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1. Introduction 

It  was more than 40 years ago that PAUL KARRER 
first started his investigations in the carotenoid field, 
an interest he maintained throughout his scientific 
career. There can be no doubt that no single scientist 
has contributed more to research in this field. 

The total number of KARRER'S publications on 
carotenoids exceeds 200, distributed over 40 years pro- 
duction. The symmetrical formula of lycopene ad- 
vanced in 1931, the post-war elucidation of the struc- 
tures of the epoxidic and furanoid carotenoids, arriving 
in time to be included in KARRER and JUCKER'S 

standard book Carotinoide 1, the first total synthesis of 
/%carotene published in 1950 and later the synthesis 
on which the technical production of canthaxanthin is 
based, may be regarded as highlights of his carotenoid 
research. 

Any major research contribution will also indirectly 
influence the further development of the field. In the 
following the more recent general progress in the caro- 
tenoid domain will be reviewed and some examples of 
the more indirect influence of KARRBR'S contribution 
to the development of this field will be given. 

2. Biosynthesis and fl~nction 

The empirical isoprene rule, used in chemical 
studies on isoprenoid compounds, has been experi- 
mentally proved also for carotenoids (Figure 1). I t  is 
today recognized that the biosynthesis of earotenoids 
proceeds via mevalonic acid and isopentenyl pyro- 
phosphate to geranylgeranyl pyrophosphate, 2 moles 
of which are condensed tail-to-tail to give the C40- 
skeleton. The first C40-compound appears to be 
phytoene. By stepwise dehydrogenation the coloured 
carotenoids are formed from the colourless C40- 
precursor by  the so-called Porter-Lincoln series 
(Figure 2). Oxygen functions are generally introduced 
at a later biosynthetic stage. The cyclization step is not 
fully understood, although cyclization is suspected to 
occur at the stage of neurosporene. The pre-phytoene 
steps are based on enzymatic studies with cell-free 
preparations. Post-phytoene reactions were originally 

based on studies of mutants and endogenous syn- 
thesis, recently supported by transformations in cell- 
free systems s. 

KAI~RER took great interest in the biological vitamin 
A activity of carotenoids 1, a. Today other functions are 
established, like indirect participation in photosyn- 
thesis by absorption and transfer of light energy to 
chlorophyll, role in phototaxis, in oxygen transport, 
and as protectors against photodynamic destruction '~. 

3. New methods for structure elucidation and 
separation 

In 1946 about 70 carotenoids of natural occurrence 
had been characterized 1. Today the number is nearly 
tripled, although less than 100 have well-established 
structures 5. On the introduction of new spectroscopic 
methods in the fifties and onwards, carotenoid research 
entered a new phase. New raw materials, including 
microorganisms, may now be examined because in- 
formation can be obtained on small samples. A con- 
siderable amount of data has accumulated permitting 
identification of the chromoptloric system by means of 
the absorption spectrum. IR-spectroscopy gives 
valuable information about the functional groups 

* Based on a lecture delivered at the Paul Karrer Symposium on 
18 April 1969 in Zfirich. The original paper contained a more de- 
tailed review and evaluation of Karrer's direct contribution to 
carotenoid research. 

1 p. }{ARRER and E. JUCKER, Carotinoide (Birkh/iuser, Basel and 
Stuttgart 1948). 
T. W. GOODWIN, The Biosynthesis o/ Vitamins and Related Com- 
pounds (Academic Press, London 1963), p. 270; Chemistry and 
Biochemistry of Plant Pigments (Academic Press, London 1965), 
p. 143. - C. O. CHICHESTER, J. pure appl. Chem. 14, 215 (1967); 
Pbytoehem. 8, 603 (1969). 

3 p. I{ARRER and co-workers, Helv. chim. Acta 36~ 828, 1783 (1953) ; 
</7, 1154 (1958). 
T. W. GOODWI~, The Comparative Biochemistry o] the Carotenoids 
(Chapman and Hall, London 1952); Adv. Enzymol. 21,296 (1959); 
Ann. Rev. P1. Physiol. 12, 219 (1961). - J. H. BIJRNETT, in 
Chemistry and Biochemistry of Plant Pigments (Ed. T. W. GOOD- 
wiN; Academic Press, London 1965), p. 381. 

5 j .  B. DAVIS, in Rodd's Chemistry o/ Carbon Compounds (Ed. S. 
COFSEY; Elsevier, Amsterdam 1968), vol. 2, part B, p. 231 ; see also 
ref. 2*. 
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present. Fundamental  studies on the application of 
PMR- and mass-spectrometry are reported in more re- 
cent years, and these methods are now indispensable 
in structural studies on carotenoids. In particular 
PMR-spectra of carotenoids, first studied by JACKMAN 
and WEEDON with collaborators 6, give information 
about the number and type of methyl  groups present. 
Analysis of the more complex olefinic region is also 
gradually being made use of. The first systematic study 
of carotenoid mass-spectra was published 4 years ago 
by ISLEI~'S group 7. Most carotenoids may be studied by 
mass-spectrometry in the form of a suitable derivative, 
and the method is today a necessary tool in structural 
studies on carotenoids. Characteristic losses of 92 and 
106 mass units from the molecular ion, explained by  
SCHWIETER et alJ as losses of toluene and xylene by  
cis-oid elimination from the polyene chain (Figure 3), 
serves to identify the molecular ion. One need no 
longer assume that  a carotenoid is a C40-compound, 
which is not always true. Information about the 

characteristic fragmentation pat tern of the various 
structural modifications are continuously accumulat- 
ing s. Stereochemical problems may  today be at tacked 
by PMR 9, 0 R D  1~ and CD n. Much remains to be done 
on the stereochemistry of carotenoids in spite of 
ZECHMEISTER'S cis-trans isomerization studies ~2. X- 

M. S. BARBER, J. B. DAVIS, L. M. JACKMAN and B. C. L. WEEDON 
J. chem. Soc. 1960, 2870. 

7 U. SCHWIETER, I-I. R. BOLLIGER, L. H. CItOPARD-DIT-JEAN, G. 
t~NGLERT, M. KOFLER, A. KdNIG, C. v. PLANTA, R. Ri)EGG, W. 
VETTER and O. ISLER, Chimia 19, 294 (1965). 

8 3. BALDAS, Q. N. PORTER, L. CHOLNOKY, J. GZABOLCS and B. C. L. 
WEEI)ON, Chem. Commun. 7966, 852. - C. R. ]~NZELL, G. W. 
FRANCIS and S. LIAAEN-JENSEN, Acta chem. scand. 23,727 (1969). 

9 M. S. BARBER, A. HARDISSON, L. IV[. JACKMAN and B. C. L. 
WEEDON, J. chem. Soe. 1961, 1625. 

10 p. M. ScoPEs, W. KLYNE, A. K. MALLAMS and B. C. L. WEEDON, 
Abstracts 5th IUPAC. Syrup. Chem. Natural  Products (London 
1968), p. 7. 

11 N. ARPIN and S. LIAAEN-JENSEN, Phytochemistry 8, 185 (1969). 
12 L. ZECHMEISTER, Cis-trans Isomeric Carotenoids, Vitamins A and 

Arylpolyenes (Springer, Wien 1962). 

-- r  

/ 

, ~ ~ ~ ~ ~ P P  P P ~  

Fig. 1. The biosynthesis of 
tile C40-skeleton of carotenoids 
from the Cs-preeursor, isopen- 
tenyl pyrophosphate, derived 
from mevalonic acid ~. 
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ray crystallography of carotenoids is still a young 
science, but represents an important method 13. 

In addition to the spectrometric methods now 
available new reagents are available for derivative 
preparations, such as various hydrides for reduction of 
carbonyl groups, reagents like p-chloranil, dichloro- 
dicyanobenzoquinone and nickel peroxide for selective 
allylic oxidation, and new methods such as silylation 
of tertiary alcohols which are not acetylated by the 
standard procedure, dehydration of tertiary alcohols 
by phosphorus oxychloride in pyridine and improved 
methylation procedures 14. 

Improvements in separation techniques, particularly 
on the micro scale by thin-layer chromatography 15 or 

paper chromatography 16, have also been made. The 
potential use of gas chromatography is also available. 

The result of the improved facilities is that the struc- 
ture of a new carotenoid in simpler cases may today be 
elucidated with 1-10 mg of substance. Some examples 
of novel structures reported during the last decade by  

13 C. H. STAM and C. H. MACGILLAVRY, Acta Cryst. 16, 62 (1963). 
-- C. S T E R L I N G ,  Acta Cryst. 77, 241 (1964). 

14 S. LIAAgN-JENSEN, J. pure appl. Chem. 14, 227 (1967). 
15 E. STAHL, Di~nnschichtchromatographie (Springer, Berlin 1962). 
16 A. JENSEN, in Carotine und Carotinoide (Ed. K. LANG; Steinkopff, 

Darmstadt 1963), p. 119. 

l -2H 

l -2H 

 -2H 

Lycopene (11 conj. /11 ) 

Fig. 2. Biosynthesis of coloured carotenoids from the colourless C40-precursor (Porter-Lincoln series) 2. 

Phytoene (3 conj. f~ ) 

Phytofluene (5 conj. f~) 

~-Carotene (7 conj. f~ ) 

Neurosporene (9conj. f )  

I | �9 | �9 

M-106 

ER 3 131 
M -92 

Fig. 3. Mechanism for toluene and xylene formation on 
electron beam induced fragmentation of carotenes (ScHwlE- 
T~g et a13). 
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other workers are given in Figure 4: the allenic 
fucoxanthin ~7, the acetylenie alloxanthin ~s, the methyl 
ketone citranaxanthin ~9 and torularhodin 2~ Further 
examples from our own group will be returned to later. 

4. Total synthesis 

Parallel to this development of sophisticated spectro- 
scopic techniques, great achievements have been made 
in the field of total synthesis by Swiss, German, 
English and American schools; the Swiss tradition 
being extremely well taken care of by ISLER'S 
group 2t-~3. Unequivocal structural proof by total syn- 
thesis for some 50 natural carotenoids exists today a4. 
Four carotenoids are of technical importance, namely 
fl-carotene,/3-apo-8'-carotenal, the corresponding ethyl 
ester and canthaxanthin, all of Swiss production, in 
spirit and in practice ~5. 

Figure 5 21 gives the principal schemes for the total 
synthesis of carotenoids by various alternatives of the 
C~+Cy+C~= C49 principle and the C~+Cy= C40 
principle. The reaction types employed in each example 
are included. 

The most commonly employed reactions for building 
up the C40-skeleton have been (a) reaction of carbonyl 
compounds with acetylene magnesium halogenides or 
with sodium acetylides in liquid ammonia, (b) enol 
ether condensation based on acid-catalyzed addition of 
acetals to enol ethers, (c) Wittig condensation of alde- 
hydes with triphenylalkylidene phosphoranes and 

(d) Homer reaction of ketones and phosphonate anions 
(see Figure 6). Other reactions, less extensively used, 
include aldol condensation, Wurtz reaction, Reformat- 
sky synthesis, Knoevenagel-Doebner condensation, 
Robinson-Mannich base synthesis and reductive 
dimerization 2~. 

Figure 7 gives a total synthesis of the important in- 
termediate fl-C19-aldehyde developed by Hoffmann- 
La Roche from acetone ~5. Acetone and acetylene are 

17 R. BONNI~T, A. K. MALLAMS, A. A. SPARK, J. L. TEE, B. C. L. 
W]~EDON and A. McCORMICK, J. chem. Soc. 7969, 429. - A. JENSEN, 
Norw. Inst i tute  of Seaweed Research, Report No. 31 (Tapir, 
Trondheim 1966). 

is A. K. MALLAMS, E. S. WAIGHT, B. C. L. WEEDON, D. J. CHAPMAN, 
F. T. HAxo, T. W. GooDwIN and D. M. THOMAS, Chem. Commun. 
1967, 301. 

19 H. YOKOYAMA and M. J. WHITE, J. org. Chem. 30, 2481, 2482, 
3994 (1965); Phytochem. 5, 1159 (1966). 

s0 p. KARRER and J. RUTSCHMANN, Helv. chim. Acta 26, 2109 (1943) ; 
28, 795 (1945); 29, 335 (1946). - O. ISLER, W. GUEK, R. R~EOG, 
G. RYSER, G. SAUCY, U. SCHWIrTER, M. WALTER and A. WINTER- 
STmN, Helv. chim. Acta d2, 864 (1959). 

2t O. ISLE~ and P. SC~UDEL, in Advances in Organic Chemistry, 
Methods and Results (Eds. R. A. RAV~A~L, E. C. TAYLOR and H. 
WYNBERG; Interscience, New York 1963), vol. 4, p. 115. 

22 O. ISLER, R. RC2EGG and U. SCHWmTER, J. pure appl. Chem. 14, 
245 (1967). 

23 B. C. L. WEEDON, J. pure appl. Chem. Id, 265 (1967). 
24 S. LIAAEN-JENSEN and A. JENSEN, in Progress in the Chemistry o/ 

Fats and Other Lipids (Ed. R. T. HOLMAN; 1965), VO1. 8, part  2, 
p. 133. 

35 O. ISLER, R. Rt~EGG and P. SCHUDEL, Chimia 75, 208 (1961). 
-- O. ISLER, Chira. Ind., Milano 49, 1317 (1967). 

A c O , , , r A , I , /  
' 0 x A J O H  

Fucoxanth in  

• A I . . . . .  

HO ~ ~ ' ~  ~ v  ~ v  ~ v  ~ v  ~ " ' ~  AI Ioxanthin  

Ci t ranaxanthin  

�9 I ~ ~ ~ ~ ~ x ~ ~ ~ x ~ ~ COOH 
Torularhodin 

Fig. 4. Examples of novel carotenoid structures (WEEDON and co-workers, A. JENSEN, YOKOYAMA and WHITE, ISLER and collaborators) 17-2~ 
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reacted in a Nef reaction to give methylbutynol, 
which is partially hydrogenated to methylbutenol. 
Methylbutenol is treated with isopropenyl methyl 
ether to yield methylheptenone, which gives dehydro- 
linalool in a Nef synthesis with acetylene. The latter is 
converted to pseudoionone in a reaction using again 
isopropenyl ether. Pseudoionone gives fi-ionone on 
acid-catalyzed cyclization./%Ionone is transformed in- 
to fl-C14-aldehyde by glycidic ester synthesis. The 
carbon chain is successively elongated by vinyl ether 
synthesis to fl-C16-aldehyde and then by propenyl ether 
synthesis to/5-C19-aldehyde. 

Cx+ Cy+Cx= C4o Reaction type 

C19 + C~ + C19 

Cls+Ca +Cls 

C16+Cs +Can 
Ca5 + C10 + C~5 

C14 + C12 + Cla 

Cls + Ct4 + Ct3 

Cto + C~0 + C10 

C5 + C~0 + C5 

Grignard 

Grignard 3 
Wittig 

Grignard or Nef 

Wittig 

Grignard or Nef 
Enol ether condensation 

Wittig 

Wittig 
Aldol condensation 

Robinson-Mannieh base synthesis 

Cx-}- Cy= C4o Reaction type 

J Enol ether condensation 
C37 + C3 ( Wittig 

J Wittig 
C35 +C5 [ Robinson-Mannich base synthesis 

J wittig 
c3~ + c1~ [ Aldol condensation 

C25 + C15 Wittig 
C21 + C19 Grignard or Nef 

[ Grignard 
j wittig 

c20 + c20 | Wurtz 
[ Reductive dimerization 

Fig. 5. Principal schemes for total synthesis of carotenoids 21. 

Figure 8, taken from the publication of ISLER et al. 22, 
shows the use of fl-Cls-aldehyde as intermediate for 
synthetic carotenes and carotenoids. The technical 
synthesis of canthaxanthin from fl-carotene, as pre- 
sently carried out by Hoffmann-La Roche, is actually 
based on ~'{ARRER'S work 26. 

For the synthesis of aliphatic carotenoids crocetin- 
dial, which comprises the 20 central carbon atoms of 
the carotenoid skeleton, has been a most important 
intermediate. I t  has been obtained by linking two C10- 
units by a Wittig reaction or alternatively by chain 
extension of the symmetrical C10-dialdehyde by vinyl 
and propenyl ether synthesis. Condensations with 
various C10-Wittig compounds lead to the different 
carotenoids given in Figure 9 22. 

A further survey of the many triumphs in recent 
total synthesis of carotenoids is beyond the scope of 
this paper. 

The successful application of synthetic carotenoids 
as food colourants is an excellent example of applied 
carotenoid research 22, 25. 

5. Carotenoids of photosynthetic bacteria 

Selecting some examples of what may be considered 
the after-crop of PAUL KARRER'S contribution, namely 
problems taken up by KARRER or otherwise related to 
KARRER'S work and subsequently pursued in our 
laboratory during the last decade, first the carotenoids 
of photosynthetic bacteria shall be mentioned. 

Studies on the carotenoids of this class of organisms 
were started by KARRER around 193427. The carote- 
noids of all 41 species of photosynthetic bacteria 
available in pure culture have now been studied. More 
than 40 different carotenoids have been isolated, and 
unequivocal or plausible structures are ascribed to 39 
of these. Since KARRER'S early studies were made on a 
culture containing Thiorhodaceae species, we shall con- 
sider the characteristic carotenoids of this family. The 

26 R. ENTSCHEL and P. KARRER, Helv. chim. Acta 41, 402, 983 
(1958). 

27 p. KARRER and co-workers, Helv. chim. Acta 18, 1306 (1935); 19, 
3, 19 (1936); 21, 454 (1938); 23, 460 (1940); 43, 181 (1960). 

a) Grignard or Nef reaction R-C~C--M + O--C~/~'~ ' 
H ~  

R2 R2 
b) Enol ether condensation RI~c~OR+ L~ , -R I~"c~IOR 

"OR OR OR OR 
R1 

c) Wittig reaction R 2 ~ P  (C6Hs)3 + OH C---R3 
.o e 

R t .  I . - O R  - . -R3 
d) Homer reaction R2~P.,oR + O=C.,R~, 

Fig. 6. Main reactions used in total synthesis of carotenoids, 

,,_ R--C_,~=C--C/R1 
" R2 ~ ' R 2  

I 
Rr--CH--C--CHO 

Rl,,, 
R2"" CH--R3 

RI_ *,R3 
" R?>==C..R. 
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purple sulphur bacteria produces 3 types of carote- 
noids 2s, either (1) of the so-called normal spirilloxan- 
thin series ~9, (2) okenone 3~ or (3) carotenoids of the 
rhodopinal type ~. 

Figure 10 gives the sequence established by bio- 
synthetic experiments of the first series ~9. The carote- 

noids involved are aliphatic ones with a long polyene 
chain containing 11-13 conjugated double bonds and 
with tertiary methoxy or hydroxy substituents. The 
di-methoxylated end product spirilloxanthin or rhodo- 
violascin was characterized independently and simul- 
taneously by KAR]RER'S ~7 and VAN NIEL'S schools 32. 

y .yo. 
Acetone Methy lbu tyno l  Methylbutenol 

Pseudoionone ~-Ionone 

=- kv~< :O  H -~ 

Methylheptenone Dehydrolinalool 

~ ' C H O .  

~-C~4-Aldehyde 

r~--. 

~OC2H5 

h ~ C - ~  Oc2H5 
+ OC2H5 = C A  ~)C2H5 ~OC2H5 

.~ ~ C H O  _~ 

#-C~6-Aldehyde 

"oct., + kA. &.'oc2., 

Fig. 7. Total  synthesis of/~-Cls-aldehyde (ISLEP. et al.~ 

~ " ~ C H O  

P-C~g-Aldehyde 

- Carotene 

p-Caroten~ ~ [m,m,_Dehydro_ I 
{J3 -apo-12' -  ~. 
/caroteoaL ccis) / 

-Carotene 
/ 

/ 
/ 

/ 

- Zeacarotene jw 

Astacene 

/ 
Canthaxanthin 4 

\ 
\ 

15,15' - Dehydro - p -carotene 

Echinenone 

I Citranaxanthin and 
13 -Carotene / r analogues 

/ / / 5intaxanthin 

/ ~ Sintaxanthol 

~ -  CHO ~ icarotenals~ 
[3 - C19-Aldehyde - ~ - - ~  4- Hydroxy - J3 - 

/ / 
3,4-Dehydro - 
?, 7'-d i hydro - 

~: p - carotene 
3, 4 - Dehyd ro - 
p- carotene 

Fig. 8. /~-Cz.-aldehyde as intermediate for synthetic carotenoids ~. 

l 7 ,T -Dihydro - \  \ 

13 - carotene 2 Carotene~ 
\ 

~ ~ ,  apo-carotenals 

3, 4 - Dehydro- 13 - 
- carotenals 

,, Xw~ 2'-aP~ 
\ plectaniaxanthin 

Ptectaniaxanthi n 

Ptectaniaxanthin 
1' -methyl ether 

i3- Apo-carotenoates 
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Rhodopin, a hydrated lycopene, and rhodovibrin with 
dodecaene chromophore, one methoxy and one hy- 
droxy substituent, were also first described by 
KARRER'S school 2~. 

Figure 11 gives the structure of okenone, the 
characteristic carotenoid of the second type. Its struc- 
ture was established 8~ on the basis of the spectro- 
scopic properties of okenone itself and the derivatives 
okenol, okenol acetate and anhydro-okenol. The latter 
is the dehydration product obtained on treatment of 
okenol with acidified chloroform, a reaction introduced 
by KARRER 33. The methyl and methylene proton sig- 
nals in the PMR-spectrum of okenone are included in 
Figure 11. Signals at T 7.71 (6 H) and 7.79 (3 H) de- 
monstrated the presence of a trimethylphenyl end 
group, supported by the presence of 2 aromatic protons 
with identical chemical shift. According to IR data, the 
aromatic protons must occupy adjacent positions (ab- 
sorption at 800 cm-1). In order to account for the 
chromopbore of okenone it was necessary to assume 
1, 2, 3-trimethyl substitution of the phenyl group. 
1, 2, 5-Trimethyl substitution would, because of steric 
conflict with the hydrogen in 8-position which prevents 
planarity of the phenyl group and the polyene chain, 
result in absorption Inaxiina at shorter wavelengths in 
visible light. 

The structure of okenone was confirmed by total 
synthesis ~~ via the scheme outlined in Figure 12. 
Hemiinellitene was converted to triphenyl-2,3,4-tri- 
Inethylbenzylphosphonium bromide in known manner. 

The ylide of the phosphonium salt was condensed with 
crocetindial to the Ca0-aldehyde in a Wittig reaction. 
In a subsequent Wittig condensation renieral was re- 
acted with the methoxylated ylide to 4'-deoxo-okenone. 
An allylic acetoxy group was introduced by treatment 
with N-bromosuccinimide and glacial acetic acid in an 
ENTSCHEL-KARRER 26 reaction. Hydrolysis of the ace- 
tate to okenol and allylic oxidation with p-chloranil 
gave okenone. Synthetic okenone, okenol acetate and 
anhydro-okenol (which is a by-product in the NBS re- 
action) were in all respects identical with natural 
okenone and its corresponding derivatives. 

Rhodopina131, previously called wariningone, is the 
characteristic representative of the third type of 
carotenoids encountered in the Thiorhodaceae. Rhodo- 
pinal has an unusual absorption spectrum in visible 
light. PMR-spectroscopy provided the clue to its struc- 
ture. Mass-spectrometry gave further information'% 

22 K. SCHMIDT, N, PFENNIG and S. LIAAEN-JENSEN, Arch. Mikrobiol.  
52, 132 (1955). 

29 S. LIAAEN-JENSEN, G. COI-IEN-BAZIRE and R. Y. STANIER, Nature  
792, 1168 (1961). 

3o A. J.  AASEN and  S. LIAAEN-JENSEN, Aeta  chem. scand. 21, 961, 
970 (1967). 

31 A. J.  AASEN and S. LIAAEN-JENSEN, Acta  chem. scand. 21, 2185 
(1967). 

~2 C. t3. VAN NIEL and J.  H. C. SMITH, Arch. Mikrobiol.  6, 219 (1935). 
38 p.  KARRER and E. LEUMANN, Helv.  chim. Acta  34, 445 (1951). 
24 G. W. FRANCIS and S. LIAAEN-JENSEN, Acta  chem. scand.,  to be  

pub l i shed  (1970). 

Rhodovibrin 

P(C6Hs)3 

X - ~  + OHC'~'T~X 

1 

X:CH(OR)2 

Anhydrorhodovibrin 

Rhodopin 

O H C , ~ ~ a ~ ~ ~ C H O  

Crocetindial 

/ 
Isoren ieratene Renieratene 

Renierapurpurin 
Fig. 9. Crocet indial  as i n t e rmed ia t e  for syn the t i c  carotenoids  22. 

1,1'- Dihydroxy-1,2,1' 2" 
/ / /~ '  tet rahydrolycopene 

Bisdehydrolycopene 

Lycopene 
-~ SpiriUoxanthin 

Apo- carotenedioates 

j3-Carotene 
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and in principle we now consider structures of this type 
as solved (Figure 13). They are cross-conjugated caro- 
tenals where one of the central lateral methyl groups is 
formally oxidized to an aldehyde. This has been found 
to cause cis configuration of the neighbouring carbon- 

carbon double bond. The relative position of the 2 end 
groups, when different, to the oxygen substituent on 
the polyene chain is not quite clear. Rhodopinal occurs 
together with the corresponding allylic alcohol rhodo- 
pinol, rhodopin and lycopene, Chemically rhodopinal 

~ ~ ~ ~ ~. ~ ~ ~ ~ ~ ~ Lycopene 

~+H20  

Rhodopin 

H ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

~ + OH 2 

M e O ~  Nhodovibrin 

~-2H 

MeO ~ ~,  ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O H  

~ + CH2 

MeO ~. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ O @ S p i r i l l o x a n t h i n  

Fig. 10. Biosynthesis and structures of the normal spirilloxanthin series 29. 

3,4-Dehydro-rhodopin 

Anhydro-rhodovibrin 

OH-Spirilloxanthin 

t~  8 5o f 7. 95 8.03 ", Z 71 (6) 

,, 1.2o i ,.8, 
Z 26 d 10 cps 

- - ~ O M e  

I Ac20/pyridine 

OAc 

HCI/CHCI3 ~ OMe 

- ~ O M e  

Fig. 11. Structure determination of okenone 3~ 

6.z2 C41H5402 
Okenone 

Okenol 

Okenol acetate 

Anhydro-okenol 
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was reduced to rhodopinol by lithium aluminium 
hydride. Rhodopinol tosylate was further converted to 
rhodopin by hydride reduction, and rhodopin may in 
turn be dehydrated to lycopene by phosphorus oxy- 
chloride in pyridine. The chemical transformation 
sequence is thus the reverse analogue of the postulated 
biosynthetic sequence. We have also isolated the cor- 
responding lycopenal al, and the mono -34 and di- 
methoxy a derivative. The latter occurred together 
with tetrahydrospirilloxanthin, the structure of which 
was proved by total synthesis ~5. 

6. Cso-carotenoids 
Leaving the photosynthetic bacteria here, we shall 

turn to the new class of bacterial Cs0-carotenoids. Until 
recently carotenoids were considered as compounds 
with C40-skeletons or apo-carotenoids derived there- 
from. The natural Cs0-carotenoids bear some analogy 
to KARRER'S synthetic decaprenofl-carotene ~6 and 
2, 2'-dimethyl-e-carotene 87. 

Dehydrogenans-P439, isolated from Flavobacterium 
dehydrogenans, was the first representative of this 
class 3s. Mass-spectrometry showed the molecular com- 
position C50H720 2. Acetylation gave a diacetate which 
accounted for the 2 oxygen functions as primary or 
secondary hydroxy groups. A singlet at T 5.98, inte- 

grating for 4 protons, in the PMR-spectrum, suggested 
that the hydroxy groups were primary and allylic. This 
was confirmed by selective oxidation with nickel per- 
oxide which gave c~,fl-unsaturated mono- and dialde- 
hydes with absorption spectra in visible light corres- 
ponding to P439 itself. Hence the allylic hydroxy, 
groups were not allylic to the polyene chain. Initially 
it was tempting to suspect this Cs0-carotenoid to be a 
pentaterpene with linearly extended isoprenoid chain 
analogous to KARRER'S synthetic model Cs0-carote- 
noidaE However, such a structure would require only 
12 lateral methyl groups, and the PMR-spectrum re- 
vealed the presence of 12 tertiary methyl groups in 
addition to the primary hydroxy functions considered 
to be derived from methyl groups. Hence the molecule 
possessed a more branched structure. 

3a A. J. AASEN and S. LIAAEN-JENSEN, Acta chem. scand. 21, 371 
(1967). 

86 p. KARRER and C. H. EUGSTER, Helv. ehim. Acta 34, 28, 1805 
(1951). 

37 C. H. ]~UGSTI~R, A. H. TRIVEDI and P. KARRER, Helv. chim. Acts 
38, 1359 (1955). 

~s S. LIAAEN-JENsEN and co-workers, Norwegian J. Chem. Mining, 
Met. 26, 130 (1966); Aeta chem. scand. 21, 1972 (1967); 22, 1171 
(1968). 
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~" ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Lycopene 
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Fig. 13. Structures of the rhodopinal series 81,3t. 
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Fig. 14. Structure of dehydrogenans-P439 ~8. 
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We have now ascribed the structure given in Figure 
14 to P439. Carotenoids containing unsubstituted c~- 
rings undergo retro-Diels-Alder fragmentation on elec- 
tron impact ~. Loss of 140 mass units from the molecular 
ion of P439 is explained in analogous manner and sup- 
ports addition of the extra Cs-units to 2, 2'-positions as 
well as localization of the hydroxy group in the extra 
Cs-unit. Ozonolytic isopropylidene determination was 
negative, in accordance with this structure. Two e- 
rings and the symmetrical nonaene chromopbore agree 
with the PMR-spectrum. The chemical shift position 
of the aldehyde protons of P439-dialdehyde, compared 
with that  of related cis and trans ~,/3-unsaturated alde- 
hydes, supports the given trct~s configuration ~9. 

Biosynthetically (Figure 15) the P439 skeleton could 
be formed by  addition of isopentenyl pyrophosphate 

units to the isopropylidene double bond in a C40- 
skeleton and subsequent cyclization. Elimination of a 
proton would give the a-ring characteristic of P439. 
We suspect some other bacterial carotenoids to possess 
a related end group with/?-ring, that is the double bond 
in 5, 6-position. The same line of argument leads to the 
revised structure for bacterioruberin, if one assumes 
addition of OH-  to the tertiary carbonium ion and sub- 
sequent introduction of a double bond and hydration 
of the isopropylidene double bond. Bacterioruberin is 
a tridecaene-tetraol with Cs0-skeleton 4~ In fact, all 

ag U. SCHWlETER and S. LIAAEN-JENSEN, Acta  chem. scand. 23, 
1057 (1969). 

4o S. LIAAEN-JENsEN and M. KELLY, Acta chem. scan& 14, 950, 953 
(1960); 22, 2578 (1968). 

H O H 2 C ' ~ " ~ ~  R - ~ O x i d a t i o ~ R _ ~ - ~  - 

P439 
Fig. 15. Postulated biosynthesis of Cs0-carotenoids. 
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Cs0-carotenoids hitherto studied in our laboratory 
appear to have the 2 extra C~-units attached in 2,2'- 
positions 4L 

7. Glycosidic carotenoids 

The next examples concern glycosidic carotenoids 
and hence bear a relationship to KARRER'S crocin 42. 
The compound to be discussed in some detail, oscil- 
laxanthin from the blue-green alga Oscillatoria rube- 
scens, was first isolated and named by KARRER 4a. 
Oscillaxanthin was recently shown to be the di- 
rhamnoside of a tridecaene-tetraol (Figure 16)4~. 

Glycoside hydrolysis gave reducing rhamnose. Quick 
hydride reduction of its hexaacetate gave oscillaxan- 
thin, whereas prolonged treatment with lithium 
aluminium hydride in an unusual reaction resulted in 
elimination of the sugar moiety and gave 2 less polar 
products, one of which was identified with the tri- 
decaene-diol and one had properties compatible with 
the tetradecaen-ol structure given in Figure 16. 

The electron-beam induced fragmentations of diag- 
nostic value observed for the hexaacetate are indicated 
on the same Figure. Mass-spectra of acetylated carote- 
noid glycosides are particularly informative, since 
acetylation leads to preferential oxonium ion forma- 
tion on cleavage of the glycoside bond and hence indi- 
cates the nature of the sugar unit - in this case a 
methylpentose. 

The PMR-spectrum of oscillaxanthin hexaacetate 
(Figure 17) is in agreement with the structure indi- 

cated - the methyl doublet of the rhamnoside is seen at 
8.93 and the gem. methyl groups are magnetically 

non-equivalent due to molecular asymmetry of the 
neighbouring carbon atom. Assuming that oscillaxan- 
thin is an L-rhamnoside a comparison of the protow 
of triacetylated methyl e- and fl-L-rhamnoside and 
magnetic resonance data of oscillaxanthin hexaaeetate 
appears to be best accommodated with oscillaxanthin 
being a di-#-L-rhamnoside with 4 heavy equatorial 
substituents including the polyene chain. 

Myxoxanthophyll, another carotenoid studied by 
KARRERS~, 43, accompanies oscillaxanthin in blue-green 
algae and has recently been ascribed a reIated struc- 
ture 48 (Figure 18), again a rhamnoside with one end 
group common with oscillaxanthin, but a monocyclic 
aglycone with a 3-hydroxylated #-ring. Other examples 
of new glycosidic carotenoids are included in Figure 18. 
Phlei-xanthophyll and 4-keto-phlei-xanthophyll are 

41 S. LIAA~N-JENsEN, J. pure appl. Chem. 17 (1969), in press (1970). 
43 p. KARRER and co-workers, Helv. chira. Acta 72, 790 (1929); 13, 

268 (1930); 14, 619 (1931); 15, 492 (1932). - Arch. Sei. biol. 18, 36 
(1936). 

4s p. KARRER and J. RUTSCHMANN, Helv. chim. Acta 27, 1691 (1944). 
~4 S. HERTZBERG and S. LIAAEN-JENSEN, Phytochem. 8, 1281 (1969). 
46 p. KARRER and H. SALOMON, Helv. ehim. Acta 10, 397 (1927); 

11, 513, 711 (1928); 16, 643 (1933). 
46 p. K•RRER and co-workers, Helv. chim. Acta 12, 985 (1929); 

13, 392 (1930); 15, 1218, 1399 (1932); 16, 297 (1933). 
a7 R. Ku~N and co-workers, Helv. ehim. Acta 11,716 (1928); 12, 64 

(1929); Chem. Bet. 64, 1732 (1931). 
as S. HERTZBERG and S. LIAAEN-JENsEN, Phytoehem. 8, 1259 (1969). 

OH AcO Ac e 

II t i i  8.77 8.81 

I t l I I I I I 

"1; -value 2 3 4 5 5 7 8 9 

Fig. 17. PMR-spectrum of osctllaxanthin hexaaeetate. 
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tertiary ~-D-glucosides ~9 and the methyl apo-lyco- 
penoate appears to be a mannoside 5~ The 3 last- 
mentioned glycosides are of bacterial source. 

The last example presents the latest extension of the 
carotenoid conception. By the previous definition caro- 
tenoids were yellow or red pigments 1, but we must now 
also include blue ones. 

actions and spectral data (visible light, infrared, proton 
magnetic resonance and mass) are in agreement with 
the structures given. The blue violerythrin is the 2, 2'- 
bisnor derivative of astacene, studied by KARRER 54, 
and the 5-ring structural element in carotenoids was 
first recognized by KA~REt~ ~5 in capsanthin. 

8. Nor-carotenoids 

The carotenoid to be discussed is actinioerythrin 53 
from the sea anemone Actinia equina. We now consider 
actinioerythrin to be a 2, 2'-bisnorastaxanthin diester 
with C3s-skeleton, and thus the first example of a nor- 
carotenoid with ring contraction. The structure deter- 
mination is published elsewhere 52, and the structures 
of actinioerythrin and its blue alkali conversion pro- 
duct violerythrin are given in Figure 19. Chemical re- 

49 S. HERTZBERG and S. LIAAEN-JENSEN, Acta  chem. scand. 21, 15 
(1967). 

50 A. J.  AASEN, G. W. FRANCIS and  S. LIAAEN-JENSEN, Acta  chem. 
scand. 23, 2605 (1969). 

51 I. M. HEILBRON and B. LYTHGOE, J .  chem. Soc. 1936, 1376. 
52 S. LIAAEN-JENSEN and co-workers,  Ac ta  chem. scand. 22, 1714 

(1968); 23 (1969), in  press. 
53 ]~. LEDERER, C. r. Soc. Biol. 113, 1391 (1933). - I. M. HEILBRON, 

H. JACKSON and  R. N. JoNEs, Biochem. J.  29, 1384 (1935). 
a4 p. KARRER and co-workers,  Helv.  chim. A c t s  77, 412, 745 (1934); 

18, 96 (1935); 19, 479 (1936). 
a5 p. KARRER and co-workers,  Helv.  chim. Acta  43, 89 (1960); 44l, 

1257, 1904 (1961); 47, 741 (1964). 
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O ~  a m o ~ ~ O  H Pinac~ -H20 + H20 rearrangement __ 
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O• ~ . ~  j Benzilic a c i H ~ o _  R ~ rearrangement ] 
Oxidatio~ A []. +"20 ; H ~  

H O ~  ~ '  
O 

-CO2 

OH 
Capsorubin type 

Actinioerythrin type 

Fig. 20. Postulated biosyn- 
thesis of 5-ring type caro- 
tenoid end groups a~,55. 

Concerning the fo rmat ion  of carotenoids  wi th  5-ring 
end groups,  KARRER 55 assumed tha t  in the  case of the  
capsorubin  end group a p inacol  r ea r rangement  of an 
i n t e rmed ia ry  ~-glycol was responsible  for the  in vivo 
synthesis  from v io laxan th in  (Figure 20). W e  suspect  
t h a t  ac t in ioery thr in  is formed in vivo from a hypo-  
the t ic  6-ring t r ike tone  b y  r ing cont rac t ion  (benzilic 
acid rear rangement )  and  subsequent  decarboxyla t ion .  
Small  amoun t s  of a s t axan th in  diesters occur toge ther  
wi th  ac t in ioery thr in  in A. equina 52. 

The last  example  is typica l .  So m a n y  of the  present  
problems in caro tenoid  chemis t ry  are somehow l inked 
to PAUL KARRER'S work. E v e r y  caro tenoid  chemist  
has the  greates t  respect  and  admi ra t ion  for his contr i -  
bu t ion  to a field t h a t  is cont inuing to  develop on a 
solid fundamen t  of his work. 

Zusamme~,fassung. Nach einlei tender  kurzer  Wtirdi-  
gung der  H6hepunk te  der  KAm~ER'sehen Carot inoid-  

Forschung  wird zun~chst  ein k n a p p e r  i3berbl ick t iber 
den gegenw~rt igen S tand  der  Caro t ino id-Forschung ge- 
geben. Die jetzige Kenn tn i s  yon Biosynthese  und  
F u n k t i o n  der Caro t ino id-P igmente  wird  kurz  und  die 
organisch-chemischen Aspek te  werden etwas aus- 
ft~hrlicher erl~tutert, und  zwar S t ruk turaufk l / i rung  ein- 
schliesslich neuer  Trennmethoden ,  unentbehr l iche  
spekt roskopische  Methoden und  neue Reak t ionen  zur 
Hers te l lung  yon Der iva ten  sowie schliesslich die 
Tota lsynthese .  

Anschliessend werden einige ausgew~ihlte Beispiele 
der  Nachlese KARRER'scher Beitr~ige behandel t ,  
n~imlich Probleme,  die von KA~RER aufgegriffen wur-  
den oder auf andere Weise mi t  KAm~ER'S Arbe i t  ver-  
bunden  s ind und  sp~ter  im Labora to r ium der Autor in  
wei ter  verfolgt  wurden.  Beispiele von Carot inoiden aus 
pho tosyn the t i schen  Bakter ien ,  Cs0-Carotinoiden, gly- 
cosidischen Carot inoiden und  Nor-caro t inoiden  mi t  
Ringverengung werden diskut ier t .  

S P E C I A L I A  
Les auteurs sont seuls responsables des opinions exprim6es dans ces br~ves communications. - F i i r  die Kurzmitteiluiigen 
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Shock Effects on Plants: Oxygen Evolution of Elodea 

A fast-rising pressure pulse, produced as an air blast  
in a shock tube, inhibited photosynthesis in Elodea 27% 
after a 20 ~0 (pounds per square inch) exposure, 44% after 
a 40 ~o exposure, and 74~o after a 50~ exposure (1.21, 
2.81, and 3.02 kg/cm 2 respectively). 

The present work stems from an interest  in the pos- 
sibilities for using plants as experimental  bio-indicators 
of underground shock 1-a. The shock used, defined as a 
fast-rising pressure pulse of air lasting several seconds, 
was produced by  specially built  shock tubes 3. Since the 
efficiency of photosynthesis is a good indicator of the 
oxygen concentration in the immediate atmosphere of 

the plants 4, ~, oxygen evolution in Elodea was measured 
for 3 shock levels, namely 20, 40 and 50 pounds per 
square inch (~o; 1.21, 2.41 and 3.02 kg/cm ~ respectively). 

Materials and methods. An air loader, previously 
described 6, was used for developing air blasts. The pres- 
sure duration for each shock level was approximately  
4 sec. Photosynthet ic  rates were est imated by  means of 
an Audus microburette which measured the amount  of 
oxygen t t lat  was produced 7. Healthy,  green, unfractured 
plants  of Elodea were used for both control and test  
plants. Plants  tha t  were fractured by  the shock stimulus 
were discarded. The plants  to be shocked were wrapped 


