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The Chemistry of Heterocyclic Compounds 

The chemistry of heterocyclic compounds is one of the most complex 
branches of organic chemistry. It is equally interesting for its theoretical 
implications, for the diversity of its synthetic procedures, and for the physio- 
logical and industrial significance of heterocyclic compounds. 

A field of such importance and intrinsic difficulty should be made as 
readily accessible as possible, and the lack of a modern detailed and compre- 
hensive presentation of heterocyclic chemistry is therefore keenly felt. It is 
the intention of the present series to fill this gap by expert presentations of 
the various branches of heterocyclic chemistry. The subdivisions have been 
designed to cover the field in its entirety by monographs which reflect the 
importance and the interrelations of the various compounds, and accommo- 
date the specific interests of the authors. 

In order to continue to make heterocyclic chemistry as readily accessible 
as possible, new editions are planned for those areas where the respective 
volumes in the first edition have become obsolete by overwhelming progress. 
If, however, the changes are not too great so that the first editions can be 
brought up-to-date by supplementary volumes, supplements to the respec- 
tive volumes will be published in the first edition. 
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Preface 

In the 15 years since the publication of the first edition, there have been many 
developments in acridine chemistry and biochemistry. These have taken 
place over a broad front, too broad in fact for one person to review the field 
both adequately and rapidly enough to ensure up-to-date publication. I have 
been very fortunate in having a number of colleagues who were willing and 
able to find the time necessary to revise the chapters of the first edition, or to 
write entirely new chapters where necessary, for this new edition. Building a 
book of contributed chapters always presents difficulties of possible duplica- 
tion and accidental omission of material that is on the borderlines of two or 
more chapters. A small amount of overlap has resulted, but this has been left 
in order to maintain continuity in the individual chapters. 

All those working with acridines should be grateful that agreement has 
now been achieved concerning the numbering of the acridine ring. The 
agreed system is that employed in both editions of this book, and by Chemical 
Abstracts, and the Ring Index, and recommended by the International Union 
of Pure and Applied Chemistry. 

I should like to thank most sincerely all my co-authors, all of whom have 
given up much leisure time in order to  help. I also wish to thank The 
Queen’s College and The University of Oxford for leave during which the 
manuscript was edited, and Professor C. A. Grob for the hospitality of the 
Institute for Organic Chemistry, The University of Basel, which was greatly 
appreciated. 

I also thank Miss M. B. Acheson, Mrs. R. F. Flowerday, Messers P. J. 
Abbott, M. P. Acheson, and N. D. Wright for their help in preparing the 
index, and Miss P. Lloyd for typing the copy. Last, but not least, I must 
express my gratitude to  all those working in Wiley-Interscience and associated 
with this volume for their advice and continuous assistance, which greatly 
facilitated my task. 

R. M. ACHESON 

March 1972 
The Departmetir of Biochemisrry 
and 
The Qireerz’s College 
University of Oxford 
Oxford, England 
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Nomenclature 
and Numbering System 

R. M. ACHESON 

Department of Biochemistry, and The Queen’s College, 
University of Oxford, England 

The discovery of a new basic material in the anthracene fraction of coal 
tar was announced by Graebe and Carol in 1870. On account of its acrid 
smell and irritating action on the skin and mucous membrane, this new 
substance was called “acridin” (acris = sharp, or pungent). Apart from the 
addition of a terminal “e,” and the replacement of the “c” by “k” in a few 
older papers, this name has not subsequently been changed. The general 
nomenclature and numbering system employed for acridine and its derivatives 
in this monograph is the same as that used in Chemical Abstracts since 1937. 

At least seven different systems of numbering have been used for the simple 
acridine ring system, and many more methods have been proposed for fused 
ring systems containing the acridine nucleus. Much difficulty, therefore, arises 
when a literature search for acridine derivatives becomes necessary, especially 
in regard to  early publications. 

The first numbering system (1) was suggested by Hess and Bernthsen’ but 
found no support. Schopffs system (2), suggested in 1892,3 was almost as 
unpopular, although a slight modification (3) was used in 1922 and occasion- 
ally laterS4 

I 2 3 

In 1893 Graebe,j the discoverer of acridine, suggested a numbering system 
(4) based on the then accepted numbering used for anthracene, xanthene, etc. 
This system was generally approved at the time. In 1900, however, method 
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2 Nomenclature and Numbering System 

(S), which was largely ignored, was propounded by von Richter in his text- 
book,6 while in the same year M. M. Richter7 used another system (6)  in his 
Lexikon der Kohlenstof- Verb indungen. 

4 
Onebe 

6 
Richter 

This method of numbering gained some popularity. Borsche8 suggested 
another system (7), which did not find acceptance. In 1921 Stelznerg extended 
Graebe's system to 8. 

1 8 

Another variation (9) suggested by Patterson,'O which is in conformity with 
the Ring Index rules," was used in a standard textbook12 in 1926, but the 
numbering was changed to that of Graebe in the 1936 edition of the book. 
Yet another system13 (10) appeared in 1947, adding to the confusion. 

9 10 

At the present time only two systems of numbering, 4 and 6,  are significantly 
used for acridine derivatives. A record was kept during the preparation of 
the first edition (1956) of this monograph of the number and year of publica- 
tion of all original papers available and referred to (whether mentioned subse- 
quently in the monograph or not) using these systems. Figure 1 shows the 
results. From the graph it is clear that (1) the great majority of publications 
use Graebe's system; and ( 2 )  although an increase in the popularity of Rich- 
ter's system in recent years is evident, Graebe's system is still used in the 
majority of publications. The Ring Index has adopted the latter system, which 
is the same as that gnnerally used for anthracene, although it is not consistent 
with Patterson's rules for the numbering of cyclic compounds. 
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Fig. 1. The number of papers published yearly using Graebe’s (---) and Richter’s 
(. . . . . .) systems. 

Graebe’s system of numbering is used in Beilstein’s Handbuch and in 
Chemisches Zentralblatt. Until 1937 Chemical Abstracts officially used 
Richter’s system of numbering; at that time a change was made to Graebe’s 
system. British Chemical Society Abstracts uses Richter’s system, which was 
also employed by Albeit. l4 Although the British and American abstracts 
officially use particular methods of numbering, papers in which the numbering 
of acridine derivatives differs from that officially used in the abstracts may be 
abstracted in the original numberings. This calls for much care when using 
abstracts. The stage has even been reached at which both systems are used in 
the same chapter of a standard textbook.lS 

The continued use of two numbering systems for the acridine ring system 
added to the nomenclature difficulties, so that a decision as to which system 
should be used in the future became essential. This decision has recently been 
made (see below). The arguments put forward by AlbertI4 in  support of 
Richter’s system (6) are: 
(a) It has been used in a significant portion of the literature including almost the 
whole of the literature in the English language; (b) it makes no suggestion of there 
being more than five possible mono-derivatives whereas 4 gives rise to such names 
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as 9-chloroacridine which suggests that there are nine; and (c) a number of medical 
products have been introduced in Britain and Australia in recent years not under 
trade names but described systematically according to 6-e .g .  5-aminoacridine; it 
would be confusing to the physician if they should simultaneously be numbered in 
two ways, and he would be apt to think that two isomeric substances are involved. 

The first statement is incorrect; the increase in popularity of Graebe’s 
system is largely a result of its use in American publications. With regard to  
(b), it is necessary to point out that many accepted numbering systems involve 
this disadvantage, which is now unlikely to  be a source of confusion. As to  
(c), the medical profession can be little interested in acridine nomenclature, 
since the systematic name “5-aminoacridine hydrochloride” (system 6) has 
been officially replaced by “Aminacrine Hydrochloride B.P.,” and the ti-ade 
names for this substance, e.g., “Acramine,” “Dermacrine,” and “Monacrin,” 
are widely used. Incidentally, in spite of his support for Richter’s system, 
Albert has, in fact, found it convenient to  use Graebe’s system in one section 
(on carbazimes) in the first edition of his own monograph.14 

From the evidence discussed above, it is clear that Graebe’s system (4), 
which is employed throughout this monograph, is used n the large majority 
(ca. 75.3’%) of the papers published before 1955 in which a numbering system 
is required, and in the more important abstract journals. 

Richter’s system (6) offers no particular advantage to compensate for its 
minority position and should therefore be completely dispensed with in the 
future. This view has also been taken by the Union of Pure and Applied 
Chemistry16 and now appears to have been generally accepted.17 

The carbon atoms common to both rings can bear substituents only when 
the acridine ring is suitably reduced, and in this situation it becomes necessary 
to  number these positions. Albert17 employs Stelzner’s extension (7) of 
Graebe’s system for these carbon atoms. This use is unfortunate and should 
be discontinued. It is inconsistent with the generally agreed rules for the 
numbering of such atoms, and it is inconsistent with current Chemical 
Abstracts practice. The atoms common to both rings should be numbered as 
shown in structure 11. 

1 1  

Many arbitrary numberings, as well as generic numberings, have been used 
for fused ring systems containing the acridine nucleus. Generic numbering is 
built up from the numberings of the constituent ring systems regarded as 
being fused together, subscripts being used to differentiate between the figures. 
In  this system 12 is 1’,2’-1,2-benzacridine, or 1,2-benzacridine, since this 
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simplification leads to no ambiguity. This type of numbering is much used in 
the German literature. A similar system, based on Richter’s method of 
numbering acridine, is also largely used in British Chemical Abstracts. It was 
often used in Chemical Abstracts until 1937, when the Ring Index numbering 
was adopted for condensed acridines. In order to minimize the use of numbers 
and subscripts, the sides of the parent ring system have been lettered a, 6 ,  c, . . . 
(13) starting from position 1. Thus 1,2-benzacridine (12) becomes benz[a]- 
acridine, and 14 is 3’-methylbenz[a]acridine. 

I 3  
14 

12 

Although generic numbering for comparatively simple, fused ring systems 
has the advantage of being easily worked out from the numbering of the 
constituent ring systems, it has the disadvantage of requiring the use of many 
figures and brackets. For this reason, and in order to conform to current usage 
in Chemical Abstracts, the arbitrary Ring Index10s18 numbering of condensed 
acridine derivatives has been adopted here. 14 is then known as 4-methyl- 
benz[a]acridine. The main disadvantage in using an arbitrary numbering 
system for polycyclic compounds is that similar compounds may have sub- 
stantially different numberings. This, however, is a small price to  pay for the 
convenience offered by a generally accepted, and used, numbering system. In 
view of the variety of current methods of numbering employed for condensed 
acridines, as much care is necessary when making a literature search for par- 
ticular compounds of this type as in the czse cf simple acridine derivatives. 

A variety of unsystematic and misleading names have been used in the past 
for most condensed acridines, an example being benz[a]acridine, which 
has also been referred to as p-chrysidine, p-phenonaphthacridine and 1,2- 
naphthacridine. Misleading nomenclature of the latter type is hardly ever 
used in current literature and should not be revived. The only remaining 
example of unsystematic nomenclature in the acridine series officially used by 
Chemical Abstracts until about 1957 is that of “carbazime” for 2,9-dihydro- 
2-iminoacridine. Obsolete names, as well as the Chemical Abstracts names 
and numberings used in this monograph for condensed acridines, are given 
in many cases when the individual compounds are discussed. 

In the naming of a substituted acridine derivative, there are still two points 
to  be considered. First, the lowest possible numbers should be chosen for the 
substituents; a full discussion of this is available in Chemical Abstractslg 



TABLE I .  Numbering Systems used for Acridine and the Benzacridines 

Compound 
and 

Ring Index 
number '' 

Numbering used Alternative 
here and in Chem. (minority) 

Abstr. from used in Chem. 
1937 Abstr. before 1937 

Acridine 
R.R.I. 3523 
(R.I. 1973)' 

Benz[a]acridine 
R.R.I. 5144 
(R.I. 2735)" 

Benz[b 1 acridine 
R.R.I. 5140 
(R.I.273 1)" 

Benz [ c ] acridine 
R.R.I. 5148 
(R.I. 2737)'' 

7( €+Bern[ kl] acridine 
R.R.I. 5564 
(R.I. not listed)" 

1, 7(H)-Pynd[3,2,1- 
del aLridine 

R.R.I. 5104 
(R.I. 2712)" 

9 m ;  8-3 

8 \  9 \  2 

1 6 y 4  10 1 1  :' I 

8 7 6  8 1 6  

Note: The Chemical Abstracts numberings for more complicated condensed 
compounds are given in the sections in which the compounds are 
discussed. 

6 
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and in International Union of Pure and Applied Chemistry publications.20 
Since the acridine ring can be numbered in either direction, 15 may be called 
either 9-chloro-6-dimethylamino-7-fluoro-4,5-dimethylacridine or 9-chloro-3- 
dimethylamino-2-fluoro-4,5-dimethylacridine, the latter being “correct.” 
Such a compound, however, may be found “incorrectly” numbered in 
Chemical Abstracts. Second, substituents should be placed in alphabetical 
order, regardless of their number or position in the molecule, and compound 
radical names should be treated as a unit according to their first letter. Agree- 
ment on this issue has been reached between American and British workers.21 
For instance 15 should be called 9-chloro-3-dimethylamino-2-fluoro-4,5- 
dimethylacridine, and not 9-chloro-4,5-dimethyI-3-dimethylamino-2-fluoro- 
acridine. An order of preference for the last radical in the naming of complex 
organic compounds is also used by Chemical Abstracts: onium compound, 
acid, acid halide, amide, imide, amidine, aldehyde, nitrile, isocyanide, 
ketone, alcohol, thiol, amine, imine, ether, sulfide, sulfoxide, sulfone, etc. On 
this basis 16 should be known as 2-(6-chloro-2-methoxy-9-acridylamino)- 
ethanol. 

However, the heterocyclic part of this molecule is generally considered more 
important than the aliphatic part, so that the compound is called 6-chloro-9- 
(2-hydroxyethylamino)-2-methoxyacridine in this monograph and usually in 
Chemical Abstracts, where it may aiso be indexed under its alternative name. 

The system of numbering approved by the Ring Index and by the Inter- 
national Union of Pure and Applied Chemistry, used in this monograph and 
officially used in Chemical Abstracts for acridine and the benzacridines, and 
alternative numberings used in Chemical Abstracts before 1937, are given in 
Table I. 
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1. Historical Introduction and the Formulation 
of Acridine 

It has been one hundred years since Graebe and Carol announced the 
isolation of acridine in their report in the Berichte, “Wir geben derselben den 
Namen Acridin wegen der scharfen und beissenden Wirkung, die sie auf die 
Haut ausubt.” The new basic material was isolated from the anthracene frac- 
tion of coal tar by extraction with dilute sulfuric acid, followed by precipita- 
tion as its dichromate. This compound, assigned the empirical formula, 
ClzH gN, could be only incompletely characterized because of the small 
amount of material available. However, its appearance, melting point, steam 
volatility, stability, and ability to form a variety of well-crystallized salts 
were duly noted. From this stimulus have come a vast body of research and 
the varied useful applications of acridine and its derivatives known today. 

Early experiments suggested the molecular formula (CI2HgN)2 for acridhe.* 
Later its structure was considered3 to be 1, partly because alkaline per- 
manganate oxidation gave acridinic acid: a quinoline dicarboxylic acid, 
which on successive decarboxylation gave a quinoline monocarboxylic 
acid and quinoline. However, Riedel showed that this structure was not 
possible,j as the quinoline monocarboxylic acid obtained on degradation 
was identical with quinoline-3-carboxylic acid. He suggested that the earlier 
analyses were in error, that acridine hed the molecular formula C, ,HsN 
and was better represented by 2. This was, in fact, proved correct by the 
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0 

H 
I 2 3 

synthesis of acridine, although in poor yield, from N-formyldiphenylamine 
and zinc chloride ;6 9-phenylacridine had been synthesized a few years before,' 
but its structure had not been recognized. The formation of 9-acridanone (3), 
both by the oxidation of acridine3 and by the sulfuric acid cyclization of 
diphenylamine-2-carboxylic acid, supported Riedel's view. 

Following the early observationg that acridine reacted with sulfurous acid, 
methods for estimationlo and extractionll. l2  of acridine using aqueous sodium 
bisulfite have been devised. Acridine has been purified by its phosphate,13 and 
can be estimated by titration in aqueous ethanol with sulfuric acid using 
phenolphthalein as the indicator, l4 or gravimetrically as the picrate'j or 
perchlorate.16 Spectrophotofluorimetric methods have recently been used for 
the detection and estimation of acridine in the airborne particulates of urban 
atmospheres." 

The methods used for the synthesis of acridines will be discussed in the 
next section. 

The numbering system used for acridine in Chemical Abstracts, as shown in 
4, will be used throughout this discussion. 

4 

The structure of acridine is best represented, not with a centric bond, 2, but 
in terms of an ordinary KekulC structure, 4, as first suggested by Hinsberg.18 
A more complete picture is derived from consideration of a resonance hybrid 
to  which all possible KekulC structures contribute, as well as the centric and 
the others shown here.l9 There may also be a minor contribution from 8, 
where the electrons are unpaired and ready to  participate in homolytic 
reactions. Such a representation is in accord with the optical exaltation,20, 2 1  

the highly conjugated ultraviolet (uv) absorption spectrum (which is con- 
sidered in Chapter X), the diamagnetic susceptibility,22 and the resonance 
energy. The resonance energy of 106 kcal m-l determined from combustion 
data2s has been replaced by a value of 84 f 3.0 kcal m-l from the work of 
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Jackman and Pa~kham.*~  This lower value is preferred because it is derived 
from bond energy values obtained from lithium aluminum hydride heats of 
hydrogenation. 

A dipole moment of 2.09 D has been reported for a~r id ine .*~  This suggests a 
shift in emphasis on the contributing structures from that implied in the 
earlier valueZ6 of 1.95 D. Leroy and his colleagues recorded an experimentally 
determined ionization potential of 7.78 eV for a ~ r i d i n e . ~ ’ ~  The calculated 
value is 7.59 eV. The n ionization potentialZ7b has been found to be 2.2 eV 
larger than the H ionization potential, even though the n -+ a* and H 4 a* 
transitions have the same energy (3.3 eV). This implies charge redistribution, 
associated with n -+ n*transitions resulting from the coulombic attraction 
between the promoted electron and the hole it leaves behind. The molar 
refraction28 was found to be 64.3. 

The early calculations of H electron densities made by Longuet-Higgins 
and C o ~ l s o n ~ ~  by the molecular orbital method and by P ~ l l m a n n , ~ ~  using the 
valence bond method, have been greatly expanded by more sophisticated 
applications of the principles of quantum chemistry to heterocyclic molecules. 
To the atomic spectroscopic data31 and proton chemical shifts32 have been 
added many semiempirical parameters that have been successfully used to  
gain a picture of electron distribution, electron densities,33 bond orders,3* and 
reactivity indices3j of acridines. 

The X-ray diffraction studies of Phillips and his  colleague^^^^^^ have pro- 
vided detailed information about the crystal structure of two of the crystalline 
forms of acridine known as acridine 111 and I1 (see Section 3). The weighted, 
mean bond lengths of the two crystallographically distinct molecules in 
acridine 11 agree with those in acridine 111. These two molecules exhibit 
significant departures from planarity, the central ring of one being the “chair” 
and that of the other, the “boat” form. Acridine 111, monoclinic, has polar 
molecules arranged in antiparallel pairs, distorted slightly from planar in 
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ways suggestive of molecular interactions. Bond lengths and angles have been 
calculated. The unit cell of acridine 111, Z = 4, has the dimensions, a = 

11.375, b = 5.988, c = 13.647 A, /3 = 98'58'. It is a modification of the 
anthracene structure. 

2. Methods of Preparation of Acridines 

There is no general method of synthesis that can be used for most acridines. 
The frequently used syntheses appear to be those proceeding via the 9- 
acridanone or 9-chloroacridine. The 9-acridanones are readily reduced to  
acridans, which can be oxidized to acridines. The 9-chloro compounds can be 
reduced to acridines. Both 9-acridanones and 9-chloroacridines are readily 
available from the cyclization of diphenylamine-2-carboxylic acids (Chapter 
111). The most direct potentially general method is perhaps the cyclization of 
diphenylamine-2-aldehydes and ketones, but these substances are difficult 
to  prepare. Bernthsen's synthesis, a variation of which was used in the original 
preparation of acridine itself, involves the combination of diphenylamines and 
carboxylic acids under vigorous conditions and is useful for the synthesis of 
9-substituted acridines. A similar reaction with formic acid gives 3-amino- 
acridines or 3,6-diaminoacridines according to the conditions employed. A 
related synthesis, in which the carboxylic acids are replaced by aldehydes, 
initially gives acridans, easily oxidized to  the acridines. A small number of 
acridines have also been obtained from dehydrogenation, cyclodehydrogena- 
tion, and other reactions that will be considered here. 

A. Preparation of Acridines from 9-Acridanones or 9-Chloroacridines 

Excluding the zinc dust distillation of 9-acridanones and their reactions 
with Grignard and similar reagents, there are no reports of useful one-stage 
reductions of a 9-chloroacridine, prepared from the 9-acridanone with 
phosphorus oxychloride (Chapter 111), and only two of 9-acridanones (p. 20 
and Ref. 58b) to the corresponding acridine. 

The reason for this failure is that it is much more difficult to reduce a 9- 
acridanone or a 9-chloroacridine to the acridine than it is to reduce the 
acridine to the acridan. Consequently, the reduction of a 9-acridanone (or 
9-chlororacridine) gives largely the acridan in excellent yield under the 
proper conditions. As the quantitative oxi'dation of an acridan to the acridine 
is easily carried out, this two-stage conversion is a very valuable, frequently 
used procedure. Table I lists the monosubstituted acridines that have been 
prepared in these two-stage processes; they are representative of a much 



TABLE I. Conversion of 9-Acridanones and 9-Chloroacridines to the 
Corresponding Acridines 

Compound 
reduced 

Yield of 
Procedure acridine (%) Ref. 

9-Acridanone 

9-Acridanone-2- 
carboxylic acid 

9-Acridanone-4- 
carboxylic acid 

9-Acridanone-2- 
sulfonic acid 

1 -Amino-9- 
acridanone 

2-Amino-9- 
acridanone 

3-Amino-9- 
acridanone 

4-Amino-9- 
acridanone 

2-Aminomethyl-9- 
acridanone 

2-Bromo-9- 
acridanone 

2-Bromo-9- 
chloroacridine 

4-Bromo-9- 
chloroacridine 

4-Bromo-9- 
chloro-l- 
ethylacridine 

9-Chloroacridine 

Na and AmOH; CrO3 
Zn dust distillation 
Al/Hg and EtOH; 

Al/Hg and NaOH (as); 

Na/Hg and water; 

Na/Hg and NaOH(aq1; 

Al/Hg and EtOH 
Na/Hg, EtOH and COz ; 

Al/Hg and EtOH; FeCl 
Na/Hg, EtOH and COz ; 

Na/Hg and NaOH (as); 

Na/Hg, EtOH, NaHC03 

FeCl 

FeCl 

FeCl 

FeCl 

FeCl 

FeCl 

hot air 

80 53,65 

75 108 

80 108 

75 109 

70 84 

0 67 
85 67 

75 67 
70 67 

54 110 

46 (impure) 64 

100 8 

Na/Hg, EtOH and COz ; 50 108 

Toluenesulfonhy drazide 49 48 

Toluenesulfonhydrazide 52 49 

Toluenesulfonhy drazide 88 49 

H2 and Raney nickel, 3ga 111 

H, and Raney nickel; 70 53 ,55  

Toluenesulf onhydrazide 73 44 

FeCl 

method 

method 

method 

then Hz and Pd/SrC03 ; 
CrO? 

Cr03 

method 
Hydrazine hydrate; 02, Pt 55 50 

(Table Continued) 
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TABLE I.  (Continued) 

Compound 
reduced 

Yield of 
Procedure acridine (%) Ref. 

4-Chloro-9- 
acridanone 

2-Chloro-9- 
acridanone 
1 0-oxide 

9-Chloro-2- 
cyano- 
acridine 

9-Chloro-2- 

9-Chloro-3- 

9-Chloro-4- 

9-Chloro-l- 

9-Chloro-2- 

9-Chloro-4- 

ethylacridine 

ethylacridine 

ethylacridine 

methoxyacridine 

met hoxyacridine 

methoxyacridine 

9-Chloro-l- 

9-Chloro-2- 

9-Chloro-3- 

9-Chloro-4- 

9-Chloro-2- 

9-Chloro-3- 

9-Chloro-4-n- 

methyiacridine 

methylacridine 

methylacridine 

met hylacridine 

nitroacridine 

nitroacridine 

Propylacridine 

Na/Hg, EtOH and C02 ; 
product isolated as 
the acridan 

Na/Hg and NaOH (as) 

Toluenesulfonhy drazide 

Hydrazine hydrate; 02, 

H2 and Raney nickel; 

H2 and Raney nickel; 

H2 and Raney nickel; 

Toluenesulfonhy drazide 

H2 and Raney nickel; 

Toluenesulfonhy drazide 

Hydrazine hydrate; 

H2 and Raney nickel; 

H2 and Raney nickel; 

H2 and Raney nickel; 

H2 and Raney nickel; 

Toluenesulfonhydrazide 

Toluenesulfonhy drazide 

H2 and Raney nickel; 

method 

Pt 

Cr03 

Cr03 

Cr03 

method 

Cr03 

method 

0 2 ,  Pt 

CrC3 

Cr03 

Cr03 

Cr03 

method 

method 

CrO? 

? 

? 

65 

35 

58 

? 

53,24 

80 

79 

70 

40 

14 

70 

37 

80 

52 

53 

16 

19 

112 

44 

50 

111, 78 

111 

111 ,78  

47 

113 

47 

50 

78 

78 

78  

78 

44 

44 

78 
_ _  ., 

(Table Continued) 
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TABLE I. (Continued) 

Compound Yield of 
reduced Procedure acridine (%) Ref. 

3,  9-Dichloro- 
acridine 

4-Et hoxy-9- 
acridanone 

2-E thoxycarbonyl- 
amino-9- 
chloroacridine 

2-Hydroxy-9- 
acridanone 

2-Methoxy-9- 
acridanone 

3 -Met ho xy-9- 
acridanone 

4-Methoxy-9- 
acridanone 

1 -Methyl-9- 
acridanone 

2-Methyl-9- 
acridanone 

3-Methyl-9- 

4-Methyl-9- 
acridanone 

acridanone 

1 O-Methyl-9- 
acridanone 

2-Nitro-9- 

3-Nitro-9-acridanone 
acridanone 

Toluenesulfonhy drazide 
method 

KOH, H2 and Raney 
nickel; Cr03 

Na and AmOH: air? 

Toluenesulfonhydrazide 
method 

Na and EtOH; FeC13 

Na/Hg, EtOH and C02 ; 

Na and EtOH; Cr03 
Na/Hg, EtOH and C02 ; 

Na/Hg, EtOH and C02 ; 

Na and AmOH; FeCl 

(trace), air 

HNO2 

HNO2 

Cr03 

Na and AmOH; FeCl 

Zn distillation 
Na and AmOH; FeCl 

Na and AmOH; FeCl3 

Zn distillation 
Na/Hg and EtOH; boil 

with C6 H5 NO2 
Na and AmOH 

Zn and AcOH 
Na/Hg and water 
A1/Hg and EtOH; FeCl3 

Al/Hg and EtOH; FeCl3 
Na/Hg, EtOH and C02 

71 

47 

50 

40b 

60 

? 

? 
? 

? 

? 

? 

? 
? 

? 

80 
? 

? 

? 
? 
7 5  

70 
70 

44 

79 

114 

44 

8 9 .  

92 

115 
92  

92 

88  

88 

116 
88 

88 

40 
103 

88  

102 
90 
67 

67 
67 

(Table Continued) 
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TABLE I.  (Continued) 

Compound 
reduced 

Yield of 
Procedure acridine (7%) Ref. 

4-Nitro-9- Al/Hg and EtOH; FeC13 65 67 
acridanone 

Na/Hg, EtOH and C 0 2 ;  70 59,67 
FeC13 

1 O-Phenyl-9- Na and AmOH; 12 ? 65 
acridanone 

a 
of 1 -ethylacridhe. bof 2-aminoacridine. 

larger group of derivatives. In the discussion that follows, the exceptions to  
this general scheme, (1) and (2 ) ,  are considered first; then the details of the 
oxidation-reduction methods are reviewed. 

(1) 9-Substituted Acridines 

The many reactions of 9-chloroacridines that depend upon the ease of 
replacement of the halogen atom in nucleophilic substitution are dealt with 
in connection with the halo compounds (Section 5.B) and the amino deriva- 
tives prepared in these reactions (Chapter 11). 9-Acridanone, on treatment 
with methyl magnesium iodide, gave a mixture of 9-methylacridine (44%) and 
9,9-dimethylacridan ( 1770),37 the latter compound probably being produced 
from the Grignard reagent and the first formed 9-methylacridine. Much 
9-acridanone was recovered from the reaction mixture. In a similar reaction, 
only l0-15% of 2-methoxy-9-methylacridine was obtained from 2-methoxy- 
9 -a~r idanone .~~  Phenyl magnesium bromide and 9-acridanone gave some 
9-phenylacridine ( 19%y9 but very much better yields (92%) of this substance, 
9, and its 3-methyl derivative were obtained from the 9-acridanones and 
phenyl lithium.39 Two equivalents of the latter reagent were required, unless 
the potassium salt of the acridanone was used in the reaction. No 2-methoxy- 
9-methylacridine could be obtained from 2-methoxy-9-acridanone and 
methyl lithium under a variety of  condition^.^^ 
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9-Substituted acridines have also been prepared from acridine by reaction 
with Grignard reagents or aryl metals and subsequent oxidation of the re- 
sulting acridans; this is discussed in Chapter v. 

(2) Zinc Dust Reduction of 9-Acridanones 

The reduction of 9-acridanone to acridine by distillation with zinc dust was 
first carried out by Graebe and Caro in 1880.3 Other examples of the reaction, 
which gives variable yields and is only suitable for the synthesis of acridines 
that can be distilled from the reaction mixture, have been 4 0 a - c q 4 1  

The reaction tends to become uncontrollable on a large scale and is of little 
use for preparative purposes. 

0 

(3 )  Acridines from 9-Chloroacridines with Hydrazides and Hydrazine 

In 1885 Escales showed that benzenesulfonhydrazide was decomposed by 
warm, aqueous sodium hydroxide into benzene, nitrogen, and benzenesulfinic 

Much later, McFadyens and Stevens used a variant of this reaction for 
the conversion of acyl chlorides to the corresponding aldehydes by reaction 
with p-toluenesulfonhydrazide, followed by decomposition of the complex 
hydrazide with aqueous sodium carbonate.43 

RCOCl -+ RCONHNHSO2C6H4Me Na2C0s(aq)9HC1(aq), 

RCHO + NS T +MeC6H4S02H 

Since 9-acridanone is amidic in structure (Chapter III), it is not unexpected 
that the corresponding chloro compound, 9-chloroacridine, reacts with 
p-toluenesulfonhydrazide to give the corresponding acridyl derivative, 10. 
Treatment of the latter with sodium hydroxide gave acridine (11) and 
sodium p-toluenesulfinate in a similar decomposition to that of the Escales 
benzene de r i~a t ive .~~  

YHNHSO,C,H, Me C' 

10 " + MeC, H, SO, H 
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If sodium carbonate replaces sodium hydroxide in the sulfonhydrazide de- 
composition, 2- and 3-nitro- and 2-cyano-acridine can be prepared from the 
corresponding 9-chloroa~ridines.~~ This is of great interest because no other 
procedure is available for preserving the nitro and cyano groups during the 
complete synthesis sequence. It probably proceeds through the formation of 
the 9-diazoacridaq followed by the loss of nitrogen and migration of the 
hydrogen atom, in an analogous way to that in the decomposition of the acid 
p-tol~enesulfonhydrazides.~~~ 45 The reaction has been applied successfully 
to the preparation of four of the methoxynitroacridine~~~ in yields of about 
44%. The monosubstituted a ~ r i d i n e s ~ ~ - ~ ~  that have been prepared in this 
fashion are listed in Table I. 

In 1965 Albert reported the preparation of acridines from 9-chloroacridines 
through their conversion to 9-hydra~inoacridines.5~ These can be oxidized 
with oxygen in the presence of platinum and a trace of sodium hydroxide at 
room temperature. Table 1 lists the monosubstituted acridines prepared by 
this method, which is considered especially valuable for hot alkali-sensitive 
compounds. 

C1 NHNH, 
I I 

kH, OCH, 

(4) Reduction of 9-Acridanones or 9-Chloroacridines to 
Acridans, Followed by Oxidation to Acridines 

This is undoubtedly the most frequently used procedure for the conversion 
of 9-acridinones or 9-chloroacridines to acridines ; the reduction and oxida- 
tion stages are considered separately. The reduction of 9-acridanone probably 
involves an initial dihydro product, 12, which is dehydrated and immediately 
reduced to acridan. 

Little is known of the mechanism of the oxidation of acridan to  acridine, 
which may vary with the reagent employed. During the oxidation, highly 
colored acridan-acridine complexes are sometimes formed ; these as well as 
more details on acridan preparation are to be found in Chapter V. 
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0 

H L H 

12 

-2n 

I 
H 

(a) REDUCTION PROCEDURES. Although the catalytic reduction of 9-acri- 
danone in tetralin over a copper chromite catalyst at 190" under 120 atm 
hydrogen to acridan has been reported,j' the catalytic reduction of acridones 
cannot be effected under mild conditions (cf. Ref. 52). 9-Chloroacridines 
which do not contain nitro groups can, however, be reduced by hydrogen 
over Raney nickel at room temperature and pressure to the corresponding 
acridans in excellent yield,53, j4 provided that pyridine or potassium hydroxide 
is present to remove the hydrogen chloride formed in the reaction. A small 
quantity of 9,9'-biacridyl is also formed. Ethanol and ethanol-benzene are 
satisfactory as solvents, but methanol causes some hydrolysis of 9-chloro- 
acridine to 9-acridanone.jj A careful investigation of the reaction has shown 
that reduction does not take place in the absence of alkali,5j and that an 
external supply of hydrogen is essential; the hydrogen adsorbed on the 
catalyst alone will not effect reduction to acridan. This reduction method, as 
well as lithium aluminum hydride reduction, has been used successfully for 
reactions leading to 4,5-dimethyl- and 1,4,5,8-tetramethyla~ridines.5~ 

The reduction of 9-acridanone to  a mixture of acridan, acridine, and 
biacridyl with sodium amalgam was first mentioned without practical details 
in 1893.57 A generally useful reagent for the reduction of acridanones, as well 
as of amino-9-acridanones, employs the sodium amalgam58E~ along with hot 
90% alcohol and carbon fiO aqueous sodium f i 2 ,  or 
aqueous ethanol and sodium bicarbonatefi4 at 60-70". (In the reduction of 
l-methoxy-8-amino-9-acridanone, the acridine was formed directly.) An 
early reduction that yielded principally acridan used a large excess of sodium 
metal in amyl This combination was too drastic when amino or 
nitro groups were present in the molecule5g* 61, 65 and was thought responsible 
for partial hydrolysis of alkoxyl groups in other experiments.66 Amalgamated 
aluminum foil and boiling water or 90% ethanol has given satisfactory results 
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with a number of amino- and nitr0-9-acridanones.~~ The same amalgamated 
aluminum foil with 4Oj, methanol-KOH was used by Brockmann and Mux- 
feldt in the preparation of 2,6-dimethyla~ridine.~~ The reaction is accelerated 
by alkali and has the advantage of not requiring large quantities of mercury. 
The aluminum amalgam cannot be used in the presence of substrates such as 
1-aminoacridine, which form nonreducible chelated complexes with the 
aluminum. Aluminum amalgam in aqueous ethanol reduced 1,2,3,4-tetra- 
fluoro-9-acridanone directly to the fluorinated acridine.68 

Although 9-acridanone is not affected by aluminum powder and concen- 
trated sulfuric acid,69 some 10-methyl derivatives give the corresponding 
acridans and other products (Chapter VI) with zinc and acetic acid70 or  
hydrochloric acid. 71 Stannous chloride and hydrochloric acid have been used 
for the reduction of nitro-9-acridanones to the corresponding aminoacri- 
d a n ~ n e s , ~ ,  58b but did not effect further reduction. Wechter's attempts to  
reduce 9-acridanone with diborane met with little success.73 

(b) OXIDATION OF ACRIDANS TO ACRIDINES. Many acridans are so easily 
oxidized that the acridine, and not the acridan, is obtained on working up the 
9-acridanone reduction product. The results of this sort of accidental aerial 
oxidation tend to  be variable, and it is much better to ensure proper oxidation 
with a suitable reagent. A large number of oxidizing agents has been used for 
this purpose. 

Graebe and Caro,2 the discoverers of acridine, were the first to  oxidize 
acridan to acridine by passing its vapor through a red hot tube (dehydrogena- 
tion?), by heating it to 100" in concentrated sulfuric acid (cf. Ref. 74) and by 
treatment with chromic acid. Of these procedures only the latter is satis- 
factory,j3 and also gives good results with many derivatives of a ~ r i d a n . ~ '  b67 

59 ,  7 5 ,  76 Chromic acid also oxidizes 10-methylacridans to the corresponding 
acridinium salts7' and is an excellent reagent for the oxidation of acridans not 
possessing sensitive substituents (e.g., NH, groups). 7 E ,  79 

Aeration of a hot, finely divided suspension of an acridan in aqueous alkali, 
such as that obtained after a sodium amalgam reduction, will cause oxidation 
to the acridine, provided that the original acridan does not contain electron- 
attracting groups. Substituents of this sort prevent oxidation by air, which is 
facilitated by amino and hydrexy grcup:. The rezctioii is best caliicd out 
with hot reagents; 4-amino-l-methylacridan, which is stable indefinitely at  
room t e m p e r a t ~ r e , ~ ~  gave an excellent yield of the acridine on aeration in 
hot 2N sodium hydroxide.E0 

Ferric chloride was first used in 1896 for the oxidation of 3,6-bisdimethyl- 
aminoacridan to the corresponding acridineE1 ; it has since been employed 
successfully for the oxidation of many 82-84 and other acridans. 85--87 
A common procedure is to add an excess of ferric chloride to an acidified 
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suspension or solution of the acridan from an amalgam reduction. The 
reaction is rapid with aminoacridans, but in the presence of electron-attract- 
ing groups oxidation only takes place on boiling. Cold ferric chloride also 
oxidizes cold alcoholic solutions of I-, 2-, 3-, and 4-methylacridans to the 
acridines.88 Boiling an acid suspension of hydroxyacridans with a trace of 
ferric chloride, presumably to catalyze atmospheric oxidation, gave the 
acridines. 89 Ferric chloride also oxidized 2,7-diamino- 10-methylacridan to 
the corresponding acridinium chloride.g0 A number of aminoacridans have 
been acetylated, oxidized with chromic 91 or nitrous acid,g2 and hydrolyzed 
to the corresponding aminoacridines ; but this protection procedure is un- 
necessary and, in fact, a disadvantage, since the yield of acridine is invariably 
much less than that obtained by the direct oxidation of the acridan with ferric 
chloride. Ferric chloride is undoubtedly the best reagent for the oxidation of 
aminoacridans. 

Silver nitrate in aqueous alcohol has been employed for the oxidation of 
acridan to a ~ r i d i n e . ~ ~ ~  94 The only examples of its subsequent use are the 
almost quantitative oxidation of 4-methoxyacridang5 and of 9-~henylacridan.~6 
Chlorine and bromineg7 are also useful in the oxidation of acridans. For 
instance, 10-phenylacridan gives the 10-phenylacridinium halides on treat- 
ment in alcoholic solution with iodine or in benzene solution with chlorine. 
The yields are so good that quantitative determinations of the amount of 
acridan in acridine-acridan mixtures have been made by oxidation with 
excess iodine in a sodium acetate buffer, followed by titration of the remain- 
ing iodine.54 A mixture of 10-methyl-9-acridanone and 10-methylacridinium 
chloride is obtained from 10-methylacridan and N,2',4',6'-tetrachloro- 
benzanilide in benzene.98 Stoichiometric amounts of triphenylmethyl per- 
chlorate in acetic acid dehydrogenated both acridan and 9,lO-dimethylacridan 
to  the corresponding acridinium perchlorates, each in 97% yield. 99 

Nitric acid has been used for the oxidation of 2,7-dimethylacridan to the 
acridine,lOO, Iol and of 10-methyl-102 and 2,lO- and 3,lO-dimethylacridan to 
the corresponding acridinium salts.77 This reagent does not attack 1,lO- and 
4,10-dimethylacridan, which are, however, easily oxidized by chromic a ~ i d . ~ 7  

Nitrous acid has been used as an oxidizing agent in a few instances,g1' 9 2 ,  g 7 ,  

Iol and some acridans have given the acridines on boiling with nitroben- 

Jackson and Waters examined a radical reaction using the dimethyl- 
acetonitrile radical to abstract hydrogen from acridan, which could then 
transfer a hydrogen atom to a suitable acceptor (polynitroaromati~).~05 This 
does not, however, constitute a good preparative method. Pratt and Mc- 
Govern found manganese dioxide oxidation a very useful method for con- 
verting acridan to acridine under reflux conditions in apparatus equipped 
with a Bidwell-Sterling water trap.lo6 The role of pyridoxal hydrochloride in 

Zene.103, 104 
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certain biosynthetic schemes has been studied.lo7 Pyridoxal was found t o  be a 
useful catalyst, although possibly not a required one, in the oxidation of 9- 
aminomethylacridan to  acridine and formaldehyde. 

B. The Bernthsen Reaction and Its Modifications 

This reaction was one of the earliest used for the synthesis of acridines and 
consists in heating a mixture of an aromatic or aliphatic carboxylic acid with 
a diphenylamine and zinc chloride (1.5-3.0 moles) in the absence of a solvent 
to  200-270". The yields are variable; formic acid gives particularly poor 
results. 

The reaction was a development of the earliest synthesis of acridine (13), 
designed to provide a proof of structure, from N-formyldiphenylamine and 
zinc chloride.6 

R 
R I 

H 
13 (R=H) 

The very poor yield obtained was not improved when the formyl derivative 
was replaced by diphenylamine and formic, or oxalic, acid,117 although acetic 
and benzoic acids gave reasonable yields of the 9-substituted acridines."' 
Subsequently, a large number of acridines (Table 11) and benzacridines have 
been made by this method from a variety of carboxylic acids and diphenyl- 
amines. The temperature, time of reaction, and quantity of zinc chloride 
present are of importance in obtaining the optimum yields and vary with 
each product. Many hours are often allowed for the reaction. 

Mixtures of acridines might be formed from 3-substituted diphenylamines, 
but there is little evidence on this point, Few reactions of this type appear to 
have been carried out (Table 11). From 3-hydroxydiphenylamine and ben- 
zoic118 and 4-hydroxyben~oic~~~ acids, the only products reported were the 
3-hydroxyacridines (14), cyclization taking place para to the hydroxyl 

14 
H 
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28 Acridines 

The constitution of the product in the latter case was proved by an inde- 
pendent synthesis.llg Only one product was isolated from each of a number of 
similar condensations leading to benzacridines,lZ0 but the unlikely possibility 
that the products might have alternative structures was nor considered in 
these cases. 

Popp has suggested the use of polyphosphoric acid in place of zinc chloride 
in these cyclization reactions. 121 With a considerable reduction in reaction 
time and a lower reaction temperature, a number of the 9-substituted acridines 
have been prepared from both aliphatic and aromatic acids and diphenyl- 
amine. The reactants, in the proportion of 1 mole of acid to  2 moles of amine, 
were heated at 200" for 15 min in a large volume of polyphosphoric acid, 
which served as both catalyst and solvent medium. Although little effort was 
made to  alter conditions to maximize the yield, the products formed include 
9-(p-aminophenyl)acridine, which had not been prepared successfully by the 
zinc chloride method. These results are included for comparison in Table 11. 
Birchall and Thorpe prepared 2,7-dibenzoyl-9-phenylacridine in 78y0 yield 
from benzoic acid, 4,4'-dibenzoyldjphenylamine, and polyphosphoric acid. lZ2  

The patent literature details an additional example of a change in the acidic 
cyclization catalyst. When a vaporized mixture of diphenylamine (17 1 parts) 
in acetic acid (240 parts) was passed over the cracking-type Si02-Al,03 
catalyst at 730"F, 9-methylacridine was obtained. lZ3 Since no yields are given, 
the efficiency of this procedure for 9-alkylacridines cannot be compared with 
the other Bernthsen-like experiments. 

The mechanism of the reaction has not been completely investigated. There 
is no evidence for the supposition of Hollins that it proceeds through N- 
acylation. lZ4 The replacement of diphenylamine by its N-acetyl derivative in 
the reaction did give 9-methylacridine, but the yield was not increased.125 A 
small amount of 9-phenylacridine was among the products obtained when 
N-benzoyldiphenylamine was heated for 1 hr at 130" in polyphosphoric 
acid.lZ2 It appears more likely that acylation takes place first at position 2 of 
the diphenylamine. The resulting ketone, 
influence of the acidic zinc chloride. 

R 
I 

15, can then cyclize under the 

R 

H 
1s 

This same reaction sequence has been suggested in the 9-phenylacridine 
preparation in which polyphosphoric acid is the catalyst. This catalyst serves 
to  produce the benzoyl carbonium ion that aroylates the diphenylamine at 
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position 2, prior to cyclization. Additional benzoylation at the 4 and 4' 
positions of diphenylamine has been observed in this reaction.lz2% IZ6 In any 
event, a common, acid-catalyzed, ketone cyclization-dehydration scheme for 
all Bernthsen-like acridine preparations appears plausible. 

When volatile acids are employed, sealed reaction vessels are essential. 
Reactants containing relatively sensitive groups cannot be used because of 
the high temperatures necessary; no acridines have been obtained from 
attempted condensations involving picolinic acid,I27 3-nitrobenzoic acid,Iz8 
4-nitrobenzoic lz9< IZ1 and 2,2'-dimethoxy-4,4'-dinitrodiphenyl- 
amine.130 As previously mentioned, the polyphosphoric acid cyclization 
scheme, involving a somewhat lower temperature and shorter reaction time, 
has yielded the acridine from 4-aminobenzoic acid,121 which was not obtain- 
able with zinc chloride and the usual conditions.129 

The product of the acetic acid-diphenylamine reaction is occasionally 
an addition compound of 9-methylacridine and diphenylamine, mp 92-94', 
which has been mistaken for the pure a ~ r i d i n e , ~ l ~ ,  131 mp 118". 9-Methyl- 
acridine, on crystallization from ethanol, is also stated to form an alcoholate, 
mp 98', which loses ethanol on standing in air.131 When benzoic acid and 4- 
benzamidodiphenylamine undergo the reaction, 2-amino-, 2-hydroxy-, as 
well as the expected 2-benzamido-9-phenylacridine and a high molecular 
weight product, possibly a biacridine, are formed.I3* In the Popp modification 
of the synthesis for 9-phenyla~ridines,'~~ the excess benzoic acid present is 
considered responsible for small amounts of uncyclized diaroyldiphenylamine, 
as well as some 2,7-dibenzoyl-9-phenylacridine.122~ 126  

An improvement in the synthesis is reported if the acids are replaced by 
their 133-136; this modification is much used in the preparation 
of ben~acridines , '~~ which are dealt with in Chapter VII. It appears, however, 
that in at least one instance133 the 9-methylacridine reported in 70y0 yield and 
having a melting point of 94-96' is, in reality, the previously mentioned 
yellow complex of diphenylamine and 9-rnethyla~ridine.'~~ In experimental 
repetition of this work, a 4070 yield of the 9-methylacridine was obtained.38 

The acid has been replaced by the corresponding trichloro compound 
in a few cases; the best preparation of acridine (7.5'3,) from diphenylamine is 
that achieved by heating it with chloroform and zinc chloride or aluminum 
chl0ride.~l7% 139 9-Phenylacridine has been prepared in a similar way from 
benzotrichloride,117 and by heating benzonitrile with 

Ph Ph 

H H 
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diphenylamine hydrochloride' at 230-250" ; lower temperatures in the last 
case gave N,N-diphenylbenzamidine. In Table I1 are recorded data for 
Bernthsen and modified Bernthsen preparations of mono- and disubstituted 
acridines. 

C. Preparation of Acridines from rn-Phenylenediamines 
and Formic (or Oxalic) Acid 

This method of synthesis is undoubtedly the best available for the prepara- 
tion of symmetrically substituted 3,6-diaminoacridines. These acridines can 
be obtained, free from isomers, in excellent yield in one reaction from ac-' 
cessible starting materials. The synthesis is not in general suitable for the 
preparation of asymmetrically substituted diaminoacridines, but 3-amino- 
diphenylamine (N-phenyl-rn-phenylenediamine) will give 3,6-bisphenyl- 
aminoacridine or 3-aminoacridine, according to  the conditions. These two 
types of reactions are now treated separately. 

(1) 3,6-Diarninoacridines 

The preparation of the dyestuff, acridine yellow (17) by heating 2,4- 
diaminotoluene (16) with oxalic acid, glycerol and zinc chloride was first 

159 in 1890. 

16 17 

The constitution of this dyestuff was shown to be 17 by an unambiguous syn- 
thesis from 2,2',4,4'-tetraamino-5,5'-dimethyldiphenylmethane (18) by cycliza- 
tion to the corresponding acridan, followed by oxidation with ferric chloride. 82 

M e a C H y J M e  

H,N NH, H,N NHZ 

18 
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Acridine orange, 3,6-bisdimethylaminoacridine (19), has also been prepared 
by these two routes. 81 ,  160 

19 20 

The valuable antiseptic proflavine, 3,6-diaminoacridine (20), has been made by 
the oxalic or formic acid method for a considerable time,161 and the reaction 
has been examined in 163 

The synthesis is best carried out, in the case of oxalic acid, by heating with 
m-phenylenediamine (2 moles) and zinc chloride (1.3 moles) to  155" in 
sufficient glycerol to enable efficient stirring. Higher temperatures reduce the 
yield, which is about 6O9.',. The effect of variations in the procedure will now 
be considered.162 

The glycerol can be replaced by ethylene glycol, 1,2-propylene glycol, or 
sorbitol, but not by 1,3-propylene glycol or phenylethyl alcohol. Therefore 
formic acid is an intermediate in the synthesis, as the decarboxylation of oxalic 
acid is facilitated only by 1,2-diols at the reaction temperature. 

In the absence of zinc chloride, no acridine was formed. The W(3-amino- 
pheny1)oxamic acid obtained is not an intermediary in the formation of 
3,6-diaminoacridine. Increasing the amount of zinc chloride from zero in- 
creased the yield of 3,6-diaminoacridine to a maximum of 6OY0. No ap- 
preciable reaction took place when the zinc salt was replaced by aluminum 
chloride, hydrogen chloride, or stannous chloride, while the best yield of 
acridine in the presence of calcium chloride was 3oyO. 3-Aminoformanilide 
(21) has been isolated from a zinc chloride condensation not allowed to  
proceed to completion. One function of the zinc chloride is therefore to  catalyze 
the decarboxylation of the oxalic acid; the anilide is later shown to be an 
intermediate in the synthesis. When formic acid replaces the oxalic acid in 
a zinc chloride-catalyzed reaction, acridine formation is negligible. This re- 
sults from a lack of protons, which are essential for the reaction; oxalic acid 
is a very much stronger acid than formic acid. The addition of hydrogen 
chloride, in slight excess of the quantity required to convert the diamine into 
its monohydrochloride, restores the yield of acridine to 6OY0. Now the omis- 
sion of the zinc chloride only reduces the yield to ca. 50y0. The use of a 1,2- 
diol as a solvent is also now unnecessary. 

In summary, the reaction is acid-catalyzed and proceeds via the formation 
of formic acid if this substance is not used as a starting material. If oxalic 
acid is used as a reactant, the main function of the glycerol and the zinc 
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chloride is to effect decarboxylation to formic acid. Zinc chloride often has 
a slight, but beneficial, effect on the condensation. 

Formic acid is now almost always used in preference to  oxalic acid for 
several reasons. Zinc chloride can usually be omitted from the reaction 
without a great lowering of the yield, and this greatly simplifies the isolation 
of the acridine. Frothing, due largely to  the evolution of carbon dioxide, is 
eliminated, and the formation of oxanilides is precluded. 

The reaction is best carried out by heating the diamine (1 mole), hydro- 
chloride acid (1-1.3 moles) and formic acid (1-2 moles), in sufficient glycerol 
to  ensure homogeneity, to 155-175” for about an hour. In only one case, that 
of 2,6-diaminotoluene, is zinc chloride reported essential for acridine forma- 
tion.164 A list of acridines prepared by this method is given in Table 111. 

163 

The first stage is undoubtedly the production of 3-aminoformanilide (21). 
This compound was isolated when the reaction was not allowed to go to 
completion ; when treated with rn-phenylenediamine under the usual reaction 
conditions, it gave a larger yield of 3,6-diaminoacridine than could be obtained 
from formic acid and the diamine. The other products obtained from in- 
complete reactions were bis-N-(3-aminophenyl)formamide, 3-aminophenyl- 
amino-2’,4’-diaminophenylmethanol (22), and 2,2’,4,4’-tetraaminobenz- 
hydryl ether (25), in 1, 14, and 6 z  yield, re~pective1y.l~~ 
Bis-N-(3-aminophenyl)formamide is not a reaction intermediate, since with 

hydrochloric acid and glycerol at 155” it gave only 30y0 of 3,6-diamino- 
acridine, along with much polymer which is not formed in the normal 
cyclization. 

The second substance, 22, is an intermediate, as it gave a 75% yield of 3,6- 
diaminoacridine with hot hydrochloric acid in glycerol. The “aldehyde am- 
monia” structure assigned to the compound is consistent both with its easy 
hydrolysis to m-phenylenediamine by moist air or 1N hydrochloric acid, and 
with its synthesis from rn-phenylenediamine and formic acid in slowly dis- 
tilling toluene. 

The third substance, 25, is not a reaction intermediate and gave bis-3,6- 
diamino-9-acridanylether (27) with only 40% of 3,6-diaminoacridine (26) 
on treatment with glycerol and hydrochloric acid. Its formation can be ex- 
plained if 2,2’,4,4’-tetraaminobenzhydrol (23) is an intermediate in the syn- 
thesis, although none could be isolated. Compound 23 has been made by 
reduction of the corresponding benzophenone ; on treatment with one equi- 
valent of hydrochloric acid, it formed a crimson anhydrosalt (cf. 24) that 
gave the benzhydrol ether, 25, on standing. However, on heating with two 
equivalents of hydrochloric acid in glycerol, it gave a quantitative yield of 
3,6-diaminoacridine (26). 

The mechanism of the reaction has been investigated in some 



TABLE 111. Acridines from Formic Acid and mPhenylenediamines 

Product mp("C) Yield (%) m-Diamine Ref. 

3-Amino-6-diethyl- 2 16-2 17 
amino-2-me thyl- 
acridine (and acri- 
dine Yellow, 25%) 

methyl-6-methyl- 
aminoacridine 
(and acridine 
yellow, 35%) 

acridine (with 3,6- 
dihydroxyacridine) 

3-Amino-2,7-di- 264 

3-Amino-6-hydroxy- - 

3,6-Diaminoacridine 
(proflavine) 

3,6-Diaminoacridine- 
1,8-dicarboxylic 
acid 

dichloroacridine 
3,6-Diamino-2,7- 

3,6-Diamino-2,7- 

3,6-Diamino-2,7- 

3,6-Diamino-l,8- 

3,6-Diamino-4,5- 

3,6-Diamino-2,7- 

diet hoxyacridine 

dimethoxyacridine 

dimet hylacridine 

dimethylacridine 

dimethylacridine 
(acridine yellow) 

bismethylamino- 
acridine 

3,6-Bisdimethyl- 
aminoacridine 
(acridine orange) 

3,6-Bisphenylamino- 
acridine 

2,7-Dimethyl-3,6- 

288 
(corr) 

>365 

>300 
(dec) 

23 8 

244 
(Sealed) 

(Sealed) 
170 

325 

294-29 5 

308-309 
(Sealed) 

181-182 

>365 

14 

20 

67 
(Total) 

63 

65 

35 

20 

20 

20 

57 

75 

20 

60 

40 

2,4-Diaminotoluene 
and 3-hydroxydi- 
ethylaniline 

3-Dimethylamino- 
4-methylaniline 
and 5-formamido- 
2 -met h y laniline 

3-Aminophenol 

mPhenylenediamine 

3,5-Diaminobenzoic 
acid 

2,4-Diaminochloro- 
benzene, with 
zinc chloride 

2,4-Diaminophene- 
tole 

2,4-Diaminoanisole 

3.5-Diaminotoluene 

2,6-Diaminotoluene 

2,4-Diaminotoluene, 
oxalic acid and 
zinc chloride 

4-Amino-2-dimethyl- 
aminot oluene 

3-Aminodimethyl- 
aniline 

3-Aminodiphenyl- 
amine 

160 

160 

160 

163 

160 

160 

160 

160 

160 

164 

160 

160 

160 

160 

33 
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The mechanism of the reaction can therefore be written 

\ / \ 
2 -Y3Ht 2 -Y3H* 

Y 

* I  I 
-NH,a 

c 

HZN mNH, HzNm \ H / HZ 

HZN mNHz H 

26 

21 

Somewhat over two equivalents of hydrogen chloride are required because 
the more basic centers must be satisfied before the carbonyl group can accept 
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the proton needed to start the reaction. Increasing the amount of acid much 
above that required to bring about reaction should clearly hinder the con- 
densation by deactivating the nucleus being attacked by the carbonium ion ; 
this is in agreement with the experimental results. The postulate that the 
reacting species are 28 and 29 does not account for the reaction being acid- 
catalyzed at all,163 as both reactants are merely deactivated by their respective 
charges. 

28 29 

If the suggestion were correct, appreciable reaction should (but apparently 
does not) take place after a little more than 1 mole of hydrochloric acid has 
been added to 2 moles of the diamine in the reaction mixture. Nothing is 
known about the details of the third stage in the scheme, which probably 
proceeds via hydrolysis to the aldehyde and m-diamine, followed by recom- 
bination, or possibly by dehydration and rearrangement. Two equivalents 
of acid are required for the cyclization of tetraaminobenzhydrol, since the 
first will form the mesomeric mono-ion with no appreciable charge on either 
of the amino groups at position 2 required to induce cyclization. It is of 
interest that each stage of the reaction, with the possible exception of the 
final cyclization, produces an intermediate more basic than its predecessors, 
as in the benzidine rearrangement. 

A number of acridines (Table 111) have been made by this reaction, which 
gives only one acridine with a single m-diamine. The reaction always takes 
place at the most activated positions (4 or 6 )  of the diamine. I f  such a position 
is not available, as in the case of 1,3-diamino-4,6-dimethylbenzene, no acridine 
is formed. 16fl Other amines, apart from m-phenylenediamines and certain 
aminophenols, do not undergo the reaction. Mixtures are always formed with 
the aminophenols. The formic acid used in the condensation cannot be re- 
placed by acetic or benzoic acids, but phthalic acid reacts with rn-phenylene- 
diamine at 220" to give 3,6-diamin0-9-(2-carboxyphenyI)acridine~~~ ; the 
synthesis of flaveosin (Section 2.F) is also of interest in this connection. When 
mixtures of rn-diamines are used, the product is almost invariably a mixture 
of the two symmetrical cyclization products, the asymmetric product being 
formed, if at all, in small yield. An examination of a number of reactions 
of the latter type has shown that many patents erroneously claim the forma- 
tion of such asymmetric acridines.160 3-Aminodimethylaniline undergoes the 
formic acid reaction normally to give 3,6-bisdimethylaminoacridine (acridine 
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orange), but 5-amino-2-methyldimethylaniline is reported to  give 2,7- 
dimethyl-3,6-bismethylaminoacridine, with the loss of two N-methyl groups.I6@ 
Carbon monoxide reacts with m-phenylenediamine at about 3000 atm 
pressure t o  give a brown powder that may be a polymeric 3,6-diaminoacridine 
derivative. 166 

(2) 3-Aminoacridines 

When 3-aminodiphenylamine (N-phenyl-m-phenylenediamine) (30) was 
used in the formic acid synthesis,I6" some 3-aminoacridine (33) was formed, as 
well as the normal product, 3,6-bisphenylaminoacridine (31). Further in- 
vestigation showed that reducing the amount of hydrogen chloride present 
from the usual 2.3 mole to  0.75 mole mole-' of amine gave a maximum 
yield (60y0) of the 3-aminoacridine, as well as lOTc of the normal product.8@ 
Further reduction in the quantity of hydrochloric acid progressively reduced 
the yield of acridines, only traces of which were formed in its absence. When a 
large amount of hydrochloric acid is present, the primary amino group will 
be in the form of a cation and thus will not activate the nucleus. Under these 
conditions the attack of the formic acid, or formylated amine on the 4-position 

2.3 m HCI + 
31 

ONXlNH2 I 

L 32 J 

33 
CHO 

34 
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of the diphenylamine leading to 31, is in agreement with the normal substitu- 
tion reactions of diphenylamines. Reducing the amount of hydrochloric acid 
below one equivalent allows the ordinary activating effect of the primary 
amino group to take precedence. The intermediate in the production of 3- 
aminoacridine is almost certainly 32. It has never been isolated from the 
reaction, but diphenylamine-2-aldehydes cyclize quantitatively to the  cor- 
responding acridines under milder acidic conditions than required by the 
present reaction. The reaction is usually carried out by heating the reactants 
in glycerol to 155-175" for 1 hr. 

The formic acid cannot be replaced by acetic or benzoic acid. N-Phenyl- 
N-3-aminophenylformamide (34) is not an intermediate, as it gives lower 
yields of acridines than 3-aminodiphenylamine. 
3-Nitrodiphenylamine and 4-aminodiphenylamine did not undergo the  re- 
action, but 3-hydroxyacridine was formed from 3-hydroxydiphenylamine. 
2,3'-Diaminodiphenylamine is reported to cyclize to a benziminazole. 3- 
Amino-6-methyldiphenylamine, in which the methyl group blocks the re- 
active position, does not give an a ~ r i d i n e . ' ~ ~  Comparatively few acridines 
(Table IV) have been prepared by this method, which is very suitable for 
the synthesis of 3-aminoacridines. 

TABLE IV. Acridines from 3-Substituted Diphenylamines and Formic Acid a 

Acridine mp("C) Yield (%) Amine 

3-Aminoacridine 
9-Aminobenz[a]acridine 

1 0-Aininobenz[c]acridine 

7-Amino-3-dimethylamino- 

3,6-Diaminoacridine 
acridine 

3,7-Diaminoacridine 

3-Dimet hylamino- 

3-Hydroxy acridine 
acridine 

216 
264-265 
(Sealed) 

200 
(Sealed) 

242 
(Sealed) 

276 
(Sealed) 

350 
(Sealed) 

183 

285 

60 
45 

40 

70 

5 5  

60 

60 

35 

3-Aminodiphenylamine 
N-( 3-Aminophenyl-2- 

naphthylamine 
N-(3-Aminophenyl)-l- 

naphthylamine 
4-Amino-3 ' -dimet hyl- 

aminodiphenylamine 
3,3' -Diaminodiphenyl- 

amine 
3,4'-Diaminodiphenyl- 

amine 
3-Dimethylaminodi- 

phenylamine 
3-Hydroxydiphenyl- 

amine 

a From Ref. 80. 
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D. Acridines and Acridans from Aromatic Amines and Aldehydes 
and Similar Syntheses 

Acridans, often oxidized deliberately or unintentionally to the acridines, 
have been obtained by the cyclization of 2,2’-diaminodiphenylmethanes. The 
required 2,2’-diaminodiphenylmethanes can be obtained by nitration and 
reduction of appropriate 4-substituted compounds. More frequently, the 
syntheses are begun with the aromatic amines and aldehydes and carried 
through the cyclization and oxidation procedures without the isolation and 
purification of the intermediate diphenylmethanes and acridan. 

Typical of the relatively small number of acridines obtained by the first 
method is the one whose preparation was used to provide a proof of structure 
for acridine orange (37). 168 The cyclization of 2,2’-diamino-4,4’-dimethyl- 
aminodiphenylmethane (35) was carried out by heating with hydrochloric 
acid to 140”, and the resulting acridan, 36, oxidized with ferric chloride. Pro- 
flavine, 3,6-diaminoacridine, has been obtained from diphenylmethane and its 
4,4’-diamino derivative by similar methods in satisfactory yield;83, lB9, li0 

if the cyclization is carried out at a higher temperature, 170”, the mineral 
acid catalysis assists in the replacement of the amino by hydroxyl groups and 
3,6-dihydroxyacridine is obtained (See Refs. 83 and 171; also earlier papers.) 

Since a number of the compounds prepared by this method are of interest 
for their biological importance (Chapters XIV-XVIII) and as acridine dyes 
(Chapter VIII), only representative examples are include in Table V. 

Aromatic amines can react with formaldehyde under neutral or alkaline 
conditions to form a variety of products (cf. Ref. 172) but if the amine is 
substituted in the para position and heated with formaldehyde and hydro- 
chloric acid, the initial reaction gives a diphenylmethane such as 35, which 
cyclizes at about 140” in the acid solution, to the acridan. Oxidation to the 
acridine is best effected with ferric chloride, although air oxidation during the 

3? 



2. Methods of Preparation of Acridines 39 

workup has been noted. These condensations, cyclizations, and  oxidations 
are the fundamental reactions for the other preparations included in Table V. 
The reaction worked well with p-toluidine,lo0 l o l  2,4-diaminotol~ene,*~ 73 

and 3-amino-N,N-dimethylaniline. 81 For the preparation of 9-methylacridines, 
the formaldehyde has been replaced by a~eta1dehyde . l~~ Better yields have 
been obtained with benzaldehydelOO and other aromatic amines, 2,4-diamino- 
t o l ~ e n e , ” ~  and p - a n i ~ i d i n e . ~ ~  In addition to the aldehydes tabulated, m- 
and p-nitrobenzaldehydeloo and furfural176 also undergo the reactions. 
Although the time required may be a matter of several hours, further im- 
provements in the method have resulted from proper combinations of amine 

TABLE V. Acridines from Diphenylmethanes or Aromatic 
Amines and Aldehydes 

Acridan or Cyclization acid 
(by oxidation) Diphenylmethane or and oxidation 
acridine aldehyde + amine method Ref. 

3,6-Diamino- 

3,6-Diamino-2,7-dimethyl- 

3,6-Diamino-2,7-dimethyl- 
9-phenyl- 

3,6-Diamino-2,7,9-tri- 

3,6-bisDimethylamino- 
methyl- 

3,6-Dihydroxy- 

2,7-Dimethyl- 

2,7 -Dimethyl-9-phenyl- 

2,4,5,7-Tetramet hyl-9- 
phenyl- 

2,2’ ,4,4’-tetraamino- 
diphenylmet hane 

Formaldehyde + 2,4- 
diaminotoluene 

2,2’,4,4’-tetraamino- 
5,5’-dimethyldi- 

phenylmethane 
Benzaldehyde + 2,4- 

diaminotoluene * 

HCl 
Acetaldehyde + 2,4- 

diaminotoluene 
2,2‘-Diamino-4,4‘- 

dimethylamino- 
, diphenylmethane 
2,2’,4,4‘-tetraamino- 

diphenylmethane 
Formaldehyde + p -  

toluidine * HC1 
Benzaldehyde + p -  

t oluidine 
Benzaldehyde t m- 

xylidine 

HCl; FeC13 

HC1; - 

HCl ; FeCl 

PPA (+NaOH) 

PPA; dil Hz SO4 

HC1;FeCl3 

HC1 at 170’ 

FeCl 
HN03 ; NaNOz 
HC1; FeC13 

HC1; FeCl 

83 

173 

82 

175 

175 

169 

171 

100 
101 
100 

100 
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and amine hydrochl~r ide ,~~,  cyclizations with polyphosphoric acid,li5 and 
a change in oxidizing agent.’O’ 2-Naphthylamine reacted very easily with 
formaldehyde in boiling ethanolic hydrochloric to give good yields 
of the dibenzacridine (38), while 1 -naphthylamine gave no acridine. 

38 

Half of the 2-naphthylamine in this condensation has been replaced by 2- 
naphthol,97 and many similar reactions have been carried out. When the 
formaldehyde was replaced by benzaldehyde and more vigorous conditions 
employed, both 1- and 2-naphthylamines gave the appropriate benzacri- 

The syntheses just described led only to symmetrically substituted acri- 
dines, but it was found that when 2,4-diaminotoluene and methylenebis-2- 
naphthol and hydrochloric acid, or 2-naphthol and 2,2’, 4,4’-tetramino-5,5’- 
dimethyldiphenylmethane were heated,’ x 2  the product was 9-amino-10- 
methylbenz[a]acridine (39). A similar synthesis of 3-amino-2,7-dimethylacri- 

dines.180, 181 

OH HO 
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dine from 2,4-diaminotoluene and p-toluidine, as well as other examples of 
this reaction are known.171 
A large number of unsymmetrically substituted polyaminodiphenylmethanes 
have been prepared. Recent extensions of the Ullmann-Fetvadjian acridine 
cyc l i~a t ions '~~~  13', I E 4 .  lE5 with paraformaldehyde, 1- and 2-naphthol, and 
selected primary aromatic amines provide more examples of unsymmetrical 
substitution in the complex benzacridine products. 

The aldehydes in the symmetrical condensations have been replaced, 
apparently without advantage, by the corresponding dihalogen compounds. 
For example, 3,4-dimethylaniline, on heating with methylene chloride or 
iodide, gave 2,3,6,7-tetramethylacridine (see Ref. 186, and earlier papers); 
ethylidene dichloride and benzal chloride have also been used. 180 

Among other modifications of this synthesis method is the preparation of 
6-hydroxy-2-methyl-9-phenylacridine (40) from 2,4-dihydroxybenzhydrol 
and p-toluidine by the elimination of water.ls7 

Ph 

40 

No xanthene was isolated from the reaction.lS8 
2-Aminobenzyl alcohol reacted with 3-hydroxydiethylaniline and 2- 

naphthol at about 200" and gave the corresponding acridine~,'*~ doubtless 
through the formation of the acridans. A related reaction from the prepara- 
tive work of Bae~ner~~O~-c  and his colleagues is 

E. Cyclization of Diphenylamine-2-aldehydes and Ketones 

A small number of acridines has been synthesized by the cyclization of the 
corresponding diphenylamine-2-aldehydes and -ketones (Table VI). The 
preparation of the aldehydes has not been thoroughly investigated, presum- 
ably because of some serious difficulties in handling them and because there 
are other excellent synthetic pathways to most of these acridines via the cor- 
responding acridanones (Section 2. A and Chapter 111). 



TABLE VI. Acridines from Diphenylamine Aldehydes and Ketones. (The 
intermediate aldehyde or ketone was not isolated in all cases.) 

Acridine 
Prepared from cyclization 

Yield (%) of the product from Ref. 

Unsubstituted 

2-Amino-5,7-dinitro-9- 
phenyl- 

2-Amino-7-nitro-9- 
phenyl- 

6-Chloro-2-methoxy-9- 
methyl- 

3-Chloro-9-met hyl- 

2-Chloro-4-nitro- 

2-Chloro-4-nitro-9- 
phenyl- 

2,7-Dibenzoyl-9-phenyl- 
2,9-Dimethyl- 

2,9-Dimet hyl-7-nitro- 

2,6-Dimethyl-4-nitro-9- 
phenyl 

2,4-Dinitro- 

2,4-Dinitro-5-hydroxy-9- 
phenyl- 

4,5 -Dinitr o-2-met hoxy- 
9-phenyl- 

? 

80 

85 

90 

37 

3 

? 

? 

17 
? 

77 

? 

? 

30 

85 

? 

2-Aminobenzaldehyde and 
iodobenzene 

Diphenylamine-2-carboxy - 
(w-p-toluenesulfonyl) 
hydrazide 

2-Chloro-3,5-dinitrobenzo- 
phenone, 1,4-phenylene- 
diamine 

phenone and 1,4-phenyl- 
enediamine 

phenone and 4-bromo- 
anisole 

2,4-Dichloroaceto- 
phenone and aniline 

2-Chlorobenzaldehyde and 
4-chloro-2-nitroaniline 

2-Chlorobenzophenone and 
4-chloro-2-nitroaniline 

N-Benzoyldiphenylamine 
4-Bromotoluene and 2- 

aminoacetophenone 
2-Chloro-5-nitroaceto- 

phenone and p-toluidine 
2-Bromo-4-methylbenzo- 

phenone and 4-methyl-2- 
nitroaniline 

2,4-dinitroaniline 

and 2aminobenzalde- 
hyde 

2-Chloro-3,5-dinitrobenzo- 
phenone and 2-amino- 
phenol 

phenone and 4-methoxy- 
2-nitroaniline 

2-Chloro-5-nitrobenzo- 

2-Amino-4-chloroaceto- 

2-Chlorobenzaldehyde and 

2,4-Dinitrobromobenzene 

2-Bromo-3-nitrobenzo- 

192 

80 

209 

197 

38 

200 

193 

199 

122 
195 

198 

199 

192 

84 

209 

130 

(Table Continued) 
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Acridine 
Prepared from cyclization 

Yield (%) of the product from Ref. 

2,4-Dinitro-6-methyl-9- 
phenyl- 

2,4-Dinitro-7-methyl-9- 
phenyl- 

2,4-Dinitro-9-phenyl- 

2-Ethoxy-9-phenyl- 

2-Methoxy- 

4-Methoxy- 

5-Methoxy-2-nitro-9- 
phenyl- 

9-p-Methoxyphenyl-2- 
nitro- 

2-Methyl- 

4-Met hyl- 

9-Met hyl- 

9-Methly-l , 2-benz[a]- 

2-Methyl-4-nitro- 

9-Methyl-2-nitro- 

? 

? 

? 

9 0  

? 

? 

? 

60 

7 0  

? 

? 

? 

80 

? 

? 

? 

2-Bromo-4-methylbenzo- 
phenone and 2,4- 
dinitroaniline 

phenone and 2,4- 
dinitroaniline 

2-Chlorobenzophenone 
and 2,4-dinitroaniline 

2-Chloro-3,5-dinitrobenzo- 
phenone and aniline 

4-Bromoethoxybenzene 
and 2-aminobenzo- 
phenone 

4-Bromoanisole and 2- 
aminobenzaldehyde 

2-Bromoanisole and 2- 
aminobenzaldehyde 

2-Chloro-5-nitrobenzo- 
phenone and 2- 
aminoanisole 

nitrobenzophenone 
and aniline 

4-Bromotoluene and 2- 
aminobenzaldehyde 

2-Bromotoluene and 2- 
aminobenzaldehyde 

Bromobenzene and 2- 
aminoacetophenone 
1 -Acetyl-2-hydroxy- 

naphthalene and 
aniline 

2-Chlorobenzaldehyde 
4-methyl-2-nitro- 
aniline 

4-Chloro-3-nitrotoluene 
and 2-aminobenzal- 
dehyde 

4-Bromonitrobenzene 
and 2-aminoaceto- 

2-Chloro-5-methylbenzo- 

2-Chloro-4'-methoxy-5- 

199 

199 

199 

209 

195 

195 

195 

197 

197 

210 

210 

195 

184 

192 

192 

1 9 5  

phenone 
(Table Continued) 
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Acridine 
Prepared from cyclization 

Yield (%) of the product from Ref. 

2-Methyl-4-nitro-9-phenyl- 

2-Methyl-9-phenyl- 

2-Nitro- 

3-Nitro- 

4-Nitro- 

2-Nitro-3-chloro-7- 
methoxy-9-methyl- 

2-Nitro-3-chloro-9- 

2-Nitro-3,7-dichloro- 
methyl- 

9-methyl- 

2-Nitro-9-phenyl- 

4-Nitro-9-phenyl- 

9-Phenyl- 

80 

? 

? 

? 

SO? 

? 

60 

? 

? 

? 

80 

? 

? 

? 

9 

2-Chloro-5-nitroaceto- 
phenone and aniline 

2-Chlorobenzophenone 
and 4-methyl-2- 
nitroaniline 

4-Bromotoluene and 2- 
aminobenzophenone 

4-Nitrobromobenzene 
and 2-aminobenzal- 
dehyde 

Bromobenzene and 2- 
amino-4-nitrobenz- 
aldehyde 

2-Chlorobenzaldehyde 
and 2-nitroaniline 

2-Nitrobromobenzene 
and 2-aminobenzal- 
dehyde 

3-Nitro-4-chloroaceto- 
phenone and 4- 
met hoxyaniline 

3-Nitro-4-chloroaceto- 
phenone and aniline 

3-Nitro-4-chloroaceto- 
phenone and 4- 
chloroaniline 

2-Chloro-5-nitrobenzo- 
phenone and aniline 

2-Chlorobenzophenone 
and 2-nitroaniline 

2-Bromonitrobenzene 
and 2-aminobenzo- 
phenone 

aminobenzophenone 
Iodobenzene and 2- 

N-Benzoy ldiphenylamine 

195, 
198 
199 

195 

210 

21 1 

192 

196, 
210 

200 

200 

200 

197 

199 

195 

199 

122 

44 
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(1) Aldehyde Cyclizations 
45 

Diphenylamine-2-aldehydes can be made in two ways by an extension of 
the Ullmann reaction : 

41 

+ 

R 
4 2  

R 
44 

43 1 

R 

45 

When preliminary experiments showed that 2-chlorobenzaldehyde (type 
41 structure) reacted with 1-aminoanthraquinone to give a secondary amine 
(subsequently cyclized to  a complex acridine),lgl its reaction with 2-nitro- 
aniline (42, R = NO2) in the presence of copper and sodium carbonate was 
examined.lg2 The reaction product was not isolated, but, after treatment with 
hot concentrated sulfuric acid, it gave 4-nitroacridine (45, R = NO2). In a 
similar way, acridines were prepared from 4-chloro-2-nitroaniline, 4-methyl- 
2-nitroaniline, and 2,4-dinitroaniline, the aldehyde being isolated in the last 
instance. The reaction only took place with amines that did not form anils. 
The following amines could not be converted to acridines by this method: 
aniline, and its 3- and 4-nitro; 2-, 3-, and 4-chloro; 2,4-dichloro; 2,4,6-tri- 
chloro; 2-chloro-4-nitro; 2-chloro-4,6-dinitro; and 2,6-dichloro-4-nitro deriv- 
atives ; and 1-nitro-2-naphthylamine. 2-Chloro-5-nitrobenzaldehyde is also 
stated not to react with 2,4-dinitroaniline.lg2~ lg3 

The alternative synthesis starting with 2-aminobenzaldehyde (44) is much 
more widely applicable, since the reaction can be carried out with a variety of 
aromatic halogen compounds. However, the 2-aminobenzaldehyde is not 
very stable, although it is easily made.lg4 

The first example of this reaction was the synthesis of acridine.lg2 Iodo- 
benzene and 2-aminobenzaldehyde were refluxed in nitrobenzene or naphtha- 
lene with sodium carbonate and copper, the solvent removed by steam, and 
the ether soluble portion* of the product cyclized without further purification. 
Sulfuric acid in acetic acid (15y0 by volume) has been used,1g5 but better 
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results appear to be obtained with sulfuric acid alonea0 at 100”. Other similar 
reactions are recorded in Table VI. It is not necessary to isolate the inter- 
mediate aldehyde in pure form before cyclization, although this has been 
done in the cases of 2’-nitrodiphenylamine-2-aldehyde (43, R = N02)1g6 and 
2’-nitro-4’-chlorodiphenylamine-2-aldehyde.1g* 

The mechanism of the formation of the diphenylamine aldehyde is probably 
similar to that of the formation of diphenylamine-2-carboxylic acids by the 
Ullmann reaction (Chapter 111). The data for the preparation of 2,4-dinitro- 
acridine (Table VI) emphasize the importance of the influence of the nature 
and position of substituent groups on the ease of the diphenylamine forma- 
tion. 
Diphenylamine-2-aldehydes have also been obtained from the 2-carboxylic 

acids by the McFadyen-Stevens decomposition of their p-toluenesulfon- 
hydrazides by dilute alkali. One acridine preparation in Table VI is of this 
type. However, the adverse effect of electron-attracting groups ortho and para 
to  the carboxyl group very much limits this acid reduction to aldehyde 
followed by cyclization scheme. The cyclization of the diphenylamine-2- 
carboxylic acid to the chloroacridine, followed by treatment with p-toluene- 
sulfonhydrazide and decomposition with alkali (as discussed in Section 2.A) 
seems a workable preparation method. 

(2 )  Ketone Cyclizations 

Diphenylamine-2-alkyl or aryl ketones have been prepared by methods 
similar to those for the aldehydes; on treatment with acids, they cyclize to 
the corresponding 9-substituted acridines. 

One of the first examples of the reaction was the formation of 2-benzoyl-4- 
nitrodiphenylamine from 2-chloro-5-nitrobenzophenone and aniline by 
heating with potassium carbonate. The ketone was cyclized to 2-nitro-9- 
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phenylacridine by sulfuric acid in acetic acid.lg7 This acridine has also been 
prepared directly,lg7 in excellent yield, from the benzophenone and aniline by 
heating them with sodium acetate to 180". However, better results are claimed 
in the two-stage preparation for certain acridines.lg8 

If the formation of the diphenylamine involves a comparatively unreactive 
halogen atom, the use of a copper catalyst, as in the Ullmann reaction, be- 
comes essential.199 Both copper powder and copper (I) iodide have been used 
in some diphenylamine preparations.200 Best results are obtained, of course, 
when the halogen is activated. In a somewhat related benzacridine synthesis, 
B ~ u - H o i " ~ ~  and his collaborators used a trace of iodine in the reaction between 
aniline and 1 -acetyl-2-hydroxynaphthalene. The wide applicability of the 
synthesis when ketones are the starting materials (Table VI), in contrast to  
the use of aldehydes, is doubtless because of the difficulty with which the 
ketones form anils. 

The alternative synthesis starting from an o-aminoketone has only been 
carried out with 2-aminobenzophenone, and with 2-aminoacetophenoneZo1 
and its 4-chloroderi~ative.~~ These amines have been condensed with a small 
number of aromatic halogen compounds in the presence of copper and a 
base, and the resulting ketone cyclized by acid in the usual way. 6-Chloro-2- 
methoxy-9-methylacridine is best prepared from the corresponding aceto- 
phenone according to Table VI but has also been obtained in poor yield 
from 5-chloro-4'-methoxydiphenylamine-2-carboxyl chloride by successive 
treatment with diazomethane, hydriodic acid, and acetic-sulfuric 

The cyclizations of these aldehydes and ketones have been brought about 
most frequently by heating them in acetic acid-sulfuric acid mixtures. The 
reactions almost certainly proceed through the addition of a proton to  the 
carbonyl group, followed by cyclization and dehydration, as in the case of 
the anthracenes. 202 
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This mechanism is supported by the fact that the uv absorption maximum of 
diphenylamine-2-aldehyde moves toward the visible when acid is added to its 
solution. If the proton reacted with the nitrogen, the shift should be toward 
the ultraviolet. 

The Fries rearrangement of N-benzoyldiphenylamine, catalyzed by poly- 
phosphoric acid, yielded a mixture of diphenylamine, 9-phenylacridine and 
benzoyl derivatives of these compounds. l z 2  Although it appears not to be an 
especially good synthetic method for 9-phenylacridine or 2,7-dibenzoyl-9- 
phenylacridine, it is of interest here, since it is postulated to proceed via the 
formation of 2-benzoyldiphenylamine and seems to involve carbonium ion 
intermediates similar to those suggested for the other acridines considered 
above. 

A similar c y c l i ~ a t i o n , ~ ~ ~ ~  204 which proceeds in the presence of aqueous 
alkali, is that of the N-phenylisatins (47) to the corresponding acridine-9- 
carboxylic acids (48), presumably via: 

Ph 
46 

COzNa 
I 

Ph 

48 

The reaction has, in recent years, been studied further, since the acridine-9- 
carboxylic acids are easily decarboxylated to  the acridines. The early work of 
Stollt mentions the preparation of acridine-9-carboxylic This prepara- 
tion and that of the 2-chloro derivative were documented by the work of 
Friedlander and K u ~ z . ~ ~ ~  One preparation of acridine-9-carboxylic acidzo5 
was carried out by heating sodium N-phenylisatinate to  250". The N-phenyl- 
isatins have been prepared by the oxidation of the indoxyls with ferric chlo- 
ridezo4 and from the diphenylamines with oxalyl chloride.j6, 203 The syntheses 
of 4,5-dimethylacridine and 1,4,5,8-tetramethylacridine were begun with the 
refluxing of the appropriate ditolyl- and dixylyl-amines with oxalyl chloride 
and aluminium chloride in carbon disulfide solution.56 Compounds of general 
structure 46 were formed first. Then the purified isatins were converted, in 
good yield, into the acridine-9-carboxylic acids (structure type 48) after 12 
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hr of reflux with 10% potassium hydroxide solution. Fifteen minutes of 
heating of the dry acids sufficed to effect decarboxylation. 

The isatin ring has also been built onto 2-phenylaminonaphthalenezo6 by 
reaction with ethyl mesoxalate at 180". The product, ethyl 2,3-dihydro-3- 
hydroxy-2-keto-l-phenylbenz[e]indole-3-carboxylate, on hydrolysis in the 
absence of air, followed by alkaline air oxidation, gave 49. The isatin, 49, was 
converted with aqueous alkali206 into benz[a]acridine-l2-carboxylic acid (50). 

Ph 
49 f 

5 1  5 2  

This acid, 50, has also been prepared from benzocoumarindione (51) by 
its reaction with aniline to  form 52 which yielded the acridine upon treatment 
with acetic The direct formation of acid 50 when the coumarindione, 
51, is boiled with aniline in acetic acid has also been carried out. These results 
do not invalidate the possibility of 52 or even 49 as intermediates in the 
reaction. 

An interesting synthesis of 1,3-dinitroacridine has been carried out from 
the reaction of 2,4,6-trinitrotoluene with 4-nitrosodimethylaniline.208 The 
first-formed anil, 53 (R = -C6H4N(Me)2), when boiled with aniline in 
ethanol, loses nitrous acid to yield 54. This last compound on heating with 
acetic acid cyclizes to the acridine 55, with the loss of p-aminodimethylaniline. 

53  54 55 
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F. Other Methods of Preparing Acridines 

It is difficult to categorize completely all acridine syntheses in terms of 
starting materials, reaction conditions, or products formed. All of those that 
can be described as related to phosphorus oxychloride cyclizations of di- 
phenylamine-2-carboxylic acids, which were prepared in the Ullmann reac- 
tion, are considered in Chapter 111. A very large number of 9-acridanones 
and chloroacridines have been prepared by this method. Other reactions that 
have been used successfully to form products at the acridine oxidation level 
will be dealt with here. Many of these are not recommended as synthetic 
methods: they simply yielded some acridine as a product. The final section 
comprises a miscellaneous group. 

(1) Dehydrogenations Giving Acridines 

In comparison with the oxidation of 9,lO-dihydroacridines or acridans 
(Section 2.A), only a small number of more highly reduced acridines have 
been dehydrogenated successfully, often in rather poor yields. Palladium on 
charcoal in boiling diphenyl ether dehydrogenated the 5 - ,  6-,  and 7-methoxy- 
1,2,3,4-tetrahydroacridines to the corresponding acridines in 15, 65, and 
80% yields, re~pectively.~~ The dehydrogenation of 5-phenyl- 1,2,3,4-tetra- 
hydroacridine has been carried out, using palladium on charcoal.*l* Mas- 
amune and Homma obtained acridine as well as partially dehydrogenated 
products in a series of studies in which dihydro-, tetrahydro- and two octa- 
hydro-acridines were placed in a hydrogen stream in the presence of 30Y0 
palladium on ~ h a r c o a l . * ~ ~ ~  214 In the presence of 10% palladium on charcoal 
a t  210-220" 1,4-dimethyl-5,6-dihydrobenz[c]acridine was dehydrogenated in 
257, yield.*15 

Dehydrogenations using lead oxide, zinc, selenium, and chloranil, although 
stated to give bad results, have been used in a number of cases.47 Acridine has 
been obtained from I ,2,3,4-tetrahydroacridine and its 9-carboxylic acid by 
distillation over hot litharge in a carbon dioxide stream,*16 and from 1,2,3,4- 
tetrahydro-9-acridanone217 and some other reduced acridines?l*, 210 on 
distillation over zinc. Selenium dioxide in ethyl acetate gives mainly the 
acridines from 1,2,3,4-tetrahydroacridine and its 2-methyl derivative.220 
Selenium itself catalyzes the formation of 3-methylacridine (57) from both 
6-methyl- 1,2,3,4-tetrahydroacridine (56) and 3-methyl- 1,2,3,4-tetrahydro- 
a cridine (58). ** 1 

H3C m + a  C"3 -mcH3 
56 s7 58 
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More recent applications of selenium dehydrogenation of perhydroacri- 
dines222 and tetrahydroa~ridine22~ have been reported, but there is no indica- 
tion that yields of acridines are improved. Some reduced benzacridines have 
also been dehydrogenated by selenium.221 Yields of 5 to 17% of acridine have 
been obtained when tetra- and octa-hydroacridines were heated in boiling 
xylene with 5-10y0 excess of ch l0rani1 .~~~ Redmore2?j used chloranil in the 
dehydrogenation of diethyl acridan-9-phosphonate. 

Decarboxylation and distillation with lead dioxidezz6 has transformed 
appropriately substituted 1,2,3,4-tetrahydroacridine-9-carboxylic acids into 
2- and 3-methylacridine ; this reagent also aromatized some reduced benz- 
a c r i d i n e ~ . ~ ~ ~  Chloranil in boiling xylene or cumene, and even bromine water, 
dehydrogenated certain benzacridines when hot lead oxide caused decomposi- 
tion.lz0 The distillation of 3,9-dimethyl-l,2,3,4-tetrahydroacridine with zinc 
under hydrogen effected dehydrogenation to 3,9-dimethyla~ridine~~~; 4- 
methylene-1,2,3,4-tetrahydroacridine similarly became 4-methyla~r id ine .~~~ 
Other examples of dehydrogenations giving acridines may be found in 
Chapter V. 

( 2 )  Cyclodehydrogenations Giving Acridines 

A series of reactions of this type has been carried out under vigorous con- 
ditions. On the whole, the results are poor. A little acridine was obtained by 
distillation of 2-aminodiphenylamine (59) through a red hot 9- 
Phenylacridine (61) has been prepared in poor yield by heating 2-amino- 
triphenylcarbinol (60) (from methyl anthranilate and phenyl magnesium 
bromide), alone or with picric 

59 60 

In 1957, Petyunin, Panferova, and K o n ~ h i n ~ ~ ~ " - ~ ;  made extensive studies of 
this method and applied it to the preparation of a large number of halo- 
phenylacridines. The best yields were obtained when the halogens were present 
in the methyl anthranilate ring, rather than in the Grignard reagent. The tri- 
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TABLE VII. Preparation of 9-Phenylacridines by the 
Cyclodehydrogenation of Triphenylcarbinols 

9-Phenylacridine mp(" C) Yield (%) Triphenylcarbinol Ref. 
~~~~ 

Unsubstitut ed 

2-Bromo- 
2-Chloro- 
3 -Chlo ro- 
2-Chloro-4-bromo- 

2-Bromo-4-chloro- 

2,4-Dibromo- 

2,4-Dichloro- 

~ ~~ 

182-185.5 77 
87-97 

145-146 53 
150-151.5 72 
151.5-1 52 53.4 
228-229 79 

214-215 55-66 

232-233 63-66 

213-213.5 53-61 

2-Acetamido- 
2-Amino- 
2-Amino-5-bromo- 
2-Amino-5-chloro- 
2-Amino-4-chloro- 
2-Amino-3-bromo- 

5-chlorc- 
2-Amino-3-chloro-5- 

bromo- 
2-Amino-3 ,5-di- 

bromo- 
2-Amino-3,5- 

dichloro- 

23213 
232b 
232c 
232c 
232c 
232d 

232d 

232d 

232d 

phenylcarbinol cyclizations were somewhat more successful with the 2-amino 
compounds than with their benzoyl or acetyl derivatives. Reasonable yields of 
products were obtained after refluxing the triphenylcarbinol in nitrobenzene 
for 15 to 30 min. Representative structures are summarized in Table VII. A 
number of 9-p-chlorophenylacridines have been prepared by the same method 
in yields of 31-63%.232e 

An early synthesis of chrysaniline (62) was obtained from 2,4,4'-triamino- 
triphenylmethane by oxidation with arsenic ~ e n t o x i d e . ? ~ ~  In the course of 
establishing the structures of acridine derivatives, recent workers obtained 
3-amino-9-phenylacridine upon heating (1 60") 2,4'-diaminotriphenylmethane 
with the same syrupy arsenic 2-Methyldiphenylamine, passed through 
a hot tube, was partially converted into a ~ r i d i n e , ~ ~ ~  but oxidation with litharge 
with or without cupric oxide was found to be a much more satisfactory pro- 
cedure with up to 25y0 yield.236 2-o-Tolyl-1-naphthylamine on heating with 
sulfur at  220" gave the corresponding benzacridine (25%), but better results 
(40-45y0) were obtained with litharge.237 Rieche and M ~ e l l e r ~ ~ ~  have prepared 
methylacridines by passing the vapors of aromatic amines, diluted with 
nitrogen, over aluminum oxide at  440": o-toluidine -+ 10% yield of 4 3 -  
dimethylacridine; p-toluidine --+ 10% of 2,7-dimethylacridine; p-xylidine --+ 
1,4,5,8-tetramethylacridine (63). 
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CH, CH3 
63 64 65 

Dehydrogenation of 64 and 65 at 550" over a copper-chromium catalyst 
gave 15% and 29% of acridine, and 787,  and 92% of hydrogen in the evolved 
gas, respectively.239 

( 3 )  Acridines f rom 2-Aminobenzaldehyde and Phenols 

Salicylaldehyde on heating with aniline to 260" for some time gave only 
0.5y0 of a~ridine,*~O while slightly better results were claimed when the heating 
process was carried out in the presence of phosphorus pento~ide.~*l  Phloro- 
glucinol and 2-aminobenzaldehyde, in an almost complementary reaction, 
were found to  give 1,3-dihydroxyacridine in the presence of sodium hy- 
dro~ide .*~* This reaction was fully investigated later,243 the reactants being 
allowed to stand in aqueous solution at room temperature for 5 days at 
definite pH values, 4-13. A maximum yield of 90% was observed at  pH 8. 
With excess 2-aminobenzaldehyde, phloroglucinol gives condensed acridines 
(Chapter VII). The reaction between 1,2,3,5-tetrahydroxybenzene (66) and 
2-aminobenzaldehyde gave a minute yield of the acridine at pH 8, but good 
yields were obtained when the reactants were heated in the presence of one 
equivalent of alkali. The product was 1,2,3-trihydroxyacridine (67). None 

OH 

66 67 

of the isomeric 1,2,4-trihydroxyacridine appeared to be formed.243 2-Amino- 
benzaldehyde gave no acridines with phenol, salicyclic acid, resorcinol, 
catechol, p-resorcyclic acid, quinol, pyrogallol, or 1- or 2-naphthol. It is 
clear that a considerable proportion of the phenolic reactant must be in the 
tautomeric keto form, as in the similar reaction with isatin, if cyclization is to  
take place. 

Refluxing isatin in alkaline ethanolic solution with phloroglucinol gave 1,3- 
dihydroxyacridine-9-carboxylic acid (68) in excellent yield.244 
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C02H OH 

HO ' OH \ N' 
H 

68 

Resorcinol gave very little acridine under these conditions, but in aqueous 
alkali at 120" a 76y0 yield of 3-hydroxyacridine-9-carboxylic acid was 
obtained. Phenol, catechol, and hydroquinone did not appear to undergo 
the reaction. 

When the terpene ketone, oxocineole, was condensed with 2-aminoben- 
zaldehyde in the presence of NaOH, and the product dissolved in concen- 
trated H2SO4 and aged a day before it was submerged in ice water, l-iso- 
propyl-4-methylacridine (69) was isolated as its bisulfate salt.246 

(4) Other Acridine Syntheses 

The following are reactions that yield acridines but, as stated earlier, are 
not necessarily useful synthetic methods. There is only one account of the 
conversion of a 2,2'-azodiphenylmethane to  the corresponding acridine from 
its treatment with boiling stannous chloride and hydrochloric acid.169 The 
reaction may proceed by reduction to the hydrazo compound, 70, and cycliza- 
tion in a manner analogous to that of the Fisher Indole synthesis. 

H H  

70 L /  

-1 

Me2N a N M e 2  
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Poor yields of 9-methylacridine have been obtained when 2,3-bisphenyl- 
aminobutane sulfate was heated with aniline246; 2,7,9-trimethylacridine was 
obtained as a by-product from the reaction of 2,3-dichlorobutane with p -  
toluidine.174 2,4,5,7-Tetramethylacridine was formed247 in poor yield from 
0- and p-toluidine hydrochlorides in methanol at 270". Hot concentrated 
hydrochloric acid converted the iminostilbene, 71, into 9-methylacridine by an 
appropriate sequence of ionic, rearrangement steps.248 

71 

The distillation of benzylaniline (72) through a red hot tube (700") is stated 
to give a ~ r i d i n e ~ ~ ~ ;  no yields are given in this and related syntheses. Pyridine 
and aluminum oxide at about 400" are also alleged to give some a ~ r i d i n e . * ~ ~  
The distillation of benzal-2-aminophenol (73) over zinc is also said to  give a 
little a ~ r i d i n e . ~ ~ ~  Benzal- 1- and -2-naphthylamines gave benz[c]acridine and 
benz[a]acridine, respectively, on distillation through a red hot iron tube 
filled with p ~ r n i c e . * ~ ~ ~  253 

0- CHIN ~ - ~ + ~ H o ~  CH=N 

H 
72 73 

The obsolete dyestuff, flaveosin (75) was made in the reaction of phthalic 
anhydride with 3-diethylaminoacetanilide in the presence of acetic anhydride. 
The first product, 74, on boiling with 20% HCl, was converted into the 
dye stuff .254 

74 7s 
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Heating fluorescein (76) with aqueous ammonia to 180-200" gave 3,6- 
diamino-9-(2-carboxyphenyl)acridine (77) in the same way that 

76 'I7 

pyrones give pyridines.256 Acridine was obtained as a by-product in the prep- 
aration of 1-methylcarbazole from 78 with hot calcium oxide.266 The zinc 
dust distillation of 2,2'diaminobenzophenone (79) gave some acridine, doubt- 
less through the formation of 9-acridanone as the latter compound is formed 
from the diamine and zinc 

78 79 

2-Nitrobenzophenone, on heating with ferrous oxalate, appears to give some 
a ~ r i d i n e , ~ ~ *  but attempts to cyclize 2-aminobenzophenone have not been 
very successful. 25Q 

Another obsolete dyestuff, rhenonine (81), can be prepared in very poor 
yield from 4,4'-bisdimethylaminobenzophenone, m-phenylenediamine, and 
zinc chloride 254 at 200", and the fully methylated dyestuff in a similar way 
way from 3-amin0dimethylaniline.~~~ The anil 80 is considered to be an 
intermediate in the reaction.254 

Me2N 

81  

Me2N 

80 
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As aniline and p-phenylenediamine give anils that do not cyclize, it appears 
that activation of the ortho position to the anil nitrogen is necessary for 
acridine formation. Bisacetoxyphenylisatin (82) on oxidation with chromic 
acid gave 83, which on treatment with concentrated sulfuric acid lost carbon 
dioxide with the formation119 of a mixture of 3-hydroxy-9-(4-hydroxyphenyl)- 
acridine (84) and 2-aminophenylbis(4-hydroxyphenyl)methane (85). 

83 

/ 
82 

84 85 

Two anthranils have been pyrolyzed to 9-acridanones which, with POC13, 
yield haloacridines. Compound 86261 yielded 2,6,9-trichloroacridine (87), 

c1 

86 81 

and Kwok and PrancZB2 obtained a mixture of 89 and 90 from 3-(pmethoxy- 
phenyl)-5-chloro-anthranil(88). 



58 Acridines 

OMe 
I 

88 

c’Qlyl OMe 
(major) 

89 

+ 

90 

Acridine was among the products obtained when 9-acridanthione was 
desulfurized during a 13-hr reflux period in dimethylformamide and ethanol 
in the presence of activated Raney cobalt ~atalyst .~G~ 

Evidence for the formation of a dehydroquinoline intermediate was 
furnished by the formation of a small amount of acridine when a furan solu- 
tion of 2-chloro-3-bromoquinoline was shaken with lithium amalgam for 5 
days at room temperat~re.~G* 

3. General Properties of Acridine 

Acridine itself, although the parent compound of many useful and widely 
differing substances, is of comparatively little importance. It may be of interest 
that the irritating physiological effects that inspired its name, a lachrymatory 
effect and skin irritation, seem to be minimized when methyl substituents are 
in the ring positions 4 and 5 ,  adjacent to nitrogen.6e 
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Acridine is a very pale yellow solid that sublimes at ca. looo, boils2 at  
345-346"/760 mm, and crystallizes well from ethanol or benzene. It dissolves 
in approximately 6 parts by weight of ethanol, 5 parts of benzene, and 16 
parts of ether. It is sparingly soluble in water and is volatile in steam.2 It is 
slightly soluble in both liquid ammonia and liquid sulfur 

Five polymorphic forms of acridine are known. They differ considerably in 
stability and crystal Some of these have been examined in detail:36s267 
I is a hydrated form,z6* which loses water upon heating, yielding 11. Among the 
anhydrous forms, the one designated as I1 has a density (determined by 
flotation) of 1.28 and is formed as prisms or elongated needles, stable in the 
range 20-105", mp 109". Form I11 (density, 1.27), recrystallized from aqueous 
alcohol at 20" as hexagonal flat plates, is converted into I1 at about 45O, while 
IV, density 1.20, sublimes slowly even at 20" and is transformed entirely into 
I1 at 70". The fifth polymorph, the 0-acridine of the notation of Herbstein and 
Schmidt,266 accounts for the 110-1 11 O melting acridine obtained from cooling 
benzene or alcohol solutions of analytically pure material.268 Acridine is 
triboluminescent .26@ 

Acridine is classed as a "r-electron-deficient" heterocy~le,~ 70 and, as such, 
would be expected to show poor fluorescence properties. It is nonfluorescent 
in the crystalline state or when dissolved in benzene or ethyl acetate.270 
However, its blue fluorescence in dilute aqueous or aqueous alcohol solution 
is one of its most characteristic properties. The irradiationZ7l of a M 
solution of acridine in benzene with nitrogen laser pulses (A = 337.1 nm) 
gave only one excited species with an absorption peak at 440 nm and a life- 
time of approximately 100 psec. The fluorescence was of extremely short 
duration (0.5 psec), so that detection of the short-lived species was not possi- 
ble. This 440-nm absorption, probably due to the T-T* triplet, may however 
suggest a relationship to the fluorescence spectrum having a main peak 400- 
480 nm with principal summit a t  440 nm,272 even though the exact relation- 
ship and significance has not been establi~hed.~ 73 The violet-blue fluorescence 
of the weak base acridine, as well as the range of fluorescence colors (blue --+ 

orange) observed for aminoacridines and other derivatives is distinct from a 
green fluorescence color of the acridinium ion. Further, Forster and Weller 
have said that the electronic excitation of acridine makes it a much stronger 
base (Refs. 274a; b, as reported in Ref. 270), so that its enhanced hydrogen- 
bonding capacity in the excited state is responsible for still another green 
fluorescence at approximately pH 10.35. Despite the difficulties that surround 
the interpretation of various fluorescences, it has been possible to use a num- 
ber of acridines as fluorescent indicators. (See Refs. 275a-c, and earlier papers.) 
Certain acridine derivatives have been identified by means of their. character- 
istic fluore~cences.~ 76 Quantitative determinations of the fluorescence of 
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specific acridine derivatives have been made the basis of methods used for 
estimating streptomycin277 and penicillin.278 

Variation in the electrical conductivity of acridine has been studied in the 
25-80' temperature range.279 From the conductivity plot, an activation 
energy value of 0.337 eV was obtained. The resistivity at 25' is about 2.5 x 
10la ohm-cm. Studies on the electrical conductivity, 0, determined in the 
temperature range, 50-250', gave a a(liquid)/u(solid) of 83 for acridine at 
its melting point.280 

Potentiometric titration (see also Chapter 11, p. 110) indicates that acridine, 
pK, 5.6OZs11 l o 8  is a stronger base than quinoline, pK, 4.94, or pyridine, 
5.232823 283 in water; this has been discussed from a theoretical ~ t a n d p o i n t ~ ~ ~ , ~ ~ 5  
but an inaccurate value (4.3)281 was taken for the pK, of acridine, in the 
latter instance. More recent measurements, potentiometric and photometric 
(in water-ethanol), are in agreement with the thermodynamic constant, 
pK, = 5.60 in water at  20" for the acridinium cation.286 The studies of 
Reynaud have shown that the pK value for acridine is more sensitive to sol- 
vent effects than that of quinoline or p ~ r i d i n e . ~ ~ '  

Another approach to "basicity" evaluation for 7r-deficient N-heteroaromat- 
ics, such as acridine, has been found in the ir (meaning infrared) study of 
intermolecular hydrogen-bonded complexes with a variety of donor mole- 
cules.288, 289 A AvoH of S20 cm-l is recorded for the phenol-acridine complex 
in carbon tetrachloride solution. 

Acidity constants for excited states of acridine have been considered, both 
in theoretical s t ~ d i e s ~ ~ 0 ,  291 and in experimental investigation.292 When the 
triplet state was populated in a flash photolysis experiment, pKT = 5.6, very 
close to  KG (ground state) was obtained. The pKs (first excited singlet) value 
is 10.6, in good agreement with the quantum chemical calculations.29o This 
greatly enhanced basicity in the singlet statezg2 is attributed to a much in- 
creased importance of structure 91. Structure 92 is considered the major 
contributor to  the triplet state. 

91 92 

Many of the spectra of acridines are to be considered in later chapters, but 
i t  may be noted here that the best electron spin resonance spectrumzQ3 for the 
mononegative ion of acridine was obtained by controlled electrolysis of a 
10-aM acridine solution in pyridine at 10". The investigators of the magnetic 



TABLE VIII. Molecular Compounds and Complexes of Acridine 

Ratio of 
Acridine to  2nd 
component Second component pax in nm) mp("C) Ref. 

C. T. Band 

1:l ? 
1 :1 

1:l 
1 :1 
1 :1 

1:l 

1:l 
? 
1 :2 
3:2 
1:l 
2:l 
2: 1 
2:3 
1:l 
1:l 
1: l  

2:l 
1 :I  
1:l  

1 :1 
1:l 
1:l 
2:1 

2:l 
2: 1 
2: 1 
1 :1 

1 :1 

3:l 
2:l 

Diphenylamine 
2,4,7-Trinitrofluorenone 

Chloranil 
2,4-Dinitrophenol 
4,4'-Dichlorodibenzene- 

sulfonamide 
Tetrachlorop hthalic 

anhydride 
2-Nitroindan- 1,3dione 
4-Nitrosodimethylanine 
Phenol 
Phenol 
Catechol 
Resorcinol 
Hydroquinone 
2-Naphthol 
Phenanthrene 
9,9-Dimethylacridan 
Quinone 

N2 0 4  
Tetracyanoethylene 
Tetrakis( dimet hy1amino)- 

IBr 
IC1 
CUI 
2,5-Dihydroperoxy-2,5- 

dimethylhexane 

ethylene 

COCl2 
CoBr2 
COI2 
Cr03 

Diisobutyl-9,l O-dihydro- 
acridyl aluminum 
H3 [Cr(NCS)6 I 
Pd(SCN)2 

84-86 
44 1 163-1 65 

497 
(Shoulder) 

162-1 63 
195-1 96 

404 

183 
52.1 
87 

101 
144.5 
179.5 
209.5 
135 

66.2-66.5 
135-136 
212-214 
(dec) 

25' (dec) 
460 
462 

168-1 71 
212-213 

104-1 05 
335 (dec) 

264 
272 
280 

194-1 95 
(dec) 

192 (dec) 

280 (dec) 
2 18-220 

- 
153 
303, 
305 
305 
306 
307 

308 

309 
310 
311 
31 1 
31 1 
311 
31 1 
31 1 
312 

37 
313 

297 
295 
296 

299 
299 
298 
300 

314 
314 
314 
315 

316 

317 
318 

(Table Continued) 
61 
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TABLE VZII. (Continued) 

Ratio of 
Acridine to 2nd 
component Second component (Amax in nm) mp("C) Ref. 

C. T. Band 

1 :1 A l I j  
1 :1 VOCl3 
2 : l  H2 OsBr6 

180-260 319 
dec range 

? 320 
? 32 1 
? 322 

rotatory dispersion of acridine found a Cotton effect of opposite sign to that 
of aliphatic ketones and approximately 400 times as intense.2g4 

A large number of combinations of acridine with both inorganic and 
organic substances have been described as molecular compounds or com- 
plexes. Most of those that are properly identified as acridinium salts will be 
considered in Chapter V. Among the charge transfer complexes are many for 
which only spectral evidence has been recorded and a 1 : 1 molar relationship 
is assumed.295 Although acridine is usually the donor molecule, its acceptor 
properties have been noted in its interaction with tetrakis(dimethylamin0)- 
ethylene.2g6 When acridine is added to an ethereal solution of dinitrogen 
tetroxide at -75", a yellow solid complex is formed which decomposes fairly 
rapidly at room t empera t~ re .~~ '  In contrast with this unstable, but isolable, 
complex are the brick-red cuprous iodide complex,298 the interhalogen-amine 
compounds,299 and the 2: 1 complex of acridine and 2,5-dihydroperoxy-2,5- 
d ime thy lhe~ane .~~~  In some cases a single definite composition for the molecu- 
lar compound has not readily been e~tab1ished.l~~ The rhenium complex301 
and the calcium ammonia c0mplex~0~ fall into this category. For many others 
the molar ratio has been clearly determined.303 X-ray crystal analysis has been 
done on the 1 : 1 : 1 acridine-cytosine-water complex.3o4 Table VIII lists rep- 
resentative examples of this very heterogeneous group, characterized as 
molecular compounds and complexes. In some cases, the charge transfer 
bands are listed as evidence for complex formation. 

In the presence of certain metallic ions and ammonium thiocyanate, 
acridine gives highly crystalline complexes, some of which can be utilized in 
microanalysis.323 In tests on the feasibility of the use of anthracene oils as 
nuclear reactor coolants, liquid acridine has been subjected to radiolytic 
d e c o m p ~ s i t i o n . ~ ~ ~  Acridine and acridan are among the substances identified 
as causing damage to the leaves of the plants near tar Dogs fed on 
acridine excrete 2-hydroxy-9-a~ridanone.~~~ Acridine is metabolized by 
rabbits to 9-acridanone and 2-hydroxy-9-a~ridanone.32~ 
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4. Chemical Properties of Acridine 

Acridine is a base. It effectively dehydrochlorinates 3-chloropropanonitrile 
to acrylonitrile in refluxing ethanol ; 3 z 8  its reactions with maleic and fumaric 
acids, which give acridinium hydrogen maleate and diacridinium fumarate, 
respectively, emphasize the importance of acid pK, to product formation.32g 
Hydrogen-bonding studies involving carboxylic acids have confirmed the 
existence of a tautomeric equilibrium involving protonated base and associ- 
ated base.330 A variety of spectrophotometric studies have yielded data on 
acid-base equilibria and acridine conjugate acid The very large 
number of amine salts and quaternary salts of acridine are, along with reduced 
acridines, the subject matter of Chapter V. 

Perbenzoic acid oxidation of acridine occurs more readily than that of 
pyridine or quinoline. The high reactivity suggests a relationship between the 
nucleophilicity of nitrogen and its T electron density332 as calculated by LCAO 
MO. The products of the oxidation, carried out in chloroform solution, are 
acridine 10-oxide, a small amount of 2-(2-hydroxyanilino)benzoic acid and a 
major amount of 2-(2-hydro~yanilino)benzaldehyde.~~~ When 3-chloroper- 
benzoic acid is the oxidizing agent, the additional product, 93, is observed. 

93 

10-Methyl-9-acridanone is the product when p-benzoquinone oxidizes 10- 
methylacridinium Ozonation of acridine, followed by alkaline 
hydrogen peroxide oxidation, yields largely quinoline-2,3-dicarboxylic acid 
with small amounts of 9-acridanone as 

The nature and behavior of the radical anion produced by the addition of 
alkali metals to tetrahydrofuran solutions of acridine has been studied by 
means of esr and uv When acridine is refluxed with toluene 
and t-butyl peroxide for 9 days under nitrogen, 9,lO-dibenzylacridan and 
9-benzylacridine are formed.337 Another reaction of acridine with radicals is 
that reported by Norman and Radda.338 

Acridine participates in many addition chemical reactions. The tendency 
toward an ionic stepwise process may be related to the relatively low electron 
densityz9 at C-9, calculated, 0.695. The nucleophilic reaction that leads to  an 
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CH,- CH2-C02Me 
I 

[C02Me-CH2-CH,-C0212 + Acridine a 
acridan product is followed, in  many instances, by an oxidation process. By 
such a sequence the addition of triphenylsilyl lithium leads,339 after oxidation, 
to 9-triphenylsilylacridine. Acridine reacts with sodamide, giving 9-amino- 
acridine (Chapter 11), with sodium diethyl p h o ~ p h o n a t e ~ ~ ~  to form an acridan 
oxidized by chloranil to diethyl 9-acridinephosphonate. A number of 9- 
substituted a ~ r i d i n e s ~ * ~  have been prepared by the room temperature addition 
of active methylene compounds to acridine, followed by lead tetraacetate or 
manganese dioxide oxidation of the acridan addition compound. For exam- 
ple, 

H CH(CN), 

Acridine + CH,(CN), 
temperature 

H 

However, it has not been possible to prepare342 Reissert compounds (see also 
Section 5.H). Benzyne adds to acridine at positions 4 and 10 to give mix- 
t u r e ~ . ~ ~ ~ ,  344 One experiment of Wittig and Niethammer 345 gave 4-phenyl- 
acridine (2%) rather than the anticipated addition across positions 9 and 10. 
The reactions of acridines with dimethylketene are also addition reac- 
t i o n ~ . ~ ~ ~ " ~  Here it is thought that the first formed 10-acylacridinium ion is 
attacked by a second molecule of ketene or some solvated species acting as 
the nucleophile. Certainly, methanol participation is indicated. 

Me 
Me, 1 

C-C0,Me 

Acridine + a Me2C=C=0, 

/ Me2C =C=O \ 1;' / \ N  
I I 

When acridine in carbon tetrachloride is saturated with dry chlorine gas and 
exposed to sunlight, it adds the maximum number of ch10rines.~~' The other 
reactions of acridine-with o - ~ y l y l e n e , ~ ~ ~  alkyl and aryl Grignard reagents,349 
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acetone and NHaSCN,35n and dimethylsulfoxide with sodium h ~ d r i d e ~ ~ l -  
may also proceed through acridan or addition intermediates although they 
result, ultimately, in  the products of nucleophilic attack at (2-9. 

Calculated T electron densities, from molecular orbital theory, are used to  
predict the position of attack by electrophilic, nucleophilic or radical re- 
agent~.~:? For acridine the frontier electron density for electrophilic substitu- 
tion is as shown in 94. 

0.177 0.210 

0.166 033 0.044 

0.351 0.287 

94 

The predicted position of electrophilic attack is then at position 4. The 
observed nitration products are the 4-nitro, 2-nitr0, and 2,4-dinitro deriva- 
tives. The agreement between calculated and experimental, according to  
Fukui, is "almost s a t i s f a c t ~ r y . " ~ ~ ~  Electrophilic b r ~ m i n a t i o n ~ ~  occurs most 
readily at position 2 .  

The reduction of acridine has been accomplished by heating it under re- 
flux with sodium carbonate in ethylene by treatment with hydrogen 
with a special Raney nickeP4 or ruthenium catalyst,355 a r y l t h i ~ l s , ~ ~ ~  lithium 
aluminum h ~ d r i d e , ~ ; ~  polarographic methods,358a triethylammonium 
formate and Raney nickel catalyst,35g and lithium-ammonia solutions. 360 

The reactions and the biacridan, di-, tetra-, and octa-hydro products formed 
are discussed in Chapter V. 

In the presence of sunlight, acridine, but not 9-phenylacridine, gave a 
yellow photodimer, which decomposed on melting (276") to a ~ r i d i n e . ~ ~ ~  
This same yellow dimer was observed by Kellman in 1957 when acridine was 
irradiated with y rays from a C O ~ ~  source or uv radiation supplied by a 
mercury vapor l a m ~ . ~ 6 ?  Since that time a vast body of literature3'j3, 364 has 
accumulated as a result of efforts to determine the products formed from 
p h o t ~ l y s i s , ~ ~ j - ~ ~ ~  the role of the solvent in the r e a c t i ~ n , ~ ~ ~ ' ~ ~ ~  the importance 
of oxygen,36g-371 temperature,372 r a d i a t i ~ n , ~ ~ ~ - ~ ~ ~  concentration, 365 and the 
nature of the reactive s p e ~ i e s ~ ~ ~ - ~ ~ ~  participating in the photochemical 
(radical) reduction of acridine. Steady illumination,371 as well as flash tech- 
n i q u e ~ , ~ ~ ~  have been used. Although the evidence indicates incomplete agree- 
ment at some points, 385 others have been clearly established. In various types 
of solvents, triplet states of acridine have the ability to abstract hydrogen 
from the solvents,386 with the result that three radical processes yield acridan, 
solvent-coupled product, and 9,9'-diacridan. 
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Acridine - hv - 
S-H 

(volvent) 

H 

+ 

H 

H 

Flash photolysis experiments3s7 on 5 X M solutions of acridine in the 
90-300 K temperature range have shown that the primary photoreaction 
starts in the ' (n  - T*) state, which is filled with an energy of activation of 
0.035 eV from the excited '(T-T") singlet state. The primary reaction is the 
addition of a hydrogen atom from the solvent. Acridan is transferred into a 
highly excited triplet state; in different primary reactions, different radicals 
are 388 Evidence for transient isomeric acridine semiquinones, 95 
and 96, has been presented.3x9 

95 96 

Either ionic or radical pathways may explain the formation of a number of 
9-alkylacridans (convertible to 9-alkylacridines) when acridine is irradiated 
in the presence of an equimolar quantity of an aliphatic carboxylic A 
suggested sequence is as follows: 

HO,CR 
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When acridine is irradiated with 600-kV electrons at 0.5 mA, it polynier- 
i~es .~g" Its radiolytic stability appears to be greater than that of smaller 
condensed ring systems studied. The irradiation of acridine in a nuclear 
reactor391 with a neutron flux of approximately 5 x lo1* neutrons per cm2 
yielded acridine containing CI4 as well as some anthracene-9-CI4. Studies on 
CI4 distribution in neutron-irradiated acridine showed concentrations at  
position 9, implying that pi electron distribution plays an important role in  
this type of reaction.392 Wilzbach tritiation of crystalline acridine has been 
carried Data presented suggest that radical processes are important 
in  the Wilzbach labeling. 

5. Substituted Acridines 

Few direct substitution reactions have been extensively investigated. In  
most cases, substituents have been introduced into the benzenoid rings prior 
to completion of the acridine synthesis. The exceptions are the large number of 
reactions that occur at the 9-position but, even here, many proceed via the 
formation of the appropriate acridan, to be followed by an oxidation step. In 
Table IX are recorded a representative, but not exhaustive, list of mono- 
substituted acridines from widely differing sources. Nitration gave a mixture 
of nitroacridines. Both addition and substitution products are formed in 
halogenation reactions (see also Chapter V ,  p. 445). In conjunction with the 
discussion of 9-aci idanones in Chapter 111, some halogenated products are 
considered. Since aminoacridines, 9-acridanones, acridinium salts and 
biacridines all are dealt with in later chapters, attention is focused here on 
others of the principal types of substituted acridines. Considerations of 
space prevent any but brief summaries concerning these compounds. 

The sulfonation of acridine has been little investigated,? but at 180" fuming 
sulfuric acid appears to give 9,9'-biacridine-tri- and tetra-sulfonic acids.41' 
Acridine-2-sulfonic acid (Table IX) has been obtained by the reduction of 
9-acridanone-2-sulfonic acid. Other sulfur compounds, mercaptans,laY 
t h i ~ e t h e r s , ~ ~ ?  and thioesters,41? have been prepared from 9-acridanthiones 
(Chapter 111, pp. 239-240). The 9-triphenylsilyl compound has been inves- 
tigated for possible use as a high-temperature antioxidant containing sili- 
con.339 Among the phosphorus compounds that have been studied is the 9- 
acridinyldiphenylphosphine (Table IX).4n3 Redmore2?j and Scheinkman and 
his colleagues416 have provided two approaches to the preparation and study 
of 9-acridinephosphonic esters and acid. A numer of acridinearsonic 92,41  and 
acridinestibonic as well as isothiocyanatoacridines,4~~ have been 
prepared from the corresponding aminoacridines. Some arsenic (see ref. 
419, and earlier papers) and antimony"O analogues of acridine are known. 
The more important substituted acridines are now considered individually. 



TABLE IX. Acridine and Its Monosubstituted Derivatives 

Appearance, solvent, and 
Acridine mp('C) other properties Ref. 

Unsubstit ut e d 110 

3-Acet yl- 135-1 36.5 

9-Acetyl- 109 
9-Acetylmethyl- 144-1 46 

9-Acridinecarbox- 150 (146-7) 
a1 d e hy d e 

2-Acridinecarboxylic Dec at 270 

4-Acridinecarboxylic 189-1 90 

9-Acridinecarboxylic 289-290 

acid 

acid 

acid 

Acridine 10-oxide 169 

2-Acridinesulfonic >360 
acid 

9-Acridinyldiphenyl- 192 
phosphine 

2-(9-Acridinyl)- 155-155.5 
ethanol 

9-Anilino- 224 

9-Benzoyl- 217.5 

1 -Bromo- 110-1 11 

2-Bromo- 175-175.5 

Yellow needles from EtOH or 
benzene; picrate, mp 
261-262' (dec) 

Lemon yellow prisms after 
vacuum distillation 
(125-130'/0.1 mm) 

Brown crystals from CC1 
Recrystallized from benzene; 

phenylhydrazone, mp 
235-237' 

Golden yellow needles, EtOH, 
MeOH; oxime, mp 247' 

Buff crystals, aq cellosolve; 

Yellow crystals, aq EtOH 

(dec) 

amide, mp 243' 

Yellow prismatic needles, 
much EtOH; amide, 
mp 263-264' 

eum ether 

dilute HC1; amide , 
mp 258' 

From toluene; 9-acridinyl- 
diphenylphosphine 
sulfide, mp 21 2' 

Pale yellow, 75% EtOH, 
then benzene 

Rhombic yellow leaflets, 
alcohol; hydrochloride, 
mp 205-207' 

Yellow needles from EtOH; 
deep violet fluorescence, 
EtOH 

Yellow needles from petrol- 
eum ether 

Yellow prisms from aq EtOH 

Fine yellow needles, petrol- 

Golden yellow flat needles, 

2, 
394 

76 

395 
396 

395 
397- 
399 
108 

108 

12 

400- 
402 
109 

403 

135 

4p4 

39, 
140 

49 

48, 
49 

(Table Continued) 
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TABLE IX.  (Continued) 

Acridine 
Appearance, solvent, and 

mp('C) other properties Ref. 

3-Bromo- 

4-Bromo- 
9-Bromo- 

2-Chloro- 

3-ChlOrO- 

4-Chloro- 

9-Chloro- 

2-Cyano- 

9-Cyano- 
Diethyl 9-acridine- 

phosphonate 

1 -Ethyl- 

2-Ethyl- 

3-Ethyl- 

4-Ethyl- 

9-Ethyl- 

1 -Hydroxy- 

2-Hydroxy- 

3-Hydroxy- 

137-138 

107-108 
116 

170 

129 or 134 

79  or 90-91 

1 19-1 20 

209 

186 
95-96 

89-90 

77-7 8.5 

90-9 1.5 

37-38.5 

110-1 11 

ca. 250 
(dec) 

ca. 279 
(dec) 

285 (Sealed) 

Pale yellow plates, light 

Crystals from light petroleum 
Yellow-brown needles, amm. 

petroleum 

EtOH; picrate, m p  
212-213' 

Pale rose crystals from ben- 
zene; mercurichloride, 
mp 245-247' 

Pale yellow crystals, two 
forms, benzene 

Needles or prisms, petroleum 
ether 

Almost colorless crystals, 
EtOH or benzene 

Pale yellow crystals, chloro- 
benzene 

Yellow needles, EtOH 
Yellow from benzene-hexane; 

9-phosphonic acid, mp 
>300°, soluble in  base, 
orange-y ellow 

Pale yellow prisms, petroleum 
ether 

Colorless prisms, 
vacuum sublimation 

Colorless prisms, 
vacuum sublimation 
at 110' 0 .4  mm-' 

vacuum sublimation 
at 100' 0.4 mm-' 

Yellow needles from light 
petroleum; picrate, 
mp 203' 

Yellow needles, aq EtOH; 
cation orange, anion red 

Yellow needles, aq EtOH 

Colorless prisms, 

Microscopic yellow needles 

49  

4 9  
4 0 5  

1 1 2  

44 9 

7 9  
59 

406- 
408 

50  
12 

22 5 

4 4 ,  

111  

78 ,  
111 
111 

111 

516 

196 

89 9 

1 9 5  
1 4 6 ,  
1 9 6  

(Table Continued) 
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TABLE I X .  (Continued) 

Appearance, solvent and 
Acridine mp("C) other properties Ref. 

4-Hydroxy- 

9-Hydroxy- 
9-Iodo- 

1 -1sothiocyanato- 
2-Isothiocyanat o- 
3-Isothiocyanato- 
1-Methoxy- 

2-Methoxy- 

3-Methoxy- 

4-Met hoxy- 

9-Methoxy- 

1 -Methyl- 

2-Methyl- 

3-Methyl- 

4-Methyl- 

9-Met hyl- 

9-Met hylt hio- 
1 -Nitro- 

2-Nitro- 
3 -Nitro 

117 

360 
169 

122-1 23 
167 
174 
122 

105 

91 

134 

65 

98-99 

134 

122-123 

89 

117-1 19 
(1 1 8-1 1 8.5) 

113 
154 

215.5 
183 

Pale yellow needles, aq EtOH; 

See acridanone (Chapter 111) 
Yellow-brown needles, EtOH; 

picrate, mp 216' 

picrate, mp 204' 
- 

- 
Small yellow plates, light 

petroleum; methosulfate, 
mp 216-217' (dec) 

Orange-yellow needles, light 
petroleum; methosulfate, 
mp 227' (dec) 

petroleum; methosulfate, 
mp 260' (dec) 

Pale yellow opaque needles, 
cyclohexane; methosul- 
fate, mp 170' 

Yellow needles from light 
petroleum; monohydrate, 
aq MeOH, mp 103' 

Yellow needles, aqueous EtOH 

Pale yellow needles, light 

Yellow needles from EtOH 

Pale yellow plates, aq EtOH 

Pale yellow needles, 
aq MeOH 

Long needles from 75% 
EtOH, benzene 

From aqueous acetone 
Flat yellow needles, PhCl ; 

no fluorescence in EtOH 
Yellow plates from PhCl 
Yellow needles from EtOH; 

95 

405 

409 
409 
409 

47 

47, 
79 

47 

47 3 

50 

410, 
41 1 

78, 
88 
78, 
88 
78, 
88 
78, 
88, 
40a 

156, 
133, 
135 
412 
21 1 

21 1 
21 1 

no fluorescence in EtOH 
(Table Continued) 
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TABLE IX.  (Continued) 

Acridine 
Appearance, solvent and 

mp("C) other properties Ref. 

4-Nitro- 167 
9-Nitromethyl- 156-1 57 
9-Phenoxy- 127-128 
9-Phenyl- 184, 185 

bp  403-404' 

9-Tripheny lsilyl- 287-289 

9-Vicyl- 85-87 

~ ~~~ ~~~ ~ ~~ ~~ ~ 

Silvery leaflets from benzene 
Pale yellow, from benzene 
Crystallized from benzene 
Yellow prisms from ethanol 

Bright yellow crystals, 

Pale yellow crystals, 
benzene-petroleum ether 

petroleum ether 

21 1 
34 1 
413 
117 
121 

6,126 
339 

414 

A. Nitroacridines 

The reaction of acridine with nitric acid (d 1.45) alone was carried out at a 
very early stage,2 and the two products obtained were later shown to be the 
2- and 4 -n i t roa~r id ines .~~~  A careful reinvestigation of the nitration showed 
that much disubstitution took place unless the reaction was carried out in 
sulfuric acid solution, when, with one equivalent of nitric acid, the ratio of 1-, 
2-, 3-, and 4-nitroacridines formed was 5 : 130: 1 : 25, respectively.211 (More 
recent simple MO calculations of pi energies by Dewar and M a i t l i ~ ~ ~ l  gave a 
predicted order of reactivity that is in qualitative agreement with Lehmstedt's 
findings reported here.) Separation of the mono-nitro isomers proved difficult, 
especially as both 1- and 2-nitroacridine formed mixed crystals with 4-nitro- 
acridine. Controlled oxidation, however, converted the 2- and 4-nitroacridines 
to the corresponding 9-acridanones without affecting their isomers, thus 
achieving separation.*l1I 422  The 2-, 3-, and 4-nitroacridines, as well as 2,4- 
dinitroacridine, have been synthesized from diphenylamine-2-aldehydes 
(Table VI). 

Thc largest group of known nitroacridines contains a chloride atom at 
position 9; these compounds have been synthesized from the appropriate 
diphenylamine-2-carboxylic acids by the action of phosphorus halides. Among 
those recently prepared are the I-nitro and 3-nitr0-9-chloroacridines~~~ and 
the chloromethoxynitroacridines prepared by Steck and his c o - w o r k e r ~ . ~ ~ ~  
Maksimets and Sukhomlinov46 used the p-toluenesulfonhydrazide reaction 
(Section 2.A) as a method of removing the 9-chloro substituents from their 
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chloromethoxynitroacridines, leaving the nitro group intact. The major 
transformation of these compounds has been their conversion to  various 
amino derivatives for bactericidal therapeutic testing. This matter is con- 
sidered in a later chapter. 

Most of the simple nitroacridines are yellow crystalline compounds (Table 
IX). All of them have been reduced to the corresponding amino 
which are discussed in Chapter 11. 

B. Halogen-substituted Acridines 

Early experiments in the halogenation of acridine in chloroform solution 
gave inconclusive r e s ~ l t s . ~ ~ 6  Later on the bromination showed that in 
carbon tetrachloride an addition compound, 10-bromoacridinium bromide 
(Chapter V, p. 445), was formed, while, in acetic acid, substitution took place 
giving a mixture of 2-bromoacridine and 2,7-dibromacridine. Heating acri- 
dine with sulfur chloride gave a mixture containing some 9-chloroa~r id ine .~~~ 
Acridine did not react with N-bromosuccinimide under ordinary conditions,428 
but in boiling carbon tetrachloride, in the presence of benzoyl peroxide, a 
number of products were formed.42Y These included two monobromo and 
three dibromoacridines, 9-succiniminoacridine (Chapter 11, p. 120) and 
several of its bromo derivatives, and 9-acridanone. The positions of the 
bromine atoms in most of these compounds are unknown. 

The 9-chloroacridines, by virtue of the reactivity of the chlorine atom, are 
by far the most important chloroacridines. They are usually yellow solids that 
tend to irritate the skin and mucous membrane. Special care must be taken, 
on an industrial scale, with 6,9-dichloro-2-methoxyacridine, an intermediate 
in the synthesis of atebrin, since it sensitizes the skin of certain workers and 
the dust is liable to cause extensive dermatitis.430 9-Chloroacridine has been 
used recently in a new spectrophotometric determination of small quantities 
of primary aromatic a m i n e ~ . ~ ~ ~  

9-Chloroacridines are best made from the corresponding 9 - a ~ r i d a n o n e s ~ ~ ~  
or diphenylamine-2-carboxylic by treatment with phosphorus 
oxychloride (Chapter 111, p. 144). Some of the 9-acridanones have been 
obtained by the pyrolysis of suitably substituted anthranils261- 2 6 2 ;  others 
have been treated with chlorine gas in glacial acetic acid or carbon tetra- 
chloride solution so that, following the phosphorus oxychloride reaction, 
trichloro-434 and pentachl~ro-acridines~~j have been obtained. These com- 
pounds are yellow crystalline solids that are very soluble in chloroform but can 
often be recrystallized from benzene and petroleum ether; very pure specimens 
may be obtained from the latter solvent after chromatography on alumina. 
Their solutions are fluorescent. Partial hydrolysis with acids may give red 
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compounds, consisting of mixed crystals of the 9-chloroacridine hydrochlo- 
ride and the corresponding 9-a~ridanone.4~6a. h Different 9-chloroacridines 
sometimes form mixed crystals."" 9-Bromoacridine, prepared from 9- 
acridanthione, red phosphorus, and bromine, gave 9-iodoacridine with sodium 
iodide in ethan01.4~5 

The hydrolysis of 9-chloroacridines to 9-acridanones is usually effected 
by boiling with dilute acid, but the ease of hydrolysis depends on the substit- 
uents present (of. Chapter 111, p. 146). I n  one series studied,437 the reactivities 
of 2- and 3-substituted derivatives were found to be in  the order CHaO < 
CH, < H < NOz. It is not possible to make a complete quantitative com- 
parison of hydrolysis rate data from earlier studies408 with the more recent 

Different temperatures, solvent concentrations, and reaction 
conditions have been used and their effects vary. However, all are in general 
agreement that electron-donating substituents seem to retard the rate slightly, 
while electron-withdrawing substituents enhance the rate. The hydrolysis of 
9-chloroacridine in SO% acetic acid is, according to Ledochowski, a pseudo- 
first-order, two-step consecutive 

H 

The intermediate, 97, as the dihydrate, has been isolated. Table X summarizes 
the effect of the position of a methyl substituent on the rate constants that 
have been determined by the extended time ratio method. The effects are 
relatively small and are, possibly, attributable to  small changes in electron 
density at  carbon 9. Ethanolic solutions of 9-chloro-, 9-bromo- and 9- 
iodo-acridine have been irradiated with 365-nm light.443 Charge transfer 
complexes between the acridans and unreacted acridines were observed. The 
hydrolysis rate of these acridinium ions to the 9-acridanone in the dark was 
100 times that of the acridines themselves.444 Hydrolysis in light in  the presence 
of oxygen was also 100 times as fast as that in the dark. In the light, in the 
absence of oxygen, some as yet unidentified products were formed. 
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TABLE X. Rates of Hydrolysis of 9-Chloroacridine Derivativesw2 

k l  x lo3 k z  x lo3 
Acridine sec-' sec-' 

Temperature, 7OoC 9-Chloro- 6.3 0.28 
Solvent, 80% aqueous acetic acid 9-Chloro-2-methyl- 2.3 0.135 
k z / k l  ratio = 0.047 f 0.006 9 -Chloro-3 -m et hyl- 3.3 0.15 

9-Chloro-4-methyl- 7 . 5  0.3 

9-Chloroacridines can react with a wide variety of compounds to give 
9-substituted acridines. The most examined reaction is with amines and is 
discussed in Chapter I1 (p. 116). The conversion of 9-chloroacridines to  
acridines has been treated in Section 2.A of this chapter. For the reactions of 
9-chloroacridines leading to biacridines, consult Chapter VI (p. 5 19), to  
9-acridanones, 9 -a~r idanth iones~~~ and a variety of phenylamino-, as well as 
dialkylaminophenyl-acridines, Chapter 111. 9-Chloroacridine was found to 
react with the sodium derivatives of phenyla~etonitri le,~~~ m a l ~ n i t r i l e , ~ ~ ~  
ethyl ~yanoace ta t e ,~~~  diethyl r n a l ~ n a t e , ~ ~ ~  phenol (see Ref. 447, where 
the starting compound was 9-chloro-2-methoxy-8-nitroacridine) and ethyl 
a c e t ~ a c e t a t e ~ ~ ~  to give the corresponding 9-acridyl derivatives, and with 
alkyl cyanides and alkoxides. With silver or potassium isothiocyanate and a 
dihaloacridine, the isothiocyanate appears only at position 9. In  
addition to the p h o ~ p h i n e s ~ ~ ~  and phosphonic acid derivatives,226, 449 phos- 
phorus and sulfur compounds, such as O,O-diphenyl-S-(2-ethoxy-h-nitro- 
9-acridyl)phosphorodithioate (98), have been ~ rep 'd red .~~"  

,OPh 

I OPh 
s =P, 

s 

Most of the known bromo- and chloro-acridines not containing a 9- 
chlorine atom (Table IX) have been obtained from the corresponding 9- 
acridanones or 9-chloroacridines. Certain di- and poly-halogen derivatives of 
9-phenylacridine have been ~ b t a i n e d ~ ~ * ~ . e  when the appropriate triphenyl- 
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carbinols were heated in nitrobenzene (Table VII).  The 1-bromo and 3- 
bromo compounds were prepared, however, from the corresponding nitro- 
acridines by the reaction sequence: reduction, diazotization, thermal de- 
composition of the mercury (11) bromide complexes of the diazonium s a l t ~ . ~ ~  
All of these compounds are yellow solids that are weaker bases than acri- 
dine but usually form salts with acids. Those of the 9-phenylacridine group 
that have three or more halogens do not form pic rate^.*^*^ Little is known of 
the relative reactivity of the chlorine atoms in  the known 2 - ,  3-, and 4- 
chloroacridines. 4-Chloroacridine does not react59 with ethylamine at 160” 
or with diethylamin~ethylarnine~~~ and was prepared by the sodium amalgam 
reduction of 4-chloro-9-acridanone. 2-Chloroacridine was similarly obtained 
from 2-chloroacridanone lO-oxide.”* A modification of conditions has made 
possible the previously unsuccessful44 selective dehalogenation of 3,9-dichloro- 
acridine. i 9  When this compound was hydrogenated using Raney nickel paste 
and an equivalent of potassium hydroxide in methanol solution, the major 
product was 3-chloroacridan. This was readily oxidized with chromic acid to  
the 3-chloroacridine. Apparently, the presence of the methoxy function as a 
deactivating influence has made such a preparation of 2-methoxy-6-chloro- 
acridine from 2-methoxy-6,9-dichloroacridine easier.j4 79 However, a trend 
toward less stability and greater reactivity for chlorine bonded at 3-  than for 
that bonded at 4-, 1-, or 2- is shown in other reactions. The 3-chloro com- 
pound is largely dehalogenated in the zinc and acetic acid reduction of all the 
nionochloro-9,10-diphenylacridinium The 3-anilino derivative is 
obtained when 3-chloro-9,lO-diphenylacridinium chloride reacts with boiling 
aniline. This behavior, even though a variety of reaction types is considered, 
is generally consistent with Fukui’s frontier electron density predictions rela- 
tive to nucleophilic reagent 

Mention should be made of some fluoro derivatives of acridine that have 
now been prepared. Joshi and Bake1 have used the diphenylamine 2-carboxylic 
acid with phosphorus oxychloride approach to obtain 2-fluoro and 2,7- 
difluoro compounds for testing for fungicidal properties.453 Among their 
studies concerned with carcinogenic properties (Chapter XVII) ,  Thu-Cuc, 
Buu-Hoi’, and Xuong have reported the synthesis of alkylfluoroacridines by a 
Bernthsen-type method.I36 1,2,3,4-Tetrafluoroacridine has been prepared via 
an anthranil intermediate formed in the pyrolysis of 2,3,4,5,6-pentafluoro-2’- 
nitrodiphenylmethano168 [Cf. Section 2.F(4)]. The possibility of the effect 
of fluorine on pharmacological properties stimulated this study.68 

C. Acridine N-Oxides 

Acridine 10-oxide (or N-oxide), erroneously called “acridol,” was originally 
obtained from the sodium amalgam reduction of acridanone 10-oxide4”” and 
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as a by-product of the reaction of 2-nitrobenzyl chloride, benzene, and 
aluminum chloride4S4; its correct structure was recognized somewhat 
later.112, 401. 402  Much of the information on acridine 10-oxides has now been 
organized and systematized.455 The oxide is best prepared from perbenzoic 
acid401, 456 or m-chloroperbenzoic 4 5 7  and acridine. It is a yellow 
solid, mp 169", dissolving in ethanol to give a solution with green fluorescence; 
it forms a hydrochloride. Like acridine, this 10-oxide forms a green complex 
with acridan and hydrochloric acideJo2 The uv absorption spectrum458 
(Chapter X) and high resolution nuclear magnetic resonance (nmr) spec- 
trum4jg (Chapter XII) have been examined and its k-electronic structure has 
been calculated.460 The esr of the anion radical of acridine 10-oxide has 
been studied and the spin density distribution determined.461 The dipole 
moments, determined for a number of acridine 10-oxides, are all higher than 
those of the free b a s e ~ . ~ 6 ~  

Acridine 10-oxide undergoes a number of typical reactions: (1) acridan is 
formed with sodium amalgam,40° (2) 9-chloroacridine with phosphorus 
pentachloride,4°0 (3) 9-cyanoacridine with potassium cyanide,402 (4) acridine 
with sodium bis~lf i te ,~~2 (5) 9-acridanone with boiling acetic anhydride,4Oo 
(6 )  10-hydroxy-9-acridanone with potassium ~ e r m a n g a n a t e , ~ ~ ~  and (7) 10- 
hydroxy-9-acridanone and 9-acridanone with ozone in It has 
been proposed that the polarographic reduction of acridine 10-oxide involves 
an intermediate with the structure of an unsaturated hydroxylamine that 
partially dehydrates to the deoxygenated base.463 A variety of products has 
been obtained in photolysis experiments on acridine 10-oxides. These appear 
to change with the solvent, concentration, temperature, presence of oxygen, 
and 9-substitution of the acridine 10-0xide .~~~ Among the products that have 
been reported are 99,465 and 101.467, 4 6 8  

OH H H 

99 I00 101 

Three recent investigations4j7, 469, 4 7 0  have been concerned with the mechan- 
ism of the acridine 10-oxide reaction with acetic anhydride. The process 
exhibits pseudo first order kinetics and, at least in the presence of excess 
acetic anhydride, seems to involve the rate determining formation of a cyclic 
species such as 102. 
The intramolecular nature of the rearrangement has been established. Some 
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77 

102 

details on solvent involvement have been considered.469, 4 7 0  Acridine 10-oxide 
has been found to  undergo electrophilic bromination and nitration456 at posi- 
tion 9. Dipole moment measurements have been used in explaining the elec- 
tron distribution in the 10-oxide system. 

A number of acridine 10-oxides have been obtained as by-products in the 
synthesis of acridanones from phenylanthranils (Chapter 111). 6-Chloro-9- 
hydroxy-3-nitro-acridine I O - o ~ i d e ~ ~ ~  (tautomeric with the corresponding 10- 
hydroxy-9-acridanone) was formed in the condensation of chlorobenzene with 
2,4-dinitrobenzaldehyde. Some eight different 9-substituted acridhe 10-oxides 
have been prepared by the perbenzoic acid oxidation of the corresponding 
a c r i d i n e ~ . ~ ~ ~ '  4 7 2 ,  4 7 3  Similar oxidation of 6,9-dichloro-2-methoxyacridine was 
carried 4 7 5  where the ultimate goals were aminoacridine 10-oxides. 
Atebrin formed a di-N-oxide with 3y0 hydrogen peroxide.476 

gave a 5-7Oj, 
yield of a substance isomeric with lO-hydroxy-9-acridanone, and into which 
it was converted by warm alcoholic alkali. The substance was jnsoluble in 
alkali, and on melting (178") or on crystallization from pyridine gave largely 
9-acridanone. There were no spectral data available with which to  confirm 
the 9,10(9)-epidioxyacridan structure assigned. Oxidation of acridine in 
ether with 3-chloroperbenzoic acid has resulted in the isolation of an insoluble, 
compound333 of mp 175" which may be related to the previously mentioned 
substance. As indicated in Section 4, it has been assigned the N,N'-oxydi-9- 
acridanone structure, 93, and it is converted to 10-hydroxy-9-acridanone upon 
recrystallization from acetic acid. 

It is perhaps appropriate to note that there is spectral evidence for the 
existence of both 10-oxide and 10-hydroxy compounds under certain con- 
ditions.47*a,b 

The oxidation of acridine in benzene with perbenzoic 

OH 0 

I 
-0 

I 
OH 
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D. Hydroxyacridines 

All the monohydroxyacridines (Table IX) have been obtained by the 
hydrochloric acid hydrolysis of the corresponding aminoacridines (Chapter 
II), by the dealkylation of the alkoxyacridines, and by other methods discussed 
earlier in this chapter. They are all very sparingly soluble, yellow crystalline 
substances ; with the exception of 9-hydroxyacridine, which exists largely if 
not entirely in the tautomeric form of 9-acridanone (Chapter HI),  they are 
basic and form normal phenolic derivatives. Tautomerism is not possible with 
2- and 4-hydroxyacridine, but there is considerable spectral evidence for its 
existence in 1- and 3-hydroxyacridines (Chapter X). Additional evidence for 
the relative importance of 0 - H  vs. N-H bonding in these compounds has 
been accumulated in further studies of pH dependence in uv and ir absorp- 
tion ~pectra,4~~3 4 8 0  comparison with the spectral properties of methyl deriva- 
tives,481 and ionization constant Solutions of l-hydroxy- 
acridine in benzene and in 2O$& aqueous ethanol or aqueous pyridine are 
yellow and blue, respecti~ely,~~6< 244 the latter color suggesting the presence of 
103, since 10-methyl-l-keto-l,10-dihydroacridine483 is blue. 

OH 
I 

I 
H 

103 

H-0 

I04 

4-Hydroxyacridine (104) has a much lower melting point and greater - .  

solubility than its isomers; this is a common property of 4-substituted acri- 
dines and is presumably because hydrogen bonding considerably reduces 
intermolecular association. This isomer forms chelate compounds with a 
larger number of metals,55, 484  485 than does 5-hydroxy-1,2,3,4-tetrahydro- 
acridine. Recent consideration of substituted acridines as potential terdentate 
ligands has added a knowledge of protonation order jSb  and comparative 
chelating ability of 4,5-dihydroxy-, 4,5-diamino-, and 4-amino-5-hydroxy- 
acridine~.~~G An interesting property of 3-hydroxyacridine and 3-hydroxy-9- 
phenylacridine is their t h e r m o c h r o m i ~ m . ~ ~ ~ ~ ~  The color change, yellow to 
red, observed when the crystals are pressed or rubbed, is attributed to tauto- 
merism in the solid state, where proton transfer occurs via “defect sites.” This 
lactirn S lactam equilibrium is also found in the following specifically 
oriented hydroxyphenylacridine condensation products: 
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Ph Ph 

Lactim 

Ph 

Lactam 

yellow red 

4-Hydroxyacridine is best prepared by the demethylation of 4-methoxy- 
a ~ r i d i n e , ~ ~  but has been obtained from the reduction of 4-hydroxy-9-acri- 
danone with sodium in ethanol,114 a method used for a number of dihydroxy- 
acridines. 89 3,6-Dihydroxyacridine has been obtained by heating 3,6-diamino- 
acridine with 45YG sulfuric acid to 195". The nitric acid oxidation of 2,4- 
dihydroxyacridine gave acridinic 

E. Alkoxy- and Aryloxy-acridines 

The 9-alkylthioacridines are discussed in Chapter 111 (pp. 238-240). The 
9-alkoxyacridines have all been prepared from the 9-chloroacridines and 
solutions of sodium in the appropriate boiling alcoh01.~~@~ 411, 48y. 49@ 9- 
Methoxyacridine crystallized from aqueous methanol as the monohydrate ;411 

evaporation of its benzene solution gave the anhydrous substance. 9,9-Di- 
phenoxyacridan hydrochloride491 was obtained from 9-chloroacridine and 
phenol at loo", and on treatment with water or dilute alkali, gave 9-phenoxy- 
acridine. Quite an extensive series of !?-phenoxyacridines, substituted both 
in the acridine and phenoxy portions of the molecules, have now been pre- 
pared.447' 4 g 2 ,  493 In these cases, with the substituted 9-chloroacridine and 
phenol as the starting materials, the yields of ethers are very good. Polaro- 
graphic reductions of 9-phenoxyacridine and its 10-oxide have been carried 
out 358a; the half-wave potentials are quite similar. The dipole moment 
measurements show a markedly higher value for the 10-oxides than for the 
9-phenoxyacridines and 2-methoxy-9-phenoxyacri~Iines.~~~ Ledochowski and 
W o j e n ~ k i ~ ~ ~  have found the hydrolysis of 9-phenoxyacridine (in SOYQ acetic 
acid) to 9-acridanone to be a pseudo-first-order reaction. 9-Methoxyacridine, 
as well as some substituted 2-methoxyacridines, are converted into their 
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10-oxides by perbenzoic acid (Section 5.C). 9-Methoxyacridine and 9- 
phenoxyacridine did not react with hydrogen cyanide, but both 9,9-diphenoxy- 
acridan and 9-methoxyacridine hydrate gave 9-cyanoa~ridine~~l;  9-methoxy- 
acridine hydrate also formed an addition compound with sodium b i ~ u l f i t e . ~ ~ ~  
This has been considered to suggest that 9-methoxyacridine hydrate is, in 
fact, the acridan, 105. However, the uv absorption spectra of the hydrate in 
aqueous methanol, and of the anhydrous compound in cyclohexane, are 
almost They show typical acridine, and not acridan, absorption. 
The hydrate is therefore not present to any great extent as the acridan in 
solution. Displacement of the methoxyl group by anionoid reagents probably 
proceeds via the acridinium salt, 106; this reaction is discussed with special 
reference to 9-aminoacridines in Chapter 11, Section 3.A. 

I 
H 

105 

CN 
I 

H 
106 

CH,O CN mem I 

H 

No 9,9’-biacridyl ethers appear to have been obtained pure, although 
9-(9-acridylthio)acridine is known (Chapter 111,- p. 240). 3,3’,6,6’-Tetraamino- 
9,9’-biacridanyl ether was obtained as a by-product in  the synthesis of 3,6- 
diaminoacridine (Section 2.C), and larger quantities were obtained when 
hydrochloric acid was not added to the reaction mixture. Air oxidation gave 
3,6-diamino-9-acridanyl 3,6-diamino-9-acridyI ether; some further oxidation 
appeared to take place. Some compounds analogous to the last named ether 
are known.160 

1-, 2-, 3-, and 4-Alkoxyacridines have been prepared by many of the 
general methods available for the synthesis of acridines (Table IX). For its 
use in the preparation of a fluorescent indicator, 9-chloro-4-ethoxyacridine 
was obtained by the diphenylamine-2-carboxylic acid cyclization method.497 
The alkoxyacridines can be hydrolyzed to the corresponding hydroxyacridines 
in good yield by boiling hydrobromicg5 or hydriodic The use of this 
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method, however, tends to result in the formation of 9-acridanones if it is 
used with alkoxy-9-chloroacridines. Aluminum chloride, which has been used 
for the demethylation of methoxy-10-methylacridinium salts” and 4-methoxy- 
9-acridanone (Chapter 111, p. 218), gave excellent results in cases in which it 
was desired to  retain the 9-chlorine atom.49s 3-Methoxy-, but not 1-, 2- or 4- 
methoxy-bisacridinium salts, are demethylated on treatment with alkali 
(Chapter VI, p. 522). 

F. Alkyl- and Aryl-acridines 

Most of the 9-substituted compounds in this class have been prepared by 
Bernthsen’s reaction (Section 2.B; cf. Section 2.A). The direct reduction of 
acridine-9-aldehyde to 9-methylacridine by zinc and formic acid is worthy 
of special mention.395 The acridinium salts are discussed in Chapter V, 
Section 1. The quaternary salts have been the products in some recently 
studied 9-aminophenylacridine  preparation^.^^^^^^ The substituted 9-phenyl- 
acridines prepared by cyclodehydrogenation procedures are discussed in 
Section 2.F(2). The susceptibility of C-9 to nucleophilic attack as discussed 
in Section 4, has been used to  great advantage in the preparation of a variety 
of 9 - a l k ~ l - ~ ~ ~ >  50°, j O 1  and also 9-aryl-a~ridines .~~~ To the rather specialized 9- 
methylacridine preparations referred to in Section 2.F(4) may be added its 
formation from 9-diazoacetylacridinej0* and the nucleophilic alkyl substitution 
with methylphenylsulf~nej~~ thought to proceed as follows: 

Acridine + CH,SO,Ph ---+ 9-methylacridine 
HMPT 

(60%) 

HMPT = Hexamethylphosphoric triamide 

Phenylcarbene may be responsible for the formation of a small amount of 
9-benzylacridine when benzaldehyde tosylhydrazone is added to  acridine 
and sodium methoxide in dry d e ~ a l i n . ~ ~ ~  

With the exception of the 9-substituted derivatives, the alkyl- and aryl- 
acridines have properties rather similar to those of acridine. The introduction 
of alkyl substituents causes a small change in the light absorption toward the 
visible and a reduction in solubility. The basic strength is increased slightly, 
except when the alkyl groups are in position 4 and/or 5 ,  when the addition 
of a proton is sterically difficult. This is illustrated by a comparison of the 
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X 4 I 

6\ ’m2 5 10 4 / 3  

pK,’s of acridine and its 4-methyl and 4,5-dimethyl derivatives in 50% 
aqueous ethanol. They are 4.11, 3.95, and 2.88, respectively.ln8 9-Phenylacri- 
dine is less basic and less soluble than acridine. Its dipole moment, 2.49 D, 
is slightly larger than that of a ~ r i d i n e . ~ ~ ~  

(1) AIkyIacridines 

9-Alkylacridines are of particular interest because of the great reactivity 
of the a-hydrogen atoms of the alkyl group, due to the electron-attracting 
properties of the heterocyclic nitrogen atom. They may be compared with 
the 2- and 4-methylpyridines and methylquinolines, where the methyl group 
is similarly activated. The methiodides of these alkyl pyridines and quinolines 
are more reactive,398 as would be expected on electronic grounds, than the 
parent tertiary amines, toward electron-deficient centers ; it is, therefore, 
remarkable that 9,lO-dimethylacridinium iodide (in contrast to the tertiary 
base) is reported not to react with 4-dimethylaminobenzaldehyde, 4-nitroso- 
dimethylaniline, and other compounds.125 It failed, also, to react with 2- 
iodoquinoline methiodide and potassium hydroxide in absolute ethanol, but 
after the addition of water the expected dyestuff, 107, was formed. These 
unexpected failures may occur because of solubility problems or the con- 
version of the methiodide into the unreactive 9-ethoxy-9,lO-dimethylacridan ; 
the presence of water would facilitate the ionization of the latter compound 
and thus cause reactivation. 9,lO-Dimethylacridinium methosulfate reacted 
normally in acetic acid (no acridan present here) with aldehydes to form the 
9-styryl- 10-methylacridinium salts,5n5 and with diazonium salts to form the 
hydrazonedo6 such as 108. 

CH, I -  :N%CH = CH3 I 

CH = N - NHPh 

+ I  CH, CH,SO; 

I07 I08 
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The alkylacridines, like acridine itself, form molecular compounds with 
ease. 9-Methylacridine is reported to  form complexes with diphenylamine,'j3 
1,3,5-trinitroben~ene,~~~ and 9,9-dimethyIa~ridan.~~ 9-Fhenylacridine com- 
plexes with 1 or 2 moles of picric acid,jn8 1,3,5-trinitroben~ene,~O~ trinitroresor- 
cinol,jog and trinitrophloroglucinol.50g Both 4S-dimethyl- and 1,4,5,8- 
tetramethyl-acridine form 1 : 1 complexes with 1,3,5-trinitrobenzene, although 
they do not complex with boron trifluoride, possibly because of methyl inter- 
ference.j6 9-Heptadecylacridine stabilizes mineral oils and increases their 
lubricating powers.51n 

In the presence of an ethyl dichloroaluminum catalyst, in benzene, 9-vinyl- 
acridine polymerizes to benzene-soluble and benzene-insoluble polymers, 
both of which no longer show vinyl absorption in the ir regi0n.j" 

The reactions of 9-methylacridine, the only well-known acridine of this 
class, will now be considered in detail. It may be prepared by Bernthsen's 
reaction (Section 2.B), from 2-aminoacetophenone and bromobenzene 
(Section 2.D), or by a procedure summarized at the beginning of this section. 

(a) WITH OXIDIZING AGENTS. Vigorous oxidation with alkaline potassium 
permanganate gave quinoline-2,3,4-tricarboxylic acid.11i Boiling dilute nitric 
acid (d 1.2) had no effect, while more concentrated nitric acid (d 1.33) gave a 
trinitroacridine-9-carboxylic acid.11i The effect of chromic and acetic acids 
does not appear to have been examined, but the oxidations of 9-benzylacridine 
to 9-acridyl phenyl ketone (59 x), benzaldehyde (38 z), and 9 - a ~ r i d a n o n e ~ ~ ;  
and of 9-(4-nitrobenzyl)acridine to 9-acridyl 4-nitrophenyl ketone, and 4- 
nitrobenzaldehyde by this reagent are of interest.142 9-Methylacridine was 
oxidized by selenium dioxide to a~ridine-9-aldehyde,~~* while 9-benzylacridine 
and the 12-benzylbenz[a]acridine i n  xylene similarly gave 9-acridyl phenyl 
ketone,140 and 12-benzoylbenz[a]acridine, re~pective1y.j~~ Chromyl chloride 
did not oxidize 9-methylacridine to a~ridine-9-aldehyde.~~~ 

(b) WITH ALDEHYDES. 9-Methyla~ridine~~j  514 reacted rapidly with form- 
aldehyde in boiling ethanol to give 2-(9-acridyl)ethanol (109), easily oxidized 
to acridine-9-carboxylic acid by chromic acid ; with excess formaldehyde, 110 
was formed. If dimethylamine and hydrochloric acid were also present, a 
Mannich reaction, giving 9-(2-dimethylaminoethyl)acridine, took place.515 j16 

When 9-methylacridine was refluxed in methanol with piperidinornethan01~'~ 
(from formaldehyde and piperidine) pale yellow crystals of 9-(2-N-piperidino- 
ethy1)acridine were obtained. 9-Methyl- and 9-ethyl-acridine react with 
formaldehyde and 4-aminobenzenesulfonamide to give 111 (R = H and 

The only other aliphatioc aldehyde that appears to have been condensed 
with 9-methylacridine is c h l 0 r a 1 , ~ ~ ~  which reacted in refluxing benzene to  give 
1-(9-acridyl)-3,3,3-trichloropropane-2-ol. This, on boiling with alkali, was 

CH 3 ) . 5 1 7  
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CH,CH,OH CH(CH,OH), 
I I 

I09 I LO 

RCH-CH,NHSO, 

1 1 1  

both hydrolyzed and dehydrated to 3-(9-acridyl)acrylic acid, which was also 
oxidized by permanganate to acridine-9-aldehyde and reduced to 3-(9- 
acridy1)propionic acid. 

Benzaldehyde518 and its 4-nitro derivative j19 with 9-methylacridine at  100" 
gave the corresponding ethanols, 112, while 3-nitrobenzaldehyde gave the 
styrene, 113, (R = 3-nitr0phenyl).~~~ Heating with zinc chloride caused 
dehydration of 112 (R = 4-nitrophenyl) to the corresponding 113. 

CH,CHOHR CH=CHR ~w 
112 113 

This was made,519 as were the corresponding derivatives from 3-519, jZ0 and 
4-nitrobenzaldehydeb20 and 4-dimethylaminoben~aIdehyde,~~~ directly from 
the aldehyde, the acridine, and zinc chloride. It is thought that some inter- 
action between hydroxyl and nitro groups may have been responsible for the 
fact that the 2-nitrobenzaldehyde condensation yielded the alcohol, 112 
(R = 2-nitrophenyl), which could not be dehydrated to the styrene. The 
nitrostyrenes have been reduced to amines, which are discussed in Chapter 11, 
Section 5 .  Others of the styrene products were obtained in the zinc chloride- 
catalyzed condensation of 9-methylacridine with p-hydro~ybenzaldehyde52~ 
and with p -me th~xybenza ldehyde .~~~  Similarly, 4 hr of reflux with acetic 
anhydride brought about the condensation with p-bis(P-chloroethy1)aniino- 
benzaldehyde to give the styrene 
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(c) WITH AROMATIC NITROSO COMPOUNDS. A number of w o r k e r ~ ~ ~ j ,  3 9 8 , 6 2 4 *  

526 investigated the reaction of 9-methylacridine with a series of 4-nitroso- 
(mono- and di-)alkylanilines and concluded that the products were anils 
because on hydrolysis all gave acridine-9-aldehyde in good yield. This was 
supported by the observation that the product of the reaction of acridine-9- 
aldehyde and 4-aminodimethylaniline had, after much purification, the same 
melting point as the anil. However, the analytical data and general properties 
of the alleged anils indicated that all were mixtures. A number of subsequent 
investigations have attempted to  clarify this matter. 

The product from 9-methylacridine and 4-nitrosodimethylaniline in the 
presence of piperidine at 115", or boiling ethanol, proved to  be a molecular 
complex of the nitrone, 114, and the anil, 115, in 3:  1 ratio.38 

114 I15 

2-Methoxy-9-methylacridine with 2 moles of the nitroso compound gave 82 
of the corresponding n i t r ~ n e . ~ ~  This is in agreement with the earlier observa- 
t iodZ4 that different products were obtained if one, or two, equivalents of 
p-nitroso-N,N-diethylaniline were condensed with the acridine. The con- 
stitution of the nitrone was confirmed by its reduction with sulfur 
to the anil. (This is similar to amine oxide reductions.) 

At the same time, other investigators condensed nitrosobenzene and its 
4-dimethylamino, 4-diethylamino, and 4-ethylamino derivatives with 9- 
methylacridine in ethanol in the presence of sodium carbonate.526 The benzene 
soluble fraction of the 4-nitrosodimethylaniline condensate was identical with 
the violet anil, 115, mp 248", synthesized from acridine-9-aldehyde and 4- 
aminodimethylaniline, and gave a quantitative yield of the aldehyde with 
cold 10% aqueous hydrochloric acid. A benzene insoluble fraction crystallized 
from chlorobenzene to give the carmine nitrone, 114, mp 243", which was 
hydrolyzed quantitatively to acridine-9-aldehyde with boiling dilute hydro- 
chloric acid. With molar equivalent quantities of reactants, the proportions of 
the anil to the nitrone product varied with the individual nitroso compounds. 
With nitrosobenzene,jZ6 as with 4-methylnitrosobenzene,j27 the nitrone was 
the principal product. In each case it could also be synthesized from acridine- 
9-aldehyde and the appropriate N-phenylhydroxylamine for comparison pur- 
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poses. The nitrone, 116, was isomerized by sunlight to the amide, 117, 
obtainable by an independent synthesis from acridine 9-carboxylic acid 
treated with thionyl chloride, and then with aniline. 

0 

CONHPh 
t 

CHO ( 'H=NPh 

116 1 I 7  

More recently, Tsuge and his colleagues1j6, 15', 528a ,b  have reinvestigated a 
number of the condensations and added some new ones. The results from the 
use of different amount of mineral acid have been compared with those in 
which a carbonate was the catalyst. A variety of 4-substituted nitrosobenzenes 
has been condensed with methylacridines and halo-9-methylacridines, as well 
as 9-ethylacridine. Their results show that the ratio of anil to nitrone product 
formed appears to be related not only to  the structures and proportions of 
reactants, but also to the condensation catalyst and the oxidizing ability of 
p-nitrosodimethylaniline (formed in some of the reactions). With 9-ethyl- 
acridine, there is evidence for products of structures 118, 119, and 120, 
separable with 

H-C=O 

118 I19 

120 
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The Russian workers reported the formation of anil 121 from 9-methyl- 
acridine as shown here.j2*~ j Z 3  Both groups describe hydrolysis to 9-acridine- 
carboxaldehyde as part of the evidence for the anil structure. 

CH=N N(CH,CH,CI), 

9-Methyl- + 

acridine 

121 
N(CH,CH,CI), 

However, the discrepancy between the melting points for the supposedly 
identical anils in the two reports suggests a contjnuing difficulty, associated 
with the isolation and identification of products from such condensations. 

(d) WITH DIAZO COMPOUNDS. 9-Methylacridine reacted with many techni- 
cally used diazo compounds to give the corresponding azo compounds, 122, 
which were identical with the appropriate hydrazones prepared from acridine- 
9 -a ldeh~de . j~~  

122 

9,lO-Dimethylacridinium methosulfate behaved similarly.jo6 Sodium hydro- 
sulfite converted 122 into 9-aminomethylacridine, 126; (see also p. 128). 
Comparative studies have shown 9-methylacridine to be more readily reactive 
in these diazo coupling processes than its 10-0xide.j~~ Kinetic measurements 
over a range of pH values,.for the coupling of 9-methylacridine with p -  
nitrobenzenediazonium chloride have shown that the base enters the reaction 
as a salt, ionizing to form the zwitterion, 123, which reacts with the diazo 
cation .531 

cH,--N =N-(=J-Noz 

Qp.Jy2+o2Q& v + tautomer 

+ N  
H 

123 
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(e) WITH ORGANOMETALLIC AND OTHER REAGENTS. 9-Methylacridine is 
reported, by successive reaction with phenyl lithium and phenylmethylcyan- 
amide to  give 9-acridylacetonitrile in 70y0 yield.532 Isomeric adducts, 124 and 
125, are formed when 9-methylacridine reacts with d i m e t h ~ l k e t e n e . ~ ~ ~  

\ / 

I 

J=0 
II 

I24 I 2 5  

9-Methylacridine undergoes the King reaction634 with pyridine and iodine, 
forming 1 -(9-acridylmethyl)pyridinium iodide. Radical rnonobromination of 
9-methylacridine with N-bromosuccinimide converts it into 9-bromomethyl- 
acridine,jol much used in the synthesis of compounds required in studies of 
tumor it1hibiti0n.j~~ The base-catalyzed reaction of 9-methylacridine with 
dicarboxylic acid anhydrides536 is 

9- Methylacridine 

+ 
Phthalic anhydride 

E i 3 N  

A c 2 0  

100", 4 hr 
> 

0 
NaOMe 
MeOH 
A 
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( 2 )  .4 rylacridines 

a9 

Comparatively little is known about the chemical properties of 9-phenyl- 
acridine, which is most conveniently prepared by Bernthsen's reaction (Section 
2.B). It is a crystalline solid, mp 184". It is stable to distillation, but, if this is 
carried out in the presence of zinc, decomposition to acridine, benzene, and 
tar is reported to take place.219 9-Phenylacridine was unaffected by alkaline 
permanganate, but with sulfuric acid oxidation gave 4-phenylquinoline-3- 
carboxylic acid and 4-phenylquinoline-2,3-dicarboxylic acid.117 The bromina- 
tion of 9-phenylacridine was examined ; it appeared that both substitution 
and addition of bromine may have taken place.147, 416 These results were 
inconclusive and provided no evidence regarding the position of the entering 
bromine atoms. Further experiments, however, have shown that bromine 
reacted with 9-phenylacridine in carbon tetrachloride to give lO-bromo-9- 
phenylacridinium bromide.48 Di- and tri-nitro derivatives of 9-phenylacridine 
and a disulfonic acid have been prepared by direct s u b ~ t i t u t i o n , ~ ~ ~  and the 
nitration of the 10-methylacridinium perchlorate gave a mononitro deriva- 
tive.j3' There appears to  be no direct evidence in support of the notions of 
3,6-disubstitution in chlorination and nitration, and of sulfonation in the 
benzene ring. In this connection, it is of interest to be reminded that nitration 
of 9-benzylacridine gave 9-(4-nitrobenzyl)acridine, proved by its oxidation to  
4-nitrobenzaldehyde by chromic acid.142 

The phenyl group in 9-phenylacridine can only be weakly conjugated with 
the acridine system because of the proximity of the neighboring hydrogen 
atoms in the two-ring systems. It is possible that rotation about the single 
bond joining the rings is restricted, and that the rings are most of the time at  
about 90" to each other. There is, however, little evidence on this point. 

G. Acridine Aldehydes and Ketones 

The comparatively few known compounds of this type all have the alde- 
hyde or ketone group attached to  position 9 of the acridine ring. They are 
yellow compounds which give blue-violet fluorescent solutions, form salts 
with acids and have typical aldehyde and ketone reactions. 

(1) Aldehydes 

9-Acridinecarboxaldehyde may be prepared in a number of ways, but the 
most convenient is from 9-methylacridine and 4-nitrosodimethylaniline, 
followed by hydrolysis of the resulting nitrone (Section 5.F). It has been 
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prepared in the lithium aluminum hydride reduction of ethyl 9-acridine- 
c a ~ b o x y l a t e . ~ ~ ~  When 9-hydroxymethylacridan is shaken in benzene over- 
night with manganese dioxide, golden yellow needles of the aldehyde may be 
recrystallized from aqueous methanol. Although it is only sparingly soluble 
in water, the yellow aqueous solution exhibits a blue fluorescence. It forms 
an o ~ i r n e , ~ ~ ~  a series of substituted phenyIhydrazone~,~g7 jZg a number of 
a n i l ~ , ~ ~ ~  b 3 8  (see also Section 5.F), and Schiff bases with aliphatic a m i n e ~ . ~ ~ ~  
Several of the phenylhydrazones have been reduced to 9-aminomethylacridine 
(126), c4aracterized as its benzoyl derivative.jZ9 The aldehyde also reacted 
with nitromethane in the presence of sodium methoxide to give 127, which like 
the Schiff bases could not be reduced to the corresponding a m i t ~ e . ~ ~ ;  The con- 
densation product of hippuric and 9-acridinecarboxaldehyde was by a 
sequence of steps converted into p-(9-acridinyl)alanine. A normal base- 
catalyzed reaction took place between 9-acridinecarboxaldehyde and aceto- 
p h e n ~ n e , ~ ~ ~  as well as with some heterocyclic compounds containing activated 
methyl groups,54o giving the corresponding styrenes, 128 (R = COPh, etc.). 

YHOHCH - -  ,NO, C H = C H R  

126 I 2 7  I28 

9-Vinyla~ridine;~~ and a number of 1-(9-acridinyl)-2-alkyIethylenes (cis and 
vans )  and trans 9-s tyry la~r id ine~~~ have been prepared under modified 
Wittig conditions. 

9-Acridinecarboxaldehyde reacted with methyl, ethyl, and n-propyl 
magnesium halides to give the corresponding carbinols, which by successive 
treatment with hydrobromic acid (60y0) at 150-170" and secondary amines 
were converted into the corresponding aminoa~r id ines .~~~  2-Methoxy-9- 
acridinecarboxaldehyde also reacted normally with Grignard reagents.38 
9-Acridinecarboxaldehyde did not give a positive reaction with Schiff's 
reagent but was oxidized by hot ammoniacal silver nitrate to the correspond- 
ing Oxidation also took place slowly in air and more rapidly in 
aqueous acid. The aldehyde was reduced to  9-methylacridine by zinc and 
formic acid,395 as previously mentioned. 

(2) Kefones 

9-Acridinyl methyl ketone (129) has been prepared by the oxidation of 
1-(9-acridinyl)ethanol with chromic acid.395 The ketone behaves norqally 
with amyl nitrite and sodium ethoxide, giving 130. 
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129 130 

The bromoethyl and chloromethyl 9-acridinyl ketones have been prepared 
from acridine-9-carboxyl chloride by a reaction with diazomethane, followed 
by treatment of the 9-acridinyl diazomethyl ketone with hydrobromic and 
hydrochloric This appears to be the only 9-acridinyl alkyl ketone 
that has been studied. 

Large numbers of ketones in  which the carbonyl function is one carbon 
removed from the acridine ring are known. 9-Acridinylacetone has been 
made by the alkylation of sodium ethyl acetoacetate with 9-chloroacridine 
with subsequent hydrolysis and decarbo~yla t ion .~~~ Sheppard and L e ~ i n e j ~ ~  
have prepared ketones in this series by acylation of the lithium salt of 9- 
methylacridine with esters. In a more generally useful process, sodium salts 
of active methylene compounds with acridine form acridans that may be 
readily oxidized to the desired acridinylmethyl ketones as follows: 

CH,COR CH,COR 

Acridine + (RCOCH2)-Na+ -+- mE2fyJ-J 

H 

This same synthetic approach has been used by Hayashi and Nakura.jo" The 
reaction products included compounds such as 131, mp 186". 

131 

The methods just mentioned have also been applied to the synthesis of 
aryl acridinylmethyl ketones.jofl, 543 Information on 9-acridinyl phenyl 
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ketones is limited. The preceding section included the statement that 9-benzyl- 
acridine and 9-(4-nitrobenzyl)acridine had been oxidized to the corresponding 
acridinyl phenyl ketones. 9-Acridinyl phenyl ketone has also been prepared 
from 9-cyanoacridine and phenyl lithium.39 Benzaldehyde and its 2-chloro 
and 4-nitro derivatives have been heated (160") under nitrogen for 5 hr with 
9-acridinecarboxylic acid to bring about its decarboxylation with the forma- 
tion, in  fair yield, of the corresponding phenyl ketones.544 

COOH 
I 
c=o 

H. Cyanoacridines 

9-Cyanoacridine, a bright yellow solid, mp 181", is most conveniently 
obtained from 9-chloroacridine with potassium or sodium cyanide in meth- 
ano1407' 545 at 120", or in the presence of cuprous cyanide at atmospheric 
pressure.415 Some 9-methoxyacridine may be formed at the same time.545 
9-Methoxyacridine hydrate, but not 9-methoxyacridine, is reported to give 
9-cyanoacridine with hydrogen cyanide.411 When 3,9-dichloroacridine in 
anhydrous methanol under nitrogen atmosphere was treated with sodium 
cyanide and heated for 4.5 hr in a steel reactor, 3-chloro-9-cyanoacridine was 
0btai11ed.j~~ 

Acridine reacted with potassium cyanide in ethanol to form 9-cyanoacridan, 
which was oxidized by air to 9-cyanoa~ridine.~~ A variation is to treat acridine 
with anhydrous hydrogen cyanide and benzoyl chloride, or with aqueous 
potassium cyanide, followed by benzoyl chloride.647 There is some evidence 
for the formation of benzaldehyde in the latter reaction, which suggests 
that 10-benzoyl-9-cyanoacridan may be an intermediate compound. 

2-Cyanoa~ridine,~~ obtained from 9-chloro-2-cyanoacridine by the p -  
toluenesulfonhydrazide method (Section 2.A) is the only known cyanoacri- 
dine without substituents at position 9;  this method of synthesis should be 
applicable to its isomers. The new dehalogenation method of Albert for 
9-chloro-2-cyanoacridine has been applied,jO as noted earlier. Here the treat- 
ment of the 2-cyano-9-hydrazinoacridine with oxygen in the presence of a 
platinum catalyst and sodium hydroxide furnished a 35g", yield of 2-cyano- 
acridine. 
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9-Cyanoacridine has been hydrolyzed to the acid, and hydrogenated to  
9 -cyanoa~r idan .~~~  It reacts with aryl metals; with ammonium hydrogen 
sulfide it gives the corresponding thioamideI2; with N,N-di-n-butylamino- 
magnesium bromide, the N,N-dibutylamidine is formed in excellent yield.548 
9-Amino-6-cyanoacridine and its 2-methoxy derivative with hydroxylamine 
in boiling aqueous alcoholic pyridine gave the 6-aminoisonitrosomethylacrid- 
i n e ~ . ~ ~ ~ ,  550 9-Cyanoacridine with nitric and sulfuric acids was converted to  
9-cyano-4-nitroacridine, the constitution of which was proved by hydrolysis 
and decarboxylation to the known 4 -n i t roa~r id ine .~~~  

I. Acridine Carboxylic Acids 

The acridinecarboxylic acids, few of which are known, are all pale yellow, 
high melting solids that form salts with acids and bases. The free acids exist 
partly as zwitterions and are very sparingly soluble in most solvents. The 
solutions are fluorescent. Most of the acids are decarboxylated to  the cor- 
responding acridines on heating above their melting pointss6$ n ,  3 9 7  or in 
nitr~benzene.~lj  Attempts to  decarboxylate 3,6-diamino-1,8-acridinedi- 
carboxylic acid failed.160 

4-Acridinecarboxylic acid (132), prepared by reduction of the 9-acridanone 
(Table I), is much lower melting (mp 189') and generally more soluble than 
2-acridinecarboxylic acid, mp 270" (dec) (Tables I and IX), or 9-acridine- 
carboxylic acid, mp 290" (dec). These differences in properties are undoubtedly 
a result of intramolecular interaction, as shown in 132, which precludes the 
intermolecular association which takes place with the isomers. 

132 

9-Phenyl-2-acridinecarboxylic acid has been by the oxidation 
of 2-methyl-9-phenylacridine with chromic and sulfuric acids. The direct oxi- 
dation of other alkylacridines has not yet been carried out, but the chromic 
sulfuric acid oxidation of the nitrone, 114, obtained from 9-methylacridine 
and 4-nitrosodimethylaniline, or of 2-(9-acridinyl)ethanol(lO9) gave excellent 
yields of 9-acridinecarboxylic acid. However, this acid is more conveniently 
obtained by the sulfuric acid (100') hydrolysis of 9-cyanoacridine to  the amide, 
followed by treatment with nitrous acid.'* Saggiomo and Weinstock used 
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90% sulfuric acid for the hydrolysis of 3-chloro-9-cyanoacridine to 3-chloro- 
9-acridinecarboxylic The 9-carboxylic acid has also been made from 
N-phenylisatin (Section 2.E). Very recently, there has appeared a patented 
preparation for some methyl and chlorine substituted 4,9-acridinedicarboxylic 
acids, which begins with the appropriately substituted isatin salt and potas- 
sium o - c h l ~ r ~ b e n ~ ~ a t e . ~ ~ ~  Methyl substituted 2- ,  and 4-acridinecarboxylic 
acids have been prepared by the usual cyclization and acridanone reduction 
methods. 86 One new synthesis of 9-phenyl-2-acridinecarboxylic acid began 
with benzilic acid p-carboxanilide ethyl ester .jj2 

9-Acridinecarboxylic acid was not esterified by ethanol in the presence of 
sulfuric or hydrochloric acids,1g6 as might have been expected from its struc- 
tural resemblance to 2,6-dimethylbenzoic acid. However, esters were easily 
made by converting the acid to the acid chloride hydrochloride with thionyl 
chloride, followed by treatment with the appropriate a l c o h 0 1 . ~ ~ ~ ~  553 The amide 
is readily obtained in the reaction of the same acid chloride hydrochloride 
with ammonia.502 The acid chloride also reacted with diazomethane to  give 
the diazoketone. Certain 9-carboxylic acids [Section 5.G(2)] have been de- 
carboxylated in the presence of benzaldehydes with the production of 9- 
benzoyla~ridines .~~~ 
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The stimulus for many investigations of the aminoacridines has come 
primarily from a recognition of their important biological activity. The valu- 
able antibacterial properties of 3,6-diaminoacridine (proflavine) were dis- 
covered by Browning in 1913, and the antimalarial properties of some substi- 
tuted 9-aminoacridines (including atebrin) were described by Mauss and 
Mietzsch in 1930. More recently, the carcinostatic activity of several 9- 
aminoacridines has attracted a good deal of attention. The aminoacridines 
also display a great variety in their physical and chemical behavior. The 
properties of the 9-aminoacridines, in particular, differ considerably from 
those of the isomers; for this reason, the two groups are considered separately. 

The synthesis of an aminoacridine most often involves the cyclization of an 
appropriately substituted diphenylamine-2-carboxylic acid, prepared by the 
Ullmann reaction, to  the corresponding 9-acridanone or 9-chloroacridine. 
These may be reduced to the acridine in a variety of ways, or the 9-chloro- 
acridine may be converted to a 9-aminoacridine. 
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1. Basic Strengths and Solution Properties 

The base strengths of large numbers of aminoacridines have been deter- 
mined,l-6 usually in connection with studies of biological activity. Most 
determinations have been by potentiometric titration, but other techniques 
used include absorptiometry, solubility, and partitions (with ether) on buffer 
solutions containing the acridine. These results have been very successfully 
correlated with antibacterial activity. 

The first pK, values in water at 20" of the five monoaminoacridines are 
shown in Table I, that of acridine under the same conditions* is 5.6. Second 
pK, values for 1-, 2-, 3-, 4-, and 9-aminoacridine are 0.6, 1.1, approximately 
- 1.4,0.5,and less than -2, respectively.2' 'The base strengths of many amino- 
acridines with low solubility in water have been measured in 50% ethanol. 
Often, the pK, values in this solvent are of the order of 0.5 units lower than in 
water; however, in some cases, unusually large differences can arise, so that 
caution must be exercised in comparing basicities measured in the two sol- 
vents. For example, the pK, of 4,5-dimethylacridine is 1.68 units greater in 
water than in 50y0 ethanol, a difference attributed to differential solvation of 
the neutral species and the cationU2 The effect of temperature on pK% values 
has also been studied.8 

9-Aminoacridine is by far the most basic monoaminoacridine, pK, 9.99. 
This is because it can form a very stable resonant ion (l), such as formed from 
guanidines and amidine~.~  Spectroscopic evidence shows that in most cases 
the first proton does, indeed, attack the ring nitrogen atom. The addition of a 
second proton to the 9-aminoacridinium ion takes place only in strong acids, 
giving the nonresonant dication (2). 

+NH, + NH, 

QJyJ-&J H H Q)y$ H 

1 2 

Further evidence for the existence of (1) comes from a study of the first and 
second dissociation constants of a series of 9-diethylaminoalkylaminoacridines 
(3, where n is 2-8). 

3 
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For aliphatic diamines a plot of ApK against the distance between the nitrogen 
atoms agrees closely with the curve calculated from the mutual interaction of 
the two ionic centers. In the case of the acridines (3), the calculated distance 
between the ionic centers was found to be intermediate between the distance 
from the diethylamino group to the 9-amino nitrogen and that from the 
diethylamino group to  the ring nitrogen atom. 

A similar type of resonance is possible for both 1-aminoacridine and 3- 
aminoacridine, pK,'s 6.04 and 2.04, respectively, but only the latter is ap- 
preciably more basic than acridine. This is because of a contribution to the 
stability of the monocation from apara-quinonoid structure (4) in the case of 
3-aminoacridine but little contribution from the less stable orrho-quinonoid 
structure (5) i n  the case of the 1-isomer. 

4 5 

2-Aminoacridine and 4-aminoacridine cannot exhibit such stabilization of the 
ion and in consequence are weaker bases, pK,'s 5.88 and 4.40, respectively. 
The fact that the latter is even less basic than acridine is attributed' to hydro- 
gen bonding (6) ,  a hypothesis supported by the ir spectrum.'O 

H-N-H 

6 

The introduction of substituent groups into an aminoacridine usually 
affects the basicity in a predictable fashion, electron-withdrawing groups 
tending to diminish, and electron donors increasing, the basic strength. 
However, Albert has drawn attention to the fact that a methoxyl group a t  
position 2 does not exhibit the base-strengthening mesomeric effect expected, 
but rather the base-weakening inductive effect  predominate^.^ Steric hindrance 
to  the approach of a proton toward the heterocyclic nitrogen atom by groups 
at  positions 4 and 5 reduces the basic strength. For example, 4,5-dimethyl- 
acridine has a pK, of 4.56 (in water) compared with acridine, pK, 5.6. How- 
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ever, the introduction of a single methyl group at position 4 slightly increases 
the base strength to pK, 5.65. Steric hindrance to coplanarity of the amino 
group at position 9 also reduces basicity, and 9-dimethylaminoacridine is a 
weaker base than the parent amine and its monomethyl derivative,2,7 reso- 
nance such as in 1 being possible only to a much more limited extent. An 
additional amino group at positions 1 or 2 causes a small increase in basicity, 
but at positions 3 or 9 it increases the base strength considerably because of 
the additional resonant structures possible. The introduction of a second 
amino group at position 4 results in  a small diminution in basicity, and 43-  
diaminoacridine has a pK, of only 4.12. Spectral evidence indicates that in 
this case the proton has attacked an exocyclic nitrogen atom.? 

A number of workers have investigated the correlation of the basicity of 
the aminoacridines with calculated parameters, such as the charge on the 
nuclear nitrogen atom, the charge on the carbon adjacent to the nuclear 
nitrogen in the corresponding carbanion, and the first ionization poten- 
tial.11J2 l3  Major contributions to  the energy of protonation (AE)  from the 
P electron energy change accompanying protonation ( A E )  and from solva- 
tion energy changes have also been computed, and used with some 
success to predict base strengths of the aminoacridines.14J5 For details of the 
calculations, the reader is referred to the original literature. 

The RF values for the monoaminoacridines and for some other amino 
derivatives on paper using ammonium chloride solution or butanol/acetic 
acid mixtures as the solvent have been tabulated.16 Other workers have also 
studied the chromatographic properties of a variety of aminoacridines on 
~aper'~-?O or using thin-layer  technique^.^^-^^ The differences between ob- 
served RF values on wet, buffered paper and those calculated from partition 
data have been used to calculate adsorption potentials for a number of 
aminoacridine~.~~ The partition of aminoacridines between olive oilz5 and 
water at pH 7, between castor oi126a'b and water at pH 7.3, and between ben- 
zeneZ4 and various buffer solutions has been examined. On the whole, the 
aminoacridines have little effect on the surface tension of water, compared 
with aliphatic amines of similar molecular weight. Of the simple monoamino- 
acridines, 4-aminoacridine has the largest effect, being the only one to de- 
press the surface tension more efficiently than acridine itself. The effect 
decreases as the pH diminishes and the acridines are converted to their 
Both the aminoacridines and their salts associate in solution; there is con- 
siderable evidence, from the conductivity of aqueous 9-aminoacridine 
hydrochloride and also from deviations from Beer's law for solutions of 
monoaminoacridines, that micelles are formed.*? The association phenomena 
have been examined spectroscopically in various solvents by LevshinzBI 29 and 
others.30a The adsorption of 9-aminoacridine on charcoal3I and on albumin32 
has been investigated. 
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2. 1-, 2-, 3-, and 4-Aminoacridines 

The general properties and best methods of preparation are listed in 
Table I. In most cases, the preparation involves the reduction of an amino- 
9-acridanone or a nitro-9-acridanone, followed by reoxidation of the inter- 
mediate aminoacridan. The amines are all very soluble in ethanol and 
pyridine, but only 4-aminoacridine dissolves in light petroleum, probably 
because intramolecular hydrogen bonding is important in this case. 

In general, the amino groups in these four aminoacridines behave in the 
normal aromatic fashion. Spectral studies confirm the presence of the amino 
stru~ture,4~a,b,c but reveal that where a group with sufficiently strong electron- 
attracting properties is attached to the 3-amino group (as ii, 3-benzene- 
sulfonamidoacridine), the tautomeric imino form (7) becomes important.44 
Methyl iodide attacks the primary amino groups in preference to  the ring- 
nitrogen giving mixtures that are difficult to separate,45 but 4-aminoacridine 
was converted to 4- (2-diethylaminoethy1amino)acridine by 2-diethylamino- 
ethyl All give monoacetyl derivatives with acetic anhydride at  
100" ; these derivatives, with the exception of 4-acetamidoacridine, reacted 
with methyl p-toluenesulfonate at  180" to give the 10-methylacridinium 

Treatment of 4-p-toluenesulfonamidoacridan with methyl sulfate and 
alkali, followed by hydrolysis, gave 4-methylaminoacridine, oxidation having 
taken p l a~e .~6  

All the aminoacridines with aromatic aldehydes gave anils, the 1- and 2- 
isomers quantitatively but the 3- and 4-isomers in poorer yield.45 Hydrolysis 
with concentrated hydrochloric acid at 180" gave the corresponding hydroxy- 
a ~ r i d i n e s , ~ ~  but alkali had little effect. Catalytic reduction over Raney nickel 
resulted in the formation of amin~ac r idans ,~~  and in each case the first reduc- 
tion stage in controlled potential coulometric reduction was shown to involve 
one electron only.47 On boiling the aminoacridines with aniline in the 
presence of one equivalent of hydrochloric acid, the corresponding anilino- 
acridines were obtained.45 Little work has been done on the nitration of 
aminoacridines, but nitration of 2-acetamidoacridine gave a red inhomo- 
geneous material, and nitration of I-acetarnidoacridine gave an orange 
crystalline solid that was not investigated further.4s The 1-, 2-, and 3-amino- 
acridines diazotized normally and coupled with phenols. The 4-isomer, 

N=N 

7 8 
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however, gave a buff precipitate, a reaction reminiscent of that of 8-amino- 
quin01ine~~ with nitrous acid and suggested*~ to be caused by the formation 
of 8. Successful replacement of amino groups by way of the diazonium salts 
is rather rare, and attempts to produce 3-hydroxy compounds from deriva- 
tives of 3-aminoacridine failed.50 However, replacement by the arsonic acid 
group,38 bromine36 and hydrogenjO have been reported, although in low 
yield. The repetition3* of early work, which claimed the formation of 3- 
aminoacridine by partial diazotization of 3,6-diaminoacridine followed by 
reduction with ethanol,;' was not successful ; but 3-aminoacridine was formed 
from 3,6-diaminoacridine by monoacetylation, followed by diazotization, 
reduction with hypophosphorous acid, and hydrolysis.j2 3-Aminoacridine 
did not react with carbon disulfide alone; in the presence of a large excess of 
triethylamine, the triethylammonium salt of 3-acridylthiocarbamate was 

Isothiocyanatoacridines were obtained from 1 -, 2-, and 3-amino- 
acridines and thiophosgene, but the 4-isomer failed to react.37 2-Amino- 
acridine reacted normally with cyanamide, forming 2-g~anidinoacridine.~~ 

The resonance energies for the aminoacridines have been calculated, to- 
gether with the energies of the highest occupied and lowest free molecular 
orbitals and the electronic charge distributi0n.j; 

3. 9-Aminoacridines 

A. Preparation 

The first preparations of 9-aminoacridines were from 9-chloro-, 9-ethoxy- 
or 9-phenoxy-acridines by heating with amines, or suitable derivatives, at  
about 140' in the presence of copper salts.56 Yields were usually quite good 
and replacement of the ammonia with urea or ammonium carbonate avoided 
the use of pressure vessels. 

Although phenol had been used as a solvent for the reaction of 9-chloro- 
acridine with a number of amine~ ,~ '  its importance in facilitating the reaction 
was not generally recognized until the work of Magidson and Grigorovskii.j8 
Reaction in phenol can usually be carried out at 100-120", the phenoxy- 
aaridinium ion (11; X = OPh) almost certainly being an intermediate. Sub- 
sequently, other w0rkers~~-6~ used the method ; Drozdov and Cherntzov re- 
ported a 94y0 yield of 9-aminoacridine from 9-chloroacridine and ammonium 
chloride in phenol,G3 although it has been noted that yields are variable 
because of the poor solubility of ammonium chloride. 9,9-Diphenoxyacridan 
was isolated from one such reaction.61 

Best results are usually obtained when the 9-chloroacridine is condensed 
with a free (see also earlier papers) or a 9-phenoxyacridine with 
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the amine hydro~h lo r ide~~  in phenol at 100-120". The product may be 
isolated as the hydrochloride on diluting the reaction mixture with ether or 
acetone, or as the free base by the action of aqueous alkali. 9-Aminoacridine 
itself is most conveniently prepared from 9-chloroacridine and ammonium 
carbonate in  phenol and may be isolated as the free base68 or the hydro- 
chloride42 with equal ease. Although the reaction is acid-catalyzed, the 
presence of an excess is harmful. The more reactive 9-chloroacridine~~~ give 
better yields at temperatures in  the region of 60". A very large number of 
substituted 9-aminoacridines were prepared in this way for testing as anti- 
malarials during World War II'O; more recently, many more have been 
synthesized as potential carcinostatic drugs (see Ref. 71 and earlier papers) 
as well as for testing for other useful biological proper tie^,'^-^^ by the same 
route. 

Following the recognition of the acid catalysis of the above condensations, 
it was found that 6,9-dichloro-2-methoxyacridine reacted with aromatic 
amines or m~rphol ine, '~  but not with ethylamine, in aqueous acid to  yield 
the 9-aminoacridines. The rate of formation of the aminoacridine was 
increased by increasing the acid concentration, but so also was the rate of 
hydrolysis of the chloroacridine to the 9-acridanone. The reaction was sug- 
gested to  proceed by initial protonation of the ring nitrogen, facilitating 
nucleophilic attack"; this can be a useful method when it is necessary to  
avoid the use of It has also been used successfully in the preparation 
of 9-phenoxyaminoacridines from aminophenols, the aminophenol often 
being liberated in situ by hydrolysis of an N-acetylarninophen01.~9~.b 

Other solvents have also been used for the reaction of 9-chloroacridines 
with amines. 6,9-Dichloro-2-methoxyacridine does not appear to  react with 
2-aminobenzyldiethylamine in phenol, but does so in boiling toluene.8" The 
reverse is usually found to be more true for primary amines81 Atebrin, for 
example, is formed from this chloroacridine and the appropriate diamine 
in 92Yc yield in phenol, but in less than 25Yc yield in toluene.80 Methyl- 
cellosolve at reflux temperature has also been used as a solvent with some 
success.82 An interesting case of a change of solvent bringing about the 
formation of a different product occurs in the reaction of 9-chloroacridine 
with aminophenols. In aqueous acids7g or in phenol,83 the products are 
phenoxyaminoacridines (9), whereas in refluxing methanol the aminophenoxy- 
acridine (10) is formed.84 

NHC,H40H l y 6 H 4 N H 2  

9 10 
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A kinetic study has been made of the reaction between 9-chloroacridine and 
piperidine in toluene, and the energy and entropy of activation calculated 
from the second-order rate constants.85 

9-Acridanthione and its S-esters or ethers react with primary or secondary 
aniines in hot phenol to give the corresponding 9-arninoacridine~.*~~*~ The 
addition of inorganic compounds, such as lead acetate, copper acetate, and 
silver nitrate, to the reaction mixture has been found to be beneficial by some 
workers.** The same reactions carried out in  butanol gave inferior yields, 
but the addition of acetic acid improved the yield by a factor of 15.8g These 
methods have been little used, since the thiones are usually obtained from 
9-chloroacridines. However, since acridines fused with sulfur can give good 
yields of the 9-thi0nes,~O the method does afford a means of introducing.an 
amino group into a previously unoccupied 9 - p o ~ i t i o n . ~ ~  

9-Alkoxyacridines (prepared from 9-chloroacridine and sodium alkoxides) 
also react readily with primary amines in alcohol under acid catalysis,g2 
9-aminoacridine being formed in 877, yield from 9-methoxyacridine and 
ammonium chloridesg3 The latter reaction in aqueous ethanol at 50" is prob- 
ably second order ( K  = ca. 0.185), the rate of reaction with methylamine 
hydrochloride under the same conditions ( K  = ca. 1.6) was too fast to be 
measured.93 The same authors showed that when 6-chloro-2-methoxy-9-( - )- 
(1 -methylheptyloxy)acridine reacted with benzylamine, the eliminated alcohol 
retained its optical activity.g3 

The exchange of amino groups can occur in a reversible reaction. 6-Chloro- 
9-(4-diethylamino- 1 -methylbutylamino)-2-methoxyacridine, for example, may 
be prepared from the 9-aminoacridine with 4-amino-1-diethylaminopentane 
at 170". The addition of acetic acid shortens the reaction time and increases 
the yield nearly fivefold.94 Similarly, 9-aminoacridine with boiling aniline in 
the presence of one equivalent of hydrochloric acid gives 9-anilinoacridine4j ; 
primary aliphatic amines are reported to condense with 9-acetamido- and 
9-benzamido-acridine with a loss of acetamide or ben~amide.~; 

All the above acid-catalyzed reactions probably occur by the following 
route : 
A compound, rather similar in structure to 12, 9,9-diphenoxyacridan, has 
been isolated as an intermediate in one such reaction61; also, acridans, such 
as 9-amino-lO-methyl-9-phenylacridan, are well known. The use of pyridine 
as a leaving group in a similar reaction, starting from 1-(9-acridyl)pyridinium 
chloride, has also been describedeg6 

Amides derived from diphenylamine-2-carboxylic acid chlorides and amines 
cyclize under the influence of phosphoryl chloride to  give very good yields 
of 9-aminoacridine~~~ 97-gg. This method has been particularly favored by 
Indian workers for the preparation of dihalogenated 9-aminoacridines when 
other methods have sometimes given poor yields. (See Ref. 100 and earlier 
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papers.) However, attempts to  prepare 9-tert-butylaminoacridine by the 
cyclization of N-(diphenylamine-2-carbonyl)tert-butylamide failed because 
the amide was stable toward all the cyclization reagents tried.Iol 9-Phenoxy- 
acridine with tert-butylammonium chloride in phenol, and also 9-chloro- 
acridine, tert-butylamine, and phenol in a sealed tube, merely gave 9-amino- 
acridine, the tertiary butyl group having been lost. 9-sec-Butylaminoacridines 
are readily obtained under similar conditions, so that the difference in be- 
havior must be ascribed to  the extra steric strain and the extra stability 
associated with the leaving tert-butyl cation.Io1 A similar difficulty in accom- 
modating a tert-butyl group at position 9 is shown by the dealkylation of 
9-tert-butyl-3,6-bis-dimethylaminoacridan on attempted oxidation to  the 
acridine.Io2 

Methods of less preparative value include the acid reduction of 1-(9- 
acridyl)-2-phenylhydrazines, 9-acridylhydrazines, or 1,2-di-(9-acridyl)hy- 
d r a z i t ~ e s , l ~ ~ - ' ~ ~  the decomposition of 9-a~idoacridines~~~ and the Hofmann 
degradation of the amide.Io7 

9-Phenylaminoacridine may be prepared by the action of isocyanatobenzene 
on acridine 10-oxide in dimethylformamide, carbon dioxide being evolved a t  
room temperature. The reaction presumably involves a 1,5-dipolar cyclo- 
addition, with the possible intermediacy of 13.1°8 

Sodamide attacks acridine in dimethylaniline at 150" with the evolution of 
hydrogen and the formation of the sodium salt of 9-aminoacridine, which 
gives 9-aminoacridine (72%) with ice water.log This sodium salt110 is also 
formed in good yield when the adduct from acridine and sodium hydrazide 
is allowed to lose ammonia at 60". Low yields of 9-aminoacridine were ob- 
tained from acridine and potassium or barium amides in liquid ammonia,lI1 
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while the action of N-bromosuccinimide gave mixtures containing 9-succini- 
minoacridine.Il2 A few 9-aminoacridines have been made from 9-chloro- 
acridines and the silver salt of i m i d a ~ o l e . ~ ~ ~  

Steric hindrance prevents the 9-amino group from being coplanar with the 
acridine ring in 9-dialkylaminoacridines and, in consequence, they are less 
stable (see below). At the same time, reactions giving the 9-dialkylamino- 
acridines tend to be slower than the corresponding reactions leading to 
primary and secondary 9-acridylamines, again as a result of steric factors. 
Thus attempts to prepare 9-dialkylaminoacridines from 9-alkoxyacridines 
and salts of secondary amines resulted in much hydrolysis to the 9-acri- 
danones, a difficulty encountered with reactions in phenol solution.g3 How- 
ever, good yields can be obtained if the reactants are thoroughly dry and long 
reaction times are used.67 9-Dimethylaminoacridine was prepared in 46y0 
yield from 9-phenoxyacridine and dimethylamine hydrochloride in phenol 
at  120" for 9 hr, while the 9-diethylamino analogue was better obtained by 
reacting 9-chloroacridine with diethylamine and phenol in a sealed tube at 
120" for 15 hr.67 9-Dialkylaminoacridines have also been obtained, for ex- 
ample, from 6,9-dichloro-2-methoxyacridine and methylaminoethanol with- 
out a solvent1l4 at 1 lo", from 3-methoxy-9-phenoxyacridine and 2-diethyl- 
aminoethylmethylamine62 at 150-1 80" for 20 hr, and from 6,9-dichloro-2- 
methoxyacridine and 1,2,3,4-tetrahydroquinoline in phenol in the presence 
of potassium carbonate115 at 100". 

Polish workers have prepared 9-(3-dimethylaminopropylamino)-l-nitro- 
acridines labeled with 14C, either on C-9 of the ring116 or on C-1 of the side 
chain,l17 in connection with their studies of the carcinostatic properties of the 
compound. In each case, the preparation was by way of the 9-chloroacridine. 

B. Properties 

The general properties of 9-aminoacridine are given in Table I. This is by 
far the most basic of the monoaminoacridines and its chemical behavior is 
very different from that of its isomers. For the latter reason, and because of 
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difficulties that arose in interpreting some spectroscopic data, the question 
of whether 9-aminoacridine exists as the amino form (14) or as the imino 
tautomer (15) was a controversial one. 

NH 
II 

14 IS 

However, it is now accepted that 9-aminoacridine is an amino compound 
(14) and this conclusion is supported by the ir spectra of the compound and 
its deuterated derivatives118-120ab (Chapter XI, p. 666) by uv spectra"*, lZ1 
(Chapter X, p. 639) by low-temperature absorption spectralz2 and by nmr 
spectralz3 (Chapter XII, p. 696). 

The resonance energy of 9-aminoacridine, together with the energies of the 
highest occupied and lowest free molecular orbitals and the electronic charge 
distribution, have been calculated by Pullman.j5 Heats of combustion for 
9-aminoacridine and its nitrate have been determined,'24 as have the solu- 
bilities of a number of arninoacridines,l2j and X-ray diffraction measurements 
have shown 9-aminoacridine hemihydrate to be orthorhombic with the rare 
space group Fddd.lZ6 The dipole moments of many 9-aminoacridines have 
been measured in benzene and found to be unusually large.127a,h Half-wave 
potentials have also been recorded for the polarographic reduction of some 
arninoacridines,lz8 and the first reduction stage for the parent compound has 
been shown to involve two  electron^.^' 

9-Aminoacridine with acetic anhydride at 105°129 or with the calculated 
quantity of acetic anhydride in  pyridine13" gave a monoacetyl derivative (16), 
while with boiling acetic anhydride a diacetyl compound (17) was formed.lZ9 

YHCOMe N(COMe)2 
I 

NHCOMe 

16 17 

One acetyl group may be removed from the diacetyl compound by boiling 
alcoholic 1.5% hydrochloric acid,13" or 9-acridanone may be obtained with 
boiling 0.5M sulfuric acid. Under the latter conditions the monoacetyl deriva- 
tive is merely hydrolyzed to 9-aminoacridine, implying the direct elimina- 



122 Arninoacridines 

tion of the diacetamido group from 17. That acetylation does indeed occur 
on the exocyclic nitrogen atom was shown by quaternization of the ring 
nitrogen with methyl sulfate followed by hydrolysis,129 when both 16 and 17 
gave the known 9-amino-10-methylacridinium salt. The structure of 9-di- 
acetylaminoacridine has also been confirmed by uv131 and ir44 absorption 
measurements. When a strongly electron-withdrawing group is attached to 
the amino-nitrogen, as in 9-trichloroacetamidoacridine or 9-benzene- 
sulfonamidoacridine, the compound exists as the imino tautomer (18), but 
9-acetamidoacridine prefers the amino form.44 

18 

I-Trifluoromethyl-9-aminoacridine did not form a diacetyl derivative'*$ and 
9-(4-acetamidobenzenesulfonamido)-6-chloro-2-methoxyacridine on crystal- 
lization from ethanoP3* hydrolyzed to 6-chloro-2-methoxy-9-acridanone. 
9-Aminoacridine reacted with chloroacetyl to yield 9-chloro- 
acetamidoacridine, which with diethylamine in boiling toluene gave 9- 
diethylaminoacetamidoacridine. In contrast, 6-chloro-2-methoxy-9-chloro- 
acetamidoacridine was reported to be inert toward boiling diethylamir1e.1~~ 
Attempted acylations of 9-aminoacridine with acid chlorides of complex 
boron-containing acids or of I-substituted acetylene-2-carboxylic acids 
failed.135 

9-Aminoacridine reacts readily with methyl45 or e t h y P  iodide, but unlike 
its isomers it is attacked at the ring nitrogen, giving 9-amino-10-alkylacri- 
dinium iodides. However, propyl iodide, methyl 1 1-iodoundecanoate or 
methyl 6-iodohexanoate with the aminoacridine in boiling toluene gave 9- 
aminoacridinium iodide as the only isolable material.101 The same product 
was formed from 9-aminoacridine and 1,lO-diododecane, together with a 
small yield of a deep purple-red material that was not investigated f ~ r t h e r . 1 ~ ~  
Ethyl chloroformate in nitrobenzene gave 6-chloro-9-ethoxycarbonylamino- 
2-methoxyacridine frcm the 9-aminoacridine by attack on the amino group.138 

9-Aminoa~ridines '~~ do not diazotize normally, but 9-aminoacridine with 
nitrosyl chloride in concentrated sulfuric acid yields a solution that gives an 
intense red color with alkaline 2-naphth01.~~ 

9-Aminoacridine reacted normally with boiling aniline4: in the presence of 
one equivalent of hydrochloric acid to give 9-anilinoacridine, and with carbon 
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disulfide in ethanol to give the dithiocarbamate ester,j3 but it did not yield 
anils with aromatic aldehydes.45 

Oxidation with lead dioxide, silver oxide, potassium ferricyanide, or 
potassium permanganate, converts 9-aminoacridine to 9,9'-azoacridine (19), 
catalytic hydrogenation of which gives 1,2-di-(9-acridyl)hydrazine (20).140 

19 20 

This compound is said to be identical with the higher melting-point product 
from hydrazine and 9-chloroacridine in boiling ethanolldl; although there is a 
considerable difference in the melting points recorded for the two products, 
the uv spectra are identical. The mechanism of the oxidation of 19 to  20 in 
nonaqueous media has been studied electro~hemically.~~~ The mOn0-(9- 
acridy1)hydrazines are useful in that they are oxidized to acridines in moderate 
yields by the action of oxygen at 25" in the presence of platinum and a trace 
of alkali. Thus they afford a route from 9-chloroacridines to acridines when 
alkali-sensitive groups are present141 and the more usual method of heating 
the 9-(B-4-toluenesulfonhydrazino)acridine in molar sodium hydroxide solu- 
tion at 100" is inapplicable.142 

The nitration of 9-methoxycarbonylaminoacridine in sulfuric acid at 0-5 " 
gave a good yield of 9-amino-2,7-dinitroacridine with a small amount of 
9-amin0-2,4,7-trinitroacridine6~; sulfonation gave a 9-aminoacridinedisul- 
fonic acid, which was not identified, although it is presumably the 2,7- 
d e r i ~ a t i v e . ~ ~  Yellow alcoholic solutions of 9-amino-2-nitroacridine45 or its 
7-ethoxy derivativej* turn violet on the addition of alkali. The color is 
thought to  be a result of the resonance stabilized ion 21, since the 3-nitro 
derivative, where such an ion cannot be formed, does not exhibit the color 
change. 

21 
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9-Aminoacridines do not appear to give 9-aminoacridine 10-oxides with 
peroxyacids 144 and these compounds are obtained either by way 
of the 9-chloroacridine 10-oxide7*. 144 145 or from 9-phenoxyacridine 10- 
oxides.146. 1 4 7  

Sufficiently bulky substituents on the 9-amino group can prevent co- 
planarity with the acridine nucleus and hence cause a diminution of stability. 
Thus, in the series 9-aminoacridine, 9-methylaminoacridine, and 9-dimethyl- 
aminoacridine, there is a general decline in stability toward hydrolysis. The 
alkaline hydrolysis to 9-acridanone has been studied kinetically by Kalat~is,'4~ 
and the energies and entropies of activation calculated. The deamination of 
all three is first order with respect to  the amine but zero order with respect to 
the hydroxide ion concentration. The enhanced rate of hydrolysis of 9- 
methylaminoacridine relative to that of 9-aminoacridine is the result of a drop 
in the energy of activation (72.4 kJ mol-I compared with 78.2 kJ mol-I), 
the entropy of activation in fact falling slightly. 9-Dimethylaminoacridine 
however not only has a reduced energy of activation for the hydrolysis 
(69 kJ mol-') but also a much increased entropy of activation (+21.8 JK-I 
mol-I compared with 13.8 JK-' mol-' for 9-aminoacridine). The same in- 
creased ease of hydrolysis on passing along the series was observed by earlier 
workers who obtained yields of 11, 24, and 68y0 of 9-acridanone after boiling 
the three amines with 5M potassium hydroxide for 2 hr.45 Although 9-amino- 
acridine is more stable toward acid hydzolysis than its isomers (10% yield of 
9-acridanone after treatment with concentrated hydrochloric acid at 180" for 
2 hr4j), the acid hydrolysis of 9-dialkylaminoacridines is particularly easy, 
aqueous solutions of their hydrochlorides rapidly depositing the appropriate 
9-acridanone on standing at room t e m p e r a t ~ r e . ~ ~ ,  6 2  The energy of activa- 
tion for the hydrolysis of 9-(3-dimethylaminopropylamino)-l-nitroacridine 
dihydrochloride in dilute aqueous solution is 88 f 17 kJ mol-I; in general, 
the longer the side chain at position 9, the greater the rate of hydrolysis.149 
The loss of stability associated with increased steric hindrance is also re- 
flected in the results of Peck,ljo who found that 6-chloro-9-(2-hydroxyethyl)- 
methylamino-2-rnethoxyacridine (22) reacted with glycols at 1 15" to yield 
ethers (23). 

MeyCH,CH,OH ?CH,CH20H 

Cl moMe .,moMe 
22 1 3  
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A less bulky substituent at position 9 (e.g., morpholino) reacted with ethylene 
glycol in a similar way but only at higher temperatures. 

9-Methylaminoacridine with nitrous acid forms 9-nitrosomethylamino- 
acridine, which, unlike secondary aromatic nitrosamines, is completely 
hydrolyzed in very dilute acidic solutions to the original acridine.'j' Hydrogen 
sulfide in alcoholic ammonia attacks 9-methylaminoacridine7 but not 9- 
aminoacridine, to give 9-acridanthione in good yield.'>* 

4. Synthesis and Properties of Atebrin 

Although atebrin1b3 was commercially available as an antimalarial in 1932, 
the original patents did not disclose its structure, which was not revealed 
until late in 1933 as 6-chloro-9-(4-diethylamino-l-methylbutyl)am~no-2- 
methoxyacridine (26) dihydrochloride dihydrate.'j4 Shortly afterward, the 
results of degradative work on the commercial material were published.'j5, 156 
The original synthesisb7 was subsequently somewhat improved jg, 6 6 ;  although 
the importance of atebrin, particularly during the World War 11, when the 
major sources of quinine were lost, stimulated a great deal of work on its 
production, the best method was essentially the original, described below. 
An American synthesislj7 of atebrin by this method has been broadly 
described, as has the detailed German synthesis used at Eberfield during the 
war.lb8 The overall yield of atebrin by the latter route from the potassium 
salt of the diphenylamine-2-carboxylic acid is 75%. 

2,4-Dichlorobenzoic acid was the key material for the American synthesis 
and was obtained from 2,4-dichlorotoluene by chlorination to 2,4-dichloro- 
benzotrichloride, followed by hydrolysis. The dichlorotoluene was made by 
chlorination of 4-chlorotoluene, or by Sandmeyer reactions on the appro- 
priate aminochlorotoluenes, or diaminotoluenes. 2,4-Dichlorobenzotri- 
chloride was also obtained from toluene-4-sulfonyl ch l~r ide , '~~by chlorination 
in the presence of a catalyst such as tellurium chloride to 3-chloro-4-methyl- 
benzenesulfonyl chloride, followed by further chlorination at  200". The 
Ullmann reaction between 2,4-dichlorobenzoic acid and p-anisidine was per- 
formed in water, the potassium salt of 24 being then directly converted by 
phosphoryl chloride in chlorobenzene to the 9-chloroacridine (25), which 
can cause severe dermatitis. ncmn ~ " " , ~ ~ - J O " '  -3 * 
c1 CI H,N 

H 

24 
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Conden~at ionj~,  160 with 4-amino- I-diethylaminopentane (29) is best per- 
formed in  phenol at 100-115", cooling being necessary to  control the tem- 
perature in large-scale work.161 The use of toluene as a solvent gives poor 
results.80 Isolation of atebrin is accomplished by making the reaction mixture 
basic under benzene,I6O followed by extraction from the benzene into aqueous 
acetic acid and precipitation of the dihydrochloride by the addition of con- 
centrated hydrochloric acid. The benzene extraction can be avoided with a 
slight loss of product by precipitating atebrin free-base under carefully con- 
trolled conditions.161 

NHCHMe(CH2)3 NEtz 

CI moMe 29 c,moMe 
25 26 

A number of methods are available1j6, 1 6 2 ,  for the synthesis of 4-amino- 
1-diethylaminopentane (29), that from 2-chlorotriethylamine hydrochloride 
being quite satisfactory.'j8> 164, 165 Reaction with ethyl acetoacetate in the 
presence of two equivalents of sodium gives the ester (27), which on vigorous 
hydrolysis with hydrochloric acid gives I-diethylaminopentane-4-one (28). 
This on catalytic reduction in methanolic ammonia is converted to the 
diamine (29) in excellent yield: 

CH,CH,NEt, 
Et2NCH2CHZCl I 

+ CH,COCHCOOEt - 
NdEtOH 

CH,COCH,COOE t 

21 

CH3CO(CH2),NEt2 ___) CH,CH(CH,),NEt, 
I 

28 NH2 

29 

Atebrin labeled in various ways has been prepared by modifications of 
standard routes. For example, atebrin labeled with tritium in the side chain166 
has been obtained from the chloroacridine (25) and the appropriately labeled 
diamine (29). Atebrin with the 6-chloro group replaced by I 3 l I  has also been 
described.l67 The synthesis starts from 6-amino-2-methoxy-9-acridanone and 
continues by way of the diazonium salt to6-iodo(13~I)-2-methoxy-9-acridanone, 
which is converted to the 9-chloroacridine by phosphoryl chloride. Atebrin 
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associated with 1311  in a more ambiguous way has been obtained by treating 
atebrin free-base with iodine monochloride,16* followed by sodium iodide 
(1311).  Chromatography of the product showed that it consisted, in fact, of two 
components. 

Atebrin exists in  optically active forms, since there is an asymmetrically 
substituted carbon atom in the side chain. The first resolution was via the 
a,a'-bromocamphorsulfonic acid salts169; this has been 171 but also 
~0nf i r rned . l~~ The salts of 3-bromo-(+)-camphor-7-sulfonic acid170 or, better, 
(+)-4,4',6,6'-tetranitrodiphenic acid can also be The oily free 
bases171 had [a]g + 205" f 5" and [a]',' - 197" i 5" in ethanol, and the 
hydrochlorides had mp 244-245" (dec), [a] +388" f 7" and [a]'," - 379" 
f 6" in water, respectively. 

The hydrolysis of atebrin (26) dihydrochloride by boiling with water for 
60 hr gave 6-chloro-2-methoxy-9-acridanone and 4-amino-1-diethylamino- 
~ e n t a n e , ~ ~ ~  but decomposition with concentrated hydrochloric acid59 at 
120-125" cleaved the side chain to  give a mixture of 9-amino-6-chloro-2- 
methoxyacridine and 9-amino-6-chloro-2-hydroxyacridine. The rates of 
hydrolysis of atebrin in aqueous buffer solutions under physiological condi- 
tions have been investigated p~larographica l ly ,~~~ and it was concluded that 
of the several mechanisms consistent with the kinetic evidence, the reaction 
most probably proceeded by the attack of a hydroxyl ion on the acridine 
dication. This is a similar mechanism to that put forward for the analogous 
reaction of atebrin with hydrogen sulfide in alkali at room temperature, when 
the thione (30) is obtained.'b2 A similar reaction occurs with both ethanethiol 
and thiophenol in pyridine or with thioglycollic acid in acetic acid.17j The 
side chain in atebrin is also replaced in low yield by the action of aminoacids 

S 
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in buffer solutions of pH 6.9 at 37” over a period of 10 N-(9-Acri- 
dinyl)amino acids are formed, which are more readily obtained from the 
corresponding 9-phenoxyacridine and amino acids in hot phenol. Cysteine 
reacts with 2 moles of atebrin at pH 7.1 and 37” to give N,S-bis(6-chloro-2- 
methoxy-9-acridiny1)cysteine (31).175 

Calculations of the electronic charge distribution and the energies of the 
highest occupied and lowest empty molecular orbitals have been made for 
atebrin and some related molecules.176 

Some compounds closely related to atebrin have important physiological 
properties. Among these are 2-amino-3-chloro-6-methoxy-9-(4-diethylamino- 
1-methylbuty1)aminoacridine (32) and 3-chloro-9-(4-diethylamino-l-methyl- 
buty1)aminoacridine 10-oxide (33), which are both powerful antimalarials. 

NHCHMe (CH2& NEt, NHCHMe(CH,), NEt, 
I HzNmoMe C1 c,m I 

32 

0- 
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These are synthesized by routes closely related to that described above. The 
former compound is prepared from 2,4-dichloro-5-nitrobenzoic acid by an 
Ullmann condensation with p-anisidine and conversion to the 9-chloroacridine 
with phosphoryl ch10ride.l~~ After condensation of the 9-chloroacridine with 
4-amino- I-diethylaminopentane in phenol, the synthesis is concluded by 
stannous chloride reduction of -he nitro group. The acridine 33 is readily 
obtainable from 3,9-dichloroacridine, which is oxidized by peroxybenzoic 
acid to the 10-oxide before condensation with 4-amino-I -diethylamino- 
pentane.72 

5. Aminoalkyl- and Aminoaryl-Acridines 

A number of monoaminoacridines in which the amino group is not directly 
attached to the nucleus are known. 9-Aminomethylacridine has been pre- 
pared by sodium hydrosulfite reduction of acridine-9-aldehyde phenyl- 
hydrazone1i8 and from 9-bromomethyla~ridine~~~ by way of the hexa- 
methylenetetrammonium salt. A more unusual method reported is from 
acridine and “methylolbenzamide” or “methylolchloroacetamide,” followed 
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by hydrolysis.'*" 9-Bromomethylacridine also reacts readily with other amines 
under mild conditions181, '** and with diethyl acetamidomalonate in ethanolic 
sodium ethoxide to give, after hydrolysis, 9-(2-amino-2-carboxyethyl)- 
acridine.ls3 This latter compound may also be prepared starting from acridine- 
9-aldehyde, using the azlactone ~ynthes is . '~~  9-Methylacridine serves as a 
convenient starting point for the preparation of other 9-aminoalkylacridines, 
in that it reacts with formaldehyde in boiling ethanol, giving 9-(2-hydroxy- 
ethyl)acridine, lS4. lS5 readily converted to 9-(2-halogenoethyl)acridine and 
thence to amino compounds.'*', 9-Methylacridine also undergoes 
Mannich reactions with, e.g., dimethylamine or 2-amino-I-phenyl- 
propane and formaldehyde in the presence of hydrochloric acid, giving 9- 
(2-dimethylaminoethyI)a~ridine~~~ and 9-(1-methyl-2-phenylethylamino- 
ethyl)acridine, respectively.'*' The red enamine, 9-(2-dimethylaminovinyl)- 
acridine, is also obtained from 9-methyla~ridine~~~ in 67 yield by the action 
of bis-dimethylamino-tert-butyloxymethane at 160". 2-Chloro-9-dimethyl- 
aminopropylacridine has been together with 2-chloro-9,9-bis- 
(dimethylaminopropyl)acridan, by the action of 3-dimethylaminopropyl- 
magnesium bromide on 2,9-dichloroacridine. 2-Aminomethylacridine2, 4- 
aminomethyla~ridine~~~ and substituted 4-aminomethylacr id ine~~~~ have been 
synthesized by standard methods. The amino groups in  these compounds, 
where studied, have shown normal chemical properties. 
9-(4-Dialkylaminophenyl)acridines have long been used as derivatives for 

the characterization of the high-melting 9-acridanones, from which they are 
obtained by boiling with dialkylanilines and phosphoryl i 9 3 .  I g 4  

They may also be obtained from 9-chloroacridines and dialkylanilines in the 
presence of aluminium chloride.lg4> lY5 More recently, similar compounds have 
been reported to be obtained by the action of aniline or dimethylaniline on 
acridine in the presence of s ~ l f u r . ~ ~ ~ ~  I g 7  The behavior of these compounds and 
also that of 9-aminostyrylacridines, obtained from 9-methylacridine and an 
appropriate aldehyde,1g8, lg9 toward acids is of interest. For example, 9-(4- 
dimethylaminopheny1)acridine base (34) is yellow ; it gives a violet solution 
of the monocation (35; R = H) in acetic acid or in the correct amount of 
dilute aqueous-alcoholic hydrochloric acid, and the color reverts to  yellow 
when additional hydrochloric acid is added. Similar colors are given by, e.g., 
9-(4-dimethylaminophenyl)-lO-methylacridinium chloride (35 ; R = Me), 
which is deep blue*OO ; by 9-(4-aminophenyl)-l0-methylacridinium iodide, 
which is violetlg7; and by compounds in which the 4-amino groups are re- 
placed by other donor groups in the 2- or 4- but not 3-positions of the 9- 
phenyl ring.*O13 *02 The deepening of color has been attributed to resonance 
of the type 35 H 36.'Ofl 
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NMe, +NMe2 
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34 35 36 

& &  
When initial attack on the heterocyclic nitrogen does not occur, as in the 
weakly basic 2,4,5,7-tetrabromo-9-(4-dimethylaminophenyl)acridine, deeply 
colored cations are not The pK, value of 9-(4-dimethylamino- 
phenyl)acridine2 in SOTG ethanol at 20" is 4.4, compared with 4.1 1 for acridine2 
under the same conditions and about 4.4 for dimethylaniline,203 indicating 
that in the ground state the monocation is not stabilized to any great extent 
by resonance of the type 35 t-) 36. The two ring systems cannot, in fact, lie 
in the same plane as required by structure 36 because of overlapping hydrogen 
atoms. Some ?O1, ? 0 2 .  *04 have attributed the spectral changes to an 
intramolecular charge transfer effect; an electron, initially localized on the 
donor group, passing to the positively charged acridine ring system during 
light absorption. The dependence of the spectrum upon the type of donor 
group present, the solvent, and the temperature have all been suggested to be 
consistent with this theory. However, Albert has preferred the explanation 
that the color of the monocation is caused by a resonance effect with a sig- 
nificant contribution from the quinonoid system in an excited state.205 The 
reversion to yellow on the addition of more acid to a solution of the mono- 
cation indicates the formation of dications (37) with spectra almost identical 
with that of the cation of acridine. 

'NHMe, 
I 

H 

31 
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9-(4-Aminostyryl)acridine and 9-(4-dimethylaminostyryl)acridine are yellow 
and, similarly, give purple and blue monocations; the 3-aminostyryl analogue 
gives only a red hydrochloride forming yellow solutions.198 The pK, values for 
these compounds show that the monocations have little or no additional 
resonance above that of the free bases2 

6. Diamino- and Triamino-Acridines 

Fourteen of the 20 theoretically possible diaminoacridines are known, as 
well as a large number of their derivatives. They have all been synthesized by 
standard methods ; some of their properties, together with key references to  
their preparation, are given in Table 11. The chemical properties of the 
diaminoacridines can be approximately predicted from the known properties 
of the two monoaminoacridines with the amino groups in analogous positions 
and therefore will not be considered in detail. 

Diaminoacridines on diazotization often give bright colors, varying from 
violet to orange, of unknown significance. The dark red solution formed by 
diazotizing 6,9-diamino-2-ethoxyacridine has been studied spe~troscopically2~~ ; 
it was concluded that only the 6-amino group participates in the diazotization. 
3,6-Diaminoacridine appears to  form 3-aminoacridine-6-diazonium chloride 
with 1 mole of nitrous acid, and 3-amin0-6-iodoacridine~~ and 3-amino- 
acridine-6-arsonic have been obtained by this route, although in small 
yield. However, ths reported conversions1 of 3,6-diaminoacridine to  3-amino- 
acridine by partial diazotization and treatment with alcohol has been dis- 
p ~ t e d . ~ *  A better method involves monoacetylation, followed by diazotization 
of the unprotected 6-amino group and reduction.52 A number of diamino- 
acridines have been deaminated by treating their bisdiazonium salts with 
alcoh015~~ 215 and 3,6-di-iodoacridine has been obtained from the bis- 
diazonium salt and potassium i0dide.j' Attempts to converts0 acridine-3,6- 
and -2,7-bis-diazonium salts209 into the hydroxyacridines were not successful. 
3,6-Diaminoacridine, however, is converted to the dihydroxy compound by 
hydrolysissO with 45y0 sulfuric acid at 195"; 2,7-diaminoacridine is best 
hydrolyzed with hydrochloric acid.209 A partial hydrolysis of 2,7-diamino- 
3,6-dimethylacridine to 2-amino-3,6-dimethyl-7-hydroxyacridine by 10% 
sulfuric acid at 200" for 10 hr has been claimed.216 

3,6-Diaminoacridine (proflavine) has important antiseptic properties and 
is best prepared by heating rn-phenylenediamine with formic acid and zinc 
chloride in glycerol.210 It will undergo the Skraup reaction217 and forms mono- 
anils with benzaldehyde2l7$ 218 and some other 219 3,6-Diamino- 
10-methylacridinium salts also form anils with aromatic aldehydes22O and 
aliphatic and aromatic ketones.221 The formation of 3,6-diisothiocyanato- 



TABLE XI. Diaminoacridines 

Positions 
of amino Solvent, appearance Fluorescence colors in 

groups and mp("C) EtOH aq HC1 Ref. 

1 3 -  

1,6- 

1,7- 

1,9- 

2,4- 

2,5- 

2,6- 

2,7- 

2,9- 

3 3 -  

3,6- 
(proflavine) 

3,9- 

Orange-brown needles 
ex. aq. EtOH, mp 
194-196 

Brownish-orange 
needles ex. HzO, 
mp 200-201 

Chocolate prisms ex. 
aq. pyridine, 
mp 254-256 

Orange needles ex. 
benzene/light 
petroleum, mp 
147-1 48 

Orange feathery 
cryst. ex. EtOH, 
mp 225 (dec., 
cor) 

Orange needles ex. 
H20, mp 126 
(Sealed,cor) 

Glittering golden 
leaves ex. aq. 
alc. pyridine, 
mp 3.45-346 
(Sealed) 

Pale yellow needles 
ex. HzO, mp 
3 1 8 (cor) 

Orange crystals ex. 
PhCl mp 245 
(Sealed) 

Felted orange nee- 
dles ex. EtOH, 
mp 248-250 

Long yellow-brown 
needles ex. H 2 0  

? 

None 

? 

Weak green 

None 

None 

Yellow-green 

Yellow-green 

? 

None 

Y ellow-green 

mp 277 (Sealed) 

H20, mp 141 (cor) 
Yellow needles ex. Intense green 

? 206 

None 207 

? 208 

Weak green 69 

None 33 

None 

None 

33 

208 

None 209 

? 142 

None 206 

Yellow-green 50, 
210 

Yellow-green 103, 
21 1 

(Table Continued) 

132 
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TABLE II. (Continued) 

Positions 
of amino Solvent, appearance Fluorescence colors in 

&YOUPS and mp("C) EtOH aq HCl Ref. 

4 3 -  Orange-brown needles ? ? 206, 
ex. aq. EtOH, mp 212 
182 

ex. aq. Me2C0, 
mp 178-1 79 

4,9- Yellow-brown crystals Green Green 69 

acridine from the diamine by the thiophosgene route has been recorded,222 
but 2,9-, 3,9-, and 4,9-diaminoacridines failed to give even the monoiso- 
thiocyanate. The treatment of 3,6-diaminoacridine with potassium thio- 
cyanate in acetic acid, followed by bromine, results in thiocyanation in posi- 
tions 4 and 5 .  The product has been further converted to pentacyclicsys- 

Neither 3,6-diaminoacridine nor 6,9-diamino-2-ethoxyacridine gave 
10-oxides with peroxybenzoic acid, and both gave unidentifiable products 

CI 
I 
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with peroxyacetic acid. The 10-oxides were obtained, however, after acetyla- 
tion of the amino groups.144 
6,9-Diamino-2-ethoxyacridine (38), first prepared224 in 1920, is a potent 

antibacterial and is supplied as the dihydrochloride or as the much more 
soluble lactate under the name rivanol. 
A synthesis following the general scheme of the original patents has been 
published and is given in outline above.225 The overall yield is approximately 
40%. Rivanol is said to give the 6,9-diphthalimido derivative with phthalic 
anhydride in acetic acid226 ; like 9-aminoacridine, it gave the lo-methylacri- 
dinium iodide with methyl iodide.227 The analytical uses of the halides and 
pseudo halides,228 the complex rnetal locyanide~,~~~ and the nitroprus~ide2~0 
of 6,9-diamino-2-ethoxyacridine have been studied as a means of determining 
both the acridine and also the ions. Rivanol has also been employed as a 
useful precipitating agent in the fractionation of pr0teins.2~~ 

The electron density at the ring nitrogen, and the energy of the highest 
occupied molecular orbital and that of the lowest empty molecular orbital, 
have been calculated for a series of diaminoacridines in an effort to correlate 
these parameters with pK, values and the therapeutic 

2,7,9-Triaminoacridine has been prepared by reduction of 9-amino-2,7- 
dinitroacridine but is of little practical i m p ~ r t a n c e . ~ ~  
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Dihydroacridanones Other Than 9-Acridanone (including “carbazons” 

9-Acridanone (2), commonly known as “acridone,” occupies a place 
between the fully aromatic acridine system (l), and the bridged diphenylamine 
system of acridan (3). By invoking the principle of vinylogy, the relationship 
between the three molecules 1, 2, and 3 is seen to  parallel that of imine to 
amide to amine in the aliphatic series. 
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H 
I 

I 
2 3 

This midway position and the ease of synthesis of an extensive range of sub- 
stituted 9-acridanones accounts for the importance of 9-acridanone in acridine 
chemistry, for it may readily be converted by a number of reliable methods to 
either of the other systems. 

That 9-acridanone is a stable system is indicated by the high melting points 
(often without decomposition) of many of its derivatives, the powerful re- 
agents used in synthetic procedures, and its frequent isolation after the 
vigorous oxidation of complex acridine-based molecules.' Certain of its 
N-substituted derivatives form a group of alkaloids (Chapter IV, p. 381), 
well distributed in the Rutaceae of Australasia. 9-Acridanone itself is also 
present to  a small extent in the polluted urban atmosphere.2 

Aspects of 9-acridanone chemistry elaborated elsewhere in this volume 
include dyestuffs (Chapter VIII), pharmaceuticals (Chapters 11, XVI, XVII, 
and XVIII), the spectroscopic properties of 9-acridanone (Chapters X and 
XIII) and the reduced 9-acridanones (Chapter V). 

In this chapter, discussion centers on the synthetic routes to  9-acridanones, 
including the details of several important intermediates, the structure of the 
9-acridanone molecule, the chemical behavior of 9-acridanones in general, 
and the idiosyncracies of a number of particular 9-acridanones. Many of the 
known 9-acridanones, and the 9-chloroacridines, which are so often their 
precursors, are listed in the tables at the end of the chapter. 9-Acridanthiones 
and 9-acridanselenones are also described. 

1. Preparation of 9-Acridanones 

All other methods of 9-acridanone synthesis are subordinate to  the cycliza- 
tion of appropriate diphenylamine-2-carboxylic acids (described as N-phenyl- 
anthranilic acids by Chemical Abstracts), which is effected by a number of 
acidic reagents (Tables 11, 111, and VII). The acids (4) are easily prepared in 
great variety (Table IV), and the yields obtained in the cyclization step are 
frequently excellent. A number of other general methods are available, but 
they have the serious disadvantage of a multiplicity of steps. Of these, the 
Lehmstedt-Tanasescc route via phenylanthranils (Table V), the Sternbach 
group cyclization of 2-amino-2'-fluorobenzophenones (Table VI) and the 
oxidation routes from acridines, seem to be the most useful. 
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A. The Cyclization of Diphenylamine-2-carboxylic Acids 

(1) Cyclization with Phosphorus Oxychloride 

This most effective reagent was discovered independently by Runge 
(Dissertation, Gottingen, Germany, 1922 but not reported until 1933 in 
Borsche, Runge, and Trautner3) and Lesnianski and D z i e ~ o n s k i , ~  and has 
been used extensively by Russian chemists and many others. A mixture of 
phosphorus oxychloride and pentachloride had, however, been used to con- 
vert 9-acridanone to 9-chloroacridine as early as 1893.j 

In a typical cyclization procedure,6 the diphenylamine-2-carboxylic acid is 
refluxed with 5 times its weight, or more, of phosphorus oxychloride until 
solution is complete and evolution of hydrogen chloride has ceased. Although 
chlorobenzene is commonly used in industry as a solvent, excess oxychloride 
not only performs this function, but also facilitates the reaction.' The danger 
of a sudden explosive start is avoided by adding a few drops of sulfuric acid 
to  the reaction mixture. The product under these conditions is a 9-chloro- 
acridine, which may be quantitatively hydrolyzed to the corresponding 
9-acridanone, in dilute aqueous hydrochloric acid at 100". Phosphorus oxy- 
chloride has also been used directly on crude Ullmann reaction products, 
from which diphenylamine-2-carboxylic acids were not easily isolated, and 
gave low yields of 9-chloroa~ridines.~ 

9-Acridanones may be produced directly by using a limited quantity of 
the oxychloride (63% yield for the parent c o m p ~ u n d ) , ~  and although they 
may be separated from 9-chloroacridines by chromatography on alumina,1° 
it is more satisfactory, in practice, to  use an excess of the reagent and 
hydrolyze the 9-chloroacridines (87y0 yield for parer~t) .~ Cyclization of ethyl 
diphenylamine-2-carboxylate also seems to give 9-acridanone directly." 

9-Acridanone thus appears to be the first formed product, but its subse- 
quent conversion to 9-chloroacridine seems possible without the intervention 
of the enol(5), as 10-methyl-9-acridanone gives 9-chloro-10-methylacridinium 
dichlorophosphate with phosphorus oxychloride under the same conditions.'* 

OH 

4 5 

I t  is not necessary to postulate the formation of an acid chloride, as phos- 
phorus oxychloride does not usually convert acids to their chlorides, and 
cyclizes diphenylamine-2,4'-dicarboxylic acid to 9-acridanone-2-carboxylic 
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acid without doing so. A more probable intermediate is a mixed anhydride- 
like complex (6), formed by the elimination of hydrogen chloride between the 
reagents, which on protonation will break down to give a carbonium ion. A 
similar intermediate complex (7) from the 9-acridanone and phosphoryl 
chloride would allow the ready substitution of chlorine at position 9. 

6 7 

Further evidence that the first step is an intramolecular acylation, comes 
from the observations that diphenylamine-2-carboxyamides give 9-amino-, 
rather than 9-chloro-acridines, on cy~lizationl~; and the ratio of 9-acridanone 
to  9-chloroacridine is higher (26 : 56)  when the products obtained in the 
cyclization have methyl groups in both positions peri to the carbonyl group 
than (6: 89) when hydrogen atoms occupy these positions.10 Also, if nitro 
substituents are present, deactivating the carbonyl group toward complex 
formation, the cyclization reaction stops at the 9-acridanone stage. 

The separation of crystalline 9-chloroacridinium dichlorophosphates (8) 
when toluene is used as the so1vent,14 supports the following equation for this 
cyclization.'*, l 5  

3 

However, an alternative scheme has been suggested,I6 in which the product 
is not a dichlorophosphate, although the author acknowledges that the salt 
(8) is a primary product of this reaction. 

0 

+ 2POC1, - + 3HC1 + P,O, 

H 
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Other interpretations of these reactions are not excluded by the experi- 
mental results. 

Phosphorus oxychloride, in contrast to sulfuric acid, does not hydrolyze 
alkoxy or cyano groups,17 and carboxylic acid groups are unaffected. Hydroxyl 
and amino groups in the diphenylamine-2-carboxylic acids should be pro- 
tected before cyclization is attempted. The former group may be protected 
as its methyl ether, although if more than one alkoxy group is present, poly- 
phosphoric acid is a more satisfactory cyclization reagent.I8 The latter group 
may be protected by acetylation, but the use of the urethane, prepared from 
the amine with ethyl chloroformate, is claimed to give better results.1g These 
protecting groups may be removed by refluxing the 9-acridanone with con- 
stant boiling point hydrobromic acid. An alternative route to amino-sub- 
stituted 9-acridanones is sometimes available via the phosphorus oxychloride 
cyclization and subsequent stannous chloride reduction of the corresponding 
nitro compounds. 

Diphenylamine-2-carboxylic acids reluctant to cyclize and 9-acridanones 
not converted to 9-chloroacridines in refluxing phosphorus oxychloride, may 
often be persuaded to react by employing a high-boiling inert solvent, e.g., 
chlorobenzene,2° xylene,21, 2 2  2 3  or n i t r ~ b e n z e n e , ~ ~  to  raise the reaction tem- 
perature. However, the use of too high a temperature for the evaporation of 
the phosphorus oxychloride, after the cyclization of 5-nitrodiphenylamine-2- 
carboxylic acid, resulted in the formation of 3,9-dichloroacridine, in which 
the nitro group had been replaced by a chlorine atom. When petroleum ether 
was used to wash away the excess oxychloride, 9-chloro-3-nitroacridine was 
obtained.25 

With one nitro group present, cyclization is usually straightforward, but 
conversion to the 9-chloroacridine may require vigorous conditions ; e.g., 
4-nitro-9-acridanone needs a 10-hr reflux with phosphoryl chloride in nitro- 
benzene.24 A second nitro group may prevent reaction 2 6  

Hydrogen bonding between the 10-hydrogen atom and the peri nitro group 
may partly account for the d i f f i c ~ l t y , ~ ~  but electronic factors appear to be 
paramount. Sulfonic acidz7 and chloro20 substituents may also be responsible 
for failure under normal conditions. 

A cyclization reagent of phosphorus oxychloride and pentachloride to- 
gether in formic acid is reported to give a 99% yield of 9-chloroa~ridine.~~ 

9-Chloroacridines are often extremely sensitive to acid hydrolysis, and 
even a pure sample will suffer autocatalyzed decomposition to the 9-acri- 
danone and hydrochloric acid if open to  the air. In isolating 9-chloroacridines, 
therefore, the minumum contact with aqueous solutions is desirable, and these 
must always be kept alkaline to phenolphthalein if 9-acridanone formation 
is to  be avoided. Unless electron-donating groups are present, decomposition 
of the glassy solid left after evaporating excess phosphorus oxychloride, or its 
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solution in c h l o r ~ f o r m , ~ ~ ,  30 must also be carried out in the presence of ice, 
although a more rapid separation of the 9-chloroacridine takes place if 
temperatures up to  50" may be used. If 9-acridanones are formed, they co- 
precipitate with the 9-chloroacridines or collect at the interface of the organic 
and aqueous layers, making separation and purification difficult. 

3 2  at the 
9-position of 9-chloroacrjdine in comparison with the 4 position of 4-chloro- 
pyridine and quinoline has been ascribed to annellation, which leads to  a 
decrease in the charge density at the site of attack33 and an increased possi- 
bility of delocalization of charge in the transition The much faster rate 
of hydrolysis of 9-chloroacridine when compared with 9-chloro- 10-nitro- 
anthracene has been attributed to steric inhibition of resonance by the peri 
hydrogens in the latter compound.34 As expected, electron-withdrawing sub- 
stituents promote nucleophilic attack, while electron-donating groups have 
the reverse effect. Surprisingly, N-oxide formation appears to reduce the 
reactivity of the chlorine atom at 9,35 and only poor yields of 9-alkylamino- 
acridine 10-oxides are obtained in substitution reactions.36 

The considerable catalytic effect of acid is shown in the reaction between 
9-chloroacridine and piperidine, where in ethanolic solution, in which piperi- 
dine hydrochloride is soluble, a much enhanced reaction rate is observed in 
comparison with that found for reaction in toluene.32 Better yields are also 
found for a similar reaction in phenol compared with xylene, or a no-solvent 
reaction.37 The hydrolysis of the 9-chloroacridinium cation takes place 100 
times faster than that of the base, but curiously, in the presence of light and 
oxygen the hydrolysis rate of the 9-chloroacridine is much increased over the 
dark reaction rate.38 
However,6,9-dichloro-2-hydroxyacridine is not hydrolyzed on pouring into 

ice-cold concentrated hydrochloric acid; instead the acridine hydrochloride 
precipitates in 9575 yield,39 and 9-chloro-2-ethoxy- and -7-methoxy-acridines 
are only converted to  9-acridanones under conditions that cause hydrolysis 
of the alkoxy 6,9-Dichloro-2-methoxyacridine may be nitrated with 
mixed acid to the 4- and 7-nitro derivatives without h y d r ~ l y s i s ~ ~ ;  alcoholic 
sodium hydroxide is the hydrolyzing solvent used with 6,9-dichloro-2-(2- 
hydroxyeth0xy)acridine to avoid the cleavage of the alkoxy group that occurs 
under acid  condition^.^^ 

Nevertheless, the facile replacement of a 9-halogen, or alkoxy group, from 
a protonated acridine, is exploited in the synthesis of 9-alkylaminoacridines 
valuable as  antiseptic^^^; 9-arylaminoacridines with local anesthetic proper- 
tiess7* ; and 9-hydrazinoacridines, which are useful ~esticides.87~ Phenol is 
frequently used as a s01ven t~~~  874 and catalyst, as the intermediate 9-phenoxy 
compounds may be isolated. Indeed, aminophenols react with 9-chloro- 
acridine to give 9-aminophenoxyacridine hydrochlorides, rather than the 

The increased ease of hydrolysis, or other nucleophilic 
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alternative 9-hydroxyanilinoacridine  hydrochloride^.^^^ The addition of acetic 
acid also improves both the rate and the yield in these subs t i t~ t ions ,~~  in 
which primary amines are more effective than secondary a m i n e ~ . ~ ~  The reac- 
tion between 9-chloroacridine and primary amines has been suggested as 
suitable for colorimetric 46 

Early studies of the kinetics of 9-chloroacridine hydrolysis2g have been 
extensively continued by a Polish group. In aqueous acetic acid, hydrolysis 
occurs in a pseudo-first-order, two-step consecutive reaction according to the 
scheme below,4y which was first shown for 9-chloroa~ridine.~~ The actual 
steps in the mechanism are said to  be protonation at the nitrogen atom, 
followed by the addition of hydroxyl at position 9, and the subsequent loss 
of hydrogen The intermediate addition compounds (9), some of 
which precipitated from concentrated solutions of the 9-~hloroacridine,~~ had 
been discovered earlier, when 10% aqueous hydrochloric acid was used as a 
hydrolysis 5l 

1-, 2- ,  3-, and 4-Methoxy-, methyl-, and nitro-9-chloroacridines were later 
examined (See also Chapter I, Section 2.A.(3)). For the 2- and 3-substituted 
compounds, the reactivity increased as methoxyl was replaced successively 
by methyl, hydrogen, and nitro groups, as expected; the biggest increases in 
rate were noted for the 2- and 4-nitro corn pound^.^^ The 9-alkylamino series 
also indicated that the dimethylamino group was more deactivating than 
m e t h ~ x y l . ~ ~  The ratio k l / k z  was found to be constant through the series of 
sub~ t i tuen t s ,~~  but it varied for different temperatures and concentrations of 
acetic acid.49 

The hydrolyses of 9-pheno~yacr id ine~~~ and 9-alkylaminoacridine hydro- 
c h l o r i d e ~ ~ ~  also follow pseudo-first-order kinetics, although much slower 
reaction rates have been observed in the latter case.56 The reaction of 9- 



1. Preparation of 9-Acridanones 149 

chloroacridine with ethoxide anion, however, has been shown to  be of 
second order.32 

The yields of 9-acridanone, or 9-chloroacridine, from the cyclization of 
diphenylamine-2-carboxylic acids, are with very few exceptions excellent 
(up to  90%) and by-products of the cyclization are practically unknown. 
Traces of the 10-(9-acridinyl)-9-acridanone (10) have been reported in 6,9- 
dichloro-2-methoxyacridine produced this way,57 and it probably arises by a 
similar route to that shown in the synthetic sequence below.j* The yield of 10 
in the last step is only 5%. The anhydride appears to be the essential inter- 
mediate, as the acid chloride of the diphenylamine-2-carboxylic acid forms 
only the expected 9-acridanone on heating.6' 

The parent compound of 10 may also be prepared by heating 9-acridanone 
and 9-chloroa~ridine5~ at  300". 

Amides of the diphenylamine-2-carboxylic acids are cyclized by phos- 
phorus oxychloride to  9-aminoa~r id ines .~~~ 6o Those derived from 4-61-'3 and 
5-64amino-l-diethylaminopentane, 5-arnino-l(N)-piperidinopentane, ethanol- 
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amine, urethane, piperazine, and ethylenediamine66s 6 7  have all been cyclized 
this way, and excellent yields have been obtained. The amide of triphenyl- 
amine-2-carboxylic acid also undergoes this cyclization in 97y0 yield. This 
route is especially useful for the synthesis of 3-substituted-9-alkylamino- 
acridines, for an amide with a large N-substituent may give mainly this com- 
pound, when the diphenylamine-2-carboxylic acid would have given a mixture 
of the 1- and 3-substituted 9-acridanones.+j8 Hydrolysis of the 9-amino com- 
pound could then give the 3-substituted 9-acridanone. 

These results confirm the proposed mechanism for the cyclization, since 
the phosphoryl moiety in the intermediates (11) or (12) is expected to  be a 
better leaving group than the amine. 

0 

0-P-CI 
0 / I  
II 

NH 
H 

11 1 2  

(2) Cyclizations with Sulfuric or Phosphoric Acid 

These strong mineral acids are convenient for laboratory use and have the 
advantage of giving 9-acridanones directly, but the products are often less 
pure than those obtained by the hydrolysis of 9-chloroacridines. Sulfuric acid 
was the first reagent used for the cyclization of diphenylamine-2-carboxylic 
acids to 9-a~r idanones~~ and still finds frequent use, including, e.g., the 
assay877, of the pharmaceuticals mefenamic and flufenamic acids (p. 328). 
Polyphosphoric acid (20-60 parts by weight) has been used less 
I4O but it was the reagent of choice for the Brockmann group in their extensive 
studies on depeptidoactinomycin analogues.71 

The cyclization temperatures with these reagents seldom need to be higher 
than loo", and reaction times rarely exceed 2 hr. These conditions, however, 
seem to be much more critical when sulfuric acid is used, and optimum 
conditions vary considerably for each diphenylamine-2-carboxylic acid. After 
cyclization, the hot reaction mixture is poured into boiling water, and made 
just alkaline, to precipitate the 9-acridanone as a granular solid. 

Although kinetic studies are lacking for the cyclization of diphenylamine- 
2-carboxylic acids, the mechanism is clearly analogous to the acid-catalyzed 
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cyclization of 2-acyldiphenylmethanes to  anthracenes, where a carbonium 
ion is the postulated intermediate.72 The catalytic effect of acid is shown by 
the way the cyclization is retarded on dilution, but the trace of acid needed 
to  initiate the phosphoryl chloride cyclization may only be required to  
catalyze the complex formation, a task subsequently assumed by the liberated 
hydrogen chloride. 

The following mechanism accounts qualitatively for the effect of sub- 
stituents on the course of the reaction: 

0 -a H 

Sulfonation, but not phosphorylation, accompanies cyclization, accounting 
for the drop in yield if the acid is too concentrated or too vigorous conditions 
are employed. With diphenylamine-2-carboxylic acid, a 9-acridanone yield 
of 98Tc after 30 min at 85' drops to 35Yc after 90 min at 100". A further 59Tc 
of the acid is converted to 9-acridanonemonosulfonic acids, of which a high 
proportion is the 2-sulfonic To ensure that the product is 9-acridanone- 
2-sulfonic acid, fuming sulfuric acid should be ~ ~ e d . ~ ~ - ~ ~  If sulfonation is t o  
be avoided, diluted sulfuric acid, which retards both reactions but favors 
cyclization more than sulfonation; or a low proportion of sulfuric acid, which 
becomes progressively and significantly more dilute as the cyclization pro- 
ceeds, may give good results. 

Electron-donating substituents in the acridanone rings facilitate sulfona- 
tion; even the yield of 4-nitro-9-acridanone falls from an initial 90YG after 15 
min at 100" as the reaction continues,76 showing that a single nitro group is 
not sufficiently deactivating to prevent sulfonation. 

Another serious limitation of sulfuric acid is the effect it has on substi- 
tuents. Amines need not be protected,77, 78  indeed, N-acetyl groups are hydro- 
lyzed under cyclization conditions, but cyano groups are hydrated to amides 
and alkoxy groups are usually dealkylated. Methoxy groups are slightly 
more resistant than ethoxy groups,79 but only 28% of 6-chloro-2-methoxy-9- 
acridanone could be recovered after cyclization of the appropriate diphenyl- 
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amine-2-carboxylic acid.80 Polyphosphoric acid does not cleave ether 
gr0ups,~1* nor does it hydrolyze and desulfonate the trifluoromethyl- 
sulfonyl group.82 

An effective use of polyphosphoric acid is found in the synthesis of acro- 
n y ~ i n . ~ ~  A three-carbon side chain is required in the 4-position of the 9- 
acridanone, and this is produced as the amide link is hydrolyzed prior to  
cyclization. 

OMe 

Sulfuric acid, in contrast to phosphorus oxychloride, gave 9-acridanone, 
rather than 9-anilinoacridine, when used to cyclize the anilide of diphenyl- 
arnine-2-carboxylic acid, but the yield was low. Presumably, the amide was 
first hydrolyzed, as N-acyl groups are also removed under these ~onditions.1~ 

( 3 )  Cyclizations with Other Reagents 

A mixture of phosphorus oxychloride and sulfuric acid in chlorobenzene 
has been used to cyclize 50-lb batches of diphenylamine-2-carboxylic acid to  
9 -a~r idanone ,~~  but the precise advantages of this reagent have not been 
defined. 

No advantage in yield is gained by using phosphorus pentachloride in a 
refluxing inert solvent, instead of phosphorus oxychloride, as the cyclization 
reagent; nuclear chlorination may O C C U ~ . ~ ~  However, 9-acridanones with 
1- and 4-methoxy or ethoxy substituents and N-acetyl groups have been 
formed, without hydrolysis, using phosphorus pentachloride in 87 

The reaction temperature may influence the nature of the product, for 
3’,4’-dimethoxydiphenylamine-2-carboxylic acid gave the corresponding 9- 
acridanone in carbon disulfide but the 9-chloroacridine in b e n ~ e n e . ~  
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Thionyl chloride, again usually in an inert solvent, has been little used as  
a cyclization reagent, and is said, like phosphorus trichloride, t o  convert 
diphenylamine-2-carboxylic acids only to the 9-acridanones. However, it will 
convert 9-acridanones to 9-chloroacridinium chlorosulfites, 88 and under pres- 
sure cyclizes 5-chloro-4'-methoxydiphenylamine-2-carboxylic acid to  6,9- 
dichloro-3-methoxyacridine hydrochloride,x0, 89 as does phosgene.89 The 
sulphonamido group of 2'-nitro-4'-sulfonamidodiphenylamine-2-carboxylic 
acid survives intact when this acid is cyclized by thionyl chloride in a di- 
chlorobenzene-dimethylformamide solvent mixtureg0 at 160". 

The cyclization may be carried out in two stages if the acid chloride is first 
prepared, and then cyclized. Thionyl chloride (1 mole) in dichloromethane, 
with a trace of dimethylformamide, is the recommended reagentg1 if 9- 
acridanone formation is to be avoided during the first step, but excellent 
yields of acid chloride are given by phosphorus pentachloride.80 The cycliza- 
tion step is carried out by heating the acid chloride a l ~ n e , ~ ' ~  9 3  in a refluxing 
solventE0, 9 2 7  9 3  or in a phenol melt.80 In some cases much decomposition took 
place. In one instance, a nitro group blocking the carbon atom needed for 
cyclization was eliminated with the formation of 13. 

The reaction of the acid chloride with pyridine is alleged to  give N-phenyl- 
anthranylpyridinium (14); with concentrated sulfuric acid, this substance gave 
a mixture of 9-acridanone and diphenylamine-2-carboxylic acid.j8 

0 0 azq:m a c \ ; 3 -  II 

N' - 
H I 

NO2 NO* Ph 

13 1 4  

Aluminium chloride, used earlier and still occasionally employed,g5 is ' un- 
necessary in this cyc1izationq6~ 9 7  and may cause decomposition, demethyla- 
tion of methoxy groups,98 or reaction with the solvent. The isolation of 9- 
phenylacridine, as well as 9-acridanone, after treating diphenylamine-2- 
carboxylic acid chloride with aluminium chloride in led to  the 
development of a useful synthesis of 9-substituted acridines, from 2-acyl- and 
2-aroyl-diphenylamines. Such an intermediate was presumably formed by the 
reaction of the acid chloride with the benzene. 

Phosphorus pentoxide in toluene gives much poorer yields in the cycliza- 
tion of diphenylamine-2-carboxylic acid than reagents discussed above,z1 and  
has had little use.lo0 In xylene, however, 100% cyclization of 5-phenyltri- 
phenylamine-2-carboxylic acid is claimed,101 although sulfuric acid gave poor 
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results, and phosphorus pentachloride and aluminium chloride caused 
chlorination. 

Hydrochloric acid In* and boric acidln3 at high temperatures have been used 
to  prepare polynuclear 9-acridanones, thereby avoiding sulfonation. Acetic 
acid alone did not bring about the cyclization of octachlorodiphenylamine-2- 
carboxylic acid, but with zinc chloride present S-anilino-2’-methyldiphenyl- 
amine-2- carboxylic acid does cyclize.lo5 Chlorosulfonic acid, used earlier for 
cyclization in dyestuff lo’ has been shown to give a 90% yield 
of 6-chloro-2-methoxy-9-acridanone, where sulfuric acid gave 72Oj, of the 
demethylated product.*n Attempted chlorosulfonation of 2’-nitr0-’~* or 2’,4’- 
dinitro-diphenylamine-2-carboxylic acidlng gave good yields of 9-acridanones 
with a chlorosulfonyl group probably in the 7 position, which could be charac- 
terized as s u l f o n a m i d e ~ ~ ~ ~  or phenylsulfonic esters.”* 

The action of acetyl chloride or acetic anhydride and perchloric acid on 
5-chloro-4’-methoxydiphenylamine-2-carboxylic acid, did not give the ex- 
pected N-acetyl acid but 6-chloro-2-methoxy-9-acridanone and its N-acetyl 
derivative, respectively.lln Benzoyl chloride,”l or better p-nitrobenzoyl 
chloride”? in a high-boiling solvent has also been used to effect cyclization 
to  some complex 9-acridanones in good yield.113 The 9-acridanone may be 
formed fron the N-acyldiphenylamine-2-carboxylic acid (Section 1 .A(5)) or 
from a mixed anhydride. 

Some 3,5-diamino-9-acridanone was isolated as a by-product of the oxida- 
tive cyclization of 3’,6-diaminodiphenylamine-2-carboxylic acid to 6-amino- 
phenazine-1 -carboxylic acid, in refluxing ni t r~benzene.”~ A carbonium ion 
mechanism would not appear to be operative in this case. 

(4) A It ernat ive Cy cliza t ions 

A given 9-acridanone may always, in theory, be obtained by the cyclization 
of two isomeric diphenylamine-2-carboxylic acids, as in the example shown. 
2-10do-l’~ and 2-iod0-7-methoxy-9-acridanones~~~ have also been prepared 
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from both isomers. In practice one of the routes always gives better results, 
and in some cases only one isomer undergoes cyclization. For example, 
3-nitrodiphenylamine-2-carboxylic acid fails to cyclize to 1-nitro-9-acridanone 
in contrast to the behavior of the 3’-nitro isomer. 

Both 3’- and 5-dimethylaminodiphenylamine-2-carboxylic acids were 
cyclized with phosphorus oxychloride to 9-chloro-3-dimethylaminoacridine, 
but the former gave a yield of only 30% after 3 hr, compared with the 60y0 
yield obtained after half an hour from the latter.l17 Some of the 3’-dimethyl- 
amino acid may have been lost in the concurrent formation of 9-chloro-l- 
dimethylaminoacridine, emphasizing the point that if 1- or 3-substituents are 
required in the 9-acridanone nucleus, they must be present as 3- or 5-substit- 
uents in that ring of the starting material bearing the carboxylic acid group 
to ensure a specific synthesis. 

The cyclization of 3’-substituted diphenylamine-2-carboxylic acids with 
no substituents in position 2’ or 6’ usually gives rise to a mixture of 1- and 3- 
substituted 9-acridanones. The results of a number of investigations of this 
type of cyclization are collected in Table VII. 

0 NO, 

oco2b&J$ NH H + & H NO2 

This possibility was first recognized in the example given.118 Although only 
I-nitro-9-acridanone was isolated11g and shown to differ from the nitro- 
acridanone prepared from 5-nitrodiphenylamine-2-carboxylic acid, later 
investigators obtained a small amount of 3-nitro-9-acridanone from the same 
reaction. 30 

The primary determining factor of the direction of cyclization appears t o  
be the nature of the 3’-substituent. Electron-withdrawing groups (chloro, 
nitro, and trifluoromethyl) favor the formation of 1-substituted 9-acridanones, 
possibly because their increased negative charge attracts the carbonium ion 
to the vicinity of the ortho-carbon atom. Electron-donating groups with lone 
pairs of electrons (amino, dimethylamino, and alkoxy) favor the formation 
of the 3-substituted isomers, since the activated position para to  the substitu- 
ent is not sterically hindered. A methylenedioxy group seems to  activate its 
para position more effectively than a methoxy group.lZo The 3’-methyl group, 
whose inductive electron donation is more effective at the orrho position, 
finishes mainly in the 1-position of 9-a~r idanone ,~~,  but a series of 3’,4’- 
dialkyl and cycloalkyldiphenylamine-2-carboxylic acids appear t o  give 80y0 
yields of 2,3-disubstituted 9-acridanones on cyclization in sulfuric acid, in 
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contradiction to the former findings.122 The 3’-fluoro and 3’-bromo substitu- 
ents contrast with 3’-chloro group in favoring the 3-substituted 9-acridanone. 
Mesomeric electron donation by the former, and steric hindrance by the 
latter, could account for this preference. 

An interesting consequence of the directing powers of 3’-substituents is 
that contrary to earlier claims,118 either 1- or 3-amino-9-acridanones can be 
made in good yield from 3’-nitrodiphenyIamine-2-carboxyIic acid by cycliza- 
tion followed by reduction, or reduction followed by cyclization, respec- 
tively.lZ4 Exclusive 1-substitution has also been achieved by cyclizing the 
6’-bromo-3’-substituted acid and subsequently removing the bromine by 
catalytic hydrogenation.125 

The formation of a mixture of 9-acridanones when flufenamic acid (3’- 
trifluoromethyldiphenylamine-2-carboxylic acid) is cyclized in sulfuric acid 
fortunately does not diminish the value of this assay technique because 
differences in uv and fluorescence spectra of the isomers are negligible.877 

The influence of the cyclization reagent on the proportions of the isomers 
has not been fully investigated, but replacing sulfuric acid by phosphorus 
oxychloride is said not to alter the ratio.30 

The choice of reagent has a significant effect on the mode of cyclization of 
5-nitrodiphenylamine-2,2‘-dicarboxylic acid (15) ; a molecule offering another 
type of alternative cyclization. After cyclization with phosphorus oxychloride, 
the product isolated was 5-carboxy-3-nitro-9-acridanone (16),lz6 identified 
after decarboxylation by comparison with authentic 3-nitro-9-acridanone, 
whereas phosphorus pentachloride in nitrobenzene gave the alternative 
acridanone (17).lz7 

CO, H 
0 15 \a 

H 
17 CO, H O2N J3hQ 16 CO, H 

Reduction and decarboxylation of the latter gave a compound identified as 
1 -amino-9-acridanone. The possibility remains, however, that both reagents 
gave isomer mixtures, and the two groups both lost each others product 
during their identification procedures. 

Fractional crystallization and differential hydrolysis of the 9-chloro- 
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acridines have been used most frequently for the separation of isomers pro- 
duced in these ambiguous cyclizations. Chromatographic methods appear 
not to have been used, and only one case of countercurrent separation is 
recorded.lZ8 The 1-substituted 9-chloroacridines are generally more soluble 
and more readily hydrolyzed than their 3-substituted isomers, but there are 
 exception^.^^^^ 130 Short hydrolysis times give the best separation, with half 
an hour being sufficient for the 1- and 3-methyl-, and only 5 min for the 1- 
and 3-methoxy-9-chloroacridines.23 This technique did not separate the 1- 
and 3-ethyl analogues, however.lZ5 

heating a mixture of 1- and 3-substituted 9- 
chloroacridines in pyridine allows separation. The 3-isomer remains undis- 
solved, and the 1-isomer may be precipitated from the filtrate, as a pyridine 
complex, by the addition of ether. Treatment of this complex with phosphoryl 
chloride regenerates the 9-chloroacridine. 

Differences in solubility between the pairs of 9-chloroacridines or the 9- 
aminoacridine hydrochlorides (in which the 1-isomer again shows enhanced 
solubility1Z1) have even been used to allocate structures to the isomers isolated 
after cyclization. The general principle, that 1-substituted 9 - ~ h l o r o - ~ ~ ~  130 

and -9-amino-acr idine~~~~ have lower melting points than the corresponding 
3-substituted compounds has been similarly employed. These criteria are 
unreliable if used 131, 1 3 2  and there seem to be possibilities for nmr 
spectroscopy in this area (see Chapter XII, p. 687). 

In a number of 

( 5 )  Cyclization of N-Substituted Diphenylamine-2-carboxylic Acids 

There are few examples of this type of cyclization, but they indicate that 
this route to 10-substituted 9-acridanones is of general application. N-Methyl- 
diphenylamine-2-carboxylic acid cyclizes with either phosphoryl chloride12 
or sulfuric and triphenylamine-2-carboxylic acid gives a good yield 
of 10-phenyl-9-acridanone with sulfuric However, N-methyl-2’-nitro- 
diphenylamine-2-carboxylic acid was reluctant to cyclize in sulfuric acid,135 
in contrast to the unmethylated N-Phenyldiphenylamine-2-carboxylic 
acids, with substituents in ,the benzene rings, offer alternative modes of 
cyclization, and a mixture of the isomeric products was found in the follow- 
ing exampleP4 

0 0 
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Phosphorus pentachloride with aluminium chl0ride13~ and phosphorus 
pentoxidelO1 have also been used to cyclize triphenylamine-2-carboxylic acids. 

Several N-benzoyldiphenylamine-2-carboxylic acids lose benzoic acid 
on heating to 270" or less,"' to give the corresponding 9-acridanones in 
good yield. The claim for base catalysis in this reaction has not been sub- 
stantiated. Esters of these acids, which are the usual products of the thermal 
rearrangement of imino ethers,'38 do not react readily, but they may be 
converted into the corresponding 9-acridanones by combined hydrolysis 
and cyclization in hot sulfuric139 or phosphoric acid.14o Mechanistic studies 
have shown that on fusing the esters (18) without solvent, 9-acridanones are 
produced by an intermolecular reaction. As the solvent is introduced, a 
second intramolecular mechanism appears that eventually predominates in 
dilute solution.l'* 

Q,=,,O I 

Ph 

heat acid - - 
I 

COPh 
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It is interesting to note that if N-benzoyldiphenylamine-2-carboxylic acids 
are treated with phosphorus oxychloride, followed by ammonia, the product 
is not a 9-chloroacridine but a 2-phenyl-4(3H)- pquinazolinone (19).1418 142 

I 

COPh 
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Esters of 2-carboxydiphenylamine-N-acetic acid (20) have been cyclized both 
to  9-a~ridanones '~~ and to lO-methyl-9-a~ridanones.~~~ 
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The determining factor seems to  be the substituent at position 4, as treatment 
of the ester (R = nitro) with 1% aqueous potassium hydroxide is sufficient 
to eliminate the acetic acid residue,143 whereas 9-acridanone-10-acetic acid 
can be isolated after cyclization of the ester 20 (R = H) with sulfuric acid. 

( 6 )  Cyclization Failures and Dificult Cyclizations 

Diphenylamine-2-carboxylic acids may fail to cyclize to  9-acridanones 
because they are too deactivated or too hindered for the intramolecular con- 
densation to take place, or because a more favorable reaction path is open 
to them. 

This alternative is frequently decarboxylation, which 5-aminodiphenyl- 
amine-2-carboxylic acids undergo readily,25* 145 although their esters are 
stable.146 The 3-acetamido acid also gave only 5y0 of 1-aminoacridine with 
sulfuric while its 3’-nitro analogue, in many attempted cyclizations, 
gave no 9-acridanone; only starting material and 3-amino-3’-nitrodiphenyl- 
amine were recovered.148 For this reason, it is usually preferable to  prepare 
amino-9-acridanones by cyclization and reduction of the appropriate nitro- 
diphenylamine-2-carboxylic acids, most of which are stable under these con- 
ditions. 
3-Nitrodiphenylamine-2-carboxylic acid also decarboxylates 1 4 9 ~ 1 5 0  

but if the nitro groups are in the other phenyl ring, as with the 2’-methyl-4’- 
nitro acid,Io5 decarboxylation probably takes place because the cyclization is 
inhibited. The 2’-nitro acid gave the acid chloride with phosphoryl 
suggesting that a phenylamino substituent ortho to  the carboxyl group is not 
an effective as a para amino group in promoting decarboxylation. 

Steric hindrance probably accounts for the resistance of N-benzoyl-2-tert- 
butyldiphenylamine-2-carboxylic acid toward hydrolysis and cyclization.15’ 

An alternative product in the attempted cyclization of 2’-aminodiphenyl- 
amine-2-carboxylic acidsz6, 1 4 3  is the 7-membered ring lactam 21 (R = H), 
which may also be prepared by heating 20 (R = NHz). This product forms an 
N-nitroso derivative but not a diazonium compound with nitrous A 
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similar compound, 21 (R = NH,) almost certainly is the product of the 
vigorous reduction of 2‘,4‘-dinitrodiphenylamine-2-carboxylic acid,26, 69 as it 
is unlike authentic 2,4-diamino-9-acridanone, and the proposed structure, 22 
(R = NH2),Z6 based on the unsubstantiated 22 (R = NO?),’ is doubtful both 
on steric and on basicity considerations. Acids having 2’-secondary amino 
groups do not form lactams. The analogous lactone, depsazidone (23), may 
also be obtained, by treating 2’-hydroxydiphenylamine-2-carboxylic acid with 
thionyl chloride and ~ y r i d i n e . ’ ~ ~  

21 2 2  

23 

In some cases the incorrect choice of reagent may lead to  difficulties. 
Sulfuric acid cyclizes 2’,4’- and 2’,5’-dichlorodiphenylamine-2-carboxylic 
acids to 9-a~r idanones ,~~*~ but with phosphorus pentachloride in chloro- 
benzene the acid chlorides are isolated. In the latter case, nuclear chlorination 
also occurs.85 The cyclization shown below is effected by sulfuric acid,154 but 
not by phosphorus oxychloride, since prior hydrolysis of the imide seems to 
be necessary. 

CO-N.p-Tolyl 

NH 
H 

B. Preparation of Diphenylamine-2-carboxylic Acids 

A review of the preparation of these compounds is included because they 
are essential intermediates in the synthesis of many 9-acridanones and acri- 
dines. In earlier literature, these acids were made as intermediates, but in 
recent years they have acquired importance under the title “phenamic (or 
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fenamic) acids," as antipyretic and anti-inflammatory drugs in the treatment 
of rheumatic complaints. A number of fenamic estersss0, and the cyclic 
analogue, acridine-4-carboxylic acid,8s2 show similar activity. Although this 
has increased research on alternative synthetic routes, the majority of the 
diphenylamine-2-carboxylic acids described in the literature, and included in 
Table IV, have been made by the Ullmann reaction. Chemical Abstracts now 
uses the name N-phenylanthranilic acids for these compounds, which alters 
the numbering system used throughout this chapter, and shown on diagram 
24, to that shown on 25. 

25 24 

( 1 )  The Ullmann Reaction 

The basis of this reaction is the substitution of the halogen atom of a halo- 
benzene by a primary or secondary Section 1 .B( l)(d)(iii) phenylamine to  give 
a diphenylamine. Clearly, two routes are possible to the diphenylamine-2- 
carboxylic acids, according to  whether the carboxyl group occupies a position 
ortho to the halogen, or the amino group in the starting materials. Amino- 
and halo-benzenes with ortho amido or ethoxycarbonyl groups may also be 

Early examples of both types of reaction depended for success on the 
activation of the halogen atom by electron-withdrawing groups in ortho and 
para  position^,^^^ l j7  and a little sodium acetate could often be added with 
ad~antage.~O~,  16* Ullmann's discovery that the addition of a small proportion 
of powdered copper to  the reaction mixture made possible the facile substitu- 
tion of nonactivated halogen atoms,'jg removed this serious limitation to  the 
scope of the reaction and allowed the preparation of the parent acid from 
type 11j9 and type 2160, reactions in 85 and 95% yields, respectively. Di- 
phenylamine-2-arsonic acids may be made in a type 2 reaction under identical 
conditions.'62 

The usual procedure is to reflux a mixture of the amine and the halide for 
a few hours in a solvent, which may be removed by steam distillation, in the 
presence of a copper-containing catalyst; and a base, which absorbs the 
liberated hydrogen halide. An excess of the amine component is preferred, 
and an alkali salt of the acid is frequently used. The product may precipitate 
as the alkali salt on cooling, or as the acid on acidification, or may be leached 
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Type 2 

from the residues with aqueous alkali. Residual halobenzoic or anthranilic 
acid may be removed by washing the product with boiling water, in which 
diphenylamine-2-carboxylic acids are almost insoluble, or they remain in 
solution when the required acid is precipitated from acetone by the addition 
of water. 

(a) THE CATALYST. Since Ullmann's use of mechanically divided copper, 
the catalytic effect of many other preparations of copper, cuprous chloride, 
and bromide; and cupric oxide, carbonate, acetate, and sulfate, alone and in 
admixture, has been demonstrated. The spongy copper, precipitated by zinc 
powder from aqueous copper sulfate,163, 164 and that left after treating 
Devarda's alloy with 30yG aqueous sodium hydroxide are highly recom- 
mended.l6+l6' They should be freshly prepared or kept under light petroleum 
and they may be activated before use by treatment with iodine.86, 164 The 
addition of a little potassium iodide may,131 or may not,168 increase the yields. 
Salts of iron, nickel, platinum, and zinc had a weaker catalytic effect; those 
of manganese and tin were ineffective. 

More catalyst is required if nonactivated amines and halides are used, 
but the quantity needed is still small. Weights in excess of 3% of the halogen 
compound may even reduce yields because of tar formation. There appears 
to be a lower limit, too, as a 10-fold increase of catalyst from 1 X by 
weight brought about a 36-fold increase in the yield.11s This contrasts with 
the similar Gomberg reaction, between bromobenzene and 4-acetamido- 
toluene, where, without [he activation of the ortho carboxyl group, at least 
2 g of copper is needed per mole of reactant.16g 

The true catalyst appears to be copper in the cuprous form170 because the 
activity of metallic copper is much reduced in the absence of air,16g, 171 and 
cuprous iodide is effective in the presence of potassium iodide;161 these are 
conditions under which cupric ions cannot exist. In the Gomberg reaction 
above, a red powder, formed from copper and the amide only when air is 
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present, appears to  be the catalyst.169 It may be a substituted cuprammonium 
salt. 

The suggestion of a free-radical course for this reaction172 has little sup- 
and it is more probably ionic in character. A satisfactory mechanism 

must explain not only why cuprous ions catalyze both types of reaction, but  
also why only ortho halogen groups are replaced, even when 2,4-dichloro- 
benzoic acid reacts with the strongly nucleophilic anisole;174 and why meta 
and para aminobenzoic acids are so reluctant to react with bromobenzene, 
when the ortho isomer reacts readily.175 The conclusion that the cuprous salt 
of the acid component plays a decisive part seems inescapable.I76 In the case 
of the ortho halobenzoic acid, a copper chelate (26) has been suggested as the 
reactive species.177 The coordinate bond between the halogen and the copper 
atom will enhance the polarization of the carbon-halogen bond and facilitate 
nucleophilic attack by the amine at the ring carbon atom. For reactions of 
type 2 ,  an intermolecular coordinate bond between copper atom and halogen 
(27) will bring the electron-depleted ring carbon atom into proximity with 
the amino group of the anthranilic acid. 

26 21 

Surprisingly, methyl salicylate and salicylamide have been shown to  cata- 
lyze Gomberg and Ullmann reactions in the absence of copper or its salts.1’8 

(b) THE BASE. One equivalent of base is essential to remove the hydrogen 
halide liberated as the Ullmann condensation proceeds, or reaction slows 
and decarboxylation tends to occur.ll* Improved yields are often found if the 
acid component is introduced as the dry, powdered potassium or sodium 

or a further equivalent of base is added as an acid-binding agent, even 
though it is unlikely that the anion of the acid plays an important part in the 
substitution. Up to  a third equivalent also appears to have a beneficial effect, 
possibly by neutralizing local acid concentrations or by-product acid, but 
yields fall off rapidly when further base is added.177 

Ammonia has been superseded as the base,69 first by excess amine,ljg and 
then by potassium carbonate, which remains the reagent of choice in most 

179 Sodium carbonate is not always so satisfactory, possibly because 
the sodium salt of the product acid is more soluble, but it is cheaper. Cupric 



164 9-Acridanones 

carbonate has been used as the combined catalyst and base,IsO and calcium 
carbonate has found a special use in the preparation of diphenylamine- 
sulfonic acids.181, 18* Calcium hydride has recently come into use,g1, ls0 and 
sodium acetate is useful if alkali-sensitive substituents are N- 
Ethylmorpholine180 has proved a suitable base to give a homogeneous reaction 
mixture when nonhydroxylic solvents are employed, but a general suggestion 
that a tertiary amine might be chosen to act as the base, solvent, and tempera- 
ture control in this reaction has not been im~lemented . '~~  

Potassium hydroxide, which dissolves in alcoholic solvents, is less effective 
than potassium carbonate, and the efficiency of the latter base falls in aqueous 
alcoholic solutions. This is suggested as evidence for the participation of 
halogen to copper coordinate bonds that would be disrupted by the alkali.177 

(c) THE SOLVENT. If possible the reaction mixture should remain fluid 
and homogeneous throughout, as immiscibility of the components and 
precipitation of product on the surface of undissolved reagents can be causes 
of low yields or failure in the Ullmann reaction. To achieve this end, a reflux- 
ing alcoholic solvent is generally employed, of which amyl alcohol (bp 130") 
is the usual choice, unless its boiling point is unsuitable. Water formed when 
the acid is neutralized may slow the reaction177 or poison the catalyst,169 so 
that it is frequently azeotropically distilled before147 or during 185 the reaction. 
However, a trace of water is said to  be necessary for the substitution to pro- 
~ e e d , ' ~ ~  and water has even been used as solvent under both atmospheric1s6 
and higher pressures.187, 188 If the amine is sufficiently soluble, yields may be 
high,'@ 189  particularly if the alkali salt of the diphenylamine-2-carboxylic 
acid is less soluble than that of the substituted benzoic acid. 

A wide variety of other solvents has also been used. Nitrobenzene,Igo with 
a little water added,lgl is better than glycerol4 if a high reaction temperature 
is required, but it may cause oxidation. Bromo- or chloro-benzene may be 
used as  alternative^.'^^ The use of excess amine as solvent in type 1 condensa- 
tions leads to lower yields than when amyl alcohol is employedlg3; hydrocar- 
bon solvents, in which salts are insoluble, give poor yields, unless the com- 
ponents are activated by their ~ubsti tuents.~ Dimethyl sulphoxide,180, di- 
methylformamide,ls2 dimethyla~etamide,~~~,  Ig5 hexamethylphosphor amides 
and diglymelg6~ Ig7  have also been used; but direct comparisons with estab- 
lished solvents, and in many cases even yields, are lacking. 

The use of esters of the acid components, as an aid to forming homo- 
geneous reaction mixtures, remains largely unexplored.114* lgs<  lgg 

(d) EFFECT OF SUBSTITUENTS ON THE CONDENSATION 

(i) Type I Reaction; 2-Halobenzoic Acids and Anilines. All four 2-halo- 
benzoic acids have been used successfully in this reaction. This is expected 



1. Preparation of 9-Acridanones 165 

from the mechanism proposed, as those halogens less willing to  undergo 
nucleophilic displacement are the ones whose electrons are more readily 
polarized for the formation of a coordinate bond to the catalyst. Few direct 
comparisons of their respective reactivities have been made, but 2-chloro- 
benzoic acid has been used most frequently, possibly because of its lower cost. 
Bromine seems to  be easier to  replace than chlorine,Zo0 and triphenylamine 
derivatives are sometimes formed.z01 2-Fluorobenzoic acid, now available 
from the oxidation of 2-fluorotoluene, might be tried in difficult ~ases,'~O since 
the substituted fluoro acids that have been used condensed without a cata- 
lystzo2, 2 0 3 ;  but success is not guaranteed.'I4 The zwitterionic compound from 
2-iodobenzoic acid and benzene, (2-pheny1iodonio)benzoate (28), has been 

as well as the acid itself.ls7 

28 

R 
29 

The ease of substitution and the yield of diphenylamine-2-carboxylic acid 
are greatly increased when electron-attracting groups are in positions ortho 
and para, but not meta, to the halogen atom ; conversely, electron-donating 
groups in these positions retard the reaction. 2-Chloro-3,5-dinitrobenzoic 
acid (29, X = C1, R = R' = NOz)171 or its methyl esterzo5 gave high yields of 
diphenylamine-2-carboxylic acids or esters in no-catalyst reactions, and the 
introduction of a 5-nitro group into 2-chlorobenzoic acid increased the yield 
of product acid from 85 to  %yo in the copper-catalyzed condensation with 
aniline. Even 2-bromoisophthalic acid (29; X = Br, R = COZH, R' = H), 
despite steric hindrance, reacted readily with 2,3-dimethylaniline.1g5 However, 
the yield of substituted diphenylamine-2-carboxylic acid dropped from 5Oy0 
to 20y0 when 2-chloro-5-methoxy (29; X = C1, R = H, R' = MeO), rather 
than 2-chlorobenzoic acid, was used in reaction with 3-ch10roaniline.l~~ 

Although both 2- and 6-halogen atoms in a substituted benzoic acid may 
be replaced by anilino groups under Ullmann conditions,'50, *O6 there has 
never been an indication that substitution of a halogen more remote than 
ortho occurs, whether 

Low yields in the Ullmann reaction are also related to the low nucleophilic 
activity, or basic strength of the component amine, due to electron-withdraw- 
ing groups in the ring. Ortho substituents are particularly deactivating. Even 
2-chloro-5-nitrobenzoic acid gave yields of only 13, 9, and 17%, respectively, 
in reaction with 0-,247 m-,147 and p-nitroanilines,210 although the introduction 

chlorine,150 bromine,z08 or i0dine.2~~ 
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of a further nitro group at position 3 of the benzoic acid increased the 
yields into the 60-70% rangeszo5 

The corresponding introduction of electron-donating substituents into the 
aniline ring leads to the increased facility of reaction, as shown by the drop in 
optimum reaction temperature from 180” with p -n i t r~an i l ine ,~~  through 100” 
for p-toluidine to only 60” for p -amin~pheno l . ’~~  Steric hindrance possibly 
accounts for the enhanced reactivity of anilines with para, rather than ortho, 
substituents.211 Unfortunately, activating substituents also encourage oxida- 
tion of the anilines and dehalogenation of the acid components. Meta-212 and 
para-213, *I4 phenylenediamine, or better their monoacetyl  derivative^,"^ are 
sufficiently activated to react with excess 2-halobenzoic acid to give the bis- 
compounds 30 and 31. 

CO, H CO, H 

30 31 

When chloroanilines are used in Ullmann condensations, the addition of 
“dinitrobenzene,” with which they form a complex, is said to improve the 
smoothness of reaction.216 

(ii) Type 2 Reaction: Anthraiiilic Acids and Halobenzenes. This is a less 
popular route to diphenylamine-2-carboxylic acids than the type 1 reaction, 
but a sufficient number of examples is available in the literature to  show that 
the same electronic considerations apply in both cases. The amino group of 
anthranilic acid is even more sensitive to deactivation by electron-withdrawing 
substituents than the amino group of a substituted aniline in the type 1 reac- 
tion ; therefore, such substituents are preferably introduced in the halo- 
benzene ring, where their effect in ortho and para positions is activating. 
Bromobenzenes are generally preferred to chlorobenzenes, unless activating 
substituents are present,217 and iodobenzenes have also found use, especially 
in alkaloid syntheses.218-2*1 o-Chloroiodobenzene with anthranilic acid 
gave a 73% yield of 2’-chlorodiphenylamine-2-carboxylic acid, but none of 
the 2’4odo compound,*22 thereby demonstrating the greater reactivity of the 
heavier halogen. 2,4-Dinitrofluorobenzene is the only fluorobenzene tried in 
reaction with anthranilic acid, and the already high yields obtained223 without 
the use of a catalyst224 are shown to be improved if potassium fluoride is added 
to  the reaction mixture.225 Bis-compounds may also be made by this route, 
using p-dibrom~benzene.?~~~ 2 2 6  
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(iii) N-Substituted Amino Components. The expectation, on electronic 
grounds, that N-alkylamines would be more reactive, and N-acylamines less 
reactive in the Ullmann reaction, is not realized in practice. Steric crowding 
at the amino nitrogen atom may be the decisive factor. 

In type 1 reactions, N-methylaniline reacted with neither 2 - ~ h l o r o - ~ ~  nor 
2-chloro-5-nitro-benzoic a ~ i d s , ~ 2 ~  under conditions where aniline would have 
given almost quantitative yields of the diphenylamine-2-carboxylic acids. 
Yet 2-chlorobenzoic acid reacted with N-phenylglycine to give the tertiary 
amine 32,144 and N-(0-chlorobenzoy1)aniline reacted with the anilide of 2- 
chlorobenzoic acid to  give compound 33 in 90% yield.13 

CONHPh 

I 
I I 

CH,CO, H Ph 

32 33 

More examples of type 2 reactions of N-substituted anthranilic acids are 
recorded. N-Methylanthranilic acid fails to react with iodobenzeneg7 but 
condenses with 2,4-dinitrochlorobenzene without the need for a catalyst.228 
Both N-methyl- and N-ethyl-anthranilic acids react with a number of o- 
bromoni t roben~enes ,~~~,  229 but the yields are somewhat lower than in equiva- 
lent reactions with anthranilic acid itself. These 2'-nitrodiphenylamine-2- 
carboxylic acids are reduced by sodium dithioniteZzg or ammoniacal ferrous 
sulfate,13j to the corresponding amines in excellent yield. N-(2-Carboxyphen- 
yl)gly~ine, '~~ and N-acetylanthranilic acids2 both lost their side chains, while 
undergoing the Ullmann reaction ; diphenylamine-2-carboxylic acids without 
N-substituents could be isolated from the reaction mixture. 

Many examples of the reaction of diphenylamine-2-carboxylic acid (N-  
phenylanthranilic acid) with halobenzenes in the presence of copper show 
good yields,134* 137, 230 but i o d o b e n z e n e ~ ~ ~ ~ ,  231 seem to be better phenylating 
agents than bromoben~enes.2~~ Traditional A'-alkylation methods, such as the 
treatment of diphenylamine-2-carboxylic acids with methyl sulfate233 or alkyl 
halides in basic solution, 234-237 appear to be more satisfactory than condens- 
ing N-alkylamines under Ullmann conditions. The reductive condensation of 
aldehydes onto the secondary amine has also proved suc~essful.2~8 

( i v )  Comparison of Type I and Type 2 Reactions. As similar experimental 
conditions are employed for both reactions, the choice of a route to  a diphenyl- 
amine-2-carboxylic acid will depend on the availability of starting materials, 
and the electronic factors discussed above. Type 1 reactions are almost 
always preferred. 
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Comparative studies shown in Example 1239 and Example 2240 illustrate 
the general principle that unless every electronic factor is favorable, a type 
2 reaction will furnish less product and more difficulty than a type 1 reaction. 
Example I 

Type I reaction 

O P  

16 hr, 4% yield 34 / Type 2 reaction 

O2N NO2 

Example 2 

35 

. 
NO2 

A single, mild deactivating influence can destroy the viability of a type 2 
reaction, and even the apparently favored reaction between methyl 2,6- 
diaminobenzoate and o-iodonitrobenzene faiIed.1g9 In Example 1, leading to  
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34, the meta-nitro groups have complementary activating and deactivating 
powers, but the deactivation of the anthranilic acid amino group leads to  
almost complete failure in the type 2 reaction. 3-Chloronitrobenzene does not 
react at all. In Example 2, even the powerful ortho nitro-group deactivation 
of the aniline does not have so devastating an effect on the result of the type 
1 reaction. Other direct comparisons confirm this general rule.132, 241 

The preparation of 2’,6’-dichlorodiphenylamine-2-carboxylic acid by either 
route is equally satisfactory (type 1, 74Oj, ; type 2, 73%)242 but the advantage 
of the one-step synthesis over the 5-step Chapman rearrangement Section 
l.B(2)(a) is clearly demonstrated in this paper. Although the average yield in 
each step was well over SOT0, an overall yield of only 39Yc was obtained.242 

( v )  Limitations of the Ullmann Reaction. Other examples of Ullmann re- 
actions giving a zero yield of diphenylamine-2-carboxylic acid, due to  deacti- 
vation of the type considered in the last section, have been recorded. Failure 
in type 2 reactions is common,13g, lg9<  2 1 0 ,  2 4 3  and cyano17 and sulfonic 
or amide27 groups have a strongly deactivating influence on anilines in type 1 
reactions. 2-Chloro-6-nitrobenzoic acid is also unwilling to condense with 
an i l i ne~ . ’~~ ,  I i1.  2 4 3  Difficulties of isolation and purification of the product may 
also be the cause of low yields.114, 171 

The part played by steric hindrance is sometimes difficult to disentangle 
from deactivation effects, as in the unsuccessful reactions of 2-chlorobenzoic 
acid with 2-amin0-4,4’-dinitrodiphenyl,~~ and 2,4,6-tribrom0aniline.~~~ How- 
ever, it must be responsible for the decreasing yields as the alkyl group in 
2-alkylanilines increases in size from methyl (35Y0) to ethyl (1570)8 and for 
the failure of the reaction with 2-propyl- and 2-b~tyl-anilines.~j’ A by- 
product found in these reactions was 2-cyclohexyloxybenzoic acid, formed by 
the copper-catalyzed nucleophilic attack of the solvent, cyclohexanol, on the 
2-chlorobenzoic acid.* 

The dark colors of Ullmann reaction mixtures, which have been ascribed 
to the formation of chelate complexes,~i7 are also partly caused by the oxida- 
tion of the amines, often at  the expense of the halogen compound. 2,6-Di- 
chlorobenzoic acid has been completely dehalogenated, giving only benzoic 
and diphenylamine-2-carboxylic acids in reaction with aniline or dimethyl- 
aniline,150 and 4-nitrobenzoic acid is a regular by-product, when 2-chloro-4- 
nitrobenzoic acid is a reaction component.25, 239,  2 4 3 ,  2 4 7  248  3-Acetamido-2- 
c h l ~ r o - , ~ ~ ~  2-chlor0-3,5-dibromo-,~~~ and 2,4-dichloro-benzoic acids also suffer 
deha l~genat ion . ’~~~ 2 4 9 ,  250 High temperatures favor this side reaction, for when 
the solvent was changed from amyl alcohol (bp 130’) to  isopropanol (bp SO’) 
in the reaction between p-phenylenediamine and 2-chloro-3-nitrobenzoic 
acid, the almost quantitative yield of 4-nitrobenzoic acid dropped to  30%, 
and a 59y0 yield of the expected diphenylamine-2-carboxylic acid was ob- 
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tained.14’ The use of monoacetyl p-phenylenediamine prevented dehalogena- 
ti0n,’5~ even at high ternperatures.l4? 

Aminodiphenylamine-2-carboxylic acids have a tendency to decarboxylate 
during preparation,’j’ 1 4 5 *  2 8 9 $  883 as well as during attempted cyclization 
(Section l.A(6)), but both their esters and their hydrochlorides are stable. 
Even if the corresponding nitro acid, from the Ullmann reaction, is reduced 
at  room t empera t~ re , ?~~  decarboxylation may 0ccur.~O5 

Chloronitrobenzoic acids sometimes undergo self-condensation to biphenyl- 
dicarboxylic such as 36, isolated from a reaction mixture of 2-chloro- 
5-nitrobenzoic acid and 3-aminodiethylaniline.lgl Compound 37 was another 
unusual by-product, in the reaction between 2,6-dichlorobenzoic acid and 
4-anisidine.*5l A minor product of the reaction between 2-chloro-5-nitro- 
benzoic acid and p-phenylenediamine, from the analysis, could be 3fLZ47 

I I 
36 OMe OMe 

37 
/ NO, 

\ 
NO, 

38 

This same acid with 2-nitroaniline gave some 5-nitrosalicylic acid by hy- 
drolysis of its reactive chloro 

If an o-dinitrohalobenzene is used in Ullmann reactions, one of the nitro 
groups may be substituted instead of the halogen. In a type 1 reaction, aniline 
condensed with 2-chloro-4,5-dinitrobenzoic acid to  give 5-chloro-2-nitro- 
diphenylamine-4-carboxylic acid, and 5’-chloro-4-methyl-2’-nitrodiphenyl- 
amine-2-carboxylic acid was obtained in the type 2 reaction between 5-methyl- 
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anthranilic acid and 3,4-dinitro~hlorobenzene.~~~ Both 4-nitro and 2-fluoro 
groups are replaced if 4,5-dinitro-2-fluorobenzoic acid is heated to  190” with 
an excess of aniline.203 2,4,5-Trinitrophenol also condensed with anthranilic 
acid to give 5’-hydroxy-2’,4’-dinitrodiphenylamine-2-carboxylic acid in a 
similar reaction.*j2 

The yield in the preparation of 2’-hydroxydiphenylamine-2-carboxylic acid 
is only 38%, but the 2’-methoxy analogue, available in much higher yield, 
could not be demethylated.lj* 5-Chloro-4’-methoxy-2’-nitrodiphenylamine-2- 
carboxylic acid gave poor yields in a type 1 reaction,253 (despite claims to  the 
contrary*54), and starting materials for the type 2 reaction are not easily access- 
ible.255 However, it may be obtained by nitrating the 5-chloro-4-methoxy 
acid, which is readily available from the Ullmann condensati0n.~5~ Bromina- 
tion of the methyl ester of diphenylamine-2-carboxylic acid in acetic acid gave 
the 2’,4,4’-tribromoderivati~e.~~~ 

(2) Other Methods of Preparing Diphenylamine- 
2-carboxylic Acids 

(a) CHAPMAN REARRANGEMENT OF IMINO ETHERS. Jamison and Turner’s 
application138 of the Chapman diphenylamine synthesis for the preparation 
of diphenylamine-2-carboxylic acids is shown below. 

N = C - 0  
I I 

Ph Ph 

I 
COPh 

Iminochlorides are readily obtained by treating benzanilides with phosphorus 
pentachloride or thionyl chloride, and certain salicylic acids; for example, the 
5-chloro and 3,5-dibromo derivatives, are much more accessible than the 
corresponding 2-chlorobenzoic acids. The rearrangement is exothermic at 
about 270°, and the N-benzoyl ester is hydrolyzed to the required acid in 
almost quantitative yield, and free from the tarry contaminants often asso- 
ciated with Ullmann products. 
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The electronic requirements of the rearranging molecule parallel those of 
the Ullmann reaction, in that higher yields and a smoother substitution are 
obtained if electron-withdrawing substituents are present in the migrating 
nucleus and absent from the aniline ring.256 Compounds 39257 and 4Ol5l do not 
undergo rearrangement, showing that steric hindrance about the migration 
terminus can cause the reaction to  fail. 

39 40 

The possibilities of the Chapman rearrangement have been widely explored 
by the Parke, Davis group in their search for an economic synthesis of 
mefenamic acid (2’,3’-dimethyldiphenylamine-2-carboxylic acid). Some of 
their interesting variations are shown on the next page.258-262 

41 

The diphenylamine-2-carboxylic acid is obtained by hydrolysis, but un- 
fortunately no yields are given for these ingenious routes. Compound 41 is 
also said to give 2,4,5,7-tetrachloro-9-acridanone in 9% yield after heating to  
260°, and then treating with sulfuric acid. The intermediate was not iso- 
lated.263 

(b) SMILES REARRANGEMENT OF AMIDES. This rearrangement, which is 
really an internal nucleophilic substitution reaction, has been used in a few 
cases to prepare diphenylamine-2-carboxylic acids. A typical example with 
the proposed mechanism is shown on page 174.264 

A strongly electron-withdrawing group must be present in an ortho or para 
position to the displaced group, as the phenyl and m-nitrophenyl ethers do 
not undergo this reaction ; neither do disubstituted amides. Instead, hydrolysis 
of the amide linkage takes place. 

When 2-bromo-2’,3’-dimethylbenzanilide reacts in a high-boiling solvent, 
in the presence of a base and a trace of water, to give mefenamic acid, a similar 
reaction must occur, in which the bromine atom, activated by the ortho 
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HO, C Q Q a  HO, C QQ- + 

NH 0 NO 0 
I I I I 

CH, co - CH2 co - 

CO, H 

carbonyl group is displaced by the anilino group of the amide.265 Such an 
explanation also accounts for the by-products 42 and 43 in the reaction shown, 
which takes place in N-methylpyrrolidone with sodium hydride present.266 

42 
X = Halogen; R = S02NMe2 

43 

(c) CONDENSATIONS OF ANTHRANILIC ACIDS AND QUINONES. Much of the 
early work on this reaction is of poor quality and it has aroused little interest 
r e ~ e n t l y . * ~ ~ - ~ ~ ~  Yields are generally low and the products badly characterized. 

N-Methyl-, and N-ethyl-anthranilic acid react similarly,884 and methyl and 
2,3-dimethoxyquinones have also been used. In a refluxing solvent, the 2,3- 
positions of the quinone must be blocked to  stop the reaction at stage 44; 
even with excess quinone, the only pure product obtained was 45.271 However, 
44 was the product after reaction in aqueous acetic acid at room tempera- 
t ~ r e . ~ ~ ~ ~  884 Reductive methylation of 44 gave methyl 2’,  5’-dimethoxydiphen- 
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43 

ylamine-2-carboxylate,272 and treatment of 45 with diazomethane gave a pro- 
duct identical to the ester prepared from methyl anthranilate and q u i n ~ n e . ~ ~ ~  

Cyclization of 45 in hot concentrated sulphuric acid presumably gave 46,271 
rather than 47,268 since the product is insoluble in aqueous alkali. The N- 
methyl analogue is better cha rac t e r i~ed .~~~  

44 47 

(d) DIRECT CARBOXYLATION. Only a 14% yield of N-methy1d;ph:nylamine- 
2-carboxylic acid is obtained if the tertiary amine is treated successively with 
n-butyl lithium, carbon dioxide, and dilute However, 2-bromo- 
diphenylamine gives better yields with this treatment, or with an alkyl 
magnesium bromide and extra magnesium,274 and 2,2'-dibromodiphenylamine 
gives 84y0 of the dicarboxylic 2'-Mercaptodiphenylamine-2-carboxylic 
acids may also be obtained from N-ethyl- or N-phenyl- (but not N-benzyl-) 
phenothiazines on treatment with lithium followed by solid carbon 

HS 
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Attempts to carboxylate diphenylamines with oxalyl chloride or carbonyl 
chloride in the presence of aluminium chloride all failed.272 The product of the 
former reaction is N-phenylisatin (48).297 

An unusual carboxylation reaction takes place when the anilide of diphenyl- 
amine N-carbamic acid is heated with potassium carbonate in a stream of 
carbon dioxide. The major product is diphenylamine-4-carboxylic acid, but 
a little of the 2-isomer is also formed.*7s 

(e) OXIDATION METHODS. The oxidation of N-phenylisatin, 48, may be 
carried out with peracetic acid262 or alkaline hydrogen peroxide,277 and the 
diphenylamine-2-carboxylic acid obtained in 80% yield. The hydrolysis and 
oxidation of compound 49 also gives a high yield of the same as does 
the permanganate oxidation of N-phenylquinaldinium 

0 0 
I I  II 09:: KJ %o -oco2H \ NH a,! 

Ph Ph I Ph 

48 49 

(f) MISCELLANEOUS METHODS. An interesting ring opening and recycliza- 
tion took place when 2-(2-bromo-4-methylanilino)-5,7-dibromotropone (50) 
was treated with sodium methoxide. 

Ph 

Br 

Br 50 

Diazotization of anthranilic acid by amyl nitrite in dry tetrahydrofuran 
gives the phenoxy ester (50A) and tetramethyleneglycol diphenyl ether. 
Benzyne, formed by the loss of carbon dioxide and nitrogen from the internal 
diazonium salt, cleaves the solvent molecule to form a zwitterion, which reacts 
with undiazotized anthranilic acid and another benzyne molecule to give 

3,4,5,6-Tetrachloroanthranilic acid gives both octachlorodiphenylamine-2- 
carboxylic acid (200j,)236 and octachloro-9-acridanone (6-10%)104, 236  on 
diazotization. These two products of the reaction of benzyne with anthranilic 
acid must be formed independently, as the diphenylamine-2-carboxylic acid 
is not cyclized under these conditions.104 
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Anthranilic acid with 2-nitroanisidine in alkaline solution gave some 2'- 
methoxydiphenylamine-2-carboxylic acidZ80; esters of diphenylamine-2- 
carboxylic acid may be converted to  the equivalent thionic acids with phos- 
phorus pentasulphide.886Direct mono- and di-halogenation of diphenylamine- 
2-carboxylic acids is possible by using N,N-dihalobenzenesulfonamides.~~~ 
Although the positions of substitution are not specified, 2'-, 4'-, and 6'- 
positions should be the most reactive sites for electrophilic attack. 

C. Other Methods of 9-Acridanone Synthesis 

The hydrolysis of 9-amino-, 9-alkoxy- and 9-alkylthio-acridines, although 
a general route to 9-acridanones, has little preparative importance, since most 
9-substituted acridines are made from 9-chloroacridines, which are themselves 
readily hydrolyzed to 9-acridanones. The rapid and quantitative acid hy- 
drolysis of 9-alkoxyacridines, in contrast to the slower hydrolysis of the 
9-amino analogues,281 has been used in kinetic studies of the conversion of 
9-alkoxy- to 9-amino-acridine. The 9-acridanone, precipitated on acidification, 
was determined gravimetrically.282 9-Methoxyacridine may also be demethyl- 
ated by t h i o p h e n ~ l , ~ ~ ~  or dimethyl azodi~arboxyla te .~~~ Aqueous alkali,*81, 285 

or even aqueous is a better reagent for hydrolyzing 9-aminoacri- 
dines; also, secondary,281 or especially tertiary,@ 174  282  amino groups 
hydrolyze more readily than the primary amine function, possibly because of 
the steric inhibition of resonance between the ring and the 9-amino group. 
The presence of electron-withdrawing substituents in the ring also facilitates 
these h y d r o l y s e ~ . ~ ~  

9-Acetylaminoacridines, but not the unacetylated amino compounds, are 
converted to 9-acridanones in high yield after a long period of reflux with 
decamethylene diiodide in and 9-salicylaminoacridine, on boiling 
for some hours in alcoholic alkali, gave not only 9-acridanone but bis(9- 
a~ridinyl)amine.*~~ 

(1) Rearrangement of Phenylanthranils to 9-Acridanones 
(the Lehmstedt-Tanasescu Reaction) 

A series of related reactions in which 9-acridanones are obtained from 
2-nitrodiphenylmethane, 2-nitrobenzophenone, phenylanthranil, or 2-nitro- 
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benzaldehyde and a substituted benzene has been much studied, probably 
more for its intrinsic interest than as a potential synthetic 289  Two 
distinct types of reaction appear to be involved. 

A scheme for the first type, in which acetic anhydride,290 or concentrated 
sulfuric or phosphoric acid is the reaction medi~m,2~11 292 and nitrous acid 
has a catalytic r 0 1 e , ~ ~ ~ ~  294 is shown below: 

OH 0'"' H* [a ~ H O H  ] PhH oAHO - RMgBr ocHo - + ' NO, ' NO, ' NO, / ' NO, 

The postulation of a benzhydrol (51) intermediate from the attack of a 
carbonium ion on benzene explains the orientation of ~ubs t i tuents l~~ and 
makes unnecessary the controversial supposition that a tautomer of o-nitro- 
benzaldehyde takes part. (See Ref. 295 and references quoted therein.) The 
participation of benzhydrols is demonstrated by the fact that an independently 
synthesized benzhydroI gives 70% of 9-acridanone on treatment with sulfuric 
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and nitrous The benzhydrol does not appear to be oxidized to  benzo- 
phenoneZg7 because benzophenones are rarely found as b y - p r o d ~ c t s . ~ ~ ~ ~  2 9 9  

10-Hydroxy-9-acridanone (52) is always a product of this reaction, and the 
yields obtained (10-65Oj,, according to the starting materials) are not affected 
if nitrous acid is absent. This indicates that the 10-hydroxy compound is pro- 
duced by a separate route from the 9-acridanone; the need for much higher 
temperatures than those achieved during the reaction,297, 300 to bring about 
deoxygenation of the 10-hydroxy compound, confirms this conclusion. The 
status of the 2-nitrosobenzene as an intermediate on this route is in doubt, 
since a prepared sample of this compound did not give 9-acridanones in 
sulfuric a~id.~O' 

3-Phenylanthranils are the precursors of 9-acridanones in all these reac- 
tions, and other syntheses of them are described later. Nitrous acid is essential 
only for the rearrangement step; without it, phenylanthranils and products of 
the N-oxide route are obtained. A trace is sufficient, as enough is formed from 
the interaction of sulfuric acid and 2,4-dinitrobenzaldehydeZB8~ 302 to  take the 
reaction to the 9-acridanone stage. The rearrangement takes place readily, 
even at - lo", but higher temperatures (ca. 40") are recommended for com- 
plete r e a ~ t i 0 n . l ~ ~  The sole evidence for the intermediate 53 is the isolation of 
a corresponding diazo compound, expected as a product of its reduction, but 
N-nitroso groups are known to be removed by strong acids. The nature of the 
reducing agent remains unresolved, but it seems unlikely to  be nitrous acid, 
in view of the tiny amounts present in the reaction mixture. Both hydrogen 
bromide and quinol have been shown to act as reducing agents when they take 
part in this rea~t ion .~O~ 

2-Nitr0-~O~ and 2,4-dinitro-benzaldehyde~~~~ condensed satisfactorily with 
benzyl a l coh01 ,~~~  benzene, toluene, and halobenzenes but failed to  react in 
sulfuric acid with benzoic acid, and ~ y a n o - ~ ~ ~  dimethylamino-, niethoxy-,305 
or nitro-benzene.306 The failure, in some cases, is caused by the deactivation of 
the benzene nucleus by an electron-withdrawing substituent, in others by the 
susceptibility of the substituent to attack by sulfuric acid. In contrast, the 
use of polyphosphoric acid allowed a clean reaction of o-nitrobenzaldehydes 
with anisole. The facts that nitrous acid is not necessary in this modification, 
and that 3-phenylanthranil is also suggest that the N-oxide route 
is followed, and the 10-hydroxy-9-acridanone formed is subsequently de- 
oxygenated.291 If fuming nitric acid is used to rearrange 3-phenylanthranil, 
nitro-9-acridanones are formed.307 

Anthranil ~ i t h p - a m i n o - ~ ~ ~  andp-meth~xy-phenyl~~~ substituents at  positiop 
3 could not be rearranged to  9-acridanones, suggesting that electron-donating 
substituents inhibit the reaction. N-Benzoylphenylanthranils also failed to 
react. 3 n 4  
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The rearrangement of 3-(2,4-dimethoxyphenyl)anthranil on heating did not 
give the expected 1,3-dimethoxy-9-acridanone but its 2,4-is0rner.~O~ This re- 
action, together with the pyrolyses of 3-~henylanthranil,~lO 2,3,4,5,6-penta- 
fluor0-2'-nitrobenzhydrol,~~~ and 2-nitr0diphenylmethane,~O~ comprise a 
group of reactions of the second type, for which a nitrene intermediate, 54, 
is suggested. Again, the 3-phenylanthranil is the vital intermediate. 

R R 
I I 

The higher electron density at position 1' when the 4' substituent is methoxyl 
encourages attack to take place there, rather than at position 2', which is the 
site of attack when alkyl or halogen substituents are present. An ionic mecha- 
nism may be written for these reactions, but as the fluorinated derivative 
reacts in the same way as the unsubstituted an thra~~i l ,~ l l  the free radical 
explanation is preferred. 

A spiro-intermediate is also proposed to  account for the azoxybenzene 56, 
formed when 3-(2,4-dimethoxyphenyl)anthranil is treated with nitrous acid. 309 
Des-methoxy 55 is a resonance form of 53. 

The irradiation of 3-phenylanthranils with uv light, which normally leads 
to azepines (57), gives 9-acridanones if position 7 is substituted. A nitrene 
intermediate is also proposed for this low-yield rea~t ion.~l* 
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(2)  Preparation of 3-Phenylanthranils 

The chemistry of the anthranils (now described as 2,l-benzisoxazoles by 
Chemical Abstracts) has been reviewed up to 1965.295 Many of the general 
methods of preparation mentioned are suitable for the preparation of 3- 
phenylanthranils (58). These include the cyclization of benzophenones with 
ortho nitrogen functions, or their reduced derivatives; the addition of the 3- 
phenyl group to a benzaldehyde with an ortho nitrogen group; and the 
insertion of the 3-carbon atom, as well as the phenyl group, into an isoxazole 
ring built onto a nitrobenzene. 

Two complementary syntheses of the first type are the reduction of 2-nitro- 
benzophenones and the oxidation of 2-aminobenzophenones. 
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Excellent yields are found on the reduction route if sodium sulfide is used,313 
but tin in hydrochloric314 or acetic3I0 acids, and zinc in methanolic ammon- 
ium chloride, 31:1 have also been employed. A nitrene intermediate has been 
proposedBBB to account for the formation of 3-phenylanthranil and the 2- 
aminobenzophenone isolated as a by-product, when triethyl phosphite 
reacts with 2 - n i t r o b e n ~ o p h e n o n e . ~ ~ ~ ~ ~ ~ ~  

316 in the alternative syn- 
thesis, but pertrifluoracetic acid yields the further oxidized 2-nitrobenzo- 
phen0ne.~I6 Sodium hypobromite gives a 58% yield of anthranil from 2- 
aminobenzophenone in this reaction."' 

The Hofmann degradation of 4'-chlorobenzophenone-2-carboxyamide 
(59), or its cyclic tautomer (60), and the cyclization of o-nitrobenzhydrol(61) 
with thionyl chloride in chloroform, which gives 5-chloro-3-phenylanthranil 
(62),318 are reactions of a similar type. 

Persulfuric acid is an effective oxidizing 

HO C,H,Cl 

0 
s9 60 

Ph 
I Ph H 

61 0- OH 62 

The introduction of chlorine at position 5 during the latter synthesis is prob- 
ably the chlorination of a benzene ring under the mildest conditions known. 

Treatment of 2-aminobenzophenone with nitrous acid gave only 15% of 
3-phenylanthranil ; the major product was f l~o renone .~~ '  However, treatment 
of the diazonium compound with sodium azide gave o-azidobenzophenone 
(64), which cyclized to 3-phenylanthranil with a loss of nitrogen on heating 
in de~alin.~Og< 319 This was predicted, as the azido compound had been postu- 
lated as an intermediate in  the formation of 3-phenylanthranil from the 
o ~ i m e ~ ~ ~  of o-aminobenzophenone (63). 

2-Nitrodiphenylmethanes form 3-phenylanthranils on heating,3n2 by an 
internal oxidation-reduction process initiated by nucleophilic attack at  
methylene by the adjacent nitro group.321 The yields are poor because iso- 
merization to 9-acridanones takes place at the high tempreatures required. 
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63 64 

The second type of anthranil synthesis, in which 2-nitro- or 2,4-dinitro- 
benzaldehyde condenses with aromatic compounds under acid conditions, 
has been described earlier as part of the route to 9-acridanones. 3-Substituted 
anthranils have been made this way using h e n ~ e n e , ~ ~ ~ ,  257, 2 9 8 ,  322 toluene,3o5 3 2 2  

f l ~ o r o - , ~ ~ ~  ~ h l o r o - , ' ~ ~ ,  2 9 2 ,  300 b r ~ m ~ - , ~ ~ ~ , ~ ~ ~  or iodo-benzenesE8 in the presence 
of concentrated sulfuric acid. Aniline, or its sulfate,323 reacts with 2-nitro- 
benzaldehyde or 5-chloro-2-nitrobenzaldehyde under the influence of zinc 

325 but if phosphorus oxychloride is used, the reaction takes the 
course Some triphenylmethane derivatives, as well as the 2 : 1 con- 
densation product (65), are also found in the former reactions. 

concd Ha 2 ocHo+ F'hNH, - ' NO2 

65 

Phenols and dimethylaniline give 3-arylanthranils with nitrobenzaldehyde 
if hydrogen in acetic a ~ i d ~ ~ ~ - 3 3 0  or ether,303 or hydrogen bromide303 
is used as the condensing acid. A chlorine atom is usually introduced at 
position 5 during this 3 2 5 ,  326 unless a substituent is already present 
there, when substitution at position 7 may take place.303 The mixture of chlori- 
nated and nonchlorinated anthranils found when aniline reacts with 2-nitro- 
benzaldehyde in these conditions may be separated because the 5-chloro 
compound is less soluble in hydrochloric acid.381 Rromination is less frequent 
and only occurs in the 5 position. The participation of the hydrogen halide, 
presumably by a mechanism similar to the equation 61 -+ 62, as a benzhydrol 
may be isolated from this reaction,332 avoids the need for the unexplained 
reduction step in the 51 -+ 53 sequence (p. 178). 

At the next higher level of oxidation, 2-nitrobenzoic acid reacts with tri- 
fluoroacetic anhydride, boron trifluoride, and benzene to  give 3-phenyl- 
anthranil l - o ~ i d e . ~ ~ ~  
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The third type of synthesis is exemplified by the reaction of benzyl cyanide 
with 4-chloronitrobenzene in methanolic sodium hydroxide334 to  form 67 
(X = C1) in 97y0 yield. The use of potassium hydroxide as the base,308, 3 3 5 3  336  

is said to  give poorer yields,334 and no improvement was found if sodium 
methoxide was employed.337 The isolation of the intermediate potassium salt 
(66), which is then treated with dilute acid, is considered to be a superior 
t e c h n i q ~ e ~ ~ 6 ;  substituted benzyl cyanides also take part in this reaction.338 

A para-substituted nitrobenzene must be used, or 4a-cyanobenzylidene- 
2,4-cyclohexadien-l-one oximes (68) are isolated,335, 338, 3 3 9  and if pyridine is 
used as the solvent, nucleophilic substitution and reduction takes place to give 
a 340 of 69 and 70. The reaction also fails if the para s u b s t i t ~ e n t ~ ~ ~  
is electron-donating (X = Me or OMe). 

68 69 

(3) Oxidation of Acridines 

No general, high-yield method is yet available for the direct oxidation of 
acridines to 9-acridanones, but even so, this reaction was valuable in estab- 
lishing the structure of acridine. The principle of vinylogy indicates that this 
is a process comparable to the oxidation of a Schiff‘s base to an amide, for 
which ozone is the sole, and inefficient, reagent.341 

Poor yields of 9-acridanone have been obtained in the oxidation of acridine 
by calcium hypochlorite in the presence of by bromine and sodium 
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m e t h ~ x i d e , ~ ~ ~  by potassium ~ e r m a n g a n a t e , ~ ~ ~  by N-bromosuccinimide in the 
presence of perbenzoic and by a mixture of chromic and acetic acids.5 
10,10’-Biacridan-9-onyl (71) was also formed in the last of these reactions, 
unless a low proportion of oxidizing agent was used.j 

71  0 

A route via the oxidative hydrolysis of 9-acridanthione, which is produced 
in excellent yield from acridine and sulfur at 190”, is, however, highly success- 
ful with acid ferricyanide, or better, sodium hypochlorite. This method was 
used in the purification of carbon-14 labeled acridine to  constant radio- 
a ~ t i v i t y . ~ ~ 6  

The nucleophilic attack of ozone on acridine is solvent-dependent, giving 
2.5% of 9-acridanone in methylene chloride but less than 0.1% in methanol. 
The major product is quinoline-2,3-dicarboxylic acid. When acridine 10-oxide 
was used, a maximum yield of 40y0 was obtained, provided the ozone was in 
excess. The suggested mechanism also shows why lO-hydroxy-9-acridanone, 
tautomeric with 9-hydroxyacridine 10-oxide, predominates if less ozone is 
available.347 
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Acridine and dimethyl acetylenedicarboxylate in ether gave the 9-acri- 
danones 73 with cis and trans 10-substituents. In alcoholic solution the 9- 
alkoxyacridan 74 is formed, suggesting that aerial oxidation of the first- 
formed ylid, 72, leads to the 9-a~ridanone.~Q 

0 
II 

1 
73 CC02Me 

II 
CHC02Me 

I RO H / 
72 CC02Me 

-CC02Me 
II 

1 ,, CC02Me 
II 
CH C02 Me 

Alkaline peroxide or catalytic hydrogenation cleaves the 10-side chain. 
Substituted acridines are more readily oxidized. 2- and 4-Nitroacridines 

are more rapidly oxidized than the 1- and 3-isomers, but all give good yields 
of the corresponding nitro-9-acridanones, with chromic 350 3-Chloro- 
acridine is similarly oxidized.351 

9-Substituents are particularly susceptible to oxidation. 9-Allylacridine 
gives 9-acridanone on treatment with dichromate in acetic and 9- 
diethylaminoacridine gives a mixture of 9-acridanone, nitro-9-acridanone, and 
9-ethylaminoacridine with nitric acid, showing that dealkylation precedes, 
and oxidation accompanies, nitration.353 

9 - M e t h ~ l - , ~ ~ ~  but not 9-ethyl-a~ridine~~5 is oxidized to  9-acridanone by 
p-nitrosodimethylaniline in hydrochloric acid. An intermediate 9-carboxalde- 
hyde group seems to result from the hydrolysis of the first-formed anil (75) 
or anil-oxide (76). 

0 
t 

CH=NR CH=NR 
I 

75 76 
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Peroxide oxidation of 9-~arboxaldehyde~~* or 9-carboxylic acid3j6 groups also 
gives 9-acridanones, suggesting that these reactions are analogues of the 
Dakin hydroxylation reaction. 

The mechanism of the rearrangement of acridine 10-oxide to  9-acridanone 
in acetic 3 6 i  has recently been i n v e ~ t i g a t e d . ~ ~ * - ~ ~ ~  The pseudo- 
unimolecular kinetics favor a solvent-separated, ion-pair process, within 
which a concerted intramolecular mechanism fits the thermodynamic param- 
e t e r ~ . ~ ~ ~  This contrasts with the intermolecular ionic route found for the 
rearrangement of pyridine 1-oxide to 2-pyridone under these conditions.361 
Two possible reaction paths, involving 77 and 78, are consistent with the 
results of some oxygen-1 8 labeling experiments, outlined below. 

Me-C=O' 

77 

Me qg - 
78 

I 
OCO'CH, 

0 

+& H 

0' -& H 
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The path via 78 is favored when a large amount of solvent is used, suggesting 
that the mode of solvation affects the conformation of the rearranging ion. 
As the reaction rate is not altered when 9-deuteroacridine 10-oxide is used, 
the rate-determining step must be the formation of the bridged interniediate.3jg 

The metabolic oxidation of acridines has been studied frequently by 
Japanese workers. A common product is 2-hydroxy-9-a~ridanone,~~~ excreted 
as g lu~uronate~6~ or s ~ l p h a t e , ~ ~ ~  and formed in the kidney by the action of 
9-acridanone d e h y d r o g e n a ~ e ~ 6 ~ - ~ 6 ~ ~ $ ~  on 9-a~ridanone.~6~1 366 Both liver and 
kidney contain acridine d e h y d r ~ g e n a s e , ~ ~ ~  which acts to give 9 - a ~ r i d a n o n e ~ ~ ~  
from acridine, its 10-oxide and quaternary salts, and also 9-substituted 
acridines, provided that the 9-substituent is easily The latter 
enzyme is present in man, and rabbit,363 cat, and rat but not in the dogig3 
or mouse.367 

Reduced 9-acridanones, especially the readily available 1,2,3,4-tetra- 
hydro-9-acridanone (Chapter V, p. 478) may be dehydrogenated to 9- 
acrid an one^^^^ by treatment with hot concentrated sulfuric a ~ i d , ~ ~ 2  sulfur in 
q ~ i n o l i n e , ~ ~ ' *  3 7 2  or on heating in dry air at 280°;373 but better yields are ob- 
tained if copper powder is added and the temperature is raised to 360°.3721 374 
A quantitative dehydrogenation is said to occur when 9-acridanone is sub- 
limed from a mixture of litharge, pumice, and the tetrahydro compound, in an 
atmosphere of carbon 

(4) Cyclization of 2,2'- Disubstituted Benzophenones 

A 2-fluoro group in benzophenone is readily displaced by nucleophilic 
reagents.376 This observation has been exploited in an intramolecular con- 
densation reaction to give both 9-acridanones and their 10-substituted deriva- 
tives. Dimethylformamide is the recommended solvent, but 2-ethoxyethanol 
was needed with N-p-tosyl-2-amino-2'-fluorobenzophenone to avoid the loss 
of the tosyl group. It is also essential to  add slightly more than one equivalent 
of potassium carbonate. 

2-Amino-2'-fluorobenzophenones were originally prepared as intermediates 
in the of benzo-l,4-diazepin-2( 1H)-ones (79), and may be re- 
generated by the acid hydrolysis of these diazapinones or the alkaline hy- 
dolysis of the related diazepinium 
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These diazepinones may be nitrated before hydrolysis,379 and compounds 
79 (R = H) are readily N-alkylated,380, 381 giving a range of aminofluoro- 
benzophenones on hydrolysis. 

The more direct synthetic route377< 3823 3 8 3  is the reaction of o-fluorobenzoyl 
chloride with an arylamine, preferably having its para position blocked, at 
about 200°, in the presence of zinc or aluminium chloride. The o-fluoro- 
benzoic acid, obtained together with the required ketone, should be recycled 
for optimum yield.384 A chlorine atom para to the amino group may be 
catalytically reduced out of the benzophenone system, leaving the 2’-fluoro 
group intact3*5; a methyl group in this position may successively be converted 
to carboxy, amido, and cyano groups without destroying the rest of the 
molecule. 386 

An alternative synthesis of highly fluorinated aminobenzophenones is 
possible from the heating of polyfluorotriphenylcarbinols or benzophenones 
with aqueous ammonia in an autoclave.387 

Although yields lie in the range 80-100~0 when 2’-fluoro compounds are 
used, the corresponding 2’-chloro- and 2’-hydroxy-2-aminobenzophenones 
do not undergo this cyclization,122 except as shown on this page and p. 190. 

Ref. 893 

H 

Hot concentrated hydrochloric acid or zinc chloride is said to  cyclize 
2,2‘-diaminobenzophenone to 9-a~ridanone,~gO but a repeat of these experi- 
ments showed yields of 0 and 7’%, respe~tively.~91 However, high-temperature 
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cyclization in 100% phosphoric acid gave an almost quantitative yield of 
9-acridanone, as well as a 767, yield of 3,7-dichloro-9-acridanone from 
2,2’-diamino-4,4’-dichlorobenzophenone,3g1 a reaction previously reported to  

2,2’,4,4’-Tetraaminobenzophenone failed to  cyclize under these condi- 
tions, even though the reductive cyclization of the corresponding tetranitro 
compound with stannous chloride in hydrochloric acid 3 9 3 .  394  is said to be the 
best route to 3,7-diamino-9-acridanone. These are examples in a series of 
reactions in which the acridine system may be obtained at the acridan, 
acridine, or 9-acridanone level of oxidation, by the elimination of ammonia 
from 2,2’-diamino-diphenylmethanes, -benzhydrols or -benzophenones, 
respectively. 

Cyclization of 2-amino-2’-methoxybenzophenones is known only in the 
benzacridanone series.388 The reaction shown below, however, took place on 
heating the benzophenone with ammonia or a primary amine. 

0 0 
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Cyclodehydrogenation to 9-acridanones is -said to occur on heating 2- 
aminobenzophenone with litharge395 at 350-360” (507,) and on treating 2- 
amino-3’-hydroxybenzophenone with manganese triacetate or potassium 
persulphate.893 With zinc chlorides as cyclizing reagent, 2-aminobenzo- 
phenones gave only traces of 9-acridanones. The major products were di- 
phenyldibenzodiazocines, and benzanilides were also formed by rearrange- 
r n e r ~ t . ~ ~ ~  Similarly, only enough 9-acridanone for chromatographic identi- 
fication was obtained when diphenylamine-2-carboxaldehyde was distilled 
from zinc 

( 5 )  Miscellaneous Laboratory Routes 

Both thermoly~is~~7 and uv irradiation of 3-phenylbenzotriazin-4-one (80) 
in aprotic s0lvents~~8 give 9-acridanone, although some phenanthridone was 
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also obtained in the former reaction. Ionic398 and free radical397 mechanisms 
have been suggested for these reactions 

80 \ 

There is some evidence for both pathways because, during irradiation, 
@-naphthol will trap the diazonium salt 81 and water or ethanol will add to 
the ketene 82 to  give diphenylamine-2-carboxylic acid or its ester398; while 
thermolysis in paraffin gives a benzanilide as a major product, due to  free 
radical hydrogen abstraction from the solvent.397 

N - p - C h l ~ r o - ~ ~ ~  and p - i ~ d o - ~ ~ ~  phenylbenzimino-5-methoxy-Zmethoxycar- 
bonylphenyl ethers (83), typical starting materials for the Chapman rearrange- 
ment (Section l.B(2)(a)) are reported to give acridanones directly on heating 
to 320". Concentrated sulfuric acid at 200" converts similar imino ethers t o  
9-a~ridanones,~O~ but poor yields are found in both reactions.263 Salicylic 
acid, on heating with phosphorus trichloride and m-toluidine, gave a low yield 
of a rnethyl-9-a~ridanone,~~~ later identified as the 1-substituted compound.372 
The anilide was possibly formed first, as salicylanilides (84) are known t o  
undergo rearrangement and cyclization to 9 -a~r idanones .~~~  together with 
some decarboxylation to  diphenylamines. 

9-Acridanone is found as a by-product in the hydrolysis of 9-acridinyl- 
acetamide with methanolic potash, and in the reaction of 9-bromoacetyl- 
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acridine with secondary a m i n e ~ . ~ ~ ~  Heating calcium anthranilate to 340" and 
treating the product with hydrochloric acid at 170" also gave a little 9- 
a ~ r i d a n o n e . ~ ~ ~  

(6) Biosynthesis 

Acridine alkaloids (see also Chapter IV, p. 379), more properly named 
9-acridanone alkaloids,8g3 as the 9-keto group is always present, also display 
with few exceptionsgn0 the characteristics of 1,3-0xygen substitution and the 
absence of substituents from the left-hand ring. 10-Methylation is another 
common but not essential feature. 

The agreed source of the left-hand ring is a metabolic equivalent of 
anthranilic acid, which may arise from shikimic acidsg3 or tryptophans9j< 897 

as tritiated material, is incorporated solely into this part of the molecule.406 
Carbon-14 ~ t u d i e s ~ ~ 6  suggest that the right-hand ring is assembled from three 
acetate units,4ng, 895 rather than from preformed phloroglucino1408 or a simple 
monosaccharideQn1 ; but whether the route lies via N - a r y l a t i ~ n ~ ~ ?  or N-  
a ~ y l a t i o n , ~ ~ ~  the intermediate formation of a q u i n o l ~ n e ~ ~ ~  or an o-amino- 
b e n z o p h e n ~ n e , ~ ~ ~  remains to be decided. 

Whether the initial cyclization product is an a ~ r i d i n e , ~ ~ ~ ,  896 subsequently 
oxidized to a 9-acridanone, is not known, but it is generally considered that 
both 0- and N-methylation, and the introduction of further hydroxyl groups, 
takes place after cyclization. Nevertheless, N-methylanthranilic acid has been 
shown to be both an alkaloid precursor and a plant metabolite.897 Other 
metabolic by-products of these routes are rare,4n7 but labeled 1,3-dihydroxy- 
acridine, and 1,3-dirnethoxy-l0-methyl-acridinium sulfate and -9-acridanone 
have been converted to arborinine (2,3-dimethoxy-l-hydroxy-lO-methyl-9- 
acridanone) in the plant.896 This result further suggests that hydroxylation 
at Cz occurs after N-methylation and the oxidation of the acridine to the 
9-acridanone, even though the activity of labeled 1,2,3-trihydroxy-l0- 
methyl-9-acridanone is not found in the isolated alkaloids.897 

In v i m  analogues are available for some of these reactions. The condensa- 
tion of o-aminobenzaldehyde with phloroglucinol gives excellent yields of 
1,3-dihydroxyacridine under physiological conditions,408 898  but the reaction 
of anthranilic acid with phloroglucinol in the presence of zinc chloride is less 
s a t i ~ f a c t o r y . ~ ~ ~ - ~ ~ ~  The 9-acridanone that results may be purified by conver- 
sion into the diacetyl compound, however, and recovered by a quantitative 
alkaline hydrolysis.89g o-Aminobenzophenones may be cyclized to 9-acri- 
danones by oxidative coupling or intramolecular dehydration.893 
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D. Synthesis of 10-Substituted 9-Acridanones 

The principal routes to 10-substituted acridanones, other than the cycliza- 
tion of N-substituted diphenylamine-2-carboxylic acids (Section 1 .A(5)) are 
the oxidation of 10-alkylacridinium salts or acridans, and the N-alkylation of 
acridanones or 9-substituted acridines. 

(1) Oxidation 

The oxidation of 10-alkylacridinium salts and acridans can usually be 
carried out easily and with good yield, in contrast to the difficult oxidation of 
acridines. Chromic acid oxidizes 10-methylacridinium acetate in acetic acid 
to 10-methyl-9-acridanone in almost quantitative yield,227s 413  but the more 
common oxidizing agent is alkaline f e r r i ~ y a n i d e . ~ ~ ~ *  413-415 As lO-methyl-9- 
hydroxyacridan is very rapidly oxidized in air,416 the true reaction with the 
latter reagent may be the oxidation of the 10-substituted acridinium hydroxide 
in the form of a p s e u d o b a ~ e . ~ ~ ~ ~  418 

H OH 0 

@yJ [01 

R R 

Only in the absence of air, or other oxidizing agents,22i do acridinium 
hydroxides disproportionate on heating to a mixture of 9-acridanone and 

However, 10-methylacridinium hydroxide with a dilute solution 
of alkali in aqueous acetone gives the diacridinium ether 84a, which decom- 
poses to 10-methylacridan and 10-methyl-9-acridanone on warming with 
acetic anhydride and a trace of hydrochloric acidUgo2 

Photochemical stability and stability to oxidizing agents run parallel, as 
acridinium hydrochloride is not oxidized on irradiation with uv light, in an 
alcoholic solution saturated with oxygen, whereas 10-niethylacridinium 
chloride gives 10-methyl-9-acridanone. In chloroform solution, dispropor- 
tionation occurs, as both 10-methyl-9-acridanone and 10-methylacridan are  
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10-Methyl-9-acridanone has also been prepared by the aerial oxidation of 
9-benzylidene-10-methylacridan (85), formed by the treatment of 9-benzyl- 
10-methylacridinium chloride with a ba~e,~ZO and by the hydrogen peroxide 
oxidation4Z3 of 9-cyano- 10-methylacridan (86), formed from potassium cy- 
anide and 10-methylacridinium ~hloride.~Z* These reactions further illustrate 
the easy nucleophilic attack possible at position 9, when the acridine nitrogen 
bears a positive charge. Acridan 86, in the presence of gaseous oxygen and 
cyanide ions, gives an 80-90% yield of 10-methyl-9-acridanone and cyanate 
ions in a chemiluminescent reaction.g03 (See Chapter IX, p. 622 . )  A 9-cyano-9- 
peroxy anion, and the four-membered ring anion 86a may be intermediates. 
Alternatively, the prior formation of 9-cyanoacridanyl dimer or bis-(9- 
cyanoacridanyl)-9-peroxide could account for the results.903 

CHPh 
I I  

M e  

85 M e  

Me M e  M e  

86 86a  87 

The oxidation of 10,10'-dimethyl-9,9'-Ag~g'-biacridan to IO-methyl-9- 
acridanone with singlet oxygen, ozone, or bromine in alkaline ethanolic 
hydrogen peroxide is a chemiluminescent reaction.425 Some of the inter- 
mediate radicals, in the oxidation of lucigenin (the dinitrate of the 9,9'-bi- 
acridinium salt corresponding to Structure 87) have been detected by esr 

have 
been used as oxidizing agents to give 10-methyl-9-acridanones from 10- 
methylacridinium salts with 9-alkyl substituents. Potassium ferricyanide, but 
not hydrogen peroxide, readily oxidizes the methyl quaternary salts of 9- 
methoxycarbonylacridine to 10-methyl-9-acridanone.*gg As acridine-9- 

Potassium ~ e r m a n g a n a t e , ~ ~ ~  nitrous acid, and nitrosyl 
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carboxylic acid is the product of a Pfitzinger reaction between the cheap re- 
agents isatin and p h l o r o g l u ~ i n o l , ~ ~ ~  this may prove to be a useful general 
route to 10-alkyl-9-acridanones. 

Although acridine methiodide is said to give a poor yield of lO-methyl-9- 
acridanone on oxidation,428 10-phenylacridinium iodide may readily be 
oxidized in alkaline solution to  10-phenyl-9-acridanone.429 

A satisfactory route to 10-aryl-9-acridanones is the dehydrogenation of the 
corresponding, readily available tetrahydro-9-acridanones. (Chapter V, 
Section 6 ) .  Copper powder at high temperatures dehydrogenates l o - p - t ~ l y l - ~ ~ ~  
and 1O-p-ethylphenyl-l,2,3,4-tetrahydro-9-acridanones,374 and sulfur in 
quinoline is an effective reagent for their 0- and p-chloropheny1371 and p -  
b r ~ m o p h e n y l ~ ~ ~  analogues. 

(2) 10-Alkylation 

The sodium or potassium salts of 9-acridanones may be prepared by 
evaporating a solution of the 9-acridanone in excess alcoholic alkali,5 or by 
the azeotropic separation of water or alcohol from a suspension of the 
9-acridanone and a base in boiling d e ~ a l i n ~ ~ ~  or ~ y l e n e . ~ ~ ~  These salts react 
with many alkyl halides,434 including benzyl and ally1 iodide,436 
and the alkylating agents 4 3 8  or 4 3 8  sulfate, and methyl- 
benzenesu l f~na te~~~  to give 10-alkyl-9-acridanones. 

Yields are usually high, but isopropyl bromide gave only 4y0 of the 10- 
isopropy1-9-acridr1ione,~~* possibly because of steric interference with the 
course of the reaction. Failures experienced with 4-methoxy-9-acridanonesz1* 
have been ascribed to hydrogen bonding, but 2- and 3-nitro-5-methoxy-9- 
acridanones have been methylated via their potassium salts.439 

10-Methylation may be carried out in a single step by using methyl iodide 
with sodium methoxide in refluxing or with potassium carbonate 
in boiling acetone,414, 441 and cyclopropylmethyl bromide also alkylates 
9-acridanone under the latter conditions.82 10-(2-Diethylaminoethy1)-9- 
a c r i d a n ~ n e ~ ~ ~  and many similar 9 - a ~ r i d a n o n e s ~ ~ ~ - ~ ~ ~  have been made from 
9-acridanone and a suitable alkyl chloride in the presence of sodamide. With 
ethanolic potash as the base, however, much of the starting 9-acridanone is 
re~overed ,~~a  but with sodium hydroxide in dimethyl sulfoxide, an alkyl 
halide needs less than 5 min to alkylate a 9 - a ~ r i d a n o n e . ~ ~ ~  

Two more unusual routes to  10-substituted 9-acridanones are shown. The 
formation of 10-vinyl-9-acridanone (88) needs the high temperatures and 
pressures of an autoclave, but 92-95% yields are achieved.44s, 449 The benzyne 
reaction gives 10-phenyl-9-acridanone only as a by-product, but the binuclear 
product 89 is suggested as the precursor since it is readily oxidized to the 
9 - a ~ r i d a n o n e . ~ ~ ~  
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A further satisfactory synthesis of 10-methyl-9-acridanones takes advantage 
of the easy hydrolysis of 9-chloro, alkoxy, or amino groups from an acridine 
with a positive charge on the nitrogen atom. The 9-substituted acridine is first 
10-methylated with methyl sulfate,g7 iodide,281 or p - to luene~u l fona te~~~~  904; 

the 10-methylacridinium salt is then refluxed in strong alkali to  give the 
9-acridanone. 

X X 0 

X = PhO, NHZ 

Certain methoxylated 9-aminoacridines are converted to the corresponding 
9-acridanones by this procedure,218 rather than the 10-methylated compounds, 
possibly due to  preferential methylation of the exocyclic nitrogen atom. 

9-Amino- 10-ethylacridinium iodide gives a pseudobase (90), when treated 
with 10% aqueous potash. In concentrated sulfuric, or ethanolic hydrochloric 
acid, or on heating to 150”, the base eliminates ammonia to give lO-ethyl-9- 
acridanone. However, with more dilute aqueous acid, 9-amino-10-ethyl- 
acridinium chloride is the 

9-Chloroacridine with trimethyloxonium borofluoride gives the 10-methyl- 
acridinium borofluoride. The hydrolysis of this compound is not recorded, but 
with 9-acridanimine it forms a 9,9’-nitrogen-bridged binuclear 
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9-Methoxyacridine rearranges to lO-rnethyl-9-a~ridanone~~~ on heating to  
200°, presumably via an intermolecular methylation-demethylation pathway. 
In the presence of methyl iodideg7 the reaction proceeds more readily, and its 
scope has been much increased by this simple expedient.218s 414, 455 4-Methoxy- 
quinoline undergoes a similar rearrangement.456 

90 
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2. Structure, Properties, and Reactions of 
9-Acridanone and Its Derivatives 

A. General Properties and Structure 

9-Acridanone was first obtained at 1880344 and named acridone in 1892.1j7 
A number of syntheses of the parent compound are included in Table I, of 
which the cyclization of diphenylamine-2-carboxylic acid is the most satis- 
factory. 9-Acridanone has a high melting point and shows unusual stability, 
in that it distills unchanged at  atmospheric pressure. It is almost insoluble in 
common solvents but it may be recrystallized from a large volume of acetic 
acid or amyl alcohol, or, better, on a large scale, from rn-cresol or a mixture 
(5  : 12.5) of aniline and acetic acid. Purification may also be achieved by sub- 
limation. 9-Acridanone is one of the most fluorescent substances known, 
showing a blue-violet fluorescence in water or alcohol that changes to  green 
on the addition of alkali. This property has proved valuable in the estimation 
of trace quantities of 9 - a ~ r i d a n o n e s . ~ ~ ~  

9-Acridanone is a feeble base (pK, - 0.32) and a very weak acid, but the 
excited acridanone molecule is shown by fluorescence spectroscopy t o  have 
much stronger basic p r ~ p e r t i e s . ~ j ~ - ~ j ~  

The hydrochloride, which precipitates on cooling from a solution of 9- 
acridanone in hot concentrated hydrochloric acid, and the potassium salt 
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present in a solution of 9-acridanone in ethanolic potassium hydroxide, are 
both immediately hydrolyzed by water. Unlike the other hydroxyacridines, 
which dissolve in 0.1N sodium hydroxide solution, 9-acridanone is undis- 
solved, even by strong aqueous alkali.460 

When subjected to paper, or polyamide thin layer, chromatography, 
9-acridanone requires strongly acid eluting solvents, or concentrated ammonia 
solution to show appreciable RF values.461, 4 6 2  Acridine spots run much more 
freely.463 

no inflection between p H  2 
and 12, 9-acridanone cannot be represented as 9-hydroxyacridine (91). The 
tautomeric keto formulation (92) is also unsatisfactory, since generally neither 
9-acridanone5 cdr 10-substituted 9 - a c r i d a n o n e ~ ~ ~ ~  react with hydroxylamine 
or phenylhydrazine. These characteristic carbonyl group derivatives must be 
made from 9-chloroacridines, except for the single example (93), which ap- 
pears to form an oxime 

As its potentiometric titration curve 

0 

91 92 93 

A calculation of the keto: enol ratio from a comparison of the basic strengths 
of 9-acridanone and 9-metho~yacridine~~6 shows that the proportion of 91 is 
only 1 in lo8. Despite the small proportion of the hydroxytautomer, 9-acri- 
danone may be converted into 9-chloroacridine as readily as 4-pyridone, 
where the enol: keto ratio is 1 : 2200, is converted to  4-chloropyridine. The 
importance of the form 91 in the reactions of acridanone is clear, in that both 
cation 94 and anion 95 are derived from it.440, 467 

0- 

94 95 

Protonation is expected to occur on the oxygen rather than nitrogen, by 
analogy with 4-~yr idone ,4~~ and because oxygen is known to tolerate a nega- 
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tive charge better than nitrogen. Evidence from uv spectroscopy confirms the 
predominance of the keto form 92, as the spectrum of 9-acridanone is very 
similar to  that of lO-methyl-9-acridanone, but differs from that of 9-methoxy- 
a ~ r i d i n e . ~ ~ ~  The nmr spectrum also shows N-H to ring proton coupling, not 
possible in 9-hydroxya~r id ine .~~~ 

9-Hydroxyacridine has never been isolated, as the only compound claimed 
to  have this form4i1 was subsequently shown to be the tautomeric 10-hydroxy- 
9 - a ~ r i d a n o n e . ~ ~ ~  4 5 4 ,  472 Nor has it been detected in nonpolar 
which are known to favor hydroxy, rather than keto, t a u t ~ r n e r s . ~ ~ ~  Even in 
such compounds as 4-hydroxyacridine (96), where the enol form might have 
been favored by hydrogen bonding,4i4 and the complex 97, where a proto- 
tropic shift would have allowed further coordination through the nitrogen 
lone pair,232 spectroscopic evidence indicates that the keto form of the 9-acri- 
danone is maintained. 
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In contrast, 9-aminoacridine has been shown to exist predominantly in thc 
amino form rather than as the imino tautomer (lo3: I), by ir,4i5, 476 U V , ~ ,  47 '  

and nmr470 spectroscopic data, ionization constant  calculation^^^^^ 4 7 8  anc 
dipole moment (See Chapter 11, p. 121 .) Earlier erroneous 
conclusions favoring the imino form are possibly the result of neglectini 
steric interaction,469, 480-482 between substituents on the exocyclic nitrogei 
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and the peri hydrogen atoms. However, stabilization of the imino form is 
achieved by replacing the imine hydrogen atom with a benzene~ulfonyl- ,~~~ or 
trifluoro- or trichloro-acetyl group.484 Acetylation does not bring about this 
stabilization. 485 

The high melting point and the solubility characteristics of 9-acridanone 
indicate that it is a highly associated substance. 9-Acridanones with 10- 
substituents, or groups in positions 4 or 5 ,  melt at lower temperatures than 
the parent compound, suggesting that intermolecular hydrogen bonding (98) 
is normally present, but the fixed position of the hydrogen atoms required by 
“mesohydric tautomerism”486 is now unacceptable.487 9-Acridanones with 
proton-donating substituents in the 1-position, e.g., the nor-9-acridanone 
alkaloids (Chapter IV, Section 2.D), and 9-acridanones with proton-accepting 
substituents in the 4-position, may show altered physical properties (cf. 
Chapter XI, p. 670) and chemical reactivity because of intramolecular hy- 
drogen bonding. 
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9-Acridanone certainly has a strong tendency to  form hydrogen bonds, as 
its changing uv spectrum in mixtures of acetic acid and ethanol shows that 
acridanone both associates with, and breaks up, acetic acid d i m e r ~ . ~ ~ ~  The 
more effective hydrogen bonds, however, seem to be made through the oxygen 
rather than the nitrogen atom, as the appearance of free radical complexes in 
the 10-ethyl-9-acridanone : isobutyric acid system has been ascribed to  the 
lowering of the activation energy of hydrogen atom transfer along a strong 
carbonyl-hydroxyl hydrogen bond.489 

This highly polarized nature of the acridanone molecule has been expressed 
in the formulation 99454; this canonical form is considered an important 
contributor to the resonance h ~ b r i d . ~ 6 ~  Absorptions in the ir spectrum show 
that the carbonyl-group stretching frequency of 9-acridanone (see Chapter 
XI, p. 668) is lower than that expected even for an associated amide,490 in 
common with other 2- and 4-pyrid0nes,*~l and the characteristic frequency of 
the tertiary N-methyl group, which vanishes on quaternization, is very weak 
in the spectrum of 10-methyl-9-acridanone.49z 

The similarity of the uv spectrum493 of 9-acridanone to  those of the 9- 
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acridanone and 9-aminoacridine cations,' and the dipole moment of 10- 
methyl-9-acridanone (3.5 D),494 which is appreciably higher than that of 
benzophenone (2.95 D) and contrasts with the zero dipole moment of 9- 
c h l o r ~ a c r i d i n e , ~ ~ ~  also lend support to the significance of structure 99. 

B. Chemical Properties of 9-Acridanone 

( I )  Reduction 

Distillation with zinc, dust is the only general one-step process known [see 
Chapter I (p. 13) for the two known exceptions] for the reduction of 9-acri- 
danones to acridines.*'V 157 ,  3 4 4 ,  495-497 The reaction may be violent, and the 
product, if allowed to  distill from the reaction mixture, is contaminated with 
acridan and unreduced 9-acridanone.'** If left in the vessel, acridan is not 
found, as temperatures above its dehydrogenation temperature are reached. 
Only alkyl groups are certain to survive; hydroxy, alkoxy, and halogen sub- 
stituents are always 

Fortunately, a number of satisfactory two-stage processes are available, 
most of which involve the reduction of the 9-acridanone to the acridan and its 
reoxidation to  the acridine. A large excess of sodium in amyl alcoh01,~2~ which 
is better than gives an 85% yield of acridan from 9-acridanone and 
is also effective with methyl-9-a~ridanones.~~~ Sodium in [O-2H]butan- 1-01 
has been used to reduce 9-acridanone to 9,9-dideuteroacridan, which had an 
isotopic purity of over 95%.905 If sodium amalgam in 146 ,  210, 499,  500 

or 90% ethanol, 18, 1 3 6 3  147 ,  394 is used, a smaller proportion of sodium is 
needed, and it is the preferred reducing agent for nitro- and amino-9-acri- 
d a n o n e ~ . ' ~ ~ ~  500 Halogen substituents survive this reduction,'* but bimolecular 
products, such as 100 are sometimes obtained.j, 1 8 ,  499 

0 

I00 101 
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Aluminium amalgam*', l Z 4  is said to be even more effective than sodium 
amalgam, but it fails with l-amino-9-acridanone, because an aluminium 
chelate compound is formed.Iz4 

9-Acridanone, in contrast to anthraquinone, is not reduced by aluminium 
in concentrated sulfuric acid,501 and tin and hydrochloric acid only reduces 
nitro-9-acridanones and their 10-methyl derivatives to amino-9-acridanones. 
1 4 5 ,  2 3 9  Neither is catalyic reduction over Raney nickel any more successful 
with nitro-9-acridanones, 145 but copper chromite under forcing conditions 
effectively catalyzes the hydrogenation of 9-acridanone to a~ridan.~O* Di- 
borane in tetrahydrofuran converts 9-acridanone to a mixture of acridine 
and a ~ r i d a n , ~ " ~  but the usefulness of this method is severely limited by the 
insolubility of 9-acridanone. 

bromine,jo4 nitrous504, jo5 or 
nitric acids,506 silver nitrate,jo7 and dichromate in acetic acid,*', l a 6 ,  4 8 3 ,  jo8 but 
ferric chloride is the recommended reagent.40, 

Two, very good, three-stage reduction processes are also known. 9- 
Acridanone is readily converted to 9-chloroacridine, which is reduced to  
acridan, by hydrogen over Raney nickel,351, jog, j 1 0  in an alkaline medium. 
Subsequent oxidation gives a ~ r i d i n e . ~ ~ ~  However, reduction with lithium 
aluminium hydride is said to give acridine directly in 7570 yie1d.l" Alternatively 
the 9-chloroacridine may be treated with p-toluensulfonylhydrazine, and 
alkaline hydrolysis of the 9-acridinyl p-tosyl hydrazine (Chapter I (lOOa)), 
gives acridine, nitrogen, and p-toluenesulfinic acid.19, 414, j1l< 906 Although 
this sequence constitutes a reduction, reducing conditions are not employed; 
this allows reducible cyano and nitro groups to survive into the product. 

Acridan may be oxidized to acridine by 

4 9 7  

(2) Oxidation 

The oxidation of 9-acridanone or its 10-methyl derivative with dichromate 
in hot acetic acid gave 10,10'-di-9-acridanone, together with carbon dioxide, 
in the latter case.5 Under the same conditions, 4-methylacridine also gives 
compound 101, mixed with 9-acridanone. The 4-methyl group had been elimi- 
nated from both products, probably via the decarboxylation of the corre- 
sponding carboxylic acids.495 Compound 101 was split into 2 moles of acridan 
on reduction with sodium amalgam In ethanol and gave acridine on distilla- 
tion from zinc dust. It was soluble in organic solvents, but much less so in 
alcohols, acids, or alkalis. No substituted derivatives are known. 

9-Acridanone is oxidized by ozone in a chemiluminescent reaction, which 
has been suggested as a very sensitive method of detection and estimation of 
amounts5'? down to 2 ng. Acridine alkaloids (Chapter IV, p. 384) are 
oxidized to 4-quinolone-3-carboxylic acid by nitric acid. The susceptible 
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hydroxylated ring is broken down, and the 2-carboxyl group of the first- 
formed quinolone-dicarboxylic acid decarboxylates under the conditions of 
the reacti0n.~~6, 441 

( 3 )  Electrophilic Substitution-Halogenation 

Chlorination of 9-acridanone in acetic acid gave an inseparable mixture of 
chlorinated but with carbon tetrachloride as solvent a 9% yield 
of 2,7-dichloro-9-acridanone was precipitated, leaving the mixture of mono- 
chloro-g-acridanones in The 2,7-dichloro-9-acridanone was fur- 
ther chlorinated to  2,4,5,7-tetrachIoro-9-acridanone in 98y0 514 and 
gave 4,5-dibromo-2,7-dichloro-9-acridanone when treated with bromine.206 
When antimony pentachloride with a trace of iodine was used as the chlori- 
nating agent, both 9-acridanone and its 10-methyl derivative gave octachloro 

Bromination gives excellent yields of either 2,7-dibromo- or 2,4,5,7-tetra- 
bromo-9-acridanone (102), according to the conditions,l8, 1 3 9 ,  206 and not  
2,3-dibromo-9-acridanone, as previously suggested.513 This reaction is not 
easily stopped at  the mono- or tri-bromo stages, but if the red compound 
(presumably 103), formed from IG-methyl-9-acridanone and bromine in 
chloroform at room temperature, is refluxed in the same solvent, 2-bromo-10- 
methyl-9-acridanone is formed, uncontaminated with 2,7-dibromo-9- 
a ~ r i d a n o n e . ~ ~ ~  

0 OBr 

Me 
Br Br Br; 

102 103 

The more nucleophilic solvent, methanol, breaks down the complex to  the 
free base, which is much more susceptible to electrophilic attack and rapidly 
brominates at positions 2 and 7.5l6 2,7-Dibromo-lO-methyl-9-acridanone is 
the normal product of mild bromination, but more vigorous reaction condi- 
tions led to  the of the demethylated product (102). 2-Bromo-9- 
acridanone is readily converted to the 2,7-dibromo and a 
hexabromo-9-acridanone results from the treatment of 102 with boiling 
bromine in the presence of aluminium b ~ 0 m i d e . l ~ ~  If chlorine was passed 
through a solution of 2,7-dibromoacridine at loo", 2,7-dibromo-4,5-dichloro- 
9-acridanone was obtained,206 but the iodine of 2-iodo- or 2,7-diiodo-9- 
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acridanone was sometimes replaced by chlorine under similar condition~,~07 
giving eventually the 2,4,5,7-tetrachloro compound. 

9-Acridanone with iodine monochloride gave mixtures of 2-iodo- and 2,7- 
diiodo-9-acridanone, but extending the reaction time led to  4-chloro- and 
4,5-dichloro-2,7-diiodo-9-acridanone.go8 2,7-Dichloro-9-acridanone gave only 
the 2,4,7-trichloro compound in this reaction,g08 suggesting that with a deacti- 
vated 9-acridanone nucleus only the more reactive chlorine molecule, formed 
by disproportionation, can bring about electrophilic substitution. 

Many of these structures have been checked by independent synthesis of 
the halogenated 9-acridanones from the corresponding diphenylamine-2- 
carboxylic acids. 

(4) Electrophilic Substitution-Nitration 

The nitration of 9-acridanone at 30" is reported to give a mixture of 2- 
nitro- (85 2) and 4-nitro- (15 z) 9-a~r idanones ,~~j  but other workers have 
been unable to repeat these experiments.518 Great care is needed to obtain 
mono nitro products, even if just 1 mole of nitric acid is used. Further nitra- 
tion of 2-nitro-9-acridanone gave mainly 2,7-dinitro-9-acridanone with a 
small proportion of 2,Sdinitro- and 2,4,7-trinitr0-9-acridanone,~~~ the last of 
these structures being confirmed by synthesis.24 4-Nitro-9-acridanone, on the 
other hand, is said to give only 2,5-dinitr0-9-acridanone,~~~< 505 but 2,4,5,7- 
tetranitro-9-acridanone is also claimed as a product of this reaction.51g The 
1-nitro- and 3-nitro-9-acridanones are also further nitrated in the 7-po~i t ion . '~~  

Just as in the halogenation series, the introduction of a nitro group into one 
of the rings of 9-acridanone sufficiently deactivates the ring to ensure that a 
second electrophilic substituent enters the other ring. 

( 5 )  Electrophilic Substitution-Sulfonation 

This reaction corresponds to  the nitration of 9-acridanone, in that 9- 
acridanone-2-sulfonic acid is the major product and a little of the 4-sulfonic 
acid is also ~bta ined . '~  The allocated structures'were confirmed by converting 
the sulfonic acids into hydroxy-9-acridanones, which were compared with 
authentic specimens. Hot oleum (80%) was required to introduce sulfonic 
acid groups into both rings; they entered at positions 2 and 7, as expected.73 

( 6 )  Reactions at Position 9 

9-Bromoacridine is formed when bromine is added to a suspension of 
9-acridanone in refluxing phosphorus tribromide.520 9-Acridanone gave 
almost a quantitative yield of 9-phenylacridine with two equivalents of phenyl 
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lithium,149 but only a 20% yield with phenyl magnesium bromide. With 
methyl magnesium iodide, the major product was 9-methyla~r id ine ,~~~ but 
with excess Grignard reagent a little 9,9-dimethylacridan was 523 

A better route to this compound is the acid cyclization of the tertiary alcohol 
obtained from diphenylamine-2-carboxylic esters with methyl magnesium 
iodide.247 Methyl lithium did not attack position 9521 but did react with an 
ester group in a side chain, during a stage in the synthesis of a c r o n y ~ i n . ~ ~ ~  
(See Chapter IV, p. 419.) 

9-Acridanone may not be 0-alkylated, and 9-alkoxyacridines must be pre- 
pared from 9-chloroacridines and alkali alkoxides. Neither is it 0-acylated 
with acetic anhydride and sodium acetate,5, 157 in contrast to  4-pyridone. The 
hemiacetall04 (R = H, R' = Me) is said to be formed when sodium methox- 
ide reacts with 9-chloroacridine. It has a uv spectrum very similar t o  that of 
9-metho~yacridine,~6~ and so is probably a nonbonded hydrate, despite its 
reaction with hydrogen cyanide to give 9-cyanoacridine, which is not shown 
by the 9-methoxy compound.524 

The acetal 104 (R,R' = Ph) is formed when 9-chloroacridine is heated to  
100" with 10 parts of phenol. It instantly eliminates phenol if treated with 
dilute jZ5 and reflux with dilute hydrochloric acid regenerates 
9-acridan0ne.j~~ 

The typical carbonyl reagents, hydrazine,526 thiosernicarba~ide,~~~ and 
anilinezs1 do not react with 9-acridanone, but the tautomeric N-(9-acridinyl) 
derivatives may be made from 9-chloroacridine, or 9-chloroacridinium 
chlor~phosphi te~~l  and the appropriate reagent. A low yield of 1,2-di-(9- 
acridiny1)hydrazine is also obtained in the first of these reactions. Acid 
hydrolysis of 9-anilinoacridine (105), also made from 9-aminoacridine and 
aniline hydrochloride,281 gave 9-acridanone and aniline, the result expected 
from the hydrolysis of anil 106. 

NHPh m & *  
H H 

104 105 I06 

A useful range of derivatives with lower melting points than the high, and 
correspondingly unreliable, values given by many 9-acridanones, is available 
from the reaction of a 9-acridanone with phosphorus oxychloride and a 
dialkylaniline. Under a more vigorous application of these conditions, 
acridines give the same derivatives,jz8 and in the presence of sulfur, acridine, 
and aniline give the compound 107 (R = H).529 
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Even 4-aminodiphenyl undergoes the latter reaction,g0g in which a fast com- 
plex formation step is followed by a slow d e h y d r o g e n a t i ~ n . ~ ~ ~  As the reaction 
fails if the para position of the aniline is blocked (as in N,N-dimethylamino- 
p-toluidine) or strongly deactivated (as in N,N-dimethyl-rn-nitraniline),140 and 
as identical compounds maybe made from acridine and4-(N,N-dialkylamino)- 
phenyl lithium, followed by oxidation,530 they are clearly 9-(4-dialkylamino- 
pheny1)acridines (107). g5 

A mixture of 9-acridanones is better separated at the 9-chloroacridine 
as a mixture of these dialkylamino derivatives may form mixed 

crystals, which are resistant even to  chromatographic separation. 

C. Substituted 9-Acridanones 

N-Substituted 9-acridanones are prepared by direct substitution and 
oxidation or hydrolysis of 10-alkylacridinium salts or acridans. C-Substitu- 
ents are usually introduced before cyclization or by further electrophilic or 
nucleophilic substitution. Groups may also be removed from the 9-acridanone 
rings by decarboxylation, desulfonation, and dehalogenation, or modified by 
additional chemical processes, such as oxidation, hydrolysis, and diazotiza- 
tion. The photoionization potential of 9-acridanone is lowered by N-alkyla- 
tion, indicating that electrons are supplied to  the ring by the alkyl 
The mass spectra of many 9-acridanones have been measured, (see Chapter 
XIII, p. 709); they can provide valuable information regarding the substitu- 
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ents at positioiis 1, 2 ,  and 4, and occasionally 10, when used as an aid to  
structure 5 3 3  Nuclear magnetic resonance spectroscopy has 
not proved so useful, but features such as unsubstituted benzene rings and 
hydroxyl groups peri to  the 9-carbonyl group are readily detected534 (see 
Chapter XII, p. 698). The fluorescence spectra of several substituted 9-acrid- 
anones have also been examined and d i s c ~ s s e d . ~ ~ ~ ~  5 3 5 ’  536 

Aspects of the chemistry of the more important groups of substituted 
9-acridanones are considered below. 

( 1 )  Alkyl- and Aryl-acridanones 

10-Methyl-9-acridanone was until recently the only N-alkyl compound 
available by direct alkylati0n,5~’ possibly due to steric hindrance between the 
entering alkyl group and the hydrogen atoms peri to the nitrogen. It is more 
soluble in ethanol than 9-acridanone, but by contrast its solubility is not 
increased by the addition of potassium hydroxide. The dilution of a solution 
in 10N hydrochloric acid does not precipitate the hydrochloride but 10- 
methyl-9-acridanone itself. 

On reduction with sodium amalgamzz7 or zinc in aqueous alkali,432 10- 
methyl- and several other 1 O-alkyl-9-acridanones give 10-alkylacridans. 
However, if zinc in acetic acid,j38> 5 3 9  or preferably in ethanolic hydrogen 
chloride,4z4~ 4 3 4 ,  j 4 0  is used as a reducing agent for lo-methylacridanone, 10,lO’- 
dimethyl-A9*9’-biacridan (108; R = Me) is formed, together with an acri- 
dinium salt and 10-methylacridan. If the reaction is prolonged, the yield of 
acridan increases. Bimolecular compounds are typical of acid reductions of 
10-substituted 9-acridanones, as similar compounds (108; R = Et,540 or 
B u ~ ~ ~ ,  436)  have also been obtained. As a pinacol-type reduction with mag- 
nesium and magnesium iodide also gives these bimolecular 541 

the reaction scheme on the next page is suggested. 
The intermediate pinacols (109) have not been isolated, but either lucigenin 

analogues (110)538 (see Chapter IX, p. 616) or A9t9’-biacridans (108) may be 
0btai11ed.j~~ l0-Methyl-9-acridanones with m e t h ~ x y , ~ ~ ~ ,  5 4 2  and 
amino424 substituents, but only melicopine among the alkaloids,543 behave the 
same way (Chapter IV, p. 391). 10-Methyl-9-chloroacridinium dichlorophos- 
phate, made from the 9-acridanone and phosphorus oxychloride,lZ or a 
mixture of oxy- and pen ta -~h lo r ides ,~~~  also gives bimolecular reduction 
product~.~93~ 5 4 2  

A chlorosulfite analogue j4j  of the dichlorophosphate salt may be inter- 
mediate in the preparation of 10-methyl-9-acridanimine from thionyl chloride 
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and aqueous546 or liquid ammonia.547 Alternatively, a reaction path via a 
geminal dichloroacridan may be followed,12 as many ketones form dichloro 
derivatives with this reagent; this route is also proposed when oxalyl chlo- 
ride548 is used in place of thionyl chloride. l0-Methyl-9-chloroacridinium 
dichlorophosphate also reacts with ammonia,549 or 550 to give 
imines, and with formyl h y d r a ~ i n e ~ ~  to  give the hydrazone 111, all of which 
revert to  10-methyl-9-acridanone on treatment with dilute 546  How- 
ever, perchloric acid hydrolyzes only the formyl group of 111 to  precipitate 
the 10-methyl-9-acridanone hydrazone ~ e r c h l o r a t e . ~ ~  With hydrazine hy- 
drate,jjO these 9-chloroacridinium salts give the azine (112; R = Me, or Et); 
the dialkyl derivative of the tautomeric form of the diacridinylhydrazine 
obtained from the 9-chloroacridine salt (Section 2.B(6)). 

10-Methyl-9-chloroacridinium salts yield 9-(4-dialkylaminophenyl)-lO- 
methylacridinium chlorides with N,N-disubstituted anilines, which form the 
corresponding, unstable 9-hydroxyacridans (113) on basif icat i~n~~l  551;  the 
ethoxy analogues or pyridine complexes of these pseudobases are more 
easily isolatedO55la,b 

Similar products to 113 are also made by the action of ary16j2 or alky16ja 
Grignard reagents on 10-methyl-9-acridanone. Acridols from the former reac- 
tion are converted by acids into 9-ary1-10-methy1acridinium 4 3 5 ,  5 5 2  

and those from the latter reaction may readily be dehydrated and hydrogen- 
ated to  9,1O-dialkylacridan~.~~~ 5 5 4 ,  555 Phenyl lithium also yields a 9-phenyl- 
acridol.435 

Lithium metal gave the organometallic product 114 with lO-methyl-9- 
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acridanone, which condensed with dichlorodiphenylmethane to form the 
oxide 115. 

Li OLi Ph,C -0 m-m M e  Me 

114 115 

The nitration of 10-methyl-9-acridanone gives 2-nitro- and 2,7-dinitro-l0- 
methyl-9-acridanones just like the parent 9 - a ~ r i d a n o n e , ~ ~ ~  and for the 
bromination of 10-methyl-9-acridanone see Section 2.B(3). 

Preparations of lO-e th~l -~ ,  lj7, 434 and lO-benzyl-9-a~ridanones~~ are similar 
to  those used for the 10-methyl compound. 10-Vinyl-9-acridanone (Section 
1 .D(2)) forms a 9-chloro dichlorophosphate salt, and in somewhat poorer 
yield, a chlorosulfite salt, both of which react readily with aqueous alcoholic 
primary amine solutions8* to  give the imines (116). These imines, however, 
hydrolyze easily in water, without the need for acid catalysts. Reduction of 
the substituted 10-vinyl-9-acridanone (72) with zinc and hydrochloric acid, 
gives A9t9'-biacridan 117, in which the side chain is also hydrogenated.348 

The expected reduction products, 10-phenyla~r idan~~~ and 10,lO'-diphenyl- 
A.-9,9 '-bia~ridan~~~< 540 respectively, are found when 10-phenyl-9-acridanone 
is reduced in alkaline or acid media, but yields with substituted 10-phenyl 
derivatives under the latter conditions may be 430 Phenyl magnesium 
bromide with 10-phenyl-9-acridanone gives a 9-phenylcarbin01,~~~~ 556 but 
when 10-(p-bromophenyl)-9-chloroacridinium dichlorophosphate is treated 
with this reagent, and then nitric acid, a bimolecular lucigenin (cf. 110) 
analogue results.431 The treatment of 9,lO-diphenylacridol with sodium 
formate and formic acid reduces it to the acridanlO1; during treatment of this 
compound with zinc, the acridyl radical 118 may be extracted into an  
organic layer.137 
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(2) 10-Hydroxy-9-acridanone 

These compounds, also known as acridone N-oxides, or 9-hydroxyacridine 
N-oxides, have been prepared by the oxidation of acridine oxides with 
~ e r r n a n g a n a t e , ~ ~ ~  alkaline hydrogen peroxide,347 or ozone (Section 1 .C(3)),347 
The alkaline hydrolysis of 9-chloro-5j7 and 9 - rne tho~y-~*~ ,  5 5 8  9-acridanone 
10-oxides, made by the action of perbenzoic acid in chloroform on the corre- 
sponding a ~ r i d i n e s , ~ ~ * - ~ ~ *  the acid hydrolysis of 9-bronio- and 9-nitro-acri- 
dine 10-0xides ,~~~ and the condensation of o-nitrobenzaldehyde and benzene 
in sulfuric acid, have also been 

Alternatively, the peroxide oxidation product of acridine, originally thought 
to  be9,10(9H)-epidio~yacridan,j~~ but now believed to  be 10,lO’-bisacridanone 
ether (119),396 may be hydrolyzed to  10-hydroxy-9-acridanone with acids or 
b a ~ e s . ~ 6 ~  Only a 9% yield of 119 is obtained when acridine is treated with 
3-chloroperbenzoic acid in ether,396 as acridine 10-oxide and 2-(2-hydroxy- 
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ani1ino)benzaldehyde are also produced. The uv spectrum of 119 is very 
similar to  that of lO-methyl-9-a~ridanone,39~ and its ir spectrum shows 
absorption previously assigned to  the N-0 stretching frequency of N- 

Like 9-acridanone, 10-hydroxy-9-acridanone shows low solubility in acids, 
water, and organic solvents. However, it dissolves in aqueous sodium 
hydroxide to  give a sodium salt, which crystallizes as the solution is concen- 
trated. Reduction with sodium amalgam gave a mixture of acridine 10-oxide, 
acridine, and acridaq307 while heating the 10-hydroxy compound alone,558 
in n i t r o b e n ~ e n e ~ ~ ~ ,  565  or in tetralin*91s 305 caused decomposition t o  9-acri- 
danone and oxygen. The methyl derivative formed when lO-hydroxy-9- 
acridanone was treated with dimethyl sulfate and alkali,307 or d i a ~ o m e t h a n e , ~ ~ ~  
differed from 9-methoxyacridine 10-oxide (120), and is most probably 10- 
methoxy-9-acridanone (121). No compounds of structure 122, the remaining 
possibility, have been made, but it seems less likely to undergo hydrolysis t o  
methanol and 10-hydroxy-9-acridanone than 121 and is not an expected 
product of the diazomethane reaction. 

0 I OMe I Me/ ‘ 0  

120 121 122 

The product formed when this methyl derivative reacts with phenyl 
lithium5e6 shows behavior comparable to that of 9-hydroxy-lO-methyl-9- 
phenylacridan (123), for in both compounds the hydroxy group is replaced 
by alkoxy in refluxing alcoh0141~~ 567  and both give acridinium salts with acids. 
This suggests that the product is 124, and establishes structure 121 for the 
methylated compound. The action of benzoyl chloride on 9-acridanone 10- 
oxide, similarly, gives the 10-benzoylated derivative 125. 

HO Ph 

Me I 
OMe 

I 
OCOPh 

123 124 I25 
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Both 120 and 121 give 9-acridanone and formaldehyde when heated above 
their melting points. In refluxing ethanolic hydrogen chloride, lO-hydroxy-,45* 
lO-meth~xy-~ j~  and 10-benzoyloxy-9-acridanones55g all give 2-chloro-9- 
acridanone; if a 2-chloro substituent is already present, a dichloro derivative, 
probably 2,7-dichloro-9-acridanone, results. The intermediate formation and 
rearrangement of a 10-chloio-9-acridanone could be the pathway for these 
reactions.566 Direct halogenation gives 2,7-dichloro- and 2,7-dibromo-l0- 
hydroxy-9-acridanone~,~~* 13g not the 2,3-dihalogen compounds previously 
reported,513 and 10-hydroxy-3-nitro-9-acridanone1x has been shown to bro- 
minate at position 7. Attempts to prepare 9-(p-dimethylaminophenyl) deriva- 
tives of 10-hydroxy-9 acridanones, with phosphoryl chloride and dimethyl- 
aniline, always resulted in the loss of oxygen from the ring nitrogen atom, 
and the isolation of the corresponding 9-acridanone derivatives.ls> s8 This 
deoxygenation reaction was used to establish the positions of electrophilic 
attack on the 10-hydroxy-9-acridanone. 

The possibility of different structures for the methyl derivatives is one 
aspect of thc controversy over the structure of lO-hydroxy-9-acridanone, 
which has only recently been resolved by applications of spectroscopy. Struc- 
tures 1263571 6 6 9  and 125558, j 7 0 ,  911 both had their champions, but both sides 
made the same mistake in assuming that the structure of the N-oxide and its 
methyl derivative would be the same. In the crystalline state, to judge from 
the ir spectrum of a nujol paste, and in carbon tetrachloride solution, the 
molecules exist in a strongly hydrogen-bonded 9-hydroxyacridine 10-oxide 
structure (126),564 as N-oxide bands, shown by the sodium salt 128 and both 
9-chloro- and 9-methoxy-acridine 10-oxide, are present.564 

0- Na+ m&J& \ j. I J. 

0 0 OH 

126 127 I28 

These bands are absent from the spectra of 10-methoxy- and lO-benzoyloxy-9- 
acridanone. In the slightly more polar solvent chloroform, the ir spectrum 
indicates that the 10-hydroxy-9-acridanone tautomer (127) is present to a 
substantial extent3Q6 ; in alcholic solution, the uv spectra of the 10-hydroxy- 
and 10-methoxy-9-acridanones are very similar, but quite different from that 
of the sodium salt of the former.ji1> j i 2  This establishes the structure of the 
sodium salt to be 128. However, the spectra of the neutral species of the un- 
methylated compound and the two methyl derivatives 120 and 121 at p H  4.8, 
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and those of their conjugate acids in 15N sulfuric acid, are all so similar that 
no conclusion can be made as to  which structure predominates.573 Estimates 
of the ionization constants of 126 and 127 show them to be almost the same,573 
suggesting that there will be approximately equal quantities of the two species 
present under these conditions. The high proportion of N-oxide form (126) 
is said to be a result of the stabilization of canonical forms 129 and 130 by 
annellation. 

‘ N ’  ‘ N ’  

0 0- 
129 130 131 

F II I 

(3) Halo-9-acridanones 

Although cyclization of halogen-substituted diphenylamine-2-carboxylic 
acids, and the electrophilic substitution of 9-acridanones (Section 2.B(3)) 
are the usual routes to  halo-9-acridanones, 2,7-dibromo-9-acridanone has 
also been made by a Sandmeyer reaction on diazotized 2,7-diamino-9- 
acridanone. 

The usual syntheses of 9-acridanones involve electrophilic ring closure, 
but when 1,2,3,4-tetrafluoro-9-acridanone was required, the high deactivation 
of the fluorinated ring was expected to preclude cyclization. The pyrolysis 
of 2’-nitr0-2,3,4,5,6-pentafluorobenzhydrol(l31) was found to be an effective 
route, however, giving a mixture of 3-pentafluorophenylanthranil and 1,2,3,4- 
tetrafluoro-9-acridanone, in which the proportion of acridanone increased 
as the temperature was raised.311 A nitrene intermediate is suggested in this 
reaction (p. 180). 

2,4,5,7-Tetrahalo-9-acridanones have lower melting points than the 
2,7-dihalogen compounds; this is interpreted as a screening effect of the 
halogen atoms on the hydrogen at position 10, which diminishes the strength 
of the hydrogen bonding in the crystal (cf. Chapter XI, p. 670).206 Neither d o  
they exhibit the strong molecular association in solution shown by di- and 
tri-halo-9-acridanones, even though infrared spectra indicate that the polarity 
of the C-0 bond increases with increasing halogenation.907 

The reduction of 2-bromo-9-acridanone with sodium in ethanol led to the 
removal of the bromine and the formation of acridan.226 However, sodium 
amalgam in water reduced 9-acridanone-2- or -3-halo-7-sulfonic acids t o  
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the corresponding acridines,ji4 and in ethanol reduced 2,7-dibromo-9- 
acridanone to a mixture of 2,7-dibromo-acridine and -acridan without affect- 
ing the halogen atoms.'* 2,4,7-Tribromo- and 2,4,5,7-tetrabromo-9-acri- 
danones gave only 9-chloroacridines when treated with phosphorus oxy- 
chloride and dimethylaniline, but in the presence of aluminium chloride 
9-@-dialkylaminophenyl) derivatives could be prepared.139, 5 7 5  

Halo-9-acridanones are nitrated150 and ~ u l f o n a t e d ~ ~ ~  in the ring that does 
not contain the halogen substituent. The usual site for electrophilic attack is 
position 7. 

A characteristic reaction of 9-acridanones with 1-halogen substituents, is 
nucleophilic substitution, which is more effective if electron-withdrawing 
substituents are present in the same ring. A number of 9-acridanones with 
chloro or bromo groups at position 1, give 1-amino-9-acridanones in yields 
of about 50% when refluxed with an aliphatic a m i ~ ~ e , ~ ~ ~ ,  5 7 7  piperidine,'j3, 5 7 8  

or aniline.150 Other halogen atoms at positions 3, 4, or 6 are not replaced. 
l-Chloro-4-methyl-9-acridanone was unchanged after refluxing in piperi- 
dine,'j3 but the chlorine atom in l-chloro-4-nitro-9-acridanone could readily 
be displaced by aryl and alkyl thiols21i; that in l-chloro-2,4-dinitro-9-acri- 
danone was so labile that it was replaced by a hydroxy group when the com- 
pound was boiled with 7Yc aqueous potash.252 

The 3-chloro group may also be replaced, but the much more vigorous 
conditions of an autoclave are required.300, 6 7 9  The substitution of 3-bromo 
groups is slightly easier, but poor yields were obtained when a 3-iodo group 
was replaced.jsO After 5 hr at about 200" in the presence of strong aqueous 
ammonia and a little copper sulfate, even 2,7-dibromo-9-acridanone under- 
went nucleophilic substitution to 2,7-diamino-9-acridanone.18 

A consideration of the canonical forms 132 and 133 suggests a theoretical 
explanation for these observations, but 10-hydroxy-9-acridanone for which 
similar forms (134) may be drawn, is found to give low yields in nucleophilic 
substitution reactions.579. so 

0- 0- OH 

_ .  
H H I 

0- 

I32 133 134 

The bromine atom in the side chain of 4-bromomethyl-9-chloroacridine is 
also readily replaced by amines, to give 4-aminomethyl-9-chloroacridines, 
4-aminomethyl-9-acridanones or their salts.jsl 
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(4) Nitro-9-acridanones 

In addition to the cyclization of nitrodiphenylamine-2-carboxylic acids and 
the nitration of 9-acridanones (Section 2.B(4)), nitro-9-acridanones can be 
made by the chromic acid oxidation350 of the corresponding acridines (Sec- 
tion 1 .C(3)). 

The mononitro-9-acridanones are more acidic than 9-acridanone, dissolv- 
ing appreciably in aqueous, and very easily in alcoholic, alkali.360 As the 
number of nitro groups increases, so does the acidity. 2,4-Dinitro-9-acridanone 
is soluble in hot aqueous sodium hydroxide, but not carbonate, while 2,4,7- 
trinitro- and 2,4,5,7-tetranitro-9-acridanone dissolve in the latter reagent with 
the evolution of carbon Alkali salts, which are precipitated from 
strong solutions in aqueous alkali, may be sparingly soluble in water; a 0.5% 
solution of 2,4,5,7-tetranitro-9-acridanone in 1% aqueous lithium carbonate 
solution has been suggested as a useful precipitating agent for potassium 
ions.51g 

Nitro-9-acridanones are readily N-methylated by methyl iodide in alcoholic 
alkali,227 but 4-nitro-9-acridanone does not give the corresponding 9-chloro- 
acridine with phosphorus oxychloride. Even after 8 hr in refluxing xylene 
with phosphorous pentachloride, only a 20% yield was obtained.23 As other 
nitro-9-acridanones are also reluctant to undergo this reaction, association 
between the 4-nitro group and the N-H group in the ring cannot be held 
entirely responsible for this failure. 

A nitro group at position 1 will undergo nucleophilic substitution when re- 
fluxed with ~ i p e r i d i n e , ~ ~ ~ ,  578 and 2- and 3-nitro-9-acridanones are both 
brominated in position 7,'8 and not in the 3- and 2-positions, respectively, as 
formerly Cold oleum converts 3-nitro-9-acridanone to  6-nitro- 
9-acridanone-2-sulfonic acid in 97% yield,S8* and 4-nitro-9-acridanone is 
chlorosulfonated at an unspecified position in the unsubstituted carbocyclic 
ring.912 

( 5 )  Amino-9-acridanones 

A valuable route to  these materials is through the reduction of the corre- 
sponding nitro compounds, which are usually more easily prepared by stand- 
ard methods than the amino-9-acridanones. The most frequently used reducing 
agent is stannous chloride in hot concentrated hydrochloric 130 but  
sodium dithionite,Eg3 ammonium sulfide,I36 and sodium sulfide,lls, are 
possible alternatives. Catalytic hydrogenation over Raney nickel has also 
proved effective.145, ss4 More powerful reduction gives aminoac r ida r~s~~~  ; in- 
deed, this is the normal route to a m i n ~ a c r i d i n e s , ~ ~ ~  e.g., when 3-aminoacri- 
dine-7-sulfonic acid, or sulfonamide, is prepared by the sodium or aluminium 
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amalgam reduction of the corresponding 3-nitr0-9-acridanone~~~ followed by 
ferric chloride oxidation of the acridan. 

Reduction of the nitro group may be accompanied by the elimination of a 
halogen atom. 3-Amino-9-acridanone was the product from the reduction of 
both 6 - b r o m 0 - ~ ~ ~  and 6-iod0-3-nitro-9-acridanoneb8~ with zinc and calcium 
chloride in aqueous ethanol, and only 57& of the product retained the chloro 
group, when 2-chloro-7-nitro-9-acridanone was treated with the same re- 
agent.4n1 

9-Acridanones with amino groups at positions 2 or 4 shown an unusual 
solubility in aqueous alkali26 148 j g i  which has not been explained. 1- And 
3-amino-9-acridanones do not show this property. 

The diazotization and replacement of amino groups in the 9-acridanone 
ring proceeds satisfactorily and has been of particular use in the synthesis of 
9-acridanones that are not easy to  prepare directly. 3-Cyan0-9-acridanone,~~* 
and the 9-acridanone-arsonic and -stibonic acids589 fall into this category, but 
bromo300 51i  590 and chloro gro~ps2~9,  300 392 514 591  have also been intro- 
duced in this way, using both mono- and diamino-9-acridanones. A step in 
the preparation of a labeled atebrin analogue was the replacement of the 
amino group of 6-amino-2-methoxy-9-acridanone with radioactive iodine,584 
via diazotization (Chapter 11, p. 126). A diazonium group has also been re- 
placed by hydrogen on reflux in ethanol, reduced to a hydrazino group with 
stannous chloride,582 and coupled with a reactive aromatic nucleus18 to form 
dyestuffs.*61 8 i  

4-Amino-9-acridanone, on treatment with nitrous acid, cyclized to 6- 
triazolo[de]-9-acridanone (135),'j0 which was reduced, with ring opening, to 
give 4-hydrazin0-9-acridanone.~~~ When boiled with acetic anhydride, 4- 
amino-9-acridanone gave the similar imidazolo-9-acridanone (136). 

Diazotization and hydrolysis is not a satisfactory way to introduce hy- 
droxyl groups into the 9-acridanone ring.3yJ An amino group is better replaced 
by vigorous acid hydrolysis. Dilute sulfuric acid at 195OZgi and concentrated 
hydrochloric acid at 220°22i were both effective for the substitution of amino 
groups at position 2 by hydroxyl. 

Amino-9-acridanones, which have an amino group at position 2 or 4, 
oxidize easily, while their isomers do not. The product from the aerial 
oxidation of 2-anilino-9-acridanone was the quinonoid compound 137, which 
was reduced back to 2-anilino-9-acridanone by h y d r o q ~ i n o n e . ~ ~ ~  1-Anilino- 
and l-(p-tolylamino)-9-acridanones exhibit thermochromism, a yellow form 
changing to a red form, with the same melting point, on heating.252 4-Amino- 
and 4,6-diamino-9-acridanones take part in Skraup reactions, even though 
the corresponding aminoacridines do not. The product in the first instance 
is  138. 
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( 6 )  Hydroxy- and Alkoxy-9-acridanones 

Most naturally occurring 9-acridanones have hydroxy, methoxy, or  
methylenedioxy functions in the right-hand ring; much of the chemistry of 
hydroxy- and alkoxy-9-acridanones, is a result of synthetic or degradative 
studies on the acridine alkaloids (see also Chapter IV, Section 2.D). Syn- 
thetic compounds in this group have been made from diphenylamine-2- 
carboxylic acids, where the use of sulfuric acid usually gives simultaneous 
cyclization and dealkylation, from amino-9-acridanones by hydrolysis, and 
from sulfonic acids by fusion with potassium hydroxide. 

1-Hydroxy- and 1-methoxy-9-acridanones show contrasting behavior with 
their isomers. 1-Hydroxy- 10-methylacridanone is insoluble in refluxing 
aqueous alkali, has no fluorescence in solution, and gives a deep green color 
with ferric chloride; 1-hydroxy-9-acridanone is similar. 2-, 3-, and 4-Hydroxy- 
9-acridanones do not have sharp melting points; are soluble in dilute alkali; 
dissolve better in polar solvents but less well in nonpolar solvents than the 
1-hydroxy giving fluorescent solutions; and show yellow ferric 
chloride colors. The methylation of 1-hydroxy-9-acridanone is more difficult, 
but the demethylation of 1-methoxy-9-acridanone is very much easier t o  
achieve than are the equivalent reactions with the other isomers. These differ- 
ences have been attributed to  intramolecular hydrogen bonding,914 which is 
only possible with 1-substituents (e.g., 139). Certainly, 2-, 3-, and 4-hydroxy- 
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9-acridanones show an absorption in the infrared, allocated to  free 0-H 
stretching, which is not present in the spectrum of l-hydroxy-9-acridanone~j~~ 
(Chapter XI, Section 2). 

O...H-O 

otb H 

139 

H 

I40 

The enhanced basic properties of the 1-methoxy-9-acridanones could also 
be caused by the stabilization of the cation by an intramolecular hydrogen 
bond (140).5923 b g 3  Some 10-methyl-hydroxy- and -alkoxy-9-acridanones are 
basic enough to form stable pic rate^,^*^ and 1- and 4-hydroxy- and -alkoxy-9- 
acridanones give yellow colors with pyroboric acetic anhydride (Dimroth’s 
reagent), triphenylborate or a mixture of boric and citric acids (Wilson’s 
reagent).jg4 These colors may be caused by the presence of chelated boric 
esters, such as 141 and 142. 
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The demethylation of methoxy-9-acridanones has been the subject of 
careful The nonselective reagent, constant boiling point hydro- 
bromic acid, demethylates all methoxy groups after a few hours at reflux 
temperature,414 and a trace of stannous chloride is said to aid reaction in 
difficult cases.595 Anhydrous aluminium chloride, which demethylated 4- 
metho~y-9-acridanone,~~* and deethylated 6,9-dichloro-2-ethoxyacridine 
without hydrolyzing the 9-chloro may be of more general applica- 
tion, and so may a mixture of hydriodic acid and acetic anhydride, which 
demethylated 3-metho~y-9-acridanone.~~~ 

The presence of a 10-methyl group, or further alkoxy or hydroxy substitu- 
ents on the 9-acridanone molecule, greatly eases the hydrolysis of 1-methoxy 
groups. The alkaloids lose this methyl group easily in acid conditions, and 



2 .  Structure, Properties, and Reactions of 9-Acridanone and Its Derivatives 219 

1 ,3-,455 but not 1,4-dimetho~y-9-acridanone,~~~ is converted to the l-hydroxy- 
methoxy-9-acridanone after a l-hr reflux in N-hydrochloric a ~ i d . ~ j j  However, 
1 -methoxy-lO-methyl-9-acridanone gave only a 25y0 yield of demethylated 
product after a solution in 2N ethanolic hydrochloric acid had been boiled 
for 8 hr.414 The hydrolysis of 9-chloroacridines is noticeably faster than the 
demethylation of I-methoxy-9-acridanones, as the action of refluxing 1% 
hydrochloric acid on 9-chloro-l-methoxyacridine for half an hour, gave the 
9-acridanone without affecting the methoxy group at all.441 The fusion of the 
hydrochloride salts of the l-methoxy-9-acridanones is also an effective 
demethylation procedure, 4 1 4 3  but like other methods employing hydro- 
chloric acid, it leaves 2-, 3-, and 4-methoxy groups untouched.441 The 2- 
methoxy group of arborinine (2,3-dimethoxy-l-hydroxy-lO-methyl-9-acri- 
danone) was eventually demethylated after a long period of refluxing in con- 
centrated hydrochloric acid.jg8 

Other reagents which have been used successfully in the demethylation of 
l-methoxyacridanones include sodium hydride in dimethylf0rmamide,5~~ 
boron trichloride in methylene chloride,s3 which is known to be a selective 
demethylating reagent for methoxy groups ortho orperi to a carbonyl group,599 
and methyl magnesium iodide, which surprisingly, left the 9-acridanone oxo- 
group unchanged.412 

Alkaline demethylating agents are less effective. Even after reflux for 21 hr 
in aqueous ethanolic sodium hydroxide, only a partial hydrolysis of the 
3-methoxy group of 10-methyl-2,3,4-trimethoxy-9-acridanone was achieved, 
despite the presence of activating groups.600 Ethoxy substitution occurred a t  
position 3, as well as demethylation at positions 1- and 3- of 10-methyl- 
1,2,3,4-tetramethoxy-9-acridanone, when ethanolic potassium hydroxide was 
employed. 

Nevertheless, alcoholic potassium hydroxide will displace a methylene- 
dioxy group from a 9-acridanone ring and leave adjacent hydroxy and alkoxy 
groups. With 2,3-533s 601 and 3,4-543, 602 methylenedioxy groups, the alkoxy 
group, which could be methoxy, ethoxy, isopropoxy, benzyloxy or 3,3-di- 
methylallyloxy (prenyloxy), was always found in the 3-position, with the 
hydroxy group in position 2 or 4, respectively. Position 3 is the expected site 
of nucleophilic attack (p. 392). Well-characterized products could not be 
obtained after the acid hydrolysis of methylenedioxy groups.414 

A I-hydroxyl group was removed completely from the 9-acridanone ring, 
by first treating the compound with p-toluenesulfonyl chloride and then re- 
ducing out the tosyl group with freshly prepared Raney nicke1.6OO 

The most useful general technique for alkylating hydroxyl groups in the 
9-acridanone ring is to treat the hydroxy-9-acridanone with an alkyl halide 
and potassium carbonate in dry acetone. By the use of this method, 

4555 536 ethyl and prenyl ethers533 have been prepared in good yields. 
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Methyl sulfate requires these anhydrous conditions to methylate l-hydroxy- 
9 - a ~ r i d a n o n e , ~ ~ ~  but hydroxyl groups at other positions are methylated by 
this reagent in aqueous s36 Alternatively, sodium methoxide and an 
alkyl halide in chlorobenzene may be used to  form 2- and 4-alkoxy groups,6o3 
and diazomethane will methylate a hydroxy group at position 3,600 but not at 
position 1.534 The former reagent,603 in contrast to  the anhydrous alkyl 
halide potassium carbonate mixt~re,~41 does not alkylate the ring nitrogen 
atom as well as the hydroxyl group oxygen atoms, while methyl sulphate in 
dimethylformamide requires sodium hydride to bring about both N- and 
0-alkylation. 8 9 9  Methyl sulphate with potassium carbonate, a reagent also 
suitable for the methylation of hydroxydiphenylamine-2-carboxylic acids 
prior to cyclization," produces only 0-methylation. 899 

If 1,3-dihydroxy-lO-methyl-9-acridanone is treated with 3-chloro-3- 
methylbut- 1 -yne, potassium carbonate and sodium iodide in dimethyl- 
formamide, and the temperature is kept below 52O, the propargyl ether (143A) 
is obtained. Increasing the temperature or heating the product in diethylani- 
line gives noracronycin (144, R = OH).s99, 914 
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The yield, which approaches 90%, and the absence of any linear isomer from 
the reaction mixture make this the best available synthetic route to acro- 
nycin (144; R = OMe). By contrast the pyridine-catalyzed condensation of 
1,3-dihydroxy-9-acridanone with 3-hydroxyisovaleraldehyde dimethyl acetal 
gives only a 32% yield of a 3 :  1 mixture of bisnoracronycin and its linear 
isomer. 915 

If the acetylenic bond of the ether (143A) is partly reduced using a Lindlar 
catalyst, the resulting ally1 ether undergoes a Claisen rearrangement to com- 
pound (143), which may be oxidatively cyclized with c h l ~ r a n i l . ~ ~ ~ ~  914 



2. Structure, Properties, and Reactions of 9-Acridanone and Its Derivatives 221 

The reduction of a number of hydroxy-9-acridanones with sodium in 
alcohol has given the corresponding a ~ r i d i n e s . ~ ~  1,4-Dihydroxy-, and 2- or 
4-hydroxy-9-acridanones are readily oxidized to 9-acridanone- 1,2- or 1,4- 
q u i n ~ n e s ~ ~ ~ ;  methoxy derivatives may undergo demethylation and oxidation 
to  form quinones if treated with nitric or nitrous acids.604 Two general ob- 
servations may be made. First, if a 4-hydroxyl group is present, a 1,4-quinone 
results; while the presence of a 2-hydroxyl group ensures that a 1,2-quinone 
is the product. Second, a methylenedioxy group is attacked preferentially (to 
give adjacent keto and phenolic groups), rather than an alkoxy group suffering 
demethylation and oxidation. For example, the 1 -hydroxy-4-methoxy-2,3- 
methylenedioxy system gave on oxidation the 3-hydroxy-4-methoxy- 1,2- 
quinone, and the l-hydroxy-2-methoxy-3,4-methylenedioxy system the 
2-methoxy-3-hydroxy- 1 , 4 - q ~ i n o n e . ~ ~ ~  3,4-Quinones have not been found. 

The presence of hydroxy and methoxy groups activates the ring toward 
electrophilic substitution. The Friedel-Crafts reaction of 3,3-dimethylallyl 
chloride in refluxing trifluoracetic acid with a zinc chloride catalyst is a n  
alternative route to compound 143.83 A second molecule of halide will attack 
position 2.412 3-Hydroxy-9-acridanone also reacts with dimethylallyl phos- 
phine to  give compound 144 (R = H). 1,3-Dihydroxy-9-acridanone was 
mono-nitrated even in hot dilute nitric acid, but the product differed from the 
mono-nitro compound isolated from a nitration reaction using concentrated 
nitric a~ id .~ l6  

Bromination has been thoroughly studied in the alkaloid series (see Chap- 
ter IV, Section 4.B). Early results showed that with bromine in acetic acid, a 
mixture of 9-acridanones brominated at position 7 and/or demethylated at 
positions 1 and 3, and 9-acridanone- 1,4-quinones was produ~ed.~O5 With 
bromine in alcoholic solvents, more complex products could be isolated.600 

These were eventually formulated as tribromide salts,606 in which addition 
rather than substitution had taken place and the alcohol had also participated. 
In some cases, all the bromine entering the ring had subsequently been re- 
placed by alkoxy groups. A hypobromite group, at 1- or 9-, according t o  
whether a hydroxyl or methoxyl group was originally present at  pcsition 1, 
is also a feature of these molecules. On alkaline hydrolysis, a 1,9-diketo com- 
pound is produced, and treatment with acid gives a 9-acridanone-1,4- 
quinone.606 

The sequences for normelicopicine (145) and normelicopidine (146) are  
shown, but others are very similar.606 

When the 4-position was not occupied, the first formed salt on treatment 
with alkali, and heating gave 4-bromo-9-acridanones and I-0x0 compounds 
corresponding to those above, but no q u i n ~ n e s . ~ ~ ~  In one case, bromine 
entered the 4-position 
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When chloroform was used as a solvent,515 7-bromo-9-acridanones were 
the normal products; but intermediate tribromide salts with hypobromite 
characteristics could also be isolated. Hydrogen bromide, liberated in the 
ring bromination step, demethylated methoxyl groups at position 1 . j15 The 
salt 147, on treatment with ly0 aqueous caustic soda, showed a ring con- 
traction515 to the cyclopentenoquinolone 148. This compound had previously 
been isolated after treating the alkaloid 149 with hydrochloric acid and sodium 
nitrite.543 
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The site of bromination in the addition reactions depends on the attack of 
the nucleophile, methanol, on the intermediate bromonium ion. It is the 
stabilization of this ion by charge delocalization among the oxygen atoms 
that allows addition, rather than substitution, to take place. A further in- 
fluence is the relief of strain in the methylenedioxy ring when the spa hy- 
bridized carbon atoms of the aromatic ring are converted to  spa.516 

A sequence for the complete dealkylation of evoxanthine (150) after 
successive treatment with bromine in methanol, alkali, and acid, and then 
warming the product (151) in dilute alkali, is ~hown.6~7 
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Attack of the solvent alcohol on the stable sigma-complex 152 is suggested 
to  explain the formation of the ethers found in this reaction.516 

(7) 9-Acridanone Carboxylic Acids 

A few 9-acridanonecarboxylic acids have been made by cyclizing diphenyl- 
amine-2-carboxylic acids, but a more effective general method could be the 
hydrolysis of cyano-9-acridanones, produced from the corresponding amines 
by diazotization and copper-catalyzed substitution reactions. 9-Acridanone- 
3-carboxylic acid has been made this way.5Ss The potassium hydroxide fusion 
of vat dyes of the naphth[2,3-c]acridan-5,8,14-trione structure (153) may also 
have wider applications as a synthetic r0ute .5~~ 

0 OMe 

Me 
o// / 

I 154 

0 
1 5 3  l l  

I 
\ 

I55 



2 .  Structure, Properties, and Reactions of 9-Acridanone and Its Derivatives 225 

3-Hydroxy-1-methoxy-10-methyl-9-acridanone-4-carboxylic acid is ob- 
tained by ozonolysis and further oxidation of the alkaloid acronycin 
(154).465, 597 9-Chloroacridines with carboxylic acid groups are rarely 
obtained, as the 9-acridanone forms readily by internally catalyzed hydrolysis. 

Methyl esters are best prepared by treating the acid with diazomethane4j5 
or its sodium salt with methyl sulfate.188 The 4-carboxylic acid gave only 20y0 
of the ester after reflux in methanolic sulfuric acid, possibly because of intra- 
molecular hydrogen bonding (155). Extensive intermolecular hydrogen 
bonding486 seems to be present in the crystals of 9-acridanone-2- 
and -3-carboxylic acids, as their melting points, and those of their methyl 
esters, lie well above the corresponding values for the 4-substituted isomers. 

9-Acridanone-4-carboxylic is nitrated at position 7, a further 
example of a deactivating substituent directing electrophilic reagents t o  the 
position para to the nitrogen in the other ring. Decarboxylation of the 4-acid 
occurs on heating with 126, l z 7 >  l 6 O .  jaz 

(8) 9-Acridanone Sulfonic Acids 

A few sulfonated 9-acridanones have been prepared by cyclizing sulfon- 
amidodiphenylamine-2-carboxylic acids, and a number from the unintentional 
or planned sulfonation of diphenylamine-2-carboxylic acids during cyclization 
with sulfuric or chlorosulfonic acids. 

These sulfonic acids may be converted to acid ~h lo r ides ,~ ’~  esters, and 
a m i d e ~ ~ ~ ,  574  by standard procedures. The treatment of 9-acridanone-2- 
sulfonic acid with phosphorus oxychloride and dimethylaniline gave the 
comparatively low melting 2-(9-p-dimethylaminophenylacridinyl) p-dimethyl- 
aminophenyl s ~ l f o n e , ~ ~  and these compounds may be generally useful as 
derivatives for characterization. 

9-Acridanone-2-sulfonic acid gives fluorescent solutions,93 and the quench- 
ing of this fluorescence has been the subject of detailed examination.608 

The sulfonic acids can be desulfonated to the corresponding 9-acridanones 
by refluxing 30% sulfuric acid,30 for about 3 hr, and can be converted to  the 
equivalent hydroxy-9-acridanones by fusion with potassium hydroxide. The 
2- and 4-sulfonic and 2,7-disulfonic acids all gave good yields in the latter 

2 5 2 3  393 The reduction of 9-acridanone-2-sulfonyl chloride to 
biacridinyl-2,2’-disulfide and acridine-2-thiol has been reported.27 

(9) Acridanone Quinones 

If oxygen is passed through a methanolic solution of 2-hydroxyacridine in 
the presence of a secondary aliphatic amine and cupric acetate, a 4-dialkyl- 
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aminoacridine-l,2-quinone is formed.609, elo This unlikely reaction, which has 
parallels in the quinoline series, gives surprisingly good yields. 

Derivatives of 9-acridanone-l,2- (156) and -1,4- quinones (157) are known, 
but no 9-acridanone-3,4-quinones (158) have been identified. 
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The rules for the formation of quinones via the oxidation of hydroxy- or 
methoxy-9-acridanones have been discussed above and an example of quinone 
formation by bromination and hydrolysis given on p. 222. Nitric acid, ferric 
chloride, and chloranil have been used to oxidize 1,4-dihydroxy-9-acridanones 
to the 9-acridanone-1 ,Cquinones and their efficiency decreases in that 
order.jg5 Nitric acid is also the most effective reagent with 1,4-dimethoxy-9- 
acridanones. To oxidize 4-hydroxy-9-acridanone to the 1,4-quinone, or 
2-hydroxy-9-acridanone to the 1,2-quinone, potassium nitrodisulfonate is 
the recommended reagent.595 

Additional methoxy groups in positions 2 or 4 of acridanonequinones are 
much more easily demethylated than such groups in the parent 9-acridanone. 
Reflux in aqueous sodium carbonate is sufficient for the hydrolysis of these 
methoxy groups, but the 3-methoxy compound still needs to be heated with 
constant boiling-point hydrobromic acid.fio4 

Both types of quinone also form acetates with acetic anhydride and 
pyridine, or on reductive acetylation. Reduction of the 10-methyl-9-acri- 
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danone-l,4-quinone monoacetal (159) with sodium borohydride, follows the 
course 

Derivatives of both 156 and 157 may be reduced to the corresponding 
quinols with phenylhydrazine, or further oxidized, first to  1,2,3,4-tetraoxo- 
9-acridanone, which may be isolated as the d i h ~ d r a t e , ~ ~ ~  and eventually to a 
4-quinolone-2-carboxylic a~id.59~ 

Acridine quinones are listed in Table VIII. 

(1 0)  Actinomycinol, or De(s)peptidoactinomycin 

During the 1950s, 2,5-dihydroxy-3,6-dimethyl-9-acridanone-l,4-quinone, 
the most important of the acridanonequinones, attracted the attention of 
groups in Nottingham and Gottingen, who gave to it the names that head this 
section. The bright red actinomycins are a group of antibiotics, possessing the 
same chromophore, but differing in the composition of the two peptide 
chains that each carries. Their chemistry has been 612a,b All 
actinomycins are hydrolyzed in refluxing aqueous barium hydroxide t o  
a~tinomycinols,6~~-615 which although they have ill-defined melting points, 
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have been shown to be identical by ir spectroscopy.616 Actinomycinol deriva- 
tives are listed in Table IX. 

The natural chromophore is not an acridanonequinone, but a phenox- 
azinone ( l a ) ,  which is converted to actinomycinol(l61) in the basic medium, 
possibly by the pathway shown on the previous 

A hydrolysis of the oxygen bridge is followed by the loss of the peptide 
chains and a Dieckmann-like cyclization. Decarboxylation and hydrolysis of 
the 1,Zquinonimine then gives a tautomer of 161, which undergoes proto- 
tropic rearrangement to actinomycinol. Ammonia was given off as the reac- 
tion proceeded,617 but carbon dioxide was presumably absorbed by the 
alkaline solution. 

The structure of actinomycinol was determined independently by both 
618, 619 who announced their results on the same day.611 A significant 

degradation sequence was the oxidation of actinomycin with alkaline hydro- 
gen peroxide, 620 and the hydrolysis of the peptide-containing product, to 
the benzoxazolone 162, in which ring A of actinomycinol remains intact. 
Spectral comparisons and redox potential measurements were also of 
value,71* 2 7 2 ,  6 1 7 ,  but the final proof of structure was furnished by synthesis. 
The two synthetic routes to actinomycinol diacetate, which is the derivative 
of choice for purposes of characterization, are shown. 

Actinomycinol is stable to alkali and heat, and forms an alkali metal salt.621 
Its titration curve shows three inflections corresponding to pK values of 

611 

O M e  O M e  

OMe NO* O M e  

d 
??A 

ii HBr aq 

Me Me Me 

O M e  NO2 OH N", 

i 02; dkdi 

u HBI - HOAc 
161, diacetate 

Bmckmann and Muxfeld ,498- 27% overall yield. 
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4.8, 8.2, and 12.1, which were allocated,81 respectively, to the 2-hydroxy 
group (its position adjacent to the quinone carbonyl accounts for its strongly 
acid nature), the amidelike N-H group at position 10, and the phenolic 
group at  position 6. However, 9-acridanone is known to be an extremely weak 
acid, and a decreasing order of acidity from 2-hydroxy, through 6-hydroxy to 
10-NH, seems preferable. 

Me Jq;: Me @& Me Me I$& Me 

OMe 0 OR 0 O- C 
\O 

162 163 164 

With methyl iodide and silver oxide, actinomycinol is said to form the tri- 
methyl ether (163), which is subsequently hydrolyzed to a monomethyl 
ether with 2N sodium carbonate solution.61* 621 Since the monomethyl 
ether retains the inflections in its titration curve, corresponding to  the two 
higher acid values, it is said to be the 6-methylated 9-a~ridanonequinone.~~ 
This example of 0-methylation at position 9 is unique; the possibility that 
10-methylation has occurred in the first step, giving (164; R = Me), and 
that the 10-methyl group has survived hydrolysis, must be considered, 
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especially as this agrees with the revised order of acidity. Unfortunately, the 
uv spectrum of the trimethyl ether, which should resolve this problem, is not 
recorded. In comparable reactions,616 acetic anhydride, or benzoyl chloride, 
in pyridine converts actinomycinol to a triacetate or tribenzoate, given the 
structure (164; R = COMe or COPh).61 

Reduction with hydrogen iodide and red phosphorus,61 sodium dithionite, 
or stannous chloride gave dihydroactinomycinol,621 in which the quinone 
system must be hydrogenated, as a dihydropentaacetate (166; R = COMe) 
may be obtained. 9(0)-Acetylation had not taken place, as the pentaacetate 
had a uv spectrum similar to those of 9-acridanones but differing significantly 
from the spectra of acridines.*' In contrast, with acetic anhydride and zinc 
in acetic acid, actinomycinol gives a dihydrodeoxytetraacetate, whose acri- 
dinelike spectrum indicates that it has the structure 167. 

In confirmation of structure 161, actinomycinol yields 1 mole of iodoform 
when oxidized with hypoiodite solution, which must come from the methyl 
group in the quinone ring, and 3,6-dimethylacridine sublimes from a heated 
mixture of actinomycinol and zinc dust.*l It  is also nitrated by sodium nitrate 
in hydrochloric acid,61 presumably at position 7. The formation of the 
phenazine derivative 168 shows that one hydroxyl group is adjacent to a 
carbonyl group in the ring.81, 

9 ?R OAC 

3R z' OR OAc OAc 
I66 167 

Me 

OH OH 
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The intermediate 165 was expected to  be identical with the dihydrotetra- 
methyl ether prepared from actinomycinol, but the synthetic compound had a 
melting point 15" below that of the product from the natural 
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Details of actinomycinol and a number of its derivatives appear in Table IX. 

(1 1) Dihydroacridinones Other Than 9-Acridanone 

There are three other ways to introduce a keto group into the outer rings 
of the acridine system, and examples of each class are known (Table X). The 
term “isoacridones” has been used to describe those compounds retaining a 
hydrogen atom, an alkyl or an aryl group, at position 10, but with the keto 
group at 1 (169) or 3 (170); such compounds are tautomers of 1- and 3- 
hydroxyacridine. 

OH 0 

H 

I69 

170 

Alternatively, the hydrogen atom or a suitable substituent may, in theory, 
be at some other position in the ring, which is usually position 9, as in the 
“2-carbazons” (171). In fact, no compounds of type 171 (R = H) are known, 
and the analogous “4-carbazons” remain undiscovered. 

The largest category, comprising compounds in which the keto group has 
been introduced into a reduced acridine in place of a methylene group, is 
discussed in Chapter V (p. 433). 

R R  0- 

171 172 173 
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In dioxan, the uv spectra (see also Chapter X, p. 645) of the I-, 2- ,  3-, and 
4-hydroxyacridines are similar, and like those of the corresponding methoxy- 
acridines.' In aqueous alcohol, the spectra of the 2-and 4-hydroxy compounds 
remain the same, but those of the 1- and 3-hydroxyacridines change as the 
color of their solutions changes from yellow to blue.281,622 This suggests the 
presence of keto tautomers, as solutions of 10-methyl-I, 10-dihydroacridin-l- 
one are also b l~e .62~ As the dielectric constant increases, the tautomeric 
equilibrium moves to favor the keto forms," 460 which are stabilized by 
resonance with the zwitterions 172 and 173.457 Calculations of the tautomer 
ratio, by comparison of ionization constants6Z4 and extinction coefficients 
of the uv spectrum in show that in 170 the 3-keto compound 
predominates, but in 169 the 1-hydroxyacridine is the major component. 
The yellow 3-hydroxy-9-phenylacridine even becomes red on grinding,626 
due to  the formation of some 3,10-dihydro-9-phenylacridin-3-one, which 
may be detected spectros~opical ly ,~~~ and the equilibrium 174 may be followed 
by observing the color change of yellow to red on heating.487 
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Ultraviolet spectroscopy shows that these tautomers are distinct com- 
pounds, not a single resonance h~br id ,4*~ thus destroying the suggestion of 
"mesohydric tautomerism" in 9-acridanone  derivative^,^'^ which allowed only 
one, intermediate, position for the hydrogen atom in the hydrogen-bonded 
system. 

Amido-hydroxyimino tautomerism is not possible for the 2- and 4-hy- 
droxy-9-acridines, but there are indications that a type of tautomerism 
is 624 possibly between uncharged (175) and zwitterionic (176) 
forms, rather than structures with hydrogen at another position (171, R = H). 

175 

H 

176 
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A direct route to 3,10-dihydroacridin-3-0nes~*~ is the condensation of m- 
dihydroxybenzenes with dicarboxylic acids and urea. Yields of 50yG of 177 
(n  = 0) and 177 ( n  = 2) were obtained when oxalic and succinic acids were 
used, although a by-product (178) was also isolated in the former reaction. 
0- and p-Diphenols are also stated to take part in  this reaction, even though 
“isoacridone” formation is not possible from these materials.6’8 

10-Methyldihydroacridinones are made by treating 1- and 3-hydroxyl-10- 
methylacridinium salts with alkali. In contrast to 9-acridanone, they are  
strong bases with deep colors, 730 and are moderately soluble in water.629 
Under these conditions629 or on heating in a dry atmosphere630 2- and 4- 
hydroxy-10-methylacridinium salts form betaines (179). 

OH & H o b  

‘ N ’ O H  
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HO ‘ N “ o  H HO 

177 178 
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Nitration of 10-acetyl- or IO-methyl-9,9-disubstituted acrid an^^^^' 6 3 2  gave 
a series of derivatives with nitro groups in the 2-, 4-, 5- or 7-positions, which 
were subsequently reduced to their amino analogues. Oxidation of 2-amino- 
9,9-disubstituted acridans by air or ferric yielded 9,9-disubstituted- 
2,9-dihydro-2-iminoacridines or “carbazims” (180), which may readily be 
reduced back to the leuco basesEg3 N-Substituents,which survive the nitration, 
may be removed during the oxidation step or by treatment with hydrobromic 

7-Amino-2-carbazims may also be made by the action of a Grignard 
reagent, followed by dilute acid and ferric chloride, on the ester of 4,4’- 
diaminodiphenylamine-2-carboxylic Ferric chloride oxidation of the 
2-dimethylaminoac~idan hydrochloride gives the salt 181.634’ 6 3 5  

Mild alkaline hydrolysis of carbazims with aqueous ethanolic sodium 
hydr0xide6~~ or carbonate,637 or even boiling water alone, yields the corre- 
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sponding “carbazons,” or 2,9-dihydroacridin-2-ones (171), which may also 
be made by the oxidation of a 2 -hydro~yac r idan .~~~  The 7-amino group of a 
carbazon is replaced by hydroxyl after more vigorous hydrolysis with aqueous 
sodium hydroxide.fi3fi, f i3Q 

Members of both classes are soluble in organic solvents, may be isolated 
as crystalline salts,633 and exhibit a range of colors in ~ o l u t i o n . ~ ~ ~ ~  e 4 ” ,  917 All 
carbazons have additional hydroxy or amino substituents, and the imino- 
amino and keto-enol tautomeric possibilities, which may be realized in a 
structure such as 182 as the nature of the solvent is varied, account for this 
polychromatic behavior.R4” 

180 181 

The resemblance of the carbazons and carbazims to the indamine and 
azine dyes (e.g., methylene blue) has been pointed out, but they are much 
too unstable for use as dyestuffs. 

However, a “dyestuff,” which occurs as a by-product (10%) in the Lieber- 
mann test for O l Y  has recently been shown to be the carbazon917 
183a (R = H), and not a hydrated indophenol (183b), as previously suggested. 
92n This compound (183a; R = H) and analogues such as 183a (R = Me) are 
made by treating a mixture of 183b and a phenol (unsubstituted in the para 
position) with 90% sulfuric acid, or directly and in better yield from phenol 
and nitrosyl sulfuric acid.”’ The uv spectra of compound 183a and the reduc- 
tion product 183c are similar, and like those of other carbazons, and their 
nmr spectra indicate either that a rapid tautomeric equilibrium is established 
between keto and phenolic groups, or a median form 183d exists in  solu- 
t i ~ n . ~ ’ ~  

The lucigenin analogue 184 on alkaline hydrolysis gives the binuclear 
10-methy1-3,10-dihydroacridin-3-one 185. The 3,3’-dimethoxy compound is 
regenerated by treatment of 185 with dimethyl sulfate. 
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The corresponding 1-, 2-, and 4-methoxy compounds must be refluxed in 
hydrobromic acid for demethylation, and the conversion of the 1-methoxy 
compound is especially difficult, even with this reagent.493 
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D. 9-Acridanthione and 9-Acridanselenone 

(1) 9-Acridanthiones 

9-Acridanthione may also be found described in the literature as thio- 
acridone, or acridine-9-thiol (see also Table XI). Its chemistry is similar in 
many ways to that of 9-acridanone, as will become apparent in the following 
review. 

The early method of preparation of 9-acridanthione, from 9-acridanone 
and phosphorus penta~ulfide, '~~, 641 or a mixture of sulfur and phosphorus, 
at  high temperatures is made more satisfactory by using refluxing pyridine 
as the solvent. However, the 93y0 yield after 45 min seems to drop if longer 
reaction times are employed.642, 6 4 3  Heating acridine and sulfur together at 
about 190" is a suitable way of making small batches of 9 -a~r idan th ione ,~~~  
as in the preparation of 14C-9-acridanthione from neutron-irradiated acri- 
dine.346 Benz[c]- and dibenz[cd]-acridines do not react with sulfur in this way, 
supporting the suggestion that an N-sulfide is an intermediate.645 

The most frequently used preparative technique is the replacement of the 
9-chloro group of 9-chloroacridines by the thiol group. Sodium sulfideZo6~ 
and sodium hydrogen s~lfide6~6-6~~ in ethanol and calcium polysulfide in 
waterzE3 has each been used, and halo-, methyl-, and methoxy-9-acridan- 
thiones have been prepared this way. 9-Chloroacridine3j3 650 also reacts with 
thiourea and potassium xanthogenate in phenol to give 9-acridanthione. 

Solutions of 9-aminoacridines in ethanolic ammonia,648 or better pyri- 
dine,661 give up to 90Yc yields of 9-acridanthiones when treated with hydrogen 
sulfide at  room temperature. Aminoacridine hydrochlorides react more 
readily in these mildly basic solvents, but the use of acetic acid or alcoholic 
sodium hydroxide as the solvent inhibits the reaction. Therefore, it seems 
that the presence of both H+ ions to protonate the ring nitrogen, and SH- 
ions for nucleophilic attack at position 9, are required. 

Substituents in the acridine ring do not appear to influence the course of 
the reaction, but it fails with the amines 186 (R = H, COCH3, Ph, and m- 
nitr0phenyI).6~~ Electron-withdrawing substituents presumably discourage 
protonation at position 10, but reasons for failures with unsubstituted amino 
and anilino groups are not clear. The acridine 186 (R = p-nitrophenyl) does 
react with hydrogen sulfide, but the yields are poor. Protonation at position 
10 of the ion 184, which has no counterpart from 9-(m-nitrophenylamino)- 
acridine, may be involved. Certain aminoacridine hydrochlorides, such as 
atebrin (Chapter 11, p. 127) also react with thiols, under these conditions,651 
but the reaction is slower, possibly because the conformation required for 
proton transfer (188) is less easily accessible than when the sulfydryl proton 
is available (189). 
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The acridyl group, introduced by treatment with a 9-chloroacridinium salt 
and cleaved with hydrogen sulfide, has been suggested as a suitable protecting 
group for the primary amino function.651 

Acridine 10-oxide undergoes intramolecular rearrangement to 9-acridanone 
in acetic anhydride ( see p. 76) ,  but in acetyl sulfide, an intermolecular reac- 
tion takes place, producing only 9-a~r idanth ione .~~~ This suggests that 0- 
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acetylation is followed by an attack at C9 by the thioacetate anion, which is a 
more powerful nucleophile than the acetate ion ; subsequently, acetate and 
acetyl groups are I O S ~ . ~ ~ ~  

The treatment of 9-chloro-2-ethoxy-6-nitroacridine with potassium di- 
phenylphosphorodithioate [(PhO),PSSK] gave a quantitative yield of the 
corresponding acridanthione, but the diisopropyl analogue gave an 827, 
yield of the 9-acridyl phosphorodithioate (190).652 Sodium dimethyldithio- 
carbamate similarly gave 9-acridinyl d ime thy ld i th i~ca rbamate .~~~  

The use of either potassium diphenyl phosphor~thiolate,(PhO)~POSK,~~~ 
or ammonium diethyl phosphorothionate [(EtO)?PSONH 4]654 in this reaction 
gives the bimolecular sulfide 191 in better than 957, yield. 
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This compound is also formed when 2-ethoxy-6-nitro-9-thiocyanatoacridine 
is treated with a mixture of diethyl and triethyl phosph i t e~ .~~*  A similar 
sulfide is formed from 9-acridanthione and 9-chloroacridine, and it decom- 
poses to 9-acridanone and 9-acridanthione on reflux with hydrochloric 

9-Acridanthione is more acidic than 9-acridanone, just as thioamides are 
more acidic than amides; nevertheless, it does not dissolve in aqueous 
sodium ca~bona te .6~~  It may be recrystallized from 0.5N sodium hydroxide, 
and its hydrochloride is hydrolyzed by water. Unlike 9-acridanone, its solu- 
tions are not fluorescent, and unlike many thio compounds it does not have 
an unpleasant smell. I t  shares with 9-acridanone a low solubility in common 
solvents. 

The melting points of N -  and S-alkyl derivatives of 9-acridanthione are 
well below that of the unsubstituted compound, suggesting that the inter- 
molecular hydrogen bonding, observed in 9-acridanone (p. 200), is also 
present with the thio analogue. This association has been confirmed in a 
nitrobenzene solution of 9-acridanthione, and shown to be absent for its 
S-benzoyl derivative in naphthalene.fiii The weaker nature of the hydrogen 
bonding, expected when sulfur replaces oxygen,lo6 is indicated by the lower 
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melting points of the 9-acridanthiones, when compared with their oxygen 
analogues. 

Acridine-9-thiols (192) are not known, as the differently colored 6-chloro- 
2-methyl-9-acridanthiones, believed to be t a u t o m e r ~ , ~ ~ ~  have been shown by 
ir spectroscopy, X-ray powder photographs656 and thermogravimetric 
analysisG5' to be different crystal forms, one of which includes a molecule of 
water of crystallization. Comparisons of the uv spectrum of 9-acridanthione 
in a variety of solvents, with those of 10-methyl-9-acridanthione and 9- 
methylthioacridine, show that in neutral media, thione 193, and thiol 192 
exist together,y23 but structure 193 is the preponderant ta~tomer.*6~ In acid 
solution, however, the 9-thiolacridinium ion is pre~ent .~Z~ The ir evidence 
suggests that the crystal is constructed of associated molecules in the thione 
form, but the large dipole moment (5.2 D),494 indicates that the dipolar canon- 
ical form 194 makes a significant contribution to the resonance hybrid. 

SH S S -  @JJmm N' ' 
H H 

192 193 194 

A number of 9-acridanthiones form complexes of definite melting point, 
with metallic ions, which being insoluble in water or alcohols are suitable for 
g r a v i m e t r i ~ , ~ ~ ~  as well as s p e c t r o s ~ o p i c , ~ ~ ~  analysis. Such compounds are 
obtained from the ions copper(II), m e r c ~ r y ( I I ) , ~ ~ ~ ,  6 5 8 ,  659  palladium(II), 
platinum(IV),656. 6 5 7 ,  6 5 y  silver(1) and ~ O I ~ ( I I I ) , ~ ~ ~  and the thiol form 192. 

Two features account for most of the differences in the behavior of 9- 
acridanthione, when compared with 9-acridanone. The polarizable sulfur 
atom is more open to electrophilic attack than oxygen, and it is readily re- 
placed by oxygen during reactions in aqueous media. 

In contrast to  9-acridanones, 9-acridanthiones form S-esters with acetic 
anhydride,660 or even glacial acetic acid alone,661 and with benzoyl chlo- 
ride6", 663  and p-toluenesulfonyl chloride in the presence of alkali.660 Alkyl 
halides in alcoholic sodium 6 6 2  or phenol solution,664 or methyl 
sulfate in alkali, give S-ethers with 9-acridanthione, some of which have 
also been prepared by the complementary reaction between 9-chloroacridines 
and the sodium salts of alkyl t h i 0 1 s . ~ ~ ~  Proof of S-alkylation was furnished 
by the isolation of 9-acridanone and the respective thiol after the acid 
hydrolysis of 9-benzylthio- and 9-methylthio-acridines, made from 9-acridan- 
thi0ne.6~~, N-Alkylation with aminoalkyl chloride hydrochlorides and  
sodamide is possible for 9-acridanthiones, just as in the 9-acridanone series.445 
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9-Acridanthione is converted to  9-acridanone by sulfuric acidfifi3 at 200°, 
or by oxidation with selenium dioxide in acetic acid,fifi6 or with alkaline 
sodium hypochlorite or potassium ferricyanide,64z, 6 4 4 ,  6fi7 This, together with 
the formation of 9-acridanthiones from acridines and sulfur, constitutes an 
oxidation of acridine to 9-a~ridanone,~~fi  which is not otherwise easily achieved 
(p. 184). It is possibly a technique of limited applicability. Attempts to 
oxidize 9-phenylthioacridines to sulfones also resulted in the formation of 
9 - a ~ r i d a n o n e s , ~ ~ ~  but 9-methylthioacridine was oxidized not to the 10-oxide, 
but to  9-methylsulfinylacridine 195 with perbenzoic The oxidation of 
9-acridanthione with iodine and potassium iodide in aqueous ethanolic 
sodium hydroxide gives 9,9’-biacridinyldisulfide 196.fifi9 

Me 
I 

195 196 

By treating 9-acridanthione with a mixture of phosphorus pentachloride 
and oxychloride, or bromine and red phosphorus, the expected 9-haloacridine 
was obtained, but a 9-iodo compound could not be made this way.663 If the 
phosphorus halides are not present in excess, however, some 9,9‘-biacridinyl 
sulfide is also produced.64fi 9-(pp-Dimethylarninophenyl)- and 9-(p-diethyl- 
aminopheny1)-acridines, prepared as derivatives of 9-acridanones, are 
similarly obtained from 9-acridanthiones. 

9 -A~r idan th ione ,~~~  in contrast to  5,6-dihydrophenanthridine-6-thione, re- 
sists desulfurization ; after 13 hr in refluxing ethanolic dimethylformamide 
with Raney cobalt, only low yields of acridine (67,) and 9,9’-biacridinyl 
(25%) were 0btained.67~ With copper at  280” for 2 hr, the respective yields of 
these two materials6’1 were 25 and 607,. 

Unlike 9-acridanone, 9-acridanthione does react directly with primary and 
secondary amines in phenol to give 9-aminoacridines. A variety of inorganic 
reagents, of which zinc chloride was the most effective, has been added in this 
reaction, to improve yields, but the use of the less acidic solvent, butanol, 
had the opposite effect.660 These reactions therefore seem to be acid-catalyzed 
substitutions, comparable to the replacement of the chlorine of 9-chloro- 
acridine. 9-Alkylthioacridines also undergo this reaction but not as readily 
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as their alkoxy anal0gues.28~ Again, inorganic reagents facilitate the sub- 
stitution, possibly through the formation of complexes, of which one (with 
cuprous chloride) has been isolated.283 These reactions have little preparative 
value,645 as substitution of the more readily available 9-chloroacridines is 
usually preferred. 

The 9-thioketo group survives neither reduction nor electrophilic substitu- 
tion. 4-Nitro-9-acridanthione was reduced to 4-aminoacridan by sodium 
amalgam in aqueous b i~a rbona te , ' ~~  and nitration6C3 and chlorination649 of 
9-acridanthione gave nitro- and chloro-9-acridanones, respectively. 

The normal syntheses of 10-substituted 9-acridanones, via N-substitution 
and oxidation of 10-alkylacridinium salts, have no part in the 9-acridanthione 
series. However, a convenient route to 10-substituted 9-acridanthiones is 
available by treating l0-alkyl-9-chloroacridinium dichlorophosphate, pre- 
pared from the 10-alkyl-9-acridanone and phosphoryl chloride, with alcoholic 
sodium hydrogen sulfidej41 or aqueous sodium th i~su l f a t e .~~"  The probable 
course of the latter reaction is shown. 

S 
+ H f  

2, 

+ H, SO, R R R 

Neither 10-methyl- nor 10-ethyl-9-acridanone gives its thioanalogue with 
refluxing phosphorus pentasulfide, but a 65y0 yield of 10-phenyl-9-acridan- 
thione is obtained under these ~onditions.6~2 9-Methylthioacridine does not 
rearrange to 10-methyl-9-acridanthione if heated alone at 200°,550 but the 
addition of methyl iodide has not been tried in this case (cf. p. 197). The 
10-methyl compound may, however, be made by heating 10,lO'-dimethyl- 
A-9,9'-biacridan with sulfur at 240" in an atmosphere of carbon dioxide.jS0 
The proposed mechanism673 for the reaction of 10-substituted 9,9-dichloro- 
acridans with potassium xanthogenate is Thiourea reacts similarly, 
via a thiouronium salt, to give 10-substituted acridanthiones. 

C! Cl CCl I S 
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10-Methyl-9-acridanthione is easily converted to 10-methyl-9-methylthio- 
acridinium iodide in refluxing methyl iodideo443 ; this salt gives a lO-methyl-9- 
sulfonylhydrazone with the corresponding s~l fonylhydraz ine .~~~ 10-Phenyl- 
9-acridanthione gave neither birnolecular nor desulfurated compounds on 
heating with c0pper.6~? 

Acridine-9-thiol 10-oxide, prepared from 9-chloroacridine 10-oxide and 
sodium sulfide, 6 6 9  is believed, from ionization data, to exist as approximately 
equal proportions of the tautomers 197 and 198.573 
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It is readily S-methylated with diazomethane or alkaline solutions of methyl 
iodide or sulfate,669 and gives the oxide of the disulfide (196) when oxidized 
with iodine in alkaline potassium iodide solutions.669 

(2) 9- A cridanselen one 

This compound has attracted little interest in the 70 years since it was first 
prepared (see also Table XI). A yield of 80% is obtained in the reaction be- 
tween 9-chloroacridine and sodium hydrogen selenide in  alcoholic 
but heating 9-acridanone with selenium fails to  give 9-acridanselenone. Its 
structure appears to be analogous to that of 9-acridanthione. The replacement 
of the oxygen atom in 9-acridanone by sulfur to give 9-acridanthione, and by 
selenium to give 9-acridanselenone, results in a characteristic deepening in 
color and a lowering of the melting point. 

9-Acridanselenone is not soluble in dilute acids, but hydrolysis to 9- 
acridanone takes place in refluxing alcoholic sodium hydroxide. Like 9- 
acridanthione, 9-acridanselenone is alkylated at the exocyclic atom, rather 
than at the ring nitrogen atom, when treated with methyl iodide or benzyl 
chloride in the presence of sodium ethoxide, as shown by the hydrolysis of 
these alkyl derivatives to 9-acridanone in refluxing alcoholic hydrochloric acid. 

10-Substituted 9-acridanselenones have been made by treating 10-alkyl- 
9-chloroacridinium chlorophosphates with potassium selenosulfate, which 
gave better yields than potassium hydrogen ~ e l e n i d e . ~ ~ ~  They are deeply 
colored compounds, like the parent 9-acridanselenone, in contrast to the 
pale 9-alkylselenylacridines. 



TABLE I. 9-Acridanone and Derivatives 

9-Acridanone, mp 356-358; 362-365 (dec) recrystallized from acetic acid 
(glacial or aq), amyl acetate, aniline acetate, benzyl alcohol, m-cresol, 95% 
ethanol, isoamyl alcohol, or sublimes 

Preparation Yield % Ref 

Hypochlorite oxidation of 9- 

Cyclization of 2-amino-2'-fluorobenzo- 

Cyclization of 2,2'-diaminobenzo- 

Cyclization of diphenylamine-2- 

acridanthione 

phenone 

phenone 

carboxylic acid; H2 SO,; 
POCl and hydrolysis 

N-benzoyldiphenylamine-2-carboxy- 
late; PPA 

Decamethylene diiodide on 9-acetamido- 
acridine 

Rearrangement of acridine 1 0-oxide 
Lehmstedt-Tanasescu reaction 

Hydrolysis and cyclization of methyl 

Heat on N-benzoyldiphenylamine-2- 

p-Nitrosodimethylaniline and HC1 on 

Lead oxide oxidation of 2-aminobenzo- 

Ozone on 1 O-'hydroxy-9-acridanone 
Irradiation of 3-phenylbenztriazin-4-one 
Dehydrogenation of 1,2,3,4-tetrahydro- 

Dehydrogenation of 2-aminobenzo- 

carboxylic acid 

9-methylacridine 

phenone 

9-acridanone 

phenone or diphenylamine 2-carbox- 
aldehyde 

Hydrolysis of N-(g-acridinyl)acetamide 
Oxidation of 9-allylacridan 
Alkaline ferricyanide on 9-acridanthione 

100 

99 

98 

91-96 
63-83 
8 8-9 3 

84 

82 
40-90 

70 

64 

50 

40 
38 
27 

Trace 
? 
? 
? 

346 

674 

39 1 

535,536, 675 
9, 29, 469  
140 

286 

358 
288, 292, 294 
301, 333, 357 
111 

354 

395 

357 
398 
372 

396, 594 

404 
352 
642 

(Table Continued) 
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Table I (Continued) 

Derivatives of 9-Acridanone, mp ("C) Yield % Ref, 

9-(p-Aminophenyl) 269; 
9-(pDimethylaminophenyl) 290; 

9-(pDiethylaminophenyl) 197, 239; 
1 0-Mercuriphenyl238-239; 
9-Thiosemicarbazone 205; 
Tpsylhydrazone hydrochloride infusible 

10-Hydroxy 256-257, ex. EtOH, HOAc, 
Lehmstedt-Tanasescu 
Alkaline H2 O2 on acridine 1 0-oxide 

10-oxide 209 (dec), ex. dioxan 

10-oxide 174 

9-Chloroacridine 1 19-1 20 POCl3 

9-Bromoacridine 116, ex. petrol 

9-Iodacridine 10-oxide 145, ex. acetone 

529 
529, 528, 575, 
642 

95,258 
924 

301,520 
307, 347 

65-99 6, 9 ,  28, 676 
80-90 35, 677, 678 

? 128, 663 
80-90 677 
80-90 677 
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TABLE VII. Cyclization of Diphenylamine-2-carboxylic Acids with 
3’-Substituents 

Diphenylamine- % Yield or 
2-carboxylic ratio of products* 
acid cyclized 1-substituted 3-substituted Separation Ref. 

4-Acetamido-3’- 
amino 

5-Acetamido-3’- 
amino 

4-Acetamido-3 ‘- 
nitro 

5-Acetamido-3’- 
nitro 

3’-Amino 
3’-Amino-4-nitro 
3‘-Amino-S-nitro 
3 ’-Amino-6-nitro 
3’-Bromo 
3’-Bromo-4’- 

methoxy 
3 ‘-cHoro 

3’-Chloro-4- 
met ho xy 

5-Chloro-3‘- 
methoxy 

3 ’-Chloro-4-nitro 

3‘-Chloro-5-nitro 
5-Chloro-3’- 

3 ’ -~yano  
3’,5-Dichloro 

trifluoromethyl 

3 ‘,4‘-Dichloro-4- 
methoxy 

3‘,4‘-Dimethyl 

3’-Dimethylamino 
Sr,4-Dinitro 
3 ’, 5-Dinitro 

- 

- 

93 

92 

20 
- 
- 
- 
- 
- 

7 5-82 
40 
24 

36 

25 
78 
68 
- 

- 

26 

- 
- 

- 

- 

73 
90 
93 

84 

41 

- 

- 

80 
38 
87 
86 

25 
- 

20-28 
60 
- 

54 

- 
22 
32 
40 

- 
74 

22-3 1 
- 

80 

30 

10 
- 

- 

(b) p 
(b) F-BP 

(b) F-M 

(b) F-B 

(b)i 

(b) 
(b) F-M 

(b) F-T, K 

(a) F-aq A 

(b) F-C or M 

147 

147 

147 

147 

124 
147 
147 
148 
879 
123 

30 
121 
20,67 

706, 
708 
719 
130 
130 
68,822 

17,879 
392, 
727 
68,107 
728 

122, 
686 
122 
117 
147 
239 
147 

336 

(Table Continued) 



Table VII. (Continued) 

Diphenylamine- % Yield or 
2-carboxylic ratio of products* 
acid cyclized 1-substituted 3-substituted Separation Ref. 

3’,6-Dinitro 
3’-Fluoro 

3’-Fluoro-4’-nitro 
3’-Methoxy 

3‘-Methoxy-4’, 
5 ‘-met hylene- 
dioxy 

3’-Methoxy-5-nitro 
4-Met hoxy-3’-nitro 
3’-Methyl 

3 ’-Nitro 

3’,4’- Tetramethyl- 

3’-Trifluoromethyl 
3’,4‘-Trimethylene 

ene 

98  
40 

- 

40 

22 
24 
36 

65 
- 

15 
8 

80 

80 
25 
35 
88 
- 

65 
- 

- 
60 

- 
60 

78 
53 
62 

17 
- 

58 

20 
- 

20 
20 
30 
12 
78 

35 
83 

(b) F-T 
(b) F-B, H 

(C)ii 
(b) F-M 

(b) P 

(b) F-B 

(b) H, F-B 

(b) P 
(a) F-A 
(b).F-B, E 
(C)IZ2 

148 
121,124, 

187 
208 
23 ,30349 ,  

643  
414 
750 
708 
879 
120 

753 
132 
23,30,9 7, 
121,129, 
541 
879 
30,147,591 
761 
760 
24 
122 

121,877 
1 ??  
1 L A  

Note: Also (no details given) : 3’-Chloro-4,4’-dimetho~y,~~’ 3’-chloro-4’- 
r n e t h ~ x y , ~ ’ ~  3‘-chloro-5-methoxy,70z 4-chlor0-3’-methoxy,~~ 3’,5-dichloro- 
4’-rnethoxy,”’ 3’ ,4’ -d imetho~y,~  3’ -e th~l , ’~’  3’-fluor0-4-rnethoxy.’~~ 
* = Indicates not isolated or not given. 
!=Reduced to amino and fractional crystallization; “=as hydrochloride; 
‘“=counter current separation between dilute hydrochloric acid and ethyl 
acetate. 
F = Fractional crystallization; H = differential hydrolysis; P = pyridine com- 
plex formation. 
(a) 9-Acridanone; (b) 9-chloroacridine; (c) 9-aminoacridine. 
A = acetic acid; B = benzene; C = cyclohexane; E = ethyl acetate; K = acetone; 
M = alcoholic ammonia; P = petrol; and T = toluene. 

3 3 1  
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TABLE IX. Actinomycinol [ De(s)peptidoactinomycin] and Derivatives 

Substituents Recrystalizing solvents, mp ("C) 

Actinomycinol (2,Sdihydroxy- 
3,6-dimethyl-9-acridanone- 1,4- 
quinone) 

Acyl derivatives: 

Ethers: 

Other Derivatives: 

m p  >230 (dec),81 > 300 ( d e ~ ) ~ ~ ~  ex 
nitrobenzene 
Sublimes 180-19010.001 mrnS7O 

Dihydro >280 (dec) 81 962 

Diacetate 189-191 1193498,613 ,616 

Diacetate perchlorate 1 58616 
Triacetate 164 ,615 ,870 181,616 210617 
Dihydrotetraacetate 272-.Sa1 j6 2 1  
Dihydropentaacetate 237-238 6 1  

Dihydrodeoxytetraacetate 235-236616 @1 

Tribenzoate 223-225616 i621 

249-25 1,615,616,621 26ga70 

Monomethylether 2 15-2 16" ,621 

Trimethylether 168616y6 2 1  

Dihydrotetramethylether 183-1 84'l 1 92621 

Phenazine > 240a1 @1 

Phenazine triacetate 25881 W 

34 1 
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3 80 The Acridine Alkaloids 

1. Introduction 

The first naturally occurring derivatives of acridine to be discovered were 
the principal alkaloids of Melicope fareana F. Muell., Evodia xanthoxyloides 
F. Muell., and Acronychia baueri Schott, which were isolated and character- 
ized by Hughes and his collaborators' in 1948 during a survey of the alkaloidal 
constituents of certain Australian flora. To date, 24 acridine alkaloids of 
established structure have been isolated, and one other of undetermined 
structure has been reported; all of them occur in various members of the 
family Rutaceae. With the exception of lO-methyl-9-acridanone, all the alka- 
loids are highly crystalline, yellow derivatives of the mono- or poly-hydroxy- 
9-acridanones. Most of the major alkaloids have now been synthesized, 
including acronycine, which exhibits a broad antitumor spectrum and 
has been shown to have significant activity against experimental neoplasms 
in laboratory animals.*"bb The accompanying table lists all the acridine 
alkaloids known up to the end of 1970. 

The acridine alkaloids commonly occur in association with furanoquino- 
line alkaloids, e.g., with skimmianine (1) and acronycidine (2) in M .  f a ~ e a n a , ~  
with kokusaginine (3), evodine (4), evoxine (5), and evoxoidine (6) in E. 
xanthoxyZoides,6s l 4  and with acronidine (7) in A .  baueria4 The two groups of 
alkaloids would thus appear to have a common biosynthetic origin and follow 

R OMe 
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OH 
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2. Melicopicine, Melicopidine, and Melicopine 383 

divergent pathways only in the later stages of the biosynthesis. A point of 
interest and possible biosynthetic significance is that the furanoquinoline 
alkaloids in this group are all 4-methoxyquinoline derivatives; in contrast, all 
the acridine alkaloids are 9-acridanone derivatives, and none of them possesses 
a methoxyl group at the 9-position. An exception to this generalization is 
provided by Balfourodendron riedelianum, which contains evoxanthine as the 
sole representative of the acridine alkaloids, together with two furanoquino- 
line alkaloids (maculosidine and flindersiaminej and three other alkaloids 
that are all derivatives of N-methyl-4-q~inolone.’~ 

Evolidine, the remaining “alkaloid” of E. x ~ n t h o x y l o i d e s , ~ ~  is now known 
to be a cyclic heptapeptide with the following structure,34, 3 5  and it has been 
synthesized. 36 

cyclo[ -~-Ser -~-Phe- -~-Leu-~-Pro-~-Val -~-Asp(~-NH~j-~-Leu-]  

2. Melicopicine, Melicopidine, and Melicopine 

A. Isolation and General Properties 

The bark and leaves of M .  Jareana, on percolation or Soxhlet extraction 
with methanol, were found by Price to yield five alkaloids, of which melico- 
picine, melicopidine and melicopine are 9-acridanone derivatives (the others 
are acronycidine and ~kimmianine).~ The separation of the alkaloids depends 
on the insolubility of melicopine in ether, and on the different basicities of the 
other alkaloids. Dilution of a cold solution of melicopicine and melicopidine 
in 10% aqueous hydrochloric acid, until the acid concentration has fallen to 
5’3&, results in the precipitation of melicopicine; further dilution to  2y0 of 
acid then causes the precipitation of melicopidine hydrochloride. Acronyci- 
dine and skimmianine can be isolated from the mother liquors. Since their 
original isolation, melicopine, melicopicine, and melicopidine have also been 
shown to occur in other plants, notably in A .  baueri, which is also reported t o  
contain the nor alkaloids (see Table I). 

Melicopine and melicopidine each contain two methoxyl groups and a 
methylenedioxy group, whereas melicopicine contains four methoxyl groups 
but no methylenedioxy group; all three alkaloids contain one methylimino 
groups3 A subsequent examination by Crow and Price showed that all three 
alkaloids can be recovered unchanged after attempted acetylation, and they 
do not react with potassium permanganate in acetone.37 They do not react 
with 2,4-dinitrophenylhydrazine, nitrous acid, or alkyl halides and are in- 
soluble in and stable to hot aqueous alkali. The color of the alcoholic solu- 
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tions of the alkaloids is not altered by alkali. Hence the methylimino group 
and the oxygen atom not involved in the methoxy and methylenedioxy 
groups must be in unreactive positions in each compound. 

B. Structure and Synthesis of Melicopicine 

Price3* found that the vigorous oxidation of melicopine, melicopidine, and 
melicopicine gave the same acid, CI1H9NOa, which was identified as l-methyl- 
4-quinolone-3-carboxylic acid (8) by comparison with a synthetic speci- 
men.38$ 39 In the case of melicopicine, this result coupled with the analytical 
data leads to a unique structure (9), which was later confirmed by synthesis. 
Melicopidine and melicopine must necessarily have similar structures in 
which two adjacent methoxyl groups in (9) are replaced by a methylenedioxy 
group.4o 

The synthesis of melicopicine was accomplished from 2‘,3’,4’,5’-tetra- 
methoxydiphenylamine-2-carboxylic acid (lo), prepared from anthranilic 
acid and the appropriate iodobenzene (o-chlorobenzoic acid and the required 
aniline gave only intractable This acid (lo), when heated under reflux 
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with phosphorus oxychloride, cyclized to the 9-chloroacridine derivative (111, 
which with sodium methoxide gave the 9-methoxyacridine (12) as a dark oil 
that could not be easily purified. However, when heated with methyl iodide, 
it gave melicopicine (9), identical with the naturally occurring compound, 
in 15% overall yield. 

The 9-acridanone structure of the alkaloids was confirmed by their uv 
absorption spectra,42 and by their reduction40 to A9~9’-biacridans with zinc and 
hydrochloric acid in  acetic acid solution. However, only the product from 
melicopine was isolated. 

Melicopidine is a much stronger base than melicopine, which is appre- 
ciably more basic than melicopicine. In  view of the very close structural 
similarity of the alkaloids, it is difficult to account for this; however, it should 
be noted that pK, values have not been determined. Melicopidine hydro- 
chloride, perhaps surprisingly, is precipitated when a solution of the alkaloid 
in hydrochloric acid is diluted. This has been tentatively ascribed to  oxonium 
salt formation. 40 

C. The nor Alkaloids 

During the isolation of the acridine alkaloids, Price noticed that all were 
slowly attacked by dilute mineral acid.3 In solution the alkaloid hydro- 
chlorides slowly decomposed to products more deeply colored than the origi- 
nal materials. Crow and Price found that refluxing the alkaloids for 1 hr with 
ethanolic hydrogen chloride caused almost quantitative decomposition into 
these highly colored decomposition the nor alkaloids, which 
analyzed in each case for the original alkaloids less CH,. When dry melico- 
pidine hydrochloride was heated, decomposition also occurred. 

The sensitivity of melicopicine, melicopine, and melicopidine to  mineral 
acid raises the question of the status of the nor compounds as true alkaloids, 
since in most cases hydrochloric acid has been used at one stage or another in 
the isolation of the alkaloids from the plant materials; thus the nor com- 
pounds may well be artifacts. Both Svobodalo and Diment, Ritchie, and 
Taylor* regard them as artifacts, since the nor compounds have never been 
isolated following extraction procedures that avoid the use of acidic reagents. 
However, it is relevant to  note that evoprenine and l-hydroxy-2,3-di- 
methoxy-10-methyl-9-acridanone were isolated,8, 2 2  even when the use of 
acids was avoided, so that the plants do contain some cryptophenolic con- 
stituents. 

The nor compourfds from melicopicine, melicopine, and melicopidine 
resemble the parent alkaloids in solubility but are more deeply colored 
(orange + red), very weakly basic, and insoluble in alkali. The colors of 
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their ethanolic solutions 'are enhanced by the addition of sodium hydroxide. 
However, all the nor compounds give yellow acetyl derivatives with acetic 
anhydride and sodium acetate, and methylation with dimethyl sulfate and 
potassium carbonate in acetone regenerates the original alkaloid in each case. 
This suggests that the nor compounds are unreactive phenols but leaves the 
position of demethylation uncertain. The oxidation of normelicopicine (13) 
with nitric or nitrous acid to a mixture of dimethoxyquinones (14 and 15) 
shows that demethylation must have occurred at either position 1 or 4;  the 
fact that quinones are produced by the loss of only one methoxyl group 
shows that the unreactive OH in normelicopicine must be phenolic and 
convertible into a CO group. It was not possible at that time to allocate the 
position of demethylation by analogy, as similar demethylations of appro- 
priate model compounds had not been carried out, but later work showed 
that of the monomethoxy-l0-methyl-9-acridanones, the 1-methoxy com- 
pound was by far the most easily demethylated. 

The fact that the nor alkaloids are unreactive suggests that the phenolic 
group is involved in hydrogen bonding. This is only possible if the hydroxyl 
group is in position 1, where it can form a hydrogen bond with the peri- 
situated 9-acridanone oxygen (13a). Other evidence given below also supports 
the conclusion that the hydroxyl group is in this position. 

Me 1 
OMe 

Me 
OMe 

1 3 a  1 3 b  

In contrast to normelicopicine, the isomeric 2-, 3-, and 4-hydroxytri- 
methoxy- 10-methyl-9-acridanones methylate easily and have normal phenolic 
properties; they are also less highly colored, more soluble in polar solvents 
and less soluble in nonpolar solvents than normelicopicine. Hydrogen bond- 
ing in normelicopicine is also responsible for the small depression of melting 
point observed with wet normelicopicine (7-lo"), compared with the much 
larger depression (45 ") observed with 2-hydroxy- 1,3,4-trimethoxy- 10-methyl- 
9-acridanone, where intramolecular hydrogen bonding cannot take place. 
The ir absorption spectra of the hydroxytrimethoxy-10-methyl-9-acrida- 
nones, examined in the solid state, also lead to the same conclusion.40 The 
2-, 3-, and 4-hydroxy isomers show bands at 3257, 3278, and 3278 cm-', 
respectively, which are attributable to "free" OH groups. In contrast, this 
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band is not present in the spectrum of normelicopicine; neither is it present 
in  the spectra of 1-hydroxyanthraquinone and its derivatives in which the 
hydroxyl group is also situated peri to the carbonyl group. The stability of 
such a hydrogen bond will be greater the larger the contribution of ionic 
structures such as (13b); the latter should also result in a lower basicity of the 
nor alkaloids compared with the parent alkaloids, in agreement with the 
facts. The ease of demethylation is presumably also a result of the high 
degree of stability of the products owing to hydrogen bonding. 

Both normelicopicine and melicopicine on nitric acid oxidation43 give the 
same mixture of two isomeric quinones of molecular formula CI6Hl3NO6. 
One of these compounds (15) is bright red, has mp 200-200.5", and is in- 
soluble in saturated aqueous sodium bisulfite, while the other (14) is dark red, 
has mp 233-235", and is soluble in  this reagent. Both quinones contain two 
methoxyl groups and give 2,4-dinitrophenylhydrazones ; phenylhydrazine 
itself merely causes reduction to the corresponding quinols. Sulfur dioxide 
also reduces both quinones to  the orange quinols (16 and 17) which with 
acetic anhydride give mono- and diacetates, respectively, in the presence of 
pyridine and sodium acetate. The monoacetates can also be prepared by the 
reductive acetylation of the quinones. Nitric acid oxidizes the quinols back to  
the quinones. The bright red quinone (15) does not react with o-phenylene- 
diamine at room temperature, but its dark red isomer gives a yellow phena- 
zine and is therefore the orthoquinone (14).43 

Demethylation of both quinones with hot aqueous sodium carbonate (but 
not with sodiun: hydroxide) gives the same red compound, 2-hydroxy-3- 
methoxy- 10-methyl-9-acridanone- 1,4-quinone (18). On reductive acetylation 
this gives a diacetyl derivative, which can also be prepared by reducing the 
quinone to the quinol (19) followed by acetylation. In alkaline solution this 
quinol is oxidized back to the quinone (18) by air. This quinone [as also 
does 2,3-dimethoxy-l0-methyl-9-acridanone-l,4-quinone (15) on prolonged 
reaction] forms a phenazine with o-phenylenediamine, which gives a mono- 
acetyl derivative with acetic anhydride and pyridine, suggesting that the 
acylable center is not that present in normelicopicine and is therefore in 
position 4. Boiling 46y0 hydrobromic acid demethylates the monomethoxy- 
quinone (18) to  2,3-dihydroxy-lO-methyl-9-acridanone- 1,4-quinone (20), a 
red microcrystalline compound which with sulfur dioxide gives the quinol 

Reductive methylation of 14, 15, or 20, and methylation of 16, 17, 19, or 21 
in one or two stages gives back melicopicine, showing that no fundamental 
change in the molecule takes place during the degradations. Oxidation of the 
dihydroxyquinone (20) with hydrogen peroxide in 57" aqueous sodium 
hydroxide gives l-methyl-4-quinolone-3-carboxylic acid (8), the product of 
vigorous nitric acid oxidation of the alkaloids. 

(21). 
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D. Action of Alkali Metal Alkoxides on the Alkaloids 

(1) Structure of MeIicopidine 

Although unattacked by aqueous alkali, melicopine and melicopidine were 
found to  react slowly with potassium hydroxide in alcoholic solution to  give 
isomeric phen01s.~’ The reaction is slow in methanol and ethanol but fast in 
isopropyl alcohol. The reaction products are soluble in alkali, give no 
methylenedioxy color reaction, and contain three alkoxyl groups, one of 
which is derived from the solvent. It is clear that the methylenedioxy ring in 
the alkaloids has been opened by the alkali, a known reaction of methylene- 
dioxy 
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mp2 + ROH + + CH,O 

‘ 0  OR 

The two trimethoxy compounds obtained in methanol solution are isomeric 
with normelicopicine. The product from melicopine, 4-hydroxy-l,2,3-tri- 
methoxy-1O-methyl-9-acridanone (24; R = Me) on nitric acid oxidation 
gives the same 1,4-quinone (15) as is obtained from the oxidation of normeli- 
copicine. Demethylation of 24 (R = Me) with methanolic hydrogen chloride 
gives the quinol (17), corresponding to this quinone. This shows that the 
hydroxyl group formed in the demethylation of melicopicine to  normelico- 
picine, and that formed during the opening of the methylenedioxy ring in 
melicopine, must be in para positions to each other in the benzenoid ring; 
therefore, in melicopine (23), the methylenedioxy group must be at  positions 
3 and 4. 

The phenol from melicopidine, 2-hydroxy-l,3,4-trimethoxy-lO-methyl-9- 
acridanone (25), on nitric acid oxidation gives an o-quinone (14) identical 
with that obtained from the oxidation of normelicopicine, and on demethyla- 
tion with methanolic hydrogen chloride gives the corresponding quinol (16). 
On the assumption that in the formation of normelicopidine demethylation 
takes place in the same position as in melicopicine, melicopidine must be 
1,4-dirnethoxy-2,3-methylenedioxy- 10-methyl-9-acridanone (22). A complete 
proof of this, and hence that demethylation did in fact take place in the same 
positions in both alkaloids, was obtained from a study of the dimethoxy- 
ethoxyphenols (24; R = Et, and 26), prepared by the reaction of ethanolic 
potash with melicopine and melicopidine, re~pectively.~~ 

These phenols on oxidation gave, respectively, an ethoxymethoxy-p- 
quinone (27) and an ethoxymethoxy-o-quinone (28). Both these quinones are 
insoluble in cold aqueous sodium carbonate but when heated they dissolve 
and hydrolyze to the same ethoxyhydroxyquinone (29). This shows con- 
clusively that one oxygen atom of the methylenedioxy group in both melico- 
pidine and melicopine must be attached to the same position, i.e., position 3 
in the benzene ring, and therefore melicopidine has the structure 22. 

The alkaline hydrolysis of alkoxyl groups in different positions in the two 
quinones might be expected on electronic grounds. In both quinones the 
effect of the carbonyl group at position 1 on the reactivity of position 3 
toward nucleophilic attack will be considerably diminished by resonance 
stabilization involving limiting structures of types 27a and 27b. At the same 
time the influence of the carbonyl groups at position 4 (in 27) and 2 (in 28) on 
their respective p positions (positions 2 and 4, respectively), will hardly be 
affected. This suggests that nucleophilic reagents should attack position 2 in 
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27 and position 4 in 28, which agrees with the results of the sodium carbonate 
hydr~lyses.~O However, the differences in energy requirements for attack at 
position 3 and at position 2 (in 27) and 4 (in 28) must be small, since hydroly- 
sis of these quinones with cold aqueous sodium hydroxide results in attack at 
position 3, with formation of the isomeric monomethoxyquinones (30) and 
(31), re~pectively.~O The fact that analogous results are obtained with the 
corresponding dimethoxyquinones 14 and 15 disposes of the possibility that 
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the ethoxyl groups in 27 and 28 are preferentially attacked by this reagent. 
No satisfactory explanation of this unexpected result has yet been proposed. 

The quinones 30 and 31 can also be obtained by nitrous acid oxidation of 
normelicopine and normelicopidine, respectively. The o-quinone (31) is 
unstable and could not be purified; hence it was characterized as its diacetyl- 
dihydro derivative. The p-quinone (30), unlike the typical quinones in this 
series (e.g., 15 and 18) which are stable, orange-red substances, is unstable 
and greenish yellow; however, all three quinones give bright red acetyl 
derivatives and can be reduced to  orange-red quinols. Hence, in the case of 
the quinone (30) reduction is accompanied by an apparent bathochromic 
effect, instead of the usually observed hypsochromic effect. Another anoma- 
lous property of the p-quinone (30) is its behavior toward boiling 10% 
aqueous sodium hydroxide. Whereas the quinone (18) is stable under these 
conditions, the p-quinone (30) is completely decomposed to a product, 
Cl3Hl3NO3, which contains one methoxyl group. This is presumably 3-meth- 
oxyacetyl-l-methyl-4-quinolone, since it gives a 2,4-dinitrophenylhydrazone 
and is oxidized by acid permanganate to 1 -methyl-4-quinolone-3-carboxylic 
acid (8).40 

( 2 )  Structure of Melicopine 

Although single structures for melicopidine and melicopicine can be 
written without definite knowledge as to which (1- or 4-) methoxyl group 
suffers demethylation in the formation of the nor alkaloids, this is not so for 
melicopine. Two structures, 23 and 23a, are possible. On the assumption, 
however, that the nor alkaloids are all 1-hydroxy-10-methy1-9-acridanones 
(these structures being the only ones consistent with their chemical and 
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physical properties), melicopine must have structure 23. The other structure 
would require the opening of the methylenedioxy ring in order to  form a 
I-hydroxy-9-acridanone. This is in conflict with the undisputed presence of an 
intact methylenedioxy ring in normelicopine. 
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The position of the methylenedioxy ring in melicopine was originally 
deduced from a consideration of the mechanism of its reaction with alkali 
metal a l k o ~ i d e s . ~ ~  The opening of a methylenedioxy ring by this reagent to  
give a phenolic ether and formaldehyde was first reported by Robinson and 
Robinson,44 who observed that the reaction of 1,2-methylenedioxy-4-nitro- 
benzene (32) with methanolic potash gave rise to 2-hydroxy-4-nitroanisole 
(34). In  modern terms it is clear that the nitro group facilities attack at the 
para position by the nucleophilic methoxide ion by lowering the energy of the 
transition state leading to  the intermediate 33; the loss of formaldehyde 
from the latter then leads to the product, 2-hydroxy-4-nitroanisole: 

32 33 34 

For exactly similar reasons, the carbonyl group at position 9 in melicopi- 
dine activates positions 1 and 3 toward nucleophilic attack. In this particular 
case attack must take place at position 3, since position 1 cannot be involved 
in the methylenedioxy ring. Since it has been shown that ethanolic potash 
attacks both melicopidine and melicopine at  the same position, only one 
structure (23) is possible for melicopine. This conclusion was supported by 
three other observations: 
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1. The nor alkaloids showed the expected properties of l-hydroxy-10- 
methyl-9-acridanone derivatives. 

2. The reaction of melicopicine with ethanolic potash, which gave a mix- 
ture of phenolic and nonphenolic products, was also shown to  involve 
nucleophilic attack at position 3. The phenol, C17H15N05, gave a mono- 
acetate and was methylated to melicopicine. It was not identical with any of 
the three previously prepared monohydroxytrimethoxy-10-methy1-9-acrida- 
nones and is therefore the 3-hydroxy isomer 35. 

The nonphenolic and cryptophenolic fraction was separated into two com- 
pounds. The less basic material, C18HlgN05, was isomeric with melicopicine 
but possessed the properties of normelicopicine and was not demethylated by 
alcoholic hydrogen chloride. On nitric acid oxidation, it gave 3-ethoxy-2- 
methoxy- 10-methyl-9-acridanone- 1,4-quinone. Since the compound is not 
1,2-dimethoxy-3-ethoxy-4-hydroxy-l0-methyl-9-acridanone (36), it must 
therefore be 2,4-dimethoxy-3-ethoxy-l-hydroxy-lO-methyl-9-acridanone (37) 
and is formed by demethylation at position 1 and ether exchange at  position 3. 

0 OMe 0 OMe 
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31 

The more basic, noncrystalline fraction gave a crystalline hydrochloride, 
which with ethanolic hydrogen chloride was converted into 2,4-dimethoxy-3- 
ethoxy-1-hydroxy-10-methy1-9-acridanone (37). The noncrystalline material 
is therefore the methyl or ethyl ether of (37), showing that in addition to  some 
demethylation at  position 1, ether.exchange also occurred at position 3. 

3. Some evidence for activation at position 1 in melicopine was found in 
the isolation of a small quantity of nonphenolic by-product from the reaction 
of melicopine with ethanolic potash. This by-product was a yellow crystalline 
base resembling melicopine but melted ca. 30" lower. It could not be separated 
into pure components by fractional crystallization or by differences in basic 
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strength; however, with methanolic hydrogen chloride, it gave 897, of its 
weight of normelicopine. It is, therefore, almost certainly a mixture of melico- 
pine with l-ethoxy-2-methoxy-3,4-methylenedioxy-l0-methyl-9-acridanone 
formed by ether exchange.*O 

E. Acidic Degradation Products 

A colorless dibasic acid (38), C1 3HgNOS, was obtained when melicopidine 
reacted with nitrous acid, when the 3-alkoxy-l,2-dihydroxy-4-methoxy-10- 
methyl-9-acridanones 16 and 39 were oxidized by air in  alkaline solution, and 
as a by-product in a number of other reactions.4o It gave 1-methyl-4-quinolone 
when heated with zinc dust and l-methyl-4-quinolone-3-carboxylic acid (8) 
on oxidation with 687, nitric acid or potassium permanganate. Decarboxyla- 
tion in butyl phthalate with copper bronze also gave 8 (in small yield) and a 
base Cl1H9NO2. This base gave a 2,4-dinitrophenylhydrazone and was 
easily oxidized to l-methyl-4-quinolone-3-carboxylic acid. Therefore, it is 
l-methyl-4-quinolone-3-carboxaldehyde (40). As the second carboxyl group 
must be in position 2,  the colorless dibasic acid has structure 38. 

A by-product from the aerial oxidation of 16 and 39, but not of the cor- 
responding o-quinones, which were stable under the conditions used, was the 
colorless acid CI3HgNO5 (41), also obtained in good yield from the oxidation 
of 3-hydroxy-2-methoxy-1O-methyl-9-acridanone- 1,4-quinone (30) with alka- 
line permanganate. This acid was also formed from 38 by reduction with zinc 
dust and sodium hydroxide. Its structure is represented by 41. This was con- 
firmed by oxidation to the acid 8 and by decarboxylation to a basic lactone 
CizHgN03 (42). 

An orange-red solid (43), CI3H9NO4, whose weakly acidic aqueous solu- 
tions are yellow with a green fluorescence, was formed as a by-product of 
several reactions. It may be prepared in quantity by the aerial oxidation of 
alkaline solutions of the dialkoxy-p-quinols (17 and 44), and of 24 (R = Me 
or Et), or by the action of an excess of nitrous acid on normelicopine. The 
p-quinones are not intermediates in this reaction, since they are not oxidized 
under the same conditions. The orange-red compound did not acetylate or 
react with 2,4-dinitrophenylhydrazine, but oxidation with 68% nitric acid 
gave l-methyl-4-quinolone-3-carboxylic acid ; with cold alkaline potassium 
permanganate 38 was obtained. The only structure that accounts for these 
properties is 43; the failure to acetylate or react with ketonic reagents40 is also 
characteristic of croconic acid (44a). 
2,3-Dihydroxy-lO-methyl-9-acridanone-l,4-quinone (20) reacts with cold 

concentrated nitric acid to give a compound of empirical formula Cl4Hl1NOi, 
which is tentatively considered to be 45, aIthough other formulations are not 
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excluded by the evidence a~ailable.4~ This structure is in accord with its 
mode of formation and its properties but does not account for the complete 
failure of all attempts to reduce it to the corresponding tetrahydroxy com- 
pound. When its emerald green solution in aqueous sodium hydroxide is 
shaken in air degradation to the orange-red acid (43) occurs. This is con- 
sidered analogous to  the formation of croconic acid from hexaketocyclo- 
hexane, which has been formulated as a benzilic acid rearrangement. 
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In contrast to the above oxidation reactions is the behavior of the ethyl 
ether (26) toward alkaline hydrogen peroxide. The product is a dibasic acid, 
CliH17NOi, which contains two alkoxyl groups. Since only one carbon atom 
has been lost during the oxidation, the ring is presumed to have been severed 
between positions 1 and 2. If this assumption is correct, this acid,*O which 
readily decarboxylates to another acid CI6Hl7NO5, must have the constitu- 
tion 46. 

F. Reaction of Melicope Alkaloids with Bromine 

In an attempt to prepare 7-bromomelicopine, Prager and Thredg~ ld*~  
investigated the reaction of melicopine with bromine in methanol. The 
product, however, was not the desired 7-bromo derivative but an unstable aryl 
hypobromite salt to which the structure 47 was ultimately assigned.46 When 
the reaction was performed in ethanol solution, the corresponding ethoxy 
isomer 48 was obtained. The reaction of 47 with potassium iodide affords the 
product 49; this is also the product of reaction of 47 with dilute alkali.46 It 
can also be obtained by reaction of the tetraphenylborate salt corresponding 
to  47 with iodide ion, a reaction that proceeds with liberation of only 1 mole 
of iodine. The reverse reaction can be achieved by treatment of 49 with 
bromine in methanol,46 which gives as sole product the hypobromite salt (47). 

That demethylation of melicopine at  position 1 occurs in the formation of 
47 is established by the fact that 47 is also obtained from the reaction of 
normelicopine with bromine. 

Hydrogenation of 49 in the presence of Adams's catalyst gives the enol(50), 
which loses methanol on brief treatment with sulfuric acid with the formation 
of normelicopine. Normelicopine can also be produced directly (and quanti- 
tatively) by hydrogenation of 47 itself.45 Borohydride reduction of 49 at 0" 
also affords the enol 50; at 50", however, 50 is obtained, together with three 
other products to which the structures 51, 52,  and 53 were assigned. The 
structure of demethoxymelicopine (52) was subsequently established by its 
preparation from normelicopine. In an exactly analogous manner, the struc- 
ture of the methyl ether 54 was confirmed by its preparation from normelico- 
picine. Finally, the position of the phenolic hydroxyl group in 53 was proved 
by unambiguous synthesis of its ethyl ether (55) .  These 2,3,4-trisubstituted 
derivatives of 10-methyl-9-acridanone are presumably formed from 49 via 
its tetrahydro derivative 56; the production of the phenolic compound 53 
provides clear evidence for the presence of a methoxyl group4j at position 4 
in 49, and therefore also in 47. 

When a solution of melicopine and bromine in methanol was refluxed 
for 9 hr, the reaction proceeded further and gave a compound, C1gH21NOe, 
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which appeared to be a derivative of l-methyl-4-q~inolone.~~ On the assump- 
tion that 47 is an intermediate in this reaction, this product is formulated as 
the complex ketal 57. The presence of a carbonyl group in this compound 
was shown by its reduction by sodium borohydride in refluxing ethanol 
solution, but the best evidence for its constitution was derived from its 
reduction by zinc and acetic acid, which afforded normelicopicine (13) in 
good yield.47 

When the hypobromite (47) was allowed to stand for several weeks, a deep 
red-purple compound of unknown constitution was obtained. In an attempt 
to  accelerate this transformation, 47 was heated to its melting point. The 
product, surprisingly, proved to be 7-bromonormelicopine (58) and was 
identified by comparison with authentic material prepared independently. 

The bromination of melicopine in other solvents also proves to be a com- 
plex reaction. Thus, in acetic acid the products include 7-bromonormelico- 
pine, normelicopine, and the quinone (30), together with its 7-bromo 
derivative. Bromination in chloroform resulted in the formation of a pink-red 
compound containing four bromine atoms, which was formulated as the 
hypobromite perbromide 59. The treatment of this compound with alkali 
regenerated melicopine ; with aqueous potassium iodide, 2 moles of iodine 
were produced, in addition to melicopine. When kept in chloroform solution, 
the salt 59 was slowly converted into its 7-bromo derivative (60), from which 
7-bromomelicopine could be isolated after treatment with alkali.46 

A similar series of bromination reactions was also carried out on melico- 
p i ~ i n e . ~ ~  In methanol solution the addition of bromine caused the rapid 
precipitation of an orange compound, C20H25Br4N07r for which the structure 
(62) is proposed. In accordance with this constitution the reaction of 62 with 
iodide ion liberated 2 moles of iodine; the product from this reaction, or 
from brief treatment of 62 with alkali, was the ketal (63). The salt (62) could 
readily be reformed from the ketal(63) by reaction with bromine in methanol. 
Hydrolysis of 63 with dilute acid gave a mixture of the quinones 15 and 18, the 
latter presumably being formed by the known selective demethylation of 15. 
From the bromination of melicopicine in ethanol, compounds analogous to 
62 and 63 were formed. Acid hydrolysis of the ketal, corresponding to 63, gave 
three compounds only, identified as 15, 18, and 64. The formation of 64 
proves conclusively that the bromination reactions result in the introduction 
of an alkoxyl group at position 2 ;  the other alkoxyl group is then necessarily 
situated at position 1, since any other alternatives give a structure for the 
ketal 63 which should have a carbonyl group reducible by sodium boro- 
hydride, a reagent which is without effect on 63. Attempts to confirm the 
presence of an additional methoxyl group at position 1 in 63 by partial 
hydrolysis to compound 65, obtained from normelicopicine, were unsuccess- 
ful. Even after only 1 min with cold water, the ketal(63) had been completely 
hydrolyzed to the quinone (15) and another, unidentified, c~mpound .~ ’  
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The bromination of melicopicine in chloroform solution appears t o  give 
a mixture of the hypobromite perbromide salts, 66 and 67. However, these 
compounds are noncrystalline, unstable, and extremely difficult t o  isolate. 
The removal of the chloroform below room temperature results in demethyla- 
tion at C-1 and bromination at C-7. Treatment of the reaction mixture with 
sodium thiosulfate gives mainly melicopicine with a small amount of 7-bromo- 
melicopicine.46 

The bromination of normelicopicine in methanol gives a salt (68), which 
gives the ketone (65) on mild treatment with alkali. The presence of a car- 
bony1 function in 65 was confirmed by its reduction with zinc and acetic acid 
or by hydrogenation, which regenerated normelicopicine. The treatment of 
65 with dilute acid gives a mixture of the quinones 15 and 18. Similarly, 
bromination of normelicopicine in ethanol yields the salt (69) which, with 
alkali, affords the ketone 70. Acid hydrolysis of 70 gives a mixture of the 
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quinones 15, 18, and 64, thereby unambiguously locating the position of 
introduction of the alkoxyl group.47 

In chloroform solution the bromination of normelicopicine gives a product 
that possibly has the structure 71, since reaction with aqueous alkali affords 
a neutral pr0duct,4~ probably the keto-ester 72, which, in the presence of 
dilute alkali, decomposes to 43. 
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The formation of an aryl hypobromite perbromide, and the addition of 
alkoxyl groups to positions 1 and 2, are also characteristic of the reaction of 
melicopidine with bromine in methanol, which affords4’ the orange salt 73. 
Like the analogous compound (62) derived from melicopicine, the salt 73 was 
converted by dilute alkali into the corresponding derivative (74) of l-methyl- 
4-quinolone, which could be reconverted into 73 by reaction with bromine in 
methanol. The salt 73 also liberated 2 moles of iodine when titrated with 
aqueous potassium iodide. Unlike 63, however, the melicopidine-derived 
ketal, 74, could be selectively hydrolyzed by dilute hydrochloric acid, the 
product being the ketone 75. 

The uv spectrum of the ketal 74 was almost identical with that of the 
corresponding compound 63, derived from melicopicine, suggesting that the 
two introduced methoxyl groups were situated at C-1 and C-2. However, all 
attempts to  confirm the placing of one methoxyl group at C-1 by reconversion 
of 74 into melicopidine proved unsuccessful. Thus reduction with zinc and 
acetic acid afforded normalicopidine, owing to preferential acid hydrolysis 
of the ketal function at position 1. Boron trifluoride also gave normelicopi- 
dine, while the reduction of 74 with sodium in liquid ammonia yielded a 
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mixture of products, none of which was melicopidine, and the compound 
was inert to hydr~genat ion.~? 

It was expected that bromination of normelicopidine would give products 
similar to those from either normelicopicine or normelicopine, in that a 
methoxyl group would be introduced into position 2 or 4. In fact, the bromi- 
nation of normelicopidine in methanol with 2 moles of bromine gave rise to a 
mixture of two products, readily separable by fractional crystallization. 
When 3 moles of bromine were used, only the lower melting product was 
obtained. The structure of the higher melting compound was shown t o  be 
76, since treatment with dilute alkali gave the known ketone, 75. When the 
latter was treated with bromine in chloroform, the salt 76 was regenerated, 
but in methanol the product was the second salt, 77. This salt contains two 
more methoxyl groups than normelicopidine (nmr spectrum) and is con- 
verted by alkali into a colorless compound (78), whose uv spectrum is 
identical with that of the compound 57 derived from melicopine. 

The bromoketone 78 was only slowly reduced by sodium borohydride; the 
product was an ill-defined, noncrystalline substance that was not char- 
acterized. However, reduction with zinc and acetic acid gave normelicopidine, 
and the bromine atom was readily replaced by a methoxyl group on reaction 
with methanolic silver nitrate. Two structures, 78 and 79, are thus possible 
for the bromoketone, and a differentiation was achieved using tritium- 
labeled methanol in its preparation from normelicopidine. When reduced 
with zinc and acetic acid, the tritium-labeled bromoketone afforded radio- 
active normelicopidine, showing that the second methoxyl group had been 
introduced at  position 4, as required by structure 78. 
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G .  Synthesis of Melicopidine and Melicopine 

Although the structures of melicopidine and melicopine were elucidated in 
1949, the synthesis of these alkaloids was not achieved until 1965.48 2,5-Di- 
methoxy-3,4-methylenedioxyiodobenzene was condensed with anthranilic 
acid in the presence of copper, and the diphenylamine derivative (80) so 
obtained was cyclized by means of phosphorus oxychloride to give the 
9-chloroacridine derivative (81). Hydrolysis of this product by hot dilute 
hydrochloric acid gave the corresponding 9-acridanone (82). which was 
identical with the alkaloid xanthevodine. Finally, N-methylation of xanthevo- 
dine with methyl iodide and potassium hydroxide in acetone gave meli- 
copidine. 

An exactly analogous synthesis, starting from 4,5-dimethoxy-2,3-methyl- 
enedioxyiodobenzene, afforded m e l i ~ o p i n e . ~ ~  

3. Xanthevodine 

Xanthevodine, Cl6HI3NO5, is a pale yellow, crystalline alkaloid, mp 21 3- 
214", which occurs in the leaves of E. x~nthoxyloides~~; apparently it is not 
present in the bark.6 Aside from melicopine, melicopicine, and melicopidine, 
xanthevodine is the only other derivative of 1,2,3,4-tetrahydroxy-9-acridan- 
one encountered so far among the acridine alkaloids. It contains two 
methoxyl groups and no methylimino group, and gives 4-quinolone-3- 
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carboxylic acid on oxidation. N-Methylation converts it into melicopidine 
(22), so that it can only be 1,4-dimethoxy-2,3-rnethylenedioxy-9-acridanone 
(82).49 This structure is amply confirmed by its total ~ynthesis.~’ 
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4. Derivatives of 1,2,3-Trihydroxy-9-acridanone 

A. Evoxanthine, Evoxanthidine, and Norevoxanthine 

Among the acridine alkaloids are seven derivatives of 1,2,3-trihydroxy-9- 
acridanone. Three of these (evoxanthine, evoxanthidine, and norevox- 
anthine) bear a methylenedioxy group at positions 2 and 3, whereas the re- 
maining four bear alkoxyl groups at these positions. 

The first of these alkaloids to  be encountered was evoxanthine (83), which 
was isolated, together with melicopidine (22) and kokusaginine (3), from the 
bright yellow bark of E. xanthoxyloides.6 Subsequently, evoxanthidine (84) 
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was extracted, together with evoxanthine and seven other alkaloids, from the 
leaves of the same species.14 Evoxanthine appears to occur widely in the 
Rutaceae (see Table I); in contrast, evoxanthidine has so far only been 
obtained from E.  xanrhoxyloides. Similarly, norevoxanthine (85) has so far 
only been reported to occur in Teclea grandijolia Engl.lg; its isolation from 
E. x a n t h ~ x y l o i d e s ~ ~  may have been the result of demethylation of evoxanthine 
during the extraction procedure. 

Evoxanthine, mp 217-218", crystallizes as yellow cubes from its yellow 
solution (strong blue-violet fluorescence) in ethanol, or as needles from 
benzene or ethyl acetate.6 Its empirical formula is CI6Hl3NO4; it contains one 
methoxyl, one N-methyl, and one methylenedioxy group. The fourth oxygen 
atom shows no phenolic or ketonic properties. 

Nitric acid oxidation of evoxanthine (83) gives 1 -methyl-4-quinolone-3- 
carboxylic acid (8), showing that it is structurally related to the other acridine 
alkaloids and is probably a derivative of 10-methyl-9-acridanone. This is 
consistent with its uv absorption spectrum.42 When evoxanthine is heated 
with methanolic hydrogen chloride, demethylation occurs (cf. melicopine and 
its congener) with formation of norevoxanthine (85). This compound con- 
tains no methoxyl groups and can be remethylated to evoxanthine. Norevo- 
xanthine, mp 274-275", crystallizes from pyridine or dioxan as orange 
needles and forms a yellow acetyl derivative, mp 240-242", only with difficulty. 
It is a very weak base, soluble only in concentrated hydrochloric acid, and is 
insoluble in aqueous sodium hydroxide. This contrasts with evoxanthine 
which, in spite of being a very weak base (pK, 2.6), forms a crystalline 
hydrochloride which separates when a warm solution of the alkaloid in 270 
aqueous hydrochloric acid is 

The methylenedioxy ring in evoxanthine is opened by hot methanolic or 
ethanolic potash with the formation of the phenols 86 (R = Me or Et), 
neither of which gives a positive test for a methylenedioxy group. Both com- 
pounds are easily demethylated by methanolic hydrogen chloride to 87 
(R = Me or Et). Methylation of 87 (R = Me or Et) gives the 3-alkoxy-l- 
hydroxy-2-methoxy-lO-methyl-9-acridanones 88 (R = Me or Et), which 
resist further methylation. The cryptophenols 88 (R = Me or Et) have also 
been prepared from the phenols 86 (R = Me or Et) by methylation to 89, 
followed by demethylation at position 1 with methanolic hydrogen chloride. 

On oxidation with concentrated nitric acid, the quinols (87) and the 
phenols (88) give the corresponding deep red quinones (90; R = Me or Et), 
which can be reduced back to the quinols by sulfur dioxide. Both quinones 
give quinoxaline derivatives (91; R = Me or Et) with o-phenylenediamine. 
The alkoxyl groups, introduced by the action of alcoholic potash on the 
alkaloid, are retained in these quinoxaline derivatives. This shows that the 
o-quinones cannot arise from the methylenedioxy bridge alone, and that the 
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methoxyl group must be adjacent to one end of this bridge. This methoxyl 
group in evoxanthine is considered to be in position 1. Its demethylation to 
norevoxanthine (85) with alcoholic hydrochloric acid is then analogous to  the 
similar effect of this reagent on the other 9-acridanone alkaloids. The prop- 
erties of norevoxanthine are in accord with this, but no other, formulation. 
It is similar to  the other nor alkaloids in color, spectral properties, and the 
unreactivity of its hydroxyl group. Evoxanthine, therefore, is l-methoxy- 
2,3-methylenedioxy-1O-methyl-9-acridanone (83).6 

Evoxanthidine, CI6HllNO4, separates from its yellow solution (strong blue 
fluorescence) in alcohol as pale yellow needles, mp. 312-313'. It contains one 
methoxyl but no methylimino group, and gives a positive color reaction for a 
methylenedioxy group. Nitric acid oxidation gives 4-quinolone-3-carboxylic 
acid, which suggests that the alkaloid is a methoxymethylenedioxy-9-acri- 
danone. Methylation with methyl iodide and potassium carbonate converted 
it into evoxanthine; therefore, evoxanthidine must be 1-methoxy-2,3- 
methylenedioxy-9-acridanone (84).49 

B. Bromination of Evoxanthine and Norevoxanthine 

The bromination of evoxanthine in methanolAo is similar to that of melico- 
picine and melicopidine, in that addition occurs at positions 1 and 2. The 
product is a hypobromite-perbromide salt (92), which gives the highly 
unstable bromoether (93) with dilute alkali; the reverse stage may be accom- 
plished by means of bromine in methanol. The uv spectrum of 93 is very 
similar to that of the compounds 63 and 74 previously obtained from melico- 
picine and melicopidine, and their nmr spectra are also similar. The bromo- 
ether 93 decomposes on standing to a mixture of evoxanthine, norevo- 
xanthine, and 4-bromonorevoxanthine; evoxanthine is also the product of the 
reaction of 93 with tetraethylammonium iodide (which also results in the 
liberation of 1 mole of iodine), dilute acid, or dilute alkali. Methanolic or 
ethanolic silver nitrate reacts with 93 to give the appropriate ketal (94; 
R = Me or Et), which with dilute acid gives the ketone 95. The fact that both 
ketals give the same ketone 95 indicates that the alkoxyl group introduced in 
the reaction with alcoholic silver nitrate, and hence the original bromine 
atom in the bromoether 93, must be situated at position 1; the methoxyl 
groupEo introduced in the formation of 92 and 93 must, therefore, be located 
at position 2. 

The ketone 95 is readily reduced to norevoxanthine by zinc and acetic acid, 
and gives 1,2,3-trihydroxy-lO-methyl-9-acridanone (96) when warmed with 
dilute alkali. The formation of this trihydroxy compound requires a reduction 
from the quinone stage of oxidation of the starting material (95); this could be 
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achieved by the formaldehyde released in the hydrolysis of the acetal-ketal 
function of 95, or it could proceed via an intramolecular redox reaction 
involving the methoxyl group 50  at position 2: 
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Norevoxanthine, unlike the alkaloids already discussed, contains a very 
reactive, unsubstituted aromatic position at C-4 and therefore might be 
expected on bromination to yield a 4-bromo derivative directly. However, this 
was not observed and, as with the other alkaloids, bromination in methanol 
resulted in addition to  the oxygenated aromatic ring; the product was the 
complex salt 97, which with dilute alkali gave rise to the ketone 98. When this 
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ketone was briefly warmed with dilute sodium hydroxide 4-bromonor- 
evoxanthine (99) was obtained, a reaction that can also be explained mecha- 
nistically by an intramolecular redox reaction involving the methoxyl group 
(cf. arrows in Structure lOO).50 

\ 
,CH2 Br3 

0 

Br H 

97 98 

99 I00 

One further interesting reaction of the compound (98) is its reduction by 
zinc and acetic acid to norevoxanthine. Presumably, this reduction proceeds 
via the unbrominated analogue (99 ,  since no significant reduction of 4-bro- 
monorevoxanthine occurs under these conditions.5o 

C. Synthesis of Evoxanthine and Evoxanthidine 

Two independent syntheses of evoxanthine and evoxanthidine, by essen- 
tially the same route, have been reported.j', 5 2  3-Methoxy-4,5-methylene- 
dioxydiphenylamine-2'-carboxylic acid (101) was prepared by the Ullmann 
reaction, either from 3-methoxy-4,5-methylenedioxyiodobenzene and anthra- 
nilic acid,jl or from 3-methoxy-4,5-methylenedioxyaniline and o-bromo- 
benzoic acid,j2 and then cyclized by means of phosphorus oxychloride to  the 
9-chloroacridine derivative (102), together with some of the alternative 
cyclization product. The hydrolysis of 102 by means of dilute hydrochloric 
acid then afforded evoxanthidine (84), which on methylation in acetone with 
methy1 iodide and potassium carbonate or hydroxide gave evoxanthine. 
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D. Xanthoxoline, l-Hydroxy-2,3-dimethoxy- and 
1,2,3-Trimethoxy-lO-rnethyl-9-acridanone 

Xanthoxoline (103) has so far only been isolated from the leaves of Evodia 
~ a n t h o x y l o i d e s . ~ ~  Its N-methyl derivative, arborinine (104), in contrast, 
occurs more widely (see Table I), but in the earlier extractions it was not 
claimed to be a genuine a l k a l ~ i d , ~ ,  l4  since it occurred in association with 
1,2,3-trimethoxy-l0-methyl-9-acridanone (105), which, it was suspected, 
might have suffered demethylation during the acid extraction procedure. 
However, in extractions of Evodia alata8 and Acronychia haplophylla,22 
which were carried out much more recently, the use of acid was carefully 
avoided; hence it seems that l-hydroxy-2,3-dimethoxy-lO-methyl-9-acrida- 
none is an actual constituent of the intact plant. It is also of interest that 104 
has been isolated from Fagara leprieurii,21 but no trace of its 0-methyl 
derivative (105) could be found. 
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Xanthoxoline, CI5Hl3NO4, crystallizes as golden yellow needles, mp 265- 
268" (dec), from ethanol, but its solution shows no fluorescence in contrast t o  
those of the other acridanone alkaloids. It contains two methoxyl groups, but 
no methylimino or methylenedioxy groups, and is insoluble in 10% aqueous 
sodium hydroxide. It is a much weaker base than evoxanthidine or xanthevo- 
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dine but on vigorous acetylation gives a monoacetyl derivative, that forms 
fluorescent solutions. Xanthoxoline contains a cryptophenolic hydroxyl 
group, therefore, and like the nor alkaloids gives a green ferric chloride color 
in ethanol. Methyl iodide and potassium carbonate in acetone convert it into a 
mixture of 1,2,3-trimethoxy- 10-methyl-9-acridanone (105) and l-hydroxy- 
2,3-dimethoxy-lO-methyl-9-acridanone (104), easily separated as only the 
former is sufficiently basic to dissolve in 3N acetic acid. 

Xanthoxoline is 103, and its structure, together with the structure of its 
N-methyl (104) and N,O-dimethyl (105) derivatives, have been amply con- 
firmed by synthesis. 3’,4’,5’-Trimethoxydiphenylamine-2-carboxylic acid 
(106), prepared from 3,4,5-trimethoxyiodobenzene and anthranilic acid, was 
cyclized by means of phosphorus oxychloride to the 9-chloroacridine deriva- 
tive 107. The reaction of 107 with sodium methoxide afforded 1,2,3,9- 
tetramethoxyacridine, which, when heated with methyl iodide in a sealed 

gave 1,2,3-trimethoxy-IO-methyl-9-acridanone (105). Alternatively, 
the hydrolysis of 107 gave 1,2,3-trimethoxy-9-acridanone, the hydrochloride 
of which decomposed at 150-160” to x a n t h o ~ o l i n e . ~ ~  

1,2,3-Trimethoxy- 10-methyl-9-acridanone (105) has also been synthesized 
by condensation of o-aminobenzaldehyde with 1,2,3,5-tetrahydroxybenzene, 
which gave 1,2,3-trihydro~yacridine.~~ Methylation of this product with 
diazomethane afforded 1,2,3-trimethoxyacridine whose methosulfate, when 
oxidized in alkaline solution with potassium ferricyanide, yielded the com- 
pound 105. Demethylation of 105 with hydrochloric acid in  ethanolj3 then 
gave 1 -hydroxy-2,3-dimethoxy-lO-methyl-9-acridanone (104). 

E. Evoprenine 

Evoprenine, C20H21N04, mp 143”, a minor constituent of the bark of 
E. data,  is a yellow, weakly basic alkaloid, which exhibits the spectrographic 
and chemical properties of a cryptophenolic member of the nor series.* The 
skeleton of evoprenine and the functional groups present were clearly 
revealed by the nmr spectrum. Thus a one-proton signal centered at r -4.65, 
which disappeared on deuterium exchange, was assigned to the proton of the 
cryptophenolic hydroxyl group, strongly bonded to the carbonyl group. 
Aside from a 3-proton multiplet assigned to protons at C-5, 6, and 7, the 
aromatic region exhibited a broadened doublet centered at r 1.8, owing to  
hydrogen at C-8 (deshielded by the carbonyl group) and a singlet at r 3.95, 
owing to a hydrogen atom at C-4. Two 3-proton singlets at 7 6.45 and 6.15 
were assigned to methylimino and methoxyl protons, respectively. Of greater 
interest were the remaining signals, namely, a broadened one-proton triplet 
at r 4.45, a two-proton doublet at r 5.35, and a broad six-proton singlet at 
r 8.2, which obviously arose from a y,y-dimethylallyl (prenyl) ether function.8 
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Evoprenine is thus a derivative of l-hydroxy-lO-methyl-9-acridanone, and 
if the normal oxygenation pattern in the trihydroxy-9-acridanone series of 
alkaloids is observed, evoprenine can only be 108 or 109. Since the amount of 
alkaloid available for degradation was small, synthetic experiments offered 
the best means of establishing its structure. The treatment of evoxanthine (83) 
with methanolic potassium hydroxide gave the phenol 86 (R = Me), which 
was then demethylated by alcoholic hydrochloric acid to 87 (R = Me). 
Partial alkylation of this product by means of y,r-dimethylallyl bromide and 
potassium carbonate in acetone readily afforded the ether 108, but this 
proved not to  be identical with evoprenine. 

In the first attempt to synthesize the second isomer (109), evoxanthine was 
treated with r,-,-dimethylallyl alcohol and potassium hydroxide to  yield the 
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phenolic ether (110), which was methylated to 111. Although acid-catalyzed 
cleavage of 1-methoxyl groups occurs with facility in the 9-acridanone series, 
conditions for effecting this reaction selectively on 111 could not be found; 
fission of the sensitive ally1 ether function also occurred and 112 was the only 
isolable product. This substance, which was also obtained by the action of 
acid on evoprenine, was more conveniently prepared as follows. Evoxanthine 
was heated with benzyl alcohol and potassium hydroxide to yield the crude 
benzyl ether (113), which was methylated to 114. This last product was 
readily demethylated by acid to (88; R = CHGH,) ,  but under more vigorous 
conditions afforded 112. Partial alkylation of 112 with y,y-dimethylallyl 
bromide then furnished 109, which was identical with evoprenine. Since 
evoxanthine has been synthesized, this sequence also constitutes a formal 
synthesis of evoprenine.8 

5. Derivatives of 1,3-Dihydroxy-9-acridanone 

A. Acronycine and Its Derivatives 

Among the acridine alkaloids are five derivatives of 1,3-dihydroxy-9- 
acridanone, of which the simplest is 1,3-dimethoxy-lO-rnethyl-9-acridanone 
(115), a constituent of A .  baueri4 and Vepris b i l o ~ u l u r i s . ~ ~  The other alkaloids 
of this group are the important tumor-inhibitor acronycine and three of its 
demethyl derivatives. So far acronycine has been obtained only from the 
bright yellow bark of A .  baueri,l. the Australian scrub ash or scrub yellow- 
wood, and its demethyl derivatives, noracronycine, des-10-methylacronycine, 
and des-10-methylnoracronycine, from the root bark of Glycosmis pentu- 
phylla.29 

Acronycine, C20H19NOJ, mp 175-176", is a weak base readily soluble in 
most organic solvents. It crystallizes best from ethyl acetate, in which it gives 
a yellow solution with a bright green fluorescence. Acronycine forms a red 
hydrochloride, mp 120-130" (dec), sulfate, mp 158-159" (dec) and an orange 
picrate,j mp 150-154". It contains one N-methyl and one methoxyl group, and 
gives a negative methylenedioxy color reaction. It does not react with acetic 
anhydride, benzoyl chloride, or ketonic reagents. 

Acronycine (116) is attacked by mineral acids in the same way as the other 
acridanone alkaloids but rather less readily. Hot alcoholic hydrogen chloride 
gives a polymeric product, but demethylation to noracronycine, CI9H17N03, 
occurs when dry acronycine hydrochloride is heated.b4 Noracronycine (117) 
is very similar in properties to the other nor alkaloids. It is deeper in color 
than the parent alkaloid, forms no stable salts, and is not methylated by 
diazomethane. Methylation is effected by methyl sulfate and potassium 
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carbonate in acetone, which regenerates acronycine, and a monoacetyl 
derivative is formed with acetic anhydride. 

Acronycine contains one reactive double bond that can be reduced by 
hydrogen in the presence of Raney nickel to give dihydroacronycine (118), 
C2,,H2,NO,. This forms a hydrochloride that is demethylated to  dihydro- 
noracronycine (119), when heated alone or in alcoholic hydrogen chloride 

Both noracronycine and dihydronoracronycine on oxidation with warm 
concentrated nitric acid give l-methyl-4-quinolone-3-carboxylic acid (8).39 
Acronycine itself under similar conditions yields an insoluble orange trinitro 
compound. This material on prolonged heating with an excess of concen- 
trated nitric acid slowly dissolves. to give a cream-colored crystalline solid, 
CllHsN305, mp. 262-253", which was shown to be l-methyl-6-nitro-4- 
quinolone-3-carboxylic acid (120) by comparison with a synthetic specimen. 39 
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The oxidation of acronycine with potassium permanganate in acetone gives 
a dibasic acid (121), CzoH19N07, without the loss of carbon. The reactive 
double bond in the alkaloid is therefore contained in a ring. This dibasic acid 
decarboxylates when crystallized from 10% aqueous hydrochloric acid with 
the formation of acronycinic acid (122), C19H19N05, mp 227' (dec). Similar 
treatment of noracronycine affords noracronycinic acid (123), which, when 
heated above its melting point, decomposes to a-hydroxyisobutyric acid (124) 
and a phenol, C1,H,,NO3 (125). The thermal decomposition of acronycinic 
acid (122) similarly gives a-hydroxyisobutyric acid, the same phenol 
C14HllN03, and its methyl ether, C15H13N03 (126), which was also prepared 
from the phenol (125) with diazomethane. The methyl ether contains an 
unreactive hydroxyl group that is, however, methylated by methyl sulfate. 

These reactions can only be explained if acronycine contains a dimethyl- 
pyran ring. However, no trace of acetone could be detected in the reaction of 
acronycine (116) with concentrated alkali, as normally happens with di- 
methylpyran derivatives under these b s  The products of 
reaction of acronycine with concentrated alkali were two phenols (127 and 
128), both of which could be reconverted into acronycine by warm hydro- 
chloric acid. One of the phenols, CZOH19N03 (127), is isomeric with acro- 
nycine, while the other, 128, has the composition CzoHl9NO3.2HZ0. The 
uv absorption spectrum of the former phenol indicates additional conjugation, 
which is consistent with its f o r m ~ l a t i o n . ~ ~  
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Acronycine reacts rapidly with bromine in chloroform to give a deep red 
precipitate of monobromoacronycine hydr~bromide .~~  Further reaction of 
monobromoacronycine (129) with bromine results in demethylation with the 
formation of the dimorphic dibromonoracronycine, which is also formed 
when noracronycine is brominated The bromine atom in mono- 
bromoacronycine must be present in the pyran ring, since oxidation gives 
acronycinic acid (122). It must also be present on the carbon atom adjacent 
to  the benzenoid ring because on ozonolysis a phenolic acid (130) is formed; 
in contrast, the ozonolysis of a c r ~ n y c i n e ~ ~  yields a phenolic aldehyde (131). 
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The nitration of acronycine with concentrated nitric acid in ethanol (1 : 5 )  
gives a mononitroacronycine in which the nitro group is in the pyran ring, 
since oxidation affords acronycinic acid. The position of the nitro group is 
probably the same as that of the bromine in monobromoacronycine.39 

The degradation of acronycine and noracronycine to 1-methyl-4-quinolone- 
3-carboxylic acid and its 6-nitro derivative suggests that the phenol CI4Hl1NO3 
(125) obtained by degradation of the dimethylpyran ring is almost certainly 
a dihydroxy-lO-methy1-9-acridanone, in which both hydroxyl groups are 
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present in the same benzenoid ring. One of the hydroxyl groups must be in 
position 1, since the behavior of acronycine and noracronycine indicate that 
the methoxyl group in the alkaloid must be in this position. This is in agree- 
ment with the low reactivity of one of the hydroxyl groups in the dihydric 
phenol. Since a quinone could not be obtained from this phenol, it was con- 
sidered to be 1,3-dihydroxy-l0-methyl-9-acridanone (125), a proposal that 
was confirmed by the synthesis of 125 from 3',5'-dimethoxydiphenylamine-2- 
carboxylic acid : 39 
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Additional confirmation of the positions of the oxygen atoms in acronycine 
was provided by ozonolysis, which afforded a phenolic aldehyde (131). 
Methylation of (131), followed by permanganate oxidation, gave the cor- 
responding dimethoxy- l0-methyl-9-acridanonecarboxylic acid, mp 195-196" 
(132), which, when heated to 150" in butyl phthalate, decarboxylated to  
1,3-dimethoxy- lO-methyl-9-acridanone, identical with a synthetic specimen. 39 

The properties of acronycine and noracronycine clearly indicate that the 
methoxyl group in the alkaloid is situated in position 1. Consequently, 
the hydroxyl group in position 3 in the phenol 125 must be derived from the 
dimethylpyran ring. This requires that acronycine has one of two structures, 
116 or 116a; all the evidence cited above is consistent with either of these 
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formulations. The only apparent inconsistency is found in the isolation of the 
phenol ether (126), but this is presumably formed during the degradation by 
remethylation of the 1,3-dihydroxy compound 125, or by intermolecular 
trans-methylation of the initially formed 1-methoxy-3-hydroxy-10-methyl-9- 
acridanone. An alternative, less likely, explanation is that after the elimination 
of a-hydroxyisobutyric acid, the acridanone ring opens and then recyclizes, 
yielding the more stable arrangement with the hydroxyl group situated in the 
peri position with respect to the carbonyl group.39 

The first, tentative, proposal concerning the structure of acronycine, based 
on unpublished material, favored the linear isomer 116a, and the uv spectra 
of acronycine and its derivatives were discussed on this bask4* 

The first chemical proof of the structure of acronycine was provided by 
Macdonald and Robertson,56 who synthesized 1,3-dimethoxy-2-rnethoxy- 
carbonyl-10-methyl-9-acridanone (133) by the following route, starting from 
methyl 4-aniino-2,6-dimethoxybenzoate: 
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If acronycine had the linear structure 116a, the product of ozonolysis, 
methylation, oxidation, and esterification would have the structure 133. It 
was shown, however, that the ester 133 was different from the degradation 
product of acronycine, which, it must therefore be concluded, has the struc- 
ture 134; a ~ r o n y c i n e ~ ~  must then have the structure 116. 

Subsequently, Govindachari and his collaborators furnished independent 
proof of the structure 116 for a c r ~ n y c i n e . ~ ~  Among the alkaloids of Glycosmis 
pentaphylla are three acridine alkaloids that were shown to be noracronycine 
(117), des-N-methylacronycine, and des-N-methylnoracronycine. Desulfuri- 
zation of the toluene-p-sulfonate of noracronycine with Raney nickel in a 
current of hydrogen afforded a colorless deoxy compound. This, surprisingly, 
was not the expected product (C19Hl,N02) of deoxygenation and saturation 
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of the dimethylpyran double bond but a compound of molecular formula, 
CleHz3NO2, which was clearly obtained from the expected product (135, or 
linear isomer) by saturation of one of the aromatic rings. This was strongly 
supported by the uv absorption spectrum of the product, no longer char- 
acteristic of a 9-acridanone but typical of a 4-quinolone. Which of the two 
aromatic rings (A or B) had suffered hydrogenation was readily determined 
from the nmr spectrum of the product, which exhibited only two aromatic 
protons. Thus there remain only two possible structures for this product, 
136 and 137, depending on the structure (116 or 116a) of acronycine. Since 
the nmr signals resulting from the aromatic protons in the desulfurization 
product comprised an ortho-coupled AB system with J*,B = 9 Hz, the two 
protons must be attached to adjacent carbon atoms, and the only acceptable 
structure is (136). Hence acronycine is (116).29 9 \ / q Me / 
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Finally, a direct proof of the structure of acr~nycine,~’  by means of a three- 
dimensional single crystal X-ray diffraction analysis of bromodihydroacro- 
nycine (138), has been carried out by Gougoutas and Kaski.* 

*It is of some interest to note that a choice between the two possible structures (116 
and 116a) for acronycine may very simply be made on the basis of the Nuclear Overhauser 
Effect. Thus irradiation of the N-methyl signal at  T 6.3 in the nmr spectrum of 
acronycine results in a 1 7 z  increase in the integrated intensity of the doublet at  T 3.54 
( J  9.5 Hz) owing to H, (see 116). Also, irradiation of the singlet at  7 6.06 (OMe group) 
results in a 48z selective increase in the integrated intensity of the signal at  7 3.72 owing 
to the proton at C-2. These observations confirm the proximity of H, to  the N-methyl 
group, and of the methoxyl group to the lone aromatic proton,58 as required by 116 but 
not by 116a. Confirmatory evidence was obtained from an analogous study on noracrony- 
cine and a nonlinear model benzacridanone derivative. 
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The structure (116) of acronycine has been established by three interrelated 
syntheses, which have been completed in the Lilly Research Laboratories.*"?b 
Cyclization of the p-propionyl derivative (139) of 3,5-dimethoxyaniline by 
means of zinc chloride and sodium chloride at 155" gave the 3,bdihydro- 
carbostyril derivative (140), which was converted into the N-o-carboxyphenyl 
derivative (141) by reaction with o-iodobenzoic acid in the presence of 
cuprous iodide. Polyphosphoric acid cyclization of 141 gave a mixture of the 
tetracyclic 9-acridanone lactam (142) and the corresponding 9-acridanone- 
carboxylic acid (143), both of which with methanolic hydrogen chloride gave 
the ester 144. An attempted conversion of this ester into the appropriate 
tertiary alcohol by reaction with methyl magnesium iodide simply resulted in 
demethylation of the methoxyl group at position 1 ; the same product (145) 
could be obtained by demethylation of 144 with boron trichloride. Fortu- 
nately, the ester function in 145 reacted with methyl lithium in tetrahydro- 
furan at - 18" to give the desired tertiary alcohol (146). 
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Fusion of 146 with pyridine hydrochloride at 200" resulted in demethylation 
and cyclization, with formation of the tetracyclic product (147). Because of its 
insolubility, 147 was not normally isolated but methylated with methyl iodide 
and potassium carbonate to give its N-methyl derivative (148), which was 
identified as dihydronoracronycine. Dehydrogenation of 148 was accom- 
plished by utilizing 2,3-dichloro-5,6-dicyanobenzoquinone in refluxing 
toluene or dioxan; the noracronycine so produced was methylated to acro- 
nycine, identical with authentic materiaLza' 

An independent synthesis of 147 afforded a second route to acronycine. 
The condensation of anthranilic acid with 1,3,5-trihydroxybenzene in butanol 
in the presence of zinc chloride gave 1,3-dihydroxy-9-acridanone (149), which, 
when alkylated with l-chloro-3-methyl-2-butene in trifluoroacetic acid with 
zinc chloride as catalyst, gave the acronycine derivative 147, together with 
the bischromane derivative 150.2 

Me Me 
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149 
Me 
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The third synthesis of acronycine started with the known 7-hydroxy-2,2- 
dimethyl-4-chromanone (151), which was methylated to 152 and hydrogenated 
to the chroman derivative 153. Alternatively, 153 could be prepared by the 
hydrogenation of 7-methoxy-2,2-dimethylchromene (154), obtained by 
reduction of 152 with lithium aluminum hydride followed by dehydration 
with phosphorus oxychloride in pyridine.Bromination of153 gave the6-bromo 
derivative 155 (identified by its nmr spectrum); this was converted into the 
5-amino derivative 156 (also identified by its nmr spectrum) by treatment with 
an excess of sodamide in liquid ammonia. Ullmann condensation of 156 with 
o-bromobenzoic acid gave the corresponding diphenylamine, which was 
cyclized without isolation to N-desmethyldihydroacronycine (157) by treat- 
ment with polyphosphoric acid at 90". The methylation of 157 by means of 
methyl iodide and potassium carbonate gave dihydroacronycine (158), 
which was finally dehydrogenated to acronycine.? 

A fourth synthesis of acronycine5* utilizes a method recently developed for 
the synthesis of 2,2-dimethylchromene derivatives. The alkylation of 1,3- 
dihydroxy-10-methyl-9-acridanone with 3-chloro-3-methylbut-I-yne in di- 
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methylformamide at 52" in the presence of potassium carbonate gave the 
acetylenic ether (159), which when heated in N,N-diethylaniline under reflux 
gave noracronycine (117) in almost quantitative yield. Acronycine was then 
obtained by the usual methylation procedure. 

When the preparation of the ether (159) was carried out at a somewhat 
higher temperature (70°), the product was found to consist of the ether (159), 
together with substantial amounts of noracronycine. Hence it would appear 
that the Claisen rearrangement of the ether (159) occurs quite rapidly, even 
at 70". 

Hydrogenation of the acetylenic ether (159) in the presence of the Lindlar 
catalyst yielded the a,a-dimethylallyl ether (160), which rearranged in boiling 
diethylaniline to  give the normal Claisen product (161). Noracronycine (117) 
was also obtained from this product by cyclodehydrogenation with chloranil 
in boiling dioxan5* 
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Almost simultaneously, still another direct synthesis of acronycine was 
reported.jga The condensation of 1,3-dihydroxy-9-acridanone (149) with 
3-hydroxyisovaleraldehyde dimethyl acetal(161a) in the presence of pyridine 
at 150" afforded a mixture of des-10-methylnoracronycine (161b) and its 
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linear isomer (161c). The methylation of this mixture then gave a separable 
mixture of acronycine (116) and its linear isomer isoacronycine (116a). 
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Isoacronycine has also been synthesized59b from 1,3-dihydroxy-lO-methy1-9- 
acridanone by a Pechmann condensation with malic acid to  give the linear 
5-hydroxy-ll-methyl-2H-pyrano[2,3-b]acridan-2,6-dione, which with excess 
methyl lithium, followed by methylation, gave isoacronycine (116a). 

Finally, mention should be made of the synthesis of hexahydrodesoxy- 
noracronycine (162), the product of reduction of noracronycine tosylate by 
hydrogen in the presence of Raney nickel.6O 3-Methoxy-9-acridanone was 
demethylated with hydriodic acid and acetic anhydride to the hitherto 
unknown 3-hydroxy-9-acridanone (163), which was condensed with 3,3- 
dimethylallyl diphenyl phosphate at 130-140". Although a mixture of prod- 
ucts was obtained, only one compound could be isolated, which was shown 
by analysis of its nmr spectrum to be the angular chroman derivative 164. 
This conclusion was confirmed by N-methylation of 164, which afforded 
desoxydihydronoracronycine (165). The hydrogenation of 165 then gave 
hexahydrodesoxynoracronycine (162), identical with the degradation product 
of noracronycine.60 

In view of the reported antitumor properties of acronycine (acronine), its 
metabolism in mammals is of considerable interest. Preliminary experiments'jl 
have shown that in five species (man, dog, guinea pig, mouse, and rat), the 
major oxidation route appears to involve hydroxylation at positions 5 and 7 
of the acridine ring, indicating a similarity of the enzyme systems involved in 
these animals. In four of the above species (the exception being the guinea 
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pig), hydroxylation of one of the methyl groups in the dimethylpyran ring was 
also observed. In general, demethylation appears not to be an important 
route of biotransformation, although it was observed in the guinea pig and, 
to  a lesser extent, in the mouse. 
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B. Rutacridone 

Rutacridone, CI9Hl7NO3, mp 161-162, - 43', a constituent of Ruta 
graveolens, is the first presumed acridine alkaloid to exhibit optical activity. 
Its structure is not yet known with certainty, and it has not even been rigo- 
rously proved to  belong to the acridine series. On the basis of its ir and nmr 
spectra, however, the structure 166 is tentatively proposed for rutacridone, 
although the linear isomer cannot at present be excluded from c ~ n s i d e r a t i o n . ~ ~  

6. Derivatives of 1,2,3,5-Tetrahydroxy-9-acridanone, 
Tecleanthine 

The only naturally occurring derivative of 1,2,3,5-tetrahydroxy-9-acridan- 
one hitherto encountered is tecleanthine (167), C1,HI5NO5, mp 158", which 
occurs in the bark of Teclea natalensis (Song.) Engl.ls Tecleanthine is a weak 
base that yields a picrate and a picrolonate, and gives a positive test for a 
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methylenedioxy group. The uv spectrum and mass spectral fragmentation 
pattern resemble those of evoxanthine, suggesting that tecleanthine is also a 
derivative of 9-acridanone. 

The nmr spectrum of tecleanthine discloses the presence of two methoxyl 
groups (3H singlets at T 5.88 and 6.20), an N-methyl group (3H singlet at 
T 6.10) and a methylenedioxy group (2H singlet at T 4.01). Of the four aro- 
matic protons, three are present in an ABX system, in which the proton at 
lowest field (C-8H) gives rise to a quartet at T 2.00 (J  6.6 and 3.3 Hz), its 
downfield position being the consequence of deshielding by the carbonyl 
group; the other two protons give rise to  a multiplet at 7 2.81-2.94. The fourth 
proton is responsible for a singlet at  T 3.40 and is presumably an isolated 
proton in a highly substituted aromatic ring. 

The ABX pattern of the protons in ring A indicates that the methoxyl 
group in this ring is situated at  C-5. The position of the second methoxyl 
group becomes apparent from the ready hydrolysis of tecleanthine with 
ethanolic hydrochloric acid, which affords nortecleanthine (168), a crypto- 
phenolic substance insoluble in potassium hydroxide solution. Hence the 
second methoxyl group is situated at position 1, and the methylenedioxy group 
must occupy positions 2 and 3, or 3 and 4. Unfortunately, the position of this 
group cannot be deduced from the chemical shift of the signal from the 
lone hydrogen in ring B. The assignment of the methylenedioxy group was 
finally made after comparison of the uv spectra of tecleanthine, evoxanthine 
(83), melicopidine (22), and melicopine (23). The first three alkaloids exhibit 
a bathochromic shift of 60-73 nm in the 300 nm region in acid solution; 
whereas melicopine, containing a 3,4-methylenedioxy group, shows no shift 
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under these conditions. Further, melicopine is the only one of these four 
alkaloids not to give a deep green color with alcoholic ferric chloride. There- 
fore, it is concluded that tecleanthine is 1,5-dimethoxy-2,3-methylenedioxy- 
10-methyl-9-acridanone (167), and it is the first naturally occurring acridine 
derivative oxygenated in ring A to be encountered.I8 Several quinolone alka- 
loids containing the same methoxy-N-methylquinolone part structure as 
tecleanthine are known, and it is of interest to note that they exhibit nmr 
spectra very similar to that of tecleanthine in the aromatic proton region'*; 
these include balfouridine (169a), lunacrine (169b), and the pyranoquinolone 
(170). 

7. Derivatives of 1,3,5-Trihydroxy-9-acridanone 
Atalaphylline and N-Methylatalaphylline 

Two further derivatives of 9-acyidanone oxygenated at position 5 have 
recently been isolated from Atuluntiu monophyllu Correa (fam. Rutaceae), a 
thorny tree that has been claimed to be useful in the treatment of snakebite 
and rheumatism. From the root bark of plants collected in Madras, two new 
alkaloids, atalaphylline and its N-methyl derivative, have been isolated.33 

Atalaphylline (171), Cz3Hz5NO4, is a 9-acridanone derivative (uv and ir 
spectra) that contains at least one free phenolic hydroxyl group (ferric 
chloride reaction). It is devoid of methoxyl, methylenedioxy, or N-methyl 
groups (nmr spectrum) but contains two dimethylallyl (prenyl) units and 
three aromatic protons that give rise to an ABX pattern of signals very 
similar to those exhibited by lunacrine (169b) and tecleanthine (167). The 
presence of the prenyl units is confirmed by the mass spectrum, which con- 
tains ions due to the loss of one and two prenyl units, and by the nmr spec- 
trum of tetrahydroatalaphylline which discloses the presence of four secondary 
C-methyl groups. 

The methylation of atalaphylline by means of diazomethane affords a 
dimethyl ether (172), which still contains one phenolic hydroxyl group 
(ferric chloride reaction). Methylation with methyl iodide and potassium 
carbonate under forcing conditions yields a tetramethyl derivative (173), 
methylation of the three hydroxyl groups being accompanied by N-methyla- 
tion. 

The reaction of atalaphylline with formic acid results in cyclization of both 
prenyl groups with adjacent hydroxyl groups to give bicycloatalaphylline 
(174), whose nmr spectrum confirms the presence of two dimethylchroman 
rings in the molecule. One of the hydroxyl groups involved in this double 
cyclization must be the cryptophenolic group at position 1, since bicyclo- 
atalaphylline is readily methylated by diazomethane to an 0-methyl ether 
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(175), whose nmr spectrum is completely in accord with its formulation as a 
5-methoxy-l,2,3,4-tetrasubstituted-9-acridanone d e r i ~ a t i v e . ~ ~  

It is clear from the above evidence that atalaphylline contains a hydroxyl 
group at C-5 as in tecleanthine, and that one of the remaining hydroxyl 
groups must be at position 1 to account for the cryptophenolic properties. 
The cyclization to bicycloatalaphylline necessarily means that one prenyl 
group is situated at position 2 ,  so that the remaining hydroxyl and prenyl 
groups must be situated at positions 3 and 4, not necessarily respectively. 
Thus there remain two possible structures for atalaphylline, but since all 
known acridanone alkaloids are oxygenated at  positions 1 and 3, in conse- 
quence of their presumed biosynthesis from acetate via phloroglucinol or its 
biochemical equivalent, atalaphylline almost certainly has the structure (171). 

The minor alkaloid from Atuluntiu monophyllu exhibits spectra closely 
similar to those of atalaphylline, except that its nmr spectrum contains an 
additional 3-proton singlet, resulting from an N-methyl group. Its identity as 
N-methylatalaphylline (176) was established by vigorous methylation, which 
yielded a trimethyl ether identical with the exhaustive methylation product 
(173) derived from a ta la~hyl l ine .~~ 

M e  

M e  

/ 

\ 
CH,CH = C 

HO CH,CH=C /Me 

\ M e  

171, R = H; Atalaphylline 
176, R = Me; N-Methylatalaphylline 

M e  

M e  

/ 
\ 

M e 0  CH,CH =C 
\ M e  

172, R = H 
173. R = Me 

Me 174, R = H 
175. R = Me 



8. Biosynthesis of the Alkaloids 427 

8. Biosynthesis of the Alkaloids 

Various authors have speculated on the possible mode of biosynthesis of 
the acridine alkaloids. Hughes and Ritchie pointed out that all the acridine 
alkaloids hitherto isolated contained one unsubstituted benzene ring and at 
least two substituents invariably present in positions 1 and 3 of the other 
benzene ring.53 This prompted them to suggest that the alkaloids may be 
formed by the reaction of o-aminobenzaldehyde or its biochemical equivalent 
with phloroglucinol (or a derivative) to give 1,3-dihydroxyacridine (177), 
which is then oxidized to the appropriate polyhydroxy-9-acridanone and 
methylated or methylenated to give the alkaloids: 

177 

1. 101 
2. Methylation or 

methylenation 

Alkaloid 

Although this route has its laboratory analogy, e.g., the synthesis of 
1,3-dimethoxy- 10-methyl-9-acridanone (115) via 1,3-dihydroxyacridine (177), 
there is no evidence that a similar route operates in the plantss3 

Robinson postulated the condensation of anthranilic acid with 3,5-dioxo- 
hexanoic acid (from acetate) to form 1,3-dihydroxy-9-acridanone (149), 
which is then suitably modified.62 An alternative possibility is the intervention 
of the keto acid (178), a known oxidation product of tryptophan,62 which 
could then condense with acetate to form (149). The subsequent stages 
leading to the alkaloids are then unexceptional. 

Leete’s suggestion is based on the condensation of anthranilic acid with 
successive molecules of acetic acid, and it is naturally assumed that the 
isopentenyl unit in such molecules as acronycine (116) is derived from 
mevalonic 

All these proposals require nuclear oxidation of the intermediate acridine 
or acridanone at some convenient point in the biosynthesis of the derivatives 
of tri- and tetra-hydroxy-9-acridanone (i,e., the evoxanthine and melicopine 
series) . 
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The first experimental evidence relating to  the biosynthesis of the acridine 
alkaloids was provided by Groger and J ~ h n e , ~ ~  who administered non- 
specifically tritiated anthranilic acid to Glycosmis arborea and isolated radio- 
active arborinine (104). Oxidation of the arborinine with nitric acid gave 
l-methyl-4-quinolone-3-carboxylic acid (8), which had the same specific 
radioactivity as the parent alkaloid. Hence it may be concluded that anthranil- 
ic acid is a precursor of ring A of a r b ~ r i n i n e , ~ ~  and presumably also of the 
other acridine alkaloids. 

This conclusion has been confirmed by Prager and T h r e d g ~ l d , ~ ~  who 
examined the r81e of ST-anthranilic acid (COOH = 1) in the biosynthesis of 
alkaloids in Acronychia baueri. Extraction of the plant 8 days after initial 
administration of ST-anthranilic acid yielded radioactive melicopine, meli- 
copidine, and melicopicine. Bromination of the tritiated melicopicine 
afforded inactive 7-bromonormelicopicine (179), showing that ring A and not 
ring B was derived from anthranilic acid. In connection with Robinson's 
proposal that tryptophan might be implicated in acridine alkaloid biosynthe- 
sis, via the oxidation product (178), it is of interest to  note that 3-14C-trypto- 
phan was not incorporated into the alkaloids of A .  baueri under the conditions 
studied.65 Hence, if tryptophan is a precursor, it must first be degraded (to 
anthranilic acid?), rather than incorporated via the acid (178). 
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In further experiments the incorporation of 4-hydroxy-2-quinolone and its 
N-methyl derivative was observed; the greater incorporation of the N-methyl 
compound suggests that it is closer to the end of the biosynthetic pathway. 

In an independent experiment to ascertain at which stage N-methylation 
was occurring, 5-T-N-methylanthranilic acid was administered to  E. xanth- 
oxyloides and radioactive evoxanthine was isolated ; the incorporation 
observed was comparable to  that observed with other precursors in A .  baueri. 
Unfortunately, the incorporation of N-methylanthranilic acid in A .  baueri 
has not yet been investigated; however, there is no reason to believe that the 
biosynthetic pathways to  the acridine alkaloids differ appreciably in these 
two plants. In connection with alkaloid biosynthesis in A .  baueri, it is relevant 
to  note that tritiated N-methylanthranilic acid was isolated after administra- 
tion of labeled anthranilic acid. It is suggested, therefore, that the main 
pathway for acridine alkaloid biosynthesis is via N-methylanthranilic acid, 
with a minor pathway involving N-methylation at a later stage: 

N H M e  
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H Me 
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The participation of anthranilic acid in the biosynthesis of the acridine 
alkaloids thus seems well established, although there is still room for specula- 
tion concerning the detailed pathway by which it is incorporated into the 
alkaloids. Very recently, Lewis and his collaborators,66 noting the similarity 
in the substitution pattern between the naturally occurring xanthones and  the 
acridine alkaloids, have suggested that analogous biogenetic pathways may be 
involved. This receives vicarious support from the in vitro conversion of 
hydroxylated aminobenzophenones into hydroxy-9-acridanones. Thus oxi- 
dative cyclization of 2-amino-3’-hydroxybenzophenone (180) by manganese 
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triacetate or potassium persulfate gave low yields of the hydroxyacridanones 
181 and 182, while the tin and hydrochloric acid reduction of 2-nitro-2',4',6'- 
trihydroxybenzophenone (183) gave a quantitative yield of the expected 
dihydroxyacridanone 149, presumably via the related aminotrihydroxybenzo- 
phenone, 184. 

It is therefore suggested that the condensation of anthranilic acid with 
polyacetate to give a dihydroxyacridanone (e.g., 149) proceeds via an amino- 
trihydroxybenzophenone (184); alternatively, condensation of anthranilic 
acid with trihydroxybenzoic acid (both derived from shikimic acid) may give 
rise to an isomeric aminotrihydroxybenzophenone (185), which is then 
cyclized and suitably modified to give the alkaloids. The co-occurrence of 
1,3-dioxygenated and 1,2,3,4-tetraoxygenated 9-acridanones in Acronychia 
species suggests that the former route, with or without hydroxylation stages, 
is the more probable.', 5 ,  6 7  
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All the routes proposed involve acetic acid, so that it is not surprising to 
find that sodium l-14C-acetate is incorporated into melicopicine in A .  baueri. 
However, the mode of incorporation has not yet been rigorously established, 
since degradation of the melicopicine by published methods proved not to be 
practicable on a very small scale.65 
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Finally, it has been shown that tritiated 1,2,3-trihydroxy- lO-methyl-9- 
acridanone is not incorporated into E. xanthoxyloides alkaloids,65 either by 
wick feeding of the seedlings or by absorption through the roots. However, 
the implications of this observation are not clear at present. 
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1. Acridinium Salts 

A. Methods of Preparation 

Acridinium salts are generally prepared by direct alkylation of acridines, 
by reduction of 10-alkyl-9-acridanones and oxidation of the resulting acridans, 
or by the reaction of 10-alkyl-9-acridanones with phosphoryl chloride, and 
subsequent nucleophilic displacement of the 9-chloro group, if desired, to  
give 9-substituted acridinium salts. 

(1) Alkylation of Acridines 

Me I- 

1 

The 10-position of acridine (1) is less nucleophilic than the 1-position of 
either pyridine or quinoline. This may be partly caused by the steric hindrance 
offered by the 4- and 5-hydrogen atoms of acridine to the approaching 
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electrophile, since the nitrogen electron density in acridine is higher than in 
the other two cases.' The quaternization reaction is favored by the use of 
polar solvents: acridine did not react with methyl iodide at 60°,2 although it 
did at but the use of dimethylformamide as the solvent gave the iodide 
at room temperature in 2 weeksS4 9-Ben~yl-~ and 9-phenyl-acridines6 have 
been methylated with methyl iodide at loo", and ally1 bromide gave a high 
yield of 10-allylacridinium b r ~ m i d e . ~  Attempts to quaternize acridine with 
propyl iodide were successful when refluxing xylene was used as a solvent, 
but milder conditions failed and dimethylformamide was not effective in this 
case. All attempts to quaternize acridine with w-iodo aliphatic long-chain 
esters gave rise only to acridinium iodide.' In general, higher 10-alkyl- 
acridinium salts are better prepared via the appropriate 9-acridanone. A 
better general methylation technique used methyl sulfate or p-toluene- 
sulfonate in nitrobenzene at elevated temperatures.8, 9 5  loam The iodides were 
formed by treating ,the products with aqueous potassium iodide. Certain 
9-phenylacridines, however, have proved rather unreactive toward methyl 
sulfate, even at its boiling point.'l Acridines have been successfully alkylated 
using the butyl, benzyl and phenyl esters of p-toluenesulfonic acid.I2 

Aminoacridines may be quaternized directly; it is usual to protect the 
amino group by acetylation,2, 9 ,  l 3  although this is not always necessary. 
3,6-Diamino-2,7-dimethylacridine was quaternized exclusively at position 10 
by methyl sulfate or p-toluenesulfonate, but methyl or ethyl iodide pref- 
erentially attacked the primary amino group.14 3,6-Bisdimethylamino- 
acridineX4 and 8-dimethylamino-9-methylbenz[a]acridine15 were quaternized 
by methyl sulfate in boiling toluene without the involvement of the primary 
amino groups, and 6,9-diamino-2-ethoxyacridine (rivanol) is stated t o  give 
the quaternary salts with either methyl iodide or chloride at room tempera- 
ture.I6 9-Aminoa~ridine~ reacted with methyl iodide exclusively at  the 
10-position, whereas the isomeric aminoacridines all reacted preferentially at 
the primary amino groups. Treatment of 1-, 2-, or 3-acetamidoacridines with 
methyl p-toluenesulfonate gave the acridinium salts, but the 4 isomer failed t o  
react, perhaps for steric reasons.* 

(2 )  Reduction and Reoxidation of 9-Acridanones 

An alternative technique for the preparation of 10-alkylacridinium salts 
involves the reduction of the appropriate 10-alkyl-9-acridanone to  the 
acridan followed by reoxidation, generally with ferric chloride, to the acri- 
dinium salt. The reduction of the 9-acridanone, which is usually performed 
with sodium amalgam, sodium in ethanol, or zinc and hydrochloric acid, is 
discussed in detail in Section 2.A(2). Reoxidation to the quaternary salt is 
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0 & - Na/Hg .----f FeC$ 
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brought about by adding ferric chloride to  an acidified suspension or solution 
of the acridan. The technique has been applied to many amino- 
acrid an^'^^ 1 4 ,  17-19 and other types of acridan.20* 21, 22 The presence of electron- 
attracting groups generally makes boiling necessary. 

Oxidation of 9-t-butyl-3-diethylaminoacridan, however, resulted in the 
loss of the t-butyl group, although a sec-butyl group was left intact.23 The 
loss parallels the dealkylation that sometimes occurs during the oxidation of 
dihydropyridines obtained by Hantzsch’s synthesis.24 

Oxidation of the acridan has also been achieved with nitric,25a, 
nitrous26a-C and chromic27 acids. 

If the 9-acridanone reduction is conducted using a Grignard reagent, 
9,lO-dialkylacridinium salts are obtained on treatment of the resulting 
9-hydroxyacridan with acid. 10-Methyl-9-acridanone (2) reacted with 
phenylZ8 or b e n ~ y l * ~  magnesium bromides to  give 9-hydroxy-lO-methyl-9- 
phenylacridan (3) or 9-benzylidene- 10-methylacridan (4); these were con- 
verted to the corresponding salts with acid. 

CHPh 
II Ph OH 0 

I /  
0 \ 

I 

Me 

2 

1 
Me 

3 

I 
Me 

4 

IO-Phenyl-9-a~ridanone~~~ 31 and I0-(2-diethylarninoethyl)-9-a~ridanone~~ 
behaved similarly, and phenyl lithium reacted analogously with 10-methoxy- 
9 -a~r idanone .~~  All the monochloro-9,1O-diphenylacridinium chlorides have 
been prepared, using aryl magnesium bromides and 10-phenyl-9-acri- 
danones.34 

9-Substituents may also be inserted by reaction of the 10-alkyl- or 10-aryl- 
9-acridanone with p h o ~ p h o r y l , ~ ~ ” ~  thiony13‘j or 0xa ly1~~ chloride. The 
9-chloro groups of the 9-chloroacridinium salts that are obtained are even 
more labile toward nucleophiles than those of 9-chloroacridine and can be 
displaced by gaseous ammonia36 to give 9-aminoacridinium salts, and by 
a m i n e ~ ~ ~ ,  38 to give 9-aryl- or 9-alkyl-aminoacridinium salts. Water causes 
decomposition to the 9-acridanones. 
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B. General Properties and Reactions 

Quaternary acridinium salts form yellow solutions with a green fluorescence 
and, like many other quaternary salts derived from heterocyclic bases, are 
usually highly crystalline and comparatively soluble in water. They are not of 
great value in the acridine series for characterization purposes, as their 
melting points are usually decomposition points and vary considerably with 
the rate of heating. 

Anion exchange of acridinium salts may be achieved in a variety of ways. 
If a 9-alkyl or aryl substituent is present, the carbinol obtained by treatment 
with sodium hydroxide is dissolved in the appropriate acid. If no 9-sub- 
stituent is present, treatment with a base gives the 9-acridanone and one of the 
following alternative techniques must be employed. Acridinium bicarbonates 
are usually sparingly soluble in water; this property was taken advantage of in 
the conversion of 3,6-diamino-lO-methylacridinium chloride to  the acetate.39 
The bicarbonate is precipitated by the addition of sodium bicarbonate 
solution and redissolved in acetic acid. Saturated aqueous solutions of 
acridinium sulfates or methosulfates gave precipitates of the halides with 
concentrated sodium or potassium halide solutions, and iodides have been 
converted to chlorides by shaking with freshly precipitated silver ~hlor ide.~O 

The characteristic reactions of acridinium salts occur at the highly electron- 
deficient 9-position. Nucleophilic attack at this position occurs more readily 
than at the corresponding position in the pyridine or quinoline analogues ; 
this is partly a reflection of the fact that the loss of aromaticity in the central 
ring is offset by a gain in one of the benzene rings. 

Nu = nucleophile 

The range of nucleophiles capable of this type of addition is wide and 
includes HzO, OH-, NH3, CN-, SH-, PhSH, SOa-, NH20H,  aromatic 
amines, Grignard reagents, Michael reagents (carbanions), and tetramethoxy- 
ethylene. Alkyl groups at position 9 of acridinium salts are strongly activated 
toward diazonium salts, and cyanine-type dyestuffs have been prepared in 
this way (see Chapter I, p. 87). 

The reaction of quaternary acridinium compounds with the hydroxide ion 
has been the subject of much study. 
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The reaction of l0-methyl-9-phenylacridinium chloride with sodium 
hydroxide, and of the sulfate with barium hydroxide, was studied conducti- 
metrically by Hantzsch and Kalb.41 It was found that after addition of an 
equivalent of hydroxide ion at O", the conductivity slowly diminished and 
initially nothing could be extracted with ether. The observed drop in con- 
ductivity contrasted with the case of the pyridinium and quinolinium ana- 
logues, although the latter did show a very slight diminution. It was also 
observed that the conductivity dropped more rapidly if 10-methylacridinium 
chloride or 9,lO-dimethylacridinium chloride was used. 

These results were considered to  show that the initially formed hydroxide 
slowly (or in the last-mentioned cases, more rapidly) isomerized to the 
pseudobasic acridan. However, it has been shown that the concentration in 
Hantzsch's experiment of the acridan/acridinium hydroxide would have been 
higher than its measured ~ o l u b i l i t y ~ ~ ;  it therefore follows that the solutions 
were supersaturated and precipitation was at least partly responsible for the 
drop in conductivity. The shape of the curve is not that of an approach to 
a simple equilibrium. 

The nature of the product was demonstrated by uv spectroscopy. The ma- 
terial precipitated from solutions of 10-methyl-9-phenylacridinium chloride 

" 
40 80 120 

Time (min) 

Fig. 1 .  Graph of Hantzsch's data on 10-methyl-9-phenylacridinium hydroxide. 4 2  
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with sodium hydroxide was soluble in ether or chloroform, and the uv 
spectrum of these solutions was closely similar to that of 9-phenylacridan but 
different from that of l0-methyl-9-phenylacridinium iodide.43 The ether and 
chloroform solutions were colorless and did not fluoresce. The molecular 
weight determined in benzene was All these facts suggest that the 
compound was present as the 9-hydroxyacridan. 

When dissolved in 50% aqueous methanol, however, the material gave a 
yellow solution that fluoresced; its uv spectrum was matched by that of a 
solution containing 75y0 9-phenylacridan and 25% 10-methyl-9-phenyl- 
acridinium iodide.43, 4 5  The composition of the equilibrium mixture was 
altered in the expected ways: the addition of alkali caused the spectrum to 
revert to the acridan type and the addition of water increased the proportion 
of ionized material. Similar observations were made with 10-methylacridinium 
iodide and 9,lO-dimethylacridinium iodide in ethanolic solution.46 Further 
proof of the ionic nature of the aqueous solutions is provided by the obser- 
vation that the treatment of a solution of 10-methyl-9-phenylacridinium 
iodide with sulfuric acid led to no change in the optical properties. The prod- 
uct is the ionic l0-methyl-9-phenylacridinium sulfate.42 Moreover, the ac- 
tivity coefficients for the hydroxy compound in aqueous potassium and 
barium chloride solutions are only consistent with its being a strong electro- 
l ~ t e . ~ ’  The solid is colorless, and therefore probably in the acridan form. 

Conductivity studies have also been made of the product obtained from 
aqueous solutions of certain amino- 10-methylacridinium bromides and 
sodium hydroxide,48 but precipitation occurs, so that attempts to  interpret 
the observed falls in conductivity are open to the same objections as the 
Hantzsch studies. In addition, some of the compounds were not substituted 
at position 9, and it is known that disproportionation and oxidation to  the 
9-acridanone is facile for such compounds.4Q 

H OH 0 

\ 6’ / ‘ N ’  
I 

Me 
I 

Me 
I 
Me 

Addition of alcoholic sodium hydroxide to 9-cyano-10-methy1acridinium 
methosulfate gave the 9-hydroxyacridan (5), which underwent a chemi- 
luminescent oxidation with hydrogen peroxide solution (see Chapter IX, 
p. 622) .50 

The hydroxyl group of these 9-hydroxyacridans is easily etherified in the 
presence of alcohols, perhaps via the ionic form. Recrystallization of 9- 
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hydroxy-10-methyl-9-phenylacridan from ethanol, methanol, or isobutanol 
gave the 9-alkoxyacridan in each case.44 The process was reversed with boiling 
water. The hydroxyl group was also replaced by cyanide on treatment of 
l0-methyl-9-phenylacridinium hydroxide with aqueous potassium ~yanide ,~ l  
and a chloroform or ether solution of the product had an acridan-type uv 
spectrum.46 Like the hydroxyacridans, this cyano derivative was partly 
ionized in the more polar solvent ethanol,45 but the addition of cyanide ion 
caused the spectrum to revert to the acridan type. The cyanoacridans are 
resistant to acid, but hot concentrated sulfuric acid gave the corresponding 
acridinium sulfates.*, 51 As with the hydroxyacridans, the absence of a 
9-substituent renders these compounds liable to  oxidation by air to  the 
9-a~ridanone.~.  51 

Concentrated aqueous ammonia converted 10-methyl-9-phenylacridinium 
iodide to the 9-arnino-lO-methyl-9-phenyla~ridan~~; recrystallization of this 
compound from ethanol gave the 9-ethoxyacridan. Heating the 9-hydroxy- 
or 9-amino-acridans with aniline gave 6.  

Ph O H  Ph OEt 

I 
Me 

I 
Ph Me 

I -  Me 
Ph NHPli - 

‘ N ’  
I I 

Me Me 
6 
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Hydroxylamine and p-dimethylaminoaniline reacted in the same way as 
amm0nia,5~a' b but aromatic amines in the presence of sulfur attacked the 
acridinium compound through the para position of the amine. For example, 
aniline, sulfur, and acridinium methiodides4 gave a 90% yield of 7. 

Me I -  

7 

The hydrosulfide ion attacked quaternary acridinium salts to give 10-alkyl- 
a~ridan-9-thiols,~~ and the thiophenate55 and ~ u l f i t e ~ ~  ions reacted analogously, 
However, sodium benzenesulfinate and sodium p-toluenesulfinate gave the 
salts, rather than the acridans, and the products had solubility properties in 
accord with the ionic structure.55 The relative affinities of the hydroxyl and 
thiophenate ion for the 9-carbon atom have been assessed spectrophoto- 
metrically, using the 10-methyl-9-phenylacridinium 

Most types of carbanions active in the Michael reaction added to  the 
9-position of acridinium salts in the presence of sodium m e t h ~ x i d e , ~ ~  5 8 ,  59 

reoxidation of the products with bromine gave the 9-substituted analogues of 
the starting material. Ethyl magnesium bromide gave the 10-alkyl-9-ethyl- 
acrid an^.^ Tetramethoxyethylene was added in 1 hr at 60" to 10-methyl- 
acridinium iodide in the presence of acetonitrile60 to give the ester 9 via the 
intermediate 8. 

OMe 

I 
I 

Me 
8 

I 
Me 

9 

Derivatives in which the 9-carbon atom is part of a cyclic lactone or lactam 
have been prepared by cyclization of 10 with caustic soda61 or ammonia or 
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primary amines.62 Compound 10a was obtained from 9-(2-carboxyphenyl)- 
acridine and methyl iodide.61 Other analogous reactions have also been 
reported.@ 6 4  

I I 
Me MeS0; 

10 

Me 
10a  X = 0, NH, NR 

The elimination of water from suitably substituted acridinium salts gives 
rise to  the anhydrobases, and the thermochromic benzylidene compound 11, 
for e~ample,~b was prepared by the treatment of 9-benzyl-10-methylacri- 
dinium iodide with sodium bicarbonate so1ution.j 

CH,Ph CHPh 

3__ NaHCO & 
1;/ / \ / 
I I 

Me I -  Me 
I 1  

Oxidation cleaved the benzylidene double bond, and acids caused reversion 
to  the acridinium salt. 
9-Imino-10-methylacridan (12, R = H) was obtained by dehydration at 

130" of 9-amino-9-hydroxy-l0-methylacridan,~~ 6 6  and treatment of 10- 
methyl-9-phenylaminoacridinium hydroxide with aqueous ammonia67 gave 
the 9-phenylimino analogue 12 (R = Ph). Another preparation of 12 (R = 

Ph) is given in Section 2.B. 

M 

I 
Me Me 

12 

An alternative approach was the amination of 9-chloro-l0-methylacri- 
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dinium chlorosulfites to give 9-alkylimino- or 9-phenyIimino-a~ridans.~~ 
Other types of iminoacridan have also been obtained. 3-Amino-2,7,10- 
trimethylacridinium hydroxide (or the acridan) gave a 3-imino-3,lO-dihydro- 
acridine (13) on boiling in nitrobenzene.G8 Compound 14 gave an anhydrobase 
(15, R = Ac) on treatment with cold aqueous ammonia through elimination 
of an acetyl g r o ~ p . 6 ~  The removal of the other acetyl group required boiling 

Me Me 13 

35y0 sulfuric acid, and basification gave 15 (R = H). Other examples of the 
reaction have been r e p ~ r t e d . ~ ,  l a ,  ’O 

Structural isomers of 9-acridanone, known in earlier literature as “iso- 
acridones,” were obtained by demethylation of 1-, 2- ,  3-, or 4-methoxy-10- 
methylacridinium chlorides with aluminium chloride in xylene.2’ Boiling 
hydrobromic acid only demethylated the 2- and 3-methoxy compounds. 
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Classical structures can be written only for the 1,lO- and 3,lO-dihydro- 
acridine-1- (16) and -3-ones (16a), but the similarity of their uv spectra7I sug- 
gests that all four are best represented by mesoionic structures (cf. 17 and 17a). 
The “isoacridones” do not resemble 9-acridanone and all of them form stable 
hydrochlorides, whereas 10-methyl-9-acridanone hydrochloride is hydrolyzed 
by water. The uv spectra of these “isoacridones” and their hydrochlorides 
closely resemble those of pyocyanin and its hydrochloride. This is expected, 
since the replacement of CH by nitrogen in such an aromatic system usually 
causes little change in the uv spectrum. 
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The dihydroacridinone 18 was prepared by dehydration of the 2,9-di- 
hydroxya~ridan,~~ and 19 by hydrolysis of the 2-hydroxy iodide with alkali.73 
Compound 20 was prepared in 50% yield by the reaction of resorcinol, 
formic acid, and urea.74 
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The compound 21 is a colorless solid that melts to a blue liquid. Its cold 
solutions are pale blue, but the color intensifies reversibly on heating, possibly 
because of the formation of the zwitterion 22, or perhaps free radicals.64 

10-Bromoacridinium bromides appear to be formed from acridine or 9- 
phenylacridine and bromine in carbon tetrachloride. They are decomposed by 
acid to  the salts of the original a ~ r i d i n e s . ~ ~  

2. Acridans 

A. Methods of Preparation 

Acridans may be prepared either by (1) the reduction of acridines, 9- 
acridanones, or acridinium salts, or ( 2 )  by cyclization of diphenylamines or 
diphenylmethanes. These two techniques are very general and have been used 
in the preparation of a wide range of acridans. Other less general reactions 
leading to acridans are also of preparative value. 

(1) Reduction of Acridines 

Acridine itself has been hydrogenated to acridan using a number of 
catalysts, including Raney nickel (85y0 yield),76 copper chromite (90% 
yield),76 and ruthenium oxide (98.5% yield).77 The most convenient of these 
procedures is probably the first, since it is conducted at room temperature 
and is rapid. Raney nickel has been employed successfully in the hydrogena- 
tion of all the aminoacridines to the acridans.2 Palladium on barium sulfate 
was an effective catalyst in the hydrogenation of methyl acridine-9-carboxyl- 
ate to the a ~ r i d a n ~ ~ ;  although the free acid could not be reduced in this way, 
the acridan was obtained using sodium amalgam.79 9-Chloroacridine and 
3,9-dichloro-7-methoxyacridine on hydrogenation over Raney nickel in 
alkaline aqueous methanol were both reduced to the 9-dechlorinated acri- 
d a m a o  The other chlorine atom was unaffected. Heating acridine with Raney 
nickel and triethylammonium formate at 160" also gives rise to acridan.81 

Sodium amalgam,82 sodium in ethanol,83 4-rnethylthiophen01,~~ and zinc 
and hydrochloric acida3 have all been used to reduce acridine to  acridan, but 
substantial amounts of 9,9-biacridan were also obtained. No dimeric products 
were observed in the reduction of acridine using lithium in ammonia buffered 
with ammonium acetate,a5 nor when aqueous ethanolic sodium tetrathionates6 
or lithium aluminium hydrides7 were used. The latter technique gave a yield 
of 70%. 

The concomitant production of 9,9-biacridans is not a problem when a 
9-substituent is present, probably as a result of the added steric hindrance. 
9 - M e t h ~ l - ~ ~  and 9-phenyl-acridineS3 were both quantitatively reduced to  the 
acridans with sodium amalgam in boiling ethanol. 
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9-Phenylacridine was also quantitatively reduced with zinc and hydro- 
chloric and sodium tetrathionate has also been used. 75  The reductive 
methylation of acridine to 9,lO-dimethylacridan was brought about in un- 
stated yield by treatment with lithium and methyl iodide in liquid ammonia- 
te t rahydrof~ran .~~ The nmr spectrum of the product was reported and is 
mentioned in Chapter XI1 (p. 704). 

(2) Reduction of 9-Acridanones 

Sodium and amyl alcohol have given good results in the reduction of 10- 
phenyl-9-acridanone30 and the four monomethoxy- lO-methyl-9-acridanone~~~ 
to  the respective acridans. Sodium in ethano132 has also been used for this 
type of reduction. These reductions were all continued until the fluorescence 
of the solutions disappeared. No biacridan derivatives appear to be formed 
in these alkaline conditions. I4C-Acridan has been prepared by the sodium 
and amyl alcohol method.89 

The reduction of 10-methyl-9-acridanone by zinc and hydrochloric acid 
gave a mixture of acridinium salts, 10-methylacridan, and biacridine deriva- 
tives, the amount of acridan increasing with the reaction The 
zinc and hydrochloric acid reduction of 2,7-diamino-l0-methyl-9-acridanone 
is stated to be much preferable to the sodium amalgam reduction when the 
acridan is desired.20 

( 3 )  Reduction of Acridinium Salts 

The reduction of acridinium salts to acridans is the reverse of the normal 
preparative procedure for the salts and has not been widely used. All but one 
of the monochloro-9,10-diphenylacridinium acetates have been reduced to  
the acridans by zinc and acetic The 3-chloro compound was dechlor- 
inated and gave 9,lO-diphenylacridan ; but the desired 3-chloro-9,lO-diphenyl- 
acridan was obtained in excellent yield by reduction of the acridinium formate 
with sodium formate and formic The same technique has been used 
for the reduction of 3,9,lO-triphenylacridinium formateegl The reduction of 
3,6-diamino-lO-methylacridinium chloride by zinc and hydrochloric acid has 
been superficially examined.51 

(4) Reduction of Acridines with Metals and Organometallic Compounds 

A~ridine,~2 9 - ~ h e n y l - , ~ ~  and 9-methyl-acridineg4 reacted with sodium under 
ether to give deep red-violet mixtures containing the disodium derivatives. 
Treatment with ethanol gave the acridans, and the derivatives of acridine and 
9-phenylacridine with carbon dioxide gave the acridan-9-carboxylic acids. 
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Considerable amounts of 9,9-biacridan were formed by dimerization in the 
reactions involving acridine and in the reduction of other acridines with a 
potassium-sodium alloy.95 A 9-substituent seems to prevent this, probably for 
steric reasons. 

Acridine reacted with phe1-1~1~~ or benzylg6 magnesium bromides to  give 
addition compounds that were hydrolyzed with water to the corresponding 
9-substituted acridans. Better results were obtained, however, with phenyl 

and butyl lithium.97 4-Dimethylaminophenyl lithium58 and di- 
phenylmethyl sodiumg6 behaved similarly. The initial products of the lithium 
alkyl reactions were c o l o r l e s ~ . ~ ~ ~  55 9-Methylacridine in n-butyl ether adds 
methyl magnesium iodide to give, after hydrolysis, 9,9-dirnethyla~ridan,~OO 
but gives no acridan with phenyl lithium.97 This failure could be a result of 
the formation of the N-metallic salt of the tautomeric 9-methyleneacridan 
(23), like those thought to be formed from 9-methyl- and 9-benzyl-acridines 
and sodium and potassium amides.lol 

H 

A related migration of a 10-benzyl group was observed during the treat- 

Good yields of 9-alkylacridans (6049%) have been obtained by the 
ment of 10-benzyl-9-methylacridan with butyl lithium (see Section 2.B).lo2 
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Grignard reagent reduction of acridines in ether at 100" in a sealed tube,103 
and 9-allylacridan has been obtained in Sly0 yield from acridine and ally1 
magnesium bromide.lo4 Dimethylaminopropyl magnesium chloride in tetra- 
hydrofuran reacted with acridinelo5 to give the 9-dimethylaminopropy1 
acridan (24). Compound 25, which has sedative properties, has been prepared 
by the reduction of 3-chloroacridine with the Grignard reagent derived from 
2-(2-~hloroethyl)-N-methylpiperidine.~~~ 

n 

H 
24 

H 
25 

9-Chloroacridine reacted with 2 moles of dimethylaminopropyl magnesium 
chloride to give the 9,9-disubstituted acridan.lo7 

9-Acridanylphosphines, such as 26, have been prepared by refluxing an 
ether solution of acridine and the lithium phosphine.lo8 Compound 26 was 
obtained in 31% yield. 

H 
26 

27 28 

The organometallic reagent Et2AlCH21 reacted with acridine, forming the 
salt 27, which was reduced with lithium aluminium hydridelo9 to  28. 



2. Acridans 449 

( 5 )  Reductions of 9-Acridanones with Grignard Reagents 

Acridans such as 29, possessing central nervous system activity, have 
been prepared by the reduction of 10-alkyl-9-acridanones with 1 -dimethyl- 
aminopropyl magnesium chloride in tetrahydrofuran.11O Sometimes the 
initial product was the 9-hydroxyacridan, which could be dehydrated to the 
9-alkylidenea~ridan.~" Further reduction of 29 with lithium aluminium 
hydride gave 30, which shows the same type of activity. Other compounds 
derived from 9-alkylideneacridans, such as 31, are coronary vasodilators.112 

CHCH2CH,NMe2 H CH,CH2CH2NMe2 
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Similar reduction of 10-alkyl-9-acridanones with Grignard reagents de- 
rived from 4-chloro-N-alkylpiperidines gave 9-piperidylidene derivatives (32). 
On further reduction these derivatives gave the 9-piperidylacridans (33), 
which have tranquillizing proper tie^."^ 
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(6) Reductions of Acridinium Salts with Grignard Reagents 

Acridinium salts, particularly those unsubstituted at position 9, have been 
converted to acridans by reduction with Grignard reagents. 10-Benzyl- 
acridinium bromide and methyl magnesium iodidelo2 gave lO-benzyl-9- 
methylacridan (34); 3,7-diamino-l0-methylacridinium chloride reacted with 
benzyl magnesium bromide to give the corresponding 9-ben~ylacridan."~ 

H Me 
MeMgl m-m I 

CH,Ph 
I 

CH,Ph Br- 

34 

The reaction of 10-methylacridinium iodide with Grignard reagents, 
originally thought to give lO-methyla~ridans,~ was reinvestigated; it was found 
that the product in the case of methyl magnesium iodide was a mixture of 
acridine and 9,1O-dimethylacridan, together with a considerable amount of 
an insoluble materia1.loo This may be lO,lO'-dimethyl-9,9'-biacridan, since 
heat decomposed it to 10-methylacridan and acridine. 9,lO-Dimethylacri- 
dinium iodide and methyl magnesium iodide gave 9,lO-dimethylacridan with 
some 9,9, 10-trimethylacridan.loo 

9,lO-Diphenylacridinium chloride reacted with diphenyl magnesium to 
give 51-58% of 3,9,10-triphenylacridan, with 9,lO-diphenyladridan as a minor 
product.g1 This ring substitution is an example of the reactivity of the 3- 
position to chtionoid reagents. With phenyl magnesium bromide, however, 
the chloride gave 10% of 9,10-diphenylacridyl peroxide, but most of the 
starting material was recovered. 

( 7 )  Po Iarographic Reduct ion of Acridines 

Polarographic reductions of acridinellj and its derivatives 116-120 showed 
that two distinct stages are involved. The first step in the reduction of acri- 
dine in ethanolic solution is probably the reversible addition of a proton and 
an electromto give the semiquinone radical 35, which is subsequently irrevers- 
ibly reduced to the acridan. 
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The theoretical aspects of the reduction have been studied.I2' The semiquinone 
35 was comparatively stable and showed little tendency to disproportionate 
to  acridine and acridan. A phase diagram of the acridine-acridan system gave 
no indication of the formation of a molecular c o m p o ~ n d , l ~ ~  although some 
interaction clearly took place because of the strong yellow color of the melt. 
The semiquinone can be little stabilized by resonance. In the presence of 
hydrochloric acid, however, a green-black addition compound was formed,122 
but it was largely dissociated into its components in solution.123 Morgan's 
base (see also Chapter VII, p. 554), prepared by the polarographic reduction 
of dibenz[uJ]acridine or by mixing equivalent quantities of the benzacridine 
and its 7,14-dihydro derivative,'tO is a similar semiquinone to  35, but it is more 
stable, since the unpaired electron can be distributed over a much larger 
aromatic system. The uv absorption spectrum of Morgan's base was the sum 
of those of its constituents; ebullioscopic measurements showed that the 
radicals, or ion radicals, were not appreciably associated in solution. The 
semiquinone obtained in the polarographic reduction of 9-phenylacridine 
was bright red.12d Polarographic reduction has been used to convert 9-(2- 
iodopheny1)acridine to the acridan or to 9-phenylacridan. The reduction 
potentials differ by only 0.3 V, and this shows the degree of control that  is 
possible if the correct potential is used.lZ0 

(8) Cyclization of Diphenylarnine and Diphenylmethane Derivatives 

9,9-Dimethyla~ridan~~~ has been prepared in 44-60% yield by heating 
acetone, hydrochloric acid, and diphenylamine at 260". It is likely that the 
tertiary carbinol 36 is first formed and subsequently cyclized under the 
influence of the Acridine and 9-methylacridine occur as by-products. 

Me Me Me  Me - 
NHPh NHPh 
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36 
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Many derivatives of 9,9-dimethylacridan have been prepared by this type 
of reaction, and a high-yield synthesis of compounds similar to dimethacrine, 
38 (see also p. 459) involves the cyclizationlZ6 with a catalytic amount of 
sulfuric acid of N-substituted o-aminoarylstyrenes (37). 
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The metabolism of dimethacrine has been investigated, and one of the 
metabolites (39) was synthesized from the appropriately substituted diphenyl- 
amine.127 
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9,9-Diphenylacridan has been made by a similar route for methyl diphenyl- 
amine-2-carboxylate and phenyl magnesium bromide. The carbinol was best 
cyclized with hot acetic acid containing a few drops of concentrated sulfuric 
acid,lZ8 although ethanolic hydrochloric acid was also effective.lZ9 The reac- 
tion is a general one and has been applied in other instances.130 A large num- 
ber of aminoacridans have been prepared by this method from aminodi- 
phenylamine-2-carboxylic esters with phenyl, ethyl, and methyl magnesium 
halides.lZ8 8 lB1, l 3 2  Although methyl 4-aminodiphenylamine-2-carboxylate re- 
acted the 5-amino compound failed to  give the a ~ r i d a n , ~ ~ ~  as did 
methyl 4-nitrodiphenylamine-2-~arboxy1ate.l~~ 

Several nitro-9,9-diphenylacridans have been obtained by heating the 
potassium salts of the products from 2-aminotriphenylmethanes with 2,4,6- 
trinitrochlorobenzenes or 2,6-dinitrochlorobenzene, in q ~ i n o l i n e . ' ~ ~  Attempts 
to  make 2,4-dinitroacridans and 2,4-dinitro-9-phenylacridans from picryl 
chloride and 2-aminotoluene or 2-aminodiphenylmethane, and 2-nitro- 
9,9-diphenylacridan from 2,4-dinitrochlorobenzene and 2-aminotriphenyl- 
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methane, failed, 134 as did the attempted cyclization of N-(2,4-dinitro-l- 
naphthyl)-2-aminotriphenyImethane.l36 
9,10-Diaryl-9-hydroxyacridans have been obtained in yields exceeding 50% 

by the reaction of triphenylamine with aromatic carboxylic acids in the 
presence of polyphosphoric acid. The ketone 40 is an intermediate; p-  
acylated triphenylamines are also produced.136 

(9) Photoreduction of Acridines 

9-Hydroxymethylacridans have been obtained both by the photoreduction 
of acridine or 9-methylacridine in methanol13’ and by the reduction of acridine- 
9-carboxylic acid13* or its ethyl with lithium aluminum hydride. When 
the photoreduction was carried out in cyclohexane or dioxan, 70-90% yields 
of 41 or 42 were obtained.140 
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41 42, R = H, alkyl, aryl 

Photoreduction of acridines with aliphatic carboxylic acids gave up to 68y0 
of the 9-alkylacridan with about 10% of biacridan by-product.141 449- 
Acridany1)valeric acid cyclized to give 10% of the spiro compound 43. 

Acridine 10-oxide added ethanol under the influence of uv light 142 to give 
a 40-45y0 yield of 9-ethoxy- 10-hydroxyacridan (44). 
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The nmr spectrum (CDC13) showed the expected signals, including a low- 
field singlet at T 3.95, due to the methine proton. 

(10) Other Reductions of Acridines Leading to Acridans 

Graebe found that acridine with sulfurous acid gave two products, one 
colorless and one deep red.143 Further investigation showed that acridine 
hydrochloride and sodium sulfite gave the colorless sodium acridan-9- 
sulfonate (49, decomposed by alkalis to  a ~ r i d i n e . ' ~ ~  Its structure was demon- 
strated by conversion to 9-cyanoacridan (46) with potassium cyanide in 
boiling alcohol, followed by aerial oxidation to 9-cyanoacridine. The oxida- 
tion of 45 by air gave Graebe's deep red compound, considered to be acri- 
dinium acridan-9-sulfonate, as it could be synthesized from acridine hydro- 
chloride and sodium acridan-Psulfonate. The deep red color suggests that it 
may have a semiquinone type of structure. Ethyl phenyl sulfone was added 
to  acridinel46 to give a 54% yield of a compound thought to be 47. 

@yJ + 

H 
45 46 47 

Hydrogen cyanide was added to acridine in ethanol, giving 46, which was 
oxidized by air to 9 -cyanoa~r id ine .~~~" '~  In a similar way, d i k e t e ~ ~ e ' ~ ~  gave 
9-acridany1 acetone (48); pr~pionaldehydel~~ in 10 days gave 2-(9-acridanyl)- 
propionaldehyde (49) ; and malonic in pyridine yielded 9-acridanyl- 
acetic acid (50). 

Chloranil was used to oxidize 48146 and 4914* to  acridine and 9-acetylacri- 
dine, respectively. 

Acridine failed to  react with maleic 150 but combined with 
dimethylketene to give an unidentified now considered to  be the 
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2 : 1 adduct 51.151 9-Methylacridine reacted with dimethylketene to give the 
9-methyl analogue of 51 and the bridged compound 52, which was reduced 
to 53.152 
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Acridine reacts at  the activated methylene groups of nitromethane, malondi- 
nitrile, acetylacetone, deoxybenzoin, ethyl acetoacetate, and even diethyl 
malonate at  room temperature or on a steam bath to give the corresponding 
acridans (e.g., 53a), which were oxidized by lead tetraacetate to the corre- 
sponding acridine~~45 

CH,NO, 
I 

H 

The 10-methyl derivative of 53a has been obtained from 10-methylacridinium 
iodide, potassium hydroxide, and n i t r~methane ,~~  and lead tetraacetate oxida- 
tion gave lO-methyl-9-nitrornethylenea~ridan.~~~ 

Acridine was reported to react with dimethyl acetylenedicarboxylate in 
methanol to give 54, a structure that is inconsistent with the data in the 
paper.153 Another investigation has shown that the product of the reaction 
was largely 55 (or the conjugate acridinium methoxide), along with some uni- 
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solated cis isomers.154 Recrystallization of 55 from ethanol replaced one 
methoxyl group with an ethoxyl group, and both alkoxy compounds gave the 
same orange 9-acridanone (56) on gentle oxidation. 
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Compound 55 had a very similar uv spectrum to that of the corresponding 
acridinium hydrochloride, prepared by the addition of dilute hydrochloric 
acid, and had a typical acridan spectrum in the presence of excess alkali. All 
these reactions are characteristic of 10-methylacridinium salts unsubstituted 
at  position 9. 

The benzoxazine 57 rearranged on heating to  the acridan 58, which was 
independently synthesized from 9-phenylacridan and diphenyla~etaldehyde.~~~ 

9-Chloromethyl- 10-phenylacridan was obtained in poor yield by a benzyne- 
induced chloromethylation of acridine with methylene chloride.166 
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B. General Properties and Reactions of Acridans 

Acridan or 9,lO-dihydroacridine is a colorless compound, mp 172", and 
was at one time referred to as carbazine (9,9-diphenylacridan was analogously 
known as 9,9-diphenylcarbazine). It occurs in traces in coal tar.157a- Acridan 
is a very weak base (pK, = -0.93)15*; in this fact and in many of its properties, 
it shows a resemblance to diphenylamine (pK, = +0.86).15* The uv spectrum 
119 and refractivitylsg are very similar to those of diphenylamine and indicate 
that the two benzene rings are electronically isolated. Acridan is insoluble in 
water and only slightly soluble in dilute acids, but dissolves in ether, benzene 
(the heat of solution has been measured),'c0 and it can be crystallized from 
ethanol. Many 9- and 10-substituted acridans exhibit pharmacological 
activities of various types; an account of a clinical trial of an "antipsychotic" 
acridan has been published.'6l 

Acridan has been partially dehydr~genated'~~ by heating at 300" and is 
hardly affected by hydrogen and 30Oj, palladium-charcoal.162 Oxidation to 
acridine is brought about by many reagents; it has been observed that aerial 
oxidation of acridan and 6-chloro-2-methoxyacridan in aqueous-ethanol 
proceeded rapidly in the presence of acid and was much slower in the pres- 
ence of alkali.1G3 The addition of acid caused the solution to fluoresce, and 
an acridinium ion absorption band appeared at 355 nm. It seems that the 
oxidation occurs via an acridinium cation. The method has been exploited 
by using 78y0 sulfuric acid, in which acridan is s01uble.l6~ An efficient con- 
version is brought about by dilute chromic acid165 or by potassium ferricyanide 
in alkali (> 80y0 yield).lo3 Boiling nitric acid oxidizes 10-substituted acridans 
to the corresponding acridinium salts, and more powerful oxidizing agents 
give the 9-acr idanone~.~~,  l 6 6  

The rates of oxidation of 10-methylacridan by 2,6-dichlorophenolindo- 
phenol at various pH's have been examined; it appeared probable from the 
results that oxidation took place by hydrogen atom transfer, rather than by 
electron transfer.167 The oxidation of ethyl 2-(2,7,10-trimethyl-9-acridanyl)- 
acetoacetate (59) with lead tetraacetate gave 60, or 2,7,1O-trimethylacridinium 
acetate, depending on whether the solvent was benzene or acetic acid.168 
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Acylation of acridan with acetyl chlaride gave IO-a~etylacridan,~~~ which 
was also obtained by the reductive acetylation of acridine using acetic anhy- 
dride in the presence of zinc dust.llg A Friedel-Crafts acetylation of this com- 
pound with bromoacetyl bromide gave 3-bromoacetyl-10-acetylacridan.170 
Numerous 10-acetylacridans have been prepared and shown to possess 
pharmacological activity. Compounds such as 10-acetyl-9-dimethylamino- 
propylacridan (6l), prepared from the acridan with acetic anhydride, show 
antidepressant activity,lo5 and the amide 62 has been claimed as an antiviral 
and antitumor 17* 
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Acridan with propyl magnesium iodide gave 10-acridanyl magnesium 
iodide,160 and with ethyl lithium gave ethane and the 10-lithio derivative, 
which itself adds methyl iodide to give IO-methyla~ridan.~~ Similarly, 9,9- 
dimethylacridan gave 9,9,lO-trimethylacridan, when treated successively with 
sodamide and methyl iodide.loO Lithium amide has been used in the alkylation 
of 9-methy1a~ridan.l~~ 9,lO-Dimethylacridan (the nmr spectrum of which was 
reported; see also Chapter XII, p. 704) on successive treatment with butyl 
lithium and N,N-dimethylcarbamoyl chloride gave an 80% yield of the amide 
63, which was converted to the starting material with lithium aluminium 
hydr ide . lo2  

However, an interesting rearrangement occurred when 10-benzyl-9-methyl- 
acridan was treated with butyl lithium and 9-benzyl-9-methylacridan 64 was 
obtained.1°2 
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63 
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The product is considered to arise from displacement of the 10-benzyl group, 
which subsequently attacks position 9. The intermediate step is analogous to 
the attack of methyl magnesium iodide at the 9-position of 9-methylacri- 
dine.Ioo 10-Methylacridans have been demethylated with hydrobromic 

The reduction of acridan with phosphorus and hydriodic acid afforded 
trans-octahydroacridine,8* and catalytic reduction with Raney nickel gave 
octa- and dodeca-hydroacridine~.~~ The deuterium-hydrogen exchange of 10- 
methylacridan with deuterium oxide in the presence of acids and bases has 
been in~estigated.'?~ Acridan nitroxides have been prepared and examined 
by esr spectros~opy. '~~ 

The production of acridan from aniline hydrochloride and compounds 
containing methylenedioxy groups was used as a test for these gr0ups ,1~~ 
but subsequently many substances containing primary alcoholic groups were 
also found to give the r e a ~ t i 0 n . l ~ ~  

9,9-Dimethylacridan, mp 125-126" or 92-93' (metastable form), resembles 
acridan in most of its properties.loO It was precipitated unchanged from its 
solution in concentrated hydrochloric acid by water and was stable to  boiling 
aqueous potassium permanganate,'OO but it was oxidized to 9-methylacridine 
on heating with concentrated hydrochloric acid or with 10-acridanyl sodium.'oo 
It formed addition compounds with acridine and 9-methyla~ridine,~~O al- 
though acridan itself forms no complex with acridine, but does with the 
hydrochloride. 9,PDimethylacridan finds use in conjunction with diphenyl- 
amine as a rubber antioxidant.179 Both 9,9-dimethylacridan and its 10-iso- 
propyl derivative are components of tobacco smoke.180 

9,9-Dimethylacridan derivatives are of great pharmacological interest, and 
a number of different types of activity have been found. 9,9-Dimethyl-lO- 
dimethylaminopropylacridan OT "dimethacrine" (65) is a rapid-acting anti- 
depressant in man. It was found that the drug (administered as the hydrogen 
tartrate) was very rapidly transported to the brain of rats; this may explain its 
fast action in man.181s 1 8 2  

Dimethacrine and analogous compounds have been prepared from the 
acridan with an alkyl halide in the presence of sodamide, 183--186 or by treatment 
of the acridan with phosgene and then sodamide and the appropriate alcohol 
to give the ester 66, which was then deca rb~xy la t ed .~~~ ,  186 
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Me Me 

I 
CH,CH,CH,NMe, COOCH2CH2CH2NMe2 

65 66 

Lower alkyl analogues of 65 prepared similarly187 showed anti-reserpine and 
thymoleptic activity.lE8, lE9 An alternative synthesis is the cyanoethylation of 
the acridan, followed by reduction to  the amine with lithium aluminum 
hydride.lE6 Esters of 9,9-dialkylacridan- 10-propionic acid have been reported 
as showing spasmolytic activity.lgO A high-yield synthesis of dimethacrine that 
avoids the necessity of dealing with the unsubstituted acridan is the cycliza- 
tion of the appropriately substituted o-aminoarylphenylcarbinol with 80% 
sulfuric acid.126 The metabolism of dimethacrine has been studied (see p. 
452).lz7 

9,9-Diphenylacridan forms a 10-acetyl derivative129 that on nitration 
furnished a series of nitro compounds containing 2- ,  3-, 4-, and 6-nitro 
g r 0 ~ p s . l ~ ~  The positions of the nitro groups were determined by unambiguous 
syntheses and in other 1 3 3 ,  lgl 9,9-Diphenyl-lO-methylacridan be- 
haved similarly on nitration. All the 9,9-diphenyl-2-nitroacridans gave deep 
red solutions in alcoholic alkali, pre'sumably as a result of the acidic amino 
hydrogen atom and the formation of ions such as 67. The presence of a 10- 
methyl group prevents this; such compounds are colorless. The uv spectra 
of these compounds have been recorded.192 

All the 9,9-diphenylnitroacridans and their 10-methyl derivatives have been 
reduced to  the corresponding amines; some- of the nitroamines have been 
obtained directly by the Grignard synthesis. 4-Amino-2,7-dinitro-9,9-di- 
phenylacridan diazotized normally193 and gave the cyclic product 68. 

Ph Ph 0- Ph Ph Wk0 0 2 N W N O Z  

N=N 

61 68 

lO-Acyl-9,9-diarylacridans have been reported as biologically active.lg4 
The oxidation of 2-amino-9,9-disubstituted acridans by air or ferric chlo- 
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ride proceeded easily and gave rise to 9,9-disubstituted carbazims (69) (see 
Ref. 195 and preceding papers). During the oxidations the solutions fre- 
quently darkened, perhaps as a result of the intermediacy of semiquinone 
radicals. The products vary in color from yellow to violet and are occasionally 
fluorescent in solution, but they are insufficiently stable for use as dyes since 
they are easily hydrolyzed to carbazons (70). 

69 70 

This hydrolysis is generally carried out with sodium carbonate.196a! Neither 
carbazims nor carbazons (better described as 2,9-dihydro-2-iminoacridine 
and 2,9-dihydro-2-acridinones) have been investigated further in recent years. 

Acridans provide a convenient route into the SH-dibenz[bflazepine series 
of pharmacologically interesting compounds, since phosphorus pentoxide 
causes 9-hydroxymethylacridans to undergo Wagner-Meerwein rearrange- 
ment to this ring l a s t  lg7 In the rearrangemenPo of 71, the main 
product 72 was accompanied by an unrearranged compound 73, formed 
presumably via 9-methyleneacridan by isonierization. 

H CH,OH - 
H H 

71 72 

It is interesting that in the case of the as-octahydroacridine analogue, 74, 
the tetrahydroacridine, 75, was the exclusive product.198 9,9-Dichloro-lO- 
methylacridan has been converted with liquid ammonia to the imide 76 in 
90% yield. 
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- ' N' 

1 4  75 

NH 

I 
Me 
76 

The nmr spectrum of the product was reported. An alternative preparation is 
given in Section 1.B. 

3. 1,2,3,4-Tetrahydroacridines 

A. Methods of Preparation 

1,2,3,4-Tetrahydroacridines are almost invariably prepared by the con- 
densation of suitably substituted aromatic and alicyclic six-membered ring 
compounds, using either acidic or basic conditions. The preparation of 
9-halo- and 9-amino- 1,2,3,4-tetrahydroacridines is discussed in Section 3.B 
and that of 1,2,3,4-tetrahydro-9-acridanone in Section 4.A. 

(1) Base-catalyzed Preparations of I ,2,3,4-Tetrahydroacridines 

The original preparation200 of 1,2,3,4-tetrahydroacridine from cyclo- 
hexanone and 2-aminobenzaldehyde has been applied in other 202 

e.g., 4-piperidlnomethyl-l,2,3,4-tetrahydroacridine (77) has been prepared 
from 2-piperidinomethylcyclohexanone and 2-aminoben~aldehyde.2~~ 

CH,-N 3 CH,- N 3 17 



3. 1,2,3,4-Tetrahydroacridines 463 

This technique, however, has been used much less frequently than the base- 
catalyzed Pfitzinger reaction, which is generally more satisfactory.203 The 
preparation of 1,2,3,4-tetrahydroacridine (79) by the latter procedure involves 
two steps: the reaction of isatin and cyclohexanone (which proceeds via the 
salt 78) and subsequent decarboxylation of the 1,2,3,4-tetrahydroacridine-9- 
carboxylic acid.lg8, Zo4 

CO; Na+ CO, H - ' N' H 
78  

- 
6\ 'm2 3 

5 10 4 

79 

The reaction provides a general route to l,2,3,4-tetrahydroacridineszo4~ 206 

and condensed derivatives206a--c unsubstituted at position 5, since the carbox- 
ylic acid group is quantitatively removed by heating the acid above its melt- 
ing point. 

A number of alkyl-substituted 1,2,3,4-tetrahydroacridine-l,9-, -2,9-, and 
-3,9-dicarboxylic acids (e.g., 80 and 81) have been prepared from the 
appropriate cyclohexanonecarboxylic acids and isatin in 10% potassium 
hydroxide. 207 

CO,H Me n--i=o H + 0 4 b ; H -  r n C 0 Z H  Me 

80 

CO,H CO,H 
I I 

Et 
81  
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Unfortunately, the Pfitzinger reaction appears to be very sensitive to  steric 
factorszo8 and a number of surprisingly simple alkanones, such as p u l e g ~ n e , ~ ~ ~  
i s o p u l e g ~ n e , ~ ~ ~  dihydropulegone,Z05~ 209 tetrahydrocarvone,z05 camphor,z0g 
norcamphor,2o9 and menthone,Z09 do not form acridines with isatin despite the 
normal reactions of their -COCH2- groups with benzaldehyde and ketonic 
reagents. Tetrahydrocarvone (2-methyl-5-isopropylcyclohexanone) stands in 
strong contrast to  2-methylcyclohexanone, which reacts in good yield, and 
this suggests that the presence of a substituent destined to appear peri to  the 
9-carboxylic acid group prevents reaction. a- And p-naphthisatinzlOas and 
a-acenaphthisatinz05 did not react with cyclohexanone, although the l-sub- 
stituted products 80 and 81 were obtained in yieldszo7 exceeding 50%. An- 
other case in which a steric effect seems to  be operative is the preparat'ion of 
3- (not 1-) methyl-I ,2,3,4-tetrahydroacridine-9-carboxylic acid from 3-methyl- 
cyc1ohexanone.Zo1~ 204 (Decarboxylation of the product gave a tetrahydro- 
acridine, mp 73", and dehydrogenation gave a methylacridine, mp 125-126", 
which agrees with the mp of authentic 3-methylacridine prepared at a later 
date.)Z2 However, the reaction of 3-methylcyclohexanone with 2-aminobenz- 
aldehydeZol gave exclusively a tetrahydroacridine of mp 70-7 1 O, i.e., 3-methyl- 
1,2,3,4-tetrahydroacridine; yet in this reaction there can be very little steric 
hindrance to the formation of the 1-isomer. This suggests that the 6-position 
of 3-methylcyclohexanone is inherently more reactive than position 2. The 
optical enantiomers of 3-methyl-1,2,3,4-tetrahydroacridine have been pre- 
pared from the (+)- and (-)-3-methylcy~lohexanones.~~~ 

The Pfitzinger reaction has been used to prepare 1,2,3,4-tetrahydroacri- 
dines, substituted in the benzenoid ring with halogen atoms, as potential 
carcinogens.204, Z08, 211 2-Cyclohexylidenecyclohexanone and 2-cyclohexenyl- 

YOOH YOOH % r n  
82  83 6 

84 
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cyclohexanone gave the expected products 82 and 83 in about 30Yc yield; 
these were decarboxylated by heating on a Wood’s metal bath.212 

In a variation of the 2-aminobenzaldehyde synthesis, the amine 84 was 
condensed with cyclohexanone to give 6,7-dimethoxy-1,2,3,4-tetrahydro- 
acridine. 

(2) Acid-catalyzed Preparations of 1,2,3,4-Tetrahydroacridines 

The acid-catalyzed Friedlander synthesis provides an alternative route to  
1,2,3,44etrahydroacridines. Borsche, Tiedtke, and Schmidt*OO prepared 3,9- 
dimethyl-l,2,3,4-tetrahydroacridine by condensation of 2-aminoacetophenone 
and 3-methylcyclohexanone to give an anil that cyclized with sulfuric acid. 
The product was identified by dehydrogenation to the acridine. More re- 
cently, 9-phenyl-1,2,3,4-tetrahydroacridine has been prepared in 83Yc yield 
from 2-aminobenzophenone and cyclohexanone, using concentrated sulfuric 
acid in acetic acid,214 and the dihydrobenzacridine (85) has been obtained from 
p-tetralone and o-aminoacetophenone hydrochloride.21b 

Petrow prepared 1,2,3,44etrahydroacridine by cyclization of the anil 86 
(formed in situ from formylcyclohexanone and the amine) using aniline 
hydrochloride and zinc chloride in boiling ethanol.216 

85 86 

Yields of about 65% were obtained in a series of analogous preparations in- 
volving 22 different amines and three formylcyclohexanones ; the following 
mechanism was proposed: 

NHPh r NHPh 1 
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The reaction of m-toluidine with formylcyclohexanone gave only one of 
the two possible isomers, 87 and not 88, and the structure was proved to be 
3-methyl-l,2,3,4-tetrahydroacridine by dehydrogenation to 3-methylacridine. 

Me 

87 88 

The 6- or 8-acetyl-1,2,3,4-tetrahydroacridine referred to in the same paper2lb 
has since been reduced and dehydrogenated to  l - e thy la~r id ine ,~~~  establishing 
that the precursor was the 8-isomer. 

A simple one-step preparation of 1,2,3,4-tetrahydroacridine in 54% yield 
is the reaction of the p-chlorovinyl aldehyde (89) with aniline in acetic acid 
under reflux.218 The aldehyde 89 was obtained by formylation of cyclohexanone 
with N,N-dimethylformamide and phosphoryl chloride. 

R N H 2  

HOAc ' 
CHNHPh ' N/ 

89 

cis-2-Hydroxy- or 2-p-tosyloxy-methylenecyclohexanones react with aryl- 
amines to  give 2-arylaminomethylenecyclohexanones (90), which have been 
cyclized to  1,2,3,4-tetrahydroacridines21g with the following reagents in 
ethanol : arylamine hydrochloride and zinc chloride, arylamine and lactic 
acid, lactic acid, and zinc chloride. 

90 

RO 
R' 

O Q  + PR' 
(R = H or p-tosyl) 
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91 

J 91 

+ 91 

91 95% 90 
lactic acid, EtOH 

Reaction C 

91 + 92 95% 
90 lactic acid, EtOH ’ Reaction D 

91 95% lsctic acid, EtOH 
Reaction E 90 

ZnC!$. EtOH 
Reaction F 90 > 91 20% 

Reaction A was considered to proceed by attack of the second arylamine on 
the carbonyl group of 90 to give the intermediate 93, which on cyclization 
and loss of arylamine gives the tetrahydroacridine 91. 

A similar cyclization occurs in the conversion of the enamine 94 to  the 
9-amino-lO-methyl-l,2,3,4-tetrahydroacridinium tosylate.220 (See Section 
3.B.) If the two arylamines involved were different (Reaction B), aryl exchange 
occurred and both the possible products 91 and 92 were obtained. The mecha- 
nism by which the original aryl moiety is retained appeared to involve the 
reversible formation of 95 from which either aryl group could be lost to  give 
a 2-arylaminomethylenecyclohexanone capable of cyclization in the manner 
shown for 93. 
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R 
93 

HO Q 
N H  
I 

HN 
I 

94 

R’ Q Q  9s R” 

Under mild conditions the “exchanged” 2-arylaminomethylenecyclohexanone 
could in fact be isolated. 

The best yields were obtained using lactic acid (Reactions C and D) and its 
particular efficacy was considered due to the anchimeric assistance that can 
be provided by the hydroxyl group in the formation of the proposed inter- 
mediate 96. The intermediate 96 
97% yield of 97 on reaction with 

was prepared independently and gave a 
m-anisidine. 
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MeO, 

96 

M ed 

N // 3- 
A 

? ?  
\ I  

-+= M e 0  

97 

In the cyclization of 90 with lactic acid alone (Reaction E), the aryl moiety 
is eliminated during formation of 96, which it then attacks to give the tetra- 
hydroacridine. Cyclodehydration of 90 also occurred when zinc chloride and 
ethanol were used (Reaction F), giving a low yield of the tetrahydroacridine, 
perhaps via an azetidine intermediate. 

A different mechanism was proposed earlier for a case similar to Reaction A 
above.2z1 The formation of 8,9,10,1l-tetrahydrobenz[c]acridine (99) from the 
arylaminomethylenecyclohexanone 98 was explained by the following re- 
arrangement : 

CICH,CO-0 CICH,CO; 
98 

a;:&p CNH, - q N' / 

\ CICH,CO - O+ 
99 

However, no products of para substitution by the amine have been iso- 
lated,219v 221 even though the occurrence of aryl exchange would, in the case 
of this mechanism, imply complete separation of the amine and carbonium 
ion. It has also been pointed out that the nitrogen atom of 98 would be only 
weakly basic, since it is a part of a vinylogous amide system.219 
9-Methyl-l,2,3,4-tetrahydroacridine was obtained when 9-hydroxymethyl- 

1,2,3,4,4a,9,9a,10-trans-octahydroacridine was treated with phosphorus 
p e n t 0 ~ i d e . l ~ ~  
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B. General Properties and Reactions of 1,2,3,4-Tetrahydroacridines 

1,2,3,4-Tetrahydroacridine closely resembles the 2,3-dialkylquinolines in 
smell and physical and chemical properties.222 It forms a yellow picrate (mp 
222", dec)216, 2 z 3  and a methi0dide.2~~ 

Nitration of 1,2,3,4-tetrahydroacridine gave a mixture of the 5-  and 7-nitro 
derivatives2O3> 204 ,  216; the former has been oxidized with permaleic acid to the 
10 -0x ide .~~~  Sulfonation at 100" gave a monosulfonic acid. At 130-140" the 
chief product was an isomeric monosulfonic acid accompanied by a small 
proportion of the disulfonic acid,*04 but the positions of the substituents have 
not been determined. Bromine in the cold with 1,2,3,4-tetrahydroacridine 
gave what appeared to be a perbromide (Cl3HI4Br3N), as treatment with 
ammonia regenerated the ba~e.20~ At higher temperatures, the reaction gave 
an intractable mixture,204 and bromo-l,2,3,4-tetrahydroacridines are best 
prepared by the general methods with the bromine atom incorporated at the 

The vapor of the 6-bromo compound attacks the mucous membrane, 
and the solid is a powerful skin irritant. 

1,2,3,4-Tetrahydroacridine shows the same type of reactivity in its 4- 
methylene group as the 4- and 5-methylene groups of sym-octahydroacridine 
and the methyl group of 2-methylquinoline. It reacted with benzaldehyde and 
p-nitro- and p-dimethylamino-benzaldehyde in the presence of zinc chloride 
to  give 4-benzylidene 216 These compounds were not quater- 
nized by methyl sulfate in boiling nitrobenzene, but lO-methyl-l,2,3,4-tetra- 
hydroacridinium iodide reacted with p-dimethylaminobenzaldehyde in acetic 
anhydride in 6 min to give the bright red iodide (100). Ethanol and piperidine 
were ineffective solvents. Boiling the reaction mixture for 90 min caused 
decomposition226 to 101. 

lO-Methyl-l,2,3,4-tetrahydroacridinium chloride reacted with salicylalde- 
hyde226 in the presence of acetic acid to give the 4-salicylidene derivative 102. 
The treatment of 102 with aqueous ammonia gave a purple precipitate that 
slowly became colorless; this change was rapid in the presence of organic 
matter. The productzz6 is probably best represented as 103. 
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- a- 
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I02 103 

At least one cyanine dyestuff derived from position 4 of 1,2,3,4-tetrahydro- 
acridine is known.227 

1,2,3,4-Tetrahydroacridine reacted with ethyl oxalate in the presence of 
potassium228 to give the ester 104. Alkaline hydrolysis gave the acid and heat- 
ing the oxime of the acid with acetic anhydride in pyridine gave the deep blue 
105, the color of which resembles that of pyrrolo[ 1,2-~]quinoline-1,2-dione.~~~ 

COCO, E t 

104 
0 

105 

Vacuum distillation of 105 gave 4-cyano- 1,2,3,4-tetrahydroacridine, which 
was hydrolyzed to the ester with ethanolic hydrogen chloride. 1,2,3,4-Tetra- 
hydroacridine was obtained on alkaline hydrolysis of this ester, or the cyano 
compound, with the loss of carbon dioxide. 4-Methoxyphenyldiazonium 

106 107 
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chloride reacted with 4-cyano-l,2,3,4-tetrahydroacridine to  give 106, and 
with the glyoxalate 104 in pyridine to  form the phenylhydrazone 107, which 
cyclized to the indole 108 with alcoholic hydrogen chloride.22s 

4-Dialkylaminoalkyl-1,2,3,4-tetrahydroacridines, such as 109, have been 
synthesized from 1,2,3,4-tetrahydroacridine with 3-dimethylaminopropyl 
chloride in the presence of sodamide in toluene.230 4-Diethylaminomethyl- 
1,2,3,4-tetrahydroacridine(llO) was prepared from 1,2,3,4-tetrahydroacridine, 
diethylamine hydrochloride, and f ~ r m a l i n ~ ~ ~  by a Mannich reaction ; both 
109 and 110 showed weak antidepreisant activity. 

C%CH,CH,NMe, 

109 

CH,NEt, 

110 

Oxidation of 1,2,3,4-tetrahydroacridine and the 9-methoxycarbonyl ester 
with peracetic acid gave the respective 10-0xides .~~~ Acetic anhydride con- 
verted 1,2,3,4-tetrahydroacridine 10-oxide to the 4-acetoxy derivative 111, 
which could be hydrolyzed to 1,2,3,4-tetrahydroacridin-4-01 with hydro- 
chloric acid. Dehydration of the latter leads to the 1,2-dihydroacridine (see 
Section 8). 
9-Chloro-l,2,3,4-tetrahydroacridine 10-oxide (112) has been obtained by 

direct oxidation of the chloroacridine with permaleic and also by 
nitration of 1,2,3,4-tetrahydroacridine 10-oxide and subsequent treatment 
with concentrated hydrochloric a ~ i d . 2 ~ ~  

.1 
0 

I 
OAc 

1 1 1  

CI CI 

\ r;' 
I 
I 
0- 

I 
0-  

112 

0- 
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The photolysis of 9-methyl-, 9-phenyl-, and 9-methoxycarbonyl-l,2,3,4-tetra- 
hydroacridine 10-oxides has been rep0rted2~~ and the main products were 
benz[~-1,3-oxazepines (113). 

& \ NG 
1 1 3  

R = Me, Ph, COOMe 

Attempted oxidation of 1,2,3,4-tetrahydroacridines with selenium dioxide 
gave very low yields of the tetrahydro-4-acridinones isolated as their 2,4- 
dinitrophenylhydrazone~.~~~ Dehydrogenation was the main reaction. 9- 
Methyl- 1,2,3,4-tetrahydro-4-acridinone has been obtained by reaction of 
cyclohexane-l,2-dione with o-aminoacetophenone h y d r o c h l ~ r i d e . ~ ~ ~  The 1,3- 
dione gave rise to the expected mixture of isomers 114 and 115. 

114 115 

3,3-Dimethyl- 1,2,3,4-tetrahydro-l-acridinone (116) has been prepared from 
2-aminobenzaldehyde and 5,5-dimethylresorcinol in the presence of boiling 
alcoholic caustic 237 and from 5,5-dimethyldihydroresorcinol and 
the p-toluidine anil of the aldehydeZ38 with piperidine at 100". This keto- 
acridine formed a serni~arbazone,~~8 a 2,4-dinitr0phenylhydrazone,~~* a 
pi~ra te2~~9 z 3 8  and a m e t h i ~ d i d e . ~ ~ ~  Reaction with phenylhydrazine is stated 

0 0 
II acHo + bMe- a Me - 

Me M e  
NHZ 0 4  

I16 
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to  give the phenylhydrazones of dimedone and 2-aminoben~aIdehyde.~~~ The 
oxidation of 116 with acid or alkaline permanganate gave acridinic acid (117). 

2-Acetamidobenzaldehyde and 5,5-dimethyldihydroresorcinol in alcoholic 
potash also gave 116, but in absolute alcohol 118 was f0rmed.2~6 Compound 
118 lost water at 105-110" with the formation of 119 (colorless), which 
cyclized to  116 with aqueous alcoholic potash. Absolute alcoholic potash in 
the last reaction gave the isomer 120; on standing or on treatment with 
acids, it also gave 116. 

M e  

I18 1 I9 

H M e  

I20 

1,2,3,4-Tetrahydroacridine-9-carboxylic acid, colorless plates mp 284-286" 
(dec) from ethanol or acetic acid, like acridine-9-carboxylic acid, very easily 
loses the carboxylic acid group and proved difficult to  e ~ t e r i f y . ~ ~ ~  The ethyl 
and methyl esters were prepared from the alkyl halides and the silver salt of 
the acid. 

The catalytic reduction of 1,2,3,4-tetrahydroacridines can give perhydro- 
acridines and is a major approach to the asym-octahydroacridines. These 
reductions are considered in the appropriate preparative sections. A tetra- 
hydroacridine, alleged to be 121, has been prepared by reducing the con- 
densation product of 2-dimethylaminomethylcyclohexanone and 2-amino- 
benzaldehyde with tin and hydrochloric acid; on zinc dust distillation it 
yielded 4-methyla~ridine.~~~ 
9-Chloro-l,2,3,4-tetrahydroacridine has been prepared from 1,2,3,4-tetra- 

hydro-9-acridanone (see Section 4.A) by boiling with phosphorus oxychlo- 

CH2 
121 
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ride,24o addition of the pentachloride being unnecessary.241 This procedure is 
a general one and has been used in the preparation of three alkyl-substituted 
9-chloro-1,2,3,4-tetrahydroacridine-2- or -3-carboxylic acids207 from the 
appropriate tetrahydro-9-acridanones. 7,9-Dichloro-1,2,3,4-tetrahydroacri- 
dine has been prepared from 7-chloro-l,2,3,4-tetrahydro-9-acridanone and 
phosphorus o x y ~ h l o r i d e . ~ ~ ~  4,9-Dichloro-l,2,3,4-tetrahydroacridine (122) has 
been prepared in 85% yield in one step by refluxing anthranilic acid, 2-chloro- 
cyclohexanone, and phosphorus oxy~hloride.2~~ 9-Chloro-l,2,3,4-tetrahydro- 
acridines containing alkyl, chloro or methoxyl groups in the carbocyclic 
aromatic ring have been prepared from the 9-acridanone~,2~~ but 9-chloro-5- 
nitro-l,2,3,4-tetrahydroacridine was best prepared by nitration of the 9- 
chloro- 1,2,3,4-tetrahydroa~ridine.~~~ 

The chlorine atom of 9-chloro-1,2,3,4-tetrahydroacridines is rather un- 
reactive, compared with that of 9-chloroacridine ; there is a closer similarity 
to 4-chloroquinoline in this respect. The chlorine atom remained unaffected 
when 9-chloro-7-nitro-1,2,3,4-tetrahydroacridine was reduced with iron and 
ethanolic hydrochloric acid to the amine,244 and treatment of 4,9-dichloro- 
1,2,3,4-tetrahydroacridine (122) with 4-diethylamino-I-methylbutylarnine 
gave the 1,2-dihydroacridine 123 with the 9-chloro group intact.243 

CI 
122 123 

The resistance of the 9-chloro group toward hydrolysis is probably asso- 
ciated with the greater loss of aromaticity that occurs in the event of nucleo- 
philic attack at  position 9 (124), as compared with 9-chloroacridine (125). 

cY -Nu 

Ql$fJ- [m] N 

124 

C1 Nu 

125 
Nu = nucleophile 
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In certain circumstances, however, the 9-chloro group can be selectively dis- 
placed, Treatment of 7,9-dichloro-l,2,3,4-tetrahydroacridine with p-cresol 
and a stream of anhydrous ammonia left the 7-chlorine atom unaffected. 
Organic phase extraction of the product gave 126; extraction with acid, 
followed by basification, gave 127. 

0 w 

126 127 

9-Bromo- 1,2,3,4-tetrahydroacridine has been obtained from the 9-acri- 
danone and phosphorus t r i b r ~ m i d e . ~ ~ ~  

9-Amino-I ,2,3,4-tetrahydroacridine ("tacrine"), colorless crystals mp 178- 
180" from benzene, is a comparatively strong base and forms mono- and 
diacetyl derivatives.244 It is a compound of considerable pharmacological 
interest that has been prepared in a variety of ways. The chlorine atom of 
9-chloro-1,2,3,4-tetrahydroacridine has been replaced by an amino group, 
using alcoholic ammonia and a copper salt catalyst.z45 Heating 2-amino- 
benzonitrile with cyclohexanone in the presence of 1 mole of zinc chloride 
gave a 96y0 yield of 1 : 1 complex of zinc chloride and tacrine that was de- 
composed to the acridine with alkali.334 The difficulty of obtaining 2-amino- 
benzonitrile led to a variation on this technique, in which 2-aminobenzamide 
(anthranilamide), cyclohexanone, and a catalytic amount of zinc chloride 
were heated to form the anil 128, which was cyclized at 220-250" with zinc 

CONH, CONH, 

ONH2 + 0 I I  
Zna2 ' 

1 2 8  
0 

129 
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chloride in ammonium carbonate334 to give a 55% yield of the tetrahydro- 
acridine 129. 

Tacrine finds use as an analeptic; it inhibits acetylch~linesterase,~~~ and has 
also been shown to possess 10% of the anticholinesterase activity of neo- 
stigmine.336 Its effect on neuromuscular transmission has been investigated. 337 

Tacrine is a morphine and mixtures of morphine and tacrine 
have been claimed as nonhabit-forming analgesics.261 The quaternary com- 
pounds obtained by the reaction of tacrine with alkyl halides or p-toluene- 
sulfonates have been claimed to show bacteriostatic and fungistatic activity.3ag 

9-Amino- 10-methyl- 1,2,3,4,-tetrahydroacridinium p-toluenesulfonate (130) 
has been obtained in high yield by the cyclization of 2-methylaminobenzo- 
nitrile and cyclohexanone with p-toluenesulfonic acid.220 The reaction pro- 
ceeds via the enamine; subsequent hydrolysis of the productzz0 gives 10- 
methyl- 1,2,3,4-tetrahydro-9-acridanone (131). 

L M e  J 

M e  Tosyl- 

130 

M e  

I31 

9-Arylamino-l,2,3,4-tetrahydroacridines have been prepared340 by the 
intramolecular condensation of the arylamides of cyclohexylideneanthranilic 
acids (132). These azomethines were obtained in about 85% yield by heating 
the arylamides of anthranilic acid with cyclohexanone. Heating 132 in benzene 
with phosphoryl chloride gave the compounds 134 in yields up to 95%. The 
cyclization was considered to proceed via the imidochloride 133. 

Alternative procedures by which 9-phenylamino- 1,2,3,4-tetrahydroacridine 
(135) may be prepared have been reported: heating N,N'-diphenylthiourea 
with cycl0hexanone~~1 and heating pimelic dianilide with phosphorus penta- 
~hloride.2~5 
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NAr 
II 

132 I33  

NHAr 

134 

Compound 135 is hydrolyzed to the 9-acridanone and aniline with boiling 
concentrated hydrochloric 

9-Alkyl-, 9-aralkyl-, or 9-allylamino-I ,2,3,4-tetrahydroacridines have been 
prepared in yields of about 50% by heating 9-chloro- 1,2,3,4-tetrahydro- 
acridine with the appropriate amine in phenol at atmospheric 246 

5-Hydroxy-l,2,3,4-tetrahydroacridine forms chelates with certain metals.336 

4. 1,2,3,4-Tetrahydr0-9-acridanones 

A. Methods of Preparation 

The original preparation of 1,2,3,4-tetrahydr0-9-acridanone (137) is a 
general one 248 and has frequently been employed for the preparation of the 
parent ~ompound,2~*, z49 and its alkyl-substituted analogues26o, 25l  and alkyl- 
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substituted 1-, 2- ,  or 3-carboxylic acid derivatives.207 The method consists of 
the condensation of anthranilic acid with either a cyclohexanone, an alkyl- 
cyclohexanone, or an alkylcyclohexanonecarboxylic acid. The reactionz4* 
may be conducted in oil at 220" or without any solvent207 for 1 hr a t  125", 
followed by a further 2-hr heating at 220", or in diphenyl etherZ49 for 1 hr at 
120-130". A somewhat better yield has been claimed when a water collector 
is ~ s e d . 2 ~ ~  The reaction proceeds via the anil 136. 

136 

0 -& H 

137 

Considerable decarboxylation occurred with certain acids, e.g., with 4- 
methoxyanthranilic and 5-nitroanthranilic 

Heating N-methylanthranilic acid with cyclohexanone similarly gave 10- 
methyl-I ,2,3,4-tetrahydr0-9-acridanone,~~O although no anil can be formed as 
an intermediate. In this and similar cases, the enamine may be the inter- 
mediate. A series of 10-alkyl- 1,2,3,4-tetrahydro-9-acridanones has been pre- 
pared with substituents ranging from ethyl to hepty1.z53* 254 

In some instances, more than one product might be expected: anthranilic 
acid with 3-methylcyclohexanone, for example, could give either 138 or 139. 

H 
I36  

0 

Me 
H 

139 

In fact, 139 appeared to  be the exclusive product: dehydrogenation of the 
product gave 3-methyl-9-acridanone, which was identical with a sample 
prepared from 4-methylanthranilic acid and cyclohexanone, followed by 
dehydrogenation. 250 
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An alternative procedure is the reaction of ethyl cyclohexanone-2-carbox- 
ylate with an aromatic amine at room temperature in the presence of a trace 
of acid, to  give an anil that may be cyclized to  the tetrahydro-9-acridanone by 
heating at 250". It should be noted that simple heating of the reagents without 
prior formation of the anil gives the corresponding amides, which are 
cyclized with sulfuric acid to tetrahydrophenanthridone~.~~~* 2 5 6  The anils 
have been cyclized by heating alone to  255", but this gave poor 258 

Dropping the crude anils into liquid paraffin at 250-280" gave much improved 
results,259 but the best technique is to  use boiling diphenyl ether, since no 
charring of the product occurs and many 1,2,3,4-tetrahydro-9-acridanones 
have been obtained by this latter procedure.252 The optimum amount of 
solvent depends on the individual cyblization.260 

Cyclization of the anil derived from rn-anisidine and ethyl cyclohexanone- 
2-carboxylate gave the two possible products, 140 and 141 in 2:  1 ratio.252 
In the case of rn-chloroaniline, the two isomers were obtained in equal 
amounts.261 

- 
MeO 

H H 
140 141 

A synthesis of lO-methyl-1,2,3,4-tetrahydro-9-acridanones (144) under 
much milder conditions than the above-mentioned techniques involves the 
reaction of the aminonitrile 142 with cyclohexanone in the presence of 
toluenesulfonic acid in refluxing toluene.220 The intermediate 143 was isolated 
in high yield and converted to the product with alkali in 96% yield. 

NHMe 
I 

0 Me 
142 
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143 I44 

This synthesis appears to be a potentially versatile one. 

B. General Properties and Reactions of 1,2,3,4-Tetrahydro-9-acridanones 

1,2,3,4-Tetrahydr0-9-acridanone is a colorless solid, mp 358", very spar- 
ingly soluble in most organic solvents but which crystallizes from ethanol in 
needles.248 It is much more basic than 9-acridanone, being soluble in dilute 
acids. This may be a reflection of a greater tendency of the tetrahydro-9- 
acridanone to form the hydroxyacridine tautomer (145). 

145 
H 

The hydrochloride is hydrolyzed by water, but the picrate can be crystal- 
lized from acetic acid. 1,2,3,4-Tetrahydr0-9-acridanone has been dehydro- 
genated248 to 9-acridanone by dry air at 280", or better, in the presence of 
copper250 at 360". A number of other tetrahydroacridanones have been 
satisfactorily dehydrogenated by this procedure.262 The distillation of tetra- 
hydro-9-acridanone over zinc gave a ~ r i d i n e . ~ ~ ~  In general, solutions of 1,2,3,4- 
tetrahydro-9-acridanones do not fluoresce in daylight but do so when exposed 
to uv light. 

The reduction of 1,2,3,4-tetrahydro-9-acridanones with a variety of re- 
agents gives cis and/or trans-1,2,3,4,4a,9,9a,l0-octahydroacridines, 1,2,3,4,- 
5,6,7,8-octahydroacridines, or 1,2,3,4,4a,9a-hexahydro-9-acridanones. These 
are discussed in Sections 6.A, 5.A, and 8, respectively. 

The reaction of 1,2,3,4-tetrahydr0-9-acridanones with phosphoryl chloride, 
a widely used technique for the preparation of 9-chloro-l,2,3,4-tetrahydro- 
acridines, is discussed in Section 3.B. 

1,2,3,4-Tetrahydro-9-acridanone with bromine in acetic acid gave, accord- 
ing to the conditions, the 7-bromo or 5,7-dibromo derivative.263 These com- 
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pounds were insoluble in dilute aqueous acids and were independently syn- 
thesized from the appropriate anthranilic acids. The bromination of 5,7- 
dimethyl- 1,2,3,4-tetrahydr0-9-acridanone gave a mono-substitution product, 
but the bromine appeared to be aliphatic in character, since the compound 
reacted with p ~ r i d i n e . ~ ~ ~  Also, 5, 6-, 7-, and 8-nitro-l,2,3,4-tetrahydro-9- 
acridanones have been prepared from nitroanthranilic acids, and the nitration 
of 1,2,3,4-tetrahydro-9-acridanone was shown to give a mixture of the 5- and 
7-nitro deri~atives.20~ All these nitro compounds have been reduced to the 
corresponding amines that acetylate and diazotize normally.2o3 

5. 1,2,3,4,5,6,7,8-0ctahydroacridines 

A. Methods of preparation 

Sym-Octahydroacridines have been prepared most frequently by the 
cyclization of 2,2’-methylenedicyclohexanone (146) with amino compounds. 
A convenient preparation of the 1,5-diketone 146 is the p-acylethylation of 
cyclohexanone with the Mannich base 2-dimethylaminocyclohexanone.265 
The yield is 63%. A lower yield is obtained by the condensation of formalde- 
hyde and cyclohexanone.26’ An efficient cyclization of 146 to sym-octahydro- 
acridine (147) is brought about by hydroxylamine hydrochloride in ethanol 
in 957& yield.265 

146 I47 

This reaction does not lead to the asym-octahydroacridine, as reported else- 
where.266 A similar rea~tion,26’~~6~ using formamide instead of hydroxylamine 
hydrochloride, is less satisfactory, since a- and p-perhydroacridine are also 
formed simultaneously. The perhydroacridines may be removed by vacuum 
distillation268 or by treatment of the reaction mixture with sodium nitrite and 
acetic acid, which causes precipitation of the 10-nitrosoperhydroacridines and 
leaves sym-octahydroacridine acetate in The cyclization of 146 to 
147 has also been achieved with anhydrous ammonia in toluene at 150” under 
pressure in 54% yield.269 

Sym-octahydroacridine and its 9-phenyl derivative have been prepared by 
pyrolysis of the appropriate adducts (148), obtained by the reaction of 
ethanolamine with 146 or 2,2’-phenylmethylenedicyclohexanone.2’o 
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R = H o r P h  
v 
148 

Sym-octahydroacridinium chlorides, substituted at position 10 with a 
variety of aryl, aralkyl, and chloroalkyl groups, have been prepared in yields 
of 80435% by cyclization of the 1,5-diketone 146 with the appropriate primary 
amine in benzene-carbon te t ra~hlor ide.?~~ The preparation of the 1-naphthyl 
derivative 149 by this technique suggests that the reaction is not sensitive t o  
steric effects. 

m+q=m 0 0  I 

146 NH* 

The 4,5-disubstituted compound 151 was prepared by the aminoalkylation 
of the diketone 146 with paraformaldehyde and dimethylamine hydrochlo- 
ride,272 followed by cyclization of 150 with hydroxylamine hydrochloride. 

CH,NMe, CH,NMe, CH2NMe2 CHzNMez 

146 IS0 151 

A related reaction of 2,2'-methylenedicyclohexanone with aniline in 95% 
acetic acid gave rise to  10-phenyl-sym-octahydroacridinium perchlorate after 
removal of 10-phenyl-A4"JD-dodecahydroacridine and treatment with sodium 
per~hlorate.? '~ Sym-octahydroxanthylium perchlorate was prepared by the 
condensation of oxymethylenecyclohexanone and cyclohexanone in about 
55% yield; this has been converted to sym-octahydroacridinium perchlo- 
rate274-276 with anhydrous ammonia, or to 10-phenyl-sym-octahydroacridinium 
p e r c h l ~ r a t e ~ ~ ~  with aniline, in unstated yields. 
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Hydrogenation and dehydrogenation of other acridines or polyhydro- 
acridines do  not constitute good preparative routes to  sym-octahydroacridines. 
Acridine has been hydrogenated over Raney nickel at  100" to give a 16% yield 
of sym-o~tahydroacridine.~~ Trans-asym-octahydroacridine has been iso- 
merized at 200" over palladium charcoal to  give the symmetrical compound 
exclusively, but at higher temperatures tetrahydroacridine was also formed.162 
The pyrolysis of 4a, l0a-dicyanoperhydroacridine (see Section 7.A) with 
calcium oxide-calcium carbonate gave sym-octahydroacridine in unstated 

Fused ring analogues of sym-octahydroacridine have been obtained by the 
pyrolysis of N,N,N-trimethylhydrazonium tetrafluoroborate derivatives of 
fused ring cyc lohe~anones .~~~ 4-Methyl-a-tetralone, for example, gave 152, 
which was converted to  153 on pyrolysis. 

yield.277, 278 

@-a - M m  / 

+ / \ 0 BF; N-NMe3 

152 153 

B. General Properties and Reactions of sym-Octahydroacridines 

1,2,3,4,5,6,7,8-0ctahydroacridine (sym-octahydroacridine) colorless nee- 
dles, mp 69-71' from petroleum ether,z6jI 2 6 7 ,  2 6 8 ,  278  forms a picrate mp 198- 
200", which was recrystallized from 

The 4- and 5-methylene groups of sym-octahydroacridine show the same 
type of reactivity as the 4-methylene group of 1,2,3,4-tetrahydroacridine and 
the methyl group of 2-methylpyridine. The treatment of sym-octahydroacri- 
dine (154) with acetic anhydride and benzaldehyde under reflux280 gave the 
dibenzylidene derivative 155 in 6 hr. 

2 6 8 1  278  

PhCHO, AczO 

CHPh CHPh 
154 155 

A number of other hydroxy-, acetoxy-, mono-, and dinitro-benzylidene 
derivatives were prepared in the same way and in high yield in sterically 
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favored cases. The analogous 9-phenyl-sym-octahydroacridine derivatives 
were prepared from the 9-phenylo~tahydroacridine.2~~ Other 4-substituted 
derivatives have been prepared by the reaction of sym-octahydroacridine with 
phenyl lithium and subsequent treatment with either benzaldehyde, formalde- 
hyde, cyclohexanone, or benzyl chloride to give 4-phenylhydroxymethyl, 4- 
hydroxymethyl-, 4-(1-hydroxycyclohexyl)-, or 4-benzyl-sym-octahydroacri- 
dines.281 Dehydration of the 4-hydroxymethyl compound 156 gave a 4570 yield 
of the exocyclic olefin 157, which was reduced to 4-methyl-sym-octahydro- 
acridine. 282 

~ + & + o p J - J a  N' N' 

154 
CH,OH 

156 

CH, Me 
IS7 

The oxidation of sym-octahydroacridine with peracetic acid gave the 10- 
oxide (158) in 76.5% yield,2S3 and this on nitration afforded 9-nitro-sym- 
octahydroacridine 10-oxide (159). The reduction of 159 with sodium tetra- 
thionate gave 9-amino-sym-octahydroacridine (160) in high yield284; this gave 
octahydro-9-acridanone (161) on diazotization. 

, & ___) "2'2'4 

I? I? 
I I 
0- 
158 

0- 
159 

H 
161 160 
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10-Alkyl-substituted octahydroacridanones have been prepared by the cata- 
lytic hydrogenation of 1,2,3,4-tetrahydro-9-acridanones with Adam’s cata- 
lyst. These compounds find use as sun-screening materials.253 

The addition of 159 to acetyl chloride gave a 68% yieldzx4 of 9-chloro-sym- 
octahydroacridine 10-oxide (162). If the order of addition is reversed, 162 is 
accompanied by 36.5% of the 4-acetoxyl derivative (163). 

0- 
162 

OAc 

163 

Both the 9-nitro and 9-chloro compounds 159 and 162 were deoxygenated at 
position 10 normally by phosphorus t r i ~ h l o r i d e . ~ ~ ~  

The treatment of sym-octahydroacridine 10-oxide with acetic anhydride 
gave a 90% yield of the 4-acetoxyl derivative (164), which on h y d r o l y s i ~ ~ ~ ~ ~  286 

afforded the alcohol 165. Reoxidati0n2~~ gave sym-octahydroacridin-4-01 
10-oxide (166). (yJJ5w-m 1;’ N’ 

OH 
165 

OAc 
164 0- 

H2021HOAc \ /  

6- OH 

166 

These last two reactions have been performed in one step by hydrolysis of the 
4-acetoxyl derivative 164 with peracetic Both 1652851 286 and 166287 
have been dehydrated with polyphosphoric acid, giving 1,2,3,4,7,8-hexa- 
hydroacridine and its 10-oxide, respectively (see Section 8). Acetylation of 166 
gave 4,5-diacetoxy-sym-octahydroacridine,287 which on hydrolysis and de- 
hydration gave sym-tetrahydroacridine (see Section 8). The intermediate sym- 
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octahydroacridin-4,5-diol (167) gave the corresponding dichloro compound 
with thionyl chloride and was converted to the keto-alcohol168 in 58y0 yield 
by activated manganese 

166 --+- 

OAc OAc OH OH 
I67 

Similar oxidation of 165 gave the 4-0x0 derivative; thionyl chloride gave 
4-chloro-sym-octahydroacridine.285 

Similar reactions2** have been observed to occur with 9-chloro-sym-octa- 
hydroacridine oxide (162). The treatment of 162 with acetic anhydride gave 
the 4-acetoxyl derivative 169, which was converted to the alcohol 170 on 
hydrolysis. Thionyl chloride converted this to 4,9-dichloro-sym-octahydro- 
acridine (171), yielding 9-chloro-1,2,3,4,7,8-hexahydroacridine with poly- 
phosphoric acid. 9-Chloro-sym-octahydroacridine reacted quantitatively with 
ethanolamine,*88 giving 172. 

c1 NHCH2CH20H 
I I 

R 
169, R = OAc 

170, R = OH 
171, R =  CI 

172 

Simultaneous treatment of sym-octahydroacridine 10-oxide with p-nitro- 
benzaldehyde and acetic anhydride gave a 50% yield of 173, which was 
hydrolyzed subsequently to the alcohol; the latter gave a hexahydroacridine 
on dehydration (see Section 8).289 
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Catalytic dehydrogenation of sym-octahydroacridine with palladium on 
charcoal at 200-250" gave a mixture of acridine and acridan.162 Attempted 
reduction with platinum oxide in acetic acid was unsuccessful.290 

6. 1,2,3,4,4a,9,9a,10-0ctahydroacridines 

Asym-octahydroacridine exists in cis (174) and trans (175) forms, both of 
which have been prepared and characterized. 

cis m.p. 72' 

174 

trans m.p. 82' 

175 

A. Methods of Preparation 

Both cis and trans octahydroacridines are obtained by the reduction of 
1,2,3,4-tetrahydroacridine with tin and hydrochloric acidzo3, 291; an improved 
separation procedure has given a yield of 33% of the cis isomer from the 
crude The yield of the trans isomer is lower, and this is better 
prepared by the sodium amalgam reduction of 1,2,3,4-tetrahydro-9-acri- 
danone in ethanol, which gives a 24% z92 Trans-octahydroacridine 
has been prepared in much higher yield (51.6%) by the reduction of 1,2,3,4- 
tetrahydroacridine with sodium formate in 95% formic The reaction 
required 20-22 hr at 170-175", and the trans-isomer was extracted with ether 
from an aqueous solution of the crude product adjusted to pH 9-9.5. Further 
treatment gave 19% of the cis isomer. Other techniques that give the trans 
isomer are the reduction of acridine with red phosphorus and iodine143 and 
the reduction of 9-phenylamino-l,2,3,4-tetrahydroacridine with sodium in 
ethanol .245 
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Cis-octahydroacridine has been prepared by catalytic hydrogenation of 
1,2,3,4-tetrahydroacridine with platinium oxide in glacial acetic acid,290 but 
the cis isomer was accompanied by smaller amounts of trans- and sym- 
octahydroacridine. The cis isomer appears to be the exclusive product when 
palladium/platinum/charcoal in methanol is ; the same reduction of 
1,2,3,4-tetrahydroacridin-4-01 gave an octahydroacridin-4-01. Hydrogenation 
of acridine at 100" in dioxan in the presence of Raney nickel gave a mixture 
of reduced acridines containing 38% of asym-octahydroacridine, consisting 
mostly of the t r~ns - i somer .~~  Copper chromite as the catalyst gave a mixture 
of asym-octahydroacridines in 70y0 ~ i e l d . ~ 6  

The reduction of 1,2,3,4-tetrahydroacridine-9-carboxylic acid with sodium 
amalgam gave two octahydroacridine-9-carboxylic acids, mp 180 and 221 ", 
which were decarboxylated to  give the trans and cis asym-octahydroacridines, 
respe~tively.2~~ 

B. Stereochemistry, General Properties, and Reactions of 
1,2,3,4,4a,9,9a,lO-Octahydroacridines 

An assignment of stereochemical structure to the two isomers of asym- 
octahydroacridine, based on the observation that the melting points of one 
isomer and its derivatives were for the most part higher than those of the 
other isomer and its derivatives,294 has been confirmed by nmr spectroscopy. 
19*, 295 The conclusion that the higher melting isomer has the trans configura- 
tion is consistent with the behavior of the methohydroxides towards Hofmann 
e l i m i n a t i ~ n . ~ ~ ~ ~  296 The original assignments are now considered to  be in- 
correct.297 

The nmr evidence is based on the magnitude of the coupling constants be- 
tween the protons at positions 9 and 9a, and 4 and 4a. In the spectrum of the 
isomer, mp 72°,198, 2 9 5  the two values of J9,9a were found to be 4.3 and 2.2 
Hz; these values were consistent with dihedral angles of 40-50" and 50-60", 
respectively, suggesting conformation 176 for the cis isomer. This conclusion 
was confirmed by the narrow band-width of the 4a-proton signal (9 Hz), 
which cannot include a trans-diaxial coupling. In the case of the rigid trans 
isomer (177), the 4a proton must be in a trans-diaxial relationship with one of 
the 4-protons, as well as the 9a-proton. 

176 I77 
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The 60 MHz spectrum2g5 of the isomer mp 82" was rather intractable, but 
at 100 MHz the 4a-proton signallgs was identified as a broadened multiplet 
with a band-width of 22 Hz. This was consistent with the two trans-diaxial 
couplings (to the proton at position 9a and to  one of the protons at  position 
4), which are required by the trans structure 177. In addition, one of the 9- 
proton signals showed a trans-diaxial coupling af 12 Hz. 

Similar studies were made of the 10-methyl and 10-acetyl derivatives of 
the cis isomer, and the spectral parameters suggested that in these cases the 
alternative conformation 178 was involved.295 

The 60 MHz spectrum of the benzoyl derivative of the trans isomerzg5 showed 
a broadened triplet (J = 9 Hz) for the 4a-proton that is consistent with the 
100 MHz spectrum of the unsubstituted trans isomer.1gs 

The 10,lO-dimethyl-cis- and -trans-octahydroacridinium hydroxides have 
been prepared and d e c o m p ~ s e d ~ ~ ~ ~  296 under Hofmann degradation condi- 
tions at 100". In both cases, simple extrusion of methanol occurred with the 
regeneration of the base; this implies that in neither case were any of the 
hydrogen atoms p to nitrogen trans-coplanar with the nitrogen atom. This is 
inevitably so for the rigid trans methohydroxide, but it implies that the cis 
methohydroxide is in conformation 179. This was shown to be the case by 
nmr s p e c t r o s ~ o p y . ~ ~ ~ ~  295  

H 

HO- Me 

H H  
179 

The nmr spectrum of the methiodide showed a 4a-proton signal possessing 
one trans-diaxial coupling, whereas a conformation like 176 would give rise 
to  no such coupling.2g5 Presumably, the methohydroxide is in the same con- 
formation (179). 
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Both cis and trans octahydroacridine have been resolved into their enan- 
tiomeric forms with camphorsulfonic acid.201 Racemization of the cis enan- 
tiomorphs occurred slowly at the melting point and was complete on dis- 
tillation. 
9-Hydroxymethyl-as-octahydroacridine (182) has been preparedIg8 by the 

reduction of the ester 180 with anhydrous formic acidzg3 to 181, which was 
further reduced with lithium aluminium hydride. 

COOMe COOH CH,OH 
I I I 

180 

H 

181 

H 
182 

The structure of 182 was found by nmr spectroscopy198 to be that of the 
trans-octahydroacridine with the 9- and 9a-protons in a trans relationship 
(183). 

H 

183 

The nmr spectrum showed a broad multiplet for the 4a-proton with a band 
width of 27 Hz, which implies the presence of two trans couplings. The trans 
ring junction was also demonstrated by the broadened quartet structure 
(J = 12 Hz) of the 9a-proton signal, which results from three trans couplings 
and one (weak) axial-equatorial coupling. 

The oxymethylene. protons were magnetically nonequivalent, probably 
because of the asymmetry of the molecule. It seems likely that the acid 181 
would have had the same configuration and reduction of the tetrahydro- 
acridine with anhydrous formic acid led preferentially to the trans-octahydro- 
acridine. The reduction of the unsubstituted tetrahydroacridine by a similar 
technique (see Section 6.A) also favored the trans over the cis octahydro- 
a ~ r i d i n e . * ~ ~  

A 9-methoxycarbonyl-asym-octahydroacridinez31 has been 'obtained by the 
reduction of 180 with hydrogen over platinum/palladium/charcoal in meth- 
anol, but the stereochemistry was not specified. However, the application of 
the same technique to tetrahydroacridine gave cis-octahydroacridine (see 
Section 6.A). 
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The treatment of 183 with phosphorus pentoxide gave 9-methyl-l,2,3,4- 
tetrahydroacridine (nmr spectrum recorded), presumably by the following 
sequence.198 

Me 

The corresponding dehydration in the acridan series occurs with rearrange- 
ment leading to dibenzo[bf]azepines (see Section 2.B). 

N-Dialkylaminoalkyl derivatives of cis and trans octahydroacridine have 
been prepared by reaction of the acridine with sodamide and the appropriate 
alkyl halide in toluene.293 The products, administered as their maleates, were 
found to  possess antidepressant activity of the same kind as imipramine but 
were inferior to imipramine. No significant difference in activityzg8 was dis- 
cerned between the cis and trans forms of 184. 

Asyrn-octahydroacridines may be converted to their N-acyl derivatives 
with acyl halides; also certain amino derivatives of the amides (e.g., 185) are 
claimed to  be long-acting analgesics, a s  well as having sedative, cough- 
suppressant, and hypotensive pr0perties.2~~ 

CH-COOH 

CH- COOH rn CH,CH,CH I pMe, I I  
I 

184 

10-Carbamoyl and 10-phenylcarbamoyl derivatives of trans-octahydroacri- 
dine have been prepared using sodium cyanate or phenylisocyanate in ice- 
cold acetic acid and were found to be a n t i c ~ n v u l s a n t s . ~ ~ ~  The 10-isonicotinoyl 
derivative was obtained from the acridine and the acid chloride, but no 
pharmacological activity was reported.230 
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7. Perhydroacridines 

Tetradecahydroacridine or perhydroacridine (186) is, in theory, capable 
of existing in five geometric configurations. 

186 

Three of these, a-, p-, and 7-perhydroacridines, have been prepared, charac- 
terized, and assigned structures ; the 10-methyl derivative of a fourth, d-per- 
hydroacridine, has been obtained but not further investigated.300 

A. Methods of Preparation 

Perhydroacridines are prepared either by the reduction of acridine or 
partially reduced acridines, or, directly or indirectly by the cyclization of 2,2’- 
methylenedicyclohexanone. A summary of the reactions leading to  per- 
hydroacridines is given in Table I. 

The most convenient preparation of a-perhydroacridine is the catalytic 
reduction of a ~ r i d i n e , ~ ~ ,  290 using Raney nickel at 240”. At lower temperatures, 
dodecahydroacridine was obtained.76 Alternatively, 1 1,14-dicyanoperhydro- 
acridine, the preparation of which is described below, affords a rather lower 
yield of a-perhydroacridine on reduction with a sodium/potassium alloy in 
b ~ t a n o I . * ~ ~  

The only preparative procedures reported to give p-perhydroacridine alone 
are the catalytic reduction of 4a, 1Oa-dicyanoperhydroacridine, using platinum 
oxide in dioxan-acetic acid,301 and a similar reduction of 4a-cyano- A'O- 
dodecahydr~acridine.~~~ All the other perhydroacridine syntheses gave mix- 
tures of isomers, sometimes with partially reduced acridines. 

p-Perhydroacridine has been prepared by the reductive cyclization of 
2,2’-methylenedicyclohexanone with f~ rmamide .~~’  The optimum yield of the 
p-isomer was 4375, but this was accompanied by 36% of the a-isomer and 
some sym-octahydroacridine. The perhydroacridines were separated from the 
sym-octahydroacridine, either by vacuum distillation268 or by formation of 
their 10-nitroso derivatives with nitrous acid in acetic a ~ i d . ~ 6 ~  The nitroso 
derivatives separated as a yellow oil, leaving sym-octahydroacridine acetate 
in solution. The ir spectra of the derivatives of both pure perhydroacridine 
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isomers and seven intermediate mixtures of these derivatives have been 
and it is possible to assess the isomeric composition of a mixture 

of 10-nitroso derivatives of a- and P-perhydroacridine by comparison of the 
ir spectrum with these published spectra. 

It has been reported that the redu'ction of sym-octahydroacridine with 
sodium in ethanol in the presence of a nickel formate catalyst gives perhydro- 
acridines identical with those obtained by vacuum distillation of the reaction 
product from the formamide reduction.268 This suggests that direct reduction, 
by this technique, of the crude, undistilled formamide reduction product 
would give a mixture consisting exclusively of a- and 0-perhydroacridine. 
These two isomers have been separated by treatment with benzoyl chloride 
in the presence of aqueous potassium ~arbonate.26~. 290 A precipitate of a- 
perhydroacridine hydrochloride was formed, and the p-isomer remained in 
solution as the benzoyl derivative, from which it was obtained by hydrolysis. 

A detailed study of this cyclo-amination of 2,2'-methylenedicyclohexanone 
and its isomer tricyclohexanolone has been made. The yields obtained under 
various conditions have been tabulated.267 

7-Perhydroacridine has been obtained as a by-product (9%) in the hydro- 
genation of cis-octahydroacridine over platinum oxide.290 The major product 
was the p-isomer. 

Unspecified perhydroacridines were obtained when acridine was hydro- 
genated over ruthenium 

Substituted perhydroacridines have been prepared by cyclo-aminocyan- 
ation2738 2 7 7 ,  218, 302 and cyclo-hydrazinocyanation303 of 2,2'-methylenedicy- 
clohexanone; this reaction was the starting point in the synthesis of various 
octa-, deca-, dodeca-, and per-hydroacridines. 4a, l0a-Dicyanoperhydroacri- 
dine (187) was obtained in 7 6 z  yield from the 1,5-diketone, potassium cyanide 
and ammonium A similar reaction employing primary amines, 
potassium cyanide, and 60-80y0 acetic acid gave yields in excess of 70Y0 of 
the corresponding 10-substituted compounds (188).302 The compounds 188 
were converted to the 10-substituted perhydroacridines 189 with 85% formic 
acid, and the perhydroacridinylacetic acid was decarboxylated at 200" in 
glycerol to  the lO-methylperhydr~acridine.~~~ 

C N H  CN 

187 
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CN I CN I 
R R 

188 R = Me, CH2CHpH, 189 
Ph, CHfOOH, 
CH 6 OOEt 

10-Methylperhydroacridines have also been prepared by direct methylation 
of the different stereoisomers using formalin and formic acid,300* 304 and by 
catalytic hydrogenation of 10-methyl-cis- and -frans-octahydroacridines.300 
The reaction of 2,2'-methylenedicyclohexanone with hydrazine, potassium 
cyanide, and acetic acidao3 gave a 90% yield of lO-amino-4a, l0a-dicyanoper- 
hydroacridine (190). This reaction parallels the formation of a l-amino-2,6- 
dicyanopiperidine from 2,6-he~tanedione."~ 

4a, l0a-Dicyanoperhydroacridine was obtained by treatment of 190 with 
nitrous acid, and the 10-formyl derivative (191) could be prepared either by 
reaction of 190 with formic acid, or directly by cyclization of the 1,5-diketone 
with potassium cyanide and formhydrazide in dilute acetic acid. 

191 

B. Stereochemistry 

The three common stereoisomers of perhydroacridine have been assigned 
the following stereochemical structures : 300 

74 H H H H 

a, trans. syn, trans 

192 

8.  trans, anti, cis 

193 
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H H 

V H 

y, trans, syq cis 

I94 

These assignments supersede earlier and are based on the following 
physical and chemical evidence. 

(1) Kinetic Evidence 

The rates of quaternization of the 10-methyl derivatives of a-, p-, and y- 
perhydroacridine with methyl iodide have been determined, along with the 
rates for a number of structurally analogous compounds.300 It was found that 
the reaction rate was related to the basicity by a similar proportionality con- 
stant in all cases, except that of 10-methyl-0-perhydroacridine, which showed 
a much lower reaction rate for its basicity than the others. This markedly 
lower nucleophilicity was attributed to the steric interaction that would 
occur in the transition state between an axial p-methylene group and one of 
the 10-methyl groups. (It is assumed that the transition state resembles a 
quaternary ammonium cation.) 

r 7 

I Or 

None of the other compounds used in the study possessed axial p-methylene 
groups, so that this result suggests a structure like 193 for the p-isomer. The 
presence of two a-methylene groups in N-methyl a- and y-perhydroacridine 
resulted in a marginally lower rate of reaction for these isomers, compared 
with such compounds as I-methyl-trans-perhydroquinoline and 5-methyl- 
trans-octahydrophenanthridine (see below), which have only one a-methylene 
group. 
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& &  M e  H H Me 

(2) Bohlmann Bands 

The ir spectra of compounds containing a nitrogen lone \electron pair with 
an anticoplanar a C-H bond show absorptions at 2820-2700 cm-', known 
as Bohlmann 308 which are considered due to  delocalization of 
charge from the lone pair to the C-H bond. The intensity of these bands is 
roughly proportional to the number of a C-H bonds anticoplanar to  the 
lone pair.308 The studies made in the perhydroacridine series were primarily 
intended to establish the conformational preference of the nitrogen lone pair 
in piperidine derivatives,309 but the results for the N-methyl derivatives can 
be given a stereochemical interpretation if the assumption that the lone pair 
will adopt an axial conformation in these cases is accepted.310! 311a, b The 
Bohlmann band intensities for 10-methyl-a-, -p-, and -y-perhydroacridine~~~~ 
were 10.0, 10.7, and 4.7 (I/cm2. mole) X These figures reflect the fact 
that the N-methyl derivatives of 192, 193, and 194 have, respectively, two, 
two, and one C-H bonds oriented anticoplanar to the axial nitrogen lone 
pair. 

(3) Hydrogen Bonding 

It has been established that there is an approximately linear relationship 
between the length of a hydrogen bond and the shift of the ir frequency of the 
associated hydroxyl group from that of the unassociated hydroxyl group 
f r e q ~ e n c y . ~ ~ ~ - ~ ~ ~ ~ ,  In an ir study of the bonding of n-butanol to 10-methyl- 
perhydroacridine~,~~~ it was shown that the p-isomer gave rise to a longer 
hydrogen bond than the a- or y-isomers. If it is accepted that the lone pair 
will adopt an axial conformation, then this result can be interpreted as a con- 
sequence of the steric interaction300 of the n-butyl group with the axial p- 
methylene group found in structure 193. Corresponding experiments with the 
unmethylated a- and p-isomers310 showed that the hydrogen-bond lengths 
were approximately the same in these cases, which was taken to mean that 
inversion of the nitrogen atom in the p-isomer occurred, enabling an equa- 
torial bond to form, of about the same length as the axial bond of the a- 
isomer. 
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(4) Hofmann Degradation 

Pyrolysis of the 10,lO-dimethyl-a- and -7-perhydroacridinium hydroxides 
caused reversion to the original lO-rnethylperhydroa~ridine,~~~ but the /?- 
analogue gave 3-(2-dimethylaminocyclohexylmethyl)cyclohexene. This indi- 
cates that the /?-isomer possesses a /?-hydrogen atom trans coplanar to the 
nitrogen atom.315 This is provided for in structure 193 but is absent in struc- 
tures 192 and 194. Simple extrusion of methanol occurred on heating the 
10,lO-dimethyl hydroxide derivatives of these compounds. 

( 5 )  NMR Spectroscopic Evidence 

The nmr spectra of a- and p-perhydroacridine and some of their deriva- 
t i v e ~ , ~ ~ ~  and of y-perhydroacridine and some of its derivatives,343 have been 
recorded; the chemical shifts of the 4a- and l0a-protons and the multiplicities 
of the signals support the assignments 192-194 

The spectrum of a-perhydroacridine34* contained a two-proton multiplet 
at T 7.95 (carbon tetrachloride as solvent) with a half-height band width of 
about 20 Hz, which was ascribed to  the axial 4a- and l0a-protons (of 192). 
The large band width is consistent with the two trans-diaxial couplings in- 
volved, and the chemical shift was in accord with the corresponding protons 
of other a lkylpiper idine~.~~~ 

The spectrum of p-perhydroa~r id ine~~~ included 2 one-proton signals at 
T 7.15 and T 7.95. The lower-field signal was a narrow multiplet free of trans- 
diaxial couplings and was ascribed to  the 4a-proton of 193, which is equatorial 
with respect to the cyclohexane ring. This assignment was confirmed by the 
strong upfield shift that occurred on N-methylation of the perhydroacridine. 
A similar observation has been made in the case of the 2- and 6-axial protons 
of certain p i p e r i d i n e ~ . ~ ~ ~  The T 7.95 signal was considered due to the axial 
4a(lOa)-proton. 

-~-Perhydroacridine~~~ in carbon tetrachloride gave an nmr spectrum con- 
taining a double triplet centered on 7 7.17, assigned to the 4a-proton of 194 
(equatorial with respect to the piperidine ring) and a broader multiplet at 
7 7.85, considered due to the l0a-proton. The major coupling of the double 
triplet was 11 Hz, which is consistent with the single trans-diaxial coupling 
expected for such a proton. 

C. General Properties and Reactions of Perhydroacridines 

Unsubstituted perhydroacridines are unreactive, apart from the normal 
reactions of secondary amines such as q u a t e r n i z a t i ~ n . ~ ~ ~  By contrast, the 
reactions of 4a, l0a-dicyanoperhydroacridine are numerous and lead to vari- 
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ous other hydroacridines such as 4a-cyano-A10-dodecahydroacridine and 
tetracyclic derivatives of perhydroa~r id ine .~~~ '  301 

Hydrolysis of the dicyano compound 195 with 60% sulfuric acid at 120" 
afforded the lactone of 4a-hydroxyperhydroacridine-10a-carboxy1ic acid 
(196), presumably by elimination, hydrolysis, and c y ~ l i z a t i o n . ~ ~ ~ ~  301 The lac- 
tone could be titrated with ethanolic caustic soda,reflecting the ease of hydrol- 
ysis to the free acid. At 180" the lactone lost carbon dioxide to gi~eA~~JO-dod- 
ecahydroacridine (197), which easily autoxidized in the manner of A1*8a- 
octahydroquinolines. 316 

Concentrated sulfuric acid converted 195 to the iminoimide of 4a, 10a- 
perhydroacridine dicarboxylic acid (198). This was easily hydrolyzed to the 
imide 199, which was itself very resistant to  hydrolysis.278* 301 However, long 
treatment with 70% sulfuric acid gave the lactone 196. The reduction of 199 

m *w NH 

OH 202 

4 1 NaOH 
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with lithium aluminium hydride gave 4a,lOa-dimethyleneirninoperhydro- 
acridine (200), but with sodium in butanol the lactam of 4a-aminomethylene- 
perhydroacridine-1Oa-carboxylic acid (201) was obtained. Treatment of the 
dicyano compound 195 with 4% aqueous-ethanolic caustic soda gave the 
lactam 202. These facile cyclization reactions were taken to  demonstrate 
the cis-diaxial relationship of the two cyano groups, and the reduction of 195 
with sodium in butanol to a-perhydroacridine suggested the configuration27s 
shown below. 

In an investigation of the nature of the analgesic receptor site the com- 
pound 203 was prepared as a rigid analogue of prodine304 but proved inactive 
as an analgesic. The precursor alcohol was prepared by phenyl lithium reduc- 
tion of a-perhydroacridanone. The structure of the latter was confirmed by 
the presence of Bohlmann bands in the ir spectrum. 

A polymer containing perhydroacridine units has been prepared and had 
insecticidal proper tie^.^^' 

8. Less Common Reduced Acridines 

A. Dihydroacridines 

1,2-Dihydroacridine (204), an isomer of acridan, has been prepared by the 
dehydration of 1,2,3,4-tetrahydroacridin-4-01 with polyphosphoric acid. The 
alcohol was obtained by oxidation of the lithium salt of tetrahydroacridine 
with gaseous oxygen.318 

The addition of thionyl chloride to  204 gave 4-chloro-l,2,3,4-tetrahydro- 
acridine, which was converted back to  204 in poor yield by ethanolic caustic 
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potash. The treatment of 204 in aqueous ethanol with sulfur trioxide gave the 
3-sulfonic acid. 

A general single-stage synthesis of 1,2-dihydroacridines has been de- 
scribed that involves the condensation of 2-aminoacetophenone hydrochloride 
with aliphatic ketone~.*~5 A number of heterocyclic derivatives, such as 205 
and 206, have been prepared in this way. 

4,9-Dichloro-1,2,3,4-tetrahydroacridine, when heated under reflux with 
N-methylaniline and hydrated sodium carbonate, gave 1,2-dihydro-9- 
acridanone (207). Heating the dichlorotetrahydroacridine with anhydrous 
potassium carbonate and 4-amin0-l-diethylaminopentane~~~ gave 1,2- 
dihydro-9-chloroacridine (208). 

053 H 

C' 
I 

207 208 

B. Sym-Tetrahydroacridines 

1,2,7,&Tetrahydroacridine (210), a cyclic analogue of 2,6-divinylpyridine, 
has been prepared in 67y0 yield by dehydration of the glycol 209 at  180" 
with polyphosphoric acid.319* 320 
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OH OH 
209 

210 

Reduction with platinum in acetic acid gave sym-octahydroacridine.320 
Acetoacetic ester in the presence of 

Another sym-tetrahydroacridine, 1,4,5,8-tetrahydroacridine (211) was 
obtained by the reduction of acridine with a large excess of lithium in etha- 
110185; the structure of the product was confirmed by its nmr, ir, and uv 
spectra, as well as by its reduction to sym-octahydroacridine with tris(tri- 
pheny1phosphine)rhodium. Because anthracene gave 1,4,5,8,9,10-hexa- 
hydroanthracene under these c0nditions,~21 it seemed surprising that the 
pyridine ring should remain unreduced, and it was found that acridan also 
gave rise to 211. The elimination of metal hydrideS5 appears to  account for 
the aromatization of the dihydropyridine ring (cf.212). 

was added at position 3. 

21 I 212 

C. Hexahydroacridines 

I ,2,3,4,7,8-Hexahydroacridine (213) has been obtained by dehydration of 
1,2,3,4,5,6,7,8-0ctahydroacridin-4-01 with polyphosphoric acidzs5 and by 
reduction of the hexahydroacridine 10-oxide (214) with iron and acetic 
The N-oxide was prepared by dehydration of sym-octahydroacridin-4-01 10- 
oxide. 320 The addition of hydrogen cyanide to  213 gave 3-cyano-sym-octa- 
h y d r ~ a c r i d i n e . ~ ~ ~  8 286 The chlorination of 9-chloro-sym-octahydroacridin-4-01 
with thionyl chloride gave the 4,9-dichloro derivative, which was converted 
to 9-chloro-l,2,3,4,7,8-hexahydroacridine (215) on treatment with poly- 
phosphoric 

CI 
I 

213 

0- 
214  215 
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The addition of hydrogen cyanide gave 9-chloro-3-cyano-sym-octahydro- 
acridine. 322  

A number of 1,2,3,4,4a,9a-hexahydr0-9-acridanones have been prepared 
by the lithium aluminium hydride reduction of 1,2,3,4-tetrahydr0-9-acri- 
danonesZs4 and are used as sun-screening materials. Some of the compounds 
(such as 216) possess hypotensive activity. 

I 
CI-$CI-$NMe, 

216 

D. Decahydroacridines 

A general method for the preparation of 10-substituted 1,2,3,4,5,6,7,8,9,10- 
decahydroacridines has been described323 that involves the heating of a mix- 
ture of 2,2'-methylenedicyclohexanone and the appropriate primary amine, 
either at atmospheric pressure or in a bomb at 140-160", with or without an 
inert solvent. The 10-phenyl derivative 217 was obtained quantitatively by 
this technique and has also been prepared by the dry distillation of 10- 
phenyl-4a, lOa-dicyanoperhydr~acridine.~~~ 

I 
Ph 

217 

The reaction was reversed by hydrogen cyanide.302 These compounds were 
unstable and absorbed oxygen from the air; they are reported to show activity 
as fungicides and 

1,2,3,4,5,6,7,8,8a, l0a-Decahydro-9-acridanone (218) has been prepared in 
46% yield by the condensation of cis-hexahydroanthranilic acid with cyclo- 
hexanone and its nmr spectrum was Apparently the same com- 
pound was obtained from the trans acid.*03 Hydrogenation of 218 with 5% 
rhodium on aluminium gave 9-hydroxyperhydroacridine,304 which was 
methylated and oxidized to 219. 
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0 

218 219 

The configuration of 219 was inferred from the presence of Bohlmann bands 
in the ir spectrum (see Section 7.B) and the lack of low-field equatorial 
methine proton resonances in the nmr spectrum.304 

The 10-methyl derivative of 218 has been prepared by the reaction of cyclo- 
hexanone with 2-cyano-N-methylcyclohexylamine in the presence of p -  
toluenesulfonic acid220 to  give an 80% yield of the salt 220, which on alkaline 
hydrolysis afforded the decahydro-9-acridanone 221 as a 77 : 23 mixture of 
the trans and cis isomers. 

0 a'". fJ-w-.m 
I 

Me Me Tosyl- 

220 221 

I NHMe 0 

A large number of decahydro-1,s-acridindiones have been prepared by the 
condensation of aromatic aldehydes with cyclohexane-l,3-dione in the 
presence of ammonium acetate.324 The use of aromatic a m i n e ~ , ~ ~ ~  instead of 
ammonium acetate, gave 9,lO-diaryldecahydro- 1,s-acridindiones, and other 
analogues with a variety of substituents have been ~yn thes i zed .~?~-~~*  These 
compounds may be oxidized to  the octahydro analogues with chromium 
t r i o ~ i d e ~ ? ~  or nitrous the reverse reduction is accomplished by hydro- 
genation over platinum.283 

The compound 222 has been prepared from methylene-bis-dihydro- 
resorcinol and is stated to react with alcoholic ammonia264 at 100" to  give 223. 

0 0 0 0 0 0 

H2/R ~ . t- 
QO3 or HNOZ 

N' 
H 

223 222 
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The oxidation of 223 with nitrous acid gave the sym-octahydro- 1 ,%acridin- 
dione.264 Zinc dust distillation of 223 gave a ~ r i d i n e . ~ ~ ~  3-, 9-, and 10-substituted 
analogues of 223 have also been 

The ir spectra of a range of these decahydro-1,8-dioxo compounds have 
been recorded and compared in the 6 p region with the spectra of other 
trans-rigid aminovinyl carbonyl compounds, but no assignments were 
made.330 

329 

E. Dodecahydroacridines 

The dodecahydroacridine 224 has been isolated in 22% yield from the 
product of hydrogenation of acridine or acridan over Raney nickel76 at  100". 
The 10-phenyl derivative 225 resulted from the cyclization of 2,2'-methylene- 
dicyclohexanone with aniline in 98% acetic 

224 22s 

The structure was confirmed by hydrogenation with platinum oxide to  the 
known 10-phenylperhydroacridine. cis-Octahydroacridine on hydrogenation 
over platinum oxide in glacial acetic acid gave a 20% yield of dodecahydro- 
acridine. 290 

4a-Cyan0-A~~-dodecahydroacridine (227) was proposed as an inter- 
mediate2i8 in the acid hydrolysis of 4a, l0a-dicyanoperhydroacridine to the 
lactone 228 and was subsequently prepared by treatment of 226 with concen- 
trated acid and ether.301 

m-[qD]-w CN CN 0 

04 
226 227 228 

The ir spectrum was recorded and, on the basis of a comparison with the 
spectrum of 1,4-dihydropyridine, it was concluded that some of the tautomeric 
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enamine 229 was present.301 The compound was easily autoxidized to 230, 
like 3,4,5,6-tetrahydropyridine~.~l~ 3 331 

229 230 

The unsubstituted A4aJ0-dodecahydroacridine 231 was obtainedz7*, 332 in 
69% yield by heating the lactone 228 to 180". Apparently, the ring opens and 
decarboxylation occurs. The ir spectrum showed no NH absorption but did 
show a C-N band at 1670 cm-I. Hydrogenation of 231 led to a- and P- 
perhydroacridines, and autoxidation occurred very easily, as was the case 
with A1~8a-octahydroquinoline.316 The oxidation of 231 in heptane with 
atmospheric oxygen gave the unstable crystalline hydroperoxide 232, which 
was reduced to the 9a-hydr0~y-A~~ JO-dodecahydroacridine (233) with sodium 
bisulfite. 3 3 2 ,  333 

231 232 233 

The addition of a little hydrochloric acid to a water-dioxan solution of 232 
gave332 the macrocyclic keto-lactam 5-azabicyclo[0.4.8]tetradecan-6,11 -dione 
234. 

0 

234 
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*The term “biacridine” includes all compounds with two directly linked, acridine ring 
systems. At the time of publication of the first edition of “The Acridines” in this series, 
only 9,9’, 10,10’, and 9,lO’ linkages were known. The situation is as yet unchanged. 

1. 9,P-Biacridines 

A. 9,9’-Biacridine 

These compounds, directly analogous to bipyridyls and related dimeric 
heterocycles, are named in Chemical Abstracts as 9,9’-biacridines. The dearth 
of other positional isomers is no doubt because of the unique reactivity of 
the position para to the nitrogen atom, the methods of synthesis often being 
reminiscent of those in the pyridine and quinoline series. 9,9’-Biacridine (1) 
is easily prepared in high yield by adding ethereal 9-chloroacridine to phenyl 
magnesium bromide, biphenyl being a by-product.’ Earlier workers used 
9-chloroacridine dichlorophosphate,* and reported that the use of ethyl 
magnesium bromide gave a mixture of 9,9’-biacridine and Ag,g’-biacridan, 

519 
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which were not easily separated. Other syntheses include treatment of 9- 
chloroacridine with Raney nickel in boiling methanol (66-75% yield),3 
and Raney copper and zinc dust,4 both of which gave reduced yields. Metal- 
catalyzed reductions of 9-chloroacridine of various sorts have, in fact, 
been successfully used, e.g., hydrogen and palladium on barium sulfate at 
130” in ~ y l e n e , ~  copper (92% yield),6 zinc and concentrated hydrochloric 
acid (96% yield).’ The reduction of 9-acridanthione by copper is less 
effective (60% yield).8 

9,9’-Biacridine is formed when lO,lO’-dirnethyl-9,9’-biacridinium iodide or 
bromide is heated, the corresponding methyl halide being evolved,g* lo and 
was first prepared in this way.g 

A biacridine derivative has also been isolated as a metabolite of acridine 
10-oxide in rabbits, the injection of this compound causing the excretion of 
9,9‘-biacridine 10,10‘-dioxide as a glucuronide.1° 

9,9’-Biacridine is a pale yellow crystalline solid, sparingly soluble in most 
solvents, giving nonfluorescent solutions. Purification is achieved by Soxhlet 
extraction with pyridine or toluene and crystallization from these solvents. 
It crystallizes as small needles, with a high melting point23 5 ,  l1 given as 400, 
383, and 382”. A yellow hydrochloride and picrate may be formed.8 Alkyla- 
tion proceeds in stages, as might be expected, with methyl sulfate in boiling 
toluene methylating one nucleus,11 and boiling methyl sulfate alkylating both 

l1 Precipitation of the dibromide or diiodide (a red, very insoluble 
salt) from aqueous solution by addition of the potassium halide4, 6,11 is a con- 
venient means of purifying the diquaternary methosulfates. The ir spectra of 
1,l’-, 2,2’-, 3,3’-, and 4,4’-dihydroxy-9,9’-biacridines have been recorded,l28 l3 

together with those of the corresponding methyl ethers,12 and the varying 
tendencies toward inter- and intra-molecular hydrogen bonding have been 
noted. It is interesting that the uv spectra of highly concentrated acridine 
solutions begin to resemble that of 9,9’-biacridine, with the appearance of a 
new band14 at 390 nm. This is in accord with the absence of effective conjuga- 
tion between the two nuclei (discussed later). 

H 

I 2 3 
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B. 9,9’-Biacridans 

Other names for A9m9’-biacridan (2) are 9,9’-biacriden, 9,9’-diacriden, and 
9,9’-biacridylidene. The compound has been obtained by the reduction of 
9,9’-biacridine with zinc and hydrochloric acid, followed by Soxhlet extrac- 
tion of the insoluble residue with benzene.l’ It separated from the benzene 
solution, which had a yellow-green fluorescence, as yellow leaflets, mp 392”. 
It can also be prepared by heating 9-(9-acridanyl)- 10-methylacridinium 
bromide to 350”, eliminating methyl bromide. 

A9s9’-Biacridan formed a yellow hydrochloride on heating with hydro- 
chloric acid, although there was no reaction in the cold. Since biacridans are 
insufficiently basic to form hydrochlorides, it was suggested that the 
analogue of 3 had been formed.” The exact nature of the isolated compound 
is unconfirmed. 

10-Methyl-Ag~9’-biacridan, or 9-(10-methyl-9-acridanyl)acridine (3) was 
obtained from the reduction of lO-rnethyl-9-(9-acridinyl)acridinium bromide 
with zinc in benzene.l’ Its solutions are fluorescent and it forms a picrate 
easily. A red compound, though to  be a free radical, was formed by allowing 
a solution in benzene to  stand in air.” 

10,lO’-Dimethylbiacridylidene (4) was first obtained in poor yield, together 
with 10-methylacridan and 10-methylacridinium acetate, by the reduction of 
10-methyl-9-acridanone with zinc in acetic acid.g The reduction appears t o  
take place through the intermediate pinacol5, which has been isolated from 
the reaction.6 3,6-Diamino-lO-methyl-9-acridanone, when reduced with zinc 
and hydrochloric acid, gives only the 3,3’,6,6’-tetraamino-9,9’-biacridinium 
chloride. The dication 6 is apparently too stable to allow either the isolation 
of a pinacol or further reduction. 

CH3 
4 

I 

CH3 
5 

I 

CH3 
6 

9-Phenylimino-10-substituted acridans are also reduced to A9s9’-biacridans. 
The reduction of 10,lO’-dialkylacridinium salts to the corresponding bi- 
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acridylidene can also be achieved by alkaline sodium sulfite, by shaking an 
aqueous solution with zinc and benzene,” or by zinc in methanolic hydro- 
chloric acid.1j 

A useful route to lO,IO’-disubstituted A919’-biacridans is to convert the 
appropriate 9-acridanone to the 9-chloro-10-substituted acridinium di- 
chlorophosphate, using boiling phosphorous oxychloride. Reduction by zinc 
and acetone16 or by phenyl magnesium bromide then affords the A9s9’- 
biacridan in good yield. 

The 10, 10’-dialkyl-Ag~9’-biacridans are sparingly soluble, yellow crystalline 
compounds giving highly fluorescent solutions. (See Chapter IX, p. 615, 
concerning chemiluminescence for further details of this and related prop- 
erties.) 10,10’-Dimethyl-A9~9’-biacridan (4) is best recrystallized from pyridine, 
and has mp 350”; with hydrogen chloride in benzene it gives lO-methyl-9- 
(10-methyl-9-acridanyl)acridinium chloride. 

The biacridylidenes belong to a general class of highly substituted ethylenes, 
many of which are thermo- and photo-chromic. However, the biacridylidenes 
are not particularly noteworthy in these respects, although thermochromism 
is observed when 10, 10’-dimethyl-A9~9’-biacridan is adsorbed on magnesium 
oxide.17 Although the stereochemistry of biacridylidenes has not been 
examined in detail, by comparison with related substituted ethylenes (e.g., 
bianthronylidene) for which X-ray data exist,lsa, some information is 
obtainable. It would seem that the double bond remains planar (length 
1.31 A) and the benzene rings twist out of plane by about 40°, while them- 
selves remaining planar. The whole structure is still centrosymmetric, and 
the bonds from the central double bond are single in character. 

C. 10,10’-Dialkyl-9,9’-biacridinium salts 

A large number of 10,lO’-disubstituted-Ag~g’-biacridans and 10,lO’-disub- 
stituted-9,9’-biacridans have been oxidized to  the corresponding biacridinium 
nitrates by boiling with dilute nitric acid, and this is probably the most 
common route. (For recent examples, see Refs. 19a and b.) The biacridinium 
iodides are also obtained directly from the 10-alkyl-9-acridanones by boiling 
with magnesium and magnesium iodide in anisole.*O As might be expected, 
these biacridinium salts usually give the corresponding carbinol bases 
(pseudobases) with alkaL6 However, 3,3’-dimethoxy-10,10’-dimethyl-9,9’- 
biacridinium dinitrate (7) gives 8 with aqueous sodium hydroxide, presumably 
by the addition of the hydroxyl ion at the 3- and 3’-positions, with the 
elimination of methanol.16 
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I I 

CH3 
2PO*CL; 

CH, 

8 9 

The reaction can be reversed by treatment2I with methyl sulfate at  100”. The 
uv spectrum of 8 is very little different from that of 1O-methyl-3,9-dihydroacri- 
dine-3-one, except for a slight uniform shift of all maxima to longer wave- 
lengths. This suggests that there is very little conjugation between the two 
ring systems. It is likely that all 9,9’-biacridines and biacridinium salts are not 
planar and that as in other very hindered systems related to  the biphenyls, 
there is considerable twisting around the connecting single bond. 

In boiling phosphorous oxychloride, 8 gave 3,3’-dichloro-10,10’-dimethyl- 
9,9’-biacridinium dichlorophosphate (9), convertible into 3,3’-dichloro- 
10, 10’-dimethyl-A9~9’-biacridan with zinc in acetone. The identity of the 
latter compound was confirmed by its synthesis from 3,9-dichloro-l0- 
methylacridinium dichlorophosphate using zinc in acetonesz1 As expected, the 
demethylation of the 1 , 1’-, 2,2’-, and 4,4’-dimethoxy- 10,lO’-dimethyl- 
biacridinium dinitrates is achieved not by alkali but by the more usual ether 
cleavage reagent, hydrobromic acid. 10,10’-Dimethyl-9,9’-biacridinium 
dinitrate is commonly known as “Lucigenin” because of the bright chemi- 
luminescence that occurs on treatment with alkaline hydrogen peroxide. 
This is probably the most noteworthy chemical reaction of the biacridinium 
salts and is considered in detail in Chapter IX (Section 2). 

D. 9,9’-Biacridans 

These compounds, similar to  diphenylamine in chemical behavior, are white 
nonbasic solids. 9,9’-Biacridan (10) decomposes at its melting point (265 ”) 
into acridine and acridan, and can be obtained by treating the sodium adduct 
of acridine with ethanolz3* 24 or by direct reduction of 9,9’-biacridine with 
sodium.24 The dianion formed by the dimerization of the sodium adduct of 
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acridine can be trapped either by carbon dioxidez5 or sulfur dioxide to form, 
respectively, N,N'-tetrahydrobiacridyldicarboxylic acid and the related 
disulfamic acid.26 

9,9'-Biacridan formed a dibenzoyl derivative, mp 305 ", decomposed by 
boiling 30y0 potassium hydroxide to acridine (presumably by disproportiona- 
tion and oxidation) and potassium benzoate.23 This biacridan can also be 
prepared by sodium amalgam reduction of 9-cyanoacridan and has a melting 
point of 249" under specified conditions, although varying with the rate of 
heating. * 

An isomeric 9,9'-biacridan was obtained on reducing 9,9'-biacridine with 
zinc in acetic acidz7 and by boiling 9-cyanoacridan with ethanol, cyanogen 
being evolved.28 It was nonbasic and decomposed to acridine and acridan, 
even in the presence of a trace of alkali, which hindered the decomposition 
of the higher melting isomeride.8 
Both 9,9'-biacridans were converted8 by sulfuric acid at 100" to the same 
glycol (ll), which was easily dehydrated to the oxide (12). This oxide cyclized 
to the 9,9'-biacridan of mp 214". 

A 1 : 1 mixture of the isomeric biacridans separated from benzonitrile in 
colorless crystals melting at 215", whereas a 2 (mp 214"): 1 mixture had a 
melting point of 195". The 1 : 1 mixture and the low- and high-melting isomer 
had similar X-ray diffraction patterns, although there were differences. It is 
not clear what these relatively small differences denote; but if simple poly- 
morphism is to be excluded, then the most reasonable explanation of the 
isomerism is in the cis or trans arrangement of the hydrogen atoms in 10. 

Other syntheses of 9,9'-biacridan involve the reduction of acridine by 
Raney nickel29 or p-thiocreso130 in hot xylene by analogy with bipyridyl 
synthesis (yield 15%); the treatment31 of acridine with sodium carbonate in 
ethylene glycol at 150" (17% yield); and reduction with zinc in acetic an- 
h ~ d r i d e . ~ *  In the last case, the compound had a melting point of 247-248" 
and it leaves the status of the isomers discussed above in a rather doubtful 
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state, since the isomer with a melting point of 214" was not found. Fair  
yields of biacridans were found in the reaction of o-fluorobromobenzene 
with acridine in the presence of magnesium using tetrahydrofuran as the 
solvent.33 Benzyne is the likely intermediate, and the isolation of reduced 
biacridines suggests a radical chain process involving the solvent. 

H 
N /  

THF 

(27%) 
' N '  

H 

Ph Ph 

The photolysis of acridine usually results in 9,9'-biacridan formation, with 
other products derived from the solvent. Early has been re- 
examined and shown to require hydrogen-donating solvents for reac- 
t i ~ n . * ~ ~ t  b,  36 Acridan is also f~rmed,~ 'a ,  together with products of radical 
combination with the solvent (e.g., 13). 

H 

H 

1 3  
H 
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The irradiation of acridine in ethanol at 253 and 366 nm, probably producing 
an n,r* excited state,3s leads to hydrogen abstraction from the solvent to  
give 13. At concentrations of acridine greater than 10-3M, dimerization to  
9,9'-biacridan takes place.38, 39 In air-saturated iso-propanol, the quantum 
yield40 for biacridan formation is 0.032. 10-Alkylacridinium salts also undergo 
photoreduction to give 10,1O'-dialkyl-9,9'-biacridan~.~~~ 3 9 ,  41 With 10-ethyl- 
acridinium salts, a phorostationary state is achieved at 40y0 conversion to 
the 9,9'-bia~ridan.~* 

2. 9,lO'-Biacridines 

No recent preparations of this type of compound have been reported, and 
only three 9,lO'-biacridines are known. 10-(9-Acridyl)-9-acridanone (15) was 
~ynthes ized~~ in unspecified yield by heating 9-acridanone and 9-chloro- 
acridine to  300" and in 33% yield by treating N-(2-phenylaminobenzoyl)- 
diphen ylamine-2-carboxylic 
for 90 min. 

14 

acid (14) with concentrated sulfuric acid at 100" 

3-Chloro-10-(3-chloro-9-acridinyl)-9-acridanone was similarly prepared 
by both methods.43 The unsubstituted compound (15) was insoluble in 
hydrochloric acid and alcoholic sodium hydroxide and had a melting point 
of 383-384" after crystallization from pyridine. 6-Chloro-lO-(6-chloro-2- 
methoxyacridinyl)-2-methoxy-9-acridanone, mp 350-352", is an impurity in 
commercial 6,9-dichloro-2-methoxyacridine and was prepared by fusing the 
latter compound with the corresponding 9 - a ~ r i d a n o n e . ~ ~  
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3. 10,lO’-Biacridines 

The only compound of this class known, 10,10’-bi-9-acridanonyl (16), was 
obtained from 9-acridanone by chromic acid oxidation and was earlier iso- 
lated from the oxidation products of acridine. 

0 

16 

It has also been obtained in small yield from similar oxidations of 10-methyl- 
9-a~ridanone,~5 most of which was unattacked, and of 4-methylacridine when 
the methyl group was elimi~~ated.~G 

10,10’-Bi-9-acridanonyl, also called 10,lO’-diacridonyl, is a yellow solid, 
mp 251°, easily soluble in chloroform, less so in acetic acid and sparingly 
soluble in ethanol. It is reported as being nonfluorescent in solution, which 
is surprising, since N-substituted 9-acridanones are generally highly fluor- 
escent. This is an interesting observation if the structure is correct. It is re- 
duced to acridan by sodium amalgam and gives acridine on distillation from 
zinc dust. Its molecular weight (determined in phenol) is in agreement with 
the structure, but it has not been investigated further and derivatives are as 
yet unknown. 
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It is essential at the outset to state quite clearly that this chapter is not a 
complete record of all the ring systems contained by its title. This would be an 
unenviable task for even an encyclopedic work and is neither feasible nor 
desirable for the purposes of this book. The Ring Index (2nd ed.) and its 
supplements’“, (I, 11, and 111, the last covering the literature to the end of 
1963) list over 170 systems whose correct generic name contains the suffix 
“acridine,” while 46 more systems that can be envisaged structurally as being 
benzacridines or condensed acridines are officially named with titles in which 
the word “acridine” is not present. Only those nuclei whose chemistry has 
bec :I extensively studied or which otherwise show particularly interesting 
properties will be discussed here. The names and numberings laid down by 
Chemical Abstracts (also used by the Ring Index) are employed throughout. 
Some of the difficulties described by the author of the first edition2 with 
regard to nomenclature regrettably are still present when the literature of the 
years 1953-1970 is searched. The Chemical Abstracts system is still not used 
by all authors, so that special care must be taken if a literature search is to 
be effective. 
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1. Benzacridines and Condensed Acridines with Four Rings 

Compounds of this type, containing more than one heterocyclic atom, are 
dealt with elsewhere in this series3 Benz[a]acridine (l), benz[b]acridine (2), 
benz[c]acridine (3), and a great many of their derivatives have been made by 
standard methods that require no further consideration here, since they have 
been discussed in some detail with reference to  the simple acridines in 
Chapter I (p. 13-57). 

1 2 

2 

3 

The most convenient methods for preparing the three parent benzacridines in 
optimum yields and key references are presented in Table I. 

A. Syntheses of Benz-[a]-, - [b]-  and -[c]-acridines 

A great number of substituted benz[a]- and benz[c]-acridines, including 
fluorobenzacridines,ll have been made by the Bernthsen reaction (Chapter I, 
Section 2.B) and by its now more often used modification in which the acid is 
largely replaced by its anhydride. (See Refs. 12a, b ;  13a, b. There are a total 
of 16 papers in J. Chem. SOC.; see especially Refs. 14-18.) By the use of the 
appropriate acids (or anhydrides), ethyl, n-propyl, n-pentyl, phenyl, benzyl, 
and cyclohexyl, substituentsjb 1 4 ,  1 j a l  b have been incorporated at position 12 
in benz[a]acridine and/or position 7 in benz[c]acridine (the so-called meso 
positions), while attempts to place t-butyl (or other tertiary alkyl)I6 or per- 
f l~oroa lkyl '~  groups at these positions has failed. The Bernthsen reaction of 
trialkylacetic acids with N-arylnaphthylamines leads to benzacridines having 
no meso-substituent, suggesting a greater lability for tertiary alkyl groups at 
this position, since their location elsewhere in  the rings has been achieved.'* 



TABLE I 

Appearance, 
solvent, and 

Compound mp ('c) Preparation Ref. 
~ ~ ~ ~~~ 

Benz [a ]  acridine Colorless needles 2-Chlorobenzoic acid 4, 5 
1 ex. aq ethanol, is condensed with 

131' 2-napht hylamine, 
the product cy- 
clized t o  12-chloro- 
benz [ a ]  acridine 
with POCl 3 ,  hydro- 
genated to  7,12- 
dihydrobenz [a]  - 
acridine (60-90% 
yield this step) and 
this last oxidized 
with chromic acid 
(quantitative yield). 

Benz[ b]  acridine Orange crystals ex. Benz[ b]  acridan-12- 6 
2 ethanol, 223' one, obtained by  

condensation of 
aniline with 2- 
hydroxynaphtha- 
lene-3-carboxylic 
acid, followed by  
cyclization with 
POCl 3 ,  on reduc- 
tion t o  the acridan 
(Na/Hg), followed 
by oxidation with 
FeC 1 , gave 
benz[ b ] acridine 
(70% yield). 

densed with cyclo- 
hexanone in the 
presence of alkali to 
give 1,2,3,4-tetrahy- 
dro benz[ blacridine- 
12-carboxylic acid 
(70% yield), which 
with PbO at ca.300' 
gave benz[ b 1 acridine 
(27%). 

225226 '  Benz[fl isatin is con- 7 , 8  

(Table Continued) 
531 
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Table I. (Continued) 

Appearance, 
solvent, and 

Compound mp ('c) Preparation Ref. 

Benz[cl acridine Brilliant yellow Heating 2-tolyl-1 -naph- 9 
3 needles, ex. ben- thylamine with lead 

oxide gave benz[ c ]  - 
acridine (4 1 %) isolated 
as its picrate. 

zene-petroleum, 
ether, 108' 

2-Chlorobenzoic acid is 10 
condensed with 1 - 
naphthylamine, the 
product cyclized and 
the resulting acridanone 
reduced by distillation 
over zinc. 

107-108' 7-Chlorobenz[cl acridine 5 
hydrogenated (Raney 
Ni) t o  the acridan, which 
gave benz[c] acridine 
(75%) on chromic acid 
oxidation. 

The intermediacy of aminoketones in  the modified Bernthsen reaction has 
been supported by the isolation and subsequent facile cyclodehydration of 
compounds such as 4, which yields 12-methylbenz[a]acridine on heating in an 
acetic/sulfuric acid medium.19 Parallel treatment of 5 for only 5 min gives 
benz[a]acridine (l), which lends support to the postulate that intermediate 
aldehydes (e.g., 5) may be formed in the Ullmann-Fetvadjian reaction 
(Chapter I, p. 41-48).19 

4 S 
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Many substituted benzacridines (and condensed acridines) have been syn- 
thesized by this reaction procedure from the appropriate phenols and aro- 
matic amines, the universal use of paraformaldehyde in the procedures giving 
rise to  products unsubstituted at their meso positions20, (i.e., para to 
nitrogen in the heterocyclic ring). 

The somewhat unusual synthesis of benz[c]acridinezz from 1 -tetralone and 
diphenylthiourea first described in 1934 has been revived recently; its utility 
has been extended to  include the synthesis of benz[a]acridine, dibenz[ah]-, and 
dibenz[uj]-acridines by variation of the aryl substituent of the urea and the use 
of other cyclic 24 Thus benz[u]acridine has been synthesized by two 
such routes: 1,3-di(2-naphthyl)thiourea heated with cyclohexanone gave (6), 
which when autoclaved with ethanolic potash yielded 1,2,3,4-tetrahydro- 
benz[a]acridan-12-one (7) [or its hydroxyacridine tautomer ; cf. (9)] from 
which benz[a]acridine (1) could be obtained by pyrolysis with zinc dust under 
carbon dioxide; a parallel set of reactionsz3$ 24  starting from 2-tetralone and 
diphenylthiourea proceeds through intermediates 8 and 9 to the same 
product (1). 

&,._.1..$ - t- 0 \ 
N' 

9 7 

f 
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Pfitzinger-type condensations giving initially reduced benzacridines, bear- 
ing a carboxyl group in the meso position, have been used to  prepare a 
variety of substituted benz[a]-, benz[b]-, and benz[c]-acridines by the reaction 
of suitably substituted isatins or benzisatins with substituted tetralones, 
cis-2-decalone or cyclohexanone, followed by decarboxylation and dehydro- 
genation of the initial w 3 5  For instance, in the presence of strong 
alkali, benz[f]isatin and cyclohexanoneg gave 10, isatin and cis-2-decalone31 
gave both 11 and 12, the latter product interestingly arising from cyclization 
across the 2,3-positions of the decalone. In the 1-tetralone series, 5,s -di- 
methyl-1-tetralone (13) failed to give a benz[c]acridine intermediate with 
4,7-, 5,7-, 6,7-, and 5,6-dimethyli~atin,~~ presumably because of steric restric- 
tions caused by the 8-methyl group of the tetralone. 

10 11 

H 
cH3 

12 13 

A closely related reaction is the cyclization of N-arylbenz[e]isatins (14) to 
substituted benz[a]acridine-l2-carboxylic ; the parent benz[a]- 
acridine- 12-carboxylic acid is formed from naphtho[2,1 -b]furan- 1,2-dione 
(15), and aniline in boiling acetic Substituted N-(o-acetylpheny1)- 1 - 
naphthylamines have been cyclized under acid conditions to substituted 
7-methylbenz[c]acridines in a reaction reminiscent of the Bernthsen pro- 
~ e d u r e . ~ ’  The thermal condensation of anthranilic acid with various tetralones 
Ieads to 5,6-dihydroben~[a]-~~ and benz[c]-acridanone~~~ in good yields. In an 
improved version of the Friedlander reaction, heating o-aminoacetophenone 
hydrochloride with various tetralones afforded dihydrobenzacridines, bearing 
a meso methyl 41; on steric grounds the benz[b]acridine derivative 16 
is preferred to the benz[a]acridine isomer, which would be the expected 
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product from 2-tetralone in this reaction if the usual pathway of cyclization 
across the 1,2-positions were followed.41 

Ar 

14 IS 16 

The cyclization of compound 17 by means of aniline and anhydrous zinc 
chloride to the benz[c]acridine derivative 18, with retention of the methyl 
s u b s t i t ~ e n t , ~ ~  repudiated the earlier mechanism43 that postulated the forma- 
tion of the l-anil, followed by cyclization with the elimination of aniline from 
the 2-methylene group in the formation of 5,6-dihydrobenz[c]acridine from 
the anilinomethylene analogue of compound 17. 

17 18 

19 

Further light on this reaction was provided by a of the cyclization 
of isomeric naphthylamine derivatives (e.g., 19) in the presence of various 
acids or amine hydrochlorides, when a Hofmann-Martius type mechanism 
(see reaction sequence below) explained most of the results in this4* and the 
earlier 43  
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I 
H H 

The condensation of o-nitrobenzaldehyde under acid conditions with gem- 
dimethyltetralones leads to intermediates 20 and 21 ,which after reduction by 
iron in acetic acid are cyclized to  the dihydrobenzacridines, 2245 and 23,46 
respectively. 

H,C CH, 

21 

HjC' CH, 

23 
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Ac f i  

CH dH \. 24 O f Y  

The reaction has been extended to include additional substituents in both 
the o-nitrobenzaldehyde and the tetralone m~ieties,~'a,  while in a related 
modified reaction,48 o-acetamidobenzaldehyde was condensed with 1 -tetralone 
under mild alkaline conditions, yielding 24, which was cyclized to  5,6-dihydro- 
benz[c]acridine by heating with a sodium sulphate/potassium bisulfate 
mixture. The condensation of o-nitrobenzaldehyde and naphthalene by 
means of concentrated sulfuric acid yielded only intractable tars, but in the 
presence of 85% polyphosphoric acid benz[c]acridan-7-one (25) was ob- 
t a i r ~ e d . ~ ~  The N-( 1-naphthy1)benzimidate (26) undergoes extrusion of methyl 
benzoate on heating to  yield 1 l-methylbenz[c]acridan-7-one~O by rearrange- 
ment and cyclization (cf. Chaptkr 11, p. 171); the N-(2-naphthyl) analogue of 
26 similarly yields 8-methylbenz[a]acridan- 12-one. 

In all of the synthetic routes to  benzacridines considered thus far, the new 
ring formed in the process of synthesis has been the one containing the 
nitrogen atom. In concluding this section on the preparation of the benz- 
acridines, brief mention is made of two syntheses from quinoline derivatives 
in which the new ring produced by the reaction procedure is carbocyclic. In 
an Elbs-type reaction, heating 3-o-toluoylquinoline to 380-400" gave a 10% 
yield of benz[b]acridan, a free radical mechanism being suggested,51 while the 
3-phenylquinoline derivatives 27 and 28 have been cyclized by means of 
polyphosphoric acid to  give, respectively, benz[a]acridine-5-carboxylic acid 
and 5-phenylben~[a]acridine.~* 

0 
25 26 aph CH,R 

21 R = co~co,cp, 
20 R = c n p  
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Mention has been made earlier (by way of Table I ;  syntheses described by 
Refs. 4, 5 ,  and 6) of the synthesis of benz[a]- and benz[c]-acridines, bearing a 
chloro substituent at the mem position, by the cyclization of N-(l- or 2-naph- 
thy1)anthranilic acids using phosphorus oxychloride. This route, originated by 
Bachmann and Picha,j3 has had more recent usage for the synthesis of a 
variety of substituted 12-~hlorobenz[a]acridines and 7-~hlorobenz[c]acridines, 
since these compounds are the precursors of benzacridines bearing complex 
alkylamino substituents at the meso position; a large number of these last- 
named benzacridines have been prepared and tested for amebicidal and 
antimalarial properties (Chapter XVIII, p. 829). 

- 

B. Properties and Reactions of Benz-[a]-, -[b]-, and -[c]-acridines 

The simple benzacridines are very similar to acridine in their general 
properties and give strongly fluorescent solutions. The much deeper color of 
benz[b]acridine than benz[a]acridine or benz[c]acridine corresponds to the 
colors of the analogous hydrocarbons and indicates that the linear compounds 
have greater reactivity at the meso positions than their isomers. Solutions of 
the salts of benz[b]acridine are violet in color. The photochemistry of benz[b]- 
acridine under a variety of conditions is now partly understood. In carbon 
disulfide or benzene solution sunlight causes the formation of an unstable 
photooxide 29 with a meso-peroxide bridge ; this compound cannot be 
isolated (though the analogous product from dibenz[bh]acridine has been 
characterized), the only material obtained from the irradiation being the 
6,ll-dione (quinone) in 34a/, yield.', 

These postulates received the support of a second group of investigators,jg 
who extended the study of the photochemistry to  a wider range of solvents, 
and whose confirmation of structure 29 and that of the quinone were based on 
spectroscopic evidence. In photooxidation benz[b]acridine therefore resembles 
anthracene and differs from pyridine in its behavior. Three days irradiation 
of an ethereal solution of benz[b]acridine by sunlight under anaerobic condi- 
tions gives a photodimer (mp 369-370') of unspecified structure in 75% 
yield, reverting to the monomer on heating.8 The yield of dimer is around 
40% if air is not excluded, presumably the formation of the photooxide being 
a competitive process under these condtions. In  both methanol and carbon 
tetrachloride solutions, the three simple benzacridines resemble acridine in 
their photochemical behavior, although the quantum yield determinations 
(at 366 nm) show a weakening in the acridine character, particularly for 
benz[b]- and benz[~]-acridine.~~ In the former solvent, hydrogen-abstraction by 
the electronically excited benzacridine is the first step in the photoreaction, 
the nature of the final product being unknown, although on spectroscopic 
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evidence for the case of benz[b]acridine, benz[b]acridan or a photodimer are 
postulated. 

Molecular orbital calculations support this mechanism and predict the 
ionic pathway,60 followed by the reaction in carbon tetrachloride solution, 
in which solvent all three benzacridines give major products exemplified by 
30, the quantum yields for the disappearance of the precursors (0.2-0.8) 
being one to  two orders of magnitude greater than their corresponding 
values in methanol solution. Irradiation under Pyrex of 12-methylbenz[u]- 
acridine 7-oxide gives a single product, the [lOIannulene 31, in 80% yield, 
whose structure has been elucidated by nmr techniques61 and comparison 
with the behavior of acridine 10-oxide.62 m G  

\ ‘N ,-’ \ \  I ; / /  
I 

CCI, CIO 
6 

29 30 

:c::.y$- \ / 

31 

The nmr spectra of benz[a]acridine and benz[c]acridine have been partially 
interpreted (see also Chapter XII, Section 6 ) ,  and comparisons with the 
carbocyclic isosteres and solvent effects on the chemical shifts have been 
di~cussed.6~. 64  Noteworthy is the fact that the proton on C-1 in benz[c]- 
acridine, which is angularly opposed to the nitrogen atom is found at very 
low field (T 0.5 in CDC13) being more deshielded (by 0.55 ppm) than the 
corresponding proton in benz[u]anthracene. The mass spectra of 14 alkyl- 
substituted benz[a]- and benz[c]-acridines have been subjected to  a detailed 
analysis (see Chapter XIII, p. 714),65 the main features that emerge being 
(1) the presence of strong peaks corresponding to several stages of dehydroge- 
nation; ( 2 )  very little fragmentation of the polycyclic frame with, in ethyl- 
benzacridines, a noteworthy splitting off of methyl groups; and (3) the im- 
portance of doubly charged ions, some of which contribute more to the ionic 
current than do  the corresponding singly charged ones, fragmentation with the 
loss of two electrons being energetically favored. 

The separation of a very large number of substituted and parent benz- and 
dibenz-acridines, related aza heterocycles, and polycyclic aromatic compounds 
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by means of thin-layer- and paper-chromatography and electrophoresis has 
been the subject of exhaustive st~dies,66-7~ stimulated by investigations in the 
fields of coal-tar products, air pollution, and carcinogens. The uv absorption 
data given in one of these reports66 supplements earlier recordings of such 
data for ber~zacridines.~*~-~ When slow neutrons collide with benz[a]acridine, 
7-14C-benz[a]anthracene is produced by a 14N(n,p)14C nuclear reaction, 
together with randomly labeled 14C-benz[a]acridine produced by the recoil 
effect of the I4C a t ~ m . ~ ~ " - ~  

The cationoid substitution of these three benzacridines remains little 
investigated; a chlorine atom can be introduced at position 6 of both 3,12- 
dichlorobenz[b]acridine and 2,12-dichlorobenz[b]acridine by phosphorus 
penta~hlor ide .~~ The nitro group in 9-nitrobenz[a]acridan-12-one behaves as 
in nitrobenzene, undergoing reduction to  the amino derivative, diazotization, 
and thereafter the Sandmeyer reaction to give the 9-cyano d e r i ~ a t i v e . ~ ~  
Chlorine atoms and amino groups present para to the heterocyclic nitrogen 
are readily hydrolyzed, as in the case of the simple acridines, giving the 
corresponding benzacridanones. In the reduced benzacridine series, aryl- 
amino groups at this position can be displaced hydrolytically under autoclave 
conditions, yielding di- and tetra-hydrobenzacridanones (see reaction 
sequence, p. 533).23, 24  The meso chlorine atoms in benzacridines are also 
easily replaced by heating with amines in phenol; a number of quite complex 
aminobenzacridines have been prepared in this way as potential chemo- 

The syntheses of 7-(substituted-amino)benz[c]acridines bearing sulfur- and 
nitrogen-mustard functions appended to the amino group have been under- 
taken, and the products possess antitumor activity.s1 When this substitution 
reaction is carried out in  phenol solution, the meso-phenoxybenzacridines 
are the first-formed intermediates. The substitution of 7-chlorobenz[c]- 
acridine under basic conditions by various thiols gave the 7-alkyl(aryl)thio 
derivatives. The 7-substituents, like the phenoxy group at a meso position, 
were readily displaced by amines in anhydrous pyridine.82al The placement 
of the dicyanomethyl group at position 12 in benz[a]acridine results from 
treating the 12-chloro derivative with malonodinitrile and sodium butoxide in 
refluxing xylene solution83; the product was a useful intermediate for placing 
other functional groups at position 12. A photodimer of 12-aminobenz[b]acri- 
dine has been reported6; the isomeric 12-aminobenz[a]acridine and 7-amino- 
benz[c]acridine were little affected by light. 

The relative reactivity of the methyl group at the meso positions in acridine 
and various benz- and dibenz-acridines has been estimated in terms of the 
extent of their (condensation) reaction with m-nitroben~aldehyde~~; 9-methyl- 
acridine is the most reactive member of the series, 7-methylbenz[c]acridine 
being slightly more reactive than 12-methylbenz[a]acridine, while the dibenz- 

therapeutic agents.6, 3 3 ,  5 5 .  5 6 ,  5 8 .  76-80 
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acridine derivatives reacted to an extent of 11% or less, occupying the bottom 
of the activity scale. These methyl groups in benz[u]acridine and benz[c]- 
acridine are relatively highly active, nevertheless, and condensation and 
derived products have been characterized from their reaction with aromatic 
aldehydes, nitroso compounds, and diazonium ~alts.~5-8’ Similar condensa- 
tion reactions have been studied using 5,6-dihydro-7,12-dimethylbenz[c]- 
acridinium methosulfate as the source of the 7-methyl group.a8 12-Methyl- 
benz[a]acridine and aqueous formaldehyde heated in ethanolic solution 
yield the 12-fi-hydroxyethyl derivative if hydrochloric acid is the catalyst,ag 
while triethylamine hydrochloride (or secondary alicyclic amine salts)8g in 
this capacity led directly to the 1 2-vinylbenz[a]acridinego ; 7-methylbenz[c]- 
acridine undergoes the Mannich condensation in very high yieldsa9 in contrast 
with 12-methylbenz[u]acridine, which is inert, the distinction here presumably 
arising from steric hindrance at position 12 in the benz[u]acridines. 

Selenium dioxide oxidation proves to be specific for the conversion of a 
methyl group at the meso position into a formyl group in excellent yield33~91*92; 
for instance, 7-formyl-9,1O-dimethylbenz[c]acridine is the product from the 
7,9,lO-trimethyl precursor.33 The carbonyl functions in benz[a]acridine- 12- 
carboxaldehyde and benz[c]acridine-7-carboxaldehyde undergo the usual 
condensation reactions with hydrazines, aromatic amines, and active methyl 
 group^.^^^ g 3  Benz[u]acridine-l2-~arboxaldehyde failed to react with the 
Wittig reagents ArCH = PPh3, but gave the expected products 32 on treatment 
with the phosphonium saltsg4 ArCH2+PPh3 X- and lithium ethoxide; in the 
inverse reaction sequence, 7-~hloromethylbenz[c]acridine gave a phos- 
phonium salt with triphenylphosphine, which with benzaldehyde in the 
presence of lithium ethoxide yielded mainly the expected trans isomerg5 of 
compound 33. 

Ar CH =CH 

31 

The reaction of free benzyl radicals with benz[a]acridine and benz[c]- 
acridine has been studied5; both reactants yielded considerably more di- 
benzyl than was obtained with acridine, and thus must be less reactive as 
radical acceptors than acridine, a result in accord with the predictions from 
calculations of bond localization energies at the meso carbon centers in the 
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isoconjugate  hydrocarbon^.^^ The initial attack of the benzyl radical is at the 
meso positions, and steric factors affect any subsequent reaction; thus 
benz[a]acridine gives a very low yield (7.5%) of 7,12-dibenzylbenz[a]acridan, 
the first step here being subject to steric inhibition, the second addition 
process being relatively facile. Also, benz[c]acridine gives a good yield (64%) 
of the monosubstituted product, 7-benzylbenz[c]acridine, and only 1% of a 
dibenzylbenz[c]acridine as would be expected ; the difficulty of reaction of 
benz[a]acridine is further emphasized by a higher yield of dibenzyl and a 70% 
recovery of unchanged material. Benz[b]acridine resembles anthracene in 
forming Diels-Alder type adducts bridged across the 6,ll-positions with 
maleic anhydride and dimethyl azodicarboxylate, but with dimethyl acetyl- 
enedicarboxylate, a Michael-type addition occursg7 to give the equilibrium 
pair 34 (cf Chapter V, p. 455). 

I 

H3C02C C02CH, 

il 
34 

I 

H3C0,C 

H 

The reactions of 5,6-dihydro-5,5-dimethylbenz[c]acridine and 6,l l-di- 
hydro-6,6-dimethylbenz[b]acridine (whose syntheses were described on p. 536) 
have been studied in depth.39,45-47 The former compound brominates at  
position 6 ,  using N-bromosuccinimide with a trace of organic peroxide as the 
reagent.46 The bromine atom at position 6 can be replaced by various nucleo- 
philes, but by far the most interesting reaction of 6-bromo-5,6-dihydro- 
5,5-dimethylbenz[c]acridine (35) occurs on heating it briefly under nitrogen 
at 160-170", when an a-elimination of hydrogen bromide occurs, accom- 
panied by a Wagner-Meerwein rearrangement45 to give 5,6-dimethylbenz[c]- 
acridine (36). 

& cH3 
& \ \  ' cH3 CH, 

\ 7/ 6 

H Br cH3 
35 36 
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This reaction can also be achieved at a slightly higher temperature (to achieve 
concurrent decarboxylation in situ), when the precursor bears in addition a 
7-carboxylic acid g r o ~ p . ~ ~ a ,  b A variety of other reaction conditions have 
caused the rearrangement to occur for the 6-bromo-5,5-dimethyl precursor, a 
related 6-hydroxy derivative, and interestingly, for the case of 5,6-dihydro- 
5,5-tetramethylenebenz[c]acridine, which was brominated and rear- 
ranged in situ to give the predicted 1,2,3,4-tetrahydrodibenz[ac]acridine in 
76y0 yield.478~ 6,l l-Dihydro-6,6-dimethylbenz[b]acridine under similar con- 
ditions with N-bromosuccinimide gives the 1 1-bromo derivative, which is 
likewise susceptible to nucleophilic attack at the 1 l - p ~ s i t i o n . ~ ~  

The formation of acridine-acridan complexes, which are very much more 
stable than in the case of the simple acridines, has been taken as an example 
to indicate the more pronounced reactivity at the meso positions in benz- 
acridines, as compared with acridine itself. The reduction of benz[u]acridine 
with lithium aluminium hydride gave a quantitive yield of an orange ~ o r n p l e x . ~  
A similar complex, along with benz[u]acridan, which was separated chroma- 
tographically, was also formed in the hydrogenation of 12-chlorobenz[u]- 
acridine over Raney nickeL4 Treatment of the orange complex (mp 140") 
with concentrated hydrochloric acid gave the pale yellow benz[a]acridan, mp 
158", and a solution of benz[u]acridine hydrochloride. The orange complex 
was formed on mixing equimolar proportions of benz[u]acridine and benz[a]- 
acridan, but uv absorption data indicated that it was largely dissociated in 
s ~ l u t i o n . ~  Its structure is similar to that of Morgan's base. The interpretation 
of the significance of these results requires some care in view of the work of 
Waters's group on the radical substitution of benzacridines.j Thus while 
theoryg6 and experiment5 support the proposition that the overall energetics 
for radical substitution at the meso position are less favorable for benz- 
acridines as compared with acridine, these results for the formation of the 
benz[u]acridan-benz[u]acridine complex and the related Morgan's base in 
the dibenz[uj]acridine series relate only to the overall energetics for the 
one-electron transfer in these two systems to give radical anion-radical 
cation pairs. These energetics, in contrast to the above, are least favorable 
for acridine itself. 

The oxidation of 5,6-dihydrobenz[c]acridine with chromic acid2j gave the 
ortho quinone 37; this product has since been obtained by the same oxidation 
procedure from benz[c]acridine, benz[u]acridine yielding no dione when 
treated similarly.98 The oxidation of 7,9-dimethylbenz[c]acridine with 
osmium tetroxide gave 5,6-dihydro-5,6-dihydroxy-7,9-dimethylbenz[c]- 
a ~ r i d i n e . ~ ~  A number of benzacridanones have been synthesized by the 
methods described in Chapter 111, and they have already been described in 
this section as intermediates in a number of synthetic pathways to  the parent 
benzacridines. Benz[b]acridan is oxidized by potassium dichromate in 
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glacial acetic acid51 to benz[b]acridan- 12-one ; chromic acid oxidation of 
benz[b]acridine gave the para quinone 38 in 48% yield.* 

0 
31 

0333 \ II \ / N 
0 

38 

Lithiation of N-phenyl-P-naphthylamine, followed by treatment with solid 
carbon dioxide and cyclization, is stated to yield benz[b]acridan-12-0ne.~~~ 
The chromic acid oxidation of 12-methyl- and 12-ethyl-benz[a]acridine gavel1 
benz[a]acridan- 12-one, converted to  benz[a]acridine by distillation with zinc 
dust in a typical procedure. The benzacridanones have been little investi- 
gated but appear to be very similar to 9-acridanone itself. 

The conversion of the carbonyl group to a meso chlorine substituent by 
treatment with phosphorus pentachloride or phosphoryl chloride is a widely 
used synthetic procedure. Sodium in amyl alcohol reduction of 9-methyl- 
benz[c]acridan-7-one gave 9-methylbenz[~]acridan.~~ 6,11-Dihydro-6,6-di- 
methyl-1 I-0x0-benz[b]acridine (39) gave the 1 1-oxime with hydroxylamine 
hydrochloride and the expected 1 1-carbinol 40 with methyl magnesium 
iodide46; however, the Grignard reagent from bromobenzene reacted to  
give the 12-phenylacridan derivative 41 by conjugate additionlOl (cf. 3-ben- 
zoylquinoline yields 3-benzoyl-l,4-dihydro-4-phenyl-quinoline in a parallel 
reaction.lo2 

39 40 

41 
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C. Other Benzacridines 

7H-Benz[kl]acridine (44), originally called ms-benzacridan, was first 
obtainedlo3 by heating the triazine 43 in naphthalene. A more recent variant104 
on this reaction consists in heating the naphthalene 42 with N-nitrosodi- 
phenylamine in naphthalene solution until nitrogen evolution ceases; the 
benzacridan 44, mp 125", is obtained in 69% yield. Heating the 2'-nitro 
derivative of the triazine 43 with triethyl phosphite gave the 8-nitro derivative 
of compound 44 in only 2% yield,lo5 while the 2',4'-dinitro analogue of 
precursor 42 gavelo4 a 93% yield of 8,10-dinitro-7H-benz[kZ]acridine on 
treatment with N-nitrosodiphenylamine in acetic acid at 70" for 1 hr. 

41 43 
2 

44 

The first derivative of pyrido[3,2,1 delacridine, which was briefly described 
in the literature, is the ketone 45, synthesized by reductive cyclization, as 
indicated in the reaction sequence.lo6 

Na/EtOH 

8 H, 6 

45 

Ziegler's group have discovered a novel access to this ring system: acridan 
and malonic acid heated with phosphorus oxychloride in naphthalene gave 
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lH,7H-pyrid0[3,2,l-de]acridine-l,3(2H)-dione (46; R = R' = H) in good 
yield.107 Heating acridan with the 2,4-dichlorophenyl diester of benzylmalonic 
acid to 150" for 1 hr gave 46 (R = CHzPh; R' = H) in good yield.lo7 Com- 
pounds 46 (R' = H) are in tautomeric equilibrium with their enol forms (47); 
this synthetic route has been generalized for various substituted malonic 
acids.Ioa & R R' _._.la_ 

/ \ 

\ 7 / \ / 
H2 
46 41 

Reaction of the sodium salt of the enol 47 with alkyl halides gave the 
3-ether derivatives,'Og while various chlorinating reagent systems and the 
parent compound 46 (R = R' = H) gave the 2,2-dichloro derivative 46 
(R = R' = Cl) in almost quantitive yield, which on reduction with zinc dust 
in an organic medium gave the 2-chloro compound 47 (R = C1).Ilo This last 
derivative was rapidly nitrated in an acetic acid-concentrated nitric acid 
mixturelll at 50" to give the 2-chloro-2-nitro compound 46 (R = C1; R' = 

NOz). The benzyl derivative 46 (R = CHzPh, R' = H) gave the monobromo 
compound 46 (R = CHzPh; R' = Br), while bromine in aqueous dioxan 
under a nitrogen atmosphere converted the parent compound 46 (R = 

R'= H) into an unstable 2,2-dibromo derivative 46 (R = R' = Br) in 76% 
yield. 

Acronycine, an acridanone alkaloid (see Chapter IV, p. 412) with broad 
spectrum antitumor activity against experimental neoplasms, is a member 
of the pyrano[2,3-c]acridine system, having the structure 48; it has recently 
been synthesized by three interrelated r 0 ~ t e s . l ~ ~  Earlier workers had at first 
been unable to distinguish between structure 48 and the corresponding linear 
structure for a~ronycine,l l~"-~ although degradation studies favored the 
former.115a, The synthetic work of Beck's group,l13 an X-ray crystallographic 
study"6 of a bromo derivative of dihydroacronycine, and an elucidation by 
nmr spectroscopy117 of the structure of the Diels-Alder adduct 49 of acrony- 
cine and dimethyl acetylenedicarboxylate established structure 48 as the 
correct one. Very recently Ritchie's group has provided a further synthetic 
pathway to acronycine,lla utilizing the Claisen rearrangement of the 9-acri- 
danone 50. 
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48 49 

50 

Their observations of nuclear Overhauser effects in acronycine (48), nor- 
acronycine, and the adduct 49 established the angular structure unequivocally. 

2. Dibenzacridines and Condensed Acridines with Five Rings 

It remains true that comparatively little work has been done on the dibenz- 
acridines, although a number of substituted derivatives have been made by 
general methods detailed in Chapter I and in Section A of this chapter, 
and tested as carcinogens; a number are quite active in this respect (see 
Chapter XVII). The known unsubstituted dibenzacridines and their methods 
of preparation are listed in Table I1 or discussed individually below. They 
have been little investigated from a chemical standpoint, and several of the 
possible dibenzacridines are as yet unknown. 

The procedures 6 6 ,  6 7 ,  69,  7 0  for the thin layer and paper chromatographic 
and electrophoretic separation of the benzacridines (see p. 540) included data 
for a number of substituted dibenz[ah]-, dibenz[ch]-, and dibenz[aj]-acridines. 
The uv spectra of five dibenzacridines, namely, dibenz-[acl-, -[ah]-, -[ail-, 
-[aj]-, and -[ch]-acridines have been measured at -183" for both the free 
bases and their cations,72a-c and the results analyzed in terms of theoretical 
predictions, photochemical stabilities, and comparison with the carbocyclic 
isosteres. In an earlier paper, Zanker predicted some of the spectral prop- 
erties of the as yet unknown dibenz[bi]acridine (56), a molecule expected to  
have low stability because of a small energy separation between the first 
excited singlet and triplet states, with the latter state being accessible by 
thermal pathways.72a-c 
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Both dibenz[ai]acridine and dibenz[bh]acridine form photooxides on ex- 
posure to sunlight in carbon disulfide or benzene solution.8 These initial 
products are relatively unstable, although the photooxide from dibenz[bh]- 
acridine has been isolated as very pale yellow needles, mp 195-200", and is 
thought to possess an endo peroxide bridge across the 8,13-positions. This 
product is converted to the 8,13-dione when heated, or diluted in solution; 
8,13-dihydrodibenz[ai]acridine-8,13-dione was the only product isolated 
from the photooxidation of the former acridine. Both acridines slowly form 
high-melting photodimers on irradiation in ethereal solution, the yields being 
greater when air is excluded.8 The molecular parameters of dibenz[ch]- 
acridine (57) have been determined by a least squares refinement of the 
complete two-dimensional X-ray data, and the bond lengths and charge 
densities in this molecule have been calculated by a molecular orbital theory 
treatment.13' 

The nmr spectra of dibenz[ah]acridine (52), dibenz[aj]acridine (54), and 
dibenz[ch]acridine (57), have been investigated.138' 139 For dibenz[aj]acridine 
the spin tickling technique has made possible a complete analysis of the 
nmr spectrum, and the actual and computed spectra have been matched.138 
Nuclear magnetic double resonance techniques have given unequivocal 
evidence of inter-ring proton spin-spin coupling in all three dibenzacri- 
dines139; for instance, in dibenz[aj]acridine (54), nonzero values have been 
found for J1 , s ,  J1,14, and J6,14. Certain protons in these systems show re- 
markably low field chemical shifts139; thus the H-14 resonance in dibenz[aj]- 
acridine occurs at 7 0.11 (CDC13), while the H-1 (and H-13) resonances in 
dibenz[ch]acridine are found at 7 0.27 (CDC13); similarly, the signal at 
7 0.10 in the nmr spectrum of naphth [2,3-c]acridine (58)  has been assigned130 

Three routes to the dibenz[aj]acridine system omitted from Table I1 merit 
brief mention at this point. Trimethyl-2-naphthylammonium iodide, when 
refluxed in a mixture of glacial acetic acid and anhydrous sodium acetate with 
2,4,6-triamino-5-nitrosopyrimidine, this last nitroso compound behaving as 
an oxidizing agent in the system, gave the methiodide of dibenz[aj]acridine; 
other oxidizing agents (e.g., chromic acid) failed to  achieve this 
Catalytic conversion with ammonia in benzene over alumina at 470" gave 
14-methyldibenz[aj]acridan from the oxygen isostere 14-methyl-14H-di- 
benz~[aj]xanthen.~*~ Mention has been made earlier (see p. 530) that trialkyl- 
acetic acids in the Bernthsen synthesis of benzacridines failed to give meso- 
tertiary-alkyl-substituted products ; thus pivalic acid and di-2-naphthylamine 
in the Bernthsen procedure gave unsubstituted dibenz[~j]acridine.~6 

Morgan's base has been referred to earlier (see p. 543). Early attempts to 
synthesize dibenz[aj]acridine from 2-naphthylamine and either formaldehyde 
or diiodomethane (see Table 11) gave, among other compounds, an orange 

to  H-14. 



2 .  Dibenzacridines and Condensed Acridines with Five Rings 

complex, known as Morgan's base, whose structure was uncertain.lZ1, 1 2 2 a ,  

Later work showed that the orange compound could be obtained in good 
yield from 2-naphthylamine, 2-naphthol, and formaldehyde in boiling toluene 
or xylene, or by the zinc and hydrochloric acid reduction of dibenz[uj]acri- 
dine.lz3 Dibenz[uj]acridan, mp 153", was also formed in both reactions, but 
the latter reduction gave a second dihydrobenz[uj]acridine of mp 183". The 
former dihydro compound was the acridan, being nonbasic and with a uv 
absorption spectrum unlike that of dibenz[uj]acridine; the latter dihydro 
derivative may be 5,6-dihydrodibenz[uj]acridine, since it was basic, had a uv 
absorption spectrum very similar to that of dibenz[uj]acridine, and was 
oxidized to  this compound by potassium permanganate. 

The admixture of equimolar quantities of dibenz[uj]acridan and dibenz[uj]- 
acridine gave Morgan's base, and a phase diagram investigation confirmed 
the 1 : 1 ratio of the components. Various oxidizing agents or repeated 
recrystallization from acetone or acetic acid converted Morgan's base, mp 
248-249", to  dibenz[uj]acridine of mp 220-221 O, while reduction gave color- 
less dibenz[uj]acridan. The green salts that it gives with acids may be com- 
pared with the green acridine-acridan-hydrochloric acid complex (Chapter 
V, p. 451). Both ebulioscopic and spectral measurements showed that 
Morgan's base was completely dissociated in solution. Polarographic reduc- 
tion of dibenz[uj]acridine occurred by two successive one-electron transfers. 
The orange Morgan's base has therefore been represented by two ion radi- 
c a l ~ , ' ~ ~  structures 64 and 65 portraying one of the possible canonical forms 
contributing to the overall resonance structure in each case, or as the radical 
form 66. 

5 5 5  

H 
64 

H 
66 

65 
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Structures derived in an equivalent manner were subsequently proposed for 
the anion radical-cation radical pair that comprise the similar orange benz[a]- 
acridine-benz[a]acridan c ~ m p l e x . ~  The complex can be pictured as being 
built up of successive layers of planar molecules having positive or negative 
charges, the layers being held together by electrostatic attraction. 

Mention has been made of the fact that the meso-methyl groups in 
dibenzacridines are the least reactive (toward rn-nitrobenzaldehyde) of their 
kind among acridine, benzacridines, and diben~acridines .~~ Both dibenz[ai]- 
acridine (53) and dibenz[bh]acridine (55) are oxidized in high yield (76 and 
90%, respectively) to their respective 8,13-diones by chromium trioxide, 
both compounds existing in two crystalline forms of differing melting points.* 
Dibenz[ch]acridan-7-one, obtained from the Chapman rearrangement of the 
benzimidate 67, forms a 7-chloro derivative with phosphorus oxychloride 
which proved to be unusually slow to aminate.jo 

The most frequently encountered representatives of the naphth[2,3-a]- 
acridines, naphth[2,34]acridines, and naphth[2,3-~]acridines, are the triones 
68,69, and 70, often referred to as phthaloylacridones. 

/ 12 \ 14 \ 

\ 7 ' N  ' 
8 1 / 6 H 4  

0 0 
69 70 

Of these three, 5,14-dihydronaphth[2,3-c]acridan-5,8,14-trione (70) (and its 
derivatives) has been the most investigated. On the evidence of their uv 
spectra, lower solubility (in chlorobenzene), and higher melting points, the 
triones 68 and 69 form intermolecular hydrogen bonds, while the more 
soluble lower melting compound, 70, forms intramolecular hydrogen bonds. 
N-Methylation of the acridanones 68 and 69 prevents the hydrogen bonding 
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which results in increased solubility and lower melting points; the effects of 
N-alkylation and ring substitution on the uv spectral properties, solubilities, 
and melting points132 have been analyzed for the isomer 70. 

Syntheses of the trione 70 and its derivatives rely on two main routes: 
(1) nucleophilic substitution by the amino group of an anthranilic acid at 
position 1 of an anthraquinone derivative bearing a labile chloro or nitro 
substituent at position 1, followed by cyclization, e.g., by heating with 
sulfuric acid; or (2) a parallel sequence of reactions involving the amino 
group of a suitable aromatic amine and an anthraquinone-2-carboxylic acid 
derivative bearing a labile l -~ubs t i tuent .~~2~ 142e,  b ,  143 Nitration of the trione 
70 by fuming nitric acid/concentrated sulfuric gave in excellent yield 
a 1 : 3 mixture of, respectively, the 6,10,12-trinitro derivative and a tetranitro 
derivative, in which the location of the fourth nitro group is unspecified 
among positions 1-4. Chloromethylation of precursor 70 can be controlled to  
give either the 12-chloromethyl or the lO,l2-bis(chlorornethyl)  derivative^.'^^ 
A halogen (chlorine or bromine) at  position 7 in the trione 70 or its derivatives 
can be replaced by an amino or an alkoxyl function; the yields in this nucleo- 
philic displacement are high when the reaction is carried out in refluxing 
nitrobenzene. Halogens at positions 6, 9, 10, and 12 are inert under these 

146, 147  A sulfonic acid moiety at the 7-position has been re- 
placed by a nitrile group by treatment with an aqueous potassium cyanide/ 
potassium carbonate mixture at 120" in a pressure ~ e s s e 1 . l ~ ~  
8H-Dibenz[c,mn]acridin-8-one (73) has been obtained by three different 

routes; in the earliest of these,149 the amide 71 cyclized as shown to the 
phenanthridine 72, which underwent cyclic dehydration to the required 
product 73. 

7 1  72 

13 
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In another synthesis, 1,Cnaphthoquinone and l-o-nitrophenylbuta-1,3- 
diene undergo a Diels-Alder condensation to  give a mixture of the tetra- 
hydroanthraquinone 74 and a related dihydroanthraquinone, produced by 
dehydrogenation.'jO The latter was the only product isolated when the 
reaction was carried out in benzene at  100"; however, at 150" compound, 75 
resulted. Boiling crude 74 with methanolic potash caused an intramolecular 
redox reaction leading to 8H-dibenz[c,mn]acridin-8-one (73). The phenanthra- 
quinone derivative 75 was unaffected by this treatment, but with alkaline 
sodium dithionite gave 73, presumably via reduction to the amino compound 
and cyclic dehydration. The condensation of o-aminothiophenol with 
I-chlorophenanthraquinone gave the thiazepine derivative 76, from which 
sulfur could be extruded by a variety of reagents (e.g., copper-bronze or 
Raney nickel) to give 8H-dibenz[c,mn]acridin-8-one (73) in 70-809.', yield.151 

Q S 
N 

0 
14 16 

The acridinone 73 obtained as yellow needles either from ~ y l e n e , ' ~ ~  mp 221- 
223", or from ethyl acetate,150 mp 2 1 8 O ,  has a uv absorption spectrum very 
similar to that of its carbocyclic analogue and did not form a picrate or a 2,4- 
dinitrophenylhydrazone under normal conditions.150 

Reduction of the acridinone 73 with alkaline sodium dithionite solution, 
followed by neutralization with acetic acid, precipitated black-violet needles, 
mp 197O, which were readily oxidized to the original compound. This product, 
although stable in the solid state and slightly soluble in aqueous sodium 
hydroxide, gave a violet, readily oxidized solution in toluene. Boiling with 
acetic anhydride or treatment with benzoyl chloride in pyridine gave a mix- 
ture of the original acridinone (73) and a desoxy-compound, 8H-dibenz[c,mn]- 
acridine. The latter was also prepared from 73 by reduction with stannous 
chloride in acetic/hydrochloric acid but could not be obtained pure because 
of its aerial oxidation; when freshly prepared it was completely soluble in 10% 
aqueous hydrochloric acid. The structure of the black-violet solid remains a 
matter of conjecture; it may be related to Morgan's base and may have a 
radical formulation. 
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9H-Naphth[3,2,1 -kl]acridin-9-one (78), also known variously as ceramidine, 
ceramidone, and ceramidonine, has been prepared by the cyclization of 
l-anilinoanthraquinone (77), using 70% sulfuric 153 and from 
9-(2'-carboxypheny1)acridine (79) in a similar manner.154 

3 

- I  I 

8 
0 

77 78 79 

A number of derivatives has been prepared,153' 165-158 for the most part by the 
anthraquinone route, and 1,2,3,4-tetrahydro-9H-naphth[3,2,1-kl]acridin-9- 
one was obtained from l-aminoanthraquinone and cyclohexanone in the 
presence of alkali.159 Powdered zinc and concentrated hydrochloric acid, 
acting on 1,4-bis(p-tolylamino)anthraquinone, gave as one product the 
2-methyl-8-p-tolylamino derivative160 of 78. The reduction of this last product 
with tin and acetic/hydrochloric gave the acridan derivative 80, 
demonstrating also the facility with which hydrolytic cleavage of the %sub- 
stituent occurs ; the reduced form 80 is oxidized to the 2-methyl-8-hydroxy 
derivative of 78 by heating in nitrobenzene. An &amino function in deriva- 
tives of 78 has also been converted to a hydroxyl group by prolonged heating 
in 7oy0 sulfuric acid; on the other hand, the 8-amino-9H-naphth[3,2,1-kl]- 
acridin-9-one behaves as a typical aromatic amine on diaz0tization.~5* Con- 
versely, heating the 8-hydroxy derivatives under a variety of conditions with 
ammonia or aromatic amines gave the 8-(substituted)amino c o m p o ~ n d s . ~ j ~ '  158 

Derivatives of 78, variously substituted at positions 2 and/or 7, on heating 
at 120-150" with aromatic amines, gave mainly the 6-arylamino product with 
lesser quantities of the 8-isomer.The more basic cyclohexylamine and methyl- 
amine preferentially entered position 8 under milder conditions (20-60"); 
cupric acetate (for the arylamines) or pyridine (for the alkylamines) was pres- 
ent in trace amounts.161 Direct amination of 7-chloro-2-methyl-9H-naphth- 
[3,2,l-kl]acridin-9-one with 25y0 aqueous ammonia, finally heating the 
system to 170" in the presence of cupric acetate, gave 29% of the 6-amino 
derivative, while a mixture of sodamide and liquid ammonia in dry dimethyl- 
aniline at  60" gave 15y0 of the %amino isomer.162 
Indolo[3,2,1-de]acridan-8-one (81) has been synthesized from 9-phenyl- 

carbazole by successive treatment with butyl lithium, carbon dioxide, 
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water, phosphorus pentachloride, and stannic and from carbazole 
by reaction with 2-iodobenzoic acid, followed by c y ~ l i z a t i o n . ~ ~ ~  After crystal- 
lization from xylene, it had a melting point of 180-181", and was stated to  give 

OH OH 0 
80 81 

an oxime, mp 175-176", with hydro~ylamine.~6~ On the assumption that this 
last product had been correctly formulated, this reaction provided the first 
recorded case of an acridanone behaving as a ketone with such a reagent. 
(For a more recent instance of such a reaction,46 see Section l.B concerning 
the 1 1-oxobenz[b]acridine derivative 39.) 

In the last decade, there has been an enormous growth, primarily in the 
patent literature, in the number of papers on the subject of linear quinacri- 
dones, the essential motivation for this expansive research being their 
importance to the dyestuffs chemist. Their detailed chemistry will conse- 
quently be dealt with in Chapter VIII ;  therefore, only the fundamentals of 
their synthesis and reactions are presented here. Quinacridones are the subject 
of a recent review article.'G5 By far the most frequently used synthetic route to 
derivatives of quin[2,3-b]acridine-7( 12H),14(5H)-dione (83) or lin-quin- 
acridone, involves the cyclization of 2,5-diarylaminoterephthalic acid deriva- 
tives, 82. 

82 83 

In an early report,16G precursor 82, heated with boric acid to 320", gave 
Zin-quinacridone (83) in 87% yield, as a violet-red powder carbonizing above 
400". A great variety of cyclizing agents has been discovered (e.g., aluminium 
~hloride, '~ '  polyphosphoric acid,168 sulfuric acid,169 sulfonic acids,"O acid 
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chlorides in nitr~benzene,'~' phosphorus (~xy)halides,l~~ phthalic anhydride 
and Lewis benz~t r ich lor ide ,~~~ etc.) and a range of substituents has 
been located in the terminal benzene rings of 83 by selection of the appro- 
priate arylamine components of precursors 82. The complementary cycliza- 
tion of precursors of type 84 to derivatives of 83 has been effected with boiling 
phosphorus o~ychlor ide,~ '~ or with acid chlorides or anhydrides in refluxing 
nitr0ben~ene.l'~ Many 6,13-dihydro-Zin-quinacridones (derivatives of 86) 
have been synthesized directly, in a similar manner, 177a,b from the appro- 
priate 2,5-diarylamino-3,6-dihydroterephthalic acid diester precursors (85). 

NH 
R 
84 85 

86 

Both b,179a, have been employed for the direct synthesis of 
quinacridonequinones (derivatives of 89), using precursors derived either 
from 87 or from 88. 

II 
0 0 

87 88 

89 
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Again a range of cyclization agents178a, b ,  179a, has been devised for the 
synthesis of derivatives of 86 and 89. Condensation180 by means of sulfuric 
acid of cyclohexanone and 2,5-diaminoterephthalic acid gave 90, while 
cyclohexanone and 2,5-dibenzoyl-p-phenylenediamine in a reaction catalyzed 
by aniline hydrochIoridel8l yielded 91. Then the p-benzoquinone derivative 
92 was cyclized by polyphosphoric acid,182 and the product reduced in situ by 
zinc dust to give Zin-quinacridone (83). 

90 

91 

0 0  

0 0  

92 

The study of the reactions of the quin[2,3-b]acridine system is mainly con- 
fined to  the oxidation-reduction interchange of derivatives of the four systems, 
the dione 83, its 6,13-dihydro reduction product 86, the 6,13-dihydroxy deriva- 
tive 93, and the quinone 89. For example, the quinone 89 is reduced to  the 
leuco 6,13-dihydroxy compound 93 by tin and 6 N  hydrochloride a ~ i d , ~ ~ ~ ~ , b J ~ ~  
to  the dione 83 by zinc, aluminium chloride, and urea at and to  the 
6,13-dihydro product 86 by tin and polyphosphoric acid at 130°.185-1s7 This 
last reaction system186$ also reduces the dione 83 to  compound 86. The 
6,13-dihydro compound 86 can be oxidized to the dione 83 by, e.g., sodium 
m-nitrosulfonate in aqueous alcoholic caustic soda s o l ~ t i o n ~ ~ ~ ~ ~  b .  l 8 j ,  187-189 

or by ~ h l o r a n i l . ' ~ ~ ~ ~  b ,  Inorganic oxidants,lgO such as chromium trioxide in 
aqueous acetic acid at IOO", give the quinone 89. Phosphorus pentachloride 
converts derivatives of the quinol 93 to  the 6,13-dichloro compounds in 
good yield.1g1a$ Quinacridone 83 and the quinone 89 have been chlorinated 
and brominated to varying extents at  unspecified locations with reagents 
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such as sulfur dichloride-aluminium thionyl chloride-aluminium 
chl~ride-bromine, '~~ and chlorine-titanic chloride.193 The 6,13-dichloro 
derivative of 83 can be dechlorinated, either by zinc dust and acetic acid or  by 
tin and potassium hydroxide in dimethylf~rmarnide.~g~a' b 

Whereas the c y ~ l i z a t i o n ~ ~ ~  of 84 (R = Me) gave mainly the Zin-quin- 
acridone derivative 83 (6,13-Mez), the unsubstituted precursor 84 (R = H) 
gave the isomeric quin[3,2-u]acridine-l3(8H),14(5H)-dione (94) by the alter- 
native mode of c y c l i ~ a t i o n . ~ ~ ~ ~ ~  The minor product from 84 (R = Me) was 
the 7-methyl derivative of 94, cyclization having occurred with the extrusion 
of a methyl group.176 Precursors of type 84 (R = H), bearing a variety of 
substituents in the two anthranilic acid rings, have been cyclized to  deriva- 
t i v e ~ ' ~ ~ ~  lg7 of system 94. Reduction of the dione 94 by sodium and alcohol t o  
the acridan, followed by nitric acid oxidation, gave the parent aromatic 
compound quin[3,2-u]acridine or 5,8-diazapentaphene (95), whose uv 
absorption spectrum was very similar to that of pentaphene but not t o  that of 
p e n t a ~ e n e . ~ ~ ~ a $  b 

9 H 7  

93 94 

95 

A number of isophthalic acids of the general formula 96 (Ar, Ar' = aryl 
groups) has been cyclized under a variety of acidic conditions to  give deriva- 
tivesl98 of quin[3,2-b]acridine-l2(7H),l4(5H)-dione (97). The condensation 
of 4,6-diaminoisophthalic acid with cyclohexanonelsO in the presence of 
concentrated sulfuric acid gave the reduced derivative 98. 
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HOzC 

Ar' NH 

96 97 
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Phloroglucinol (cyclohexan-l,3,5-trione) reacted with two molecules of 
o-aminoben~aldehyde~~~ to give 7-hydroxyquin[2,3-u]acridine (99; R = OH), 
oxidized to the ortho quinone by chromic acid. This quinone gave a phenazine 
with o-phenylenediamine. In a similar way, phloroglucinol and anthranilic 
acid at 150" are reported to give a 90% yield of 7-hydroxyquin[2,3-a]- 
acridine-g(13H), 14(5H)-di0ne,*~~ which on distillation with zinc gave the 
parent quin[2,3-u]acridine (99; R = H), which crystallized as colorless 
plates, mp 221°, with a blue fluorescence in solution. 
8-Methyl-5H-quin[2,3,4-kl]acridine (100) was prepared by cyclizing 

1 -anilino-4-methyl-9-acridanone with phosphorus oxychlorideZo1 ; it is a deep 
blue compound melting above 355", giving blue solutions in aqueous hydro- 
chloric acid. 2,2'-Diaminobenzophenone and dimedone2OZ cyclize in acetic 
acid containing a trace of concentrated hydrochloric acid to give a related 
compound, 7,8-dihydro-7,7-dimethyl-6H-quin[2,3,4-k~]acridine (101), de- 
scribed as pale yellow prisms, mp 170-171". 

99 I00 
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101 

3,6-Diaminoacridine treated with potassium thiocyanate in acetic acid, 
followed by bromine in that acid, gave the acridine 102, which with 20y0 
hydrochloric a ~ i d , ~ O ~  followed by basification with ammonia, gave 2,lO- 
diamino-bis-thiazolo[4,5-c: 5',4'-h]acridine (103, R = NH2), mp > 350". The 
acridine 102, treated with sodium sulfide in aqueous ethanol, gave the salt 
104; heating this with 99% formic acid gave the parent compound 103 
(R = H), mp 340-341 O ,  while 104 and acetic anhydride or benzoyl chloride 
gave, respectively, 103 (R = Me) and 103 (R = Ph). 

102 I03 

- t  - +  
Na S Na 

104 

Derivatives of four isomeric systems, benzo[u]thiazolo[4,5-j]-, benzo[u]- 
thiazolo[5,4-j]-, benzo[h]thiazolo[5,4-a]-, and benzo[h]thiazolo[4,5-~]-acridine 
have been prepared from the appropriate aminobenzothiazoles, isomeric 
naphthols, and paraformaldehyde, and tested for their carcinogenicity in 
mice.204 
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3. Condensed Acridines with Six  or More Rings 

6-Methyl-8H, 12H-phenaleno[2,1,9,8-klmn]acridine-8,12-dione (106) has 
been prepared from 1-chloroanthraquinone and 3,5-dimethylaniline.156 An 
Ullmann condensation, followed by cyclization of the product with sulfuric 
acid, gave 1,3-dimethyl-9H-naphth[3,2,1-kl]acridin-9-one (105), which with 
silver oxide at 180" gave 106 in quantitative yield. 

Paraformaldehyde, 1,2,3,4-tetrahydro-9-phenanthrol(l07), and 1 -naphthyl- 
amine, or 2-naphthylamine, or 9-aminophenanthrene, followed by dehydro- 
genation of the initial products with 5y0 palladium charcoal, gave, respec- 
tively, tribenz[ach]acridine (mp 216'), tribenz[acj]acridine (mp 253'), and 
tetrabenz[achj]acridine.20~ A & #  H3C 13 \NS O\ 8 \N4 \ 

I2 / \6 9 /  \ 3  

1 1  \ 9 / 7  10 \ 12 / 2 

10 I/ 8 1 1  / I  1 
0 0 

105 106 I07 

In the complementary syntheses, paraformaldehyde, and 9-aminophen- 
anthrene with 1-naphthol and 2-naphthol, gave, respectively, as minor 
products only,2o6 the expected tribenz[ach]acridine and tribenz[acj]acridine ; 
in both instances the major product was tetrabenz[achj]acridine, mp 463". 
The Ullmann-Fetvadjian synthesis with 2-aminophenanthrene and 1 - and 
2-naphthol proceeds exclusively with cyclization to  position 1 of the phen- 
anthrene, the products being, respectively,206 benzo[h]naphth[2,l-~]acridine 
(108), mp 309-310", and its isomer 109, mp 233". 

3-Aminofluoranthene, 2-naphthol, and paraformaldehyde yielded benzo- 
[a]fluoren[l,9-hi]acridine (110), mp 282'; the reaction fails with 1-naphthol, 
probably, it was suggested, for steric reas0ns.2~7 
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9 

110 

1-Aminoanthracene in this reaction gave benzo[c]naphth[2,3-h]acridine ( l l l ) ,  
with 1 -naphthol, and the benzo[u]-isomer with 2-naphthol; 2-aminoanthra- 
cene in parallel reactions cyclizes only to position 1, giving benzo[h]naphth- 
[2,3-u]acridine (112) and the isomer 113with 1- and 2-naphthol, respectively.208 

16 1 

9 8 7 

I12 

5 

113 

This agrees with the earlier results of Ullmann et al.,209 who found that 
2-aminoanthracene, 2-anthrol, and formaldehyde gave only the bis-angular 
product 114. In contrast, 2-aminofluorene cyclizes to position 3 in its reaction 
with 1-naphthol and paraformaldehyde, yielding the linear benz[h]indeno- 
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[3,2-b]acridine (115); with 2-naphth01,~10 cyclization occurs in both modes (to 
positions 1 and 3), giving the isomers 116 (80y0) and 117 (20%). The struc- 
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1 1 5  
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12  I 1  10 

114 

10 9 

116 

tures were elucidated by nmr spectroscopy by comparison with the spectrum 
of the acridine 118 (obtained from 4-aminofluorene, 1-naphthol, and para- 
formaldehyde),206 whose structure was unequivocal. 
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12 e: / 
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I 1  10 9 10 9 8 I 6  

117 I18 

Thus 2-aminofluorene, like 3-aminophenanthrene,*11 disobeys Marckwald's 
rule212 when participating in the Ullmann-Fetvadjian reaction, the suggestion 
being that obedience to the rule would result in sterically overcrowded 
molecules.210' 211 
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1 -Aminoanthraquinone and an equimolar amount of 1 -aminoanthra- 
quinone-2-sulfonic acid, condensed in the presence of aluminium chloride in 
anhydrous p~r id ine ,~ '~a*  b gave the complex acridine 119. 

Oxidation of 1,5-dianilinonaphthalene, in the presence of aluminium 
chloride,*I4 gave acridin0[2,1,9-mnu]acridine (120), chrome yellow needles, 
mp 362'; this acridine could be sulfonated (by chlorosulfonic acid) but was 
inert to bromine or nitric acid. 

& SO3 H 
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I t  
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119 I20 

Acridino[2,1,9,8-kZmna]acridine (122), mp 312", has been obtained by the 
oxidation of 8-acetamid0-2-naphthol~~~ to 121, followed by hydrolysis and 
cyclization with sulfuric acid at 130'. Dibromo and mononitro derivatives 
have been obtained by direct substitution, and an anilino derivative by boil- 
ing with aniline in the presence of air. The structure of 122 has been con- 
firmed by its conversion to peri-xanthenoxanthene (123) by water, hydrogen, 
and alumina at 300'; attempts to reverse this reaction failed. 
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1,5-Di(o-nitrophenyl)anthraq~inone,~~O on reduction with sodium dithio- 
nite in boiling aqueous ethanol cyclized to  8,16-diazadibenzo[bk]perylene 
(124), a pale yellow solid almost insoluble in the usual solvents. 1,5-Di- 
chloroanthraquinone and 1-chloro-4-nitroanthraquinone with o-amino- 
thiophenol gave, respectively, compounds 125 and 126, from which sulfur 
was extruded under a variety of reaction conditions (cf. p. 558) to give, 
respectively, the perylene 124 and dibenzo[ci]naphtho[ 1,2,3,4-lmn][2,9]- 
phenanthroline (127), previously named 1 1,16-dia~atribenzo[aei]pyrene.l~~ 
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Diquin[2,3-a : 2',3'-clacridine (128) has been obtainedlg9 by condensing 
phloroglucinol with excess 2-aminobenzaldehyde at 120-150". It is extremely 
stable, crystallizes from nitrobenzene as yellow-brown needles, mp 403", and 
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is effectively insoluble in all solvents, except acids. Although inert to  alkaline 
permanganate or chromic-acetic acid, it was oxidized to pyrido[2,3-a]quin- 
[2,3-c]acridine-7,8-dicarboxylic acid (129) by a mixture of sodium dichromate 
and nitric acid.216 

2 

C02 H 
9 

128 129 

This acid formed an anhydride, which lost one carboxyl group (probably at 
position 8) on distillation and a second on subsequent distillation with lime. 

A number of related complex acridines have been synthesized by the U11- 
mann-Fetvadjian route from formaldehyde, the isomeric naphthols, and the 
amines p-phenylenediamine, and 1,4- and 1,5-diaminonaphthalene ; certain 
ambiguities remain with the structures of some of the products.217 
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A number of synthetic dyes contain the acridine (1) or “acridone” (2) ring 
systems. The name “acridone” has been changed to the more systematic 
name “9-acridanone” by Chemical Abstracts and the new nomenclature has 
been used here for the simple acridones. However, for the more complicated 
systems the existing generally accepted nomenclature is employed, 

The chemistry of the acridine and 9-acridanone dyes has been discussed in 
books on dyes and/or heterocyclic compounds.’-* In this chapter, an attempt 
is made to  describe the important dyes containing the acridine and “acridone” 
ring systems; emphasis will be laid on more recent literature. Although 
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acridine (1) and 9-acridanone (2) are practically colorless or pale yellow, the 
synthetic dyes containing these ring systems range in shades from yellow to 
green and grey. These dyes may be classified on the basis of their application 
into groups such as basic, disperse, vat dyes, and pigments. Presently, these 
dyes are described under four major groups: (1) acridine dyes, (2) simple 
acridone dyes, (3) complex acridone dyes, (4) quinacridones, which are 
considered in this order in this Chapter. 

Acridine dyes include well-known basic dyes, which contain amino or 
alkylamino substituents in meta (3 or 3,6)  positions to the nitrogen atom of 
the acridine nucleus, in comparison with oxazine and thiazine dyes, which 
contain amino substituents in the para position with respect to the hetero- 
cyclic nitrogen atom. The simple 9-acridanone dyes are of interest as disperse 
dyes for synthetic fibers. The 9-acridanone ring system also forms part of 
quinonoid polycyclic compounds. These complex acridone dyes are generally 
used as vat dyes for cotton. Some of them can also be used as disperse dyes 
for hydrophobic fibers, such as cellulose acetate and polyester fibers. Although 
quinacridones have been known for quite some time, their commercial use as 
high-grade pigments is comparatively recent. They were first marketed by 
E. I. du Pont de Nemours and Company in 1958. 

Some of the naturally occurring coloring matters such as acronycine (3), a 
yellow alkaloid of Australian Rutaceae (see Chapter IV), are derivatives of 
acridineg; but they do not appear among the natural dyes listed in the Colour 
Index (C.I.). 

0 OMe 

3 
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1. Acridine Dyes 

The water-soluble basic acridine dyes form one of the oldest group of 
synthetic dyes; they were discovered in the late nineteenth or early twentieth 
century. Chrysaniline is the oldest acridine dye, reported as far back as 1862. 
The simple acridine dyes usually yield yellow, orange, and orange-brown 
shades. The Colour Index (1956) lists 17 acridine dyes, many of which are 
obsolete now. No recent addition to this class of dyes seems to  have been 
made.Io These dyes now have only a limited use for the dyeing of silk, bast 
fibers, and tannin-mordanted cotton. The United States sales of acridine 
dyes in 1962 were only 29,000 lb, valued at $80,000, out of the total dye sales 
of 178 million Ib, valued at $227.2 million. Among the nontextile uses of 
these dyes may be mentioned the coloration of leather, paper, and lacquer; 
they are also used in spirit inks. These dyes exhibit strong blue-violet to 
orange fluorescence in dilute solutions, and some of them are used in biologi- 
cal staining techniques. Acridine derivatives are usually noncarcinogenic ; 
in fact, some of them are anti~arcinogenic.~ Although the use of metal-free 
acridine orange NO for the coloration of cheese has been reported," acridine 
dyes are not included in the usual range of permissible dyes for coloring 
foods and drugs. 

Like other basic dyes, acridine dyes are also fugitive to light. Their light 
fastness is seldom 2 or more on a scale of 1 to 8 (8 denotes the maximum 
light fastness). The light fastness of acridine dyes such as acridine orange 
NO or rhoduline orange NO (basic orange 14, C.I. 46005)" (4) is compara- 
tively inferior to that of the related pyran, thiopyran, thiazine, and oxazine 
(5) dyes.I2 The oxazine (5) has much better light fastness when dyed on ace- 
tate rayon. 

I H c1- 
4 

c1- 
5 

The above acridines are usually prepared by the condensation of appro- 
priate diamines and aldehydes. Proflavine or 3,ddiaminoacridine sulfate is 
the simplest acridine dye. It is prepared from rn-phenylenediaminel3a~ b (see 
Chapter I, Section C). Proflavine is better known for its antiseptic properties 
(see Chapter XVI, p. 791). Methylation of proflavine with dimethyl sulfate or 

*Colour Index, generic name (Part I )  and number (Part 11). 
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methyl p-toluenesulfonate gives the well-known antiseptic agent, acriflavine 
(C.I. 46000) (see also Chapter XVI, Section 2.C). 

I I 
CI - Me CI - H 

Proflavine Acriflavine 

The above methylating reagents introduce the methyl group on the ring- 
nitrogen forming acridinium compounds. Under these conditions, the pri- 
mary amino groups are not methylated. However, if the alkylation is carried 
out with an alcohol and mineral acid or alkyl halides, the free amino groups 
get a1 kylated . 

Acridine orange NO (4) is prepared from 4,4'-dimethylaminodiphenyl- 
methane.14 The latter on nitration and reduction with iron and sulfuric acid 
gives 6 .  The aqueous acid solution of 6 when heated at 140" for 6 hr (3.5-atm 
pressure) gives the leuco base 7 which on oxidation yields 4. 

Me2NQ - C H 2 p N M e 2  - --+ 

I 
H NH, NH, 

6 7 

Methylation of 4 with dimethyl sulfate gives the methosulfate 8. The 
2,7-dibromo derivative of 4, obtained by bromination in sulfuric acid or 
nitrobenzene, is the obsolete dye, acridine scarlet J ((2.1. 46015). It dyes 
tannin-mordanted cotton a yellowish red. Auracine G (basic yellow 6, C.I. 
46030) (9a) is made by reacting formaldehyde with 2,4-diaminotoluene. The 
resulting acridan (10) is oxidized and the formate prepared by treating the 
base (140 parts) with 85% formic acid (21 parts)." 

Acridine yellow G (C.I. 46025), which was once used in colored discharge 
prints, was the corresponding chloride (9b). Methylation of 9b with dimethyl 
sulfate or methyl p-toluenesulfonate gives diamond phosphine GG (basic 
orange 4, C.I. 46035). There are several similar alkylated dyes (basic orange 
5-11). Baking the acridan (10) with sodium polysulfide at 280" for 24 hr 
gives the sulfur dye, immedial brown FR extra concentrated (sulfur brown 20, 
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C.I. 53680). This dye gives brown shades on cotton with good wash and light 
fastness. The condensation of 2,4-diaminotoluene with acetaldehyde,” in- 
stead of formaldehyde, gives euchrysin GGNX (basic yellow 9, C.I. 46040). 
This 9-methyl analogue of 9b gives a yellow shade with greenish fluorescence 
on tannin-antimony mordanted silk. 

The unsymmetrically substituted coriphosphine BG (basic yellow 7, C.I. 
46020) (ll), which is made by the action of formaldehyde on a mixture of 
2,4-diaminotoluene and N,N-dimethyl-m-phenylenediamine, followed by 
oxidation, has found use in India for the preparation of artificial gold 
thread (‘‘Jari”).z 

A few derivatives of 9-phenylacridines have also been used as dyes. The 
nitric acid salt (12) of chrysaniline or phosphine (basic orange 15, C.I. 46045), 
formed as a by-product in the synthesis of magenta (C.I. 42510), is readily 
isolated since it is sparingly soluble. Its 2-methyl analogue is phosphine E. 

NMe2 NH2 

NO; 
I 
H 

1 1  12 
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The 9-phenyl analogue of acridine orange NO (C.I. 46055) (4) is obtained 
by condensing benzaldehyde with N,N-dimethyl-m-phenylenediamine in 
ethanol containing hydrochloric acid, followed by cyclization and oxidation. 
The condensation of benzaldehyde with 2,4-diaminotoluene, cyclization, and 
oxidation gave benzoflavine (C.I. 46065) (13), which is used in leather dyeing. 
The zinc chloride double salt (basic orange 18, 46070) of 14, prepared from 
4-amino-2-dimethylaminotoluene and benzaldehyde gives a reddish orange 
shade on cotton and leather. The interaction of m-phenylenediamine, its 
hydrochloride, and 4,4’-bis-dimethylaminobenzophenone (Michler’s ke- 
tone) at 200” for 5 hr, and heating of the resulting product at 100” with 30% 
hydrochloric acid, gives rheonine A (basic orange 23, C.I. 46075) (15), which 

14 13 

NMe, 
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is used for dyeing cotton, silk, wool, and leather.I5 A potassium titanoxalate 
is usually used as a mordant for the application of acridine dyes to leather.’ 

The use of 4-hydroxyacridine and 8-hydroxyquinoline as coupling com- 
ponents in the preparation of bisazo dyestuffs has been patented. These dyes 
give bright dyeings on cotton, and the fastness properties can be considerably 
improved by an after-coppering treatment. The water-soluble dyes containing 
sulfate ester groups (e.g., 16) form polymeric-insoluble copper complexes 
(e.g., 17) and thus improve the fastness properties.’6 A bisazo dye 18 is 
obtained by coupling 6-amino-l-naphthol-3-sulfonic acid (J-acid) under 
alkaline conditions with diazotized 2-hydroxy-3-chloroaniline-5-sulfonic acid, 
followed by diazotization of the amino group of the J-acid moiety and cou- 
pling with 4-hydroxyacridine. When dyed on cotton, and after being treated 
with a copper salt, (18) gives light and wash-fast blue shades.’? 

2. Simple 9-Acridanone Dyes 

Although several nitro-9-acridanone derivatives have been patented as 
disperse dyes, none seems to have been marketed commercially. However, 
celanthrene fast yellow GL (disperse yellow 2),  (du Pont) is probably 4-nitro- 
9-acridanone (19),*, l8  although its structure is not disclosed in the Colour 
Index and the subsequent supplements. 4-Nitro-9-acridanone (19), prepared 
by the cyclization of 2’-nitrodiphenylamine-2-carboxylic acid, gives bright 
yellow shades of good light and wash fastness on cellulose acetate and 
polyester fibers. Compound 19 and its derivatives are reported to be useful for 
the dyeing of polypropylene yellow shades which are fast to light.Ig 

The condensation of l-chloro-4-nitro-9-acridanone with 4-chlorothio- 
phenol in the presence of potassium carbonate and dimethyl sulfoxide yields 
20, which dyes a greenish yelhw shade on polyester fibers.20 The correspond- 
ing 7-amino-9-acridanone (21) gives a brown-red shade. The 4-nitro-9- 
acridanone-2-sulfonamide (22), prepared by the condensation of 4-chloro-3- 
nitrobenzenesulfonamide with anthranilic acid and the cyclization of the 
condensation product, gives a fast greenish yellow shade on cellulose acetate.21 
Chlorosulfonation of 4-nitro-9-acridanone and interaction of the resulting 
sulfonyl chloride with phenol, in the presence of a base, gives 23, which dyes 
polyester fibers a fast yellow shade.22 
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Attempts have also been made to prepare yellow to orange pigments from 
9-acridanone derivatives. Thus the azo compound 24, obtained by coupling 
diazotized 2-chloro-4-nitroaniline with 2-(acetoacetylamino)-9-acridanone, 
when boiled with methanol and dimethylformamide, gives a stable golden 
orange pigment.23 The 2-hydroxy-3-naphthoic acid arylide 25 exemplifies an- 

NHcoj:i N= N -Q- N o z  

‘ N ’  CI 
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other 9-acridanone-containing coupling component. The azo pigment 26 
colors polyvinyl chloride and lacquers brown.24 

The 2-amino- 1,4-dimethoxy-9-acridanone (27) has been suggested as a 
diazo component for deep Thus cotton fabrics padded with an 
alkaline solution of 2-hydroxy-3-naphthoic anilide (naphthol AS) (28), and 
then treated with diazotized 27, are dyed fast blue shades. 

21 28 

Compound 27 is prepared by the condensation of 2,5-dimethoxy-4-amino- 
acetanilide with o-bromohenzoic acid, followed by cyclization and hydrolysis 
of the acetamido group. 

3. Complex 9-Acridanone Dyes 

The dyes of this group are complex polycyclic compounds containing 
quinonoid groups, in addition to the acridone ring system. They are mostly 
derivatives of 3,4-phthaloylacridones and benzanthrone. The importance of 
these dyes is indicated from their large patent coverage and available produc- 
tion statistics. Structures of 16 phthaloylacridones and 14 benzanthrone 
derivatives (three of which are solubilized vat dyes) are reported in the 
Colour Index. A noteworthy feature of these dyes is their wide color range. 
Thus they include orange, red, violet, blue, green, and gray 

Complex acridone dyes are generally used as vat dyes; the leuco sulfuric 
esters of some of the benzanthrone derivatives have been used as solubilized 
vat dyes. The alkali-dithionite vat solutions of these dyes are generally wine 
red to violet, and they dye cotton shades of excellent light, wash, and bleach 
fastness. A recent trend appears to be the use of phthaloylacridones as 
disperse dyes for polyester fibers. 

A. Phthaloylacridones 

Although three isomeric phthaloylacridones are possible, only the deriva- 
tives of 3,4-phthaloylacridone (29) are valuable as dyes. The naphth[2,3-c]- 
acridan-5,8,14-trione (29) is generally prepared by cyclization of either 
30a or 30b. 
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29 30 a) Xi = COOH; X2 = H 
b) Xi = H; X2 = COOH 

The cyclization of 30a and 30b may be effected by interaction with several 
reagents, such as conceritrated sulfuric acid,26aa chlorosulfonjc acid,27 
phosphorus pentachloride or thionyl chloride,28 and acetyl or benzoyl 

The acid chlorides of 30a and 30b can be cyclized by the action of 
aluminium ~hloride.~O The alkyl esters of 30a and 30b have also been cyclized 
by treating with zinc and ammonia or alkaline di thi~ni te .~l  Compound 30a is 
prepared by the Ullman condensation of 1-chloro- or I-nitro-anthraquinone- 
2-carboxylic acid with an aromatic amine or by the condensation of l-amino- 
anthraquinone-2-carboxylic acid with bromobenzene. Compound 30b is 
synthesized by the condensation of 1-chloroanthraquinone and anthranilic 
acid or 1-aminoanthraquinone and o-chlorobenzoic 3 2 ,  33 Several 
other methods for the preparation of 29 have also been 

The red-violet-colored acridone 29 is not a commercial dye, but many of its 
derivatives are valuable dyes. The hydrogen atom attached to  nitrogen in 29 
is conveniently located to form an intramolecular hydrogen bond with the 
carbonyl oxygen (14-position). This property may be partly responsible for 
the dyeing and fastness properties of these dyes. Thus the N-methyl derivative 
of (29) is relatively less substantive to cotton and it also exhibits a hypso- 
chromic shift.34 The phthaloylacridones with amino and substituted amino 
groups at 6-position are blue; otherwise, they are red. Phthaloylacridone 
dyes, derived from the parent structure 29, may be divided broadly into the 
following three groups: (1) 3,4-phthaloylacridones carrying substituents/ 
fused rings at 9-12 positions, (2) 6-amino derivatives of 3,4-phthaloyl- 
acridones, and (3) carbazole phthaloylacridone dyes. 

(1) 3,4-Phthaloylacridones Carrying SubstituentslFused Rings 
at 9-12 Positions 

Indanthrene violet RRK ((2.1. 67800) and indanthrene red R K  new (C.I. 
67805), which are now obsolete, were 1 I-chloro- and 10,12-dichloro deriva- 
tives of (29). Indanthrene red violet RRK (vat violet 14, C.I. 67895) is 
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essentially 6,10,12-trichlorophthaloylacridone,3~~ 36 prepared either by the 
chlorination of (29) or the uncyclized 30b. The 6,9,10,11,12-pentachloro 
derivative33 of 29 is marketed as indanthrene brilliant pink BBL (vat red 39, 
C.I. 67900). Indanthrene pink B (C.I. 67905) is the 6,7,9,10,11,12-hexachloro 
derivative. The labile chlorine at 7-position probably gets removed during 
vat dyeing.33 

Indanthrene brilliant pink BL (vat red 38, (2.1. 67810) (31) is prepared by 
the condensation of 3,5-dichloro-2-phenoxyaniline with methyl ester of 
1 -chloroanthraquinone-2-carboxylic acid, followed by hydrolysis of the 
ester and cyclization of the resulting acid with benzoyl chloride in o-dichloro- 
benzene.37 Indanthrene Red RK (vat red 35, C.I. 68000) (32) is prepared from 
1-nitroanthraquinone-2-carboxylic acid and p-naphthylamine with arsenic 
trichloride in o-dichlorobenzene, 38 

CI 

0 0 

31 
32 

The carcinogenic p-naphthylamine can be replaced by 2-naphthylamine- 1- 
sulfonic acid (Tobias a ~ i d ) . ~ ~ T h e  phthaloylacridone 33a gives wine red shades 
on cotton.40 Vat dyes such as 33b, containing a sulfonic acid group, are 
reported to  possess improved penetration and level dyeing proper tie^.^^ 

Indanthrene orange RR (vat orange 13, C.I. 67820) (34) is prepared by the 
condensation of 1-nitroanthraquinone-2-carboxylic acid with p-amino- 
benzoic acid, cyclization, convertion to acid chloride and final condensation 
with l-amino-5-benzamidoanthraquinone.33~ 42  

33 a) X = H 
b) X = S03H 0 



3. Complex 9-Acridanone Dyes 591 

f y C O N H r ,  

0 

34 

The acridone derivative, obtained starting from l-chloroanthraquinone-2- 
carboxylic acid and 2-aminoanthracene, is red By using more com- 
plex arylamines such as 3-aminopyrene, dyes that absorb at longer wave- 
lengths are obtained. Thus the dye 35, derived from 3-aminopyrene, is green.44 
The hypochlorite oxidation of 10-aminophthaloylacridone gives 35a, which 
dyes cotton a fast brown shade.45 
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Indanthrene red brown R (vat brown 31, C.I. 70695) is prepared by the 
interaction of 2 moles of 1-nitroanthraquinone-2-carboxylic acid with 1 mole 
of benzidine, followed by cyclization of the condensation product. De- 
carboxylation of one of the carboxyl groups which is still present, by heating 



592 Acridine Dyes 

with alkali under pressure, yields indanthrene red brown R46 which is a 
mixture of the acridonylceramidone 36b (70%), 36a (23%), and the di- 
ceramidonyl 36c (7%). 

0 0 

36s  

36b 0 

3 6 c  

The condensation of 1-chloroanthraquinone-2-carboxylic acid with 
2-aminoanthraquinone and cyclization4' gives indanthrene orange F3R (vat 
orange 16, C.I. 69540) (37). The bisacridone, indanthrene violet FFBN (vat 
violet 13, C.I. 68700) (38), which dyes bluish violet shades, is prepared by the 
condensation of 1,5-dichloroanthraquinone and potassium anthranilate, 
followed by cyclization.", 48 

Phthaloylacridones are usually stable to  nitric acid and other oxidizing 
agents. However, they break down when fused with caustic potash. Thus the 
parent acridone (29) on alkali fusion yields benzoic acid and 9-acridanone-3- 
carboxylic acid, whereas 38 gives only 9-acridanone-3-carboxylic acid.49 
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(2)  6-Amino Derivatives of 3,4-Phthaloylacridones 

Derivatives of (29) having amino substituents in the 6-position are blue. 
Thus indanthrene turquoise blue GK (vat blue 32, C.I. 67910) and indanthrene 
turquoise blue 3GK (vat blue 33, C.I. 67915) are 39 and 40, respe~t ive ly .~~ 

c1 

39 40 

They are prepared by the condensation of 1-amino-4-bromoanthraquinone- 
2-sulfonic acid (bromamine acid) with 3-chloro- and 2,4-dichloro-aniline, 
respectively, followed by cyclization with simultaneous elimination of the 
sulfonic group.51 The nitration and reduction of (29) gives a mixture of tri- 
and tetra-amino derivatives, which dyes cotton in a bluish green The 
1 1-trifluoromethyl-6-benzamido derivative of (29) is indanthrene printing 
blue HFG (vat blue 21, C.I. 67920). It is used for printing direct and resist 
styles on cotton.”. 5 3  Apart from their use as vat dyes for cotton, dyes such as 
39 and their acylamino derivatives can also be used as disperse dyes for tur- 
quoise blue prints and dyeings of excellent fastness on polyester f iber~ .5~ 

Indanthrene blue CLN (vat blue 39) (41) is prepared by acylation of 6- 
aminophthaloylacridone with p-chlorobenzoyl chloride3 or by starting from 
1 -(p-chlorobenzoylamido)-4-chloroanthraquinone and anthranilic acid. 55 



594 Acridine Dyes 

41 

The dyes 42 and 43 are other examples of disperse dyes that give brilliant 
bluish green shades on polyester fibers. The dye 42 is prepared by the inter- 
action of I-amino-4-bromoanthraquinone with acrylamide, hydrolysis of the 
amide group, condensation with anthranilic acid, followed by cyclization and 
esterifi~ation.~~ The treatment of appropriate acridone with ethylene glycol 
monoethylether, dimethylformamide, m-nitrobenzenesulfonic acid, and 
caustic sodaS7 is reported to give 43. However, the structure of this com- 
pound requires confirmation. The bluish green disperse dye 44 is prepared 
either by the condensation of 4-bromo-l-(w-methoxypropylamino)anthra- 
quinone and anthranilic acid or by the interaction of w-methoxypropylamine 
with 6-aminophthaloylacridone in the presence of boiling aqueous sodium 
dithionite and oxidation of the leuco d e r i ~ a t i v e . ~ ~  

The condensation of thiosalicylic acid with 6-bromophthaloylacridone, in 
the presence of potassium carbonate and amyl alcohol, gives 45, which dyes 
polyester fibers a bright blue shade by mass c o l ~ r a t i o n . ~ ~  

0 NHCqCH,C 

I\ 

42 43 
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The phthaloylacridone 46a, prepared by the condensation of 1-amino-2,4- 
dibromoanthraquinone with anthranilic acid followed by cyclization with 
phosphoric acid, reacts with potassium or copper cyanide to give the 7-nitrile 
46b. The latter on hydrolysis6O yields the amide 46c. 

The interaction of 46a with sodium phenoxide6I gives 46d. These disperse 
dyes, 46b, c, and d, give bright bluish green shades on polyester fiber. 

0 NH, 
46 a) X = Br 

b) X = CN 

d) X = OPh 
C) x = coNnl 
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By introducing appropriate arylamino substituents at the 6-position of 
phthaloylacridone (29), it is possible to produce useful green vat dyes. Thus 
the condensation of 1,3,5-trichlorobenzene with 6-aminophthaloylacridone, 
in the presence of potassium carbonate and copper chloride,62 yielded a 
brilliant green dye (47). The yellowish green vat dye, indanthrene green 4G 
(vat green 12, C.I. 70700) (48), has good fastness proper tie^.^^ Similar dyes, in 
which sulfonic acid groups are introduced for better penetration and level 
dyeing, have been reported in recent patents.64 A green dye similar to  4.8, 
containing a biphenyl substituent in place of phenyl, has also been reported.es 
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The condensation of 6-aminophthaloylacridone with 1-(m-bromobenzamido)- 
anthraquinone gives 49, which dyes cotton yellowish green.66 

Ph 

48 49 

The green dye 50 is prepared by the condensation of terephthaloyl chloride 
with one molecule each of 6-aminophthaloylacridone and 1,2-diamino- 
an th raq~ inone .~~  The condensation of 6-aminophthaloylacridone with 

50 & \ / \ / 

I 
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2,3-dichloroquinoxaline-6-carboxylic acid gives the dye 51, which dyes cotton 
an olive green shade from a wine red vat.68 

The condensation of 2 moles of 10-chloro-6-aminophthaloylacridone with 
1 mole of a monosubstituted cyanuric chloride gives (52), which dyes blue 
shades on cotton that are fast to bleaching and soda 70 

c1 CI 

52 

( 3 )  Carbazole Phthaloylacridone Dyes 

Carbazole phthaloylacridone derivatives dye fast brown shades on cotton. 
Indanthrene khaki GR (vat brown 16, C.I. 70910) (53) is a mixed carbazole 
acridone, prepared by the condensation of 6,7,9,12-tetrachlorophthaloyl- 
acridone with two molecules of a-aminoanthraquinone, followed by cycliza- 
tion with aluminium It gives brownish olive shade of good, all- 
round fastness. Indanthrene brown 3GT (vat brown 26, C.I. 70510) (54) is 
another carbazole-acridone dye prepared by the interaction of 1 -amino-5- 
benzamidoanthraquinone with 6,10,12-tri-chlorophthaloylacridone, followed 
by carbazolization.’2 

Indanthrene brown LG (vat brown 46, C.I. 70905) (55) is obtained when 
2 moles of 1 -amino-5-benzamidoanthraquinone are condensed with 1 mole of 
6,10,12-trichlorophthaloylacridone and the product carba~ol ized .~~ The 
carbazole-acridone 56, prepared by the condensation of 2 moles of 6-benz- 
amido-10-bromophthaloylacridone and 1 mole of 1,5-diaminoanthraquinone 
and carbazolization is a good brown vat dye.73 

Several similar complex carbazole-acridone brown and gray vat dyes have 
been reported in recent l i terat~re . ’~ 





3. Complex 9-Acridanone Dyes 599 

B. Benzanthrone Acridone Dyes 

Vat dyes containing benzanthrone and acridone moieties dye shades of 
excellent fastness (light fastness around 8). Because of their outstanding 
fastness, they are used for the dyeing of cotton curtains, furnishings, and 
shirting. The controlled bromination of benzanthrone gives high yields of 
either 3-bromobenzanthrone or 3,9-dibromoben~anthrone.~~ Both are 
valuable intermediates in the preparation of benzanthrone-acridone vat dyes. 

Indanthrene olive green B (vat green 3, C.I. 69500) (57) is prepared by the 
condensation of 3-bromobenzanthrone with a-aminoanthraquinone in the 
presence of sodium carbonate and copper oxide in boiling naphthalene. The 
resulting 3-(a-anthraquinonylamino)-benzanthrone on cyclization by heating 
with potassium hydroxide in i s o b ~ t a n o l ~ ~ '  75 gives 57. Following similar 
reaction conditions and using 2 moles of a-aminoanthraquinone per mole of 
3,9-dibromobenzanthrone, indanthrene olive T (vat black 25, C.1.69525) (58) 
is obtained.l1$ 3 3 ,  7 6  

7' 

H I "fl 

The carbazolization of 58 by heating at 100" in a melt containing urea and 
aluminium chloride results in an olive green vat dye.77 Both 57 and 58, which 
give fast olive green and brownish gray shades, are widely used. 
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An interesting method of preparing 57 and 58 consists in the cyclization of 
the sulfonated intermediates 59a and 59b by treatment (vatting) with alkaline 
d i th i~ni te ’~  at 100”. 

0 
59 I :  x = n 

b: X = a-anthraquinonylamino 

When 59a and 59b are used for vat dyeing, the dyes 57 and 58 are formed on 
the fiber by desulfonation and cyclization. The dyeings have the same shades 
(green and gray) and are equally fast. Indanthrene olive green GG (vat green 
5 ,  C.I. 69520) (60) is prepared by the interaction of 3-bromobenzanthrone 
with 1,5-diaminoanthraquinone, followed by cyclization, benzoylation, and 
~h lo r ina t ion .~~  

Derivatives of 57 having benzamido or a-anthraquinonylamino groups in 
6-position also give greenish olive shades on cotton.79 Of special interest are 
the derivatives of 57, containing substituted benzamido group in the 4’-posi- 
tion.sO They are olive green dyes that show low ir reflectance properties and 
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give fast dyeings on cotton. These dyes have been recommended for camou- 
flaging military uniforms and equipments, since conventional ir detectors are 
incapable of detecting dyes of ir reflectance below 25%. An example of such a 
dye is 61, which is prepared by the interaction of m-dimethylsulfonamido- 
benzoyl chloride with 4’-ainino derivative of 57. The condensation of 1 -amino- 
4-chloroanthraquinone with thiosalicylic acid, followed by cyclizing to  a 
thioxanthone and then further condensation with 3-bromobenzanthrone 
and cyclization, yields a brown dye (62) that is similar to 61 in low ir re- 
flectance.*l 

If the acylation of 4’-amino derivative of 57 is carried out with l-amino- 
anthraquinone-2-carboxyl chloride, the resultant dye gives a maroon shade 
on cotton that shows good fastness, weatherability, and printability.s2 

The condensation of 4-bromobenzanthrone and a-aminoanthraquinone in 
the presence of caustic potash and dimethyl sulfoxide, followed by cycliza- 
tion, yields 63, an isomer of 57. 

0 
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Such dyes prepared from 1-amino-4-benzamidoanthraquinone and I-amino- 
5-benzamidoanthraquinone gave olive dyeings that are fast to light and alkali 
boil.83 Their chloro derivatives give olive green shades on cotton.84 

C. Miscellaneous Complex Acridone Dyes 

An example of such a dye is the fast yellowish green dye 64, which is 
obtained by interaction of 4,5-dichloronaphthalene-l,8-dicarboxylic acid, 
o-phenylenediamine, and 1-aminoanthraq~inone.~~ Other examples are the 
anthrapyridone pigments 65 and 66, which dye polypropylene reddish 
purple shades by melt spinning.86 The condensation of anthranilic acid with 
6-bromo-N-methylanthrapyridone and 8-chloro-N-methylanthrapyridone and 
cyclization of the condensation products yields, respectively, 65 and 66. The 
anthrapyridone derivative 67 has also been mentioned as a violet dye.*’ 

0 

64 65 ii 
0 

.Me 

6 
61 

Pyrazolanthrone derivatives, indanthrene navy blue R (vat blue 25, C.I. 
70500) (68) and indanthrene gray M, MG (vat black 8, C.I. 71000) (69) are 
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widely used fast vat dyes. The former (68) is prepared by the condensation of 
3-broniobenzanthrone with anthrapyrazole, followed by cyclization by 
treatment with alcoholic caustic potash.88 The latter (69) is prepared simi- 
larly, starting from 3,9-dibromobenzanthrone, anthrapyrazole, and a-amino- 
anthraquinone.ll3 3 3  The well-known phototropic vat dye, flavanthrene (vat 
yellow 1, C.I. 70600), (70) may also be looked upon as a complex acridone dye. 

68 

70 

69 

It is prepared by treating 2-aminoanthraquinone with antimony pentachloride 
in nitrobenzene or by simultaneous dehydration and cyclization of 2,2’-di- 
phthalimido-1 ,I1-bianthraquinonyl under alkaline conditions.11, 33 

4. Quinacridones 

Diketoquinolinoacridines are designated by the trivial name “quinacri- 
dones.” They can be linear trans (71) and cis (72) or angular (73) and (74). 

H 0 0 0 

I I 
9 /  ’ N  / 

H H 
8 117 6 I S  

0 H 
71 72 
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N' 

0 

13  14 

All four compounds and their derivatives have been known for a long time. 
The linear trans-quinacridone (71) was first prepared by LeibermannE9 in 
1935, but the other three compounds were known even earlier.90-92 It was 
only when their pigmentary properties were recognized in 1955 by the 
du Pont chemists that they attracted wide attention. The compound 71, 
which is usually referred to as quinacridone, and its derivatives are red or 
violet and are valuable as high-quality pigments. The other three isomers 
72, 73, and 74 are yellow and are comparatively much less valuable as 
pigments. 

The linear trans-quinacridone 71 and its derivatives are insoluble in organic 
solvents and dispersion media. They are stable to heat up to 165" and have 
good light fastness. These properties, which are similar to those of phthalo- 
cyanines, make them extremely valuable as pigments. Although they have low 
molecular weight (312), the intermolecular hydrogen bonding between the 
imino and carbonyl groups of quinacridone molecules in crystal lattice is 
responsible for their high stability and i n s ~ l u b i l i t y . ~ ~ ~ ~  The N-methylated 
derivatives of 71 are soluble in alcohol.94 This compound and the unsubsti- 
tuted 71 have similar spectral characteristics, thus indicating the ketonic 
structure for the q u i n a c r i d ~ n e . ~ ~ ~ ,  

The quinacridones show polymorphism. The bluish red a form of linear 
quinacridone lacks stability in solvents. The commercial quinacridone pig- 
ments are in the stable, reddish violet @ form and the red y form. The p form 
was first marketed in 1958 as cinquasia violet R or monastral violet R (pig- 
ment violet 19, C.I. 46500) (du Pont). Cinquasia red B (bluer) and Red Y 
(yellower) have the y form. The transparent red B and opaque red Y differ 
only in particle the red B having a particle size of 1 1.1 or bigger and 
the red Y having a particle size of 1 p or smaller. Resination of the pigment 
with rosin salts increases the t r an~parency .~~  The brand names of this pigment 
by some of the other firms are quindo violet RV-6902 (Allied Chemical 
Corporation), paliogen red BB (BASF), helio fast red E5B (FBY), hostaperm 
red E3B (Hoechst), and quinacridone violet. Other commercial derivatives 
of 71 include the 2,9-dimethyl derivative, quindo magenta RV-6803 (Allied 
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Chemical Corporation) or hostaperm pink E (Hoechst) (pigment red 122), 
indazin red 2B (Cassella) (pigment violet 30) and sandorin brilliant red 5BL 
(Sandoz) (pigment red 192). These pigments can be used in alkyl resin enamels, 
vinyl and acrylic lacquers, printing inks, vinyl and plastic products, and 
textile printing. 

A. Linear trans-Quinacridone 

The linear trans-quinacridone is prepared by the dehydrogenation of the 
dihydro (75) or the octahydro (76) derivatives, or the cyclization of 2,5- 
diarylaminoterephthalic acid or ester (77). 

15  76 

H 

H 
17 R * H or alkyl 

The preparation of 75 and its dehydrogenation were covered by du Pont's 
original patents95 in 1955. The condensation of two molecules of diethyl 
succinate in sodium ethoxide gave diethyl succinoylsuccinate or 2,5-bis- 
ethoxycarbonylcyclohexane-l,4-dione (78). The condensation of 78 with 
aniline in the presence of aniline hydrochloride in Dowtherm A yields 79, 
which on cyclization by heating at 250" under nitrogen atmosphere gives 75. 
Oxidation of the dihydro derivative 75 to quinacridone 71 can be effected by 
heating with sodium m-nitrobenzenesulfonate in alcoholic or by 
heating its benzene solution at 200" in an autoclave.g6 The enolic form (78b) 
can be condensed with aniline and cyclized to 75 in one step by heating it 
with aniline in polyphosphoric acid.97 Direct conversion of 79 to  71 can be 
achieved by one-step cyclization and oxidation, using polyphosphoric acid 
and ~ h l o r a n i l . ~ ~  Some of the other methods of oxidation of 75 to 71 include 
air oxidation in the presence of tetramethylene sulfone as the solvent and 
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H 
79 

2-chloroanthraquinone as the catalyskgg Alternatively 79 may be first oxi- 
dized with chloranil and then cyclized.lOO 

Condensation of 2,5-diaminoterephthalic acid with cyclohexanone in the 
presence of sulfuric acid gives 76,which can be dehydrogenated under pyrolytic 
conditions.lo1 

The reaction of excess aniline with 2,5-dichloroterephthalic acid or its 
ester102 gives 77. The cyclization of compound 77 to quinacridone 71 can be 
effected either by heating in sodium chloride-aluminium chloride meltLo3 or by 
heating with aluminium chloride in tr ichlor~benzene. '~~ A good method for 
cyclizationI0j appears to be the heating of 77 (R = H) with polyphosphoric 
acid at 140-170". The resulting quinacridone is generally in the pigmentary 
form. The cyclization, if effected by heating with concentrated sulfuric acid, 
yields a partially sulfonated product. Subsequent desulfonation can be 
effected by heating the cyclization product with dilute sulfuric acid at higher 
temperatures under pressure.'O6 Some of the other cyclizing agents that have 
been suggested are boric acid in the presence of phthalic anhydride as the 
solvent or fused zinc chloride in o-d ich lor~benzene ,~~~ benzoyl chloride,lo8 
and phosphorus oxychloride in n i t r o b e n ~ e n e . ~ ~ ~  The condensation of two 
molecules of anthranilic acid with p-dibromobenzene and cyclizationg3 
yields the angular compound 73. However, 6,13-dimethyl derivative of 
linear trans-quinacridone can be obtained from anthranilic acid and 2,5- 
dibromo-p-xylene.l10 

B. Quinacridonequinone 

The quinacridone quinone 80 is the oldest-known linear quinacridone 
derivative. This brownish yellow pigment has high thermal stability, but its 
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fastness to light is comparative less. The light fastness, however, can be 
improved by incorporation of other suitable chemicals.93 Derivatives of 80 
proved to be valueless as vat dyes. The quinone 80 was prepared in 1918 by 
condensing anthranilic acid with benzoquinone and cyc l i~a t ion .~~  In this 
oxidative condensation, part of the benzoquinone is reduced to  hydro- 
quinone. Other reagents, such as sodium chlorate and vanadium pentoxide, 
can be used in place of an excess of benzoquinone.Ill The condensation 
product (81) can be cyclized by treatment with polyphosphoric acid,l12 
sulfuric acid,l13 or thionyl chloride in n i t r ~ b e n z e n e . ~ ~ ~  Vat dyes similar to  81 
such as helindon yellow CG (vat yellow 5, C.I. 56005), have been prepared 
starting from p-chloroaniline and benzoquinone.'l A more attractive method, 
which can be used for the preparation of 80 (and substituted derivatives) 
is the cyclization of 82. The reaction of aniline with 2,5-dichloro-3,6-bis- 
ethoxycarbonyl-l,4-ben~oquinone~~~ or 2,5-dihydroxyterephthalic acid in the 
presence of an oxidizing agent (sodium chlorate and ammonium vanadate)ll6 
gives 82b. The chlorination of 78b, followed by condensation with aniline,l'' 
also gives 82b. The cyclization of 82a or 82b can be effected by heating with 
sulfuric acid. Thermal cyclization of 82b by heating in Dowtherm A at 230- 
270" is also known. If the heating is done at a lower temperature (below 200"), 
formation of the dioxazine derivative 83 is facilitated. 

80 81 

H O  C0,Et 

UyJ \ RO,C N I / a:@\:D C02Et  

O H  
82 a ;  R = H  

b; R = E t  
83 

To avoid this, the benzoquinone derivative 82 can be reduced with sodium 
dithionite to the corresponding hydroquinone, which can then be cyclized by 
heating with chloronaphthalene1l8 at 250". The 6,13-dihydroxyquinacridone 
(leuco derivative), thus obtained, can then be oxidized with sodium m-nitro- 
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benzenesulfonate. By this process, the quinacridonequinone 80 is exclusively 
formed. 

Quinacridone (71) and its dihydro derivative (75), on oxidation with 
chromic acid,11Q give a good yield of quinacridonequinone (80). Conversely, 
it is also possible to reduce the latter to quinacridone (71) by heating it with 
zinc dust in a fused mixture of aluminium chloride, sodium chloride, and 
potassium chloride.120 The reduction of 80 with copper powder in sulfuric 
acid gives the violet-red-colored 6-hydroxy derivative and the red-violet 6,13- 
dihydroxyquinacridone.l*l The quinonoid carbonyl and the > NH groups of 
80 are well situated to form metal chelates; such chelates with copper, zinc, 
and nickel have been reported.12* 

C. Other Quinacridone Derivatives 

Several quinacridone derivatives have been prepared, varying in shade 
from yellowish red to violet. Quindo magenta RV-6803 (pigment red 122) is 
probably 2,9-dimethylquinacridone, obtained by using p-toluidine in place of 
aniline in the preparation of 71.93,123-1?5 The chloro derivatives of quin- 
acridone are orange and red colored. The 2,9-dichloroquinacridone has also 
been found to exist in a,  p, and y forms.126 The 4,l I-dichloroquinacridone is 
a reddish orange pigment.127 The red 6,13-dichloroquinacridone is prepared 
by the action of phosphorus pentachloride128 on the 6,13-dihydroxy derivative 
of 71. Another route to 71 is from 2,5-dianilino-3,6-dichloroterephthalic 
acid.IZ9 Yellowish red octa- and decachloro-quinacridones have been pre- 
pared by the direct chlorination of quinacridone with sulfur monochloride in 
the presence of anhydrous aluminium ch10ride.l~~ The 3,lO-trifluoromethyl 
derivative of 71, obtained by using m-trifluoromethylaniline, is p ~ r p 1 e . I ~ ~  
The 2,9-difluoroquinacridone is red-~iolet . '~* The stable p and y forms of 
2,9-dimethoxyquinacridone are reddish vi01et.I~~ Several other similarly 
substituted quinacridones have also been reported. The aluminium salt of 
quinacridone-2,9-disulfonic acid, prepared by using p-aminobenzenesul- 
fonamide in place of aniline for condensation with 78, can be mixed with the 
@ form of 71 (15:85) to give a pigment that has superior tinctorial and 
rheological ~r0per t ies . I~~ The derivative of 71 having phenylazo substituents 
at the 2,9-positions is a red pigment,13j whereas that with phenylthio sub- 
stituents is vi0let.1~6 

D. Pigmentary Forms 

As mentioned earlier, quinacridones show polymorphism. The crude 
quinacridones, obtained by the different processes described above, cannot be 
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directly used as pigments. They usually exist in the solvent unstable a form. 
Special pigmentary conditioning methods have to be used to convert the 
crude pigment into the stable p and y forms, which are valuable as pigments. 
The bluish red (Y form of 71 is usually unaffected if the product is subjected to  
ball milling with sodium chloride or dissolved in concentrated sulfuric acid 
at low temperature and repre~ipitated.~b However, if the a form of 71 is 
ball-milled in the presence of traces of inert solvents such as xylene and 
o-dichlorobenzene, it is converted into the p form. The use of a small quantity 
of dimethylformamide during ball milling converts the pigment into the y 
f0rm.9~ The quinacridones obtained by cyclization of the relevant interme- 
diate with polyphosphoric acid generally have the desired pigmentary prop- 
erties.Io5 If crude quinacridone is dissolved in polyphosphoric acid and is 
then reprecipitated at  45" by pouring the polyphosphoric acid solution 
rapidly into ethanol, it is converted into the p form; slow addition gives the 
y form.137 This process also gives the quinacridones in smaller particle size. 
The y form can also be obtained by heating the crude quinacridone in di- 
methylformamide,Q5 q~inoline,1~* ethanol in an autoclave,139 or 2-pyrroli- 
done.140 If quinacridone (71) is treated with N-methylpyrrolidone at  200°141 or 
dimethylsulfoxide at 150°,142 a yellower and brighter modification of the y 
form is obtained. Sublimation of 71 at 405-425" under high vacuum has 
been reported to give the red 6 form, a fourth ~ a r i e t y . 1 ~ ~  The cis-quinacridone 
(72) also exists in a, p, and y forms, and the latter two can be used as yellow 
pigments.144 

E. Solid Solutions 

Quinacridones have another interesting property. A mixture of two 
different kinds of quinacridones, when refluxed in dimethylformamide or 
ball-milled with salt and then treated with cold dimethylformamide, form 
solid s o l ~ t i o n s . ~ ~ j  These solid solutions have their own characteristic X-ray 
diffraction patterns; their shades are different from those of the individual 
quinacridone components. The solid solutions are usually brighter and 
possess higher light fastness. The solid solution between 71 and its 2,9-di- 
chloro derivative is scarlet, whereas those of 71 and the quinone 80 are 
maroon. It is also possible to  prepare solid solutions between two different 
forms of the same quinacridone derivative.146 
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1. Introduction 

Although bioluminescence‘ represents the oldest-known class of chemi- 
luminescence in organic compounds, the realization of the source of the light 
is of very recent origin. The earliest example of luminescence from a solution 
of a particular, known organic substance is that of lophine,* described in 1877. 
Lumin01,~ discovered in 1928 and lucigenin (l), whose luminescence was first 
observed in 1935, can be considered the other “classical” examples of organic 
chemiluminescence. Although the principles of chemiluminescent mechanism 
are described in detail el~ewhere,~,  

Chemiluminescence occurs when the product of an exothermic reaction is 
formed in an electronically excited state. Direct light emission from this 
product is observed if it is fluorescent; if other fluorescent products or  im- 
purities are present, then energy transfer to these, with subsequent light 
emission from the acceptor molecules, may occur. Such energy transfer can 
take place by any of the processes known from photochemical studies.6 
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a brief introduction may be helpful. 
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616 Chemiluminescent Reactions of Acridines 

The first requirement for the assignment of mechanism is that the excited 
product should be identified. If this is the primary product of the reaction, 
then exact correspondence of the chemiluminescence emission spectrum and 
the fluorescence spectrum of the pure product must be obtained. It is a fair 
assumption that in an oxygenated solution at room temperature, the only 
state to radiate in either case will be a short-lived singlet in thermal equilib- 
rium with its surroundings. In such circumstances phosphorescence can be 
excluded and chemiluminescence considered as a chemically generated 
fluorescence. In addition, the reaction suspected of yielding the excitation 
must produce in the excitation step energy at least as great as that of the 
spectroscopic energy of the radiating molecule, as determined by the lowest 
observed wavelength of emission. (This 0-0 level is not easily identified in 
the broad band spectra typical of most organic molecules.) 

Early workers usually considered that a radical species must be generated 
as the emitter, probably owing to too close an identification of excited states 
with molecules of a radical nature. Some modern investigations have shown 
that radical reactions, as exemplified by electron transfer sequences, do indeed 
lead to excited If we consider that acridines are readily reduced (to 
the radical anion), then this is in  principle a likely mechanism. In outline, 
a reduced polynuclear aromatic molecule (Ar-) is oxidized by the removal 
of a bonding electron to form the first excited singlet state that radiates in the 
usual way. 

Ar + e --f As- 
Ar- + ox + Ar* + hv + red 

Ar" --f Ar + hv 
where ox and red are the oxidized and reduced forms of a suitable oxidant. 
Until recently, chemical reactions of a more usual kind, i.e., those involving 
bond making and breaking in a conventional transition state, were not thought 
to  be a major pathway to excitation. However, there is no doubt that the 
decomposition of peroxides is a powerful and important chemiluminescence 
me~hanism.~ ,  lo ,  l1 Although other routes are possible (particularly that in- 
volving singlet oxygen formation), these two provide a suitable basis for the 
discussion of acridine chemiluminescence. The efficiency of a chemi- 
luminescent process is measured by the quantum yield: a yield of 1.0 (or 
100%) occurring when every molecule of a substrate reacting produces one 
photon. Yields of 1% are normally considered high, although still higher 
yields (20-30%) are possible. 

2. Biacridinium Salts-Lucigenin 

Although it is a difficult compound to investigate, lucigenin (1) is the arche- 
typal chemiluminescent acridine derivative. Standing in relative isolation 
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(with lophine and luminol) for so long, it attracted a fair amount of experi- 
mental effort but with many contradictory results. Nevertheless, it is proper 
that we should examine it first, with a reminder that more recent work on 
related, but simpler, compounds will assist considerably in understanding the 
basic mechanism. These compounds are considered later in this chapter. 

The reaction is very sensitive to medium effects but in essence requires a 
base and hydrogen peroxide.12 It proceeds best in hydroxylic solvents and is 
rather sensitive to  the structure of the alcohol l 4  (see the discussion of 
its use as an analytical 

The nature of the base is also relevant, some amines being considered more 
e f fec t i~e . '~ . '~  However,it is probable that these effects are the result of changes 
in the medium and rate caused by the added compounds (e.g., a change to 
general base catalysis; the quantum yield is probably not affected.13) In 
fact, the influence of a variety of additives13z16a, b ,  has been noted but 
seldom investigated in a way that would lead to any conclusion about the 
involvement of the additive in the mechanism. The reaction is complex, and 
the major product, 10-methylacridanone, is not formed quantitatively. There 
is some indication that the initial intensity of the reaction has a linear rela- 
tionship to the hydrogen peroxide concentration, but that the order in base 
is not s i m ~ l e . ~ ~ , ~ ~  In spite of the fairly large amount of work on the com- 
pound, there is no thorough and convincing examination of the mechanism 
of the reaction in its simplest form. However, the growth in understanding 
of organic chemiluminescence and recent work allow a plausible mechanism 
to be written. 

A final difficulty that has caused confusion lies in the identification of the 
primary excited product. The reaction, as usually performed with alkaline 
hydrogen peroxide in aqueous alcohol, displays a green emission. Since 
lucigenin itself is green fluorescent (A,,,, ca. 500 nm) it was suggestedl8$ l9  that 
lucigenin is re-formed (e.g., as a biradical) with subsequent emission. A related 
view has been expressed recently.?O However, there is now conclusive evi- 
den~e*l-?~ that the primary emitting molecule is 10-methylacridanone (A,,,, 
442 nm in ethanol); since this is the most energetic emission observed, then 
energy transfer to  lucigenin or a degradation product is occurring. Such 
transfer to added fluorescent molecules is easily dem~nstrated. '~,  24 

It is then necessary to provide a mechanism that produces 10-methyl- 
acridanone directly in an excited state. The details of this process are not 
entirely clear, but it must occur by a route similar to the scheme onpage618. 
Although a radical mechanism (involving a radical derived from lucigenin (1) 
or its pseudobase 2 is possible, recent extensive inve~tigations2~~*ja* b have 
shown that such intermediates do not lead to efficient chemiluminescence. 
For example, Janzen and co-workers2ja, have identified DBA.+ 3 and 4 by 
esr, formed by the addition of hydroxyl ion to lucigenin. However, the subse- 
quent reaction with oxygen produced a quantum yield times that of the 

l4  



618 Chemilurninescent Reactions of Acridines 

y 3  iH3 

I 
CH3 NO; 

I 

CH3 

2 

0' 

I 
CH3 

I 

0- 

QJyJ \ 

I 
CH3 

4 

I 

3 
CH3 

standard reaction using hydrogen peroxide. Moreover, no radicals were 
detectable during the latter reaction. Weak chemiluminescence, also requiring 
oxygen, was also observed by adding cyanide ion to lucigenin. Hercules and 
co-workers repeated earlier work which seemed to indicate that electrogener- 
ated chemiluminescence was possible from 1ucigenin.l6 However, it is ap- 
parentz3 that direct reduction in the absence of oxygen, at a platinum elec- 
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trode, merely reduces lucigenin to 10,10’-dimethyl-Ag~9’-biacridan (6) and 
that a mercury electrode, at potentials more negative than -0.15 V, reduces 
oxygen, which then reacts with lucigenin, giving light. At pH 7 in water, in 
fact, the reduction of oxygen gives both the reagents of the classical chemi- 
luninescence. 

O2 + 2H20  + 2e -+ HzOz + 2HO- 

Using nonaqueous solvents, the superoxide ion 02- is produced from 
oxygen, and lucigenin is also reduced to 10, 10’-dimethyl-A9~9’-biacridan. 
With the solvents ethanol, dimethylformamide, dimethylsulfoxide, and 
acetonitrile, it is possible to have varying solubilities and fluorescence effi- 
ciencies for the two principal energy acceptors. These are lucigenin itself 
(A,,,, 500 nm) and 10,10’-dimethyl-Ag~9’-biacridan (A,,,, 5 10 nm). Because 
of this flexibility, it can be shown that 10-methylacridanone is the primary 
emitter, and at concentrations of acceptor greater than 10-4M, singlet to  
singlet energy transfer of the Forster type 6 ,  26 occurs. Thus the arguments 
in favor of nucleophilic attack of hydrogen peroxide or its conjugate base as 
a principal step in all cases of lucigenin luminescence are reinforced. 

Various other mechanisms18-20~ 27a-d have been advanced, some accom- 
panied by considerable experimental work. However, almost all can be 
excluded on the grounds that the excitation step either does not form 10- 
methylacridanone, or more important, does not release the large amount of 
energy required to  populate the observed excited state. 

To date, it has not been possible to distinguish between route (a) or (b); 
but insofar as alkyl peroxides are considerably less efficient (if effective at all), 
then route (b) is implied. It is a relatively efficient compound; a quantum 
yield of 1.6y0 obtained 21$ 2 2  on the basis of the yield of 10-methylacridanone 
is very variable and the quantum yield based on lucigenin consumed may be 
only O.OSY,. 

A variety of lucigenin analogues have also been p r e ~ a r e d . ~ * - ~ ~  By alkylating 
the potassium salt of 9-acridanone and treating the 10-alkylacridanone with 
zinc in methanolic hydrochloric acid, the 10, 10’-dialkyl-Ag~9’-biacridans are 
formed.30 Oxidation with nitric acid gives the dialkyl, dipropyl, and dibutyl 
analogues of lucigenin. Some N-aryl derivatives have also been prepared via 
the 10-arylacridanone, made by the condensation of an N-arylanthranilic 
acid with cyclohexanone. They are all chemiluminescent, and it is not ex- 
pected that important differences in behavior will be observed. However, the 
electron-withdrawing effect of the aryl group may have some influence on the 
efficiency of the light reaction.31 Substituents on the nucleus have a more 
pronounced e f f e ~ t , ~ ~ ~ - ~  since the reactions may now take a different course. 
Changes in color of the emission are also observed, but no detailed work has 
been done. 
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3. Other Acridines 

10,10’-Dimethyl-9,9’-biacridan-9,9’-oxide (5) and 10,10’-dimethyl-A9~9’- 
biacridan (6) are said to be spontaneously cheniiluminescent on being dis- 
solved in pyridine or methan01.~~ However, hydrogen peroxide is required for 
both  reaction^.^^^ 3 3  The luminescence is weak, and the former compound 
requires radical initiation to produce a visible intensity. A direct approach to  
the problem, with implications for lucigenin chemiluminescence, was made 
by oxidizing the biacridan 6 by singlet oxygen. The reagent can be the tri- 
phenylphosphite-ozone complex, bromine and alkaline hydrogen peroxide, 
or singlet oxygen gas generated by a radio-frequency discharge. It is an effi- 
cient reaction, and it can be shown that water is not involved. The emitter is 
undoubtedly 10-methylacridanone; since an increase in its concentration does 
not increase the light yield, it is probably not excited by energy transfer. Thus 
we can assume that the emitter is excited during its formation and singlet 
oxygen may be expected to be added, as shown in the following scheme. 

I 

CH, 
6 

0- OH R1nR3 R 1 \ l  , R 3  Base ,c-c + 
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R e ~ e n t l y , ~ ~ ~ - ~  the addition of singlet oxygen to simple olefins has resulted 
in the isolation of less complex dioxetanes (alkyl-substituted dioxetanes can 
be made by treating a bromoperoxide such as 7 with a base35). The yields are 
very high and the dioxetanes surprisingly stable. In addition, almost quantita- 
tive population of the carbonyl product excited state occurs on decomposi- 
t i~n .~~a- -c  The state involved is not surprisingly the lowest triplet, which does 
not radiate efficiently in solution. The more complex (unisolated) dioxetanes, 
made by either of the methods above (see 6-9), do chemiluminesce strongly 
since one product, 10-methylacridanone has a lowest radiative singlet state. 
Preliminary suggest that the dioxetane derived from 6 has a half-life 
of 5 sec at  -70°C, while for that derived from the benzylidene acridan 8, 
the value is about 90 min at the same temperature. The treatment of the 
acridan 9 with a base also leads to  very rapid efficient light emission. Sterically 
accelerated decomposition and an effect related to the catalysis involved in 
the chemiluminescent reaction of active oxalates may be involved.lO 

as to  whether ozonolysis of the Agsg’-biacridan 6 
is particularly chemiluminescent. If the reaction is carried out quickly (by 
adding a saturated solution of ozone to a solution of 6,  then the quantum 
yield is about 5 X lo-’. This is around less than for the singlet oxygen 
reaction and may fairly be considered a negligible value. The yield of 10- 
methylacridanone is about the same in each case. If ozone is slowly passed 
into the solution of 6 ,  as a gas, then the quantum yield increases. A reasonable 
interpretation is that solvent ozone reactions occur (the reaction is markedly 
~olvent-dependent~~) involving radical species (not rare in ozonolysis), and, 
where unreacted 6 is still present, the already noted radical initiated chemi- 
luminescence ensues. 

There is some 

4. Acridinium Salts 

This series,38 which resembles lucigenin in outline but which is free from 
most of the difficulties was first discovered in 1964. The nitrile 10 is the first 
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example of a chemiluminescent compound made with the expectation of 
strong luminescence, and not found by accident. 

The reaction is formulated as involving an intermediate four-numbered 
peroxide ring because the sequence of events includes the initial fast addition 
of peroxide to the acridinium nucleus. The (slow) addition of hydrogen 
peroxide to the nitrile group is unlikely, since the rate of reaction is not 
particularly sensitive to peroxide concentration. Moreover, the attack of 
hydroxide on the nitrile, besides being notoriously slow, is not a likely chemi- 
luminescent route, since this must form the amide as an intermediate. The 
amide (11; R = CONH2) is not chernilumine~cent.~~ There is no question 
that 10-methylacridanone is the excited product, since correspondence of the 
chemiluminescence and fluorescence spectra is exact and it is virtually the 
only product. It is not difficult to construct other systems on this basis, with 
the added advantage that the dark route does not occur. 

41 

and the Cyanamid workers favored a mechanism involving the peroxide 13. 
The main observations in support of this are that the dilution of the initial 
solution of 12 in 90% hydrogen peroxide with water markedly increased the 
intensity of emission. Other peroxides, such as 2-butyl peroxide and perlauric 
acid, also produced light but not as efficiently as hydrogen peroxide itself. 
Both groups commented on the failure of the peroxyacid 13 to give light. 

The acid chloride 12 was simultaneously investigated by two 
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The reaction is not quite as straightforward as this, however. The increase of 
emission with the addition of water is not simply a result of the addition of 
water to the acridinium nucleus, since the intensity increases proportionately 
with a volume increase from 0.01 to 3 1. Obviously, changes in pH are occur- 
ring, an interpretation supported by the rate increase caused by base. 
Furthermore, the t-butylperoxide reaction does not emit light on simple 
dilution with water. 

42  with greater opportunity for experimental 
investigation, is provided by the phenyl esters 14. 

A related, more stable 

COOC,H,X ROO COOC,H,X 

Me 
14 

Me 
15 

Again, the major product (90% yield) is 10-methylacridanone, the light 
emission from this series occurring with a quantum yield of about 2%. The 
most significant  observation^^^^ 4 3  are: 

1. The reaction is first order in base (over a limited pH range), first order 
in acridinium salt, and zero order in hydrogen peroxide (at pH values above 8). 

2. Hydrogen peroxide is essential, t-butyl and methyl hydroperoxide being 
considerably less effective (the small amount of light emitted almost certainly 
being caused by traces of hydrogen peroxide). 
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3. The quantum yield is not significantly affected by substitution on the 
phenyl group, providing that the conjugate acid of the leaving group is 
stronger than hydrogen peroxide. The reaction constant ( p )  in aqueous 
ethanol is +4.6. 

4. The order of addition of the reagents, base and hydrogen peroxide, is 
important. In either case the acridinium absorption disappears virtually 
instantaneously, with the appearance of an absorption characteristic of an 
acridan. If hydrogen peroxide is added after the base, then the fast bright 
reaction is replaced by a slow dim emission. 

The peroxide 15 can, in fact, be isolated. The addition of a base then gives 
bright chemiluminescence. Alkyl esters (11 ; R = C02R) are considerably less 
efficient and can only just be considered chemiluminescent. A reasonable 
explanation is that the alkoxy group (pK, N 16) is not easily expelled by the 
peroxide (pK, N 12). Three routes to the products may be considered. 

0 
0-OH 

A I>=, + CO, + HO- 
(a) [Xico i 

&- 

0-0-H 0 0- >=o + \c/ 
I 

OR 
OR 0 -  I 

OR 

Route (a) certainly does not lead to  light emission, since the peroxy acid can 
be made and shown to decompose quantitatively to  10-methylacridanone in 
a fast, dark, reaction. The tetrahedral intermediate in route (b) might be 
expected to decompose by the expulsion of phenoxide ion, thus merging with 
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route (a). If this route does give rise to  emission, then we might expect the 
quantum yield to  fall with the increasing acidity of the leaving (phenoxide) 
grsup. This is not observed. In addition, the inefficient reaction with alkyl 
peroxides is hard to  explain [there should be no difference in the final quantum 
yield between the compounds 15 (R = H) and 15 (R = alkyl)]. Finally, the 
value of p (+4.6) is much higher than that for the hydrolysis of phenyl esters 
(+2.1), a result probably owing to the need to shift the equilibrium in route 
(c) to the right, offsetting the developing strain in the four-membered ring. 

It is not surprising that route (c) is most likely, given the high reactivity of 
peroxide anions toward carbonyl groups44a, and the intramolecular nature 
of the reaction. The extra strain energy (20-30 kcal mole-’) of the dioxetane 
may, in fact, be required to  populate the excited state (about 70 kcal mole-’). 
If this is so, then intermediate dioxetanes are implicated in all chemilumines- 
cent acridine reactions that produce 10-methylacridanone. It would be of 
interest to add substituents to the nucleus in order to lower the energy of the 
first excited singlet of the 9-acridanone, perhaps allowing open chain routes, 
such as (a) or (b), to  populate the excited state efficiently. Route (b), in 
particular, expelling the resonance-stabilized carbonate grouping, is about 
15 kcal more exothermic than route (a). 

5. Acridan-9-carboxylic Esters 

Reduction of the acridinium esters in acetic acid with zinc gives the corre- 
sponding acridan. These react in a strong base in polar aprotic solvents to  
give bright chemilumine~cence.~~ 

I 
COzAr X- C02Ar 

I 
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The quantum yield is higher, perhaps because of direct formation of the 
peroxide, excluding competition with other nucleophiles. These are among 
the brightest of all chemiluminescent organic compounds, (4 = 10%) and 
serve as useful models for bioluminescent processes. After the autoxidation, 
the sequence is identical to that of the acridinium salts. 

Acridan itself, on oxidation with benzoyl peroxide, is weakly chemi- 
l umine~cen t .~~  The quantum yield is very low (3.0 X lo-’), and there must be 
doubts about the identification of the reaction responsible. However, the 
emission seen corresponds to the fluorescence of the acridinium cation, whose 
lowest excited singlet state is of significantly lower energy (58.6 kcal mole-’) 
than that of acridine itself (67.9 kcal mole-’). For this reason, the reaction is 
formulated as a two-electron oxidation as in the following scheme: 

+ (PhCO,),O - 
H H 

+ PhCO; + PhC0,H 

6. Acridines 

Acridine-9-carboxylic acid derivatives41 are also chemiluminescent, but in 
contrast to  the behavior of acridinium salts, would not be expected to add 
either water or hydrogen peroxide readily at  C9 of the nucleus. Accordingly, 
the luminescence is weaker. No investigation of the mechanism has been 
made, but it should be related to that of the acridinium salts. The oxidation 
of 9-methylacridine (16) is chemiluminescent and may also be considered to  
react in a similar fashion. 

CH,O -0- 

7 

\ N/ / \ ” 1 

The acridine-9-carboxhydrazide (11 ; R = CONHNH2) is chernil~minescent,~~ 
but it is not yet clear whether the reaction is to be related to hydrazide 
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chemiluminescence (which is poorly understood) or whether it falls within the 
class of acridine luminescence already considered. It is probable that both are 
operating.47 

7. Reaction of Lucigenin with Enzymes 

The luminescence of lucigenin induced by xanthine oxidase has been in- 
vestigated as a model for the bioluminescent luciferin-luciferase reaction.21 ' 
48-50 In the presence of the natural substrate hypoxanthine as reductant, 
lucigenin and oxygen are both reduced; but it is not clear whether the ensuing 
reactions, which lead to light emission, are related to the more usual oxidation 
by alkaline hydrogen peroxide. The bacterium Serr'atia marcescensj' also in- 
duces light emission, but the interpretation is even less clear. 

8. The Use of Lucigenin in Analysis 

Since the light emission from a chemiluminescent reaction is easily meas- 
ured by modern devices, it is not surprising that lucigenin has been used in a 
variety of analytical techniques. These uses are virtually confined to  Eastern 
European countries, where most work has been done in recent times. Three 
main uses for lucigenin have been investigated: (1) in titration as an indicator, 
(2) in transition metal analysis, and (3) in semiquantitative analysis of the 
lower alcohols. 

Erdey and co-workersj2 have examined lucigenin as a general-purpose 
chemiluminescent indicator, both alones3 and with fluorescent materials as 
energy acceptors.54 Other workers have also suggested their value in acid-base 
titrations in opaque solutions of natural and industrial 

Lucigenin chemiluminescence is very sensitive to medium effects, as men- 
tioned previously; the addition of alcohols shifts the pH of maximum emis- 
sion to lower value~.~~a-E All the alcohols up to and including the butanols 
can be distinguished by their effect on the rate of reaction. 

It is claimed5sa, that the error for detection of methanol in ethanol 
(equimolar solution) is less than 1%. It would seem that the effect of the 
alcohol is to increase the activity of the base, the higher alcohols being most 
effective. The nerve gas tabun also induces chemiluminescence (probably act- 
ing as a base). There is no obvious reason why this reagent should act in a spe- 
cific manner, and it is therefore a little odd that oximes (known iiz vivo 
antagonists) should reverse the effect.j9 

Transition metals catalyze lucigenin chemiluminescence to  some extent, 
although the reasons for this have never been sought. Several workers have 

56a-c 
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devised techniques for the analysis of a variety of cations,60 but there is no 
clear indication of the relative worth of the methods. Among the metals 
analyzed are cobalt,61 osmium6* (as the tetroxide),12, l6 silver,63 and palla- 
d i ~ m . ~ ~  If we consider the extraordinary sensitivity of modern light detection 
devices, it would seem that further exploration of this technique of analysis 
would be useful. 
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1. Introduction 

The study of the ultraviolet and visible absorption spectra of molecules 
has led to the relation of spectra to structure. Since certain functional groups 
lead to characteristic bands in a spectrum, spectra can be a useful aid in 
determining the composition of unknown molecules. For example, alternative 
structures can be distinguished, enabling the study of keto-enol and other 
forms of tautomerism, and of the type of species present in solution. 

An absorption spectrum is obtained when a molecule absorbs radiation of 
the required energy to  be promoted from its ground state to an excited state. 
The wavelength of the absorbed light is determined by the energy difference 
between the excited and ground states, and the extinction coefficient is related 
to  the probability of the transition. Ultraviolet and visible light results in 
transitions between electronic energy levels; however, the electronic excita- 
tion is accompanied by vibrational excitations that cause the broad absorp- 
tion bands seen in the spectra of molecules in solution. For aromatic mole- 
cules such as the acridines, these spectra arise from transitions between T-  

electronic energy levels. The dependence of the electronic energy levels on the 
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632 Ultraviolet and Visible Absorption Spectra 

geometry of the molecule accounts for the usefulness of absorption spectra 
in determining the structure of molecules. 

In this chapter, the relation between absorption spectra and structure will 
be discussed for several classes of acridines. After a brief section on acridine 
itself, the spectra of various amino derivatives will be examined. The next 
section will cover the spectra of hydroxyacridines, acridanones, and acridine 
10-oxides, including the effects of solvents on keto-enol tautomerism. Various 
other derivatives of acridine, such as the acridans and 9-substituted acridines, 
will be discussed next. The final section will consider the calculation of 
spectra and other properties of the acridines using molecular-orbital (MO) 
theory, and in particular x-electron MO theory. 

2. Acridine 

Acridine (1) is a heteroaromatic molecule, differing from its parent hydro- 
carbon, the linear three-ringed anthracene (2), in the replacement of a C-H 
group in the central ring by a nitrogen atom. It is known theoretically’ that a 
nitrogen atom introduced into an alternant hydrocarbon produces rather 
small changes in the 9-electronic energy levels, resulting in similar spectra for 
the heteroaromatic molecule and its parent hydrocarbon. This is illustrated 
by the spectra of acridine and anthracene* (Fig. 1). The strong band at 250 nm 
is almost identical in  the two spectra, and the weaker bands that lie in the 
range of 300 to 400 nm differ only in their fine structure. 

8 9 I a 5 10 4 

8 9 1 

2 I 

H 

3 

In contrast, the formation of acridinium cation (3) by the protonation of 
the ring nitrogen leads to a much more pronounced shift in the spectrum than 
that caused by the replacement of a C-H group by a nitrogen atom because 
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Fig. 1. (-) Acridine; (. . .) anthracene.2 

the positively charged N-H group produces a much greater change in the 
K-electronic energy levels than does the neutral nitrogen atom. The main 
difference between acridine and its cation, as shown in Figure 2, is the exten- 
sion to 440 nm of the weak long-wavelength band3; the other bands shift 
only slightly. This long-wavelength band is characteristic of acridine deriva- 
tives in which the ring nitrogen is protonated. Therefore, if more than one 
ionic species is possible in solution, the appearance of this band is indicative 
of the presence of this type of cation. It should be noted that the extinction 
coefficients for acridine in Figures 1 and 2 differ by one unit. Those for Figure 
1: which is taken from the original paper,2 are probably one unit too low, for 
when this correction is made the curves are in accord. 
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Fig. 2. A~ridine.~ (-) Neutral species in water at pH 8;  (---) cation in water at 
pH 3. 

3. Aminoacridines 

The aminoacridines are perhaps the most important derivatives of acridine 
and have been studied e~tensively.~-~ Substitution of one amino group pro- 
duces five different monoaminoacridines ; many diaminoacridines can be 
formed, but the two symmetric derivatives, 3,6- and 4,5-diaminoacridine, have 
been of most interest. Since the amino group contributes two r electrons to 
the conjugated system, the spectra of aminoacridines are expected to  be differ- 
ent from that of acridine. 

The spectra of 1-, 2-, 3-, and 4-aminoacridine (those formed by substituting 
an amino group in the outer ring) are shown in Figures 3 to 6. Each spectrum 
shows two strong bands at about 240 and 260 nm, a series of weaker bands 
with maxima in the range of 320 to 360 nm, and a shallow broad band at 
about 410 nm. A comparison of each spectrum with that of acridine shows 
that the spectra of the aminoacridines have their bands at longer wavelengths, 
the shift being most pronounced for the long-wavelength band. This displace- 
ment is the result of the perturbation of the r-electronic energy levels 
caused by the addition of a substituent, such as the amino or hydroxy group, 
which contributes a lone-pair of electrons to the r-electron system. Another 
feature is that the spectra of 2- and 3-aminoacridine (Fig. 7) are almost 
identical with one another3 and with the spectrum of 2-aminoanthracene’; 
the spectra of 1- and 4-aminoacridine (Fig. 8) are also similar. This shows that 
the close resemblance between the spectra of acridine and anthracene is also 
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Fig. 4. 2-Arninoa~ridine.~ (-) Neutral species in water at pH 11 ; (- - -) monocation in 
water at pH 2 . 5 ;  (. . .) dication in SN-HCl. 

seen in the spectra of their derivatives; in other words, the 9- and 10-positions 
in acridine are almost equivalent. 

In acid solution, the aminoacridines are converted into the monocations. 
As there are two sites available for protonation, the ring-nitrogen and the 
amino-nitrogen atoms, a careful study is required to elucidate which nitrogen 
atom is protonated first. First, it has been shown that although primary 
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Fig. 5. 
in water at pH 2 .5 ;  (. . .) mixture of mono- and dication in 5N-HCI. 

3-Aminoacridine.3 (-) Neutral species in water at pH 1 1  ; (- - -) monocation 
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Fig. 6. 
in water at pH 2.5; (. . .) dication in SN-HCl. 

4-Aminoacridine.3 (-) Neutral species in water at pH 11 ; (- - -) monocation 

aromatic amines absorb at longer wavelength than the hydrocarbons from 
which they are derived, protonated amines have spectra very similar to those 
of the parent hydrocarbon.8a, b The quaternary amino-nitrogen atom no 
longer supplies electrons to the 7r-electron system, which reverts to  that of 
the parent-conjugated molecule. Second, it has been shown that the long- 
wavelength band in acridine3 shifts to  longer wavelength on protonation of 
the ring-nitrogen atom (cf.3). Therefore, if the amino-nitrogen were protonated 
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Fig. 8. (-) 1-Aminoacridine; (- - -) 4-aminoacridine neutral species. From Figs. 3 
and 6. 

to form the monocation, the spectra of all four aminoacridinium cations 
would resemble the spectrum of acridine; whereas, if the ring nitrogen were 
protonated, the spectra would be displaced to longer wavelengths. 

The spectra of the four aminoacridinium cations are shown in Figures 3 to 
6 ,  together with those of the neutral molecules. The most noticeable change 
is the shift to longer wavelength of the shallow broad band that appears at 
410 nm in the neutral molecules, this band appearing at about 460 nm for 
2-, 3-, and 4-aminoacridinium cations, and at 520 nm for 1-aminoacridinium 
cation. Hence it is deduced that the ring nitrogen is protonated to form the 
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monocation. Protonation causes changes in the positions and intensities of 
the other bands in the spectra,leading to differences among all four molecules. 
This again demonstrates the stronger influence that the protonated nitrogen, 
as opposed to the ordinary nitrogen, has upon the spectrum. 

On the basis of the above discussion, the spectra of the dications, formed 
in more highly acidic solution, would be expected to  resemble the spectrum 
of acridinium cation because the second proton must be added to the amino- 
nitrogen atom. The spectra of 1-, 2-, and 4-aminoacridinium dications (Figs. 
3,4,  and 6) do revert to the spectrum of acridinium cation in 5N hydrochloric 
acid. However, 3-aminoacridine is only about half converted to the dication 
in 5N hydrochloric acid, its spectrum (Fig. 5) being a mixture of the mono- 
cation and dication. In concentrated sulfuric acid, the dication is formed 
completely, the spectrum becoming that of acridinium ~ a t i o n . ~  The stability 
of the monocation has been attributed to its high degree of resonanceq; this 
theory will be discussed later in this section, together with other possible 
explanations. 

The spectra of 9-aminoacridine (4) and its cation (Fig. 9) are somewhat 
different from those of the other monoamin~acridines.~ In the neutral mole- 
cule, two strong bands occur at 218 and 260 nm, and weaker bands occur in 
the range of 320 to 440 nm under a broad envelope; the shallow broad band at  
410 nm in the other aminoacridines is not seen. The spectrum of the mono- 
cation differs very little from that of the neutral molecule, two weak bands 
appearing at 311 and 326 nm, and the structure of the weaker bands being 
more pronounced. This deviation from the general pattern is believed to  occur 

I I 

Fig. 9. 
water at pH 6. 

9-Arninoacridine.3 (--) Neutral species in water at pH 12; (---) cation in 
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because the position of substitution is at the carbon atom opposite the ring- 
nitrogen atom. Since this atom is the most a-electron deficient,’o the lone-pair 
electrons from the amino-nitrogen atom are strongly delocalized. The 9- 
amino group is also situated along the short axis of the molecule and cannot 
add to conjugation along the long axis, unlike amino groups in all other posi- 
tions. This is believed to  account for the small differences between the spectra 
of the neutral molecule and its cation, since 4-aminopyridine (5) and 4- 
aminoquinoline (6)  both having an amino group opposite a ring-nitrogen 
atom, also have similar spectra for neutral and cationic species. 

4 5 6 

The difference between the spectrum of 9-aminoacridine and the spectra 
of the other aminoacridines has led to some controversy about the structure 
of 9-aminoacridine in solution. A comparison of the spectral1 of 9-dimethyl- 
aminoacridine and 9-imino-10-methylacridan with 9-aminoacridine (Fig. lo), 
together with the resemblance of the spectrum of 9-acridanone (Fig. 22) to  
that of 9-aminoacridine, led to support for the “imino-acridan” structure.12 
(See Chapter 11, p. 121.) Chemical evidence from ionization constants in 
aqueous solution supported the amino form,13 and this was confirmed by ir 
spectra in nonaqueous media.I4 More recently, the ir spectra of 9-amino- and 
9-dideuterioamino-acridine have provided further support for the amino 
form.’: (See Chapter XI, p. 666; Chapter XIJ, p. 696.) The basis for the 
difference of the spectrum of 9-aminoacridine has already been discussed, this 
explaining the similarity in the spectra of 9-acridanone (7) and 9-aminoacri- 
dine. The differences between the spectra of 9-aminoacridine (4) and 9-di- 
methylaminoacridine (8) have been attributed to the loss of conjugation in 
the latter because of steric interference between the methyl groups and the 
hydrogen atoms in the 1- and 

8 
1 
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Fig. 10. (-) 9-Aminoacridine." (- - -) 9-imino-lomethylacridan; (. . .) 9-dimethyl- 
aminoacridine. All in methanol. 

The dication is not formed from 9-aminoacridine in 5N hydrochloric acid 
but requires concentrated sulfuric acid ; its spectrum resembles that of acri- 
dinium cati0n.l' This stability of the monocation, like that of 3-aminoacri- 
dinium cation, has been explained by the use of resonance structures (see 
Chapter 11, p. 1 An alternative explanation is offered by MO theory. The 
9-position in acridinium cation is highly r-electron-deficient, the 3 position 
moderately so.l0 A substituent such as the amino group is strongly delocalized 
in these positions, increasing the stability of the molecule. Thus the cations of 
3- and 9-aminoacridine are more stable than the cations of the other aminoacri- 
dines and require severe conditions to be converted into the dications. 

N-Alkylation of the ring nitrogen produces much the same effect on the 
spectra of aminoacridines as protonation. The spectrum of 3-amino-10- 
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Fig. 11. 
in water at pH 7. 

3,6-Diaminoacridine.3 (-) Neutral species in water at pH 12; (- - -) cation 
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Fig. 12. 4,5-Diaminoa~ridine.~~ (-) Neutral species in absolute alcohol; (- - -) cation 
in SN-HCI; (. . .) acridine, neutral species at pH 11. 
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Fig. 13. 4,5-Diaminoacridine.19 (-) Cation in ~ ~ N - H ~ S O I ;  (- - -) acridine cation in 
5N-HCI. 

methylacridinium chloride4 is practically identical to  that of 3-aminoacri- 
dinium hydroch1oride.j Studies on other aza-aromatics, namely, pyridine, 
quinoline, and isoquinoline, have shown that these also have similar spectra 
for hydrochlorides and methochlorides.18 

The spectra of several of the diaminoacridines have been ~ tud ied .~ ,  4 ,  6 ,  l9 

The general effect on the spectrum of adding an additional amino group is to 
intensify the long-wavelength band, and sometimes to  shift this band.3 This 
can be seen in the spectrum of 3,6-diaminoacridine, proflavine (Fig. I I ) ,  in 
which the long-wavelength band is quite strong (log E 4.25), compared with 
that in 3-aminoacridine (log E 3.79).3 The effect of protonation is to shift this 
band to longer wavelengths, as would be expected for the protonation of the 
ring-nitrogen atom. Conversion to the monocation produces this batho- 
chromic shift for most diamin~acridines.~ 

The spectra of 4,5-diaminoacridine in various media, however, do not 
follow the usual pattern.Ig In 5 N  hydrochloric acid, the spectrum reverts 
almost exactly to that of acridine itself (Fig. 12), not to  that of the acridinium 
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2'51 2.0 230 270 310 350 390 430 470 
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Fig. 14. 4-Amino-5-methyla~ridine.1~ (-) Neutral species in absolute alcohol; (- - -) 
dication in 5N-HC1. 

cation. From the principles discussed above, it is deduced that the two amino 
groups are protonated first and the ring-nitrogen atom is not protonated. 
The spectrum of 4,5-diaminoacridine in 18N sulfuric acid confirms this 
(Fig. 13), as it is almost identical with that of acridinium cation. This anom- 
alous behavior is attributed to steric hindrance, the two amino groups pre- 
venting the approach of the protonating hydrogen to the ring nitrogen. The 
ionization of the amino groups further hinders the approach to  the ring 
nitrogen, the latter being protonated only under the severe conditions of 18N 
sulfuric acid. 

The spectra of 4-amino-5-methylacridine in various media also show some 
interesting feat~res .1~ Although the spectra of the neutral molecule in alcohol 
and the dication in 5N hydrochloric acid (Fig. 14) show no anomalies, two 
monocations are seen to exist in suitable media. In alcoholic 0.07N hydro- 
chloric acid, the spectrum reverts to that of acridine (Fig. 15), indicating that 
the amino group has been protonated, and not the ring nitrogen. On the 
other hand, in aqueous 0.25N hydrochloric acid, the spectrum resembles that 
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Fig. 15. 
water at 

-) acridine in 

of the monocation of 4-aminoacridine (Fig. 16), in which the ring nitrogen is 
protonated, and not the amino group. In this case, a change in solvent has 
caused a change in the relative basic strengfhs of two possible ionizing proc- 
esses, a most unusual f e a t ~ r e . ~  

Another spectrum which deviates from the expected pattern because of 
steric hindrance" is that of 9-dimethylaminoacridine, 8 (Fig. 10). This spec- 
trum has already been mentioned in the discussion of the structure of 9- 
aminoacridine. The usual effect of extranuclear N-alkylation is to displace 
the long-wavelength band in the spectra of both the cation and its neutral 
species to longer  wavelength^.^ This can be seen by comparing the spectra of 
3,6-diaminoacridine (proflavine) and 3,6-bisdimethylaminoacridine (9) (acri- 
dine orange) cations.20 

9 



4. Hydroxyacridines, 9-Acridanones, and Acridine 1 @Oxides 645 

5.5 

5.0 

4.5 

4.0 

3.5 

3.0 

2.5 t 1 

Acridine orange has been studied ex tens i~e ly*~-~~ because of the tendency of 
its cation to  form association dimers. As the concentration of the solution 
is raised, a new peak, due to  the dimer absorption, appears at 451 nm (Fig. 17). 
3,6-Diaminoacridine (proflavine) does not show the same tendency to 
aggregate. The absorption spectra of both of these m01ecules~~a~ b have also 
been studied in connection with their binding to nucleic acids (Chapter XIV, 
p. 770). 

4. Hydroxyacridines, 9-Acridanones, and Acridine 10-Oxides 

The other major derivatives of acridine, the hydroxyacridines, have also 
been studied in detai1.25-27 The hydroxy group, like the amino group, con- 
tributes a lone-pair of electrons to the n-system, and is therefore expected to 
cause a displacement of the spectrum to longer wavelength. However, the 
displacement caused by the hydroxy group is known to be less than that 



646 
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Fig. 17. Bis-3,6-dimethylaminoacridine (acridine orange) hydrochloride.22 (+ +) 1 .SO 
x lO-4M; (I I) 3.90 x 10-6M; (xx) 2.50 x 10-6M. In water. 

caused by the amino group. Hence the spectrum of a hydroxyacridine should 
be intermediate between that of acridine and the corresponding amino- 
acridine. 

The spectra of 1-, 2-, 3-, and 4-hydroxyacridine have been measured in 
dioxan26 and in alcohol and alcohol/water mixture~,2~ the latter spectra 
being given in Figures 18 through 21. The 2- and 4-hydroxyacridines give a 
strong band at about 255 nm and a series of weaker bands with maxima at 
about 340, 360, and 390 nm, these spectra being similar in all the media used. 
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l-Hydroxyacridine.25 (-) In absolute alcohol; (- . - a )  67% aqueous alcohol; 
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Fig. 19. 2-Hydroxyacridine.26 (-) In absolute alcohol; (- - -) 67 x aqueous alcohol; 
(. . .) 20% aqueous alcohol. 

647 



5.5 

5.0 

4.5 

4.0 
u 
OI 
- 

3.5 

3.0 

2.5 

2.0 
250 300 350 400 450 500 550 

A (nrn) 
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Fig. 21. 4-Hydroxyacridine.26 (-) In absolute alcohol; (- - -) 67 % aqueous alcohol; 
(. . .) 337,  aqueous alcohol. 

648 



4. Hydroxyacridines, 9-Acridanones, and Acridine 10-Oxides 649 

In absolute alcohol and dioxan, 1-hydroxyacridine has a spectrum similar 
to that of 4-hydroxyacridine, but in aqueous alcohol two new bands appear 
at  300 and 570 nm. 3-Hydroxyacridine also shows this complicated behavior; 
a spectrum similar to that of 2-hydroxyacridine is obtained in 9 : l  (v/v) 
ether/alcohol mixture and in dioxan, but in aqueous, and even absolute, 
alcohol two more bands appear at 280 and 465 nm. The changes in the spectra 
in different media are a result of the formation of new species that need to  be 
identified. 

The spectra of all four hydroxyacridines in dioxan are virtually identical 
with those of the corresponding methoxyacridines in alcohol.*6 As the spectra 
of hydroxy and methoxy derivatives are similar, this confirms that the species 
present in dioxan is the hydroxy form. This is further shown by the position 
of the long-wavelength band, which is at 390 nm, between the positions for 
acridine (380 nm) and the aminoacridines (410 nm), as expected for a hydroxy 
derivative. It is also known from dissociation constants that neither the 
anionic nor the cationic species will be present in the solvents Com- 
parison of the spectrum of 1-hydroxyacridine (10) in aqueous alcohol with 
that of 1, 10-dihydro-10-methyl-l-acridinone28 (11) reveals that the new bands 
result from the presence of the acridinone form. 

OH 0 

10 
I 1  

Therefore, the changes that occur in the spectra of 1- and 3-hydroxyacridines 
are caused by the formation of the tautomeric keto forms. An increase in 
dielectric constant, such as occurs in going from absolute to aqueous alcohol, 
shifts the position of the tautomeric equilibrium toward the ketonic form 
because it is more polar than the enolic form. The ketonic form of 3-hydroxy- 
acridine (12) is so stable that it exists even in absolute alcohol, and it is 
probably the only species present in 20y0 aqueous The stability of 
the ketonic form can be explained either by resonance with its zwitterion 
(13),27 or because of the a-electron deficiency of the 1- and 3-positions leading 
to strong delocalization. 

mo H 1;/ / 0- 
H 

13 
12 
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Neither 2- nor 4-hydroxyacridine can form such tautomers, so that their 
spectra are independent of alcohol concentration. 

The four hydroxyacridines also form cations and anions in acid and alkali, 
respectively. Both ionic species give spectra that are displaced to longer 
wavelength in comparison with the spectra of the neutral species.26 

The fifth member of the hydroxy derivatives, 9-acridanone (14), which is 
tautomeric with 9-hydroxyacridine (16), again shows different behavior from 
the other four derivatives. A comparison” of the spectra of 9-acridanone (14), 
10-methyl-9-acridanone (15)) and 9-methoxyacridine (17) (Fig. 22) shows that 
the hydroxy form (16) is present to a very small extent if at all. 

OR 

14; R = H 
15: R = Me 

16; R = H 
17; R = Me 

This has been confirmed by a study of the basic ionization constants of 9- 
methoxyacridine and 9-acridanone,Z9 from which it was concluded that only 
one part in 10 million of 9-hydroxyacridine was in equilibrium with 9-acri- 
danone in aqueous solution at 20”. Indeed, the hydroxy form has not even 
been detected in nonpolar solvents.26 Its spectrum is independent of alcohol 
concentration and is different from the spectra of the other hydroxyacridine~,~~ 
with major bands at 251, 295, 381, and 400 nni. A similarity between the 
spectrum of 9-acridanone and that of 9-aminoacridinium cation may be 
interpreted in terms of a contribution of the zwitterion of the former to the 
resonance hybrid.3 The band at about 300 nm in 9-acridanone, which is not 
seen in the spectrum of acridine, also appears in the spectra of 1- and 3- 
hydroxyacridine under conditions in which the ketonic form is present. 

The absorption spectrum of the 9-acridanone cation2’, 30 has two new bands 
at 345 and 416 nm. The other bands do  not shift significantly from the posi- 
tions for 9-acridanone, although their intensities change somewhat. The 
appearance of the two new bands is a result of the formation of the 9-hydroxy- 
acridinium cation, with the characteristic shift to longer wavelength of the 
band at 400 nm. 

The sulfur analogue of 9-acridanone, 9-acridanthione, has also been 
studied to  determine its tautomeric form. The spectra of 10-methyl-9-acridan- 
thione, 9-methylthioacridine, and 9-acridanthione (Fig. 23) have been inter- 
preted as showing that the last-mentioned compound” is present in the thione 
form (cf. 14) Another study in heptane, ethanol, dioxan, and water-dioxan 
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Fig. 22. (-) 9-Acridanone in methanol, (- - -) 10-methyl-9-acridanone in methanol; 
(. . .) 9-methoxyacridine in cyclohexane.ll 

solvents has led to  the conclusion that 9-acridanthione exists in both the thiol 
and thione forms in neutral media.31 The presence of the thiol form (cf. 16) 
may account for the greater difference between the spectra of 9-acridanthione 
and its 10-methyl derivative than that between 9-acridanone and its 10-methyl 
derivative. The spectra of 9-acridanone and 9-acridanthione show similarities, 
the main difference being the displacement to longer wavelengths of the 
bands in the spectrum of 9-acridanthione; the two long-wavelength bands 
occur at 448 and 477 nm in 9-acridanthione, compared with 381 and 400 nm 
in 9-acridanone. In acidic media, the mercaptoacridinium cation is formed.31 

Various derivatives of 9-acridanone have also been studied. A methoxy 
or hydroxy substituent in one of the benzene rings increases the intensity of 
the characteristic 9-acridanone band at 300 nm.32 Indeed, this band in 1,3- 
dihydroxy-1O-methyl-9-acridanone is more intense than the long-wavelength 
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Fig. 23. (-) 9-Acridanthione; (- - -) 10-methyl-9-acridanthione; (. . .) 9-methylthio- 
acridine. In methanol.” 

band. This has been attributed to the perturbation caused by a nonsym- 
metrical substitution making a symmetry-forbidden transition an allowed 
t r a n ~ i t i o n . ~ ~  The long-wavelength band shifts to a longer wavelength for the 
2-methoxy derivative, and to a shorter wavelength for the 1- and 3-methoxy 
derivatives. The methyl group exerts a similar but weaker influence than that 
of the methoxy 

Differences 
in the spectra in the region of 250 to 260 nm divide the compounds into two 
classes: (1) 2-alkyl-substituted 9-acridanones and 9-acridanone itself, and 
(2) 1- and 4-alkyl-substituted 9-acridanones. The wavelengths and extinction 
coefficients of some of these molecules in both dry methanol and acidified 
methanol are given in Table I. 

Alkyl-substituted 9-acridanones have recently been 
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Class 1 compounds show three maxima at about 255 nm; on the addition 
of perchloric acid, these almost double in intensity to give one band with a 
small shoulder. Class 2 compounds show one band near 255 nm, which hardly 
changes on the addition of perchloric acid. Additional evidence from solid ir 
spectra shows that hydrogen bonding is disfavored in the 1- and 4-substituted 
9-acridanones (Chapter XI, p. 670). The bands in the regions of 210 to  220, 
270 to 310, and 365 to 430 nm are not changed significantly, either by the 
substitution of an alkyl group or by a change from a neutral to  an acidic 
medium. One possible explanation of the difference between the two classes 
of 9-acridanones is that substituents in the 1- and 4-positions may cause steric 
interference with the N-H and C-0 groups, whereas substituents in the 2- 
and 3-positions are less likely to cause interference. Hydrogen bonding may 
also differentiate between these two classes of 9-acridanones. 

Another class of compounds similar to the acridanones are the acridine 
10-oxides. The spectra of acridine 10-oxide, its cation and its anion, are given 
in Figure 24. The spectrum of the neutral is similar to the spectra of 
9-acridanone (Fig. 22) and 9-aminoacridine (Fig. 9); for all these molecules, 
the conjugated system is enhanced by a lone-pair of electrons along the short 
axis of the molecule. The spectrum of the cation resembles that of a ~ r i d i n e . ~ ~  

Two interesting derivatives of acridine 10-oxide are the 9-hydroxyacridine 
and 9-acridinethiol 10-oxides. Studies of the tautomeric structure of both these 

2.01 I I 1 
200 300 400 

X (nm) 

Fig. 24. Acridine 10-0xide.~~ (-) Neutral species; (- - -) basic solution; (. . .) acidic 
solution. In methanol. 
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molecules have been made using spectra and basicity measurement~ .~~ In 
aqueous solution, the 9-hydroxyacridine 10-oxide (18) coexists with a com- 
parable amount of the 10-hydroxy-9-acridanone (19). * &yJ 

\ A’ / \ \ 

I 
0- 

I 
OH 

18 19 

This can be seen from the spectra of these molecules, together with the 
spectrum of 9-methoxyacridine 10-oxide, all in neutral solution (Fig. 25). 
The changes that occur in these spectra in acidic medium are shown in Figure 
26. 9-Acridinethiol 10-oxide also exists in solution in equilibrium with a 
comparable amount of 10-hydroxy-9-acridanthione. This pattern differs from 
that of the “non-10-oxides,” in which the 0x0 or thione forms are more stable 
than the hydroxy of thiol forms; an explanation of this has been given 
in terms of resonance s t r u c t ~ r e . ~ ~  

‘. ‘. 
\ 

I .\., 
240 280 5 0  360 400 440 480 520 

Fig. 25. (-) 9-Hydroxyacridine 10-oxide; (-. - .) 9-methoxyacridine 10-oxide; (. . .) 
10-methoxy-9-acridanone. In 50% EtOH-AcONa aq-HC1 buffer of pH 4.8.35 
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r------ 
657 

A (nm) 

Fig. 26. (-) 9-Hydroxyacridine 10-oxide; (-. -.) 9-methoxyacridine 10-oxide; (. . .) 10- 
rnethoxy-9-acridanone. In 15N-H~S04.3~ 

5. Miscellaneous Acridines 

Acridan (9,lO-dihydroacridine) (20) has a much simpler spectrum than 
that of a ~ r i d i n e , ~ ~  having a band at 290 nm with two inflections at  315 and 
335 nm (see Figure 27). 

20 

This spectrum is similar to  that of diphenylamine (Fig. 27), which differs from 
acridan only in a methylene group. The substitution of a methyl group in a 
9-position causes small shifts and an enhancement of the transition of weak 
intensity in acridan polarized perpendicularly to the long molecular axis.37 
For phenyl substitution, the changes in the spectrum3' can be explained in 
terms of the independent absorption by the benzene ring (Fig. 27). The spectra 
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Fig. 27. 
acridan. In ethanol.36 

(-) Acridan; (-- -) diphenylarnine; (. . .) 9-methylacridan; (-.-.) 9-phenyl- 

for 10-substituted acridans (Fig. 28) show much the same pattern.36 Whereas 
the methyl and ethyl groups have only a small effect on the spectrum of 
acridan, the phenyl group leads to  the appearance of a new band in the 
region of 340 to 370 nm. 

The absorption spectra of lO,lO’-dialkyl- (or diaryl-) -9,9’-biacridans have 
also been In Figure 29, the spectra of the methyl, n-butyl, and 
phenyl derivatives are given. Beside the band at 290 nm and the inflections 
between 310 and 335 nm found in the monoacridans, two new bands appear 
in the region of 340 to 360 nm, and 240 to 250 nm. These two new bands show 
more clearly at lower temperatures. 

9-Imino-10-methylacridan has already been mentioned because of its use 
in determining the form of the amino group in 9-aminoacridine (Fig. 10). 
The spectrum of this molecule differs from that of 9-aminoa~ridine~~ in having 
the characteristic acridan band at 290 nm. However, it is necessary to use 
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Fig. 28. (-) 10-Methylacridan; (- - -) 10-ethylacridan; (. . .) 10-phenylacridan. In 
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Fig. 29. (-) 10,10’-dimethy1-9,9’-biacridan; (- - -) 10,10’-di-n-butyl-9,9’-biacridan; 
(. . .) 10,lOf-diphenyl-9,9’-biacridan. In ethan01.3~ 
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anhydrous solvents in order to see this band, as the presence of water causes 
the cation to form; this has a spectrum similar to that of 9-aminoacridine and 
almost identical with the cation of the latter.17 

Saturated aliphatic groups substituted in the 9-position cause no change 
in the spectrum of a ~ r i d i n e . ~ ~  Even unsaturated aliphatic or aromatic sub- 
stituents do not greatly influence the spectrum of a ~ r i d i n e . ~ ~  The results of 
dipole moment studies40 are consistent with the idea that the benzene and 
acridine rings make an angle of at least 40" to one another in 9-phenylacridine, 
because of steric interference between the hydrogens in  the 1- and 8-positions 
and the phenyl group. As the phenyl group makes little contribution to the 
conjugated system, the spectrum of 9-phenylacridine would be expected to 
be similar to that of acridine. However, if an unsaturated aliphatic or aro- 
matic substituent is further substituted with an electron-donor group such as 
NHz, NMez, OH, or OMe in the w-, 0- or p-positions relative to the point of 
attachment of acridine, a new long-wavelength band appears.39 In aromatic 
substituents, a further new band appears in the middle ultraviolet, usually in 
the position where acridine has a minimum. No such bands occur when the 
electron-donating group is in the m-position. 

In glacial acetic acid or acidified ethanol, 9-p-aminoarylacridines give 
highly colored solutions of the monocations (Fig. 30).41 When strongly 
acidified, the solutions revert to the spectrum of acridinium cation, unless the 
basicity of the amino group is low, showing that the ring nitrogen is the first 
nitrogen protonated. If the basicity of the acridine nucleus is lowered by 
several bromine substituents, the colors are not observed (Fig. 30), since the 
amino group is then relatively more basic than the r ing-n i t r~gen .~~ Two 
explanations have been proposed for the appearance of the long-wavelength 
band in these monocations (see also Chapter 11, p. 129). In one, the color is 
considered to arise from an intramolecular charge-transfer effect3* 41 42  ; 
an electron initially largely localized on the donor aminoaryl group transfers 
to the positively charged acridine ring during light absorption. The other 
explanation considers that the color is caused by the coplanar quinonoid 
resonance ~ t ruc tu re .~  The coplanar state is believed to be reached only after 
absorption in the long-wavelength, charge-transfer band.43 

The spectra of angular and linear benzacridines and dibenzacridines have 
been studied at low  temperature^.^^ Linear benzacridine (benz[b]acridine) has 
its spectrum at longer wavelength than that of acridine. This is an example of 
the well-known phenomenon, in which the addition of a ring to a linear 
hydrocarbon causes its spectrum to be displaced to  longer wavelength. The 
angular benzacridines are not displaced to longer ~ a v e l e n g t h . ~ ~  

The spectra of I-, 2 - ,  3-, and 4-bromoacridine have been studied in ethanol 
and in 1N sulfuric acid.45 A bromo substituent lowers the basic strength of 
acridine, as has already been seen for 9-p-dimethylaminophenyla~ridine.~~ 
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Fig. 30. 9-p-dimethylaminophenylacridinium mono cation^.^^ (-) Parent molecule; 
(- - -) 2-bromo derivative; (- + - .) 2J-dibromo derivative; (- . - .  .) 2,4,7-tribromo deriv- 
ative; (. . .) 2,4,5,7-tetrabromo derivative. In methanol. 

This has been accounted for by the inductive effect4j; however, in the 1- and 
3-positions, this is opposed by the mesomeric effect. Bromo substitution 
causes small shifts in the positions of the bands, compared with the spectrum 
of acridine; again, the spectra of the 1- and 4- derivatives are similar, as are 
the 2- and 3- derivatives. Protonation causes bathochromic shifts of the 
bands; in particular, the long-wavelength band appears in the region of 400 
to 430 nm, as is expected for the protonation of the ring nitrogen. 9-Bromo- 
acridine, together with the 9-chloro- and 9-iodo- derivatives, has been studied 
in ethanol.46 

6. Theoretical Calculations 

In the past few years, many of the spectra of the acridines have been inter- 
preted by theoretical calculations, giving an understanding of the relation of 
structure to spectra. A brief mention will therefore be made of the type of 
calculations that have been made, although details of the methods used will 
not be given. An introduction to  the theory of spectra may be found in the 
book by Murrell.' All the calculations discussed here have used some variant 
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of semiempirical MO theory ; most calculations of spectra use Pariser-Parr- 
Pople (PPP) self-consistent-field, a-electron MO theory, although a few 
calculations have been performed using the much simpler, and less accurate, 
Hiickel r-electron MO theory. 

Acridine has been studied by most variants of these two methods, mainly 
because it is an aromatic molecule with only one heteroatom, and as such is 
useful in testing new variants. Recent PPP calculations of its spectrum have 
included those by the variable-beta method4' with limited configuration 
interaction, and by the Linderberg-beta method with full configuration 
interaction.l0 The spectrum of acridinium cation has also been studied,ln> 48 

its spectrum being more difficult to calculate because of the need .to obtain 
parameters for the positively charged nitrogen atom. In order to gain an 
understanding of the effect of substitution, a study of acridine and its cation 
has been performed using the CNDO all-valence-electron, self-consistent-field 
MO theory to obtain the n- and n-electron densities.'" These have proved 
useful in explaining some of the features of the derivatives of acridine. 

Most of the spectra of acridine derivatives have been calculated, mainly 
by Zanker and his co-workers. Using the variable-beta method,47 they have 
calculated the transition energies, oscillator strengths, polarization directions, 
and other properties of the aminoacridine~,~~ the hydroxyacridines,jn the 
benzacridines,;' 9-substituted acridines,;? acridine 10-oxide,j3 acridanS4 and 
the monohydroxyacridinium cations.jj Hiickel calculations for the cations of 
acridine, 3-aminoacridine and 3,6-diaminoacridine (proflavine) have been 
performeds6; the cation of 3,6-diaminoacridine has also been calculated by 
the PPP method.'" 2 n ,  j7 The Linderberg-beta method has also been used to 
calculate the spectra of all the monoaminoacridines and proflavine.j* 

It is likely that further MO calculations will be performed in order to 
interpret the spectra of the acridines. These calculations will employ more 
sophisticated a-electron theory or even all-valence-electron theory, so that 
nonplanar acridines may be studied. 
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The ir spectra of a relatively small number of acridines are scattered through 
the literature, and most are of value only for comparison with the spectra of 
new samples of the same acridines as an aid to identification. Spectra of this 
type are not considered. 

1. Acridine 

The ir spectrum of acridine (1) (Fig. 2) has been compared with that of the 
much more symmetrical anthracene (2) in the 400-3000 cm-' region; above 
700 cm-' the compounds have almost identical spectra arising from overtones, 
combination tones, and planar interactions.' 
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666 The Infrared Spectra of Acridines 

Below 700 cm-I, acridine has many more peaks than anthracene, mainly due 
to nonplanar vibrations. There are skeletal vibration frequencies that appear 
to  correspond to the C-C stretching of benzene and pyridine, and which can 
be related to the various spectral regions between 1625 cm-' and about 1475 
cm-' discussed by Bellamy.2 Other absorption frequencies corresponding to  
single C-H bonds (900-986 cm-I), two adjacent C-H bonds (700-750, 
800-860 cm-l) three adjacent C-H bonds (750-810, 680-725 cm-l), and 
four adjacent C-H bonds (735-770 cm-I) have been a l l~ca ted .~  The sugges- 
tion4 that the 810 cm-I frequency is associated with the 9-hydrogen atom is 
difficult to sustain, as a band appears at this position in the spectra of several 
of the 9-substituted acridines which are reproduced. Three acridine N-oxides 
possess strong absorption in the 1320-1370 cm-' region which has been 
assigned to the N-0 ~ i b r a t i o n . ~  However, this is a poor criterion for the 
presence, or absence, of the N-oxide group in an unidentified acridine, since 
many acridines which are not N-oxides possess absorption maxima in this 
range. 

2. Amino- and Hydroxy-acridines 

The ir spectra of all five possible monoaminoacridines have been examined,' 
and all show quite similar stretching (31 15-3450 cm-l) and bending (1619- 
1661 cm-l) frequencies normal for aromatic primary amino groups. Studiess 
on corresponding N-deuteriated acridines support these results ; it can be 
concluded that the primary amino group is present as such, and not as the 
tautomeric imino form, in all these compounds. Partial deuteriation of the 
amino group of 9-aminoacridine has been a c h i e ~ e d , ~  and the scissors vibra- 
tion mode of the hydrogen and deuterium atoms attached to the nitrogen 
atom observed. The presence of much of the tautomeric form 4 in chloroform 
and the other solvents used is therefore excluded. However, in aqueous sol- 
vents, the pK, of 9-aminoacridine (3) and 9-imino-10-methylacridan (5) can 
be considered to suggest that a 9: 1 equilibrium mixture of 9-aminoacridine 
(3) and the imino tautomer (4) exists under these  condition^.^, 

H Me 

3 4 5 
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The ir spectra of the mono- and diacetyl derivatives of 9-aminoacridine show 
that the acyl groups are substituents of the 9-amino group, and there is no  
maximum in the 1600-1650 cm-' region expected" of a 9-acylimino-10- 
acylacridan because of the presence of the N=C bond. In contrast, both 
9-trichloro- and 9-trifluoro-acetamidoacridine show maxima at 1619 cm-' not 
shown by any of the other trichloroacetamidoacridines ; this indicate$ 
that they possess the iminoacridan structure (6). 

12-Aminobenz[b]acridine in chloroform and carbon tetrachloride,' in con- 
trast to 9-aminoacridine, exists apparently entirely as the imino tautomer 
(7). It shows the 10-hydrogen (N-H) frequency at 3448 cm-l, close to  that of 
diphenylamine (3428 cm-I) and the 9-imino hydrogen atom at 3298 cm-'. 

7 6 ,  X = Cl Or F 

The N-H-bond-stretching frequencies for the monoaminoacridines in 
chloroform and carbon tetrachloride are similar, but a substantial lowering 
of the frequencies in dioxan and pyridine (ca. 150 cm-l) was observed for all 
the acridines except the 4-amino derivative, where the lowering in pyridine 
was only 50 cm-'. This is attributed to the presence of an intramolecular 
hydrogen bond (8). Similar hydrogen bonding is revealed by 4-hydroxy- 
acridine (9) in carbon tetrachloride, as the hydroxyl group appears as a 
broad band at 3398 cm-'. 

a 9 

The hydroxyl groups of 1- and 2-hydroxyacridine in the same solvent appear 
as sharp peaks at 3607 and 3616 cm-I, respectively.12 

3. Acridans 

Acridan (lo), and 9-alkyl and 9-phenyl derivatives, in chloroform showed 
an N-H stretching frequency at 3424-3430 cm-', similar to  that of diphenyl- 
amine (3428 cm-l), which changes to 2548-2553 cm-l on de~ter ia t i0n. l~ 
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H 

10 

The N-H frequency for acridan, both in the solid phase (KBr) and in the 
tetrahydrofuran solution, shows a reduction of about 50 and 100 cm-l, 
which is attributed to association involving the 10-hydrogen atom.I3 The ir 
spectra of some more highly reduced acridines are mentioned in Chapter V 
(p. 499). 

4. 9-Acridanones 

The ir spectrum of 9-acridanone (11) (Fig. 10) in the solid phase shows a 
carbonyl stretching frequency at 1645 cm-I and a characteristic broad N-H 
stretching region indicating strong intermolecular hydrogen bonding (Chap- 
ter 111, p. 200). 

0 

5 H 4  

1 1  

The carbonyl frequencies for 9-acridanone and a series of lO-methyl-9- 
acridanones have been reported at 1632 f 6 cm-l, showing that the carbonyl 
frequency is little affected by hydrogen bonding,'* as is the case for anthra- 
q~ in0nes . l~  

There is no indication of the presence of the possible 9-hydroxyacridine 
tautomer in 9-acridanone itself. Replacement of the N-H by N-[2H] gives 
the corresponding N-[*H] frequencies with a reduced band width, but the 
fine structure is retained, which suggests that the spectra have a common 
origin.13 The complexity of the N-H absorption has been attributed to the 
superimposition of peaks, due to different molecular species present in the 
1a t t i~e . l~  AlkyP and halogen13 substituents at position 2 have almost no effect 
on the N-H region and the carbonyl frequency (1640-1645 cm-l). 1- and 4- 
Mono-alkyl-9-acridanones have a different N-H region, indicating a new 
arrangement of the molecules in the crystals,16 but the carbonyl frequency is 



3"JO 3000 1750 1500 cm-' 

(C) 

Fig. 1. 9-Acridanones in nujol": (a) 2-ethyl-9-acridanone; (b) 4-isopropyl-9-acridanone; 
(c) l-isopropyl-4-rnethyl-9-acridanone. 
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virtually unaltered (1630-1640 cm-l). However, l-isopropyl-4-methyl-9- 
acridanone16 (Fig. 1) shows a very different N-H region and carbonyl peaks 
at both 1640 and 1690 cm-'. It therefore appears that the steric effect of sub- 
stituents at positions 1 and 4, particularly when both types are present, can re- 
duce intermolecular hydrogen bonding in the lattice. This is consistent with 
the remarkably low mp (75") for this compound, since it is unsubstituted at 
position 10 (Chapter 111, p. 200). However, at 90-loo", it resolidifies; it 
remelts at 208-209". The ir spectrum of the high melting form is identical 
with those of the 1- and 4-alkyl-9-acridanones in the N-H and carbonyl 
regions (Fig. l), thereby indicating a change in crystal lattice. Cooling.of the 
melt from 209" to room temperature again gave material of mp 75". The 
maximum at 1690 cm-l cannot be attributed to non-hydrogen-bonded 
carbonyl groups, as 10-methyl-9-acridanone shows its carbonyl absorption 
at 1640 crn-'. The N-H region of the spectrum for 2,4,5,7-tetrachloro-9- acri- 
danone, measured in a nujol muli,l3 is very much simpler than that of 9-acri- 
danone itself and shows only two peaks at about 3355 and 3065 cm-'. 
Octachloro-9-acridanone shows only one N-H frequency at about 3370 
cm-'. These results can be attributed to  the steric effects of the peri substi- 
tuents that reduce intermolecular interaction in the crystal 1at t i~e. l~ 

The ir spectrum of 9-acridanthione (Fig. 12) has a similar N-H region to 
that of the 9-acridanone. In dilute chloroform solution, this region simplifies 
to  give a single band at 3420 cm-l that is similar to  those of diphenylamine 
and acridan. Little association, therefore, seems to take place under these 
conditions. 

Investigations of the structures of the 9-acridanone alkaloids (Chapter IV, 
p. 386) provided the first ir spectra of 9-acridanones and showed that hy- 
droxyl groups present at the 2-, 3-, and 4-positions of the ring could be 
detected at 3250-3280 cm-', while those at position 1 (e.g., 12) showed no 
"free hydroxyl" absorption in this region." 

This indicates strong hydrogen bonding and agrees with Flett's observations 
that the hydroxyl absorption is also absent in anthraquinones possessing 
only hydroxyl groups peri to the carbonyl groups.lj 
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1. Acridines 

The nmr spectrum' of acridine (1) was first examined at  60 MHz in 1963 in 
both dimethyl sulfoxide and deuteriochloroform solutions (Table I). The ob- 
served spectrum was computer-simulated, using the assumption that there 
would be no coupling between hydrogen atoms at positions 1 to 4 with those 
at 'positions 5 to 8 and that a first-order interaction between the hydrogen 
atoms of the carbocyclic rings and the 9-hydrogen atom was possible. 

8 1 

6 \  'm: 
5 10 4 

1 

687 

Chemistry of Heterocyclic Compounds, Volume 9 
Edited by R. M. Acheson 

Copyright 0 1973 by John Wiley & Sons, Inc. 



688 The Nuclear Magnetic Resonance Spectra of Acridines 

Very satisfactory agreement (=tO.l Hz) was obtained between the observed 
and calculated spectra, and almost as good agreement has now been ob- 
tained using the same parameters for spectra run at 100 MHz in deuterio- 
chloroform.2 In spite of the fact that such good agreement has been obtained 
at  two frequencies, it should be noted that alternative parameters, giving as 
good a fit with the experimental spectra, have not been sought and the 
accuracy of the parameters is only reasonably certain to a few tenths of a 
Hertz (cf. Ref. 3). 

Although it was clearly established from these results that the carbocyclic 
ring protons could be placed in a definite order, ABCD, the assignment of 
protons A to position 1 and 8, or 4 and 5 ,  of the rings could not be made 
with certainty. The assignment actually made, on the basis of the electron 
densities calculated for the various positions both by M04a-c and valence 
bond5 methods, have been established as correct by comparison with the 
unambiguous assignments that can be made for 2,7,9-[ 2H]3-acridineG and 
other substituted acridines (Table I). The simplification of the spectrum of 
acridine, caused by the replacement of the 9-hydrogen atom by deuterium, is 
exactly in accord with the expected elimination of the long range 1,9- and 
4,9-couplings. The 4,9-coupling is remarkably strong. The other coupling 
constants are normal for aromatic-type protons, but it is interesting that 
J1 ,p  (J7,*)  is a little less than (J5,J and is markedly greater than J2.3 (JB,7) .  
Although assignments of the protons for the 4-methyl- and 2-ethyl-acridines 
have been made for the 100 MHz spectra, superimposed resonance lines make 
the task difficult and a little uncertain. The spectra at 220 MHz,* however, 
are almost first order (e.g., Fig. 1) and have confirmed the analysis. 

The effect of the concentration of acridine on the chemical shifts of the 
protons in dimethyl sulfoxide is negligible, but in deuteriochloroform there 
are interesting changes. 1 On dilution of 10% solutions, the resonance posi- 
tions of all the protons, except those at positions 4 and 5, move upfield, the 
biggest shift being shown by the 9-proton. 

The effect of the bromine atoms of 2,7-dibromoacridine (Table I) on the 
chemical shifts of the protons in the same ring is less than that observed for 
benzene rings,' and even a 9-ester group, probably because of its lack of 
planarity with the ring, exerts only a small deshielding effect on the 1 and 8 
protons. In contrast, these protons show a marked downfield shift in 9-methyl- 
thioacridine, presumably caused by the magnetic effects of the sulfur atom. 

The assignment of the protons in 9-substituted acridines, not possessing 
other substituents, is difficult but can be done assuming that the 2-protons 
will appear at the highest field of the aromatic group. For most acridines so far 
examined, it appears that J 3 , 4  > Jl,z. This could be used as an assignment 

*Recorded for us by M. S. Sunley 
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1 
1900 Hz 

Fig. 1. The nmr spectrum of acridine in carbon tetrachloride, measured at 220 MHz. 

criterion, but as these coupling constants may differ only by a few tenths of a 
Hertz, and are consequently difficult to determine with precision, it would not 
appear to be a reliable method. For the 9-alkylacridines the spectral analogy 
with acridine itself is adequate, but for methyl acridine-9-carboxylate (2) 
and dimethyl acridine-9-phosphonate (Table I) the situation is less certain. 
However, if the ester group of 2 can be presumed not to  move the 4- and 
5-protons upfield, as compared with acridine, then all the protons of this 
compound can be assigned as shown in Table I and have similar shifts t o  
those of acridine itself. As no marked deshielding of the 1- and 8-protons can 
occur, it is clear that the steric requirements of the ester group require it t o  be 
oriented at roughly 90" to the plane of the ring. 

The nmr spectrum of acridine 10-oxide (3) has been measured (Table I) and 
computer-simulated, although the accuracy with which this has been done is 
not stated. * 

2 0- 
3 
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The large inter-ring couplings are similar to  those for acridine itself, and the 
protons have been assigned on the assumption that the 10-oxide group, like a 
carbonyl group, will cause a marked downfield shift of the peri (4 and 5 )  
protons. The resonance of the 9-proton appears at higher field than that of 
acridine itself and is consistent with the relatively high electron density at 
this position as shown by dipole moment studies and the chemistry of the 
compound (see Chapter I, p. 75). 

Comparison of the nmr spectra of 2,7-dibromoacridine in deuteriochloro- 
form and in trifluoroacetic acid, where the ring is protonated at  position 10, 
shows unequivocally that the downfield shift of the 9-, 3,7-, 1,8-, and 43-  
hydrogen atoms are 7 0.99, 0.56, 0.44, and 0.1 1, respectively. It is impossible 
to  say how much of this is a result of the change in the solvent. The large shift 
of the 9-hydrogen atom is similar to that observed for the 4-proton of 
2-methylquinoline under the same conditions.9 On the assumption that simi- 
lar shifts occur, the spectra of acridinium iodide and trifluoroacetate can be 
assigned ; this interpretation is consistent with that made for 2-ethylacri- 
dinium trifluoroacetate. 

2. 9-Chloroacridines 

The nmr spectra of eighteen 9-chloroacridines6 have been examined, and 
first-order analyses of the spectra (in most cases), have enabled unambiguous 
proton assignments to be made (Table 11). Only two cases, 9-chloroacridine 
(4) and its 4-sec-butyl derivative, have been examined sufficiently closely to 
enable accurate coupling constants and chemical shifts to be obtained. 

4 

The spectrum for the 4-sec-butyl compound was measured at both 60 and 
100 MHz and measured to h0 .2  Hz. Iteration assuming independent ABCD 
and ABC systems, and using LACON 111, yielded parameters that gave 
calculated spectra agreeing with the observed spectra within the errors of 
experimental measurement (Fig. 2). The coupling constants for the corre- 
sponding positions of the two carbocyclic rings are not exactly equal; it is 
interesting that the values for J5,6 and J7,8  for both of these acridines are 
closer together than the values for acridine itself, although 55,6 is the greater, 
as it is for most acridines so far examined carefully. 
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1 5  1.6 1 .7  2.2 2.3 2.4 

Fig. 2. Upper curve: nmr spectrum of 4-sec-butyl-9-chloroacridine in deuteriochloro- 
form, measured at 100 MHz. Lower curve: spectrum calculated by LACON I11 at  a theo- 
retical line width of 0.75 Hz at half height. 

TABLE 111. Upfield Proton Shifts (7) Caused by Alkyl Substitution of 
9-Chloroacridines 

Substituent Proton shifts 

1,2- 2,3- 1,3- 1,4- 

2-Bun 0.25 0.12 0.07 - 

or 3 4 -  or 2,4- 

- 2-But 0.17 0.01 0.1 8 

4-BuSeC 0.13 - 0.02 0.08 
2-Et 0.22 0.10 0.08 - 
1 -Me 0.26 - 0.19 0.12 
2-Me 0.25 0.1 5 0.12 - 
3-Me ca. 0.2 0.1 5 0.19 - 
4-Me 0.30 - 0.12 0.10 
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696 The Nuclear Magnetic Resonance Spectra of Acridines 

The deshielding effect of the chlorine atom on the 1 and 8 (peri) protons is 
clearly shown, since they appear at a lower field than in acridine itself, and 
usually at  a lower field than the 4,5-protons. l-Alkyl groups are affected 
similarly. The shielding constants (Table 111) were assesseds on the assump- 
tions that the solvation or association which causes the concentration de- 
pendence of the chemical shift for acridine in deuteriochloroforml would 
affect both carbocyclic rings equally, and that the substituent would have no 
effect on the protons of the unsubstituted ring. A methyl group shields an 
ortho proton across the 1,2- or 3,4-bond by about r 0.25, and across the 
2,3-bond by only 7 0.15. This correlates with the lower proton coupling 
constant across the 2,3-bond than the 1,2- or 3,Cbonds. 

3. Aminoacridines 

The nmr spectrum of 9-aminoacridine (5) (Table IV) has been recorded at 
60 MHz and computer simulated,' but the four-spin system was assigned 
the wrong way around. 

This became clear when the spectrum of 9-amino-2,7-di-tert-butylacridine 
was examined,2 for which unambiguous proton assignments can be made if 
it is assumed that J3,4 > 1-2 Hz. The low-field protons must then be at  
positions 1 and 8; in contrast to acridine, the highest-field proton is at 
position 3. 

The lowest-field aromatic protons of 9-amino-2,7-di-tert-butylacridinium 
chloride are again at positions 1 and 8, and can be definitively assigned; 
consequently the highest field protons in the spectrum of 9-aminoacridinium 
chloride must be at positions 2 and 7.  It is interesting that the downfield 
shifts of the ring hydrogen atoms on protonation of the molecule are 3 > 1 > 
4 > 2, the protons at positions 2 and 7 hardly changing position. The 9-amino- 
acridinium cation can be written in the resonance forms 6 and 7, accounting 
for its high basicity, where the positive charge is close to the 4- and l-protons. 
The positive charge can also be placed at positions 1 and 3 (8 and 9), where 
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hydrogen atoms show the greatest downfield shift when the molecule is 
protonated. 

H 

Qf7J-J 
H 

6 7 

H 

a+ H 

8 9 

Formal charges cannot be placed on the 2 and 7 positions, which show a 
negligible shift. 

The protons of 3,6-diaminoacridine and its sulfate are readily assigned, 
the largest downfield shift on protonation being shown by the 9-hydrogen 
atom. Assignments for acridine orange, 3,6-bisdimethylaminoacridine, are 
similar, while those given' for acridine yellow have been revised (Table IV), 
so that the shielding effects of the methyl groups enter the normal range. 

The aggregation of acridine orange in aqueous solution has been studied 
in the 10-2 to 5 x lO-*M concentration range by measuring the changes in its 
nmr spectrum. It was found that the most favored configuration for the 
aggregates occurs when the flat molecules are packed in nearly parallel array.'* 

4. 9-Acridanones 

The nmr spectrum of 9-acridanone (10) has been simulated and assigned 
on the assumption that the lowest field protons would be those peri to the 
carbonyl-type oxygen atom.' 

0 
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This assignment is confirmed by the many spectra obtained for the 9-acri- 
danone alkaloids (Chapter IV), which are included in Table V. Methoxyl 
groups at positions 1 and 8 are also significantly deshielded by the 9-carbonyl 
group and appear at 7 5.95-5.98. Hydroxyl groups at positions 1 and 8 are 
strongly hydrogen-bonded to the 9-carbonyl, and therefore appear at much 
lower field than when present at other  position^.'^ N-Methyl resonances, 
T 6.3-6.5, are usually broader than methoxyl  resonance^'^ and show a greater 
downfield shift when the solvent is changed from chloroform to trifluoro- 
acetic acid.I4 The irradiation of both N-  and 0-methyl groups (nuclear 
Overhauser effect) has been used to  place nearby protons by the sharpening 
of their resonance lines (see also Chapter IV, p. 418). 

An interesting aspect of the spectrum of 9-acridanone is the appreciable 
coupling (0.4 Hz) reported for the 1 (and 8) protons with that at position 10 
and attached to the nitrogen atom.' Long-range coupling through a nitrogen 
atom does not appear to have been noted before, and proof that the 10-hydro- 
gen atom is involved, for instance, by observing the loss of the coupling on 
10-deuteriation or by examination of the spectrum of 9-acridanone measured 
at  a higher frequency, is needed. 

5. Acridans and Reduced Acridines 

The nmr spectrum of acridan (11) has been measured and simulated,' and 
the assignments made have been confirmed by an inspection of the spectrum 
of 4-phenylacridan (Table VI). 

H 

An interesting feature of the last spectrum is the upfield shift, in comparison 
with acridan, of the 5-proton, presumably a result of shielding by the 4-phenyl 
group. 

Agreement between the observed and calculated spectra for acridan is not 
as good as in the case of acridine, and the assumption of coupling between the 
1 (and 8) and 10-hydrogen atoms though the nitrogen atom to the extent of 
0.8 Hz is needed for the best results. This coupling is greater than the cor- 
responding coupling for 9-acridanone (0.4 Hz), and needs confirmation. 
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The nmr spectra of a series of 9-alkyl- and 9,9-dialkyl-acridans have been 
investigated for deuteriochloroform and carbon tetrachloride solutions.17 
The 10-H absorption was between T 4.05 and 4.25, and the aromatic protons 
between T 2.4 and 3.7. Where the 9,9-substituents are both methyl, ethyl, or 
isopropyl, only one type of alkyl group could be detected for each compound. 
The chemical shift of the methyl group of 9-methylacridan (T 8.66) drops 
steadily downward to T 8.25, as the 9-H is replaced successively by methyl, 
ethyl, iso-propyl, and tert-butyl. This is interpreted as indicating that the 
larger substituent adopts a pseudoaxial conformation from the central 
boat-shaped ring. 

The aliphatic-type resonances in the nmr spectra of some complex acridans, 
obtained from 9-methyl-, 9-ethyl-, and 9-phenyl-acridine and dimethyl 
ketene, have been used to elucidate the structures of these compounds (e.g., 
12 and 13).18 The 9-H and 9-Me groups of 12 appear at  T 5.87 and 8.75, 
respectively, and show the expected multiplicities (J 7 Hz). The temperature 
dependence of the spectra of 14 (R = Me or Ph) is attributed to variations in 
the populations of the conformers, possibly because of rotation about the 
N-vinyl bond. 

H Me 0 Me ,, Me 

H N  

12 13 14 

The nmr spectra of more highly reduced acridines are discussed in Chapter 
V (p. 489-49 1) in connection with their stereochemistry. 

6. Benzacridines 

The nmr spectra of benz[b]acridine* (15) and benz [c ]a~r id ine~~~~  (16) have 
been recorded at 60 MHz. 

*Measured by P.  J .  Abbott. 



6. Benzacridines 705 

7 6 5 4 8 

1s 16 

In hexadeuteriodimethylsulfoxide, 15 shows a one-proton singlet at  7 1.01, 
assigned to the 12-hydrogen atom, an apparent two-proton doublet at T 1.68 
(J ca. 8); the remaining protons appear as a complex multiplet, extending to 
about T 3. Benz[c]acridine in carbon tetrachloride shows a single proton 
(position 7) at T 1.66; a multiplet assigned to H-1 at T 0.53; and a partially 
obscured doublet, due to H-11 centered on 7 1.72. The other protons are not 
resolved. The particularly lowfield resonance for H-1, in part because of the 
relative position of the nitrogen atom, is noteworthy. 

The nmr spectrum of dibenz[aj]acridine (17) has been investigated at 100 
MHz in deuteriochloroform, using double resonance and spin tickling tech- 
niques, and the observed spectrum has been matched (+0.1 Hz) by a com- 
puted spectrum calculated from the parameters deduced from the experi- 
menk20 

1 2  

The complete second-order analysis for the spectra of 18 in both deuterio- 
chloroform and hexadeuteriobenzene also appears to have been carried out, 
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but  only the chemical shift data given in Table VII are reported.21 A partial 
analysis of the spectrum of dibenz[ah]acridine (19) has also been made.21 

TABLE VII. Nmr data for Benz- and Dibenz-acridines 

Proton chemical shifts in 7, J in Hz 

Proton Position 

Compound l(13) 2(12) 3(11) 4(10) 5(9) 6(8) 14(7) 

17* 1.43 2.45 2.53 2.31 2.24 2.10 0.11 

18 0.27 2.21 2.29 2.14 2.30 2.30 1.55 

19 1.59 ? ? ? 2.30 1.57 

19 (2.45) (2.45) ? ? ? (0.30) (0.04) 

The low-field singlet (T  0.10) of naphth[2,3-c]acridine (20) has been assigned 
to the 14-H atom,22 and its low-field position is doubtless a result of the 
proximity of the nitrogen atom (compare with the 1-H of 16). It  is surprising 
that the 8-H proton is not assigned, but it perhaps contributes with the 5-pro- 
t on  to the two-proton multiplet recorded at T 1.70, 

Inter-ring coupling has been reported for several dibenzacridines (see 
Chapter VII, p. 554). 
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CHAPTER XI11 

The Mass Spectra of Acridines 
R. G .  BOLTON 

I .  C. I .  Pharmaceuticals Division Research Laboratories, 
Cheshire, England 

1. Acridine . 
2. Substituted Acridines . . 
3. 9-Acridanones . 
4. Reduced Acridines . 
5 .  Miscellaneous Acridine Derivatives . 
References . 

A so-called “mass spectrum” of an o ganic c mp 

. 710 

. 711 

. 715 

. 719 

. 719 
. 721 

und is more accurately 
an analysis of the products of electron-impact-induced degradation of the 
compound. Fragmentation is directed either by fission of the weakest bonds 
or by the stability of the products formed. The abundance of each ion, as in a 
chemical reaction, is a steady-state concentration determined by the relative 
rates of formation and decomposition of that species. Consequently, the mass 
spectra of aromatic compounds and, more particularly, those of polycyclic 
aromatic compounds such as acridine are characterized by molecular ions of 
high abundance and fragment ions of low abundance, due to  the stability of 
the aromatic ring even under electron impact. This feature contrasts with the 
spectra of aliphatic compounds, in which small fragments are usually the 
more stable and therefore more abundant. Polycyclic aromatic systems are so 
suited to carrying positive charge that doubly charged ions are an important 
feature of their mass spectra.’ This stability toward skeletal fragmentation is 
responsible for the third distinctive feature of the polycyclic aromatics, the 
process of dehydrogenation.* Fission of C-H bonds, normally an un- 
favored process, effects expulsion of one or more atoms of hydrogen from the 
molecular ion, resulting in the formation of a group of peaks for each 
subsequent skeletal fragment ion. 
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710 The Mass Spectra of Acridines 

Where such a molecule carries substituents that fragment readily, abundant 
ions corresponding to this fragmentation may be observed. It is still a char- 
acteristic of the spectra of acridines, and polycyclic aromatic compounds in 
general, that once fragmentation of the substituent is completed, subsequent 
fragmentation gives rise to ions which are of low abundance by comparison. 
These general features are revealed in the mass spectra of all the acridines that 
will subsequently be discussed. 

1. Acridine 

The mass spectrum of acridine (1) reflects the great stability to fragmenta- 
tion of both the singly and doubly charged molecular ions3 

8 1 

5 10 

1 

All fragment ions, save that for dehydrogenation, are of less than 10% 
abundance relative to the molecular ion (1000/,). Predominant are groups of 
ions corresponding to successive losses of 26 and/or 27 u (atomic mass units) 
from the molecular ion and its dehydrogenated species. Doubly charged ions 
are absent at nominal electron energies below 30 eV; below 13.5 eV, dehydro- 
genation, the most facile fragmentation, is suppressed. Metastable peaks are 
extremely weak, and the only two recorded- in the published spectrum are 
actually the triply charged molecular ion and (M-1)". 

Studies of the metastable transitions in the fragmentation of acridine in the 
first and second field-free regions of a double-focusing mass spectrometer have 
established the relationship between daughter ions, and those of their parents 
which decompose at the detectable rate.4 Coupled with exact mass determina- 
tions, which supply the elemental compositions of fragment ions, these have 
enabled a scheme for the fragmentation of acridine under electron impact to  
be built up (see Scheme 1, page 71 1). The evidence of metastable transi- 
tions in the second field-free region is that the doubly charged ions fragment 
according to a similar scheme. 

From a study of the metastable transitions of deuterated acridines, it 
would appear that an intermediate degree of scrambling of hydrogen atoms 
precedes the loss of HCN from the molecular ion at 70 eV. As a result of this 
scrambling, the mechanism of the expulsion of HCN is still not elucidated. 
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Acridine also displays marked differences in behavior from the fragmentation 
of four other CI3H9N isomers (phenanthridine, 2-cyanobiphenyl, 2-phenyl- 
ethynylpyridine, and fluoren-9-imine), as reflected in the relative abundances 
of singly and doubly charged fragment ions at normal- and low-electron 
voltage and also the metastable transitions observed. 

2. Substituted Acridines 

Comparison of the spectra of a number of alkylacridines with those of the 
corresponding alkyl-9-chloroacridines indicates that in the latter the two 
substituents fragment independently and the loss of C1* or HCl is simply 
superimposed on the alkyl fragmentation.4 Possible exceptions are the 1 -alkyl- 
9-chloroacridines that appear to display enhanced loss of the halogen atom. 
The fragmentation of the alkylacridines resembles that of analogous alkyl- 
quinolines.5~ 6 

Alkylacridines, except the 4-substituted compounds, fragment simply by 
@-cleavage, the ease of cleavage as observed in the methylacridines being 
9 >> 1 > 2, 3, 4. The lability of the hydrogen atoms in 9-methylacridine, 
even in the absence of electron impact, is displayed by the exchange of 
deuterium label between the 9-methyl group and the residual water vapor in 
the mass spectrometer source. That the @-cleavage peak in the mass spectrum 
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of 2-[a-d2]ethyl-[9-dl]acridine does not shift from (M-15)+ is a demonstration 
that p-cleavage does not involve the a-CH2 in any way. 

Alkyl chains longer than C2 undergo, in addition, McLafferty rearrange- 
ments to  an ortho-position on the ring (e.g., Scheme 2 below); thus for 
2-butyl-9-chloroacridine the ion (M-C3H6)+ is approximately half as abundant 
as (M-C3H,)+. 

In addition to two successive p cleavages, 2-t-butyl-9-chloroacridine displays 
the fragmentation (M-Me.-C2H4), for which a “cationated cyclopropane” 
intermediate was postulated in the case of t-butyl benzene.’ 

The fragmentation of 4-alkylacridines is directed by the heteroatom in the 
peri position. Thus cyclization to  the nitrogen [Scheme 3, (a) -+ (d)] leads to  
y cleavage, and transfer of hydrogen to the heteroatom from the p or y 
positions initiates McLafferty rearrangements [(a) -+ (b)] and loss of a-H. 
For example, in the spectrum of 4-ethylacridine, the base peak results from 
y cleavage and the p-cleavage ion (M-Me’)+ is of relatively low abundance. 
The alternative major fragmentation is a McLafferty rearrangement with 
expulsion of the side chain as ethylene. Similarly, the (M-Me‘)+ ion in the 
spectrum of 4-propylacridine is of much greater abundance than the (M-Et.)+ 
ion resulting from p cleavage. Scheme 3, page 713, representing the frag- 
mentation of 4-propylacridine, illustrates the variety of processes observed 
in the fragmentation of 4-alkylacridines. 

Deuterium-labeling studies4 indicate that the (M-H)+ ion in 4-ethylacridine 
arises 20% from a-H loss, possibly initiated by 0-H transfer, and 80% from 
y cleavage through cyclization. The (M-Me’)+ ion from 4-[a-dl]propyl- 
acridine arises with no loss of label, but the process (M+-C2H4) involves the 
a-CHz to 25%. It appears that while the majority of the (M-CzH4)+ ion can 
arise through a 7-center McLafferty rearrangements involving y-H transfer 
with p cleavage [Scheme 3, (a) -+ (c)] a rearrangement with transfer of Me. to 
the heteroatom [Scheme 3, (a) -+ (e)] must be postulated for the remaining 
25%. The formation of the (M-C3He)+ ion from the same labeled compound 
involves no transfer of a-H to the nitrogen. Finally, it has been shown that the 
elimination of H z  from the (M-1)+ ion of 4-ethylacridine, envisaged as a 
cyclized species (2), is not totally random, but, allowing for a deuterium 
isotope effect, appears to involve specifically one a-H and one p-H. 
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H 

(b) m/e 179 

H I  
CH2‘ 

(c) m/e 193 

CH, 

J 

(d)  ni/e 206 

-CHZ=CHZ 

m/e 220 

CH3 

(e) m/e 193 m/e 204 

Similar fragmentation routes with enhanced @-cleavage are displayed by 
a-branched 4-alkylacridines. In addition, the elimination of C2H4 from 3 
(R = 4-Pri) and of C3H6 from 3 (R = 4-BuSeo) suggests that @-hydrogen 
transfer to the heteroatom generates a species visualized as a “cationated 
cy~lopropane,”~ analogous to that formed by @ cleavage of a tertiary alkyl 
substituent. The fact that (M-H)+ is the base peak in the spectrum of 4-phenyl- 
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acridine suggests that cyclization to  the heteroatom occurs even for this 
compound. 

By analogy with the peri effect postulated for 4-alkylquinoline by Djerassi5 
and MacLean,6 and later retracted by Dje ra~s i ,~  y cleavage might be ex- 
pected for those 9-alkylacridines that may cyclize to the 1- or 8-position to 
give an ion represented as 4. 

c1 rn 
2 3 4 

Such y cleavage is observed, in fact, together with McLafferty rearrangement 
with hydrogen transfer possibly to a peri position, but is much less favored 
than p cleavage. This is the inverse of the tendency noted in 4-alkylacridines, 
where the heteroatom is in the peri position. 

Save for the exception mentioned above, the halogen atom in substituted 
9-chloroacridines fragments independently, being lost as C1. or HCl. Precisely 
how this fragmentation is superimposed on the fragmentation of the other 
substituent depends on the relative rates of the two fragmentation processes. 
Thus the loss of C1. precedes any p cleavage in all the 9-~hloromethylacridines, 
occurs at  approximately the same rate as p cleavage in 9-chloro-2-ethyl- 
acridine, and is always preceded by the y cleavage and McLafferty rearrange- 
ment fragmentations of 9-chloro-4-ethyl- and -4-propyl-acridines. Poly- 
haloacridines fragment by successive losses of halogen, bromine in preference 
to  chlorine, until only the skeleton remains, which fragments as a dehydro- 
genated acridine. 

In accordance with the remarks made in the introduction, all ions below 
the molecular ion of abundance greater than about 10% in the spectra of sub- 
stituted acridines so far examined result from fragmentation of the sub- 
stituent, breakdown of the aromatic acridine nucleus being an unfavorable 
process. A possible exception is the doubly charged molecular ion of 4-phenyl- 
acridine, which has a relative abundance of about 20%. When no further 
facile fragmentation of the substituent is possible, then all the alkyl-9- 
chloro- and alkyl-acridines fragment further to a small extent after the 
fashion of acridine itself. 

The main features1° of the mass spectra of 14 benzo[a]- and benzo[c]- 
acridines have been described. As expected for the extended polycyclic 
aromatic heterocyclic system, ionization potentials were low and multiply 
charged ions a major feature of the spectra. Singly charged ions appeared at 
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8 eV and doubly charged ions at 22-23 eV, with some doubly charged ions 
of greater intensity than the corresponding singly charged ions at 70 eV. 
Extensive strong dehydrogenation peaks were observed but no noticeable 
fragmentation of the polycyclic skeleton. The possibility of a and p cleavage 
leading to the dehydrogenation peaks in the alkyl substituted compounds was 
discussed inconclusively, but examination of the tabulated spectra indicates 
that for most of the compounds dehydrogenation peaks are not substantially 
greater than in benzo[c]acridine itself (25%). Only in those ethylbenzacridines 
with the substituent peri to the nitrogen do the (M-1)+ peaks greatly increase, 
as a result of the peri interaction. p Cleavage of ethyl substituents was noted, 
but several claims were made for Q cleavage of ethyl and methyl substituents, 
particularly in the di- and trisubstituted compounds. In the dimethyl com- 
pounds, it would seem that as M-16, M-17, and M-18 are usually more intense 
than (M-15)+, methyl expulsion is decreasingly likely to result from a cleavage. 
Expulsion of methyl from the nucleus of such a system is not without prece- 
dent, indeed loss of CH,' from stilbene has been studied in detail and the 
carbon atom expelled shown to be of random origin." In the di- and triethyl 
compounds, all of which possess a peri-ethyl substituent, the (M-28)f ion is 
much more intense than (M-29)f; again, expulsion of Et' through simple 
Q cleavage is less likely than ethylene loss from the peri substituent by p-H 
transfer and a cleavage. In each case, ethylene loss from a benzo[a]acridine 
was less favored than from a benzo[c]acridine. Unfortunately, no data on 
metastable transitions are available. 

The aminoacridines display extensive dehydrogenation in the mass spec- 
t r ~ m e t e r . ~  The amino group is usually expelled as hydrogen cyanide but the 
single-step fragmentations (M-15)+ and (M-17)+ are also observed. For 
3,6-diaminoacridine, the typical pathways (M+-H-NH,-HCN) and (M+- 
HCN-H-HCN) are confirmed by the evidence of metastable transitions. 

3. 9-Acridanones 

The fragmentation of the 9-acridanone and 10-methyl-9-acridanone nuclei12 
was established as shown in Scheme 4, page 716. The simple monohydroxy- 
9-acridanones behave similarly, with an extra carbon monoxide loss occur- 
ring before expulsion of the hydrogen cyanide.13 

The fragmentation of the alkoxy substituents of 9-acridanones related to 
the naturally occurring alkaloids (Chapter IV, p. 379) is directed by the 
presence of a 2- or 4-substituent, which fragments preferentially by alkyl- 
oxygen cleavage.12 Thus 5 shows (M-Et')+ as its base peak, with (M-Me')+ 
only 15%. Deviations from this general pattern may occur for alkoxyl groups 
or where R is other than a simple alkyl group. Thus, when R = -CH2.CH= 
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C(CH&, the loss of this group, whether at the 2- or 3-position, is preferred13; 
the fragmentation of 3-OCHzPh groups is about as probable as that of 
2- or 4-OCH3 groups. 

The study of 6 (R, = CD,, RP = CH,) and 6 (Rr = CH,, Rz = CD,) 
showed'? that where competition can occur, 60% of the initial alkyl loss is 
from the 2-position and 40y0 from the 4-position. 

0 0 OMe 

I 
I I 

Me Me OR, 

5 6 

Loss of carbon monoxide follows the alkyl-oxygen cleavage, but it has not 
yet been established which carbonyl grouping is lost, since attempts at 
exchanging the 9-carbonyl oxygen atom with oxygen-1 8 failed. 

A remarkable process in the fragmentation of 1,2,3,4-tetra-substituted 
9-acridanones, e.g., 7, containing an -OH group actually or potentially 
(elision of C2H, from an ethoxy substituent occurs readily) is the transfer of 
hydrogen from the hydroxyl to the central ring with associated cleavage to 
yield 8, or 9 in the event of two hydroxyls being present. Labeling of the -OH 
has confirmed this process. 

R R 
1 8 9 

The general fragmentation pattern of the loss of R', followed by carbon 
monoxide, is broken when there is a 1-ethoxy substituent. Even in the presence 
of 2- and 4-alkoxy groups, there is a prominent M-OH'-H2 process repre- 
sented by Scheme 5, page 718. 

A similar interaction has been observed for l-methoxy-lO-methyl-9- 
acridanone,14 where (M- 17)+ has been shown by peak matching and the 
presence of the appropriate metastable peak to be (M-OH')+ and is followed 
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by loss of 29 u in the fragmentation scheme. It would seem that when there is 
no more facile cleavage possible, then this mode (not observed in the more 
complex 1-methoxy-9-acridanones) begins to  operate. 

High-resolution measurements were used to  distinguish between the 
possible losses of CHO’ or CO from the nucleus and CzH6’ or C2H4 from the 
alkyl group of the aIkyl-9-a~ridanones.~ They indicated that only for the 
methyl-9-acridanones are the ions (M-CHO)+ or (M-CO)+ detectable. All 
other (M-28,29)+ ions result from alkyl fragmentation, which is strikingly 
dominated by p cleavage for all substituents. Thus the McLafferty rearrange- 
ment observed in 2-butyl-9-chloroacridine is absent in the corresponding 
9-acridanone, and the heteroatom-induced McLafferty rearrangements and 
y cleavage of the 4-alkylacridines are not observed in the 4-alkyl acridanones. 
On the other hand, l-isopropyl-4-methyl-9-acridanone displays losses of 
C2H4 and C3H6 that were absent in the 9-chloroacridines. These observations 
indicate strongly that the site of charge localization shifts in the 9-acridanones 
from nitrogen to the oxygen atom, which then initiates the H’ transfers and 
the associated rearrangements when there is a 1-substituent larger than 
methyl. 

An interaction related to those observed by Bowie12 and Ritchie13 and their 
co-workers for I-alkoxy-9-acridanones was the expulsion of HO’, observed 
for l-isopropyl-4-methyl-9-acridanone. (M- 17)+ is the second most intense 
ion (80%) in this spectrum; high-resolution studies indicate that 90.5y0 of the 
ion has the composition C17H16N, (M-OH’)+, confirmed as a one-step loss by 
observation of the appropriate metastable ion. 

As (M-H)+ is much more intense for the methyl-9-acridanones than for the 
methylacridines, some N-H fission is implied. Enhanced hydrogen loss from 
1 -methyl-9-acridanone does point to p cleavage, however, assisted by inter- 
action between the oxygen atom and the methyl substituent. 
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Following p cleavage, there are weaker ions in the spectra of all the 9-acrid- 
anones for loss of CHO' from the nucleus, followed by losses of 26 or 27 u, 
as typical of the acridine nucleus. 

4. Reduced Acridines 

Under electron impact, acridans expel one of the 9-substituents pref- 
erentially, to give rise to  species analogous to  protonated a~r id ines .~  Thus, for 
acridan (lo), the base peak in the spectrum is (M-1)+, further fragmentation 
resembling that of acridine; for 4-ethylacridan, the loss of a 9-H precedes any 
fragmentation of the alkyl group. 

10 

The loss of an alkyl group, rather than hydrogen, from the 9-position is 
favored; M+, (M-H)+, and (M-Pr')+ for 9-propylacridan having relative 
abundances of, respectively, 7, 6, and 100%. An ion of low abundance, 
corresponding to  /3 cleavage from the (M-H)+ ion only, confirmed by an 
appropriate metastable ion, indicates the probable resemblance of (M-H)+ 
to the corresponding acridine molecular ion. The (M-Pr')+ ion for 9-propyl- 
acridan shows identical fragmentation to the (M-1)+ ion from acridan, 
giving rise to the same series of metastable transitions, among which m / e  180 
giving m / e  152 is prominent. Subsequent to p cleavage of the substituent, 
7-ethyl-l,2,3,4-tetrahydroacridine loses CzH4 by a retro Diels-Alder mecha- 
nism, as observed for the 5,6,7,8-tetrahydroq~inolines.'~ 

5. Miscellaneous Acridine Derivatives 

Acridine 10-oxide (11) displays two sequences of fragmentation under elec- 
tron impact.16 In addition to  the expected route for N-oxides, the loss of 
oxygen to give the acridine molecular ion that fragments as such, the primary 
loss of carbon monoxide is observed. Although rearrangement via an inter- 
mediate oxaziridine might be expected for quinoline and isoquinoline N-ox- 
ides,17 it is not feasible for 11. Supporting a postulated rearrangement is the 
observed photochemical rearrangement of 11 to cyclohept[b]indole-10-[5H]- 
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one (12),18 and the near identity of the mass spectrum of 11, neglecting the 
(M-O')+ route of fragmentation, with those of 9-acridanone and 12. Both of 
these fragment by carbon monoxide loss t o  give what might reasonably be 
expected to be the carbazole molecular ion. 

I 
0- 

12 1 1  

The fragmentation of the pharmaceutically important acridine derivative, 
atebrin (mepacrine or quinacrine, 13), is dominated by the rupture of the 
dialkylaminoalkylamino side chain.4 

13 

The base peak in the spectrum is m / e  86, corresponding to  the ion 
[CH2 : NEt2]+, and is accompanied by abundant related fragments at m/e 73, 
99, 112, and 126. Fragments in which the acridine ring is retained are, with the 
exception of the molecular ion, usually less abundant than the alkylamine 
fragments. Elimination of the elements of diethylamine is observed as a 
metastable transition, and the resulting species appears to  fragment according 

-a. 
m/e 277 (100%) m/e 199 (8%) m/e 164 (22%) 

-co -Ha m/e 262 (8%) m/e 234 (57%) - m/e 198 (7%) 
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to either of the schemes M+ - HNEtz - ‘CHzCH=CH2 - CzHz - CH3) or 
M+ - HNEtz - (Me - ‘CHzCH=CHz - H’. The fragmentation of the 
acridine nucleus of atebrin is illustrated by that of its synthetic precursor 
6,9-dichloro-2-methoxyacridine, shown in Scheme 6 ,  page 720. 
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The nature of the interaction of acridine derivatives, especially amino- 
acridines, with nucleic acids has attracted increasing attention since their 
earliest use as cellular stains. The widespread biological effects of acridine 
derivatives gradually came to  be connected principally with their ability t o  
interact with nucleic acids, but interest in this interaction was heightened by 
the unravelling of the main features of the binding processes involved’ and 
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the subsequent proposal of a detailed structure for the complex.2 This 
proposal attempted to relate the structure at  the molecular level to the known 
mutagenic effects of the acridine derivatives in question, aminoacridines, 
such as 2-9. 

8 1 a 5 10 4 

I ,  Acridine 

H 

3, Roflavine, or3,6-diaminoacridinium 
cation 

H 

2 ,  9-Aminoacridinium cation 

c1\ / 
H 

4, Atebrin (mepacrin or quinacrine) 
cation, R = CHMe(CH2)3NEt2 

R = CHZCH(OH)CH2NEt2 
5, AcraniJ cation, 

6, Acridine orange, or 3,&bisdimethyl- 
aminoacridinium, cation 

7, Acriflavine, or 3 , M i *  
10-methylacridinium cation 

8. 9-AmhO-l,2,3,44etrahyd1* 
acridmium cation 

9 ,  Ethidium cation 

The intermittent trickle of publications in the 1950s on this interaction has 
grown into a broad river now, in the early 1970s, repeatedly bifurcating in 
many new directions, not least that leading to the study of the related anti- 
biotic/nucleic acid interactions. 

Concomitantly there has been a growing awareness in  biochemistry, 
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genetics, physiology and pharmacology of the significance of the interaction 
of small ligand molecules with biological macromolecules, e.g., the interaction 
of substrates and inhibitors with enzymes, carcinogens and antibiotics with 
nucleic acids, histological stains with macromolecules in  the cell nucleus and 
cytoplasm and drugs with the components of cell membranes. The modes of 
investigation, the conceptual interpretative framework and the derived 
molecular structural situations often common to these different contexts and 
the much investigated acridine/nucleic acid system affords interesting 
examples and applications of more widespread features of small molecule/ 
macromolecule interactions. One of the motives in the study of such inter- 
actions has been to  use the small molecule as a “probe” of subtle differences 
and changes in the structure of the macromolecules to which it is bound and 
the study of.the interaction of acridines with nucleic acids is no exception. 

The number of publications is of such a magnitude that, in the account 
which follows, only the principal features and conclusions from these investi- 
gations can be outlined and only some typical examples of studies can be men- 
tioned specifically. The evidence for believing that much of the biological 
action of acridines is principally related to their ability to  interact with 
nucleic acids will first be summarized (Section 1) and related to other inter- 
actions of nucleic acids. The quantitative study of the extent of the interaction, 
which yields “binding curves,” will then be described (Section 2 )  since this 
is fundamental to  all other structural studies. The effects on the interaction 
of structural modifications in the nucleic acid and of variations in the acridine 
structure are described in Section 3 and their effects on each other in Section 4 
since, fortunately, the latter can be distinguished experimentally. A brief 
account (Section 5 )  is then given of studies on the kinetics of interaction. 
Certain diffraction and optical techniques are particularly relevant t o  the 
structural and geometrical relationships of acridine bound to nucleic acids 
and the results of the application of these methods are outlined in Section 6. 
The broad sweep of the evidence on the structure of the complexes is then 
assessed (Section 7) and, in conclusion, an attempt is made to  indicate its 
relevance to the biological activity of the acridines (Section 8). 

1. The Biological Role of the Interaction 

Acridine derivatives have a wide variety of biological effects; not all of 
these can be attributed to the specific interaction that occurs between the 
acridines and the nucleic acids. Although this interaction is likely to  be 
occurring when acridines act as antimalarial substances or carcinogens, the 
biological response is too complex and involves the disturbance of too many 
interlocking processes for this one type of interaction to be determinative, 
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not even, it appears, when the inhibition is that of a DNA-primed RNA 
polymerase. Since these problems are discussed elsewhere in the appropriate 
chapters, the following section briefly summarizes some of the biological 
effects of acridines that seem to be closely linked with their ability to form 
complexes with nucleic acids. 

The staining properties of diaminoacridines, such as proflavine (3,6- 
diaminoacridine, 3) and acriflavine (3,6-diamino-l0-methylacridiniuni chlo- 
ride, 7) and of acridine orange (bis-3,6-dimethylaminoacridine, 6) have been 
much utilized because of two unusual features : these acridine derivatives 
stain the nuclei, and not the extranuclear nucleoproteins, of living cells 
without killing them,3-6 and their complexes with DNA (deoxyribonucleic 
acid) and RNA (ribonucleic acid) in both fixed and living cells differ with 
respect to the color of their fluorescence (green and red, respe~t ively) .~-~~ In 
many of these investigations, a judicious use of the nuclease enzymes, com- 
bined with microscope photography, has unequivocally demonstrated that 
nucleic acids constitute the staining sites for acridines. As a consequence of 
these properties, the diaminoacridines already mentioned, as well as others, 
have been extensively used asvital stains, and acridine orange is also much em- 
ployed for locating nucleic acids in nonliving fixed cells. More recently, the 
human Y chromosome has been shown to display an exceptional fluorescence 
when chromosomes are stained with atebrin (quinacrine) (4), and visualization 
and differentiation of heterochromatic chromosomes of a number of or- 
ganisms have become possible.”a. b~ l2 

The action of acridines on viruses and bacteriophage includes, among other 
effects, the induction of mutations; since the nucleic acid (mainly DNA in the 
instances studied) is the unequivocal carxier of the genetic information, this 
biological effect must be a consequence of the specific nature of the inter- 
action of the acridines with the nucleic acid moiety of the virus or phage. The 
mutagenic effects on viruses, which are described more fully in Chapter XV 
(p. 781), were first reportedL3 in 1953 for the system proflavine-T2 bacterio- 
phage (Esterichia coli) and have been observed in other viral systems, e.g., 
proflavine-polio virus,14 and proflavine and other aminoacridines acting on 
the r I I  region of the T4 ba~teriophage.’j-~~ 

The last mentioned has been intensively studied, and it has been shown that 
when proflavine is mutagenic, it is not incorporated into the polynucleotide 
chains,15, l 8  as is 5-bromouracil, another mutagen toward the r I I  region of T4 
bacteriophage. The genetic evidence indicates rather that, when they are 
mutagenic, aminoacridines act by causing a deletion or insertion of a single 
nucleotide in DNA.l9 This hypothesis has been confirmed by a comparison 
of the amino acid sequences in lysozyme made under the control of the 
DNA of T4 bacteriophage which has, or has not, been subjected to  treatment 
with proflavine.20 Five particular amino acids in  sequence in the lysozyme 
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were changed as a result of the proflavine-induced mutation in the DNA of 
the T4-phage. These changes were of such a kind that on the basis of the 
known genetic code relating DNA and protein sequences, it was clear that at 
one extremity of the changed part of the DNA a nucleotide had been added 
and, at the other extremity, one had been removed. It was, of course, the 
ability of proflavine to induce mutants of this kind that made possible, by 
genetic experiments, the original characterization of the genetic code as 
triplet.21 Aminoacridines inhibit the maturation and multiplication of phage 
progeny particles in E. and their relative ability to do so follows the 
same order as their effectiveness as mutagens.17 

Proflavine, acridine orange, and acriflavine accelerate the inactivation 
(Le., loss of infectivity) of viruses which is caused by light and oxygen. The 
mechanism of this “photodynamic action” is still obscure.28 However, with 
proflavine-sensitized polio virus, the action spectrum of the light inactivation 
is shifted in the direction of the changes in visible absorption that occur when 
proflavine binds to  nucleic acid,29 so that this latter interaction again appears 
to  be a prerequisite of the biological effect. 

The action of acridines on bacteria is described in Chapter XVI. In 
the present context, it must be asked if the nature of this action implicates 
nucleic acids in the bacteria as the principal biologically effective site of inter- 
action. Briefly, it can be said that there is good circumstantial evidence that 
this is the case, but that specific evidence concerning the actual point at  
which the acridines dislocate the DNA/RNA/translation/replication se- 
quence in bacteria has not yet been obtained. Albert, Rubbo, Goldacre, and 
their c o l l e a g ~ e ~ ~ ~ a - - c ~  31 convincingly demonstrated that (1) it was the cationic, 
not the anionic or zwitterionic, forms of acridines that were bacteriostatic 
(a cationic ionization of at least 50% was necessary, and preferrably 75y0 at 
pH 7.3 and 20°C); ( 2 )  the chemical nature of substituents usually had an 
influence on the acridine bacteriostatic action only through their effect on the 
cationic ionization, except where some specific chelating or dimensional 
effects (steric hindrance) were involved ; (3) hydrogen ions competed very 
effectively with the acridinium cations for (presumably) anionic binding sites 
in the bacteria; and (4) the acridine should possess a minimum flat area of 
about 38 sq A to be bacteriostatic, which implies that the hinding site in the 
bacterium is also flat, so that attractive interactions are maximized. These 
factors strongly suggest nucleic acids as the principal binding site for bacterio- 
static action by the acridines, since the nucleic acids are anionic, possess 
flat purine and pyrimidine rings as possible binding sites, and are, of course, 
deeply implicated in the control of protein synthesis, and so the growth rate, 
in bacteria. However, most of the proflavine absorbed by Aerobacter aerogenes 
has been shown to be absorbed at anionic sites which are not involved in 
bacteriostasis, as judged by the lack of influence of pH and of the acquisition 
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of resistance on the net amount of proflavine bound to the whole bacteria.32 
Nevertheless, there is a considerable decrease (nearly 50a/0) in the amount of 
proflavine absorbed by whole Clostridium welchii cells when the nucleic acids 
are extracted from the cells,33 so that nucleic acids form a substantial propor- 
tion of the binding sites in this Gram-positive organism. The importance of 
such interactions in bacteriostasis by proflavine, acriflavine, and ethacridine 
(or rivanol, 6,9-diamino-2-ethoxyacridine) had earlier been inferred from the 
McIlwain’s discovery that the addition of RNA or DNA antagonized their 
bacteriostatic action.34 This effect was always explicable in terms of a simple 
chemical removal of the acridine by insoluble complex formation, but our 
present knowledge of such complexes shows that, under the conditions of 
these experiments, only reversible complex formation would have occurred 
in the solution, so that an effect on the bacterial DNA/RNA metabolism 
would now seem to be implied by these observations. 

Hinshelwood and his  colleague^^^^^ interpreted the kinetics of the inhibi- 
tion of A .  aerogenes by aminoacridines in terms of a dislocation of the 
delicately balanced kinetic organization of the cell, in particular of the rate 
of formation of an “autosynthetic enzyme,” which we would undoubtedly 
now regard as the DNA,/RNA system. This kinetic interpretation (which is 
more fully discussed in Chapter XVI, p. 804) therefore implicates nucleic 
acids as the site of acridine action on bacteria as much as does alternative 
interpretations in terms of a mutagenic action, again presumably on DNA. 
Acridines do induce mutations in bacteria,l3, 36 but whether or not the 
acquisition by bacteria of resistance to  aminoacridines is to be attributed to 
the natural selection of preexisting resistant mutants is a subject of some 
debate (Chapter XV, p. 775). 

The actions of acridines on yeast has revealed both an inhibitory effect on 
growth, which appears to be the result of interaction with the nucleoproteins 
of the and, at much higher acridine concentration, an inhibition of 
r e~p i ra t ion ,~~  a purely enzymic inhibition phenomenon (Chapter XV, p. 760). 
The most-investigated mutational effects of acridines on yeast have been those 
that result in the formation of “petit” strains that produce 
small colonies and are deficient in  certain enzymes. 

Parallel with this action on yeast, aminoacridine derivatives interfere with 
the extranuclear DNA, episomes and kinetoplasts, which appear, respectively, 
in certain enteric bacteria and in trypanosomes. Thus acridine orange inhibits 
the multiplication of episomes in those particular strains of E. coli that are 
capable of transmitting this agent to other E. coli ~ t r a i n s . ~ ~ a ,  b and both 
acridine orange and acriflavine react with episomes so as to abolish their 
ability to transmit resistance to sulfonamides and  antibiotic^.^^ A ~ r i f l a v i n e ~ ~ , * ~  
induces certain trypanosomes to  lose their kinetoplast, a specialized portion 
of the mitochondrion containing a large amount of DNA, which is self- 
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replicating during interphase, distinct from the nuclear DNA of the same 
species and which appears to be involved in the coding of mitochondria1 
proteins. This loss is the result of a selective localization of the acriflavine in 
the DNA of the k i n e t o p l a ~ t ~ ~  and has been attributed to either the direct 
inhibition of the DNA replication process by the acridine and/or its causing 
incorrect replication of the DNA.43 In any case, the biological effect of the 
acridine is clearly an effect of its interaction with the extranuclezr DNA. 

The action of acridines on higher organisms is often complex and it is not 
usually possible unequivocally to  associate these effects with an interaction 
with nucleic acids, though this is clearly implied when, as is frequently the 
case, mutagenesis, inhibition or distortion of nuclear, or whole cell, division 
occurs. 45-47 

The foregoing accounts makes no pretense at completeness, but at least it 
is clear that the ability of acridines to interact strongly with nucleic acids is 
deeply implicated in some, though not all, of their major biological actions. 
This biological significance, especially the well-analyzed mutational effects 
on bacteriophage, have catalyzed a wide range of investigations into the 
molecular nature and basis of this interaction. The results of such studies 
must now be surveyed. 

2. Binding Sites 

Studies of the binding curves of acridines on nucleic acids have played a 
prominent part in developing ideas about the nature of the binding sites on 
the nucleic acids. The binding curve is the relation between the amount ( r )  of 
acridine bound per unit of nucleic acid (nucleotide phosphorus) and the 
concentration (c) of free, unbound acridine in the bulk solution and in equi- 
librium with the bound acridine. Such curves are also, or rather should be, 
an essential concomitant for the interpretation of other physicochemical 
studies of the complexes in solution. 

The main purpose of determining such curves is to derive the number ( n J )  
of each of the P classes of binding sites (of intrinsic binding constant k J )  for 
the aminoacridine on the nucleic acid. In general, 

which simplifies to 



730 Acridine/Nucleic Acid Interaction 

for two classes (I, 11) of binding sites; and to 

nkc 
1 + kc  

y = -  

or 

r _ -  - kn - kr 
C 

(3) 

for one class of noninteracting binding sites. 
In this last instance, a plot of r / c  against r will be linear with an intercept at 

r = n on the r axis and with a slope of - k  if this quantity, which is the 
intrinsic association constant of the group and is equal to [occupied sites]/ 
[unoccupied sites]. [free aminoacridine], is constant. Curvature of this plot 
can result from variation in one of the following factors: (1) an electrostatic 
free energy (AG,'), dependent on r so that k = k' exp (AG,"/RT); (2) the over- 
lapping of the binding of more than one type of binding site, as expressed in 
Eq. (1); and (3) mutual, direct or indirect, interaction between bound mole- 
cules (see Refs. 48a-c and 49 for a fuller discussion). The electrostatic effects 
(1) can be suppressed by the addition of a neutral salt at sufficiently high 
concentration.' 

When only two or three types of binding site are present, it is sometimes 
possible to discern distinct linear portions in the plot of r / c  vs. r ,  from which 
the individual n~ and k J  can be determined. Even when there is a continuous 
overlap of a series of binding sites, the slope d(r/c)/dr of this plot at a par- 
ticular r is still an indication of the weighted, average association constant 
prevailing at that r value. The limiting value, as r + 0, of the slope of the 
Scatchard plot [Eq. (3a): r / c  vs. r] is the negative of the binding constant of 
the strongest binding sites, and the value of r as r / c  + 0 is 

J=l  

Thus, by inspection of the binding curves ( r  vs. c) and analysis of the Scatchard 
plots, we hope to obtain information concerning the number and nature of 
the binding sites. However, quantitative analysis of the binding curves of 
acridines to nucleic acids is rarely straightforward. Even when electrostatic 
interaction effects have been suppressed by the addition of sufficient salt,' the 
Scatchard plots for these systems usually exhibit marked curvature, convex to  
the r axis. The existence of multiple binding sites and/or of mutual interaction 
between bound acridine molecules has therefore had to be postulated (see 
below). The treatment of these binding curves was at first relatively un- 
sophisticated, for they were regarded simply as the sum of a few curves 
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(usually two), each corresponding to  a different type of binding." 49 However, 
this approach, though giving broad useful interpretations, must soon give 
way to a more rigorous analysis of binding curves based on proper statistical 
mechanical treatments of multiple binding processes. There has been, over 
the years, a considerable literature in this field and the recent work of 
Schwarz and his colleaguessoa- seems to provide a suitable theoretical basis 
now for the analysis of empirical binding curves. 

The methods of determining the binding curves of acridines on nucleic acids 
are not specific to these systems and have been critically surveyed and com- 
pared elsewhere.49 They include spectrophotometric analysis,', 5 8 ,  5 9 ,  6 2 ,  6 3 3  6 4  

equilibrium dialysis,', 5 2 ,  58,  60 ,  61, 6 4 s  7s sedimentation dialysis,51 partition 
analysiss2 and fluorescence q u e n ~ h i n g . ~ ~ - ~ ~  The spectrophotometric method 
has been much employed but is restricted49 to systems and conditions when, 
e.g., a good isosbestic point is observed in the family of spectra of the free and 
bound acridine molecules. Fortunately, this condition is fulfilled for many 
of the more interesting aminoacridines bound to double-helical DNA and 
facilitates the determination of binding curves. Equilibrium dialysis, although 
more tedious, has the virtue of being applicable, in principle, to all acridhe/ 
nucleic acid systems, but it cannot reach to the very low Y values available to  
fluorescence studies. 

The binding curves of acridines, mainly aminoacridine derivatives, which 
have been obtained by these methods, exhibit, in summary, the following 
feature~.bl-~~ 

A. Heterogeneity of binding sites 

Figure 1 shows the earliest determined,' but still typical, binding curve of 
proflavine on DNA. This form has frequently been observed and the impli- 
cation of heterogeneity of binding sites is confirmed by the curvature of the 
corresponding Scatchard plot, even for very high ionic strength solvents in 
which electrostatic effects have been suppressed.' There is general agreement 
that the binding process can be divided into a process (I) by which up to  
about 0.2 molecules of acridine per nucleotide are bound strongly, with a 
AG of - 6 to -9 kcal mole-' aminoacridine and a weak process (11) by which 
further acridines are bound up to the electroneutrality limit of r = 1 .O. This 
conclusion is based on the observation that the r / c  vs. r plots fall into two 
distinct portions: one of high slope corresponding to process I up to  r 5 0.2 
and the other of low slope at  r from 0.2 to 1.0. The inflected form of the 
binding curve suggests (e.g., Fig. 2 ,  Ref. 49) that the process (11) of weaker 
binding of proflavine is cooperative, with a sigmoidal binding curve, so that 
the binding of one proflavine cation (3) facilitates the binding of the next, 
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Fig, 1. The binding curve of proflavine on herring sperm DNA.' 

especially as process I1 appears at high values of c at which self-aggregation 
occurs in proflavine solutions alone. Clearly, process I1 must also be occur- 
ring to some extent at the lower concentrations at which process I is dominant 
(see Section 5 ) ,  so it is not surprising that the Scatchard plots, even in the 
range of Y dominated by process I, are not linear; and moreover, the maximum 
number of aminoacridine molecules bound in process I (approximately 
corresponding to the value of r where the inflexion begins) varies with ionic 
strength. 

These observations indicate that a number of binding constants are needed 
to  characterize process I and/or that a continuous change occurs in binding 
constant(s) with increasing r consequent upon the continuous modification of 
the nucleic acid structure which occurs in binding (see Section 4). The 
heterogeneity of binding sites for proflavine and acridine orange on DNA has 
been analyzed by Armstrong, Kurucsev, and S t r a ~ s s ~ ~  by means of a combi- 
nation of spectrophotometry and equilibrium dialysis. At an ionic strength of 
0.2, the binding curves could be described in terms of a single, spectro- 
scopically unique, bound ligand species (undoubtedly, monomer molecules), 
but at an ionic strength of 0.002 the spectra of the bound acridines denoted 
a stronger mode of binding (with a constant of 30 X lo5 1 mole-' for both 
proflavine and acridine orange) and a weaker mode (with constants of 
7.3 X lo5 and 1.5 X lo5 1 mole-', respectively, for proflavine and acridine 
orange), both occurring within the c range, where the binding curve is con- 
cave to the c axis, i.e., the process I range. Because, inter uliu, of the similari- 
ties and differences between the binding constants for these two acridines, the 
second, weaker mode was attributed to  the binding of the acridine to  the 
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Fig. 2. Relative change of the intrinsic viscosity, sedimentation coefficient, and parameter 
6 of rodlike DNA on binding proflavine.89 0 Viscosity measurements, DNA mol. wt. = 
395,000; + viscosity measurements, DNA mol. wt. = 492,000; 0 sedimentation measure- 
ments, DNA mol. wt. = 492,000; d parameter p.90 Subscript zero refers to DNA without 
proflavine. 

exposed part of an acridine molecule already partiaZZy intercalated (see 
discussion in Section 7). 

Some investigations, based on fluorescence quenching of the acridhe/ 
nucleic acid interaction, have led to the conclusion, that at  very low Y values 
(<0.04), there is heterogeneity in the binding sites, adenine-thymine base 
pairs binding preferentially.541 55  However, it has also been maintained that 
because the quantum yield of bound acridines varies with r ,  conclusions from 
fluorescence measurements concerning heterogeneity of binding sites, and so 
of base-pair preferences, are 57 However, this criticism of the earlier 
works5 may itself be questioned on the ground that, at r < 0.02, any bound 
acridines are too distant for preferential energy transfer from higher-quantum- 
yield sites (A-T) to lower-quantum-yield sites (G-C) to be an explanation of 
the variable quantum yield at these low r values of the fluorescence of the 
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bound acridine (acriflavine, in Refs. 54 and 57). Hence nonquenching sites 
have to be assigned to sequences of A-T, to which are attributed a greater 
association constant than G-C sequences, binding to  which entirely quenches 
fluorescence.65 Heterogeneity (two processes, A and B) within process I has 
also been inferred by Lober,87b both from Klotz plots48b deduced from studies 
of the fluorescence quenching of proflavine and trypaflavine (acriflavine or 
3,6-diamino- 10-methylacridinium, 7) by DNA; and from the observation 
that the spectra of bound proflavine, trypaflavine, 3,6-diamino-lO-ethyl- 
acridinium chloride, and 3,6-diamino-lO-amylacridinium chloride at very 
high ratios of DNA to acridine (at the extreme, r - 0.14) no longer passed 
through the same isosbestic point as at  higher r within the process I range 
(private communication, 1970, and ref. 84b). 

B. Effects of ionic strength ( p )  

Increase in ionic strength diminishes the extent of binding, but binding by 
process I1 is decreased more by a given change in ionic strength than is 
binding by process 1.l. 5 8 ,  5 9  Hence it is concluded that electrostatic forms 
contribute greatly to both binding processes but are relatively more important 
in process I1 than in I. Gilbert and Claverie have made detailed calculations 
of the electrostatic free energy of the aminoacridine/DNA complexes in 
media of various ionic strengths.'j6 They have shown that the strong binding 
curves, with its variation of association constant (the slope of r / c  vs. r )  and 
the variation of the inflexion point in the r vs. c binding curves, which repre- 
sents approximately the upper limit of acridine bound by process I, could 
both be accounted for satisfactorily. They reached this conclusion on the basis 
of an intercalated model for the complex, in terms of the electrostatic attrac- 
tions between the acridinium cation and DNA phosphates, the repulsions 
between bound acridinium cations, and the interaction of the ions in the bulk 
solutions (as represented by their ionic strength) with both the phosphate and 
acridinium ions. They stress the dominant contribution of these electrostatic 
interactions to the total binding energy and calculate that the mutual repul- 
sion between the bound acridinium cations is the principal factor in limiting 
process I binding, independently of the relatively small differences in the stack- 
ing energies of acridines on A-T compared with G-C base pairs. Clearly, 
this dominance of the electrostatic interactions must not be forgotten when 
more detailed structural effects are under discussion. 

C. Effect of temperature 

The effect of temperature is complex. The binding of proflavine on DNA 
decreases with a rise in temperature,j8, 6 7 ,  68 and this can be explained partly 
by a decrease in the number ( n )  of binding sites. However, the AH of binding 
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is not constant and also decreases with t e m p e r a t ~ r e . ~ ~  Therefore, the effects 
are complex, even when electrostatic effects are suppressed at p = 1.0 and 
involve not only the different temperature coefficients of binding by processes 
I and 11, but also the effects on binding (both n and k )  of some change of 
state in the DNA, which occurs at a much lower temperature than its usual 
melting point, as well as the different binding abilities of native and heat- 
denatured DNA.58 As a consequence of this last difference, a cooperative 
decreaseS8 in binding occurs at a temperature that is higher than the actual 
melting temperature of DNA when binding proflavine at p = 0.01 and 0.1. 

3. Structural Factors 

A. Effect of Nucleic Acid Structure 

The effect of the structure of a nucleic acid on its ability to  bind acridines 
has been studied in connection with the problem of whether or not the intact 
double helix is necessary for strong binding. For example, it has long been 
known that changes in the secondary structure of DNA can have con- 
siderable influence on the binding process, as revealed by the observed meta- 
chromasy, the displacement of the absorption spectrum of the bound 
a ~ r i d i n e . ~ ~ ,  ' O  In particular, the effect on its ability to bind aminoacridine of 
heating solutions of DNA and rapidly cooling to 0°C has been especially 
examined because this procedure disorganizes the double-helical structure. 
Elucidation of this matter has been rendered difficult by its entanglement with 
the effects of temperature, as mentioned above, in  the various binding 
processes on to any one form of DNA; in particular, the enhancement of 
proflavine binding by I1 relative to I on denaturation of 6 3  However, 
there now seems to be general agreement that heat-denatured shock-cooled 
DNA binds aminoacridines, at  moderate ionic strengths (-0.1) and tem- 
peratures of 20 to 25"C, by process I along almost the same binding curve as 
native double-helical DNA [see the survey in Ref. 49, pp. 1239-1240 and 
Refs. 62,71 (Fig. 6), gnd 84al. Yet, Chambron, Daune, and Sadron report a 
marked reduction in binding of proflavine at a critical temperature which is 
coincident, at p = 1.0, with the breakdown of the double-helical D N A  
structure.js This implies that denatured DNA does not bind proflavine at 
these high temperatures (> 90°C). The whole matter has been much clarified 
by the work of Ichimura et al. who have, by extensive equilibrium dialysis 
studies, determined the operative thermodynamic factors in  the binding of 
acridine orange (6)  to both native and heat-denatured DNA.6O Over the 
range r = 0.04 to  0.13, only one binding constant (somewhat surprisingly) 
was operative for both native and denatured DNA, so that a AG of binding 
(= - RT in k )  could be calculated, and hence the corresponding AH and A S  
from the temperature coefficients of k (Table I). 
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TABLE I. Thermodynamic Parameters of the Binding of Acridine Orange (bis- 
3,6-dimethylaminoacridine, 6 )  to Native and Heat-Denatured DNA (b = 0.1 1)' 

Native Denatured 
Temperature DNA DNA 

("0 (n = o.2)b (n = 0.5) 

k 

-AH (k cal mole-' ) 

AS (cal mole-' deg-' ) 

25 
30 
40 
50 

2 5  
30 
40 
50 

25 
30 
40 
50 

3.1 
2.2 
1.5 
0.9 

7.5 
7.4 
7.4 
7.3 

9.5 

-6.8 
-7.3 
-6.8 
-6.8 

2.1 
1.4 
0.6 
0.3 

7.3 
7.1 
6.9 
6.6 

14.5 

-24.3 
-24.4 
-24.4 
-24.4 

a From Ref. 60. 

binding (process I). 
n is the maximum value of r (binding sites per DNA phosphate) for strong 

It is instructive to  set out the thermodynameter parameters for acridine 
orange binding at 25°C (p = O.l), in the following way: 

deg. 
cal mole-' cal mole-' e.u. mole-' 

AG AH T .  AS 

Native DNA -7,500 = - 9,500 - 298(- 6.8) 
Heat-denatured DNA -7,300 = - 14,500 - 298( -24.3) 

It is clear from the results of Ichimura et  al. that a similar value of AG, and 
hence of effective k,  at 25°C and p = 0.11 can result from the combination of 
very different AH and A S  values. Acridine orange is, nevertheless, released 
much more steeply from denatured D N A  than from native D N A  as the 
temperature rises (more negative AH of binding) and this would explain how 
the binding curves of the two forms of D N A  toward acridines can be very 
alike at 20-25°C but different at higher temperatures. [It must be noted that in 
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the case of acridine orange, the n values for strong binding on the two forms 
of DNA are not the same (Table I) at any temperature, so that, unlike the 
situation with proflavine, the same binding curves are not obtained a t  25”, 
even though the k’s are so close. Because of the tendency of acridine orange to  
self-aggregate, it displays many other differences from the binding of the 
simpler aminoacridines.] 

The effects on the interaction caused by denaturation with agents other than 
heat has not been much studied. At pH 2.8, DNA still binds proflavine, as has 
been demonstrated by observing, by means of absorption optics at  X = 454 nm 
(the usual isosbestic point), the sedimentation boundary at pH 2.8 of pro- 
flavine bound to DNA.?* The series of spectra of proflavine, obtained when 
increasing amounts of DNA are added at pH 2.8, are like those of heat- 
denatured DNA at low ionic strength.63 The limiting spectrum, a t  high 
concentrations of DNA and very low r values, is identical with the usual 
spectrum of strongly bound (process I) monomeric proflavine (isosbestic 
point at  X = 454 nm). As r increases, the spectrum includes an increasing 
contribution from aggregates, and this is also indicated by a rough r / c  vs. r 
plot.63 Thus acid-denatured DNA’at acid pH (2.8) tends to bind proflavine 
more by process I1 than by I. This observation has been related to the loss on 
lowering the pH of the optical activity that is induced in proflavine when it is 
bound to DNA.63 By means of fluorescence quenching studies, Lober87a has 
concluded from the change of the inferred binding curves with pH that the 
two distinct processes (A and B) which he distinguishes within process I (see 
above and Ref. 84b) are dependent in different ways on DNA structure, the 
stronger (A) requiring double helices but not the weaker (B). 

Binding by the weak process I1 may be identified with binding as aggregates, 
to judge from the spectral shifts observed, especially when the acridine (e.g., 
acridine orange) self-aggregates with a distinctive change in spectrum.73’ 74 

By such means, Bradley and Wolf studied the aggregation of acridine orange 
on nucleic acids and other polycleotrolytes, and introduced the concept of 
“stacking,” which may be described as the binding of ligand molecules to 
ligand molecules already bound on an external surface of the macromolecule 
(by electrostatic forces, p r in~ipa l ly) .~~ The ligands interact mutually in a 
direction perpendicular to their aromatic planes, so that they pile up on each 
other like a stack of coins. Heat-denaturation and shock-cooling of DNA 
caused an increase in the proportion of acridine orange bound in the stacked 
form, as indicated by the need to increase the ratio of DNA to  acridine to  
cause complete ~ n s t a c k i n g , ~ ~  in agreement with the relative enhancement of 
process I1 binding of proflavine relative to process I when DNA is denatured 
by heat or acid, as already described (see also the preliminary account of the 
effects on binding of DNA denaturation by pH changes and by organic sol- 
vents in Ref. 87a). However, such denatured DNA still contains entangled 
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interacting chains, so these observations still leave as an open question the 
exact nature of the structural requirements in nucleic acids for the binding 
of acridines by process I. 

Ribosomal RNA exhibits the same type of binding curve as does DNA, 
although it binds less proflavine and the inflection point, at p = 0.1, is at 
about r = 0.09 instead of at r "- 0.2, as with DNA." 6 3  This suggests that the 
maximum binding of proflavine by process I is, for RNA, about half of its 
value with DNA. Since such RNA contains both single-stranded and helical 
regions, through the chain doubling back on itself in regions where the base 
sequences are complementary, it would be tempting to  postulate that the 
acridine is binding only to the double-helical regions. However, polyadenylic 
acid at pH 6.2, in a form that is nonhelical though oontaining stacked bases, 
binds proflavine strongly by a markedly cooperative process, rather better 
than does its helical form at pH 5.0, so the preceding conclusion cannot be 
legitimately drawn.61' 75 

There are marked similarities in the binding curves and spectral displace- 
ments of the acridine for DNA, double-helical poly- (A,U) and triple-helical 
poly- (A,2U)* interacting with p r ~ f l a v i n e , ~ ~ ~  76 and for these same poly- 
nucleotides, and also poly(I,C), interacting with acriflavine, although in the 
latter instances acriflavine fluorescence is quenched by DNA but enhanced by 
the other polyn~cleotides.~~ On the other hand, the addition of poly-U to 
solutions of proflavine had only very slight depressive effects on the spectra, 
which suggested that little or no interaction was 

The various evidence is thus still somewhat confusing. It seems possible to 
rationalize it by asserting that, in order for aminoacridines to be bound 
strongly by process I to a system of polynucleotide chains, the conditions must 
be such that there is definite interaction, by either hydrogen bonding or by 
stacking forces, between the bases, which may be on the same or on different 
polynucleotide chains. These conditions are fulfilled not only by intact double- 
helical DNA but also by other, although not all, polynucleotide systems. 
Whether or not this generalization can be upheld will depend on further 
investigations, but it appears to represent the situation better than the 
apparently simpler assertion that the existence of strong binding is dependent 
on long runs of an intact double-helical structure. This generalization also 
seems to be consistent with the observations on the interaction of nucleic 
acids and of polynucleotide homopolymers and their mutual complexes with 
ethidium bromide, which behaves like proflavine in so many 

There is some evidence that the base composition of nucleic acids is also 
important to the interaction. The binding of acridine orange to polynucleo- 
tides, and probably RNA fractions, is dependent on the base c o m p o ~ i t i o n ~ ~  

*A  = adenine, U = uracil, C = cytosine, I = inosine. 
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and fluorescence quenching studies suggest that binding is greatest to  those 
sites with least quenching efficiency, which appear to be the adenine-thymine 
base pairs (see Section 2).j2-j5< 7 3  This agrees with the observation that the T, 
of complexes of DNA with acridine orange increases with the adenine- 
thymine content of the DNA,79 with the observed ability of adenine and 
thymine mono- and polynucleotides to suppress the fluorescence of proflavine 
so1utionss7~ * O ,  and with theoretical  calculation^.^^ 

B. Effect of Acridine Structure 

The effect of structure on the interaction of acridines with nucleic acids is 
clearly of great interest in relation to the various biological activities of 
different acridines. 

The greater tendency of aminoacridine derivatives, such as acridine orange, 
which self-aggregate readily, to  bind as aggregates on nucleic acids (stacking 
or process I1 binding) has already been mentioned. As with their ability to  act 
as bacteriostatic 31 only those aminoacridines interact strongly 
which are in the fully cationic form at the pH (normally 6-8) of the binding 
experiments, which usually means that an amino group which may be sub- 
stituted is present at the 3-, 6-,  or 9-positions of the acridine ring.82 It was 
also shown that a minimum planar area of 38 A2 (corresponding to  the three 
rings of acridine) was required in the acridine ring for bacteriostatic ac- 
t i~ity.~O, 31 Hydrogenation of one ring of 9-aminoacridine (2) to  form the 
quinoljne derivative, 9-amino-l,2,3,4-tetrahydroacridine (THA) (8) practically 
eliminated its bacteriostatic activity30 and reduced its maximum capacity to  
bind to DNA by process I by more than a half,jg no doubt on account of its 
possession of a bulky, buckled ring in place of one of the aromatic rings of 
9-aminoacridine. However, THA could still bind to DNA, presumably 
through possession of its two planar ringsE3 and in this respect it is analogous 
to  the quinoline derivative chloroquine (10) which probably (like the acri- 
dines) intercalates, at  least partially, into DNA (see Section 7). 

yHCHMe(CH2)3 NEt, 

10, Chloroquine 

When long an3 bulky side chains are attached to the 9-amino group of 
9-aminoacridine (as in acranil 5 and atebrin) the binding is not reduced.jg 
The structure of these complexes must be such that the 9-position is free to  
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attach long side chains without detriment to the interaction. The dependence 
of ability to bind to nucleic acids on the basicity of the acridine has been 
confirmed by Lober,84a-c who also showed that alkylation of the ring nitrogen 
(e.g., 10-methylation of proflavine to acriflavine) enhances the binding ability 
of an aminoacridine to an extent not very dependent on the length of the 
alkyl chain. 

A series of 9-aminoacridine derivatives (below), in which bulky alkyl groups 
were substituted at various positions in the framework [9-amino-4-ethyl- 
acridinium chloride (11); (+) and (-)-9-sec-buty1aminoacridinium chloride 
(15); 9-amino-2-tert-butylacridinium chloride (13); 9-amino-2-sec-butyl- 
acridinium chloride (12); 9-amino-2,7-di-tert-butylacridinium chloride (14)] 
all showed evidence of strong interaction with Thus spectral 
shifts and, in the first three instances, extrinsic Cotton effects (see Section 4) 
have been observed, as well as that increase in DNA viscosity which is 
attributed to intercalation (see Section 7). However, although the 2,7-di-tert- 
butyl derivative of proflavine (16) binds readily to DNA, it does not cause the 
changes in viscosity and sedimentation velocity of the DNA which proflavine 
does and it is concluded that it does not intercalate.87c 

y 2  p 

H Et 

11, 9-Amino-4ethylacridinium 
cation 

C'""'"' 
H 

12, 9-Amino-2-sec-butylacridmium 
cation 

H H 
13, 9-Aminc+2-terf-butylacridinium 14, 9-Amino-2,7-di-tert-butylacridinium 

cation cation 

NHCHMeE t 

H 
15, (f)-9~e~-butyIaminoacridinium 16, 3,6-Diamino-2,7di-tert-butylacridinium 

cation cation 
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Fig. 3. The double-helical structure of DNA (left) and DNA-containing intercalated 
aminoacridine molecules (right) as proposed by Lerman.9' The base pairs (open discs) and 
acridine molecules (black discs) are viewed edgewise and the sugar-phosphate backbone 
is depicted as a smooth tube. 

4. The Effects of the Interaction 

A. Effects on the nucleic acids 

The combination of proflavine and acridine orange with DNA causes a 
marked increase in intrinsic viscosity and a decrease in sedimentation 
rate.2, 5 1 %  88 The variation of these properties with r has been determinedbl' 88 

and the best available hydrodynamic model for DNA of molecular weights 
higher than a million (the wormlike chain) was applied to interpret the results 
in terms of the change in the configuration of the DNA.88 The change in 
viscosity corresponded, up to r values of about 0.2, to an increase in contour 
length for each bound aminoacridine (proflavine or 9-aminoacridine) of the 
order of the normal spacing (3.4 A) between DNA bases.88 This process of 
extension reached a limit when r attained a value corresponding to  the 
completion of binding by process I, after which no further increase in viscosity 
occurred with increase in r (Fig. 2) .  The decrease in sedimentation coefficient 
with r also indicated an increase in contour length of the DNA double 
helix.2, 5 l  Quantitative interpretation of these changes was somewhat indirect 
and obscured by the complexities of the wormlike chain mode. These diffi- 
culties were circumvented by Cohen and Eisenberg, who, by using sonically 
degraded rodlike DNA of molecular weight 4-5 X lo5, were able to demon- 
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strate unambiguously that the extension in the contour (Leu, rod) length of 
such DNA for each molecule of proflavine bound was equal to  84y0 of the 
characteristic 3.4 A interbase spacing along the direction of the axis of the 
DNA.89 The Scheraga-Mandelkern coef f i~ ien t ,~~  

P(= N s ~ ~ ~ . ~ ( [ ~ ~ ~ ~ ' ~ / M ~ / ~ ( ~  - fip0)) 

(where the subscripts zero refer to  the solvent, N = Avogadro's number, and 
the other symbols refer to DNA and its solutions), depends only slightly on r 
for proflavine bound to the smaller rodlike DNAsg but decreases with r with 
the larger, more coillike molecules,j' which suggested that some increase in 
flexibility of the DNA accompanies the undoubted increase in contour length. 
This is now supported by more detailed viscosity measurements with acridine 
orange and the nonrodlike DNA.64 A wider range of basic dyes with three or 
four fused rings, various antibiotics, benzacridines and a triphenylmethane 
dye have also been shown to enhance the viscosity of 

It is interesting to note that the viscosity of heat-denatured DNA,88 which 
is, of course, much less that of native DNA, either does not change at all on 
complexing with proflavine and 9-aminoacridine at p = 0.1, or is decreased 
along a flat curve at p = 0.001. The last effect is indistinguishable from the 
effect of adding extra salt to a solution of p = 0.001 and is an example of 
ion shielding on the viscosity of a polyelectrolyte. The absence of a specific 
increase in the viscosity of denatured DNA on interacting with amino- 
acridines suggests that the increase in contour length on strong binding of 
aminoacridines by process I is a specific feature of the interaction with the 
intact double-helical structure. Conversely, it is possible for such strong 
interaction by process I to occur, without there being an increase in the con- 
tour length, in polynucleotide structures other than the intact double helix. 

The increase in contour length has been confirmed by a~toradiography,~~ 
and light scatteringg4 reveals a corresponding increase in the radius of 
gyration. This expansion is accompanied by a decrease in the mass per unit 
length, along the helical direction, according to  low-angle X-ray measure- 
m e n t ~ ~ ~  and light scattering rneas~rernents ,~~ and by a loss of the hypo- 
chromicity of the DNA at 260 mp.68, 96 X-Ray diffraction patterns* obtained 
from fibers of the DNA-proflavine complex were qualitatively consistent 
with a model in which the two DNA strands both untwisted and extended 
on interacting with DNA and similar conclusions have been drawn from such 
studies on the complexes of ethidium bromide and DNA.g7 A more detailed 
study has, in general, confirmed this view,g8 although the phenomena are 
much more complex than first appeared. For example, the X-ray evidence 
is consistent with an unwinding of between 12 and 45" from the original 
relative orientation of + 36" between successive base pairs, so that the final 
relative orientation may be between +24 and -9". 

92a ,  b 
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The interaction of aminoacridines with native DNA produces not only the 
configurational changes mentioned above, but it also stabilizes the macro- 
molecule toward thermal denaturation,2, 6 7 ,  9 9 s  loo mainly through its electro- 
static effectssB 

B. Effects on the acridines 

The most characteristic effect of interaction with nucleic acids on acridine 
derivatives is the displacement of the electronic absorption spectrum to  
longer wavelengths, when bound as single cations (a  spectrum), and the 
reversal of this trend when the acridine is bound as dimers and aggregates 
(p  and y spectrum).73 The quenching of the fluorescence of the acridine on 
binding is also a notable change. Comparison of the spectra obtained in the 
case of acridine/acridine interaction with a related study of the change in the 
fluorescence spectra of aminoacridines bound to nucleic acids,96 and the 
observation that the oscillator strength of proflavine bound to  DNA is 
constant up to  the point at which process I1 supersedes I,lol lead to  the con- 
clusion that in strong binding by process I the absorption characteristics of 
the bound acridine are altered, at least partly, as a result of coupling with the 
nucleotide bases. In weak binding by I1 or stacking, however, the alterations 
are the result of coupling between bound acridines, as in concentrated acridine 
solutions.102as b This interpretation is relevant to the problem of the structure 
of complexes I and 11. A full theoretical treatment of the electronic and 
vibrational energy levels is only now developing (see Chapter X, p. 661), but 
this has not precluded the practical use of the changes in absorption spectra 
and in fluorescence in the determination of binding curves. It should be noted 
that the spectral displacements are not confined to the visible regions but 
also occur in the uv absorption bands. 

When aminoacridines are bound to nucleic acids, they become optically 
active in the region of the (displaced) absorption bands of the bound mole- 
cules, i.e., they exhibit an extrinsic or induced Cotton effect in their optical 
r0tation,~0~-~~5 superimposed on the normal, wavelength dispersion curve, 
and in their circular dichroism in the same absorption bands.'', 8 6 ,  106-109 

These effects contain a contribution from the acridine bound at an isolated 
site (i.e., at low r values when bound molecules are far apart) and some- 
times a more variable contribution which depends on the proximity of the 
bound acridines and which changes with r.  The first effect must arise from the 
asymmetry of the acridine/nucleic acid interaction site but, even so, it is 
surprisingly sensitive in magnitude to external conditions, such as changes 
in salt concentration.lo8 The other effect can be quite dramatic in its co- 
operativity, i.e., its steep increase with r ,  and appeared to result, statistically 
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speaking, from the mutual effects on each other of acridines bound adjacent to 
each other by process I .71 ,  Io4  This mutual effect was at first attributed to  the 
effects of direct coupling between the bound acridine mole~ules'0~ over dis- 
tances of 6-7 A, but subsequent more extended studies have shown that only 
acridines containing a 3-amino group (and ethidium bromide) display a 
steeply cooperative dependence on r of their induced circular dichroism on 
nucleic 86 Other aminoacridines showed only a very flat dependence 
on r of their induced circular dichroism per bound molecule, which tended 
to  a finite value at zero r.  

These and other observations and especially the congruence in the respect 
between the 3-aminoacridines and ethidium bromide (whose position of bind- 
ing can be more closely located, because of its exacting structurello) have 
pointed to an interpretation of the cooperativity, in which one bound acridine 
affects the next through the changes it induces in the DNA structure that lies 
between them.71 This conclusion has further implications for the structure of 
the complexes, since it suggests that the 3-amino group has a location and role 
in them which is distinct from that of amino groups at other positions on the 
acridine rings.75, When dimers of acridine orange (not itself optically 
active) are bound to nucleic acids, optical activity can also apparently be 
induced by coupling between the acridines in adjacently bound dimers, and 
the resulting optical rotation can show complex variations with wavelength 
and with the ratio of dye to nucleic acid.'07 These phenomena have been 
studied in some detail, and the possibility of optical activity being induced in 
the bound acridine has been found to depend in subtle ways on the structure, 
rigidity, and helicity of the polynucleotide chains.'04 

The chemical reactivity of the amino groups of the aminoacridines is 
reduced when they are bound to  DNA: thus there is a 50-fold reduction in 
the rate of diazotization of proflavine and other aminoacridines on binding 
to  DNA."' This reduction is much greater than when they interact with 
synthetic polymers, and it must be concluded that in the complex with DNA 
the amino groups are much less accessible to these nitrosating reagents. 

5. Kinetics of the Interaction 

The rate of processes involved in the interaction of some aminoacridines 
with DNA and polynucleotide have been studied by the temperature jump 
technique, coupled with the appropriate spectroscopic measurements in the 
absorption band of the bound acridine.l1*< 113 The binding of proflavine on 
polyadenylic acid at pH 7.5 (single-chain-stacked, but not the double-helical 
form) involved a single relaxation process independent of the concentrations 
of the reactants and so corresponded to  an intramolecular process subsequent 
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to the formation of the proflavine-poly-A complex and probably resulting 
from the stacking of proflavine molecules along the poly-A chain.112 

by the tempera- 
ture jump method to bind to DNA in two kinetically distinguishable stages: 
(1) a rapid bimolecular binding, of low activation energy (4 kcal/mole-' of 
proflavine) and with a rate constant (k12, below) only one or two orders of 
magnitude smaller than that of an entirely diffusion-controlled process; and 
( 2 )  a slower process of half-life of the order of milliseconds, i.e., its rate con- 
stant k23 is approximately lo3 sec-* and of a much larger activation energy (16 
kcal mole-' of proflavine), consistent with the occurrence of an intramolecular 
structural change in the DNA. The temperature jump technique also allowed 
the determination of the rate constants for the reverse processes (kZl and 
kaz,  respectively) and the corresponding equilibrium constants (Klz = k12/kz1, 
K23 = k23/k32). The processes have the relation: 

kiz kz 3 

Within the process I region, proflavine has been 

Pf + DNA ? (bound Pf)' (bound Pf)" (4) 
kzi k32 

1st stage 2nd stage 

The equilibrium constant for binding in the first stage (Klz)  increased with 
pH, and so with increasing net negative charge; and increased even more 
steeply with a decrease in p,  which thereby implicates electrostatic interactions 
as principally involved, especially in view of the low activation energies 
corresponding to klz and also to kZ1. However, a decrease in p lowers KZl for 
the second stage, while still increasing the actual rate constants, k23 and k32- 
yet changes in pH had little effect on these parameters of the second stage. 
These observations led Li and Cro the r~"~  to argue that the second stage in- 
volves an intramolecular change in the DNA, in which base pairs are not 
opened (i.e., the hydrogen bonding between bases remains intact), and that 
in the final form [double prime in Eq. (4)] the separation of the positive 
charge from the negative DNA phosphates is greater than in the inter- 
mediate form [single prime, Eq. (4)]. The rapidity and p-dependence of the 
first stage indicates that the binding is external and the second stage was then 
reasonably interpreted as the transition of the externally bound proflavine to 
an internal site (i.e., intercalated; see Section 7), without any intermediary 
opening of the base-pairs. Therefore, in Eq. (4), (bound Pf)' is proflavine 
externally stacked and bound (bound Pf)" is proflavine located in a more 
internal site, whose formation necessitates conformational changes in the 
DNA. At p = 0.016, the proportion of bound proflavine which was externally 
bound [single prime, Eq. (4)] was about 30% but decreased to 7% at p = 0.2, 
which accords with the conclusions drawn from the binding curves (see 
Section 2 ) .  It also explains why the increase in contour length deduced from 
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hydrodynamic measurements (e.g., Fig. 2 and Ref. 89) is somewhat less than 
can be deduced for complete intercalation. Glucosylation of the DNA, as in 
that obtained from T2 bacteriophage, slowed down the penetration rate (kZ3) 
and approximately doubled the proportion bound e~terna1ly. l~~ Variations in 
this mechanism seem to occur, since ethidium bromide is reported not to 
involve an intermediate external complex and its insertion, which is slower 
than that of proflavine (3,6-diaminoacridine), does require the opening of an 
adjacent base pair, whereas the 2,7-di-tert-butyl derivative of proflavine (16) 
binds only with a fast relaxation time, and so, only e~terna1ly. l~~ 

6. Relation in the Complex of the Acridine Plane to the 
Base Plane and Helical Axis of the DNA 

Studies on the polarized fluorescence of atebrin (4) bound to flowing 
DNA (at r 2 0.015) showed that the plane of the atebrin ring was nearer to  
that of the bases than that of the helical axis of DNA.114 Since the orientation 
of the DNA molecules by flow could not be complete under the conditions 
employed, this evidence cannot go further than to affirm that, in the complex, 
the planes of the acridine rings are within +30° of those of the DNA bases. 

Flow dichroism studies on the complexes of acridine derivatives with 
DNA show that the DNA itself is slightly more dichroic when the acridine is 
b 0 ~ n d . l ' ~ '  115 Thus the DNA bases are not tilted from their usual relation to  
the helical axis and the dichroism of the acridine and of the DNA bases are 
similar, so that the planes of the bases appear to  be approximately parallel to  
the planes of the bound acridine rings. But again, the actual experimental 
evidence and the incompleteness of orientation of the DNA by flow only 
allow the assertion that the plane of the acridine ring is within &30" of that 
of the DNA bases. Unfortunately, the values of r at which observations have 
been made are not always clear so that the relative extents of binding by I and 
I1 are uncertain. This is an important factor in the interpretation of such 
optical evidence; for example, the change of circular dichroism on flowing 
complexes of acridine orange and DNA indicated that the acridine orange 
cations were roughly halfway between being perpendicular and parallel to the 
DNA helix axis.l16 However, the value of r was 0.5, so that at least half the 
acridine orange was bound by process I1 and this evidence, therefore, could 
not give an unequivocal indication of the orientation of acridine orange with 
respect to  DNA when bound by process I. Subsequent, more detailed studies 
of flow circular dichroism, nevertheless, still indicate that, when acridine 
orange is bound as a monomer (process I) to DNA, it is more perpendicular 
than parallel to the DNA axis but deviates sufficiently from the perpendicular 
to  require some tilting of the bases to accommodate the acridine orange."J7 
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That the transition from process I to process I1 binding of proflavine involves 
a progressive change from an orientation of proflavine approximately per- 
pendicular to the DNA axis to  a more disordered state is nicely demonstrated 
by the observation of Houssier and Fredericq that, when the DNA in nucleo- 
histone is oriented in an electric field, there is a progressive loss in the negative 
dichroism of the bound proflavine as the value of r increases.ll' 

7. The Structures of the Complexes 

The binding curves clearly indicate the existence of a stronger (I) and 
weaker (11) mode of binding of the aminoacridines on nucleic acids, and the 
structure of each type of complex must be considered separately. 

A. Binding by Process I 

Process I has the following experimental characteristics: 

1. It is strong, i.e., the binding energy is of the order of 6-10 kcal mole-' of 
aminoacridine bound. 

2 .  It is favoured by the possession by the acridines of three flat aromatic 
rings (ca. 38 Az),  which can interact with the nucleotide bases of the nucleic 
acid, although two such rings also appear to allow such b i n d i r ~ g . ~ ~ ~ ~ ~  These 
interactions can be broadly described as van der Waals forces and are de- 
pendent on the nature of the bases. 

3. It is, at  least in part, electrostatic, for the interaction increases with 
decreasing p.  Only the cations bind strongly. 

4. The contour length of double-helical DNA is increased, and its mass 
per unit length is decreased on binding. 

5 .  The contour length of denatured DNA is not increased on binding if p is 
large enough to suppress polyelectrolyte effects. 

6. The planes of the bound acridine cations are approximately (to within 
30°), parallel t o  the nucleotide bases and perpendicular to  the axis of double- 
helical DNA. 

7. The reactivity of the amino groups of the aminoacridine is diminished on 
binding. 

8. Binding by process I to denatured DNA occurs at 20-25"C, to  the same 
extent and with approximately the same range of binding constants as on 
intact double-helical DNA. 

9. Binding by process I occurs with approximately the same range of 
binding constants, although with fewer sites (lower n )  on single-stranded 
RNA as on DNA. 
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Fig. 4. A molecule of proflavine (solid-line hexagons) superimposed over a nucleotide 
base pair (lines in small dashes) with the deoxyribose phosphate chain in the extended 
configuration. $1 

10. Long side chains attached to the 9-amino position do not reduce 

11. There is an upper limit at r fi 0.2 to 0.25 to binding by process I .  

Features ( 2 )  and (3) have been known since the first investigation of 
metachromasy of acridine dyes in cell staining reactions, and in 1947 Michaelis 
affirmed that the flat dye molecules might lie between different bases with the 
positive groups close to the negative phosphates of the DNA.73 As additional 
evidence accrued, this view was reaffirmed by Oster118 and, after the discovery 
of the double-helical structure of native DNA, it was suggested in 1955 and 
1956 that the acridine rings could slip into a plane parallel to and between 
successive base pairs of this structure." 5 2  

After the two types of binding had been distinguished and the strength of 
binding by process I clearly noted,' Lerman2 made the initial observations on 
which characteristic (4) was based. This, and subsequent evidence for (6) and 
(7), led to his proposal of an intercalation model,*, 91, 114 in which the amino- 
acridine cation is inserted between, and parallel to, successive base pairs of 
double-helical DNA, which has to  untwist and extend in order to accom- 
modate them (Fig. 3) .  In  this model, the aminoacridine cation lies centrally 
over a base pair, so that the positive nitrogen atom is near to the central axis 
of the molecule and equidistant from the two polynucleotide chains (Fig. 4). 
Since there must be a limit to which the DNA can unwind in this way to  
accommodate acridine cations, the existence of a limit to binding by process I 
would be expected. 

binding in the 9-aminoacridine series. 
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This model accounts adequately for the observations summarized in (l), 
(2),  (3), (4), (6),  and (1 l), but appeared to need modifying to  account also for 
observations (5 ) ,  (8), (9), and (lo), which have emerged subsequently. 

One modification (Figure 5 )  that has been suggested is that, when acridine 
cations are bound by process I, the acridine lies between successive nucleotide 
bases on the same polynucleotide chain, in a plane approximately parallel (6) 

Fig. 5. Modified Lerman model. 

to the base planes, but at an angle (looking down the polynucleotide chain) 
such that the positive ring nitrogen is close to the polynucleotide phosphate 
group.119 This condition is met equally well by native double-helical DNA, 
denatured disordered DNA, and single-stranded RNA [(8) and (9)]. Con- 
struction of this model shows that the 9-amino position is so placed that long 
chains attached at this point do not interfere with the structure (lo), which is 
not true for the previous intercalation modelQ1 in which the acridines (and so 
the 9-position) are inside the centre of the double helix (Fig. 4). This modified 
intercalation model does not make the presence of intact double helices the 
condition of strong binding by process I, for such strong binding occurs when 
the nucleic acid structure is more mixed [(8) and (9)]; and it accords better 
with those structural requirements for strong binding of aminoacridines by 
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polynucleotide structures that appear to be emerging from the various evi- 
dence (Section 3). It also explains why 9-amino-l ,2,3,4-tetrahydroacridine 
(THA, 8) which has one ring buckled by hydrogenation, can bind at all, 
although to an extent less than 9-aminoacridine. If intercalation between, 
and exactly over, the base pairs were necessary for strong binding, it is 
difficult to  see how the THA structure (8) and chloroquine (10) could be 
inserted at all.83 

In order to bind acridines through this modified intercalation, double 
helical DNA would have to untwist and extend, as observed (4), but denatured 
DNA and single-stranded RNA would already have open extended chains, 
like that in Figure 5, into which the acridine cation could be inserted without 
any further modification of the contour length of the polynucleotide. This 
accounts satisfactorily for observations (4) and (5 ) ,  therefore. If acridines 
bind strongly only by intercalating into double helices, it is difficult to see why 
the viscosity of denatured DNA does not increase when they bind. Moreover 
the “hairpin” double helices of RNA would have to  untwist, which would be 
sterically difficult. 

This modified intercalation model has the added advantage of making it 
clearer how proflavine could maintain the spurious extension of the poly- 
nucleotide chains of DNA during transcription to  RNA, when the double 
helix must open out, so that misreadings of base sequences can occur with 
their consequent genetic effects.’O 

This modified model (Figure 5) cannot represent the situation in all cases, 
however, for it does not explain why 2,7-di-tert-butyl proflavine (16) does not 
intercalate at all but only binds e ~ t e r n a l l y . ~ ~ ~ ~  113 The modified model of 
Scheme 1 should allow it to intercalate readily, unless there were formidable 
energetic barriers influencing the rate, but not the overall free energy, of 
binding, whereas the original model (Figs. 3 and 4) should not allow it to do 
so. The work of Lober84 has also revealed other structural relationships, and 
it now seems wisest to infer that the models of Figure 3 and Figure 5 repre- 
sent the two extremes of a gamut of positions, for there seems to be a whole 
range of possible positions of bound acridine molecules all intercalated but 
varying in their positions relative to the helical axis and bases when viewed 
along the axis direction. (The position depicted in Fig. 4 is one limiting 
position; that in Figure 5 viewed along the chain direction, the other.) 

Other models, in which the proflavine, for example, resides in the small 
groove of the DNA, and in  which there are saltlike bonds between the 
proflavine amino groups and the DNA phosphates, have been canvassed 
but have not commanded general support and the broad features of the inter- 
calation model for process I binding are now generally accepted.120, How- 
ever, the position of any given acridine relative to the helical axis and the 
bases awaits determination in each particular case. Thus, in the case of the 
3-aminoacridine derivatives including proflavine, a proposal has been made 
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about their location, when intercalated, on the basis of the similarities to  
ethidium bromide in the variation of their induced circular dichroism with r 
(see Section 4). ’5, 8 6  

9 10 1 2  

Fig. 6. A, B, C ,  and D-solid lines: ethidium bromide (numbers outside of rings). A, 
B, and €-broken lines : 3-aminoacridine and proflavine superimposed on the ethidium 
structure so that the 7-aminoquinoline rings (A, B) overlap two of those of the ethidium. 
The DNA base-pairs are regarded as lying under and over the rings A, B, and C with 
hydrogen bonds which join them parallel to the direction C-A, i.e., parallel to the C&O 
and C& bondh of the ethidium bromide (from ref. 86). 

The basis of this proposal (see Figure 6 )  is that 3-aminoacridine derivatives 
and ethidium bromide possess in common the quinoline ring system with 
an amino group at the 7-position (numbered 3 in ethidium bromide, 
9). It is suggested that 3-aminoacridine derivatives and ethidium bromide 
intercalate, so that their 7-aminoquinoline portion (rings A and B, 
Figure 6 )  always bear the same relation to the DNA base pairs75’ 8 6 ;  thus A 
and B in Scheme 2 would be exactly over the H-bonded base pairs of the 
DNA with B central and the C1-C2 bond of the acridines, or the C,-G bond 
of ethidium, parallel to the base-pair hydrogen bonds (Fig. 4). If an acridine 
is intercalated in the modified way shown in Figure 5, part of the bound 
acridine is still accessible from the outside. Armstrong, Kurucsev, and 
Strauss have suggested that one of the two modes of strong binding, whose 
existence they have deduced (see Section 2) ,  is the binding of another acridine 
molecule to one already intercalated in the modified manner of Figure 5 ,  
the other mode being the intercalation itself.64 

Finally, and negatively, it is at least clear that “strong binding” must not be 
too readily identified with and taken as semantically equivalent to  “intercala- 
tion” with all the features originally proposed.2 

B. Binding by Process 11 

Binding by process I 1  has the following experimental characteristics. 

1. It is weak, of the order of, at most, a few kilocalories per mole of bound 
aminoacridine. 
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2. It involves interaction between bound aminoacridine molecules. 
3. It is electrostatic and enhanced relatively more by decreases in ionic 

strength than is binding by process I. 
4. Since it follows binding by process I, which is more internal and covers 

the available base rings, it is probably an external binding process. 
5. The planes of the acridine rings are more disordered with respect to the 

planes of the base rings than in strong binding process I, although this does 
not exclude some degree of ordered stacking. 

6 .  Denaturation of DNA enhances the tendency to bind by process 11. 
7. Binding by process I1 can proceed up to  the limit prescribed by the con- 

dition for electroneutrality, i.e., to  r = 1.0. 

The general picture of process I1 binding which emerges is that of acridine 
cations attached approximately edgewise and externally to the double helix of 
DNA, with their positive ring nitrogen atoms close to  the phosphate groups. 
When r is large enough, the acridine rings can stack upon each other in a 
direction parallel to the helix axis. However, when r is as large as this, the 
helix will be much disordered by strong binding process I with intercalation, 
so that this direction of the helical axis may be very ill-defined and no effect 
on the viscosity of DNA would be anticipated. Since the more open struc- 
tures of denatured DNA would be expected to  be more accommodating to 
this stacking and self-aggregation of the acridine cations attached to the 
phosphate groups, observation (6 )  is not surprising. 

The mutual interactions between bound acridines can be sufficiently strong 
and directed in some cases, e.g., with acridine orange, that this type of 
binding may be described as the binding of dimers or aggregates, which are 
similar to those which exist in free concentrated solutions and give rise to  
similar spectral shifts.lo2 

This stacking model is very feasible for-acridine orange bound to DNA, 
since the forces between the ligand moleculPs are then relatively strong and 
are comparable with the electrostatic forces between the ligand and the 
DNA. However, the forces between bound proflavine molecules are much 
weaker (cf. its lower tendency to  aggregate in solution) than for acridine 
orange. Therefore, although the picture of proflavine being bound externally 
by predominantly electrostatic forces in process I1 is probably substantially 
correct, this ought not always to be described as stacking, for the tendency 
of proflavine to interact with proflavine in a direction parallel to the DNA 
axis will be markedly less than with acridine orange. That this tendency is not 
absent is shown by the evidence that proflavine on nucleic acids can indeed 
exhibit an aggregate-type spectrum, with the accompanying loss of a good 
isosbestic point. But this tendency is markedly less than with acridine orange. 
For these reasons, it is unwise to assume that all binding by process 11, which 
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is weak in the energetic sense, can be described as a result of stacking, in the 
sense described above, although it is usually true that all stacked acridines are 
weakly bound, energetically speaking. It is confusing to describe either weak 
binding by process I1 or stacking simply as “electrostatic binding.” Although 
electrostatic forces play a greater (probably dominant) role in process I1 
compared with process I, and in stacking, yet attractive forces between bound 
aminoacridine molecules are also clearly involved-just as in binding by 
process I, attractive forces between aminoacridine and nucleotide rings must 
be involved, in addition to  electrostatic forces. So binding by process I, by 
process 11, and by stacking cannot be accurately described simply as 
“electrostatic binding,” as if such forces were alone operative. 

8. The Structure of the Complexes and the 
Biological Activity of the Acridines 

In spite of the intricate and wide-ranging character of the experimental 
evidence, a reliable picture is emerging of the nature of the complex between 
nucleic acids and the aminoacridines, an important group of bacteriostatic 
and mutagenic agents. It would be tempting to attribute the entire biological 
effects of these aminoacridines to this interaction. Thus the ability of the 
aminoacridines to extend and stretch the polynucleotide chains of D N A  is 
closely related to their ability to cause additions or deletions in the genetic 
code, and at least two plausible mechanisms whereby this could happefi dur- 
ing the replication process have been n*. According to  one of 
these,lg’ lZ2 the acridine causes a miscopying of a single strand of the DNA by 
its intercalation into either the old or the new chain, causing, repectively, 
insertion or deletion of a base pair; the modified intercalation model (Figure 
5) provides a molecular basis for such a mutagenic mechanism. Alternatively, 
an acridine molecule could cause insertion or deletion of a base pair by being 
intercalated in the initial DNA double helix, while it was undergoing 
recombination at another locus with a separate juxtaposed DNA double 
he1ix.l’ There is evidence that recombination is occurring during acridine 
mutagenesis, but this may be Meanwhile genetic evidencelZ4 has 
shown that the + and - classes of mutants in the most intensively studied 
group of acridine-induced mutations (those in the rII region of T4 phage) do, 
in fact, correspond, respectively, to  insertion and deletion of a base pair. 
The proof of the triplet nature of the genetic code (see Section 1) depended on 
the idea that, by causing the insertion or deletion of a base pair, acridines 
caused a misreading of the message decoded by a triplet reading “frame” 
from the base sequences of DNA and then translated into amino-acid se- 
quences in a protein.20 A third view attributes the mutagenic action of 
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acridines to their ability to stabilize DNA against separation of its two 
chains at any point where they are intercalated.lZ5 

However, a word of caution is now necessary in case we too readily assume 
that all the biological effects of aminoacridines can be explained by their 
interaction with nucleic acids. A study of the mechanism of the inhibition of 
E. coli RNA-polymerase (a protein) by proflavine has shown that this 
inhibition occurs not only because of the interaction of the proflavine with 
the DNA primer, which is necessary for the reaction, but also by direct 
interaction between the proflavine and those binding sites on the RNA 
polymerase which interact with the nucleotide bases of the primer DNA and 
with the substrate nucleotide-tri-phosphates.'26 

Attention must be drawn to those interesting papers in which the ability of 
the flat ring compounds, ethidium bromide (9) and proflavine (3), to extend 
the contour length of DNA and to cause it to untwist has been utilized to 
determine the degree of supercoiling in circular mitochondria1 and viral 
DNA.lz7 Finally, it must be noted that most of the studies reported above 
have been made on systems in equilibrium. Under conditions in vivo, it may 
well be that it is the rate of formation of complexes which is of major sig- 
nificance, e.g., the residence time of an acridine cation on a nucleic acid 
chain, along which an enzyme is advancing and has been delayed. 
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Interest in the biological activity of the acridines has centered on their 
antibacterial, antimalarial and, more recently, mutagenic properties. Apart 
from a few isolated instances, little interest has been taken in their action on 
enzymes until the last 20 years or so. The stimulation of interest in this topic 
must stem largely from our increased understanding of cellular metabolism, 
which makes the significance of a particular interaction more readily appre- 
ciated; it now seems certain that some, if not all of the above properties are 
caused by the reaction of acridines with enzyme systems, which usually results 
in inhibition of the system. With this background it is not surprising that much 

The literature review pertaining to this chapter was completed in November 1970. 
Abbreviations are as follows: FAD, flavin adenine dinucleotide; FMN, flavin mononucleo- 
tide; NAD, nicotinamide adenine dinucleotide; NADP, nicotinamide adenine dinucleotide 
phosphate; mRNA and tRNA, messenger and transfer ribonucleic acid; DNA, deoxyribo- 
nucleic acid; NMP, NDP, nucleoside mono and diphosphates; dAT, alternating copolymer 
of deoxyadenylate and deoxythymidylate residues. A, C, G ,  U, T and refer to the base 
adenine, cytosine, guanine, uracil. and thymine; the prefix d to the deoxyribotides of these 
bases. 

159 

Chemistry of Heterocyclic Compounds, Volume 9 
Edited by R. M. Acheson 

Copyright 0 1973 by John Wiley & Sons, Inc. 



760 Acridines and Enzymes 

of our information on the chemical and structural requirements for inter- 
action has come from studies on the antibacterial and antimalarial properties. 

The pioneering work of Albert’ in the forties (see also Chapter XVI) 
showed that antibacterial activity was dependent on the strength of the 
acridine as a base, a high basicity being required to  ensure that a considerable 
proportion of the acridine is present as cation under normal physiological 
conditions (pH 7.3), in order to react with the “receptors” of the cell. A 
second requirement is that the area of the planar nucleus must be at least 
38 A2. Thus 9-aminoacridine is antibacterial, 4-aminoquinoline is not. If 
9-aminoacridine is hydrogenated in one ring, the antibacterial activity is lost, 
since the ring is puckered and the flat area is only 28 A2.l The critical size of 
the planar area must reflect the summation of a critical number of van der 
Waals interactions, sufficient to become a strong binding force; without such 
an interaction the electrostatic interaction between the acridine cation and 
the receptor anion would be short-lived. Since the area required is planar, the 
receptor must also be planar. A similar reaction between acridines and the 
planar methylene blue forms the basis of a quantitative assay for acridines.2 

These findings of Albert have been carried a stage further by Sharples and 
G r e e ~ ~ b l a t t , ~  who, since the pK, of the acridines and the fraction in ionic 
form are the outward manifestations of the electron distribution, consider 
that the relative effectiveness of these acridines might show some correlation 
with one or more of the values obtained by quantum-mechanical calculations. 
They found a generally high correlation between the bacteriostatic index and 
the energy of the lowest unoccupied molecular orbital (LUMO) for gram- 
positive organisms. 

Insufficient information is available to generalize on the effects of side 
chains on interactions between acridines and enzymes, apart from those sub- 
stituents, e.g., amino groups in the 3 or 9 position, necessary to  raise the pK, 
of the acridine nucleus from 5.3 to  7.3  or higher. It may well be that the 
modes of interaction are more numerous than those which dictate anti- 
bacterial or antimalarial properties. Consideration of these points, where 
appropriate, is therefore left to the discussion of the particular enzyme or 
group of enzymes, The division into groups is simply for convenience and does 
not necessarily imply a common mechanism of interaction. 

1. Enzymes with Nucleotide Prosthetic Groups 

An interesting example of the effect of the side chain is shown with diamine 
~ x i d a s e , ~  in which two homologous series of acridines, illustrated by structures 
1 and 2, analogous to atebrin (3), show increasing inhibitory power with the 
increasing length of the side chain. The most efficient inhibitor, that is, the 
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NHCHMe(CH,),NEt, NH(CH,),NEt, 

CI &OMe \ CI moMe \ 

2 1 

minimum amount of acridine to give 50x  inhibition for both series, occurs 
when four carbon atoms separate the two nitrogen atoms of the side chain.5 
The antimalarial activity also reaches a maximum with four separating 
carbons, but on increasing the number of carbon atoms in the side chains of 
both series, the level required for 50y0 inhibition remains constant, while the 
antimalarial activity of series 2 decreases. 

Atebrin [mepacrine, quinacrine, 6-chloro-9-(4-diethylamino- 1 -methylbutyl- 
amino)-2-methoxyacridine], 3 has a marked affinity for diamine oxidase. 

NHCHMe(CH,),NEt , 

5 4 

3 

Using an acetone-dried preparation of porcine kidney,6 it was shown that the 
uptake of oxygen during oxidation of cadaverine was depre~sed ,~  the inhibi- 
tions with 10-3, lW4, and 1 0 - 6  M atebrin being, respectively, 92,82, and 45 %. 
Acridine antimalarials are efficient inhibitors of diamine oxidase because of 
the aliphatic diamine structure of the side chains. However, 9-amino-6-chloro- 
2-hydroxyacridine, i.e., atebrin demethylated and without the side chain, still 
inhibited the porcine diamine oxidase by 33 at 10-4M. Hellerman, Lindsay, 
and Bovarnick6 have prepared D-amino acid oxidase (E.C. 1.4.3.3.) from lamb 
kidneys and removed the bound FAD cofactor (6). Atebrin was found to  
inhibit D-amino acid oxidase strongly when the concentration of FAD was 
low but had little effect in the presence of high concentrations. Furthermore, 
the inhibition could be reversed by increasing concentrations of FAD. At 
10-3M atebrin inhibition was 80% (FAD = 1 X 10-7M), and this dropped t o  
4% on adding 11 .O x 10-7M FAD. A similar observation had been made on 
tissue respiration by Wright and Sabir~e,~ who found a lowering of the atebrin 
inhibition of tissue respiration and of D-amino oxidase activity by FAD. 
It was concluded that atebrin competed with FAD for the FAD binding 
site on the protein6 Recent studies of the FAD/protein binding have indi- 
cated thzt conformational changes of the protein are of importance in the 
formation of the catalytically active form of the enzymes8 
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Webb9 and Klein'" have considered the structural requirements for effective 
inhibition of D-amino acid oxidase by inhibitor molecules. The advantages of 
having a positively charged nitrogen atom in the proper position, particularly 
with respect to the carboxyl group of pyridinecarboxylic acids, has been 
pointed out, as has the possibility of aromatic interactions with the enzyme- 
bound FAD.ll A 50y0 inhibition of monoamine oxidase by 9-amino-1,2,3,4- 
tetrahydroacridine ( 10-4M) has been reported, in which the main structural 
requirement for inhibition appeared to be the 4-aminoquinoline moiety.'? 

An FMN (5), containing cytochrome reductase, is 50y0 inhibited by 
2 X 10-4M atebrin (80% at 10-3M). The inhibition is not an effect on cyto- 
chrome c, since this is unaffected by 10-3M atebrin, but was attributed to a 
direct noncompetitive interaction with the FMN binding site on the protein. 
Greater inhibition was observed at 25" than at O", because of the temperature- 
induced dissociation of FMN from the enzyme. The interaction can be pre- 
vented by low concentrations of FMN (1 part per 500 of atebrin), but once 
it has occurred, the addition of excess FMN will not reverse it.13 

Glucose-6-phosphate dehydrogenase was strongly inhibited by atebrin 
(5 X 10-4M). The addition of glucose-6-phosphate or the normal hydrogen 
acceptor NADP gave some protection against the inhibition, NADP being 
1000 times more effective on a mole for mole basis, presumably because of the 
greater stability of the NADP enzyme complex ( K  = 10-9M), compared to 
the substrate protein complex ( K  = 10-3M).13 Cytochrome oxidase was 
found to be unaffected. Acriflavine is a respiratory inhibitor in Succharomyces 
curlsberg and S. cerevisiuel*; Witt, Neufang, and Muller'j mention that of all 
the glycolytic enzymes in yeast, only the NAD-dependent D-glyceraldehyde 
phosphate dehydrogenase (EC 1.2.1.12) is considerably inhibited by 0.4 or 
0.8 mM proflavine. Inhibition was only observed when the enzyme was tested 
in the glycerol-1,3-diphosphate to glyceraldehyde-3-phosphate direction, 
proflavine having no effect in the reverse direction. The enzyme is inhibited 
faster when incubated, which is suggestive of the temperature-dependent 
dissociation mentioned earlier. Ten minutes after the addition of proflavine, 
the enzyme is 507' inhibited, but this can be completely reversed by adding 
cysteine or glutathione, suggesting an involvement of proflavine with the 
sulfhydryl groups of the enzyme. Atebrin has also been shown to inhibit 
hexokinase, and beef heart lactate dehydrogenase.'s< l7 

Most of the foregoing experiments were designed to find the site of inhibi- 
tion responsible for the antimalarial action, rather than the particular features 
of acridine or enzyme structure responsible for the inhibition of a particular 
enzyme; thus we have little information on the effect of the side chains on a 
particular inhibition. In neutral solution the atebrin side chain carries a posi- 
tively charged nitrogen distal to the ring; to form the dication the second 
proton is added to the ring nitrogen and the charge shared with the first 



1 .  Enzymes with Nucleotide Prosthetic Groups 763 

nitrogen of the side chain (see also Chapter 11). The greater the distance be- 
tween the two side chain nitrogens, the less their mutual repulsion, and the 
less the depression of the basicity of the nucleus. 

From the foregoing it will be seen that many, though not all, of the enzymes 
inhibited by atebrin contain either FMN or FAD prosthetic groups, both of 
which contain riboflavine (4). 

CH,(CHOH), R 
I 

4, Riboflavine,  R = C H 2 0 H  
5, FMN, R = CH20PO(OH)Z 
6,  F A D ,  R = CH20-S' -AMP 

There is a similarity in  the chemical formulas of riboflavine (4) with that of 
atebrin (3), and this has been the basis of suggestions that atebrin might be a 
structural analogue of riboflavine and compete for the same receptor, e.g., 
the prosthetic binding site of an enzyme. Albertl9 does not consider this idea 
to be well based, since (1) the pK,, values (7.9 and 10.4) of atebrin show it to  
be a doubly ionized cation in neutral solution, whereas riboflavine, with its 
pK values of -0.2 (cation) and 10.2 (anion) is completely uncharged under 
the same conditions; and ( 2 )  the three-ring nucleus of atebrin is completely 
conjugated and hence entirely flat, whereas in riboflavine the rings do  not lie 
in the same plane because the central ring is not completely conjugated and he 
considers the dihedral angle between the left- and right-hand rings is nearly 
90". Albert considers it unlikely, therefore, that atebrin and riboflavine would 
be attracted by the same kind of receptor. 

Hybrids of the two molecules were synthesized by Adams and found to  
have no antimalarial or antiriboflavine activity.2-. However, the pK, values 
above refer only to  the oxidized form of riboflavine, and for the free-radical 
or semiquinone intermediate these are 1.5 and 7.5, while the reduced flavin 
has a pK, of 6.5. Although it is true that the flavin is most likely to bind in the 
oxidized state (indeed, kinetic analysis shows that the reaction is ordered and 
that the coenzyme is the leading substrate), since all these forms are bound 
by the enzyme, pK,'s may not be so relevant as the actual charge distribution. 
Also, resonance structures can be drawn for all three oxidation states in which 
the central ring of the isoalloxazine nucleus is conjugated, and hence planar, 
e.g., (4). It is possible that despite the specificity of the binding site, estab- 
lished by virtue of the restricted topography and charge distribution at the 
particular H-bonding and other binding positions, the two molecules, as seen 
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by the binding sites, are sufficiently similar for binding to occur. For a par- 
ticular molecule to be an inhibitor, it must have some points of difference 
with the true substrate or cofactor. It is clear that the differences in conforma- 
tion of atebrin and flavin are not as large as has been suggested, and there 
must be some reason for the very large number of FMN or FAD enzymes 
inhibited by acridines. It may soon prove possible to answer this question for 
lactate dehydrogenase as studies on its tertiary structure are well under way.21 

2. Enzymes Not Containing Nucleotide Prosthetic Groups 

Quastel showed that acriflavin inhibited urease.22 Purified preparations 
were inhibited more (up to 72y0 at 1/2000 concentration) than the crude 
soya bean extract (46v0 at 1,/2000 concentration). Of all the dyestuffs ex- 
amined, inhibitory activity was confined to  basic dyes. It was postulated that 
as acidic dyes are inactive, there cannot be both acid and basic groups at the 
active site, even though the reaction is a hydrating one and symmetrical pH 
curves are obtained, although the latter might be explained by the effect of 
pH on the substrate. 

So far, any deduction about the mechanism of inhibition of a given enzyme 
has had to rely almost exclusively on the kinetic data and/or the effect of 
structural modification to the original acridine inhibitor. Two enzymes can 
now be considered when we have detailed information on the nature of the 
active center: chymotrypsin, because its tertiary structure is now known,23 
and acetylcholinesterase, because of the large number of inhibitory studies 
made on the physiological importance of the enzyme. a-Chymotrypsin is 
known to be inhibited by many aromatic compounds. Wallace, Kurtz, and 
Niemann, using acetyl-L-valine methyl ester as a substrate, tested over 100 
compounds for inhibition, in  an attempt to determine the topography of the 
active center. The isomeric 1-, 2-, 3-, and 9-aminoacridines (pK, 6.0, 5.9, 8.0, 
and 10.0, respectively) were all inhibitory, giving K ,  (mM) of 0.34, 0.22, 0.23, 
and 00 at 0 - 5 x 10-4M, that of 9-aminoacridine being so high as to be 
indeterminable, because of micelle formation. The high value of K ,  obtained 
for atebrin (3) is provably a result of the bulky side chain, since 9-acetamido- 
acridine is also inhibitory, but the possiblility of an erroneous value due to 
micelle formation was not eliminated. The situation is complicated by the 
presence of both charged and uncharged forms because the pK, of atebrin is 
close to that of the reaction mixture (pH 7.90). The stronger inhibition 
(K ,  = 0.08 mM) by acriflavin (a mixture of proflavine and 3,6-diamino-l0- 
methylacridinium salts) than by proflavine (3,6-diaminoacridine) (0.13 mM) 
would seem to indicate that the 3,6-diamino- 10-methylacridinium cation is a 
more effective inhibitor than l-acetyl-2-(L-tyrosyl)hydrazine ( K ,  = 0.074 mM) 
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previously the most effective reversible inhibitor known.2j Both proflavine 
(pK, = 9.65) and 3,6-diamino-lO-methylacridinium salts (pK, > 12) are 
predominantly ionized at the pH of the assay. 

Bernhard and Lee reported that proflavine underwent a spectral shift on 
binding chymotrypsin similar to that on binding to DNA, and that this bind- 
ing could be prevented completely by the addition of the artificial substrate 
N-trans-cinnamoylimidazole.26 Subsequently, it was reported that this shift 
could be used to study short-lived transients in the enzyme rea~t ion ,~’  since 
the displacement of dye by substrates could be followed spectrophotometri- 
cally by the disappearance of the 465 nm peak of the proflavine difference 
spectrum. This approach has been used to measure the dissociation con- 
stants of the proflavine complexes of both trypsin and c h y m o t r y p ~ i n . ~ ~ ~  28 

using the pro- 
Ravine displacement technique, among others, have yielded detailed informa- 
tion on individual rate constants with a variety of substrates. Fluorescence 
depolarization and circular dichroism measurements indicate the formation 
of an asymmetric complex,32 and temperature-jump methods show that the 
equilibrium of the binding reaction33 is rapidly established (1-2 msec). 

Bernhard, Lee, and Tashjian find that the inhibition constant of proflavine 
is 3.7 X lO-jM, when determined against a specific substrate (acetyltyrosine 
ethyl ester).34 This differs from the value reported by Wallace, Kurtz, and 
Niemann probably because the pseudosubstrate gives only a partially com- 
petitive i n h i b i t i ~ n . ~ ~  They have also raised the possibility that proflavine is 
not a competitive inhibitor, since the acylation reaction can proceed with 
proflavine bound to  the enzyme site. Once acylated, however, the enzyme 
does not bind dye,nor does the concentration of dye affect the rate of deacyla- 
tion; they suggest that a change in conformation of the enzyme occurs, 
concomitant with release of the bound dye. However, Himoe et a]. found the 
proflavine displacement method to agree well with data from two independent 
methods.31 

As a result of studies mentioned earlier, Wallace, Kurtz, and Niemann 
were able to make certain postulates about the nature of the active center.24 
Some of these, which are relevant to acridine inhibitors, are summarized as 
follows : 

1. The active center of a-chymotrypsin may contain both electron-rich 
and electron-deficient regions, and there is a negative charge in close proximity 
to  at least one of the loci involved in interaction with aromatic molecules. 

2. The binding of an aromatic molecule does not require a complementary 
coplanar surface, provided that the effect of steric obstructions on the 
complementary surface is less than the gain in binding energy on increasing 
the planar area of the inhibitor. Thus binding energy increased and hence Ki 

Further studies by Himoe, Brandt, DeSa, and 
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decreased with derivatives of pyridine (17 A2), quinoline or naphthalene 
(28 Az), and acridines or azaphenanthrenes (38 Az) in that order. 

3. Orientation of the inhibitor at its binding site is governed in part by 
interaction of a polarized substituent at the site; where the presence of more 
than one polarized substituent gives rise to an asymmetric molecule, there 
will be a corresponding increase in modes of attachment. 

4. The aromatic binding site, while predominantly flat, is considered to be 
curved along its length. 

From the X-ray crystallographic studies of Birktoft, Matthews, and Blowz3 
the structure of the active center is now known (see Fig. 1), and also the loca- 
tion of the pseudosubstrate formyl-L-tryptophan (for a detailed discussion of 
the structure and mechanism of action, see the review by Blow and S t e i t ~ ~ ~ ) .  
This compound binds to the enzyme with the aromatic moiety in a hole, 
where it interacts with the peptide bonds of the protein that are parallel to 
the ring. The amide linkage is at the top of the hole and directed toward the 
active serine (serine 195). The carboxylate group of the adjacent aspartate 194 
points away from the binding site and forms an ion pair with the alpha amino 
group of isoleucine 16. This free amino group is generated by the autolytic 
cleavage which occurs when a-chymotrypsin is formed from the inactive 
chymotrypsinogen precursor. It is essential for activity, since blocking by 
acetylation inactivates and reaction of irreversible inhibitors with the active 
site greatly increases its P K , . ~ ~ .  37 It seems likely that the production of the 
free amino group causes the carboxyl group of aspartate 194 to move from an 
external position in contact with the solvent to its internal position, allowing 
the bond-breaking site to form. 

The inhibition of trypsin with aminoacridines and the induction of dif- 
ference spectra are of The homology of trypsin with chymo- 
trypsin is well established; the major point of difference in their active center 
appears to be the presence of an aspartate at the base of the hole, providing a 
negative charge that accounts for the specificity for arginine and l y ~ i n e . ~ ~  
This residue may well be able to react with amino substituents of the acridine 
ring. 

The similarity between the binding site determined by X-ray crystallog- 
raphy and the features postulated by Wallace, Kurtz, and NiemannZ4 suggests 
that the 38 planar surface of proflavine occupies the region of the hole in a 
manner similar to formyl-L-tryptophan (Fig. 2 ) .  In support of this, neither 
chymotrypsinogen nor the homologous enzyme elastase induce a difference 
spectrum in proflavine,28 which they therefore presumably do not bind; nor 
does a hole form in elastase, since this region is filled by the replacement of 
two glycine residues by valine and t h r e ~ n i n e . ~ ~  In chymotrypsinogen the ion 
pair no longer exists, and it seems likely3j that the side chain of aspartate 194 



Fig. 1. View of the active site of a-chymotrypsin, looking toward the interior of the mole- 
cule. On the far side(covered by ASP 194) is ILEU 16,whose free amino group is liberated 
on activation of the zymogen to form an ion pair with ASP 194, at the same time swinging 
SER 195 into its active site position. The outlined pseudosubstrate N-formyl-L-tryptophan 
is held in the pocket by interaction with peptide bonds parallel to the plane of the indole 
ring, and also some edge on van der Waals contacts. A charge-relay system allows electron 
transfer from SER 195 to the ring 6 nitrogen of HIS 57 and from the tN to the buried car- 
boxyl group of ASP 102. 

The peptide backbone is white and the colored side chains appear dark grey; the radius 
of the atoms is one-third the van der Waals radius. 
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Fig. 2. The same view with 3,6-diaminoacridine in place of N-forrnyl-L-tryptophan. One 
end of the acridine lies in the pocket, while the other end covers the active site and places 
a positively charged nitrogen in the vicinity of the carboxyl group of ASP 102. The model 
was constructed from a kit supplied by Labquip, Reading, England. 
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is situated in a region near the substrate binding site, thereby interfering with 
substrate binding and also disrupting the bond-breaking site.39 Thus, once an 
acridine is bound to chymotrypsin interactions of the positive charge dissi- 
pated over the three nitrogens with groups essential for activity, such as 
aspartate 102 and even aspartate 194 may then occur, thereby disrupting the 
hydrolytic site. The marked decrease in the affinity of proflavine for the en- 
zyme below pH 4.0, with only a slight change in the environment as judged 
by the difference spectrum maximum, has been taken as evidence for a 
negative charge in close proximity to the proflavine binding 

Acetylcholinesterase is inhibited by a number of acridines: 1-, 2-, 3-, and 
9-aminoacridine, and 9-amino-4-methylacridine, a 50y0 inhibition being 
reached at levels between and 10-6M. It is interesting that the 4-amino- 
acridine and proflavine were inactive over this concentration range.41 9-Amino- 
1,2,3,4-tetrahydroacridine, in one of the few inhibitions reported with this 
compound,12 gave 50% inhibition at 10+M and 9-butylamino-l,2,3,4-tetra- 
hydroacridine was active at lO-+M. The lower activity of this latter com- 
pound was thought to be caused by steric hindrance from the N-butyl side 
chain. The entire structure of 9-amino-l,2,3,4-tetrahydroacridine appears to  
be essential for optimal inhibition, since 4-aminoquinoline and 4-amino- 
pyridine were relatively poor inhibitors. The kinetics of this inhibition indi- 
cate that this may be the site of the pharmacological action of the drug, 
which is widely used as an ant idepres~ant .~~ High doses of 9-amino-l,2,3,4- 
tetrahydroacridine inhibited cholinesterase of rat brain by 20-8070 ; and an 
even stronger inhibition of pseudocholinesterase (substrate butyrylcholine) 
indicated a degree of ~e lec t iv i ty .~~ Unfortunately, the tertiary structure of 
acetylcholinesterase is not known, but because of its importance in nervous 
transmission, its inhibition by a variety of compounds has been widely 
studied. From the results of these studies, it is now known that there is an 
active serine in a sequence glutamate-serine-alanine at the active center,44 
which is acetylated during the course of the reaction (cf. serine 195 of chymo- 
trypsin). 

The function of an essential imidazole group is probably to  assist in 
deacylation of the serine. Using inhibitors with a rigid structure, the presence 
of a binding site about 2.5 A from the hydrolytic site was d e m o n ~ t r a t e d . ~ ~  
This bindifig site is thought to  be anionic in character but also partially 
hydrophobic, since 3,3-dimethylbutyl acetate is hydrolyzed just as readily as 
the positively charged acetylcholine, indicating the possibility of van der 
Waals interaction of the methyl groups surrounding the positively charged 
nitrogen with the binding site.46 Butyryl cholinesterase has the same active 
site ~equence.~'  

An unusual and interesting proflavine stimulation of the hydrolysis of 
benzoyl-L-arginine ethyl ester by the plant endopeptidase ficin (EC 3.4.4.12), 
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has been studied in detail by Holloway.4q The characteristic proflavine 
difference spectrum was observed on the interaction of ficin with proflavine 
and  gave a dissociation constant of 3.5 f 1.8 X 10-4MM, compared to 1.55 
0.61 x 10-4M found by equilibrium dialysis. The data were consistent with 
proflavine binding to a single site. Kinetic analysis gave a similar dissociation 
constant (1.61 X 10-4M) and showed that in the benzoyl-L-arginine ethyl 
ester/ficin reaction, the acylation step was rate-limiting, the only effect of 
proflavine binding being to accelerate the acylation of the enzyme by the 
substrate. With 4-nitrophenyl hippurate, a substrate in which the acylation is 
rapid owing to the good leaving properties of the 4-nitrophenoxy moiety, 
deacylation is the rate-limiting step; the addition of proflavine gave no 
activation. In support of this, an enhanced nucleophilicity of the essential 
thiol in the presence of proflavine was demonstrated by its increased reactivity 
toward N-methylmaleimide. Two explanations were advanced as to why the 
substrate is more rapidly hydrolyzed in  the ternary dye-enzyme-substrate 
complex than in the binary enzyme-substrate complex. First, the dye may 
bind so as to become an integral part of the active site when the acceleration 
effect may then result from a group on the dye participating in the reaction. 
Second, proflavine may bind away from the active site and effect or facilitate 
a change in enzyme conformation in the acylation reaction.48 

Not much is known about the active site of ficin. Two ionizing groups of 
pKa4 and  8.549 have been assigned to  carboxyl and either the essential thiol, 
or by analogy to isoleucine 16 of chymotrypsin, an amino group that controls 
the conformation of the enzyme.48 The similar plant endopeptidase papain, 
whose tertiary structure is known,4g has two similar pK,’s believed to 
correspond to aspartate 158 and cysteine 25. The carboxyl group is about 
6-7 A from the SH of cysteine 25 and the same distance from the essential 
histidine 159.:’ The enhanced reactivity observed for the linkage, two residues 
removed on the C-terminal side from an aromatic side chain, indicates the 
existence of an aromatic binding region.j2 

Crystallographic studies on the acridine-inhibited enzymes will be awaited 
with interest. 

3. Acridines and Enzymes Associated with Nucleic Acids 

A. Inhibition in vizo and in Cell Extracts 

The inhibition of several cellular events has been ascribed to inhibition of 
enzymes acting on nucleic acids. Acriflavine at  low concentrations inhibits 
the  replication of kinetoplast DNA selectively by its localization in the 
kinetoplast of Leichmania t ~ r e n t o l a r . ~ ~  Proflavine has been widely used to 
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inhibit messenger RNA synthesis, e.g., in  experiments on 0-galactosidase 
induction? Soffer and GrosjA have used proflavine to demonstrate the decay 
of pulse-labeled RNA by inhibiting RNA synthesis in E.  coli. 

The decrease in cytochrome content of mitochondria and the mito- 
chondrial enzymes, NADH-succinic dehydrogenase, L-0-glycerophosphate 
dehydrogenase, and oxidases in C. fusciculutu, grown in  acriflavine for 
3-4 days are also probably caused by the inhibition of mRNA synthesis.56 
Proflavine inhibition of mRNA synthesis has been used to demonstrate a 
light-induced mRNA for carotenoid synthesis.j' The induction of catalase in 
Rhodopseudomonas spheroides by hydrogen peroxide was inhibited by 
5 X 10-4M acridine, and by 5 p M  acriflavine.js At 1 X 10-4M and 1.5 pM, 
respectively, they stimulated induction. The stimulatory effect was con- 
sidered to be at transcriptional level (RNA synthesis), rather than trans- 
lational (protein synthesis) level. The concentration of acridine that stimu- 
lated the induction of enzyme inhibited general protein synthesis in  the cell 
under similar conditions. Also, acriflavine did not stimulate the induction of 
p-galactosidase in E. coli B;  these authors suggest that acridine dyes may 
interact with the internal inducer-DNA complex, which leads to  a higher 
rate of production of catalase mRNA. 

Nontoxic doses of acriflavine (3 X 10+M) were found to depress the 
unscheduled DNA synthesis of HeLa cells in the GI growth period at  low 
uv doses, but not at higher doses.59 However, acriflavine at this concentration 
has little effect on survival at uv doses where the depression of unscheduled 
DNA synthesis is greatest. 

The inhibition of RNA synthesis in  rat liver mitochondria by low concen- 
trations of acriflavine has been taken to indicate that mitochondrial DNA is 
involved in the process.6n Atebrin is thought to inhibit cell division of Tetra- 
hymena by interfering with nucleic acid synthesis,61 and the inhibition of 
adenine incorporation into Plasmodium berghei parallels that of isolated RNA 
and DNA polymerases of E. coli.62 9-Aminoacridine and 9-(3-dimethylamino- 
propylamin0)-1 -nitroacridhe (C 283) inhibits the synthesis of high-molecular- 
weight RNA more than that of low-molecular-weight RNA in regenerating 
rat liver and cell cultures.63 Proflavine (167 pg ml-I) has been shown to 
prevent the breakdown of pulse-labeled RNA in a thermophilic bacillus and 
to inhibit the function of the protein-synthesizing complex, believed to be 
due to complex formation with RNA that inhibits nuclease action.64 At 
lower concentration (52 pg ml-l), only RNA synthesis was inhibited, half 
the inhibition occurring in 75 sec. 

Yeast cells exposed to acriflavine give rise to petit mutants. All such 
mutants lack cytochrome oxidase, a typical mitochondria1 enzyme complex, 
and isolated mitochondria from acriflavine mutants are not capable of 
protein synthesis.fi3 It has been demonstrated that the mutation is cyto- 
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plasmic in character, being inherited in a nowMendelian fashion. Thus, when 
mutation is induced by acriflavine and the resultant petit mutants are crossed, 
all the progeny lack respiratory enzymes and are biochemically indistinguish- 
able from the parent strain.6fi In other words, the mutational defects cannot be 
corrected either by complementation or crossing over. An observation that 
may be of some relevance here is that the rat liver mitochondria1 DNA 
polymerase enzyme-template complex is more sensitive to inhibition by 
ethidium bromide and acriflavine than is the nuclear enzyme complex.67 If 
such a sensitivity exists in yeast, it might be responsible for the remarkably 
specific effects of these drugs in producing petit mutations. 

The phenomenon has been utilized to  identify mitotic recombinants. 
Luzzatifi8 produced petit mutants by culturing S.  cerevisiae in acriflavine. 
Cells already present were grande and produced graiide colonies after the 
removal of the acriflavine, so that recombinants occurring during growth 
in the presence of acriflavine could be distinguished from their off-spring. 
In this way, the clone stem cells of the mitotic recombinants could be 
identified. 
A related phenomenon is the elimination of bacterial extrachromosomal 

DNA (episomes, plasmids), such as the F sex factor in E. coli, the R drug 
resistance factors, and Col, the colicine production factors, by treatment 
with acridines. The addition of 20-80 pg ml-1 of acridine orange (3,6-bis- 
dimethylaminoacridine) to cultures of E. coli results in the immediate inhibi- 
tion of episomal r e p l i c a t i ~ n . ~ ~  Dyes have also been shown to produce 
cytoplasmic but not nuclear mutations in try pa no some^.^^ 
A technique with interesting possibilities is the labeling of mitotic and 

meiotic chromosomes of various organisms with fluorescent acridine deriva- 
tives. Caspersson et al. have shown that fluorescent acridine mustards bind to  
well-defined regions in chromosomes of Viva.71 They found that both“ propyl- 
atebrin mustard” [6-chloro-9-(3-di-2’-chloroethylaminopropylamino)- 
2-methoxyacridine] and “atebrin mustard” [6-chloro-(4-di-2’-chloroethyl- 
amino-l-methylbutylamino)-2-methoxyacridine] gave the same result, whereas 
the noncovalently binding atebrin, proflavine, and acriflavine produced very 
much weaker fluorescence, although in approximately the same regions. 
Three “half-mustard’’ analogues of atebrin were also used. These mono- 
functional derivatives gave the same clear fluorescent regions, but the 
fluorescence intensities both locally and over the entire chromosomes were 
reduced. The reasons for the specific fluorescence are not clear: as alkylating 
agents, the acridine mustards probably attack the N-7 of guanine in the DNA, 
and hence may accumulate at  G-C rich regions. Breaks in the DNA strands 
induced by a number of alkylating agents have been shown to occur pref- 
erentially at certain regions of the By studying the DNA 
distribution pattern along several chromosomes of Trillium, Caspersson et al. 
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found a good correlation between regions reacting with several different 
fluorescent compounds and regions designated as hetero-chromatin by other 
criteria.73 

The technique has been extended to human chromosomes at mitosis and 
meiosis, where a 5-min treatment of cell smears with 0SYC atebrin hydro- 

or atebrin mustard75 gives rise to a specific localized fluorescence 
in the Y chromosome. In contrast, spermatozoa stained with acridine orange 
or ethidium bromide, both of which are capable of forming fluorescent com- 
plexes with DNA, do not give localized fluorescent regions.76 Since the 
presence or absence of the Y chromosome determines the sex of the indi- 
vidual, it may prove possible to identify the sex of the fetus from cell smears.77 
There are some difficulties, however. The normal Y chromosome has a long 
arm, the distal portion of which fluoresces clearly; but some otherwise 
normal males have short-arm chromosomes that lack this distal region and 
hence do not fluoresce on binding atebrin. This difference78 or the possi- 
bility of damaged cells,79 can therefore constitute a source of error in identify- 
ng a male fetus. 

In addition to inhibiting nucleic acid synthesis, acridines have been shown 
to inhibit protein synthesis. Proflavine (6  X 1WM) inhibited endogenous 
leucine incorporation by 50% in a subcellular rat liver system,s0 and sig- 
nificant inhibition was also observed with pyrosin, methylene blue, azure B, 
and acridine orange, although actinomycin D was without effect. Quantita- 
tively similar inhibitions were found when proflavine was added to intact 
reticulocytes, synthesizing haemoglobin. In the rat liver system, in the 
presence of polyuridylate which codes for phenylalanine, the inhibition was 
disproportionately greater for this amino acid than for leucine. The change in 
the leucine: phenylalanine incorporation ratio was thought to  be a result of a 
change in the specificity of tRNA during translation, in addition to  the 
overall inhibition of protein synthesis. This latter effect was the most marked 
and was probably a result of inhibition of the attachment of amino acids to  
tRNA. Proflavine was also found to inhibit the transfer of phenylalanine 
from tRNA, to  which it binds strongly, to the nascent polypeptide chain.81 
Atebrin has been shown to inhibit protein synthesis, as well as DNA syn- 
thesis.82 The synthesis of phenylalanyl-tRNA was reduced to 14Yc of control 
activity by proflavine (1 X 10-4M) but was completely protected from 
inhibition by a 10-fold increase in tRNA ( 2  X lOPM, with respect to  nucleo- 
tides). 

Muscle preparations, treated with acridine orange, showed a decrease in 
adenosine triphosphatase activity.s3 Atebrin affects the photoswelling and 
photoshrinkage of isolated spinach  chloroplast^^^ and has been shown to 
uncouple photophosphorylation associated with chloroplast movement.8js 86 

The effect could be reversed by ATPs5 and be prevented by bovine serum 
albumin or g l u t a t h i ~ n e . ~ ~  
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B. Acridines and Purified Enzymes Acting on Nucleic Acids 

In contrast to the proteolytic enzymes mentioned earlier, the situation with 
the enzymes that act on nucleic acids is complicated by the binding of 
acridines to the nucleic acids themselves. It is difficult, therefore, to dis- 
tinguish whether an observed inhibition is caused by the acridine's inter- 
acting with the enzyme, or with the nucleic acid, or with both, either sepa- 
rately or as the enzyme nucleic acid complex. 

In an early study, Beers, Hendley, and Steiner showed that acridine 
orange inhibits the rate of synthesis and phosphorolysis of polyadenylic acid 
by polynucleotide phosphorylase.88 This enzyme catalyzes the reversible 
formation of polynucleotides from nucleoside diphosphates: 

nNDP e (NMP), 

For the synthetic reaction, synthesis is initially slow unless a small oligo- 
nucleotide primer is present, since synthesis proceeds by terminal addition. 
The slope of the rate against the ADP concentration curve remained the 
same for all concentrations of acridine orange (5.8 X 10-j - 3.3 X 10-4M), 
however, and this was attributed to the removal of the oligo adenylate primer. 
The inhibition could be reversed by the addition of polyadenylate. In that 
sense, it is not a true enzyme inhibitor of the synthetic reaction. The phos- 
phorolysis reaction, on the other hand, showed both relative and absolute 
decreases in inhibition. At high ionic strength, the rate of the synthetic 
reaction is increased, due to alteration in Km, but the percentage inhibition 
remains the same. At low concentrations of potassium chloride and acridine 
orange, the acridine could increase the polymerization rate by more than 
lOO~'& and this activation could be enhanced by the addition of magnesium. 
This activation was thought to be a result of the neutralization of inter- 
nucleotide phosphates by the bound dye, analogous to the shielding effect of 
high concentrations of potassium chloride. 

Several acridines have been reported to inhibit DNAase action. Atebrin is 
reported to inhibit DNAase I (E.C. 3.1.4.5 beef pancreas) by binding the 
D N A  substrate.8Q, Q0 It was shown, using a plot of atebrin concentration vs. 
i (1 - i), where i was the fractional inhibition, that inhibition was detectable 
from 3 pm ml-1 upwardQ0; 50Yc inhibition occurring at about 12 pm ml--l. 
One atebrin is bound per six nucleotides; this is believed to prevent the 
attachment of the enzyme to the DNA, thereby causing the inhibition. 

Similar results have been reported with acridine orange and a c r i f l a ~ i n e . ~ ~  
The addition of either of these compounds, but not actinomycin D, markedly 
increased the viscosity of the D N A  solutjon and also prolonged the time 
required for hydrolysis, as measured by the decrease in viscosity. The highest 
concentration of acridines used (0.3 mM) gave almost complete inhibition. 
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Analysis of the first-order kinetics by plotting inhibitor concentration against 
a function of the fractional inhibition indicated that the dye was competing 
with the enzyme for binding sites on the DNA. Extrapolation gave the 
average number of nucleotide pairs bound per dye molecule as 4.0 for 
acridine orange and 1.9 for acriflavine. Atebrin-bound 2.389 and 3.Ogo nucleo- 
tide pairs per dye molecule for inhibition. Since the saturation of DNA with 
intercalated dye occurs at a binding ratio of two base pairs per dye molecule, 
inhibition is maximal before saturation is reached. The variation in binding 
ratios for maximum inhibition has been interpreted as due to the positioning of 
the bulky dimethylamino group near the phosphate groups of the DNA, 
acridine orange having two, atebrin one, and acriflavine none.91 A terminal 
amino group on the substituted 8-amino side-chain is required for strong 
binding of the antimalarial 8-aminoquinolines to DNA.92 

C. Mutation, DNA and RNA Polymerases 

One of the most important uses of acridines as biochemical tools in the 
investigation of living systems has been in the field of mutagenesis. The 
acridine mutants differ from most other mutants, in that they do not chem- 
ically modify a base in the DNA double helix but give rise to “addition” or 
“deletion” mutants in which a base pair, i.e., a base in one strand normally 
hydrogen-bonded to a complementary base in the other, is added or removed. 
Since the bases in one strand of DNA are translated sequentially three bases 
at a time (each group of three bases ultimately coding for one amino acid), 
starting from a defined point at the beginning of a cistron or genetic unit of 
DNA, the addition or deletion of a base pair results in an effective shift of the 
reading frame. This gives a grossly different translation of the message 
beyond the site of the mutation. If the deletion of a base is followed further 
along the strand by the insertion of a base, or vice versa, the reading frame, 
and the amino acid sequence of the polypeptide produced, might be altered 
only in the region between the mutations, and hence give rise to  partially 
active protein and be pseudowild. Acridine-induced (usually proflavine, 
acridine orange, or .acridine yellow) frameshift mutants actually gave the 
first proof of the triplet nature of the genetic code. 

Although the existence of addition or deletion mutations is firmly estab- 
lished, therefore, it is not clear how the addition or deletion occurs in  the 
first instance. Three theories have been proposed. The first was by Brenner, 
Barnett, Crick, and OrgeLg3 Following Lerman’s reportg4 that acridine bind- 
ing to DNA can take place by an intercalation of the planar acridine ring 
between the planar base pairs (see Chapter XIV), they suggested that if this 
occasionally occurred between the bases on one strand of DNA but not on 
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the other, then when the DNA polymerase moved along the DNA during 
replication, it might lead to the addition or subtraction of a base. 

Subsequently, Lerman suggested that a mechanism could be devised on the 
simple intercalated model, where the base pairs are forced apart or “un- 
screwed” to 6.8 A instead of the normal 3.4 A, the extra gap being pro- 
duced by the back rotation of the base pairs attached to the flexible sugar- 
phosphate backbone to a position above the preceding base pair.55 

This second mechanism relies on recombination, which occurs frequently 
during phage multiplication. If two phage DNA duplexes or chromosomes 
are paired in perfect homology, the intercalation of an acridine in one DNA 
duplex will force it out of step with its neighbor. Enzyme action then breaks 
both chromosomes at the same position, side by side; in the subsequent 
repair process, the chromosomes may be reunited with an exchange of 
partners, resulting in the omission of one or more base pairs in one product 
and the corresponding duplication of one or more base pairs in the other 
product of the reunion (Fig. 3). 

There are difficulties with both of these models, although neither can be 
rejected. Further elaboration of Lerman’s model is required to account for 
the known role of heterozygotes in recombination, with the observation that 
acridine-induced mutations occur as heterozygote~,~~ while acridine binding 
to a single DNA chain, required by Brenner’s is now known to  be 
very weakeg6 Therefore, Streisinger et aL5’ proposed that acridines are 

Fig. 3. (a) A normal recombination between a pair of homologous double-stranded 
DNA molecules. The two molecules have identical base sequences and are distinguished by 
upper and lower case letters, so that the effect of recombination can be seen clearly. Cleavage 
of the phosphodiester backbone, exchange, and rejoining take place as indicated by the 
dashed line. The base sequence of the two molecules, and hence their information content, 
are exactly the same as before recombination. (b) Mechanism of acridine mutagenesis 
originally proposed by Lerman. The forces holding the molecules in register should be con- 
sidered as acting on the left-hand ends. Temporarily and at  the instant of exchange, an 
acridine (i) intercalated in one of the DNA molecules moves the remaining right-hand 
end of the molecule one base pair to the right. Subsequent exchange and rejoining results in 
the insertion of an additional base pair in one molecule (addition mutant) and the removal 
of a base pair in the other (deletion mutant). (c) Frameshift mutation in a heterozygous 
region. Two parental DNA molecules with single-stranded ends of nearly identical base 
sequence join as shown. Complementary bases pair wherever possible, forcing a section of 
one strand out of the structure and thereby weakening it. Insertion of an acridine in a region 
indicated by a bracket would strengthen the structure and allow the missing bases a t  the 
ends of either strand to be added. The loop would remain, however, until replication of the 
DNA occurred, giving rise to a regular structure with an added or deleted base pair. 
(d) A mutation occurring at  the end of a molecule, where limited endonuclease digestion 
leaves a single-stranded end of the DNA molecule. Partial rewinding of the double-helical 
region occurs with mispairing of bases. The structure is stabilized by an acridine inter- 
calated in the region indicated by the bracket. while the digested strand is resynthesized. 
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mutagenic, not because they stretch the DNA molecule but rather because 
they stabilize it, as exemplified by the higher thermal denaturation tempera- 
ture of DNA observed when acridines are intercalated. In this third mecha- 
nism, when a break occurs in one strand in a region of repeating bases or 
base pairs, the end of the broken strand may form a loop, the last two or so 
bases (the remainder of the strand) returning to pair with the wrong, but 
complementary, bases in the other strand. Because of the small number of 
H-bond contacts, such mispairing would be expected to be unstable and 
short-lived, but if acridines were intercalated between the base pairs they 
would stabilize the hydrogen bonding sufficiently to allow enzymatic syn- 
thesis to fill in the gap before the short region melts out, resulting in the 
addition or deletion of a base or bases. 

In this theory the initial break can occur through the recombination 
mechanism, which proceeds via breaks in the two strands at different, not the 
same, places or at the end of the chains after exonuclease digestion of one 
of them. 

Of the two alternatives, Streisinger et al. favor terminal mutations, partly 
on genetic grounds and partly because high concentrations of acridines 
greatly decrease the frequency of the  recombinant^.^^ However, this may have 
wider application in view of the recently discovered “discontinuous” replica- 
tion of DNA in bacteria, in which short lengths of DNA are synthesized and 
subsequently joined .98 

Neither Lerman’s nor Streisinger’s theories are entirely satisfactory. 
Proflavine and similar acridines are highly mutagenic in the T-even phages 
but have not been found to be mutagenic in several strains of bacteria. There 
are two pertinent differences between phage and bacteria: T-even phages 
contain hydroxymethylcytosine instead of cytosine in their DNA; more 
significantly, their replication is accompanied by extensive recombination. 
Acridines with half mustard or polyamine side chains are, however, highly 
mutagenic in bacteria and other organism‘sgg; Streisinger et al. have sug- 
gested that their mechanism could apply at the site of a mutagen-induced 
break in the DNA. 

A more serious objection is that substances that can intercalate in a 
similar manner to proflavine are not necessarily mutagenic. Lerman has 
shown that methylation of the ring nitrogen in acridines abolishes their 
mutagenic effect,lOO although they still stabilize the DNA, as indicated by 
increasing T,, and can still bind, as shown by the hypochromicity at 260 nm 
and equilibrium dialysis.101 The degree of binding and of stability decreased in 
the order 9-aminoacridine = 9-amino- 10-methylacridinium chloride > 10- 
methylacridinium chloride > acridine orange. In view of the great difference 
in mutagenicity of 9-aminoacridine and 9-amino-l0-methylacridinium 
chloride, it is believed that neither the intercalation (strong binding) nor the 
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weak interaction are directly correlated with the mutagenic action of acri- 
dines i n n  101 

It seems possible, therefore, that the specificity of acridine mutagenesis 
might result from the interaction of the acridine with the polynucleotide and 
the enzymes involved in polynucleotide synthesis. In this connection, 
McCarter, Kadohama, and Tsiapalis have reported some very interesting 
experiments,'"* in  which they looked for mistakes in the incorporation of 
bases into polynucleotides synthesized by E. coli DNA polymerase (EC 
2.7.7.7) in the presence of proflavine (0-1 X 10-4M). The finding of Hurwitz 
et al.lo3 that E. coli DNA polymerase was almost totally inhibited by pro- 
flavine (60 pM) was confirmed by these workers, who also showed that the 
incorporation of each base decreased in a parallel fashion with increasing 
proflavine concentration, when native calf thymus DNAwas used as a primer. 
When an alternating copolymer of deoxyadenylate and deoxythymidylate 
(poly dAT) was used as a primer, and incubations were carried to  minimum 
absorbency (corresponding to maximum polymer), the incorporation of 
3*P-TTP increased to 176% of the control. up to 2 X 10WM proflavine, 
and then decreased to about 80yc of the control at 5 X 10WM proflavine. 
The initial rise was attributed to the inhibition of exonuclease 11, a degrada- 
tive enzyme found in close association with DNA polymerase, and which 
when assayed directly is also inhibited by proflavine. In the poly (dG2:dC) 
primed reaction, the incorporation of 32P - CTP was inhibited at  all con- 
centrations of proflavine. The amount of G or C incorporated in the dAT 
primed reaction was less than 0.2G/;:, the limit of the assay; this was un- 
affected by proflavine, as would be expected since proflavine does not induce 
base substitutions of the sort G or C for A or T. However, when nearest 
neighbor analyses of the product of short incubations, corresponding to 10 
replications of the former (where net synthesis was approximately 10 times 
the amount of primer present) were studied, changes were observed in the 
sequences formed in the dAT-primed reaction. 

As the concentration of the proflavine increased, the proportion of ApA 
sequences increased such that the composition of the product varied from 1% 
ApA, 99% dTpA in the absence of proflavine, to 86yo ApA, 14y0 dTpA at 
6 X IO-jM proflavine. Proflavine lengthened the lag period before synthesis 
of poly dA:dT in the unprimed (de novo) DNA polymerase reaction. Once 
started, however, synthesis was faster than in the primed reaction and pro- 
ceeded at a concentration of proflavine, which is markedly inhibitory to  poly 
dAT synthesis. Consequently, the results with the primed system could 
possibly be explained by a poly dA:dT trace impurity, which is replicated 
preferentially when poly dAT synthesis is blocked. Alternatively, repeating 
sequences of bases may arise through a reiterative replication almost certainly 
involving chain slippage. I f  the proflavine interferes with the copying mecha- 
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nism of the template, one base may be copied more than once, thereby 
generating an insertion, or if repeatedly, a run of identical bases free to slip 
and be replicated. This possibility is of interest in view of the finding of 
Streisinger et al. that frame shift mutations were most often in, or adjacent to, 
runs of T's or A's alternating in DNA.97 The recent finding of T. Okazaki and 
R. Okazaki that DNA replication proceeds discontinuously, short single 
strands being synthesized in the 5' -+ 3' direction, which are then joined by a 
ligase, may well have some bearing on acridine mutagenesis.lo4 

The related DNA-dependent polymerase of E. coli (EC 2.7.7.6), responsible 
for the production of messenger and other RNA species in the cell, has been 
shown to be partially inhibited by proflavine in several l abo ra t~ r i e s . ' ~~  lo5-:O7 

Atebrin [6-chloro-9-(4-diethylamino-1-methylbutylamino)-2-methoxyacri- 
dine] (3) at the relatively high concentration of 3.3 X 10-3M, inhibits the 
RNA polymerase of the crown gall tumor-inducing organism, Agrobacterium 
/umefacients,lo8 giving 99% inhibition, and at 1.7 X lO-*M, 3.1% inhibition. 
At 8 X 10-4M, it was reported to be strongly bactericidal for E. coli B, 
inhibiting DNA synthesis and RNA and protein synthesis strongly, but at 
2 X 10-4M bacteria grew into long filaments, due to the inhibition of DNA 

At this bacteriostatic concentration, RNA synthesis was not 
affected. The inhibition of DNA replication at 8 X 10-4M paralleled the 
in vitro inhibition of the E. coli enzyme as the inhibition of RNA synthesis 
paralleled the in vitro RNA polymerase reaction.ll0 A 50y0 inhibition of both 
DNA and RNA polymerase at 10-jM and complete inhibition at lOPM was 
thought to be caused by the intercalated acridines' restraining the bases in 
their intrahelical positions. No specific binding groups are required, unlike 
chloroquine, which requires the 2-amino group of guanine. The inhibition of 
messenger RNA production probably accounted for the 407, reduction 
observed in the incorporation of '*C-phenylalanine into protein. 

Zillig's group reported a 93% inhibition of T2 DNA-primed E. coli RNA 
polymerase by lO-*M proflavine.ll"> 111 It is interesting that the single- 
stranded DNA of +X 174 gave similar control activity, but only 97" inhibi- 
tion with the same concentration of proflavine ; they consider that proflavine 
inhibits the elongation step (private communication). Richardson found that 
proflavine (5 pg and 10 pg ml-l) retards initiation slightly112; once started, 
however, the rate of synthesis, although it is reduced, is constant for at 
least 10 min; he concludes that proflavine has a greater effect on initiation 
than on polymerization. By centrifuging a mixture of polymerase, DNA, and 
proflavine on a sucrose density gradient in  10 pg rnl-l, proflavine showed that 
only a small fraction of enzyme was bound to DNA, which under these 
conditions had a proflavine molecule per three base pairs. As Richardson 
pointed out, these experiments do not distinguish between an altered DNA 
unable to bind polymerase and a blocked enzyme unable to bind DNA. 
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Sentenac, Simon, and Fromageot, using a direct filtration technique to 
isolate DNA-bound E. coli RNA polymerase, showed that both synthesis and 
initiation are inhibited equally by up to 2.15 x lO+M proflavine, when 
native thymus DNA is the template.113 In the presence of denatured DNA,  
initiation is inhibited to  the same extent, but RNA synthesis was less affected. 
The amount of initiation was found from the amount of y 3 P  nucleoside 
triphosphate (the first nucleotide of the synthesized RNA). Both T - ~ ~ P - A T P  
and T - ~ ~ P - G T P  gave similar results. This is in contrast to a report by Maitra, 
Cohen, and Hurwitz, who found a greater inhibition by proflavine of initia- 
tion by ATP, using T4 DNA as the t em~1a te . l~~  

Scholtissek found that proflavine (50 pg ml-l) strongly inhibited R N A  syn- 
thesis in chick fibroblasts up to  a maximum of 967, of the control activity.llj 
The remaining RNA was isolated and shown to be labeled throughout its 
length with a nonrandom arrangement of bases, and to cover a range of 
molecular weights. The low-molecular-weight material (soluble RNA) con- 
tained up to 84y0 of pyrimidines in clusters ; the high-molecular-weight 
material was rich in AMP and UMP, in contrast to the RNA of nontreated 
cultures. At high doses, all RNA fraction had a low GMP content; this 
correlated with a reduction in GC nearest neighbors, GA being relatively 
unaffected. He suggests a disturbance of template function. 

Waring considers that the intercalation is likely to be responsible for the 
inhibition1I6 and points out that proflavine and other inhibitors, e.g., ethidium 
bromide, inhibit both DNA and RNA synthesis about eq~a1ly. l '~  He also 
states that if, as has been suggested,"* RNA polymerase "reads" its template 
from the narrow groove and DNA polymerase reads it from the wide groove 
of the DNA, the distortion of the DNA on acridine intercalation will appear 
much the same to both enzymes. However, actinomycin D, which probably 
also intercalates,11g only inhibits DNA polymerase at a concentration suffi- 
ciently high to give a significant stabilization against thermal strand separa- 
tion, whereas RNA polymerase is completely inhibited at lOO-fold, lower 
concentration. The differential inhibition of the two enzymes can be explained 
by postulating an increased rate of dissociation of actinomycin D N A  com- 
plex preceding the DNA polymerase11g; in this connection it may be sig- 
nificant that the gene 32-protein of bacteriophage T4 may act to unwind and 
align the T4 template DNA ahead of the polymerase.lZ0 

Nicholson and Peacocke showed that 9-aminoacridine also inhibits the 
E. coli RNA polymerase to  approximately the same extent as proflavine, 
both giving 60-80y0 inhibitions at high and low concentrations, respectively, 
of DNA with the same amount of enzyme.121 9-Amino-l,2,3,4-tetrahydro- 
acridine, in which the hydrogenated ring is puckered, inhibited only slightly 
and bound weakly to DNA, so that qualitatively there appears a correlation 
between DNA binding and polymerase inhibition. However, a careful 



782 Acridines and Enzymes 

quantitative analysis, in which the binding of proflavine and of 9-amino- 
acridine to DNA was studied under the conditions of the enzyme assay, 
showed that although the amount of the aminoacridine bound to DNA in- 
creases with inhibition, a stage is reached at which an increase in amino- 
acridine concentration still causes an increase in inhibition, with practically 
no increase in the amount bound to DNA. Further, reciprocal plots of the 
rate vs. DNA concentration or the concentration of all 4 nucleoside tri- 
phosphates were linear, and in each case had common intercepts on the 
ordinate, suggesting competitive inhibition of the enzyme. 

The dissociation constants were, for KsTP, 2.2 X lo-" mole I-l; KDNA, 
4.2 X mole 1-l; K, for proflavine, 5.4 X moles I-l; K, for 9-amino- 
acridine 2.4 X low9 mole I-'. Hence DNA is more strongly bound than the 
free nucleoside triphosphate. (KSTPIKDXA) is approximately 5, and the 
dissociation constant of proflavine from the enzyme sites is twice that of 
9-aminoacridine. 

The recognition process required to produce RNA complementary to one 
strand of the DNA implies that the DNA is opened out in some way. This is 
confirmed by the facilitated exchange of tritium involved in hydrogen 
bonding between the bases in the DNA duplex when it is transcribed by 
RNA polymerase.lZ2 Once opened, its bases can form complexes with the 
incoming nucleoside triphosphates. This presumably occurs near the active 
center of the enzyme, which must contain a void sufficient to accommodate 
the base, in  a position to complex with the bases of the DNA, and, at the end 
of the base distal to the DNA, the general incoming nucleoside recognition 
sites (e.g., C-2'-hydroxyl) and the polymerization sites. More simply, the 
DNA forms one side of the active center. It is conceivable that the similar- 
sized flat ring of the acridine could compete for the site normally occupied by 
the base of the nucleoside triphosphate and also interfere with the extension 
of the DNA bases. This also makes it clear why the inhibitory activity of the 
various acridines should parallel their binding to DNA (proflavine > 
9-aminoacridine > 9-amino-l,2,3,4-tetrahydroacridine), since similar stereo- 
chemical factors would influence the ability to interact with the base rings of 
DNA and with the enzyme sites capable of holding such rings. 

The presence of an acridine ring in the vicinity of the residues involved in 
the enzymatic action would be expected to protect these from inactivation by 
chemical reagents. In experiments with diazonium- 1 H-tetrazole, which is 
specific for histidine, tyrosine, and at high concentrations for amino groups, 
the polymerase was completely inactivated when the first histidine and/or the 
first tyrosine had been The addition of 9-aminoacridine, sufficient 
to  give a 50% inhibition before the reagent, gave some slight protection 
(approx. 17y0 of the initial activity remaining). In contrast, 9-amino-l,2,3,4- 
tetrahydroacridine gave no protection. Albert has suggested that if the 
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antibacterial action of aminoacridines depends on blocking RNA polymerase, 
tyrosine (phenolic pK, (10.0) may be the receptor.124 

Whether the above mechanism can be applied to RNA polymerase, muta- 
tions, and to other enzymes remains to be seen. It is apparent that over the 
last decade, there has been a shift in viewpoint from a fairly straightforward, 
and to some extent mechanical, intercalation to the slightly more complex 
field of enzyme active centers. 

D. Selective Photooxidation of Amino Acid Residues 

Dye-sensitized photooxidation is being increasingly used as an approach to 
the elucidation of the relationship of structure to activity in proteins. 3,6- 
Diaminoacridines are often used as sensitizers, since they are easily photo- 
reduced.'*j The procedure is to add the dye to the enzyme in the dark, and 
then irradiate with visible light from an incandescent bulb, under aerobic 
conditions. Only four amino acids appear to be affected. These are histidine, 
tyrosine, tryptophan, and methionine; other amino acid residues react very 
slowly or not at all. 

The selectivity can be increased by irradiation in anhydrous formic acid, 
when methionine is oxidized to its sulfoxide, and tryptophan is converted to  a 
variety of products but mainly to kynurenine. The following breakdown of 
tryptophan was proposed.126 (Scheme 1 .) 

t t 

H02CCH(NH2)CH,C0, H Hydroxykynurenines 

When this technique was applied to lysozyme, all six tryptophanyl residues 
were converted to kynurenine and both the methionines were converted to  the 
~u l fox ide . '~~  Photooxidation caused an extensive inactivation of lysozyme. 
Enzyme activity dropped to  2% after 30 min of irradiation, when oxidation of 
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tryptophanyl residues was not complete. This suggests that only some of these 
residues are at the active center, and this is supported by the tertiary structure 
determination, which shows only two tryptophans in this region.128 The slow 
conversion of methionine to its sulfoxide was probably of little significance 
in this experiment. 

Unfortunately, the use of formic acid must lead to denaturation in most 
and especially the larger proteins, the majority of which probably will not 
renature. Unless an alternative solvent can be found, the technique may 
prove to be limited, although it may provide a useful method of nonenzymatic 
cleavage of a polypeptide chain.lZ7 
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1. Introduction 

Historically, interest in acridines as antibacterial agents stems from the 
pioneer work of Ehrlich and Benda, who observed that 3,6-diamino-2,7,10- 
trimethylacridinium chloride and 3,6-diamino-l0-methylacridinium chloride 
possessed trypanocidal activity, particularly the latter, which was also called 
trypaflavine on account of its activity toward Trypanosomona brucei.1 Almost 
simultaneously, Shiga2 reported that trypaflavine was active in cholera in- 
fections, while Browning and Gilmour3 showed that acridine yellow (3,6- 
diamino-2,7-dimethylacridine) and 3,6-diaminoacridine inhibited the growth 
of Staphylococcus aureus, E. coli, Bacillus anthracis and Bacterium typhosum. 
Browning and Gilmour’s work stimulated much interest in the potentialities 
of acridines as wound disinfectants, since the antibacterial activity, in con- 
trast to  that of many other substances, was shown to be retained in the 
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790 The Antibacterial Action of Acridines 

presence of body fluids and pus. Indeed, both 3,6-diaminoacridine (pro- 
flavine) bisulfate and 3,6-diamino-l0-methylacridinium chloride (con- 
taminated with the unmethylated compound and known as acriflavine or 
trypaflavine) became widely used for this purpose. 

Browning and his co-workers next investigated the action of a number of 
substituted 3,6-diaminoacridines, but none of the compounds showed any 
improvement on the original ones4 It became apparent, however, that changes 
in the pH of the media in which the acridines were examined caused marked 
variations in their antibacterial potency. The next important landmarks (cf. 
Ref. 5 )  were the synthesis and testing6 of rivanol (3,9-diamino-7-ethoxy- 
acridine lactate) in 1921, of 7-alkoxy-9-amino-3-nitr~acridines~ in 1929, of 
flavazole (the salt of 3,6-diaminoacridine and sulphathiazole)s in 1946, and 
the realization, somewhat belatedly, during World War 11, that 9-amino- 
acridine itself possessed antibacterial activity. The latter came directly from 
the extensive studies of Albert, Rubbo, and their associates, which, as will be 
seen later, contributed significantly to the elucidation of the mechanisms 
underlying the antibacterial actions of the acridines (Section 3). 

Reviews of the toxicity and of the medical actions of the acridines are 
available.5, Today antibacterial acridines are used mainly in the treatment 
of burns and wounds, and in this area there has been a tendency to replace 
them by sulfonamides and antibiotics. This is, perhaps, unfortunate, since 
they are active against a wide range of Gram-positive and Gram-negative 
bacteria and the indiscriminate use of antibiotics has led to the widespread 
occurrence of antibiotic-resistant organisms. The troublesome pathogen 
Pseudomonas aeruginosa, however, is relatively resistant to acridines.j The 
more important acridine antibacterials will now be dealt with individually. 

2. Acridine Antibacterials 

A. 9-Aminoacridine 

9-Aminoacridine (1) is a strong base and crystallizes from acetone as 
yellow prisms, mp 234". 

5 10 4 

1 
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It is very sparingly soluble in water. Its preparation is described in Chapter I1 
(p. 116). The monohydrochloride monohydrate is a potent antiseptic, known 
as aminacrine hydrochloride, monacrin, acramine, demacrine, and acrami- 
dine. At 20°, one part is soluble in 300 parts of water, 150 parts of alcohol, 
and 200 parts of normal saline. It is soluble in glycerol but almost insoluble in 
chloroform and ether. Aqueous solutions have a strong green-blue-fluor- 
escence, changing to blue at great dilution. The pH of a 0.2y0 solution in 
waterlo is 5-6.5. 9-Aminoacridine can be estimated by precipitation as the 
dichromate or the ferricyanide, followed by volumetric titration of the 
excess precipitantlla, b ;  the latter is the more accurate. The fluorescence 
spectrum of 9-aminoacridine has also been used for its estimation.’* 

9-Aminoacridine is a more potent antibacterial than either proflavine or 
acriflavine. This will become apparent later (Sections 3 and 4). It is a con- 
stituent of many preparations for topical use and is the preferred acridine, 
since it is nonstaining. As with all aminoacridines, sodium alginate, soaps, 
and other anionic substances of high molecular weight, which form poorly 
diffusing ion pairs, counteract its antibacterial action.13 In solution it is well- 
tolerated by tissues, although continual application tends to delay l 5  

9-Aminoacridine can also be used in the solid state, but repeated applications 
may cause tissue damage.l6, l7 

B. Proflavine 

3,6-Diaminoacridine (2) is almost universally known as proflavine, a term 
often used to describe the base, sulfate or acid sulfate. Its preparation is 
described in Chapter I (p. 31). Proflavine is now supplied as the neutral 
sulfate, called proflavine hemisulfate (3), although earlier the acid sulfate 
was the salt generally available. 

2 3 

At 20°, proflavine hemisulfate is soluble in 300 parts of water or 35 parts of 
glycerol; it is very slightly soluble in alcohol and insoluble in ether. A satu- 
rated solution in water is deep orange in color and gives a green fluorescence 
when freely diluted. Its pH is 6.0-8.0.14 Proflavine may be estimated by the 
methods already described for 9-aminoacridine or colorimetrically after 
diazotization and coupling with N-( 1 -naphthyl)ethylenediamine.18 Unlike 
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9-aminoacridine, solutions of proflavine stain the skin bright yellow and are 
decomposed by sunlight. 

Both proflavine and acriflavine were used as wound disinfectants during 
both world wars, although later in World War I1 9-aminoacridine was 
preferred.y The application of not more than 0.5 g of powdered proflavine 
acid sulfate at a time was recommended,1y a treatment that gave good results 
in a number of intractable mixed infcctions. Other workers found that 
necrosis occurred and healing was delayed.16 1 7 7  z n  However, the type of 
wounds treated varied considerably. In general, it appears that the solid was 
advisable for old heavily infected wounds and did not then cause necrosis, 
but a dilute solution was best for lightly infected fresh wounds, where the 
solid had undesirable effects. Proflavine is a highly toxic substance in tissue 
culturez1; a destructive action on leucocytes has also been reported,2z but this 
has been ~ontes ted .~ .  In contrast to acriflavine, proflavine caused very little 
damage to rabbit brainz3 at antibacterial concentrations and it also inter- 
fered less with the respiration of brain tissues.z4 Its toxicity to human tissues 
has been critically reviewed by Browning5 and Albert.g 

Treating tissues with proflavine acid sulfate subjects them to highly acid 
conditions, since aqueous solutions are strongly acid. The suggestions that it 
should be replaced by neutral salts of proflavine, which give aqueous solu- 
tions of pH about 6, were of much valuez5 2 6  and led to the introduction of 
neutral proflavine sulfate (3). Proflavine base, giving a strongly alkaline 
reaction, is as undesirable as the acid sulfate. The neutral sulfate (proflavine 
hemisulfate) is a good wound antiseptic, although, as pointed out earlier, 
9-aminoacridine is even better on account of its higher antibacterial activity 
and its nonstaining properties. Proflavine and other acridines, in  general, are 
strongly adsorbed by surgical dressings. However, Albert and Gledhill, in 
tests involving proflavine, 9-aminoacridine, and acriflavine, clearly demon- 
strated that this adsorption was readily reversed by water and particularly 
by serum, so that dressings can act as depots for the  antibacterial^.^' 

C. Acriflavine 

As commercially supplied acriflavine is a mixture of 3,6-diamino-l0- 
methylacridinium chloride (4) and proflavine (3,6-diaminoacridine) dihydro- 
chloride, the latter being present to the extent of about one-third. 

4 



2. Acridine Antibacterials 793 

Similarly, neutral acriflavine is the corresponding mixture of 3,6-diamino- 10- 
methylacridinium chloride and proflavine monohydrochloride. The prepara- 
tion of acriflavine is described in Chapter VIII (p. 582). Pure 3,6-diamino-l0- 
methylacridinium chloridez8 was obtained from the commercial material by 
treating a dilute aqueous solution with excess freshly precipitated silver 
oxide and allowing to stand overnight at 0". The solution was then filtered, 
the filtrate adjusted to pH 7 with hydrochloric acid, and evaporated to  dryness. 
The residual solid after several recrystallizations from methanol,29 followed 
by water, gave pure 3,6-diamino-l0-methylacridinium chloride as yellow 
prismatic needles, which became anhydrous at 120". The hemihydrate is 
stable in air at room temperature, and its solubility in water at 20" is 0.4%. 
Commercial samples of acriflavine are much more soluble because of the 
presence of proflavine dihydrochloride and other impurities. Acriflavine may 
be estimated volumetrically using potassium ferricyanide30 or d i ~ h r o m a t e , ~ ~  
or gravimetrically as the p i~ra te .~?" .  t, Aqueous solutions are rapidly de- 
composed in the presence of alkaliz9 and by sunlight when photooxidation to  
the acridanone probably takes place.33 

Following the discovery of its outstanding antibacterial properties in 191 3, 
acriflavine3 became widely used as a wound antiseptic, in spite of the many 

2 5  34 one of the earliest being in 1918,35 that it is considerably more 
toxic but not more antiseptic than proflavine. The toxicity varies with the 
degree of purity of the sample5; chemically pure 3,6-diamino-lO-methyl- 
acridinium chloride being 10 times as toxic as proflavine and 6 times as toxic 
as 9-aminoa~ridine.~ It also causes sloughing of the tissues.36 There appears 
to have been no attempt by manufacturers to produce a pure product for 
use as an antiseptic. Consequently, most of the biological work has been 
carried out with impure material of variable composition and is, therefore, 
difficult to assess. However, the availability of other more clinically accept- 
able acridines make this of little importance. 

D. Other Acridines 

A number of other acridines have had limited use as antibacterials. Rivanol 
(ethacridine), initially the hydrochloride and later the lactate of 6,9-diamino- 
2-ethoxyacridine (S), was first prepared in 1921, and has been used as a 
surgical antiseptic.6 

?A2 
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I t  is of interest as being the first 9-aminoacridine used in wound therapy, but 
comparative studies of rivanol and acriflavine failed to show the superiority 
of either.34, 37-39 9-Amino-4-methylacridine (6) ,  known as neomonacrin or 
salacrin, was used clinically as the hydrochloride, following a favorable 
in vitro e~amina t ion .~~  It appears to be very similar in activity to 9-amino- 
acridine but is slightly less toxic and more soluble. 2,6-Diaminoacridine 
hydrochloride (7), also called diflavine or acramine red, was prepared by 
standard methods and shown to be a powerful an t iba~ter ia l .~~  Clinically, it is 
not superior to 9-aminoacridine and causes a bright red stain.1fi, 4 2 ,  4 3  

CH3 
6 7 

Two other acridines, sinflavine (3,6-dimethoxy-lO-methylacridinium 
and flavicid (3-amino-6-dimethylamino-2,7,I0-trimethyl- 

acridinium 4fi were also discarded as wound disinfectants at a 
much earlier date. Entozon or nitroacridin 3582 (8) has been prepared47a, 
in a manner similar to atebrin (see Chapter 11, p. 125) and appears to be 
active against streptococci and ricketssiae. 

NHCH,CHOHCH, N(C, H5)*  

CH,O NO2 

8 

Earlier, Schnitzer and Silberstein' and S c h n i t ~ e r ~ ~  had pointed out the 
systemic antistreptococcal activity of substituted 9-amino-3-nitroacridines. 

Salts of acridines and sulfonamides have also been made from acridine 
hydrochloride and sodium sulfonamide. These salts are not antagonized by 
p-aminobenzoic acid.j 3,6-Diaminoacridine sulfathiazole ( f lava~ole) ,~~ when 
diluted to 2Oj, with sulfathiazole powder, proved very useful in the treatment 
of wounds containing mixed infections ; a chemotherapeutic action has been 
demonstrated in mice experimentally infected with Clostridium septicurn and 
Clostridium welchii.8 The corresponding sulfathiazole 9-aminoacridine salt 
is also highly antibacterial but was more irritant to tissues than the proflavine 
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derivatives.:" In contrast, acridines containing sulfonamido groups in the 
same molecule had no important antibacterial properties.40, j l a <  Salts of 
9-aminoacridine with benzylpenicillinj2~-c and with 4-hexylresorcinol have 
also been reported. The latter (akrinol, 9-aminoacridinium 4-hexylresorcinate) 
is fungicidal as well as antibacterial,j3 the fungicidal activity coming from the 
hexylresorcinol moiety. In  general, acridines are not fungicidal. 

3. Structure-Activity Relationships 

Browning's work, about 50 years ago, demonstrated that the antibacterial 
properties of 3,6-diaminoacridine (proflavine) were dependent on both the 
presence of the amino groups and on the complete acridine ring system. 
Acridine itself, 3,6-bisacetamidoacridine (9), 2-aminopyridine (lo), quinoline 
and its 2-, 3-, and 4-amino derivatives (e.g., ll), and tetrahydroquinoline had 
very little activity. 

10 1 1  9 

Similar results were obtained when the heterocyclic nitrogen atom was 
alkylated. Of this class of compound, only 3,6-diamino-l0-methylacridinium 
chloride (4) was strongly bacteriostatic. Subsequently, Albert, Francis, 
Garrod, and Linnellj4 showed that one amino group could suffice if present 
in the correct position (as in 9-aminoacridine) in the acridine nucleus and 
again the intact ring system was necessary. 

Next a correlation between basic strength and antibacterial acivity was 
proposed by Albert, Rubbo, and their  associate^,^^, 5 6  and later confirmed by 
them in what must be one of the most extensive studies of this kind ever 
carried 57-59 More than a hundred acridines were examined under 
comparable conditions against five different species of bacteria. The following 
general conclusions were drawn.60 First, efficient bacteriostasis only occurs 
with compounds that are ionized to the extent of at least 50y0 as cations, 
those that ionize as anions or zwitterions being ineffective. Second, the 
chemical nature :of the substituents in the acridine nucleus is seldom im- 
portant, except insofar as it influences ionization. Third, the mode of action 
is most easily explained on the basis of a competition between acridine ca- 
tions and hydrogen ions for a vital anionic site in the bacterial cell; this 
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competition involves about 500 acridine cations for each hydrogen ion. 
Fourth, ionic linkages together with multiple van der Waals bonds fix the 
acridine cation to the vital receptor. This is made possible by the large flat 
area of the acridine molecule; the bacterial receptor is also assumed to be flat. 

The results of Albert et al. are summarized in Table I ,  in which the com- 
pounds are arranged in alphabetical order. Minimum bacteriostatic concen- 
trations were determined in a nutrient broth of pH 7.2-7.4. For this, the 
acridines were dissolved in broth at a concentration of 200 mg 1-l7 this solution 
then being diluted with drug-free broth in a stepwise manner, so that the 
concentration in each dilution was one-half that in  the dilution immediately 
preceding it (i.e., 200, 100, 50 mg I-'). The tubes were innoculated with about 
lo6 organisms, and the results read after 48-hr incubation at 37". An arbitrary 
series of numbers termed "inhibitory indices" was used to signify the lowest 
concentration of drug inhibiting growth, an index of 1 corresponding to 
200 mg an index of 2 to 100 mg 1-l, an index of 3 to  50 mg I-' and so on. 
Growth at 200 mg 1-l, the highest concentration used, was denoted by an 
index of O.* The sum of the inhibitory indices for the five organisms tested 
with each acridine is stated to give a good indication of its antibacterial 
properties, a sum index of 15 or higher signifying a strongly antibacterial 
compound. The pK, values in Table I are a measure of the basicities of the 
acridines. At 37", a pK, of 7.3 corresponds to the critical level of 50y0 
cationic ionization. Nevertheless, the antibacterial activity was not pro- 
portional to the pK,, which shows that once the1 critical level of cationic 
ionization has been reached, subsequent increases in  pK, do not affect the 
activity. The effect of substituents on the basicities of the acridines is that 
expected from the electronic character and position of the substituents (see 
Chapter 11, p. 110). Examples of acridines that ionize almost completely as 
anions are acridine-2-sulfonic acid and acridine-2-carboxylic acid. 9-Amino- 
acridine-2- and -4-carboxylic acids and 9-amino-I-hydroxyacridine exist as 
zwitterions in water at pH 7.3 and 37", while acridine itself and methyl 
acridine-9-carboxylate are un-ionized. The low antibacterial activity of these 
substances is apparent from Table I .  Conversion of 9-aminoacridine-2- 
carboxylic acid to its methyl ester, which prevented the formation of the 
zwitterion and allowed only the formation of a cation, largely restored the 
antibacterial properties to the level expected from the parent 9-aminoacridine 
molecule. In  general, antibacterial activity and systematic toxicity for mam- 
mals are not closely ~orre la ted .~ ,  It is also of considerable interest that the 
order of sensitivity of the organisms given in Table I is nearly always the 

*Albert et al. actually express their results in  terms of dilutions, i.e., 1 in 5000, 1 in 10,000, 
but for conformity with what is reported later, these have been transformed into concen- 
trations. 
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same, and this does not appear to be related to their Gram-staining properties6 
Beside the compounds listed in Table I, a large number of acridines have 

been prepared and tested as antibacterials. The more important papers 
dealing with these are given in Ref. 62a-1; on the whole, the results are in 
agreement with the conclusions already given. Exceptions do occur, however, 
even among the compounds listed in Table I ; for example, 4-hydroxyacridine 
and its 9-amino derivative, although not ionized to  the extent of 50y0, are 
antibacterial. This is thought to be a result of chelation with trace metals 
essential to the ba~teria.6~ The four 9-amino-X-nitroacridines and 9-amino- 
2-ethoxy-6-nitroacridine are all highly antibacterial, despite their low pK, 
values, which may reflect a specific effect of the nitro group.40 On the other 
hand, 9-amino-l,2,3,4-tetrahydroacridine fulfills the requirement for 
cationic ionization and yet is a poor antibacterial. This is explained in terms 
of “dimensional factors,” which can lead to an interference of the combina- 
tion between the drug and receptor.64 As already pointed out, the bacterial 
receptor is assumed to be flat and if the flat area of the drug molecule is 
reduced, it is conceivable that the interacting forces may be too weak to  
hold it on the adsorbing site. Converting 9-aminoacridine into 9-amino- 
1,2,3,4-tetrahydroacridine (12) reduces the flat area of the molecule, since 
the reduced ring is not planar. Support for this dimensional explanation 
comes from the finding that 12-amin0-1,2,3,4-tetrahydrobenz[b]acridine (13), 
in which the area of flatness has increased, has substantial antibacterial 
activity.64 

12 13 

In other examples, N,N’-bis(9-acridinyl)ethylenediamine and 3,6-diamino-9- 
acridanyl ether, insufficient adsorption because of the very large bulk of the 
molecules was given as a possible explanation of low 

4. Development of Resistance to Acridines 

Although generally used when many compounds have to be screened for 
antibacterial properties, the minimum inhibitory concentration technique 
(Section 3) is open to criticism on strictly quantitative grounds. The cultures 
are scored as + or - after an arbitrarily chosen interval of time has elapsed, 
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which can impose qualitative differences, when in fact what is present may 
be no more than quantitative changes. For example, at a given drug concen- 
tration, visible growth may be abundantly evident in a culture at, say, 48 hr, 
although complete inhibition may have persisted for 36 hr and at a lower drug 
concentration for 24 hr, and so on. Measuring the actual lags before growth 
provides a more strictly quantitative approach. This forms the basis of the 
determination of lag concentration relationships, which have been widely 
used by Hinshelwood and his associates in studying many drugs, including 
acridines.65 

The lag concentration relationships obtained with Klebsiella aerogenes 
(NCIB 41 8, previously called Aerobacter aerogenes or Bacterium lactis 
aerogenes) and 3,6-diaminoacridine (proflavine) and 9-aminoacridine are 
shown in Figures 1 and 2. The experiments were carried out at 40" and 
pH 7.1, a chemically defined medium, aerated by a stream of sterile air and 
containing inorganic salts and glucose being used. The AL is the difference 

0 100 200 
Proflavine (mg I-' ) 

300 

Fig. 1. Lag concentration relationships for Klebsiella aerogenes and proflavine. The 
numbers on the curves denote the concentration of drug to which the strains were trained. 
[ord]; A L  (min); [abs]; proflavine (mgl-I). From data given in Ref. 65. 
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9-aminoacridine (mg I- ’ )  

Fig. 2. Lag concentration relationships for K/ebsie/la crevogenes and 9-aminoacridine. 
The numbers on the curves denote the concentration of drug to which the strains were 
trained. [ord]; AL (min); [abs]; 9-aminoacridine (mgl-I). From data given in Ref. 66. 

between the lag observed in drug medium and that in drug-free medium. The 
latter was small and often negligible, since the inocula (ca. lo6 cells) were 
taken from the logarithmic phase of the growth cycle of cultures fully adapted 
to drug-free medium. The curve at  the extreme left of each figure shows the 
behavior of cells that have never been exposed to  the drug, while the others 
refer to strains “trained” by serial subculture at the given concentration 
(preceded when necessary by growth a t  lower concentrations), until no 
further improvement occurred. When 3,7-diaminoacridine was used, the lag 
concentration relationships bore a close quantitative resemblance to  the 
9-aminoacridine set.66 

Figures 1 and 2 show the superior bacteriostatic activity of 9-aminoacridine 
compared to proflavine. For example, using “untrained” cells, a value ofAL 
of 1000 min occurred at  a concentration of 19 mg I-’ of the former, com- 
pared to 27 mg I-’ of proflavine. For  comparison, 2 mg I-’ oxytetracycline, 
2.5 mg I-’ crystal violet, 28 mg 1-’ chloramphemicol, or 30 mg 1-’ methylene 
blue produced the same lag in analogous experiments. Figures 1 and 2 also 
clearly show that resistance to the two drugs develops and that the resistance 
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of the trained strains is continuously graded to the concentration at which 
training has been carried out. The horizontal spacing of the curves is given 
by relations of the type m, = % + constant, where m is the training concen- 
tration and m,  that required to produce large values of AL (i.e., 1000 min or 
longer). 

Resistance to 9-aminoacridine at concentrations higher than 45-50 mg I-' 
could not, however, be achieved.66 In contrast, strains of K. aerogenes fully 
resistant to 3000 mg I-' of proflavine have been obtained,G7 once more 
emphasizing the superiority of 9-aminoacridine. This difference is borne out 
in some experiments reported by Albert,68 which show that although the 
maximum concentrations of proflavine or of 3,7- and 3,9-diaminoacridines 
tolerated by S.  aureus increased four- to eightfold (depending on the drug) 
during the course of six subcultures in drug medium that of 9-aminoacridine 
or its 4-methyl, 2-phenyl or 3-chloro derivatives did not (cf. Ref. 69a,b). 
However, Hinge has obtained strains of E. coli K12, like Klebsiella aerogenes, 
resistant to 9-aminoacridine. Reports of proflavine resistance in Micrococcus 
p y o g e n e ~ , ~ ~ ~ ,  of resistance to a~r i f lav ine ,~~ and of resistance to an amino- 
n i t roa~r id ine~~  in streptococci have also appeared. The training of Staphylo- 
coccus albus to acriflavine7I was lost on subculture in drug-free medium; in 
contrast, Trypanosomona rhodiense, which rapidly became resistant t o  this 
drug, retained its resistance after passage through 700 mice in  a period of 
7% Hinshelwood and his associates have studied the stability of the 
resistance of K. aerogenes to acridine antibacterials, particularly proflavine, 
in ten~ive ly .~~ In general, they found that the longer a training had been im- 
pressed on the cells, the greater its stability. For example, the resistance of a 
strain, which had been trained by exposure to gradually increasing concen- 
trations of drug until 195 mg I-' was reached, and then given 105 subcultures 
at this concentration, remained unchanged throughout 63 subsequent sub- 
cultures in  a drug-free medium. More prolonged growth in the latter led to  a 
loss of resistance, and this took place in a gradual manner. On the other hand, 
when cells that had undergone only a few generations of growth in drug were 
transferred to a drug-free medium, the resistance was rapidly lost. 

Training K. aerogenes to proflavine led to a loss of sulfonamide adaptation 
but only if the cells were not first exposed to proflavine. If well-trained to  
proflavine first, both resistances were retained73; in an extension of this work,74 
a strain resistant to streptomycin, sulfanilamide, chloramphenicol, ampicillin, 
and 9-aminoacridine, both singly and in admixture, has been obtained. This 
multiple resistance is not episomic in character. Cross-resistance, indicating 
an action at the same stage of a reaction sequence in the cell, has also been 
observed with acridines. Thus training K. aerogenes to proflavine conferred 
resistance to 3,7-diaminoacridine and 9-aminoacridine. Other acridines were 
not tested, but in the three that were, the relations were reciprocal and almost 
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quantitative.65 The strains were also cross-resistant to methylene blue and 
propamidine (4,4'-diamidinodiphenoxypropane). Cross-resistance between 
proflavine and propamidine has also been observed in  staphylococ~i.~~~~ 

Families of lag concentration curves, such as those obtained with proflavine 
and 9-aminoacridine (Figs. 1 and 2 )  and with other drugs, have been inter- 
preted in terms of an adaptive theory of drug resistance. The detailed mathe- 
matical analysis, together with the reasons for advocating this mechanism 
rather than the selection of mutant types present in  the initial population in 
very low frequency, is given by Dean and Hin~he lwood .~~  (See also Refs. 75, 
76.) This does not necessarily imply that some selection does not occur when 
untrained cells are first exposed to moderately high levels of drug, since, 
beside being bacteriostatic, acridines are also bactericidal. For example, 
exposing cells of K .  aerogenes to 97 mg 1-I of proflavine in phosphate buffer 
(pH 7.1) at 40" led to a drop in the viable count from 6.3 X lo8 ml-I to 1.4 X 
lo6 ml-I in 1 hr.77 At lower concentrations, the drop in viability was corre- 
spondingly reduced. It follows, then, that in  media permitting growth (as 
used in lag concentration determinations), there could be a competition 
between the development of an adaptive process and the death of the cells. 
The physiological age of the cells innoculated into drug medium ranges from 
those that have just divided to those just about to divide. 

In essence, the adaptive in te rpre ta t i~n~~ envisages that resistance can come 
about by a change in the enzyme balance of the cells, and there is experimental 
evidence that the balance does change in a manner suggesting a coordinated 
~ a t t e r n . ~ 5  It is assumed that the drug interferes with the working but not 
with the reproduction of a particular enzyme, so that the supply of inter- 
mediate to the next enzyme in the sequence is reduced. Enzymes occurring 
later in the sequence are accordingly held up and cellular multiplication lags, 
while earlier enzymes continue to function. with the result that the inhibited 
enzyme increases in amount, until the drug is overcome. Equations of the type: 

account for the families of curves obtained with the various drugs. The 
symbols L and Lo are the lags in drug and in drug-free media, respectively; 
AL is set equal to A I R ,  where A is a constant (for a given type of organism 
and a given medium) and R the rate of operation of an enzyme process. The 
concentration, C, of the intermediate, which is the substrate for the enzyme, is 
related to R in a manner expressible approximately by a Langmuir isotherm, 
i.e., R = kc/l + bc, where k and b are constants. In drug-free medium, C 
has the value C1 in unadapted cells. The addition of the drug reduces it to 
C1 - +m, where the function 4m of the drug concentration (m) characterizes 
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the drug. When adaptation is complete, C will have returned to C1, so that if 
the cells are now transferred to drug-free medium, there will be an imme- 
diate increase to a value equal to  C1 + dm. Therefore, if cells adapted to  
a concentration 7% are transferred to a concentration m, the value will be given 
by C = C1 + +(G) - &m). When A L  is fairly large, Eq. (1) reduces to  

constant 

C1 -k 96 - dm 
A L  = 

Plots of the function dm against m are also informative.65 A linear relation 
(as observed with proflavine) corresponds to a linear reduction in the rate of 
production of intermediate as m increases. In  other examples, +m increased 
either more, or less rapidly than m, or even changed abruptly from a less 
than linear to  a more than linar increase. A more than linear increase indi- 
cates cooperative effects between the drug molecules on the receptor, while a 
less than linear proportionality suggests that once a certain amount of drug 
has been taken up, the adsorption of more drug is impeded to a greater 
extent than that of a competing substrate. The latter could occur if the drug 
molecules were large and the substrate molecules small and is of particular 
interest, since the low antibacterial activity of some acridines has been 
attributed to their large size (Section 3). The condition for an abrupt change 
in the +m, m curves would be that the two effects just referred to  are in 
competition with one another. 

Equation ( 2 )  assumes a constant pH. Various workers have pointed out 
that the antibacterial activity of highly ionized acridines is reduced as the pH 
is lowered, and vice versa.4, l o ,  jg If, then, the cells are trained at  one pH 
value and tested at another, the families of lag concentration curves will be 
displaced horizontally either to the left or the right, depending on whether the 
test pH is higher or lower than the training pH. Equation ( 2 )  can be modified 
as follows to take account of this: 

constant 
A L  = 

( 3 )  

where [H+] is the test concentration and [B+] the training concentration of 
hydrogen ion, n is the slope of the line relating the hydrogen ion concentra- 
tion and the concentration of drug required to produce a standard value of 
AL.  A simple kinetic treatment of the competition between hydrogen ions 
and acridine cations for sites on a cellular receptor, as proposed earlier 
(Section 3), predicts a linear relationship and a slope of unity. Slopes of 0.9 
and 0.7 have been observed with K. aerogenes and 9-aminoacridine and 
proflavine, respectively,65, 7 8  in tests carried out at pH’s from 6.1 to  7.7.  Over 
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this pH range in which the bacteriostatic activity changed considerably, the 
degree of ionization of the drugs varied little. It should be pointed out, how- 
ever, that reducing the pH can have quite a different effect on a feebly ionized 
acridine. If it is a poor antibacterial at neutral pH because of poor ionization, 
then reducing the pH should lead to an increase in activity if the degree of 
ionization (as cations) is thereby increased. This has been demonstrated, but 
obviously, for practical purposes such pH changes must fall within physio- 
logically tolerable limit~.~Y 

Other mechanisms that could, in principle, affect the development of 
resistance must now be considered. Penetration of the drug does not appear 
to be a rate-limiting step in proflavine bacteriostasis.8n No correlation was 
observed between oil-water solubility, surface activity or reduction protentials 
and antibacterial activity in a series of acridines.81 Resistant cells of K. 
aerogenes did not bind less drug than sensitive cells when suspended in 
phosphate buffer containing proflavine,82 implying that a loss of receptors 
does not accompany the development of resistance. However, the amount 
adsorbed did not vary much over a pH range in which the lag in growth 
media varies considerably, suggesting that the inhibitory action is exerted at 
specialized sites and not at every site where drug can be taken up. Similarly, 
resistant cells of E. coli B did not adsorb less proflavine from buffer than 
sensitive cells, and no  differences could be detected between the amount 
taken up by the DNA or the cell envelopes of sensitive and resistant cells or 
in the binding sites. However, in these studies with E.  coli B, it was main- 
tained that a drug bound by resting cells in phosphate buffer could be released 
again by an active process involving metabolism, and that resistant and sensi- 
tive cells differ in the ease with which this takes place.83 Thus, in  a medium 
supporting growth, sensitive cells were found to  contain 4 to 6 times as much 
proflavine as resistant cells. Nevertheless, the amount remaining bound to  
resistant cells, even during active growth, would be sufficient to inhibit 
sensitive cells. Adding metabolites or metabolizable sugars to suspensions of 
resistant cells in buffer also released drug from them. The presence of 
metabolic inhibitors prevented the release but not the passive uptake. Acid 
production is not thought to be involved, but the exact mechanism is not 
known. Observations of this sort are quite compatible with theories ascribing 
the development of resistance to changes in  enzyme balance, and as already 
pointed out, such changes can indeed be demonstrated. 

Acridines also inhibit division relative to the growth of the cells on the 
first exposure to concentrations just below the bacteriostatic level. With 
proflavine and K. aerogenes, filamentous cells several times longer than 
normal cells appearedeS4 This was ascribed to an inhibition of DNA syn- 
thesis, since if the filaments were regarded as the equivalent number of cells 
of standard size, their DNA content was low; but if counted as single cells it 
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was normal. Proflavine has also been reported to inhibit DNA-dependent 
RNA synthesiss5 and some acridines free bacteria of infectious particles 
(episomes).s6 These findings might be taken to indicate that DNA is the 
“vital” receptor in the cell. However, a large proportion of the drug taken up 
is bound by other cellular structures, such as ribosomes (ribonucleoprotein 
 particle^),^^^ 88 cell walls,83 and enzymess9, and until it is known definitely how 
much of the binding occurs at “sites of loss,” the true identity of the vital 
receptor(s) must remain in doubt (cf. Ref. 90). The intercalation of acridines 
with nucleic acids is discussed in Chapter XIV (p. 727), but there is no reason 
whatsoever to correlate any mutations arising as a consequence of such an 
interaction with the development of resistance to a c r i d i n e ~ . ~ ~ ,  92 
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1. Carcinogenesis 

A. Introduction 

Attempts to correlate chemical structure and carcinogenic activity have 
generally been unsuccessful. Substances capable of inducing cancer in man 
or laboratory animals are drawn from many chemical classes, including the 
polycyclic aromatic hydrocarbons and-their heterocyclic analogues, aromatic 
amines and aminoazo compounds, nitrosamines, nitrosamides, hydrazines, 
triazines, biological alkylating agents (such as strained ring lactones, sulfur or  
nitrogen mustards, aziridines, epoxides), radiochemicals, metals or their 
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816 Carcinogenic and Anticarcinogenic Properties of Acridines 

derivatives and asbestos. The ability to induce cancer is also found in cetain 
miscellaneous compounds such as urethane, thioacetamide, or ethionine.' 

Recent work suggests that many of these agents have a common mechanism 
of action. They are thought to be converted in  the body to very reactive, 
positively charged ions (e.g., carbonium ions), which react with the major 
cellular macromolecules, DNA, RNA, and protein, with the result that cells 
are transformed to a cancerous state.2 Because an effective carcinogen has to 
be absorbed into the body, transported to its site of activation, and metabo- 
lized, and the active metabolite must have an appropriate half-life to reach 
its site of action, the difficulties in elucidating meaningful structure-activity 
relationships are understandable. These practical difficulties are increased by 
the fact that the potential carcinogens may interact with systems other than 
those in which the tumor will ultimately appear. The immune system, for 
example, is believed to exercise a controlling function on the ability of some 
cancer cells to develop into clinically apparent tumors; the ability of a 
carcinogen to impair immunological reactivity, as well as to transform cells, 
may influence its apparent carcinogenic activity. 

Relatively little work has been carried out on the carcinogenicity of simple 
acridine compounds. Lacassagne and his colleagues at the Institut de Radium 
in Paris3 have made a major contribution to the activity of benz- and dibenz- 
acridines, but these chemicals have been but little used in the mainstream of 
biological and biochemical work on mechanisms of carcinogenesis. They 
probably resemble closely the polycyclic aromatic hydrocarbons in their mode 
of action. There are two major concepts about the mode of carcinogenic 
action of the latter compounds: (1) they require metabolic activation to a 
highly reactive, positively charged ionic form, which combines with nucleo- 
philic groups in DNA, RNA, and p r ~ t e i n , ~  or ( 2 )  they interact physically 
with DNA.j This controversy remains to be resolved although the weight of 
present evidence favors the former alternative. 

B. Acridine Derivatives 

Comparatively few simple acridine derivatives have been shown to induce 
cancer. Boyland reported that feeding acridine orange (3,6-bis-dimethyl- 
aminoacridine hydrochloride) in  the diet led to malignant hepatomas and 
cholangiomas in all of 14 rats surviving more than 402 days.6 He suggested 
that this might be due to the intercalation of the dye with DNA,' but it should 
also be noticed that this substance is an aromatic amine derivative that may 
undergo metabolic activation in the liver.* However, Van Duuren and his 
colleagues tested acridine orange for carcinogenic activity in mouse skin and 
by injection, after solution in tricaprylin, into the subcutaneous tissues of rats 
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and mice.8 On painting, the chemical had no effect on mouse skin but yielded 
3 liver tumors in  20 mice. On injection, a single local sarcoma was obtained 
in both rats and mice. The reason for the comparative failure of the latter 
experiments to induce a significant yield of tumors may be in the smaller 
amounts of acridine orange presented to the animals by painting or local 
injection than by administration in the diet. Proflavine (3,6-diaminoacridine) 
hemisulfate on intradermal injection in ulcerative doses promoted carcino- 
genesis in mouse skin, which had previously been treated with subcarcinogenic 
doses of 7,12-dimethylben~[u]anthracene.~ On the other hand, Trainin, Kay, 
and Berenblum failed to demonstrate the initiation of skin tumors by intra- 
peritoneal injection of acridine yellow (3,6-diamino-2,7-dimethylacridine 
hydrochloride) or acridine orange at levels approaching the median lethal 
dose.'" Croton oil was used as the promoting agent. Repeated gastric instilla- 
tions of 3,6-diamino-2,7-dimethylacridine induced mammary hyperplasia 
but not tumors in  young female Sprague Dawley rats.12 9-Nitroacridine 
10-oxide on subcutaneous injection in mice failed to induce local sarcomas, 
although its analogue 4-nitroquinoline I-oxide was active under these 
conditions.ll 

C. Benzacridines and Dibenzacridines 

Following the discovery13 of the carcinogenic properties of dibenz[ah]- 
acridine and dibenz[uj]acridine (see p. 548 for nomenclature) in  1935, the 
majority of the systematic work on these substances has been carried out by 
Lacassagne and his  colleague^.^ Their review forms the foundation of this 
section because they reported testing 78 derivatives by skin painting and/or 
subcutaneous injection. For economic reasons, screening such large numbers 
of chemicals means that relatively few mice can be used for each compound. 
Therefore, comparison between the carcinognic potency of different chemicals 
is unreliable. Nevertheless, the results of the biological experiments may be 
roughly evaluated in terms of Iball's carcinogenic index:14 

X 
carcinogenic index = - X 100 

NL 

where x is the number of animals bearing tumors, N the number of animals 
alive at the time of first tumor, and L the mean latent period in days. This 
gives an indication of relative carcinogenicity. Lacassagne found that re- 
peated experiments generally gave similar values for this index.3 

N o  benz[b]acridines have been reported to be carcinogenic; in general, 
benz[c]acridines are more potent than benz[a]acridines. 

The apparent carcinogenic activity of certain compounds varied according 
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to the test used. For example, 8,12-dimethyl-9-chlorobenz[a]acridine, 
10-fluoro-9,12-dimethylbenz[a]acridine, 5,7,1l-trimethylbenz[c]acridine, 
7,8,11-trimethylbenz[c]acridine, 7,9,10-trimethylbenz[c]acridine, 7-methyl- 
9-ethylbenz[c]acridine and dibenz[ch]acridine were active against mouse skin 
on painting but failed to induce sarcomas on subcutaneous injection. Con- 
versely, 7,ll-dimethyl- and 7,10-dimethyl-benz[c]acridine induced a higher 
sarcoma than carcinoma index. The differences in the proportion of animals 
with tumors and the different induction times are, however, not impressive. 
These discrepancies are unlikely to be a result only of the small numbers of 
animals employed, as similar results have been reported following more ex- 
tensive investigations in the polycyclic aromatic hydrocarbon series.’> They 
illustrate the difficulties faced by those who wish to correlate fine differences 
in physical or chemical properties of carcinogens with their biological 
activity. 

The most important point to emerge is that substitution on the meso-carbon 
atom (12 in benz[a]acridine, 7 in benz[c]acridine) appears to be almost 
essential for carcinogenic activity in the benzacridines but not in  the dibenz- 
acridines. In the benz[c]acridine series, every tested substance that was 
methylated at this position, with the exception of 5,7-dimethylbenz[c]- 
acridine, was found to be car~inogenic.~ The abnormal behavior of the latter 
was suggested to be caused by substitution on the phenanthrenoid bond 
(K region) and consequent steric hindrance militating against activity. 

In general, substitution by large groups gave less cqrcinogenic compounds 
than substitution by small groups. Thus 7,1l-dimethylbenz[c]acridine is more 
carcinogenic than 7-ethyl- 1 1-methylbenz[c]acridine, and 10-fluoro-12-methyl- 
benz[a]acridine than 10-fluoro-12-ethylbenz[a]acridine. The only apparent 
exception, which Lacassagne et al. did not explain, was that 7-ethyl-9- 
methylbenz[c]acridine was carcinogenic, whereas 7-ethyl-9-fluorobenz[c]- 
acridine was not.3 

It was suggested that substitution on the 10-carbon atom in benz[a]- 
acridine or the 9 position in benz[c]acridine (i.e., the position para to the 
nitrogen atom in the ring not carrying the angular benzene ring) was not of 
itself enough to make the molecule carcinogenic, but methyl- or fluoro- 
substitution at this position tended to augment the activity of derivatives that 
were already active. For example, 7,9-dimethylbenz[c]acridine was slightly 
more active than 7-methylbenz[c]acridine. If  the number of animals used in 
the comparisons of carcinogenicity is considered, this correlation cannot be 
accepted as convincingly proved. Substitution at the ortho position to the 
nitrogen on the same ring (position 8 in benz[a]acridine and position 11 in 
benz[c]acridine) was suggested to diminish carcinogenic activity. 

More recent work by Lacassagne and his collaborators showed that 
whereas hydrogenation of certain double bonds in derivatives of the benz[a]- 
pyrene series had little effect on the induction of sarcomas following sub- 
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cutaneous injection, 1,2,3,4-tetrahydr0-7-methyldibenz[ah]acridine and 
1,2,3,4-tetrahydro-7-methyldibenz[cj]acridine were much less active in 
inducing sarcomas than the fully unsaturated 7-methyldibenz[ah]acridine 
and 7-methyldibenz[~j]acridine.~~ The same group remarked on the greater 
sensitivity of male mice to  sarcoma induction by benzo[a]pyrene and di- 
benzo[def,mno]chrysene, but found that 7-methylbenz[c]acridine was able to  
induce sarcomas to  a similar extent in both sexes.” These experiments were 
carried out at only one dose level in each case. It is, therefore, possible that 
the use of a smaller dose of the acridine would have permitted the influence of 
the sex of the animal to have been manifested. In a further communication, a 
series of benz[a]- and benz[c]-acridines were tested for their ability to  induce 
sarcomas.’* 7-Formyl-9-methylbenz[c]acridine and 7-formyl-1 l-methylbenz- 
[clacridine were active and 10-aminobenz[a]acridine and 7-cyanobenz[c]- 
acridine possibly so. A further number of chemicals did not induce sarcomas. 

Mashbits tested a series of benzacridine derivatives by injection into white 
mice.lg He induced injection site tumors with 7-methylbenz[c]acridine and 
7-methyldibenz[ch]acridine. Lung adenomas followed the injection of many 
other substances, but without a detailed account of their occurrence in mice 
that had been kept without treatment, their significance is extremely un- 
certain. Bergmann, Blum, and Haddow reported that tumors were induced 
by 5-fluoro-7,9-dimethylbenz[c]acridine and 5-fluoro-7,10-dimethyIbenz[c]- 
acridine but did not report details of the test.*O 

The environmental importance of the carcinogenic dibenzacridines has 
been discussed.21.22 Dibenz[a,j]- and dibenz[a,h]-acridine have been reported 
to occur in cigarette smoke in concentrations of 0.27 and 0.01 pg per 100 
cigarettes smoked. These dibenzacridines can be formed by the pyrolysis of 
nicotine or pyridine at 750°C. Traces of dibenzacridines have also been 
reported in the urban atmosphere. 

The most important and chemically unusual exposure to benzacridine 
carcinogens, suggested by Hakim,23 concerns the use of argemone oil t o  
adulterate vegetable cooking oils in India. This oil is derived from the seeds 
of the poppy Argemone Mexicana Linn, which was introduced into India 
about 250 years ago. It contains the alkaloid sanguinarine (l), which is 
reported to be metabolized by a series of, as yet, unproved stages to  benz[c]- 
acridine ( 2 ) . 2 4  

CH,-0 
I 2 
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The metabolite was identified by the comparison of its uv and fluorescent 
spectra and its chromatographic and electrophoretic properties with genuine 
benz[c]acridine. This is a subject that requires further investigation. Hakim,23 
using much more satisfactory numbers of mice than previously e m p l ~ y e d , ~  
showed that benz[c]acridine was weakly carcinogenic to mouse skin with an 
Iball’s carcinogenicity index of 6 .  He presented evidence in rats to suggest 
that it was a directly acting bladder carcinogen by use of the bladder im- 
plantation test,25 although this test has been considered unsatisfactory in 
rats.26 

The substitution of further heteroatoms in the benzacridines and dibenz- 
acridines may or may not lead to carcinogenic compounds. The most interest- 
ing of these from the viewpoint of carcinogenesis are the tricycloquinazoline 
derivatives, whose carcinogenic activity has been extensively examined by 
Baldwin and his colleagues.27 As these substances are not strictly acridines, 
they will not be considered further. 

D. Mechanism of Carcinogenic Action of Benzacridines 

Robinson was the first to draw attention to the importance of the phen- 
athrenoid bond, later called the K or Krebs region in the carcinogenic poly- 
cyclic aromatic hydrocarbons.28 This type of bond occurs in both benz[a]- and 
benz[c]-acridines; following work initiated by and Pullman,30 
attempts have been made to calculate the electron density of the bond and to  
correlate this parameter with the carcinogenicity of the molecule. Lacassagne 
et al., for example, indicated that the lesser carcinogenic activity of the 
benz[a]acridines (3), compared to the benz[c]acridines (4), might be caused by 
the nearness of the electron-attracting aza-atom in the [a] series, compared 
to  the [c] ~ e r i e s . ~  

3 4 

Attempts to calculate the electron density at the K region at first suggested a 
correlation between the calculated value and the carcinogenic activity, but 
subsequent refinements in the method of calculation caused the difference in 
bond energy between inactive and active compounds to diminish from more 
than 0.01 electron to less than 0.001 electron. 
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The hypothesis of Dipple, Lawley and Brookes that hydrocarbon activation 
occurs at either a methyl substituent on the mesocarbon atom (5) or at the 
phenathrenoid bond (6) suggests that a study of the ease of conversion of the 
methyl substituent to a carbonium ion might be p r~ f i t ab le .~~  

5 6 

One of the consequences of such an activation, the combination of the acti- 
vated molecule with cellular proteins, has been much less comprehensively 
investigated with benzacridines than with polycyclic aromatic hydrocarbons. 
Nevertheless, the potently carcinogenic acridines bind to mouse skin protein 
much more strongly than those that are weakly carcinogenic or apparently 
noncar~inogenic .~~ Similarly, the more potent a carcinogen, the more readily 
it competes with a different radio-labeled carcinogen for binding sites in 
mouse skin protein.33 

Recently, effort has been devoted to showing that carcinogens are both 
electron acceptors and electron  donor^.^^-^^ An extensive study in which the 
ability of a considerable number of carcinogens and noncarcinogens to  form 
complexes with iodine, chloranil, trinitrobenzene, and acridine, and their 
photodynamic activity composed, failed to develop any significant correla- 
t i o n ~ . ~ ’  This approach to  the prediction of carcinogenic activity is, therefore, 
not valid. This is unfortuaate because adequate carcinogenicity tests in ani- 
mals may cost several thousands of dollars for each compound, and a chemical 
method of distinguishing carcinogens from noncarcinogens would be valuable. 

There have been several other attempts to link the carcinogenic activity of 
benzacridines to their physical properties. The actual or calculated partition 
of any aromatic hydrocarbon or benzacridine between a nonpolar solvent and 
water is loosely correlated to its biological Carcinogens have 
greater partition coefficients in aqueous solutions of DNA than noncarci- 
n o g e n ~ . ~ ~  The number of molecules of very potent benzacridine carcinogens 
in the asymmetric unit crystal tended to be greater than for weak carcinogens 
in the six examples quoted.40 Molecular optical anisotropy, measured by 
Rayleigh-depolarized diffusion, appeared to be abnormal with carcinogenic 
hydrocarbons and ben~acridines .~~ Similarly, attention has been drawn t o  the 
fact that there is a relation between carcinogenicity and the ability of benz- 
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acridines to absorb light4* at a wavelength greater than 3545 A. In a con- 
sideration of the electronic properties of a large series of methylated benz- 
acridines, Chalvet and Sung suggested there is (1) a rough parallelism 
between the ionization potential at the phenanthrenoid bond and carcino- 
genicity, and ( 2 )  a better agreement between carcinogenic activity and the 
calculated amount of the carcinogen that is fixed to protein.43 The significance 
of all these findings will be easier to appreciate when the carcinogenic re- 
actions of benzacridines are understood at the molecular level. 

2. Antineoplastic Agents 

A. Introduction 

The aim of cancer chemotherapy is the selective poisoning of tumor cells, 
while leaving the host relatively unharmed. Antibacterial chemotherapy has 
been successful because there are considerable differences in essential inter- 
mediary metabolism between bacterial and mammalian cells. Tumor cells, 
however, derive from the normal cells of the host, and metabolic differences 
are usually more subtle. The problem is made even more difficult because the 
properties and behavior of individual tumors may differ from each other. 
In consequence, the problems in finding successful antineoplastic agents are 
great. 

There is no certain way in which to test antineoplastic agents. Three-stage 
testing schedules are often employed. Substances are generally examined 
first in vitro by determining whether they are toxic to cell cultures; then those 
that pass successfully through this screen are tried against transplanted 
tumors in animals. Only occasionally, because of the expense involved in 
maintaining large numbers of animals to tKe tumor-bearing age, is it possible 
to  use tumors that have grown spontaneously in the primary hosts, despite 
the fact that this model is much closer to the situation in man. 

After an extensive pharmacological investigation to ensure that the side 
effects of these drugs are not likely to be worse than the disease they are 
supposed to cure, the successful substances are subjected to clinical trial, and 
ultimately a very few may pass into more general clinical use. It is debatable 
whether the money invested in developing antineoplastic agents over the past 
30 years has justified itself, except in  the limited areas of the treatment of 
lymphoma and leukemia. Reference to a current prescribing handbook 
shows that no acridine derivative is recommended in the United Kingdom as 
a clinically acceptable antineoplastic agent.44 This section is, therefore, con- 
cerned with past failures and present attempts to establish a clinically 
effective acridine antineoplastic agent. 

There are several different reasons why acridine derivatives have been 
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examined for antineoplastic activity. It was realized at quite an early stage 
that the carcinogenic polycyclic aromatic hydrocarbons were able to  inhibit, 
as well as to evoke, t u m o r ~ . ~ j  This was applied to carcinogenic and non- 
carcinogenic derivatives of a c r i d i n e ~ . ~ ~ ,  47  Because of the general belief that  
cancer tissue proliferates more rapidly than normal tissue, a belief which is 
only a partial truth, efforts to  attack cancer have centered around methods of 
killing dividing cells through the use of biological alkylating agents4* or other 
substances which interfere with DNA metabo l i~m.~~  A few substances with 
miscellaneous actions have also to be mentioned. There do not appear t o  be 
any acridine derivatives that act as metabolic antagonists against tumor cells 
by mimicking the structure of a naturally occurring intermediate in the 
essential metabolism of the cell nor do there appear to be any acridine- 
containing synthetic steroids with the ability to control tumor growth. 

B. Carcinogenic and Other Acridine Derivatives 

It was shown that a number of carcinogenic methylated benz[a]acridines 
inhibited the growth of the Walker 256 carcinoma.jO Using either trans- 
planted mouse sarcomas or mammary tumors, Lewis and Goland investi- 
gated 331 acridine derivatives, of which 26 did not possess an amino group 
and 35 were diamino corn pound^.^^ The compounds without an amino group 
did not stain the tumor or retard its growth. Sixteen of the compounds with 
one or more amino groups, including atebrin (see Chapter 11, p. 125), in- 
hibited tumor growth to  2.5-5.0y0 of the normal level. 

The most extensive work on the antineoplastic properties of the acridines 
is due to Ledochowski and his collaborators. Their compounds were sub- 
stituted in the meso position with dialkylaminoalkylamino groups, and in 
other positions with methyl, methoxy, and ha l~gen . j ' -~~  The inhibition of 
growth of sarcoma 180 was used as the primary screen and inhibition of 
sarcoma 37, Ehrlich ascites carcinoma, ascitic lymphoma, and Walker 
carcinoma 256 as secondary screens. In the course of a large synthetic pro- 
gram, they showed that 9 of 151 compounds were active against the primary 
screen. These were characterized by a methoxy, but not ethoxy, group in 
position 7 in 7, usually dimethylaminobutylamino but sometimes dimethyl- 
amino-propyl or -ethylamino in position 9, and bromine but usually not 
chlorine in position 1 or 3. 

? 
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The extension of this work led to investigations of the tumor-inhibiting 
properties of nitroacridines against in vitro systems.j4 1-Nitro- and 3-nitro- 
acridines were most effective. The most promising of these substances (7, 
9-dimethylaminopropylamino-1-nitro and 9-dimethylaminobutylamino-l- 
nitro), were investigated more fully, and the former was proposed for 
clinical trial. Both substances were active against sarcoma 180, Ehrlich 
sarcoma, exudative leukaemia ; the former was active by vascular perfusion 
against Walker 256 carcinoma.55 

It is suggested that 7 (9-dimethylaminopropylamino- 1-nitro) acts in a 
similar manner to proflavine by forming complexes with DNA and thus 
inhibiting RNA synthesis.56 It does not resemble the antineoplastic, bio- 
logical alkylating agents that inhibit the growth of the sensitive form of the 
Yoshida sarcoma to a much greater extent than the resistant form. This 
acridine derivative is significantly active against the alkylating agent-resistant 
but not the sensitive solid form of this tumor. On the other hand, when the 
ascites form of the tumor was used, the alkylating agent-sensitive form was 
slightly inhibited but not the resistant form.j7 

Cain, Atwell, and Seelye suggested that the group of coplanar fully ionized 
cationic agents, which demonstrate high activity against the L12 10 leukemia, 
may lodge temporarily in the minor groove of the polynucleotide helix.4g A 
subsequent intercalated form of binding leads to cell death. From a con- 
sideration of these sequential binding sites, a number of nonquaternary 
bis-bases active against the L1210 have been prepared (8-12), in contrast to 
the inactive derivatives based on 13. 

meow 0 / \  NH C N c H ,  

R 
9 ;  R = H  

10; R = CH3 
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It was deduced that to  permit it to enter the cell, the molecule must be capable 
of existing in a nonionic form at pH 7.3, and for antileukemic activity there 
should be a separation between the positive charges of 20 A to  permit it to 
form ionic bonds with phosphate groups in DNA. 

Moszew and Adamczyk showed that analogues of the aza-substituted 
acridine 14 were active against Ehrlich ascites tumor in ~ i v o . ~ ~  

Shortridge, Turner, and Green found 7-arninobenz[c]acridine to be active 
against the Furth rat leukemia, but 21 analogues were inactive.59 They sug- 
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gested that the correct degree of ionization, intramolecular charge distribu- 
tion, molecular shape, and surface area were necessary for activity. 

C. Biological Alkylating Agents 

Peck, O’Connell, and Creech examined the effect on the Ehrlich ascites 
tumor in mice of a variety of heterocyclic nuclei linked to monofunctional 
sulfur mustard or nitrogen mustard through an aminoalkyl side The 
sulfur mustard derivatives were generally more effective. Compounds 15, 16, 
and 17 were among those found to be active. The biological side of this work 
was particularly well done, between 100 and 200 mice being used for each 
chemical. 

NHCH,CH,SCH,CH,CI 
/CH,CH,CI 

NH CH,CH N 

~ i E : r H 3  c l m O C H 3  

CI 

IS 16 

NHCH,CH,SCH,CH,CI 
I 

D. Miscellaneous Compounds 

Davis and SolowayG0 described the preparation of a series of boron-con- 
taining acridines, which were tested for their ability to act as neutron- 
capture agents and to  localize in tumors, for use in the neutron radiotherapy 
of cancer. Limited success was obtained with compounds of the nature 
of 18. 

18 
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1. Introduction 

Research on acridine antimalarials has now spanned over 40 years, render- 
ing it one of the more venerable topics intertwining chemistry with medicine. 
As a result, the subject has been reviewed a number of times through the 
years.1-6 To avoid repetition, this chapter discusses in detail only the more 
recent developments in the field, For a broader discussion and more com- 
plete referencing to the earlier literature on this subject, the reader is referred 
especially to the excellent review by Albert.4 

In addition to  acridines associated with malaria, this chapter includes 
acridines with inhibitory properties against some other diseases that are not 
noted elsewhere. This broadening of the subject is easily justified, as the 
major acridine drug, quinacrine [4, originally called atebrin and system- 
atically named 6-chloro-9-(4-diethylamino-1-methylbutylamino)-2-methoxy- 
acridine], possesses a variety of useful biological attributes in addition to  its 
prominent antimalarial properties. For example, a class of potent antiamebic 
drugs are closely related to  quinacrine, and this drug has also served as the 
starting point for an extensive synthetic program directed at antitumor drugs. 

829 
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The latter topic has been considered in Chapter XVII. Where pertinent, 
benzologs, isosteres, or other compounds closely related to acridines are also 
included in the discussion. 

The initial surge in research on acridines as antimalarial agents occurred in 
the early 1930s. This work was initiated in the laboratories of I .  G. Farben- 
industrie where the search for a synthetic substitute for quinine (1) had been 
proceeding for some years. The starting point for these investigations was the 
early observation by Ehrlich that methylene blue (2), a phenothiazine dye, 
exhibited some anti plasmodia1 a~ t iv i ty .~  These early efforts led initially to 
pamaquine (3), which was introduced in 1926 and was the first representative 
of the still important, causally prophylactic, 8-aminoquinoline group of anti- 
malarial drugs.8 Because of toxicity and the relatively low degree of effective- 
ness of pamaquine against the acute stage of malaria infections, research 
continuedg lo  and led to the preparation of the acridine derivative, quin- 
acrine (4), in  1930. A key feature of this research was the discovery of the 
importance of a basic side chain on the aromatic nucleus. This structural 
moiety, no doubt initially investigated because of its presence in quinine, has 
provided a dominant theme in antimalarial drug research since that time.5, 

Although quinacrine had been available for some years, its status as a 
clinically useful drug was uncertain in the Allied countries at the beginning of 
World War 11. During this conflict, because it involved many malarious areas 
of the world, large amounts of antimalarial drugs were in demand at a time 
when quinine supplies were denied to the Allied countries by the hostilities. 
After initial uncertainties about the toxicity of quinacrine were dispelled, it 
became the mainstay of malaria prophylaxis and treatment throughout the 
war.", l 2  Although quinacrine was satisfactory, it was far from ideal, and a 
massive search for an improved agent began in both the United States and 
England during and immediately after World War II.r2-14 Among the several 
drugs that evolved from this effort, chloroquine (S), whose close relationship to 
quinacrine is apparent, had the greatest impact. 

2 
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Chloroquine proved to  be more potent and less expensive and to exact fewer 
side effects than quinacrine. As a result, it largely replaced quinacrine as the 
drug of choice for treatment and prophylaxis during the 1950s. 

At this point, many believed that a combination of appropriate public 
health measures with the effective drugs and residual insecticides that had 
become available during and immediately following the war years could lead 
to total eradication of malaria. Indeed, a World Health Organization program 
directed toward that end has made great strides.15-17 However, a side effect 
of this attitude was a simultaneous, almost complete collapse of all phases of 
malaria research.'* Thus the 1961 discovery of a strain of PZasmodium 
fakiparum in Colombia that resisted nontoxic doses of chloroquine was an 
unpleasant surprise. (See Ref. 19 and references therein.) Subsequent ex- 
perience, especially in Southeast Asia, revealed strains of falciparum malaria 
resistant to all available drugs.lg Thus the same problem that shattered the 
complacency surrounding the availability of penicillin for bacterial infections 
arose with antimalarial therapy as well. As a result of this recurring threat, 
malaria research experienced a renaissance during the mid- 1960s, with 
special emphasis on drugs to combat chloroquine-resistant P. fakiparum. 
This effort is continuing and, among many other results, has reinstated 
synthetic research devoted to acridine-derived antimalarials. 

2. Biological Aspects* 

Malaria is caused by infection with a protozoan parasite from the genus 
Plasmodium. Four species-P. falciparum, P. vivax, P. malariae, and P. ovale- 

*For a more detailed discussion of the medical and biological aspects of malaria, see 
Ref. 20. 
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are disease agents in man, but many other species infect a variety of other 
vertebrate hosts. The plasmodia are characterized by a complex life cycle that 
requires alternate passage through a vertebrate species and an intermediate 
mosquito host of the genus Anopheles. An abbreviated version of the cycle is 
presented in Figure 1. This cycle is of considerable importance in considering 
malaria chemotherapy because individual drugs typically affect the various 
stages differentially. The mosquito ingests male and female forms of the 
parasite, the gametocytes, while taking a blood meal from an infected 
vertebrate host. Fertilization takes place in the mosquito gut, and the result 
of this union eventually matures to  an oocyst. The oocyst, upon rupturing, 
releases large number of sporozoites; these migrate to the salivary glands of 
the mosquito and are injected into the vertebrate host during feeding. The 
sporozoites quickly infect liver cells and undergo preerythrocytic develop- 
ment. 

The end result of the development stage is the release of greatly increased 
numbers of plasmodia, now in the form of merozoites. These enter the blood- 
stream, where they individually penetrate red blood cells to form trophozoites. 
The trophozoites are asexual multiplicative forms that mature into struc- 
tures (schizonts) containing greatly increased numbers of merozoites. At 
maturity, the infected red cell ruptures and the newly released merozoites 
invade additional red blood cells, and the cycle is repeated. The coordinated 
release of merozoites into the blood at characteristic intervals is responsible 
for the onset of the periodic fever and chills for which malaria is so well 
known. During the blood phase of the disease, a small fraction of the mero- 
zoites are diverted from asexual multiplication and develop into male and 
female gametocytes, thus completing the parasite life cycle. 

Some species of plasmodia, notably P. vivax and P. malariae among the 
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Fig. 1. Simplified plasmodia1 life cycle. 
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human parasites, persist in  a dormant form after the acute phase of the illness 
has passed. This is due to reinvasion of liver cells by merozoites released dur- 
ing the preerythrocytic stage. The resulting secondary exoerythrocytic forms 
can remain inactive until conditions are suitable for reoccurrence of the 
disease, typically when natural immunity has subsided or suppressive drug 
treatment is stopped.21 

The diseases caused by P.  vivax and P. falciparum are the most common 
throughout the world. Except for P. malariue, for which the incubation period 
is about 1 month, the onset of symptoms occurs about 2 weeks after infection. 
Initial manifestations may be headache, lassitude, or nausea. This may be 
followed by the classical paroxysm, progressing through chills and shivering, 
pallor, gradual increase of body temperature to 104-106°F (40-41 "C), 
profuse sweating, and finally abrupt return of the temperature to normal or 
subnormal. Without treatment, this is repeated more or less regularly, but 
with lessening severity, for several weeks or longer. The intervals between 
attacks vary from 1 to 3 days, depending on the infecting species. This 
pattern, although common, is not universal, and individual cases, especially 
with P. fulciparum, may differ markedly. Of the four species of malaria 
parasitic in man, only P.fulciparum is normally considered to be life-threaten- 
ing. In infections with this organism, up to 10% of the red blood cells may be 
parasitized in severe cases; a 2T0 level of parasitemia is unusual for the 
other species.2o 

The asexual blood forms of the parasite are the most easily influenced by 
drug treatment. All types of drugs in  clinical use inhibit growth at this point 
of the life cycle, although they vary widely in  the rate at which the effect is 
demonstrable. Quinine, quinacrine, and especially chloroquine act rapidly 
and are therefore valuable in  treating acute attacks; taken prophylactically, 
they also are (or have been) widely used to suppress the disease in  endemic 
areas of the world. However, as they have no effect on the preerythrocytic or  
secondary exoerythrocytic phases, the cessation of treatment may result in the 
reoccurrence of overt disease. The 8-aminoquinolines, i.e., pamaquine and its 
descendents, are the only class of drug capable of destroying these tissue 
forms of the p lasm~dia . '~ ,  2o 

A great many methods for evaluating potential antimalarial drugs have 
been developed over the years. Until about 1950, almost all primary screening 
studies employed avian species of plasmodia in various bird hosts. Pamaquine 
and quinacrine were developed on the basis of the Roehl assay, the first test 
system that provided comparative information for a series of drug candi- 
dates.22 This assay employed P. relictum or P. cathemerium in canaries; sub- 
sequent systems employed P.  gallinaceum in chicks and P. lophurae in  d ~ c k s . 2 ~  
Wiselogle lists 38 suppressive tests employing these host-parasite combina- 
tions that were used in the U S .  World War I 1  Malaria Program.12 In  most of 
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these tests, a depressed level of blood parasitemia, compared with untreated 
controls, indicates antimalarial properties for a candidate drug. Not sur- 
prisingly, assays employing parasites and hosts only distantly related to the 
human disease were less than perfect as predictors of drug activity in man. 
The discovery in 1948 of P.  berg he^',*^ a parasite of small rodents from 
Central Africa, provided a better model.25 This organism, which adapted 
readily to common laboratory rodents, has largely displaced the avian species 
of plasmodia for many types of experimental studies. In addition to being a 
better biological model, P. berghei infections in the mouse do not require 
time-consuming blood examinations to  ascertain drug activity. For example, 
an increase in survival time of treated animals over that of untreated con- 
trols provides an accurate assessment in the assay used by Rane in the current 
U.S. Army Research Program on Malariasz6 Another feature of P. berghei 
that has proved very valuable is its susceptibility to the induction of drug 
resistance. As reviewed by Schmidt,Ig this organism relatively easily acquires 
resistance to chloroquine, with simultaneous cross resistance to quinacrine 
and, to a lesser extent, to quinine. Many earlier attempts to develop chloro- 
quine-resistant strains of avian or simian plasmodia were essentially un- 
successful. The cross-resistance phenomenon displayed by chloroquine- 
resistant P.  berghei is also characteristic of drug-resistant P .  fulciparum 
infections in man. The use of P. berghei in chemotherapeutic studies has been 
recently s u m m a r i ~ e d . ~ ~  

Secondary examination of promising drugs from primary screening sys- 
tems has often employed the simian species, P.  cynomolgi and P. knowlesi, in 
conjunction with appropriate monkey 2 8  Both therapeutic and 
prophylactic studies are possible in these systems. P. knowlesi, in addition to  
its major role as an in vivo model of human malaria, has also been used in an 
automated in vitro test system that has promise as a mass screening tech- 
nique.2Y Another area of important recent developments is the successful 
adaptation of human malaria species to simian hosts. For example, P. 
fulciparum and P. maluriue infections have been established in splenectomized 
chimpanzees, and all human species except P. ovale have been found adaptable 
to the owl monkey.30 P. fulciparum appears to be especially versatile; it has 
recently also been successfully introduced into Cebus monkeys3' and gibbons.32 
The use of these new hosts for human plasmodia can be expected to sub- 
stantially advance research on new drug development and other phases of 
malaria control. 

3. Quinacrine, Structure-Activity Relationships 

Up to and during World War 11, major structure-activity studies on 
acridine antimalarials were undertaken in Germany, Russia, England, and 
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the United States. Although occasional compounds from each of these pro- 
grams were as effective as quinacrine in experimental test systems or clinical 
trials, none succeeded in displacing it. In  general, all these efforts reached 
similar conclusions regarding the parameters determining maximum po- 
tency. However, it is very difficult to make direct comparisons because the 
groups commonly used different systems for assessing their drugs. As these 
studies have recently been reviewed in depth,4 only selected relationships will 
be discussed here; for complete details, the reader is referred to  the original 

In the most simple terms, acridine is converted to an antimalarial drug of 
the quinacrine class by the insertion of a diamine side chain into the 9-position 
to give structures encompassed by the general formula 6. 

When the 9-amino group bears an additional substituent, the compounds are 
inactive. This has been ascribed to their chemical instability, as 9-dialkyl- 
aminoacridines readily undergo hydrolysis to 9-a~ridanones.~'  4 ,  6, 3 3  (See 
also Chapter 11, p. 124.) The substitution of oxygen or sulfur for nitrogen in 
the 9-position results in derivatives completely devoid of Similarly, 
deletion of the terminal aminel* or replacement by another polar group 
(e.g., hydroxyl) results in inactive  compound^.^^ 

The nature of Y ,  the linkage between the two amino functions in the side 
chain, is probably the least demanding element of structure-activity relation- 
ships in this class of compounds. A chain length of two to  nine carbon atoms 
is consistent with significant activity, as illustrated by compounds 4, 7, and 
8, shown in Table I. The chain may be entirely aliphatic or largely aromatic 
(e.g., 9). The replacement of carbon atoms in the chain by heteroatoms is 
entirely consistent with activity, as in 10 and 11. Cyclic structures (e.g., 12 and 
13) also provide highly active compounds. Branches of various types are also 
well tolerated in the Y segment of the side chain. The a-methyl branch 
characteristic of the quinacrine side chain may be successfully omitted or 
replaced with a variety of other groups (e.g., 14-20) of varying steric and 
polar characteristics. Moving the a-phenyl substituent of 18 to the P-position, 
as in 21, had no effect on activity. More polar branches are also acceptable; 
hydroxy derivative 22 and triamine 23 possess significant antimalarial prop- 
erties. Triamine 24, however, was inactive. Hydroxy compound 22, known as 



TABLE I.  Structure-Activity Relationships of Quinacrine Analogues: Side 
Chain Variantsa 

HN-Y-NEt2 

MeoQ-J-$Q c1 

No. 

4 

7 

8 

9 

10 

1 1  

12 

13 

14 

15 

Y 

CH3 
1 

-CHCH2 CH2 CH2 - 
(quinacrine) 

FH3 
y 3  

- CHCHZ - 

-CH(CH2), - 

q 
CHZ - 

-CH2)3-O-(CH2)2 - 
-(CHz )z -S-(CH2 12- 

U 

CH,CH,- 

-CH2 CH2 CH2 CH2 - 

CH2 CH3 
I 

-CHCHz CH2 CH2 - 

Anti- 
malarial 

b activity 

3 

1.5 

2 

2 

0.6' 

2 

3 

3 

2 

3 
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Table I. (Continued) 

No. 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Y 

CH3 CHCH3 
I 

-CHCH2 CH2 CH2 - 

(cp2 15 CH3 
-CHCH2 CH2 CH2 - 

Q 
-CHCH2 CH2 CH2 - 

COOEt 
I 

-CHCH2 CHzCHz - 

-CHCH2 CH2 CH2 - 

Q 
-CH2 dHCH2 CH2 - 

OH 
I 

-CH2 CHCH2 -(acranil) 

CH,NEt, 
/ 

‘ CH2 - 

Anti- 
malarial 
activity b 

3 

3 

3 

1 .s 

1.5 

3 

2 

2c 

< 0.4d 

b ‘All examples taken from Ref. 12. Expressed as quinine equivalents, the ratio 
of the minimum effective therapeutic does of quinine divided by that of the 
test drug. Unless otherwis noted, the test system is P. lophurae in the duck. ‘p. 
gallinaceurn in the chick. ‘The “less than” symbol means that the drug was 
inactive up to  the toxic dose. 
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acranil, has been used clinically to  treat giardiasis (lambliasis), an intestinal 
disease caused by the protozoan parasite, Giardia lambli0.~6 

More recent work on the side chain by Elslager et al.37, 38 has established 
that incorporation of the hydrazino or hydroxylamino moiety into the Y 
segment of the side chain, either at the proximal or distal end, is generally 
deleterious to antimalarial activity. However, some of the compounds pre- 
pared in these studies possessed significant antiamebic and anthelmintic 
proper tie^.^' 

As in the Y segment of the side chain, a wide variety of structural features 
in the terminal N-substituents are compatible with substantial activity. 
Selected examples are given in Table 11. The terminal amine may be primary 
(25), secondary (26 snd 27), or tertiary (28 and 29), although the majority of 
structure-activity work on this portion of the side chain has dealt with tertiary 
amines. In general, with aliphatic hydrocarbon substituents, a total of up to 
seven or eight carbon atoms on the terminal amine is compatible with sig- 
nificant activity. The substituents may be linear, branched, or cyclic, as 
illustrated by compounds 27-35. Diethylamino appears optimum and was 
used most frequently by the majority of investigators, but the advantage is 
not always marked. Occasionally, small structural differences in the alkyl 
groups cause substantial effects on activity (e.g., compare 34 with 36 and 30 
with 37). As the total number of carbon atoms in the terminal aliphatic 
substituents reaches or exceeds eight, toxicity begins to appear (e.g., 38 and 
39). The acceptability of unsaturated hydrocarbon substituents (i.e., diallyl- 
amino) was established very early.39, 40 Although relatively little investigation 
has been done on them, heteroatoms in the terminal groups are allowable 
under some circumstances but do not enhance activity (e.g., 40-44). The 
attachment of almost any type of aromatic function to  the terminal nitrogen 
is highly detrimental to activity, as illustrated by 45 and 46. The only excep- 
tion to this generalization is compound 47 in which the aromatic substituent 
is 6-methoxy-8-quinolyl; this aromatic moiety is the same as that from the 
pamaquine series of 8-aminoquinoline antimalarials and renders interpreta- 
tion of the result difficult. 

Approximately 50 different substituted acridine nuclei were investigated 
during the structure-activity studies associated with quinacrine-related anti- 
malarials, and the majority provided active compounds in at least one assay 
system. Table I11 lists some examples of interest from early studies by the 
German The completely unsubstituted nucleus (49) provided only 
marginal activity in these studies, using P. relictum and P. cathemerium in 
canaries. However, when evaluated against P. lophurae in the duck, compound 
49 wes approximately half as active as quinacrine.'* Independent incorpora- 
tion of the methoxy and chloro substituents of quinacrine (50 and 51) clearly 
indicates that the chlorine is providing most of the activity enhancement. 



TABLE 11. Structure-Activity Relationships of Quinacrine Analogues: 
Terminal Amine Variants' 

H N C H ~ C H ,  CH, NR' R' Meoacl 
No. 

25 

26 

27 

28 

29 
30 

31 

32 

33 

34 

35 

36 

-NR' R, 

-NHi 

-NHCH3 

-NHCH, CH(CH,), 

,CH, CH(CH3 1, 
-N- 

'CH, CH(CH3), 

, CH3 

\CH(CH, CH, C H ~  ), 
-N 

, CH3 
-N ' CHCH( CH3 ), 

I 
CH3 

-.3 

, CH3 

-"Q 
-.3 

Anti- 
malarial 
activity b 

1.5 

2 

2 

3 

d 3,4,1.0 
2 

1 

1 

1 

2 

2 

0.4 
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No. 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

-NR’ R2 

Anti- 
malarial 
activity b 

0.4 

< 2c 

<2c 

1 .o 

1 .o 

0.2e 

0.2e 

0.6e 

0.02f 

<O .04C*f 

(Table Continued) 
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No. 

41  

Table II. (Continued) 

Anti- 
malarial 

-NR’ R~ activity b 

0.6, 0.8, 
1 .gd 

All examples taken from Ref. 12. Expressed as quinine equivalents, the 
ratio of the minimum effective therapeutic dose of quinine divided by that 
of the test drug. Unless otherwise noted, the test system is P. lophurae in 
the duck. The “less than” symbol means that the drug was inactive up  to 
the toxic dose. dResults from three different drug regimens. eP. 
cathemerium in the canary. fP-gallinaceum in the chick. 

Relatively few other monosubstituted nuclei have been reported, and  only 
one provided more favorable activity than that of 51; Topchiev a n d  Bekhli41 
reported that the 1 -chloro acridine nucleus gave a corresponding compound 
substantially more active than quinacrine. 

Disubstituted nuclei were the most commonly prepared, and series 52-59 
illustrates the effect of replacing the rnethoxy of quinacrine with various 
other substituents. The sequence of increasingly larger alkoxy groups (e.g., 
55, n-hexyloxy) provides compounds of the same potency as quinacrine, 
despite the pronounced steric and  hydrophobic effects that would be expected 
to accompany their incorporation. The primary member of this series, the  
quinacrine derivative with methoxy cleaved to phenolic hydroxy, has been 
reported by Russian investigators to retain the activity of quinacrine but to 
have increased The deletion of the alkoxy and  replacement by 
methylthio, methyl, or chloro (57-59) affected activity only slightly in this 
group. 

A similar series of quinacrine analogues, in which the methoxy is retained 
and the 6-position substituent varied, is provided by 60-65, as shown in 
Table 111. It is apparent that  the 6-chloro substituent has only a slight advan- 
tage over 6-fluoro, 6-bromo, and  6-methyl, and essentially has n o  advantage 
over 6-cyano. The corresponding iodo- and nitro-bearing drugs were clearly 
deactivated. The rationalization of these results in terms of the chemical or 



TABLE 111. Structure-Activity Relationships of Quinacrine Analogues 
Aromatic Substituent Variations' 

CH3 
I 

HNCHCH2 CH2 CH2 NEt2 

No. 

48  
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63  
64 
65 
66 
67 

Aromatic 
substituents 

6-Cl-2-MeO (quinacrine) 
None 
2-Me0 
3-C 1 
6-C 1-2-Et0 
6-C 1-24 Pro  

6-C1-2-nC6H13 0 
6-C1-2-nCI2 H25O 
6-Cl-2-MeS 
6-Cl-2-Me 

6-F-2-MeO 
6-Br-2-MeO 
6-I-2-Me0 
2-Me0-6-Me 
2-Me0-6-N02 
6-CN-2-MeO 
6-NH2 -2-Me0 
7-NH2 -6-C1-2-Me0 

2-Bu0-6-Cl 

2,6-c12 

(aminoacrichine) 

METD 

0.33 
5 .O 
2.5 
0.33 
0.67 
0.67 
0.33 
0.33 
1.25 
0.33 
0.33 
0.67 
0.67 
0.67 
1.25 
0.67 

10.0 
0.3 
- 
- 

TI 

30 
1 
2 

15 
8 
8 

15 
15 
8 

15 
15 
15 
15 
15 
4 

15 
1 

23b 
- 
- 

a Data from Ref. 39, unless otherwise noted. Assay systems employed P. 
relictum or P. cathemerium in canaries. METD = minimum effective thera- 
peutic dose in mg. TI = therapeutic index (maximum tolerated dose 
divided by METD). 

Data from Ref. 43. 
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electronic properties of the substituents has proved frustrating, as noted by 
Albert. 

The 6-cyano analogue (65) was sufficiently promising to merit clinical 
t r ia l~ ,4~  but the skin discoloration associated with its use proved unaccept- 
able.3 An unresolved conflict in this series of 2,6-disubstituted acridine nuclei 
is represented by 6-amino derivative 66; this drug was independently found 
inactive by one but fully active by a n ~ t h e r . ~  Numerous substitution 
patterns other than 2,6- were examined during studies on disubstituted, 
quinacrine-related drugs of this type, but none provided compounds so 
consistently active. 

Comparatively few trisubstituted quinacrine congeners have been pre- 
pared, and only one provided interesting activity. This compound, amino- 
acrichine (67, Table 111), proved as active as quinacrine and was significantly 
less 45 Compound 67 has found clinical application in the 

The effect of partially reducing the acridine nucleus in quinacrine-type 
antimalarials was investigated by two g ~ o u p s ~ ~ - ~ * ;  both found that 1,2,3,4- 
tetrahydroacridines of general structure 68 were virtually without activity. 

y3 

HNCHCH,CH2CH2NEt, 

68 X = CI, NO2, OMe 

The benzologs are another type of nuclear variation that has received con- 
siderable attention. All three of the possible b e n ~ a c r i d i n e s ~ ~ - ~ ~  and four 
pyridoacridinesj2. j4 .  j5 have been fitted with appropriate diamine side chains 
for examination as antimalarials. Benz[u]acridine1*~ 49 and pyrido[2,3-a]- 
acridinejj provided compounds (e.g., 69 and 70) with activity approaching 
that of quinacrine in avian test systems ; the remaining heterocycles gave 
compounds with little or no antiplasmodial properties. 

69 70 
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HN(CH,), NH-n-C,H,, 
I 

Although lacking antimalarial activity, the benz[c]acridines proved quite 
interesting as antiamebic agents. Elslager and collaborators have extensively 
investigated this areaj6; one derivative from this work, 71, was found to be 
quite effective against intestinal and hepatic amebiasis in a clinical trial.57 

Another type of nuclear substituent that proved advantageous with the 
9-aminoacridines is the 10-oxide. Elslager et al. prepared an extended series 
of quinacrine analogues with this functional group and found many that were 
more active than their desoxy parents.j8 The most promising compound, the 
desmethoxy derivative 72, was four times more potent than quinacrine in 
chicks having P. lophurae infections and twice as active in rhesus monkeys 
infected with P. cynomolgi.jy 

CH3 I 
HNCH(CH,),NEt, 

0- 

72 

Compound 72 also lacked the tissue-staining properties of quinacrine, a 
highly desirable improvement. In clinical trials against the human malarias, 
P. falciparum amd P. malariae, the activity of 72 was about equivalent to that 
of the widely used 4-aminoquinoline antimalarial, amodiaquine, and pro- 
vided no apparent advantage.60, Oxidation of the 1-nitrogen atom of 
4-aminoquinoline antimalarials is also reported to provide enhanced activity 
in experimental assay systems.62 

The effect of substituting nitrogen for one of the ring carbons of the 
acridine moiety has been considered by several investigators. The initial effort 
in this area yielded azacrin (73), the 1-aza analogue of quinacrine. This drug, 
prepared independently in two laboratories, combines structural features of 
the causally prophylactic 8-arninoquinolines with those of the 9-amino- 
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a~ridines.6~. 6 4  It proved to  be approximately twice as active as quinacrine in 
the chick and mouse64 and also displayed somewhat improved properties in 
the clinic, compared with quinacrine. However, it possessed no advantage 
over the 4 -aminoq~ ino l ines .~~-~~  A more recent study has revealed that 
oxidation of azacrin to the 5-oxide increases potency nearly fourfold against 
P. berghei in the mouse.68 This same 5-oxide is also effective for treating 
experimentally induced filariasis in the gerbiL6* A closely related isomeric 
aza-acridine derivative, 74, possessed only marginal activity in the mouse- 
P. berghei system.69 Another aza-acridine variant with the side chain in the 
4-position (75) was completely inactive.70 

CH,NEt,  

73 14 

Azacrin 

9 10 

CI-$ NEt 

HN 

Elslager, Tendick, and Werbel have prepared a series of derivatives of 
quinacrine (e.g., 76), chloroquine, and other antimalarial drugs designed to  
introduce repository antimalarial action to their respective classes.71 

1 6  
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The stimulus for this work was the success of the repository drug, cycloguanil 
pamoate [4,6-diamino- 1 -(4-chlorophenyl)- 1,2-dihydro-2,2-dimethyl- 1,3,5- 
triazine 2 : 1 molar complex with 4,4'-methylenebis-(3-hydroxy-2-napthoic) 
acid], in protecting animals and man from plasmodia1 infection for periods 
of several months after a single injection.5, 21 Unfortunately, the effort was 
unsuccessful in the acridine group. 

4. Quinacrine, Pharmacological and Biochemical Aspects 

For the treatment of acute clinical attacks of malaria, the usual dose of 
quinacrine is 200 mg every 4 to 6 hr for the first day, followed by 100 mg 
three times daily for 6 days.72 For suppressive use in areas where malaria is 
endemic, 100 mg per day is the recommended dose, treatment being started 
2 weeks in advance of exposure. Although a relatively benign drug, extensive 
use over many years has shown that quinacrine may provoke a variety of 
side effects. Generally, these involve the skin (yellow discoloration, pruritis), 
the gastrointestinal tract (nausea, vomiting, diarrhea, abdominal cramps), 
and the central nervous system (toxic psychosis).', 72  These effects, however, 
are transient, or reversible on cessation of treatment. Because of these 
difficulties, quinacrine has largely been superseded by other drugs for malaria 
treatment.;* It is, however, still used as a remedy for tapeworm i n f e ~ t a t i o n . ~ ~  

On ingestion, quinacrine is widely dispersed among the body tissues, 
especially on chronic administration when it progressively accumulates at 
sites such as the liver, spleen, lungs, and adrenal glands. The fingernails and 
hair also retain the drug; in the former, it may be detected by its brilliant, 
greenish yellow fluorescence under uv illumination.72 The drug has a high 
affinity for body tissues and is rapidly adsorbed; after intravenous injection, 
for example, 95% of the drug leaves the circulatory system within 3 min.' 
Tissue concentrations may be thousands of times higher than that in the 
blood plasma. It is rapidly absorbed from the gut when taken orally but is 
excreted only slowly and is accompanied by a variety of metabolites." 2 ,  4 ,  

Numerous speculations and hypotheses concerning the mode of action of 
quinacrine on plasmodia have been advanced during past years; these are 
discussed in some detail by Albert.4 Most recently, attention has focused on 
the action of the drug on nucleic acid metabolism, and it appears that inhibi- 
tion of DNA and/or RNA synthesis may be a primary effect. Kurnick and 
Radcliffe noted that quinacrine forms a molecular complex with DNA 
in ~ i t r o , ? ~  and subsequent work by Lerman7j and others76 has defined this 
complex as occurring through the very interesting intercalative binding 
mechanism (see Chapter XIV). In  vitro enzyme studies have shown that 
quinacrine inhibits the DNA and RNA polymerases from E. ~ o l i ~ ~ .  7 7  and, in 
a parallel manner, suppresses DNA and RNA synthesis in the intact micro- 
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organism.78 In work with P. berghei, Van Dyke and ~ollaborators~~-81 have 
shown that the drug inhibits incorporation of radioactively labeled adenosine 
triphosphate into plasmodia1 RNA and, to a lesser extent, DNA. These 
investigators have also observed that intact parasite nuclei display the 
characteristic fluorescence associated with intercalative binding after para- 
sitized erythrocytes are treated with quinacrine.81 Quinacrine may also act by 
interfering with the absorption of nutrients essential to P. berghei metabo- 
lism, as it inhibits uptake of adenosine by infected erythrocytes.81 Similarly, 
the inhibition of amino acid uptake by the drug has been demonstrated in 
another piotozoan, Tetrahymena pyriformis.82 In much of the cited work 
dealing with the mode of action of quinacrine, parallel experiments were 
performed with chloroquine and quinine. Although differences exist, espe- 
cially with quinine, all these drugs seem to act by similar m e c h a n i ~ m s . ~ ~  

5. Quinine-related Acridine Antimalarials 

Although antimalarial acridines are usually associated solely with 9-amino 
derivatives related to quinacrine, a significant effort has also been applied t o  
acridine methanols formally derived from quinine (1). Perrine has com- 
mented on unsuccessful efforts in the 1930s to obtain such 9-(a-hydroxy-P- 
aminoethyl)-a~ridines.~~ Acridans (9,lO-dihydroacridines) with this type of 
side chain are completely inact i~e, '~ .  84 as are 1,2,3,4-tetrahydroacridines 
with similar 7-position side chains.l3$ 8 5  However, a 6-position side chain on 
the tetrahydro nucleus (e.g., 77) provided significant antimalarial activity 

OH 
I 

CH(CH2!, N(n-C4 )2 a cHcH2N(n-c9H,d2  I Meorx-Yl ' N' ' CI 

78 7 7  OH 

HO 
' C 6  

c1 pC' ' 79 
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(about one-third that of quinine) against P. gallinaceurn in the chick.l38 8 5  

A four-carbon a-hydroxy side chain in  the 9-position of a fully aromatic 
acridine (78) produced a compound equal to quinine in potency and about 
two-thirds as active as quinacrine in  the P. gallinaceum-chick t e ~ t . 1 ~ .  86 

Very recently, Rosowsky et al.87 have prepared related benz[c]acridines (e.g., 
79) that are fully curative in P.  berghei-infected mice at 40 mg kg-’. Quin- 
acrine is not curative in this test in doses up to 320 mg kg-I, the maximum 
nontoxic dosage. 
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This is a combined subject and compound index. Compounds listed only in the Tables 
are not detailed in the index, but may be found by referring to the appropriate general class 
of compound. Tables are indicated by the letter “T” before the page number. Page numbers 
in heavy type refer to  major discussions; in italics to main preparations. 

Acramine, 4 2,7dimethyl, 582 
Acramine red, 794 9,9-bis(dimethylaminopropyl)-2-chloro, 
Acranil, 724, 739, 838 129 
Acridan, 19 ,20 ,  21, 22, 62, 65, 66, 76,190, 3-bromoacetyl-lO-acetyl, 458 

201, 202 ,209 ,445 ,457459,488,  
502 ,504 ,507 ,545 ,662  

Acridan, chemiluminescence, 626 
ir spectrum, 667 ,668  
mass spectrum, 719 
uv spectrum, 657,658 
10-acetyl, 458 

9dimethylaminopropy1, 448 
10-(9-acridanylmethylene), 448 
9-alkoxy-l0-( 1,2-bismethoxycarbonyl- 

9-alkoxy-lO-methyl-9-pheny1, 440 
9-alkylimino, 443 
9ally1, 448 
1-amino, I13 
2-amino, 11 3 
3-amino, I13 
4-amino, 113, 241 

2,7-dinitro-9,9diphenyl, 460 
1-methyl, 21 

vinyl), I 8 6  

9-amino-9-hydroxy-lO-methy1, 44 2 
9-aminomethyl, 23 
9-amino-lO-methyl-9-pheny1, 1 18, 440 
9-anilino-lO-methyl-9-pheny1, 440 
lQ-benzoyl-9-cyano, 92 
9-benzyl-3,7-diamino-lO-methyl, 450 
9-benzylidene-lomethyl, 194, 436, 442 

9-benzyl-9-methy1, 458 
lO-benzyl-9-methyl,447, 450, 458 
3,6-bisdimethylamino, 21, 38, 582 

chemiluminescence, 621  

9-fert-butyl, 119 

9-terf-butyl-3diethylamino,4 36 

chloro-9,l Odiphenyl, 446 
6-chloro-9-hydroxymethyl-2-methoxy, 

6chloro-2-methoxy, 457 
3-chloro-9-(2-N-methyl-2-piperidinoethyl), 

9-chloromethyl-10-phenyl, 456 
9-cyano, 92, 93,454, 524 

9-hydroxy-10-methyl, 440 
10-methyl, 194 

9cyclohexyl,453 
3,6diamino-2,7-dimethyl, 30 
2,7diamino-lO-methyl, 22 
gdiazo, 19 
9,10dibenzyl, 63 
9,9dichloro-lO-methyl, 461 
9dicyanomethy1, 64 
9,9dideutero, 201 
1,2dimethoxycarbonylvinyl-9-methoxy, 

45 6 
l,lOdimethyl, 22 
2,7dimethyl, 22 
2,10dimethyl, 22 
3,10dimethyl, 22 
4,10-dimethyl, 22 
9,9dimethyl, 17, 83, 205, 447, 451, 458, 

9,10-dimethyl, 22,446, 450, 458 
2dimethylamin0, hydrochloride, 23 3 
9dimethylaminopropy1,448 

3-Ch1010, 75 

46 1 

448 

45 9 
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9,9dimethyl-l0-( 3 -dimethylaminoprop yl), 
452,459 

9,9-dimethyl-l0-(3-dimethylaminopropyl)- 
3-hydroxy, 452 

9,10-dimethyl-9-ethoxy, 82 
9,9dimethyl-lO-isopropyl, 459 
9,9diphenoxy, 80,116,118 

hydrochloride, 79 
9,9diphenyl, 452,460 

10-acetyl, 460 
nitro derivatives, 460 

9,10diphenyl, 209,446, 450 
9,10(9H)-epidioxy, 2 10 
9-ethoxy-lO-hydroxy, 76,453 
4-ethyl, mass spectrum, 719 
loethyl,  uv spectrum, 659 
9-h ydroperoxy-l 0-methyl-9-phenoxy- 

carbonyl, 625 
9-(l-hydroxyethyl), 525 
9-hydroxy-lO-methoxy-9-pheny1, 21 1 
9-hydroxymethyl, 90,453 
9-hydroxy-lomethyl, 193,439 

9-phenyl, 440 
9-phenyl, 436, 439 
9-(2-iodophenyl), 451 
9-imino, 1 21, 196 

10-methyl, 208,442, 462, 463, 639, 
640,666 

4-methoxy, 22 
1-methyl, 22 
2-methyl, 22 
3-methyl, 22 
4-methyl, 22 
9-methyl, 445 

10-methyl, 22, 193,446,450,457, 458, 

uv spectrum, 640 

uv spectrum, 658 

459,521 
uv spectrum, 659 

1 O-methyl-9-(cY-methyl-~-phenylethyl- 

9-methylene, 447, 461 
9-nitromethylene, 455 
4-phenyl, nmr spectrum, 702, T703 
9-phenyl, 22,439,445,451,456 

ir spectrum, 667 
10-phenyl, 22, 209 

uv spectrum, 659 
9-phenylimino,443 
9-propyl, mass spectrum, 719 

aminoethylidene), 449 

4-p-toluenesulfonamido, 11 3 
9,9,10-trimethyl, 450, 458 
3,9,10-triphenyl, 450 
-9carboxylic acid, 446 

methyl ester, 445 
9-methyl, 446 
10-methyl, dimethylamide, 458 
9-phenyl, 446 
esters, 625 

chemiluminescence, 625 
Acridan-acridine complexes, I 9  
9-Acridanone, 11,17, 18,20, 21,56,62, 

63,72, 76, 79,83, 121, 124,143, 
144, 145, 148,150, 152, 153, 158, 
177, 178, 184, 185,186, 188,190, 
191,207, 211,212, 226, 237, 238, 
240,481, 526,639 

amino derivatives of, 2 15-216 
chemical properties of, 201-206 
dehydrogenase, 188 
halogenation of, 203-204 
ir spectrum, 668,679 
mass spectrum, 7 15,7 16 
molecular structure of, 142-143 
nitration of, 204 
nmr spectrum, 698,702 
oxidation of, 202-203 
reactions at  position 9 of, 204-206 
reduction of, 201-202 
salts, 195 
structure and general properties, 197-201 
sulphonation of, 204 
synthesis and derivatives, T243, T244 
synthesis from acridine-10-oxide, 187-1 88 
synthesis from phenylanthranils, 177-181 
synthesis from 9-substituted acridines, 177 
tautomerism, 650 
uv spectrum, 650-655 
2-(acetoacetylamino), 587 
10-acetic acid, I59  
N-acetyl, 152 
1 O-(g-acridinyl), 149, 526 
1-amino, 156, 202, 216 
2-amino, 216 
3-amino,156,216 
4-amino, 159, 216 
7-amino-1-(4chlorophenylthio)-4-nitro, 

2-amino-l,4-dimethoxy, 588 
4-amino-3,6-dimethyl-1,2,5- 

58 7 
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trihydroxy, 228 
1 -amino-8-methoxy, 20 
6-amino-2-methoxy, 126, 216 
5-, 6-, 7-, and 8-amino-1,2,3,4-tetrahydro, 

482 
l-anilinol 216 

4-methyl, 564 
2-anilino, 216 
arsonic acids, 216 
9-azine, loethyl,  209 
9-azine, 10-methyl, 209 
10-benzoyloxy, 211, 212 
10-benzyl, 209 
3-benzyloxy-l,2-dimethoxy-l0-methyl, 

411,412 
3-benzyloxy-2-hydroxy-1-methoxy-10- 

methyl,411,412 
10-(1,2-bismethoxycarbonylvinyl), 186, 456 
2-bromo, 203, 213 
2-bromo-10-methyl, 203 
6-bromo-3-nitr0, 216 
lO-p-bromophenyl-l,2,3,4-tetrahydro, 

7-bromo-1,2,3,4-tetrahydro, 481 
2-butyl, mass spectrum, 71 8 
4-(2-carboxyethyl)-2,4-dimethoxy, 152 

195 

2-chl010, 21 2 
4-Chl010, 75, 204 
lO-chloro, 212 
3-chloro-l0-(3-chloro-9-acridinyl), 526 
6-chloro-l0-(6-chloro-2-methoxy-9- 

1 -chloro-2,4-dinitro, 2 14 
2-chloro-4 ,5-dinitro-7-methyl, I90 
6-cNoro-2-methoxy, 122, 127, 151, 154 
lchloro4-methy1, 214 , 
l-chloro-4-nitro, 214, 586 
2chloro-7-nitr0, 216 
2-chloro, 10-oxide, 75 
1 Oa-chlorophen yl-1 ,2,3,4-t etrahydro, 

lO-p-chlorophenyl-1,2,3,4-tetrahydro, 

l-(4-chlorophenylthio)4-nitro, 586 
3-cyano, 216 
1,2,3,4,5,6,7,8,8a,lOa-decahydro, 505 

10-methyl, 506 
2,4diamino, 160 
2,7-diamino, 213, 214 
3,5-diamino, 154 

acridiny1)-2methoxy, 149, 526 

195 

195 

3,7diamino, I90 
4,6-diamino, 2 16 
2,7-diamino-lO-methy1,446 
3,6diamino-lO-methyl, 521 
2,3dibromo, 203 
2,7-dibromo, 203,213, 214 

2,7dibromo4,5dichloro, 203 
4,5dibromo-2,7dichloro, 203 
2,7dibromo-lO-hydroxy, 21 2 
2,7-dibromo-lO-methyl, 203 
5,7dibromo-l,2,3,4-tetrahydro, 4 81 
2,7dichloro, 203, 204, 212 
3,7dichloro, 190 
4,5-dichloro-2,7diiodo, 204 
10-(2diethylaminoethyl), 195, 436 
1,2dihydro, 503 
1,3-dihydroxy, 189, 220, 221,420,421, 

1,4dihydroxy, 221 
1,2-dihydroxy-3,4dimethoxy-lO-methyI, 

387, 394,395 
1,4dihydroxy-2,3dimethoxy-lO-methyl, 

387, 394,395 
2,5dihydroxy-3,6dimethyl-l,4-quinone, 

see Actinomycinol 
1,3dihydroxy4-y,ydimethylallyl-l0- 

methyl, 421 
1,4-dihydroxy-3-ethoxy-2-methoxy-l0- 

methyl, 394, 395 
1,2-dihydroxy-3ethoxy-lO-rnethyl, 404, 

405 
1,3dihydroxy-2-methoxy-lO-methyl, 4 1 1, 

412 
1,3dihydroxy-lO-methyl, 220,414, 41 6, 

420,422,651 
1,3dihydroxy-l0-rnethyl-4-(3-methyl- 

but-3-enyl), 220 
2,3dihydroxy-lO-methyl-l,4quinone, 

387, 394 
2,7-diiodo, 203 
1,3-dimethoxy, 180, 219 
1,4dirnethoxy, 219 
2,4dimethoxy, 180 
1,2dimethoxy-3-y,ydimethylallyloxy-lO- 

1,2-dirnethoxy-3ethoxy-4-hydroxy-lO- 

1,4-dimethoxy-3ethoxy-2-hydroxy-1- 

ir spectrum, 680 

427 

methyl, 411,412 

methyl, 390 

methyl, 389, 390 
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2,4dimethoxy-3-ethoxy-1-hydroxy-l0- 

1,2-dimethoxy-3ethoxy-lO-methyl, 404, 

1,3dimethoxy-2-hydroxy-lO-methyl, 

2,3dimethoxy-l-hydroxy-lO-methyl, see 

2,3dimethoxy-l-hydroxy-lO-methyl, 

1,3 dimethoxy-2-methoxycarbonyl- 10- 

1,3dimethoxy-lO-rnethyl, 41 2,416 
1,2-dirnethoxy-lO-methyl-3,4-methylene- 

dioxy, 390, 392; see also melicopine 
1,4dimethoxy-lO-rnethyl-2,3-methylene- 

dioxy, 390 
2,3dimethoxy-l0-methyl-l,4quinone, 

387, 390 
3,4dimethoxy-l0-methyl-l,2quinone, 

387,390 
2r,y-dimethylallyloxy-l -hydroxy-3-meth- 

oxy-10-methyl, 411 
3--y,y-dimethylallyloxy-l-hydroxy-2-meth- 

oxy-10-methyl, evoprenine, 41 I ,  
412 

3-y,ydimethylallyloxy-2-hydroxy-l -meth- 
oxy-10-methyl, 411, 412 

3 *,a-dimethylallyloxy- 1 -hydroxyl-10- 
methyl, 421 

2,4di-(3-methylbut-2-en-l-yl)-l O-methyl- 
1,3,5-trihydroxy, and methyl ethers, 
426 

2,4di(3-methylbut-2en-l-yl)-l,3,5-tri- 
hydroxy, and methyl ethers, 426 

5,7dirnethyl-l,2,3,4-tetrahydro, 482 
3,6dimethyl-l,2,4,5-tetrahydroxy, 229 
3,6dimethyl-l,2,4,5-tetramethoxy, 229 
2,4dinitro, 153, 215 
2,5dinitro, 204 
2,7dinitro, 204 
2,7dinitro-lO-methyl, 209 
lethoxy, 152 
4-ethoxy, 152 
3-ethoxy-1-hydroxy-2-methoxy-10- 

3-ethoxy-2-hydroxy-1-methoxy-10- 

l-ethoxy-3-rnethoxy-lO-methyl, mass 

methyl, 393 

405 

404,405 

Arborinine 

385,404,405,409,410 

methyl, 417 

methyl, 404, 405 

methyl, 404, 405 

spectrum, 71 8 

2ethoxy-3-methoxy-10-methy1, mass 
spectrum, 717 

1 ethoxy-2-methoxy-3,4-methylenedioxy- 
10-methyl, 394 

3-ethoxy-2-methoxy-lO-methyl-l,4- 
quinone, 390, 391, 393 

3ethoxy4-methoxy-l0-methyl-l,2- 
quinone, 390 

3ethoxy-l0-methyl-l,2quinone, 404, 
405 

2-ethyl, ir spectrum, 669 
10-ethyl, 196, 209, 241 
lO-p-ethylphenyl-1,2,3,4-tetrahydro, 195 
1,2,3,4,4a,ga-hexahydro, 4 81 
4-hydrazino,216 
1-hydroxy, 217 
2-hydroxy, 62, 188, 217, 221, 226 
3-hydroxy, 217, 221,422 
4-hydroxy, 79, 217, 221, 226 
lO-hydroXy, 76, 77,178, 179, 185,199, 

2 10-2 13, 214 
structure of, 212 
tautomerism, 656, 657 
uv spectrum, 655, 656 

l-hydroxy-2,3dimethoxy-lO-methyl, 4 10 
l-hydroxy-3-methoxy-lO-methyl, 21 9, 

3-hydroxy-l-methoxy-lO-methyl, 41 7 
3 -h ydrox y- 1 -met ho xy- 1 0-m eth yl-4-alde- 

hyde, 415 
1 -hydroxy-2-methoxy-lO-methyl-3,4- 

methylenedioxy, 223 
l-hydroxy-5-methoxy-lO-methyl-2,3- 

methylenedioxy, 424 
1 -hydroxy-2-methoxy-lO-methyl-3,4- 

methylenedioxy, mass spectrum, 
717 

2-hydroxy-3-rnethoxy-l0-methyl-l,4- 
quinone, 387 

3-hydroxy-2-methoxy-lO-methyl-l,4- 
quinone, 390, 394 

3-hydroxy4-methoxy-lO-methyl-l,2- 
quinone, 390 

1-hydroxy-10-methyl, 217 
l-hydroxy-l0-methyl-3-(3-methylbutyn- 

3-0xy), 220,421 
l-hydroxy-l0-methyl-2,3,4-trimethoxy, 

222 

414,416 

bromination, 222 
l-hydroxy-l0-methyl-3,4,5-trimeth- 
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oxy, 386 
2-hydroxy-lO-methyl-l,3,4-trimethoxy, 

386,389, 390 
4-hydroxy-lO-methyl-l,2,3-trimethoxy, 

389,390 
10-hydroxy-3-nitro, 2 12 
2-iodo, 154, 203, 204 
2-iodo-7-methoxy, I 5 4  
6-iodo(' 3 1  I)-2-methoxy, 126 
6-iodo-3-nitr0, 216 
4-isopropyl, ir spectrum, 669 
10-isopropyl, 195 
1-isopropyl-4-methyl, mass spectrum, 71 8 

1-methoxy, 152, 217 
2-methoxy, 17 
3-methoxy, 218,422 
4-mBthoxy, 81, 152, 195, 218 
10-methoxy, 211, 212,436 

uv spectrum, 656, 657 
1-methoxy-10-methyl, 219, 717 
2-methoxy-l0-methyl-3,4-methylene- 

3-methoxy-l0-methyl-1,2quinone, 404, 

3-methoxy-l0-methyl-1,2,4-trihydroxy, 

S-methoxy-2-nitr0, 195 
5-methoxy-3-nitr0, 195 
6-methoxy-l,2,3,44etrahydro, 480 
8-methoxy-l,2,3,44etrahydro, 480 
1-methyl, 191 

3-methyl, 479 
10-methyl, 22,63,144,193,I94, 195, 

ir spectrum, 669,670 

dioxy, 226 

405 

38 7 

mass spectrum, 718 

197, 200, 201, 203, 207,209, 241, 
380,436,439,440,446,521,617, 
619,620,621,623 

hydrazone perchlorate, 208 
hydrochloride, 444 
ir spectrum, 668,670 
mass spectrum, 7 15,7 16 
reactions of, 207-209 
uv spectrum, 650 

10-methyl-2-nitro, 209 
10-(2-methylphenyl), 15 7 
4-methyl-10-phenyl, 15 7 
lO-methyl-l,4quinone monoacetal, 226 
3-methyl-l,2,3,4-tetrahydro, 479 
lO-methyl-l,2,3,4-tetrahydro, 477, 

479, 480 
lO-methyl-l,2,3,4-tetrahydroxy, 387 
lO-methyl-l,2,3,4-tetraketo, 394, 395 
lO-methyl-l,2,3,4-tetramethoxy, 21 9 

deuteriated, mass spectrum, 71 7 
lO-methyl-l,2,34rihydroxy, 192, 224, 

lO-methyl-l,2,3-trimethoxy, 404, 405, 

lO-methyl-2,3,4-trimethoxy, 21 9 
1-nitro, 155, 186, 204 

3-nitro, 155, 156, 186, 204, 215, 216 
4-nitro, 146,151,159, 186, 204,586 
10-nitroso, I78 
5-, 6-, 7-, and 8-nitro-l,2,3,4-tetrahydro, 

482 
octachloro, 176 

ir spectrum, 670 
octahydro, 485 
10-oxide, 75, 210 

tautomerism, 77 
cu-perhydro, 502 
10-phenyl, 157, 195,209,436,446 
1,2quinone, 221,226 
1,4quinone, 221, 226 
3,4quinone, 226 
2,4,5,74etrabromo, 203, 214 
2,4,5,74etrachloro, 172,203 

1,2,3,44etrafluoro, 21, 213 
1,2,3,4-tetrahydro, 50, 188, 478, 479, 

1,2,3,44etrahydro, 10-p-tolyl, 195 
2,4,5,74etranitro, I90, 204, 215 
1,2,3,44etraoxo, 227 
1-@-tolyamino), 216 
2,4,7-tribromo, 214 
2,4,7-trichloro, 204 
1,2,3-trimethoxy, 410 
2,4,7-trinitro, 204, 215 
10-vinyl, I95, 209 

431 

410 

2-nitr0,154,186, 204, 215 

ir spectrum, 670 

48 1 

9-Acridanone-1-carboxylic acid, 7-methyl, 

9-Acridanone-2-carboxylic acid, 144, 225 
9-Acridanone-3-carboxylic acid, 224, 225, 

9-Acridanone4-carboxylic acid, 225 
1,3dimethoxy-lO-rnethyl, 415 
3-hydroxy-1 -methoxy-10-methyl, 225 

160 

592 
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1-nitro, 156 
9-Acridanone-5-carboxylic acid, 3-nitro, 

9-Acridanonecarboxylic acids, 224-225 
9-Acridanone-2,7disulphonic acid, 225 
9-Acridanone4-propionic acid, 

156 

1,3-dimethoxy, 419 
l-hydroxy-3-methoxy, methyl ester, 419 

9-Acridanones, 120, 129, 142-377,143-197 
alkaloids, 380-431,702, 715-719 
mass spectra, 7 15-719, 720 
nmr spectra, 698, T699-T701, 702 
alkoxy derivatives of, 217-224 
alkyl, uv spectra, T653, T654 
10-alkylation of, 195-197 
amino, 21 
arsonic acids, 21  6 
biosynthesis of, 192 
bromination of, 221-223 
dyes, 586-588 
halo derivatives of, 2 13-2 15 
hydroxy, derivatives of, 2 17-224 

ir spectra, 670 
ir spectra, 668-670 
methoxy derivatives, demethylation of, 

monomethoxy-10-methyl, 446 
nitro, 21, 2 15 
reduction of, T14-17,446, 449 
1-substituted with one or two types of 

218-219 

substituents, preparation and prop- 
erties, 206, T245-T2 75 

10-substituted, preparation and proper- 
ties, 193-197, T276-T286 

synthesis from diphenylamine-2-carboxy- 
lic acids, 143-160, T 2 6 T 2 8 6  

synthesis from 3'mbstituted diphenyl- 
amine-2-carboxylic acids, 144- 160, 
T336-T337 

synthesis from phenylanthranils, 177-18 1 
9-Acridanones, 1,2,3,44etrahydro, 478-482, 

9-Acridanonestibonic acids, 216 
9-Acridanonesulfonic acids, lS1, 225 
9-Acridanone-2-sulfonic acid, 67, 151, 204, 

478-482 

225 
chloride, 225 
6-nitro, 215 

amide, 586 

9-Acridanone-7-sulfonic acids, halo deriva- 

Acridans, 444-456 
tives of, 213, 214 

9,9diphenyl-nitro, 452 
from 2,2'-diaminodiphenylmethanes, 38 
ir spectra, 667,668 
nmr spectra, 702, T703, 704 
oxidation, 21-23, 193-195 

9-Acridanselenone, 242,242 
9-Acridanselenones, T345-T34 8 
Acridan-9-sulphonic acid, sodium salt, 454 
9-Acridanthione, 58,67, 73, 118,125, 185, 

236, 236-242,520 
9-' C ,  236 
ir spectrum, 670,681 
1 0-subs titu ted, 24 1 
tautomerism, 650-652 
uv spectrum, 650652 
6-chloro-2-methoxy, 127  
6-chloro-2-methy1, 239 
10-hydroxy, tautomerism, 656 
10-methyl, 239,242 

4-nitro, 241 
10-oxide, 242 
10-phenyl, 241, 242 

uv spectrum, 650652 

9-Acridanthiones, T345-T348 
9-Acridanylacetic acid, 454 
9-Acridanylacetoacetic acid, 2,7,10-tri- 

methyl, ethyl ester, 457 
9-Acridanylacetone, 454 
9-Acridanyldimethoxyacetic acid, 1 O-meth- 

yl, methyl ester, 441 
10-Acridanyl magnesium iodide, 458 
9-Acridanylphosphines, 448 
2-(9-Acridanyl)propionaldehyde, 454 
10-Acridanyl sodium, 459 
4-(9-Acridanyl)valeric acid, 453 
Acridine, 10-13,18, 21,23, 45, 50,52, 53, 

55,56,58-62,63,72, 76, 81, 83, 
89,92,111,119,128,  184,186, 
190,198,202,434,435,445-448, 
450,453,456,457,481,484,488, 
493,504,507, 524,626,643,660, 
662,711,724,795 

airborne, 11 
alkaloids, T381, T382 
antimalarials, 725 

quinine-related. 847-848 
9-Acridanone4-sulfonic acid, 204, 225 basicity, 60 
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''C, 67,185,446 
chemical properties, 63-67 
complexes, 62 
Cotton effect, 62 
cyanine dyes, 82 
dipole moment, 1 2  
electrical conductivity, 60 
n electron densities, 12 
e.s.1. spectrum of radical anion, 60, 63 
estimation, 11 
excitation, 59, 60 
flash photolysis, 66 
halogenation, 72 
ionization potential, 12 
irradiation, 526 
?-irradiation, 65 
ir spectrum, 666,671 
mass spectrum, 710-711 
metabolism, 62 
molecular compounds, T61-T62 
M.O. calculations, 71 
neutron irradiation, 67 
nmr spectrum, 687-689 
numbering, 1-7 
phenol complex, 60 
photodimer, 65 
photolysis, 525 
physical properties, 11-13, 59 
physiological properties, 58 
pKa, 82 
polarographic reduction, 450-45 1 
potentiometric titration, 60 
reduction, 65 
reaction with, chlorine gas, 64 

dimethyl acetylenedicarboxylate, 4 55 
dimethylketene, 64,454 
sulfurous acid, 454 

resonance energy, 11 
sensitized photooxidation, 783 
sulfonation, 67 
uv irradiation, 66 
uv spectrum, 632-634 
X-ray diffraction studies, 12 
1-acetamido, 113, 435 

nitration, 11 3 
2-acetamido , 11 3 , 4  3 5 

nitration, 11 3 
3-acetamido, 113, 435 
4-acetamido, 11 3 
9-acetamido, 118, 121, 122, 764 

9-(4-acetamidobenzenesulfona1nido)-6- 
chloro-2-methoxy, 122 

4-acetoxy-9-chloro-sym-octahydro, 486, 
487 

4-acetoxy-l,2,3,4-tetrahydro, 4 72 
9-acetyl, 454 
9-aldehyde, 81,83, 84, 85, 129 

anil, 86, 87, 186 
hydrazones, 87 
nitrone, 86, 186 
phenylhydrazone, 128 

9alkoxy, 79, 11 8 
9-alkylamino, 147 
9-allyl, 186 
1-amino, 21,110,111, 113-116, 159 

ir spectrum, 666, 667 
uv spectrum, 634,635,637,638 

ir spectrum, 666,667 
uv spectrum, 634,635,637,638 

2-amino, 110, 111, 113-116 

3-amin0, 30, 36, 37, 110, 111, 113-116, 
131,662,751 

ir spectrum, 666,667 
uv spectrum, 634,636,637,638,642 

ir spectrum, 666,667 
uv spectrum, 634,636,637,638,644 

4-amino, 110-112, 113-116, 769 

9-amino, 64,110, 112, 116-120, 134, 
145,149, 199,435,724, 739, 750, 
760, 771, 778, 781, 782, 790, 791, 
795, 804, 805,806,807 

adsorption, 112 
alkylation, 122 
antibacterial properties, 789-8 11 
diazotisation, 122 
dipole moment, 121 
estimation, 791 
hexyl resorcinol, salt, 795 
hydrochloride, 157 
ir spectrum, 666,667,682 
nmr spectrum, 696 
penicillin salt, 795 
polarographic reduction, 1 21 
sulphathiazole salt, 794 
resonance energy, 121 
tautomerism, 121 
uv spectrum, 638-640 
X-ray diffraction, 121 

3-amino-9-(4-aminophenyl), 583 
3-amino-9-(4-aminophenyl)-2-methyl, 5 83 
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9-aminod-aminoisonitrosomethyl, 93 
9-amino4 -aminoisonitrosomethyl-2- 

6amino-2-sec-buty1, ir spectrum, 684 
9-(2-amino-2-carboxyethyl), 129 
2-amino-3 -chloro-9-(4-diethylamino-l- 

9-amino4-chloro-2-hydroxy, 127 

9-amino-6chloro-2-methoxy, 11 7, 127 
9-amino-7-chloro-1,2,3,4-tetrahydro, 476 
9-aminodcyano, 93 
9-amino-6-cyano-2-methoxy, 93 
9-amino-2,7di-tert-butyl, ir spectrum, 

methoxy, 93 

methylbutyl)-amino-6-methoxy, 128 

with diamine oxidase, 761 

6 83 
nmr spectrum, 696 

lO-amino-4a,lOa-dicyanoperhydro, 49 7 
3-amino-2,7-dimethyl, 40 
3-amino-6dimethylamino-9-(4-dimethyl- 

3-amino4dimethylamino-2-methyl, 583 
2-amino-3,6dimethyl-7-hydroxy, I31 
9-amino-2,7dinitro, 123, 134 
9-arnino-2-ethoxyd-nitr0, 804 
9-amino-7ethoxy-2-nitr0, 123 
9-amino-l-hydroxy, 796 
9-amino4-hydroxy, 804 
3-amino-6-iodo, 131 
l-amino-8-methoxy, 20  
2-aminomethyl, 129 
4-aminomethyl, 129 
4-amino-1-methyl, 21 
4-amino-S-methy1, uv spectrum, 643-645 
9-aminomethyl, 87, 90, 128 
9-amino4-methy1, 794 
9-amino-2-nitr0, 123 
9-amino-sym-octahydro, 485 
9-aminophenoxy, hydrochloride, 147 
9-(2-aminophenoxy), 1 I 7  
2-amino-9-pheny1, 29 
3-amino-9-phenyl,52 
9-(aminophenyl), 81 
9-(p-aminophenyl), 28 
3-aminostyryl, 13 1 
9-(4-aminostyryl), 13 1 
9-amino-l,2,3,4-tetrahydro, 476, 477, 

aminophenyl), 56, 584 

724,739, 750, 769,781,782, 804 
with monoamine oxidase, 762 

9-amino-1-trifluoromethy1, 1 22 
9-amino-2,4,7-trinitro, 123  

lanilino, 113 
2-anilino, I13 
3-anilino, 1 I3 
4-anilino, 113 
9-anilino, 118, 122, 152, 205 
aryl, 89 
9-arylamino, 147 
9-azido, 119 
9,9’-azo, 1 2 3  
9-benzamido, 11 8 
2-benzamido-9-pheny1, 29 
3-benzenesulfonamido, 11 3 
9-benzenesulfonamido, 122 
9-benzoyl, 94 
9-benzyl, 63, 81,83, 89,435,447 
9-benzylamino4chloro-2-methoxy, I18 
4-benzyl-sym-octahydro, 4 85 
9-benzylthio, 239 
3,6-bisacetamido, 795 
2,7-bisdiazonium salt, 131 
3,6-bisdiazonium salt, I31 
3,6-bisdiethylamino-9-(2-carboxyphenyl), 

3,6-bisdimethylamino, 21, 30, 31, 35, 38, 
55 

54,435,644, 645, 726, 772 
carcinogenesis by, 816 
uv spectrum, 646 

4,5-bisdimethylaminomethyl-sym-octa- 
hydro, 483 

3,6-bisdimethylamino-2,7dimethyl-9- 
phenyl, 584 

3,6-bismethylamino-2;7-dimethyl, 36 
3,6-bisphenylamino, 36 
1-bromo, uv spectrum, 660,661 
2-bromo, 72 

3-bromo, uv spectrum, 660,661 
4-bromo, uv spectrum, 660,661 
9-bromo, 73, 204 

uv spectrum, 660,661 

uv irradiation, 73 
uv spectrum, 661 

9-bromoacetyl, 191 
9-bromomethyl, 88, 128,123 
4-bromomethyl-9chloro, 214 
9-bromo, 10 oxide, 77, 210 
1-bromo-9-phenyl, 75 
3-bromo-9-pheny1, 75 
9-b10mO-1,2,3,4-tetrahydro, 476 
9-see-butylamino, I I 9  
9-tert-butylamino, 119 
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9-butylamino-l,2,3,4-tetrahydro, 769 
2-butyl-9-chlor0, mass spectrum, 71 2, 71 8 
4-sec-butyl-9-chlor0, mass spectrum, 71 3, 

714 
nmr spectrum, 692,695,695,696 

2-t-butyl-9-chlor0, mass spectrum, 71 2 
9-carboxaldehyde, 87, 8 9  

2-methoxy, 90 
9-carboxyamide, 9 3  
9-carboxyl chloride, 91 
9-(2-carboxyphenyl), 442, 559 
9-(2-~arboxyphenyl)-3,6diamino, 35, 5 6  
2-chl010, 75 
3-ChlO10, 75 
4-Chl010, 75 
9-chloro, 72, 72, 76, 79, 92, 116, 119, 

123,144, 145,146, 147-150, 196, 
198, 201,202, 205, 215,236, 238, 
445,475, 520,526 

9-acridanone complex, 73 
hydrolysis, 4749 ,  73 
ir spectrum, 674 
isolation, 146, 147 
nmr spectrum, 692 
reactions, 72-75, 11 8, 147 
uv irradiation, 73 
uv spectrum, 661 

9-chloroacetamido, 122 
3-chloro-9-(2-butylamino4diethylamino), 

IOsxide, antimalarial activity, 844 
6-chloro-9chloroacetamido-2-methoxy, 

122 
6chloro-9 [ 2-(P-chloroethylamino)ethyl- 

amino] -6-methoxy, cancer inhibition 
by, 826 

3-chloro-9-cyan0, 92, 94 
9-chloro-2-cyan0, 92 
9-chloro-3-cyano-sym-octahydro, 505 
6-chloro-9-(4di-nbutylaminobutyl)-l- 

hydroxy-2-methoxy, 847, 848 
6chloro-(4di-2’-chloroethylamino-l- 

methyIbutylamino)-2-methoxy, 772 
6-chloro-9-(3-di-2 ’-chloroethylamino- 

propylamino)-2-methoxy, 772 
6-chloro-9-( wdiethylaminoalky1amino)- 

2-methoxy, dissociation constants, 
110,111 

2-methoxy, 11 7 
6-chloro-9-( 2-diethylaminobenzy1amino)- 

6-chloro-9-(4-diethylamino-l methylbutyl- 

amino)-2-methoxy, II8, 125, 829 
3-chloro-9-(4-diethylamino-l -methylbutyl)- 

amino 10-oxide, I 2 8  
9-chloro-l,2dihydro, 475, 503 
9-chloro-ldimethylamino, 155 
9-chloro-3dimethylamino, 155 
2-chloro-9dimethylaminopropyl, I 2 9  
9-chl010-2-etho~y, 147 
9-chloro4-ethoxy, 80 

oxy, 122 
6-chloro-9~thoxycarbonylamino-2-meth- 

9-chloro-2-ethoxyd-nitro, 23 8 
9-chloro-2-ethy1, mass spectrum, 714 
9-chloro4ethy1, mass spectrum, 714 
9-chloro-l,2,3,4,7,8-hexahydro, 48 7, 504 
6-chloro-9-(2-hydroxye thoxy)-2-methoxy, 

6-chloro-9-( 2-hydroxyethy1methylamino)- 

6-chloro-9-hydroxy-3-nitro 10-oxide, 77 
9-chloro4-hydroxy-sym-octahydro, 487, 

9-chloro-6-iodo(’ 3 1  1)-2-methoxy, 126  
3-chloro-7-methoxy, 445 
6-chloro-2-methoxy, 75 
9-chloro-l-methoxy, 157, 21 9 
9-chloro-3-methoxy, 157 
9-chloro4-methoxy, 19 
9-chloro-7-methoxy, 147 
6-chloro-2-methoxy-9-rnethy1, 47, 461 
6-chloro-2-methoxy-9-( 1 -methylheptyloxy), 

chloromethoxynitro, 71 
9-chloro-2-methoxy-8-nitro, 74 
7-chloro-9-(4-methoxyphenoxy)-l,2,3,4- 

6-chloro-2-methoxy-9-[ 1 -( 1,2,3,4-tetra- 

2-chloro4-nitr0, 45 
9-chloro-l-nitro, 71 
9-chloro-3-nitr0, 71, 146 
9-chloro-S-nitro-l,2,3,44etrahydro, 475 
9-chloro-7-nitro-l,2,3,4-tetrahydro, 475 
4-chloro-sym-octahydro, 48 7 
9-chloro-sym-octahydro, 48 7 
9-chloro-sym-octahydro-lO-oxide, 486, 

9-chloro, 10-oxide, 124, 212, 242 
9-p-chlorophenyl, 52  
9-chloro4-isopropy1, mass spectrum, 

124 

2-methoxy, 120, 124 

504 

118 

tetrahydro, 476 

hydroquinolinyl)] , I 2 0  

4 87 
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713,714 
9-chloro-4-propy1, mass spectrum, 714 
4-chloro-l,2,3,4-tetrahydro, 502 
9-chloro-l,2,3,4-tetrahydro, 472,474, 

9-chloro-l,2,3,4-tetrahydro, 1 O-oxide, 472 
9-chloro-l,2,3,4-tetramethoxy, 384, 385 
9-chloro-l,2,3,4-trimethoxy, 41 0 
2-cyano, 19, 92 
9-cyano, 76, 80,92, 93,205, 454, 454 

4acyano-AIo-dodecahydro, 493, 501, 

2-cyano-9-hydrazin0, 92 
9-cyano4-nitr0, 9 3  
3-cyano-sym-octahydro, 504 
1 Oa-cyano-A4al9a-perhydro, 508 
4-cyano-l,2,3,4-tetrahydro, 471 
4-cyano-1,2,3 ,4-tetrahydro, with diazoni- 

1,2,3,4,5,6,7,8,9,1Odecahydro-l,8-dione, 

1,2,3,4,5,6,7,8,9,10decahydro, 10-phenyl, 

gdeutero, lo-oxide, 188 
4,5diacetoxy-syrn-octahydro, 486 
9diacetylamin0, 121, 122 
9-dialkylamin0, I20  
2,6diamino, 794 
2,7diamino, 131 
2,9-diamino, 133 
3,6diamino, 30-35, 38, 79, 80,109,116, 

131, 133, 565,581, 644,662, 724, 
726,746,764,768,789, 805 

475,478 

ir spectrum, 676 

507 

um salts, 472 

506 

5 05 

carcinogenesis by, 817 
estimation, 791 
nmr spectrum, 698 
photooxidation sensitizer, 783 
polymer, 36 
uv spectrum, 641,642 

3,7-diamino, 806, 807 
3,9diamino, 133 
4,5-diamino, uv spectrum, 641643 
4,9diamino, 133 
3,6-diamino-2,7di-tert-butyl, 740, 746, 

750 
3,6diamino4,5diisothiocyano, 133, 565 
2,7diamino-3,6-dimethyl, 13 1 
3,6diamino-2,7dimethyl, 30, 435, 583 
3,6-diamino-2,7dimethyl, 789, 81 7 

9-phenyl, 584 
6,9-diamino-2-ethoxy, 131, 133, 134, 

435,728,193 
10-oxide, 133 

3,6-diamino4-isothiocyano, I33 
3,6diamino, 10-oxide, I33 
3,6diaminosulfathiazole, 794 
9diazoacety1, 81 
2,7dibenzoyl-9-phenyl, 28, 29, 48 
2,7dibromo, 72, 214 

2,9-dichloro, 129 
3,9-dichloro, 75, 92, 146 
6,9dichloro-2ethoxy, 21 8 
6,9dichloro-2-hydroxy, 147 
6,9-dichloro-2-(2-hydroxyethoxy), 147 
2,9dichloro-6-methoxy, 57, 58 
2,9-dichloro-7-methoxy, 57, 58 
3,9-dichloro-7-methoxy, 445 
6,9dichloro-2-methoxy, 72, 75, 77, 117, 

nmr spectrum, 688,692 

125, 126, 147,149,526 
mass spectrum, 720,72 1 
4-nitro, 1 4 7  
7-nitro, 147  

153 
6,9dichloro-3-methoxy, hydrochloride, 

4,5dichloro-syrn-octahydro, 487 
4,9-dichloro-syrn-octahydro, 4 87,487, 

4,9-dichloro-l,2,3,4-tetrahydro, 475, 475, 

7,9dichloro-l,2,3,4-tetrahydro, 475, 476 
9dicyanomethy1, 64 
4a,lOa-dicyanoperhydro, 484,493, 496, 

504 

503 

497,500,501, 507 
10-phenyl, 505 

9-dideuterioamino, ir spectrum, 639 
9-diethylamino, 120, 186 
9-diethylaminoacetamido, 122 
4-(2-diethylaminoethylamino), I I3 
9-[ (2-diethylaminoethyl)methylamino] - 

3-methoxy, 120 
9-(3diethylamino-2-hydroxypropylamino)- 

2,3-dimethoxy-6-nitro, 794 
4-diethylaminomethyl-l,2,3,4-tetrahydro, 

4 72 
9-(pdiethylaminophenyl)-, 240 
2,7-difluoro, 75 
1,2-dihydro, 502 
2,9dihydro-2-imino, 46 1 
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3,10dihydro-3-imino, 443 
dihydroketo, T342-T344 
2,9dihydro-9-keto-2-phenylimino, 21 6, 

1 ,lo-dihydro-1-one, 78,444 
217 

10-methyl, 232,233 
uv spectrum, 649 

3,l O-dihydro-3-one, 444 
2,9-dihydro-2-one, 234,461 
1 ,lO-dihydro-3-one, 444 
3,10dihydro-3-one, 233,444 

10-methyl, 234, 523 
9-phenyl, 232 

1,2dihydro-1,3,9-trimethyl, 503 
1,3dihydroxy, 53, 192,427 
2,4dihydroxy, 79 
2,8dihydroxy, 131 
3,6dihydroxy, 38, 79,131 
4,5dihydroxy-syrn-octahydro, 487 
3,6diiodo, I31 
3,6diisothiocyano, 131 
6,7dirnethoxy-l,2,3,44etrahydro, 465 
2,6-dimethyl, 21 
2,7dimethyl, 52 
3,6dimethyl, 230 
3,9-dimethyl, 51 
4,5dimethyl, 20, 48, 52, 83, 110, 11 1 

9dimethylamin0, 112,120, 124,639 

9-dimethylaminobutylamino-l-nitro, can- 

9-(2-dimethylaminoethyl), 83, 129 
10-(2-dimethylaminoethyl)-l,2,3,4,4a,9,- 

9a, 10-octahydro, %one, 505 
9-(4-dimethylaminophenyl), 129, 130, 

240,661 

pKa, 82 

uv spectrum, 640,644 

cer inhibition by, 824 

uv spectrum, 660,661 
9-(4-dimethylaminophenyl)-2,4,5,7-tetra- 

9-(3dimethylaminopropylamino)-1 -nitro, 

9-( 3dimethylaminopropylamino)-l-nitro, 

4-(3dimethylaminopropylamino)-l,2,3,4- 

9-(4-dimethylaminostyryl), 13 1 
9-(2dimethylaminovinyl), 129 
4a,lOadimethyleneiminoperhydro, 502 
3,6dimethyl-l,2,3,4-tetraacetoxy, 230 

bromo, 130 

124,771 

I4Clabeled, 120 

tetrahydro, 472 

3,9-dimethyl-l,2,3,4-tetrahydro, 51, 465 
3,3dimethyl-l,2,3,4-tetrahydro-l-one, 

473,474 
1,3dinitro, 49 
2,4-dinitro, 45, 46, 65, 71 
dinitro-9-phenyl, 89 
6-(2-dinonylamino-l-hydroxy-ethyl)-l,2,- 

2,7-disulfonic acid, 9-amino, 123 
dodecahydro, 459 
1,2,3,4,4a, 5,6,7,8,9,9a,lOdodecahydro, 

A4a,lO-dodecahydro, 501,508 
A4a,1Ododecahydro-9a-hydroxy, 508 
1,2,3,4,4a,5,6,7,8,9,9a,lO-dodecahydro- 

A ' k l  0-dodecahydro-1 0-phenyl, 483 
gethoxy, 116 
2ethoxyd-nitro-9-thiocyan0, 23 8 
lethyl, 466 
2ethy1, nmr spectrum, 688 
2 [ a 4  ]ethyl-[94,] ,  mass spectrum, 712 
4-ethyl, mass spectrum, 711, 712 

nmr spectrum, 688 
9ethy1, 83,86,186, 704 
gethylamino, 186 
7-ethyl-l,2,3,4-tetrahydro, mass spectrum, 

2-fluoro, 75 
2-guanidin0, I I 6  
halogenated-9-phenyl, 5 1 
9-(2-halogenoethyl), 129 
9-heptadecyl, 83 
1,2,3,4,7,8-hexahydro, 486, 504 
hexahydro, 10-oxide, 504 
9-hydrazino, 19, 147 

9a-hydroperoxy-A4a~lO-perhydroacridine, 

1-hydroxy, 78,113, 231,232 
ir spectrum, 667 
uv spectrum, 646,647,649 

2-hydroxy, 78,113, 225 
ir spectrum, 667 
uv spectrum, 646,647 

uv spectrum, 646,648,649 

ir spectrum, 667 
uv spectrum, 646,648,650 

3,4 -t etrah y dr 0, 84 7 

507 

10-phenyl, 507 

719 

4-methoxy, 19 

508 

3-hydroxy, 37, 78, 113, 231, 232 

4-hydroxy, 78, 79, 113, 232, 586, 804 
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9-hydroxy, 78, 144,185, 198,199,668; 
see also 9-Acridanone 

9-hydroxyanilino, hydrochloride, 148 
9-(2-hydroxyethyl), 129 
9-( 2-hydroxyethylamino)-sym-octahydro, 

3-hydroxy-9-(4-hydroxyphenyl), 5 7 
9-hydroxymethylas-octahydro, 491 
9-hydroxymethyl-l,2,3,4,4a,9,9a,10-octa- 

9-hydroxymethyl-l,2,3,4,4a,9,9a,10-trans- 

6-hydroxy-2-methy1-9-pheny1, 41 
9 4  l-hydroxy-2-nitroethyl), 90 
4-hydroxymethyl-sym-octahydro, 485 
4-hydroxy-sym-octahydro, 504 

4-hydroxy-sym-octahydro-5-one, 487 
9-hydroxy, 10-oxide, 185 

uv spectrum, 655,656 
9-hydroxyperhydro, 505 
2-hydroxy-9-pheny1, 29 
3-hydroxy-9-phenyl,23, 78, 232 
4-hydroxy-l,2,3,44etrahydro, 472,489, 

502 
S-hydroxy-l,2,3,4-tetrahydro, 78,478 
9-iOd0, 73,240 

48 7 

hydro, 492 

octahydro, 469 

lo-oxide, 486, 504 

uv irradiation, 73 
uv spectrum, 661 

9-(2-iodophenyl), 451 
1-isothiocyano, 67, I 1 6  
2-isothiocyano, 67, 11 6 
3-isothiocyano, 6 7 , l I  6 
1 -(2-ketocyclohexyl), 91 
1-methoxy, 148 
2-methoxy, 50, 148 
3-methoxy, 50, 148 
4-methoxy, 19, 50, 79,148 
9-methoxy, 79, 80,92,118, 197, 198, 

20 5 
with ammonium chloride, reaction rate, 

118 
hydrate, 80 
uv spectrum, 650 

9-methoxycarbonylamino, 1 23 
9-methoxycarbonyl-asym-octahydro, 491 
2-methoxy-9-methyl,l7, 85 
9-methoxy 10-oxide, 211,212 

2-methoxy-9-phenoxy, 79 
uv spectrum, 656 

10-oxide, 79 
3-methoxy-lO-phenoxy, 120 
S-methoxy-l,2,3,4-tetrahydro, 50 
6-methoxy-l,2,3,4-tetrahydro, 50, 468, 

469 
7-methoxy-l,2,3,4-tetrahydro, 50 
1 -methyl, 14 8 
2-methyl, 51, 148 
3-methyl, 50,51, 148,464 
4-methyl, 51, 112, 148, 202 

nmr spectrum, 688 
pKa, 82 

9-methyl, 17,28,  29, 39, 55, 81, 83, 83- 

447,451,453,459, 540,704 
88,89,90,93, 129, 186,205,445- 

chemiluminescence, 6 26 
complexes, 83 
mass spectrum, 71 1 
oxidation, 83  
10-oxide, 87 
reaction with, diazonium salts, 87 

dicarboxylic anhydrides, 88 
dimethylketene, 88,455 
nitroso compounds, 85-87 
organo-metallics, 88 

reactions with aldehydes, 83-84 
uv spectrum, 650652 

9-( lO-methyl-9-acridanyl), 521 
4-methylamino, I13 
9-methylamino, 124, 125 
4-methylene-l,2,3,4-tetrahydro, 5 1 
2-methyl4-nitro,45 
4-methyl-sym-octahydro, 485 
lO-methyl-l,2,3,4,4a,9,9a,10-octahydro, 

1 0-methyl-cis-octahydro, 497 
1 0-methyl-trans-octahydro, 497 
10-methylperhydro, 496 
2-methyl-9-phenyl,93 
9 4  l-methyl-2-phenylethylaminoethyl), 

4-methyl-1 -isopropyl, 54  
2-methyl-l,2,3,4-tetrahydro, 50 
3-methyl-l,2,3,44etrahydro, 50,464, 466 
6-methyl-l,2,3,44etrahydro, 50 
9-methyl-l,2,3,4-tetrahydro, 469, 492 
9-methyl-l,2,3,4-tetrahydro, 

490 

129 

- l a n e ,  473 
-3-one, 473 
a-one, 473 
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lo-oxide, 473 
9-methylthio, 239-241 

nmr spectrum, 688 
1-nitro, 71, 148, 186 
2-nitro, 19, 65, 71, 148, 186 
3-nitro, 19, 71, 148, 186 
4-nitro, 45,65, 71, 93, 148, 186 
9-(4-nitrobenzyl), 83, 89 
9-nitro, 10-oxide, 77, 210, 817 
9-nitro-sym-octahydro 10-oxide, 485 
2-nitro-9-pheny1, 46 
9-(rn-nitrophenylamino), 236 
7-nitro-l,2,3,4-tetrahydro, 470 
5-nitro-l,2,3,4-tetrahydro, 10-oxide, 470 
9-nitro-l,2,3,4-tetrahydro, 10-oxide, 4 72 
9-nitrosomethylamino, I25 
10-nitroso, perhydro, 496 

Acridine N-Oxides, see Acridine 10-oxide 
9-hydroxy, and 9-Acridanone, 10- 
hydroxy 

Acridine, 1,2,3,4,4a,9,9a,lO-cis-octahydro, 
481,482, 488-492, 507 

1,2,3,4,4a,9,9a,10-trans-(asym)octahydro, 

1,2,3,4,5,6,7,8-(sym)-octahydro, 470, 
459,481,482,484,488-492 

481,482, 484, 484-485, 488, 496, 
504 

dibenzylidene derivative, 484 
1,8dione, 507 
10-oxide, 485, 486,487 

octahydro-9-phenyl,4 85 
Acridine 10-oxide, 63, 75-76, 75-17, 119, 

185,237, 520,539,662,666 
esr spectrum, 76 
mass spectrum, 719,720 
nmr spectrum, 689 
photolysis, 76 
uv spectrum, 76,655 

perhydro, 51 
10-phenyl, 507 

or-perhydro, 493,508 
0-perhydro, 493,508 
7-perhydro, 493,496 
&perhydro, 493 
9-phenoxy, 79, 79, 80, 116, 119,120, 

148 
ir spectrum, 675 

Acridine, 1,2,3,4,9-pentamethoxy, 384, 385 

10-oxide, 79, 124 

4-phenyl, mass spectrum, 713, 714 
9-phenyl, 11,17,28,29,48,  51,64, 75, 

83,89, 153,204,435,445,446, 
451,660, 704 

dipole moment, 82 
1,2,3,4-tetrahydro, 465 

lo-oxide, 473 
9-phenylamin0, 11 9 

5-phenyl-l,2,3,4-tetrahydro, 50 
9-(2-N-piperidimethyl), 83 
4-piperidinomethyl-l,2,3,4-tetrahydro, 

4-propy1, mass spectrum, 712, 713 
9-salicylamino, 177 

9-succinimin0, 72, 120 
1,2,3,4-tetrafluoro, 21, 75 
1,2,3,4-tetrahydro, 50, 462.467, 488 

1,2,3,44etrahydro, 477, 478, 488 

462 

9-styry1, 90 

4-one, 473 
10-oxide, 472 

1,2,7,8-tetrahydro, 486, 487, 503  
1,4,5,8-tetrahydro, 504 
1,4,5,8-tetramethyl, 20, 48,52, 83 
2,3,6,7-tetramethyl, 41 
2,4,5,74etramethyl, 55 
2-thio1, 225 
9-thiol, see 9-Acridanthione 
9-(P4-toluenesulfonhydrazino), 1 23 
2,7,9-triamino, I34 
2,6,9-trichloro, 57 
9-trichloracetamido, 122 

ir spectrum, 667 
9-trifluoroacetamido, ir spectrum, 667 
1,2,34rihydroxy, 53, 410 
1,2,4-trihydroxy, 53 
2,5,9-trimethoxy-3,6-dimethyl-l,4- 

quinone, 229 
2,7,9-trimethyl, 55 
trinitro-9-pheny1, 89 
9-triphenylsilyl, 64 
9-viny1, 83, 90 

Acridine-9-acetic acid, 3 JO-dihydro-6- 

Acridine-aldehydes, 89-90 
Acridinearsonic acids, 67 
Acridined-arsonic acid, 3-amin0, 131 
Acridine-2-carboxylic acid, 93, 796 

hydroxy-3-one, 233 

9-amino, 796 
9-phenoxyamino, 1 I 7  2-chloro-l,3dimethoxy, methyl ester, 41 7 
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9-phenyl, 93, 94 

9-amino, 796 
1,2,3,44etrahydro, ethyl ester, 471 
1,2,3,4-tetrahydro, 10-oxide, ethyl ester, 

Acridine-9-carboxylic acid, 48, 83, 86, 92, 

Acridine4carboxylic acid, 93, 161 

4 73 

93, 194,453,474 
anilide, 86 
decarboxylation, 48, 49 
ethyl ester, 90 
2-~hl010,48 
3-ChlOr0, 94 
3,10-dihydro-6-hydroxy-3-0~0, 444 
1,3-dihydroxy, 53 

methyl ester, 445 
3-hydroxy, 54 

ir spectrum, 677 
nmr spectrum, 689 

3-methyl-1,2,3,4-tetrahydro, 464 
octahydro, 489 
1,2,3,44etrahydro, 463, 474, 489 
trinitro, 83 

Acridine-1 Oa-carboxylic acid, 4a-amino- 
methyleneperhydro lactam, 502 

Acridine-lOa-carboxylic acid, 4a-hydroxy- 
perhydro, 501 

Acridinecarboxylic acids, 93, 94 
Acridine dehydrogenase, 188 
Acridinedicarboxylic acid, 4a, 1 Oa-perhydro, 

Acridine-l,8dicarboxylic acid, 3,6-diamino, 

Acridine-l,9dicarboxylic acid, 1,2,3,4- 

Acridine-2,9dicarboxylic acid, 1,2,3,4- 

Acridine-3,9dicarboxylic acid, 1,2,3,4- 

Acridine4,9dicarboxylic acid, 94 
Acridine disulfonic acid, 9-phenyl, 89 
Acridine dyes, sales, 581 
Acridine ketones, 90-92 
Acridine methiodide, 195 
Acridine mustards, cancer inhibition by, 

Acridine-9-phosphonic acid, diethyl ester, 

dimethyl ester, nmr spectrum, 689 
Acridine-9-propionic acid, 3,lO-dihydrod- 

iminoimide, 501 

93 

tetrahydro, 463 

tetrahydro, 463 

tetrahydro, 463 

826 

51, 64, 67 

hydroxy-3-one, 233 
Acridine quinones, T338-T340 
Acridine semiquinones, 66 
Acridinestibonic acid, 67 
Acridine-2-sulfonic acid, 67, 796 
Acridine-3-sulfonic acid, 1,2,3,4-tetrahydro, 

Acridine-7-sulfonic acid, 3-amino, 215 
Acridine orange, 31, 38, 724, 728, 741, 747, 

502,503 

752,775,778,817 
aggregation, 698 
binding to DNA, 736-738, T736 
dimer, 744 
nmr spectrum, 698 

Acridine orange NO, 581,582 
Acridine yellow, 30, 582, 775, 789 
nrnr spectrum, 698 

Acridine yellow G, 582 
Acridines, antibacterial action, 789-81 1, 

T797-T803 
mode of, 808 
and structure, 795 

antibacterial resistance, 804-8 10 
antimalarial properties, 829-847 
bacterial resistance to, 804, 808, 810 
bacterial cross resistance to, 807 
basic strengths and antibacterial activity, 

carcinogenesis by, 725, 815-817 
chemiluminescence, 6 15-627 
with diamine oxidase, 760 
with monoamine oxidase, 76 2 
interaction with enzymes, 759-783 
interaction with nucleic acids, 723-754 
ionization and antibacterial activity, 795, 

ir spectra, 665-684 
intercalation, 723, 729-754 
mass spectra, 709-721 
mutagenetic effects, 782 
nmr spectra, T690, T691 
oxidation of, 184-188 
photoreduction, 453-454 
reduced, nmr spectra, 489-491, 702, T703, 

preparation, 13-58 
uv spectra, 

795, T797-T809 

797 

704 

chemical calculations, 661, 662 
Acridines, alkoxy, 80 

alkyl, mass spectra, 71 1-715 
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9-alkylamin0, 148 
(mono)-amino, T114, 115 
amino, adsorption potentials, 112 

anil formation, 113 
basic strengths, 110-1 12 
Beer’s Law deviations, 112 
charge distribution, 116 
with acetylcholine esterase, 769 
chromatography, 112 
bound, Cotton effect, 744 
diazotisation, 113 
effect on, DNAase, 774, 775 

a-chymotrypsin, 764-770 
DNA and RNA polymerase, 779-783 
mutagenesis, 775-782 
protein synthesis, 773 

flow dichroism, 746, 747 
intercalated, 729-754 
mass spectra, 715 
micelle formation, 1 12 
nmr spectra, T697 
nuclear charge, 112 
partition, 1 12 
resonance energies, 116 
staining properties, 726 
surface tension, 112 

cancer inhibition by, 824, 825 
hydrolysis, 124 
synthesis from 9-chloro, 119-120 
10-oxides, 124 

aminoalkyl, 128-13 1 
aminoaryl, 128-131 
boron containing, 826 
9-chloro, hydrolysis, 73, 147, 148 

%amino, 109-112,116-120, 120-124 

mass spectra, 7 11-7 12 
nmr spectra, T693-T695, 692-696 
reduction, T14-Tl7 

decahydro, 505-507 
diamino, 131-134, T132, T133 

9-diethylaminoalkylamino, 110 
dihydro, 502, 503 

keto, T342-344 
dihydroxy, 79 
di-substituted, T24-T2 7 
dodecahydro, 507,508 
halogenated, uv spectra, 660, 661 
hexahydro, 504,505 
hydroxy, tantomerism, 646-65 0 

charge densities, 134 

mono-substituted, T24-T27, T68-7 1 
octahydro, 482-492 

nmr spectra, 489-491 
resolution, 491 
stereochemistry, 489-491 

Bohlmann bands, 499 
hydrogen bonding, 499 
nmr spectra, 500 
quaternisation, 498 
stereochemistry, 497-500 

perhydro, 493-497, 493-502, T494, T495 

9-phenyl, from triphenylcarbinols, T52 
tetrahydro, 462-469, 462-478,503, 504 

triamino, 134 
syntheses from 

10-oxides, photolysis, 473 

9-acridanones, 13-23, T14-TI 7 
aromatic amines and aldehydes, T39 
9-chloroacridines, T14-TI 7 
dehydrogenations, 5 0-53 
diphenylamine-2-aIdehydes, 41, 45, 

diphenylamine ketones, 41, T42-44, 45, 

diphenylamines, T37 
diphenylmethanes, T39 
m-phenylenediamines, 30-3 7, T33  

T42-T44 

46, 46-49 

Acridinic acid, 10, 79,474 
Acridinium, acridan-9-sulfonate, 454 

bromide, ir spectrum, 673 
chloride, ir spectrum, 672 
fumarate, 63 
hydrochloride, 193 
hydrogen maleate, 63 
1-acetamido-10-methyl, iodide, 435 
2-acetamido-10-methyl, iodide, 435 
3-acetamido-10-methyl, iodide, 435 
9-(9-acridanyl)-lO-rnethyl, bromide, 52 1 
10-allyl, bromide, 435 
9-amino, iodide, 122 
9-amino-2-sec-buty1, chloride, 740 
9-amino-2-tert-buty1, chloride, 740 
9-amino-2,7-di-tert-butyl, chloride, 740 

3-amino-6-dimethylamino-2,7,lO-trimethyl, 

9-amino-4-ethy1, chloride, 740 
9-amino-10-ethyl, chloride, 196 
9-amino-10-methyl, chloride, 778 
9-amino-10-ethyl, iodide, 196 

nmr spectrum, 696 

chloride, 794 
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9-amino-10-methyl, iodide, 435 
9-amino-1,2,3,4,5,6,7,8,8a,lOa-decahydro- 

9-amino- lO-methyl-l,2,3,4-te trahy dr 0, 

9-(4-aminophenyl)-lO-methyl, iodide, 

3-amino-2,7,1O-trimethyl, hydroxide, 443 
3-anilino-9,1O-diphenyl, chloride, 75 
10-benzyl bromide, 450 
9-benzyl-10-methyl, chloride, 194 

3,6-bisdimethylamino-lO-methyl, salt, 

10-bromo, bromide, 72, 445 
9-bromoxy-10-methyl, tribromide, 203 
lO-bromo-9-pheny1, bromide, 89,445 
1 O-(p-bromophenyl)-9-chloro, dichloro- 

9-sec-butylamino, chloride, 740 
9-carboxhydrazide-10-methyl, salt, chemi- 

9-carboxamido-10-methyl, salt, 622 
chloro-9,1O-diphenyl, acetate, 446 

9-chlorocarbonyl-10-methyl, salts, 622, 

3-chloro-9,10-diphenyl, salts, 75 
9-chloro, chlorophosphite, 205 
9-chloro-10-methyl, dichlorophosphate, 

9-cyano-10-methyl, methosulfate, 439 
3,6-diamino-lO-amyl, chloride, 734 
3,6-diamino-2,7 -dimethyl- 10-ethyl, iodide, 

6,9-diarnino-2-ethoxy-lO-methyl, iodide, 

3,6-diamino-lO-ethyl, chloride, 734 
2,7-diamino-lO-methyl, chloride, 22 
3,6-diamino-lO-methyl, chloride, 437, 

3,7-diamino-lO-rnethyl, chloride, 450 
3,6-diamino-2,7,10-trimethyl, salts, 435, 

3,9-dichloro-lO-methyl, dichlorophos- 

3,6-dimethoxy-lO-methyl, chloride, 794 

9,10-dimethyl, methosulfate, 82 
9,10-dimethyl, chloride, 438 

10-methyl, tosylate, 506 

tosylate, 467, 477 

129,441 

iodide, 435,442 

435,582,583 

phosphate, 209 

luminescence, 626 

chloride, 436 

623 

144,209 

435 

435 

446,726,789, 793 

789 

phate, 523 

sulfate, 192 

iodide, 82 
9,10-dimethyl, methosulfate, 87 
10,lO-dimethyl-cis-octahydro, hydroxide, 

490 
10,lO-dimethyl-trans-octahydro, hy- 

droxide, 490 
4-(4-dimethylarninobenzylidene)-lO- 

methyl-l,2,3,44etrahydro, salts, 470 
9-(4-dimethylaminophenyl)-lO-methyl, 

chloride, 129, 130 
9,10-diphenyl, chloride, 450 
2-ethyl, trifluoroacetate, nmr spectrum, 

1-methoxy-10-methyl, chloride, 443 
2-methoxy-10-methyl, chloride, 443 
3-methoxy-10-methyl, chloride, 443 
4-methoxy-10-methyl, chloride, 443 
10-methyl, hydroxide, 63, 193 

10-methyl, iodide, 63, 434, 435, 441, 450 
10-methyl, chloride, 22, 193, 194,438, 

1 O-methyl-9-( 1 O-rnethyl-9-acridanyl), 

1 O-methyl-9-methylthio, iodide, 242 
10-methylnitro-9-phenyl, perchlorate, 89 
lO-rnethyl-9-phenoxycarbony1, salts, 

lO-methyl-9-pheny1, salts, 89, 435,438, 

lO-methyl-9-phenyl-2-oxide, 444 
lO-methy1-9-phenylamino, hydroxide, 442 
1 O-methyl- 1,2,3,4-tetrahydro-4-salicyli- 

lO-methyl-9-styry1, salts, 82 
lO-methyl-l,2,3,4-tetrahydro, chloride, 

692 

acetate, 521 

778 

chloride, 522 

623-625 

439,440 

dene, salts, 470, 471 

470 
iodide, 470 

483 
sym-octahydro-10-phenyl, perchlorate, 

10-phenyl, iodide, 195 
10-propyl, iodide, 435 
2,7,lO-trimethyl, acetate, 45 7 
3,9,10-triphenyl, formate, 446 

Acridinium salts, 434-436, 434-445 
from 9-acridanones, 435-436 
oxidation of, 193-195 
chemiluminescence, 62 1-624 
complex, cancer inhibition by, 824, 825 
methoxy-10-methyl, 81 
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nmr spectra, 692 
9-amino, nmr spectrum, 696 
reactions with, Grignard reagents, 450 

nucleophiles, 437444 
reduction of, 446, 450-45 1 
U.V. spectrum, 634 

Acridino[2,1,9a,9,8a,8-klmnaJ acridine and 

Acridino[ 2,1,9a,9-mna] acridine, 569 
9-Acridinylacetamide, 19 1 
9-Acridinylacetone, 91 
9-Acridinylacetonitrile, 88 
3-(9-Acridinyl)acrylic acid, 84 
p-(9-Acridinyl)alanine, 90 
1-(9-Acridinyl)-2-alkylethylene, 90 
N-(g-Acridinyl)amino acids, 128 
9-Acridinyl bromomethyl ketone, 91 
9-Acridinyl chloromethyl ketone, 91 
9-Acridinyl diazomethyl ketone, 9 1 
2-Acridinyl, 9-@-dimethylaminophenyl), 

9-Acridinyldiphenylphosphine, 61, T68 
9-Acridinyl, 9,10-diphenyl, peroxide, 450 
Acridinyl-9-dithiocabamate, ethyl ester, 

1-(9-Acridinyl)ethanol, 90 
2-(9-Acridinyl)ethanol, 83, 93 
9-Acridinyl, 2-ethoxy-6-nitr0, phosphoro- 

diethioate, 238 
9-Acridinylhydrazine, 11 9 
9-Acridinyl methyl ketone, 90 
1-(9-Acridinylmethyl)pyridiniurn iodide, 

9-Acridinyl4-nitrophenyl ketone, 83, 92 
9-Acridinyloxydichlorophosphine oxide, 

1-(9-Acridinyl)-2-phenylhydrazine, 11 9 
9-Acridinyl phenyl ketone, 83, 92 
3-(9-Acridinyl)propionic acid, 84 

derivatives, 569 

p-dimethylaminophenyl sulfone, 225 

123 

88 

145 

methyl ester, 64 
ir spectrum, 678 

um salt, 116 
3-Acridinylthiocarbamate triethylammoni- 

9-Acridinyl p-toluenesulfonhydraide, 18 
l-(9-Acridinyl)-3,3,3-trichloropropane-2-01, 

Acridol, 9,10-diphenyl, 209 
Acridone, see 9-Acridanone 
Acridone dyes, complex, 602,603 
Acridonylceramidone, 5 92 

83 

Acridyl, see Acridinyl 
Acriflavine, 582,124, 728, 734, 762, 771, 

172,774,190, 792,193; see also 
Acridinium, 3,6-diamino-lO-methyl, 
chloride 

composition and general properties, 792, 
793 

toxicity, 793 
with urease, 764 

Acronidine, 380 
Acronine, 422 
Acronychia baueri Schott, 380, 383,412, 

429 
Acronychia haplophylla, 409 
Acronycidine, 383 
Acronycine, 225, 380, 412423,  41 9-422, 

546,547,580 
antitumor properties, 422 
bromination, 415 
bromodihydro, X-ray structure, 418 
des-10-methyl, 412,417 
N-desmethyldihydro, 420 
dihydro, 420 
nitration, 415 
oxidation, 413414 
ozonolysis, 415,416 
reduction, 413 

Acronycinic acid, 4 14 
Acrylonitrile, 63 
Actinomycin D, 7 8  1 
Actinomycinol, 227-23 1, T341 

diacetate, 228 
dihydro, 230 

Aerobacter aerogenes, 727,805 
Agrobacterium tumefacients, 7 80 
Akrinol, 795 
Aminacrine Hydrochloride B. P., 4 
Aminoacrichine, 843 
4-Amino-l-diethylaminopentane, 126, 127, 

3-Aminophenylamino-2’,4’-diaminophenyl- 

2-Aminophenylbis(4-hydroxyphenyl)me- 

Amodiaquine, 844 
Amy1 alcohol, use in Ullmann reaction, 164, 

169 
Aniline, 167 

128 

methanol, 32 

thane, 51  

3-aminodiethyl, 170 
2-buty1, 169 
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3-chloro, 165 
N-(0-chlorobenzoyl), 167 
dimethyl, 183 
2,3-dimethyl, 165 
2-ethyl, 169 
N-methyl, 167 
2-methyl, 169 
2-nitro, 165, 170 
3-nitro, 165 
4-nitr0, 165, 166 
2-propyl, 169 
2,4,6-tribromo, 169 

4-Anisidine, 170 
2-nitro, 177 

Anopheles mosquito, 832 
Anthracene, 1,538, 632,633, 655 

9-I4C, 67 
9-chloro-lO-nitr0, 147 

Anthracenes, I51 
Anthranil, 179 

N-benzoylphenyl, 179 
5-chloro-3-pheny1, I82 
3-(2,4-dimethoxyphenyl), 180 
3-pentafluorophenyl, 213 
3-phenyl, 179, 180, 182 

irradiation of, 180 
1-oxide, 183 

Anthranilic acid, 166, 167, 176,192 
N-acetyl, 167 
N-ethyl, 167, 174 
5-methyl, 170 
N-methyl, 167,174, 192 
reaction with, halobenzenes, 166, 167 

3,4,5,6-tetrachloro, 176 
quinones, 174 

Anthranilic acids, N-phenyl, see Diphenyl- 
amine-2-carboxylic acids 

Anthrapyridone, 6-bromo-N-methyl, 602 
8-chloro-N-methyl, 602 

Anthrapyridones, 602 
Anthraquinone, 1-amino, 45 

Anthranylpyridinium, N-phenyl, 15 3 
Antiamebic agents, 829, 844 
Antimalarials, 125, 829-848 
Antineoplastic agents, 458, 822-836 
Antitumor agents, see Antineoplastic agents 
Antiviral agents, 458 
Arborinine, 192,219,409,428 
Argemone Mexicana Linn, 8 19 

1-hydroxy, 387 

Argemone oil, 8 19 
Asbestos, 8 16 
A talan tia monophylla, 4 26 
Atalantia monophylla Correa, 425 
Atalaphylline, 425-426 

Atebrin, 109, I 17, 125-128,125, 126, 724, 
726, 739, 762, 763, 771, 773, 774, 

N-methyl, 426 

780, 794, 829-831 
analogues, 834-846 
antimalarial activity - structure relation- 

cancer inhibition by, 823 
charge densities, 128 
with diamine oxidase, 761 
di-N-oxide, 77 
hydrolysis, 127 
mass spectrum, 720, 721 
polarized fluorescence, 746 
resolution, 127 
salts, 127  

Auracine G, 582 
5-Azabicyclo[ 0.4.81 tetradecan-6,1l-dione, 

5 08 
Azacrin, 844, 845 
Aziridines, 8 15 

ships, T836, T837, T839-T842 

Bacillus anthracis, 789 
Bacteriophage, 726 
Bacterium lactis aerogenes, 805 
Bacterium typhosum, 789 
Balfourodendron riedelianum, 3 83 
Balfouridine, 425 
Basic orange, 581 
Basic orange 4, 582 
Basic orange 15,583 
Basic orange 23, 584 
Basic yellow 6, 582 
Basic yellow 7, 583 
Basic yellow 9, 583 
ms-Benzacridan, 545 
Benz[a] acridan, 543 
Benz [ a]  acridan-benz [ a ]  acridine complex, 

Benz[a] acridan, 7,12-dibenzyl, 542 
543,556 

12-one, 544 
9-amino, 540 
9-cyano, 540 
5,6-dihydro, 534 
8-methyl, 537  
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9-nitro, 540 
1,2,3,4-tetrahydro, 533 

Benz[b] acridan, 537, 539 
12-one, 544 

Benz [ c] acridan, 532 
6-methoxy-l2-methyl-7-one-2,3-dicar- 

9-methyl, 544 
7-one, 5 3 7  

boxylic acid, methyl ester, 547  

9-methyl, 544 
11-methyl, 537 

Benz [ c ]  acridan-7-ones, 5,6-dihydro, 534 
1,2-Benzacridine, see Benz[a] acridine 
Benz[a] acridine, 5 ,41,55,  530, 531, 818 
' C-, 540 
nmr spectrum, 539 
with benzyl radicals, 541 
with neutrons, 540 

1 0-amino, 8 19 
12-amino, 540 
9-amino- 10-methyl, 40 
12-benzoyl, 83 
12-benzyl, 83 
12-carboxaldehyde, 541 
5-carboxylic acid, 537  
12-carboxylic acid, 42,534 
12-chloro, 538, 540,543 
3-chloro-l2-(4-diethylamino-3-hydroxy- 

9-chloro-8,12-dimethyl, 8 18 
12-cyanomethyl, 540  
5,6-dihydro-12-methyl, 465 
2,7-dihydro-7-methyl-2-0~0, 444 
8-dimethylamino-9-methy1, 4 35 
9,12-dimethyl-lO-fluoro, 8 18 
12-ethyl, 544 
12-ethyl-l O-fluoro, 8 18 
10-fluoro-12-methyl, 8 18 
12-methyl, 540, 541, 544 
12-methyl, 7-oxide, 539 
5-phenyl, 537  
12-styryl, 541 
8,9,10,11-tetrahydro, 536 
12-vinyl,541 

antibacterial activity, 804 
nmr spectrum, 539,704,705 
photodimer, 538 
photolysis, 538 

12-alkyl,530 

ani1ino)-antimalarial activity, 843 

Benz [ b ]  acridine, 531 

photooxide, 538 
uv spectrum, 660 
12-amino, ir spectrum, 667 

photodimer, 540 
1,2,3,4-tetrahydro, 804 

11-bromo-6,l l-dihydro-6,6-dimethyl, 5 4 3  
2,12-dichloro, 540 
3,12-dichloro, 540 
5,12-dihydro-5-(1,2-dimethoxycarbonyl- 

6, l  l-dihydro-6,6-dimethyl, 536, 542, 543 
6,1 l-dihydro-6,6-dimethyl-ll-oxo, 544 
6, l  l-dihydro-6,11-dione, 544 
6,1l-dihydro-ll-hydroxy-6,6,1 l-tri- 

6Jl-dihydro-12-methy1, 535 
6,6-dimethyl-l2-phenyl-5,6,11 ,I 2-tetra- 

hydro-11-one, 544 
6,6a,7,8,9,10,10a,l l-octahydro-12-ca.r- 

boxylic acid, 534 
6,11-quinone, 538 
1,2,3,4-tetrahydro-l2-carboxylic acid, 534 
2,6,12-trichloro, 540  
3,6,12-trichloro, 540  

nmr spectrum, 539, 704,705 
with benzyl radicals, 541 

7-amino, 540 

7-benzyl, 542 
6-bromo-5,6-dihydro-S $dimethyl, 542 
6-bromo-5,6-dihydro-5 ,5-dimethyl-7-car- 

boxylic acid 543 
7-ca.rboxaldehyde, 54 1 

9,10-dimethyl, 541 
9-methyl, 819 
11-methyl, 819 

7-chloro, 532,538, 540 
7-chloromethyl, 541 
7-cyano, 819 
5,6-dihydro, 537,543 
5,6-dihydro-1,4-dimethyl, 50 
5,6-dihydro-5 ,6-dihydroxy-7,9-dimethyl, 

5,6-dihydro-5,5-dimethyl, 536, 542 
5,6-dihydr0-5 ,5-dimethyl-6-hydroxy, 543 
5,6-dihydro-5,6-dione, 543, 544  
5,6-dihydro-9-methyl, 535 
5,6-dihydro-5,5-tetramethylene, 543 

vinyl)-12-methoxy, 542 

methyl, 544 

Benz[c]acridine, 52,55, 236,532, 818-820 

7-alkyl, 530 

cancer inhibition by, 825 

543 
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1,4-dimethyl, 50 
5,6-dimethyl, 542 
5,7-dimethyl, 8 18 
7,9-dimethyl, 543,818 

7,1O-dimethyl, 81 8 

7,1l-dimethyl, 818 
7-(2-dimethylaminoethyl), 54 1 
7-ethyl-9-fluor0, 818 
7-ethyl-g-methy1, 818 
7-ethyl-1 1-methyl, 818 
9-ethyl-7-methy1, 818 
12-(3-n-heptylaminopropylarnino), 

amebicidal activity, 844 
12-( l-hydroxy-2-N-piperidinoethyl)-2,4,8- 

trichloro, 847, 848 
7-methyl, 540, 541, 818, 819 
1,2,3,4,4a,5,6,12b-octahydro-l2-~ar- 

boxylic acid, 534 

5-flUOr0,819 

5-flUOr0,819 

7-~tyryl,541 
8,9,10,11-tetrahydro, 469 
5,7,1l-trimethyl, 818 
7,8,ll-trimethyl, 818 
7,9,10-trimethyl, 541, 818 

7H-Benz[kl] acridine, 545,545 
8,1O-dinitro, 545 

Benzacridines, 529-571,530337, T531, 
T532,540,742,817 

cancer inhibition by, 540, 823 
carcinogenesis by, 817-822 
mass spectra, 714, 715 
nmr spectra, 704, 705, T706 
numberings, T6 
paper chromatography, 540 
paper electrophoresis, 540 
Pfitzinger synthesis of, 534, 535 
thin layer chromatography of, 540 

Benz[ c ]  acridinium, 5,6-dihydro-7,12-di- 
methyl, methosulfate, 541 

Benzaldehyde, o-amino, 192 
5-chloro-2-nitr0, 183 
2,4-dinitro, 179, 183 
2-nitro, 178, 179, 183 

2-bromo-2’,3‘-dimethyl, 172 
Benzanilide, 191 

Benz[n] anthracene, 539 

7,12-dimethyl, 817 
7-I4C, 540 

Benzanthrone-acridone dyes, 5 99-602 

Benz [ b ]  -1,4-diazepin-2-one, 5-(2-fluoro- 
phenyl), 189 

Benzenesulfinic acid, 18 
Benzenefulfonhydrazide, 18 
Benzhydrol, o-nitro, 182 
2,3,4,5,6-pentafluoro-2’-nitro, 180 

Benz[a] indeno[2,3-i] acridine, 568 
Benzo[h] indeno[2,3-c] acridine, 568 
Benz[h] indeno[3,2-b] acridine, 568 
Benz[j] indeno[2,3-a] acridine, 568 
Benz[ el indole, 2,3-dihydro-3-hydroxy-2- 

keto-1-phenyl-3-carboxylic acid, 
ethyl ester, 49 

Benz[e] isatin, N-aryl, 534 
Benz[fl isatin, 534 
2,l-Benzisoxazoles, see Anthranils 
Benzocoumarindione, 49 
Benzoflavine, 584 
Benzo[a] fluoren[ 1,9-hi] acridine, 566 
Benzo[a] naphth[2,3-h] acridine, 567 
Benzo[c] naphth[2,3-h] acridine, 567  
Benzo[h] naphth[2,1-a] acridine, 566 
Benzo[h] naphth[2,3-a] acridine, 567 
Benzo[j] naphth[ 1,2-a] acridine, 567 
Benzo[j] naphth[2,3-a] acridine, 566 
Benzophenone, 201 

2-amino, 182, 190 
2-amino-2’-chloro, 189 
2-amino-2‘4luor0, 188, 189 
2-amino-2‘-hydroxy, 189 
2-amin0-3’-hy&oxy, 190 
2-amino-2’-methoxy, 189 
2-azido, 182 
4’-chloro-2-carboxyamide, 182 
2,2’-diamino, 190 
2,2‘-diamino-4,4’-dichloro, 190 
2-nitro, 177, 182 
2,2’,4,4’-tetraamino, 190 
2,2’-4,4’-tetranitro, 190 
N-p-tosyl3-amino-2’-fluoro, 1 88 

Benzophenones, 2-amino-2’-fluoro, 143, 
188, T333-T335 

cyclization of, 2,2’-disubstituted, 188-190 
Benzo[a] pyrene, 819 
Benzothiazoloacridines, 565 
Benzotriazin-4-one, 3-phenyl, thermolysis 

of, 190 
uv irradiation, 191 

Benz[d] -1,3-oxazepines, 473 
Benzoic acid, 3-acetamido-2-chlor0, 169 
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2-chloro, 165, 167, 169 
2-chloro-3 ,5-dibromo, 169 
2-chloro-3,5dinitro, 165 
2-chloro-4,5-dinitro, 170 
2-chloro-5-methoxy, 165 
2-chloro-3-nitr0, 169 
2-chloro4-nitr0, 169 
2-chloro-5-nitr0, 165, 167, 170 
2-chloro-6-nitr0, 169 
2-cyclohexyloxy, 169 
2,6diamino, methyl ester, 168 
2,4dichloro, 169 
2,6dichloro, 169, 170 
4,5-dinitro-2-fluoro, 171 
2-fluoro, 165, 189 
2-iodo, 165 
2-nitro, 183 
4-nitro, 169 

Benzoyl chloride, o-fluoro, 189 
9,9’-Biacridan, 201,445,447,524 

10,lO’-di-n-butyl, 659 
9,9‘dihydroxy-10,10’dimethyl, 521 
10,lO’-dimethyl, 450, 659 
10,10‘dimethyl-9,9’oxide, 620 
10,10‘diphenyl, 525,659 
10-phenyl, 525 

3,3 ‘dichloro-l0,lO‘-dimethyl, 523 
1 0,lO’-bis-( 1,2-dime thoxycarb onylethyl), 

10,lO’-dimethyl, 194, 207,208, 241, 522, 

10,10’-dimethyl-3,4,3 ‘,4‘-dimethylene- 

10,10‘diphenyl, 209 
10-methyl, 521 

9,9‘-Biacridans, 52 1-526 
A9,9 -Biacridans, 10,lO’-dialkyl, 619 
10,10’-Bi-9-acridanone, 185, 202,527 
9,9‘-Biacriden, 521 
9,9‘-Biacridine, 20,519, 519420,524 

A939 -Biacridan, 519, 521 

210 

619,620 

dioxy, 1,2,1’,2’-tetramethoxy, 385 

lO,lO’dimethyl-3,3’,lO,lO’-tetrahydro- 
3,3’-dione, 235, 523  

10,lO’-dioxide, glucuronide, 520 
tetrasulfonic acid, 67 
trisulfonic acid, 67 

9,9’-Biacridines, 5 19-526 
dihydroxy, 520 

9,10’-Biacridines, 526 
10,lO‘-Biacridines, 5 2 7 

9,9’-Biacridinium salts, 
10,lO’-dialkyl, 522, 523 
chemiluminescence, 616-619 
3,3’dichloro-10,10’dimethyl, 523  
3,3 ’dimethoxy-l0,lO’-dimethyl, 235 
3,3 ‘-dimethoxy-l0,lO ’dimet hyl, 5 2 2 
10,l 0’-dimethyl, 5 20, 5 23 
methoxy, 81 
3,3‘,6,6’-tetraamino, 521 

Biacridinyl-2,2’-disulfide, 225 
10,10’-Bi-9-acridonyl, 201, 202 
9,9’-Biacridyl, see 9,9’-biacridine 
9,9’-Biacridylidene, 521 

10,lO’-dimethyl, 521 
Bicycloatalaphylline, 4 25 
Bioluminescence, 6 15 
Bisacetoxyphenylisatin, 57 
Bis(9-acridinyl)amine, 177 
Bis-(9-cyanoacridanyl)-9-peroxide, 194 
Bisnaphth[2,3a] [2,3-j] acridine, 567, 568 
Bisnoracronycin, 220 
Bis-thiazolo[4,5-c:5’,4’,-h] acridine, 

2,10-diamino, 565 
Bohlmann bands, 499,502,506 
Boron containing acridines, 826 

Cancer chemotherapy, 117, 120, 581,822- 

Carbazims, 234, T342-T344,461 
Carbazine, 457 
Carbazole, 560 

Carbazole-phthaloylacridone dyes, 597, 59 8 
Carbazons, 231,461, T342-T344 
Carcinogenesis, 815, 816 
Carcinogens, 464 
Cebus monkeys, 834 
Celanthrene fast yellow GL, 586 
Cellulose acetate, 580 
Ceramidone, 559 
Chapman rearrangement, 17 1 
Cheese, 581 
Chemiluminescence, 523 
Chloramphemicol, 806 
3-Chloropropanonitrile, 6 3 
Chloroquine, 739,830, 831, 833 
Chrysaniline, 52, 581, 583 
P-Chrysidine, 5 
a-Chymotrypsin, 767 
N-trans-Cinnamoylimidazole, 765 

826 

9-phenyl, 559 
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Cinquasia red B, 604 
Cinquasia red Y, 604 
Cinquasia violet R, 604 
Clostridium septicum, 794 
Clostridium welchii, 728, 794 
Cobalt, estimation, 628 
Copper, use in Ullmann Reaction, 162 
Coriphosphine BG, 583 
Crystal violet, 806 
2-Cyanobiphenyl, 71 1 
Cycloguanil pamoate, 846 
2,4-Cyclohexadien-l-one oxime, 4a-cyano- 

Cyclohept[b] indole-(SH)-lO-one, 76, 719 
Cysteine, 128 
Cysteine N, S-bis(6-chloro-2-methoxp-9- 

Cytosine, 778 

benzylidene, 184 

acridinyl), I 2 8  

hydroxymethyl, 778 

Depsazidone, I60 
Dermacrine, 4 
De(s)peptidoactinomycin, see 

Act inom ycinol 
9,9'-Diacridan, 65 
9,9'-Diacriden, 521 
1,2-Di-(9-acridyl)hydrazine, 11 9,123, 205 
Diamond phosphine GG, 582 
8,16-Diazadibenzo [ b k ]  perylene, 570 
5,8-Diazapentaphene, 563 
11,16-Diazatribenzo[aei] pyrene, 570 
Dibenz[uj] acridan, 533, 555 

Dibenz [ ch ] acridan-7-one, 556 
Dibenz[uc] acridine, 1,2,3,4-tetrahydro, 543 
Dibenz[ah] acridine, 533 

carcinogenic properties, 81 7 
in cigarette smoke, 819 
7-methyl, 819 
7-methyl-l,2,3,44etrahydro, 819 
nmr spectrum, 554,706 

Dibenz[ai] acridine, 554 
nmr spectrum, 554 
photooxides, 554 
photodimer, 554 
8,13dihydro-8,13-dione, 554, 556 

Dibenz[uj] acridine, 40,533, 554, 556 
carcinogenic properties, 8 17 
in cigarette smoke, 819 
nmr spectrum, 554, 705 

14-methyl, 554 

polarographic reduction, 555 
5,6-dihydro, 555 

photooxide, 554 
photodimer, 554 
8,13dihydro-8,13-dione, 5 54, 556 

Dibenz[bh]acridine, 538,554, 556 

Dibenz[bi] acridine, 547 
Dibenz[cd] acridine, 236 
Dibenz[ch] acridine, 818 

molecular parameters, 554 
nmr spectrum, 554 
7-chloro, 556 
5,9-dimethyl-5,6,8,9-tetrahydro, 484 
7-methyl, 819 

Dibenz[cj] acridine, 7-methyl, 819 
7-methyl-1,2,3,4-tetrahydro, 819 

8H-Dibenz[c,mn] acridine, 558 
8-one,557, 558 

Dibenzacridines, 547-565, T548-T553 
carcinogenesis by, 817-822 
nmr spectra, 705, 706, T706 
paper chromatography, 547 
paper electrophoresis, 547 
uv spectra, 547 

Dibenz[bf]azepines, 55,461 
Dibenzo[defmno] chrysene, 819 
Dibenz[be] -1,3-oxazepine, 76 
Dibenzo[ci]naphtho[l,2,3,4-lmn] [ 2,9]- 

14HDibenzo[uj] xanthen, 14-methyl, 554 
Diborane, 202 
Diceramidonyl, 592 
1 -Diethylaminopentane4one, 126 
Diflavine, 794 
Diglymne, use in Ullmann reaction, 164 
Dimethacrine, 452,459, 460 

metabolism, 452 
Dimethylacetamide, use in Ullmann reaction, 

164 
Dimethylformamide, use in Ullmann reac- 

tion, 164 
Dimethyl sulphoxide, use in Ullmann reac- 

tion, 164 
5,8-Dimethyl-l-tetralone, 534 
Dioxetanes, 621 
Diphenyl, 4-amino, 206 
Diphenylamine, 657,667,670 

2-aldehydes, 46, 190 
3-amino-3'-nitro, 159 
2-arsonic acid, 161 

phenanthroline, 570 
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2-bromo, 175 
N-carbamic acid, 176 
2-carboxyamides, cyclisation, 145 
2,2’-dibromo, 175 

Diphenylamine-2-carboxylic acid, 150, 151, 
153,160-1 77 

3-acetamido, 159 
N-acyl, 154 
2’-amino, 159 
5-amino, 159 
5’anilino-2’-methyl, 154 
N-benzoyl, 158 
N-benzoyl-2-tert- butyl, 159 
2’-chloro, 166 
5-chloro4-methoxy, 171 
5-chloro4’-methoxy, 153, 154 
5-chloro4’-methoxy-2’-nitro, 171 
S-chloro4-methyl-2’-nitro, I 70 
3’,6-diamino, 154 
4,4’-diamino, 233 
2‘,4’-dichloro, 160 
2’,5’-dichloro, 160 
2’,6‘-dichloro, 169  
2‘,5‘-dimethoxy, methyl ester, I 7 4  
3’,4’dimethoxy, 152 
3’,5’-dimethoxy, 4 16 
2’,3’-dimethyl, I 72 
3’-dimethyl amino, 155 
5-dimethylamino, 155 
2’,4’-dinitro, 154, 160 
2’,4’-dinitro-5’-hydroxy, I 71 
2‘-hydroxy, 160, I71  
2’-mercapto, 175  
2‘-methoxy, 1 71, 177 
N-methyl, 157, 175 
N-methyl-2’-nitro, 15 7 
2-nitro, 154 
2’-nitro, 167 
3-nitro, 155, 159 
3’-nitro, 155 
5-nitr0, 155 
5-nitro-2,2’-dicarboxylic acid, 156 
2’-nitro4’-sulfonamido, 153 
octachloro, 154, I 76 
N-phenyl, 157 
2’,3’,4‘,5’-tetramethoxy, 384 
2’,4,4’-tribromo, 171 
3 ‘,4 ’,5 ’-trimethoxy, 4 10 

cyclisations with POCI,, 144-150 
from anthranilic acid, 166 

Diphenylamine4-carboxylic acid, I 76 
5-chloro-2-nitr0, 1 70 

Diphenylamine-2,4’-dicarboxylic acid, 144 
Diphenyl phosphorothiolate, 23 8 
O,O-Diphenyl-S-(2-ethoxy-6-nitro-9-acridyI)- 

Diphenylmethane, 2-nitro, 180, 182 
Diquin[ 2,3a:2’,3’-c] acridine, 570 
Disperse yellow 2, 586 

Dyes, 579-613 
acridine-azo, 5 86-5 88 
disperse, 580 
low ir reflectance, 600,601 

phosphorodithioate, 74 

DNA, 726-741,821 

Entozon, 794 
9,10(9)-Epidioxyacridan, 77 
Epoxides, 815 
Escherichia coli, 126,728,754, 771, 772, 

780,789 
DNA polymerase, 779 
K12, 807 

Ethanolamine, 150 
Ether, bis-(3,6diamino-9-acridanyl), 3 2, 80, 

804 
bis-lO-methyl-9-acridiniurn, diiodide, I94 
bis-l0-(9-acridanonyl), 63, 210 
bis-2,4-diaminobenzhydryl, 3 2 

Ethidium bromide, 724, 743, 744, 751, 
754,772,781 

Ethionine, 816 
Ethylenediamine, 150 
Euchrysin GGNX, 583 
Evodia alata, 409 
Evodia xanthoxyloides F. Muell., 380, 383, 

Evodine, 380 
Evolidine, 383 
Evoprenine, 385, 410-412 

Evoxanthidine, 403,404,406,408, 409 
Evoxanthine, 223, 383,403406,408,  412 
Evoxine, 380 
Evoxoidine. 380 

403,404,409,429,431 

nmr spectrum, 410 

Fagara leprieurii, 409 
Ficin. 770 Diphenylamine-2-carboxylic acids, 144-160, 

T28 7- T328 Flavanthrene, 603 
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Flavazole, 790 
Flaveosin, 35, 55 
Flufenamic acid, 150, 156 
Fluoren-9-imine, 7 11 
Fluorenone, 182 
Fluorescent indicators, 59 
Fluroescence quenching, 733, 734 

Genetic code, 727, 753, 775 
Gerbil, 845 
Giardia lamblia, 838 
Giardiasis, 838 
Gibbons, 834 
Glycerol, use in Ullmann Reaction, 164 
Glycine, N-(2-carboxyphenyl), 167 

Glycosmis arborea, 42 8 
Glycosmis pentaphylla, 41 2,417 

Helindon yellow CG, 607 
Helio fast red E5B, 604 
Hexamethyl phosphoramide, use in 

Histidine, 782 
Hostaperm pink E, 605 
Hostaperm Red E3B, 604 
2-(2-Hydroxyanilino)benzaldehyde, 63  
2-(2-Hydroxyanilino)benzoic acid, 63 
Hydrazine, (9-acridyl), 123  
Hypoxanthine, 627 

N-phenyl, 167 

Ullmann reaction, 164 

Imipramine, 492 
Immedial brown FR, 582 
Indanthrene blue CLN, 593 
Indanthrene brilliant pink BBL, 590 
Indanthrene brilliant pink BL, 590 
Indanthene brown 3GT, 597 
Indanthrene brown LG, 59 7 
Indanthrene gray M, MG, 602, 603 
Indanthrene green 4G, 595 
Indanthrene khaki GR, 597 
Indanthrene navy blue R, 602, 603 
Indanthrene olive green B, 599 
Indanthrene olive green GG, 600 
Indanthrene olive T, 599, 600 
Indanthrene orange F3R, 592 
Indanthrene orange RR, 590 
Indanthrene pink B, 590 
Indanthrene printing blue HFG, 593 
Indanthrene red brown R, 591, 592 

Indanthrene red RK, 590 
Indanthrene red RK new, 589 
Indanthrene red violet RRK, 589 
Indanthrene turquoise blue GK, 593 
Indanthrene turquoise blue 3GK, 593 
Indanthrene violet FFBN, 592 
Indanthrene violet RRK, 589 
Indazin red 2B, 605 
Indo10[3,2,1&] acridan-8-one, 198,559, 

560 
Iodobenzene, 167 
Iron, use in Ullmann reaction, 162 
Isatin, 195,463 

Isoacridones, 231,443, 444 
Isoacronycine, 422 
Isophthalic acid, 2-bromo, 165 
Isopropanol, use in Ullmann reaction, 169 
Isoquinoline, 642 
Isovaleraldehyde, 3-hydroxy dimethyl acetal, 

220 

N-phenyl, 48, 94, 176 

“Jari”, 583 

Kiebsiella aerogenes, 805-8 10 
Kokusaginine, 380,403 
Kynurenine, 783 

Lambliasis, 83 8 
Lehmstedt-Tanasescu Reaction, 143, 177- 

18 1 
Leichmania tarentolae, 770 
Lophine, 615,617 
Luciferin-luciferase, 6 2 7 
Lucigenin, 194, 523,616 

in analysis, 627 
chemiluminescence, 6 16-6 19 
with enzymes, 627 

Luminol, 615,617 
Lunacrine, 425 
Lysozyme, 726 

photooxidation, 783 

McLafferty rearrangements, 712-714, 718 
Malarial life cycle, 832 
Manganese, use in Ullmann Reaction, 162 
Mefenamic acid, 150; see also Diphenyl- 

amine-2-carboxylic acid, 2’,3 ’- 
dimethyl 

Melicope fareana F. Muell., 380, 383 
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Melicopicine, 383-385,384, 398-399 
1-' C'acetate incorporation, 430 
acidic degradation products, 394, 395 
bromination, 398, 399 

Melicopidine, 383,388-391, 394-396,400, 
402,403 

with alkoxides, 388-391 
bromination, 400402 
hydrochloride, 383,385 

Melicopine, 208, 383, 391-394, 396-398, 

acidic degradation products, 394, 395 
with alkoxides, 388-391 
bromination, 396-398 
7-bromo, 396, 398 

2-nitrodiphenyl, 177 

402, 403 

Methane, 2-acyldiphenyl, 151 

Methylene blue, 806, 808, 830 
Micrococcus pyogenes, 807 
Monacrin, 4 
Monastral violet R, 604 
Morgan's base, 451,543, 555,558 
Morpholine, N-ethyl, 164 
Mutagenesis, 726-728 
Mutants, addition and deletion, 775 

Naphth[ 2,3-c] acridan-5,8,14-trione, 224, 
588, 589 

7-(2-carboxyphenylthio), 595 

7-(4-chlorobenzamido), 594 
11,12-dichloro, 589 
7-(3,5dichlorophenylamino), 595 
5,14-dihydro, 556,557 
11-fluoro-6-benzamido, 593 
6,7,9,10,11,12-hexachloro, 590 
13-methy1, 589 
6,9,10,11,12-pentacNoro, 590 

1 1 -chloro, 5 89 

1,2-Naphthacridine, 5 
Naphth[ 2,3a] acridine, 5,8,13,14-tetra- 

hydro-5 (H)-8,13, 14-trione1 5 5 6 
5-methyl, 556 

Naphth[ 2,341 acridine, 5,7,12,14-tetra- 
hydro-5(H)-7,12,14-trione, 556 

Smethyl, 556 
Naphth[ 2,3-c] acridine, 556 
Naphth[ 2,3-c] acridine, nmr spectrum, 554, 

9H-Naphth[ 3,2,1-kI] acridin-g-one, 559 
706 

6-amino, 559 

8-amino, 559 
7-chloro-2-methy1, 559 
1,3dimethyl, 566 
2-methyl-8-hydroxy, 559 
2-methyl-8-p-tolylimino-l,2,3,4-tetra- 

hydro, 559 
1,2,3,4-tetrahydro, 559 

Naphth[ 2,1-b]furan-l,2-dione, 535 
Neomonacrin, 794 
Nickel, use in Ullmann reaction, 162 
Nitroacridin 3582, 794 
Nitrobenzene, use in Ullmann reaction, 164 
Nitrogen mustards, 815 
Noracronycine, 220, 412,414-417,421, 

422 
des-10-methyl-, 412, 417, 421 
desoxydihydro-, 422 
hexahydrodesoxy-, 422 

Noracronycinic acid, 414 
Norevoxanthine, 404, 406 

bromination, 406-408 
Normelicopicine, 221, 385-387, 389, 396, 

398,400 
7-bromo-, 428 

Normelicopidine, 221, 385, 391,400,401 
Normelicopine, 385, 391,394, 396, 398 

Nortecleanthine, 4 24 
N-Phenylanthranilic acids, 16 1 

7-bromo-, 398 

Osmium, estimation, 628 
N, "-0 xydi-9-acridanone, 7 7 
Oxytetracycline, 806 

Paliogen red BB, 604 
Palladium, estimation of, 628 
Pamaquine, 830,833 
Pencillin, 60 
Pentacene, 563 
Pentane, 4-amino-ldiethylamino, 149 

5-amino-ldiethylamino, 149 
5-amino-l(N)-piperidino-, 149 

Pentaphene, 563 
Pfitzinger reaction, 463,464 
8H,12H-F%enaleno[ 2,1,9,8-klmn] acridine- 

Phenamic acids, drug use of, 1 6  1 
Phenanthridine, 71 1 
Phenanthridine-6-thione, 5,6dihydro-, 240 
Phenanthridone, 190 

8,12dione, 6-methyl, 566 
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Phenazine-1-carboxylic acid, 6-amino-, 154 
Phenol, p-amino-, 166 
0-Phenonaphthacridine, 5 
Phenothiazines, N-benzyl, 175 

N-ethyl, 175 
N-phenyl, 175 

Phenylanthranil, 177 
Phenylanthranils, 77, T329-T332,181-184 
m-Phenylenediamine, 166 
p-  Phenylenediamine, 166, 169 

2-(Phenyliodonio)benzoate, 165 
4-Phenylquinoline-2,3-dicarboxylic acid, 89 
4-Phenylquinoline-3-carboxylic acid, 89 
N-Phenylquinaldinium chloride, 176 
Phloroglucinol, 192, 195 
Phosphine, 583 
Phosphine E, 583 
Photooxidation of amino acid residues, 783 
Phthaloylacridone, 6-amino, 593,594 

monoacetyl, 170 

10-amino, 591 
6-benzarnido-10-bromo, 597 
6-bromo, 594 
10-chlorod-amino, 597 
6,7,9,12-tetrachloro-, 597 
6,10,12-trichloro-, 590, 597 

Phthaloylacridones, 556, 588-598 
6-amino, 593-597 

Pgment red 122,605,608 
Pigment red 192,605 
F‘igrnent violet 19, 604 
Pigment violet 30, 605 
Piperazine, 150 
Plasmodium berghei, 771, 834, 845, 847, 

Plasmodium catherneriurn, 833, 838 
Plasmodium cynomolgi, 834,844 
Plasmodium falciparum, 831, 833, 834, 844 
Plasmodium gallinaceum, 833, 848 
Plasmodium knowlesi, 834 
Plasmodium lophurae, 833, 838, 844 
Plasmodium malarhe, 831-834, 844 
Plasmodium ovale, 831, 834 
Plasmodium relictum, 833, 838 
Plasmodium vivax, 83 1-833 
F’latinum, use in Ullmann Reaction, 162 
Polio virus, proflavine-sensitized, 727 
Polyester fibers, 580 
Prodine, 502 
Proflavine, 727, 137,140,741, 750, 752, 

84 8 

754, 762, 765,766, 769, 771, 772, 
775, 780-782, 791-792, 808; see also 
Acridine, 3,6diamino 

binding curves, 731-732 
difference spectrum, 770 
general properties, 79 1-792 
intercalated, 742, 743 

Propamidine, 808 
Propane, 4,4 ’-diamidinodiphenoxy-, 808 
“Propyl-atebrin mustard,” 772 
Pseudomonas aeruginosa, 790 
Pyocyanin, 444 
2H-Pyrano[2,3-b] acridan, 5-hydroxy-11- 

Pyrano[ 2,3-c] acridine, 546 
Pyrazolanthrones, 602 
Pyridine, 60, 538, 642 

2-amino, 795 
4-amino, 639, 769 
1-oxide, 187 
2-phenylethynyl, 71 1 

methyl-2,6-dione, 422 

Pyrido[3,2-c] acridan-7-one, 21 7 
Pyrido[ 2,3-a] acridine, 3,7dichloro-9-(4- 

diethylaminobutylamino), anti- 
malarial activity, 843 

Pyrido [ 3,2, l-de] acridine, 54 5 
lH, 7H-pyrido[3 ,2,1-de] acridine-l,3(2H)- 

dione, 546 
1,2,3,3a,4,5,6 ,I-octahydro-1 -one, 545 
derivatives, 546 

Pyrido [ 2,3-a] quin[ 2,3-c] acridine-7,8dicar- 

Pyrido [3,2-b] quinoline, 7-chloro-10-(4- 
boxylic acid, 571 

diethylamino-2-butylamino)-2-meth- 
oxy, 845 

Pyrido [ 3,4-b ] quinoline, 9-(4diethylamino- 
3-hydroxyphenylamino)-8-methoxy, 
845 

Pyridoxal, 23 
Pyrrolidone, N-methyl, 174 
Pyrrolo[ 1,2-a ] quinoline-l,2dione, 471 

Quin[2,3-a] acridine, 564 
7-hydroxy, 564 
7-hydroxy-8(13H),14(5H)dione, 564 
5,8,13,44etrahydro, 563 

Quin[ 3,2-a] acridine, 563 
13(8H),14(5H)dione and derivatives, 563 

Quin[ 2,341 1 acridine, 6,12-dihydrod,7(12),- 
13,14(5H)-tetraone, 175 
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7(12H),14(5H)dione, 560, 562, 563 
7,14diphenyl-l,2,3,4,8,9,10,1 l-octa- 

1,2,3,4,8,9,10,1 l-octahydro-7(12H),14- 

Quin[ 3,241 acridine-l2(7H),14( 5H)-dione, 

SH-quin[ 2,3,4-kl] acridine, 8-methyl, 564 
6H-quin[ 2,3,4-kl] acridine, 7,8-dihyd10-7,7- 

Quinacridone, angular, 603,604, 606 
cis-Quinacridone, 603, 604, 609 
trans- (linear)Quinacridone, 560-562, 603, 

hydro, 562 

(5H)dionq 562 

and derivatives, 563 

dimethyl, 564 

604,608 
chloro, 608 
2,9dichloro, 608 
4,11-dichloro, 608 
6,13-dichloro, 608 
2,9difluoro, 608 
6,13dihydro, 561, 605, 608 
6,13dihydroxy, 607, 608 
2,9-dimethoxy, 608 
2,9dimethyl, 604, 608 
6,13-dimethyl, 606 
octahydro, 605 
3 ,lO-bistrifluoromethyl, 608 
X-ray diffraction, 609 

Quinacrido ne-2,9-disulfo nic acid, 608 
Quinacridones, 560, 603-608 

Quinacridonequinone, 1 75, 606-608 
Quinacridonequinones, 561 
Quinacridone violet, 604 
Quinacrine, pharmacological and biochemi- 

polymorphism, 604,608,609 

cal properties, 829, 833, 846-847; 
see also Atebrin 

Quinazolinone, 2-phenyl-4(3H), 158 
Quindo magenta RV6803,604, 608 
Quindo violet RV6902,604 
Quinine, 125,830, 833, 847, 848 
Quinoline, 60, 642, 795 

4-amino, 639, 760, 769 
8-amino, 116 
3-benzoyl, 544 
3-benzoyl-l,4-dihydro-4-phenyl, 544 
3-carboxylic acid, 10 
4-chloro, 475 
2-chloro-3-brom0, 58 
2,3dicarboxylic acid, 63, 185 
2-iodo, methiodide, 82 

2-methyl, 470,692 
4-nitro 1 -oxide, 81 7 
Al,8a-octahydro, 501, 508 
2,3,4-tricarboxylic acid, 83 

Quinolines, amino, biological activity, 795 
4-Quinolone-2-carboxylic acid, 227 

-3-carboxylic acid, 202,403 

3-methoxyacetyl-l-methyl, 39 1 
l-methyl-3-carboxaldehyde, 394 
1-methyl-3-carboxylic acid, 384, 387,394, 

l-methyl-6-nitro-3-carboxylic acid, 413,415 

methyl, 174 

1-methyl, 394 

404,406,413,428 

Quinone, 2,3dimethoxy, 174 

Rane antimalarial assay, 834 
Raney cobalt, j 8  
Raneynickel, 20,65, 75,113,417,445,  

524,543 
Reissert compounds, 64 
Rhenonine, 56 
Rheonine A, 584 
Rheumatism treatment, 425 
Rhodopseudomonas spheroides, 77 1 
Rhoduline orange NO, 581 
Riboflavine, 763 
Rivanol, 133, 134,790, 793, 794 

protein-fractionation, 134 
RNA, 726-729,738 
Roehl assay, 833 
Rut acr idone, 4 2 3 
Ruta graveolens, 423 

Saccharomyces carlsberg, 762 
Saccharomyces cerevisiae, 762, 772 
Salacrin, 794 
Salicylic acid, 191 

Sandorin brilliant red 5BL, 605 
Serratia murcescens, 6 2 7 
Shikimic acid, 192 
Silver, estimation, 628 
Sinflavine, 794 
Skimmianine, 380, 383 
Smiles rearrangement, 172 
Snakebite treatment, 425 
Staphylococcus albus, 807 
Staphylococcus aureus, 789 
Sternbach synthesis, 143 

5-nitro, 170 
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Streptomycin, 60 

Tacrine, 476,477 
Tapeworm infestation, 846 
T e c h  grandifolia Engl., 404 
Teclea natalensis (Song.) Engl., 423 
Tecleanthine, 423-425 
Tetrabenz[achj] acridine, 566 
Tetrahymena, 17 1 
Tetrahymena pyrlformis, 84 7 
Tetramethoxyethylene, 44 1 
1 H-Tetrazole, diazonium, 782 
Thermochromism, 522 
Thioacetamide, 816 
Thioacridone, see 9-Acridanthione 
Thioether, bis-9-acridinyl, 80, 240 

2,2'-diethoxy6,6'-dinitro, 238 
Tin, in Ullmann Reaction, 162 
Tobacco smoke, 459 
Tobias acid, 590 
p-Toluenesulfonhydrazide, 1 8 
3-o-Toluoylquinoline, 53 7 
6-Triazolo [de] -9-acridanone, 216 
Tribenz [ach] acridine, 566 
Tribenz[acj] acridine, 566 
Triphenylamine-2-carboxylic acid, 157 

Tropone, 24 2-bromo-4-methylanilino)-5,7- 

Trypaflavine, 790; see also acriflavine 
Trypanosomes, 728 
Trypanosomom brucei, 789 
Trypanosomom rhodiense, 807 
Tryptophan, 192,428,783 
Tyrosine, 782 

Ullmann Reaction, 45, 161-171 

5-phenyl-, 153 

dibromo, 176 

base, 163-164 
catalysts, 162-163 
limitations, 169-171 
oxidation methods, 176 

solvents, 164 
substituent effects, 164-166 

Uracil, 5-bromo, 726 
Urethane, 150 

Vat black 8,602 
Vat black 25,599 
Vat blue 21,593 
Vat blue 25,602 
Vat blue 32, 593 
Vat blue 33, 593 
Vat blue 39, 593 
Vat brown 16,597 
Vat brown 26,597 
Vat brown 31,591 
Vat brown 46, 597 
Vat green 3,599 
Vat green 5,600 
Vat green 12, 595 
Vat orange 13,590 
Vat orange 16, 592 
Vat red 35,590 
Vat red 38, 590 
Vat red 39, 590 
Vat violet 13, 592 
Vat violet 14, 589 
Vat yellow 1, 603 
Vepris bilocularis, 4 12 
Viruses, 726,727 

peri- Xanthenoxanthene, 56 9 
Xanthevodine, 402, 403,409 
Xanthoxoline, 409-410 
Xanthylium, sym-octahydro, perchlorate, 

483 

Y chromosome, 773 
Yeast, 728, 771 

Zinc, use in Ullmann Reaction, 
162 
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