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SYNTHESIS OF CAROTENOIDS AND RELATED POLYENES

B. C. L. WEEDON

Department of Chemistry, Queen Mary College, Mile End Road, London El 4NS, UK

Abstract—Syntheses reported over the last 5 yr in the vitamin A and carotenoid fields are reviewed.
Some previously unpublished work is described. This includes new routes to zeaxanthin and rhodoxanthin, the

synthesis of optically inactive forms of the structures proposed for tunaxanthin, lutein and calthaxanthin, and the
preparation of various polyene /3-diketones, including the structure assigned to trikentriorhodin.

1. INTRODUCTION

The wide variety of natural carotenoids presents the
chemist with a fascinating range of challenges to his
ingenuity in synthesis. Increasingly synthesis is being
invoked not just to confirm a structure for which there is
already convincing evidence, but to elucidate some
doubtful feature. Moreover the value of some carotenoids
as colouring matters for human and animal food, and the
nutritional importance of vitamin A (1), ensures that a
search is maintained for new and better methods of
polyene synthesis. It is therefore scarcely surprising that
substantial progress has been made since a comprehen-
sive review was published by Mayer and Isler' in 1971.

1: R=CH2OH 5: R=CH3
2: R =CH2OAc 6: R =CH=PPh3
3: R=CHO 7: R=CH2NC
4: R=CO2H

2. CAROTENOID TRANSFORMATIONS

Before dealing with the development of new total
syntheses, transformations that have been achieved with
various natural and synthetic carotenoids deserve men-
tion.

3,4,3' ,4'-Oxygenated /3j3 -carotenes
The autoxidation of canthaxanthin (9) in the presence

of potassium tert.-butoxide to give astacene (10) has been
improved3 and is now capable of giving yields of ca.95%.
On further reaction under the same conditions, astacene is
slowly converted into the lactols (11) and (12), with loss of
one and two carbon atoms respectively.4 These are the
first oxa-carotenoids to be reported. Oxidation of
astacene (10), and related diosphenols, with manganese
dioxide gives nor-carotenoids with carbocyclic rings. This
reaction was used to synthesise violerythrin (13) from
astacene (l0), and subsequently the unsymmetrical
intermediate (14) was isolated and identified with
roserythrin.6'7

Hydride reduction of astacene gives a mixture of
tetraols (15) which on controlled oxidation with
dichlorodicyano-p -benzoquinone gives low yields of
astaxanthin (16)38 Recently a 30% yield of the unsymmet-
rical intermediate (17), idoxanthin, was obtained by
treatment with chromium trioxide on graphite.9 Base
promoted hydrogen transfer between the tetraols and
astacene also gives idoxanthin (17) in ca.30% yield.4

Bodea et al.'° reported that the mixture of tetraols (15)
could be separated by chromatography on magnesium
oxide into its constituents, one of which appeared to be an
optically inactive form of crustaxanthin. Though other
workers have experienced difficulties in carrying out this
separation,'1'12 t.l.c. on silicagel using a mixture (10:2: 1)
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162 B. C. L. WEEDON

of benzene, ethyl acetate and ethanol as eluent, has
enabled us4 to confirm the original claim and estimate the
proportions of the three isomers (in order of decreasing
polarity) as 20:5: 1. On the basis of NMR studies these
bis-a -glycols are assigned the threo, threo, the threo-
erythro, and the erythro, erythro configurations respec-
tively. In the light of this result, we have also repeated the
hydride reduction of natural astaxanthin and separated
the optically active forms of the three isomers which, by
this route, are formed in the proportions 10:10: 1. The
three products exhibited closely similar c.d. curves,
showing that the configuration of the 4- and 4'-hydroxyls
have little influence on the chiroptical properties of the
tetraol, which must therefore be largely determined by the
configuration at C-3 and C-Y. This provides direct
justification of the basic assumption made by Andrewes Ct
a!. in their assignment of the 3S,3'S-configuration (18) to
natural astaxanthin.'2

Treatment of the tetraols with acetic anhydride in
pyridine gives the corresponding mixture of tetra-
acetates.'3 Cathodic reduction at mercury of these esters
in acetonitrile, with 'tetra-n -butylammonium perchlorate
as supporting electrolyte gives 3,4,3',4'-tetradehydro-
f3,/3 -carotene (19) in good yield.'4 This elimination of
the oxygen functions can be rationalised as shown in
Scheme 1.

::,,,,:
e: R=H
1: R=Ac

HO"K
b

HO/To

ItisconsistentwiththismechanismthatvitaminAacetate
(2), under similar conditions, gives axerophthene (5) almost
quantitatively; in this instance the allylic carbanion formed
initially is rapidly protonated.'5

Carotenoid epoxides
The epoxidation of lutein (20), preferably as the acetate,

gives two epoxides. The minor product is identical with
natural lutein epoxide (21), and on isomerisation in the
presence of acids gives chrysanthemaxanthin and
flavoxanthin (22) which differ in configuration at C-8 but
retain the original configuration at C-S. The major
synthetic 5,6-epoxide gives a similar mixture of furanoid
oxides with the opposite configuration at C-S. The NMR
properties of these and related semi-synthetic products
establish that the epoxide group in such natural
carotenoids as lutein epoxide (21), violaxanthin (23), and
neoxanthin (24), is trans to the hydroxyl at C-3, i.e. that
the common 3-hydroxy-5,6-epoxy end group has the
35,SR,6S-configuration (c).'6 Degradation studies by
Eugster et a!. lead to the same conclusion."

Lithium aluminium hydride reduction of fucoxanthin
(25) gives a mixture of fucoxanthols (26) differing in
configuration at C-8. These may be separated chromatog-
raphically and both, on mild acid treatment, are con-
verted (but at different rates) into two isomers of
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Scheme 1. Cathodic reduction of 3,4,3',4'-tetraacetoxy-13j3 -carotene (Utley et al.'4).
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Synthesis of carotenoids and related polyenes 163

fucochrome (27) differing only in configuration at C-8.'8
This reveals that in the formation of the fucochromes from
the fucoxanthols the configuration is lost at C-8 but
retained at C-5. It is therefore concluded that in
fucoxanthin the hydroxyl at C-3 must also be trans to the
5,6-epoxide. This removes the remaining uncertainty
concerning the 3S,5R,6S,3'S,5'R,6'R-conflguration as-
signed to this major carotenoid.'9

Stereomutation
Iodine catalysed stereomutation of fucoxanthin (25)

gives various isomers, one of which (28) is formed by a
switch of configuration about the allene group from R to
S. This product, which is readily converted back to the
common "all-trans form", has been detected in fresh
seaweed, and may play an important role in the
biosynthesis of fucoxanthin.2°

Stereomutation of violaxanthin (29) gives the 9-cis
isomer, violeoxanthin, the transformation being reversi-
ble. A similar stereomutation occurs readily about the
9,10-double bond of neoxanthin (24).21 Under similar
conditions, alloxanthin (30) is converted rapidly and
irreversibly into the 9,9'-dicis isomer, manixanthin, which
is presumably the thermodynamically most stable
isomer.22 The aromatic acetylenic carotenoids, 7,8-
dehydroisorenieratene (31) and 7,8-dehydrorenieratene
(32) behave analogously.24

3. METHODS FOR ELABORATION OF POLYENE CHAINS

The vinyl ether synthesis, acetylenic routes, and
reactions of the Wittig type retain their importance as the
principle methods for building up the carbon skeleton of
carotenoids and related polyenes."28 Nevertheless a good
deal of attention has been paid to new or improved
methods of olefination.

Bestman et a!. have given details of the formation of
fl-carotene (8) in 35% yield by autoxidation of the
phosphoran (6) derived from vitamin A. Treatment of the
corresponding phosphonium periodate with lithium ethox-
ide gives a similar yield of fl-carotene directly.29

Buddrus3° has exemplified his method of carrying out
Wittig reactions in ethylene oxide by syntheses of both
vitamin A (1) and fl-carotene (6). Similar condensations in
1,2-epoxybutane have been used in the synthesis of
phytoene (33) and related compounds.31'32 Some Wittig
condensations are conveniently carried out at low
temperature by treating the phosphonium salt with
potassium hydroxide in isopropanol in the presence of the
aldehyde.33 Conventional Wittig reactions have been used
extensively to synthesise deuterium or tritium labelled
carotenoids; the label may either be incorporated into one
of the precursors, or introduced into the phosphoran by
base promoted exchange.29'36 The Wittig reaction has
also been used to prepare polyene fl-diketone.37'38

The condensation of retinyl isocyanide (7) with retinal

R>'<R R =

A series of papers by Liu and his collaborators have
described the "one way sensitised photochemical isomer-
isation" of /3-ionone and many of its derivatives. Their
work has made available for the first time many of the
highly hindered 7-cis isomers in the fl-ionone and
f3-ionylidene series, including the 7-cis, 7,9-dicis, and
7,9,13-tricis isomers of retinal (3)2527

(3), in the presence of butyl lithium, to give fl-carotene (8)
illustrates an alternative type of olefination to the Wittig
reaction.39 Much attention has also been paid to the
synthetic application of sulphones. Thus Julia et a!.° have
prepared vitamin A acid (4) in good yield by the route
illustrated in Scheme 2, and this approach has been
extended recently by Fischli and Mayer to the synthesis

SO2Ph

PhSO2Na

OBUt(ii)BrCO2Et
SO2Ph

I I I CO2Etcr
hydrolysis

Scheme 2. Suiphone synthesis of vitamin A acid (Julia et al.4°).
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164 B. C. L. WEEDON'

of apocarotenoids and torularhodin ethyl ester.4' BUchi CO2Et CO2Et
and Freidinger42 have prepared retinyl suiphone (34) from I
vitamin A (1) and diphthalimido suiphide, and converted base

Rthe sulphone into /3-carotene (8) by treatment first with R
Rbutyl lithium, and then with iodine. The synthesis of

pre-phytoene alcohol (35)by Crombie eta!.43 also deserves PhSO2 PhSO2
mention (Scheme 3) (an alternative synthesis of this
important compound has been reported by Ruing eta!.").

Treatment of retinal (3) with a lithium aluminium
hydride—titanium chloride reagent gives /3-carotene in CO2Et CH2OH
ca.85% yield.45 The reaction is believed to proceed via the R R
pinacol which has previously been converted into R

—
/3-carotene. The pinacol can also be prepared by R

cathodic reduction of retinal; a - and /3 -ionone under 35
similar conditions give the corresponding pinacols almost
quantitatively.47 R =

Polyene aldehydes and dialdehydes on treatment with
butylamine in ethyl acetate in the presence of iso-butyl Scheme 3. Synthesis of pre-phytoene alcohol (Crombie et aL43).
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borate are readily converted into the mono- or di-imines.
These condense with methyl ketones to give the "aldol"
condensation products, or with the boric anhydride
complex of acetylacetone to give polyene -diketones.37
Alternative routes to the latter structures are described
later.

4. CAROTENOID SYNTHESES

New routes to vitamin A and f-carotene have been
mentioned in the previous sections. Most syntheses of
other carotenoids that have been reported in the last few
years are based on one of the well known polyene
aldehydes or dialdehydes, in particular (36) and (37), and
the novelty in the syntheses consists largely in the
preparation of the two end groups.

As reported at the 1972 Symposium, the first synthesis
of an optically active xanthophyll possessing the correct
natural configuration, 3S,5R,3'S,S'R-capsorubin (38), has
been achieved by an aldol condensation of the C20-dial
(37) with the appropriate methyl ketone.31' Both lycoxan-
thin (39) and lycoxanthophyll (40) were obtained from the
same starting material and the appropriate Wittig reag-
ents.6'49 Wittig condensations with the C10-dial (36) have
been used to prepare f3,'y-carotene and y,y-carotene

(41).650 An X-ray crystallographic study of the triol (42)
used in thó synthesis of (±)-azafrin methyl ester (43)
from the C10 dial (36) has now established conclusively
the threo configuration of the a-glycol system in natural
azafrin.

Kj%sen and Liaaen-Jensen5' have recently confirmed
the structure of.. aleuriaxanthin. (46) by synthesis of the
racemate Photosensitisedautoxidation of lmalool(44) was
a key step in the preparation of the necessary Wittig
reagent (45) (Scheme 4). The Trondheim group have, also
found that reaction of the C-diaI (37) with N-
bromosuccinimide (NBS), and hydrolysis of the allylic
bromide first formed, gives the hydroxy-dial (47), and
have used this compound in a Wittig condensation to
confirm the structure of lycopen-20-al (48) (Scheme 5); a
mixture of rhodopin-20-al and rhodopin-20'-al was also
obtained.52

Wittig condensations with the C20-dial (37) have been
used in a new synthesis of 3,3'-dihyroxyisorenieratene,53
and in the preparation of various unnatural aromatic
carotenoids.556 Yamaguchi et al.24 have 'reported the
synthesis of the aromatic acetylenic carotenoids,
7,8-didehydroisorenieratene (31) and 7,8-
didehydrorenieratene (32) from the C10-dial (36) (cf.

(i)O'h:/sens.

Ac2OIP" +other products

OAc OAc

Ph3PHSr

(i) 9-apo-8'-caroteflal /
(6) KOH

Scheme 4. Synthesis of (±)-aleuriaxanthin(Kjsen and Liaaen-Jensen49).oLL(O
(i)

NBsj,(ii) A1203

ii) DDQ

Scheme 5. Synthesis of lycopen-2Oal (Puntervold and Liaaen-Jensen52).
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Scheme 6). By carrying out the final Wittig condensation
at low temperature, low yields were obtained of the
all trans isomers identical with the minor natural pig
ments in Reniera japonica; under most conditions the
more stable 9-cis isomers were formed. Using the low
temperature KOH/i-PrOH method, the all-trans isomer of
alloxanthin (50) has been prepared from the C10-dial and
the trans-phosphonium salt (49)54 Wittig condensations
based on the C15 + C10+C15-C approaches have also
been used in the synthesis of (optically inactive) 3j3-
carotene-2,2'-diol (51) (Scheme 7),57 and of 2R,2'R-
dimethyl-3j3 -carotene from the corresponding irone.58

The same general approach was used earlier to
synthesise (optically inactive) zeaxanthin (55) from the
C10-dial and the Wittig salt (54)•59 The latter intermediate

R

PPh3
+

I

was prepared by a lengthy route from isophorone, but can
now be prepared more readily from a -ionone (52)
(Scheme 8).60 Condensation of the phosphonium salt (54)
with apo-8'-lycopenal, gave (±)-rubixanthin (56).61 The
tOtal synthesis of 3R,3'R-zeaxanthin, identical with the
natural pigment, is reported at this meeting.62

The dioxolanation procedure for converting the a - into
the a-series has also been applied60 (Scheme 9) to prepare
(59), a key intermediate in the Surmatis route for the
synthesis of rhodoxanthin (60).63

Tunaxanthin, a pigment in many fish, has been
formulated as an The two (opti-
cally inactive) carotenoids (62) and (63), differing in the
relative configuration of the two substituents at C-3 and
C-6 in the end groups, have now been synthesised

HO

OH 4—

Scheme 7. Synthesis of ,-carotene-2,2'-dio1 (Tsukida et aL57).

I
I CO2H---

I
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Cio-dial

OL:çI
(Yamaguchi eta!.24).Scheme 6. Synthesis of 7,8-

C0 Se02

CH2iPh3
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O?KL o?KL
I (i) NaBH4 (ii) DDQ
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CO2Et

—*

'V
,,,LcO2Et

CH2PPh3Br

Scheme 8. Synthesis of zeaxanthin from a-ionone.6°

oo/
dC HOJC +

Scheme 9. Synthesisofrhodoxanthinintermediatesfrom a -ionone.6°

(Scheme 10).60 The assignment of the relative configuration Preliminary TLC comparisons with a concentrate of
to the end groups in the two series was made unambigu- natural tunaxanthin shows that the latter resembles (63).
ously by X-ray crystallographic analysis of the 3,6-cis- Another reason for undertaking the syntheses of (62)
acetoxy-aldehyde (61). The two products differ notice- and (63) relates to the absolute configuration of lutein (20).
ably in their NMR and chromatographic properties., The latter has three asymmetric centres, and was shown

/
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N
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56

64

Scheme 10. Synthesis of e,e-carotene-3,3'-diols.6°

I

I

Scheme 11. Synthesisof(opticallyinactive)luteinandits3'-epimer.6°

to have a 3R,6'R configuration. We originally took
reports of biosynthetic studies67 to indicate that the
remaining centre at C-3' has the S configuration. However
Eugster et al.68 came to the opposite conclusion from

studies on products obtained from lutein after 0-
methylation. Our 'H and '3C studies on lutein, and the two
models (57) and (58), led to the same conclusion,69 and
recently Andrewes et a!.7° have succeeded in obtaining

JCO2Et

HO'" +

I I

I I

HO,11'"
epi-lutein series lutein series
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OH 0

BF3/MeOR

F F

Scheme 12. Wittig synthesis of polyene f3-diketones.37

..A%/5

LL
Methyl bands (&)

f3-diketone(68) 0.88 1.09 1.18
deshydroxy-capsorubin 0.85 1.11 1.19
capsorubin(38) 0.85 1.20 1.38
mytioxanthin(64) 0.85 1.19 1.34

Scheme 13. CIaisentypesynthesisofpo1yene-diketones.37KeyNMRandi.r.bandsaregivenin68and(inparentheses)
the corresponding bands for mytiloxanthin (64). The table compares the NMR bands due to the three methyls on the
five-memberedringinthe synthetic j3-diketone68withthecorrespondingbandsindeshydroxy-capsorubin,capsorubin

(38)andmytioxanthin(74).

Me02CPh3 +

Me02C0 + Ph3P

R0(
HO/JJ9

Scheme 14. Synthesis of trikentriorhodin.37

68
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meso-zeaxanthin from lutein by prototropic rearrange-
ment. Any remaining doubts are resolved by comparison
of the NMR properties of lutein with those of (62) and
(63). The a -end group of lutein clearly relates to those in
(63) which are known to have the 3,6-trans configuration
from the X-ray studies on (61). The configuration of lutein
must therefore by 3R,3'R,6'R. The explanation of the
biosynthetic results remains obscure; there is as yet no
evidence from the synthetic compounds that a 3,6-cis end
group flips configuration readily to give the 3,6-trans end
group, which might be expected to be the more stable.
Using Wittig reagents derived from intermediates in the
synthesis of (62) and (63), optically inactive forms have
been prepared of both lutein and its 3'-epimer (Scheme
11)60 The latter has the relative configuration recently
assigned to calthaxanthin.7'

Finally I should like to indicate the progress made in
developing routes for the synthesis of polyene /3-
diketones, a class of natural pigments which was reported
for the first time at the 1972 Symposium,3' and which
includes the carotenoids mytiloxanthin (64) from the
edible mussel Mytilus edulis,72 and trikentriorhodin (69)
from the marine sponge Trikentrion helium.73 Condensa-
tion of a phosphonium salt such as (65) (prepared by
hydration of the corresponding acetylenic ketone) with
polyene aldehydes or dialdehydes gives the required
structures (e.g. 66, Scheme 12). It is interesting to note
that these polyene f3-diketones combine readily with
boron trifluoride to give a new class of carotenoid
derivatives, the difluoroborates (e.g. 67). Alternatively the
polyene /3-diketones can be prepared by a Claisen type
condensation between a polyene carboxylate and a
methyl ketone.37 In this way (68) has been synthesised
(Scheme 13). The NMR bands associated with its
cyclopentane end group resemble those of the same end
group in deshydroxy-capsorubin (cf. 38). In other words
the chemical shifts of the five-membered ring methyl
groups are very similar in the polyene ketone and the
corresponding /3-diketone. This justifies one of the
assumptions made in the structural assignment of both
mytiloxanthin and trikentriorhodin. The synthesis of the
structure (69) assigned to trikentriorhodin was recently
accomplished on a small scale using the route outlined in
Scheme
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