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(57) ABSTRACT 

A method used for synthesizing intermediates for use in the 
synthesis of carotenoids and carotenoid analogs, and/or 
carotenoid derivatives. In some embodiments, the invention 
includes methods for synthesizing optically active interme 
diates useful for the synthesis of optically active caro 
tenoids. Synthesis of optically active carotenoids, in one 
embodiment, may be accomplished by forming an optically 
active unsaturated ketone intermediate from ketoisopherone. 
The optically active unsaturated ketone may be converted 
into optically active astaxanthin derivatives. 
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METHOD FOR THE SYNTHESIS OF 
ASTAXANTHIN 

PRIORITY CLAIM 

[0001] This application claims priority to US. Provisional 
Patent Application No. 60/615,032 entitiled “Methods for 
Synthesis of Carotenoids, Including Analogs, Derivatives, 
and Synthetic and Biological Intermediates” ?led on Oct. 1, 
2004; US. Provisional Patent Application No. 60/675,957 
entitiled “Methods for Synthesis of Carotenoids, Including 
Analogs, Derivatives, and Synthetic and Biological Inter 
mediates” ?led on Apr. 29, 2005; US. Provisional Patent 
Application No. 60/691,518 entitiled “Methods for Synthe 
sis of Carotenoids, Including Analogs, Derivatives, and 
Synthetic and Biological Intermediates” ?led on Jun. 17, 
2005; US. Provisional Patent Application No. 60/692,682 
entitiled “Methods for Synthesis of Carotenoids, Including 
Analogs, Derivatives, and Synthetic and Biological Inter 
mediates” ?led on Jun. 21, 2005; US. Provisional Patent 
Application No. 60/699,653 entitiled “Methods for Synthe 
sis of Carotenoids, Including Analogs, Derivatives, and 
Synthetic and Biological Intermediates” ?led on Jul. 15, 
2005; US. Provisional Patent Application No. 60/702,380 
entitiled “Methods for Synthesis of Carotenoids, Including 
Analogs, Derivatives, and Synthetic and Biological Inter 
mediates” ?led on Jul. 26, 2005; and US. Provisional Patent 
Application No. 60/712,350 entitiled “Methods for Synthe 
sis of Carotenoids, Including Analogs, Derivatives, and 
Synthetic and Biological Intermediates” ?led on Aug. 30, 
2005. 

BACKGROUND OF THE INVENTION 

[0002] 
[0003] The invention generally relates to the ?elds of 
medicinal and synthetic chemistry. More speci?cally, the 
invention relates to the synthesis and use of carotenoids, 
including analogs, derivatives, and intermediates. 

[0004] 2. Description of the Relevant Art 

[0005] Carotenoids are a group of natural pigments pro 
duced principally by plants, yeast, and microalgae. The 
family of related compounds noW numbers greater than 700 
described members, exclusive of Z and E isomers. At least 
?fty (50) carotenoids have been found in human sera or 
tissues. Humans and other animals cannot synthesiZe caro 
tenoids de novo and must obtain them from their diet. All 
carotenoids share common chemical features, such as a 
polyisoprenoid structure, a long polyene chain forming the 
chromophore, and near symmetry around the central double 
bond. Tail-to-tail linkage of tWo C2O geranyl diphosphate 
molecules produces the parent C4O carbon skeleton. Caro 
tenoids Without oxygenated functional groups are called 
“carotenes”, re?ecting their hydrocarbon nature; oxygenated 
carotenes are knoWn as “xanthophylls.” CycliZation at one 
or both ends of the molecule yields 7 identi?ed end groups 
(illustrative structures shoWn in FIG. 1). 

1. Field of the Invention 

[0006] Documented carotenoid functions in nature include 
light-harvesting, photoprotection, and protective and sex 
related coloration in microscopic organisms, mammals, and 
birds, respectively. A relatively recent observation has been 
the protective role of carotenoids against age-related dis 
eases in humans as part of a complex antioxidant network 
Within cells. This role is dictated by the close relationship 
betWeen the physicochemical properties of individual caro 
tenoids and their in vivo functions in organisms. The long 
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system of alternating double and single bonds in the central 
part of the molecule (delocaliZing the J's-orbital electrons 
over the entire length of the polyene chain) confers the 
distinctive molecular shape, chemical reactivity, and light 
absorbing properties of carotenoids. Additionally, isomerism 
around C=C double bonds yields distinctly different 
molecular structures that may be isolated as separate com 

pounds (knoWn as Z (“cis”) and E (“trans”), or geometric, 
isomers). Of the more than 700 described carotenoids, an 
even greater number of the theoretically possible mono-Z 
and poly-Z isomers are sometimes encountered in nature. 
The presence of a Z double bond creates greater steric 
hindrance betWeen nearby hydrogen atoms and/or methyl 
groups, so that Z isomers are generally less stable thermo 
dynamically, and more chemically reactive, than the corre 
sponding all-E form. The all-E con?guration is an extended, 
linear, and rigid molecule. Z-isomers are, by contrast, not 
simple, linear molecules (the so-called “bent-chain” iso 
mers). The presence of any Z in the polyene chain creates a 
bent-chain molecule. The tendency of Z-isomers to crystal 
liZe or aggregate is much less than all-E, and Z isomers may 
sometimes be more readily solubiliZed, absorbed, and trans 
ported in vivo than their all-E counterparts. This has impor 
tant implications for enteral (e.g., oral) and parenteral (e.g., 
intravenous, intra-arterial, intramuscular, intraperitoneal, 
intracoronary, and subcutaneous) dosing in mammals. 

[0007] Carotenoids With chiral centers may exist either as 
the R (rectus) or S (sinister) con?gurations. As an example, 
astaxanthin (With 2 chiral centers at the 3 and 3' carbons) 
may exist as 3 possible stereoisomers: 3S, 3'S; 3R, 3'S and 
35, 3'R (identical meso forms); or 3R, 3'R. The relative 
proportions of each of the stereoisomers may vary by natural 
source. For example, Haematococcus pluvialis microalgal 
meal is 99% 35, 3'S astaxanthin, and is likely the predomi 
nant human evolutionary source of astaxanthin. Krill (3R, 
3'R) and yeast sources yield different stereoisomer compo 
sitions than the microalgal source. Synthetic astaxanthin, 
produced by large manufacturers such as Holfmann 
LaRoche AG, Buckton Scott (USA), or BASF AG, are 
provided as de?ned geometric isomer mixtures of a 121 
stereoisomer mixture (35, 3'S; 3R, 3'S, (meso); 3R, 3'R) of 
non-esteri?ed, free astaxanthin. Natural source astaxanthin 
from salmonid ?sh is predominantly a single stereoisomer 
(35,3'S), but does contain a mixture of geometric isomers. 
Astaxanthin from the natural source Haematococcus pluvia 
lis may contain nearly 50% Z isomers. As stated above, the 
Z conformational change may lead to a higher steric inter 
ference betWeen the tWo parts of the carotenoid molecule, 
rendering it less stable, more reactive, and more susceptible 
to reactivity at loW oxygen tensions. In such a situation, in 
relation to the all-E form, the Z forms: (1) may be degraded 
?rst; (2) may better suppress the attack of cells by reactive 
oxygen species such as superoxide anion; and (3) may 
preferentially sloW the formation of radicals. Overall, the Z 
forms may initially be thermodynamically favored to protect 
the lipophilic portions of the cell and the cell membrane 
from destruction. It is important to note, hoWever, that the 
all-E form of astaxanthin, unlike [3-carotene, retains signi? 
cant oral bioavailability as Well as antioxidant capacity in 
the form of its dihydroxy- and diketo-substitutions on the 
[3-ionone rings, and has been demonstrated to have increased 
ef?cacy over [3-carotene in most studies. The all-E form of 
astaxanthin has also been postulated to have the most 
membrane-stabilizing effect on cells in vivo. Therefore, it is 
likely that the all-E form of astaxanthin in natural and 
synthetic mixtures of stereoisomers is also extremely impor 
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tant in antioxidant mechanisms, and may be the form most 
suitable for particular pharmaceutical preparations. 

[0008] The antioxidant mechanism(s) of carotenoids, 
(e. g., astaxanthin), includes singlet oxygen quenching, direct 
radical scavenging, and lipid peroxidation chain-breaking. 
The polyene chain of the carotenoid absorbs the excited 
energy of singlet oxygen, effectively stabiliZing the energy 
transfer by delocaliZation along the chain, and dissipates the 
energy to the local environment as heat. Transfer of energy 
from triplet-state chlorophyll (in plants) or other porphyrins 
and proto-porphyrins (in mammals) to carotenoids occurs 
much more readily than the alternative energy transfer to 
oxygen to form the highly reactive and destructive singlet 
oxygen (lO2). Carotenoids may also accept the excitation 
energy from singlet oxygen if any should be formed in situ, 
and again dissipate the energy as heat to the local environ 
ment. This singlet oxygen quenching ability has signi?cant 
implications in cardiac ischemia, macular degeneration, 
porphyria, and other disease states in Which production of 
singlet oxygen has damaging effects. In the physical quench 
ing mechanism, the carotenoid molecule may be regenerated 
(most frequently), or be lost. Carotenoids are also excellent 
chain-breaking antioxidants, a mechanism important in 
inhibiting the peroxidation of lipids. Astaxanthin can donate 
a hydrogen (H) to the unstable polyunsaturated fatty acid 
(PUFA) radical, stopping the chain reaction. Peroxyl radi 
cals may also, by addition to the polyene chain of caro 
tenoids, be the proximate cause for lipid peroxide chain 
termination. The appropriate dose of astaxanthin has been 
shoWn to completely suppress the peroxyl radical chain 
reaction in liposome systems. Astaxanthin shares With vita 
min E this dual antioxidant defense system of singlet oxygen 
quenching and direct radical scavenging, and in most 
instances (and particularly at loW oxygen tension in vivo) is 
superior to vitamin E as a radical scavenger and physical 
quencher of singlet oxygen. 

[0009] Carotenoids, (e.g., astaxanthin), are potent direct 
radical scavengers and singlet oxygen quenchers and pos 
sess all the desirable qualities of such therapeutic agents for 
inhibition or amelioration of ischemia-reperfusion injury. 
Synthesis of novel carotenoid derivatives With “soft-drug” 
properties (i.e. active as antioxidants in the derivatiZed 
form), With physiologically relevant, cleavable linkages to 
pro-moieties, can generate signi?cant levels of free caro 
tenoids in both plasma and solid organs. In the case of 
non-esteri?ed, free astaxanthin, this is a particularly useful 
embodiment (characteristics speci?c to non-esteri?ed, free 
astaxanthin beloW): 

[0010] Lipid soluble in natural form; may be modi?ed 
to become more Water soluble; 

[0011] Molecular Weight of 597 Daltons (siZe <600 
daltons (Da) readily crosses the blood brain barrier, or 
BBB); 

[0012] Long polyene chain characteristic of carotenoids 
effective in singlet oxygen quenching and lipid peroxi 
dation chain breaking; and 

[0013] No pro-vitamin A activity in mammals (elimi 
nating concerns of hypervitaminosis A and retinoid 
toxicity in humans). 

[0014] The administration of antioxidants Which are 
potent singlet oxygen quenchers and direct radical scaven 
gers, particularly of superoxide anion, should limit hepatic 
?brosis and the progression to cirrhosis by affecting the 
activation of hepatic stellate cells early in the ?brogenetic 
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pathWay. Reduction in the level of “Reactive Oxygen Spe 
cies” (ROS) by the administration of a potent antioxidant 
can therefore be crucial in the prevention of the activation of 
both “hepatic stellate cells” (HSC) and Kuplfer cells. This 
protective antioxidant effect appears to be spread across the 
range of potential therapeutic antioxidants, including Water 
soluble (e.g., vitamin C, glutathione, resveratrol) and lipo 
philic (e.g., vitamin E, [3-carotene, astaxanthin) agents. 
Therefore, a co-antioxidant derivative strategy in Which 
Water-soluble and lipophilic agents are combined syntheti 
cally is a particularly useful embodiment. Examples of uses 
of carotenoid derivatives and analogs are illustrated in US. 
patent application Ser. No. 10/793,671 ?led on Mar. 4, 2004, 
entitled “CAROTENOID ETHER ANALOGS OR 
DERIVATIVES FOR THE INHIBITION AND AMELIO 
RATION OF DISEASE” to Lockwood et al. published on 
Jan. 13, 2005, as Publication No. US-2005-0009758 and 
PCT International Application Number PCT/US2003/ 
023706 ?led on Jul. 29,2003, entitled “STRUCTURAL 
CAROTENOID ANALOGS FOR THE INHIBITION AND 
AMELIORATION OF DISEASE” to LockWood et al. 
(International Publication Number WO 2004/011423 A2, 
published on Feb. 5, 2004) both of Which are incorporated 
by reference as if fully set forth herein. 

[0015] Vitamin E is generally considered the reference 
antioxidant. When compared With vitamin E, carotenoids are 
more e?icient in quenching singlet oxygen in homogeneous 
organic solvents and in liposome systems. They are better 
chain-breaking antioxidants as Well in liposomal systems. 
They have demonstrated increased ef?cacy and potency in 
vivo. They are particularly effective at loW oxygen tension, 
and in loW concentration, making them extremely effective 
agents in disease conditions in Which ischemia is an impor 
tant part of the tissue injury and pathology. These caro 
tenoids also have a natural tropism for the heart and liver 
after oral administration. Therefore, therapeutic administra 
tion of carotenoids should provide a greater bene?t in 
limiting ?brosis than vitamin E. 

[0016] Problems related to the use of some carotenoids 
and structural carotenoid analogs or derivatives include: (1) 
the complex isomeric mixtures, including non-carotenoid 
contaminants, provided in natural and synthetic sources 
leading to costly increases in safety and e?icacy tests 
required by such agencies as the FDA; (2) limited bioavail 
ability upon administration to a subject; and (3) the differ 
ential induction of cytochrome P450 enzymes (this family of 
enZymes exhibits species-speci?c differences Which must be 
taken into account When extrapolating animal Work to 
human studies). Selection of the appropriate analog or 
derivative and isomer composition for a particular applica 
tion increases the utility of carotenoid analogs or derivatives 
for the uses de?ned herein. 

[0017] Synthesis of an appropriate analog or derivative 
and isomer composition requires a supply of starting mate 
rials (e.g., carotenoids, carotenoid synthetic intermediates). 
Any neW synthetic route Which is more efficient to a 
carotenoid analog or derivative and/or synthetic intermedi 
ate Would be bene?cial. More e?icient synthetic routes 
Would provide a more stable source of starting materials 
(e.g., carotenoids) Which may be di?icult or expensive to 
extract from natural sources. Synthetic routes to natural 
products may facilitate the synthesis of analogs and deriva 
tives of the natural products. 

SUMMARY 

[0018] A synthetic route to a carotenoid, carotenoid analog 
or derivative and/or synthetic intermediate is presented. In 
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some embodiments, methods and reactions described herein 
may be used to synthesize naturally-occurring carotenoids. 
Naturally-occurring carotenoids may include astaxanthin as 
Well as other carotenoids including, but not limited to, 
Zeaxanthin, carotenediol, nostoxanthin, crustaxanthin, can 
thaxanthin, isoZeaxanthin, hydroxycanthaxanthin, tetrahy 
droxy-carotene-dione, lutein, lycophyll, and lycopene. 
[0019] In one embodiment a method of making astaxan 
thin includes: coupling a cyclohexanone derivative having 
the general structure 

R10 

where R1 is alkyl, phenyl, aryl or silyl; 

With an alkynyl derivative having the general structure 

M+-CECiR2, Where M is a metal and R2 is 

OR1 

OR1 or 

to give an addition product having the structure: 

// 
OH ; and 

R10 

reacting the addition product With an oxidant to give the 
unsaturated ketone having the general structure 

R2. 

R10 

The metal M may be lithium, sodium or magnesium (e.g., as 
a Grignard reagent). Oxidants Which may be used to effect 
the oxidation/rearrangment reaction include, but are not 
limited to chromium oxidants (e.g., pyridinium chlorochro 
mate), manganese oxidants, or selenium oxidants. 

[0020] In some embodiments a single stereoisomer of the 
starting cyclohexenone derivative may be used and the 
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resulting intermediate may be stereoselectively produced. In 
one embodiment, the method may be used to from the 
stereoisomer 

R2. 

R10 

The unsaturared ketone may then be converted into an 
aldehyde reactive compound having the structure: 

R10 

where R1 is is alkyl, phenyl, aryl or silyl; and R3 is PR43, 
P(O)R43, SO2R4, or M+ Where R4 is alkyl, phenyl, or aryl 
and M is Li, Na, or MgBr. The aldehyde reactive compound 
may then be reacted With the dialdehyde having the structure 

to form astaxanthin. All stereoisomers of astaxanthin may be 
selectively formed using this method including the 38, 3'8 
stereoisomer and the 3R, 3'R stereoisomer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The above brief description as Well as further 
objects, features and advantages of the methods and appa 
ratus of the present invention Will be more fully appreciated 
by reference to the folloWing detailed description of pres 
ently preferred but nonetheless illustrative embodiments in 
accordance With the present invention When taken in con 
junction With the accompanying draWings. 

[0022] FIG. 1 depicts a graphic representation of several 
examples of “parent” carotenoid structures as found in 
nature. 

[0023] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof are shoWn by Way of example in the draWings and 
may herein be described in detail. The draWings may not be 
to scale. It should be understood, hoWever, that the draWings 
and detailed description thereto are not intended to limit the 
invention to the particular form disclosed, but on the con 
trary, the intention is to cover all modi?cations, equivalents 
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and alternatives falling Within the spirit and scope of the 
present invention as de?ned by the appended claims. 

DETAILED DESCRIPTION 

[0024] Compounds described herein embrace both race 
mic and optically active compounds. Chemical structures 
depicted herein Which do not designate speci?c stereochem 
istry are intended to embrace all possible stereochemistries. 

[0025] It Will be appreciated by those skilled in the art that 
compounds having one or more chiral center(s) may exist in 
and be isolated in optically active and racemic forms. Some 
compounds may exhibit polymorphism. It is to be under 
stood that the present invention encompasses any racemic, 
optically-active, polymorphic, or stereoisomeric form, or 
mixtures thereof, of a compound. As used herein, the term 
“single stereoisomer” refers to a compound having one or 
more chiral center that, While it can exist as tWo or more 
stereoisomers, is isolated in greater than about 95% excess 
of one of the possible stereoisomers. As used herein a 
compound that has one or more chiral centers is considered 
to be “optically active” When isolated or used as a single 
stereoisomer. 

[0026] The folloWing de?nitions are used, unless other 
Wise described. Halo, as used herein refers to ?uoro, chloro, 
bromo, or iodo. “Alkyl,”“alkoxy,” etc. denote both straight 
and branched groups; but reference to an individual radical 
such as “propyl” embraces only the straight chain radical, a 
branched chain isomer such as “isopropyl” being speci? 
cally referred to. 

[0027] Speci?c and preferred values listed beloW for radi 
cals, substituents, and ranges, are for illustration only; they 

do not exclude other de?ned values or other values Within 
de?ned ranges for the radicals and substituents. Speci?cally, 
“alkyl” includes, but is not limited to: methyl, ethyl, propyl, 
isopropyl, butyl, iso-butyl, sec-butyl, pentyl, 3-pentyl, 
hexyl, heptyl, octyl, nonyl, decyl, undecyl, dodecyl, tridecyl, 
tetradecyl or pentadecyl; “alkenyl” includes but is not lim 
ited to vinyl, l-propenyl, 2-propenyl, l-butenyl, 2-butenyl, 
3-butenyl, l-pentenyl, 2-pentenyl, 3-pentenyl, 4-pentenyl, 
l-hexenyl, 2-hexenyl, 3-hexenyl, 4-hexenyl, 5-hexenyl, 
l-heptenyl, 2-heptenyl, 3-heptenyl, 4-heptenyl, 5-heptenyl, 
l-nonenyl, 2-nonenyl, 3-nonenyl, 4-nonenyl, 5-nonenyl, 
6-nonenyl, 7-nonenyl, 8-nonenyl, l-decenyl, 2-decenyl, 
3-decenyl, 4-decenyl, 5-decenyl, 6-decenyl, 7-decenyl, 
8-decenyl, 9-decenyl; l-undecenyl, 2-undecenyl, 3-undece 
nyl, 4-undecenyl, 5-undecenyl, 6-undecenyl, 7-undecenyl, 
8-undecenyl, 9-undecenyl, l0-undecenyl, l-dodecenyl, 
2-dodecenyl, 3-dodecenyl, 4-dodecenyl, 5-dodecenyl, 
6-dodecenyl, 7-dodecenyl, 8-dodecenyl, 9-dodecenyl, 
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1 l -dodecenyl, l-tridecenyl, 2-tridecenyl, 
3-tridecenyl, 4-tridecenyl, 5-tridecenyl, 6-tridecenyl, 
7-tridecenyl, 8-tridecenyl, 9-tridecenyl, l0-tridecenyl, 
ll-tridecenyl, l2-tridecenyl, l-tetradecenyl, 2-tetradecenyl, 
3-tetradecenyl, 4-tetradecenyl, 5-tetradecenyl, 6-tetradece 
nyl, 7-tetradecenyl, 8-tetradecenyl, 9-tetradecenyl, l0-tet 
radecenyl, ll-tetradecenyl, l2-tetradecenyl, l3-tetradeceny, 
l-pentadecenyl, 2-pentadecenyl, 3-pentadecenyl, 4-pentade 
cenyl, 5-pentadecenyl, 6-pentadecenyl, 7-pentadecenyl, 
8-pentadecenyl, 9-pentadecenyl, l0-pentadecenyl, ll-pen 
tadecenyl, l2-pentadecenyl, l3-pentadecenyl, l4-pentade 
cenyl; “alkoxy” includes but is not limited to methoxy, 
ethoxy, propoxy, isopropoxy, butoxy, iso-butoxy, sec-bu 
toxy, pentoxy, 3-pentoxy, hexoxy, heptyloxy, octyloxy, 
nonyloxy, decyloxy, undecyloxy, dodecyloxy, tridecyloxy, 
tetradecyloxy, or pentadecyloxy; “cycloalkyl” includes, but 
is not limited to cyclopropyl, cyclobutyl, cyclopentyl, cyclo 
hexyl, cycloheptyl, or cyclooctyl. “Aryl” includes but is not 
limited to phenyl, substituted benZene, naphthyl, substituted 
naphthyl, anthracene, or substituted anthracene. 

l0-dodecenyl, 

[0028] The synthesis of certain naturally-occurring caro 
tenoids is presented herein. In some embodiments, methods 
and reactions described herein may be used to synthesiZe 
naturally-occurring carotenoids. Naturally-occurring caro 
tenoids may include astaxanthin as Well as other caro 
tenoids. Some of the other carotenoids may include caro 
tenoids such as, for example, Zeaxanthin, carotenediol, 
nostoxanthin, crustaxanthin, canthaxanthin, isoZeaxanthin, 
hydroxycanthaxanthin, tetrahydroxy-carotene-dione, lutein, 
and lycopene. Carotenoids having the general formula (I) 
beloW may be synthesiZed using the methods described 
herein. 

(1) 

\\\\\\ Z 

Where X, Y, and Z are independently ‘OH or =0. 

[0029] The compound of formula I embraces “racemic” 
(e.g. statistical mixture of stereoisomers), optically inactive 
(e.g. meso forms) and optically active (e.g. enantiomeric) 
compounds. In some embodiments, carotenoids may be 
isolated using methods described herein With an enantio 
meric excess of greater than 99%. In some embodiments, 
carotenoids may be isolated using methods described herein 
With an enantiomeric excess of greater than 95%. In some 

embodiments, carotenoids may be isolated using methods 
described herein With an enantiomeric excess of greater than 
90%. 

[0030] In some embodiments, Z is H, Y is iOH, and X is 
=0 such that the carotenoid has the general structure 
depicted beloW. The carotenoid beloW is commonly referred 
to as astaxanthin. 
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OH. 

HO 

O 

[0031] In some embodiments, Z is H, Y is OH, and X is 
OH such that the carotenoid has the general structure 
depicted below. The carotenoid below is commonly referred 
to as crustaxanthin. 

OH 

OH. 

\\\\\\\\\ H 

HO 

OH 

[0032] In some embodiments, Z is H, Y is H, and X is :0 
such that the carotenoid has the general structure depicted 
beloW. The carotenoid beloW is commonly referred to as 
canthaxanthin. 

\\\\\\\\\ H. 

[0033] In some embodiments, Z is H, Y is H, and X is 
iOH such that the carotenoid has the general structure 
depicted beloW. The carotenoid beloW is commonly referred 
to as isoZeaxanthin. 

OH 

\\\\\\\\\ H. 

OH 
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[0034] In some embodiments, Z is OH, Y is H, and X is 
=0 such that the carotenoid has the general structure 
depicted below. The carotenoid below is commonly referred 
to as hydroxycanthaxanthin. 

HO 
\\\\\\\\\ OH. 

[0035] In some embodiments, Z and Y are iOH and X is 
=0 such that the carotenoid has the general structure 
depicted beloW. The carotenoid beloW is commonly referred 
to as tetrahydroxy-carotene-dione 

OH 

HO 
\\\\\\\\\ OH. 

[0036] In an embodiment, carotenoids may be synthesiZed 
using the general process shoWn in Scheme I beloW. 

SQHEMEl 

o 

z I \ \ R3 + HWH 
Y o 

X 

X 

\\\\\\\\\ Z 
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[0037] Where X, Y, and Z are independently iOH or 
=0; Where R3 is PR43, SO2R4, or M". R4 is alkyl, phenyl, 
or aryl. M is Li, Na, or MgBr. Coupling of tWo “head units” 
With the Clo-aldehyde yields carotenoid. Coupling may be 
accomplished using a Wittig coupling (R3 is PR43), sulphone 
coupling (R3 is SO2R4), or condensation reaction (R3 is M”). 
The C1O aldehyde is commercially available. Described 
herein are various methods of synthesiZing the appropriate 
headpiece. The following US. Patents, all of Which are 
incorporated herein by reference, describe the synthesis of 
various carotene and carotenoid synthesis intermediates: 
US. Pat. No. 4,245,109 to Mayer et al., US. Pat. No. 
4,283,559 to Broger et al, US. Pat. No. 4,585,885 to 
Bernhard et al., US. Pat. No. 4,952,716 to Lukac et al., and 
US. Pat. No. 6,747,177 to Emst et al. 

[0038] In one embodiment, a headpiece useful for the 
synthesis of astaxanthin may be formed using the process 
depicted in Scheme II. 
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[0039] While the compounds shoWn in Scheme II are 
generally depicted as single stereoisomers, it should be 
understood that Scheme II may be used to synthesiZe the 
racemic headpiece. An intermediate in the synthesis of 
astaxanthin is shoWn beloW as compound 108A. 

108a 

R10 

R1 may include hydrogen, alkyl, or aryl. R3 may also include 
any alcohol protecting groups knoWn to one skilled in the 
art. Protecting groups may include, but are not limited to, 
silyl protecting groups such as tert-butyidimethylsilane (i.e., 
TBDMS). In some embodiments, compound 108a may be 
synthesiZed from commercially available keto-ot-isopherone 
109 having a general formula of 

109 

[0040] Keto-ot-isopherone may be selectively reduced. 
The more sterically hindered ketone may be reduced to an 
alcohol. The more sterically hindered ketone A may be 
stereoselectively reduced to an alcohol. In some embodi 
ments, a complexing reagent may be used to react With the 
less sterically hindered ketone. In so doing this, the com 
plexing agent may protect the less sterically hindered ketone 
B from reacting With a reagent (e.g., a reducing agent), 
thereby directing the reagent to react With the more sterically 
hindered ketone A. 

[0041] In some embodiments, a complexing agent may 
also be optically pure or form an optically pure complex 
With an activating metal, either of Which may react With the 
less sterically hindered ketone B, such that the reduction of 
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more sterically hindered ketone A results in an optically pure 
product. It should be noted that Within the description herein 
absolute terms or phrases used (e.g., optically pure) are 
understood to include at least a range typically acceptable to 
one skilled in the art. In one example, the optically pure 
product referred to regarding the reduced ketone may be 
>90% pure. In an example, the optically pure product 
referred to regarding the reduced ketone may be >95% pure. 
In an example, the optically pure product referred to regard 
ing the reduced ketone may be >99% pure. In an example, 
the optically pure product referred to regarding the reduced 
ketone may be >99.9% pure. 

[0042] In some embodiments a reduction catalyst may be 
a chiral catalyst. A “chiral catalyst” a de?ned herein is a 
catalyst that includes a single stereoisomer of a chiral 
molecule. In one embodiment, a chiral catalyst includes a 
transition metal and an optically active chiral ligand. Tran 
sition metals that may be used to form a chiral catalyst for 
reduction of ketones include Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, 
W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and 
Au. In some embodiments, a ruthenium chiral catalyst may 
be used to effect a stereoselective reduction of keto-ot 
isopherone. The ruthenium chiral catalyst may be formed 
from a mixture of [RuX2(116-Ar)]2 With an optically active 
amine, Where X represents a halogen (e.g., F, Cl, Br, I) and 
Ar represents benZene or a substituted benZene (e.g., alkyl 
substituted benZene). In some embodiments, the optically 
active amine includes both (S)- and (R)-amino acids, and 
other optically active amines such as as H2N4CHPh 
CHPh-OH, H2N%HMe-CHPh-OH, MeHN%HMe 
CHPh-OH. Reduction of keto-ot-isopherone With a chiral 
catalyst may yield the optically active hydroxy ketone 116. 
While hydroxy ketone 116 is depicted in the (R)-form, it 
should be understood that the (S)-form may be formed by 
using the opposite optically active compound to form a 
chiral catalyst. For example, forming a ruthenium catalyst 
using (1R, 2S)-(—)-norephedrine leads to the (R)-form of the 
hydroxy ketone depicted beloW, While forming a ruthenium 
catalyst using (18, 2R)-(+)-norephedrine leads to the (S) 
form of the hydroxy ketone beloW. Further details regarding 
the use of ruthenium catalyst for the reduction of keto-ot 
isopherone may be found in the paper “Synthesis of (R)- and 
(S)-hydroxyisophorone by ruthenium-catalyzed asymmetric 
transfer hydrogenation of ketoisopherone” by Henning et al., 
TetrahedronzAsymmetry, 11 (2000) 1849-1858, Which is 
incorporated herein by reference. 

116 

[0043] Compound 116 may be further reduced. The 
remaining ketone of compound 116 may be reduced to an 
alcohol. The resulting alcohol to Which the remaining ketone 
of compound 116 has been reduced may be optically pure. 
Any type of reducing agent suitable for reducing a ketone to 
a hydroxy group may be used. The reducing agent may be 
a chiral reducing agent or an achiral reducing agent. The 
stereoselectivity of the reduction at hydroxyl (D) is con 
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trolled, at least in part, by the stereochemistry of the hydroxy 
group (C) as depicted in 118. 

[0044] In some embodiments, a borohydride reducing 
agent may be used to reduce the ketone group of compound 
116. In an embodiment, a hindered borohydride reducing 
agent may be used to assist in achieving an enantiomerically 
pure reduction of the remaining ketone of compound 116. In 
an embodiment, the hindered borohydride reducing agent is 
a lithium trialkyl borohydride. Examples of lithium trialkyl 
borohydrides include, but are not limited to, lithium tri-sec 
butylborohydride and lithium trisiamylborohydride. Reduc 
tion of the remaining ketone of 116 results in compound 118 
having a general formula of 

118 

OH. 

Other types of hindered reducing agents may be used such 
as hindered aluminum hydride reducing agents may also be 
used to reduce ketone 116. 

[0045] Alcohol D of compound 118 may be selectively 
protected using any number of alcohol protecting groups 
knoWn to one skilled in the art to produce compound 120 
having the general structure of 

120 

R10 

where R1 is alkyl, phenyl, aryl or silyl. In some embodi 
ments, protecting groups may include sterically hindered 
protecting groups. Examples of sterically hindered protect 
ing groups include hindered silyl protecting groups. Silyl 
protecting groups may include, but are not limited to, 
trimethylsilane, triethylsilane, triisopropylsilane, tert-butyl 
dimethyl silane (i.e., TBDMS), and diphenyl-t-butylsilane. 
If R1 is a TBDMS group, the resulting protected compound 
has the structure of 120a 

[0046] Upon protecting less sterically hindered alcohol D, 
more sterically hindered alcohol C may be oxidiZed to a 

120a 
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ketone. Oxidation of hydroxyl C may be accomplished using 
a variety of oxidizing reagents such as chromium oxidants, 
manganese oxidants, and selenium oxidants. In one embodi 
ment, the oxidiZing agent may include, for example, pyri 
dinium dichromate (PDC). Oxidation of hydroxyl group C 
leads to optically active ketone 108a, where R1 is alkyl, 
phenyl, aryl or silyl. 

i jo. 
R10 

In some embodiments, Rl may include a protecting group 
(e.g., TBDMS) such that 108a has a general structure of 
l08b 

108a 

lOSb 

O 

s< / o 

[0047] In some embodiments, an enantiomeric excess of 
compound 108a may be determined. Enantiomeric excess 
may be determined by ?rst removing any protecting groups, 
then measuring the optical purity using circular dichroism 
(CD) spectroscopy. 

[0048] As depicted in Scheme II protected hydroxy ketone 
108 may be used to synthesiZe astaxanthin, as Well as other 
carotenoid derivatives, as described herein. In an embodi 
ment, ketone 108 is reacted With a nucleophilic acetylenic 
derivative to form an addition product 112 depicted beloW 

112 
R2. 

// 
OH 

R10 

where R1 is alkyl, phenyl, aryl or silyl. Compound 112 may 
be formed by reacting ketone 108 With a nucleophile. The 
nucleophile may selectively react With the carbonyl group of 
compound 108, transforming the carbonyl to an alcohol, as 
Well as forming a neW substituent at the 2 position of the 
carbonyl. In a speci?c embodiment compound 108 may be 
alkynylated. An alkyne may be reacted With compound 108 
in an inert solvent (e.g., tetrahydrofuran (“THF”)). The 
reaction is preferably carried out at loW temperatures. 
Alkynes may include compounds having the general for 
mula H4CECiR2 Where R2 includes 
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OR1 

OR1 or , 

and where R1 is alkyl, phenyl, aryl or silyl. In some embodi 
ments, R2 may include other substituents knoWn to one 
skilled in the art (e.g., H, silane substituents, alkynes, 
alkenes, alkyls, aryl substituents, heteroaryl substituents). 

[0049] Addition of alkyne H4C=CiR2 to ketone may 
be accomplished by forming a metal anion of the acetylene, 
to form the reactive nucleophilic acetylenic compound 
M+_C=CiR2, Where M+ may be, but is not limited to, Li, 
Na, MgBr, Cd, or Zn. A lithium salt of alkyne H4C=Ci 
R2 may be formed by reacting the alkyne With, for example, 
BuLi. Other metal salts of alkynes may be made using 
methods knoWn to one or ordinary skill in the art. The 
nucleophilic acetylenic compound M’PCECiR2 may be 
reacted With ketone 108 to form a coupling product 112 as 
depicted beloW: 

R2 

0 R2 

% OH 
4> 

Base 
R10 R10 

112 

OR1 

2V or , 

108 

Where R2 includes: 

OR1 

and where R1 s alkyl, phenyl, aryl or silyl. 

[0050] Compound 112 may be subjected to rearrangement 
conditions and oxidiZed to be converted into unsaturated 
ketone 114, as depicted beloW. 

// R2 

112 114 
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Where R2 includes: 

0Rl 

OR1 or , 

and where R1 is alkyl, phenyl, aryl or silyl. Unsaturated 
ketone 114 may be formed by a tWo step process or in a 
novel one step rearrangement oxidation. In one embodiment, 
compound 112 is subjected to rearrangement conditions 
(e.g., treatment With aqueous acid) to effect rearrangement 
of the alcohol to an allylic alcohol (not shoWn). Subsequent 
oxidation of the allylic alcohol leads to the unsaturated 
ketone 114. This tWo step procedure reduces the ef?ciency 
of the process. 

[0051] In an alternate embodiment, treatment of com 
pound 112 With an oxidant affords the unsaturated ketone 
114. This ketone is formed by simultaneous rearrangement 
and oxidation of the alcohol. The oxidiZing agent used in a 
one-step process may include, for example, chromium oxi 
dant (e.g., pyridinium dichlorochromate (PDC)), selenium 
oxidant, or manganese oxidant. 

[0052] Unsaturated ketone 114 may be reduced to ole?n 
104 as depicted beloW. 

R2 

% 
[Red] 

114 

R10 

0 

104 

Compound 114 may be used to synthesiZe compound 104. 
Treatment of compound 114 With an appropriate reducing 
agent may reduce the alkyne substituent to give an E-ole?n 
as depicted above. Reducing metal reductions are particu 
larly suited for forming E-ole?ns from alkynes. Reducing 
metal reductions may be accomplished using reagents such 
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as Li/NH3, Na/NH3 and Zn/acid. In some embodiments, Zinc 
and an acid may be used to reduce the alkyne to an alkene. 
The acid may include, for example, glacial acetic acid, 
ammonium acetate and/or ammonium chloride. The reduc 
tion yields the E-isomer predominantly. In some embodi 
ments, one or more protecting groups (e.g., alcohol protect 
ing groups (Rl)) may be removed before partially reducing 
the alkyne to an alkene. 

[0053] Upon formation of conjugated alkene 104, the 
intermediate may be converted into compound 102 having a 
functional group capable of reacting With an aldehyde to 
form a double bond. 

R10 

104 

102 

[0054] Examples of functionalities that may be reacted 
With an aldehyde include PR43, SO2R4, or M+ Where R4 is 
alkyl, phenyl, or aryl and M is Li, Na, or MgBr. Coupling of 
tWo “head units” With a Clo-aldehyde yields a carotenoid. 
Coupling may be accomplished using a Wittig coupling (R3 
is PR43), sulphone coupling (R3 is SO2R4), or condensation 
reaction (R3 is M’’). Aphosphonium salt may be synthesiZed 
from compound 104. Phosphines and acid may be used to 
synthesiZe the phosphonium salt. Phosphines may have the 
general structure iPR53 or iCH2iP(=O)(OR5)2 Where 
R is alkyl, phenyl, or aryl. Acids may include any of a 
number of acids knoWn to one skilled in the art. One 
example of an acid Which may be used is hydrogen bromide 
(“HBr”). 
[0055] Compound 102 may be reacted With a molecule 
containing an aldehyde functionality. The functional group 
(e.g., the phosphonium salt) may react With an aldehyde 
functionality under appropriate conditions to couple com 
pound 102 to the dialdehyde. Compound 102 may be reacted 
With a dialdehyde in order to perform a double coupling as 
depicted below. 

0 
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[0056] As shown above, the above-described sequence for 
the formation of astaxanthin may be accomplished in a 
stereoselective manner to give a single desired stereochem 
istry. While depicted as a stereoselective synthesis, it should 
be understood that the above described synthesiZe of astax 
anthin may also be accomplished Without control of the 
stereochemistry to give a statistical distribution of stereoi 
somers. In some embodiments, a method may include ana 
lyZing the distribution of stereoisomers of a carotenoid (e.g., 
astaxanthin). A method alloWing analysis of the distribution 
of possible stereoisomers of a carotenoid may be used to 
determine the outcome of a synthetic method for preparing 
a carotenoid. The method may also be useful for checking 
the purity of carotenoid materials provided by chemical 
manufacturers. In one embodiment, a chiral HPLC column 
may be used to determine the stereoisomeric distribution of 
a carotenoid. 

[0057] In an alternate embodiment, coupling of the head 
piece unit With a coupling agent may be accomplished by 
forming pendant aldehyde groups on the headpiece and 
reacting them With a coupling agent as depicted beloW. In 
some embodiments, a carotenoid, may be synthesiZed by 
condensing a compound of the general formula 

CHO 

HO 

O 

‘\\\ORl 

With a compound of the general formula 

PPhfBr' 

/ / / 

PPhfBr'. 

[0058] Condensation reactions using compounds such as 
those pictured above may, in some embodiments, be coupled 
under What are commonly knoWn as Wittig condensation 
conditions. For example, the condensation may be carried 
out in the presence of an alkali metal alcoholate (e.g., 
sodium methylate, lithium carbonate, or sodium carbonate). 
The condensation may be carried out in the presence of an 
alkyl substituted alkylene oxide (e.g., ethylene oxide, 1,2 
butylene oxide). Appropriate solvents may be used, such as 
alkanols (e.g., methanol, ethanol, isopropanol). The conden 
sation may be carried out over a range of temperatures. In 
some embodiments, the condensation may be carried out 
beloW room temperature (e.g., 0° C.). 

[0059] In one embodiment, intermediates used to synthe 
siZe astaxanthin may also be used to synthesiZe other 
carotenoids such as lutein and Zeaxanthin. For example, 
lutein may be synthesiZed using the scheme depicted below: 

0 

\ \ R3 [IMO I 0 
R10 
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[0060] The synthesis of the intermediate 102 has been 
described before With respect to the synthesis of astaxanthin. 
Synthesis of the protected dialdehyde compound 130 and the 
unconjugated headpiece unit 140, have been described in 
literature procedures. The use of the synthetic methodolo 
gies described herein to obtain headpiece 102 may increase 
the ef?ciency and/or yield of the above-described synthesis 
of lutein. 

[0061] In another embodiment, intermediates used to syn 
thesiZe astaxanthin may also be used to synthesiZe other 
carotenoids such as Zeaxanthin. For example, Zeaxanthin 
may be synthesiZed using the scheme depicted below: 

0 0R1 

H R3 

[0062] The synthesis of the intermediate 150 is based on 
a modi?ed synthesis of the intermediate 102 used to make 
astaxanthin. As shoWn above, the ?nal coupling of interme 
diate 150 With a dialdehyde yields ZeaXanthin in an analo 
gous manner to astaxanthin. Synthesis of intermediate 150 
may be accomplished using the scheme depicted below. 
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[0063] In some embodiments, synthesis of the intermedi 
ate 150 may be accomplished using the same synthetic 
techniques as have been described above for astaxanthin to 
obtain intermediate 120. Intermediate 120 may be converted 
into saturated ketone 160 using a procedure that is modi?ed 
from the process used in the synthesis of astaxanthin. In an 
embodiment, a saturated ketone 160 may be formed by a tWo 
step procedure by oxidizing the hydroxyl group and reduc 
ing the double bond. Alternatively, the reduction of the 
double bond may be performed prior to oxidation of the 
hydroxyl group. The scheme for converting compound 120 
to 150 is shoWn beloW. 

OH 0 

—> 

R10 R10 

120 150 
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[0064] Upon protecting the less sterically hindered alco 
hol, the more sterically hindered alcohol of compound 120 
may be oxidized to a ketone. Oxidation of the hydroxyl 
group may be accomplished using a variety of oxidiZing 
reagents such as chromium oxidants, manganese oxidants, 
and selenium oxidants. In one embodiment, the oxidiZing 
agent may include, for example, pyridinium dichromate 
(PDC). Oxidation of the hydroxyl group leads to an optically 
active ketone 108a, where R1 is alkyl, phenyl, aryl or silyl. 
Hydrogenation of the double bond using catalytic hydroge 
nation (e.g., Raney Ni, Pd/H2, etc.) gives the intermediate 
150. In other embodiments, hydrogenation may be per 
formed to reduce the double bond folloWed by oxidation of 
the hydroxyl group to the ketone to form intermediate 150. 

[0065] Synthesis of Zeaxanthin, as shoWn in the above 
described scheme, then proceeds in an analogous manner to 
the synthesis of astaxanthin. 

[0066] In an alternate method, intermediate 102 used to 
make astaxanthin, may be formed using an alternate method. 
An alternate method for making intermediate 120 is depicted 
below: 
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[0067] The method includes an initial step of oxidizing 
ketoisopherone to hydroxylated ketoisopherone as depicted 
below: 

Suitable oxidants include chromium oxidants, manganese 
oxidants and peroxide oxidants. For example, in some 
embodiments, a cyclohexene derivative may be hydroxy 
lated using hydrogen peroxide. After the compound has been 
oxidiZed, the hydroxylated product is reduced to form a 
dihydroxylated compound having the general structure 

R10 

OR1 

The method may also include protecting the dihydroxylated 
compound. In some embodiments, a dihydroxylate may be 
protected by reacting the dihydroxylated compound With a 
ketone (e.g., acetone). A ketone may be reacted With the 
dihydroxylated compound to form a protected dihydroxy 
lated compound having the general structure 

R10 

In some embodiments, Rl may be alkyl (e.g., methyl), aryl 
or each R1 together forms a cyclic ring. The method may 
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include coupling an alkyne to the protected dihydroxylate to 
form an intermediate coupled product. In some embodi 
ments, the intermediate coupled product may not be isolated. 
Instead the intermediate product may be directly subjected 
to the next reduction process to give a product having the 
structure: 

R5 

The intermediate coupled product may be transformed into 
a phosphonium salt product. In some embodiments, R5 may 
be alkyl or aryl. 

[0068] In some embodiments, a method may include 
transforming a hydroxylated product into a phosphonium 
salt product. Transforming the hydroxylated product into a 
phosphonium salt product may include reducing the 
hydroxylated product to form a dihydroxylated compound 
having the general structure 

R1 0. 

HO 

OH 

In some embodiments, the hydroxylated compound may be 
reduced stereoselectively. 

[0069] The term “stereoselective reduction” may be gen 
erally de?ned as stereochemical reduction by Which one of 
a pair of enantiomers, each having at least one asymmetric 
carbon atom, is produced selectively, i.e., in an amount 
larger than that of the other enantiomer. The stereo-differ 
entiating reduction is classi?ed into enantioface- and dias 
tereo-dilferentiating reductions, by Which optical isomers 
having one asymmetric carbon atom and those having tWo 
asymmetric carbon atoms are produced, respectively. The 
present reduction may be said to pertain to stereo-differen 
tiating hydrogenation of carbonyl compounds. 

[0070] In some embodiments, a carbonyl may be stereo 
selectively reduced such that the resulting chiral center 
comprises a stereochemistry of R or S comprising a stereo 
selectivity of greater than 50%. A stereoselectivity of a 
reduction may be greater than 75%. A stereoselectivity of a 
reduction may be greater than 90%. A stereoselectivity of a 
reduction may be greater than 95%. A stereoselectivity of a 
reduction may be greater than 99%. 
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[0071] A stereoselective reduction of a ?rst carbonyl of 
ketoisophorone (KIP) may proceed as depicted: 

O O 

—> —> 

OH 

ketoisophorone 4 (S)—4-hyd.roxy—2,6,6— 
trimethyl-cyclohex-Z 

en- 1 —one 

1080 

O 

OSiR53 
l08b 

In some embodiments, compound 108c (S-phorenol) may be 
a useful intermediate for the synthesis of certain carotenoids 
(e.g., Zeaxanthin or astaxanthin). 

[0072] Direct asymmetric reduction of KIP to 108c may 
save several steps relative to syntheses previously reported. 
Use of catalytic reagents for stereoselective reduction avoids 
expensive reagents used in stoichiometric amounts for 
reduction. Compound 108c may be useful for synthesis of 
carotenoids such as astaxanthin via derivative 108b. 

[0073] KIP is knoWn and commercially available and 
therefore a prime candidate for beginning a synthesis of 
some carotenoids With. 

[0074] Reduction of ketoisophorone can occur at C-1 
and/or C-4 and/or at the double bond, thus problems of 
regioselectivity and stereoselectivity must be solved. 

[0075] 1,2-reduction at C-4 has been achieved With a 
stoichiometric amount of the reagents sodium borohydride/ 
cerium chloride (JOC, 1986,491, incorporated herein by 
reference) to give racemic product. 1,2-reduction at C-4 has 
been achieved With 2-propanol in the presence of Zirconium 
oxide catalyst to give racemic product (Bull Chem Soc Jap, 
1988, 3283, incorporated herein by reference). 

[0076] Compound 108c has been obtained by biopro 
cesses. Typical are product mixtures from non-selective 
reduction and over-reduction. See for example Agr Biol 
Chem, 1988, 2929 With Aspergillus niger, incorporated 
herein by reference, the product Was the undesired 4 R 
enantiomer. 108c has been obtained in up to 99% enantio 
meric excess by esterase hydrolysis of the racemic chloro 
acetate ester. The maximum yield reported Was 30%. The 
maximum theoretical yield is 50% (Tetr Assy. 1999, 3811, 
incorporated herein by reference). 108c has been obtained in 
homochiral form by asymmetric catalytic reduction of the 
enol acetate ofKIP (U.S. Pat. No. 5,543,559 to Broger et al., 
incorporated herein by reference). This requires preparation 
of the enol acetate and hydrolysis of the product acetate to 
obtain 108c. 
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[0077] Direct asymmetric catalytic reduction of KIP has 
been reported using chirally modi?ed ruthenium catalysts to 
obtain 108c in loW selectivity and maximum 76% ee (Tetr 
Assy, 2000, 1849, incorporated herein by reference). 

[0078] There are many methods knoWn to one skilled in 
the art for stereoselectively reducing a carbonyl group. 
Stereoselective reductions may be carried out using catalytic 
reagents (e.g., chemical, biological). Biological catalysts 
may include for example living organisms (e.g., yeast) 
capable of facilitating a reduction of a carbonyl. Catalytic 
reagents may be used due to their ef?ciency. Efficiency may 
be related to more than just a yield of a reaction or turnover, 
but also may include cost of the reagent as Well as total cost 
of running the reaction (e.g., cost of catalyst, mole percent 
age of catalyst required, ease of reclaiming catalyst). Cata 
lysts may be more attractive as possible reducing agents on 
an industrial scale due to a reduction in related expenses. 

[0079] In some embodiments, direct stereoselective reduc 
tion of KIP (including derivatives and analogs of KIP) to the 
alcohol product (including protected alcohols, such as 
ethers) may include the use of reagents such as boranes. 
Boranes may include at least one BiH bond (e. g., diborane, 
borane-THF complex, borane-methyl sul?de complex, phe 
noxyboranes (such as catechol borane), amine-borane com 
plexes, or alkoxyboranes). 

[0080] In some embodiments, borane reagents may 
include chiral substituents. Chiral catalysts may include 
chiral derivatives Which form Weak complexes With the 
borane reductant. Chiral catalysts Which form Weak com 
plexes With borane reductants may include amine deriva 
tives. 

[0081] In some embodiments, chiral oxaZaborolidine cata 
lysts With borane-THF may be used to stereoselectively 
reduce KIP and its analogs and derivatives (as described by 
Prof E] Corey in Us. Pat. No. 4,943,635 and revieWed in 
AngeW Chem Intl Engl, 1998, 37, 1986, both of Which are 
incorporated herein by reference). In some embodiments, 
oxaZaborolidine catalysts may include a compound having a 
general structure 

202 

Using oxaZaborolidine catalyst 202 With borane-THF as 
reductant, complete conversion may be achieved With 100% 
regioselectivity of reduction of the carbonyl at C-4 and a 
minimum of 25% enantiomeric excess. 

[0082] Enantiomeric excesses of over 55% may be 
achieved using compound 202. In some embodiments, regi 
oselectivity and enatiomeric excess may vary With tempera 
ture, the BiH source, and/or the structure of the catalyst. 

[0083] Enantiomeric excesses may be improved With puri 
?cation techniques knoWn to one skilled in the art. In some 
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embodiments, a chiral product may be puri?ed via crystal 
liZation. Compound 108c is a crystalline solid Whereas the 
racemate is typically obtained as non-crystalline. Therefore 
crystallization of product to chiral purity may be a useful 
means of achieving this end. 

[0084] A stereoselective reduction of a ?rst carbonyl of 
substituted ketoisophorone (KIP) may proceed as depicted: 

o o 

—> —> 

OR3 OR3 

0 OH 

204 206 

o 

o 

0% 
208 

R3 may be SiR53, H, alkyl, or aryl. Compound 1 (R3=H) is 
a knoWn substance, found naturally and prepared syntheti 
cally. The only other knoWn example of structure 204 is the 
methyl ether (R3=CH3) Which Was prepared as an analyti 
cal derivative for characterization of natural product 204 

(R=H). 

[0085] 206 (R3=H) and 208 are knoWn substances (race 
mic and enantiomers) and demonstrated useful intermedi 
ates for the synthesis of racemic or homochiral astaxanthins 

(Helv Chim Acta, 1981, 240, 2447, 2463, incorporated by 
reference herein). Derivatives and analogs of 206 (R3=H) 
and 208 provide useful intermediates for the synthesis of 
racemic or homochiral carotenoids, as Well as, other natural 
products and their derivatives and analogs. 

[0086] Preparation of 1 (R3=H) from ketoisophorone Was 
described in Helv Chim Acta, 1981, 2436, Which is incor 
porated herein by reference. Reduction of 204 to racemic 
206 (R3=H) using Zinc in acid or hydrogen and Raney 
nickel and subsequent conversion to racemic 208 are also 
described therein. Preparation of the pure enantiomers of 
206 (R3=H) by resolution of racemic 206 (R3=H) via 
diastereomeric alpha-phenylamine salts are described 
therein. 

[0087] Desirable is direct asymmetric reduction of 204 to 
206 and conversion to homochiral 208 for use in the 
synthesis of homochiral carotenoids (e.g., astaxanthin). This 
sequence avoids the need for problematic oxidation steps 
Which are required When the 3-hydroxy or 3-alkoxy sub 
stituents are absent. The presence of a C-3 substituent may 
facilitate the asymmetric reduction of the carbonyl at C-4. 
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0 o 

—> —> 

/, OR3 OR3 
04 0 OH 

204 206a 

o 

o 

0% 
208a 

The only prior asymmetric reduction of 204 reported is a 
bioreduction of 204 (R3=H) reported to give the 4S isomer 
of 206a (R3=H) in 65% enantiomeric excess (Helv Chim 
Acta, 1981, 240, 2447, incorporated by reference herein). 

[0088] In some embodiments, a method may include 
preparation of epoxyketoisophorone from ketoisophorone. 

An epoxide of ketoisophorone may be prepared using 
reagents including, but not limited to, peroxides (e.g., hydro 
gen peroxide). There are many epoxidation reactions knoWn 
to one skilled in the art, many of Which include peroxides 
(e.g., m-ClC6H4CO3H). There are other epoxidation 
reagents described in references such as “Comprehensive 
Organic Transformations: A Guide to Functional Group 
Preparations” Larock, R. C. VCH Publishers, Inc. pages 
456-461, Which is incorporated herein by reference. 

[0089] In some embodiments, a method may include 
preparation of 3-hydroxyketoisophorone from epoxyke 
toisophorone. 
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A hydroxide anion (e.g., sodium hydroxide), followed by 
acidi?cation of the solution may be employed to convert the 
epoxide to the hydroxide. 

[0090] In some embodiments, a method may include 
preparation of 3-methoxyketoisophorone from 3-hydrox 
yketoisophorone. 

O O 

on ocH3 

A base (e.g., sodium hydroxide, sodium carbonate) may be 
used to deprotonate the hydroxide in a solvent (e.g., dim 
ethyl forrnamide, methanol). A methylating reagent (e.g., 
dimethylsulfate) may then be added to the oxide anion in 
order to prepare the methoxy substituent. The methyl group 
may act as a protecting group masking the hydroxy group 
from reagents used in later transformations. There are many 
protecting groups for hydroxy groups knoWn to one skilled 
in the art (e.g., silyl protecting groups). 

[0091] In other embodiments, the hydroxy substituent of 
3-hydroxyketoisophorone may be methylated using diaZ 
omethane. Other alkylation methods may include going 
through an intermediate (e.g., a mesylate) Which is subse 
quently subtituted With a methoxy substitutent. An alkyla 
tion (e.g., methylation) may also be accomplished by using 
a methylating agent such as trimethyl orthoformate and an 
acid (e.g., tri?uoroacetic acid) in a solvent (e.g., methanol). 

[0092] In some embodiments, the alkylation step may be 
circumvented by opening the epoxy group of, for example, 
epoxyketoisophorone With a methoxide salt (e.g., sodium 
methoxide) along With simultaneous dehydration. 

O O 

O —> 

ocH3 

O O 

[0093] In some embodiments, a method may include 
preparation of 4-(S)-hydroxy-ketoisophorone from 3-meth 
oxyketoisophorone. 

o o 

—> 

ocH3 ocH3 

0 on 

A hydrogen source (e.g., H2) may be used to reduce a 
carbonyl to a hydroxide group. A catalyst may be used to 
catalyZe the reduction. In some embodiments, an enantio 
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meric excess of a particular enantiomer may be achieved 
Without the use of stereoselective reagents. In some embodi 
ments, stereoselective reagents (e. g., chiral catalysts) may be 
used to produce a speci?c enantiomer. In some embodi 
ments, reagents Which are not typically stereoselective 
reagents may be used to reduce a carbonyl to a hydroxy 
group. The reaction may not be stereoselective. The reaction 
may be stereoselective, but may be stereoselective due to the 
inherent nature of the molecule. For example sodium boro 
hydride may be used to reduce the carbonyl to the hydroxy 
compound. 
[0094] In some embodiments, a method may include 
preparation of 4-hydroyxketoisophorone acetone ketal from 
4-(S)-hydroxy-ketoisophorone. 

ocH3 O 

OH 0% 

A diol may be converted to an acetal using a ketone (e.g., 
acetone) and an acid (e.g., p-toluenesulfonic acid hydrate). 
The acetal group may act as a protecting group masking the 
diol from reagents used in later transformations. There are 
other protecting groups for diols knoWn to one skilled in the 
art. In some embodiments, one or more of the synthetic steps 
of a method for preparing 4-hydroyxketoisophorone acetone 
ketal may be combined into a “one-pot reaction” and/or an 
intermediate may not be isolated and/or puri?ed before 
exposing it to another set of reagents. 

[0095] In some embodiments, a method may include ste 
reoselectively reducing a carybonyl l of a compound 210 
having the general structure 

R5 R5 210 

R5 0 

R1 

0 R5; 

OR3 

to form a chiral center 2 of a compound 212 having the 
general structure 

R5 R5 

R5 0 

R1 

R30 R5. 

0R3 

Rl may be H or 0R3. R3 may be SiR53, H, alkyl, or aryl. R5 
may be H, alkyl, or aryl. 

212 
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[0096] In some embodiments, R3 and/or R5 of compound 
I may include alkyl, substituted alkyl, aryl. Alkyl may 
include alkyl substituents, Where alkyl comprises tWo or 
more carbons. Compound 1, Where R3=H (or salts thereof) 
and R3=alkyl, heteroalkyl, aryl, heteroaryl, aralkyl, or het 
eroaralkyl, are useful substrates for asymmetric reduction 
for preparation of isomers of compound 2. R3 may include 
other substituents not listed knoWn to one skilled in the art, 
even substituents typically unstable during reductive condi 
tions may be used if protected properly using knoWn func 
tional protection methodology. 

[0097] In some embodiments, salts formed from com 
pound 1 (R3=H) may include metals of period I or II or 
transition metals compatible With the reductants, ammonia, 
or amines (e.g., alkyl, substituted alkyl, aryl, heteroaryl, 
primary, secondary, or tertiary), or phosphines (e.g., alkyl, 
substituted alkyl, aryl, heteroaryl, primary, secondary, or 
tertiary). Salts formed from compound 1 (R3=H) may 
contain chirality in their structures or as associated ligands. 

[0098] In some embodiments of ethers of compound 1, R3 
may be any alkyl, aryl, heteroaryl, aralkyl, or heteroaralkyl 
group compatible With the reduction conditions. Any of the 
R groups may contain chiral centers or associated chiral 

ligands. In certain embodiments, R3 may be an alkyl group 
comprising from one to eight carbons. 

[0099] A reductant may be selected from among the 
classes of: hydrogen, a non-gaseous hydrogen source (e.g., 
reduction With an alcohol, formic acid, etc.), a nucleophilic 
metal hydride (e.g., NaBH4 etc.), a covalent metal hydride 
(e.g., Dibal), a non-metal hydride (e.g., boranes or silanes) 
or metal catalyZed transfer of hydride from alcohols (e.g., 
MeerWein-Pondorf-Verley reduction). The reductant may be 
chiral. In certain embodiments, reductants, may include 
hydrogen, formic acid, isopropanol, or sec-butanol. 

[0100] Catalysts for hydrogenation or transfer hydrogena 
tion may be chosen from among transition metals or metal 
ions (e.g., such as nickel, cobalt, platinum, palladium, iri 
dium, rhodium, and ruthenium, modi?ed With chiral ligands 
or surface modi?ers) capable of facilitating reduction of 
ketones selectively over reduction of other moieties (e.g., 
esters). In certain embodiments, catalysts for hydrogenation 
or transfer hydrogenation may be complexes of rhodium (I) 
or Ruthenium (II) With C2-symmetric ligands or platinum 
metal modi?ed With chiral cinchona alkaloids. Examples of 
ligands are knoWn to one skilled in the art. 

[0101] At least some of the intermediates 2 (R3=alkyl, 
etc.) are found to be crystalline. It is a desirable feature that 
the chiral purity of compound 2 may be upgraded by 
recrystallization. 

[0102] It has been previously reported that compound 2 
(R3=H) may be converted to 3 by treatment With acetone or 
acetone ketals in the presence of acid catalysts in either the 
racemic or chiral series. It is reported here that compound 2 
(R3=alkyl, etc.) may be converted to compound 2 (R3=H) 
under acidic hydrolytic conditions. It Was surprisingly found 
that compound 2 (R3=alkyl, etc.) may be converted to 
compound 3 When treated With acetone in the presence of 
acidic catalyst. 
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[0103] Compound 1 may be prepared from commercially 
available ketoisophorone by several means: 

[0104] 1. alkylation of 1 (R3=H) With alkyl halides or 
sulfates in the presence of base and solvent as appro 
priate. Preferred is dimethylsulfate With sodium 
hydroxide in Water, in the optional presence of metha 
nol; 

[0105] 2. treatment of 1 (R3=H) With alcohols or 
phenols in the presence of an acid catalyst under 
conditions for physical removal of Water (e.g., distil 
lation or aZeotropic distillation) or chemical removal of 
Water (e.g., presence of a ketal or orthoester); and 

[0106] 3. epoxidation of ketoisophorone folloWed by 
treatment With alkoxide or phenoxide. 

[0107] In some embodiments, a carbonyl may be stereo 
selectively reduced, as for example: 

0 o 

R5 R5 R5 R5 

ii —> ii 
R1 0113 R1 0R3. 

0 0R3 

In some embodiments, Rl may be R5, OSiR53, or 0R5. R3 
may be SiR53, aryl, or alkyl. Alkyl may comprise tWo or 
more carbons. R5 may be H, alkyl, or aryl. In some embodi 
ments, R5 may be methyl. R3 may be methyl or hydrogen. A 
carbonyl may be stereoselectively reduced as below 

0 o 

—> 

ocH3 0cm. 

0 OH 

[0108] In some embodiments, a method for reducing a 
carbonyl may include selectively reducing a ?rst carbonyl in 
the presence of a second carbonyl. The second carbonyl may 
be chemically distinguishable from the ?rst carbonyl. For 
example the ?rst carbonyl may be electronically distinguish 
able from the second carbonyl. The second carbonyl may not 
be reduced using the described method for reducing the ?rst 
carbonyl. For example the second carbonyl may be 
described as a vinylic ester and/or and ester. The second 
carbonyl may be sterically hindered. For reasons such as 
these, a ?rst carbonyl may be regioselectively reduced. 

[0109] In some embodiments a reduction catalyst may be 
a chiral catalyst. In one embodiment, a chiral catalyst 
includes a transition metal and an optically active chiral 
ligand. Transition metals that may be used to form a chiral 
catalyst for reduction of ketones include Ti, Zr, Hf, V, Nb, 
Ta, Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, 
Cu, Ag, and Au. In some embodiments, a ruthenium chiral 




























































