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Introduction to the Series 

The series Thc Chcniistrj I$ Hetcvwylic Conipoicirc1.s. published since I950 under 
the initial editorship of Arnold Weissberger, and later. until Dr Weissberger's 
death in 1984. under our joint editorship, was organized according to compound 
classes. Each volume dealt with synthesis, reactions. properties, structure, physical 
chemistry and utility of compounds helonging to a specific ring system or class 
(e.g. pyridines. thiophenes. pyrimidines three-membered ring systems). This series. 
which has attempted to make the extraordinarily complex and diverse field of 
heterocyclic chemistry as readily accessible and organized as possible. has kcoinr 
the basic reference collection for information on heterocyclic compounds. 

However, many broader aspects of heterocyclic chemistry are now recognized 
as disciplines of general significance which irnpinpc on almost all aspects of 
modem organic and medicinal chemistry. For this reason we initiated several years 
ago a parallel series entitled G i w r w l  Hi~tiw~iylic. Clreniistry which treated such 
topics as nuclear mangetic resonance of heterocyclic compounds. inass spectra 
of heterocyclic compounds. photochemistry of  hetensylic compounds. the utility 
of heterocyclic compounds in organic synthesis and the synthesis d hetcrwyclic 
compounds by means of 1 ,Mipolar cycloaddition rcactions. 'These volumes were 
intended to be of interest to all organic chemists. its well its t o  those whose particular 
concern is heterocyclic chemistry. 

It became increasingly clear that this rather arbitrary distinction between the 
two series creates more problems than it solves. We have therefore elected to 
discontinue the more recently initiated series Gcvic*sul Hi*two(.ylk Circwris/i:v. and 
to publish all fonhcoming volumes in the general area of heterocyclic chemistry 
in Tile Circniisrsy of Ht~tc~ruw:wlic Conipoiiiidv series. 

Eklward C. Taylor 

Department of Chemistry 
Princeton University 
Princeton, New Jersey 08544 

V 



This Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left Blank



Contents 

Preface xi 

I .  Introduction 
2. Acetal or Aldehyde and Amine or Carboxamide 
3. Acetal and Ring-carbon or Ring-nitrogen 
4. Acylamine and Aldehyde or Ketone 
5. Acylamine or Carbamate and Amiiie or Hydrazine 
6. Acylamine and Carboxamidc 
7. Acylamine and a Carboxylic Acid Derivative 
8. Acylamine or Amine and Ether 
9. Acylamine, Acylhydrazine. Amine or Isocyanate and Halogen 

10. Acylamine or Amine and Hydroxy 
I I .  Acylamine or Diazonium Salt and Lactam Carbonyl 
12. Acylamine or lmine and Methylene or Alkene 
13. Acylamine or Amine and Nitrile 
14. Acylamine. Amine or Imine and Nitro 
1.5. Acylamine or Amine and Nitroso or N-Oxide 
16. Acylamine, Acyloxy, Amine or Hydroxy and Phosphorane 
17. Acylamine or Acylhydrazine and Ring-carhon 
18. Acylamine or Acylhydrazine and Ring-nitrogen 
19. Acylamine or Amine and Sulphonamide or Thioureide 
10. Acylamine or Amine and Thiwyanate 
2 I .  Acyl Halide and Ring-carbon or Ring-nitrogen 
22. Aldehyde or Ketone and Alkene or Alkyne 
23. Aldehyde or Ketone and Azide or Triazene 
24. Aldehyde or Ketone and Carbamate. Isothiocyanate or Thiourea 
25. Aldehyde or Ketone and Carboxamide or Sulphonamide 
26. Aldehyde or Ketone and Carboxylic Acid or Ester 
27. Aldehyde or Ketone and Ether 
28. Aldehyde or Ketone and Halogen 
29. Aldehyde. Ketone or Lactam Carbonyl and Hydroxy 

66 I 
670 
67.5 
680 
683 
690 
693 
607 
70 I 
712 
726 
733 
730 
7s  1 
756 
760 
767 
775 
778 
78 I 
783 
786 
7w 
792 
794 
799 
806 
809 
x17 

vii 



viii Contents 

30. Aldehyde and Ketone: Dialdehyde or Diketone 
3 I .  Aldehyde or Ketone and Methylene 
32. Aldehyde or Ketone and Nitrile 
33. Aldehyde or Ketone and Nitro. Nitroso or N-Oxide 
34. Aldehyde or Other Carbonyl and Phosphorane 
35. Aldehyde or Ketone and Ring-carbon 
36. Aldehyde. Ketone or Lactam Carbonyl and Ring-nitrogen 
37. Alkene or Alkyne and Amine, Azide or Nitro 
38. Alkene or Alkyne and Carboxylic Acid or its Derivative 
39. Alkene or Alkyne and Halogen 
40. Alkene or Alkyne and Hydroxy or Erher 
4 I .  Alkene. Methylene or Ring-carbon and Lactam or Lactone Carbonyl 
42. Alkene or Alkyne and Methylene. Ring-carbon or Ring-nitrogen 
43. Amidine and Amine. Carboxylic Acid or its Derivative 
44. Amidine and Ring-carbon or Ring-nitropen 
45. Amine and Azide. Azo or Diazo 
46. Amine or Phosphorane and Carboxamide 
47. Amine and Carboxylic Acid 
48. Amine and Carboxylic Ester 
49. Amine and Enamine or Oxime 
SO. Amine or Diazonium Salt and Hydrizide or Hydrazine 
51. Amine and Hydrazone or Imine 
52. Amine and Ketone 
53. Amine and Ring-carbon 
54. Amine and Ring-nitrogen 
55. Azide and Aro or Nitro 
56. Azide or Isocyanate and a Carboxylic Acid Derivative 
57. Azide or A m  and Methyl or Methylene 
58. Azide or Azo and Ring-carbon 
59. Azide and Ring-nitrogen 
60. Azo and Carbamate 
6 I .  Carbamate or Ureide and Ring-carbon or Ring-nitropen 
62. Carbamate or Carboxamide and another Carboxylic Acid Derivative 
63. Carboxamide or Nitrile and Diazonium Salt 
64. Carboxamide. Nitrile or Ureide and Hydroxy or Ether 
65. Carboxamide or Nitrile and Ring-carbon or Ring-nitrogen 
66. Carboxylic Acid or its Derivative and Halogen 

827 
839 
M5 
848 
852 
859 
872 
884 
89 1 
893 
898 
904 
910 
92 1 
927 
932 
935 
940 
946 
957 
959 
964 
969 
980 
997 

1015 
1018 
1020 
1023 
1030 
1033 
1035 
1040 
1045 
1047 
1054 
1063 

67. Carbox& Acid or Ester and Hydrazine ocHydroxylamine Derivative 1073 
68. Carboxylic Acid. Acyl Chloride or Ester and Hydroxy or Ether 1076 
69. Carboxylic Acid Derivative and Lactam Carbonyl, Cyanate or 

70. Carboxylic Acid Derivative, Lactam Carbonyl or Isocyanide and 
Isocyanate 108 I 

Methylene I086 



Contents i x  

7 I .  Carboxylic Acid Halide or Ester and Nitrile 
72. Carboxylic Acid. its derivative or Lactarn Cirbnyl and Nitro or 

73. Carboxylic Acid or Ester and Ring-carbon 
74. Carboxylic Acid or Ester and Ring-nitrogen 
75. Carboxylic Acid or its Derivative and a Sulphur-containing Group 
76. I ,2-Diarnine 
77. 1 5 .  1.4- or 1.5-Diarnine 
78. Diazo or DiaLonium Salt and Halogen or Methylene 
79. Diazo or Diazoniurn Sdr and Ring-carbon or Ring-nitrogen 
80. Dicarboxylic Acid or its Derivative or Diazide 
8 I .  Dihalogen 
82. Dihydroxy 
83. Dinitriie or Dinitro 
84. Di-ring-carbon or Di-ringnitrogen 
85. Enarnine and Ester or Ketone 
86. Enarnine and a Non-carbonyl Group 
87. Ether and Methylene, Ring-carbon or Ring-nitrogen 
88. Halogen and Ether or Hydroxy 
89. Halogen and Lactarn Carbonyl or a Sulphur-containing Group 
90. Halogen and Merhylene or Ring-carbon 
91. Halogen and Nitro 
92. Halogen and Ring-nitrogen 
93. Hydrdzide, Hydrdzine or Hydrazone and Nitro 
94. Hydrazine and Ring-carbon or Ring-nitrogen 
95. Hydrazone or Oxirne and Ring-carbon or Ring-nitrogen 
96. Hydroxy or Ether and Hydrazone or Oxime 
97. Hydroxy and Methylene 
98. Hydroxy and Nitro or Ring-nitrogen 
99. Hydroxy and Ring-carbon 

100. Hydroxy, Ring-carbon or Ring-nitrogen and lrnine or 

101, Isocyanate and Methylene. Ring-catbon or Ring-nitrogen 
102. Ketone and Lactarn Carbonyl 
103. Methylene and Nitro or Nitroso 
104. Methylene and Ring-carbon or Ring-nitrogen 
10s. Nitro or N-Oxide and Ring-carbon or Ring-nitrogen 
106. Ring-carbon or Ring-sulphur and Ring-Nitrogen 

Ureide 

Irn inophosphorine 

List of Books and Monographs 
References 
General Index 
Index of Ring Systems 

1094 

1096 
1 105 
1112 
1118 
1123 
1142 
1 I47 
I IS0 

1163 
1170 
I I77 
11x1 
120u 
1204 
I 'OX 
1213 
1219 
1222 
1233 
1236 
1244 
1247 
1260 
1267 
1272 
1276 
1280 

I isx 

1293 
1303 
1307 
1.312 
1316 
132x 
1335 

1343 
1345 
1399 
141 I 



This Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left BlankThis Page Intentionally Left Blank



Preface 

The warm reception given to Sy~rrlri~sis oj' Frrsetl t l c ~ r i ~ l n c y l ~ s  by reviewers and 
readers since its puhlication in I087 has encouraged me to prepare another classified 
selection of methods by which a new hetercryclic ring may be built on to a 
(cartxxyclic or heterocyclic) ring. The I987 h t ~ d i  (which was reprinted with minor 
corrections in 1991 ) is referred to i n  this book as S~1rr1rcsi.s r!f'Fir.s~~c/ lirri~rv~c;\.r.lc.s. 
P w r  1. The layout of the present volume is siiililar to that of Part I but some 
improvements have k e n  ninde. These are described in the last two parilgraphs of 
Chapter I. Section I I .  Part 1 contains over two tliousand references (including those 
nunikred i IS  3037a. 3027b. 3059a. 30.5% 2067:~ 3067b. etc.) not listed in Part I .  

I wish to thank reviewers and readers who 1iiiIdt useful suggestions following 
the puhlicatioii of Part I :  tor example. Professor Brilntlsniit suggested in a review 
of Part I that. i n  a product containing two or more heterocyclic rings. the index 
should show the newly toniied ring i n  hold letter\. The Index of Ring Systcms ;it 
the end of this volume follows this suggestion. 

I d s o  thank Mr A. J. Cannard BSc for writing ;I computer progrimi which 
overcomes the problem of idphabetiAtig the n;uiics of those fused heterocycles 
which begin with numbers iind/or contain locants which need to be pilflially ignored 
during the production of an index which is useful to organic chemists. Thanks are 
also due to the staff of thc lihraries of the University of Wdes colleges iit Cardiff 
and Bangor. 

I wish to thank my wife for enduring long pcricds of isolation while this book 
was k ing  written. iind for her advice i111d help when needed. Professor E. C. 
Taylor and thc staff of John Wiley & Sons itt Chichcster have constantly provided 
encouragement and help for which I ilnl griiteful. 

x i  
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1. AIMS 

This book is intended to provide a convenient way of locating papers (and 
reviews) on methods for the synthesis of a heterocyclic ring which is fused to 
another ring. Figure 1 . I  shows diagrammatically the types of cyclizations 
covered. The z-ring may be either homocyclic or heterocyclic. and may be of any 
size; the newly formed P-ring is heterocyclic and contains five to eight atoms, at 
least one of which (Z) is nitrogen, oxygen or sulphur. Atoms A and B may or 
may not be identical and may be carbon or nitrogen (or rarely sulphur, in which 

*This is a modified and expanded version of Chapter I .  Part I 

66 I 
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case i t  would not normally have a substituent X or Y attached to it). X and Y 
are usually functional groups; it is rare for both to be hydrogen. When A is a 
double-bonded or pyridine-type nitrogen, then X may be absent or is an N-oxide 
or an N-azinium (for example, a pyridinium) salt function. 

The book is divided into chapters according to the identities of X and Y, the 
arrangement being alphabetical as far as possible. For example, reactants in 
which X and Y are amine and carboxamide, respectively, are considered in 
Chapter 46 while those where X and Y are hydroxy and methylene are contained 
in Chapter 99. Where only a few examples of a particular X and Y combination 
were found in the literature. these are included with cyclizations of closely 
related groups; for example, Chapter 20 contains ring closures of substrates 
having either acylamine or amine and thiocyanate. 

Another aim of the book is to show the IUPAC-approved way of drawing 
each of the fused heterocycles whose synthesis is described. From this. it  follows 
that the overall peripheral numbering of each ring system can be deduced by 
applying IUPAC nomenclature rules [B-I]. Although there is much to be said 
for drawing all ring systems according to IUPAC recommendations, a few of the 
simpler ones (for example. quinoline) and others (for example, fl-lactam anti- 
biotics) are often drawn differently in the literature. The formulae of reactants 
are drawn so as to require the minimum of alteration during their conversion 
into the product and are therefore not necessarily drawn in accordance with 
IUPAC rules. This feature makes it  easier for the reader to see the structural 
relationship between the reactant and product, and is recommended to authors 
of papers and reviews. 

Third, the approved name of the product ring system is given under the 
formula, but this omits dihydro-. tetrahydro-, etc., prefixes and functional 
groups except endocyclic carbonyl or thiocarbonyl, The basis of this distinction 
is that a heterocyclic ring containing one or more endocyclic carbonyl groups 
usually requires a radically different method of synthesis from its non-carbonyl 
parent, and compounds of this kind are often of considerable biological or 
industrial importance; the two types of ring systems are also separated in the 
index so that they may be more easily found. During the preparation of Parts 
1 and 2 of this work. it was noticed that many ring systems were erroneously 
named in the literature. The correct names of such compounds are shown in this 
book; some notes on the application of IUPAC rules to polycyclic heterocycles 
are included in an Appendix to Part I (1987) (pp. 578-580). 

II. SCOPE 

In recent years, heterocyclic chemistry has greatly expanded its boundaries and 
complexity. The formation of a new fused heterocyclic ring is an important type 
of reaction which is often difficult to trace in abstracting journals. Parts I and 
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2 of this book contain references to a classified selection of papers, published 
since about 1970, which describe a wide variety of heterocyclizations. Each of 
these references is likely to contain citations of earlier relevant papers, and the 
reviews cited in this book should provide additional references. In this way. the 
reader may often locate suitable references more easily than by using the 
abstracting journals. Although Parts 1 and 2 of this book cannot cover all 
heterocyclic ring systems. the methods described can be applied to the synthesis 
of many more by varying the reactant and/or reagent. 

Spiro and mesoionic products are not included, neither are reactions which 
have been shown to proceed by an ANRORC mechanism [551] or by other 
routes in which a heterocyclic ring is opened and closed again into a different 
one; these types of reactions are already covered by monographs [B-2, B-3. 
8-60]. However, an exception is made for reactions which involve opening of 
rings in reagents such as lactones, cyclic anhydrides, imides, epoxides, aziridines 
and diketene. Reactions in which two different rings are formed in one step are 
not included. Newly formed fused rings are usually unsaturated or contain one 
or more endocyclic carbonyl groups, but a few examples of the synthesis of 
saturated heterocyclic rings are included. 

Some combinations of functional groups which were not in Part I are 
included in Part 2 and rice versa and minor changes in the titles of a few 
chapters reflect this difference. Some rationalization has been made between the 
coverage of Chapters 29 and 96, and between Chapters 93 and 94; the types of 
cyclizations which were described in Chapter 107 of Part I have now been 
included in either Chapter 36 (lactam carbonyl and ring-nitrogen) or Chapter 
98 (ring-nitrogen and thiol). In Part 2, functional groups which contain sulphur 
are included in chapters which discuss their oxygen analogues; their names 
do not usually appear in addition to those of the oxygen compounds in chapter 
headings. However, newly formed sulphur-containing rings are listed at the 
beginning of each relevant chapter. Other minor variations in the chapter titles 
are the result of the kinds of cyclizations found in the literature. Pagination, 
reference numbers and formulae numbers are continuous through Parts I and 2. 

Reactions which are described in Part I are not repeated in Par! 2 but an 
improvement or modification in the reagents, catalysts. mediators or reaction 
conditions are recorded, especially if this alteration gives a better yield or is 
more convenient to use. The general index has been improved in Part 2 to 
include all examples of reacting groups (X and Y in Figure I . I ) ;  it also includes 
reviews. In the index of ring systems, the heteroring which is formed in a 
particular reaction is shown in bold. for example. oxazolo[5,4-dlpyrimidine. In 
names like pyrano(3,4-h]indol-3-one, it is important to note that the number in 
front of '-one' refers to the pcripherul numbering of the ring system and not to 
that of the isolated pyranone ring. but in pyrimido[4.5-~pyridazin-2-one, the 
newly formed ring is a pyrimidin-2-one. Ring systems which contain several 
carbonyl groups present additional problems; while the meaning of 
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pyrimido[5,4-e]-1,2,4-triazine-3,5,7-trione (the new ring is triazin-3-one) is clear, 
a newly formed pyrimidinedione in this ring system is represented by the less 
clear name pyrimido[5,4-e]- 1,2,4-triazine-3,5,7-trione. Trivial names such as 
purine or purinedione need a different method of indicating the newly formed 
ring: for example, purine (im) or purinedione (im2one) shows that imidazole or 
imidazol-2-one. respectively. is the newly formed ring. The abbreviations used 
are shown at the beginning of the index. Finally, pyrrolo[ 1.2-uJquinamlin-5-one 
means that the pyrimidinone ring is newly formed. If the synthesis of the 
compound from a quinazolinone is also described, the entry (pyrrol@l,2- 
u]quinazolin-5-one) would be shown on a separate line. 

111. USE OF THE BOOK 
The aims of the book have been outlined in Section I; examples of how these 
may be achieved are given in this section. 

1. One- and Two-step Reactions 

Let us assume that the nitro ester (1.1) is to be converted into a novel tricyclic 
compound (1.2). No useful references are to be found in Chapter 72 (carboxylic 
acid or its derivative and nitro) because the nitro group has to be reduced before 
this kind of cyclization can occur. Chapter 48, which includes cyclization of amino 
esters, is more promising and Section 11. I (p. 228) offers at least one example of 
the direct conversion of a nitro ester into a pyridin-Zone ring; the conditions 
given [821] are also likely to be applicable to the synthesis of triazine (1.2). 

There are two points to note regarding this example. First, two-step conver- 
sions such as this, where the intermediate is not isolated but its identity is known 
beyond reasonable doubt, are classified according to the functional groups of 
that intermediate. Cyclizations of this type are to be found amongst similar ones 
in which the intermediate had been isolated. Ring closures where the structure 
of an intermediate may be in some doubt are classified according to the func- 
tional groups of the compound actually placed in the reaction vessel. 
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Second, potentially relevant information may be gleaned by examining other 
cyclizations to be found in Chapter 48. For example, a glance at Section 1.1 
(p. 226) shows that variations in the reductive cyclization of nitro esters are 
possible; should ring closure of (1.1) give an unexpected product, knowledge of 
the alternative course taken by related reactions 1348, I22 I ,  27781 may be useful. 
Minor changes in reaction conditions may affect yields, and Sections 11.4 and 
111.3 of the same chapter show potentially useful variations. 

2. Naming of Functional Groups 

For most reactants, identification and the naming of the functions which 
participate in the ring closure is easy (as in the example in Section 111.1). but 
several others presented difficulties. Brief comments on how the problems have 
been resolved may help the reader to appreciate the basis of classification. 
Several of the difficulties are collected in the (mythical?) compound (1.3) which 
has four functions, each of which must have an unambiguous name which 
determines in which chapter the cyclization is to appear. 

The primary N-amino group may also be regarded as a disubstituted hydra- 
zine but since its reactions resemble those of a primary amine and can only occur 
at one of the nitrogen atoms, it is classified as an amino group. For example, the 
cyclization of (1.4) appears under cyclizations of 1,Zdiamines (Chapter 76). 

The erhoxycarbunyl group of (1.3). being attached to a nitrogen atom, differs 
in reactivity from that of a carboxylic ester and is classified as a carbamate. 
The ring curhonylgroup is part of a cyclic urea; it cannot therefore be regarded 

as a typical ketone or amide. A cyclic -NH-CO- group and its sulphur 
analogue are therefore classified as lactam carbonyl and lactam thiocarbonyl, 
respectively, whatever the size of the ring. Cyclization of lactam (1.5) is classified 



666 introduction 
as an interaction between amine and lactam carbonyl; such reactions are to be 
found in Chapter 1 1 .  The difficulties of naming cyclization products which 
contain an endocyclic lactam carbonyl or thiocarbonyl group are mentioned in 
Section 111.3 of this chapter. 

( 1 4  pyridaZlno(1 .SaperUimidazole 

Formulae (1.6) and (1.7) show other functions which present problems of 
classification. The former has a group which may be regarded as either a ureide 
or a cdrboxamide, and is classified as a carboxamide in this book. Since it is the 
ester group of (1.7) that reacts in the second example, the conversion is classified 
under carbamate and ring-nitrogen (Chapter 61). 

0 

3. Approved Names and Formulae 

Recommendations have been made by the International Union of Pure and 
Applied Chemistry (IUPAC) regarding the drawing and naming of fused 
heterocycles; these are followed by Chemical Abstracts in their indexes but some 
authors neglect some or all of the recommendations, especially those relating to 
the correct alignment of the formula. This is regrettable, because a formula 
which is properly drawn is more likely to have its correct peripheral numbering. 
There are a few common heterocycles in which the peripheral numbering is 
abnormal; these are shown in Figure 1.2. The IUPAC report [B-I] and a review 
[2014] give the basic rules and some examples; the Appendix in Part 1 (pp. 578- 
580) contains some additional guidance. 
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Aukpine 

Purine x - 0  xanlhene 
X - S Thioxanthene 

Figure 1.2 

The confusion that can arise when the formula of a relatively simple fused 
heterocycle is wrongly drawn may be illustrated with a tricyclic compound 
which may be drawn in several ways, some of which are shown in (1.8) to (1.12). 
None of these is in accord with IUPAC recommendations; (1.13) is the correct 
formula and is the one that should be used. Peripheral numbering of this 
compound is shown and its name is pyrazino[2'.3':4.5]thieno[3,2-J]pyrimidin- 
4(3H)-one. 

Names of the heterocyclic ring systems (whose syntheses are shown) are given 
under the formulae; efforts have been made to ensure that. as far as possible. 
these comply with IUPAC rccommendations. but i t  has not been possible lo 
check every compound from recently published papers. As mentioned in Section 
1. the names are for the ring systems and do not include the names of substituents 

HN @ 0 

(1.9) (1.10) 

(1.1 1) (1.12) (1.13) 
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except for endocyclic carbonyl or thiocarbonyl groups. Some of these 
compounds are tautomeric but firm evidence for either keto or enol form is not 
always available. The 0x0 form is therefore often assumed for nomenclatural 
purposes (as in Chemical Abstracts). For example, compound (1.14) is named as 
its diketo tautomer (m), namely pteridine-2.4-dione (trivial name: lumazine), 
the designation of the added hydrogens being omitted. 

H 

OH 0 

(1.14) (1.15) 

4. Format 

Each equation which shows a cyclization is intended to provide as much 
information as space allows. Figure 1.3 is a typical example; solvent(s), catalyst 
and promoter (acid, base or other compound) are shown above the arrow, and 
when the reaction temperature is higher than that of the surroundings, a delta (A) 
is added above the arrow. Its absence means that that reaction does not need 
externally applied heat. When the name of a solvent or reactant is abbreviated. 
reference should be made to the table in Section IV of this chapter or to the 
paragraph in front of the equation. 

R' - H. Me, P h  R2 I Me. El, GI. W ,  CN, COOMe 2.l-Benzisouliatole 

Figure 1.3 

The figures below the arrow indicate the yield quoted in the paper(s) cited; this 
consists of one value when the equation shows the synthesis of one particular 
compound, or an approximate value (for example, -65%) when the yields for 
several related products fall within a range of f 5% of the value shown. or as 
in Figure 1.2, it shows the lowest and highest values for variations of the 
substituents R' and R' shown under the reactants. To the right of the equation 
or formula is the reference number; a list of references is to be found on the 
pages which have a black edge towards the end of the book. Books and 
monographs are listed separately just before the list of references. 

With the ccimpressed information supplied, it is hoped that the reader can 
judge the suitability of a particular reaction to his or her own work, and then 
need only consult the most promising papers. 
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rv. ABBREVIATIONS 

The following abbreviations, are used in equations and occasionally in the text. 
Ac 
AIBN 
CDI 
DBN 

DBO 

DBU 

DCC 

DDQ 

DEAD 

DEG 
diox 
DMA 
DMAD 

DMAP 

DME 
DMF 

DMFDEA 

DMFDMA 

acetyl 
azobisiso bu tyroni t rile 
carbon yldi-imidazole 
1,5diazabicyclo[4.3.0]- 

nonan-5-one 
1,4-diazabicyclo[2.2.2]- 

octane 
I ,5-diazabicyclo(5.4.0]- 

undec-Sene 
dicyclohexylcarbodi- 

imide 
2.3-dichloro-5.6-dicya- 
no- I ,4-benzoquinone 

diethyl acetylenedicar- 
boxyla te 

diethylene glycol 
1 &dioxane 
N,N-dimethylacetamide 
dimethyl acetylenedi- 

carbox ylate 
N.N-dimethy1-4 

pyridinamine 
dimethoxyethane 
N.N-dimethyl form- 

N.N-dimethyl form- 

N,N-dimethyl form- 

amide 

amide diethyl acetal 

amide dimethyl acetal 

DMSO 
HMPT 

LDA 

LTA 
MCPBA 

Mes 
mor 
N BS 
NCS 
NIS 
PEG 
PiP 
Phth 
PPA 
PPE 

PTS 

PYr 
RaNi 
TCNE 
TEA 
tet 
TFA 
THF 
Ts 

dimethyl sulphoxide 
hexamethylphosphoric 

lithium diisopropyl- 

lead tetra-acetate 
3-chloroperbenzoic 

mesit y ienesulphony 1 
morpholine 
N- bromosuccinimide 
N-chlorosuccinimide 
N-i odosucci n i mide 
pol yet hy lene glycol 
piperidine 
ph t haloyl 
polyphosphoric acid 
polyphosphoric acid 

ethyl ester 
pyridinium 4-toluene- 

sulphonate 
pyridine 
Raney nickel 
tetracyanoethylene 
triethylamine 
5-tetrazolyl 
t rifluoroacet ic acid 
tetrahydro fur an 
4-toluenesulphony l 

triamide 

amide 

acid 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Catalytic hydrogenation of a nitro-(formylmethy1)pyrimidine is accompanied 
by cyclization and formation of a fused pyrrole ring. The report on page 8 of 
Part I of a paper which describes the cyclization of 2-(2-aminophenyl)acetalde- 
hyde acetals is not cited in a 1986 paper [3189] which extends the method to the 
synthesis of &substituted indoles in which the substituent is electron-withdraw- 
ing; this type of indole is not easily accessible by the Fischer or Bischler 
synthesis. Ph Ph 

I I 

670 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Heating the aminoacetal (2.1) with ethanolic hydrogen chloride produces a 
quinoline (261 21. but sulphuric acid causes the cyclization to follow another 
course (see Chapter 3, Section 11.1). o-Aminoaldehydes are cyclized by heating 
with a reactive methylene-containing ketone. ester or nitrile but in the reaction 
with the pyrazole aldehyde (2.2). yields seem to depend greatly on the nature of 
the N-substituent; for example, when R' = R' = CN. the product is obtained 
in either 3.6% or 83% yields according to whether R' is methyl or phenyl[2798]. 
The chemistry of x-cyanothioacetamide (2.4). which is used in the conversion 
of 2-aminobenzaldehyde (2.3) to 2-aminoquinoline-3-thiocarboxamide [2926]. 
has been reviewed [3331]. 

[2612] 
-q E M .  90% A 

CI nNH2 C=N(CH&CH(OE1)2 CI NH2 
Ph 

Ph 

Windine 

R' 

A Friedlinder reaction (review: [3017]) between a 2-aminobenzaldehyde (2.3) 
and a 4-unsubstituted resorcinol in the presence of a base is a convenient method 
of synthesizing a fused pyridine. but the expected product (2.6) of a Friedllnder 
reaction between 2-aminobenzaldehyde and N-acetyl-3-pyrrolidone in aqueous 
alkali was not obtained; instead. a low yield of the isomeric ring system (2.5) was 
isolated. Both types of products were obtained when the pyrrolidone was 
replaced by ethyl 3-oxopyrrolidine-l-carboxylate, the [3,2-h] isomer predomi- 
nating. A mixture of isomers was also obtained when the reaction was attempted 
under acidic conditions. 
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A variation on the conversions of aminoaldehydes into fused pyridines (see 
p. 10) is their reaction with malono mono- or di-nitrite in the presence of DBN 
to yield a new fused 2-aminopyridine ring. Heating with a nitrile and ethanolic 
alkoxide is also effective [3497]. 

Another ring system synthesized similarly: 

134971 
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2. Pyridine lax ide  

An aldoxime and a suitably positioned 2.4-dinitrophenylamino group react in 
hot acid with elimination of 2.4-dinitroaniline and the formation of an isoauino- 
line 2-oxide in high yield. 

3. Pyridin-2sne 

This ring may be constructed from an aminoaldehyde and either ethyl cyano- 
acetate or triethyl phosphonoacetate in the presence of a strong base. 

R H R  

R = 2,4--imidazoCl-yl 2-Quinolinone 

4. Pyrazin-2-one 

Side-chain acetal and nuclear carboxamide groups react in hot aqueous acid to 
form this fused ring. 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. l&Diazepin-S-one 

Cyclization of an aminoaldehyde [as its thioacetal (2.7)] was achieved in high 
yield and under mild conditions in the presence of mercury(I1) chloride and 
calcium carbonate [3272, 3710). Heating aminoacetals (review [3326]) such as 
(2.8) in TFA is an alternative procedure but may give lower yields f31241. 

3. 1,4-Thiazepin-5-one 

An acetal attached through a sulphur-containing sidechain to a 2carbamoyl- 
phenyl ring cyclizes on heating with Ctoluenesulphonic acid under anhydrous 
conditions. 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

One of the methylthio groups of a ketenedithioacetal is  displaced by an anion 
derived from an active methylene group; simultaneously. the other MeS and R3 
(an activating group) are eliminated. A Pomeranz-Fritsch reaction, catalysed by 
boron trifluoride-trifluoroacetic anhydride (see also Section 11. I ) ,  is an attract- 
ive synthesis of some I-alkyl-2.3-unsubstituted indoles. Recent work on indoles 
has been reviewed [3893]. 6- \ N+C=CSMe I + R2CH2R3 EmmA -53% +&- 128801 

COOEt 
\ N  I 

WOEt 

R' = H. Me; R2 = H, CN; R3 = m, P h m  IlldOliZine 

675 
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R2 

Acetal and Ring-C or Ring-N 
R2 

R' = H. MeO: F? = Me. Et 
i. BF3, (CF3CO)20. AcOH 

Indole 

2. Furan 

A 2,3-unsubstituted fur0 ring is formed when the acetal of a phenoxyacetalde- 
hyde is heated with PPA. Recent developments in the chemistry of benzofurans, 
have been reviewed [3894, 39831. 

Benzoluran 

3. Thiophene 

Synthesis of benzo[b]thiophene from a phenylthioethyl-acetal or -ketal often 
gives very good yields [2167], but a recent paper [3485) shows that in some 
instances, higher yields are obtained in a heterogeneous suspension in 
chlorobenzene containing a small amount of PPA. 

R = H,Cl, P Thieno(2,SbIl penzolhbphene 

Another ring system synthesized similarly: 
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4. Thiazole 
An omega-acetal in a sulphur-containing side-chain can cyclize on to a ring- 
nitrogen in the presence of sulphuric acid. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridime 

I t  has recently been shown that the Pomeranz-Fritsch reaction, on a 
methylthiobenzylamine gives, in additon to the product of para cyclization. a 
measurable amount of the ortho product [3063]. Consequently, a re-examin- 
ation of the corresponding reaction on a 3-methoxy- and 3.4-dimethoxy-benzyl- 
amine has been made; this showed that whereas the methoxy substrate gave 
yields of 4 and 71 YO of quinolines from ortho and para attack, respectively, only 
the latter type of product was obtained from the dimethoxybenzylamine. This 
study also examined the o/p ratio of the products from related syntheses of 
isoquinolines. The effect of the MeS group was examined further in a number 
of cyclizations which lead to isoquinolines. This showed that (a) the MeS 
substituent has a strong activating effect and (b) the acidic catalyst chosen has 
a pronounced effect on the ortho-para ratio [3303]. Amongst the acid catalysts 
which are useful in the Pomeranz-Fritsch cyclization is boron trifluoride- 
trifluoroacetic anhydride, which is effective at ambient temperature, but sub- 
stituents on the benzene ring have an important effect on yields. Heating the 
aminoacetal(3.1) (Chapter 2, Section 1.1) with sulphuric acid converts it in high 
yield into an isoquinoline which is the result of annulation of the acetal group 
with a carbon in the unsubstituted phenyl ring. 

R' - H. Me0 Isoqr- 
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R bN p378.34181 R & (EIO),CH H=NTY i 

When the N-tosylacetal (3.2) is heated with dilute hydrochloric acid and 
dioxan, a surprisingly facile detosylating-dehydrogenative cyclization occurs to 
give the isoquinoiines in high yields-a valuable variation of the Pomeranz- 
Fritsch reaction. It has been used in a synthesis of the medicinally important 
ellipticine [2870]. 

Another ring system synthesized similarly: 

Me 
I 

2. Pyridin-Z-one 

4-Toluenesulphonic acid is a useful catalyst in the annutation of acetal and 
ring-carbon functions. This takes precedence over the expected reaction at the 
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ring-nitrogen of the pyrrole (3.3). Di(methy1thio)vinyl groups are susceptible to 
nucleophilic attack, for example. by anions derived from malonic acid deriva- 
tives. 

(3.3) p v r r o k [ 2 , 3 - ~ 7 o n e  

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Methanesulphonic acid is an efficient catalyst for cyclizing omega-acetal side- 
chains on to ring-carbon atoms. An alternative method which gives comparable 
yields is to warm the acetal at about 5OoC for 4 h in a solvent which is saturated 
with hydrogen chloride. 

Electron-releasing substituents in the same benzene ring are needed for the 
success of the room temperature cyclization of the acetal group to a ring carbon 
of the carboxamide (3.4). 

(3.4) 
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Cyclization of the monotosylhydrazone of a 1.2-diacylbenzene is exemplified. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

3-Acylamino-4-acylmethylpyridines are cyclized in high yield by heating with 
dilute hydrochloric acid; the N-acyl group is lost. 
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Other ring systems synthesized similarly: 
H 

68 1 

13414 

11. FORMATION OF A SIX-MEMBERED RING 

1. PyrMine 

When the o-acylaminoacetophenone (4.1) is stirred with the chloroiminium 
chloride, cyclization proceeds in high yield to a quinoline which is an important 
intermediate in the synthesis of an antihypertensive agent. 

Quholine 6 
2. Pyridin-2-0~ 

The acylamino ketone (4.2) is efficiently cyclized on heating for 2 h in DMF 
containing potassium carbonate. 

R R 

3. Pyridazine 

o-Acyl-tosylhydrazone (4.3) is cyclized on heating briefly in ethanol but when 
R = tBu, no cyclization occurs even on prolonged boiling. 

R 
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4. Pyrimidine 

The bifunctional hydrazine, reacts at one of its amino groups with a 2- 
acetamidobenzophenone, and as it is impossible for dehydration to occur. the 
product is an amino alcohol. This is obtained in good yield only when an excess 
of hydrazine is available. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

An acyhminopropyl side-chain forms a ring with a neighbouring keto group on 
heating the compound with 2M hydrochloric acid. 

R 
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Examples of cyclizations of the following pairs of functions are also described: 
acylhydrazine-amine, acylamine-alkoxyamine and acylamine-imine. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Imidazde 

The synthesis of purines from monoacyl pyrimidine4,5diamines is a commonly 
used method (for example, [2252]). Similarly, 8-hydroxymethylpurin-Gone is 
synthesized from 5-acylamino-6-aminopyrimidin-4-one and ethyl glycolate but 

683 
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not from the diamine and the keto ester (25061. In contrast, the mono(ch1oro- 
acety1)aniline (5.1) undergoes simultaneous cyclization and hydrogenolysis 
when the nitro group is reduced catalytically [2046]. An o-acylamino- 
alkoxyamine is cyclized by heating with diethoxymethyl acetate, to give, in this 
example, a purine [3924]. 

'N' 'NH2 'N' 

&Purinane 

Me=H(oEo2 
I I  
0 

Annulation of an o-(acy1amino)aniline has been induced by acidic or nearly 
neutral conditions (see p. 24), but an aqueous alkaline medium is also successful 
for this reaction. In another method, ethyl 2-ethoxyquinoline- l-carboxylate is 
used (27663. 

H H 
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Another ring system synthesized similarly: 

685 

2. Imidazol-Zose 

o-Aminocarbamates are cyclized under mild conditions with trichloromethyl 
chloroformate. 

3. 1,2,4-Triazole 

Treatment of an o-(N-acy1amino)amine [such as (5.2)] with phosphorus oxy- 
chloride-PPA yields a fused triazole. 

A* 

Rl$ / NNHCORS + y / y  [2097l 
N- 4 1 4 %  

knidazo(1,2-2-bl[l.2.4]bierole 
N 4  NH2 

(u) 
R' m Ph. 44%. I-&-. 4-MeOC& 
F?-H,Ph; g-aRtyl.PhCHz 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidin-2sne 

This ring is formed by heating an amino-carbamate with a strong base. 
W 
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2. 1,2,4Triazine 

When the (acy1amino)amine (5.3) is heated with l,Zdiketones, a triazine ring is 
formed in high yield [2097l. Acidification of a 2-(acylhydrazino)amine with 
ethanolic hydrogen chloride is another efficient method [23 191. Moderate yields 
of a fused triazine are obtained by acylation of a 2-nitrophenylhydrazine 
followed by catalytic reduction and cyclization with mineral acid [3408]. The 
first cyclic product of the treatment of an u-acylhydrazino-amine with ethanolic 
hydrogen chloride is the unstable 1,2-dihydropyridotriazine which is dehydro- 
genated with either manganese dioxide or hexacyanoferrate(II1) (ferricyanide) 
to the more stable triazine [3526]. 

(5.3) 
R’,$ - H, Me, Ph 

R’ R’ 

Me 
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3. 1,2,4Triazin-3-one 

687 

Annulation of acylamino and hydrazino groups occurs in moderate yield on 
treatment with a strong base. 

4. l,3,!5-Triazine-2,4dioae or 1,3,5-Triazin-hne, 4-thiixo- 

Amino and N-ethoxycarbonylthioureido (NHCSNHCOOEt) groups are 
cyclized by stirring the compound with a strong base at ambient temperature, 
or by heating in pyridine. (For classification purposes, the ethoxycarbonylthio- 
ureido group is regarded as a carbamate because it is the NHCOOEt group 
which reacts.) 

Other ring systems synthesized similarly: 

5. 1,2,4Thiadiazine 1,l-Dioxide 

This ring is formed when a 2-aminobenzenesulphonamide, which cames an 
ethoxalyl group on the sulphonamide nitrogen, is treated with acetic anhydride. 
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Thiadiazines containing the 1,2-S02NH- moiety in the ring have been 
reviewed [3904]. 

6. 1,3,4Thiadiaziw 

When the amino-thioacylhydrazine (5.4) is heated with dilute mineral acid, the 
amino group is eliminated and a thiadiazine ring is formed. 

H 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. l&Diazepipe 

Acid-mediated annulation of acylamino and imino groups proceeds at ambient 
temperatures in moderate to high yields. 

2. 1,2,4-Triazepi~?-3,7di0ne 

In order to prevent an undesired cyclization, an N-methyl group was introduced 
to give the reactant (5.5). When heated with rlnitrophenyl chloroformate, and 
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TEA, the triazepinedione was obtained. An alternative approach is to cyclize the 
amino-carbamate (5.6) with a strong base. 
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Examples of the cyclization of 0- and N-acyl derivatives of an o-aminoami- 
droxamine are included in this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Imidazole 

When the 0-benzoyl derivative of 2-aminobenzamide oxime is kept in boiling 
water for about 5 h  and its pH adjusted to about 9 with aqueous alkali, 
2-aminobenzimidazole is obtained in almost quantitative yield. 

690 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidine 

Most cyclizations of acylaminocarboxamides yield pyrimidinone rings, but 
when treated with primary amines in the presence of phosphorus pentoxide and 
TEA hydrochloride, a new pyrimidine ring is formed. 

2. Pyrimidine I-Oxide 

The u-(acy1arnino)amidroxamine (6.1) is a versatile intermediate and is cyclized 
to the N-oxide by heating with ethanol and hydrochloric acid for 40min (see 
also Section 11.3). Annulation of the acylamino and oximino functions in the 
peri positions of the thioxanthene (6.2) i s  an efficient acid-induced process. 

auinazdi 30xide 

CH&I 
I 

NOH NHCOCHzCl 

Me Me 

3. Pyrimidin-2-o~ or 4one 

Although the yield in this synthesis of 2-quinazolinone is low, it provides a route 
to a 4-substituted ring system; it deserves further study of its scope [3105]. 



692 Acylamine and Carboxamide 

Attempts to hydrolyse the acylamino group of an acylaminocarboxamide with 
aqueous alkali resulted in the formation of a pyrimidinone ring [2311] which is 
also formed in a variant of a well-known reaction (see p. 29) but using sodium 
methoxide-DMF as the cyclizing agent [3215, 36611. 

A 2-acylaminobenzonitriile is converted into a quinazolinone under basic and 
oxidizing conditions [3771], while the amidroxamine (6.1) gives a high yield of 
a rlpyrimidinone oxime by treatment with hot ethanolic alkali [3429]. 

+ - n p . d l a s A  -11% * q 1osl 
Me0 q ; T  Me0 Me0 

MeO 
R-Me.Et 2 4 t h z o h m  

Ph Ph 

R ' y "  tall1 

HN P ame% 

0 
II 
0 

R' =k. EICO, PhCH&O; # - H . k  1,2,3-Tr&zob(4.5-dl~r~din-4one 
R9 - H , k ,  E m ;  R'= H. Me, Et, PhCk 

0 

M@Nn-WF, A 

CH& *- 
I t  
0 

k Ph. CM&& 
R - H, Me, CFs PhCk 

0 

R - PhCH2. Ph(CH&, PhCwC 

R - P h  
NOH 
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Examples of substrates in which the acylamino group is replaced by either an 
acylhydrazino or a sulphonylamino are included in this chapter; the second 
group may be a carboxylic acid. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

A synthesis of a partially reduced indolizine which allows the introduction of a 
substituent at any of the C-3 to C-6 atoms utilizes an N-acylpiperidine-2- 
carboxylic acid which is cyclized on heating with ethyl propynate. A lactone 
intermediate is proposed for this interesting reaction. 

693 
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F E t  

R' = H . k  R2 -H,COOEt; R3- R' I H 0rR3R' h r ~  hddlrine 
eenz1r1Inwzine 

2. Pyrazol-3-one 

Cyclization followed by migration of the acyl group from N-2 to N-l probably 
occurs when 2-acylhydrazinobenzoic acid is heated. 

R -Me. Ph 3-lndazokne 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-2sne 

A new and efficient annulation of acylamino and carboxylate ester groups offers 
a convenient synthetic route to naphthyridinones and 2-quinolinone. The 
intermediate (7.2) is obtained in two stages from 2-pivaloylaminopyridine; very 
good yields are obtained at each of the three stages. 

CH&OOCMe3 1 .&Naphlhyridii-Zone 

f7n) 
R - H. Me, CI 

Other ring systems synthesized similarly: 
H 
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2. Pyrimidio40ne 

695 

2-Arylquinazolin4ones may be synthesized from acylamino-carboxylic acids, 
primary arylamines and either phosphorus trichloride or PPA. 

3. Pyrimidm&w, 2-thioxo- 

Thiocarbamate and carboxylic ester functions are annulated under mild con- 
ditions-stirring with methylamine for 30 min. When the reactants are heated, 
the product is a 3-alkyl-2-alkylaminopyrimidin-4-one. 

4. lJ-Oxazin-6-one 

Amides of 4-ox0-3,l -benzoxazine-2-carboxylic acid may be synthesized by 
heating oxalamides (7.3) with an excess of acetic anhydride. 
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5. 1,2-Tbi&5-01~ 1,l-Dioxide 

A sulphonylamino-carboxylic ester is cyclized by treatment at ambient tem- 
perature with sodium hydride-DMF. 

Me 

6. f ,3,4-Oxadi~~n-6-one 

This ring is formed when an N-acylaminoazole-2-carboxylic acid is heated with 
thionyl chloride-pyridine. Lower yields are recorded when DCC-THF is used. 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Catalytic reduction of the nitro-epoxide (8.1, R = COOMe) leads directly to 
the indole carboxylic ester but when R = H, reduction of the nitro-epoxide 
does not give the indole. However, cleavage of the epoxide and reduction of the 
nitro group gives the amine (8.2) which is cyclized by a strong base. 

An attempt to demethylate the psychotomimetic phenylethytamine (8.3) 
resulted in a cyclized product being isolated 126291. Another pharmacologically 
important indole (butotenin) may be synthesized by in situ demethylation of the 
diether (8.3) followed by dehydrogenation under alkaline conditions [2696]. 
Palladium-catalysed coupling of bromoarenes with a stannylethene provides 
ready access to /I-ethoxyvinylbenzenes (8.4) which cyclize at room temperature 
in acid [3929]. 

697 
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H 

Ern ' Hcyct 

I 
OH 

R - C O W O  

62% 
mb-2, 

HBr. A 
B b y *  

.. 8-"" 

H 

(W 
R=H,kc 

2. 1,2,4Triazole 

Carbodiimides are often used as condensing agents but they are sometimes 
useful as reactants, for example, in their reaction over many hours with o- 
methylthio-N-amines. 
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3. Thiazole 

This cyclization of a 2-(methylthio)anilide was discovered when an attempt was 
being made to prepare imidoyl chlorides by reaction with phosgene. 

4. Thiazol-2sne 

Phenols may be converted in thiocarbamates (ArSCONR2) by a Newman 
rearrangement; amino-thiocarbamates, are thus accessible from aminophenols. 
This provides a convenient route to 2-benzothiazolones. 

R = CF3CONH(CH& 2-8en20lhiiokne 

II. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin4one 

Base-induced cyclization of a 2-amino- or 2-acetamido-2’-methoxybenzo- 
phenone gives a good yield of the acridinone but variations in the base used, 
substituent R2. solvent and temperature have a considerable effect on the yield. 
Replacing the ether by a tosyloxy group improves the yield of 9-acridinone to 
91%. 

R ’ = H . A ~ ;  R~-H,MO BACridinone 
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In. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,eDiaZepiw 

Displacement of a methylthio attached to one ring by an amino group (formed 
in situ by reduction of a nitro group attached to another ring) results in the 
formation of a C-N bond and a doubly fused diazepine ring. 
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Examples of the cyclization of a hydrazine, a semicarbazide or of a ureido group 
with halogen are included in this chapter. 

70 1 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pymk 

A useful degree of regioselectivity is observed in the synthesis of I-, 2- and/or 
3-substituted indoles from 2-iodoanilines and a variety of alkynes in a reaction 
which is mediated by palladium(l1) acetate, a small amount of triphenylphos- 
phine and lithium chloride (which is preferred to tetrabutylammonium chloride 
for several syntheses). Palladium-catalysed reactions have been reviewed [B-41, 
3501, 35051. A nuclear fluorine is displaced by a side-chain amino group; this 
cyclization is accompanied by thermal dehydration. Indole is also prepared in 
good yield from a 2-(2-chloroethyl)aniline (see Chapter 8, Section 1.1) in which 
halogen and amine functions have been interchanged. Recent work on indoles 
has been reviewed [3893, 39823. 

R' = H. Me, Ac, 1s; R2 = Pr. IBu. MeJSi, Ph; 
R3 = alkyl. H&=cMe. C W H .  Ph 
i, W(0Ack. PPh3, LiCI 

2. Pyrrol-2-0ne 

A pi-annulation between acylamino and chloro functions occurs in the 
presence of sodamide, and proceeds through a benzyne. 



Formation of a Five-membered Ring 

3. Pyrpzole 

703 

The chlorine-containing salt formed during a Vilsmeier reaction loses dimethyl- 
amine on treatment with hydrazine. Fused pyrazoles have been reviewed [3902]. 

An attempt to diacylate an o-chlorophenylhydroxylamine with acetic anhydride- 
pyridine gave instead a cyclized product in which pyridine had been incor- 
porated. A cleaner sample of the same product was obtained by stirring the 
diacetate in pyridine at ambient temperature. 2-Amino-3-chloropyrazines may 
react with a 2-unsubstituted pyridine at ambient temperature to form a fused 
imidazole system in which the pyridine is also fused. The presence of sub- 
stituents on the pyridine ring may necessitate the use of DMF as solvent and 
heat to be supplied. 

k 
R - N q ,  CF3 

5. Furan 

An isobenzofuran is obtained in good yield when the bromo-hydrazone (9.2) is 
treated successively with methyllithium, butyllithium, benzoyl chloride and an 
excess of lithium bromide. Recent developments in the chemistry of benzofurans 
have been reviewed [3894, 39831. 
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Ph 

I, THF, Wl. Buli. PhcW, LEBr, A 

6. Oxrrzole 

Aliphatic iodo and ureido groups cyclize when the compound is stirred with 
silver(1) perchlorate in the absence of light. A similar result is obtained by 
stimng with either water and then potassium hydroxide or MCPBA in 
chloroform; these procedures gave slightly lower yields. Fully aromatized 2- 
aryloxazolopyridines are prepared in high yield by heating an acylamino- 
chloropyridine with trimethylsilyl polyphosphoric ester (PPSE). 

7. 0xazoc2-0ne 

A 2-chloro-isocyanate cyclizes on standing in a desiccator to a product which 
contains this ring. 

[n=l v 0 

Me Me 
O ~ ~ d 0 ~ . 4 - d b ~ ~ 2 , 5 , 7 - t r k n e  

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Addition of bromine to a 5-allylpyrimidin-6-amine followed by heating in DMF 
gives a new unsubstituted I,4-dihydropyridine ring [3034]. Coupling a 2- 
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bromoaniline or its more reactive acetyl derivative with a formylbenzeneboronic 
acid, with catalysis by tetrakis(triphenylphosphine)palladium, gives a new 
pyridine ring 13195). The bromoamine was later modified to the more reactive 
bromo-t-butyl carbamate [3432, 35771 and the boronic acid, replaced by a 
tributylstannyl [3433] or a trimethylstannyl group [35771. 

H 

QTh r303Ji 
CHI+& yJrn a2% 

+ (HohBD 0 ---.Ab & ' 0 N  w=1 

fls ' N0 Psnl s$J 0 N  134321 sfls 0 N  -1 

l .CHCkWa2.DUF.A 

!& Me Me 
pyr#o(2.3-dkyrMdine 

NH, OHC 
' 

PhenmRrkiine 

Other ring systems synthesized similarly: 

TMeno(3,C~inoline lIkhho(3.2-b : 7.2-4wridi Dithieno[Wb : 3Z-dlpyridhe 
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Another palladium-mediated cyclization enables 2-iodoaniline to be con- 
verted at 140 "C to quinoline by reaction with a substituted ally1 alcohol in the 
presence of triphenylphosphine, HMPT and hydrogencarbonate. Ally1 alcohol 
itself gives poor results in this reaction. 

R' I: H. Me; R2,R3 = H, Me, Ph 
i. HMPT. P-. PPY. NaHC03 

2. Pyridid-om 

The course of the cyclization of amino (or acylamino) ketones to pyrido[2,3- 
dIpyridazin-2-one (see Chapter 4, Section 11.2) changes when the phenyl group 
is replaced by 2-fluorophenyl. Under mildly alkaline conditions, the amino and 
fluoro functions react to form a sandwiched ltpyridinone ring. This compound 
is methylated (MeI-NaH-DMF) at N-2. A sidechain amino group which may 
be regarded as a vinylogous carboxamide displaces a bz-fluorine atom on 
heating with sodium hydride. 

G'% w z A = + & y  0 N  f3393.3645,3647] ' 
R - H, elkg 

' N  
F RNH R 

PyMf~ii[4,S-blq~h0lh-l Oone 

Another ring system synthesized similarly: 
W .. qp 
0 

137511 
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o-Halogenoanilines are cyclized with a terminal alkyne in an atmosphere of 
carbon monoxide with palladium [as PdCI,(PPh,)]; a pressure of 20 kgcm-2 
increases the yield. A mixture of (E)-  and (Z)-2-acetamido-a-bromochalcones 
is cyclized on heating in acetic acid and orthophosphoric acid-a type of 
cyclization which is not found in the corresponding 2-acetyloxychalcone. 

H 

0 

4Quinolinone 

H 

3. Pyridaziw 

The bromohydrazine (9.24 adds on to DMAD at room temperature to give an 
unexpected product. 

[-I 
COoMe 

DYF 

C00Mo 

4. P y r i d a z i n - k  

Dilithiation [B-47] of the bromohydrazone (9.2) to form the dianion, followed 
by addition of oxalyl chloride at - 78 "C gives a good yield of the phthalazone. 
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5. pyria- 

Attempts to hydrolyse the carbamate (9.3) under alkaline conditions gave an 
unexpected product which is formed by displacement of the fluorine (or less 
readily, chlorine) atom and formation of a pyridazinone ring. Optimum yields 
of this product were developed. 

6 Pyraziw 

Prolonged heating with TEA is required to annulate sidechain chloroethylen- 
amino and bz-amino groups. 

7. 1,2,4-Tripzi~ 

Intramolecular displacement of an iodine atom by nucleophilic nitrogen in a 
side-chain leads to the formation of a fused 1,2,4triazine ring. 

8. 1,2,4Tri&hne 

Thermolysis of an o-halo-semicarbazide (9.4, R = H) at 175-180 O C  produced 
a new reduced triazinone ring, but when N3 of the semicarbazide group carried 
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a methyl (as in 9.5, R = Me), cyclization was accompanied by migration of the 
methyl group. 

M e w  

*'W. y.+->o H 

0 0 y+?JJ0 
z 0 

Me 

M e M e  

:y@- NHCNRNH, 

I1 

(9.4) 
R = H . h  

H 
0 

PyMd$#.4-d).l,2.4-tiatine-3.5.7-tkn9 

P7531 

9. 1J.Oxaziw 

Base-induced reaction of ureido carbonyl and reactive bromine leads to the 
formation of a 3,l-benzoxazine ring system in good yield. 

10. 1,4-ThiaZine 

Displacement of an aryl halogen by a nucleophile such as an amino group is 
more easily achieved with fluorine; this is usually evident in greater yield and/or 
milder conditions. This is exemplified in the following two syntheses of the 
antipsychotic drug thioridazine (9.5) [3730]; the related antiemetic metopim- 
azine may also be synthesized in this way. Phenothiazines have been reviewed 
P-441. 
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Acylamino and bromo functions attached to different rings (joined through 
a sulphur atom) react on heating with potassium acetate and copper bronze; this 
is accompanied by elimination of hydrogen chloride. 

CO(CH&CI 
I 

Other ring systems synthesized similarly: 

CHO 

11. 1,3,4-0xadiazine or 1,3,4-'l%iadillitine 

An N-acyl or N-thioacyl 2-halohydrazine is cyclized on heating in a basic 
medium. 

III. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Diazepirr5-one 

A reactive haloamine reacts with an amino ester on heating in the presence of 
a strong base. Tricyclic 1.4-benzodiazepines have been reviewed [3135]. 
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H qD 0 N H 

p y r i d o ( 2 , 3 - b l [ l . 4 ~ ~ ~ e o n e  

2. l ,eoXazep ige  

Thermally induced interaction between an aryl bromide and an arylamino 
group or its acetyl derivative (as in 9.6, R = H or Ac) sometimes fails but in this 
example, the fonnamido homologue reacts in a basic medium. 

R 

3. 1,4Tbiazepin-4-one 

This ring is formed by treating a 2-chloro(2-acylamino)pyridine with LDA and 
a thiocarboxylate ester under argon. 

- [3844* TW. LDAC RscsoEt 
ss-5en 

R2 
R' - H. Me; # - Ph, 4-CC. 4Meo-.CMe-ceH4. 
3,4QcH@C@3, Phryl, PthienY( pyrldo(2.3-~1,4]~iazep&t-2-one 

4. 1,2,5-Thiadiazepine 1,l-Dioxide 

2-Acylamino and 2'-halo functions attached to two different rings of N- 
arylbenzenesulphonamides react on heating the compounds with copper 
powder and copper(1) bromide in DMF. 

H 
Ae 
I 

R' = allp/I; $ - H, CI, M a .  CF3; Dibenro[c,q1,2,~epirm 5,li-diorkle 
R'= H, CI. Me; X - ck, CI 
i. DMF. C&. CU. A 
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1. pynole 

Hydrogenation of a nitro-alcohol in the presence of copper-on-silica at 250 "C 
is an effective method of reductive cyclization. Nitro and amino alcohols have 

712 
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recently been cyclized in high yield by heating in toluene, xylene or diglyme with 
ruthenium(I1) chloride-triphenylphosphine. Substituents present in the aniline 
included halogen, methoxy and methyl [3835]. 

H 

H a c I c s l o h A  oox ON) [=11 

lndde 

umz 
C Y C W H  

\ 

2. oxozoie 

Cyclization of aminophenols with carboxylic acids (or esters) often requires high 
temperatures even in the presence of PPA. Lower temperatures (10-30°C) 
suffice when PPA is replaced by PPE [211 I ,  3084,36251. Alternatively, a dithioic 
ester may be stirred with the aminophenol at pH 8 128601. Annulation of amino 
and phenolic groups is accomplished by treatment with a nitrile at ambient 
temperature in a basic environment [2770]. The use of nitriles in the synthesis 
of heterocycles has been reviewed [3332a]. 

1. R'COOH. PPE: R' = Me. Ph. CCI-. &NOT, 
4-AcNKGH4. 2-fu1yl. 3-wridyl; X 0 BeruotMarole 

Benrowarde 

ii, MeOH. (aq. NaOH). pH 8. R'CSS!?; X - 0. S; 
R' = Me. Ph; $ = Et, C&COOH 

An anhydride [2309, 23231 (catalysed by mineral acid) or ethyl hippurate 
(ethyl 2-benzoylglycinate) [2 1861 cyclizes an o-aminophenol on prolonged 
refluxing. Chloral hydrate and hydroxylamine convert an aminophenol into a 
benzoxazole-2-carboxaldehyde oxime (2 1041. 

F F 
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Another ring system synthesized similarly: 

R = H. Me, CI. N@ 

in a basic environment, o-aminophenols add on to I ,  I -dichloro-2-nitroethene 
to form a 2-nitromethyloxazole ring [2717]. Both hydroximoyl chlorides [3468] 
and 2-chloro-l,l,l-triethoxyethane [3652] are versatile reagents because of their 
high reactivity even at low temperatures, for example, an oxazole ring is formed 
at ambient temperature. 

Thioaroylcarbamates are readily prepared compounds which react as mono- 
functional compounds with aminophenols without addition of an acid or a base 
[2899]. Cyanohydrins can provide the 2-carbon atom of this ring when amino- 
phenols are substrates, and a second molecule of aminophenol is attached at C-2 
methyl group [3705, 37071. 

Many of the methods available for the synthesis of fused oxazoles lead to 
2-substituted products. A method which leads to 2-unsubstituted 5-R- 
benzoxazoles uses triethyl orthoformate and aqueous hydrochloric acid at 
moderate temperatures [3889]: sulphuric acid (used in an earlier paper) tends to 
cause charring and to lower yields. Both 2-substituted and 2-unsubstituted 
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oxazoloazines may be obtained in moderate yield by heating the aminoazinol at 
140-1 5OoC with an orthoester and 4toluenesulphonic acid [3860]. 

R - hab. CN, Meo. COOEt, ACNH, PhCO. NO2 

3. Oxazol-L-one 

Bis(trichloromethy1) carbonate (‘triphosgene’) is described as a more convenient 
reagent than phosgene and other reagents as a source of a CO group. This is well 
exemplified in the synthesis of a 2-benzoxazolone from a 2-aminophenol at 
ambient temperature I361 71. Carbonyi sulphide is another reagent which is 
worth considering in this synthesis [3096]. An aminophenol may be cyclized 



716 Acylamine or Amine and Hydroxy 
under mild conditions by stirring with disuccinimido carbonate (DSC), which 
supplies a carbonyl group [3019]. 

P B e r u o S r a z ~  
R=H.CI; X=CH.N; Y m 0 . S  

4. Thiazole 

2-Aminothiophenol is cyclized by reaction with prop-2-ynyltriphenylphos- 
phonium bromide, but some 2-substituted anilines give the phosphonium salt (a 
possible intermediate in the thiophenol reaction) which may be cyclized 
separately (see Chapter 16, Section 1.5) [2736]. Reaction of thiophenols with the 
lactonic 2-oxazolin-5-ones can give any one of three products: in acetic acid- 
sodium acetate, cyclization to the thiazole occurs while in some other solvents, 
acylamino and acylthio products are formed, and may be cyclized by acetic 
acid-sodium acetate [3088]. 

k .4Jy 
I 
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Several methods of cyclizing acylamino-ols or -thiols are synthetically useful; 
heating for a few minutes with phosphorus pentasulphide is usually sufficient 
although yields may be low [2196]. 

P W  

Thimp.Sdphzokt 

26% 

NHAc 

Another ring system synthesized similarly: 

When the reaction of an aminophenol with N-ethoxycarbonylthioamide or a 
dithioate ester is applied to an aminothiophenol, a high yield of benzothiazole 
is obtained [2860, 28991. The same substrate is converted into a benzothiazole 
efficiently at ambient temperature with hydroxamoyl chloride (the chloride of a 
hydroxamic acid) [3468]. Similar compounds in which the 2-phenyl group is 
varied are of interest as dye intermediates and are synthesized from quinonoid 
aminothiols [3477]; the chemistry of quinonoid heterocycles has been reviewed 
[2947, 36501. 

(10.1) + ArC=NOH 4oK I 
CI 

k = Ph. 446, 
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An acyl- (or ethoxycarbonyl-) aminothiophenol. in which the thiol is present 
as its dithiocarbamate, is cyclized by heating with formic acid but the corre- 
sponding amino-dithiocarbamate cyclizes with retention of the amino moiety of 
the carbamate when treated with trifluoroacetic anhydride. 

ThiazoloI5,4-cjpyrianem 

Acetic formic anhydride is a versatile reagent in organic synthesis (review 
[3823]), for example, when it is stirred with an o-aminothiophenol. a 2-unsub- 
stituted benzothiazole is formed. Aminothiophenols, like their oxygen counter- 
parts [211 I], are cyclized by carboxylic acids or their esters, and also by 
dichloromethyleneammonium salts (review [2549]) to give good yields of benzo- 
thiazoles [2548]. The use of a dithioic ester is shown in Section 1.2 [2860]. 

R =Me. Ph 
~ O t h h O i B  

Reductive cyclization occurs when a nitrodisulphide is heated with aqueous 
sodium sulphide (which reduces the nitro group) and carbon disulphide (review 
[B-52]). An acylated thiol forms a thiazole ring with an N-carbonyl function 
when compound (10.2) is reduced with triethyl phosphite (the formula of the 
product is incorrectly shown in the paper). Microbiologically useful fl-lactams 
can also be synthesized from the disulphide (10.3) by treatment with a two- 
molar proportion of certain phosphoranes at - 5OoC in an intramolecular 
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Wittig reaction which generates a fused thiazole ring carrying a protected 
carboxylic acid group. 

(10.2) 4-Thia-1 -arabicyck(3.2.0]h@t-2sn-7one 
R' I Me. Pr; $ - Me&, pyranyl; 
R3 I C w C H C &  

Oy&* (38731 

COOR' 

___) 
CH* 

+ !Ph, 

W H 8 k  
(10.3) 

R' - 4-N0&H4; $,- benroth~ol-2-yl; 

R3 = Ph. PhS. PhCHSCH; R' = tsuMe$3iO 

5. Thiazol-2-o~ 

This ring is formed in high yield from a mercapto-amine and either phosgene or 
disuccinimido carbonate (see Section 1.3). Ethyl potassium xanthate is also 
effective [3038]. An aminophenol in which the hydroxy group is masked as its 
dimethyl aminothiocarbamate cyclizes under conditions which generate the 
amine from the nitro group. The product is the result of a Newman-Kwart 
rearrangement [B-40, Vol. 3. p. I I]. 
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6. 1,2,3-Thiadiazole 

Diazotization of an aminothiophenol is a convenient route to this ring; if the 
thiol is benzylated for protection at an earlier stage, it  can be freed after 
diazotization. 

11. FORMATION OF A SIX-MEMBERED RlNG 

1. 1J-Oxaziae 
The imine of an a-acylphenol reacts with an orthoester to form an oxazine in 
good yield, especially when R' = Ar. 

2. 1poxaziBe 
Oxidative cyclization of an aminophenol can give rise to a doubly fused oxazine 
in good yield from two molecules of aminophenol [2331]. A non-oxidative 
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method using orthophosphoric acid is an alternative approach to a phenoxazine 
[2372]. 2-Chloroacetoacetate ester condenses with an aminohydroxypyrimidine 
to form a fused oxazine ring [2546]. Synthesis of a tetracyclic benzoxazine is 
described in Chapter 35, Section 11.6. pNH2 Eco?.=lKSF.(cNk -71% * 

OH 

COR COR COR 
R I Meo. NHCH&OOMe, NHCHMeCOOMe SPhenoxazhone 

H 

3. 1,4Oxazin-%one or -3-one 

A 4-aminopyrimidin-5-01 reacts exothermally with DMAD with the formation 
of a fused oxazin-3-one ring in high yield [2786], but prolonged heating of an 
aminophenol with DMAD yields the oxazin-Zone as the main but not only 
product [3 1251. Another approach to a fused oxazin-3-one is demonstrated by 
the reaction of ethyl a-chloroalkanoates with 4-aminopyrimidin-5-01 under 
basic conditions [2459, 38101. 

H o y  

Me 
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H 

R' =H, MO; R2 = H.OH.W. u; 
R9= H. M e ,  E1; R' I H. Me 
i, TEA; ii. EtOH-ElONa 

4. 1,4-ThiaZine 

Some substituted o-quinones react with mercaptoamines to give I-phenothiazi- 
nones but others (including o-benzoquinone) give more complex products [2635, 
3179, 33321. Cyclic 1,3-diketones (in their tautomeric form) react with a 2- 
mercaptoaniline to give phenothiazine-like compounds [3285]. The chemistry of 
phenothiazines has been reviewed [B-44,33321. o-Mercaptoaniline is annulated 
by heating with a hydroxycyclopentadienone [2635]. 

COOEt -El 
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Another ring system synthesized similarly: 

0 

723 

5. l&Thiazin-hne 

A versatile synthesis of I ,4-benzothiazin-3-ones is that in which 2-aminophenyl 
disulphidc is hcated with methyl (or ethyl) arylacetate and a strong base. 

6. IJ&Thiadiazinc 

The hydrazinium salt (10.2) of a I-amino-l.2.3-triazole-5-thioI is cyclized by 
heating with an z-chloro ketone [B-45]. 

111. FORMATION OF A SEVEN-MEMBERED RING 

I.  I &Oxazepine or 1,4-0xazepin-hne 

o-Aminophenol (10.3) condenses in an acidic medium with an o-aminonitrile 
or an amino ester to form a fused 1.4-oxazepine or a 1.4-oxazepin-5-one. 
respec ti vel y . 



2. 1,4-0xazepine-5,7-diow 

2-Aminophenol is cyciized at 5 OC with diphenyl thiomalonate in the presence 
of DMAP. 

3. 1,4Tbiazepine 

The 3-arylideneimide (10.4) is an efficient reagent for converting Zmercapto- 
aniline into a benzothiazepine. The use of lactams in heterocyclic synthesis has 
been reviewed [2387]. 
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4. 1,2$-0xathiazepin-40ne 2-Oxide 

Cyclization of 2-aminophenol with ketene in liquid sulphur dioxide at or below 
0°C gives a modest yield of this fused ring compound. 
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Cyclization of the following additional pairs of functions are also described: 
acylhydrazino-lactam carbonyl, amidino-lactam carbonyl. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrszole 

A I-aminopyridin-Zone is cyclized by heating it with a reagent which has a 
reactive methylene group, and anhydrous zinc chloride. 

726 
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Me 

727 

Me 

R' I Me, Ph. 3coumarhyt; 
R~ = H, AC. COOEI 

2. Imidazole 

Lawesson's reagent was originally used to convert a carbonyl into a thiocar- 
bony1 group but it can also promote cyclization, possibly through the corre- 
sponding thiocarbonyl function (cf. p. 35). In this example, it is used in the 
presence of ( +)-10-camphorsulphonic acid (CSA) to annulate side-chain amino 
and lactam carbonyl groups [3212]. Dehydration of an amidino-lactam yields a 
fused imidazole ring [2402]. Synthesis of heterocycles from lactams has been 
reviewed [2387]. 

3. l,2,4-Triazole 

Carboxamides cyclize N-aminopyridin-2-ones ( I  1.1) on heating with zinc 
chloride under anhydrous conditions [3154]. A novel ring system was syn- 
thesized by warming the 3-amino-2-thioxothiazol-4one (a rhodanine deriva- 
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tive) with an imidoyl chloride [3024]. The two carbonyl groups of the oxadiazole 
(11.2) condense with hydrazine to form a fused triazole ring [3945]. 

(11.1) 
R I H. Me. Ph. PhCH-CH 

R' 

+NNH 
S 

I I  [30241 
+N-N s 

4. Thiazole 

Acylamido and Iactam carbonyl groups may be annulated by heating with 
phosphorus pentasulphide in pyridine. 

H H 
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5. 1,3,4-Thiadiazole 

N-Amino and lactam thiocarbonyl functions may be joined together by reaction 
with cyanogen bromide or by heating with an aldehyde. An N-acylaminopyri- 
midine-Zthione is cyclized by heating with phosphorus oxychloride. 

n 

H 

An unexpected cyclization occurred when the thiazolone (1 1.3) was heated 
with phosphorus pentasulphide. Several bicyclic products may be obtained from 
the N-amino-thiolactam (shown in its enol form) (11.4); with a carboxylic acid 
and phosphorus oxychloride, a new thiadiazole ring is formed. 

po - PMh.P&b ll-4oX p S v A  N-N P-I 
NNHCOR 

S S 
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6. 1,3,4Thiadiazol4ium 

1,4,6-Triaminopyrimidine-2-thione reacts with the Vilsmeier reagent to give 
one or more of several products according to the temperature of the reaction. 
In this way, thiadiazolopyrimidines are formed at 0 OC. 

11. FORMATION OF A SIX-MEMBERED RlNG 

1. Pyran-2-ow 

In the presence of a strong base, malononitrile reacts with a dimethylamino- 
methylene group and forms a ring with a neighbouring lactam carbonyl 
function, the dimethylamino group being eliminated. The usefulness of nitriles 
in the synthesis of heterocycles as been reviewed [3332a]. 

Ph Ph 

2. 1,QThinziw 

A pyridothiazine may be synthesized efficiently by stirring a 2-mercapto-3- 
aminopyridine in an alkaline medium. When an organic sulphide such as (11.5) 
is heated with ethanolic hydrogen bromide under argon, cyclization occurs in 
good yield. 
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H 

3. t,3,4Oxadiazine 

Acylhydrazine and lactam carbonyl groups interact to form a ring on treatment 
with boiling thionyl chloride. 

4. 1,3,4-Thiadiazine 

An r-bromo ketone reacts with a cyclic thiosemicarbazide (containing a lactam 
thiocarbonyl) on heating in ethanol; the base is freed from the resulting hydro- 
chloride salt with carbonate. Annulation of N-benzylideneamino and lactam 
groups by heating with phenacyl bromide gives a new thiadiazine ring with 
elimination of the benzylidene group. 

H 

I21281 
C U  

+RCOCH$r 

R = SNO&ryl 
i, E m ,  A; ii. 4. Na- ImidaZop.1 t#l,3,4]1Madiazhe 

Me Me 
cot% M ~ , A  fyx c t- W01 + I  

Ph SMe 
1,2.4-T~ok(3,4-b~l.3.4~diazin-l-ium 

mCH=NNJ, C H a  4 0 ~  
SMe 
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Benzoin undergoes a cyclocondensation with the aminothiolactam (1 1.4) to 
form a new thiadiazine ring while the reactive chlorine atoms of 2,Idichloro- 
quinoxaline under mildly basic conditions react to form a doubly fused 
thiadiazine. 

A 

R k * H 

(1 1.4) 1,2.4-T&~0b(3,Cb~l A4pNeBeZkre t-I 

\ MN*N 

k R = = Ph, z-&H3 2 - q ;  axNT4& 
H 

1.2,4-Triardo(3,~ : 2,311 A 4 ~ i , 6 - ~ i *  

5. 1,3,4-”’hiadiazinium 

Phenacyl bromides cyclize amino-lactam thiocarbonyl groups (the latter is a 
cyclic thiosemicarbazide in this example) on heating in ethanol. The charge is 
shown at N-8 but may also be at N-1. 

&NNHNY COAr 7coQK EIOICA y&& [37251 
S &NR + Cw 
R I CBr-. CW&H4C&, 2,4-CI&&C& 
k = CCI-. C W c B H 4 .  O-naphthyl 

[l , 2 . 4 ~ ~ O W . l - b J [ 1 , 3 , 4 ~ i a d l a Z i n ~  

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Diazepin-%ae 

Amino and lactam thiocarbonyl groups may be converted into a diazepinone 
ring by reaction with the cyclic arbamate-anhydride (11.6). 
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The following pairs of functional groups are also mentioned in this chapter: 
carbamate and methylene, acylamine or carbamate and trimethylsitylmethyl, 
alkene and tosylamino, alkyne and imine. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

Treatment of an imidate which is placed orrho to a reactive methylene group 
with sodium hydroxide-DMSO results in the formation of a new pyrrole ring. 
Good-to-excellent yields of Cnitroindoles are obtained when 3-nitro-2-methyl- 
anilines (or acetanilides) are treated with diethyl oxalate in the presence of a 
strong base (cf. Madelung synthesis of indoles, p. 68). 

733 
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d 

Indale R' = H, Me; # = H. Me. Et, Ph: R9 = H. &yi. a, Me0 

When the iminophenylacetic acid (12.1) in acetonitrile is heated or allowed to 
stand for two days at ambient temperature, it is converted into an indoie-3- 
carboxylic acid (29991. Oxidative cyclization of the aminoalkene (12.2) occurs 
under mild conditions (temperature of 23 OC or lower) to give the hydrazone of 
an indole-3-carboxaldehyde [3843]. A number of 2.5-disubstituted indoles are 
accessible from the dilithium derivative of a 2-trimethylsilylmethylbenzanilide 
and an ester; the latter is synthesized from a 4substituted nitrobenzene in three 
stages [3824]. 

H 
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A mixed copper and zinc reagent (prepared in three steps from an o-toluidine 
via the benzyl bromide) reacts with various electrophilic reagents such as acyl 
halides at low temperature (- -20°C) to yield 2-R-indoles [3637]. 2-Vinylani- 
lines [protected as their N-tosyl derivatives (12.311 are cyclized to N-tosylindoles 
in a palladium-mediated reaction (review [B-Ql]) in the presence of benzo- 
quinone and lithium chloride. This method gives good yields with variously 
substituted anilines, and is especially useful in the synthesis of +substituted 
indoles, but no variations in the vinyl group are reported [3410]. 

Application of the Vilsmeier reaction (review [ 16761) to an o-methyl-amine 
may result in the formation of a fused pyrrole-3-carboxaldehyde ring. The same 
functional groups are annulated by reaction with trimethyl orthoformate to give 
a 2,3-unsubstituted pyrrole ring. 

CHO 
I 

H 

2. Pyrrd-2-0ne 

Some pyrrolo[2,3-h]pyridin-2-ones exhibit anti-inflammatory activity; this ring 
system may be formed by cyclizing the (phenylthiomethy1)amine (12.4) using 
butyllithium (review [B-471) followed by carbon dioxide and trifluoroacetic acid. 
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11' 

ONHR' ' CH$@ 

(12.41 Pyrmk@.2-bjpy1kh2-one 
R' = iPr, IBU, PhCH2, Ph, MI-, 44Pr-, SCFrC&, 
3.4- C&+CM-Me+H$ R2 I Me, Ph 
i, Mi. THF li, w: iii, CWOOH. C W l ,  

3. Pyrazole 

1-Aminobenzimidazoles are useful intermediates, and their alkylation may 
occur at either NH2 or the = N- atom. On heating with an iodoalkane, only 
the 3quaternary salt is obtained. This is cyclized on heating with an anhydride 
and sodium carbonate; a lower yield is obtained when the carbonate is replaced 
by pyridine. When a 2-hydroxymethyl- I -aminopyridinium chloride is heated 
with acetic anhydride, the N.0-diacetate is formed but in the presence of a base, 
this reaction yields the pyrazolopyridine. 

R' -Me. Et, pr; +*Me, EL Ph 

R' 

4. lmidazole 

2-Aminobenzimidazoles, quaternized with 1-bromoprop-2-yne and converted 
with ammonia into the 2-imines, cyclize on heating with a strong base; the 
quaternary salt behaves similarly. The enzyme catalase promotes the cyclization 
of the amino-alkene (12.5) to a benzimidazole under comparatively mild con- 
ditions (review [B-531). 

R R 
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H 

5. lsothiazole 

When o-toluidines are heated with thionyi chloride in xylene, this ring is formed 
in good yield. 

II. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

An N-(o-viny1)imino ester is probably an intermediate in the two-step thermal 
cyclization of 2-vinyl-N-acylanilines. A photochemical method also gives high 
yields except when R' = COOMe; the thermal method gives none of this 
product. 

NHCOR~ 
4 1  - 

7142% --. 
CMe=CHR1 

2. Pyridin-eOne 

A methylene group activated by carbonyl and sulphonamido groups reacts with 
a neighbouring amino group on heating with orthoformate ester. 

R2 
x NHR* 

Hc(ou),d 1- - "q p517 
=flH, 

R1aCOCt@0.#4ti2 R~-H.W.W,CI; F+=H,EI; 0 

+Quindinone 
X=CH.N 

1 ,o-NaphuIyridkr-bone 
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3. Pyrimidine 

Imino and methyl groups may be annulated by prolonged heating with crotonic 
anhydride. 

4. l3Oxazine 

The methyl(bismethylthio)sulphonium salt (12.6), a mild methylthiolating agent 
for alkenes and alkynes, converts o-vinyl-acylamines into fused oxazines. 

Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 130xazepine 

o-Allylbenzanilide is annulated by stirring with a bis(methy1thio)sulphonium 
salt (12.6) followed by basification to release the free base. 
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An example of the cyclization of an amino-iminoether (often prepared from a 
nitrile) is included in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Reductive cyclization of a nitro-nitrile yields a fused pyrrole ring. 

739 
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n 

mbww-@m 
2. Pyrazde 

A 3-aminopyramle ring is formed on stimng an aminonitrile at ambient tem- 
perature with hydtazine hydrate. 

H H H  

3. Imidazole 

An iminoether (formed in situ from a nitrile group) and an acylamino function 
react in the presence of a mild base to form a fused imidazole ring [3137]. 
Nucleophilic attack by an amino group on an iminoether (formed in siru) gives 
high yields of fused imidazoles [2446]. Irradiation (review [B-50]) of a 2- 
cyanocyclohexylamine in THF gives a high yield of a reduced benzimidazole 
128221. 

H 

R - Ph. 2-huyl eendmklarole 

R 
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Another ring system synthesized similarly: 
R 

74 1 

R-H.Me; n11or3 
CYdOpent Id1 -ole 
cyckhept [dl 

4. 1,2,4Trinzole 

The amino-cyanoiminothiazole (13.3) [formed in siru by amination of the 
thiazole (13.2)] cyclizes on stirring with O-(2,4-dinitrophenyl)hydroxylamine. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Amino and dicyano- or cyanoethoxycarbonyl-ethylidene functions are annu- 
lated by heating with t-butoxide, TEA or acetic anhydride, or by stirring with 
methanolic sodium hydroxide. The 4-nitrophenyl derivative gave the highest 
yield, the 4-methoxyphenyl the lowest. Condensed pyrazoles have been reviewed 
[3902]. 

R - Me, EL Ph, 4-CK3i4. CNo2cBH( 
i, -OH. TEA, A; 1. A@, A; 1. MeOH-NaOH 

Other ring systems synthesized similarly: 

(38681 
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The powerful Lewis acidity of a titanium(1V) salt is demonstrated in its 
room-temperature catalysis of the reaction of an aminonitrile with a lactone, 
6-valerolactone or its 6-methyl homologue. y-Butyrolactone gave poor yields 
[3638]. Tin(IV) chloride also promotes cyclization of aminobenzonitriles with 
/3-keto esters to give the medicinally useful 4aminoquinolines [387 I]. 

x/3-Unsaturated nitriles are widely used in the synthesis of heterocycles 
(review [1096, 3 1231); bentylidenemalononitrile in the presence of sodium 
converts an aminonitrile into a fused 4-amino-3-cyanopyridine ring. When a 
milder base (TEA) is used, both nitrile groups are retained [3897, 33531. When 
the 4H-pyran (13.5) was stirred with diethyl benzylidenemalonate and TEA, 
none of the expected product was isolated but another derivative of this ring 
system was obtained, namely, that which is formed by reaction of the pyran 
(13.5) with benzylidenemalononitrile. The pyran ring has opened. reacted with 
itself and cyclized to give the pyrano[2,3-h]pyridine [38 191. 

R = CN. COOEI 



Formation of a Six-membered Ring 143 

2-Aminocinnamonitriles may be obtained from benzaldimines by a pal- 
ladium-mediated reaction with acrylonitrile; these are then cyclized (without 
purification) by heating in mesitylene. When acrylonitrile is replaced by styrene, 
and mercury(I1) oxide added (to oxidize the imine group to the aldehyde), 
cyclization gives 3-phenylisoquinolin- I-ones in good yield. 

2. Pyridin-Z-one 

Cyclization of aminonitriles with malonic esters is mediated by tin(1V) chloride 
(cf. previous section) but the yields may be low [3871]. Amino and cyano groups 
attached to different rings interact to form a fused pyrimidin-Zone on heating 
the compound with potassium hydroxide [3899]. 

H 

3. Pyrimidine 

A number of reactions involve addition of hydrogen chloride to a nitrile group 
(review [2547]) and the formation of a chlorimine which later loses either a CI 
or NH2 as HCI or NH,, respectively. Both of these possible routes are observed 
when anthranilonitrile or a heterocyclic analogue is heated with another nitrile. 
The (single) product formed depends on the nature of the aminonitrile and is 



744 Acylamine or Amine and Nittile 

difficult to predict. This reaction is also successful when hydrogen chloride is 
replaced by a strong base. 

PtOCH2, phso2cH2; X - CH=CH. 0, S I 
N Y  

1 R = H. Ph, PhMeCH; R2 - Me, Ph. P W H ,  2- QT 4-ChH4 

wz3-4PY- 
A side-chain cyano group reacts with a ring-amino to form a pyrimidine ring; 

this cyclization occurs on heating the substrate either alone or with acetic acid 
126701. A fused 4-aminopyrimidine ring is a constituent of several compounds 
of medicinal interest and may be constructed from an aminonitriie and a 
number of reagents (see p. 76); formamide [2636] or diethoxymethyl acetate 
[2746] frequently give good results. Recent work on polyazines has been 
reviewed [3985]. 

COOEt 
I R 

/ UHN\ - [a701 

b Em6-x COoEt 

M C  mysy:+-. +? krmC MawN II 

ucc=cHN \ ,ExR -8oy 

H2N COOEt 

R-H.Me pYratok(1 .,slpyrMdine 

[-I 

0 NH, 

ThW23-d)e 

I1 
0 

k = ph, 4-CI.. 4-Mec&l4 
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Other ring systems synthesized similarly: 

745 

Cyclization of an aminonitrile under Vilsmeier conditions but employing 
t-carboxamides other than DMF leads to moderate yields of fused 4-chloropy- 
rimidines [3919]. When an aminonitrile (13.5) is heated with a secondary for- 
mamide, cyclization is accompanied by migration of the N-alkyl group from the 
ring-nitrogen to the amino-nitrogen (a Dimroth rearrangement) 125071. A 
variant of the same ring system has been synthesized without rearrangement 
using N-methylformamide; an N-substituted acetamide gives a comparable yield 
but some unreacted aminonitrile remains [2746]. 

R = Me, Ph 6 
h ~ d ~ 4 3 . 2 - d J p ~ f i d d i 1 ~  

H O H  Me 

A 

II 
0 

R' = H, Me, NH 

$ - alkyl. CHFCHCb PynuoloI3.4-dlWrimi&le 

A fused 4-hydrazinopyrimidine ring is obtained when neighbouring imino 
and nitrile groups are annulated by means of an excess of a hydrazine [3372]. 
Two molecules of an aminonitrile sometimes react together under strongly basic 
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conditions, and under more severe or prolonged conditions, a trimer may form. 
The example shows the product obtained from 2-aminoisophthalonitrile at 
ambient temperature over 7 days [3559]. 

R I Me, PhCH2 X - N  Y ~ c H P ~ r l n e  
X - CH; Y = N Pp~do(3.4-d- 

4. Pyrimidin-2-one or 4one  

An efficient cyclization of an aminonitrite under mild conditions (without 
external heat) is obtained by reacting it with chlorosulphonyl isocyanate (review 
[3340]) to give a high yield of pyrimidin-Zone [3368]; heating with urea is also 
effective [2774]. The corresponding 4-one is formed in lower yield by heating an 
(acy1amino)nitrile with a primary amine hydrochloride, a t-amine and phos- 
phorus pentoxide 137891, or with acetic anhydride-pyridine [3898]. 

R 

m c  
4 1 %  NCO 

NH R - H, Me, E l  PhCHfiH2 

2-Quhardinone 
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5. tJJ-Triazia4sw &Oxide 

Treatment of an aminonitrile with a nitric acid-sulphuric acid mixture at about 
0°C produces this ring, probably through the formation of the N-nitro 
compound. 

Another ring system synthesized similarly: 

6. 1,2,4Triazine or 1,2,4-TrieZin-5-0ne 

N-Aminopyridinium salts (review [ 18701) are useful substrates for the synthesis 
of a number of fused heterocycles. With ethyl orthoformate, N-ethoxyimino 
derivatives are formed and react with benzylamine at ambient temperature to 
give the readily cyclized aminomethylene derivative which, with piperidine and 
then mineral acid, yields the triazinone. 



748 Acylamine or Amine and Nitrile 

7. 1,3,5-Triazine or 1,3,!5-Trirzin-2-oae 

Neighbouring amino and N-iminoether groups are cyclized by heating with a 
carboxylic acid to give a triazine while aryl isocyanates yield the triazinone. 

k = Ph, CC, W e &  

8. l,4-Oxazine or 1,4-Thiezine 

Cyanomethyl-oxy or -thio and nuclear amino groups are annulated by heating 
with potassium hydroxide [2456] or by stirring with sodium methoxide [2377]. 

d 
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Other ring systems synthesized similarly: 

749 

9. 1,2,+Thiadiazine 1,l-Dioxide 

This ring is formed efficiently when an o-amino-(N-cyanosulphonamide) 
(obtained in high yield as its sodium salt from the sulphonyl chloride and 
sodium cyanamide) is stirred with dilute mineral acid without external heating. 

R .I Cl, CF3 12,CBenrothiaderine 1 .ldioxkle 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. I ,+Diazepine 

When a compound containing amino (possibly formed in siru) and cyano 
functions (attached to different rings) is heated in either an acidic or a basic 
medium, a 5-aminodiazepine ring is formed. 
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Another ring system synthesized similarly: 
H 

1.2,3-Triarolo[4,5-~1.5]benrod&~epine 

A high yield of a 1.5-benzodiazepine is obtained under chemically mild 
conditions by refluxing the malononitrile derivative (13.6) in ethanol. The 
product, being an o-aminonitrile, would be expected to react with guanidine to 
form a new 2,4diaminopyrimidine ring (cf. Part 1, p. 78), but this reaction 
failed. 

2. l,&Thiazepine 

This ring may be formed in an acid-catalysed cyclization of a 2-/?cyanoethyl- 
thioaniline; the use of this type of reaction for the synthesis of heterocycles has 
been reviewed [254Tj. 

E O .  A 
* 6 8 9 W t  

Ar = 2,4-Cl&H3; R - H, CI 
1,5-BenrotMarepkle 

3. 1,3,4-”hiadiazepiw 

This ring was formed unexpectedly by heating an aminonitrile with thiosemicar- 
bazide hydrochloride in acetic acid. 

NH, 135761 

, N N N q w  HCI NHNh A0oH.A 

+ I  CSNH, 03% 

EKK: 4, 0 II 

PyraroloIS.1’ : 3,411 3.4)Lripdno[g,5-~1,3,4]oliadiarepine 
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Cyclizations of a nitro-imine and a nitro-guanidine are also described in this 
chapter. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrazole or Pyrazole l-Oxide 

Base-catalysed cyclization of the nitrobenzylaniline (14.1) produces the strongly 
coloured yellow N-oxide. The unoxidized pyrazole is produced (often together 
with the cinnoline N-oxide, see Section 11.2) when 2-nitrobenzylidenearylamines 
(14.2) are heated with potassium cyanide. 

75 1 
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2. P y r a d - h n e  

Annulation of methylene and nitro groups of 2-arylaminomethyl-3-nitropy- 
ridine by heating with a primary arylamine in acetic acid leads to the pyr- 
azolone together with a small amount of the corresponding pyrazole in some 
experiments. 

3. lmidazole or lmidazole 1-Oxide 

N-Benzylidene-2-nitroanilines are useful substrates: heating with potassium 
cyanide-methanol gives the 1 -hydroxy-2-phenylbenzimidazole while the o- 
nitrobenzylidene-2-nitroanilines lead to cinnoline 1-oxide in low yields (see 
Section 11.2) [2266, 28481. Thermolysis of a mixture of an o-nitroaniline and a 
benzaldehyde gives a 2-arylbenzimidazole [2848] while reduction or photolysis 
of o-nitro-t-amines converts them into benzimidazoles or their N-oxides, 
depending on steric and electronic characteristics [2 197, 22241. 

R = H, Me; k = Ph, 2&-, 24-, 2-MeO-C& Benrhnidetde 
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W 

4. Furazan l-Oxide 

Oxidation of a nitroarnine with (diacetoxyiod0)benzene (review [3714]) often 
gives better results in this cyclization than are obtained with hypochlorite. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin4one 

Displacement of a nitro group by a side-chain amine-derived anion can lead to 
the formation of a pyridinone derivative which may have antibacterial proper- 
ties. v 
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2. Pyridazine 1-Oxide 

A rather complex mechanism has been offered for the cyclization of a 2-nitro- 
aniline imine in the presence of methanolic potassium cyanide. Yields in this 
type of cyclization may not be high [2848]. 2-Nitrobenzylidenarylamines are 
cyclized by the same reagents. Variable amounts of indazoles are also produced 
but when Ar contains an orfho-substituent, little or no indazole is formed [3262]. 

Ginnoline loxide 

3. Pyrazine l-Oxide 

A 5-unsubstituted 4benzyliminopyrimidinone (14.3) undergoes successive 
nitration and cyclization to give a good yield of a pyrazinopyrimidine N-oxide 
which may also be synthesized from the nitrobenzyliminopyrimidine in high 
yield. 

NHPh 

4. 1,2&Triaziw l-Oxide 

Amino and nitro groups in different rings may be annulated by heating with 
aqueous potassium hydroxide in pyridine. The triazine oxide ring is also formed 
when an o-nitro-guanidine is heated with aqueous carbonate. 
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[=I P V . 4 K W . A  
-54 

I 
R 

R I H, CI. MeO; Af I Ph, 4-NOAH4 0- 

PyrazdolS.1 -cjl.t4Jberuotriazine 50xide 

0- 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Imidazole 

Reductive cyclization of a nitrosoacylamine in acetic acid can give high yields 
of a fused 2-substituted imidazole [2765]. A nitroso-aminopyrimidinedione 
reacts with a variety of aldehyde hydrazones and with the Vilsmeier reagent to 
give good yields of purinediones [2225,2447]. When o-nitroso-N-alkylpyrazola- 
mines are heated for 10-90min in pyridine, a fused imidazole ring is formed 
[3449, 38311. 

NHCOR NHCOR 
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Another ring system synthesized similarly: 

2. I,2,4-0xadiazole 

Cyanogen bromide reacts with 2-aminoazine N-oxides to give a fused oxadia- 
zole in good yield. 

0- I O y N H  I 

€OH. BrcN. A ,  
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrazine 

Acid-cataiysed condensation of I ,3-indanedione with a nitrosoaminopyrimidine 
gives a new pyrazine ring-a type of cyclization sometimes known as the 
Timmis synthesis. Another indanedione derivative, 2,2-dihydroxy- I ,3- 
indanedione, condenses with a nitrosoamine with even better results and 
without the need for acid to be present. 

Base-induced condensation of a 2-nitroarnine with an arylacetonitrile gives a 
member of the biologically important pteridine family (reviews [3454, 35941) in 
good yield and without the possibility of 7-arylpteridines also being formed 
[2987]. Reduction of an o-nitrosoamine followed by addition of polyglyoxal 
produces a 2.3-unsubstituted pyrazine ring [2082]. A 2-acetoxypyrazine ring is 
formed by heating a nitrosoamine with acetic anhydride [2052] or with an 
enamine (22331. 
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R' 

759 

R' 

R'=Me,Ph; $=W.Ph 

Another ring system synthesized similarly: 

2. 1,2,4Triazine 

Nitroso and amino groups may be annulated by heating the compound with an 
acylhydrazine (a hydrazide) in an aprotic solvent but acethydrazide did not give 
a characteristic triazine. 
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Examples of the cyclization of compounds carrying a phosphorane and one of 
the following functional groups are shown in this chapter: acylhydrazine, hydra- 
zono, thioxy and imino. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrazole 

An iminophosphorane function (formed in siru) is annulated to a neighbouring 
imino group by reaction in dry dichloromethane at or below room temperature. 
The first product isolated is a 2-(triphenylphosphornylidene)aminoindazole 

760 
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which can be converted into the phosphorus-free 2-aminoindazole by acid 
hydrolysis. 

2. 1,2,4Triazole 

Isocyanates react at ambient temperature with a hydrazono-iminophosphorane 
to yield a 7-substituted aminotriazolo compound. The initial reaction is 
probably between the isocyanate and the iminophosphorane to form a carbodi- 
imide. Heat is needed to induce a hydrazono-iminophosphorane to react with 
benzoyl chloride and to form a new triazole ring, but the yields are then usually 
high. 

R = alkyl, GH11, PhCh. CHpCHCH2 [1.2,4~riazdo(5.1 - d l  ,2.4piazin-Cone 

Another ring system synthesized similarly: 
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3. Funa 

Annulation of a phosphonium salt and the carbonyl of an acyloxy group 
(formed in sifu) proceeds in good yield on heating with TEA. High yields of 
benzofurans (review of recent work on benzofurans 138941) are obtainable by 
heating a mixture of the a-hydroxybenzylphosphonium bromide, an acyl halide 
and TEA in toluene. 

4. Thiophene 

An u-mercaptobenzylphosphorane is ring-closed by heating with an acyl 
chloride-TEA mixture. 

R - Me. RC7Ht5, Ph, PhCHICH, 24w Benzofbahbphene 

5. Oxazole 

When the reaction between 2-aminothiophenol and phosphonium bromide 
(Chapter 10, Section 1.4) is applied to a closely related phenol, the phosphonium 
salt (16.1) is isolated in 87% yield and is cyclized by a catalytic amount of 
sodium hydride. 

(16.1) ~ o x a z d e  
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridazin4om 

A primary amino group, after diazotization, reacts with an a-ketophosphorane 
function to form a pyridazinone ring but the triphenylphosphine moiety is 
retained and can be removed by heating with aqueous alkali. 

H 

1 0  
53.88y- 

0 0 

R - H, CI, Me 
i, Cflii?'& W H ;  if, aq. NeOH, A 

4-Cinnolinane 

2. Pyrimidine 

The amino-iminophosphorane (16.2) is cyclized by heating with an isocyanate. 
A closely related iminophosphorane (16.3) reacts with an isocyanate in 
unheated dichloromethane to form a new fused 24minopyrimidine. When the 
imino is replaced with a hydrazono function (R' = ArNH), a similar 2-imino- 
pyrimidine ring is produced. The chemistry of pyrazolopyrimidines has been 
reviewed [3360]. 

Ph Ph 

Phb. A R w y I N N L  R'N I37161 

Me Me 

Ph Ph 

(163) 
R' = Ph. 4-MecSH4,4-bQC&NH; - El C-CHCb, Ph. 4-M&. 3- 01 4-cCCd4 

3. Pyrimidine-2-thione or Pyrimidin-2sne 

Carbon disulphide reacts at room temperature with the iminophosphorane 
(16.3) to give a high yield of the thione. It is necessary to heat the iminophos- 
phorane with carbon dioxide in order to synthesize the corresponding pyrim- 
idinone. 
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Ph 

Other ring systems synthesized similarly: 

134191 

4. 1,2,4,STetrazine 

Acylhydrazino-iminophosphoranes are cyclized by stirring in dichloromethane 
with an isocyanate for 24 h. 
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5. Pyran or Thiopyran 

2-Acyloxy-phosphonium salts (16.4) are cyclized to a 2-benzopyran on heating 
in toluene with t-butyl methoxide. The acyl group may be provided by a reagent 
rather than have been attached to the oxygen or sulphur atom; in this example, 
the thiophenol is treated with the acid chloride-TEA in boiling toluene. 

0 

133711 
I. II 

____) 
4031% 

R'CO 

6. Pyrabeoae 

Acyloxy and phosphorane groups interact when the compound is heated in an 
inert solvent, and a chromone (not a flavone as stated in the paper) is formed 
[3827]. U-Acylsalicylic acids are cyclized to flavones in a similar type of reaction 
involving carbon tetrachloride and triphenylphosphine [3827]. Higher yields 
may be obtained by treating a phenolic phosphorane first with an acyl chloride 
and then with methoxide [3193a]. 
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In addition to the functional groups in the title, cyclization of a sulphonylimino 
group and ring-carbon is described. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

An N-arylsulphonylimino- 1.4-quinone is cyclized by reaction with 3-aminobut- 
2-enoate esters (3-aminocrotonate esters) to produce the highly substituted 

767 
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indole-3-carboxylates. Formation of an azomethine ylide is believed to occur in 
the cyclization of the diazo ketone (17.1) with methyl acrylate in the presence 
of a catalytic amount of rhodium(I1) acetate (review of such reactions [3928]. 

R 

R-Me.EI Indale 

(17.1) 
pynok(~2-alwRole 

2. Pyrrol-2-one 

Acid-catalysed cyclization of a 3-acylaminomethylquinoline through a Reissert 
compound gives a pyrrolone-fused derivative (review j2959al). 

3. Pyrnzole 

Addition of an N-acetamidopyridazinium ylide to benzyne in the presence of 
butyl nitrite gives a pyridazinoindazole in good yield and under mild conditions, 
but pyridazine N-oxide reacts with benzyne differently, a I -benzoxepine and a 
pyridazine being formed. 

127351 

Ac 

~ o ( l , 6 - b l i n d a z o l e  

4. 1,2,4-Triazole 

2-Thioformylaminopyridine is converted in low yield into its triazolo analogue 
by stirring with hydroxylamine. 
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5. Oxazole 

Photolysis of o-thallated acylarylamines produces a benzoxazole in good yield. 

6. Thiazole 

Mild oxidation with potassium hexacyanoferrdte(i1I) under aqueous alkaline 
conditions induces thioacylanilines to cyclize. 

CN 
I 
CHCOPh 

I 
dQ* 

R = H, Me. N&. W. CI i, EOH, aq. NaOH, K$e(CN)s 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

A side-chain methylsulphonylimino group attached to C-3 of a pyran-2-one ring 
acts as a I-azadiene in an inverse electron Diels-Alder reaction with l,l-di- 
methoxy- I-propene at ambient temperature. The first-formed product is more 
conveniently isolated after removal of the N-SO?Me and Me0 functions with 
t-butoxide at - 30 OC. 

m e  
I 

i, PhH: a, THF.1BUOK [ l  ]Eeruo~rano[3.4-cpvrMn-5-one 
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A suitably positioned acylamino group is annulated to a ring-carbon in a 
Bischler-Napieralski reaction with phosphorus oxychloride; comparison of a 
number of reagents (phosphorus pentoxide-toluene, phosphorus pentoxide- 
tetralin, phosphorus oxychloride, PPA) for their efficacy in this reaction showed 
that PPA was the most useful. 

Other ring systems synthesized similarly: 

P153.23081 & \ A  123071 

x 0 0 [ 1 ~ 2 0 ~ ~ [ 3 , 2 - ~ ~  Beru(tp9oqulno~ 

Cyclization of an acylamino group on to a neighbouring ring-carbon by the 
Bischler-Napieralski reaction usually gives a reduced pyridine ring, but similar 
treatment of an acylimine gives good yields of the fully aromatized pyridine. as 
also does heating N-acylarylamines at a high temperature with DMF and 
HMPT. Yields fell as R' changed from H (72%) to iPr (0%). 

X 0 S ~ 1 ~ 0 ~ ~ 3 , 2 - ~ y d d ~  

( i w j y  iw "=I 

M9N x!-81% M9N 

R - H, ph, 446,  CWCeh. 3pyridyl 
m=12; n o t 2  

m = n = 1 Dipymb42.3b : 2.3-dlpyridlne 
m = 2; n = 1 ~3P-cf1.8lnaphthyridine 
m = n = 2  P y d d O p 3 - h j - l . ~  

DMF. HMPT, A 
26-76% 

R' 
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Sometimes, a phenyl group undergoes a C - C  migration during a Pictet- 
Gams synthesis; this occurs through an oxazoline which ring-opens to a 
compound such as MeCAr = CHNHCOPh. The rearranged oxazoline has 
recently been isolated in a cyclization promoted by phosphorus pentoxide. 

Me 

CHCHPh 
1 
OH k 

Me 
I 

CHCHOH 

I I  
0 

R H. Me, MeO 

1 

It has recently been shown that the use of a Vilsmeier reagent to annulate an 
acylamino group to an adjacent ring-carbon (p. 95) can be extended to acylani- 
lines which contain various substituents in the ring, but regiospecificity is not 
always high. Electron-attracting groups usually lower the yield, for example, a 
nitro group reduces the yield to 20% while an activating substitutent can result 
in yields of about 85% [3888]. 

2. Pyridin-2-one 

N-Methylacetanilides cyclize on treatment with phosgene; the quaternary salt 
formed may be converted into the 2-quinolinone by heating with aqueous 
carbonate. 

RaMe,Ph 6 

3. Pyrimidine 

This ring is formed from an acylaminoazole by conversion (with phosphorus 
pentachloride) into the imidoyl halide which is cyclized by reaction with a nitrile 
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(through the nitrilium salt) and Friedel-Crafts catalyst. Yields are high for 
several nitrites but the acylamino group was not varied. 

4. Pyrazine 

Annulation of an acetamido group to a ring-carbon atom occurs under con- 
ditions which were expected to hydrolyse the amide group, that is, ethanolic 
potassium hydroxide. 

5. 1,3,4Thindiazine 

Oxidative cyclization of a thioacylhydrazine converts it into a fused thiadiazine 
in low yield. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. l&Diazepine 

Treatment of an acylamino group with phosphorus oxychloride is a widely used 
method of annulating the carbonyl group to a carbon of another ring [2258] (see 
also p. 96), but when this method fails, heating with phosphorus oxychloride- 
phosphorus pentoxide is sometimes successful [3005]. The amide (17.2) was 
resistant to other methods and was eventually cyclized by converting it first 
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(with phosphorus pentachloride) into its imidoyl chloride which was then 
subjected to Friedel-Crafts conditions. Another synthesis of this ring is 
described in Section IV. 1. 

2. I,Z,S-Thiadiazepine 1,l-Dioxide 

Heating the 2-(acylamino)sulphonamide (17.3) with phosphorus oxychloride 
gives a good yield of a tricyclic thiadiazepine; a new C - C  bond is formed 
between the acyl carbonyl and the pyrrole C-2 atom. 

-74% 

NHCOR 
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IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1,SDiazocine 

When the acylamine (17.4) is heated at 80°C with phosphorus oxychloride, a 
diazocine ring is formed in good yield but at higher temperatures (preferably 
130 "C), the product is a benzodiazepine. 



CHAPTER 18 

Acylamine or Acylhydrazine and Ring-nitrogen 
1. Formation of a Five-membered Ring 

1. lmidazole 
2. 1,2,4-Triazole 
3. 1.2.4-Thiadiazole 
4. 1,2,3,5-Thiatriazole I -Oxide 

775 
775 
776 
776 
777 

Ring closure of a sulphenamide group on to a ring-nitrogen is shown in this 
chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Imidazole 

Prolonged heating of an a-acylaminoazole with phosphorus oxychloride leads 
to the formation of a new imidazole ring. When the acylamino group is attached 
to one of the peri positions of a bicyclic molecule, the imidazole ring may be 
formed at the peri positions as in this example of a quinoxaline where catalytic 
reduction has also affected the pyrazine ring. 

X 10. NMe 

775 



776 Acylamine or Acylhydrazine and Ring-N 

R'=H.MeO; F?-Me,Ph 

2. 1,2,4-Triazole 

Several examples of the conversion of 2-(acylhydrazino)azines into a triazoto- 
azine are mentioned on pp. 99-101; another variation on these experimental 
conditions is to heat the substrate in refluxing toluene to which Ctoluenesul- 
phonic acid monohydrate is added. The synthesis of triazoles fused at their 
3.4-bond has been reviewed [3903]. 

9 ? 

R = iBu. M8S(CH2)2 

3. 1,2,&Thiad&zoIe 

A sulphenamido group placed a to a ring-nitrogen reacts with an arylamine 
(such as a nitroaniline) to form a fused thiadiazole ring. 

Other ring systems synthesized similarly: 
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4. 1,2,3,!5-Thiatriazole l-Oxide 

777 

Thionyl chloride at ambient temperature converts a 2-acylhydrazinoazine into 
a thiatriazole oxide ring in high yield. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Imidazole 

Simultaneous desulphurization and cyclization of an amino-thioureide (19.2) is 
brought about by heating gently with methyl iodide or mercury(I1) oxide, and 
a trace of sulphur. The usefulness of mercury(I1) oxide in organic chemistry has 
been reviewed [B-221. A similar cyclization is effected by heating with mercury(I1) 
chloride, in chloroform [2473a], or to a temperature above its melting point 
(without a solvent) 125591. 

I1 
S Benrknkfazde 

(19.2) 
R = Et, Bu. PhCb. Ph, 2-MeC& 
i. MI, EOH; ii, 40, S. CHCb 

778 
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2. Imidazole-2-thione 

Thiophosgene cyclizes 2-thioureidoaniline at ambient temperature to the 
potentially interesting intermediate 2-benzimidazolethione (19.3). 

w 

II. FORMATION OF A SIX-MEMBERED RING 

1. 1,2,4-Thiadiazine 1,l-Dioxide 

The 2-N-hydroxysulphonamidoaniline (19.4) reacts with DMAD or with 4-nit- 
robenzaldehyde to give this fused ring; the chemistry of I ,f..u-thiadiazines, has 
recently been reviewed [3904]. 

c)qJ;L+ \ 

(10.4) c'XXX*H4,, CI H 

CI 
H Ch-H 

124301 

4 

12.4-8enZOtMadiaZb 1 .laoX#o (review [ W D  
1,3-Cyclobutanediones react with o-aminosulphonamides to form a t hiadi- 

azine dioxide ring but with o-arninocarbohydrazides, two new rings are formed. 
Annulation of aminosulphonamides with orthoesters (p. 103) may be improved 
by heating the reactants in an excess of orthoester for 30min. removing the 
excess of it and heating the residue in diphenyl ether. N-Substituted sulphon- 
amides may be used in this synthesis. 



780 Acylamine . . . and Sulphonamide or Thioureide 

2, 1,2,4-”biidiazi= I-Oxide 

The amino-sulphoximide (19.5) is cyclized by refluxing in acetonitrile with 
cyanogen bromide. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4Tbiadipzepi0ne 1-Oxide 

N.N’-Carbonyldi-imidazole annulates an amino and a sulphoximide on heating 
the compound in an inert solvent. 
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Examples of the cyclization of an 0-( trimethylsilylmethyl)acylamine-carba- 
mate and of a (ring-nitrogen)-thioyanate are included in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

2-Trimethylsilylmethyl N-methylanilides (20.1) are conveniently synthesized 
from a nitrobenzene by successive treatments with trimethylsilylmethyl mag- 
nesium chloride at O'C, reduction of the nitro group and N-acylation. The 
anilide cyclizes in high yield at - 20°C. 

R' = Ph, 4CIQH4, PhCH=CH; @ - MeO, CI 

78 1 
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2. PyrroC2-one 

When the N-acyl group in (20.1) is a methoxycarbonyl, the reaction with LDA 
gives high yields of the pyrrolone. 

Me 

3. Thiazole 

This ring may be formed from aminothiocyanates by heating in a suitable 
solvent such as ethanol, but substitution in the parent ring can inhibit cycliz- 
ation. In such cases, heating in acetic acid sometimes overcomes this problem. 

1. FORMATION OF A SIX-MEMBERED RING 

I. Pyrimidine-2thione 

A chloroenamino group reacts with potassium thiocyanate under mild con- 
ditions to form a pyrimidinethione ring with the peri-nitrogen atom. 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrol-2sne 

One of the chlorocarbonyl groups of the malonyl chloride formed from (21.2) 
reacts with a ring-carbon atom under mild conditions to give a new fused 
2-oxopyrrole-3-carbonyl chloride ring. A 4.5-fused pyrrol-tone ring is formed 
when a-chloro-a.a-diphenylacetyl chloride is heated first with N,N-dimethyl- 
hydrazine and then with N-ethylmorpholine (NEM) (a more efficient base than 
TEA). When the hydrazine is replaced by 0-methylhydroxylamine, 3-methoxy- 
3-phenyl-2-indolone is the main product [238 I]. 
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NMeR 

2. Furan-3-one 

Friedel-Crafts intramolecular acylation of an aryloxyacetic acid (through its 
acyl chloride) at low temperature usually gives high yields of this ring. 

3. Thlophene 

Treatment of alkanoic acids with thionyl chloride and a catalytic amount of 
pyridine causes oxidation at the a-methylene group and the formation of an 
a-chloro-a-(chlorosulpheny1)acyl chloride, RCH,C(SCI)CICOCI. This usually 
reacts further and when R contains a benzene ring, this may be attacked with 
consequent formation of a fused ring system., Unsaturated aralkanoic acids 
behave similarly. Extension of this work to related compounds suggests that a 
concerted elimination-cyclization operates. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrazine-2,Wone 

Attempts to prepare imidazol-4(5)-carbonyl chloride give the tricyclic pyrazine- 
dione-a type of reaction which also occurs with other azolecarbonyl chlorides. 
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-1.5-a : 1 ' , 5 ' - d ] ~ , I ( e  

2. Thiopyran-2-thione 

2-Biphenylyl chlorodithioformate undergoes a Friedel-Crafts cyclization to 
give a quantitative yield of the thiopyranthione. 



CHAPTER 22 

Aldehyde or Ketone and Alkene or Alkyne 
I.  Formation of a Five-membered Ring 

I .  Pyrrole 
2. Thiophene 
Formation of a Six-membered Ring 
I .  Pyridine or Pyridin-2-one 
2. Pyridine I-Oxide 
3. Pyrimidin-2-one 
4. Pyran 
Formation of an Eight-membered Ring 
I .  I ,5-Oxathiocin 

11. 

I l l .  

786 
786 
787 
787 
787 
787 
788 
788 
789 
789 

I. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

Benzyne (from benzenediazonium 2-carboxylate) reacts with a 2-ethylidene-N- 
formylpiperidine to form a doubly fused pyrrole ring in low yield. 

R' = I Me or R'R2 = CH2 

786 
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2. Thiophene 

Side-chain vinyl and lactam thiocarbonyl groups react with bromine at O°C to 
form a thiophene ring, probably by addition. S-alkylation and elimination of 
hydrogen bromide. 

Ph Ph 

CHCI, BfZ 0"u; 131471 
& - 44k, #l&, 4-M&& Th~2,3b@yridniurn 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine or Pyridiwhne 

3-Benzylidenethiochromanones (22.2) react with malononitrile and solid 
sodium hydroxide in methanol without external heating to form the thiopyrano- 
pyridine in moderate-to-good yield. The [4 + 21 addition of a benzylidenc 
ketone can give one of several possible products (p. 1 1 1 )  depending on the 
nature of the substrates and on the two-carbon reactant. The benzothiopyrdnone 
(22.2) also gives two different products depending on the reagent and the 
temperature (see also Section 11.4). 

OM9 
I 

2. Pyridine I-Oxide 

Cyclization of an o-alkynyl-aldoxime occurs readily on heating with a mild base. 
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3. Pyrimidin-2-oae 

Condensaton of an enone with urea results in cyclodehydration and the forma- 
tion of a partially reduced pyrimidinone ring. 

H 

+co(NHd2 -a - @--&-To 120331 qJ:* 0 O k  

k - sMeoceH4 1-1 24-2- 

4. Pyran 

The a$-unsaturated ketone (22.2) reacts with malononitrile (and piperidine) at 
room temperature to form the thiopyranopyran in a [4 + 21 cycloaddition. 
I-Benzopyran-5,8-diones were unknown until their recent synthesis from acetyl- 
enic quinone (22.3) by heating in toluene until the disappearence of the alkyne. 
A Claisen rearrangement followed by enolization and a 1,s-hydrogen shift 
probably preceded cyclization. The chemistry of heterocyclic quinones has been 
reviewed [2947, 36501. 
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111. FORMATION OF AN EIGHT-MEMBERED RING 

789 

1. 1,ftOxathiocia 

o- Atlyloxythiobenzophenones cyclize on heating in xylene to give high yields of 
this eight-membered ring product. When R' = C1 the reaction time becomes 
much longer than the 0.05-1 h needed for the analogues. 



CHAPTER 23 

Aldehyde or Ketone and Azide or Triazene 
I. 

11. 

Ill. 

Formation of a Five-membered Ring 
I .  Pyrazole 
Formation of a Six-membered Ring 
I .  Pyridin-2-one 
Formation of a Seven-membered Ring 
I .  1.4-Diazepin-2-one 

790 
790 
790 
790 
79 1 
79 I 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrazole 

The triazenophosphorane (23.1) cyclizes when treated with a primary arylamine 
in acetic acid at room temperature. 

(23.1) lndazole 

11. FORMATION OF A SIX-MEMBERED RING 

I. Pyridin-2sne 

Thermolysis of an azido-aldehyde can produce a fused pyridine ring in high 
yield. 

790 
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0 

Another ring system synthesized similarly: 

Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Diazepin-2-one 

In the synthesis of the medicinally important benzodiazepine, an example of the 
use of an azide as an unisolated intermediate is given in Part 1 (p. 260). The 
azide may be isolated and then converted by a reductive cyclization into the 
diazepinone. 
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I. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidine l-Oxide 

This ring is formed by interaction of ketone and thiourea groups with 
h ydrox yiamine. 

2. Pyrimidine-2-thione 

Cyclization of an o-benzoyl-isothiocyanate occurs at low temperatures on treat- 
ment with a primary arnine or hydrazine, the latter behaving as a monofunc- 
tional reagent. The use of isothiocyanates in heterocyclic synthesis has been 
reviewed [3593, 39901. 

792 
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3. ~rimidin-2-0ne 

A ketonic group annulates a neighbouring isocyanate function (formed in siru 
by thermolysis of an azidocarbonyl) to form a fused pyrimidinone in high yield. 

H 

t-1 

C 6 H 4 4 I  

Fyrimido(4.5-dlin-2-one 

4. Pyran-2sne 

Urea is eliminated from the ureidomethylene ketone (24.1) when the compound 
is heated with acetic anhydride in a Perkin-type reaction. 

0 
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Cyclizations of a hydrazono ketone and of 2-acyl 0- or 9(2-acylpheny1)- 
carbamates are included in this chapter. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrazole 

Although a fused isoxazole (25.1) is formed in high yield from the ketonic 
carboxamide and hydroxylamine (see Section 1.3), replacing the reagent with 
phenylhydrazine and heating the mixture for 12 h gives a very low yield of the 
fused pyrazole. 

794 
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Ph 

795 

2. Thiopbene 

The formation of a fused thiophene ring from an S(2-acetylpheny1)thiocarba- 
mate is shown in Section 11.2. 

3. lsoxazole 

A ketoximino group (formed in siru) adjacent to a carboxamide displaces the 
latter and forms this ring on heating in ethanol-pyridine. 

4. Isothiazole 1.1-Dioxide 

Reductive cyclization occurs when an o-acylsuiphonamide is treated with 
sodium dithionite in pyridine. 

11. FORMATION OF A SIX-MEMBERED RlNC 

1. grridiwtone 

Reaction of a keto ester with ammonia (to form the keto-amide in situ) leads, 
on further heating, to cyclization and the formation of a pyridin-2-one ring 
[2040]. The same ring is produced under Dean and Stark conditions from the 
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cyclohexanone (25.2) [2218]. In contrast to many cyclizations which involve a 
carboxamide, ring closure of a 2-formyl-t-acetamide proceeds with loss of the 
amide nitrogen [2375]. When methylamine is replaced by hydrazine or hydroxyl- 
amine, these reagents behave as mono functional compounds to give (25.h, 
R = NH2 or OH). The azine (25.2b) (formed as a byproduct in the preparation 
of the hydrazone) is efficiently cyclized to the isoquinolinone (25.2~. R2 = NH,) 
by hot mineral acid. 

urn’ l.CH&; 52-m% 2 W h A  * Go ~20401 

CHCOOH 
R2 R2 

R’-H.Me,Ph; RZ=H,Ph 3-faoqu- 

2. Thiopyran4one 

Treatment of an S-(2-acetylphenyl)thiocarbamate (25.3) with sodium hydride- 
DMF under nitrogen yields a 2-hydroxythiochromone (25.4), but in air, a 
significant amount of a benzothiophene (25.5) is also formed when R = H or 
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MeO. The S-arylthiocarbamates (25.3) are prepared by heating the 0-analogues 
at 175OC without a solvent; when 1,2-dichlorobenzene is present as solvent, an 
appreciable amount of a cyclic product, namely, the 5-hydroxythiochromone 
(25.6) is sometimes formed alongside the desired product. 

0 MMNZ R Q q  

/5G=- 0 

(25.4 132741 l-Benzolhbpyran4-one 

Yal+ (25-3) 
R = H, OH, MeO 

1043% 

(2w 
-0IbPOPh- 

7- S 
I1 qrwe2 _c___) 50% A w"" I32741 

OH OH 0 

(254 
l-BeruOthiopyran-4one 

Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2-Diazepine 

A hydrazone group which contains a terminal NH2 group and is separated from 
a carbonyl by four carbon atoms may cyclize to form a diazepine ring on stirring 
the compound in methanol containing hydrogen chloride. 

I25791 nx 

Ph Ph 
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2. 1,4-Oxazepin-5.one 

Dehydrative cyclization of the keto-carboxamide (25.7) under Dean and Stark 
conditions gives a new fused I,.rl-oxazepinone ring. 
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2. PyrPzole 

Treatment of a B-ketolactone with hydrazine leads to a new pyrazole ring being 
formed, and replacement of the lactone by a pyrrolone ring. A carboxylic acid 
group is displaced by a neighbouring phenylhydrazono group on heating in 
ethanolic hydrogen chloride; (26.5) is thus formed (cf. the formation of an 
isoxazole ring, Chapter 25, Section 1.3). 

&L F; +Nd% 9B8BK EA.6 ~ &I-”-u” In521 

CH2Ck 
\ 

Ar = 4 m .  4-F-. 4-CF3-, 3-W&l4.2.4,6-h&H2 Pyratak(s,l-aliaoindoceone 

k 

Ar = 4-M- 

3. Furan 

The formation of a ketene (some are too unstable to be isolated) from a 
CHCOCl group and TEA is believed to be a step in the cyclization of o-formyl(or 
o-acy1)phenoxyacetic acid. Conversion of this into a furan ring is accompanied 
by decarboxylation. Two other methods of producing the ketene were applied 
successfully to the synthesis of a benzofuran. A ketene may also be generated 
in siru by heating a 4toluenesulphonyl ester with TEA. Recent work on benzo- 
furans has been reviewed [3894]. 

R‘ I ti, Me. Et. Ph; 
i, (COCb, PhH: ii, PhH,TEA 

= ti, Me, Ph 

Ph 
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4. Furan-2-0ne 

o-Aroyl carboxylic acids react with refluxing thionyl chloride over 4 h to give 
high yields of fused furan-2-ones. 

0 

5. Isoxazole 

The synthesis of this ring from carboxamido and keto groups (Chapter 25, 
Section 1.3) also occurs with carboxylic acid and keto groups; in this way, the 
isoxazolo[4,5-b]quinoxaline (25.1) is synthesized in 70% yield [2055]. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Keto and carboxylic ester groups in side-chains are annulated by reaction with 
ammonia. In this example, the reactants are heated in molten ammonium 
acetate. 

Me 

R =  H, Et, COOMe Thieno(2.3-clwridine 

2. Pyridin-Zsne 

An attempt to prepare the oxime of the dibenzyl ketone (26.6) by heating it with 
hydroxylamine hydrochloride-sodium acetate gave the N-hydroxyisoquinoline 
as the only product [2120]. In a similar cyclization of a keto acid, ammonium 
acetate provides the nitrogen atom [2140]. Ammonium carbonate in acetic acid 
may also be used [2257]. 



H 

d-, 
3. Pyran-2-o~ 

Heating the keto ester (26.7) with sodium hydride and a catalytic amount of 
t-butyl alcohol converts it into the isocoumarin in good yield. A 2-acyl(or 
formyl)indole-3-acetic acid is cyclized by heating in acetic anhydride or on 
stirring with the anhydride for 36 h [3741,39371. The latter process is sometimes 
shortened by addition of boron trifluoride dietherate [3742]. 

OMe 0 
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Other ring systems synthesized similarly: 

A degradation product of the naturally occurring isophellopterin is syn- 
thesized by reductive cyclization of the acetylenic quinone (26.8) using a slightly 
poisoned catalyst [34 161 (review of heterocyclic quinones [3650)). Acid-promoted 
dehydrative cyclization of a 2-oxophenylacetic acid gives the 4,Sfused pyranone 
in high yield [2102]. This process may be brought about thermally [2463] or in 
the presence of DBU [3915]. The chemistry of DBU has been reviewed [3364]. 

0 

Ph 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine-2,7dione 

An intramolecular Knoevenagel reaction can be used to annulate aldehyde and 
carboxylate groups using cyanoacetamide or malondiamide to complete the 
azepinedione ring. 

2. 1,2-DiPzepia-3-one 

2-Aroylphenylacetic acid is annulated by reaction with a hydrazine in boiling 
butanol or xylene-a more convenient reaction than that of the less readily 
obtained aroylphenylacetic ester hydrazone previously used. 
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3. 1,4-Diazepia-5-0ne 

A cyclic 3-OX0 carboxylic ester and o-phenylenediamine undergo a thermal 
cyclization in moderate yield. 

[=I 

0 0  
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Cyclization of an o-acyl-sulphoximine is described in this chapter. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

The labile alkoxy group of an alkoxyquinone is displaced by a primary alkyl- 
amine at ambient temperature, and a side-chain keto group reacts with the 
amino function to form this ring. Reviews of the chemistry of heterocyclic 
quinones are available [2947, 3650). 
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2. Pyrazole or Imidazole 

The 2-methoxytropone (27.2) reacts with an amidine and a strong base to give 
a fused imidazole which was the only cyclized product; guanidine cyclizes the 
tropone efficiently over 24 h without a base. Although ureas failed to effect 
cyclization, thiourea under similar conditions gave an 81% yield of the imi- 
dazole (R' = HS) over 2 h. The isomeric 3-R1-2-methoxytropone gave lower 
yields of imidazoles. 

Another ring system synthesized similarly: 

H 

3. Oxazole 

N-Phenacyl-2-pyridinium salts cyclize on heating in pyridine, the methylthio 
group being lost (cf. Chapter 36, Section 1.3). Simultaneous Beckmann rearrange- 
ment, demethylation and cyclization converts an o-alkoxy-ketoxime into a fused 
oxazole ring. 



808 Aldehyde or Ketone and Ether 

R I Me, EL Ph 

2. FORMATION OF A SIX-MEMBERED RING 

1, Pyrimidine 

Displacement of an alkoxy by a basic nitrogen group results in the formation 
of a C-N bond; when the nitrogen is part of an amidine, the other nitrogen may 
attack a suitably positioned carbonyl to form a fused pyrimidine ring. 

q;m+ R&J& NH y:* myR.. 
O M 8  O M e  

R = H, Me, CCg N&, MeS Indeno(l2-dpymdbl-5-one 

2. Pyrarrdone 

One of the less common methods of forming this ring is by heating an o-ethoxy- 
propyl- 1,3dione with TEA for 12 h. 

3. l,&Thiazine I-Oxide 

Treatment of a 2-(dimethylsulphoximino) ketone with sodium hydride can give 
one of two anions but the product formed suggests that a hydrogen ion is 
removed from the MeS group. 

2.1genrdhiatin-5ane 2oxide 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

2-Halogenotropones (or 2-tosyloxytropone) (28.1) may be cyclized to cyclo- 
heptapyrroles by reaction with either a cyclic or an acyclic @-aminoenone, or an 
N-vinyliminophosphorane in the presence of a mild base such as TEA or 
TEA-potassium carbonate [3942, 35281. Prolonged heating of the 

809 
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chloroketopyrimidine (28.2) with a primary amine in ethanol gives good yields 
of a fused pyrrole [2049]. 

R0 R4 

R 

(=I 
R - W C M ,  2-W 

Another ring system synthesized similarly: 

2. Pyrazole 

Under acidic or weakly basic conditions, an o-chloro-aldehyde or -ketone reacts 
with a phenylhydrazine to form a fused pyrazole ring in good yield [2055]. 
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Other ring systems synthesized similarly: 

3. Imidazole 

A reactive nuclear 2-bromoazole carrying an N-oxomethyl chain reacts with a 
primary amine to form this ring. 

4. Furan 

Bromine reacts at room temperature and in the absence of light with the 
acylmethylquinone (28.3) to give good-to-excellent yields of the quinonoid 
heterocycle-a class of compounds which has been reviewed [2947, 36501. An 
oxygen enolate ion intramolecularly displaces a fluorine atom in pentafluoro- 
phenyl compounds with the formation of fused furan ring. 
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F 

NirKwF 

R = H . M e  

When the amine used in the cyclization of a pyrimidine related to (28.2) is 
replaced by thiourea, sulphur is incorporated in the newly formed ring [2050]. 
Bromo and carbonyl functions may be annulated by reacting with a thioamide 
[2933]. A stronger base than sodium carbonate (p. 131) is sometimes preferred 
in the cyclization of a haloaldehyde [3267]. 

ay+f'+-wk EmA - - yqft~a5q 

1 s \  ,If.. 

=H, 

R1 - H. M a ,  Me; R2 - SH. Me. M e  
R2 d 

ThimG?,*dJWrimidine 

0 

t29331 II  E W A  

N OM - 
T h w  A-dfl.2.34iaaatde 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

2-Bromobenzaldehydes are coupled to arylboronic acids (28.4) by heating with 
triphenylphosphine; coupling is probably followed by loss of the N-protecting 
group. The aldehyde group of the pyrimidinedione (28.5) forms a bond with the 
electron-rich carbon of the 3-hydroxyaniline while the chlorine is displaced by 
the amino group. 

R3 
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Another ring system synthesized similarly: 

813 

2. Pyridin-eoW 

Ring closure by reaction between an amino and a fluoro function is a frequently 
used method (see Chapter 9); it is sometimes convenient to use a heterocyclic 
carbonyl group as a precursor of the amine, and thus reduce the number of 
compounds that have to be isolated and purified in a multistep synthesis. 
Pyrimidinediones are susceptible to this type of conversion as is demonstrated 
in the synthesis of a diaza-acridinone. 

3. Pyridazine 

Complexes of chlorobenzenes with iron (cyclopen tadieny1)hexafluorophosphate 
have useful reactivities, for example, in cyclization. The complex (28.7) is 
cyclized with hydrazine to a dihydrocinnoline complex; the metallophosphate is 
removed and the ring is aromatized by sodamide. 
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4. Pyrazin-2- 

Trichloromethyl and carbonyl groups react at or below room temperature when 
the compound is stirred with methylamine, and the former substituent is lost. 

a 

5. 1,2,4Triazine 

A sidechain carbonyl is annulated to an activated nuclear bromine or chlorine 
by reaction with hydrazine hydrate or methylhydrazine. 

R - Ph, CCIC& ImidaZa(5.1-~1,2,4~he 

Other ring systems synthesized similarly: 
H 

Wcy> Me W 7 1  Me 

6. Pyran-Zone 

A fluorine atom adjacent to a carbonyl group in a benzenoid compound is labile, 
as is exemplified in the synthesis of a coumarin from 2-fluorobenzaldehyd: and 
a reactive methylene-containing carboxylic acid. 
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k - Ph, 4-Cl-, 4-Me-CsH4.2- or 3-thienyl l-Benzopyran-2orre 

7. Pyran4one or Tbiopyrabrl-ow 

Annulation of a ring-ketone and a fluorine atom (attached to different rings) is 
achieved by heating the compound (28.6) in either DMF containing potassium 
carbonate or pyridine-phosphorus pentasulphide. 

Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,QDiazepine 

Neighbouring aldehyde and halogen functions react with an o-phenylenedi- 
amine to form a new doubly fused diazepine ring, but this may not be the major 
product. For example, the chloroaldehyde (28.8) reacts on heating with the 
diamine in ethanol to give a 63% yield of 2-(2-chlorocyclohepta[b]pyrrol-3- 
y1)benzimidazole and a 29% yield of the fused diazepine. Hexamine (review 
[2966a]) supplies the second nitrogen atom in the cyclization of a 2-(w- 
bromoethy1amino)benzophenone. 

H 
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2. 1,4-Dlazepin-2-one 

Annulation of haloacylamino and keto groups to produce a 1,4-benzodiaze- 
pinone (p. 135) is improved when ammonia is replaced by ammonium car- 
bonate [2992] and when hydrochloric acid is present [2993]; a different mechan- 
ism is proposed on the basis of work using [“C]hexamethylenetetramine [2993]. 
The role of R’ and R2 (see p. 135) in controlling the amount of the imidazolidine 
byproduct is discussed [2993]. The relative usefulness of ammonia (under 
pressure), ammonium carbonate and hexamethylenetetramine (hexamine) in 
this cyclization is considered [2992]. 

3. 1,4-OxuepiDe 

2-Chloroquinoline-3-carboxaldehydes condense with 2-aminophenol on 
heating first in THF and then with carbonate-DMF. 

R - H. M a .  Me 
i, THF,4 ii. DMF-K-A 

IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1 ,5-Diazocin-2-one 

A benzophenone carrying a 6-chloro side-chain cyclizes on stirring with meth- 
anolic ammonia. The chemistry of benzodiazocines has been reviewed [3355, 
3366). 

0 
I1 

R al;ww wOku4%, -46% R qj -N w 2 1  

II 
0 Ph 

R-Br,CI 1,5-Bentodazodn-2-one 
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Cyclization of a sulphonamide containing a modified bis(methy1thio)ketal is 
included in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pymle 

When the dithioacetal S-oxide (29.1) is stirred in dichloromethane containing 
hydrogen sulphide and hydrochloric acid, it is efficiently cyclized to a I-arylsul- 
phonyl-2-methylthioindole. 

817 
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2. Furaa 

Salicylaldehydes such as (29.2) condense with ethyl bromomalonate in the 
presence of a mild base to give a fused furan ring [2468]. Heating a methoxy- 
aldehyde (29.3) at about 175 "C with PPA causes demethylation and cyclization 
[2491]. A 2-(B-oxoalkyl)phenol is cyclized by heating with 4-toluenesulphonic 
acid to a 2-substituted benzofuran [2089], but when the carbonyl group is 
attached directly to the phenolic ring, heating with chloroacetonitrile or chloro- 
acetamide can give high yields of a 2- or 2,3-substituted benzofuran [2276]. 
2-Benzyloxychalcones are readily prepared, and when treated with thallium(II1) 
nitrate, they are oxidatively rearranged to the ketoacetal(29.4). When the latter 
is stirred with hydrobromic (or hydrochloric) acid, or is catalytically debenzyl- 
ated and then stirred with mineral acid, it  is cyclized to the benzofuran [391 I]. 
Recent progress in the chemistry of fused furans has been reviewed [3894,3983]. 

Me 

R1 H. Me, MeO. CI. Ik; R2 = H, Me. Et Ph; R3 - CN, CONH2 Benzofuran 



Hydroxy and factam carbonyl functions attached to different rings are readily 
converted into an ether linkage joining the two rings. The hydroxy is sometimes 
generated in situ from a methoxy by the action of pyridine hydrochloride or 
other dealkylating agent [3001,3568]. Another variation is to heat the hydroxy- 
lactam with aniline for several hours, but the nucleophilic properties of the 
amine may affect other parts of the ring system, as in the example [3482]. The 
usefulness of pyridine hydrochloride as a demethylating agent has been 
reviewed [2891], as also has the chemistry of condensed futans [3779, 38941. 

.. 

H H 

Another ring system synthesized similarly: 

R 

3. 1J-Dioxol-2-one 

When a cyclic 2-hydroxy ketone reacts with phosgene at room temperature, a 
high yield of the fused dioxolone is obtained. 
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P F 

4. 1,3-Oxathiod2one 

This ring is formed by reaction of neighbouring hydroxy and lactam thiocar- 
bony1 groups with carbonyldi-imidazole and sodium imidazolide (NaIm) at or 
below room temperature. The product is a cyclic thiocarbonate which acylates 
amines under mild conditions. 

H 
1,30wathiok(4.5@yddh-2me 

5. Oxazoie 

Neighbouring acetyl and hydroxy groups are annulated when the compound is 
treated with sodium azide in a Schmidt reaction which is followed by cyclization. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyruo 

Although the pioneering work of Schweizer [B-12] demonstrated that a Wittig 
reaction may be applied to the synthesis of 2H-chromenes, synthesis of other 
chromones and pyranopyridines by this method has only fairly recently been 
accomplished; this procedure is possible largely as a result of another discovery 
of a method of synthesizing 1 -aryl-3-alkoxypropl-enes from a benzaldehyde, 
2-hydroxytriphenylphosphonium chloride, potassium carbonate and an 
alcohol. 
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3-Nitrobenzopyrans are potentially valuable intermediates in the synthesis of 
other 3-substituted derivatives, and are formed in good yield from the reaction 
of o-hydroxybenzaldehydes with 8-nitrostyrenes 13087) The synthetic uses of 
nitroalkenes have been reviewed [3123]. An analogous method using acrolein or 
a vinyl ketone leads to a benzopyran-3-aldehyde or -3-ketone 126181; on the 
other hand, a-cyanothioacetamide (reviews [3114, 333 I]) gives 2-imino- I -  
benzopyran-3-thiocarboxamide [2926]. 

9 

Enaminones react with 2-hydroxybenzaldehydes on prolonged heating under 
Dean and Stark conditions to give chromenes. Peri-cyclization of aldehyde and 
hydroxy groups by reaction with ethyl chloroacetate in an alkaline medium 
produces a pyrano derivative in high yield. Peri-annulated naphthalenes and 
similar compounds are discussed in a review [3905]. 

R' = H, halogen, Meo, NO2; F? = Me. Ph; NR3 morphollne 
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2. Pyran-2-one 

An o-hydroxyaraldehyde reacts with a cumulative phosphorane or acetic 
anhydride-trimethylamine (TMA) to form a new pyranone ring [2777, 241 31. 
Heating salicylaldehyde with either cyanoacetamide or cyanothioacetamide 
(reviews [3114, 3331)) often gives high yields of the corresponding pyran-Zone 
or -2-thione 139073. N,N-Dimethyl(dichlorophosphoryloxymethy1ene)am- 
monium chloride (DDA) phosphorylates and activates carboxylic acids to give 
compounds of the type RCOOPOC1,; these, in the presence of TEA, cyclize 
o-acylphenols in high yield [3159]. DDA is prepared from DMF and phos- 
phorus oxychloride. 

hi 1 -Bemopym-29ne 

x=o.s 

R' - H. Me; F? = PAC&, COOEt, Ph. PhO. PhCOC& l-Benrom-2.0ne 

2-Hydroxy-3carbonylated pyridines are available from the o-metallation of 
2-halopyridines followed by reaction with a nucleophile. These hydroxy or 
methoxy pyridines, under Perkin reaction conditions, are converted into pyrano- 
pyridines. Replacing the CHO group by a 2-methoxyaroyl group can lead to the 
synthesis of tricyclic compounds such as benzopyranopyridinones [375 I]. 
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+RCH&OOH+A@ %zK 
- a (37511 
\ /  

Another ring system synthesized similarly: qp 
0 

I37511 

Malonic acid derivatives have been widely used to synthesize fused pyran-2- 
ones from 2-hydroxyacetophenones [3337]. The uses of cyanoacetamide have 
been reviewed [3114]. An interesting alternative to these malonic acid-based 
reagents is diphenyl sulphoacetate (29.5a) which reacts in a mildly basic environ- 
ment. Variations (29.5b-d) on its structure (see table) have been studied and 
some of these lead to sultones (29.6) instead of coumarins [2741]. 

XSOzCHz Y X Y 
(29.5) (29.5) a COOPh PhO 

b COOPh PhNH 
c CONHPh PhNH 
d COPh PhO 

Another ring system synthesized similarly: 
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Meldrum's acid (review [3949]) and DMF supply three carbon atoms in the 
two-stage low-temperature conversion of a 2-methoxybenzaldehyde into a cou- 
marin-3-carboxylic acid. 

R = H, %,Me0 0 

3. Fyra-40ne 

The phenolic aldehydes (29.7) or their acetals are cyclized by mineral acid; this 
leads to 2-unsubstituted chromones (R2 = H) or isoflavones (R2 = Ar) [2181, 
2147. The corresponding phenolic aryl ketones similarly give flavones in high 
yield [3120]; these substrates may also be cyclized under weakly basic conditions 
[2138,2325]. DBU (review [3364]) may be used instead of potassium hydroxide 
[2340] in the Baker-Venkataraman synthesis of chromones (see p. 531) but 
yields may be low [3915] as compared with the cyclization of 2-aroyloxyaceto- 
phenones to give flavones [3660]. Suitably placed lactam carbonyl and hydroxy 
groups may react by heating with methanolic hydrogen chloride [2117]. 
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~ P . 3 - ~ ~ ~  

Another ring system synthesized similarly: 

R=H.Me [ l p n r o p y ~ 2 , 3 - t # i - l l - o n e  

4. I$-<)xazin-l-one 

Chlorosulphonyl isocyanate (reviews [324, 3 147a, 33401 cyclizes 2-hydroxy- 
aldehydes and -acetophenones in good yields; the corresponding benzophenones 
are not cyclized in this way. Methyl isocyanate in alkaline solution also reacts 
with salicylaldehyde to give a high yield of a fused oxazinone. 
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R' = H. Me: $ = H. GI. Me 1.3-bnmxadn-2-one 

5. 1,4oxazin-3-one 

Catalytic debenzylation of the ketoarnide (29.8) is accompanied by cyclization 
and, if desired, the hydroxylactarn produced may be dehydrated to the 2-methyl- 
ene derivative (29.9, R' R2 = CH,) (which is a degradation product of auro- 
momycin, an antiturnour antibiotic) in 94% yield by treatment with methane- 
sulphonyl chloride-N,N-di-isopropylethylamine. 

6. 1,2-0xathiazine 2J-Dioxide 

A synthesis of this fused oxathiazine 2,2-dioxide is shown in Section 11.2 [2741]. 
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Examples of the cyclization of dioximes are included in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrok 

A 1,rldiketone [such as (30.111 cyclizes to a pyrrole on being heated with 
ammonium acetate-acetic acid. Several possible mechanisms have been 

827 
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proposed for the rearrangement which occurs durng this reaction. When the 
triketone (30.1) is dissolved in liquid ammonia, a 3H-indoline is formed and may 
be thermally converted to the 5-indolizinone [3392]. Indoles in which the 
benzene ring is reduced may be synthesized from 2-(2-oxoalkyl)cyclohexanone 
and an amine [2130]. Diels-Alder reaction of a butadiene and 1,2dibenzoyl- 
acetylene gives the diketone (30.2) which is a useful intermediate for the forma- 
tion of fused five-membcred rings. Ammonia or a primary amine yields isoin- 
doles [228 I]. 

0 

skdolizii 

k 

R x>;u,, 
Indole 

Ph 
I 

(W lsowole 
R’ I H, Me. Ph; $=H, Me, ph 

1, m H 4 .  EIOH; ii, aq. MeNh; iii, M H ,  PhNh 

Phthalaldehyde reacts with an isocyanate, an alkylamine or a carbodi-imide to 
give good-toexcellent yields of an isoindolone. 
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3. Pyrazole 

The product obtained by heating 2-acylindanediones for 24 h with hydrazine 
depends on the ratio of hydrazine to triketone. A molar ratio gives the oxopyra- 
zole, a 2.5 molar excess leads to the hydrazone while a larger excess surprisingly 
gives the methylene-pyrazole-a reaction which is reminiscent of a Wolff- 
Kishner reaction-but this is not observed for all indandiones. In a correction 
of earlier work, it has been shown that it is the side-chain hydrazone (30.3) (as 
opposed to the 4-hydrazono isomer) which cyclizes under Dean and Stark 
conditions to give a furo- or pyrrolo-pyrazolone. 

H 

2-wnoly( - 

0;7”’i R 

4. lmidazok 

The basis for a test for arginine and peptides containing it is a cyclization of a 
diketone such as I ,2-phenanthraquinone by the guanidine group. Similar 
fluorescent products are obtained from hypoglycaemic biguanides such as metho- 
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formin (metformin), butylbiguanide (buformin) and phenformin (2-phenyl- 
ethylbiguanide). 

5. Furan 

Borohydride reduction of a diketone followed by dehydrative thermolysis is a 
good method of producing an isobenzofuran free of the diketone [239l]. Acid- 
catalysed dehydrative cyclization of the diketone (30.2) is an alternative route 
[228l J to isobenzofurans (review [3508]. An o-acylbenzaldehyde may be cyclized 
by reaction with potassium cyanide-acetic acid [2100]. 

th 

lsobenzduran 

Ph 
i 

6. Thiophene 

The diketone (30.2) may be converted into a benzothiophene by heating with 
either sulphur or phosphorus pentasulphide in tetralin. A similar method but 
one which uses milder conditions is a recently published synthesis using acetoni- 
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trile-sodium hydrogencarbonate. This reaction is run at 30 "C for 4 h, and with 
a wide variety of substituents at C-I, C-3, C-5 and C-6, yields of 50-95% are 
obtainable 137221. 

7. isoxpzole 

When 2-oxocyclohexanecarboxaldehyde reacts with hydroxylamine, a mixture 
of the 1.2- and the 2.1-isoxazole is formed; these can be difficult to separate, but 
when the ketalcarboxaldehyde is used. the product is the 1.2-isoxazole. A 
similar method was effective on 2-acetylcyclohexanone but some of the 2,l- 
isomer was formed. A high yield of a peri-fused oxazole is obtained by treating 
the acridinone (30.4) with PPA at 80°C for 4 h. The product is a derivative of 
an antimalarial drug. 

8. Furazan or Furamn 2-Oxide 

The diketone dioxime (30.5) undergoes an oxidative ring closure to the 2-oxide. 
but warm aqueous alkali converts it into the oxadiazole 122021. Heating a 
di-amidoxime with ethyl chloroformate for a short time converts it into a 
furazan ring in low yield. Comparison of the relative reactivities of the NH and 
two OH groups of the benzoxazine (30.6) towards electrophilic reagents shows 
that two products are produced under the experimental conditions used. The 
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product (30.7, R' = H) is converted into the carbamate (30.7, R3 = COOEt) 
by further heating with the electrophile [3922]. 

Me Me 

The dioxime of a cyclic 1 ,Zdiketone (prepared in this example by successive 
nitrosation and oximation of the 1,3-cyclohexanedione) is oxidized to a furoxan 
(I  ,2,5-oxadiazole 2-oxide); the isomeric N-oxide is formed by mild treatment of 
the dioxime with thionyl chloride 124961. 

0- 
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9. lJ,!bThiadiazole or 1,2,SThiadiazole N- or $Oxide 

Treatment of o-benzoquinone dioxime with sulphur dichloride gives a mixture 
of 2.1,3-benzothiadiazole (38%) and its I-N-oxide (34%). The presence of three 
chlorine atoms in the benzene ring reduces the yield [2 I771.9,IO-Phenanthrene- 
quinone dioxirne gives a low yield of mainly the thiadiazole; the S-oxide of this 
may be prepared from the quinone di(trimethylsi1ylimine) and thionyl chloride. 

n=Oorl 2 , 1 , 3 - ~ 0 t h i i o &  (Naxkie) 

SMN\ I 6 
N- \ 

Another ring system synthesized similarly: 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Cyanoacetamide (review [3114]) reacts under weakly basic conditions with a 
1,3-diketone to form a fused pyridine-4-carbonitrile. Ketene dithioacetals 
(review of their reactions [3712, 38301) are versatile synthons; in this example, 
the dithioacetal is part of the reactant (30.8) which is stirred at - 78OC. 

n = 5.12 

2. Pyridazine 

When a 4,Sdiacylpyridazine is heated with a sixfold excess of semicarbazide 
hydrochloride in methanol, the yellow dipyridazine is obtained in high yield. 
1 ,c)-Diketones are cyclized by heating briefly with hydrazine hydrate. 
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Another ring system synthesized similarly: 

835 

124701 

3. Pyrimidine 

1.3-Diketones react with 5-aminotetrazole to form a fused pyrimidine ring when 
the group R in (30.9) is not too bulky; when R is a t-butyl or phenyl, the product 
is the isomeric azide. 

(=*I 
R - Me, Et, i&i 

O R  

4. Pyraziw 

Although the o-quinone (30.10) condenses with a I ,2-diaminobenzene (30.1 1) as 
expected, some o-quinones do not always react at these functional groups; for 
example, in methanol, the two otherwise unsubstituted reactants (with an excess 
of quinone) at ambient temperature give, on treatment with acetic anhydride- 
pyridine, the phenazine diacetate (30.12). but in diethyl ether, the unsubstituted 
phenazine is formed [2305]. Heating a 1,5-diketone with ammonium acetate 
leads to the formation of a fused pyrazine in high yield [2819]. 
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-16 

5. Pyrazin-2-o~ or Pymzin-2-0- 4Oxide 

o-Benzoquinone dioxime condenses with 2-oxoaldehydes to give good yields of 
the 2-quinoxalinone Coxides. The corresponding quinone di(phenylsulphony1- 
imine) is cyclized by heating with diphenylketene. 

OH 
I 

This ring is formed when 
amides. 

6. 1,2,4Triazine 

12-diones are heated with the hydrazones of carbox- 
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7. Pyran-Zone 

Stirring the dithioacetals (30.8) with t-butyl lithioacetate and LDA at 
and then with t-butyl acetate gives a high yield of the pyran-Zone. 

,78 "C 

[3190a] 

8. IJ-DioxirrZ-one 

A ring of this type is formed when I-acylindan-Zone is stirred with either 
phosgene or phenyl chloroformate; the corresponding 2-thione is obtained when 
0-phenyl chlorothioformate is used. 

9. 1,2,6-Thladiazioe 1,l-Dioxide 

Sulphamide annulates adjacent aldehyde and ring ketone groups in the presence 
of a strong base. 

3 
N' 'N 

ww? -ONLA= 85x di" [=I 

[ 1 ] e e n z o W r a n o [ 4 3 - ~ 1 2 . 6 ~ i n e  2,2-dioxide 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. l,4DiPzepine 

Prolonged boiling of ethylenediamine with some 1,3diketones (usually in the 
presence of a small amount of formic acid) leads to a diazepine, but other 
diketones fail to produce cyclized products. The substituent (R) in the diketone 
Seems to have a role in the selectivity of this reaction. 

H 
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1. FORMATION OF A FIVEMEMBERED RING 

I. Pyrrole 

Syntheses of indolizines carrying substituents in the pyridine ring are not 
numerous but substituted a-picolines quaternized (review [1870]) with an cr-halo 
ketone (review [B-45]) are convenient substrates for cyclization to indolizines or 
related compounds; the reaction is mediated by ammonia on its own at 5 O C  or 
with hydrogencarbonate, TEA or methanolic sodium hydroxide. 2-Alkylpyri- 
dines may be N-alkylated and cyclized in a one-pot reaction (see Chapter 104, 
Section 1.1). 

R* 
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Another ring system synthesized similarly: 

[3106.3172] 

p/nolo[il,l ,-blthiazde 

Indenetriones (31.1) react in an unexpected fashion when stirred at 50°C with 
tosyl chloride in anhydrous pyridine. A possible mechanism through tosylation 
of the hydroxy group and then formation of a bond between pyridine-N and C-l 
of indanone is suggested. Pyridines may be replaced by isoquinoline or 
phthalazine in this cyclization [307 I ,  37851. A 2-phenacylidenepyridine may be 
cyclized to an indolizine by heating with an anhydride [2458]. 

&f$ \ 

T I C I . ~ , A  20-9mb =- & [3071.3785] 

(31.1) 1-21 -bp?dowi 1 oone 

Another ring system synthesized similarly: 

R Ph, 3-Q. 4 w .  4-NH2,4-PhCH@CNH. ~Bu 

R =Me, Et, Ph hdoyrbre 

2. Furan 

Base-catalysed cyclization and simultaneous decarboxylation of an o-acylphen- 
oxyacetic acid leads to the formation of a furan ring [2499] but the correspond- 
ing phenoxyacetonitrile gives a 2-benzofurancarbonitrile [3899]. A recent study 
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of the former reaction shows that in the presence of TEA (without any acetic 
acid present) decarboxylation does not occur, but when acetic acid is present, 
a mixture of products (31.2, R = H and R = COOH) is obtained. The key 
intermediate is shown to be a 3-hydroxy-3-methyl-2,3-dihydrobenzofuran-2- 
carboxylic acid; its behaviour in the presence of various acids has been examined 
[3216]. A furan ring may be formed in the@ positions of a bicyclic ring system 
by this method [392l]. 

(31.2, R - COOH) + (31.2. R = H) 
Qx 85x 

3. 'Mophem! 

An anion derived from a sidechain methylene (SCH,COOR) attacks a neigh- 
bouring aldehyde (p. 155) or an acyl group, the latter course leading to a 
3-substituted thiophene ring. 



842 Aldehyde or Ketone and Methylene 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridrw 

When 3-acyl-2-methylchromones are heated with ammonium acetate in acetic 
acid, a pyridine ring is formed, probably through an intermediate enamine, the 
2-CH =CHNH2 derivative. Some o-methyl aldehydes are cyclized in good-to- 
excellent yields under weakly basic conditions by stirring with a primary 
alk ylamine. 

O R  

&: -+:FA- & 
R - H. Me, Ph 

Me Me 

11 IBeruoWrano(32-gyrMin-iO-one 

[34001 

134w 

2. Pyridin-2- or -3sne 

A very efficient cyclization of o-acyl-wsubstituted acetanilides is effected by 
heating them with a base; the wsubstituent should be electron-withdrawing. 
Suitably positioned acetyl and benzoyl functions undergo an aldol conden- 
sation; alumina as a base gave better results than potassium carbonate. 

R' 

1 -QML Q l , A  - qpp7s.~l \ /  

R'-H,Me; $ - N s k t ;  R3=iPT.Ph R3 

i. E m ,  aq. NaOH; ii, E m ,  EtONa 2Qlhomim 
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3. Pyraa 

Treatment of the ketone (31.3) successively with bromine in the dark and TEA 
without external heating leads to the formation of the naphthopyran by bromin- 
ation and dehydrobromination. 

4. I&Tbiazine 1,l-Dioxide 

Reduction of a 1 ,&diketone with trimethyl phosphite followed by cyclization in 
the boiling solvent is a method which has been used by several workers to 
synthesize cephalosporin-type antibiotics. In this example, the diketone is 
prepared in situ by ozonolysis on an alkene side-chain. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Ampine or Azepin-Zone 

A carbanion from a side-chain methylene reacts with a neighbouring carbonyl 
(but not carboxaldehyde) group to form an azepine ring. Under the strongly 
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basic conditions, an ethoxycarbonyl group is lost. Aqueous alkali can also be 
used in this type of reaction. 

R=H.Me 
1-Beruetepin-2- 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrol-2sne 

A 2-fotmylbenzonitrile reacts with hydrazine hydrate to give the monohydrazone 
of phthalimide (with simultaneous loss of a second CN present in the substrate), 
and with primary or secondary amines at room temperature to form an isoindol- 
1 -one. 

0 

1 -1soquinolinone 

845 
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2. Isoxazole 

A nitrile group is displaced by a neighbouring ketoxime group when the 
compound is heated with pyridine. 

11, FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-2sne 

This ring is formed from the reaction of cyanoethylidene and acetyl functions 
by heating the compound with phosphoric acid. 

Me 

[=W 

Ph 

W 4 . A  
73% 

Ac 

( N c ) 2 c v M e  Me Me Me 

Another ring system synthesized similarly: 

HO Me 

1 ,&Naphmyridin-7one 

2. Pyridazine 

Hydrazine hydrate annulates carbonyl and nitrile functions on heating the 
reactants for 4 h. 

R’CO 

NC 

N”2 N Y  

R’ = Me, Ph. Ph; R2 =OH. NH2 W 2 , W b m  
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3. Pyridazin-hne 

This ring is formed in good yield when a 2-cyanobenzaldehyde is heated with 
hydrazine hydrate in hydrochloric acid. 

CN 0 

4. Pyrimidine 

A fivefold excess of formamide at about 145 "C in a stream of ammonia converts 
the 2-cyano ketone (32.1) efficiently into a fused 4-aminopyrimidine. 

5. Pyrazine 

Adjacent ketone and nitrile groups are annulated by heating the compound with 
formamide and either phosphorus oxychloride or (often for a higher yield) 
ammonia. 
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I. FORMATION OF A FWE-MEMBERED RING 

1. Pyrrole 

Mild hydrogenation of a nitro-ketone followed by heating the resulting cyclized 
solid in toluene gives a 1-hydroxyindole. 

OH 
I 

[=nl 
I. Y aw m -  ' C H z g C H M  

2. Pyrazole 

Reductive cyclization of the nitro-thienylideneaniline (33.1) (a masked nitro- 
aldehyde) with triethyl phosphite gives low yields of the tricyclic pyrazole but 
higher yields may be obtainable from the aides (Chapter 59, Section 1.2). 

848 
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3. Isoxrzole 

2-Nitrosopropiophenone reacts with hydrogen bromide in benzene at ambient 
temperature to form a 5-bromo-2,I-benzisoxazole as the main product while the 
corresponding 5- and 7chloro derivatives may be formed when hydrogen 
chloride is used. A similar substrate may be deoxygenatively cyclized with 
triphenylphosphine in good-to-exceilent yields. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 1-Oxide 

Catalytic hydrogenation of a nitro ketone under mild conditions leads to an 
azine N-oxide, but the nature of the ketone moiety has an effect on the relative 
amounts of N-oxide and the free base which is otherwise a minor byproduct. 

0- 
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Two thienyl rings joined at various positions and having a formyl group 
attached to one ring and a nitro to the other undergo cyclization when subjected 
to partial reduction with iron(I1) sulphate and ammonia. 

Other ring systems synthesized similarly: 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4oxazeplne 

Partial reduction of the nitro-aldehyde (33.2) with iron(I1) sulphate-ammonia 
results in the formation of the N=CH linkage of an oxazepine ring. 
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Other ring systems synthesized similarly: 
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Aldehyde or Other Carbonyl and Phosphorane 
I. Formation of a Five-membered Ring 

1 .  Pyrrole 
2. Thiophene 
3. Thiazole 
Formation of a Six-membered Ring 
1.  Pyridine 
2. Pyridazine 
3. Pyrimidin-2- or 4 o n e  
4. Pyran 
Formation of a Seven-membered Ring 
1 .  1,4Diazepin-2-0ne 
2. 1.2.4Triazepine 

11. 

111. 

852 
852 
854 
854 
855 
855 
855 
856 
857 
857 
857 
858 

Cyclizations of compounds containing neighbouring (a) thiocyanato and phos- 
phorane, and (b) side-chain carbonyl and phosphorodiamidothioate groups are 
included in this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pymle 

Carbapenem esters are obtained by heating a triethoxyphosphorane thioester in 
toluene or xylene. The synthesis of heterocycles using phosphoranes has been 
reviewed [2673]. Phosphonate and aldehyde groups (the latter being formed in 
siru by ozonization of the styryl group) react in the presence of dirnethyl 
sulphide and DBU (review [3364]), a C-C double bond being formed. 

852 
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MeHC 0 ~;:;; P h M . U ~ , A ,  MeHc O a  W7al  

c o o R 3  

404% 

I 
OR' 

II 
0 

1 
OR' 

l-kabky&[32.Opept-2sn-7one 
R' = Wi,teuM@; 
R~ = ipr. ~ , H , c ~ H ( c H ~ ;  
R3=4-NozcgtCH2 0 II 

Another ring systems synthesized similarly: 

It is sometimes desirable to avoid the use of alkoxide during the formation of 
C-C double bonds in the synthesis of p-lactams (33241. An iminophosphorane 
(formed in situ from an azide and triphenylphosphine) reacts with a carboxylic 
ester group in a neighbouring malonylidene side-chain to form this ring [3792]. 
The classic Wittig reaction has been extended to the synthesis of 2-vinylindoles 
[3603], and other indoles have been obtained from isothiocyanato phosphoranes 
[3297]. 

& A  
42n 

R R 
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2. Tbiophene 

The N.N.N‘,N’-tetramethylphosphorodiamidothioate (34.2) is cyclized to a 
benzothiophene by heating in formic acid. 

3. Thiizole 

A thioxo group of a trithiocarbonate reacts with a triphenylphosphorane in an 
efficient thermal cyclization of a penem ring system; this gives 74% of the trans 
and 15% of the cis isomers. The same product is obtained by treating the 
oxalylimide (R4 = 0) with triethyl phosphite. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

An iminophosphorane (from an azide and triphenylphosphine) reacts with a 
neighbouring keto group to give a fused pyridine ring in high yield [3264]; when 
the keto group is part of a carboxylic ester, a similar thermal cyclization leads 
to a fused 2-ethoxypyridine ring [3561]. Chloromethyl and aldehyde groups 
attached to different rings may be annulated using a Wittig reaction. Once 
formed, the phosphorane is treated with ethoxide at room temperature [3220]. 
One of the limitations of such a reaction is that base-labile functions may be 
affected in which case a procedure similar to that mentioned in Section I. 1 [3324] 
may be of interest. 

R' 

N==PPb 

CH=CHCOOEI 

1. PP)k d 2. EQNI 
6296 

2. Pyridazine 

Pyridazines in which both nitrogen atoms are at bridgeheads may be obtained 
in moderate yields by cyclizing an aldehydo phosphonate in the presence of 
DBU (review [3364]). A thermal method of forming a pyridazine ring gives 
similar yields. The keto-azo-phosphorane (34.3) undergoes a thermally induced 
cyclization to produce a 3-substituted cinnoline. 
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3. Pyrimidin-2- or 4one 

Formyl and iminophosphorane functions react with an isocyanate either in 
dichloromethane at about 10°C or in refluxing toluene to give high yields of the 
pyrimidin-Zone. Reptacing the formyl by an ester group produces the corre- 
sponding pyrimidin-4-one. 

Ph Ph 
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Other ring systems synthesized similarly: 

857 

Nc %YOE' NPh 137341 

A r O  

4. Pyraa 

The keto-phosphorane (34.4) is cyclized in high yield on stirring it at ambient 
temperature with sodium ethoxide. 

Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 1 ,4 -Diazep in-h  

2-Azidoacetylamidobenzophenone can be converted into a benzodiazepinone in 
good yield through the iminophosphorane which undergoes a thermal cyclization. 
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2. 1,2,4Triazepine 

This ring may also be constructed from a suitable acyl iminophosphorane (34.5) 
by heating in methoxyethanol or acetonitrile. 
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1. FORMATION OF A FiVE-MEMBERED RING 

1. Pynole 

In the Nenitzescu synthesis of 5-hydroxyindoles, an N-aryl substituted amino- 
propenoic ester may be used, albeit with a low yield of product [2343]. Better 
yields may be obtained by reacting the.quinone at ambient temperature with an 
enaminonitrile [3246]. The methylthio group may be removed by heating with 
Raney nickel. Magnesium methyl carbonate is sometimes used to carboxylate 
a methyl ketone but when it is warmed with the methyl ketone (35.3), it causes 
cyclization of the keto side-chain [2747]. A dioxopyrimidine aldehyde (35.4) is 
cyclized in moderate yield by heating with carbonate in DMF [2668]. 

859 



860 Aldehyde or Ketone and Ring-carbon 

k 

Me 
I 

Me H M e  f-xo W . W % A *  68% fNy--ZO w331 
O M  

0 0 

Me H M e  f-xo W . W % A *  68% fNy--ZO w331 
O M  

0 0 

One modification of the Knorr synthesis of pymoles uses an isonitroso ketone 
but the more readily available monophenylhydrazone of 1,2diketones may be 
a better substrate; its condensation with cyclohexanone, cycloheptanone, or 
cyclohexane-l,3-dione gives reduced indoles [2453, 33091. A C-C bond is 
formed from an aldehyde group to a carbon atom in another ring by treatment 
with a secondary amine hydrochloride in a Mannich reaction [2298]. The 
carbonyl group of tropone and an adjacent ringcarbon are annufated by 
reaction with an N-vinyliminophosphorane. The dihydroaza-azulenes may be 
converted into the fully aromatic analogues with either nickel or manganese 
peroxide [3528]. 
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2. PyrrOl-2-0ne 

N-Acetoacetylindoles are cyclized by Lewis acids at ambient temperature by 
attack at the 2-position, but when this position is occupied. the reaction takes 
another course (see Section 11.2). In a nonacidic medium, this ring may be 
formed by heating o-manganated acetophenones with isocyanates. 

a 
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Another ring system synthesized similarly: 

3. Pyrpzole 

Conversion of 2-aroylquinoxaline into its phenylhydrazone and heating this in 
ethanolic hydrogen chloride results in annulation of the phenyl-bearing nitrogen 
to a ringcarbon. 

Ph 

4. Irnidazoie 

Cyclization is accompanied by rearrangement when the hydrazone (35.5) is 
heated in ethanol for Smin. 

cHo I 0 
RC=" 

5. Furan 

Cyclodehydration of a side-chain ketone (p. 168) is also feasible in an acidic 
medium [2301]. S,N-Acetals which are also enamines react with 1,4benzoquin- 
ones to form fused furans. Of several solvents tried for this reaction, toluene and 
THF seem to give the best yield [3268]. Annulation of a cyclic keto group to a 
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neighbouringcarbon atom occurs when the ketone is heated with ethyl 2-chloro- 
acetoacetate [28 121. 1,3-Cyclohexanediones are cyclized to benzofurans by 
reaction with an aIlenic sulphonium bromide in the presence of a strong base. 
The intermediate 3-methylene is isornerized by acid to the 3-methylfuran [3798]. 

RS R3 

SMe 
I P W  or TW. A + R4CN=CNMePh ,- '1 

R' 

R'.$ = H. Me 
i. E(oH-Et0Na.A; 1, PhH.TaOH 

Another ring system synthesized similarly: 
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Regiospecific cycloaddition of the hydrazone (35.6) to the 5,8quinolinedione 
occurs at ambient temperature. The isomeric 5,8-isoquinolinedione7 however, 
reacts differently (see Chapter 84, Section 11.1). An inter-ring C-C bond is 
formed when a 2-oxocyclohexyloxybenzene is treated with sulphuric acid. 

@ + Ey=CHMe HC="Me2 CnCbb- -42% R@z=NNw 'N 0 I=w 
R 'PI 

R=H,Me 
H 

w5,afbJinoune 
W) 0 

b 

Dibenrokran 

6. Thiophene or Tbiopben-2-one 

Cyclization of 2-phenacylthiopyrroles under acidic conditions leads to the 
formation of a fused thiophene ring, but the choice of catalyst and the presence 
of an N-substituent can have an important effect on the course of this reaction. 
When the 1-methylpyrrole (36.7) is cyclized with PPA at 90°C, two isomeric 
thienopyrroles are formed, one (35.8) of which was independently synthesized 
from the pyrrole (35.9) (by the method described on p. 299), followed by 
methylation [3068a, 30941. The formation of the 13,241 isomer is consistent with 
other examples of rearrangements of 2-thiopyrroles. Copper-catalysed ring 
formation between a C = S group and one of the benzene rings of a thiobenzo- 
phenone is accomplished using ditosyldiazomethane and the copper complex of 
acetoacetate 139951. Recent progress in benzothiophene chemistry has been 
reviewed [3981]. Me 
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Other ring systems synthesized similarly: 
Me 

An [8 + 21 cycloaddition of diphenylketene to tropothione proceeds in high 
yield at a temperature below IOOC. 

7. Thiazole 

Thiourea reacts with 1,rl-benzoquinone to give several products depending on 
the conditions. One of the most useful cyclizations is that in which an excess of 
the quinone reacts at ambient temperature in mineral acid to give 6- 
hydroxybenzo thiazol-Zamines. 

R' - H, Me, iPr, C l  PhS; R2 I H. Me, Ph Beruothle2de 
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H. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

When the Gattermann aldehyde synthesis (hydrogen cyanide-zinc chloride) is 
applied to some benzyl alkyl or aryl ketones, isoquinolines are formed [2268]. 
Application of the Schmidt reaction to tram-dibenzoylstilbene at a temperature 
slightly above that of the surroundings converts it into a Cbenzoylquinoline 
[2216]. Care should be exercised with the use of hydrazoic acid. The acetal 
(35.10) failed to cyclize when treated with such Lewis acids as boron trichloride 
or tin(1V) chloride but hydrolysis to the aldehyde was immediately followed by 
cyclization [3488]. 

OR' OR' 

Thh@,Z-*yridine 
I 
Me 

(33.10) 

In the Combes quinoline synthesis (see Chapter 53), the intermediate mono- 
ketone may be isolated, and on heating this with sulphuric acid, the quinoline 
is formed in moderate yield [2135]. A trifluoromethyl group often enhances 
pharmacological activity in some types of biologically active compounds, and 
so a method of incorporating this group into heterocyclic rings is useful. The 
synthesis of 2- or Ctrifluoromethylquinolines may be effected by treatment of 
enamine (35.11) with an acidic catalyst, but regiospecificity varies with the 
nature of the enamine. In one case, an inseparable mixture of 2- and Ctrifluoro- 
methyl4 and -2-hexyl-6-bromoquinolines was obtained. In contrast, treatment 
of the arylamine with a trifluoroacetylethyne is regiospecific (see Chapter 54, 
Section 11. I). 
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ONy; W 4 . A .  -66%-  wEt w351 
O=C 

I 
Et Et 

auindne 

2. Pyridin-2-01~ 

Compounds containing an -NHCOCH,COR side-chain are cyclized to this 
ring by mineral acid (the Know reaction) but the course of this reaction varies 
according to the substituent R; loss of a methyl group may also occur. A double 
Knorr cyclization is a step in the synthesis of the antibiotic diazaquinomycin A 
(35.12). WMe ' 

Me 

[21W C"2 &-I:% kwb "8% 

' ' Me 
Me 

2-Quindinone 

Another ring system synthesized similarly: 
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A reversed carboxamide (containing a 4ONHCHR'COR' chain) also 
cyclizes to a pyridin-2-one but this needs mildly basic followed by cyclodehy- 
drating conditions [3790]. Annulation of an N-side-chain keto group to a 
peri-ring-C occurs when C-2 of an indole is blocked (cf. Section 1.2). 

R'=H,Me; *=Me.Ph; Rs=Aoo,(A@)g k 
I MeOH, K2co5; 1. CH% W, pyr 

1 -boquindinone 

Another ring system synthesized similarly: 

3. Pyridozia-3-oae 

Cyclization of a 8-keto side-chain on to a ring carbon is catalysed by hydrogen 
chloride and usually proceeds without external heating. 

H 

I 
Me 
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4. F'yran 

3-Arylpyruvic acid esters, on successive treatment with an anhydride and per- 
chloric acid, yield 2-benzopyrylium salts, which may also be prepared from 
benzyl ketones and acetals in the presence of triphenylmethyl perchlorates. A 
cation is probably formed from the acetal, and this attacks the reactive benzene 
ring. 

R2 
I 

1-11 

Me0 Me 
P-Benzopmlkrm 

The -CH = C-CH = 0 portion of chromone-3-carboxaldehydes acts as a 
heterodiene and adds on alkoxyethenes or dihydropyran to give usually (but not 
always) a mixture of stereoisomers differing in the configuration of C-3. The 
ratio of isomers varies but the endo-product predominates. Prolonged reaction 
at ambient temperature for 15 days may be necessary but in a sealed system, 
reaction progresses at 1 I5 "C over a couple of days [3 164,3054,30551. Hetero- 
dienes and their uses have been reviewed [B-42, 2455, 3067a. 38801. 

+ R y = C H ,  R2 0746)(- 1 R' WOE, 131 SJI 

H R' I H, OH, &O, M a ,  N q ;  R2 = H, Me; R3 = 
1. C H A ,  CH-. THF. W F  p / r a ~ [ 4 , 3 - ~ l ~ n Z ~ f W b l O . ~  

Another ring system synthesized similarly: 
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2-Benzoyldiaryl ethers are cyclized in good-to-excellent yield by treatment 
with hot sulphuric acid-acetic acid [3027,3029]. A 2-aminopyran ring is formed 
when a heterocyclic ketone is heated with a cinnamonitrile and piperidine 
[3095]. Reduced chromen-5-ones are also formed in a basic medium when 
acroleins are heated with 1,3-cyclohexanediones [2763a]. 

R' I H, Me; R2 I H, Me. @C=C(C&k 2H1-Benzwm-5-one 

5. Thiopyran-esw 

This ring may be built from a ring-carbonyl and its adjacent carbon atom with 
3-mercaptopropanoic acid. The enolacetate of indoxyl (3-indolone) or thioin- 
doxy1 may also be cyclized likewise. 
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6. 1,4Oxazine 

87 I 

o-Aminophenol condenses with the carbonyl and the adjacent ring-carbon of a 
1,4quinone on heating the reactants in pyridine for 24 h. 

N-NPh N-NPh 

'yJNH2+Oa0 OH - ">q0 (34871 

Me 

~b[3,4-a~henoxatin-Cone 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrole 

In a synthesis of an analogue of the antibacterial carbapenems, the keto-y- 
lactam (36.2) is converted in four steps (including carbene insertion, diphenyl- 

872 
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phosphorylation and aminoethylthiolation; the intermediates were not isolated) 
to a pyrrolizinone which is related to thienamycin [3404]. Thermal dehydration 
of a 2-imidazolylbenzophenone under acidic conditions can lead to the forma- 
tion of a fused pyrrole [2200]. 2-Acylazoles may be cyclized by reaction with a 
cumulative phosphorane at ambient temperature or on heating in benzene for 
a shorter time [2777]. The chemistry of pyrrolizine has been reviewed [3225]. 

Ph 

IrrJdazO(2,i - a ] i  

Ph 

.. 

PyfWIiZii 

2. ml-2-one 

Annulation of a 2-acylazole under basic conditions produces the fluorescent 
pyrroloimidazoles (36.4). Sometimes, the N*-acyl derivative is also isolated. 

R' = Me, P h  R2 I H. Me, Ph 
i, DMF, MeOH. MeONa. A 
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3. ImMfzole 

A side-chain carbonyl group reacts with a ring-nitrogen (usually at ambient 
temperature) on treatment with either acetic anhydride-perchloric acid or an 
excess of thionyl chloride. The first method yields a perchlorate salt [3148] 
whereas the latter procedure leads to a chlorinated product [3719]. An attempt 
to prepare the imine of 2-aroylpyridine with benzylamine and boron trifluoride 
etherate yielded instead the imidazopyridine [3 1901. Another reaction which 
gave an unexpected product was the attempt to form a fused diazepine from the 
benzoylamidomethyltriazole and PPE this gave g d  yields of the imidazotri- 
mole [2599]. Activation of a lactam NH with diethyl chlorophosphate followed 
by treatment with ethyl isocyanoacetate under mild conditions gives a new 
imidazole4carboxylate ring [3567]. 

k 
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4. 1,2,4-Triszole 

Reaction of a lactam with dimorpholinophosphoric chloride gives an 0- 
substituted derivative which is susceptible to reaction at ambient temperature 
with acethydrazide. It is not necessary to isolate the intermediate. A lactam 
thiocarbonyl and its ring-nitrogen are annulated on heating the compound first 
with hydrazine hydrate and then with trimethyl orthoacetate. 

0 

CI fJ$,J0+mWTCl H N  
0 “FM- & pm* 

Ph I= 
CI 47 1-1 

11 2 A I T r i a t d o [ ( . 3 - ~ 1 . 4 ~ ~ n e  

k k 

5. 1,2,4-Trid-301~ 

This ring is formed when a triazine-3-thione is heated with ethyl carbazate; 
simultaneously, the amino group is hydrolysed to a carbonyl. 

r=i 
NHNHz {.-A ZM& 

WOE1 
+ I  30% 

Ph Ph 

12.4-1~.3-fj11PAPisdno3,- 
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6. Tbiszole 

PPA, phosphorus pentoxide-orthophosphoric acid, acetic anhydride or 
ethanolic hydrogen chloride may be used to produce this ring in moderate-to- 
good yields from an acyl- or aroyl-methylthio side-chain of an azole or azine. 
Heating the ketone with 48% hydrobromic acid gives the same result. A 
Qphenacylthioimidazole and similar compounds cyclize under mild conditions 
to a thiazolium or related salt. 

R-Me,MeO 
I m i d e z o p . l - b h  

Other ring systems synthesized similarly: 

Ph 

0 
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A thiazole ring may also be constructed from a lactam thiacarboayl and one 
of the following reagents: DMAD [3177l, a 2-bromoacrylic acid or its nitrile 
[ZOSl, 35091, an aryl isothiocyanate and an alkyne [2706, 29151, a reactive 
a-methylene ketone such as dimedone (39441, an acyl halide [2433] or a halo 
ketone which is prepared in situ [2475]. 

CI 

R = 2-f~1yi 

so% ('"a @433,2512] 

Ph R 
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A keto-containing side-chain at position 8 of an adenine derivative may 
cyclize on to either of its ring-nitrogen neighburs, but under acid catalysis it 
closes on to N-9 exclusively [2510]. However, a 2,6-purinedione cyclizes under 
similar conditions (using chloroacetone) to N-7 (25 121. 

I 
R2 NH2 NH2 

R ' = H . C I , W ;  R ~ = H . M ~ ;  R3-w.m RJa2ok(3Pelpurlne 

Other ring systems synthesized similarly: 

II 
0 

~ q 3 2 - ~ l b l - 4 u m  

7. T h i ~ l 4 o a e  

2-Benzimidazolethiones are cyclized in a mild reaction with either an arylazo- 
chloroacetyl chloride [2366] or with chloroacetic acid and a benzaldehyde 
[2454]. Imidazole-2-thione adds on to DMAD also without the need for external 
heating [2270]; the epoxide of arylidenemalononitrile cyclizes 2-benzimidazol- 
ethione very efficiently to the thiazolone analogue [3933]. 

PNCdbx d l K  * 0NyyYi3=1 =..&+ H ~ZcOc, CI I 0 

k = 34s. 2--, 2MeQcsH4 T h W o b ( 3 , 2 - @ e n ~ e  
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H 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Ring closure of 2-phenacylimidazole by stimng with DMAD is an exothermic 
reaction; a lower yield is obtained when the alkyne is replaced by propynoic 
acid. 

H 

pyH2y> + F R '  u.0~ phT3 \ N  I27391 

Hooc COoMe 
26-mx- 

R'-H.COOMe; $=H.COOH R* 

0 
N 

l m i d a z o f l 2 - * ~  

2. Pyridin-hoe 

In a strongly basic medium, the p-keto ester (36.5) reacts with an acyl chloride 
to form 5-indolizinone in good yield [2353]. feri cyclization of NH and a 
CHO-carbon proceeds under either mildly or strongly basic conditions depend- 
ing on the type of reagent used [2044, 36021; the pyrrolo[3,2,i-ij]quinolinone 
ring system is present in several alkaloids. A fused pyridinone is formed in high 
yield when a compound containing a CHO group and an NH in an adjacent ring 
is heated with dimethyl malonate and a mild base [2776]. 

COoMe 
I h* ~23531 mn+&cycl PwN;IH- en 

0 k 

ma 0 
Blndolizinone 

R 

k=Cmoc& 

R-Me.k.CN,Ph 
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1-1 E-A 
71- +MecooEt 

OM0 OMe 

3. Pyrimidine 

The isonitrile (36.6) cyclizes the pyrrole-2-carboxaldehyde on heating in THF 
containing DBU (review [3364]). 

d R3 

4. Pyrimidln-4-one 

A new fused pyrimidinone ring is formed when the oxazinone (36.7) is treated 
successively with phosphorus oxychloride and anthranilic acid. 
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5. Pyraziw 

88 I 

Annulation of a ketone group to an adjacent ring-nitrogen to form this ring is 
effected by heating with the bifunctional 2-bromoacetaldehyde dibutyl acetal 
and ammonium acetate. 

6. Pyrazin-2-one 

The oxocarboxamide (36.8) is cyclized by heating with thionyl chloride, a 
triazolopyrazinium chloride being formed in high yield. 

7. 1,2,4-Triazine 

A side-chain fl-carbonylazo group is incorporated into a triazine ring either 
thermally or in an acidic medium. 

8. 1,3-Oxazine 

2-Phenacylimidazole reacts with an isocyanate or isothiocyanate (review of 
reactions [3990]) to give high yields of fused oxazine. 
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"Py+f++ 0 + m c x  6190y WF.A ~ "m3 Val 

x HN 

x -0, s HX NHPh 

9. l,4-Oxdae 

The N = C-C = 0 system of a I-phenothiazinone undergoes an intramolecular 
Diels-Alder reaction [B-42, 2455, 3067a, 38801 with diethyl acetylenedicar- 
boxylate, but with tetracyanoethylene (reviews (31 46, 3244]), a mixture of 
products is obtained. 

COoEt 
I 

10. l+Tbiaziw 

When a thiolactam adds on to a cyanoalkyne under basic conditions and at 
room temperature a fused thiazinimine ring is formed in high yield. 

I 
Ph R = H . M e  

11. lJ-Thiazi&ae 

2-Thiohydantoin and allene- I ,3-dicarboxylic ester react under argon to form a 
fused thiazinone ring [3405]. 5-Methyl-l,2,4-triazole-3-thione (or its tautomer) 
adds on to DMAD in refluxing methanol to give a high yield of a triazolo[3,4- 
bjthiazin-5-one [3920], but the 5-phenyl homologue in methanol containing a 
trace of acetic acid is reported to lead to the [5,1-b]thiazin-7-one [3944]. 2- 
Mercaptobenzimidazoles are cyclized in low-to-moderate yield by heating with 
a 3-chlorocrotonic ester and a strong base [2869]. 



Formation of a Seven-membered Ring 883 

H 

R-Me 

RmfH+ 
In. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Thirzepiw 

Thermal or base-induced cyclization of an oxomethylthio side-chain to a ring- 
NH is accomplished by dehydration in DMF. 
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Cyclizations of compounds containing the following pairs of functions are also 
included in this chapter: acylamine and alkene, alkene and imidate, alkene and 
imine, and alkyne and carbarnate. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

Thermolysis of an alkenyl-azide can give high yields of a fused pyrrole; the 
method also has the advantages of requiring moderate temperature and of being 
conducted in a neutral medium. Functional groups such as an N-oxide [as in 
(37.1)] thus often survive the reaction [2436], but when this kind of reaction is 
induced photolytically, some substituents on the terminal carbon atom may 
migrate [3163]. 

884 
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R' - H, Ac. COoEt, RS, RSO, R e ;  -32-- 
f$ I Ac, COOEt, MeS 

An early report of annulation of an iminophosphorane (formed in situ) to a 
malonylidene function describes the synthesis of a thienopyrrole in high yield 
[3084a]. A different procedure gives the isomeric [3,4-c] product [3492a]. A 
styryl phenyl ketone is converted into a I-hydroxyindole by warming with 
potassium cyanide [2163]; the chemistry of I-hydroxyindoles has been reviewed 
[39061. 

(ElOOCkC=CH' 
Thiena(3,cckynde 

Metal-catalysed cyclization is an increasingly important method of synthesis 
(reviews [B-41, 2998, 3069, 3501, 35051). Bis(acetonitrile)dichloropalladium 
promotes cyclization of an alkynyl carbamate with epoxypropane and a vinyl 
chloride [3438]; an alkynylaniline is converted into an indole by heating with a 
palladium chloride-triphenylphosphine catalyst [363 I]. Mercury(I1) acetate is 
an effective promotor of the cyclization of the alkenylaniline (37.2) to a reduced 
carbazole [3861]. 

+ H2c-cHMe \o/ 3142% I * QJT I343el 

CHCH=CH@ 

R2 
+ R%H=CdCH&4 I 

R' I 8u, Ph; $ I H, Cl. Me; d H. Me, EI 
i, THF, bis(acecon~)dichb~ropalkdum, Ar lndde 
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W 

2. Imidazole 

Thermolysis of a vinyl-azide (37.3) results in the formation of an imidazole ring; 
the product consisted of a separable mixture of epimers. Baker's yeast (Succh- 
uromyces cerevisiae) converts N-allylbenzoxazinone into its imidazo analogue 
under aerobic conditions at 37OC in 5 days. Pretreatment of the yeast by 
ultrasonification increased the yield. Similar results are obtainable from quin- 
azoline substrates. The use of ultrasonic irradiation in organic chemistry has 
been reviewed [B-58, 3615, 36461. 
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lI. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

A nitrovinyl-iminophosphorane may be cyclized to a fused pyridine ring by 
heating it in toluene for about 12 h with an isocyanate; yields are usually very 
good. 

Other ring systems synthesized similarly: 

This ring may also by obtained by heating either a 2-vinytaniline with 
phosgene [2209a] or a 2-vinylacetanilide with phosphorus oxychloride [3345]. 
o-Vinylimines undergo oxidative cyclization when heated (in air) at I80 "C in an 
inert solvent such as I .2,4-trichlorobenzene (TCB). When a methoxycarbonyl 
group is attached at the 8-vinyl carbon, a higher temperature (20OOC) is 
required [3417]. 
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Thermolytic annulation of azide and alkene groups is a widely used method 
of ring formation which often gives good yields. In compounds such as the 
a-azido-o-vinylcinnamic ester (37.4), it is possible for the nitrene to attack either 
a ring carbon (see Chapter 58) or the vinyl group. In practice, the latter reaction 
takes precedence but a substituent (R) on the p-carbon of the vinyl group has 
an influence of the product@) formed, as is shown in the scheme [3 1691. Epoxi- 
dation of the vinyl group prevents this cyclization (see Chapter 58, Section I. I ) .  
Another factor which controls the course of this cyclization is the stereochemis- 
try of the ester (37.4, R = Ph). The Z-isomer yields the isoquinoline as the main 
product while the other isomer is mostly converted into the benzazepine [3756]. 
Replacing the vinyl group of (37.4) by an ally1 chain and heating the compound 
in toluene gives the benzazepine as the main product but in other solvents, a 
mixture of products is obtained, none of which is an isoquinoline [3169]. 

b O E r  

(37.4) 



Formation of a Sixmembered Ring 889 

FWEt 

2. PyridioeI-Oxide 

A B-subtituted vinyl group carrying two electron-withdrawing groups reacts 
under mild conditions with a neighbouring nitro function and potassium 
cyanide to produce a good yield of a pyridine oxide. 

?- 

3. Pyridazine 

Cinnoline-3- and -4-carbaldehyde are not readily available; the 3,Mialdehyde 
was first synthesized in 1987 from a 2-vinylbenzenediazonium salt followed by 
oxidation of the hydroxymethyl group. 

m“4, m % I=@l oc” C=CHCH$H CHO 

&OH C W H  

wnoline 

4. Pyrimidine 

An alkynyl a ide  such as (37.5) is themolytically converted into a pyrimidine; 
alkenyl azides similarly yield dihydro products. 

Me Me 

“““cy------o N3 
PhI.kA 83% * cA- - -+ ,o  [%lo] 

0 0 

(37.5) PyrimidoII PejpluinS2cdkne 



5. lJ-OxaziOe 

When the enamine (37.6) is treated with t-butyl hypochlorite, the oxazine is 
formed. 

[=I WTPh 
NHCOPh 

MF.(8uocI 
47% - 

CH=CHCH=NNh& 

CHCH=NNW 

a 
w4 

3,l-rOxadne 

HI. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Thermolysis of 2’-styryl-2-azidocinnamic ester (37.4, R = Ph) in toluene or 
xylene gives a moderate yield of the benzazepine (see also Section 11.1). 

,coOEt 

W 4  -a-A* 37% a (3169.3319J 

R - H  Me 

IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1,4-Diazoeine 

A reductive cyclization of o-alkenylaminoanilines (37.7) in the presence of 
rhodium acetate in an atmosphere of carbon monoxide and hydrogen under 
pressure gives the diazocine and a smaller amount of the pyrrolo[l,2-u]benz- 
imidazole H 
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I. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-2-one 

2-Vinylbenzamides (prepared from 2-bromobenzamides and ethene) cyclize to 
the isoquinolinones in high yield when heated with dilute hydrochloric acid. 

0 

R = H, CI, M a .  Me l - ~ i n O l h O n e  

2. Pyran-2-0w 

The nitrogen atom is lost (as ammonia) when the 2-alkynyl-3-pyridinecarbo- 
nitrile (38.1) is heated with PPA. Rc=cn \ PP&A ~ RY$ [SWl 

NC 

(sag) 0 
R=BU,Ph 

Pyran0(4.3-blwfidin-!mm 
89 I 
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3. TbiopyraAne 

Both stereoisomers of a 2-(vinylthio)benzoic acid (38.2) undergo cyclization on 
being heated with PPA. The diester formed is a useful intermediate; for example, 
it may be converted into the 2-methylthiochromone-3carboxylic ester when an 
attempt is made to hydrolyse the diester with 50% acetic acid. 

cti2cookce 

COOMe 

PPhA* scx s;r: I3405) 

(384 0 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

This ring may be built by the formation 0f.a new C-C bond between alkyne 
and halogen functions, a reaction which is assisted by palladium dichloride- 
triphenylphosphine (reviews of palladium catalysis [B-41, 3069, 35051 in the 
presence of piperidine (as base) and formic acid (to remove hydride ion). The 
reaction is regio- and stereo-selective. Replacement of the piperidine and formic 
acid by R-substituted tributyltin enables the R group to be transferred to the 
indole stereospecifically 134481. 

893 
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Homolytic cyclization of a bromo-alkene yields dihydropyrroles but bromo- 
alkynes by the same mechanism form a mixture of pyrrole and 3-methylene- 
pyrrole in high yield (the ratio is not stated) [3434]. Aryl radicals produced by 
the action of samarium di-iodide on an aryl bromide react with an o-propynyl- 
amino (or propynyloxy-see Section 1.3) side-chain to form a new fused pyrrole 
(or furan) under mild conditions. The corresponding allylamino bromides give 
2,3-dihydroindoles in good yields [3974]. An activated C-C double bond reacts 
with ammonia or a primary amine and a bromomethyl function to form a 
pyrrole or an N-substituted pyrrole. Malonate ester is eliminated [3494, 38401. 

Ac 

R 

Other ring systems synthesized similarly: 

2. Pyml-2-0ne 

In a homolytic cyclization, a side-chain alkene displaces a neighbouring nuclear 
bromine atom on heating the compound in toluene with tributyltin hydride and 
AIBN. An optical purity of 39% is observed when an asymmetric N-substituent 
is present. Palladium diacetate-catalysed cyclization (reviews [B-41,3069,3505] 
of the bromoester (39.1) gives the oxindole in moderate yield; the product may 
consist of a mixture of stereoisomers; for example, when R = Ph, one isomer 
predominates in the ratio 60: 13. 
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Me 

Y-Ph 
H, J 

895 

M. BUJSW, AlBN 
-61% 

3. Fumn 

Cyclization of an allyloxy-iodobenzene under conditions which are broadly 
similar to those described in Section 1.1 gives a good-to-excellent yield of the 
corresponding oxygen heterocycle. A reduced benzofuran is formed in a hom- 
olytic process when the bromoacetal(39.1) is heated with tributyltin hydride and 
a catalytic amount of AJBN; the first-formed product is dehydrogenated at 
room temperature in the presence of 4toluenesulphonic acid to give the natu- 
rally occurring evodone. 

4. Thiopbene 

Neighbouring chloro and ethynyl functions are converted into a thiophene ring 
by either sodium sulphide-DMF or morpholine and sulphur. 
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alySyR 
TMenoj2.Sbkuinoxelhe 1 ~ 7 4 1  

0 0  

11. FORMATION OF A SIX-MEMBERED RING 

1. PyridibZone 

Palladium-catalysed cyclization of suitable iodo-alkynes (39.1) is improved by 
the presence of thallium(1) carbonate to give the aminovinylisoquinoline (39.2); 
otherwise, a poor yield of the vinylisoquinoline (39.3) is obtained. 

0 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,ZMPzepiw 

Treatment of o-vinylphenylhydrazones (40.5) with sodium acetate or sodium 
cyanide in benzene at 25 or 40 "C gives a mixture of the 1,2-benzodiazepine and 
its 4,Sdihydro derivative. 
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H CI 

R3 * R3 wl.- \ +  

PhH, N E N  w rwN. 
PgtK 

I 
R2 R2 

(-1 
R' C a t .  Ph; # H. Ph; R3 .I H. CI 1,2-Beruodlarephe 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrazole 

Disrotatory cyciization of the reduced pyridine (40.1) occurs when it is refluxed 
in toluene. 

898 
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5. Furrn 

Selective demethylation by pyridine hydrochloride in siru of an o-alkynylanisole 
in the presence of sodium hydrosulphite gives a high yield of a benzofuran 
[2444]. A 3-propynylpyridin-2-01 is cyclized in high yield on heating in TFA for 
6 h [3836]. Several oxidative ring closures of alkenylphenols are mentioned in 
this chapter in Part I ;  bromine in acetic acid-sodium acetate at ambient tem- 
perature is worth mentioning, but in this example, simultaneous bromination 
occurs [3678]. 

0 

CK R F=CH2 

R - H, Me. iPr 

R' 

This ring is efficiently synthesized by stirring an arylpropynoylphenol with silver 
nitrate in methanol. In some cyclizations of this type, an appreciable amount of 
the isomeric flavone is produced. An azide reacts with triphenylphosphine to 
form the iminophosphorane which, by reaction with one of several functions 
(see Chapters 16 and 100 for examples), forms a new nitrogencontaining ring. 
However, the iminophosphorane group derived from the a i d e  (40.2) is retained 
while the ring is formed by interaction of the alkene and phenol functions. This 
corrects an earlier suggestion. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-Z-one 

Photocyclization of an enamide (review [2595]) containing a methoxy group 
leads to the formation of a pyridinone ring of an intermediate in the synthesis 
of (- )-sincitine. Reviews of numerous syntheses of isoquinoline alkaloids [2487] 
and of the use of Reissert compounds in such syntheses [2488] are available. 

2. b r a n  

Palladium-induced cyclization of o-allylphenols (at about 65 "C) usually leads to 
a mixture of chromenes, benzofurans and their dihydro derivatives, but by 
judicious choice of carboxylic acid sodium salt, moderately good yields of the 
predominating 2H-benzopyran may be obtained [2864]. Such reactions have 
been reviewed [B-41, 3069, 3501, 35051. 3-Chloropropynyloxybenzene under- 
goes a Claisen rearrangement and subsequent cyciization when the ether is 
heated in N,N-diethylaniline, but when the chlorine atom is replaced by a 
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bromine, a mixture of products is formed [3821]. Formation of a pyran ring 
from a 2-allyipheno1 normally needs a dehydrogenating agent such as DDQ, but 
a 24 I -hydroxyallyI)phenol undergoes a combined dehydration-cyclization on 
heating in diglyme [2445]. 

R = H. C W H .  Ph 

3. Pyran-4-ane 

2'-Hydroxychalcone is readily cyclized with hot aqueous alkali; this is the basis 
of a widely applicable synthesis of flavanones [B-41. In addition to the examples 
of dehydrogenative cyclization of chalcones described in Part 1 (pp. 191, 192), 
that produced by DDQ should be mentioned. In boiling dioxan, the reaction 
takes 20-72h and produces flavones together with smaller amounts of 
flavanones and aurones. 

R a w  8442% RW& [ a l l  ' COCH=CH& 

R - H, Meo, Ar - Ph, CMeOC& 0 

l-BenzopyranJone. Z-aryl- 
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The Algar-Flynn-Oyamada reaction is a convenient and efficient method of 
converting a chalcone into a 3-hydroxyflavone [2392] but chalcones which 
contain a 6-substituent (R # H) give benzofuran-3-ones (coumarones) instead 
(22611. A dehydrogenative high-yielding cyclization of a chalcone may be 
effected by heating with selenium dioxide in isopentyl alcohol [2521]. 

An acryloylphenol in which the hydroxy group is protected as its methoxy- 
methyl ether cyclizes on being heated in refluxing acetic acid for 6 h. When 
thallium(II1) nitrate (TN) causes ring closure of acyloxychalcones such as (40.3). 
a rearrangement also occurs to form the isoff avone in good yield. 

Q&=CH* -A, -60% &o \ #  PI 

R'=MeOC&; @-H,Me.Ph NapMhO(l.Z-lWW4Q# 

4. TBiopyna-Bow 

A 3-alkenoylcoumarin such as (40.4) may be thiated at C-4 and cyclized when 
the compound is heated with hydrogen sulphide and sodium acetate. 
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(40.41 TtwYW32-41 penzopyran-4.sBane 
R‘ - Me, WeC& R2 = H. Me 

5. 1,3-OXazin-hne 

Chalcones may be ring-closed to oxazinones by reaction with alkyl or aryl 
isocyanates in boiling benzene containing a catalytic amount of potassium 
hydroxide. 

6. 1,40xazine 

Phase-transfer catalysis has been used successfully to annulate sidechain alkyne 
and hydroxy functions. 
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A review on the use of lactams (and lactones) and their sulphur analogues in the 
synthesis of heterocyclic compounds [2387] is relevant to reactions described in 
this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pymh? 

When the lactam (41.1) is heated with acetic anhydride and DMAD, both 
methyl and carboxyl groups are lost during the formation of a fused pyrrole ring 
[3542]. Heating a side-chain ester (41.2) with soda-lime brings about annulation 
of the a-methylene group to the Iactam carbonyl [2794]. 

904 
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Me 

(41.1) 

2. Pyrrob2-tbiine 

Cyanothioacetamide (reviews [3 I 14,333 I ,  34581) reacts with a maleimide to give 
a new pyrrolethione ring in good yield. 

H 

3. Thiazole 

NBS-sulphuric acid at 70-100 OC is an efficient reagent for the dehydrogenative 
cyclization of a substrate containing a thiolactam and a neighbouring benzene 
ring. N-Chlorosuccinimide-sulphuric acid may give better results on 6- 
thioxopyrazolo[3,4-~pyrimidin4one 133491. 
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Another ring system synthesized similarly: 

Ph 

XI. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

A more versatile method than most of those previously available for the syn- 
thesis of triaryloxazolopyridine is based on the cyclization of 4benzylidene- 
oxazol-5-one with N-phenacylpyridinium bromide [3 1521. Hot phosphorus 
oxychloride promotes C-C bond formation between a lactam carbonyl and a 
ring-carbon and the pyrimidinone ring is chlorinated [3093]. Malononitrile in a 
basic medium converts an alkenyl-lactam into a fused 3-cyanopyridine ring. 
Yields in this reaction are low and heating for 16h is necessary [3427]. 
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H 

907 

H 

2. Pyridazine 

A 1,3-diene in which one double bond is endocyclic undergoes a [4 + 21 cyclo- 
addition (resembling a Diels-Alder reaction) to the N = N bond of 1.2.4-tri- 
azole-3.5-dione; no external heating is required in this reaction. 

3. Pyridind-oae 

In a recent synthesis of tryptanthrin, one step consisted of annulating the 
carbonyl group of 2-indolone to its C-3 atom by reaction with isatoic anhydride 
(review [3008]) in the presence of tetramethylethylenediamine (TMEDA). 

1-2.1 -bjquinarolin-l zone k I 2-Nk&C&t; R - H. Me 

Another ring system synthesized similarly: 
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4. 41pn 

Cycloaddition of a lactam carbonyl to an alkyne (review [2816]) in the presence 
of an aldehyde produces a pyran ring, the overall effect being to form a ring 
joining the lactam carbonyl and the neighbouring methylene group [2085]. 
Heating a lactam with an arylidenemalononitrile (p. 194) [3047] (or a near 
relative of it [3013]) and a base achieves the same overall effect. Malononitrile 
also annulates efficiently a lactam carbonyl to a neighbouring benzylidene group 
under basic conditions [2583]. 

R'.# - H, Me, R3 - H, El Ph. MI-, 4-Nor. 3-MeO-W4 Pyranop,3-d)Wri~2#kre-2.6dkne 

Ph 

R - Me. Ph; k - Ph. 4Me-. 4460-QH4 pv 

5. PyraP-Zone 

A lactam carbonyl is annulated to its neighbouring methylene by heating with 
either the enamine (41.3) or the acetonedicarboxylic ester (41.4) 
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Other ring systems synthesized similarly: 

909 

Ph 

. .. 

I21 101 

R 

oyN'[R + o C ( C ~ c 0 E t ~  A 

ll 
0 

6. Tbiopyrylium 

A lactam thiocarbonyl becomes part of a thiopyrylium ring on reaction at 
ambient temperature with a 1,3diketone. 

7. Thiopyran-4-one 

Ethoxymethylidenemalonate reacts with a thiolactam with the formation of a 
new fused thiopyrimidinone ring in good yield. 
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I. FORMATION OF A FIVEMEMBERED RING 

1. pynde 
The high reactivity of N-substituted pyridines (review [1870]) is exemplified in 
the mild conditions needed to cyclize the N-allylic side-chain of the pyridinium 
salt (42.1). Evidence for the participation of pyridinium ylides in this reaction 
is provided by adding ethyl propynoate and carbonate to the pyridinium salt 
(2469, 2471, 25181. The pyridinium salt (42.2, R = Et) reacts with ketene 
dithioacetals (review [3712]) to give 3-substituted indolizines [288 1); the behav- 

910 
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iour of 2-picolinium ylides towards the thioacetals is mentioned in Chapter 104, 
Section 1.1. Another heterocycle containing a bridgehead nitrogen may be 
synthesized from the acetylenic benzimidazole (42.3) by heating with sodium 
hydrogensulphite-h ydrogencarbonate [28 I 51. 

R' = H. Me; F+ = Me, Ph; R3 = Meo. Me 

COOEt 
I 

R = Et 
SMe 

An indolizine may also be synthesized from a 2-allylpyridine by heating the 
compound at 12OOC [3753). A good yield of a tricyclic indolizine is obtained by 
oxidative cyclization of the alkyne (42.4) at about SoC with MCPBA; the 
first-formed N-oxide undergoes a rearrangement of the alkynyl chain. Addition 
of a nucleophile towards the end of this one-pot synthesis leads to a peri-fused 
quinoline in good yield 135351. N-Benzyl-N-propynylanilines undergo oxidative 
cyclization on treatment with a perbenzoic acid and a nucleophile (such as 
thiophenol or cyanide ion) under mild conditions [2784]. 
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OAC 

The alkylidene group of (42.5) is joined to the ring-nitrogen by heating with 
bromoacetal [3598]; a less predictable reaction is that of the N-aryl-S-alkenyl- 
sulphinamides (42.6) (prepared from N-sulphinylanilines and an alkenyl 
Grignard reagent) on being heated in benzene or toluene. The C-S bond is 
probably cleaved and a C-N bond formed with loss of hydrogen sulphide and 
other sulphur-containing molecules. The sulphinamides may also be cyclized to 
indoles by low-temperature treatment with triethyloxonium tetrafluoroborate 
[3185]. 
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2. Pyml-2-oDe 

a-Alkenylazoles react with maleic anhydride so as to annulate the two functions 
into a ring in high yield. 

'yY>+&l 0 HN -,A, -8ox Ty+, 0 t3375) 

0 0 

R -Me. Ph.WC, CMeO, 4-Mo csH* X I S  PyfdC@,1-- 
X - NH -1,2-@tW&- 

3. Pyrazole 

A C-N bond is formed (in an acidcatalysed reaction) between an activated 
carbon-carbon double bond and a ring-nitrogen. 

4. Imidazole 

Annulation of a terminal alkyne group to a neighbouring ring-nitrogen atom 
occurs when the compound is refluxed with formic acid. 

Imidazo[l PpfwMne 

5. 1,2,3=Triamte 
Tosyl azide reacts with the CH of an acyl ketene NS-cyclic ketal in refluxing 
dioxane to form a fused triazole ring. 
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6. Furan 

Several methods of converting a propynyloxy side-chain into a fused furan ring 
have been described (see p. 199 for some of them). When this side-chain is 
attached to a 2-quinolinone, prolonged heating with HMPT and hydrogencar- 
bonate gives good-to-excellent yields of the furoquinolinone. 

7. Thiipbene 

Hydrogen bromide (but not the chloride) has a catalytic effect on the cyclization 
of alkenylbenzenes with sulphur. Under mildly basic conditions, cinnamonitriles 
on heating with disulphur dichloride give the synthetically useful chloronitriles 
(42.7). Prolonged heating of a cinnamic acid with thionyl chloride-pyridine is 
a useful synthesis of 3-chlorobenzo[b]thiophene-2-carbonyl chlorides. 

R = H. Me, CI, F, No, 

8. Tbiopbene l-Oxide 

Thionyl chloride-aluminium chloride cyclizes ethynylbenzene in good yield and 
without external heating. 
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0 

9. Thirzoie 

Thiazolotriazoles are of considerable medicinal interest and are accessible from 
2-propynyI-l,2,4triazole by cyclization in either an alkaline or an acidic 
medium. In a basic medium, the main product i s  the [3,2-b] isomer whilst the 
[2,3-c] compound is the major component of acid-induced cyclization, although 
the yield is low [2965]. 4-(Prop2-ynylthio)pyrimidines are cyclized in the 
presence of palladium(I1) chloride (reviews of palladium-catalysis in organic 
synthesis [B-41, 3501. 35051). In the absence of the palladium salt, no product 
is obtained when R' = R2 = R3 = R4 = H, but the presence of a methyl group 
(especially at R2) increases the yield so that moderate or even high yields are 
sometimes attained in the absence of palladium catalyst [3144). 

YN*N f Y  I( 

"A*% k 

S fy++ 

Ar @* 
CCHS " 9+=---* 
CH y N ' N  I I T h k ~ ~ . 3 - ~ 1 , 2 , 4 - ~ &  [m 

k - Ph. 2- fJr4-MeO-c& 

Thietob(3.2-b~l.2.4prieZok 

I +.f x:, [31441 *&SCHR3 I 
CICHR'  -* 

""Y* 0 NKN 0 

R' = H, F. P. Me; $.g.R4 - H, Me 
i, MeCN or WE,  WC12(PhCNh, N2 

Thiazolo(32-~yWdlpyrhnidn-50ne 

Benzyloxynitromethane is a useful reagent in the synthesis of the precursors 
of some B-lactam antibiotic molecules. The nitrovinyl thioether (42.8) and 
others are thus synthesized, and may be cyclized with tetrabutylammonium 
fluoride, ozone and DBU (review of the chemistry of DBU [3364]. 2-Vinyl- 
thiopyridine forms a fused thiazolium ring on stirring with bromine-carbon 
tetrachloride [2811]. 



916 Alkene . . . and Methylene, Ring-C or Ring-N 

F H 2 p h  

4-Thlal-3.2.0p1qm-7-~ 
(424 

i. THF. W F ;  03. C m ;  Y, DBU 

11. FORMATION OF A SIX-MEMBERED RJNG 

1. Pyridine 

N'-Aryl-N2-phenylalkynylamidines are cycl id  to quinolines by treatment with 
hot PPA; the main product is the 2-(N-methyl-N-phenylamino)quinoline but 
cyclization on to the other benzene ring may occur to some extent. 3-Phenyl- 
aminobut-2enoate esters are cyclized (on to a ring-carbon) at or below room 
temperature by the application- of Vilsmeier reagents. 

W l A ,  3-7% .WNkrn 
R = H. MeO, ElO 

I30441 

R I 3- or CMeO-. 2- oc 4-m- 

When the heterylidenemalononitrile (42.9) is heated in butanol, cyclization 
{as in the 't-amino effect' (reviews [1618, 38851)) occurs in good yield. An 
electron-rich alkyne adds across an allene-like C= N bond at low temperature. 

n 

[=I 
BuoW,b- 

CN -83% 

CN 
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Other ring systems synthesized similarly: 

(r$ 
NC CN 

1-1 

2. Pyridin-zone 

The phosphate of an enol (42.10) converts a 2-methylidenepyrrolidine into a 
pyrrolopyridinone on stirring the compound with ethanolic TEA. Replacing the 
phosphate by an N-propynoylimidazole and heating the compounds in toluene 
gives an excellent yield. 

COoEt COoMe 

TEAc E'oH*Am- [2624] 

CH&OOf3 
I 

CHCOOEt 
M-cHn + (E10)2p02~  m% 

0 

Ci.-- 

(=lo) 

CH$h 

f'hM.A, pT [34451 
HN NCCltCH Om 

I1 
0 

E=HYl + pl 
0 

Thermolysis of the o,o-diphenylallene derivative (42.11) for 6-7 h yields the 
quinolinone, but when the two phenyl groups are replaced by hydrogen or alkyl 
groups, the reaction produces a bridged indol-Zone [3657]. The 2- 
arylidenoxazolidine (42.12) adds on to a reactive alkyne on refluxing with 
DMAD in methanol for 48 h [3658]. Prolonged heating (but at 220OC) is also 
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required for the enehydrazine (42.13) to react with DMAD to produce the 
pyridopyridazinone in a Diels-Reese reaction [3940]. 

d 

R' = HI Me: i+ = PhCO. bMe0. CCC, 4-Me-cSH4 
~ 3 P s ] W r # n J o n e  

"-@9-" O I  [36se] 

0 

(42.13) 

R = Et. Pr 

3. Pyridin-4-one 

2-Nitromethylideneimidazolidines (42.14) [synthesized from 1-nitro-2,2- 
bis(methy1thio)ethene and ethylenediamines] react at room temperature with 
diketene (reviews [116, 20181) to form a new fused pyridinone ring [3816]. The 
readily available chalcones may be cyclized in hot mineral acid to form a fused 
pyran-4-one ring in moderate yield [35 171. 
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Another ring system synthesized similarly: 

919 

4. Pyrimidine 

Heating an N-allylbenzamidine with PPA gives a dihydroquinazoline but the 
more unsaturated cinnarnylideneamino-azole (42.15) gives a high yield of an 
aromatized pyrazolopyrimidine. 

(42.15) 
R‘ = Me. Ph; R2 = H. Ph 

5. Pyrimidibeone 

Heating a 2-acryloylaminoazine in xylene is a very efficient way of linking the 
C-C double bond to a ring-nitrogen. 
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6. Pyran or Thiopyran 

Alkynyloxybenzenes cyclize on heating (p. 201); when this reaction is applied to 
ochloropropynyloxybenzenes, 4chlorochromenes are obtained in good yields 
[3439]. It is possible to synthesize I-benzopyrans from an alkynyloxybenzene 
[2376, 345 11, and the corresponding I -benzothiopyrans from alkynylthioben- 
zenes [3544]. Hot mineral acid converts chalcones into chromones [3514. 

7. 1,20xathiia 2,2-Dioxide 

An unusual cyclization occurs when an ethylidenindanone is stirred at ambient 
temperature with a mixture of sulphuric acid and acetic anhydride. 
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Examples of annulation of amidine with methylene and with methylthio groups 
are included in this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

2-Methylbenzamidines react at room temperature with dimethyl oxalate and 
t-butoxide in DMF; the pyruvate intermediate may be isolated if desired or 
heated further (with or without ethanol as a solvent) to give the indole. Flash 
vacuum photolysis of 2-alkylbenzamidines at about 900 OC gives indole in 
moderate-to-good yields, but as both the 2-methyl- and the Z-ethyl-amidine give 

92 1 
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indole, it is not always easy to predict the structure of the product; some 
amidines give quinolines. 

H 

I 
COoMe 

2. Imidrzole 

High yields of benzimidazole are obtained by heating o-aminoamidines with hot 
mineral acid. 

3. 1,2,4Triazok 

N-Guanidino and methylthio groups interact in the presence of a strong base; 
after the loss of the MeS group, a fused triazole is obtained in moderate-to-high 
yields. 

k 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidine 

Amidino and amino groups are converted in high yield into a fused pyrimidine 
ring on stirring the compound with (in this example, labelled) acetic formic 
anhydride (review of this compound [3823]. Amidino-nitriles react with either 
ammonium acetate or methylamine to give fairly good yields of the amino- 
pteridines (reviews of pteridines: [3454, 3594, 36691). Formic acid provides a 
carbon atom to complete the pyrimidine ring of a purine in this example of 
cyclization of an amino-amidine [243 I]. No additional atoms are needed in the 
cyclization of the pyrazine (43.1) to a dihydropteridine [2159]. 

I 
pteridne NHR~ R' =H,CI; R ~ =  ti,*, i. aq. ACONH,WACON~+~ 

Another ring system synthesized similarly: 
NHR 



924 Amidine and Amine or Carboxylic Acid. . . 
2. Pyrimidine 1-Oxide 

Ethyl orthoformate converts an N-hydroxyamidino-amine into a fused pyrim- 
idine N-oxide. 

R R "'TN" I 11 WahA, 2544% [noel 
W N = C  

k N&? 
R-Me,Ph - 3 . 4 - d m  Soride 

3. Pyrimidin4one 

A 2-amidinobenzoate (prepared from the amino ester and either a nitrilium salt 
or DMFDEA) is cyclized on heating with t-butoxide-t-butanol or a primary 
amine. Both methods yield a 3-substituted product. The internal amidinium salt 
(43.2) cyclizes when heated at 22OOC for 5 min. 

yo- 
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4. 1,3&Triazine 

An N-amidino-aminopyrazole may be cyclized by reaction with an orthoester, 
acetic formic anhydride, formic acid, phenyl isocyanate dichloride or dimethyl 
oxalate according to the substituent that is required at position 2 of the product. 

Another ring system synthesized similarly: 

5. 1,2,4-Tbiadiaziw 1,l-JXoxide 

A modest yield of the benzothiadiazine dioxide is obtained when an o-amino-N- 
amidinosulphonamide is heated at about 225 "C for several hours. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,3,4Triazepin-%me 

Amidine and amine groups may be joined together to form this triazepinone 
ring by heating the compound with methanolic sulphuric acid for 3 h. The 
reactant is obtained by stirring isatoic anhydride (review of reactions [3008]) 
with an amidrazone (formally, a hydrazone of a carboxamide). 
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LkoKHtsoI 59.74% q$ 12843.1 

H 
R' 

a y 2  - 
R' N=CR2 

II 
0 0 

R'=H.&; #=pyM-2-yl 1,3,4-euu-- 

2. 1,3,4-"biadiazepiw 

An unexpected cyclization occurs when the aminoamidine (43.3) is heated with 
thiosemicarbazide hydrochloride. 

w ~ ' & O O E t  N'/N + NHNHz FNl-4 M, h> "761 

W = C  

AH, NH, 

(43.3) Pymzok#2.1' : 3,411 ~.4priadno(6,~fH1.3,4l~Wipbre 
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Cyclization of compounds containing a sulphimidoamidine function is included 
in this chapter. 

I. FORMATION OF A FIVEMEMBERED RING 

1. Imidrrzole 

A synthesis of a benzimidazole in which the final step consists of the formation 
of a bond between a nitrogen atom and a ringcarbon atom was used to 
synthesize 6-hydroxy- 1,2-diarylbenzimidazoles from the benzamidine (44.1). 
Naphthylguanidines undergo oxidative cyclization at temperatures below 0 "C 
to form a new 2-iminoimidazole ring. In this example, simultaneous oxidation 
and bromination occurs elsewhere in the molecule. LTA has also been used as 
the oxidant. 

927 
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R 

I 
OH 

2. l,2,4TriaZole 

Oxidative cyclization of an amidinoazine with LTA can lead to a good yield of 
a triazole. A formazan (which contains an N =C-N linkage) is cyclized by acid 
which also cleaves the NAr group. 

Another ring system synthesized similarly: 
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H 

11. FORMATION OF A SIX-MEMBERED RING 

1. PyridinAm 

When the amidine (44.3) is heated in an inert atmosphere, the dimethylamino 
group is eliminated and a bond is made to the ring-carbon atom. 

2. Pyrimidine 

N-Aryl-N'-sulphimidoamindines react with enamines to form quinazolines in 
good yields. Further studies on this reaction [using the S(CD,), analoguej 
showed that the product acquires a hydrogen from the SMe2 group and that a 
I ,3-diaza-I,3diene is probably an intermediate. When the enamine carries an 
a-substituent (other than hydrogen), a 3,4-dihydroquinazoline is obtained. The 
corresponding 2-pyridyl sulphimide is photocyclized to a 1,2,4-triazolo[ 1.5- 
alpyridine in high yield [2686]. 
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3. Pyrimidin-eOne or Pyrimidine4thione 

An N.N-dimethyl-a-amidinoazole reacts with diketene to give a cyclized 
product which does not contain the dimethylamino group. This reaction can be 
applied to several other heterocycles containing this side-chain. Heating the 
amidine (44.4) briefly in quinoline effects its cyclization in high yield; replacing 
the ethoxycarbonyl group by a chlorine atom and heating the compound with 
potassium thiocyanate can give high yields of the corresponding thione. 

Other ring systems synthesized similarly: 

4. 1,3,5-TNaziw 

Guanidinobenzimidazole reacts with benzoyl isothiocyanate in a basic medium 
to give a high yield of the fused triazine. 
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NH 

I 
Ph 

5. 1 , 3 , S = T r i h h  

Phosgene at ambient temperature cyclizes I-amidinoisoquinoline to its triazino 
derivative in good yields. 

R 

R=CFs.Ph 1,3,5-Tdirop,l-a)sosuhdJnCane 

6. 1,3$-Triazine-2&dione 

An aryl isocyanate annulate an amidino-nitrogen to a neighbouring ring- 
nitrogen. 
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933 
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A rare example of the cyclization of an oxime of an acylamino and an amino 
group is described. 

I. FORMATION OF A FIVEMEMBERED RING 

1. Imidazole 

Amino and azo functions are annulated to form an imidazole ring by fusing the 
compound with a benzaldehyde at 220OC. An azido-imine is cyclized (via a 
nitrenium complex) by brief treatment at room temperature with boron trifluor- 
ide etherate. 
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Another ring system synthesized similarly: 

Ph 

ePurhone 

933 

1-1 

H 

2. ImiirzoE2Ose 

An azidocarbonyl group undergoes a thermally induced Cuttius reaction to an 
isocyanate, and this reacts readily with a neighbouring primary or secondary 
amino group to form a fused imidazolone ring. Toluene or diphenyl ether may 
be used as solvent according to the temperature needed for the reaction to 
proceed in a reasonable time but without causing decomposition. 

Another ring system synthesized similarly: 
AI 

NH 

3. 1,2,3-Triazole 

133631 

A high yield of a fused triazole is obtained when the oxime of a 2-aminobenz- 
anilide is treated with nitrous acid [3048]. Cyclization of amino-azo compounds 
with LTA is often carried out in dichloromethane but acetic acid also gives good 
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results [2417). Pyridine as solvent and copper(1I) sulphate as oxidant can also 
give high yields [2476]. 

R - H, Ph.N& 

Other ring systems synthesized similarly: 

1,2.3-Triazolo[4,5d ]pyrimidine 
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I. FORMATION OF A SIX-MEMBERED RING 

1. PjTidin4one 

o- Amino-t-benzamides are cyclized to 4quinolinones by successive treatment 
with a ketone containing at least one a-methylene group with LDA in THF at 
temperatures varying from 0 OC to refluxing temperature of the solvent. 

U 

R'.R3 - Me. El; = Me. Et, C&I11. cooE1. Ph 0I $g = & & J I ~  

cauholinone i, Me&OorPhH,2080"C; 1. THF.LDA 

2. Pyrimidin-4-one or Pyrimidia-rlone, 2-Tbioxo- 

Annulation of a sidechain phosphonium bromide and a carboxamide group [as 
in compound (46.111 occurs under base catalysis [2736]. A pyrimidinone ring is 

935 
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also formed in high yield and under mild experimental conditions when an 
iminophosphorane (formed in sizu from an a i d e  and triphenylphosphine) reacts 
with an N-acylcarboxamide (that is, a mixed imide) at room temperature [3636]. 
Other products can be prepared from these two pairs of reacting groups; for 
instance, an isocyanate converts (46.2) into the 2-aminoquinazolinone whereas 
carbon disulphide converts it into 2-thioxoquinazolin4one, both in high yield 
[3441]. 

(48.1) 0 

Another ring system synthesized similarly: 

0 

II  
0 R = Me, cC3H5. PhCH=CH 

H 



Formation of a Six-membered Ring 937 

A cyclic hydroxamic acid is formed when an amino-(N-hydroxycarboxamide) 
is heated with an acylating agent such as an anhydride or acid chloride [2399]. 
1,3-Bis(methoxycarbonyl)-9methylisothiourea (46.3) converts aminocarbox- 
amides into fused 4pyrimidinones which carry a Zcarbamated function. A 
2,2-dicarbamate is formed first (under mildly acid conditions), and briefly 
warming this with alkoxide yields the monocarbamate [3711]. 

Many reagents may be used to cyclize an aminocarboxamide into a fused 
pyrimidinone (see pp. 21 1-216); the following may be added to the list: 
triformamidomethane, DM FDEA and thiourea. Another example is shown in 
Section 111.2. 
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Another ring system synthesized similarly: 

3. Pyrimidine-2,Mione 

To the list of reagents mentioned in Part I (p. 216) used to synthesize this fused 
ring from an aminocarboxamide, phosgene [2564] and ethyl chloroformate 
12913) may be added. The iminophosphorane (46.2) is also a substrate as it 
reacts with carbon dioxide to give the dione in excellent yield. 

H 
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11. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,3-Diazepin-eOne 

Formaldehyde supplies the methylene group to join the amino and carbox- 
amido functions of (46.4) to form this ring. 

H 

2. 1,4-Diazepine-2,3,5-trione 

Anthranilamide and many other aminocarboxamides are converted into the 
fused pyrimidin-hne analogues in a base-catalysed reaction with diethyl 
oxalate [182]. When this reaction was applied to the chromone analogues (4629, 
the expected product was obtained when R = COOEt, but the diazepinetrione 
was the onIy product isolated from the chromone (46.5, R = H). 
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Cyclization of an imino-carboxylic acid is included in this chapter 

1. FORMATION OF A FIVEMEMBERED RING 

1. Imidmk 

Cyclization combined with chlorination of the newly formed ring occurs when 
an imino-carboxylic acid is heated with phosphorus oxychloride; the yield is low 
when R = Me. 

940 
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2. 1,2,3-Tri.zok 

A benzyne (generated from anthranilic acid) reacts with an aryl azide and 
isopentyl nitrite to give a good yield of a fused triazole. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-2-0w 

2-Aminobenzoic acid undergoes cycloacylation to give moderate yields of 
quinolin-Zones. 

(47.1) 
R' = H ,  Me. El,CI, Br; # =  H, Me. Et. Ph 2.Quindinane 

2. Pyridin4one 

This ring is formed by reaction of a 3-amin0-5-chloroindole-Zcarboxylic acid 
with DEAD (review of addition to alkynes [2816]) in alkaline solution; when the 
chlorine atom was replaced by other substituents, a mixture of products was 
obtained. 

H 
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3. Pyrimidin-rl-one 

A 2-fluoromethylquinazolin-2-one may be synthesized by stimng an anthranilic 
acid and a base with the adduct from fluoroacetonitrile, ethanol and gaseous 
hydrogen chloride [37771. The use of nitrile-hydrogen chloride adducts in the 
synthesis of heterocycles has been reviewed [2547J, as also has the cyclization of 
o-aminocarboxylic acids with an amide (by a modified Niementowski quinazoline 
synthesis) 124841. 

8 

Application of a modified Willgerodt reaction to the synthesis of 3-heteryl- 
quinazolinones gives low yields [2427]. Cyanogen I29961 or imino esters [2106] 
may be used to cyclize anthranilic acids; 1.3.5-triazine is an effective amino- 
methylating agent for the same kind of substrate [2442]. 

(47.2) R' - H  + &N& + R%e S A  4 WY" N k  

R2 12- 0r4-pyddyl; k = Ph, W. Me-Ceb 
0 

H H 

R=Me,Et 
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4. 1,2,3-Triazin-4-oae 
1,2,3-Benzotriazin-4ones are useful reagents in peptide synthesis and may be 
synthesized from the anthranilic acid by successive reaction with thionyl 
chloride (which forms an unstable sulphinamide anhydride), 0- 
(trimethylsily1)hydroxylamine and a nitrous acid-hydrochloric acid mixture at 
low temperature. 

1. PhH. SOCb, A; Y. PhH, Me3SiONH2; iii. HCI. N m  0 

12.3-8enzotiarM-one 

5. 1J-Oxazin-bOne 

Addition of ethyl chloroformate to an anthranilic acid stirred at ambient 
temperature in aqueous hydrogencarbonate or in pyridine results in the forma- 
tion of a 2-ethoxybenzoxazinone in high yield [3770]. Cyanogen bromide in a 
similar low-temperature reaction yields a 2-aminobenzoxazinone while thio- 
phosgene gives a high yield of the benzoxazinethione. Formaldehyde annulates 
an anthranilic acid to a 2-unsubstituted benzoxazinone [2213]. 

C s a o e  
-c -96% 

(47.1) 

Ar !I 
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6. 1,4-Oxazin-3-oae 

A cyclic amide is formed intramolecularly when a compound containing 
suitably positioned amino and carboxylic groups is heated in acetic acid-acetic 
anhydride. 

H 

7. 1,3-Thiazia-6sw 

An excess of thioacetic acid converts anthranilic acid into the benzothiazinone 
in theoretical yield. 

HI. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4Mazepin-5-ow 

Suitably positioned amino and carboxylic acid groups attached to different rings 
usually react in the presence of methoxide or sodamide, or on refluxing in a 
high-boiling solvent or on heating with PPA, but DCC is sometimes the most 
useful reagent even though the yields may not be high (see also Chapter 48, 
Section 111.3). 
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2. 1,4-Thiazepin-3-one or -!bone 

This ring may be constructed by annulating amino and carboxylic groups 
attached to different rings with oxalyl chloride-DMF or in a high-boiling solvent 
such as xylene. 

(yN- 8 7 % )  I (sf----- 1=11 

CHSCH@OH 

k k 
I 

k = 2-FQtt4 ThiW2Sel[l,4llMerepin-2-one 
i, (cocl)2. CF3COOH, DMF, CH& 

IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1,5-Didne-2,6dione 

Two molecules of N-methylanthranilic acid react together when heated with 
thionyl chloride to give a high yield of the diazocinedione. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. PymE2sne 

A 2-aminophenylacetate spontaneously cyclizes in acetic acid or with PPA 
124161 to give an oxindole. An unexpected cyclization observed when the amino- 
pyridinium salt (48.1) is heated with benzylamine is a Dimroth rearrangement. 

946 
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Another ring system synthesized similarly: 

H M e  

OTNy-+XO 
0 

124 18) 

2. Pyrazol-3-one 

Heating an amino ester with hydrazine hydrate leads to the formation of a 
pyrazolone ring, but in this particular example, a simultaneous replacement of 
sulphur by hydrazine also occurs in the substrate ring with the loss of hydrogen 
sulphide, methanol and ammonia. 

H 

3. Imidazol4one 

Amino and ester groups interact on heating the compound with methoxide. 
When base-sensitive functions are present, resort may have to be made either to 
thermolysis under more drastic conditions, for example, heating at I60 "C under 
vacuum for several hours. or to the possibility that a weaker base will be 
effective. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-Zone 

The first report of the synthesis of an imidazo[4,5-h]pyridin-5-one by closure of 
a pyridine ring is a base-catalysed cyclization of the amino-malonylidene diester. 
Complementary to this method is that in which a monoestet mononitrile of 
malonic acid is heated in acetic acid to give a high yield of the fused pyridinone. 

Me H Me 

EIOOC oyJyHla3il 
Another ring system synthesized similarly: 

Me 
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Another ring system synthesized similarly: 

Catalytic hydrogenation of a 2-nitro-or-oxocarboxylic ester with a large 
amount of platinum oxide present reduces both nitro and 0x0 groups; a 3- 
hydroxypyridin-2-one ring is formed. A smaller proportion of catalyst tends to 
favour the formation of a five-membered ring. 

H 

OH 

1 ,?Haphlhyridirr2a 

\ Me0 a:;cmEt k.Ro.E'o"b 7% 

Na w6* 

It 
0 

Another ring system synthesized similarly: 
H 

OH 

1 ,SNaphthyridin-Zone 

2. Pyridin-4-one 

The use of dimethyl penta-2,3-dienedioate (dimethyl allenedicarboxylate) in 
cyclizing salicylic acid (p. 139) has been extended to that of anthranilic esters 
(48.2); the intermediate addition product of the amino group to the allene may 
be isolated [3142]. An o-amino carboxylic ester (as its hydrochloride salt) adds 
on to DMAD to form a fused pyridine-2,3-dicarboxylate (which may exist as its 
tautomer) [3556]. When an amino ester is heated with butoxide and dimethyl- 
acetamide diethyl acetal, the dimethylamine group is retained in the pyridinone 
ring [2949]. 
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Other ring systems synthesized similarly: 
H M-cthv 1 [3142,31Qy 

Meooc 

0 

Thkmol2,3-~-4-one 

H 

A recent synthesis of acridinones uses lithiated ethyl anthranilate and benzyne 
(from a bromobenzene) at temperatures well below 0°C. In this reaction, 
lithium N-isopropylcyclohexylamide (UICA, prepared from butyl-lithium and 
N-isopropylcyclohexylamine) was more effective than LDA or lithium 2,2,6,6- 
tetramethylcyclohexylamide. 

a 

R ~ - H , M ~ ;  F+=H.W,OCW 
i. LiICAorlDA 
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3. Pyrimidio-eow 

Benzoylcyanamide in DMF reacts with anthranilic acid, its ally1 ester or amide 
to form 4quinazolinone in moderate-to-good yield, but an electron-withdraw- 
ing substituent in the amino acid prevented cyclization [2625]. Cyclization of 
anthranilic esters with an imino ether proceeds without external heating and can 
give high yields [2574]. An almost theoretical yield of a 2-amino-4quinazolinone 
is reported in a reaction between an anthranilic ester and chloroformamidine 
hydrochloride [3772]. 

Another ring system synthesized similarly: 

4. Pyrimidin-eone, 2 4 0 x 0 -  or Pyrimidjne-2,4dione 

An -NH-CS group is incorporated in a new ring when ethoxycarbonyl 
isothiocyanate (review [2688]) reacts with an amino ester (cf. the reaction of its 
methyl homologue with an amino-imino ether, p. 77) [2388]; other isothio- 
cyanates give 3-substituted products. When an isocyanate is used, the product 
is a dione. In alkaline solution, an amino ester reacts with a dithiocarbamate to 
give a fused thioxopyrimidinone in good yield [3342]. 
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W 

Another ring system synthesized similarly: 
H 

0 
2,4-pteridinedkne 

Ph H P h  

k - Ph, 4*, ccc. cMe-c&, 
2.4-&?-. 3,5MerceH3 

0 

P y f a z c q 3 , 4 - ~ 4 ~ ,  e-ulkxo- 

5. 13-0xlpzin-6.0ne 

When an amino ester is heated with an anhydride, water and ethanol are lost 
during the formation of an oxazinone ring. Triphenyl phosphite or dibromotri- 
phenylphosphorane may be used to cyclize an amino ester. 
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Other ring systems synthesized similarly: 

953 

6. l&Oxazin-hne 

N-Hydroxy- 1,4-oxazin-3-ones (which are cyclic hydroxamic acids and may have 
insecticidal action in plants) may be synthesized by a combined reduction and 
cyclization of 2-nitrophenoxyacetates. 

R* 

In. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,3-Diazepin-4-one 

Amino and carboxylate ester groups attached to different rings may be annu- 
lated by heating with sodium methoxide. 

[==I 

COoMe NH2 
li 
0 Br- 

PVridaf12-q2.4modiatepbr* 

2. 1,4-Diazepin-Sone 

In contrast to the condensation of diamine with acetoacetate (Chapter 76), 
base-catalysed cyclization of the product of acetoacetate with one amine group 
gives the benzodiazepine-Zone [2327]. The anilinopyrrole (48.3) is cyclized to 
form a new imidazole ring when heated with PPA (Chapter 54), but when PPA 
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is replaced by 4-toluenesulphonic acid, the imidazole (39%) is accompanied by 
an appreciable amount of a fused diazepinone [3766]. Nevertheless, annulation 
of amino and carboxylic ester groups sometimes presents problems. One 
method which gave better yields than several others used sodium methylsul- 
phinylmethanide; a threefold amount of this was heated at 8OoC with the amino 
ester [2942]. Heating an amino ester in xylene containing a catalytic amount of 
4-toluenesulphonic acid can also give excellent results [3721]. 

QNw. 
EIOH-€~ONLA_ 87% N\ T'j 4- I23nl 

a'TsTEt RarTE' \ 129421 

N\ NHC=CHCOOEI 
I 
Me Me 

Pyrido(3.4-bIl.4]datepin-2-~~ 

O H  
COoEt 

a x N %  (4-1 mAm>@-=-yJ H W@I 

Cychhepl@~ynok(2,3-b]Il.5]boruodiazepin-12~ 

H 

N 
R 

R=H,F  
i. MeSOCI@Ud' T h i e n o ~ , S b I l . S ~ 0 d i a 2 ~ C O n e  

b y 4  COOEI 
H O  

Another ring system synthesized similarly: 

N-N 
I t  

3. 1,4-Diluepine-2$dii 

A substituent at C-3 of a benzodiazepine ring may be introduced by cyclizing 
an N-substituted carboxamide such as (48.4) in either acetic acid or methanolic 
piperidine. Heating an amino ester in pyridine is sometimes a useful procedure. 
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-70% 

(a41  

1,4-Benzodiazephe2Wbne & = Ph. 4-HOC& 

4. 1,eOxazepiwS-one 

4Toluenesulphonic acid promotes the formation of this ring also (see Section 
111.3). 

Me R~aoyNx[ W. 41- A, R 1 q T e [  Me [2429) 

R' = H. m ~ e o .  EK); Rz= H.W 

Me w c  NHR~ 
R2 

0 
II  
0 

~ 0 q W - b j 1 . 4 ~ 2 o x a z e p i 1 l - 5 s n e  

5. 1,4Thia.zepin-5-one 

This ring is a significant feature of the potassium channel blocker diltiazem 
(review 132941) in which the stereochemistry of the substituents at C-2 and C-3 
is important. Analogues of diltiazem are synthesized from the amino-dicar- 
boxylic ester (48.5) in a strongly basic medium. 
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IV. FORMATION OF AN EIGHT-MEMBERED RING 

I. 1,3,6-Thiadinzocin-7-a-7-ow 

A wide variety of reagents and conditions has been used to bring about reaction 
between amino and carboxylic ester groups. A less commonly used reagent, 
trimethylaluminium, was effective at ambient temperature in forming this ring 
in good yield. 

I=w scH&ooEt 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

An enamine (formed in situ) reacts with a neighbouring amino group (also 
formed in situ by sodium borohydride-nickel boride-hydrazine hydrate reduction 
of a nitro group) to give a high yield of the precursor of a biologically important 
indole. 

H - 7% 1 n  -yN] I37991 

Me 
R R 

Indole 

mcw7w 
R - Pffi(CH& 
i. biPlPerid(n0met h e ,  W O k h  NaBk 
W, N2tt .A 

A valuable modification of the Batcho-Leimgruber reaction (p. 239), in 
which the a-carbon of the enamine is substituted, enables tryptophan derivatives 
to be synthesized in very good yields. 

957 
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U 

Of several reducing agents which have been used to cyclize the nitrosxime 
(49.1), iron-acetic acid gave the best yield although the most convenient to use 
was Pd/C-NaBH, which gave slightly lower yields. 

(49.1) 

11. FORMATION OF A SIX-MEMBERED RING 

2. Pyrimidine I-Oxide 

Heating the oxime of 2-aminobenzophenone with ethyl orthoformate gives 
quinazoline N-oxide. A pyrazolopyrimidine N-oxide has been similarly syn- 
thesized; the chemistry of pyrazolopyrimidines has been reviewed [3340]. aNh + HC(0Eth q k o -  124251 ' C=NOH 

Ph 
I 
Ph 

Quinazdine3oxide 

Another ring system synthesized similarly: 
R 

Pyrarok(3.4-d]e soxkle 
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Cyclizations of u-acylhydrazino-amines are dicussed in Chapter 5. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. lmidazole 

2-(Acylhydrazinyl)anilines are cyclized in good-to-excellent yields by heating 
with an alkanoic acid. 

n 

Benurmdatolo . .  
R ’ , R ~  = H, w. EI 

959 
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2. L m i d p z d - k  

Diazotization of an o-amino-hydrazide at low temperatures leads to the forma- 
tion of a pyrazole ring (p. 241), but under more drastic conditions, a fused 
imidazolinone ring may be formed. 

1.w 2 W A  
-77% - 

Another ring system synthesized similarly: 
H 

3. 1,2,4Trinzole 

When the N-amino-hydrazine (50.1) is treated with an orthoester, two products 
are possible; triethyl orthoacetate yields only the linear molecule whereas the 
orthoformate gives a mixture of linear and angular isomers. 
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11. FORMATION OF A SIX-MEMBERED RING 

96 1 

1. Pyrazin-Zone 

Of the several possible ways in which the amino-hydrazine (50.2) may react with 
an unsymmetrical ketone, that which gives the pyrazinone as the major product 
predominates. 

2. 1,2,4-Triazine 

Annulation of amino and hydrazino groups with an orthoester is a convenient 
low-temperature method of forming a dihydrothiazine ring, or, in some instances, 
the triazine ring [2751]. 

H 

Other ring systems synthesized similarly: 
H 

3. 1,2,4-Triazia-3-one 

LTA oxidative1 y cyclizes an o-amino-N,N'-di(ethoxycarbony1)h ydrazine to this 
ring in good yield, as also does a strong base such as ethoxide. 
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0 

4. 1,2,4-Triszi~-hne 

The pyrimidine (50.3) may formally be a dihydrazine but in the cyclization with 
DMAD, only three of the four nitrogens are in the newly formed ring. The 
addition of heterocycles to acetylenes has been reviewed [2816]. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4Triazepin-7-one 

The terminal nitrogen of a hydrazide is annulated to an amino group by heating 
the compound with a dialkyl ketone. 
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2. I,2,4-Triazepine-3,7dioW 

Amino and hydrazide groups combine to form this ring when the compound is 
heated with ethyl chloroformate-TEA. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrazole 

The quinonoid hydrazones (51.1) are readily cyclized to indazolediones at 
ambient temperature in dilute mineral acid. When the mixture is warmed, the 
Ts group is cleaved as it is also in the thermal cyclization of (51.1) at l8O0C 
(28791. This unexpected reaction provides a convenient synthesis of these ind- 
moles and a mechanism involving displacement of the t-amino group by the 
tosyl-carrying nitrogen is proposed. The chemistry of heterocyclic quinones has 
been reviewed (2947, 36501. 

964 
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2. Imisrzole 

Imino ethers which have a neighbouring amino group are cyclized on heating 
under anhydrous conditions; this provides a method of synthesizing purinediones 
with a particular stereoconfiguration at the a-carbon of a chain at C-8. 

3. 1,2,4-TriaZole 
Annulation of a nuclear amino group with a side-chain hydrazone function [as 
in (51.2)] proceeds in moderate yield on heating the compound with sodium 
acetate-acetic acid for 10-20 h under anhydrous conditions. Ethoxymethylene- 
malonates also convert imino-N-amines into triazoles with a similar loss of 
carboxyl-derived functions. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

Intramolecular cycloaddition occurs when the aminoimine (51.5) [formed in situ 
from the imine (51.4) and DMFDMA] is heated. 

Me Me 

NMe M H = N  

(51.51 0 

(51.4) ~ i d o [ 3 2 - ~ S 4 d b 1 ~  

2. Pyrimidine 

The imino-amine (51.6) reacts at room temperature with aldehydes or ketones 
with the formation of purines. The products obtained from aldehydes are slowly 
oxidized (by loss of two hydrogen atoms from the pyrimidine ring) at room 
temperature, but the ketone-derived purines are stable and are accompanied by 
smaller amounts of an imidazo[ 1 ,S-c]imidazole. During cyclization, the nitrile 
group is converted into a carboxamide. Pentane-2,4-dione9 2-furfuraldehyde 
and but-Zenal give the fully aromatized purine as the main or only product 
isolated (in 3849% yield). Stirring an imino-nitrile for several hours or heating 
it for a few minutes with an anhydride converts it into a fused pyrimidine. 

3. 1,2,4Trinzine 

An imino-amine is cyclized to a 6-hydroxy-l,2,4-triazine (rather than its keto 
tautomer, according to spectral evidence) by heating with ethyl cyanoacetate in 
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ethanol for 10 h but heating with malononitrile cam loss of the pyranopyrazole 
fragment and the formation of a triazine ring [3724]. Amino and hydrazono 
functions are annulated thermally by orthoesters or with an acylnitrile and a 
trace of sodium in dioxane [3385]. When R = NH2, the reaction takes a 
different course [3643]. 

Me Ph N Y o H  

I 

PhN N y y J - “ *  [3724] 

-4‘3 : S,6’pyw2,3 : 4,5)pyrknkk(l.661[1,2,4~ 

(51.31 

4. 1,2,4-Tnazine-5,6.dione 

Oxalyl dichloride in benzene converts an imino-amine (51.3) into a fused tri- 
azinedione ring. 

0 
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III. FORMATION OF A SEVEN-MEMBERED RING 

A thermally induced ring closure of an imino-amine with an alkanoic acid 
proceeds in refluxing toluene containing a trace of acetic acid. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

Reduction of ethyl 2-nitrophenyl-3-oxobutanoate with titanium(II1) chloride at 
ambient temperature is accompanied by cyclization in high yield. Recent devel- 
opments in indole chemistry have been reviewed [3893, 39821. 

969 
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H 

2. Pyrazole 

In the reaction of an o-aminoketone with hydrazine hydrate (p. 252), the amino 
group is displaced; in this example, the reaction proceeds in high yield in acetic 
acid [2490] or in PPA [2332]. When a substituted hydrazine is used, two isomeric 
products are possible and the ratio of isomers formed depends on the conditions 
and the nature of R [371S]. Heterocyclic quinones have been reviewed [2947, 
36501. 

Etooc 

NzH4.ABH.A * y-\ ~ 4 9 0 1  

Me 
w=w49-clwlldlne 

H 

N, 
Q2K 
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3. ImidPzole 

Annulation of an imine and a side-chain keto group in boiling mineral acid can 
give a high yield of the imidazo derivative [2192]. Alternatively, the reaction may 
proceed in a basic medium without external heat [2435]. Another variation on 
this cyclization is shown by the behaviour of the aminothiazolium salt (52.2) 
[3533]. 

4. 

Me 

Reaction of the 2-aminobenzoquinone (52.3) with phenyl isocyanate was 
expected to give the 1 -phenylnaphth[l,2-d]imidazol-2-one but produced the 
3-phenyl isomer; a four-membered spiran intermediate may have been involved. 

5. Isoxpzole 

When the naphthalene (521) is treated with a small excess of hydroxylamine, 
the isoxazole (524) is formed. Its [2,1-4 isomer (52.5) is produced in low yield 
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by heating 2,4-di(trifluoroacetyl)-l-naphthylamine with hydroxylamine and 
TEA. Hydroxylamine reacts with quinonoid amino-ketones such as (52.6) under 
milder conditions than usual to give high yields of the isoxazole. 

N 4  

I37161 

When colchineinamide (52.7) is treated with phosgene or thiophosgene at about 
OOC,  the amino and carbonyl groups react to give a moderate yield of the 
oxazolone. 

NHAc Me I 

(52.1) 
X I 0 , S  

7. Isotbiazole 1,l-Dioxide 

Conversion of an amino ketone into this ring proceeds through the intermediate 
formation of the (crude) sulphonyl chloride which is treated with ammonia. 

yy2 4a% L I  *yy[ 
CI ' Coph CI Ph 

i. HW.S%.CUC&; 1. NH3 1 , 2 - B e n Z ~ 0 &  1.1 &xkh 
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Il. FORMATION OF A SIX-MEMBERED RING 

1. Pyricuw 

2-Benzoylarylamines may be cyclized using either a carboxylic acid or N,N- 
dimethylacetamide dimethylacetal; in the former method, two molecular pro- 
portions of amino ketone and of one the carboxylic acid are heated with PPA 
[2137]. In an unusual reaction which also involves a rearrangement, the enami- 
none (52.9) is heated with a cycloalkanone and ammonium acetate [2906]. 

h 
Pyrido[2.3-d]pyridazine 

(-1 
m = 3.4; n I 3.4 

2. Pyridin-2-one 

This ring may be formed by condensation of an amino ketone with an orthoester 
to give the 2-ethoxypyridine which is hydrolysed to the pyridinone with aqueous 
acid. A more highly substituted pyridinone ring is formed when the amino 
ketone (52.10) is heated with malonic ester [3155). Heating 2-aminoben- 
zophenone (review of its synthesis [3009]) with a y-keto ester is a variation of 
Knorr's quinoline synthesis which gives high yields [3171]. 
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“711 
cooft 

(52.8) + I 

R’=R2-H; &-Ph 
Ph 

3. Pyrimidine 

Substituents in a 1,Quinone may be displaced by nucleophiles in the presence 
of strong bases, an amidine supplies the necessary atoms for pyrimidine forma- 
tion. When the amino and carbonyl functions are in peri positions, a doubly 
fused ring is formed by reaction with formamide. 

4. Pyrimi&zow 

In the synthesis of this ring from 2-aminobenzophenone (review of synthesis 
[3009]) or a heteroanalogue, ethyl carbamate or chlorosulphonyl isocyanate 
(reviews [3147a, 33401 may be used. 
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H 

5. Pyrimidiw-zthione 

At low temperature (-40 to 2OOC) and under non-acidic conditions, 2-amino- 
acetophenone or 2-aminobenzophenones (review [3009] are cyclized with tri- 
phenylphosphine thiocyanate in high yields. 

R2 

6. Pyrazine 

Amino and aldehyde groups attached to different joined rings condense dehy- 
dratively in aqueous ammonia to form this ring. A 4-pteridinone has been 
synthesized in high yield from an amino-ketone by heating it with a deaerated 
pyridine-pyridine hydrochloride buffer [2745]. 

111. FORMATION OF A SEVEN-MEMBERED RING 

The lactam ring of (52.11) is opened by traces of acetic acid in boiling toluene, 
and closes to a seven-membered ring in moderate yield. 



976 Amine and Ketone 

2. 1,4Diazepiw 

Suitably separated aliphatic amino and keto groups may be annulated thermally 
without solvent, for example, to form (52.12, R = Me). An alternative method 
is to use a solvent containing a small amount of formic acid, as in the synthesis 
of (52.12, R = H), with dilute hydrochloric acid or Qtoluenesulphonic acid 
[2057,2575]. 

H 

R-H.Me 

Other ring systems synthesized similarly: 

H q P h m  N Me qr-r N- 4 
0 Ph 

1,4-BenzOdiazepin-~ [l ] e e ~ ~ 3 , 2 - ~ 1 , 5 ] b e n r o d e 2 e p i n e  S m x i d e  

Me. 

Aromatic amino and side-chain ketone groups are annulated by heating in a 
base. An N-protected amino acid reacts with a 2-aminobenzophenone (review 
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of the synthesis of 2-aminobenzophenones [3W]) on successive treatments with 
DCC, mineral acid and alkali [3359]. The protected amino acid may be replaced 
with the corresponding acyl chloride hydrochloride but the yields are usually 
low [3359]. Reduction of the nitro group of (5213) catalytically or with sodium 
hydrosulphite in water or ethanol gave poor results, but when the hydrosulphite 
was used in aqueous DMF containing sodium hydroxide under nitrogen at 
7OoC, good yields were obtained but the unstable amine was not isolated. 
Acidification caused cyclization and the methyl ketone was obtained under these 
conditions in a good overall yield from the nitro compound. Reduction with 
iron-acid gave similar results [3748]. 

3. 1,4-Dillzepia-2one 

1.4-Benzodiazepine with a particular stereochemistry at C-3 is obtained by 
deprotecting the sidechain amino group of the diphenyl ketone (52.14) and 
treating the product with di-isopropylethylamine. A 3-amino-I ,4-benzodiazepin- 
2-one may be synthesized by addition of ammonium acetate either alone [3308] 
or with (32831 acetic acid to the 2-(a-aminoglycinoylamino)diphenyl ketone at 
23 O C .  The protecting benzyloxycarbonyl group can then be removed. 
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Another method which usually gives good yields is to heat the amino ketone 
(52.15) in a mixture of pyridine, acetic acid and benzene so that the water 
formed may be removed azeotropically [2529]. Heating an ethanolic or pyridine 
solution of an amino ketone under reffux is sometimes successful [2552], the 
amino group being introduced as a first step but the amine is not isolated [2917J. 
A 2-aminobenzophenone may be converted into a 1 ,dbenzodiazepin-2-one by 
successive treatment with bromoacetyl bromide and ammonia (cf. Chapter 28) 
without isolating the bromide [2647l. 

9 x 9 U O  
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Deprotection of the substituted glycylamino group of (52.16) under mild 
conditions enabled this ring to be formed efficiently. Protecting groups which 
needed more drastic treatment were not useful in this cyclization. 

k 

pyrklazino[4SeJ-l.4-&leuepin-2ime 
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Amine and Ring-carbon 
1. Formation of a Five-membered Ring 

1. Pyrrole 
2. Pyrazole 
3. Imidazole or Imidazole 3-Oxide 
4. 1,2,3-Triazole 
5 .  Furan 
6. 1,2-Dithiole-3-thione 
7. Isolhiazole 
8. Thiazol-2-one 
9. I ,2$-Thiadiazole 

10. 1,2,4-Thiadiazole 
Formation of a Six-membered Ring 11. 

I .  Pyridine 
2. Pyridin-2-one or -4-one 
3. Pyridazine or Pyridazin-3-one 
4. Pyrazine or Pyrazin-2-one 
5. 1.2.4-Triazine 
6. Pyran 
I. Pyran-2-one 
8. 1,3-Thiazine-tthione 
9. 1.2.4-Oxadiazine 

1. I ,CDiazepine 
2. 

111. Formation of a Seven-membered Ring 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pymk 

A useful alternative to the Fischer synthesis of indoles is that in which a primary 
arylamine is treated at - 70°C successively with t-butyl hypochlorite, methyl- 

980 
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thioacetone and then TEA at OOC.  Desulphurization, if desired, may then be 
achieved catalytically in high yield [2909]. 6-Aminopyrimidin-4-ones may be 
cyclized by heating with chloroacetaldehyde in aqueous sodium acetate [3685]. 
In another synthesis, the amine and an a-hydroxy ketone are heated in xylene 
with an acid catalyst [3091]. 

Another ring system synthesized similarly: 
F=l 

WNH 

H 

In the presence of ruthenium trichloride-triphenylphosphine, arylamines 
condense under pressure with 1 ,2-diols to give indoles. The solvent, the size of 
the N-alkyl group and the ratio of reactants affects yields [3275]. Phenylsul- 
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phonylalkynes react at ambient temperature with C,Ndiphenylnitrone 
(Chemical Absrrucrs name: N-(pheny1methylene)benzenamine N-oxide) (53.1) 
[B-43, B-511 to give an indole as the main product. This reaction takes a complex 
course and among the minor products (28% yield) are two 4phenylsulphonyl- 
isoxazoles, one of which changes into the major indolic product on standing. 
When R' = Me, no indole is formed. Reaction of the nitrone with I-phenyl- 
sulphonylallene in chloroform gives a small yield of a sulphonyl-containing 
indole and a benzazepinone as the major product. In ethanol, the latter was the 
only product (43%) 132731. A similar study using the allene methyl 2-methyl- 
buta-2,3-dienoate has given both indoles and benzazepin h n e s .  

H 

H 

oNyCp. + 

14% 

t-Butyl groups are useful blockers when incoming substituents need to be 
guided to particular positions (review [2971]), and they can later be removed 
efficiently under Friedel-Crafts conditions. Reductive cyclization of the 2-nitro- 
diphenyl gives a carbazole[2964]. The readily oxidized catecholamine 1 -(3'*4'- 
dihydroxyphenyl)-2-aminoethanol is cyclized by mushroom tyrosinase; in the 
absence of the secondary alcohol group, the yield is low [3315]. Enamines of 
cyclic ketones react with a-ketols to give reduced indol4one or benzlflindolones 
[2344]. 

H mowqR' I I  (mp.A, 48-70% muNqR' I I  [=I 

R2 R* 
R ' - H , ~ B ~ ;  # = H , M ~  CarbardB 
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R 

' n  0 

R' I H, Me; R2 .I H. PhW: $ = Me. Ph; 
R4 =Me, P h ~ R 3 d  =(Cl+& 

,l H 

"7 0 

2. Pyrazole 

N-Amino groups are converted into pyrazole rings on heating the compound 
with a methyl ketone under acidic conditions; an intermediate imine may be 
involved. I-Aminopyridinium iodide reacts with diketene to give the aceto- 
acetylimino ylide which cyclizes under the influence of a base. 

H 

3. Imidazole or Imidmle %Oxide 

The reactivity of N-substituted pyridinium salts is shown in the cyclization of 
the salt (53.2). N-Phenylhydroxylamine reacts with benzonitrile oxide (review 
[B-431) at ambient temperature to form a fused I-hydroxyimidazole 3-oxide. 
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4. 1,2,3-Triazole 

Transfer of an a ide  group from an azidothiazolium salt followed by cyclization 
in an acid medium can be a useful method of building a triazole ring (p. 263); 
tosyl azide is possibly a more convenient source of azide, and cyclization at 
ambient temperature in a basic medium is complete in about 15 min. 

5. Furan 

U-Aryloximes (formed in situ) rearrange on heating in ethanol containing 
hydrogen chloride to give benzofurans. N-Acetoacetyl-U-arylhydroxylamines 
(prepared by reacting the U-phenylhydroxylamine with diketene) undergoes a 
rearrangement and cyclization which is reminiscent of the Fischer indole syn- 
thesis. The reaction proceeds at 0 OC and gives variable yields depending on the 
substituents on the benzene ring. It may have a Fischer reaction-like mechan- 
ism; when the benzene ring is unsymmetrically substituted, two products are 
formed. 
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6. 1,%Mtbiole-3-thiow 

The enaminone (53.4) reacts with carbon disulphide in alkali to form the title 
ring, and the arylamino group is lost. A spiro intermediate may be involved. 

Another ring system synthesized similarly: 
Me Mews 0 

7. Isothiazole 

When 6-aminouracils are treated with DMF and thionyl chloride, one of the 
main products is the isothiazolopyrimidinedione. 

8. Thiazol-tow 

2-Benzothiazolones are useful intermediates in the synthesis of plant growth 
regulators, and may be synthesized from substituted anilines by first converting 
the latter (with formaldehyde) into I ,3,5-(triaminoaryl)-1,3,5-triazines which 
then break down on stirring successively with chlorocarbonylsulphenyl chloride 
and aluminium chloride. 
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9. 1,2,3-”hiadiazoIe 

When primary aromatic amines are treated with sulphur monochloride (S2CIZ, 
also known as disulphur dichloride)--the Hen reaction-one or more products 
may be formed. One of these, the benzothiazathiolium salt, on treatment with 
nitrous acid gives the benzothiadiazole. Depending on the type of substitution 
in the ring, it is possible to obtain a good yield. The benzene ring may be 
chlorinated simultaneously, and the thiadiazole may possibly rearrange to 
another five-membered ring. 

10. 1&4-rn* 

This ring is obtained in one step by reaction of a Zaminopyridine at room 
temperature with trichloromethanesulphenyl chloride (perchloromethylmercap- 
tan). A bromine atom in the amine may be lost in the reaction. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

2-Amino-moles or -azines react with 1,3-dicarbonyl compounds in the presence 
of a mild base [2361] or an acid [2088] to give a fused pyridine ring. 
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Me 

2143% 

n 

0 ” \  
S k  

2.3-Unsaturated aldehydes or ketones also condense with the amines in an 
acidic [2569, 2364, 30121 or basic [2361] medium; some of these reactions are 
known by the names of their discoverers, for example, the Doebner-Miller 
synthesis [2364] or the Doebner quinoline synthesis [3214]. The latter needs 
neither acid nor base. 

R’ -Me, Ph; R2 I H. Me; 
R3-H,akyf; d - W  

Other ring systems synthesized similarly: 
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R'=H,Me; # - H  0 
5Quindinone 

The Doebner-Miller synthesis (illustrated on p. 265 [526]) usually needs 
heating with concentrated mineral acid, but a particularly facile example 
proceeds at ambient temperature and needs only a catalytic amount of dry 
hydrogen chloride which cyclizes and then aromatizes the new ring [3014]. The 
mechanism of this reaction has been studied [3543]. The Doebner-Miller syn- 
thesis of 2-methylquinolines often gives low yields, but an improvement in the 
method of isolating the product may give better results: addition of an equi- 
molecular proportion of zinc chloride to the reaction mixture enabled one group 
of products to be isolated more efficiently [2904]. An arylamine is converted into 
a 2-trifiuoromethylquinoline by heating with 1,1, I -trifluorobut-3-yn-2-one in 
trifluoroacetic acid (cf. Chapter 35, Section 11. I )  [3867]. 

i. CHCOOH; Y. HCYg) 
II  
CHCOCOOH 
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1,8-Naphthyridines may be synthesized by means of a Skraup reaction on 
2-aminopyridines. Best yields are obtained in the presence of boric acid and 
iron(I1) sulphate [2241], but arsenic acid, 85% phosphoric acid (2521 and 65% 
sulphuric acid (29781 improve the yields in some Skraup reactions. When 
2-aminocarbazole is subjected to this reaction, the angular isomer is produced. 
The linear isomer of this and of benzoquinoline may be synthesized by heating 
the amine with 2,4pentanedione and sulphuric acid or PPA (the Beyer-Combes 
reaction) [2428,2494]. Although the Skraup cyclization is a vigorous reaction, 
the presence of an imidazole ring in the substrate does not interfere (25851, and 
provided that the reaction temperature is kept below about 140°C, an N-oxide 
function should survive the reaction [2791]. 

Other ring systems synthesized similarly: 
6 
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6 d 

Although the Combes synthesis sometimes gives rather low yields, it is 
attractive because the reactants are usually readily available and only one step 
is involved [2587]. The enaminone from cyclopentane-l,3-dione is a useful 
synthon which reacts with 1,3-diketones or a-ynals with the formation of a 
pyridine ring. The homologous aminocyclohexanone has similar properties 
[2088]. Heating the enamine with a 6-aminopyrimidinedione generates the 
medicinally interesting Sdeazapteridinedione [2101,2S58] (see next paragraph). 

( U J ) + ( R 2 C H W  h c b = b A t  WR2 tm7I 
R' R1-H,4-Me; R2-Me.Et 

m2* 
Qulnoline 

H 

R - Me, Ph, 4 4 ~ ,  44hO4&& P~W2.sd-2.yrkniene2.Cdkne 

Me Me "y-JO+ NMe CH=CHCN We, I &OH.A 5 0 % -  yJ-J0 NMe i2sSel 

0 0 

Pyrido[2.3-d]pyrimidine-2,4-dione I 

Several malonic acid derivatives are useful for annulating an amino group to 
the neighbouring ring-carbon atom. An acidic catalyst is often used [3527] but 
the reactants may be heated in propanol [3527, 38341. Medicinally important 
5-deazapteridines (reviews [3454,3594,3669]) are available from a pyrimidinone 
and a malononitrile derivative [3842]. The formation of a mixture of a reduced 
quinolinone and acridinedione from cyclohexanediones and 3-aminoacrolein 
(Chapter 99, Section 11.1) is averted by using an'aminocyclohexenone and a 
3-ethoxyacrolein 130121. 
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R' 

R' = H. Me; R2 = Ph, Bfu~yl, bthiiyl; Pyrido[2,Sd&ytimiane2-2.Cdione 
R3 = CN. COOEt, CON% 

H 

AQHA ._ 
-64% 

CHOEt 

CR 
HflqrNH2+ HC=C(CN)2 I1 I R 

0 0 

R = 4-COOh4eQH4(CH& 
n = 2,3 

A synthesis of 7.8-dioxygenated isoquinolines (found in cularine alkaloids) 
requires o-metallation of the N-protected 1-phenylethylamine. The primary 
amine is protected by reaction with two equivalents of trimethylsilyl chloride. 
Phenylhydroxylamine and the allenic nitrile (53.7) react in boiling ethanol over 
48 h to give a high yield of 4-aminoquinoline-an important intermediate for 
the synthesis of some antimalarial drugs. 

135131 
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Cyclizations catalysed by transition metals often need less drastic conditions 
than traditional methods. A catalytic quantity of ruthenium trichloride and a 
larger amount of triphenylphosphine promote the cyclization of an arylamine 
by 1,Ipropanediol in refluxing diglyme to give good yields of quinolines. 
Palladium or rhodium complexes were much less effective in this reaction. 
Variations in substituents on the arylamine have an effect on yield Cmethoxy- 
aniline gave a good yield but its 2-isomer failed to react, probably because it 
coordinates with the catalyst. Unfortunately, amines in which R is a strongly 
electron-attracting substituent do not Seem to have been studied. Unsymmetri- 
cally substituted amines or diols usually give a mixture of positional isomers 
(32751. 

R' - H. CI. ~ e o .  ~e 
i. dblyme, R u C k W P h .  Ar 

2. Pyridia-2-oneor-4-one 

A pyridin-2-one ring is formed by reacting a 3-aminodiazine with a reactive 
malonate ester such the 2,4,6-trichlorophenyI ester; this cyclization needs a 
temperature of about 240OC to be maintained for about 20 min [3676]. The ease 
of displacement of a methylthio group in compounds such as (53.8) demonstrates 
their usefulness; a second molecule of the arylamine reacts with the methoxycar- 
bony1 group [3690]. An alternative method (to that described in Chapter 9, 
Section 11.2) of synthesizing pyridazino[4,5-bJquinolin- 10-ones which avoids the 
use of fluorophenyl ketones is oxidative cyclization of 2-aminophenyl ketones 
(53.9) [3642]. 

H 
COoMe 
I 

Another ring system synthesized similarly: 
0 
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H 

993 

R 

3. Pyridnzine or Pyridazine-hne 

1 -Aminopyrazoles react with 1,3diketones or 3-ethoxyacrolein diethylacetal to 
give a pyrrolopyridazine in low yield. 

k 
R' = $=Me. Ph 
of R' =Me, R* = Ph 

2-Nitrodiphenylamine is reductively cyclized with sodium borohydride in the 
presence of a base. A primary amino group and a carbon of another ring may 
be annulated by reaction with ethyl chloroformate to give the pyrazinone. 
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5. 1,2,4TriPZiae 

This cyclization is another example of the synthetic value of 1-aminopyridinium 
salts (review [ 18703); its basecatalysed reaction with acetophenone N,N- 
dimethylhydrazone methiodide without external heat leads to a new fused 
triazine ring. 2-Chloroacrylic esters react similarly but in the presence of a 
weaker base; two moles of the pyridinium salt react and an N-N bond is 
cleaved to supply the third nitrogen. 

6. 41an 
A pyran ring is formed from a vinologous carbonyl group and a tertiary amino 
function on heating the compound with a 1,3-diketone. 
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7. Pyran-2Qne 

0-Arylhydroxylamines react at low temperatures with DMAD and a rearrange- 
ment occurs to give high yields of 3-aminocoumarins. The yield is much lower 
when R is an electron-withdrawing group. 

R = H , M e  

8. I,3-Thirrzine-2-thiOw 

Thiocarbamoyl isothiocyanate reacts with cyclic enamines to form a fused 
thiazinethione under mild conditions; a mechanism has been suggested for this 
unusual cyclization. The reactions of isothiocyanates have been reviewed [3990]. 

(yNRz+ EWCNCS 47% * q-JN* I-I 

R = I iPr. cydohexyl S 

t .3-~olhiazinecmkne 

9. 1,2,e<)xadiazine 

S,S-Dimethylsulphimides (readily prepared from the primary amine, dimethyl 
sulphide and N-chlorosuccinimide) react with nitrile oxides (review [B-43]) 
under mild conditions to form a fused oxadiazine. 
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111. FORMATION OF A SEVEN-MEMBERED RING 

I. l&Diazepine 

Lithiation of 2-aminodiphenylamine (53.10, X = MI) with butyl-lithium 
followed by stirring with DMF and decomposition with water results in the 
formation of a dibenzodiazepine in good yield. 

(53.iO) 
X - NH. 0 W S  

2. 1,4-0xazepioe or 1,4-~lV;epiae 

When the method described in Section 111.1 is applied to either 2-aminodiphenyl 
ether (53.10, X = 0) or thio ether (53.10, X = S), a new oxazepine or thiazepine 
ring is formed. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Imidazole 

The use of a-halogenoketones for cyclidng 2-aminoazines or 2-aminoazoles is 
well-known (see p. 276 and [B-45,3533]), but the same result may be obtained 
by heating the heterocycle with a ketone, iodine or bromine and sodium hydro- 
gencarbonate in ethanol [2710]. In an extension of the reaction of 2-amino- 
thiazoles with a-bromoketones (p. 277), 1 -bromomethyl 2-t-butyl ketone has 
beem shown to give high yields of 6-t-butylimidazo[2, I-blthiazoles, the presence 

997 
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of the bulky alkyl group having no adverse effect on the yield [3939]. A variation 
of this reaction is described in Section 11.2. Propargylamine converts an a-amino- 
diazepine into an imidazodiazepine; a-bromoketones perform a similar 
function but in this example they give lower yields [2885]. 2-Aminoacetal may 
also be useful for preparing an intermediate imine which is cyclized by hot 
formic acid. An a-bromoketone cyclizes 2-aminopyridine-the Tschitshibabin 
synthesis of imidazo[ 1,2-u]pyrimidines [393 11. Some cyclizations with a-halo- 
ketones need basic conditions; ketols (acyloins) fulfil a similar role under acidic 
conditions, for example, in acetic and toluenesulphonic acids 124491. 

2-41,2.4]1riaZole 

Annulation of aminomethyl and ring-nitrogen functions with ethyl acetimi- 
date hydrochloride gives a good yield of a dihydroimidazo compound [3736]. 
Glycidylaldehyde reacts with guanine derivatives to give the linear tricyclic 
product [3066]. 6-Aminopyrimidine-2,4-diones are converted into purines by 
reaction with diethyl azodicarboxylate [2914]. The chemistry of a-halo- 
aldehydes and -ketones has been reviewed [B-45, 23481. 

HCI 
&Me \ I 3 W  + I I  - H 

1-1 ,s.JqUiroline 
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R’ - H. Me; R2 = allcjl.PhCH2, Ph Pb-PUrinedkne 

An unexpected cyclization occurred when the pyridylaminoaniline (54.1) was 
heated with dilute hydrochloric acid: the product was a pyridobenzimidazole 
[2 1561. PPA brought about a similar annulation of a primary amino group and 
a ring-nitrogen in (54.2) even in the presence of an ethoxycarbonyl group, but 
replacement of PPA by 4toluenesulphonic acid in boiling butanol produced 
two kinds of cyclizations simultaneously. The major product (54.3, 39%) was 
a fused imidazole, and the byproduct (54.4,32%) had been formed through the 
involvement of the ethoxycarbonyl group. The ratio of these two compounds 
varied with the catalyst (see also Section 111.1) [3766]. 
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2. Imkli.zol-2-one or -4ow 

When an amino group is in a peri position with respect to the heteroatom [as 
in (543 after reduction)], an imidazole ring may be built to join the two by 
reaction with a carboxylic acid and PPE [2513]. Replacing the carboxylic acid 
by urea in the cyclization of (54.5) leads to the formation of a doubly fused 
imidazol-Zone ring 125131. An imidazol-4-one may be constructed by the 
reaction of either phenylglyoxal [3039, 31881 or the phenylazo derivative of 
chloroacetyl chloride [2366] with a 2-aminoazine. 

N==fp M" + R ~ H  tw-c.p(*,L 1WlY & x R 2  w a  
R' N O  N O  

H H 
(MI ImidSto(1 . s . 4 - ~ i n o x ~ - 5 . o n  

R'-H,CI; R2-H.Me;  R 3 - H , M e , P h  

Other ring systems synthesized similarly: 
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3. I m i ~ l e - % t h i ~  

The use of carbon disulphide in organic synthesis [reviews B-5 1,35821 is demon- 
strated by its cyclization of a 2-aminomethyldiazine in excellent yield. 

P c s b # r . A  60% - N+=' pANH 121 591 

N+ C W Y  

N Y  NCI, 
ImidsOo(1 ,Sapyaziwl-hione 

4. 1,2,4-Triazok or 1,2,4Trirzole I-Oxide 

Pyridine N-oxide cyclizes 3-aminopyrazoles to give a low yield of a tricyclic 
product. The reactive SSdirnethylsulphimides (see Chapter 53, Section 11.9) 
are cyclized in a mild reaction with a nitrile oxide (reviews [B-43, 21 151 to 
produce the triazole 1 -oxide in good yield. The chemistry of [I ,2,4]triazoio[ 1 3 -  
ulpyrimidines has been reviewed [3890]. 

W 

Another ring system synthesized similarly: 
0- 

5. 1,2,4-Thiadipzde or 1,2,4-Thirdirzol-5-0ne 

1 -Chloro- 1 -phenyliminomethanesulphenyl chloride reacts without external heat 
with aminoazines to form a fused thiadiazole ring. Chlorothioformyl chloride 
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reacts likewise with 2-aminoazoles or 2-aminoazines to form a new fused 
thiadiazol-5sne ring; this reaction is sensitive to the solvent used. 

X - Y I CH [12,4jlhWamW,3--.)pvr#neb- 
X - N, Y - CH [1,2,4jhldkOq4,&- 
X - CH. Y - N [1,2,4-4,3-- 

Another ring system synthesized similarly: 

P1SI 

Other ring systems synthesized similarly: 

11. FORMATION OF A SIX-MEMBERED RING 

1. pyriaiae 

2-Phenyl-3dimethylaminoacrolein is a useful synthon as it reacts with 2-amino- 
moles or 2-aminoazines with loss of the t-amino group. Hydrogenation converts 
it into indole-3-carboxaldehyde in low (1 5%) yield. Another synthetically useful 
acrolein derivative is the cyanoacetal(54.6), which cyclizes amino-N-heterocycles 
on heating in methanol-hydrochloric acid. 

H H 
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Another ring system synthesized similarly: 
Me 

1003 

Ph &Yo NMe 

0 

R' - R* - HOT R' -+NH& I? N& 

Other ring systems synthesized similarly: 

2. Pyrimidiw 

Many methods of converting an a-aminoazine or a-aminoazole into a fused 
pyrimido ring are available. 3-Aminocrotononitrile joins an amino group to the 
ring nitrogen in high yields [2651]; the value of nitriles in heterocyclic synthesis 
has been reviewed [3332a]. Several malonic acid derivatives may be applied to 
the synthesis of a fused pyrimidine ring. Ethoxymalononitrile [2123] and benzyl- 
idene malononitrile [3226], for example, react under relatively mild conditions. 
Fluoromalonaldehyde (review of halomalondialdehydes [277 I]) reacts with a 
3-aminopyrazole to give a fluoropyrimido derivative [2707] while several other 
monosubstituted malonaldehydes react in an acidic medium with amino 
heterocycles to give 5-substituted fused pyrimidines [2824]. Tetracyanoethylene 
(reviews [3146, 32441 in a similar reaction gives a fused pyrimidine dinitrile 
[3767]. 
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w31 

R’ = A*= H 

0 
II H 

R’ = Me. Nb,  Ph: - H. Ph, PhN=N 

Enaminones [32 13) and a-dimethylaminopropiophenones [3767] provide 
further scope for the synthesis of specifically substituted fused pyrimidines. 
Intermediates such as the ketene dithioacetals (reviews [3712,3830] and a recent 
synthesis 139651) are being widely used and tailored to particular requirements 
[3822]. Allenic and acetylenic nitriles cyclize 2-aminopyridines on heating in 
dichloromethane [3397]. 
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U 

*- H, Me, Bu. Phco 

Other ring systems synthesized similarly: 

n 3 CyckpenwdWw*rezoloIt.Sapyrbni&e ~lo&kWrano[3,4-ePvrazok[l.S~dmidino 
n = 4 P y r a z ~ l  .!?k~hazoline - 5 cyckhepta(e]Wratwt..SspyrMbne 

R l C N H 2 +  \ N  fimN C=C#R3 ''- R1aTNH [a93 

R ~ = H . M ~ , W ;  Rz.R3=r~kvl 
cR2AI 

p/rkk(l.P-e 

Cyclization with 1,34icarbonyl compounds can give high yields of fused 
pyrimidines [2249, 27221; the halogen of 3-bromo-2,4-pentanedione (which 
would be expected to be labile) survives the reaction with a 3-aminopyrazole to 
give a fused bromodimethylpyrimidine in good yield [3426]. 

d 
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Me 
I 

pyretdoIl,5-. :accr)awrim#ine I 
Me 

A weak Lewis acid promotes the cyclization of heteroamines with aceto- 
phenones (to give a mixture of isomers) and related ketones [3963]. Finally, two 
methods which are useful for annulating a ring-nitrogen to an amino group 
attached to another ring use an anhydride 131321 or an aldehyde 1361 11. 

Me 

[124Fml,5-slWrMdne [ 3 g q  

Ar = Ph, CMeQ, 4 - w  

"2N 
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3. Pyrimidin-Z.one 

Annulation of amino and ring-nitrogen functions in different rings may be 
achieved under very mild conditions by stirring the compound with either 
phosgene [2652] or trichloromethyl chloroformate with TEA [3994]. 

Me Me 

H 53% P I  

H 

11 2 . 4 ~ ~ ~ 4 , 3 - c J q u i n a ~  

4. Pyrimldin-Qone 

Cyclization of a 2-aminoheterocycle by reaction with a 1,3dicarbonyl 
compound is a widely used method for the synthesis of a fused pyrimidin4one 
(see also pp. 284-286). The conversion of 2-aminopyridine into a pyridopyrim- 
idinone by heating with an acetoacetate in the presence of a Friedel-Crafts 
reaction-type catalyst is typical; PPA and PPE vary in their effectiveness from 
one reaction to another [2250, 2289, 2296). This reaction is also catalysed by 
bases such as piperidine [2501]. 

=* = UPR2 [2250] 

RS 
\ N  R 4 H C C w  -1% 

R' It 
0 

0 

eNH2+ 
(-1 

R'IH. $-Me. R3-H.MeorR2R3=(CH& 
pyrida(l,2-8~ylimknn49ne 
P y ~ l - b ~ d h - % ~  

Another ring system synthesized similarly: 
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Variations from the simple ethyl acetoacetate [22 1 11 are numerous and extend 
the usefulness of the reaction greatly, for example, 2- and khloroacetoacetate 
[2857, 28661, 3-acyllactones [2533] and cyclic acetoacetates [3263, 35921. 

0 

pvrido[i P-apyrimidin-40ne 

Other ring systems synthesized similarly: 
H 

0 
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Other ring systems synthesized similarly: 
H 

1009 

I25331 

R' - H, Me, CI. Br; - H, iPf. PhCH2 DiWrido(l.2-a : 4.3-dpyrimidin-1 l-one 

+ 
R'HN 

H 

( 1 , 2 , 4 J h i a ~ ~ , f - b b ~ i i l l n - 9 0 n e  

The acetoacetates have sometimes been replaced by ethoxymethylenemalonates 
[2289,3786] under different experimental conditions from those given on p. 285, 
diketene [2041] (review [2130]) and several kinds of unsaturated esters [2092, 
2093,3405,36441; an atmosphere of argon is recommended for some of these. 
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Another ring system synthesized similarly: 

0" I y l  
0 

(54.10) 
X-S.NH 
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Other ring systems synthesized similarly: 

2-Chloro-3-oxobutanonitrile reacts in the presence of PPA and gives the fused 
pyrimidin4one [2839]. 

H 

p y r k n i d o ( l , 2 - ~ M & ~ d - ~  

Other ring systems synthesized similarly: pFM* \ N  CI Pml wqT> CI W e 1  

0 0 
p y r # o j l . 2 - ~ - 4 o n e  Thkq3,2-- 

Carbon suboxide (review [loo]) and 2-methylaminopyridine give an excellent 
yield of an inner salt [2288]. A bis(methy1thio)methylene derivative of 
Meldrum's acid (review of its properties [39493) is a versatile source of three 
ring-carbon atoms and an attached carboxyl group in this reaction [4000]. 

Pyvidol12-slwrbndkr-4 . Qne 
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wy> + Mehyl ROHO~DIIF.A= 7146% Rqy3 I4OoOl 

aFR COOH 

C-R Hooc 
I 
SMe 0 

R = Ma. 8kyIW Ph 

ThiaEok(3,2-pkyrwdn-s.One 

Another ring system synthesized similarly: 

0 

5. Pyrazine 

Dibenzoylacetylene and DMAD (review [2816] are useful reagents for cyclizing 
aminoheterocycles; in this example, the amino and ring-nitrogen atoms in 
different rings are annulated by heating with either of the two alkynes [3768]. 

137m1 

6. PyrpZlne-23-dione 

1-Tosylaminophenothiazine (R = Ts) and oxalyl chloride gave a better yield of 
cyclized product than did the I-amine compound (R = H) [2236]. A thermally 
induced cyclization of the methylaminomethylazepine (54.11) with diethyl 
oxalate gave a good yield of product [2125]. 
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7. 1,3&Triazine 

Two moles of a 2-aminopyridine react with di-iodomethane to give a tricyclic 
quaternary salt. Electron-withdrawing substituents in the pyridine ring inhibit 
the reaction; of several aminopyrimidines, aminopyrazine, aminoimidazoles 
and aminopyrazoles, only 4-aminopyrimidine reacted [3089]. 

Another ring system synthesized similarly: 

t-1 

8. 1,3,5-Triazin-2-0ne 

2-Aminoazines react with N-(dichloromethy1ene)carboxamides and a mild base 
to form this ring. 
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Other ring systems synthesized similarly: 

9. 1,3,5-TriazIne-2,4dlow 

The use of phenoxycarbonyl isocyanate for cyclizing an aminoazoIe in pyridine 
is well known (p. 289). This reaction may also be effected by refluxing the 
reactants in a neutral high-boiling solvent. Chlorocarbonyl isocyanate (review 
[2929, 38021) is also a very effective reagent for cyclizing such amines. 

0 

62% i-I 0 w 

R* 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Diezepin-5-one 

With trifluoroacetic acid as catalyst, the cyclohepta[b]pyrrole (54.2) is cyclized 
into the diazepinone (54.4) in 96% yield. 
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Cyclizations which involve azides have been reviewed [35 151. Examples of ring 
formation from a nitro-carbodi-imide and an amino hydrazone are inciuded in 
this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. 1,2,3-Trinzole 

Boron trihalide promotes cyclization of o-azido-azo compounds under mild 
conditions with the formation of a benzotriazole in high yield. A nitrenium 
ion-BX, complex may be involved. The conversion of 2-azidoazobenzenes 
(p. 292) to benzotriazole is promoted by boron trichloride so that the conver- 
sion proceeds at room temperature and in high yietd [3056]. 

k = Ph, 4-CQl.G; 1.2,3-BentotrieZole 
X=CI,F 

1015 
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The nitro-carbodi-imides (55.1) are cyclized into the triazote by heating in 
bromobenzene. 

2. FurpzpoN-Oxide 

Thermolysis of nitro-aides is an efficient method of forming a furazan ring; its 
N-oxide may be prepared by heating the same precursor in acetic acid. Photo- 
chemical cyclization of the nitro-aide in acetic acid is a less convenient method 
[1491]. 

I14911 
MeN 

MeN ‘ NO2 

0- 

It is not always necessary to isolate the nitroazides; for example, the 2-azido- 
3-nitropyridines may be prepared in siru from the chloronitropyridine and 
sodium azide 12432). A recent improvement in this process by the use of 
phase-transfer catalysis means that lower temperatures are used and better 
yields are obtained for a wider range of substituted products (32411. 

0- 
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11. FORMATION OF A SIX-MEMBERED RING 

1. 1,2&Triazine 

When the amino-hydrazone (55.2) is treated with LTA, the benzotriazine is 
obtained. 
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A review of cyclizations which involve azides [3SlS] is relevant to many of the 
reactions discussed in this chapter. A rare type of cyclization resulting from 
interaction of a chlorine and a side-chain azide is included. 

1. FORMATION OF A FIVEMEMBERED RING 

1. P y d e  

Thermolysis of an o-halogeno-(B-azidoviny1)benzene sometimes produces a 
mixture of products; from a tetrahydrobenzenoid analogue, a newly formed 
pyrrole-containing product was isolated in low yield. 

H 

tndole 
1018 
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2. Pyrd-3-one 

An azido-carboxylate ester, on being heated for 1 h in ethanol with hydrazine 
hydrate, was unexpectedly converted into a fused pyrazolone. 

U 

3. oxazole 

Cyclization of 2-azidophenyl esters with triethyl phosphite probably involves 
the formation of an intermediate phosphorimidate. 

R = Me, Ph Benzoxazole 

4. Tetrazok 

An azido-nitrile (formed in situ from the reactive chloropyridazine and sodium 
azide) is efficiently converted into a fused tetrazole ring on heating in DMF. 

1-1 

TWa~okO.5- 

11. FORMATION OF A SIX-MEMBERED RING 

I. Pyrimidine-2,ct.dion 

Carboxamide and isocyanate (formed in siru from a hydrazide) interact on 
heating the compound in toluene to form this ring. 

H H H  

Me )rNy.g0 129371 
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Included in this chapter are ringforming reactions between an azide and a thio 
ether. Cyclizations involving azides have been reviewed [3515]. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pymk? 

Thermolysis of azides (pp. 294,297) whose stereochemistry is not favourable to 
cyclization may be effected in dimethyl sulphoxide. For example, the a ide  
(57.1) is unchanged on heating in toluene whereas its E-isomer readily forms a 
tricyclic product in high yields. The conversion of (57.1) into an indole is 
unlikely to involve the formation of a nitrene (which reacts with the sulphoxide). 

H 
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2. PyrroE3-one 

A comparison of several base-induced cyclizations of 2-acylbenzazides by 
several bases showed that ethanolic potassium hydroxide at room temperature 
was an efficient process. Some evidence is available that nitrogen loss assisted 
by an enolate ion rather than nitrene formation occurs under these conditions. 

II 
0 

R' -H. Me; R2- Me. El. Ph 
or R'R* - (CHA 

11. FORMATION OF A SIX-MEMBERED RING 

1. l,%TbiaZiw 

Thermolysis of an azide which contains a thio ether group in a neighbouring 
side-chain may result in the formation of an N--S+ bond in a thiazine. Yields 
are dependent on the character of substituents in the side-chain and of the 
heteroatom X in (57.2). Reversing the positions of azide and methylthio groups 
and using toluene as solvent gives a high yield of (57.3). A similar cyclization of 
the benzenoid azide (57.4) needed a higher reaction temperature. 

13.81% qSPh cH=ccoou - A -  % WOE1 

R k 3  R P h  

P 61 

(57.4) 
R = CI. PhS 

1.2genZothiarhe 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,rlTlliazepine 

Ring closure of the azide (57.5) required a high-boiling solvent. This may 
account for the rearrangement which accompanied the cyclization. 

Me 

2. lf,rlTriazepine 

Thermolysis of compounds which contain sidechain azoimine groups which are 
adjacent to a bz-methyl or -methylene group leads to cyclization which is 
facilitated by a methoxycarbonyl or nitrile function attached to the carbon 
which separates the azo and imine groups. 

R G Z Z N k  a**A* 1047% R q  131041 

k 
R'=H,M~.E~;  F?=COOM~.CN; 
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An example of cyclization of a sulphimide group on to a ring-carbon is included. 
The chemistry of organic azides has been reviewed [35 IS]. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. P y d e  

&Biphenyl azides decompose in the presence of boron trihalides to give car- 
bazoles, nitrenium ions being probable intermediates [3453]. When the two 
benzene rings are separated by an azo (N=N) group, this reaction can yield 
several products according to the relative positions of the azo and azide groups: 
o-azoazides give a triazole ring (see Chapter 55). The point of attack by inter- 
mediate nitrene produced thermally is not always predictable; an attempt to 
synthesize ellipticene produced a mixture consisting mainly of the angular 

I023 
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isomer of ellipticene. Migration of a methyl group had occurred [3323]. The 
synthesis of heterocycles with nitrenes has been reviewed [2598]. 

v H 

R'-H,PIIN=N; F ? = H . N ~ ~ :  
X = F. CI 

Another ring system synthesized similarly: 

Some azides [such as (58.1)] are resistant to thermal cyclization through the 
nitrene. A strong acid may help the cyclization of such compounds but con- 
centrated sulphuric acid may cause simultaneous sulphonation of a benzene 
ring. 



Formation of a Five-membered Ring 1025 

Another ring system synthesized similarly: 
H 

In the presence of tetracyanoethylene (TCNE), photocyclization of 2-azido- 
biphenyl gives carbazole as the main product, but an appreciable amount of a 
spiroazepine is also formed. Reviews of the chemistry [3746] of TCNE and of 
its use in cycloadditions [3244] are available. The synthesis of an indole by 
thermolysis of a previously prepared side-chain azide (see p. 301) is a widely 
used method but such an azide may also be formed in siru, as in this conversion 
of a benzaldehyde to an indole-2-carboxylic ester. 

While ethyl o-vinyl-2-azidocinnamate yields isoquinolines on thermolysis (see 
Chapter 37, Section I L I ) ,  its epoxide (58.2, R = H or Ph) reacts differently on 
being heated; the epoxide-containing side-chain is unchanged. 

H 
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2. Imidazole 

Sulphimides, R'N=SRZ2 or R'N+S-RL2, resemble azides in that there is a 
possibility that they may form nitrenes by loss of a sulphide, RZ2S. This occurs 
when such compounds are photolysed for 3-23 h depending on the substituents; 
under thermolysis, a mixture of products is formed. 

H 

R' ,R~ = ~ e ,  phcb, ph; R3 = H, ~ e .  CI Berulmidatale 

3. 1,23-Triazole 

When a 4azidocoumarin is warmed with t-butoxide, a fused 1,2,3-triazole ring 
is formed in low-to-moderate yield by a 1,5-dipolar cyclization. Heating a 
3-nitropyridin-2-one with sodium azide-DMF gives a good yield of 1,2,3- 
triazolo[4,5-blpyridin-5-one [2780]. 

4. O x d e  

Thermolysis of an azide with PPA and an alkanoic acid can lead (through a 
rearrangement) to a fused oxazole ring being formed. 

5. Tbiazole 

Inter-ring annulation occurs when an azidophenyl sulphide is either ther- 
molysed or photolysed. By varying substituents, temperature and reaction time, 
it may be possible to improve yields. Photolysis in this study gave relatively poor 
yields whereas heating in either bromobenzene or 1,2,4tribromobenzene 
usually promoted cyclization. A mechanism involving a spirodiene, opening of 
the sulphur-containing ring and loss of the sulphur atom was proposed. 
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R' 

1027 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Thermolysis of 8-azidovinylarenes to form new pyrrote rings is described in Part 
I (p. 299); a similar reaction on a y-azidoalkadienylcyclohexane gives a mixture 
of products, a spiropyrrole being a second product which is converted into a 
cyclohepta[b]pyrrole on heating at 200 "C. An unsymmetrical Pazidovinyl- 
acridine may cyclize on to either of the vacant peri positions on thermolysis; the 
2-methoxy derivative yields a 4:l mixture in favour of attack by the nitrene on 
the methoxy-containing ring. 
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2. P y r i d i n - h  

The acylazide (583) may form a ring with either C-2 or C-4 of carbazole; in 
practice, a linear pyridocarbazole is obtained when this azide is heated with a 
tertiary amine in diphenyl ether for 1 h. 

H 

0-8 r=fl 

N3'p 

php. h N .  Nb A @-flSH 76% * 
Me Me 

(S4 ~ 4 . 8 c # m b a ~ & l  one 

3. Pyrrzine 

Cleavage of an azo group by hot mineral acid with retention of one nitrogen can 
be used to form a pyrazine ring in high yield. 

U 

4. 1,aIlIiazine 

A rearranged product is obtained when some azido diary1 sulphides are ther- 
molysed in a high-boiling solvent; a spiro intermediate may be involved. 

70% I20741 --- 
5. 1,ZThiazine 1,2Dioxide 

When a sulphonylazide is heated, the sulphonylnitrene formed may attack a 
nearby benzene ring. In this example (R = H), heating in dodecane at I75 "C 
was found to be more effective that at I S O O C ,  but the best yield was obtained 
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in cyclohexane in a sealed tube at 120OC. The presence of a substituent 
(R = Br) had a strong influence on the reaction, a 5% yield of the thiazine 
dioxide being obtained in cyclohexane but 24% in chlorobenzene. 

R-H.Br 
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This chapter also contains examples of the cyclization of sulphimide and nng- 
nitrogen and of azide and imine functions. The chemistry of azides has been 
surveyed [3515]. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

2-Azido-1-methylbenzimidazole is a relatively stable azide; the azide group 
survives the addition of DMAD across the 2,S-double bond of the substrate. 

1030 
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2. Pyrazde 

Thermolysis of a 3-azido-imine appears to be a better method of synthesizing 
the thieno[3,2-c]pyrazoles than reduction of the corresponding nitro compound 
with triethyl phosphite (Chapter 33, Section I. I), but when the isomeric 2-azido- 
imine was similarly treated, appreciable amounts of the benzothiophene-3- 
carbonitriles were obtained together with 1943% yields of the thieno[2,3- 
c]pyrazoles [2493]. A similar conversion is achieved by treatment of the azido- 
imine with triphenylphosphine at O-20°C [3639]. Thermolysis or photolysis of 
a 2-(addophenyl)pyridine can give high yields of a fused pyrazole [2654]. 

Other 

l l ~ ~ 3 . 2 - 4 b  

ring systems synthesized similarly: 

3. I m i d a z o l ~  

An azidoazole reacts exothermally with diphenyl ketene, and nitrogen is 
eliminated. 

d T N a +  Ph&=C=0 01w‘ ovt 125161 
Itllidaz#l Pr]bentimidazoc3-one 
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4. 1,2&Triazole 

Carbamoyl azides (59.1) (formed in siru from the carbamoyl chloride and 
azidotrimethylsilane) in boiling toluene cyclize to give good yields of the triazole 
betaines. 

R' R' 

62-78% 1=7l 
R' R' 

R' =I+,&; R2-alkyl 
W.1) 11 P.4Frhudo(l,5-8pvrimiansium 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidjo-eoae 

Heating picolinoyl azide and diketene yields a pyridopyrimidinedione as the 
main product, the isocyanate being a likely intermediate. 
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1. 1,2,4-Triazin-3-one 
2. 1.2.3-Thiadiazin-6-one 
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Cyclization of an o-thiocarboxydiazonium salt is included in this chapter. 

1. FORMATION OF A SIX-MEMBERED RING 

1. 1,2,4-Tri&3-0me 

Azo compounds containing an o-carbamate group may be cyclized by heating 
either with a mineral acid or in an inert solvent. The azo-carbamate (60.1) failed 
to cyclize under neutral conditions but gave good yields in either an acidic or 
a weakly basic medium. In contrast, arylazoindol-Iyl compounds readily 
cyclize on heating to give triazinoindoles [ 15081. 

2. 1,2,%"hjadiazin-6-one 

When an attempt is made to diazotize 2-aminothiobenzoic acid with isopentyl 

1033 
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nitrite, this ring is formed in high yield; the chemistry of  diazine rings containing 
S and N atoms has been reviewed [3904]. 

1, CI&COOH. THF, h4CH(CH2)zoNo 0 

3.1 .BBenZotMabsrh-COne 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Pyrpzde 

1,fDipolar addition of a pyridine N-ylide to DMAD proceeds at ambient 
temperature but is susceptible to the nature of the substituent present on the 
ring; a esubstituted pyridine usually gives best results and the presence of 
tetracyanoethylene (TCNE) improves the yield. 

1035 
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2. Intidszol-zsae 

Phenylureas undergo oxidative cyclization in high yield when oxidized with 
LTA at ambient temperature. 

H 

R -H,Me. Meo. CI 2-senrimidazo bne 

3. 1,2,4Tri.zole 

Carbamate and ring-nitrogen form a fused triazole ring when an 
ethoxycarbonylhydrazinoazine is heated in diphenyl ether. 

4. Thipzole 

Ureido sidechains are oxidatively cyclized (p. 31 1) to a thiazole; heating with 
hydrochloric acid may also be effective. 

5. 1,2,4Tbiadiazole 

A Zthioureidopyridine is cyclized in a reaction between thioxo and ring-nitrogen 
functions; no heating is necessary and yields are usually good-toexcellent. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidiw2sne 

Dehydrative cyclization of an acylureidobenzene with PPA gives a 2-quinazo- 
linone, but the yield depends on the temperature, the molar ratio of PPA and 
the substituent R2; when the last named is replaced by methyl, a poor yield is 
obtained. An N3-phenylureide group attached to a benzene ring reacts with M-H 
of a (reduced) 1,2,4-triazine ring when thecompound is heated at about 20OOC; 
aniline is eliminated. Heating the same compound with PPA produces an 
isomeric product in which N2 is attached to the carbonyl. 

Me 

II 
0 

s":' ' NAO 

2. Pyrimidin-2-one, 4-Tbioxo- or Pyrinidin4one 

The thioxopyrimidinone ring may be constructed from a side-chain containing 
a CH-CS-NH-COOEt;  this becomes joined to a ring-NH when the 
compound is heated in pyridine. Heating the carbamate (61.1) in diphenyl ether 
induces cyclization to a pyrimidin-4one in good yield. 



(61.1) Imklazo(4.5dlpydmWn-7-one 

R' = Me, HO(CH&; $ - H, Me, iPr 

3. I,Zz,4-Triazio-SSne 

A side-chain carbamate group cyclizes on to a neighbouring ringcarbon atom 
on heating the compound on its own or with phenol under anhydrous conditions. 

4. 1,3,!kTriazin-2oae 

Heating an Nethoxycarbonylisothiourea for a short time under reduced 
pressure is probably the method of choice for the synthesis of this fused 
triazinone ring [2511], but as an alternative method, prolonged heating in 
dioxane with an orthoester may be considered [2773]. An acylureide is similarly 
cyclized by heating in pyridine [2577]. 

SEt 
I 

1=111 
aN=cLt I A CyNySEt 

"Y 
- 

0 

mliazoq3,2-*l As- 
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W 

5. 1,3,4Tbiadiazine 

Heating an N'-pyridazinylthiosemicarbazide with two molar equivalents of 
diethyl azodicarboxylate (DEAD) leads to the formation of a new fused thia- 
diazine ring in good yield. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2$-Triazepine 

The extended conjugation in compounds which have a N-side-chain containing 
+N<H-C=N enables it to undergo a 1,Saddition cyclization with alkynes. 

- -  
\A 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Interaction between a nitrile and the carbonyl group of an adjacent carboxamide 
is promoted by converting the compound into its trifluoromethanesulphonate 
salt which then adds on to DMAD. 

COoMe 

PhCN / I.Cf-# 2OUAD.OUFeA 17% *-&y N /  1-1 Nc3y 0 Ph 

- f h i @ M Z & F  

1040 
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2. Imidazol-hne or W a z o l - k ,  4-tJhxo- 

The anion of the Reissert compound (62.1) reacts at or below room temperature 
with an aldimine or an isothiocyanate by cycloaddition, and then displacement 
of the nitrile to form a tricyclic isoquinoline. The chemistry of Reissert 
compounds has been reviewed [2488, 2959a1, as have the synthetic uses of 
isot hiocyanates [ 39901. 

R' = Me. Ph. CFC& 
I m i d a o o ( s . l - ~ ~ i ,  l-lhbXO- 

Another ring system synthesized similarly: 

Imkkuo(5.1-efphthslatirr3one. l - (hi i*  

131 44 

3. Ox1rZol-hne 

The ester group of a carbamate is annulated to a neighbouring nitrile (of a 
Reissert compound) on reaction with an araldehyde under strongly basic con- 
ditions (the CN group is eliminated). A better yield of this t y p  of compound 
was obtained by another method (Chapter 98). 



1042 Carbamate . . . and Another Carboxyiic Derivative 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridio-zone 

Annulation of a cyano-carboxamide is effected in high yield by a strong base at 
ambient temperature. 

n-12; 
Ar = Ph, CQ, 3-*Cgt( 

2. Pyrimidine 

4-Aminoquinazolines are of considerable medicinal interest and may be syn- 
thesized by a one-pot reaction from isatoic anhydride (62.2) (which, for classifi- 
cation purposes is regarded as a 2-carboxycarbamate) and either ammonia or 
an amine. The reactions of isatoic anhydride have been reviewed [3008]. 

(622) Quinazoyne 
R'=H,CI; R * = H . M ~ . P ~  
i. DMF. NHdg); H, PO% -50 O C ;  iii. R%H, A 

3. Pyrimidio-eOw, Pyrimidio-eOne, 2-Tbioxo- or Pyrimidiae-2,4diooe 

Isatoic anhydride (62.2) (review of its reactions [3008]) in a strongly basic 
environment reacts with cyanamide to give the useful intermediate 2-amino-4- 
quinazolinone [328 11. Neighbouring thiocarbamate and carboxylic ester groups 
are converted into one of two pyrimidin-4-one rings on reaction with hydrazine, 
which behaves as a monofunctional reagent: at room temperature the thioxo 
group is retained but when heat is applied to the reaction, a 2-hydrazinoquin- 
azolin-4-one is obtained in high yield [3674]. In the presence of a strong base, 
a carboxamidocarbamate is cyclized in high yields to this dione [2660]. 
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w 
1043 

Another ring system synthesized similarly: 
w 
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4. 1,SOxazin-hne or 1,3-0xpziw-2,~0ne 

Both of these rings may be synthesized by using an enzyme. Carbamoyloxy and 
nitrile groups are converted into this ring in the presence of baker’s yeast or 
catalase. The second ring is formed from 2-carbamoyloxybenzoic acid esters by 
oxidation with rat liver microsomal extract in ethanol at pH 7.4 and a tem- 
perature of 20-22OC The process takes about 8 h under aerobic conditions and 
yields are better than those of some chemical methods. 

li 
R = H, CHPCHCH2 NH 

0 1,38ecuoscezin-2ule 

III. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2-DipZcepin-hw 

When the t-butoxycarbonylhydrazone (623) is stirred in ethereal hydrogen 
chloride, a diazepine ring is formed; the butyl ester group is lost. 

COOMe COoMe 
I 

~ W W )  &; 1301*1 - 
90% 

CH2COOMe 

2,- 

uc=NNHwm 
(62.3) 

2. 1,4-Dirzepine-2,7-dione 

This ring is formed by reaction between a carboxamide and a carboxylic ester 
under strongly basic conditions. 0 
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1. 1,2,3-Triazine 
2. 1,2,3-Triadn-4-one 
3. 1,2,3-Thiadiazine 

1045 
1045 
1046 
1046 

The chemistry of heterocyclic diazonium salts has been reviewed [2980]. 

1. FORMATION OF A SIX-MEMBERED RING 

1. 1,2,3-TriPzine 

Addition of a primary alkylamine to an o-cyanodiazonium salt at low tem- 
perature leads to an efficient cyclization. A similar ring is formed in high yield 
when the aminonitrile (63.1) is diazotized under standard conditionea 
reaction which is not shown by simpler aminonitriles. The product is a useful 
intermediate. 

1045 
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H 

Diazonium Salt 

[;rsnl 

GI 

2. 1 , 2 , 3 - T r i W  

When a 2-aminobenzhydrazide in which both the terminal hydrogens have been 
replaced is diazotized, the hydrazide behaves like a carboxamide and a six- 
membered ring is formed. The same ring is formed by heating a 2carbox- 
amidoaryl diazonium salt with PPA (see Chapter 79, section 11.4). 

3. 1,23-Tbiadidne 

Neighbouring thioamide and diazonium groups react at or below room tem- 
perature to form a thiadiazine ring. 

H H 
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Examples of cyclizations of a ureido- or thioureido-thiol and of a hydroxy- 
sulphonamide are given in this chapter. 

I. FORMATION OF A FIVEMEMBERED RING 

1. Pyrpzole 

An o-hydroxy-, o-methoxy- or o-methylthio-nitrile is cyclized in high yield by 
heating with hydrazine hydrate in an alcohol. 

IM7 
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Another ring system synthesized similarly: 

2. 1,2,4Tripzole 

Thioether and ureido groups are joined together to form a triazole ring by 
heating the compound with iodomethane and then heating the mixture in 
ethanol. 

R = Me, PhCH2, Ph, CCE., CMeO., 4-Me-C& I ~ l , 2 - b j l , 2 , 4 ~ l e  
1, E10H.Me1,A; U, E(OH,A 

3. Thiopbeae 

Bromonitromethane is a useful reagent for the cyclization of a mercaptobenzo- 
nitrile to a fused 3-aminothiophene. 
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4. oxrzole 

Hydroxy and ester groups (the latter being formed in siru from a nitrile) react 
at ambient temperature with a nucleophite to form a fused oxazole ring. 

5. Isothirzol-3-one 

Successive treatments of 2,2'-dithiobenzamides with bromine and activated 
basic alumina gives high yields of the isothiazolone. 

6. l&OxatbioIe 2,2-Dioxide 

Loss of a t-amine group and cyclization occur in high yield when an 0- 

(hydroxymethy1)-sulphonamide is mixed with mineral acid at room temperature. 

~ ~20361 W%.u.oH 

Ph Kln 

Ph 

2.1-BenZOx8thide l.l*xide 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidine 

It is sometimes advantageous to convert an amino group into its ethoxymethyl- 
idene derivative (by reaction with an orthoformate); this then cyclizes under 
mild conditions-in this example, at 0 O C .  The ethoxymethylidene derivative 
does not always need to be isolated, and the two steps may be combined as a 
'one-pot' reaction. The chemistry of the medicinally important pteridines has 
been reviewed [3454,3594,3669]. Hydrazholysis of the ethoxymethylene-nitrile 
(64.1) without external heating is accompanied by cyclization in which only one 
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of the hydrazine nitrogen atoms is part of the ring formed. Analogously, 
aminolysis gives an N-unsubstituted pyrimidine. 

Another ring system synthesized similarly: 

2. Pyraa-2-0ne 

One of the byproducts of an attempt to isomerize a cis- to rruns-carboxamide 
was a cyclized product containing a pyran-Zone ring. In a related cyclization, 
a phenolic t-carboxamide (the OH being generated in sim) in which a C - 4  
double bond was hydrated, cyclized readily by boiling acetic acid in 6 h. The 
substrate in this reaction was prepared from the o-methoxymethoxybenzaldehyde 
and lithiodimethylacetamide. Several other benzocoumarins were synthesized 
similarly. 
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PI r n . C b ,  
25K 

l-Beruopyran-2-one Ph 

M W  134111 

R 

O H 0  

R = H. CI, Me. Ph 

Other ring systems synthesized similarly: 

0-H ydroxybenzamides are usually cyclized to 4H-benzoxazin-ri-ones by 
reaction with aldehydes or ketones in mineral acid, but better yields are often 
obtained by the use of a milder catalyst such as PPE which functions as catalyst 
and dehydrating agent [2389]. Another mild method is to use acetic anhydride- 
perchloric acid followed by TEA at ambient temperature to liberate the free base 
[2712]. When a cyanophenol is warmed with acetic anhydride and perchloric acid 
(a potentially dangerous procedure in view of the sensitivity of this acid to heat), 
the perchlorate salt is obtained in good-to-excellent yield [2808]. 
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4. 1,2-0xathiin-4-one 2,Z-Dioxide 

Reaction between hydroxy and sulphonamide functions (cf. Section 1.5) in an 
acidic medium causes ring closure in high yield without external heating. 

1 2 ~ x a a l i i n - 4 0 n e  2.2-dioxide 

III. FORMATION OF A SEVEN-MEMBERED RING 

1. 1 , 4 - D i a z . e p i * ~  

Base-induced opening of an epoxide ring promotes its reaction with a neigh- 
bouring carboxamide function. 
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2. Oxeplne 

This ring is formed by reaction between a side-chain nitrile and a phenolic 
group; the latter is produced in siru by demethylation of an ether with pyridine 
hydrochloride which also acts as a cyclizing agent and demethylates another 
methoxy group. 

3. 1,4-oxazepin-s-one 

Salicylamide undergoes 0-alkyIation on heating with bromoacetaldehyde 
acetal; the product is then cyclized by heating. 
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Cyclizations of sulphonamide, hydroxamic acid and thiocarboxamide functions 
with ring-carbon are included in this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

The ylide (65.1) is cyclized by reaction with benzyne followed by thennolysis in 
xylene [2735]. Another malononitrile derivative (65.2) cyclizes in a basic medium 
[2674]. The chemistry of pyrrolizine has been reviewed 132251. 

1054 
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fq 
NH 

pvnolidne 

The regioselectivity of the addition of a C-N ylide (65.3) to an unsymmetri- 
cal alkyne (in a sealed system) has been studied. The substituents on both 
reactants have a strong effect on the course of the reaction and/or on the ratio 
of regioisomers formed. The equation showsexamples of cyclizations which give 
one isomer [3471]. Reaction of an ylide (from a diazine) with DMAD results in 
the formation of a new pyrrole ring [2244]. The synthesis of pyrrolopyrimidines 
has been reviewed [1659,2593]. DMAD also annulates a nitrile to a ring-carbon 
in a reaction; the nitrile group is lost in cyclization [3129]. Dibenzoylacetylene 
forms a ring at the peri positions of benzindolizine [3492]. 

R=H.MeO X-N; Y -2 -CH pynok[lP-apyrimidine 

X=Z=CH; Y = N  pynok[12-aby~azbre 
X=Y=CH; Z = N  pynok[l,2-bbyrkkzine 

0 
R' I H, Me, Ph, PhcO; R2 - We.  Ph 
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When an attempt was made to hydrolyse the nitrile group of (65.4), ring 
closure on to the pyrazole carbon atom took place in high yield. The welt-known 
reaction of nitriles with gaseous hydrogen chloride (review [2547)) may be used 
to convert the N-cyanoethylpyrrole (65.5) into a pyrrolizine. 

NH 

2. Pyrrol-2- or -3-one 

Nitrenium ions (-N+-) generated by treatment of N-chloro compounds with 
silver carbonate and trifluoroacetic acid at OOC, attack a benzene ring. In this 
way, good-to-excellent yields of 2-indolones are obtained. When RZ = NO2, 
the yield of indolone is poor, and when R‘ is not a hydrogen, different products 
are often produced [3550]. A side-chain hydroxamic acid is cyclized on to an 
adjacent ring-carbon atom on heating the compound with PPA [2239]. A 
pyrrol-3-one may be built from an N-fl-cyanoethyl side-chain and zinc chloride 
[2867]. 

6 4 - m -  & I  “DyP \ [3550] R2n R’ CR3CNHOMe I ll R’ 
FT 

24ndokne 
R ‘ O  

R’or#  - H, W ,  CI, Ek,AeNH. Me: R3d - H. Me 
I. CH&. 1wIocI; ii, TFA. 
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H 

3. Tbiophew 

A malonylidene mononitrile attached to a ring forms a fused thiophene when 
heated with sulphur and an amine; cyclizations of this type have been reviewed 
[2977]. 

4. Isdbirzde 1,l-Dioxide 

o-Lithiated N,N-diphenylbenzenesulphonamides are cyclized by reaction with a 
nitrile at low temperature with elimination of diphenylamine from an inter- 
mediate imine. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

Interaction between a cyano group and a carbon atom of a cyclic enaminone is 
facilitated by transition metals. Thus, in the absence of copper(1) chloride, 
potassium carbonate does not convert the cyano-enamine (65.6) into a reduced 
acridinone. Reduced acridines may also be synthesized by cyclization of N-aryl- 
benzamides with phosphorus oxychloride. 
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k - Ph. Me-. cc. Er-, Wc& kxwne 

Other ring systems synthesized similarly: 

Cyanomethyl groups can be a convenient source of pyridine rings: treatment 
with acetic anhydride-perchloric acid 139341, acetonitrile-aluminium chloride 
(28841, Vilsmeier reagent [2721, a 1,Zdibetone (or its enol) [2714] and malon- 
aldehyde bisacetal [2714] have been used successfully and sometimes give high 
yields. Pyrido[4,3-bJindoles have been reviewed [2535]. 

Me 
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OMe OMe 
I I 

mi 

R'-H,Me, Ph; +=H.Me.Ph.COOMe; 
@ = H . M e ;  X = W . O . S  

X = NMe -1,2--d-lO-bn 
X = 0 Py~W(32-Wo~ad- l@bn 
X = S Pyrkk(3,2-~rOlhi lO-&im 

Another ring system synthesized similarly 
CN ayi R' 

127141 

2. Pyridio-korFyridk-2-tIiione 

A carboxamide or thiocarboxamide is annulated to the neighbouring ring- 
carbon atom by heating with a malonic acid derivative and ammonium acetate. 
Oxidative cyclization of a biphenyl-2-carboxamide with peroxodisulphate 
(through a radical intermediate) leads to variable yields of a phenanthridinone. 
The type of substituents on the nitrogen and on the non-carboxamide ring plays 
an important role in determining the yield, the highest yield being from the 
N-phenylamide (R2 = H) and the lowest from the substrate where R' = H, 
R2 = MeO [2412]. 

R' = CN, COOEt, PhCO 
R2-NH2.OH.Ph; X=O.S 
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3. Pyrimidine 

The nitrile group of another malonic acid derivative (65.7) forms a pyrimidine 
ring by reaction with a ring-nitrogen. 

4. Pyrirnidid-one 

The reaction of a side-chain carboxamide with DMFDEA joins the NH, to a 
neighbouring ring-NH and a fused pyrimidinone ring is formed. The same type 
of reaction may operate in acetic acid when carboxamide and ring-nitrogen are 
in different rings. 
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5. Pyrazin4ow 

A carboxamido group may be annulated to a adjoining ring-nitrogen by heating 
the compound with phenacyl bromide. 

1061 

Another ring system synthesized similarly: 
0 

6. Pyran4one 

In the presence of PPA, a cyano group can be partially hydrolysed and a bond 
is then formed to a nearby ringcarbon atom. 

7. Thiopyrna 

A Diels-Alder reaction occurs between the thioxo function of a thiocarbox- 
amide and a neighbouring ring-carbon (as a heterodiene) and the triple bond of 
DMAD to give a high yield of a fused thiopyran. The usefulness of heterodienes 
in this type of reaction has been reviewed [2455, 3067a, 38801. 
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8. l&Oxatbiin 2&Dioxide 

One carbonyl of an unsymmetrical imide is annulated to a ring-carbon atom 
when the compound is treated at room temperature with a mixture of sulphuric 
acid and acetic anhydride. 

n. FORMATION OF AN EIGHT-MEMBERED RING 

An unexpected product is formed when a chromone-3-nitrile is heated with 
malonamide and piperidine. I-Benzopyrans to which a heterocycle is fused at 
the 2,3-positions have been reviewed [3343, 33461. 
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Carboxylic Acid or its Derivative and Halogen 
1. Formation of a Five-membered Ring 

I .  Pyrrole 
2. Pyrrol-2-one 
3. Pyrazole 
4. Furan 
5. Thiophene 
6. Isoxazole or Isoxazol-5-one 
7. Thiazole 
Formation of a Six-membered Ring 
1. Pyridine 
2. Pyridin-2-one or -4-one 
3. Pyridazine 

. 4. Pyrimidine 
5.  Pyrimidin-4-one 
6. Pyrimidine-2,4dione 
7. Pyran-2-one 
8. 
Formation of a Seven-membered Ring 
1. 
2. I ,4-Diazepine-2,5-dione 
Formation of an Eight-membered Ring 
1. 1 .5-Diazocine-2,8-dione 

11. 

I ,3-Thiazin-4-one or I ,3-Thiazine-2,4-dione 

I ,3-Diazepin-2-one, 3-Thioxo- or 1.3-Thiazepin-Cone 
111. 

1V. 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pynole 

1063 
1063 
1064 
1065 
1065 
1 066 
1066 
1067 
1067 
1067 
1067 
1068 
1068 
1068 
1070 
1070 
1070 
1071 
1071 
1071 
1072 
1072 

A primary amine reacts with an ochloro(malonylidenenitri1e) function to give 
a new fused pyrrole ring; when one nitrile group is replaced by ethoxycarbonyl, 

1063 
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it is the CN group that reacts with the amine. Suitably positioned bromine and 
carboxylate ester functions react with a primary amine to form a pyrrol-2sne 
ring (p. 236), but a malonylidene ester is reported to lead to a pyrrole ring. 

Rz 

R' 

(EIoOc)& =HC' 

R' = bMeOCd%m: F$ = H, Me, PhCH2, Ph 

Another ring system synthesized similarly: 

R' 

Oipy~w3.4-b : S,4'-dbW 

2. Fynol-2-one 

Thiourea behaves as a monofunctional compound in its reaction with o- 
chlorornethylbenzoyl chloride but N,N'-thioureas give rise to seven-membered 
rings (see Section 111.1). A fused pyrrol-tone ring may also be synthesized by 
treating o-N-acylbenzamides with sodium hydride and then with butyl-lithium 
at - 78 O C ;  the lithio-oxy derivative formed is then quenched with hydrochloric 
acid after standing for 2 h. 

0 
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3. Pyrrzole 

o-Chloro-carbohydrazide (in which the halogen is reactive) is cyclized by 
heating with copper powder in pyridine 122751. Chloronitriles are cyclized by 
heating with hydrazine (p. 338); phenylhydrazine also reacts on heating in 
dioxane [3569] or on stirring in dichloromethane for 4h. This latter study 
showed that it was possible to isolate two isomers from cyclizations with some 
arylhydrazines whereas others (For example, Cmethyl- or ctmethoxy-phenyl- 
hydrazine) produced only the I -arylpyrazolo-l,3sxazine. An electron-with- 
drawing substituent on the phenyl ring may inhibit this cyclization [4003]. 

k 

Ph Ph 

R = PhCHzN&. PWH Pyrazdol3.4-d b m  

+ MHN& 

0- 

k = Ph, CCC. 4-MeO-. 4-MeC& 

4. Furan 

Neighbowing halogen and ethoxycarbonyl groups are annulated by heating 
with the sodium salt of ethyl glycolate, but when the latter was replaced by ethyl 
lactate, prolonged heating was required and decarboxylation also occurred. 
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5. Tbiopbeae 

A nuclear chlorine and a side-chain nitrite interact when the compound is 
treated with sodium methoxide and hydrogen sulphide. 

Ph 
I y-fh TY9b s &Lyl [2eW 

NCC\ 0 

CI 

(wa) Thien0(32--2- 

6. Isoxrzde or Isoxd-sOae 

Advantage is taken of the enhanced reactivity of halogeno and ester substituents 
on quinones or on a pyridine ring in the synthesis of benzisoxazolediones or 
isoxazolopyridinones, respectively (see also Chapter 52). 

Me 
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7. Tbiazole 

1067 

Passing a stream of hydrogen sulphide through an isopropanol solution of the 
3-chloro-4-cyanoaminopyrroledione (66.4) containing pyridine converts it into 
a pyrrolothiazoledione. 

II. FORMATION OF A SIX-MEMBERED RING 

1. pyridlw 

3-Cyanovinyl-2-chloroquinolines react with an excess of a cyclic secondary 
amine to form a 1,bnaphthyridine in good-to-excellent yields. 

ZBromobenzamides couple with arylboronic acids; thermal deprotection of the 
amino group is followed by the formation of a fused pyridin-2-one in good yield. 
The Cone ring may be constructed in low yield by stimng at a low temperature 
(- 5 "C) a 2-fluorobenzoyl chloride with the lithium derivative of ethyl pyridine- 
Zacetate. 

R S  

-66n "7l 
R' ' C N R W  (HOS R' 

NHtBoc 0 
II 
0 

R ' - H . m ;  R2-H.W. R3-H,Me0 6-Phulan- 
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F ‘ c o c r  N /  w. - 2 6 % *  F d W E W v  F 

C H W E t  0 
-Jquindidrrt)one 

3. Pyridazine 

FnF + ?  
Hydrazine appears to attack the a-carbon atom of Zdiazocarboxylic esters to 
give a new fused pyridazine with simultaneous elimination of hydrazoic acid. 

H -Yxa N, 
OIK MHP, -y* (2eosl 

CONHZ 
04 S F  OH 

lwmW4,5--h 

4. Pyrimidine 

Cyclization of a halonitrile with an amidine or guanidine usually needs a 
strongly basic medium, but heating in DMA may also be effective as in this 
example which uses guanidine-potassium carbonate. 

5. P y r i m i d i d  

A carboxylic acid derivative which also contains an activated neighbouring 
halogen atom may be cyclized by warming with an amidine (or guanidine) or 
2-aminopyridine (a cyclic amidine). In some reactions of this type, it is advan- 
tageous to add a base such as TEA. The chlorine atom of the thienopyridine 
(66.5) is unusually resistant to nucleophiles; however, guanidine in N-methyl-2- 
pyrrolidinone gave a reasonable yield of the expected product. 



Formation of a Six-membered Ring 1069 

Other ring systems synthesized similarly: 
0 

R 

R q N H  

0 

135511 

Pyddop,&d]pyrimi&-lone 

131 301 

GI 
M w r # o ( l P P  : 82-s]wrMdirrs-one Cocl 

Other ring systems synthesized similarly: 
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6. Pyrimidine-2,4diooe 

A new fused pyrimidinedione ring may be synthesized by heating a reactive 
o-chloro ester with an N,N‘-disubstituted urea. 

0 
II 

ElOC 

W31y 
A MeN 

ci Ph 
Me 

Whk445412,cMMinoe.Bcwone 

7. Pyrao-hw 

Malonylidene nitrile and a chlorine are transformed into a fused pyran-2-one 
ring when heated with ethanolic hydrogen chloride [3002]. Reactions in which 
nitriles and hydrogen chloride interact have been reviewed [2547l. When a 
2-bromobenzamide is heated with orcinol in dilute sodium hydroxide contain- 
ing copper(I1) sulphate, the bromo and amino groups are lost; C-C and 
C-0 bonds are formed in a synthesis of the dimethyl ether of alternanol, a 
compound found in some plants of the Liliucue family [2922]. 

8. 1J-ThiazibeOlle or 1,3-”hWae-- 

Nickel(0)-induced cyclization (review 129981) of o-iodobenzamides gives good 
yields of 1,3-benzoxazinone or the dione by reaction with a urea or a thiourea, 
which may be mono-N- or di-N,N‘-substi tuted. o-Iodobenzonitrife behaves 
similarly. Nickel(I1) chloride is complexed with triethylphosphine, and the 
reaction needs a temperature of about 60OC. 
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X = NH. NMe. NPh, 0; Y -0. NH 

III. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,3-Diazepio4one, 2-Thioxo- or IJ-Thiazepia-eOne 

Either or both of these rings may be formed when a symmetrically substituted 
thiourea is heated with a 2-halomethylbenzoyl halide; usually the thiazepinone 
predominates. Under mildly basic conditions, 2-bromomethylbenzoyl bromide 
was earlier reported to give the h n e  when it reacts with either a thioamide or 
an N,N‘dimethylurea [257 I]. 

2,4-8enm*keprcl-50nem 

2. 1 ,4-Diuepi l Ie-~ne 

The benzohydroxamate (66.6) cyclizes while it is being stirred in DMF contain- 
ing TEA. 
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IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. l~DiazQcine-2,adione 

The chlorocarboxamide (66.7) reacts with methyl anthranilate under anhydrous 
conditions to give the diazocinedione in good yield. 
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Carboxylic Acid or Ester and Hydrazine 
or Hydroxylamine Derivative 

I. Formation of a Five-membered Ring 
1.  Pyrazol-3sne 
2. Isoxazole 
3. Isoxazol-3-one 
Formation of a Six-membered Ring 
1. Pyndazin-3-one 
2. Pyrimidine-2,4-dione 
Formation of a Seven-membered Ring 
1. 1,2-Diatepin-Zone 
2. 1.4-Diazepin-2-0ne 

11. 

111. 
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1074 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Pyraml-3-one 

Annulation of hydrazino and carboxylic ester groups may be effected by heating 
either with acid in DMF or with aqueous alkali. 

1073 
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2. Isoxrrzoie 

A novel synthesis of a fused isoxazole is based on the cyclization of the 0-(0- 
cyanopheny1)oxime of acetone in an acidic medium and at ambient temperature. 

3. Isoxlzol-3-one 

Base-catalysed cyclization of the N-hydroxyureide ester (67.1) involves the 
N-hydroxy function rather than the ureide. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridazin-3-oae 

Interaction of a bishydrazone with a carboxylic ester group in 2M sulphuric acid 
at ambient temperature gives a high yield of pyridazinone; one of the ketones 
is lost. 0 
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2. Fyrirnidi~e-2,4lione 

1075 

An alkyl isocyanate annulates an ester-hydroxamic acid in high yield without 
the need for external heat. 

0 
11 

OCNHMe 

Et&. KO((. sbn E m  * &To 1207i31 

0 

2-e 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2-Dimpio-3-one 

Under mild reaction conditions, this ring is formed from a carboxylic acid and 
a hydrazone group in the presence of DCC. 

"aF=- Me0 CH2COOH cwzMbDcc=_ deem M e O  w&y l=w 

k - ph. 4 - a .  4-Br-c& 
2~3--Benzodazepin-4-onti1 

2. 1,4Dimpin-2-one 

Reductive cyclization occurs when a suitable oximino ester is treated with zinc 
and acid. 

M 
I 7h.AdWHCI.A q y - e  127421 

4 8 % *  

,T- 
C=NW 
I N 

P h H  Ph 

aN 
[1,2,3Jr1ia2041 ,5-a~1,4pe1~odiaz~4-r~ne 
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Carboxylic Acid, Acyl Chloride or Ester and 
Hydroxy or Ether 

I. Formation of a Six-membered ring 
1 .  Pyran-2-one 
2. Pyran4one 
3. 1,3-Dioxane-2,4dione 
4. Thiopyran-2-one or 4 o n e  
5. I ,3-Oxazin4one 
6. 1,3-Thiazin-4-one 

1 076 
1076 
1078 
1079 
1079 
1079 
1080 

An example of the cyclization of an o-acyloxy-acyl chloride is included in this 
chapter. 

I. FORMATION OF A SIX-MEMBERED RING 

1. Pyran-2-one 

Heating a 3-(2-hydroxyphenyl)propionate ester in diphenyl ether with pal- 
ladium-charcoal induces a combined cyclization and dehydrogenation [3437l. 
Simultaneous de-O-benzylation and cyclization of a 2-(benzyloxy)acrylic acid 
by heating with acetyl chloride containing phenyltrimethylammonium iodide 
gives good yields of a fused pyran-%-one [3836]. In contrast, an o-methoxy- 
benzylidenemalonic acid (as its potassium salt) cyclizes in the cold when treated 
with trifluoroacetic acid-trifluoroacetic anhydride [3938]. 

I076 
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igenzopymn-2* R - Ha Meo, ( m k  

Isocoumarin may be synthesized in high yield by heating an o-ethoxyvinyl- 
benzoate ester with mineral acid. An o-hydroxy (or ethoxy)malonyiidene mono- 
nitrile gives a high yield of a fused pyran-2-one by heating with hydrochloric 
acid. 

0 

2-senzopyran-1-W 

Other ring systems synthesized similarly: 
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2. Fyraa4one 

The acid chloride of 0-acetylsalicylic acid reacts with the lithium enolate of 
acetone or butan-2-one to give a chromone in good yield. The same substrate 
is converted into a 2-aminochromone-3-carbonitrile by heating with malono- 
nitrile (review (20731) and alkali. 

Photocyclization (by a radical mechanism) of the mixed anhydride (68.2) 
gives a good yield of the chromanone. An allyloxybenzo radical is probably 
formed and is cyclized to a benzopyranylmethyl radical. A review of develop 
ments in radical, cationic, anionic and metal-promoted cyclizations was recently 
published [3825]. 0-Demethylation of a 2-methoxybenzoic acid followed by 
reaction with 1,3,5-trimethoxybenne gives a moderate yield of the xan- 
thenone; related xanthenones are similarly synthesized, for example, 2.6-dihy- 
droxybenzoic acid and resorcinol give 1,6-dihydroxy-9-xanthenone [2407]. 
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3. 1,3-Dioxane-2,4dioae 

Salicylic acid is cyclized by reaction under anhydrous conditions with phosgene 
at a low temperature followed by addition of TEA. 

4. Thipyran-2-ome or &ne 

A side-chain acyl chloride cyclizes on to a neighbouring thiol group (formed in 
siru by demethylation of a methylthio ether) under mild conditions. The corre- 
sponding thiopyran-4-one is obtained by the reaction of a 2-mercaptobenzoate 
ester and brornobenzene with lithium N-isopropylcyclohexylamide (LICA) at 
low temperature. 

R = H. Ae. Me, CONE& 
I. THF.UCA 

5. 1,3-Oxazio4ow 

Annulation of a hydroxycarboxylic acid is effected at ambient temperature with 
a carbodi-imide as the reagent and pyridine as solvent. 
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6.13.w- 

The sulphur analogue of the above oxazin4one is prepared from a mercapto- 
carboxylic acid but with an amino or acyl nitrile in refluxing dioxane or acetic 
acid. 

H 

d;+Rm dbr0rM.OH.a 4046% f l  ' N' WI 

R - N&. CONHa WHCS,  PhNHCO. PhNHCS [ 1 , 3 J T h ~ 6 . ~ d f t O U t k l ~ ~  
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Carboxylic Acid Derivative and Lactam 
Carbonyl, Cyanate or Isocyanate 

1. Formation of a Five-membered Ring 
I .  Pyrrol-Z-one 
2. Thiophene 
3. Isothiazol-3-one 
Formation of a Six-membered Ring 
1. Pyridin-2-one 
2. Pyrimidin-2-one or Pyrimidine-2-thione 
3. Pyrimidin4one 
4. Pyrimidin-Cone, 2-Thioxo- 
5. Pyran-2-one 
6. 1,3-&iazh40ne or -6-one 
7. I ,3-0xazine-2,4-dione 
Formation of an Eight-membered Ring 
1. Amin-4-one 

11. 

111. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrol-zow 

A carboxamide in a sidechain reacts with a neighbouring lactam carbonyl 
group on heating with a strong base. 

H H 

IBuoKcsuaa 02-BML 4 hJ+-+-yNTo [2207l ”v”\a” 
CH2CONH2 RC 

l l  
0 

RC 
II  
0 

R-HO,N& ~ * 3 - ~ 2 -  

1081 
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2. Tbiipaene 

Application of the Thorpe cyclization (review [2977]) to mercapto-nitriles yields 
a fused 3-aminothiophene ring. 

3. ISotbi~OC39ae  

Cyano and lactam thiocarbonyl groups are annulated to this fused ring by 
heating the compound with sulphuric acid. 

H vw H . s % A >  y s ‘ g  1- 
R2 

53-8496 

R’ R’ 

R’ ,R~ - ~ e .  ph l a o w a z o l o l s , r -  

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridin-t-ow 

Carboxamide and lactam carbonyl functions attached to different rings may be 
joined together through a pyridinone ring by heating the compound in acetic 
acid. 

H H 

w1 el 

0 

1 2 , 4 - T ~ 5 . 6 - ~ ~ ,  3-thkXO- 

2. Pyrimidi2-01~ or Pyrimidine-Ztbiow 

This ring is formed in high yield by heating a 2-isocyanato (or isothiocyanato). 
benzonitrile with hydrochloric acid. The use of isothiocyanates in the synthesis 
of heterocycles has been reviewed [3593, 39901. 
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H 

ci 

3. Pyrimidin4ow 

Interaction between a carboxamide group attached to one ring and a lactam 
carbonyl of another ring under dehydrating conditions leads to the formation 
of a pyrimidin-4-one. 

4. Pyrimidid-one, 2-Thioxs 

Although hydrazines often behave as difunctional reagents, they react with an 
isothiocyanato-carboxylate ester at room temperature at one nitrogen only. 
Amines and amino acids yield 3-substituted pyrimidines on being heated with 
this isothiocyanate (review of isothiocyanates [3990]). 

H 

Other ring systems synthesized similarly: 
H 

NNH, 

0 
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H 

I=fl 
CH&Ordb&RNHbA 

2343% 

0 R - Me, w1, HooccH2 
W . 3 - d - C .  2-thkwa- 

Other ring systems synthesized similarly: 
H 

5. Pyran-2-ow 

Thermal cyclization of a side-chain carboxylic ester to a lactam carbonyl group 
is an alternative to the photochemical method (p. 359). This cyclization is 
equally efficient when the two functions are in different rings. 

Me Me 

o=Foy-Jo CH=C 
+ oyq-Jo I2enl 

f l R  COOEI - 4kB(m d 
&R 

COMeO 
I1 
0 

I 
CoOMeo 

Pvrano[2.3-d],4,?-the 

PhN-N 

IW 
N O  N O 0  
H 

Pyraztalop.4' : 4,5jpym~2.3-blpyMn4-0~1 
R=Me.Ph 

6. 1,3-Oxazia-eSne or bow 

2-Cyanatobenzoate esters cyclize to a fused oxazin4one in the presence of a 
mild base while the isocyanatobenzoyl chloride is ring-closed by a secondary 
amine. 



Formation of an Eight-membered Ring 1085 

w..- q- I=a 
RN=N a:, m -  RN=N 

0 R - P h . 4 4 W W 4  
1,3-&wImx- 

7. 1~xazine-&4diom 

This ring is formed when methyl 2-isocyanatobenzoate is warmed with 
phosgene. 

H 

111. FORMATION OF AN EIGHT-MEMBERED RING 

1. A z o c i  

An azocinone ring in the alkaloid magallanesine is formed by reaction of ester 
and thiocarbonyl groups with DMFDMA. 

0 
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Carboxylic Acid Derivative, Lactam Carbonyl or 
Isocyanide and Methylene 

I. Formation of a Five-membered Ring 
1. Pyrrole 
2. Pyrrol-3-one 
3. Imidazole 
4. Furan 
5. Furan-fone 
6. Thiophene 
Formation of a Six-membered Ring 
1. Pyridine 
2. Pyridin-2sne or &ne 
3. Thiopyran-2sne 
4. 
Formation of a Seven-membered Ring 
1. Oxepine-3.5dione 
2. I ,dOxathiepine or 1.4-Oxathiepin-hne 
Formation of an Eight-membered Ring 
1. Azocine or Azocin-2-one 

11. 

I ,2-Thiazine I ,  1 -Dioxide 
111. 

IV. 

1086 
1 086 
1087 
1087 
1088 
1088 
1088 
1089 
1089 
1090 
1091 
1091 
1092 
1092 
1092 
1093 
1093 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pymk 

Carboxylic ester and activated N-methylene groups react under strongly basic 
conditions at room temperature to form a pyrrole ring, but attempts to cyclize 
the N-tosyl analogue of (70.1) under Dieckmann reaction conditions were 
unsuccessful; when the N-acetyl amine (70.1) was treated with sodium hydride, 
cyclization was achieved in good yield. 

1086 
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Ph 

NCHaCN 
I m 

m.- 6 % )  DNyZ [=I 
MeO a COoMe Me0 

h&k 

Ac 

2. Pyml-3-oDe 

The indole-2-carboxylate (70.2) undergoes a Dieckmann condensation using 
sodium in benzene. An excess of lithium bis(trimethy1silyl)amide (LBA) in THF 
at -78 "C for 5 min cyclizes the thio ester (70.3) to the stereoisomer shown as 
the only product. The same base has been used [30673 to synthesize other 
biologically promising carbapenems. 

3. Imidamle 

Cyanoimino and methylene groups interact in a base-catalysed reaction to form 
a 2-imidazolamine ring in good-to-excellent yields. 
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4. Faran 

Base-catalysed cyclization of methylene and nitrile groups gives a fused 3- 
aminofuran which also has a potentially useful substituent at C-2. This varies 
according to the base used: potassium carbonate-DMF gives a 2-CN whereas 
potassium hydroxide produces a 2-CONH2 group [267. 

Another ring system synthesized similarly: 

5. Furan-3-01~ 

An intramolecular Dieckmann reaction may be adapted to produce this ring 
too. A strong base is needed to convert the 0-methylene group into its anion, 
which attacks the 3-methoxycarbonyl function. 

R'-H.CI; R2-H,Me m3.4-q&mn-- 

Another ring system synthesized similarly: 
'F;ooEt 

S farnEt 0 

6. Tbiopheae 

The reactions of various nitriles with sulphur (and sometimes with ammonia) to 
form a new fused heterocycle have been reviewed [2977). An o-methylcarbo- 
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nitrile may be cyclized by passing ammonia into a suspension of the substrate 
and sulphur. t-Butoxide-sodium acetate or TEA are useful promoters of this 
type of cyclization as is shown in the synthesis of (70.4). 

vlrwS.N)o 8ox *& NH2 Wm & ' 0 0  

nieropd-mponropvrsnConeF- 

Other ring systems synthesized similarly: 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

The anion from (70.5) attacks the nitrile group and a 4aminopyridine ring is 
formed; in this example, the product is related to the antibacterial agent nalidixic 
acid. S-Phenyl esters are useful in regioselectively directing a Dieckmann con- 
densation of the diesters (70.6) to carbacephems. Dieckmann reactions usually 
require heating but the enaminic ester (70.7) undergoes cyclization without 
external heat. 

I R 
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w 

m.7) 

2. Pyridia-2saeor-40w 

Annulation of methyl and carboxylate ester groups occurs when the compound 
is treated with sodium hydride and I,3,5-triazine under anhydrous conditions. 
Two of the methylene groups of the diester (70.8) are activated by adjacent 
carbonyl groups, but under Dieckmann reaction conditions, the carbonyl next 
to the carboxamide group reacts with the ester. A base-catalysed procedure 
for annulating carboxylic ester and methylene groups gives a high yield of a 
4-hydroxypyridin-2-one ring (a tautomer of the 2,Mione). This provides a 
convenient synthesis of a 1,8-naphthyridin-2-one (or 2,4-dione), which is a 
leukotriene inhibitor [4002]. 

H H 



Formation of a Six-membered Ring 

NR2 - piperidin0 

The microbiologically important 4-oxoquinoline-3-carboxylic acid skeleton is 
formed by applying Dieckmann conditions to the diester (70.9) in which the NH 
is protected as its acyl derivative. Dehydrogenating agents such as chloranil do 
not always give good results when applied to the dihydroquinolinones thus 
produced. Better yields are obtained by electrolysis in acetic acid-t-butanol with 
a quaternary ammonium salt as electrolyte. With careful choice of conditions, 
a high yield of the deacylated quinolinone may be obtained. 

H R’q$ [m R1yy CO0Me COoMe 

N(Cw2- 
i. I 
d 6 y *  

ma) 0 

R’-H.CI; R2-Ac.cooMe CQuinolinOne 
i. NaH. THF; 9, electdyds, E W T s ,  WIOH. AoOH 

3. Thiopyrm-2sw 

When NJVdiethyl-2-methylbenzamide is treated successively with LDA and a 
thioester (R’COSEt), the sulphur atom is held in the ring of the product. 

S 

(37311 67-71% 

4. l&Tllipziee l,l-DiOxide 

The use of titanium(1V) chloride as a mediator of organic reactions (review 
[3045]) has recently been extended to the Dieckmann condensation, which 
is normally base-catalysed. In this example, an intermediate in the synthesis of 
piroxicam is synthesized in a reaction which gives the best yield when the 
substrate : TiCb : amine ratio is 2.2 : 1 : 3. 
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1.2-BenzothiaziM 1.1-dbxide 

HI. FORMATION OF A SEVEN-MEMBERED RING 

1. Oxepine-3,5dione 

Attack by an anion derived from an acetyl group on a neighbounng ethoxycar- 
bonylmethoxy of compound (70.10) succeeds only when a phenolic group is 
present adjacent to the acetyl substituent. 

2. l,rl-<)xathiepiae or 1,4-Oxrtbiepb6-ooe 

The base-catalysed Thorpe-Ziegler reaction (review [ 19221) on the dinitrile 
(70.11) can give a good yield of the oxathiepin at room temperature. Replacing 
one or both nitrites in (70.1 1) by methoxycarbonyl groups enables the oxathiepi- 
none to be prepared under mild conditions. 

R' - H. Meo; RZ I H, Me, CI, PhCcH-p; 
R3 - H, MeoocCH&& R' - CN, COoMe 1.5-Benzoxathiepk-3one 
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IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. Azocine or Azocin-2-0ne 

Bis(tosylmethy1 isocyanides) form anions readily; one of these attacks the 
isocyanide in the neighbouring chain of (70.12) to form a fused azwine or 
d n o n e  ring depending on the base used to generate the anion. 
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2. Pyridin4one 
3. Pyran-2sne 

1094 
1094 
1094 
1095 

I. FORMATION OF A SIX-MEMBERED RlNG 

1. Pyridin-2-one 

2-Cyanophenylacetic acids are cyclized by first heating with phosphorus penta- 
chloride and then treatment with mineral acid. This appears to give better 
yields than heating the acid with a mixture of phosphorus pentachloride and 
ox ychloride. 

n 
I 

R = H, CI, Br. Meo. Me; X a CI. &, F Slsoqukrdlnone 

2. P y r i d d  

Interaction between an ester and a nitrile in hot PPA can result in simultaneous 
cyclization and loss of the nitrile group. An attempt to induce a (base-catalysed) 
Thorpe-Ziegler cyclization (review [1922], see also Chapter 70, Section 1V.I) 
failed in this instance. 

1094 
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COoEt Q$ =- Qy% plm] 

0 0 

3. FyraR-2-0ne 

In a basic medium, o-cyanomethylbenzoic acid reacts with acetyl chloride to 
give isocoumarins instead of the expected mixed anhydrides. 

0 
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1. 1.3-Diazepine-2.4-dione 
2. 1,4-Diazepin-S-one I-Oxide 
3. 1,2.4,6-Tetrazepin-S-one or 1 ,2.4,6-Tetrazepine-S-thione 

1096 
1096 
1097 
1097 
1097 
1097 
1098 
1098 
1 loo 
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I I03 
I I03 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Pyml-2-one 

The methylene, cyano and nitro groups of compound (72.2) are involved in its 
conversion to an isoindole derivative by heating with a catalytic amount of 
ethanolic potassium acetate. 

1096 
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0 

2. Imldazoi-Zone 

It is sometimes advantageous to avoid alkaline conditions during the synthesis 
of 6,8-purinediones. This may be achieved by cyclization of 5-ureidopyrimidine- 
4,bdione with PPA; hydrochloric acid is usually less efficient. Phosphoric acid 
(85%) may also be used in the conversion of the ureidopyrimidine (72.3) into 
a 6.8-purinedione. 

3. 1 ,2,4TBiadiazole 

Oxidative cyclization occurs in high yield when a compound containing lactam 
thiocarbonyl and thioureido functions is treated with bromine-TEA at ambient 
temperature. 

H 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiae 

A nitrene (derived from a nitro group and triethyl phosphite) reacts with an 
adjacent ethoxycarbonylvinyl group to form a quinoline in moderate yield. 
Replacing the ester by a keto carbonyl group results in much lower yields. 
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Qufndine k 
R' = Meo. W H & ;  - CN, COoEt 

2. Pyrimidin-2-one 

A naturally occumng purine nucleoside, isoguanosine, is obtained from a 
5-benzoylureidoimidazole-4arbonitrile which is treated with 33% aqueous 
ammonia for 48 h at room temperature. A ureide is probably an intermediate in 
the conversion of the dinitrile (72.4) into a purinone. The enzyme catalase 
induces cyclization of o-cyanoureides (72.5) on incubation at 37 OC for 6 h to 
give high yields of quinazolinones. 

PPUrinone 

Me 

3. Pyrimidine-2,rMlone 

In addition to the methods mentioned on pp. 375-376,2-ureidobenzoic acids are 
cyclized by heating with acetic anhydride 126301, alkali [2630] or carbonyldi- 
imidazole [3563]. The carboxylic acid group may be replaced by a carboxamido 
[3 1 17, 3733) or an N-methoxycarboxamido function [2708]. 
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W 

Another ring system synthesized similarly: 
H K  

EIOC 
I1 
0 
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4. Pyrimidin-done, ZThioxo- 

Replacing the ureido function in the reaction described in the previous para- 
graph [3563] by thioureido provides a route to the title ring. This reaction seems 
to be particularly efficient when N3 of the thioureido chain is acylated. 

w H 

Another ring system synthesized similarly: 
H H  

5. Pyrazin-2-one or PyrPzine-2,3-dioae 

Cyclic hydroxamic acids are formed by partial reduction of N-(nitropheny1)gly- 
cine in an acidic medium at 60 "C. The glycine ester (72.6) may be heated with 
a base to give the dione. 

R' ''vQ 
No2 R2 No2 

R'=H.CI; R2=H.Me 2-oukronalinane 

m-wn torn * vrxi 125131 

NHCHCOOH 
I H 

1, MeOH. HU, Snch; ii. W. H2, P& 
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OH 

6. Pyran-ZOW 

2-Nitroethylbenzoic acids, on successive treatment with sodium hydroxide and 
sulphuric acid-methanol, are converted into 2-benzopyran-1 -ones (isocou- 
marins) in high yield. The nitro acid is prepared from a 3-(l-nitroethyl)-l- 
isobenzofuranone, and it is possible to obtain a good overall yield of the 
benzopyranone from this lactone without isolating the nitroethylbenzoic acid. 
A nitro attached to a benzene ring may be displaced by a nucleophile, especially 
if the ring is not electron-rich. Thus, a high yield of a coumarin is obtained from 
the o-nitrocinnamic acid (72.7); the rruns isomer cyclizes more readily than the 
cis isomer. When the benzene ring is replaced by thiophene, no cyclization 
occurs. Nitro group displacement has been reviewed [1398, 1399, 14321. 

k 2ggntowran-lone 
R' = H. MeO; R2 - H, Me. El. 4MeOC&l4 

7. 1,4oXazine 

A 4-oxacephalosporin is formed in good yield by cyclization of suitably placed 
carbamate and ester groups using lithium bis(trimethylsily1)amide at - 78 "C 
under argon. 
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R' P h C H m H ;  R2 = 4-NO&H&I+ 40wa-l-aLebicydo(lP.OJod-2%rr&one 

8. 1,40xazirr30ae 

2-Nitrophenoxyacetates undergo a mild reductive cyclization when treated with 
zinc-ammonium chloride at 3040°C. 

1.4-eellz-3-0ne 

9. 1+maZiabone 

This ring may be constructed from neighbouring carboxylic acid or ester and 
thioureido or acylureido groups by stirring with sulphuric, perchloric or poly- 
phosphoric acid. The last two reagents require heating, and although a high 
yield is obtainable using perchloric acid-acetic anhydride, the considerable 
danger of explosions militates against the use of this particular method. The 
method using sulphuric acid seems the most attractive and efficient [3883]. These 
Zaminothiazinones (72.8) undergo Dimroth rearrangement under basic con- 
ditions even at room temperature. 

Another ring system synthesized similarly: 

.WTNH2 0 

cnn) 
3,1-BenrouJadn49ne 

13-31 
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H 

1103 

R = H, CI, Me 

10. 1,4ThiaZine 

Neighbouring ureido and .dctam thiocarbonyl groups react in alkali with 
phenacyl bromides to form a new thiazine ring. The chemistry of a-halo alde- 
hydes and -ketones has been reviewed 1l3-451. 

1 1. 1 ,QThiazirr;f-one 

Electrolysis of 2-(nitrophenylthio)acetic acid with a mercury cathode in dilute 
ethanolic sulphuric acid produces a high yield of a thiazin-fone. 

12. lf,4Tbiadiazine I,l-Dioxide 

A benzothiadiazine dioxide is formed in high yield when a 2-ureidobenzenesul- 
phonamide is heated for 12-16h in isopropanol and TEA. 
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Ill. FORMATION OF A SEVEN-MEMBERED RING 

1. 1 ,3 -~p ioe -2 ,4d io~e  

Carboxamide and ureido groups react on heating the compound in a mixture 
of dioxane and acetic anhydride; the product is a homologous purinedione. 

2. 1,4-Diampin-Ssne 1-Oxide 

A homologue of guanine is formed by partial reduction of a nitro-nitrile. 

3. 1,2,4,6-Tetrazepin-S-one or 1,2,4,6-Tetrazepine-5.tkione 
N3-Ureidoquinazolin4-one cyclizes on heating with either urea or thiourea to 
form a fused tetrazepinone ring. 

0 L 
1 'Y- &xF sa439b &J; IWl 

R-H.Ph; X=O,S X I 0 1 p,4,6-1e~l,7-4~1inarolin-2one 
X = S 1,2,4,6-1e~1,7.LJquhazalho2-thbne 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

When an N-methyl-N-phenylamino acid hydrochloride is heated with acetic 
anhydride and sodium acetate, a high yield of a 3-acetyloxyindole is obtained; 
this method usually gives good yields, and is not sensitive to oxidizing agents 
which promote the conversion of 3-indolones (indoxyls) into indigo. The dithio- 
carboxylic ester ylides (73.1) are cyclized at or below room temperature when 
treated with bromoacetonitrile or a bromoacetic ester and a base, and are then 
dehydrogenated with chloroanil. The 2-thiol may be obtained by stirring with 
t-butoxide [3761]. An imidazole N-ally1 ylide (73.2, RZ = CN, COOR4) is 
cyclized on heating in xylene to an imidazopyridinone, but when R2 is a 
phenylsulphonyl group, a new pyrrole ring is formed [3797]. 

I105 



d 

R' - CN. COO& 
R3-H,MeS;  R*-Me.Et 

y y ?  
EKX; 

II 
0 

I3797l 

pvrrolol~o-al- 

2. Pyrszole 

When a pyridone carboxylic acid is treated with diazomethane, the major 
product is the pyrazolopyridinone; the carboxylic acid is believed to be esterified 
and diazomethane may then add across the 3,Uouble bond. Replacing diazo- 
methane by diazoethane gave the I-ethyl-3-methyl analogue (26% yield) of the 
pyrazolopyridinone shown as the main product of cyclization. 
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3. Furan-2-o~ 

A stereocontrolled ring closure of a cycloalkadienylacetic acid in the presence 
of a catalytic amount of palladium(I1) acetate [B-41] produces either a cis or a 
trans product according to the conditions, especially the presence or absence of 
a small amount of lithium chloride (which blocks the coordination of the 
carboxylate). Yields vary from 50 to 77%, and the selectivity is greater than 
97% under optimum conditions. An attempt to prepare a 3-benzofuranone (see 
Chapter 88) from the phenoxyarylacetic acid (73.3) resulted in a rearrangement 
and the formation of a 2-furanone. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

When an ester reacts with a ringcarbon atom in the presence of a Friedel-Crafts 
catalyst, a cyclic ketone (or its tautomeric enol) is usually formed (p. 378), but 
in boiling phosphorus oxychloride, the oxygen function may be replaced by a 
chlorine atom [2634]. A carboxylic acid may react with a suitably placed 
ring-carbon by heating with either PPA or phosphorus oxychloride [2127]; 
phosphorus pentoxide in xylene is also effective [2347]. When an electron-rich 
ring such as that of pyrrole is available, heating with acetic anhydride for 1 h 
suffices [3913]. 
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Another ring system synthesized similarly: 

ti 
0 Pym2ob[3 ,4 -b~ne  

Attempts to condense the quinolizine (73.4) with methyl propynoate in 
boiling benzene or toluene containing palladium-charcoal failed, but when 
nitrobenzene was used, moderate-to-good yields of the pyridoquinolizine were 
obtained. Formation of a 4-0x0- or Cchloro-pyridine ring from a carboxylic 
acid (or ester) or an acyl chloride respectively is well documented (see pp. 
378-381, and Section 11.3 of this chapter); in this particular example, a fused 
4-aminopyridine is formed by successively heating an acyl chloride with an 
arylamine and phosphorus oxychloride. 



CHCOOR' 
II 

Formation of a Six-membered Ring 

2. Pyridine-Sthiow 

Thermolysis of the malonic ester (73.5) under reduced pressure (- 10 mmHg) 
leads to a high yield of 2quinolinethione. 

H 

121 341 

mw OH 

2Quindlne(Mone 

3. Pyridin4one 

3-(1-Indolyl)propanoic acid (73.4a, R = H) forms a third ring by attack of the 
carboxylic acid group at C-2 of the indole, but a 3-methoxycarbnyl substituent 
directs the attack to the peti (C-7) position [2997,3015,3115]. When the chloro 
ester (73.6) is heated with either an amine or a thiophenol, a high yield of the 
4quinolinone is obtained [2441]. Replacement of the chlorine atom by an 
ethoxycarbonyl group and heating this with phosphorus pentoxide in nitroben- 
zene is an efficient method of synthesizing a 4-quinolinone-3-carbxylic acid 
[2380]. An unusual source of carbon atoms in the synthesis of a fused pyridine 
ring was applied in one stage of the synthesis of a nucleoside; thermolysis of the 
dilactone (73.7) gave a high yield of the pyrazolopyridinone [3757]. Malonylidene 
derivatives are also cyclized thermally to a fused pyridine-3-carboxylic acid 
[2240]. 



4. Pyran-2-0neor-cl-one 

Fairly high yields of coumarins are obtainable by irradiation for 4-6h of 
methoxycinnamic acids in acetonitrile-water saturated with oxygen and con- 
taining naphthalene- i &dinitrile. Further routes to the flavone ring system 
continue to appear. Flavone-3-carboxylic acids are accessible from /I- 
phenoxybenzylidenemalonic acids and either sulphuric acid or trifluoroacetic 
acid-trifluoroacetic anhydride. Attempts to cyclize the malonic esters were less 
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successful; of the condensing agents tried, PPA gave the best results. Both PPA 
and sulphuric acid cyclized a 4-phenoxypyran-2-carboxylic ester [3290]. Cycliz- 
ation of 2-phenoxybenzoic acids to 9-xanthenones (p. 384) may be efficiently 
achieved by heating with PPE [3665]. 

5. Thiopyran or Thiopyran-eOne 

Both cis and trans-3-phenoxycinnamic acids cyclize with phosphorus pentoxide 
to pyran4ones but the corresponding phenylthiocinnamic acid isomers behave 
differently; the fruns isomer gives a thiopyranone whereas the cis compound 
produces an indenone. Diets-Alder reactions with heterodienes have been 
reviewed [2455, 3067a, 38801. Indole-3-dithiocarboxylate esters act as dienes in 
the Diels-Alder reaction with DMAD (cf. Chapter 65, Section 11.7). 

SR3 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

The nitrogen of ethyl pyridine-3-acetate becomes a bridgehead atom when the 
compound is heated with a phenacyl halide. The chemistry of a-halo ketones has 
been reviewed [B-45]. 

OEt 

1112 
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2. pynol-2sne 

1113 

Condensation of Meldrum's acid (review of uses [3949]) with a pyrrole-2- 
aldehyde yields the pyrrolylidene (74.1) which is cyclized efficiently to the 
pyrrolizinone on flash pyrolysis at 600OC. No examples of annulation of a 
carboxylic ester and a ring-nitrogen to a pyrrole or pyrrol-2-one are given in 
Part 1, but reductive cyclization of (74.2) is a step in the synthesis of the alkaloid 
lennoxamine (see also Chapter 37, Section 111.1). 

0 

3. Pyrezol-3-one 

This ring is formed at room temperature when pyridine-Zacetic acid is stirred 
with hydroxylamine-0-sulphonic acid. 

4. ImidPzole4,Sdione 

2-(Ethoxalylamino)azoles undergo a thermal intramolecular cyclization on to 
the ring-nitrogen, but the yield may be low. 
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0 

- -27x O+.-NyR HN I--, 
EloocCHN ?"*fR A 

I24511 

Imidazo(1 a b y  2,4piazdS5,6dkne II 
0 

R-H.N& 

5. ThinzoEeone 

When azoles carrying a SCH2COOH or similar side-chain next to the ring- 
nitrogen are heated with either acetic anhydride or ethanolic hydrogen chloride 
and 4-toluenesulphonic acid, a thiazolone ring i s  formed, usually in good yield. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridirk2-0ne or Pyridiwc2~0ne 

An acetoacetate sidechain provides the four carbon atoms required to form a 
pyridine ring by this base-induced cyclization [2034,2081]; a better yield (900/) 
was later obtained by heating the acetoacetate (74.3) in xylene [2356]. DMSO 
has also been used as solvent [3252]. A pyridin-Zone ring is formed by heating 
the ester (74.4) with first ammonia and then 4toluenesulphonic acid. Dehydro- 
genation with DDQ gives an aromatized ring [35453. 

(74.3) 
R = Me. E l  PhCh 
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A high yield of a compound related to ellipticene (which has anticancer 
properties) and contains a pyridine-2,5-dione ring is obtained by heating the 
keto acid (74.5) with acetic anhydride. 

0 

Indok(l.2-gJ-1 .sjreph#tyrkllne-5,12-dione 

2. Pyrimidid-one 

Cyclization of an ester group on to a ring-nitrogen may be effected by heating 
the compound under reduced pressure or in diphenyl ether [221 I ,  22591, but 
such high temperatures can cause decomposition; for example, the nitroamine 
(74.6) and other compounds give better results when heated at 90°C with PPA 
[2924,38 141 or by treatment with t-butoxide-DMF without external heat [3203]. 
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Another ring system synthesized similarly: 

(JJ N 0 

(744 
R = H. CI. HO. Me, Me0 

0 Ar - Ph, 4 - F M  

P y r r o k 4 1 . 2 - a ~ - 0 1 m  

Suitably positioned carboxylic acid and ring-nitrogen functions may be annu- 
lated by heating the compound with acetic anhydride [3695, 38841. 

Other ring systems synthesized similarly: 

0 
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3. 1,2,4-TrinZin-5-0ne 

The carboxylic acid group of the hydrazone (74.7) reacts very efficiently with the 
ring-nitrogen under the influence of hot PPA. 

4. 1 , M x s z i w  or 1,4-Thiazine 

The di- or tri-thiocarbonate (74.8) is cyclized by first treating it with allyloxalyl 
chloride to give the N-oxalyl derivative which is not isolated in a pure state but 
is warmed with triethyl phosphite at 40-85 'C to give the ring system of isocephem 
(or iso-oxacephem) antibiotics which are synthesized by a broadly similar route. 
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1. FORMATJON OF A FIVE-MEMBERED RJNG 

1. Isotbiazole 1-Oxide 

When a 2-sulphinyl-carboxamide is warmed with hydrazoic acid, a 3-iminoiso- 
thiazole I-oxide is  formed. 

1118 
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2. i s o t h i a z o l - ~  

o-Sulphenamidobenzoates (75.1) may be converted into benzisothiazolones in a 
basic medium and with high yields; the precursors are prepared in two stages 
from methyl 2-mercaptobenzoates [2749]. A potentially versatile synthesis of the 
isothiazolone ring is offered by heating o-sulphinyl-N-unsubstituted benzamides 
(75.2, R = H) with acetic anhydride. However, the scope of this reaction 
appears to be limited by the fact that a substituent on the carboxamide nitrogen 
changes the course of the reaction (see Section 11.3) [2604]. Jsothiazolones may 
also be synthesized from o-sulphinyl esters by successive treatments with sodium 
hydrosulphide, sodium hydrogencarbonate and hydroxylamine-0-sulphonic 
acid-all at or below room temperature [3689]. 

SOCH#h 

CONHR 

3. IsothiazoI-3-one I-Oxide or 1,l-Dioxide 

Neighbouring ester and methylsulphinyl groups may be annulated by heating 
the compound with sodium azide in the presence of phosphoric acid-phosphoric 



I im Carboxylic Acid . . . and Scontaining Group 

anhydride. Amination of a 2-chlorosulphonylbenzoate ester [prepared in situ by 
diazotization of the amino ester and then treatment with sulphur dioxide- 
copper(I1) chloride] is a good route to a fused isothiazol-3-one 1,I-dioxide ring. 

11. FORMATION OF A SIX-MEMBERED RING 

1. 1,ZTbiazine 1,l-Dioxide or 1,2-Thiadbhne 1,l-Dioxide 

Cyclization of a sulphonamide and a side-chain carboxylic acid is readily 
effected by hot PPA; when the carboxyl group is replaced by a nitrile, heating 
with sulphuric acid has a similar effect, but the carbonyl group is replaced by 
an imino group. 

2. 1,2-Thiazin-hw l-Oxide 

o-Sulphinylphenylacetic acid esters give moderately good yields of benzothiazi- 
nones when treated with sodium azide and PPA, probably through a nitrone 
intermediate. 

R=MB,El 1 . 2 - F  loxide 
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3. l&Thiazi&ne 

This ring is formed by acid-catalysed reaction of a 2-thiocyanatobenzoyl 
chloride with hydrogen chloride, or of the corresponding carboxylic acid with 
phosphorus pentachloride (review of this kind of reaction [2557]). The chlorine 
atom in the product is labile. 

+ pc5 

4. 1,2,3-Oxatbiazine 2,2-Dioxide 

Baker's yeast efficiently cyclizes 2-sulphamoyloxybenzonitrile in a buffer at 
37 O C .  

5. 1,2,6-TMadiazine 1,l-Dioxide 

Carboxy and sulphamide groups may be annulated by treatment with a car- 
boxylic organic acid. 

H 
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Other ring systems synthesized similarly: 
W 
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The introductory comments on pp. 398-399 also apply to this chapter. The 
synthesis of heterocycles from 1,2-diamines has been reviewed [3562]. Other 
cyclizations in which 1,2-diamines take part are mentioned in Chapter I I ,  
Section 1.6, Chapter 30, Section 11.4 and Chapter 81, Section 11.1. 

1 I23 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Imidpzole 

A. 

The Phillips synthesis of benzimidazoles usually gives lower yields when an 
aromatic carboxylic acid is used in conjunction with a mineral acid to aid the 
dehydrating action. A more effective reagent, N-diphenylphosphinyl-N- 
methylpiperazine, is easily prepared (in 95% yield) by adding a solution of 
N-methylpiperazine in dichloromethane to diphenylphosphinic chloride. Cycliz- 
ation of a diamine in the presence of this reagent and triflic anhydride (review 
of triflic acid and its derivatives [2920]) proceeds at or below room temperature 
and yields are usually high [3286]. Most methods for the synthesis of benzimi- 
dazoles require acidic conditions or, rarely, a basic environment, but reaction of 
a diamine with 4-ethoxyphenylacetic acid in the presence of a mildly basic ethyl 
2-ethoxyquinoline-4carboxylate (EEQ) gives a quantitative yield on prolonged 
heating (about 26 h). Phosphorus pentachloride in chloroform takes only 3 h to 
produce an 85% yield of the Same product [2766]. Photochemical oxidation of 
o-phenylenediamine (76.7, R' = H) can produce one of several cyclized 
products depending on the solvent and the presence or absence of air; irradiation 
in acetic acid with access to oxygen gives 2-methylbenzimidazole in good yield. 
No cyclization occurred in ethanolic potash [3581]. 

Reaction with a Carboxylic Acid 

I c T c @ H . R .  1 3 w  

+RscsH4cocm -* 

R'-H,WOEt; R*-H.Ph; R3-H.2-WCMe Beruknklamle 

i. C W B  Ph2PoN(CWH2)2NMB* (~F3so2)20  
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B. Reaction with a Carboxylic Acid Derivative 

Conversion of 4,5,&triaminopyrimidine into purines by heating at 160-240 OC 
with an anhydride, a carboxamide or a nitrile gives yields which vary from 36 
to 96% [2304]. Aroyl halides in DMF give moderate-to-good yields of 2-aryl- 
benzimidazoles, and some esters cyclize the triamine similarly [2%, 29791. 

1125 

Purine 
[nor. 

0 
II  .%-+* LN 

Some difunctional compounds, for example, N-(ethoxycarbony1)thiocar- 
boxamides, may behave as monofunctional reagents in a reaction with a 
diamine. In this example, an ethoxycarbonyl group is eliminated as ethyl carba- 
mate and the thioamide completes the imidazole ring [2899]. Diamines usually 
react with 3-0x0 esters to give a fused diazepine (p. 423), but when the reactants 
are heated without a solvent or catalysts at or above IOOOC, a benzimidazole is 
obtained in high yield [237 I]. 

R' - H; R2 Et. CMS. CWO-C&l4.2-tthyl Bensknidsrole 

H 

Dithioate esters react with a diamine at room temperature in methanolic 
alkali at pH 8 to give high yields of 2-alkyl- or 2-aryl-substituted benzimidazoles 
[2860]. It is difficult to convert benzimidazole-2carboxylic acid into its amides 
by conventional methods as it condenses with itself to form a pentacyclic 
product, but when o-phenylenediamine is heated with an oxamic ester, the 
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2-carboxamide is formed "281. Treatment of nitriles with a strong base 
converts them into an imidate, which becomes an imidinium hydrochloride on 
addition of o-phenylenediamine dihydrochloride. These two compounds react 
to form a benzimidazole [3959]. 

Cyanogen bromide in alkali joins together amino and isopropylsulphonyl- 
amino groups as a fused 2-aminoimidazole ring without external heating [3887]. 
The oxazolinone (76.8) behaves as a lactone; this is cleaved, and converts the 
diamine into an imidazole ring; the remainder of the oxazolinone is attached to 
C-2 of the benzimidazole [3088]. 
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C. Reaction with an AldehydP or Ketone 

Several types of products may be obtained from o-phenylenediamines and 
aldehydes (pp. 403-405). An aldehyde converts the triamine (76.9) to a fused 
imidazole or pyrazine according to the temperature, reaction time and ratio of 
reactants. At room temperature, only the imidazothiadiazine is formed, but a 
higher temperature, long reaction time and a large excess of aldehyde favour the 
formation of the pyrazinothiadiazine (34761. a-Chlorobenzaldoximes react with 
a diamine (without heating) to give a good yield of 2-arylbenzimidazoles [3468]. 

1127 

H 

Another carbonyl group derivative which forms an imidazole ring with a 
diamine is S,S-dimethyl-N-tosyliminodithiocarbonimidate (76.10), which is 
useful in the synthesis of 8-aminopurines. In an attempt to prepare a I,!%benzo- 
diazepine, the chloroaldehyde (76.1 1) was stirred or warmed with o-phenylene- 
diamine but the main product was the benzimidazole. 

Purine 
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D. Reaction with Other Reagents 

The use of diphenyl cyanocarbonimide [(PhOhC = NCN] [W] has been extended 
[3202], and 1,3-bis(methoxycarbonyl)-S-methylisothiourea (76.12) is a useful 
reagent for the synthesis of benzimidazole-2-carbaamate [3662]. The reagent is 
easily prepared in sifu from 2-methyl-2-thiopseudourea sulphate and methyl 
chloroformate. When a diamine is heated with 2-picoline for several hours, the 
acidity of the methyl hydrogens allows reaction with even the relatively weakly 
basic diamines. Addition of sulphur is beneficial in some cyclizations [2877]. A 
less convenient method of synthesizing a 2-substituted benzimidazole in the 
average laboratory is to pass a mixture of 2-nitroaniline and alcohol over 
alumina at 320 'C  [2062]. 

H 

(76.7) + Ywh)2 NCN II h 0 H . A  76% ~ Z y N U C N  I32021 
Prs 

R' - PIS 
Me 

Becrximklszde R' I Me, Et, Pr, Bu; A* I H. Me, Et, Pr 
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A benzimidazole carrying a 2-nitromethyl chain may be prepared in good 
yield and under mild conditions by stirring a diamine at about 10°C with 
1, I -dichloro-2-nitroethene [2723]. fl-Nitrostyrene reacts with o-phenylenediamine 
(the only diamine investigated) in boiling ethanol to give a 2-arylbenzimidazole 
in 30-65% yield [3035]. Heating the diamine with 2chloro-5-nitropyridine in 
dilute acid gave a pyridobenzimidazole instead of the expected carboline [2156]. 

U 

pyrido(lPeperukndszo - l e  

2. ImidazoE2-one or Imidazole-2-thione 

Disuccinimido carbonate (DSC) is a useful reagent for the insertion under mild 
conditions of a carbonyl group in diamines [3019]. A cyclization which leads to 
imidazo[4,5-c]pyridin-Zone is described in Section 111. Carbonyldi-imidazole- 
TEA is another reagent for this type of cyclization [3925]. Potassium ethylxan- 
thate (potassium ethyldithiocarbonate) is an alternative to carbon disulphide in 
the synthesis of the tautomeric 2-benzimidazolethiones; it was first used many 
decades ago and usually gives good yields [3259]. The synthesis of an 
imidazo[4,5-c]pyridin-2-one is described in Section 111.2 [2327]. 

H 

X=CH.N 
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Another ring system synthesized similarly: 

3. 1,2,3-Tride 

Benzotriazole (review of its properties [3993]) is prepared by diazotization of 
o-phenylenediamine (p. 409); this method may also be used to synthesize 1-sub- 
stituted benzotriazoles from mono-N-substituted diamines. 

R 

HN4 ' " E l  \ pl05, PlS]  

R I Me, NZCCOOEI 
I 
CN 

4. 1,2,4-Tride 

Application of the Vilsmeier reaction (review [1676]) to a C,N-diarnine gives a 
good yield of this fused ring. An imino-N'-amine is cyclized with a 
dichloromethyleneammonium chloride to form a fused triazole ring in high 
yield. 

w131 

R = ~ribolutanosy3 H 

[I , 2 . 4 F f h Z 0 ~ . 3 - ~ - ~  

Me Me 

a- S - L J  bN"yNb 1-1 

Ttl4=w32-bH12,4priezole 

5. 1,2,5-~adirzole 

An alternative preparation (cf. p. 412) of a fused thiadiazole consists of heating 
a diamine and thionyl chloride in toluene rather than in pyridine-dichloro- 
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methane. Sulphur monochloride-DM F or sulphur dichloride-DMF also gives 
good yields. 

N-S 

"&Nh W 8 0 c I , A L  78% "e 0 

R-H.Me rmeno13.2-e](2,1 ~~benrolhiabazole 

123151 

11. FORMATION OF A SIX-MEMBERED RING 

1. pynzine 

Heating a I ,2dicarbonyl compound with an o-phenylenediamine continues to 
be used and varied for the preparation of quinoxalines. 1,2,3-Propanetrione 
I,3-dioxime (76.13) and an unsymmetrical diamine give only one of the possible 
isomers as product [3209, 39461, but a reinvestigation 13557) of the cyclization 
of a substituted o-phenylenediamine with phenylglyoxal has given results which 
are significantly different from those of an earlier study. The chemistry of 
pteridines has been reviewed [3454,3594,3664]. The 2-0x0acetal(76.14) is an oil 
which exothermally enolizes to a solid on standing at ambient temperature. The 
solid may be used to cyclize 2,5,6triaminopyrirnidin4one to a mixture of 6- 
and 7-substituted pteridin-4-ones [2987}. 
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Pe~uorobutane-2,3-dione (76.15), a reactive compound which sometimes 
shows unexpected properties, behaved predictably with o-phenylenediamine to 
give quinoxalines. The cyclizations proceeded at or below room temperature in 
good yields [3 1651. Transmolecular covalent hydrates were isolated from the 
reaction of diaminouracils (76.16) with the fluorinated diketones [3166]. 3- 
Phenyl- 1.1 , I  -trifluoropropane-2,3dione also behaves normally to give 344- 
tolyl)-2-tri~uoromethylquinoxaline in 63% yield [3409]. 

a-Oxoaldehydes such as pyruvaldehyde usually react with a diamine on 
heating, but trifluoropyruvaldehyde in methanol or DM F converts diamines 
into quinoxalines at ambient temperature. The effect of dissymmetry in the 
dianion on the ratio of isomers has been studied; the major product is the result 
of reaction between the aldehyde with the more reactive amino group "21 1. A 
cyclic diketone readily reacts with o-phenylenediamine in acetic acid to give a 
fused 1,4-dihydropyrazine [2054], and polyglyoxal condenses with a pyrimidine- 
4,5-diamine (derived in siru from the nitrosoamine and hydrosulphite in hydro- 
chloric acid) [2082]. 

COOEt 
H I  



Formation of a Six-membered Ring 1133 

'$$TNM%+ ON 1; -& 54% A- C3yJNM% Po821 

NH2 NY 

Pteridine 

A fused pyrazine may be formed from a diamine and a I ,Zdiketone [23 151 or 
diiminosuccinonitrile (26941, while a diamine hydrochloride, pentane-2,3,4- 
trione and sodium acetate yield a 2-methyl-3-acetylquinoxaline (23701. 

Pa701 

In the presence of a strong base, two methoxy groups of (76.17) may be 
displaced by a diamine 127561. A keto-(lactam carbonyl) is cyclized with a 
diamine in the presence of boric acid [2531]. 

Ring opening of epoxy aldehydes or epoxy esters by a diamine at room 
temperature yields a 2-hydroxymethylquinoxaline. For epoxy esters, heating 
with lithium hydroxide is necessary and a 3-hydroxymethyl-2quinoxalinone is 
formed in good-to-excellent yields 133351. The chemistry of quinoxalines has 
been reviewed [3459]. 
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Di(arylazo)quinoxalines, of interest in colour chemistry, may be synthesize!d 
from a diamine and 1,2-dichloroglyoxal bisarylhydrazones, which are converted 
into oxalodinitrile bis(ary1imines) on boiling with TEA. The intermediate 
bis(hydrazone) is converted in high yield to the bisarylazo compound by oxi- 
dation at ambient temperature [3612]. Some uses of hypervalent iodine 
compounds in organic chemistry have been reviewed [3714]. The cyclization of 
a diamine to a fused pyrazine by an aldehyde under certain conditions is 
mentioned in Section 1.1 .C 134761. Irradiation of o-phenylenediamine in ethanol 
and air promotes its conversion into a phenazine [3581]. 

2. Pydn-243ne 

In an alkaline medium, chloroacetic acid converts a diamine into a fused 
pyrazinone [2 1911. Most 1,2-dicarbonyl compounds including ethyl benzoylfor- 
mate [3776] react with 1 ,Zphenylenediamines to form quinoxalines. Chloro- 
acetic acid or (N-phenylsulphonyl)arylglyoxalamides yield 3-arylquinoxalin-2- 
ones [2892]; ethyl glyoxalate diethylacetal behaves similarly with pyrimidine- 
4,5,6-triamine [2083]. Tautomerism in quinoxalinones has been reviewed [3119]. 

H 
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H 

Ethyl 7-oxopteridine-6-carboxylate is synthesized from the diamine and 
diethyl mesoxalate [2299]. A substituted 2-quinoxalinone is obtained from 
N-methylphenylenediamine and DMAD [2678], but under slightly different 
conditions. two molar amounts of DMAD react with one of diamine [3252]. 
Stimng a diamine with the oxazolone (76.18) in acetic acid under mild con- 
ditions leads to the formation of a pyrazinone ring [3250]. 

R2 

r. n. oi 
0 yqf' I=] qyR' EKKX: R3 

4&74% - R~HN 

ofl 
RS 

R' = Me, Ph. NM*; $ Me, El; R3 - H, Me. Et, Ph 7-pteridinons 

i, PO-: 1. H2, PdC; iii, OC(COOE1)z 
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3. 1,2,4Triazime or 1,2,4TriPzin-hne or -!Lone 

A C,N-diamine and a 1,Zdiketone react under a variety of conditions to form 
a fused 1,2,4triazine; this cyclization is undemanding since it can occur in water 
or ethanol 126121, or in a mineral acid (3423, 38131. The fused triazin-3-one is 
formed when the dihydrazine (76.19) is treated with ethoxide [2753] while the 
isomeric 5-one is formed in high yield from the diamine and pyruvic acid [2245]. 

Another ring system synthesized similarly: 

R ' . R ~  - H. ~e 
letrardo[l .S-bIl Z4priazine 

Another ring system synthesized similarly: 

NC 

0 

Pyrido[l.2-6] [1,2,4]triazin-&one 
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Me Me 

III. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4Diazepine 

Nucleophilic addition of diamines to ethynyl ketones is a well used route [2385, 
2543, 27821 to 1,5-benzodiazepines (review [2721a]),but when the alkyne is 
replaced by an equimolar amount of crotonaldehyde (but-2-enal), a complex 
product is formed [3143]. 

Other reagents which react with diamines are as follows: chalcones (1,3- 
diarylprog2-en- 1 -ones) react on heating with a high-boiling tertiary amine 
[2981], the methylidenepyrrolidinetrione (76.20) undergoes a [4 + 31 addition 
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[3247], the formic acid-catalysed reaction of 1,Idiketone (76.21) [2180} and the 
intriguing cyclization of o-phenylenediamine with tetrahydrothiopyran-&one 
or its 1, l  -dioxide (76.22) [2952]. 

(78.7) + LM W=WAf' W . L A  4 6 4 0 % -  - a:< [*11 

R' - H; AT' = Ph, C&-. 4*. CMe0-M; 
d = Ph, CBt-, CNq-. 4-M@-, 4-Ci-QH4,4-PhC&t4 
i, PhcH(M4, 1 ,-odarepine 

2. 1,4-Diazepin-S-one or 1,4-Diazephe-5-thione 

More than one 1,4-bediazepinone may be formed from an unsymmetrical 
o-phenylenediamine and ethyl acetoacetate. Heating dilute solutions of the 
reagents in xylene gives a high yield of a 4.7-dimethyl-2-one isomer, but heating 
the crotonic ester (76.23) (formed by mixing the reactants at room temperature) 
with a strong base yields the 2,7-dimethyI-4-one [237 I]. Approximately equal 
proportions of two regioisomers are also formed when 3,fdimercapto- I - 
phenylprop-Zen- 1 -one reacts with o-phenylenediamine [3467l. Replacing ethyl 
acetoacetate by diketene gives a low yield of a single isomer [2198]. 
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1.5-8enzodlazeph-2one 

Me 

(76.7) + CHCPh II X W , A ,  ,7K *a'Is 
d N- 

II 
0 

Ph 
R'mCI; R ~ w R ~ = U  1 , s - B e l l & e p b Z - ~ i  

H 

(76.7) +hcqo d 2044% R a N I  

N- 
R' = H. CI. Me Me 

1 , 5 ~ ~ 2 - o n e  

Some pyridodiazepin-4-ones exist as different valence bond tautomers, and 
may even isomerize to five-membered ringcontaining products. Pyridine-3.4- 
diamine condensed with ethyl acetoacetate in toluene to give a mixture of  
tautomeric diazepin-4-ones, but in xylene, the product was an imidazopyridine 
which was also obtained by dry fusion of the diazepin-4-one [2327]. 

H M e  

N\ 512 =={XlT 
H O  H O  

PyridopA-bI(1 .4]diazepin-Cone 

MeC=CH2 [m'rl 

N\  %Yo NH 

ImidazoI4.54pyrknn-2sne 
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3. 1.4-Diazepine-S,7diooe 

1,2-Diamines react with either a malonic ester or a malonyl dichloride to form 
a fused diazepine-5.7-dione. 

4. 1,2,4-Triazepin-S-ooe 

This ring is derived from a C,N-diamine and ethyl acetoacetate; although two 
regioisomers are possible, only the done was obtained in this synthesis. 

Me 

122121 

N' 

R - alkyl. PhCH2, Ph 
1.2,4-Triarok(4,3-b]t1,2,4pazeph6-one 

5. 1,2,5-Thiadiazepi~ne I-Oxide 

This interesting ring is obtained from the reaction of ketene and an o-diamine 
in liquid sulphur dioxide at about - 70OC. 

H 

2.1.5gen20lhiadiarepin4-ane 2 -oxide 
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6. 1,3,5-TriaZepine 

(Dichlorornethylene)dimethylammonium salts (review 125491) are useful cycliz- 
ing agents for electron-rich bonds or atoms. 

.qW2 
(m.7) + FPN=CNC& I I  R2 waA- a N J N H  [2@1eJ 

CI u a- 
R'=H; R2-cyekheXvr 1 d * ~ t i a z e p h e  

7. 1,2,4,5-Tetrrzepine 

When a dihydrazine is heated with orthoacetate, this ring is formed in good 
yield, but replacing the orthoester with formaldehyde creates a tricyclic 
compound which contains this ring as well as a 1,3,5-oxadiazine ring. 

Me 

Ox::; 0 

Me 
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An example of the cyclization of a di-hydroxylamine is included in this chapter. 

1. FORMATION OF A SIX-MEMBERED RING 

1. Pyrimidine 

Orthoesters annulate aminomethyl and amino groups to form a fused pyrim- 
idine ring [2159]. Two amino groups in peri positions form a similar ring when 
treated with benzoic acid and N,Ndiphenylphosphinyl-N’-methylpiperazine 
[3286] (see also Chapter 76, Section 1.1 .A). I ,8-Naphthalenediamine is converted 
into perimidine by heating with 2-acylindanedione and 4-toluenesulphonic acid 
[2354]. Formic acid similarly cyclizes 4,5-quinolinediamine or the isomeric 
isoquinolinediamine in about 89% yield 133381. 

1142 



R' .e  - H. Me 

(77.1) + &: 
R 

R I alkyl, PhCHa Ph 

Other ring systems synthesized similarly: ay 
' x' 

I33381 

2. Pyrimidio-2- or Pyrimidine-2-thione 

A fused pyrimidin-Zone may be prepared in good yield by heating a 1,3- 
diamine with urea. Phosgene reacts at ambient temperature with a 2-imino- 
amine to form a fused pyrimidin-2-one. Quinoline- I ,&diamine and carbon 
disulphide react to give a yield of  89% of the pyrimidinethione. 

R-Me.Et 2-13 
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Another ring system synthesized similarly: 

S 

3. 1,2,3-Triazine 

Diazotization of a 1.4diamine (77.2) can lead to the formation of this ring in 
high yield. 

11. FORMATION OF A SEVEN-MEMBERED RING 

1. lJ-Diazepin-2-0ne 

1 ,CDiamines are cyclized by heating with phosgene. 
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2. 1,3,4-Triazepine 

When the 1,Miamine (77.2) is heated with an orthoester, a new triazepine ring 
is formed in good yield. Replacing the orthoester by an aldehyde leads to the 
isubstituted reduced triazepine. 

3. l94,5-Tbiadazegiw e0xide  or 1,l-Dioxide 

Two suitably positioned hydroxylamine groups undergo oxidative cyclization 
by low-temperature treatment with peracetic acid to give the 4-oxide, but when 
the diamino-sulphone was oxidized with iodosobenzene diacetate (review of 
uses [3714]), an azo group is formed to close the ring. 

111. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1 ,S-Diazociw or 1,S-Diruocine-tthione 

1,SDiamines are cyclized by heating with either an orthoester or carbon disul- 
phide (the chemistry of this reagent has been reviewed [B-52). 



I146 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. 1,2,3-Thiadiazole 

Coupling of a diazonium salt with a methylene group of a dithiolium salt yields 
an S'"-bicyclic compound. 

Ar 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridazine or Pyridazid-one 

In an attempt to displace the chlorine atom of (78.1) with hydrazine, the 
reaction yielded the cyclized pyridazine in high yield provided a 3.6 molar excess 

I147 
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of hydrazine hydrate was used. A similar overall reaction occurs when the 
chloro-diazo ester (78.1) is warmed with triphenylphosphine; some of these 
products are related to the antibacterial nalidixic acid. 

H 

Another ring system synthesized similarly: 
H 

The diazo group of (78.2) reacts with an adjacent acetyl function in preference 
to the carbon atom of a nearby phenyl ring (cf. Chapter 79, Section 11.2). The 
reactions of diazoazoles have been reviewed [3901]. 

N >ym Mw, BOK Me J% IWlI 
Me 

0 0 
ml3.4-4Wrklarh-e 

15r = 3-hlueo~H4 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4Triazepin-!hne 

Coupling a diazonium salt with the acidic hydrogen of a side-chain malonate 
(the JappKlingemann reaction) can be an effective way of forming a ring under 
mildly acidic conditions. 
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pyr#o(2;8fJ-12,4-Maus*- 

2. 1,2,5-TripzePin-4one 
An activated side-chain methylene couples with a neighbouring diazonium salt 
(a JappKlingemann reaction) in dilute acid to form this fused ring. 

H 
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Examples of the cyclization of a 2-aminomethylaryl diazonium salt and of a 
3-triazenopyrazole are included in this chapter 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Rhodiumcatalysed cyclization of a-diazoacylanilines to 3-acetylindol-2-01s 
can give high yields. Rhodium octanoate, followed by chlorodiphenyl phos- 

1150 



Formation of a Five-membered Ring 1151 

phate and Hiinig’s base [3060a], catalyses the formation of a pyrrole ring of 
analogues of the antibacterial asparenomycins. Reactions which are catalysed 
by rhodium(I1) salts have been reviewed [3928]. 

2. PyrroE3-one 

The diazo compound (79.1) is a valuable precursor for the carbene which 
is formed by heating the compound in benzene with a catalytic amount of 
rhodium(I1) acetate (review 139281). During this step, ring closure occurs and a 
high yield of the desired carbapenem is obtained. Photochemical cyclization 
gives a small amount of the 2-one in addition to the carbapenem. The azetidine 
nitrogen of (79.1) may be protected with a benzyloxy group which is lost during 
rhodium-catalysed cyclization in about 40% yield [3863]. 

coo* 

A li R” 

3. Furan or Furan-Zone 

A 2-aminodiaryl ether (79.2, X = 0) is cyclized to the furopyridine (79.3, 
X = 0) by using the Pschorr reaction-thermolysis of a mixture of the diazonium 
salt and copper powder. The use of heterocyclic diazonium salts in organic 
synthesis has been reviewed [2980]. Rhodium(I1) acetate catalyses the room- 
temperature cyclization of a-diazo-Sox0 esters (79.4) by carbenoid insertion 
into a benzenoid C-H bond. 
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(793) 
x=o,s 

2-Benzdvanone 

4. Thiophene or Thiophene l-Oxide 

In the reaction between a diazo group and dichlorosulphine, there is evidence 
for a 1,3dipolar addition to give (after loss of nitrogen) an episulphoxide from 
which an S-ring carbon bond is formed. A C - C  bond is formed when a 
diazonium salt of a diary1 thioether is heated with copper powder (a Pschorr 
reaction); in this example (see above equation), the product is a [llbenzothi- 
eno[2,3-b]pyridine (79.3, X = S, 18% yield). 

0 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridjne or Pyridin-Zone 

As a step in the synthesis of a higher homologue of the antibiotic thienamycin, 
the closure of the pyridine ring is effected by warming the diazo ester (79.5) with 
rhodium(I1) acetate (review of rhodiumcatalysed reactions [3928]); the product 
(79.6, R = H) is more easily isolated and purified as its 0-tosyl derivative (79.6, 
R = Ts). Intramolecular homolytic cyclization (the Pschorr reaction) of the 
diazonium salt of N-methylbenzanilide gives moderate yields which are compar- 
able with those given by the pyrolytic cyclization of the 2-iodo analogue (see 
Chapter 90, Section 11.2 [2303]). 
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CootBU 

Another ring system synthesized similarly: 

cl&;m 

0 
Pynok(3.21 -dephenannridin-7one 

2. Pyridazine 

A diazonium group attacks another benzene ring (especially if the latter is 
electron-rich) when heated in acetic acid (cf. the reaction in Chapter 78, Section 
11.1 [3061]). 

3. 1,2,3-Triazine 

An inter-ring cyclization similar to that in the previous section but one in which 
the diazonium ion attacks a ring-nitrogen atom leads to the formation of a 
doubly fused triazine ring. 
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121 
NH2 wm- 

47% 

R = H, Me, Br 1 A5-Trazinojt .2-41.2,3)benrolriazine 

Another ring system synthesized similarly: 

I 

1 P.~-T~&ZOIC~~,&C#~ . 2 3 p f I m i d W  

4. 1,2,3-Triazin-4-0~ 

Unexpected products are sometimes obtained in the Pschorr reaction; for 
example, during an attempt to synthesize an alkaloid, thermolysis of the diazo- 
nium salt (79.7) gave a triazinone, the carbonyl group probably arising from the 
oxidation of the methytene by nitrous acid. 

5. 1,2&Triazine 

Diazotization in a nonaqueous medium is useful in synthesis (review [2980]), as 
is demonstrated by the cyclization of the aminopyrazole (79.8) with nitrosyl 
chloride; amines which lacked the methoxy group failed to cyclize on to the 
carbon atom 13201). 2-Diazoazoles [such as (79.9)J undergo cycloadditions with 
1,2dimethoxyethene, alkoxyethene, enamines, isocyanates and ketene acetals 
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to form a fused triazine ring at or below ambient temperature. The kinetics and 
mechanisms of this type of reaction have been studied 138951. 

m.*) 
R=CN 

Another ring system synthesized simiIarly: 

6. 1,2,3,S-Tetrazirr4-one 

Cyclocarbonylation of an a-triazeno-azole in which the terminal nitrogen 
becomes attached to the carbonyl group is brought about by phosgene, 
carbonyldi-imidazole or trichloroethyl chloroformate at ambient or lower tem- 
perature. Treatment of 2-diazoimidazole (79.9) with isocyanates at - 70 "C 
gives a high yield of the 1.4-cycloaddition product. 
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R = Me, ifk, CH&OOEt, Ph 
i. melext 

II 
0 

N*" 
(79.9) + P h N c o  88K ("'u I 1-11 

R - H  
0 

7. Thiopyran 1,bDioxide 

An attempt to construct a thiadiazine I ,  I-dioxide ring through diazonium salt 
coupling gave instead a nitrogen-free ring by a Pschorr reaction. 

8. 1,3-Oxazine 

Annulation of a sidechain diazo group to an azetidinone ring-nitrogen (as 
described in Section 1.2) occurs when the substrate is treated with a catalytic 
amount of rhodium(I1) acetate in warm ethyl acetate. 

R'.R~ = H, ~e Soxa-1 -azab~4.2.O)oce2-en-B0ne 

9. 1,3,4Thiadia&e 1,l-Doxide 

A diazonium ion may attack a side-chain phenylhydrazono group during diazo- 
tization; this fused ring is formed and the phenylazo group is lost. 
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H 

I157 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,5-Triazepine 

This ring may be formed by a diazonium ion attached to one ring attacking 
another at one of its carbon atoms; electron-releasing substituents on the latter 
ring facilitate the cyclization which takes place at room temperature. 

R 

2. 1,4,5-Oxadiazepine 

In a similar reaction, a diazonium ion attached to a diary1 ether attacks a carbon 
of the other ring to form a doubly fused oxadiazepine. Such reactions have been 
reviewed [2980]. 
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Cyclization of dinitriles is discussed in Chapter 83. 

I. FORMATION OF A SIX-MEMBERED RING 

1. Pyridioe-2~0w 

Simultaneous C- and N-acylation of an imidazole by phthaloyl dichloride 
occurs in the presence of TEA. 

a:;+ HfxR2 R' Mzz:A* @.?JR2 \ 
R' 126251 

0 

hb~M1,2--5,1- 

R' I H; R2 = H. Ph R ' g  = (CH=CH)2 

-1 2-blisoquhoBneb,l l-dkne 

I158 
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2. Pyriaaziw 

NBS is a better oxidant than LTA for producing the unstable l+phthalazine- 
dione, which then reacts as a dienophile with butadiene. The product can 
be brominated-dehydrobrominated to give the fully unsaturated product. 
Irradiation at low temperature of a compound having two suitably placed azide 
groups creates a new pyridazine ring in high yield. 

0 !? 

0 0 

Another ring system synthesized similarly: 

0 

i 2,4-Triaz0kq ,2-alpyridazinel,3-dione 

3. Pyridnzine-3,ddiow 

Good yields of a pyridazine (rather than the bishydrazide) are obtained from a 
dicarboxylic acid by first converting the latter into its anhydride by heating with 
acetic anhydride, and then adding a hydrazine. A related pyridine diester is 
cyclized with hydrazine hydrate [2733) (sometimes with hydrochloric acid 
present [3918]) at ambient temperature to the dihydrazide, which may be 
converted to the dione by heating with hydrazine [2733], and to the imide on 
acidification with acetic acid. The pyridazinedione may also be prepared from 
the imide (803) by heating with hydrazine hydrate [2797]. 
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Another ring system synthesized similarly: 
0 
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4. P y r i m i d i A n e  or Pyrimidine-&- 

The cyclic anhydride (80.4) reacts with trimethylsilyl azide under anhydrous 
conditions to give a mixture of 1,3-oxazine-2,6dione isomers, which was used 
without further purification to synthesize several extended purines. Reaction 
with formamidine acetate in DMF in effect replaced the furandione ring by a 
pyrimidinone. Cyanamide produced a new fused 2-aminopyrimidin-4-one [in 
(80.5, R = NH,)], while urea led to a pyrimidinedione. lsatoic anhydride 
similarly yields 2-aminoquinazolin-4-one on treatment with cyanamide-DM F. 

HN 

/ W - - - R  
(am) 

lmidaz0(4.5-g~kre2o&8one r3W 

(-4 
i. HCZNH, MeOH, DMF. A, R - H (86%): 

ii. HflCN, AH2 muOK. DMF. & R - N& (59%) ti 
I m i d a z o ( 4 . 5 - ~ ~ i n a r o l i n e - 6 , ~  

5. Pyran-2-0a4: 

Biphenyl-2,2’-dicarboxylic acids are oxidatively converted into benzocoumarins 
with loss of carbon dioxide. A more predictable reaction of a dicarboxylic acid 
occurs on heating with sodium acetate-acetic anhydride; C-acetylation first 
occurs and decarboxylative lactonization follows, but in low yield. 
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11. FORMATION OF A SEVEN-MEMBERED RING 

1. 1J-Diazepine 

Two iminophosphorane groups separated by four carbon atoms are annulated 
by stirring the compound with an aroyl chloride and TEA. A review of recent 
work on seven-membered heterocycles has been published [3987]. 

111. FORMATION OF AN EIGHT-MEMBERED RING 

1. l,6&Dioxrzociw 

The N-substituted phthalimide (80.6) undergoes hydrazinolysis over 18 h in 
boiling ethanol, and the resulting aryloxyethanol cyclizes on heating with 
hydrochloric acid to this fused eight-membered ring; recent work on such rings 
has been surveyed [3988]. 

0 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Pymle 

Bisbromomethyl derivatives are cyclized by reaction with liquid methylamine at 
- 8OoC [2061). Hydrazine and its simple derivatives sometimes behave as mono- 
functional compounds, for example, in a reaction with the dibromoarylacetic 
ester (81.1) [2658, 26871. Under these conditions, phenylhydrazine gives a 
mixture of the isoindoie and isoindoline. An unconventional synthesis of a fused 
pyrrole is that in which a dihalide is heated with ethyl chloroacetate and pyridine 
in DMF. The pyridine reacts and becomes an integral part of the product [2985]. 

1 I63 
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?- 

(81.1) 
R‘-H,COOMe; R 2 - H , M e  

2. Pyrazole 

Reactive chlorine atoms separated by three carbon atoms are displaced by 
hydrazine hydrate to give a pyrazole ring in high yield. In an unusual cycliz- 
ation, hydrazine reacts with two neighbouring functions, a dichloromethyl and 
a trichloromethyl; the former behaves as a masked formyl group while the latter 
acts as a leaving group. Pyrazoles fused to other heterocyclic rings have been 
reviewed [3902]. 

H 

OOH. Nz%.W. A q*.ii [=I Jycl \ 8 2 % *  EK)OC Me 

F=c4 NHBu NHBu CI 
EtOOC 

p y r a z d o ( 3 . 4 - ~ ~ e  
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3. Imidmle 

Halogens attached to pyrazine react readily with 2-aminopyridine with the 
formation of a doubly fused imidazole ring. 2-Aminopyridines carrying alkyl or 
alkoxy groups react at ambient temperature while two halogen atoms or a nitro 
group inhibit the cyclization. 

4. Taiophene 

Dichloromaleimide is converted at or below ambient temperature to a thieno- 
pyrrole by maiononitrile-methoxide, and then hydrogen sulphide [3378]. 
Several dithienothiophenes are synthesized by oxidative cyclization of the lith- 
iated intermediates, but when the latter are unstable, the dibromosulphides may 
be treated with butyllithium and copper(11) chloride (2281. The chlorodibromo- 
quinoline (81.2) is efficiently converted into the fused thiophene when heated 
with thiourea in a protic solvent [2873]. 

Dw3.2-bX.4'-d phiophene 

wl) 
R = H. Me, Cl, & 
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5. Tlhpkne 1,l-DiOxide 

The conversion of a 1,2-di(bromomethyl) group into the title ring probably 
proceeds through a dimethide which behaves as a diene towards such diene- 
ophiles as sulphur dioxide to give the Diels-Alder product containing a fused 
thiophene I,l-dioxide ring. The product is a stable source of the diene which 
may be generated by a retro-Diels-Alder reaction. 

6. Thiazole 

Dichloroquinoxaline reacts with a mercaptoimidazole in the presence of a mild 
base or with thiourea in boiling ethanol to form a fused thiazole. 

0 

R = H , P h  

Another ring system synthesized similarly: 

0 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrazine or 1,4-Thiaziw 

Dichloro-N-phenylmaleimide condenses with o-phen ylenediamine or o-mercap- 
toaniline to give a high yield of the fused pyrazine or thiazine, respectively. 
o-Aminophenol does not give a cyclized product under similar conditions. 

2. Pyrad-one 

An attempt to replace the bromine atom of the I ,3-diketone (81.3) by fluorine 
led to cyclization with loss of an aryl fluorine and retention of the bromine. 

F F 
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3. 1,4Dioxio or l&Dithiin 

1,ZDiols or 1,2dithiols (or their sodium salts) in a basic environment react as 
nucleophiles towards dihalides, especially when the latter are attached to electron- 
deficient rings such as pyrazine or pyridazine. HMPT promotes this cyclization. 

Other ring systems synthesized similarly: 

This ring may be formed by heating o,a-dibromophenylhydrazones with sodium 
acetate. The reactions of a-halogenohydrazones have been reviewed [ 1437, 
17531. 



Formation of a Seven-membered Ring I I69 

5. lJ,eThidaZine 

Compounds such as (81.4) which have a halogen at the a-position of the 
hydrazone and another (preferably a fluorine) on the benzene ring are cyclized 
by heating with potassium thioacetate. Lower yields are obtained when the aryl 
halide is a bromine or iodine. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,STbiezeplne 

Thioamides (review [3458]) cyclize I ,2-di(bromomethyl)benzene to benzothiaze- 
pine in good yield. 

R - Me. Ph, Me#l 2,4-Becu0thiaoepins 
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Cyclizations of a diether, a disulphenyl chloride, a disulphone and of a disul- 
phony1 chloride are mentioned in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Furan 

In contrast to many furan syntheses, this method uses 2-(2-hydroxyalkyl)phenols 
containing a leaving group at the benzylic carbon atom. Thus, 24 I-isopropyl- 
thio-2-hydroxy)phenoI cyclizes on heating with concentrated hydrochloric acid, 
but when 2-(2-hydroxyethyl)phenol was similarly treated, cyclization did not 
occur. When R’ = H, 2-unsubstituted benzofurans are obtained in good yield; 
minor modifications were made in the synthesis of the 2-phenyl derivatives, and 

I I70 
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a mechanism for this cyclization involving an episulphonium salt was proposed 
[3406]. Attempts to hydrolyse the tetrahydropyranyl ether group of (82.1) with 
acid resulted in ring closure to the furan. The product obtained varied with the 
substituents and the acid used [3322]. When the triether (82.2) is stirred with 
mineral acid and then heated in benzene with 4toluenesulphonic acid, it cyclizes 
to benzofuran [3929]. 

2. 1,3-Dioxole or 13Dithiole 

Although several methods of converting a catechol into a 1,3-benzodioxole exist 
(and a number of them are mentioned [3976]). the use of bromochloromethane 
in DMF at ll0"C for 2 h in the presence of caesium carbonate provides an 
improvement on most of them. I t  does not require harsh conditions and gives 
high yields in all the examples reported; it gives good results in one instance 
where other methods had resulted in decomposition of the substrate [3976]. 
o-Diols react with cyanogen bromide at ambient temperature to form a fused 
2-iminodioxole ring (20991. Phenyl isocyanate dichloride annulates a dithiol in 
the presence of a base to give moderate yields of this ring [2203]. 
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Other ring systems synthesized similarly: 

3. Thiophene 1,l-Dioxide 

An intramolecular arylation is believed to occur when the disulphone (823) is 
subjected to controlled-potential electrolysis in DMSO. The best yields are 
recorded in the presence of a two-molar proportion of acetate ion as base. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyraziae 

A pyrazine ring is formed rapidly and in high yield when two labile methoxy 
groups react with o-phenylenediamine. 

H 

2. Pytan 

Prolonged heating of the ether-epoxide (82.4) in aqueous alkali gave high yields 
of the pyranoquinoline; several intermediates of this conversion were isolated in 
separate experiments. Enamines (reviews [3036, 30371) carrying an electron- 
withdrawing substituent convert 2-hydroxybenzyl alcohols into benzopyrans in 
good-to-excellent yields on heating in either acetic anhydride or an acetic 
anhydride-acetic acid mixture. 

1-1 

CH$H-C& 
‘0’ DMSO. Kw. A- 

-76% 

Pyrano(33-c)quinoline 

do. 
(81.4) 

R’ = H. MeO; $.I H, Me; R3 = m. CHO. Ac. PhCO. COoEt 4Hl-Benzopyran 
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3. 1,4-Dioxia 

2,3,7,8-Tetrachlorodibenzo- 1 ,Mioxin (TCDD), a byproduct in the manufac- 
ture of the weedkiller 2,4,5-trichloropheaoxyacetic acid, is an exceedingly toxic 
chemical. It may be synthesized from 4,5-dichlorocatechol dipotassium salt and 
1,2,4,5-tetrachlorobenzene [2675]. Other related compounds have been 
prepared similarly, for example, 2,3,7-trichlorodibenzo- 1 ,Mioxin. A range of 
benzonaphthodioxins has been synthesized by heating a catechol with 2,3- 
dichloro-1 ,rl-naphthoquinones in pyridine, which acts as both solvent and base 
[39571. Successful condensation of a catechol with a chloronitrobenzene 
depends on the presence or absence of substituents and their character, and also 
on the choice of solvent and base [2831]. 

0 0 

4. 1J-DitbPa 1,l-Dioxide 

Two suitably placed sulphonyl chloride functions, on mild chemical reduction, 
form a 1.2dithiin dioxide ring but heating the substrate (R = H) with 
hydrogen iodide gives the deoxygenated dibenzodithiin (R = H). 

R-H.CI  Dibenzolqe]Il,2)dlhii 5.5-dbxide 



Formation of a Six-membered Ring 

5. 1,3-oxaziw 

I I75 

o-Hydroxybenzyl alcohols are cyclized by nitriles in either perchloric acid or 
sulphuric acid-acetic acid. The usefulness of nitriles in synthesis has been 
reviewed [3332a]. 

6. 1,eOxazine 

Cyclization of the partly protected diol (82.5, R' = tBuMe,Si) to give the 
0-Zisocephem was achieved by deprotection and treatment with diethyl 
azodicarboxylate-triphenylphosphine-a useful source of one carbon atom 
[3350]. Hydrolysis of the t-butyl ester in high yield was difficult, and replacing 
i t  with a trimethylsilylethyl group was a worthwhile improvement [301 I]. Treat- 
ment of the hydroxy ether (82.6) with methanesulphonyl chloride and TEA or 
TEA-hydrogen sulphide results in ring closure in high yield. 

HHN -CH@ 

iPr 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,3,5,2,4=Trithirdiazepine 
Benzene-] ,2-disulphenyl dichloride is converted into a trithiadiazepine ring by 
stirring for several days at room temperature with bis(trimethy1silyl)sulphurdi- 
imide. 



CHAPTER 83 

Dinitrile or Dinitro 
1. 

11. 

Formation of a Five-membered Ring 
I .  Pyrrole 
Formation of a Six-membered Ring 
1. Pyridine 
2. Pyridazine 
3. Pyridazine I ,2-Dioxide 
4. Pyrimidine 

1 I77 
1 I77 
1 I78 
1 I78 
I I79 
1 I79 
1180 

1. FORMATION OF A FIVEMEMBERED RING 

1. Pymle 

Iron-acetic acid is better as a reducing and cyctizing agent for dinitro 
compounds (83.2) (cf. Chapter 52, Section 111.2) than several other reagents, but 
hydrogenation using Pd-C was a very convenient procedure. An earlier report 
that a new ring was not formed when phthalonitrile was treated with methoxide 
was corrected when it was shown that the product was an isoindole. 

(833) 
R = H . W  

1 I77 
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W e  
I 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

o-Cyanomethylbenzonitriles are readily cyclized by heating with ethereal 
hydrogen bromide or iodide [2 1291. This type of reaction has been reviewed 
[25471. When a similar reactant derived from pyridine is heated with a strong 
base (preferably a sodium alkoxide), it behaves differently and gives a methoxy- 
amine [2762]. A naturally occurring benzo[ 1,6]naphthyridine called aaptamine 
is synthesized from the dinitroisoquinoline (83.3) by reduction with iron powder 
and acetic acid (several other methods of reduction were unsuccessful), and 
heating the product for a short time at 8040°C [3760]. A new method [3848] 
of synthesizing 13-dinitriles such as (83.4) has enhanced the value of the 
cyclization of such compounds [48, 19011 (p. 456) to I,&naphthyridines and the 
thieno[3,2-c]pyridine shown in the equation [3849]. 

X 
I 

R’ .I H, MeO, Br, CI. Me; R2 = H. Me; X - W. I lsoqulnolii 

Another ring system synthesized similarly: 

7% 

OR 
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2. Pyridazine 

Reduction of the dinitro compound (83.5) with sodium sulphide gives a high 
yield of the pyridazine. The [3,4-~;4‘,3’-e]isomer is similarly prepared [2956]. 

3. Pyridazine 1J-Dioxide 

2,2’-Dinitrobiphenyl, on mild reduction in the presence of an aged Raney nickel 
catalyst, is converted into a benzocinnoline dioxide. The mono-N-oxide is 
formed as a minor product from some dinitrobipyridyls. 

0- 

bnzo(c)cinnowne 5.6dbxide 
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4. Pyrimidine 

Dinitriles such as (83.6) react with hydrogen halides (review [2547]) to give 
pyrimidine imino-halides. 
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Examples of ring formation by joining two methylene groups are included. 

1181 
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I. FORMATION OF A FIVEMEMBERED RING 

1. Pymle 

A pyrrole ring may be formed from mines and either anhydrous nickel chloride 
or palladium(I1) chloride. Palladium-assisted C-C bond formation connecting 
one benzene ring to another is also a useful method. A review of transition 
metal-mediated heterocyclizations was published in 1980 [B-561. Bis(methy1- 
thio)methylenemalonic acid derivatives annulate two methylene groups [288 I]. 

U 

R3 R3 

Another ring system synthesized similarly: 

The aromatic Ion-electron heterocycle (84.1) may be synthesized by reaction 
of an azaindolizine with DMAD under dehydrogenating conditions [3465]. 
Another [8 + 21 cycloaddition is that of indolizines with DMAD at the 3.5- 
positions in the presence of palladium as dehydrogenator [3571]. Very reactive 
nitriles annulate the peri positions of an indene in an [8 + 21 addition [3160]. 
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SMe 

CooMe 

+ ”  P ) I h  .,% w. A ~ R+T 1-1 

R$T R R 

C W e  

2. PyrroC2sne 

A C--C bond may be formed between C-2 of indole and that of an N-benzoyl 
group. This dehydrogenating reaction is aided by palladium(I1) acetate; one or 
two byproducts are often obtained. Two peri positions of an indene derivative 
(84.2) may be annulated in an [8 + 21 addition by reaction with chlorosulphonyl 
isocyanate (reviews [3147a, 3340)) which in different experiments gave either 
pure (84.3) or a mixture of this and an isomer. 

0 
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3. Pynzole 

The two nitrogen atoms of a pyrazole are annulated by heating the compound 
briefly in DMF with an arylmalononitrile. Spectroscopic studies showed that 
the product exists in the tautomeric form shown; there is evidence for hydrogen 
bonding between adjacent nitrogen and oxygen functions [314g. When the 
pyrazolidinone (84.4) is treated with methanal, an amorphous solid is obtained 
which may be the N-methylene ylide (84.5). On heating this with diallyl 
acetylenedicarboxylate in acetonitrile, a second pyrazole ring is fused on the 
original ring [3306]. Cycloaddition of a 1,rl-quinone and an N-ylide gives an 
adduct which rapidly aromatizes. When another molecule of ylide is used, it 
adds on to the first product [3696]. 

HN Ns: I 

Ar’ = Ph, 4-CC, 6MeO-ceti4; A? = Ph, 4-M-h 

+ A?CH(CN~ - DMF -35% 4 Gfi%ri 13145) 

HN 

Pyrazok(12-0pyrazoC10~ 

0 OCOR 0 

+ HCHO - rn [ ‘pj , L - ” f y y H . q ,  q r -  HN / 
pYrefdo(1 pafwrawclone (ma) (=4 

I 

R I CH#%IC& 

i. CCOOR 

CCOOR 

Another ring system synthesized similarly: 
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R+ 0 + k C d - G P h  

A hydrazidoyl halide (reviews [l437, 1753)) reacts with some C-C double 
bonds in the presence of TEA or a phase transfer catalyst [3086]. The reactive 
double bond of thiete sulphone (84.6) adds on diazoalkanes under mild con- 
ditions to form the fused pyrazole (84.7) but diazomethane gives mostly isomer 
(84.8) [2174]. Addition of diazomethanes to the unsubstituted CH =CH group 
of a 1.4quinone occurs under mild conditions to give versatile intermediates 
[2693, 27001. The chemistry of heterocyclic quinones has been reviewed [2947, 

121 741 
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4. Pyrzole-33-dione or PyrPzol-1-ium, 3,5-Dioxo- 

Simultaneous diacylation of the two NH groups of a pyrazoledione with methyl- 
malonyl chloride gives rise to a new pyrazoledione ring. Addition of TEA to this 
reaction [2697] or replacement of the diacyl chloride with the corresponding 
ester gives a quaternary salt [3607J. 

'-0 

5. Imidlzol-2-oae 

The two rings of the bipyrrole (84.9) are joined by a new C-C bond which is 
formed at about 80°C in a palladium(I1) acetate-mediated reaction (review 
[MI 1. The salt is supported on polystyrene for maximum yield, but even under 
optimum conditions, 1,1 '-carbonyldipyrrole-2-carboxaldehyde did not cyclize. 

6. 1,2,3-Tripzde 

Vinyl azides (after loss of nitrogen) behave as 1,Mienes towards the reactive 
dieneophile 4-phenyl- I ,2,4-triazole-3,5-dione in a reaction which proceeds 
without external heat. Pyrrolo[ 1 ,2-u]indol3-one adds on benzyl or phenyl 
azides. 



R 

7. 1,2,4-Triazole-3,5-dioae 
Adjacent NH functions in a 1,2,4-triazole ring may be annulated by reaction 
with an isocyanate (two molar proportions) to give a product in which R’ = R2. 
When molar proportions of reactants are used, R’ and R2 can be different, the 
second carbonyl group being then supplied by either phosgene or CDI. When 
the red 4-trimethylsilyl-l,2,4-triazoledione (84.10) is left to stand at room tem- 
perature for 48 h in moist air (or warmed at 80°C in a dry box), it is converted 
into a colourless bicyclic product. 
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8. F m a  

Diphenyl ether is often used as a high-boiling solvent but it can take part in an 
intramolecular cyclization under some conditions. The reaction is rapid in the 
presence of a palladium salt (review [B-41]) and an acid such as methanesul- 
phonic or trifluoroacetic acid or of boron trifluoride. Addition of 4-phenyl- 
oxazole to benzyne (generated from I-aminobenzotriazole and LTA) is more 
efficient when both reagents are simultaneously introduced through two 
syringes on opposite sides of the reaction vessel. 

9. Thiophew or Thiopbeoe 1,l-Dioxide 

A thiophene ring sandwiched between two other rings may be formed by 
constructing either a C - 4  bond or a sulphur bridge. The former method 
illustrates the use of lithiation followed by oxidation with copper(I1) chloride, 
and the latter is effected with hot fuming sulphuric acid. 

D h h 0 ( 3 , 2 - b 2 ' , 3 ' - d ~  

Other ring systems synthesized similarly: 
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10. Isoxpzole 

A hydroxamoyl chloride reacts with a C - C  double bond of a 1,4-quinone in 
the presence of silver oxide as base and oxidant. The chemistry of heterocyclic 
quinones has been reviewed [2947, 36501. Addition of a nitrile oxide (review of 
reactions [B-43,2115]) across the a,&double bond of a butenolide leads to a new 
fused isoxazole ring. Cycloheptatriene undergoes a [6 + 2]ncycloaddition at the 
2,7-positions when it is stirred at room temperature for 4 days with nitrosoben- 
zene [2875]. 

Ph 

11. 1,2,4-0xadiazole 

Nitrosobenzene adds to the 2- and 7- positions of ethyl azepine-l-carboxylate 
and forms an oxadiazole ring under mild conditions (cf. previous section). 
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Ph 

I28151 

11. FORMATION OF A SIX-MEMBERED RING 

1. pyljdiw 

I ,4-Quinones undergo a Diels-Alder reaction with azadienes (reviews [B-42, 
2455,3067a, 3880)) such as the NJVdirnethylhydrazone of 2-methylacrolein; for 
example, 5-methoxy- 1,4-naphthoquinone reacts with the azadiene under mild 
conditions to give an easily oxidized intermediate which on warming in ethanol 
loses hydrogens and the new ring becomes fully aromatized [3279]. Further 
experiments using related azadienes under varying conditions show some degree 
of regiospecificity (38661. In contrast to the behaviour of 5,8-quinolinedione 
towards the hydrazone (84.11) (see Chapter 35, Section 1.5), the isoquinoline 
quinone reacts at C-6 and C-7 (in a hetero-Diels-Alder reaction) to form a new 
pyridine ring which is aromatized by treatment with manganese dioxide [3973]. 
A similar reaction forms an important step in the synthesis of analogues of the 
antibiotic nybomycin [3876). 

0 

I39731 

II (64.1 1) 
0 
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Another ring system synthesized similarly: 

I191 

138761 

N-Acyl-Zcyano- I -azadiene is sufficiently stable for its properties and 
reactions to be studied. It is a low-melting solid which reacts with the relatively 
weak dienophile norbornene in a Diels-Alder fashion [&42] in boiling benzene 
over 7 h to give one main product and two minor stereoisomers of it [3853]. 
Similar reactions occur with the N.N-dimethylhydrazone of 2-methylacrolein 
and 1,haphthoquinone or its pyridine analogue. In some of these cyclizations, 
there is good steroselectivity but in others, a mixture of positional isomers is 
formed [3279]. A Diels-Alder reaction of 2-azabuta-l.3-diene which carries the 
easily eliminated dimethylamino groups is a convenient route to an azacarboline 
[3 1081. 

Ac 

ocm + 
%HPh 

I38531 
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Other ring systems synthesized similarly: 

x* Me [3279] " q I x M e  Me [WQ] 

0 OH 

X - W; Y = N P y ~ 3 . 2 - g ~ - 5 , l O d b n @  

Several methods of forming a bond between two carbon atoms in different 
aromatic rings are worthy of note. A diphenylamine may be converted into an 
acridine by heating with benzoic acid in PPA, or using Bernthsen's method, by 
heating with zinc chloride [2505]. A mixture of valence bond isomers is formed 
in high yield when the bisindole (84.12) is treated at room temperature with 
trifluoroacetic acid; dehydrogenation of the mixture gives a single product in 
high yield [3909]. Methyl and methylene groups in a I ,2dimethylthiazolium salt 
may be annulated by heating with a 1'2diketone and TEA; the product is a 
pyridinium salt [3106]. A C-C bond between different rings is formed when a 
solution of the N-styrylimidazole (84.13) containing iodine is irradiated in a 
Pyrex flask [2845]. In another photocyclization, imines (84.14) react in the 
presence of boron trifluoride etherate to give moderate yields of fused pyridines 
[3446]. Similarly, the imine (84.15) cyclizes on being irradiated in sulphuric acid 
using a quartz filter to give the marine alkaloid ascididemin [3874]. 

Pvridol23-gkuinoxaline 
X = N; Y m CH Py~4.3-g~aline-5.1o-dkne 

"a ~ Y P h C m . ~  PPh d MeyJ+Jyml \ N/ / 

\ l . T F A 2 w I c . l . A  91% - &p WQl o","NJQ C W H 2  I \ 

' N  0 
H Acriane 

0 I I  
eenZ[2.3-8,7-bJm (=la 

i. (EaWW20 
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Another ring system synthesized similarly: 

R' 
I 

d 
I 
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Cycloaddition of a quinorie and the protected azadiene (84.16) followed by 
N-methylation gives a high yield of the isoquinolinetrione (review of quinonoid 
heterocycles [3650]). Carbon-arbon bonds between two aromatic rings may 
be formed photochemically; care should be excercised in choosing the most 
appropriate solvent [2386]. 

R Y = C &  1 . M . A  40% 2.m - R2*o W%l 
R2$ R' + N = C M S  

R' 

0 
(84.161 

0 

Other ring systems synthesized similarly: 

&o H 

X - 0  F~~,ScjquindinCOne 
X - S lhho(2,3-- 

3. PyridadDe! 

An activated endocyclic azo group undergoes Diels-ALr reactions with a 
dienophile on heating the components. Sometimes, the reacting N = N group is 
formed in situ under dehydrogenating conditions. A phenylhydrazone (84.17) 
derived from D-mannose is cyclized by heating with 1,4benzoquinone for 24 h. 
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0 

4. Pyrujaeorpyrpzinel-Oxide 

Diethyl azodicarboxylate can join two ringcarbon atoms through a nitrogen 
atom. An alternative is to treat the compound with nitrous acid so as to connect 
the two rings through an N-oxide function. Both methods can give good yields. 

R’ - H. Me. CI. Meo, *.R3 - H, Me Pyrimidoi4,!5-&ph~alb-2,4-dk~e~ 

R’,R2.R3 * H. Me Benoo(glpteridii-2.Caone 5sxMe 

5. 1,2,4,5-TetrrZiw 

4,eDisubstituted isopyrazoles and the reactive diene rlphenyl- I ,2,4triazole- 
3,Sdione undergo a Diels-Alder reaction at ambient temperature. Reactions 
involving heterodienes have been reviewed IB-42, 2455, 3067a. 38801. 
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6. Pyran or Thiymn 

A pyran ring is formed from indene and the heterodiene 3-phenylsulphonylbut- 
3-en-2-one without any external heating [3992]. N-Phenylmaleimide reacts 
under Diels-Alder conditions with diallyl sulphoxide at 1 10-1 27 “C over 4- 12 h; 
thioacrolein is released and is trapped by the imide [3877]. Both diaryl and 
diheteryl ethers or thioethers are ring-closed when stirred with dichloromethyl 
methyl ether and tin(1V) chloride [2503]. When diaryl ethers are heated with 
chloroacetyl chloride, a Cmethylidenepyran ring is formed, and if the two aryl 
rings are substituted differently, the possibility of stereoisomerism arises [2750]. 

x1o.s 

R’ = dL =H; R’ = Br, R2 I F; R’ =%Me, dL I &Me; XanlhelW 
R3.R‘ - H, CI 
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7. Pyrao-2-01~ 

A new fused 3-acylaminopyran-2-one ring is generated when 1 ,fdimethylbar- 
bituric acid is heated in acetic anhydride with an N-acylglycine and a source of 
one carbon atom such as orthoformic ester, methyl diethoxyacetate or 
DMFDMA. 

Another ring system synthesized similarly: 

8. 1,4-”biazine 

Introduction of a sulphur atom as a bridge between two ring-carbon atoms of 
a diphenylamine may be achieved by heating with sulphur and iodine in 1,2- 
dichlorobenzene. In a modification of this method, the hydrogen sulphide 
produced is removed in a current of nitrogen; this gives better results than 
conducting the reaction under pressure or in an atmosphere of static nitrogen. 
It is possible for the sulphur bridge to be formed at one of two positions which 
would lead to either a linear or an angular tetracycle; spectral evidence supports 
the angular structure. 

H H 
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9. 1,3,4-0~~dirzinbobe 

Dimethylketene adds across the N = N bond of cinnolines; the structure of the 
product depends on whether C-3 has a substituent. In the absence of a bulky 
substituent, the [4,3-a] isomer is formed, but otherwise the [3,4a]cinnofin-3-one 
is produced. 

In. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4TrirzepSm 

Two of the double bonds of ethyl azepine-l-carboxylate can take part in a 
Diels-Alder reaction; for example, with heterodieneophiles such as diethyl 
azodicarboxylate or Qphenyl- 1 ,2,4-triazole-3,5-dione, the addition proceeds at 
ambient temperature over 12 weeks. 
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Cyclization of enamine and either lactam or lactone carbonyl groups is illustrated. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

A 2-enamino-N-(2-oxoalkyI)pyridinium salt (review of pyridinium salts [ 18701) 
cyclizes on stirring with TEA to give a high yield of a pyrroloisoquinoline. 
Heating the oxoenamine (85.1) in water induces cyclization to a reduced 
indolone. 
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H 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiae 

Thermally induced annulation of neighbouring acetyl and enamino groups with 
ammonium acetate in DMF can be a very effective method of building a fused 
pyridine ring. 

H 

Other ring systems synthesized similarly: 

I I35791 

2. Pyridine &Oxide 

A sidechain enamine is joined under aqueous alkaline conditions to its neigh- 
bouring lactone carbonyl on addition of hydroxylamine. A similar reaction with 
an acetyl group rather than a lactone carbonyl occurs in acetic acid-sodium 
acetate to give a high yield of a fused pyridine oxide. 

0- 

[a51 1 

NOH OH 

l'ymW2.3.bbm %oxide 
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Another ring system synthesized similarly: 
a 

3. Pyridin-Zone 

Enamines may be prepared in situ from a ketone and piperidine or similar 
tertiary amine; in this example, the enamine thus formed reacts with a nearby 
lactam carbonyl in refluxing acetonitrile. Replacing piperidine by TEA gave a 
low yield [2662]. A preformed enamine may react with a neighbouring ester 
group in the presence of a weak base such as benzylamine, sodium acetate or 
ammonium acetate [3475], or a strong base [3589]. 

Ph Ph 
I I 
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4. Pyrimidiw 

When an oxoenamine is heated with an amidine and a strong base, a fused 
pyrimidine (in this example, a cannabinoid analogue) is formed in high yield. 

R 
I 

5. Pyran-2-01~ 

This ring may be formed by stirring the enamino ester (85.2) with dilute acetic 
acid for 20 h or by heating the enaminone (85.3) with a malonic ester. 

Ph 
I 

0 
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Amine-enamine reactions are discussed in Chapter 49. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrzole 

A 2-chloro-enamine may be annulated by warming with either hydrazine or 
methylhydrazine. H H  

/%? aIy”1 
pyrazdo(4,3-q[i ,r]mrOxadne 

H 
-* w 
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2. 1,tDithiole 

I205 

Treatment of the dithiolium salt (86.2) with sodium hydrogensulphide at 
ambient temperature gives a high yield of the dithiolodithiole. 

'CH=CHNMe, 
[1,2]Mthkk(l ,5-~1,2)3Mbb7-!3N 

3. Tbiazole 

Heating an enamine with sulphur and cyanamide produces a fused 2-aminothiazole. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pytidin-rt.one 

When an enaminobenzene solution is saturated with phosgene and then heated, 
cyclization occurs to a 4-chloropyridinium salt, which is converted into a 
pyridinone on heating with alkali. A pyridine ring may also be constructed from 
a ring halogen and an enamine group; yields can be high in this reaction. 
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2. pyrfdazine 

Cyclization of an enamine function containing the sequence N-N = C 4 =  C 
-NMe, to a ringarbon of a 1,2,4-triazole offers an efficient route to a tri- 
azolop yridazine. 

3. Pyran 

Intramolecular condensation between enamino and phenolic groups can lead to 
the formation of a 4H-pyran ring. Lewasorb ion-exchange resin gives better 
yields than Amberlite in this reaction. 

4. Pyranhne 

Heating the phenolic enaminone (863) with dilute sdphuric acid closes the 
pyran4one ring and gives a good yield of chromone. 

dl. H&Q. A 
71% 

0 0 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Flash vacuum pyrolysis of the enamine (86.4) gave a low yield of the Cam- 
azulenone. The chemistry of 4-aza-azulenes has been reviewed [3503]. 
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2. Azepin-3-one 

An extended enaminone (86.5) ring-closes on to the nitrogen when the 
compound is heated under reduced pressure; the dimethylamino group is lost. 

y v I - 4 q  HN ++ & - (29571 

PYlOlO(lP-a)azepin-- 
(=s) 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

4Substituted indoles are of biological interest and are not readily synthesized 
by conventional methods of indole chemistry. Annulation of a nuclear methyl 
and an a-ethoxyimine (or an imidate) under basic conditions is a promising 
procedure. The pyridine oxide ester (87.1) may be converted in high yields into 
two kinds of pyrrole carboxylic ester: the potassium salt of the imidate, on 
heating in DMF, gives the 3-(2-oxocarboxylate) whereas dilute mineral acid 
leads to the 2-carboxylate ester. 

1208 
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OMe 
I 

CyccooEI 
k Nx=CHOEt 

II 
0 

XI0 ' 

2. Pyrazole 

The N-iminopyridinium iodide (87.2) reacts with either ethoxymethylenecyano- 
acetate or 3-(ethoxymethylene)pntane-2,4-dione in chloroform containing pot- 
assium carbonate to give high yields of the pyrazolo[ 1.5-alpyridine. 

3. Imidazole 

The azetes (87.3) undergo addition by nitrile ylides, A S H N  = C (formed in siru 
from the imidoyl chlorides and TEA) at room temperature. 

+ 

[==I 
=- 

Me 

PNI 

Me-& Me +9 +N=CHM ' 2 4 ~  Me 

Me xa XEI 

W-3)  1.3-0iaze#cyrJo(320)1ept-2+m 
k' = 4-No2c6H4; 
kz-Ph.~,cMe-qlt44; x-0,s 



1210 Ether and Methylene, Ring-C or Ring-N 

4. Furan 

4Methoxypyridine I-oxides react with some alkynes to form a fused furan in 
good yield; during this cyclization, the N-oxide function is lost. 

5. Thiopbene 

Lithiation of the methyl of (methy1thio)benzene followed by acylation with an 
acyl chloride and acidification to pH 4-5 yields benzothiophene in good yields, 
but when aroyl chlorides are used, the mixture has to be heated in benzene. An 
attempted dehydration of the secondary alcohol (87.4) with hydrobromic acid 
led to Sdemethylation and cyclization. Similar treatment of the isomeric 242- 
methylthio-4nitrophenyl)- 1 -phenylethanol gave a high yield of 6-nitro-2- 
phenyl-2,3-dihydrobenzo[b]thiophene [2653]. 

6. If,e<)xadiazole 

Addition of aroylhydroxamoyl chloride (a-chloroaraldehyde oxime) (87.5) to 
the lactim ether (87.3) in the presence of a base leads to the formation of the 
five-membered ring in moderate-to-good yield, the poorest yield being given by 
the 2-nitrophenyl derivative. 

A8 
Me I 

w4 
k - Ph, 4-Meo,23Jorc&l4; coWa-l,3-dieEe#cydo(3.2.0~2~ x-0,s 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

The IJ-oxazinone (87.6) is a partly cyclic acetal; the EtO group is displaced by 
reaction with a conjugated diene in the presence of boron trifluoride; a fused 
pyridine ring is formed. 

(87.6) 
R ' d  I H. Me 

2. Pyridi11-2-omor 4one 

Displacement of an ethoxy attached to a vinylic side-chain occurs in mineral 
acid at ambient temperature with concurrent formation of a C - 4  bond [2042]. 
Ethereal hydrogen chloride annulates nitro and sidechain epoxide groups; 
intramolecular reduction-oxidation leads to the 4quinolinone in high yields 
[2314]. A C-N bond is formed when a methylthiovinylpyrrole is treated with 
a strong base and a malonic ester. Lactim ethers such as 5-methoxy-2H-pyrrole 
condense with acetonedicarboxylate in a base-induced cyclization at room 
temperature [3258]. 

0 

Another ring system synthesized similarly: 
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3. Pynn-2-oaeor-4-ow 

Phenyl 3-ethoxyacrylate is cyclized when treated with sulphuric acid and 
sulphur trioxide at OOC, but electron-withdrawing substituents on the benzene 
ring inhibit the reaction. Cyclization of a methoxybenzene to a xanthenone is 
shown in Chapter 68, Section 11.2 12272). 
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I. FORMATION OF A FIVEMEMBERED RING 

1. 1,2,4-Triazok 

When the reactive imidoyl chloride in (88.1) is treated with an arylamine, it is 
converted into an amidine which displaces the methylthio group; this reaction 
proceeds in high yield and under relatively mild conditions. 

1213 
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A 3  

Hydroxy 

[=I 

2. Furan 

Side-chain halogen and 0-acylphenol functions interact under basic conditions 
to give a moderately good yield of benzofuran. An o-(2-chloroallyl)phenol is 
cyclized on warming with mineral acid, but yields are only moderate for 6- 
chloro- and 6-methoxy-benzofuran. This type of cyclization may give higher 
yields in a strongly alkaline medium [3943]. This particular synthesis failed in 
cold sulphuric acid and in hot diethylaniline. 

R =H. CI. Meo. Me 

A palladium-promoted cyclization of 2-halophenols with 1 -alkynes gives 
good yields of benzofurans at ambient temperature. Hydroxy and chloro 
functions in different rings react to form a furan ring on heating for 18 h with 
carbonate. 
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3. F ~ r a n - 3 - 0 ~  

Cyclization of the a-bromoacetyIphenol(88.2) (reviews of a-halo ketones [B-45, 
23481) in DMF containing sodium hydrogencarbonate at 40-45OC gives a low 
yield of the benzofuran-3-one. The bromo ether (88.3) is dealkylated and 
cyclized with hydrobromic acid in high yield. 

0 

W) 

4. Thiopbeoe 

Bromine and thiol groups in different rings are annulated by heating in DMF 
containing copper(1) oxide and potassium hydroxide. 
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5. l,Z,!j-”’hiadiazole 

When a 2-halophenol is heated with (the explosive) tetrasulphur tetranitride, 
both substituents are usually displaced and a thiadiazole ring is formed, but 
exceptions to this rule are observed, for example, 4-t-butyl-2chlorophenol gives 
6-t-butyl-4-chloro-2,1,3-benzothiadiazole as the major product (56% yield) and 
6-t-butyI-2,1,3-benzothiadiazole as a second product (40%). The ease of dis- 
placement of halogen in this reaction decreased in the order I > F > Br > CI. 
When this reaction is applied to o-halonaphthols, the yields of the thiadiazoles 
vary considerably according to the positions of the two functions. Sometimes, 
the main component of the mixture of products contains two fused thiadiazole 
rings (see also Chapter 99, Ssction 1.7). 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyran or Pyran-2-01~ 

2-Methoxy- 1-benzopyrans are prepared at or below room temperature from 
Zbromophenols and 3-trimethylsilyloxyacroleins. Protection of the phenolic 
group and lithiation precede treatment with the acrolein; when the protecting 
group is removed with cold mineral acid, cyclization occurs in good yield. 
Chalcone dibromides cyclize in a basic medium but yields of pyrans are often 
better under weakly basic conditions, as is demonstrated in this synthesis of a 
flavone in dilute alkali at room temperature. 
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au0H * w*ph I=] 

OMeo 
I I  

OMe BrR 
1sonzopyranl-,2%ryl- 

w*CHCHPh d°K 

2. l,4Mthiin 

Self-cyclization of a chlorothiol occurs on prolonged heating in ethanol; varying 
amounts of the 19-dione are also formed. 

0 

3. I J -Th i iW 

S-Demethylation of a methylthio ether with aluminium chloride enables cycliz- 
ation of the resulting chloro-thiol to proceed. 

N-N N-N &% "?FA* &% ~no21 

CI SMe I - T M a - 1 . 2 , 1 2 c - ~ t 4 f . g  ]napMhacene 

In. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4Diazepirr2sne 

When an oxime is formed (in siru) at the ring carbonyl group of (=A), its anion 
displaces the chlorine in the basic solution to form a diazepinone ring in good 
yield. 

0 RkCOC&Cl 4 R 2  

@c$+&? WEA-&& PU31 

R' R' 
R' = Me, CI; k? = H, auryl ~ m ~ [ 4 , 3 , 2 - e ~ l , 4 ~ o d i a w p i r r 3 - o n e  8.8dbxide 
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2. Oxepine 

An Ullman-type reaction between halogen and hydroxy groups attached to 
different rings can lead to the formation of this fused ring. 

Me0 ~ c H 2 - $ $ ~ ~ m ' L  " H o \ /  
Me0 & 0 (24291 

OM0 mwh MeO W h  

eent[mWw.e.s-4- 

3. 1,4-Oxazepin-3-ooe 

The first-formed bromoaoetamidobenzyl alcohol from (88.3) may be cyclized in 
high yield by heating wth butoxide. aN" 73% L t  ~ I &yo \ 13@2!5l 

I ' CHOH 

k 
I 
k 

k = 2 - F W  4.1-8enzoXazeph-20ne 
1. RtCH-, N a e :  Y. IPrOH. teuOK 

4. 1,4-"lriaZepine 

An activated chlorobenzene reacts with a sidechain thiol when the compound 
is stirred with ethoxide and then heated in ethanol. 

1.4-BentolhieZepine 

IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. 1,7,2,6@xathirrdiPzoeine 7,7-Dioxide 

Suitably positioned oxime (as its sodium salt) and iodomethylsulphonamide 
functions interact to give this fused ring on heating at 100OC.  

VI 
\ 0 41% 

CI AX::: Ph I OMF.A + * Ph -" 

4,22,1.5-80nZOXa@biadarodne 2.2- 
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I 220 

I. FORMATION OF A FIVEMEMBERED RING 

1. F m n  

Annulation of 2,2-dichloroethyl and lactam carbonyl functions is an unusual 
means of forming a fused furan ring. This process occurs when the compound 
is heated for about 5 h with potassium carbonate in acetone. On the other hand, 
lactam carbonyl and B-bromovinyl functions require heating with strong base. 

U .. 

74x 

1219 



I 220 Halogen and Lactam Carbonyl or S-group 

H 

Fwapp-2- 

2. Thiopbene 

Nucleophilic displacement of a fluorine atom by a CH,SCHzLi sidechain at a 
low temperature occurs when a pentafluorobenzyl methyl sulphoxide reacts 
with an excess of butyllithium. 

F 

F F)J&- WE..* yp 13746) 

F F 
Benro(cjUJ0phe~ 

3. 1,fDitblde 

Neighbouring chloro and thiocyanate groups react to form a dithiole ring on 
heating with a thiocarboxylic acid. 

132231 
PhH. A 

R%QSH -am * 
R' N CI 

R'.I+ = H. CI; R3 = ue. m 1,3-0ilhklo[4,5-~yridine 

4. Thipzole 

An unusual halogen transposition may occur when a halo-isothiocyanate is 
heated to about 350 OC. 

11. FORMATION OF A SIX-MEMBERED RING 

1. 1,3-Thiazine 

lodo and isothiocyanato groups at peri positions of naphthalene are reductively 
annulated by successive treatment at 0 "C with lithium triethylborohydride and 
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copper(I1) iodide-DMF. Nucleophilic attack of ammonia or an alkylamine on 
an o-chloromethylene isothiocyanate leads to cyclization at ambient tem- 
perature; arylamines have to be heated with the isothiocyanate. 

2. 1,4,2-Ditbipzine 1,l-Dioxide 

o-Chlorosulphonamides may be converted into the title ring by reaction with 
alkali in DMF followed by carbon disulphide. The exothermic reaction that 
follows is allowed to subside before iodomethane is added. The intermediate is 
believed to contain the group -SOzN = C(SNa),. 

Me Me 

[3141] 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4-Thiadipzepine 1,l-Dioxide 

The formation of a nitrilium salt facilitates the formation of this ring from a 
bromomethyl-sulphonamide and a nitrite. 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Indolizines (including 2-hydroxy derivatives) may be synthesized from 2- 
bromo(or ch1oro)pyridinium salts (review [1870]) and fl-ketoesters in the 
presence of DBU (review [3364]) [3274). A fused pyrrole ring is formed in high 
yield when an N-(2-bromoallyl)- or -chloroallyl-arylamine is heated with meth- 
anolic boron trifluoride or PPA, isotopic experiments show that the reaction 

I222 
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may follow one of two possible courses, but it is not possible to decide between 
them [2146]. A similar cyclization proceeds by a radical mechanism when a 
refluxing toluene solution of an N-3-haloallylindole ' containing tributyltin 
hydride, AIBN and azobis(cyclohexanecarbonitri1e) (ACN) is irradiated with a 
sunlamp for 3 h [3991]. 

Another ring system synthesized similarly: 

& 
' N' 

W l  

2. Pym)l-toIte 

When thallium(1) acetate is added to palladium(0)-catalysed cyclization of the 
iodobenzoylpyridine (90.1), only one of the three isomeric products that are 
otherwise formed is obtained. Oxindoles may be synthesized from N-(oc- 
bromoacy1)-N-methylaniline under Friedel-Crafts reaction conditions. 
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I M e  

Me 

Another ring system synthesized similarly: 

cfi-=., 
1 -Isdndokkne 

3. Pyrazole 

Phenyldiazomethane adds on to I ,3,S-cyclooctatrien-7-yne (generated in siru 
from the bromide and LDA) at - 40 T. 

4. Furan 

Polyiodinated diphenyl ethers are important thyroid hormones and in order to 
discover the relationship between activity and planarity of the two benzene 
rings, iodinated dibenzofurans have been synthesized photochemically. Pyridine 
N-oxides react with alkynes to give furopyridines via a sigmatropic shift; the 
product varies with the substituents on the alkynes. 3,s-Dihalopyridine oxides 
give moderate yields of furo[3,24]pyridines as the major product; smaller 
amounts of the [3,2-c] isomers are also formed. 2,rlDisubstituted pyridine 
oxides produce the [3,2-c] isomers in better yields than for most of the 3,s- 
isomers. 
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Fu@W-bPyridhe 
R'=Br,CI; ~=Ph.CN.CooMe;  R3=CN,COOMe 

Another ring system synthesized similarly: 

F~M3,2-@yriBne 

5. Thiophene 

It was not possible to isolate the normal (uncyclized) product of Claisen 
rearrangement when the ally1 thioether (90.2) is heated in diethylaniline [2842]. 
A side-chain bromide may be annulated to a ring-carbon by heating with 
sulphur (a reaction which the corresponding chloride does not undergo) [2 1871. 
Zirconium complexes of benzyne (generated from bromobenzenes) are promis- 
ing reagents (review [3502]) as they excercise stereochemical and regiospecific 
control on some reactions. Substituted benzo[b]thiophenes are synthesized in 
this way from a non-terminal alkyne and a zirconocene [3546]. 

&HCHPh I I  

cc 

R' - H, MeO. Me; R2.R3 = Me. EL Me& Cp - ~90pentane 
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6. 0 ~ n ~ o l - 2 - 0 1 ~  

Some pyridine N-oxides react with isocyanates at the oxide function, but 
3-bromopyridine N-oxides under the same conditions react differently to give a 
new oxazolone ring. 

0- 

7. lJ,!bTWiazok 

The reaction of bromophenols with tetrasulphur nitride can give one of three 
types of product: the new ring may result from reaction with a bromine and 
hydroxy (see Chapter 88, Section L5), or hydroxy and ring-carbon (Chapter 99, 
Section 1.7) or a mixture of the two products. For example, the table shows the 
products obtained from variously 4-substituted I -naphthol. 

Yield (YO) 

H 9 14 
Br - 27 
c1 1 19 

?H 
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Another ring system synthesized similarly: 4; I 

N-S 

1227 

1-1 

11. FORMATION OF A SIX-MEMBERED RING 

1. PjTidine 

The trifluoromethyl-ketimine (90.4), on reaction with a strong base, is converted 
into a Zphenylquinoline in a novel type of cyclization in which the three fluorine 
atoms are displaced by nucleophiles. According to the base used, the quinoline 
may have either an oxygen or a nitrogen substituent at C-4. The t-butyl ether 
(R = tEu) is converted into the quinolinol (R = H) in high yield [3908]. 
5-Deazaflavins are of biological interest and may be synthesized by a simple 
reaction from a chlorouracil (90.5) and o-(hydroxymethy1)aniline [359 11. The 
chlorophenylpyrroles (90.6) undergo electrochemical cyclization to the 
phenanthridine in moderate yield [3758]. 

NPf* 



Reaction of the trifluoromethyl-imine (90.7) with lithium 2-(dimethylamino)- 
ethylamide or lithium 4methylpiperazide at - 10 "C followed by quenching 
with either water or dilute mineral acid brings about ring closure [3803]. The C 
-Br bond of (90.8) breaks homolytically when the compound is heated in 
benzene with tributyltin hydride and AIBN over a prolonged period, and a new 
C-C bond is formed by attack of the phenyl radical on the arylamine ring. The 
newly formed ring is dehydrogenated by heating in air. This cyclization is a 
potentially useful step in the synthesis of lycoricidine [3864]. 

2. Pyridin-Zoae 

A chloroacetylarylamine (90.9, n = 1) may be converted into quinolin-Zone 
[2960] by treatment with the Vilsmeier reagent (review [1676]). A novel method 
of forming this ring was recently described as a stage in the synthesis of 
pyrrolophenanthridine alkaloids such as ungeremine. A C-C bond is formed 
by a radical mechanism of debromination by benzyl triethylammonium chloride 



Formation of a Six-membered Ring I229 

-potassium carbonate in hot DMSO. In this example, a 1:l mixture of two 
isomers is obtained through radical attacks at two ring-carbon atoms. The 
alkaloid is later synthesized by chemical modification of one of the isomers 

R R 
(90.10) [3%71. 

S4mb 

When ultrasonification (US) is applied to the reaction of a bromobenzene 
with t-butyl isocyanate and butyl lithium in diethyl ether or THF, a considerable 
improvement in time and yield is obtained; addition of DMF at a low tem- 
perature induces cyclization [3184a]. The use of ultrasonification in organic 
chemistry has been reviewed [Eb58, 36 15, 36461. 
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F%otochemical annulation of a chloroarene to a carbon of another ring is 
mentioned on pp. 490 and 491. The formation of a bond joining thiophene and 
pyridine rings under different conditions has been developed-irradiation of the 
substrate in benzene containing TEA through which a stream of air is passed 
[3217,3917]. Earlier work had suggested that photolysis of 2-iodobenzanilides 
in benzene involved the formation of a radical which (among other reactions) 
forms a bond to the N-phenyl ring. The reaction gives results which resemble 
those for the corresponding 2-diazonium-anilide. N-Methyl derivatives give 
higher yields than the parent compounds [2303]. 

Other ring systems synthesized similarly: 

Qp-7 0 
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3. Pyran 

3-Bromoprop-2-enyloxybenzenes undergo a combined Claisen rearrangement 
and cyclodehydrobromination on being heated with N,N-diethylaniline in poly- 
ethylene glycol (I‘EG-400) to give ZH-chromenes in high yields. The chlorouracil 
(90.5) reacts with 2-hydoxymethylphenol on heating in nitrobenzene at 200°C 
for 4 h. 

9’ C’ 

4. Pyran-eOne 

3-Benzoyl-4fluoropyridine is cyclized by heating with pyridine hydrochloride 
and then with dilute acid. 

0 
II 

PAC 

F 

5. Tbiopyrawl-ow 

Under strongly basic conditions, o-bromoacetophenones and carbon disulphide 
react to give a high yield of a benzothiopyranone. 2-Bromo-bpyridyl ketones 
react with thioesters to produce a fused thiopyranone ring. 

R’ ale+-. M% 1. A * R‘ qSR2 [=I 

0 
I t  
0 

R’=H,CI: F + = M ~ . P ~ C H ~  
i. NaH. DMSO. *or PI 

l-8enzolhkwranJone 
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6. 1,3,4Thiadiazine 

Bromination of the semicarbazide (90.1 1) probably generates an S-bromide 
which attacks the ring and forms a fused thiadiazine. 

1 B,CBenrothiadiarine 
(90.11) 

FORMATION OF A SEVEN-MEMBERED RING 

R'.$ - H, Me; F? Me. iPr, tBu, Ph 

111. 

1. Azepia-2-one 

Stirring the chlorodiphenylamide (90.9, n = 2) with the Vilsmeier reagent 
(review [1676]) converts it in low yield to a benzazepinone. 

cwcls DMF. POg 
(eon) 1 7 4 n  

a R-Ph; n = 2  

IV. FORMATION OF AN EIGHT-MEMBERED RING 

1. Azocin-2-one 

The next higher homologue (90.9, n = 3) of the chlorodiphenylamide similarly 
gives the benzazocine. 

- (-1 17% a \ 

ow. 

R-Ph; n - 3  
CI 

lgenzarodn-2-One 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pytazole 

An exothermic reaction occurs when 2,4-dinitrobenzyl chloride is treated with 
dimethylamine at O°C [2223]. Heating the chloronitropyrimidine (91.1) with a 
hydrazone leads to a good-to-excellent yield of a 3-substituted pyrazole [235 I]. 

Me M e H  
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2. 1,2,3-Tricrzde 

Oxidizing conditions (p. 208) in the synthesis of a fused 2-substituted triazole 
may be avoided by reacting a 2-halonitrobenzene with a hydrazine. 

E m .  6M A &NPh N I 
Wl61 

Bent- 

3. 1,3-Dithiole 

3,3-Dithioacroleins react with 2,4-di- or 2,4,6-tri-nitrobenzenes on warming in 
ethanol to give high yields of a benzodithiole. 

4. mazole 

A reactive chloronitrobenzene may also be used to synthesize a fused thiazole 
by heating it in DMF with a compound containing a ring NH and a lactam 
thiocarbonyl. 

11. FORMATION OF A SIX-MEMBERED RING 

1. 1,4=Dioxin 

Of the three groups in 1,2dichloro-3-nitrobenzene, a chlorine and a nitro react. 
with the dipotassium salt of catechol and HMPT. This unexpected product is 
formed in high yield. 
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CI 

1235 

CI 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Dithiepine 

Both halo and nitro functions attached to naphthalene are displaced by the 
anion of benzene- 1,2-dithiol in DM F under argon. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pynole 

A cheaper method of synthesizing the pyrroloquinolinone (92.2) than those 
previously known (from an indoline) may be the base-catalysed dehalogenation 
of the dibromide (a2.1) (prepared by addition of bromine to the 8-allylquino- 
linone). 

I236 
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13w 

2. Imidazole 

A C-N bond is formed during nucleophilic attack by a pyridine-type nitrogen 
on an o-haloethylamine side-chain 126631. When an even weaker base is used in 
this type of cyclization, a partly reduced imidazole ring is formed [23 lo]. If other 
easily displaced halogen atoms are present, ring closure with sodium sulphide 
or an alkylamine may be accompanied by displacement of the second halogen 
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The cation attacks a ringcarbon when 2-(chloroallyl)aniline is heated with a 
Lewis acid (Chapter 90, Section LI),  but replacing the benzene by a pyridine 
ring provides a choice of carbon or nitrogen in the ring; with PPA, a new 
carbon-to-ring nitrogen bond is formed. An a-chloro-ring-nitrogen combi- 
nation is annulated in a two-stage reaction at low temperature with phosphoryl 
chloride-formamidoacetonitrile in the presence of TEA. 

3. 1,2,4-TripzOle 

a-Halohydrazones (reviews t1437, 17531) are useful reagents for several types of 
cyclizations. When this function (-NHN = CX-) is adjacent to a ring- 
nitrogen, annulation occurs on treatment with a base or even under mild 
solvolytic conditions at ambient temperature (24101. The synthesis of condensed 
1,2,4-triazoles has been reviewed [2889]. Reaction of a 2-chloroazine with an 
acylhydrazine in DME produces good yields of triazoloazines [3070]. 

p403.2410] 
I RK fui 

-46% 
N-N 

Another ring system synthesized similarly: 
H 

[2410] 
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4. 1,2,4-Trirr~ol-3-01~ 

Semicarbazide hydrochloride or ethyl carbazate cyclize 2-chloroazines or 2- 
chloroazepines on heating the compounds in ethanol to form this fused ring in 
moderate yield. 

5. Thiazole 

Ammonium thiocyanate annulates chloromethyl and ring-nitrogen functions to 
a thiazole ring on warming in methanol. Under mild conditions, the inter- 
mediate thiocyanatomethyl derivative may be isolated. 

6. 1,2,4Thiadiazok 

When a 2-trichloromethanesulphenamidothiazole is stirred with a primary 
arylamine and TEA, a thiadiazole ring is formed and the chlorine atoms are lost. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyrifliw 

When 4-(bromobutenyl)azetidin-2-one is heated in DMF with activated copper 
powder, cyclization to the carbacephem occurs. The yield depends on the 
proportion of 2-isomer (which decreases during cyclization) in the enantiomeric 
mixture of reactant. 

1 ~ 4 1  

R - H. COOEt 

l-rW#cyck(r2.O]od-29ngone 

2. Pyridi,zone 

Cross-coupling of 7-haloindoles with an o-formylboronic acid (92.3) using 
modified Suzuki reaction conditions [3W] gives compounds which are of 
interest in the synthesis of the alkaloids ungerimine and hippadine. 

0 

R - H . W ;  X - & l  [I ,~lDioJC*.Y~2,1 - ~ r n h r i d & l - 7 ~  
i, M E .  PPb. Na2co3, A 

3. Pyrimidihne  

Two bromine atoms are lost during the conversion of the 2-(2,3- 
dibromopropanoy1amino)pyrimidine into the bicyclic product by heating in 
DMF. Thermolysis of the 3chloro analogue in DMSO gives an even higher 
yield of the same compound, but heating the 3-chloropropenoylaminopyridazine 
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(92.4), which already contains the required C-C double bond, proceeds in 
lower yield. 

A useful selectivity was observed when the trichloroacryloylaminopyridazine 
(92.5) was thermally cyclized at 140°C and at 210OC. No such distinction was 
apparent with the dichloroacryloylaminothiadiazole (92.6). 
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When a 3-chloropyridazine is heated with anthraniiic acid, a high yield of a 
quinazolinone is obtained [2219]. A halogen attached to one ring is displaced by 
reaction with a ring-nitrogen in another and a carbonyl group placed between 
them in a palladium-catalysed synthesis with carbon monoxide under pressure 
[3280]. A bond between nitrogen in one ring and carbon (bearing a chlorine) in 
another ring is formed by heating the compound in DMA [3 1301; pyrido[ 1.2- 
a]quinazolin-6-one has been synthesized in 83% yield by heating 2-chloro-N-2- 
pyridylbenzamide in tetralin and then basifying the mixture [3697]. 

h 
R=H,CI 

4. Pyrrrdn-Zsne 

A bromoacetylamino group is annulated to a peri-placed ring-nitrogen by 
heating with t-butoxide in isopropanol. 

BBX 

H 
0 

-1 2,3-WhXdh-5-One 



Formation of a Seven-membered Ring 

5. 1,40xaZiekne 

1243 

An unexpected product was isolated when 2-trichloroacetylpyrrole was stirred 
at room temperature with chloroacetone. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,2,4Triazepie7sne 

The o-chlorohydrazide (92.7) cyclizes on to the ring-nitrogen when the 
compound is stirred with pyridine. 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrazole 

Annulation of a peri-positioned nitro and hydrazine functions of the quinoline 
(93.1) occurs when it is refluxed in acetic acid, the 5-nitro group being displaced 
(cf. Section 1.2). Peri-annulated compounds have been reviewed [3905l. 

NO, NHNHPh P A N A H  

M @ ~ N o ,  Z A  .c I=] 

(a11 ~ b ( 3 . 4 5 - d e k u h ~ 6  

2. 1,2,3-Triazole 1-Oxide 

o-Nitrohydrazines such as (93.1) are cyclized by heating with either aqueous 
alkali or sulphuric acid, apparently in better yield under acidic conditions, but 

I 244 
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as no variants of these substrates were studied, no firm conclusion can be drawn 
(but see previous paragraph). 

4 N i 1 0 C l A l ,  
rn1)  67% 

11. FORMATION OF A SIX-MEMBERED RING 

1. 1,2,3-TrirrZikeone 1-0xide 

2-Nitrobenzaldehyde methylhydrazone undergoes oxidative cyclization to a 
betaine N-oxide in high yield. Although the yield in this particular conversion 
is very high, it is worth considering the use of the phenyliodo diesters (review 
of the use of these and similar reagents [3714]). The reactions of hydrazones 
have been reviewed [2384]. 

2. 1,2,4-Triazin-3-one 

A hydrazono-carbamate may be cyclized efficiently by heating it in decalin. 
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3. 1,2,4Triavhh~e 

A hydrazide may be linked to a ring-nitrogen atom by heating the compound 
with an orthoester; the same product is formed by heating the a-acetylhydrazide 
with phosphorus oxychloride, but in such reactions, it is possible that cyclization 
to an isomeric 1,3,4oxadiazoIe may occur. 

R 

4. 1,3,4Tbiadiazine 

A nitro group attached to a benzene ring is readily displaced by a neighbouring 
hydrazono group (joined to the ring in this example through a sulphur) on 
heating the compound with a weak base. 

Ph 
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As in Part I ,  Fischer indolization of arylhydrazines or of hydrazones is dis- 
cussed in this chapter. Similar cyclizations in which the arylhydrazine is replaced 
by either an 0-arylhydroxylamine or a 2-oximinoazine are also included. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Fischer indolization is usually a Lewis acid-catalysed reaction but thermal 
cyclization of 4-pyridylhydrazone N-oxides gave moderate-to-good yields of 
indoles. The 3-pyrid ylhydrazones yielded lower yields of pyrrolo[3,2-b]pyridines 
together with small amounts of the [2,3-c] isomers. A comparison of yields 
obtained using various catalysts on 2-pyridylhydrazones of cyclohexanone 

I247 
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showed wide variations (from 21 to 98%); in this reaction, 4-toluenesulphonic 
acid gave the best yield. The effect of varying the substituent on the pyridine ring 
was also investigated [2150]. Heating a hydrazine with the carbonyl compound 
in either tetralin or ethylene glycol gave moderate-to-high yields of py1~010[2,3- 
djpyrimidines [2664]. 4Quinolinylhydrazones are difficult to cyclize under the 
usual conditions but thermolysis gives good results [2851]. 

R’ =alkyl. Ph; F+ = H. Me, Ph or R’R2 I (CH& 

Other ring systems synthesized similarly: 

H H 

-3.2-cfwridi1~ 

Early attempts to prepare indole itself by Fischer’s method failed, possibly 
because the expected product may have been unstable or reactive under the 
experimental conditions employed. By removing the product from the reaction 
environment (zinc chloridecoated beads at 290-30O0C) with a stream of 
nitrogen, a moderate yield of indole may be obtained. This method gives high 
yields of 2- and 3-methylindoles from the relevant hydrazones [2828]. The 
mechanism of a variant of the Fischer reaction has been demonstrated by the 
use of ”N-labelled phenylhydrazine; 2-methyltryptaminz was the product of this 
indolization [2188]. 



Formation of a Five-membered Ring 1249 

Using a-acetyl-y-butyrolactone as the carbonyl component in the Fischer 
synthesis, decarboxylation occurs and it is thus possible to prepare a 1,2-disub- 
stituted indol-fylethanol [2637). In a related reaction, a y-haloaldehyde or a 
y-haloketone reacts with an arylhydrazine to give a tryptamine in which the 
sidechain nitrogen is derived from the terminal nitrogen of the reacting 
phenylhydrazine; this and related reactions were reviewed in 1974 and 1988 
[2641,3461]. The course of Fischer indolization of the preformed monophenyl- 
hydrazone of cyclohexane-l,3-dione changes when the reaction is allowed to 
proceed under conditions which encourage ketal formation [2565]. 

R = Me, iPr. PhCk. Ph 

R'=H,Me; R2-R1;  R3=H; X - O Y - H ~ O ~  X = O  Y=H2 1Carbazd6ne 
$ = H i  d = $ ;  X=H2; Y - 0  x = y ;  Y = O  2carbezdone 

The different electronic effect of the sulphur function in tetrahydrothiopyran- 
3-one and its I,l-dioxide is reflected in the different products obtained [2193, 
2 1941. The readily prepared dihydrochalcones ( 1,3-diphenylpropan-2-ones) give 
moderate yields of 3-benzyl-2-arylindoles in the Fischer reaction using ethanolic 
hydrogen chloride as catalyst [272lJ. The use of phosphorus trichloride as 
catalyst, mentioned in a preliminary publication (p. 508), has recently been 
described in full and illustrated with further examples [3396], and the usefulness 
of boron trifluoride-acetic acid (not mentioned in Part 1) has been demonstrated 
[2524]. 0-0 ' N  

R 
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R’ 

C y d O p e n l b Y i  

When the Fischer synthesis is applied to an unsymmetrical ketone, either one 
of two isomers or a mixture of them may be produced. (+)-3-Methylcyclopen- 
tanone gives a mixture of I-  and 2-methylcyclopent[b]indoles, and the relative 
amounts of these formed under various conditions are analysed [3222]. Further 
work has recently been published on the Fischer indolization of N-methoxy- 
phenyl-N-phenylhydrazones of an unsymmetrical ketone (ethyl pyruvate). 
Cyclization in acid occurs mostly on to the more electron-rich benzene ring 
whereas under nonacidic (for example, thermal) conditions there is less regio- 
selectivity [3539]. 2-Methoxyphenylhydrine sometimes behaves anomalously 
and does not yield the expected 7-methoxyindole7 but when o4toluenesulphonyl- 
or o-4-trifluoromethylsulphonyl-phenylhydrazine is used to prepare the hydra- 
zone, the main product is the 7-sulphonyloxyindole which may be hydrolysed 
to the 7-hydroxyindole with alkali [3629]. 

Replacement of methoxy groups by chlorine atom(s) in the phenylhydrazine 
ring also leads to a mixture of products, some of which are anomalous. The 
equation shows the main product; when 2,6-dichlorophenylhydrazine reacts 
with ethyl pyruvate, no indole is formed in the presence of ethanolic hydrogen 
chloride, but zinc chloride-acetic acid gives a low yield (4.9%) of ethyl 5,7- 
dichloroindole-2-carboxylate [3764]. A study of the indolization of a-phenyl-a- 
4-substituted phenylhydrazine shows that isomeric indoles are formed in ratios 
which depend on the 4-substituent. The study supports the premise that a 
C-C bond is formed in the second step of this reaction [8-29,2818]. N-Benzyl- 
N-phenylhydrazine reacts with 2-methyl4oxohexanoic acid to give an appreci- 
able amount of N-unsubstituted indoles [3841]. Fischer cyclizations using cyclic 
phenylhydrazines (such as N-phenylpyrazolidine) and cycloalkanones were not 
expected to lose one nitrogen atom as ammonia. An indole was obtained in this 
reaction, the second nitrogen being in a side-chain 124781. 
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CI 

When a dihydrazinobenzene is converted into a ketone dihydrazone (such as 
(94.4), two pyrrole rings may be formed [2893]. Complementary to this kind of 
reaction is the double indolization of bis(phenylhydraz0nes) from diketones to 
form indolo[2,3-u]pyrrolo[3,4-c~rbazoles in good yield [3541]. An indoloindole 
is formed when an N-aryl-N-alkylhydrazone of N-acetylindoxyl (945) is sub- 
jected briefly to Fischer reaction conditions. Similarly, the simple hydrazone of 
N-acetylindoxyl reacts with a COCH,containing ketone to form a dihydrazone, 
and the latter is cyclized to form another pyrrole ring (the Piloty-Robinson 
reaction) on stimng at 20 "C in acetic acid (302 1.30221. The resulting pyrrolo[3,2- 
blindole is a component of several alkaloids. 

Another ring system synthesized similarly: 

A combined Fischer indolization, debenzylation and aromatization occurs 
when ketones of type (94.6) are heated for several hours with an arylhydrazine. 
Examples of reactions in which hydrazines exhibit dehydrogenative properties 
are given in this paper (32871. 2,3-Dihydrofuran behaves as would be expected 



I252 Hydrazine and Ring-C or Ring-N 

of Chydroxybutanal in a Fischer reaction to yield a 3-(2-hydroxyethyl)indole 
[3700]. 

IW 
NHNY d 

H H 

137001 
( C W  

F*NHNH2+ ('1 48% & A  -c- 

k WF. (HOCH2)2.Zn% lndde 

Application of the JappKlingemann reaction to an arylamine can be a 
convenient synthesis of some indoles. In this reaction, a diazonium salt is 
formed in siru and is coupled with the active methylene group of ethyl 2-methyl- 
3-oxobutanoate under weakly basic or neutral conditions. Heating the resulting 
hydrazone gives an indole [3932]. When a phenylhydrazone is treated with 
iodomethane for about 15 h (with or without a weak base), the overall effect is 
similar to that of the Fischer and Piloty cyclizations [2622]. 

H 

I 
ph Me 

R1 H 

It a 0 

R' I H, Me; R2 I Ph. 2-lUyl. 2-hienyl; 
d = CN, WOEt, CONY 
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2. P y r d e  

1253 

In the cyclization of a hydrazino group on to a neighbouring ring-carbon to 
form a new fused pyrazole ring, the required carbon atom may be supplied by 
the arylidene part of a malonic acid derivative. Dichloromethylene ammonium 
salts (review [2549]) are readily attacked by nucleophiles such as phenylhydra- 
zines which displace the chlorine atoms and form a fused pyrazole in high yield. 

Ph Ph 

3. 1,2,4-Triazole 

A hydrazinopyrrole (94.7) may be cyclized to a pyrrolotriazole by heating with 
cyanogen bromide [3078]. Numerous examples of similar cyclizations using a 
carboxylic acid are known (see p. 5 13); aliphatic acids react at about I00 OC but 
reactions of their aromatic and heteroaromatic analogues give better yields 
when heated briefly at 18O-20OoC [2113]; addition of DCC followed by heating 
in ethylene glycol can promote cyclization [3521]. When oxalic acid is used, 
decarboxylation also occurs; the acid may be replaced by diphenylcarbodi-imide 
121 141. The hydrazinocarboxamide (94.8) could cyclize in more than one way 
when treated with formic acid or ethyl orthoformate, but the product is the 
fused triazole [2420]. 

COOEt W O E 1  
I I 

u 6 
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R=dkyl.Ph 1 , Z ~ - T ~ ~ U O W ~ , C ~ *  

HCOOH0f-A * fi; / ON\N [2-1 
74% 

CI fv U 

(W 12,CT*W43-- 

In the cyclization with an orthoester (see p. 515). addition of silica gel can 
improve the yield [3925]. It is possible for the product of such a cyclization to 
have undergone a Dimroth rearrangement; under milder reaction conditions, 
the primary product can often be isolated [3573,3787]. To the list of numerous 
reagents which annulate a 2-hydrazinoazine (p. 5 13) may be added ethyl aceta- 
midothioate which reacts without the need for external heating [3382]. N,N- 
Dimethylphosgenimmonium chloride converts a hydrazinothiazole into a thia- 
zototriazoie in high yield [2945]. The synthesis of fused triazoles has been 
reviewed [2889, 39031. 
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R=H.E(O 1,2.4-Triazok[3,44~0lhk0k 

A useful distinction between two possible modes of cyclization is illustrated 
by the behaviour of 3-amino-2-hydrazinopyrimidin4one (94.9). In boiling 
butanol or briefly in cold acetic acid, it reacts with an orthoester to give a 
triazolopyrimidinone. but in acetic acid at room temperature for I h, the same 
reagent converts it into the pyrimidotetrazine (32781. Substitution on either N-1 
or N-3 of the Cquinazolinone (94.10) or (94.1 1) with a methyl or amino controls 
the direction of cyclization [3732]. 

0 "H2 
LTaR* R' 

R' --sL N,y"-" 

"$(N.N?IR2 

e 
12.4-Tfiaz~4.3-~pyMdb1-7rh~dirr7one 

1=w ofrNHNH2+ I?C(OEh H 

R' = Me, (944 R2 = H, Me, Ph 
H 

0 
pyrimidD(1.2-q-12.4,s-tetrezin-sone 
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4. 1,2,4-Triazoi-3-one or 1,2,4TriPzole-3-tbione 

Additional methods of cyclizing 2-hydrazino-azoles (94.7) or -azines (pp. 516, 
51 7) include the use of carbonyl di-imidazole or carbon disulphide and a base 
(reviews [B-52, 35823). 

COoEl 
I 

5. Furna 

Replacing phenylhydrazine by an 0-arylhydroxylamine derivative (p. 5 I 1) 
leads to benzofurans; phenylhydroxylamine hydrochloride and a ketone may be 
similarly cyclized in acetic acid-sulphuric acid or in 98% sulphuric acid. 

ThioWrano[3,2-b]bentdven 1 ,l-doxide 
x-s.Me& Hay-, 
---sP-- 

X-MeN Benz~,Sclpyrklne 
X - S T h W 3 , 4 - b p e n Z O m  

Other ring systems synthesized similarly: 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridrrzine 

An unexpected product was obtained in high yield when the hydrazine (94.12) 
was stirred with tetrafluorobenzoquinone in an acidic medium. 

2, 1,2,4-Trirziae 

When conventional methods of cyclization discussed above are applied to the 
hydrazine (94.13), a triazine ring is formed. 

(94.1 3) 
R=H,CI 

3. 1,2,4-Trim.n-- or 1,2,4-Triazi1~-5,4M0ne 

Reaction of 1 -hydrazinophthalazine (94.14) (hydralazine, an antihypertensive 
compound) with a 2,4dioxoalkanoic ester did not yield the expected triazinoph- 
thalazine but either a 1,2,4-triazinophthaIazinone or a 1,2,4-triazolophthalazine, 
depending on the conditions and/or the substituents in the dioxo ester. Under 
nonacidic conditions, the triazinophthalazinone is obtained but hydtalazine 
hydrochloride gives the triazole except when a nitrophenyl group is present in 
the dioxo ester; a mechanism is suggested [3344]. Hydralazine and oxalic acid 
react in DMF at 30°C for 24 h to form the dione in high yield whilst mesoxalate 
(diethyl oxomalonate) in refluxing ethanol converts the hydrazine efficiently into 
the triazinone. 
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4. b r a n - h n e  

0-Phenylhydroxylamines (see also Section 1.5) react at room temperature 
with DMAD to give an enamine which undergoes a Cope rearrangement; this 
cleaves the N-0 bond and a pyranone is obtained in high yield. When 
R = NO,, additional heating of an intermediate with ethanolic hydrochloric 
acid is necessary. 

R - H, CI. Br, Me 
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111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,tDirrzepine 

3-Alkoxyacroleins (3-alkoxyprop2-enals) are useful cyclizing agents (review 
[3224], for example, in the formation of a 1,2diazepine ring. The chemistry of 
hydrazinopyrimidines has been reviewed [3026J. 

U 
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Fischer indole-type cyclization is discussed in Chapter 94. 

I. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrol-2-one or Pyrrole-2,3dione 

N-Acylhydrazones undergo cyclization to a neighbouring carbon on heating in 
pentanol containing hydrogen chloride; both nitrogen atoms are retained but 
the arylidene group migrates from nitrogen to carbon. Isatin is formed in good 
yield by annulation of an aldoxime to a neighbouring ring-carbon (a variation 
of Sandmeyer’s isatin synthesis). 

1260 
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R = Pr2N(CH& 

R 
2,aindOleaone 

2. Pyrazole 

Thermolysis of the sodium derivative of the tosylhydrazone (95.1) at 280-340 "C 
gives the fused pyrazole; it is possible that a diazo derivative is an intermediate 
[3292]. The monohydrazone of cyclohexane-l,3-dione is cyclized by heating 
with ethyl orthoacetate and an acidic catalyst [2565]. Annulation of a hydrazone 
[such as (95.211 to a ring-carbon of the original hydrazine may be achieved by 
heating the compound in DMF with an aryl aldehyde [2912]. 

(@S.l) 
R = H. Me. Ph 
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3. 1,2,3-Triazok 

Nitrosation of the uracil (95.2) with a mixture of N-nitrosodimethylamine and 
phosphorus oxychloride in benzene leads to the formation of a fused 1,2,3- 
triazole ring, but the reaction takes a different course when Rz = H (see Section 
11.2) [2793]. Oxidation of a hydrazone of a 2-acylpyridine at ambient tem- 
perature with activated manganese dioxide gives a fused triazole [2107]. 

Another ring system synthesized similarly: 

4. 1,2,4Triazole 

2-Benzylidenehydrazino- 1,3,ltriazines are cyclized by LTA to either of the 
adjacent nitrogen atoms. An unsymmetrically substituted triazine then gives 
two different products, often in unequal amounts. However, 1-methyl-I ,3,5- 
triazin-2-ones yield one product [2145]. Hydrazones of azines may also be 
cyclized by heating with potassium nitrate in acetic acid-conditions which 
encourage retention of the nitro group in the substrate [2732]. The synthesis of 
fused 1,2,4triazoles has been reviewed [2889]. Orthoesters annulate a hydrazono 
group of (95.3) to a neighbouring ring-nitrogen, but when the N-trifluoroacetyl 
hydrazone (95.3, R' = CF3CO) is heated in DMSO, a Dimroth rearrangement 
occurs to produce an isomer of the first product [3673]. 



5. 1,2,4Trirrzole 1-Oxide 

An amidoxime forms a ring with an adjacent ting-nitrogen when the compound 
is oxidized with LTA at or below room temperature. 
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6. 1,2,4-Oxadiazol-!Loae 

Cyclization of a 2-oximinoazine with phosgene may occur either by reaction in 
pyridine at OOC, or by passing phosgene into a boiling solution of the substrate 
(95.4) in benzene. 

7. 1,2,3,5-Oxathiadirzde 2-Oxide 

Boiling the oxime (sS.4) with thionyl chloride in benzeneconverts it into a fused 
oxathiadiazole in high yield. 

II. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiae 

The hydrazine part of a phenylhydrazone is sometimes displaced during cycliz- 
ation, for example, with cinnamaldehyde or arylidenemalononitriles. 
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2. 1,2,4TrirZiw or 1,2,4TriOzine Mxide 

The product of the cyclization of hydrazones under nitrosating conditions (as 
described in Section 1.3) is a triazine (rather than a triazole) when the hydrazone 
is derived from a benzaldehyde instead of an acetophenone 127931. A mixture of 
nitrous and acetic acids also gives a triazine [2247, 26461. Further variations in 
the product are possible by varying the nitrosating reagent; when diethyl 
azodicarboxylate-acetic acid-nitrous acid is used, triazine-4-oxides are formed 
[2247, 28491. Recent work on polyazines has been reviewed 139851. 

Me 

v h c d  !J Phi 

122471 
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3. 1,2,40xadiaziw 

Oxidative cyclization of an amidoxime at room temperature with LTA gives a 
3-substituted oxadiazine in good-to-high yield. 

111. FORMATION OF A SEVEN-MEMBERED RING 

I. l&Diazepiw 

1,3-Cycloaddition of a 2-chloroacrylonitrile to the hydrazone (955) gives a high 
yield of a diazepinoquinoline. 
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Cyclizations of ureidophenol and of a hydroxy-hydroxamic acid are described 
in this chapter. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrazole 

2-Hydrazonophenols react to form this fused ring on heating the compound in 
xylene containing a catalytic amount of Ctoluenesulphonic acid, but a positional 
isomer of this product is obtained when the hydrazone is heated with the same 
arylhydrazine that was used to prepare the substrate. In an attempt to prepare 
an acridine derivative, a tetrahydroxybenzophenone was heated with a hydrazine 
(either under reflux or in a sealed tube), but an indazole was isolated in good 
yield [3469]. 

I267 
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Another ring system synthesized similarly: 
0 

R 2 -  & R’ 

[3211,37@3] 

2. Isoxazole 

Hydroxymethylene and keto groups are annulated by heating the compound 
with hydroxylamine (without the necessity of isolating the intermediate oxime) 
(28831. Another fused isoxazole (%.3) is synthesized by heating a 2-hydroxy- 
ketoxime with thionyl chloride, or in even better yield, with trichloroacetyl 
isocyanate. However, chlorosulphonyl isocyanate gave poor yields [3355]. An 
isoxazole ring is formed by heating a 2-hydroxy ketone with hydroxylamine in 
pyridine [2055], and, in contrast, another fused isoxazole (96.2, X = 0) is 
synthesized by heating a hydroxy ketone with hydroxylamine in methanolic 
hydrochloric acid [32 1 I]. 3-Hydroxypyridine-2-carboxaldehyde oxime gives 
unstable isoxazoles but the parent hydroxy ketone reacts with hydroxylamine- 
0-sulphonic acid to give approximately equal proportions (about 45% of each) 
of the isoxazolopyridine (96.3) and the isomeric oxazolo[4,5-b]pyridine; the 
latter is probably formed as a result of a competing Beckmann rearrangement 
[3454a]. 



3. Isoxpzde 2-0xide 

This ring is p r o d u d  by subjecting a 2-hydroxy-oxime to either sodium hypo- 
chlorite or LTA [3355]. 

Other ring systems synthesized similarly: 

4. Oxazok 

A high yield of benzoxazole is usually obtained when a 2-thioureidophenol is 
warmed with ammoniacal silver nitrate. 
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s 
R = alkyl, PhCH2. Ph 

5. T b i d e  

Heating the oxime of 2-mercaptoacetophenones with PPA at 120-1 30 “C gives 
mainly a benzothiazole, but as a Beckmann rearrangement may occur to some 
extent during the reaction, some benzisothiazole may also be formed. 

i e  

R - CI, 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridaziw or 1,2-Oxazine 

Peri-positioned hydrazono (formed in siru) and hydroxy groups on naphthalene 
react on heating the compound in ethane- 1,2-diol; similarly, 8-acyl- I -naphthol 
oxime yields a 1.2-oxazine. Both reactions proceed in high yield. 

Another ring system synthesized similarly: 
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2. 1,3oxazin-4one 

Acid-catalysed cyclization of a salicylaldehyde oxime with acetic anhydride 
gives high yields of an oxazinone as its salt. 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. FuranorFuran-3-one 

An activated methylene group interacts with an adjacent acetyloxy function 
when the compound is heated with acetic acid-acetic anhydride. The trimethyl- 
siiyl enol ethers (97.2) of 2-hydroxyacetophenones are useful precursors for the 
synthesis of heterocycles. They react with nitrosobenzene without external heat 
under oxidative conditions to form benzofuran-3-ones in one step without 
isolating intermediates, some of which are shown to be present by spectroscopic 
evidence. 

I272 



2. Tlliopbene 

Catalytic dehydrogenation of a (2ethyl)thiophenol at about 450 OC in the 
presence of a copper-chromium catalyst gives the benzo[b]thiophene in good 
yields. 

3. ThiazQle-5-tbiow 

The penem-3-thione (W.3) may be synthesized from the silver thiolate by the use 
of thiocarbonyldi-imidazole (TDI). 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyraa 

A substituted o-hydroxyacetophenone (97.4) may be converted in high yield into 
a 2H-chromene by reaction at -78OC with phenyl vinyl sulphoxide. Recent 
developments in the chemistry of fused pyrans (and thiopyrans) have been 
reviewed [3986]. 

(97.4) 
R - 5 - h .  5.8 
I. THF, NaH; ii, E K H C E M ,  A 
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2. Py-ran-2-0se or Pyran-2-thiome 

Annulation of methylene and phenolic groups usually needs strongly basic 
conditions; sodium dissolved in 2-ethylbutan-2-01 was chosen for a low- 
temperature synthesis of a chromene-2-thione but sodium hydride has also been 
successful in a similar synthesis of the chromenone. 

3. pyrm-4-0ne 

The Kostanecki reaction is a long-established method of synthesizing chromones 
[B-12, p. 5151, but one of its disadvantages is that occasionally several other 
benzopyran-hnes and/or benzopyran-2-ones may be formed as minor or 
major byproducts [B-12, p. 5161. A recent report [3660] describes the formation 
of 3-benzoyl-7-hydroxytlavone as the main product of reacting resacetophenone, 
sodium benzoate and benzoic anhydride. A better synthesis of the 7-hydroxy- 
flavone is described in Chapter 29, Section 11.3 [3660]. Cyclization of resaceto- 
phenone (97.4, R = OH) by reaction with a benzaldehyde, ethyl orthoformate 
and perchloric acid gives high yields of 4-ethoxybenzopyrylium salts which are 
easily hydrolysed to the benzopyranones with water. When R = CI, good yields 
are still obtained provided electron-releasing substituent(s) are attached to the 
Ar ring. 

l-BenzoPwan-, 2-arYI- 

An o-hydroxyphenylpropan- 1-one reacts with ethyl acetate in the presence of 
a strong anhydrous base to give a 1.3diketone which cyclizes in hot mineral acid 
[B-12, p. 4961 (see also p. 534 of Part I). Sodium alkoxide is frequently used but 
sodium may give better yields with some less reactive esters [3436]. One of the 
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simplest methods of synthesizing chromones is treatment of 2-hydroxyaceto- 
phenones with ethyl orthoformate and perchloric acid. The main limitation 
imposed by this method is that the reacting hydroxy ketone should not have 
an electron-withdrawing substituent [245q. Heating an activated methylene- 
containing phenol with acetic anhydride-TEA, acetic anhydride-orthoformate 
or acetic formic anhydride-sodium formate also seems to give good results in 
the absence of a deactivating substituent on the benzene ring [2460,2661,2894]. 
The chemistry of acetic formic anhydride has been reviewed [3823]. A method 
which proceeds in the absence of bases uses boron trifluoride etherate and 
methanesulphonyl chloride [2779]. 

R' 9 2-furyl; $ - H. OH; $ = H. Aco 

W l l  

COOEt 

0 

1 -Benzopyran+me, 3-aryl- 
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Examples of the conversion of hydroxy and nitroso groups into a heterocyclic 
ring are given in this chapter. 

I. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrole 

Acid-catalysed elimination of water from a side-chain hydroxy and ring-NH 
functions leads to the formation of a C-N bond of a fused pyrrole. 

I276 
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2. Imidazole 

1277 

Cyclodehydration of a fl-hydroxyethylamine group to a neighbouring ring- 
nitrogen is induced by PPA (p. 537), but phosphorus oxychloride may be a more 
efficient reagent and was recently used in the synthesis of the first member of a 
tetracyclic ring system. 

3. Furna 

Displacement of a nitro group by a hydroxy (as its anion) is a well known 
reaction (reviews [ 1398, 1399,1432]. In this example, a 2-hydroxy-2-nitrodiphenyl 
is efficently cyclized under strongly basic conditions at room temperature. 

Q-b / =-fJ--b ' 0  / [30401 ' 
OH No, 

Dbnzoluran 
R = H . Q  

Treatment of a 3-benzoylpyridin-4-01 with hydroxylamine leads directly to the 
isoxazole in good yields. 

OH 0 0-N 

W. W H .  A ~ N~ I 
"72) 

N' 
-= ptb( 

5. Oxazole or Oxazol-2-one 

A very efficient method of converting a I-nitroso-2-naphthol (98.2) into a 
naphthoxazole is to stir the precursor with an N-phenacylpyridinium salt at 
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- IOOC. A bromine atom in the phenyl ring reduces the yield considerably. 
Phosgene in the presence of TEA annulates a hydroxymethyl group to a ring- 
nitrogen at low temperature. 

I Naphlr[l,2-d)oxatole 
W) CH&OPh 

43% 1==1 

Ar .I Ph. 4 M W H 4  Oxaz~,3-aJphthn-3-one 

6. 1,3,4Dithiazole 

A dithiazole ring fused to an azetidine is formed by treating the thioacyl 
derivative with N-chlorosuccinimide and a tertiary amine. The cis : trans isomer 
ratio varies with temperature. 

- m n -  I yff- [40041 
- 

2coo18u R'OHC &1 e 

R' .I bbckhg m p  2 . 4 - D i ( h h - l a t a b ~ 3 2 . 0 ~ t 8 n - 7 - 0 ~  

11. FORMATION OF A SIX-MEMBERED RING 

1. lJ,4Triazine 

Acid-catalysed annulation of a phenolic hydroxy to a nitrogen which is a 
member of another ring can give high yields of a triazine when the two ring 
systems are joined by an azo group. 

N HN-2 

4 & - 62-@5% H',d [a551 
\ /  

Y .I 2 CH, X N hidaZ@2,1-4Wphh@2,1-~1,2,4prlad~ 

X = Y = 2 = N N e p h v l o ~ , 1 - 6 ~ ~ q S , l - ~ [ l , 2 , 4 J t t b Z i n e  
X - Y - CH, 2 I N Naph~2 , l - e ]pymz~ , l -~ l  PApia~k~e 
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Another ring system synthesized similarly: 

1279 

2. l,e<)xazin-kme 

The two carbon atoms required to form this ring from an o-nitrosophenol may 
be supplied by a phosphorane (cf. Chapter 35, Section 1.1). 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. 1,4-Thirwpin-SOne 

Thiol and ring-nitrogen functions in different rings react with methyl Z-chloroal- 
kanoate in a basic environment to form a doubly fused thiazepinone ring. 

R1&?+ CICHe I 
R CooMe W.MOOMA 

-m - 

bnkjazo(1 .2-dj(1.4jbn20~iezeph-Sme R' = H, CI; R2 = H, Me 
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I. FORMATION OF A FIVE-MEMBERED RING 

1. Furan 

a-Haloalkynes cyclize hydroxyquinolin-2-ones in a weakly basic medium to give 
variously 2,fdisubstituted furoquinolinones [3943]. Cyclodehydrogenation of a 
suitably structured hydroxy compound is accomplished by heating it in a 
high-boiling solvent [2390, 26691. An a-hydroxy ketone such as benzoin annu- 
lates a hydroxy group and its neighbouring ring-carbon in a reaction which is 
acid-catalysed [3091]. 

1280 
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2. Furan-Zone 

Although this ring may be formed from o-hydroxyphenylalkanoic acids, the 
latter are usually less readily available than the corresponding phenol (*.I), 
which cyclizes on treatment with ethyl pyruvate in the presence of a catalytic 
amount of titanium tetrachloride and a reducing agent. 
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3. Thiopaeae 

The arylsulphonate of an alcohol cyclizes under the influence of boron trifluor- 
ide at ambient temperature; a substituent in the para position of the substrate 
may appear in an unexpected position in the product as a result of a rearrange- 
ment which does not occur with a meru- or orrho-placed substituent [2170]. 
Chloroacetaidehyde reacts with the uracil-bthiol (99.2) under mildly basic 
conditions to form a fused thiophene ring (review of recent work on such 
compounds [3981]) unsubstituted at the 2 and 3 positions [3682]. A fused 
2chlorothiophene ring is formed when the t-alcohol (9.3) is heated with 
thionyl chloride [3914]. 

R 

4, TMopbene-23dhIe 

Heating a thiophenol with oxalyl dichloride in diethyl ether gives a good yield 
of a benzo[b]thiophene-2,3dione; its chemistry has been reviewed [3514]. 
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5. 1,fDitbide 

1,3-BenzodithioIes, which have interesting electronic and antimicrobial proper- 
ties, can be synthesized by stirring a thioacyl derivative of a thiophenol with 
sulphuric acid at 0-2OoC. When sulphuric acid is replaced by either hydrochloric 
acid or PPA, no dithiole was isolated. 

6. Oxazole 

Some hydroxyindoles are susceptible to oxidation, and in the presence of a 
primary mine and silver(I1) oxide, lead(1V) oxide or manganese dioxide, a 
dhydroxyindole is converted into a fused benzoxazole. 

7. 1,2,S-Tbisdiazole 

Phenols which are unsubstituted at C-2 and/or C-6 are cyclized by heating with 
the explosive tetrasulphur tetranitride. 2-Naphthol also gives a high yield of the 
1 ,Zfused naphthol but 1-naphthol tends to produce a mixture of I ,2-mono- and 
1,2,3,4-di-fused naphthalenes (see also Chapter 88, Section 1.5). 
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Naphtho(l2-csA-cl#s(12~~ob 

Other ring systems synthesized similarly: 

S-N N-S $j p-1 
I I  y& [ ~ ~ ,  N’ I 

\ 0  S+ N-S 

NaphUlo(1 ,i?-C7,&CWt,2.-0k N a p h t h o ( l 2 - ~ . 4 - C g S , b C ~ l P , S ~ ~  

N-S N-S 

I=] 
‘ 0  0 

11. FORMATION OF A SIX-MEMBERED RING 

I. pyridi 

An attempt to prepare reduced Squinolinones from cyclohexane-l,3diones (or 
their tautomers) and 3-amino-2-methylacrolein gave 1 ,Il-acridinediones with the 
loss of one carbon atom (a mechanism for this reaction has been suggested). The 
acridinediones were also synthesized (in &79% yield) from the cyclohexane- 
diones, propanal and ammonium acetate. Further investigation of the former 
synthesis showed that quinolinones are also produced in the reaction but as they 
are oils, they had to be isolated as their salts (see also Chapter 53). 
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R‘ -H .M~;  R2-aonll 
i, pip, AcOH 01 E1COOH. A 

R’ R’ &, H R’ 

1 ,&AakRnedkne 

R’ 

R ’ y p  0 R2 

A side-chain t-alcohol group as in (99.4) undergoes cyclodehydration when 
heated with sulphuric acid. Annulation of a phenylethanol with a nitrile and 
sulphuric acid can give fairly high yields of an isoquinoline; the usefulness of 
nitriles in the synthesis of heterocycles has been reviewed [3332a]. 

Acylation of a hydroxy group followed by displacement of the acyloxy by an 
amino group occurs when anthranilic acid is heated under strictly anhydrous 
conditions with a resorcinol derivative. 
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im 

3. Pyran 

A 2-hydroxyquinone is converted into a benzopyran by heating with 3-methylbut- 
2-enal in the presence of TEA [343q. Heterocyclic quinones have been reviewed 
[3650]. A one-step synthesis of xanthene is based on the reaction between a 
phenoxymagnesium bromide and triethyl orthoformate [2592]; when the latter 
is replaced by cinnamaldehyde and the mixture is heated for 15-24h, it is 
possible to obtain a good yield of a flavene [2254]. Shorter reaction times 
produce a mixture which contains a larger proportion of the 2H-benzopyran, 
but this isomerizes to the 4H-pyran on further heating. In the absence of the 
3-substituent (R2), cyclization fails. 
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A hydroxy group may be joined to a carbon atom of an adjacent ring by 
heating with an anhydride [2573]. On the other hand, a sidechain enol acetate 
is cyclized by heating with PPA followed by perchloric acid to precipitate the 
product as its salt [2803]. A photochemical cyclization of a 3-arylallyl alcohol 
in the presence of 1,4naphthalenedinitrile (DCN) gives a good yield of a 
2H-benzopyran but oxygen must be excluded during the reaction [3413]. 

Other ring systems synthesized similarly: 

a$ \ o  

Me 

x - s [1~*4-q1 ,4ponroniaz ine  
X - NH [ 1 ~ ~ 3 , 4 - b l q ~ h o x p l i r e  

4. qna-2-one 

Examples of the conversion of phenols to coumarins by the Pechmann reaction 
demonstrate the effectiveness of trichloroacetic acid, which gives results com- 
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parable with those with sulphuric acid [2103, 2181, 29081. Hydrogen chloride 
has also been used but whether the resulting product is a linear or an angular 
thienobenzopyranone may depend on the presence or absence of substituents, 
as is demonstrated by the behaviour of the 5-hydroxybenzothiophene [2038]. 
Phenols with electron-rich rings condense with propynoic esters to form 
coumarins; some of these reactions do not need external heating 1231 3, 28581. 
Pechmann synthesis of coumarins from 2-acylphloroglucinol and a 3-oxocar- 
boxylic ester using 5% sulphuric acid in acetic acid at ambient temperature gives 
a separable mixture of 6- and 8-acylcoumarins in the ratio of 3:2. Yields in the 
benzoylacetate reaction deteriorated as the scale of the reaction increased, 
especially above 20mmol. Variations in the condensing agent and in the ratio 
of acetic and sulphuric acids did not improve yields. Adding the benzoylacetate 
in three portions over 20 days gave the best results [3261]. 
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R' 

The product of the Pechmann reaction between resorcinol and 2-allylaceto- 
acetate varies with reaction time but the yields of both products are low [2183], 
as is that from ethyl 2-acetamidoacetoacetate and zinc chloride [3749]. A 
mixture of citric acid and sulphuric acid when heated with a phenol gives a 
benzopyran-2-one such as (99.5) or (99.6) in moderate yield [2262]. 

+ 

Derivatives of malonic acid convert phenols into coumarins; malonyl chloride 
at ambient temperature and with titanium(1V) chloride leads to a 4hydroxycou- 
marin [2283] whereas pyridinols condense with monosubstituted malonic esters 
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and with diketene or 3-aminocrotonic ester to give a similar product [2437, 
24391. 

5. Pyran4one 

An activated phenol ring may be annulated by reaction with an alkenoic acid 
and a Lewis acid, e.g., PPA [2302], zinc chloride or phosphorus oxychloride-zinc 
chloride [2479, 39301. A similar substrate undergoes thermal cyclization to a 
flavone by reaction with ethyl benzoylacetate [2499]. Another variation of the 
acylation method of synthesizing benzopyran-rl-ones is that which uses an 
electron-rich phenol and a propynoic acid in the presence of phosphorus 
pentoxide-methanesulphonic acid (under argon). Varying amounts of the 
coumarins are often produced alongside the chromone, depending to a large 
extent on the number of methoxy groups present 138451. 
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Me 

Suitably hydroxylated benzophenones are oxidatively coupled to give xan- 
thones by manganese dioxide, DDQ or potassium femcyanide [215 1, 294 I]. 
2'-Halo-2-hydroxybenzophenones, which are capable of forming benzyne inter- 
mediates, are converted into xanthenones by potassamide. Some 3'-halo-2- 
hydroxybenzophenones also yield xanthenones as one of several products 
[2676]. 
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6. Pyraddiom 

By analogy with the cyclization of 2’-halo-2-hydroxybenzophenone (above) 
[2676], 2’-halo-2-mercaptobenzophenone (formed in siru from the methyl 
thioether) reacts with potassamide-liquid ammonia to give 9-thioxanthenone. 

y:w= &fW I2m 

U S M e  
Q-ThbXanthenone 
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An example of ring formation from a sulphimide and a ring-carbon atom is 
included in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

The iminophosphorane (100.3) is a versatile intermediate. It reacts with a-bro- 

1293 
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moketones (reviews [B-45]) to give moderate yields of reduced eindolones (see 
Section 11.1). 

Some o-alkylideneaminopytdines are cyclized at ambient temperature by 
reaction with trimethylsilyl cyanide, which supplies a ring-carbon double 
bonded to an exocyctic nitrogen. 

3. Oxuole or Thiazole 

An efficient conversion of a hydroxy-imine into a fused oxazole ring under 
relatively mild conditions is effected by either silver oxide or thionyl chloride. 
Barium manganate is claimed to be more efficient than manganese dioxide in 
this cyclization. 
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(100.4) 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

A ring is formed between an iminophosphorane group and a ring-carbon by 
reaction with an isocyanate, an isothiocyanate or an cQ-unsaturated ketone. 
The iminophosphorane may be either preformed or generated in siru from an 
azide and triphenylphosphine [3227, 3401, 3762, 38541. The product in some 
instances needs to be treated with a dehydrogenating agent in order to form the 
fully aromatized ring [3739. 39411. There is evidence that a carbodi-imide is an 
intermediate in this cyclization; for some iminophosphoranes, it was possible to 
isolate oily carbodi-imides when the normal time for cyclization (52 h) to the 
isoquinoline was reduced to 24 h. However, a differently substituted isoquinoline 
was obtained on heating the cdrbodi-imides at 230°C under pressure [3745]. 

I 
NHk 

FW3,BCkyrkliW 
Thienq3.2-cjpyrldine 

k = Ph, 4-CC, 4-Meo-. 4-Me-C& X - 0. S 

Other ring systems synthesized similarly: 

N W  
I 

EtOOC 
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I 
=HzPh 

Me 

Arylideneanilines are converted into fused pyridines by heating with an 
alkyne and an oxidizing agent such as di-isopropyl peroxydicarbonate (DP); 
when the aniline is unsymmetrically substituted, a mixture of isomers may be 
formed [3 1731. a-Halo ketones (and, less efficiently, simple aliphatic ketones 
[2639]) react with imines to give fused pyridines in variable yields [2715]. 
An imine formed by reaction of a 6-aminopyrimidinedione with DMFDMA 
undergoes cycloaddition with an electrondeficient alkene; the first product is 
dehydrogenated in hot nitrobenzene [3620]. 



R’ = H, CooMe. COOEt; 
R2 = CN. k, COOMe. COOEt 

The I-azadiene (100.8) is cyclized in a hetero-Diels-Alder reaction (reviews 
[B-42, 2455, 3067a, 38801) with either ethoxyethene or methoxyallene [3649]. 
The former reagent gives better results in its reaction with an imine in the 
presence of a tetracarbonylcobaltate [2133]. Prolonged heating of the iminoeth- 
enylaniline (100.9) in dioxane-aluminium chloride results in the formation of a 
quinoline and loss of terminal imino nitrogen 132281. A survey of recent work 
on quinolines and isoquinolines has been published [3984]. 
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P 

2. Pyridin-2-0ne or Fyridine-2-thione 

When an iminophosphorane is heated with either carbon dioxide or carbon 
disulphide in benzene, annulation to a convenient ring-carbon occurs in high 
yield. 

X I 0 . S  

3. Pyridmhne 

A sidechain containing a C = C-N = C sequence attached to a benzene ring 
cyclizes on to the o-position when the compound is irradiated together with 
equimolar amounts of perchloric acid and sodium carbonate. 

4. Pyrimidine 

The triphenylphosphoamidine (100.10) reacts with an aldehyde in refluxing 
xylene to give either the quinazoline (100.11) or the dihydroquinazoline 
(100.12). The proportion of these two compounds is dependent on the nature of 
R: (100.11) is the only product (71% yield) when R = Ph, but the dihydro 



Formation of a Six-membered Ring 1299 

derivative is formed in 4670% yield when R = 2- or 4-nitrophenyl; non-aryl 
aldehydes give a mixture. An iminophosphorane group and a ring-nitrogen in 
compound (100.13) react with an aryl isocyanate at room temperature to form 
a pyrimidine ring. 

(100.11) (100.12) 
Quinazollne 

5. Pyrimidio-2-one or Pyrimidine-Zthione 

The benzimidazole-phosphorane (100.13) is readily cyclized by reaction with 
either carbon dioxide or carbon disulphide. 

6. Pyrimidikesne 

A fused 5-chloropyrimidin-4-one ring is formed from an imine and ring- 
nitrogen by heating with either trichloroacetic anhydride in boiling toluene 
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[2882], or dichloroacetic acid and phosphorus oxychloride in DMF [3464]. 
Tautomeric 2-aryliminoimidazolines react with an enamine-acid chloride 
(100.14) to produce either the 5- or 7-one according to the solvent used (25341. 
An iminophosphorane (formed in siru from an azide) reacts at room tem- 
perature with a lactam carbon atom to form a doubly fused pyrimidinone in 
excellent yield [3956]. 

Another ring system synthesized similarly: 

R' 

R' 
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Nso 

a c , Q w n  N d  

n = 5.8 

~ * ~ N ~  8cB6K * WEWn 1 ~ ~ 1  

0 
l l  
0 

n I 5 A z e p h @ , 1 - ~ 7 ~ e  
/I = 6 Az~~inop,l-b-t~ 

7. 1,2,4Triazine 

An isocyanate reacts readily at ambient temperature with an iminophosphorane 
derivative of an amidine to form a triazine ring. Recent research on polyazines 
has been reviewed [3985]. 

8. 1,3-Oxazine, 1,3-Oxazia-hne or 1,lOxazine-bthione 

Cyclization of iminophosphorane and hydroxy groups with an isocyanate leads 
to the formation of benzoxazines; replacing the isocyanate by carbon dioxide 
or carbon disulphide gives a good yield of the corresponding oxazinone or 
oxazinethione. 

E T N H R  

mx 
3.l-Banzoxazine I ~ ~ l  aN=Npm3 c w  cxz. 53-74x mlb, 4 H 

R = MI+, 4 - W ,  4-hak-. 4-Me-G& 
x=o,s 

3,1-BenZOXatirr20M 
3.1 -BenZoXaZh-2-thkne 

9. 1,3&Tbiadiazine 

An aza-Wittig reaction may be adapted to the synthesis of a fused thiadiazine 
ring under mild conditions with a two-molar proportion of an isothiucyanate. 
The reactions of isothiocyanates have been reviewed 13990). In this way, an 
iminophosphorane is annulated to a neighbouring sp3 ring-carbon atom. 
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S S 

W=l 
M W .  RNCS 
4044% * 

R = Me, PhCh, Ph, 4-W, b W ,  4-FcsH4 NHR 

1-1 ,SdIl,3,4)thiaeatin-59ne, 7 4 b ~ 0 -  

10. 1,3,2,4Ditbiaddne 

A novel and electron-rich ring is formed when the trimethylsilylsulphur di-imide 
(100.15) is treated with sulphur dichloride without external heating. 

(100.15) lA2.4-Een~0&i&hb 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

The nitrogen ylide (100.16), produced in situ from an imidoyl chloride and a 
strong base, cyclizes at room temperature or lower to the benzazepine. This and 
similar methods of synthesizing azepines have been reviewed [3962]. 

2-6enzazepine 

2. 1,3-Oxazepine 

Side-chain iminophosphorane and acyloxy groups react in refluxing benzene 
with the formation of a C-N bond of an oxazepine ring. 

I37151 wR \ /  

f% P(oE1)+ A 
3044% * 

y 2 N 3  

OH 

1 .Wenzoxazepinta 

aor 
0 

R I H, Me, cC&. Ph 
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An example of the cyclization of a thiocyanate and a ring-nitrogen is included 
in this chapter. 

1. FORMATION OF A FIVE-MEMBERED RING 

1. T h i d e  

Warming a 2-thiocyanatomethylbenzimidazole in methanol converts it into the 
thiazolo derivative in high yield. The reactions of isothiocyanates have been 
reviewed [3990]. 

R* 
I 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridiw 

Reaction of an ynamine with an isocyanate (prepared in situ by rearrangement 
of an azide) leads to the formation of a pyridine ring [2333]. Intramolecular 
cyclization of an (isothiocyanatoethy1)benzene is effected by heating with 
triethyloxonium tetrafluoroborate or with PPA. With the former, the salt may 
be converted into its free base with aqueous carbonate [2843]. Photolysis of a 
vinyl isocyanate (formed in situ) gives a good yield of a I-isoquinolinone. The 
corresponding isothiocyanate ion produces a mixture of products of which the 
I-isoquinolinethione is usually a minor component [3839]. 

OH 
I 

x - 0  1-lsoqui- 
x I s 1 - m l i n e t h b n e  

2. Pyridin-2-0ne 

Vinylic isocyanates react with enamines such as 1 -pyrrolidino- 1 -cyclohexene 
under mild conditions to form a new pyridinone ring and simultaneous loss of 
pyrrolidine [3540]. Reaction of an ynaminone with phenyl isocyanate in refluxing 
THF gives good yields of 3-acyl-4-dimethylamino-2quinolinone [2056]. A 
perchloroynamine behaves similarly [2838]. 
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Other ring systems synthesized similarly: 

@ I35401 w-, 
Ph Me 

l-lsoqulnolinone 2-Quindlnone 

H 

(101.1) 
R I H. MeO. Me 2-auindinone 

H 

( 1 w  + c~cc=cclp CI I 
THF*A -.3ay * ww=- \ /  

-1 
ki 

NR2 - NEk. N(CWH2)20. N(CH& NR2 

When ( + ) - I  -methyl-2-phenylethyl isocyanate is heated with triethyloxonium 
tetrafluoroborate or boron trifluoride diethyl etherate, a high yield of a 
dihydroisoquinolin-1 -one is obtained, but heating with methyl fluorosulphonate 
leads to 3,Mihydro- I -methoxy-3-methylisoquinoline [2935]. 
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3. Pyridine-2-thione 

Thermolysis of a 3-(/3-isothiocyanatovinyl)indole at 1 7OoC under reduced 
pressure converts it into the 2-thioxopyrido analogue in high yield. 

oy Ncs I 
so%* A QJP&=, two11 

CH=CCOOEt 
\ 

~ 3 , 4 - ~ k l - t h b 1 ~  

Another ring system synthesized similarly: 

4. P y r i m i d i d ,  2-thioxo- 

Another high-yielding thermolysis is the peri-cyclization of (isothiocyanato- 
carbony1)phenothiazine (101.2) in diphenyl ether. 

H 
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The use of lactams (and lactones) in heterocyclic synthesis has been reviewed 
123871. Examples of the cyclization of aldehyde, aldimine or thiosemicarbazide 
and lactam carbonyl (or thiocarbonyl) functions are included in this chapter. 

I. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole or Pyrrole l-Oxide 

A sidechain oxime becomes joined to a lactam carbonyl when the compound 
is treated at room temperature or lower with sodium borohydride. The product 
varies even within this limited temperature range, and is partially dependent on 
the substituents on the reactant. For example, at - 10°C and when R' = H, 

I307 
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R2 = Me, the N-hydroxy derivative (102.1) is the sole product isolated in 55% 
yield; at ambient temperature, the N-oxide (102.2) is obtained in 95% yield. 

2. Pymmle 

An acetyl group and an adjacent lactam thiocarbonyl react with hydrazine 
hydrate to form a fused pyrazole. 

bie bie 

3. Furan 

Cyclization of a compound containing a side-chain ketone and a lactam 
carbonyl occurs at room temperature in mineral acid [2050] or by heating it with 
PPA [2491]. When the lactam nitrogen is substituted, the reaction takes a 
different course although a furan ring is still formed (see Chapter 29, Section 
1.2). 
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4. Thiopaene 

S-Alkylation of a lactam thiocarbonyl by a phenacyl halide is followed by 
cyclization with the neighbouring aldehyde group. The intermediate quaternary 
salt is converted into the free base by heating it above its melting point and at 
reduced pressure. 

5. Thipzole 

Cyclodehydration of a side-chain ketone and lactam thiocarbonyl requires 
heating with phosphorus oxychloride, PPA or sulphuric acid. 

H M e  Me 

lall 'ysTNTYo NMe [2718] 

0 0 
R = Me, m. Ph. 4*-, 4-MeO-,CMsCeHc 
i. m. A; 1. 

Th&~0b(2,3-llpurhe-2A-done 

II. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

A 3-oxopropyl side-chain reacts with a lactam carbonyl [as in (102.31 and a 
source of ammonia such as ammonium acetate to form a fused dihydropyridine 
ring. 

R' H H  &'vN-[ 131 131 

k'CCH2CH Me 
k2 II I 

O M  
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2. Pyrimidio-4.0ne 

In studies related to the synthesis of camptothecin, lactam carbonyl and side- 
chain keto groups reacted on heating the compound with ammonium acetate 
under dehydrating conditions. 

3. Pyrazine 

A ketone and its neighbouring lactam carbonyl form a pyrazine ring when the 
compound is heated with an o-phenylenediamine. 

H Me 

4. 1,2,4-Triazioe 

A thiosemicarbazone and its neighbouring lactam carbonyl react to form a 
triazine when the compound is heated with carbonate. 

S R 
II 

NNHCNh 

121 541 

* +JX SH 

W X b l A  

*I- PhN 
I 

PAN 

Pyrazokj3,4-41.2,4-triarine 

Nk* 
R=Me,Et 

5. Pyran or Tbiopym 

The compound (102.3). used in the synthesis of a fused pyridine in Section 11.1, 
may also be cyclized to pyrano- or thiopyrano-pyrazole by heating with phos- 
phorus pentoxide-PPA or phosphorus pentasulphide. The presence of ethanol 
or acetic acid retards the reaction. 
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R' 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Rhodium acetate-assisted cyclization (review [3928]) of an aldehyde (protected 
as an aminoaziridinehydrazone) which also has a iactam in another ring gives 
a high yield of the azepine. 

NR 

I oh& 
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1. FORMATION OF A FIVEMEMBERED RING 

1. Pyrrde 

Mild hydrogenation of the nitro ketone (103.2) followed by heating the resulting 
cyclized solid in toluene gives the 1-hydroxyindole. 

l.Aoo&&- 77% 2PhMe.A -e 132731 om \ C W 4 p F Z P h  

0 Indole 

(1432) 

2. Pyrrol-zone 

Irradiation of o-t-butyinitrobenzene (103.3) in alkali leads to a good yiekf of the 
indolone; the percentage conversion in the reaction is low. 

1312 
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OH 

3. Irnidazole 

A side-chain methylenamino group reacts with a nitroso group (introduced in 
sizu) when the compound is heated with mineral acid [2466]. An unusual 
reaction occurred when the nitro-t-amine (103.4) was refluxed with acetic anhy- 
dride and zinc chloride; the course of this reaction may involve an N-oxide 
[2039]. When an o-nitroalkylamine is heated with ethoxide, the two functions 
are converted into a 1-hydroxyimidazole ring [3004]. Nitrosation of the pyrim- 
idinone (103.5) involves several steps including a Fisher-Hepp rearrangement 
of an N-nitroso to a ring-C-nitroso; the final product is a d(4-nitrophenyl- 
amino)purin-2-one 126671. In a weakly basic medium, the nitroamine (103.6) is 
cyclized to either the benzimidazole (when R = H), or the benzimidazolone 
(when R # H). 

l.nPIoNO,HcI 2 A  ~ M€+--f~CN 124eel 
0 A N  

64% 

Me Me 
(1@w 26.PWheBone 
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N W  w5 A O O H , m A -  sab x$Tph [;rssll 

0 
Me 

0 AN NCyPh 
Me 

2-pwlnone 

OH 

4. Imidazok %Oxide 

A recent improvement in the synthesis of benzimidazole N-oxides depends on 
the presence of a 2-carboxylic ester group at the time the N-oxide ring is formed; 
the carboxylate function may be easily removed if desired. Stirring or gentle 
warming of a nitrophenylglycine ester or nitrile with sodium ethoxide produces 
a good yield of the N-oxide [3395, 35061. A method of preparing an analogous 
benzimidazole but under less basic conditions is to heat the nitrophenylamino- 
acetonitrile (103.7) with carbonate in ethanol [3402]. A purine 7-oxide (guanine 
7-oxide) which has antitumour action may be synthesized by stirring the nitro- 
phenacylamine (103.8) with dilute sodium hydroxide; the benzoyl group is lost 
as benzoate [3310]. 
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1. FORMATION OF A SIX-MEMBERED RING 

1. 1,2,SThiadiazine l,l-Dioxide 

A reactive side-chain methylene condenses with a nitroso group in a basic 
medium; in this example, the methylene is joined to the ring through a sul- 
phonamide group. The chemistry of thiadiazines containing adjacent S and N 
atoms has been reviewed [3904). 

R 
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An example of the formation of a pyran ring from a sidechain phosphorane is 
included in this chapter. 

I. FORMATION OF A FIVEMEMBERED RING 

1. PymIe 

Many references to the synthesis of a fused pyrrole are mentioned in this section; 
for convenience, these are divided into two types. 

1316 
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A. From an N-Methyl- or N-Methylene-substiiuted Azine 

Quaternized pyridines which have an R' R2CH group on the nitrogen are useful 
compounds because of the ease with which they react with bases to give reactive 
ylides; the latter add on to some alkynes such as DMAD under mild conditions. 
The quaternized pyridines form ylides more readily when R' is an electron- 
attracting group such as acyl, Qnitrophenyl, tosyl, nitrile or carboxylic ester. 
When both R' and R2 are electrophilic, as in (NC),CH, ylide formation is very 
facile [2280,2284, 2419,2422, 29701. The chemistry of N-substituted pyridines 
[I8701 and the use of azomethine ylides [2509] have been reviewed. 

1317 

R - H, Me, PhC&. Ph, CN 

The reactions shown in this section illustrate the versatility of N-substituted 
pyridines in the synthesis of condensed heterocycles containing pyrrole. Some 
of the cyclizations proceed without the need for externally applied heat [2419, 
2422,2830,2980a1, and for most of the cyclizations, the conditions are relatively 
mild. The preformed ylide is used in some of the reactions while in others, it is 
generated in situ. It is even possible to react a 2-methylpyridine with an N-alkyl- 
ating agent, such as bromoacetone, and then cyclize the intermediate N-alkyl 
derivative by heating with sodium acetate-acetic anhydride or carbonate 
without isolating either the intermediate N-alkylpyridine or the ylide [2157, 
2295, 2393, 35121. 
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R' -Me, Et; R2 - Me. Ph IndOliEine 

Amongst the most commonly used reagents are DMAD [2280, 2419, 2422, 
2523, 28301, bis(methy1thio)methylenemalonic acid derivatives [349 1, 357 I], 
propiolic acid nitrile 122801, 3-methoxyacrylic ester or nitrile 137041, 2- or 
Qvinylpyridine [298Oa] and an anhydride [2458,2876]. This kind of cyclization 
is not confined to pyridinium salts; pyridazine ylides react similarly and in good 
yields [2295, 25231. 

R' =H, k Ph,4-NozcsH4; $1 H, COoMe, X -  Br, CI 

I, PhH or W F ,  TEA; ii. drloranir. A 

Another ring system synthesized similarly: 
OMe 
I 
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Rp 

R’ = COOEt, CN; $ = h, PhCO, 4~H4CO,4-Meoc6H4co, CN. COOMe 

Other ring systems synthesized similarly: 

13704 [37w 
\ /  

X I CH Pynolo[2,1--i&~ Pyrazdo(l,5-ajquinoline 
X = N Pyrarak(5.1-Minoline 

R = Me, El, Ph lnddidne 

Another ring system synthesized similarly: 

P v r r o l o I 2 , r - a n e  
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B. From 2- Acylpyridines 

These compounds are cyclized by heating with two molar proportions of a 
benzaldehyde and ammonium acetate-acetic acid. 

Methylene and Ring-C or Ring-N 

2. grnol-2-0ne 

A pyrrolone ring is formed from a methylene and a ring-carbon in a low- 
temperature cyclo-oxidation of the amide (104.2) which is promoted by [bis(tri- 
fluoroacetyloxy)iodoJbenzene. The application of hypervalent iodine compounds 
to the formation of C--C bonds has been reviewed [3714]. A similar compound 
(104.3) is cyclkd in lower yield by stimng it at O°C with trifluoroacetic 
anhydride. 

Ph 
0 

Ph 

em 131 @I 
(-wJ-% a- 0T;Me 

(1 24- 

3. PyrPzole 

A sidechain phosphonate and a ring-nitrogen react with allyloxalyl chloride 
and a twofold proportion of a tertiary amine at a low temperature to form a 
fused pyrazole; some of the products have antibacterial activity. 

0 

H N J y -  N I + I  -1 COOR -pr- 250( - Rdr$NH”- I ?  1- 
I Nc 

E(O,PCHCH2 
I pytarafoll,2-apyratol-l-aim CN 

R = C&=CHC& 
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4. Imidamk 

When the dipyridylimines (104.4) are treated first with LDA at - 78 OC and then 
with benzophenone, a new imidazole ring is formed in good yield [3190]. An 
isomeric imidazopyridine is produced by reacting a perfluoroalkanoic ni trile 
with a pyridinium salt (104.5) at low temperature in the presence of a strong base 
[3 1751. 

Annulation of a methylene and a carbon atom in a different ring with 
butyl-lithium, DMF and tetramethylethylenediamine (TMEDA) gives a low 
yield of product [2743]. 

5. Tbiopbeoe 

Heating 3,3-diphenylpropanoic acid with thionyl chloride is a reaction which 
does not produce the expected product; this gives a nearly theoretical yield of 
a benzo[b]thiophene-2-carboxylic acid. When Vilsmeier reaction conditions are 
applied to the pyrimidylthioacetic acid (104.6), a fused thiophene ring is formed. 
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6. l,ZDitbioE3-one 

When thionyl chloride is heated in an atmosphere of argon with Cmethyl- 
quinoline for 20 h, the methyl group and the pyridine ring are chlorinated. The 
mechanism appears to be complex but the product has a fused dithiolone ring. 
However, treatment of 2-chloro-4methylquinoline with thionyl chloride does 
not yield a dithioloquinolinone. 

7. Thinzole 

The sulphur atom of thiazole is derived from thionyl chloride in this unusually 
mild reaction in which a reactive methylene is joined to a ring-carbon through 
sulphur. An S-acylmethyl sidechain may be annulated to a ring-nitrogen by 
heating with a mixture of a sodium alkanoate and its anhydride. 
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11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

Vilsmeier reagent supplies the required carbon to form a new fused pyridine by 
joining a methylene to a carbon of a pyrrole ring [3220]. Heating a similar 
compound with DMFDEA is an alternative method [2586]. Annulation of a 
reactive methyl attached to one ring to a ring-nitrogen in another may be 
achieved by heating the compound with iodine and cyclohexene oxide (31 161. 

COMe 
I 1  

\ 0 I- 
l l  

7 2 % )  L A  a$ \ 

r-I 

[ZSSSI 

[3116] 

A variation on the cyclization of a-cyanomethylpyridines with a malonic ester 
(p. 566) is the ring closure of the acetate (104.7) with ethoxymethylene- 
malononitrile and of the quinolinone (104.8) with ethyl (ethoxymethy1ene)cya- 
noacetate. A methylene group in the succinic acid (104.9) readily forms an anion 
which attacks the electron-rich pyrrole ring on heating the compound in 
piperidine. 

I 
O k  

eenzo(tlpvrido(12-alf1.8lnaphthvrwn-12-one 
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kM2,1,7-&]b'tdOkh (104.9) 

2. Pyridin-2-one 

A reactive methylene may be joined to a ring-nitrogen by heating with one of 
several malonic acid derivatives: methyl 2cyano-3,3-di(methylthio)acrylate 
[2071], a 2,4,6-trichIorophenyl malonate (104.10) 12382, 32581 or diethyl 
ethoxymethylenemalonate [3566]. The last named reagent was successful where 
several others failed. 

120711 

CN 

ow*m +(Mes)2c=ccooMe I -* A 4P- \ N  

CN 

R-Me,Et 0 - 
0 
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F E t  

1325 

E-Hcn + (101.10) - PhBr*A m mqQ I32581 

R 

0 R - allry3. PhCHa Ph 

Dimethyl oxalate [2955], diketene [2789], an acetoacetate [3489], 3-amino- 
crotonic ester [3489] and the Vilsmeier reagent 129941 have also been demon- 
strated to be useful synthons. 

I2w 
p M W . A ,  &- NH + ( rnE l )2  

76% Ho 

g-.-.cH2R+cH2Qo 
,”, 2. f&-+j-+j Me ImQl 

a A  CH2CN ‘dHCOOEt COR’ 
- *  I, A q -  R’ [WW 

\ 

0 
~yridolr~r]bwkloe.i~~one 

H 

H 
R = CN, COOEt, CON& R 

pyr#pI1 2-apendmidarOGl-otle 

0 

CN 
H 

R1=Me.m; F ? - H . P ~ c ~  
i. ACONH.,. R’COCHCOOE~ 

tb 
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Ph Ph 

E-41 F=b-- 
-86% 

2Quino- 

CYNruna 
n -  1-3 

3. Pyrimidine-2,edione or Pyrimidiw2sne, 4-Thioxo- 

The synthetically useful ethoxycarbonyl isocyanate reacts with 2-benzimid- 
azolylacetonitrile or its corresponding acetate ester. Alkyl isocyanates also 
cyclize the benzimidazol-2-acetate ester [3570,3588]. Acyliso(thio)cyanates and 
a mild base convert 2-methylindolenines (3H-indoles) to a fused pyrimidinedione 
ring [2695]. 

0 

Other ring systems synthesized similarly: 
0 

4. 1,2,3-Triaziw l-Oxide 

An attempt to nitrosate an indole-2-acetic ester at C-3 gave instead a high yield 
of the triazinoindole. 

m-f, 82% OTJ& w301 

CH2COOEt 
Me Me 

COOEI 

072 
1 , 2 , 3 - 1 ~ 5 , 4 - ~ ~  Sox@ 

5. Pyran 

Thennolysis of the cyanophosphorane (104.11) at about 265OC under reduced 
pressure resulted in tandem intramolecular Wittig and Claisen reactions; in 
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some reactions, a mixture of a benzopyran and a benzofuran is obtained. This 
may be difficult to separate. 

(104.11) 
R = H.CI, Meo. Me 

2HtBenzopyran 

6. 1,4”hiazin-3ae 

Warming an NJVdiarylacetamide with thionyl chloride at a b u t  55 “C converts 
it into a 2,2dichloro4arylthiazinone. 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Addition of a 2-methylquinazolin4one to DMAD over a long time at the 
boiling point of acetonitrile leads to the formation of a new fused azepine ring. 
A two- or three-fold excess of methyl propiolate reacts with 2-methylbenzothi- 
azole in a similar fashion. 

k = 2 4 - 4  
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Nitro or N-Oxide and Ring-carbon 
or Ring-nitrogen 

I. Formation of a Five-membered Ring 
1. Pyrrole 
2. Pyrrol-2-one or Pyrrole-2.3-dione 
3. Pyrazole 
4. Imidazole 
5. Imidazole 3-Oxide 
6. I ,2,3-Triazole 
7. Furan 
8. Isoxmle 
9. 1,2,4-Oxadiazol-5-0ne 
Formation of a Six-membered Ring 
1 .  Pyridazine I-Oxide 
2. 1,2-Oxazine 
3. 1,4-'lhiazine 
4. 1,2,4-Oxadiazine 

11. 

1328 
1328 
1330 
1330 
1331 
1331 
1331 
1332 
1332 
1333 
1333 
1333 
1333 
1334 
1334 

Cyclizations of a nitro-phosphorane and of a nitroso-ring-carbon are shown in 
this chapter. 

1. FORMATION OF A FIVEMEMBERED RING 

1. pymle 

7-Substituted indoles are sometimes difficult to synthesize because. of the 
tendency of the Fischer (and some other) reactions to produce the 5-substituted 
isomers. A method which avoids this problem is the treatment of o-substituted 

I328 
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nitrobenzenes with a vinylmagnesium bromide at -4OOC; 3- and 4-halonitro- 
benzenes, on the other hand, give poor yields of 4-,5- and 6-haloindoles by this 
method. 7-Methoxy- (and 7-hydroxy-)indoles are biologically significant 
compounds [3630] but there is little information as to how o-methoxynitrobne 
would behave in this reaction. Deoxygenation of the /3-nitro-a-phenylstyrenes 
with triethyl phosphite at 150 OC usually produces high yields of 3-phenylindoles 
[3951]. Flash vacuum pyrolysis (fvp) (at 800°C and 1-6 x 1O"Torr) of 2- and 
Cbenzylpyrimidine 1 -oxide (review of pyrimidine oxides [37951) gives pyrimido- 
indoles [3059a]. 4-Nitrophenylthiazole undergoes a cyclodeoxygenation when 
treated with triethyl phosphite, the nitrene intermediate attacking C-4 of the 
thiazole [2823). 

R R 

R =Me. CI, Br, Me3sio lndde 

Other ring systems synthesized similarly: 

0 0  
-1 I I 

'N 

Another ring system synthesized similarly: 
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Thiazolo(5,4-4ndde 

2. Pyrrob2-0ne or Pyrrole-2,3dione 

The lability of the nitro group of 4nitroquinoline I-oxide is utilized in the 
reaction with an enamine at ambient temperature to form a new pyrrolone ring. 
When the reaction time is extended, the product lacks the N-hydroxy group. The 
lability of nitrobenzenes has been reviewed [ 1398, 14321. A C,N-diphenylnitrone 
[Chemicd Abstracts name: N-(phenylmethylene)benzamine N-oxide] reacts with 
two moles of dichloroketene (review [2348]) (prepared in sifu from chloroacetyl 
chloride and TEA at about 5 "C) to give a high yield of the 3,3-dichloroindol-2- 
one, which is easily converted into the biologically and analytically interesting 
isatin. 

QJjn C E b  49% ~ 8; \ +A Inel  1 

I 
+A +ouwH=w2 

0- 
P y ~ ~ 3 , 2 - ~ l i n - 2 - 0 1 ~  SOX& 

I 
0- 

0- 

R =H, U, a, Me 2.3-lnQledlone 

3. Pyrazole 

When the isoxazole (105.1) is treated with an excess of diazomethane at labora- 
tory temperature, a [ 1 ,S]sigmatropic shift occurs and the benzoyl group migrates 
from the bridgehead position to an adjacent carbon (that derived from diazo- 
methaneka move which resembles the Van Alphen-Hiiuttel rearrangement 
[W. 

0 COPh 

(105.1) pVraz0~3,Cd]isoxle 
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4. laidazole 

Hot sulphuric acid converts a 2-nitroenamino-oxazine into an imidazoazine 
with loss of the nitro group. A different kind of annulation occurs when the nitro 
is attached to a phenyl ring, and the compound is heated in a high boiling 
solvent to form an intramolecular C-N bond with loss of the nitro group. 

X=CH.N 

5. lmidazole 3-Oxide 

N.a-Diphenyl-a-nitrosonitrone, an explosive compound, spontaneously cyclizes 
at room temperature to a benzimidazole 3-oxide. 

OH 

6. 1,2,3-Triazole 

A nitro group attached to a pyrimidinone or pyridinone ring may be displaced 
by a nucleophile such as an aide ion. On heating the azide in DMF, a fused 
triazole ring is formed. 
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Other ring systems synthesized similarly: 

7. Furan 

4Nitropyridine I-oxide reacts with lcyano-2-phenylethyne in refluxing toluene 
to form a 3cyano-2-phenylfuran ring fused to the pyridine. 

F w . 2 - m  

8. Isoxazole 

The regioselectivity of 1.3-dipolar cyclization is affected by steric and electronic 
factors. Addition of cyclic N-oxides to propynoic esters shows regioselectivity 
as only the I-carboxylic ester is obtained when the temperature is kept at 6 0 O C .  
When the phosphorane (105.2) is heated in methanol, the isoxazole is formed 
instead of the expected diarylmethane. 
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9. 1,2,4-0xadid5-ooe 

Annulation of an electron-enriched pyridine N-oxide with phenyl isocyanate at 
I 10 "C or lower gives an oxadiazolone, but 3-bromopyridine N-oxide behaves 
differently (see Chapter 90); an unsymmetrically substituted N-oxide usually 
leads to a mixture of isomers. 

6 \ @.c +PhNCO ml 
WF. A 
dBK 

Me Me 

[I .2,4pwaBarokp,3-abyidb2-one 

Me b'yo+ c'y:2wl \ N-0 

\ N - - - - O  Me 
Me 

34% 24% 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridazine I-Oxide 

Nitro and ring-nitrogen in different rings may be joined together by heating with 
iodine-sodium acetate in ethanol. The N-oxide was formed instead of the 
expected dehydrogenated pyridine. 

2. 1,2oxnzine 

Irradiating a /3-nitrovinylfuran in acetone results in the formation of a fused 
I ,2-oxazine. 
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M 3 0 . C  46% * ~~~ EM1 
CH=CMe Me 

e e n z o r u ~ ~ 1 ~ - o x a z i n e  

3. 1,rlThiazine 

Reductive cyclization of a nitrodiphenyl sulphide with triethyl phosphite 
proceeds by a rearrangement (via a spirocyclohexadiene), as demonstrated by 
4-monosubstituted sulphide. The effect of blocking the 2- and/or 6-positions of 
the unnitrated ring with methyl or chloro groups has also been studied [2256]. 
The chemistry of phenothiazines has been reviewed [B-M, 33321. 

H 

4. lf,Mxadiazine 

Nitrosobenzene and ethyl cyanoformate N-oxide react at or below room tem- 
perature to give a benzoxadiazine. 
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1. FORMATION OF A FIVE-MEMBERED RING 

1. Pyrrole 

Addition of a 12.4-triazine to a DMAD (two molar proportions) results in the 
formation of a new fully substituted pyrrole ring [2915a]. DMAD also reacts 
with N-substituted pyridazines under basic conditions to give a new fused 
pyrrole ring [3304]. Reaction of the cyclopropenone (106.1) with Cpicoline and 
then with pivoloyl chloride gives a high yield of an indolizine [3553]. 

1335 



Me 

II 
0 

(1@1) (106-2) IndOHrine 

R-Me 

2. Pyrrol-2sne or Pymk-2,3dione 

1,2-Diarylcyclopropenone (106.1) reacts with argon-purged pyridine to give 
labile intermediates (3-indolizinols) which are simultaneously oxidized and 
dimerized. When similar reactants were heated in dioxane or when 4,4'-bipyridyl 
replaced pyridine, bisindolizin- 1 -ones were obtained. 

k k 
I I 

Diethyl methyloxalacetate (106.2, R' = Me) adds to tetrahydropyridine and 
forms a new pyrroledione ring, but diethyl oxalacetate gives a product which is 
shown to be the enol form of the corresponding dione [2744]. The I,Zdouble 
bond of 3H-indoles undergoes a cycloaddition on treatment at ambient tem- 
perature with either diethyl oxalacetate or oxalopropionate. When R' = H, 
the product may exist as its 2-hydroxy tautomer [3394]. Successive N- and 
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C-acylation of a 9, IO-dihydroacridine with oxalyl chloride can lead to the 
formation of a peri-positioned pyrrole-2,3-dione ring being formed in good-to- 
excellent vield 12321 1. 

PhI4.A 

smb fi 
R ' m W  (106.3) 2,s- 

3. Pyrazole 

Perf-annulation of the benzotriazole ylide (106.4) occurs when it is heated in 
benzene with an alkyne. Arylethynes produce a mixture of positional isomers 
but the propynoate ester gives a preponderance of (106.5, R' = COOR4). 

b r i o  +R'C=CH *%- w. A @h ISM] 

(1084 (low 
R' coot+, Ph, 46C& 
R ~ Q I R ~ = C O O R ' :  d-Me,Et 

2&6b,toc=rriezabent,3ben-l ,&ab]indene 
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4. Imidazole 

Doubly fused imidazoles may be synthesized by trapping the benzyne formed by 
lithiation and loss of lithium fluoride from the amidine (106.6). By limiting the 
amount of t-butyllithium used to about two equivalents, monosubstitution of 
the intermediate with an electrophile (such as water or iodomethane) is possible. 

R 
I 

Other ring systems synthesized similarly: 

5. 1,2,4Triazole 

The dipolarophilic nature of the C = N bond of the 3H-indole (106.7) is demon- 
strated by its reaction (without external heating) with a nitrile imine. 

\ 
Me Me 

6. 1,2,4Oxadipzole 

Benzohydroxamic acid chloride (the oxime of benzoyl chloride) adds on to the 
benzodiazepin-Zone (106.8) at ambient temperature with loss of chlorine. 
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7. 1,2,4-ThiadiamI-hne 

A ring S(I1) is converted into a bridgehead S(1V) during the cyclization of the 
thiadiazole-3-thione (106.9) by heating it with an isocyanate in chloroform for 
between 6 and 24h. 

11. FORMATION OF A SIX-MEMBERED RING 

1. Pyridine 

The NH and neighbouring 2-CH of irnidazole are annulated when the 
compound is heated with cyclopropyl aryl ketone and PPA in decalin or heated 
without a solvent. When the 2-position is blocked, cyclization at C-5 of the 
imidazole occurs [3276]. 3H-Indole adds on to DMAD at room temperature to 
form a pyridoindole in moderate-to-good yield [3394]. 2-Styrylbenzimidazole is 
photocyclized in good yield in methanol containing iodine [2845]. 

k 
I 
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During an attempt to formylate the carbazole (106.10) by heating it with 
N-methylfonnamide and phosphorus oxychloride, ring closure gave the penta- 
cyclic compound instead. 

& + HCONHMe + poc13 *& 122141 

\ HN 0 

(106.10) A 

\ 0 26% 

0 

3. Pyrimidiad-oae 

A new pyrimidinone ring is formed when the dbenzoytadenosine (106.1 1) 
is dissolved in acetonitrile and irradiated under argon and in the presence 
of iodine, tetracyanoethene or 1,4dinitrobenzRne. This may be the 
first report of an oxidative photocyclization of a 1,3diazahexatriene system, 
N=C-N =C--C=C. 

(106.11) 0 

R' = H. GI. Me. COOMe; R2 = 2,3.5-Mace!ylpentosyi ,e-winazolin-- 
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4. lJ-oxazinbone 

Phthalazines and dimethylketene (in a molar ratio of 1:2) give a high yield of an 
adduct without external heating. Quinazolines need four molar equivalents of 
diketene and form an adduct which contains two oxazinone rings [2161]. 

@ 0 N  I +Me&=Co   om Etoo - eCh \ 0 N  121611 

R? R2 

R' - H, Me, $ = H, Me, W H ,  Ph, Me0 [1,3pazino(4,3-4phthakin-2~ 

111. FORMATION OF A SEVEN-MEMBERED RING 

1. Azepine 

Cycloaddition of cyclohepta[b]pyrrole to DMAD in boiling benzene gives a 
product which contains two molecules of DMAD and a minor product which 
contains one DMAD molecule. Cyclohept[dlimidazole gives lower yields. 

COOMe 

I==] 

COoMe Meooc 

Another ring system synthesized similarly: 
N m  
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A topic may be mentioned on several pages following those which are printed in bold. (R) 
means that a reference to a review is included on one or  more of the pages cited. 

Aaptamine, I I78 
Abbreviations. 669 
Algar-Flynn-Oyamada reaction, 902 
Altemariol, 1070 
1-Amino effect (R). 9 I6 
2-Aminobenzophenones (R). 973 
Aminoethylthiolation, 873 
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Asparenomycins, I I5 I 
Auromomycin. 826 
4-Azaiuulenes (R). 1206 

Baker-Ven kat arman react ion, 824 
Batch-Leimgruber reaction. 957 
Beckmann rearrangement (R). 807. 1268. 

Benzazepines (R). I302 
1.4-Benzodiazepines. tricyclic (R). 7 10 
I .5-Benzodiazepines (R), I I37 
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Benzofurans (R). 676, 703. 8(K). 818 
I -Benzopyrans, 2.3-lused (R). 1062 
Benzopyrroles (R), 702. 969 

Benrolh jthiophene-2.3-dione (R). I282 
Bemthsen's synthesis o l  acridineu. I192 
Beyer-Combes reaction. 989 
Biguanides. 830 
Bischler-Napieralski isquinoline synthesis, 

770 
t-Butyl groups as blockers (R). 982 
Buiotenin, 697 

I270 

I-hydroxy- (R). 885 

Carblines-.w Pyridoindoles 
Camptothecin, I3 10 
Chalcone dibromide. 13, I6 
Colchineinamide, 972 
Combes quinoline synthesis. 866, 990 
Cope rearmngement, 1258 

Curtius reaction. 933 
Cyclization. cobalt-induced. I297 

1 0 6 5 .  1070. 1240. 
copper-induced, 7 I I ,  737, 864, 1057, 

copper-chromium-induced, I273 
homolytic (R), 894. 1078. 1078. 1152, 

iron complex-mediated. 8 13 
mercury(l1 )-assisted. 778. 885 
metal-mediated (R). 885. 992. 1057 
nickel-induced. 1070. I 182 
palladium-induced (R). 702. 706, 735. 

1228. 1229 

885.893. YOO. 915,992, 1076. 
1106. 1114, 1223. 1242 

photochemical (R), 737. 740. 884. 900, 
992. 1016. 1025, 1031, 1032. 1078. 
I 110, 1124. 1134. 1151, 1159. 
1182. 1223, 1230. 1287, 1298. 
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rhodium-mediated (R). 768, 890, 1150. 
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ruthenium-mediated, 713. 981.992 
sonocheniically promoted (R). 886. I229 
thallium derivatives in, 769. 818. 886, 

transition metal-mediated (R). 1070. 

zirconium-mediated (R). I225 

897. 902. 1223 

I182 

Cyclization of functional groups, acetal and 
aldehyde. 83 I 
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acetal and carboxamide. 674 
acetal or thioacetal and ring-C. 675 
acetal and ring-N, 677 
acyl halide and acyloxy. 1078 
acyl halide and halogen, 1068 
acyl halide and isocyanate, 1084 
acyl halide and nitrile, 1094 
wyl halide and acyloxy. 1078 
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amine or imine and nitro, 751 
amine and nitroso or N-oxide, 756 
amine and oxime, 958 
amine and oximinoacylamine, 673,934 
amine or imine and phosphorane, 761. 

amine and ring-C. 980 
amine and ring-N, 997 
amhe or imine and sulphonamide, 778 
amine and sulphoximide. 780 
m i n e  and thiocarbamate. 699 
amine and thiocyanate. 781 
amine and thioureide. 77X 
aminoxy and ring<, 984 
arylidenimino and lactam carbonyl. 

azide and azo, I01 5 
azide and carboxamide, 1019 
azide and carboxylic ester. 1019 
azide and halogen, 1018 
azide and imide, 936 
azide and imine, 1031 
azide and ketone. 791 
azide and methyl or methylene, 1020 
azide and nitrile. 1019 
azide and nitro, 1016 
azide and ring-C, 1023 
azide and ring-N, 1030 
azide and sulphimide, 1026 
a ide  and thioether. 1021 
azo and carbamate. 1033 
azo and ringC, 1028 
carbamate and carboxamide. 1042 
carbamate and carboxylic acid, 1042 

thiocarbonyl, 726 

763 

73 I 

carbamate and carboxylic ester, 1042 
carbamate and dithiocarbamate, 7 18 
carbamate and halogen, 708 
carbamate and nitrile, 1041 
carbamate and ring-C. 1035 
carbamate and ring-N. 1036 
carbamate and trimethylsilyl- 

methylamine. 782 
carbamoyl azide and ring-N. 1032 
carbodiimide and nitro. 1016 
carboxamide and carboxylic ester. 1044 
carboxamide and disulphide. 1049 
carboxamide and diazonium salt, 1046 
carboxamide and epoxide. 1052 
carboxamide and ether or thioether. I051 
carboxamide and halogen, 1064 
carboxamide and hydroxy, 1051 
carboxamide and iminophosphorane, 936 
carboxamide and ketone. 794 
carboxamide and lactam carbonyl, 1081 
carboxamide and methylene, 109 I 
carboxamide and nitrile, 1042 
carboxamide and phosphonium salt. 935 
carboxamide and ring-C, 1056 
carboxamide and ring-N, 1860 
carboxamide and sulphenamide, I 1 18 
carboxamide and sulphinyl, 1 I19 
carboxamide and ureide, 1098 
carboxylic acid chloride-see acyl 

carboxylic acid and ether, 1076 
carboxylic acid and hydrazone, 1075 
carboxylic acid and hydroxy or thiol. 

carboxylic acid and ketone, 799 
carboxylic acid and nitrile, 1095 
carboxylic acid and nitro, 1096 
carboxylic acid and ring-C, 1105 
carboxylic acid and ring-N, 1112 
carboxylic acid and sulphamide. I 121 
carboxylic acid and sulphonamide, 1 120 
carboxylic acid and thiocyanate. I I2 1 
carboxylic acid and thioureide or ureide, 

carboxylic acid anhydride and ether, 

carboxylic ester and cyanate, 1085 
carboxylic ester and ether or thioether. 

carboxylic ester and halogen. 1063 
carboxylic ester and hydrazine. 1073 
carboxylic ester and hydrazone, 1073 
carboxylic ester and hydroxy. 1077 

chloride 

1076 

1098 

1078 

1076 



1402 General Index 

Cyclization of functional groups (conr.) 
carboxylic ester and hydroxylamine, 

carboxylic ester and iminophosphorane, 

carboxylic ester and isothiocyanate. 1083 
carboxylic ester and ketone, 799 
carboxylic ester and lactam carbonyl, 

carboxylic ester and methylene, 1086 
carboxylic ester and nitrile. 1094 
carboxylic ester and nitro, 1097 
carboxylic ester and hydroxyureide, 

carboxylic ester and phosphorane, 853 
carboxylic ester and ringC, 1105 
carboxylic ester and ring-N, 1112 
carboxylic ester and sulphenamide, I I19 
carboxylic ester and sulphinyl, I120 
carboxylic ester and sulphonylamine, 

carboxylic ester and thiocarbamate, 1043 
carboxylic ester and thioureide or ureide, 

chlorodithioformate and ring-C. 785 
diacyl chloride, 1 158 
dialdehyde, 827 
I .2-diamine. 1123 
1.3-, 1.4- or I$-diamine, 1142 
diazide. I 159 
diazo and halogen, I148 
diazo and ring€ or ring-N. I150 
diazonium and hydrazide. 1046 
diazonium and hydrazone. I156 
diazonium and methylene. 1148. 1 149 
diazonium and nitrile. 1045 
diazonium and ring-C, 1150 
diazonium and ring-N, I154 
diazonium and thioamide. 1046 
diazonium and thiocarboxylic acid, 1034 
dicarbohydrazide. 1 I 6 0  
dicarboxamide (cyclic), I 159 
dicarboxylic acid, 1158 
dicarboxylic acid anhydride, I161 
dicarboxylic acid imide, 1159 
dicarboxylic ester, 1160 
diether, 1131 
dihalogen, 1163 
dihydroxy, 1170 
di(hydroxyamin0). 1 145 
di(iminophosphorane), I 162 
diketone, 827 
di(methylene), I 1 9 4  

1073 

853 

1084 

1074 

6% 

I102 

dinitrile, 1177 
dinitro, 1177 
diol-m dihydroxy 
dioxime. 832. 833 
di(ring-C), 1181 
di(ring-N), 1181 
di(sulpheny1 chloride), I 174 
di(sulphone), 1 I73 
di(sulphony1 chloride), 1 174 
dithioacetal and sulphonylamine, 8 18 
dithioacetal and ketone. 834, 837 
dithiocarboxylic acid and ring-C. 1105 
dithiol, I 172 
di(trimethylsilylimine), 833 
enamine and carbonyl, 1200 
enamine and noncarbonyl. 1204 
ether or thioether and ketone, 806 
ether or thioether and ketoxime, 808 
ether or thioether and methylene, 1208 
ether or thioether and nitrile, 1047 
ether or thioether and ring-C, 1210 
ether or thioether and ring-N, 1209 
formazan and ring-N, 929 
guanidine and nitro, 752, 755 
halogen and acyloxy or hydroxy. 1213 
halogen and ether or thioether, 1213 
halogen and hydrazide. 1065 
halogen and hydrazine. 707 
halogen and hydrazone. 704 
halogen and hydroxylamine diacetate. 

703 
halogen and isocyanate or 

isothiocyanate, 704. 1220 
halogen and ketone. 809 
halogen and lactam carbonyl, I2 19 
halogen and methylene. 1222 
halogen and nitrile. 1063 
halogen and nitro, 1233 
halogen and oxime, 12 I8 
halogen and ring-C, 1222 
halogen and ring-N, 1236 
halogen and semicarbazide, 708 
halogen and sulphinyl. 1220 
halogen and sulphonamide. 1221 
halogen and thiocyanate, 1220 
halogen and thiol or thioether, 1214 
halogen and ureide, 704 
hydrazide and nitro, 1244 
hydrazine and nitro, 1244 
hydrazine and ringS, 1247 
hydrazine and ring-N, 1247 
hydrazone and ketone. 797 
hydrazone and nitro, 1244 



General Index I403 

Cyclization of functional groups (cont.) 
hydrazone and phosphorane. 761 
hydrazone and ring-C. 1260 
hydrazone and ring-N, 1262 
hydroxamic acid and hydroxy. 1269 
hydroxamic acid and ring-C. 1057 
hydroxy and hydrazone, 1267 
hydroxy or thiol and imine. 1294 
hydroxy or thiol and ketone. 817 
hydroxy and lactam carbonyl or 

hydroxy or thiol and methylene, 1272 
hydroxy or thiol and nitrile. 1047 
hydroxy and nitro, 1276 
hydroxy and nitroso, 1277 
hydroxy or thiol and oxime, 1269 
hydroxy or thiol and phosphonium, 

hydroxy or thiol and phosphorane, 762. 

hydroxy and ring-(:. 1280 
hydroxy or thiol and ring-N, 1276 
hydroxy and sulphonamide, 1049 
hydroxy and thioureide. 1270 
hydroxyamino and ring-C, 991 
imidaie and methylene, 733 
imine and methylene, 733 
imine and ring< or ring-N. 1294 
isocyanate and nitrile. 1082 
isocyanate or isothiocyanate and ketone. 

792 
isocyanate or isothiocyanate and ring-C 

or ring-N. 1303 
isocyanide and methylene. 1093 
ketone and ketoxime, 83 1 
ketone and lactam carbonyl or 

thiocarbonyl, 1307 
ketone and methylene. 839 
ketone and nitrile. 845 
ketone and nitro, 848 
ketone and nitroso, 848 
ketone and phosphorane. 855 
ketone and phosphorodiamidothioate, 

ketone and ringC, 859 
ketone and ring-N, 872 
ketone and sulphonamide. 795 
ketone and sulphoxirnine, 808 
ketone and thiocarbamate. 797 
ketone and thioether. 807 
ketone and thioketal, 834 
ketone and thioureide or ureide, 792 
ketone and tosylhydrazone, 681 

thiocarbonyl, 817 

762 

1301 

854 

ketone and trichlmethyl. 814 
ketoximine and lactam carbonyl, 

1308 
lactam carbonyl or thiocarbonyl and 

methylene, 904 
lactam carbonyl or thiocarbonyl and 

nitrile. 1082 
lactam carbonyl or thiocarbonyl and 

ring-C. 906 
lactam carbonyl or thiocarbonyl and 

ring-N, 872 
lactam carbonyl and thiosemicarbazide, 

1310 
lactam carbonyl or thiocarbonyl and 

thioureide or ureide. 1096 
lactone and ketone, 793 
methylene and nitrile, 1086 
methylene and nitro, 1312 
methylene and nitroso, 1315 
methylene and ringC, 1316 
methylene and ring-N, 1318 
methylene and ring-S. 1147 
nitrile and lactam thiocarbonyl. 1082 
nitrile and nitro. 1104 
nitrile and oxime. 1074 
nitrile and ring-C or ring-N, 1055 
nitrile and sulphamoyloxy, I121 
nitrile and sulphonamide, 1 I20 
nitrile and thioether, 1048 
nitrile and thiol, 1082 
nitrile and ureide, 1098 
nitro and phosphorane, I332 
nitro or nitroso and ring-C. 1329 
nitro and ring-N, I33 I 
N-oxide and ring-C. 1329 
oxime and ring-N, 1261 
phosphorane and ring-C or ring-N, 1293 
phosphorane and thiocarboxylic ester, or 

thiocyanate, 853 
phosphorane and trithiocarbonate. 854 
ringC and ring-N, 1335 
ring-C and sulphimide. 1026 
ring-C and sulphinarnide. 91 2 
ring-(: and sulphonamide, 1057 
ring-C and sulphonylimino. 768 
ring-C and sulphonylazide, 1029 
ring-C and thioacylamine, 767 
ring-(: and thioacylhydrazine. 772 
ring-C and thiocarboxamide, 1059 
ring-(: and thioketone, 865 
ring-C and thioureide or ureide, 1036 
ring-(: and trimethylsilyl, I302 
ring-(: and N-ylide, 768 



1404 General Index 

Cyclization of functional groups (cnnr.) 
ring-N and di- or tri-thiocarbonate. 

ring-N and ringd, 1339 
ring-N and sulphenamide. 776 
ring-N and sulphimide. 929 
ring-N and thiocyanate, 7112 
ring-N and thioureide or ureide. 1036 
sulphonamide and ureide. I103 
thiocarboxylic acid and methylene, 1090 
thioether and ureide. 1048 

Cyclizing reagents, acetals, 862. 88 I. 91 2. 

1117 

1003, 1058. I 134 
acethydrazide. 875 
acetic anhydride-perchloric acid, 874 
acetic formic anhydride (R). 718. 923. 

924. 1275 
radiolabelled. 923 

acetonitrile-aluminium chloride, I058 
acrylonitrile. 743 
(acylamino)amidroxamine, 69 I 
3-alkoxyacroleins, I259 
alkynes (R). 707. 736. 877. 882. 941, 

962.982.998, IOOY. 1012. 1039. 
1055, 1108, 1147, 1210. 1214, 
1224. 1230. 1288, 12%. 1318, 
I332 

allenes. 863. 882, 917. 949. 991. 1004. 
1154, 1297 

amidines, 807, 919. 974, 1068. 1203 
amidrazones. 925 
aminoacetals (R), 674 
3-aminoacroleins, 990, I284 
3-aminocrotonic ester or nitrile, 1003. 

2-aminonitrile, 723 
N-aminopyridinium salts (R), 747. 768 
5-aminotetrazole, 835 
ammonium acetate, 801, 816, 827, 835, 

1290. 132s 

842, 881,973. 1059. 1201. 1284. 
1309. 1320 

ammonium carbonate, 80 I, 8 16 
ammonium thiocyanate, I239 
aryl chloroformate, 688 
aroyihydroxamoyl chloride, 878. 12 10 
arylazochloroacetyl chloride, 878 
arylidenemalononitrile. 742, 878, 908, 

azadienes-see Heterodienes 
azides (R), 941, 1015, 1018, I186 
baker's yeast, I I2 I-see also catalase 
barium manganate as dehydrogenator, 

1055. 1264 

I294 

benzohydroxamic acid chloride, I338 
benzonitrile oxide (R), 983 
benzoyl isothiocyanate. 930 
benzoylcyanamide. 95 1 
biguanides, 829 
bis(acetonitrile)dichloropalladium. 884 
I .3-bis(methoxycarbonyl)-S- 

methylisothiourea, 937. I 128 
bis(methylthio)methylenemalonic acid 

derivatives, I31 8 
bis(trichloromethyl) carbonate 

('triphosgene'). 7 15 
bis(trimethylsiiyl)sulphurdiimide, I I76 
boronic acids, 705, 812. 1067 
bmmoacetyl bromide, 978, 12 18 
bromoacetaldehyde acetal, 1053 
bromoacetonitrile. I 105 
2-bromoacrylic acid or its nitrile, 877 
bromochloromethane, 1 I7 I 
bromonitromethane, I048 
(+)- 10-camphorsulphonic acid, 727 
carbenes, 862, 872, 1 15 I 
carbodiimides. 698. 1079 
carbon disulphide (R). 763, 1001, 1143. 

1221. 1231. 1256, 1274, 1298 
carbon suboxide, (R), 101 1 
carbonyl sulphide. 715,936 
carbonyldiimidazole. 820. 939, 1098. 

1129, 1155, 1187, 1256 
catalase (R). 736, 1044. 1098 
chalcones, 9 18. I 137 
chloral hydrate-hydroxylamine, 71 3 
chloroacetyl chloride, IOOO, 1 1 %  
2-chloroacrylonitrile. 1266 
chlorobenzaldoximes, I 127 
chlorocarbonyl isocyanate (R), 1014 
chlorocarbonylsulphenyl chloride, 985 
3chiorocrotonic acid, 882 
chlorodiphenyl phosphate, 1 I50 
chloroformamidine hydrochloride, 95 1 
.+chlorohydrazide, 1243 
chloroiminium chloride, 68 I 
2chloronitrobenzene, I I74 
N-chlorosuccinimide, 905. I278 
chlorosulphonyl isocyanate (R). 746. 

825. 974. I 183, 1268 
chlorothioformic acid chloride. 1001 

phenyl ester, 837 
2-chloro-I, I ,  I-triethoxyethane, 714 
crotonaidehyde. 1 I37 
crotonic anhydride, 738 
cyanamide, 1042, 1161 
1 -cyano-2-phenylethyne, 1332 



General Index 1405 

Cyclizing reagents (con!.) 
cyanoacetamide (R), 804, 822. 823, 834 
cyanogen. 942 
cyanogen bromide. 729. 757. 780.943, 

cyanohydrins, 7 14 
cyanothioacetamide (R), 67 I. 82 1. 822, 

DBN, 672 
DBU (R), 803. 824, 852,855,880, 

DEAD. 941.90, 1039. 121 I 
(diacetoxyiodo)benzene (R)-see lodo 

compounds, hypervalent 
diallyl acetylenedicarboxylate. 1 184 
diallyl sulphoxide, I196 
1.3-diazahexatriene, 1340 
diazoalkanes, 1 106, 1 185 
dibenzoylacetylene. 101 2. 1055 
O,CI -dibromophenylhydrazne, I I68 
dibromotriphenylphosphorane. 952 
I 2-dicarbonyl compounds, I 132, 1 133. 

I ..?-dicarbonyi compounds, 722, yO8, 

1126. 1171. 1253 

905 

916 

1 136, 1282 

953. Y93. YY4, 1005, 1008, 1058, 
1138, 1143, 1209 

dichloroacetic acid, 1300 
dichloroketene (R). I330 
dichloromethyl methyl ether. 11% 
N-(dichlorometh ylene)carboxamides, 

(dichloromethy lene)dimethylammonium 

1.1-dichloro-2-nitroethene. 714. I 129 
dichlorosulphine. I I52 
diethoxymethyl acetate. 684, 744 
diethyl azodicarboxylate, 998. 1175, 

diethyl chlorophosphate. 874 
diethyl mesoxalate. 1135. 1257 
diethyl methyloxalacetate, I336 
diethyl oxalacetate. I336 
dicthyl or dimethyl oxalate. 723, 92 I .  

925.939, 1012. 1325 
diethyl oxalopropionate, I336 
di-isopropyl peroxydicdrbonate, I296 
di-isopropylethylamine. 977 
diketene, 918. 930, 983, 984, 1032. 

1138. 1290. 1325. 1341 
dimedone. 877 
dimethyl allenedicarboxylate, 949 
dimethylacetamide diethyl (or 

dimethyl)acetal. 973 

1013 

salts (R), 718, 1130. I141 

1195. 1265 

dimethylketene, 1198, 1341 
dimorpholinophosphoric chloride, 874 
0-(2,4-dinitrophenyl)hydroxylamine. 74 1 
diphenyl cyanocarbonimide. I 128 
diphenyl ether (as reactant). I I88 
diphenyl sulphoacetate, 823 
diphenyl thiomalonate, 724 
diphenylketene. 865, 103 I 
N-diphenylphosphinyl-W-methy I- 

piperazine, I 124, 1 142 
diphenylphosphine chloride, I 124 
diphenylphosphorylation, 872 
diphosphorane. I162 
disuccinimido carbonate, 7 16. 7 19, 1 I29 
3,3-dithioacroleins. 1234 
dithioate esters, 7 13. I I25 
dithiocarbamate, 7 18. 95 1. I 127 
ditosyldiazwnethane, 864 
DMAD, 707. 72 I ,  779,877-879, 882, 

917. 918, 949. 962. 995. 1012, 
1030. 1035. 1055. 1 I I I. 1135, 
1182. 12S8, 1317, 1327.1335 

1323 
DMFDEA, 924,925,937,949, 1060. 

DMFDMA, 966, 1085. 1197. 1296 
enamines, 821. 908, 929, 957, 985, Y90. 

995, I(HM. I 154, I 173. 1258. 1300, 
1304, 1330 

epoxides, 878,885,998 
epoxyaldehydes, 1 133 
3-ethoxyacrolein diethylacetat, 993 
3-ethoxyacmlein. 990 
ethoxycarbonyl isothiocyanate (R). 95 I .  

N-ethoxycarbonylthioamide, 7 I7 
N-(ethoxycarbony l )thiocarboxamides, 

ethoxyethene. 1297 
ethoxymethylenecyanoacetate. 1209. 

ethoxymethylenemalonate, 909, 965, 

ethoxymethylenemalononitrile, 1003, 

eth y I ( et hox y mcthy lene k ydnoacet ate, 

ethyl acetimidate, 998 
ethyl benzoylacetate, 1290 
ethyl 2-benzoylglycinate, 7 I3 
ethyl carbamate, 974 
ethyl carbilzate. 875. 1239 
ethyl 2-chloroacetoacetate. 72 I ,  863, 

I326 

I I25 

1323 

1009. 1324 

I323 

I323 

1008 
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Cyclizing reagents (conr.) 
ethyl or phenyl chloroformate, 83 I,  938, 

943,963,837'993, 1128 
ethyl cyanoacetate. 673, 967 
ethyl cyanoformate N-oxide, I334 
ethyl glycolate, 1065 
ethyl glyoxalate diethylacetal. I 134 
ethyl hippurate, 7 I3 
ethyl isocyanoacetate, 874 
ethyl lactate, 1065 
ethyl pyruvate. 1250, 1281 
Nethylmorpholine, 783 
formaldehyde, 939,943. 1141 
formamide, 744,847.974 

N-methyl-. 745 
formamidine. I161 
formamidoacetonitrile, I238 
formic acid. 718, 854. 1143 
glycidylaldehyde. 998 
glyoxals. IOOO, I 132, 1 134 
guanidine, 750, 807. 1068 
a-haloacetals, 881. 912 
a-haloaldehydes and -ketones (R). 723. 

731. 839, 877. 878. 981, 997, 998, 
1103. 1215, 1243, 1294, 1309, 1317 

1105. 1112, 1134. 1163, 1279 
a-halo-acids or -esters, 72 I ,  82 I ,  878, 

a-halocarboxamides. 8 I8 
a-halohydrazones, 1168, 1238 
halomalondialdehydes (R). 1003 
heterodienes (R), 869, 1061. I I 1  I ,  1191 
hexamethylenetetramine (hexamine) (R), 

hydrazide. 759 
hydrazidoyt halide (R), I185 
hydrazine. ring enlargement of 

hydrazines. 728. 740.745,800,804, 

815.816 

thiophenes. 947 

810,814.829.834,846.947, %9, 
1019. 1042.1049, 1065. 1068, 
1147. 1159, 1162, 1204, 1234, 
1248, 1308 

hydrazoic acid, I 1 18 
hydrazones (R), 756,836, I 194, 1233, 

hydroxamoyl chlorides, 7 17. 1 189. I2 10 
hydroxylamines, 768. 795, 799. 801. 

831,971,972,983,991, 1145. 
1201. 1256. 1268, 1277 

hydroxylamine-0-sulphonic acid, 1 I 13. 
1268 

imidoyl chlorides, 728, I2 I4 
iminium halides, 681, 718, 1253 

1245, 1247,1261 

imino-ester or ether. 942, 95 I 
iodo compounds, hypervalent (R). 753. 

1134, 1145, 1320 
iron (cyclopentadieny1)hexafluoro- 

phosphate complexes, 813 
iron and acid, 958,977, I177 
iron(l1) suiphate and ammonia, 850 
isatoic anhydride (R), 907, 925, 1042. 

I161 
isocyanates (R), 748, 761, 828, 856, 861. 

881, 887, 925,931, 933, 970, 1014, 
1075, 1082. 1154, 1155, 1183, 
I 187. 1226, 1229.1295, 1304, 
1326. 1333, 1339 

isothiocyanates (R), 792, 856, 877, 881, 
930,951,995, 1041. 1082, 1295, 
I303 

ketene acetals, 9 13, 1 154 
ketene dithioacetals (R), 675, 834. 910, 

ketenes, 725. 80, 836, 865, I 1 4 0  
lactams (R). 724, 727, 1307 
lactim ethers, 12 1 I 
lactones (R). 742, 1307 
Lawesson's reagent, 727 
Lewasorb ion-exchange resin, 1206 
lithium bis(trimethylsilyl)amide (LBA), 

lithium 2-(dimethylamino)ethylamide, 

lithium 4-methylpiperazide, 1228 
lithium N-isopropylcyclohexylamide, 

LTA. 927,928,933. % I ,  1017. 1036. 

maleic anhydride. 9 I3 
malondiamide, 804, 1062 
malonic acid derivatives, 743, 818, 823, 

879, 880,948,973,990,992, 1003, 
1059, 1076, 1109. 1 110, 1140, 
1203, 1211, 1253, 1289. 1323 

malononitrile (R), 672. 730, 787. 788. 
906,908, %7, 1070. 1165. 1184 

malonyl dichloride, 1140, I 186 
mercury(I1) chloride, 674. 778 
mercury(I1) oxide (R), 743. 778 
3-methoxyacrylic ester or nitrite, 13 18 
methyl acrylate, 768 
methyl diethoxyacetate. 1 197 
methyl fluorosulphonate, I305 
methyl propiolate. 1327 
2-methylacrolein, NN- 

1004 

I087 

I228 

950, 1079 

I 159, I 188, 1262, 1263, 1266. 1269 

dimethylhydrazone, 1 190 



General Index I407 

Cyclizing reagents (twnr.) 
N-methylformamide, 745, I340 
methylmalonyl chloride. I 186 
NBS as antioxidant, I 159 
NBS-sulphuric acid. 905 
nitrenes (R), 1020. 1024. 1028 
nitrile-HCI (R). 743, 942, 1056, 1070, 

nitrile imine, 1338 
nitrile oxides (R), 995, I(w)o, I189 
nitriles (R), 713. 730. 1003, 1175, 1285 

1 I78 

unsaturated (R). 742. 1004 
with sulphur (R). 1088 

nitrilium salt. 772 
nitroalkenes (R). 821 
nitro group displacement (R), 753. I 101, 

I277 
4-nitrophenyl chloroformate. 688 
nitrosation, 1265 
nitrosobenzene, I 189, I272 
N-nitrosodimethy lamine, I 262 
d-nitrostyrene, I 129 
nitrosyl chloride. 1154 
onhoesters, 714,720,735, 737.747, 

779.875.924.960.961.967.973, 
1038, 1049. 1141. 1142. 1145. 
1197, 1246, 1253, 1261, 1274. 1286 

1320. 1337 
oxalyl dichloride. 707,945. 967, 1282. 

oxazolinone as lactone. 7 16. I 126. I I35 
perchloroynamine. I304 
perfluorodiketones, I I32 
phase transfer catalysis, 1016 
phenoxycarbonyl isocyanate, 10 14 
phenyl chloroformate. 837 
phenyl isocyanate dichloride, 925, I I7 I 
phenyl vhyl  sulphoxide. 1273 
I .2-phenylenediamine. 805, 815, 835. 

phenylglyoxal. I 131 
0-phenylhydroxylamine, 984. 1258 
N-phenylmaleimide. I I % 
3-phenylsulphonylbut-3-en-2-one, 
4-phenyl- I ,2.4-triazole-3,5-dione. I273 
phosgene or thiophosgene. 719. 722, 

771. 801. 815, 819. 837, 887, 931. 
938,972, 1007, 1079, 1085, 1143, 
1144, 1155. 1187, 1205. 1264 

phosphonium salts, 762. 820. 935 
phosphoranes (R). 718. 760. 809. 819, 

837,852,873,885,899,936,953 
phosphorus pentasulphide. 728. 729. 8 15. 

830. 1310 

1167, 1173. 1310 

polyphosphoric acid. ethyl ester-see 
PPE 

trimethylsilyl ester, 704 
potassium cyanide, 751 
potassium ethylxanthate, 719, I I29 
potassium thiocyanate, 930 
PPE, 713,874. IOOO, 1051. I 1  10 
prop-2-yn y ltripheny lphosphonium 

propiolic acid nitrile. I3 I8  
pyridine (as reactant). 703. 840. 1163, 

pyridine hydrochloride as demethylating 

pyridinium salts, N-substituted (R). 839. 

pyruvaldehyde, I I32 
pyruvic acid. I 136 
samarium di-iodide. 894 
semicarbazide. 834. I239 
silver(1) perchlorate. 704 
sodium borohydride-nickel boride- 

sodium imidrzolide, 820 
sodium methylsulphinylmethanide, 954 
sodium hydrogcn sulphide, I205 
sulphamide, 837 
sulphenyl halides. 1001 
sulphonium salts. 738. 863 
sulphonylnitrene, 1028 
sulphur. replacement in ring by 

hydrazine, 947 
sulphur dichloride. 833. 1131, 1225, 

1301 
sulphur monochloride (disulphur 

dichloride). 914. 986. 1 131 
tetracyanoethylene (TCNE) (R), 882. 

l(M)3. 1025, 1035 
tetrahydrothiopyran44sne or its 1, I - 

dioxide, I138 
tetrasulphur tetranitride. 12 16, 1226, 

I283 
thioacetic acid, 944 
thioamides (R), 717, 812, 1071. I169 
thiocarbamoyl isothiocyanate. 995 
thiocarbonyldiimidazole, 1273 
thiosemicarhazide hydrochloride, 750, 

926 
thiourea, 812, 865, 937. 807, I 104, 

1165, 1166 
titanium(lV) chloride (R). 1091 
tosyl azide, 913 
I .3,5-triazine. 942 

bromide, 7 I6  

1231 

agent (R), 819, 899, 1053 

910.946, 1200. 1277 

hydrazine hydrate. 957 
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Cyclizing reagents (cont.) 
tributyltin derivatives, 894, 895 
trichloroacetyl isocyanate, 1268 
trichloroethyl or trichloromethyl 

chloroformate, 685. 1007, I155 
trichloromethanesulphenyl chloride, 986 
triethyloxonium tetduoroborate. 9 12, 

triflic acid or anhydride (R), I124 
trifluoroacetic anhydride, 7 18. 1076. 

1110, 1320. 1299 
I ,  I, I-trifluorobut-3-yn-2-one, 988 
triformamidomethane. 937 
trimethylaluminium, 956 
trimethylsilyl cyanide, I294 
trimethylsilyl derivatives, 781, 943, 

trimethylsilyl polyphosphoric ester. 

3-trimethylsilyloxyacroleins. 12 16 
triphenylphosphine thiocyanate. 975 
triphenylmethyl perchlorates. 869 
urea, 746.788.807, IOOO, 1070. 1071, 

1143, 1161 
b-valerolactone, 742 
Vilsmeier reagent (R), 703, 730, 735, 

745, 756, 771,916, 1058, I 130, 
1228, 1232, 1321 

1304, 

1161, 1272 

704 

vinyl azides, I 186 
N-ylide. 747, 768. 807, 91 I .  946. 1035, 

1054, 1105. 1 184. 1209. 1302, 
1317. 1337 

ynamine or ynamine, 1304 
zirconocenes. I225 

Demethylation with pyridine HCI (R)- 
see Cyclizing reagents, pyridine 
hydrochloride 

Diazaquinomycin A, 867 
Diazotization of heterocyclic primary 

Dieckmann condensation, 1086, 1151 
Diels-Alder reaction ( R b s e e  ofso Hetero- 

amines (R). 1148.1150 

Diels-Alder reaction, 769, 828, 882, 
1111,1166 

Diltiazem (R), 955 
Dimroth rearrangement, 745,946, 1102. 

C. N-Diphenylnitrone. 982 
Doebner-Miller synthesis, 987 

Electrochemical cyclization, 1103, 1172. 

1254, 1262 

I227 

Ellipticene. 678, 1023, I I15 
Enamides, photolytic cyclization (R). 900 
Enzymes as chemical catalysts, 982, 1044 
Evodone. 8% 

Fischer indolization (R). 980, 984, 1247, 

Fischer-Hepp mmangement. I3 I3 
Flash vacuum photolysis. 921 
Flash vacuum pyrolysis, I 1  13, 1329 
Formulae, alignment and numbering, 666 
Friedel-Crafts cyclization, 772. 773, 784. 

785. 1107. 1223 
Friedlander reaction, 67 I 
Furans, condensed (R), 819 

1328 

Gattermann aldehyde synthesis. 866 

Hem reaction, 986 
Heterocycles. quinonoid (R), 717, 788, 

803,806,811,964,970. 1185, 1189, 
I 194. 1286 

1190. 1191. 1194, 1297 
Hetero-Diels-Alder reaction (R), 869, 907, 

Hippadine. I240 
Hydralazine, I257 
Hydrazones (R), 1245 

lndoles (R). 675-see also Benzopyrroles 

Irradiation-see Cyclization, photochemical 
Isatin, 803 
Isobenzofurans (R), 830 
Isocyanates, 6-membered heterocyclic (R). 

Isophellopterin, 803 
Isoquinoline alkaloids (R). 900 
IUPAC nomenclature rules, 666 

I-hydroxy- (R), 885 

1082 

Japp-Klingemann reaction. 1148. 1149. 
I252 

Knoevenagel reaction, 804 
Knorr reaction, 867 
Knorr synthesis of pyrroles, 860 
Knorr synthesis of quinolines. 973 
Kostanecki reaction, 1274 

Lennoxamine, I 1  13 
Lycoricidine, 1228 

Madelung synthesis of indoles. 733 
Magallanesine, 1085 
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Mannich reaction, 861 
Meldrum's acid and its derivatives (R), 

824. 101 I ,  1112 

Nalidixic acid analogues, 1089, I148 
Nenitzescu synthesis, 859 
Newman rearrangement, 699 
Newman-Kwafl rearrangement. 719 
Niementowski synthesis of quinazolines 

Nitroxides (R), 848, 1329 
Nomenclature o f  heterocycles. IUPAC, 

Nybomycin, I I 9 0  

Pechman reaction, 1287 
Peri-annulation, 702, 82 I ,  83 I .  84 I ,  868. 

879.91 I .  974, IW, 1027, 1055. 
1109, I 113, 1142, 1182, 1220, 1242. 
1244, 1270, 1306. 1337 

Phase transfer catalysis, 903, I 185 
Phenothiazines (R), 709.722, 1306, 

Phillips synthesis of benzimidazoles. 

Photocyclization-see Cyclization. 

Pictet-Gams synthesis, 770 
Piloty-Robinson reaction, I25 I 
Pomeranz-Fritsch reaction, 675. 677, 678 
Pschorr reaction. I151 
Pteridines (R), 758.923. Y90, I131 
Pyrwdes, fused (R), 703. 741, I164 
Pyrazolopyrimidines (R), 763, 958 
Pyridol4.3-hlindoIes ( ycarbolines) (R). 

Pyrimidine N-oxides (R), I329 
Pyrimidines (R). hydrazino-. 1259 
Pyrrolizines (R), 873. 1054 
Pymlol I ,2-a lazepines (4-azaazulenes) (R). 

Pyrrolopyrimidines (R), 1055 

(R), 942 

666 

1334 

1124 

photochemical 

I058 

1206 

Quinones, heterocyclic-.we Heterocycles. 

Quinoxalines (R), I 133 
Quinoxalinediones, tautomerism (R). I 1-34 

quinonoid 

Reissert compounds (R). 768,900. 1041 
Ring system names and their numbering, 

666 

Schmidt reaction, 820. 866 
Sincitine, 900 
Skraup synthesis o f  quinolines, 989 
Sonification (R), 886. 1229 
Stereochemistry of vinyl azides in 

Stereoselectivity during cyclization, 707. 

Sulphur, extrusion in cyclization. 912 
Suzuki reaciion, 1240 

TCDD. I174 
1.2,~-Thiadiazines. fused (R), 779, 1034. 

Thienamycin. 873, I 152 
Thioridazine, 709 
Thorpe cyclization (R). I082 
Thorpe-Ziegler reaction (R). 1092. 1004 
Timmis reaction. 758 
I ,2A-Triivoles, fused (R). 776. 1238. 1254. 

Trimrthylsilyl group. utility of, 781, I175 
Tschitschibabin synthesis, 998 
Tyrosinase. 982 

Ullman-type reaction, I 2  I 8  
Ultrasonification (R). 886, I229 
Ungeremine, 1228, I240 

Van Alphen-Hiittel rearrangement. 

Vilsmeier reaction (R)-.we under 

cyclization, 888 

893,965, 1087, 1106, 1196. 1225 

1315 

I262 

1330 

Cyclizing reagents 

Willgerodt reaction. 942 
Wittig reaction. 820.853, 1326-+ee 

Wolff-Kinshncr reduction. 829 
Cyclizing reagents, phosphoranes, 

N-Ylides, 747, 768, 807, 91 I ,  1035, 1054. 
1105, I 184, 1209, 1302, 1317, 1337 

Zirconium complexes (R). I225 





Index of Ring Systems 
The following abbreviations are used in this index (see p. 663): azep, azepine; im. imidazole: 
Nox, N-oxide: 02. dioxide; ox, oxazine; oxdazol, oxadiazole; oxep, oxepine; p, pyridine: paz, 
pyrazine: pdaz. pyridazine; pm. pyrimidine; prr. pyrrole; pzol, pyruole; tetrazep. tetrazepine: 
thzn, thiazine; thzol, thiazole; triuzep, triazepine: Inn. triazine. 

Page numbers in bold indicate that the ring system is mentioned on later pages ol' the 
chapter. 

Acenaphthoj I ,2-c 11 I ,2,5jthiadazole, 833 
Acridine. 973. 1058. I192 
I .&Acridinedione. 1285 
I-Acridinone, 1058 
9-Acridinone, 6W, 950 
I -Azabicyclo[ 3.2.01heptan-3.7-dione 

I -Azabicyclol3.2.0/heptan-3-one (prr3one). 

1 -Azabicyclol3.2.0/hept-2-en-7-one (prr), 

I -AzabicycIo[4.2.0)oct-2-en-X-one (p), 

2a-hcyclopenta[t~f I heptalenr (uep). 

I -Aza-4-oxabicyclo[ 4.2.01oct-2-en-X-one 

I -Az,ii-4-thiabicyclol3.2.0]heptan-7-one, 

I -Aza-J-thiabicyclo~4.2.0Joct-I-en-8-one 

AzepinolI.9-u Ibenzimidarde, I3 13. I338 
Azepinol2. I -hIbenzothiazolc. 1327 
Azepinol3.4-hlindole- I .3-dione. 804 
Azepinol2, I ,7-c*cl lindolinine (p), I324 
Azepinol1.9-u Iquinazolin-5-one. I327 
Azepinol2. I -h Iquinazdin-7-one. I301 
Azocinal2. I -h Iquinazolin-%one, 1301 

Benzlu lacridine. 672 
Benzlclacridine, 1228 
2-Benrazepine. 682. I302 
3-Ben~m.epine. 679, 888 
1 -Benzazepin-2-one. 844. 1232 
I -Benzazepin-l-one, 982 

(prr3one). 1087 

I IS1 

853, 1151 

1090. 1153.1240 

1341 

(1.40~). 1117 

3-thioxo (thzol). 1273 

( I ,.lthzn). I I I7 

3-Benzazepin-3-one. 679 
3-Benzazocine. 1W3 
I -Betiznmcin-2-one. 1232 
3-Benzazocin-2-one, I OY3 
Benzimidazol I ,2,3-ij Ibenzolcll1,81- 

naphthyridine-3,IO-dione (p2one). 
879 

Benzimidazol?. I -h Ibenzothiazole. I234 
Benzlg jimidazo(2. I -u lisoindole. 727 
Ben~imidiiol2.I -u]isoquinoline. I 193 
Ben.cimidazolI.9-h jisoquindine-6. I 1 - 

dione. I IS8 
Benzimidazole. 684, 685. 690. 737, 740, 

752. 778, 022. 928, 933. 059, 1026, 
1124, 1314 

1331 
Benzimidazole 3-oxide, 753, 9M, 13 14, 

2-BenzimidaLolethione, 779. I 129 
2-Benzimiduzolone. 685, 1036, I 120. 

Ben& ]imidazo[4,5-c~ jphenasin-?-one. 

Benz[/c limidazo[ 1.2-c.Iquinazoline. 1237 
Benzimidazol1.2-c Iquinazoline, I ?Y9 
Benzimidiml I .2-c Iquinazoline-6-thione. 

Benzimidazol I .2-c Iquinazolin-6-one, 1299 
Benzlg lindazole. 970 
Benzu lindazol-3-one, l0lY 
Benzlh linden01 I.?-< I1 1.4ldiazepin- I ?-one. 

Benzlh linden01 I ,?-t 11 I .4lthiazin- I I-one. 

Benzlv Jindole, 98 I 
Benz(f lindole-4.9-dione. 806 

1314 

835 

I 999 

I138 

723 

141 I 
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BenzLflindolizine (prr), 694 
Benz[2,3 Jindolizino[8,7-hjindole (p), 

Benz(f jisoquinoline, 770 
2. I-Benzisothiazole. 737 
I .2-Benzisothiazole I ,  I dioxide, 795, 972. 

1 X4,2-Benzisothiazole I-oxide, I I 18 
1,2-Benzisothiazol-3-one, 1049, 1 1  19 
I ,2-Benzisothiazol-3-one I. ldioxide, I 1 18, 

1.2-Benzisothiazol-3-one 1 -oxide, 1 I20 
I .2-Benzisoxazole, 83 I ,  1074 
2.1 -Benzisoxazole, 849, 1332 
1,2-Benzisoxazole 2-oxide, 1269 
2.1 -Benzisoxazole-4,7dione. 972. 1066 
2.1 -Benzisoxazol-3-one. 1074 
Benzola I- I ,3-benzodioxolo[4.5-g 1- 

quinolizin- 14sne (p2one), 900 
Benzolh Ibenzothieno[2.3-cj[1,6]- 

naphthyridin-6-one, I230 
Benzo[c Jcinnoline, I 159 
Benzo[de jcinnoline, I270 
BenzoIr]cinnoline 5.6-dioxide, I 179 
I ,2-Benzodiazepine, 897 
I ,3-Benzodiazepine, I 162 
I ,CBenzodiazepine, 774. 8 I5 
1.5-Benzodidzepine. 750. 1137 
2,3-Benzodiazepine, 797 
I ,4-Benzodiazepine-2.5-dione, 955, 1052, 

I ,5-Benzodiazepine-2-thione. I 139 
1,3-Benzodiazepin-2-one, I 144 
1.3-Benzodiazepin-4-one. 939 
I ,4-Benzodiazepin-2-one, 791. 857, 977 
I ,4-Benzodiazepin-5-one, 976 
I ,5-Benzodiazepin-2-one. I I39 
2.3-Benzodiazepin4one. 804, 1044, 1075 
2.4-Benzodiazepin- I -one. 976 
2.4-Benzodiazepin-5-one. 3-thioxo-, 107 I 
I ,5-Benzodiazocine. 774 
I ,6-Benzodiazocine, 890 
I ,5-Benzodiazocin-2-one. 8 16 
1,4,5-Benzodioxamcine, I 162 
I .3-Benzodioxin-2,4-dione, 1079 
[ 1,4jBenzodioxino[2.3-c. Jpyridazine. 1 168 
I 1,4jBenzodioxino~2,3-djpyridazine. I 168 
I ,3-Benzodioxole, 1 172 
Benzo[ I .2-h:5,4-h' Idipyran-4.6-dione. 

I .3.2,4-Benzodithiadiazine, I302 
I .2-Benzodithiol-4-one, 3-thioxw. 985 
1.3-Benzodithiole, 1234, 1283 

I I92 

1057 

1120 

1071 

902 

Benzofuran, 676,762, 800, 812, 818, 819, 
841,863.895.899,985. 1088. 1171, 
1214, 1256 

2-Benzofuranone, 1107. 1152, 1282 
3-Benzofuranone, 784,900,902. 12 15. 

4-Benzofuranone, 863,895. 1 171 
4-Benzofurazanone, 832 
Benzofuro[3,2-c][ I jbenzopyran-done. 

Benzofuro13'.2':6,7jI 1 lbenzopyranol4.3-h 1- 

Benzofuro[3,2-e]-2, I ,3-benzdhiadiazde, 

Benzofuro[3.2-g lfuroI3.2-c I[ I jbenzopyran- 

Benzofuro[ZJ-e 1-lJ-oxazine, 1334 
Benzofuro[2S-cjpyridazine. 12 I5 
Benzofuro[2,3-hjpyridine, I 152 
Benzofuro(2,3-c]pyridine, 1256 
Benzofurol3,2-c jpyridine. 984 
BenzofuroI3,2-c]pyridine, 770 
Benzofurol3.2-d ]pyrimidine. 745 
Benzofuroj2.3-c jpyrrole. 894 
Benzofuro[3,2-c Jpyrrolo[3.2, I-ijlquinolin- 

Benzofuro[2,3-h~quinoIiiie. 8 19 
Benzofuro[2,3-h]quinolin-11 -one. 8 19 
BenzofurojZJ-c ]quinolin-6-one, 743 
Benzo[h]naphtho[2.3-e][ I ,4)dioxin-6. I I - 
Benzo[2.3lnaphtho[5.6.7-ij I[ I .4ldithiepine. 

Benzolhlj I .8lnaphthyridine. 1058. 1067 
Benzolc ]I 1,8jnaphthyridine, 705 
Benzo[c.][2,7jnaphthyridine. I 193 
Benzolde 11 I ,6]naphthyridine, 1 179 
Benzotg 1- I ,&naphthyridine. 1285 
BenzoIh J- I .6-naphthyridine.l304 
Benzo[h][ ISjphenanthroline. 1 109 
Benzo[a jphenazine, 772 
Benzolo Jphenothiazine. I028 
BenzoIg Ipteridine (paz). 759 
Benzolg )pteridine-2,4dione 5-oxide, 

(pazNox) I 195 
1 H-2-Benzopyran. 765 
2H-I-Benzopyran, 821,901, 920, 1216, 

4H-Benzopyran. 1 173 
2H-I-Benzopyran, 2-aryl-, 821 
2H- I -Benzopyran, 3-aryL. 857 
4H- I-Benzopyran. 2-aryL. 1286 
ZH- I -Benzopyran-5,8-dione, 788 

1273 

1281 

pyrrol-4-one. 98 1 

I284 

4-0M. 1281 

7-one. 1281 

dione. I 174 

I235 

1231. 1273. 1287. 1327 
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I I lBenzopyrano(2.3-d Jazepin- I 1 -one. 

1 I 1BenzopyranoI3.4-h I[ 1 .5 Jbenzodiazepine. 

1 I JBcnzopyranol4,3-~]l 1.5lbenzodiazepine. 

1 I IBenzopyrmo[6,5,4-def I[ I jbenzopyran. 

I I lBenzopyrano[3.4-hll I S1- 

[ I jBenzopyrano[3.4-h I[ I ,4]benzothiazine. 

I I lBenzopyrano( 3.44 I[ 1,4jbenzothiazin-6- 

I I lBenzopyrano[3,2-e I- I A-diazepine- 

I I iBenzopyrano12,3-hIindol- I I-one, 825 
I -Benzopyran-2-one. 804. 8 15,822,909, 

1051. 1077, IiOl, I I I I, 1212, 1258, 
1274. 1288 

I -Benzopyran-4-one, 765. 766. 824. 1078. 
1206, 1275, 1291 

2-Benzopyran-I-one, 802. 1077, 1095, 
109.5, I I O I .  I161 

2-Benzopyran-3-one. 803.837 
2H- 1 -Benzopyran-fi-one, 870 
I-Benzopyran-4-one. 3-aroyl-, 1274 
I -Benzopyran-4-one. 2-aryl-. 825. 901, 

1 1 1 1 ,  1167. 1217, 1274, 1291 
I -Bcnzopyran-rl-one, 3-aryl-, 1275 
[ I I Benzopyrano[ 4.3-c pyrazole-4-thione. 

I I jBenzopyrano[4,3-c Jpyrazd-4-one. 1268 
I I lBenzopyranol2.3-d Ipyridazin- 10-one, 

[ I jBenzopyrano(2.3-h jpyridine. 870 
[ I lBenzopyrano[ 3.4-c Ipyridine-2-thione. 

I I IBenzopyntno[2,3-h Ipyridin-5-one, 672, 

I 1 IBenzopyranoI 3.24 Ipyridin- IO-one. 

I I ~Benzopyranol3,2-~lpyridin- I h n e ,  842, 

1 I IBenzopyranoI3,4-c~ Ipyridin-2-one. 1059 
I I IBenzopyranol3,4-cjpyridinJ-one, 769 
I I IBenzopyranol3,2-c~Ipyridin- I h n e  2- 

I 1 jBenzopyranol4.3-d ]pyrimidine, I203 
I I JBen~opyrano[ 2.34 jpyrimidine-2.4- 

I I 1Benzopyrano[3.2-d]pyrimidine-4,10- 

844 

I 206 

I287 

82 I 

benzothiazepine. 1287 

I287 

one, 722 

2.35.1 I-tetraone. 939 

1 I85 

81s 

I059 

823 

1061 

1202. 1231 

oxide, 1202 

dione. 1231 

dione, 939 

I -Benzopyrmol7,6-h jquinolin-bone, 

[ I JBenzopyranoj3.4-h]quinoxaline, 1287 
I I IBenzopyranoI4,3-c 11 1,2,6]thiadiazine 

I I ]Benzopyranol3.4-d]-l,2,3-triazd-4-one, 

I -Benzopyran-2-thione, 822. I274 
Benzo(fIpyrido1 I .2-a 11 I ,8]naphthyridin- 

2-Benzopyrylium. 869, 1287 
BenzoIh Iquinazoline, 847 
Benzow jquinoline, 1297 
Benzolg Jquinoline-5. IO-dione. 1190 
Benzo[h]quinolin-2-one, 796, I2 1 I 
Benzolh Jquinolizin-6-one (p2one). 868 
Benzo[c Jquinolizind-one (p4one), 1068 
BenzolcIquinolizin-6-one (p), 1324 
I ,2.4-Benzothiadiazepine I.l-dioxide, 1221 
I ,2,4-Benzothiadiazepin-3-one 1 -oxide, 780 
2.1 .S-Benzothiadiazepin-4-one 2-oxide, 

I ,3.4-Benzothiadiazine, I 169, 1232 
4.1.2-Benzothiadiazine, 7 10, 772, I246 
I .2.4-Benzothiadiazine I ,  I -dioxide. 688, 

4. I .2-Benzothiadiazine 4.4-dioxide, I 157 
I .2.4-Benzothiadiazine 1 -oxide. 780 
3, I ,2-Benzothiadiazin-4-one, I034 
I ,2.3-Benzothiadiazole. 720, 986 
2. I ,3-Benzothiadiazole, 833. I2 16, 1283 
2,I,.l-Benzothiadiazole I -oxide, 833 
I .4-Benzothiazepine, I2 18 
I 5-Benzothiazepine, 750 
2.4-Bcnzothiazepine, I 169 
I ,4-Benzothiazepin-5-one. 674 
I .S-Benzothiazepin-4-one, 955 
2.4-Benzothiazepin-5-one, 107 I 
I .2-Benzothiazine. 1021 
I .3-Benzothiazine. 107 1 
3. I -Benzothiazine, 122 I 
I .2-Benzothiazine I. I -dioxide, 1092. I 120 
I .3-Benzothiazine-4-thione, 995 
I ,3-Benzothiazin-4-one, 1071, 1119 
I .4-Benzothiazin-3-one, 723, I 103, 1327 
3.1-Benzothiazin-4-one, 944, I102 
I .2-Benzothiazin-3-one 1, I -dioxide, I 120 
2,1 -Benzothiazin-4-one 22-dioxide. 6% 
I .2-Benzothiazin-3-one I -oxide. I 120 
2. I -Benzothiazin-5-one 2-oxide. 808 
Benzothiazole. 699. 713, 769, 865, 1205. 

2-Benzothiazolone, 699, 716, 719, 986 

I286 

2.2-dioxide. 837 

1026 

12-one. 1323 

I140 

749,779, 925, I 103 

1220, 1270, 1295 
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Benzothiazolo[2,3-h)quinazolin- 1 2-one, 

1 I ]Benzothieno[3,2-h][ 15lbenzodiazepine 

I I JBenzothieno[3.2-hJfuran. 1088 
[ I IBenzothieno( 3.2-e jindolizine (p). 9 I6  
[ 1 ]Benzothieno[2.3-c][ I ,6]naphthyridinb- 

1 1 )Benzothieno[ 2,3-c][ I .7]naphthyridin-6- 

I I JBenzothienol2.3-c. /I I ,8 JnaJthyridin-6- 

905 

5,5-dioxide, 976 

one, 12-30 

one, 1230 

I 
I 
I 
I 
I 
I 
I 
[ 
I 
f 

I 
I 

-- - - - 
one. 1230- 

lBenzothienoI2,3-c.]pyran-3-one, 803 
]Benzo:hieno[2,3-c]pyrazole, I03 1 
1Benzothieno[3,2-c Ipyrazde, 849. 103 I 
lBenzothienoI2.3-d jpyridazine. 835 
jBenzothieno( 2.34 Ipyridine, 1003. I I52 
IBenzothienoI 3.2-c jpyridine. 770 
JBenzothienol2.3-hIpyridin-4-one. 950 
jBenzothienol2.3-dIpyrimidine. 1050 
JBenzof hieno[ 3.2-d]pyrimidine-2,4- 

jBenzothieno[2.3-d ]pyrimidine-2-thione, 

lBenzothienol2.3-c. lquinolizine (p), 9 16 
jBenzothieno[3.2-c ]I lJ,6lthiadiazin-4- 

dione, 938 

793 

one 2J-dioxide. I 122 
[ I]Benzothieno(2,3-d~thiazole, 719 
[ I  jBenzothienol3.2-d I-lJ3-triazine. 

1046 
Benzolhlthiophene. 676, 762. 784. 797. 

854,914, 1048. 1210. 1225. 1273, 
1282, 1321 

Benzo[c]thiophene. 831. 865, 1220 
BenzoIhlthiophene I-oxide. 915. I 152 
2.3-Benzolh Ithiophenedione, I283 
W- I -Benzothiopyran. 765.920 
[ 1 JBenzorhiopyranol4.3-h II L41- 

benzodiazepin-7-one. 805 
[ IjBenzothiopyranol4.3.2-rf 11 1,4]- 

benzodiazepin-3-one 8.8-dioxide, 
1217 

[ I IBenzothiopyranol2.3-h lindolizin- 12-one 
5-oxide (prr). 1164 

I -Benzothiopyrim-2-one, I079 
I -Ben.tothiopyran-4-one, 797. 892, I231 
2-Benzothiopyran- I -one, I 0 9  I 
I-Benzothiopyran-4-one. 2-aryl-, I 1 I I 
[I 1Benmthiopyranol4.3-h Ipyran, 788 
I 2]Benzothiopyrano[3,4-rjpyrazolo[ I S-u I- 

I I IBenzothiopyrano(2,3-d Jpyridazin- 10- 
pyrimidine, 100s 

one, X I S  

[ 1 ]BenzothiopyranoI4.3-h Jpyridine. 787 
[ 1 JBenzothiopyranol4.3-h]pyridin3-one, 

787 
I I ]Benzothiopyranol4.3.2,-de Iquinazoline. 

974 
[ I jBenzothiopyrano[4,3.2-d~ Iquinazoline 

1.7,7-trioxide, 69 I 
I .2.4-Benzotriazepine, 858 
I ,3PBenzotriazepine, 1022 
1,3,5-Benzotriazepine, 1 141 
I ,3.4-Benzotriazepine-2,S-dj~, 963 
Benzolcll 1,2,5ltriazepino[ 1.2-a]cinnoline. 

I .2.S-Benzotriazepin-4-one. I 149 
1.3,4-Benzotriazepin-5-one, 926. 962 
1.2.3-Benzotriazine. 1017 
I .2A-Benzotriazine. 686 
I ,2,4-Benzotriazine-3,6-dione, I033 
1.2.3-Benzotriazin-4-one. 943, 1046 
I .2,3-Benzotriazind-one 1 -oxide, 123 I 
1.2,3-Benzotriazin-4-one 2-oxide, 747 
Benzotriazole. 934.94 I ,  10 15, 1 130, I234 
Benzotriazole I -oxide, I245 
4-Benzotriazolone, 984 
I .3.5.2.4-Benzotrithiadiazepine, I 176 
I .2,4-Benzoxadiazine. 890, 1266, 1334 
I ,3,4-Benzoxadiazine. 710. I 168 
2, I .3-Benzoxadiazol-4-one I -oxide. 832. 

2. I .3-Benzoxadiazole I -oxide, 10 I 6  
4.2. I S-Benzoxathiadiarocine 2,2-dioxide, 

1,2,5-Benzoxathiazepin-4-one 2-oxide, 725 
1.2.3-Benzoxathiazine 2.2dioxide. I 121 
1.5-Benzoxathiepine, 1092 
I .S-Benzoxathiepin-3-one, 1092 
I .2-Benzoxathiin 2,Z-dioxide. 824 
I .2-Benzoxathiin-4-one 2.2-dioxide, 1052 
I .S-Benzoxathiocin, 789 
2.1 -Benzoxathiole I ,  I -dioxide. I049 
I .3-Benzoxazepine. 738. I302 
I .S-Benzoxazepine-2,4-dione. 724 
I .4-Benzoxazepin-S-one. 798. 1053 
4. I -Benzoxazepin-2-one, 12 I8  
I .3-Benzoxazine, 720. I 175 
1 .4-Benzoxazine. 749 
3.1-Benzoxazine. 709, 738, 890, 1301 
I $-Benzoxazine-2.4-dione, I044 
3.1 -Benzoxazine-2,4-dione, 1085 
1.3-Benzoxazine-2-thione, 903 
I ,3-Benzoxazin- I -ium, 1052 
I .3-Benzoxazin-2-one. 826. 903, 1044 
I ,3-Benzoxazin-4-one, 1052. 1085, 1271 

1039 

833 

1218 
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I ,4-Benzoxazin-2-one, 72 1 
1.4-Benzoxazin-3-one. 826, 953. I I02 
3, I-Benzoxazin-2-one, I301 
3.I-Benzoxazin-4-one, 695, 943, 1085 
3. I -Benzoxazin-Q-one. 2-thioxo-, 943 
Benzoxazole. 704,713.762.769.808, 

2-Benzoxazolone, 7 16 
I -Benzoxepine-3,5-dione, 1092 
[ I IBenzoxepino[4S-e limidazol I ,2-c I- 

Benz[hjoxepino[7,6.5-ij]isoquinoline, 1218 
I I ]Benzoxepino[5,4-d]pyrimidine, 847 
Biphenyleno[2,3-c][ I .2,5 Joxadiazole, 832 
Biphenyleno[23-e][ I .2,5 loxadiazole 

.?-oxide. 832 
Bisbenzopyrano[2.3-h:2'.3'-fJ[ 131- 

diazocine-8.16-dione. 1062 
Bis[ 12,5]thiadiazolo[3,4-h:3',4'-e Jpyrazine 

2,2,6,6-tetraoxide. I I33 
Bis[ 1.251 thiadiazdol3,4-f:3',4'-h 1- 

quinoline, 1227 
Bisthiazolo[4.5-d:5' .4'-g J[ IJldiazocine, 

I 1 4 6  

1019. 1049, 1270. 1294 

pyrimidine, t 277 

Carbazole. 886. 1024, 1182 
I .4-Carbazoledione. I I82 
3-Carbazolone. 1249 
Cinnoline. 889 
Cinnoline I -oxide. 754 
5.8-Cinnolinedione. 1 195 
4-Cinnolinone, 763 
Cycloheptalh jfuran-5-one. I 107 
Cyclohepta[h Jfuran-8-one. 899 
Cyclohepta(c Jpyrazole. 807 
Cyclohepta[c)pyrazol-8-one. I268 
Cycloheptale lpyrazolol I .5-a ]pyrimidine, 

Cyclohepta[h]pyridine, 12% 
Cycloheptalhlpyrrole, 810, 861, 1027 
Cycloheptald lpynolol 1,241 jbenzimidazole, 

999 
Cycloheptald Jpyrrolo(2.3-hjl I ,5 I- 

benzodiazepine. 8 15 
CycloheptaId Ipyrrolol2,3-h)[ I ,S]- 

benzodiazepin- I29ne. 954.999 
Cycloheptal43Ipyrrolo[2,1 -c1-1.2,4- 

triazole3-thione. I256 
Cycloheptal4.5lpyrrolo[2, I -c]-1,2,4-triazol- 

3-one. 1256 
2-Cycloheptalh Ithiophenone. 865 
Cyclohepta[e I- 1.2.4-triazine. 837 
Cyclohepteno(d]thiazole, I205 

1005 

CycloheptldIimidazole. 741. 807 
Cycloheptl I ,2.3-cd]isoindol-2-one, 862 
Cyclohept[d]isoxazol-8-one. 1268 
Cyclohept[d]oxazole-2-thione, 972 
Cyclohept[d Joxazol-2-0ne. 972 
Cyclohept[d]oxazol-8-one. 820 
Cycloocta[c]pyrazole. 1224, I26 I 
Cyclopental h 11 1,4]benzothiazine, 722 
Cyclopenta[dlpyran-3-one. 837 
Cyclopenta[e jpyrazoloj I S-a ]pyrimidine, 

Cyclopenta[h Ipyridine, 855 
CyclopentaI hlpyridin-5-one, 987 
Cyclopenta[d]pyrrolo[2,3-h 11 1.51- 

benzodiazepine, 8 15 
Cyclopenta(4.5Jpyrrolo[2.1-c]- 1.2.4- 

triazok, 1253 
CyclopentaI4.5 JpynoloI2. I -c ]-1,2,4- 

triazole -3-thmne, 1256 
Cyclopenta[hIquinoline, 1058 
Cyclopent[d]imidazole, 74 I 
Cyclopentlh Jindole, 1250 
Cyclopentlcd Jindol-2-one. 1183 
Cyclopentlcd Jisoindole, I 183 

1005 

2a.S-DiazabenzIrd Jazulene (paz), 1012 
1.3-Diazabicyclo[ 3.2.0lhept-2-ene (im). 

I .3-Diazabicyclo[ 3.2.0Jhept-3-en-7-one 

I .3-Diazabicyclo[ 4.2.0 Joct-3en-8-one (pm), 

1.6-Diazabicyclo[4.2.OJoct-3-en-8-one 

1,2a-Diazacyclohepta[ej]heptalene (azep), 

4a,7b-Diazacyclopent[cd]indene (pzol), 9 I3 
1,2-Diazepmol3,4-h]quinoxaline, 1266 
Dibenzo[h.e][ 1,4jthiazepine, 996 
DibenzoIh,fJl 1.411hiazepin-1 I-one. 945 
Dibenzo[h,e][l,4jdioxin. 1168, 1174, 1235 
Dibenzo[c,e][ I ,2]dithiin 5.5-dioxide, I174 
Dibenzofuran, 864. 1 188, 1225. 1277 
Dibenzo[h.dJpyrand-one, 1070, I161 
Dibenzol cf]pywino[ 1.2-0 jazepine-3.4- 

Dibenzo[hf]l1,4,5]thiadiazepine 11.1 1- 

Dibenzo(cf][ I ,2,5]thiadiazepine 53- 

Dibenzolhf]( I .4S]thiadiazepine 5-oxide, 

I 209 

(im), 886 

890 

(pdaz). 856 

1341 

dione. 1013 

dioxide, I145 

dioxide, 7 I 1 

1 I45 
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DibenzoIh.el[ 1.4jdiazepine. 996, 1022 
Dibenzo[hf][ 15ldiazocine-6.12-dione, 945 
Dibenzo[c.e][ 1.2jthiazine 5$-dioxide, 1029 
Dibenzothiophene 5.5-dioxide. 1 173, 1 189 
Dibenzo[b,dJthiopyran 5Sdioxide, I 156 
Dibenz0lh.d jthiopyran-6-thione. 785 
Dibenzo[c./lI 13Sltriazepine, I 157 
Dibenz[h,e][ 1.4)oxazepine. 9y6 
Dicyclopenta[h.e]pyridine, 973 
Diimidazoi I S-4: 1 ’.5‘-d]pyrazine-5,10- 

dione. 785 
l$-Dioxolo[4.5-h 11 1 Ibenzopyran-8-one, 

1 I72 
I ,3-Dioxolo[4.5-h lisoindoloI I .2-h][ 31- 

benzazepin-8-one. 131 1 
I ,3-Dioxolo[4,5-h]isdnddo[ 1.2-h1131- 

benzazepin-2-one. 1 1  13 
I ,3-Dioxolo[45-i]isoindoloj2,1 -c]13]- 

benzazoeine-8. I4dione. 1085 
[ 1.3]DioxoloI6,7]naphth[ 2.1 -d lisoxazole, 

I269 
[ I ,3)Dioxolo[4,5-j]phenanthridine, 8 13, 

I228 
[ I .3]Dioxolo[4,5-j]pyrrolo[3,2, I -de]- 

phenanthridin-7-one. 1229, 1240 
I .3-Dioxolo[4.5-& Ipyrrolo[3.2. I -&I- 

phenanthridin-6-one. I229 
Dipyridol 1.2-h:3’,2’-d]pyrazoIe. 74 I 
Dipyridor I .2-h:3‘.2’-d]pyrazol-2-one. 949 
Dipyrido[3,4-~:2‘,3’-ejpyridazine. I 179 
Dipyrido[3,4-~:4’.3’-e]pyridazine, I I79 
DipyridoI 1.2-~:4‘,3-’-d]pyrimidin-I I -ium, 

Dipyridol I ,2-~:3‘,2’-e]pyrimidin-S-one. 

Dipyridoj I .2-u:2‘. 1 ‘-d][l$,S]triazinJ- 

Dipyrimido[l,6-u:6,1’-djl1,3$jtriazin-10- 

Dipyrrolol I ,2-c:2‘, 1 ‘-e jimidazd-5-one, 

Dipyrdol 1,2-h:3’.4‘-dI,pyridazine. 1336 
Dipyrrolo[ 2,3-h:2’,3‘-d jpyridine, 770 
Dipyrrolol3.4-h:3’,4 -d Ipyrrole. I064 
2,4-Dithia-I -azabicyclo[3.2.0] heptan-7-one. 

Dithieno13,2-h:2’,3‘-f I[ 1,4]oxazepine. 85 I 
Dithieno[2,3-h:2’,3’-d Jpyridine, 705 
Dithieno[3,2-h:2’,3‘-dlpyridine. 705 
Dithienol3,2-h:3’,2’-dlpyridine, 705 
Dithieno[3.4-h:2’,3’-d]pyridine, 705 
DithienoI 3.44~3’ ,2’-d jpyridine, 705 
Dithieno[3,4-h:3’,4‘-d Ipyridine. 705 

1009 

1069 

ium, I013 

ium. 1013 

1186 

( I  .3,4-dithiazole) 1278 

Dithieno[3,2-h:3‘,2’-d]pyridine4oxide, 

Dithieno[3,2-h:3’.4‘-d]pyridine 49xide, 

Dithieno[3,4-b:3’,2’-d]pyridine4-oxide, 

Dithieno[2S-h:2’.3’-e]Il,4]thiazine, 7 10 
Dithieno[2,3-h:2‘,3’-d]thiophene, 12 15 
Dithieno[2,3-h:3’,2’-d]thiophene. I 188 
Dithienol32-h:2’,3‘-dJthiophene, I I88 
Dithieno[3,2-b:3’,4‘-d]thiophene, I 165 
Dithieno(3,4-h:3’.4’-d]thiophene, I 188 
1,3-Dithiol0[4’.5’:5.6][ 1,4]dithiino[2,3-h]- 

I I ,2lDithiolo[ 1 ,5-hjdithiole-7-S”, I205 
I .3-Dithiolo(4.5-d]pyridazin-4-one, I I72 
1.3-Dithiobl4.S-h]pyridine, I220 
I I ,21Dithiolol3.4-clquinolin- I -one. I322 
I1.2lDithiolo[5.1 -el[l,W]thiadiazole. I 147 

1.4-Epoxyisoquinoline (furan). 1 188 
5.13-Ethanol I ,5IbenzodiazepinoI2.3-hi- 

I 1,5]benzodiazepine. 1 I37 
5,8-Ethanoquinoline, 1 191 
5.10-Ethano[ I ,2.4ltriazolol1,2-al[ 1,2,41- 

FluorenolI.9.9u-tdjpyridin-3-one. 802 
Furo[ 3,4-d][ lJ]benzdiazepin-3-one. 688 
Furo[4.3.2-de]l 1 Ibenzopyran. 84 1 
Furoj23-h][ I Ibe’nzopyran-2-one. 803 
Furo[3,2-cj( 1 jbenzopyran-4-one. 863 
Furo[3.2-g][ 1 Jbenzopyran-5-one, 841 
Furo[ 3,4-d]isoxazd-4-one. 1 I89 
Furo[2,3-d][ l$loxazin-4one, 953 
Furo[3.2-eIpyranol23-h]pyridin-7-one, 

Furo[3.2-c]pyrazole, 103 1 
Furo13.4-c. lpyrazol4one, 829 
FuroI3.4-d Ipyridazine, 834 
Furo[3tl-d]pyridazin-5-one, 801 
Furo[2.3-h]pyridine, 899. 1066 
Furo[3.2-h]pyridine, 1215. 1224 
Furo[3.2-c]pyridine, 1210. 1224. 1295. 

Furol2.3-hjpyridin-3-0ne. 1066 
Furo[ 3.2-c]pyridin-3-one. I2 I5 
Furo[2.3-d]pyrimidine, 744 
Furo[3.4-d]pyrimidine-2,4-dione, 1099 
Furo[2.3-d]pyrimidin-2-one. 1220 
Furol2.3-dIpyrimidin-4-one. I308 
FuroI 2.34 Jquinoline, 12 I9 
Furol3,2-hlquinoline, 1272 

850 

850 

850 

quinoxaline-2-thione, I 168 

triazepine- I .3dione, I 199 

I077 

I332 



Index of Ring Systems 1417 

FuroI 5.6-fIquinoline. 864 
Fur01 2,3-c lquinoline S-oxide, 850 
Furo[3,2-c Iquinoline 5-oxide. 850 
Furof2,3-c]quindin-4-one, 1 194 
Furo12.3-h ]quinolin-2-one. 992 
Furol2.3-h]quinolin-2-one, 992 
FuroI 3,2-c~quinolin-4-one, 8 18. 9 14. I2  14. 

2A4-Furo13.2-c][ 1,2]thiazine. 1021 
Furol3.2-d]-1,2,4-triazolo[43-b fpyridazine, 

1281 

I253 

lmidazol I ,2-a jbenzimidazole, 736, 97 I 
Imidazol5,I -h]benzimidazole. 775 
Imidazol 1.2-a Ibenzimidazole-3-one. 

Imidaml I .2-hjbenzimidazol-2-one, loo0 
Imidazol2, I-h][ I .3]benzodiazepine. 700 
Imidazol4,5-hll I $]benzdizepine, 749 
ImidazoI 1.2-a I[ I .S]benzodiazcpin-5-one, 

lmidazol I .2-d]l1,4jbenzothiampine. 883 
lmidazol 1.2-d ]I 1,4]benzothia~in-5-one, 

Imidazol2. I -h]benzothiazol-2-one, loo0 
Imidizo[4,5-f 12. I ,3-benzoxadiuole 

lmidazol I .S-u 114.1 Ibenzoxazepin-6-one. 

Imidazol5, I -c ]I I ,4]benzoxazine, 740,875 
Imidazol I .2-c]l I .3)benzoxazine-S-thione. 

Imidazol I .2-c.][ I ,3lbenzoxazin-5-one, 886 
ImidazolS. I -h Jbenzoxazole, 775 
Imidazol2. I -h]benzoxazol-2-one, I000 
Imidazo(4.5-c 11 1.3 Idiazepine-4.6-dione. 

lmidazo[4.5-e I[ I ,4]diazepin-8-one. 674 
Iniidazol4.5-e 11 I ,4)diazepin-8-one 4-oxide. 

Imidazo/I .2-a limidazole. 81 I 
Imidazo[.l.S-d limidazole. 727 
lmidazol I ,2-a ]imidazol-2-one, 948 
Imidazol5,1,2-1~i Iindolizine (PIT), 1 183 
Imidazo(2,15-cd]indolizine, I32 I 
Imidazol4,S-hlindol-2-one. 933 
Imidazol2, I -u]isoindole. 873. I276 
Imidazol2. I -u Jisoquinoline. I I93 
lmidazo[ I .2-b )isoquinoline-S, I O-dione. 

ImidazoIS. I -a ]isoquinolin-3-one, 104 1 
Imidazo( 5. I -a lisoquinolin-3-one. 

I030 

998 

I279 

I -oxide, I0 I 6 

I238 

886 

I104 

I104 

I158 

I-thioxo-. 1041 

Imidazol5, I -h]naphtho[23-d]thiazole-5. 10- 

Imidazol2, 1 -c]naphthol2,1 -el[l,2,41- 

Imidazo[ I .2-c][ l$]oxazine. 882 
Imidazol I .2-f]phenanthridine, 1228 
Imidazol4S-c]phendbiazine. 1 197 
Imidazo[S. I -a]phthalazin-3-one. I -thioxo-, 

ImidazoI 1,2-u]purin-9-one, 999 
Imidazo[ I .2s]pyrazine, 1331 
Imidazol I ,S-a Ipyrazine- I -thione. 1001 
Imidazol I ,2-a jpyrazin-8-one, I06 1 
lmidazol I ,2-a]pyrazin-3-one, loo0 
Imidazol I ,S-a]pyrazin-l-one, 1061 
Imidazo(4.5-hIpyrazin-2-one. 960 
Imidazo(4,5-c]pyrazole, 757 
ImidamI I .2-h jpyridazin-2-one, I24 I 
lmidazol I ,2-h]pyridazin-3-one, lo00 
Imidazol I ,2-a]pyridine. 874. 9 13. 1238, 

lmidazol 1.2-u Ipyridine, 879, I339 
lmidazol1.S-a Ipyridine, 874. 1339 
Imidazol 1.5-a Ipyridine. I32 I 
Imiditzo[4.,5-h Ipyridine. 74 1 
Iniidazol I .2-a Ipyridin-3-one. Io(x) 
lmidazol I .2-u Jpyridin-S-one, 9 I7 
Imidazol I ,?-a Ipyridin-7-one. 9 18 
Irnidazol4.S-hjpyridin-2-one. I 129 
ImidazoI4.5-b]pyridin-2-one. 948 
Imidazol4J-c.Ipyridin-2-one. 1 139 
Imidazol I ,2-a]pyrimidine. 874 
ImidaAo[ I .2-~]pyrimidine, 998, 1237 
lmidazol 1.2-a Ipyrimidin-4-one. IOOY 
lmidazol 1.24 Ipyrimidin-5-one. I 3 0  
Imidazol I .2-a Ipyrimidin-7-one. I300 
lmidazol I .2-a Ipyridin-7-one. I 106 
ImidamI I .2-c)quinazolin-S-one, 886 
Imidazo[4,5-f )quinw.olin-7-one, 6114 
Imidazol4.5-g ]quinazolin-(l-one, 1 161 
lmidazol I ,S-a Iquinoline, 998 
Imidazol4.S-c~Iquinoline, I 3  I 3  
Imidazol4,S-f Iquinoline, 98 1. 989 
Imidazo\AS-f )quinolin-7-one, 684 
lmidazol I .2-a jquinoxaline, 975 
lmidazol I .S.4-de jquinoxaline, 776 
Imida&o[ I,S,4-de Iquinoxaline-2.5-dione. 

Imidazoi 1.5,4-de]quinoxalin-5-one, loo0 
Imidazo[2. I -d I- 1,2$5-tetrazin-4-one, 

Imidazo[2,1-h][ 1,3,4]thiadiazine. 73 I 
Imidaz~4,5-d]Il,2$]thiadiazine, 1046 

dione, I 166 

triazine. 1278 

1041 

1294, 1321. 1331 

lo00 

I156 
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Imidazo(4.5-d]( 1,2,6]thiadiazine 2.2- 

Imidazo[ I ,5-d][1$,4]thisdiazin-5-one 

ImidazoI2, I -hl[ l$]thiazine-2.5dione. 

ImidazoI2. I -hthiazole, 941. 1087 
Imidazo[2,1 h]thiazole. I322 
Irnidazol2. I -h]thiazol4ium, 876 
Imidazo[2,l-h]thiazol-3-one. 878, I 1 14 
ImidazoIrlJ-e 11 13Pltrlazepine-5.8-dione. 

Imidazo[1.2-h][ 1,2,4]triazine, 686 
Imidazo[2. I -c]-lf,4triazine, I I55 
Imidazo[4.5-d]-l$$-triazine. 1045 
Imidazo[5. I -c]ll,2,4]triazine. 8 I4 
ImidazoI5,l -f][l,2,4]triazine, I301 
Imidazo[5.1 -f][ 1,2,4]triazine-2,4.7-trione. 

Imidazol 1.24 ji 1,2,4]triazin-4-ium, 8-0xo-. 

Imidazol4S-d I 1,2$-triazin-4-one 2-oxide, 

lmidazo[ 1.2-h][ I ,2,4]triazole, 998, 1048 
Imidazol I,2-h]-[ 1,2,4]triazole, 685, I214 
ImidazoI I ,5-h J[ I ,2,4]triazole. 874 
Imidazo[2,I -cI-lSA-triazde, 1238 
Imidazo[ I ,2-h][ 1,2,4]triazole-5,6-dione, 

Imidazol I ,2-c] 1.2,3-triazolo[4,5-e]- 

Indazole, 752, 761, 790, 1031, 1233, 1353, 

Indazole I-oxide. 752 
4.7-lndazoledione, 965. 1 185 
3-Indazolone. 694 
4-lndazolone. 1261 
IndenoI2,l -c]j2]benzopyran-5.1 l-dione, 

Indenol 1.2-el- I ,4diazepind-one, 838, 976 
Indenol2. I-d 1- 1,3-dioxin-2-one, 837 
Indeno[2,I-dl- l.3-dioxin-2-thione. 837 
Indeno[ I .2-c]- I ,2-dithiole-3-thione, 085 
Indeno[ I ,2-dj[ 12]oxathiin 3.3-dioxide, 920 
IndenoI2.1 -ip Ipteridind-one (paz), 758 
Indeno[ 1.24 jpyran, I 1% 
Indeno[ 1.24 jpyran-2.5dione, I I97 
Indeno[ 1.2-c jpyrazole, 829 
lndenol 1.2-c]pyrazollt-one. 829, 970 
Indeno(I,2-h Ipyridine, 12% 
Indenol1.2-h jpyrido[ 3,2-e]pyrazin-6sne, 

Indeno[ 1 ,2-d]pyrimidine-2.5-dionee, 788 

dioxide, 1 127 

7-thioxo-. 1302 

883 

689 

948 

874 

747 

1114 

pyrimidine, 1006 

I268 

804 

758 

Indeno( 1.2-d]pyrimidin-5-one, 808 
Indeno[2’,1‘:4,5]pyrrdo[2, I -u]isoquinolin- 

12-one. 840 
Indenol2’, I ’:4,5]pyrroh~[2.l-u]phthalazin- 

12-one, 840 
Indenof I ,2-d]tetrazolo[ I S-ulpyrimidin-9- 

one, 835 
Indole. 676, 698, 702. 713, 734, 768. 781, 

818,828,848,854,860,861.885, 
886,893,894,912,922,957,958. 
1018, 1020. 1025. 1056, 1087, 1106, 
1151, 1177. 1209, 1223, 1248, 1312, 
1329 

23-lndoledione, 126 1, I330 
Indolizine (prr). 675,694, 839, 840.911, 

1055, 1106, 1 1  12, 1182, 1223,1317, 
I336 

2,3-lndolizinedione (prr2.3dione). 1 337 
Indolizino[3,4.5-uh Jisoindole (prr), 1055 
3-Indolizinone (prr2one). I336 
5-Indolizinone (p2onef, 879,917, 1212, 

5-Indolizinone (prr), 929 
Indolizino[ I ,2-h]quinolin-9-one (p2one). 

Indolo[2. I-a jisoquinoline, 786 
Indolo1 1.2s ]-1,6-naphthyridine-5. I2- 

Indolo13,2, I -dell I ,5111aphthyridin-6-one. 

Indolo[2,1 -h]quinazolin- 12-one, 907 
Indolo[2.3-c]quinalind-one, 1 194 
Indolo[ 1 ,2-h]indazole, 1056 
Indolo(3,Z-h]indole. 125 1 
lndolo(7,6-g]indole. 1251 
2-Indolone, 782, 784, 895, 947, 1056, 

3-Indolone, 1021 
3H -4-Indolone, 1294 
4-Indolone. 983, 1201. 1207 
Indolo[ 3.2,l -de jphenanthridin-9-ane. 

lndolo[2,3-a)pyr~~[3,4-c]carbazole, 125 I 
Indolo[ 3.2-c]quinoline-5-thione. 1298 
lndolol3,2-c]quinolind-one, 1298 
lndolol2,3-a]quinolizine. I 323 
Isobenzofuran. 704,830 
Isoindole. 828. 1164. I178 
Isoindolo(2, I -u]indold-one. I 183 
I-lsoindolone. 795, 828. 862, 947, 1064, 

Isoquino[2. I -h]cinnolin- I3-one 8-oxide. 

I325 

I202 

dione (p2$dione), 1 115 

880. 1115 

1224, 1313, 1320 

I340 

1097, 1224 

1333 
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Isoquinoline. 677, 678, 743.770, 855. 866, 
888. 1058, 1 178. 1285. 1295. 1304 

lsoquinoline 2-oxide. 673. 788 
I -1soquinolinethione. 13W 
3.5,8-lsoquinolinetrione. I 194 
I-lsoquinolinone. 802,868, 89 I ,  895, 1229, 

3-Isoquinolinone, 802. 1094 
4-Isoquinolinone, I298 
Isoquino( 2. I -ulquinazolin-6-one, 1083 
Isothiazob[5.4-h I[ I .8]naphthyridine-3.4- 

IsothiazololS,4-h lpyridine. 987 
Isothiazolo[5.4-h Jpyridin-3-one. 1082 
Isothiawlo[ 3.44 ]pyrimidine-4.6-rlione. 

lsot h iado[  5.44 Iquinoline-3.4-dione. 

~soxazob[3.4,5-k/ jacridine, 83 I 
Isoxazolo[2.3-J I( I ,4lbenzodiuepine, 

lsoxi1~olo14.S-~ II 194]diazepine. 976 
Isoxazolo~4.5-r 11 1.4~dia7~pine-6.8-dione. 

Isoxazolol5.4-J 11 ISloxazin-4-one. 953 
lsoxazololS.44 jpyrazolol3.4-h Ipyridine. 

Isoxamlo~4,S-hjpyridine. 1269 
Isoxilzolol5.4-h Jpyridine, 987 
Isoxazolo(4.5-h lpyridine 2.4-dioxide, 1269 
Isoxazolo[4.5-h lpyridine 2-oxide, I269 
Isoxa~olo[3,4-J Ipyrimidin-3-onc. I066 
Isoxa~oIo(4,S-h~quinoxaline. 795, 801. 

Isuxamlo~4.5-~ Iquinoxaline-4.9-dione, 

Isokazolo( 3.2-C. 11 1,2,4jthiadiazole, 776 

I .l-Methanol I .2.4~triazolo~ I .2-u jl I,2,4,5)- 

1384 

dione. I I 19 

985 

1119 

I332 

I044 

I277 

845. 1269 

11x9 

tetrazine-6.8-dione. I I% 

NaphthlI.2-d limidazol-2-one. 97 I 
Naphthl I .2-dlimidazol-S-one. 928 
Naphth12’. I ‘:4.5)imidam(2. I -h Ithiazok. 

Naphth[ I .2-dliniiduzo(2.I -hIthiamI-l-one. 

Nuphthl I .2-(.lisoxazole. 972 
Naphthl2.1-d~isoxazole. 972 
Naphthol I .2-(.:3.4-~’ Ibis1 I .2,5 Ithiadiazole, 

Naphthol I .2-(5.6-c.’ Ibis1 I .2,5Ithiadiazole, 

677 

878 

I226 

1216, 12x4 

Naphthoi I .2-c:7.8-c*’ Ibis[ I .2,5lthiadiazole, 

Naphthol2.3-h 11 I .4]diazepine-2,4,6. I I - 
Naphtha[ 1 &/I- I &dioxole, 1 I72 
Naphtha[ 2.34 I- 1.3-dioxole. I I72 
Naphthol I ‘.2’:4.5lfuro[2,3-e]I 1.2.4jtriuine. 

Naphthol 2.34 Ipyran-5. IO-dione, 1286 
Naphthol2.3-c Ipyran-5. I0-dione. 843 
Naphthol I ,2-h jpyran-4-one, 902 
Naphthol I ,2-e jpyran-2-one. 105 I 
Naphthol2, I -h Ipyrin-3-one. 822. I289 
Naphthol’,. I -LJ jpyran-2-one. 105 I 
Naphthol2.3-h Jpyran-4-one. 9 I 9 
Naphthol?, 1 -P Ipyrazolo(3’.4’:3.41- 

Naphthol 2. I -e IpyrazololS, 1 -(.I1 h2.4)- 

I284 

tetraone. I140 

819 

pyramlol5.1-cII I,2,4jtriazine. 1279 

triazine, I278 

t h i n e .  1278 

I284 

N~phth0l2,I-l’ltetr~~oloIS.I-~~l( l92,4l- 

Naphthol I .2-c.I[ I ,2.SIthiadiazole, 1226, 

Naphthol I .We 1- I .3-thiazine. I22 I 
Naphthol2.3-djthiazole-4.9-dione, 7 17 
Naphthol 2’.3’:4,S lthiamlo(3,2-u 1- 

Naphthol 1.2-(.:3.4-~.’:7,8-i.” ]tris[ I .2.5)- 

Naphthl2.I -(.I1 I .2loxathiin 4,4-dioxide. 

Naphthl I . W e  1- I .2-oxazine I270 
Naphthl2.I -hi[ 1.4loxazin-3-one. 1279 
Naphthl I .2-d loxazole. I278 
Naphthl I .8-k.loxepin-2-onc. 1053 
I .5-Naphthyridine, 989 
I .6-Naphthyridine. 989 
I .7-Naphthyridine. I 178 
I ,X-Naphthyridine, 989 
2.6-Naphthyridine, I 178 
1.5-Naphthyridinc I -oxide (p). 989. 9%) 
1 ,S-Naphthyridin-Z-one (p2one). 949 
I .6-Naphthyridin-?-one (p). I201 
1.6-Naphthyridin-2-one (p2one). 694 
1.6-Naphthyridin-5-one (p2one). IWO. 

1.6-Naphthyridin-7-one (p2one). 846 
1,7-Naphthyridin-2nne (p2une). 604, 949 
I .7-Naphthyridin-H-one (p2one). 1042 
I .X-Nuphthyridin-?-one (p2one). 694, loY I 
I .8-Naphthyridin+one (p4one). 737, 

2.7-Naphthyridin- I-one (p2one). 846 

benzimidazde-7,I2-dione, I 166 

thiadiazole, 12x4 

1062 

I203 

I205 
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7-0xa-8-a~abicyclo[4.2.1 Inona-2,4diene 
(isoxazole), 1 I89 

4-Oxa- I -azabicyclo[4.2.0]oct-2-en-8-one 
(I.4Ox). 1102 

4-0xa-2-azabicyclo[4.2.0.]oct-2-en-8-one 
( I tlox), I I75 

5-Oxa- 1 -azabicyclo[4.2.0]oct-2-en-8-one 
( I ,3ox), I I56 

4-Oxa- 1.3-diazabicyclo[ 3.2.01hept-2-ene 
( I .2,4oxdazol). I2 I0 

7-Oxa-8,9-diazabicyclo[4.2.1 lnona-2.4- 
diene ( 1,2,4oxdazol), I 190 

[ l,394]Oxadiazino[3,4-a jcinnolin-3-one. 
1 I98 

[ I  ,3,4]0xadiazino[4,3-a ]cinnoiin-2-one, 
I I98 

Il,2,410xadiazdof4S-a I[ I ,5 I- 
benzodiazepinJ-one, 1339 

[1,2,4lOxadiazdo(3,4-c][ I .4jbenzoxazin-l- 
one, 832 

[ 1J94 JOxadiazolof3.4-a Jisoquinolin-3-one, 
I 264 

[ 1J94]Oxadiazolo[4.3-h]pyridazin-3-one. 
1264 

[ I ,3~4]Oxadiazolo[4S-~]pyridine, 1265 
[ 1.2,5]0xadiamlo[3,4-d Jpyridine I -oxide, 

[ 1,2,5]0xadiazolo[4.5-h lpyridine 3-oxide. 

1,2,4-0xadiazdo[ 2.3-a jpyridin-Zone. 

[ 1.3,4JOxadiazolo(3,2-a Ipyrimidin-rlium, 

1.3,4-Oxadiazolo[ 3.2-a jpyrimidinS-one, 

l,2,4-Oxadiazolo[ 2.3-a Jquinoline, 757 
[ 1,2J]Oxadiazolo[ 3,4-h]quinoxaline, 832 
10-Oxa- I .2,7.8-tetrdazatricyclo[6.3.1 .o"."]- 

1016 

753 

I333 

1005 

930, 1115 

dodec-3(6)-ene-4,5-dione 
( I  .2.5.6tetrazep). I 141 

3-oxide. 1264 
[ 1,2,3,5]0xathiadiazoIo[ 3.4-h jpyridazine 

1,3-Oxathiolo[4J-h]pyridin-2-one. 820 
[ I ,3]Oxazino[3.2-a]benzimidazole, 1338 
[ 1,4]Oxazino[ I .2-a Jbenzimidazde, I3 I3 
I lJJOxazino[4.5-c. Jisoquinolin- I-one, 952 
[ 1,4]Oxazino[2.3,4-k/]phenothiazine. 882 
1,3IOxazino[4,3-u]phthalazin-2-one, 134 1 

l$-Oxazinol6.5-c. Jquinolin- I-one, 1079 
Oxazolo[ 5.44 I[l,3]oxazin-4-one. 953 
Oxazolo[4,3-a jphthalazin-3-one. I 0 4  I ,  

Oxazdo[4.5-h]pyridine, 7 I5 
1278 

Oxazolo[5P-h Jpyridine. 704. 906 
Oxazolo[ 3,24 IpyridinJ-one, 9 18 
Oxazolo[4J-h]pyridin-2-one, 7 16, I226 
Oxazolo[.QJ-djpyrimidine, 715 
Oxazolo[5,4-d ]pyrimidine, I050 
Oxamlo[ 5 P d  Jpyrimidine-4.6-dione, 1294 
Oxazolo[5.4-d]pyrimidine-2,5.7-trione, 

Oxazdo[ 3.2-a Ipyrimidin-c)-ium, 807 
Oxazolo[5.4-d]pyrimidin-7-one, 7 14 
Oxazol0[4,5-b Jyuinolin-Zone, 1226 

Perimidine, I143 
Phenanthridine, 705,8 12, I 193 
Phenanthridine 5-oxide. 850 
6-Phenanthridinone, 1060. 1067. 1153, 

Phenanthro[9.IO-d jimidazole, 830 
Phenanthm[9.lO-c][ I ,2JJthiadiazole 

Phenazine, 836. 994, I 132, I I34 
Phenothiazine, 709, 1334 
1 -Phenothiazinone. 722 
Phenoxazine, 72 1 
3-Phenoxazinone, 72 I 
Phthalazine. 68 1 
I -Phthalazinone, 707, 796, 846 
Phthalazino[ 2.34 jphthalazine-7.I2-dione, 

Pteridine (paz), 758, 1133 
Pteridine (pm), 923, 938, 1050. I143 
2.4-Pteridinedione (paz). 1131 
2.4-Pteridinedione (pm2.4dione). 952 
2-Pteridinone (pm2one). 685 
4-Pteridinone (par). 1 I32 
6-Pteridinone (pazone). 1 135 
7-Pteridinone (paz). 1 135 
Purine (im). 684, 756. 1125 
Purine (pm), 746,923 
2.6-Purinedione (im). 757. 932, 999, I3 13 
6.8-Purinedione (im2one). 1097 
2-Purinone (im), I3 14 
2-Purinone (pm20ne). 1043. 1098 
6-Purinone (im), 684,757,933 
6-Purinone (pm6one). 692, 1038 
6-Purinone 7-oxide (imNox), I3 15 
Pyrano[3.2-d][2]benzazepin-2-one, 1203 
Pyrano[ 3.4-e Jbenzimidaml-%one, 

Pyrano[43-h][ 1 Jbenzopyran- I ,  IO-dione, 

Pyrano[3.2-c][ I ]benzopyran-2.5-dione, 793 
Pyrano[4,3-h][ 1 jbenzopyran-10-one, 869 

704 

1230, 1305 

2-oxide, 833 

I194 

2-thioxo-. I 130 

1 1 1 1  
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Pyrano[2.3-g Ibenzoxazd-9-one. 1026 
Pyrano12,3-h:6,5-b']dipyridinJ-one, 823 
Pyranol2,3-h]indol-Qone. 808 
Pyrano[3fl-h]indol-3-one, 802 
Pyrano[43-hjindol-3-one. 803 
Pyrano[3'.2':5.6lpyrano[4,3-h jbenzopyran- 

Pyrano[2.3-c]pyrazole. 908, 13 I 1 
Pyran0[2,3-c]pyruzold-one, 720, 909, 

Pyrano(2.3-d jpyridazine, 870 
Pyrano[3,4-d]pyridain-5-one. I203 
Pyrano[2.3-blpyridine, 742 
Pyrano[2,3-c]pyridinee. 82 1 
Pyrano[ 3.2-hlpyridine. 82 1 
PyranoI 2.34 jpyridine 8-oxide. I20 I 
Pyrano[2,3-h]pyridin-2-one. 823 
Pyrano[2.3-hIpyridin-4-one. 825 
Pyrano[3.2-h)pyridin-2-one, I201 
P y m (  3,2-r]pyridin-4-one. 825 
Pyrano[3.4-hIpyridin-8-one, 1077 
Pyrano[4,3-hIpyridinJ-one, 89 I 
Pyranol4,3-c]pyridin- I -one, 1077 
Pyrano[2,3-d]pyrimidine-2,4-dione, 908 
Pyrano[2.3-d]pyrimidine-2.4,7-trione. 908. 

Pyranol2.3-d Ipyrimidin-clone, 857 
Pyrano(2.3-h]quinoline, 742 
Pyrano[3,2-~]quinoline, 995. I I73 
Pyrano(3.2-cIquinoline-2.5-dione. 823 
Pyrano[2,3-h]quinolizine-2,5-dione, I 290 
Pyrano[3,2-u ]quinolizine-3,6-dione, I290 
Pyrarinol 1.2-u Ibenzimidazole, 836, 88 1 
PyrazinoI 1.2-a][ 1,4]benrodiazepine. 773 
Pyrazinol3.2. I -kl Iphenothiazine- 1.2-dione, 

f'yminol2,3-d Ipyrimidin-rt-one. 2-thioxo-, 

Pyrazinol2.3-c I[ I ,2,6lthiadiazine 2.2- 

Pyrazinol2,3-h]-1,Qthiszine, 749 
Pyrazolol3,4-c.]azepin-l-one, 1048 
Pyrazolol3tl-hIl ilbeniazepine, 8 I 1 
PyrazololI,S-u lbenzimidazole, 736 
Pyrazolo[4,3-h]l I ,4)benzothiazine, 81 1 
Pyrazolof5, I -c 1,2,4]benzotriazine. 

Pyrazolol5, I -(.I1 I .2,4Jbenzotriazine 

PyrazoloI 3.44 I[ 1,4lbcnzoxazepin-5-one, 

PyramloI4S-h)I 1,4Jbenzoxazine, 703. 

7-one. 869 

1070. 1077 

1084, 1197 

1012 

1084 

dioxide, 1127. 1 131 

I I55 

5-oxide, 755 

955 

I204 

Pyrazolo[3'P,:3,4lcyclopentaI 1,241- 

Pyrazolo[ 3',4':3,4]cycIopenta( 1.2-cl- 

Pyrazolo[3.4-h][ 1,4]diazepine-5,7-die, 

Pyrazolo[ I .5-u:3.4-d Idipyrimidine. 1006 
Pyrazolo( 3.4-e I- 1,4,2ditkiazine 1,l- 

Pyrazolo[3,4-e lindolizine (p). 855 
k'yrazolo[5.1 -u]isoindol-8-one, 800 
Pyrazolo[ 5.1 -u ]isoquinoline, 1319 
Pyrazolo[ 3.44 lisoxazole. I330 
Pyrazolol3.4-djl I ,3]oxazine, 1065. 1308 
PyrazoIol5, I -c 11 1,4Joxazine, 903 
Pyrazolo[3,4-d][ I .3]oxazin-4-one, 1065 
Pyriolo[ 3,4-a]phenoxazin-4-one. 87 I 
Pyrazolo[5, I -f)purin-2-one (im2one). 

Pyrdzolo[3',4':4,5]pyrano[ 2,3-h]pyridin-4- 

Pyrazolol4",3":5'.6]pyranol2',3':4,5 J- 

pyridin-rl-one, 970 

pyridin-4-one. 970 

1140 

dioxide, I22 I 

960 

one. 1084 

pyrimido[ I .6-h)[ I ,2,4]triazine, 967 

pyrimidoj I .6-hIll,2,4]triazine-2$- 
dione. %5 

PyrazOlo[4',3':5.61pyrano[32-e I[ 1JA- 
t r im lo [  1.5-c Jpyrimidine. 967 

Pyrazolo[3,4-h Ipyrazine, 759 
Pyrazolo[ 3Pclpyrazole. 740 
Pyrazolo[l.2-u Jpyrazole- I ,3$,7-tetraone. 

Pyrazolo[ 1.2-u Ipyrazol-4-ium, 1.3-dioxo-. 

Pyradol  i ,2-a jpyrazol- 1 -one, I 184, 

PyrazoloI I ,2-u]pyridazin- I -one, I I95 
Pyrazdol3,4-r Ipyridazin-3-one. 947 
Pyrazolo( I ,5-u]pyridine, 727, 736, 983, 

PyrazoloI3,4-hIpyridine, 1065. I 164 
Pyrazolol3.4-h)pyridine, 67 I ,  741, 887, 

Pyrazdo[4..f-c]pyridine. 970 
Pyrasolo[ I ,5-a]pyridin-2-one, I 1 13 
Pyrazolol 3.4-hlpyridin-3-one. 1002, 

Pyrazdo[ 3,4-h Ipyridin-4-one. 1 I 10 
Pyrazolo[3,4-r]pyridin-7-one. I 106 
Pyrazolo(4,3-h lpyridin-3-one. 752 
Pyrazdo[4,3-c.lpyridin-4-one. 1048 
Pymolo[ 1,5-u Ipyridof3.4-e ]pyrimidine, 

f"~ob[4",3":5' . 6 ] p y ~ 0 [  2' .3':4.5 1- 

I I86 

I I86 

I320 

1035, 1209 

1003, I309 

1073 

1201 
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Pyrazolo( I .5-a ]pyrido[ 3.4-2 ]pyrimidine 

Pyrazolo[ I ,5-a ]pyrimidine. 744, 9 19. 1003 
Pyrazolo[3,4-d Ipyrimidine, 745, 746, 763, 

Pyrazolol3.4-d jpyrimidine. 1065 
Pyrazolo(3.4-d ]pyrimidine 5-oxide. 924. 

Pyrazolo[3,4-d Ipyrimidine4,6dione, 1233, 

Pyrazolo(3.4-d Ipyrimidine-6-thione. 764 
Pyrazolol I S-u Ipyrimidin-5-one. 1010 
Pyrazolol I .S-ajpyrimidin-7-one. 1010 
Pyrazolol3,4-d jpyrimidin4one. 938 
Pyrazolol3,4-d jpyrimidin-6-one. 764 
Pyrazolol3.4-d jpyrimidin4one 6-thioxo-. 

952, 1100 
~razo~o[3',4':4.5jpyrimido(2.I-h]- 

benzothiaml-4-one, 906 
Pyrazolo( I I S ' :  I .6]pyrimido[4.5-d]- 

pyridazin-4-one, 1006 
Pyrazolo[4,3-e Ipyrrolo[ I ,2-a]pyridine. 

1323 
Pyrazolol I .5-a Iquinazoline. 1005 
Pyrazolol4.3-g IquinazolinJ-one, 942 
Pyrazolol I ,5-a jquinoline. 898. 13 19 
Pyrazobl3.4.5-de jquinoline. I244 
Pyrazolo(3,4-h]quinoline, I 108 
P,vrazolo[4,3-c~quinolin-3-one, 1074 
Pyrazolol3,4-h jquinoxaline. 800. 8 10, 

Pyrazolo(5. I -d ]-1.2,3,5-tetrazin4-one, 

Pyrazolo[3,4-~.1[ lJ,S]thiadiazine, 13 15 
Pyrazolo~3,2-c]( 1 Althiazine, 81 1 
Pyrazolol I S-u I-1.38-triazine. 925 
Pymzolol3.4-e)-1,2,4-triazine. I3 10 
Pyrazolol3.4-e I-I,2,4-triazine, I164 
Pyrazoio~S,I-~~II1J2,4jtriazine, 1 IS5 
Pyrazolo[ 3.4-e I-l,2,4-triazine-3.7-dione. 

I245 
Pyrazolol 5' . I ':3,4 ]I I ,2.41 triazinol5,6-h 1- 

[ I .5]benzoxazepine. 724 
PyrazololS'. I ':3,4]l I ,2,41triazino15.6-hl- 

[ 1 ,S]benzoxazepin-6-one. 724 
PyrazoloI I .5-a 1- I .3$-triazin-f-one, 1039 
Pyrazoio[3.2-c~II I ,2,4]triazin-4-one, 983 
Pyrazolo[3,4-d I-1,2$-triazine-4-one 2- 

oxide, 747 
Pyrazolo[5'.1':3.4ll I .2,4ItriazinoI6.5-fI- 

Il,3,4]thiadiazepine, 750. 926 
Pyrazolo[2,3':2,3][ 1,2,4jtriazolof I ,5-a I -  

pyridine, 1001 

7-oxide, I202 

764, 772 

958 

1252, 1261 

862 

I IS6 

Pyridazinol3,4-h( lJlbenzodiazocine-5,7- 

PyridazinoI 1.6-h]indazole, 768 
Pyridazino[4.3-b]indole, 1024 
Pyridazinol6, I-a]isoindole, 1055 
Pyridazinol 1 ,2-hJphthalazine-6, 1 I dione. 

Pyridazinol4J-d Ipyridazine, 8.34 
Pyridszinol4.5-c. jpyridazin-8-one, 707 
Pyrid~zino~4',3':5,6jpyrimido[2,1 -h I- 

Pyridazino[3.2-h Jquinazolin- 1 O-one, 

Pyridazino(4,S-h Iquinolin- 1 0-one, 706, 

Pyridazinol4.5-h jquinoxaline- 1 .4-dione, 

Pyridazino[4.5-e I[ 1$,4)thiadiazin-8-onee. 

Pyrido14.3.2-mnlacridine. 1027 
Pyrido[ 1.2-aIbenzimidazole, 703, 999. 

Pyridol I .2-ajbenzimidazol- 10-ium, 1059 
Pyridol 1.2-u]benzimidazol- I-one. I325 
Pyridol I .2-h 112.4Ibenzodiazepind-one, 

Pyridol2.3-h I[ 1,4lbenzodiazepin-6-one. 

Pyrido13.2-h I[ I .4jbenzothiazine. 907 
Pyrido(3.2-u]benzothiazol- 10-ium. 1059 
Pyrido[2, I-h jbenzothiazol- I -one, 1 I 14, 

PyridoI2,3-hj[ 1,48lbenzoxadiazepine. 

Pyrido13.24114.1 jbenzoxazepine, 7 1 I 
Pyrido[2,I-h][ I .3Ibenzoxazin-lO-one, 

Pyrido(3.2-u jbenzoxazol- 10-ium. 1059 
Pyridol2.1 -h jbenzoxazol- 1 -one, I324 
Pyridol2.3-i~jcarbazole. 989 
Pyrido13.2-h Icarbazole, 989 
Pyridol3.4-u Icarbazole, 1024 
Pyridol4.3-u Icarbazole. 1024 
Pyrido14.3-h Icarbazole, 678 
Pyridol4.3-r.Icarbazol-l-one. 1028 
Pyrido[3,4-hjll,4]diazepin-2-one, 954 
Pyrido(3.4-hl[1.4]diazepin-4-one, I 139 
Pyrido[3.2-h:5,4-h']diindole. I252 
Pyridol I 'J: 1,2jimidazo(4,5-f I-2,1$- 

benzoxadiazole I -oxide. I0 I 6  
Pyrido[ I ',2': 1.2 limidazol4,5-h jpyrazine. 

703.984. 1 165 
Pyridol 1,2-hjindazole, 1031 

dione, 1072 

1 I59 

benzothiazol-S-one, 1069 

1116 

813 

I 1 6 0  

1039 

1129. 1313. 1331, 1338 

953 

711 

I324 

I157 

I21 I 
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Pyridol I .2a]indole, I340 
Pyrido(2J-h]indole. 887. 1248 
PyridoI 3,441indole. I I 9  I ,  I295 
PyridoI4J-bJindole. 1058, 1296 
Pyrido[ I .2-a]indoleb,IO-dione, I325 
Pyridol3,2-a]indolizin-2-one, 949 
Pyrido[3.2-b]indol-4-one, 94 I 
Pyrido(2, I -(I lisoindol-6-one. I224 
Pyrido(2.3-h I- I ,bnaphthyridine, 770 
Pyrido(3,2-g jpteridine-2Adione (paz). 

Pyrido12,3-h]pyrazine, I 133 
Pyrido(2d-h]pyrazine-2,3-dione, 1 10 I 
Pyrido(2,3-h]pyrazin-3-one, 96 I 
Pyrido(2’,3’:3,4]py~~olo( I ,5-a Iquinolin-9- 

PyridoI2,3-~]pyridazine, 1089 
Pyrido(2.3-d Ipyridazine, 846 
Pyrido(3.4-dlpyridazine. I20 1 
Pyrido(2.3-d]pyridazine-2$-dione, 9 I8 
Pyrido[3,4-d]pyridazine-lA-dione, 1 I 6 0  
Pyrido(3Ad)pyridazine- I ,7-dione. 1074 
Pyrido[2,3-h Ipyridazin-3-one. 961 
Pyrido[2,3-c jpyridazin-4-one. 1 148 
Pyrido[2,3-d]pyridazin-2-one. 68 I .  973 
Pyrido(3,4-d]pyridazin-5-one. I202 
Pyridof2’,3’:4,5]pyridazino(6,I -h 1- 

quinazdin-hne. I242 
PyridoI 2.3-d Ipyrimidin-4-one. 2-thioxo-, 

I 100 
Pyridol I .2-a )pyrimidine. I005 
Pyrido(2.3-dlpyrimidine. 705 
Pyrido[2.3-d]pyrimidine-2,4-dione, 887, 

Pyrido[ 3.24 ]pyrimidine-2.4-dione. 966 
Pyrido(3.2-djpyrimidine-2,4-dione. 109y 
Pyridol3.4-d]pyrimidine-2,4-dione, 842 
Pyridol I.2-4Ipyrimidin-2-one. 1010, 

Pyridol I .2-alpyrimidin-rlone, 930, 1007. 

Pyrido(2,3-d]pyrimidin-2-one, 975, I 144 
Pyrido(2,3-d]pyrimidin-4-one, 1069 
Pyridol2.3-d Ipyrimidin-4-one, 857.99 1 
Pyridol2,3-d]pyrimidin-S-one. 950. 1 I 10 
Pyridol2.3-dlpyrimidin-7-one, I I80 
Pyrido(3.4-d Ipyrimidin-+one. 95 I 
Pyrido(2.3-d Ipyrimidin-4-one. 2-thioxo-, 

Pyridol3.2-d Ipyrimidin-cl-one, 2-thioxo-, 

Pyrido(2’,1 ‘:2.3 Ipyrimidol4.5-cIpyridazin- 

I I33 

one, 949 

1003, 1297 

101 I 

1032, I I I 6  

695. 1100 

952. 1043, 1083 

5-one. 1069 

Pyrido[3‘,2’:5dlpyrimidol I ,2-al- 
quinazolin-5-one, 1242 

Pyrido12.3-e ]pyrrololI ,2-a Ipyrazind-one, 
994 

Pyrido(3’.2‘:4,5Ipymlo( I ,2-c]pyrimidin-9- 
one. 7-thioxo-. 1038 

Pyridol3,4.5-de]quinazoline. I 141 
Pyridol4,3.2-de]quinazoiine. I 14 I 
Pyridol3.4.5-de ]quinazoline-2-thione, 

Pyridol I ,2-u Iquinazolin-6-one. I242 
Pyridol2.I-hlquinazdin-l I-one, 1242 
Pyridol2. I -h Iquinazdin-S-one, 1007 
Pyridol3.2-g Iquinoline-5.10-dione. 1 192 
Pyrido(3.4-g Iquinoline-5.10-dione. I 190 
Pyrido(4.3-glquinoline-5, ICLdione. I 192 
Pyrido13,2-~ Iquinoline-2.5.8.10-tetraone. 

Pyridol2.3-~]quinoline-2,5,IO-trione, I 19 I 
Pyridol2,3-h]quindinJ-one, 706 
Pyrido~2.1.6-delquinolizine, I 1 0 9  
Pyrido13.2-~Iquinolizine-1 .bdione, 1095 
Pyridol2J-g]quinoxaline. I 192 
Pyridol I,2-a]quinoxaline-I .5-dione, 1 I 15 
Pyrido(1,2-a]quinoxaline-l.6-dione. I325 
Pyrido~2,3-h][l,4]thiazepin-2-one, 7 I 1 
Pyrido12.3-hJj 1,4jthiazine, 731, 749, 1 103 
Pyridol2.3-d ]thiazoloj3,2-a Ipyrirnidin-5- 

Pyrido(3.2-h]thieno(2.3-fI[ 1,4]0xazepine. 

PyridoI4‘ ,3’:4,5jthieno[ 2,3-d]pyrimidine, 

Pyridol2,3-f’I-IJ,4-triazepin-S-one. I 149 
Pyridoll,2-hl(I,2,4ltriazine, 994 
Pyrido[3.4-ej-1,2,4-triazine, 686, 96 I 
PyridoI4.3-e]-l,2,4-triazine I -oxide, 785 
Pyrido12. I$]( 1,2,4]triazin-9-ium. 748 
Pyrido[2.l-f]( 1,2,4]triazin-9-ium. 4-OXO-, 

Pyridol I ,2-a]-I$$-triazin-4-one. 1013 
Pyridol I .2-h][ 1,2,4]triazin-6-one. I 136 
Pyridol 1,2-a I-I$$-triazin-cl-one, 

2-thioxo-. 687 
PyridoIZ;S-c.]-1,2,~biazolo[ 4.34 lazepin- 

3-one, 1239 
PyridoI2.3-e I[ 1,2,4ltriazolo[4,3-a 1- 

pyrimidinJ-one. 960 
Pyrido[3,2-dlll,2,4ltriazolol I .S-al- 

pyrimidin-5-one, 960 
Pyrimido(4,5-hlazepin-4-one, 857 
Pyrimido[ I .2-a]benzimidazole, 

1144 

867 

one. 876 

85 1 

I050 

748 

1005 
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Pyrimidol 1.6-u Ibenzimidazole- I ,3-dione, 

Pyrimidol1,2-u]benzimidazol-2-one, 1010 
Pyrimidol I .2-u]benzimidazol-4-one, 930, 

Pyrimido[4S-h][ I,S]benzodiazepin-2-one. 

Pyrimido[5,4-h][ 1,4]benzothlazine-2.4- 

Pyrimido[ I ,2-a]benzothiazol-2-one, I010 
Pyrimido[2.1 -h]benzothiazol-4-one, I008 
Pyrimido[2. 1 -hjbenzoxazol-4-one, 930 
Pyrimido[4J-c]cinnoline- 1.3-dione. 1 257 
Pyrimido(4.5-c ]-1,2-diazepine-6,8-ddione. 

Pyrimido(4.5-h I[ 1,4]dhzepin-4-one, 977 
Pyrimido[ I ,2-h]indazole. 1004 
Pyrimidol I .2-(r]indde, 1329 
Pyrimido[ 1,6-a]indde, 1329 
Pyrimido[3,4-a]indole-l.3-dione, I326 
Pyrimido[SAh ]indole-2,4dione, 1043 
Pyrimido[4.5-h]indol-t-one, 856 
Pyrimido[3.4-a]indol- 1 -one, 3-thioxo-, 

Pyrimido[4,5-r]isoquinolin- I -one, 924 
Pyrimidol I .2-a ][ I ,8]naphthyridin- IWne, 

Pyrimido[5,4-h][ 1,4]0xazine. 72 I 
Pyrimido[5,4-h]( 1,4]oxazine-4,7-dione, 

Pyrimido(SA-hj[ 1,4]oxazin-7sne, 72 I ,  

Pyrimido(5.6. I -k/]phenothiazin-3-one. 

PyrimidoI I .2-e]purine-2,4-dione, 889 
Pyrimido[2, I -f)purine-2,4.8-irione, 101 I 
Pyrimidol I .2-aJpurin-lO-one. I004  
Pyrimido[4' 3' :6.5 ]pyrano[3,2-h Iquinoline. 

Pyrimido(4'S' :6.5]pyrano[3,2-h Iquinolin- 

Pyrimido[4+5-c]pyridazine, 1068, I 148 
Pyrimidoj I ,2-h)pyridazin-2-one, 1007. 

Pyrimidol I ,2-hjpyridazin-4-one, 1009 
Pyrimido[4,5-c. Ipyridazin-4-one. I 148 
Pyrimido[4.5-d]pyridin-2-one, 793 
Pyrimidoi4.5-rljpyrimidine. 764 
Pyrimido[4,5-d]pyrimidine-2.4-dione, 764 
Pyrimido[4,5-d]pyrimidine-2,4,5-triooe, 

Pyrimidoj I .2-a]pyrimidin-2-one. 920, 

1326 

1008 

749 

dione. 731 

I259 

I326 

1116 

944 

722 

I -thioxo-, I306 

745 

8-one. 747 

1068, 1241 

856 

1011, 1241 

PyrimidoI 1.2-a]pyrimidin&ne, 1009 
Pyrimido[ 1,6-a]pyrimidin-4-one, 1 I I6 
Pyrimido[4,54]pyrimidln-49ne, 937 
Pyrimido[ 5.44 Ipyrimidm4one. 

Pyrimido[4'5':4,5]pymlo[ 2.3-c lazepine- 

Pyrimido[ 1 ' 2 :  1,2]pyrrolo[3.4-b]quinolin- 

Pyrimido[4.5-b]quinoline-2,4-dione, 8 I 3, 

Pyrimido[5,4-h Iquinoline-2,4-dione, I 108 
Pyrimidol2, I ,64e]quinolizine, 738 
Pyrimido[4.5-b]quinoxaline-2,4-dione. 

Pyrimido[4$-b]quinoxaline-2,4-dione 

Pyrimido[4,5-b)quinoxalin4-one, 1 028 
Pyrimidoj 1.24 ]-1,2,4,S-tetrazin-6-one, 

Pyrirnidol4.5-h I[ 1,4]thiazine, 748 
Pyrimidol 1,6-h][1,2,4ltriazine, 967 
4.rimido[5,4-e]-l,2,4-triazine. 96 I 
Pyrimidof 1.2-b I[ 1,2,4]triazine-2,6-dione, 

Pyrimido( I ,2-h][ if,4]triazine-2,6-dicme. 

Pyrimido[4J-e]- I .2.4-triazine-6.8-dione, 

PyrimidoI4.5-e ]-1$,4-lriazine-6,8-dione, 

Pyrimid0~5.4-e]-lJ,Qtriazine-5,7-dione. 

Pyrimido[5,4-e]-l,2,4triazine-5.7-dione 

Pyrimidoi I ,6-a j-l$J-triazine-2,4.6-t~one, 

Pyrimido14,5-e]-l,2,4-triazine-3.6.8-trione, 

Pyrimidol 5,4-e j-lJ,4-triazine-3.5.7-trione. 

Pyrimido[5,4-e]-1,2,4-triazine-3,5,7-tricme. 

Pyrimido[4.5-e]- 1,2,4-triazin-S-ono, 1069 
Pyrrolizine. 873. 1055 
I -Pyrrolizinone (prr3oneh 1057 
3-Pyrrolizinone (prr20ne). 783,873, 1 1 I3 
Pyrrolizino[2,1 -b]quinolinS-one, 860 
PyrroloI3.2, I -de]acridine- I .2-dione, 

Pyrrolo[ I .2-a lazepin-3-one. I207 
P ~ K o I o I  I ,2-u]azepin-9-one, 1207 
Pyrrolo[ 1 ,2-a]benzimidazole, 13 13, 1338 

2-thioxo-, 1100 

4,Mione. 924 

k n e ,  1310 

I227 

1195. 1310 

5-oxide. 754 

I255 

I I37 

962 

1070 

759 

I265 

4-oxide, I265 

1014 

962 

1 I37 

687,709 

I337 
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P y r d o I  1,2-u]benzimidazole. 890. 91 I ,  

Pyrrolo[3.4-h ~[l,S]benzodiazepine- 1.3- 

Pyrmlo[2.1 -cl[ 1.4lbenzodiazepin-S-one, 

Pyrrolof 1,2-hl[ 1J~jbenmthiadiazepine 

Pymlol I ,241 ]13,1,6]benzothiadiazocin-6- 

Pyrrolo[3P-cJI 1Slbenzothiazepine- I ,3- 

PymIo[3,44][ 1.4jbenzothiazine I.3-dione. 

Pyrrolo[2. I -h]benzothiazole, 1027 
PyrroloI2.3-ejbenzoxazole. 1283 
Pyrrolo(3,2-cjcinnoline. I 153 
Pyrrolo[ I ,2-h lcinnolin- I O-one. 708 
Pyrrolol 1.24 jimidazole, 1 I06 
PyrroloI I ,24]imidazole, 862 
Pyrrolol 1.2-c jimidazole-3,5-dione. 873 
Pyrdo[1.2-a]imidpzol-5-one, 913 
Pyrrolo( I ,2-ajindole, 861 
Pyrdo(1.2-a lindole, I223 
Pyrrolol2.3-h]indole, I308 
Pyrrolo(2.3-e lindole. 125 I 
PyrroloI I -2-a ]indole-2.3-dione, I337 
Pyrrolo[2, l.5-cdlindolizine. I 183 
Pyrrolo[2.! .5-cd]indolirine. 905 
Pyrrolo[ I .2-u jindol- I -one. 86 I ,  1087 
Pyrrolol3.4-h1indol-3-one, I261 
Pyrrolo[2,I-~lisoquinoline, 1200, 1318 
Pyrrolo[1.2-hlisoquindin-5-one. 868 
Pyrrolol3,2-c I1 I.8lnaphthyridine. 770 
Pyrrolo[ 2. I -c' I[ I.4loxazin- 1 -one I243 
Pyrrolol2.3-d I[ l$loxazin-4-one, 952, 953 
Pyrrolo[ 3.2, I -de]phenanthridin-7-one. 

PyrroloI I ,2-f jphenathridine. 1228 
PyrroloI I .2-u Jpyrazine, 1055 
Pyrrolol3,4 -h jpyrazine. 894 
Pyrrolo[ I ,2-u)pyrazin- I -one, 8 14 
Pymlo[3,4-c Jpyrazole-4,6dione, 1048 
Pyrrolo[3,4-c IpyrazoI-4-one. 829 
Pyrrolo( 1,2-hIpyridazine, 1055, 1317 
Pymlo[ I ,2-h]pyridazine, 993 
Pyrrolol2.3-dlpyridazine S-oxide, 1209 
Pymlo[ 1.24 Ipyridazin-2-one. 868 
PyrroloI3,4-cIpyridazin-4-one, 1 148 
Pyrrolo[3,4-dIpyridazin-5-one. 799 
Pyrrolo[2,3-h]pyridine, 68 I 
Pymlo[2.3-h Ipyridine. 1003 
Pyrrolol3.2-h jpyridine. 734. I248 

I030 

dione, I138 

674 

5.5dioxide. 773 

one, 956 

dione. 724 

1 I67 

I I53 

Pyrdoj3.2-c Ipyridine, 68 1, 1248 
Pyrrdol3.4-c Ipyridine. 894 
PyrroloI3.4-clpyridine- I ,fdione. 1 160 
Pyrrolol3.2-c lpyridine 5-oxide, 885 
Pyrdo[2S-hIpyridin-2-one, 736 
Pyrrolo[2.3-c]pyridin-7-one, 679, 1042 
Pyrrolo[3.2-c'Ipyridin-6-one, 929 
Pyrrolol I ,2-o]pyrimidine, 1055 
Pyrrolol I ,2-c]pyrimidine, 880 
PymloI2,3-d]pyrimidine, 744 
Pyrrolo[2.3-d]pyrimidine, 8 10 
Pyrrolo[3,2-d ]pyrimidine, 670 
PyrroloIZS-d jpyrimidine-2.4-dione. I0 I 9  
Pyrrolo[Z$-d jpyrimidine-2.4-dione. 860, 

Pyrrolol3,2-dlpyrimidine-2,4dione, I043 
Pyrrolol2.3-d Ipyrimidine-2.4.6-ttone. 947 
PyrrololI,2-a jpyrimidin-4-one, I 1 16 
Pymlol 1.2-c)pyrimidin-3-one, 1060 
Pyrrolol2.3-d )pyrimidin-.l-one. 8 10, 981 
Pyrrolol2,3-d Ipyrirnidin-4-one. 746. 857 
PyMolo[3,2-d jpyrimidin-4-one. 735 
Pyrrolo[ I ,2-u Ipyrmle, 768 
Pymlol3,4-hIpyrrole, 853, 1064 
Pyrrolo[2,3-hjpyrrol-2-one, 1080 
PyrroloI3,2-h Ipyrrol-5-one. 2-thioxo-, 905 
Pyrrolol2. I -hlquinazolin-9-one. 936 
Pyrrolol I .2-u Iquinoline, I 108. I323 
P y d o [  1,2-ulquinoline. 1319 
Pyrrolol2,3-f Iquinoline. 988 
Pyrrolol2.3-f Iquinoline. 1329 
Pyrrolo[3,2,l-ij Iquinoline, 912 
Pyrrolo[ 3.24 Iquinoline. 672 
Pydol3.2-h Iquinoline. 735 
Pyrrolol3.2-c Iquinoline, 1223 
Pyrrolol3.4-h jquindine. 672 
Pyrrolol3.2,I-ij jquinolin-2-one. 702 
Pyrrolol3,2,1 -ij Iquinolin-4-one. 880 
Pyrrolol3.2,I-ij Iquinolin-4-one. 1237 
Pymlol3,2,1-ij Iquinolin-6-one. 1 I 10 
Pyrrolol3.4-h Iquinolin-3-one, 768 
Pyrrolo(3.2-c lquinolin-2-one S-oxide, 

Pyml0[2. I .5-de Iquinolizin-3-one (p3one). 

Py rdo [  2.34 jquinoxaline, I064 
Pyrrolol3,4-hjquinoxaline- 1.3-dione. 

Pyrrolo[3Ph]quinoxaline 4-oxide, I164 
Pymlo[ I .2.3-de jquinoxalin-5-one. 1242 
Pyrrolo[2.1-hIthiazole, 840. 912 
Pyrrolo[3,4-djthiazole-4,6-dione, 1067 
Pyrrolo[2.I-hlthiazolJ-one, 9 13 

1248 

1330 

843 

I167 
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Pyrrolo[ I ,2-c ]thieno[3,2-e]pyrimidine. 907 
Pyrrolo[ I .2 -a]thieno[2.3-d]pyrimidin-4- 

Pyrrolo[2, 1 #I[ I .2,4]triazine, 1336 

Quinazoline. 682, 744. 746. 919. 929, 

Quinazoline 3-oxide. 691, 792, 958 
2,4-Quinazolinedione, 938. 1075, 1099 
5,8-Quinazolinedione. 974c 
2-Quinazolinethione, 975. 1083 
4-Quinazolinethione. 930 
Quinazotino[2.3-c][ 1,4]benzothiazin- I2- 

one, 880 
2-Quinazoiinone. 692, 746, 918.975, 1037. 

1083, 1098. 1143 
4-Quinazolinone. 692. 695, 857, 924, 930. 

935,937,942,951. 1043, 1068 
4-Quinazolinone. 2-thioxo-, 936, I 103 
Quino[2,3-h][lJjbenzoxazepine. 816 
Quinoline, 671.681. 706. 737. 742, 770, 

834,866, 867,887,916,917. 1027. 
1090, 1098, 1108. 1227, 12% 

one, 1318 

1042. 1068, 1299 

Quinoline I-oxide, 849, 889 
2-Quinolinethione. I 109 
2-Quinolinone. 673. 694. 743. 77 I ,  842, 

867.941, 1090. 121 I .  1229, 1305. 
I326 

4-Quinolinone. 706, 707, 737, 753.935, 
950, 1091, 1 110. 1205, 1212 

5-Quinolinone. 988, 1285, 12% 
Quinolizinium, 1059 
4-Quinolizinone (p4one). 679, 1324 
Quin014.3,2-&][ 1, IOlphenanthrolin-9-one. 

Quinoxaline, 708, 1132 
2.3-Quinoxalinedione, I 101 
2-Quinoxalinone, 836. 1100, 1134 
2-Quinoxalinone 4-oxide, 836 

Spirolthiopyran-4.1 I ‘-thiopyrano[4.3-b]- 

Spiro[thiopyran-4. I I ’-thiopyrano[4,3-b]- 

1 I93 

IlSIbenzodiazepine], 1138 

(lJlbenzodiazepine] 3,3-dioxide, 
1 I38 

2.3$.6-Tetraazabicyclo[ 5.2.0jnona- I (71.3- 
diene-8.9-dione, ( I  ,2,45tetrazep). 
1141 

thione, 1 104 

one, 1104 

1,2,4,&Tetrazepino[ 1.7-c lquinazoline-2- 

1,2,4,6-Tetrazepino[ 1.7-c]quinazolin-2- 

Tetrazdo[ 1,5-h]pyridazine, 1019 
Tetrazoio[ 1’3’: I .6]pyridazin[4,3-hjindole, 

Tetrazolo[ I ,5-h][1,2,4]triazine, I I36 
4-Thia- I -azabicyclo[3.2.0]heptan-7-one 

4-Thia- 1 -azabicyclo[3.2.0]hept-2-en-7-one 

4-Thia-2-azabicyclo[4.2.O]oct-2-en-8-one 

5-Thia- I -azabicyclo[4.2.0]oct-2-en-8-one 

6-Thia-2,3-diazabicyclo( 3.2.01hept-2-ene 

7-Thia-2,3diazabicyclo( 3.2.01 hept-2-ene 

1,2,4-Thiadiazolo[4,5-u Ibenzimidazoie-3- 

[ 1,2,4jThiadiazdo[ 3.44 Ibenzothiazole. 

[ 1,2,SjThiadiazoloI3,2-h:4J-h’]- 

1025 

(thzol), 916 

. (thzol), 719. 854 

( I  ,4thzn), I 175 

5,S-dioxide (1.3thznOz). 843 

6.6-dioxide (pzol), I 185 

7,7-dioxide (pzol). 1185 

thione, 1097 

1002. 1240 

diquinazoline- 1 I ,  15-dione 13. I3- 
dioxide, I 1  16 

[1,2,31Thiadiazolo[ 5.44 lisoquinoline, 720 
[ 1,2,4]Thiadiazolo[3.4-bll1,3.4]0xadiazole. 

[ 1,2,4jThiadiazolo[4,3-u Ipyrazine, 1002 
f 1,2AIThiidiazolo[2,3-a jpyridine. 1036 
1,2,4]Thiadiazolo[4,3-u Ipyridine, 986, 

[ I .3.4]Thiadiazolo[4,5-a jpyridine, 1265 
[ 1,2,4~Thiiiazolo[4,3-c]pyrimidine, 

1,3,4-Thiadiazdo[ 3.2-a]pyrimidin-4ium. 

[ I  ,2,41Thiadiazdo[4,3-u Ipyrimidin-3sne. 

[ 1,2,4]Thiadiazdo(4,3-c lpyrimidin-3-one. 

1,3,4-Thiadiamlo~3.2-a Ipyrimidin-5-one. 

I .3,4-Thiadiazolo[3.2-u]pyrimidin-5-0ne, 

I ,3,4-Thiadiazolo(3,2-u Ipyrimidin-7-one. 

[ 1$,4]Thiadiazolo[2,3-b]quinazoiin-9-one, 

[ 1,2J]Thiadiazolo[3,4-h jquinoline. (3980.) 

I I ,2,5 jThiadiazolo~3,4-h]quinoxaline 2.2- 

[ 1,2.5]Thiadiazolo[3,4-c][ 1.2Slthiadiazole. 

776 

1002 

lo02 

730 

1002 

1002 

729 

930, 1241 

101 1 

729 

1284 

dioxide, I 173 

1131 
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[ I .3.4]Thiadiazolo[2.3-c]~ I .2,4lthiadiazole. 

I I .3,4]Thiadiazolol3,2-a 11 I$,S]triazine- 

I .2,3-Thiadiazolo[5,4-c]l I .2,4ltriazolol I .2- 

2aX'-Thia-2.3.4a,7a-tet raazacyc Iopent 1 cd 1- 

776. 1002 

5.7-dione, 1014 

uIpyridazine-7.9dione. 907 

indene- I A-dione ( I .2.4-1hiadiazole), 
I339 

7-Thia- 1.2. I2~-triazacyclopenta~g]- 
naphthacene ( I  .3thm), 12 I7 

1,2J,S-ThiatriazoIo[4,5-(~ I[ I ,41- 
benzoxazine I -oxide. 777 

I I ,3 lThiazino[ 3.2-u Ibenzimidazole, I338 
I l$lThiazino[ 3,2-a]benzimidazol-r(-one, 

[ 1$]Thiazino[6.S-cJquinolin-l-one, 1080, 

Thiazolol3.2-a Ibenzimidaeole, 876. 877, 

Thiazolol3,4-u Ibenzimidazole. 1239, I303 
Thiamlol3.2-a Jbenzimidazol-3-one. 878, 

Thiazolo[3,2-a][ l$,S]benzdriazepine, 968 
Thiazolol3,2-a]j I ,3ldiazepine, 877 
Thiazolo~5,4-h]indoiee, I330 
ThiazoloI 5.44 1 indole. 728 
Thiazdo(5.4-h]isoquinolin-2-one. 720 
Thiazolo[3,2-a Iperimidine. 876 
Thiazdo[3.2-e]purine, 878 
Thiazulo[2.3-f]purine-2.4-dione. 1309 
Thiazolol2,3-f]purin4one. 878 
Thiazolo[4.5-h]pyrazine. 1036 
Thiazolo(5,4-c]pyridine. 7 I8 
Thiazolo~3.2-u]pyridin4-ium, I309 
Thiazolol3,2-u Ipyridinium, 877. 9 16 
Thiazolol3,2s]pyridinium, I 192 
Thiazdol2,l -f]pyridol2,3-c.j[ I .2,4]triazin- 

I0-ium. 5-0x0-, 876 
Thiazdo[3.2-a]pyrimidine, 877 
Thiazolo[4.5-d]pyrimidine, 782 
Thiazolof5,4-d]pyrimidine. 69 I 
Thiazolo(4.5-d ]pyrimidine-5.7-dione. I 322 
Thiazolo[4,5-d )pyrimidine-5-thione. 764 
Thiazolol3.2-a Ipyrimidin-5-one, 1008. 

Thiazolo[ 3,2-u]pyrirnidin-7-one. 101 1 
Thi~lol4,5-d]pyrimidin3-one, 856 
Thiazolo(2'.3':2,3]pyrimido[4,5-r)- 

pyridazin-5-one, 1069 
Thiazolol2,3-h]quinazolin-5-one, 877 
Thiazolo[5,4-f]quinoline, 1 108 
Thiazolo[4,5-hjquinoxaline, 1 167 

883 

I075 

879 

1114 

1011, 1012 

Thiazolo[2,3-c]l 1,2,4]thiadiazde, 776. 

Thiazolol4,3-h]- 1$,4-thisdiazole-5-thione. 

Thiazolo(2.3-~][ 1$,4]thiadiazol-3-one, 

Thicrzolo~2,3-~]11,2.4]triazepin-3-one, 

Thiazolol3.2-a I- 1 $,S-triazine-2,4-dione. 

Thiazolo(3.2-u I- I ,3,S-triazinke, 1038 
Thiazdo[2.3-c]- I .2.4-triazole, 915 
Thiazolo[3.2-h][1,2,4]triazole. I I30 
Thiazolol3,2-h][ 1.2.4jtriazole. 878. 915 
Thiazolo[3.2-h]j1,2,4]triazole, 74 I 
Thiazolo[3.2-c*]- I ,2,4-triazole, 877 
Thiazolol3.2-c][ 1,2$]triazoie. 91 3 
Thiazolo~3,4-h][ 1,2,4]triazole-5-thione, 

Thiazolol3,2-h]I 1.2.4jtriazol-4-ium. 876 
Thienol2.3-hll1,S Ibenzodiazepin-4-one. 

Thieno[2.3-g][ I jbenzopyran-6-one. 1288 
Thienoi3.2-f][ 1 jbenzopyran-7-one, 1288 
Thieno(3,4-c]( I jbenzopyran-4-one. 1089 
Thieno[3.2-e]I2,1$]benzothiadiazde, I I3 I 
Thieno[2,3-h][ 1,4]benzothiazine, 7 I0 
Thieno[3,2-h)[ 1,4jbenzothiazine, 710 
Thieno[3.4-h]( 194]benzothiazine. 7 10 
Thieno(2,3-h)[ 1 Ibenzothiophene, 676.865 
Thieno(3,Z-hlI I Ibenzothiophene. 676, I282 
Thieno[3.2-h][ 1,4]benzoxazepine. 85 I 
Thieno[ 2,3-~]-1,4-diozepin-2.one, 978 
Thienol 3.4-e I-1,4-diazepin-2-one. 978 
ThienoI3.4-d 1 I L3ldioxd-2-one 5,5- 

Thienol3,2-h]furan-2-one, 1066 
Thienol3.2-h]furan-3-one, 1088 
Thieno[ 3,4-h]furan-3-one, 1088 
ThienoI3.4-hjindole 22-dioxide, 1 166 
ThienoI2,3-~]indolizine (prr), 905. 1040 
Thienol3.2-ejindolizine (p), 917 
Thieno[3.2-c][ I$]naphthyridine. 705 
Thieno[2,3-c]pyran-5-one. 803 
Thieno/3.2-c]pyran-6-one. 803 
Thieno[2,3-h]pyrazinee, 1089 
Thieno[3,2-c]pyrazde. 103 1 
Thieno[2,M)pyridine, I309 
Thienol2.3-h Ipyridine, 742, 1003 
ThienoI3.2-hjpyridine. 1003 
Thienol3,2-c]pyridine, 866, I 179, 1295 
Thienol3tlhIpyridine. 950 
Thieno[3,4-h jpyridine. I089 

1002 

729 

I002 

1243 

93 1 

728 

944,954 

dioxide, 820 
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Thieno[3,4-c]pyridine-4-thione, I089 
Thieno(2,3-h]pyridin-7-ium, 787 
Thienoj2$-h]pyridin-4-one. 950 
Thieno(2,3-c]pyridin-7-one, 79 I 
Thienol3.2-c]pyridin-4-one, 791 
Thieno(2’ .3‘:3,4]pyrido[ I .2-c]pyrimidin-7- 

Thienoj 3’,2’:3,4 Jpyrido[ I ,2-c]pyrimidin-4- 

Thienol3’.2’:5,61pyrido(2,3-d]pyrimidin-4- 

Thienoj2.3-dlpyrimidine. 812, 1082 
Thienol2.3-dIpyrimidine. 744 
Thieno[2,3-djpyrimidine-2,4dione. 865 
Thieno(2.3-d ]pyrimidine-4.6dione. 1282, 

Thienoj2’.3’:4,5]pyrimido[ 1.2-h][ 1.21- 

Thieno[2,3-hJpyrrole. 740, 1087 
Thieno(2.3-h Ipymle, 863 
Thieno[ 2,3-c Ipyrrole, 885. 894 
Thieno[3,2-h]pymle, 863 
Thieno[3.2-h]pyrrole. 885 
Thienol 3,4-c]pyrde, 885 
Thienoj2,3-c Iquinoline, 705 
Thienoj3,4c]quinoIine, 705 
Thienol2.3-clquinoline 5-oxide, 850 
Thieno/3,2-~]quinoline 5-oxide. 850 
Thienol3,4c]quinoline 5-oxide. 850 
Thieno[2,3-h]quinoline-4.6-dione. I 165 
Thieno(3.2-c]quinolin-4-one, 1 194 
Thieno}2$-cIquinolizine. (9 17 
Thieno(2.3-h Jquinoxaline, 897 
Thieno[3.2-f]quinoxaline. I 133 
Thieno[3,2-c.][ 1,2,6]thiadiazin-4-one 2.2- 

Thieno[3P-c][ 1,2,6]thiadiazin40ne 52- 

Thieno[3.4-d]-1,2$-thiadiazole. 8 I2 
Thienol2,3-e][ 1.4]thiazepin-2-one, 945 
2A4-Thieno12,3-c][1,2Jthiazine. 102 I 
2X4-Thieno[ 3.2-c I[ 1,211hiazine. 1021 
Thieno(2.3-djj l$]thiazinl-one. I 102 
Thienoj2,3-dlthia~eole, 717 
Thieno[2’,3’:4.5]thieno[2,3-d]thi~le, 7 I7 
Thieno[2,3-h]thiophene. 842, 1057 
Thieno[ 2.3-c I[ 1,2,41triazolo[3,4-r 11 1 PI- 

Thiepino[4,3-h Jbenzofuran 2.2-dioxide. 

Thiopyrano( 3.2-h]benzofuran. I256 
Thiopyranoj 3.2-h)benzduran 1,l -dioxide, 

one. 906 

one, 906 

one, I 0 6 9  

1322 

benzisothiazol-ct-one 6.6-dioxide. 1060 

dioxide, I 122 

dioxide, 1 I2 I 

thiazepine. 875 

I256 

1256 

Thiopyrano[ 4.34 lbenzofuran 2.2-diox ide. 

Thiopyrano[3,2-c 1 I 1 Ibenzopyran-45 - 
Thiopyranoj3,2-h]benzothiophen-4-one. 

Thiopyranol3.2-hlindole. I249 
Thiopyranoj 3Ahlindole, I249 
Thiopyrano[4.3-h]indole, 106 I ,  I I I I 
Thiopyrano(2.3-h jindol- I -ium, 909 
Thiopyrano[3,2-h]indol-4-one. 870 
Thiopyrano[2,3-c]pyrazole. 131 1 
Thiopyranol2,3-h]pyridin-4-one, 1232 
Thiopyrano[2,3-d ]pyrimidine-2.4.5-trione. 

ThiopyranolB,4-e]pyrrole-5,7-dione. 1 1% 
9-Thioxanthenone. 1079, 1292 
Thioxanthylium, 1196 
2~4,5-Tri;rzabenz[cdlazulene ( I ,2,4trzn). 

2a.6b. IOc-Triazsbenzo[2.3lpentalenl I ,6- 

2.6.7-Triazabicyclo[ 3.2.2]nona-3,8-diene 

I .3,4-Triazabicyclo[4.2.O]oct-2-en-8-one 

1.3.7b-Triazacyclopent[c.d)inden-4-one 

2,3a,6a-Triazaphenalen-6-one, 3-thioxo- 

(1,2,4]Triazino( 1.6-u Jbenzimidazole. 

[ 1,2,4J’kiazinoj4,3-a jbenzimidazole, 814 
1,3,5-ltiazino[ 1.2-u Jbenzimidazole, 748, 

j l92.4]Triazino[4.5-u Jbenzimidazol-4-one, 

1,3,5-’kiazino(5.6-h Ibenzimidazol-Zone. 

I .2,4-Triazino[5.6-h I( 1,4Ibenzodiazepin- 

lJ.5-Triazinoj I ,2-h]benzothiazole-2~4- 

I .3J-Triazino[ I .2-c]l1,2,3]benzotriazine. 

I ,2,4-Triazino[ 5.6-hjj 1,4ldiazepin-8-one, 

1,2,4-lf.iazino[4.3-h jindazole. 88 I 
1,2,3-’kiazino(5,4-h]indole 3-oxide. I326 
l$$-Ttiazin0[2, I -a ]isoquinolin-4-one. 

I ,2,4-Triazinoj 5,6-c]isoquinolin-6-one. 

1256 

dione, 903 

870 

909 

I257 

uhlindene (pzol), 1337 

(1.2.4triazep). I 198 

( I  ,2,4tnn). 708 

(im4one). 948 

(pm2thione). 782 

1136 

93 1 

I246 

748, 1039 

I h n e .  732 

dione, 931 

1154 

732 

931. 1013 

3-thioxo-, 1082 
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[ I .2.4jTriruinol5.6-e I[ 1$,4loxadiazinium, 

I 1,2,4 ITriazino[ 3,4u jphthalaz ine-3.4- 

I 1,2,4]TriiA10[3,4-u ]phthalazin-4-one, 

73 I 

dione. 1258 

1117. 1258 

1136 

1037 

1007. 1037 

1014 

one. 764 

688 

I,2,4ITriozino[Z$-a jpurin- 10-one, 

[ I ,2,4jTriazino12.3-c Jquinazolin-6-one. 

I I .2.4jTriazino14.3-(* Iquinazolin-6-one. 

I$,S-Triazino( I .2-a Jquinolin- I-one. 

I I .2,4jTriazino[4.3-h I-1,2,4,S-teirazin-6- 

I I ,2.4ITriazinol5.6-e]l1$,4jthiadiazine, 

I I .2.41Triazinol6,5-c 1- I ,2.4-triazinc. 967 
I I$$]-ltiazinol l’,2‘: 1.511 I .2,4jtriazolo 

I3P-u Jisoquinolin- I I-one. 1014 
I .2.3-Triazolo14.5-hJI ISjbenzodiazepine. 

750 
[ 1.2.3 jTria;Lolo[I.5-u I( I,4 Ibenzodiazepin-4- 

one, I075 
I I .2.3jTriazolo[ I ,5-u 1115lbenzodiazepin-5- 

one. 954 
Il,2,4lTriazolol3.4-c*)\ I .4lbcnzothiazin-4- 

one. 1239 
I ,2,4-Triazolol3,4-h ]I 1.3 Ibenzothiazin-5- 

one, 1263 
1,2,4-’Itiwolo[S. I-h)ll.3lbmzothi~zin-S- 

one. 1263 
1,2,4-Triazolo13.4-h tbenzothiazole. 1255 
[ I ,ZAjTriazoloI5. I -h Ibenzothiaml-5-one. 

877 
I .2.4-Triuolo[4.3-d ll1,2,41- 

benzotriazepine. I 145 
I .2.4-Triazolo[4.3-d 11 1,3,4lbenzotriazine. 

1144. 11-54 
I1,2,41Triazolo(3,4-cI( I .4lbenzoxuine- I .4- 

dione, 1036 
I1,2,4]Triizdo13.4-c I[ 1,4Jbenzoxazin-4- 

one. 1239 
[ I,2,4jTriazolo[S,I -hJbenzoxatole. 928 
I1,2,4lTriazolo[ 1.5-h jindazole. 761 
[ 13,41Triazolo[4,3-a jindole, I338 
[ I,2,3jTriazolol5.I -u)i.soquinoline. 1262 
I1,2,4jTridoI5. I -a lisoquinoline, 928 
1,2,4-Triazolo13.4-a lisoquinoline, 1254 
[ I  .2.3)TriazolollS-d I1 I$,4loxadiazin-4- 

1,2,4-Triazolo[3A-h I[ 1,3,4joxiidiazole. 728 
one, 696 

[ I .2.4 ITriazolo{3.4-h Jpurin-7-one 

1,2,4-Wizdo[3A-h 11 I ,3.4loxadiazole, 

1,2,4-Triazolo[ 3.4-u jphthaluine. 1258 
I13,4J’kiazolo~2,3-u jpurin-gone. I 130 
1.2,4-Triazdo[4,3-u Ipyrazine. 776 
f 1,2,4)lkiazolo[ I ,5-u jpyruine 3-oxide, 

1 I ,2,4JTriazolo[ I 5-u jpyrazin- I -ium, 

I ,2,4-Triazolo[4.3-u jpyrazin-8-one. 

1 ,2,4-Triazolo[ 4.3-h jpyridazine, I206 
IJ,4-rrizdo[4,3-hjpyridazine. 1206, 

I .2~4-Triazolo~1,2-u jpyridazine- I .3-dione, 

I$,QTria~lo(4,3-hIpyridazin-+one, 1239 
I 1,2$jTriazoio[ 1.5-u jpyridine, 1262 
II,2,4lTriazolo( 1 .S-u jpyridine, 728, 769, 

I ,2.3-Triazolo[4.5-h Ipyridine, 672 
1 1,2,4jTriazolol 1.5-u lpyridine 3-oxide. 

I ,2$-Triazolol4.5-/1 jpyridin-5-one. 1026, 

I ,2,3-Triazolo[ 4,s-h jpyridin-hne, 673 
1 I ,2.3lTriazolol1,5-ujpyrimidine. 1006 
I I .2AITriazolo[ I ,5-u ]pyrimidine. 1006 
I12.41Triazolol I ,S-cJpyrimidine, I254 
1.7,3-Tri~olo14,5~Ipyrimidine, 764, 923. 

1,2.3-Triazolol4.5-d)pyrimidine-4,6-dione, 

13.3-Triazolo14.5-J Ipyrimidinc-S.7-dione. 

1,2,4-Trido[4,3-c~ ]pyrimidine-5.7-dione, 

I1.2,4]Triazolo[ 1.5-ulpyrimidine I-oxide, 

I1,2,4jTriazololl,5-u jpyrimidin-%urn, 

I ,2,3-Triazolo14,5-d jpyrimidin-4-one. 692 
1,2,3-Triazolol4,5-d Ipyrimidin-5-one. 

1,2$-Triazolo(4,5-dJpyrimidin-7-one, 1332 
1.2,3-Triazolo14,5-d jpyrimidin-7-0ne. 938 
I .2.4-Triazolo[4,3-u jpyrimidin-5-one. 

1,2,4-Triazolol4,3-u Ipyrimidin-5-one, 929 
I I .2,3jTriazolo13.4-u jpyrimidin-7-one. 

(im2oneh 933 

I238 

1001 

X-OXO-. 881 

3-thioxo-, 673 

1239. 1253 

1159 

929 

1001,1264 

1331 

934 

I262 

934. 1332 

1263 

1001 

1032 

1331 

1300 

1008 
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[ 1,2,4jTriazolo~ I ,5-a]pyrimidin-7-one. 

[ 1,2,4]'Itiazdo[ 1.5-cjpyrimidinJ-one, 730 
1,2,4-Triazdo[4,3-a]pyrimidin-7-one, 1255 
I ,2.4-Triazolo[4.3-a]pyrimidin-7-one, 

1,2,3-ltiazolo[4',5':3.4]pyrrolo( I ,2-a 1- 

I 1.2.4 JTriazolo(5, I -h]quinazolin-9-one, 

I I ,2,4JTriazolo[ I ,5-a]quinazolin-5-one. 

[ 1,2,4]Triazolo[4,3-a jquinazolin-5-one. 

1,2,4-Triazolo[4,3-h)quinazolin-5-one. 

I ,2,4-Triazoi0[4.3-c]quinazdinJ-one, 

l$$-Wiazolo[4,5-f Iquinoline. 934 
l~$-TriPzolo[4.5-c~)quinoli~ 3-oxide. 

[1,2,4]'Mazdo14,3-h]- I ,2.4,5-terrazine, 

[ I  ,2,3]Triazolo[5, 1 -h][  ISdlthiadiazine. 

I .2,4-Triazolo[3,4-h][ l$,r)]thiadiazine, 732 
1 I .2,41Triazolo[S. I-hlllA41thiadiazin-8- 

ium. 732 
I .2,4-Tnazoio[3.4-h)~ 1,3,4)thiadiazin- 1 - 

ium. 731 
I ,2.4-Triazolo[3'.4':2.3][ 1$,4]- 

thiadiazin0[5,64]quinoxaline, 732 
1,2,4-Triazoloi3.4-h~11d,41thiadiazde, 729 
I I ,2,4jTriazolo[5,1 -h][ ldlthiazine, 882 
1 I ,2,4]Triazolo[5. 1 -h 11 13Ithiazin-7-one. 

1300 

1010 

indol-4-one, 1 187 

1009 

1009 

I255 

1255 

1007 

1245 

1256 

723 

883 

I ,2,4-Triazolo[3,4-hlI l$lthiazin-5-one, 

I1.2PjTriazolo[5',1':2,3]thiazolo[45-hj- 

1.2,4-Triazolo[4,3-h I[ 1,2,4ltriazepin-6-one. 

[ I  .2.3ITriazolo[5. l-c][ I,2,4ltriazine. I 155 
I I ,2,4]Triazolo[ 1,5-o][l$$]triazine, 925 
I I ,2,4JTriazoloM I -cli 1,2,4)triazine, 8 14 
1$,4-'kiazolo[4.3-u][ I .3,5]triazine, 1263 
I I .2A]Triazolo[ I S-u I[ IJ$)triazine-5.7- 

l92,4-TriazoIo[4,3-d I[ I .2.4jtriazine-3.8- 

1A4-TriazoloI4.3-d 11 I .2.4]triazine-6- 

[1,2,4jWiazolo[S,I -c][ I ,2.4]triazin-4-one, 

1,2,4-Triazolo[3,4-f ][ 1,2,4]triazin-8-0ne, 

1,2,4-Triazdo[4,3-a I[ 1.3.5jtriazin-5-one. 

Il.2,4]Triazololl ,5-u][ lJJltriazin-5-one. 

[ 1.2,4]Triazolo[3,4-c]- I .2.4-triazole. 965 
[ 1.2,4]Triazolo[ I .2-u][ lJ$ltriazole-5,7- 

[1,2,41Triazolo[ I .2-a][1,2,41triazole- 

1,2,4-Wiazolo[4.3-h 11 I .2.4]triazoIe-3- 

1,2,4-Tria~0lo[4.3-h I[ 1,2,4]triazol-3-one, 

883 

quinoxaline. 1167 

I I40 

dione, 687 

dione, 875 

thione. 1254 

698,761 

1038 

I263 

7-thiox0-, 687 

dione. 1 187 

1,35,7-tetraoae. 1 187 

thione, 922 

922 

Xanthene, 1 I%. 1286 
PXanthenone. 1078 
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