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ABSTRACT

Selected examples of novel types of carotenoids studied in the author’s
laboratory during the past three years are discussed; including structural
elucidation, total synthesis and biosynthetic considerations.

Carotenoids of photosynthetic bacteria, particularly the aryl ketone
okenone and cross-conjugated carotenals of the rhodopinal series, Cso-
carotenoids of non-photosynthetic bacteria like dehydrogenans-P439, sarcin-
axanthin, bacterioruberin and related compounds and Cgs- and Cso-
carotenoids from Corynebacterium poinsettiae are considered. Glycosidic
carotenoids from blue-green algae comprising myxoxanthophyll, oscillaxan-
thin and related glycosides and glycosidic carotenoids of bacterial origin
are dealt with. Comments on fungal carotenoids are made. From higher
plants the structures of lycoxanthin and an apo-carotenoid are treated.
Finally carotenoids of lower marine animals, the acetylenic ‘asterinsdure’
and nor-carotenoids with ring contraction like actinioerythrin and the blue
violerythrin are discussed.

INTRODUCTION

Considerable progress has been made in the structural elucidation of
natural carotenoids during the three years following the first carotenoid
symposium. Rather than present another general progress review?, I have
chosen to discuss in rather more detail structure determination of selected
examples of novel types of carotenoids studied in our own laboratory during
the past three years.

From 1958 and onwards our general research programme has comprised
chemical structure and biosynthesis of carotenoids in organisms of various
evolutionary levels. We started with studies on photosynthetic bacteria and
have gradually extended our studies to more highly developed organisms.
In this paper recent examples from photosynthetic and non-photosynthetic
bacteria, blue-green algae, fungi, higher plants and lower marine animals
will be discussed.

PHOTOSYNTHETIC BACTERIA

Considerable attention has already been paid to the carotenoids of
photosynthetic bacteria2-$, known to produce some forty specific carotenoids,
which are generally aliphatic or aromatic in nature. Methoxylated caro-
tenoids are still restricted to these organisms?. In order to localize our
particular topic Figure I gives a summary of experimentally proved3:8.9 and
postulated biosynthetic pathways.
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS

The normal spirilloxanthin pathway comprising aliphatic carotenoids
with tertiary hydroxy and methoxy groups occupies a central position
common to both Athiorhodaceae and Thiorhodaceae speciesd:$. The
alternative spirilloxanthin pathway and the corresponding keto-series
established for some Rhodopseudomonas sp. are given in the column to the
right3.9. Spirilloxanthin and its violet 2,2'-diketo-derivativel® are the
terminal products.

The two other types of carotenoids characteristic of Thiorhodaceae, the
rhodopinal seriesé:11 and possibly also okenone$-12, may be derived in vivo
from lycopene.

The aliphatic precursor of the aryl-carotenoids!®14 of the green bacteria
is not yet established, and is possibly neurosporene.

We shall here consider the structures of okenone and the rhodopinal type
carotenoids.

Okenone -

Okenone is the characteristic carotenoid of the goliath of the photo-
synthetic bacteria, Chromatium okenii’5. It is a conjugated ketone with one
1,2,3-trimethylphenyl and one methoxylated end group, Figure 2. Its
structure was deduced from the spectroscopic properties of okenone itself
and various derivatives!6. The structure was subsequently confirmed by
total synthesis of okenone and of three derivatives prepared from natural
okenone!2. This work has recently been reviewed!?.

X R R R R R R R R OMe

Figure 2. Okenonel2.

It is assumed, but not experimentally proved, that the 1,2,5-trimethyl-
phenyl end group is formed in vive by dehydrogenation and methyl migration
of a common g-type end group!3:18:19. 1,2 3-Trimethyl substitution could
possibly be explained by isomerization of the 1,2,5-trimethyl derivative
via an intermediary Ladenburg prism structure, Figure 3. Analogies
are known from photochemical isomerization of substituted benzene

'
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Figure 3. Hypothetical in vivo synthesis of aryl carotenoids.

423



SYNNOVE LIAAEN-JENSEN

derivatives?0.2l, Experimental studies on the biosynthesis of aryl carotenoids,
which are not likely to follow the common shikimic and acetate pathways?2,
are needed.

Rhodopinal series carotenoids

The complete structures of the carotenoids of the rhodopinal series have
only recently been revealed and are chemically the more interesting ones.
The broad and unusual absorption spectrum of rhodopinal, previously
called warmingone??, was for some time a puzzle. p.m.r. spectroscopy
provided the clue to these structures!! and unpublished mass spectrometric
studies®* have permitted more precise structural proposals, Figure 4.

Tentative

biosynthetic

pathway

S X ™R RIRIRIRRIRTR Lycopene
YPOCI;,/pyridine lL

HO R RN IR R A Rhodopin

1 a) Tosylation JL

Rhodopinol

4

Rhodopinal

Figure 4. Structures, chemical transformation and postulated biosynthetic route of the
carotenoids of the rhodopinal series!1,24,
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS

The carbonyl-containing compounds of the series are cross-conjugated
carotenals where the 20-methyl group is formally oxidized to an aldehyde.
This structural modification causes cis-configuration of the neighbouring
double bond. The angular shaped molecule may partly be the reason why
these carotenoids do not crystallize.

Rhodopinal is the key member of this series. It occurs together with the
corresponding allylic alcohol rhodopinol, rhodopin and lycopene?3:1i,
Chemically rhodopinal was reduced to rhodopinol by lithium aluminium
hydride?3, Rhodopinol tosylate was further converted to rhodopin by hydride
reduction’! and rhodopin may in turn be dehydrated to lycopene by
phosphorus oxychloride in pyridine!3. The chemical transformation sequence
is thus the reverse of the postulated biosynthetic sequence. We have also
isolated the corresponding lycopenal23:11 and the mono-24 and dimethoxyll
derivatives. The latter occurred together with 3,4,3',4'-tetrahydro-spirillo-
xanthin, the structure of which was proved by total synthesis?.

Rhodopinal exhibits an aldehyde signal in the p.m.r. spectrum and
provides aldehyde derivatives such as the acetal, oxime and dinitrophenyl-
hydrazone. From the 100 Mcs p.m.r. spectrum of the last-named the aldehyde
group could be allocated to the 19, 20, 19" or 20’-position. Cross-conjugation
was also required to account forthe absorption spectrum in visible lightl.
Mass spectrometric evidence?? further permits the choice of the 20-position,
that is on the same side of the molecule as the tertiary hydroxyl or methoxyl
substituent. In particular the observed in-chain fragmentations (not yet
confirmed by high precision measurements) lead to this assignment. Ions
ascribed to eliminations from the polyene chain and corresponding to
the M-92, M-106 and M-158 ions of common carotenoids?6-28 confirm
the hetero substituent on the polyene chain, Figure 5.

With Figure 6 comments will be made on the absorption spectra of this
type of cross-conjugated carotenoid!l. The figure shows the absorption
spectra in visible light measured in acetone solution of various derivatives
of tetrahydrospirilloxanthinal—the dinitrophenylhydrazone A, the aldehyde
itself B, the oxime acetate C, the oxime ether D, the oxime E, and the
allylic alcohol F. According to an empirical rule by Zechmeister the
location of the cis-peak in carotenoid spectra should be at ca. 1424-2 mu
shorter wavelength than the maximum at longest wavelength of the trans
isomer?9, The different cross-conjugated hetero substituents on the polyene
chain change the main absorption region in a manner rather to be expected.
However, the location of the cis-peak is constant in all these derivatives and
coincides with that of the allylic alcohol. This is taken as a demonstration of
at least two active chromphores in these cross-conjugated carotenoids—the
cis-undecaene chromophore being active in all of them. In hexane solution
a double set of ‘cis-peaks’ is distinguished in the rhodopinal spectrum. These
‘cis-peaks’ are further accentuated in the low-temperature spectrum, Figure
7. The scope and limitation of low-temperature spectra of carotenoids for
stereochemical problems will be discussed elsewhere30,

Only the allylic alcohols of these series could be partly isomerized to the
all-trans isomers, a fact that has led us to postulate that hetero substituents
on the polyene chain in analogous cases can be revealed by the tendency
of the compound in question to possess cis-configurationi!,
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS
D

1

! L
400 500 mp
Figure 6. Absorption spectra in visible light of various derivatives of 3,4,3’,4’-tetrahydro-
spirilloxanthin-20-al in acetone. ~———— stereoisomer absorbing at longest wavelength,
————— neo A. A 2,4-dinitrophenylhadrazone, B aldehyde, C oxime acetate, D oxime
ether, E oxime, F allylic alcoholll.
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Figure 7. Absorption spectra in visible light of rhodopinal, recorded in EPA solution at
——-———=—room temperature and ——— liquid nitrogen temperature3.

We shall leave the photosynthetic bacteria at this point and turn to
non-photosynthetic bacteria.

NON-PHOTOSYNTHETIC BACTERIA
Cso-carotenoids

In addition to producing more traditional carotenoids non-photo-
synthetic bacteria are the only organisms which so far have revealed the
ability to synthesize carotenoids with 50-carbon skeletons.

Dehydrogenans-P439 from Flavobacterium dehydrogenans was the first repre-
sentative of this class®l. The detailed structure determination of this com-
pound has been published32-3¢ and has recently been reviewed!?, ¢f. Figure 8.
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The observed loss of 140 mass units from the molecular ion of P439,
explained by a retro-Diels-Alder rearrangement of the substituted a-ring,
gave the clue to its structure32. Sarcinaxanthin from Sarcina lutea had been
identified with dehydrogenans-P439%. However, on isolation of crystalline
sarcinaxanthin and further characterization3é it has been found that this

Z
XTI CH,0H
HORSC N SN )WY\/Y\%/\)\/\( A

Dehydrogenans - P439

S
S NE O b i g
HOH,C” Y

CH,0H

Sarcinaxanthin ?
Figure 8. Dehydrogenans-P439 and sarcinaxanthin33,36,

important peak is lacking in the mass spectrum of sarcinaxanthin. The
molecular composition of dehydrogenans-P439 and sarcinaxanthin is identical,
and like P439 sarcinaxanthin gives a mono- and diacetate and «,8-un-
saturated mono- and dialdehydes. However, non-identity is evident from
the crystalline shapes, melting points, and spectral data (i.r., p.m.r. and
mass) of the diols and Rg-values of the purified acetylated and aldehydic
derivatives. Judged from comparative p.m.r. studies of the natural diols
and mass spectral studies of the di(trimethylsilyl) ethers sarcinaxanthin
appears to be non-symmetrical, and the evidence obtained is so far best
accommodated with the structure given in Figure 8 for sarcinaxanthinss,
The strongly polar xanthophyll of Sarcina lutea is possibly glycosidic?.

OH

S w Mﬁf
-———-——b
cyc( l :;ggfiruon
H
& R ox. R
HOH,C :

P 439 Bacterloruberin

Figure 9. Hypothetic biosynthetic route to Cso-carotenoids.

Biosynthetically (Figure 9) the P439 skeleton could be formed by addition
of isopentenylpyrophosphate units to the isopropylidene double bond in a
Cyo-skeleton and subsequent cyclization. Elimination of a proton would
give the a-ring characteristic of P43933. Other bacterial carotenoids possess
similar end groups with a B-ring, that is the double bond in the 5,6-
position38, The same line of argument leads to the revised structure for
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS

bacterioruberin®? if one assumes addition of OH~ to the tertiary carbonium
ion and subsequent introduction of a double bond in 3,4-position and
hydration of the isopropylidene double bond.

Bacterioruberin is the main carotenoid of red, extremely halophilic
bacteria. At a period when p.m.r. and mass spectra were not available it
was considered to be the Cyo-diol, 1, shown in Figure 1040, but was later found

HO W/IV\\)WYWWOH 1
OH
HO WVWWWWOH 2
OH

OH
HO W&W\{OH 3

OH CsoHz0,
Mono-TMS - ether Mono-anhydro
Di -TMS- ether Bis-anhydro
Tri-TMS- ether Tris-anhydro

|
Tetra -TMS-ether Tetra-anhydro
SILYLATION | JALKALINE HYDROLYSIS | pEMYORATION (POCI-pyr.)

Figure 10. Bacterioruberin—reactions and alternative structures3?,42,

to differ from that diol when it became synthetically availabletl. Mass
spectrometry has now revealed that bacterioruberin is CsoHy7gO4. All four
oxygen functions are shown to be tertiary hydroxyl groups, demonstrated
by negative acetylation and detailed studies of the course of trimethylsilyl
ether formation to mono-, di-, tri- and tetra ethers and subsequent alkaline
hydrolysis of these silyl ethers, and furthermore by the dehydration sequence
with POCl3/pyridine to the mono-, di-, tri- and tetra-anhydro derivatives3®.
p.m.r. data (lack of a doublet at 7-70 =+ (J = 7 cps) for allylic methylene
groups, and the integral caused by methyl groups in saturated environment,
6 such methyl groups for the linear and 8 for the branched Csg structure)
favours the branched alternative, 3, given in Figure 10.

The p.m.r. spectrum is in fact very simple—only one signal integrating
for 6 in-chain methyl groups and another corresponding to 8 gem methyl
groups in saturated surroundings, are observed in the methyl region.
Recorded with larger expansion the two methyl groups with partly end-of-
chain character give rise to a separate signal at 8-:09 =, and the two gem
dimethyl groups tend to split into two signals of equal intensity at 8:79 and
8:82 742,

Preference for thebranched structure, 3, follows also from the massspectrum.
The tetraol structure is confirmed by losses of water, maximum four times,
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see Figure 11. Observed losses of 58 mass units, occurring no more than
twice, can be accommodated by the branched structure but not readily by
the linearly extended structure, 224. Only the common losses of 92, 106 and
158 mass units are derived by eliminations from the polyene chain, dis-
favouring any extra substituents on the polyene chain?3.24,

OH Losses: < 4x18 M=7%0
2 x58

92

106

158

Figure 11. Mass spectrometric fragmentation of bacterioruberin?2.

I~

Two minor carotenoids isolated from Halobacterium salinarium are tenta-
tively ascribed the structures given in Figure 1242, They have the same
tridecaene chromophore and contain 3 and 2 tertiary hydroxyl groups
respectively. Presence of an isopropylidene group in the triol is suggested
from p.m.r. evidence. The same dihydroxy compound has recently been
obtained in the pure, crystalline state from Corynebacterium poinsettiae, and
p.m.r. and mass spectral data appear to agree with the structure given3s.

Figure 12. Minor carotenoids from Halobacterium salinarium*2.

In Corynebacterium poinsettiae the Cso-diol had previously been misidentified
as spirilloxanthin5.?, see Figure 13. The experience with bacterioruberin®l42:44
and its bis-anhydro-derivative?5:?.38 serves to demonstrate the necessity of
mass spectra in structural work on carotenoids, Moreover, comparative
studies based on Ry-values and partition coefficients are greatly misleading
on comparison of Cgg- and Csg-carotenoids.46:42 Cgg-derivatives with the
same chromophore and functional groups of course are less polar because
of the ‘dilution effect’ of the larger carbon skeleton.
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OH Bisanhydro-bacterioruberin

MeOS _ e ——————<—OMe

Spirilloxanthin

OH

HO Zeaxanthin

OH

Ry }R2>R3 or RL = CH2OH
c.p. 476 otherwise Me

OH

Cu5HelO

Figure 13. Cso-carotenoids and a Cgs-carotenoid from Corynebacterium poinsettiae®s.

Another compound from Corynebacterium poinsetiiae previously tentatively
identified with cryptoxanthin has p-carotene chromophore and two hydroxyl
groups accessible for acetylation. It is different from cryptoxanthin? and is
chromatographically slightly less strongly adsorbed than zeaxanthin and
isozeaxanthin. The bicyclic structure given in Figure 13 is assigned to this
xanthophyll38. A carotenoid previously tentatively identified as lycoxanthin?®
is different from lycoxanthin? and has a monocyclic Cs¢-structure3®. Other
minor carotenoids of C. poinseitiae are also under investigation38,

Starr and Saperstein®® made the interesting observation that the caro-
tenoid synthesis of C. poinsettiae depended on the thiamine content of the
medium. High thiamine concentrations promoted good growth and pre-
ferential formation of the zeaxanthin-like carotenoid, whereas low thiamine
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concentrations limited growth and resulted in preferential synthesis of the
spirilloxanthin-like carotenoid. Intermediate thiamine concentrations gave
the lycoxanthin-like carotenoid. It was inferred that thiamine was effecting
the cyclization reaction—an inference that holds also on the basis of the
Cso-structures. Thiamine may of course have a rather indirect influence on
the carotenoid synthesis.

Since the postulated biosynthesis of Csg-carotenoids involves addition of
two Cs-units to a common Cyg-skeleton, we have long suspected the existence
of Cys-carotenoids. The first crystalline Cgs-carotenoid was obtained from
C. poinsettiae. The evidence obtained is in agreement with the structure
given in Figure 13—an aliphatic xanthophyll with dodecaene chromophore
and one tertiary hydroxy group—again with the extra Cs-unit attached to
2-position.

In conclusion Csg-carotenoids are presumably wide-spread in non-
photosynthetic bacteria. So far all representatives encountered in our
laboratory appear to have the extra Cs-units attached to 2,2’-positions of a
traditional Cjyg-skeleton.

BLUE-GREEN ALGAE (AND
NON-PHOTOSYNTHETIC BACTERIA)

Glycosidic carotenoids

The glycosidic character of strongly polar carotenoids from non-photo-
synthetic bacteria and blue-green algae has recently been recognised4?-59,

The Ethiopian lake Aranguadi has provided most of our raw material of
blue-green algae, since an Arthrospira sp. occurs in nearly pure culture there.
From this Arthrospira sp. and other blue-green algae like Oscillatoria spp.5!
and Aphanizomenon flos-aqueS® we have isolated well known carotenoids
(Figure 14) like P-carotene5l:52, cryptoxanthin®! and zeaxanthinSl, shown

M I\\\\\\\\\

B -carotene 0
3-OH-4"-keto-B - carotene
W\ N N RNRYTRNNTS

HOM
Cryptoxanthin M

A e B Flavacin=mutatochrome
HO OH
Zeaxanthin
H
‘\\\\\\ Ny '\\\\\\\\\l R
. ; HO Z
) Aphanin=echinenone Myxoxanthophytl
OH
M RBMORZ
\Y
0 0 Oscillaxanthin
Aphanicin=

canthaxanthin

Figure 14. Carotenoids from blue-green algae51,52,
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS

that crystalline aphanin is identical with echinenoned?, crystalline aphanicin
with canthaxanthin®® and flavacin with mutatochrome’s. 3-Hydroxy-4'-
keto-B-carotene was a new, but structurally uninteresting compound5l.
Especially the structures of the characteristic blue-green algal pigments
myxoxanthophyll and oscillaxanthin, given with partial structure in Figure
14, have required some effort.

The structure of the strongly polar myxoxanthophyll was examined in
the thirties by Heilbron’s5* and Karrer’s35 schools and then considered to
be a Cyo-carotenoid. Mass spectrometry has now revealed that myxoxantho-
phyll is a Cyg-compound. We have unpublished evidence for the rhamnoside
structure for myxoxanthophyll given in Figure 15, drawn as an «-L-

> AN + Rhamnitol  Methyl rhamnoside —H*%3 Rhamnose

HCL/CHC!y ,MeOH

OH gy OH
HO H
A Sl o H  Myxoxanthophyll
HO H
H CH;

LAH forcing

WWOH%WWM
HO

HO

Saproxanthin \ Anhydro-saproxanthin
+RO™

OR
> OH

t

-
Figure 15. Myxoxanthophyll—structure and some reactions48.

rhamnoside, although the stereochemistry is unknown and more likely B.
The identification of the monocyclic aglycone is based on spectroscopic
data (visible light, 1.r., p.m.r. and mass spectra) and on isolation of the diol
saproxanthin® and its formal dehydration product on forcing hydride
reduction. Hydride reduction was not expected to affect a compound of
this structural type. The formation of saproxanthin may be explained by
hydride attack in 2’-position, whereas the mechanism for the formation of
the elimination product is not understood. The saproxanthin produced in
this reaction could be converted to the second product by dehydration with
phosphorus oxychloride in pyridine.5? Myxoxanthophyll gives a tetraacetate
on acetylation and the tetraacetate forms a mono(trimethylsilyl) ether,
demonstrating the presence of four primary or secondary hydroxyl groups
and one tertiary hydroxyl group in myxoxanthophyll. Treatment of myxo-
xanthophyll with hydrogen chloride in dry chloroform resulted in re-
arrangements of the aglycone and in elimination of a sugar-like residue. In
this reaction no reducing sugar, but a compound inseparable from the
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methyl-pentitol rhamnitol was isolated. The identification was based on
gas chromatographic (as per-trimethylsilyl ether) and paper chromatographic
comparison. However, hydrolysis in acid methanol gave a different reaction,
and led to the isolation of reducing rhamnose after hydrolysis of the methyl
rhamnoside first formed.

The carotenoid elimination product in the HCI-CHCI3 reaction had
absorption properties and stereomutation behaviour (stereoisomeric sets
comprising apparently same 4 stereoisomers) suggestive of identity with
3’,4'-didehydro-chlorobactene. The question mark reveals our scepticism
since n vilro aromatization of carotenoids has hitherto not been reported.

The olefinic and methyl regions of the p.m.r. spectra of myxoxanthophyll
peracetate and of plectaniaxanthin®®.59 (the aglycone of myxoxanthophyll
lacking the 3-hydroxy substituent) support identical polyene chains and
carbon skeletons in the two compounds. Myxoxanthophyll peracetate
exhibits in addition signals associated with the rhamnose moiety.

Figure 16 indicates the electron-beam induced fragmentation of myxo-

I DA DI _]ID m/°273

AcO' 5

Figure 16. Electron-beam induced fraginentation of myxoxanthophyll and its tetraacetateds,

xanthophyll and the tetraacetate, with molecular ions at m/e 730 and 898
respectively. Both compounds give the characteristic carotenoid losses of 92
(toluene) and 106 (xylene) derived from the polyene chain, and other losses
including these fragments. The tetraacetate loses acetic acid in the expected
manner. In both compounds the spectra are dominated by peaks caused by
fragmentation of the aliphatic end groups carrying the glycoside residues.
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STRUCTURE DETERMINATION OF NATURAL CAROTENOIDS

Loss of 58 mass units (acetone) in both compounds demonstrates the
presence of the aliphatic end group. Loss of 180 mass units from the molecular
ion of myxoxanthophyll could be explained by a two-step process—dehydra-
tion followed by expulsion of the sugar moiety with hydrogen transfer to the
carotenoid ion. M-146, M-147, M-164 and M-236 ions in the spectrum of
myxoxanthophyll are attributed to the indicated cleavages with hydrogen
transfer in the case of even-numbered ions. Analogous fragmentations (M-273
and M-290) are observed for the tetraacetate. In the latter case cleavage of
the glycosidic linkage results in preferential maintenance of the charge on
the sugar moiety, giving rise to a prominent peak at m/e 273. The mass
spectra revealed the presence of a minor hexose constituent in myxoxantho-
phyll, which although apparently chromatographically homogeneous is
hence a mixed glycoside. The hexose is revealed in the acetate spectrum by a
peakat m/e331 corresponding to theoxoniumionand small peaksat M'=956,
M’-58, M’-92 and M'-106. A weak peak at mfe = 746 in the spectrum of
myxoxanthophyll can also be seen. The presence of the hexose, presumably
glucose, was confirmed by paper chromatography of the hydrolysate
following glycoside hydrolysis?8.

The pink oscillaxanthin has a related structure, again a rhamnoside with
one end group common with myxoxanthophyll. Oscillaxanthin is the
di-rhamnoside of a symmetrical tridecaene tetraol, Figure 1749. It is thus an

AcO AcQ
OH Me
(o}
AcO g
0 PN NN NN N
A=y
OH
AcO AD
QAc

Figure 17. Oscillaxanthind,

octa-ol with disagreeable polarity properties. The chemical reactions used
in the structural elucidation parallelled those used for myxoxanthophyll,
and the mass spectrum of the hexaacetate was again very informative. In
the p.m.r. spectrum of the hexaacetate the gem dimethyl groups are, as in
myxoxanthophyll, magnetically non-equivalent, due to molecular asymmetry
of the neighbouring carbon atom®:%l. Assuming that oscillaxanthin is an
L-rhamnoside like other natural rhamnosides, tentative assignment of con-
figuration follows from a comparative study of the ring proton and acetoxy
region with model compounds®2.

From Oscillatoria limosa we have recently isolated a myxoxanthophyll-like
carotenoid which is a new glycoside with the aglycone in common with
myxoxanthophyll, but with a methoxylated sugar residue3. Other caro-
tenoid glycosides from O. limosa are still under investigation.

Figure 18 includes the structures of other known carotenoid glycosides.
Crocin, the digentiobiose ester of crocin, is known from Karrer’s early
work®4, Phlei-xanthophyll and 4-keto-phlei-xanthophyll are tertiary D-
glucosides of bacterial origin?’, and the most recent example, a methyl
apolycopenoate derivative isolated from a yellow halophilic bacterium,

435



SYNNOVE LIAAEN-JENSEN

ORhamnosyt
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R =0 4-Keto-phlei-xanthophyll
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COO Gentiobiosytl Croci
Gentiobiosyl OOC)V\)\/\/\]/\/\( niioblosy n

Figure 18. Known carotenoid glycosides.

appears to be a mannoside®®. In this case the prominent peaks in the lower
part of the mass spectrum of the peracetate, Figure 19, confirmed the hexose
formulation. The scheme is that of Biemann et al.%5 and the relative intensities
of the various ions for our bacterial glycoside are given in parenthesis. The

AcOH,C ROH,C
o* ot
720\ ~CHyCO 7 N\
-2 HOAC OAc OR’
m/e 211 m/e 169
{53 %) {47-5%)
AcOH,C & ReR=zAceH
cun; 0\
AcO OAc
mle 331 -2 HOAC AcOH,C
{104 %) -CHzco o’
-HOAc o N\
m/e 169 m/e 109
{(47-5%) (31-7%)
CH amsn CH =see CH m/e 115
| -CHCO (17-1%)
OAc OAc
m/e 157
115-1%)

Figure 19. Fragmentation of tetraacetoxy oxonium ions according to Biemann et al.%5 and
‘observed peak intensities in the mass spectrum of tetraacetoxy methyl 1-hexosyl-1,2-dihydro-
3,4-didehydro-apo-8'-lycopenoate0.
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mass spectrum of the natural glycoside further agrees with the structure
suggested—diagnostically useful fragments are indicated in Figure 19. The
decaene polyene chain follows from the visible light absorption spectrum of
the allylic alcohol obtained on lithium aluminium hydride reduction. A
trisubstituted double bond, rather than a disubstituted one, « to the carbo-
alkoxy function is supported by infrared evidence. Disubstituted double
bonds in «-position to carboalkoxy, carboxyl and keto groups have been
found to causesplitting of the out-of-plane CH = CH deformation vibration in
the 960 cm™! region, a useful observation for structural work on apo-caro-
tenoids®8. Some other chemical reactions are indicated in Figure 20. Strong

1791 2,
2 <) : |
+H ! ! !
a ! i . l c _OMe
1
HOHAC O,IO, :,\ AVl Vi Y% Y Y Y Ve N \l\o
2 : by E
' M=624
HO OH 256 ien NaBH
-— 4
OH 235 !
1 T e LAH KOH | | CH, Ny
H+ -—
Reducing sugar Tetraacetate Allylic alcohol Carboxylic acid

Rg =mannose

Figure 20. Methyl 1-hexosyl-1,2-dihydro-3,4-didehydro-apo-8’-lycopenoate—structure and
reactions9.

alkaline hydrolysis provides the free acid which is methylated with diazo-
methane to a product indistinguishable from the natural methyl ester.
Glycoside hydrolysis gave a reducing sugar with Ry-value like mannose50.

When the carotenoid chemist in search for more challenging structural
problems concentrates on highly oxygenated carotenoids it appears that he
is likely to end up doing sugar chemistry on a glycoside. The hydrolysis
conditions required for isolation of the sugar generally means sacrificing
the aglycone. For introductory studies, mass spectrometry of the peracetate
is the method of choice.

FUNGI

From fungi we have isolated an apo-carotenoic acidé?, an apo-carotenoic
ester®® and esters of tertiary carotenols8,89. The Sarcoscyphaceae synthesize
keto carotenoids with structures similar to those of the keto series of the
Athiorhodaceae (Figure 1), except that tertiary esters are produced rather
than tertiary methyl ethers®8.69,

Terpenoid compounds with terminal methylene groups are common,
Figure 21. This structural element has not yet been encountered in natural
carotenoids. Introductory studies of a new carotene from fungal source
studied in collaboration with French co-workers indicate that a terminal
methylene group may be present. This carotene, CyoHsg, is isomeric with
the common carotenes («-, 8-, y-, 8-, e-carotene and lycopene)?0.
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Figure 21. Examples of terpenoids with terminal methylene groups.

HIGHER PLANTS

Turning to higher plants, we have recently revised the structures of
lycoxanthin and lycophyll isolated from the red berries of Solanum dulcamara® .
Lycoxanthin and lycophyll were previously considered to be lycopene
hydroxylated in the traditional 3,3'-positions?2, but are now shown to be
primary allylic alcohols where one of the isopropylidene methyl groups is
formally oxidized—the same situation as in dehydrogenans-P43933. The p.m.r.
spectroscopy was of decisive importance. The methyl and methylene proton
signals for lycoxanthin acetate are included in Figure 22. Hungarian workers™

OH

WWVWOM stucture
N )
HOHZCM)\/\)V\\)\/\/Y\/WWC““"’“

819 803 8:03

832 49 832 )
793 x R R S Lycoxanthin
H3C!CIOH2C 45 §.3gacetate
0 5585 803 8-03 819

CH,OH
N X R T N 2
HORS s Lycophyll

Figure 22. Lycoxanthin and lycophyll?.,

arrived independently at the same conclusion. The indicated frans stereo-
chemistry of the hydroxylated end group is not yet established. We intend
to investigate it by the same method as used for the terminal end group of
dehydrogenans-P43934.

A small scale total synthesis of lycoxanthin tetrahydropyranyl ether has
been achieved according to the scheme outlined in Figure 237 based on the
reaction of levulinaldehyde (obtained on ozonolysis of methyl heptenone)
with («-carboethoxy-ethylidene)triphenyl phosphorane. The keto group was
protected by ketal formation and the ester group reduced to the primary
alcohol, which was protected as tetrahydropyranyl ether. The carbon
skeleton was extended by two carbon atoms by a Horner reaction with
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Figure 23. Synthesis of lycoxanthin™.

triethylphosphonoacetate after removal of the ketal group. The further
conversions to the Wittig salt and reaction with crocetindial and geranylidene
triphenylphosphonium bromide followed standard methods. The tetra-
hydropyranyl ether could not be hydrolysed under conditions where the
carotenoid survived. We are presently pursuing an alternative method
based on a thioacetal of levulin aldehyde followed by chain elongation by
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two carbon atoms at the keto group and subsequently by Wittig reaction of
the regenerated aldehyde with («-carboethoxy-ethylidene)tri-phenyl phos-
phorane; the ester function will be reduced at the carotenoid stage.

A major carotenoid present in Shepherdia canadensis had been claimed to
be lycoxanthin acetate?, but was found to be the new methyl apo-6'-
lycopenoate by spectral evidence and degradation studies to the free acid,
the allylic alcohol and the aldehyde, Figure 24. This was subsequently proved

Synthesis

WP ¢t O\\/W\/Wo

> X NN LA LN N0 +;P=CHCOOMe

Degradation

N\J\NMW\/ﬁA\,COON@

KOH] |CH,Nj

LiAlH, WK/\/WCOOH
MAA/MM\/CWOH

1Ac201pyr.

p-Cl-anil
S VAR -CH0AC

f

Figure 24. Reactions and synthesis of methyl apo-6’-lycopenoate.?®

by synthesis by standard methods from geranylidene triphenyl-phosphonium
bromide and crocetindial giving apo-8'-lycopenal which with carbomethoxy-
methylene-triphenyl phosphorane gave the natural ester.

A detailed comparison of the chemical shift positions of the methyl groups
in unsubstituted, 3-hydroxy and 3-acetoxy B-rings has been found to be
very useful for assignment of hydroxy groups to the relatively unreactive
3-position”?48 and was used to confirm the structure proposed by Kuhn’s
school for rubixanthin?, Figure 25.
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893 893 890 890 885 890
R R R
79 828 HO™ Jyr 826 AcO” D5 82t
AV e NV g VA Vel N 7 2l N N
HO
Rubixanthin

Figure 25. The p.m.r. assignments of substituted B-rings and structure of rubixanthin?.

LOWER MARINE ANIMALS

Acetylenic carotenoids

Acetylenic carotenoids have more been a speciality of other research
groups’8-80. However, we have shown that asterinsdure8! is a monoacetylenic
derivative of astaxanthin, or possibly a mixture of the mono- and diacety-
lenic compounds82, Figure 26. The latter alternative has been confirmed in
an unpublished re-investigation83. Whereas the stretching frequency of the
disubstituted triple bond is weak in other acetylenic carotenoids so far
studied, it represents a strong band in asterinsiure because of the neigh-
bouring keto group?.

Astaxanthin

HO

OH

0 "Asterinsdure”
HO
S OH
// M/W

Figure 26. Astaxanthin®? and asterinsiure8283,
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Nor-carotenoids with ring contraction

"The last topic brings me to the latest extension of the carotenoid concep-
tion. By the previous definition carotenoids were yellow or red pigmentsss,
but must now also include blue ones. The carotenoid to be discussed, actinio-
erythrin, is obtained from the sea anemone Actinia equina, and was first
studied by Lederer’s8¢ and Heilbron’s87 schools in the thirties.

We88:8% now consider actinioerythrin to be a 2,2’-bisnor-astaxanthin
diester with Cgg-skeleton, and thus the first example of a nor-carotenoid
with ring contraction. The key reactions leading to its structure are given
in Figure 27. Careful treatment with sodium borohydride reduces the two

Actinioer ythrin

T T = — k:
[\ [L
A
RO a) NaBH‘l OR
OH b) KOH =
— —
‘ ! 0
HO” OR LaH / O eiiene l violerythrin
a)NaEH

b} KOH H
HO ]; OH
OH OH
Violerythrot

bis ~quinoxaline deriv.

Figure 27. Key reactions in the structure determination of actinioerythrin88.89,

keto groups to a mono- and a diol, which by hydrogenolysis or saponification
of the ester groups provide respectively a triol and a tetraol, designated
violerythrol. Alkali treatment of actinioerythrin leads via the intermediary
«-ketol, actinioerythrol, in the presence of oxygen to the blue tetraketone
violerythrin, which reacts smoothly with o-phenylene-diamine to a bis-
quinoxaline derivative in accordance with reported data for simple cyclo-
pentenedione derivatives®®. Hydride reduction of violerythrin gives the
tetraol violerythrol which on oxidation with oxygen in the presence of
iodine®! gives the «-ketol actinioerythrol. Acetylation studies of all hydroxy
derivatives confirm the number of hydroxy substituents in each case. The
molecular weight is confirmed by mass spectrometry for violerythrol,
actinio-erythrol diacetate, violerythrin and its bisquinoxaline derivative.
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The observed fractionation pattern is in agreement with these structures,
and has been discussed elsewhere8®. The p.m.r. spectrum of actinioerythrin
furthermore reveals its 10 methyl groups. The carbonyl frequencies in the
i.r. spectra of actinioerythrin and violerythrin are in agreement with data
for related model compounds.

Judged from its mass spectrum and non-preparative chromatographic
separation on paraffin-impregnated paper crystalline actinioerythrin is a
mixture of some six esters to which the alcohol moiety, actinioerythrol, is
common. The mass spectrum suggests that the two esterifying acids of the
four major ester components together contain 17, 15, 13 and 12 carbon
atoms. The esterifying acids have been examined as methyl esters by gas
chromatography and mass spectrometry. Only methyl esters of capric (Cig),
undecanoic (Ci1) and lauric (Cip) acid were identified unambiguously;
methyl caproate (Cg) tentatively by gas chromatography alone.

Non-enolized «-diketones and cyclopentenedione derivatives are yellow
compounds. The blue colour of violerythrin87 is thus explained by the strong
chromophore of the end groups conjugated with the polyene chain. The
absorption spectrum in visible light of actinioerythrin and actinioerythrol
reveals near co-planarity of the cyclopentene ring and the polyene chain, in
contrast to the situation for B-rings and 1,2,5-trimethylphenyl end groups
where steric conflict between the 18-methyl group and the 8-hydrogen
twists the B-ring out of the plane of the polyene chainl.

X X X
SPECTRAL : \
DATA RO 0
0 ]
Visible light: 29 24
A nm in acetone 14 33 57
A nm in petroleum ether % 28
IR:
C=0 absorption cm™ 1695 1750
1675
PMR:
T-value methyl signal 8-79 8-59 ( gem Me)
8-59
8-08

Figure 28. Spectral properties of cyclopentene, cyclopentenone and cyclopentenedione rings
of nor-carotenoids.

Spectral data for these novel end groups are compiled in Figure 28. The
spectral contribution of the trimethyl-cyclopentene double bond corresponds
nearly to that of an aliphatic double bond, and that of the 4-keto group to
the upper value of that of an aliphatic carbonyl group. The spectral con-
tribution of the second carbonyl group is also considerable (24 nm in
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acetone). The characteristic C = 0 stretching frequencies in the IR spectrum
are: 1695 cm™1 for the conjugated keto group in actinioerythrin, 1675 cm=1
for the same in violerythrin and 1750 cm—1 for the unconjugated keto
group in violerythrin. The p.m.r. methyl signals of the gem dimethyl group
occur at lower field than in the corresponding 6-rings.

An interesting reaction is that of actinioerythrin or violerythrin with
weak alkali, whereupon lemon yellow hypophasic products are formed,
which after acidification slowly revert to the dark blue violerythrin. The
striking colour changes observed are given in Figure 29. Broken conjugation

B
A
(=4
e
B c
o
(2]
£
<
) ] i
350 400 500 600 700
nm

Figure 29. Spectral effect of alkali on actinioerythrin or violerythrin; arbitrary concentrations
in ether solution: A actinioerythrin, B yellow epiphase following acidification of the yellow,
alkaline hypophase, C extract B kept at room temperature.

on the aliphatic chain must be assumed in order to account for these spectral
changes. A theory involving hydroxylation on the chain has been enter-
tained. Alkali treatment of actinioerythrin presumably occurs (Figure 30) in
analogous manner to that of astaxanthin®? esters via the a-ketol, which in
the absence of oxygen forms a deep-blue tetraenolate and in the presence
of oxygen is autoxidized to violerythrin. From work by Kuhn and Serensen®
hydrogen peroxide is known to be liberated on alkali treatment of astaxan-
thin. Violerythrin is not stable as such in the presence of base. The first step
in the benzilic acid rearrangement is addition of OH~ to a carbonyl group?
and it is conceivable that in this conjugated system that addition of OH~—
may occur on the polyene chain to form hypophasic enolate salts of the type
indicated, which on acidification become epiphasic as a strongly hydrogen-
bonded enolised x-diketone, which on elimination of water gives violerythrin.
The hypothesis will be subjected to further experimental studies.
Biogenetically (Figure 31) it is tempting to suggest that sea anemones
produce their actinioerythrin from astaxanthin via a hypothetical di-
triketone, which by benzilic acid rearrangement could give the B-keto-acid.
This would easily decaroboxylate to actinioerythrol. This hypothesis derives
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Figuve 30. Possible structural interpretation of the effect of alkali on actinioerythrin and
violerythrin8®,
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Figure 31. Postulated biosynthesis of nor-carotenoids with ring contraction (actinioerythrin)8s,

some support from the fact that we have isolated minor carotenoid esters X,
which analogously to astaxanthin on saponification give the diosphenol
astacin with two 6-rings89. An in vitro conversion of astacene to violerythrin
has recently been reported by Weedon’s group?. They employed man-
ganous dioxide oxidation of astacene and assumed that the reaction occurs
by benzilic acid rearrangement—analogous to the biosynthetic pathway
suggested by us.

In order to investigate the biosynthesis of carotenoids in Actinia equina we
have kept the sea anemones in an aquarium on a carotenoid-free diet for
10 months. However, contrary to earlier observations% they maintain their
mauve colour. Even the new progency develop to mauve individuals in the
presence or absence of light. Proof for de novo synthesis of carotenoid in
animals does not exist%, and it is premature, but tempting, to claim de novo
synthesis from our experiment with the Norwegian variety of 4. equina.

CONCLUSION

Although the tetraterpenes as represented by the carotenoids have no
doubt shown less structural imagination than their lower-membered relatives,
the sesqui-, di- and tri-terpenes, it is evident from the general research
progress in the field, of which the work discussed represents a certain
contribution, that the carotenoids have proved more numerous and less
traditional in their structural pattern than previously considered.

I would like to emphasize the contribution from my collaborators—upon whose
work much of this lecture is based. Arne Jorgen Aasen, Noél Arpin, George W.
Francis, Sissel Hertzberg, Michael Kelly, Helge Kjosen, Sister M. Clare Markham,
Sissel Norgdrd and Owen B. Weeks joined one or several of the projects discussed.

I would also like to acknowledge excellent collaboration with Docent K.Eimhjellen
of the Department of Biochemistry at our University, Professor N. Pfennig at Institut
Siir Mikrobiologie at the University in Géttingen, the mass spectrometry group of
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Dr C. Enzell in Stockholm and Dr O. Isler’s group at Hoffmann-La Roche in Basel.

Financially our research has been supported by the last named firm and the
Norwegian Research Council for Science and Humanities. Their support is gratefully
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