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a b s t r a c t

Stable cationic carotenoid aggregates — predominantly of the J-type — develop when the hydrochlorides
of carotenoid aldoximes and ketoximes are exposed to water. The oxime hydrochlorides are obtained by
simple syntheses from commercially available food color carotenoids. Bluish-purple, unstable transient
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compounds were observed during hydrochlorination performed at liquid nitrogen temperature.
© 2009 Elsevier Ireland Ltd. All rights reserved.
urfactants
xime hydrochlorides

. Introduction

The first study of hydrophobic, highly unsaturated polyenic
arotenoids in water dates back to 1931 (von Euler et al., 1931).
ince then, nearly all investigations of carotenoids in aqueous
olutions have been hampered by their low hydrophilicity, water-
oluble crocin being an extraordinary exception (Nalum Naess et
l., 2006). The inherent low water-affinity of carotenoids poses
serious obstacle for application in medicine and food technol-

gy and, consequently, elaborate formulation processes have been
nvented to circumvent their hydrophobicity (Horn and Rieger,
001; Lockwood et al., 2003; Lüddecke et al., 1999). Recently,

ncreasing attention has been paid to the synthesis of hydrophilic
arotenoids, which can be dissolved or dispersed in water (Foss et
l., 2003, 2005c, 2006). Water-soluble carotenoids are immediately
eactive as antioxidants and 1O2-quenchers, whereas dispersions
f self-aggregating carotenoids are more inert. Such aggregates

an withstand harsh conditions and typically will only operate
s antioxidants and quenchers when contacting a (biological)
ilieu in which the aggregates are disrupted (Sliwka et al., 2007;

ackson et al., 2004; Foss et al., 2004; Nadolski et al., 2006;

∗ Corresponding author. Fax: +47 73596255.
E-mail address: hrs@nvg.ntnu.no (H.-R. Sliwka).

009-3084/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.chemphyslip.2009.06.146
Cantrell et al., 2003). Since self-aggregating and therefore self-
formulating carotenoids capture significant interest as potential
food colorants and pharmaceuticals, a simple chemical method to
change inherent hydrophobicity into hydrophilicity would be use-
ful. We looked for a facile modification of carotenoids with small
hydrophilic groups and presumed that the syntheses of carotenoid
oxime hydrochlorides would present a straightforward way to
hydrophilicity. The reaction of aldehydes and ketones with hydrox-
ylamine to aldoximes and ketoximes is known to proceed in many
cases quantitatively (Bryant and Smith, 1935). While oximes can
be less soluble than the corresponding carboxyl compounds —
as found for some carotenoid oximes (Entschel and Karrer, 1958;
Sliwka and Liaaen-Jensen, 1993) — the hygroscopic nature of oxime
hydrochlorides was recognized in early investigations (Janny, 1883;
Beckmann, 1909). Contradictory results have been reported on the
stability of oxime hydrochlorides in water. On the one hand they
seem to hydrolyze slowly when dissolved, while on the other hand,
water is used for recrystallization of oxime hydrochlorides; disso-
ciation into oxime and HCl does not occur before ∼100 ◦C (Janny,
1883; Petraczek, 1883; Brady and Dunn, 1923; Kitano et al., 1983).

Oxygen protonated oximes are unstable (Saito et al., 1964). Neither
protonation of carotenoid oximes — although prepared to intro-
duce hydrophilicity — nor of related annulene oximes has been
reported (Entschel and Karrer, 1958; Benade, 2001; Ojima et al.,
1985).

http://www.sciencedirect.com/science/journal/00093084
http://www.elsevier.com/locate/chemphyslip
mailto:hrs@nvg.ntnu.no
dx.doi.org/10.1016/j.chemphyslip.2009.06.146
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. Experimental procedures

.1. Synthesis of oximes

Ald 1, Ech 2, Cant 3 and Ast 4 (ca. 20 mmol) were reacted in
yridine (2 ml) with hydoxyamine hydrochloride (ca. 10 time molar
xcess) and stirred at 60 ◦C until the reaction was completed (TLC
vidence). Representative reaction times: Ald 4 h, Ech 24 h, Cant
8 h, and Asta 3 h. CH2Cl2 (50 ml) was added and the organic phases
ere washed three times with water (50 ml) and sat. NaCl-solution.

he organic phase was dried over MgSO4 and the solvent evapo-
ated, giving the dark colored Carox. IR (film on NaCl plates) showed
he disappearance of the C O group. UV–VIS (�max, CH2Cl2, nm):
ldox 456, Echox 463, Cantox 462, Astox 456; Aldox 448 (THF),
stox 467 (THF). MS (EI, M+): Aldox 431 M+, 414 M+-OH, 339 M+-92

toluene); Echox 565 M+, 534 M+-31 (NOH), 573 M+-92; Cantox 594
+, 577 M+-OH, 563 M+-31; Astox 626 M+, 595 M+-31. HRMS: Aldox,

alc. for C30H41NO 431.3188 [M]+; found 431.3167. AldoxH+, calc.
or C30H42ClNO 467.2955 [M]+, Cl− 34.9694; found 431.3191, Cl−

4.9699. Echox, calc. for C40H55NO 565.4284 [M]+; found 565.4269.
choxH+, calc. for C40H56ClNO 601.4050 [M]+, Cl− 34.9694; found
65.4211, Cl− 34.9698. Cantox, calc. for C40H54N2O2 594.4185 [M]+;
ound 594.4178. CantoxH2

2+, calc. for C40H56Cl2N2O2 666.3719
M]+, Cl− 34.9694; found 594.4164, Cl− 34.9698. Astox, calc. for
40H54N2O4 626.4084 [M]+; found 626.4076. AstoxH2

2+, calc. for
41H59 Cl2N2O4 698.3617 [M]+, Cl− 34.9694; found 626.4074, Cl−

4.9698.
1H NMR, 13C NMR (600 or 300 MHz, DMF-d7 or DMSO-d6):

olyene chain signals at 6–6.8 and 125–140 ppm.

.2. Synthesis of oxime hydrochlorides

The oximes were dissolved in THF and HCl–gas was bubbled
nto the solution. The end of the reaction was identified after a few
econds when the color of the solution suddenly increased in inten-
ity. The solution was flushed with nitrogen and slightly warmed
o facilitate the evaporation of the solvent. UV–VIS (�max, CH2Cl2,
m): AldoxH+ 456, EchoxH+ 462, CantoxH2

2+ 467, AstoxH2
2+ 468.

H NMR, 13C NMR (600 or 300 MHz, DMF-d7 or DMSO-d6): AldoxH+

road peaks from charge delocalization, representative example
or resolved peaks AstoxH2

2+(DMSO-d6): polyene chain signals at
–6.8 and 125–140 ppm.
Scheme 1.

Capillary electrophoresis (Beckman P/ACE MDQ) with detection
at wavelengths between 300 and 500 nm showed a strong peak for
AldoxH+ and CaroxHn

+, accompanied by a second minor peak in the
case of CantoxH2

2+ and AstoxH2
2+.

2.3. Critical solvent concentration cH2O and cMeOH

The oxime hydrochlorides CaroxHn
+ were each dissolved in

MeOH or dispersed in H2O. Then H2O or MeOH was added,
respectively, in 50, 100 or 200 �l-amounts with a syringe and
the absorption was measured. Between 40 (AstoxH2

2+) and 120
(AldoxH+) additions of MeOH or H2O were monitored for aggregate
or monomer absorption, respectively. The spectra were corrected
for the concentration changes arising from solvent addition. The
critical solvent concentration cH2O and cMeOH was taken from the
absorption spectra showing equal parts of monomer and aggre-
gates.

2.4. Aggregate size

Dynamic light scattering measurements were performed using
an ALV DLS/SLS-5022F compact goniometer and an ALV-5000/E
multiple �-digital correlator (ALV, Langen, Germany). The light
source was a 22 mW He–Ne laser (Uniphase, Witney Oxon, UK).
The temperature of the sample in a 9% MeOH–water dispersion
was 25 ◦C, and the scattering angle was set to 30◦. The samples
were carefully filtered through a 0.8 �m filter. Data analysis was
performed with the CONTIN method available in the ALV software
package.

3. Results and discussion

3.1. Synthesis

The food color carotenoids (Car) C30-aldehyde (E 160e, Ald 1),
canthaxanthin (E 161g, Cant 3) and astaxanthin (E 161j, Ast 4) and
related echinenone (Ech 2), were reacted with hydroxylamine to
the corresponding oximes Aldox 5, Echox 6, Cantox 7 and Astox
8 (Schemes 1 and 2). The oximes were then dissolved in THF and
HCl gas was rapidly passed through the solutions until a sudden
change in color intensity indicated the end of the reaction. The
solutions were flushed with N2 removing HCl and solvent. After
drying the residues in high vacuum, amphiphilic oxime hydrochlo-
rides AldoxH+ 9 and EchoxH+ 10, and bolaamphiphilic CantoxH2

2+

11 and AstoxH2
2+ 12 were obtained (Scheme 2).

Capillary electrophoresis identified pure AldoxH+ 9 and EchoxH+

10; CantoxH2
2+ 11 and AstoxH2

2+ 12 were accompanied by some
minor cationic impurities. In order to test the stability against
hydrolysis AldoxH+ 9 was stirred in water for 2 days at room tem-
perature. Subsequent azeotropic drying resulted in a product that
had the same retention time in the electropherogram as AldoxH+ 9
before treatment with water.

The �max of the four CaroxHn
+ — and also of the four Carox (Kuhn
and Grundmann, 1932) — appeared at lower wavelengths than
their parent compounds, the hypsochromic shift being more pro-
nounced for the dioximes (Table 1, Fig. 1). An increase in absorption
after protonation of unsaturated oximes has rarely been observed
(Mukai, 1960; Pearson and Watts, 1955). In contrast, protonated
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bathochromic shifts are commonly, but not necessarily correctly,
associated with the formation of J-(head to tail) aggregates (Horn
and Rieger, 2001; Spano, 2009). Dropwise addition of MeOH to
the aqueous EchoxH+-dispersion disrupted the aggregates and a
Sch

chiff bases of carotenoids are blue (Kolsouzidis, 2004). When HCl
as introduced to Astox 8, dissolved in acetone/3-methylpentane

:1 and cooled with liquid N2, the solution turned bluish-purple.
he color was specific for the reaction with the oxime, since HCl gas,

ntroduced to a cooled solution of Ast 4 did not result in a bluish
roduct. Warming-up of the bluish solution gave orange AstoxH2

2+

2. Cationic, blue carotenoids can be very stable at room temper-
ture (Carr and Price, 1926; Kildahl-Andersen et al., 2006). The 1H
MR spectra of AldoxH+ 9 — the functional group is in-plane of the
olyene chain — presented broad, irresolvable signals suggesting
harge delocalization, nonetheless without a bathochromic effect
n the VIS-spectra. In the NMR spectrum of AstoxH2

2+ 12 — the
unctional group is out-of-plane of the polyene chain —proton sig-

als were significantly shifted upfield for H-C2, H-C17, H-C20 and
otable upfield shifts of carbon signals were recorded for C1, C3
nd C20 (Fig. 2). Within the polyene chain of AstoxH2

2+ 12 the shift
hanges are small ruling out charge delocalization.

able 1
bsorption of Car, Carox and CaroxHn

+.

� (nm) CH2Cl2 � (nm) CH2Cl2

ld 465 Cant 480
ldox 455 Cantox 460
ldoxH+ 455 CantoxH2

2+ 465

ch 470 Ast 485
chox 460 Astox 455
choxH+ 460 AstoxH2

2+ 470
.

3.2. Aggregation and surface tension

VIS-spectroscopy of EchoxH+ 10 in water showed a broad
absorption maxima at � ≈ 540 nm. Aggregation resulting in
Fig. 1. VIS-spectra of Ast (—) (485 nm), Astox ( ) (455 nm) and AstoxH2
2+ (

) (470 nm). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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ig. 2. Upfield proton ( ) and carbon ( ) shift of AstoxH2
2+ 12 in relation to

stox 8.

onomolecular solution of EchoxH+ was obtained with � ≈ 450 nm
Fig. 3a). Conversely, when water was added to a solution of
choxH+ 10 in MeOH (� = 450 nm) J-aggregates were formed with
≈ 525 nm (Fig. 3b). AldoxH+ 9 and CantoxH2

2+ 11 demonstrated
imilar behavior. Likewise, adding MeOH to the aqueous J-aggregate

ispersion of AstoxH2

2+ 12 (� ≈ 530 nm) resulted in an AstoxH2
2+-

olution with � = 460 nm (Fig. 4a). Surprisingly, when water was
dded to a methanolic AstoxH2

2+-solution, H-aggregates were
btained with � = 400 nm (Fig. 4b). As observed and noted before,

ig. 3. (a) EchoxH+ in water adding MeOH: J-aggregate disrupted (long-wavelengths
ail disappearing). Concentration range 35–85% MeOH, cf. Fig. 4a. (b) EchoxH+ in

eOH (450 nm) adding water: J-aggregate formed (long-wavelengths tail appear-
ng). Concentration range 0–50% H2O, cf. Fig. 4b.

Fig. 4. (a) AstoxH 2+ in water adding MeOH: J-aggregate disrupted (long-
2

wavelengths tail disappearing). For concentration range see Fig. 5a. (b) AstoxH2
2+

in MeOH (450 nm) adding water: H-aggregate formed (short-wavelength peak). For
concentration range see Fig. 5b.

the aggregation of hydrophilic carotenoids is not predictable, nei-
ther from the molecule structure, nor from the nature of the
hydrophilic group or from the experimental conditions (Foss et
al., 2005b,a; Billsten et al., 2005). Since AstoxH2

2+ 12 has more
hydrophilic groups than the other compounds we attempted to
measure the surface parameters of this dicationic bolaamphiphile.
However, it was neither possible to reach the critical aggregate
concentration cM in water nor the Krafft point (warming did
not clarify the turbid AstoxH2

2+ dispersion). Instead, we deter-
mined the solvent concentration (water/MeOH) at which the four
CaroxHn

+ started to aggregate. Adding water to methanolic solu-
tions of the CaroxHn

+ had no immediate effect on the VIS-spectra
(Figs. 3a and 4a). However, when a particular water concentration
was reached aggregates were formed and the absorption maxima
of the monomers were shifted to the absorption of the aggregates.
The midpoint of the concentration range for monomer/aggregate
conversion was taken as the critical solvent concentration for aggre-
gation, cH2O or cMeOH. Conversely, when the four CaroxHn

+ were
dispersed in water and methanol was added, a comparable dis-
continuity in �max was detected between disruption of aggregates
and formation of monomers. For the three ketoxime hydrochlorides
EchoxH+ 10, CantoxH2

2+ 11 and AstoxH2
2+ 12 cH2O and cMeOH were

quite similar. Shorter AldoxH+ 9 with its polar group attached at the
chain end had slightly different and less accurate values, i.e. the sum
of cH2O and cMeOH had the highest deviation from 100% (Table 2).
The determination of cH2O and cMeOH for the CaroxHn

+ is shown in
Fig. 5 with AstoxH 2+ 12. In general, the UV–VIS-spectra and, con-
2
sequently, the CD spectra of aggregates deviate from those of the
monomer spectra (Foss et al., 2005a). (S,S)-AstoxH2

2+ 14 in MeOH
displays one broad negative Cotton effect centered at 270 nm within
the region 215–350 nm. The spectrum of the aggregates differs
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Table 2
Critical concentrations of CaroxHn

+.

H2O to CaroxHn
+-solution

in MeOH cH2O (% in MeOH)
MeOH to CaroxHn

+-dispersion
in H2O cMeOH (% in H2O)

AldoxH+ 38 61
EchoxH+ 38 62
CantoxH2

2+ 39 62
AstoxH2

2+ 32 72

+

ig. 5. (a) Determination of cH2O: AstoxH2
2+ in water adding MeOH. (b) Determina-

ion of cMeOH: AstoxH2
2+ in MeOH adding water.

rom that of the monomer with two negative chiroptical absorption
ands at 255 and 320 nm; within the aggregates the chromophoric
olecules interact expressing supramolecular chirality, Fig. 6.
.3. Aggregate size

The size of the aggregates in an aqueous solution with 9% MeOH
ere determined by dynamic light scattering (DLS). Short-chain
onopolar AldoxH+ 12 formed aggregates with the smallest equiv-

ig. 6. CD spectrum of (S,S)-Ast 13 in MeOH ( ) and of (S,S)-AstoxH2
2+ 14 in

eOH ( ) and water (—). (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)
Fig. 7. Aggregate size of CaroxH in H2O–MeOH 10:1, determined by DLS: ( )
AldoxH+ 9 rH = 95 nm, (—) AstoxH2

2+ 12 rH = 110 nm, ( ) CantoxH2
2+ 11 rH = 125 nm

and ( ) EchoxH+ 10 rH = 130 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

alent hydrodynamic radius rH whereas monopolar EchoxH+ 10 gave
aggregates with the largest rH (Fig. 7).

4. Conclusion

The synthetically prepared CaroxHn
+ did not possess the distinct

hydrophilicity of previously synthesized carotenoid derivatives
(Foss et al., 2006). Nevertheless, the four CaroxHn

+ compounds
were dispersible in water with a minor amount of MeOH. In
contrast, the parent compounds are non-dispersible in water and,
with the exception of Ald 1, also poorly soluble in MeOH. Oximation
and subsequent hydrochlorination of the commercially available
carotenoids C30-aldehyd 1, canthaxanthin (3), astaxanthin (4) and,
analogously, of citranaxanthin, represents a straightforward way to
study carotenoid aggregates, otherwise prepared with xenobiotic
detergents (Burke et al., 2001). As an example: the optimal water
content for the formation of carotenoid triplets (1O2-quenching)
and carotenoid cation radicals (antioxidant ability) was determined
with AldoxH+ 9 (Sliwka et al., 2007).

Acknowledgements

We thank N. Klausen for recording the electropherograms and
H. Ernst, BASF AG, Ludwigshafen, Germany for a generous gift
of the carotenoids. S.F. Lockwood M.D., Baselodge Group, Austin,
TX, USA reviewed and technically edited a late draft of the
manuscript.

References

Beckmann, E., 1909. Zur Kenntnis der Oximidoverbindungen. Annalen 365, 201–214.

Benade, J., 2001. Synthese von polaren und amphiphilen Carotenoiden und ihr Aggre-

gationsverhalten in wässrigen Systemen. Dissertation Univ. Düsseldorf, p. 97,
http://deposit.d-nb.de/cgi-bin/dokserv?idn=962680974.

Billsten, H.H., Sundstrom, V., Polivka, T., 2005. Self-assembled aggregates of the
carotenoid zeaxanthin: time-resolved study of excited states. J. Phys. Chem. A
109, 1521–1529.

http://deposit.d-nb.de/cgi-bin/dokserv%3Fidn=962680974


d Phys

B

B

B

C

C

E

F

F

F

F

F

F

H

J

carotenoids. Chem. Eur. J. 13, 4458–4466.
Spano, F.C., 2009. Analysis of the UV/Vis and CD spectral line shapes of carotenoid
J. Willibald et al. / Chemistry an

rady, O.L., Dunn, F.P., 1923. The isomerism of the oximes. Part XII. Hydrochlorides.
J. Chem. Soc., 1783–1803.

ryant, W.M.D., Smith, D.M., 1935. Improved hydroxylamine method for the deter-
mination of aldehydes and ketones. Displacement by means of pyridine. J. Am.
Chem. Soc. 65, 57–61.

urke, M., Edge, R., Land, E.J., McGarvey, D.J., Truscott, T.G., 2001. One-electron
reduction potentials of dietary carotenoid radical cations in aqueous micellar
environments. FEBS Lett. 500, 132–136.

antrell, A., McGarvey, D.J., Truscott, T.G., Rancan, F., Böhm, F., 2003. Singlet oxygen
quenching by dietary carotenoids in a model membrane environment. Archiv.
Biochem. Biophys. 412, 47–54.

arr, F.H., Price, E.A., 1926. Color reactions attributed to vitamin A. Biochem. J. 20,
497–501.

ntschel, R., Karrer, P., 1958. Carotinoidsynthesen.24. Weitere Umsetzungen von
beta-Carotin und alpha-Carotin mit Bromsuccinimid. Helv. Chim. Acta 41,
983–987.

oss, B.J., Nadolski, G., Lockwood, S.F., 2006. Hydrophilic carotenoid amphiphiles:
methods of synthesis and biological applications. Mini Rev. Med. Chem. 6,
953–969.

oss, B.J., Nalum Naess, S., Sliwka, H.R., Partali, V., 2003. Stable and highly water-
dispersible, highly unsaturated carotenoid phospholipids—surface properties
and aggregate size. Angew. Chem. Int. Edit. 42, 5237–5240.

oss, B.J., Sliwka, H.R., Partali, V., Cardounel, A.J., Zweier, J.L., Lockwood, S.F., 2004.
Direct superoxide anion scavenging by a highly water-dispersible carotenoid
phospholipid evaluated by electron paramagnetic resonance (EPR) spectroscopy.
Bioorg. Med. Chem. Lett. 14, 2807–2812.

oss, B.J., Sliwka, H.R., Partali, V., Köpsel, C., Mayer, B., Martin, H.D., Zsila, F.,
Bikadi, Z., Simonyi, M., 2005a. Optically active oligomer units in aggregates of a
highly unsaturated, optically inactive carotenoid phospholipid. Chem. Eur. J. 11,
4103–4108.

oss, B.J., Sliwka, H.R., Partali, V., Nalum Naess, S., Elgsaeter, A., Melø, T.B., Naqvi, K.R.,
2005b. Hydrophilic carotenoids: surface properties and aggregation behavior
of a highly unsaturated carotenoid lysophospholipid. Chem. Phys. Lipids 134,
85–96.

oss, B.J., Sliwka, H.R., Partali, V., Nalum Naess, S., Elgsaeter, A., Melø, T.B., Naqvi, K.R.,
O’Malley, S., Lockwood, S.F., 2005c. Hydrophilic carotenoids: surface properties
and aqueous aggregation of a rigid, long-chain, highly unsaturated dianionic
bolaamphiphile with a carotenoid spacer. Chem. Phys. Lipids 135, 157–167.
orn, D., Rieger, J., 2001. Organic nanoparticles in the aqueous phase—theory, exper-
iment, and use. Angew. Chem. Int. Edit. 40, 4331–4361.

ackson, H.L., Cardounel, A.J., Zweier, J.L., Lockwood, S.F., 2004. Synthesis, char-
acterization, and direct aqueous superoxide anion scavenging of a highly
water-dispersible astaxanthin–amino acid conjugate. Bioorg. Med. Chem. Lett.
14, 3985–3991.
ics of Lipids 161 (2009) 32–37 37

Janny, A., 1883. Ueber die Acetoxime. Chem. Ber. 16, 170–1877.
Kildahl-Andersen, G., Anthonsen, T., Liaaen-Jensen, S., 2006. Novel diapocarotenoid

dications with VIS/NIR absorption. Tetrahedron Lett. 47, 4693–4696.
Kitano, Y., Matsukuma, Y., Imamura, S., Takagi, R., Ashida, T., 1983. The X-ray struc-

ture of 2-aminocyclohexanone oxime hydrochloride. Bull. Chem. Soc. Jpn. 56,
1545–1546.

Kolsouzidis, P., 2004. Synthese von aromatischen Retinoiden als prosthetische
Gruppe für das Bacteriorhodopsin. Dissertation Univ. Düsseldorf, pp. 32–34.
http://docserv.uni-duesseldorf.de/servlets/DocumentServlet?id=2953.

Kuhn, R., Grundmann, C., 1932. Die Konstitution des Lycopins. Chem. Ber. 65,
1880–1889.

Lockwood, S.F., O’Malley, S., Mosher, G.L., 2003. Improved aqueous solubility of crys-
talline astaxanthin (3,3′-dihydroxy-beta,beta-carotene-4,4′-dione) by Captisol®

(sulfobutyl ether beta-cyclodextrin). J. Pharm. Sci. 92, 922–926.
Lüddecke, E., Auweter, H., Schweikert, L., 1999. Use of Carotenoid Aggregates as

Colorants. BASF, Germany (EP 930022).
Mukai, T., 1960. Tropones 4. Ultravoilet absorption spectra of reaction products of

tropones and carbonyl reagents. Bull. Chem. Soc. Jpn. 33, 238–292.
Nadolski, G., Cardounel, A.J., Zweier, J.L., Lockwood, S.F., 2006. The synthesis and

aqueous superoxide anion scavenging of water-dispersible lutein esters. Bioorg.
Med. Chem. Lett. 16, 775–781.

Nalum Naess, S., Elgsaeter, A., Foss, B.J., Li, B.J., Sliwka, H.R., Partali, V., Melø, T.B.,
Naqvi, K.R., 2006. Hydrophilic carotenoids: surface properties and aggregation
of crocin as a biosurfactant. Helv. Chim. Acta 89, 45–53.

Ojima, J., Nakada, T., Nakamura, M., Ejiri, E., 1985. The synthesis of 2-ethoxy-6,11-
dimethyl-7,9-bisdehydroaza[14]annulene and its benzannelated derivatives.
Tetrahedron Lett. 26, 635–638.

Pearson, D.E., Watts, E.D., 1955. The Beckmann rearrangement 6. The ultraviolet
absorption spectra of some aromatic oximes. J. Org. Chem. 20, 494–498.

Petraczek, J., 1883. Ueber die Aldoxime. Chem. Ber. 16, 823–8289.
Saito, H., Nukada, K., Ohno, M., 1964. The structure of cyclohexanone oxime

hydrochlorides. Tetrahedron Lett., 2124–2129.
Sliwka, H.R., Liaaen-Jensen, S., 1993. Synthetic nitrogen carotenoids—optically-active

carotenoid amines. Tetrahedron Asym. 4, 2377–2382.
Sliwka, H.R., Melø, T.B., Foss, B.J., Abdel-Hafez, S.H., Partali, V., Nadolski, G., Jackson,

H., Lockwood, S.F., 2007. Electron- and energy-transfer properties of hydrophilic
assemblies: spectral signatures of chiral H-aggregates. J. Am. Chem. Soc. 131,
4267–4278.

von Euler, H., Hellström, H., Klussmann, E., 1931. Physikalisch-chemische Beobach-
tungen und Messungen an Carotenoiden. Arkiv. Mineral. Geol. 10B, 1–4.

http://docserv.uni-duesseldorf.de/servlets/DocumentServlet%3Fid=2953

	Hydrophilic carotenoids: facile syntheses of carotenoid oxime hydrochlorides as long-chain, highly unsaturated cationic (bola)amphiphiles
	Introduction
	Experimental procedures
	Synthesis of oximes
	Synthesis of oxime hydrochlorides
	Critical solvent concentration cH2O and cMeOH
	Aggregate size

	Results and discussion
	Synthesis
	Aggregation and surface tension
	Aggregate size

	Conclusion
	Acknowledgements
	References


