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Depsipeptides constitute a large and rapidly expanding class of peptide- 
related compounds, which are built up of hydroxy and amino acid residues 
joined by amide and ester linkages. Various members of this class are quite 
frequently encountered among natural products, particularly in substances 
of microbiological origin. Most of these are cyclodepsipeptides with consider
ably varying ring size up to 36-membered cyclododecadepsipeptides. Many 
of the naturally occurring depsipeptides are biologically active. These 
include an appreciable number of antibiotics, some alkaloids, and, 
apparently, certain proteins.

In the past years we devised general methods for the synthesis of optically 
active linear and cyclic depsipeptides with any desired sequence of the amino 
acid and hydroxy acid residues. Simultaneously we studied some of their 
properties, including the stereochemical aspects of their ring closure. 
Furthermore, new methods for their structural study were developed, among 
which the mass spectrometric approach deserves special mention.

All these studies led to the syntheses in 1962-64 of a number of 
naturally occurring depsipeptides; in the course of this work it was discover
ed that formulae proposed for some of them had been erroneous and these 
were corrected. Parallelly, work was begun on the relations between chemical 
constitution and physiological action of antibiotic depsipeptides. Probable 
biogenetic pathways to a number of these compounds were also outlined.

*
The naturally occurring depsipeptides known at present may be divided 

into a number of groups.
1. W oolley’s to x in  (1955)
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E n n ia tin  A
I I .  R  =  R 1 =  C H M eE t, n  =  1; P la t t-  

n e r  e t  a l. (1947-48)
I I I .  R  =  R l =  C H M eE t, n  =  2; S hem 

y ak in  e ta l.(1 9 6 3 );V o g le r e ta l.(1 9 6 3 )
E n n ia tin  В

IV . R  =  R i =  C H M e„ n  =  1; P la t tn e r  
e t  a l. (1947-48)

V. R  =  R i =  C H M c„ n =  2; Shem - 
v ak in  e t  a l. (1963); P la t tn e r .  V ogler 
e t  a l. (1963)

V alinom yein
V I. R  - C H 3, R '  =  CHM e2, n  =  1; 

B rockm ann  e t  al. (1955—57)
V II . R  =  C H 3, R '  =  CHM e2, n  =  2; 

S hem yak in  e t  a l. (1963)
A m idom ycin

V II I .  R  =  R '  =  CHM e2, n  =  1, l in in g ,  
T ab er (1957)

F o rm u la  V I I I  is w rong; S hem yak in  e t  al. 
(1963)

A m idom ycin  is a n  a r te fa c t; V in ing  (1963)

To the first group belong cyclodepsipeptides with regularly alternating 
«-amino and a-hydroxy acid residues. The simplest of these is Woolley’s 
phytopathogenic toxin [191] with the cvclodidepsipeptide formula (I). 
Here also belong two antibiotics, namely enniatin A and enniatin B, to 
which Plattner [45, 90 — 94] had ascribed a cyclotetradepsipeptide structure 
( I I  and IV), but which we [152 —155] and simultaneously Plattner — 
Vogler’s team [95, 96, 100, 101] have recently shown to be the cyclohexa- 
depsipeptides (III and V). Latterly, mass spectrometric studies have revealed 
the existence in naturally occurring enniatin mixtures of a “mixed” type of 
enniatins, in particular enniatin A L (R =  CHMeEt, R1 =  CHMe2, n =  2) 
and Bt (R =  CHMe2, R1 =  CHMeEt, n = 2) [62]. The group further 
includes the antibiotic valinomyein for which Brockmann had proposed the 
structure of the cyclooctadepsipeptide (VI) [24, 32], whereas it is actually 
the cyclododecadepsipeptide (VII) [35], as we have directly shown by its 
synthesis [130, 131]. Research in this group of compounds was not without 
its comic turns. For instance with amidomycin, Vining and Taber [170, 171, 
183] had suggested for this substance the cyclooctadepsipeptide structure 
(VIII). On synthesizing the compound with this formula we discovered that 
it had properties entirely different from those attributed to amidomycin 
[158, 159], only to find out afterwards from Vining in a private communica
tion that this compound was an artefact. Finally, this group of depsipeptides. 
includes also a metabolite of certain species of Pithomyces, angolide [13. 103]
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This compound is a cyclotetradepsipeptide, its structure (IX) being eluci
dated by Russell [106] and confirmed mass spectrometrically both by us 
[60, 61] and by Shannon [74], and then through its total synthesis [61].

A ngolide
I X .  H =  CH M e2, R 1 =  C H M eE t 

R 2 =  CHM eEt-alZo 
R ussell (1905)
S hem yak in  (1964)

To the second group of depsipeptides belong substances with irregular 
amino acid and hydroxy acid sequences. This group contains compounds 
with both a- and Д-hydroxy acid residues. Among its members there are 
four cyclohexadepsipeptides, sporidesmolides I, II, III and IV, biologically 
inactive metabolites isolated by Russell from the fungus Pithomyces char
tarum and Pithomyces nmydicus [11,14,104, 105, 107]. To sporidesmolide I 
Russell assigned the formula X, whose validity we demonstrated soon after 
by direct synthesis [82, 142, 145, 146]. In the case of sporidesmolide II, 
Russell who had proposed the structure XI, did not elucidate the stereoiso
merism of the isoleucine residue. We found it to be «Z/oisoleucine, so that the 
final structure is represented by XII as we confirmed it by the synthesis of 
sporidesmolide II [89, 143, 146]. The structure of sporidesmolide III (XIII) 
was elucidated by Russell and Shannon mass spectrometrically [108] and 
confirmed by us synthetically [58]. Russell also established the formula of 
sporidesmolide IV (XIV) [13, 14], whose total synthesis we carried out [59].

Sporidesm olide I  Sporidesm olide I I I
X . R 1 =  R 3 =  CHM e2, R 2 = M e ;  X I I I .  R 1 =  R 3 =  C H M e„ R 2 =  H ;

R u s s e l l(1960);S h e m y a k in e ta l . (1962. R usse ll (1964); S h em y ak in  e t  a l.
> (1965)

Sporidesm olide I I
X I-  R 1 =  CH M e2, R 2 =  Me, R 3 =  Sporidesm olide IV

=  C H M eE t; R usse ll (1960)
X I I .  R* =  CHM e2, R 2 =  Me, R 3 =  X IV . R 1 =  C H 2CHM e2, R 2 =  Me, R 3 -

CHM eEt-«M o; S hem yak in  e t  a l. CHM e,; R ussell (1964); O vch innikov
(1963) ' e t  a l. (1965)

5
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To this group of depsipeptides, but containing ß -hydroxy acid residues, 
belong two antibiotics, serratamolide and esperin. For the former Wasser - 
man [187] proposed the structure of a cyclotetradepsipeptide (XV), which 
we have recently confirmed by the synthesis of diacetylserratamolide [139, 
140] and serratamolide itself [5, 63].

S erra tam o lide
X V .  W asserm an  e t  a l. (1961)

Shem yak in  e t  a l. (1964-1965)

As for esperin Ito and Ogawa [54] formulated its structure (XVI), leav
ing open the question of the configuration of the hydroxy acid residue. On 
subjecting esperin to alkaline hydrolysis, they isolated esperinic acid (XVII). 
We synthesized two stereoisomers corresponding to this formula, one contain
ing L- and the other D-/?-hydroxytridecanoic acid. However, both stereoiso
mers differed considerably from esperinic acid, which thus places question
able the correctness of the formula (XVI) proposed for esperin [85].



This type of depsipeptides also includes isariin, a metabolite of the fungus 
Isarea cretacea, described by Vining [184],who also established its structure 
(XVIII) mass spectrometrically [190].

THE CHEMISTRY OF NATURAL DEPSI PEPTIDES 7

Still another depsipeptide called pithomycolide was found among the 
metabolic products of Pithomyces chartarum. I t  was established by Briggs 
[20] that pithomycolide is a 17-membered cyclopentadepsipeptide (XIX), 
containing two D-/3-hydroxy-/?-phenylpropionic acid residues.

To depsipeptides of the second group belong also the destruxins, posses
sing insecticide properties. These were studied by Japanese workers [64, 
172], who proposed the structure XX for destruxin В [173], confirmed by 
its total synthesis [67] and recently structure XXI for destruxin A [169].
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Finally, this group of depsipeptides also includes the quite recently dis
covered compounds related to the lipoproteins whose molecules contain 
residues of the higher hydroxy acids as well as amino acid residues. To date 
compounds of this type best known chemically are peptidolipin NA, isolated 
from a culture of Nocardia asteroides [51], whose structure was formulated 
as XXII [49, 50, 68]. The structure was confirmed mass spectrometrically 
[10]. Just latterly an analogue of peptidolipin NA was isolated containing an 
L-valine instead of L-alanine residue. The structure of this Уal8-peptidolipin 
NA (XXIII) and that of its homologues (XXIII; R =  CHMe2, n — 17 and 
X X III; R =  CHMe2 , n =  18) have been proved by the mass spectrometric 
method Г521-

Depsipeptides of the third group are characterized by the presence of 
one or more hydroxyamino acid residues with both the hydroxyl and amino 
functions in the same molecule. This group may be subdivided into com
pounds containing a-hydroxy- (XXIV), /3-hydroxy- (XXV) and y-hydroxy- 
(XXVI) -a-amino acid residues. To the first group belong two new ergot
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alkaloids of the type XXVII, to which Japanese investigators have ascribed 
a cyclodidepsipeptide structure [1], as well as the long-known ergot alkaloids 
of the ergotamine and ergotoxine groups, which arecyclols (XXIX) isomeric 
with the corresponding cyclotridepsipeptides (XXVIII) [53,166].The second 
subgroup (XXV) embraces a large number of antibiotics whose molecules 
contain one or two serine or threonine residues incorporated in the depsi- 
peptide ring by means of an amide and ester bond. The best known com
pound of this series is etarnycin (XXX) [9, 124, 125] and also the compounds 
structurally related to it, staphylomycin S (XXXIa) and (XXXIb) 
[180-182], ostreogricin В (XXXIc), Bx (XXXId) and B2 (XXXIe) [41, 
174, 175, 188] also called, respectively, vernamycins Ba, B;, and B(j [16], as 
well as vernamvcin B4 (XXXIf) [16] and doricin [17].

R =  Lysergic acid R ' R" R =  Isolysergic acid

Ergocristine CHMe„ J C H ,Ph Ergocristinine

Ergotam ine Me CH;P h  Ergotam inine
Ergokryptine CHMe2 CH2CHMe2 Ergokryptinine
Ergocomine CHMe, CHMe2 Ergocorninine
Ergosine Me CH2CHMe2 Ergosinine
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X X X Ia . S taphy lom yo in  S; R  =  E t ;  R 1 =  H ; V an d erh aeg h e  e t  a l. (1960) 
X X X Ib . S taphy lom yo in  S ,; R  =  M e; R 1 =  H ; V anderhaeghe  e t  a l. (1965) 
X X X Ic . O streogrio in  B ; R  =  E t ;  R 1 =  N M e2; T odd  (1960)
X X X Id . O streogrio in  B t ; R  =  Me; R 1 =  NM e2; T odd  (1962)
X X X Ie . O streogrio in  B 2; R  =  E t ;  R 1 =  N H M e; T odd  (1962)
X X X If . V ernam ycin  B ä; R  =  Me; R 1 =  N H M e; B o d an szk y  e t  a l. (1963)

To this subgroup should also be referred telomycin [122, 123], echino- 
mycin (XXXII) [40, 56, 57] and the closely related quinomycins В and C 
[77, 80,179], the triostins A, В andC (XXXIIIa —XXXIIIc) [77—79,179],
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and a large group of actinomycins of the general formula (XXXIV) [21, 
138].

mycin X and X' Y and Y ' R and R' ^mycln Y and Y ' Y and Y' R and R'

I  (X0) I Val Pro; H yPro CH3 E x a lleu  Pro CH3;
e f t

I I  (Fg) Val Sar CH3 E , a lleu  Pro CjH5
I I I  (F,) Val Sar; Pro CH3 F , olleu; Sar CH3

Val
TV (Cj) Val Pro CH3 F. a lleu ; Sar; Pro CH3

Val
V (X2) Val Pro; F 3 alleu  Sar CH3

y-Opro CH3 F 4 a lleu  Sar; Pro CH3
VI (C2) a lleu ; Pro CH3 X , Val Sar; CH3

Val y-Opro
V II (C3) a lleu  Pro CH3 X 0 Val P ro; 0 11.

H yPro

A somewhat special position is occupied by the antimycins A1 and A, 
(XXXV) in which there are three ester bonds to each peptide bond [12, 
167, 189]. The type XXVI subgroup of depsipeptides is of particular 
interest, since it includes the connective tissue proteins, procollagen and 
collagen. Besides peptide bonds, these contain ester linkages formed by 
means of the hydroxyl group of hydroxyproline (XXXVT) [36].
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I t is thus evident that the class of depsipeptides includes a whole variety 
of naturally occurring products.

Depsipeptide structures may possibly also arise during biochemical reac
tions, as for instance in the conversions postulated by Brenner: XXXVII 

XXXVIII -V XXXIX for certain peptide and protein molecules [18, 
19].

R'
I

R - C H - O H  R —C H —O C O C H N H . R —C H —O H

C O N H —C H —C O N H — — C O N H —C H —C O N H — * COX H -Cf-r CO-V11CHCONH —

R'
X X X V II  X X X V II I  X X X IX

Progress in depsipeptide chemistry is obviously intimately connected 
with the existence of reliable methods for studying the structure of these 
compounds. In the early stages, molecular weight determination proved 
to be quite an obstacle and since the values obtained were too low, 
sometimes erroneous formulae were derived (enniatins, valinomycin). We 
found in this case the thermoelectric and mass spectrometric procedures 
to be the most reliable.

A certain advantage in the structural investigation of depsipeptides, 
in comparison with peptides, is that alkaline hydrolysis, attacking the 
ester bond selectively, allows one to pinpoint the places of rupture. However, 
in the more complicated cases a mere combination of this procedure and 
acid hydrolysis is insufficient.

Much information can be obtained by mass spectrometric fragmentation 
of cyclodepsipeptides [15, 98, 99, 192 — 194]. With this method one can 
simultaneously determine the molecular weights of these compounds and 
their structures.

A study of the mass spectra of cyclic di-, tetra-, hexa-, octa- and dodeca- 
depsipeptides showed that the cyclodepsipeptides are characterized by 
certain basic types of fragmentation [98, 193, 194]. One that we have 
termed the COX-type of fragmentation, begins with loss of the
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elements of an ester or amide group, leading to formation of a linear ion 
radical, which then eliminates amino and hydroxy acid residues step wisely 
by successive rupture of the amide and ester bonds (Scheme 1). This type of 
fragmentation is very clearly manifested in the strained cyclotetradepsi- 
peptides, but it is slightly, if at all, expressed in the higher membered com
pounds of this class, beginning with the cyclohexadepsipeptides.

The morpholinic type of fragmentation is typical of all unstrained cyclo- 
depsipeptides beginning with 18 and higher membered rings. I t is highly

2*

Another type of cyclodepsipeptide fragmentation, which has been called 
the morpholinic type, is characterized by direct or stepwise conversion of the 
molecular ion radical to 2,5-dioxomorpholine (Scheme 2), which then 
eliminates one or both substituents and finally suffers opening of the hetero 
ring. If different 2,5-dioxomorpholines can arise, the one with larger molec
ular weight is formed preferentially [194].
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dependent on the temperature, increasing sharply with increase in the lat
ter, since not only the molecular ions but the cyclodepsipeptides themselves 
are capable of thermal conversion directly into dioxomorpholines, which 
then undergo electron impact. Injection of the sample directly into the ion 
source, allowing much lower temperatures to be used, can greatly lower the 
intensity of this type of fragmentation [99].

Still another fragmentation route should be mentioned. This begins with 
loss of an acylaminoketene ion (Scheme 3), and is therefore called the acyl- 
aminoketene type of fragmentation. I t is manifested to a much smaller 
degree than the other types, and only begins with the cyclohexadepsi- 
peptides.

Of particular interest is the specific type of cyclopeptide fragmentation 
we have discovered that involves preliminary rupture (a) of an amide or 
ester bond, followed by successive (b, c, d, e, f) elimination of hydroxy or 
amino acid residues from the resulting ion radical (Scheme 4).

This type of fragmentation which we have called the amino (hydroxy) 
acid type is the most general for the various cyclodepsipeptides, although 
not always the predominant one. It is sometimes accompanied by elimina
tion of CO, leading to the formation of imine fragments (imine type of 
fragmentation):
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Naturally, in the case of cyclic depsipeptides containing different hydroxy 
and amino acid residues, the picture can be quite complicated since the 
molecular ion can undergo cleavage at different amide and ester bonds and 
thereby form several ion radicals with different acid residue sequences. 
Nonetheless, the subsequent fragmentation of each of the ion radicals by the 
amino (hydroxy) acid route may often be followed, as it is seen in the exam
ple of one of the sporidesmolide analogues (Scheme 5), whose mass spectrum 
shows all the three degradation routes due to rupture of two amide and one 
ester bonds in the cyclic molecular ion.*

1  M elle(525) -<-Va,1(426) — H y lv (3 2 6 ) -~M eIle(199) —Val(lOO) 

(M eIle-V al-H yIv)2->-M + (652) ->- V al(553) -^ H y lv (4 5 3 ) —M elle(326) — V al(227) —H y lv (1 2 7 )

44 H y lv (5 5 2 ) -M elle< 4 2 5 ) —V al(326) — H jd v (2 2 6 ) -vM eIle(99) 

Schem e 5. D eg rad a tio n  ro u te s  o f a  sporidesm olide an a lo g u e

The information that one may obtain from the amino (hydroxy) acid and 
imine type of fragmentation is of particular value, since it may lead to 
establishment of the nature and simultaneously of the sequence of the 
hydroxy and amino acid residues in the ring, i.e. may give a complete 
knowledge of the cyclodepsipeptide structure under investigation.

The mass spectrometric method proved especially fruitful in structural 
studies of linear depsipeptides. These should be acylated at the N-(0 Iter- 
minus and esterified at the C terminus, not only to augment their volatility 
for the mass spectrometric determination, but also because it facilitates 
their stepwise fragmentation (beginning with the C-terminus after it has 
acquired a positive charge). As a result, all the hydroxy and amino acid 
residues are consecutively eliminated by rupture of the ester and amide 
bonds, giving information on both the structure and sequence of their 
hydroxy and amino acid residues (Scheme 6).

X —NH or O; R =  Me or Bu—t
Schem e R. A m ino (hyd roxy ) acid  ty p e  o f  fra g m e n ta tio n  in  th e  dep sip ep tid e  a n d  p ep tid e

m olecule
* T h is p a p e r  uses th e  sym bols an d  designa tions fo r am ino  acids, p ep tid e s  an d  p ro 

te in s  a d o p te d  b y  th e  C om m ittee  o f  th e  In te rn a t io n a l U n ion  o f  P u re  an d  A pp lied  
C hem istry ; in  a d d itio n , th e  follow ing designa tions a re  u sed ; H y lv  =  res idue  o f  a- 
hyd roxy isova le ric  acid  -O C H (C H M e2)C O -; H y lc  =  res idue  o f  a -hyd roxy isocap ro ic  
ac id  -O C H (C H 2CH M e2)C O -; ß -1 ly D ec  =  res idue  o f  /S-hydroxydecanoic acid  
-О  -O H -C H  „ 0 0 - ; L ac  =  residue  o f lac tic  ac id  -0 -C H (C H 3)C0--.

I
(C H ,)eC H 3
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Since this type of fragmentation proved also to be characteristic of N- 
acylated peptide esters, the mass spectrometric method can be used also for 
determining the amino acid sequence in oligopeptides [88, 156].

Synthetic studies of depsipeptides which we began in 1958, gradually 
led to the development of general methods for preparing linear and cyclic 
representatives of this class of compounds [55, 58—61, 63, 75, 81—85, 89, 
102, 117-121, 126-129, 131, 138-145, 147, 150-155, 158-160, 163] see 
also [2, 11, 22, 23, 25 — 31, 33, 34, 37, 39, 42, 44, 46—48, 65, 66, 69-73, 95, 
96, 100, 101, 109-112, 115, 116, 164, 168, 174, 176-178, 186].

Two different methods were investigated. In one, the suitably protected 
hydroxy acid and amino acid residues (XL and XLI) were linked by an 
amide bond, and then from the resulting amide (XLII) either one (X) or the 
other (Y) of the protective groups was removed; the fragments (XLIII and 
XLIV) were then linked by an ester bond. In this case further building up of 
the depsipeptide chain and cyclization is achieved only through ester 
linkages. This route was found to be not very promising since establishing 
of the ester linkage required considerable activation of the carbonyl group 
in the terminal amino acid, which was always accompanied by increased 
racemization, moreover, ring closure in general could not be effected 
[159, 161, 163].
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The second approach, on the contrary, proved to be very fruitful. In this 
case the substituted amino and hydroxy acids (XLV and XLVI) are 
linked together by an ester bond, utilizing the anhydride or acid chloride 
method; one of the protective groups (XorY) of the resulting ester (XL VII) 
is then removed, and the fragments (XLVIII and XLIX) are united by an 
amide bond. Here, further building up of the depsipeptide chain and then 
cyclization is achieved through only amide bonding, which can be accomplish
ed at all stages by the acid chloride method, because the terminal hydroxy 
acid residues show no tendency towards racemization. The most suitable 
protective groups were found to be benzyloxycarbonyl, nitrobenzyloxy- 
carbonyl, Lbutyloxycarbonyl or o-nitrophenylsulphenyl for the amino 
group, and benzyl or i-butyl for the hydroxyl group which could be easily 
removed either simultaneously or selectively.

Using this method we synthesized the most varied regular and irregular 
linear depsipeptides, up to hexadecadepsipeptides inclusively, yields for 
most stages reaching a value of 75-95%.

Ring closure, usually carried out in highly diluted benzene or tetrahydro- 
furan solution of the N-alkylated tetra-, hexa- and octadepsipeptides 
(L, n =  1, 2, 3), ordinarily proceeds in the direction of the expected 
cyclodepsipeptides (LI) which are obtained in 50-75% yields. On the 
other hand, when tetra-, octa-, and dodecadepsipeptides (LII, n =  1, 
2, 3) with non-alkylated amide nitrogen are used, the normal cyclization 
products (LIII, n =  1, 2, 3) are obtained in only 5—10% yields, rarely
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Linear depsipeptide Cyclodepsipeptide Yield, %

n =  1 (ldld) ; R  =  R ' =  CHMe2 n =  1 (t.dld); R  =  R ' =  CHMe. 70
n =  1 (ld bd): R  =  R ' =  CHMe, n =  1 (lddd); R  =  R ' =  CHMe, 75
n =  1 (ddldJ; R  =  R ' =  CHMe, n —  1 (ddld); R  =  R ' =  CHMe2 60
n == 1 (ldld); R  =  R ' =  CHM eEt n —  1 (ldld); R  =  R ' =  CHM eEt 64
n =  1 (ldld); R  =  R ' =  CH,CHMe, n —  1 (ldld); R  =  R ' =  CH2CHMe2 74
n =  1 (ldld); R  =  CHMeEt; n =  1 (ldld); R  =  CHMeEt;

R ' =  CHMe, R ' =  CHMe2 75
n —  1 (ldld); R  =  CH2CHMe„; n =  1 (ldld); R  =  CH„CHMe2; 65

R ' =  CHM eEt '  R ' =  CHM eEt
n =  1 (ldld); R  =  CH2CHMe2; n =  1 (ldld); R  =  CH2CHMe,; 76

R ' =  CHMe2 '  '  R ' =  CHMe2
n —  2 (ldldld); R  =  R ' =  CHMe, n —  2 (ldldld); R  =  R ' =  CHMe2 52
n =  2 (ldldld); R  =  R ' =  CHM eEt n  =  2 (ldldld); R  =  R ' =  CHM eEt 50
n =  2 (ldldld); R  =  CHMe2; n —  2 (ldldld); R  == CHMe, 49

R ' =  CHM eEt R ' =  CHMeEt
n —  3 (ldldldld); R  =  R ' =  CHMe, n —  3 (ldldldld); R  =  R ' =  CHMe2 55
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Yield, %
Linear depsipeptide Cyclodepsipeptide j----------

CeHe THF

X n  =  1 (d d d d ); R  =  R ' =  i a  n  =  1 (d d d d ); R  =  R ' =  5
=  CHMe., =

„  xb n  =  2 (b d d d d d d d ); 5
R  =  R ' =  CHM e,

II n — 1 (ld l d ); R  =  R ' =  l i a  n  =  1 (ld ld ); R  == R ' — 6 26
CH M e. =  CHM e.

„ l ib  П =  2 ( iD L D b D L D ) i  [ 19 18
R  =  R '  =  CHM e.

„  n e  n =  3 (ld i.d ld ld ld ld ); 8 9
R  =  R '  =  CHM e,

i n  n  =  1 (DbliD); R  =  CHM e,; i l i a  n — 1 (d l l d ); R  =  CHM e,; 0 3
R ' =  Me '  R '  =  Me

n  =  1 (d l l d ); R  =  CHMe.,; m b  n  =  2 (d lld d lld ); 9 10
R ' =  Me ‘ R  =  CHM e2; R ' =  Me

IV n =  2 (d lld d lld ); n i b  „  3
R  =  CHM e. R '  =  Me

V n  =  3 (d lld d lld d lld ); v a  n — Z( d i.ld d lld d lld ); 10
R  =  CHM e,; R ' =  Me R  =  CHM e.; R '  =  Me

reaching 20-25% (compounds ia-va), due to concurrent formation of 
polymeric compounds and of cyclodepsipeptides with doubled and 
tripled molecular weight (compounds ih, нЬ, ис and mb). The tri- 
depsipeptides (LIV) do not give the normal cyclization products at 
all, instead cyclohexadepsipeptides (LV) are formed in yields up to 
40% [83].
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Cyclodepsipeptide j  Yield% M.P.°C [  OCJ ̂  in CHC1,

(D D L D D L );  X  =  X ' =  H ; R  =  i-B u 32 297° + 112° (c 0-9)
( L L L L i i ) ;  X  =  X ' =  Me; R  =  i-B u 21 oil —156° (c 1*1)
(d l d d l d ) ; X  =  H , X ' =  Me; R  =  sec-Bu 29 216° + 7 1 °  (c 1-7)
(L b D L L D ) ;  X  =  H , X ' =  Me; R  =  sec-Bu 28 223° —179° (c 3-1)
(d l l d l l ); X  =  H , X ' =  Me; R  =  i-Bu 33 246° —6° (o 1-6)
(L b L L L L ) ;  X  =  H , X '  =  Me; R  =  i-Bu 41 238° —268° (c 1-4)

Schwyzer regarded the doubling reaction, which he was the first to observe 
during the cyclization of peptides, as the outcome of hydrogen bonding 
of the linear molecules into the antiparallel associates (LVI); these without

LVTI
change in conformation, would pass over into the cyclopeptides (LVII) 
[113, 114, 116]. However, this concept appears to be wrong, because all-N- 
substituted tri- and tetradepsipeptides (LVIII and LX), despite their 
inability to form hydrogen bonded associates, turned out to be quite prone
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to double (LIX and LXII). Moreover, peptides can double during cycli- 
zation also in polar solvents (for instance, in water), i.e., under conditions 
excluding the formation of the hydrogen bonded associates [83].

In our opinion the doubling (or tripling) reaction mechanism is radically 
different from that proposed by Schwyzer. The basic competitive process 
accompanying cyclization of a peptide (depsipeptide) is linear polyconden
sation leading to the formation of polymer homologues of increasing degrees 
of polymerization. However, under conditions of high dilution, the initial 
and resulting linear peptides (LXIII-LXV) can also undergo intramo
lecular condensation to the corresponding cyclopeptides (LXVI-LXVIII). 
The contribution of either of these processes (polycondensation and
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cyclization) is determined mainly by two factors: the preferred confor
mation of the initial depsipeptide (peptide) and the degree of strain 
in the cycle to be formed.

В  R  R
I I I

H —(—N H C H C O —)„—X  -  H - ( - N H C H C O - ) 2„ - X  -  H - ( - N H C H C O ) 3n- X  -  e tc . 
L X I I I  L X IV  LX V

I 1 I
R  R  R
I I I

( - N H C H C O —)„ (—N H C H C O —)2n (—N H C H C O -)3„
L X V I L X V II  L X V II I

X = C 1, O R , SR , e tc .

In fact, conformational analysis combined with a study of the cyclization 
process carried out on the 8 stereoisomeric tetradepsipeptides (LXIX— 
LXXVI) showed that ring formation occurred most easily with the isomer 
having the maximum bent conformation (l d l d ), whereas the isomer with the 
most outstretched chain (d d d d ) was the most difficult to cyclize. (The bent
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and stretched conformations can be very clearly observed on Stuart models.) 
This conclusion is in agreement with the fact that the least strained cyclo- 
depsipeptide (l d l d ) is formed in high yield, and the most strained (d d d d )

in very low yield. The above statements are illustrated by the experimental 
data listed for all the 8 stereoisomeric N-methyltetradepsipeptides (LXIX— 
LXXVT). The l d l d  isomer (LXIX) affords the cyclotetradepsipeptide 
(LXXII) in 70% yield, whereas the d d d d  isomer (LXXVI) gives the cyclo
tetradepsipeptide (LXI) in only 8% yield, together with a 13% yield of the 
cyclooctadepsipeptide (LXII) [84, 87].
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Linear depsipeptide Cyclodepsipeptide Yield, % M.p., °C [oc]f>° (in CHC1S)

T.XIX. (l d l d ) IV. n =  1 (l d l d ) 70 229° + 4-8° (c 0-9)
L X X . (l d d d ) L X X V II. n =  1 (l d d d ) 75 144° + 218° (c 0-7)

L X X I. (d d l d ) L X X V II. n  =  1 (l d d d ) 60 144° + 218° (c 0-7)
L X X II. (LDDL) L X X V III. n  =  1 (l d d l )* 70 227° 0°

L X X III . (l l d d ) L X X IX . n  =  l  (l l d d )* 40 227° 0°
LXX IV . (d l d d ) L X X X . n  =  1 (d d d l ) 46 129° + 6 6 °  (c 0-4)
LXXV. (d d d l ) L X X X . n  =  1 (d d d l ) 45 129° + 6 6 °  (c 0-4)

LX X V I. (d d d d ) L X I. n  =  1 (DDDD) 8 158° + 6 1 °  (c 1-0)
„  L X II. n =  3 (d d d d d d d d ) 13 184° + 124° (e 0-8)

* meso-form

Having theabove methods for the synthesis of cyclodepsipeptides at our 
disposal, we were thus able to prepare a number of naturally occurring 
members of this class of compounds. As a result, the structures which had 
been proposed for them could be verified, or corrections made where 
necessary. Simultaneously, a number of analogues of the naturally occur
ring cyclodepsipeptides were produced.

The first compound to be synthesized according to the scheme outlined 
above was sporidesmolide I (X) [82, 142, 145, 146]. This was followed by the 
synthesis of sporidesmolide II (XII) after the corresponding structural correc
tions had been made [89, 143, 146]. In a similar way the synthesis was 
achieved of sporidesmolides III (XIII) and IV (XIV) [58, 59]. The synthe
ses confirmed the structures postulated for these cyclohexadepsipeptides.
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We then prepared the cyclotetradepsipeptides (II, IV, LXXXI) whose 
formulae had been ascribed by Plattner to enniatin A and B, and also II.

I I .  R  =  R '  =  C H (C H 3)C2H 5 (en n ia tin  A) 

IV . R  =  R ' =  C H (C H 3)2 ((enniatin B) 

L X X X I . R  =  R '  =  C H 2C H (C H 3)2 (en n ia tin  C) 

L X X X I I .  R  =  C H (C H 3)C2H 5; R '  =  C H (C H 3)2 

L X X X I I I .  R  =  C H 2C H (C H 3)2; R '  =  C H (C H 3)C2H 6 

L X X X IV . R  =  C H ,C H (C H 2),; R '  =  C H (C H 3)2



26 M. М. S НЕМУAKIN and Yu. A. OVCHINNIKOV

to enniatin C not isolated in the pure state [45, 90—94]. Concurrently, 
a number of closely related analogues (LXXXII—LXXXIV) were also 
prepared. All the synthetic compounds were found to differ from the natural 
antibiotics, although their properties were very similar [82, 141, 143, 144, 
150, 151]. From this fact we concluded that the enniatins must be very 
closely related cyclopolymer homologues of the cyclotetradepsipeptides we 
had prepared. Redetermination of the molecular weights of enniatin A and 
B, both by the thermoelectric method and by mass spectroscopy, showed 
them, indeed, to be cyclohexadepsipeptides. Their structures (III and V) 
were finally established by synthesis, which we accomplished according to 
the schemes presented below. The cyclohexadepsipeptide we made, whose 
structure should have been that of enniatin C, turned out to be completely 
devoid of antimicrobial activity [86]. Simultaneously, some analogues 
and cyclopolymer homologues of these antibiotics were synthesized by 
similar routes [152—155].

When we attempted to confirm synthetically the structure of the antibi
otics valinomycin and amidomycin, for which Brockmann [24, 32] and 
Vining [170, 171, 183] had proposed the cyclooctadepsipeptide structures 
VI or LXXXV and VIII, respectively, we found that all the three synthetic 
compounds had considerably different properties from those of the natural 
products [82, 158, 159, 161]. Regarding amidomycin, Vining soon after
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came to the conclusion that under this name an insufficiently purified 
sample of valinomycin had been described (cf. constants in the table 
below).

VI. (l i d d i i d e ), R  =  R "  =  CH3, R ' =  R " ' =  CH(CH3)2 

LX X X V . (l l i i d d d d ), R =  R ' =  CH3, R "  =  R '"  =  CH(CH3)2 

V III. (all d ), R  =  R ' =  R "  =  R '"  =  CH(CH3)2

Antibiotic Formula M.P.°0 [A  J  D Structure

Valinomycin C3cH (!0O12N4 190° -)-31° H . Brockmann VI or
(c 1-6, e t al. (1955) LX X X V
OeH 6)

Amidomycin C40H 08O1.,N4 192° +19-20 L. C. Vining,
(c 1-2, W. A. Taber V III
E tO H ) (1957)

As for valinomycin itself, new determinations of its molecular weight, which 
we carried out by the thermoelectric and Brockmann by the sedimentation 
method, showed that the compound was probably the cyclododecadepsi- 
peptide VII, rather than a cyclooctadepsipeptide. Indeed, when VII was

3 R. D . c.
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prepared by us according to the above scheme, it was found to be iden
tical with the natural substance [35, 55, 130, 131].

In the very last years Brockmann and his collaborators [22, 25 — 31, 33, 
34] carried out the total synthesis of a number of actinomycin antibiotics — 
actinomycins Cx, C2, C3 and others. The actinomycin molecule can be made 
in three different ways represented schematically by the general formula 
(XXXIV), where the dotted lines show the bonds (a, Ъ and c) formed in 
the final stage of the synthesis. The first route used, for instance, in the 
synthesis of actinomycins Ct and C3, involves preliminary formation of the 
tricyclic chromophore, bearing two open depsipeptide or peptide chains 
and this is followed by two ring closures through formation of an amide
(a) or ester (b) bond. The second route (actinomycin C2) is based on the 
initial synthesis of a cyclopentadepsipeptide containing an o-amino-m- 
hydroxy-p-toluic acid residue, followed by the oxidative condensation 
of two such molecules with the formation of the heterocyclic chromophore 
system (c).
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(X X X IV )

Regarding synthesis of the intermediate linear peptides, formyl protection 
was used as a rule for the N-terminus and benzyl esters for the C-terminus. 
In order to make the amide bonds, the carbodiimide method was used in the 
majority of cases, an exception being the bond between threonine and 
ad/o-isoleucine or between threonine and valine, for which the most 
efficient proved to be Woodward’s reagent. I t is noteworthy that in all 
cases the imidazolide method was used for the formation of the ester bond; 
when this bond served for closing the ring, this step could be accom
plished satisfactorily only with a mixture of acetylimidazole and acetyl 
chloride as the condensing agent, and even then the yield did not exceed 
15-20% .

Recently Japanese chemists [67] have achieved the synthesis of destruxin 
В (XX). An interesting feature of this synthesis was the successful use of 
carbodiimide in practically all the stages of the synthesis, including the

3*
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making of the difficultly formed amide bond between the N-methylamino 
residues and cyclization of the linear hydroxyacylpentapeptide by way of 
an ester bond.

An entirely different route to cyclodepsipeptides was used by us in the 
synthesis of serratamolide (XV) and some other natural depsipeptides and 
their analogues. The basis of this route was laid by our recently discovered 
reaction of incorporating hydroxy- and amino-acid residues into the peptide 
chain or ring [3, 4, 6-8, 132-137]. I t was found that owing to the strong 
activation of the carbonyl group in acylamides of type LXXXVI, these 
compounds easily rearrange, often spontaneously, via the cyclol intermedi
ates (LXXXVII) into linear or cyclic depsipeptides or peptides (LXXXVIII).
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The application of this reaction to the diacyldiketopiperazines (XCI), readily 
obtainable by reacting a benzyloxyacyl chloride (XC) with a diketopiper- 
azine (LXXXIX), permits the synthesis of various analogues of serratamo- 
lide of type (XCIII) in high yields and in only two steps, without the 
isolation of the intermediate cyclols (XCII) [4, 6, 133, 134].

Serratamolide itself, was prepared as the diacetate (XCVI) from the 
corresponding diacetyldiketopiperazine (XCIV) after the hydrogenolytic 
removal of two benzyl groups from the intermediate tetraacyldiketopiper- 
azine (XCV). Compound (XCVI) was then converted by careful hydrolysis 
into serratamolide (XV) itself [5, 63, 139, 140].
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The incorporation of hydroxy acid and amino acid residues into the pep
tide chain or ring is not only a reaction of preparative importance, hut also 
provides a new approach to the mechanism of the biosynthesis of many 
cyclodepsipeptides and cyclopeptides. I t is very easy to conceive such a 
biogenetic pathway, for instance, in the case of serratamolide via XCVLI —► 
XV. Furthermore, incorporation of a-amino-/S-hydroxy acid residues into 
the peptide ring (C -*■ Cl) may be one of the steps in the biosynthesis of 
a large group of closely related antibiotics [133, 134]. Such are for instance 
etamycin (XXX), staphylomycin S (XXXIa), ostreogricin В (XXXIb), 
echinomycin (XXXII), and many others, containing one or two a-amino-/?- 
hydroxy acid residues in the molecule. The biogenesis of these compounds 
is at present one of the objectives of our studies.
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In conclusion, it may be of interest to discuss briefly the structure- 
activity relation of depsipeptide antibiotics and the closely related problem 
of their mode of action [75, 147, 162, 163].

Here again the study was facilitated by the simplicity of the synthetic 
methods for depsipeptides, making available a large number of their ana
logues. The antibiotic activity of the compounds synthesized was investigat
ed on a number of gram-positive, gram-negative and acid-fast bacteria, 
yeasts and phytopathogenic fungi. Tables I —IV list some of the analogues 
and microorganisms which have been studied.

The results of studies of numerous enniatin, valinomycin and sporides- 
molide analogues, compared with the activities of serratamolide, angolide 
and other depsipeptides, led to the following conclusions.

Table I

Linear Analogues

Minimal growth inhibiting concn 
(A<g/ml)

Compound “  ~
tap у о- Candida SclerotiniaCOCCUS „ . ti .■

aureus VV-3 a,bicans Meniaru,

C II. H-(L-Melle-D -H ylv)2_ 4-O H  >  100 >  100 >  100
C III. H-(L-MeVal-D-HyIv)2_4-O H  >  100 >  100 >  100
CIV. H-(D-Val-L-Lac-L-Val-D-HyIv)[_4-O H  >  100 >  100 >  100
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Table I I

Cyclic Analogues

Minimal growth inhibiting concn
C“g/ml)

Compound “
Candida Sclerotinia 

aureus UV-3 albKans hbertwna

IX . I—l>-ctIle-»L-HyIv-»r,-Ue — L -H ylv—1 >  100 >  100 >  100
Angolide

XV. I—(L-Ser->-D—/?-HyDec)2—I 4-5 >  100 9
Serratamolide

II . I — (b-Melle—D-Hylv)2—I >  100 >  100 >  100

II I .  I—(i.-MeIle->-D-HyIv)3—I 1-5 9 >  Ю0
E nniatin  A

IV. L ( L-M eV al-D -H yIv)2—I >  100 >  100 >  100

V. 1 II. III. IV. V. VI,—(L-MeVal-*-D-HyIv)3—! 9 37 10
E nniatin  В

CV. L (L -M eV al-D -H yIv)4J  1-5 >  100 >  100

VI, CVI. 1—(n-Val -»r.-Lac ->-L-Val -»D-KyIv)L> ,—\ >  100 >  100 >  100

v H . L ( D. Val-»-L-Lac->L-Val-»-D-HyIv)3—J 0*8 | 0*8 | 0*8
V alinomycin

1. All linear analogues of the depsipeptide antibiotics completely lack 
activity (Table I), a prerequisite for manifestation of the latter being a ring 
structure.

2. The activity of the antibiotics is determined by the size of the ring, 
which may vary within broad limits from 14 to 36 members. No activity has 
as yet been found below or above these limits (Table II). Each group of 
antibiotics has its own optimal ring size. Thus, the optimum in the case of 
the enniatins is the 18-membered ring and in the case of valinomycins, the 
36-membered ring.

3. The structure of the amino acid residues in the antibiotic molecules may 
suffer considerable change (with the enniatins, in some cases over the entire 
length of the chain; with valinomycin, over restricted areas) with retention 
of activity. In the case of valinomycin, it was even found possible to change
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Table I I I

Analogues with Modified Amino and H ydroxy Acid Residues

Minimal growth inhibiting concn. 
Cug/ml)

Compound
^'coccus' Candida Sclerotinia

aureus UV-3 albicans te r t ia n a

CVII. I—L-MeVal-►D-HyIv(L-MeIle-»-D-HyIv)2—I 2 9

CVIII. '—L-MeAla->-D-HyIv(i,-MeVal-*D-HyIv)2—■ 75-100 >  100 —

CIX. I—L-MeVal-»D-Lac(L-MeVal->-D-HyIv)2—! >  100 >  100 —

CX. L b-V al-D -H yIv(b -M eV al-D -H yIv)2—I 25 75 —

CXI. —̂L-MeVal ->-L-HyIv(L-MeVal—D-Hylv)2— >  50 >  50

C X II. '—D-MeVal -*■u-Hylvfi.-MeV'al->r>-Hylv),—I >  50 >  50 —

C X III. I—L-MeVal->-D-HyIc(L-MeVal-»-D-HyIv)2—' > 1 0 0  >  100

CXIV. I—L-MeLeu-»D-HyIv(i.-MeVal-»D-HyIv)2—J 9 IS —

CXV. —̂L-MeVal-*D-HyIv(b-MeLeu-»D-HyIv)2—! 4-6 37 —

CXVI. '—L-MeLeu-»D-HyIv(L-MeLeu-»-D-HyIv)2— ■ >  50 >  50 —

CXV1I. —D-Ala-*-b-Lao-*L-Val-»D-HyIv(D-Val->
->-b-Lac->L-Val-<-D-HyIv)2— 0’7 0-8 —

CXV III. —̂D-Ala -*-L-Lae -»b-Ala -► D - HyIv(D - Val —
->-b-Lac-i-L-Val->D-HyIv)2—' 8 8 1

CXIX. I—^b-Val-»L-Lac-*L-Val->-D-HyIv(D-Val->
->-i.-Lac->.L-Val-<-D-HyIv)2—I 8 8 9

CXX. I—(L-Val->-L-Lac->-L-Val->-D-HyIv)3—I >  100 >  100 >  100

CX X I. I—D-Val->-L-HyIv-»L-Val->-D-HyIv(D-Val-»
—ь -Lac—L-Val-*D-Hylv)„— >  100 >  100 >  100

С X X II. !—D -Val -  [j-Lac^i.-Val -  D-HyIv(D -Val -
-►L-Lac ->• I.-Val -* d -H y l  v)?—! >  100 >  100 >  100

X. I—D-Val^D-Leu->-L-HyIv->-L-MeLeu->L-HyIv—-• >  100 >  100 >  100
Sporidesmolide I
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the configuration of the amino acid residues, within definite limits (Table 
III, compounds CVII, CVIII, CX, CXIV, CXV, CXVII-CXX).

4. An opposite picture holds for the hydroxy acid residues, in which case 
it was shown (e.g., in valinomycin) that any change in the structure of the 
radical or in the configuration always leads to complete obliteration of 
activity (Table III, compounds CIX, CXIII, CXXI and CXXII).

5. Particularly noteworthy is the fact that the ester group may be replaced 
by the amide group without change in the antibiotic efficacy, as we found 
in the valinomycin analogues (Table IV).

Table I V

Analogues w ith an  E ster Group Substitu ted  by an Amide Group

Minimal growth inhibiting concn

Compound ~ ~~
' t(*J* J ! Candida Sclerotinia

aureus UV-3 alhicans ЧЬегНатш

C X X III. L D.Val-*L.A la^L -V al-D -H yIv(D -V al-
->-L-Lac -»ь-Val-*-D-HyIv)2— 1 4-5 2

CXXIV. I—D-Val - ь -Val -» ь -Val -» D-HyIv(D -Val -»
-*-L-Lac-vL-Val-*«D-HyIv)2—•' 0’7 15 2

CXXV. I—D-Val-»b-Lac-»b-Val-*D-Val(D-Val-»
-► L - I.ac -»ь-Val ->• n-H yIv)2— 1 3  2

These findings are particularly interesting in the light of observations that 
the replacement of some amide groups in bradykinine and glutathione has 
little bearing on their biological properties [102, 117, 120, 121]. Hence, we 
have shown the possibility in some cases of mutual exchangeability between 
ester and amide groups in the molecules of biologically active peptides and 
depsipeptides [157].

The fact that the highest antimicrobial activity among the enniatin 
cyclodepsipeptides that we had investigated was displayed by the cyclo- 
hexadepsipeptides (for instance compounds CVII, CXIV, CXV), and more
over by those of the latter whose molecules contained a certain sequence of 
hydroxy and amino acid residues of a given nature and a given configura
tion (compounds CXIV and CXV, but not compounds CXI and CXII) was 
very convincing evidence of the essential role played by steric factors in the 
manifestation of biological action by compounds of this series. This led to the

36
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surmise that the mode of action of these antibiotics is associated with a 
biological act such that the molecule as an integral whole must be congruous 
with a certain region of the receptor. However, the interaction of a biologi
cally active substance with a selective receptor (for instance, substrate and 
enzyme) to cause a certain physiological effect is chemically complex, re
quiring not only a certain minimum of steric congruity of the molecules but 
also a given electron density distribution in the interacting functional 
centres. If either of these requirements is not satisfied, the reaction will ei
ther not take place at all, or its effectiveness will be diminished by several 
orders of magnitude. It is thus important to discover the limits of steric 
and electronic matching, both in the rational search for substances with 
similar, modified or antagonistic action, and to understand the underlying 
mechanism.

In order to define these limits it is not always necessary to employ the 
usual technique of changing restricted areas of the molecule step by step. 
In the case of cyclic peptides and depsipeptides it is possible to change the 
whole molecule in such a way that the resultant analogues are still very 
similar to the parent compound, both in the overall spatial arrangements, 
that is topologically, and also with respect to the electronic nature of the 
functional groups. The topochemical approach to the structure-activity 
relation then becomes particularly fruitful [148, 149].

We began to study the structure-activity problem from the topochemical 
standpoint with the enniatin antibiotics, in which the essential partplayedby 
steric factors (size of the depsipeptide ring, configuration of the hydroxy- 
and amino acid residues, etc.) in biological activity had already been shown. 
The antipode of enniatin B, enantio-enniatin В with the configurations of 
the amino- and hydroxy acid residues opposite to those of enniatin B, was 
chosen as one of the first objects and was therefore synthesized [148].
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Since enantio-enniatin В is the mirror image of the natural product, the 
stereoselective receptor should behave quite differently towards these two 
stereochemically non-equivalent molecules. One would not, therefore, have 
expected enantio-enniatin В to show biological activity; it would have been 
as groundless as looking for it in antipodes of such naturally occurring pep
tides as bradykinin [165], angiotensin [185], oxytocin [43], etc. [33], com
pounds that ipso facto should be biologically inactive, provided, of course, 
they do not manifest activity by participation in some fundamentally 
different reaction (as, for instance, in the case of the L-isomer of cycloserine 
[38]). We considered it very likely, however, that enantio-enniatin В would 
possess biological activity equal or close to that of enniatin B. Indeed, if 
one turns one of the formulas depicted in Fig. 1 by 60° in the plane of the 
figure, all the like asymmetric centres coincide, while each ester group will 
take the place of the N-methyl amide group and vice versa. Consequently, 
relative to the receptor these two antipodes differ only structurally. At the 
same time the ester group models the amide group both spatially and in the 
electron density distribution. There should therefore be a close matching of 
both these topochemically similar antipodes to the same stereoselective 
receptor and they should possess similar activities. Another ground for 
such an assumption was the exchangeability found in a number of cases of 
amide and ester groups in naturally occurring peptides and depsipeptides 
without affecting their biological activity (see above).

We synthesized enantio-enniatin В by a scheme analogous to that for 
the total synthesis of enniatin B. The product was found to be identical with 
the natural one in all physical and chemical properties except the optical

Table V
Antimicrobial Activity of E nniatin  В and Enantio-Enniatin  В 

Minimal growth inhibiting concentration (jug/ml)

Staph. Staph. Sarcina Вас. Вас.
Compound aureus aureus ш  mucoides subtilis E - coh

209 P  UV-3

E nniatin  В 18 9 18 25-37 35-50 >  50
E nantio-enniatin  В 18 9 18 25-37 35-50 >  50

I

Mycob. M y  cob. Cárul. Sacch. Botritis ^ifjro-
Compound piilei tubere. albicans cereviseae cinereae spóra

orysae

E nniatin  В  9-12 4-5-6 9-12 9-12 9 9
E nantio-enniatin  В 9-12 4*5-6 9-12 9-12 9 9

I
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properties (the rotatory dispersion curves were of the same shape but 
of opposite signs). A test of the antimicrobial behaviour of enantio- 
enniatin В showed it to possess exactly the same activity both qualita
tively and quantitatively towards the organisms investigated as enniatin В 
(Table V).

This is noteworthy as the first case when a naturally occurring compound 
and its antipode display absolutely the same biological properties along the 
entire antimicrobial spectrum, which virtually excludes the possibility of 
their having different modes of action.

I t should be mentioned that enniatin В and its antipode are an example 
in which two molecules are very similar, both topologically and in the char
acter of the functional centres. If these centres are retained while the effec
tive volume of the radicals in the depsipeptide molecule is changed, one 
may easily determine the limits of its topological correspondence to the 
receptor. Thus we have recently shown that the antipode of enniatin 
A, enantio-enniatin A, has also exactly the same activity as the parent 
compound.

At the same time, one may synthesize analogues of some biologically active 
cyclopeptides that are identical topologically to the parent molecules, but 
differ considerably from them in the nature or position of the atoms in the 
functional centres. The topochemical investigation of such analogues, which 
we are at present engaged in, might shed light not only on the nature of 
the interaction between the biologically active substance and receptor, but 
also on the structu re of the receptor itself, which is of particular importance 
in studies of enzyme systems.

Our discovery of the biological activity of enantio-enniatin В and enantio- 
enniatin A led to the conclusion that the mechanism of action of enniatin 
antibiotics depends on the correspondence of their molecules as a whole to 
the receptor, which according to the latest data seems to belong to the group 
of mitochondrial lipoproteins, controlling the active cation transport in the 
mitochondria.

Recently, Pressman [97] showed that valinomycin causes strong active 
transport of K +, but not of N af , in animal mitochondria and also in Azoto- 
bacter. In a subsequent cooperative study by Pressman and us of a number of 
synthetic valinomycin and enniatin analogues, the conclusion was drawn 
that a parallelism exists between the antimicrobial activity of the depsipep
tide antibiotics and their ion transport induction properties. Among the 
valinomycin analogues, this parallelism is not only qualitative (active K+, 
but no Na+ transport), but also quantitative, as can be seen by comparing 
Tables I I —IV with Table VI [97, 163].



40 M. М. SHEMYAKIN and Yu. A. OVCHINNIKOV

Table V I

Potassium  Ion Transport Induction Properties of Cyclodepsipeptides

Relative
Compound induction

activity

V II. 1—n-Vul - л.-Lac *- L-Val - ► i) - H v1 v ):i—I X00
(Valinomycin)

CX IX . —̂L-Val->-L-Lac-<-L-Val-»D-HyIv(D-Val-*L-Lac->i.-Val->r)-HyIv)2—I 13

CXX. «I— (L-Val L-Lac -»L-Val -<• D-Hylv)3—I 0-00

C X X II. I—i) - Yu 1  ̂o- Lae -» L-Val-»D-HyIv(D-Val-»i.-Lac - * L-Val -.ii Н у IV),,—I 2-2

VI. I— (D-Val -»i.-I.ac - . ь -Val -»I>-Hylv)2—I 0-00

III. I- (L-Melle-*D-Hylv)3—I 0-61
(Enniatin A)

V. I— (L-MeVal -» D-Hylv )3J  ' 1-3
(Enniatin B)

CVII. I—L-MeVal-►D-HyIv(L-MeIle-»-D-HyIv)2—I 0*46

IV. I—(L-MeVal-*D-Hylv)2—I 0-00

CV. I—(L-MeVal->-D-HyIv)4—I 0-23

X. I—(D -V al->n-Leu-.L-H yIv-.L-V al-.L-M eLeu^-b-H ylv—1 0-01
(Sporidesmolide I)

Thus, the antimicrobial activity and the ion transport induction capacity 
of compound CXIX are both approximately one-tenth that of valinomycin 
(VII), and both properties are either completely or almost completely absent 
in compounds XI and CVI, and CXXII. A similar picture is to be seen in 
the enniatin analogues. Compounds III, V and CVII, differing compara
tively little in antimicrobial properties, have also closely related ion trans
port induction properties. Compound CV, with a narrow antimicrobial 
spectrum, also shows diminished ion transport induction activity; in com
pound IV, both of these properties are completely absent. Finally, all 
cyclohexadepsipeptides of the sporidesmolide series lack antimicrobial 
activity, and the results of the tests carried out on sporidesmolide I (X) by
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Pressman have shown that it is practically devoid of the ability to induce ion 
transport.

Apparently, the depsipeptide antibiotics are inducers of K+ transport as the 
result of interaction with a specialized mitochondrial receptor site controlling 
this transport [76].

Our efforts are now to a considerable extent being directed to elucidation 
of such structural details in the depsipeptide antibiotics which determine 
their interaction with this receptor surface.

I t  should be stressed that the depsipeptide antibiotics are now being trans
formed from an object of investigation per se into a tool for the study of 
certain biochemical processes taking place in the cellular membranes, just 
as chloramphenicol and puromycin have become important biochemical 
tools for the study of protein biosynthesis.
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I. INTRODUCTION

The zdravets (Geranium maerorrhizum)  belongs to the family of Gerani- 
aceae. Several members of this family are essential oil-yielding plants. 
Foremost in this respect is the genus Pelargonium, indigenous to South 
Africa. An essential oil is derived from its various species, transplanted 
and disseminated along the Mediterranean, which is thus incorrectly called 
geranium oil. Among the genera belonging to Geraniaceae, zdravets is the 
only Geranium species which is used for obtaining an essential oil, known 
as ‘zdravets oil’ or as ‘Bulgarian geranium oil’.

The zdravets (Fig. 1) (in Bulgarian the word ‘zdravec’, from which 
the name of the plant is derived, means ‘health’) is a grass-like perannial 
plant growing in the highlands. In Bulgaria it grows at altitudes of 
800-1700 metres above sea level. The plant forms long stems in the soil 
which branch out. Numerous green leaves grow out from the overground 
vegetative tip, containing an essential oil with a typical, pleasant and 
refreshing odour.

Bulgarian zdravets oil is obtained by distilling the above-ground green 
parts of the wild-grown zdravets with steam. Production started in Bulgaria 
in 1926. Small quantities may have been obtained prior to that by some 
small producers of rose oil. Some 500 kg of standard oil are now produced, 
annually. However, this quantity is by no means a ceiling figure, and it 
could be considerably increased.

Production is usually begun late in September, and is continued until 
snowfall. The locality is in the Rose Valley. The plant material is placed 
loosely in a still, and five parts of warm water are poured over it. Heating 
is done by means of indirect steam or direct fire. Distillation lasts from 
ЗУ2 to 4 hours and during that time 2-2-2-5 litres of distillate is collected 
from 1 kg of zdravets. The distillate is transferred into a Florentine flask 
maintained at a temperature of 50-55 °C and there the oil is separated 
The aqueous layer of the distillate contains 0-02-0-03% of dissolved oil,
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and it is cohobated. The oil obtained by cohobation amounts to about an 
eighth of the total oil. The commercial product is a mixture of both oils. 
One kg of oil is obtained from 800-1200 kg of zdravets.

At ordinary temperatures zdravets oil is a mixture of crystals and of 
a liquid portion. When rapid cooling is applied, fine crystals are obtained, 
with the liquid part included among them, while on slow cooling the solid

F ig . 1

portion is deposited in the form of large, long, flat and prismatic crystals 
occupying about two-thirds of the volume of the total oil. When heated, 
the solid part begins to melt at about 32 °C and is completely dissolved 
in the oil at 45-52 °C. The liquefied oil is green to greenish brown in colour, 
while the cohobated oil is more yellowish brown. It has a strong and plea
sant odour with a slight resinous note, differing considerably from the 
odour of the plant.

The fragrant principles are contained in the liquid part. The properly 
purified solid part is odourless. Exposed to air and light, the oil slowly 
turns from green into brownish green, there is an increase in the acid num
ber, and the odour assumes a pronounced resinous note.
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Some physical and chemical properties of the oil are given in Table I. 
Haegi’s [4] assertion that the plant is used as an aphrodisiac in Bulgaria 

is not true. Nor is the statement [4] correct that Bulgarian rose oil is adulter
ated with zdravets oil.

Table I

W ater oil (onlyWhole oil for 1957)

Specific g rav ity  0-9390-0-9532 0-9559
Refractive index a t  40°C 1-5024-1-5135 1-5075
Optical rotation a t  40°C —4-8°----- 8-6° —18-0°

Acid num ber 1-20 -  1-87 0-43
E ster num ber 4-97 — 7-91 8-78
Combined alcohol content

(as geraniol) 1-35 — 2-18% 2-41%
E ster num ber after

acetylation 20-75 — 49-78 53-43
Free alcohols (as geraniol) 5-80 — 11-88% 12-70%
Total alcohol content (as

geraniol) 7-70 -  14-05% 15-11%
Germaerone * * (crude) 47-75 -  50-13% 48-11%

* D eterm inated by  the te s t for determ ination of stearoptenes con ten t of rose oil.

II. THE COMPOSITION OF ZDRAVETS OIL

The authors of the present article have carried out systematic studies 
on the composition of zdravets oil [18]. The physical and chemical data 
of the sample of oil investigated were within the limits given in Table I 
[7]. The solid part of the oil, germaerone, was removed by filtration of 
the crystals deposited at ordinary temperatures; cooling of the filtrate 
to —15°C, and second filtration gave another crop of crystals [7]. The 
second mother liquor still contained dissolved germaerone.

The germaerone which was isolated at —15°C, was isomerized by treat
ment with alcoholic sulphuric acid [16, 28]. The reaction product was distil
led under reduced pressure; recrystallization of the distillation residue from 
ethanol gave a mixture of paraffins with m. p. 63-5-64-5°C.

By extracting the liquid part of the oil with a 3% solution of sodium 
hydroxide, 0-3% of a substance with acid character was isolated; this 
product has not been studied further.
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1. Terpene Compounds [16]

A fraction boiling up to 12077 mm and containing mainly terpene hydro
carbons and their oxygenated derivatives was isolated from the liquid 
portion of the oil. I t  was carefully fractionated with a 30-theoretical- 
plate column, and 19 fractions were collected. The first seven fractions 
consisted of terpene hydrocarbons, the remaining ones contained terpene 
oxygen compounds mixed in the final fractions with sesquiterpene hydro
carbons.

Extensive use was made of chromatography on a neutral active alumini
um oxide in order to separate the substances contained in the various frac
tions; identification of the components was achieved by means of determin
ing the physical constants, by evaluating the infra-red spectra, and by 
preparing chemical derivatives. The following substances have been identi
fied in this manner: dipentene, p-cymene, y-terpinene and terpinolene. 
Two unidentified terpene hydrocarbons have also been isolated — an 
aliphatic one and a monocyclic one. The presence of a small quantity of 
borneol was established with certainty in the fraction containing oxygenated 
monoterpene compounds (about 1% of the oil), furthermore, a primary 
monocyclic alcohol (C10H ieO) was isolated.

2. Sesquiterpene Compounds

Sesquiterpene compounds are contained in the residue (about 39% of 
the oil) obtained after distilling the terpene fraction. This residue was 
roughly fractionated, using a column of about 10 theoretical plates, to 
give four crude fractions [15]. The first fraction, b.p. 79-100°/l mm (11% 
of the oil), contains sesquiterpene hydrocarbons. These were purified from 
the oxygenated derivatives through chromatographic filtration on alumina. 
The eluate obtained with petrol ether was fractionated with a colum of 
30 theoretical plates, and a total of 14 fractions were collected. The sub
stances contained in these fractions were separated by chromatography on 
aluminium oxide, and, after purification, the following compounds were 
identified: ar-curcumene (main component), a hydrocarbon with an ele- 
mane skeleton whose infra-red spectrum is very close to that of a-elemene 
[25], as well as traces of what seemed likely to be a-selilene.

The second sesquiterpene crude fraction [17] (100-10671 mm) contained 
mainly sesquiterpene carbonyl compounds. The principal component 
isolated here was the optically inactive ketone C1SH220  which gave a 2,4- 
dinitrophenylhydrazone with m.p. 134-136°C. The infra-red spectrum
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showed that this was an a,/S-unsaturated ketone which we denoted as ß- 
elemenone. The establishment of its structure will be dealt with further 
on. In addition to this compound, two more sesquiterpene ketones were 
isolated, but they could not be studied in detail on account of the minute 
quantities in which they were obtained.

When allowed to settle, fraction four yielded a crystalline substance, 
m.p. 165-5-166-5°C, which proved to be identical with the sesquiterpene 
alcohol known as ‘juniper camphor’ isolated from the oil of Juniperus 
communis [5]. From the liquid part of the same fraction, after chromatograph
ing on alumina of activity II and eluting with benzene, it was possible 
to isolate a liquid sesquiterpene alcohol. Its infra-red spectrum showed 
absorption maxima characteristic of the alcohol elemol. On dehydrogena
tion with sulphur guaiazulene was obtained, identified as its adduct with 
trinitrobenzene. I t has been established that elemol yields guaiazulene 
upon dehydrogenation. The presence in the zdravets oil of an alcohol which 
yields guaiazulene had been established by other authors, too [21].

III. STRUCTURAL STUDIES

1. Germacrone

The most interesting compound among the constituents of zdravets oil 
is undoubtedly its solid part, both because it represents about 50% of 
the oil, and in view of the subsequently established fact that it proved to 
be the first isolated substance with a new medium ring carbon skeleton, 
and intriguing chemical behaviour.

The solid part of the oil was first called ‘germacrol,’ but this name does 
not correspond to the functional character ascertained subsequently. It 
was first examined by Rovesti [22] who assumed it to be tricosan on the 
basis of the molecular refraction. Later on Wienhaus and Scholz [29] 
assigned the molecular formula C16H240 to the compound, and assumed 
that it was an oxide. Naves [11] found the correct composition of this 
compound to be C15H220  and assumed it to be a bicyclic sesquiterpenoid 
oxide with two double bonds. By hydrogenation he obtained a liquid product 
Ci5H280, which he regarded as a saturated alcohol; dehydrogenation over 
palladium charcoal at high temperatures gave cadalene (l,6-dimethyl-4- 
isopropylnaphthalene). Shortly afterwards ‘germacrol’ was studied by 
Treibs [28] who obtained guaiazulene by dehydrogenation with iodine.
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On the basis of a series of experiments he assigned structure I to the com
pound. The location of the double bonds was inferred chiefly from the forma
tion of acetone on ozonization, and from the formation of laevulinic 
acid on oxidation with potassium permanganate.

Several years later structure I was re-examined by Ognyanov, Ivanov, 
Herout, Horák, Pliva and Sorm [19] who pointed out that germacrone was 
the first isolated representative of a new group of sesquiterpene compounds 
with a ten-membered carbon ring, and suggested structure II. This was 
done on the basis of the following facts and properties of germacrone: 
The infra-red spectrum which has an absorption band at 1675 cm-1 showed 
that the compound had a ketonic carbonyl group conjugated with a double 
bond, i.e., that germacrone was not an oxide, but a ketone. The Raman 
spectrum, too, revealed the corresponding band at 1670 cm"1, as further 
evidence of the ketone character. The presence of an a,/?-imsaturated ke
tone was proved by the ultra-violet absorption spectrum which had maxi
ma at 315 my (log s 2-55) at 240 mу (log e 3-47) and an end absorption 
at 213 my (log e 4-10). In view of this, the suggestion was made to change 
the name to the more precise one of germacrone. The carbonyl group 
of germacrone is only slightly reactive, apparently as a result of steric 
hindrance, which had been the cause of the former erroneous views about 
its structure.

The hydrogenation of germacrone in the presence of platinum oxide 
in glacial acetic acid yielded a liquid product the chief constituent of which, 
according to the infra-red spectrum, was a substance possessing a ketone 
carbonyl group (band at 1704 cm-1); a small amount of a material with a 
hydroxyl group was also present. This hydrogenated product was reduced 
with lithium aluminium hydride to yield the saturated alcohol III having 
the molecular formula C15H30O. Oxidation of this product with chromic 
acid in glacial acetic gave the liquid ketone TV of the molecular formula 
C15H280. Like the initial germacrone, this ketone failed to yield a semicarba- 
zone, or a 2,4-dinitrophenylhydrazone. An analysis of these saturated deriva
tives of germacrone indicated that they possessed a monocychc carbon 
skeleton, and that three C =  C double bonds had been present in the original 
molecule of germacrone.
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The reduction of germacrone with aluminium isopropoxide or lithium 
aluminium hydride led to a highly unstable liquid alcohol, germacrol (V), 
which could readily be dehydrated, either by heating with formic acid, or, 
in better yield, by heating up to the boiling point. This gave the unstable

hydrocarbon VI which readily underwent polymerization. The dehydrogena
tion of alcohol V or of hydrocarbon VI with sulphur gave guaiazulene 
(VII) in yields of 15—20%. These results confirmed the view suggested 
by Treibs [28] about the guaiane skeleton of germacrone; on the other hand 
they could not be readily interpreted in terms of the above-established 
monocyclic structure.

The hydrogenation of hydrocarbon VI in the presence of platinum oxide 
in glacial acid resulted in the uptake of nearly four equivalents of hydrogen, 
giving the saturated hydrocarbon elemane (VIII). On the other hand, con
siderable hydrogenolysis took place when germacrol (V) was hydrogenated 
under the same conditions. The main product isolated was the saturated 
bicyclic sesquiterpene hydrocarbon selinane (IX). Finally, when germacrol 
(V) was oxidized according to Oppenauer, it was possible to recover gerrna-
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crone in satisfactory yields. Consequently, depending on the particular condi
tions, germacrone can yield three different compounds, elemane (VIII), 
selinane (IX), and guaiazulene (VII), possessing three altogether different 
carbon skeletons. I t is necessary, in this connection, also to take into account 
the data obtained by Naves [11] and Treibs [28] concerning the formation 
of cadalcne from germacrone by dehydrogenation with palladized charcoal 
at high temperatures. In view of the results which had been obtained so 
far, it was therefore impossible to determine the correct carbon skeleton 
of germacrone, even though only the elemane type was in agreement witli 
the findings that germacrone possessed a monocyclic carbon skeleton. The 
strikingly easy conversion to other sesquiterpenoid types could have a 
bearing on the peculiar arrangement of the double bonds and of the carbonyl 
group in the molecule. That was the reason why further studies comprised 
a careful and systematic elimination of the double bonds.

When germacrone was hydrogenated in the presence of platinum oxide 
in ethanol, two equivalents of hydrogen were absorbed and tetrahydroger- 
macrone (X) was obtained having the molecular formula of C15H260. The 
remaining double bond was in conjugation with the ketone group, as indicated 
by the infra-red and ultra-violet spectra. Reduction with lithium aluminium 
hydride converted tetrahydrogermacrone into tetrahydrogermacrol (XI) 
of the molecular formula C15H280. In agreement with the allylic position 
of the double bond with respect to the hydroxyl group, this alcohol under
went hydrogenolysis to the extent of 70% when it was hydrogenated in 
glacial acetic acid. Chromatography of the hydrogenated product gave 
two compounds, the saturated hydrocarbon X II having the molecular
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formula C15H30, and hexahydrogermacrol (III) identical with the product 
obtained by the direct hydrogenation of germacrone in acetic acid followed 
by reduction with lithium aluminium hydride. The properties and the 
composition of the saturated hydrocarbon XII corresponded to a monocyclic 
saturated sesquiterpene; its infra-red spectrum, however, differed from all 
known spectra of fully saturated monocyclic sesquiterpenic hydrocarbons. 
In addition to the absorption bands due to the isopropyl group, the spec
trum also showed a maximum at 722 cm-1 corresponding to the grouping 
-CH2-CH2-CH2-. That is why this hydrocarbon was called germacrane. 
This same hydrocarbon (XII) was also obtained in the dehydration of hexa
hydrogermacrol (III) with potassium bisulphate, followed by hydrogena
tion of the produced unsaturated hydrocarbon. The molecular refraction of 
germacrane showed a negative exaltation of about —0-7 which has been 
observed in compounds possessing a ring of medium size. The suggested 
structures have been further confirmed by the absorption maximum at 
1704 cm-1 for the carbonyl group in hexahydrogermacrone (IV).

Oxidative degradation of tetrahydrogermacrone (X) and of the initial 
germacrone provided information as to the location of the carbonyl group 
and of the double bonds. The quantitative determination of acetone by 
means of Kuhn and Roth ozonization [8] showed that ketone X gave one 
equivalent of acetone. This indicates that the double bond conjugated 
with the carbonyl group is of the isopropylidene type. The ozonization 
of germacrone, which was carried out in the same manner, gave rise to 
1-5-1-6 equivalents of acetone, whereas the quantitative determination of 
the methylenic double bond according to Naves [10] detected only traces 
of formaldehyde. By repeating the oxidation of germacrone with potassium 
permanganate as described by Treibs [28], we were also able to demonstrate 
the formation of oXalinic acid and of laevulinic acid.

The formation of more than one equivalent of acetone is due to the 
intermediery formation of acetoacetic acid which undergoes partial decar
boxylation.

Structure II  can very well explain these results of the oxidative degrada
tion of germacrone. I t also explains very satisfactorily the formation of 
all reaction products mentioned above, belonging to the different sesquiter-
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репе types, if three different ways of transannular cyclization are assumed. 
Ring closure between C(1) and C(0) leads to derivatives of selinane, between 
C(4) and C(9) to those of cadalene, and finally the cyclization betweeen C(6) 
and C(10) to the guaiane derivatives. The reaction leading to the formation 
of derivatives of the elemane type probably proceeds via the cyclization 
to an intermediate selinane derivative which is converted to an elemane 
derivative by fission of the ring between C(8) and C(9). A similar reaction 
mechanism for the formation of compounds of the elemane type had been 
suggested by Ruzicka [22a], Finally, the absence of optical activity in germa- 
crone and in its derivatives is also in agreement with the proposed formula II.

The object of further studies was to obtain direct proof of the structure 
suggested. Suchy and Sorm [27] synthesized the hydrocarbon germacrane 
whose physical constants and infra-red spectrum completely coincide with 
those of hydrocarbon XII. In view of the fact, however, that the formation 
of germacrane could likewise be the result of some preliminary isomerization 
of germacrone, Herout and Suchy [6] made a thorough study of the ozo- 
nolysis of tetrahydrogermacrone (X). In the course of this work, the main 
product obtained was the diketone XIII, which on further oxidation with 
periodic acid afforded /?,y-dimethylsebacic acid (XIV).

The ultra-violet spectrum of germacrone [24] exhibits a maximum at 
213 mp (log e 4T0), a shoulder at 240 mp (log e 3-47) and another maximum 
at 315 mp (log e 2-55). Whereas the latter two are due to the conjugation 
of the double bond of the isopropylidene group with the carbonyl group, 
the first value is indicative of two endocyclic double bonds. This can be 
seen from the fact that tetrahydrogermacrone (X), just as well as diepoxy - 
germacrone (XV), in which these two double bonds have been eliminated, 
possess normal spectra in the ultra-violet region with maxima characteristic 
of a ketone group conjugated with an exocyclic isopropylidene group, as 
it is seen from the following values: 254 mp (log e 3-59) and 308 mu (log e 
2T2) for X, and 250 mp (log e 3-60) and 316 mц (log s 2-23) for XV. 
Normal is likewise the ultra-violet spectrum of isogermacrone (XVI), a 
compound obtained by the isomerization of germacrone with alcoholic 
potassium hydroxide at room temperature [19]. The position of the double 
bonds has been established [26] in this compound by comparing the products
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of its oxidative degradation with those obtained from germacrone. In 
connection with these anomalies in the ultra-violet spectrum of germacrone, 
Ohloff [20] allowed for the presence of a cyclopropane ring in the molecule 
of germacrone and suggested a structure with a maalianic skeleton. Bater 
and Gale [2] confirmed structure II  on the basis of the nuclear magnetic 
resonance spectrum.

It was found that short heating of germacrone to the boiling point 
(about 260°C) at ordinary pressures gave /3-elemenone (XVII) quantita
tively. The process probably follows a course analogous to the transforma
tion of the germacrane skeleton into the elemane structure during the pyro
lysis of germacrol (V) (p. 55 ). With germacrone the reaction may take 
place in the way shown below:

A study was also made of the acid isomerization of germacrone which 
had been first investigated by Treibs [28]. He found that the treatment of 
germacrone with sulphuric acid in alcoholic solution resulted in profound 
isomerization yielding a ketone as the main product. Treibs suggested 
structure XVIII for this compound. However, when the same experiments 
were repeated [19], a complex mixture of various reaction products was 
obtained. A crystalline alcohol, C15H280, with selinane carbon skeleton has 
been isolated from the mixture after hydrogenation over platinum dioxide 
catalyst in glacial acetic acid followed by reduction with lithium aluminium 
hydride. This shows that isomerization of germacrone in acid medium 
leads to a bicyclic ketone of the selinane type, which is obtained as the 
main product of transannular cyclization. The latter can take place both 
between the C(1) and C(e) atoms and between C(2) and C(7) atoms. The com
pounds obtained in either case differ in the position of the carbonyl group 
[12] (XVIII and XX).

6 R. D. C.
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The saturated alcohol С15Нг80  is not identical with the alcohol XIX 
described by Motl, Herout and Sorm [9], therefore it must possess structure 
XXI. Consequently, cyclization has occurred between C(2) and C(7). This 
deduction is also confirmed by the infra-red spectrum of the ketone XX 
which contains inflexion at 1420 cm-1, characteristic of a methylene group

adjacent to a carbonyl group. Actually, by means of quantitative bromina- 
tion of ketone XX according to Barnes [1] the presence of three hydrogen 
atoms in а-position was established which is in agreement with structure XX.

2. ß-Elemenone

The structure of this sesquiterpene ketone has been established by 
Ognyanov, Herout, Horák and Sorm [14]. The thermal isomerization of 
germacrone to /З-elemenone was observed in the course of the foregoing 
studies. The infra-red spectrum of /S-elemenone (XVII) contains maxima 
characteristic of methylene- (898 cm-1) and vinyl- (917 cm-1) double 
bonds, and of a carbonyl group in a six-membered ring conjugated with 
a tetra-substituted double bond (1683 cm-1). The latter is also confirm
ed by the ultra-violet spectrum of the ketone (max. 255 my, log. e 3'82) 
and of its semicarbazone (max. 260 my, log. e 3-95). Besides that, the infra
red spectrum of /i-elemenone and of the saturated ketone (/3-elemanone, 
XXII) obtained by hydrogenation contains an inflexion at 1427 cm-1 
which indicates the presence of a methylene group adjacent to the carbonyl 
group. Elemane is obtained when the oxygen atom of ^-elemanone (XXII) 
is eliminated by condensation with ethanedithiol followed by hydrogenolvsis 
with Raney nickel. Finally, quantitative ozonization according to the method 
of Kuhn and Roth [8] gives one equivalent of acetone which corresponds
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to the presence of an isopropylidene group, while ozonization by the meth
od of Naves [10] reveals the presence of two terminal methylene 
groups in XVII. Quantitative bromation of XXII according to Barnes [1] 
indicate that there are three hydrogen atoms in a-position to the carbonyl 
group. All these facts are in good agreement with the structure XVII.

One of the phenomena observed in the course of the above studies was 
the ready hydrolytic splitting of the isopropylidene group of XVII in the 
form of acetone. This hydrolysis, which had long been known to occur in 
the case of pulegone and compounds of analogous structure, is effected 
not only by acidic agents, but it takes place even under very mild condi
tions, such as chromatographing /З-elemenone on Brockmann aluminium 
oxide [3] of activity III-IV  [27], or upon boiling the compound in petro
leum ether of low b.p. with aluminium oxide of the same activity. The 
structure of the ketone (С12Н160) XXIII obtained in this way has been 
established in an analogous manner.

The thermal isomerization of germacrone to /З-elemenone cast some doubts 
on the original presence of the latter in the zdravets oil. I t  appeared quite 
possible that /З-elemanone is not synthesized in the plant at all, but it 
is a secondary product formed from germacrone by thermal isomerization 
either during the steam distillation of the oil, or—even more probably— 
during the laboratory rectification of the liquid part of the oil which still 
contains dissolved germacrone. The examination of the substances obtained 
by extraction with petrol ether from the green parts of the plant and from 
some industrial samples of essential oils, using the technique of chromato
graphy over a thin layer of aluminium oxide showed [13] that none of the 
samples contained any /З-elemenone, and germacrone was present alone. 
The spot due to germacrone disappeared upon heating the samples to their 
boiling point, and a spot of /3-elemenone appeared instead. These facts 
can be accepted as unequivocal proof to show that /3-elemenone is not 
contained in the zdravets oil as a natural component but it is a secondary 
product formed from germacrone during the laboratory investigation of 
the oil.

The studies on the composition of the Bulgarian zdravets oil, described 
above, have finally led to the establishment of the structure of germacrone,

Ö*
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and showed it to be a sesquiterpene compound with a new — germacrine — 
ten-membered carbon skeleton. Closer investigation of the properties of ger- 
macrone enriched our knowledge on the particlar features of compounds 
possessing a ring with ten carbon atoms. I t was found later [23] that a 
series of natural substances possess the same carbon skeleton.
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I. INTRODUCTION

The roots of various species of Ipecacuanha, belonging to the Rubiaceae 
family, native mainly in South America, contain several alkaloids signifi
cant also from a therapeutical point of view. Particularly Cephaelis ipeca
cuanha Rich. (Psychotria ipecacuanha Stokes, Uragoga ipecacuanha Baill., 
commercial name Brasil or Rio ipecac) and Cephaelis acuminata Karsten 
(Psychotria granadensis Benth., Uragoga granatensis Baill., commercial 
name Nicaragua or Panama ipecac) are remarkable for their high alkaloid 
contents.

Table I gives, in chronological order of isolation, a summary on bases of 
proved structure, isolated so far from the above plants.*

Besides the alkaloids listed in Table I there are literary references on 
the isolation of further bases. Thus Hesse [77] denominated two compounds 
isolated by him, ipecamine and hydroipecamine, respectively, however his 
substances were not pure [126]. Recently Battersby et. al. [19, 20] isolated 
a compound, ‘Alkaloid A’, whose structure is, however, unknown. Bellet 
reported the isolation of a glycoside named ipecoside [39] ; this is a compound 
of non-basic character which has a structure [25a] considerably dif
ferent from that of other derivatives, though a genetic connection is 
probable.

Recently [52b] emetine, cephaeline and psychotrine have been isolated 
from the roots of Alangium Lamarclcii Thw., a plant belonging to the 
family of Alangiaceae, and the alkaloid known previously as alamarckin 
has been identified as N-methylcephaeline. These facts show that these 
bases are more wide-spread in the plant kingdom than assumed earlier.

The following discussions will be restricted to the chemistry of compounds 
enlisted in Table I.

A genetic relationship among the ipecac bases of known structure can be 
brought forth, as presented in Table II.

* F o r a  m ore d e ta iled  su m m ary  o f  th e  v arious d e riv a tiv es o f  com pounds 1-5 see 
[8 0 ] an d  [117].
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Table I

T h e  Ipecac A lka lo id s

Name | Empirical formula I Crystal form and m. p. | Optical rotatory power mid' n f p™ ^ ° W eT

I I IEm etine [121, 122] | C29H 40O4N., amorphous* [a]o  =  -49-2° В.2НС1.3Н30  (from m ethanol-ethyl ace-
74°C [57, 81] (c =  3-56, CHC13) j ta te -e th e r) , 235-250°C; [а ]$  =  +46°

[33] j (c =  1-07, CHC13) [11]
Cephaeline [120] C2sH 380 4N» needles (from ether) [a]o  =  -43-4° [b .2HC1.7H20  (from dilute aqueous hy-

115-116°C (dried a t  (c =  2, CHC13) [57] [ drochloricaeid245-275°C; [oc]D ==+25°
100°C: 120-130°C)[57] (e =  1-68, H 20)[57]

Psychotrine [121] C28H 3e0 4N2 yellow needles (from 1 [a ]o  =  +69-3° B.H2S 0 4.3H 20  (from w ater) 214-216°C
aqueous acetone), I (c =  2, ethanol) [77] j (anhydrous); [a]D =  + 39-2° (e =  1,
B .4H 20  120-138°C ! 1 H 20 )  [57]
[57, 45]

O-Methylpsychotrine j C„9H 380 4N2 prisms (from ether) i [a]n> =  -j-42-8° B.2HBr.4H..O (from H 20 ), 190-200°C;
[126] ) ‘ 122-123,5°C [33] I (c =  1-87, ethanol) j [a]D =  + 4 6 °  (c =  2, H „0) [126]

[33]
E m etam ine [126] j 0„9H 3fiO4No needles (from ethyl [®]d  =  + 1 P 2  ] B .2H B r.7H „0 (from H 20 ) , 210-225°C;

acetate) 155-156°C (c =  6-1, CHC13) [a]D =  -22° (c =  4-15, H „0) [126].
[126] [126]

Protoem etine [19, 20] j C19H 270 3lSr j resinous ! Í В.НСЮ4 (from aqueous ethanol and
after drying), 193-195°C; [a]o =  

! =  -10-9 (c =  3-13, ethanol) [20]

* Foster and Nargrove [75] described emetine as a crystalline base, m elting a t  104—105°C. This was cited  also by B oit [42]. However, 
thorough physical exam inations made by Brossi et. al. [47] could not confirm  th e  existence of a macroscopic crystal lattice.

n05

N>>
H>
Hi
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N o te :
1 — O -m ethy la tion  [81], 2 — H„ (126, 127], 3 — severa l s tep s [26 ], 4 — R a n e y  
N i (dehydrogenation ) [60], 5 — H 2 [56, 57], в — O -m eth y la tio n  [56, 57], 7 — /?-(3- 
h y d ro x y -4 -m ethoxypheny l)-e thy lam ine  [141]

Among ipecac alkaloids, considerable practical importance is attached 
primarily to emetine which is the base occurring in greatest amount in the 
plant. I t has been used in medicine since 1912, as the specific medicament 
for amoebic dysentery and amoebic hepatic ulcer [129, 130]. For this reason 
it has been a stimulating scientific project to complete in the first place the 
synthesis of emetine, and on basis of the existing genetic relationship, that 
of the other related alkaloids. Particularly during the last fifteen years 
— since the elucidation of the constitution of alkaloids — serious efforts 
have been made to attain a rational synthesis of these bases of fairly compli
cated structure. Learning about the more exact steric structure progressed 
parallel with the synthetic work.

More recently emetine proved to have virostatic properties [75b], and 
its potential antitumour and antifungal properties have also been discussed 
[75a],

II. THE STRUCTURE OF IPECAC ALKALOIDS

1. Structure of Emetine ( I , R =  H )
(i) Constitution

The first correct suggestion on the constitution of the emetine molecule 
was made by Robinson [128] in 1948, on basis of biochemical considerations, 
making use of the biogenetic mechanism introduced by Woodward [162]. 
This conception was, of course, based on earlier chemical experiments car
ried out mainly by Pyman and coworkers [45, 57, 126, 127], Hesse [77], 
Keller [85, 86, 87, 88], Windaus and Hermanns [160], Karrer [81, 82]. 
Späth and Leithe [134], Staub [137], Kunz-Krause [93, 94, 95, 96], Paul 
and Cownley [120, 121], and Ahl and Reichstein [1].
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The correctness of the formula suggested by Robinson was unambiguously 
proved by the chemical investigations of Späth and Pailer [135], Pailer 
[115, 116], Pailer and Porschinski [119], and independently from the afore
mentioned, by Battersby et. al. [20, 27, 28, 31, 32].

A detailed survey of the investigations for elucidating the constitution 
is omitted here, since the matter has already been summarized in two excel
lent reviews [80, 117], both published bookwise. Up to the time of these 
publications, however, the stereochemical relations at the four centres of 
asymmetry (2, 3, lib , and U) in the emetine molecule had not been cleared 
up, therefore this question will be fully dealt with here.

(ii) Stereochemistry of the Centres of Asymmetry at C(2) and

The centres of asymmetry represented by carbon atoms 2 and 3 in emetine 
can be most reasonably studied by investigating a molecule containing only 
these two centres of asymmetry, from which emetine itself can unambiguous
ly be derived. A very suitable model for this purpose is compound II, that 
has two racemates; emetine can be synthesized from one of them [11, 71, 
72, 124, 147] by methods to be discussed later.

In the course of the synthesis of the carboxylic acid Ila, two isomers could 
be isolated, the one with higher melting point (A; m. p. 154-6°C) and the 
other with lower melting point (B; m. p. 152-3°C) [11, 50, 147]. The two iso
mers obviously differ from each other in the relative orientation of the car- 
boxymethyl and ethyl groups, which is cis in the one isomer and trans in 
the other. Emetine can be derived from the A isomer, hence elucidation of 
the configurational relations of this isomer means the unambiguous solution 
of the problem.

The biogenetic relationship presumably existing between cinchona and 
ipecac alkaloids [144] led Brossi and coworkers [50] to the idea of trying to 
find a chemically unequivocal correlation between compound II and cincho
nine; the stereochemistry of the latter had been known in this respect. Cin-
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chonine (III*) * may be converted in a known way [123, 84] to cincholoipo- 
nate (IV*), which contains the ethyl and carhoxymethyl groups in cis 
position to each other [123].

Condensation of base IV* with /S-(3,4-dimethoxyphenyl)-ethyl iodide 
gives rise to the piperidine derivative V*, in which, therefore, the substi
tuents in question are in cis position.

The ethyl esters of the carboxylic acid Ila  (lie) — both of the A and 
В isomers — were reduced with LiAlH4, to remove the oxygen of the 
carboxamide function and to establish a direct correlation with the 
derivative V* obtained from cinchonine. Reduction of the carboxamide 
group, however, was accompanied by the reduction of the ester group, 
affording the corresponding alcohols (VI A and VI B, respectively).

To establish a direct relationship, the ester V* had also to be reduced to 
alcohol. Comparison of the infra-red spectra of the two racemic alcohols 
(VI A and VI B) with that of the dextrorotatory alcohol of cis configuration 
derived from cinchonine, led to the conclusion that the spectrum of the 
alcohol obtained from the natural compound was identical with that of alco
hol VI В and differed significantly from the spectrum of VI A. Since alcohol

* I n  th e  recen t p ap e r on ly  one o f  th e  an tip o d es o f  racem ic  com pounds a re  rep re sen t - 
ed  in  th e  form ulae . F o r th is  reason  — to  avo id  m isu n d ers tan d in g  — th e  R o m an  n u m e r
als a re  m ark ed  w ith  a ste risk  w hen  th e  g iven  fo rm ula  ac tu a lly  a n d  exclusively  re p re 
sen ts  th e  o p tica lly  ac tiv e  com pound  in question .
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VI A was derived from the A modification of the carboxylic acid Ila, and 
the latter substance is the starting material for emetine synthesis, this 
compound as well as emetine must have trans configuration of the substi
tuents at carbon atoms 2 and 3.

The stereochemistry of the carboxylic acid Ila  has also been proved in 
other ways. Van Tamelen and coworkers [145,147,149] treated the carbox
ylic acid A of higher melting point with diazomethane and reduced the 
obtained methyl ester lib  to the alcohol VII, leaving the carboxamide group 
intact. This selective reduction could be accomplished in tetrahydrofuran 
solution with lithium borohydride, by controlling the progress of the 
reaction through the infra-red spectral examination of samples taken at 
regular intervals, and stopping the reaction when optimum.

The alcohol VII could he tosylated in pyridine; the obtained compound 
(VIII) was convertible into the iso-thiuronium salt (IX) by means of heat
ing with thiourea, which gave then the diethyl derivative (X) on heating 
with Raney nickel.

Compound X was prepared then by the authors mentioned [147, 148], 
and independently by Battersby and Garratt [18, 25] — inspired by the 
procedure used in the stereospecific synthesis of alloyohimban [138] and 
yohimban [151] — in the following controlled way.

Reaction of cis-3,4-diethylcyclopentanone (XI) of known stereochemistry 
[92] with perbenzoic acid results in the formation of erythro-ß,y-diethyl-d- 
hydroxyvaleroic lactone (XII), which yields ethyl erythro-ß,y-diethyl-ó- 
bromovalerate (XIII) on treatment with hydrogen bromide in ethanol. The 
bromo-derivative X III gives rise to the lactam XIV when treated with 
/J-(3,4-dimethoxyphenyl)-ethylamine, which is not identical with lactam 
X deducible from the carboxylic acid Ila  (A), the substance applicable to 
the synthesis of emetine.

On the other hand, starting with íraws-3,4-diethylcyclopentanone (XV) 
[92] and following the same procedure as used with the cis compound, a
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product identical in all respects with lactam X is obtained through the inter
mediate i7ireo-|8,y-diethyl-<5-bromovaleroic ester, which is further proof for 
the trans orientation of the substituents.

The above conclusions are confirmed also by the reactions which can be 
carried out with lactams XIV and X, respectively. Ring closure takes place

with both compounds on treatment with POCl3, to give rise to the immo- 
nium salts XVI and XVII, respectively. (It is to be noted that these immo- 
nium salts may be converted to enamines, for example XVII', when acted 
upon by bases). Catalytic or sodium borohydride reduction of both immo- 
nium salts yields the corresponding saturated derivative.

Generally, the addition of hydrogen at catalytic hydrogenation takes 
place preferentially at the sterically less hindered side of the molecule [64, 
105], therefore the structure of the product formed in the catalytic hydroge
nation of the perchlorate of the immonium ion XVI is presumably XVIII.
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Owing to the trans position of the ethyl groups in XVII it is hard to differ
entiate between the two sides of this molecule from the above viewpoint ; 
however, hydrogen is likely bound also in this case in the thermodinamically 
more stable position (cf. p. 80 (iv)), consequently the structure of the mole
cule is probably XIX. The word ‘probably’ refers here of course exclusively 
to the spatial orientation of the asymmetric carbon atom (lib) being in 
а-position to the nitrogen).

Now XVIII and XIX of already known stereochemistry provide a further 
opportunity for correlation with emetine. Namely, it is known that emetine 
may be obtained from protoemetine (XX*) in well-controlled steps (cf. Table 
II). Once a correlation can be established between protoemetine on the one 
hand, and XVII or XIX, respectively, on the other, the above conclusions 
may be confirmed.

Battersby and Oar rat t [25] treated protoemetine semicarbazone at 155 °C 
in anhydrous ethylene glycol with dry hydrazine and KOH, when reaction 
took place yielding the corresponding diethyl derivative.

Naturally, in such energetic circumstances there is a risk of a possible 
inversion: therefore, emetine itself was subjected — as a control — to the 
same conditions under which the Wolff—Kishner reduction of protoemetine 
had been accomplished. The alkaloid was recovered without any inversion, 
hence it is highly probable that no inversion had occurred in the case of 
protoemetine either.

The product obtained from protoemetine is naturally optically active, 
while products XVIII and XIX are racemates, thus also in this case, compar
ison was made on basis of the infrared patterns. According to the spectra, 
the product obtained from natural protoemetine was identical in structure 
and configuration with XIX, containing the ethyl groups in trans position, 
while the spectrum of the cis compound (XVIII) was considerably different. 
Comparison of the spectra of the XVI and XVII immonium salts, obtained 
from the above products by means of oxidation with mercury(II) acetate, 
with the analogous immonium salt derived from protoemetine also led to 
the same conclusion.

A study of the spatial orientation of the substituents linked to carbon atom 
2 of the emetine molecule may be effected not only in the above detailed
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‘synthetic’ ways, but also by direct degradation, carried out by Battersby 
and others [15].

O-Methylpsychotrine (XXI*) served as the starting material for degra
dation. Since this substance is convertible to emetine by reduction (cf. 
Table II), rings B, C, and their substituents must have identical configura

tion in both compounds. O-Methylpsychotrine reacted with benzyl chloride 
to give rise to the bis-quaternary salt XXII*, which could be oxidized with 
KMn04 in alkaline medium to N-benzylcorydaldine (XXIV) and the betaine 
XXV*. The intermediate product is the iso-base XXIII*. Hydrogenation 
of the betaine in the presence of palladium gave the carboxylic acid XXVIa. 
To decide the configuration of carbon atom 2, the ester XXVIb* was 
heated in methanol with sodium methoxide under much more energetic 
conditions than, for instance, sufficient to invert the axial methoxycarbonyl 
group of ecgonine methyl ester [74]. Since the ester XXVIb was subsequently 
recovered unchanged, the conclusion might be drawn that the methoxy
carbonyl group was equatorial and the molecule existed in the thermodynam
ically favoured conformation. Assuming that the preferred annelation of 
rings В and C is trans (cf. p. 80 (iv), the configuration of carbon atom 2 is 
given according to formula XXXII.

Since ester XXVIb* possesses the stable orientation at carbon atom 2, 
it should be decided whether the originally unstable configuration became 
inverted during the degradation or not.
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The sodium salt obtained from the hydrolysis of the ester XXVIb*, 
when reacted with oxalyl chloride gave the acid chloride XXVII*, which 
could be dehydratated through the carboxamide (XXVIII*) to the nitrile 
(XXIX*). Reduction of the latter afforded the amine (XXX*), which was 
converted to the urethane XXXI* by treatment with ethyl chlorocarbon- 
ate. On the other hand, the same urethane could be obtained from proto
emetine (XX*) by converting its aldehyde group to ester (cf. p. 112 (f)) 
and subjecting the corresponding hydrazide to Curtius degradation. Since 
the centres of asymmetry are not affected in these transformations, it may 
be considered as proved that the products derived from the degradation of 
O-methylpsychotrine and protoemetine have identical stereochemistry, and 
hence the possibility of inversion during degradation may be excluded.

Having thus deduced the trans orientation of the substituents at carbon 
atoms 2 and 3, the steric structure of the ester in question can be represented 
as shown in formula XXXII*, or the mirror-image thereof. (As to the argu
ments concerning the configuration of carbon atom lib , see p. 80 (iv).

The only problem that remains to be solved is to determine the absolute 
configuration, which, in case of the centre of asymmetry at carbon atom 2, 
was accomplished by Battersby and coworkers [24].

In deciding the question, we may as well rely upon our knowledge concern
ing the biogenesis of alkaloids. I t has been ascertained, namely, with 
indole alkaloids that all derivatives of known steric structure originating 
from tryptophane, phenylalanine, or any equivalent, have identical absolute 
configuration at a given carbon atom [43, 44, 128, 131, 155, 156, 162], 
for example at the sites starred in the formulae of yohimbine (XXXIII*)
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[91], or corinanteine (XXXIV*) [148, 155, 156]. Presumably, this centre 
preserves its configuration during the biosynthesis of the alkaloid from the 
assumed precursor. If we accept Robinson’s conception [128], according 
to which emetine is formed in the plant by the same type of synthesis as 
indole alkaloids, then carbon atom 2 can be assumed to possess the same 
absolute configuration as the one indicated in the above alkaloids.

In support of these concepts a comparison has been made of the optical 
properties of some corinanteine and protoemetine derivatives. Corinanteine 
(XXXIV*) is convertible to dihydrocorinanteale (XXXV*) and further to 
dihydrocorinanteane (XXXVI*) perchlorate of known absolute configura
tion in a known way [148, 155]. Oxidation of the perchlorate by means 
of mercury(II) acetate yields 3-dehydro-dihydrocorinanteane (XXXVII*). 
The structures of protoemetine (XX*) and of the derivatives XVII* and 
XIX*, obtainable therefrom as described above, are quite analogous to these 
compounds.

The values of the molecular optical rotatory power of the above substances 
(at room temperature, in aqueous ethanol) are shown below:

P erch lo ra te  ( M) D (-44)d

X X X V * +  f>3°

X X X V I*  — 09° X X X V I*  —X X X V * — 132

X X X V II*  + 3 1 8 °  X X X V II * -X X X V I *  + 3 8 7

X X *  — 43°

X IX *  - 1 6 5 °  X I X * - X X *  - 1 2 2

X V II*  + 3 1 7 °  X V II* —X IX *  + 4 8 2

6 U.D.C.
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From these data the conclusion may be drawn (cf. [66] and [110]) th a t 
the two types of compounds have similar absolute configurations, and 
hence formula XXXII* indicates also the absolute configuration of the mole
cule; it means at the same time that the absolute spatial orientation of car
bon atoms 2 and 3 in emetine has been ascertained.

Upon the suggestion of Bose [43] carbon atom 15 of (+ )-yohimbine 
(XXXIII*) is regarded as the reference standard of representation, and the 
hydrogen in question is shown as if it were under the plane of paper.

(iii) Stereochemistry of the 1'Position.

In order to perform an unambiguous and thorough study of the stereo
chemistry of the centre of asymmetry at position 1' in the emetine molecule, 
it is advisable to isolate it from the rest of the molecule. This isolation was 
accomplished by Battersby et. al. [16, 17] by subjecting 2'-acetylemetine 
(I*, R =  Ac) to three subsequent Hofmann degradations — inserting a hy
drogenation prior to the second step — when the diene XXXVIII* was ob
tained. Oxidation of this diene with KMn04 in pyridine gave only 6-ethyl- 
veratric acid (XXXIX) as the isolable product, but when the diene was

treated with ozone and then with peracetic acid the carboxylic acid XL* 
could be obtained, which, consequently has retained the configuration of 
the C(V) atom of emetine. The compound is strongly laevorotatory ([a]D: 
—144°, in ethanol).



Ester XLI having a structure analogous to carboxylic acid XL* can also 
be readily prepared by synthesis [32, 58], and it is resolvable with (—)-0, O- 
dibenzoyl tartaric acid. The ester (-f)-XLI* obtained thus afforded on 
acetylation (XLII*) and hydrolysis performed under mild conditions a 
laevorotatory product identical in all respects with compound (—)-XL*, 
enabling authors to obtain higher quantities required for further examina
tions.

Further work involved the reduction of (-f-)-XLII* with LiAlH4 to the 
alcohol (XLIII*, R =  OH) and acetylation of the latter to give XLIII* 
(R =  OAc). On the other hand, XLIII* (R =  OH) was converted with 
PC15 into the chloride and reduced to yield the diethyl derivative XLIV*. 
The products were subjected to optical study.

On investigating the optical rotatory power of various optically active 
bases, Leithe found [98, 99] that in case of derivatives with identical abso
lute configuration an increase in the polarity of the solvent changed the 
rotatory power in the same direction.
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It should be noted, however, that this empirical rule is by no means of 
general validity. Thus, for instance in the case of more complicated bases 
examined by Beckett and Casy [34] the above rule did not hold good hence 
these authors cast doubt on its practical applicability.

On examining the absolute configuration of (—)-salsoline (XLV*) and 
(-f)-calycotomine (XLVI*), Battersby and Edwards [23] pointed out that 
the configuration of the asymmetric carbon atom of salsoline is identical 
with that of natural L-alanine, while the asymmetric carbon atom in caly- 
cotomine has just the opposite absolute configuration. In spite of this, the 
optical rotatory power of both salsoline and derivatives and calycotomine 
changes in the positive direction when the polarity of the solvent is increased. 
The phenomenon is explained by the above authors by the suggestion [23]

6*
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that in calycotomine two highly polar groups are attached to the asymmetric 
carbon atom and hence the character of both groups is strongly influenced 
by the polarity of the solvent. This statement supports the essential general 
principle that only closely analogous molecules should be used for optical 
comparison. Nevertheless, in the light of literary data the Leithe-rule seems 
to be applicable provided that the base in question belongs either to the 
group of a-methylbenzylamines, or to that of 1-alkyl-1,2,3,4-tetrahydroiso- 
quinolines, and the nitrogen atom is the only highly polar centre in the mole
cule. In this respect the methoxyl group is not to be regarded as a highly 
polar grouping.

Taking all these facts into consideration, when comparing derivatives 
prepared from isoquinoline type fragments obtained during the degradation 
of emetine, compound XLIII* (R =  OH) should be disregarded because 
of its content of a polar group. The specific optical rotatory power of the 
three other derivatives in solvents of different polarity are summarized 
below:

B ase B enzene C hloroform  E th a n o l N HC1

(+ ) -X L I*  + 2 ]  -3° + 1 8 -3 °  + 1 5 -2 °  - 1 5 °

X L II I*  — 0-8° — 9-7° — 10-7° — 20-(ic
(R  -- OAc)

X L IV * +  2-6° — 3.1° — 4-3° — 9-5‘

The reason  w hy th e  au th o rs  [17] gave th e  specific an d  n o t th e  m olecu lar ro ta to ry  
pow er is th a t  — fo r th e  sake o f  econom y — a  (-j-)-X L I*  este r, n o t fu lly  reso lved , w as 
used in  th e  experim en ts, w hich how ever, perfec tly  served  th e  pu rpose , nam ely  th e  
ev a lu a tio n  o f  th e  sh ift in  ro ta to ry  pow er.

It is seen that with an increase in the polarity of solvent all the three 
compounds investigated change their optical rotatory power markedly in 
the negative direction. This is in conformity with the behaviour of com
pounds of analogous structure having the absolute configuration corre
sponding to formula XL*.

However, due to the reservations made above, the foregoing experiments 
do not give fully convincing proof. The latter can be provided only through 
chemical correlation.

(-f-)-Calycotomine (XLVI*) of already known absolute configuration 
[23] appeared to be a suitable basis for comparison. On treatment with 
methanesulphonyl chloride, the latter compound yielded the N,O-dimethane- 
sulphonyl derivative (XLVII*), whicli then afforded through substitution
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of the methanesulphonyl group with benzylamine base XLVIII*, a com
pound of negative rotatory power.

On the other hand, the laevorotatory ester XLI* was obtained by resolv
ing the synthetically prepared ester XLI. (The fact that it had a configura

tion opposite to that of XL* — the product of the degradation of emetine — 
was shown by preparing XL* from the enantiomer, that is from the dextro
rotatory XLI* ester.) The laevorotatory ester XLI* could be converted 
through the corresponding N-methanesulphonyl derivative (XLIX*) to 
hydrazide (L*), the Curtius-rearrangement of which, in the presence of 
benzyl alcohol, gave the urethane derivative LI*, that was catalitically 
hydragenated to the amine LII*. Condensation of the latter with benzalde- 
liyde, followed by hydrogenation of the resulting azomethine compound 
gave the dextrorotatory enantiomer of XLVIII*, consequently our com
pound has a configuration opposite to that of calycotomine. The above 
assumptions are also supported by the fact that a mixture of equal propor
tions of base (—)-XLVIII* obtained from calycotomine, and base ( +  )- 
-XLVIII* prepared as described above yielded a product identical in all 
respects with the independently synthesized racemate. Thus, the conclu
sion may be drawn that ester (-j-)-XLI* has a configuration identical with 
that of calycotomine, and hence the absolute configuration of carbon atom 
1' of emetine has become known, as represented in the formula I*, or indi
cated as configuration R  according to the Cahn—Ingold—Prelog convention 
[55].
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(iv) Determination of the Annelation of Rings B/C and the Configuration of 
Carbon Atom lib

The basic skeleton of the B/C rings of the emetine molecule, the quinolizine 
ring system, may practically assume either a trans (Lilia) or a cis (LUIb) 
form.

Since the energy requirement for the intercon version of the two forms is 
relatively low, these two forms are — in contrast to the isomerism of the 
decalin skeleton — usually regarded as formations differing only in their 
conformation, among which — like in the case of decalin — the trans isomer 
is considered to be the more stable [41, 61, 89, 101, 107, 108].

On basis o f  c ircu la r d ichro ism  stud ies  w ith  1-oxo-quinolizidine (LIV *) an d  ta k in g  
in to  considera tion  th e  o c ta n t ru le  (p. 427 in  [66]), M ason a n d  o th e rs  [106] h ave  also  
a rr iv ed  a t  th e  conclusion th a t  th e  com pound ex is ts  p red o m in an tly  in  th e  trans co n fo r
m ation .

M easurem ents revealed  a  difference o f  ab o u t 1-9 kcal/m ole in  th e  energy  o f  th e  tw o  
form s, th u s  th e  equ ilib rium  m ix tu re  m ay  co n ta in  a b o u t 3%  cis  d e riv a tiv e  a t  20 °C.

In  som e respects, how ever, a  d is tin c tio n  should  s till be m ade  reg a rd in g  th e  s ta b i
li ty  o f  th e  trans  m od ifica tion , as com pared  w ith  th e  decalin  skele ton . N am ely , i f  one 
accep ts  th e  s ta te m e n t o f  A roney  an d  Le F ev re  [4] — m ad e  on  basis o f  th e  e lec tric  
po larizab ility  o f  som e bases m easured  in  benzene so lu tion  — accord ing  to  w hich  th e  
space req u ie rem en t o f  th e  u n sh a red  e lec tron  p a ir  o f n itro g en  is h ig h er th a n  th a t  o f  a 
hyd rogen  a to m  in  cova len t bond  an d  app roaches th e  space req u irem en t o f  a  m e th y l 
g roup , th e n  quinolizine should  ra th e r  be com pared  w ith  a  decalin  co n ta in in g  a n  a n g u la r 
m e th y l group .

The e n ta lp y  o f  th e  cis-decalin  irans-decalin  in te rconversion  is A H  =  —2-7 
kcal/m ole [3]. N ow , if  an  an g u la r effect o f  a b o u t 0-8 kcal/m ole is a t t r ib u te d  to  th e  u n 
sh a red  e lec tron  p a ir  o f  th e  n itrogen , th is  value being o b ta in ed  as th e  h a lf  o f  th e  a n g u la r  
effec t o f  a  m e th y l g roup  (0-6 X 2 x 0 -8  kcal/m ole sy n -staggered  in te rac tio n ), m oreover 
ta k in g  in to  considera tion  th e  genera lly  accep ted  h y p o thes is  th a t  su b s titu tio n  o f  a  
carbon  a to m  b y  n itrogen  does n o t p rac tica lly  a lte r  th e  geo m etry  o f  th e  m olecule, th e  
en ta lp y  o f th e  L U Ib  L i l i a  in te rconversion  m ay  be e s tim a te d  as Л 11 =  — i-9 
kcal/m ole [89], a n d  th u s  quinolizine in  eq u ilib rium  m u s t co n ta in  m ore o f  th e  fo rm  w ith  
cis geom etry  th a n  decalin .

R egard ing  th e  p rob lem  o f  cis-trans  conversion, o r th e  equ ilib rium  s ta te , resp ec tiv e ly , 
i t  should  also be  ta k e n  in to  considera tion  th a t  in  th e  case o f  several a lka lo ids co n ta in -
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ing  th e  quinolizine ring  sy s tem , th e re  a re  su b s titu e n ts  th e  o rien ta tio n  o f  w hich  ( axia l 
o r  equatorial position) changes w ith  th e  cis-trans  in terconversion . T hus, for exam ple, 
if  th e re  is a  m e th y l g roup  in  th e  axia l o rien ta tio n  in  th e  trans-conform er, e .g . a s  in  th e  
case o f  cevine [97], its  d estab iliza tio n  value  m ay  be e s tim a ted  to  be 2 '4  kcal/m ole 
(O'8 kcal/m ole being  due to  th e  effect o f  th e  u n sh a red  elec tron  p a ir  o f  n itro g en , and  
T 6  kcal/m ole to  t h a t  o f  th e  axia l m e th y l group), an d  th u s  th e  cis-conform er w ill be 
0-5 kcal/m ole m ore s tab le  th a n  th e  trans  com pound [89].

C onfo rm ational analysis b y  in fra red  an d  N M R  spec tro scopy  o f  quinolizine d e riv a 
tiv es  con ta in ing  m e th y l su b s titu e n ts  a t  d iffe ren t positions h av e  led M oynehan  an d  
o th e rs  [107, 108] to  th e  conclusion th a t  — in  c o n tra s t to  th e  find ings o f  A ro n e y a n d  
L e F ev re  — th e  space req u irem en t o f  th e  u n sh a red  e lec tron  p a ir  o f  n itro g en  is less 
th a n  th a t  o f  a  co va len tly  bo u n d  hyd rogen .

R ecen tly  on  basis o f  ex p erim en ts  accom plished  on s te rica lly  g re a tly  h in d e red  sy s
tem s con ta in ing  th e  quinolizine skele ton , th e  conclusion h as been  d raw n  b y  P u m p h rey  
a n d  R ob inson  [125] th a t  th e  space req u irem en t o f  th e  u n sh a red  e lec tro n  p a ir  o f  n i t ro 
gen  m u s t be less th a n  th a t  o f  th e  N —H  bond. R ecen t pu b lica tio n s [2a, 39a, 52a] 
express view s to  th e  sam e effect. O n th e  o th e r  h an d , new ly  p u b lish ed  inves tiga ti- 
g a tio n s  b y  L a m b e rt a n d  K eske  [97a] seem  to  su b s ta n tia te  th e  o rd e r C H 3 >  unshared  
e lec tron  p a ir  >  H .

A ccord ing ly , i t  can  be s ta te d  th a t  th e  p resen ted  p ro b lem  can n o t a s  y e t be considered 
a s  solved a n d  a  sa tis fac to ry  ex p lan a tio n  o f  th e  co n trad ic to ry  re su lts  requ ires fu r th e r  
th o ro u g h  stud ies.

In the case of emetine, the conformation of the B/C qunolizine ring-sys
tem bears closely upon the configuration of carbon atom lib . In the thermo
dynamically more stable space orientation of ring C, the hydrogen attached 
to carbon atom lib  assumes a cis orientation relative to the hydrogen atom 
of carbon 2 (see for example [154]).

This thermodynamic stability manifests itself also in the preferred for
mation of this configuration on catalytic hydrogenation of the correspond
ing unsaturated compounds. Thus, for instance, the reduction of 3-dehydro- 
yohimban (LV*) affords the C-3, C-15 cis-type derivative, and the case
is similar in products obtained by the hydrogenation of 3-dehydro-dihydro- 
corynantean (XXXVII*) [148, 151, 152].

Catalytic hydrogenation of the immonium salt XVII likewise yields exclu
sively compound XIX, which had been proved to possess a configuration 
corresponding to emetine [25, 147]. Reduction with sodium and alcohol in 
alkaline milieu affords again only that particular epimer. In alkaline medium 
— as mentioned above —- compound XVII exists in form XVII', hence in 
this case the reaction is the saturation of the carbon—carbon double bond, 
which is known to yield the thermodynamically more stable product [12],
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when the reduction is accomplished with an alkali metal and alcohol. The 
same substance is the only isolable product of the reduction carried out by 
means of NaBH4.

Investigations performed with ester LYI are particularly significant from 
the point of view discussed above, since this compound is convertible to 
emetine through hydrogenation and further reactions. Reduction of the 
ester performed either catalytically with P t0 2, or with NaBH4, sodium 
dithionite, or formic acid, gave equally only one isolable epimer [11, 14, 33]. 
Therefore, it is highly probable that a thermodynamic control is in operation 
at these reactions, and thus the hydrogen enters from the cis direction as 
related to the hydrogen of carbon atom 2.

The same conclusion may be drawn from observations made during the 
catalytic hydrogenation of 2'-benzoyl-llb-dehydroemetine (LVII*, R =  
benzoyl). Hydrogenation of the compound in methanol in the presence of 
platinum afforded N-benzoylemetine (I*, R =  benzoyl) in 78-8% yield. 
This product is isolable in epimer-free form also in the reduction completed 
with Zn -f- 50% acetic acid [6, 7, 143]. Since under the latter conditions, 
the analogous indole alkaloid derivatives yielded the thermodynamically 
less stable products, e. g. pseudoyohimbin [159], or reserpine [90], it may 
be reasoned that if the lib  epimer is formed at all, it is so unstable that an 
immediate isomerization takes place.*

The above conclusions concerning the relative configuration of carbon 
atom lib  are supported also by epimerization experiments, carried out with 
N-benzoylemetine (I*, R =  benzoyl) [143]. Namely, if the unstable form 
were present, then — similarly to the pentacyclic indole alkaloids [79] — 
it would presumably epimerize under the effect of acids to the more stable 
form. However, the starting material could be recovered in 45 % yield after 
refluxing the substance in acetic acid for 8 hours, and the formation of the 
epimer could not be detected. Epimerization with inorganic acids — which 
experiments would have been more convincing — gave unfortunately no 
information, because a resinous material was obtained.

Concerning the absolute configuration of carbon atom lib , a basis has 
been established by means of optical comparison with (—)-tetrahydroproto- 
berberine derivatives (LVIII*, LIX*, LX*) [143].

Corrodi and Hardegger [62, 63] have determined the absolute configura
tion of(—)-wor-coralidine (LVIII*), tracing it back to (—)-tetrahydropapa-

* I t  should  be no ted , how ever, th a t  in  th e  red u c tio n  o f  th e  q u a te rn a ry  sa lt X V II  b y  
m eans o f  Zn ace tic  ac id , a  sm all am o u n t o f  th e  ep im er could  also be iso la ted  in  a d d i
tio n  to  com pound X IX  [25]. F u rth e rm o re , E v stig n eev a  [67, 72] succeeded in  iso lating  
d iffe ren t isom ers (cf. p . 93 (a) w hen th e  e s te r L V I w as reduced  in  th e  presence o f  
d iffe ren t c a ta ly s ts  and  a t  various p H  values.
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verine, and through that compound to L-aspargic acid. According to ex
perience, all alkaloids of the (— )-tetrahydroberberine type containing only 
one asymmetric carbon atom possess almost the same molecular rotatory 
power, =  ~1000°, and their absolute configurations are identical
with that of (—)-wor-coralidine [98, 99].

Now comparison of the optical rotatory power of (—)-2'-acylemetines 
(I*, R =  acetyl and I*, R =  benzoyl) with that of the corresponding un
saturated compounds (LVII*, R =  acetyl and LVII*, R =  benzoyl) con
taining no centre of asymmetry at site lib , show a difference in molecular 
rotatory power (df)D of about the same order of magnitude as can be ob
served with (—)-rmr-coralidine and its analogues — (—)-tetrahydroproto- 
berberine (LIX*) and (—)-canadine (LX*) -— as it is seen below:

( M) D S o lv en t A ( M ) d

I*  (R  =  benzoyl) — 387-1° [143] p y rid in e  ] _«г9.цо
L V II*  (R  =  benzoyl) +  475-5° [143] p y rid in e  j

I*  (R  =  acety l) — 401-4° [143] ch lo ro fo rm  ] _
L V II*  (R  =  ace ty l) 4- 625-5° [143] chloroform  j

L V III*  — 983-4° [63] chloroform

L IX *  — 1072° [98] py rid in e

L X * — 1265° [98] p y rid ine

This fact leads to the conclusion that the significant shift in the optical 
rotatory power towards the negative direction caused by the emergence of 
the centre of asymmetry represented by carbon atom lib , may be attributed 
to the fact that its absolute configuration is identical with that of (—)-nor-
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coralidine. This method — as well as the result obtained — is similar to the 
process followed and the observations made in establishing the absolute con
figuration of carbon atom 3 of analogous indole alkaloids (see, e.g. [91]).

Fig. 1
O ptica l ro ta to ry  d ispersion  o f  em etine  an d  isoem etine [147] (in w a te r; c =  0-189 
(700-305 m /и); c =  0 0378 (300-295 m /i); c =  0-277 (700-400 m /t); c =  0-0554 
(375-300 m/i))

Correlation with carbon atom 1' of already proved absolute configuration 
gives further proof concerning the spatial arrangement of the carbon atom in 
question. In this connection the optical rotatory dispersion [65] of emetine 
may be mentioned as one of the methods available. These investigations 
have been carried out by Van Tamelen and others [147].



STRUCTURE AND SYNTHESIS OF IPECAC ALKALOIDS 85

Id emetine only the asymmetric carbon atoms lib  and 1' are attached to 
chromophoric groups absorbing strongly in the ultra-violet region. There
fore, if we observe the response of the molecule to polarized light of different 
wave lengths, the result presumably reflects the behaviour of these two indi
vidual centres. Moreover, assuming that identical absolute configura
tions of two centres implie similar optical behaviour, then — as may be 
expected — in case of the opposite configurations of the two centres (‘anti
podes’) this opposite behaviour would — in ideal case — compensate each 
other in the 300-700 m/j, region, resulting in the absence of a change in 
rotation in that range of the spectrum. If, however, the absolute configura
tions are identical, the individual effects of the respective centres are added, 
and a normal dependence of rotation on the wave length ought to result.

Dependence of the optical rotation of the emetine molecule on the wave 
length is shown in Fig. 1, diagram a. Hence on basis of the foregoing argu
ments the two centres must possess opposite absolute configurations.

However, in order to support this presumption, it is reasonable to study 
also the behaviour of the compound containing the centres of asymmetry 
of opposite configurations, i.e. isoemetine (LXI*); the optical rotatory dis
persion of the latter is fully in accordance with the above conclusions, as 
shown in Fig. 1, diagram b.

Since the absolute configuration of carbon atom 1' of emetine is known 
(cf. p. 76 (iii)), furthermore since isoemetine differs from emetine only in

the configuration of this carbon atom (the two compounds are formed simul
taneously in the reduction of O-methylpsychotrine (XXI*) (cf. p. 109 (d)), 
the procedure proves the absolute configuration of the centre of asymmetry 
lib .

Correct as the deductions based on the optical behaviour may be, they 
cannot be considered fully exact.

The unambiguous and exact correlation of carbon atoms 1' and lib  has 
been achieved in a preparative way by Chappman and others [58, 59, 60].
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Using compounds LXII and LXIII, respectively, they pointed out that 
starting with the substance containing centres of asymmetry of opposite 
configurations (LXII) emetine could he obtained, whereas the substance 
possessing carbon atoms of identical configurations (LXIII) gave isoemetine. 
The preparation of the starting materials, the elucidation of their steric 
structure and the procedures by which they are convertible to emetine will 
be dealt with in detail later (cf. p. 114 (v)).

On basis of this synthesis it can unambiguously be ascertained that car. 
bon atom lib  has an absolute configuration as indicated in structure I*- 

I t is to be noted that contrary opinions regarding the configuration of 
carbon atom lib  have also been published in literature [10, 49]. However, 
these arguments were mainly based on erroneous experimental data and 
were corrected first by Battersby [14], later the authors themselves who 
had represented contrary opinions revised their viewpoints [46, 114].

With the knowledge in mind of the above, let us now revert to the ques
tion of the conformation of the quinolizine ring B/C.

It can be stated that if only the chair and half-chair forms are taken into 
consideration, there are three possible conformations (LXIV, LXV and 
LXVI) [15] shown in the formulae below:

Among these conformations, in LXIV the unshared electron pair of the 
nitrogen and the hydrogen attached to carbon atom lib  are in trans-axial 
position to each other, while this does not hold true in the two other confor
mations.
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One way of distinction among such types of conformations is dehydrogen
ation of the bases with mercury(II) acetate [103, 104]. Namely, according 
to experience this oxidation proceeds satisfactorily if the unshared electron 
pair of the nitrogen is trans-axial to the hydrogen in the a-position.

This method could be applied with good results in the field of indole 
alkaloids to clear up the conformational relations [73, 157, 159]. For example 
yohimbine and alloyohimbine could be well dehydrogenated by this method 
(the C/D rings, i.e. the quinolizine system is £raws-connected in both), 
while pseudoyohimbine (cis C/D ring junction) could not. On the other 
hand, further investigation revealed that unambiguous results could be 
expected only if both stereoisomers were accessible for the purpose of direct 
comparison of the rates of dehydrogenation. Namely it frequently occurs 
that under the conditions of oxidation inversion takes place, therefore the 
result may not be evaluated exactly.

This method of determining the conformation cannot be applied directly 
in the case of emetine, since during mercury(II) acetate oxidation it is 
oxidized at both nitrogen atoms [29, 113]. For this reason Ban and others 
[9] subjected 2'-acylated derivatives (I*, R =  benzoyl or acetyl) to dehy
drogenation. Though a number of model compounds were examined, no un
equivocal result could be attained, because the stereoisomer compound for 
comparison was not available.

Recently infra-red spectroscopy has proved to be a highly effective tool in 
examining the conformational relations of quinolizine rings. Wenkert and 
Roychaudhuri [158] have pointed out that in the spectrum of indole alka
loids containing the hydrogen in ‘a’-position at carbon atom 3 — for in
stance in yohimbine and alloyohimbine — characteristic bands are to be 
found in the 2700-2800 cm-1 region, while the phenomenon cannot be 
observed in the case of isomers containing a ‘/S’-oriented C(3,—H bond.

LXVH

Bohlman [40, 41] has further improved the observation, extending its 
scope to simpler quinolizine derivatives and stating that this characteristic 
band or set of bands is actually due to a C-H vibration which appears 
only if there are at least two hydrogens in trans-axial orientation at the 
position adjacent to the unshared electron pair of nitrogen (LXYII). In this 
way, the conformation can be unambiguously elucidated on basis of the 
spectra.
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If the lone electron pair of nitrogen becomes somehow shared (for example 
through salt formation, or N-oxide formation), or if a strong mesomeric 
effect is in operation (for example the nitrogen takes part in a carboxamide 
bond) the band will be missing. This phenomenon can probably be explained 
by sigma-conjugation similar to hyper conjugation.

Several years of experience since the recognition of the phenomenon have 
amply supported the applicability of the method (see, e.g., [132]), although 
exceptions have also been reported [80a].

The infra-red spectrum of 2-acetylemetine (I*, R =  acetyl) recorded in 
chloroform solution exhibits a characteristic absorption band at 2740 cm-1, 
which disappears on sharing the lone electron pair by perchlorate formation 
[143]. This proves the trans annelation of rings B/C in emetine, and that its 
conformation corresponds to LXIV. Quite recently it has been shown [144a] 
that inferences concerning the stereochemistry of the discussed system can 
also be drawn by a study of the NMR spectra. The characteristic signal of 
the angular proton of the trans form LXIV is foundabove r 6-2, while the 
same proton of the two cis conformations gives signals below this value. 
The character of the splitting of the signals permit differentiation even be
tween the two alternative cis forms.

I t  is n o tew o rth y  th a t  deriv a tiv es  co rresponding  to  L X V  cis confo rm ation  h ave  only  
seldom  been  found  so fa r am ong  com pounds o f  th e  benzo(a)quinolizine ty p e  [144a]. 
F o r  in s tance , in  th e  red u c tio n  o f  d e riv a tiv e  X V II  by  m eans o f  zinc a n d  ace tic  acid , 
a n  ep im er could also be iso la ted  besides th e  th e rm o d y n am ica lly  s tab le  p ro d u c t X IX , 
th e  m ercu ry (II)  a c e ta te  ox id a tio n  o f  w hich led to  th e  s ta r tin g  m a te ria l; hence, i t  can 
be on ly  th e  l i b  isom er o f  X IX , rep resen ted  b y  s tru c tu re  L X V III . T he ch a rac te ris tic  
ab so rp tio n  b an d  a t  2750 ±  10 c m -1 is p re sen t in  its  in fra -red  sp ec tru m , in d ica tin g  
ag a in  th e  trans an n e la tio n  o f  th e  quinolizine rin g  sy s tem , in  sp ite  o f  th e  fa c t th a t  in 
th is  case th e  tw o  e th y l g roups h ave  to  assum e axia l positions. T he com pound could 
n o t be e p im e riz e d to X IX  even  b y  h ea tin g  w ith  p o tassiu m  ierf.-bu tox ide in  tert.-bu tano l 
[25].

On th e  o th e r  h a n d , th e  co rresponding  indole analogue (L X IX ) — p rep a red  from  
cinchonine — being th e  C -3 ep im er o f  d ih y d ro co rin an tean e  (X X X V I) con ta in s a  
cis-fused quinolizine rin g  [111], from  w hich th e  conclusion m ay  be d raw n  th a t  cis 
co n fo rm ation  is fo rm ed w ith  indo le-type  com pounds m ore easily , th a n  w ith  benzo(a)- 
qu inolizines.

T he sam e obse rv a tio n  is su p p o rted  also b y  th e  fac t th a t  rin g  closure o f  a  L X X -ty p e  
la c ta m  leads to  a  cis-fused com pound, a s  po in ted  o u t b y  V an  T am elen  an d  o th e rs  
[153] in  th e  course o f  th e ir  inves tiga tions on th e  syn thesis  o f  yoh im bine .
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On th e  o th e r h an d  th e  analoguous reac tio n  in  th e  benzo(a)qu ino liz ine series y ielded  
a  single p ro d u c t co n ta in in g  rings B /C  in  trans  an n e la tio n  (cf. p . 101 (ii)), B u rg s tah le r 
a n d  B ithos a tt r ib u te d  th is  difference to  th e  fa c t t h a t  th e  indole r in g  is m ore reac tiv e  
th a n  th e  d im e th o x y p h en y l rin g  w hen a tta c k e d  b y  a n  e lec troph ilic  ag en t. T his m ay  
acco u n t — a t  leas t in  p a r t  — for th e  d issim ilar behav iou r. I f ,  how ever, th e  above p h e 
nom ena observed  w ith  com pound  L X V III  a re  also ta k e n  in to  considera tion , i t  is

h igh ly  p ro b ab le  th a t  th e  m ain  difference betw een  th e  tw o  system s shou ld  be a tt r ib u te d  
to  o th e r a s  y e t n o t c larified  fac to rs.

H ow ever, i t  is to  be n o ted  th a t  in  th e  case o f  p en tacy c lic  hydrobenzo(a)qu ino liz ine  
d e riv a tiv es  — sim ilarly  to  th e  co rresponding  indole d e riv a tiv es — p ro d u c ts  possessing 
cis an n e la tio n  a t  th e  p o in ts  in question  a re  aga in  read ily  fo rm ed [80b].

Summarizing the conclusions drawn from the accumulated experimental 
data concerning the stereochemistry of (—)-emetine, it may be unequivocally 
stated that the absolute configuration of its centres of asymmetry are 2S, 
SB, 5B, 11 hS, I'B , and thus emetine is represented by formula I* (R =  H).

2. Structure of Minor Alkaloids
(i) Cephaeline

Among the minor alkaloids, cephaeline (LXXI*, R =  H) may be con
sidered to be the most important product. This compound contains three 
methoxy groups and one phenolic hydroxyl function. O-Methylation of the 
latter leads to emetine (cf. Table II) (the significance of cephaeline lies exact
ly in this reaction), thus the only doubtful point of the structure is the posi
tion of the phenolic hydroxyl group. Pailer and Porschinski [119] degraded 
O-ethylcephaeline (LXXI*, R =  ethyl) to compound LXXII, the further 
degradation of which with ozone gave 2-ethyl-4-ethoxy-5-methoxybenzal- 
dehyde (LXXIII), which decided the position of the hydroxyl group as 
shown by formula LXXI* (R =  H).
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(ii) Psychotrine

Psychotrine can be reduced to a mixture of cephaeline and isocephaeline 
(the 1 '-epimer of cephaeline) (cf. Table II); O-methylation converts the com
pound into O-methylpsychotrine, which yields on reduction a mixture of 
emetine and isoemetine. The above reactions fix the position of the hydroxyl 
group in psychotrine, furthermore they prove that the double bond is con
nected to carbon atom 1' both in psychotrine and O-methylpsychotrine. 
This double bond was for long considered to be an exocyclic bond (LXXIV*, 
R =  H) and earlier reviews [80, 117] reported this structure based upon 
reactions such as the acylation of the compound on the nitrogen atoms. 
In the products obtained in this reaction, obviously only an exocyclic double 
bond can be found, which is proved among others by the oxidation of 
the N-benzovl derivative (LXXIV*, R =  benzoyl), to N-benzoylcorydal- 
dine (LXXV) by means of perphthalic acid [83].

On the basis of a spectroscopic study of O-methylpsychotrine oxalate in 
the ultra-violet region Openshaw and Wood [113] declared the double bond 
to be in the 1' 2' position, in other words, a dihydro-isoquinoline structure 
(LXXVI*) was suggested.

However, no deduction regarding the structure of bases may be drawn 
merely from the immonium ion character of salts, since in such cases iso
merization to enamine structure is a frequent phenomenon (cf. for example 
[102, 161]). The ultra-violet spectrum of the base, on the other hand, was 
identical with that of the N-acyl derivatives [72] - which obviously can
only be of a structure with exocyclic double bond — but at the same time 
it was identical with the spectrum of the oxalate as well; therefore, a study 
of the ultra-violet spectra does not seem to be suitable to decide the problem.

According to the infra-red spectra, there is no absorption band in the range 
of 3500-3100 cm-1, characteristic of an N-H bond. This fact is in contrast 
with the structure containing an exocyclic double bond. No proton exchange 
proceeded in the presence of heavy water either, nor could an N-D bond
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be detected, which again supports the hypothesis of an endocyclic structure. 
Accordingly, the structure of O-methylpsychotrine is correctly represented 
by formula LXXYI*, however, the substance is capable of prototropic 
rearrangement, and thus for instance under the effect of acylating agents 
its structure is shifted towards form LXXIV* [69, 72]. The 6' position for 
the free hydroxyl group in psychotrin [142b] has also been established by 
an unequivocal synthesis.
(iii) Emetamine

Battersby et. al. [13, 21] oxidized the bis-chlorobenzylate of emetamine 
(LXXVII*) in alkaline medium — through the anhydrobase LXXVII* — 
to N-benzyl-6,7-dimethoxyisoquinolone (LXXVIII), and thus proved that 
the material contained an aromatic isoquinoline ring.

That the double bond of isoquinolone in the 3,4-position was not formed 
during the oxidation is proved by the fact that under similar conditions the 
anhydrobase LXXX became converted into N-benzylcorydaldine (XXIV).

Furthermore, emetamine can be reduced to isoemetine (LXIX) [45] by 
means of sodium and alcohol, hence the substitution of the tetrahydroiso-

7 R . D . c.
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quinoline ring in isoemetine by an isoquinoline ring gives the structure of 
emetamine: LXXIX*.

(i V) Protoemetine

Protoemetine is a representative of the probably very rare type of alka
loids containing an aldehyde group. I t  shows characteristic aldehyde reac
tions —- for instance the Tollens reaction [26]. Its structure as represented 
by XX* is further supported by the fact that emetine may be synthesized 
from this compound in well-controllable steps [26, 141].

III. SYNTHESIS OF IPECAC ALKALOIDS

1. Synthesis of Emetine

The first successful synthesis of emetine was reported by Evstigneeva 
and others [71] in 1950. However, this synthesis had little stereoselective 
character, thus numerous attempts have been made during the subse
quent period to devise a more rational and possibly highly stereoselective 
synthesis. A not unimportant purpose of these syntheses was the search for 
compounds with a construction similar to emetine, but with better pharma
cological effects.

From the chemical point of view, the methods proposed for the synthesis 
of emetine may be classified in several groups according to the key inter
mediates. In the following, the successful syntheses will be dealt with in 
such classification.

(i) Emetine Syntheses through the Diamide L X X X I
Historical aspects offer grounds to begin discussing the various methods 

of the synthesis of emetine with the one utilizing the key intermediate 
LXXXI. The diamide in question can be prepared through the piperidone 
derivative LXXXII; the first synthesis of emetine, too, was achieved in 
this way [71].
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(a) Preparation of the piperidone derivative L X X X I I . — One of the proce
dures serving for the synthesis of the piperidone LXXXII is the reaction of 
the glutaric ester derivative LXXXIII with /5-(3,4-dimethoxyphenyl)- 
ethylamine (LXXXIV).

The reaction can be accomplished in one step in 21-6% yield by refluxing 
the reactants in toluene [164], or in two steps, preparing first compound 
LXXXV in isopropyl ether, then heating it at 190-200 °C. The latter method 
gives a yield of 82% [120].

Ester LXXXIII, required for the reaction, can be prepared from a-ethyl- 
malonic diethyl ester, through the following series of reactions [163, 164]:
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Recently Weisbach and others [154a] have found that the above reac
tion leading to lactone LXXXVI is not unambiguous. During the acid 
cleavage of the primary alkyl ether one carbon is removed from the ter
tiary centre. This type of reaction is often known to occur via the terti
ary carbonium ion and a rearrangement may lead to the thermodynami
cally most stable product which in this case is lactone (г). Thus the report
ed major product (LXXXVI) of this sequence is produced to the extent 
of at most 8%, instead of the yield (81 • 5%) given above.

For producing LXXXVI an alternative route was devised. Diethyl 
ethylmalonate was alkylated (Na—C6H6) with A 3-cyclopentyl tosylate 
to give (гг) (80%). The latter was hydrolyzed and decarboxylated to the 
mixture of (in)a and (iii)b, which upon reduction (LiAlH4) gave (iv)a. Oxida
tion (03-CH2Cl2; Ag20-Na0H) of the corresponding acetate (iv)b gave the 
diacid acetate (v)a, which was directly saponified to (v)b. The diacid (v)b 
was lactonized by heating in xylene to LXXXVI.

LXXXII may also be prepared from y-propylpyridine [118]:

Another route to the piperidone in question is the reductive condensation 
of amine LXXXIV and nitrile LXXXVII [67, 147]:



On performing the reductive condensation with the ethyl ester (LXXXVII), 
the yield was 34%, while use of the analogous methyl ester yielded 43-7% 
[67]. As a by-product 8-9% of a-piperidone (LXXXVIII) was formed. 
Another isolated by-product was di-homoveratrylamine.

I t  is noteworthy that while in the case of compound LXXXVIII Evstig
neeva [67] was able to isolate the two expected stereoisomers, she failed 
to accomplish the same with the piperidones LXXXII (R =  methyl or 
ethyl). Similarly, Van Tamelen and others [147] — who succeeded in isolat
ing ethyl ester LXXXII in 29 % yield as the result of the reductive conden
sation — could not separate the two isomers even by thorough chromato
graphy. However, on hydrolyzing the ester and subjecting the obtained 
crude acid to chromatography, 33 % trans (LXXXIIa, R =  H) and 6 % cis 
(LXXXIIb, R =  H) compound were isolated (cf. p. 68 (ii)). Accordingly, 
the ester obtained by the reductive condensation — which had been pre
viously beheved to be homogeneous [67, 72] — turned out to consist actual
ly of a mixture of isomers.

STRUCTURE AND SYNTHESIS OP IPECAC ALKALOIDS 9 5
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Barash and others [11] prepared the piperidone derivative LXXXII in 
the following way. They started with 2,6-dichloro-3-ethyl-4-methylpyridirie 
(LXXIX, X =  Cl), and reacted it with sodium alcoholates of different 
types in 1 : 1 molar ratios. They tried to shift the proportion of the two iso
mers formed in the reaction (XC and XCI) in favour of isomer XC, applicable 
in emetine synthesis, by increasing the space requirement of the alcohol 
employed, hoping that thus the substituent would be forced to enter the 
sterically less hindered site. In the case of isopropyl alcoholate the yield 
of the undesired isomer (XCI. R =  isopropyl) was more about 20 %; the

ratio became still more favourable when benzyl alcoholate was used, and 
with the sodium compound of diphenyl carbinol almost exclusively the de
sired product (XC, R =  diphenylmethyl) was obtained, though in the latter 
case, the yield was decreased.

Hydrogenolysis of compound XC afforded directly the pyridone XCI I.
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I t should be mentioned that preparation of compound XCII was also 
attempted from /3-collidine (LXXXIX, X =  H) by reacting the latter with 
sodium amide to give the corresponding amino derivative and then pyri- 
done. However, in this case the undesired isomer was preferentially formed, 
due to the prevailing electron displacement effects.

Pyridone XCII was converted into compound LXXXII (R =  H) in the 
way outlined below; fractionated crystallization afforded the two diastereo- 
isomers.

An apparently more convenient synthesis of the isomers LXXXII was 
suggested by Ban [5], consisting of the steps shown below:

With the above method Ban obtained the mixture of isomers in the form 
of an oil and he did not proceed to separate it. Barash et. al. [11] found on 
repeating the sequence of reactions described by Ban that condensation of 
ketone XCIII with cyanoacetate ester, followed by converting the compound 
formed (LXXXII, R =  H) to the carboxylic acid, yielded only traces of 
crystalline product. However, when cyanoacetic acid was used instead of 
its ester as the condensation partner, decarboxylation, conversion of the 
cyano group into ester, catalytic hydrogenation and hydrolysis of the 
ester group gave rise to crystalline trans (LXXXIIa, R =  H) and crystalline 
cis (LXXXIIb, R =  H) compounds in good yields.

]. CN
I 2. e th an o l HC1 L X X X I Ia  (R = H ) ,  56-5%

X O III  C H 2—COO H

3. P t 0 2/H 2 4. hyd ro ly sis (K O H ) L X X X I Ib  (R  —H ), 12%

Battersby and Turner [33] prepared the desired compound from dioxo- 
piperidine (XCIII) in another way.
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The interesting point about this synthesis is that — the Michael addition 
to the piperidone XCIV being a reversible process — a thermodynamical 
control is prevailing in this step, and the stereospecific reaction gives solely 
the trans derivative (XCV). Hydrolysis and decarboxylation of the latter 
leads to the pure acid LXXXIIa (R =  H) of trans configuration.

(b) Preparation of diamide L X X X I .  ■— The diamide can be synthesized 
from the piperidone prepared according to the procedures described above. 
Heating the ester of trans configuration (LXXXIIa, R =  CH3) with an 
excess (more than two equivalents) of homoveratrylamine in nitrogen atmos
phere affords the diamide in quantitative yield [147]. Ban [5] converted 
the acid (LXXXII, R =  H) into the acid chloride with thionyl chloride, 
and condensed it with homoamine, but the mixture of isomers was obtained 
as an oil only.

Barash et. al. [11] started with the stereochemically pure trans LXXXIIa 
(R =  H) acid which was converted into the mixed anhydride by means of 
alkyl chlorocarbonate in dimethylformamidé solution in the presence of 
triethylamine. The next step consisted in the acylation of homoveratryl
amine (LXXXIV) by means of the obtained mixed anhydride. The yield 
was almost quantitative, however the diamide LXXXIa could not be crys
tallized.

Evstigneeva and others [70] reduced the nitrile LXXXVII in the presence 
of a large excess (1 :6  molar ratio) of homoveratrylamine (LXXXIV) to 
obtain again a mixture of the stereoisomers LXXXII in 86% yield, from 
which two fractions could be isolated by virtue of their different solubilities. 
The cis compound (LXXXIb) (30%) was soluble in toluene, while the 
trans (LXXXIa) (56%) was not. Accordingly, the authors accomplished 
the separation of isomers at this stage.

(c) Preparation of emetine from diamide L X X X I a .  — A simultaneous 
double Bischler-Napieralski type ring closure of diamide LXXXIa gives
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rise to dehydro-O-methylpsychotrine (XCVI). Evstigneeva and others 
[70], furthermore Van Tamelen et al. [147] accomplished the ring closure 
with P0C13 in toluene, and worked up the crude, oily product.

Barash and others [11] found that the cyclization with P0C13 occurred 
most readily in the absence of a solvent (75% yield); the product was iso
lated as the crystalline iodide-hydroiodide.

Hydrogenation of the chloride-hydrochloride of XCVI at 70-80 °C and 
130 atm., in the presence of Ni catalyst, gave the crude emetine base in 
18-4% yield [70]. On catalytic hydrogenation of the compound in the 
presence of platinum oxide, as well as in the reduction of the iodide-hydro
iodide with LiAlH4 in tetrahydrofuran solution, Van Tamelen et al. [147] 
obtained a mixture of emetine and isoemetine; the products, however, were 
not separated.

The only product isolated in about 60% yield by Barash and others [11] 
from the hydrogenation of the chloride-hydrochloride of XCVI in the pres
ence of P t0 2 at atmospheric pressure was isoemetine (LXI), and though 
the presence of emetine could be detected by paper chromatography (the 
relative Ry values of the two substances in hydrochloric acid-methyl ethyl 
ketone mixture, using ascending technique were 1 (emetine): 0-62 (isoeme
tine)). A preparative separation could not be effected. It was found, however,
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-that better results were obtained if the cyclization of the diamide LXXXI 
was carried out in two steps. Though reduction of the amide XCVII obtained 
in the first step led to a heterogeneous product, the substance isolated from 
the second cyclization, being a llb-N  dehydro derivative, could be hydro
genated stereospecifically (cf. p. 80 (iv)), yielding practically homogeneous 
racemic emetine.

Racemic emetine (I) and racemic isoemetine (LXI) can readily be separat
ed through their oxalates. The hydrogen oxalate of racemic emetine crys
tallizes well from methanol, while that of racemic isoemetine does not [47]. 
The compounds can also be purified through the salts formed with camphor- 
10-sulphonic acid [70].

The resolution of synthetic racemic emetine can be accomplished with 
( +  )-0,0-dibenzoyltartaric acid, by dissolving the components in a mixture 
of methanol and ethyl acetate; on standing, the salt of (—)-emetine (I*) 
corresponding to the natural substance is deposited first [11]. When the 
resolution of the antipodes is made with N-acetyl-L-leucine, it is again 
the salt of (—)-emetine to crystallize first from methanol-ether mixture 
[47, 60]. The resolution may be carried out also by the use of (-(-)-camphor- 
10-sulphonie acid [72].
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(ii) Synthesis of Emetine through Lactam C l

Burgstahler and Bithos [53, 54] devised an ingenious synthesis starting 
with gallic acid (XCVIII). Hydrogenation of this substance in the presence 
of aluminium catalyst containing 5% rhodium gave hexahydrogallic acid 
in 45-50% yield, with each substituent in cis orientation. The further 
course of the synthesis is readily understood from the series of equations 
shown below. The drawback of this synthetic route is that all intermediary 
products from triacetylhexahydrogallic acid (XCIX) to the end-product 
(Cl) — with the exception of the acid amide C — are of oily consistence, 
and the overall yield hardly exceeds 1-5%.

In the course of the last step two stereoisomers (m. p. 223-225 °C and 201 
202 °C, respectively) could be isolated besides the lactam Cl, the melting 
point of which was 190-191 °C. The steric structure of lactam Cl shown in 
the formula could be proved by the fact that reduction of its methyl ester 
with Li A1H4, tosylation of the resulting alcohol and simultaneous reductive 
removal of the tosyloxy group and the oxygen of the lactam group gave XIX 
(cf. p. 68-71 (ii)).The steric structure of compound Cl is supported further
more by the fact that reduction of its methyl ester with LiAlH4 affords CII. 
which is identical with the alcohol prepared by reduction of ester XXXII 
whose steric structure had already been proved (cf. p. 74 (ii)).

The lactam acid Cl has also been synthesized by the essentially different 
method given below [76].
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The amine LXXXIV was acylated by means of ethoxalyl chloride in 
35% yield [22], and with diethyl oxalate in 92% yield [76], respectively. 
The resulting carboxamide (CIII) can be cyclized with phosphorus pentox- 
ide in 48% yield [22]. However, it is more advantageous to carry out the 
reaction with phosphorus oxychloride; direct hydrogenation of the crude 
product yields the tetrahydro derivative CIV in 79% yield.

A suitable starting material to prepare the other component required 
for the synthesis is benzyl a-bromobutyrate, which on condensation with 
ethyl sodiomalonate affords benzyl oc-ethyl-/?,/?-diethoxycarbonylpropionate 
(CV). Catalytic hydrogenation of this compound in the presence of Pd 
leads to the corresponding propionic acid derivative (CVI), which may be 
converted to the acid chloride (CVII) by treatment with thionyl chloride in 
benzene.

All three steps can be accomplished in good yield.
The further reactions are illustrated as shown below:
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Refluxing of the carboxylic acid CVIIIb in alkali converts this compound 
into a mixture of isomers, of which CVIIIa, the compound with the desired 
steric structure, can be isolated; in this way CVIIIb becomes gradually 
converted to the product applicable in the further synthesis. The configu
ration of compound CVIIIb has not been elucidated as yet, but it is notable 
that none of the four possible 2,3-cis emetine isomers prepared later by 
Brossi and Schnider [52], was identical with the emetine isomer deduced 
from compound CVIIIb. Therefore, it would be interesting to clear up the 
question, especially in view of the problems mentioned in connection with 
the conformational relations of the benzo(a)quinolizine ring.

In the course of the further synthesis towards emetine, the acid Cl is 
converted to the oily carboxamide by reacting its ester [54] or chloride 
[76] with homoveratrylamine (LXXXIV). The Bischler—Napieralski ring- 
closure of the product gives CIX. This compound could not be crystallized 
either, in spite of thorough chromatographic purification. Reduction of the 
lactam by means of LiAlH4 leads to a mixture of racemic emetine and race
mic isoemetine, from which the former can be isolated in 12% yield, cal
culated for the starting lactam acid (Cl).
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(iii) Synthesis of Emetine through Ester CXa

Application of ester CXa as a key substance induced perhaps the most 
extensive research work in the course of experiments aiming at the synthesis 
of emetine. This compound, too, can be prepared in several ways.

(a) Synthesis of ester CX through the piperidone derivative L X X X I I . —• 
Ester CX can be prepared by means of a Bischler-Napieralski type conden
sation of the piperidone derivative LXXXII (cf. p. 93 (a)), and reduction 
of the obtained product. I t is highly interesting that in reducing the un
saturated ester CXI (R =  ethyl) formed by ring closure, Evstigneeva and 
Preobrazhenskii [67, 72] isolated three different products, depending on 
the conditions of the reaction. Structures CXa, CXb, and CXc (R =  ethyl) 
have been assigned to the products obtained by catalytic reduction in 
acid medium in the presence of Pt, by hydrogenation in neutral medium,

and by reduction in neutral medium in the presence of Raney nickel, respec
tively. The structure of compound CXIa has been unequivocally proved, 
since it could be converted into emetine by further procedures.

The steric structure of the other two isomers cannot be considered en
tirely proved, since the authors [67, 72] did not resolve the ester LXXXII, 
obtained from the reductive condensation of the nitrile ester LXXXVII 
and amine LXXXIV, prior to the ring closure and reduction (cf. [147]).

The pure isolated irans-piperidone carboxylic acid (LXXXIIa, R =  H) 
(cf. p. 93 (a)) afforded on methylation with diazomethane, followed by 
condensation with P0C13 in toluene, and hydrogenation of the product in
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ethanol in the presence of platinum, the crystalline ester CXa (R =  methyl) 
in 80-5% yield [147].

Barash and others [11] esterified carboxylic acid LXXXIIe (R =  H) 
with ethanol and hydrogen chloride, and subjected the product to ring clo
sure, to obtain CXI (R =  ethyl) in 86 % yield. The iodide of the product 
could be reduced catalytically in methanol in the presence of platinum in 
91% yield. Besides this method, a number of other attempts have beén 
reported, in the course of which hydrogenation has been accomplished in 
the presence of various catalysts under different conditions. The reduction 
has also been carried out by means of chemical agents, such as sodium boro- 
hydride, sodium dithionite, or formic acid, but also these reductions afforded 
solely ester CXIa without any sign of the formation of isomers.

Similar observations have been reported by Battersby and Turner [33], 
in connection with the catalytic reduction of the immonium compound CXI 
(R =  ethyl).

(b) Synthesis of ester CXa from carboxylic acid C l [54]. —The lactam acid 
Cl (cf. p. 101 (ii)) can be reduced with sodium and alcohol or, more advan
tageously, in the presence of a copper chromite catalyst. After esterification 
of the acid-soluble product and purification by chromatography, CXa is 
obtained in about 15-20% yield.

(c) Synthesis of ester CXa through the ketone CX1I.  —- Consideration of 
the previous two sections may easily lead to the conclusion that preparation 
of ester CXa by means of the above methods is a rather cumbersome work 
consisting of too many steps. For this reason, more simple procedures 
have been looked for to accomplish the synthesis of the compound in ques
tion. Application of ketone CXII offered a promising possibility for the 
solution of the problem.

One method for preparing this ketone consists in reacting homoveratryl- 
amine (LXXXIV) either with ethyl malonate chloride, or more conveniently, 
with an excess of diethyl malonate [32]. Subsequent ring closure and reduc-
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tion affords the tetrahydroisoquinoline derivative CXIII. The latter com
pound may also conveniently be prepared in a single step by the reduction 
of 6,7-dimethoxy-3,4-dihydroisoquinoline (CXIV) and potassium ethyl 
malonate; the yield is about 40%.

The desired product (CXII) is then made by reacting with ethyl a-formyl- 
butyrate, catalytic reduction, condensation according to Dieckmann, and 
refluxing with hydrochloric acid [32].

Ketone CXII may be prepared from ester CXIII in another way [51] 
by reacting it with ethylmalonic acid and formaldehyde. The intermediate 
dicarboxylic acid (CXV) is methylated with diazomethane or dimethyl- 
sulphate to give the ester CXVb. Subsequent Dieckmann condensation 
and hydrolysis with hydrochloric acid yields CXII (39% from CXIII).

The procedures, in which the dihydroisoquinoline derivative CXIV is 
transformed to ketone CXII directly in one step, offer a way simpler than 
those dealt with in the foregoing.

Brossi et. al. [48] prepared ketone CXII in 14% yield by condensing 
CXIV with 2-ethylbutene-3-one (CXVI) in alkaline medium.

Openshaw and Whittaker [111] synthesized the same product in 68-4% 
yield by reacting CXIV with 3-dimethylaminomethylpentane-2-one meth- 
iodide in alcohol. The same authors prepared the ketone CXII by reacting 
l,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline (CXVII) with a-ethylaceto- 
acetic acid and formaldehyde, followed by oxidative cyclization of the 
product (CXVIII) with mercury(II) acetate; the yield was 54%.
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Lénárd and Bite [100] obtained compound CXII in 43 % yield by a simple 
method of reacting a-ethylacetoacetic acid, formaldehyde and 3,4-dihydro- 
6,7-dimethoxyisoquinoline (CXIV).

Ketone CXII may be prepared most suitably by the reaction of the hydro
chloride of CXV with 2-ethylbutene-3-one (CXVI) [37], when the desired 
product is formed in one step in 90% yield.

I n  th e  course o f  th e  reac tio n  firs t a  q u a te rn a ry  sa lt is fo rm ed w hich can  be iso lated  
from  th e  reac tio n  m ix tu re  b y  in te rru p tin g  th e  process [140]. U n d er th e  ca ta ly tic  
effect o f  an  ac id , o r base, th e  q u a te rn a ry  s a lt  (C X ÍX ) undergoes rin g  closure. I n  m ore 
s tro n g ly  a lkaline  m ed ium  (above p H  8), how ever, severa l side reac tio n s occur, for 
exam ple th e  base ca ta lyzes th e  decom position  o f  th e  s a lt  C X IX  in to  its  com ponen ts, 
an d  th e  re su ltin g  u n sa tu ra te d  ketone  m ay  suffer fu r th e r  reac tions . M oreover, in te r- 
m olecu lar red o x  processes also ta k e  p lace in  s trong ly  a lkaline  m ed ium  [140]. These 
fac ts  exp la in  th e  low  yields observed  b y  B rossi an d  o th e rs  [48], w ho carried  o u t th e  
reac tio n  in  a lkaline  m ed ium ; i t  is to  be no ted , how ever, th a t  good yields can  be achieved 
betw een  p H  7 an d  8, n o tw ith s ta n d in g  th e  a lk a lin ity  o f  th e  m ed ium  [140].

As to  th e  s ta r tin g  m a te ria ls , 3 ,4 -d ihydro-6 ,7-d im ethoxyisoquinoline (C X lV ) can  be 
p rep a red  e ith e r from  N -fo rm y lhom overa try lam ine  [133, Í36 ], o r — in  h igher y ield  — 
from  l,2 ,3 ,4 -te trahyd ro -6 ,7 -d im ethoxy isoqu ino line  th ro u g h  th e  N -ch loro  com pound 
(ox idation  w ith  sod ium  hypoch lo rite) [112].

T he u n sa tu ra te d  ke tone  (CX V I) is accessible, e .g ., — from  a-e th y lace to ace tic  acid 
in  a b o u t 70%  y ield  [139].

The ketone CXII prepared according to the above methods is a homogene
ous product; no stereoisomers could be isolated.

Considerable difficulties were observed in converting the ketone CXII 
into ester CXa, since the presence of the ethyl group in the oc-position 
sterically hinders the reactivity of the oxo group to enter condensation 
reactions. Battersby and others [32] condensed the ketone with ethyl 
cyanoacetate, and after hydrolysis hydrogenated the product, catalytically, 
in the presence of platinum. It is probable that during hydrolysis the exo- 
cyclic double bond had migrated to a large extent into endocyclic position, 
since the compound absorbed only about half of the calculated amount 
of hydrogen. It is known [46] that an endocyclic double bond cannot be 
hydrogenated under the given conditions. No crystalline product could 
be isolated from the reaction.

Brossi and Schnider [52] obtained the condensate resulting from the 
reaction with cyanoacetic acid in crystalline form; the partial hydrogenation 
of this product was also accomplished (Pt02/H2), prior to hydrolysis,

8 R. D. c.
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thus eliminating the possibility of the migration of the double bond. It 
was found, however, that under the conditions of condensation epimeriza- 
tion took place at carbon atom 3 (CXX) [52, 112], and thus hydrogenation, 
too, afforded a product unusable for further synthesis, containing 2,3- 
substituents in cis orientation (CXXI).

Condensation of ketone CXII may be accomphshed in excellent yield also 
with malonodinitrile [32, 46], but the product (CXXII) cannot be reduced 
partially, and its hydrolysis affords the caboxylic acid CXXIII containing 
the double bond in endocyclic position [46].

Openshaw and Whittaker [110, 112] prepared the unsaturated ester 
CXXV in 54% yield by reacting the ketone CXIII in a Wittig reaction 
with the phosphorane CXXIV at about 150 °C.

As compared with the latter reaction, application of the more readily 
available phosphonic acid esters seems to be preferable; as it is known 
(see, e.g., [78]), these compounds are also suitable reagents for the conver

sion of an oxo group into a carbalkoxymethylene group. Szántay, Tőke 
and Kolonits [142, 142a] prepared the desired ester CXXV in the same
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yield as obtainable in the Wittig reaction by reacting the ketone CXII 
with the ester CXXVI (R =  ethyl) at low temperature in dimethylform- 
amide, in the presence of potassium tertiary butylate.

When the reaction was carried out in 1,2-dimethoxyethane, in the presence 
of sodium hydride, the main product was CXXVII, which is the C(3)- 
epimer of ester СХХУ, [112]; accomplishing the reaction in dimethyl- 
formamide in the presence of an excess of the latter at elevated temperatures 
gave the same main product. Openshaw and Whittaker [112] isolated the 
cis and trans isomers (in relation to the ethylene bond) of the unsaturated 
ester CXXVII.

The above reac tions o f  th e  ke tone  C X II  rev ea l th a t  su b s titu tio n  o f  th e  oxo g roup  
b y  m ore b u lk y  su b s titu e n ts  leads to  th e  p re fe rred  fo rm atio n  o f  C/3)-epim erie p ro d u c ts , 
such  as C X X  an d  C X X V II.

I t  has also been  observed  [16] th a t  th e  reac tio n  o f  th e  ke to n e  C X II  w ith  h y d roxy l- 
am ine affo rded  tw o  isom eric oxim es a s  m a in  p ro d u c ts , an d  tw o  o th e r  oxim es as b y 
p ro d u c ts , consequen tly  th e  ep im eriza tion  o f  th e  C(3) a to m  occurred  in  th is  case, too .

T hough  n o t exam ined  as  y e t, th e  a d d u c t p rep a red  from  C X X II  an d  m alonon itrile  
m ay  also p rove to  be a n  ep iinerie  p ro d u c t.

P resu m ab ly , all these  phenom ena  m ay  be tra c e d  b ack  to  a  2-alkyl effect. As p ic tu red  
in  fo rm ula  C X X V III, th e  s u b s titu e n t o f  th e  cyclohexane rin g  in  а -position  to  th e  oxo 
g ro u p  ta k e s  a  n ea rly  eclipsed position  in  re la tio n  to  th e  oxygen , if  its  o rien ta tio n  is 
eq u a to ria l.

T hus increasing  th e  space req u irem en t o f  th e  a -su b s titu e n t m u s t invo lve a  g rad u a l 
decrease in  th e  energy  d ifference betw een  th e  eq u a to ria l an d  ax ia l o rien ta tio n s . A c
cord ing  to  A llinger an d  B la t te r  [2] — fo r exam ple — if  th e re  is a n  isopropy l g roup  
a tta c h e d  to  th e  a -carbon  a to m , th e  energy  d ifference be tw een  th e  a  a n d  e positions 
decreases to  0 4  kcal/m ole. E x tra p o la tin g  these  considera tions i t  m a y  be expected  
th a t  in  th e  p resence o f  m ore b u lk y  g roups a tta c h e d  to  a  double  b ond , th e  su b s titu e n t 
occupy ing  th e  а -position in  re la tio n  to  th e  fo rm er w ill be m ore s tab le  in  ax ia l th a n  in  
eq u a to r ia l o rien ta tio n . T h is is th e  reason  w hy  th e  isom eric com pound  is easily  form ed 
from  th e  above ke tone  in  th e  p resence o f  a  c a ta ly s t fav o u rin g  eno liza tion , a n d  th u s  
th e  ep im eriza tions discussed in  th e  foregoing a re  exp la ined .

Hydrogenation of ester CXXV gives preponderantly the ester CXa; 
for instance, in the presence of palladium catalyst the yield is 74% [112]. 
Besides this derivative, the C(2)-epimeric product is also isolable.

(d) Preparation of ester CXa according to Van Tamelen et. al. [150]. — 
Van Tamelen et. al., starting from biogenetic considerations, elaborated 
the following procedure for the synthesis of ester CXa.

The Mannich-reaction of homoveratrylamine (LXXXIV), formaldehyde 
and the triester CXXIX afforded the lactam CXXX in almost quantitative

8 *
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yield, as an oily product. Treatment with POCl3 in benzene solution gave 
the immonium salt CXXXI. (The preliminary communication [150] did 
not give data on yields at this and further steps.)

The immonium salt could be crystallized from a mixture of nitrobenzene 
and petroleum ether. The compound was catalytically hydrogenated in 
methanol solution in the presence of platinum to give CXXXII. After 
purification in form of the free base, the ß-ketocarboxylic ester was refluxed 
with 2% hydrochloric acid for a few days, when hydrolysis and decarboxyl
ation occurred. After chromatography and recrystallization from a mixture 
of chloroform-carbon tetrachloride, the keto-acid CXXXIII could be isolat
ed. The latter was converted into its methyl ester, then to dithioketal 
by reacting the keto-ester hydrochloride with ethylenedithiol in the presence 
of boron trifluoride etherate. Desulphuration of the product with Raney 
nickel in boiling methanol yielded ester CXa.

(e) Synthesis of emetine from ester CXa.  — The next step in the synthesis 
of the emetine molecule requires transformation of ester CXa into the amide 
CXXXIV. This can be accomplished by heating the ethyl ester with homo- 
veratrylamine (LXXXIV) for seven hours at 180-200°C (60-5%) [69], or 
applying the same procedure to the methyl ester (78%) [114, 147]. Accord
ing to another procedure, the ester is hydrolyzed, and the resulting acid 
(CXa, R=H) is refluxed with the amine LXXXIV in xylene (64%) [11], 
or its triethylamine salt is reacted with alkyl chlorocarbonate, and the ob
tained anhydride (CXXXV) is treated with the amine (75%) [33].

Ring closure of the amide CXXXIV can be effectuated in 70-90% yield 
by means of POCl3, to give racemic O-methylpsychotrine (LXXVI). The
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reaction is carried out in different solvents, such as chloroform [69], toluene 
[33, 147], or benzene [11, 47, 112]. Catalytic hydrogenation of the product 
results in the formation of a mixture of racemic isoemetine and racemic 
emetine; the purification and resolution have been dealt with in part 
III (p. 105(c)).

I t is more advantageous, however, to carry out the resolution already 
in the O-methylpsychotrine stage; it can be best achieved with the aid 
of (—)-0,0-dibenzoyltartaric acid [33,112] in ethanol solution, when the salt 
corresponding to natural (-|-)-0-methylpsychotrine (LXXVI*) is deposited 
first in 46-5% (93% of the theoretical) yield [112].

The ratio of emetine (I*) and isoemetine (LXI*) formed in the catalytic 
reduction of (+ )-O-methylpsychotrine (LXXVI*) depends on the pH 
of the medium. Openshaw and Whittaker [112] separated the isomers by 
chromatographing the crude product on aluminium oxide; the mixture 
was applied to the column in trichloroethylene, followed by gradual change 
of the solvent first to methylene chloride to remove emetine, and then to 
chloroform, which eluted isoemetine. It was found that reduction with 
LiAlll, in ether, or with NaBH4 in methanol yielded the two bases in 
approximately equal amounts. In the presence of Raney nickel in methanol- 
triethylamine, or in the presence of platinum in a methanolic solution of 
KOH, catalytic reduction gave rise to emetine and isoemetine in a ratio 
of 1-4 : 1. The best result for emetine (a ratio of 1-8 : 1) was obtained by 
reduction in the presence of platinum and sodium methoxide. In aqueous 
solution at about pH 5, the amount of isometine formed is 3-5 times as 
much as that of emetine.

If the mixture obtained after reduction containes a preponderant amount 
of (—)-emetine, addition of concentrated aqueous hydrogen bromide to 
the methanolic solution of the mixture is enough to accomplish its isolation, 
namely, emetine hydrobromide separates in crystalline form, while iso-
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emetine hydrobromide and some emetine hydrobromide remain in solu
tion [33, 112].

According to Battersby and Turner [33] the above results experienced 
during the induction of O-methylpsychotrine may be explained as follows. 
The two positive poles — i.e., the two charged nitrogen atoms — tend to 
keep apart from each other as far as possible. In this conformation, however, 
the position of the 1'—2' double bond is such that the uptake of hydrogen 
from the less hindered side gives rise to isoemetine. This is why the elimina
tion of the positively charged poles, that is to say using the base for the 
hydrogenation — in case of which there is no similar conformational 
restriction — yields more emetine.

However, this consideration cannot be applied for the explanation of 
the fact that the pH has just the reversed effect [140] in the hydrogenation 
of 2-dehydro-O-methylpsychotrine [46]; the more acidic the medium, the 
more dehydroemetine is formed with a configuration corresponding to that 
of emetine, and the formation of isodehydroemetine becomes suppressed.

(f) Synthesis of the optically active ester CXa*. — The optically active 
ester CXa* was first prepared semi-synthetically from protoemetine (XX*) 
[26]. The direct oxidation of protoemetine gives only very poor yields of 
the acid CXa* (R =H). However, if the oxime is formed first and it is trans
formed to the nitrile by refluxing with acetic anhydride, subsequent hydroly
sis affords the carboxylic acid in good yields; esterification of the acid 
leads to the optically active compound CXa* (R =  methyl or ethyl).

The total synthesis of CXa* can be accomplished by resolving the ketone 
CXII, and converting the optically active product to the ester СХХУ* 
by means of the above discussed procedure, or through the phosphorane 
derivative CXXIV [112], or via the phosphonic acid derivative CXXVI 
[141]; subsequent hydrogenation yields the ester CXa.

The problem of the resolution of ketone CXII was very successfully solved 
by Openshaw and Whittaker [112]. Refluxing the ketone with (—)-camphor- 
10-sulphonic acid in ethyl acetate gave a 85 % yield (170 % of the theoretical) 
of the laevorotatory product. Namely, the camphorsulphonic acid salt of 
the ( —)-ketone precipitates due to its slight solubility, while the dextrorota
tory isomer in solution suffers gradual racemization under the action of the 
acid. The small amount of (+ )-ketone remaining in the solution can be 
converted again to racemic ketone CXII by refluxing it with dilute acid.

The advantage of this resolution in comparison to those accomplishing 
the separation at a later stage (see above) consists in the fact that in the 
latter cases the undesirable isomers cannot be racemized, consequently 
their utilization in the synthesis is impossible.
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This is probably the first example in literature for a second order asym
metric transformation, which involves the simultaneous inversion of two 
different centres of asymmetry. The process obviously proceeds through 
the intermediary formation of the quaternary salt CXIX, in wich the centre 
of asymmetry at position 1 lb is no longer present, and in the acid medium 
the centre at C(3) is racemized through the enol form. This assumption has 
been supported by the measurements of Szántay and Rohály [140] reveal
ing that a 1 N hydrochloric acid solution of the ketone CXII contains 
50 °C about 2-3% of the quaternary salt in equilibrium with the 
cyclic form.

The optically active amide CXXXIV* is obtainable from ester CX* in 
an analogous manner as described in the case of the racemic compound, 
either by condensing it directly with homoveratrylamine (LXXXIV) [26], 
or by converting it after hydrolysis into the acid chloride by means of 
SOCl2, and reacting this product with LXXXIV (84%) [112]. In another 
method the sodium salt, obtained by the alkaline hydrolysis of the ester, 
is converted to acid chloride by treatment with oxalyl chloride, and the latter 
is reacted with the amine component [26]. The amide obtained can be con
verted into ( +  )-0-methylpsychotrine and then into emetine as described 
in part III (p. 110 (e)).

(iv) Synthesis of Emetine through the Carboxylic Acid C X X I I I

Brossi and others [46] prepared the carboxamide CXXXVI in 77% yield 
by reacting the carboxylic acid CXXIII (cf. part III p. 105 (c)) with homo
veratrylamine (LXXXIV). Hydrogenation of this amide in methanol solu
tion at 100-120°C and 100 atm., in the presence of palladium catalyst, 
led to three isolable amides [47].

Of these, compound CXXXIV possessing the configuration required for 
continuing the synthesis of emetine could be isolated in 16-5% yield. In 
addition, the isomers CXXXVII, melting at 157-8°C, and CXXXVIII, 
melting at 129-30 °C, were also isolated [52].

T he su rp ris in g  fea tu re  o f  th e  above reac tio n  is th e  fo rm atio n  o f  th ree  isom ers 
d u rin g  th e  hyd ro g en a tio n  o f  th e  u n sa tu ra te d  com pound C X X X V I, in s tead  o f  th e  
ex p ec ted  tw o . Isom ers C X X X V II an d  C X X X V III  can  be oxid ized  w ith  m e rcu ry (II)  
a c e ta te  in  good y ields to  th e  sam e 1 lb -d eh y d ro co m p o u n d  (C X X X IX ), b u t  o x id a tio n  
o f  th e  carboxam ide C X X X IV , possessing a  con figu ra tion  id en tica l w ith  t h a t  o f  n a tu ra l  
em etine, a ffo rded  u n d e r th e  sam e c ircum stances a  d iffe ren t p ro d u c t; consequen tly , 
com pounds C X X X V II an d  C X X X V III  can  on ly  be p ro d u c ts  h av in g  cis co n figu ra tion  
in  th e  2,3 position .

C a ta ly tic  h y d ro g en a tio n  o f  th e  u n sa tu ra te d  am ide  C X X X IX  gave a  m ix tu re  co n 
ta in in g  m ore th a n  90%  o f  com pound  C X X X V II, an d  red u c tio n  w ith  sod ium  borohyd- 
ride  y ielded  exclusively  th is  p ro d u c t; hence, in  a ll p ro b ab ility  i t  is th e  th e rm o d y n am ic 
a lly  m ore s tab le  fo rm  th u s  co rrespond ing  to  th e  con figu ra tion , g iven  above .
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H e a tin g  o f  e ith e r am ide C X X X V II o r am ide C X X X V III  in  hyd rogen  a tm o sp h ere  
in  th e  p resence o f  p a llad iu m  c a ta ly s t gives rise  to  a  m ix tu re  o f  ep im ers con ta in ing  
th e  tw o  p ro d u c ts  in  a b o u t eq u a l am o u n ts ; th e  m ix tu re  is easily  separab le  b y  c ry s ta lli
za tio n . T his m a y  acco u n t fo r th e  appearence  o f  isom er C X X X V III  as a  p ro d u c t o f  
th e  c a ta ly tic  hyd ro g en a tio n  o f  th e  am ide C X X X V I.

Amide CXXXIV prepared as above is convertible into emetine through 
O-methylpsychotrine according to the procedure described in the foregoing 
(cf. part III  (v), below).

(v) Synthesis of Emetine through the bis-Isoquinoline Derivative CXLIIa

According to a procedure quite different from the methods dealt with 
in the preceding chapter [58, 59, 60], the two isoquinoline parts to be found 
in the emetine molecule are combined first, and the middle part of the mole
cule is synthesized subsequently. The starting compound of this method, 
too, is 3,4-dihydro-6,7-dimethoxyisoquinoline (CXIV), which on quaterne- 
rization with benzyl bromide followed by treatment with trimethylamine 
gives the pseudobase CXL in 70% yield. Condensation of the latter with 
ketone CXLI in ethanol at room temperature, in the presence of sodium 
carbonate, yields a mixture of compounds CXLIIa and CXLIIb, containing 
60% a and 40% b component. The two isomers are separable by means 
of fractionated crystallization of their hydrochloride salts.

A mixture of the above two substances (50-50%) is obtained also through 
the reaction of the pseudobase CXL and the ketocarboxylic acid CXLIII.
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Component CXLII may be prepared by reacting the dihydroisoquinoline 
CXIV with acetoacetic acid. If the electrophilic activity of carbon atom 1 
in the dihydroisoquinoline is increased by means of salt formation at the 
adjacent nitrogen atom, the reaction can also be accomplished with compo
nents of less nucleophilic character. Thus, for example reacting the hydro
chloride salt of derivative CXIV with acetone in the presence of pyridine 
as a base (cf. also [38]), compound CXLI is formed in about 60% yield.

The carboxylic acid CXLIII can be obtained by the interaction of the 
dihydroisoquinoline CXIV and actonedicarboxylic acid. The substance 
is rather unstable, spontaneous decarboxylation may easily lead to the 
derivative CXLI.

T he ste ric  s tru c tu re s  o f  isom ers C X L IIa  an d  C X L IIb  could be  de te rm in ed  as  fo l
low s.

R eac tio n  o f  th e  d ihydro isoqu ino line  C X IV  (2 m oles) w ith  one m ole o f  ace toned icar- 
boxy lic  ac id  in  aqueous m ed ium  co n ta in in g  som e alcohol affo rded  a b o u t 60%  y ields 
o f  a  m ix tu re  o f  isom ers C X L IV a a n d  C X L IV b (cf. [35, 36]). T he tw o  p ro d u c ts  a re  m u tu 
a lly  in te rco n v ertib le  in to  each  as th e  re su lt o f  a  process lead ing  to  eq u ilib rium  in  so lu 
tio n . T his reac tio n  m ade  possib le also  th e  accom plishm en t o f  a  selective sy n thesis . 
O n tr e a tin g  th e  isoquinoline hyd roch lo ride  s a lt  w ith  ace toned icarboxy lic  ac id  in  th e  
p resence o f  som e py rid ine , th e  hyd roch lo ride  s a l t  o f  th e  p u re  isom er C X L IV a deposited  
in  60%  y ield . H ow ever, i f  th e  condensation  w as carried  o u t in  th e  presence o f  aqueous 
su lp h u ric  ac id , th e  su lp h a te  o f  th e  o th e r  isom er (C X LIV b) deposited  on ly , in  54%  
y ield . W h en  isom er C X L IV a w as allow ed to  s ta n d  w ith  aqueous su lp h u ric  ac id  u n d e r 
sim ilar conditions, inversion  to o k  p lace  a n d  com pound  C X L IV b  deposited  in  fo rm  o f  
th e  sp arin g ly  soluble su lp h a te , p rod u c in g  a  sh ift o f  th e  eq u ilib riu m  to w ard s  th is  
d irec tion .

T he tw o  p ro d u c ts  could  be read ily  iden tif ied  in  th e  fo rm  o f  th e  co rrespond ing  N ,N - 
d ib u ty ry l d e riv a tiv es  (C X LV a an d  C X LV b), t h a t  h av e  sh a rp  a n d  considerab ly  d if
fe re n t m e ltin g  p o in ts .

On reduc ing  th e  tw o  su b s tan ces  to  th e  alcohol C X L V I, i t  w as found  th a t  w h ils t 
ke tone  C X L V a gave rise un ifo rm ly  to  one p ro d u c t on ly , th e  alcohol o b ta in ed  from  ke-
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to n e  C X LV b tu rn e d  o u t to  be a  m ix tu re  o f  tw o  stereo isom ers, th u s  p ro v in g  th a t  in  th e  
b series th e  con figu ra tions o f  th e  tw o  cen tres o f  a sy m m etry  a re  opposite , consequen tly  
th is  corresponds to  th e  s tru c tu re  o f  em etine . O n th e  o th e r h an d , th e  con figu ra tions in  
series a  a re  iden tica l, th a t  is to  say , i t  can  be b ro u g h t in to  co rre la tion  w ith  isoem etine.

C om pounds C X L IIa  an d  C X L IIb  could be deb en zy la ted  b y  m eans o f  c a ta ly tic  
h y d ro g en a tio n , a ffo rd ing  p ro d u c ts  C X L IV a a n d  C X L IV b, b y  w hich th e ir  s te ric  s t ru c 
tu re  h a s  been  clarified , too .

When product CXLIIb was reacted with methylvinylketone in benzene, 
derivative CXLVIIb could be obtained in good yield, which was convertible 
into CXLVIII by means of intramolecular condensation in benzene, with 
the aid of sodium methoxide. Dehydratation of the latter by heating in 
sulphuric acid gave the ketone CXLIX in 60% yield.
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The procedure of reducing the ketone (CXLIX) with Li and ammonia in 
tetrahydrofuran, followed by refluxing with acid and chromatographing 
the product, gave the unsaturated ketone CL in about 35% yield.

In  connection  w ith  th e  red u c tio n  o f  th e  ke tone  C X L IX , th e  ta s k  is th e  im w s-diaxial 
ad d itio n  o f  th e  h y d ro g en  m olecule to  th e  double  bond  in  co n juga tion  w ith  th e  carbony l 
g roup . T h is ty p e  o f  ad d itio n  w ould  lead  n am ely  to  th e  m ore s tab le  con figu ra tion  o f  
th e  new ly  form ed asy m m etric  cen tres a t  C/2) a n d  C(3) as th e y  a re  also found  in  em etine. 
B a rto n  a n d  R ob inson  [12] h av e  p o in ted  o u t th a t  red u c tio n  o f  th e  olefinic bond  o f 
a ,/? -unsa tu ra ted  ke tones w ith  a lk a li m e ta ls  in  liqu id  am m on ia  u su a lly  gives rise  to  
th e  th e rm o d y n am ica lly  m ore  s tab le  co n figu ra tion  a t  th e  /?-carbon a to m . In v e s tig a 
tio n s  w ith  th e  1 ' epim eric m od ifica tion  o f  ke tone  CL (series a) in d ica ted  th a t  w hen  th e  
red u c tio n  is carried  o u t w ith  calc ium  m e ta l in  am m on ia , th e  p ro d u c t possessing th e  
m ore s tab le  configu ra tion  a t  th e  /3-carbon a to m  is fo rm ed , indeed , in  a  ra tio  o f  1 : 6, 
b u t a t  th e  a -carbon  a to m  a  k in e tic  con tro l is in  o p e ra tio n , an d  th u s  com pounds C L I 
a n d  C L II  a re  o b ta in ed  to g e th e r.

B o th  can  be isom erized to  th e  m ore s tab le  deriv a tiv es C L I I I  a n d  C LIV , respective ly , 
b y  m eans o f  boiling  w ith  acid .

P resu m ab ly  th e  sam e ep im eriza tion  p roceed ing  u n d e r th e  effec t o f  acid  leads from  
th e  above discussed (cf. p . 109 (d) com pound  (C X X X II), p rep a red  b y  V an  T am elen  
a n d  o th ers , to  p ro d u c t C X X X III .

N-Benzylemetine (I, R =  benzyl) is obtained from ketone CL in 20-30% 
yield through the corresponding ethylenethioketal, by desulphurating it 
with Raney nickel in hot xylene. Reductive debenzylation of the latter com
pound in the presence of Pd affords racemic emetine.
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(vi) Synthesis of Emetine by Means of the Pictet-Spengler Method

All syntheses discussed so far — with the exception of that summarized 
in part III (p. 114 (v))— applied the Bischler-Napieralski method of ring 
closure to form ring D of emetine.

The successful isolation of protoemetine (XX*) from plants accomplished 
recently [19, 20] supported the idea that the biosynthesis of emetine also 
proceeds through protoemetine as an intermediate [26]. On the basis of 
this assumption, Battersby and Harper [26] attempted to condense isolated, 
natural protoemetine with homoveratrylamine (LXXXIV), but they failed 
in isolating emetine or an emetine-like product.

Szántay and Tőke [141] synthesized protoemetine in 80% yield by the 
reduction of the ester CXa (R =  ethyl) with diisobutyl aluminium hydride 
in toluene at —60°C. The reduction could be achieved with the optically 
active ester (CXa*) without racemization.

The authors performed the total synthesis of cephaeline (LXX*, R =  H) 
by condensing protoemetine with /J-(3-hydroxy-4-methoxyphenyl)-ethyl- 
amine. The product could be converted into emetine in good yield on treat
ment with diazomethane or trimethyl-phenylammonium hydroxide [80].

I t  should be noted that though mainly cephaeline is formed in the course 
of the Pictet—Spengler reaction, the formation of isocephaeline (the 1'-epimer 
of cephaeline) could also be detected in all cases, under various reaction 
conditions. A similar situation is found when protoemetine is condensed 
with /?-(3,4-dihydroxyphenyl)-ethylamine. The presence of isocephaeline, 
as invariably a byproduct of the Pictet-Spengler reaction, suggests either 
that the isoquinoline ring system is formed in the plant by some enzymat
ic reaction accounting for stereospecifity, or naturally occurring isoce
phaeline and isoemetine still await discovery, similarly as it has occurred 
with the epimeric pair of a related compound, tubulosine [122a, 138a].

(vii) Preparation of Emetine from Isoemetine [112]

Since in the overwhelming majority of the syntheses dealt with so far 
emetine is accompained by a considerable amount of isoemetine (LXI), 
it is an attractive task to reoxidize it to O-methylpsychotrine for re-use in 
the synthesis.

Catalytic dehydrogenation of the substance in mesitylene atl80°Cfor 
1-5 hours, in the presence of 10% palladium charcoal and nitrobenzene as 
hydrogen acceptor, yielded O-methylpsychotrine (LXXVI) in 39% yield. 
Chlorination at the secondary (2') nitrogen atom — which can readily be 
effected with aqueous hypochlorite solution — followed by elimination of
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hydrochloric acid by means of alkaline treatment, proved to be a much 
better method. This way isoemetine may be transformed to O-methylpsy- 
chotrine in 90—92% yield. The two processes can be accomplished in one 
step, without isolation of the IST-chlor о compound, and is applicable both in 
the case of racemic and optically active compounds. O-Methylpsychotrine 
is converted then to emetine by reduction, as discussed above (part III. 
p. 110 (e)).

2. Synthesis of Minor Alkaloids 

(i) and (ii) Synthesis of Protoemetine and O-Methylpsychotrine.

The syntheses of protoemetine (p. 112 (f)) and O-methylpsychotrine 
(p. 110 (e)) have been discussed in detail in connection with the prepara
tion of emetine. An independent synthesis of psychotrin was achieved 
by Teitel and Brossi [142b],

(iii) Synthesis of Psychotrine

Since on heating natural O-methylpsychotrine with hydrochloric acid 
at 170 °C partial demethylation takes place, giving rise to psychotrine [45], 
the total synthesis of the former implies accomplishment of the preparation 
of the latter compound, too.

(iv) Synthesis of Cephaeline

Reduction of psychotrine affords a mixture of cephaeline and isocephae- 
line [57], thus the syntheses mentioned above ((ii) and (iii)) are formally 
equivalent to the synthesis of cephaeline as well.

The direct total synthesis of cephaeline was achieved by Szántay and 
others [141, 142], as outlined above in connection with the synthesis of 
emetine (cf. p. 112 (f)). The same authors were the first to prepare racemic 
cephaeline, too.

(v) Synthesis of Emetamine

The synthesis of racemic emetamine may be accomplished by condensing 
the amide CLVI with POCl3 [21, 68, 72]. Amide CLVI is available by heat
ing the phenylethylamine derivative CLVI with the ester CXa (R =  CH3) 
at 200 °C [68], or by means of acylation with the mixed anhydride CXXXV 
[21].

Ahl and Reichstein [1] obtained emetamine in low yield by heating eme
tine with palladium charcoal; however on repeating the experiment, Bat-
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tersby and others [21] found that though the result was a substance iden
tical in almost all respects with the natural product, the optical rotatory 
power was different.

Clark and others [60] refluxed natural emetine with Raney nickel in 
xylene for 24 hours, to obtain emetamine in 33% yield. The product was 
not compared directly with an authentic sample. The optical rotatory power 
of the base was identical with that of the natural product, however, there 
was a significant difference in the optical activity of the hydrogen oxalate 
salt compared with the value reported in literature. Thus among the ipecac 
alkaloids discussed, emetamine is the only one whose total synthesis still 
presents a problem.
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A bsolute configuration ,
and  op tica l ro ta to ry  pow er, 77 

A cetoacetic acid, 106, 115 
a -e thy l, 106, 107 

A ctinom ycins, 10 
syn thesis , 28 

A lam arck in , 65 
A m idom ycin, 4, 26, 27 
Angolide, 4

an tib io tic  a c tiv ity , 34 
A ntib io tic  depsipep tides, 6, 9, 26, 28 

b iosynthesis, 32
s tru c tu re —a c tiv ity  re la tio n , 33—41 

A ntim ycins A and  A3, 11

Вас. mycoides, 38 
Вас. subtilis, 38
B enzaldehyde, 2-ethy l-4-ethoxy-5-m eth- 

oxy, 89
B iosynthesis o f cyclodepsipep tides, 32 
B ischler— N apieralsk i ty p e  ring  closure, 

98, 103, 107 
B orneol, 52 
B otritis cinereae, 38 
B ulgarian  geran ium  oil, 49 
B u tene-l-one-3 -, 2-ethyl, 106, 107 
B u ty ric  acid,

a-brom o, benzyl ester, 102 
a-form yl, e th y l ester, 106

C adalene, 53, 56
(-}-)-Calycotomine, op t. ro t. disp. and  

abs. conf., 77, 78 
( —)-C anadine, o p t. ro t. pow er, 83 
C andida albicans, 33, 34, 35, 36, 37

Cephaeline,
deriv a tiv es of, N -m ethy l, 65

O -ethyl, 89
genetic re la tionsh ip , 67 
isocephaeline, 90, 118 
physica l p ropertie s , 66 
s tru c tu re  and  deg rada tion , 89 
syn thesis , 118, 119 

C incholoiponate, 69 
C inchona alkalo ids, 68 
C inchonine, 69 
Collagen, 11 
/2-Collidine, 97 
( — )-nor-C oralidine, 82

o p t. ro t. and  abs. conf., 83 
C orinan teale , d ihydro , 75 

o p t. ro t. pow er, 75 
s tru c tu re , 75 

C orinan teane, 
d ihyd ro , 75 
abs. conf., 75 
confo rm ation , 88
op t.' ro t. pow er of p e rch lo ra te  sa lt, 
75
3-dehydro , 75, 81
o p t. ro t. pow er of p e rch lo ra te  sa lt, 
75

C orinan teine, 75 
abs. conf., 75 
b iosynthesis, 75 

C orydaldine, N -benzoyl, 90 
N -benzyl, 73, 91 

ar-C urcum ene, 52
C yanoacetic acid, condensation  w ith, 107 

e th y l ester, condensation  w ith, 107
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C yclodidepsipeptides, 9 
C yclododecadepsipeptides, 4, 27 
C yclohexadepsipep tides, 4, 5, 14, 19, 24 

26, 36, 40
C yclopentadepsipep tides, 7, 28 
C yclopentanone, 3 ,4 -d ie thy l (cis and  

tra n s), 70
C yclo te tradepsipep tides, 5, 6, 13, 25,
C yelo tridepsipep tides, 9 
p-C ym ene, 52

D ecaline, ring -skeleton , 80
cisjtrans in terconversion , 80 

D epsipeptides,
con fo rm ational analysis, 22 
general m ethods of syn thesis , 16—24 
s tru c tu re  and  physiological action , 

33—41 
D estrux ins, 7

syn thesis , 29
D iacy ld iketop iperazines, 30 
D iepoxygerm acrone, 58 
ß , y-D im ethy lsebacic  acid , 58 
D ipentene , 52 
D odecadepsipep tides, 17 
D oricin, 9

E . coli, 38 
E ch inom ycin , 10 

b iosynthesis, 32 
E lem ane, 55, 56, 60 
;3-Elem anone, 60 
a-E lem ene, 52
jS-Elemenone, 53, 59, 60, 61, 62
Elem ol, 53
E m etam ine,

deriva tives of, bis-ch lorobenzylate , 91 
genetic  re la tionsh ip , 67 
physica l p roperties, 66 
s tru c tu re , 91 
syn thesis , 119 

E m etine,
abs. conf., 74, 76, 79, 84, 89 
annela tion  o f B/C rings, 80 
biogenesis, 74 
ch ro m ato g rap h y  of, 

paper, 99 
colum n, 111

configura tion  o f CIlb position , 80, 83 
w ith  o p t. ro t. d ispersion, 84, 85 

d eg rada tion , 73, 78 
deriv a tiv es of,

2 '-ace ty l, 76, 83, 87, 88 
d eh yd rogena tion , 87 
H ofm ann  deg rad a tio n , 76 
in fra-red  spec trum , 88 

2 '-benzoyl, 82, 83, 87 
1 lb -d eh y d ro , 82 

2 '-benzyl, 117 
H B r-sa lt, 111 

genetic re la tionsh ip , 67 
o p t. ro t. d ispersion, 84 
ox ida tion  w ith  Hg(Ac)2, S7 
physica l p roperties, 66 
p rep a ra tio n  from  O -m ethylpsycho- 

tr ine , 111
from  isoem etine, 118 
from  p ro to em etin e  an d  cephae- 

line, 118 
reso lu tion , 100
sep ara tio n  from  isoem etine, 99, 111 
ste reo ch em istry  of l '-p o s itio n , 76, 79 

of C2 and  C3 atom s, 68, 76 
s tru c tu re , 67
syn thesis , 92, 98, 99, 101, 104, 112, 

113, 118
E n an tio -en n ia tin  A, 39 
E n an tio -en n ia tin  B, 37, 38, 39 
E n n ia tin  A, 4, 39

an tib io tic  a c tiv ity , 34 
syn thesis , 26 

E n n ia tin  A ,, 4 
E n n ia tin  B , 4, 37

an tib io tic  a c tiv ity , 34 
syn thesis , 26 

E n n ia tin  B j, 4 
E n n ia tin  C, 26 
E n n ia tin ,

analogues, 26 
E rgo tam ine , 9 
E rgo tam in ine , 9 
E rgocorn ine, 9 
E rgocorn in ine, 9 
E rgocristine, 9 
E rgocristin ine , 9 
E rg o k ryp tine , 9
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E rg o k ry p tin in e , 9 
E rgosecaline, 8 
E rgosecalinine, 8 
E rgosine, 9 
E rgosin ine, 9 
E rg o t a lkalo ids, 8 
E rgo tox ine , 9 
E sperin , 6 
E sperin ic  acid, 6 
E ssen tia l oils, 49 
E tam y c in , 9

biosynthesis, 32
E th y lam in e , /9-(3,4-dim ethoxyphenyl), 

70, 93
ß  - (3 -hydroxy- 4- m eth o x y p h en y l),

67, 118
E th y l iodide, /?-(3,4-di m ethoxypheny l), 

69

Geranium, macrorrhizum , 49 
G eranium  oil, 49 
G erm acrane, 67, 58 
G erm acrol, 53. 55 
G erm acrone, 51, 5 3 —60 

dehydrogenation , 53 
isom erization , 59 
ox idation , 57 
ozonization , 54, 57 
pyrolysis, 59 
reduction , 54, 55, 56 
spectra ,

in fra-red , 54 
R am an , 54 
u ltra -v io le t, 54, 58 

G uaiazulene, 53, 55, 56

H exadepsipep tides, 17 
H exahydrogerm acro l, 57 
H om overa try lam ine , 98, 103, 105, 106, 

109, 110, 113, 118
condensation  w ith  p ro toem etine , 118 
N -form yl, 107
reac tion  w ith  e th y l m a lo n a te  chloride, 

105
w ith  d ie th y l m alonate , 105 

/?-H ydroxytridecanoic  acid, 6

Insectic ide  depsipep tides, 7 
Io n  tra n sp o rt,

influence of cyclodepsipep tides, 39, 
40, 41

Ipecam ine, 65 
Ipecozide, 65 
Isarea cretacea, 7 
Isa riin , 7
Isoem etine , 85, 86, 90

abs. conf. an d  o p t. ro t. d ispersion, 84 
ch ro m atog raphy , 

colum n, 111 
p aper, 99

dehyd rogena tion , 118 
d e riv a tiv e  of, H B r-sa lt, 111 
p rep a ra tio n  from  em etam ine , 91 
reso lu tion  (see em etine) 
sep a ra tio n  from  ( ^ - e m e t in e ,  100 
syn thesis , 99, 103, 111 

Isogerm acrone, 58 
Isoquinoline, 6 ,7-d im ethoxy ,

3.4- d ihyd ro , 106, 114 
q u a te rn e riza tio n  w ith  benzyl

brom ide, 114
reac tio n  w ith  ace toace tic  acid , 115 

w ith  acetoned icarboxy lic  acid, 
115

w ith  3-d im ethy lam inom ethy l- 
pen tane-2-one m eth iod ide , 106 

w ith  a -e th y lace to ace tic  acid and  
fo rm aldehyde, 107 

w ith  2 -e th y l-bu tene-l-one-3 , 106 
w ith  po tassium  e th y l m alona te , 

106
1.2.3.4- te tra h y d ro , 107

1-alkyl, o p t. ro t. pow er an d  abs. 
conf., 78

N -benzy l-l-one , 91 
1 -carboe thoxym ethy l, 105, 106 
reac tio n  w ith  e th y lace to ace tic  

acid  and  fo rm aldehyde, 106

Ju n ip e r  cam phor, 53 
Ju n ip eru s  com m unis, 53

K u h n —R o th  ozoniza tion , 57, 60

L eithe-ru le , 77, 78
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M alonic acid, ос-e thy l, d ie thy l ester, 93 
d ie th y l ester, 105 
e th y l ester chloride, 105 

Mass spectro  m etric  fragm en ta tion , 12 —16 
acy lam inoketene  ty p e , 14 
am ino (hydroxy) acid ty p e , 14 
COX type , 13 
im ine ty p e , 14 
m orpholin ic ty p e , 13 

M . tuberculosis, 38 
Mycrobac. phlei, 38

Nigrospora orysae, 38 
Nocardia asteroides, 8

O ctadepsipep tides, 17
O -M ethylpsychotrine , 65, 73, 85, 90,

110, 114
deg rada tion , 7 3 
dem eth y la tio n , 119 
deriva tives of, N -acyl, 90

2-dehydro , 99, 112 
physical p roperties, 66 
p rep a ra tio n  from  isoem etine, 119 

reduc tion  w ith  N a B H ,, L iA lH ,, 
R aney-N i, 111 

reso lu tion , 111 
spectra ,

in fra-red , 90
u ltra -v io le t, of oxala te , 90 

stereochem istry , 74, 90 
s tru c tu re , 90
syn thesis , 110, 112, 113 (see also 

em etine)
O ptical ro ta to ry  pow er, 66, 83 
O streogricin B, B ,, B„, 9, 10 

b iosynthesis, 32

(—) -P apaverine , te trah y d ro , 82 
Pentane-2-one, 3 -d im ethyam inom ethy l, 

m eth iod ide, 107 
P ep tido lip in  NA, 8 
P henylalan ine, 74
Physiological ac tiv ity  of depsipeptides, 

33—41
P ic te t—Spengler ty p e  ring closure, 118 
P ithom icolide, 7 
Pithomyces, 4

Pithomyces chartarum, 5, 7 
Pithomyces m aydicus, 5 
P o tassium  e th y l m alona te , 106 
P rocollagen, 11 
P ro tec tiv e  groups, 17, 29 
P ro toberberine , te tra h y d ro , 82, 83 
P ro toem etine , 72, 74

condensation , w ith  /?-(3,4-dihydro- 
phenyl) e thy lam ine , 118 
w ith hom overa try l-am ine , 118 
w ith  /?-(3-hydroxy-4-m ethoxy- 

phenyl) e thy lam ine , 118 
genetic re la tionsh ip , 67 
iso lation , 118 
op t. ro t. pow er, 75 
ox idation , 112 
physica l p roperties, 66 
reduction , 72
stereochem istry , 72, 74, 75 
s tru c tu re , 92 
syn thesis , 119 

Psychotrine,
deriv a tiv e  of, N -benzoyl, 90 
genetic  re la tio n sh ip , 67 
physical p roperties, 66 
s tru c tu re , 90 
syn thesis , 119 

Pulegone, 61 
P yrid ine,

2 ,6-dichloro-3-ethy l-4-m ethyl, 90 
y-propyl, 94

Q uinolizine,
2-carbethoxym ethy l-3 -e thy l-9 , 10- 
d im ethoxy-1 ,2 ,3 ,4 ,6 ,7  - hexahydro- 

llb H -b en zo (a ),
syn thesis , 104, 105, 108, 109, 110, 

112
2-oxo-3-ethyl-9,10-dimethoxy-l,2,3.4,- 

6-7-hexahydro-l l-bH -benzo(a), 
condensation , w ith  cyanoacetic  

acid , 107
w ith  e th y l cyan o ace ta te , 107 
w ith  m alonodin itrile , 108 
w ith  phosphonic acid  esters, 108 
w ith  th r ip heny lphospho rane , 

108
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Q uinolizine,
2 -oxo-3-ethyl-9,10-dim ethoxy-
l,2 ,3 ,4 ,6 ,7 -hexahyd ro -llbH -benzo (a)
(oont.),

reso lu tion , 112 
syn thesis, 105 —107 

stereochem istry  of derivatives, 80,86, 
88

by  in fra-red  spectroscopy , 87 
b y  N M R -spectroseopy, 88 
by  o p t. ro t. d ispersion, 80 

Q uinom ycin В and  C, 10

R eserpine, 82

Sacch. cereviseae, 38 
(—)-Salsoline, 77 
Sarcine lutea, 38
Sclerotinia libertiana, 33, 34, 35, 36 
Selinane, 55, 56 
a-Selilene, 52 
Serratam olide, 6 

analogues, 6 
an tib io tic  a c tiv ity , 34 
b iosynthesis, 32 
syn thesis , 30, 31 

Sesquiterpenes, 52 
Sporidesm olide I , 5, 24, 35, 40 
Sporidesm olide I I ,  5, 24 
Sporidesm olide I I I ,  5, 24 
Sporidesm olide IV , 5, 24 
Sporidesm olide analogues, 15 
Staphylococcus aureus, 33, 34, 35, 36, 37 
S taphy lom ycin , 9

b iosynthesis, 32 
S taphy lom ycin  S and  S, 9, 10 

b iosynthesis, 32

T elom ycin, 10 
T erpene hyd rocarbons, 52 
y-T erpinene, 52 
T erpinolene, 52 
T e tradepsipep tides , 17

confo rm ational analysis, 22, 23 
N -m ethy l d e riva tives, 23 

T e trahyd rogerm acro l, 56 
T e trahyd rogerm acrone , 56, 57, 58 
T ridepsipep tides, 19 
T riostin  А, В, C, 10 
T ry p to p h an e , 74

V alinom ycin, 4, 26
action  on ion tra n sp o rt , 39, 40 
analogues, an tib io tic  a c tiv ity , 36 
an tib io tic  a c tiv ity , 34 
syn thesis , 28 
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in the field. The m onograph deals 
mainly with the stereochemistry 

and syntheses o f emetine. Less 

space is allotted to cephaeline, 

psychotrine, O-methylpsychotrine, 
emetamine and protoemetamine.

It is hoped that the English speak
ing reader will find here material 
o f interest that has been heretofore 
accessible to him only with diffi
culty.
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