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Abstract—Selected recent studies on marine allenic and acetylenic carotenoids are focused on. The structure elucidation of gyroxanthin,
(35,5R,65,3'S,5'R,6'R)-5,6-epoxy-6,7,7',8'-tetradehydro-5,6,5',6'-tetrahydro-8,3-carotene-3,19,3’,5'-tetrol, is reported in detail and in
historical perspective. Gyroxanthin occurs as a diester (19-dodecanoate 3’-acetate) in the dinoflagellate Gymnodinium galatheanum.
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Introduction

The field of carotenoids, including isolation, structure eluci-
dation, the application of modern spectroscopic methods,
total synthesis, biosynthesis and metabolism, has been
reviewed in a current book series.' ™ Carotenoids contribute
significantly to the bright colours of the marine environ-
ment, particularly in tropical waters, and serve different
functions. Various aspects of marine carotenoids were
surveyed in 1978 in one of Scheuer’s monographs.’

Acetylenic and allenic carotenoids are common in many
marine organisms. Acetylenic carotenoids are synthesized
de novo only in microalgae. The marine, allenic carotenoid
peridinin (1, Fig. 1) from phytoplankton and fucoxanthin (2)
from macroalgae and phytoplankton are the carotenoids
produced in largest quantity in Nature.

Allenic and acetylenic carotenoids have served as useful
chemosystematic markers in algae*”’ and as food chain
indicators.* Certain filter-feeding marine animals possess
the ability to convert allenic carotenoids metabolically to
acetylenic analogues.® Chemical and stereochemical aspects
of allgenic and acetylenic carotenoids were reviewed in
1990.

A more recent example of a complex allenic carotenoid is
(3S,5R,3'S,5'R,6'S)-13'-cis-7',8'-dihydroneoxanthin-20’-al
3'-B-lactoside (3, Fig. 1), which is a cross-conjugated
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carotenal.'” The total synthesis of optically active peridinin

(1) and fucoxanthin (2) have been successfully accom-
plished in recent years.'"'? Studies on the chemistry of
fucoxanthin (2) have been extended. Treatment with bases
provides yellow hemiketals'® and acids lead to the forma-
tion of blue oxonium ions.'* In this context a recently
isolated 4-keto-19’-hexanoyloxyderivative of fucoxanthin
(2) with a strongly oxygenated end group, showed
unexpected chemistry including facile cleavage to a
C;;-skeleton apocarotenone.'> Allenic carotenoids possess
an R-configured chiral axis. Attention has been focused on
the possible natural occurrence of S-allenic carotenoids.'®!”
Studies on allenic R/S isomerization have been conducted'® >
and diphenyl diselenide has been shown to be an excellent
promotor for the photochemical stereoisomerization of
allenic carotenoids,?' also of acid-labile allenic epoxide-
containing carotenoids such as neoxanthin (4, Fig. 1).%
Allenic isomerization is always accompanied by more facile
geometrical isomerization.'””

Marine acetylenic carotenoids include structurally interest-
ing representatives such as the C3; butenolide pyrrhoxanthin
(5),23 bastaxanthin (6), a carotenoid sulphate from
sponges,”* and oxabicycloheptane-derivatives such as
eutreptiellanone (7), Fig. 2. Recently the total syntheses
of optically inactive pyrrhoxanthin (+/—5)'" and of all-E
(3R,3'R)-diatoxanthin (8) were achieved,’® as well as of the
thermodynamically more stable 9Z isomer of 8.%

In this paper is presented the structure elucidation of
gyroxanthin, including experimental details, the first
example of an allenic, acetylenic carotenoid. The work is
treated in a historical perspective, demonstrating the
development in the carotenoid field. Gyroxanthin diester
was first isolated in the late seventies as the minor
‘Carotenoid 2’ from monoalgally cultured material of the
dinoflagellate Gyrodinium sp.-A.*® Chromatographic, VIS
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Figure 1. Structures of selected marine, allenic carotenoids.

and mass spectral properties of the native ester and its
alkaline hydolysis product were not compatible with the
data for previously known algal carotenoids, and the name
gyroxanthin was suggested for the free xanthopyll. Later it
was recognized that the algal isolate was identical with
Gymnodinium galatheanum Braarud (Tangen, K. Personal
Communication), described from material collected during
the Galathea expedition.”’

Results and Discussion

Gyroxanthin diester, isolated separately from two different
isolates, was a minor carotenoid of G. galatheanum,
accounting for 11% (isolate 76-D) of the total carotenoids.”®
The xanthophylls accompanying gyroxanthin diester were

Qlline-
e

identified by methods including VIS, MS and 'H NMR
spectroscopy as the acetylenic diatoxanthin (8), dia-
dinoxanthin (9), halocynthiaxanthin 3’-acetate (10) and
19’-acyloxyhalocynthiaxanthin 3’-acetate (10a) and the
allenic fucoxanthin (2), fucoxanthin 3-acetate (2a), 19’-
hexanoyloxyfucoxanthin (11) and 19’-butanoyloxyfucox-
anthin (11a),*°%°! Fig. 3.

Micro scale chemical derivatization in combination with
VIS, MS and NMR data in conjunction with biosynthetic
analogies (Fig. 3), lead to plausible structures of
gyroxanthin diester (12) and free gyroxanthin (15), Fig. 4.

Natural gyroxanthin diester (12) provided one acetate (13)
upon standard acetylation and a di(trimethylsilyl) ether (14)
upon silylation, and therefore possessed one prim/sec and
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Figure 2. Structures of selected, marine acetylenic carotenoids.

R=-H 10
R = OCO(CH,),CH, 10a

R=H?2
R=Ac2a

Figure 3. Allenic and acetylenic xanthophylls accompanying gyroxanthin diester (12) in G. galatheanum, also including 8 (Fig. 2).
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Figure 4. Chemical derivatizations of natural gyroxanthin diester (12).

one fert hydroxy group. In a kinetic silylation experiment
with 19’-hexanoyloxyfucoxanthin (11) 3-acetate as parallel
it was shown that one hydroxy group in gyroxanthin diester
was silylated fast (prim/sec), whereas the second one
was silylated as slowly as the fert C-5' hydroxy group of
11 3-acetate. The presence of one prim/sec and one tert
hydroxy group in gyroxanthin diester was compatible with
its chromatographic adsorption between fucoxanthin acetate
(2a) and diatoxanthin (8).

Alkaline hydrolysis of gyroxanthin diester (12) gave the
more polar derivative gyroxanthin (15), Cy4oHs4Os, which
provided a triacetate 17 upon standard acetylation. The
latter (17) further gave a mono(trimethylsilyl) ether 18
upon silylation. This accounted for four of the five oxygen
functions of gyroxanthin (15) as three prim/sec and one
tert hydroxy group. It could be inferred that natural
gyroxanthin diester (12) has two prim/sec hydroxy groups
esterified.

Support for the natural diester 12 being a monoacetate came
from its mass spectrum with characteristic losses of 60 mass
units and a 'H NMR 3 proton singlet at 8 2.04 which dis-
appeared upon saponification to gyroxanthin (15). The
second ester function was, judged by the mass spectrum
of the natural gyroxanthin diester, mainly an ester with a
saturated C,. fatty acid (12), partly also with a Cyy4, fatty
acid (12a). That one esterified hydroxy group was primary,
followed from the characteristic shift of a 2 proton singlet
from & 4.78 in the "H NMR spectrum of the natural diester
(12) to 6 4.23 for gyroxanthin (15). Further support was
obtained from a pink autoxidation product gyroxanthal
(16), obtained as a by-product upon alkali treatment of the
diester 12. Relative polarity by TLC and the round-shaped
ca. 25 nm bathochromically shifted VIS spectrum of 16

Silylation
—_—

di-TMS ether 14

TSilylation

\\\E?HA%

R=CHO 16

Triacetate mono-TMS ether 18

were compatible with the formation of a cross-conjugated
in-chain aldehyde function. Similar facile formation of
cross-conjugated carotenals has been observed for prim
in-chain carotenols.’**

Mild LiAlH,-reduction of gyroxanthin diester (12) gave a
single product identical with gyroxanthin (15) obtained
from the alkaline hydrolysis. Consequently gyroxanthin
diester (12) contained no carbonyl functions apart from
the two ester groups, and the fifth oxygen attached to its
carbon skeleton was inert. However, no common epoxide—
furanoxide rearrangement' was obtained upon treatment of
12 with weak acid.

The IR spectrum of gyroxanthin diester (12) showed the
presence of an allene bond (1930 cm™") and the "H NMR
spectra of 12 and 15 were compatible with the presence of
an allenic fucoxanthin (2) type end-group. Two typical
in-chain methyl singlets were observed (6 1.94 and &
1.96). The prim esterified hydroxy group of 12 exhibited
the same chemical shift as in 19’-hexanoyloxyfucoxanthin
(11). A 3 proton singlet at 6 1.80 was attributed to the third
in-chain methyl group of a common dicyclic carotenoid.
The special chemical shift was tentatively ascribed to a
neighbouring allene bond.

A 7 nm hypsochromic shift without loss of spectral fine-
structure was observed going from gyroxanthin diester
(12) to gyroxanthin (15). In-chain substituted carotenoids
are known to give stable cis-isomers’ and the spectral
changes observed were compatible with 9-trans to 9-cis
isomerization. Thus the '"H NMR spectrum of gyroxanthin
diester (12) exhibited two —CH,O— acyl singlets at & 4.78
and 4.64 in ratio 4:1, ascribed to 9-trans and 9-cis con-
figuration, respectively.’® Saponification caused a single
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signal for CH,OH at 6 4.23. Considering established
changes in chemical shift (0.44 ppm) from esterified to
free prim carotenol in related systems™® the observed
value for 15 was consistent with complete isomerization
to 9-cis during the saponification procedure.

The observed tendency to obtain the preferred 9-cis con-
figuration was further supported by the established prefer-
ence of 9-cis configuration in acetylenic carotenoids.*>*
The acetylenic bond was also consistent with the mass
spectral fragmentation pattern: Observed losses of 92
mass units (toluene) and lacking losses of 106 mass units
(xylene) upon electron impact of gyroxanthin and all its
derivatives may be accounted for by a triple bond in 7,8-
position, cfr. the established sites for toluene and xylene
expulsion from carotenoids on electron impact.’” The
presence of the acetylenic bond also rationalized the nega-
tive epoxide test. However, the expected, frequently weak
absorption for the acetylenic bond in the IR spectrum®
around 2170 cm™' could not be detected. Support for the
acetylenic bond was obtained from the partly assigned "*C
NMR spectrum of a partly 9-cis isomerized diester 12;
signals at & 86.1 and 88.1 for C-7 and C-8, cf.*®

There were still uncertainties related to the structure of
gyroxanthin diester (12). These were mainly related to the
end group with the new and unique combination of a 5,6-
epoxidic and a 7,8-acetylenic structural element next to a
substituted in-chain hydroxy function. Moreover, the stereo-
chemistry of gyroxanthin (15) and its derivatives was not
firmly established. Isolation of the pure all-frans 12 and
9-cis 12 geometrical isomers and the application of 1 and
2D 'H NMR techniques, FT-IR and CD spectroscopy served
to substantiate the previous assignments.

Gyroxanthin diester from isolate 76-D and 76-E showed the

same mass spectral properties. This included diagnostic
peaks resulting from elimination of neutral fragments with
18, 60, 92 (but not 106), 200 and 228 m.u. and combinations
of these. Of special importance was the m/z 212 ion. In a
detailed study of the electron impact fragmentation of
peridinin (1)* this ion was shown to originate from the
allenic part of the molecule. This result was later extended
to include a series of structurally related allenic carotenoids
with and without a chemically derived in-chain methyl
group adjacent to the allene bond.*” The m/z 212 ion was
therefore a clear indication that the derivatized in-chain
methyl group in gyroxanthin diester was not next to the
allene bond but in position 9, 13 or 13’. Based on the relative
intensities of the molecular ions the relative proportion of
laurate and myristate esters was similar in the two isolates.
The identity of the acid moieties as long-chain n-fatty acids
was deduced from the MS and the '"H NMR data.

1D and 2D 'H NMR of all-trans 12 allowed assignment of
chemical shifts for all protons in the molecule, Fig. 5. All-
trans-gyroxanthin diester (12) had the full complement of
proton signals previously reported for the allenic end-group
of fucoxanthin (2).*"*** This included the Me-singlet for the
acetate group (8 2.06), the broad multiplet for H-3/,, (&
5.38) and the singlet for the allenic proton H-8' (& 6.06).
This consistency implies the same relative configuration for
the three stereogenic carbons and the allenic axis in this end-
group of 12 and fucoxanthin (2). For generic reasons the
enantiomeric end-group with 6’R-chirality is preferred. No
6S-allenic carotenoids have so far been detected in nature.'”

From the 'H-'H 2D spectra of 12 it was possible to firmly
locate the triple bond, now disclosed by a weak FT-IR-
absorption at 2209 cm !, to the 7,8-position: in the central
chain segment C-9’ to C-13’ there was a long-range cross-
peak between Me-19’ and H-10’, which allowed assignment

6.31

164 QH389

6.26 6.35

194

Figure 5. '"H NMR assignments of all-frans gyroxanthin diester (12), 9-cis 12 and the synthetic model 19.%
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of the 6 6.13 doublet to H-10’. Chemical shifts for H-11’
and H-12’ were then given by the connectivities of the 2D
spectrum. In the next segment (C-13’ to C-13) both
Me-groups (Me-20’ and Me-20) had long-range cross-
peaks with one proton each within the segment. Together
with the connectivities for the olefinic region this allowed
chemical shift assignments for all protons in this segment.
By comparison with the "H NMR data for fucoxanthin*'*?
the Me-singlet at 6 1.98 is assigned to Me-20’. In the last
segment (C-9 to C-13) there was a weak long-range cross-
peak between CH,-19 and H-10, which together with the
connectivities within this segment accounted for the rest of
the olefinic proton signals. C-7 and C-8 therefore had to be
connected by a triple bond.

The 'H-'H 2D NMR spectra also gave support for an
epoxide function in the 5,6-position. Both rings carried
one proton which gave rise to a broad multiplet, typical
for methine protons of a secondary alcohol or ester function.
In the allenic part of the molecule this proton showed the
same coupling pattern as in fucoxanthin (2).*'** In the
acetylenic end this proton showed a strong coupling with
one and a weak coupling with two vicinal protons. Each of
these vicinal protons gave a strong geminal coupling to one
proton of their own. Accordingly, both C-2 and C-4 carried
two protons each, and this located the hydroxy group at C-3
and the epoxide function in the 5,6-position. The coupling
pattern of the ring protons was further supported by simple
decoupling experiments at 6 3.86 (H-3,) and 6 2.39
(H-4y). The left end-group in gyroxanthin diester, now
established with a 5,6-epoxide and a 7,8-acetylenic
function, has previously not been reported for naturally
occurring carotenoids.

Gyroxanthin diester was slowly transformed to a yellow
slightly more polar (by TLC) carotenoid during chromato-
graphic manipulations and storage. Based on 'H NMR
spectrometric evidence from partly transformed native
gyroxanthin diester a 9-cis structure for this product
was assumed. Firm evidence for this structure based on
spectrometric studies of a TLC-pure sample could be
obtained.

After extraction and purification by repeated TLC the all-
trans 12 and the 9-cis isomer were obtained in yields of
0.87mg (33%) and 1.80 mg (67%), respectively. The
mass spectrum of 9-cis 12 revealed the same molecular
weight as for native gyroxanthin diester (12). The similarity
in fragmentation pattern, including relative intensities of the
diagnostic peaks, confirmed the same structure formula.
Stereochemical differences, not revealed by MS, were
evident from the VIS, CD and 'H NMR: The VIS properties
of 12 and 9-cis 12 were comparable regarding spectral fine
structure. For 9-cis 12, however, A, showed a hypso-
chromic displacement of 4 nm, and the cis-peak, Dg/
Du(%)*=10, was small. The small hypsochromic displace-
ment, the similarity in spectral fine structure and the low
intensity of the cis-peak confirmed the assignment of a
geometrical isomer with a single cis-bond near the end of
the chromophore.* The position of the cis-bond was estab-
lished by 'H NMR: complete chemical shift assignments
based on 1D and 2D 'H NMR were made along the same
lines as already described for the all-frans isomer 12, Fig. 5.
The spectral data for the all-frans and 9-cis isomers were
similar, including an identical set of signals for an allenic
fucoxanthin-type end-group.® There were, however,
increasing small shift differences for the olefinic protons
towards the left end of the polyene chain, which were also
apparent for the ring methyl groups (Me-16,17,18) and CH,-
19 and Me-20 as well. These differences were as would be
expected for a 9-cis geometrical isomeric relationship. The
isomerization shifts A=6;— 8yans in ppm located the cis-
bond to the 9-position, see Englert.

We are now turning to the chiroptical properties of all-trans
gyroxanthin diester (12) and 9-cis 12. Certain carotenoids
exhibit socalled conservative CD spectra with several
maxima and minima where the Cotton effect is integrating
to around zero.* Unexpectedly, conservative CD spectra,
albeit of low intensity, were observed. Moreover, opposite
Cotton effects for the all-frans and 9-cis isomer were
evident, Fig. 6. When attempting to rationalize the Cotton
effects of the gyroxanthin diesters the following data should
be kept in mind. The bisallenic carotenoid mimulaxanthin
exhibits a weak, non-conservative CD.*® Judged by the

AN
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~~

Ae(1/mol cm)
+2.00]
0.00
-2.00
9-cis
~4.00-
™T—rT T
250

300 350 X (nm)

Figure 6. CD spectra of all-frans gyroxanthin diester (12) and of 9-cis 12 in EPA solution at room temperature.
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modification of the strong conservative CD in the series
zeaxanthin-diatoxanthin (8)-alloxanthin the introduction of
7,8 (7',8") triple bond(s) causes a gradual reduction of the
intensity of the Cotton effect. A similar effect is seen for
astaxanthin-7,8-didehydroastaxanthin.’ The 3-hydroxy-
5,6-epoxy end group is known to cause a strong
conservative CD, governed by the epoxy function.*” In-
chain substituted carotenoids may cause modifications of
the Cotton effect.’’ Gyroxanthin diester (12) is a 7,8-
didehydro-derivative of neoxanthin (4) with an in-chain
substituent. Qualitatively there is a similarity in the CD
spectra of the gyroxanthin diesters (12, 9-cis 12) and the
neoxanthins (4, 9-cis 4)** which may be taken to support
the same absolute configuration of the epoxy group in 4 and
12. Since the 3-hydroxy group does not contribute noticably
to the Cotton effect of carotenoid 5,6-epoxides, the con-
figuration at C-3 is not settled by CD. However the chemical
shifts in the "H NMR spectra of the methyl groups and the
C-3 methine proton in 15 versus the synthetic model 19,*
Fig. 5, lend support to the same relative configuration for the
epoxidic end group.

The above conclusion was substantiated by NOE experi-
ments with all-frans 12, supporting the relative configura-
tion and a preferred twisted chair form of the epoxidic end
group, see Experimental.

Conclusion

The complete structure of gyroxanthin diester (3S,5R,
6S,3'S,5'R,6'R)-7,8-didehydro-19-hydroxy-neoxanthin 3'-
acetate 19-laurate, the first allenic acetylenic carotenoid
containing a novel epoxidic acetylenic in-chain substituted
end group, is considered proved by chemical and spectro-
scopic evidence (VIS, FT-IR, MS, 'H NMR, "*C NMR and
CD).

Experimental
Biological material

Culture conditions, harvesting and extraction of
Gymnodinium galatheanum Braarud were as previously
described for the synonymous Gyrodinium sp.-A.* Isolate
76-D provided 12 mg 12 after chromatography. Isolate 76-E
provided pure 12 and 9-cis 12.

General methods

General precautions for work with carotenoids were taken.'
Methods were as generally employed in the Trondheim
laborarory."*  Saponification, acetylation, silylation,
LiAlH4-reduction and epoxide tests were carried out by
standard procedures.” "H NMR spectra were recorded in
CDCl; on Bruker 400 and 500 MHz instruments. For the
mass spectra only important diagnostic peaks above mi/z
197 are cited. CD spectra were measured on a Jobin Yvon
Auto Dicrograph Mark IV in EPA (Et,0-i-CsH;,—C,H;OH
5:5:2; v/v) solution. If not otherwise specified TLC was
carried out on Si gel (0.5 mm) with developing solvents
stated in each case.

Isolation of the carotenoids

The carotenoids were separated by TLC-1 on Si gel-CaCO;
1:1; (w/w) as adsorbent®' and developed with light petrol—
Me,CO-C¢Hg—i-PrOH 75:20:4:1 (v/v). Rechromatography
was performed by TLC-2 with Si gel-Ca(OH),-MgO-
CaSOy, 10:4:3:1 (w/w) as adsorbent.’’ The characterization
and quantification of the xanthophylls 2, 2a, 8, 9, 10, 10a, 11
and 11a*%%3! are not included here. From isolate 76-E the
separation of 12 and 9-cis 12 was achieved on the further
refined systems52 TLC-3 (Si gel-CaCO; 4:1; wiw,
developed with n-C¢H;4,—Me,CO-i-PrOH 68.5:30:1.5;
v/v) followed by TLC-4 (Si gel-kieselguhr—Ca(OH),—
MgO 14:16:9:9; w/w, using the same mobile phase as for
TLC-3).

All-trans gyroxanthin diester (12). Available amount of
chromatographically pure diester (TLP-3 and TLP-4) from
isolate 76-E was 0.87 mg (0.203 mg/g lipid-extracted dry-
wt). VIS. Ap. (nm in n-CgHyy): 418, 442 and 470,
HI/IK(%)*=76; A (nm in Me,CO): (423), 444 and 472,
II/TI(%)=55. For quantitative calculations the average
extinction coefficient E| ¢, (1%)=2500 was anticipated for
the free xanthophyll, corresponding to E; ., (1%)=1830 for
the diester. MS. m/z (rel. int. in %): 866 [M;]7(1), 848
[M;—181%(3), 838 [M,]*(16), 820 [M,—18]1"(30), 804
(1), 802 (1), 788 [M;—18—60]7(0.6), 778 [M,—60]7(0.5),
760 [M,—18—60]7(5), 746 [M,—92]7(1), 744 (1), 728
[M,—18—92]7(0.7), 640 (6), 638 [M;—228, M,—200]"
(6), 620 [M;—18—228, M,—18—200]"(6), 582 (5), 264
(12), 236 (19), 212 (allenic end-groulp) (36), 200 (36) and
197 (allenic end-group) (100). 'H NMR. §&-values
(500 MHz, CDCl;, D-locked): 0.88t (J=6.9 Hz, 3H, Me of
laurate and myristate), 1.06s (3H, Me-17'), 1.14s (3H,
Me-17), 1.24s (ca. 18H, CH, of laurate and myristate),
1.25 (H-2,,), 1.28s (ca. 3H, Me-16), 1.35s (3H, Me-18/),
1.38s (3H, Me-16'), 1.42 (H-2',), 1.51 (H-4',), 1.54s
(BH, Me-18), 1.64m (H-2,, B-CH, of laurate and
myristate), 1.66 (H-4,,), 1.81s (3H, Me-19'), 1.94s (3H,
Me-20), 1.98s (3H, Me-20), 2.00 (H-2',), 2.06s (3H,
acetate—Me at C-3'), 2.29d (broad) (J,.,=13 Hz, 1H,
H-4'.), 2.34t (J=7.7Hz, 2H, o-CH, of laurate and
myristate), 2.39dd (Jg,,=14 Hz, Jseq30x=5 Hz, 1H, H-4.,),
3.86m (1H, H-3,,), 4.79s (2H, CH,-19), 5.38m (1H, H-3',),
6.06s (1H, H-8'), 6.13d (J,, =11.1 Hz, 1H, H-10"), 6.26d
(J1415=11.5Hz, 1H, H-14"), 6.33d (J;4;5=11.3 Hz, 1H,
H-14), 636d (J;p11=14.8Hz, 1H, H-12/), 6.45d
(112’1 1=147 HZ, 1H, H—12), 6.54dd (Jl |’|0=1 1.4 HZ,
J11’12:14.6 HZ, lH, H-1 1), 6.58dd (Jll/,IO’:l 1.3 HZ,
Jll’,12/:14'3 HZ, lH, H-lll), 6.63dd (]15,14:C21. 11.3 HZ,
Jis15=ca. 14.3 Hz, 1H, H-15), 6.66d (J;o,;=11.3 Hz, 1H,
H-10) and 6.71dd (Jys/15=14.5 Hz, J5/14=11.1 Hz, 1H,
H-15"); chemical shifts and connectivities were confirmed
by decoupling experiments of H-4.,, H-3,, and H-12. Differ-
ence NOE experiments™ were conducted. The resonances at
1.25 and 1.66 ppm were positively effected by the methyl
group at 1.54 ppm (cf. Fig. 5). Irradiation at 1.14 ppm
caused NOE to 1.64 ppm, but no effect to 1.25 ppm, com-
patible with a twisted chair form where the protons at
1.64 ppm come closer to the irradiated position than those
at 1.25 ppm. CD. Ae (EPA) (nm): 213 (—0.8), 220 (0), 232
(+1.2),243 (0), 260 (—1.3), 285 (0), 334 (+0.4) and ca. 354
(0), Fig. 6.
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9-cis Gyroxanthin diester (9-cis 12). Available amount of
chromatographically pure diester (TLP-3 and TLP-4) from
isolate 76-E was 1.80 mg (0.422 mg/g lipid-extracted dry-
wt). VIS. A (nm in n-CgHy4): 325, 414, 438 and 465, 11/
11(%)=75, Dp/Dy(%)*=10; Aps (nm in Me,CO): (420),
440 and 467, III/11(%)=60. The same extinction coefficient,
E| .n (1%)=1830, as for the all-trans isomer was used for
calculation of wt amount. FT-IR. v, (cm™ ' in KBr) (128
scans): 3428vs (broad) (OH); 2958s, 2924s and 2853s (CH);
2209vw (acetylene) cf.>*; 1930m (allene); 1737vs (ester car-
bonyl); 1670w, 1607w (conj. C=C); 1578w; 1534m; 1456s
(CH,); 1378s and 1365s (gem. CH3); 1247s (C-O of ester);
1162s (tert. OH); 1113w and 1030m (C-0O-); 966s (trans
disubst. C=C); 894m and 857m (trisubst. C=C); 721m.
MS. m/z (rel. int. in %): 866 [M,]7(0.3), 848
[M;—18]17(0.9), 838 [M,]"(9), 820 [M,—18]7(30), 804
(0.8), 802 (0.6), 778 [M,—60]%(0.3), 760 [M,—18—60]*(2),
746 [M,—92]7(2), 728 [M,—18—92]7(0.3), 638 [M,—228,
M,—200]7(5), 620 [M,—18—228, M,—18—200]"(5), 212
(allenic end-group) (30) and 197 (allenic end-group) (100).
'H NMR. &-values (500 MHz, CDCl;, D-locked): 0.87t
(J=6.7 Hz, 3H, Me of laurate and myristate), 1.06s (3H,
Me-17'), 1.17s (3H, Me-17), 1.24s (>20H, CH, of laurate,
myristate and contaminants), 1.27 (H-2,,), 1.33s (3H, Me-16),
1.35s (3H, Me-18’), 1.38s (3H, Me-16'), 1.41 (H-2/,,), 1.51
(H-4',), 1.58s (3H, Me-18), 1.64m (H-2.,, B-CH, of laurate
and myristate), 1.68 (H-4,,), 1.80s (3H, Me-19’), 1.91s (3H,
Me-20), 197s (3H, Me-20), 1.99 (H-2',), 2.06s (3H,
acetate—Me at C-3'), 2.29d (broad) (J,.,=13Hz, 1H,
H-4'), 2.33t (J=7.6 Hz, 2H, a-CH, of laurate and myristate),
2.41ddd (Jgem=14 Hz, Jyeq30=5 Hz, Jseq204=ca. 1.5 Hz, 1H,
H-4¢,), 3.89m (1H, H-3,), 4.64s (2H, CH,-19), 5.38m (1H,
H-3',), 6.05 (1H, H-8'), 6.13d (J1»11=11.3 Hz, 1H, H-10),
6.26d (J1415=11.2 Hz, 1H, H-14'), 6.31d (J14,5=11.1 Hz,
IH, H-14), 6.35d (Ji»;=15.0Hz, 1H, H-12’), 6.49d
(J12’11:15.1 HZ, IH, H-IZ), 6.57dd (.]11!’10/:11.3 HZ,
J1113121214.7 HZ, 1H, H-ll’), 6.60d (]1(),11:11.2 HZ, 1H,
H-10), 6.62dd (J,5,4=10.9 Hz, J5,5=14.0 Hz, 1H, H-15),
6.69dd (/5 14=ca. 11 Hz, J;5,;s=ca.14 Hz, 1H, H-15') and
6.71dd (Jy1,10=11.1 Hz, J,; ,=14.8 Hz, 1H, H-11). CD. Ae
(EPA) (nm): 213 (+2.3), 221 (0), 232 (—4.0), 249 (0), 270
(+0.9), 298 (0), 330 (—0.8) and ca. 343 (0), Fig. 6.

Gyroxanthin diester 3-acetate (13). Standard acetylation
of 12 gave 13; R; 0.55 (40% Me,CO-n-C¢Hy4; v/v), less
polar than 12. VIS. A,x nm (Me,CO) 412, 435 and 462,
II/I(%)=45. MS. m/z (rel. int. in %) 908 [M,]"(0.8), 880
[M,]7(0.9), 848 [M,—60]7(3), 213 (100), 197 (89).

Gyroxanthin diester di(trimethylsilyl)ether (14). Stan-
dard silylation of 12 gave 14; R=0.80 (40% Me,CO-n-
CgH,4; v/v). MS. m/z (rel. int. in %) 1010 [M,]1(0.3), 982
[M,]7(0.5), 892 [M,—90]"(1), 197 (31), 181 (100). In a
kinetic silylation experiment with 12 and 11 3-acetate,
monitored by TLC, the following percentage composition
of total carotenoid was estimated: 5 min: 100% 12 mono-
TMS ether, 100% unreacted 11 3-acetate; 10 min: 90% 12
mono-TMS ether and 10% 14, 70% unreacted 11 3-acetate
and 30% 11 3-acetate mono-TMS ether; 30 min: 40 % 12
mono-TMS ether and 60% 14, 100% 11 3-acetate mono-
TMS ether; 60 min: 10% 12 mono-TMS ether and 90% 14.

Gyroxanthin (15). Compound 15 was obtained by standard

saponification (4 h) with KOH or by LiAlH, treatment of
12; R;=0.07 (40% Me,CO—-n-CgH,4; v/v). VIS. A 2 (nm in
Me,CO) 408, 434 and 461, III/11(%)=69. MS. m/z (rel int. in
%) 614 [M]7(25), 596 [M—18]7(27), 578 [M—18—18]"
(18), 562 [M—16—18—18]7(9), 546 [M—16—16—
18—1817(4), 522 [M—921"(3), 197 (100). IR. Vs (cm ™"
in KBr): 3400 (OH), 2980, 2850 (CH), 1930 (allene), 1455
(CH,), 1380 (gem. metyl), 1100, 1045 (tertOH), 970 (trans
disubst. C=C), 955, 850 (trisubst. C=C), 725. 'H NMR.
(400 MHz, CDCls, 8-values): 1.06s/1.34s (3+3H, Me-16'/
17", 1.14s/1.17s and 1.17s/1.35s (6H, Me-16/17 in all-trans
and 9-cis), 1.35s (3H, Me-18'), 1.50s/1.56s (3H, Me-18 in
all-trans and 9-cis), 1.67m (H-2,2"), 1.81s (3H, Me-19/),
1.86s/1.92s (3H, Me-20 in all-trans/9-cis), 1.97s (3H, Me-
20", 2.29d/2.46d (2H, OH at 3 and 5’), 2.43dd (1H,
Joen=10 Hz, J,;,.=4 Hz, H-4), 3.50s/3.78m (2H, OH in 19
and 3’), 3.89m (H-3), 4.22s/4.325s (2H, CH,-19 in 9-cis/all-
trans), 4.33m (H-3’), 6.05s (1H, H-8'), 6.09d (J=11.4 Hz,
1H, H-10"), 6.22d (J=11.0Hz, 1H, H-10), 6.26d
(J=11.3 Hz, H-14"), 6.31d (J=15.0 Hz, 1H, H-12), 6.24d
(J=152Hz, 1H, H-14), ca. 643 (H-12), 6.55dd
(J=11.4Hz, J=15.0Hz, 1H, H-11'), 6.55-6.65m (2H,
H-11,15%), 6.77dd (J=15.2Hz, J=11.0Hz, 1H, H-15).
Chemical shifts and connectivities were confirmed by
decoupling experiments of H-2, H-4, H-3, H-10’, H-12/,
H-11 and H-14, H-15, H-14' and H-10. Signals for OH-
3,5,19’ and 3’ at 6 2.29, 2.46, 3.50 and 3.78 disappeared
upon shaking with D,0. 3C NMR. (100 MHz, CDCls,
S-values) tentative assignments: 12.6/12.8 (Me 20,20),
13.9 (Me-197), 24.6 (Me-18), 29.6 (Me-18’), 31.2/32.1
(Me-16'/17"), 31.4/31.6 (Me-16,17), 36.0 (C-1,1), 45.4
(C-2), 45.8 (C-4"), 46.6 (C-2), 49.3 (C-4), 53.7 (C-19),
64.1 (C-3,3), 65.7 (C-5"), 72.9 (C-5), 82,4 (C-6), 86.1(C-
7), 88.1 (C-8), 103.1 (C-8'), 117.5 (C-6'), 122.0 (C-9), 125.1
(C-11), 125.7 (C-11"), 128.3 (C-10"), 132.2 (C-9'), 137.1
(C-12%), 140.2 (C-10), 202.2 (C-7"), 129.7, 131.0, 132,2,
134.4, 1357, 137.1 (C-12,13,14,15,13',14’ and 15');
unassigned signals: 48.9, 68.4, 76.7. Standard epoxide test
in Et,O/HCI caused no change in the VIS spectrum.

Gyroxanthal (16). Compound 16 (8% of recovered carote-
noid) was obtained as a by-product upon alkaline hydrolysis
of 12 to 15 (92%); R=0.12 (40% Me,CO-n-CgH,4; V/v).
VIS. A (nm in Me,CO) 460.

Gyroxanthal (16) 3-acetate. Obtained as a minor
compound upon TLC of 12; R=0.20 (40% Me,CO-n-
CeHy4; v/v). VIS. A (nm in Me,CO) 461. MS. m/z (rel.
int. in %) 636 [M—18]7(9), 618 [M—18—18]7(13), 576
[M—18—60]%(16), 197 (100). Alkaline hydrolysis provided
16.

Gyroxanthin triacetate (17). Compound 17 was obtained
by standard acetylation of 15; R=0.50 (40% Me,CO-n-
CgHy4; v/v). VIS. A (nm in Me,CO) (414), 437 and
464, III/II(%)=43. MS. m/z (rel. int. in %) 740 [M]"(6),
722 [IM—1811(9), 706 [M—16—18]"(3), 698 [M—42]*
4), 680 [M—60]%(5), 662 [M—18—60]"(5), 648
M—92]17(7), 620 [M—60—60]"(8), 604 [M—16-60-
6017 (7), 239 (100), 211 (66), 197 (72).

Gyroxanthin triacetate mono(trimethylsilyl)ether (18).
Compound 18 was obtained upon silylation of 17;
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Ri=0.75 (40% Me,CO-n-CgHyy; v/v). VIS. Ay (nm in
Me,CO) (412), 435 and 463, III/II(%)=40; MS. m/z (rel.
int. in %) 812 [M]T(2), 745 [M—67]7(1), 722
[M—90]7(1), 604 (12), 239 (100), 211(75).
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