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Recent progress in commercial retinoids and 
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A b s t r a c t  - Among t h e  r e t i n o i d s  v i t a m i n  A has an e x c e p t i o n a l  p o s i t i o n  b o t h  
b y  volume and i n  i t s  f i e l d  o f  a p p l i c a t i o n .  The c o m p e t i n g  t e c h n i c a l  syn-  
t h e s e s  a r e  d i s c u s s e d .  The o t h e r  r e t i n o i d s  namely ( a l l  g)- and ( 1 3  z)- 
R e t i n o i c  a c i d  and E t r e t i n a t e  a r e  used  as t o p i c a l  and s y s t e m i c  a g e n t s  i n  
d e r m a t o l o g y .  
Commercial s y n t h e t i c  c a r o t e n o i d s  a r e  m a i n l y  used  as p i g m e n t e r s  f o r  f o o d  
i n  v i v o ;  examples a r e  egg y o l k  - and b r o i l e r  p i g m e n t a t i o n  w i t h  R-apo-8 ' -  
c a r o t e n o i c  a c i d  e t h y l e s t e r  and p i g m e n t a t i o n  o f  f a r m - r a i s e d  sa lmon w i t h  
a s t a x a n t h i n .  A n o t h e r  f i e l d  o f  a p p l i c a t i o n  i s  d i r e c t  c o l o r a t i o n  o f  f ood ,  
e . g .  o f  m a r g a r i n e  w i t h  R-ca ro tene .  P r e s e n t l y  R - c a r o t e n e  i s  booming as a 
s u b s t i t u t e  f o r  v i t a m i n  A w i t h o u t  t e r a t o g e n i c  p o t e n t i a l  and as a b i o l o g i -  
c a l  a n t i o x i d a n t .  Two s t r a t e g i e s  compete i n  m a n u f a c t u r e  o f  t h e s e  
c a r o t e n o i  ds 
- s y n t h e s i s  o f  R - a p o - 8 ' - c a r o t e n o i d s  and O-ca ro tene  s t a r t i n g  f r o m  v i t a m i n  

A and i t s  p r e c u r s o r s  f o l l o w e d  b y  t h e  s t e p w i s e  o x i d a t i o n  o f  R -ca ro tene  
t o  c a n t h a x a n t h i n  and a s t a x a n t h i n  

- c o n v e r s i o n  o f  0 x 0 - i s o p h o r o n e  t o  C 
o x i d a t i o n  p a t t e r n  i n  t h e  R - i o n o n e l F i n g  f o l l o w e d  b y  W i  t t i g  c o n d e n s a t i o n  
w i t h  ClO-dialdehyde. 

-phosphonium s a l t s  o f  d i f f e r e n t  

INTRODUCTION 

T h i s  r e p o r t  d e a l s  w i t h  t h e  r e t i n o i d s  and c a r o t e n o i d s  w h i c h  a r e  c u r r e n t l y  c o m m e r c i a l l y  
a v a i l a b l e .  I t  i s  i n  t h e  n a t u r e  o f  t h i n g s  t h a t  i n f o r m a t i o n  on  t h e s e  c a n n o t  be v e r y  a c c u r a t e  
o r  c o m p l e t e .  The m a n u f a c t u r e r s  o f  t h e s e  p r o d u c t s  a r e  c o m p e t i t o r s  and t h u s  n o t  i n t e r e s t e d  i n  
r e v e a l i n g  d e t a i l s  o f  syn theses  o r  c a p a c i t i e s  and m a n u f a c t u r i n g  c o s t s .  

The t w o  g roups  o f  p r o d u c t s  t o  be d e a l t  w i t h  a r e  summarized i n  F i g .  1 and 2 .  I n  t o t a l ,  f o u r  
r e t i n o i d s  and s i x  s y n t h e t i c  c a r o t e n o i d s  have t o  d a t e  become o f  commerc ia l  i m p o r t a n c e .  
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F i g .  1. Commercial r e t i n o i d s  F i g .  2 .  Commercial c a r o t e n o i d s  
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Among t h e  r e t i n o i d s ,  v i t a m i n  A o c c u p i e s  a s p e c i a l  p o s i t i o n .  I t  i s  t h e  mos t  i m p o r t a n t  p r o d u c t  
i n  te rms  o f  q u a n t i t y  s o l d .  V i t a m i n  A i s  m a i n l y  used  i n  t h e  f e e d -  and f o o d s t u f f s  s e c t o r :  i t  
e n s u r e s  t h a t  l i v e s t o c k  t h r i v e  and i n c r e a s e s  t h e i r  r e s i s t a n c e  t o  i n f e c t i o u s  d i s e a s e s  ( r e f .  1) .  

The o t h e r  r e t i n o i d s  a r e  used  i n  p h a r m a c e u t i c a l s  and employed i n  d e r m a t o l o g y  ( r e f .  2 ) .  

The m a i n  r e a s o n  f o r  p r o d u c i n g  t h e  c a r o t e n o i d s  i s  f o r  t h e i r  c o l o r i n g  p r o p e r t i e s ;  t h e y  a r e  
used  on t h e  one hand f o r  d i r e c t  c o l o r i n g  o f  f o o d s t u f f s  and, on t h e  o t h e r  hand, f o r  p igmen-  
t a t i o n  o f  a n i m a l  p r o d u c t s  b y  a d m i n i s t r a t i o n  i n  t h e  f e e d  ( r e f .  3 ) .  I n  a d d i t i o n ,  i t  i s  beco-  
m i n g  i n c r e a s i n g l y  e v i d e n t  t h a t  t h e  c a r o t e n o i d s  have i m p o r t a n t  r o l e s  i n  t h e  an ima l  and human 
body, b e s i d e s  t h e i r  p r o v i t a m i n  A a c t i v i t y  ( r e f .  4). 

VITAMIN A 
Three  companies a r e  c u r r e n t l y  m a r k e t i n g  v i t a m i n  A - Hoffmann-La-Roche, BASF AG and A . E . C .  
Rh6ne-Poulenc, and t h e y  p roduce  a b o u t  3000 t o n n e s  o f  t h i s  v i t a m i n  i n  t o t a l  each y e a r .  I n  
t h e  f o r m  o f  a 15 % d i s p e r s i b l e  powder i n  w h i c h  i t  i s  u s u a l l y  s o l d ,  1 k g  o f  v i t a m i n  A 
p r e s e n t l y  c o s t s  a b o u t  US $ 120. The s a l e s  w o r l d - w i d e  a r e  t h e r e f o r e  a b o u t  US $ 360 m i l l i o n ,  

The s y n t h e s e s  used  b y  t h e  t h r e e  m a n u f a c t u r e r s  d i f f e r  f i r s t  i n  t h e  b a s i c  c h e m i c a l s  used t o  
s y n t h e s i z e  pseudo ionone  and 6 - ionone ,  s e c o n d l y  i n  t h e  t y p e  o f  i n t e r m e d i a t e s  used  f o r  c h a i n  
e x t e n s i o n  and f i n a l l y  i n  t h e  method o f  l i n k a g e  employed t o  g i v e  t h e  C z 0  f i n a l  p r o d u c t .  

lsobutene 

Formaldehyde 

p-lonone 

Cope-rearr. - - 
OH 

DH-Linalool ((210) Vlonone (c13) Citral (Cl0) 

F i g .  3. S y n t h e s i s  o f  Y - i o n o n e  f r o m  b a s i c  
c h e m i c a l  s . 
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F i g .  4: S y n t h e s i s  of  c i t r a l  b y  s i g m a t r o p i c  
r e a r r a n g e m e n t s  

Pseudoionone i s  c u r r e n t l y  p r e p a r e d  f r o m  d e h y d r o - l i n a l o o l  o r  c i t r a l  ( r e f .  5, 6 ) .  B o t h  p r e -  
c u r s o r s  c a n  be s y n t h e s i z e d  i n  s e v e r a l  s t e p s  f r o m  b a s i c  c h e m i c a l s ,  w i t h  s i g m a t r o p i c  r e -  
a r rangements  p l a y i n g  a c r u c i a l  p a r t  ( F i g .  3 ) .  A f a s c i n a t i n g  example i s  t h e  d o u b l e  Cope 
r e a r r a n g e m e n t  o f  t h e  d i e n o l  e t h e r  t h a t  i s  p roduced  b y  a c e t a l i z a t i o n  and e l i m i n a t i o n  f r o m  
3 - m e t h y l b u t e n a l  ( F i g .  4, r e f .  7 ) .  

The C 6  and C 
c h a i n  o f  c a r 8 t e n o i d s .  The b a s i c  c h e m i c a l s  f o r  t h e  C 6  u n i t  a t  Hoffmann-La-Roche a r e  m e t h y l  

u n i t s  employed f o r  c h a i n  e x t e n s i o n  a r e  a l s o  used  t o  b u i l d  up  t h e  p o l y e n e  

Butadiene 

Acetic Acid 

Oxirane OdAg O J  - O\*OAc - O&OAc 
Acetic Acid R,NHz*OzC-R 

BASF AG 
F i g .  5 .  Syn theses  o f  2-methyl-4-acetoxy-2-butenal ( C 5  a c e t a t e )  
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v i n y l  ke tone and acety lene ( r e f .  8 ) .  The C 
3-methyl-1-butyn-3-01 v i a  3 -methy l -2 -bu ten2- l -a l  ( r e f .  9 ) .  A t  BASF t h e  C ace ta te  i s  ob- 
t a i n e d  by hyd ro fo rmy la t i on  o f  1 -bu tened io l  d i a c e t a t e  ( F i g .  5, r e f .  10) 09 by a syn thes i s  
based on ox i rane  and a c e t i c  a c i d  v i a  acetoxyacetaldehyde and condensat ion w i t h  propanal  
( r e f .  11 ) .  S e l e c t i v e  a l d o l  condensat ions o f  t h i s  type  g i v e  y i e l d s  around 70 % i n  the  presen- 
ce of  equ imolar  amounts o f  d imethylamine and a c e t i c  ac id ;  t h e  c a t a l y s t  system can be r e -  
cyc led .  

The polyene c h a i n  must be b u i l t  up under p a r t i c u l a r l y  m i l d  c o n d i t i o n s .  Hoffmann-La-Roche 
and Rh6ne-Poulenc achieve t h i s  by a d d i t i o n  and e l i m i n a t i o n ,  t h e  former by l i n k i n g  C 
C 
13). A t  BASF AG,  C15 i s  j o i n e d  t o  C 5  i n  a one-step W i t t i g  r e a c t i o n  ( r e f .  14 , lF ig .  6 ) .  

u n i t  used by Rh6ne-Poulenc i s  prepared f rom 

and 
i n  a Gr igna rd  r e a c t i o n  ( r e f .  12) and t h e  l a t t e r  by J u l i a - s y n t h e s i s  f rom C and 6; ( r e f .  

VITA 
&OR -c-c Hoffmann-La Roche 

c20 

F i g .  6 .  Techn ica l  syntheses o f  v i t a m i n  A .  

I t  i s  p o s s i b l e  t h a t ,  i n  fu tu re ,  syntheses which do n o t  take  p lace  v i a  the  C i n te rmed ia tes  
pseudoionone and 8- ionone w i l l  become impor tan t .  Kuraray  i n  Japan has done {J tens i ve  work on 
t h e  p r e p a r a t i o n  o f  a c y c l i c  C su l fone  and an open-chain C 
l i n a l o o l  r e s p e c t i v e l y  ( r e f .  l h y .  The polyene cha in  i s  p roduh ld  by l i n k i n g  the  two u n i t s  and 
p repar ing  a O-alkoxy o r  6 -ch lo ro-C10-su l fone by base-promoted double e l i m i n a t i o n .  

V i tam in  A syntheses based on the  C 
economic importance as y e t  ( r e f .  18). Th is  s g n t h e t i c  approach i s  mentioned here never the-  
l e s s ,  because t h e  Cg + C 6  s t r a t e g y  has proven ve ry  u s e f u l  i n  ca ro teno id  syntheses. 

Over t h e  yea rs  t h e  syn thes i s  o f  t he  " i m o r t a l "  agent v i t a m i n  A has been m o d i f i e d  repea ted ly .  
As shown i n  F i g .  7 new processes have been developed f o r  t he  p roduc t i on  o f  t he  C15- and C 5 -  
p recu rso rs  due t o  the  a v a i l a b i l i t y  o f  cheap bas i c  chemica ls .  

aldehyde f rom myrcene and 

t C + C scheme have n o t  t o  my knowledge achieved any 

BASF AG 1960: V acetylene BASF AG 1989: 0 isobutene 

0 diketene 3c formaldehyde 
F i g .  7 .  Developments i n  the  syn thes i s  o f  v i t a m i n  A .  

Thus i n  1960, 8 o u t  o f  t he  20 carbon atoms o f  v i t a m i n  A o r i g i n a t e d  f rom acety lene and 6 f rom 
d i ke tene  o r  e thy lace toace ta te  ( r e f .  17) .  The remain ing  6 carbon atoms stem f rom acetone. 
T h i r t y  yea rs  l a t e r  t h e  s i t u a t i o n  has changed comple te ly :  8 carbon atoms can be t r a c e d  back 
t o  i sobutene and 4 carbon atoms t o  formaldehyde ( r e f .  5, 6 and 10);  acetone c o n t r i b u t e s  3 
carbon atoms i n  p o s i t i o n s  8, 9 and 19. 
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RETINOIDS 

I n  cont ras t  t o  vitamin A, which i s  a n  addi t ive f o r  human  a n d  animal foodstuffs ,  the other  
re t ino ids  a re  pharmaceuticals ( r e f .  2 ) .  They have revolutionized the treatment of various 
skin disorders  in  the l a s t  decade. There has not ye t  been a breakthrough in tumor therapy, 
although inhib i t ion  of progession has been detected in  animal experiments ( r e f .  1 8 ) .  

Retinoic acid (Tre t ino in)  i s  used top ica l ly  for  the treatment of acne b u t  i t  i s  a l so  beco- 
m i n g  increasingly important f o r  the treatment of skin damaged by U V - l i g h t  ( r e f .  1 9 ) .  (13-L)- 
Retinoic acid ( I s o t r e t i n o i n )  can be used systemically, a n d  t h i s  has made i t  possible f o r  the 
f i r s t  time t o  cure ser ious acne ( r e f .  20) .  Estimated s a l e s  i n  1989 are  US $ 150 M i l l .  f o r  
Tretinoin a n d  100 M i l l  f o r  I so t re t ino in .  The aromatic re t ino id  Et re t ina te  has proven espe- 
c i a l l y  useful as  a systemic agent f o r  the treatment of inher i ted  disorders  of kera t in iza t ion  
a n d  cer ta in  types of psor ias i s  ( r e f .  2 1 ) .  

all-E-Retinoic acid 

C20 

I 

c15 I 
l -  

13-2-Retinoic acid wo 

Indication Exp. Sales +1995 

Akne 

Photoaged Skin  

H yperkeratosis 

Skin Cancer 

Neoplastic Diseases 

+ 200 Mio US $/a 

+ 500 Mio US $/a 

+ 150 Mio US $/a 

+ 250 Mio US $/a 

+ 100 Mio US $/a 

Fig. 9. Potent ia l  development of 
the re t ino id  market 

F i g .  8 .  Synthesis of Retinoic acid 
a n d  (13  L)-Ret inoic  acid 

The re t ino ids  which have been approved t o  date are  synthesized i n  subs tan t ia l ly  the same way 
as  vitamin A (Fig.  8 ,  r e f .  2 2 ) .  For example, ( a l l  !)- and (13  I ) - r e t i n o i c  acid are  obtained 
s t ra ightforwardly and  in  good y ie lds  from the C phosphonium s a l t  a n d  C -aldehyde e s t e r s  
or the appropriate C -1actol .  The oxidation of @tiny1 ace ta te  t o  retino7c acid with s i l v e r  
oxide has been descr7bed a n d  i s  preferred by manufacturers who do  n o t  have the C15 a n d  C 5  
uni t s  avai lable  ( r e f .  23). 

F i g .  9 gives a forecas t  of the fu ture  uses a n d  market volumes of re t ino ids .  World s a l e s  may 
exceed US $ 1 b i l l i o n  in  the 1990s. The prospects of t h i s  have recent ly  led t o  a consi- 
derable i n t e n s i f i c a t i o n  of research in t h i s  area.  The main problems associated with t h i s  
are  well known i n  pharmaceutical research,  namely (1) - Select ion of act ions from the almost 
bewildering var ie ty  displayed by re t ino ids .  These include e f f e c t s  on c e l l  d i f f e r e n t i a t i o n ,  
c e l l  p r o l i f e r a t i o n ,  sebum production a n d  kera t in iza t ion ,  in  addition t o  immunostimulation, 
antiinflammatory e f f e c t s  a n d  morphogenic a c t i v i t i e s  ( 2 )  - Improvement of the therapeut ic  
index by reducing undesired s ide e f f e c t s ,  in par t icu lar  reduction of the potent ia l  f o r  
i r r i t a t i o n  on topical  appl icat ion a n d  reduction of the te ra togenic i ty  on systemic admini- 
s t r a t i o n .  With the a v a i l a b i l i t y  of water-soluble 8-glucuronide der iva t ives ,  problems of 
formulation and of absorption a n d  t ransport  of re t ino ids  are  overcome ( r e f .  2 4 ) .  Pe l re t in ,  
which i s  a phenyl analog, has been shown i n  c l i n i c a l  t e s t s  t o  have a par t icu lar ly  low 
potent ia l  f o r  i r r i t a t i o n  ( r e f .  25) .  The te t ramethyl te t ra l in  der iva t ives  are  expected t o  
have the most favorable spectrum of action t o  date f o r  the treatment of sun-damaged skin 
( r e f .  26) .  

Research i n t o  these questions now even extends i n t o  molecular biology. There i s  intensive 
invest igat ion of the e f f e c t s  of re t ino ids  on gene expression. Various re t ino ic  acid recep- 
t o r s  have been i d e n t i f i e d ,  a n d  i t  i s  now possible t o  synthesize re t ino ids  t h a t  are  designed 
t o  f i t  these ( r e f .  2 7 ) .  
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COMMERCIAL SYNTHESIS OF CAROTENOIDS 

C a r o t e n o i d  s y n t h e s i s  i s  s t i l l  t h e  p r e s e r v e  o f  Hoffmann-La-Roche and BASF AG, where v i t a m i n  A 
i s  manu fac tu red ,  p a r t l y  because f r o m  t h e  o u t s e t  t h e s e  companies had t h e  r e q u i r e d  r a n g e  o f  
p r e c u r s o r s  and e x p e r i e n c e  i n  s y n t h e s i z i n g  p o l y e n e  c h a i n s .  B o t h  companies i n i t i a l l y  concen-  
t r a t e d  on  c o n s t r u c t i n g  t h e  r e l a t i v e l y  l a r g e  t a r g e t  m o l e c u l e s  b y  u s i n g  ca rbon-ca rbon  l i n k a g e  
methods t h a t  were a l r e a d y  p r o v e n  i n  v i t a m i n  A c h e m i s t r y ;  t h e s e  were, i n  p a r t i c u l a r ,  ( 1 )  a t  
Hoffmann-La-Roche, G r i g n a r d  syn theses  and e n o l  e t h e r  c o n d e n s a t i o n s  ( r e f .  9, 28 )  and ( 2 )  a t  
BASF AG, e t h y n y l a t i o n s  and W i t t i g  o l e f i n  syn theses  ( r e f .  12,  1 4 ) .  t h i s  t y p e  o f  s y n t h e t i c  
s t r a t e g y  p e r m i t s  t h e  p r o c e s s e s  t o  be s i m p l i f i e d  and makes m u l t i s t a g e  syn theses  economica l .  

B-APO-CAROTENOIDS 

The s t r a t e g y  i s  e v i d e n t  i n  t h e  p r e p a r a t i o n  o f  t h e  O - a p o - 8 ' - c a r o t e n o i d s  and O-ca ro tene .  The 
s y n t h e s i s  o f  O - a p o - 8 ' - c a r o t e n a l  a t  Hoffmann-La-Roche s t a r t s  f r o m  t h e  C 
g i v e s ,  i n  two  e n o l  e t h e r  c o n d e n s a t i o n s ,  t h e  C u n i t  
i s  f o l l o w e d  b y  a n o t h e r  two  e n o l  e t h e r  condens&? ions  t o  g i v e  t h e  C 
The r e l a t e d  R - a p o - 8 ' - e s t e r  i s  p roduced  b y  c o n d e n s a t i o n  o f  t h e  p r e z u r s o r  C Z 7  a ldehyde  w i t h  
t h e  a p p r o p r i a t e  W i t t i g  C 3  y l i d e  ( r e f .  3 0 ) .  

a ldehyde  w h i c h  

f i n a l  p r o d u c t  ( r g f .  2 9 ) .  
a l d e h y d e .  G r i g n a r d  c o u b f i n g  w i t h  a C 

F i g .  10.  Syn theses  o f  B - a p o - 8 ' - c a r o t e n o i d s  b y  e n o l e t h e r  c o n d e n s a t i o n s  

F o r  BASF t h e  o b v i o u s  r o u t e  was t o  p r e p a r e  t h e s e  c a r o t e n o i d s  b y  u s i n g  t h e  W i t t i g  r e a c t i o n .  
When t h e  d o u b l e  bonds a r e  fo rmed  i n  p o s i t i o n  11, 15 and 1 1 '  c h e m i c a l  y i e l d s  > 90 X o f  (E/Z)- 
i s o m e r s  a r e  o b t a i n e d .  I s o m e r i c  p u r i t y  o f  t h e  f i n a l  p r o d u c t s  i s  c o n t r o l l e d  b y  c o n v e r s i o n  07 
t h e  s t e r i c a l l y  h i n d e r e d  @)-components t o  t h e  ( a l l - E ) - p r o d u c t s  w i t h  s i m u l t a n e o u s  
c r y s t a l l i s a t i o n .  

The R - a o o - 8 ' - c a r o t e n o i d s  can  be b u i l t  up by C 
r e p o r t e d  t h i s  ( r e f .  3 1 ) .  The y i e l d s  a r e  compaggble bRen r e t i n a l  i s  l i n k e d  t o  a C 
n i u m  s a l t  o r  when r e t i n y l  t r i p h e n y l  phosphonium s a l t  i s  l i n k e d  t o  t h e  a p p r o p r i a t A  Cl0 
a l d e h y d e .  

Syn theses  based on t h e  C + C 
u n s y m m e t r i c a l  C 
geous t o  p r e p a d o t h e  B - a p o - 8 ' - c a r o t e n o i d s  v i a  B - a p o - l Z ' - c a r o t e n a l  . Three  e q u a l l y  e f f i c i e n t  
pathways have been deve loped  f o r  t h e  s y n t h e s i s  o f  t h i s  i n t e r m e d i a t e .  These a r e  W i t t i g  r e a c -  
t i o n s  o f  ( 1 )  C 
s y m m e t r i c a l  C 1 5 d i a l d e h y d e ( r e f .  3 2 ) ,  ( 2 )  C 
a c e t a l  ( r e f .  ig, F i g .  1 1 )  and ( 3 )  r e t i n a l  @ t h  t h e  c o r r e s p o n d i n g  C 
( r e f .  34 F i g .  1 2 ) .  R e t i n a l  i s  o b t a i n e d  e i t h e r  b y  d e h y d r o g e n a t i o n  o? r e t i n o l  w i t h  oxygen and 
TEMPO/Cu C1 as c a t a l y s t  ( r e f .  35)  o r  by W i t t i g  r e a c t i o n  o f  t h e  C 
a n o t h e r  i e l 6 c t i v e l y  p r o t e c t e d  C 5  d i a l d e h y d e ,  3-methyl-butenedial-~~acetal ( r e f .  33, F i g .  1 2 )  

The C a ldehyde  and C e t h y l  e s t e r  t a r g e t  compounds a r e  o b t a i n e d  f r o m  t h e  C 
W i t t i 8 O r e a c t i o n  w i t h  t?$ C 5  phosphonium s a l t  ( r e f .  34 )  o r  w i t h  an a p p r o p r i a t e 2 t 5  e t h y l  e s t e r  
phosphonate ( r e f .  3 6 ) .  

t C W i t t i g  r e a c t i o n s ;  b o t h  companies have 
phospho- 

scheme appear  s h o r t  and e l e g a n t ,  b u t  t h e  p r e p a r a t i o n  o f  t h e  
f ragmeaes i s18  m u l t i s t a g e  and t h u s  c o s t l y  p r o c e s s .  I t  i s  t h e r e f o r e  advan ta -  

phosphonium s a l t  o f  t h e  v i t a m i n  A s y n t h e s i s  w i t h  one e q u i v a l e n t  o f  t h e  
phosphonium s a l t  w i t h  2 - m e t h y l - b u t e n e d i a l - l -  

phosphonium c h l o r i d e  

phosphonium s a l t  w i t h  

a ldehyde  b y  
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I 

F i g .  11 and 12.  R e t i n a l  and 8 - a p o - 1 2 ' - c a r o t e n a l  i n  t h e  s y n t h e s i s  o f  
O - a p o - 8 ' - c a r o t e n o i d s  

C5-INTERMEDIATES 

3-Methyl-butenedial-1-acetal i s  e a s i l y  o b t a i n e d  i n  two  s t a g e s  v i a  g l y o x a l  monoaceta l  b y  
s e l e c t i v e  a l d o l  c o n d e n s a t i o n  w i t h  p r o p a n a l  ( r e f .  3 3 ) .  

The C e s t e r  component i s  o b t a i n e d  f r o m  4-bromo-2-methyl-2-butenoic a c i d  e t h y l  e s t e r  and 
t r i e t 8 y l  p h o s p h i t e .  The b romo-es te r  i t s e l f  i s  s y n t h e s i z e d  ( 1 )  f r o m  m e t h y l  v i n y l  k e t o n e  and 
h y d r o c y a n i c  a c i d  v i a  2-methyl-2-hydroxy-3-butenoic a c i d  e t h y l  e s t e r  ( r e f .  37 )  b y  r e a c t i o n  
w i t h  phosphorous t r i b r o m i d e  o r  ( 2 )  f r o m  2 - m e t h y l - 3 - b u t e n o n i t r i l e  v i a  t h e  e t h y l  e s t e r  b y  
a d d i t i o n  o f  b romine  and e l i m i n a t i o n  o f  hyd rogen  b romide  ( r e f .  3 8 ) .  

I t  i s  p a r t i c u l a r l y  economica l  t o  p r e p a r e  a l l  t h e  C 5  components f r o m  t h e  C 5  a c e t a t e  i n t e r -  
m e d i a t e  t h a t  i s  used  i n  t h e  v i t a m i n  A p r o c e s s  ( F i g .  1 3 ) .  

O x i d a t i o n  o f  t h e  C a c e t a t e  w i t h  p e r s u l f u r i c  a c i d  i n  e t h a n o l  g i v e s  4 -hyd roxy -2 -me thy l -2 -  
b u t e n o i c  a c i d  e t h y ?  e s t e r  i n  8 0  % y i e l d .  T h i s  i s  c o n v e r t e d  t o  t h e  C 5  e t h y l  e s t e r  phosphonate 
i n  an o b v i o u s  way. 

The C a l c o h o l  o b t a i n e d  b y  a c e t a l i z a t i o n  w i t h  a 1 , 3 - d i o l  and e s t e r  h y d r o l y s i s  can  be c o n v e r -  
t e d  b$ r e a c t i o n  w i t h  phosgene and t r i p h e n y l  phosph ine  i n t o  t h e  C 5  phosphonium c h l o r i d e  i n  
8 0  % o v e r a l l  y i e l d .  

2-Methyl-butenedial-1-acetal i s  o b t a i n e d  b y  d e h y d r o g e n a t i o n  o f  t h e  C a l c o h o l  w i t h  oxygen 
and t h e  TEMPO/Cu C1 
v e r t e d  i n t o  t h e  i l d g h y d e s  i n  t h i s  way ( r e f .  3 5 ) .  On W i t t i g  r e a c t i o n  w i t h  t h e  C phosphonium 
c h l o r i d e  and h y d r o l y s i s  t h e  new C 5  a ldehyde  g i v e s  a 90 % y i e l d  o f  t h e  s y m m e t r i z a l  C l 0  d i a l d e -  
hyde w h i c h  i s  t h e  c e n t r a l  p a r t  o f  many C40 c a r o t e n o i d s .  

c a t a l y s t  i n  90 % y i e l d .  O t h e r  p o l y e n e  a l l y l i c  a ? c o h o l s  can  a l s o  be con-  
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I I 

0 0- F i g .  13.  Syn theses  o f  C 5 - u n i t s  
(C~H~)$+ s t a r t i n g  f r o m  4 -ace toxy -2 -  

m e t h y l - b u t e n a l  

Clo-DIAL X I H : &-AL 
X = OCzH5 : C m E  

To c o m p l e t e  t h e  g r o u p  o f  8 - a p o - c a r o t e n o i d s  o f  commerc ia l  i n t e r e s t ,  t h e  s y n t h e s i s  o f  t h e  C 
k e t o n e  c i t r a n a x a n t h i n  s h o u l d  be m e n t i o n e d  b r i e f l y .  I t  i s  p r o d u c e d  i n  a b o u t  9 0  % y i e l d  f r o $  
8 - a p o - 8 ' - c a r o t e n a l  b y  a l d o l  c o n d e n s a t i o n  w i t h  ace tone  ( r e f .  3 9 ) .  

As t h e  name i n d i c a t e s ,  t h e  8 - a p o - c a r o t e n o i d s  a r e  fo rmed  b y  o x i d a t i v e  d e g r a d a t i o n  o f  t h e  C 4 0  
c a r o t e n o i d s ,  e s p e c i a l l y  o f  8 - c a r o t e n e .  A s  such t h e y  have a l w a y s  been p r e s e n t  i n  o u r  f o o d  
and t h u s  t h e y  a r e  a b s o l u t e l y  n o n - t o x i c  i n  t h e  n a t u r a l  c o n c e n t r a t i o n s .  They a re ,  t h e r e f o r e ,  
h i g h l y  s u i t a b l e  n a t u r a l  c o l o r a n t s  f o r  f o o d s  ( r e f .  1, 3 ) .  8-Apo-C e s t e r  ( r e f .  40 )  and 
c i t r a n a x a n t h i n  a r e  used  i n  t h e  p i g m e n t a t i o n  o f  egg y o l k s  and bro??ers,  e s p e c i a l l y  when t h e  
f e e d s t u f f s  c o n t a i n  f e w  n a t u r a l  x a n t h o p h y l l s .  8-Apo-C a ldehyde  i s  used  f o r  d i r e c t  c o l o r i n g  
o f  f o o d s t u f f s ,  e s p e c i a l l y  cheese. The t o t a l  s a l e s  o f 3 ? h i s  g r o u p  o f  p r o d u c t s  a r e n o w  a b o u t  
US $ 50 m i l l i o n .  

P-CAROTENE 

6-Caro tene  has been p r o d u c e d  b y  Hof fmann-La Roche s i n c e  1954 and b y  BASF s i n c e  1972. As w i t h  
t h e  D-apo-ca ro teno ids ,  t h e  syn theses  o f  8 - c a r o t e n e  i n  b o t h  companies l e a n  h e a v i l y  on  t h e  
r a n g e  o f  v i t a m i n  A p r e c u r s o r s .  

R 
0% 

0 4  -&- c16 

c14 c19 

t F i g .  14 .  S y n t h e s i s  o f  D -ca ro tene  
v i a  e n o l e t h e r  c o n d e n s a t i o n s  

XMgC CMgX 

HdPd -2H20 -- 
p - Carotene 
Hoffmann-La Roche 
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Hoffmann-La Roche l i n k e d  2 mo les  o f  t h e  C 
a c e t y l e n e  b i s (magnes ium h a l i d e )  and o b t a i h g d  B - c a r o t e n e  a f t e r  p a r t i a l  h y d r o g e n a t i o n  and 
a c i d - c a t a l y z e d  e l i m i n a t i o n  o f  2 moles o f  w a t e r  ( r e f .  4 1 ) .  

BASF AG l i n k e d  t w o  mo les  o f  t h e  C 
c a l  C 
v i t amA8 A ( F i g .  15 ,  r e f .  4 3 ) .  B o t h  r o u t e s  have been u s e d 2 ? n d u s t r i a l l y ,  depend ing  on t h e  
a v a i l a b i l i t y  o f  t h e  p r e c u r s o r s ,  and, a f t e r  t h e r m a l  i s o m e r i z a t i o n ,  p r o v i d e d  c r y s t a l l i n e  ( a l l -  
- E ) - B - c a r o t e n e  i n  y i e l d s  above 80 %. 

These c l a s s i c a l  W i t t i g  syn theses  o f  B -ca ro tene  c a n  be f u r t h e r  s i m p l i f i e d  b y  assemb l ing  t h e  
m o l e c u l e  f r o m  t w o  i d e n t i c a l  h a l v e s  i n  one r e a c t i o n  s t e p .  Thus, B - c a r o t e n e  was o b t a i n e d  i n  
y i e l d s  o f  a b o u t  80 % b y  McMurry ( r e f .  44)  who r e d u c e d  r e t i n a l  w i t h  t i t a n i u m ( I 1 )  compounds, 
and b y  Bestmann ( r e f .  45 )  who o x i d i z e d  retinylidenetriphenylphosphorane w i t h  t h e  ozone 
a d d u c t  o f  t r i p h e n y l  p h o s p h i t e .  We f o u n d  t h a t  D - c a r o t e n e  i s  o b t a i n e d  more e a s i l y  and i n  good 
y i e l d  when t h e  o x i d a t i o n  o f  t h e  C phosphonium s a l t  i s  c a r r i e d  o u t  w i t h  h y d r o p e r o x i d e s  i n  
a l k a l i n e  medium. The b e s t  r e s u l t s 2 % e  o b t a i n e d  w i t h  p o t a s s i u m  c a r b o n a t e  and hyd rogen  p e r -  
o x i d e  i n  w a t e r  a t  a m b i e n t  t e m p e r a t u r e .  Removal o f  t r i p h e n y l p h o s p h i n e  o x i d e  b y  e x t r a c t i o n  
and t h e r m a l  i s o m e r i z a t i o n  r e s u l t  i n  a n a l y t i c a l l y  p u r e  O - c a r o t e n e  i n y i e l d s  o f  a round  
80 % ( r e f .  4 6 ) .  

a ldehyde  w h i c h  has a l r e a d y  been men t ioned  w i t h  

phosphonium s a l t  p r e c u r s o r  f o r  v i t a m i n  A t o  t h e  symmet r i -  
d i a l d e h y d e  ( r e f .  4 2 ) ,  o r  f ? n k e d  r e t i n a l  t o  t h e  C phosphonium s a l t  o b t a i n a b l e  f r o m  

1. H202+Base, 10°C in Water 
2. Thermal Isomerisation - 

80% 
&Carotene 

BASF AG 

F i g .  16.  T e c h n i c a l  s y n t h e s i s  o f  B - c a r o t e n e  

There  i s  an economic advan tage  i n  t h e  use o f  t h e  C phosphonium s a l t  i n  t h e  s y n t h e s i s  O f  
c a r o t e n o i d s  ( F i g .  1 6 ) :  c r y s t a l l i z a t i o n  o f  ( a l l  E ) - @ t i n y 1  a c e t a t e  l e a d s  t o  mo the r  l i q u o r  
w h i c h  c o n t a i n s  c o n s i d e r a b l e  q u a n t i t i e s  o f  ( J /L )z i so rne r i c  v i t a m i n  A compounds. These become 
u s e f u l  o n l y  a f t e r  t h e y  have been c o n v e r t e d  w i t h  t r i p h e n y l p h o s p h i n e  and s u l f u r i c  a c i d  i n t o  
t h e  phosphonium s a l t ,  m a i n l y  because i t  i s  t h e n  p o s s i b l e  t o  remove i m p u r i t i e s  s t r a i g h t f o r -  
w a r d l y  b y  wash ing  w i t h  n o n p o l a r  s o l v e n t s .  The c o s t s  o f  r a w  m a t e r i a l s  f o r  D - c a r o t e n e  a r e  
t h e r e f o r e  d e t e r m i n e d  e s s e n t i a l l y  b y  t h e  p r i c e  o f  t r i p h e n y l p h o s p h i n e ;  B - c a r o t e n e  has t h u s  
become t h e  l o w e s t - c o s t  c a r o t e n o i d .  

When W i t t i g  o l e f i n  s y n t h e s e s  a r e  c a r r i e d  o u t  on t h e  i n d u s t r i a l  s c a l e ,  as BASF AG has been 
d o i n g  f o r  a b o u t  30 y e a r s ,  i t  i s  an advantage t o  have a good s o u r c e  o f  t r i p h e n y l p h o s p h i n e .  
The p r o c e s s  BASF AG has deve loped  i s  based on r e a c t i o n  o f  c h l o r o b e n z e n e  w i t h  l i q u i d  sodium 
i n  t o l u e n e  f o l l o w e d  b y  a d d i t i o n  o f  phosphorus t r i c h l o r i d e  ( r e f .  4 7 ) .  T h i s  makes ex t reme 
demands o n  p r o c e s s  c o n t r o l  and s a f e t y .  

The o l d e s t  use  f o r  B - c a r o t e n e  i s  t h e  d i r e c t  c o l o r i n g  o f  f o o d s t u f f s .  V a r i o u s  p r e p a r a t i o n s  
have been d e v e l o p e d  f o r  t h i s .  A m i c r o c r y s t a l l i n e  d i s p e r s i o n  i n  an e d i b l e  f a t  i s  used i n  
m a r g a r i n e  m a n u f a c t u r e .  F o r  aqueous media,  f o r  example f o r  c o l o r i n g  f r u i t  j u i c e s ,  powders i n  
w h i c h  8 - c a r o t e n e  i s  i n  t h e  f o r m  o f  a m i c r o d i s p e r s i o n  i n  a h y d r o p h i l i c  p r o t e c t i v e  c o l l o i d  a r e  
used .  

8 -Caro tene  i s  a lways  p r e s e n t  i n  c h l o r o p h y l l - c o n t a i n i n g  p l a n t s  and i s  t h u s  t h e  most  w i d e l y  
d i s t r i b u t e d  c a r o t e n o i d .  I t s  r o l e  as a c o f a c t o r  i n  p h o t o s y n t h e s i s  i s  now w e l l  u n d e r s t o o d .  
C a r o t e n o i d s  and, i n  p a r t i c u l a r ,  8 - c a r o t e n e  appear  t o  c a r r y  o u t  f u n c t i o n s  i n  a n i m a l s  and 
humans w h i c h  go f a r  beyond a c t i n g  as an o p t i c a l  s i g n a l  and h a v i n g  p r o v i t a m i n  A a c t i v i t y .  F o r  
example,  O-ca ro tene  enhances i m m u n i t y  and a c t s  as an i n t r a c e l l u l a r  a n t i o x i d a n t  t o  supp lemen t  
t o c o p h e r o l  w h i c h m a i n l y a c t s  i n  t h e  c e l l  membrane ( r e f .  4 ) .  These f i n d i n g s  p o i n t  t o  i m p o r t a n t  
new uses  o f  B -ca ro tene ,  e s p e c i a l l y  s i n c e  i t  i s  e n t i r e l y  n o n t o x i c .  B-Carotene i s  a l r e a d y  
used  i n  l i v e s t o c k  f o r  e n h a n c i n g  f e r t i l i t y  and i s  now an i n g r e d i e n t  o f  many v i t a m i n  p r o d u c t s  
f o r  human use .  Terms 1 i k e  "chemopreven t ion "  i n  p r e c a n c e r o u s  s t a t e s  and " r a d i o  p r o t e c t i o n "  
i n  c o n j u n c t i o n  w i t h  r a d i a t i o n  t r e a t m e n t  o f  c a n c e r  and " e a r l y  p r o p h y l a x i s  i n  c a r d i o v a s c u l a r  
d i s e a s e s "  have been c o i n e d  ( r e f .  4 9 ) .  
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The deve lopmen ts  o u t l i n e d  h e r e  a r e  a l s o  r e f l e c t e d  i n  t h e  c u r r e n t  and p r e d i c t e d  s a l e s  o f  
& c a r o t e n e .  I t  i s  l i k e l y  t h a t  R -ca ro tene  w i l l  soon o v e r t a k e  v i t a m i n  A. C a p a c i t y  f o r  more 
t h a n  500 t o n n e s  o f  R - c a r o t e n e  p e r  y e a r  i s  c u r r e n t l y  p l a n n e d  o r  under  c o n s t r u c t i o n  w o r l d -  
w ide .  R-Carotene s a l e s  may r e a c h  US $ 500 m i l l i o n  t o w a r d s  t h e  e n d  o f  t h i s  c e n t u r y .  T o t a l  
s a l e s  o f  s y n t h e t i c  c a r o t e n o i d s  a r e  a l r e a d y  i n  t h e  o r d e r  o f  US $ 300 M i l l .  and may pass  t h e  
U S  $ 500 m i l l i o n  mark i n  o n l y  a b o u t  5 y e a r s .  

THE DEVELOPMENT OF CANTHAXANTHIN AND ASTAXANTHIN 

I n  t h e  1950s i t  was d i s c o v e r e d  a t  Hoffmann-La-Roche t h a t  some o f  t h e  c a n t h a x a n t h i n  added t o  
c h i c k e n  feed  i s  d e p o s i t e d  i n  t h e  egg y o l k  ( r e f .  5 0 ) .  T o g e t h e r  w i t h  t h e  x a n t h o p h y l l s  w h i c h  
a r e  n a t u r a l l y  p r e s e n t  o r  w i t h  B-apo-C e s t e r ,  c a n t h a x a n t h i n  g i v e s  t h e  egg y o l k  an o range-  
r e d  c o l o r  w h i c h  many consumers l i k e .  ? $ r o t e n o i d s  i n  t h e  f e e d  a r e  a l s o  d e p o s i t e d  i n  t h e  
b o d i e s  o f  p o u l t r y ,  b e i n g  e v i d e n t  i n  t h e  comb, beak and l e g s .  T h i s  i s  n o t  s i m p l y  a c o s m e t i c  
e f f e c t .  I t  i s  now known t h a t  c a r o t e n o i d s  enhance r e s i s t a n c e  t o  d i s e a s e s  and improve  t h e  
s h e l f  l i f e  and h a t c h a b i l i t y  o f  eggs.  

Commercial p r o c e s s e s  f o r  t h e  p r e p a r a t i o n  o f  c a n t h a x a n t h i n  a r e  based on t h e  o x i d a t i o n  o f  
D - c a r o t e n e  and a r e  t h u s  deve lopmen ts  o f  t h e  v e r y  e a r l y  i n v e s t i g a t i o n s  b y  Zechme is te r  and 
K a r r e r  ( F i g .  17 ,  r e f .  5 1 ) .  The p r i n c i p l e  i s  t h a t  R -ca ro tene  i s  h a l o g e n a t e d  i n  p o s i t i o n  4 and 
then ,  v i a  i n t e r m e d i a t e s  f r o m  s o l v o l y s i s  r e a c t i o n s ,  o x i d i z e d  t o  c a n t h a x a n t h i n .  I n  o u r  v a r i a n t  
o f  t h e  p r o c e s s ,  R - c a r o t e n e  i s  o x i d i z e d  w i t h  sodium c h l o r a t e  i n  t h e  p resence  o f  c a t a l y t i c  
amounts o f  i o d i n e .  Y i e l d s  o f  a b o u t  65 X o f  i s o l a t e d  ( a l l  E ) - c a n t h a x a n t h i n  a r e  o b t a i n e d  i n  a 
d i c h l o r o m e t h a n e / - w a t e r  two-phase system ( r e f .  5 2 ) .  

p-Carotene p-Carotene 

NBS in CHCldHOR 1 
0 0  w 
R R  

1. NBS/AcOH 1 

Canthaxanthin (C~O)  0 
F i g .  17 .  S y n t h e s i s  o f  c a n t h a x a n t h i n  b y  

C I ~ C H ~ / H ~ O , P H ~  

65% 
- p-Carotene (C40) 

BASF AG 

o x i d a t i o n  o f  B - c a r o t e n e  

Hoffmann-La-Roche s u b s e q u e n t l y  t o o k  t h e  i n i t i a t i v e  and s y n t h e s i z e d  c a n t h a x a n t h i n  by t h e  
t r i e d  and t e s t e d  C t C t C scheme ( F i g .  18, r e f .  5 3 ) .  The n o v e l  3-0x0-c phosphonium 
s a l t  c a n  be p r e p a r 8  b y  LRe C 15t C r o u t e s .  I n  b o t h  cases,  t h e  ch8ponen ts  a r e  
l i n k e d  b y  a d d i t i o n  o f  an o r g a h & n e t a ? l i c  c o i p o u n s  t o  a c a r b o n y l  g roup .  The C 
o b t a i n e d ,  f o r  example, b y  s e l e c t i v e  r e d u c t i o n  o f  t h e  4 -0x0  g r o u p  t o  4 -hyd ro?y -6 -oxo - i sopho-  
r o n e  ( r e f .  54 ) ;  c a n t h a x a n t h i n  y i e l d s  o f  a round  80 % a r e  o b t a i n e d  f r o m  r e a c t i o n  o f  t h e  C I 5  
y l i d e  w i t h  t h e  C l 0  d i a l  and t h e  i n t e r m e d i a t e  C Z 5  a l d e h y d e .  

and C t C 
u n i t  can  be 

OH c13 

F i g .  18. 
C15 t Cl0 + C15 S y n t h e s i s  o f  

c a n t h a x a n t h i  n 
Canthaxanthin (C40) a 

I 
OR c9 
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0 

Hoffmann-La Roche Astaxanthin 

Fig .  19 .  Syn thes i s  of a s t axan th in  
by ox ida t ion  of canthaxanth in  

H 

Zeaxanthin Hoffmann-La Roche 
0 
H 

Fig .  20. C + C + C Syn thes i s  of 
a ~ t a x a n t h i h ~ a n d  .@axani$in 

I t  i s  known t h a t  w i ld  salmon acqu i re  a s t axan th in  and i t s  e s t e r s  from t h e i r  food and s t o r e  
the  pigment i n  t h e i r  t i s s u e s .  As aquacu l tu re ,  e s p e c i a l l y  of salmon, has i n t e n s i f i e d  in  
r e c e n t  y e a r s ,  there has been a r ap id  inc rease  i n  i n t e r e s t  i n  t h i s  ca ro teno id  ( r e f .  5 5 ) .  

Syn the t i c  a s t axan th in  has been marketed only  by Hoffmann-La-Roche t o  d a t e ,  and t h i s  company 
i s  r e spons ib l e  f o r  a l l  s e r i o u s  approaches t o  the s y n t h e s i s  of t h i s  ca ro teno id .  

As taxanth in  can ,  i n  p r i n c i p l e ,  be obta ined  by ox ida t ion  of o t h e r  C40 ca ro teno ids ,  f o r  exam- 
p l e  from canthaxanth in  by prepar ing  the b i s - s i l y l  enol e t h e r  and ox id iz ing  t h i s  wi th  pe rac id  
( F i g .  19 ,  r e f .  56,  5 9 ) .  The p r o t e c t i v e  groups prevent  f u r t h e r  ox ida t ion  t o  a s t acene .  

Commercial a s t axan th in  s y n t h e s i s  uses  t h e  f a m i l i a r  C + C t C scheme. The C u n i t  i s  
once aga in  produced by t h e  C t C r o u t e ,  and t h e  Cg12cetoh?de ik5syn thes i zed  in'?.hree 
s t r a i g h t f o r w a r d  s t e p s  from o,?o-isgphorone ( r e f .  5 7 ) .  The same p r i n c i p l e  i s  used, v i a  a C9 
u n i t  p repared  by f e rmen ta t ion ,  t o  syn thes i ze  (3&3 'R)-zeaxanth in  ( F i g .  20, r e f .  5 8 ) .  

SYNTHETIC STRATEGIES 

To summarize, t h e r e  appear t o  be two fundamentally d i f f e r e n t  s t r a t e g i e s  f o r  t he  s y n t h e s i s  of 
t hese  ca ro teno ids  ( F i g .  2 1  and 2 2 ) .  O n  the one hand, B-carotene can be synthes ized  from 
vitamin A and t r iphenylphosphine  and then oxid ized  s p e c i f i c a l l y  t o  canthaxanth in  and a s t a -  
xan th in .  O n  t h e  o t h e r  hand, i t  i s  p o s s i b l e  t o  prepare  a s p e c i f i c  tr imethylcyclohexanone f o r  
each ca ro teno id  ( r e f .  5 9 ) .  Alkyla t ion  w i t h  the C component and convers ion  of t he  C u n i t  
i n t o  the phosphonium s a l t  can be followed by Witpig r e a c t i o n  w i t h  t h e  C l 0  d i a ldehyd i  t o  g ive  
t h e  f i n a l  p roduc t s .  This  s t r a t e g y  i s  a t t r a c t i v e  because i t  i s  s e l f - con ta ined  and, i n  p r in -  
c i p l e ,  a l s o  pe rmi t s  t h e  s y n t h e s i s  o f  vitamin A and the e s s e n t i a l  vitamin E precursor  t r ime-  
thylhydroquinone ( r e f .  6 0 ) .  

The two s y n t h e t i c  approaches allow c e r t a i n  conc lus ions  t o  be drawn about t h e  c o s t s  of manu- 
f a c t u r i n g  t h e s e  ca ro teno ids .  I t  i s  poss ib l e  t o  deduce from t h e  " v e r t i c a l "  scheme t h a t ,  
al though B-carotene should  be a c c e s s i b l e  a t  very low c o s t  from vi tamin  A ,  t h e  more h ighly  
oxygenated ca ro teno ids  must be i n c r e a s i n g l y  c o s t l y .  By c o n t r a s t ,  the " h o r i z o n t a l "  scheme 
s t a r t i n g  from 0x0-isophorone i s  expected t o  have comparable c o s t s  of manufacture of t h e  i n -  
d iv idua l  ca ro teno ids  a t  comparable l e v e l s  of product ion .  



Recent progress in commercial retinoids and carotenoids 55 

OAc Re t iny l -Ace ta te  

[Karotene ( C 4 ~ )  

F i g .  21. C 2 0  -> C40  -> C 4 0  s t r a t e g y  

0 
C9 

t 

OR O& H H 0 e t + O H  OH 

1 c6 1 c6 1 c6 

215-  P H 0 s  P H 0 N I U M - S A L T S  

p-Carotene Canthaxanthin Zeaxanthin Astaxanthin Tocopherol 
Vitamin A 

Hollmsnn-La Roclii, 

F i g .  22. C g  t C6 t Cl0 s t r a t e g y  

C u r r e n t  m a r k e t  p r i c e s  f o r  t h e  s y n t h e t i c  c a r o t e n o i d s  d i s c u s s e d  above i n  t h e  f o r m  o f  s t a b i -  
l i z e d  d i s p e r s i b l e  powders c o n t a i n i n g  5 - 10 I a c t i v e  subs tance  a r e  i n  t h e  o r d e r  o f  US $ 600 
f o r  & c a r o t e n e ,  U S  $ 900 f o r  t h e  B - a p o - 8 ' - c a r o t e n o i d s ,  U S  $ 1300 f o r  c a n t h a x a n t h i n  and U S  $ 
2500 f o r  a s t a x a n t h i n .  I t  i s  e v i d e n t  t h a t  t h e  p r e s e n t  p r i c e  s t r u c t u r e  i s  s t i l l  d e t e r m i n e d  b y  
a " v e r t i c a l "  s y n t h e t i c  s t r a t e g y .  

WATER-SOLUBLE PREPARATIONS 

The f a c t  t h a t  t h e  syn theses  a r e  e f f i c i e n t  and t h a t  t h e  p r i c e s  o f  t h e s e  p r o d u c t s  a r e  n o t  l o w  
may g i v e  t h e  i m p r e s s i o n  t h a t  m a n u f a c t u r e r s  o f  c a r o t e n o i d s  a r e  mak ing  r i d i c u l o u s  p r o f i t s .  The 
h i g h  p r i c e s  o f  t h e  c a r o t e n o i d s  a r e  p a r t i c u l a r l y  d e t e r m i n e d  b y  t h e  c o s t l y  s t e p  f r o m  t h e  p u r e  
l i p o p h i l i c  subs tances  t o  t h e  p r o d u c t s  deve loped  f o r  use  i n  aqueous media.  I n  o r d e r  t o  
d e v e l o p  f u l l y  t h e  p o t e n t i a l  c o l o r  s t r e n g t h  o r  t o  a c h i e v e  a h i g h  l e v e l  o f  b i o a v a i l a b i l i t y  i n  
t h e  g a s t r o i n t e s t i n a l  t r a c t ,  t h e  c o a r s e  c r y s t a l l i n e  m a t e r i a l  has t o  be t r a n s f o r m e d  i n t o  a 
m i c r o d i s p e r s e  s t a t e  w i t h  an ave rage  p a r t i c l e  s i z e  o f  a b o u t  0 . 1  - 0 .2  pin. 

Mechan ica l  means a r e  n o t ,  i n  g e n e r a l ,  s u c c e s s f u l  f o r  a c h i e v i n g  t h i s .  F o r  example, suspen- 
s i o n s  o b t a i n e d  b y  g r i n d i n g  i n  t h e  p resence  o f  an e d i b l e  o i l  have a p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  i n  t h e  r a n g e  1 - 5 pm. T h e r e f o r e ,  an a l t e r n a t i v e  r o u t e  t h a t  i s  commonly employed i s  
m i c r o n i z a t i o n  based  on a combined dissolution/precipitation p r o c e s s .  

I Dissolution ~ Precipitotion 

! ! 
I I 
I 1 

F i g .  23. M i x i n g  chamber p r o c e s s  
f o r  m i c r o n i z i n g  c a r o t e n o i d s  

Pressure Valve 
p 30bor 

d =  201im 

I , , 
I 
I 
I I 

Organic Solvent Elevated Temperature I 
I 1>100", I < l s  I 

Protective Colloid in Water 

The m i c r o n i z a t i o n  p r o c e s s  deve loped  a t  BASF AG i s  based on  w a t e r - m i s c i b l e  and n o n - t o x i c  
s o l v e n t s  l i k e  a c e t o n e  o r  e t h a n o l .  A suspens ion  o f  t h e  c a r o t e n o i d  i n  t h e  s e l e c t e d  s o l v e n t  i s  
f e d  i n t o  m i x i n g  chamber I ( F i g .  23,  r e f .  61) where i t  i s  r a p i d l y  m i x e d  w i t h  an a p p r o p r i a t e  
volume o f  t h e  p u r e  s o l v e n t .  

A p p r o p r i a t e  c h o i c e  o f  t h e  d e l i v e r y  r a t e  o f  each  pump makes i t  p o s s i b l e  t o  c o n t r o l  t h e  r e s i -  
dence t i m e ,  t h e  t e m p e r a t u r e  o f  m i x i n g ,  and t h e  f i n a l  c o n c e n t r a t i o n  o f  t h e  a c t i v e  i n g r e d i e n t .  
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As i t  t u r n s  o u t ,  a r e s i d e n c e  t i m e  o f  abou t  0 , 5  sec a t  1 7 0  " C  i n  m i x i n g  chamber I i s  adequate 
f o r  o b t a i n i n g  a m o l e c u l a r  s o l u t i o n  f r o m  a D - c a r o t e n e  s u s p e n s i o n  w i t h  an ave rage  p a r t i c l e  
s i z e  o f  a b o u t  20 pin. 

The m o l e c u l a r  s o l u t i o n  emerg ing  f r o m  m i x i n g  chamber I i s  f e d  i n t o  m i x i n g  chamber I 1  where i t  
undergoes t u r b u l e n t  m i x i n g  w i t h  a c o l d  aqueous s o l u t i o n  o f  a p r o t e c t i v e  po lymer ,  r e s u l t i n g  
i n  p r e c i p i t a t i o n  o f  t h e  c a r o t e n o i d .  A p p r o p r i a t e  c h o i c e  o f  t h e  po lymer  makes i t  p o s s i b l e  t o  
l i m i t  t h e  g r o w t h  o f  t h e  p a r t i c l e s ,  a f t e r  n u c l e a t i o n ,  t o  a s i z e  o f  a b o u t  0 .1  pm. A d i s p e r -  
s i b l e  powder c a n  be o b t a i n e d  f r o m  t h e  h y d r o s o l  by c o n v e n t i o n a l  methods,  f o r  example s p r a y -  
d r y i n g ,  a f t e r  t h e  s o l v e n t  has been removed b y  d i s t i l l a t i o n .  

Summing up  i t  was shown how commerc ia l  c a r o t e n o i d s  a r e  p roduced  s t a r t i n g  f r o m  cheap b a s i c  
c h e m i c a l s  and how t h e s e  p u r e  c r y s t a l l i n e  compounds a r e  adap ted  t o  t h e  d i f f e r e n t  f i e l d s  o f  
a p p l i c a t i o n  b y  s o p h i s t i c a t e d  p h y s i c o c h e m i c a l  o p e r a t i o n s .  T h i s  r e s u l t s  i n  a c o l l e c t i o n  o f  
t o x i c o l o g i c a l l y  s a f e  and h i g h - q u a l i t y  f o o d  and f e e d - a d d i t i v e s .  
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