

of the a,p-unsaturated triester prepared from malonic ester and ethyl pyruvate, with 
the diethyl acetals o f  a series of  Nfldimethylamides affords the corresponding 
dienamino triesters, which in turn undergo cyclization with benzyl amine in 
refluxing ethanol t o  afford a series of 1 -benzyl-3,4dicarboethoxy-2( 1H)pyridones 
(equation 2 3 1 )3 ' . 

Cyclization of  2-piperidinylacetates t o  form p-lactams has been effected by 
means of ethylmagnesium bromide (equation 232)3 8 .  Yields increase with increas- 
ing substitution at  the a-carbon of the ester. Similar cyclization of the methyl ester 
of  34methylamino)butyric acid produces3 N-methyl-P-butyrolactam (equation 
233); however, the reaction failed with ethyl 2-pyrr~l idinylacetate~ 8 .  
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OEt I R ’ O O C ~ ; R ’  

R2CNMe2 

ROOC 
I 

R’OOC H3C1c00Et COOR’ OEt 

COOEt 

R’ R’ 

Et H 
Me H 
Me 3-Pyridyl 
Me 2Cyanophenyl 
Me 3Cyano-2quinolyl 

R ’  

R’ =Me,  Me, Me, Et 

R2 = H, Me, Et, Et 

MeCHCH2COOMe - 
Me Me 

I 
NHMe 

(233) 

Listed in Table 28 are various P-aminopropionic acid esters which have been 
converted to P-lactams by a Grignard reagent. Other examples of P-lactam prepara- 
tion using this method include the conversion of ethyl 3-phenyl-p-aminopropionate 
to 4-phenyl-2-azetidinone (equation 234)4 ’, the conversion of several ethyl 

ether, 2OoC 
H2NCHCH2C02Et 

s i r 4  h ph I 
Ph 

(234) 

N-substituted 2ethyl-2-phenyl-3-aminopropionic acid esters to  their corresponding 
N-substituted 3ethyl-3-phenyl-2-azetidinones (equation 235)4 z ,  the conversion of 
methyl Z-substituted 3-phenyl-3<phenylamino) propionates t o  a mixture of cis and 
trans l-phenyl-3-substituted4-phenyl-2-azetidinones (equation 236)4 and the 
conversion of the methyl, ethyl, isopropyl and benzyl esters of 2-phenyl-34benzy- 
1amino)propionic acid t o  1 -benzyl-3-phenyl-2-azetidinone (equation 237)4 4 .  

In connection with a new synthesis of oxindoles40s-407,  Gassman and co- 
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TABLE 28. P-Lactams prepared via the reaction of substituted paminopropionic 
acid esters with a Grignard reagent 

H,NCH,CCOOEt R’ I + R3MgX ehs R 2 b :  
I 
R2 

~ 

R’ R’ RS Yield (%) References 

H n-Pr Me 22 390 
H i-B u Me 61 39 1 

Me 54 39 1 
- 39 2 H Ph Et 

H p-MeC, H, Me 54 39 3 
H p-MeOC, H, Me 20 39 3 
H C 6 H S C H 1  Me 43 39 1 
H a-naphthyl Me 49 39 1 
H P - C ~ H S C ~ H ,  Me 11 39 1 
Me Me Et 80 394 
Me Ph Et 51 39 5 
CH,OH Ph Et - 39 6 
Et Et Me 32 390 
Et Et Et 92 394 
Et Ph Me 19 39 0 
Et Ph Et 86 394-398 

H cC6H11 

Et p-MeC, H, Et 88 399 
Et C6H3CH1 Et 64 395 
n -Pr n-Pr Et 91 39 4 
n-Pr Ph Et 56 395 
i-Pr Ph Et 15-79 394,395 
n-Bu n-Bu Et 99 39 4 
n B u  Ph Et 92 394 
Me,N(CHJ, Ph Et 32 395 
Et , NCH, 1 , Ph Me 16 39 9 
CC6Hll  Ph Et 80 394 
Ph C6H3CH2 Et 83-87 394 
H Ph Me 52 400 
(as hydrochloride salt) 

, P h e  (235) 

Et 
I EtMgBr 

I 
RNHCH2CC02Et 

ether. O°C. stir 2 h. then 

Ph 4 h at room temp. ‘R 

R Yield (%) 

n-Pr 23 
i-Pr 21 
n-Bu 60 
‘6 H 3  C H l  74 
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R 

x p h  

EtMgBr 
PhNHCH-CWCOOMe - 

Ph 
I 1  
Ph R 

~ 

R Yield (%) 

Me 88 
i-Pr 95 

cis and trans 

137 

(236) 

Ph 

(2371 
MeMgl 

or EtMgBr 
PhCH2NHCH2CHCOOR 

I 
Ph - 40% 

R = Me, Et, i-Pr, PhCHz 

SMe 
R ' ~ c H c o o E t  I 2 " p $ ; M e  

(Refs. 405, 407) (2381 
R2 NH R2 

R3 k. R3 R4 

R' R1 R' R" Yield (%) 

Me H H H 34 
H H Me H 61 
H H H Me 46 

H H H 51 
H H 61 

NO, 

Me H 66 
H NO, 
COOEt H 

workers found that amino esters 32 afford 3-methylthiooxindoles 33 upon treat- 
ment .with dilute acid. 

Cyclization of amino esters with 2-pyridone as catalyst408 y 4  O 9  is quite effective, 
as illustrated by a recent example (equation 239)4 O .  

COOMe 
H ' om (239) I 

Qo 
MeOOC 

COOMe 

COOMe 
dioxane 

82% 
COOMe 

H2N k I I 
H H 

Reductive cyclization of nitro esters such as ethyl 3-carboethoxy4-nitro- 
pentanoate4 ' can be used for the preparation of y- and 6-lactarns4 ' ,4 ' 3 .  The 
required nitro esters can often be obtained by Michael addition of a nitroalkane t o  
an appropriate a,p-unsaturated ester (equation 240)4 ". 



138 Synthesis of lactones and lactams 

COOEt EtOOC 

COOEt COOEt 

R 

R = Me, Et 81% 

It may be noted that Michael addition of diethyl acetamidomalonate t o  ethyl 
acrylate or  ethyl crotonate can be accompanied by cyclization of the intermediate 
adduct t o  form 2-pyrrolidones4 4 9 4  5 .  

In a study of lactam formation from a series of  o-aminophenoxyacetamides 
Cohen and Kirk4 y 4  ' have drawn the conclusion that the mechanism involves 
simultaneous attack of the aromatic amino function and an external proton donor 
at the amide carboxyl (equation 241). 

NHR I 
H 

2. From halo, h ydrox y and keto amides 

Treatment of a-, p-, y -  or  6-halo amides with a suitable basic reagent results in  
ionization of  the  amide proton t o  form a nitrogen anion, which then reacts by 
intramolecular displacement of halide ion t o  produce the appropriate lactam 
(equation 242). The scope and limitations of this method as applied t o  a-lactam 

n = 1-4 

synthesis have been discussed4 2 4 .  Successful preparations require the presence 
of one o r  more alkyl or  aryl substituents at the  a-carbon as well as a bulky N-alkyl 
group such as t-butyl o r  1- or 2-adamantyl. Syntheses of  @-, y- and 6-lactams, bu t  
not ~ - 1 a c t a m s ~ ~  5 ,  by cyclizations of prerequisite halo amides are much more 
general, as may be seen from equations (243)-(250). Some of the basic reagents 
which have been used include sodium in liquid ammonia4 5 ,  sodium hydride in 
DMS04 5 ,  potassium t-butoxide in DMS04 and sodium ethoxide in ethanol4 6. 

A lactam synthesis first reported by Sheehan and Bose4 2 ,  and later exploited 
by numerous investigators4 3-4 consists of intramolecular C-alkylation4 of 
N-substituted a-haloacetamides and P-halopropionamides. Alkylation is effected 
through generation of a carbanion centre in the N-alkyl substituent, where one o r  
preferable both of the substituents R2 and R3 shown in the generalized equation 
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R’ 

I 
R 2  

BrCH2C!CONHR3 bas 

‘R3 

139 

(243) 

R1 Rl R3 Yield (%) Reference 

H H Ph 68-95 425 
H H o-BIC,H, I1 425 
H H o-FC,H, 90 425 
H H p-BrC,H, 58 425 
Me Me p-BrC,H, 55 425 
H H pC1C6H4 13 42 5 
H H Pm1c6H, 80 425 
H H p-MeOC,H, 50 42 5 
n-Pr n-Pr Me 52 421 
Me Ph H - 421 
Me Ph Me 61 421 
Me Ph ‘6 H S C H l  - 427 
Me Ph Ph 54 42 7 
Me Ph o-O,NC,H, 54  421 
Ph Pi1 Me 56 427 

(Ref. 428) 
KNH2 or 

PhCHCHZCONHR 7 
I 
X 

X R Yield (%) 

C1 1 15 
CI H, NCOCH, 76 
Br Me,CCH(CO,Et), 83 
c1 Me,C=C(CO, Et), 85 

R’ R’ Yield (%) 

H Me 26 
Me Me 28 

(25  1 )  are electron-withdrawing functions such as carboalkoxy, phenyl or cyano. In 
most cases where both R2 and R3 are activating groups, triethyl amine4 32-4 8 ,  

sodium acetate4 9 ,  ethanolic potassium hydroxide4 9-4 I ,  or  basic ionexchange 
resins4 4 0  function satisfactorily as the base. With a single activating group sodium 

has proved to  be effective. A number of representative examples of 
this procedure, which have appeared since 1966, are presented in Table 29. 
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Er Ph 

PhCHCHCONHPh __t 

Er I t  Er bare 0 IqPh (Ref. 429) 1246) 

Base Yield (%) 

NaOH, liq. NH, 9 6  
NaNH,, liq. NH, 78  
KNW, , liq. NH, 8 6  
NH, alone 38 

Ph 

BrCH2C-CONHR I ----+ base 'hPN,R (Ref. 430) 
I 
Ph 0 

R Base Yield (%) 

H KNH, in liq. NH, 9 2  
EtONa in EtOH 9 0  

Pi1 KNH, in liq. NH, 9 6  
KOH in MeCOEt 91 

p-MeOC, H, EtONa in EtOH 98 
p-02NC6H4 EtONa in EtOH 96 
C,H,CH, NaSH in EtOH 9 2  

TABLE 29. Synthesis of P- and r-lactams by base-catalysed intramolecular alkylation of N-substituted 
a-haloacetamides and P-halopropionamides 

Starting amide Base Lactam Yield (%) Reference 

R1 ,ph 
CICH, COACH 

\ HOOC COOEt 
R1 = Ph 

R' = C,H,Br-p 
R1 = C, H4 Me-p 

R' = C,H,CI-p 

P' 
ClCH,CONCH(COOEt), D M F ~  

R' = Ph 

R' = C,H,Br-p 
R' = C, H, Me-p 
R1 = PC,,H, 

R1 = C,H,Cl-p 

439 

9 0  ( g o y  
80 
80 
8 9  (90)" 

439 

9 8  
95-98 
95-97 
95-98 
95-98 
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TABLE 29. (Continued) 

141 

Starting amide Base Lactam 
~~ ~ 

Yield (%) Reference 

R' 
I 

Br(CH,),CON-CH(COOEt), KOH 
R' 

R' = P h  

R' = C,H,Brg 
R' = C,H,Me-p 

R' = C,H,CI-p 

R' = Ph 
R' = C,H,Cl-p 
R' = C,H,Br-p 
R' = C,H,Me-p 

R' = Ph 
R' = C,H,Cl-p 
R' = C,H,Br-p 
R' = C,H,Me-p 

85 
90 
84 
80 

85 
80 
80 
80 

440 

440 

440 

80 
86 
80 
80 

aYield of ethyl ester obtained by heating sodium acetate and starting amide without solvent at 
J40- 145°C. 

Reactions carried out in refluxing DMF without added base. 

Br(CH2)3CONHR - base oo (Ref.425) (248) 

I 
R 

R Yield (%) 

Ph 48 
o-BrC,H, 50 
o-FC,H, 61 
p-BrC,H, 61 
pC1C6H4 54 
P - G H ,  I9 
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X(CH2)4CONHR - (Ref. 425, 426) 

I 
R 

X R Yield (%) 

Br Ph 
c1 H 
c1 Me 
c1 Et 
c1 n -Pr 
c1 n-Bu 
c1 “C,H, ,  
c1 CCIHtl 
Cl Ph 

61 
82 
48 
33 
28 
36 
31 
11 
96 

(249) 

&” KOBu-t, re’,”x3h C6H6 

HN&ke (Ref. 431) 

57% 

I 1  
I 

O=C-C-CH2CI 

Me 

(250) 

n = l o r 2  

R 

R = Me, Ph 

A Ph’ ‘ 
P-Lactams have also been prepared by base-catalysed cyclization of  N4a-chloro- 

benzyl)+cyanoamides (equation 252)4 4 4  and by intramolecular Michael addition 
(equations 253-255)44 s. 

In addition t o  the nucleophilic displacements of halide ion shown above, 
N-aryl-a-halo amides can be cyclized via intramolecular Friedel-Crafts alkylation of 
the N-aryl moiety t o  produce oxindoles, as shown in the synthesis of 3-ethyl-l- 
methyloxindole from N-methyl-a-bromo-n-butyranilide (equation 256)44 6. 

An interesting approach to  the cyclization of bromo amides may be seen in t h e  
reaction of N-(2-bromopropanoyl)aminoacetone with triethyl phosphite t o  afford 
an intermediate phosphonate ester, which can then be converted into 2-oxo-3,4- 
dimethyl-A3-pyrroline via and intramolecular Wittig reaction (equation 257)44 ’. 
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R ~ - C  H? -0 

R102C+L, 
PhNCH(C0OR’)z 

I 
O=C-CH=CHR~ C02R’ Ph 

143 

12531 

R’ R’ Yield (%) 

Et P-O, W H ,  94 

Et COaEt - 

Me P-OaNCJ,  14 
Et o-OaNC,H, 70 

(256)  

I I 
M e  Me 

Me 
/Me 

Me,C-OCH-P(0)(OEt)2 Nan 
/Me 

Me, CH-Br - $o (257) 
,C=Ol HzC( ,i=O 

H2C,N/C*o N H I 
I 
H 

I 
H 

y- and 6-Hydroxy amides obtained from reactions of aldehydes and ketones with 
the dilithio derivatives of N-substituted b e n ~ a m i d e s ~ ~  and N-substituted 
o - t o l u a r ~ i d e s ~  have been cyclized in the presence of  cold, concentrated sulphuric 
acid to  form Y- and s-lactams, respectively (equations 258 and 2 5 9 ) 4 5 0 - 4 5 2 .  A 
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mechanistic study4 of reactions of this type revealed that  in addition t o  lactam 
formation, linear dehydration t o  form olefin amides and cyclodeamination t o  form 
6-lactones also occurred. The major course of reaction was found to  be dependent 
upon the nature of  the acidic medium, the temperature and the structure of  the  
hydroxy amide. 

A recent patent454 claims the preparation o f  P-lactams by reaction of N -  
methyldiarylglycolamides with concentrated sulphuric acid in acetic acid (equation 
260). 

R’ = H, R2  = Me;n = 2 

~1 = ~ 2 =  H ; ~  = 1 

R’ = H, R 2  = Me;n = 1 

R’ = OMe, R2= Me;n = 1 

(262) 

(34) (35) 

t o  afford unsaturated lactams in 80-90% yield (equation 26 1). 

tricyclic lactam 35 (equation 262)4s 6 .  

Acid-catalysed cyclization of a series of 6-keto carboxamides has been found4 

An interesting intramolecular aldol cyclization of a -keto amide 34 afforded the 

B. By Ring-closure Reactions (Photochemical) 

exposure to  ultraviolet and ultraviolet-visible irradiation4 7-4 z. 

starting amide (Table 30). 

A large variety of substituted amides have been found t o  produce lactams upon 

The type of lactam obtained is dependent upon the structural features of  the 

1. Cyclization of &,Sunsaturated amides 

Irradiation of  z $-unsaturated anilides affords 3,4-dihydrocarbostyrils via nng- 
closure involving the ortho position of the N-aryl substituent and the P-carbon the  
acyl moiety (equation 263)4 7-4 I .  Unsaturated amides possessing an N-heteroaryl 
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p2 p3 R '  

(263) 

A3 

substituent react similarly (equation 264)46 '. In certain cases where R' =RZ = Ph, 
P-lactam formation can become the major reaction pathway4 ' n 4  (Table 30). 

2. Cyclization of benzanitides 

Prolonged irradiation of a benzene solution of benzanilide in the presence of 
iodine produces phenanthridone in 20% yield (equation 265);  however, without 

hu 0 (265) 

iodine lactam formation drops t o  less than The reaction proceeds more 
satisfactorily of one or t h e  other of the  aromatic residues contains an ortho halogen 
or methoxy group (equation 266)4 62-4 5 .  Anilides of thiophene-2carboxylic acid, 

X 
X = 1, Br 

d-9 - 
X = I, Br, OMe 

furan-2-carboxylic acid, indole-2carboxylic acid and indole-3-carboxylic acid parti- 
cipate in similar photoinduced cyclizations (Table 30). 

3. Cyclization of  enamides 

Various enamides of the general type shown in equation (267)  have been 
cyclized in connection with the synthesis of a number of isoquinoline 
alkaloids46 5 9 4  66. Related enamide photocyclizations appear in Table 30. 
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4. Cyclization of Nchloroacetyl- 0-arylamines 

These photocyclizations may be generalized by equation (268). A majority of 
such reactions have been carried out with N-chloroacetyl-P-phenylethyl amines 

NHCOCH2CI 

(2681 

A @- A QQrH 
containing one o r  more electron-furnishing groups in the aromatic ring (Table 30). It 
is interesting to note  that the N-chloroacetyl derivatives of the biologically impor- 
tant amines - tryptamine, tyramine, dopamine and normescaline - participate in 
these cyclizations 

5. Cyclization of a-diazocarboxamides 

Certain P-lactams have been synthesized by photolysis of adiazocarboxamides. 
These reactions proceed by photolytic decomposition of the azo compound t o  
form a carbene intermediate, which then undergoes insertion into a carbon- 
hydrogen bond of the N-alkyl substituent. 

0 
H 1 1  

R'-C-C 

R3-C-N-AZ 

A2 
0 

(2691 
1 1  / -N2 

A2 
0 
1 1  / 

A'-C-C-N - R'-C-C-N 
I I  
N2 H 

\ C H ~ R ~  h' \>CH-R3 I I  
H 

6. Miscellaneous c yclizations 

involving P-keto amides4 ' and carbamates4 '. 
The last several entries in Table 30 represent miscellaneous photocyclizations 

C. By Cycloaddition Reactions 

1. Addition of isocyanates to ole fins 

In theory, cycloaddition of isocyanates t o  olefins should lead directly t o  
p-lactams. In practice, however, simple N-akyl  and N-aryl isocyanates add only t o  
electron-rich olefins such as e n a m i n e ~ ~ ~  3 ,  while successful cycloadditions with 
simple olefins require the use of an 'activated' isocyanate possessing a strong 
electron-withdrawing substituent on  nitrogen. Since its discovery in 1 956494 
chlorosulphonyl isocynate (CSI)49s has emerged as one of the most widely used 
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isocynate addends for conversion of olefins into p4actams. The chemistry of CSI 
has been r e v i e ~ e d ~ ~ ~ * ~ ~  along with its applications to p4actam 
~ynthesis367*37~737~ 1377-379 *499. Reaction of CSI with olefins is presumed499 
to involve equilibrium formation of a n complex, which then rearranges to a 
1,4dipolar intermediate having positive charge on the more highly substituted 
carbon of the original olefin. Combination of the termini of this intermediate 
completes the stepwise process to form an N-chlorosulphonyl p-lactam (equation 
270). In order for the cycloaddition reaction to serve as a viable route to p-lactams, 

H 

,C=C, 
H H 

R \  / 
+ ClSOzNCO = x complex - 

R \ +  R \  
CH-CH2 - CH-CHz 

- 1  I t  
CIO2S-N - C=O CIOzSN--C=O 

(270) 

the N-chlorosulphonyl group must be removed reductively, preferably by treatment 
in a suitable organic solvent, with a 25% aqueous sodium sulphite solution500, or 
with an aqueous solution of a sulphur 0x0 acid, or its salt, in the presence of 
sodium bicarbonate (equation 271)” 1 , 5 0 2 .  

R’ R’ 

R’ = Ph, Ph, H, Me 

R2 = H, Me, Me, Me 

Table 3 1 contains a number of recent examples. Examination of these reactions 
reveals that addition of CSI is both a regiospecific and stereospecific reaction. Some 
regiospecificity is lost with olefins of the type R’ CH=CHRZ, where both R’ and 
RZ are simple alkyl groups. Dienes can easily be converted to monoadducts, but 

TABLE 31.  Synthesis of p-lactams by addition of chlorosulphonyl isocyanate to 
olefins followed by reduction 

Olefin 
Overall 

p-Lactam yield (%) Reference 

Me,C=CH, 

MeCH=CHMe 
cis 

51-53 502. 

Me 

503 
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TABLE 31. (Continued) 

Olefin 
Overall 

p-Lactam yield (%) Reference 

MeCH=CHMe 
trans 

MeCH=CHF'r* 
cis 

MeCH=CHPr-n 
trans 

Me,C=CRMe 

0°C"' 

0 
0 

1 :3 

2:3 

Me* 

Me+N\ 

Me 
R = M e  92 
R = H  98 

n = 3  63 
n = 4  51  
n = 6  15 

503 

503 

503 

498 ,500  

500 

503 

500 

503 
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TABLE 31.  (Continued) 
~ ~~ 

Overall 
Olefin P-Lactam yield (%) Reference 

H, C=CR-CH=CH, 

& 66 499,500 

H 

499 

k ‘H 

499,503 
0 

0 & 30 499 

H H H  

499 

H H  

\q:H 72 500,504 

R = H  72 
R = M e  68 

H &: 35 505 
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TABLE 31. (Continued) 

Olefin 
Overall 

p-Lactam yield (%) Reference 

Me, C=C=CMe, M:ecv: 52 506 

Me 

+ 
CHZ=C(Me)C=CMez 22 

I 
CONH2 

+ 

I 
CONH2 

506 

diadducts have not been isolated. Strained double bonds, such as those in a bicyclo 
[2.2.1] heptene system, tend to react more rapidly than normal unstrained olefins. 

As mentioned previously, enamines react with simple isocyanates to afford 
p-amino+lactams (equation 2 7 2 r 9 ’  p S 0  7 9 5 0 8 .  

R’ RZ 

‘c’ I( + PhNCO - ..1p 
C 

/ \  

‘R4 R4  

(272) 

R 3-N \ph 
I R3-N H 

Pentahaptocyclopentadienyl dicarbonyl (olefin) iron complexes5 9 ,  represented 
in equation (273) as Fp-olefin complexes 36a,b, fail to react with either ethyl or  
phenyl isocyanate, but react with 2 Sdichlorophenyl isocyanate, CSI, p-toluene- 
sulphonyl isocyanate and methoxysulphonyl isocyanate in a 1,3-addition process to 
afford butyrolactams 37a+5 l o .  The cycloalkenyl complexes 38, 40 and 42 react 
~ i m i l a r l y ~ ’ ~  to give lactams 39, 41a or b and 43, while the butynyl complex 44 
affords the unsaturated lactam 45 upon reaction with tosyl isocyanate. 

Isocyanates of various types undergo [2n + 2n] cycloaddition with ketenimines 
to afford p-imino-p-lactams in good yields (equation 278)5 l .  
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R ~ N C O  

Fp> - 
136) 

(a) R 1  = H 
(b) R1 = Me 
Fp =h'-C,H,Fe(CO), 

TsNCO 

RNCO 

TsNCO 

(37) 
(a) R 1  = H, R' = C,H,Cl2-2,5 
(b) R' = H ,  R' = S 0 2 C 1  
(c) R 1  = Me, R* = Ts 
(d) R 1  = Me, R' = Ts 
(e) R'  = H, R' = MeOSO, 

(391 

(41) N--R 

(a) R =  Ts; (b) R=MeOSO,  

FP\ 

B: 7 s  

TsNCO 
FpCH2CECMe ---+ 

FP 

(44) (451 

(273) 

(2751 

(276) 

R' R' Yield (%) 

Ph Ph 8 3  
Ph p-MeC6H, 7 8  
Ph p-MeOC6H4 7 8  
Ph p-MeC,H,SO, 72  
Me Ph 7 6  
Me o-MeC.H.SO, 7 3  

Phenyl isocyanate reacts with various acetylenes in the presence of aluminium 

Treatment of o-benzoylbenzaldehyde with aryl isocyanates affords 2,3disubsti- 
chloride to afford 3,4disubstituted carbostynls (equation 279)5 IZ. 
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R '  

R'CGCR' + PhNCO ___* ak I 
H 

R' R' Yield (%) 

Ph H 4 3  
Ph Me,Si 44 
Et Et - 
n-Bu Me,Si 50 
Me,Si Me,Si 51 
H Me,Si 25 
Me.Si H 89 

(279) 

tuted phthaiimidines by  a reaction pathway involving intermediate formation o f  
o-benzoylbenzylideneanilines followed by phenyl group migration (equation 
280)' 3 .  Similar results have been observed with aromatic isocyanates and phtha- 
laldehyde (equation 28 1)' 4 .  

0 

CHO CH=N-Ar 

AI Yield (%) 

Ph 61 
C,H,Me-m 5 4  
u-Naphthyl 8 4  
p-Naphthyl 81 

acHo + ArNCO - &rd -Ar 

CHO 

(281 1 

2. From imines 

a. Reaction of imines with ketenes. The most frequently used method for the  
preparation of lactams involves the reaction of a large variety of imines with 
ketenes, which are prepaTed prior to or  during the reaction. 
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on this method, Staudinger pointed out  that the In one of the earliest reviews5 
reactivity of ketenes towards benzophenone anil exhibited the  following order: 

A similar order of ketene reactivity was observed by Bradys in a recent investi- 
gation of  the cycloaddition of ketene itself and fluoro-, chloro-, dibromo-, methyl- 
chloro-, phenylchloro-, diphenyl-, phenylethyl-, butylethyl- and dimethyketenes t o  
dicyclohexyl- and diisopropylcarbodiimide. 

The mechanism and stereochemistry of  the reaction have both been recently 
elucidated. In 1967, Comes and Joullie’ ’ investigated the cycloaddition of ketene 
t o  benzylideneaniline in sulphur dioxide as the solvent and obtained the product 
shown in equation (282) in 52% yield. They concluded from their results, that 

zlthough the cycloaddition may proceed through a concerted mechanism or 
through the formation and subsequent reaction of a 1,4dipolar intermediate 
(equation 283), the  latter mechanism appeared more probable. Extension of this 

mechanism t o  the reaction of a ketene and an imine in an inert solvent would 
produce a 1,4dipolar intermediate as shown in equation (284), which would then 
cyclize t o  produce the lactam. 

H 
I 

R-N=C-R’ 

H 
I 

R-N-C-R’ 
I 1 %  

I -) - __. 
O=C-CHz 

Jn 
O=C=CH, 

In 1968, Luche and Kagan*’* reported that regardless of 

bR1 (284) 

0 

the method used to  
generate the ketenes, they added to benzylidene aniline to produce trans-0-lactams 
exclusively (equation 285). This work in conjunction with the study of Sheehan5” 
and Bose5” or the stereochemistry of the 0-lactams formed by the reaction of an 
acid chloride and an imine in the presence of a tertiary amine has produced a 
controversy in the literature. Based upon the original suggestion of SheehansI9 
that the formation of a ketene from the acid chloride and tertiary amine and 
subsequent cycloaddition of the ketene to the imine was probably not the pathway 
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MeCOCHN2 + hv 
MeCOCHNz + A920 
MeC=COEt + heat 
MeCH2COCI + 2 NEt3 
MeCHzCOCl + 4NEt3 

- M e H C e c = o  + PhN=CHPh 

t o  the p-lactams produced, Boxs  2 o  investigated the initial adduct formed from the 
reaction of a series of acid chlorides and anils in carbon tetrachloride solution using 
’ H n.m.r. spectroscopy. He found that the  adduct could best be represented by the 
covalent structure shown in equation (286) ,  and that an equilibrium is established 

between the starting materials and the  adduct. He further found that in all cases, 
where a CJ-lactam was formed both the cis and the trans isomers were obtained. It 
was thus concluded, that although the addition of a preformed ketene t o  an imine 
produces a trans-p-lactam in every case, it appears ‘that “the acid chloride reaction” 
for p-lactam formation by-passes the ketene pathway - at  least in those cases where 
the cis-p-lactams are produced’. 

Table 32 contains a representative series of lactams produced from the  reaction 
of imines with ketenesS ’ 6-5 9 4 ,  and although many of the reactions shown d o  not 
necessarily involve a ketene intermediate, as can be seen from the discussion 
presented above, the products obtained are identical with those expected from a 
formal cycloaddition of a ketene and an imine. 

It is interesting t o  note that the reaction of ketenes with double bonds has also 
been used to  produce diazetidinones when the ketene is allowed t o  undergo a 
cycloaddition with an azo compounds ’ 9 s  5-5 9. Selected examples of this 
approach are shown in Table 33. In one instancesg7 it has been noted that the  
diazetidinone obtained by the cycloaddition of diphenylketene and azobenzene 
dissociates upon heating at 220°C into benzophenone anil, phenyl isocynate and 
the starting materials, diphenylketene and azobenzene. Recombination of these 

PhN=C=O t Ph\ C=NPh PhZC=C=O ~ ;:g 
Ph/ 

Ph ’Ph 
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compounds via a ketene-imine interaction affords 1,3,3,4,4-pentaphenylazetidin-2- 
one (equation 287)5 5 .  

It has also been reported6OO that irradiation of diphenylacetylene and nitro- 
benzene for 3 days with a mercury arc lamp affords a 1.8% yield of 1,3,3,4,4-penta- 
phenylazetidin-2ane. The mechanism proposed involves initial formation of 
diphenylketene and benzylideneaniline, followed by their subsequent cycloaddition 
t o  produce the p-lactam (equations 288 and 289). 

hv 

Bfhw. Nz PhCECPh t PhNO;, [PhNO;,]' t PhC-CPh -----+ Ph2C=C=O t PhNO 

P h e  

Ph 
PhzC=NPh + PhzC=C=O __* 

\ 
bh Ph 

b. Reformatsky reaction with imines. The main interest in the Reformatsky 
reaction with imines has not been with their preparative potential, but with their 
stereochemistry, since both cis and trans isomers may be expected from the 
addition of  a Reformatsky reagent to  an anil (equation 290). Studies of this 

R'CHCOOR~ 

C6H5Me 
Zn 

I 
Br 

t 

R'CHCOORZ 1 

R3CH=NR4 1 

H I ] ! ] 
R IIIIIC - C O O R ~  

I 

I 1  
R311111C-N--ZnBr R311111C-N--ZnBr 

H R 4  

reaction using a variety o f  a-bromo esters have that as the size of the 
R' group increases the cis-trans product ratio decreases, and that the cis-trans 
product ratio is influenced by the solvent (equation 29 l ) 6 0 3 .  

of the stereochemistry of the Reformatsky reaction with the 
stereochemistry of the [2n + 2nI cycloaddition of a ketene and an imine shows the 
former reaction t o  yield mixtures of cis and trans p-lactams, while the latter 
reactions afford mainly trans p-lactam. Also of interest is the observation605 that a 
competitive Reformatsky reaction using 1 equivalent of methyl a-bromophenyl 
acetate and 1 equivalent each of benzylideneaniline and udeuteriobenzylidene- 
aniline showed a secondary isotope effect of k H / k D  0.86 (equation 292), whereas 
a similar reaction of 1 equivalent of diphenylketene with the same mixture of 
Schiff bases showed no isotope effect. 

In Table 34 are listed Plactams which have been prepared using a Reformatsky 

A comparisonS1 
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1. The synthesis of lactones and lactams 203 

PhCH=NPh + R'$HCOOMe a 
cis and frans 

(291) 

~ ~~ 

cis : trans 

Solvent R' = M e  Et i-pr C6Hll  f B u  Ph 

C, H, M e  73:27 64: 36 55:45 45:55 25:75 0:lOO 
Et, 0, C6 H, - 63:37 80:20 76:24 - - 

THF 80:20 74: 26 1oo:o 1oo:o 1oo:o 0:lOO 
(50: 50) 

Ph phH H Ph 

PhCH=NPh I 56.5 + 0.5% 

PhCD=NPh C&Me 

Br 

+ + PhCHCOOMe + (292) 

reflux 1.5 h ,,fg 
D Ph 

43.5 + 0.5% 

reaction with imines. One interesting sidelight to these investigations is the study606 of 
the time required to epimerize the cis 8-lactams prepared into their trans counterparts. 
The results obtained606 are shown in the table below equation (293). In addition, it was 
also found that in 50 h at 75 "C 92% of pure trans 1,3,4-triphenylazetidin-2-one was 
converted into its cis epimer. 

(2931 

R % vans 

t(h) = 25 50 75 100 150 

M e  42 
i-Pr 55 70 75 

t-Bu 95 98 98 
G H I ,  80 95 

c. Other imine cycloadditions. Reaction of anils containing a methyl or 
methylene group in the a-position of the imine double bond with monosubstituted 
malonyl chloride has been reported60 to afford acceptable yields of n-aryl- 
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206 Synthesis of lactones and lactams 

4-hydroxy-2-pyridones. The mechanism proposed for this reaction is shown in 
equation (294). 

Initial attack of one acid chloride function on the anil nitrogen affords an imine 
salt, which then loses two moles of hydrogen chloride consecutively to afford 
product. 

R’CH2C=NR3 + CIOCCHCOCI - 
I 
R4 

I 
R2 

(294) 
OH 

A3 

R’ R’ R’ R4 Yield (%) Conditions 

H Ph 

H Ph 
H Ph 
H Ph 
H Ph 
Me Ph 
Et Ph 
H S-BU 

Ph CHl ‘6 H, 

Ph i-R 
p-MeC, H4 CH, C, H, 
p-MeC, H, n-Bu 
p-MeC,H, i-Pr 
Ph CH2 c6 HS 

Ph a 2  c, H* 
Ph cHl ‘6 H, 

42-44 
31.2 
55 .I 
81.7 
42 

65.9 
38.2 
39.4 
21 

C, H, Me, reflwc 90 rnin 
C, H, Me, reflux 30 rnin 
C, H, , reflwc 1 h 
C, H, , reflux 45 rnin 
C, H, , reflux 45 rnin 
C, H, , reflux 80 rnin 
C, H, , reflux 9 0  min 
C, H, , reflux 2 h 
C, H, , reflux 80 min 

AICI., 
PhC=NR4 + R2HC=CR3COOMe rM)m temp., , monoadduct a 

I 
CH2 
I PhCNHR4 (295) R ’  II 

I 
R ’  

CCHR2CHR3COOMe 

R’ R’ R’ R4 Yield (%) 

H H H Ph 85 
H H Me Ph 55 
Me H H Ph 85 
Me H Me Ph 60 
H Ph H Ph 30‘ 
Me Ph H Ph 25 

‘This yield was obtained at 80°C for 24 hr.; using 
the conditions shown above (r. t., 1 h) afforded no 
reaction. 
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by the reaction of aromatic 
ketimines and acrylic esters. The proposed mechanism involves initial formation of 
an unspecified monoadduct which is proposed to be in equilibrium with the 
asubstituted anil shown in equation (295). Elimination of methanol affords 
dihydropyridone via intramolecular condensation. 2-Azetidinylidene ammonium 
salts (46) afford upon hydrolysis the corresponding 2-azetidinones (47)60 9 .  The 
salt 46 is prepared by addition of a NJdimethyl-l-chloroalkenylamine to a Schiff 
base. The mechanism proposed (equation 296) involves initial aminoalkenylation of 

Dihydropyridones have been similarly prepared60 

Me 

IT 
R2,C=C=N=Me R', 

I 
Me 
CI- 

CI' (296) 

R' R1 R3 

Yield (%) 

R' R5 46 47 

Me Me Ph H Me 14 82 
Me Me Ph H Ph 41 68 
Me Me C, H, CH, S H Me, C 60 42 

the Scniff base to give the intermediate shown, which then cyclizes to afford the 
salt. Since the intermediate is also in principle available from the reaction of 
a-chloroalkylideneammonium chloride with Schiff bases, followed by elimination 
of hydrogen chloride, the authors utilized the reaction of tertiary amides with 
phosgene followed by reaction with Schiff bases and triethylamine to produce 
P-lactams as shown in Scheme 3.  

3. From nitrones and nitroso compounds 

In 1919 Staudinger and Miexherd l o  first investigated the reaction of diphenyl- 
ketene and various nitrones (anil N-oxides) and proposed the reaction course shown 
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0 CI 
R', II 1. coc1~,ooc R ' \  I + 

CH-C=NMe2 
2. CH2CI. 2 days, r.t. ' R2/ 

CI- 
PCHCNMe2 

+ 
R3 R4,C=N-R5 \ 

Yield (%) 

R' R2 R3 R' R' 46 47 

Me Me Ph Ph Ph 65 70 
H CMe, Ph H Ph 80 (trans) 0 

SCHEME 3. 

in equation (297). A similar reaction was investigated in 1938 by Taylor, Owen and 
Whittaker6' who proposed the reaction coune (298). More recently, however, 

0 

t /Ph ' Ph k? Ph 

I \Ph 

Ph 

Ph/ 
\C=C=O + Ph-N=C 

Ph N=C/ 

Ph Ph 

(2971 

/Ph Ph\ /Ph 
C=N=C /CH-N-CH 

Ph/ 1 \Ph Ph I 'Ph 
Ph Ph 

Ph \ 
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Ph 0 1 P h e  

‘c=c=O + Ph-N=CHPh - 
Ph’ 

Ph’ ‘-‘Ph 

PhkPh 
Ph 
I 

I 
CH2 

N-Ph - Ph-C- NH - Ph - c  Ph I 

(298) 

Ph 

Hassall and Lippman6 have found that the reaction of diphenylketene and 
benzylideneanline oxide affords o-benzylideneaminophenyldiphenylacetic acid, 
which upon treatment with Adams catalyst in ethyl acetate produces I-benzyl-3,3- 
diphenyloxindole and not a p-lactam (equation 299). 

0 

,C=C=O + Ph-N=CH-Ph - Ph\ T 
Ph 

Ph Ph 1299) 

EtOAc, HZ 

Adamr catalyst 
N=CHPh 

I 

However, P-lactams have been produced from nitrones by reaction of the 
nitrones with copper phenylacetylide (equation 300)6 3 .  

0 

m& (300) 
1 1. R.t., Np, 0.5-1 h, CgHgN 

2. H’. HpO R’ 
CuCECPh + RIHC=NRZ 

z \R2 
H 

R’ R2 Yield (%) 

Ph Ph 55 
Ph PClc6 60 

oCIC, H, Ph 51 
o-MeC, H, Ph 51 

NO 
I 

NMe2 
65% 
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The reaction of a ketene with a nitroso compound t o  produce a lactam has been 
used6 4 .  in the preparation of  l+dimethylaminopheny1)-3,3,4,4-tetraphenyl- 
azetidin-2a1e (equation 30 1). 

D. By Rearrangements 

A number of  rearrangements have been used to  prepare lactams of varying ring 
size. In this section, preparations of lactams are presented in terms of the type of  
rearrangement employed. 

1. Ring contractions 

By far the most common method for effecting lactam 
syntheses by ring contraction has been the photolytic Wolff rearrangement. 
Recently this approach has been studied by Lowe and Ridley615*616 for  the 
generation of blactams from diazopyrrolidinediones. Thus, N-(t-butoxycarbonyl- 
acetyl)il,Z-alanine ethyl ester and KOBu-t in xylene afforded6 5 , 6  a 60% yield of 
5-methylpyrrolidine-2,4dione, which upon treatment with methane sulphonyl 
azide in triethylamine produced a 95% yield of  3diazo-5-methylpyrrolidine-2,4- 
dione. Photolysis o f  this product in the presence of t-butyl carbazate afforded a 
36% yield of  the cis-p-lactam and 5 5 %  of the trans-elactam shown in equation 
(302). Addition of dibenzyl acetylenedicarboxylate to  3diazo-5-methylpyrrolidine- 

a. WoZff rearrangement. 

? Me 0 
I1 1. KOBu-f 

N-H I 3 Et3N N z q - .  

0 

r-Bu02CCH2CNHCHC02Et - 
2.  Xylene I 

0 
Me 

cis 36% 

O H !  

+ t-Bu02CHNHNCIIIII 

'I 0 b:e 
truns 55% 

2,4-dione (equation 303) affords616 both the ( E ) -  and (Z)-dibenzyl(3-diazo-5-methyl-2,4- 
dioxopyrrolidin-1-yl)fumarates, and irradiation of the (Z) adduct for 0.5 h in the presence 
of t-butyl carbazate affords both the (E)-  and (Z)-trans-p-lactams, dimethyl 
[cis-3-(3-t-butoxycarbonylcarbazoyl)-2-methyl-4-oxoazetidin-l-yl]maleate. By irradia- 
tion for 2 h the (E)-trans-p-lactam is generated exclusivelv. 

0 
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O H !  

t-BuOzCNHNH-CIIIII ‘I b: --Me ,c4f“: HZ c6  H5 

0 
I 

In a similar manner, irradiation6 *6 of  benzyl 6diazo-5,7dioxohexahydro- 
pyrrolidine-3-carboxylate afforded benzyl 7-oxoda-[ 3-(2-phenyl-2-propyloxy- 
carbonyl)carbazoyll-5aH- 1 -azabicyclo-[ 3.2 .O] hexane-2a-carboxylate (equation 
304). 

hv 

PhCMe202CNHNH2 

(304) 

Using a series of  2,4-pyrrolidinediones (‘tetramic acids’) as starting materials, 
Stork and Szajewski6 demonstrated that the photolytic Wolff rearrangement was 
a general method for the preparation of carboxy p-lactams (equations 305 and 
306). 

Ring contraction of  2-acylpyrazolidin-3-ones to afford p-lactams has also been 
reported6 

b. Miscellaneous ring contractions. Treatment of substituted a ,adichloro-  
succinimides with sodium methoxide in a variety of solvents has been reported6 
to  produce both the corresponding ring-opened a-chloroacrylamide and the 
p-lactam as products, with the proportion of  the two products depending upon the 
nature of  the substituents and the solvent used (Scheme 4). Interestingly, if 
potassium t-butoxide is used as the base, the imide again affords the corresponding 
a-chloroacrylamide (35%) by the mechanism shown, along with a less substituted 
p-lactam (47%), which arises through a proposed ketene intermediate (equation 308). 

t o  occur upon photolysis (equation 307). 
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R' R2 R3 R4 Yield (%) 
_ _ _ _ ~  

Me Me Me OMe 93 
Me Me Me NHNH, 95 
Me Me Me OH 98 
Me Me Me OCH, CF, 

OMe) 56:44 64 
Me Me Et 
Me Et Me OMe 

- 

Me Me 
Me Et 
Me Me 

Me Me 

Me Me 

Me Me 

H i-Bu 
Me i-B u 

Me nC6H1 3 

Me nC6H1 3 

Me G H 1 3  

Me nC6 3 

80 OH OH]  58:42 Et 
Me 

n G H ,  Me 3 OMe) OMe 3:l 85-93 

nC6 H l  3 NH1) 3:l 86 

2: 1 96 
80 Me OH 

Me NH, 
n G  H13 

nC6 Me 3 ::g::) 3.5: l  94 

H OMe 41 
H OMe 54 

, MeO2Clllll 
+ MeOZC& (Ref. 617) N2m ethwhyMeOH 0 0 (306) 

2.5 
0 

1 

Me 

15% Me k C H & O C I  
(307) 

hu 

MeOH 

HN-NH 

Me 

0 0 

Me 

I1 hw 
HN-N-C-CH2C6H5 - C6H5CH2CNH-N 

t-EuOH 

Me Me 

40-50% 

2. Ring expansions 

a. Beckmann rearrangement. The Beckman rearrangement620-62 has found 
extensive use in the preparation of lactams. This reaction generally involves 
treatment of the oximes of cyclic ketones with H2 SO4, PCls, HCl-HOAc-Ac20 
or polyphosphoric acid622 to convert the hydroxyl group of the oxirne into a 
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R '  = Me, R z  = R3 = Ph 

better leaving group, followed by  rearrangement and tautomerization (equation 
309). The group which migrates is normally the one which is anti t o  the hydroxyl 

(309) 
H 

NOH 

p-xylene 
+ (PhO)2P(O)CI - 

80-90% 

t 

H20. NaOH 

30 rnin, 1.1.  
+ (310) 

group in the oxime. Exceptions have been observed; however, these may involve a 
syn t o  anti isomerization prior to  rearrangement. A representative series o f  recent 
lactam syntheses via the Beckmann rearrangement6' 3-642 are compiled in 
Table 35. 
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û  
0 
PI 

r - e  
m m  

v l r - v l  
m m m  
w w w  

9 

w 

d a 



218 

00 
I- 

I- m 

v) m 
W 

\4 

f 4 

d a 

I 

$4 
c 
* 

Q 
01 
01 

0 0 

I- 
m 
W 

I- m 
W 

-0 
m 



PP
A

, 1
20

°C
 

I 

M
e&

 
CI 

M
e 

sy
n:

an
ri

 =
 4

:7
 

PP
A

, 1
20

°C
 

PP
A

, 1
 20

" 

Me
, 

C
O

, H
, 0
,
 

H
O

 

A 
p-

M
eC

, H
, S

O
, C

1 
M

e 

i
 

Ho
N*

 
M

e d 

72
%

 

fr
om

 4
:7

 s
yn

:a
nr

i 
m

ix
tu

re
 

26
 

fr
om

 a
n

ti
 

28
 

34
 

M
e 

11 

M
e

q
k

$
e

 
M

e 

63
7 

63
7 

63
9 



220 

m 
m 
W 

4 
cn 

gI 0 

.s 
E 
2 
u” 
0 m 

I 
4 

0 
N 
.3 

4 a a 

m 
m 
W 

m 
cn 

0 
d 
W 

N 
v) 

0 
d 
W 

v) 
h 

I 09 o v  I 

0 0 

.9 
E 
2 
u” 
0 
03 4 

I 
v) 

I- - 
s 
& 

.9 
E 
0 
N 

d a 

I 
0 

2 
I 

0 B 

- 
d 
W 

4 a a 

z $C V 



M
e 

p-
M

eC
, H

, S
O

, C
1, 

C
, H

, N
, 1

00
°C

, 3
 h

 

A
cO

 
- H

 
- 

M
e 

p-
M

eC
, H

, 
SO

, C
1, 

C,
 H

, N
, r

. t
.,

 
21

 h
 

A
cO

 
H 

64
2 

64
2 



222 Synthesis of lactones and lactams 

A lactam synthesis which mechanistically resembles a Beckmann rearrangement 
involves the reactioaof cyclohexanone ketoxime in p-xylene with diphenyl chloro- 
phosphite at 80-90 C for 18 hours. This reaction afforded6443 a mixture of the 
lactim phosphate hydrochloride and bislactim ether hydrochloride shown in 
equation (3 lo), both of which produced c-caprolactam upon hydrolysis. Similar 
preparation of a series of C4 -C1 

b.  Schmidt rearrangement. Among various Schmidt r e a r r a n g e r n e n t ~ ~ ~ ~ r ~ ~  5 ,  

only the reaction of cyclic ketones with hydrazoic acid gives rise to lactams. The 
mechanism for this rearrangement is shown in equation (31 l), and the question of 

lactams has also been reported643. 

which group migrates during the loss of nitrogen in several different systems has 
produced errors in the literature and many lively published debates. Table 
36640-656 contains a representative sampling of lactams prepared over the last 25 
years by means of the Schmidt rearrangement. 

These studies indicate that with saturated cyclic ketones possessing an electron- 
donating substituent (R = Me, Et, n-Pr, i-Pr, n-Bu, CH2 R, CHMeC6H,) in the 
2-position, route (1) is the path observed. This route is also observed with some 
electron-withdrawing substituents such as CN and CO, Et. However, when the 
substituent at position 2 is either C1 or Ph, or if the cyclic ketone contains an 
a,pdouble bond, then route (2)  appears to be the preferred reaction path even 
though mixtures usually result. In the case of cyclic dik-etones, the azide ion 
appears to attack preferentially the less hindered, more basic carbonyl function, 
and this attack is followed by preferential migration of the larger adjacent 
g r 0 u p ~ 5 ~ 3 ~  5 4  ~ 

Sodium azide in acetone at pH 5.5 (KH,PO,-NaOH buffer) has been 
reported6 ' t o  convert the ethyl hemiketal of cyclopropanone into y-butyrolactam 
in 21% yield via the mechanism shown in equation (312). This reaction was 

HO OEt 0 H-0 NH--N2 /H = EtOH + A 9 3 ' - (312) 

subsequently extended to the preparationbs8 of fused-ring p-lactams from 
1,ldisubstituted cyclopropanones in the bicyclo[4.1.0 J series (equation 3 13), and 
made more general by preparation of the corresponding carbinolamines of the 
cyclic ketones and then affecting the ring enlargement reaction through the 
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X = HO, EtO, N 3 

R Yield (%) 

61 

Me(CH ) - 43 
MeCH,pMe 38 

Me2C- 52  
Me HcOOEt 65 F 

nitrenium ion produced from these intermediates (equation 3 14)658.  In an effort 
t o  extend this method, the same authors6 s 8  investigated leaving groups other than 
C1- and N2 in the ring enlargement, and found that the o-benzoyl derivative o f  
N-(t-buty1)hydroxylamine reacted directly with cyclopropanone in ether at -78'C 
t o  produce N-(t-buty1)-ppropiolactam in 40% yield (equation 315). It was also 
found that alkyl hydroxylamines (equation 316)659 and amino acid esters 
(equation 3 17)660 can be employed in this transformation. 

c. Miscellaneous ring expansions. A novel ring expansion reaction for the  
preparation of  y-lactams involves the carbonylation of cyclopropylamine using 
rhodium catalysts (equation 3 18)66 l .  

An interesting disproportionation rearrangement for the preparation of 
e-caprolactam involves heating peroxy amines in the presence of a Group I or  IL 
element salt in a non-hydrocarbon organic solvent66Z. Thus, 1 ,l-peroxydicyclo- 
hexylamine afforded a 100% conversion to caprolactam and cyclohexanone 
(equation 3 19). 

A novel photochemical ring expansion which allows conversion of fused 
p-lactams t o  fused bicyclic ring-expanded lactam ethers has also been 
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RCHO + NH2OH.  HCI * RCH=NOH 
Na2CO3 

RCHNHOH + 
I 
CN 

R Yield (%) 

MeCH, CH,- 45 
Me3C- 41 
MdCH,l3- 40 
Me,CHCH,- 45 

R 
I 

Ms3COCI . 
-78% MeCN. CHzC12 

RCHCOOEt + 
I 

NH2 

CI R 

Ae 
MeCN, CH2C12 ’ 

R 

R Yield (%) 

H 
Me 
Me, CH- 
Me,CHCH, 
PhCH2- 

~ 

33 
47 
65 
65 
70 

A 

(316) 

reported663-664.  This conversion is limited however, and occurs only when the 
p-lactam moiety is fused t o  a bicyclo [2.2.1] system (equations 320-323). A 
mechanism for this reaction has been proposed664. 

The spirooxiranes, prepared as shown in equation (324), can be anticipated t o  
ring-open in two ways upon irradiation giving rise t o  two different intermediate 
d i r a d i ~ a l s ~ ~ ~ v ~ ~ ~ .  Recombination can be expected t o  lead to  two different 
products. The regioselectivity and the effect of the solvent upon it, have been 
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I 
R 

Composition of mixture (5%) 
CO pressure Total yield 

T("C) (atm) lactam(%) R=(CH,) ,  n-Pr Ally1 H 

1 ooa 130 10 92 2 5 1 
1200 150 55 15 19 1 5 
140" 145 60 62 24 1 12 
130" 145 22 89 7 2 2 
13W 150 40 81 16 1 2 
130' 150 40 28 4 1 61 

Vatalyst = Rh,CoO, 6 .  

kataIyst  = ClRh(PPh,), . 

.O R 

Solvent = Me2SO. MeOH, Me2CO. EtOH, MeCN. or HO(CH2120H 

Catalyst = LiBr, CaC12, NaCI, AgOAc. LiCNS, KF or SrC12 

4-J Ph 

hv 

Me0 H (321) 

OMe 'H 

OPr-n ' 'H 
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R 3  R3 

R3 

p 0 2 N C 6 H 4 C 0 3 H ,  (c* hu 
,N-R‘ ---+ 

R 2  

J 

flR3 

9 2 0  

( C H Z ) ~  N-Fil 

investigated, and as the results in equations (325)-(329) indicate, a high degree of 
regioselectivity is observed. Application of this reaction to  the synthesis of 
N-phenyl- and N-(p-chloropheny1)caprolactam gave poor results, and failed 
completely in attempts t o  prepare N-(p-methoxyphenyl)caprolactam6 6. This 
reaction can also be performed thermally (equations 330 and 33 1)667,6 68. 

n R ’  R’ R3 R‘ RS Yield (%) 

2 
2 

3 
3 
3 
3 

3 

3 
4 
5 
9 

‘6 HS H H H H I5 
‘6 H S  Me H 

80 
‘6 Hs C H z  H H H H 85 

Me2 CH H H H H 85 

Me and ”,I 9 5 : s  80 
Me Me H 

H 

80 
cb HS Me H 

‘b H5 Me Me Me Me 50 
C 6  H, H H H H 85 
‘6 H5 H H H H 85 
‘b H5 H H H H 85 

H 
Me and M e /  95:5  H 

3 H H H H 95 

€ i  
and Me\  9 5 : s  

1325) 
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Me-& N-Me %"12 h' M e c o  N-Me M e c ; M e  + (Ref.666) (326) 

Me Me 

80% (50:50) 

RCH-N " 9 (Ref. 648) 
hv 

C6H12 
RCH -N 

R = Me, nPr ,  n C 6  H I  6' 

R Yield (%) 

Ph 83 
p-ClC, H, 90 
cC6H,  1 85 

~ 

C6H6'40-1200C catalyst + Q;R (Ref. 668) (331) 

Catalyst = vanadyl bis(acetylacetonate), 
V , O , , P , O , , B , O ,  or MnO, 

R = H, alkyl 

The ring expansion of spirooxiranes is also believed t o  be involved in the 
production of  lactams during irradiation of primary and secondary nitroalkanes in 
c y ~ l o h e x a n e ~ ~  9 .  Thus, irradiation of nitroethane in cyclohexane leads t o  N-ethyl- 
caprolactam presumably via a mechanism which involves intermediate formation of 
a spirooxirane (equation 332). Other primary and secondary nitroakanes which 
have also been found669 to produce lactams are shown in equation (333). 

Treatment of cycloalkanecarbnxylic acid with nitrosyl pyrosulphuric acid, 
prepared6 70  as shown in Scheme 5 ,  affords the corresponding ring-expanded 
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0- hu 

C6H12 
EtNO:, EtN02H + 

(332) 

R = C6HgCH2, CgHgCH2CH2, cyclohexyl, i-Pr, n-PrCHMe, n-CsH13CHMe 

lactam (equation 334)6 7 0 .  Similar results were obtained6 
alkanecarboxylic acids were treated with nitrosyl chlorosulphonate (equation 335). 

when the same cyclo- 

(N0)2S207 + H2S04 (100%) 

(NO):,S:,O7 + HS03CI + HzSO4 
(100%) 

N2O3 + HS03CI + H2SO4 

NOHS04 + SO3 

NOHSO4 + HSOjCl ONOSO:,OS020H 

NOCl + H2SO4 (100%) 

SCHEME 5. 

(CHz), CHCOOH + ONOSO:,OSO:,OH (CH2)n I W L c = o  
'N-H 

(CHz), CHCOOH + ONOSO:,OSO:,OH (CH2)n I W L c = o  

n Yield (%) 

4 7 1  
6 87 
7 81  

11 82 

(334) 

~~ ~~~ 

Reaction of the aziridine ring with thionyl chloride has also been reported672 t o  
afford p-lactams via ring expansion. Thus, reaction of the sodium salt of  l-(t-buty1)- 
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PN-H 
b c = o  

R(CH2)n I 
n 
0 R(CH2)  CHCOOH + CIS03NO 

R = H; n = 4, 5, 6, 7, 10, 11 

R=QMe;n=5 

235 

(335) 

Zaziridincarboxylic acid with either thionyl chloride and sodium hydride or  oxalyl 
chloride affords l-(t-butyl-3-chloro-2-azitidinone (equation 336). Similar reaction 
of the two isomeric 3-methylsubstituted aziridincarboxylates (equation 337) 
showed this reaction to be stereospecific and led to the conclusion that the 
rearrangement involved intermediate formation of a mixed anhydride, which 
ionized to give a novel bicyclic ion which in turn captured C1- to give the final 
product (equation 338). 

0 

SOC12, N a H  

THF. 25OC (3361 

n 

t- Bu 

R' R' Yield (%) 

Me H I 9  
H Me 63 

0 r- BU 
I 

I 
f- Bu 

t-Bu 
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3. Claisen rearrangemen i 

Thermal treatmen; o f  tbe allyl imidates, 7-allyloxy-3,4,5,6-tetrahydro-2H- 
azepine (48) and (2 E)-7-(3 -phenylallyloxy)-3,4,5,6-tetrahydro-2H-azepine (49). 
prepared by extended heating of the methyl imidate 7-methoxy-3,4,5,6-tetrahydro- 
2H-azepine, with excess allyl and cinnamyl alcohol, respectively (equation 339), 

Synthesis of lactones and lactams 

R 

R = H (48). 49% 

R = Ph 149). 61% 

affords in both cases the N-ally1 and C-ally1 lactams via a sigmatropic Claisen 
rearrangement6 73 ~ Thus, heating 48 afforded two products, the C-ally1 lactam 
(3-allylhexahydro-2H-azepin-2-one) (50) and the N-ally1 lactam (l-allylhexahydro- 
W-azepin-2-one (51). The 0,N-ketene acetal shown in equation (340) was postu- 
lated as the intermediate, and its formation the ratedetermining step, in the 

TABLE 37. Effect of temperature on the product distribution 
for the thermal rearrangement of allyl (48) and cinnamyl(49) 
imidates 

Yield (%) 

Products for 48 Products for 49 

T ("0 50 5 1  52 53 

- - 197-199 32 68 
95 5 202.5-205 - - 

21 1-213 76 24 
212-214 - - 78 22 

- 36 64 222.5-224.5 - 

234-236 69 31 - - 

- - 
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I 
H 

H Ph 

Ph I 
H 

I 
Ph 

(49) (52) (53) 

preparation of  50. This view was supported by  the observation that the yield of 50 
was greatly increased by the presence of the bifunctional catalyst 2-pyridone6 73. 
Similar thermal treatment of  the cinnamyl imidate 49, afforded the C-ally1 lactam 
[ 3-( 1 ’-phenylallyl)hexahydro-W-azepin-2-one] ( 5 2 )  and the N-propenyl lactam 
[ (E)- l4  l’-phenylpropenyl)hexahydro-2H-azepin-2-one (53). The effect of tempera- 
ture on  the product distribution for the rearrangement of the ally1 and cinnamyl 
imidates was also investigated and the results are given in Table 376 73. 

E. By Direct Functionalization of Preformed Lactams 

Generation of a carbanion centre adjacent to  the lactam carbonyl provides a 
convenient method for structure elaboration. Gassman and Fox reported6 7 4  that 
1-methyl-2-pyrrolidone could be alkylated t o  afford a series of 3substituted-l- 
methyl-2-pyrrolidones (equation 342). Using two molecular equivalents of sodium 
amide and of methyl iodide afforded I ,3,3-trimethyl-2-pyrrolidone in 45% yield. 

Me Me 

~~ ~ _ _ _ ~  

R‘ R’ R3 E Yield (%) 

Me H, C=CH 
Me H, C=CH 
Me H, C=CH 
Me H, C=CH 
Me H, C=CH 
Me Ph 

Ph Ph 

Ph Ph 
Ph Ph 
Ph Ph 

H 
H 
H 
Me 
Me 
H 

H 

H 
H 
H 

Me, COH 8 0  
Me 59 
PhCO 28  
Me, COH 77 
Ph, COH 75 
Ph, COH 50 

(OH 41 

Me, COH 58 
I 2 9  
PhCO 61 
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A similar carbanion approach6 75 to the synthesis of 3substituted P-lactams 
consists of treatment of N-alkyl and N-aryl P-lactams with lithium diisopropylamide 
(LDA) in THF at -78°C to generate the lithio salt, which can then react with 
various electrophiles (equation 343). 

revealed that P-lactams having no substituents at the 1- and 
3-position can be converted into 1,3dilithio salts by means of  n-butyllithium in 
THF at 0°C. These salts react regiospecifically with electrophilic reagents to give 
3-substituted P-lactams (equation 344). 

A later 

R' R' E Yield (%) 

Ph H Me, COH 55 
Ph H Me 53 
Ph H n-Bu 66 
P h  H I 16 
H, C=CH H Ph, COH 88 

H, C=CH H r ) (  55 
U' 

OH 
H, C=CH H n-Bu 11 
H, C=CH H i-Pr 45 
H; CSH Me Ph, COH 51 
Et H Ph, COH 65 
Et H n-Bu 65 

It has been r e p ~ r t e d ~ ~ ~ ? ~ " ~  that attempts to alkylate caprolactam through the 
dianion intermediate have given a mixture of 1,3dialkyl and 1 -alkyl derivatives. 
However, lithiation of caprolactim methyl ether with LDA followed by alkylation 
and hydrolysis of the resulting 3-alkyllactim ether (equation 345) affords a useful 
alternative648.677*678 to the dianion method. 

1. LDA c) - 2. R X  T\f" (Ref.648) (3451 
\"AOMe 3. hydrolysis \N40 

I 
H 

R = Me, Et, n-Pr 

In view of the pharmaceutical importance of penicillin and cephalosporin anti- 
biotics, it is not surprising that carbanions have been investigated as intermediates 
for substitution at the position adjacent to the P-lactam carbony16 79. Among the 
more successful approaches to the type of functionalization are those involving 
generation and reactions of carbanions derived from penicillins and cephalosporins 
containing a 6- or 7-N-arylidene group, which prevents Pelimination of the thiolate 
ion derived from the fused thiazolidine and dihydrothiazine rings during carbanion 
formation. The examples given in equations (346)-(349) are typical of this 
synthetic strategy in the penicillin series. 

A new related synthesis of P-lactams68 3, involves oxidative decarboxylation of 
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!! - -  w . - , M e  R H  
p 0 2 N C 6 H 4 C H = N ~ M e  - 1. PhLi p-O2NC6H4CH=N 

ZOOCH2C6Hg 

(Ref. 681 
- - - - - (348) 

- Me 

cooc H2 c 6  t i  5 

%Me 2. fil 

0 0 - 

R = Me, Et 

G Me Me 
'&I; ; 

NaH M e 2 N ~ $ ~ ~  (Ref. 682) ( 3 9 )  
- Me 

EOOMe COOMe 

<p-->,Me - Tii7 - - - - 

azetidine 2-carboxylic acids. Oxygenation of the dianion formed from the 
appropriate acid and two equivalents of LDA in THF and subsequent acidification 
of the dilithium salt of the resulting hydroperoxy acid leads t o  decarboxylation and 
formation of the desired lactam (equation 350). 

- 0-0 

coo- 0 2  , b o o -  
-78OC. EtzO 

acooH LDA a 
THF. O°C 

R 
\ 

R 'R 
\ 
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An interesting route684 t o  N-(2-arylethyl) lactams containing 5-, 6- and 
7-membered rings consists of  initial reaction of 0-methyl lactims with a phenacyl 
halide to form N-phenacyl lactams. Sodium borohydride reduction of the phenacyl 
carbonyl group affords the corresponding benzylic alcohols, which undergo facile 
hydrogenolysis t o  give the desired N-(Zarylethyl) derivatives (equation 35 1). It 

H 

R’ = H, n =  1-3 

R’ = Et, n = 2 

R’ R’ 

Ar = Ph and CgH3(OMe)2-3,4 

should be noted that this rather elaborate method of N-alkylation is not necessary 
with halides that d o  not undergo facile @elimination. More routine procedures 
include reaction of lactams with alkyl halides and sulphates in the presence 
of sodium hydride685, reactions with expoxides6 8 6 ,  acetylenes6 8 6  and 
aldehydes“’, and by thermal rearrangement of allylic lactim ethers648s688. 

A potentially general method640 for the introduction of alkyl substituents a t  
the 4-position of caprolactam involves reaction of a mixture of  Az-  and 
A3-caprolactam with triethylborane (equation 352). 

do (“xu I 

..... 
1. EtgB 

2. H 2 0 2 ,  OH- 

I 
H H 

(352) 

F. By Oxidation Reactions 

The oxidation of nitrogen compounds to  lactams using transition metal 
compounds has been reviewed through 196@ 8 9 .  However, in addition t o  transition 
metal compounds a variety of other  oxidizing agents have been used t o  convert 
nitrogen compounds into lactams. 

1. Using halogen 

The use of bromine under acid conditions to  effect the oxidation of nicotine has 
been studied since 1892690.  In the original work690-692 it was reported that 
treatment of nicotine with bromine in the presence of hydrogen bromide (equation 
353) resulted in oxidative bromination of nicotine affording two products 
identified as dibromocotinine (51) and dibromoticonine ( 5 5 ) .  
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(54) (55) 

Reinvestigation of the structure of 54 using n.m.r.693 and mass spectra694 led 
to  the disclosure that it should be represented as compound 56. A more recent 

Me 

(56) 

on the structure of 55 using chemical and spectral(inc1uding 3C-n.m.r.) 
techniques has established its correct structure to  be 3,4dibromo-5hydroxy-l-  
methyl-5-(3-pyridyl)d3-pyrolin-2-one (57). 

aqueous 20%. Dibromoticonine 1. 10% NaOH 
HBr. Br2 hydrobromide 2. HOAC 

13OoC. 52min 

Bromine under basic conditions has been used696 to  oxidize cyclic tertiary 
amines into lactams (equations 355 and 356). This conversion may be done directly 
using excess bromine, or via the intermediate formation of the iminium salts, 
which are easily isolated and convertible into the lactam upon further treatment 
with additional bromine. 

Me 
I 

& H 

2 1 -Nor-5a-conanine 

Br., I1 mole) 

Me 
I 

/Nvo 
Br2 ( 2  m o l d  

CH2C12. NaOH 
r.t.. stir 3 h 

H 

21 -Nor-Sa-conanine-20-one 
(355) 

Me (80%) 
I 

("4 Br- 

1 -  
CH,&l2, NaOH 

BOOC, 4 h 
C H Z C I ~ .  Na2C03 

r.1.. stir 2 h 

- 
H 

2 1 -Nor-5a-coneninium-2O(N) bromide (1 00%) 
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A n 
Br2 (3 moles) 

CH2C12, NaOH 
M~ r . t . , s t i r l Z h  

(356) 

Cotinene 

This reaction sequence may also be performed usingN-bromosuccinimide6 , but 
slightly different results are obtained if the intermediate iminium salt is further 
treated with aqueous sodium hydroxide without bromine (equation 3 5 7 ) 6 9  5 .  

NBS I2 moles) 

r.t., stir 15 min 

17-Oxalupanine (49%) 

Lupanine 

1 Brp ( 1  mole) ~ 

r.t.. stir 2 h 

aq. 
CH2C12. Na2C03 NaOH 

0 0 Br- 

A -1 BDihydrolupaninium bromide 17-Hydroxylupanine 

Basic solutions of iodine in tetrahydrofuran have been reported to convert 
i b ~ g a m i n e ~ ~  7 ,  ibogaine69 and ~ o a c a n g i n e ~ ~  t o  their respective lactams 
(equation 358). Voacangine lactam has also been prepared698 by the basic iodine 
oxidation of dihydrovoacamine followed by  acid cleavage of the resulting product. 

lbogarnine (R'  = R2 = H) 

Ibogaine (R'  = MeO, R2  = H) Ibogaine lactarn (89%) 

Voacangine (R' = MeO. R2  = COOMe) 

lbogamine lactam 

Voacangine lactarn (10%) 

2. Using chromium or osmium oxides 

In addition t o  the use of  basic iodine to  convert ibogamine and ibogaine to their 
respective lactams, chromium tnoxide in pyridine has also been used697. This 
reagent has also been used t o  effect the conversion of  iboquine (equation 359)697,  
i b ~ l u t e i n e ~ ~  7 ,  conanine700, 3 - 0 x o c o n a n i n e ~ ~ ~ ,  kopsine and both epimers of  



?H ?H 

I boquine 

agj? MeOOC 

OH 
Kopsine 

NaBH,, l 

a MeOOC 

40% 

Cr03. CgHgN 

or 
or04 
* MeOOC 

OH 

243 

(359) 

(360) 

/ 
Dihydrokopsine (epimer A) 

oxidaf ion 

MeOOC MeOOC 

Dihydrokopsine (epirner B) 

dihydrokopsine (equation 360)'O into their respective lactams. These latter 
conversions have also been accomplished using osmium tetroxide'O l .  

3. Using manganese oxides 

Manganese dioxide in acetone has been used t o  oxidize 443,44imethoxyphen- 
acety1)- and 4-benzoyl-2-methyl-l,2dihydroisoquinoline t o  4<3,4dimethoxyphen- 
acety1>2-methylisocarbostyril and 4-benzoy1-2-methy1isocarbostyri1, respectively 
(equation 36 1)?02,  while acetone solutions of potassium permanganate have been 
used to  oxidize dl-lupanine to d l - o x y l ~ p a n i n e ~ ~  3 ,  d-lupanine and 1 l-hydroxy- 
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lupanine t o  d-oxylupanine (equation 362)'04 and N-formyldihydrovindoline t o  t h e  
two lactams shown in equation (363)'O 5 .  

O=C-R O=C-R 

(361) dN Me 

MnOz, acetone, 

'Me 
r.t.. 5 h 

R = MeO-@-CH2, Ph 

m 0 

d-Lupanine 

KMn04, 

acetone, HOAC. \ 

OH 

m 0 

KMn04, d-Oxylupanine 
acetone. HOAc, 

HzO, 40 min 

17-Hydroxylupanine 

4. Using platinum or ruthenium oxides 

It was originally reported706 that voacangine, the  major alkaloid of Rejoua 
aurontiaca Gaud., was converted into P-hydroxyindolenine by controlled oxidation 
using platinum and oxygen followed by catalytic reduction. However, a more 
recent s tudy6gg of this reaction has shown the product t o  be voacangine lactam 



1. The synthesis of lactones and lactarns 245 

1. Pt. 0 2  

2.  Hp.  catalyn ’ 

MeOOC H 

MeOOd p-Hydroxyi ndoleni ne 

Voacangine (364) 

2. t iZ ,  catalyst 
3. 0 2  

MeOOd 

Voacangine lactam 

(equation 364), identical t o  the product obtained698 from the basic iodine 
oxidation of  dihydrovoacamine followed by acid cleavage of the product. 

Although unsubstituted arnines70 7 ,  aziridine708 and piperidine708 react with 
ruthenium tetroxide to  produce imides in good yields without oxidation of the 
nitrogen atom directly, suitable substitution o n  nitrogen followed by oxidation 
with ruthenium tetroxide affords P-lactams (equation 365)708 ~ This reaction 

~CH2l”  (CH2)n 

(365) 
/ \  Ru02.  NalO,, ’ ‘c=o 

H2C\N/cH2 CH2Clz or CHCI3 + H2c\,/ 

r.t.. 2-6 days 1 
R 

I 
R 

Yield (%) 

R n=O 1 2 3 

p-MeC, H, SO, a a 46 3 -5 
MeSO, a a 90 85 

22 68 59 

HCO a 34 a 
MeCO a 9-13 45-69 42-60 
EtOCO 5 15-33 65 63 

Meo-i-r 

‘No product could be isolated. 

appears more likely to succeed as the  ring size increases, and appears t o  be effected 
by the electronegativity of the nitrogen substituent. The rate of reaction has also 
been noted to  decrease as the ring size decreases and the electronegativity o f  the 
nitrogen substituent increases708. By use of the rnethyloxalyl protecting group it 
was possible t o  prepare lactarns of varying ring size according to  equation (366)708.  

Ruthenium tetroxide has also been reported70 t o  oxidize 2-substituted-N- 
acetyl pyrrolidines and piperidines regiospecifically to their corresponding lactarns 
in about 60% yields with retention of absolute configuration (equations 367 and 
368). 
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I 
H 

I 
o=c 

I 
O=C-OMe 

(CH2)n (CH2)n 

H 2 c c N ; C = o  

H2C;N;C=o , 
NaOMe 

MeOH I 
H 

n = 1, 2, 3 

% = 14, 61, 51 

I 
o=c 

I 
O=C-OMe 

Ru02.  NalO,, 4 O G P h  ( 367 ) 
n20. CCI, I 

QPh 

OAc 
I 

OAc 

R-(+)-N-Acetyl-2-phenylpyrrolidine R-(+)-N-Acetyl-5.phenyl-2-pyrrol'idinone 

R-(+)-N-Acetyl-Z.rnethylpiperidine R-(t)-N-Acetyl.6-methylpiperidone 

ANAMe Ru02. NalO,. , No reaction Me 
I HzO. CCI, 
c=o 

I 
Ph 

Ru02. H20, NaIO4, CCI, b 0 JJpht(--&o 

I 
OAc 

I 
OAc 

I 
OAc 

(1:l) 

RuO2. Na10,. ' 0  QMe + aMe 
I 

OAc 
I H20. CCI, 

OAc 
I 

OAc 

(369) 

(370) 



I .  The synthesis of lactones and lactams 247 

However, similar oxidation'O of N-benzoyl-cis-2,6dimethylpiperidine afforded 
only recovered starting material (equation 369), while oxidation of similarly 
3-substituted N-acylpyrrolidine and piperidine afforded a 1 : 1 mixture of corre- 
sponding lactam isomers (equations 370 and 37 1). Application of this oxidation t o  
N-benzoyl- and n-acetylpiperidine afforded the expected products in good yields 
(equation 372)709.  

RuOz. NalO,, 

I H20, CCI, I 
(372) 

k k 
R = PhCO, MeCO 

5. Via sensitized and unsensitized photooxidation 

Although reaction of ibogaine with ethylmagnesium bromide followed by treat- 
ment with oxygen has been reported699 t o  produce a 20% yield of iboluteine, 
benzophenone-sensitized photolysis of this compound affords6 a 35% yield o f  
ibogaine lactam. Similar treatment699 of voacangine affords a 5% yield of 
voacangine lactam, whereas sensitization using Rose Bengal affords a 10% yield of 
the same product. Rose Bengal-sensitized photooxidation has also been used7 I t o  
effect the conversion shown in equation (373). 

L OMe 
Me0 Rose Bengal. hu 

OMe 

Me 37% Me 

(3731 

Me Me 

Conanine 49% 
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In addition t o  benzophenone and Rose Bengal, rnethylene blue has also been 
used t o  sensitize several photooxidations, including the  conversion of  conanine 
(equation 374)7 I and sparteine (equation 375)' t o  their corresponding lactams, 
and lupanine (equation 376)7 t o  its corresponding lactarn dimer. It has also been 
employed in the photooxidation of  laudanosine (equation 377)7 2 ,  a reaction 
which affords a better yield of product when performed unsensitized7 2 .  

methylene blue 

MeOH. hu. 0 2  

Sparteine 20% 

0 

methylene blue 
- - - - N - MeOH. hv. 0 2  
H 

(375) 

(376) 

Lupanine 
43% 

methylene blue, O2 

M e o m - M e  M e 0  /-' 32% 

/ "" W N - M e  1377) 

I 

4 o M e  \ 02, hi,. 25OC, -t y:: 0 

OMe 3 h  

Laudanosine 

Unsensitized photooxidation has also been found t o  be effective in the 
of  bisbenzylisoquinoline derived alkaloids production of lactams from a variety7 

such as isotetrandrine and berbarnine (equation 378), tenuipine and micranthine. 

lsotetrandine (R  = Me) 

Berbamine (R  = H )  
o4 N 2 

I 
Me 

30% (378) 
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Photooxidation in the presence of base has been found useful in the conversion 
o f  2'-bromoreticuEne t o  thalifoline (equation 379)' 3 ,  and lO-phenyI-9,lO- 
dihydrophenanthridine to N-phenylphenanthridone (equation 380)' 4 .  This latter 
conversion has also been accomplished714 without the use of base via the peroxide 
dimer followed by cleavage under reflux as shown in equation (381). 

M e w N - M e  HO 

4 OMe OH 

Br aq. EtOH. hi,. NaOH 7 h with or ' " " W N - - M e  MeO 
(379) 

without Na l  

0 

&F'h 

h '*C6H6,N2* ,  KOBu-t, r.t. flph 
N-Ph 

0 

&Ph 
reflux 

C5H5N.  8 h 

1380) 

~P 0 h 

38% 

r O=C-R 

L 

O=C-R 

' @ N  0 ' W N  0 'Me 'Me 

chromatography 
silica gel 

(381) 

(382) 



250 

6. Via autooxidation 

Attempted acylation of 2-methyl-l,2dihydroisoquinoline using benzoyl,3,4- 
dimethoxybenzoyl, phenacetyl and 3,4dimethoxyphencaetyl chlorides has been 
reported702 to give acetylated isocarbostyrils in all cases (equation 382). These 
products arise when the initial reaction products are oxidized by exposure to  air for 
several days followed by chromatography on silica ge1702. Similar results are 
obtained7 when 1,2dihydro-4meethyl-3-phenylisoquinoline is exposed to  air for 
several days followed by chromatography on  alumina (equation 383). The 

Synthesis of lactones and lactams 

2. chromatography on alumina 1. air 
’ o$:;e 

0 

61% 

(3831 

@TPh ‘Me - *:;e 

‘0 
‘H 

‘0‘ 

mechanism for these conversions appears7 
dehydration of the intermediate peroxide. 

to be an autooxidation followed by a 

7. Using miscellaneous reagents 

A variety of lactams have been prepared via oxidation using a variety of 
miscellaneous reagents. For example, potassium hexacyanoferrate has been used to  
oxidize d-lupanine to d-oxylupainine (equation 384)704, I-sparteine to 
I-oxysparteine (equation 385)’04 and 2,4dimethyl-3phenylisoquinolinium iodide 
to 2,4dimethyl-3-phenylisoquinoline4(2H)-one (equation 386)7 5 .  
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Me Me 

25 1 

(386) 

88% 

Wasserman and Tremper7 have reported that treatment of 1-substituted 
azetidine-2carboxylic acid with oxalyl chloride affords the iminium salt shown in 
equation (387), which upon treatment with rn-chloroperbenzoic acid in pyridine 
produces a 70-80% yield of 1-substituted P-lactams. This reaction is reported to be 
more convenient than the alternative procedure of low-temperature dianion oxy- 
genation reported elsewhere6 in this review. 

(COCI)2, ooc 
then Warm 45OC ’ E+ 

\R dCooH ‘R for 10 rnin 

CI- 

\R \R 

70-80% 

, C ~ H ~ C H Z C H Z  0- R = Me3C. C ~ H ~ C H ~ , ~ M ~ O C ~ H ~ C H Z C H Z .  

Treatment of cyclic amines such as pyrrolidine with a hydroperoxide in the 
presence of a metal ion catalyst, such as manganic acetylacetonate, cobalt naph- 
thenate or dicyclopentadienyltitanium dichloride affords the corresponding lactam 
(equation 388)7 8 .  

Me3C-C03H, -4OC 

manganic emtylacetonate * 
I 
H 

I 
H 

R’ R ’  

(388) 

(389) 
/ \  

HO-C-(CH2),-~ 
I w l%HOAc. I 

R 2  Z h. tOO°C R2 

~ ~~ ~ 

R’ R2 n X Yield (%) 

H Ph 2 0 - 

H Ph 2 (CH, l1 71.2 
H PhOCH, 1 (CH, )1 86.2 
Ph Ph 2 CH2 45 .O 
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An interesting preparation of  lactams, which appears formally t o  be an oxidation 
but  which in reality is a dehydrogenation, has also been reported719 using the 
Hg(lf) salt of ethylenediaminetetraacetate (EDTA) (equation 389). 

G. Miscellaneous Lactam Syntheses 

The following methods d o  not qualify for inclusion in one of the foregoing 
sections, but appear t o  have sufficient generality t o  serve as useful, albeit somewhat 
specialized, synthetic procedures. 

Condensations of 4-arylmethylene-2,3-pyrrolidinediones with p-aminocrotonate 
or with 4-amino-3-penten-2-one result in addition of  the nucleophilic vinyl carbon 
of  the enamine t o  the arylmethylene function, accompanied by cyclization of the  
amino groups of the addend with the 3-carbonyl group of the pyrrolidinedione. The 
resulting dihydropyrrolo[ 3,4,b] pyridin-7anes can be  oxidized by bromine t o  
afford the pyridine-fused %-lactams shown in equation (390)72 O .  When N-phen- 
acylpyridinium bromide was allowed to  react with the pyrrolidinediones, the  
aromatic &-lactams were formed directly. In the same it was found that 
when 4-(o-nitrobenzylidene) derivatives of 1-substituted 2,3-pyrrolidinediones were 
treated with tin(l1) chloride o r  with sodium dithionate, reductive cyclization took 
place t o  afford 1,2dihydropyrrolo [ 3,4,b] quinolin-3+nes (equation 39 1). 

Ar H Ai 

I 
R’ 

SnClz WLR’ 
0 

(391 I 

R ’  =C-CsH11. CgHg(CH2)2 

A convenient synthesis of  5-hydroxy- and 5-methoxy-3-pyrrolin-2~nes has been 
carried out via singlet oxygen addition t o  an appropriate furan derivative followed 
by ammonolysis of the resulting pseudo ester (equation 392)72 l .  

R2 R2 

R 1 G 0 3  R ’ d  0 1392) 

OMe OH I 
R’ 2H 

H 

Anils of cycloalkanones have been to  react with oxalyl chloride t o  
afford l-phenyl-4,5-polymethylene-2,3-pyrrolidinediones (equation 393). When 
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0 

(393) 
0 0  
11 1 1  dioxsne 

T ' C  H 
(CHz)n 1 1 -  

L C - N H P h  + CIC-CCI - 
100°C, 2 h 

Ph 
n = 3, 4, 5, 6 

Yield ( % I  = 37, 73.8, 75, 84 

OH 

Ph 
n = 3, 4, 5, 6 

Yield (%I = 46, 48, 46, 18.7 

carbon suboxide is used instead of oxalyl chloride, the same anils afford 44iydroxy- 
5,6-polymethylene-2-pyridones (equation 394)72 3 .  
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2. Appendix to ‘The synthesis of lactones and lactams’ 

‘I. INTRODUCTION 

This Appendix on the synthesis of lactones and lactams covers the primary literature 
from 1975 through 1987. Recent references have been included for all approaches to the 
synthesis of these compounds, including references to the general preparative methods 
presented in the original chapter. 

The Appendix organization follows identically that used in the original chapter, and 
the reader will find information on the same topic by successively reading the original 
section of the chapter and then referring to the same numbered section in the Appendix. 
In instances where little or no new information has been published regarding a specific 
synthetic approach discussed in the original chapter, that corresponding section has 
been eliminated in the Appendix. Conversely, new synthetic approaches not covered in 
the original chapter have been added to the appropriate sections of this Appendix under 
final subsections titled ‘Miscellaneous.. . ’. 

Structures, equations, compound numbers, schemes and references are numbered in 
continuation of those in the original chapter. 

27 1 

“11. SYNTHESIS OF LACTONES 

Recent review articles describing the synthesis of lactones report on a wide variety of 
synthetic approaches which were employed to prepare a wide variety of lactones. 

Review articles have reported the synthesis of lactones and m a ~ r o l i d e s ~ ~ ~ - ~ ~ ~ ,  
a - p e r o x y l a ~ t o n e s ~ ~ ~ ,  Prelog-Djerassi lac tone^^^* and the construction of the carbon 
skeletons for natural products by the use of small membered lac tone^^^^. Also reviewed 
was the synthesis and synthetic utility of halo lac tone^^^^, the stereoselective syntheses 
with P-hydroxycarboxylic acids and p - l a ~ t o n e s ~ ~ ~ ,  lactonization using diethyl azodi- 
carboxylate and t r iphenylph~sphine~~’  and novel lactonization reactions733. 

On the subject of macrocyclic lactones, reviews have reported developments in syntheses 
of macrocyclic substances with musk odor734, the synthesis of macrocyclic lactones 
describing approaches to complex macrolide antibiotics735, the synthesis of m a ~ r o l i d e s ’ ~ ~ ,  
the synthesis of p-lactone h o r n ~ p o l y m e r s ~ ~ ~ ,  preparation and polymerization of 8- 
lac tone^^'^, polymerization of pivalolactone and related lac tone^^^', the kinetics and 
mechanism of anionic polymerization of lac tone^^^' and the selective synthesis of new 
macrolides by the ring-opening polymerization of a bicyclic oxolactone, their structures 
and complexation with metal ions and organic molecules741. 

In the area of natural product and steroidal lactones, several reviews have recently 
appeared also. These reports discuss the natural product synthesis via n-allyltricarbonyliron 
lactone complexes742, transformations of the pregnane side chain to y - l a ~ t o n e s ~ ~ ~ ,  the 
synthesis of y-lactones fused with the steroidal skeleton in the 1 ,2-p0s i t ion~~~,  the use 
of lactones as building blocks in alkaloid synthesis745, steroid spirolactones and their 
biological and the synthesis of biologically active compounds including Corey 
Iactone analogues747. 

Finally, a review on the enantioselective synthesis of biologically active cyclopenta- 
noids via enzyme catalysed asymmetric reactions has also been p ~ b l i s h e d ’ ~ ~ .  

*A. By Intramolecular Cyclization of Hydroxy Acids, Hydroxy Acid Derivatives 
and Related Compounds 

catalysed cyclization of optically pure y-hydroxycarboxylic acids (equation 395). 
Optically pure enantiomers of 4-alkyl-y-lactones have been prepared749 by acid 
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0 0  

H+ 
RCH(0H)CHZCHzCOOH - 

R 

optically pure optically pure 

(395) 

R =  Me;Et ;n-C,H, , :n -C,H, ,  

[cz]?= f31.4; +51.5; +45.8; t 3 7 . 7  

By treatment7" of cis- or trans- I-(2,4-dimethoxybenzyl)-3-( 1 -hydroxyethyl)-2-azeti- 
dinon-4-carboxylic acid with a catalytic amount of concentrated hydrochloric acid in 
tetrahydrofuran, stereoselectivity produces (equation 396) the fused ring cis-y-lactone 
as the only lactone product. 

OH ,yy I H R' 

Me 
H 

0 cHh OMe 

cis R ' = H , R ~ = C O ~ H  

or 

conc. HCI 

THF 
- 

OMe 

62% f r o m  cis-azetidinone 

1 4 % f rom trons - aze tidi n one 
trons R'=CO*H, R ~ = H  

Another example of the ~ r e p a r a t i o n ~ ~ '  of fused ring y-lactones by acid catalysed 
intramolecular cyclization is the formation of 3,3~,4,86-tetrahydroindeno[ 1,2-b]furan-2- 
one from trans-2-hydroxyindan-I-yl acetic acid upon treatment with sulphuric acid 
(equation 397). 

OH 

trons 

Acid catalysed cyclization has also been used to prepare 6-lactones. Thus, treating a 
mixture of sodium salts of butyric, 2-ethylhexanoic and 2-ethyl-3-propyl-4-(hydroxy- 
methy1)hexanoic acids with sulphuric acid produces752 a mixture of acids and lactones 
from which 2,4-diethyl-3-(n-propyl) 6-lactone was selectively isolated (equation 398). 

n - P r  

n-PrCOO-Na+ 

n-BuCH(Et)COO-No+ 
H,SO, mixture of acids bore  - 

and lactones 

(398) 

HOCH2CH(Et)CH(n-Pr)CH(Et)COO-Na+ 
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Substituted and cis-fused 6-valerolactones have also been prepared753 by acid catalysed 
cyclization of 6-hydroxycarboxylic acids, which were obtained from /I-hydroxycarboxylic 
acids (equation 399). 

Na0H. 

rstlux 6 h 
i i-PrOH - 

a-Hydroxyacid &Lactone Yield(%) 

ti 

H 

‘vc:oH 

70 

77 

R = M e  

R = t-BuCH, 

COOH 

60 

82 

81 
(5: I mixture of 
stereoisomers) 

Acid treatment of hydroxyesters also produces lactones usually via hydrolysis of the 
ester moiety and intermediate formation of the corresponding hydroxyacid, which then 
cyclizes. This approach was reported754 in the cyclization of the t-butyl and ethyl esters 
of 6-hydroxycarboxylic acids, where the t-butyl ester substrates were directly converted 
to the corresponding 6-lactones upon treatment with trifluoroacetic acid (equation 400). 
However, the ethyl esters required initial hydrolysis to 6-hydroxyacids using potassium 
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h-Hydroxyesters &Lactones Yield cx) 

PhCHz HOCH ,CH(CH ,),COOBU-~ 
I 
CH,Ph 

Ph(CH,),CH-CH(CH,),COOBu-l" 
I I  
O H  Me 

90 

12 

(CH&OOEu - t 63 

" A  1 : I mixture of diastereoisomers. 

hydroxide before cyclization could be performed using acetic anhydride in pyridine 
(equation 401). 

R'CH(OH)CHR2CH2CH(Me)COOEt - [R'CH(OH)CHR2CH2CH(Me)C00-K+) 3 N  KOH 

(MeCO),O, C,H,N, 

r .  t.  
R2YYMe 
R l A 0 &  

R' =n-C7H15; H 

R 2 =  H j PhCH2 

Yield(%) = 90' i 73' 

~ 

" A  1 : 1 mixture of diastereoisomers 

Acid treatment of hydroxyesters has also been r e p ~ r t e d ' ~ '  for the preparation of 
3,3a,8,8a-tetrahydroindeno[2, I -h]furan- I -one from trans-2-carboxymethylindan- 1-01 
using sulphuric acid (equation 402), and 2-methylbut-2-enolide from methyl (2-chloro-4- 

H2SO4 
CH2C02Me - w- OH 
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/Me 

r s f l u x , 4  h 
MeC02CHCICH2CMe(OH)C02E t (403) 

hydroxy-4-ethoxycarbony1)pentanoate using hydrochloric acid (equation 403). Hydro- 
chloric acid also catalyses the enantioselective synthesis755 of the a-amino-y-lactones 
derived from (2-methoxyethoxymethyl-protected) (R)-homoserine methyl esters, using 
this approach (equation 404). 

COOMe 

(404) 

1.  8 N  HCl,ref lux 
I 

R’-C-NH~ 

I 3 h  
R ~ - C H  

I 2.EtOI-4, reflux 

0.5 h R3 -CH-CH20CH2CH20Me 
H 

R’ R 2  R 3  Yield #,) Stereochemical ratio 

H H H 71 (aR):(aS) = 95:5 
H H Me 41 (aR,yRS):(aS, y H S )  = 97.5:2.5 
H Me Me 44 (aR, PR, yR):(aR, PS, yS) = 97.5:2.5 
Me H H 52 (aR):(aS) = 97.5:2.5 

Acid treatment of ortho esters produces intermediate y-hydroxyesters, which then 
cyclize upon further treatment with acid as was reported756 with substituted 2,2- 
dialkoxytetrahydrofurans (equation 405). As reported above, the y-lactone product could 
also be obtained756 by initial treatment of the a-chloro ortho esters shown in equation 
(406) with potassium t-butoxide in tetrahydrofuran followed by treatment with sulfuric 
acid. The presence of the chloro group in the ring leads to the double bond found in 
the product. 

R’CH10H)CHR2CR3R4COOMe - H+ 

high acid canc. 

and prolonged 

reaction time 

R1,R2,R3and R4 unspecif ied 

(405) 

(406) 

E:E: 1.  f - 8 u O K ,  THF 

l h  
2. H2SO4,O0C,15min  

Ph Ph 

55% 

Finally, treatment of substituted 2,2-dialkoxytetrahydrofurans with commercially 
available aluminium t-butoxide affords the corresponding y-lactone (equation 407), 
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OMe commercial 

O M e  conta in ing hydroxyl 

RM: Ph Ph 

AI(OBu-l),  

groups 

(407) 

whereas treatment of the same starting material with freshly prepared aluminium 
t-butoxide affords756 substituted 2-methoxy-4,5-dihydrofuran (equation 408). 

OMe Freshly p r e p a r e d  

O M e  n o  h y d r o x y l  

AI(OBu-l ) ,  

Ph 
groupr  

Ph 

p-Toluenesulphonic acid and p-toluenesulphonyl chloride have both been used to 
catalyse cyclization of hydroxyacids and hydroxyesters to produce lactones. One example 
of their use is illustrated by the preparation757 of a 12-membered enediyne lactone by 
p-toluenesulphonic acid catalysed lactonization of the corresponding w-hydroxyacid 
precursor (equation 409). 

2‘0 
C E C - C H 2 C H 2 0 H  C E C - C H z C H  

I (409) 
p - TosOH 

c=o 
C=C-CH2CH2COOH -d C E C - C H z C H  2 ’ 

(Z) 74% 

p-Toluenesulphonic acid has also been used to prepare7” bicyclic spirolacones by 
cyclization of the corresponding intermediate bicyclic y-hydroxyacids, which in turn 
were prepared via two methods as shown in equation (410). 

1 .025  N-NaOH 
EtOH, reflux 

CH2CH(R)Br 

COOMe 

M e  M e  I 

1. NaBH4,THF, 

2.l0/oNoOH,r.t. 

3. H+ 

dioxane 

COOMe 
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- 

CHzCH(0H)R CHzCH(0H)R 

COOMe COOH - 

277 

p - T o s O H  

CHCls,r.f.  

R=H;Me;EtjPh 

Yield (%)=63;50-54 

(41 1 )  
p - T O S O H  

cc14 
AcO HO 

R‘=Me,Et,i-Pr,n-Pent,H 

R2=Me, E t 

yields range from 70-80% 

p-TosCI,CsHsN 

r . t ,  20 h 

(MeCO) O,C,H,N, 

t -BuO @ OH CH2COOH r . f . ,  2 h 

or t - B u O  

p-TosCI,C,H,N 

t - B u O  Q CH2COOH r.t,,2 h t - B u O  qo r .  1.,20 h 

or  

.‘OH (MeCO),O, C,H,N, 
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A similar reaction is observed759 to occur when substituted allylic alcohols are treated 
with p-toluenesulphonic acid; however, this cyclization reaction to form the P-acetoxy-a- 
methylene-y-lactone products is accompanied by acetyl migration (equation 41 I ) .  

Two recent references illustrates the utilization of p-toluenesulphonyl chloride in the 
cyclization of hydroxyacids to produce lactones. In the first reference760 trons-fused ring 
y-butyrolactones are formed (equation 412), while in the second reference76' monocyclic 
R-3-methyl-y-butyrolactone was the product obtained from cyclization of the precursor 
shown in equation (413). 

* J--& 1.  I N  oq.  HCI,THF 
2. p-TosCI, 

CsH,N,--6'C, 18 h 

F 
Me02CCH2 -CH-CH-CH-CH2CH2Me 

tHCH2CH2Me I 3.NaCN,DMS0,80°C,24 h OPr-i 
4 .  o q .  McOH, HCI,reflux 

24 h Me 

78% 

(41 3) 

A reagent which is very similar in structure to p-toluenesulphonyl chloride and has also 
been used 762  to effect cyclization of y-hydroxyacids to produce cis-fused ring y-butyro- 
lactones is mesitylenesulphonyl chloride (equation 414). 

H 

Mt 

4 
CHO 

,C,H,SO,CI - Me-- C(.'>o (414) 

CHO ti 

Alkaline hydrolysis of the acetate function of the a,l-unsaturated acids shown below 
produces763 intermediate a-methylene y- and 6-hydroxyacids which are converted directly 
into the corresponding a-methylene y- and &lactones by treatment with N . N ' -  
dicyclohexylcarbodiimide (DCCD) in pyridine (equation 415). 

R 

R =  Ph(CH2)2; CH2=CH(CH2)8; n-Hex j n-C7H15 

n =  1 j 1 ; 2 ; 2  
Yield(%)= 59 j 76 j 72 j 70 

(4 15) 

Cyanuric chloride has been reported764 to be an effective reagent for the formation 
of macrocyclic lactones,, since 13- to 19-member lactones have been prepared using this 
reagent (equation 416). When this reagent was used to cyclize aleuritic acid (9,10, 16- 
trihydroxypalmitic acid) different products were observed764 depending upon the solvent 
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R =  n - H e x j H  j H  j H  

n =  10 j13 j14 j 16 

Yield (‘/o) = 70 i 68 j 85 j 33 

used (equation 417). The proposed mechanisms765 for these cyclizations with cyanuric 
chloride involves intermediate formation of the carboxylic acid chlorides. 

- 
E 1 sN ,CH s C N  

/(CH2)6 
HOCH ‘0 

I I 
HOCH /c=o 

‘(CH2)7 

Another nitrogen containing reagent which has been used to cyclize hydroxyacids to 
lactones is 2-chloro- I-methylpyridinium iodide. This reagent has been used very effectively 
to produce both macrocyclic lac tone^^^^ (equation 418) and trans-fused lac tone^^^^ from 
alkylidenehydroxyacids (equation 419) and other y-hydroxyacids (equation 420). 
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CI 

@$-Me I- ,CH2CI2,Ar 

* o (419) 
NEt3,reflux 15 h 

Me 

R =  H ; CH2SiMe3 ; CH20H ; CH20CH2SMe 

Yield(%)= 97; 99 ; 98 ; 95 

CI 

R=PhS; PhSa j H j Ha 

j96 j 78 Yield(%)= 95 j 78 

aRedgenr used is N.N'-DCCD in pyridine. 

Trans-fused lactones are also obtained from y - h y d r o ~ y n i t r i l e s ~ ~ ~  by a one-pot 
procedure which involves hydrolysis of the nitriles to acids followed by lactonization. 
The required y-hydroxynitriies are produced by metal hydride reduction of acetate groups 
adjacent to exocyclic a,B-unsaturated nitriles (equation 421). 

Me Me 

LiAIH4,THF,0°C to r.t. 

or  LiBHa,THF,4--6 h I LiAIH4,THF,0°C to r.t. 

or LiBH.,THF,4--Gh 

reflux 1 
Me 
I 

reflux 

Ye 
I 

I - B u  P C H 2 C N  Me OH I I - B u O  @~;:CN Me H D : H 2 c N  OH 
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90% 

Me Me Me Me 

1 ,  F , C O O H - H ~ O ( ~ :  i),o0c 

2. NoHCO, 1 

PhCOOCH2 

erythro 

(70%) 

1. F,COOH-H20(9:1),00C 

2. NoHCO, 1 

H 

lhreo 

(CH21,OH 

I HCI, 
PhCONH-C-CONMe2 - 

I 
Ph 

Ph 1 

Ph 

I 
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n Temp (“C) Time(min) Yield cx,) 
2 75-80 3 95 
3 75-80 3 97 

12 100 60 60 

Diesters may also be used as starting materials for the production of lactones as illus- 
trated by the reaction of the diester acetonides shown in equation (422) with a 9:l mixture 
of trifluoroacetic acid-water, which affords768 the corresponding erythro- or  threo- 
h ydrox yes ter lac tones. 

One class of hydroxyacid derivatives which produce lactones upon treatment with acid 
are N-acylaminoacid d i m e t h y l a m i d e ~ ~ ~ ~ .  The lactones are produced769 via 2-oxazolin- 
5-one intermediates as shown in equation (423). 

o-Halocarboxylic acids also produce lactones when treated77o with an efficient base. 
When treated with the anion formed by the electroreduction of 2-pyrrolidone, w-halo- 
carboxylic acids form ammonium carboxylates as intermediates which then p r o d ~ c e ” ~  
macrolides by intramolecular reaction with the halide function (equation 424). 

CHR* 
+ / \ -  

[ R2CHBr(CH2),COO- NR’, ] - (CH,), C-0 

‘0’ 

R 1  RZ I I  Yield(%) 

Et H II 48“ 
n-Bu H II 67” 
n-C,H I 7  H I I  66 
Et H 15 77 
n-Bu n-Hex 10 77 

“ A  16% yield of the diolide shown below was also isolated. 
b A  5% yield of the diolide shown below was also isolated. 

diolide 
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Treatment of the dihydroxycarboxylic acid precursor, dihydroxyvaleronitrile, with 
methanolic hydrogen chloride affords” ’ 2,5-dideoxy-~-xylono-y-lactone (equation 425), 
while hydrogenation of 5-hydroxymethyl-2-furancarboxylic acid using 5% rhodium on 
carbon affords772 the corresponding cis-tetrahydro analogue, which upon treatment 
with the acid ion exchange resin Amberlyst I5 produces the bicyclic lactone 2-oxo-3,8- 
dioxabicyclo[3.2. lloctane (equation 426). 

Me 
I . t .  sot.HCI/MeOH 

H-c-oH ref lux  2 h  I 
H0-C-H 2. H2°#r.t.# 

ove rni g h t I 

(425) 

3. ref lux 0.5 h Me 
., 

5%Rh/C,H20, /d: 
H2(3atm. ) ,  r.t. ‘CH20H 

5-6 h 

1. Amberlyst  1 5 , N ~  

benzene-dioxane 
stir 2.5h  

2. Reflux 0.5 h // 
0 

(426) 

A mild and efficient reagent as a catalytically neutral esterification agent in 
the ring closure of w-hydroxycarboxylic acids to macrolide-type lactones is di(n-butyl)tin 
oxide (equation 427). 

(427) 
mesitylene 

HO(CH2),COOH + n-Bu2Sn0 - (CH2), ) 
\ .O ref  lux 

n= 7 j 14 j15 

T ime(h)=19  ;23;17 

Yie ld(%)=O ;63;60 

The mechanism proposed773 for this conversion is presented in Scheme 6 and involves 
formation of a reactive stannylated intermediate (58 or 60) in low concentrations, followed 
by subsequent release of the tin reagent possibly by a template-driven extrusion process 
to afford the lactone. 

B. By Intramolecular Cyclization of Unsaturated Acids and Esters 

‘ 1 .  Acid-catalysed cyclizations 

Acid-catalysed cyclization to produce unsaturated lactones has been reported for a 
variety of substituted a,S-unsaturated carboxylic acids. The most common cyclizations 
have been reported for hydroxy substituted ctJ-unsaturated acids as exemplified by the 
acid-catalysed lactonization of the optically pure-y-alkyl-y-hydroxy-ct$-unsaturated 
carboxylic acids shown in equation (428), which produce774 the corresponding optically 
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SCHEME 6 

pure enantiomers of unsaturated 4-alkyl y-lactones, and the acid-catalysed lactonization 
of both partially and completely hydrogenated y-alkyl-y-hydroxy-a,fl-alkynoates which 
p r o d ~ c e ” ~  both saturated and unsaturated 4-substituted y-lactones as shown in 
equation (429). 

1 .  H,,Catalyrt,Solvent 

2. H+  
RCHC =CCOOE t 

I R 
OH 

1 .  ZH,,Catalyst, 

2 .  H*  
solvent solvent 

(429) 
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R Catalyst, Solvent Product ”/,ex. Yield(”/,) 

Et Pd/C, MeOH 

(R) n-PentCH=CHCH, Pd/BaSO,, 
(4 quinoline, 

MeOH 

(S) n-PentCH =CHCH Pd/BaSO,, 
( Z )  quinoline, 

MeOH 

‘aged catalysts’ 

87 90 
E t  

Treatment of benzyl 4-(benzyloxy)-2-methylenebutanoate with a 25% solution of 
hydrogen bromide-acetic acid affords776 3-bromomethyl-2-furanone (equation 430). 

COOCHZPh 

CH2=CCHzCH20CHzPh 
I HBr -HOAc 

CHzClz,  0 O C ,  

st ir  4.5 h 

(430) 

59 .2% 

Reaction777 of the allylesters of bix(alkoxycarbony1amino)acetic acid with methane- 
sulphonic acid at room temperature leads to a reactive intermediate which spontaneously 
cyclizes in an exo-exo trigonal fashion to give the corresponding mesylated butyrolac- 
tones (equation 431). 
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R=Me; n-Bu 

Yield(%)=47; 64 

Sulphuric acid treatment778 of I ,cl-pentadiene- I ,2-dicarboxylates causes stereospecific 
cyclization to 2-a-methoxycarbonylmethylene y-lactones in 80-85% yields, the required 
starting materials being produced778 by an initial ene reaction of an olefinic component 
with dimethyl acetylenedicarboxylate (equations 432 and 433). 

4 
R4CH2C=C/R' t MeOOCC=CCOOMe - R CH=CR3CR' R2-C=CHCOOMe 

I 
COOMe 

I 'R2 
R3 

R '  RZ R' R" 

H H 4 C H J 4 -  
Me H Me H" 
Me H - K H , ) , -  
Me Me Me Hb 

If anhydrous HCI in CH2CI, at 25°C for 48 hours was used instead 

"A 37% yield of E-lactone is obtained. 
D A  60x, yield of E-lactone is obtained. 

or 80% H~SO,: 

Me COOMe \ HCI . 

(36%) 
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Acid treatment of methyl 4,5-epoxy-2-pentenoate as either the pure cis(Z) isomer or  as 
a trans, cis(& Z )  isomer mixture also causes779 cyclization and affords 4-hydroxymethyl 
A3.'-butenolide (equation 434). 

(434) 
CH2-CHCH=CHCOOMe HClO. 

MeaCO h0ch2 '0' 

Z isomer only or 

E , Z  isomer mixture 

Reaction7*' of dimethyl cis-1,2,3,5-tetrahydro-l-oxo-4a (4H), 8a (8H)-naphthalenedi- 
carboxylate with concentrated hydrochloric acid at reflux produces a 2:1 trans:cis mixture 
of a fused bicyclic lactone (equation 435). 

/o 
COOMe 0-c/ 

( I rons:c is  = 2 : 1) 

50-60% 

Lithium borohydride reduction of the bicyclic lactone shown below  produce^'^' an 
intermediate dihydroxy diacid, which upon acid work-up affords a 60% yield of the 
spirolactone shown (equation 436). 

? A 
LiBH4 

COOH - 
CH2COOH 

H 

H $ q C O O H  qH2CH20H ] 
CH2COOH 

w C H 2 C O O H  \ 

H 

60% 

'2. Photochemical and electrochemical cyclizations 

reported 7 7 9  to produce 4-substituted A3~'-butenoIides (equation 437). 
Exposure of 5-substituted-4-hydroxy-2-pentenoic acids to ultraviolet irradiation is 
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Q0 (437) 
UV,4OOW Hg, 

RCHzCH(OH)CH=CHCOOH MeOH, H+,r,+, . 
RCH2 

( E )  

R=HO,Br 

Ultraviolet irradiation has also been used to produce782 fused ring lactones from an 
(E)-furylacrylic acid (eqution 438). 

'COOH 

60% ( 1 : 1 mixture)  

'3 .  Halolactonization 

Examples of both bromo- and iodolactonizations have been reported and included 
among the reports of bromolactonization in the reaction779 of 2,4-pentadienoic acid with 
bromine and sodium bicarbonate which produces 4-brom0metyI-A~~~-butenolide 
(equation 439), the regio- and stereospecific c y ~ l i z a t i o n ~ ~ ~  of 3-methyl-3-hydroxy-7- 
phenyl-4-heptenoic acid salt (equation 440), the c y ~ l i z a t i o n ~ ~ ~  of 2-hydroxy-6- 
allylcyclohexanecarboxylic acid (equation 441), and a of the regioselectivity of 
the halolactonization of y,S-unsaturated acids. This latter study showed that 
bromolactonization of 4-hexenoic acids produced a greater percentage of S-lactones than 
did iodolactonization, and that substituents located in the 3-position of the acids clearly 
favour the formation of S-lactones while substituents located in the 6-position of the 
acids favour the formation of y-lactones (equation 442). 

Ph 

Me 

HO" 



Acid 
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R O O H  H 

\ / C ; r C H = C H M e  

'H 

Br,,MeOH, 

NaHCO,,-78 'C' (44 1) 

y-lactones + b-lactones (442) y,b-unsaturated halolactonization 

carboxylic acids condilions ' 

Ratio of Yield 
Halolactonization conditions y:&lactones (%) 

McCH=CH(3H,),COOH 
(trans) 

Me(CH,),CH=CH(CH,),COOH 
(trans) 

MeCH=CHCHMeCH,COOH 
(trans) 

MeCH=CHCMe,CH,COOH 
(trans) 

Me,CHCH =CH(CH,),COOH 
(trans) 

Me(CH,),CH=CHCH(OH)CH,COOH 
(trans) 

I,,KI,NaHCO, 
I,,ether,THF, NaHCO, 
NBS,THF, HOAc 
Br,, MeOH, NaHCO,, -78 "C 

I,, KI, NaHCO, 
NBS, THF, HOAc 
Br,, MeOH, NaHCO,, - 78 "C 

I,, KI, NaHCO, 
[,,ether, THF,NaHCO, 
NBS, THF, HOAc 
Br,, MeOH, NaHCO,, - 78 "C 

I,,KI,NaHCO, 
I,,ether, THF, NaHCO, 
NBS, THF, HOAc 
Br,, MeOH, NaHCO, - 78 "C 

I,, KI, NaHCO, 
NBS, THF, HOAc 
Br,, MeOH, NaHCO,, -78 "C 

I,, KI, NaHCO, 
I,,ether,THF, NaHCO, 
NBS, THF, HOAc 
Br,, MeOH, NaHCO,, - 78 "C 

> 20: 1 
24: 1 
2.7: 1 

1 : l  

> 1 5 : 1  
2.7: 1 
2.7: 1 

6.5: 1 
1.5: 1 
1:1.2 
1:1.2 

1 .1 : l  
1 : 1  
1 : 2.4 
I : 2.5 

9: 1 
9: I 
9: 1 

5 :  I 
5: 1 

2.3: 1 
2: 1 

Me(CH,),CH =CHCMe(OH)CH,COOH I,, KI, NaHCO, 1:3.4 
(trans) I,, ether, THF, NaHCO, I :3.5 

NBS, THF, HOAc c l:9 
Br,, MeOH, NaHCO,, - 78 "C c 1 :9 

85 
71 
91 
46" 

91 
85 
50" 

88 
83b 
78' 
66 

86 
81 
86 
93 

70 
76 
38 

70 
76' 
92' 
45 

74 
8 5' 
930 
89 
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"The methyl ester resulting from methanolysis of the y-lactone was obtained. 

Synthesis of lactones and lactams 

(62) (63) (64) (65) 

bWith R = Me, R' = H, R2 = Me and X = I the percentage distribution of products 62-65 was:62, 
36; 63, 14; 64, 4 and 65, 29. 
'With R = Me, R 1  = H, R2 = Me and X = Br the percentage distribution of products 62-65 was:62, 
22; 63, 14; 64, 5 and 65, 31. 
dWith R = n-Pr, R1 = H. R2 = O H  and X = I  the percentage distribution of products 62-65 was:62, 
60; 63, 4; 64, 8 and 65, 4. 
'With R = n-Pr, R' = H, R2 = OH and X = Br the percentage distribution of products 62-65 was:62, 
47; 63,0; 64, 29 and 65,O. 
'With R = n-Pr, R' = Me, R2 = O H  and X = I the percentage distribution of products 62-65 
was:62, 19; 63, 0; 64, 66 and 65, 0. 
OWith R = n-Pr, R' = Me, R2 = O H  and X = Br the percentage distribution of products 62-65 
was:62, 9; 63, 0; 64, 84 and 65, 0. 

lodolactonization has been used to prepare'" y-methylene butyrolactones (4-penten- 
4-olides) from their precursor 4-pentenoic acids and esters (equation 443), bicyclic 
lactones from 1 -methyl-3-cyclohexenoic (equation 444), from 1,2,3,4,4a,5,8,8a- 
octahydro-1-oxonaphthalene-4a-carboxylic acid7" (equation 445), and from 4a,4,7,7a- 
tetrahydro-7a-carbomethoxymethyl- l - i n d a n ~ n e ~ ~ '  (equation 446). Spirolactones have 
been prepared from a monoacid7*' (equation 447) and a d i e ~ t e r ~ ' ~ . ~ ' ~  (equation 448). 

CH2=CHCR1 R2CH2COOH CH2=CHCR1 R2CH2COOEt 

1.  NoHCO, or KHCO,,HZO 

2 .  f 2  or 1 2 , K I , H z 0 , r . t .  

OBU,C,H, 1 - H I  

R2 

R'= H ; H ; M e  

R 2 =  H ; M e  ; M e  

Y i e l d ( % )  =66-70 ;77-83;03 
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97% 

0-c=o 
$OOH I I 

( f r o m :  cis = 5 :  1 

mixture) 

MeOOC YHz ao 
I 
H 

N a O H ,  H,O, 

K I , N a H C O ,  
____, 

( truns : cis = 5 : 1 

mixture) 

0 . 5 N  NaHCO, 

HzozK13> 
d a r k , 3 h  

I ,5 
I I 
H H  

94% 

(444) 

87% of a diastereoisomeric 

mixture (33: 54) 

(446) 

(447) 
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*4. lntramolecular Diels-Alder reactions 

Jntramolecular Diels-Alder cyclization of acyclic triene esters derived from 
dichloromaleic anhydride are reported788 to afford stereospecifically trans-bicyclic 
lactones (equation 449), while a similar reaction788 of the corresponding free acid affords 
the cis-bicyclic lactone isomer stereospecifically (equation 450). 

Synthesis of lactones and lactams 

I 1  I 
0 CO2R n 

trans 
R =  Me ;PhCH2 

Yield(%)= 68 ;40 

t rons:cis r o t i o = 1 0 0 : 0 ; 9 : 1  

CiS 

(449) 

(20%) 

Another intramolecular Diels-Alder cyclization reaction r e p ~ r t e d ” ~ ,  which shows 
much less stereoselectivity however, is the cycloaddition of 6-fulvenyl-2,2-dimethyl-3,5- 
hexadienoate to produce both a [6 + 41 and a [4 + 21 adduct (equation 45 I ) .  

R’ R 2  

U ,. 

(66) (67) 

Yield (%) 
R’ R 2  66 67 

H H 52 14 
Me H 38 17 
Me Me 56 23 
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5. Using miscellaneous reagents 

w-Hydroxy unsaturated carboxylic acids have been converted to macrocyclic lactones 
using cyanuric chloride. Thus, treatement of trans-1 6-hydroxy-9-hexadecenoic acid with 
an acetonitrile solution of cyanuric chloride produces764 a 70% yield of isoambrettolide 
(equation 452), while similar treatment of ( R ) - (  +)-ricinelaidic acid with an acetone 
solution of cyanuric chloride produces765 a 73% yield of (R)-(  +)-ricinelaidic acid lactone 
(equation 453). Both products are formed without epimerization. 

CI 

70% 

H Hex-n 

n v v  

0 
73% 

Reaction of b,y-unsaturated carboxylic acids with phenylselenenyl chloride has been 
reported”’ to produce simple adducts which, upon treatment with silica gel, afford 
selenolactonization products, whose nature is highly sensitive to the substitution pattern 
of the substrate. Thus, acyclic fi,y-unsaturated carboxylic acids bearing a 8-substituent, 
but no y-alkyl groups, produce only decarboxylated products under a variety of basic 
conditions used for phenylselenolactonization, while in neutral solution these acids only 
produce 1 : l  adducts. In contrast, the presence of no substituent, as in the case of 
vinylacetic acid (equation 454), 8 and y substituents (equation 455), or y-substituents 
alone (equation 456) all favour lactone formation in basic media. 

CH2=CHCH2COOH t PhSeCl - CICH2CH(SePh)CHzCOOH or 

PhSe 

si l ica 

90’ 
PhSeCH$H(CI)COOH - (454) 
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MeCH=CMeCH2COOH + PhSeCl - MeCH(CI)CMe(SePh)CH2COOH 

si l ica 

Me 

86% 

7 sePh 
EtCH=CHCH2COOH + PhSeCl - EtCH-CHCH2COOH 

si l ico I g o 1  
PhSe 

4- Qo (456) 
EtCH=CHCH2COO- Et3NH + PhSeCl - 

E t  

95% 

'E. By Malonic Ester or Malonic Acid Condensation 

y-(n-butoxymethyl)-c-carbomethoxy-c,/?-butenolide (equation 457). 
Reaction of malonic ester anion with (n-butoxymethy1)oxirane affords779 a 53% yield of 

5 3 010 

*G. By Grignard and Reformatsky Reactions 

Grignard reagents are used to prepare lactones by employing their reaction with 
anhydrides. Thus, if two moles of methyl magnesium bromide in tetrahydrofuran are 
added to glutaric anhydride, a 43% yield791 of a,&dimethylvalerolactone is obtained 
(equation 458). 

n Me Me 

(458) 

43% 
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Similarly, reaction792 of two moles of a primary Grignard reagent with 7-oxabi- 
cyclo[2.2.l]hept-5-ene-2,3-dicarboxylic anhydride affords the corresponding 4,4-dialkyl 
substituted bicyclo-y-butanolides, which upon heating at 130 "C produce 4,4- disubsti- 
tuted 2-butenolides by a retro-Diels-Alder reaction (equation 459). 

1. Np,ether,THF, @ - 13OoC go 
2. H* 

or C s H s  
+ 2RMgX 

0 R R  R R  

R =  n-Pr j  n-Bu; n-Pent; n-HexjPhjPhCH2 

(459) 

Reaction of the same substrate with a secondary Grignard reagent produces the 
corresponding 4-alkyl substituted bicyclo-y-butanolides, which also undergo a retro- 
Diels-Alder reaction upon heating to 130 "C producing the 4-monosubstitued 
2-butenolides (equation 460). 

endo isomer R= i-PrjMe(Et)CH 

preferred 

(460) 

This approach has also been used792 to produc 4-spirobicyclobutenolides by reaction 
of 7-oxabicyclo[2.2.l]hept-5-ene-2,3-dicarboxylic anhydride with a,o-di(bromomagne- 
sio)alkanes. These products also undergo retro-Diels-Alder reaction upon heating 
(equation 461). 

4-Spirobutenolides and bicyclobutenolides can also be regioselectively prepared in 
excellent yields by the one-step addition793 of m,w-di(bromomagnesio)alkanes to unsym- 
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metrically substituted cyclic anhydrides. These regioselective syntheses occur with the 
nucleophilic addition oriented to the less hindered carbonyl group of the anhydride 
(equation 462), and the regioselectivity being observed to be greater in the preparation 
of the cyclohexane products rather than their cyclopentane analogues. With the hetero- 
cyclic analogue the yield was lower, but the regiospecificity was observed to be greater. 

Anhydride n Products (ratio) Yield (x)  

H - - q  Ph 

4 t- 

Ph 4 I 3  

(3: 1) 

5 

4 

5 

4 

(3: 1) 

+ Me$ Me 

(3:2) 

(4: 1) 

55 

80 

70 

55 
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Anhydride n Products (ratio) Yield (x,) 

5 20 

q 0 

4 

5 

4 

5 

( 5 : 2 )  

1 5  

60 

93 

91 
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Reformatskii reaction.of ethyl a-(bromomethy1)acrylate with acyl chlorides produces794 
a-methylene-y-lactones via a double condensation followed by cyclization (equation 463). 

Me Me 

C 

- 
\ /  

I I 
Me&=CHCH' \- CHCOOE t 

Zn E l  0 [ iH2 ] 
- Z n X p  

BrCH2-C-COOEt + RCOCI RCOCH2CCOOEt 

CH -CCOOEt 

CH 2CCOOE t ___, 
2- I 

CH2 

' 9 C H 2  

I 
I \  
/ 

RC-CHz 

OZnBr C=CH2 

0 EtOOC 

(463) 

R=Me ; Ph; 3,4,5-(Me0&H2 

Yield(O/4=62 j 74; 67 

'I. From a-Anions of Carboxylic Acids or Esters 

Treatment79' of ethyl 3,3,6-trimethyl-4-benzoyloxy-5-heptenoate with lithium di(iso- 
propy1)amide produces an intermediate ester enolate which then attacks the carbonyl 
carbon of the benzoyl function. Rearrangement followed by cyclization affords the lactone 
shown in 80% yield (equation 464). 

1 .  LDA, -78 'C,THF 
Me$=CHCHCMezCH2COOEt 2 ,  ,, ,,, 

I 
02CPh 

o=c ty 
I 
Ph 

Me D O P h  

Me Me 

J 

(464) 
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Lithium di(isopropy1)amide has also been used to effect intramolecular alkylation of 
long-chain w-halo P-keto esters, via an intermediate dianion, producing796 macrocyclic 
P-keto lactones (equations 465,466 and 467). 

n = 5  j 6 j 7 ;  8 j 9 j 10 ; 11 

Y i e l d ( % ) = O j O j O ; O j 4 3 ; 4 5 ;  49 

"K. By Direct Functionalization of Preformed Lactones 

Structural elaboration of preformed lactones can be accomplished using a variety of 
reagents and reactions. Among the approaches reported is the alkylation of hydroxy 
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lactones using alkyl lithium reagents which produce797 the corresponding 4-alkyl 
A-2-butenolides via the mechanism shown (equation 468). 

HO a. I h  OHC coo -I-- 
R = M e  j n - B u j  s-Buj  I - B u j  Ph jCH2=CHj n - P r C E C  

Yield(%)= 71 j 75 j 72* j 65 j45; 60 ; 75 

" A  I : I mixture of diastereomers. 

Treatment of (3S)-3-benzyloxycarbonylamino-y-butyrolactone with lithium diisopro- 
pylamide in tetrahedrofuran generates798 a dianion, which upon treatment with various 
electrophiles produces the corresponding 2-alkylated products (equation 469). I t  can be 
seen from the results reported that the stereoselectivity in these alkylations is not very 
high, with the trans isomers favoured in about a 4 to 1 ratio. 

NHC02CH2Ph I . T H F , L D A ,  l - d N H C 0 2 C H z P h  (469) 
- 7 8 O C  

0 2. slsctrophiis  0 

Ratio 
Electrophile E Temp ("C) Yield ('x,) cis:rru,is 

Me1 Me -78-40 70 1 :4 
EtI Eta -78-0 55 I :4 
i-PrI i-Pr" -78-  10 15 < 5 :  > 9 5  
Me,CO Me,CH(OH) - 78 84 < 5 : > 9 5  

"Alkylation performed in the presence of H M P A  

Conversion of the unsubstituted saturated lactone y-butyrolactone into the 
a-methylene lactone tulipalin A has been reportedly effected799 by reaction with methy- 
lene dimethylammonium iodide (Eschenmoser's salt). The mechanism of this reaction 
involves the formation of a Mannich intermediate (equation 470). 

4- - LDA . Go + CHz=NMeZI  -70% 2.  NaHCO, 

67% 

(470) 
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A similar type of Hofmann degradation reaction has been reported’’’ for the 
preparation of 2-(cis-2-hydroxycyclohexyl and hepty1)propenoic acid lactones (equation 
47 I ) ,  from the corresponding a-anilinomethyl cis-fused y-butyrolactone starting materials. 

CHZNHPh 

M e I ,  MeOH * 
(c+ 1.  2.28°/o M e t ,  MsOH,rsflux NH4OH 5 h ((+2*.ri reflux 5 h 

H H 

n = 4,00% 
n= 5, 65% 

+ 

EtOH,EtONa 

(c*:2ph I-  rsflux 2 h 

H H 

(471) 

n = 4,40% 

n=5,45% 

Although catalytic hydrogenation of unsaturated a-anilinomethyl-3,4-butenolides has 
been accomplishedsoo using both the Adams and Raney nickel catalysts, different 
products result from the use of these two reagents. The point of difference is in the 
structure of the side chain, since reduction with Adams catalyst produces 2-(cis-2- 
hydroxycyclohexyl and hepty1)propanoic acid lactones (equation 472), while reduction 
with Raney nickel catalyst produces the corresponding a-anilinomethyl cis-fused 
y-butyrolactones (equation 473). 

CH2NHPh Me 

Adam% Cat. 

70°C,shake 6 h -1 - - 
H H 

n = 4,94% 

n=5,92% 

CHzNHPh 

(cq$ Raney H2,7OoC,6h Ni ,E tOH,  (c*oHph (473) 

H H 

n =4,95% 

n = 5,00% 
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Double bond formation within a saturated butanolide molecule has been 
ac~omplished '~ '  by heating the starting material with bromine in the presence of 
red-phosphorus (equation 474). The resulting 3,4-butenolide probably results from initial 
halogenation followed, under the conditions of the reaction, by dehydrohalogenation. 

1.70*80°C- &: 
2. H 2 0 ,  re f lux ,  

3 h  
a: + BrZ,P(red)  

4 h  

5 3 % 

(474) 

Two approaches to the halogenation of unsaturated butenolides have been reported 
in the recent l i t e ra t~re '~ ' .  One involves the conversion of a hydroxyl group to a halide 
by reaction with thionyl chloride (equation 475), while the second approach involves 
reaction of unsaturated alkyl substituted butenolides with thionyl chloride (equation 476) 
or N-bromosuccinimide (equation 477). 

HO 

R' = M e  

R ~ = H  

Yield(%) = 84 

(475) 
1. SOC12,glyms, 

Na2C0,,400C 
3-24 h 

2. 80°C,lh 
Ph j P h  

H j P h  

97 j - 

/+Me SOClp, /+Me 

NBS,CCI.,Nz, 
benroyl  peroxide,  

R3 0 

R' = t i  j t -Bu j  t -Bu 

R ~ = M ~ ;  H H 

R3= H j H j f - B U  

ref lux(h)=-  j 3.5 j 12 

Yield(%)= - j - j 85 

(476) 

(477) 
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A variety of fused ring furan-2-ones have rep~r ted ly '~ '  been formylated by reaction 
with ethyl formate (equation 478). 

Rx Temp.  
Fused ring Base t ime (h) ("C) 

& N a O M e  24 

N a O E t  - 

18 

- 20 

- 

r.t. 

By c~ndensa t ion '~ '  of butenolides with the sodio derivatives of a-formyllactones and 
lactams, several analogues of the natural germination stimulant, strigol, for parasitic 
weeds of the genera Striyu and Orobunche, have been prepared in yields ranging from 
8 to 81% (equation 479 and Table 38). 

Y=O or N 

*L. From Ketenes 

Sulphoxide-directed lactonization of trisubstituted vinyl sulphoxides with dichloro- 
ketene has been reported"' to proceed in a completely stereoselective manner to produce 
the corresponding y-arylthio-y-butyrolactones (equation 480). 

Using a ketene synthesis which is extensively utilized for the preparation of lactams, 
and from which a lactam product was expected, benzylidene anthranilic acid was 
condensedso2 with phthalimidoacetyl chloride in the presence of triethylamine and 
produced the fused-ring lactone shown (equation 481). 

'M. By Reduction of Anhydrides, Esters and Acids 

Several reagents have been used to reduce anhydrides and produce lactones. Included 
among these reagents are lithium aluminium hydride and sodium borohydride which 
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R’ R 2  R 3  

3,4-(MeO),C,H, M e  H 60 
H n-Bu M e  70 

n-Bu M e  H(R) 75(3R,4R) 

COCH2N-PI 

PI=Phthalimido 

have been used793 to regioselectively reduce unsymmetrically substituted cyclic 
anhydrides. These metal hydride reductions primarily occur at the carbonyl group 
adjacent to the more highly substituted carbon atom, except in the case of exo-2-methyl- 
bicycIo[2.2.2]oct-5-ene-endo-2,3-dicarboxylic anhydride and exo-2-methylbicyclo[2.2.1] 
hept-5-ene-endo-2,3-dicarboxylic anhydride (equation 482) which, by stereospecific 
addition, leads793 to reduction of the carbonyl group adjacent to the least highly sub- 
stituted carbon atom. 

n=l(yield 84%),2 
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Two examples of the use of sodium borohydride to produce lactones from simpler 
anhydrides, in which the carbonyl groups adjacent to the more highly substituted carbon 
atom are reduced, are the preparat i~n’~’  of 3-methylbut-2-en-4-olide from citraconic 
anhydride (equation 483), and the preparation of (3S)-3-benzyloxycarboxylamino-y- 
butyrolactone, by the regioselective reduction798 of 3-(N-benzyloxycarbonylamino)-~- 
aspartic acid anhydride (equation 484). 

Me Me 

* t k o  
1. NoBH.,THF,OOC,stir, 

45 min 
2. r.I.,stir 45  min 

43% 

d : C 0 2 C  1. Hp THF, Ph NaBH,, O°C 

d N H C O z C H 2 P h  

2 .  8 t i r  r . I . ,  1 h 

0 3. HCI ,E tOH, re f lux  1 . 5 h  

Anhydride 

7 2 % 

- d: l .THF,  (t-EuO),AIHLi,  

2 . N Z r r . I .  

3. r e f l u x  1 h 

4 0 % 

H 

C&Ms, 5OoC, 

Argon or 

vacuum 5O0C 

R’ 

dry HCl ,  e ther  (’-*@ 0 

I_. 
or 

CO, e I h o r  

R in complex Products (486) 

acHo 
OHCCH,CH, 

OHCCH,CHMe 
+ 

OHCCHMeCH, 
(2.8: 1 )  (3:  1 )  
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Lithium tri-(t-butoxy)aluminium hydride has also been used798 to produce a lactone 
(2-t-butylbut-2-en-4-olide) from t-butylmaleic anhydride, but in this case the carbonyl 
group adjacent to the least highly substituted carbon atom is again reduced (equation 485). 

One class of reagents which have been used extensively in the recent literature to 
catalyse hydrogenation of anhydrides and produce lactones are ruthenium-containing 
reagents. Dihydridotetrakis(tripheny1phosphine)ruthenium reacts with phthalic, succinic 
and methylsuccinic anhydrides to produceso3 an intermediate isolatable complex, which 
upon treatment with dry hydrogen chloride or carbon monoxide in ether quantitatively 
produces the corresponding lactones (equation 486). 

S U C C ~ ~ ~ C ~ ~ ~ * ~ ~ ~  and phthalicEo4 anhydrides can also be quantitatively converted to  
their corresponding lactones, y-butyrolactone and phthalide, by catalytic hydrogenation 
using dichlorotris(tripheny1phosphine)ruthenium (equation 487). 

Regioselective hydrogenation of arylnaphthofurandiones has been accomplishedso6 
by using a variety of ruthenium complexes, but the best results were reported when 
tetrachlorotris[1,4-bis(diphenylphosphino)butane]diruthenium [Ru,Cl,(dppb),] was 
employed as the catalyst (equation 488). 

RyT O R 2  
I 

OR2 

CsH,Me,Ru C o t .  

PPh3, NEt3, MgSO, 

s t i r  16OoC,  H, 

R’ 0 

1 R1ow: (68)  0r2 

R’ 0 
+ I 
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Ruthenium Time Yield rx,) Ratio 
R '  R 2  catalyst (h) lactones 68:69 

Me Me RuCI,( PPh,), 24 12 >99:  1" 

Me Me RuH,(PMe,Ph), 72 70 68:32" 
Me Me R u ~ C I ~ ( ~ P P ~ ) ,  24 88 >99:1" 

-CH2- Me R u z C l 4 ( d ~ ~ b ) ,  24 89 >99:  I "  
-CH2- -CH2- Ru2Cl4(dppb), 24 82 >99:1' 

Me Me RuH,(PPh3)4 24 28 93:7" 

'68 = dehydrodimethylretrodendrin; 69 = dehydrodirnethylconidendrin. 
b68 = chinensin; 69 = retrochinensin. 
'68 = taiwanin C; 69 =justicidin E. 

Anhydride Lactone Yield rA) 'x ee Configuration 

32 16.4 R 

61" 19.4 R 
48" 14.0 R 

27 6.0 R 

19" 5.4 R 

28 17.7 R 

56" 20.0 R 

35 12.8 IR, 2s 

"Free triphenylphosphine was added lo the reaction mixture. 
'Free ( - )-2,3-O-isopropylidene-2,3-dihydroxy-I ,4-bis(diphenyIphosphino)-butane was 
added to the reaction mixture. 



312 Synthesis of lactones and lactams 

Asymmetric synthesis of chiral lactones has been reportedEo7 by the enantioselective 
reduction of a carbonyl group in cyclic anhydrides containing a prochiral carbon atom 
or containing two carbon centres of opposite chirality (meso) by using the chiral 
ruthenium(l1) complex tetrachlorotris[( -)-2,3-O-isopropylidene-2,3-di hydroxy- I ,4- 
bis(diphenylphosphino)butane]diruthenium [Ru,CI,(DIOP),] as  a catalyst 
(equation 489). 

The mechanism proposedso7 for this asymmetric conversion involves ruthenium aldo- 
carboxylate complex formation caused by the cleavage of the C-0 bond of the cyclic 
anhydrides, followed by the formation of an aldehyde group from a carbonyl group and 
a hydride Iigand803, and formation of the product. The absolute configuration of the 
product is determined by the selectivity of the C-0 bond cleaved with the chiral 
ruthenium hydride species (equation 490). 

O M  

R<:+ M - H  - R<l". 
C-H 

0 
II 

M =  Ru- D I O P  

n 

In the preparation of lactones by the reduction of esters, borohydride reagents have 
been used most often in recent reports. Using sodium borohydride, /I-aldehydic a,[{- 
ethylenic esters (equation 491) as well as /&aldehydic a,[Lethylenic acids (equation 492) 
have been convertedso8 to their corresponding butenolides. 

(49 1 ) 

R ' C H ~ C =  C H C O O R ~  
NoBH, I 

CHO Me OH 
RICH, 

R' R 2  Yield (%) 

n-Bu I-Bu 85  
Me,C=CHCH, Me 83 
Me2C=CHCH2 I-BU 81 

Me,C=CH(CH,),C(Me)=CHCH, i-Bu 87 

r-Bu 80 
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(492) 

Sodium borohydride reduction of the mixture of diastereomers shown in equation 493 
resultssog in loss of the chrial auxiliary originally present and the formation of the 
corresponding lactones as an unequal mixture of enantiomers. 

.@3 @ + $ )  NaBH4 d r y  MeOH, re f lux  

I 

0-c=o H C02R 
0 

H C02R 
0 

+ @  0-c=o 

MspCPh Ms2CH 

Reaction tirne(h) = 3 1.5 1.5 
18 % ee‘ 51 12 

“Value is % (+)  minus % (-). 

One step’” in the conversion of methyl 2-methyl-3-phenyldimethylsilyl-5,5- 
dimethoxypentanoate into its corresponding &lactone involves the use of sodium 
borohydride as illustrated in equation 494. 
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0 

! 
(Me0)2CHC H2CHCHCOOMe (494) A 2. NoBH, 

I. TosOH SiMe2Ph A 3 
Me 

47 % 

One examples" of the use of calcium borohydride as a reducing agent is in the 
conversion of the R(-( +)- and S-( -)-antipodes of methyl a-piperonylhemisuccinate to 
the crystalline, optically pure, (R)-( +)- and (S)-( -1-fi-piperonyl-y-butyrolactones, 
respectively, in high yields (equation 495). 

"N. By Oxidation Reactions 

' 7 .  Oxidation of diols 

Treatment of 1,4-, 1,5- and 1,6-diols with a variety of oxidizing agents results in the 
formation of their corresponding y-, 6- or e-lactones. Whether these reactions proceed 
via oxidation or dehydrogenation is a moot point, but what is sure is that these reagents 
d o  lead to the formation of lactones. Table 39 presents the diols which have been recently 
reported to be converted into lactones by treatment with oxidizing agents. 

*2. Oxidation of ketones 

reaction produces*" a quantitative mixture of the corresponding lactone regioisomers. 
Subjecting the substituted bicyclic ketone shown in equation 496 to a Baeyer-Villiger 

'3. Oxidation of ethers 

Multiple examples of the oxidative conversion of ethers into lactones appear in the 
recent literature and may be divided into two categories. The first category includes 
examples of side-chain ether functions which, upon treatment with a variety of oxidizing 
agents, are converted into the ketone function of a lactone. Thus, oxidation of alkoxyfuran 
with Jones' reagent (Cr03, dil. H,SO,/Me,CO) convertssz2 the alkoxy function into a 
ketone and produces furanone (equation 497). 

Similar reactions823 using Jones' reagent are employed to produce saturated 
(equation 498) and unsaturated (equation 499) fi-oxy-y-butyrolactones from cyclic acetal 
ethers, and the methylester of Prelog-Djerassi lactonesZ4 (equation 500). 
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t-  Bus i M e20CH2 4 
Me O X 0  Me 

CF,CO,H, 

Na,HPO,, 
CH,C1,,25 OC, 

12 h 

. 
t-BuSiMe20CH2 

O X 0  
Me Me 

t -  

5 5 % 

+ 

4 5 % 

fl-BuO dBu-" Jones' reagent 0 4ffl (497) 

R'=OCHZPr -i ; R 2  = H 

R' = Me , i - B u , Me OC H 2 ; R = M e 

7 0 '10 

70-95% 

OCH,Pr - i  OCH2Pr -i mOEt Jones' reagent m0 (499) 

R R 

R=H,Me 
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@re CHC02Me 

(500) 
HC02Me Jones' rsogent Me.. 

H2CrO4, H20, 
H Me2C0,r.t.,2 h 

'OCH2CH20E t 0 
76 

By using a one-step procedure825 y-lactones may be regenerated from y-lactol methyl 
ethers by the action of m-chloroperbenzoic acid and boron trifluoride etherate 
(equation 501). Although the overall reaction appears to be the oxidation of an ether 

Lactol Product Yield (%) 

RJJ-OM* 

R = ~ - B u  
R = n-Hex 
R = Ph 

94 
92 
82 

&OM. &O 96 

k H 

function to a ketone, the detailed mechanism shows the reaction to be more complex, 
involving formation of an oxonium ion, which then reacts with the peracid to produce 
an intermediate perester, and finally fragments to afford the lactone product 
(equation 502). Application of this method to protected 6-lactols gave disappointingly 
low yields of 6 - l a c t o n e ~ ~ ~ ~ .  
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This same approach has been useds26 with 0-(4-hydroxy-l-alkenyl)carbamates, which 
upon treatment with methanesulphonic acid and mecuric acetate produce intermediate 
lactol methyl esters which are not isolated but are further treated with m-chloroper- 
benzoic acid and boron trifluoride etherate to produce the corresponding y-lactones 
(equation 503). Thus, the overall reaction is a one-pot conversion of 0-(4-hydroxy-l- 
alkeny1)carbarnates to y-lactones via the mechanism shown in equation 502.  Using a 
modified Wacker oxidation (Pd,CI,, CuCI, MeSO,H, 0,) for the last step instead of 
the Grieco and coworkers procedures25 proved to be less effectivesz6. 

R2 R' 

R4 

m-ClC,H,CO,H 

BF,*OEt2 
CH2C12, 3 h ,  25 OC 

R5: 

( 5 0 3 )  

Enol carbamate Lactones Yield (X) 

O H  

n-BuCHCHCH=CHOzCN(Pr-j)z "-8" 

A 
Me 

t -  PrCH(OH)CMsZCH=CHO&N(Pr-, ) 2  

i-Pr 

90 

90 

91 

93 

67" 

a Mercuric acetate reaction was run for 3 h at 60 "C and the m-chloroperbenzoic 
acid reaction was run for 12 h at 25°C. 
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The second category of oxidative conversion of ethers into lactones involves the ring 
expansion of cyclic ethers into cyclic lactones containing one additional carbon atom. 
This category is exemplified by the oxidative conversion824 of furfuryl alcohols into 
hydro-3-pyranones (equation 504). 

C02Me 2.1oo/o0q 1. BrZ,CHCI,, - 7 0 ° C , 3 0 m i n  HzSO,, MsOH, ()!Lco2fvle (504) 

T H F , r  t , 2 4  h 

rJ ,!; 
OH 

t“ 
OH 

a-  6 l f - o n o m e r s  

a a % 

’4. Oxidation of olefins 

Treatment of cyclic enol ethers with pyridinium chlorochromate converts827 the enol 
ethers into lactones in excellent yields (equation 505). The mechanism proposed for this 

Enol-ether Lactone Yield (%) 

85 

reaction involves initial electrophilic attack upon the olefin by the pyridinium chloro- 
chromate to produce an unstable intermediate chromate complex, which then undergoes 
heterolytic cleavage of the Cr-0 bond accompanied by a 1,2-hydride shift affording 
the lactone product (equation 506). 
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Although pyridinium chlorochromate may also be used to prepare 2,3-unsaturated 
lactones from glycal and 2-acyloxyglycal esters8*', a more efficient and milder one-step 
procedure which has been used to effect this conversion is the boron trifluoride catalysed 
oxidation using m-chloroperbenzoic acid. Mechanistically, this oxidative elimination is 
initiated by boron trifluoride-induced removal of the allylic acyloxy function forming 
an allylcarboxonium ion, which then undergoes nucleophilic attack by the peroxyacid 
anion solely at C-l and concludes by fragmentation of the peroxyester (equation 507). 

O A c  

m-CICSH,CO,H,BF,(l:l ), "h.: C H z C I z , O o C  t 0 r . t .  over 15-30 min * 

Ester Lactone Yield (%) 

OAc 

R1=CH20Ac, R2=OAc 
R1=CH20Ts, R2=OAc 
R'=CH,OBz, R2=OBz 

iAC XA' 0 CH20Ac 
o f i r z O  A c 

69 
78 
14 

81 

89 

R ' = H ,  R2=Bz 
R'=CH20Ac, R2=Ac 
R'=CH20Bz, R2=Bz 

78 
67 
91 
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Estcr Lactone Yield (%) 

325 

83 

R=H,Ac 

85 
AcO 

A c O ~  CH20Ac A c O h V  CH20Ac 87 

AcO" 'OAc AGO' "OAc 
0 OAc 0 0  AC 

CH20Ac CH20Ac 

Pyridinium chlorochromate is also less effective then other reagents when used to 
produce y-lactones via oxidative cyclization of tertiary hydroxyolefins. This effect can 
be readily observed from the resultss29 obtained for the product of cis-fused bicyclic 
y-lactones from tertiary hydroxyolefins using pyridinium chlorochromate and 
(BipyH,)CrOCI, (equation 508). 

Me Me 
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Olefin Reagent Conditions Yield ( x )  

R = H  
C,H ,NH.[CrO,CI] CH,CI,, 40°C 48h 60 
(Bipy HJCrOCI, CH,CI,, 40°C. 8h 80 

R = H  
C,H ,NH.[CrO,CI] CH,CI,, 40°C 48h 
(Bipy HJCrOCI, CH,CI,, 40°C. 8h 

60 
80 

R =CH2CH=CH, 
+ 

C, H , NH . [CrO,CI] - CH,CI,. 40°C. 48h 58 
(Bipy H,)CrOCI, CH,CI,. 40°C. 8 h  75 

+ 
C,H,NH.[CrO,CI]- CH,CI,, 40 "C, 48 h 60 
(Bipy H2)CrOCI, CH,CI,. 40 "C, 8 h 1 5  

Me Me 

The fact that pyridinium chlorochromate produces the results indicated above is 
reporteds3' to be inconsistent with the findings obtained when tertiary y- and 
6-hydroxyalkenes are treated with pyridium chlorochromate. In this reports3' treatment 
of I -(3-butenyl)-4,4-dimethylcyclohexanol with pyridiniurn chlorochrornate, chromium(V1) 
oxide/pyridine or Jones' reagent under standard conditions, all had no effect upon the 
alcohol (equation 509). but reasonable yields of the corresponding y- and 6-spirolactones 
are obtained when this and other tertiary y- and 6-hydroxyalkenes are treateds3' with 
chromium trioxide in acetic acid-acetic anhydride (equation 510). 

CH2CH2CH=CH2 
C,,H&H . [ c r 0 3 c ~ ] -  

(C,H,N ) & r 0 3  
or  

N . R .  (509) or 

Me H2Cr0,, H2S0, ,MeZC0,  0 OC 

0 

Alcohol Lactone Yield(%) 

R R  
50 8 57 

tiOp~CHz~CH=CH2 

R = H  
R=Me 
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Alcohol Lactone Yield ( X )  

327 

Oxidative cyclization of primary, secondary and tertiary y- and h-hydroxyolefins to 
produce y- and h-lactones containing one carbon less than the hydroxyolefin starting 
material has been accomplished831 by using cetyltrimethylammonium permanganate 
(CTAP) (equation 51 1). 

Reaction Temp. 
Alcohol tirne(h) ("C) Solvent Product Yield (Z) 

6 

6.5 

""0 Me 
8 
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Reaction Temp. 
Alcohol time( h)  ("C) Solvent Product Yield PA) 

3 

3 

4.5 
4 
5 

3 

3.5 

3 

3.5 

6 

4 

5 0  

50 

25 
25 
25 

25 

25 

25 

25 

25 

25 

Me 

CHCI, 

CHCI, 
CHCI, 
CHCI, 

u CHCI, 

CH,CI, M8q:a 
M. 

CHCI, "V 
CH,CI, 

CH,CI, m0 
H 

CH,CI, 

54 

54 

65 
69 
66 

50 

78 

5 1  

70 

55 

74 

Two examples of the conversion of homoallylic alcohols to lactones which appear in 
the recent literature involve a two-step process, the second step of which in both cases 
involves the oxidation of an intermediate with pyridinium chlorochromate. In the first 
examples3* a hydroformylation-oxidation sequence in the presence of rhodium acetate 
dirner was used to efficiently convert the homoallylic alcohols into b-lactones 
(equation 512), while in the second examples33 a hydroboration-oxidation sequence 
was used to convert homoallylic trimethylsilyl alcohols into 11-lactones (equation 5 13). 
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Hydro fo rmy la t i on  
E tOAc ,  Rh2(OAc),,C0 

Ph,P,H2,350 p S i , l o o o c  
[hemiacetal] RCH(OH)CHMeCH=CH2 

6 h  

Me 

+ 
Oxidat ion 

C,H,N. [C~O,CI~- 

CHzC12,stir 3 h 

0 

Alcohol Lactone Yield PA) 

Me 

OH 

80 

85 

86 

Me 

81 

-Pr 

3 29 

An interesting methods34 for the production of catharanthine lactone involves the 
hydroxylmercuration of the ene carboxylic acid of cartharanthine. Reduction of the 
initially formed mercuric acetate can be accomplished using either sodium amalgam or 
tetra(n-buty1)ammonium borohydride in carbon tetrachloride-methanol mixtures, with 
the products obtained from these reductions dependent upon the ratios of the solvents 
used (equation 514). 

Both y-lactones (equation 515)835 and &lactones (equation 516)8L0 have been 
produced from precursors by a multistep synthetic approach that includes ozonolysis, 
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t 
lo-Bu).N BH; 

CCI,/MeOH (1 .3 )  

Synthesis of lactones and lactams 

8 0 010 

Hydroborotion 
1 .  BH,,THF, 0 'C ,1 .5 h 

2. 2 0 ° C , 0 . 5  h 
b [intermediate] 

C R = C H Z  
Me 

OSiMe3 

( 5  13) 

1- EuO g 3  
R = H , M e  

R 

Oxidation 

c s~si . [C r O,C I I - 
CH,CI , , r . t . ,ZO h 

r 
N o / H g , H 2 0  

or 
t 

(n-Bu),N BH; 

CCI,/MROH (i:i) 

0 

( b o t h  C - 1 5  epimers) 
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n 
0 0  

1 O,,CH,CI,, -78 O C  

2 MezS 
3 Jones’ oxidotion 

CHCOOH 

? A t  1 . 0 ,  
2 .  Ma,S 
3 .  Jones‘ r e a g e n t  

5 .  TosOH 
6.  PDC, DMF 

PhCH=CHCHCH2CHCH~HCH~OAc 4 ,  K,CO,,MsOH 

I 
1 1 :  
Me Me Me 

Me Me 

treatment with dimethyl sulphide and oxidation using Jones’ reagent as all or part of 
the synthetic sequence. 

Hydroxylation of y-hydroxy a,B-unsaturated esters catalysed by osmium tetroxide 
leads to the highly stereoselective production83h of the corresponding 3,4-dihydroxy-y- 
lactones (equation 517). These results are explained836 as a consequence of the confor- 
mation present in the transition state caused by the presence of the electron-withdrawing 
carbomethoxy function leading to interaction between the p orbitals of the double bond 
and an unshared electron pair on the y-oxygen in the starting material. 

Reaction of trimethylsilyl substitued unsaturated substrates with peroxides represents 
a recent and novel approach to the production of lactones. Because of the unsaturation 
present in the starting material, the intermediate formation of epoxides occurs regardless 
of the peroxide used. Thus, oxidation of 5-alkyl-2-trimethylsilyl furans with peracetic 
acid producess3’ good yields of A3-butenolides (equation 518) via a mechanism which 

€-isomer 

Me 
I 

E t  ,_,C=CHCOOMe 

?\ 
4 OH 

2-isomer 

0600, HzO, 
c 

Me,CO, r .  1. 
N - m e t h y l m o r p h o l i n e  

oxide 

O S O ~ ,  H,O, 
c 

m e , c o , r . t .  
N-methylmorphol ins  

oxide 

MxH OH H 

E t  0 

H 

(517) 
H O X H  Me H 

E t  0 

H 
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1 .  N o O A c ,  M e C 0 3 H  C4O0/0), 

C H Z C 1 2 ,  0 O C  

Me3Si aR 2. S t i r  3.5 h, 7 O C  

R Yield ( x )  
n-Hex 
i-PrCH ,CH , 
CH,=CH(CH,), 
(EtO),CHCH,CH, 
n-C,Hl ,CH(OH) 
n-C,H] ,CH(OAc) 

~Y-CSHI ,CH(OH)CH, 

~I-BuOZC 

n-C,H I ,CH[OSiMe,(Bu-t)] 

n-C,H I ,CH[OSiMe,(Bu-t)]CH, 

"For 5 hours at room temperature. 
bFor 5.3 hours at 7°C. 

84 
78 
65 
73 

< 30 
trace 

64" 
36 
73* 

N.R. 

involves selective epoxidation of the starting material at the site bearing the electron- 
releasing trialkylsilyl group, followed by C-0 bond fission of the epoxide with 
concomitant migration of the silyl group and hydrolysis under acidic conditions 
(equation 519). To establish the intermediacy of the silyl migrated structure the reaction 
was performeds3' using 5-(n-hexyl)-2-dimethyl(t-butyl)silylfuran and a 44% yield of the 
desired intermediate was obtained (equation 520). Attempts to perform the overall 
conversion using m-chloroperbenzoic acid as the oxidizing agent reduced the yield of 
lactone, while employing t-butyl hydroperoxide with titanium isopropoxide as the 
oxidizing agent was completely ineffective. 

R 

MeC0,H 

NoHCO, 
0 

t-BuMe2Si 

t-BuMeZSi, 

(5 19) 
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Similarly, hydrogen peroxide oxidation of p-allenic alcohols substituted by a trimethyl- 
silyl group at  the 1 or 3 position, respectively, has been reported838 to give rise to  y- or 
&lactones via a mechanism which involves the initial intermediate formation of an 
epoxide in both cases (equation 521). In order to establish that a concerted mechanism 
is involved during the ring opening of the cyclopropane intermediate in the case of the 
y-lactone formations (equation 522), the reaction was performed with a chiral 8-allenic 
alcohol and the stereochemistry of the product formed noted (equation 523). 

H Me 

HzOz ___, \ / -  
CsH5CN 

C H2C H20H 
Me3Si /c=c=c 1 

CH2 
I 

\ 

HO- CH2 

‘CHz I I - 
H O  / H Z  1 

Me Me 

M e3S i C H z& 

H 2 0 2  

C s H 5 C N  

R2 
\ 

R’ /c=c=c \C R3R4CR5R60H 

SiMe3 
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MeC(0Et )3 

Ht * 

OH OH 

I 1 .  n-BuLi 
2 .  CISiMe, 

,C - C CSi  Me3 
I 

,C -C =CH 
Me'.' A Me-" A 3 . H 3 0 +  

Et Et 
- 

OEt - 

/cHzCooEt 
Me,, 

I 

SiMe3 
,c=c=c \ 

Et 
Et - .. 

(523) ___... /CHzCHZoH 

Et  ,c=c=c \ 

Me,* 
LiAIH4 

SiMe, 

AcO Acd 
O A c  

R 2 0  

R'OCH, NBS,  Me,SO 

OAc 
(524) 

R20 

AcO 

O A c  

R '  = A c , C P h 3  

R '= A c ,  3- Me0 - 4 - A c O C G H ~ C O  

O A c  
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Treatment of the natural iridoid glucoside A ~ c u b i n ~ ~ '  and its substituted analogues839 
with N-bromosuccinimide in dimethyl sulphoxide produces the corresponding 
bromolactones as shown in equation 524. 

Because of the oxidizing species used, the superoxide anion radical, the conversion840 
of 4,4-disubstituted-2-hydroxy-2,5-cyclohexadien-I-ones to the corresponding lactols 
represents a novel and interesting reaction (equation 525). The mechanism proposeds40 

HoQ R' KO,,C,H,, r . t .  D 4 R' 

18-crown-6,16 h (525)  
HO 

R2 R2 R2 R2 

Ratio of reactants 

R '  RZ KO,: 18-crown-6:substrate Yield (%) 

H Me 
OEt Me 
OMe Me 
Me Me 
OMe - (CH,),-" 
H Ph 

2:l:l  50 
4:2: 1 80 
4:2: 1 80 

2.5: I: l  50 
4:2: 1 90 

10:5: 1 N.R 

for this conversion involves the formation and reaction of the superoxide anion radical 
as a base. This is supported by the fact that the same lactol products are obtained using 
potassium hydroxide and t-butoxide, but the rates of the reaction decrease in the order 

.cl ~ R' 
2- 0 *R' -0y - -co 

O\O 
R2 R2 R R2 

HO H 
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t-butoxide > superoxide > hydroxide. Thus, the basic superoxide initially deprotonates 
the enol hydrogen producing a substrate anion, which then combines with the oxygen 
generated producing the corresponding peroxy anion. Peroxy ring closure, followed by 
carbon monoxide elimination, protonation and lactol formation complete the sequence 
(equation 526). 

5. Oxidation of other functional groups 

In addition to the functional groups reported in the previous sections, recent reports 
reveal the conversion of acids, alcohols and aldehydes to lactones upon treatment with 
oxidizing agents. 

R 3  
\ 

(527) 
R' R2CHCHR3CH2COOH Na2S20, 

CUCI, 

"With n-PentCOOH the 5-methyl 6-lactone is also obtained 
bWith n-HexCOOH the 5-ethyl &lactone is also obtained. 

Na2S208,CuXz 

AgNO,, MeCN 
unsaturated carboxylic acid y-lactones 

H20.8O0C 

Acid Product Yield (%) 

R 

R = H  
R = M e  

Me,C=CHCOOH 

56 
33 

M. 

Et,C=CHCOOH 

i - P , ,  

(i-Pr),C=CHCOOH 41 
Me 
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Sodium persulphate oxidation of carboxylic acids to produce lactones may be 
accomplished using copper(l1) halide catalysts alones4’ (equation 527), or by using a 
silver(1) nitrate mediated copper(l1) halide catalysed reactions4’ (equation 528). The 
mechanism proposeds4* for this conversion involves the formation of intermediate 
acyloxy radicals followed by a I $hydrogen transfer (equation 529). 

b .  

\ /  

H HO 

Photochemical oxidation of carboxylic acids has also been used’” to produce 
4-hydroxy substituted but-2-en-4-olides from correspondingly substituted furoic acids 
(equation 530). 

R’ = M e  j Ph j Ph  

R 2 = H  j H  j P h  

Yie ld  (%) = - j 95 j 89 

An interesting oxidation of a carboxylic acid which leads to a fused-ring iodolactone 
has been reported’” to occur when cyclopent-2-enylacetic acid is treated with hypo- 
iodous acid (equation 531). 

o-CH2cooH - I mo (531) 

With alcohols, three different oxidizing agents have been used to produce lactones. 
In the first catacondensed lactols are converted to their corresponding 
hypoiodites in situ upon reaction with an excess of mercury(l1) oxide and iodine in 
benzene containing a small amount of pyridine. Irradiation of these hypoiodites readily 
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leads to ring expansion to afford iodo substituted lactones by a regioselective scission 
of the catacondensed bond of the intermediate alkoxy radical. Removal of the iodine 
atom with tri-(n-butyl)tin hydride affords medium-sized lactones (equation 532) .  

I 

n m R 

1 Ph 
1 Me 
2 H 
3 Me‘ 

52 
53 
19 
16’ 

“ A  cis-trans mixture. 
bAn 82% yield of the lactonr (+)-phoracantholide I was obtained after removal of the 
iodine. 

Lactol Product Yield (%) 

R’ ; 4 : &  R’ 

R’ \ R’ \ 

R Z  I72 

R ’  = Me, R’ = H 
R 1  = R Z  = H 
R ’  = Me, R Z  = CH=CH,  

98 
89 
I I  
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Reaction of tricyclic lactols with pyridinium chlorochromate producess44 the 
corresponding tricyclic lactones (equation 533). 

Finally, manganese dioxide oxidation of a mixture of alcohols resulting from the acid 
catalysed rearrangement of a bicyclic allylic alcohol produces845 a good yield of the 
a-methylene-y-butyrolactone of trans- 1,3-dihydroxycyclohexane (equation 534). 

H H H 

MnO,,CH,CI,, 2 5  OC, 15 h I 

A very similar reaction to the one discussed in equation 534 involves the oxidation 
of the trans analogue of the hydroxyaldehyde 70 using manganese dioxide and potassium 
cyanide in an 18-crown-6-tetrahydrofuran mixture and produces" the corresponding 
unsubstituted trans analogue of the a-methylene lactone prepared above. In this case, 
however, the reaction probably proceedss1 via a hydroxy cyanoketone similar to the 
hydroxy cyanoketone intermediates involved in Corey's oxidation846 of a$-unsaturated 
aidehydes-(equation 535). 

CH2 
u I I  

- 
1 8 - c r o w n - 6  
THF,1 day 

H H H 

6 8 '10 

(535) 

Cyanohydrins of conjugated aldehydes, as their 0-trirnethylsilyl derivatives, have also 
been oxidized with pyridinium dichromate (PDC) in dimethylformarnide (DMF) to 
produces4' a,fl-unsaturated y-lactones (A2-butenolides) (equation 536). This approach is 
productive if (a) the 8-carbon is disubstituted, and (b) the y-carbon processes at least 



c I i  H 0s i M e  

Ms,SiCN ( T M S C N ) ,  

K C N / l B - c r o w n - 6  

C H ~ C I ~ , ~ ~ C ,  1 5  min 

CN complex 
L 

geranial  

C M e 2  
0 

M%o 0 

7 3 % 

4:l isomeric mixture' 

(536) 

"Treatment of citral, a mixture of the geometric isomers geranial (citral A)  and neral (citral B), as above gave the 
same mixture of products. 

Ratio Product 
Aldehyde ( E : Z )  Product Ratio Yield (x)  

Ph 

PhCMe=CHCHO 59:4 1 I1 

PhCH,CMe=CHCHO 63:31 3654 54 

PhCHzCH2q o t  Me $IH2ph 1723 68 
PhCH,CH,CMe=CHCHO 63:37 

0 0 

PhCH=CMeCHO - "'q: - 40 
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one hydrogen atom. The mechanism of this reaction847 involves desilylation and 
oxidation of the chromate ester of the cyanohydrin. 

Irradiation of an alcohol solution of furfural in the presence of oxygen produces797 
the corresponding 4-alkoxy-Az-butenolide, which upon treatment with acid affords the 
A*-lactol (equation 537). 

(537) 

‘0. By Carbonation and Carbonylation Reactions 

Reaction of the Z-isomers of y-hydroxyvinylstannanes with n-butyllithium followed 
by treatment with carbon dioxide and p-toluenesulphonic acid produces84s a,/]- 
unsaturated y-lactones (equation 538). 

( 5 3 8 )  

1 .  n-BuCi,THF 

2 .  co, 
/ O H  

(n-Bu&Sn 

\ 
3 ,  p - T o s O H ,  

C , H , , r e f l u x  

/6=CH - C H  
R 2  

\ 
R’ 

R ’ =  n - H e x  j n-Hex j Ph(CH,), Ph(CH2)2 

R 2 =  n-Pent j Ph(CH2)2 ; n-Pent j Ph(CH2)2 

Yield(%) = 97 j 66 j 54 j 64 

Cobalt carbonyl compounds have been reported to catalyse the carbonylation of aryl 
halides849 and alkynessJO. With aryl halides the carbonylation reactions4’ is catalysed 
by an alkylcobalt carbonyl complex, either preformed or made in situ, and produces 
y- or 6-benzolactones bearing substituents on both aromatic and aliphatic carbons 
(equation 539). 

(CHR), 

’ c o  E t O O C C H 2 C o ( C O ) ,  M s O H , 2 5 ° C  - @Jc>o (539) 

b a s e  

I 1  
0 

Aryl halide Base Product Yield rA) 

NaOMeb Me 77 

(conrinurd) 



342 Synthesis of lactones and lactams 

Aryl halide Base Product Yield r4) 

K2C03 

NaOMe @$ :: a",:""'"" 0 

OMs OM8 
I 

NaOMe 

K 2 C 0 3  q o  50 

0 

"Catalyst used was FCH,Co(CO),. 
bCatalyst used was NaCo(CO), and CICH,COOMe and the reaction run at 60°C 

Treatment of alkynes in a phase-transfer catalysed, cobalt carbonyl-catalysed reaction 
with carbon monoxide and methyl iodide produces a regiospecific synthesis850 of 
hydroxybut-2-enolides (equation 540), via a mechanism involving the generation and 
reaction of the cobalt tetracarbonyl anion (equation 541). 

/ R  
C O &  0 

R C = C H  + Me1 + CO 
C T A B ,  
5 N  NoOH,C,H,, H O  
r . t . , l  o t m  

Alkyne Product Yield r4) 

RC-CH 

R = Ph 44 

Me 

HO 

R = c-Hex 18 

The reaction of 1, l  -dibromo-2-(hydroxyaIkyl)cyclopropanes with nickel tetracarbonyl 
in dimethylformamide producesE5' the corresponding bicyclic lactones via an 
intramolecular process (equation 542). If the same reaction is attempteds5' using 
2,2-dichloro-3,3-dimethylcyclopropanemethanol, the gem-dichloride analogue of the 
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C6H6,CTAB Me1 co 
Co,(CO),+ NaOH Co(CO), - M ~ C O ( C O ) ~  - MeCOCo(C0)4 

R 
\ - co \ ?  R 

R C  E C H  - 
COMe 

rc\ 
COMe ( c o ) 4 c o c o  

/"="\ 
(co)4co  

(541) 

7 3 % 

substrate shown above, at 75°C for 5 hours or at 120°C for 7 hours, no reaction is 
observed. Other gem-dibromides subjected to this reaction are illustrated below. 

Ni(CO), Temp. Time 
Gem-dibromide (molor eq.) ("C) (h) Product Yield (%) 

1.2 80 I 1  Ma-.. 4 0 n  

H Er 

Palladium compounds also have been reported to catalyse the synthesis of AaJ- 
b~ teno l ides '~~  and cis-3-hydroxypyrrolidine-2-acetic acid lactoneSs3. In the first 
reports5' carbon monoxide reacts with palladium(0) complexes of Z-iodoalkenols to 



344 Synthesis of lactones and lactams 

produce the corresponding substituted a,p-unsaturated butenolides (equation 543). The 
palladium(0) is generated in situ by reduction of a palladium(I1) complex with hydrazine. 
In addition, a base is needed to remove the acid generated in the reaction so that the 
palladium(0) complex will survive the reaction and provide a high turnover 
(equation 544). 

1. PdCI,(PPh&. K,CO, 

2. CO.THF,H,NNH,, 
2-iodoalkenols * A".8-butenolides (543) 

3s "C,Zdayr 

lodoalkenol Product Yield (%) 

R I =  R~ = H 

R'=Me,  R 2 = H  
R 1  = Ph, RZ = Me 
R ' = H ,  R 2 = M e  
R 1  =Me,  R 2  = Ph 
R' = R 2 = M e  

76 

100 

68 
95 
41 
99 

EtCI=CHC(OH)EtMe 

NZ", 
PdCI,(PPh,), - PdC0(PPh3), + R(OH) I  - IPd(PPh3),R(OH) 

R- - co IPd(PPh3)COR(OH) - \ /c=o t IPdH(PPh3), 
0 

In the second reportss3, palladium is used to catalyse the stereoselective intramolecular 
aminocarbonylation of 3-hydroxypent-4-enylamide urethanes and tosylamides to produce 
cis-3-hydroxypent-4-enylamides urethanes and tosylamides to produce cis-3-hydroxy- 
pyrrolidine-2-acetic acid lactone (equation 545). This same reaction system was also 
usedss3 to convert 4-penten-1,3-diols and 3-hydroxy-4-pentenoic acids into cis-3- 
hydroxytetrahydrofuran-2-acetic acid lactones and bis-lactones, respectively. 

conditions - + R f )  (545) 

I 
kN 

X 
R I 

X 

(711 ( 7 2 )  
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Yield (%) 

345 

R X Conditions 71 72 

H 

H 

H 

I-Ph 

2-Me 

2,2-Me2 

3-Me 

4-Me 

4-Me 

C0,Me 

S0,Tol 

S0,Tol 

S0,Tol" 

SO,Tolb 

C0,Me 

S0,Tol 

S0,Tol 

C0,Me 

PdCI,, CuCI,, dry MeOH, 
r.1.. CO, I day 
PdCI,, CuCI,, dry MeOH, 
r.1.. CO, 1 day 
PdCI,, CuCI,, AcONa, 
HOAc, r.t., CO, I day 
PdCI,, CuCI,, AcONa, 
HOAc, r.L, CO, 2 days 
PdCI,, CuCI,, AcONa. 
r.t., CO, I day 
PdCI,, CuCI,, dry MeOH, 
r.t., CO, 1 day 
PdCI,, CuCI,, AcONa, 
HOAc, r.1.. CO. 1 day 
PdCI,, CuCI,, AcONa, 
HOAc, r.1.. CO, 2 days 
PdCI,, CuCI,, AcONa, 
HOAc, r.t., CO, 3 days 

3s 24 

37 43 

90 0 

74 0 

70 < 5  

70 < S  

66 30 

No Reaction 

28 0 

"I-(R).  34s) isomer was used. 
'A I : 1  diastereomeric mixture was used 

Finally, palladium acetate in the presence of triphenylphosphine and tri-(n-buty1)arnine 
has been r e p ~ r t e d " ~  to catalyse carbon monoxide insertion into vinyl halides bearing 
a secondary alcohol to produce 5-, 6- and 7-membered a-methylene lactones (equation 
546). 

Ph3P.(n-Buj3N. 

HMPA.CO.IMI"C 
vinyl halide containing a-OH group + Pd(OAc), + a-rnethylene lactones 

Vinyl halide 
(546) 

Time (h) Products Yield (%) 

CH2=C(Br)CH,CH,CH(Me)OH 3 31 

(continued) Me 
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Vinyl halides Time (h) Products Yield (%) 

35.8 
(2: l )  

MeCI=CHCH,CH,CH,OH + 6 

aoMe H,C=CICH ,CH ,CH ,CH ,OH 

'0. By Rearrangement Reactions 

'2. Carbonium ion rearrangements 

Carbonium ion rearrangement-lactonization of 3-hydroxy carboxylic acid esters 
producesss4 y-lactones as illustrated in equation 547. Study of this reaction has 
established that the yields of lactone depend upon the structure of the R'-RS 
substituents. High yields of lactone were obtained from 3-hydroxy ester substrates having 
secondary or tertiary groups in the 3-position and from esters containing R '  = t-butyl. 

R'=Me,Et, t - B u  

Rz= H , E t  

R 3 =  H, Me, n-Pr 

R4= Me, Et,  P h 

R 3 -  R4 = alk ylene 

R3= H , Me , Ph 

(547) 

Treatment of tricycl0[5.2.2.O'*~]undecane isomers with 85% sulphuric acid at room 
temperature causes a carbonium ion rearrangement-lactonization to produce855 
different products depending upon the isomer employed. Using methyl endo-5- 
methyltricyclo[5.2.2.O1~5]undec-endo-4-hydroxy-un~~-9-carboxylate affords a 95% yield 



0 0 

ll 
Me/* 

0 

&JMe \ 

'H 

SCHEME 7 
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of a 2.1 mixture of 28- and 2a-methyltricyclo[6.2. l.0’~5]undecan-10-carboxy-5-hydroxy- 
lactone, respectively (equation 54%). The mechanism proposed for this rearrangement is 
shown in Scheme 7. 

Using the methyl endo-5-methyltricyclo[5.2.2.O’~5]undec-endo-4-hydroxy-syn-9- 
carboxylate affords a 90% yield of a 1: 1 mixture of methyl 4-methyltricycl0[5.2.2.0’~~]- 
undec-4-en-9-syn-carboxylate and 5-methyltricyclo[5.2.2.0’~5]undecan-9-carboxy-4- 
hydroxylactone (equation 549). The mechanism proposed for this rearrangement is 
similar to the one illustrated above for the anti-epimer. 

M e  Me 

Acid catalysed carbonium ion rearrangement to produce lactones has also been 
r e p ~ r t e d ” ~  to occur with epoxy esters (equation 550). 

H +  i-Pr&H 

HO C02Et 

Me 

*3. Photochemical rearrangements 

alkylidene-y-butyrolactones (equations 55 1 and 552), via a photo-induced rearrangement 
Irradiation of 2,3-epoxy- 1,4-cyclohexanediones in acetone p r o d ~ c e s ~ ~ ’ . ~ ~ ~  Y- 

R’= R2= H 

Yield ( O h )  = 38 j 39 

E : Z  Ratio =3:1 j 1 : l  

R 1 =  M e ,  R 2 =  H E Z 

(55 1) 
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mechanism probably involvings5’ homolysis of the oxirane ring to produce a biradical, 
ring-opening of the cyclohexanedione ring, subsequent 8-alkyl migration with an odd 
electron and coupling of the acyl radical and oxygen radical (C-0 coupling) of the 
resultant biradical (equation 553). 

hJ . 
Me,CO 

2 0  h 

t 

E 

(553) 
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4. Miscellaneous rearrangements 

y-butyrolactones from cyclopropanecarboxylic acids or esters. 

Synthesis of lactones and lactams 

The miscellaneous rearrangements recently reported all concern the formation of 

In the first reports59, treatment of 2-phenyl-2-methoxy-3,3-dimethylcyclopropane- 

Me Me Me Me 

7 3 % 100% 

0 (554) 

(555 )  

I1 D<c-R (Ms,SiO),SO, 

CI C H,C H ,CI 
C02E' r e f l u x , l  h 

Temp. Yield 
Substrate ("C) Product (ratio) (XI  

COOEI 

COOEt 

COOEI 

COOEt 

0 O F  'COOEt 

P 'COOEI 

eu2 'COOEI 

COOEI 
80 

COOEI 40 
I ,  

Me H 

80 oox 

98" 

63 

39 

(82 .18 )  

R 1 = M e ,  R Z = H  
R'=H,  R 2 = M e  
R 1 = P h , R 2 = H  

80 (23:77) 28 
80 (6535) 71 
80 0:lOO or 1OO:O 28 

"Other catalysts used and yields obtained for this conversion: H,S04-61%: Me3SiOSOzCF3- 
25%; Me,SiOCI03-39% in benzene and 307,  in CH,CI,: Me,Sil-O%: BF, .OEt,-complex 
mixture of products; Et,AIBF,-0%; TiCI,--no reaction. 



2. Appendix to 'The synthesis of lactones and lactams' 351 

carboxylic acid with 57% hydrogen iodide in a methanol-water mixture produces a 73% 
yield of 3,3-dimethyl-4-hydroxy-4-phenylbutyrolactone (equation 554). Further treat- 
ment of the hydroxy product with methyl iodide and silver oxide in acetic anhydride 
produces a quantitative conversion to the methoxy analogue. 

In the second reporta6', y-lactonization of the ethyl esters of a-carbonyl substituted 
cyclopropanecarboxylic acids is catalysed by bis(trimethylsilyl)sulphate and produces 
good yields of lactones (equation 555). Using this approach requires that gem-dicarbonyl 
substituents be present on a cyclopropane carbon. 

In the final reporta6' a-methylene-y-butyrolactones were prepared with high regio- and 
stereoselectivity from l-(N,N-dimethylaminomethyl)cyclopropanecarboxylic esters by 
treatment with trimethylsilyl iodide followed by thermolysis (equation 556). 

I .  Me,Si l ,  C,H, or 
C H 2 N M e 2  

1 , 2 - D C E I  5 0 - 9 5 O C ,  
H C O O M e  s e v e r a l  hours 

2 .  distil lative thermolysis  

( C H , ) ,  

R'=H H ' ; H  

Y i e l d ( % ) = 6 2 ;  58' ; 64 ; 43* (556) 

"Accompanied by 3-hydroxymethyl-2-rne1hylenenonanoic lactone regio isomer or the product in 12% yield 
bThe N,N-di(isopropy1)amine analogue was used as  the starting material. The product formed is tulipatin. 

'R. Lactone lnterconversions 

Several different types of lactone interconversions are discussed in this section beginning 
with the interconversion of substituents present on all size lactone rings. 

Two kinds of lactone ring substituents have been converted into exomethylene 
functions on y-butyrolactones and spiro bislactones. Treatmenta6' of iodomethyl 
substituted y-butyrolactones (equation 557) or bisiodomethyl spiro bislactones (equation 
558) with diazabicycloundecene (DBU) in benzene causes an elimination of hydrogen 

R 2  R2 
I I 

R 1 =  H ; H ; M e  

R = H ; M e  ; M e  
2 

Y i e l d ( % ) = 6 6 - 7 0  j 7 7 - 8 3 ;  85 
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iodide with formation of the corresponding exomethylene function. Exomethylene 
functionality is also obtained758 via a retro-Diels-Alder reaction of spiro norbornenyl 
y-butyrolactones (equation 559). 

C6H,, s e a l e d  140 tube,  O C ,  H2bR 0 (559) 
30 min R 

R = H ~ Me ,  E t ,  P h  

A similar lactone interconversion is represented by the introduction"' of a dimethyl- 
aminomethylene function into the a-position of a bicyclo epoxylactone by reaction with 
t-butoxybis(dimethy1amino)methane in dimethylformamide (equation 560). 

0 

CHNMe2 

* 
PhCOOCH2 

(Me,N ),CHOBu - I  

DMF,  90 O C  

I \  

Me O X 0  Me 

9 1 % 

Depending upon the substrate structure and the reagents used, dechlorination and/or 
desulphurization reactions can lead to the production of either saturated or  unsaturated 
lactone products. For example, dechlorination of a,a-dichloro-y-thioaryl-y-butyrolactones 
with aluminium amalgam in tetrahydrofuran produces"' the corresponding saturated 
y-butyrolactones with the y-thioaryl function uneffected (equation 561), while dechlori- 
nation788 of bicyclic lactones using zinc in acetic acid also proceeds without the 
introduction of any new unsaturation (equation 562). Dehydrochlorination of the same 
substrate using triethylamine in tetrahydrofuran produces788 the corresponding aromatic 
bicyclic lactone with increased unsaturation (equation 563), while dehydrochlorination 
of the saturated substrate analog using the same reagents produces788 a mixture of 
isomeric dienes (equation 564). 
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R 2  

__-. R‘ T H F ,  H,O 9 (561) 
A I ( H g ) ,  

S T o l - p  0 
STol -p 

R ’ =  3 ,4 - (Me0)2C6H3 j n - B u  

R 2 =  Me ; Me 

R 3 =  H i H  

Yield (%) = 90 j 90 

H H&o COOMe 

\ 

H 
100% 
(7:31 

7 7 % 

Meooc&o MeOOC &O MeOOC &: 
Et3N,THF . 

o +  (564) 
\ 

H 3 5 010 2 8 % 

Triethylamine in tetrahydrofuran has also been to effect dechlorodecarboxy- 
lation in the same bicyclic lactone series, with increased unsaturation observed in the 
products resulting from reaction of the completely unsaturated acid substrate 
(equation 565) or from the monoene acid substrate (equation 566). Reductive dechlori- 
nation was also accomplished788 in this series (equation 567). 
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H o o c ~ o  &o 

(566) 
Et,N,THF 

heat \ \ 

H H 

5 3 010 

H 90 '10 

Desulphurization-dechlorination of a,a-dichloro-y-thioaryl-y-butyrolactones without 
the introduction of unsaturation has been reported"' to occur using Raney nickel 
(equation 568) or tri(n-butyl)tin hydride (equation 569), while desulphurization only of 
y-thioaryl-y-butyrolactones using Raney nickel also proceeds"' without the introduction 
of unsaturation but with a high degree of stereoselectivity (equation 570). Similar results 
are obtained863 when a-sulphoxyphenyl-&lactones are treated with aluminium amalgam 
in tetrahydrofuran (equation 571). 

STol-p 

n- 

Me --- 
CI 

S T o l - p  

Me-**  

CI 

(n-Bu),SnH - R 1 - - - b  o +  H ; . . P  0 

A l B N  
toluene Me--- Me--- 

H H 

c is  trans 

R'=  3,4-(MeO),C,H,j n - B u  ; n - B u  ( 3 R , 4 R )  

2 j 7 0  (lOO%e.e.) - . -  Yield (%) = 

c is : t rans  ra t io=  2 , 3 : 1  j 1:1.8 j (3S,4R): (3S,4S)=-1.1:1 

(569) 
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bo 3,4 -( Me0)2C6Hp 

Me --- 
Roney Ni Po - H 

3,4 -(MeO),C,H,--.. 

Me--- 

H 

355 

+ 3,4 -(MeO&H3- 0 

(c is : t rons  = 30:l) 

Me -*- 

H 2 5 010 

0 
t 

R=n-Pent j n-C,,H23 

Yield (%)I 98 ; 73 

NOH, 
THF 

CHPr-n 

A 
CHPr-n 

Me Me 

MeOOC 

0 

Me 

Pd(Ph3P), ,  Ph3P 

THF, 25 O C , 3  h 
diethylpho5phote o f  

5 - 2  - methylher- 4 ( E l -  en- 2-01 

. 
Me 

8 4 '10 

(572) 
-n  

LiCI, DMSO, 

150 O C , 1 9  h 
* 

Me Me 

i - P r C H " - C H C H s H  I "  

CHPr-n 

Me 
A 0 

6 9 
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Me Me Me I Me P K H ~ O C H ~ C H ~ ~  

I 
wcH20cH2cH gH LOA,Mel, 

- - -Me HMPA,THF, 
-7 0 'C 

0 0 

+ 

97 % 

(1:1) 

Me Me 

I Me Me 

PhCH20CH2CH I 9 1. LOA,THF HOCH2CH 9:; 
----H 2. H 3 0 +  

3. n , ,Pd/c  

0 
Me 

0 

R u C 1 3 ,  

N o I O , ,  
M e C N , C C I ,  

* 

Me Me 
HOOCCH 7 y+ 

H 

Me 
0 

(573) 

0-c=o 
Me 

1 .  Me,CuLi  

2 . 0 q .  NH,CI 

5 1 % 

0-c=o 0-c=o 0-c=o 
# D M e  o a M e  I 

MnO, I * 
CH,=CHMgEr C u I  ,THF, G r : = C H 2  

- 7 0 ' C  0 / cn,ci, 

'H HO 

04 '10 4 7 % 

I 0-c=o 

1 l . C u O r - S M s Z ,  . aMe 
C H ~ = C H C H ~ C H ~ M Q ~ ~  CH2CH2CH=CH2 

0 '\ H 
THF, MszS,  -10 'C 

2 .  oq.  NH,CI 

74 % 

(574) 
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Alkylation of lactones is usually one step in an overall synthesis of complicated 
molecules which contain a lactone nucleus. Examples ofextensive syntheses which include 
alkylation of a lactone as one step include: p r e p a r a t i ~ n ~ ~ ’  of precursors for the synthesis 
of (+)-invictolide (equation 572); the preparationE3* of the Prelog-Djerassi lactone 
(equation 573); elaboration786 of trans-fused lactones (equation 574); ~ilylation’~’ of 
bicyclic keto lactones (equation 575); t h i ~ p h e n y l a t i o n ~ ~ ~  of y-(n-butoxymethy1)-a-chloro- 
y-butyrolactone (equation 576) and y-bromomethyl-a,/&butenolide (equation 577); 
phenyl~eleneylation~” of 6,6-dimethylvalerolactone (equation 578) and bromophthalide 

0-c=o ?-$=O 
OSiMeJ 

(575) mo H -05 ‘ ,  i 

1 .  L D A  

2. Me,SiCI 

H 

COOMe 

HCI , HOAc 

ref lux 

n-BuOCH2 n-BuOCH, A:Me 
CI 

/ 
NoSPh 

ref lux 

- ____c 

n-BuOCH, n-BuOCH2 

N o S P h  m 

2 5 % 
/ 

BrCH2 G o \  (577) 

a. Ph,P I C,H, 
r .  t .  

Ph3PCH2 

Br-  
6 5 ‘10 

SePh 
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(equation 579); and, reactions64 of nucleophilic mono- and dianions with 4,6-dimethoxy- 
2-pyrone followed by demethylation . to produce enol lactones of 6-substituted-4- 
methoxy-2-pyrones (equation 580). The mechanism proposed864 for the pyrone 

Br 

@O 0 

t 

SePh 

LDA JJPh 

0 

t 

OMe OMe 

Nucleophile 

Me,SiI 

CHCI,  

RCOCHZ 

% Yield of % Yield of 
condensation Demethylation Demethylated 

product conditions product 

0-  
I 

Me-C=CH, (R = Me) 52 25 "C, 72 h (R = Me) 54 

0- 
I 

Ph-C=CH, (R = Ph) 67 50 "C, 40 h (R = Ph) 52 

0- 0- 
I I 

(R = Me) 65 Me-C=CH-C=CH, (R = MeCOCH,)82 25 "C,48 h 

0- 0- 
I I 

Ph-C=CH-C=CH, (R = PhCOCH,) 74 25 "C, 26h (R = PhCOCH,) 56 
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condensation involves enolate anion attack of the carbonyl group causing ring opening 
to give the enolate anion of an unsaturated 6-keto product which recyclizes by displace- 
ment of methoxide ion to  give the condensation products (equation 581). 

OMe OMe 

OMe OMe 

RCOCHz h COCH 2A0 

(581) 

Other miscellaneous lactone substituent interconversions reported include: the 
conversion779 of y-hydroxymethyl-a,p-butenolide into y-alkoxymethyl-a,b-butenolides 
(equation 582); conversion”’ of a t-butyldimethysilyl protecting group into the corres- 
ponding benzoate (equation 583); ring.opening and silylation of a bicyclic e p o x y l a ~ t o n e ~ ~ ~  
(equation 584); conversion of a spiro lactone into787 a bicyclic lactone (equation 585); 

(582) 

Condit ions 

ROCH, 

R = M e  j Ph3C j CONHPh 

Conditions = BF3- ether ; Ph3CCI ,C5H5N j PhNCO,CsHs,reflux 

1 .  (n-Bu),; F- 

2 .  P h C O C l ,  C ,H ,N,  
T H F , 2 0 ° C , 3 0  min  . 
l S ° C , l h  

PhCOOCH, 4 
Me 
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0-c 0-C do 
?-F 

CISiMe,  

C,H,N, JTMe T H F ,  o OC 

4 8 %  HBr 

CHCI,,O°C 

HO , I 

H I  
Br 

9 1 % 

H I  
Br 

100 % 

ICH2@ 0 

i . a q .  N a O H , 6 5  ' C ,  

H OC H ,C H (OH )C H , 
2 . r . t . , 2 4  h 
3 . C 0 ,  HOOCCH, 

4 h  

L 

n n 
HOCH2CH(OH)CH2 

- 

I 
0 0,- 

aq.  NaIO, 

p-dioxons 
r . t . , 2 . 2 5  h 

8 2 % 

oxidation of substituent groups such as phenylthio on both y - l a c t o n e ~ ~ ~ ~ . ' ~ ~  
(equations 586 and 587) and 6- lact0nes '~~ (equations 588 and 589), phenylseleno on 
6 - l a ~ t o n e s ' ~ ~  (equation 590), and 0-silylated enolate of a bicyclic l a ~ t o n e ~ ~ l  
(equation 591); reduction of a [I-keto function796 (equation 592); and, dehydrogenation7'' 
using 2,3-dichloro-5,6-dicyanoquinone (DDQ, equation 593). 

0 
1 doh NaOH,H,O NaIO, 

n-BuOCH, r . t .  n-BuOCH 2 

(586)' 
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0 
t 

36 1 

PhS PhS 

(587)865 
m-CIC,H,CO,H 

C H , C I , , Z O  O C ,  
3 h  

R ' =  Me j E t  j Me Et j Me 

R2= H j  H j M e j M e ;  I 
(CH2)5 

R 3 = H j H j H j H ;  I 

Me 

Me 

n-Hex 

0 
t 

R2Tkph R' 

R2ysph rn-CIC,H,CO,H C H , C I 2 , 2 O  OC, 

3 h  R' 

0 0 

R' = Me j E t  j Me j Et 

R 2 =  H j H j M e j M e  

0 
t 

m-CIC,H,CO,H C H 2 C 1 2 ,  2 O 4 C ,  * &: (589) 
3 h  

;i H 

R = Me ,Et 
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H 

C r O ,  0, G C O O H  C H LC 00 H (591) 
Me,CO, 

H 
6 5 '10 

2 .  NoBH,CN ::;: 
DDQ Co 

(592) 

(593) 

100% 

Formation of a double bond in a preformed lactone ring is another example of a 
lactone interconversion which has continued to  receive considerable attention. Since the 
structure of the precursors vary greatly depending upon the synthetic route which was 
used to produce them, a variety of methods and reagents have been employed in the 
step which produces the double bond (Table 40). 

H0 0-c No 0-c 

VMe m-CIC6H,C03H 

CHCl,,rsflur, 
11 h 

(594) 

8 7 '10 

H H 

( 95 % 1 
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TABLE 40. Formation of a double bond in a preformed lactone ring 

- 
Substrate 

Reagents and 
conditions Product Yield (%) Reference 

0 
t 

JSPh 
R x b O  

R = H  

R = El 

R = n-Bu 

R = n-Hex 

R = n-C,H,, 

R = n-C, , HZ3 

R = n-BuOCH, 

0 

pko RZ 

R1 =Me; R2 = H 
R' = Et; R2 = H 
R' = R2 = M e  
R' =El;  R2 = M e  

0 
t 

R = H  
R = Ph 
R = n-Bu 
R = n-Pent 
R = n-Hex 
R = n-C,H, 
R =n-C,,H,, 

t 
0 

R 2  A: 
R' =Me; R2 = H 
R' = Et; R2 = H 

reduced pressure, 
120"C, 2 h  
reduced pressure, 
120°C. 2 h  
reduced pressure, 
120°C. 2 h  
reduced pressure, 
120"C, 2 h  
reduced pressure, 
120°C, 2 h  
reduced pressure, 
120°C. 2h 
toluene, reflux 

DBU, CH,CI,, 
20°C. I h 

reduced pressure, 
120°C, 2 h  

DBU, CHCI,, 
2O"C, 1 h 

R G O  

12 863 

68 863 

61 863 

16 863 

58 863 

80 863 

779 - 

92 
90 
91 
89 

85 
96 
86 
80 
85 
80 
81 

865 

863 

865 

85 
90 

(continued ) 



364 

TABLE 40. (coniinued) 

Synthesis of lactones and lactams 

Reagents and 
Substrate conditions Product Yield ( 'x) Reference 

87 
92 

"x: 
Et,N, 25 "C go 

H0 0-c 
t '  wMe 1. DBN. dioxane 

reflux 12 h 
Ms,SiO 2. HCI, Me,CO 

Br 

DBU 
I 

H 

oHccia I .  DBU. I h  C,H,, 

2. 65"C, 3.5h 
I 

0.' 

HO 

86 

79 I 

786 

78 1 

787 

He,  P d / C  
E t O A c  (597) 

H ti 
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Me Me 

re f lux  1.5 h 

NaBH, 
i - P r O H  
re f lux  6 h I 

Me 

d= L::C 0, H 

Me 

h e  

10% HCI I 
Me 

Me 

cis 

ref lux 
h e  

0 

(q," 
Me I C02Me 

4 
Me 

a I " , % O z M e  Me 

cis 

JI 

365 

(598) 

__- CHO 

CH2C02Me 

more stable 
trans 

NaBH,, i -PrOH,  
re f  lux I 

CH2C02Me 

Me 

1Ooh HCI I 
0 
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Recently, two kinds of reactions of lactone double bonds have been reported: epoxi- 
d a t i ~ n ~ ' ~ ,  which was accomplished using m-chloroperbenzoic acid (equation 594), and 
reduction7" using hydrogen in the presence of platinum d i o ~ i d e ~ " . ~ ~ ~  (equations 595 
and 596) or palladium on carbon788 (equation 597). 

Although not a lactone interconversion hydrolysis of the oxalactone shown in 
equation 598 can produce either cis- or trans-fused &lactones depending upon the 
reaction conditions753. 

Preparation of thionolactones from preformed lactones has been accomplished in two 
recent reports both of which utilize sodium hydrosulphide as the sulphur transfer agent 
in the reactions. In the first report N,N-dirnethyliminolactonium fluoroborate salts, which 
were prepared from the starting lactones using the method of Deslongchamps and 
coworkers866, were sulphydrolysed and acetylated to produce867 the corresponding 
thionolactones (equation 599), while in the second report868 0-alkylation of the starting 
lactone is accomplished using Meerwein's salt, followed by sulphydrolysis of the 
intermediate lactonium salt with anhydrous sodium hydrosulphide in acetonitrile at 0 "C 
(equation 600). 

Finally, two reports have appeared, one of which achieved the conversion of a 
spirolactone into a fused G - l a ~ t o n e ~ ~ '  (equation 601), while in the second report869 

c- "la2 
1 .  Me,NH or Me2NAIMe 

1.  NaSH,Me,CO 

Z . M s C O C I ,  C,H,N, 
- 7 8 O C  

- 7 8 O C  

Lactonium 
salt Thionolactones Yield (%) 

78 
R = M e  53 

R&?%M*2 e F ,  

R = H  
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CCE0 R , O + B F i  . [c+ C-OR BF - N o S H , M e C N +  cCEs 
( R  = M e ,  E t  1 o o c  

(600) 
R group in 
Meerwein Time Yield 

Lactone salt (h) Thionolactone (y,) 

R' = H 
R'=Me 

R '  no 
R ' =  H 
R'  = El 

R' a s  

Me 2.5 
Et I .5 

Me 2 
Et 2.5 

90 
78 

R '  LAs 
54 
43 

9 4 % 
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D-ribonolactone, a y-lactone, was converted into Zinner’s lactone, a &lactone 
(equation 602), and the azido substituted analogue of Zinner’s lactone was converted 
into the azido substituted analogue of D-ribonolactone (equation 603). 

‘S. Miscellaneous Lactone Syntheses 

‘10. From aldehydes and ketones 

Inter- and intramolecular reaction of aldehydes and ketones with mono- and dilithium 
salts of carboxylic acids produces lactones of varying types depending upon the structure 
of the substrates used. 

Reaction”’ of lithium /I-lithiopropionate with aldehydes or ketones offers a direct 
synthesis of y-lactones of various structures in good to fair yields via a 
intermediate (equation 604). 

L i  nophtholsnids - Li t  E H ~ C H ~ C O ;  l i  
T H F  

BrCH2CH2COOH t n-BuLi 

Carbonyl compound Lactone Yield rA) 

Me(CH2),COMe 

RCHO 

R = !-PI 

R =  Ph 

0-’ 
0’ 

( 3  5 1 ) O  

HO 
O H 0  

53 

51 
56 

35 

51 

48 

66 

y-hydroxy acid 

R’COR‘ 

“A(3.5:l) ratio of syn to anri spirolactone was obtained from eyuarorial and axial 
addition, respectively, of the carbanionic reagent to the carbonyl group. 
bThe hydroxy group was protected as  the 2-methoxypropanyl derivative prior lo 
reaction. 
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A similar reaction871 occurs when lithium /I-lithioacrylates, prepared from Z-/I- 
bromoacrylic acids, are allowed to react with carbonyl compounds (equation 605). 

n-BuLi ,  EtZO, 

stir 1 . 5  h 

R ~ C B ~ = C R ~ C O ~ H  -780C,NZr + Lit R’C=CR%O;Li* 

1 .  THF,stir ,  2 h ,  - 7 8 O C  
Lit  R’c=CR2C0z Lit t R3COR4 2 ,  r , t . ,  HzO 

3 4  
[R  R C ( O H ) C R ’ = C R ~ C O ~ H ]  - 
Carbonyl compoundR’ R 2  Lactone Yield rA) 

H Me 71 

Me H 57 

PhCHO 

H Ma 

Me H 

70 

52 

(605) 

“A (58:42) ratio of syn to onri spirolactone was obtained from equoforiol and 
oxiol addition, respectively. of the carbanionic reagent to the carbonyl group. 
’Treatment of this mixture with HJPd o n  C affords the same mixture ofsaturated 
lactones. 

Ortho lithiation of tertiary /&amino benzamides or o-toluamides followed by reaction 
with benzaldehyde or N,N-dimethylformamide and hydrolysis with aqueous acid 
produces872 lactones in good yields (equations 606 and 607). 

Medium- and large-ring lactones have reportedly873 been prepared by the samarium 
diiodide induced cyclization of o-(a-bromoacy1oxy)aldehydes. Acetylation of the resulting 
lactones was accomplished using acetic anhydride and 4-dimethylaminopridine (DMAP) 
(equation 608). 
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1 .  L D A ,  - 7 8 ' C , T H F , l  h 

2 .  PhCH0,stir r . f . , 3 0 m i n  
3. 6 N H C I  ;reflux 1 2  h 

1 .  s - E u L i , T M E D A , T H F  

2 .  PhCH0,stir r . f . , 3 0 m i n  
3 .  6N HCI ;ref lux 12 h 

NEt(CH2)2NEt2 \v 0 

2 .  DMF 

3 . 6 N H C l ; r e f l u x  48  h 

&- Ph 

&OH 

OHC(CH2),02CCHRBr 1 .SmIz ,THF,O 'C ,Nz  o y O ~ c  0 (608) 

(CH2),, 
k Z.(MeCO),O,DMAP 

n R Yield"(%) Isomeric ratiob 

4 H 
4 Me 
5 H 
5 Me 
6 H 
6 Me 
7 H 
7 Me 
8 H 
8 Me 
9 H 
9 Me 

10 H 

76 
82 (38:62) 
92 
90 (31:69) 
82 

88 (7S)c (35:65) 
86 
80 (30: 70) 
85 
82 (30:70) 
80 
91 (38:62) 
84 

"Isolated yields after acetylation. Since medium-ring [j-hydroxy 
lactones tend to be hydrolysed during work-up, the products were 
isolated as acetates. 
'Configuration of the isomers was not determined. 
%elated yield of 8-hydroxy lactone without 0-acetylation. 
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Macrocyclic lactones have also been ~ r e p a r e d " ~  by photochemical oxygenation of 
4,5-diphenyI-2-hydroxyalkyloxazoles in the presence of Sensitox to produce intermediate 
dibenzoyltriamides, which upon treatment with p-toluenesulfonic acid cyclize to produce 
the desired macrocyclic lactones (equation 609). 

Ph 

1 .  H,Ot 

2. 'O,,CH,CI,, (PhCO),NCOCH,R 

Sensitor, 30 min 
Ph  

Lactone 

R n R' Yield (%) 

(CHZ)' ,OH 2 H 75 
(CHZ)lZOH 3 H 76 

(CHZ), ,CH(OH)Me 2 Me 64 

(CH,),CH=CHCH,CH(OH)Me 5 5" 

" A  mixture of E- and Z-isomers. 

Cathodic electroreductive hydrocoupling of unsaturated esters or acids with ketones 
or aldehydes in the presence of trimethylchlorosilane  produce^"^ a variety of y-lactones 
in one step from readily available starting materials (equation 610). The reaction is 
performed in a cell with a lead cathode, a carbon rod anode and a ceramic diaphragm. 

(610) 
R'R2C=CR3C02R4 + RSCOR6 + e  

E t,NOTos 
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a,B-Unsaturated ester 
or acid 

Aldehyde 
or ketone Product” Yield (%) 

CH, =CHCOOMe 

MeCH = CHCOOMe 

CH, = CMeCOOMe 

,COOMe 
CH,=C, 

CH,COOMe 

MeOOCCH=CHCH,COOMe 

CH,=CHCOOMe 

MeCH=CHCOOMe 

CH,=CMeCOOMe 

,COOMe 
CH,=C. 

CH,COOMe 

CH,=CHCOOH 

R’ 
R5CH0 

R 5  = n-Pr 
R 5  = n-Pent 
R 5  = Me(CH,), 
R 5  = EtCHMe 

Me, 

n-PrCHO 
n-Pi  Qo 

n-PrCHO 
“WP, 

COOMs 

n-PrCHO 
n-Pr 

MeooCL 
Me(CH,),CHO 

R5R6C0 

RS = Me, R6 = n-Pent 
R 5  = R6 = Et 
R5R6 = -(CH2)5- 

MeCOPent-n .:J--& 
n-Pent 0 

-Me 

MeCOPent-n ”-Pent 

MeCOPr-n 

RSR6C0 

R 5  = H, R6 = n-Pr 
RS  = Me, R6 = n-Pent 

JCooMe 
n-Pr Me>coXo 

73 
86 
77 
51 

71 

54 

57 

59 

76 
67 
78 

64 

58 

86 

38 
32 

“Products are a mixture of stereoisomers, e.g. the products from methyl crotonate and butyraldehyde were a 
mixture of two stereoisomers in a 43:28 ratio though the exact assignment of configuration was not possible. 
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No coupled products were obtained using benzaldehyde, acetophenone or benzophenone 
as the carbonyl compound and using a,B-unsaturated acids instead ofesters also produced 
lower yields of lactones. The mechanism proposed for this reaction involves initial 
formation of an anion radical and its reaction with either the trimethylchlorosilane 
activated carbonyl compound or a proton to form an anion which then reacts with the 
activated carbonyl compound (equation 6 I I ) .  

CH2=CHCOOMe 

I.. 
CHZk HC OOMe 

CI6- 

I 
'6---SiMeS 
II + a  + H +  1__/_ __I Me-CPsnt-n 

CH&H2COOMe M P  r 

n-Pent ."-Y-F0 0 OMe 

c t -  I I SiMe, 
. .  

1 J I 
SiMe, 

- Ms,SiOMs I 
n-Pent X O A O  

Using 2-acetoxyfuran as a substrate, three different methods have been to  
produce 4-substituted butenolides. The first method reported involves the substitution 
reaction of electrophiles such as aldehydes, acetals or carbonates with 2-acetoxyfuran 
in the presence of a Lewis acid (equation 612), the second method employed was a 
Friedel-Crafts-type acylation reaction (equation 61 3), while the third approach involved 
bromination followed by reaction of the intermediate 4-bromobutenolide with chrysan- 
themic acid (equation 614). 
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2 h  
3.  r .  t .  alcohol ocetote 

Electrophile Lewis acid (rnrnol) Product Yield (%) 

n-PrCHO 

n-PrCHO 

n-PrCHO 

n-PrCHO 

n-C,H,,CHO 

TiCI, (4) alcohol + 
acetate 

TiCI, ( 2 )  alcohol + 
acetate 

SnCI, (4) alcohol + 
acetate 

BF,.OEt, (4) alcohol + 
acetate 

TiCI, (4) alchol 

70 
8 

61 
6 

18 
52 
21 
55 
60 

CH(OMe), 

TiCI, (4) 

TiCI, ( 2 )  
(MeO)ZCH 

86 

89 

a. (613) 

1. SnCI4,CHZCl2, 

2.r.t.  overnight 
QoAC + 

s t i r  35  h, -78 OC 

Me$G+;cMez Me 

NaHCO,, H DMF M e 2 C = C H  x c o 2 a  0 (614) 

4 8 '10 
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Acylations of an intramolecular type, via a-sulphinyl carbanions, have been 
for the preparation of a-phenylsulphinyl y- and d-lactones from sulphoxide carbonates 
(equation 615). The conversion of these products to a,p-unsaturated y- and d-lactones 
upon heating at  120°C under reduced pressure is reported in Section *II.R. 

0 

SPh 
t 

0 l . L D A , T H F , l O  h 

t -78  O C  to r . t .  

Me02CoCHR(CH2)2SPh Z.HOAc,stir ,  r . t . , l h  R 

0 
t 

l . L D A , T H F , l O h  

2. HOAc,stir, r . t , , l  h * 
- 7 8 O C  to r . t .  t 

Me02C0CHR1CH213SPh 

R 

Carbonate Product Yield (%) 

0 
t 0 

T 
RCH(CH,),SPh 

I 
OC0,Me 

R = H  
R = E t  
R = n-Bu 
R = n-Hex 

R=n-C,,H,, 
R =n-C,H,, 

0 0 
T t 

RCH(CH,),SPh 
I 
OC0,Me 

R = H  
R = P h  
R = n-Bu 
R = n-Pent 
R = n-Hex 

R=n-C,,H,, 
R = n-C,H 5 

53 
79 
78 
80 
72 
75 

53 
68 
85 
55  
87 
79 
83 
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Hydrolysis of the intermediate product formed877 from reaction of unsaturated 
a-aminonitriles with ketones leads to the production of spirolactones (equation 61 6). 

2 

'CN 

t c c = o  
___. / - 

LDA 
Me C H =CHCH - M~CH--'CH-C 

T H F , O O C  

'CN 

Z = dimethylomino or 

piperidino group 

\ 
Me d3 H C I  o c i d , O ° C  or osol i t  

50% T H F  

Z JC% CN 

Intermediate Product Yield (%) 

R Z CN 

R = H  

R = M e  

R = H  
R = M e  

Ma & CN do 
.& Z CN 

M. 

phJAo M. 

45" 
7Sb 
41" 
63b 

53" 
16" 
sob 

44" 
7 I b  

43" 
51b 

71b 

"Method used was (a-aminonitrile + LDA) then ketone added. 
bMethod used was (a-aminonitrile + LDA) then (ketone + ZnCI,) 
added. 



2. Appendix to 'The synthesis of lactones and lactams' 377 

' 1 1 .  From carboxylic acids 

Carboxylic acids in combination with a wide variety of other reagents and catalysts 
have been used in the recent literature to produce lactones. Thus, r e a ~ t i o n ~ ' ~ . ~ ' '  of 
aliphatic acids containing an a-hydrogen atom with olefins in the presence of manganese, 
cerium or vanadium metal salts (manganese acetate dihydrate was found to be the best) 
produces a wide variety of substituted y-butyrolactones, the structure of which depends 
upon the structure of the olefin and the aliphatic acid used (equation 617). 

(6 17) 
Mn(OAc)3. 2H,o 

K O A c  
R'R2C=CR3R4 + R5CH2COOH 

Olefin Acid Lactone Yield" fx) 

R'R2C=CH2 M e C O O H  

R' = H, R2 = n-Hex 
R' = H, R' = n-C,H,, 
R' = H, R' = Ph 
R' = H, R' = t-Bu 
R' = Me, R 2  = P h  
R '  = R 2  = M e  

R 'CH=CHR3 M e C O O H  

R' = R3 = = n-Pr (trans) 
R' = R3 = Ph (trans) 
R' = Ph,  R3 = M e  (trans) 

F ? R ~ =  

R' = Ph,  R2  = C O O M e  

CH2=CH(CH2),CH=CH2 

n = O  
n = 2  
n=4 

C H 2 = C M e C H = C H 2  M e C O O H  

M e C O O H  

M e C O O H  

0 

n-PentC=CCH,CH=CH, M e C O O H  

PhCH=CH,  

R' h, 
Qo 

+ 

CHz=CH ".QO 

n-PsntC=CCHz 

R S C H 2 C O O H  
R5 = Me 
R5 = N C  Ph 

14 
66 
60 
48 
14 
30 

446 
16' 
19' 

62 

45 

30 
24 
26 

13 

31 

50 

50 
41 

(continued) 
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Olefin 

Synthesis of lactones and lactams 

Acid Lactone Yield" (%) 

n-HexCH=CH, NCCH,COOH 

PhCMe=CH, NCCH,COOH 

R'CH=CHR3 NCCH,COOH 

CH,=C(Me)CH=CH, NCCH,COOH 

n-Her 

Ph 

R' KO 
CHZ=CMe do 

.b 

C H F C H  

60 

43 

49 
51 

5 

39 

- 

n-HexCH=CH, HOOC(CH,),COOH 
n-Hex 

"Yield is based upon the manganese acetate dihydrate used. 
b T ~ o  isomers in a 5:l ratio were obtained. 
'Only one isomer (presumably trans) was obtained. 

The mechanism proposed for this reaction involves formation of an intermediate 
carboxymethyl radical which then reacts with the olefin (equation 618). 

R5CH2COOH + M'" - M(OOCCH2RS), - R'CHCOOH t R' R2C=CR3R4 

(M+"= Mnt3, Ce+4, V+') 

R'Tis R'R2C-CR3R4 M + n  R'R2E-CR3R4 --H+ - \ -  \ -  
no ,c/c ti \c /CH 

HO 

II 0 
0 II 

(618) 
0 

When condensed with paraformaldehyde (P) or 1,3,5-trioxane (T) in boiling acetic 
acid containing catalytic amounts of aluminium chloride, cyclic 3,4-unsaturated 
carboxylic acids undergo an intramolecular cyclization to produce'" fused 2,3-unsaturated 
h-lactones (equation 619). 
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R 

AICI , ,HOAc 

C C C H R C O O H  + poraformaldehyde or r a f l u x  8 h 
(CH2)" II 1,3,5-  trioxane 

L C H  

R n 

(619) 

Reagent Yield (%) 

H 
H 
Me 
Me 
Et 
Et 
n-Pr 
n-Pr 
i- Pr 
i- Pr 
n-Bu 
n-Bu 
n-Hex 
n-Hex 
Me 
Et 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

10 
10 

T 
P 
T 
P 
T 
P 
T 
P 
T 
P 
T 
P 
T 
P 
T 
T 

46 
40 
76 
65 
65 
76 
64 
86 
53 
14 
61 
73 
84 
93 
96 
67 

If lithium naphthalenide is allowed to react**' with carboxylic acids which contain 
two hydrogens at the 2-position, in the presence of diethylamine, the dianion of the 
carboxylic acid is formed. Reaction of these dianions with epoxides produces the 
corresponding dianions of the 4-hydroxy carboxylic acids, which upon further reaction 

c R'CHCOO- 
I/  thium naphthalenide 

R'CH~COOH EtZNH 
2 ~ i +  

+ R ~ C H  - C H ~  

'0' 

l ithium naphthalenide 
R2C HC H2C HR'COO- R2CHCH2CR1C00- t 

I 
3 ~ i +  

0- 
I 
0 -  

R2CH - C Ha "'O' R2CH(OH)CH2CHR'COOH t [R2CH(OH)CH2]2CR'COOH 

'0' 

(73) (74)  
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Yield (%) 

R ’  RZ 73 14 15 

M e  
Et 
n-Pr 
n-Bu 
n-Pent 
n-Hex 
i-Pr 
H 
M e  
Et 
n-Pr 
n-Bu 
n-Pent 
i-Pr 

M e  
M e  
M e  
M e  
M e  
M e  
M e  
Et 
Et 
Et 
Et 
Et 
Et 
Et 

31 
63 
67 
66 
70 
53 
85 
37 
49 
62 
65 
63 
35 
89 

16 
21 
23 
24 
28 
32 
4 

31 
34 
30 
31 
26 
4 
2 

- 
26 
69 
68 
78 
87 

59 
78 
77 
78 
81 

- 

- 

with lithium naphthalenide form the corresponding trianion. Treatment of these trianions 
with additional epoxide followed by hydrolysis produces 4,4’-di hydroxycarboxylic acids, 
which readily cyclize to form y-butyrolactones 74 containing hydroxy groups in their 
side chain (equation 620). Oxidation of these lactones using chromium trioxide in acetic 
acid produces y-butyrolactones 75 containing a carbonyl group in their side chain. 

P-Acyl P-ethoxycarbonyl-a-alkylpropionic acids have been used as substrates to 
producess2 /I-ethoxycarbonyl P,y-unsaturated y-lactones by dehydration using acetic 
anhydride (equation 62 I )  or p-ethoxycarbonyl y-lactones containing a P-ethylenic carbon 
chain branched on the y-carbon of the lactone by reaction with allylzinc reagents 
(equation 622). 

EtOOC 

( MeCO )*O, CH,C I , 
R’CoCHCHR2CooH H3P0,,reflux 4 . 5  h 

I R’ 
COOEt 

45 - 65% 
R’ = Me ; Me ; Me ; n- P r  ; n- Pent  ; c-Hex j P h  j n- Pen1 

R2= H ; M e ; E t ;  H j H j H j H j E t  

EtOOC, , R2 

1 .  THF, -10 OC 
R’COCHCHR*COOH + H2C=CR3CH2ZnBr 

2 ,  2 0 0 C , 4 , 5 h  
COOEt I 3. H30* CH2=CR3CH2 

65 - 80% 
( 2 ond E isomers)  

(622) 
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R' R 2  R 3  Z / E  ratio Yield (x,) 
Me Me H - 
Me Me Me 
Me Ph H 
Me Ph Me - 

Me H H 30170 80 

Ph H H 50/50 65 
Ph H Me 75/25 65 

~ 

- - 

- - 

- 

Me H Me 40180 75 

38 1 

Treatment of o-hydroxycarboxylic acids with N,N,N',N'-tetramethylchlorform- 
amidinium chloride produces883 macrolide lactones in yields ranging from 54 to 90% 
(equation 623). 

(623) 

CI 
\ +  Collidine 
/ C = N M e 2  MeCN,ether,  H 0 (C H )n C 0 0 H t 

Me2N CI -  r . t . , s t i r  

n =  1 1  j 12 j 14 

Reaction t i m e ( h ) =  51 ; 4 7 ;  46 

Yield (%)= 54; 68 j 90 

Condensation of carboxylic acids with o-hydroxyphenyl ketones followed by 
cyclization in the presence of phenyl dichlorophosphate producesss4 coumarins 
substituted in the 3- and/or 4-positions (equation 624). 

R' 

R' R 2  Solvent Time (h) Yield (%) 

H 
Me 
H 
H 
Me 
H 
H 
H 
Me 

Ph 
Ph 
2-Thi 
EtCOO 
EtCOO 
PhO 
PhO 
PhCH, 
3,4-( MeO),C,H 

CHzCI2 
CICH2CH2CI 
CICH,CH,CI 
CH,CI, 
CICH2CH2CI 
I,2-CI2C,H, 
1,2-ClzC,H, 
l,2-C12C,H4 
CICH,CH2C1 

1 95 
3.5 85 
2 90 

0.5 90 
2 70 
2 30 
2 60" 
2 50" 
4 85 

"DBU was used instead of triethylamine. 
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Intramolecular sulphenyllactonization has been observedss5 when alkenoic acids are 
treated with dimethyl(methylthio)sulphonium fluoroborate and di(isopropy1)ethylamine 
in acetonitrile (equation 625). 

HzC=CH (CH*),,COOH ( i - P r  Ms,SSMe )2NEI ,  BF; RXo (625) 

MeCN, r .  I. MeS 

Alkenoic acid Time (h) Product Yield (%) 

CH,=CH(CH,),COOH 12 96 

@CH2COOH 36 Do 86 

Reaction of carboxylic acids with trimethylsilyl chloride affords ketene bis(trimethylsily1)- 
acetals (0-silylated enolate derivatives of carboxylic acids) which undergo zinc bromide 
catalysed alkylation with a-chloroalkyl phenyl sulphides to produces65 phenylthio y- and 
&lactones (equation 626). 

R'CH2COOH + Me3SiCI  - R'CH =C(OSiMe3)2 t  

SPh 

(626) 
Me3SiOCR2R3(CH2)nCHSPh 1 .  ZnBr t ,CHtCI2 ,  

2 0  OC,45 min 
2 . 2 M  HCI 

I 
CI 

R 3  
Yield (%) 

R' RZ R3 n = O  n = l  

Me H H 88 88 
Et H H 84 93  
Me Me H 81 90 
Et Me H 88 90 
Me - W z ) 5 - -  89 
Me Me n-Hex 75 

- 
- 
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The reaction may also be used to prepare"' trans-fused ring and trans-fused ring 
spiro &lactones (equation 627), and spiro y-lactones (equation 628). The conversion of 
all these phenylthio products to their u,b-unsaturated analogues has been discussed in 
Section *II.R. 

SP h 

l . Z n B r Z , C H z c I z  . &: 
2. 2 M HCI 

$ 

+ R C  H =C (OSi Me 3)2  
2 o o c , 4 5  min 

H H 

R = Me, 9 2 %  

CC;S: 1 e 

R =  E t ,  0 5 %  

(627) 

H 

2 0  OC, 4 5  min n-Hex ph& 

OSiMe3 

I I .  ZnBr,,CH,CI,, 
C(OSiMe3)2 t n-HexCMeCHSPh 

2. 2 M  HCI 
Me 

I 
CI 

05 % 

(628) 

Reactive (procedure A) or unreactive (procedure B) unsaturated dicarboxylic acids 
have been bislactonized by reactionss6 with lead tetraacetate or by reaction (procedure C) 
of their tetra(n-buty1)ammonium diacid salts with lead tetraacetate (equation 629). 
Although the reaction of the disalt (procedure C) is slower than the bislactonization of 
the free diacid (procedure A), the yields obtained using procedure C are in general higher. 
The mechanism proposed for this conversion involves initial Pb(IV) induced plumbol- 
actonization followed by either an S,2 or an SN1 displacement of lead, in the Pb(II1) 
monolactone intermediate, by oxygen leading to the bislactone final product. 

(629) 
solvent, temp 

Proadure A.BorC 
bislactone diacid + Ph(OAc), 

or salt 

Procedure A: free diacid + CHCI, + P ~ ( O A C ) ~  at 20-50 "C 
Procedure B: free diacid + MeCN + excess PqOAc), at 80 "C 
Procedure C: (n-Bu),N+ salts of diacid + MeCN +excess Ph(OAc), at 75-80°C 
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Substrate 
Procedure 

and conditions Product Yield (%) 

& COOH 

COOH 

HOOC% 

HOOC' CD H 

P C O O H  

I C / C O O H  

Hooc3 

L o  
99 + 
99 + 

A, 30 h, 23 "C 
C, 6h, 75°C 

A, 48 h, 50 "C 
C, 48 h, 75 "C 

I I  

1 - O  

68 
85 

1 - O  

71 
89 

A, 72 h, 23°C 
C, 30 h, 75 "C 

78 

o*o 98 

A, 60 h, 23 "C" 
C, 26 h, 75 "c" 

73 
86 

B, 50 h, 80 Tb 
C, 48 h, 80°C' 

H 

"This reaction afforded meso-bislactone stereospecifically. 
*Product was a I : I mixture of meso- and d,l-bislactone. 
'Product was a d,f-lactone with > 20: 1 stereoselectivity. 

*12. From carboxylic acid esters 

Base catalysed c y c l i ~ a t i o n ~ ~ ~  of cyclopentanone-3-methylene methyl carbonate 
produces the corresponding cis-fused ring ketolactone shown in equation (630) used as 
a synthon in the preparation of dihydro-, dehydro- and jasrnone. 

CH20C02Me H 
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N-Bromosuccinimide oxidation of dimethyl 2,6-dimethyl-4-(o-tolyl)-3,5-piperidine 
dicarboxylate converts one ester group to the vinylogous carbamate, which is then 
brominated on the C-2 methyl group to  produce the corresponding bromomethyl 
a,@-unsaturated diester, and finally, under the conditions of the reaction, cyclizes to the 
unsaturated fused-ring piperidinolactone productss8 (equation 63 1). 

I r e f l u x  
ti 

[MeOOC . . & j O M e  

B r C ti;‘* 
I 
ti 

Me 

,COOMe 

0 O& I ‘. ‘Me 

H 

3 5 % 

or 

H 

H 

2 0 010 

Treatment of cyclopropyl esters with trimethylsilyl iodide causes ring opening to  
produce the corresponding @-iodocarboxylic acids, which upon treatment with base 
cyclizes to produce889 the corresponding y-butyrolactones (equation 632) in excellent 
overall yields. Hydrogen chloride may also be usedE8’ to  produce lactones from 
cyclopropyl esters but in one step (equation 633), and this hydrogen chloride catalysed 
lactone formation allows the reversal of the regiochemistry of the lactone product 
obtained using trimethylsilyl iodide (equation 634). 

I 

K,CO,,THF, r s f l u x  
or 

COOH(Et) K2C038AgN0?.# 

(632) 
T H F ,  r s f l u x  
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% Yield % Yield 
Cyclopropyl ester iodo compound Lactone lactone" 

&COOEt 
R 

R = H  
R = n-Bu 

COOEl  @ 
R 

COOEt e 
R = H  
R = M e  

89 
100 

~~ 

R 

12' 
89 

96 82 

100 
14 

86 
89' 

"Overall yield consisting of TMSI opening (using 2-6 eq. of TMSI for 2-4 days) of the cyclopropyl 
ester followed by ring closure using K,CO, in refluxing THF for 1-4 days. 
'AgNO, plus K,CO, for 1-5 days to effect ring closure. 

heat 

COOEt Me 0 
(633) 

8 0 % 

Me 

.COOEt 

\ 

\ HCI 

Heat  

(634) 

Reaction of lithium enolates of methyl acetoacetate (equation 635) or methyl 3- 
oxohexadecanoate (equation 636) with a complex cationic enol ether-iron reagent 
produced8'' 3,4-disubstituted a-methylene y-lactones. 
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+ 

OLi 
I 1. THF, - 7  B0C, 0 .5  h 

BFi- + MeC=CHCOOMe 2, a d d l t i o n o l  iron . [ 
H2C=C-OEt complex,  2 h 

COOEt 

FP 

CH,CI,, -78OC 

HBF,, O.Sh Et,O, 
* 

[ p C H 2 [ ~ ~ H C 0 h l ]  COOMe - 2h,-7e°C Fp:i@O MeOOC 

Me 

8 5 V O  

r. t . ,  0 . 5 h  
MeOOC MeOOC‘ MeOOC 

Me Me Me 
t rons  cis 

9 1 (7 7 ‘/o 1 (635) 

OL i 
I toluene, 

-78% . 0Fa + n-C13H27C=CHCOOMe 
H 2C = C- 0 E t 

COOEt 

FP 

I 
COOEt 

CHCOC,  H27-n I E t20 
OEt COOMe -7eOc MeOOC 

3 3 ‘lo c13H27-” 

1.CHpCIz,-780C, HBF,, Et20 

2. Ms,CO, H,O 1 I rons:  cis= 2:1 

4 7 %  

f r o m  only 

(d,/-protolichesterinic ester) 
9 5 % 
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A one-step conversion ofpara-substituted phenols into y-lactones has been achieved''' 
by zinc chloride catalysed alkylation with methyl 2-chloro-2-(butylthio- or phenylthio-)- 
propionate or acetate followed by desulphurization (equation 637). 

COOMe I anh ZnCla. r . ~ ,  I h b y-lactones (637) 
phenol -t R'SCR2C1 CHZCIZ.MeNOZII I )  fused-ring 

R '  = n-Bu or Ph 

R 2 = H o r M e  

Phenol 
Chloro-thio 

substrate Product Yield ( x )  

&C+i2CH2COOR 

HO 

R = H  
R = M e  

44 
70 

CH2CH2COOMe 

HO 

&C H2CHZC OOMe 

no 

n-BuSCH(C1)COOMe 

o~ CH2CH2COOMs 

S E u - n  

CH2CH2COOMe 

n-BuSCH(C1)COOMe 

0 S E I - n  

PhS/ 'COOMS 

PhS' 'COOMe 

58 

n-Bus &CH2CH&OOMe 

- 
0 
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If the a-chlorosulphide functions are part of the substrate which also contains an ester 
group and an allylsilanyl moiety, an intramolecular condensation affording medium-sized 
lactones can be induced upon treatment892 with a Lewis acid (equation 638). 

E t A I C I Z  C H z C I z  eTSPh 
4 2 % 

Me3Si 

Lewis acid 

SnCI, 
TiCI, 
ZnCI, 
Et,AICI 
El AICI, 
EtAICI, 
EtAICI, 
EtAICI, 

Yield PA) 

18 
22 
23 
33 
34 
48 
48 
55 

A very similar intramolecular condensation has also been reported893 using 
w-haloalkyl 2-(phenylthiomethyl)benzoates upon treatment with the potassium salt of 
hexamethyldisilazane in tetrahydrofuran (equation 639). 

C02CHMe w C H z X  
(Me,Si),N K f  

THF,40°C,2h a c o 2 y e  
CHzSPh CH-CHz 

I 
SPh 
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Substrate Product Yield (%) 

Synthesis of lactones and lactams 

n = 7  
n = 8  
n = 5  

I 
SPh 

R = H  
R = Me0 

BPh 

75" 
71 

N.R. 

41 
40b 

"Upon treatment of this product with NaIO,, a quantitative yield is obtained of unsaturated Iactone 

bReaction of this product with Raney nickel in refluxing ethanol removes the phenylthio group and reduces the 
double bond to afford a 70% yield or the methoxy derivative of lasiodiplodin 

U 
'13. From acid halides 

By cyclocondensation of 2,2-dimethyl-2-sila-1,3-dithiacyclopentane with various 
diacid halides, macrocyclic tetrathiolactones can be prepared894 albeit in low yields 
(equation 640). 

HSCHzCH2SH + Me2SiCI2 - Me2Si 

n =  3j5j 7 j  8 

Yield(%)=38 ; 9 j14 j 18 
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Similar cyclocondensation of aromatic dicarboxylic acid chlorides with glycols or 
thioglycols affordss95 novel crown ether-lactones and -thiolactones but also in low yields 
(equation 641). 

m=O,S 

Diacid 
chloride 

Glycol or 
t hioglycol 

L 

Product 

4 COCl 

'COCl 

J m  

Yield (%) 

31 
26 

23 

70 

48 

46 

< 10 
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& + I  NHC 02CH2Ph - ‘gH6 A 
FOCCHCH2C H2COF 

Ph3Sn0 OSnPh3 

o+Lo 
N H C OeC H 2 P h 

6 6 O/o 

RNH 
I 

C H 2 C  HCOF 
I 
S 

+ I  
S 
I 

C6H6 
___) 

OSnPh3 CH2CHCOF 
I 

RN H 
RNH 

Ph3Sn0 

R =  C02CH2Ph ; COzCH,C,H, N 0 2 - p  

Y i e l d ( % ) =  57 ; 48 
(643) 

1 .  THF-HMPA 
R’C H,, 

/c=c=c cs2 ih,-50°c * + 

Me 2 st l r  i h ,  25oC 

Ri CHz\ 

Me/F-C=CH 
CSSAg. 2LiBr 

8 0 - 95 % 

R’ = i - P r ;  n-Bu;t-Bu; t -Bu 

E = H ;  H ;  H ;  D (644) 
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Macrocyclic lactonolactams have been reportedly prepareds96 by the cyclization of 

Chiral macrocyclic dilactones containing L-glutamic acid or L-cystine moieties have 
the appropriate oxa diamines and dicarboxylic acid chlorides (equation 642). 

also been synthesizeds9' in good yields by a tin 'template-driven' process (equation 643). 

*14.  From miscellaneous reagents 

1,4-Addition ofalkylsilver(J) reagents to conjugated enynes produces the corresponding 
allenylsilver(I) products which react with carbon disulphide in a mixture of tetra- 
hydrofuran and hexamethylphosphoric triamide to produce silver(J) 3-alkylnedithioate 
intermediates. These intermediates spontaneously cyclize to give the corresponding p,y- 
unsaturated y-dithiolactones (equation 644). This method is limited to the production 
of dithiolactones which bear two substituents on the y-carbon. Allenyllithium compounds 
may also be employed898 as starting materials for this reaction (equation 645). 

Me 

i -PrCHp /H I .  2 . A g B r . 2 L i B r  cs, i - p r c H 2 b  (645) 
S 

3. H30+ 

/ 
Me 

NOH, DME 

U 

80 % 

n= 4 j 5 j 6 ;lo 

Yield (%) = 92 j 90; 95; 91 

n =  4 ;  5 j  6j10 

Yield ("A)= 78j76;81j75 
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Reductive isomerization of 2-(3-hydroxypropyl)-2-nitrocycloalkanones in refluxing 
dimethoxyethane containing sodium hydride causes ring expansion and production899 
of macrocyclic nitro lactones (equation 646). Oxidation899 of these lactones in refluxing 
acetonitrile containing triethylamine and ceric ammonium nitrate can be accomplished 
in two days to  produce the corresponding keto lactones (equation 647). 

Using a hetero-Diels-Alder reaction between aldehydes and l,l-dimethoxy-3-tri- 
methylsiloxy- 1,:-butadiene producesgo0 6-substituted-2-methoxy-5,6-dihydro-y-pyrones, 
which can be subsequently hydrolysed with dilute hychochloric acid in refluxing benzene 
to  afford the corresponding substituted 3-0x0-6-lactones in high yields (equation 648). 

s t i r  r t ,48 h 

k 0 . e  + RCHO 

Me3SiO Me3Si0 R 

h R  

dil  HCI  

C&Is, r e f l u x  

R 0 

Yield (%) 

R Pyrone Lactone 

COOMe 
Ph 
i-Pr 
CH=CHMe 
(trans) 
CMe=CHCI 
(trans) 

13" 
85 
69 
I0 

87 

78 
95 
89 
93 

90 

"NaEu(fod), catalyst used. 

Most examples of the conversion of lactams into lactones which have appeared recently 
have had an epoxide ring as a reactive function. Thus, treatments00*90' of lactams 
containing an epoxide substituent in the 3-position with methanesulphonic acid in 
benzene under reflux afforded 2-( l-anilinomethyl)but-2-enolides (equation 649). 
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R' R2 R 3  Product Yield (%) Reference 

Synthesis of lactones and lactams 

R' CHIR'lNHPh kL0 65 800 Me H H 

Me 
Ph 
Ph 

H n-Pr 
H H 
H Me 

53 
70 
54 

90 1 
800 
901 

CH2NHPh a. H 2s 800 

CHlR3]NHPh 

W0 H 7s 800 

62 
5s 

90 1 
90 1 

Me 
n-Pr 

M E  a:Hph H 78 800 

H 800 7s 

Ph Me H 800 4s 

Me 
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Another way in which an epoxide ring interacted with a lactam to produce a lactone 

A rather interesting lactam-to-lactone conversion has been reportedgo3 when 
is illustratedgo2 in equation (650). 

a-oxocaprolactam 0-phenyloxime is treated with hydrochloric acid (equation 65 1).  

*Ill. SYNTHESIS OF LACTAMS 

Since 1976 a large number of both general and specific review articles concerning lactams 
have been published. 

By far the largest number of review articles published dealing with lactams have been 
concerned with their synthesis. Topics reviewed include: strategy and design in 
synthesisgo4, the synthesis of the 8-lactam f ~ n c t i o n ~ ~ ~ - ~ ~ ~ ,  stereochemical study of 
lactamsgo9, the stereoselective synthesis of  c lac tam^^'^, stereospecific construction of 
chiral 8-lactamsg1 saturated heterocyclic ring synthesis912, the synthesis of a-methylene 
lactamsgl ’, manipulation and transformation of penicillins to a ~ e t i d i n o n e s ~ ~ ~ . ~ ” ,  the 
synthesis of medium ring and macrocyclic l a ~ t a m s ~ ~ ’ ,  synthesis of novel bicyclic 8-lactam 
derivatives91fi, synthesis and study of the structure of cyclopeptides and cyclic 
dilactams” ’, prominent aspects ofelectroorganic synthesis in /?-lactam chemistry918, new 
reagents and methods for the synthesis of peptides, p-lactams and  oligonucleotide^^^^^, 
syntheses and uses of azetidinium stereocontrolled annelation of imines to 
enantiomeric /l-lactamsg2’, convenient stereoselective synthesis of isocephalosporins 
from threoninegz2, p-lactam synthesis from 2-pyridone photo isomer^^^^ and the 
synthesis of novel fused 8-lactams by intramolecular 1,3-dipolar c y c l o a d d i t i ~ n s ~ ~ ~ .  

One subset of the published reviews concerned with the synthesis of lactams is 
composed of those articles which deal with the preparation of antibiotics which contain 
8-lactam functions. In addition to  the articles on the development of 8-lactams as 
 antibiotic^^^^-^^', their and historyg4’ as well as similar publications 
reviewing cephalosporins, penicillins and other /3-lactams943-947 which have appeared 
in print since 1976, several more specific review articles have been published. These 
articles discuss: 8-lactamase and the new f i - l a ~ t a m s ~ ~ ~ ,  lactam analogues of cardioactive 
steroid lac tone^^^^, aminoglycoside and the 8-lactam antibioticsgs0, the stereospe~ific~” 
and enantioselective synthesisgs2 of 8-lactam antibiotics, the synthesis of 4-mercapto- 
azetidinones and their application to the preparation of 8-lactam  antibiotic^^^^.^^^ 
synthetic studies related to oral p-lactam antibioticsgs5, some synthetic approaches to  
analogues of the p-lactam antibioticsgs6, hydroxamate approach to the synthesis of 
p-lactam antibioticsgs7, slightly water-soluble salts of 8-lactam antibioticsgs8, 8-lactam 
antibiotics by fermentation and s y n t h e s i ~ ~ ~ ~ * ~ ~ ~ ,  general and stereocontrolled synthesis 
of carbapenem antibioticsg6’, partial synthesis of nuclear analogues of c e p h a l o s p ~ r i n s ~ ~ ~ ,  
total synthesis of penicillins, cephalosporins and their nuclear analoguesgfi3 and the total 
synthesis of penem FCE 22iOi964. 

Recent review articles which deal with the chemistry and reactions of lactams have 
included: an application of 8-lactams to the syntheses of heterocyclic compounds96s, 
sulphur-containing heterocycles in new synthetic strategies for chiral 8-lactam 
antibiotics966, novel synthetic approaches to  the biologically active heterocyclesg6’, 
expeditious synthesis of azetidinone-1-sulphonates and selected alternatively-activated 
analogues968, chemistry of monobactams in comparison with c e p h a l o s p ~ r i n s ~ ~ ~ ,  recent 
developments in the chemistry of p-lactam  antibiotic^^^^-^^^, studies related to 8-lactam 
 compound^^^^*^^^, structure, mechanism of action and therapeutic potential of 
monobactam  antibiotic^^^^.^^^, the chemistry of S-enaminolactamsgB2, chemical modifi- 
cations of the 8-lactam ring of penicillins and cephalosporinsgs3, advances in the 
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chemistry of acetals of acid amides and lac tarn^^'^ and a-methoxylation of /?-lactams 
by e l ec t ro~x ida t ion~~~ .  

Only one review article986 has appeared which deals with the biosynthesis of lactams 
and it discusses the industrial production, biosynthesis, bacterial enzymic inactivation, 
structure-activity relationships and allergic reactions to the /?-lactam antibiotics. 

Since p-lactam antibiotics comprise one of the more important classes of lactams, it 
is not surprising to find that most of the review articles published since 1976 which deal 
with naturally occurring lactams are concerned with the antibiotic b-lactams. The topics 
reviewed include: naturally occurring  la lac tam^^'^, new naturally occurring /?-lactam 
antibiotics and related compounds988, B-lactam antibiotics, other sulphur-containing 
natural products and related compounds98g and synthesis in the field of natural products 
of biological relevance990. 

Finally, several review articles dealing with the polymerization of lactams have 
appeared in press since 1976. These articles discuss: the thermodynamics and kinetics 
of lactam polymeri~ation~~' ,  the polymerizability of lac tarn^^^^, the mechanism of lactam 
p o l y m e r i ~ a t i o n ~ ~ ~ ,  the capacity of lactams for polymerization in relation to their 
structure994, recent progress in the polymerization of lac tarn^^^^ and promoters of the 
anionic polymerization of I a ~ t a m s ~ ~ ~ .  

7 .  Nomenclature 

The nomenclature of lactams has been reviewedgg7, and a new nomenclature has been 
proposed998 which reportedly provides a convenient stereo-description of the diverse 
types of fused /?-lactams which have appeared in the literature. 

"A. By Ring-closure Reactions (Chemical) 

' 1 .  From amino acids and related compounds 

Organic molecules containing a carboxylic acid or ester function and an appropriately 
positioned amino group have been treated with a variety of reagents to cause intra- 
molecular cyclization resulting in lactam formation. 

( 7 6 )  ( 7 8 )  

H 

-.,'y , 'H 

9 P h C H ,02C N H 
CJHJN 

CH2H C 0 2 M e  1 2 - 1 5 h  

C 'C02Me 
I 

PhCH202CNHY"COpC H 2 P h  
H 

( 7 7 )  
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Bases are one variety of reagents which have been used to  effect the above reaction, 
as examplified by the formationgg9 of the bicyclic lactams 78 and 79 from the substitued 
thiazolidines 76 and 77 upon treatment with pyridine (equation 652). 

Treatment of N"-(t-butoxycarbonyl)-Nd-(carboxymethyl)ornithine with dimethylform- 
amide produces'000 (S)-3-[(t-butoxycarbonyl)amino]-2-oxo-1-piperidineacetic acid 
(equation 653, n = 1). A similar reaction occurs with the homologous methyl ester using 
triethylamine (equation 653). 

II 
0 

Method 0: DMF, s t i r  5 5 " C ,  2h; 
b: MeCN, NEt,, reflux 3 days 

R = H  ; M e  

n = 1  j 2 

Yield (%)=94j 25 

M e t h o d = a  j b 

(653) 

Another reagent used to catalyse the cyclization of amino acids is methanesulphonyl 
chloride. When used as a condensing agent in the presence of a phase transfer catalyst 
and a base, this reagent effects cyclization of a variety of N-substituted amino acids to 
the corresponding N-substituted 8-lactams (equation 654). 

R3 

. (654) 
CHCI,,  KHCO,, 

R'NHCHR2CHR3C02H -+ MeS02CI  
H 2 0 , s t i r ,  
phase  transfer cat .  0 

R '  
Configuration 

R 2  R 3  Cat" c - 4  Reference 
~~ ~ 

H 
H 
H 
H 
H 
H 
Me 
PhCHMe 
PhCHMe 
PhCHMe 
PhCHMe 
PhCHMe 
PhCHMe 

Me 
Me 
Me 
n-Pr 
Ph 
M e 0 , C  
H 
Me 
n-Pr 
i-Pr 
Ph 
CH,CH,OCH,OMe 
CH,CO,Me 

c-Hex 
PhCH, 
n-Hex 
PhCH, 
PhCH, 
PhCH, 
PhCH, 
H 
H 
H 
H 
H 
H 

A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 

- 
R & S  

R 
S 
S 

R & S  
R 

1001 
1001 
1001 
1001 
1001 
1001 
1001 
1002 
1002 
1002 
1002 
1002 
1002 

"A = Et,fi HSO;: B = (n-Bu),$ HSO; 
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Organometallic mediated cyclization of N-substituted amino acid esters has been 
employed to prepare a variety of p-lactams. The general reaction describing this approach 
is illustrated in equation 655, while the specific details are reported in Table 41. 

The recent literature shows a marked increase in the use of phosphorus reagents to 
effect cyclization of amino acids to lactams. Interestingly, almost all of the phosphorus 
reagents employed either contain, or are used in conjunction with, reagents that contain, 
sulphur atoms. Thus, treatment of w-amino acids with phosphorus pentasulphide 
produces"' thiolactams (equation 656). 

p 2 s 5  
H ~ N C H R ~ C H R ' C H ~ C O O H  reflux-- 

R' = H, p-CIC6H4 

R Z =  H ,  Me 

H 

Treatment of 3-(N-benzylamino)propionic acid with phenyl[bis(2-0~0-3-thiazolidinyl)]- 
phosphine oxide in the presence of triethylamine affords"" a good yield of N-benzyl- 
2-azetidinone (equation 657). 

PhCH2NHCH2C H2COOH t 
S Ki N-P- 

Ph 

N K 
US 

NEt3, MeCN 

re f l ux  1 h 

CH2Ph 

7 3 */.a 

(657) 

Reaction of w-aminocarboxylic acids with o-nitrophenyl thiocyanate and tri-n-butyl- 
phosphine in dimethylformamide causes intramolecular cyclization and formation of 5,6- 
or 7-membered lactams depending upon the structure of the amino acid employed 
(equation 658).L012 The of this conversion involves reaction of the 
o-nitrophenyl thiocyanate with the phosphine to produce a thiaphosphonium cyanide, 
which then reacts with the amino acid to produce an acyl intermediate. This intermediate 
finally undergoes intramolecular cyclization, with elimination of tri-n-butylphosphine 
oxide, producing the !actam (equation 659). 
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n Time (h) Yield (%) 

3 
4 
5 

19 
22 
23 

88 
73 
97 

1 -  H 

(659) 

Of the phosphorus reagents employed recently to effect lactam formation by intra- 
molecular cyclization of amino acids, triphenylphosphine and 2,2’-dipyridyl disulphide in 
acetonitrile have seen the most extensive use. Most of the reactions r e p ~ r t e d ’ ~ ~ ~ ~ ~ ~ ~ .  
1013-1016  have used this mixture of reagents to prepare substituted p-lactams (equation 
660 and Table 42), but larger ring lac tam^'^'^ (equation 661), and bicyclic lac- 
t a m s ~ c i s - ~ o z ~  (equation 662 and Table 43) have also been prepared using this approach. 

Ph3P, s o l v e n t ,  
Ph3P0 + 

t e m p  , l i m e  

H 

M e C N ,  r e f l u x  

(94  % )  

H2N(CH&N(Me )CH( Ph)CH2COOH 

EtO,CCI, NEt,. DMF 

- 1 5 O  C ( 2 2 “/o ) 
(66 1) 



T
A

B
L

E
 4

2.
 P

re
pa

ra
ti

on
 o

f 
p-

la
ct

am
s 

fr
om

 a
m

in
o 

ac
id

s 
us

in
g 

tr
ip

he
ny

lp
ho

sp
hi

ne
 a

nd
 2

,Z
'-d

ip
yr

id
yl

 d
is

ul
ph

id
e 

C
on

fi
gu

ra
ti

on
 

of
 

R
' 

R
2 

R
' 

So
lv

en
t 

T
em

p.
("

C
) 

T
im

e(
h)

 
am

in
o 

ac
id

 
Y

ie
ld

 (%
) 

R
ef

er
en

ce
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
O

C
H

,C
H

, 
P

hC
H

, 
P

hC
H

, 
H

 
H

 
H

 
P

hC
H

, 
P

hC
H

, 

H
 

C
H

,C
O

O
M

e 
C

H
,C

O
O

M
e 

C
H

,C
O

O
M

e 
Ph

 
Ph

 
Ph

 
Ph

 
H

 
H

 
H

 
H

 
M

e 
C

H
,O

Si
M

e,
(B

u-
t)

 
C

H
,O

Si
M

e,
(B

u-
t)

 
E

t 
C

H
,C

H
 ,O

C
H

 , P
h 

C
H

,C
H

,O
C

H
,P

h 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

H
 

N
H

, 
(t

-B
u)

M
e,

Si
O

C
H

M
e 

H
 

H
 

H
 

E
t 

M
e,

C
(O

H
) 

P
hC

H
,O

,C
N

H
 

M
e 

i-
Pr

 

M
eC

N
 

M
eC

N
 

M
eC

N
" 

M
eC

N
 

M
eC

N
 

D
M

F
 

C
H

,C
I,

 
M

eN
O

, 
M

eC
N

 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

M
eC

N
 

b 
-
 

55
 

55
 

70
 

re
fl

ux
 

55
-r

ef
lu

x 
55

 
re

fl
ux

 
re

fl
ux

 
re

fl
ux

 

re
fl

ux
 

re
fl

ux
 

re
flu

x 
80

 
80

 
re

fl
ux

 

b 
-
 b b 

-
 

-
 

24
 

12
 

12
 

4.
5 

4.
5 

4.
5 

4.
5 

5.5
 

4.
5 

4.
5 

4.
5 

4.
0 

4.
0 

18
.0

 

b 
-
 b 

-
 b b 

-
 

-
 

-
 

S R
 R
S

 
R

S
 

R
S

 
R

S
 

R
S

 
R

S b 
-
 

-
 

-
 

R
S

 
R

S
 

R
S

 b b b 

-
 

-
 

-
 

39
 

84
 

86
 

82
 

34
-9

7'
 

9 tr
ac

e 
26

 
56

 
87

 
68

 
44

-9
 I

' 
96

 
5I

d 
17

' 
50

* 
89

g 
88

h 

10
13

 
10

13
 

10
14

 
10

13
 

10
13

 
10

13
 

10
13

 
10

13
 

10
13

 
10

15
 

10
13

 
10

13
 

10
13

 
79

8 
79

8 
10

16
 

10
06

 
10

06
 

"T
he

 re
ag

en
ts

 u
se

d 
w

er
e 

tr
ip

he
ny

lp
ho

sp
hi

ne
, 2

-m
er

ca
pt

op
yr

id
in

e 
an

d 
m

an
ga

ne
se

 d
io

xi
de

. 
bU

ns
pe

ci
fi

ed
. 

'E
xa

ct
 y

ie
ld

 d
ep

en
de

nt
 u

po
n 

th
e 

ra
tio

 o
f 

re
ac

ta
nt

s 
us

ed
. 

d
A

 4:
 I 
ci
s:
rr
un
s 

m
ix

tu
re

 o
r 

pr
od

uc
ts

 w
as

 o
bt

ai
ne

d.
 

'O
nl

y 
th

e 
ci

s 
pr

od
uc

t 
w

as
 o

bt
ai

ne
d.

 
'O

nl
y 

th
e 

fr
un

s 
pr

od
uc

t 
w

as
 o

bt
ai

ne
d.

 
g

A
 6

: I 
tr

un
.s

:c
is

 m
ix

tu
re

 o
f 

pr
od

uc
ts

 w
as

 o
bt

ai
ne

d.
 

'A
 9

: 1
 r

ru
ns

:c
is

 m
ix

tu
re

 o
r 

pr
od

uc
ts

 w
as

 o
bt

ai
ne

d.
 



406 Synthesis of lactones and lactams 

TABLE 43. Preparation of bicyclic /I-lactams from amino acids using triphenylphosphine and 
2,2’-dipyridyl disulphide 

I 

~ ~ 

Starting Material Conditions Product Yields(?{,) Reference 

ti 

A;- CHZCHZ COOH 

H 

COZBu-t  

H 

20°C. stir 3 h p H  

20°C. stir 3 h i--’I-. 
C02Eu- f 

ex0  

0 C02Bu- f 

ando 

H 

C 0 2 M s  

reflux 8 h 

H 

reflux 

0 

58-91 1018. I019 

55-75 1018.1019 

52 I020 

- 1021 

, (CH2),,,(S OOH 

or or 

(C ti2),,, C 00 H 

(CH2), z -  
NH2 

(C ti2),,, C 00 H 

(CH2), z -  
NH2 

MeCN MeCN 

In a study of the stereoselectivity resulting from the cyclization of thrro-8-amino acid 
derivatives, /I-aminothiol esters were also convertedlDo6 to p-lactams using 
triphenylphosphine and 2,Z‘-dipyridyl disulphide in acetonitrile (equation 663). 
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f" iosph 
R '  C H - C H C H R ~  

I 
I 

NHCH2Ph 

Ph,P, M e C N  - 
R' R2 Yield (%) Selectivity (%) 

~~ ~~ 

Me CH,CH,OCH,Ph 12 88" 
Me CH=CHPh (trans) 43 92' 
Me C=CH 16 89" 
Et C-CH 19 17' 

"The stereochemistry of the major product was determined by conversion 
to a bicyclic lactam 

Me 

bThe stereochemistry of the major product was determined by conversion 
to an ene lactam 

An exampleLoo2 of a phosphorus reagent which does not contain a sulphur atom, but 
which has been used to produce @-lactams from @-amino acids, is benzotriazol-l- 
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOP). Although this 
reagent does not contain a sulphur atom, the starting materials used in conjunction with 
this reagent d o  all themselves contain a sulphur atom. Thus, treatment of a mixture of 
cis and trans isomers of 2-(5-acetyl-3,6-dihydro[2H]thiazine-1,3-yl-2)-o-carboxybenza- 
mido-2-propionic acid with BOP produces"" a corresponding cis,trans mixture of 
3-acetyl-7-methyl-7-phthalirnidocephem (equation 664). This same conversion was also 
reportedIo2' to  occur using dicyclohexylcarbodiimide (DCCD) (equation 664). 

One of the mildest condensing agents used to convert @-amino acids to @-lactams is 
2-chloro-1-methylpyridinium iodide. Used in conjunction with triethylamine, this reagent 
has been e m p l ~ y e d ' " ~ ~ - ~ ~ ' ~  to produce N-substituted and unsubstituted @-lactams from 
the corresponding amino acids (equation 665 and Table 44). 
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CH,CI,, r.t.  

s t i r 4  h ,  

N N ~ , N O P ( N M ~ Z ) ~  R +  
P F i  

C O M e  
3- 

COMe 
COOH COOH 

or 

CH,CI,, DCCD, 
st i r  r . t . ,  

7 2  h 

c is  ( 6 R S ,  7 R S )  
m a j o r  product 

Et,N, s o l v e n t  . R3wR2 
conditions 

Qc, I -  0 kN\,, 
R'NHCHR2CHR3COOH + 

+r 
Me 

(665) 

Tin mediated internal condensation of o-aminocarboxylic acids has been 
r e p ~ r t e d ~ ~ ~ . " ' ~  to produce monocyclic lactams, containing from 5 to 13 members, in 
acceptable yields (equation 666). The tin reagent of choice for these reactions appears to  
be di(n-butyl)tin oxide, and it can be used to produceloZ6 bicyclic as well monocyclic 
lactams (equation 667). The mechanism of these condensations is reported773 to involve 
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R,SnO 

( C G  1 (666) 
N H  

aolvent ,  ret lux 
H2N(CH2),COOH + (n -Bu)2Sn0  

t i m e  

n Solvent Time (h) Yield PA) Reference 

3 xylene 12 95 773,1026 
4 xylene 12 95 773,1026 
5 xylene 20,12 95 773.1026 
6 mesitylene 6 8 1026 
7 mesit ylene 6 0 1026 

10 mesitylene 24 22 113 
1 1  mesitylene 24 25 773 

(R,Sn),O 1 
I+N(CH2), COOH 

I 

- R,SnO 

(81) 

SCHEME 8 
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(Scheme 8) the reaction of the amino acid and the organotin oxide to produce a reactive 
stannylated 80 or 81, with subsequent release of the tin reagent by a temperature-driven 
extrusion process. This same mechanism has been reported earlier to describe the 
formation of lactones from hydroxycarboxylic acids and di(n-butyl)tin oxide. 

An interesting preparation of lactams involves the cyclization of w-amino acids 
facilitated by y-butyro la~tone’~~’  (equation 668). It appears that in the course of this 
reaction a depsipeptide is formed as an intermediate. 

toluene 
H2N(CH2),COOH + 

7 C  //O 
[HO(CHZ ),CONH(CH,),COOH] - (CH2), I - NH 

n= 3,4,5 

w-Amino acids and their tetra(n-buty1)ammonium salts have also been cyclized to 
their corresponding macrocylic lactams’028 by using catecholborane in the presence of 
pyridine when amino acids were the starting materials (equation 669), and by using 
B-chlorocatecholborane in the presence of pyridine when amino acid ammonium salts 
were the starting materials (equation 670). Lactam dimer formation was not observed 
with the latter procedure. 

Cyclodehydration of y-, 6- and E-amino acids to produce their corresponding lactams 
has been accomplished’029 by the action of alumina or silica gel in boiling toluene 
(equation 671) with the aid of a Dean-Stark trap. 

n Monomer yield (%) Dimer yield PA) 

3 
5 
6 
7 

1 1  
12 
14 

95 
85 
6 

6 
9 

13 

- 

- 

18 
10 
25 
22 
17 
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n= 6; 12;15 

Yield(%)= 6 5 ,  15, 17 

(67 1) 
tolune 

Dean-Stark 
w-amino acid + alumina or silica gel - lactam 

Amino Acid Time(h) Support Lactam product Yield(%,) 

H,N(CH,),COOH 

( +)HOOCCH(NH,)(CH,),COOH 

(k)H,NCH,CHCH,COOH 
I 

C6H4CI-p 

(k)H,NCH,CH(OH)CH,COOH 

( f )MeCH(NH,)(CH,),COOH 

H,N(CH,),COOH 

( k)H ,N(CH ,),CHCOOHd 
I 

NH,.HCI 

24 

5 

5 

5 
4 

24 

72 

24 
5 

24 

24 

24 

24 

5.5 

24 

1.5 

1 .5 
24 

none 

(neutral) 

(basic) 
SiO, 

Florid 
none 

AI,O," 

none 

none 

AI,03" 

AI,03' 

none 

none 

A1203 
(neutral) 

SiO, 
none 

< I  

97 

95 

97 
70 
0 

63' 

5 
88 
0 

38 

26 

6 

93 

49 

76 

99 
0 
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Amino Acid T i m e ( h )  Support Lactam product  Yield(%) 

3 

H,N(CH,),COOH 24 

H,N(CH,),COOH 6 

6 

6 

20-24 

6 
20 

( k )H ,N(CH,),CHCOOHd 24 

N H ,.HCI 
I 

24 

6 

6 

20 
44 

6 

n o n e  

A1203 
(basic) 

(acid) 

(neutral)  

(neutral)  
SiO, 
SiO, 
none 

A1203 

(basic) 

(neutral)  
A1203 

A1203 
SiO, 

0 - 

32 Qo 
5 0  

53 

82 

8 2  
75  
0 - 

a:‘ 70 

25 

21’ 

719 
90h 
31 

- 
“ A  3: I toluene-pyridine mixture was used as solvent, 
bRacemization (4%) occurred during cyclodehydration of the optically active glutamic acid. 
‘A water-Al,O, (1.6) mixture was used. 
dAn equivalent amount of concentrated aqueous sodium hydroxide was used to free the amino acid and an extra 
quantity of solid support was used to absorb the added water and to  facilitate stirring and disgregation of the 
cake initially formed. 
‘Racemization (75%) occurred during cyclodehydration of the optically active ornithine. 
’Racemization (26%) occurred during cyclodehydration of the optically active lysine. 
’Racemization (41%) occurred during cyclodehydration of the optically active lysine. 
“Racemization (74%) occurred during cyclodehydration of the optically active lysine. 

Treatment of amino acids or their hydrochloride salts with hexamethyldisilazane 
produces the corresponding trirnethylsilyl amino esters, which upon reflux in xylene or 
acetonitrile, followed by dilution with methanol or ethanol and evaporation, causes 
exo-trigonal ring closure and formation1030 of the corresponding y-6- or d a c t a m s  
(equation 672). This one-pot procedure produces the lactarns stereoselectively and in 
excellent yields. 

In at least one referenceIo3’ cyanuric chloride in the presence of triethylamine has 
been used to convert N-substituted /%amino acids to the corresponding N-substituted 
8-lactams (equation 673). 



(672) 
1 .  Method A or E, ro lvent  

H2 N (CH 2 I n  CO2 H + ( Me 3s i 12 N H 
reflux 

2 . d i l u t e  with MeOH or 

E ?OH 

3. evaporate 

Method A: refluxing a mixture of the amino acid with hexamethyldisilazane in xylene. 
Method B: refluxing a mixture of the hydrochloride salt of an amino acid with 

hexamethyldisilazane in acetonitrile. 

Amino acid Time(h) Method Product Yields(%) 

H ,N(CH ,),COOH 

S-( +)HOOCCH(NH,)(CH 2)ZCOOH 

RS-HzNCH,CH(OH)CH2COOH 

R-( -)H,NCH,CH(OH)CH,COOH 

S-( -)H,NCH,CH(OH)CH,COOH 

RS-H 2N(CH 2)2CHCOOH 
I 
NH 2 '  HCI 

H ,N(CH ,),COOH 

S-( + )H,N(CH,),CHCOOH 
I 
NH,.HCI 

H,N(CH,),COOH 

S-( + )H,N(CH Z)4CH( NH2)COOH 

6 A 

H 

H 

48 B 

4 A 

48 B 

48 A cx, 
48 A 

"Isolated as the dicyclohexylamine salt. 
bProduct is the 4-trimethylsilyloxy derivative: desilylation achieved using MeCN. H,O and HCI 
'The hydrochloride and the (RS)-3-(p-toluenesuIphonamido)-2-pyrrolidinone were both prepared. 
dThe hydrochloride and the (S)-3-(p-toluenesulphonamido)-2-piperidinone were both prepared. 

87 

93" 

93b 

89b 

83' 

95' 

95 

9Id 

75 

8 2' 

'The hydrochloride, (S)-a-(p-toluenesulphonamido)caprolactam and the salt of (S)-z-amino-&-caprolactam with 
(S)-pyroglutamic acid were all prepared. 



2. Appendix 

R '  N H CH R'C H ~ C O O H  + 

to 'The synthesis of lactones and lactams' 415 

R2 

0 R R I  

EtsN, DMF 

CH,CI, 

r . t . , 4 h  

CI 
5 6 -  90% 

R 1 = P h C H 2 ,  n-Bu, n - P e n t , n - H e x ,  c-Hex 

R2=  M e ,  Ph 

Reaction of a a-chlorovinyl sulphone with an o-methylaminothiocarboxylic acid 
produces an activated acid ester which, upon heating in toluene, affords'032 a 
15-membered lactam sulphide (equation 674). 

H 
\ / c=c 

DMF, Ef,N, 

r .  t., 3 0 m i n  

H' '02C(CH2 ),oS 

Me 

6 2 .  2 '10 

(674) 

Ethylation of L-ornithine (2,5-diaminopentanoic acid) followed by cyclization has been 
reported to produce'033 S-aminopiperidinone, but the details of the reaction are not 
given (equation 675). 

H2N(CH2)3  CH( NH2)CooH 1. 2. ethylation c Y c  ( i  tion H2Nn (675) 
0 

H 

Excellent yields of saturated 5- ,  6- and 7-membered lactams have been obtained'034 
by hydrogenation of cyanoalkanoates over a catalyst containing ruthenium and/or iron 
producing intermediate amino esters which then cyclize under the conditions of the 
reaction. An example of this procedure is shown in equation (676) for the preparation 
of pyrrolidone. 
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. Fs C la. 6 H,O, 

RuCI,. H20, 
NC(CH2)2COOMe + H2 

NoOH, 2 5 O o C ,  H 

3 h  
9 9 % 

A similar reaction, but one which utilizes the cyano group as the source of the carbonyl 
function, is preparation1035 of E-caprolactam from 6-aminocapronitrile in the presence 
of Porasil A (equation 677). 

Base catalysed cyclization of the N-benzyloxycarbonyl protected aldol products 
obtained from 3-(3-aminopropanoyl)thiazolidine-2-thione and a variety of aldehydes 
producesloZ5 a novel mixed lactam-thiolactam (equation 678). 

COOCH2Ph 

(678) 
R = Me, Ph,  Ph(CH2)2, n- Pent 

Recently, a variety of condensation reactions have been used to produce N-substituted 
lactams from N-unsubstituted amino acids. One example of this approach to the 
preparation1036-’038 of /&lactams has been the four-site condensation of an amino acid, 
an aldehyde and an isocyanide (equation 679 and Table 45). 

H2NCHR’CHR‘COOH + R3CH0 + R4NC 1 0 h - 3 d a y r  r.t., s t i  r - 0 RLL::,,,,,,R4 
(679) 

Reaction of N-unsubstituted amino acid esters with cyclopropanone affords the 
corresponding N-( I-hydroxycyclopropan- I-yl) substituted amino acid ester, which upon 
reaction with tert-butyl hypochlorite produces an intermediate N-chloroamino ester. 
Further treatment of this intermediate with silver nitrate produces N-substituted 
b-lactams. These steps collectively are referred to as the N-chlorocarbinolamine method 
of 8-lactam preparation and this method has been used in the recent literature 
(equation 680) to produce several 8-lactams. 
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TABLE 45. Preparation of /I-lactams via four-component condensations 

R’ R2 R 3  R 4  Yield (x,) Reference 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
p-O,NC,H4CH,OCO 
HOCH, 
HOCH, 

H i-Pr 
H i-Pr 
H H  
H i-Pr 
H HOCH, 
H CICH, 
H (MeCO),CH 

H MeCO 
H PhCHzOCO 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H O  
H 
N3 
N3 

ti 

2-Fu 
Ph 
p-MeOC,H, 
p-MeOC,H, 
p-MeOC,H, 
p-MeOC,H, 
p-MeOCH,C,H, 
p-PhCH20C,H4 
p-CIC,H, 
P-OZ NC6 4 

m-O,NC,H, 
3,4,5-(MeO),C,H, 
Ph 
O H C H ,  
H 
(EtO),CH 

o - N ~ C ~ H . ~  
o-PhCH 20C,H4 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 

Ph,CH 

Ph,CH 
Ph,CH 
II-BU 
I-Bu 
C - H P . Y  

Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
Ph,CH 
P-O Z N C 6  4 

P-O 2 NC6 4 

- 
20 
54 
48 
30 
48 
20 
33 

29 

27 
49 
50 
51 
51 
50 
47 
36 
35 
31 
31 
58 
44 
49“ 
956 
93‘ 

1036 
1036 
1037 
1037 
1037 
1037 
1037 
1037 
1037 

1037 

1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1037 
1038 
1038 

“Yield is made up of 32% of one isomer and 17% of another 
’Product obtained is exclusively cis. 
‘Product is a I:l diaslereoisorneric mixture of the cis isomer. 

E t 2 0 ,  N2,-7E0C 

CH,CI,, 1 h 
0 -I- H2NCR’R2C02R3 

I-BuOCl,NaHCO, 

s t i r - l O 0 C , 4 0  min 
. 

1 .  ApNO,, MaCN 

2. s t i r  NH,OH r .  t . ,  1.5 h 

p\CR1RzCOOR3 0 

[ ~ N ~ C l ~ C R ’ R 2 C O z R 3  1 
R1=p-MeOCGH, ; p - P h C H 2 0 C 6 H 4 ;  p-PhCH,OC,H, 

R2= H i  H i C02Me 

R3= E t  j PhCH2 j Me 

Y i e l d  PA)= 52 j 59 > 38 
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Another condensation reaction which involves a cyclopropane derivative is the 
condensation of c-(benzyloxycarbony1)-L-lysine methyl ester hydrochloride with the 
electrophilic cyclopropane derivative shown to produce'040 an a-carboxyl lactam as 
a mixture of diastereomers (equation 681). The product appears to be formed by initial 
attack of the lysine amino group at  a cyclopropane methylene with opening of the 
3-membered ring. The intermediate thus formed then cyclizes to one of the lactone 
carbonyls with expulsion of acetone. 

COOMe 

+ I 
HCI . H 2 N - C a H  

I Me 
(CH2)4NHOCOCH,Ph 

COOMe 

6SoC,  1 h 
HOOC 

(CH2 )4NHOCOCHZPh 

(68 1) 

Examples of base catalysed condensations to produce lactams have also been reported, 
and in one example'04' phenylacetic acid is condensed with I-amino-4-bromo-2-methyl- 
anthraquinone in the presence of pyridine and titanium tetrachloride (equation 682). 
This is one specific case of a more general condensationlo4' involving aromatic amines 
and substituted acetic acids (equation 683). 

(683) 

R 2  

R'co&R2 4- R'COOH - Cot.  

C5H5N 

R 1 =  HI C1-1oolkyl 

R2,R3= o l k y l o r y l ,  H, C1-,o o lky l ,  o r y l ,  cyc loo lky l  

R4= HI C1-e o l k y l ,  o r y l ,  o lky lory l lC6- looro lky l  

Cot.=Ti ( IV)  or Si ( IV )  
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The second example of a base catalysed condensation which produces lactams involves 
a one-pot condensationIo4' of 1-haloacetyl chlorides with a-amino acids in the presence 
of aqueous sodium hydroxide (equation 684). 

H ~ N C H R ~ C O O H  + C I C H ~ C M ~ R ~ C O C I  - So/o NoOH R1tl 
0 

R'= Me, Br 

R = Ph, PhCH2, Me, i-Pr 2 

4 3  - 9 1 % 

(684) 

Condensation of methyl acrylate with L-cysteine hydrochloride or D-penicillamine 
affords"43 the corresponding sulphur-containing 7-membered ring lactams (equation 
685). 

* 0 

H SCH2CHCOOH cn2=cncoome 
I 
NH2. HCl  

4 2 Ole 

(685) 

CH2=CHCOOMe . 
HSCMe2CH(NH2)COOH 

0 

2 7 % 

Nucleophilic substitution of ethyl-4-bromo 3-(2-furyl)-2-butenoate with primary 
amines produces an intermediate amino acid ester which, under the conditions of the 
reaction, affords' 044 the corresponding furano-substituted y-lactams (equation 686). 

@T=CHCOOE+ + RNH, - he.at [&Y=CHCOOEt 

C H2B r C H ~ N H R  . 

47- 50% 

R = P h ,  i - P r ,  c-Hex 
(686) 



420 Synthesis of lactones and lactams 

A very similar reaction has also been reported'045 with the dimethyl ester of 2- 
bromoglutaric acid and benzylamine (equation 687). 

a C O O M e  0 
MeOOC(CH2)2CHBrCOOMe + PhCH2NH2 0 

2 0  h 

I 
CH2Ph 

7 9 010 

(687) 

Finally, reaction of t-butyl carbamoyl-r>,L-serine methyl ester with p-toluenesulphonyl 
chloride followed by condensation of the resulting product with hydrazine produces'"4h 
the corresponding t-butyl carbamoyl substituted pyrazolidinone (equation 688). 

r -  BU 02CN H CH C 0 0 Me , . p- To c,  * 
2 .  H2NNH2, CHzCIZ, I 

r. t . ,  1 6 h  !-BuO2CNH CH20H 

II 
0 

6 0 

'2. From halo, hydroxy, keto and other substituted amides 

Halo amides have been converted to azetidinones by treatment with a variety of bases. 
The base most commonly used to effect these conversions1039~1047-105' IS . sodium hydride 
in a dimethylformamide-methylene chloride solvent mixture (equation 689 and 
Table 46). Using this approach, the best results, in most cases, are obtained at high 
dilutions using bromine as the halide'04'. 

R 2  

(689) 

'R' 

NOH, DMF/CH,CI, (114 1, 

t e m p . ,  t i m e  
R1NHCOCR2R3CH2X 

NOH, DMF-CH,CI,, M e k -  COOEt 

COOEt 
H 
4 9 % 

/ = -  0 

\ I. Lm,THF, N,, -7eoc M : - i  

(690) 
CICH2C(Me),CONHCH(COOEt )2 

2 .  r . t . , s t i r  12 h 

'CH(COOEt), 

8 4 010 
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One result which does not seem to fit the pattern established in equation (689) and 
Table 46, but which can be rationalized on the basis of the acidity of the proton involved, 
is observed loso when diethyl N-(/%chloropivaloyl)aminomalonate is treated with sodium 
hydride in the same dimethylformamide-methylene chloride reaction mixture 
(equation 690). Instead of obtaining the ,&lactam product from this reaction, the product 
actually obtained is the corresponding pyrrolidinone in 49% yield with no /3-lactam 
being detected. The p-lactam expected as the product from this reaction can indeed be 
obtained"" in 84% yield, however, by treatment of the aminomalonate with lithium 
diisopropylamide in tetrahydrofuran (equation 690). 

Other examples of bases used to cyclize halo amides to lactams include triethylamine1052 
(equation 691) and lithium carbonate in d imethyl f~rmamide"~~ (equation 692). 

7 COOEt 
E, P h C H 2 > ~ 4 C O O E t  I 

PhCH2CHBrCONRCH(COOEt 3 .  

0 'R 
R = Ph, p - T o l  

, 
0" 0 2 C E u - l  

7 6 O/e 

An interesting set of results is obtained750~'0s3 when 1,8-diazabicyclo[5.4.O]undec-7- 
ene (DBU) is used as the base to effect cyclization of halo amides to b-lactams. When 
(2S, 3R)-N-(2,4-dimethoxybenzyl)-N-[di(ethoxycarbony~)methyl]-2-bromo-3-acetoxybu- 
tyramide is treated with DBU in benzene at 20°C for 14 hours, cyclization proceeds with 
inversion of configuration to produce7s0 [3S-[3a(S*)]-ethyl 1-(2,4-dimethoxybenzyl)-3- 
(1-acetoxyethyl)-2-azetidinone-4,4-dicarboxylate (equation 693). However, when (2S, 3R)- 
N-(2,4-dimethoxybenzyl)-N-(t-butoxycarbony~methyl)-2-bromo-3-hydroxybutyramide is 
treated with DBU in tetrahydrofuran at 20°C for 4 hours, the cyclization which occurs 
does not produce a p-lactam, but instead produces'0s3 (2S, 3R)-N-(2,4-dimethoxybenzyl)- 
N-(t-butoxycarbonylmethyl)-2,3-epoxybutyramide (equation 694). Further treatment of 
this product with lithium hexamethyldisilazide in tetrahydrofuran at - 78°C affords"53 
the desired p-lactam in 22-28% yield, while similar treatment at 20°C p r o d ~ ~ e s ~ ~ ' ~ ' ' ~ ~  

Br 

f : l u O E t  

Me' I --COOEt 

'CH2C,H3(0Me),-2,4 

96% 

(693) 
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the I(-lactam in 61% yield (equation 694). The epoxy intermediate may be avoided entirely 
by treating the butyramide directly with two equivalents of lithium hexamethyldisilazide 
in tetrahydrofuran (equation 694). This approach was used*053 to prepare several trans- 
alkyl N-substituted-3-l-(l-hydroxyethyl)-2-azetidinone-4-carboxylates as shown in 
equation (695). 

DBU,THF, 2OoC, '/.!.L!YH ,CH2COOBu - t  

CON 
'CHZC6H,(OMe),-2,4 

/-- Me 

L i N W M e , ) ,  LiN(SiMa,)2 

THF,20°C THF,-78OC 

(61 0/0~T50 (22-28°h)10'5 

COOBu-t 

1 
OH 

1 7  /?,A, CON-CH2COOBU - f 
I Me A CHzC6H3(OMe)2-2,4 

Br 
OH 

1. LiN(SiMs,)a,THF 
Nz,0-5 OC,15 min 

20-25 OC, 1 h A 
2. LiN(SiMe,)a, Me 

0 N\CH2C6H3(OMe)2-2,4 

OH HO 

I Y  I H y  

A A  
Me'l'C N2,0-50C,15min M e / i b , R z  COOR' 

c ; ,CONR~CH~COOR' 1. L ~ N ( s ~ M ~ , ) ~ , T H F ,  

2.LiU(SiMe3),,20-25 OC, 

0 l h  B r  

PhCHZ i Me j t-Bu j t - B u  R' = 

Rz =CH2C6H3(0Me)2-2,4 ; CH2C6H3(OMe)2-2,4 i PhCH2 ; p - A n  

Yield(%)= 40 2 33 ; 52 j 46 

(695) 

I(-Lactams have also been preparedloS4 via a base promoted intramolecular nucleo- 
philic substitution of the chloroamides shown in equation (696), but the authors failed 
to report the base used to effect this conversion. 

R2SCH(CI)CMe2CONHR' - base '.-5c2 (696) 

O 
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Using sodium hydride in combination with sodium borohydride to treat several bis- 
[o-o-bromocarboxamidophenyl)]disulphides affords'055 medium-sized lactam sulphide 
products (equation 697). 

Me 

Another approach which has been reported for the preparation of a - l a c t a r n ~ ' ' ~ ~  
(equation 698), f i - l a c t a r n ~ ' ~ ~ ' - ' ~ ~ ~  (equation 699 and Table 47), pipera~ine-2,5-diones*'~' 
(equation 700), bis-fi-la~tams"~' (equation 701) and larger ring lac tarn^"^^ (equation 
702) is the base catalysed cyclization of halocarboxamides under phase transfer 
conditions. 

0 

R' RP CH B rCON HR3 Phase catalyst  transfer . R1+N,R3 

R2 

Phase transfer Temp. 
R 1  RZ R' catalyst ("C) Tirne(h) Yield rA) 

t-Bu H t-Bu 
1-Bu H t-Bu 
t-Bu H t-Bu 
t-Bu H t-Bu 
r-Bu H f-Bu 
I-adarnantyl H t-Bu 
t-Bu H I-adarnantyl 
I-adamantyl H I-adamantyl 
Me Me r-Bu 

"KOH,  C,H, o r  C,H,Me, 18-crown-6 ether. stir. 

*Aq. NaOH.  CH,CI,, (n-Bu),ABr- 

'Aq. NaOH.  CH,CI,. (n-Bu),; HSO;. 

'Aq. NaOH.  CH,CI,, (n-Bu),hl-. 

'Aq. NaOH. CH,CI,, PhCH,6Ei3Br -  

20 
20 
20 
20 
20 
20 
20 
20 
0 

12 
125 
135 
110 
110 
12 
12 
12 

3. 

~ 

80 
19 
17 

<5  
23 
94 
89 
90 

5 50 

Phase transfer 
v r u - r D 1 D 2 r n N U D 3  (699) 
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(700) 
Cat., r.t., 

2 R 'CHXCONHR~ - - R ~ - N  
CH2CI2, 50% NaOH 

Phase transfer 
R' X R 2  catalyst Time (h) Yield (%) 

H CI 
H CI 
H CI 
H c1 
H CI 
Me Br 
Me Br 
Me Br 

PhCH, 

PhCH2 
PhCH, 
Ph 
PhCH, 
PhCH, 
Ph 

PhCH2 
none 

b 
A 

C 

A 
A 
C 
A 

24 
24 
24 
24 
18 

103 
103 
24 

14 
88 
46 
51 
64 

trace 
trace 

64 

"Durolite A-I09 (Cl- form, polystyrene quaternary type I)  

'PhCH,iEt, Cl-.  

+ 
~ ( ~ I - B ~ ) , N  I - .  

Durolite A - 1 0 9  

50% NaOH,CH2C12 ,r t. - (BrCHpCMeBrCoNH)2Y 

Y Time (h) Yield (%) 

(CH,), 3 
1,2-C6H4 3 
1,3-C6H4 1 
1,4-C6H4 1 

P'C6H4S02C6H4-p 1 

91 
95 
98 
96 
89 



2. Appendix to 'The synthesis of lactones and lactanis' 

Phase transfer 
n R' RZ catalyst Time (h) Yield (%) 

427 

1 
1 
1 
1 
1 
I 
2 
2 
3 
3 
3 

H 
H 
H 
H 

Me 
Me 
H 
H 
H 
H 
H 

PhCH, 
PhCH, 
PhCH, 
Ph 
PhCH2 
Ph 
PhCH, 
Ph 
PhCH, 
PhCH, 
Ph 

none 
a 
b 
a 
a 
a 
a 
a 
a 
b 
a 

21 
21 
21 

2.5 
45 

34 

I50 
1 50 
95 

4.5 

5.5 

65 
96 
91 
94 
53 
12 
89 
92 
- 

- 

63 

"Durolite A-I09 (Cl- form, polystyrene quaternary type I)  

bPhCH,NE1,CI-. 
+ 

Me 

+ R'CO--- 
KOH, THF, 

stir r . t . .40 min 
R102CCMeCONHR2 

I 
I 
CH2CI 

R' R 2  Ratio of 0xirane:azetedinone 

Ph t-BU 
Ph i-Pr 
PhCH=CH t-Bu 

4 1  
1 :9 
4: 1 

Another approach to  the synthesis of b-lactams under phase transfer conditions has 
been reported'060.1061 which involves the cyclization of 2-acyloxy-3-chloropropan- and 
2-acyloxy-3-chloro-2-chloromethylpropanamides by anionic activation with cesium 
fluoride. Whereas reaction of 2-acyloxy-3-chloropropanamides with potassium hydroxide 
in tetrahydrofuran produces'060 a mixture of the corresponding oxiranes and azetidinones 
(equation 703), treatment'O6O of the same starting materials with cesium fluoride alone 
without solvent a t  85-90 "C (equation 704), or with cesium fluoride in tetrahydrofuran 
in the presence of benzyltriethylammonium chloride as catalyst (equation 705), produces 
high yields of the azetidinones exclusively. 

C s F , 8 S - 9 0 ° C  
R'C02CMeCONHR2 6 h  R1C02-- 

I 

R' = Ph j M e  

R 2 = i - P r j  t - B u  

Yield(O/J= 96 j 95 (704) 



428 Synthesis of lactones and lactams 

CsF,THF, stir, 

P h C H , i E t , C I -  
R3C02CR1 CONHR4 - 

r e f l u x  
I 

C H ~ R ~  

R’ R2” R3” R4 Yield (%) 

Me H 
Me H 
Me H 
Me H 
Me H 
Me Me 
Me Me 
Me Me 
CH2CI H 
CH2CI H 
Me H 

Ph t-Bu 
Ph i-Pr 

n-Pr t-Bu 

Ph t-Bu 

Me t-Bu 

P h C H X C H  t-Bu 

Me t-Bu 
n-Pr t-Bu 
Ph t-Bu 
Me t-Bu 
Me i-Pr 

95 
81 
91 
85 
93 
9 I b  
97b 
97b 
94 
94  
78 

“When R 3 = H  the mixture i s  refluxed for 1 h. when R 2 = M e  the mixture is 
refluxed for 12h. 
b A  cis, rruns mixture of products is obtained. 

CH$I 

I 
I 

MeCOO -C-CON HR’ 

CH2CI 

I::”.’”’ 

R’= t - ~ u  i - P r  

Yield(’/.)= 50 j 2 0  

R’ = t - ~ u  i - P r  

Yield(%)= 60 ; 30  (706) 
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When 2-acyloxy-3-chloro-2-chloromethylpropanamides are used as the starting 
materials, slightly different are obtained. Treatment with potassium hydroxide 
in tetrahydrofuran at room temperature converts the propanamides to the corresponding 
oxiranes which can be isolated, and then treated with either additional potassium hydro- 
xide or cesium fluoride in tetrahydrofuran in the presence of benzyltriethylammonium 
chloride catalyst to afford epoxy substituted [)-lactams (equation 706). 

The two steps represented in equation(706) may be combined into a consecutive 
procedure'06' by treating the 2-acyloxy-3-chloro-2-chloromethylpropanamides with 
potassium hydroxide, followed by treatment with cesium fluoride without isolation of 
any intermediate oxiranes (equation 707). 

(707) 
R 2 C 0 0  

and/or 

(82) (83) 

R' R 2  Time (h) Product Yield (%) 

I-Bu Me 6 82 80 
r-Bu Ph 1-5 82 + 35 

83 30 
i-Pr Me 6 82 70 
i-Pr Ph 6 82 + 50 

83 50 
2,6-Me,C,H3 Me 2 82 80 

Finally, i t  is possible to prepare the /&lactam products directly from the 2-acyloxy-3- 
chloro-2-chloromethylpropanamides without intermediate formation or contamination 
with by-products, by treatment with cesium fluoride only (equation 708). 

CICHZ 

R ~ C O O C ( C H ~ C I ) ~ C O N H R '  CsF,THF,  Rzcoo.*i,R. (708) 
P hCH2 i E  13CI-, 

66 O C ,  1 h 0 

R' R 2  Yield (%) 

r-Bu Me 94 
r-Bu Ph 94 
i- Pr Me 96 
i- Pr Ph 96 
2,6-Me2C,H3 Me 82 
CH,COOEt Me 68 
CH,COOEl Ph 91 
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Cyclization of N-(alk-2-enyl)-a-chloro-a-(methylthio)acetamides can be accom- 
plished'062 by treatment with stannic chloride in methylene chloride at room temperature 
to  produce the corresponding y-lactams. It is interesting to note that when the 
N-(but-2-enyl) starting material is treated as indicated above, a 70% yield of 
4-vinyl-l-methyl-3-(methylthio)pyrrolidin-2( lH)-one as a 71:29 mixture of two stereo- 
isomers is obtainedIo6' as the only product (equation 709), but when the N-(prop-2-enyl) 
starting material is used, two products, 1,4-dimethyl-3-methyIthio-5H-pyrrol-2( lH)-one 
and 4-chloromethyl-1 -methyl-3(methylthio)pyrrolidin-2-one, are obtained (equation 7 10). 
Also interesting is the fact that the N-(but-2-enyl) compound may be cyclized by 
chromatography on silica gel or simply by heating without solvent (equation 709), 
whereas similar treatment of the N-(prop-2-enyl) starting material gave only polymeric 
material 

SnCI,, CH,CI, 

r .  1.  
(70%)  

/CoCHC'SMe 
(55%) 130 OC *' Me N k S M e  (709) 

CH2CH=CHMe CH=CHz 
\ 

MeN 

Irons si l ica pe l  

SnCl4 ,CH2CI2  - 
r.t. 

MeN /CoCHCISMe 

\CH2CH=CH2 \ 

MeN /CoCHCISMe SnCl4,CHzC12 r.t. - MeN ksMe + M e N b S M e  H (7 10) 

\CH2CH=CH2 Me I 

1 8 % 4 2 

Using N-(but-3-enyl)-a-chloro-a-(methylthio)acetamide as the reactant affordedlo6' 
the corresponding h-lactam products (equation 71 1). 

8 % 

N-Allyltrichloroacetamides have been r e p ~ r t e d ' ~ ~ ~ * * ~ ~ ~  to undergo a novel copper 
or ruthenium-catalysed cyclization to produce f i - b u t y r o l a ~ t a m s ' ~ ~ ~  or bicyclic 
lac tarn^'^^^ depending upon the specific structure of the acetamides used. With 
N-allyltrichloroacetamides where the ally1 double bond is part of a linear system, reaction 
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with a ruthenium catalyst according to procedure A or with a copper catalyst according 
to procedure B trichlorinated y-butyrolactams (equation 71 2). 

CI R4  

R' 

Procedure A: Benzene, heated in a sealed tube at 140°C in the 
presence of RuCI,(PPh,), 

B: Acetonitrile containing CuCl heated to 140°C 

Temp. Time Yield 
R' R2 R 3  R4 Procedure ("C) (h) a) 
H 
H 
H 
CH,CH=CH, 
CH,CH=CH, 
CH,CH=CH2 

CH,CH=CH, 

CH,CH=CH, 
PhCH, 
H 
H 
H 

CH,CH=CH2 

CH,CH=CH, 

H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
H H H 
Me H H 
H Me H 
H H Me 

A 
A 
B 
A 
A 
A 
B 
B 
B 
B 
A 
A 
A 
A 

1 40 
110 
140 
1 40 
110 
80 

1 40 
140 
I10 
80 

140 
I40 
140 
140 

2 
24 
20 

1 
1 

20 
1 
3 
3 

20 
3 
3 
3 
3 

68 
52 
57 
84 
88 
58 
87 
90 
90 
81 
68 
66 
82 
23" 

"In this case a 17% yield of the pyrrolidone shown below was ohtained. 

With N-allyltrichloroacetamides where the alhlic double bond is part of a cyclobutenyl 
or a cyclopentenyl ring system and using the same two procedures discussed above, it 
produces'064 bicyclic lactam products with an exclusively cis stereochemistry (equation 
713). When the allylic double bond was part o f a  cyclohexenyl ring system a spiro-lactam 

I 
R' 
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Temp. Time Yield 
n R '  R 2  Procedure ("C) (h) (%I 

I H  H B I40 3 71 
I H  H A I40 3 71 
I PhCH, H B 110 I 89 
1 PhCH, H A 110 1 88 
2 H  H B 140 3 76 
2 H  H A 140 3 71 
2 PhCH, H B I10 I 91 
2 PhCH, H A 110 1 90 
2 Me Ph B 120 3 45 
2 Me Ph A 140 3 20 
2 PhCH,COO Ph B 110 1 78 
2 PhCH,COO Ph A 140 1 so 

2 Me 3,4-(MeO),C,H, B 120 2 47 

2 H  Ph B N.R. 
2 H  Ph A N.R. 

was obtained'064 (equation 714), whereas if the double bond was exocyclic to the 
cyclohexenyl ring a hexahydro-oxindole bearing an angular chloromethyl group was 
obtained'064 (equation 715). 

P r o c e d u r e  l l O ° C , l  A h (89%). .kpCl (714) 
P r o c e d u r e  B (81%) 

0 
I 

C13CCONCH2 

I 
CH2Ph 

(715) 
1 1 0  O C ,  1 h 

P r o c e d u r e  A (89%) 
P r o c e d u r e  B ( 8 1 % )  0 

I 

CljCCON 

I 
CH2Ph 

CH2Ph 

a-Methylene-P-lactams have also been prepared from halo amides using a base 
catalysed cyclization procedure with two different types of starting materials. Reaction 
of N-substituted 2-(bromomethyI)propenamides, prepared from N-substituted 2-[(tri-n- 
butylstannyl)methyl]propenamides by reaction with dioxane dibromide in tetrahydro- 
furan, with sodium hydride or potassium r-butoxide produces'065 the corresponding 
N-substituted 3-methylene-2-azetidinones in good yields (equation 716). In at least one 
case a one-pot synthesis of the a-methylene-/l-lactam was attempted'065 using the stannyl 
starting material (equation 71 7). 



2. Appendix to 'The synthesis of lactones and lactams' 

C H 2 S n ( B u  -n)3 
/ dioxone dibromide 

H2C=C * 
T H F , 0 ° C , 1 . 5  h 

433 

R 

(7 16) 
1 .  N O H  or KOBu-f 

T H F ,  -78 OC 
H2C-C 

Base 
Reaction conditions 
Temp. ("C)/Time (h) YieId('7") 

( S )  PhCHMe 
( R )  PhCHMe 
( S )  PhCH,CHCH,OMe 
( R )  PhCH,CHCH,OMe 
( S )  i-PrCH,CHCH,OMe 
( R )  i-PrCH,CHCH,OMe 
( S )  i-PrCHCH,OMe 
( R )  i-PrCHCH20Me 

NaH 
r-BuOK 
NaH 
NaH 
NaH 
NaH 
NaH 
NaH 

- 78"/2 then O"/I 
- 78"/l then o"/l 
- 78"/1 then r.t./2.5 
-78'/1 then r.tJ2.5 
- 78"/1 then r.t./l8 
- 78"/1 then r.t./18 
-78"/1 then r.t./lX 
- 78"/1 then r.t./lX 

87 
89 
86 
80 
60 
63 
82 
89 

(717) 

'C H M e  P h 

C H 2 ~ n ( ~ u - n ) 3  1. THF,O°C,  dioxane dibromide,  

/ A r , s t i r  1.5 h 

'CONHCHMePh 
2.  cool  to - 7 8 ° C , K O B u - t , s t i r  t h 

3. warm to O O C ,  s t i r  1 h 

H2C-C 

78% 

The second type of starting material used to prepare m-methylene-P-lactams were 
N-substituted-b,/?'-dibromoisobutyramides which were treated with sodium hydroxide 
under phase transfer conditions'066.1067 (equation 718). 

H2C 

(718) PYR 40% NoOH, solvent, 

st i r  r . t .  
(BrCH2)2CHCoNHR Phase t ronsfer  c a t . ,  

0 
Phase transfer 

R Solvent catalyst" Time (h) Yield (%) Reference 
~ 

Et 
c-Hex 
i-Bu 
PhCH, 
Ph 
p- An 
p-02NC6H4 
P - N C C ~ H ~  

2,6-CI 2C6 H 3 

3,4-C12C6 H 3 

2,6-Me,C6H3 

2,4,6-Br3C,H, 

CCI, A 
CCI, A 
CCI, A 
CH,CI, B 
CCI, A 
CCI, A 
CCI, A 
CCI, A 
CCI, A 
CCI, A 
CCI, A 
CCI, A 

18 
18 
18 
41 
18 
18 
18 
18 
18 
18 
18 
18 

18 
40 
56 
23.6b 
86 
96 
83 
76 
92 
78 
92 
82 

1066 
1066 
1066 
1067 
1066 
1066 
1066 
1066 
1066 
1066 
1066 
1066 

+ 
" A  =(n-Pent)NEt,BrC: B = PhCH,NEt,C1-. 
bAlso obtained was 35.2% of N-benzyl-3-bromomeihyI-2-azetidinone 
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At  least one example of the use of a halo amide to produce a polycyclic lactam via 
an intramolecular Reformatsky reaction has been reported"'" recently (equation 719). 

a c t i v a t e d  Z n ,  

THF,O°C 

50% 

Substituted haloacetamides have been used to produce'069 substituted p-lactams by 
electrochemical cyclization and bond formation between carbons 3 and 4 of the azetidine 
ring. Depending upon the structure of the haloacetamide employed, two methods have 
been used to produce the corresponding /I-lactams. In both methods the potential of 
the Calomel-type reference electrode was -0.029V us SCE, the cathode was a mercury 
pool under nitrogen and the carbolyte employed was dimethylformamide containing 
tetraethylammonium perchlorate. With acetamides having a halogen atom and a suitable 
leaving group, which may also be a halogen atom, attached to the a-carbon, the reaction 
was carried out by stepwise addition of the probase R-X in dimethylformarnide to a 

X ' X ~ C H C O N R ~ C H ( R ' ) C O ~ E ~  + R X  - (720) 

X' X2 R 1  R2 R-X Yield (%) 

Br H CO,Et CH2C02Et BrCH(CO,Et), 90 
Br H C0,Et p-An BrCH(CO,Et), 88 
CI H C0,Et p-An BrCH(CO,Et), 93 
C1 CI C02Et p-An BrCH(CO,Et), 84 
CI H H CH2C02Me BrCMe,CO,Et 67 
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solution of the haloacetamide in the carbolyte (equation 720). With acetamides containing 
a single halogen atom which acts as the leaving group attached to the a-carbon, the 
reaction was carried out by stepwise addition of the bromide in dimethylformamide to 
the carbolyte (equation 721). 

COOEt 

BrCH2CON(An-p)CBr (C02E t l2 - d C O O E t  (721) 

0 'An-p 

8 5 010 

Several of the methods used to produce lactams involve the in situ preparation of halo 
amides which, under the conditions of the reaction, directly cyclize to the lactam products. 
This approach is referred to in the literature as the halocyclization of amides and has 
been used to  effect cyclization with a variety of starting materials, which include 
unsaturated m o n o a m i d e ~ ' ~ ~ ~  (equation 722), unsaturated b i ~ a m i d e s ' ~ ' ~  (equation 723) 
and acyl s ~ l p h o n a t e s ~ ~ ~ ~  (equations 724 and 725). 

Me,SiOTf 

Et,N,CH,CI, 
CHz=CHCHZCH2CONHZ 

Ar, DMAP 

OSiMe, 1. t2,THF,Ar 

CH,CI, -a H CH2I  (722) 

st ir  10 min 

0 
2. oq.  No,SO,, 

I 
CHz=CHCH2CH2C=NSiMe3 

64% (overall) 

Other iodolactams prepared include: 

6 3 '10 

I 
I 

i 

6 8 '10 6 3 '1e 

58% 

(trans: cis =11:11 

52% 

( trons : cis = 22 : 1) 

35% 
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brominat ion 
n-BuNHCOCHRCH2CH=CHCH2CHRCONHBu-n 

CHBrCH2CHRCONHBu-n 

0 

or (723) 

R=Et, n -Pr ,n -Bu 

0 A. I 

t n-Bu 
I 

n-Bu 

CHXR3 

NaHCO,, (724) 

R'02SNHCOCH2 

R 

R' RZ R 3  X Yield (%) 

p-An 
p-An 
M e 0  
M e 0  
EtO 
CI,CCH,O 
CI,CCH,O 
CI,CCH,O 
C13CCH20 

H H Br 
H H I 
H H Br 
H H I 
H H I 
H H Br 
H H I 
Me H I 
H Me 1 

43 
83 
12 
12 
71 
40 
95 
95 
90" 

"The product in this case was the iodolactam shown below 

P-TosNHCO H20, B r 2  NaHCO,  * p-To& H (725) 

Br I 
H 

60% 
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At least two condensation reactions which utilize halo amides to produce lactams 
have been reported in the recent I i t e r a t ~ r e ‘ ~ ’ ~ . ’ ~ ’ ~ .  In the first such reaction the halo 
amide is produced as a non-isolatable intermediate which immediately cyclizes to the 
lactam (equation 726), while in the second report the a-bromo amide is 
present as one of the condensation  reagent^"'^ (equation 727). The mechanism for this 
conversion can be envisioned’074 to occur via two possible pathways, initial cyclization 
to an a-lactam and subsequent reaction, or by direct conversion (equation 728). 

LX CI(CH2)2+,COCI + H2NCN - [CI(CH2)2+,,CONHCN] - 
I 

CN 

n=1(71%),2 or 3 

(726) 

t - B u  

(727) 
5 4% 

Li c; p Li t -  C=CMe t-BUCH/C\C 
t-Bu-CH-C-CECMe - I - B u C H C O C E C M e  I Clll 

I t -BUN -C 
- 1  NHBu-t  

-1 
NHBu- t  

Me 
Lit 
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In the recent literature when hydroxy amides are used as the starting materials, the 
most frequently prepared lactams are p-lactams, and the most common method of 
preparation has been reaction of the hydroxy amides with diethyl azodicarboxylate 
(DEAD) and triphenylphosphine (TPP), the so-called Mitsunobu conditions (equation 
729 and Table 48). 

In addition to the procedure reported in Table 48, (2S, 3S)-2-benzyloxycarbonylamino- 
3-hydroxy-N-( 1 H-tetrazol-5-y1)butyrdmide has been converted, albeit in lower yields, to 
the corresponding 2-azetidinone by treatment1077 with trifluoroacetic acid (equation 730). 

l.CeH,OMe,CF,COOH, , P h C H 2 0 2 C N H F M e  

2. EtpO, H,O, NaHCO, 
r. t .  s t i r  2 h  

PhCHZOCONH 

HN 
"gN 

20% 

(730) 

A modification'080-'082 of the procedure illustrated in equation 729 and Table 48 
involves initial mesylation (Mes) or tosylation (Tos) of the hydroxy function, followed 
by treatment with a base (equation 731 and Table 49). 

R2 

.fNHR1 CHR30H MesCl or , H&!:<Mes or T o s - p )  x,co3 condi t ions or KOH, 

p -TorCI  NHR' 

0 

(731) 

Two examples of lactam preparation have been r e p ~ r t e d ' ~ ~ ' , ' ~ ~ ~  in which the hydroxy 
amides used as starting materials were produced in situ. In the first example1083 methyl 
5-oxohexanoate was hydrogenated in the presence of ammonia using a sodium-promoted 
catalyst (equation 732), while in the second example'084 condensation of an amino diol 

MeCO(C 

94 % 

(732) 
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with either 5-oxohexanoic acid (equation 733) or a racemic mixture of 2-phenyl 
5-oxohexanoic acid (equation 734) leads to the formation of the corresponding di- 
alkylated bicyclic lactams indicated 

C 6 H b r  r e f l u x ,  + MeCO(CH2),C0OH ,6 

Me 

[ P h C H(OH ) C H N HC 0 (C H 

I 
C H 2 0 H  C'H 

Ph' \OH 0 

1 4 010 

HoL* P h  0 

8 4 010 

(733) 

C s H , ,  r e f l u x  

16 h 
t Me CO (C H ),C H P h COOH 

H 

cT\ Ph 

[PhCH(OH)CHNHCO(CHZ)ZCHPhCOMe - 
CH 

I 1 
CHZOH 

P h d  \OH 0 

2 0 010 

Me 

+ HocL%ph (734) 

0 P h  

+ Hoc&%ph (734) 

P h  I ;  

Similar results have been obtained'085 when 2-(p-tolyl)-4-oxopentanoic acid was 
treated with the amino monool, S-valinol (equation 735). 

When sulphur containing amides are used as starting materials for the preparation 
of lactams, a variety of methods have been employed to effect cyclization. One method 
employed involves a-acyl substituted a-thiocarbocations, readily formed from a-acyl 
sulphoxides under Pummerer reaction conditions, as initiators for cationic alkene 
cyclization to produce 4-, 5-, 6- and 7-membered lactams. The 4-membered ring lactams 
were prepared'OS6 by treatment of 3-(phenylsulphinyl)propionamides with trimethylsilyl 
trifluoromethanesulphonate and triethylamine (equation 736). 
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MeaSiOTf  

E t3N , C HzC I z ,  
- 2 0  O C ,  30 min 

R' N H C  0 C R 'R 3C H2 S 0 P h 

CHMe2 

H2C--OH + MeCOCH2CHCOOH C6H6,  16 ref lux h M~~cL++ 
I Tol-p 

H 0 
gNH2 H p-To1 

c 
t 

HSPh 
R2R3C - C 

Me3Si0 

91 '10 

( a s  o 1:1 mixture of endo:exo oryl 

substituted diosteromers) 

R' R 2  R3 Yield (%) 
- 

H H H 

H H Me" 
PhCH,O M e  Me 

P h C H 2 0  H H 
41 
14 
4Ib 
51  

" A  I : I  mixture oldiastereomers lrcdted at 20°C. not -20°C 
'A 2.7: l  mixture of cis:frans isomers was obtained. 

(735) 

(736) 

The 5- and 6-membered ring lactams were both ~ b t a i n e d ' ~ ~ ~ ~ ' ~ ~ ~  from the same basic 
starting materials, N-alkenyl-cc-(methylsulphinyl)acetamides using trinuoracetic anhy- 
dride, but dependent upon the substituent attached to the alkenyl carbons and the 
stability of the intermediate carbocation, 5-exo-trigonal cyclization occurred to produce 
y-lactams (equation 737) or 6-endo-trigonal cyclization occurred to produce 6-lactams 
(equation 738). 
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Path 
R ’  RZ R 3  (Equation No.) Product Yield (%) Reference 

H Me H 737 86 92” 1060, 1087 
H H H 737 84 (trans) + 85 9 -I- 39 1060,1087 
H Me Me 731 84+86 - 1060 
Me H H 738 87 + 88 43 + 35 1060,1087 

b 

“A 69:31 f runs:c is  mixture of stereoisomers was obtained. 
bThe 84(rrans):84(cis):fJ6 ratio obtained was 2:2:1. 

S M e  Mea CF,CO,H 

st i r  r . f . 1 . 5  h 

(CF ,CO ),O 

O C O C F ,  
I 

S-Me 
M e N  

I 

R 

H 

1 2 % 

R = M e  1 1 .  ( C F 3 C 0 ) 2 0 , C ~ , C ~ , , 0 0 ~  . Me[$sMe + M e [ q s M e  + 
2 .  st i r  r . t .  1 h 

OCOCF.  
M e  

6 ‘/o 2 8 % 4 7 % 

(739) 

st i r  2 0  min 5 - 1 8  h 

P h  

PhS 

R = c - H e x  ; P h C H 2 j n - B u  j i - P r  

Y i e l d  (%)= 5 3 . 5  j 26.8 ; 3 7 . 9  j 28.0. 
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Seven-membered ring lactams were obtainedlo6' from N-(3-butenyl)-N-methyl-cl- 
(methylsulphinyl)acetamides upon treatment with trifluoroacetic anhydride (equation 

p-Lactams have also been prepared'Oe8 from sulphur containing amides by using the 
I ,3-dianion of a-(pheny1thio)acetamide derivatives and methylene iodide. An episulpho- 
nium intermediate was proposed'088 for this reaction (equation 740). 

Treatment of 3-(pheny1thio)propionamide derivatives with di-t-butyl peroxide and a 
copper catalyst, reagents which characteristically generate radical intermediates, has 
been reported"43 to produce ,&lactams albeit in very low yields (equation 741). Better 
yields were obtained1043 when the 3-benzoyloxy derivatives were treated consecutively 
with hydrogen bromide in methylene chloride and potassium amide in liquid ammonia 
(equation 742). This route probably involves formation of an intermediate 3-bromo- 
compound which then undergoes intramolecular nucleophilic displacement of the 
bromide to produce the lactam. 

739). 

(t-BuO),,CuBr,, C,H,, 

r e f l u x  6 h (4%)  

(741) 
CH2SPh 

NHMe 

t - B U O ) ~ ,  C u Br, 

naphtholene, 120-130 'C, * 
4 h (lBo/o) 

Me 

( t -  BuO),, CuBr2, t 6 H 6  

h \ ) , r e f l u x  3 h (15%) 

R's$krph 1 s t a n d  HBr,CH2C12,0-50C 2 h (742) 
2 .  KNH2,CH2Cl,, 

- 7 8  OC,1 h 

R'= H ;Me 

Y iel  d (%) = 59 ; 7 3 

+ 
Hs CH2-CH2SMe2 I -  

*. I . CO-H 
/ c  

. I  

NaH,OMF-CH,CI,(l'I) N,,O OC, s t i r  2 5 h * * + - c T H  
I -  BuOZCNH 

0 O R  

(S) 

R = H j i - P r C H 2  ; PhCH2 j CH2(CH2)3NHC02CH2Ph 

5 8  (743) Yie ld  ( V J =  51 j 40 ; 51 j 



452 Synthesis of lactones and lactams 

Two final methods which have been used to produce lactams from sulphur containing 
amides involve the treatment of the methylsulphonium iodide salts of substituted 
dipeptide methyl esters with sodium hydride"" (equation 743), and the reaction of 
5-(acetamidomethyl)-N"-phthalimido-(R)-cysteinylglycine methyl ester with p-toluene- 
sulphonic acid and paraformaldehyde'OOO (equation 744). 

H\\-\ , CHzSC HzN H A C  

'C 
( C H z O ) ,  p - TolS0,H , Nz,  H ~ N C H z C O O h l e  (744) 

P I - N  'CONHCH,COOMe CI,CHCH,CI, PI-N 
r e f l u x  5 h 

0 
56 '10 

P I - N =  phthalirnido 

Keto substituted amides have also found use as starting materials for the preparation 
of lactams of varying structure. Thus, reaction of substituted pyruvamides with diethyl 
(diazomethy1)-phosphonate under basic conditions produces1089 y-lactams which result 
from the 1,5-carbon-hydrogen insertion of the intermediate alkylidenecarbene (equation 
745). 

R' 

(745) 
Me 

0 

R 2  
Ratio 

R 3  Yield VA) 89:W 

- 50" 
43b 1.5: 1 
56b 2.6: 1 
61" 
67" 
63b 1:1.2 

- 
- 

"Yield determined by PMR.  
blsolated yield. 

Refluxing cycloalkanone esters in an excess of a primary amine and a catalytic amount 
of the corresponding hydrochloride for 12 to 18 hours, produceslogO the corresponding 
bicyclic lactam (equation 746). 
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RNH3CI- r e f l u x  12-18 h ( H 2 C a  (746) 

(H2ca,~~H2)2COOEt ' Y H 2 l  

0 
I 

n =  4 j 5  j 6 j10 j 4 j 10 

R = P h  j P h j P h j P h j p - T o l j p - T o 1  

R 

N-Acyliminium cyclizations onto benzenoid rings or heterocycles, such as pyrrole, 
thiophene or indole, produce'09' tetrahydroisoquinoline ring systems in fair to good 
yields. The precursors for these reactions were prepared by either of two routes: 
condensation of a mixed carbonic anhydride, ester or ene lactone with a 2-arylethylamine 
to give a keto amide or enamide; or condensation of succinic anhydride with a 2- 
arylethylamine to give an imide. Cyclization of the precursors was effected by exposure 
to acid, either polyphosphoric (PPA), hydrochloric or pyridinium polyhydrogen fluoride 
(PHF). Below are recorded several examples of this approach to the preparation of 
lactams. 

Reaction of the mixed carbonic anhydride of levulinic acid with 2,2-diphenylethyl- 
amine produces a keto amide as a mixture of ring and chain tautomers, which upon 
treatment with polyphosphoric acid affords the corresponding fused ring lactam 
(equation 747). The overall yield obtained"" was 35%, of a mixture of substituted 
6a- and 6p-pyrrolo[2,1 -a]isoquinoline diastereomers in a 94:6 ratio. When angelica lac- 
tone was used instead of the mixed anhydride, the overall yield improved to  65% of the 
same 94:6 mixture of products. 

+ Ph2CHCHzNH2 - MeCO(CH2~zCONHCHzCHPhz I MeCO(CH2)2C02C02Et  

or  

Me 

(angelica lactone)  I 

0 

PPA,lOO°C "'9' Me)'. 3 h  

I 
CHzCHP h p  

65( 6P 
(747) 

Allowing the mixed carbonic anhydride of 5-oxohexanoic acid to react with 2,2- 
diphenylethylamine under the same conditions as were used for the above reaction 
produced10g1 7a- and 7/3-benzo[a]quinolizidines in 74% as a 94:6 mixture of diastereo- 
mers (equation 748). 

Reaction of a-angelica lactone with 2-(3,4-dimethoxyphenyl)-2-phenylethylamine in 
the presence of hydrogen chloride produces a 40"/, mixture of substituted 6a- and 
6/3-pyrrolo[2,1-a]isoquinoline diastereomers in ii 90: 10 ratio (equation 749). Similar 
results'091, differing only in the yield of products and their ratios, were obtained with 
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MeCO(CH2)3C0zC0zEt + PhzCHCHzNH2 - MeCO(CH2),CoNHCHzCHPhz 

PPA - 
100 O c  

_ -  + 
(748) 

7a 78 

a. t M e O ~ C H P h C H z N H 2  - HCI 

Me 

%o + MeO% 

0 
0 

Me0 

Me0 
Me-. 

0 
Me0 

Me-’ 

PhCH(Me)CH,NH, 

Ph,C(Me)CH,NH2 

PPA ,100 OC 

68 
(749) 

0 0 
O N  .’ 

Me’ 

80% ( 7 0 : 3 0 )  

6 5 %  (60:40) 
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2-phenylpropylamine (equation 750) and 2,2-diphenylpropylamine (equation 751) using 
polyphosphoric acid. 

When cyclohexanone-2-acetic acid ester was heated with 2,2-diphenylethyIamlne, a 
mixture of 3,3a- and 7,7a- enamides was obtained in a 3:l ratio, which upon treatment 
with polyphosphoric acid afforded a 60% yield of I la- and 1 l,&phenyIerythrinan-8-one 
in a 9 5 5  mixture (equation 752). Similar reaction with 2-(3,4-dimethoxyphenyl)-2- 
phenylethylamine afforded a 98% yield of the corresponding 1 la-isomer only 
(equation 753), while using cyclohexanone-3-propionic ester and 2,2-diphenylethylamine 
afforded mainly the 4a,8a-olefin isomer of the initial enamide, which upon treatment 
with polyphosphoric acid produced a 50% yield of a 95:5 mixture of lla-, llp-phenyl-a- 
homoerythrinane (equation 754). 

0 

R = M e  or  Et  CHzCHPhZ 

lla 1 1 p  

R = M e  or E t  

HCI  
E t O H  

[enomide] - 
0 

Meo Meo% L 
(753) 

H 
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heat 
CH2CH$OOR t Ph2CHCH2NH2 - 

R =  Me or E t  

H 

In the recent literature, amides which contain double bonds have been a rich source 
of starting materials for the preparation of lactams, and most of the procedures used 
are represented by but a single reference. For example, allylamides of bis(alkoxycarbony1)- 
aminoacetic acids have been reported777 to cyclize, via an intramolecular arnidoalkyla- 
tion of the resident olefin, in methanesulphonic acid at room temperature to produce 
the five-membered pyrrolidones rather than the corresponding six-membered piperidi- 
nones (equation 755). 

CH 
C H ~ = C H /  2 ' ~ ~  

I MesOH c=o _r 

I 
CH2 
I 

r .  I. 

N(COOR), 

NHCOOR 

R = Me j n-Bu 

Yie ld  ("Id= 51 j 80 

ii 
+ N H C O O R  

The N-allylamide derivatives of a-ethylenic acids upon reflux with 1.2 equivalents of 
sodium hydride in xylene followed by aqueous hydrolysis, afford'092 good yields of the 
corresponding E-lactams 91. When the reaction mixture was treated with methyl iodide 
instead of the hydrolysis step, the N-methyl derivatives of the E-lactams 92 were obtained 
(equation 756). 
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R' 

1. NOH, xylene, 

2.aq. hydrolysis 

H N  

Me 
Me 
Me 
Ph 
Me 
Me 
H 
H 
H 
H 

R2 

Me 
Me 
Ph 
Ph 
Me 
Me 
Me 
Me 
Ph 
Ph 

R3 

ref lux 
2 . M e I  

H 
H 
H 
H 
Me 
Me 
H 
H 
H 
H 

H,O or Me1 

HZO 
Me1 
Me1 
Me1 

Me1 

Me1 

Me1 

HZO 

HZO 

HZO 

( 9 2 )  

Product Yield (%) 

91 70 
92 70 
92 80 
92 73 
91 78 
92 72 
- - 

As the results indicate, there was no reaction if R '  = H, also if the nitrogen was 
trisubstituted, or if excess sodium hydride was not used. The mechanism probably 
involves removal of the hydrogen attached to the nitrogen followed by further removal 
of the hydrogen from the ally1 moiety. Similar results are ~ b t a i n e d " ~ '  when the allylic 
double bond is part of a cyclic system (equation 757). 

R=H or Me 

1 .  N a H ,  xylene,  

2. H,O 
r e f l u x  

r e f l u x  
2. M e 1  

(757) 

7 0 % 
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Allyl- and propargylamides of 2,4-dienecarboxylic acids have also been used as starting 
materials for the of y-lactams via an intramolecular Diels-Alder addition 
(Table 50). 

Synthesis of 5- or 6-membered lactam derivatives may be accomplished'094 by 
intramolecular ene insertion of acylazocarboxylates having y,h- or 6,E-unsaturation. The 
acylazocarboxylates required are generated by manganese dioxide oxidation of the parent 
hydrazines (equation 758 and 759). 

Method A , B  

0 NHNHC02Et  

NHC02Et 

Method A :  Mn02,  CH2C12, 2 0 * C , s t i r  gave 6 7 %  yield 

0: n-EuLi,NES, O"C,THF gave 21% yield 

C: P b ( O A c ) ~ , C H ~ C 1 ~ , O ° C , g a v e  38% yield 

60- 8 0 O/o 

Several examples of condensation reactions with alkenamides have also been reported 
to produce lactams. These examples include the formation of y- or h-lactams by the 

of N-alkylalkenamides with benzeneselenenyl chloride via the intra- 
molecular attack of the nitrogen atom of the amide group on the episelenonium ion 
intermediate formed during the reaction (equation 760). As can be seen from the results 
reported, the substituent on nitrogen and the substituent on the carbon atoms between 
the carbonyl group and the double bond play an important role in determining whether 
or not the reaction will proceed. The best indication of the sensitivity of this reaction 
to substituents and their location is obtained by the results recorded for the last two 
entries in the chart below equation 760. 

Condensation of acrylamide with an enamine prepared from cyclohexanones or 
cyclopentanones in an anhydrous solvent the corresponding bicyclic 
2-piperidones (equation 761). Similar results were also obtained'096 using ethyl 
2-( 1 -pyrrolidinyl)-2-cyclohexene- 1-propanoate, ethyl 24 1-pyrrolidinyl-2-cyclohexene- 1 - 
ethanoates or ethyl 2-( 1-pyrrolidinyl)-2-cyclopentene-I-ethanoate. By condensing these 
materials with primary amines the corresponding N-substituted 2-piperidones and the 
N-substituted 2-pyrrolidones were obtained (equation 762). 

Reaction of dirnethylaminoformaldehyde diethyl acetal with enaminoamides 
producesIo9' the corresponding pyridoazepines and furopyridones (equation 763). 
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N-alkylalkenamide + PhSeCl - y- or &lactams 
MeCN, r.1. 

stir 

Starting material Time (h) Product 

PhSeCHz 

CH2=CRCH2CHE1CONHBu-n N-Bu-n 

R = H  1 E f  

R = M e  1 

2 PhSe..& 0 

E l  

CH,=CHCH,CHEtCONHPh 
CH2=CHCHzCH2CONHBu-n 

N o  reaction 
N o  reaction 

46 I 

(760) 

Yield PA) 

8 7" 

94" 

13 

73b 

68 

23 

"Product is a 1:l mixture of stereoisomers. 
bProduct is a 7723 mixture of stereoisomers. 

R' u N s  (CH21n 

CH2-CHCONH2 onhy. r s f l u x  solvent 3 h  R ' W  

0 
R2 R3 

(76 1) 

R' R 2  R3 n Solvent Yield (%) 

H H H I dioxane 100" 
Me H H 1 dioxane 90" 
H n-Pr H 1 benzene 73 
H H H 0 benzene 85' 
Me Me Me 0 benzene 72 

"A mixture of isomers of 3,4,4a,S,6,7-hexahydro- and 3,4,5,6,7,8-hexahydr0-2( I H)-quinolone. 
A''"'' hexahydro-2(1H)pyridone was formed. 
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(CH21n CHR3COOEt + R ~ N H ~  onhy. solvent R 2 n ; x R 3  

h e a t ,  st i r  
10- 20 h 0 

I 
R' 

(762) 
R2 R-3 n R' Solvent Temp("C) Time(h) Yield(%) 

H H 1 PhCH, DMF 150 15 16 
H Me 0 n-Pr C6H6 80 10 52", 42b 
H Me 0 c-Hex d i o x a n e 100 10 52' 

Me Me 0 PhCH, DMF I 50 10 32' 
H Me 0 PhCH, C6H6 80 20 34". sob 

"Yield of the A""'-tetrahydro-2-indolone isomer. 
bYield of the A'"'7"1-tetrahydro-2-indolone isomer. 
'Yield of an isomer mixture. 

R=Ph,  PhCH, 
n =  1,2,3 

A variety of other substituted amides have also been used recently as starting materials 
for the preparation of lactams. For example, treatment of diazo compounds with a 
catalytic amount of rhodium(I1) acetate in benzene rep~rtedly" '~ produces aza-/I- 
lactams in high yields (equation 764). The mechanism for this conversion appears to 
involve formation of a rhodium carbenoid intermediate, not a carbene, followed by 
nucleophilic attack by the lactam nitrogen on the rhodium carbenoid, rather than an 
insertion into the lactam nitrogen-hydrogen bond, to afford ring closure. 

Rh,(OAc), 
R3C 0 C C 0 N R N H C 0 0 R' . 

I1 
N2 Ol'/ 

R' RZ R3 Yield (%) 

t-Bu PhCH, OEt 
t-Bu PhCH, Me 
t-Bu CH,COOEt OEt 
t-Bu CH,COOEt Me 
PhCH, CH,COOEt OEt 
PhCH, CH,COOEt Me 

91 
100 
95 
15 
93 
82 

(764) 
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Reaction of the substituted urethanes shown in equation (765) with phosphorus 
oxychloride and a pinch of phosphorus pentoxide in dry xylene produces'099 the 
corresponding substituted 1 -oxo-I ,2,3,4-tetrahydroisoquinolines. 

/O\ 

'0' 

R' = M e 0  ; R'R1= C H 2  

Y i e l d ( % ) =  45 ; 2 5  

In 1980, a new synthesis of oxindoles (equation 766), isoquinolones (equation 767) and 
benzazepinones (equation 768) was reported ' loo which involved intramolecular amido- 
alkylation of aromatic amides of bis(methoxycarhony1amino)acetic acid. 

H 

N HCOCH( N H C 0 2 M e  )2 C F ~ C o o H J .  r .  1. m0 (766) 

R 

NHCOOMe R = H  ; M e  

Yie ld (%)=  6 7  ; 95  

R 
I 

R =  H ; M e  ; C O O M e  

Yield(%)= 84  ; 83' ; 85' 

N H C 0 2 M e  

"Product was a mixture of two isomers. 

* Rqo C H2CH2 N HCOCH (N H C 02M e l2 
CF, COO H 

o r  
MeaOH R R 

N H C 0 2 M e  

Rm 
R =  H' O M e b  

Y i e l d ( % ) =  6 7  64 

"MesOH used. 
bCF,COOH used. 
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Cyclization of phenylalkanehydroxamic acids using polyphosphoric acid (PPA) 
affords' l o '  the corresponding benzolactams (equation 769). 

n =  2 , 3  

Two interesting cyclocondensation reactions have also been used to produce dilactams 
and imidazolidinones. In the first cyclocondensation, 3-acetylhexane- and 4-acetyl- 
heptanedinitriles were refluxed with potassium carbonate in ethanol to produce"" hexa- 
hydro-I H-pyrrolo[2,3-h]pyridines (equation 770) and octahydro- 1 H- 1,8-naphthyridines 
(equation 771), respectively, while in the second cyclocondensation, amino acid amides 

CH2CH 2CN 

I K,CO,, E I O H  
(770) eooc 

Me 
A C  

R = H , O M e  

CH2CH2CN 

I 
3,4-R C H CCH2CH2CN 

3~ 
A c  

R = H, OMe 

9 1 - 93 O/o 

K,CO,,EtOH 
80 OC 

(77 1 )  

0 
H H  

3 4 - 3 6 %  

were refluxed with aldehydes or ketones in the presence of p-toluenesulphonic acid to 
produce' l o 3  the corresponding N-acetylated 4-imidazolidinones (equations 772,773 and 
774). 

R' 

l.CeHe,reflux 3 h  
R'CHCoNHR2 4- R3C0R4 -k 

p-TosoH 2,CeH,Ms, rs f lur  

R3 
I 
NHS02Me 

(S)  

R '  = Me j P h  j i - P r  j i - B u  ; PhCH2; Me ; Me ;Me 

R 2 = M e  ; M e  ; M e  ; M e  ;Me ; H ; H  ;Me 

R 3 , R 4  =H" ; H o  ; H a  ;H' ;H" ; M e ;  E t  ; Me,Hb 
(772) 

"Paraformaldehyde was used as the carbonyl reactant. 
bParaldehyde was used as the aldehyde reactant and both the cis and rrans isomers of the.product 
were obtained. 
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PhCH202CNHCHR'CONHR2 + R3COR4 + p-TosOH 

( S )  

465 

1.CgH6, r e f l u x  

2. C 6 H , M e , r e f l u x  

R ' = M e  ; PhCHz ; Me 
R 2 =  H ; Me ; M e  

R3 ,R4=Me ; H" ; H" 

"Paraformaldehyde was used as the carbonyl reactant. 

(773) 

(774) 

*B. By Ring-closure Reactions (Photochemical) 

' 7 .  Cyclization of aJ-unsaturated amides 

b-lactams by a (2 + 2) photochemical cycloaddition (equation 775). 
Irradiation of N-(thiobenzoy1)methacrylamides in benzene affords' I o 4  thietan-fused 

(775) 

* 4: C 6 H 6 , f ' u  

r. t .  

iH2 i 
MeCCONRCPh 

Me 
R = Me j E t  ; i-Pr;PhCH2;Ph 

Yield(%)= 55 ; 96 ; 73 ; 95 ; 77 

'3. Cyclization of enamides 

Non-oxidative photocyclization of 2-aroyl-l-methylene-6,7-dimethoxy-1,2,3,4-tetra- 
hydroisoquinolines, enamines of 6,7-dimethoxy-l-methyl-3,4-dihydroisoquinoline, pro- 
d u c e ~ " ~ ~  a variety of the corresponding fused-ring dehydrolactams as illsutrated in 
equation (776) and the following chart. A similar reaction occurs'1o5 when the 2-aroyl 
group is a-naphthylene (equation 777). 

n u  , h i g h  p r e s s u r e  m e r c u r y  
t dehydro lac tams  

l a m p  ( P y r e x  filter),C6H6, r. t.  

M e 0  
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R Temp. ("C) Product(s) Yield (%) 

M e 0  

H r.t. + 25" Meo3 + 
Meo% 194) 0 

1931 

M e 0  15" 

o-Me0 

o-Me0 

m - M e 0  

m-Me0 

r.t. 

6 

r.t. 

6 

94 
M e 0  

M e 0  %+ 
94 

M a 0  

MeoT I951 M e 0  

M e 0  

O M e  

M e 0  

(96) 

% M e 0  

M e 0  

M e 0  

197) 

95 + 

M e 0  

ti' 
Meo% M e 0  \ + + 

60 

31 

30  

13 

45 

15 

30 
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R Temp. ("C) Product(s) Yield VA) 

.(96 + 97) 20 

Me0 

21 Meo3 + 9 
p-Me0  r.t. 

'"' M a 0  

Me0 

M a 0  

'99' 
Me0 

98 + p - M e 0  6 

3,4-( MeO), 

3,4-( M eO), 

r.t. 

6 

99+ 

M e 0  

M e 0  

OMs 

M e 0  

M a 0  -"a 
OM. 

(101) OMa 

Me0 

Meo3 Me0 100 4- OM0 

101 -I- 

40 

29 

23 

22 

5 

40 

5 

25 
35 

(continued) 
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R Temp. ("C) Product(s) Yield rx) 
Synthesis of lactones and lactams 

M a 0  

H' 

4 

'The same products and yields were obtained when the reaction was performed at 6 ° C  

M e 0  

Meo3 
hu 

r. t .  

- 
ce He 

(777) 

The mechanism proposed for these conversions involves a [ 1,5]-sigmatropic proton 
shift (Scheme 9). 

If the irradiation is performed"" in the presence of sodium borohydride in a benzene 
solution containing a small amount of methanol, the formation of the dihydrobenzene 
products is suppressed and only the more stable saturated lactam products are obtained 
(equation 778). 

Me MeowN-co*R 0 

C H p  

h v  

Na6H4 
CeHe, MeOH 

- 

R = m- MeO, p- MeO, 3,4-(MeO), 'R 

(778) 
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M e 0  O WN - c 0 P h 

h i  

CH2 

I 

Me0 

469 

Me0 

SCHEME 9 

‘4.  Cyclization of N-chloroacetyl-B-arylamines 

Photocyclization of N-chloracetyl derivatives of 4-(3,4-dimethoxyphenyl)butylamine 
and 5-(3,4-dirnethoxyphenyl)pentylarnine in  50% aqueous acetonitrile affords’ I o 6  a 
variety of azepinoindole products (equation 779). 
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M~OD(CH~)~  NHCOCH2CI 

M e 0  

n= 4 , 5  

.. 

SO ‘10 oq. MeCN 

NaHCOa, hu, 3 h 

n= 4, 14.8% 

n = 5 , 10.3% 

1 .3% n= 4 ,  1.2% 

n= 5, 15.5% 

M e 0  

n= 4, 15% 

n= 5, 23.1% 

n = 4 , 6.3% 
n =  5 ,  19.5% 

‘6. Miscellaneous cyclizations 

A number of miscellaneous, photochemically induced cyclization reactions has been 
reported in the recent literature, the majority of which have been concerned with the 
preparation of /I-lactams. Thus, photoirradiation of 2-N-acyl-(N-alkylamino)cyclohex-2- 
enones in ether or acetone under a nitrogen atmosphere produces’ lo’ the corresponding 
N-alkyl-1 -azaspiro[3.5]nonane-2,5-diones via a 1P-diradical intermediate (equation 780). 
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R'  R2 R3 Yield (%) 

47 1 

Me Me Me 28 
i-Pr Me Me 45 
i-Pr 4 C H A s -  48 
i-Pr MeS H 45 
i-Pr Ph H" 45 
PhCH, MeS H 51 
PhCH, Ph Ha 65 

'Stereochemistry uncertain. 

Another photochemical approach"08 to the preparation of p-lactams involves the 
irradiation of acyclic monothioimides in benzene under an argon atmosphere with a 
1 kW high-pressure mercury lamp. However, since the p-lactams produced were too 
unstable to isolate directly, they were benzoylated with benzoyl chloride in the presence 
of triethylamine, and the resulting S-benzoyl p-lactams isolated (equation 781). The 
mechanism proposed' lo* for this reaction involves the intermediate formation of either 
a diradical or a zwitterion (equation 782). 

S R2 R3 R2 R3 

R'R2CHCONPhCR3 I I  - Ar [R1#IH] - Rj+:;ph 
(781) 

R' R2 R3 Yield (%) 

Me 
Me 
H 
H 
H 

Me 
Me 
Ph 
M e 0  
M e 0  

Ph 
Me 
Me 
Me 
Ph 

29 
16 
3 5" 
76' 
9w 

"The S-benzoyl fi-lactam product was obtained as  a 1:l mixture of stereoisomers. In 
addition a 13% yield of the S-phenylacetyl fi-lactam shown below was also obtained. 

Ph- - -  ---SCOCH2Ph Me 
0 

'The product obtained was the cis isomer only. 
'The product obtained was a 63:27 cis:rrans mixture. 

The intermediacy of a zwitterion is also proposed' I"' in the mechanistic explanation 
of the formation of optically active p-lactams via solid state photolysis of inclusion 
complexes of N,N-dialkylpyruvamides with desoxycholic acid (equation 783). Although 
the enantiomeric excesses for the p-lactams obtained are not high, optically active 
products are obtained by this method which are not obtainable from the corresponding 
photolysis in solution"0g. The 4.1 inclusion complexes of acid to amide required as the 
starting materials for these reactions were prepared' ' 0 9  by crystallizing the acid using 
the amides as the solvents. 
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S 
II 

R' R2C H CON Ph C R3 -!% 

,CH2R' 

Synthesis of lactones and lactams 

' R' 
I 

Ph P h  + & e(CH2)2COOH 

~e c oco N' 

'CH*R2 

HO 
H H  

R '  
Enantiorneric 

R 2  excess (%) Yield (x)  
H 
Me 

1 5" 
9" 

15 

42 
7 4 b  
52 

"3.5-Dinitrobenzoate derivative. 
'Product obtained as a I : I  mixture of stereoisomers. 

Larger ring lactams have also been prepared by photochemically induced cyclization 
reactions as evidenced by the synthesis of y -  and 6-lactams. Irradiation of 2'-, 3'- or 
4'-substituted biphenyl-2-carboxamides with t-butyl hypoiodite in t-butyl alcohol 
produces' carboxamidyl radicals which cyclize intramolecularly to afford the y- and 
6-lactam products (equation 784). The proportion of each product obtained depends 
upon' I lo the steric and electronic effects of the substituents present. 

0- ONHR 

l . I - B u O C I , I , ,  K O B u - f  

t - B u 0 H . d o r k .  9 t i r  

2 . h u ,  r. 1. 

R' 8:; t 0 ,$ 0 

R 
+ R' q& 

(784) 
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Starting material Time (h) Product Yield cx) 

C O N H M e  @ 

OMe 
I 

CONHMe & 
R = I  

R=CI 

R = M e  

R = C N  

17 
+ 2.5 

1 102 + 103 + 

4 

8 

3 

3 

R 
I 

+ 
103 

104 + 
103 
104 

N.R. 

65 

l4+ 17 

56 

68 

17 

7 0  

17 
40 
15  
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Starting material Time (h) Product Yield (%) 

Synthesis of lactones and lactams 

M a 0  MOO 

2.5 23 
C O N H M a  

17 

MOO 9 
C O N H M e  & 

2.5 96 

~ ~~ ~~ 

"Condition used: 1-BuOl, I,, r-BuOH, r.1. 
bSarne conditions as in a but without I ,  gave a 22% yield of product. 
'Condition used: I-BuOl, ICI, I,, CCI,, r.1. produced no reaction. 
dCondition used: r-BuOI, ICI, I,, r-BuOH, r.1. produced a 100% yield of product. 

Macrocyclic lactams ranging in size from 26 to 28 members have been prepared''" 
in moderate yields by remote photocyclization of sulphur containing phthalimides 
(PI-NR) (equation 785). If analogues of the starting material shown in equation (785) 
are used, 31- and 38-membered macrocyclic lactarns were prepared' l 1  ', while similar 
reaction with an ester analogue produced' ' 16- to 27-membered lactams depending 
upon the value of m and n in equation (786). 

MeCN, hv 

30 min 
PI-N(CH,)l,NHCO(CH2)loSMe 9 

26-membered monocyclic lactam (1 7%) + 
28-membered monocyclic lactam (57%) 

PI-N(CH,),CO,(CH,),SMe 

MeCN. hv - 16-, 18-, 22-, 25- and 27-membered lactams 
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'C. By Cycloaddition Reactions 

*I .  Addition of isocyanates to olefins 

The reaction of N-chlorosulphonyl isocyanates (CSI) with olefins to produce N- 
chlorosulphonyl substituted 8-lactams, and their subsequent reduction to N-unsubsti- 
tuted 8-lactams (equation 787, R3 = SO,Cl), has again been used in the recent literature 
to produce substituted 8-lactams. In addition to chlorosulphonyl isocyanate, a variety 
of other activated isocyanates have also been employed as reagents for the preparation 
of b-lactams via essentially the same two-step procedure used with chlorosulphonyl. 
isocyanate. Table 5 1 lists the various 8-lactams prepared using these reagents. 

+ R1(2)-CH -CHR2(') 

RICH=CHRZ + R 3 N C 0  [ n - c o m p l e x ]  - 1 -  
O=C-N-R3 

R1(2) R2(0 R1(2) - reduct ion  yR2(l' (787) 

- 0 XR3 0 

Using N-chlorosulphonyl isocyanate (CSI), an interesting series of reactions was 
observed"" with 4-methylenespirol[2.X]alkanes. With substituents such as methoxy- 
carbonyl- or cyano- attached to the cyclopropyl portion of the spiroalkane, the reaction 
with CSI proceeded in a normal manner to produce the N-chlorosulphonyl spiro-B- 
lactam initially, which upon reduction with sodium sulphite produced the N-unsubstituted 
spiro-P-lactam (equation 788). However, when a similar reaction was attempted"" with 
unsubstituted 4-methylenespiro[2.X]alkane analogues no sign of initial /?-lactam 
formation was observed and the initial products isolated were live- and six-membered 
ring N-chlorosulphonyl lactams, which upon reduction with thiophenol-pyridine in 
acetone afforded the corresponding N-unsubstituted lactams (equation 789). Three 

n = 2,3 

X=CN,COZMe 
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mechanistic possibilities were proposed for this conversion. In route A, electrophilic 
attack of the CSI on the olefin generates fast equilibrating zwitterionic species which 
are stabilized through homoallylic charge delocalization, and a subsequent collapse into 
homo Diels-Alder adduct yields the product. Route B is a concerted, symmetry-allowed 
[2a + 4al-type cycloaddition. Route C is a nearly concerted mechanism of the same 
symmetry-allowed [2a + 4al-type (Scheme 10). 

n 

N 
'S0,CI 

Routs -1 C 

.o 

Similar results were also obtained' ' 2o when an isopropenyl substitutent was present 
on the cyclopropyl ring and the [2 + 21-cycloaddition reaction with the resulting 
trans- l-isopropenylspiro[2.X]alkane and CSI was performed. The products obtained' 
from this reaction were seven- and nine-membered ring lactams (Scheme 1 l), resulting 
from electrophilic attack, preferentially at the methylene carbon rather than the 
isopropenyl carbon of the cisoid-transoid conformer of the spiroalkane starting material. 
The produced an intermediate spiro-/?-lactam which was monitored by infrared spectro- 
scopy, but could not be isolated because of the speed of its further addition to the 
spiro-cyclopropane and/or to the spiro-cyclopropylalkene to form the respective 
seven- and nine-membered ring lactams as the temperature was elevated. 
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cs1,o oc I 

CI0,S 

C l S O 2 - N p  / 
(CH,),, + ClSO2-N o* (CH2),, Me t 2% (CH2 ),, 

H,C=CMe 

No2S0, i 
Me 

I H2C =CMe 
Me 

with: 
n = 2, a 68% yield of three isomeric 1: 1 adducts is obtained in a 15:67: 18 ratio, 
n = 3, a 74% yield of three isomeric 1: 1 adducts is obtained in a 11  :74: 15 ratio. 

SCHEME 11 

Recently, the use of transition metal complexes to  form a-lactams was exemplified' ' 2 2  

by a [l + 1 + 21-cycloaddition of iron carbene complexes with isocyanides followed by 
oxidation of the resulting adduct with potassium permanganate (equation 790). 

(790) R =Me,c-Hex,Ph 
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Substituted fi-lactams have also been synthesized by c ~ n d e n s a t i o n " ~ ~  of fl-amino 
acids with various N-substituted isocyanates and formaldehyde (equation 791). 

C H ~ C O R '  

MeoH L-f 
Meon ,a 

General :  

H O O C C H ~ C H ( N H ~ ) C H ~ C O R '  t R ~ N C O  t (3701~) c H 2 0  - 
0 'cHzc O N H R ~  

R2=  NHolkyi,  NHCHZPh,alkoxy, PhCH20,p-O2NCgH&H20 (791) 

R ' =  alkoxy,  PhCH20,  p-O2NCCH4CH20,HO,PhS 

CH~COOBLI-I 
Spec i f i c :  

HOOCCH2CH(NH2)CH2C00Bu-t t MeNCO t CH20 - 
0 'C H2C0 N H M e 

66 '10 

Intramolecular condensation of steroidyl isocyanates with an ester function has been 
reported' ' 2 4  to produce 2-aza-5a-cholestan-3-one, with the required isocyanate being 
prepared from the corresponding parent ester by reaction with diphenylphosphoryl azide 
(DPPA) to effect a Curtius rearrangment (equation 792). 

Me. 

O=C=NCH2 ..., 
Me D P P A  ,E t 3 N ,  . B Me 

ref lux 1 h ,  C6H,Me 

Me02CCH2 , 
H 

HO$CHz-., 

MeO2CCH2+ 

H 

DMF/H,O 

r e f l u x  21 h 

&:: 
0 

&:: 
0 

(792) 

H 

Another example of intramolecular lactam formation is the Friedel-Crafts cyclization 
of 4-o-phenylalkyl substituted-1 H-pyrazol-5-isocyanates to produce the corresponding 
7-, 8-, 9- and 10-membered lactams'125 (equation 793). 

Me Me 

I 1.  AlCl,, o-C12C,H,, I 
90 OC,stir 10-15 min 

2 . 2 1 5 ° C , l h  

Me 
3. 145 OC, b r i e f l y  Me 

n =  1 ; 2 ; 3 ; 4 ; 5  

Yie ld(%)= 83j85;84;47; 0 (793) 
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‘2. From imines 

Synthesis of lactones and lactams 

*a. Reaction of imines with ketenes, acid chlorides or mixed anhydrides. Recently, one 
review article”26 on the chiral construction of 8-lactams and other derivatives by the 
use of a chiral controlled Staudinger reaction and several other references on the prepara- 
tion ofp-lactams by the [ 2  + 21 cycloaddition of imines and preformed or  in situ generated 
ketenes (equation 794) have been published. The results of this approach, which truly 
involves ketene as a reactant, are reported in Table 52. 

However, as perceived by recent reports, the most frequently used reaction for the 
preparation of p-lactams still remains the reaction of an imine with an acid halide in 
the presence of a tertiary amine. Also found in the recent literature is mounting supporting 

that the mechanism for this reaction does not involve the inter- 126.ll45-I147 

R 2  

I 

R 3  R 4  
R’+H ‘C’ 

I! 
N cox + 

I ‘R5 

-0 -0 

I 1 
R’ R 4  

R 2  

SCHEME 12 
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2. Appendix to  ‘The synthesis of lactones and lactams’ 58 1 

mediate formation of ketene, but instead involves substitution of the acid-halide by the 
imine to produce an imine salt, which then undergoes proton abstraction by attack of 
the tertiary amine base on the C, proton (Scheme 12). The two zwitterions produced, 
then upon conrotatory ring closure, lead to the corresponding two streochemically 
distinct products possible for this reaction. In cases where both .stereoisomers can be 
obtained, the preference for one over the other appears to be controlled by the steric 
interaction present between R 1  and R3 or R 2  and R 3  in the zwitterions shown in Scheme 12. 
The result obtained using this approach to the synthesis of /?-lactams are reported in 
Table 53. 

Although the reactions of imines with anhydrides or  ‘activated’ carboxylic acids or their 
salts are viable methods for the preparation of b-lactams, these approaches have found 
only limited use. The reagents used in these procedures are usually: mixed anhydrides 
made from two carboxylic acid components or a carboxylic and sulphonic acid 
component; a carboxylic acid ‘activated’ with cyanuric chloride or a chlorophosphate 
reagent; or Dane salts in the presence of a variety of ‘activating agents’ (equation 795). 
The results obtained using all of these approaches are summarized in Table 54. 

I R‘C H 2 C 0 2 C 0  R 2  

*b. Reformatsky reaction with imines. Whereas the imine reactions discussed up to 
this point have been used to prepare /I-lactams almost exclusively, the Reformatsky 
reaction with imines offers a method to prepare 4-, 5- or 6- membered lactams in usually 
good yields. The structures of the lactams produced from these reactions are solely 
dependent upon the structure of the imine used. 

Reaction of ethyl cc-bromoisobutyrate under Reformatsky conditions with carbodi- 
imides p r ~ d u c e s l * ’ ~  the corresponding /?-lactams in 51 to 81% yields (equation 796). 

Ultrasound has been reported’*’’ to promote the reaction between ethyl bromoacetate 
and imines under Reformatsky conditions to the extent that excellent yields of 0-lactams 
were obtained in a few hours a t  room temperature (equation 797). Interestingly the 
substitution of a-bromopropionic or a-bromo-b-phenylpropionic esters for ethyl 
bromoacetate failed to produce any lactam product. 

The Reformatsky reaction of ethyl (a-bromomethy1)acrylates with nitriles has been 
reported794 to produce a-methylene-y-lactams in good to excellent yields according. to 
the mechanism shown in equation (798). 
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(126) 

Me+f R 2  

a n d / o r  

0 ' R' 

( 1 2 7 )  

(796) 

Yield ?A) 

R' R 2  1 26 127 

c-Hex c-Hex 

p-An p-An 
p-Tol P-ToI 

p-02NC6H4 P-O 2 NC6 4 

Ph n-Bu 
Ph i-Pr 
Ph I-Bu 

- n i  
- 51 

a 
0 0 
54 23 
69 19 
7nb - 

- 

"The main product was: N A n - p  
I 1  

bAlso formed: 

R' 

(797) 

* AR2 Z n ( I )  , d i o x o n s  

25  O C ,  u l t r a s o u n d  
BrCH2C02Et  + R'CH=NR2 

0 

R' R 2  Time (h) Yield (%) 

Ph 
Ph 
P-ToI 

Ph 
p-An 
p-An 

p-ClC6H4 p-An 

5 70 

4 95 

6 77 

5 82 

10 85 
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Zn,THF [ ,, r2 ] B r Z n C H 2 C C O z E f  . 
R e f l u x  2 h  

BrCH2CC02Et + RC=N - R-CCH2CC02Et 

NZnBr 

R Yield (%) 

Me 
Et 
i-Pr 

N=CCH2CH, 
cyclopropyl 
Ph 
3,4,5-(MeO),C,H, 

~ - B u  

15.3 
96 
99 
96 
60 
66 
91 
91.3 

Fused ring y-lactams are producedlZz6 by the reaction of ethyl a-bromo-a- methylpro- 
panoate with both cyanoesters (equation 799) and cyclic imides (equation 800). 

C02Et 
M e 2 C B r C O O E t  

Z n ,  PhOMe,HgCIz 
U C N  

7 1 ‘10 

(799) 
Me2$C02Et 

M s Z C B r C O O E f  

Zn,PhOMs,HgClz 

83% 
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Me2CC02 Et 

g ! H  Me2CBrCOOE1, Zn,PhOMe,HgCI2 &N 

0 

M e a C B r C O O E t  

Zn,PhOMe,HgCI2 

0 

35% 

&Lactams have been reportedly'227 prepared by the reaction of ethyl a-bromoacetate 
and conjugated imines. This reaction involves formation of the zinc enolate anion which 
undergoes electrophilic attack by the a-carbon of the styrene moiety, followed by 
nucleophilic attack on the carbonyl carbon atom of the ester by the imino nitrogen, to 
give 1,4-cycloaddition, followed by elimination of ethoxide ion to form the 6-membered 
lactam (equation 801). 

1.  Z n  durt,C6He, 
r e f l u x  15 m i n  

BrCH2COOEt + PhCH=CHCH=NC6H4R D 

2.  s tand  o v e r n i g h t  

R Yield (%) R 

Ph 

C6H4R 

Yield (%) 

H 
p-Me0 
p-EtO 
p-Me 
p-c1 

62 p-Br 90 
68 P-NO, 16 
14 0-OH 65 
34 p-SOZNH 2 N.R. 
I0 
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‘c. Other mine cycloadditions 

Reaction of imines with a variety of chromium carbene complexes produces p-lactams. 
When [(methoxyalkyl or aryl) carbene] chromium complexes (128) are used in reaction 
with imines, irradiation by sunlight (or six 20-watt ‘vitalite’ fluorescent tubes) is required 
to the p-lactams according to either of the two mechanistic 
 pathway^'^^*-'^^^ shown in equation (802). The first pathway involves initial photocyclo- 
addition of the imine to the chromium carbene to give the four-membered metallacycle, 
which then undergoes carbon monoxide insertion, followed by reductive elimination to 
produce the p-lactam product. The second pathway involves initial cycloaddition of the 
imine to the carbene carbon and an adjacent carbon monoxide moiety, to produce the 
acyl complex directly, which then undergoes reductive elimination producing the product. 
The overall reaction and its scope is shown in equation (803) and Table 55. 

R4N=k2R3 \ 

(C0)4Cr=CR’ OMe 

I 

+ 

hu 

OMe 

R4 ‘ 1  

M e 0  R2 

(C0)5Cr=CR10Me f R3R2C=NR4 conditions ’” (803) 

If the tetramethylammonium salt of (1-hydroxyethy1idene)pentacarbonylchromium is 
used as the carbene complex, irradiation is not required to produce’231 the p-lactam 
products, but a second oxidation step is required to convert the [ l-methyl-4-aryl-3(E)- 
(arylmethylene)azetidenylidene]pentacarbonylchromium initially formed ’ to the 
final product (equation 804). 

Molybdenum carbene complexes have also proven useful in the synthesis of lactams’ 230, 

especially from oxazines (equation 805) and oxazolines (equation 806), which have been 
reported’230 to be inert toward reaction with chromium carbene complexes. 

Titanium tetrachloride has been used to catalyse both ketene bis (trimethylsilyl) acetals 
and ketene silyl acetals with a variety of Schiff bases to produce substituted 8-lactams. 
Thus, reaction of ketene bis(trimethylsily1) acetals with Schiff bases in the presence of 
titanium tetrachloride produces’232 b-lactams in good yields, via a cross-aldol type 
condensation (equation 807). 
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R2 

589 

p-TosCI - 
M e 4 N  + Me\ 0 -/C=Cr(C0)5 4- R1-&CH=NMe C H z C 1 ~ , 2 0  OC,9h  

R2 

R1&c#R1 iodosobenzsne or N -oxide,  pyr id ine C H ~ C I Z  

(C015Cr 'Me 'Me 

R '  R 2  Oxidizing agent Yield (%) 

H H iodosobenzene 
H H pyridine N-oxide 
H Me pyridine N-oxide 
Me H pyridine N-oxide 

100 
96 
87 
89 

M e ?  f?' 

+ R3 R3 T H F , A r  M e o s J R 2  R3 R3 'OMe 

"YzR2 hu ,ooc 
(CO)=,Mo=C 

N 

R'  R 2  R 3  Reaction time (h) Yield (%) 

H H H 
Et Me Me 
PhCH, Me Me 

12 
48 
12 

41 
42" 
46" 

"The product consisted of two isomers. 

M e 0  Me 
Me? 7 

(CO)gMo=C + RyA hU,O°C,THF A r , 7 2  h MevT-'' + 

0 
M e  M e  M e  M e  

Me' 'Me 

(131) (132) 
(806) 
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R 
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Yield (%) 

131 I32 

H 14 13 
PhCH, 13 13 

- 
1 .  CHOCI2,TICl4 ,r . I .  

2.slir r . t . ,2h  
R’ R2C=C(OSiMe3)2 + R3CH=NR4 

[Me3Si02CCR1 R2CHR3NR4 Tic131 - 
R ’  RZ R’ R4 Yield cx) 
Me Me Ph Ph 
Me Me i-Pr Ph 

-(CHzL-- Ph Ph 
Ph H Ph Ph 
Ph H i- Pr Ph 

75 
66 
60 
69 
65 

Highly effective asymmetric induction by means of an intermediate ‘titanium template’ 
has been r e p ~ r t e d ” ~ ~ . ” ~ ~  to occur when dimethylketene silyl acetals react with 
(S)-alkylidene ( I-arylethyl)aminesl’33 (equation 808), and with the Schiff bases of chiral 
a-amino esters’ 234 (equation 809). 

1 .  -78 ‘C,stir 30 rnin, 

T i C 1 4 , C H 2 C l p  

R’CH=NCH(Me)R2 * + Me2C=C /OMe 

‘OSiMe3 (-M.,SICI) 
2. r . t .  stir 24 h 

-TiCI,(OMe) 1 Tic13 

* I *  
I 

R’-CH-N-CHfMe)R2 * 

Me2C-COOMe 

Me R‘ 



2. Appendix to ‘The synthesis of lactones and lactams’ 59 1 

Ratio of Asymmetric 
R2 ( S ,  R ) : ( R ,  R )  induction ?A) Yield (%) R 1  

Et 
n-Pr 
i-Pr 
n-Bu 
i-Bu 
Et 
n-Pr 
i-Pr 
n-Bu 
i-Bu 

Ph 
Ph 
Ph 
Ph 
Ph 

a-naphthyl 
a-naphthyl 
a-naphthyl 
a-naphthyl 
a-napht hyl 

23:77 
17:83 
72:28 
17:83 
11:89 
23:77 
19:81 
24:76 
19:81 
15:85 

54 
66 
44 
66 
78 
56 
62 
52 
62 
70 

66 
72 
26 
73 
71 
69 
70 
10 
69 
72 

I .  TiCI, ,CHzCIz ,-78’C 
2. r.1. 

* * 
R’CH=NCHR2COOMe + Me2C=C 

‘OSiMe3 

R1 RZ 
Ratio of Asymmetric 

(S ,  R ) : ( R , R )  induction (%) Yield ?A) 

Et 
n-Pr 
n-Bu 
i-Bu 
Et 
Et 
Et 
Et 

i-Pr 
i-Pr 
i-Pr 
i-Pr 
Me 
CH,CO,Me 
i-Bu 
PhCH, 

97:3 
95:5 
95:5 

>99:  < 1 
73:27 
57:43 
70: 30 
79:21 

94 
90 
90 

> 98 
46 
14 
40 
58 

73 
74 
77 
81 
28 
53 
49 
45 

Similar results have also been r e p ~ r t e d ’ * ~ ~ , ’ ’ ~ ~  using substituted ketene silyl acetals 
and Schiff bases. However, in some of these reactions, an intermediate p-amino ester is 
initially formed which must be treated with lithium diisopropylamide in a second step 
to cause cyclization to the p-lactam. It appears that all reactions involving a Schiff base 
which have a phenyl substituent on the nitrogen atom require this second step 
(equation 810). 
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TiCI, ,CH,CI,  

r . t .  stir 1 h 
MeOOCCR3 R4CHR' NHR2 

R'CH=NR2 + R3R4C=C /OMe 

OSiMe3 
\ 

(8 10) 
THF, L D A ,  

hexone-THF 
O°C,rtir 10 min 

R' R' R' 
Yield (x,) Yield (70 

R4 a-amino acid /{-lactam" 

Ph Ph Me Me 85 95 
Ph Ph Me H 83 90 
Ph Ph -(CH2)5- 70  91 
Ph PhCH, Me Me 92 77b 
Ph Me Me Me - 72' 

43' i-Pr PhCH, Me Me 
54' Et Ph(Me)CH Me Me 

- 

- 

"Reaction also reportedlZ3' lo occur when R '  = 2-Fu, 3-Thi. 2-Pyr and R' = PhO. PhS but other R's and yields 
were not specified. 
bThe LDA treatment resulted in the formation of 3,3-dimethyl-4.5-diphenyl-2-pyrrolidone. the [Mactam was 
obtained upon treatment of the /I-amino ester with potassium rerr-butoxide in THF. 

,LClA,THF MefiIh 
0 

H 

MsOOCCMezCH(Ph)NHCHzPh 

'Under the reaction conditions cyclization occurred directly without the formation of the intermediate /himino 
ester. 

Another imine cycloaddition approach to the preparation of /]-lactams which has 
been used effectively in the current literature involves the condensation of mono- and 
dianions of ester enolates with imines. The most general reaction in this category involves 
treatment of an enolizable ester of with lithium diisopropylamide in tetrahydrofuran 
to produce the enolate anion, which is then allowed to react with the imine (equation 81 I 
and Table 56). 
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Treatment of imines of a-aminoesters with sodium hydride in dimethyl sulphoxide 
produces the imine anions of the aminoesters. Alkylation of these anions with w- 
halogenoesters produces substituted imines, which upon heating to 180 "C producelZ4' 
lactams of from 4 to 7 members depending upon the structure of the w-halogenoester 
used in alkylation (equation 812). 

PhCH= NCH(R)COOMe 

X(Cn2)n COOM e 

N a n ,  OMS0 

0 J 

( X =  unspecif ied)  

- 

R 

I 
PhCH=E-C-COOMe 

Substituted imine Lactam 
R n yield (%) yield a) 
Me 1 
Me 2 
Me 3 
Me 4 
H 2 
H 3 
H 4 

12 
80 
72 
58 
60 
45 
43 

Reaction of two equivalents of lithium diisopropylamide in tetrahydrofuran with 
a-hydroxyhippuric acid derivatives produces the dianions shown in equation (8 13). 
Allowing these dianions to react with Schiff bases prepared from an aromatic aldehyde 
and an arylamine produces' 244 single isomers of 3-methoxy-3-amido-2-azetidinones 
(equation 8 13). 

THF, LDA [ R'co~,~,oM~] 

R 'CONHCH(OM~)COOM~ - 7 B o c  . 
-OH'\ 0 M e  

1. R2CH=NR3, THF, * 
- 7 e ° C , s t i r 4 h  

2. r. t . ,  s t i r  10 h 
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R’ R2 R3 Yield (%) 

613 

Ph Ph Ph 84 
Ph Ph a-naphthyl 88 
Ph p-CIC,H, Ph 91 
PhCH,O Ph a-naphthyl 84 
PhCH,O p-CICeH, Ph 91 

In an effort to  induce asymmetry in the ester-imine condensation to  produce 8-lactams, 
the lithium enolates of the isoborneol 10-isopropylsulphonamide butyrates shown in 
equation (814) were allowed’245 to react with Schiff bases. Treatment of the initial 
N-substituted 8-lactam products with ceric ammonium nitrate affordedIz4’ the corre- 
sponding N-unsubstituted 8-lactams in 56-920/, enantiomeric excess (equation 8 14). 

i.LDA, T H F  

2. RaCH=NAn-p, 
- 7 0  t o  25%, 1 . 5 h  FN 

0 ‘An-p 

(156 )  (1  5 7 )  

(814) 

R’ R= Yield (%) 156” Yield (%) 157b e.e.(%) 

Et PhCH=CH 

i-Pr PhCH=CH 

Et Ph 
i-Pr Ph 

(trans) 

(trans) 

81 ( 1 O : l )  

80 (21:l) 

88 (38: I )  
70 

79 91 

80 82 

85 92 
86 56 

“Combined yield of 156 and its frans diastereomers. The number in parentheses is the cis:trans product 
ratio. 
’Yield after separation from the trans diastereomers. 

Reaction of 3,4-diphenylisoxazole with n-butyl lithium in tetrahydrofuran at -78 “C 
produces1246 an intense royal blue solution containing the corresponding anion which 
rearranges to the ynolate lithium-2-phenylethyn-1-olate. Treatment of this in situ 
generated ynolate with imines produces1246 the corresponding 8-lactams as shown in 
equation (815). 
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R 1  R 2  Yield (%) 

89 
19 
58 
66 

A convenient three-step one-pot process for the direct conversion of nitriles to 
3,4-di-and trisubstituted azetidinones has been r e p ~ r t e d ” ~ ’  which involves, in the first 
step, the reduction of the nitrile with lithium triethoxyaluminium hydride (LTEA) to 
give an addition product. In the second step, addition of trimethylchlorosilane to the 
heterogeneous mixture of the addition product produces the corresponding intermediate 
trimethylsilylimine, which upon further treatment with ester enolates, in the third step, 
affords the azetidinones, albeit in low yields (equation 816). 

A r , Et,O, 
R’C=N t L iA IH4  + EtOAc O o C , s t i r , h  - [ RIC=N + LiAl(OE+),H] 

Me,SiCI 
R’CH=NAI(OEt)3Li - r . ? . ,  2 h  R1CH=NSiMe3 

- 

R3 i“‘ ,OL~ 
R~ R’C- c , 

OE? 

1.-78 to-30°C,  
s?ir overnigh? 

2.NH,CI, H,O, O°C 

Nitrile Enolate 

R 1  R 2  R 3  Ratio Yield (%) 
cis: trans 

95:5 43” 2-FU H - 

2-FU 
2-FU 

H 
H 

Me2 Et 
El 

71:23 30b 
70: 30 56b 
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Nitrile Enolate 

R’ R2 R’ Ratio Yield (%) 
cis:trans 

2-Fu 
2-Thi 
2-Thi 
p-An 
Ph 
n-Pr 
PhCH=CH 
(trans) 
PhCH=CH 
(trans) 

Me 
H 
H 
H 
Me 
H 
Me 

H 

Me 
Et 
Et 
Et 
Me 
Et 
Me 

Et 

- 
50: 50 
44: 56 
66:34 

50: 50 
- 

86: 14 

36 
SOb 
29’ 
30 

12-57b 
I 2-4Ob 

20 

25 

“Isolated as 3-amino-4-(2’-furanoyl)azetidin-2-one. 
bDilTerent yields and cis:trans ratios result from different ratios of reactants. 

A trimethylsilylimine intermediate is also involved in the production1248 of 3-(a- 
hydroxyethyl)-4-(trimethylsilylethynyl)-2-azetidinone. Thus, addition of lithium bis 
(trimethylsilylamide) to trimethylsilylpropargylaldehyde produces the corresponding 
intermediate trimethylsilylimine, which upon reaction with ethyl acetoacetate oxime at 
-65 “C affords the 8-lactam (equation 817). 

+ -  
Me,SiC=CCHO + Li  N(SiMe,), - Me3SiC=CCH=NSiMe3 t 

( 3 S ,  4S)-3R 

Cis and trans mixtures of 8-lactams have been obtained1249 by the reaction of copper 
acetylide with aldonitrones (equation 818). 

? 7  Y Y  
P h C G C C u  + RCH=NPh C,H,N, r.t., + P ~ X R  + p h ~ t 4 ~  

stir 2 h 

I Ph 0 ‘Ph 
0 

R 
(8 18) 

Yield (%) 

Cis Trans 

2-FU 
2-Thi 

PhCH=CH 
o-O,NC,H,CH=CH 

~~ 

55 0 
44 1 1  

40 15 

46 10 
40 0 
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Intramolecular cycloaddition of azoalkenes formed as transient intermediates by 
dehydrohalogenation of hydrazones derived from acid hydrazides and halocarbonyl 
compounds yields1250 4,4a,5,6-tetrahydropyridazin-7(3H)-ones (equation 8 19). 

EtZO, 20°C 

s t i r  2 h 
C H ~ = C H C H ~ C H ~ C O N H N H ~  i R'COCHXR~ 

Na,CO,, CH,Cl,, 
r t i r 4 8 h  

C H 2 = ~ ~ ~ ~ 2 C ~ 2 ~ O ~  HN=C R' C H  x ~2 

[CH2=CHCH2CH2CON=NCR1=CHR2] - (8 19) 

R'= CH2CI j Ph i E t C 0 2 ;  Me 

R 2 = H  j H ;  H ; H  

R'RZ=-(CH2)4- (78 % Yield)  

x =unspecified in all cases. 

Similar reaction of phenylhydrazones with a-,/l-,y- and 6-haloacyl halides in the 
presence of a phase transfer catalyst produceslZ5' N-phenylmethyleneamino-P,y- and 
h-lactams along with 1,4-(diphenylmethyleneamino)piperazine-2,5-diones as by-products 
(equation 820). 

+ Ph2C=NN NN=CPh2 (820) 
PKR'= N- N 

31- 84 '/o (when R'=Ph) 

R'=H, Ph; R'=H,Me;R%BBr,Me; n = 1 , 2 , 3  

An interesting preparation of fused-ring p-lactams has been reported1252 which 
involves the condensation of a variety of carboxymethylthiazolidinium chlorides with 
1-[3-(dirnethylamino)propyl]-3-ethylcarbodiimide hydrochloride (equation 821-824). 
However, the corresponding fused-ring products formed range in yields from only 27 
(equation 824) to 35% (equation 823). 

(32%) (821) 
1 .M0,N(CHp)3N=C=NE?  . HCI, 

CH,Cl,, r. t. 2 3 h  
H2 CH2C00H P.Et,N,stir 2 h 

CI- 
0 
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1. CH,CI,, Me,N(CH,),N=C= r.?. 2-6 h N E t .  HCI, a:? (28%) 

Z.Et,N, s t i r  2 h H ,. H 

mixture o f  epimers 

U 

($xu CH(Me)COOH 

H H2 CI- 
mixture of  epimers 

1. Me2N(CH2),N=C=NE?. H C I  , c 
CHzCIz, r.?. 2 - 6 h  

2.EtlN, r t i  r 2 h 

U 

(822) 

H 

U 

(35% o f  a 1 : 1  mixture) 

(823) 

Me 

1. Ms,N(CH,),N=C=NEt. HCI, 

2 .  EtIN, s t i r  2 h 
CH,Cl,,r.t. 2 - 6 h  

A 

H 

In an effort to synthesize p-lactams asymmetrically, imines carrying a chiral substituent 
at nitrogen were allowed to r e a ~ t ’ ~ ~ ~ . ~ ~ ~ ~  with symmetrical or prochiral 8-chloro 
iminium chlorides. The results indicated that a diastereoface-differentiating reaction 
had occurred to produce a mixture of diastereomeric or epimeric p-lactams. Also, 
when prochiral imines were allowed to react with chiral a-chloro iminium chlorides 
mixtures of diastereomeric p-lactams or their enantiomers with a clear selectivity were 

(equation 825 and Table 57). obtainedl 253.1 2 5 4  
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COCI,, CH,CI, 
R' R ~ C  HC ON R X 

r. t .  48 h 

- 

1 R ~ R Z C H  - c = & R ~  - R' R ~ C -  C&HR: 
I 
CI CI- 

I 
CI CI- 

1 .  R4R3C=NRe, CH,CI, R1R2CHC=h3z EtsN 

Z .E? ,N,  st i r  2 h  
st ir  3 h  [ 5>fU-R6]CI- - 

R R C-CI 

R' R ~ C  = c - N R: 

+ 

R2 R4 R2 R4 R2  R4 

- "eR5 ___, NaOH,sti:  
or "eR' 

r. t . ,  1 h 
R:fN \ ~ 6  0 'R6 0 \R6 

R'= R 2  R'+ R2 

(825 )  

The bicyclic lactams 3,4,5,6,7,8-hexahydro-2-quinolinone and 2,3,5,6,7,8-hexahydro-4- 
quinolinone have been prepared'255 by the reaction of cyclohexanone imine with 
p-propiolactone, acrylic, crotonic or methacrylic acids in refluxing chlorobenzene. The 
mechanism proposed for this reaction is shown in equation 826. 

, R2CH=C(R3)COOH 

R2= R3= H ,or R2= H, 

R3=Me or R2=Me, 

R3= H 

+ 

CeH8CI R e f l u x  I($, and/or 9 1 
CHR'C H R3 COO- COCH R3CH R20- 

+NHR' 
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R '  

R 2  
I 

I 
R' 

&..: R' I 

Lactone or acid Reaction time (h) Product Yield (%) 

cfo 
n-Pr 

n-Pr CH,=CHCOOH 

Ph do 

Ph CH,=CHCOOH 

3 30 

I 

6 

n-Pr 

11621 

162 35 

go I 2  

I1631 5 

I 
11841 Ph 

163+ 65 

164 10 
(continued) 
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R' Lactone or acid Reaction time (h) Product Yield (%) 

Ph MeCH=CHCOOH 22 40 
(trans) 

I 
Ph 

Ph CH *=C( Me)COOH 20 

3 

3 

I 
P h  

20 a: I 
Ph 

50 0 
I 
C6H4CI -p 

50 m I 
C&Cl-p 

/?-Lactams as well as tricyclic /?-lactams have been l re pa red''^^ from 2-acyl-3-oxo-4,5- 
benzo-1,2-thiazoline l,l-dioxide, with the structure of the final product governed by the 
structure of the second reactant. If imines are used as the second reactant, /?-lactam 
products are obtained (equation 827), while with I-substituted-3,4-dihydroisoquinolines, 
tricyclic /?-lactams are produced (equation 828). 

R' 
Et,N, CH,CI,, 

s t i r ,  r. t . ,  2 4  h 
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R 1  RZ R3 Yield rA) 

Synthesis of lactones and lactams 

PhO PhCH=CH Ph 
p-CIC,H,O PhCH=CH Ph 
p-CIC,H,O Ph c-Hex 
PhO o-OzNC6H4CH=CH p-CIC,H, 
PI-N p-An p-CIC6H4 
M e 0  Ph o-CIC~H, 

65 
67 
77 
71 
79 
66 

Et,N, CH,CI,, 

s t i r ,  r . l . , 2 4 h  

R 1  R2 Yield (%) 

PhO m-OZNC6H4 
PhO Ph 
p-CIC,H,O MeS 
p-CIC6H4O p-O2NC,H4 

73 
73 
82 
76 

3-p-Toluenesulphinyl-4-aryl-~-lactams were prepared' 2 5 7  in moderate yields and high 
stereoselectivity by condensation of aryl aldimines with either 2-p-toluenesulphinylacetic 
acid (equation 829) or with the p-nitrophenyl ester of 2-p-toluenesulphinylacetic acid 
(equation 830). In the former reaction carbonyl diimidazole is used to activate the acid 
before it reacts with the imine, while in the latter reaction imidazole was used as the 
base, because other catalysts which are more basic and less nucleophilic than imidazole 
(e.g. triethylamine, lithium diisopropylamide, sodium hydride or diazabicyclo[5.4.0]- 
undecene) gave low yields of the fl-lactams, producing mainly the 2-p-toluenesulphinyl- 
acetic acid, probably via a ketene pathway. 

0 

I 
p- TOISCH~COOH + 

R'CH= NR' - 
r. t . ,  1 day P 
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Diastereorneric 
R Z  ratio" Yield (x) R' 

Ph Ph 
Ph p- An 

Ph PhCH, 
p-CIC6H4 Ph 
p-MeCONHC,H4 Ph 

Ph p-CIC6H4 

84: I6 44 
80:20 38 
87:13 30 
44:56 45 
36:64 15 
87:13 31 

"Ratios of the diastereomers are for the two 3.4-trans isomers, the only ones formed from this reaction, but 
the specific structure of the ratio components were unassigned. 

0 

1 irnidazols, OMF, 
P-TOISCH,COOC,H,NO~-~ t R ' C H = N R ~  

r .  t . ,  1 doy 

R' 
Diastereorneric 

RZ ratio" Yield (%) 

Ph Ph 82: I8 
Ph p-An 73:27 
Ph p-CIC6H4 87:13 

n-Hex Ph - 
Ph PhCH, 47:53 

34 
38 
30 
40 
- 

"Ratio of the diastereomers are for the two 3.4-rrans isomers, the only ones formed from this reaction. but 
the specific structure of the ratio components were unassigned. 

Highly substituted 3-amido-/3-lactams have been synthesized'*'' by allowing imines 
to react with the mesoionic oxazoline 2,4-diphenyl-2-oxazolin-5-one. The mechanism 
proposed for this conversion involves the addition of the oxazolone in its carbanion 
form to the carbon-nitrogen double bond of the imine, followed by attack of the 
nucleophilic nitrogen (equation 831). 

Ph H N Ph 

I 
H 

I 
H 

1 .  R ' C H = N R ~ ,  c,H,, 
0 

N 2 , r e f l u r  2 h 
2 .  s t a n d  o v c r n i g h f , r . t .  
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R' R' Yield (%) 

2-Thi 
2-Thi 
2-FU 
2-FU 
2-Fu 
Ph 

Me 
Et 
Me 
Et 

c-Hex 
Me 

70 
75 
60 
65 
80 
78 

An interesting synthesis of 4-(dimethylaminomethylene)-3-oxovalero- and -capro- 
lactams has been which involves the condensation of piperidine- or 
hexamethyleneiminediones with dimethylaminoformaldehyde diethyl acetal to produce 
an intermediate, which is then allowed to react with an imine to produce the pyrido- or 
pyrimido-pyrimidines or azepines named above (equation 832). 

(CH2)~ CHNMe, 

0 HC& 0 0 

+ Me2NCH(OEt)2 - 
0 

n =  1 ; R = NH,,Me, Ph,SH,OH, p-H2NC6H4S02NH; 

Y i e l d ( % ) = 2 8 - 8 6  ( r a n g e )  

n = 2 ; R = S H , N H z , M e ;  

Y i e l d ( % ) = 1 3 - 2 8  ( r a n g e )  

'3. From nitrones and nitroso compounds 

Six-membered lactams have been prepared I 260 stereoselectively and regiospecifically 
by the intramolecular cyclization of nitrones joined to amides and olefins which were 
prepared in sifu by reaction of the corresponding ketones with hydroxylamines 
(equations 833 and 834). 
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R' RZ R 3  Conditions Yield (x) 
-(CH2)3- Me' LDA, EtOH, reflux 51  

-(CH=CH)CH*- Me" LDA, EtOH, N,, 3b 

34 h 
- ( C H J -  PhCH, C,H,, reflux 71 h - 60 

reflux 21 h 
-(CH=CH)CHZ- PhCH, C,H,, reflux - 32 

H H Me" LDA, EtOH, N,, 40 
reflux 25 h 40 

H H PhCH,' EtOH, reflux 4 days 21 

"Used as HCI salt. 
bAlso isolated was: 

Me-N-0 
(3%) 

'Me 

Me 

0 

'Also isolated was: 

Me 

MeNHOH , HCI 

L D A , E t O H ,  
'c 0 r e f l u x l 9 h  

'D. By Rearrangements 

'7. Ring contractions 

Regioselectivity has been observed'261.1262 in the photo- 
chemical ring contraction of substituted 4-diazopyrazolidine-3,5-diones to produce 
mono- and bicyclic aza-b-lactams (equation 835). The relative migratory aptitude of the 
nitrogen groups in this Wolff rearrangement were observed'262 to follow the order: 
NPh > NCHPh, - NCH,Ph - NMe > NCH,COOR. 

*a. Wdff rearrangement. 
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(835) 

NU ti 

Product 
Diazodione N u H  (ratio) Yield ('x,) Reference 

EtOH EtoY Pr-n 48 1261 
0 'Pr-" 

H O H  56 1261 
Pr-n 

H O H  

EtOH 

H O H  

"2cFcH2ph 0 N\Me 

11681 
(1:1 I 

167 + 168 

167 + 168 

36 1262 

33 1262 

45 1261 

(continued) 
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Diazodione NuH 
Product 
(ratio) Yield (%) Reference 

t-BuOH 

HOH 

Et,NH 

NZ +iph ‘CHZPh EtOH 

0 

HOH 

NZ+ 

N2+? 

COOEu-t 

O COOBu-t 

EtOH 

EtOH 

EtOH 

HOH 

(1.7:l ) 

nozcFpb 0 N\CHZPh + 

(1.6:l I 

CHzCOOEI 

H 0 2 C x 1 / C H 2 C O O E t  

0 N\CHZPh 

(2.8:1)  

tooe”- t  

0 

tooeu-t  

30 

50 

17 

72 

55 

47 

0 

4 

I2 

14 

1261 

1261 

1261 

1262 

1262 

I262 

1261 

1261 

I262 

I262 
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Similar photolysis, as a dilute THF solution in the presence of one equivalent of 
diisopropylamine at - 78 "C, of the bicyclic diazopyrrolidinediones in 
equation 836 gave' 263  the corresponding bicyclic b-lactam as the frans isomer exclusively. 

h v ,  THF, -78 'C 

( i -Pr )2NH 

(836) 

Comparison of the photolysis of diazopyrrolidinediones and the pyrolysis of azido- 
pyrrolidines as preparation methods for p-lactams have been made1263 by studying a 
series of 5-alkynyl-4-diazo-5-methoxypyrrolidine-2,3-diones and 5-alkynyl-3-chloro-4- 
azido-5-methoxypyrrolidines, respectively (equation 837). 

"go N-Her-c E t O H ,  "JBH, 0 O C  .'I$' N- Hex-c- NaNOp, a q .  HCI, :go N- Her-c 

C"tC12, 
0 oc 

N3 H2N 

M e 0  C E C R  M e 0  C E C R  M e 0  C E C R  

cBnB, 
r e f l u x  I h 0  P 3 0 0 0  i) 

MsOH 1 
- 7 8  OC, l  h 

CN OMe H OMe 

(837) 

Yield (%) Ratio ( Z : E )  R Yield (%) Ratio (2:E) 
~ 

87 
60 
55 

3: 1 Ph 74 5: 1 
5:  1 PhCH,OCH 51 6: 1 
1 : l  (CH,),CH,OTHP 63 > 10: 1 

*b. Miscellaneous ring contractions. Thermolysis, photolysis, reaction with base, 
oxidation and reduction are all methods which have been used recently to produce 
lactams by ring contractions. Thus, thermolysis of 1 , I  -dioxo-4-thiazolidinones results in 
extrusion of sulphur dioxide and produces' 264 the corresponding substituted /l-lactam 
products (equations 838, 839 and 840). 
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- 
H CN t-BuNH 0 

I II 

I 
,CH C 

HH MeoH#SooC . ph---  \cH/ \NO2 
15 min 

CN 

'Me (42%)  

? ?  - 

Heating rrans-4-cyano-5-nitro-trans-3-phenyl-N-~er~-butylisoxazolidine in methanol 
resulted ' 14' in ring contraction and formation of 4-phenyl-3-cyano-N-tert-butyl-2- 
azetidinone (equation 841). The mechanism of this reaction reportedly involves removal 
of the acidic proton adjacent to the nitro group followed by nitrogen-oxygen bond 
cleavage. The initially produced acyl nitro intermediate then undergoes a subsequent 
cyclization under the reaction conditions used. 

Thermolysis of N-substituted tetrahydro-1,2-oxazine-3,6-diones at I90 "C under an 
atmosphere of nitrogen affords'265 the correspondingly N-substituted a-lactams as 
products (equation 842). A 1,4-diradical is proposed as an intermediate in this conversion. 

I 
t -Bu 

R 

- n  

R = P h  j P h C H M e  

Y i e l d  (%) = 16 j - 
(842) 
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The variety of structures which have been used to produce lactams by photolytic ring- 
contraction reactions are reported in Table 58. 

5-Nitro-substituted isoxazolidines, mono- and bicyclic-1-acylpyrazolidin-3-ones and 
Melillo’s lactone all undergo ring contractions upon treatment with base to produce 
fl-lactams. In the 5-nitroisoxazolidine compound series’ ‘ 43  both potassium tert-butoxide 
(equation 843) and 1,5-diazabicyclo[4.3.0]-5-nonene (DBN, equations 844 and 845) have 
both been used as the base required to  effect ring contractions. 

In the monocyclic 1 -acyl-5,5-dimethyl- (equation 846) and cis-bicyclo- 1 -acylpyrazolidin- 
3-one (equation 847) compound series’269 a base in glyme is used in the first step to  

CN Ph H Ph 

1 D B N , C , H , , s t i r  

25 OC , t i m e  t h )  
* 

2 .  H 2 0 , H C I  ‘R 

R = M e ; t - B u  

T i m e ( h ) =  18; 12 

Yield(%)= 50; - 

(1:1 1 

H Ph 

1 1  
D B N , C , H , , s t i r  M e 0 2 C - D - - - H  (845) 
2 5  ‘ C , 1 8  h 

R =  M e  j f - B u  

Y ie ld (%)=  69j 75 

Me M e  

1 .  base,glyme 
2 .  H g 0 , 2 5  OC 

(846) 
C H z C I z  0 

3. 2 , 4 , 6 - M e , C , H 2 S O z O N H , ,  

I 
H 

R = P h  j CI3CCHzO 

Yield (%) = 7 2  i 39 
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1 . base,glyme 
2 .  HgO, 2 5  O C  

3 .  2,4,6-Ms,C,H,S0,ONH2, 
CH,CI, 

‘COR‘ 

R’= Ph  j C13CCH20 

R = M e ;  H 2 

Yie ld(%)= 5 0 ;  30 

(847) 

produce the corresponding anion. Treatment of the anion with o-mesitylenesulphonyl- 
hydroxylamine causes amination of the anion, which upon subsequent oxidation with 
three equivalents of yellow mercuric oxide produces a N-nitrene intermediate. At this 
point two routes are possible to  produce the a-lactam products, formation of a triazene 
intermediate or reaction by a dipolar mechanism, but which mechanism is operational 
is unknown at  this time’269 (equation 848). 

Treatment of the optically active Melillo’s lactone with dicyclohexylcarbodiimide 
produces’”’ the corresponding 8-lactam (equation 849). 

dipolar mechanism 

0 
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Periodate oxidation of a-keto y-lactams results’ ’’I in p-lactam formation by oxidative 
ring contraction. Application of this procedure to 7-substituted-8-hydroxy-9-0x0-I- 
azabicyclo[4.3.0]non-7-enes produces the corresponding bicyclic /?-lactams (equation 
850). 

1 .  THF,NolOl,stir 6-7 O C  . €tO2C$Q (850) +@ 2 .  E t 3 0 + B F 4 - ,  0 
NoHCO,, p H = 6  -7 

H O  

0 

R = B r  , Me 

Reductive desulphurization of mesoionic thiazol-4-ones using Raney nickel affords1”’ 
stereospecific formation of cis-p-lactams through the intermediate formation of a dipolar 
ion (equation 85 1). Performing the same reaction in the presence of triphenylphosphine 
produced’272 exclusively the trans-p-lactams through the intermediate formation of a 
structurally similar but configurationally different dipolar ion (equation 852). 

R 2  ? Y  

- phP-R’ 
R o n s y  Ni, Hp,r.t., 

0 ‘R2 

ld Ph MeOH,THF o r  Ms,CO 

R’ 

R’ R Z  

Ph 

Ph 
Ph 
Ph 

P-ToI 
Ph 
Ph 
o-ToI 
p-CIC,H, 
PhCH, 

85 
80 
18 
78 
80 

‘2. Ring expansions 

*a.  Beckmann rearrangement. At least one review article dealing with the synthesis of 
heterocyclic systems from some hydroxylamine and hydrazine derivatives has been 
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recently, while a number of other articles published during this period 
discuss new apparatus and methods'274*'275 and new catalysts which have been employed 
to effect a Beckmann rearrangement. The new catalysts employed range from a fluidized 
bed catalyst containing boric acid and aluminium oxide at 210-450°C1276 to a boron- 
containing mixture prepared from boric acid and aluminium oxide'277 to an acid chloride 
or o ~ y c h l o r i d e ' ~ ~ ~  (equation 853). 

(853) 
1 .  C 6 H , M e , S O C I Z , 9 5  O C  

2.  r e f l u x  5 min 

(95%)  

Other sulphur containing catalysts which have been used to produce lactams from 
oximes via a Beckmann rearrangement include sulphuric acid1279 (equation 854), sulphur 
trioxide in liquid sulphur dioxide1280 (equation 855), diphenylsulphuryl anhydrideI2" 
(equation 856), and hydroxylamine-0-sulphuric acid'282 (equation 857). In the triterpene 
series the oximes of methyl oleanonate (equation 858), methyl betulonate and lupenone 
(equation 859) have, upon treatment with p-toluenesulphonyl chloride or phosphorus 
oxychloride in pyridine, lactams via Beckmann rearrangement. 

(CH2)n 

NCC H 2C HzOH 

HzS0,,125 OC,30 min blr NOH 

n = 1 , 2 ,  and 3 

SO,, lip. SO, n 

n n 

U 5 min 

(also accomplished 
using SOCI , )  

U 
(99 %) 
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ketone + H,NOSO,H -+ [ >NOSO,OH] + lactam 

64 1 

(857) 

Ketone Lactam 

Me Me 

Me Me 

. .  
Me Me 

1 .  p-TosCI-C5H5N 

or POCl 3- C 5H,N, 

2 .  3 0 - 3 5 ’ C , 3 - 1 B h  
0 o c  

Me Me 
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M e F = C H 2  
I 

H O N  

MeC=CH2 

H j ?  

1. p-TosCI-C,H,N 

0 oc 
2 .30-35°C,3-18  h 

M e  M e  

R = C 0 2 M e  ( m e t h y l  betu lonote) ,  M e  (lupenone) 

(859) 

In addition to the phosphorus oxychloride mentioned above, another phosphorus 
containing reagent which has been reported'284 to catalyse Beckmann rearrangements 
is triphenylphosphine. Reactions of cycloalkanone oximes, 1 -halo- 1 -nitroso- and 
1-halo- 1 -nitrocycloalkanes with triphenylphosphine have produced lactams in high 
yields via a one-step conversion (equation 860). The mechanisms proposed for these 
conversions differ slightly depending upon the structure of the starting material. In the 

1 .  CBHBr PhsP, r e f l u x  

2 .  H C I ,  H20 
5 h  

Starting material Reagents Product Yield (%) 

@NOH Ph,P, CI, Qo 76 
I 

86 

74 

39 
(continued) 
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Starting material Reagents Product Yield ?A) 

Ph,P, Br, uNoH 74 

81 

O<:b (Ao I 
Ph,P 

Ph,P 

57 

il 

96 

76 Ph,P 

83 

78 Ph,P ec". U 

Qo Ph,P 77 

Ph,P 42 

32 eNoZ Ph,P 
U 

"Perhydroazonin-2-one 

case of the I-chloro-I-nitrosocycloalkanes the mechanisms proposed involve initial 
attack of phosphorus on oxygen to give a phosphonium salt, followed directly by thermal 
rearrangement to  a chloro imine, which could not be isolated. Similar mechanistic steps 
are proposed for the conversions with cycloalkanone oximes (Scheme 13). In the case 
of I-chloro-I-nitrocycloalkanes, the mechanism proposed involves initial formation of 
a Perkov-type intermediate, followed by transformation into a phosphonium salt, and 
then Beckmann rearrangement (Scheme 14). 
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SCHEME 13 

PhaP n + - 'NO - CI- 

- (CH,), C=NOPPh3 
-PhaPO 

nC/" Ph3P 
(C H2 ),, 

The photo-Beckmann rearrangement has been reported to occur with sc-alkyl- 
(equation 861)1285 5-hydroxy- (equation 862)' 2 8 5 . 1  286, B,y-cyclopropyl- (equation 863)IzB5 
and B,y-unsaturated (equation 864)IzB5 steroidal ketone oximes to produce the cor- 
responding lactams. 

Me Me 

R = H , M e  
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H 0 
NOH 

R ’ =  H j H j AcO j AcO 

R 2 =  a - O H  j P-OH j 2-OH j /?-OH 

R x .  t i r n e ( h ) =  - j - j 23 j 12.5 

Y i e l d  PI4 = - j - j 21 +15 j 20 +14 

h 0 ,  N , ,  - 0  
MeOH 

H O N  
M e  M e  R M e  M e  R 

R = H , M e  

(864) 

*b. Schmidt rearrangement. Reaction of thiochroman-4-one with hydrogen azide 
produces1lS5 a 4: 1 mixture o 2,3-dihydro-1,5-benzothiazepin-4(5H)-one and 3,4-dihydro- 
1,4-benzothiazepin-5(2H)-one via a Schmidt rearrangement (equation 865). The 2,3- 
dihydro-1,5-benzothiazepin-4(5H)-one was also prepared”’’ independently by a 
Beckmann rearrangement to confirm its structure (equation 866). 
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0 

Synthesis of lactones and lactams 

1 . E t 2 0 - C g H 0  
NoN3 

0 O C ,  H,SO, 
2 .  r . t . ,overnight  

7 0 %  of  o 4:l mixture 

(865) 

NOH 

- H Z N o H  d) a 
0 

Schmidt rearrangements have also been performed"83 on the same series of triterpenes 
whose oximes were reported in Section *III.D.2.a. to undergo Beckmann rearrange- 
ments-methyl oleanonate (equation 867), methyl betulonate and lupenone (equation 868). 

Me Me 

C02Me 1 .  H O A c ,  N o N , , 6 5 - 7 0  H2S0,, O C  - 0  @Me Me 

2 .  3 0  OC,12 h HN 

0 Me Me 

Me Me 

(867) 

MeC=CH2 
I 

@R 'Me 2 . 3 0  l . H O A c , H , S O , ,  N o N S , 6 5 - 7 0  'C,12 h O C  o@Me HN Me 

Me 
0 Me Me 

Me Me 

R = C02Me ( m e t h y l  betulonate), Me (lupenone) 

(868) 
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to occur with 
a-azido sulphides, prepared by reaction of the corresponding thioketal with iodine azide 
(equations 869 and 870). The lactam product obtained from this rearrangement results 
from exclusively migration of the more highly substituted carbon and is consistent with 
the migration to  an electron-deficient species which is observed in typical Schmidt 
rearrangments. 

An interesting Schmidt-type rearrangement has been reported' 

n = 3  i 4 j 5  j 6  i 4 .  

R = H  ; H ; H  ; t i  ;Me. 

Y i eld (%) = 8 8 j 79 j 6 4 j 7 5 j 7 4, 

~ e IN, ~ e 

CF,COOH, 
CHCI3,25'C, . 
st ir  2 h 

- 
(66%) 

*c .  Miscellaneous ring expansions. The synthesis of polyamino lactams by ring 
enlargement using the 'zip' reaction has been reviewed' 288. 

A variety of approaches have been used to prepare lactams by ring expansions other 
than the Beckmann and Schmidt rearrangements. In this section the ring expansion 

C6H6, Rh (1)complex 4 0  O C  or  t CO (30 a t m . )  - R1+N-R2 (871) 
'R2 Co c o m p l e x ,  C6H6, Nz, 6 5 O C  

0 

R' 

R' R2 Complex Yield (%) 

t-Bu 
t-Bu 
1-Bu 
t-Bu 
t-Bu 
t-Bu 
t-Bu 
I -adamant yl 
I -adamantyl 
I-adamantyl 
I-adamantyl 

t-Bu 
t-Bu 
t-Bu 
I-BU 
t-BU 
I-adamantyl 
I-adarnantyl 

I-adarnantyl 
I-adarnantyl 
I-adamantyl 

t-Bu 

100 
70 
75 
90 
84 
51 
51 
90 
80 
95 

100 
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reactions reported are discussed in order of the ring size, which means that the three- to 
four-membered ring expansions are discussed first, followed by the four- to five- 
membered ring expansions, etc. 

Three methods have been ~ ~ e d ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ' ~ ~ ~  to expand three-membered lactams to 
larger ring lactams. In the first method, a-lactams are converted'289 regiospecifically to 
azetidine-2P-diones using rhodium(1) or cobalt complexes. However, the processes 
involved using these two reagents are significantly different. The rhodium reaction occurs 
using carbon monoxide and is catalytic wbile the cobalt reaction is inhibited by carbon 
monoxide and is not catalytic (equation 871). The mechanism proposed for the rhodium 
catalysed reaction involves insertion of the rhodium into the saturated carbon-nitrogen 
bond of the a-lactam to give a four-membered intermediate, which undergoes ligand 
migration to a five-membered intermediate, followed by addition of carbon monoxide 
and reductive elimination to afford the azetidine-2,4-diones (equation 872). The 
mechanism proposed for the stoichiometric cobalt carbonyl reaction involves the 
a-lactam functioning as a Lewis base and inducing disproportionation of the cobalt 
carbonyl to produce a new complex, of which the cationic portion rearranges to a 
metallacycle which undergoes ligand migration. Reaction of the rearranged complex 
with additional cobalt carbonyl and a-lactam produces the product, a new complex and 
carbon monoxide (equation 873) 

co - 
oc' " 

The second method used'290 to enlarge three-membered lactams involves reaction of 
perfluoro-a-lactams with aldehydes or ketones to produce oxazolidinones (equation 874), 
or with nitriles to produce imidazolinones (equation 875). 

Finally, treatment'074 of N-substituted r-lactams with alkynyl lithium reagents 
produced 2-pyrrolin-4-ones (equation 876). 

produce y-lactams, while several additional methods have been used'003.1017.'1 55.'294.1295 

to produce larger ring lactams. Thus, reaction of 4-substituted azeti'dine 2-carboxylic 
acids with oxalyl chloride produces three products, an acid chloride (171), an iminium 
salt, identified as the azetidinone (172), and/or a ring expanded chloro-y-lactam (173, 

Beginning with a-lactams, several methods have been used' 133.1155.1261.'29'-1293 to 
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[CO(CO),]~ + CO + R’ 

0 

R’= H j H ;Me 

R2= Ph ; p - A n  j Me 
F3c w Yield (%) = 63 to  80 N 
F3C 

k’ 
R’= Me j Ph 

Yie ld  (%) = 96 ; 64 
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RH+-/o + L i C f C M e  

I 
Ri 

0 

T H F ,  N, 

2 5 - 3 0 ° C  

0 

Ri= I - B u  ; 1-odamantyl ; t - B u  ; 1-odamantyl. 

R2= I - B u  ; 1-odamontyl j 1-adamonty l ;  

, ; 

t-Bu. 

- - - Yield (%) = 54 ; 

(876) 

equation 877). In view of the stereochemistry observed in these reactions, the mechanism 
proposed'2g' involves the iminium salt formation through a transition state in which 
the lone pair on nitrogen is disposed antiperiplanar to the acid chloride carbonyl group 
permitting decarbonylation, as indicated in path a (Scheme 15); also, that rearrangement 
to the y-lactam involves a fused-ring aziridinium salt which undergoes S,2 ring opening 
by chloride ion as indicated in path b (Scheme 15). 

COOH 

R2$T(H - C I C O C O C I  R z $ T C Y c :  R 2 f l o +  ::do 
R3 R3 I 

R' R' R3 R' 

R 3  

(877) 

(171) (172) (173) 

Yield (%) 
Stereochemistry 

R' R2 R' of starting acid 171 172 173 

69 Me H t-BU trans 
H Me t-Bu cis 78 
Me H PhCH, trans 26 22 30 

Me H Me trans 15 23 
H Me Me cis 54 30 
M e 0 , C  H PhCH, trans 
H Me0 ,C PhCH, cis 
M e 0 , C  H c-Hex trans 
H M e 0 , C  c-Hex cis 

- - 

- - 

- H Me PhCH, cis 57 22 
- 
- 
46 
68 
58 
59 

- - 
- - 
- - 
- - 
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Rzd 0 

R’ 

I 
R 3  

SCHEME IS 

Treatment of 4benzoylazetidinone with alkyl halides in the presence of sodium hydride 
in dimethylformamide produces’ 292 the ring expanded y-lactams, alkoxypyrrolinones 
(equation 878). 

ph>+coph NaH,OMF st ir  r. t .  . 
0 N \ A n - p  

Ph 

I 

I 1  
Ph N H A n - p  

Ph Ph 
\ /  

R X ,  st i r  

r . ? .  3 h 

An-p 

R = M e  j E t  j PhCHzj  CHz=CHCH, 

X = I  j I ; CI  j B r  

Y i e l d  % =  7 ’ ;  75 j 76 j 66’ 

(878) 

“A mixture of both stereoisomers of 4-benzoyl-3-methyl-3,4-diphenyl-I-(p-methoxyphenyl) -2-oxazetidine was 
also obtained in 58% yield. 

stereoisomer of 3-allyI-4-benzoyl-3,4-diphenyl-l -(p-methoxyphenyl)-2-oxoazetidine was also obtained. 

Several interesting ring expansions of p-lactams to imidazolin-4-one have been 
reported’ 133*1261*1293 ,  the first involves reaction’288 of N,N’-dibenzylaza-fl-lactam with 
lithium diisopropylamide in tetrahydrofuran followed by treatment with methyl iodide 
(equation 879). The product presumably arises by rearrangement of the dipole stabilized 
anion formed by deprotonation of the N-2-benzyl group. 
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CH2Ph 
I 

,CHZPh I 

(879) 1 .  L D A , T H F ,  -78  O C  

2 .  M e I , - 7 8 O C  l o r . 1 .  - 
0 \CHZPh 3. H ~ o *  

(68%) 

Refluxing the fl-lactams, formed by reaction of imidoylazimines with ketones, 
produces' '33 benzocinnoline and good yields of 1,2,4,4-tetrasubstituted imidazolin-5- 
ones (equation 880). 

R'= P h  j O-Tol  

Yield (%) = 7 0  j 7 5  

C6H6 - 
reflux 

N 
II % N 

t 

P h  

..3XPh 0 
I 
R' 

Refluxing, this time in the presence of iodine, has also been used to produce'293 1,2,3- 
trisubstituted imidazolin-4-ones from amino substituted a-lactams (equation 88 I). 

R' 

P h  

R '=PhCH2C0 j PhCO; wi th  p - T o s , n o  reoct ion was observed. 

Transamidation of N-(haloalkyl)azetidin-2-ones by treatment with liquid ammonia or 
a primary amine in a sealed tube p r o d ~ c e s ' ~ ' ~ ~ ~ ~ ~ ~  the ring expanded seven-, eight- and 
nine-membered azalactams in good to excellent yields (equation 882, Table 59). 

Other transamidation r e a ~ t i o n s ' ~ ~ ~ ~ ~ ~ ~ ~ - l ~ ~ ~  which have been used to produce 
ring-enlarged lactams include refluxing' 296 N-(aminoalky1)- (equation 883) or N -  
[(alkylamino)alkyl]- (equation 884) lactams with p-toluenesulphonic acid. The inter- 
mediates found when N-(aminoalkyl) lactams are used as the starting material are 
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bicyclic amidines, while when N-[(alkylamino)alkyl] lactams are used, the intermediate 
involved is an amidinium salt. However, in both cases, partial hydrolysis using aqueous 
potassium hydroxide produces the starting lactam and a ring-enlarged lactam. 

I 
C H2CH2N H p U 

p - TosOH 

x y l e n e , r e f l u x  

t 
L N  

‘(C H2 ),NH Me 

I 
C H2C H pN H2 

Me 

Similarly, treatment of N-(aminoalkyl) lactams containing 8-, 9- and 13-membered 
rings with potassium 3-aminopropylamide in 1,3-propanediamine produced’ 297 the corre- 
sponding 1 1 -, 12-, 17- and 22-membered ring enlarged azalactams (equations 885 and 886). 

t -  H,N(CH,),NH, 

t i m e  
t K NH(CH2)3NH2 

n 

R = H I  COMe 

(177) + 
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T i m e  = 5 m i n  j 30 min j 7 h  O C " "  2)'J 
HNuN\-N-R 

Product  = 177 ; 177 (R=H)+178 ; 178 (R=H) 

R 

R =  H ,  C O M e  

(168) 

Yield(%)= - j 41 + 12 j 31 

(886) 

By refluxing 1,12-[(4S,4'S)bis(N-4-phenyl-2-oxoazetidino)]-4,9-diazadodecane in either 
quinoline or diphenyl ether, a transamidation ring expansion occurs to  produce1003 
( - )-(2S, 2'S)-5,5'(tetramethylene)bis(2-phenyl-4-0~0- 1,5-diazacyclooctane) (equation 887). 

n H 
" 

H H 

reflur 

quinoline 2 0  h 

diphenyl ether 3 h 
or 

with quinoline 2 5 %  j 

with diphenyl e t h e r  3 7 %  

The final example of a transamidative ring expansion reaction is reported'295 to occur 
when (2S,  3S)-3-[(2R)-2-amino-2-phenylacetamido]-2-methy~-4-0~0-1-azetidinesulphonic 
acid is treated with aqueous sodium hydroxide (pH = 7), at 35 "C for 5 days, to produce 
the correspondingly substituted 2,5-piperazinedione (equation 888). 

/ r h  ' 

Sodium peroxide oxidation of several substituted benzothiazepinones (equation 889) 
and benzoxazepinones (equation 890) produced' 55 the corresponding nine-membered 
benzothiazonindiones and benzoxazonindiones, while oxidation of enamine lactams 
using ozone or m-chloroperbenzoic acid (MCPA) produced1090 ring-expanded medium- 
and macrocyclic dioxolactams in average yields (equation 891). 
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M e 0  

0 

R 3  

R' #o LJ 

0 

Me0 0 

i-PrOH,1 h 

+-JQ I 0 

R 

R n 

R' D 

R ' = M e O j  N, i M e O i M e O j M e 0  

R2= MeS j MeSj  MeS j E t S  ; i - P r S  

R3= H j H j CI  j CI j C I  

1 .  O,,CH2CIZ,O 'C 
2 .  Zn,HOAc,rtir 

(89 1) 
Oxidation method used Yield ?A) 

Ph 4 
Ph 4 
Ph 5 
Ph 5 
Ph 6 
Ph 6 
Ph 10 
p-Tol 4 
p-Tol 10 

ozone 
MCPA 
ozone 
MCPA 
ozone 
MCPA 
ozone 
ozone 
ozone 

60 
40 
58 
45 
62 
25 
15 
65 
70 

Reductive amination of a series of 3-( 1-nitro-2-oxocycloalky1)propanals produces'2g8 
the corresponding (aminopropyl)nitrocycloalkanones, which upon ,treatment with mild 
base affords from nine- to sixteen-membered macrocyclic lactams (equation 892). 
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(892) 
NaHCO,, H,O 

NO2 

Temp. Salr Lactam 
R n (“C) Time yield (%) yield (%) 

50 
2 H 3 

PhCH, 3 40 4Xh 50 7 6” 
48 0 n-Pr 3 

41 H 7 
PhCH, 7 20 60h 58 72 
n-Pr 7 20 72h 53 55 
n-Pent 7 20 71h 60 X I  

52 0 t-BU 1 
HO(CH,),CH, 7 20 50h 60 69 

PhCH, I 90 20min - 
- - - 

- - 

- - - 

- - 

BOCNH(CH,),CHZb 1 20 36h 42 95 
t -  

“Using (n-Bu),N F in THF. 
bBOC = t-Butoxycarbonyl. 

Other similar reactions reported1296 are shown in equations 893-895. 
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NH.OAc, ROH - 
NaBH3CN 

&:- NO2 OR 

O z . 3  O 2  

diostereoisomers 
R = M e  j E t  

Yie ld  ( % ) = 4 6  j 62 

Medium-sized keto lactams containing from eight- to ten-membered rings were 
synthesized'299 by a three-atom condensative ring expansion of the related fused tricyclic 
oxaziridines, which were prepared by peracetic acid oxidation of the precursor hydroxy 
imines (equations 896 and 897). 

O H  OH 

E t O H ,  F e S O 4 .  5 H 2 0 ,  

H z O , i t i r , r e f l u r  2 h 

n =  1 j 2 

Yield ("/.I= 29 j 6 4  

(896) 

M e  EtOH,FeSO,~SH,O,  H 2 0 , s t i r , r e f l u a  2 h  . MeQ M~ (897) 

H /'\Ph 
H H C \ P h  H 
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Attempting the same procedure' 299 with the corresponding hydroxy nitrones produced 
eight- to eleven-membered keto lactams, but the reaction required irradiation (equation 
898). 

( c H ~ ) ~  l . € t O H , n 0 , 2 0 h  Me&CH21n 

Me' ."IT- 
2 .  FeSO,. 5 H z 0  

M e  H p O , s ? i r , r e f l u x  2 h 

Me& 0- I H 1 0  

(898) 
n = 3  j 4  j 5  j 6  

Y i e l d  (%) = 3 0  j 4 0  j 4 2  j 3 8  

Irradiation has also been used in at least three other reports' '0°-' 302 to produce 
ring expanded products. Thus, irradiation of six-membered fused 4(3H)-pyrimidin-4-ones 
in the presence of methylamine affords'300 eight- and nine-membered substitued lactams 
(equation 889), while irradiation of a 4-azaandrostenone produced' 30' a 5,10-secosteroid 
(equation 900). 

L ' M e  

n = 4 j  5 

Y i e l d ( % ) =  30;  22.4 

O A N W  
1 O M e  
H 

( 4 3  %) 
H 
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Photolysis of 3a-acetoxy-5a-androstan- 17-one acetylhydrazone (179) and 3P-acetoxy- 
androst-S-en-17-one acetylhydrazone (180) in dioxane in the presence of oxygen 
produced'302 I7-oxo-l7a-aza-D-homosteroid and its 3a-isomer (equation 901). Under 
similar photolysis conditions 5a-cholestan-6-one acetylhydrazone afforded' 302 very low 
yields of 6-aza-D-homo-Sa-cholestan-7-one and 7-aza-B-homo-5a-cholestan-6-one 
(equation 902). 

AcO H 

(179) 

AcO & 

N H A c  

dioxane ,Nz ,  

-NHAc  

dioxone,02,  

h i ) ,  18 h 

Me 

A 

H 
(180) 

'E. By Direct Functionalization of Preformed Lactams 

7. Functionalization of lactam nitrogen 

The reactions discussed in this section all deal with the functionalization of an unsubs- 
tituted lactam nitrogen and begin with the reaction of lactams with halogen containing 
reagents. 

Two general methods have been used to react alkyl halides and a-halo esters with a 
lactam nitrogen. Both methods involve initial reaction of a lactam containing an 
unsubstituted nitrogen with a base to form an intermediate anion, which is then allowed 
to condense with the halide containing reagent to produce the nitrogen-substituted 
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lactam product. The difference between the two methods is the conditions used to effect 
reaction, since in one method only a base and solvent are used (equation 903, Table 60), 
whereas in the other method a quaternary amine salt is added to the reaction mixture 
to  permit the reaction to  be performed under phase transfer conditions (equation 904, 
Table 61). 

1 .  bass,  solvent Do 2 . R X  

‘H 

1 . base, solvent x: 2 . R X  amine salt 

(903) 

Many of the multistep synthetic procedures performed on lactams require that the 
hydrogen atom attached to  the lactam nitrogen first be replaced before subsequent 
reactions are performed. The most common replacement procedure involves silylation 
of the lactam nitrogen using a variety of substituted silyl halides in the presence of a 
base (equation 905, Table 62). 

Unsubstituted lactam nitrogens have also been p h o ~ p h o r y l a t e d ’ ~ ~ ~  by treatment with 
N-butyl lithium followed by reaction of the resulting anion with diphenylchlorophosphate 
(equation 906). 

n - B u L i ,  No,-7B%, 
0 

THF,s t i r  10 min 

(80%) 

One of the more interesting methods used‘32’ to N-alkylate lactams with alkyl halides 
involves electroreduction, performed in a divided cell equipped with a platinum cathode 
and anode and containing tetraethylammonium p-toluenesulphonate as a supporting 
electrolyte (equation 907). 
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DMF, + S  Etg NOTOS [go ' -  Et4N +] - E X  Uo (907) 

'H 'E 

Lactam EX" Product Yield (%) 

0 4  I 

MeOMes 

s-BuOMes 

S-BuCI 
s-BuOMes 

THPO(CH,),CI 

PhCH,CI 

I 

0 /aPh 'Bu-r 

o4 I 

n - 8 "  

oJ-2 I 
* - 8 u  

no I 
CHZPh 

91 

60 

55 
40 

68 
70 

80 

63 

91 

87 

"Met = Methanesulphonyl 

Lactams have also been N-alkylated by reaction1322 with styrene in hexamethyl- 
phosphoramide (equation 908), and by the reaction'003 of the sodium salt of (-)-4- 
phenyl-Zazetidinone with a ditosylate (equation 909). 



m
 

4
 

m
 

T
A

B
L

E
 6

2.
 S

ily
la

tio
n 

of
 l

ac
ta

m
 n

itr
og

en
 

So
lv

en
t 

an
d 

L
ac

ta
rn

 
Si

ly
la

tin
g 

ag
en

t 
B

as
e 

co
nd

it
io

ns
 

Pr
od

uc
t 

Y
ie

ld
 (%

) 
R

ef
er

en
ce

 

(t
-B

u)
M

e,
Si

C
I 

E
t,N

 
D

M
F

, 0
°C

 
-
 

(t
-B

u)
Ph

,S
iC

I 

(t
-B

u)
M

e,
Si

C
I 

(t
-B

u)
M

e,
Si

C
I 

E
t,

N
 

E
t,

N
 

D
M

F
 

E
t,N

 

(t
-B

u)
M

e,
Si

C
I 

92
 

13
04

 

13
15

 

12
45

 

13
16

 

13
17

 



611 

I- m 

2 
P m 

2 

m W W 

L 

5, ,* 



a-
. 
4
 

0
0
 

T
A

B
L

E
 6

2.
 (

co
nt

in
ue

d)
 

So
lv

en
t 

an
d 

L
ac

ta
rn

 
Si

ly
la

tin
g 

ag
en

t 
B

as
e 

co
nd

it
io

ns
 

Pr
od

uc
t 

Y
ie

ld
 (%

) 
R

ef
er

en
ce

 

7 
h' x
; 

Ph
3C

N
H

 

R
'=

C
H

2F
, 

R
2 =

 H
 

R
' 
=

 H
, R

2 
=

 C
H

2F
 

R
1 =

 C
O

,M
e,

 R
2 
=

 H
 

R
'=

C
H

,O
T

H
P

, 
R

2=
H

 
R

'=
C

H
F

2,
 R

2=
H

 

(t
-B

u)
M

e,
Si

C
I 

(t
-B

u)
M

e,
Si

C
I 

M
e3

Si
C

I 

-
 

T
H

F
, 

-4
0"

 
10

 "
C

 

E
t3

N
 

<j
 

D
M

F
 

I 

E
t3

N
 

di
ox

an
e,

 r
ef

lu
x 

10
 m

in
 

11
84

 

10
21

 

13
19

 

13
20

 



2. Appendix to 'The synthesis of lactones and lactams' 

0' d - - H  - fNa 

679 

I - OTo s -p 

+ c N I vw,oTos-p 

'H 

n =  3 j 5 

Yield (%) = 40-94;43-51 

--H N ~ H , D M F , N * , ~ . ~ .  d. stir 40 min 

0 

5 h  L N  

'CHzCH2Ph 

Ph 
9 O o C , 1 6  h 

(63%) 

(909) 

BOC= I -  Butoxycarbonyl 

Carboxylic acids1323 (equation 910), acid chlorides1'24.1324 (equations 91 1 and 912), 
acid anhydrides"24."55.'325 (equations 913, 914 and 915) and dimethylphosphor 
isocyanate'326 (equation 916) have all been used to acylate an unsubstituted lactam 
nitrogen. 

0 
II 

0 
I I  

(9 10) 

+ PhCH2C02NCH(Me)C02H - 

Qo CONR2 
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M~ ‘EH17 

0 4-: 
I A  
H 

- n  

. PhCOCl 

I H  
PhCO 

(88%) 

(9 1 2)’ I 24 

AcNH N3 

0 2 (CH2)” + A c ~ O  - 0 b H 2 ) n  N’ + M e i : D H 2 ) n - ,  

I I 
Ac 

I 
H 

Ac 

n =1-4, the oxazoloazocins are formed in addition to the dehydrolactams when n = 3 or 4 only 

(9 1 3)’ 

13% ACZO-C~H,N,  

6OoC, 20 h 

0 A N W  

I A  
H 

0 A N 4 4  

I I  
Ac 

(50%) 

(9 14) I I 24  

0 (9 1 5)’ I 5 5 
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When Grignard reagents are allowed to react with lactams containing unsubstituted 
ring nitrogens, an exchange reaction occurs producing the corresponding lactam 
Grignard reagent, which has been used in one case to react with succinic anhydride to 
pr~duce’~’ ’  an acyllactamcarboxylic acid (equation 91 7), and in another case to 
produce’ 328 a bisazetidinone (equation 918). 

(95%) 

(917) 

502ph 

MgBr 

+ BrMgCH2C02Bu-t - 
SOzPh 

AH . 

Chlor~methyla t ion’~’~  and chloroformylation’ 330*1331 reactions have also been 
reported to produce N-haloalkyl and carbonyl substituted from N-unsubstituted lactams. 
For both reactions, the initial preparation of an N-silylated lactam was required. The 
chloromethylation reaction occurs in a single stage using a paraformaldehyde-trimethyl- 
chlorosilane system’329 (equations 919 and 920), while the chloroformylation reaction 
requires two steps, the first being preparation of the N-trimethylsilyl substituted 
derivative, and the second being reaction with phosgene (equations 921 and 922). 
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Me02C Me02C 

(CHzO),,Me3SiCI, r s f l u x  a0 (919) 

I 
CH2Cl 

Qo I 
H 

1. Me3SiCI,Et,N, 

2. stir 4OoC,30 m i n  
a. C*HsMe,2S0C 

COCl 
I 
H 

( 7 1.2%) 

(921)'j3' 

COCI? n 
YN-cocI 

- RICH-N-N 

0 

R' = 2-f  u, 2-Thi, 5-X, 2-Thi,3-Pyr, PhCH=CH--,C6Hs-,Rz 

R2, =H,Y,Me, p -MeO,p-02N, p -CN,p -MeS02 ,3 ,4 -C I~  

(922) I I 

Phosgene, in conjunction with a 4:l chloroform-pyridine mixture, has also been 
used' 332 to produce 1,l'-methylene di-2-pyrrolidone from 2-pyrrolidone. This 
preparation involves the reaction of the 2-pyrrolidone with the chloroform-pyridine 
mixture and phosgene to  produce a cyclic iminochloride intermediate, which upon 
refluxing in anhydrous dimethyl sulphoxide affords'332 a 55% yield of the 
N,N'-methylenedilactam product (equation 923). The multistep mechanism proposed to  
explain this reaction involves formation of an N-(methy1thio)methylpyrrolidone (184) 
from a ylid (183) and a sulphoxonium intermediate (182) (Scheme 16). Alkylation of 184 
by the iminochloride produces the sulphonium salt 185 which can undergo a carbon-to- 
nitrogen rearrangement to form 186, or a cleavage to  give a N-chloromethylpyrrolidone 
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Me - S-Me 

(182) 

+ 

+ 

083) 

0 D 
I +  
CH2-S-Me 

I 

0 Q +  I 

(Ac, + a. - 
1 
CH2SMe 

(184) 

CI- - 
0 

0 a S M e  

1 
SMe 

0 4 1 
CH2-N 

(189) hH2-? cI- 

SCHEME 16 

683 
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(187) and 2-methylthio-I-pyrroline (188). Intermediate 187 can alkylate 188 to form 186 
or the iminochloride to form a immonium chloride 189. Hydrolysis of 186 or 189 gives 
the I,l’-methylenedi-2-pyrrolidone product. 

Q0 1 .  CHCll-C,H,N(4:l)  ooc,cocI, d - C H 2 - p  

2. s t i r  overniqht  r . t .  I 
H 

( 5 5%) 

(923) 

Solutions of formaldehyde in the presence of secondary amines react with unsubstituted 
lactam nitrogens to p r o d ~ ~ e ’ ~ ~ ~ . ~ ~ ~ ~  the corresponding N-dialkylaminomethyl sub- 
stituted products (equations 924 and 925), while a similar solution of formaldehyde in 
the presence of sodium cyanoborohydride reacts with 4-phenyl-l,5-diazacyclooctan-2- 
one and reductively methylates the ring nitrogen in the 5 - p o ~ i t i o n ” ’ ~  (equation 926). 

R=(CH2)2CH=CH2 j CH=CH2 

Yield (%I = 92 j 93 

(925)12” 

n = 5,6,7 

(90%) 

4-(t-Butoxycarbonylamino)-1,2-pyrazolidin-3-one is another dinitrogen containing 
lactam which undergoes an N-substitution reaction with formaldehyde solutions. 
However, in this case the product obtained1334 is a pyrazolidinium ylide (equation 927) 
which has been used to produce several bicyclic pyrazolidones. Their preparation is 
discussed at the end of this section. 
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(927) 

A large variety of N-substituted lactams have been prepared by refluxing an 
N-unsubstituted lactarn with a glyoxylate and in all cases a mixture of epimeric a-hydroxy 
esters is obtained (equation 928 and Table 63). 

Lt + OCHCOR rsf lux !+ (928) 

'cH(OWCOR * 'H 

m ix tu re  of epimers 

At least two reports have appeared1342.1343 which describe the N-sulphonation 
of lactams. In the first report I 342 3-substituted 4-styryl fl-lactams are N-sulphonated 
using a sulphur trioxide-pyridine complex (equation 929), while in the second report '343 
a mixture of sulphur trioxide and dimethylformamide was used to N-sulphonate 
(3R, 4R)- and (3R, 4S)-4-[( 1 -methyl-1 H-tetrazol-5-yl)thio]-3-phenylacetamido-2-azeti- 
dinones (equations 930 and 93 1) as well as (3S, 4S)-4-(5-methyltetrazolyl)-3-phenyl- 
acetamido-2-azetidinone (equation 932). 

1.C~H~N,NZ,80°C 
S0,-CaH,N,stir.,2h 

2.  HzO,(n-Bu, ),NHSO, 

R=N3 j PhCH2CONH j PhSCNH NOMe 

Yield (%,)= 80; 57 ; 51" 

"This reaction required stirring for 10h; methanol and potassium 2-ethylhexanoate were used in the second step 
to produce the potassium salt. 

Me Me 
I I 7 7  N-N 7 7  N-N I .  DMF,SO,-DMF,OOC 

PhCHZCONH R H s < \  1 1  2 . r . t .  s t i r  8 h P h CH2CONH 

N-N 3.C,H,N,stir 5 m i n  * 
4.Na' f r o m  Dowax 5 0 W  'so; No+ 

34% 

(930) 
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Me 
I Y H  N-N 1. D M F , S O ~ - D M F , O ~ C  

P h C H 2 C O N H  -$---s< 11 2 . r . t .  stir 8 h 

N-N 3.CsH,N,stir 5 min 
c 

N 
4.Na’ from Dowsx 5 0 W  0 ‘H 

69 1 

Me 

36% 

1. DMF,SOJ-DMF,OoC 

P h C H 2 C O N H  2. r.t .  stir 8 h 

Me 3 .  Et,N,stir 5 min 
* 

o’/ \ H 4. Na* from Dowex SOW 

74% 

Because of the reagents and conditions employed, many of the reactions used to 
produce N-substituted lactams also result in cyclization, thus affording bicyclic lactams 
as products. Two types of reactions have been reported which produce N-substitution 
and cyclization in one step. The first involves reaction of a substituted lactam where 
the substituent is located adjacent to the lactam nitrogen and contains a reactive site 
which reacts with the lactam nitrogen (equation 933), while the second involves reaction 
of a lactam with a bifunctional reagent which reacts simultaneously (or rapidly in two 
steps) with both the lactam nitrogen and an adjacent site on the lactam ring 
(equation 933). Table 64 shows the reactions reported to produce both N-substitution 
and cyclization. 

(933) 
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2. Functionalization of lactam ring other than at lactam nitrogen 

Functionalization of lactam ring sites other than at the lactam nitrogen has been 
accomplished using a variety of reactions many of which parallel the approaches discussed 
in the previous section. For example, reaction of N-substituted lactams with a base 
affords an anion at the site alpha to the ring carbonyl function and subsequent treatment 
of this enolate with halides, carbonyl compounds, olefins, 0-(diphenylphosphinoy1)- 
hydroxylamine, n-propyl nitrate, phosphorus pentachloride, azides and other reagents 
produces a wide variety of 3-substituted lactams. 

This section begins with a discussion of 3-substituted lactams formed from the reaction 
of a lactam anion and halides. 3-Silylation of 1,4-disubstitued ,&lactams using trimethyl- 
silyl chloride and a base produces’354 initially cis-products, which isomerize to trans- 
products under the reaction conditions employed (equation 934). 

Synthesis of lactones and lactams 

H H  Me3Si H 

Me3Si-F:;: isornerizotion . H - B < 2  

0 0 

R1=Ph; Meji-Pr;Ph;p-To1 

R 2 = H i P h ;  Ph j P h j P h  

(934) 

Asymmetric alkylations were reported‘I8’ to occur when (3S, 4R)-I-[(S)-I-(benzyloxy)- 
4-methylpent-2-yl]-3-(benzylideneamino)-4-phenylazetidin-2-one (equation 935) and 
(3S, 4R- 1 -benzyl-3-[2-oxo-4(S)-phenyloxazolidinyl]-4-(3,4-dimethoxyphenyl)azetidine-2- 
one (equation 936) were treated with lithium hexamethyldisilazide and the resulting 
enolates were quenched with alkyl halides. 

Y ?  1. THF,(Me,Si)aLi, ? 7  
- 7 8 ~ ,  stir 30 min P ” C ” = ” ~ ~ P h  

2. R B r ,  - 7 8 O C  

3. -?O O C  t o  r . t .  overnight CHCH2CHMe2 
I 

0 

PhCH=N 

‘CHCH2CHMe2 
I 

H- 

CH20CH2Ph 

R=Me j CH2CH-CH2 

Yield (%)=94 j 95 

n OMe 
1. TH F , (Me, S i ) l  L i , 

-78OC, stir 1 h 
H 

OMe 2. M e I ,  - 7 8 O C  m 

3. - 7 8 O C  to r . t .  
overnight Ph 

CH2OCH2 Ph 

(935) 
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Other examples of this approach to substitute lactams at the 3-position are reported 
in Table 65, where it should be noted that if the initial lactam substrate contains a 
substituent at the beta position, stereospecific alkylated or acylated products result. 

with styrene in hexamethylphosphoramide (equation 937). 
An interesting alkylation of N-substituted y-lactams occurs when they are 

PhCH2CH2, 

* 
IMa,N),PO 

120 OC, 5 h 
+ PhCH=CHZ 

0 
I 
R R = PhCHzCH, ;CH2=CH 

Yield (%)= 69 j - 

I 
R 

a,P-Unsaturated carbonyl compounds or nitriles have also been reported’ 14’ to react 
with 8-lactam enolates in a Michael addition, to produce a-substituted lactams where 
the a-substituent is an alkyl group containing a y-keto or  y-cyano group (equation 938). 

CN SEt 

1 .  NaH,THF,O°C RCH2CH2--- * 
2. CHz=CHR 

‘Hex-c 

R =CN; MeCO ( z :  €=2:1) 

Yield(%)=63;  92 

I-! 
I 
R’ 

,C (OH R2R 

I 
R’ 

(939) 
COR2 
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Aldol condensations of lactam enolates with aldehydes, ketones, esters and isocyanates 
have been accomplished producing the corresponding a-hydroxylalkyl-, a-ketoalkyl- and 
a-alkylamido-substituted products (equation 939 and Table 66). 

There has been at  least one recent r e p ~ r t ' ~ ' * ~ ' ~ ' ~  of the direct a-amination of a 
preformed lactam, involving the reaction of t-butyl 2-0x0- 1 -azabicyclo[3.2.0]heptane-7- 
exo-carboxylate with lithium hexamethyldisilazane. The formed intermediate monoanion 
upon quenching with 0-(dipheny1phosphinoy)hydroxylamine produces a 47% yield of f- 
butyl3-endo-amino-2-0x0- 1 -azabicyclo[3.2.0] heptane-7-exo-carboxylate (equation 940). 

.j 0 

H r I 

H 

(47 % )  

A similar approach has been used'360 to directly nitrate N-alkyl-2-pyrrolidones and 
involves preparation of the initial anion with lithium diisopropylamide, followed by 
quenching with n-propyl nitrate (equation 941). 

r 
LOP., THF,  Qo O O C , s t i r  

1 
(- 

N O  

I 
R 

1 .  n -PrONOz,  - 2 5  O C ,  

2. H *  
s t i r  30 min d: I 

R 

R = M e  j c - H e x  j i -Pr 

Yie ld  ("/o)= 53 ; 61 j 44. 

(94 1) 

The N-alkyl-3-nitro-2-pyrrolidones formed as products from the above reaction serve 
as the starting materials for the preparation' 360 of N-alkyl-3-nitro-3-halo-2-pyrrolidones 
(equation 942). 

Numerous other approaches to the halogenation of lactams have also been reported. 
The first of these reports involves the treatment ' 333 of 1-pyrrolidinomethyl-4-vinyla- 
zetidin-2-one with lithium diisopropylamide followed by iodine (equation 943). 

Reaction of I-cyclohexyl-3-cyano-4-(ethylthio)lazetidin-2-one with sodium hydride, 
followed by treatment with halogen, affords'3ss an isomeric mixture of the corresponding 
3-halo-3-cyano derivative (equation 944). 



3- xaH 
\N4O 

(Z96) 

SOL 

- 
HH 

1 4 

J!LS 

'ON Oy') xon + 
X 
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Bromination of 7-, 8- and 9-membered lactams has been accomplished' 305 by reaction 
of the lactams with phosphorus pentabromide (equation 946). 

I 
H 

n =  3)4)5 

I 
H 

While sulphuryl chloride has been used'" ' to a-chlorinate a-phenylthio /I-lactams 
(equation 947), thionyl chloride has been successfully employed' ' 5 5  to chlorinate the 
7-membered benzothiazepinone sulphoxide shown in equation 948. Indeed, the presence 
of the sulphoxide was required to permit the chlorine substituent to be introduced on 
the aliphatic portion of the molecule, even though during the course of the reaction the 
sulphoxide is reduced to produce the a-chlorinated sulphide product shown. 

H I?' CI R' 

(947) 

R 2 = p - A n  j Ph j p - A n ;  Ph 

0 
t 

p - A n  ; 0 - A n  ; P-BrC6H4 

The final approach for chlorination of lactams reported'36' was a dichlorination- 
monodechlorination sequence of reactions, again using sulphuryl chloride, but this time 
in the presence of phosphorous pentachloride, performed on a series of cis- and trans- 
bicyclic lactams (equation 949 and 950). 

One of the most common functions to be placed in the alpha position of a preformed 
lactam is an azide, and these reactions are all accomplished through an intermediate 
enolate formed by reaction of the N-substituted lactam with a base (equation 951 and 
Table 67). 
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m0 H I  

H 

mo H I  

H 

H m: H 

bare 

R 

0 0  I 

1. PCI,, so,ci,,ctici, 
reflux 

2. H2, Raney Ni,  

E t O H , E t 3 N  

I .  PCI,, so ,c i , , cnc ia  
re f lux  

2. H,, Raney Ni, 
E t O H ,  Et,N 

I .  PCI,, SO,CI,,CHCI, 
reflux 

2 .  H a ,  Ransy N i ,  

E tOH,Et ,N  

-N 

R 
I 

1. L D A , T H F ,  - 7 8  OC,stir 
35 min 

2.  ( P h S ) , , T H F , s t i r  
- 7 8  'c, 3 5  min 

3 .  - 2 O o C , s t i r  20 min 
4 . r . t .  

SiMe3 

I same a s  above but  with 

inverse quenching 

H a: H I  

101 

H 

(949) 
H a: n I  H 

H I  
CI  

0 (951) 
p-TosN, - 

-N 

R 
I 

I 
H 

I 
H 

0 - 3 % 50 - 0 4 '10 

( 2 9 % a ( 3  3 % ) a  

"Yields obtained when HMPA was added to the reaction mixture 



m m 

0 

h 
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An interesting series of a-monophenylthio- and a,a-bis(phenylthi0)-substituted lactams 
have been prepared'363 by the base catalysed sulphenylation of 1-substituted-2-pyrroli- 
dones. Thus, reaction of 1-trimethylsilyl-2-pyrrolidone with lithium diisopropylamide, 
followed by quenching the resulting anion with diphenyl disulphide produces 
3-phenylthio- and 3,3-bis(phenylthio)-2-pyrrolidone in varying yields depending upon 
the ratio of reactants used (equation 952). Similar results'363 were obtained using 
1-methyl-2-pyrrolidone (equation 953) and 1-methyl-2-piperidone (equation 954). 

I 
Me 

doh + 

1. L D A , T H F , - 7 8 O C , s t i r  

2 . ( P h S ) 2 , T H F ,  s t i r  

3 5  min 

- 7 8 ° C . 3 5 m i n  I 
3 . - 2 0 ° C , s t i r  2 0 m i n  
4 . r . t .  

I 
Me 

6 - 5 4 '10 

1. L D A , T H F ,  - 7 8  'C ,s t i r  
35  min 

2 .  ( P  h S  )2 ,  T HF , I t i r  
- 7 8 O C ,  3 5  min 
- 2 0  OC, st i r  2 0  min 

4 .  r . t .  

SPh 
I 

I 
Me 

2-83% 
(953) 

SPh 

I 
M e  

15 -77% 0 - 6 2 '10 

same as above but  with 

inverse  quenching 
0 % 76 '10 

Sulphinylation of 1-trimethylsilyl- and 1-methyl-2-pyrrolidone was achieved' 363 using 
methyl benzenesulphinate (equations 955 and 956). 

doPh (955) 
l . L D A , T H F ,  - 7 8 ' C , s t i r  4 5 m i n  

0 2 . P h S 0 2 M e , T H F , - 7 8 0 C , s t i r  1 h 

I 0 I 3 . r . t . s t i r  

S i M e 3  Me 

6 7 '10 

2 . P h S 0 2 M e , T H F ,  1 .  L D A , T H F , - ? 8 O C , s t i r  - 7 8  O C , s t i r l h  4 5 m i n  - dr (956) 
3 .  r , t .  stir 

I 
M e  

I 
M e  

96 '10 
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Four distinct methods have been reported to introduce an alkylidene function into 
the alpha position of a preformed lactam. The first method involves c o n d e n s a t i ~ n ~ ~ ~ ~ ~ ~ '  
of the lactam with a ketone in the presence of lithium diisopropylamide (equation 957). 

R 2  

R3 1 
g,f?: 1 L D A , T H F , - - 7 8 O C  'C 

0 x:: (957) 
2 Me3SiCI , -78  ' C , s t i r  

10 rnin 

0 3 R * C O R ' , T H F  

4 4 0 ° C , 2 0 - 3 0 r n i n  

R' R 2  R 3  Yield (%) Reference 

H 
H 
H 
H 
H 
H 

Me 
Me 
n-Pr 
n-Pr 

H 

Me Me 
Me Ph 
Et Ph 

-(CH2)4- 
- W 2 ) 5 -  

-(cH2)6- 

- ( C H J -  

-(CH2)5- 

-(CH2)2CHMe(CH2)2- 

Me Ph 

Me Me 

- 
71 
66 
59 
60 

800 
800 
800 
800 
800 
800 
800 
90 I 
90 1 
90 I 
90 1 

The second r n e t h ~ d ' ~ ~ ~ . ' ~ ~ ~  involves a standard Vilsmeier formylation procedure 
applied to butyro- (equation 958)1364,'365, valero- (equation 959)'365 and caprolactams 
(equation 960)'365. d 0 N M e 2  + d : ( O H ) O I b  

D M F  

POCI,  

1 
R 

I 
R 

I 
R 

a. - 
I 
R 

R =  Me, n-Bu  

(958) 

(959) 

Qo acHNMe2 + a:' (960) 

I 
Me 

I 
Me 

I 
Me 
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Reaction of dichlorocarbene with lactams constitutes the third method’ 366 which has 
also been applied to  N-methylbutyro- (equation 961), valero- (equation 962) and 
caprolactams (equation 963). However, only in the reaction with butyro- and valero- 
lactams could products be isolated and identified. 

CI  

I 
H 
I 

C-H C-Cl 

I 
M e  

I 
M e  

I 
M e  

30% o f  o 6:l E : Z  mixture 

CI 
I 

(962) 
CHCI,, aq. NaOH, 
(n-Bu).NCI,r . t .  2 4 - 4 8  h 

I 
Me 

I 
Me 

40 ‘10 

Finally, the last method employed’ 367 utilize m-chloroperbenzoic acid oxidation of a 
thiophenyl substituent followed by thermal elimination of benzenesulphenic acid 
(equations 964 and 965). 

PhS 

C(C02Me)2  
I 

(964) 

C (C 02M e 1 
1 . rn-CIC,H,CO,H 

2 .heat,(-PhSOzH) 

\ C  H,CO,R 

R = M e ; t - B u  

Yield PI.)= 48 j - 
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PhS 

I 
c - C02Et  

1 . m-CICeH4COaH 

2 . h e a t , ( - P h S O p H )  

C H,C 0,Bu- I 
2 8% 

t 

0 

Michael a d d i t i ~ n " ~ ~ . ' ~ ~ '  to the a-alkylidene function of a lactam results in the 
addition of a hydrogen to the alpha position of a preformed lactam, while the remaining 
reagent adds to the exocyclic carbon atom (equation 966). 

H 

R Y Yield (%) Reference 

PhCH, PhCH,NH - I067 
PhCH, Pip 41 1067 
Ph Me,N - 1066 
Ph EtS - 1066 
Ph H,N N.R. 1066 
Ph MeNH N.R. 1066 

H 

(967) 
reduct ion,  COlOlySt, 

conditions -N 

H 

(968) 
reduction, cata lys t ,  

conditions 
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Typical reduction reactions of a-alkylidene or a-oxime functions have also been used 
to add a hydrogen to the alpha position of a preformed lactam (equations 967,968 and 
Table 68). 

A variety of methods have been used to methoxylate various sites on preformed lactam 
rings. a-Methoxylation of P-lactams has been accomplished by reaction of the 
fi-lactam'368 or penicillinate'341 in tetrahydrofuran-methanol at - 75 "C with t-butyl 
hypochlorite, followed by treatment with methanolic methoxide (equations 969 and 970). 

PhCH2CONH --- o c H 2 c  = c H  

0 N \ C  =CMe2 

C02C HP h 2  
I 

Me0 H 

1 .THF,MsOH,-75 OC, PhCH2C0NH--- & y o c H 2 c  = c H  
b 

t -BuOCI  

-70 OC t o  - 3 O O C  
2 .  MeOLi,MeOH, 0 ' C =CMe 

I 
C02CHPh2 

(969) 

0- 

Me 

R = Me ; CH2Ac 

Y ie ld  [%)= 60 ; - Me? 1- 
2. MeOLi, i -euoci  M a O H ,  

i.THF,MeOH,-75 O C ,  PhOCH2CONH 

0 n*Me Me 

- 70 O C  t o  -30 O C  H COZR 

(970) 

M e 0  

P t  - e , N a C I , M e O H  p l a t e  e l e c t r o d e s  
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Another method used'369 to a-methoxylate B-lactams is indirect oxidation using an 
oxidizing reagent anodically generated in situ (equation 97 I ) .  The mechanism proposed 
for this reaction is presented in Scheme 17. 

0 Me 

SCHEME 17 

In view of the reaction reported in equation 971, it is of interest to note that anodic 
a-alkoxylation of lactams which do not contain an a-amino function p r o d ~ c e ' ~ ~ ~ ~ ' ~ ~ '  
products where the alkoxy function is located alpha to the lactam nitrogen and not 
alpha to the ring carbonyl function (equation 972). If the lactam nitrogen substituent 
contains a replaceable hydrogen, then methoxylation i s  also observed'059 to  occur at 
that site in addition to a site on the ring (equation 973 and 974). 

. OR2 

R' = H, C,-C,, alkyl with a secondary carbon in the a-position to the ring nitrogen 
n =  1-10 
RZ = C, to C, alkyl 

+ + + + 
Salt = Me,NBF,-, (n-Pr),NPF,-, KBF,-, NaBF,- 

(194) (195) (973) 

R 1  R 2  
Ratio 

195:195 Yield (%) 

H CH,COOMe 1:z.s 86 
Me COOMe 1 :0.75 91 
Me CH,COOMe 1:0.67 83 
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- 0  

M e O H ,  

Et4NBF4 0 CH(0Me) R 

R 

(196) (197) 

(974) 
Ratio 

196:197 Yield (%) 

CH,COOMe 
CH,OTHP 
Ph 

1:13 
1:3.3 
1 :4.6 

66 
14 
66 

Reaction'22' of 3-bis(ethylthio)-l-(4-methoxyphenyl)-4-substituted ,&lactams with 
iodine in refluxing methanol converts the ethylthio moieties into methoxy groups 
(equation 975). E+sE(R 

I,,MsOH ref lux 48 h M eO 0 '%( N\An-p (975) 
0 N\ An - p  

R = P h  j PhCH=CH 

Yie ld  (%)= 40 j 44 

Another type of reaction which occurs at the alpha position of a lactam ring is the 
formation of spiro-functions, and two approaches to their formation have been 
r e p ~ r t e d ' ~ ~ ~ . ' ~ ~ ~ .  In the first approach'372 N-substituted y- and &lactams containing 
an w-halogenated chain in the alpha position react with lithium diethylamide to produce 
spirolactams. However, reaction of similarly substituted E lactams with the same reagent 
furnishes a mixture of spiro- and ethylenic-products (equation 976). 

r N ) g ; ) m x  
c;go (CH,), +r;= (C H2)m-2  c H = C H ~  

Me 

1 ,  E t ,NL i ,THF,  

- 5 0  O C , 1 2  h 
2 ,  glacial  HOAc 

0 

0 

1 
(198) (199) (976) 

I 
Me I 

Me 

n m X Yield 198 YA) Yield 199(%) 

1 3 CI 
1 4 CI 
2 3 CI 
2 4 CI 
3 3 c1 
3 4 CI 
3 4 Br 
3 4 I 

92 
92 
16 
91 
41 
44 
0 
0 

0 
0 
0 
0 

44 
50 
85 
83 
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E t O  

E tOCH =CH, 

copper ocetylocetonote 

C 0 2 C  H2P h 

(4 i s o m e r s )  

CH2=CHC0,Ms 

with or  without 
copper acetylacetonate 

7 5 % 

E t O  

EtOCH=CH, 

co2e u-r 

5 3 % 

C02Bu-t  

CH,=CHCONH, 

Me 
copper ocetylocetonote 

CO2BU - t  

2 6 *lo 

(2 i s o m e r s )  
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The second approach'373 to the formation of a-spiro lactams involves the reaction 
of diazo-fl-lactams with ethyl vinyl ether, methyl acrylate or acrylamide. With the vinyl 
ether, spirocyclopropyl derivatives are obtained, probably through a 1 -pyrazolinc 
intermediate, whereas with the acrylic acid spiropyrazolines are obtained, formed via a 
1,3-dipolar cycloaddition (equations 977 and 978). 

Although a variety of methods have been used to oxidize lactams, two distinct sets 
of products have been reported to be produced in each case. One set of products consists 
of hydroxy- or ketolactams with the substituent located alpha to the carbonyl carbon, 
while the second set of products contain the same substituents but has them located 
alpha to  the ring nitrogen. 

Introduction of an angular hydroxyl group into a bicyclic lactam was readily 
accomplished'374 by treatment with lithium hexamethyldisilazane in tetrahydrofuran at 
- 78 "C, followed by bubbling oxygen through the solution for one hour at 0 "C and 
then allowing the mixture to  stand at room temperature for 2 hours in the presence of 
excess trimethyl phosphite (equation 979). 

1 .  ( M e 3 S i I 2 L i ,  T H F ,  

- 7 8 O C  
-R 

2 .  02,1 h , O  O C  

3. s t a n d r . t .  2 h,Ms,P Me 

H Me 

Me 
CH2P h 

R = E t  j CH2Ph 

Yield (%) = 60 j - (979) 

Although not an oxidation reaction, treatment of 3-bis(ethylthio)- 1,4-di-substituted 
fl-lactams with N-bromosuccinimide in acetonitrile-water does hydrolyse the ethylthio 
functions to a keto function and produces the corresponding keto fl-lactams'z2' 
(equation 980). 

R ' = p - A n ;  p - A n  j P h ;  Ph j CH2C02Me 

R2= Ph jPhCH=CH j P h j  ( ;PhCH=CMe 
0 

- Yield(%)= 65  j 65 j 50 j 5 0  j 

Controlled potential anode oxidation of N-alkyl lactams has been reported'?75 to 
occur regioselectively at the endocyclic carbon atom alpha to the nitrogen in both 5- and 
6-membered lactam rings, and at the exocyclic alpha carbon atom in the 7-membered 
lactam rings to produce hydroxy-lactams, imides and dealkylation products 
(equation 981). 
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(981) 
- e ,  P t  p la te  onode 

and cathode  

E t 4 N B F 4 ,  M e C N ,  H,O 

- Products  

‘N’ 

Lactam Potential (V) Product Yield (%) 

OQ I 
Me 

2.2 

2.0 
I 
E l  

oJ3 I 

M a  

I 
E t  

I 
Ma 

2.2 

2.0 

2.4 

o a o n  + 
I 
Me 

A 0  I 

OQO I 

onou I .+ 

oJ30H I + 

D+ I 

Me 

oQou + 
I 
Et  

E t  

Ma 

I 
M. 

E l  

I 
Et  

+ 
I 
cnZou 

54.6 

11.7 

56.7 

2.1 

64.3 

10.1 

47.3 

9. I 

17.3 

35.0 

(conrinued) 
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Lactam Potential (v) Product Yield ?A) 

72 1 

I 
E l  

I 
CHO 

2.3 

I 
H 

21.2 

55.8 

3.1 

A c  

Reaction of 3-aza-A-homo-4-cholesten-4-one with benzeneselenic anhydride in benzene 
at reflux for 1.5 hours produced1124 the corresponding a-ketolactam and the a-phenyl- 
seleno derivative in yields of 58% and 36%, respectively. Addition of triethylamine to 
the reaction mixture increased the yield of a-ketolactam to 80% (equation 982). Similar 
oxidation of the saturated azasteroid analogue with the same reagent afforded the 
analogous a-phenylseleno products in 65% and 24% yields, respectively (equation 983). 

Me 
I 

Me M"'" 
H - Z  0 

5 8 % 

PhSeOSePh,  

CEHE, E 3N # 

H-N t H-N 

r e f l u x  1 h 

0 
0 0 010 1 6 Ole 
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Me 

I 
CH(CH2)3CHMe 

H-N H-N 

0 0  
II II 

PhSeOSePh,  

CsH6,reflux 2 h 
H:* 0 H 

6 5 '10 

t 

H -N O* 

0 A 
2 4 % 

(983) 

One of the more interesting methods of oxidation which appears'376 in the recent 
literature is microbial hydroxylation of 5-, 6- and 7-membered lactams by Beauueria 
sulfurescens. This oxidation occurs by two distinct processes, hydroxylation alpha to the 
ring nitrogen and hydroxylation of a non-activated carbon atom somewhere else in the 
lactam ring. The first process appears to occur when the second process is not favoured 
for geometric reasons (equation 984). 

Bsauvsrio 

su l lures  cons 
e Products 

I 
R 

Lactarn Products 

I 
CH2Ph 

a0 I 

COPh 

HO 

I 
CH2Ph 

HO 

bo I 
COPh 

(continued ) 
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Lactam Products 

723 

I 
C H2P h 

Q0 I 
CH2Ph 

OH 

HO 

ho+ I fi0 CHZPh I 
CHZPh 

Photooxidation of lactams in the presence of oxygen has also been used'377*''78 to 
derivatize 5-, 6- and 7-membered lactams and this approach also produces two kinds 
of products, imides and a-hydroperoxy- or a-hydroxylactams (equations 985-989). The 
products obtained depend upon the reaction conditions used and whether or  not 
the substrate lactam bears a substituent alpha to the ring nitrogen atom. The mechanism 
for these transformations appears to be regioselective abstraction of a hydrogen atom 
alpha to the nitrogen atom by the benzophenone triplet to  give'radicals, which are then 
oxidized. 

R R 

t ime ( h ) =  

Yield (%) = 

Me 

I 
R 

R =  

30 j 80 j 60 j 

20 j 60 j 20 ; 

Ph,CO,O,, h 0  

solvent, time 

60 

60 

(986) 
HOO 

I 
R 

H j Me j M e  
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H H 

19 % 

/?-Functionalization of a /?-lactam has been achieved by ring cleavage accompanied 
by acyloxylation of a bicyclic lactam. Thus, refluxing methyl 6cc-chloropenicillinate with 
two equivalents of mercuric acetate in acetic acid for 4 hours produces'308 a separable 
mixture of 4cc-acetoxy-3a-chloro-2-azetidinone and its 4P-isomer in the ratio of 3 :  2 and 
26.3% yield (equation 990). 

H H  

cI - b > M e  Hg(OAc), ,HOAc . 
M~ r a l l u x  4 h 

0 
H 'C 02Me 

0 +N\C =CMe2 
I 
C 02Me 

26.3 

R = Me , CH2Ph 

n =  1 , 2  

53 - 84% 

(99 1) 
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The converse of the reaction shown in equation 990, namely cyclization to form a 
bicyclic lactam, has also been used to functionalize lactams at both the 
beta- (equation 991)1379 and gamma- sites (equation 992)I3*'. The mechanism of the 
latter reaction is explained by nucleophilic intramolecular conjugate addition of the 
hydroxy group to the pyrrole double bond bearing the ethoxycarbonyl function, to produce 
the 2-amino-4-carboxychroman-lactam derivatives, by annelation of a benzenoid ring. 

Me 

I 
R' 

R 4  

HOAc, H,SO,, 

20  O C ,  stand overnight 

R' R2 R3 R4 Yield (%) 

H Ph 
Me Ph 
PhCH, Ph 
H p-Tol 
PhCH, P-ToI 
H Ph 
Me Ph 
PhCH, Ph 
H Ph 
Me Ph 
PhCH, Ph 

O H  
O H  
O H  
O H  
O H  
H 
H 
H 
Me 
Me 
Me 

H 
H 
H 
H 
H 
O H  
O H  
O H  
Me 
Me 
Me 

76 
60 
80 
60 
80 
38 
55 
75 
63 
70 
57 

The simplest alpha-substitution reaction of the lactam ring to be reported13" is the 
formation of labeled N-vinyllactams by treatment with deuterium or tritium oxide at 
pH 10.5-14 using an alkali metal hydroxide or quaternary ammonium hydroxide as a 
catalyst in an organic solvent or in the neat (equation 993). 

\Nc H = c H 

%)" 0 (T)+)n 0 (993) 

D,O or T z 0 , p H = 1 0 . 5 - 1 4  
alkali metal  hydroxide 

or R , h H  ( R = M e , E t ) ,  
organic solvent or  neat  

\N CH = CH 2 

n =  2-4 

3. Conversion of substituents directly attached to the lactam nitrogen 

The most common reaction performed on preformed lactams which contain a 
substituent attached to the lactam nitrogen is removal of the substituent to form the 
N-unsubstituted product. As would be expected, the nature of the N-substituent, as well 
as the structure of any other substituents attached to the lactam, greatly influence the 
choice of reagents used to remove the group from the lactam nitrogen. The reagents 
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used range from strong oxidizing agents, which have been used when the N-substituent 
contains a double bond, to quaternary ammonium salts, which have been used when 
the nitrogen contains a silyl substituent. The general reaction is represented in 
equation 994 with the details reported in Table 69. 

conditions . (994) 

Another common conversion which is performed on substituents or functional groups 
directly attached to lactam nitrogens is halogenation, and three different approaches have 
been reported to accomplish this exocyclic halogenation. The first, and most common, 
approach is the conversion of a hydroxyl function to a chloride using thionyl chloride 
in 2,6-lutidine or pyridine (equation 995 and Table 70). In all cases the chlorinated 
products are obtained as mixtures of diastereomers which, in all but one case, were not 
isolated but were used directly in further reaction. 

mixture of 
dias t ereomers 

The second approach was the reaction of a lactam containing an activated carbon 
atom attached to the ring nitrogen with 4-(N,N-dimethylamino)pyridinium bromide 
perbromide (DMAP.HBr,) '201.'2'3 (equation 996). 

Y Y  
DMAP.HBr, 'hopR' (996) 
MeC0,H pho5-R1 0 'cH2co R 2  'C H(Br)COR2 

R '  = P h  ; p-An ; p-An 

R 2 = P h  j Me ; Ph 

Yield (%I= - ; - j 86 

Ref. ' -1201 j 1201 j 1213 

And finally, the last approach involves the addition of halogen to  the exocyclic a-carbon 
of an a$-unsaturated substituent attached to a lactam nitrogen, whether that substituent 
is part of a chain''78 (equation 997) or a ring system'398 (equations 998 and 999). 

These exocyclic a-halogenated substrates have been used to effect the replacement of a 
variety of substituents at the alpha site by substitution for the attached halogen. Thus, 
reduction of the 3-chlorothiopenem produced in equation 998 above with either 
zinc-acetic acid in tetrahydrofuran or  triphenylphosphine in aqueous methylene chloride 
affords'398 the hydrogen substituted analogue in 55% yield (equation 1000). 
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1. 1N HzS04 ,  Me,CO, H,O, O°C 

2. NBS, Me,CO, st ir  r. 1. 1 h 

‘C = C M e 
I 

PLCHZCO NH 

(997) 
b02Me 

7 

PhCHpCoNH p\C( Br)C(OH)Mep 

I 
C02Me 

aq. CHoClp, NaOCl 

KH,PO, or 

OH H 

M e d H - P >  S E t  aq. EtOAc,NaOCI, . 
0 COpCHpCH=CH2 KHePo* 

C02CHpCH=CH2 

30 - 40% 

OH H H 

Zn,HOAc,THF, or 
Ph3P, a q .  CH,CI, 

( 1000) 
M e - ( ! H - b k  0 

OH H H 0 ‘C OpC H p  C H =C H p 
CI 

M e c  CH -bk 0 

0 ‘COpC HpC H=CHz 
H 

55 % 

OH H H 

M e - ( ! H - b k  0 

0 ‘C OpC H p  C H =C H p 
CI 

Zn,HOAc,THF, or 
Ph3P, a q .  CH,CI, 

OH H H 

M e c  CH -bk 0 

0 ‘COpC 
H 

( 1000) 

; HpC H=CHz 

55 % 
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Reaction of N-chloromethyl and N-siloxymethyl derivatives of lactams with O-silyl- 
substituted enols produces' 399 a-C-alkylated lactams in yields ranging from 65 to 92% 
(equation 1001). 

A 
XCH2N (CH2)" + R'C=CHR2 ' ' OoC+ R'C 0 C H R * C H2 N (CH2)" 

A 

0 

(1001) 

U I K OSiMe3 

0 

X = CI, M e 3 S i 0  

n R1 R Z  

2 f-Bu H 
2 H t-Bu 
2 I-Naph H 
3 I-Naph H 

4 I-Naph H 
4 H t-Bu 

Other a-C-halogenated lactams have been converted to alcohols'213 (equation 1002), 
azides 1 196.1337 (equations 1003-1006) and phenylthio derivatives'336 (equation 1007). 

H H  H H  

P h 0 A n  - p 1. HgO,TBAF,THF 

2. 3 N  NaOH 

\C H (B r ) COPh 

( 1  002) 

7 7  
R ' + - ~ C H = C H R ~  1 .  DMF, NaN,, ~ l + - i -  c H R 2  H=C 

7 7  . 
rt  ir r. 1.1 h 

2. HCI 
0 P 'CH( CI ) COP C H2Ph 

R 1  = H ; H ; PhOCH,CONH ; PhOCHzCONH 
; C0,Me 

95b 
R 2 = H  ; C0,Me ; H 

Yield(%)=87 ; 78 ; 9 2" 

( 1003)' ' 96 

"A 3 : 2  mixture of isomers was obtained. 
'A 2: I mixture of isomers was obtained. 

H H  H H  
R1@cH2cH==cHR2 1 .  DMF, NaNI, c H ~ C  H =C H ~2 

stir r. ?. 
2 .  H C I  

o 'c H ( c i  ) C O ~ C H ~ P ~  

R 1 = H  ; H ; PhOCHzCONH ; PhOCHzCONH 
R Z = H  ; C0,Me ; H ; C0,Me 

Yield(%)=80; -' ; 86 81 

"Two azide epimers ( Z : E  = 15:68) were obtained. 

( 1  004)' ' 96 
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S C H  = C H  COeEi 

DMF, N o N ,  

stir 10 min 

( c i s  or f r u n s )  [cis or t runs ,  
2 isomers each (1  :I)] 

(1 005) 37 

OCH2CH=CH2 0 C H2C H = C H p  
d r y  C,H,, P h S H ,  

( n - 8 1 ~ ) .  N+Br-, 
1 N a q .  NaOH, 

'CH(CI )C02Bu-f  10oC~lomin  

One use for a-C-halogenated lactams has been in the preparation of exocyclic carbon- 
phosphorus double bonds which have been prepared by treating the halogenated lactams 
with triphenylphosphine and an amine base (equation 1008 and Table 71). 

Exocyclic a,p-double bond formation in lactams has also been accomplished"46~'217 
by dehydrohalogenation of p-C-halogenated lactams with 1,8-diazabicyclo[5.4.O]undec- 
7-ene (DBU) in refluxing benzene (equation 1009). 

Upon treatment with lithium hexamethyldisilazide in tetrahydrofuran, esters of 2-0x04- 
vinylazetidin-1-ylacetic acid are converted' 304 into their enolates, which upon quenching 
with acetyl chloride provides the corresponding /I-keto esters that exist primarily in their 
enol form (equation 1010). 
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R' 

DBV, CsH,r r f lu r  xR2 (1009) 

CH=CHPh 0 

R '  

( t rans  

R2 Yield (%) Reference 

PhO Ph 98 1385 
PhO p-An 90 1385 
PI-N p-An 94" 1385 
PhOCH,CONH Ph Mb 1385 
PhOCHJONH p-An 53b 1385 

1319 PhO CMe=CHPh - 

PI-N CMe=CHPh - 1319 
~~ ~ 

"Product was a Z : E  mixture of 25:75. 
bOverall yield from alcohol, through bromide to olefin 

C H E C H 2  C H E C H 2  
1. L i N ( Me, S i l2 , TH F , A r  , 0 OC 

'CH2C02R 2. - - 7 6 O C , s t i r  n-BuLi , lO  min 15 min - 0 a c = c / M e  
3. MeCOCI,THF I 'OH 

COZR 

0 0 
R = t-Bu,  S iPhz (Bu- t )  

(1010) 

Enols are also produced when analogous a-ethylenedi~xy'~'~ (equation 101 1 )  or 
a - d i e t h o ~ y ' ' ~ ~  acetals(equation 1012)are treated with 95% aqueous trifluoroacetic acid. 

7 ?  
I 1  1 

P h O C H 2 C O N H * w a C H = C H R '  

R ' = H  ;Ph  

R 2  =CCI3 ; Ph 

7 7  
CH20Mes N3P 0 'CHCO2CH2C6H4N02-p 

I 
CH(OEt12 

90 min 
0 /Me 

I 'OH 
C02CH2R2 

(101 1 )  

(1012) 
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Similar results were obtained'15* when 1-( l-benzyloxycarbonyl-2-hydroxyprop-l-yl-3- 
azido-4-styrylazetidin 2-one was treated with Jones' reagent, followed by reaction of the 
intermediate ketone with methanesulphonyl chloride in 4-dimethylaminopyridine 
(equation 1013). 

7 rh 
H H C  

Jones' reagent 

'C-C---Me Me2C0,1O0C,2h 

* 
(CrO,,H,SO., HzO) 

N !  T 
I 'OH 
COZCHzPh 

, 
COZCHzPh 

MesCI, CH,CI,, . N3wpc:-cH 

N, - /Me 
OM AP, o OC, 

10 min 0 
I 'OMes 
C02CH2Ph 

(101 3) 

Treatment of a mixture of structural isomers consisting of the methyl esters of 
I-( l-methyl-2-carboxymethyl)-4-methoxyazetidin-2-one and 1-( l-methyl-l-methoxy-2- 
carboxymethyl)azetidin-2-one with p-toluenesulphonic acid in methanol produces'060 a 
product mixture consisting of the recovered untreated 4-methoxy isomer and the 
exocyclic a$-unsaturated product (equation 1014). 

+ 

/ mixture  

p-TosOH, 
) -  

MeOH 

\CH(Me)CH2C02Me 0 

+ (1014) 

An interesting approach to the preparation of N-side chain a$-unsaturated azetidinones 
is illustrated by the reactions of a-C-2-methyloxiran-1-yl-substituted p-lactams. 
Subjection of these compounds to  Mitsunobu reaction conditions (triphenylphosphine 
and diethyl azodicarboxylate in tetrahydrofuran at room temperature) produced'400 
two different a$-unsaturated lactam products depending upon the ester function present 
in the starting substrate (equations 1015 and 1016). 
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7 1 Ph,P,THF,r  t , Y 
* 

PhCH202CNH E 1 0 2 C N = N C 0 2 E t  PhCH202CNH 

/\,, Me 2 I ' N M ~  

H COzMe 

(2.1 mixture of diostereomers) 

(1015) 

Y 

Me / '\\ 
H C02CHPh2 

P h S P , T H F , r . t . ,  

EtO2CN=NCOzEt  

C02CHPh2 J 

Et20CNHNC02E t 

(single isomer) 

'Me 

C02CHPh2 

R = PhCH2 ; PhCHZO 

Yield (%)= 42 ; 48 

Isomer mixture= 1:l  j 1 : l  

(1016) 

a,b-Double bond formation in bicyclic lactams has been r e p ~ r t e d ~ ~ ~ ~ ' ~ ~ ~ . '  1 8 2 ~ 1 3 9 8 * 1 4 0 5  

(equations 101 7-1021). 
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7 
or 

RCONH RCONH 

H 

( 2 0 2 )  

(204) 

ref lux I 

C02 Me 

a n d  /or 
RCONH 

Substrate= 202 ; 203 ; 203 . 
R = PhCH,O;PhCHzO;PhOCHz. 

Product(s)=204+205; 205 ; 205 . 
Yield(%) = 52" ; - - 

757 

(101 7)999 

( 2 0 5 )  

"Product was a 41 isomer mixture of 204:205 

OSO2CFs - €+P 0 

( i - P r I p E  t N , - 1 5  O C  

t r i f l i c  anhydride 

15 min 

C02CH20Me 

] 
C02CH20Me 
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M e C H ( 0 H ) - -  C H , N ,  . MeCH(OH)- -  &+.Me 

0 0 
'CO, CH 2 C H  =CH2 C02CH2CH=CH2 

( 10 19)' 398 

R1 

P I - N - '  

0 
b 0 P h  

R' R 2  

T H F ,  A r , T e m p . ,  

( n  -Bu )46F; c a t a l y s t  
- 

COPh 

( 2 0 7 )  

Temp. ("C) Catalyst Product(s) Yield (%) 

CO,CH,CH,SiMe, H r.t. none 206 52 
CO,CH,CH,SiMe, H 0 none 206+207 - 
CO,CH,CH,SiMe, H - 70 none 206+207 - 
CO,CH,CH,SiMe, H r.t. Et,N 206+207 43 + 2 4  
H CO,CH,CH,SiMe, r.t. Et,N 206 76 

1. T H F ,  n-BuLi 

O ° C , A r  

3. MssCl 

3. st ir  0 OC, 30 min 

CO2Et 

(102 1 y 4 0 5  

Another method used to generate a$-unsaturation in N-side chain azetidinones is by 
epimerization of B,y-double bonds using triethylamine (equation 1022 and Table 72). 

(1022) 

'C-C - M e  
I 

H C 0 2 R 2  C 0 2 R 2  
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TABLE 72.Epimerization of N-side chain I,?- to a,fi-double bonds 

Yield 
P,y-Substrate Product PA) Reference 

R = t-BuO, PhCH,O 

R = Me, p-CIC6H4 

(2: 1 isomer mixture) 

H H  

I 
C02Ma 

COZMa 

P 1 - N - -  

I 

COpMa 

(2: 1 isomer mixture) 

P I ~ O C H ~ C O N H ~ ?  C H Z  

H C02CH2C6H4N02-P CO2CHZC6H4NOZ-p I 

98-100 1382 

100 

1387 

I387 

1401 

1402 

76 1336“ 
CH2Ph 

C 0 2 C M s ,  

(mixture of 2 and E isomers) 

“The conditions used were: DMAP, CH,CI,, Ar, r.t., 40h .  
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Ring opening of bicyclic lactams under a variety of conditions also gives rise to the 
production of azetidinones containing a,S-unsaturation in the N-side chain (equation 
1023 and Table 73). 

R2 H 7' H "pp: - reagent  condition a R1FqR4 ( 1  023) 

0 =CMe2 
H 'CO,R~ I 

CO'R~ 

The presence of an exocyclic double bond in lactams premits the preparation of a 
number of a-C-substituted compounds, which result from the variety of reactions which 
the double bond can undergo ranging from oxidation to cyclization. Beginning with the 
oxidation reactions, a,/l-unsaturated N-side chain lactams have been converted into 
alcohols' 341 (equation 1024) by ozonolysis to intermediate ketones which were then 
reduced, aldehydes' 146 (equation 1025) or  ketone^^^^^^^^^^^^^^^^^^^' (equations 1026- 
1030) also by ozonolysis. 

Me? 7 
PhOCH2CONH P S A c  Oa, CH,CI,, -70 OC 

0 'C=CMe2 
I 
C02R 

R =Me j CH2Ac 

Y i eld (%I = 100; - 
P h O C H 2 C O N H I k T S A c  Me? I-/ 

(1024) H O A c - Z n  

r. 1 .  

'CH-OH 

I 
C02R 

1 1 1  mixture  o f  diastereomers 

H 
R = P h O ;  P I - N .  

Y ie ld (%)=  8 0 ;  9 8 .  
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( t  -Bu)Me2Si0 vw (t-Eu)Me2Si0 H H 

Me--C 0 Me-  - 7 D p O A c  

A H 
H 

‘c=o 
I 
C02Me I 

C02Me 

( 1027) ’ 383  

I 
CO2Me C02Me 

74 % 

P I- 

60, Me C02Me 

k 0 2 M e  k 0 2 M  B 

p ’ - N - h O A c  

c=o 
I 

C02Me C02Me 
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O - B u ) M e 2 S i 0  H H 
H 

SCOCH2OS i Ph2( Bu - f ) Me- -C- -  I ~ S c O C H 2 0 S i P h z ( B u - t )  

H O A c , Z n  

r. 1 .  
-N H 

C H-OH 0 c=o 
\ 

I I 
C02CH2 COMe CO2 CH2COMe 

100% 

(1030)L397 

Treatment of N-side chain olefinic lactams with N-bromoacetamide (NBA) in aqueous 
acetronitrile affords1384 the corresponding bromohydrins (equation 1031). while 
refluxing N-side chain vinyl azides produces1304 azirines (equations 1032 and 1033). 

. .  

N3FR NBA, M e C N ,  

H20, st ir  r. 1 .  

!Omin ‘CH(OH)CH(OAc)Br 

N:KR 
CH=CHOAc 

(mixture c is : t rons  = 2: 1) 

R = P h ,  p-An,2 ,3 ,4 - (Me0)3-5- (PhCH20)C6H (1031) 

7 7 

J - q c  H =;; C,H, rsflux or 20 C,H,Me m i n  c p-:-: 
0 ’ ‘N 

0 c=c 
I R 0 2 C  

C02R ( 2 0 8 )  

(1032) 

I 
COzR 

(209 )  
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R Isomer Solvent Product(s) 

t-Bu E C6H,Me 208 
t-Bu z C6H6 209 
t-Bu E + Z ( 2 : 1 )  C6H6 208 + 209 
SiPh,(Bu-t) E + 2 ( 1 : l )  C6H,Me 208 + 209 
CH,CCI, E+Z(9:1 )  C6H6 209 

765 

( 2  isomers)  
(1033) 

In addition to the method illustrated in equations 1032 and 1033 to effect cyclization, 
fused-ring bicyclic lactams have also been prepared by several other cyclization methods 
most of which utilize a double bond present on the N-a-carbon atom. For example, 
lactams containing an a-carbon to  phosphorus double bond have been used to prepare 
bicyclic lactams via an intramolecular Wittig reaction, where the new ring contains all 
carbons, sulphur or oxygen depending upon the atoms present in the carbonyl-containing 
side chain at the 4-position of the lactam ring (equation 1034 and Table 74). 

0 
II 

(1034) 

/.~+ X - C - R’ 

‘C = PP h 
c o n d i t i o n s  

I 
R 2  

X=(CHz),, S,O 

Similar cyclization reactions to produce bicyclic lactams have also reported to occur 
by reaction of lactams containing a saturated a-carbon side chain if a suitable reactive 
function is present on the a-carbon. Functions reported1336 to be useful for this purpose 
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include halides, phenyl selenides and phenyl sulphides, all of which produce oxabicyclo 
p-lactams upon treatment with tri-(n-butyl)tin hydride and azobisisobutyronitrile (AIBN) 
(equation 1035 and Table 75). 

O C H p C H E C H R  O C H p C E C R  

0 fiCH--CI I Or 0 Jf N\CH-CI 
I 
C O ~ B U - t  COpBu- t  

and/or 0 fl+R N and/or 0 .";r. (1035) 

COpBu-t Cop BU -1 

Another function found to be useful was the azido function, since thermolysis of 
b-lactams containing this function on the alpha carbon produced. azabicyclo b- 
lactams"96,'335 (equations 1036, 1037 and Table 76) and thia- and oxaazabicyclo 
p - l a ~ t a m s ' ~ ~ '  (equation 1038 and Table 76), all probably resulting from their corres- 
ponding 1,2,3-triazoline intermediates. 

C,H, Me 

reflux 

CH-N3 
I 
C02CH2Ph 

C H ~ R '  

C02CH2Ph 

or 

H 

N l R 2  

O Y  
C02CH2Ph 

(1036) 

H 

r e f l u x  

C02CHzPh COpCH2 Ph C02CH2Ph 

(1037) 
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Y-CH=CHR3 

xylene 

r e f l u x  
___, 

I 
C02R2 

Y=S,O 
(1038) 

Fused-ring bicyclic lactams where the p-lactam nitrogen atom occupies one of the 
fusion sites have been obtained when the active function is not attached to the alpha 
carbon on the nitrogen side chain but is located on a side chain carbon atom further 
removed from nitrogen, or is located in a side chain or on the lactam ring itself at the 
site adjacent to the nitrogen atom (equation 1039 and Table 77). 

(1039) 

Substitution of an alkyl of an alkoxycarbonyl group for an activated hydrogen attached 
to the alpha carbon of a lactam nitrogen side chain has been readily accomplished using 
a base. Thus, reaction of N-methoxycarbonylmethyl-4-methylthio-2-azetidinone in 
tetrahydrofuran with methyl chloroformate in the presence of two equivalents of lithium 
diisopropylamide (LDA) produced'308 N-bis(methoxycarbonyl)methyl-4-methylthio-2- 
azetidinone (equation 1040). 

61 3% 

A similar reaction is observedLoJ9 when ethyl a-[p-(benzyloxy)phenyl]-2-oxo-l- 
azetidineacetate is treated with one equivalent of lithium hexamethyldisilazide in tetra- 
hydrofuran followed by one equivalent of ethyl chloroformate, producing diethyl a-[p- 
(benzyloxy)phenyl]-2-0~0- 1 -azetidinemalonate via selective carbethoxylation (equation 
1041). 

* P N  TOzEt 

1 LiN(SiMe,) , ,THF,-78 O C , 2  h 

2 C I C O z E t , s t i r  r t 2 h 
0 'CC,H,OC H2P h -p 

I 
' C H C 6 H 4 0 C  H2P h -p 

I 
I 
C0,Et 
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Saponification of lactam malonates, like the ones produced in equations 1040 and 
1041, results'o39 in decarboxylation to the mono acid as a 1 : 1 mixture of diastereomers 
(equation 1042). 

H H 

0 'CC6H40CH2Ph-p 2 .  H C I  0 ' ? HC6H40C H2P h - p  
I 

. "D 1 M e O H , N a O H ,  

O°C,s t i r r . t . l  h 
""Ti y 0 2 E t  

I 
C02Et  C 02H 

7 1 v o  

This type of substitution using alkyl groups is e ~ e m p l i f i e d ' ~ ' ~  by the stereoselective 
alkylation of chiral fl-lactam ester enolates via an intermediate chelate formed between 
the enolate with the fl-lactam oxygen, followed by back-side attack of the electrophiles 
(equation 1043). 

R1w Ph 1 .  L D A , T H F , O - 5 ' C  

(1043) 

L J 

Stereo 

R' ester R'Br Base" ("C) Product (%) (% de)* 
B-lactam Temp. Yield selectivity 

PhO 
PhO 
PhO 
PhO 
PhO 
PhO 
PhO 
PhO 
PhO 

PhCH,' 
0,CNH 

CH,=CHCH,Br 
CH,=CHCH,Br 
CH,=CHCH,Br 
PhCH2Br 
PhCH,Br 
PhCH,Br 
PhCH,Br 
EtBr 
2,4-(Me0), . 
C,H,CH,Br 
PhCH,Br 

LDA -78 
LHDS 0-5 
LDA -78 
LDA -78 
LDA 0-5 
LDA -10 
LDA -90 
LDA -78 
LDA 0-5 

LDA' -78-0 

95 >98 (R) 
94 95 (R) 
95 34 (S) 
96 >98 ( R )  
95 93 (R) 
93 75 ( R )  
95 50(R) 
95 >98 (R) 
95 93 (R) 

93 (S) - 

"LHDS = lithium hexamethyldisilazane. 
bR or S in parenthesis is the configuration of the newly formed quaternary center. 
'Reaction conditions employed were: (1) LDA, -78°C. THF, 3min; (2) Me,SiCI, -78°C to 0°C. 75 min; (3) 
LDA, THF, 0 ° C  I min; (4) cooled to -78°C; ( 5 )  PhCH,Br, -78°C. 2h; (6) -78" to 0°C 3h, then 2h  at 0°C. 



2. Appendix to ‘The synthesis of lactones and lactams’ 795 

Alkyl substitution has been reported’094 when the alpha atom of the side chain is 
nitrogen instead of carbon (equation 1044). 

q .  t - B u O K  , T H F ,  0 OC 

0 a C H = C H M e  2 .  Me1  0 a C H = C H M e  

I 
NHC02Et  
trans 

I 

100% ( 1044) 

“Me )C02E t 
trans 

Anodic oxidation of N-benzyl-3-methylene-/l-lactams in methanol produces’ 393 two 
methoxylated products, one where the methoxy group is substituted on the exocyclic 
carbon (220), and the other where the methoxy group is substituted on the endocyclic 
carbon (221), both carbons of which are alpha to nitrogen (equation 1045). 

- 0 ,  MeOH, 

E t,NCIO, 

H2cD\CH,0Me 0 )C6H4R-p + H2cDoMe 0 ‘ C H ~ C ~ H ~ R - P  

(220)  

Yield (%) 

R 220 
Recovered starting 

221 material 

H 54 
Me 21-39 
Me0 54 
COOMe 48 

12 8 
39 
17 

23 9 

- 
- 

Similar results were obtained’393 with the unsaturated fused-ring analogue shown in 
equation 1046. 

-e ,MeOH,  

Et,NCIO, 
b 

OMe 

(222)  
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Yield (x)  
R 222 223 

H 
M e 0  

62 
60 

1 1  
13 

8-Lactams containing 0-acyl, 0-pivaloyl, or 0-benzyl groups attached to the lactam 
nitrogen have been converted into the corresponding N-hydroxy 8-lactams by different 
methods depending upon the structure of the group attached to oxygen. In the case of 
N-(pivaloyloxy) substituted 2-azetidinones aminolysis using b e n ~ y l a m i n e ' ~ ~ ~  (equation 
1047), or ammonium acetate in aqueous t e t r a h y d r o f ~ r a n ' ~ ~ '  (equation 1048) effected 
depivaloylation to the N-hydroxy analogue, while with peresterI4l6 (equation 1049) and 
benzyloxy ' 048*1049q1080 (equation 1050) groups catalytic hydrogenolysis effected 
deacylation or debenzylation to  produce the desired N-hydroxy analogues. 

Me Me 

PhCH,NH, ,  THF Me 
(1047) 

\02CBu-t  0 p\OH 

> 90% 

R 2  H R 2  H 
: I  

H, ,MeOH, R' x;H3 (1050) 
0 2x::H2ph 0 

R' 

10% P d / C  

R' R2 R3 Yield (%) Reference 

H H H 86 1048 
Me H H 80 1048 
Me Me H - 1049 
t-BuOCONH H H 100 1049 

H 91 1080 
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At least one reaction of an N-hydroxy b-lactam has been reported"", and this 
involves the treatment of 4-carbophenethoxy N-hydroxy-2-azetidinone with diisopropyl 
carbodiimide to produce an 80% yield of the corresponding isourea (equation 1051). 

C 02C H2C H2P h 

N\ OCNH P r - 1 1 

( i - P r ) N  ( 1 0 ~ ~ )  

N-Trimethylsilyl lactams have been used as starting materials for the preparation of 
N-(tetrazol-5-yl)' (equation 1052) and N-(w-isocyanatoacy1)- or N-(w-isothiocyana- 
toacyl)-lactams'320 (equations 1053-1055), by reacting them with 5-fluoro-I-benzyl-l H- 
tetrazole or isocyanato- or isothiocyanato-carboxylic acid chlorides, respectively. 

11 

f i -Pr )N=C=N(Pr- i  1 

MeCN, N t r $ t i r  r . t .1  h 

0 

80 % 

CH2Ph 7 R 2  I R2 

P h 3 C N H w F R 1  'YN 'N ,, l.C6H,Me,IOoC . p h 3 c N H - n R 1  CH2Ph 

N-N 2 . N a H P 0 ,  
+ 

0 N\SiMe3 Y ' N  N,NQ 

(1052) 

R' 
Product 

R2 Yield (%) stereochemistry 

CH,F H 
H CH,F 
C0,Me H 
C0,OTHP H 
CHF, H 

70 (3S, 4s) 
42 racemic 
50 racemic 
81 racemic 
25 racemic 

CCI ,  or EtOAc, 

r e f l u x  10 rnin 
f Y=C=N-Z-COCl 

CO-Z-N=C=Y 0 
( 1  053) 

n Y Z Yield (%) 
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0 

6 7 '/e 

( 1054) 

0 SiMe3 

EtOAc,reflur 
15 rnin (1055) 

78 vo 
Oxidation of alpha carbons adjacent to lactam nitrogens has been accomplished using 

ruthenium tetroxide14" (equation 1056) when the carbon is part of an alkyl group, and 
by pyridine c h l o r ~ c h r o m a t e ' ~ ~ '  when the carbon is part of an alcohol function 
(equation 1057). Using ruthenium t e t r o ~ i d e ' ~ ' ~ ,  the oxidation of four- and eight- 
membered N-alkyllactams proceeds regioselectively to oxidize the exocyclic alpha carbon 
to produce N-acyllactams as illustrated in equation 1056. However, five- and 
six-membered lactams undergo endocyclic oxidation to yield cyclic imides, while 
seven-membered lactams yield a mixture of products arising from both exocyclic and 
endocyclic modes of oxidation. 

R u 0 4  

0 \CH2R - 0 pN\ COR 

R u 0 4  

0 52 C HZR - 0 'COR 

R = H , M e  

(1056) 

7 5  O/o (1057) 
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Hydrogenolysis of an exocyclic alpha carbon which is part of an alcohol function has 
also been (equation 1058). 

- 4  o q .  H,PO,,Pd/C,  

autoclave,l50 OC 

100 k g / c m 2 H , ,  4 h 
0 

I 
Me 

8 7 010 

0 Q 
I 
CH20H 

(1058) 

Curtius rearrangement of an acyl azide attached to a lactam nitrogen alpha carbon 
produces' 396 the corresponding isocyanate (equation 1059). 

t l C H 2 C H 2 C I ,  

6 0  'C,15 min 

PhCHz02CNH 

0 

( 1 . 5 ,  35,4S) 

CH20H 

( 1059) 
P hC HZOZC N H 

0 N\CH( i - P r 1 N=C =O 

Warming 3,3-dimethyl-4-phenyI-N-tritylthioazetidin-2-one with two equivalents of 
anhydrous copper chloride in tetrahydrofuran-ethanol produces' 2 4 1  an interesting 
cleavage of only the sulphur-carbon bond, resulting in the formation of a 69% yield of 
the disulphide shown in equation 1060 as a mixture of diastereomers. 

T H F / E t O H ,  a n h y .  CuCI,, 7 5  OC, 5 h t0H:l 
( m i x t u r e  o f  

d i o s t e r e o m e r s  

69 '10 

( 1060) 

An interesting series of reactions has been reported"29 to occur with [3a, 6a, 7u, Sal- 
5,8-dimethyl-9-oxo-2-(substitued)ethoxycarbonyl- 1,2-diazatricycl0[5.2.0.0~~~]non-4-enes. 
Treatment of the 2-(2'-trimethylsilyl) derivative with tetra-(n-buty1)ammonium fluoride 
produces the N-2 deprotected product, which upon further successive treatment with a 
sulphur trioxide-dimethylformamide complex and tetra-(n-buty1)ammonium dihydro- 
genophosphate transforms the N-deprotected product into its N-sulphonated ammonium 
salt (equation 1061). 

Furthermore, ozonation of these tricyclic compounds followed by photolysis of the 
secondary ozonides (224) obtained led' to a mixture of unstable 2-azacarbapenems 
225 and 226 (equation 1062). 
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C 0 2 C H  2C H2S i Me3 

I ,  SO, /DMF -complex 

C H 2 C l 2 ,  0 OC, 30 min 

2 .  K H 2 P 0 , ,  ( n - B u 1 4 N F  

I 
H 

8 7 v o  

Me 

O,, M e C N  , 
- 4 o o c  

I 
C 0 2 R  

I 
C 0 2 R  

(214 

f (1062) U V , f l u o r e n o n e  

N,, 30 min - 2 .  5 h 

I 
CO2R 

I 
C 0 2 R  

(2 2 5 )  (226) 

Yield (%) 

R 224 225 226 

32 12 
13 34 

b b - 

Et 60 
CH,CH,SiMe, - 
CH,C,H,NO,-p 60 - 

'Not isolated. 
'Photolytic products could neither be isolated nor characterized 
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Finally, interesting intramolecular rearrangements have been observed'348 to  occur 
with diazoketone substituents which are attached to lactam nitrogens. Thus treatment, 
either photochemically or  with transition metals in hot benzene, of the diazoketones 
derived from penicillanic acid derivatives produced products derived from sulphur-ylid 
intermediates (equation 1063). A similar result was obtained'348 when a C-6 hydroxyethyl 
substituted analogue was treated with copper acetylacetonate in hot benzene, but this 
result differed from the one obtained when the same starting material was treated 
photochemically, because in the latter case a lactone substituted fl-lactam was formed 
via a Wolff rearrangement (equation 1064). 

h u  or 

transit ion metals - 0  
hot C6H6 

0 

Me-'- H H  

R = H I  1- or p-phtholimido Me 

%Me 

Cu ocety l -  
acetonate 

Me 

HOCH 
! H  

0 

Me 

Me 

3 1 % 

( 1  063) 

Me 

"0  !- H9 

t o  

H Me 

' M e  

2 0 % 

( 1064) 

Me 

This same type of Wolff-rearrangement was observed when the penicillin-derived 
diazoketone, which does not contain the gem-dimethyl groups, shown in equation 1065 
is treated with rhodium acetate in hot benzene. 
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It appears that the carbenes formed by transition metal-catalysed decomposition of 
penicillin derived diazoketones can follow different reaction pathways, depending upon 
the presence or absence of the gem-dimethyl groups. The mechanism proposed to explain 
the Wolff rearrangement~'~' '  is shown in equation 1066. 

- N z  

wolff rearrangement Ro5q COCHN, 

( 1066) 

4. Conversion of substituents directly attached to the lactam ring 
other than at lactam nitrogen 

a. Reactions at the C-2 and C-3 positions The only reaction reported to occur at the 
lactam carbonyl site while still maintaining the integrity of the lactam ring is conversion 
to a thionated lactam. Two approaches have been used to convert a variety of lactams 
to thiolactams. The first approach involves reaction of the lactams with phosphorus 
pentasulphide, usually in combination with a base, while the second approach involves 
treatment of the lactam with Lawesson's reagent [2,4-bis(substituted)-1,3,2,4-dithia- 
diphosphetane-2,4-disulphide] (equation 1067). Table 78 reports the results obtained 
using both of these approaches. 

P,S, or P,S,,,base 

- t i -  (1067) 
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One recent report 1424 compared the phosphorus sulphide and Lawesson’s reagent 
methods for the conversion of lactams into thiolactams with a method involving 
0-alkylation of lactams using trialkyloxonium tetrafluoroborate, followed by treatment 
of the imidate tetrafluoroborate salt formed with either anhydrous sodium sulphide in 
acetone or hydrogen sulphide in pyridine (equation 1068). 

(1  068) 

Method”, Yield (%) 

Lactam Thiolactam A B C D E 

G O  I 
Me 

Qo 

cx l o  
Ma 

100 96 73;Ob 35’;50“ 95 
I 

Me 

I 
Me 

Me 

63;Ob 23’ 90 

68 

94 

65 - - - 

87 68 29’ 95 

“Methods: A, Me,O+BF, followed by treatment with anhydrous NaSH in acetone at  0°C; B, E t 3 0 + B F 4 -  
followed by treatment with anhydrous NaSHi-Me,CO at 0°C; C, Me,O+BF,- followed by treatment with H,S 

in pyridine; D, P,S,,; E, Lawesson’s reagent 

’With sulphydrolysis conducted in acetone at  0°C and in the absence of pyridine. 
‘Reflux in ether 5h. 
dAt 30°C for 3h  in acetonitrile. 
‘Based upon 76% and 88% yields, respectively, for the isolation of the crystalline imidate salts. 
’In HMPA at 100°C for 1.5h. 

~ - A ~ ( s = ) P ,  / P ( = S ) A ” - ~  in toluene at  110°C for 3h. [ /> 1 
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that this 0-alkylation method may, in principle, be applied to 
compounds containing esters, thiolactams, lactone, cyano, imino and epoxy functions. 
However, unlike the Lawesson’s reagent method, the 0-alkylation method is ineffective 
for the synthesis of secondary thiolactams and for the thionation of N,N-disubstituted 
amides. 

The most common reaction reported for a substituent located on the lactam ring at 
a site other than on the ring nitrogen is acylation of an amine group located on the 
ring carbon alpha to  the carbonyl function. Although this type of acylation may be 
performed in a number of ways, the most widely used method appears to  be reaction 
of the amine substituent with an acid chloride in the presence of a mild base 
(equation 1069 and Table 79). 

The authors 

RCONH 

+ (1069) HzND, + RCOCI mild base 

0 0 

Other methods used to  perform this same type of acylation include treatment of the 
amine substituted lactams with an acid and N,N-dicyclohexylcarbodiimide (DCCD) 
(equation 1070 and Table SO), or with an acid and l-ethoxycarbonyl-2-ethoxy-l,2- 
d i h y d r o q ~ i n o l i n e ’ ~ ’ ~  (equation 1071), reaction of an acid with a zwitterion 
intermediate’ 16* (equation 1072), reaction with mixed anhydrides (equation 1073 and 
Table Sl), reaction of the amine-substituted lactams with esters and a base (equation 1074 
and Table 82), reaction with a d i i~ocyanate’~~’  (equation 1075), reaction of phosphinimino- 
2-azetidinone with an acid (equations 1076 and 1077) and by enzymatic 
N-acylation using benzylpenicillin acylase copolymerized in a polyacrylamide matrix ‘429 

to effect the reaction of carboxylic acids and 3-amino-4a-methylmonobactamic acid 
(equation 1078). 

RCONH 

( 1070) 
““z, + RCOzH - DCCO 

0 0 

CH,C12 ,Na2S0,, + PhOCHZCOzH 
H‘ 

. 
C O 2 B u - t  moE, , s t i r  24  h 

I 

(1071) 

8 5 % 
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2. Appendix to 'The synthesis of lactones and lactams' 829 

7 SMe 

Ph3P=N 

0 +N\CMe2C02CHPh2 

SMe 
I I  

P h OCH z COCl PhOCH2CON H I U ~ ~  - -H - 
Et,N,CH,CI,, 

stir r . t .  0 'CMe2 C02CHPh2 

62 '10 

(1076) 

D (1077) Ph3P =N-- PhOCH,COCl PhOCH2CONH-- 

Et,N, CH,CI,, 

0 stir r.t. 0 

R=CMe2C02H i CMe2C02CHPh2 

Yield ("/.I= 44 j 75 

* incubated a t  37OC a n d p H = 4 . 5  with 

benzylpenicill in acylase 

RCONH 
+ RCooH H2NFH 0 \SO, copolymerized in a polyacrylamiQe matr ix  

H H 

No acylation occurred using tne following acids: 

~ ~ ~ 0 c M e 2 c 0 2 H  

C- 

' A C 0 , H 2 N A A C -  , H2N 1 

R =PhCHNH2, 
OHCNH 

H 
I I I  
H NOMe 

(1078) 
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2. Appendix to 'The synthesis of lactones and lactams' 835 

Another common reaction which amine substituents located on a lactam ring carbon 
alpha to the carbonyl function undergo is conversion to  a Schiff base by condensation 
with an aldehyde (equation 1079 and Table 83), or by reaction"'' of 2-[([7a,Sa]-2- 
(ethoxycarbonyl or benzoyl)-5-(unsubstituted or methyl)-9-oxo-1,2-diazabicyclo[5.2.0]- 
3,5-dien-8-yl)aminocarbonyl]benzoi~ acid with dicyclohexylcarbodiimide (DCCD) 
(equation 1080). 

RCH=N "'"x + RCHO - ( 1079) 

0 0 

F C O N H  COz H -mR1 
0 

I 
R2 I 

R2 

R ' =  H ; Me ; Me 
R 2 = C 0 2 E t  ; C02Et ; COPh 

Yield(%)= 66 ; 90 ; 85 
(1080) 

Similarly, reaction of 3-azido-2-azetidinones with triphenylphosphine produces' 168.' ' 73 
the corresponding 3-phosphino p-lactams (equations 1081'168, 1082'173 and 10831173), 
while treatment of the trans-3-phosphinimino p-lactam resulting from equation 1083, with 
p-nitrobenzaldehyde, affords' 173  the Schiff base (equation 1084). 

Y 7  
I 1  

Y Y  
I I  

* 

0 =:="" CH=CHPh THF,PhSP, N,, Ph3P=N 

stlr 2 h 

(1 08 I ) '  ' 



836 Synthesis of lactones and lactams 

N 3 - H - ' H  P h , P , C g H g , s t i r  1 5 - 3 O m i n  . (1083)' I 73 

0 'R 

R = C M e 2 C 0 2 C H P h 2 ; C M e 2 C 0 2 H  

Yie ld(%)= 90 i -  

H SMe 

0 &N 'CMe2 C 0 2 C H P h 2  

87% 

( 1084) 

One method used to produce the 3-amino substituted lactams required in the reactions 
described above is reduction of the 3-azido analogue (equation 1085 and Table 84), while 
a second method used involves deprotection of variously substituted 3-amino lactams 
(equation 1086 and Table 85). 

Reduction 

R NH 

0 P\ 
or 

(1085) 
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2. Appendix to  ‘The synthesis of lactones and lactams’ 855 

In addition to the acylation reactions previously discussed which have been used to 
produce substituted a-amino lactams from a-amino lactams, alkylation reactions have 
also been employed to produce substituted a-amino lactams from a-amino lactams. 
Thus, reaction of the hydrochloride salts of 3-amino-4-substituted azetidin-2-ones with 
trityl chloride in the presence of triethylamine produces’ l a4  the corresponding 
3-tritylamino substituted azetidin-Zones (equation 1087). 

R’ 
(1087) 

R2 Yield (%) 

CH,F H 90 

C0,Me H 89 
CH,OTHP H 78 
CHF, H 83 

H CH,F 78 

Reaction of ( )-I -[ (benzyloxycarbonyl)methyl]-3-(t-butoxycarbonyl)amino-2-pyrroli- 
done or piperidone with ethyl 2-0x0-4-phenylbutyrate in the presence of sodium cyano- 
borohydride as reducing agent produces a reductive amination affording1305 a mixture 
of diastereomeric diester products which were separated by using mediun-pressure chro- 
matography over silica gel (equations 1088 and 1089). Similar results were obtained’424 
from the t-butyl esters of the seven-, eight- and nine-membered ring analogues using 
palladium on carbon and hydrogen (equation 1090). 

NHC02Bu- t 
/ 

C H 2 C 0 2  C H2P h 

NHC02Bu-f 

CM, I 
C H 2  C 02 C H2 P h 

QNH2 I 

1 .  CF,CO,H, r.t.,2h 
2 .  PhCHZCHZCOC02Et, 

NoBH,CN,  NaOAc, E t O H  

N HCHC H 2  C H 2  P h 

($/02Et 

I 
C H2C02CH2Ph 

(1088) 

1. CF,CO,H, r . t . ,  2 h 

2 .  PhCH,CH,COCO,Et, 

I 
NaBH3CN, NoOAc,ErOH 

CH2C02CH2Ph 

(1089) 

c2)) N H f 

1:,2 C H2P h 
Pd/C,H,, H O A c  

P h C H n C H z C O C 0 2 E t  
. 

( 1090) 
I 
C H 2 C 0 2B u - t C H2C02B u - I 

n =  1-3 
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Mono- and disubstituted 3-amino lactams have been treated with a variety of reagents 
to effect structural changes in the substituent groups. Using this approach various Dane 
salts of l-(p-tolyl)-4-(p-anisyl)azetidin-2-ones have been oxidized with ozone' 17' 

(equation 1091) or with ruthenium tetroxideLZo8 (generated from ruthenium dioxide and 
sodium periodate in aqueous acetone; see equation 1092) to produce the corresponding 
acylated amidolactams. 

Me 
I 

H H  

MeCONH - G a A n - p  (109 I )  M e 2 C 0 ,  ooc, 
Jones' reagent 

s t i r  IS min 

0 'kN\ Tol-p 

R 

I H H  7 Y  
RCON H A n - P 

RuO.(RuOn + Nolo . ) ,  

M e 2 C 0 ,  s t i r  2 h H 
T o l - p  

R =PhOCHZ j PhCH2 ; Me 

Y i e l d ( % ) =  52 ; 40 ; 40 (1092) 

Similar ozone oxidation of an analogous cyclic vinylamino-P-lactam produces' a 
product containing an amide side chain with an a-keto ester as an additional functional 
group (equation 1093). 

PNH m m m q  A n  -p 2 .  1 .  O,, Jones '  C H,Cb, reagent ,  - 7 8 OC 

Me,CO, O'C, s t i r  
C02Et  'Tol-r, 

a-Succinimido1182*1L97 (equations 1094 and 1095) and a-phthalimidoL182 lactams 
(equation 1096) reportedly undergo side-chain ring opening to produce the corres- 
ponding acylated a-amino lactams as products when treated with base. 
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H H  H Ph 

NaOH, MeOH MeO2C-$-$-CONH--w- -H i T  

( 1094)' I 97  

0 

. H02C(C H2)ZC ON H -- mR1 g:gR' 1 .  ;aynlphl alsin,dioxane 

2 .  HCI  

0 
I 0 0  N 

R2 I R 2  

R ' =  Me ; H ( 1 095) ' 
R 2  =CO,Et ; COPh 

Yield (%) 70 ; 90 

R ' =  H ; Me ; Me 
RZ=C02Et ; C0,Et ; COPh 

Yield(%)=82 ; 90 ; 95 

Treatment of N-benzyloxycarbonyl-N-hydroxymethyl substituted a-amino bicyclic 
y-lactams with sodium carbonate in methanol removes the one-carbon substituent 
affording1430 the monosubstituted N-benzyloxycarbonyl-a-amino products (equations 
1097 and 1098). 

H 
CH20H H 

I 
H202C :VJco2 No,CO,, MsOH 

H 0 0 

(1097) 

At least one example of a modified Curtius rearrangement has been reported'040 to 
occur with lactams and it involves the treatment of methyl 6-[(benzyloxycarbonyI)amino]- 
2(S)-[3-carboxy-3-(indol-3-ylmethyl)-2-oxo-1-pyrrolidinyl]hexanoate with diphenylphos- 
phoryl azide (DPPA) in t-butyl alcohol producing a stereospecific conversion to methyl 
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e p i m e r i c  m i x t u r e  3 6 

2 9 b/* 

(1098) 

6-[(benzyloxycarbonyI)amino]-2(S)-[3(S or R)-((t-butyloxycarbonyl)amino)-3-(indol-3- 
ylmethyl)-2-oxo- 1 -pyrrolidinyl]hexanoate (equation 1099). 

DPPA, EtaN, 

R‘ I - B u O H , 6 0 ° C  

0 

R’ R 2  R 3  R4 Yield (%) 

H H 

H H 

( 1099) 

Diazotization of methyl 6-aminopenicillinate followed by reaction of the diazonium salt 
with bromide ion affords’394 methyl 6,6-dibromopenicillinate (equation I 100). 
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Whether prepared by the method shown in equation 1100 or by some other synthetic 
route, a-mono- and a,a-dihalo lactams are useful starting materials for the preparation 
of variously substituted lactarns. For example, cis-3-bromo-l,4-diphenylazetidin-2-one 
upon treatment with tetramethylguanidinium azide in dimethyl sulphoxide (DMSO) 
affords’205 trans-3-azido-l,4-diphenylazetidin-2-one (equation 1 101). 

Me2N\ + DMSO, N2 
C=NH2 N3- r e f l u x  15 h / 

\Ph 
Me2N 

0 \Ph 
3 5 % 

+ 
(1101) 

Hydrolysis of a-chloro-a-phenylthio-B-lactams under very mild conditions affords’ ’’ ’ 
the corresponding intermediate a-hydroxy a-phenylthio-B-lactam analogues which 
immediately eliminate thiophenol producing azetidine-2,3-diones as the final products 
(equation 1102). 

[ P g ~ - - H  H - 7  R‘ ~ IyR’ phs-yi:2 CHCI,, s i l i c a  H,O, ge l ,  ZnC12, . 
0 ‘R2 ‘R2 

ref lux 
0 

(1 102) 

R’ = Ph“; Phi P-ToI; 0 ; -CMe=CHPh; p-Tol; p-To1 

R2 = p-An; Ph; p-An; Ph ; p-An ; o-An; p-BrC,H, 

“Yield for this set of substituents was 89%. 

Reaction of benzhydryl-trans-6-bromopenicillinate and an excess of substituted olefin 
with slow addition of tri-n-butyltin hydride (Method A) produces142’ 30-35% reduction 
products and 43-67% of benzhydryl trans-6-alkyl substituted penicillinate via a chain 
reaction mediated by tributyl radicals (equation 1103). 

Benzhydryl 6,6-dibromopenicillinate can be directly and stereoselectively trans- 
formed’43 ’ to benzhydryl 6a-(2’-cyanoethyl)penicillinate by a similar one-pot procedure 
which involves first refluxing a solution of the penicillinate with one equivalent of 
tributyltin hydride followed by addition of 15-20 equivalents of the substituted olefin 
and slow addition of more tributyltin hydride and azobisisobutyronitrile (AIBN) 
(Method B, equation 1104). 
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Br H H H  

1 .  C H p C H R ,  C,H,, N,, r e f l u x  

2.(n-Bu4SnH, r e f l u x  2 h . 0 ‘C02CH P h2 
c 0 2 C  HPh2 

H H 

R = C N  ; C 0 , M e  ; O A c  
Yield(%)= 67 ; 55 ; 43 RCH2$H2l? 

+ 

‘C02CH P h g  
H 

(1 103) 

?r ? v 
l . (n-Bu)3SnH, 2.CH,=CHCN, N,,65 CsH, OC,5h H p ? : :  -pp?~ ; 

\ 

. 
C02CHPh2 

\ 3.( n-Bul,SnH,AIBN 0 
H 

C02CHPh2 
0 

(238) (239) 30-35% 

N CC H 2F H27 

+ 

‘C 0 2 C H P h 2  
H 

4 8 010 

(1104) 

1. CsHa,CH,=CHR, N,, heat  
239 + 238 2 .  (n-Bu),SnH,C,H,,AIBN, 
4 0 - 5 5 ‘/e 

Np,reflux 3 h C 0 2 C H P h 2  

R = CN ; C 0 , M e  ; O A c  
&,Yield(%)= 47 ; 44 ; 35 
trans,Yield (%) 8 ; 6 ; 5 

H 

5 - a % 

H H  

+ R C H2 C H 2 ~ ~ ~ ~ ~ ~  

\ 

‘C 02CH P h2 
0 

H 

35- 47% 

( 1  105) 
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Alternatively, reaction of benzyhdryl 6,6-dibromopenicillinate in benzene with excess 
substituted olefin and one equivalent of tributyltin hydride and azobisisobutyronitrile 
followed by removal of the excess olefin and treatment of the residue with additional 
tributyltin hydride (Method C) affords’43’ 40-55% reduction product and 35-47% of 
the benzhydryl cis-6-alkyl substituted penicillinate as the major diastereomer 
(equation 1105). 

Similarly, reaction of N-(p-methoxyphenyl)-3,3-dibromo-4-styrylazetidinone with 
methyl propenoate by Method A produces’431 the trans-N-(p-methoxyphenyl)-3a- 
(2’-carbomethoxyethyl)-4-styrylazetidinone (240) exclusively, while reaction by Method C 
produces both the cis and trans products with the cis product as the major diastereomer 
(equation 1106). 

Me02CCH2CH2 H 

I /Ph 
Method A 

* HPc=c‘H 1 .  CH2=CHC0,Me,C,H6, 
N2,reflux 

2. (n-Bu),SnH,reflux 2 h  0 ‘An - p 

(240) $r 7 H 

Br -hyl=C<r 46% 

0 ‘ A n - p  
Method C 

1. CH2=CHC0,Me,C6HB, Me02CCH2CH2 

N2, heat 
2. (n-Bu)SSnH,C,H,, ‘An-p 3% 

AIEN,Nz  ,reflux 
4 4 % 

(1106) 

Reaction of either benzyhdryl 6a- or 6/3-broaopenicillinate with allyltributyltin and 
azobisisobutyronitrile gave1431 95% of benzhydryl6a-allylpenicillinate as the only detect- 
able diastereomer (equation 1107). 

C H 2 = C H C H , S n ( E u - n ) ,  
or 

(1 107) 

Using benzhydryl 6,6-dibromopenicillinate with the same tin reagent and reaction 
conditions produced’43 60% of benzhydryl 6/3-bromo-6a-allylpenicillinate and 22% of 
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benzhydryl 6,6-diallylpenicillinate, while reduction of this product mixture using 
tributyltin hydride transformed the 6~-bromo-6a-allyl-isomer into the 6P-allylpenicillinate 
product as the only diastereomer (equation 1108). 

CHp=CHCHZSn(Bu-n) ,  
0 

A I B N  
238 

241 

(241) 

2 2 % 
(1 108) 

Another conversion of 6,6-dibromoazetidinones is exemplified by the metallation of 
methyl 6,6-dibrompenicillinate using methyl magnesium bromide, followed by conden- 
sation of the metallated intermediate with acetaldehyde to produce'394 methyl- 6- 
bromo-6-( 1-hydroxyethyl)penicillinate (equation 1 109). 

By far the most common reaction performed with a-mono- and ap-dihalolactams is 
reduction. Although a variety of reagents have been used to effect reduction of these 
compounds the overall effect in all cases is the replacement of the halogen(s) by hydrogen 
(equations 11  10 and 11 11, and Table 86). 

R R 

(1110) reduct ion reagent,  

conditions 

xr& reduct ion  reagent ,  Hw& 

conditions 

0 0 

X = halogen 

( 1 1 1 1 )  
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a-Mono- and ap-dihalolactams have also been electrochemically reduce’ 1 6 ’  in aprotic 
solvents with or without added proton donors and/or electrophiles. Without added 
substrates, the carbanion arising from cleavage of the carbon-halogen bond undergoes 
protonation with a proton resulting mainly from the parent molecule. In addition to the 
protonation reaction, a competitive ring-opening reaction occurs which produces the 
corresponding dehalogenated /?-lactams and a,p-unsaturated amides which, under the 
conditions of the reaction, are protonated and isolated as their saturated counterparts 
(equation I 1  12 and Table 87). 

In the presence of a proton donor such as acetic acid, or an electrophile such as 
carbon dioxide, a protonation and coupling reaction, respectively, become predominant 
and the dehalogenated (equation 11 13 and Table 87) or carboxylated (equation 11 14 
and Table 87) p-lactams are the main products. 

TABLE 87. Electrochemical reduction of a-mono- and a,a-dihalolactarns1l6’ 

Halolactam Added substrate EIV Product Yield (%) 

RP-H 0 \Ph 

R = Br 

R=CI 
R = Br 
R=CI 

R = Br 

R=CI 

R = Br 

none 

none 
MeC0,H 
MeC0,H 

CO, 

CO, 

BrCH,CH,CN 

none 

MeC0,H 

co, 

Ph 

0 n : h  

- 1.5 
- 1.8 
- 2.0 
-2.3 
- 1.3 
- 2.2 

Yh 7 Ph 

-1.5 S H  + Hoz;-j-j-- 

0 \Ph 

- 2.0 

- 1.5 
-2.1 
- 1.5 
- 2.2 
- 1.5 

Ph Ph 

0 ‘Ph 

64 
45 
35 
50 
100 
99 

8+90 

5+95 

88+5 

14+20 
27+0 
30 + 55 
98+0  
3 + 7 +  

81 
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DMf , E t $  CIO;, 7 Th 
X H Polaroqraphy,Coulometry,  

or  Controlled - Poten tiol 
Electrolysis (Hq cathode)  

+ 20, -x- 

0 n p  h 

H *  
/---' PhCh=CHCONPh - PhCH=CHCONHPh 

Ph / +p4kh 'I 

0 H Ph 

0 &"'Ph 

t 20,+2H' I 
P I C  H 2 CH 2CONH P h 

6- 17% 

(1112) 

, HOAc . H ' p r i  +-OAc (1113) 

0 

100% 

7 Yh Yh 

'Ph 

Y Yh  7 Yh 

5-8% 90-95% 

(1114) 

In the presence of 3-bromopropionitrile, a substrate which can behave both as an 
electrophile and as a proton donor, the protonation reaction is preferred, and the 
dehalogenated b-lactam predominates over the substitution product (equation 1 1  15 and 
Table 87). 
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Y Y h  

‘Ph 

5% 

(1115) 

7 Yh 
+ BrCH2CHCN 

CHz-CHCN 

Other functional groups located at the 3-position of lactams which have been replaced 
by hydrogen include a carboxylic acid function attached to an aza-/I-lactam which is 
quantitatively decarboxylated by heating in benzene1261 (equation 11 16), a methyl 
ester function in trans-methyl 1,4-diphenyl-3-methylthio-2-azetidinone-3-carboxylate 
which is quantitatively decarbomethoxylated by heating with lithium iodide in 
pyridine1IJ5 (equation 11 17), a phenylthio function in trans-l-(4-methoxyphenyl)-3- 
phenylthi0-4-(prop-l-enyl)azetidin-2-0ne~’~~ (equation 11 18) or in l-cyclohexyl-3- 
(phenylthio)azetidin-2-0ne’~~~ (equation 11 19) which is desulphurized in both cases using 
Raney nickel, and a phenylseleno function from benzyl (2S,  5R)-6,6-bis(phenylseleno)- 
penicillinate1339 which is partially deselenized using tributyltin hydride and 
azobisisobutyronitrile (equation 1120). 

H 0 0 Cx r,C H 2 P h 

(1116) 
-N 

C6H6, re f lu r  

N 
0 ‘CH2Ph ‘CHZPh 

100% 

Me: 7 
MeS 

Me 02c L i I ,  C,H, N , 
ref lur  6 h 

0 

(1117) 

100% 

(50150 mixture  o f  stereoisomers)  
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H H  H 

PhS d I - - C H Z C H M e  W-2 R o n e v  n i c k e l  

‘An - p  

MepC0,retlux 30 m i n  

0 

7 3.7 % 

PhS 

‘Hex-c 

Roney n i c k e l  

MeOH, 5 O o C , 5 - - 6  h 

0 ‘Hex-c 

(1118) 

(1119) 

Interconversion of oxygen containing functions located at the 3-position of lactams 
has also been reported, and mainly consists of two types of reactions, functionalization 
of a hydroxy substituent (equation 1121 and Table 88), or dealkylation of an alkoxy 
substituent to produce the hydroxy function (equation 1122 and Table 89). 

“n 0 

ROH or A g o ,  R X  

7 
RO 

(1 121) 

RCOCl Rco2M 

a-Hydroxy-8-lactams have also been converted’205 to a-bromo-8-lactams upon 
reaction with triphenylphosphine and carbon tetrabromide, and this conversion is 
accomplished by inversion of configuration at  carbon-3 (equation 1 123). 
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TABLE 89. Dealkylation of a-alkoxylactams 

Synthesis of lactones and lactarns 

Alkoxylactam Conditions Product Yield (%) Reference 

0 \Tol-p 

R = t-BuO 

R = PhCH, 

PhCH20 ' 
cis-trans 
mixture 

Y 7 

R = An-p 

R 1 An-p 

R = Ph 

CF,COOH, 50°C. 
20 rnin 

BBr,, CH,CI,, O T ,  
stir 1 h 
BBr,, CH,CI,, O T ,  
stir 1 h 
H,(50 psi), Pd/C, 
THF, 1 2 h  

H,, 10% Pd/C, THF, 
I 2 h  

H,, 10% Pd/C, THF, 
12h 

Me,CO, H,O, 25 "C. 
stir 48 h 
or 
Me,CO, H,O, 7O"C, 
stir 4h 
HF, MeOH, CH,CI,, 
25 "C, stir 2 h 
I N  HCI, Me,CO, 
25 "C, 2 h 
HF, CH,CI, 

BBr,, CH,CI,, 0°C. stir 

H 

o*N\ToI-p 

7 no 

cis-trans 
mixture 

Ch B 

85 
75 
- 

40 

- 

80 

90 

90 

80 

N.R. 

100 

100 

75 

1205 
I205 
I205 

902 

902 

I I56 

1 I56 

1218 

1218 

902 

R = t-Bu, PhCH, 
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ip" H ) ; I  ; 

Br Yl-Ih Ph,P, CB r ,, CCI,, 
r e f l u x  3 h 

0 0 

60 '10 

"n:: 
H Ph H H  

875 

(1123) 
I ,  

P hSP, CBr ,  , C C  I,, 

r e f l u x  3 h 

"":h 0 

6 6 '10 

Variously substituted y- and 6-lactams have been converted into their a$-unsaturated 
counterparts by reaction with a variety of reagents (equations 1124 and 1125 and 
Table 90). 

)+R 

OH 

HRfi 
0 

I 
R 

r e a g e n t ,  

c o n d i t i o n s  

I 
R 

(1124) 

(1125) 

Numerous examples of the converse reaction, conversion of a,&unsaturated lactams 
to saturated lactams, have also been reported (equation 1126 and Table 91). 

(1126) 

One interesting method of converting13" a$-unsaturated lactams to saturated lactams 
is by the conjugate addition of organocopper reagents to N-tosylated a$-unsaturated 
lactams (equations 1127 and 1128). 
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e t h e r ,  - 2 0  O C  .,A 
H I' 0 st i r  2 . 5 h  

+ R 2 M g X / C u I  

H '  0 
I 

"a 
Tos 

I 
Tos 

R ' =  H ; Me ; Me 

R 2 =  Me; Ph ; p-An 

Y i e l d  (%I = 73; 70 ; 74 

Me 

( 1  127) 

Tos T 0s 

Numerous lactams which contain substituents a t  the alpha and beta sites have been 
reportedly isomerized upon treatment with base, heat or light. The general reaction for 
this conversion is illustrated in equation 1129 while the specific examples which have 
been reported are recorded in Table 92. 

bose,  hoot or 

light 

H H  R' 

(1129) 

'R3 'R3 

bose,  hoot or 

a-Mono-phenylthio or phenylseleno and a,a-bis-phenylthio or phenylseleno functions 
are useful substituents when attached to lactam rings, because they can be converted 
into a variety of other functional groups. A preparation of a-(phenylthio)azetidin-2-ones 
has already been discussed in Section III.A.2 and involved'088 the reaction of the 
1,3-dianion of a-(pheny1thio)acetamide derivatives with methyl iodide. An episulphonium 
intermediate was proposed as the intermediate for that reaction (equation 740). 

a-Mono-phenylthio and phenylseleno as well as apbis-phenylthio and phenylseleno 
penicillinates have all been prepared' 339 from the corresponding diazopenicillinate 
(Scheme 18). 

One example of the use of these substituents to effect functionalization at  the alpha 
position is the acetylation shown in equation 1 1301088. 
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THF, (n-Bu),SnH, 

ALBN,  r s f l u x  2 h 

Synthesis of lactones and lactams 

P h S -by:: * Y  

0 , 
‘C02C H2Ph 

H 

(PhS) ,  - i ,  BF,.OEt,, CH,CI, 

\ P h S s H  

PhS 
I 

‘C02CH2Ph 
H 

H H  

‘c02C H2Ph 
H 

PhSe H 

H 

H H  

SCHEME 18 

Treatment of benzyl penicillinates containing these substituents with a base followed 
by treatment with acetaldehyde causes1339 alpha-(R)-hydroxyethylation of the benzyl 
penicillinates (equation 1131), while treatment of the resulting benzyl(2S, 5R, 6S)-6-[(R)- 
l-hydroxyethyl]-6-(phenylseleno)penicillinate with tributyltin hydride and azobisi- 
sobutyronitrile reduces this product to benzyl (2R, 5R, 6R)-6-[(R)-l-hydroxyethyl]- 
penicillinate (equation 11 32)’ 339. 
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0 

PhS PhS 
t 

‘Hex-c 0 P N  ‘Hex-c 

NaIO, 

MeOH, H1O 

two dioatereomera 

885 

PhS 

c 

\Hex-c 

(MeCO)ZO,  8 0 ° C ,  

7 h  

(1130) 
Y H  

Z 

\ 

HO 

1 .  b a s e  HO 

xj+-~:: 2 .  MeCHO Me 

\C O2 C H2P h 
0 

H 

+ “>CH-f\ Me (1131) 

0 

X 

(247) 

Ratio 
Y 2 Base Yield (%) 245:246:247 

PhS PhS 
PhS PhS 
PhSe H 
H PhSe 
H PhSe 
PhSe PhSe 
PhSe PhSe 
H PhS 

- MeMgBr 
- n-BuLi 
- MeMgBr 

PhSe n-BuLi 
PhSe MeMgBr 
PhSe n-BuLi 
PhSe MeMgBr 
PhS n-BuLi 

N.R. 
N.R. 
N.R. 
48 
5 
56 
78 
38 

- 
1:2:1 
1 :o:o 
2:3:2 
30:l:O 
0:l:O 

PhSe H H H  

M e C H ( O H ’ p y e  ‘Me (n-Bu)sSnH, AIBN, s t i r  60 THF, O C ,  2 h M e c H ( o H ) p y M e  . ‘Me 

\ \ 

‘C 02C HZP h 
0 ‘CO2CH2Ph 0 

H H 

1 0 0 % 

(1132) 
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a-Hydroxyethylated lactams have also been produced by simple hydrolysis of an 
a ~ e t o x y ~ ~ ’  (equation 1133) or dimethyl(t-butyl)~ilyl’~~~~~ 339.1345 protecting function 
(equations 1 1341237, 1 1 3 P 3 ’  and 11361345), by hydrolysis of a 1,3-dioxolan function 
followed by reduction of the resulting’340 ketones (equations 1137 and 1138) and by 
formation (accompanied by cis and trans conversion) and reduction1389 (equations 1139 
and 1140) or simple reduction’ 32 (equation 1141) of 3-acetyl p-lactams. 

A c O  H H 

M e t : - -  --C02Et ! H  
C H2 Cg H3 (0 Me l2 - 2,4 

Ao&N, 

HO H H 

-- C02H 

CH2C6H3(OMe)2-2 ,4 

2 . l e g .  I N  NaOH, 

C,HeN, 2 0  OC, 15 h 

HO H C02H 

+ Me*;- ! - H - - H  

H k N  
0 ‘CH2C6H3(OMe)2-2,4 

(1133) 

HO 
I H Y  

(1 134) ’’ 37 

( t -Bu)MeqSi f  H H 

Me - $-- 
THF, HOAC, 

(n-BuhNF,  O°C 
at ir  overnight 

C 02CH2C6H4N 02- p 

mixture o f  3 6 % ( 2 R )  + 60% (2s )  

( 1 1 35)’ j g  
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Ac Fa CCO,H, C,H,O M a ,  Me - c - - AC 
: I  L 

O’C, s t i r l h  At!J 

C 0, C H2 C H = CH 

887 

I 

C02CH2CH=CH2 

8 5  % 
(1 136)’ 345 

1 . 70 Ma,CO, ‘lo oq. O’C, HC I stir 0. , . A c - - C O C ( N 2 ) C 0 2 E t  

2. Na,CO,, stir 5 min 

q-L+ C 0 C (N2 1 C O2 E t 
20 rnin 

0 ‘C H2C6H3 (0 M el2- 2,4 
Me 
0 ‘CH2C6H3 ( OMeI2 - 2,4 

9 8 % 

HO H H 

M e w C - -  ’ COC(N,)CO,E+ 
NoBH., MsOH, 

-7B’C . lh  . I 
H+h 
0 ‘C H2C6H3 (OMe )2 - 2,s 

H? H H 

34% o f  a 5 :  3 mixture of 

t w o  d iastereomers 

(1 137) 

2 3 %  o f  a 3 : 2  m i x t u r e  of 
two diastereomers 

HO H H 

5 8 %  o f  o m i x t u r e  
o f  ep imero 
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. A c - -  C H2C H(O Me), 
I .  O,, C H , C C ,  - 7 8 %  

Me-C stir  l h  

2.N,,  MezS,  r . t . ,  
s t i r l h  0 ‘R 

R = PhCH2; PhCHMe 

Y i e l d ( % ) =  84 ; 81 

R Conditions Yield (%) 

PhCH, THF, Et,O, Ar, r.t., 24h 74 
PhCHMe 1. KI, Et,O, stir 0.5h 71” 

2. 0°C. THF, stir 1 h 

(1139) 

‘A 9:  1 mixture of C-1 epimers. 

H2C = C (Me 1 -fl; - CHZC H( OM e )2 oB, H,CIz, -7e oc A c -yN- - CH2CH (0 M e I2  

0 ‘CH(M4Ph 
2.MazS,N2,r.t . ,  2 h  

0 ‘CH(Me)Ph 
8 I % 

HO H H 

j&- -CH2CH(OMe)2 Ar,  O°C Me-,  
1 .  KI,THF,E?zO, 

\C H(Me )P h 
2. K -  s*lactridr,  eJ-c 

r . ? . , s ? i r 0 . 7 5 h  0 

8 5 %  of an 11 : 1 

mixture of epimers 

(1 140) 

A c - b C H ( M e  )CH20CH2Ph KBH( r-8u),, . M ~ - p - ~ C H ( M e ) C H z O C H 2 ~ h  t!i 

K 1 ,  THF,O°C 
0 \CH(An-p)2 0 ‘CH(An-pIZ 

90% o f  a 16:l  mixture 

(1141) 
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Another example of the use of a-phenylseleno substituents to. effect functionalization 
at the alpha position of lactams is illustrated by the formation1192 of a-methylene 
/?-lactams from cis or trans N-substituted 3-methyl-3-phenylseleno-4-phenylazetidin- 
2-ones (equation 1142). 

Me H 
I 1  

phserph 0 \ R  

and/or 

Me H 

0 d- ‘R - 

H 

(1142) 
1 .  CH,CI,, C,H,N, 

2 8 %  a q .  H,%, r . t .  

2.3O-4O0C, 1 5 - 3 0 m i n  

R =  Me ; t-Bu ; Ph 

Yield(%)= 67 ; 85 ; 92 
Starting material = cis + trans ; cis + trans ; cis only 

The reactions shown in Scheme 19 illustrate another sequence which has been 
to produce an a-methylene /?-lactam and other structures containing a-exocyclic double 
bonds. 

H 

l H  
M e  - cu CH2C H(0Me )2 

N a H  
___c 

‘SiMe2(Bu- 1 )  0 ‘SiMe2(Bu-l) 

E-Z mixture 

6 5 %  o f  o 1 : 3.5 m i x t u r e  

SCHEME 19 
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Finally, cis N,4-diphenyl-3-methyI-3-(phenylseleno)azetidin-2-one has been con- 
verted' 19* to N,4-diphenyl-3,3-dimethylazetidin-2-one (equation 1 143). 

Me H H 

Li + 

l'h s e ff& :: nap h t h y I lit hiu rn 

T H F ,  - ~ 0 " C , 2 0 m i n  

0 'Ph 

Me H 

Me1,stand r . t .  . Me'j+:: 
1 2  h 

0 

36 '10 

(1 143) 

An interesting reaction which occurs800~901 when 3-alkylideneazetidin-2-ones are 
treated with lithium diisopropylamide is the isomerization of the exocyclic double bond 
(equation 1144). The resulting products being easily e p o ~ i d i z e d ~ ~ ~ * ~ ~ '  using rn- 
chloroperbenzoic acid at room temperature (equation 1145). 

R' \ H 

o L D "C,1!3 A , T H F min , stir R 'C H = C R1--f(:h (1 144) 

0 

R' R* R' Yield (%) Reference 

H 
n-Pr 
H 
Me 
H 
H 
H 
Me 
n-Pr 
H 
H 

80 
80 
85 
80 
80" 
80 
80 
85 
82 
80 
82 

800 
90 1 
800 
901 
800 
800 
800 
90 I 
90 I 
800 
800 

"Product was a I :  1 E : Z  mixture. 

rn-CIC*H.CO,H, . 
CH2C12, stir  r . t . , 1 4  h 

(1 145) 
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R’ R 2  R 3  Yield (%) Reference 

H H 
H n-Pr 
H H 
H Me 
Me H 

H 
H 
Me 
n-Pr 
H 
H 

90 800 
90 1 

80 800 
90 1 

15 800 
95 800 
95 800 

90 1 
90 I 

95 800 
93 800 

- 

- 

- 
- 

Epoxide formation at the alpha site in P-lactams has also been used’061 to produce 
a-spiro lactams. Thus, treatment of N-substituted 3-acyloxy-3-(chloromethyl)azetidin- 
2-ones with potassium hydroxide at room temperature affords l-oxo-4-oxa-5-substituted 
azaspiro(2,3)hexanes (equation 1 146). 

KOH r . t .  , T H F ,  * $\Rj  ( 1  146) 

‘Rl 

R ’  R 2  Time (h) Yield (%) 

t-Bu Me 2 90 
t-Bu Ph 18 w 
i-Pr Me 2.5 95 
i-Pr Ph 2.5 5 b  

“40% of the starting material was recovered. 
b95% of the starting material was recovered. 

Functionalization of the alpha position of P-lactams has also been accomplished by 
the ring opening of a,&fused ring containing lactams. An example of this approach is 
the reaction’368 of the isopropylideneepioxazoline shown in equation (1 147) with ally1 
or propargyl alcohols and a catalytic amount of trifluoromethanesulphonic acid. The 
alpha site may be further functionalized by stereoselective introduction of a methoxy 
group via the reaction shown. 

Other examples of the a,&fused ring lactam ring-opening approach to functionaliza- 
tion of the alpha position of lactams are shown in Table 93. 

b. Reactions at the C-4 and higher positions. Hydroxy substituents attached to the 
C-4 or higher positions on lactams can be converted into a number of other functional 
groups depending upon the reagents used. By reaction of these hydroxyl substituents 
with an alcohol in the presence of an acid, alkoxy substituents are 
(equations 1148-1 151). 
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P hC H 2CONH -- 
b 

ROH ,CF,SO, H 

2 5  'C 
0 

C02CHPh2 I 
C02CHPh2 (248) 

1 .  t -BuOCI ,  MeOH,LiOMs PhCHZCONH-- kOR 
CH2CI2,  - 30  OC 

2 .  Zn ,HOAc 0 C=CMe2 

1 
C02C H P h 

(249) 
R=CH2=CHCH2; HC=CCH2 

- % Yield 248- 80 j 

% Yield 249= 80 ; - 
( 1  147) 

AriH -t ROH - H+ &TiR (1148)'356 
0 

I 
0 

CH2Ph I CH2Ph 

n = 1 ; 1 ;  2 ; 2  

R = M e  ; € t i  M e  ; E t  

Yield (%)= - ; - ; 50-60; 80-90 

PhCH20C,H2 H 

&-R MeOH,HCI  0 O C ,  30 mi n N-R 

M e  
I OH M d  O M e  

Me H 

R = Et, PhCH2 100% 

(1 149)'374 



2. Appendix to 'The synthesis of lactones and lactams' 893 

Ph 

0 
MeOH, I I  - CH-CHCNH2 
HCI 

0 

Active methylene compounds such as methyl ketones and nitromethane condense 
under the influence of base with w-hydroxy lactams to produce'436 the correspondingly 
substituted lactams (equation 1 152). The ease of alkylation is reportedly'436 determined 
by the position of a tautomeric equilibrium between the w-hydroxy lactam and an open 
chain amide-aldehyde, which is dependent upon the type of N-substituent and upon 
the lactam ring size. 

M e i C O  

I 

I 
R 

R 

(1152) PhCOMe 

0 ,  a O H  0 O C H z C O P h  
I 
R 

1 MeN02 

b O S I  0 a C H 2 N 0 2  I 
R 

R=CH=CH2, Ph, n-Bu, P h C H E C H ,  c -Hex  
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898 Synthesis of lactones and lactams 

to condense with 
1,3-dicarbonyl compounds and alpha-hydroxyalkylbenzenes via an intermolecular 
process which affords the corresponding w-alkylated lactams (equation 11 53). 

Under the influence of acid, w-hydroxy lactams have been 

0 
I 
CH2Ph 

n = 1 , 2  

CH2Ph 0 
n = 1 , 2  

Protected hydroxy groups located at the C-4 position of /I-lactams also undergo 
conversion to other functional groups as illustrated by the reaction of (3R, 4R)-l-(t- 
butyldimethylsilyl)-3-[ (R)- 1 -t-butyldimethylsilyloxyethyl)-4-(trimethylsilyloxy)azetidin- 
2-one with acetic anhydride in 4-(dimethylamino)pyridine to produce'318 the acetoxy 
derivative (equation 1154). 

Because of the extensive use made of the acetoxy substituent in interconversion 
reactions of lactams which is discussed next, it is appropriate at this point to report the 
other methods used to introduce this function into the lactam nucleus. 

Baeyer-Villiger oxidation of 4-acetyl-substituted /I-lactams, using m-chloroperbenzoic 
acid,  convert^'^^*'^^^ these lactams into the corresponding 4-acetoxy-/I-lactams 
(equations 1155-1 157). 

7 7  ? Y  
I I  

(1 155)' 146 
R' rn - CIC, H. CO, H I  

C O H O ,  80°C,4-6 h 

0 

R' =PhOjP I -N;  PhO ; PI-N 

R 2 =  H ; H ;CH2COzMe;CH2C02Me 
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(t-Bu)MezSiO (t-Eu)MezSiO H 

M e > C - B - - A c  m-CIC,H,CO,H, ~ Me >C -8 z 2 A  c 

H‘ CHCI,  ,25’C, H‘ 
0 ‘H 18 h 0 

100% 

( 1  156)750 

Treatment of C-4 acid substituted 8-lactams with lead tetraacetate in dimethyl- 
the acid function into an acetoxy substituent formamide-acetic acid 

(equations 1 1  58 and 11 59). 

89”/0(2:1) 

(1 159)’ 245 

Similar results are observed at the C-5 site of y-lactams (equation 1160)’346 

OAc 

t-BuOzCNH q:r Pb(OAc)e,THF, 6 7 % , 2 h  t -BuozcNH<,H 

0 0 
(1160) 
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Ring-opening reactions of penicillin sulphoxide esters using trimethylphosphite and 
acetic acid  afford^"^^^'^^^ monocyclic C-4 acetoxy substituted 8-lactams (equations 1161 
and 1162). 

6 3- 86% 

R =  f-BuOpCNH j PhCHzO; PhOCH2CONH j P I - N  

R e f . =  1382 j 1382 j 1387 ; 1387 

0- 
H H I  

( 1  161) 

PI-N- - - - 0 A c  

, ,C(Me)=CH2 

0 1 c, 
H’ ‘\C02Me 

H H  

When the above reaction was perf~rmed”~’ using acids other than acetic acid, C-4 
aryl ester substituted 8-lactams were produced (equations 1163 and 1164). 

0- ? ? I  H 

Me U a C O p ~ , P ( O M s ) , ,  R1$\ - -02CR2 , 
C(Me)=CH2 R1%r?~e 0 C , , H e , r e f l u x  4-6h 0 ,c-\ 

\C02Me 
H C02Me 

65 - 8 6 
R’ =PhOCH2CONH j PhOCH2CONH j PI-N ; P I  - N  

R 2 =  p-CICgHq j O-CIC6H4 ; Ph ; p-CIC6H4 

( 1  163) 
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0- 
H H I  

to  ‘The synthesis of lactones and lactams’ 90 1 

p-CIC,H,CO,H, PI-N-- 8- -02CC6H4CI-p 

P(OMe),,C,H, , r s f l u x  C(Me)=CH2 
0 ‘c’ 

H H  

+ P I - N - -  -#02CC6H4Clp 
(1164) 

Acetoxy functions located at  the C-4 or C-5 positions of p- or y-lactams have been 
extensively used as the starting function from which a variety of conversions have been 
achieved. 

Simplest of the conversions reported’382 is the replacement of the acetoxy function 
by hydrogen, which occurred in a straightforward manner using sodium borohydride 
when the lactam nitrogen was unsubstituted (equation 1165). In the case where the 
lactam nitrogen contained a carbomethoxycarbonyl function, oxamide hydrolysis 
accompanied reduction of the acetoxy function to also produce the unsubstituted nitrogen 
lactam (equation 1165). 

H H  

RCONH *g - -0Ac 

0 &-N LH 

or  

R =  t-BuO,PhCHZO 

To determine the scoDe of this reduction 4-acetoxvazetidin-2-one was reduced with 
potassium borohydride’ in water producing P-propiolactam in 69% yield (equation 
1 166)’382. 

,OAc 

0 p, H 3-p H 

(1 166) 
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The final question associated with the reduction processes reported above is the 
stereochemistry of the reduction, that is, does the nucleophilic hydride species enter into 
the j-lactam ring from the side of the acetoxy leaving group or does it attack from the 
opposite face? By using (3S, 4S)-4-acetoxy-3-(t-butoxycarbonyl)aminoazetidin-2-one 
and sodium borodeuteride it was found'382 that the major product was the trans isomer 
which indicated an S,1 mechanism with intermediate carbonium ion formation 
(equation 1167). 

n n  

0 h N \ H  

0 

trons (SN1) cis (SN 2) 
(1167) 

Treatment of 4-acetoxyazetidin-2-ones with lithium organocuprates or Grignard 
reagents produces'382 4-alkyl or vinyl-azetidin-2-ones (equation 1168). 

2. Oo, 1 . 5  h 

8 9 % 

2 ,  o°C, 30 rnin 

3. r.t . ,  30 min 

R = E t  ; H2C=CH 

Y i e l d  = 12.4 ; 3.5 

(1  168) 

Reactions of (3S, 4R)-3-[ (R)-l-(t-butyldimethylsilyloxy)ethyl]-4-acetoxyazet~d~n-2-one 
with finely powdered potassium cyanide in tetrahydrofuran (THF) with added 18-crown-6 
ether produces' 339 the corresponding 4-cyanoazetidin-2-one (equation 11 69). 

( t -Bu )Me2S iO H (t-Bu)Me2Si0 H 

M e < C - g t < O A C  KCN,THF, . Me 2 C  

1 8 - c r o w n - 6  H' 
0 

st ir  2-8 h 
H'  

0 

(1169) 



2. Appendix to 'The synthesis of lactones and lactams' 903 

Nucleophilic displacements of C-4 acetoxy groups have been accomplished using a 
variety of enolate reagents as represented in equation 1170 with the details reported in 
Table 94. 

CHR2COR3 conditions + R2CH=C(OR4)R3 

(1170) 

The substitution of C-4 acetoxy substituents by an alkenyloxy or alkynyloxy group to 
via produce the corresponding 4-alkoxyazetidin-2-ones has been achieved1336.1337.1 

a zinc acetate catalysed reaction (equation 1171). 

 OR^ 
+ H0R3 Zn(OAc)~ .2HzO,  conditions . R1w=,H (1171) 

R' R Z  R' 

H Me CH,CH=CH, 

H Me CH,CH=CHPh 
( E )  

H Me CH,CH=CHCO,Me 
( E )  

H Me CH,C-CH 

H Me CH,C-CPh 

PhOCH,CONH Me CH,CH=CH, 

Conditions Yield (%) 

dry C6H.5. 76 

dry C6H6, 38 
reflux 20h 

reflux 23 h 

reflux 21 h 

reflux 20h 

reflux 24h 

80 "C, 

dry C6H6, 73 

dry C6H6, 56 

dry C6H6, 70 

C,H,Me, - 

Reference 

1336 

1336 

1336 

1336 

I336 

1337 

stir 3h 
b 1387 

PI-N p-CIC6H4 CHzCOZEt C6H6, reflux - 1387 
1387 
1387 

PI-N Me CH,CO,Et C6H6, reflux - 

PI-N p-CIC6H4 CH,CH(Br)CO,Me C6H6, reflux - 

Me CH,CH(Br)CO,Me C6H6, reflux - b.r 

c 
PI-N 

"The product obtained was a mixture of cis and trans isomers 

Y H  Y Y  
~ ~ ~ ~ ~ z ~ ~ ~ ~ ~ ~ ~ ~ ~ = ~ ~ z  + P~OCH2CONH x H 3 C H z C H = C H z  

from CiS 

bThe same trans product was obtained from either the cis or trans starting material. 
'The product obtained retained the bromine substituent in the side chain. 
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906 Synthesis of lactones and lactams 

Treatment of w-acyloxy containing p- and y-lactams with substrates containing a 
mercapto function produce lactams with a sulphur attached side chain at the o-site 
(equation 1172 and Table 95). 

n=1,2 

Performing the Arbusov reaction using 4-acetoxyazetidin-2-one or 4a-acetoxy-3fl- 
phthalimidoazetidin-2-one with phosphites or phosphonites produced' 323 2-oxoazetidin- 
4-yl phosphonates and phosphinates (equations 1173 and 1174). 

R' R 2  

OMe Me 
OEt Et 
Me Et 

OCHZCCI, C13CCH2 
CH,CCI, C13CCH2 

OCH,Ph PhCH, 

Time (h) Time ("C) Yield (%) 

1-2 110-120 high 
1-2 110-120 high 
1 60 89" 
7 110-120 46 
- 110-120 N.R. 
- 120 42" 

"Product was a mixture of diastereomers. 

(1174) 

cis,  trans 
m i x t u r e  

Other oxygen-containing substituents attached to lactams which undergo conversion 
reactions include: 5-methoxy-2-pyrrolidone, which upon solvolysis with neat thiolacetic 
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910 Synthesis of lactones and lactams 

acid produces1346 the corresponding thioacetate (equation 1 175); y- and &lactams 
containing w-ethoxy functions, which react with propargyl silane under the influence of 
boron trifluoride etherate to w-allenyl lactams (equations 1176 and 1177); 
and with dimethyl malonate and ethyl acetoacetate in the presence of aluminium chloride 
to p r~duce '~ ' '  the corresponding amidoalkylation products (equations 1178 and 1179). 

0 BF, 0% . OE t o  ?,, r. t. <?In- + N  [ H 1 
H 

61 

n =  1,2 

I 

H A 
(1 177) 

oEt + R ' C H ~ C O ~ R ~  AICI., C H i C l 2  4 - L  c t i  R' CO,R* 
O N  A x  r. 1. O N  

I I 
C H2 C HzBr C H p  CH2B I 

R ' =  C02Me ; COMe 

R2= M e  ; E l  

Y ie ld  ( O h )  = 55 j 54 
(1178) 

0 f R2COCHR3R4 AICI, CH,Cl, 0 o C $ R 4 C O R 2  

(1179) 
1 
R1 

I 
R' 
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R’ R2 R3 R“ Yield (%) 

H M e 0  
H EtO 
H EtO 
CH,CH,Br M e 0  
CH,CH,Br EtO 
CH,CH=CH, M e 0  
CH,CH,Br Me 
H EtO 
H EtO 

H 
CH,CO,Et 

H 
C0,Et 
H 
H 
H 
H 

-CHZCHZOZC- 

C0,Me 
C0,Et 

NO, 
C0,Et 
C0,Me 
P-TOS 
P-TOS 
C02CH,Ph 

60.5 
55 
70.5 
61 
51.6 
63 
0 
0 

52.5 

The generation of p, y- and y,d-double bonds in lactam structures has been 
accomplished using a variety of methods. For example, reaction of 1-methylthiohydantoin 
with 1,3-dibromopropane and N-ethyldiisopropylamine produces’ 2-(3-bromopropyl- 
thio)-l-methylimidazolin-4-one (equation 1 180), while dehydrogenation of 1 -methyl-3,4- 
diphenyl-5,6-dihydro-2-pyridone with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) 
in refluxing dioxane afforded1238 l-methyl-3,4-diphenyI-2-pyridone (equation 118 1). 

N 

Me 
I 

B r C H, CH,CH,Br, Me ,CO, * ,(To (1180) 
BrCH2CH2CH2S N 

Et(i-Pr),N, N, 
0°C,12h 

S 
I 
Me 

(1181) 
DDQ, dioxons yJ reflux 

I 
0 

Me Me 

Finally, dehydrochlorination of l-methyl-5,5,7-trichloro-1,3,4,5-tetrahydro-2H-l,4- 
benzodiazepin-2-one produced’ 332 5,7-dichloro-l-methyl-3H- 1,4-benzodiazepin-2( 1H)- 
one (equation 1182). 

C,H,, reflux 

9 h  

CI’ 

7 0 010 

(1182) 

At least one report1439 in the recent literature discusses reduction of the y,d-double 
bond in a lactam thereby providing a stereospecific route to the preparation of cis- or 
trans-1,2,3,4,4a,5,6,lOb-octahydrobenzo(~)quinolines from their hexahydro precursors 
(equation 1183). 
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R' 

cis 

R1=&R&R4= H 

(1183) 
R' 

R3 R2*o 

1. Et8SiH, CH,CI, 

stir r. t .  
10 min 

2. FSCCOOH, O'C 

3.  r. t .  s t i r  

rrans 

R' R' R' R4 Time (h) Yield (%) 

M e 0  H H H 9 95 
M e 0  M e 0  H H 6.5 80 
H PhCH,O M e 0  H 20 33 
M e 0  H H M e 0  5 80 

An interesting lactam interconversion involves' the transformation of the nitro 
group of a 9-nonanelactam into a tautomeric mixture of the oxolactam and a 
hydroxy-l-azabicyclo[S.3.O]decan-2-one (equation 1 I84), while in a similar reaction'298 
performed using the nitro-substituted 15-pentadecanelactam analogue only the 
0x0 derivative was formed (equation 1185). 

H H 

(1 185) 
o2 LiOMs,Na2B,0,, 

KMnO,, H,O, 
MOOH,  2 0  OC, i s m i n  

2 % 
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Sulphur-containing groups located at  the C-4 position of 8-lactams have been used 
as the starting materials for the preparation of a variety of other C-4 substituted 8-lactams. 
Reactions used to convert C-4 sulphur-containing side chains into new sulphur-containing 
C-4 substituents include: the reaction of (3S, 4R)-3[(R)- I-(t-butyldimethylsilyloxy)ethyl]- 
4-(methylsulphonyl)-2-azetidinone with sodium thiophenolate to produce’ 339 ( 3 S ,  4R)- 
3[(R)- 1 -(t-butyldimethylsilyloxy)ethyl]-4-(phenylthio)-2-azetidinone (equation t 186); forma- 
t i ~ n ’ ~ ’ ~  of p-nitrobenzyl (2S)-5-[(2R, 3R)-2-acetylthio-l-[( lR)-2-methyl-2-(4-nitrobenzyl- 
oxycarbonyl)propyl]-4-oxoazetidin-3-ylcarbamoyl]-2-( p-nitrobenzyloxycarbonylamino)- 
pentanoate by reaction of the corresponding 2-chloromercuriothio substituted starting 
material with acetyl chloride (equation 1187); generation1434 of I-[( IR)-carboxy-2- 
methylpropyl-(3R)-[(5S)-5-amino-5-carboxypentanamino]-(4R)-mercaptoazetidin-2-one by 
reaction of the 4-chloromercuriothio precursor with hydrogen sulphide at pH = 1.5 
(equation 1 188); preparation’440 of (trans-3-azido-2-oxo-4-phenacylthio-l-azetidinyl) 
(cyc1opentylidene)acetic acid methyl ester (equation 1189) .and (E) -  and (2)-2-(trans-2- 

( t -  Bu)Me2Si0 H H  0-Bu)Me2SiO H H  

Me >C -hH 02SMe E t O H ,  NaSPh Me >C -Ay:;Ph 
H ‘  5 ‘ C , 2 h  H ‘  

0 0 

95 % 

(1  186) 
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oxo-4-phenacylthio-3-phthalimidoazetidin-1-yl)-3-phenyl-2-butenoic acid ethyl ester 
(equation 1190) by the reaction of the corresponding C-4 tritylthio ethers with silver 
nitrate followed by treatment with phenacyl bromide; formation’440 of bis-[4-[trans-3- 
azido- 1 -( E)-( 1 -t-butoxycarbonyl-3,3-dimethyt- 1 -butenyl)-2-oxoazetidin]disulphide by 
oxidative detritylation of (trans-3-azid0-2-0~0-4-triphenylthioazetidin- l-yl)-4,4-dimethyl- 
2-pentenoic acid t-butyl ester (equation 1191); the reaction’434 of iodine with 
p-nitrobenzyl (2S)-5-[(2R, 3R)-2-chloromercuriothio-l-[( 1 R)-2-methyl-l-(4-nitrobenzyl- 
oxycarbonyl)propyl]-4-oxoazetidin-3-ylcarbamoyl]-2-( p-nitrobenzyloxycarbonylamino)- 
pentanoate or 1-[(1R)-carboxy-2-methylpropyl]-(3R)-[(5S)-5-amino-5-carboxypentan- 
amido]-(4R)-chloromercuriothioazetidin-2-one to produce the corresponding disulphide 
dimer of each (equation 1 192); the reaction of iodine and sodium p-toluenesulphinate 
with (E)-2-(trans-3-azido-2-oxo-4-tritylthioazetidin-1-yl)-4,4-dimethyl-2-pentenoic acid 

MeOH,2OoC 
0 

I 

C02Me 

PhCOCH,Br 

C02Me 

7 4 -/.a 

Y3 7 
H b - S C H 2 C O P h  

HMPA f i  (1189) 
20 OC,24 h I =iJ 

C02Me 

9 4 % 

H H  H H  

PI-N---  

0 

I ‘Ph 
C02E t 

2 0 %  

P I  

COZEt 

( E : Z  = 40:60 )  78% ( E a n d  Z )  

H H  
1 !  

PI-N-- 
(1190) 

PhCOCH,Br S C H 27) 
HMPA, 20 O C  

24 h 0 ‘c=c 
I ‘Ph 

C02Et 

7 6 %  ( E  and Z )  
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v3 H 
H*SCPh3 I,, HOAc,CH,CI, 

2 0  OC,20 h 

0 
1 'Bu-t 

C O ~ B U - ~  

I 
C 0 2 R 2  

N 3  H 1 

C02Bu- t  J 2  

90% ( € 1  
( I  191) 

C 0 2 R 2  I 1  
I I *  

R' = p-  O~NC,H,CH,O,CCHNHCO,CH~C~H~NO~-P~ i 5 2 ~ ~ ~ ~ ~ 3  
( 1  192) 

R2= CH2C6H4N02-p  i H  

Y i e l d  ('/a) = 66 ; 80 

F;J3 ! 1. Iz,HOAc,CH,CI,,20 OC, 

H fTN4 S C P h; 2 0  h c 

2 .  NaSO,C,H,Me - P I  
2 h s t i r  

0 \c=c l \Bu- t  3 . 2 O o C , 1 5  h 

C O ~ B U - I  

( E )  

H+---+STOS-P 

C O ~ B U - t  

1 
(1 193) 

t-butyl ester (equation 1 193) or cyclopentylidene-(trans-2-oxo-3-phenoxyacetylamino-4- 
tritylthioazetidin-I-yr)acetic acid methyl ester (equation 1194) to produce'440 the 
corresponding 4-(p-toluenesulphonyIthio)-2-azetidinones; and the formation1397 of the 
C-4 mercaptobenzothiazole substituted p-lactam shown in equation ( I  195) from the ring 
opening of the precursor 3-methylenecepham-l -oxide. 
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H H  H H  
1 .  l,,CH,CI,, 

P h OC HZCON H - - -  SCPh3 20 O C , 3  h P h OC H ZCONH --- 

C02Me 

8 7 010 

(1 194) 

H H  

Me-,C--- 

ti' 

'CH -C -CH,Oti 
I 
COZMe 

( f -  

+ 

(1195) 

Conversion of 

( 3 ~ 2 )  

subhur  C-4 substituents to carbon substituents has also been 
accomplished and in'cludes the preparation'339 of (3S,4S)-3[(Rj-l-(t-butyldimethyl- 
silyloxy)ethyl]-4-cyano-2-azetidinone from (3S, 4R)-3-[ (R)- 1 -(t-butyldimethylsilyloxy)- 
ethyl]-4-(methylsulphonyl)-2-azetidinone by treatment with potassium cyanide and 
tetra-(n-buty1)ammonium bromide (equation 1 196). 

( f -Bu )Me2S i0  H H  (1- Bu) Me2Si0  H H  

H'  (n-Bu),NBr, H '  

M e -\C -J* 02SMe KCN,C,H,, M e > C - h P 4  

0 \ti st i r  2 4  h 0 

8 9 010 

(1 196) 
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4-Alkyl-, allyl-, vinyl- and ethynylazetidin-2-ones have been prepared' 328* '44 '  from 
4-sulphonylazetidin-2-one using lithium organocuprates or Grignard reagents 
(equations 1197 and 1198). 

0 

1 .  RZCuLi,THF, - 7 8  OC, 

2 .0°C,1  5 h  

1 .  RMgBr,THF.-78 OC, 

2.0 OC, 30 min 

3 . r . t . ,  2 0 m i n  

10 min 

(1 197) 

Reagent R in product 

(n-Bu),CuLi 
EtMgBr 
H,C=CHMgBr 
(H,C=CHCH,),CuLi 
H,C=CHCH,MgCI 
HC=CCH,MgBr 
EtOC=CMgBr 
PhSC=CMgBr 

n-Bu 
Et 
H,C=CH 
H,C=CHCH2 
H,C=CHCH2 
HC-CCH, 
EtOC-C 
PhSC=C 

Yield (%) Reference 

94 1328 
12.2 1328 
65.5 1328 

100 1328 
54.9 1328 

1441 
95.4 1328 
68.9 1328 

- 

Ph3CNH OzSMe Ph3CNH C G C P h  

1.  PhC=CMgBr, XH 
0 XH 30 min 0 

THF,-30°C, 

2 . r . t . l  h 
trons- 5 2 . 2 %  

c i s  - 22.3% 
trons ond cis 

(1198) 

Reaction of 4-arylthioazetidine-2-ones with dimethyl diazomalonate (equation 1199) or 
diazodiethylphosphonacetic acid ethyl ester (equation 1200) at 100 "C in the presence of 
rhodium(I1) acetate produced' 367 the corresponding C-4 carbon extension products via 
a carbene insertion. 

S R' 
I 

R h ( O A c l z  - rr(CozMe)z 
q 2  

R '  = PhCH2 j Ph  j P h  j P h .  

R2= S i M e z ( B u - t )  j SiMe2(Bu-t) iCH2COZMe j CHzCOzBu-f (1199) 
Yield (%) = - - I - j 60 j 
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SPh 

I /C02E+ 
C0,Et 

1 
I Rh(OAc) ,  r/ SPh + N,CHP(OEt), - 

0 
0 +N\CH2C02B" - I  0 1. .= ' O O O C  0 +'\CHZCOZBu - t  

58  % 

( 1200) 

Trityl thioether (equation 1201)'440 and rnethylthio (equation 1202)' l S 5  C-4 
substituted /I-lactams have been converted into their methoxy analogues by reaction 
with silver nitrateL4" or silver carbonate' 1 5 5  in the presence of methanol. 

H H  H H  

SCPh3 AgNO,,MsOH PhOCH2CONH-- 
PhOCH2CONH --- D 

2 0  oc 

0 

I 

C02Me C02Me 

5 4 % 

(1201) 

( 1202) 
r r f l u r  in the dark 

overnight  

0 

3 0 '10 

(1:i mixture o f  

epimers) 

Desulphurization of 4-arylthioazetidine-2-ones using hydride reagents' ' ' or Raney 
occurs smoothly whether the cyclic moiety is an a-alkylidene b-lactam' ' I s  

(equation 1203), a dimethoxy- or a methylenedioxybenzo[a]octem (equation 1204) or a 
2-oxoazeto[ 1,2-c] [ 1 , 3 ] b e n ~ o x a z i n e ' ~ ~ ~  (equation 1205). However, if the lactam nitrogen 
contains an ally1 substituent, exclusive endo ring closure products are obtainedIos4 via 
an intramolecular S,2 process in addition to the direct reduction product 
(equation 1206), when the starting material is treated with tri-(ti-buty1)stannane and a 
trace of azobisisobutyronitrile. A similar ring closure, but producing tricyclic products, 

SC6H4CI - p  
Me2C 

( 1203) 
( t  -Bu),SnH 

A I B N ,  95 OC Me2ce:. 0 

100 % 
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was observed’054 to occur when fi-lactams containing o-bromophenylmethyl substituents 
attached to the lactam nitrogen were treated with tri-(n-buty1)stannane and 
azobisisobutyronitrile; however, in these cases both the monocyclic products and the 
tricyclic products retained the C-4 sulphur atom from the starting material 
(equation 1207). 

( 1  204) 
PhO Raney Ni PhO 

Me , C O ,  r e f  lux 

1.5 h 

R ’ = R 2 =  Me, 5 0 %  
1 2  R R = - ( C H z ) - , 4 5 %  

<e’R I ,  Ransy Ni,MeOH, . 
CsHs,reflux 

PhO ’ ‘ 

Me 

I Me 
Me 

n =  1 j 2 j  3 \(cH,),cH=cH, 

%Yield 2 5 1  =-8O ; 48  j 2 5  

%Yield 252 = 0 ; 26; 55 

( 2 5 1 )  ( 2 5 2 )  

( 1  206) 
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Me 

0 r  

Me Me 

* / *Y ie ld  254  = 21 ; 42 ; 0 ( 1207) 

An interesting series of reactions has been reported'401 using B 4-thioxo-2-azetidinone 
255 prepared by thermolysis of 2-[cis-3-phthalimido-2-oxo-4-(2-carbomethoxyethyl- 
sulphoxyl)]-3-methyl-2-butenoic acid methyl ester (equation 1208). Ozonolysis pro- 
d u ~ e d ' ~ ' '  the corresponding 2,4-azetidinedione (equation 1209), while 1,3-addition of 
diazoalkanes p r o d u ~ e d ' ~ ' '  the thiadiazolines which spontaneously lost nitrogen 
affording the corresponding thiirans (equation 1210). Heating the thiirans in boiling 
benzene with triphenylphosphine a f f~rds '~ ' '  the respective 4-alkylidene-2-azetidinones 
in excellent yields (equation 121 1). 

Y !  9 p1-N5s P I - N T  SCHZCHZCOzMe CaHa - 
r e f l u x  

0 \ C  =CMez 0 N\ C =C Me 2 

I 1 
C02Me 

03, MeOH 

255 T7- 
m-CIC,H,CO,H, 

CH,CI,, - 5 0  O C  

25 '10 

C 0 2 M e  

( 1  208) 
(255) 
80 % 

85 O/n 
H 

( 1209) 

Other methods used to effect this same type of conversion include refluxing the thiirans 
in dimethylformamide"31 (equation 1212) and treatment113' with Raney nickel W-2 in 
boiling ethanol (equation 1213). 



2. Appendix to ‘The synthesis of lactones and lactams’ 

H 

92 1 

255 + RCHMe 
ether ,  * P I  - N@T>ie 

CH&12,0 O C  

0 \ C =C Me, I 
N. 

I ’- 2 - 
C02Me 

( 2 5 6 )  

R (1210) 
C D C I ,  or C,H, 

r . t .  stand 
5 days 0 ‘C=CMe2 

I 
CO2Me 

( 2  57) 

R =  H ; M e  

Yie ld  2 5 6 =  - j 7 5  

%Yie ld  257 = 4 5  ; lo0 

H H 

I 
C02Me C02Me 

R = H  ; M e  

Yie ld  (%) = 95; 95 
(1211) 

P h  P h  

1 .  DMF, 2 .5  h r e f l u x  P h n , I e 2  (1212) 

2.  r . t .  overn ight  0 
66 ‘10 

p h  /R ’  

f’hw*:: Raney E t O H ,  r e f  N i  W - 2  lux ph*’Jrc‘R2 (1213) 

0 0 ‘Ph 

R ’ = M e  j M e  ; I 
R 2 = M e ; E t  ; I 

(CH2I5 

Y i e l d  (%) = 97 ; 90 j 89  
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One of the more useful substituents into which the C-4 sulphur substituted b-lactams 
can be converted is the corresponding chloride. Thus, treatment of N-bis(methoxy- 
carbonyl)methyl-4-methylthio-2-azetidinone'308 (equation 1214) or various isomers of 
3-azido- 1-[diphenylmethoxycarbonyl-[( 1 -p-methoxybenzylthio)cyclopentyl]methyl]-4- 
(methy1thio)azetidin-2-ones' ' 7 5  and 3-azido-l-[benzyloxycarbonyl-[( 1 -p-methoxybenzyl- 
thiocyclopentyl]methyl]-4-(methyIthio)azetidin-2-ones1 ' 7 5  (equation 1215) with chlorine 
produces the corresponding 4-chloroazetidinones. 

C 12, CHZC12,CCI,, Ar ,st i r  15 

H 

min 1 

H2An - p  

(1215) 

- P  

R =CH2Ph ,CHPh2 

Similar conversions to C-4 chloro b-lactams have been a c ~ o m p l i s h e d ' ~ ~ "  using 
sulphuryl chloride with 2-(truns-3-azido-4-methylthio-2-oxo-1-azetidinyl)-3-substituted- 
2-butenoic acid esters (equation 1216) and cyclopentylidene(truns-4-methylthio-2-0x0-3- 
phenoxyacetylamino-1-azetidiny1)acetic acid methyl ester (equation 1217). Attempting 
the same conversion '440 with cyclopentyliden(trans-4-methylthio-2-oxo-3-phenacylamino- 
1-azetidiny1)acetic acid methyl ester, however, afforded only 9% of the corresponding 
cis-C-4 chloride substituted product, while the major product was the fused ring cyclo- 
pentyliden-cis-(7-oxo-3-phenyl-4-oxa-2,6-diazabicyclo[3.2.O]hept-2-en-6-yl)acetic acid 
methyl ester (equation 1218). 
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N3 ? 
. I  

CHzCIz, 20 OC, 

S O ~ C I Z , ~  h 
b 

v 3  H 
I !  

‘c=c 

CO,R~ 
I ‘Rz 

923 

+ (1216) 

N 3  C I  
I !  

R’ 

(259) 

trans:cis 

R* R3 Ratio Yield (%) 

Me Me t-Bu 10: 1 90 
-(CW*- Me 10: 1 96 

H H  H H  

P h O C  H Z C O  N H --- 
P h O C H Z C O N H  --- C H z C I z , 2 0  SO,CIz, 2 h OC . rT_cl 

0 
I 

C 0 2 M e  C 0 2 M e  

(260) 

+ 
H CI 

tr. P h O C H Z C O N H  - - 

C 0 2 M e  

(261) 

t o t a l  y i e l d  = 90% 

(1217) 
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H H  H CI 

CH,Cl,, 2 0  OC PhCONH --- 
PhCONH--  SO,CI,, 2 h b h:4 

0 

0 h> C02Me I C02Me I 
9 % 

“I’ x ? 

(1218) 
H 

0 

I 
C02Me 

80 ‘10 

Similar results were obtained’440 using thionyl chloride and the 4-methylsulphinyl 
analogues of the above compounds (equations 1219 and 1220). 

(262) 
(1219) 

Ratio 

R’ R 2  R’ 258 : 259 : 262 Yield (%) 

Me Me Et 54 : 8 : 38 62 
H t-Bu ~ - B u  4 3  : 15 : 42 56 

PhOCHZ 
I 

NAO 
H H O  

I 

260 f 261 t H 
P hO CH 2C 0 N H - - - CH,CI,, SOCI,, 

0 JY& 20 O C , 3 h  

I 
C02Me 

C02Me Ratio o f  2 6 0 :  261 = 9:1 
3 2 % 

( 1220) Yield of  260+261 = 51% 
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The usefulness of the C-4 chloro substituent is exemplified by the following 
interconversions which utilize C-4 chloro-substituted lactams as starting materials. 

By using organometallic reagents p-chloroazetidinones undergo a carbon-carbon 
coupling reaction to produce alkyl- and allyl-/?-substituted lactams. (4R)-n-Butyl-3-(S)- 
bromo-2-azetidinone was produced'383 in 57% yield by reaction of (3S)-bromo-(4R)- 
chloro-2-azetidinone with lithium di-(n-buty1)cuprate (equation 1221). 

T HF , e * * - -  

- 7 8  t "  -7" " 

Br- - -  I- + L i C u ( B u - n ) 2  - 
1.25  h ( 

H CI H Bu-n 

(1221) 
f--- H 

5 7 % 

Lithium diallyl~uprate'~~~~'~~~, t e t r a a l l ~ l t i n ' ~ ~ ~ ,  l-propen-3-yltrib~tyltin'~~~ and 
a l l y l ~ o p p e r s ' ~ ~ ~  have all been used to prepare /?-allylazetidin-2-ones as illustrated in the 
general equation 1222 with the details reported in Table 96. 

(1 222) 

Addition of (3S)-bromo-(4R)-chloro-2-azetidinone to a solution of sodium triphenyl- 
methyl mercaptide in isopropanol-water produced' 383  the chiral trans-3-bromo-4- 
triphenylmethylthio-2-azetidinone in 25% yield (equation 1223). 

30 m i n  

2 5 % 

p-  and 6-Chloro lactams have also been converted into /?-methoxy lactams via 
methanolysis reactions catalysed by tin(I1) chloride'440 (equation 1224) or silver 
oxide' '55-(equation 1225). 

H H  

MeOH, SnCI, P h OC H2C ONH -JfcrM& 
* G o +  Z6' 2 o  o c , 4  

0 
I 
C02Me 

89 % 

C I  .OMe 

(1 224) 

(1 225) 
r .  t .  s t i r  

o v e r n i g h t  

66% 
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928 Synthesis of lactones and lactams 

R C = C X o  CI 

M e 0  
I 
Hex-c 

R =PhICH20CH2Ph , (CHz 130THP 

KN3,MeCN, 

1 8 - c r o w n - 6  

1 0  days I 
N3 CI 

R C E C a o  

M e 0  

I 
Hex-c 

H 

d i b e n z o - 1 8 - c r o w n - 6 ,  

-1Z°C,4 days 

v 

a0 -90% 
I 

I NoN02 ,oq. HCI, CHZC12, 0 "C I 
R C E C  

M e 0  N%fo I 

Hex-c 

50-55% 6 2 '10 

SCHEME 20 
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A novel sequence of reactions, which results in the ultimate formation of 4-diazo- 
2,3-diones, has been applied’263 to both mono- and bicyclic-/khloro lactams as shown 
in Scheme 20. 

Finally, 1 -methyl-5,7-dichloro-3H- 1,4-benzodiazepin-2-( 1 H)-one upon dissolution in 
dimethyl sulphoxide at room temperature with stirring for 12 hours causes an exothermic 
reaction and results in the formation1332 of 4,4’-methylenedi[7-chloro-1-methyl-3,4- 
dihydro-lH-1,4-benzodiazepine-2,5-dione] (equation 1226). 

CI’ 

Me 

D M S 0 , r . t .  s t i r  12 h CI 47 ~ ( 1  226) 

CH2--F/ rMe 

Another synthetically useful function located at  the C-4 position of lactams consists 
of hydroxy containing methylene side chains. The simplest reaction these functions 
undergo is methanesulphonation or p-toluenesulphonation (equation 1227 and Table 97). 

( I  227) 3fCHposo2 R1 

s o l v e n t  

-!- R‘So2C1 c o n d i t i o n s  * 

0 ‘R 
R’ =Me,  p -To1 

Once formed, these methanesulphonates or p-toluenesulphonates can be converted to 
ring closed products iodides 1 0 5 3 . 1 3 3 9  (equations 1228 and 1229) or used to produce’ 

(equation 1230). 

CH20SOpMe 

( t - 8 ~ )  MepSiO 

N o I ,  MezCO, Me 2 C  -1+4 CH 2 I 

H‘ 
r e f l u x  1 8  h 

0 \CH2C6H3(OMe)2-2,4 

N o I ,  MezCO, Me q C  -1+4 CH 2 I 

H‘ 
r e f l u x  1 8  h 

0 \CH2C6H3(OMe)2-2,4 

8 2 % 

( I  228) 
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932 Synthesis of lactones and lactams 

( 1229) 

e ~ ( B u - t )  2 SiMee(Bu-t) 

1 .  MeCN, KF, 18-crown-6- pcH 
2. KF, 18-crown-6, 

' 

stir r.t. 5 h 

0 ( t -Bu)MezSiO N3 stir r.t. 4 h 
I I  

MeS020CH2 ,', ,', H H  

92% 

(1 230) 

Treatment of a C-4 hydroxymethylene function with diazomethane in the presence of 
boron trifluoride etherate produces"' the corresponding methyl ether (equation 1231) 
while reaction of a beta 1-hydroxy-2-nitroethyl function with thionyl chloride and 
triethylamine converts' 196 it into a beta 2-nitrovinyl substituent (equation 1232). 

74% 

(1231) 

88% 

(1232) 
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Other conversions of C-4 hydroxymethylene groups include a ~ y l a t i o n ’ ~ ~ ’  using methyl 
chloroformate (equation 1233) and oxidation with dimethyl sulphoxide (DMSO) in the 
presence of either dicyclohexylcarbodiimide (DCCD) which produced’053 the corres- 
ponding aldehyde that was isolated directly in excellent yields (equation 1234), or 
trifluoroacetic acid anhydride and triethylamine which also produced1340 the corresp- 
onding aldehyde that was not isolated, but that was treated with nitromethane to  yield 
the nitro alcohol (263) as an epimeric mixture (equation 1235). 0-Acylation of the nitro 
alcohol formed followed by sodium borohydride reduction produced’340 the C-4 nitro- 
ethyl product shown in equation 1236. 

PhCH202CNH CH20H P hCH202CNH CH20C02Me - 
(1233) 

CIC02Me 

0 x “3 i M e 2 ( B u - f ) 

(f-Bu) Me2 SiO 

Me-,C-- CH2OH 

( t  - Bu)MepSiO 

DMSO,DCCD,  H,PO, * M e q C - B C H O  

H’ r . t .  stir 18 h 

0 \CH2C,H 3(OMe)2-2,4 

91.8% 
(1234) 

~- 
DMSO, -?O°C stir 0.5 h 

2 .  NEt,,-7O0C to r . t  

MONO,, i -PrOH,  

NEt,,r.t. 2 days 

<J Me - - 6 - C H O  

0 ‘CH C6H 3(OMe)p -2,4 

(1235) 

3 7% 
(mixture of epimers) 
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NaBHa,MeOH, - - k q C H 2 C H 2 N O 2  

OOC, stir Me N 

0 'CH2C6H3(0Me),-2,4 

9 1 % 

(1 236) 

This same nitroethyl substituent may also be prepared"96 by sodium borohydride 
reduction of (3RS, 4SR)-3-azido- 1 -(4-methoxymethoxyphenyl)-4-(2-nitrovinyl)azetidin-2- 
one (equation 1237). 

T T  Y Y  
C H E C H N 0 2  NaBH, ,HZO,THF, - N 3 b g ; r  CH 2CH2N02 

-20% 

\C6H40CH20Me-p 'C 6H4 OCH 20Me - p  

07% 

( 1  237) 

Many of the C-4 hydroxymethylene containing lactams discussed above were prepared 
by ozonolysis of C-4 carbon-to-carbon double functions. If the starting olefin is ozonized 
in the absence of other reagents, an aldehyde'245 (equation 1238) or ketone1146*'221 
(equation 1239) is produced, depending upon whether or not a substituent is present on 
the alpha-carbon of the double bond. But if the initial ozonolysis reaction is followed 
by reaction with a reducing agent, the hydroxyl function is generatedao2.' 
(equation 1240). 
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1 .  0 3 , - 7 0 0 c  R - P - A c  

2 .  Me2S r.t  24h  

CH2Nz,MsOH 4 R ~ J ~ C H ~ A C  

‘CH2C02Me ‘CH2C02Me r- 
R = PhO j MeO; P I - N  

= 46 ; 40 j N.R.  

/H 
7 7  

Me 
‘CH2C02Me 

KMnO,, NaHzPO,, Me,CO, H,O, r t .  or  

1 .O,,CHZCI,,-7O0C. 

2 .  Ma,S or C,H,N 

7 7  

R = PhO ; P I - N  ;PI -N 

Reagent used = KMn04j  KMn04 ; 03 

Yield (0/0)‘146 = 80 j 34 j 55 
( 1  239) 

N 3ep-&=C H P h 

0 

( t -Bu)Me2SiOCH2 

1 ,  O,,CH,CI,,EtOH, N 3 T T A H  

- 7 0  ‘C,time 
Z.NoBH,,r. t .  0 

( t -  Bu) Me zS i OCH 2 ..Jw 
( 1240) 

R Oletin isomer Time Yield (%) Reference 
~ ~~ 

H trans 1.5h 76 802 
PhCH,OCO, trans 35 min 58 1176 
(t-Bu)Me,SiO cis 45 min 53 1176 

However, if the initial ozonolysis reaction is followed by treatment with nitromethane 
and triethylamine, a nitro alcohol function is obtained’ 19‘ (equation 1241). 

If the C-4 olefin oxidation reaction is performed using a stronger oxidizing agent such 
as ~ e r r n a n g a n a t e ’ ~ ~ ’  (equation 1242), or if the initially formed C-4 aldehyde is oxidized 
further’245 (equation 1243), a carboxylic acid (or ester, after treatment with 
diazomethane) is the product obtained. 
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U H  H H  
I ,  

., , .  
1 1  1 , O,,CH,CI,, -76 OC , A r  I ,  ; I  

N3* CH(OH)CH2N02 N 3 W  CH=CHPh 2 .  r . 1 .  

0 +h\H 2. C H Z N ~  

( 1  242) 

H H  H H  

Et- - -  Jones'  Oxidat ion 

( 1243) 

Other preparations of C-4 carboxylic acids and esters include glycol cleavage' ' sz  
(equation 1244), and hydrolysis1339 of a cyano or amide function (equation 1245) 
followed by diazomethane esterification. 

H H H  H H  

N 3 - F - - - C 0 2 M e  ( 1244) 

1. R u O z ,  NaIO., Ma,CO, 
H,O, r . t .  overnight  

2 .CH,N,,Et,O 

0 N \ A n - p  

( t -Bu)Me2Si0  ( t -Bu)Me2Si0  H H  

M e > C - b C N  30% a q . H z O Z ,  Me>C - L t F C O N H 2  

H '  M e 2 C 0 , N a 2 C 0 ,  H '  
0 \ H  r . 1 .  0 'H 

1. E t O H , N o O H  

30% a q . H 2 0 Z  

r . t .  15 rnin 

2 . 5 0  O C , l . S  h 
3. CH,N,, E t 2 0  

1 . E t O H ,  N a O H  , 
50 ' C , s t i r  1 h 

2 .  CH,N,, Et,0 

Me , C  - - - 

( 1  245) 
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938 Synthesis of lactones and lactams 

Another method used to produce many of the C-4 hydroxymethyl containing lactams 
discussed above is reduction of a C-4 carboxylic acid or ester function (equation 1246 
and Table 98). 

CH20H 

( 1246) 
reduct ion 

r e o g e n t ,  conditions 

Reduction of [3S-[3a(S*),4fi]]-methyl 34 l-t-butyldimethylsilyloxyethyl)-2-azetidinone- 
4-carboxylate with sodium bis(2-methoxyethoxy)aluminium hydride, however, 
affordedtos3 the corresponding 4-formyl product (equation 1247). 

H H  - .  ( t -  Bu)Me2Si0 

C02Me 
M e - , C - h H  \ 

H’ 
0 

( M a O C H , C H , O  ), AIH,No 

T H f , - 7 8 ” C ,  Na ,  

( t - B u ) M e 2 S i 0  

\ 
Me-,C 

H’ 
s t i r  1 h 6’ 

7 8 % 

( 1  247) 

In  addition to these reductions, C-4 carboxylic acids also undergo other useful 
conversion reactions. Thus, fi-lactams containing both a carboxylic acid and ester function 
at  the C-4 position can be decarboxylated7s0~’usz to produce the corresponding mono- 
ester (equations 1248 and 1249). 

7 C 0 2 H  

C02E t 

‘“““‘ZR 0 ‘hcH2nR 0 

C02Et  
C,H,N 

125  - 1 3 0  O C  

R = P h  , p - T o l  

Me-,C --- - - - C  OgE t ““\ H’ 0 BI:H2C6H3(OMe)2- 2,4 

2.4.6 -collidine Me--&-- 
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( t -Bu)Me2Si0 

M e 3 C - b C O 2 R  H '  

0 N\CH2C6H~(OMe)2-  2,4 

R =  H j Me 

Reference = 7 5 0  ;lo53 
(1250) 

R2 H 
I !  

R2 H 
I ,  

SOCI, ,CH,CI,  R ' F C O C I  (1251) 
DMF ,O  O C ,  

atir 2 h 0 \ R 3  

R' R 2  R3 Reference 

H H CH2C,H3(OMe),-2,4 1340" 
PhCH, H Ph 1052 
PhCH, H P-ToI 1052 

H 

"Product was not isolated hut was subsequently used in another reaction. 

( t -  Bu)Me$iO H H  

M e  H '  > C - b C H O  

0 \ c H2C 12- 2,4 st i r  1 h 

6 0 '10 

Me-$--- 

H '  
\ C H ~ C ~ H ~ ( O M ~  12-2,4 

264 
( t - Bu) M e2Si0 H H  

Me -)C --kyy C 0  Me 

0 O C , 2  h H '  
0 \ CH 2C6H3(0Me)2- 2,4 

4 5 % 

( 1  252) 
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Treatment of C-4 carboxylic acid or ester containing P-lactams with oxalyl 
~ h l o r i d e ~ ~ ~ ~ ' ~ ~ ~  (equation 1250) or with thionyl ~ h l o r i d e ' ~ ~ ~ ~ ' ~ ~ ~  (equation 1251) 
produces the corresponding acid chlorides, which were subsequently allowed to react 
with bis(triphenylphosphine)copper(I) tetrahydroborate to produce'053 an aldehyde 
(equation 1252), dimethylcadmium to produce750 a methyl ketone (equation 1252), 
aluminium chloride to produceIos2 intramolecular Friedel-Crafts ring closure products 
(equation 1253) or diazo substrates to p r o d ~ ~ e ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~  the corresponding 
diazoketones (equations 1254 and 1255). 

PhCH2 *2;ocl 
0 

R e  Ph j p - T o l  

Yie ld  (" lo)=  5 3  j 5 5  

A l  CI,,CS,, 

0 o c  

0 Po (1 253) 

Me COCHN2 

(2651 
66 - 7 3 '/e 

( 1 254)750.1053 

R = H j (:xMs (26 6 )  

Treatment of the diazoketone products produced in equations 1254 and 1255 with 
light in the presence of a hydroxy-containing solvent affords750~'053~1340 the Wolff 
rearrangement products (equations 1256 and 1257). 

Hydrogenation or semi-hydrogenation of 4-ethynyl p-lactams affords 4-ethyl or 
4-ethenyl products, respectively, depending upon the reagents and conditions used. Thus, 
catalytic hydrogenation of (3R, 4S)-3[(R)-l-(t-butyldimethylsilyloxy)ethyl]-4-ethynyl-l- 
(t-butyldimethylsilyI)-2-azetidinone over palladium on barium sulphate in pyridine 

the corresponding olefin exclusively in 91% yield (equation 1258). 
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265 

81  % 

( R e f .  1 0 5 3 )  

4 6 .6 % 

( R e f s .  750  and 1053) 

266,  90 % 

C H C 0 2 E t  

h \ ) ,Ar ,4  h 

‘ 5 4 . 4 %  

(mixture o f  diastereoiromers ) 

94 1 

(1256) 

( 1257)’340 

91 
(1258) 
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Similar results are obtained' '96  when ( 3 R S ,  4SR)-l-(4-methoxymethoxyphenyl)-3- 
phenoxyacetamido-4-ethynylazetidin-2-one is hydrogenated using palladium on barium 
sulphate, but if the hydrogenation of in methanol using 10% palladium 
on calcium carbonate or in dioxane using 10% palladium on carbon, complete hydrogena- 
tion of the multiple bond occurs to produce the 4-ethylazetidinone (equation 1259). 

P h OC H $ ON H W v  E t 

H2,1Oo/o Pd-CaCOs 

MeOH , 30 min V' I I  

H,,lOo/o Pd-C ,dioxane J 
l h  

( I  259) 

However, a mixture of 4-vinyl- and 4-ethylazetidinones is obtainedI3O4 when 
(3RS, 4SR)-2-[2,2-ethylenedioxy-1-(2,2,2-trichloroethoxycarbonyl)propyl]-4-ethynyl-3- 
phenoxyacetamidoazetidin-2-one is hydrogenated using 10% palladium on barium 
sulphate (equation 1260). 

Y Y  
PhOCHZCONH 

I 
C 02C H 2C C 1 3 

H H  

H ~ ,  10 O/o P d  - BoSO, P ~ O C H ~ C O N H - J - ~ ~ ~ ~ ~  CH=CH2 

dioxona, 1. 5 h 

0 N\CH 

I 
C02CH2CC13 

C02CH2CCI3 

( 1260) 
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Other interconversions reported to occur at the C-4 lactam site include the conversion 
of [3S-[3a(S*),4fl]]- 1 -(2,4-dimethoxybenzy1)-3-( 1 -t-butyldimet hylsilyloxyethyl)-4-iodo- 
methyl-2-azetidinone into its 4-cyanomethyl analogue upon reaction with potassium 
cyanide in dimethylformamide (equation 1261)1"5-' and the d e h a l ~ g e n a t i o n ' ~ ' ~  of 
4-halomethylazetidinones using tri-(n-butyl)tin hydride (equation 1262). 

( t  - Bu)Me2Si0 

M~>C-L.&CH~I 

KCN 5 0  'C , D M F ,  s t i r  15 h b H' 
0 N\CH2C6H3(0Me)2-2 ,4 

( I  -Bu )Me ,SiO H H  

Me -.C ' --- - L C H z C N  

H '  "' 0 kA\CH2C6H3(OMe)z-2,4 

9 3 % 

(1261) 

CH2X , 

( I  262) PRZ ( n -  Eu ),SnH 

T H F ,  r .  t .  

0 \ S 0 2 R '  0 N\ S 0 2 R 1  

R' R' X Yield(%) 

P-ToI H Br 92 
p-Tol H I 91 
EtO H I 50" 
CI,CCH,O H I 1 OOh 
CI,CCH,O Me I 99b 

"Estimated yield only, product extremely unstable. 
'During reaction, cleavage or one chlorine from the 
trichloroethoxy substituent occurred to give as  the final 
product R' =OCH,CHCI,. 

Two elimination reactions have been used to place a double bond at the carbon 
located at  the C-4 position of /?-lactams. In the first reaction'443, the two active hydrogens 
of a C-4 methoxycarbonylmethyl substituent are sequentially replaced first by a methyl 
and then by a phenylseleno group. Oxidation of the resulting product with 30% hydrogen 
peroxide produces the enone product (equation 1263). 

In the second reaction'34s, nucleophilic displacement of the C-4 acetoxy group of 
3-(l-t-butyldimethylsilyloxyethyl)-4-acetoxy-2-azetidinone by the anion shown in 
equation (1264) produces the C-4 (a-phenylsulphoxy-a-acyl)ethyl substituent required. 
Refluxing this product in toluene causes elimination and production of the enone product. 
Further reaction of the enone product with methylene iodide under Simmons-Smith 
conditions produces a spirocyclopropane C-4 substituent (equation 1264). 
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PhSeCI,THF 

- 7 8 %  

TXF, -78OC 
0 

( I  -Bu)Me2Si0 \ 
Me -.C 

0-  
R= 

H ‘  

(1 263) 

+ THF,-20°C R- 

R - y - : H  + Li Me-C ‘COMe r t i r  

\ H  
0 ‘H 

7 5 % 
(mixture of diastereoisomers) 

CH2 

H 11 R-e-Ac 0 

Zn-Cu 

CH,I,, Et,O 

0 

60-70 % 

R-KH-Ac C,H,Me, re f lux  

4 h  

8 0 % 

\ 
( I  -Bu)Me$iO 

R =  Me-.C 
H,.. 

(1 264) 

4-Imidazolidinones containing a benzyloxycarbonyl protected amino group have been 
converted‘ Io3 into their unprotected amino analogues by cleavage with hydrogen 
bromide in acetic acid (equation 1265). 

H H 
R 2 H  .2+q 

4 5 %  HBr-HOAc - H-N N-R’ (1265) 

R3 

PhCH202C NXN -R’ 

R ’ = M e  ; H ; M e  

$= Me ; Me ;PhCH2 

R3= H ; M e  ; H 

r. t . , 20  m i n  

R3 R3 R 
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Interconversion of substituents a t  the C-4 position of 8-lactams can be accomplished 
by ring opening and/or ring enlargement reactions of bicyclic lactams. Most of the 
bicyclic structures involved are members of the penam class of compounds and thus 
contain the 8-lactam ring as one of the ring systems in the bicyclic structure. Almost 
all of the ring-opening reactions involve desulphurization of the five-membered ring of 
the penam system leaving a p-lactam with substituents located at  the C-4 and/or the 
lactam nitrogen site. Examples' '64.L400 of the desulphurization ring-opening reactions 
are shown in equations 1266 and 1267. 

PhO r h  PhO H 
1 ,  

Raney  N i ,  H p  "*&Tph (1266)1164 
Me,CO, ref lux 

B h  0 \CMe3 

(267) (268)  

(1267)I4O0 

Yield (%) 

R Temp. ("C) Time (min) 267 268 

H 75 35 50" 50" 
PhCH,CO 175 15 40 60 
PhOCH,CO 175 15 36 64 

"Separation was achieved after conversion to the N-carbobenzoxy derivatives 

A ring opening which does not involve desulphurization is the homolytic reductive 
d e b r ~ m i n a t i o n ' ~ ~ ~  of 28-bromomethyl penicillin and 38-bromocepham using 
triphenylstannane under radical chain conditions. The products obtained are best 
explained by the mechanism shown in Scheme 21, while the conditions and reagents 
used and the specific products obtained are reported in Table 99. 

The converse of the ring-opening reactions discussed above are ring-closure reactions 
which occur to form bicyclic ring systems by connecting positions C-3 and C-4 of a 
8-lactam ring. Depending upon the substituents located a t  the two positions involved, 
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the new ring system formed can contain noneloZ1 (equation 1268), one750.1267 oxygen 
(equations 1269 and 1270) or two, nitrogen and (equation 1271) or nitrogen 
and o ~ y g e n ~ ~ ~ * ' ~ ~ ~ . ~ ~ ~ ~  (equations 1272-1274), hetero atoms. 

Y Y  
0 H C C H2 *x:a C H2 C H 0 

0 'SiMe2(Bu-l 1 
0 .+N 'SiMe2(Bu- t )  

( 1268)Io2' 

M e 2 v C H 2 0 T o s - p  
c y c l i z e  - HM* H -- 

( I  269)1267 

TH F H' 

CH2C6H3(OMe)2- 2,4 

(1270)750 

H Y 1 0 -  

(Me O),P, C,H,Me , 
ref lux 270 min 
Dean-Stark  t rap  

b P hO C H2C 0 N H -q:: 
0 

C02CH2An - p  
H 

PhOFH2 

C02CH2An-p 
9 6 '10 
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950 Synthesis of lactones and lactams 

PhCH 

oq. NaOH,  
PhCH,CONH - - -  

( n - B u ),N + c I- 

'C=CMe2 

I 
0 

C 02C H Ph2 CO2C HPh2 

6 0 '10 

(1272)' 368 

0 k N  'C-CMez I 

I 
C02R 

R=PhCH2, Ph2CH 

ZnClp ,  NEt ,  . 
THF 

C02R 

y- and d-lactams containing an ally1 or propargylsilane moiety at the C-3 position cyclize 
upon treatment with formic acid, trifluoroacetic acid or tin tetrachloride to give'356 the 
azabicycles, 6-azabicyclo[3.2.l]octanes or 7-azabicyclo[4.2.l]nonanes by C-3 to C-5 ring 
closure, and 6-azabicyclo[4.2.2]decanes by C-3 to C-6 ring closure. All products obtained 
contain a vinyl or vinylidene substituent as shown in Table 100. 

Even though many of the preparations of lactams are conducted using reagents that 
produce stereospecifically the cis-lactam isomers, because the trans isomers of most 
lactams are the more stable thermodynamically, it is relatively easy to isomerize most 
cis-lactam isomers into their trans forms, or at the very least produce a cis,trans-isomer 
mixture (equation 1275 and Table 101) where the substituent a t  the C-4 carbon changes 
direction. 

H H  H H  H R 2  
I 1  I 1  : :  

a n d / o r  conditions R'nR2 0 \ 

(1275) 
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TABLE 100. Ring closure of C-3 ally1 or propargylsilane substituted y- and 6 - l a ~ t a r n s ' ~ ~ ~  

Lactam Reagent and conditions Product@) Yield (%) 

I 
CHzPh 

CFJOOH, 21 h Phc+ 73 

H +  

10 

I 
CHzPh 

(275) 
272 HCO,H, 21 h 273 f 274 + 275 82+15+ <2  

o& I 

kHpPh 

12 

(continued ) 
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TABLE 100. (continued) 

Lactam Reagent and conditions Product(s) Yield (%) 

Synthesis of lactones and lactams 

CH2SiMoa 

O I  KOE+ CHIPh 

onoEt I 
I 
CHZPh 

y C H z  
HCO,H 

SnCI,, CH,CI, 

93 

49 

36 

< 10 

81 

*F. By Oxidation Reactions 

' 2 .  Using chromium oxides 

Jones' oxidation of 3-acetamido-3-deoxy-1,2-0-isopropylidene-a-~-glucofuranose in 
water-saturated butanone produces8I3 the tricyclic 3-acetamido-3-deoxy-1,2-0- 
isopropyIidene-ol-~-glucofuranurono-6,3-lactam (equation 1276). Further treatment of 
this product with manganese dioxide in acetone affordsE1 3-acetamido-3-deoxy-1,2-0- 
isopropylidene-~-~-xylo-5-hexulofuranurono-6,3-lactam, a product which can also be 
obtained directly from 3-acetam~do-3-deoxy-1,2-O-~sopropyl~dene-a-~-glucofuranose 
upon reaction with pyridinium dichromate in dimethylformamide (equation 1276). 

' 4 .  Using ruthenium oxides 

Oxidation of N-acyl substituted 7- and 8-membered cyclic amines by ruthenium 
tetroxide affords1445 22-94% yields of the corresponding N-acyl substituted lactams 
(equation 1277). However, oxidation of N-benzyl cyclic amines of the same size and with 
the same reagent gives'445 a mixture of N-benzyl and N-benzoyl substituted lactams 
(equation 1278). 
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HOCH2 0 
I 

Me 

Me 
* Q b  ( 1  276) 

HOCH 

K2Cr,O7 ,H&b 

H,O,MeCOEt, 
Qo st ir  r.1. 1.5 h 

o+Me 

Me 
2 3% 

Mn02,Ma2C0, :x:zl DMF, r.1. *oq;;-.o . 1 Oo-5OC, st ir  2 4 h  

stir 24 h 

6 B '10 7 6 '10 

+Me 

Me 

( I  277) 

'5 .  Via sensitized and unsensitized photooxidation 

Conversion of the esters of azetidinecarboxylic acids to their monoanions by reaction 
with lithium diisopropylamide in tetrahydrofuran followed by treatment of the resulting 
anion with t-butyldimethylchlorosilane, and then subjecting the protected enamino 
0-silylketene acetal to dye-sensitized photooxygenation,  produce^'^^^.^^^' /?-lactams 
(equation 1279). This same procedure was found to be ineffective when applied to 5- and 
6-membered ring analogues1446. 

Irradiation of an oxygen-saturated solution of N-formyl- or N-acylpyrrolidines 
(equation 1280) or piperidines (equation 1281) in benzene or t-butyl alcohol containing 
benzophenone produces1378 the corresponding 5-  or 6-membered N-substituted lactams. 
The mechanism of this conversion appears to involve the regioselective abstraction of 
the proton alpha to the nitrogen atom by the benzophenone triplet to give radicals 
which are then oxidized. 
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956 Synthesis of lactones and lactams 

( I  -Bu)MszSiCI, 
THF, r.1. 

LDA,THF 

--7eoc, - 
s t i r  20 m i n  R20-c 

H b- 
R 2 0 2 C  

R20-C 
I 

( t  - B u )  Me2SiO 

( I  279) 

R1=2,4,6-(MeO),C,H,CH, : CH,-CHCH, ; p-AnCH,CH, ; c-Hex ; (MeO),CHCH, ; Ph,CH 
R’ = 1-Bu ; 1-Bu ; I-Bu ; Me ; El ; El 

Yield (%) = 56 48 : 66 : 46-50 : 56 : 55 

0 0  

PhzCO, 0 2 ,  

hv,solvsnl,time 

I 
R 

I 
R 

R=CHO ; AC ; PhCO 
Solvent = C6Hb ; C,H, ; t-BuOH 

Time(h)= 45 ; 18 ; 25 
Yield(”/,)= 18 ; 28 ; 60 

( 1  280) 

(1281) Ph,CO, 02, 

hv,solvsnt, t i m s  

R2 
I 
R’ 

I 
R’ 

R ‘  = CHO ; CHO ; AC 
R 2 =  H ; Me ; H 

Time(h)= 45 ; 48 ; 51 
Yield(%,)= 22 ; 13 ; 25 

Solvent = C,H, ; C6H6 ; t-BuOH 

N- Acylpyrrolidines undergo photocatalytic oxidation upon irradiation in the presence 
of an aqueous suspension of titanium dioxide affording’448 N-acyl-y-lactams 
(equation 1282). 

I 
COR 

R = Me, Et 

I 
COR 

(1 282) 

a-Substituted B-lactams have been prepared’405 by the unsensitized photoreaction of 
chromium(0) carbene complexes with imines, oxazines and thiazines (equation 1283 and 
Table 1021. 
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*7. Using miscellaneous reagents 

When N-phenylcarbamoylpyrolidines, N-benzoylpyrrolidines and N-phenylcarbamoyl- 
piperidines are oxidized with a mixture of iron(I1) perchlorate, hydrogen peroxide and 
acetic acid in acetonitrile, the corresponding pyrrolidin- and piperidin-2-ones are 
obtained'449 (equation 1284). The results from these reactions indicated that: (a) the 
methylene group at the a-position to the ring nitrogen rather than the methine group 
is preferentially attacked by the oxidant; (b) the derivatives of pyrrolidine are more 
reactive than those of piperidine; and (c) the presence of an a-substituent decreases the 
substrate reactivity. 

(C H2 
(1284) - L A o  

'0% H202, MeCN, 
Fe(CI  O,),.  6 H 2 0 ,  

H O A c ,  N 2 , s t i r  5 0  rnin R' 

I 
COR2 

R' 
I 
C O R 2  

n R' R 2  Yield (%) 

0 H NHPh 15 
0 H Ph 40 
0 C 0 , M e  Ph 61 
1 H NHPh 56 
1 Me NHPh 52 
1 Ph NHPh 61 

Similar reactions are observed'449 when the same substrates are treated with molecular 
oxygen in the presence of other iron complexes (equation 1285). 

(1285) 
aq.  90"/0 C,H,N,ZO O C  

0 2 , F e - c o m p l e x ,  2 0  min 

R' 

I 
COR2 

I 
COR2 

n R' R 2  Iron complex" Yield (%) 

0 H NHPh A 34 
0 H Ph A 37 
0 C 0 , M e  Ph A 30 
1 H NHPh A 34 
1 H NHPh Ab 29 
I H NHPh B 29 
1 Me NHPh A 49 
1 Me NHPh B 59 
1 Ph NHPh A 42 
1 Ph NHPh B 18 

"Iron complex: A, [Fe(ll)Fe(III),O(OAc),(C,H,N),] generated from a mixture of iron powder, 
sodium sulphide and acetic acid in aqueous pyridine. B, [Fe(salen),O] in the presence of 
sodium sulphide and acetic acid. 
bThe complex used was previously isolated. 
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960 Synthesis of lactones and lactams 

The mechanism proposed1449 for the iron complex catalysed oxidation discussed 
above involves initial one-electron transfer from the substrate to the active species 
generated in the reaction medium followed by oxidation. 

Molecular oxygen has also been used to p r o d ~ c e ' ~ ~ ' . ' ~ ~ ~  /)-lactams from azetidine- 
carboxylic acids by oxidative decarboxylation. In this approach the dianion formed from 
the reaction of the acid with lithium diisopropylamide is oxygenated with molecular 
oxygen followed by decomposition of the a-hydroperoxycarboxylic acid (equation 1286). 

L D A , T H F  

0 'C,stir 1 h 

1 .  Bo(OH),,H,O 

r e f l u r  1 h 
L 

\ R  2.o 'c ,co ,  
H H 

0 
I 
0- 

L i t  

l.THF,-78'C 
L 

p -  MeCeH,SO,H 
2. 2 5 ' C  

+ C 0 2  + H20 (1 286) 

L R 

R = t-Bu ; c-Hex ; CH,CH(OMe), ; Me(CH,), ; c-C,H,, : Me,N(CH,), ; p-AnCH,CH, ; PhCHJH, 
Yield(%) 60 ; 47 ; 50 ; 61 ; 52 ; 45 ; 47 ; 55 

Ozonolysis of the Wittig reaction products of p e n i ~ i l l i n s ' ~ ~ ' . ' ~ ' ~ ,  clavulanic 
and the 1,3-diaza analogue'335 of these bicyclic ring systems converts them into their 
corresponding /3-lactam ring containing derivatives. The general reaction illustrating this 
conversion is shown in equation 1287 while the specific details are reported in Table 103. 

H n 

Treatment of azetidine carboxylic acids with oxalyl chloride produces'039*'447*1453 
an iminium salt which upon reaction with m-chloroperbenzoic acid in the presence of 
pyridine yields the corresponding /3-lactam (equation 1288). 

1 .  o o c  
+ (c 'co)2 2 . 4 5  oc, 10 min - DNt c104- H 0 0 c .+, 

R 3. Et20,70% HClO. 'R 

11 4 7  

H 

0 

m - C l C 6 H 4 C - 0 - O ~ \ , ]  C5H5N F H  

(1 288) \ R  

m-CIC,H,CO,H ,CH,CI,, 
C,H ,N, o 'C,stir 40 rnin 
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962 Synthesis of lactones and lactams 

R Yield (%) Reference 

t-Bu 77 1447,1453 
c-Hex 80 1447, 1453 
PhCH, 80 1447,1453 
PhCH ,CH, 71 1447,1453 
p-AnCH,CH, , 77 1447,1453 

EtO,CC(Me),CHCO,Et 71 1447 
EtO,CCHCHCHMe, 61 1447 

I I  
I 

C0,Et 
EtO,CCHCH(An-p)CO,Et 

C0,Et 

I 

EtO,CCHCHC,H,OCH,Ph-p 
I I  

61 1447 
53 1039,1447 

rn-Chloroperbenzoic acid has also been used to produce1090 medium and macro- 
cyclic N-acetylketolactams by oxidation of the precursor bicyclic N-acetylenamines 
(equation 1289). - rn-CIC.H,CO. 

C . V I V l  COMe 

c= 4 ;  5 ;  6;10 

Yield(%)= 40j32; 36;42 

Using bicyclic N-arylenamines and sodium periodate similar medium- 
sized cyclic N-arylketolactam products (equation 1290), while sodium periodate 
oxidation of 2-aryl-4,5,6,7-tetrahydroindoles and related compounds effects1455 
regiospecific cleavage of the central bond of the bicyclic pyrrole ring to afford 7- to  
1 1-membered cyclic ketolactams (equation 1291). 

0 

(H2C In ( 1290) 3 N o I O , ,  

o q .  MsOH , T H F  

0 1  
R 

I 
R 

n = 1 - 3 ;  1 53 - 66 "10 

R = P h  ; p - T o l  

0 

X & (CH,),, NoIO,,MsOH H 2 0 ,  - S OC * x  &p". 
I 0  s t i r  2 4  h 

R (1291) 
I 
R 
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R X n Yield (%) 

963 

H 
H 
Me 
H 
H 
H 
H 
H 
H 

H 
H 
H 
M e 0  
Me 
CI 
Br 
H 
H 

0 67 
2 70 
2 70 
2 66 
2 75 
2 72 
2 72 
3 59 
4 37 

Reaction of chromium carbene complexLZ3L or cationic iron v i n y l i d e n e ~ l ~ ~ ~  with 
imines produces azetidine vinylidene chromium (equation 1292) or iron complexes 
(equations 1293- 1295), which upon oxidation with iodosobenzene afford the correspond- 
ing 2-azetidinones. 

,CHI?‘ 

(OC ),Cr =C i M e 4  t R2CH=NMe - 
R = o r y l  

\O - 

R’ R’ 

\ 
H - - C  

( 1  292) 
C 6 H 5 1 0  

€IoH - 
(CO)&r 

6 - 2 5 68 -100 

C H 2 C I 2 ,  [ (R3P)  (Cp)(OC);e=C =C HPh ] X - + P hCH=NMe 
r . t .  24  h 

R = M e O , P h  

X = BF,, CF3S03 

X -  6 0  -100% 

1 . C H 2 C 1 2 , - 7 8  O C  

[ (R3P)(C~)(OC);e=C=CMe2] X-  + PhCH=NMe 2 .  C l C H 2 C H 2 C I ,  

R = MeO, P h  

X = BF,, C F 3 S 0 3  

A m b e r l y s t  A 21 
r e f l u x  3 h 



964 Synthesis of lactones and lactams 

C,H,IO 

E t O H  
P 

Me 

( 1294) 

( 1 . 5 : l  mixture  o f  

dios tereomers)  

X = BF, j C F 3 S O 3  

Yield (%) = 19 j 36 

Me H M e  H 

(1295) 

Other iron complexes which, upon oxidation with ceric ammonium nitrate (CAN) or 
cupric chloride, lead to  p-lactams are reported in Table 104. 

By using acetates such as lead tetraacetate and mecuric acetate, N-hydroxyazetidines 
(equation 1296) and substituted piperidines (equation 1297) and pyridinium salts 
(equation 1298) can be converted into the corresponding p- or 6-lactams. Table 105 
reports the details of the general reactions shown in equations (1296-1 298). 

( 1  296) 
P b ( 0 A c ) a  

'0 H 

- x) + n o  (1297) 

H q ( 0 A c  1, 

0 
I 
R 

I 
R 

I 
R 

R R R 
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970 Synthesis of lactones and lactams 

When N-aryl6- and 7-membered cyclic amines were treated'46' with yellow mercuric 
oxide in ethylenediamine, the corresponding lactams were obtained (equation 1299). 
However, if the same reaction was attempted'46' using N-(o-hydroxypheny1)pyrrolidine 
only polymeric material was obtained. 

(1 299) 

C 6 H 4 0 H  -0 

N-Acylpyrrolidines can be converted'462 into N-acyl-y-lactams by electrochemical 
oxidation employing N-hydroxyphthalimide (NHPI) as a mediator or electron carrier 
in pyridine at 0.85 V versus SCE using a glassy-carbon anode contained in an H-type 
divided cell under oxygen (equation 1300). 

c y c l i c  vo l tammetry  
M e C N  , NHPI ,CsHsN, ANY ' I n  ( 1  300) 
0.1 M NaCIO, 0 

I 
COR 

I 
COR 

R = M e  ; P h  j P h  

n =  1 ;  1 ;  2 

Yie ld (%)=  8 0  ; 79; 9 

The results indicate that the susceptibility toward oxidation of a 5-membered ring is 
much higher than that of a 6-membered ring. 

'G. Miscellaneous Lactam Syntheses 

One of the more common methods used to obtain lactams is the reduction of mono- and 
bicyclic imides and their analogues using a limited range of reducing agents. The general 
reaction involved is illustrated in equation 1301 while the details are reported in 
Table 106. 

(1301) 

At least two examples of production of lactams by reductive cleavage have also been 
reported. In the first example1346 3,5-dicarboethoxy-2-pyrazoline is treated with Raney 
nickel to afford a mixture of aminopyrrolidones (equation 1302), while in the second 

1,l'-peroxydicyclohexylamine is treated with sodium in methanol to afford 
a mixture of caprolactam and cyclohexanone (equation 1303). 
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C02E t 

E + O 2 C 0  N-N H C02E+ EtOH, Raney 6 0  -115 N i t  H2, 'C,6 h H2N$H 

H 

0 

(mixture)  

( 1302) 

1. MeOH,Na, ref lux 1.5 h no + 8 ( 1303) o(""m 0-0 2. HCI, H,O 

H 

Another method used to prepare lactams from imides and other dicarbonyl compounds 
involves reaction of these substrates with a variety of carbonyl reagents. Thus, reaction 
of 4-[(4a- and 4~-trans-2-butenyl)-2,3-dioxoazetidinyl]-5,5-diphenyl-2-methyIpent-2-ene 
with the lithium salt of triethyl phosphonoacetate anion the corresponding 
aiaikylidene products (equations 1304 and 1305). 

H I4 

I 
CH2CHPh2 

I 
CH2CHPh2 

2=30% + E=45% 

( 1304) 

CH2-~e (E t0 )2POEHC02Et  L i t  

0 o~ 'C=CMe2 THF,-2O0C,15mln 

I 
bH2CHPh2 

H 

CH2CHPh2 

( 1305) 

Reaction of 3,4-dichloro-N-cyclohexylmaIeimide with lithium acetylides produces'263 
the corresponding 5-alkynyl-5-hydroxy derivatives which were not isolated, but were 
subsequently treated with methyl iodide to produce the 5-alkynyl-5-methoxy products 
(equation 1306). 
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980 Synthesis of lactones and lactams 

NC6H11-c ( 1  306) 

CI cl< C E C R  

Me0 

* -  
1 .  Li C e C R , T H F , - 7 8 ° C  

2. M s I ,  K2C0,  , M s , C O  
CI CI <16 H ll-c 

0 

R=Ph,CH20CH2Ph, (CH2)20THP 0 0 010 

Treatment of bicyclic imides with methyl magnesium chloride produces1412 the 
corresponding tertiary hydroxylactams (equations 1307 and 1308). 

R 1 = H  ; Me ; H 

Time(h)= 2 ; 4.5 ; 2.5 
Yield(%)= 18 ; 100 ; -' 

R 2 = H  ; H ; Et 
( 1  307) 

"Starting material and product are Z isomers 

R 1 = H  ; M e ;  H 

Time(h)=4.5 ; 5 ; 2.5 
Yield(%)= - ; 87 ; 100" 

R 2 = H  ; H ; Et 
( 1  308) 

"Starting material and product are Z isomers 

Condensation of a hydrazinouracil with an azepinedione produces1379 a 
pyrimidinylhydrazone (equation 1309). 

R =Me, PhCH2 

n=1 ,2  ( 1309) 
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Two examples of the preparation of seven-membered lactams from diones have been 
reported. In the first example a-oxocaprolactam is treated with phenoxyamine 
hydrochloride to produce903 the a-0-phenyloxime, which can then be cyclized, 
quaternized and dehydrated to produce a tricyclic lactam product as shown in equation 
(1 3 10). In the second example, 7-chloro-l-methyl-3,4-dihydro-1H-l,4-benzodiazepine- 
2J-dione was treated with phosgene and afforded'332 a 73% yield of l-methyl-5,5,7- 
trichloro-l,3,4,5-tetrahydro-2H-1,4-benzodiazepin-2-one (equation 131 1). 

75% 

CF,CO,H Q-qH 
0 

Me 

CI 

95% 

1. CHCI,,0°,COC12 
2 .  r . t .  stand overn ight  CI J$-j N 'H 

CI 

(1310) 

73% (1311) 

Reaction of monothioimides with phosphorus ylides produces1465 a mixture of 
w-alkylidene lactams and w-thiolactams (equation 13 12). 

An interesting approach to the preparation of optically pure 8-lactams is the oxidative 
decomplexation of iron(cyclopentadieny1)carbonyl complexes'386.1466,1467 (equation 
1313). 
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- 

( 2 )  (2 )  

n =  1 ;  2 ;  3 
Lactam yield (%) = 66 ; 45 ; 51 

R3 

1. CH2C12,Br2,-780C,stir 1 h 

2. E t 3 N , - 7 8 0 C  to r . t  

0 NHCH2Ph 

(1313) 

R' R2 R 3  R" Yield (%) Reference 

co H Me Me 90 I466 
Ph3P H H Me 65-68 1386,1467 
Ph,P Me H H 75 1467 
Ph,P Me H Me 42-69 1386,1467 

Rhodium, palladium and cobalt catalysed carbonylation of a variety of substrates 
from aziridines to allylamines have been used to prepare 4-, 5, 6- and 7-membered 
lactams and their fused ring analogues. The rhodium catalysts used include chloro- 
dicarbonylrhodium(1) dimer which p r o d u ~ e s ' ~ ~ ~ . ' ~ ~ ~  regiospecific carbonylation of 
aziridines to j-lactams (equation 1314) in quantitative yields via a mechanism that 
involves'468 oxidative addition of rhodium(1) to the more substituted carbon-nitrogen 
bond of the aziridine to give an intermediate rhodium(II1) complex (277), which then 
undergoes ligand migration to produce 278, followed by carbonylation to produce 279 
(Scheme 22). The j-lactam product is then formed by reductive elimination, with or 
without the assistance of another molecule of aziridine. 

[Rh(C0)2C1]2 C 6 H 6 , 9 0 0 C ,  - H-B--H (1314) 

0 'R2 I stir 2 d a y s  
R2 

100% 
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R '  R 2  Reference 

983 

Ph t-Bu 1468,1469 
Ph 1 -adamant yl 1468 
Ph SiMe, 1468 
P-PhCsH, t-Bu 1468 
P-PhCsH, I-adamantyl 1468 
p-BrC,H, t-BU 1468 

R' 

( 2 7 7 )  

I 
R 2  

I 
R 2  

( 2 7 8 )  (279 )  

SCHEME 22 

A variety of rhodium catalysts has been used to effect ring closure of allylamines with 
carbonylation to y-butyrolactam (equation 1315). Similar homogeneous 
rhodium catalysts have also been employed to produce1470 y-butyrolactam from allylic 
halides in the presence of carbon monoxide and ammonia (equation 1316) or N-alkyl 
substituted-2-pyrrolidones from allylic halides in the presence of carbon monoxide plus 
a primary alkylamine (equation 13 17). 

Rh catalyst 

(1315) Rh catalyst  
. C O f o t m )  

Pressure CO 
Temp. ("C) (atm) Time (h) Yield (%) 

Rh(CO)(PPh,),CI 150 136 2 67 
Rh(PPh,),CI 150 136 2 68 
RhzCIz(CzHA 150 220 12 30 
Rh(C5H,0Z)3 120 136 12 28 
RhCI, 150 190 2 35 

(1316) 
Rh(CO)(PPh ,)CI 

CH2=CHCHzCI + NH, 
C g H I M a  

I 
H 
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(1317) 
ca ta lys t  

CHz=CHCH2X i- CO + MeNH2 - 
X= I or CI I 

Me 

Catalyst=Rh(ocac)3 + K I  or RhCI(PPh3)J 

Palladium acetate in the presence of triphenylphosphine or tetrakis(tripheny1phosphine)- 
palladium(O), both in the presence of carbon monoxide, have been used to carbonylate 
2-halo-3-aminopropenes, 2-halo-4-aminobutenes and azirines producing the corresp- 
onding 4-, 5-, 6- or 7-membered lactams (equation 131 8 and Table 107). 

R 

The mechanism propo~ed’~”  for these conversions involves the formation of an 
intermediate assumed to be an acylpalladium complex generated from an enepalladium 
complex coordinated to carbon monoxide (equation 13 19). 

H2C 
CO(1 a t m . )  
P 

PdL, \c/PdxL2 
H~C=CX(CH~),NHR - 

I 

k 

X- - product (1319) 

L = Ph3 P, CO 

When alkylcobalt carbonyl complexes, either preformed or produced ‘in situ’ in the 
presence of carbon monoxide and base, are allowed to react with N-substituted-o- 
bromobenzylamines, carbonylation ring closure occurs to produce849 benzolactams 
(equation 1320). Although the starting amines may be primary or secondary, the best 
results were obtained using N-phenyl-o-bromobenzylamine. 

E tO,CCH,Co(CO), ,NaOMs 
MsOH,3!3 O C  

+ CO (1  atrn. )  

0 

R = H ; Et ; CH,Ph ; Ph ; Ph“ ; Phb 
Yield(%)=47 ; 55 ; 62 ; 71 ; 84 ; 36 ( 1  320) 

“Using NaOEt as the base. 
’Using NCCH,Co(CO), as the catalyst and EtOH as the solvent 
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Organometallic reagents have also been used to catalyse the formationlZ6' of an 
aza-8-lactam by decomposition-cyclization of a diazo intermediate (equation 132 1).  

Pd/C,H2 
E t 0 2 C C H 2 C O N ( P h ) N = C H P h  [E t02CCH2CON(Ph)NHCH2Ph]  

E t 0 2 C  ,CHZPh 
T o s N S ,  E t , N ,  

C H 2 C 1 2  

h 

(1321) 

A large variety of other cyclization reactions have also been used to produce individual 
lactams, but because of the diversity of these methods it is nearly impossible to classify 
or categorize these reactions. For this reason the reactions are discussed essentially as 
individual approaches to the preparation of lactams by cyclization. 

Ring closure of B-N-substituted amino thiol esters by refluxing in acetonitrile in the 
presence of triphenylphosphine and dipyridyl disulphide 8-lactams as a 
mixture of isomers (equation 1322). 

NHR NHR 

K O H , T H F  I 
H S C O C H C H C E C H  

I 
PhSCOCHCHC=CSiMe,  

I I 

Y Y  
M e C N  , Ph3P, Me CH (OH ) V p : : = C H  + 

0 'R 

re f lux  

R = CH2Ph and other orolkyl groups 
(1322) 

Oxidative cyclization of 0-acyl vinylacetohydroxamates using bromine and base in 
to substituted 4-(bromomethy1)-N- aqueous acetonitrile provides a direct 

acyloxy 8-lactams (equation 1323). 

1 . (COCI ) 2 ,  0 OC s t i r  2 h 
2 .  r . t .  s t i r  4 0 - 4 8  h 

HO 2C C H2C H =CH2 
3 .  NH,OH.HCI,KOH, 

M e O H ,  0 OC 

4 .  s t i r  r . t  1 5 - 2 0  min 

5 - 1 0 %  o q .  
T H F  r . t .  s t i r  - 0 &-NHO~CR M e C N .  0 
C S H S N  I 

- 
60  -90  min 

R = M e  ; PhCH,O ; Me ; i-Pr ; t-Bu 
Yield(%) = 73" ; 82-87 ; - ; 75-90 ; - 

"Using H,O and CH,CI, instead of S-lO% aq. MeCN. 

( 1  323) 
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Treatment of the unsaturated a-cyano-/3,y-dialkyl-PsD-butenolides with primary 
amines in dioxane or xylene affords'474 y-lactams (equation 1324) as the major products. 

NH 

I 1  
c - N H R ~  

dioxone R 2 N H 2  o r  x y l s n s  R' xo ( 1  324) 

I 
R' 

R' = n-Pr, n-Bu. 
R 2  = PhCH,,n-Hex. 

k 2  

major p r o d u c t  

/?-Lactam ring closure of dihydrothiazines in the presence of l-benzotriazolyloxytris- 
(dirnethy1amino)phosphonium hexafluorophosphate (283) affords'475 cephems (equation 
1325). 

Me 

k 3  R 3  

( 1  325) 

Catalytic hydrogenation resulting in cyclization and lactam formation has been 
observed to occur with hydroxysuccinimide esters'476 (equations 1326 and 1327), the 
methyl ester of 5-azidomethyl-2-furanoic (equation 1328) and heterocyclic 
substituted nitro compounds'478 (equations 1329-1 332). 

R' = H, I-Bu; R 2  = CHO, M e C O  R3 = H, Me. 

10% P d / C ,  

P h C H202C N H (C H In CO 
Go H, ,E tOAc * 

n = 3; 4; 5. 
Yield rA) = 100; 95; 98. 

fi (1326) 0 

0 

7 0 % 
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I Fs,HOAc, . 
90 OC,2 h 

(1 329) 

N \  %:Lo I 

H 

5 5 % 

I OH 

S C H ,C 0 0 E t 

5 2 % 

I Fa,HOAc, 

90 OC,2 h 

N \  N 0 
I 

Reactions leading to  lactams, by cyclization which occurs after or during a condens- 
ation with another substrate, are also represented in the literature and are also essentially 
individual approaches to the preparation of lactams. 

Intramolecular amidation of methyl 3-[2-(phenylsulphonyl)ethyl]quinoxaline-2- 
carboxylate 1,4-dioxide produces'479 a series of novel 3,4-dihydropyrido[3,4-b]- 
quinoxaIin-l(2H)-one 5,lO-dioxides (equation 1333). The phenylsulphonylethyl side chain 
in the starting material may be viewed as a latent vinyl group which is unmasked by 
elimination of benzenesulphinic acid under the basic conditions of the reaction, leading 
to a Michael addition with the amine reagent, to produce an intermediate amino ester 
which then cyclizes to the lactam products. 
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Ph 

/ 

0 
t 

aFco2Me CH2CH2S02P  h 

+ 
0 

0 
t 

Ph 
"-N, 

L SnCI, 

OH 
9 0 % 

Z n ,  H O A c ,  

r e f l u x  3 0  min (I33I) 1 

I 
H 

8 0 % 

Ph 

. M e  

/ 
N-N 

(1332) 

* & M e  

P t 0 2 ,  H p ,  H O A c  

r e f l u x  or SnCl, 

I 
H 

8 5 % 

1 .  RNH,.MeCN 

2 .  r , t ,  s t i r ,  2 - 3 6  h 

0 
t 

4 
0 

I 
4 

0 0 (1333) 
R = H; Me: Et: CHJH ,0H;CH2CH=CH,: C H , C H 2 0  :c-Hex; CH2CH,0Me 

Yield('%,)=64; 85:51: 53 ; 50 73 : 59 : 46 
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Arninolysis of bis(3-acylthiazolidine-2-thiones) with diarnines affords1480 macrolactams 
containing aromatic rings (equations 1334-1 336). 

0 
II 

\ C- y> 
+ 

R = 1,3-C6H, ; 3,5-CSH,N ; 3,4-Fu ; 2,2'-biphenyl 
Time= 30min ; 30min ; ; 7days 

Yield(%)= 91 ; 50 ; 93 ; 76 

( 1  334) 

"Reaction mixture was worked-up immediately after the addition of the reactants was complete. 

U 

+ 

n 

H2NUNH 
H2N 
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n 

C H z C I z , N 2 , s t i r , r . f .  2 days 

9 3 ‘/a 

(1 336) 

7 9 % 

Condensation of a-haloacyl halides with 3-substituted thiosemicarbazides 
4-substituted 4-aza-2-azetidinones (equation 1337), whereas condensation of a-chloro- 
acyl chlorides with 1-substituted 2,3-dimethylthiosemicarbazides affords1481 2-imino- 

R’ N 

II , CsCOCH(X)R*  

( 1  337) 
‘H 

sat .  aq. NoHCO,, 

C H 2 C I 2  + 2 R ~ C H ( X ) C O X  

R’ R2 X Yield (%) 

Me H CI 44 
n-Bu H CI 68 
c-Hex H CI 12 
PhCH, H CI 84 
Ph H CI 52 
Me Me Br 64 
PhCH, Me Br 66 
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1,2,3,4-tetrahydro-3,4-dimethyl-1,3,4-thiadiazin-5-ones (equation 1338). However, if 
1-chloropivaloyl chloride is condensed with I-methylthiourea a 1-lactarn is obtained14** 
(equation 1339), while condensation with 3-cyclohexylthiosemicarbazides produces'481 
1-lactams and 1,3,4-thiadiazepines (equation 1340). 

M e  Me 

S I I  
II 5 %  NaOH 

CH,CI ,  
R'NHCN(Me)NHMe t 2 R2CH(CI )COCI  

R' R2 Yield (%) 

'R2 
( 1  338) 

c-Hex H I5 
c-Hex Et 52 
c-Hex Ph 55 
Ph H 81 
Ph Me 80 
Ph Ph I1 
a-Naph H 51 

Me S 

+ 
II a q .  5 '/a N a O H  , C H , C I , ,  

MeNHCNH2 t CICH2CMe2COCI  
P h C H Z N E t ,  C l -  

S t i r ,  r , t , , l 2  h 0 

(1 339) 

S 
II 5 %  N a O H , C H 2 C l 2 ,  

c-HexNHCN( R ) NH2 t CICHzC Me ,COCI t 
P h C H Z N E t ,  C I -  

+ or  
Me*! S I I  

N-NH 
0 \ N ( R ) C N H H e x - c  c-HexNR 

I I  
R H  

( 2 8 4 )  (285) 

Yield (%) 

( 2 8 6 )  

( 1340) 

R 284 285 286 

H 
Me 

- 21 49 
56 20 - 
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Reaction of (4S)-3-(benzyloxycarbonyl)-4-(2-oxoethyl)-5-oxooxazolidine with L- 
cysteine methyl ester hydrochloride exclusively (2R, 5S, 7S)-l-aza-7- 
benzyloxycarbonyl( hydroxymethyl)amino-8-oxo-4- thiabicyclo[3.3.0]octane-2-carboxylic 
acid methyl ester as a single isomer (equation 1341), while reaction of the same oxazoli- 
dinone aldehyde with D-CySteine methyl ester hydrochloride produces the same product 
but as an epimeric mixture (equation 1341). Both reactions occur via a sequential double 
cyclization mechanism. 

H S C H ~ C H C O ~ M O  "A 
PhCHoOoCN C,H,N,r.t. s t i r  72 h 

2 1% 

(1341) 

C02Me 

C,H,N,r.t. s t i r  64 h PhCH202CN 

19% 

(mixture of epimers) 

Aldehydes are also used as substrates along with lactam acetals for the preparation'483 
of 5-, 6- and 7-membered erythro- and threo-N-substituted 3-benzhydrol substituted 
lactams (equation 1342). 

R ~ ( H O ) C H  

M e O x Y 2 I n  + R2kH0 - 
Me0 0 

4x7". (1 342) 

I 
R' 

I 
R' 

R ' = M e  ; PhCH, ; n-Bu. 
n = 1 - 3 ;  1 ; 1 .  

R 2  = Ph; 0-02NC6H;; o-H,NC6H4; a-naphthyl; p-naphthyl; 2-pyrrolyl; o-HOC,H,; p-H02CC6H4; 
o-An; 3-Pyr; p-02NC6H, 

Primary and secondary amines have also been used as substrates in condensation 
reactions to produce lactams. Thus, reaction of 6-bromobenzotropone with a selection 
of primary amines produces'484 N-alkyl-6,9-dihydro-6,9-iminobenzocyclohepten-5-ones 
(287) and in some cases 3-acetonyl-2-alkylisoindolin- 1-ones (equation 1343). The tricyclic 
products presumably result from 1,6-addition of the amines at position 9 of the 
bromobenzotropone, followed by displacement of the bromine by attack of the nitrogen, 
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0 

- 5  to -1OoC,20 h 

CH2COMe 
( 2 8 7 )  

R = M e  23% 0% 

R = Et  5% 0.7% 

R N H ~ , O ~ C ,  
287 

20 h 

R =  i - P r  30%. 
R =HOCH2CH2 88%. 

(1 343) 

R HN 

RHN CHPCOMe 
'CH2COMe 

- 
( 1344) 

whereas the bicyclic keto lactam products probably arise from base hydrolysis of the 
1,6-addition intermediate (equation 1344). 

An example of the use of a secondary amine in a condensation reaction with both 
methyl valerolactim and methyl valerothiolactim, to produce'485 a lactarn, is shown in 
equation 1345. 
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I 1. iodinat ion 

2. reduction 

1001 

( 1345) 

An example of an amide used in a condensation-like reaction to produce 8-lactams 
is illustrated by the solid state photolysis of the inclusion complexes formed from N , N -  
dialkylpyruvamides and deoxycholic acid. The 4:l inclusion complexes of acid to amide 
used in these photolysis reactions were prepared by crystallizing the acid using the 
amides as the solvents, and the photolysis was then carried out in the presence of air 
at room temperature. The B-lactams (289) obtained’ l o g  were optically active, albeit the 
enantiomeric excessess are not high, unlike the results obtained from the photolysis in 
solution, where the main products obtained were oxazoIidinones(290) (equation 1346). 

The mechanism for these reactions involves formation of the zwitterion 
291 as an intermediate which cyclizes to the ,&lactam products 289 (equation 1347). 

0-Silyl derivatives of several heterocyclic systems have also been used in condensation 
reactions to produce lactams. Thus, reaction of the 0-trimethylsilyl derivatives of 
N-trifluoroacetylhexahydro-2H-azepin-2-one with l-(chloromethyl)-2-pyrrolidone in the 
presence of trimethylsilyl trifluoromethanesulphonate produces’486 the a-(1-methyl-2- 
pyrrolidone) substituted product (equation 1348). 
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CH2R1 

I 
MeCOCONCH2R2 

+ 
H 

H H 42 
Me Me 74” 

-(CH2)3-- 

( I  346) 

(289) (290) 

R’ R 2  ”/, Yield 289 

“Product is a I :  I mixture of stereoisomers 

H R1 
\ /  

HO C 
II - 289 ( 1  347) 
N +  

I 
C 

Me/ *xC’  - ‘CH2R2 

il 
0 

(291) 

- U C H 2 b  

C F, S 0,Si Ma , 

6 6 

+ CICH2N 

( 1348) 
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Four-component condensation of 2-(t-butyl)dimethylsilyloxyphenylisocyanide, iso- 
butyraldehyde and 8-alanine in methanol produces1487 the N-substituted 8-lactam 
shown in equation (1349). 

4- i-PrCHO + H2NCH2CH2COOH 

OSiMe2( Bu-  t )  

1. MOOH, NZ, 5 0 ° C  

2.2O0c,  s t i r  3dayr 
l h  

‘C HCON H 

i-Pr 

5 5% 
(1  349) 

Although reaction of acyldioxanediones (acyl Meldrum’s acids) and Schiff bases in 
the presence of chlorotrimethylsilane and triethylamine produces1488 2,3,6-trisubstituted 
2,3-dihydro-l,3-oxazine-4-oxo-5-carboxylic acids, which also arise from isomerization 
of oxazinediones (equation 1350), reaction of the same acyldioxanediones or oxazine- 
diones and Schiff bases in the presence of hydrochloric acid 1,4-disubstituted 
3-acyl-/?-lactams (equation 1351). 

0 

1 .  Me,SiCI,NEt, + PhCH=NR2 

M e  

R ’ = M e ,  (292)  Ph R2= n-Pr, i -Pr  , PhCH2, I - B u ,  Ph ( R4)R?,NkOOH 

Ph AO R’(R3) 

Ms,SiCI, NEI, 

( isomsrizat ion)  
Ph 

(293) 
R3 = Me, Et, PhCH=CH, PhCH,, c-Hex, Ph 
R4 = n-Pr, 1-Bu, Ph 

(1 350) 
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292 + PhCH=NR2 
4 2 - 0 2% 

293 i so m o r  i z  at  H C I  I a n ,  12- 8 1% (R3)R‘CO$;--Ph 
(1351) 

0 ‘R2( R4) 

R ’ - R 4  as in equation 1350 

TN-R 
I (1352) 

30% fuming H2S0,,S0,, 

sealed tube, i 7 O o C ,  24 h 
- (CF2),,-1 

n 
(cY2-R L c = o  

Substrate Product Yield (%)” 

I 
‘ZF5 

F I F  

‘25 

‘ZF5 

64.6 

51.2 

“Yields based upon substrate consumed. 
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Included among the several other miscellaneous preparations of lactams which have 
been reported, is the hydrolysis'489 of perfluoro(N-alkyl cyclic amines) using fuming 
sulphuric acid, which produces 5-, 6- and 7-membered lactams by hydrolysis of the 
fluorine atoms attached to the alpha carbon only (equation 1352). 

Basic hydrolysis of (2-ethoxycarbonyl-5,8,8-tri- and 8,8-dimethyl-1,2-diazabicyclo- 
[5.2.0]nona-3,5-dien-9-yliden)dimethylammonium chloride produces' ' 2 7  the corresp- 
onding bicyclic lactams (equation 1353). 

file C % E ~  

CI- 

NaOH, CH,CI, 
(1 353) 

R =  H ; M e  

Y ie ld (%)=  29; 25  

Oxidative decarboxylation of cyclic amino acids produces  la lac tarn^'^^^, an example 
of which is shown in equation 1354. 

H02C n \ B u - ,  3 . o x y g s n  sat. e t h e r  a t  - 7 8 o c  0 PN \ B u - l  

I .  L D A , T H F , O ~ C  

2.  - 7 e o c  

containing p - T o s O H ,  T H F  
6 0 '/e 

(1354) 

Treatment of N-chlorocyclopropanolamines with silver nitrate in acetonitrile 
affords'039 the corresponding 8-lactams via a ring expansion reaction (equation 1355). 

AgNO,, MeCN, 

1. t . ,  I .  5 h 

Although the photoisomerization of 2- and 3-substi-ited phenazine N-oxides 
produces'49 ' tricyclic lactams, the products and yields differ, depending upon the location 
of the substituent (equation 1356). 

Two unsaturated peptide substrates upon incubation with the enzyme isopenicillin N 
synthase (IPNS) from Cephalosporium acremonium CO 728 each cyclize simultaneously 
to afford1492 both desaturated and hydroxylated B-lactam products whose hydroxyl 
groups derive their oxygen from the cosubstrate dioxygen (equations 1357 and 1358). 
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Yield (%) 
Location of 
substitution X 294 295 296 291 

Path a 

- 2 CI 15 15 14 
2 M e 0  36 14 11.5 
2 Me Total of 294 + 295 + 296 = 34.5 - 
2 CN 24 13 21 
3 CI - 1.5 6.5 10 
3 M e 0  - 2 1 2 
3 Me Total of 294 + 295 + 296 = 56 - 

- 

- 

- 4 H  Path b - 2 H  + 10 

\ 
H S - C I H  N H  

R C O N H  H 

H L q : 0 2 H  

R C O N H  

H 

C H = C H 2  

H--&o H R C O N H  -- R 

H$C02H 

C O N H  

111 
H - - f l o  
R C O N H  

(298) (299) (300) (301) 

(1357) 

For each substrate two pathways occur, Path a, a desaturative (-4H) route, and Path 
b, a hydroxylative ( -  2H + 1 0 )  route, each path leading to different products. The 
products from Path b, 300, 301, and 303 show incorporation of '*O and the details of 
the location and extent of this incorporation are presented in the original reference'492, 
which also presents a proposed mechanism, involving iron-oxo species, to explain this 
phenomenon. 
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H2C= C(Me)-C-- - CO,H 
\ 

HSC\H2 /"" 
H ---C-CO 

RCO= S -  ( L - % - o r n i n o o d i p o y l )  

incubated with enzyme 
I P N S  under"02 

P a t h  a - 4 H  I 
H - -  -:g:02 I 

RCONH 

P a t h  a - 4 H  Path b - 2 H  + 10 ! 
H - -  -:$:02 H 

H-- R CON H RCONH 

I 
Path b - 2 H  + 10 I 

H-- 

R CON H 

(1 358) 

(3021 (303) 

Novel phosphorus analogues of unsaturated /I-lactams have been reportedly'493 
prepared by the carbonylation of a strained three-membered unsaturated ring containing 
phosphorus. Thus, carbonylation of phosphirene-chromium, -molybdenum and 
-tungsten pentacarbonyl complexes at 160 "C produce 2-0~0-1,2-dihydrophosphete 
complexes (equation 1359). 

Sea led  glass tube 

under CO 

pressure,  160% 

toluene 100-120h 

Ph' 'M(CO)b Ph 

RFl M(C01, 

O I  
P 

R 
(1 359) 

M Yield (%) 

Ph W 34 
Et W 43 
Ph Cr 8 
Et Cr 21 
Ph Mo 24 
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The mechanism proposed'493 for these conversion involves the establishment of an 
equilibrium at high temperature between the phosphirene complex and l-phospha-2- 
metallacyclobutenes, followed by carbonylation (equation 1360). 

R WR heat 

Ph' 'M(CO)s 

P 

The resulting 2-0x0- 1,2-dihydrophosphete complexes may be d e c ~ m p l e x e d ' ~ ~ ~  as 
shown in equation (1361). 

Ph 'r---fPh 
+ -  

1 .  C,H,NH Br,, CH,CI,, 

Ph Ph 
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4-Amido-13-lactams, hydrolysis of 936 
Amines - see Allylamines, Benzylamines, 

447452 

amides 

856,857 

Cyclic amines, N-Haloacyl-/3-arylamines, 
Oxadiamines 
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Amino acid amides. reactions with carbonyls 

Amino acids. 
464, 465 

cyclic - see Cyclic amino acids 
cyclization of 133. 398420 
cyclodehydration of 41 1 4 1 3  

ir-Amino acids. reactions with i7-haloacyl 

&Amino acids, 
halides 419 

cyclization of 407409,  413, 415 
reactions with isocyanates 489 

&-Amino acids, 
reactions of. 

with r-butyrolactone 41 I 
with cathecolboranes 41 I ,  412 
with 2.2’-dipyridyl disulphide 404, 405 
with o-nitrophenyl thiocyanate 400, 404 
with phosphorus pentasulphide 400 
with triphenylphosphine 404, 405 

tin-mediated condensation of 408. 410, 41 I 
N-(Aminoalkyl)lactams. transamidation of 652. 

Arninoanthraquinones, reactions of 4 I8 
13-Aminobenzamides, as lactone precursors 

2-Amino-4-carboxychroman lactarns, synthesis 

Amino esters, cyclization of 133-137. 400-403 
Aminoglycosides 397 
3-Aminolactams. 

acylation of, 

656. 657 

369, 370 

of 725 

using acyl halides 81 1-824 
using benzylpenicillin acylase 8 I I 829 
using carboxylic acids 81 I ,  825-829 
using carboxylic esters 8 I I ,  825, 83 1 
using diisocyanates 81 I .  825 
using mixed anhydrides 8 I I ,  825, 830 

with aldehydes 832-835 
with epoxides 396, 397 
with ethyl 2-0x0-4-phenylbutyrate 8.55 

reactions of, 

ring expansion of 652 
substituted, reactions of 855-858 
synthesis of, 

by deprotection of substituted 3- 

from 3-azidolactarns 836843 
aminolactarns 836, 844854 

rl-Amino-&lactarns, synthesis of I66 
ir-Amino-r-lactones, synthesis of 275 
ir-Arninonitriles. reactions with ketones 376 
w’-Aminonitriles. as lactam precursors 4 16 
6-Aminopenicillanic acids, diazotization and 

3-(2-Amino-2-phenylacetamido)-2-methyl- 
bromination of 858. 859 

4-0x0- I -azetidinesulphonic acids, ring 
expansion of 657 

Aminopiperidones. synthesis of 415 

Aminopyrrolidones, synthesis of 970, 97 1 
Aminothio acids, ring closure of 4 I S  
Amino thiol esters, ring closure of 406, 407. 

i~-Amino-o-toluamides. as lactone precursors 

Androstanolones, condensation with glyoxylic 

Androstanones - see Hydroxyandrostanones 
Androstenones - see Azaandrostenones 
Anhydrides, 

as acylating agents 81 I ,  825, 830 
bicycloalkenedicarboxylic - see 

carbonic - see Carbonic anhydrides 
cyclic - see Cyclic anhydrides 
reactions of 46, 47 

with Grignard reagents 294297 
with imines 58 I 

reduction of 7 6 8 3  
Anilinoalkylbutenolides, 

catalytic hydrogenation of 301 
synthesis of 395 

992 

369, 370 

acid 38, 39 

Bicycloalkenedicarboxylic anhydrides 

n-Anilinornethyl-ybutyrolactones 30 I 
Anthrdquinones - see Aminoanthraquinones 
Aralkylidinephthalides, synthesis of 47 
Arbusov reaction 906 
Aroylbenzdldehydes, reactions with isocyanates 

2-Aroyl- 1 methylene- I ,2,3.4- 
167, 168 

tetrahydroisoquinolines, cyclization of 
465469 

Arylacetic acids, condensation with phthalic 
anhydride 47 

N-(2-Arylethyl)lactams, synthesis of 240 
Aryl halides, carbonylation of 34 I ,  342 
N-Arylketo lactams, synthesis of 962 
Arylrnethylphthalides, synthesis of 47 
Arylnaphthofurandiones. reduction of 3 10 
2-Aryl-4,5,6,7-tetrdhydroindoles, oxidation of 

-,-Arylthio-?-butyrolactones. synthesis of 303, 

Azaandrostenones, ring expansion of 661 
Azabicyclo-/34actarns. synthesis of 77 I, 

2-Azacarbapenems, formation of 799, 800 
Azacholestanones, synthesis of 489 
4-Aza-i3-lactams, 

962 

308 

774-776 

ring expansion of 65 I ,  652 
synthesis of 462. 627-629, 992, 997 

1 -Azaspiro[3.5]nonane-2,5-diones, synthesis of 

Azepinediones, reactions of 980 
Azepines - see also Pyridoazepines 

Azepinoindoles, synthesis of 469. 470 

470.47 1 

synthesis of 626 
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Azepinones - see Benzazepinones 
Azetidiminium salts, as lactam precursors 397 
Azetidinecarboxylates, reactions of 953, 956 
Azetidinecarboxylic acids, decarboxylation of 

Azetidinediones, synthesis of 648, 649, 859, 

Azetidines - see N-Hydroxyazeridines 
Azetidinonecarhoxylic acid?, - .see 

Azetidinones - s(’c d t o  

239. 25 1 960 

920 

Hydroxyazetidinonccarhoxylic acids 

I -( I -Benzyloxycarhonyl-2-hydroxy- 
propyl)-3-styrylazctidinones. 
N-Bis(alkoxycarbonyl)methyl-4- 
methylthioazetidinones, Bisazetidinones, 
Diazetidinones, /?-Lactams 

3-tritylamino-4-substituted 855 
N-Azidoacyllactams, Curtius rearrangement of 

79 9 
3-Azidolactams, 

reactions with triphenylphosphine 835 
synthesis of 706-708, 859 

Azidomethylfuranoates, hydrogenation of 993 
Azidopyrrolidines, ring contraction of 630 
ir-Azido sulphides, ring expansion of 647 
Aziridinecarboxylic acids. ring expansion of 

Aziridines, carbonylation of 982. 983 
Aziridinones - s w  0-Lactams 
Azirines, 

235 

carbonylation of 984 
synthesis of 764, 765 

Azoalkenes. intramolecular cycloaddition of 

Azocarboxylates - see Acylazocarboxylates, 

Azodicarboxylates, in lactonization 27 I 

Baeyer-Villiger reaction 98-108, 314, 320. 

Barton reaction 127 
Beuuwria ,siilfi(resc,ens 722, 723 
Beckmann rearrangcment 2 12-222, 

Benzaldehydes - see U/KJ Aroylbenzalde- 
hydes, Hydroxybenzaldehydes 

616 

Azodicarbox ylates 

898 

639-645 

reactions of 40, 47 
Benzarnides - see Aminobenzamides 
Benzanilides, cyclization of 145 
Benzazepinones. synthesis of 463 
Benzoates - see Hydroxymethylbenzoates 
Benzodiazepinediones - see 4.4’- 

Methylenedi(3. 4-dihydro- IH-l,4- 
benzodiazepine-2, 5-diones) 

Benzodiazepinones - see olso 5,7-Dichloro- 
3 H -  1,4-benzodiazepinones 

reactions of 91 I 

synthesis of 98 I 
Benzoic acids - see Phenylbenzoic acids 
Benzolactams, synthesis of 464, 984 
Benzolactones, synthesis of 341, 342 
Benzoquinolines - see 

Octahydrobenzoquinolines 
Benzo[aJquinolizidines, synthesis of 453 
Benzoquinones - see Dimethoxy-p- 

Benzothiazepinones, ring expansion of 657, 

Benzothiazepinone sulphoxides, halogenation 

Benzothiazonindiones, synthesis of 657, 658 
Benzotropones - see Halobenzotropones 
Benzoxazepinones, ring expansion of 657, 658 
Benzoxazonindiones, synthesis of 657, 658 
N-Benzoyllactams, synthesis of 952, 9.53 
S-Benzoyllactams, synthesis of 47 1 
4-Benzoyloxy-5-heptenoates, reactions with 

Benzoylpropionic acids, reactions with 

Benzylamines - see also Halobenzylamines 
reactions with 2-bromoglutarates 420 

Benzy larninopropionic acids, cyclization of 

Benzylidene anthranilic acid, reactions of 303, 

N-Benzyllactams. synthesis of 952, 953 
N-Benzyl-3-methylene-/3-lactams, anodic 

oxidation of 795 
Benzyloxycarbonylamino-y-butyrolactones, 

alkylation of 300 
1 -( I -Benzyloxycarbonyl-2-hydroxypropy1)-3- 

styrylazetidinones. reactions of 755 
c-(Benzyloxycarhony1)-I-lysine methyl ester 

hydrochloride, reactions of 418 
Benzyloxycarbox ylamino-y-butyrolactones. 

synthesis of 309 
N-(Benzyloxy)-&lactams, reactions of 796 
4-(Benzyloxy)-2-methylene-butanoates, acid- 

o -[p-(Benzyloxy)phenyI]-2-0~0- I - 

Berbamine, photooxidation of 248 
Bicyclic N-acetylenamines. oxidation of 962 
Bicyclic allylic alcohols, rearrangement of 339 
Bicyclic N-arylenamines. oxidation of 962 
Bicyclic diazopyrrolidinediones, ring 

contraction of 630 
Bicyclic epoxylactones, reactions of 352. 359, 

360 
Bicyclic imides. 

benzoquinones 

658 

of 706 

LDA 298 

benzaldehydes 47 

400 

308 

catalysed cyclization of 285 

azetidinemalonates, synthesis of 777 

reactions with organometallics 980 
reduction of 976-979 

Bicyclic keto lactones, silation of 357 



Subject index 1069 

Bicyclic ketones. oxidation of 314, 320 
Bicyclic lactams. 

double-bond formation in 756758 
introduction of an angular hydroxyl group 

reactions of 857, 858 
ring opening of 724, 89 I, 894-897, 945 

in 719 

producing N-side-chain o,fi-unsaturation 
76CL-762 

synthesis of 397. 777-785, 791-793, 999, 
I005 

by intramolecular Wittig reactions 

by N -su bst i t ut ions/c ycl izations 69 I 4 9 5  
by ring closures 950-952 
by ring contractions 630, 632, 635, 639 
from allylhaloamides 430, 431 
from amino acids 404, 406 
from cyano esters 583 
from cyclic imides 583 
from cycloalkanone esters 452. 4.53 
from enatnines 460, 46 I 
from hydroxyamides 447 
from imines 498. 503, 504. 507, 5 13, 

765-770 

523. 526, 527, 531, 532, 536, 541, 
542, 544. 547, 554, 556. 559-56 I .  
565, 574, 616, 621-623 

from 4-methylenespiro[2.X]alkanes 475, 
487 

from thiazolidines 398, 399 
Bicyclic lactones - see also Bicyclic 

epoxylactones, Bicyclic keto lactones 
halogenation of 706, 707 
reduction of 287 
synthesis of 290-292, 365-367. 388 

from carboxymethylpyrrolidinols I I 
from gem-dibromides 342, 343 
from ?-hydroxy esters 10, I I 
from spirolactones 359, 360 

Bicyclic pyrazolidones, synthesis of 684 
Bicycloalkenedicarboxylic anhydrides, 

Bicyclo-$-butanolides, synthesis of 295 
Bicyclobutenolides, synthesis of 295 
Biphenyl-2-carboxamides, cyclization of 

472474 
Bis(3-acylthiazolidine-2-thiones), aminolysis of 

9Y6,YY7 
Bis(alkoxycarbony1)aniinoacetic acids. 

allylamides of. cyclization of 456 
Bis(alkoxycarbony1aniino)acetic acids, 

aromatic aniides of, amidodlkylalion of 
463 

methylthioazetidinones, synthesis of 777 

reduction of 308 

N-Bis(alkoxycarbonyl)nietiiyl-4- 

Bisazetidinones - sec crlso Diazetidinones 
synthesis of 68 I 

3-Bis(ethyIthio)-~?-lactams, reactions of 7 17, 

Bisiodomethyl spiro bislactones, reactions of 

Bislactams - see also Dilactams 

Bislactones - see Bisiodomethyl spiro 

Bislactonizdtion 383, 384 
6.6-B is(phenylseleno)penicillinates, 

7 19 

35 I ,  352 

synthesis of 424, 426 

bislactones 

partial deselenization of 869, 870 
synthesis of 880, 884 

c7 ,a-Bis(phenylthio)lactams, synthesis of 709 
6,6-Bis(phenyIthio)penicillinates, synthesis of 

d-(a-Bromoacy1oxy)aIdehydes. cyclization of 

ii -Bromo-7-butyrolactones, reactions of 61-63, 

Bromocephams, reductive debromination of 

2-Bromoglutarates, reactions with benzylamine 

Bromomethylpenicillins, reductive 

Bufadienolides, synthesis of 30, 39 
Bufaenolides, synthesis of 28, 29 
Butadienes - see I.l-Dialkoxy-3- 

Butanoates - see 4-(Benzyloxy)-2-methylene- 

Butanolides - see Bicyclo-r-butanolides 
Butenolides - see also Alkoxybutenolides, y- 

Alkoxymethyl-cy,/3-butenolides, 4-Alkyl- 
2-butenolides, Anilinoalkylbutenolides. 
Bicyclobutenolides, CY-Cyano- 
L? ,&butenolides, Halobutenolides, 
?-Halomethy Ccr ,$butenolides, 
Hydroxybutenolides. 4-Hydroxymethyl-2- 
butenolides, 4-Spirobutenolides 

by Grignard reactions 295 
by Perkin-like reactions 47 
from acetoxyfurans 373, 374 
from /%aldehydic a,/3-ethylenic esters 

from anhydrides 309, 310 
from butanolides 302, 363 
from carbonyls 369 
from furans 109 
from hydroxy esters 274, 275 
from hydroxypentenoic acids 287, 288 
from yhydroxyvinylstannanes 34 1 
from iodoalkenols 343, 344 
from ketenes 69, 74, 75 
from trimethylsilylfurans 331, 332 
from unsaturated acids 336 

X80, 884 

37 I 

6 6 6 8  

945, 946, 948, 949 

420 

debromination of 945,946,948,949 

trimethylsiloxy- I -3-butadienes 

butanoates 

synthesis of 3, 34, 35 

131, 312 
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Butenolides (cont.)  
synthesis of (conr.) 

from unsaturated aldehydes 339, 340 

thiophenylation of 357 
r-(N-Butoxymethy1)-a -halo-r-butyrolactones, 

Butyric acids, as lactone precursors 272 
i3-Butyrolactams, synthesis of, 

from allylhalodmides 430 
from amino esters 134, I35 

7-Butyrolactdms, 
reactions with dichlorocarbene 71 1 
synthesis of, 

from allylamines 983 
from allylhaloamides 43 I 
from allylic halides 983 

Vilsmeier formylation of 710 
Butyrolactone esters, synthesis of 130, I3 I 
y-Butyrolactones, 

a-alkylation of 64, 65 
mesylated 285, 286 
/j-methoxycarbonyl-rsubstituted 63 
reactions with Eschenmoser’s salt 300 
synthesis of, 

by aldol condensations 36 
by malonate condensations 42-45 
by Wittig-type reactions 54 
from alkynols 76 
from anhydrides 3 I0 
from carboxylic acid anions 58 
from carboxylic acids 377-380 
from cyclopropanecarboxylates 350, 35 I 
from cyclopropanecarboxylic acids 

from cyclopropyl esters 385, 386 
from a-diazo esters 127-129 
from ethers 109 
from hemisuccinates 3 14 
from hydroxy acids 277, 278 
from hydroxy esters 12, 13 
from oxazolines 5841  
from pentenoic acids 16 

S-Caprolactams - see also a - 0 x 0 -  

122-124, 350. 351 

caprolactams. Alkylcaprolactams 
reactions with dichlorocarbene 71 1 
synthesis of 223. 23 1-233, 416, 98 I 

by Beckmann rearrangement 215. 222 
by Schmidt rearrangement 224-228 
from 6-aminocapronitrile 41 6 
from amino esters I34 
from azidomethylfuranoates 993 

Vilsmeier formylation of 710 
S-Caprolactones, synthesis of 3 
Carbalkoxylation 777 
Carbamates - see O-(4-Hydroxy- I - 

Carbapenem antibiotics, synthesis of 397 
alkeny1)carbamates 

Carbene complexes, photoreactions of 

Carbodiimides. reactions of 581 
Carboethoxycoumarins, synthesis of 40 
Carboethoxymethylcyclohexanediones, as 

lactone precursors 14 
3-Carbomethoxy-/3-lactams, 

decarbomethoxylation of 869 
Carbonic anhydrides, reactions with 

arylethylamines 453,454 
Carbonic esters, reactions with arylethylamines 

453 
Carbonium ion rearrangement 122-1 24 
Carbonium ion rearrangement-lactonization 

Carbonylation. metal-catalysed 982-99 1 
Carbonyl compounds - see Aldehydes, 

Ketones, o,/3-Unsaturated carbonyl 
compounds 

synthesis of 167 

585-589, 956-959 

346-348 

Carbostyrils - see also Dihydrocarbostyrils 

Carboxamides - see Biphenyl-2- 
carboxamides, ii -Diazocarboxamides 

Carboxamidyl radicals, cyclization of 472 

3-Carboxy-/3-lactams, 
-Carboxylactams, synthesis of 41 8 

decarboxylation of 869 
synthesis of 867, 868 

Carboxyiic acid anions, reactions with 
epoxides 54-58 

Carboxylic acids - see also Dicarboxylic 
acids, U-Halocarboxylic acids, 
Hydroxycarboxylic acids 

activated. reactions with imines 547-58 I 
as acylating agents 8 I 1, 825-829 
oxidation of 336 
reactions of, 

with o-hydroxyphenyl ketones 381 
with lithium naphthalenide 379, 380 
with oletins 377, 378 
with trimethylsilyl chloride 382, 383 

unsaturated - see Alkenoic acids, 2, 4- 
Dienecarboxylic acids. Unsaturated 
carboxylic acids 

Carboxylic esters - Jee ulso 
Acylazocarboxylates, Dicarboxylates. 
Hydroxycarboxylic esters 

as acylating agents 81 I .  825. 831 
cyclization of 384-390 
reduction of 3 12-3 14 
unsaturated - see Unsaturated carboxylic 

esters 
Carboxymethylindanols, acid-catdlysed 

cyclization of 274 
Carboxymethyl radicals 378 
Carboxymethylthiazolidinium salts, as lactam 

precursors 616, 617 



S u bjec t index 1071 

Cardciiolidcs. syntheris of 39 
Catharanthine lactone. synthesis of 329 
Cephiilorporins, synthesis of 397 

Cephanis - .see Bromocephams 
Cephems - see also Phthalimidocephems 

Cetyltriinethylammonium permanganate, as 

Chinensin, synthesis of 3 I I 
Chiral lactones, synthesis of 312 
4-Chloro-3-lactams. 

reaciions of 925 
synthesis of 922, 923 

~ l ’ / J h N / ~ l . ~ ~ ~ ~ ~ l ’ ~ f l f l l  U(’rPW1 OUI fin1 I 005 

synthesis of 993 

oxidizing agent 327 

4-Chloromercuriothio-~?-lactams. reactions of 

Sir-Cholestdnone acetylhydrazones, ring 

Cholestanones - see Azacholestanones 
Chromanones - see Thiochromanones 
Chromium carbene complexes, photoreactions 

913, 915 

expansion of 662 

of. 
with imines 585-589.951%959 
with oxazines and thiazines 956, 957, 959 

Chromium oxides, as oxidizing agents 952 
Cinnamic acids, photocyclization of 18 
Claisen rearangement 120-122, 236, 237 
Clavulanic acid, Wittig products of, ozonolysis 

of 960, 961 
Cobalt carbonyls, as carbonylation catalysts 

341, 342 
Conanine lactam, synthesis of 242, 247, 248 
Corey lactones 27 I 
Cotinene. synthesis of 242 
Cotinines, synthesis of 240, 241 
Coumaranones - see ulso 

aldol condensation of 61 

synthesis of 36, 37, 38 I 

H ydroxybenzylidenecoumaranones 

Coumarins - see also Carboethoxycoumarins 

Cross-aldol condensation 585, 590 
Crotonic acids, photocyclization of 18 
Crown ether lactones. synthesis of 39 1 
Curtius rearrangement 489, 799, 857, 858 
Cyanoalkanoates, hydrogenation of 4 15, 

Lr-Cyano-ib .;-butenolides. reactions with 

Cyano esters, as lactam precursors 583 
3-Cyano-/%lactanis, synthesis of 63 I 
4-Cyano-B-lactams, 

hydrolysis of 936 
synthesis of 902, 9 I6 

416 

aniines 993 

4-Cyanomethyl-$-lactams, synthesis of 943 
Cyclic amines, 

oxidation of 241, 25 I ,  952, 953, 970 
reactions with valerolactims IOOO, 1001 

Cyclic amino acids. oxidative decarboxylation 

Cyclic anhydrides, reduction of 303, 308-3 12 
Cyclic enol ethers, oxidation of 323 
Cyclic d,T-epoxyketones, irradiation of 124 
Cyclic ethers. oxidation of 314, 320-323 
Cyclic imides. 

of 1005 

reactions of 583 
with acetylides 971, 980 
with carbonyls 971 

reduction of 970, 972-979 
synthesis of 798 

epoxyketones 
oxidation of 98-108 
reactions with hydrazoic acid 222, 224-229 

Cyclic ketones - see also Cyclic 17.1- 

Cycloaddition reactions 162-210.475427 
Cycloalkdnecarboxyhc acids - see 

also Cyclohexanecarboxylic acids, 
Cyclopropanecarboxylic acids 

ring expansion of 233. 234 
Cycloalkanone esters, reactions with amines 

452, 453, 455 
Cycloalkanones - see 2-Nitrocycloalkanones 
Cycloheptenones - see 

Iminobenzoc ycloheptenones 
Cyclohexadienones - see 

Hydroxycyclohexadienones 
Cyclohexanecarboxylic acids - see 2- 

Hydroxy-6-allylcyclohexanecarboxylic 
acids 

Carboethoxymethylcyclohexanediones, 
2, 3-Epoxy- I ,4-cyclohexanediones 

Cyclohexenoic acids, halolactonization of 290 
Cyclohexenones - see 2-N-Acylcyclohex-2- 

enones 
Cyclopentanone 3-methylcarboxylic acid, 

carbonate esters of, as keto lactone 
precursors 384 

Cyclohexanediones - see 

Cyclopentenylacetic acids, oxidation of 337 
Cyclopeptides, synthesis of 397 
Cyclopropanecarboxylates - see also 

H ydrox yme thylc yclopropanecarboxy lates 
rearrangement of 350, 35 I 

Cyclopropanecarboxylic acids, rearrangement 

Cyclopropanes - see 1 ,l-Dibromo-2- 
(hydroxyalky1)cyclopropdnes 

Cyclopropyl esters, ring opening/cyclization of 
385, 386 

/3,y-Cyclopropyloximes, ring expansion of 644, 
645 

I-Cysteine hydrochloride, reactions with 
acrylates 4 I9 

Cysteinylglycine esters - see 5-(Acetamido- 
methy1)cysteinylglycine esters 

of 122-124, 350, 351 
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Decarbomethoxylation 869 
Decarboxylation 869, 938 

oxidative 960, 1005 
Dehydrodimethylconidendrin, synthesis of 3 I 1 
Dehydrodimethylretroendrin, synthesis of 

Dehydrolactams, fused-ring, synthesis of‘ 

Dehydropregnelone acelates, reactions with 

Depsipeptides 41 I 
Deselenizdtion 869, 870 
Desulphurization 869, 870 
Diacyl halides, as lactone precursors 390-394 
Dialkoxytetrahydrofurans. reactions of 275, 

I ,  I -Dialkoxy-3-trimethylsiloxy- I ,3- 

311 

465469 

Grignard or Reformatsky reagents 49, 5 1 

276 

butadienes. reactions with aldehydes 
395 

Diaminopentanoic acids, ethylatiordcyclization 
of415 

I ,2-Diazatricyclo[S.2.0.03~6]non-4-enes, 2- 
substituted 799, 800 

Diazetidinones - see also Bisazetidiones 
synthesis of 170. 171, 202 

Diazoamides, as lactam precursors 462 
ct -Diazocarboxamides, cyclization of 162 
Diazo compounds, decomposition/cyclization 

4-Diazo-2,3-diones, synthesis of 929 
&-Diazo esters, photolysis of 127-1 29 
4-Diazoketo-j9-lactams, 

rearrangement of 940, 94 I 
synthesis of 940 

penicillin-derived, rearrangement of 801, 

reactions with ketenes 69. 74. 75 

of 992 

Diazoketones, 

802 

3-Diazo-&lactams. as ir-spirolactam precursors 

Diazopyrazolidinediones. ring contraction of 

Diazopynolidinediones, ring contraction of 

I ,  I -Dibromo-2-( hydroxyalkyl)cyclopropanes, 

3,5-Dicarboalkoxy-2-pyrazolines, reductive 

Dicarboxylates - ser Azodicarboxylates 
Dicarboxylic acids. 

reduction of 83 
unsaturated - see Unsaturated dicarboxylic 

acids 

718, 719 

627-630 

210-212, 630 

carbonylation of 342, 343 

cleavage of 970, 97 I 

5.7-Dichloro-3H- I ,4-benzodiazepinones, 

Diels-Alder reaction 3Cb34, 395, 458-460 
Dienamino esters, cyclization of 134 

reactions of 929 

2.4-Dienecarboxylic acids, allyl- and 
propargyl-arnides of, Did-Alder reaction 
of 458460 

Diene esters, Diels-Alder cyclization of 30. 34 
Dienes, carbonylation of 112, I18 
Dienoic acids - see also Pentadienoic acids 

acid-catalysed cyclization of 17 
ct-Diethoxy acetals, reactions of 754 
Dihaloketenes, reactions with vinyl 

6.6-Dihalopenicillinates, reactions of 8 5  ! 
Lv,cu-Dihalo-r-thioaryl-y-butyrolactones, 

sulphoxides 303, 308 

dehalogenation of 352, 353 
desulphurization-dehalogenation of 354 

Dihydrobenzothiazepinones, synthesis of 464, 

Dihydrocarbostyrils, synthesis of 144, 145 
2,3-Dihydrofuranones. aldol condensation of 

61 
3.4-Dihydroisoquinolines, as lactam precursors 

623, 624 
2,3-Dihydro- I, 3-oxazine-4-oxo-5-carboxylic 

acids, synthesis of 1003 
Dihydropyridones, synthesis of 207 
3,4-Dihydropyrido[ 3,4-h]quinoxalin- I (2H)-one 

Dihydrospiro(androsteneFuran)diones, synthesis 

Dihydrothiazines, ring closure of 993 
Dihydroxy--/-lactones. synthesis of 33 1 
Dihydroxynitriles, as lactone precursors 283 
Diisocyanates, as acylating agents 81 I ,  825 
/3-Diketones, 

64.5 

dioxides, synthesis of 994, 995 

of 54 

irradiation of 124, 125 
Wittig reaction of 53 

synthesis of 397,464, 657, 679, 681 
Dilactams - see also Bislactams 

from imines 5 14, 524, 525, 527, 528, 

Dimethoxy-p-benzoquinones, reactions with 

Dimethoxyphenylacetic acids, as lactone 

Dimethoxypyrones, reactions with nucleophile 

Dimethylaminomethylene lactones, synthesis of 

S,b’-Dimethylvalerolactones, phenylselenylation 

Diols, 

539, 568 

anhydrides 46 

precursors I0 

anions 358 

352 

of 357 

carbonylation of I I2 
oxidation of 83, 89-97, 314-319 

Dioxanediones - see Acyldioxanediones 
Dioxolactams, synthesis of 657, 658 
1,2-Dioxolane-3,5-diones, photolysis of I30 
Dioxothiazolidinones, ring contraction of 630, 

63 1 
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Dipeptide methyl esters, methylsulphonium 

Disulphides. oxidation of 130 
?-Dithiolactones, , f,?-unsaturated - see 

iodides of, reactions of 452 

.j,?-Unsaturated -t-dithiolactones 

Enamides - see ofso Alkenamides 
cyclization of 145. 162, 465469 

Enamines - see uIso Bicyclic 
N-acetylenamines, Bicyclic 
N-arylenamines 

with acrylamide 460, 461 
with isocyanates 166 

reactions of, 

Enaminoamides. reactions of 460, 462 
h'-Enaminolactams, synthesis of 397 
Ene lactones. rcactions of 453455 
Enepalladium complexes 984 
Enolates, reactions of, 

with 4-acetoxy-i3-lactams 903-905 
with imines 592-61 I ,  613 
with nitriles 614, 615 

Enol ethers. cyclic - see Cyclic enol ethers 
Enol lactams, synthesis of 754, 755 
Enol lactones. synthesis of 13. 15. 16. 358, 

Enynes. reactions of 393, 394 
Enzyme-catalysed asymmetric reactions 27 1 
Epichlorohydrin, reactions of 34 
Episelenonium ions, as reaction intermediates 

460. 461 
Episulphoniurn ions. as reaction intermediates 

45 ! 
Epoxides, condensation with malonates 42, 

43 
2.3-Epoxy- I .4-cyclohexanediones, 

photorearrangement of 348. 349 
Epoxycyclooctenes. condensation with 

malonates 46 
Epoxy esters. rearrangement of 348 
3-Epoxy-i3-lactams. 

as lactone precursors 395, 396 
synthesis of 428, 429 

4.5-Epoxypentenoates. acid-catalysed 
cyclization of 287 

Erythrinanones, synthesis of 455, 4.56 
Ethers. 

359 

cyclic - see Cyclic ethers 
oxidation of 109, I10 

i~-Ethoxycarbonyl--;-lactones. synthesis of 380, 

cu-Ethylenedioxy acetals, reactions of 754 
ci-Ethylenic acids. allylamides of. cyclization 

4-Ethynyl-i3-lactarns, synthesis of 91 7 
Exocyclic double bonds, in N-substituted 

38 I 

of 456, 457 

lactams, 

formation of 75 1-756 
reactions at 762-717 

Fomannosin, synthesis of 39 
4-Formyl-O-lactams, synthesis of 934. 938 
i i  -Formyllactones, 

sodio derivatives of, reactions of 303-307 
synthesis of 303 

N-Forrnylpiperidines, irradiation of 953, 956 
N-Formylpyrrolidines. irradiation of 953, 956 
Friedelkcrafts cyclization 489 
Friedel-Crafts-type acylation 373, 374 
Fufural, photooxidation of 34 I 
6-Fulvenyl-2.2-dirnethyl-3,5-hexadienoate, 

cycloaddition of 292 
Furancarboxylic acids - see 

Hydroxyrnethylfurancarboxylic acids 
Furandiones - see Arylnaphthofurandiones 
Furanodtes - see Azidomethylfuranoates 
Furanones - see also 2.3-Dihydrofuranones. 

Tetrahydroindenefuraones 
formylation of 303 

Furans - see Acetoxyfurans. Alkoxyfurans, 
Tetrahydrofurans, Trimethylsilylfurans 

Furanurono-6.3-lactams, synthesis of 952 
Furfuryl alcohols, oxidation of 323 
Furoic acids, photooxidation of 337 
Furopyridones, synthesis of 460, 462 
Furylacrylic acids, UV irradiation of 288 

Gibberellic acid, precursors of 30 
Glutarates - see Acetoglutarates, 

Glutyraldehyde, reactions with Grignard 

Glycal esters, as lactone precursors 324 
Glycol cleavage 936 
Glycols, cyclocondensation with diacyl halides 

Glycosides - see Aminoglycosides 
Grignard reagents. reactions of 48-5 I ,  

Gulonic acid, cyclization of 3 
Gulonic-*f-lactones, synthesis of 3 

N-Halodcyl- jhrylamines, cyclization of 162, 

Haloacyl halides, reactions of, 
with amino acids 419 
with phenylhydrazones 61 6 
with thiosemicarbazides 997, 998 

reactions of 939, 940 
synthesis of 939, 940 

2-Bromoglutarates 

reagents 48 

39 1 

294-297, 681 

469. 470 

4-Haloacyl-~3-lactams, 

it-(Haloalky1)acrylates. Reformatsky reaction 

Haloalkylfuranones, synthesis of 285 
of 298 
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N-(Halodlkyl)-i~-lactams. transamidation of 

4-Haloalkyl-i~-lactams - see also 4-lodoalkyl- 
652-655 

+lactanis 
dehalogenation of 943 

d-Haloalkyl 2-(phenylthiomethyl)benzoates, as 
lactone precursors 389, 390 

Haloamides. cyclimion of 138-143. 420-437 
Haloaminoalkenes. carbonylation of 984 
Halobenzotropones, reactions with amines 999, 

I (H30 
Halobenzylainines. carbonylation of 984 
Halobutenolides. 

reactions of 373. 374 
synthesis of 302 

d-Halocarboxylic acids, as lactone precursors 

Halocyclization, of amides 435 
3-Halodihydropyrans. dehydrohalogenation of 

Haloiminiuni halides, reactions with iniines 

w'-Halo-,?-keto esters, reactions with LDA 299 
3-Halolaclams, 

282 

131 

6 17-620 

hydrolysis of 859 
reduction of 862-866 

substitution reactions of 859462 
synthesis of 870, 875 

electrochemical 867-869 

Halolactoncs. synthesis of 19, 27-30. 334, 335, 

Halolactonization 288-29 I 

?-Halornethyl-ii ,!j-butcnolides, 

337 

of unsaturated acids and esters 19. 27-30 

synthesis of 288 
thiophenylation of 357 

Dihalopenicillinates 
6-Halopenicillinales - see d s o  6. 6- 

rcaclions of 859-861 
N-(n-Halophenylmethyl)-d-lactaiiis, reactions 

i i  -Halo-ii -phenylihio-rj-lacrams. hydrolysis of 

Halophthalides, phenylsrlenylation of 357, 358 
(Halopivaloyl)aniinomaloiiates. reaclions of 

Halopivaloyl halides, a a  lactam precursors 998 
Halopropionamides - see d s o  

O t Y I Y ,  920 

859 

420. 422 

(Acy1oxy)halopropanamides 

using a phase trrinsfer catalyst 424. 426 
with sodium hydride 420. 421 

heptenoates 

synthesis of 464 

reactions of, 

Heptenoates - .see 4-Ben~oyloxy-5- 

Hexahydro- I H-pyrrolo[ 2.3-hlpyridinek. 

Hexahydroquinolinones, synthesis of 62 1-623 

Hexanoates - see Hydroxyhexanoates 
Hexanoic acids - see also Hydroxyhexanoic 

acids 
as lactone precursors 272 

4-Hexenoic acids, halolactonization of 288 
Hofmann degradation 301 
Homoallylic alcohols, oxidation of 328. 329 
Homoallylic trimethylsilyl alcohols. 

hydroboration-oxidation of 328. 330 
Homoserine lactone, synthesis of 131. I32 
Homoserine methyl esters. acid-catalysed 

Hydrdzinouracils, reactions of 980 
Hydrazones - see Phenylhydrazones. 

Pyrimidinylhydrazones 
ii -Hydroperoxylactams, synthesis of 723 
Hydro-3-pyranones. synthesis of 323 
Hydroxamates - see Vinylacetohydroxainates 
Hydroxamic acids - set' Phcnyl- 

alkanehydroxamic acids 
0-(4-Hydroxy- I -alkenyl)carbamates. as lactone 

precursors 322 
i~ -Hydroxyalkyllactarns, synthesis of 70CL704 
4-Hydroxyalky I-+lacrams. 

cyclization of 27.5 

acylation of 933 
oxidation of 933 
reactions with diazomethane 932 
sulphonation of 929-931 
synthesis of 934, 93.5, 937, 938 

Hydroxyalkyloxaroles, photooxygenation of 
37 I 

cyclization of 284 

cyclization of 288 

ilkynoates, acid-catalysed 

2-Hydroxy-6-allylcyclohexanecarboxylic acids. 

Hydrox yamides. 
cyclization of 143. 144, 4 3 x 4 8  
niesylation or tosylation of 445. 446 

Hydroxyandrostanones. aldol condensation of 

ti-Hydroxyazctidines, reactions with acetates 

Hydroxyazetidinonecarboxylic acids. acid- 

Hydroxybenzaldehydes. condensation of 40. 6 I 
Hydroxybenzylidenecoumaranones. synthesis 

Hydroxybutenolides. 

38 

964, Y6X 

catalysed cyclization of 272 

of 61 

reactions with alkyllithium 300 
synthesis of, 

from alkynes 342. 343 
from furoic acids 337 

271-279, 283 
Hydroxycarboxylic acids, cyclization 0 1  3-1 I, 

using benzcnesulphonyl chloride 4 
using borohydrides 273 
using cyanuric chloride 278. 270 
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using DCCD 10, I I 
using halomethylpyridinium halides 279 
using hydrochloric acid 272 
using inesitylenesulphonyl chloride 278 
using sodium acetate 9. 10 
using sulphuric acid 272 
using p-toluenesulphonic acid 4-7, 276. 277 
using p-toluenesulphonyl chloride 278 

as macrocyclic lactone precursors 13. 278. 

unsaturated, cyclization of 293 

W -Hydroxycarboxyl ic acids, 

279. 283. 381 

Hydroxycarboxylic esters. cyclization of 3. 
10-14, 273-275. 280 

using boron trifluoride+therate I 1 
using DCCD I 1  
using haloniethylpyridinium halides 280 
using hydrochloric acid 3, 275 
ucing sulphuric acid I I ,  274 

Hydroxycycloalkylpropanoic acid lactones, 

Hydroxycycloalkylpropenoic acid lactones, 

Hydroxycyclohexadienones. oxidation of 335, 

3-Hydroxyethyllactanis, synthesis o f  886888 
3-Hydroxy-4-heptenoic acid salts, cyclization 

Hytlroxyhexadecenoic acids. cyclization of 

Hydroxyhexanoates. as lactone precursors 10. 

Hydroxyhexanoic acids, as lactone precursors 

I \ -Hydroxyhippuric acid dianions, reactions 

Hydroxyindany1:icelic acids, acid-catalysed 

Hydroxyionolactone. synthesis of I7 
: I  -Hydi-oxyketones, condensation with 

i b -Hydroxylactani esters. synthesis of 685-690 
:! -Hydroxylactanis. 

lunctionaliration of the hydroxy substituent 
in 870-873 

synthesis of 301 

synthesis of 301 

336 

of 288 

293 

13 

3. 272 

with Schiff bases 612 

cyclization of 272 

malonates 41 

reactions of X91-X93. 898 

3-Hydroxy-..~-lact3nis, 
conversion to 3-haIo-,Mactams 870, 875 
hynthrsis of 1002 

lroni 3-alkoxy-.~-lactanis 870, 874 
S-Hydroxy--,-lactams, synthesis of 980 
Hydroxylactones. synthesis of 283. 370 

Hydroxymethylbenzoates, as lactone precursors 

4-Hydroxymethyl-2-butenolides, synthesis of 

Hydroxyniethylcyclopropanecarboxylates. as 

Hydroxymethylfurancarboxylic acids. 

s-Hydroxynitriles, as lactone precursors 280, 

44  1 -Hydroxy-2-nitroethyI)-~~-lactams, 

Hydroxynitrones, ring expansion of 661 
Hydroxyolefins, oxidative cyclization of 

Hydroxyoximes. ring expansion of 644, 645 
8-H ydrox y-9-0x0- I -azabicyclo[4.3.0]non-7- 

Hydroxypalmitic acids, cyclization of 278. 279 
4-Hydroxy-2-pentenoic acids, UV irradiation 

3-Hydroxy-4-pentenoic acids, carbonylation of 

Hydroxypentenylamides, aminocarbonylation 

(1-Hydroxyphenyl ketones, reactions with 

Hydroxypropionic acids, condensation of 36, 

Hydroxypyrrolidineacetic acid lactones, 

Hydroxysuccinirnide esters. hydrogenation of 

Hydroxytetrahydrofuran-2-acetic acid lactones, 

7-Hydroxyvinylstannanes, reactions with 

3 

287 

lactone precursors 13 

hydrogenation of 283 

28 I 

synthesis of 933, 936 

325-327 

enes, ring contraction of 639 

of 287, 288 

344 

of 344,345 

carboxylic acids 38 I 

38 

synthesis of 343-345 

993 

synthesis of 344 

alkyllithiurns 341 

Ibogaine lactam, synthesis of 242, 247 
lbogamine lactam, synthesis of 242 
Iboluteine lactam, synthesis of 242 
Iboquine lactam. synthesis of 242. 243 
Imidazolidinones, 

reactions of 944 
synthesis of 464 

Irnidazolinones, synthesis of 64X. 649, 65 1 .  

lniides - sw ulsn Thioimides 
as lactam precursors 4.53 
cyclic - see Cyclic imides 
synthesis of 7 19-72 I .  723 

Imidoylazimines, reactions with ketones 652 
Imines. reactions of 206. 207 

652. 91 1 

with acetoacetate oximes 6 IS 
with activated carboxylic acids and 

derivatives 547-58 I 
with acyl halides 490. 503-546, 581 
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Imines, reactions of ( cnnr . )  
with alkenoic acids 621-623 
with anhydrides 581 
with n-chloroiminium chlorides 617-620 
with carbene complexes 585-589. 956959 
with ketenes 168-201, 490-502 
with lactones 621-623 
with lithium enolates 592-6 I I .  6 I3 
with lithium ynolates 613, 614 
with metal complexes 963, 964 
with oxazolinones 625, 626 
with Reformatsky reagents I7 I.  203-205. 

with toluenesulphinylacetic acids 624, 625 
Iminium halides - see Thioiminium halides 
Iminobenzocycloheptenones, synthesis of 999. 

4-Imino-/~-lactams, synthesis of 166, 167 
2-Imino- I ,2,3,4-tetrahydro- I ,3,4-thiadiazin-S- 

ones. synthesis of 997. 998 
lndanols ~ sec Carboxymethylindanols 
lndanones - see Tetrahydro-70 - 

carbomethoxymethyl- 1 -indanones 
lndoles - see Azepinoindoles, 

Tetrahydroindoles 
Invictolides, synthesis of 3.57 
lododlkenols, carbonylation of 343, 344 
lodoalkyl-r-butyrolactones. reactions of 35 I ,  

4-Iodoalkyl-1.3-lactams, 
reactions of 943 
synthesis of 929 

oxidative decomplexalion of 963-967, 98 I ,  

reactions with isocyanates 166 
Isoambrettolide, synthesis of 293 
Isobufadienolides, synthesis of 39. 40 
Isocarbostyrils, synthesis of 243. 244, 249, 250 
Isocardenolides, synthesis of 39 
Isocephalosporins, synthesis of 397 
Isochromanones, synthesis of 10 
Isocyanates - set d.so Diisocyanates 

581-584 

IOOO 

352 

Iron complexes, 

982 

reactions of, 
with $amino acids 489 
with oletins 162-166, 475-489 

798 
N-(~-1socyanatoacyI)lactams. synthesis of 797, 

N-lsocyanatoalkyllactams, synthesis of 799 
Isoindolinones, synthesis of 999, I000 
lsopenicillin N synthase 1005 
I -Isopropenylspiro[2.X]alkanes. reactions with 

Isoquinolines - see 3.4-Dihydroisoquinolines, 
isocyanates 487, 488 

Pyrrolo[2,1 -a]isoquinolines, 
Tetrahydroisoquinolines 

Isoquinolinones, synthesis of 250 

Isoquinolones. synthesis of 463 
Isotetrandrine, photooxidation of 248 
N-(d -Isothiocyanatoacyl)lactams, synthesis of 

Isoureas, synthesis of 797 
Isoxazoles, reactions with n-butyllithium 6 I3 
lsoxazolidines - see Nitroisoxazolidines 

797 

Jasmones. synthesis of 384 
Jones’ reagent 755 

Justicidin, synthesis of 3 I 1 

Kawains. synthesis of 12 
Ketenes - see also Dihaloketenes 

as oxidizing agent 3 14, 320, 32 I ,  326, 33 I 

reactions of, 
with azo compounds 170, 171, 202 
with carbonyls 63. 69-73 
with diazoketones 69, 74, 75 
with imines 168-201.490-502 
with nitrones 207-209 
with nitroso compounds 2 10 
with ozone 76 

Ketene silyl acetals, reactions of. 
with alkylidene (I-arylethy1)amines 590 
with n-chloroalkyl phenyl sulphides 382 
with Schiff bases 585, 590, 591 

Ketenimines. reactions with isocyanates 166 
Keto acids, 

conversion to enol lactones I3 
reduction of 83-86 

In-Keto alcohols, reactions of 34. 48 
a-Ketoalkyllactams, synthesis of 704 
Keto amides, cyclization of 144. 452, 453 
Keto esters - see also d-Halo-&keto esters 

reactions with amines 452, 453, 455 
reduction of 83, 84. 86-88 

oxidative ring contraction of 639 
synthesis of 660, 661, 72 I ,  962 

bicyclic - see Bicyclic keto lactones 
synthesis of 384, 394, 395 

Keto lactams, 

Kcto lactones. 

Ketones - see d s o  Diazoketones, 

cyclic - see Cyclic ketones 
electroreductive hydrocoupling of 37 1-373 
o-hydroxyphenyl - ser o-Hydroxyphenyl 

ketones 
reactions of, 

/.?-Diketones, ir-Hydroxyketones 

with amino acid amides 464, 465 
with a-aminonitriles 376 
with imidoylazimines 652 
with ketenes 63, 69-73 
with lithium /:%lithio esters 368, 369 
with Reformatsky reagents 5 I ,  52 

ring expansion of 641 
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~r,~~-unsaturated - see i) .8j-Unsaturated 
ketones 

Kopsine lacram, synthesis of 242, 243 

Lactam acetals 398 
$Lactam antibiotics. 

allergic reactions to 398 
synthesis of 397 

ij-Lactamase 397 
Lactam carboxylic acid-esters. decarboxylation 

of 938 
m carboxylic acids - see a/.w 
Acyllactam carboxylic acids 

reduction of 937, 938 
synthesis of 936 

Lactam carboxylic esters, 
reduction of 937-940 
synthesis of 936 

Lactam disulphides, synthesis of 799, 914, 915 
Lactam enolates. 

alkylation of 794 
reactions of. 

with carhonyls 700-704 
with unsaturated nitriles 700 

Lactam malonates, 
saponification of 794 
synthesis of 777 

acylation of 67Y-681 
alkylation of 663, 675, 679 
chloroformylation of 68 I ,  682 
chloromelhylation of 681, 682 
dialkylaminomethylation of 684 
phosphorylation of 663 
removal of substitueni from 726, 728-745 
silylation of 663. 676-678 
substitution at, 

Lactam nitrogen. 

accompanied by cyclization 69 1-695 
using base, solvent and halide 662-667 
using phasc transfer conditions 662, 663, 

668-674 

cephalosporins. chemical modification 
of 397 

Lactams, 
benzhydrol -substi t uted 999 
bicyclic - see Bicyclic lacianis 
hiosynthesis of 398 
cxocyclic ~3 -halogenated, 

reduction of 726, 727 
replacement of halogen in 750-753 
synthesis of 726. 727. 746-749 

exocyclic $&halogenated, 

isonierization of 950, 954, 955 
macrocyclic - see Macrocyclic lactams 

dehydrohalogcnation of 75 I ,  754 

medium-ring - see Medium-ring lactams 
nomenclature of 398 
N-substituted. 

exocyclic double-bond epimerization in 

exocyclic double-bond formation in 

exocyclic halogenation of 726. 727. 

hydrogenolysis of exocyclic fi-carbons 

oxidation of exocyclic o-carbons 798 
reactions at exocyclic double bonds 

synthesis of 685-690. 1003 

758, 759 

75 1-756 

746749 

799 

762-777 

polycyclic - see Polycyclic lactams 
polymerization of 398 
synthesis of 132. 133, 397, 398 

by chemical ring closures 133-144, 

by cycloadditions 162-2 10, 475-627 
by direct functionalization of preformed 

lactams 237-240, 662-952 
by metal-catalysed carbonylations 

982-991 
by oxidations 240-252, 952-970 
by photochemical ring closures 144-162, 

by rearrangements 2 10-237, 627-662 

398465 

465474 

thionalation of 802-8 I0 
tricyclic - see Tricyclic lactams 
unsaturated - see Unsaturated lactams 

ring expansion of 648-650 
synthesis of I32 

from amino acids 133 
froni amino esters 134 
from haloamides 138, 424 

$Lactams - see also Azetidinones, 
&But yrolactams 

a-alkoxylation of 398, 713, 716 
aryl ester substituted 900 
o-functionalization of 89 I ,  894-897 
if-functionalization of 724 
halogenation of 704-706 
naturally occurring 398 
optically active 47 I ,  472 
reactions of, 

i i  -Laclams. 

with azides 708 
with glyoxylates 685490 
with Grigndrd reagents 68 I 
with imines 397 

ring expansion of 648-655 
3-substituted. synthesis of 238. 956959 
3,4-substituted, ring closure of 945, 947. 

ii ,ij-substituted, isoinerization of 88g883 
950 
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P-Lactams ( ~ U 7 l . )  

synthesis of 132, 133 

417 
by four-component condensations 416, 

by oxidation of iron complexes 963-967 
by ring contractions 210-212, 627-639 
N-chlorocwbinolamine method for 416, 

electroorganic 397 
from amines 245 
from amino acids 133. 399. 404-409, 

from amino esters 134-136,400 
from aminomalonates 420,422 
from /?-aminothiol esters 406, 407 
from azetidinecarboxylates 953, 956 
from azetidinecarboxylic acids 239, 25 I ,  

from aziridinecarboxylates 234, 235 
from aziridines 982, 983 
from 0-chloropivaloyl chloride 998 
from cyclopropanolamines 1005 
from a-diazocarboxamides 162 
from glycolamides 144 
from haloamides 138-143, 420437 
from hydroxyamides 438-445 
from N-hydroxyazetidines 964, 968 
from imines 169-207.490-582. 585420, 

623425 
from nitrones 209 
from olefins 162-166.475489 
from 2-piperidinylacetates 134 
from sulphur-containing amides 450, 45 1 
stereoselective 397 
using transition metal complexes 488 

thietan-fused 465 
thiophenyl-substituted, oxidation of 71 1, 

417 

413,415, 1005 

960 

712 
y-lactams - see also y-Butyrolactams 

conversion to unsaturated counterparts 

furano-substituted 419 
microbial hydroxylation of 722 
photooxidation of 723 
reactions of, 

with azides 707 
with glyoxylates 690 

from alkendmides 460, 46 I 
from allyl- and propargyl-amides 

from amino acids 133 
from biphenyl-2-carboxamides 472474 
from butenolides 993 
from cyclic imides 970, 972-979 
from haloamides 138, 141, 430 
from hydroxymides 143 

875-877, 9 I 1 

synthesis of, 

458-460 

from /."lactams 648, 650-652 
from nitro esters 137 
from pyrrolidines 953, 956, 957, 960 
from pyruvamides 452 
from sulphur-containing amides 448, 449 
from trimethylsilyl amino esters 413, 414 

&Lactams - see also 6-Valerolactams 
conversion to unsaturated counterparts 

microbial hydroxylation of 722, 723 
photooxidation of 723, 724 
sulphur-containing 452 
synthesis of, 

875-877, 9 I I 

from alkenamides 460,46 1 
from amino acids 133 
from amino esters 134, 413, 414 
from biphenyl-2-carboxamides 472474 
from cyclic amines 970 
from cyclic imides 975 
from haloamides 138, 142, 430 
from hydroxyamides 143 
from imines 584 
from nitro esters 137 
from piperidines 953, 956, 957, 960, 964, 

968, 969 
from pyridinium salts 964, 969 
from pyrrolidinediones 252 
from sulphur-containing amides 448, 449 

E-Lactams - see also e-Caprolactams 
halogenation of 706 
microbial hydroxylation of 722, 723 
photooxidation of 723, 724 
reactions with Grignard reagents 68 1 
sulphur-containing 4 19 
synthesis of, 

from allylamides 456,457 
from amino acids 133 
from trimethylsilyl amino esters 413, 414 

Lactam sulphides, synthesis of 415 
Lactam-thiolactams, synthesis of 416 
Lactides, synthesis of 3 
Lactims - see Valerolactims 
y-Lactol methyl ethers, oxidation of 32 I ,  322 
Lactols, 

oxidation of 337, 338 
synthesis of 335, 336 

Lactone ring, formation of a double bond in 

Lactones, 
362-364 

cu-alkylation of 61, 64, 65 
bicyclic - see Bicyclic lactones 
chiral - see Chiral lactones 
interconversion of 125, 35 1-368 
macrocyclic - see Macrocyclic lactones 
medium-ring - see Medium-ring lactones 
polymerization of 271 
reactions with imines 621-623 
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steroidal - see Steroidal lactones 
synthesis of, 

by acetate condensations 34-36 
by aldol condensations 36-40 
by carbonations 341-346 
by carbonylations 1 1 1 - 1  18, 341-346 
by cycloadditions 118-I20 
by direct functionalization of preformed 

by Grignard and Reformatsky reactions 

by intramolecular cyclizations 3-34, 

by malonic acid/ester condensations 

by oxidations 83, 89-1 I I ,  314-341 
by Perkin and Stobbe reactions 46-48 
by rearrangements 120-125. 346-351 
by reduction of anhydrides, esters and 

acids 7 6 8 8 .  303, 308-314 
by Wittig-type reactions 53, 54 
from carbonyls 368-376 
from carboxylic acid anions 54-58, 298, 

from carboxylic acids 377-384 
from carboxylic esters 384-390 
from diacyl halides 39CL394 
from ketenes 63. 69-76. 303 
from lithio salts of 2-alkyl-2-oxazolines 

lactones 61-63, 299-303 

48-53, 294-298 

27 1-294 

4 M 6 .  294 

299 

58-6 1 
rr-ans-fused, elaboration of 357 
tricyclic - see Tricyclic lactones 
unsaturated - see Unsaturated lactones 

ib -Lactones, synthesis of 130 
,J-Lactones. 

polymerization of 271 
synthesis of 3, 271 

by cyclizations 4, 9. 13. 18 
by Perkin-like reactions 46, 47 
from 2-alkoxyoxetanes 129 
from allylallenes 1 1  I 
from ketenes 63. 69-73 

yValerolactones 
synthesis of 329. 331 

by condensations 3&36. 4 I ,  42 
by cyclizations 3. 17 
by oxidations 314, 320-322, 325-327 
from /J-allenic alcohols 333 
from carbonyls 368. 369. 371-373 
from carboxylic acid anions 54-58 
from dialkoxytetrahydrofurans 275, 276 
from homoallylic trimethylsilyl alcohols 

from yhydroxy-Lr ,B-alkynoates 284 
from yhydroxycarboxylic acids 27 I ,  272 
from hydroxy esters 274, 275 

?-Lactones - see also 7-Butyrolactones, 

328. 330 

from ketenes 69, 70 
from olefins 1 1 0 - 1  12, 118-120 
from unsaturated acids 18. 19, 22-26, 

288-290, 336 
tr-ans-fused 46 
m,d-unsaturated - see cu,p-Unsaturated y- 

lactones 
&-Lactones - see also 6-Valerolactones 

cisltrans-fused 365, 366 
synthesis of 130, 329, 331 

by aldol condensations 36, 38 
by cyclizations 10 
by Grignard reactions 48, 49 
by oxidations 314, 326, 327 
from p-allenic alcohols 333 
from homoallylic alcohols 328, 329 
from hydroxycarboxylates 273, 274 
from pentanoates 313, 314 
from y,h-unsaturated carboxylic acids 

unsaturated - see Unsaturated h-lactones 
z-Lactones, synthesis of 3 

by oxidation of diols 3 14 
Laudanosine, photooxidation of 248 
Lawesson's reagent 803-8 I I 
Lupanine lactam dimer, synthesis of 248 
Lupanines - see also Oxylupanines 

Lupenone, ring expansion of 646 

Macrocyclic azalactams. synthesis of 656, 657 
Macrocyclic dilactones, synthesis of 393. 394 
Macrocyclic lactams - see also Macrocyclic 

288-290 

synthesis of 242 

azalactams 
synthesis of 397 

from w-amino acids 41 I ,  412 
from N-(aminoalkyl)lactams 656. 657 
from bis(3-acylthiazolidene-2-thiones) 

from 3 4  1 -nitro-2-oxocycloalkyl)propanals 

from sulphur-containing phthalimides 474 

dilactones, Macrocyclic nitrolactones, 
Macrocyclic tetrathiolactones 

from catacondensed lactols 338 
from hydroxy acids 278, 279, 283, 293, 

from hydroxyalkyloxazoles 37 1 

394 

395 

996, 997 

658, 659 

Macrocyclic lactones - see also Macrocyclic 

synthesis of 3, 271 

38 1 

Macrocyclic lactonolactams, synthesis of 392, 

Macrocyclic nitrolactones, synthesis of 394, 

Macrocyclic tetrathiolactones, synthesis of 390 
Macrolide antibiotics, synthesis of 27 I 
Maleic anhydrides, reduction of 310 
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Malonates - see also Alkenylmalonates, 
cu-@-(Benzyloxyphenyl)]-2- 
0x0- I -azetidinemalonates, 
(Halopivaloly1)aminomalonates 

condensation of 36.4C-46 
Malonic acids. condensation of 4 0 4 6  
Manganese dioxide, as oxidizing agent 339 
Medium-ring lactams, synthesis of 397 
Medium-ring lactones, synthesis of 389 
Mellilo’s lactone, ring contraction of 637, 638 
Mercaptans, oxidation of 130 
Mercapto compounds, reactions with 

acetoxylactams 906909 
4-Mercapto-/3-lactams, 

as precursors of i3-lactam antibiotics 397 
synthesis of 9 I3 

n -Methoxycarbonylmethylene -plactones, 

3-Methylenecepham-I-oxides, ring opening of 

4,4’-Methylenedi(3,4-dihydro- IH-l , 4- 

synthesis of 286 

915, 916 

benzodiazepine-2.5-diones). synthesis 
of 929 

918. 919 

682-684 

Methylenedioxybenzo[a]octems, reactions of 

I ,  1‘-Methylene di-2-pyrrolidone, synthesis of 

i) -Methylem lactams, synthesis of 397 
Lo-Methylene /.$-lactams - see also N-Benzyl- 

3-methy lene-ljr-lactams 

from haloamides 432, 433 
synthesis of 889 

ci -Methylene -plactams, synthesis of 58 I ,  583 
Methylene lactones - see 

Dimethylaminomethylene lactones 
ir-Methylene lactones, synthesis of 3, 278 

wMethylene r-lactones - see also 
from vinyl halides 345, 346 

a-Methoxycarbonylmethy Iene r-lactones 
d-acetoxy 278 
synthesis of 300, 339, 352 

by Reformatsky reactions 5 I ,  52, 298 
from allylic alcohols 277, 278 
from cyclopropanecarboxylates 35 I 
from 4-pentenoic acids/esters 290 

4-Methylenespiro[2.X]alkanes, reactions with 
isocyanates 475, 487 

4-MethylsulphinyI-!3-lactams, reactions of 924 
4-MethylsulphonyI-~3-lactams. reactions of 91 3. 

4-Methylthio-j?-lactams, reactions of 9 18, 

Methyltricycloundecan(carbox y)h ydrox ylactones, 

d,l-Methysiticin, synthesis of 53 
d.l-Mevalonolactone, synthesis of 53 
Michael addition 700, 712, 994 

916, 917 

922-924 

synthesis of 348 

Mitsunobu reaction 445. 755, 756 
Molybdenum carbene complexes, 

Monobactam antibiotics 397 
photoreactions of 585, 589 

Naphthalenecarboxylates - see 1,2,3,5- 
Tetrahydro- I -oxonaphfhalenecarboxylates 

Naphthalenecarboxylic acids - see Octahydro- 
1 -0xonaphthalene-4n-carboxylic acids 

Naphthyridines - see Octahydro- IH- I ,8- 
naphthyridines 

Nicotine, bromination of 240, 241 
Nitriles - see also Acetylalkanedinitriles, 

n -Aminonitriles, Dihydroxynitriles, 
7-Hydroxynitriles 

with (a-bromomethy1)acrylates 581, 583 
with enolates 614. 615 

2-Nitrocycloalkanones, reductive isomerization 
of 395 

4-Nitroethyl-i3-lactams, synthesis of 933, 934 
3-Nitro-3-halo-2-pyrolidones, synthesis of 

Nitro heterocycles, hydrogenation of 993-995 
Nitroisoxazolidines. ring contraction of 637 
Nitrolactams, reactions of 912 
Nitrones - see also Aldonitrones, 

reactions of, 

704,705 

Hydrox ynitrones 
cyclization of 626, 627 
reactions of, 

with acetylides 209 
with ketenes 207-209 

amination of 658, 659 

halo-2-pyrrolidones 

3-( I -Nitro-2-oxocycloalkyl)propanals, reductive 

3-Nitro-2-pyrrolidones - see also 3-Nitro-3- 

synthesis of 704 
Nitroso compounds, reactions with ketenes 210 
4-(2-Nitrovinyl)-Alactams, 

reduction of 934 
synthesis of 932 

isomcrs of 27 
Norbornenyl acids, separation of endo and e.ro 

2 I -Nor-Sn-conanine-2O-one, synthesis of 24 I 

Octahydrobenzoquinolines, synthesis of 9 I I ,  

Octahydro- 1 H- I .8-naphthyridines, synthesis of 

Octahydro- 1 -oxonaphthalene-4o-carboxylic 

Olefinic acids, cyclization of 3 
Olefins - see also Hydroxyolefins 

cycloaddition to nitrones 118-120 
oxidation of I l&I 12, 323-336 
reactions of, 

912 

464 

acids, halolactodization of 290 

with carboxylic acids 377, 378 
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with diazoniuni salts 130 
with isocyanates 162-1 66, 479489 

Oligonucleotides. synthesis of 307 
Orrho esters, reactions with 2-alkene- I ,4-diols 

Oxaazabicyclo-/j-lactams, synthesis of 77 1-777 
Oxabicyclo-/i-lactams, synthesis of 77 1-773 
Oxadiamines, reactions with diacyl halides 

Oxalactones, hydrolysis of 365, 366 
Oxazinediones - see also 

Tetrahydrooxazinediones 
reactions of 1003, 1004 

( , I [  I .3]benzoxazines 

120-122 

294, 392 

Oxazines - see also 2-Oxoazeto[ I ,2- 

reactions with carbene complexes 585, 589. 
956-9s') 

oxaziridines 
Oxaziridines. tricyclic - see Tricyclic 

Oxaroles - see Hydroxyalkyloxazoles 
Oxazolidines - see also Oxooxazolidines 

Oxarolidinones, synthesis of 648, 649, 1001. 

Oxazolines - see also 2-Alkyl-2-oxazolines 
reactions with carbene complexes 585. 589 

Oxazolinones. reactions with imines 625. 626 
Oxetanes - see 2-Alkoxyoxetanes 
cb -0xime lactams, reduction of 7 13-7 I5 
Oxiines - see also si.-pCyclopropyloximes, 

ring contraction of 63 I 

1002 

Hydrox yoximes 

Oxindoles. synthesis of 463 
ring expansion of 2 12-222. 6 4 W 5  

from amino esters 135, 137 
from haloamides 142, 143 

Oxiranes - see also Alkoxymethyloxiranes, 
Spirooxiranes 

synthesis of 427, 429 
2-0x0- 1 -azabicyclo[ 3.2.0jheptane-7- 

17-0x0- 170-aza-D-homosteroids, synthesis of 

2-Oxoazetidin-4-yl phosphinates, synthesis of 

2-Oxoazetidin-4-yl phosphonates. synthesis of 

2-Oxoazetoi I ,2-c][ I ,3lbenzoxazines. reactions 

9-0xobicyc1o[6.3.0lundecenones. synthesis of 

i) -0xocaprolactam 0-phenyloxime, as lactone 

i> -0xocaprolactams. reactions of 98 I 
3-Oxoconanine lactani, synthesis of 242 
2-0x0- I ,2-dihydrophosphete complexes. 

carboxylates. LI-amination of 704 

662 

906 

906 

of 918, 919 

46 

precursor 397 

decomplexation of 1009 
synthesis of 1008. 1009 

Oxodioxabicyclooctanes. synthesis of 283 
Oxohexadecanoates, lithium enolates of. as 

lactone precursors 386, 387 
Oxolactones. synthesis of 36. 395 
Oxoniuin ions, as reaction intermediates 321 
Oxooxazolidines. reactions of 999 
Oxopiperidineacetic acids, synthesis of 399 
1 -0xo- I ,2,3.4-tetrahydroisoquinolines. 

i3-Oxy-y-butyrolactones. synthesis of 3 14, 32 I 
Oxylupanines, synthesis of 244, 250 
Oxysparteines, synthesis of 250 

Palladium compounds, in lactone synthesis 

Palinitic acids - see Hydroxypalmitic acids 
Penams. ring opening of 945 
Penems - see also Azacarbapenems 

Penicillanic acids - see 6-Aminopenicillanic 

Penicillin acylases. as acylating agents 81 I .  

D-PeniCihamine. reactions with acryiates 41 9 
Penicillinates - see also 6-Halopenicillinates, 

synthesis of 463 

343-345 

synthesis of 397 

acids 

829 

6-PhenylselenopeniciIlinates, 6- 
Phenylthiopenicillinates 

a-methoxylation of 7 I3 
6-substituted, synthesis of 859-861, 880, 

Penicillins - see also Bromoinethylpenicillins 
synthesis of 238, 239, 397 
Wittig products of, ozonolysis of 960. 96 I 

Penicillin sulphoxide esters, ring opening of 
900 

I ,4-Pentadiene- I ,2-dicarboxylates, acid- 
catalysed cyclization of 286 

Pentadienoic acids, halolactonization of 288 
Penlanoic acids - see Diaminopentanoic acids 
4-Penten- I .J-diols. carbonylation of 344 
Pentenoic acids, 

884 

acid-catalysed cyclization of I6 
iodolactonization of 290 

4-Penten-4-olides, synthesis of 290 
Peptides - see also Cyclopeptides, 

Depsipeptides 
synthesis of 397 

1004, 1005 

649 

Perfluoro(N-alkyl cyclic amines). hydrolysis of 

Perfluoro-n -laclams. ring expansion of  648, 

Perkin reaction 46, 47 
Perkov-type intermediates 643 
iu-Peroxylactones, synthesis of 27 I 
Phenanthridones, synthesis of 145, 249 
Phenazine N-oxides, photoisomerization of 

1005,1006 
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Phenols, reactions with 2-halo-2-alkylthio 

4-Phenylacylthio-/.3-lactarns, synthesis of 91 3, 

Phenylalkanehydroxamic acids, cyclizalion of 

4-d-Phenylalkyl- 1 H-pyrazoI-5-isocyanates. 

Phenylbenzoic acids, cyclization of 18 
Phenylhydrazones. reactions with haloacyl 

4-Phenyl-B-lactams, synthesis of 945 
N-Phenylmethyleneaminolactams 6 I6 
it-Phenylselenolactams, synthesis of 721, 722 
3-Phenylseleno-~3-lactams, 

as 3,3-dimethyl-13-lactam precursors 890 
as ib -methylene /?-lactam precursors 889 

6-Phenylselenopenicillindtes - see also 6,6- 

esters 388 

914 

464 

cyclization of 489 

halides 616 

Bis(phenylseleno)penicillinates 
ir-hydroxyethylation of 885 
synthesis of 880, 884 

3-Phenylsulphinyl-y-lactams, synthesis of 709 
a-Phenylsulphinyllactones, synthesis of 375 
(Phenylsulphinyl)propiondmides, as lactam 

(Phenylthio)alkanamides, as lactam precursors 

n-Phenylthiolactams, synthesis of 707, 709 
3-Phenylthio-/3-lactams, 

precursors 447, 448 

450.45 I 

acetylation of 880, 885 
desulphurization of 869. 870 
halogenation of 706 
synthesis of 880 

4-Phenylthio-/3-lactams, synthesis of 9 I3 
Phenylthiolactones, synthesis of 382 
6-Phenylthiopenicillinates - see also 6.6- 

Bis(pheny1thio)penicillinates 
ir-hydroxyethylation of 885 
synthesis of 880, 884 

3-Phosphinimino-~-lactams, 
acylation of 8 1 I ,  829 
as Schiff base precursors 835, 836 
synthesis of 835 

Phosphirene-metal pentacarbonyl complexes, 

Phosphorus-earbon double bonds, exocyclic 

Phosphorus sulphide, as thionalation reagent 

Photochemical rearrangements 124, 125, 644, 

Phthalic anhydrides, reduction of 3 10 
Phthalides - see also Aralkylidenephthalides, 

carbonylation of 1008, 1009 

lactam, formation of 75 1-753 

803-805, 807-810 

645 

Arylmethylphthalides, Halophthalides 

Phthalimides, sulphur-containing, cyclization of 
synthesis of 3, 310 

474 

Phthalimidines, synthesis of 168 
Phthalimidocephems, synthesis of 407, 408 
n-Phthalimidolactams, side-chain ring opening 

Piperazinediones. synthesis of 424, 426, 657 
Piperidine dicarboxylates, oxidation of 385 
Piperidines - see also N-Acylpiperidines, 

oxidation of 957, 960, 964, 968, 969 
Piperidinolactones, synthesis of 385 
2-Piperidinylacetates, cyclization of I34 
Piperidones - see also Aminopiperidones 

synthesis of 245-247, 460-462 
i3-Piperonyl-y-butyrolactones, synthesis of 3 14 
Pivalolactones, polymerization of 27 I 
N-(Pivaloyloxy)-/3-lactams, reactions of 796 
Plumbolactonization 383 
Polyacetylenes, as lactone precursors 3 
Polycyclic lactams, synthesis of 434 
Polyenoic acids, acid-catalysed cyclization of 

Prelog-Djerassi lactone 3 14, 32 I 

Propanals - see also 3 4  I-Nitro-2- 
oxocycloalky 1)propanals 

of 856, 857 

N-Formylpiperidines 

18 

synthesis of 27 I ,  357 

condensation with malonates 44, 45 
Propargylamides, of 2.4-dienecarboxylic acids, 

Diels-Alder reaction of 458-460 
Propionamides - see Halopropionamides. 

(Phenylsulphiny1)propionamides 
Propionic acids - see /3--Acyl-/?- 

ethox ycarbonyl-cr-alkylpropionic 
acids, Benzoylpropionic acids, 
Benzylaminopropionic acids, 
Hydroxypropionic acids 

Pyrans - see 3-Halodihydropyrans 
Pyrazolidinediones - see 

Diazopyrazolidinediones 
Pyrazolidinium ylides, synthesis of 684. 685 
Pyrazolidinones - see ulso 

Acylpyrazolidinones 
synthesis of 420 

pyrazolidones 

pyrazolines 

Pyrdzohdones, bicyclic - see Bicyclic 

Pyrazolines - see 3.5-Dicarboalkoxy-2- 

Pyridazinones - see Tetrahydropyridazinones 
Pyridines - see Hexahydro- IH-pyrrolo[2.3- 

Pyridinium chlorochromate, as oxidizing agent 

Pyridinium salts, reactions with acetates 964, 

Pyridoazepines, synthesis of 460, 462 
Pyridones - see also Dihydropyridones. 

hlpyridines 

323-326, 328, 338, 339 

969 

Furopyridones 
as lactam precursors 397 
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synthesis of 9 I 1 
from anils 253 
from dienamino esters 134 
from imines 206 

Pyrimidines, synthesis of 626 
Pyrimidinones, ring expansion of 661 
Pyrimidinylhydrazones, synthesis of 980 
Pyrones - see also 1 -Alkoxy-5,6-dihydro-r- 

pyrones, Dimethoxypyrones 
synthesis of 3, 40, 53, 54, 131 

Diazopyrrolidinediones 
Pyrrolidinediones - see also 

as b-lactam precursors 252 
synthesis of 252. 253 

Pyrrolidines - see also N-Acylpyrrolidines, 
Azidopyrrolidines, N-Formylpyrrolidines 

oxidation of 957. 960 
Pyrrolidinones, synthesis of 138, 245-247, 

2-( I -Pyrrolidinyl)-2-cycloalkene- 1 -alkanoates. 

Pyrrolidones - see also 3-Alkyl-l- 

422,430 

reactions with amines 460, 462 

rnethylpyrrolidones, Aminopyrrolidones. 
3-Nitro-2-pyrrolidones. I-Trimethylsilyl- 
2-pyrrolidones 

N-substituted 1001, 1002 
sulphenylation of 709 
sulphinylation of 709 
synthesis of 456, 460. 462 

from amino esters 133, 134 
from cyanoalkanoates 415,416 

3-Pyrrolin-2-ones, synthesis of 252 
2-Pyrrolin-4-ones. synthesis of 648, 650 
Pyrrolo[2, I -a]isoquinolines, synthesis of 453, 

454 
Pyrrolones, synthesis of 430 
Pyruvamides, 

as lactam precursors 452 
inclusion complexes with deoxycholic acid 

471, 472, 1001, 1002 

Quinolinones - see Hexahydroquinolinones 
Quinoxaline dioxides, amidation of 994, 

995 

Raney nickel, as hydrogenation catalyst for 

Reformatsky reaction 48-53, 17 I ,  203-205, 

Reserpine, synthesis of 9 
Retrochinensin, synthesis of 3 I 1 
Retro-Diels-Alder reaction 295 
Ribonolactones 367, 368 
Ricinelaidic acid lactones, synthesis of 293 
Ruthenium complexes, as reduction catalysts 

Ruthenium oxides. as oxidizing agents 952 

butenolides 301 

294, 298,434, 581-584 ' 

310, 311 

Schiff bases, 
reactions of 612, 613 

with acyldioxanediones 1003, 1004 
with ketene silyl acetals 585, 590, 591 

synthesis of 832-836 
Schmidt rearrangement 222-229, 645447 
Secosteroids, synthesis of 661 
Selenolactonization 293, 294 
Semicarbazides - see Thiosemicarbazides 
2-Si la- I ,3-dithiacyclopentanes, 

cyclocondensation with diacyl halides 
390 

Spaneine lactam, synthesis of 248 
Sparteines - see Oxysparteines 
4-Spirobutenolides, synthesis of 295 
Spirolactams, synthesis of 43 I ,  432, 7 17-7 19, 

89 1 
from imines 545, 557, 578, 608 
from 4-methylenespiro[2.X]alkanes 475 

reactions of 359, 360, 367 
synthesis of 54, 290, 29 I ,  383 

from ir-aminonitriles 376 
from bicyclic lactones 287 
from carbonyls 369 
from spiro ethers 109 

Diels-Alder reaction of 352 

Spirolactones, 

Spiro norbomenyl y-butyrolactones, retro- 

Spirooxiranes, ring expansion of 230-233 
Stannanes - see y-Hydroxyvinylstannanes 
Staudinger reaction 490 
Steroidal lactones, cardioactive, lactam 

Steroidyl isocyanates, reactions with esters 

Stobbe reaction 46, 48 
Strigol, analogues of, synthesis of 303-307 
Succinates, condensation of 48 
Succinic anhydrides, reduction of 3 10 
~r-Succinimidolactams, side-chain ring opening 

Sulphenyllactonization 382 
4-Sulphonyl-~-lactams, reactions of 91 3, 9 16. 

o-Sulphoxyphenyl-6-lactones, desulphurization 

analogues of 397 

489 

of 856, 857 

917 

of 354, 355 

Taiwanin, synthesis of 31 1 
Terpenylic acid, synthesis of 45 
Tetrahydro-7a-carbomethoxymethyl- 1 - 

Tetrahydrofurans - see 

Tetrahydroindenofuranones, synthesis of 272, 

Tetrahydroindoles - see 2-Aryl-4.5.6.7- 

indanones, halolactonization of 290 

Dialkoxytetrahydrofurans 

274 

tetrahydroindoles 
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Tetrahydroisoquinolines - see rdso 
2-Aroyl-l methylene- I .2.3,4- 
tetrahydroisoquinolines, I -0xo- I.2.3.4- 
tetrahydroisoquinolines 

synthesis of 453 
Tetrahydrooxazinediones, ring contraction of 

I ,2,3,5-Tetrahydro- 
63 I 

I -oxonaphthalenedicarboxylates. acid- 
catalysed cyclization of 287 

Tetrahydropyridazinones, synthesis of 616 
(Tetrainethylene)bis(2-phenyI-4-0~0- I ,  5- 

diazacyclooctanes), synthesis of 657 
N-(Tetrazol-S-yl)lactains, synthesis of 797 
Thalifoline. synthesis of 249 
Thiaazabicyclo-i3-lactams, synthesis of 

I .3,4-Thiadiazepines. synthesis of 998 
Thiadiazinones - sec 2-Iniino- I.2.3.4- 

tetrahydro- I .3.4-thiadia7in-S-ones 
Thiadiaiolidiniuin salts - see 

Carboxymethylthiadiazolidinium salts 
Thiadiazolinc lactanis 920. 92 I 
4-Thia-iJ-lactams, rcactions of 9 17-9 19 
Thiazepinones - see 

Dihydrobenzothiazepinones 
Thiazines - see also Dihydrothiazines 

reactions with carbene complexes 956-959 
Thiazolidines. as lactam precursors 398, 399 
Thiazolidinones - see Dioxothiazolidinones 
Thiazoline dioxides - see 2-Acyl-3-0x0- 

4,5-benzO-I, 2-thiazoline dioxides 
Thiazolones. ring contraction of 639 
Thiiran lactams 920, 921 
?-Thioaryl-y-butyrolactones, desulphurization 

N-(Thiobenzoyl)methacrylamides, cyclization 

Thiochromanones. reactions with azides 645, 

Thioimides. 

77 1-717 

of 354, 355 

of 465 

646 

cyclization of 471 
reactions with phosphorus ylides 981, 

982 
Thiolactams. synthesis of. 

From d-amino acids 400 
from lactams 802-8 10 

d-Thiolactams, synthesis of 981, 982 
Thionolactones. synthesis of 366, 367 
Thiosemicarbazides, reactions of 997. 998 
4-Thioxo-&lactams, reactions of 920 
Ticonines, synthesis of 240, 241 
Toluamides - see P-Amino-o-toluamides 
Toluenesulphinyl-/~-lactams, synthesis of 624, 

4-@-Toluenesulphony Ithio)-+lactams, 
625 

synthesis of 915, 916 

Transition metal complexes, in 13-lactam 

Triazolines. as reaction intermediates 77 1 
Tricyclic lactams. synthesis of 786790, 793 

by N-substitutions/cyclizations 693. 695 
by photolytic ring contractions 635. 636 
from 2-acyl-3-oxo-4,5-benzothiazoline 

from angelica lactone 453 
from carboxymethylrhiazolidinium chlorides 

from imines, 

synthesis 488 

dioxides 623, 624 

616, 617 

by reactions with activated carboxylic 
acids 548, 553. 558, 559. 561, 565, 
573, 574,579 

by reactions with acyl halides 505. 506, 
51 1-513, 522, 523, 526, 531, 537. 
543. 544 

from keto amides 144 
from n-oxocaprolactam 981 
from phenazine N-oxides 1005. 1006 

Tricyclic lactones, synthesis of 338, 339 
Tricyclic oxaziridines, ring expansion of 660 
Tricyclo[5.2.2.Ot s5]undecanes, rearrangement 

Triene esters, Diels-Alder cyclization of 292 
3-TrimethylsilylallyIlactams, ring closure of 

Trimethylsilyl amino esters, cyclization of 4 13, 

Triinethylsilylfurans, oxidation of 33 I ,  332 
N-Trimethylsilyllactams, reactions of 797 
3-Trimethylsilylpropargyllactams, ring closure 

1 -Trimethylsilyl-2-pyrrolidones, 
sulphenylation of 707, 709 
sulphinylation of 709 

of 346348 

52. 950. 951 

414 

of 95C952 

Triterpenes, ring expansion of 646 
4-Tritylthio-~3-lactams. 

reactions of 914916. 918 
synthesis of 925 

Tulipalins. synthesis of 300, 351 

Unsaturated alcohols. carbonylation of 1 1 I ,  

Unsaturated aldehydes. oxidation of 339, 340 
iu,;3-Unsaturated amides, cyclization of 144, 

n ,&Unsaturated carbonyl compounds, 

Unsaturated carboxylic acids - see also 

112, 116, 117 

145,465 

reactions with lactam enolates 700 

Olefinic acids 
electroreductive hydrocoupling of 37 1-373 
u-hydroxy, cyclization of 293 

L? ~3-Unsaturated carboxylic acids, 
y-alkyl-y-hydroxy, cyclization of 283, 284 
oxidation of 336, 337 
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