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It has been suggested that astaxanthin (3,3’-dihydroxy-f,B-carotene-4,4’-dione) in the carotenoprotein o-
crustacyanin occurs in the diprotonated form. As a model system for protonated astaxanthin in a-crustacyanin the
reactions of canthaxanthin (B,B-carotene-4,4'-dione) with Brensted acids (CF;COOH and CF;SO,H) and the Lewis
acid BF;—etherate have been investigated. Structures of C-5 protonated, C-7 protonated, enolised O-4 protonated
and 0-4,4', C-7 triprotonated canthaxanthin have been established by VIS-NIR and NMR spectroscopy. The charge
distribution in the cations has been considered by comparison of the '*C chemical shift difference relative to neutral
relevant carotenoid models. The experimental evidence for protonated canthaxanthins differs significantly from
previous AMI calculations. Experimental data for O-4,4', C-7 triprotonated canthaxanthin relative to C-7
protonated canthaxanthin is considered a relevant model for O-4,4" diprotonated canthaxanthin, in comparison with
neutral canthaxanthin. The positive charge was mainly located at C-6/6" > C-8/8' > C-10/10" > C-12/12' > C-14/14" ~
C-15/15" in the polyene chain. Moreover, it was inferred that only 14% of the positive charge is delocalised to the
polyene chain, the remaining charge must therefore be located at the protonated carbonyl moiety. The results are
discussed in relation to previous solid state NMR studies of '*C labelled astaxanthin in a-crustacyanin and recent

X-ray analysis of f-crustacyanin.

Introduction

Conjugated keto-carotenoids, usually astaxanthin (1), are
complexed stoichiometrically with the protein in true caro-
tenoproteins. Such carotenoproteins are usually purple—
blue and are encountered particularly in the carapace of
Crustaceaea and in the skin of Echinodermata.! Our group
has been involved in earlier studies on crustacyanin,” asteria-
rubin,?® alloporin* and linckiacyanin.> The VIS absorption
spectra of these carotenoproteins are compiled in Fig. 1.
Crustacyanin from lobster carapace is the best studied caro-
tenoprotein.'**
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Fig. 1 VIS spectra of carotenoproteins in aqueous buffer solution.>”

Astaxanthin (1) is not covalently bound in carotenoproteins
and is released by solvent (acetone) extraction. A colourless
apoprotein is thereby obtained. The blue colour may be

+ Electronic supplementary information (ESI) available: 'H and 2D
ROESY NMR spectra of 9/10 and 14 and 'H NMR spectrum of 9/10/
12/13 in CD,Cl, at —15°C. See http://www.rsc.org/suppdata/ob/b3/
b313639f/

i Part 4 in the series: Charged carotenoids species. For part 3 see ref. 20.
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reconstituted by recombination of the apoprotein with a range
of conjugated keto-carotenoids.®*!%!!

The colour shift from red (1, 4,,, 472 nm in hexane) to blue
(crustacyanin, /., 632 nm in phosphate buffer) is among
the largest shifts recorded in Nature and has received much
attention.” !>

In the early nineties we established the chemistry behind the
classical colour test of epoxidic carotenoids which are pro-
viding a blue colour when treated with strong acids. The blue
products were identified as oxonium ions.’ In our mind this
finding offered a clue to the understanding of the bathochromic
shift of astaxanthin (1) when bound to carotenoproteins.
Indeed, recent results have suggested a polarisation of the
chromophore in crustacyanin, compatible with protonation of
the keto groups in 1, providing carboxonium ions. These
studies were further pursued, using modern physical methods
including solid-state NMR and resonance Raman.®''® At a
time acidic amino acids were suggested to be responsible for the
protonation of the keto groups.'

Refined X-ray data for B-crustacyanin’ have recently identi-
fied the contacts between astaxanthin (1) and the protein
surroundings. o-Crustacyanin consists of eight B-crustacyanin
(Amax 585 nm) units, each containing two astaxanthin molecules
in different surroundings.®’

In this work we aimed at preparing protonated, positively
charged species of canthaxanthin (2), with the di-O-protonated
dication 3 as target molecule, Scheme 1, to be characterised by
NIR and NMR spectroscopy, as a model for the carotenoids of
blue carotenoproteins.

We have recently successfully prepared from f,B-carotene (4),
and characterised by NIR, 'H and '*C NMR spectroscopy, the
dication 5 obtained by reaction with BF,—etherate,'®*’ and from
isocryptoxanthin (6, B,B-caroten-4-ol) the monocations 7 and 8,
obtained by treatment with CF,COOH,?' Scheme 2. Dotted
bonds demonstrate regions of bond inversion, and the diameter
of the filled circles illustrates the distribution of the positive
charge in the carbocations studied. Similar techniques were
considered for the characterisation of protonated cantha-
xanthin (3).
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Results
Treatment of canthaxanthin (2) with CF;COOH

Synthetic canthaxanthin (2) in CH,Cl, solution was treated
with CF;COOH in various concentrations at —15°C. With
dilute acid a 4,,, of 503 nm was observed, with a weak absorp-
tion at 881 nm, Fig. 2. Higher concentration of acid gave
increased absorption at the longer wavelength. At 1 M concen-
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Fig. 2 VIS/NIR spectra of canthaxanthin (2) (green), with 13 mM
CF;COOH (black), with 1 M CF;COOH (magenta), and with 11 mM
CF;SO;H (cyan), all in CH,CI, at —15 °C.
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tration of CF;COOH a stable 1,,, of 871 nm was observed,
consistent with previous observations.”

'H, 'H-'H COSY, 2D ROESY, 'H-C HSQC, 'H-“C
HMBC and 2D J-resolved '"H NMR spectra were recorded of
the product prepared in situ at —15°C using CF;COOD
(Sigma). The NMR data revealed the presence of monocations
of canthaxanthin deuteronated in the 7-position (9) and in the
S-position (10) in a 2 : 3 ratio. In the following, the deuteronated
products prepared by reaction with deuterated acids for NMR
studies are referred to as protonated.

'H and "C chemical shifts and *Jyy, 'Jcu and long-range
coupling constants for products 9 and 10 are given in Table 1.
For the C-7 protonated product 9, long-range coupling was
observed from Me-19 to H-8, from Me-19’ to H-10" and from
Me-20" to H-14'. From the coupling constants between H-10
and H-11 it may be inferred that the C-10,11 bond is a double
bond."! Bond inversion is therefore allocated to the C-12 to
C-15' region.

The long-range couplings observed for 9 were also observed
for the C-5 protonated product 10. The observed coupling con-
stants between H-10 and H-11 and H-11 and H-12 are very
similar, and of an intermediate size (ca. 13 Hz). Hence the
region for bond inversion was therefore assigned to the C-10 to
C-15' region for 10.

The stereochemistry of the C-6,7 bond in 10 followed from
cross-peaks in the 2D ROESY spectrum between Me-16/17 and
H-7 and between Me-18 and H-8. The isomer with rotated end
groups, cf. ref. 19-21 was not observed.

The charge distribution in the charged carotenoids 9 and 10
may in principle be determined by the "*C chemical shift differ-
ences for each atom in the charged molecules relative to the
corresponding uncharged molecule.’* Exact determination
of the distribution of the positive charge in 9 and 10 is prob-
lematic due to the lack of ideal neutral model carotenoids.
However, 'H and "*C chemical shifts are published for the caro-
tenoid end group 11, here used as a model for C-1 to C-11 and
C-16/17/18/19 in comparison with the C-7 protonated 9. For the
remaining positions, canthaxanthin (2) was used as the neutral
model (11/2), Scheme 3.
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Scheme 3

The “C shift differences resulting from the comparison of the
C-7 protonated canthaxanthin (9) with the relevant neutral
model are compiled in Table 2. Highest positive charge (largest
shift differences) appears to be in the central region at C-14,
C-15" and C-13’ for 9, illustrated at the bottom of Scheme 3.
The total 3C shift difference for all carbon atoms in 9, ZAd. =
260 ppm is consistent with one positive charge.'**"*



Table 1 'H and “C chemical shifts, *Jy 5 and 'Joyu coupling constants and long-range couplings for C-7 and C-5 protonated canthaxanthin
(9 and 10)
C-7 protonated canthaxanthin (9) C-5 protonated canthaxanthin (10)
dc (ppm) Oy (ppm) 3JH,H/ Hz 1Jc,l—l/ Hz dc (ppm) Oy (ppm) 3JH,H/ Hz i/ cu/Hz
1 36.5 37.3
2 36.0 1.89 33.8 1.82/2.10
3 33.0 2.66 35.0 2.61/2.80
4 206.3 223.1
5 132.1 47.1
6 171.2 163.6
7 31.8 3.35 6.6 122.1 6.69 129 150
8 145.9 6.00 6.6 144.3 7.05 129
9 139.0 139.8
10 158.6 7.17 14.8 162.6 7.43 13.6
11 126.0 6.94 127.8 7.09 13.2/13.6
12 162.6 7.41 164.4 7.53 13.2
13 142.8 143.0
14 168.8 7.72 167.0 7.67 13.3
15 133.3 7.16 133.3 7.15 13.1/13.3
16 25.8 1.17 127 28.8 1.25 127
17 25.8 1.17 127 29.8 1.35 127
18 114 1.72 127 21.6 1.46 131
19 12.5 2.04 H-8¢ 128 12.4 2.12 H-8¢ 127
20 12.6 2.18 12.6 2.20 H-12¢
1’ 36.8 36.8
2! 36.0 1.91 130 36.0 1.91 130
3’ 33.0 2.71 130 33.0 2.71 130
4’ 206.5 206.5
5 130.4 130.4
6 168.8 169.9
7 132.8 6.82 130.7 6.72 16.4
8’ 142.1 6.57 142.7 6.56 16.4
9’ 152.5 148.7
10’ 136.3 6.68 11.5 136.3 6.62 11.3
11’ 145.0 7.86 11.5/15.1 141.0 7.65 11.3/14.9
12/ 139.8 6.92 15.1 139.8 6.84 14.9
13’ 170.8 165.3
14’ 138.4 7.02 137.9 6.93 13.1
15’ 161.2 8.10 158.0 7.97 13.1/13.1
16’117 27.0 1.22 127 27.0 1.22 127
18’ 13.8 1.89 129 13.8 1.90 129
19’ 13.7 2.27 H-10" 128 13.3 2.22 H-10"“ 128
20’ 15.0 2.48 H-14"¢ 129 14.5 2.41 H-14"¢ 129

“ Indicates long-range coupling from methyl groups.

Table 2

B3C chemical shifts (ppm) of model compound (11/2), and

calculated chemical shift difference between C-7 protonated can-
thaxanthin (9) and the model compound

Carbon J¢, Model Ao, 9 Carbon Jc, Model A, 9
1 36.4 0.1 Iy 35.7 1.1
2 374 -14 2/ 37.7 -1.7
3 343 -1.3 3 343 -1.3
4 198.9 7.4 4 198.7 7.8
5 131.6 0.5 5' 129.9 0.5
6 163.2 8.0 6 160.9 79
7 30.1 1.7 7 124.2 8.6
8 129.8 16.1 8’ 141.1 1.0
9 135.5 3.5 9’ 134.8 17.7

10 137.4 21.2 10’ 134.2 2.1

11 123.7 23 1 124.7 20.3

12 139.3 233 12 139.3 0.5

13 136.6 6.2 13’ 136.6 34.2

14 133.6 35.2 14 133.6 4.8

15 130.5 2.8 15 130.5 30.7

16/17 26.7 -0.9 16'/17' 27.7 —0.7

18 11.4 0.0 18’ 13.7 0.1

19 12.8 -0.3 19 12.5 1.2

20 12.7 =0.1 20’ 12.7 23

YAo¢ 259.8

Treatment of canthaxanthin (2) in CD,Cl, with CF,COOD
from another manufacturer (Acros) gave a different and more
complex product mixture of protonated canthaxanthins in

reproducible experiments. Besides the C-7 protonated (9) and
C-5 protonated (10) products characterised above, were two
additional and major monocations 12and 13, inaratio2:1:4:
3 respectively, identified by NMR analysis. '"H and **C chemical
shift data for products 12 and 13, and *Jy g, 'Jou and long-
range couplings for 12 are given in Table 3. These additional
products (12 and 13) differed in the stereochemistry of the
C-6,7 double bond.

In contrast to the C-7 protonated (9) and C-5 protonated (10)
products, the polyene chain had unbroken conjugation. The
C-16 and C-17 methyl groups were identical, as were the two
geminal protons at C-2 and at C-3, suggesting that C-4 was still
sp*hybridised. However, the *C chemical shift for C-4 was only
150 ppm, incompatible with carbonyl. The plausible formation
of 12 and 13, shown in Scheme 4, is considered in the
Discussion.

The determination of the charge distribution in 12 and 13
also suffers from the lack of relevant carotenoid models. Some
information is gained, however, by comparison of the charged
products 9, 10 and 12 with neutral canthaxanthin (2). The four
protonated canthaxanthins 9, 10, 12 and 13 may all be repre-
sented by resonance structures with positive charges at the
carbon atoms considered in Fig. 3.

Similar distribution of the charge towards the centre of the
polyene chain available for charge delocalisation is demon-
strated for all the three monocations 9, 10 and 12. For 9 and 10,
the polyene chain has been shortened by the proton added at
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Table 3 'H and “C chemical shifts (ppm), *Jyy and 'Joy coupling
constants (Hz) for the enolic O-4 protonated canthaxanthins 12 and 13

12 13
5C 5H 3JH,H 1JC,H 6(3 (SH
1 37.7 38.8
2 35.1 1.75 36.1 1.77
3 24.8 2.50 24.8 2.51
4 151.1 152.7
5 123.5 125.8
6 162.9 160.9
7 122.3 6.69 13.1 152 123.5 6.74
8 150.7 7.37 150.7 7.75
9 140.5
10 163.8 7.46 13.8 155
11 128.0 7.12 159
12 164.8 7.52 154
13 142.9
14 165.3 7.60 13.1 155
15 1333 7.13 156
16/17 26.8 1.23 127 29.0 1.43
18 17.5 2.00 H-3¢ 130 12.1 1.88
19 11.8 2.13 H-8¢ 128
20 12.4 2.19 128
Iy 36.7
2 35.8 1.90 130
3’ 32.8 2.71 130
4 206.5
5’ 130.1
6’ 170.9
7 129.6 6.66 14.3 159
8’ 142.7 6.56 159
9’ 146.6
10 136.2 6.59 154
I 138.9 7.54
12 139.7 6.79 14.5 154
13’ 162.1
14’ 137.2 6.87 13.0 156
15 156.1 7.87
16’117 26.8 1.22 127
18’ 13.6 1.90 H-7"¢ 128
19’ 12.4 2.18 H-10"¢
20" 14.1 2.36 H-14"¢ 128

“ Indicates long-range coupling from methyl groups.

Scheme 4

the left side of the structure, Scheme 3, forcing the centre of the
charge more towards the right in the polyene chain, Fig. 3.

The positive charge of these monocations (9, 10, 12) may be
distributed over 19, 21 and 23 carbons atoms, respectively. As
may be seen from Fig. 3, a shorter polyene chain also leads to a
higher partial charge at each carbon.

Hydrolysis of protonated canthaxanthins, prepared with
CF;COOH, provided strongly cis-isomerised canthaxanthin
(2), compatible with the capture of a proton from the cations by
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Fig. 3 C chemical shift differences Ad for selected downfield shifted
carbon atoms of C-7 protonated canthaxanthin (9) — model (11/2)
(black), C-5 protonated canthaxanthin (10) — 2 (red) and for O-4
protonated and enolised canthaxanthin (12) — 2 (green).

water. Cis—trans isomerisation of carotenoids readily occurs via
cationic intermediates.?**!

Assignments of NMR spectra of the pink product (1,,, 503
nm), formed by treatment of canthaxanthin (2) with dilute
CF;COOD, failed because of signal broadening. Even when the
temperature was lowered to —70 °C, only the geminal methyl
groups (H-16/17/16'/17") and methylene protons (H-2/3/2'/3")
could be seen as relatively sharp peaks.

Treatment of canthaxanthin (2) with CF,SO;H

A weaker Bronsted acid than CF;COOH (CH;COOH) gave no
protonation of canthaxanthin (2). Use of the stronger acid
CF;SO,H caused immediate protonation with NIR absorption
around 692 nm, Fig. 2.

Product analysis by NMR, as described above, led to the
identification of the trication 14, protonated at O-4, O-4' and
C-7, Scheme 5, including in-space interactions from ROESY
data. '"H and "“C chemical shifts and 'Jo g and *Jy 4 coupling
constants are given in Table 4.

00 3+

Scheme 5

The calculated change in chemical shift (Ad) between 14 and
the neutral model 11/2 is given in Table 4. The charge distri-
bution is depicted in Scheme 5. The charge on the protonated
carbonyl groups is considered below.



Table 4 'H and “C chemical shifts (ppm) and *Jy 5 and 'Jc i coupling constants (Hz) for O-4,4’, C-7 triprotonated canthaxanthin (14), and *C
chemical shift difference (ppm) between 14 and the C-7 protonated cation 9 and the model 11/2

14 14 -9 (14 — 11/72)
5C 6H 3JH,H 1JC,H Adc A(sc
1 394 2.9 3.0
2 33.5 2.00 132 —2.5 -39
3 30.5 3.19 131 =25 -3.8
4 211.5 5.2 12.6
5 131.5 -0.6 —=0.1
6 198.4 27.2 35.2
7 34.0 3.62 2.2 3.9
8 141.8 5.93 —4.1 12.0
9 140.5 1.5 5.0
10 159.9 7.27 14.4 155 1.3 22.5
11 127.6 7.01 11.8/14.4 1.6 3.9
12 165.9 7.56 11.8 157 33 26.6
13 143.7 0.9 7.1
14 171.5 7.87 13.3 157 2.7 37.9
15 134.7 7.25 12.8/13.3 160 1.4 4.2
16/17 25.0 1.28 129 —0.8 —-1.7
18 11.1 1.91 130 =03 -0.3
19 12.7 2.07 H-8¢ 128 0.2 —0.1
20 12.6 2.20 H-12¢ 129 0.0 —=0.1
Iy 38.5 1.7 2.8
2 34.1 1.98 132 -19 -3.6
3’ 30.0 3.14 131 -3.0 —43
4 207.3 0.8 8.6
5! 128.8 —1.6 -1.1
6’ 191.3 22.5 30.4
7 129.2 6.87 15.7 155 -3.6 5.0
8’ 150.2 7.06 159 8.1 9.1
9’ 147.7 —4.8 12.9
10 141.4 6.85 12.0 156 5.1 7.2
I 141.6 7.70 12.0/14.7 —-34 16.9
12 142.4 6.99 14.7 158 2.6 3.1
13’ 168.7 -2.1 32.1
14’ 139.3 7.06 155 0.9 5.7
15 162.3 8.18 12.8/13.0 156 1.1 31.8
16’117 26.9 1.33 129 —=0.1 -0.8
18’ 13.7 2.12 H-7' 131 —0.1 0.0
19’ 13.1 2.24 H-10"¢ 129 -0.6 0.6
20" 14.9 2.46 H-14"¢ 129 —0.1 22
XA0 60.2 320.0

“ Indicates long-range coupling from methyl groups.

Deduction of the 3C chemical shift difference between 0-4,4’,
C-7 triprotonated canthaxanthin (14) and C-7 monoprotonated
canthaxanthin (9)

Selective diprotonation of canthaxanthin at O-4,4’ could not be
achieved by any of the acids employed. However, the '*C chem-
ical shift difference between the trication 14 and the mono-
cation 9 is considered a valid model for the *C chemical shift
differences between the O-4,4" diprotonated target molecule 3
and canthaxanthin (2). The resulting Ad. shift difference is
shown in Table 4. Attention should be made to the good agree-
ment in C chemical shift change caused by the O-4 proton-
ation (C-1 to C-7 moiety) and the O-4’ protonated moiety (C-8
to C-1'" moiety), both ca. 30 ppm.

Assuming a linear relationship between change in “C
chemical shifts and charge (c¢f the Spiesecke-Schneider
relationship?®), the distribution of the charge on the polyene
of (14 — 9) is as illustrated by the diameter of the filled circles
in Scheme 5.

The relationship is not valid, however, when change in
hybridisation occurs. Contrary to the *C downfield shift of
ca. 250 ppm *'* ypon the formation of a carotenoid mono-
cation, it is known that by protonation of non-conjugated car-
bonyl groups, the 7O NMR signal is shifted about 260 ppm
upfield.?”*® The reason for this upfield shift is that in 7O NMR,
the hybridisation is more important for the chemical shift than
the charge on oxygen. For the protonation of acetone, a reduc-

tion in the m bond order of 40% has been found.”” The
determination of the charge on oxygen atoms by O NMR is
therefore not straightforward.

The implication of this consideration for the charge distri-
bution of the protonated conjugated carbonyl groups in 14 is
therefore that the charge on C-4/4’ cannot be directly estimated
from the change in '*C chemical shift, which would indicate that
there is almost no charge (Adc, = 0.8 ppm, Adc, = 5.2 ppm,
Table 4) on the carbonyl carbons.

An estimate for the carbonyl groups in (14 — 9) can be
made, however, by assuming a 40% decrease in the © bond
order upon protonation of O-4,4" also for canthaxanthin (2),
and by using the J. value for C-4 of 12 and 13 as the value
expected for a C(sp?)~O(sp®) carbon. This gives an expected
chemical shift for C-4’ of 184.7 ppm (151.9 ppm *40% +
206.5 ppm *60%), and a Adc of 22.6 ppm, and for C-4 an
expected shift of 184.5 ppm (151.9 ppm *40% + 206.3
ppm*60%), and Adc 27.0 ppm. The accuracy of this estimate
is not readily assessed, but it seems likely that it is rather
underestimating than overestimating the charge located at
C-4.

Since the *C chemical shift difference for O-4,4’, C-7 tripro-
tonated canthaxanthin (14) relative to C-7 monoprotonated
canthaxanthin (9) has been deduced to be ca. 30 ppm downfield
shift per positive charge, excluding the carbonyl carbons treated
separately above, it may be inferred that around 86% of the
positive charge is located at the protonated carbonyl moiety,
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and that the remaining charge (14%) is located on the polyene
system.

Moreover, charge repulsion from the positive charge at O-4’
may also force the centrally located charge away from that end
of the molecule (to the left on structure 14, Scheme 5), causing
the higher downfield shifted C-8 to C-15 region of the trication
14 compared to the monocation 9, Table 4.

Treatment of canthaxanthin (2) with BF;—etherates

The reactions of canthaxanthin (2) with Brensted acids were
supplemented with its reaction with the Lewis acid BF;—ether-
ate' in CH,Cl, at —20 °C, which gave an initial product show-
ing Ap.. 841 nm. The reaction progressed to a second product
with A,,., 778 nm. NMR studies at —5 °C resulted in the struc-
tural assignment for this cation (15) with BF; addition at C-7,
Scheme 5. 'H chemical shifts for 15 are given in the Experi-
mental section. Hydrolysis of 15 provided cis-isomerised
canthaxanthin (2).

Treatment of astaxanthin (1) with acids

VIS/NIR spectra observed when treating astaxanthin (1) with
CF;COOH were recorded, showing two absorption maxima
at Ay, 508 and 872 nm (—15°C in CH,Cl,), in accordance
with the canthaxanthin (2) experiments. NMR experiments of
astaxanthin (1) treated with BF;-etherate failed due to the
formation of black precipitate.

Discussion

Treatment of canthaxanthin (2) with selected Lewis (BF;) and
Brensted (CF;COOH, CF;SO;H) acids

In contrast to the reaction of f,B-carotene (4) with BF;—
etherates, where the dication 5 was readily formed and an
intermediate BF; adduct was caught only in an MS experi-
ment,” canthaxanthin (2) provided the monocation 15 with
BF; added to C-7 when treated with BF;—etherate.

The above mentioned A,,, at 841 nm observed during the
formation of 15 may be caused by an intermediary cation radi-
cal, supported by the broadening of the initial NMR signals.?’

Protonation at C-7 was likewise observed for treatment of 2
with Brensted acid (CF;COOH) providing the cation9ina?2:3
mixture with the C-5 protonated 10.

The formation of the products 12 and 13 by preferred enolis-
ation of O-4 monoprotonated canthaxanthin, Scheme 4, is
considered plausible. The reaction of canthaxanthin (2) with
CF;COOH has previously been studied without detailed
product analysis.?>*

A stronger Brensted acid (CF;SO;H) was required for
diprotonation at O-4,4’, which only occurred together with C-7
protonation providing the trication 14.

NIR absorption of canthaxanthin (2) protonated with
CF;COOH showed high stability of the product mixture with
less than 4% decrease in A,,, 871 nm during 24 h at —20 °C. By
NMR experiments at —15 °C during more than 12 h no signs of
decay were observed for any of the protonated products 9, 10,
12 or 13. Thus the stability was higher than for the cations 5§, 7
and 8.2°2! However, the lower stability of the trication 14 and
the monocation 15, formed by addition of BF; was comparable
to that of the cations 6, 7 and 8. 2%

The configuration/conformation of the cyclic end groups rel-
ative to the polyene chain needs particular attention. For the
neutral 4-keto-B-end groups in 9 and 10, no rotation of the
C-6,7 bond was noted, which is also the case in neutral can-
thaxanthin (2) according to X-ray* and NMR data. For the
enolised end group, both 6-cis and 6-trans isomers (12 and 13)
were documented by ROESY data. The observation that the
protonated canthaxanthin end group of the trication 14 has
free rotation, as shown by the ROESY data visualised in
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Scheme 3, and only one set of 'H chemical shifts for Me-16/17/
18, is important for the conformation of astaxanthin (1) in
crustacyanin, vide infra.

The bathochromic shift from 484 nm to 503 nm when treat-
ing canthaxanthin (2) in CH,Cl, with a low concentration of
CF;COOH could not be ascribed to O-4,4’ protonation by
NMR at —15 °C. The observed signal broadening of all reson-
ances associated with the polyene chain must be a consequence
of weak hydrogen bonding/interactions in the intermediate
exchange domain between the acid and 2, leaving the aliphatic
region of the end group relatively unaltered, and therefore,
observable.

Comparison of experimental results with previous AM1
calculations

Results have been published of AM1 (Austin Model 1) calcu-
lations for protonated canthaxanthins,? including the C-7 pro-
tonated (9), C-5 protonated (10) and enolised O-4 protonated
(12) canthaxanthins studied here.

The previously calculated favoured protonation of the keto
groups®! was later reconsidered in favour of in-chain proton-
ation.”> The lowest AH, for the protonation of canthaxanthin
(2) was obtained for C-7. Calculated relative heats of formation
for the carbocations (AAH,) of protonated canthaxanthins
were C-7 < C-5 < C-11 < C-9 < 0-4.22 Our results suggest
protonation at C-5 > C-7, whereas no conclusion can be made
as to the ease of O-protonation. No protonation was observed
at C-9 and C-11.

The AMI1 calculated charge distribution for C-5 protonated
canthaxanthin (10) predicted the highest positive charge at C-9,
C-11, C-13, etc., whereas our experimental results favour the
highest positive charge at C-10, C-12, C-14, etc. Calculated
bond lengths are more according to the experimental data.
AM1 calculations favour conjugated double bonds in 10 from
the left side including the C-12,13 bond and from the right side
of the molecule until the C-11’,12’ bond and with bond inver-
sion in the centre of the molecule. Experimental data reveal
bond inversion between C-10 and C-15" according to the NMR
coupling pattern, thus displaced relative to the calculations.

Also for C-7 protonated canthaxanthin (9) the AM1 calcu-
lations failed to predict the charge distribution. As for the C-5
protonated analogue (10) the highest positive charge was
claimed at C-9, C-11, C-13, etc. whereas the NMR data show
delocalisation of the charge mainly to C-10, C-12, C-14, etc.
The calculated bond lengths of 10 are in better agreement with
the NMR coupling constants. The experimentally determined
region for double bond inversion was between C-12 and C-15’,
whereas the calculated region was between C-14 and C-13'.

For the enolic O-4 protonated canthaxanthin (12), calculated
and experimental data are in agreement concerning the carbon
atoms (C-4, C-6, C-8, efc.) available for delocalisation of the
positive charge. However, NMR data reveal a preference for
delocalisation of the charge in the central part of the molecule,
which is not obvious from the calculations.

It is evident that experimental studies of carotenoid cations
by NMR are essential for detailed structure elucidation includ-
ing bond type/region for bond inversion, charge distribution
and stereochemistry of the polyene chain and the conform-
ation/configuration of end groups relative to the polyene chain.

VIS/NIR spectra of carotenoid cations and carotenoproteins

Charge delocalisation on the polyene chain of carotenoid
cations results in a lower transition energy, leading to absorp-
tion in the NIR region. The 4,,, of the carotenoid mono-,
di- and trications compiled in Table 5 are in the NIR region
between 690 and 1030 nm. The position of 4, is influenced by
several factors; the length of the polyene chain available for
electron delocalisation,'®?! size of the charge, counterions,'**
solvents and temperature.!



Table 5 Observed and calculated 4, (nm) of carotenoid mono-,
di- and trications, and of carotenoproteins

Compounds Jmax/IIM
Isocryptoxanthin monocation (7, 8)*! 1028¢
B,B-Carotene dication (5) > 920°
Monoprotonated canthaxanthin (9, 10, 12, 13) 871¢
C-7, O-4,4'-triprotonated canthaxanthin (14) 692
Canthaxanthin + 13 mM CF,COOH 503¢
0-4,4'-diprotonated astaxanthin® 609°¢, 644¢
Asteriarubin? 540
Alloporin* 5454
Linckiacyanin® 6124
a-Crustacyanin? 630
B-Crustacyanin® 5854

“ CH,Cl,, —15 °C;* CHCl,, —20 °C; ¢ Calc., rt; ¢ Aqueous buffer, rt.

Table 6 Change in *C chemical shift, 6. (ppm), of *C labelled posi-
tions in o-crustacyanin compared to astaxanthin (1)®

3C labelled C [ | d¢, Crustacyanin Ad¢
4/4' 201,0 203, 4 2,4
12/12’ 140, 2 145, 1/147, 2 4,9/
7,0
13/13’ 137, 1 135,2 -1,9
14/14' 134, 1 138, 0/140, 9 3,9/
6,8
15/15' 130, 1 129, 5 -0,6
20/20" 11,5 11,1 -0,4

The bathochromic shift from 485 nm to 503 nm when treat-
ing canthaxanthin (2) in CH,Cl, with low concentrations of
CF;COOH at —15 °C could not be associated with O-4,4" pro-
tonation by NMR at —15°C or —70 °C. Other interactions,
such as hydrogen bonding, are considered responsible for the
bathochromic shift observed. No colour shift was observed
using CH;COOH.

An experimental electronic absorption spectrum of O-4,4
diprotonated canthaxanthin (3) is not available, but it has been
calculated for astaxanthin (1), with the same chromophore, to
609 nm (AM1) and 644 nm (PM3 parametrisation),® which is
within the same region as is observed for carotenoproteins with
1 as a prosthetic group, Table 5. In addition to 1, asteriarubin
has 7,8-didehydro- and 7,8,7',8'-tetradehydro-astaxanthin as
prosthetic groups.’

The restricted delocalisation of the positive charge to the
polyene chain established for 0-4,4" diprotonated can-
thaxanthin (3) in the present work is compatible with the
shorter wavelength spectral region of the carotenoproteins than
of charge delocalised carotenoid carbocations.'”*' The differ-
ent A, of the various purified carotenoproteins, Table 5,
points to a different degree of protonation of astaxanthin (1) in
the carotenoproteins considered, which by NIR data appear to
fall into two categories, Fig. 1.

0-4,4'-Diprotonated canthaxanthin (3) as a model for blue
carotenoproteins

Synthetic astaxanthins (1) with *C labelling in the C-4, 12, 13,
14, 15,20,4',12',13’,14', 15" and 20’ positions have been used
in recombination studies with the apoprotein of a-crustacy-
anin.® The "*C chemical shift differences between astaxanthin
(1) bound in crustacyanin, obtained by MAS NMR, and free 1
are cited in Table 6.

In order to create a simple model for astaxanthin (1) in
crustacyanin, we aimed at protonation of the carbonyl oxygen
atoms of canthaxanthin (2) by Brensted acids. Despite not
being able to selectively protonate the two carbonyl oxygen
atoms, a good model for the charge distribution of 0-4,4’-
diprotonated canthaxanthin (3), and thus also O-4,4'-diproto-
nated astaxanthin, has been elucidated.

The symmetrical model for 3 has been created using the
difference in carbon chemical shifts of C-1" to C-20" between
the trication 14 and the monocation 9, Table 4, and correcting
the charge on the polyene chain for the part of the charge
delocalised to the C-8 to C-15 region.

Expected change in "*C chemical shifts for the carbon
atoms in the polyene chain upon O-4,4’ diprotonation of
canthaxanthin (2) is shown in Fig. 4.

30

20

10 A

Adg (ppm)

-10 T T T T T T T T T T T
4 6 8 10 12 14 15' 13 11 9' 7 5
Carbon #

Fig. 4 Change in "*C chemical shift, Ad. (ppm), of the carbon atoms
in the polyene chain for O-4,4" diprotonated canthaxanthin (3 — 2),
based on the corrected (14 — 9) half model.

Scheme 6 shows the distribution of the charge in the polyene
chain predicted for O-4,4" diprotonated canthaxanthin (3),
assuming a linear relationship between charge and change in
3C chemical shift. Also shown is the estimated positive charge
on the carbonyl moieties (protons, oxygen and C-4/4" jointly).
The area of the blue circles indicate lower electron density and
of the red circles higher electron density than in neutral can-
thaxanthin (2), revealing C-6 > C-8 > C-10 > C-12 > C-14 ~
C-15. Interestingly, the positive charge seems to follow an
exponential decrease from C-6/6' towards the centre of the
molecule. Scheme 6 also visualises the contribution of each
charged structure by resonance convention.

N N

Model for 3

8%
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Scheme 6
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The change in *C chemical shifts predicted by the model for
Ad¢ (3-2), which is derived from *C data of the trication 14 and
the monocation 9, may be expected to show somewhat lower
values in the central part of the molecule. This is due to repul-
sion from the third positive charge in the trication 14, which will
be centrally located as in the monocation 9.

Nevertheless our model is in reasonable agreement with pub-
lished values for a-crustacyanin, Table 6, even in the central
region of the astaxanthin molecule, where the model would be
expected to be less accurate due to the extra charge of the
trication from which the model was derived.

A similar trend (Fig. 4) in Ad values for astaxanthin (1) in
a-crustacyanin is expected provided O-4,4'-diprotonation of
astaxanthin (1) is important in a-crustacyanin.

With reference to recent high resolution X-ray data for
B-crustacyanin, where the two astaxanthin molecules are
located in different structural surroundings,” it is considered
unlikely that full protonation of both keto groups in astaxan-
thin (1) is the case in crustacyanin and other carotenoproteins.
Strong and different hydrogen bonding by adjacent water and
amino acid residues are considered more likely to be responsible
for the positive charge on oxygen. A simplified picture, modified
from the X-ray data,’ is shown in Scheme 7.

A notable feature of the X-ray structures” is that astaxan-
thin (1) in B-crustacyanin occurs with rotated (s-trans) C-6,7
and C-6',7' single bonds, resulting in a maximum length of the
polyene chain, ¢f. 3, Scheme 1 and Scheme 7. In this context our
NMR data for the trication 14 with one O-4' protonated end
group are important by demonstrating free rotation of the
C-6',7' single bond in the positively charged end group. Neutral
astaxanthin (1) occurs with the opposite s-cis conformation of
the C-6,7 single bond.

It should be pointed out that our model for fully protonated
canthaxanthin (3) represents an extreme with complete dipro-
tonation, case @) Scheme 8, whereas hydrogen bonding to one
(case b) or two (case c¢) water, phenolic hydroxyl or amino acid
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>NH moieties will result in a partial positive charge on 0-4,4',
with the same possibility for delocalisation of the partial charge
to the polyene chain. The MAS NMR data for a-crustacyanin-
bound astaxanthin, Table 6, indicate a different bonding to the
keto groups.® Moreover, VIS-NIR data for other caroteno-
proteins (Table 5, Fig. 1) suggest variation in the size of positive
charge on the prostethic groups (astaxanthin) caused by differ-
ent degrees of hydrogen bonding.

Conclusion

A model has been developed showing the distribution of the
positive charge on O-4,4" diprotonated canthaxanthin. Approx-
imately 86% of the charge is located on the protonated carbonyl
groups and the remaining positive charge is delocalised to the
polyene chain, C-6/6" (8%) > C-8/8" (3%) > C-10/10" (1.7%) >
C-12/12" (0.9%) > C-14/14" (0.3%). The charge distribution
based on Ad. values (ppm) for O-4,4’ diprotonated can-
thaxanthin relative to canthaxanthin was determined
experimentally.

The model is useful for evaluating the degree of proton-
ation at O-4,4’ in astaxanthin bound in a-crustacyanin and
other carotenoproteins, which exhibit remarkable batho-
chromic shifts of the electronic spectrum, and rationalises the
rotation of the C-6,7/6',7" bonds in astaxanthin bound in
crustacyanin.

The model is based on the preparation and structure
determination by NIR and NMR spectroscopy of several pro-
tonated canthaxanthins, in particular the O-4,4’, C-7 triproton-
ated trication and the C-7 protonated monocation.

Comparison with previous AM1 calculations shows that
experimental studies by NMR are essential for detailed struc-
ture elucidation of delocalised carotenoid cations, including
bond type and region for bond inversion, charge distribution,
stereochemistry of the polyene chain and conformation/con-
figuration of the end groups relative to the polyene chain. In the
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present work, detailed structure elucidation has been performed
with mixtures of up to four carotenoid cations.

Experimental
Materials

Synthetic astaxanthin (1) and canthaxanthin (2) were obtained
from Hoffmann-La Roche, Basel. Commercially available
CF;COOH from Merck and CF;COOD from i) Sigma and ii)
Acros were used. CF;SO;H and CF,SO;D were supplied from
Aldrich. Previously unopened ampoules were used in each
experiment. Water content was not investigated. BF;—diethyl
etherate (BF;—dee), BF;—dimethyl etherate (BF;—dme), CD,Cl,
and CDCI,; were obtained from Acros.

General methods

Reactions and manipulations were carried out under a nitrogen
atmosphere. Visible light (VIS) and near infrared (NIR) spectra
were recorded on a Varian Cary 50 UV-VIS spectrophotometer
(190-1100 nm). The 'H NMR spectrum of neutral can-
thaxanthin (2) was recorded on a Bruker Avance DPX 400
instrument, using a S mm QNP probe. NMR spectra of charged
canthaxanthins were obtained on a Bruker Avance DRX 500
instrument, using a 5 mm inverse probe (TXI). CD,Cl, and
CDCl,; were used as solvents. Chemical shifts are cited relative
to TMS with calibration against CHDCI, at 5.32 ppm and 53.8
ppm for 'H and C respectively, or with calibration against
CHCI, at 7.27 ppm (7.37 ppm "% in solutions with BF;) for 'H.

HPLC was carried out on a Hewlett Packard Series 1050
instrument equipped with a diode array detector. Detection
wavelengths were set at 420, 450 and 480 nm. VIS spectra of the
carotenoid components were recorded on-line during chrom-
atography using a HPLC Technology Techsphere 5 silica
column, 250 X 4.6 mm. Mobile phase: 0 min: hexane (1.5 ml
min~"), 30 min: hexane-acetone (85 : 15 v/v, 1.5 ml min™").
Identification of cis-isomers of 2 was based on cis-peak
intensity ** Ap/A;.3

Treatment of canthaxanthin (2) with CF;COOH

Canthaxanthin (2). HPLC 96% all-trans (Ry = 16.1 min, 4,/
nm 467), 0.8% 13-cis (Ry = 17.0 min), 0.7% 9-cis (Ry = 17.5
min), other ca. 2%; A, (CHCl;)/nm 484; 1., (CH,ClL,)/nm 484
at —15°C; 04(400 MHz, CDCl,) 1.20 (12H, 16/17/16'/17'-H),
1.86 (4H, 2/2'-H), 1.88 (6H, 18/18'-H), 2.00 (6H, 19/19'-H),
2.01 (6H, 20/20'-H), 2.52 (4H, 3/3’-H), 6.22-6.42 (8H, 7/8/10/
14/7'/18'/10'/114'-H), 6.44 (2H, 12/12'-H), 6.63-6.69 (4H, 11/15/
11'/15'-H) were in agreement with published data for
canthaxanthin.’53¢

VIS/NIR experiments at —15 °C. Canthaxanthin (2, 16 pg)
was dissolved in CH,Cl, (3 ml) containing CF;COOH (0.013
M) at —15°C. The VIS/NIR-spectrum was recorded with the

cuvette placed in a cuvette holder cooled by cold methanol
(—=15°C) from a cryostat. A,,, 503 nm was measured, with <3%
decay observed during 30 min. A weak absorption at A,,, 881
nm showed increasing intensity.

A higher concentration of acid (0.13 M) gave 4,,, 506 nm (I)
and 874 nm (II), initial absorption ratio (I : IT) 2.2 : 1 and after
30 min 1 : 1. The combined intensity (I + II) showed no decay.

An experiment with approximately 1 M acid gave a single
stable absorption maximum A,, 871 nm, with <4% loss of
intensity after storage at —20 °C for 24 h.

NMR analysis at —15 °C. Canthaxanthin (2, ca. 2 mg) was
dissolved in a mixture of CD,Cl, (0.75 ml) and CF;COOD
(0.10 ml), giving a black solution. The mixture was transferred
to a chilled NMR tube and analysed by 500 MHz NMR at
—15 °C. Duplicate experiments were performed with acids from
both Acros and Sigma. In all freshly prepared mixtures broad-
ened signals were observed initially, with sharp signals super-
imposed. During the acquisition periods, the intensity of the
broadened signals decreased and were not observable after 10 h.
The sharp signals increased in intensity during the experiments;
however, no additional peaks occurred.

1D '"H NMR, gs-COSY, 2D ROESY and gs-HSQC spectra
were recorded as described previously.” An improved pulse-
sequence for the gs-HMBC spectra was employed*” and opti-
mised for a "J. i coupling constant of 8 Hz.

Pre-saturation was employed in the experiments with
CF;COOD from Acros to reduce the intensity of the CDHCI,
signal in 'H, COSY and ROESY spectra. An additional 2D
J-resolved "H-spectrum was obtained from an experiment with
CF;COOD from Sigma.

NMR data for products 9 and 10 are presented in Table 1 and
for products 12 and 13 in Table 3.

In a separate experiment, canthaxanthin (2, 1.5 mg) was dis-
solved in a mixture of CD,Cl, (0.75 ml) and CF,;COOD (5 pl),
giving a dark purple solution. The mixture was transferred to a
chilled NMR tube and analysed by 500 MHz 'H NMR experi-
ments over the temperature range —70 °C to —20 °C. dy (sharp
signals) 1.20 (12H, 16/17/16'/17'-H), 1.85 (4H, 2/2'-H), 2.66
(4H, 3/3’-H). In addition, two extremely broad resonances with
maxima at 1.9 ppm and 6.4 ppm were observed.

Hydrolysis of canthaxanthin (2) after treatment with
CF;COOH. To canthaxanthin (2, 2.9 mg) in CH,Cl, (5 ml) was
added CF;COOH (150 pl) at —10 °C. The solution turned dark
brown-black. A cooled solution of 25% H,O in acetone (8 ml)
was added after 10 min. The pigments were transferred to
hexane and the organic phase was washed with water and sat-
urated NaCl solution, pigment recovery 74% (Ejy, o 2200),
/max (hexane)/nm 465. HPLC 79% all-trans 2 (Rt = 17.2 min,
Amax/nm 467), 4% 13-cis 2 (R = 18.1 min, A, /nm 459, Ax/Ay
25%), 14% 9-cis 2 (Ry = 18.5 min, A, /nm 459), other caro-
tenoids ca. 3%.

Treatment of canthaxanthin (2) with CH;COOH

Canthaxanthin (2, 16 pg) was dissolved in CH,Cl, (3 ml)
containing CH;COOH (0.017 M) at —15°C. The VIS/NIR-
spectrum was recorded with cooling as described above. A
single stable maximum at 4,,, 485 nm was recorded.

Treatment of canthaxanthin (2) with CF,SO;H

VIS/NIR experiment at —15 °C. Canthaxanthin (2, 16 pg)
was dissolved in CH,Cl, (3 ml) containing CF,;SO;H (0.011 M)
at —15°C. The VIS/NIR-spectrum was recorded with cooling
as described above. 4,,,, 692 nm was observed, with ca. 5% loss
of intensity observed during 60 min.

NMR analysis at —20 °C. Canthaxanthin (2, 1.4 mg) was
dissolved in a mixture of CD,Cl, (0.75 ml) and CF;SO;D (5 ul),
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transferred to a chilled NMR tube and analysed by 500 MHz
NMR at —20 °C. A series of NMR experiments (1D 'H NMR,
gs-COSY, 2D ROESY, gs-HSQC and gs-HMBC) were per-
formed in an analogous manner as described above.

NMR data for product 14 are presented in Table 4.

Treatment of canthaxanthin (2) with BF;—etherates

VIS/NIR experiment at —20 °C. Canthaxanthin (2, ca. 20 pg)
was dissolved in BF;—dee (3.0 ml) at —20 °C. The VIS/NIR
spectrum was recorded with cooling as described above. Initial
Amax at 841 nm showed increasing intensity for 1.5 h followed by
rapid decay. New 4_,, at 778 nm was prominent after 2.5 h. A
further drop in intensity was observed (ca. 13% during 1 h).

NMR analysis at —5 °C. Canthaxanthin (2, ca. 1.5 mg) was
dissolved in CDCI; (0.3 ml) and BF;—dme (0.3 ml) added. The
resulting black solution was transferred to a chilled NMR tube
and analysed by 500 MHz NMR experiments at —5 °C. Pre-
saturation was used to reduce the intensity of the methyl signal
from the BF;-dme reagent. Resonances were broadened in the
freshly prepared mixtures, and although some improvement
was observed during the acquisition period, poor line-widths
combined with artefacts from the BF;—~dme reagent hampered
the interpretation.

From 1D 'H NMR and gs-COSY, the cation 15, an analo-
gous compound of 9 with BF; added in the C-7-position, was
identified and chemical shifts partially assigned, based on the
results for 9.

Data for 15: /., (BF;—dee)/nm 780 (after NMR experiments);
0x(500 MHz, CDCl,/BF,—-dme) 1.28 (16/17-H), 1.33 (16'/17'-H),
1.88 (18-H), 1.99 (18'-H), 2.09 (19-H), 2.24 (20-H), 2.30 (19'-H),
2.52 (20’-H), 3.55 (7-H), 6.04 (8-H), 6.79 (10’-H), 6.82 (8'-H),
6.89 (7'-H), 6.98 (12'-H), 7.04 (11-H), 7.09 (14'-H), 7.26 (10/15-
H), 7.52 (12-H), 7.86 (11'-H), 7.88 (14-H), 8.25 (15’-H).

Hydrolysis of canthaxanthin (2) after treatment with BF;—dee.
Canthaxanthin (2, 1.9 mg) was dissolved in CDCl; (1.0 ml) and
cooled to —20 °C. Chilled BF;-dee (1.0 ml) was added, where-
upon the reaction mixture turned blue. A 1.0 ml aliquot from
the mixture was transferred to a solution of 8 ml 25% H,O in
acetone, also cooled to —20 °C. The colour changed immedi-
ately back to red. The pigments were transferred to hexane and
the organic phase was washed with water and saturated NaCl
solution to give a pigment recovery of 79% (Ejyiem 2200),
Amax (hexane)/nm 463. HPLC 66% all-trans 2 (Rt = 17.0 min,
Amax/M 465), 12% 13-cis 2 (R = 18.0 min, 4., /nm 460, Ax/Ay
20%), 15% 9-cis 2 (Ry = 18.6 min, 4., /nm 460), other caro-
tenoids ca. 6%.

Treatment of astaxanthin (1) with acids

Astaxanthin (1, A,,,, (CH,Cl,)/nm 486, 14 pg) was dissolved in
CH,(I, (3 ml) containing CF;COOH (0.13 M) at —15 °C. The
VIS/NIR-spectrum was recorded with cooling as described
above. Absorption maxima A,,, 508 nm (I) and 872 nm (II)
were observed, initial absorption ratio (I: 11) 1.9 : 1 and after 30
min 1.1 : 1. The combined intensity (I + II) showed only
insignificant decay.

Attempted preparation and analysis by NMR of the cation
generated upon treatment of astaxanthin (1) by BF,;—etherate,
as described above, was unsuccessful due to solubility problems
of astaxanthin (1) in CDCI; at low temperature, and formation
of black precipitate in the NMR tube upon treatment with
BF;—ctherate.
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