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Abstract: The development of efficient, sustainable low-cost processes is the basis for providing high-quality
products for daily life applications in human and animal nutrition. In this account, the importance of chemical
process research towards ecologically benign and competitively advantageous processes for the large-scale
preparation of various vitamins, nutraceuticals and fine chemicals is highlighted. Selected and representative
examples are given, including contributions from collaborations with external partners. General trends include
the shift from stoichiometric to catalytic protocols and from batch to continuous processes. In addition, the use
of renewable (bio-based) raw materials as an alternative to access key building blocks for the production of

vitamins is addressed.
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currently a Principal Scientist responsible
for isoprenoid chemistry. Together with
colleagues from DSM and Solvias he re-
ceived the Sandmeyer Award of the Swiss
Chemical Society in 2008, held the Roche
Lecture at 25 European universities and re-
search institutions in 1997/98, and served
as a Lehrbeauftragter in organic chemistry
at the University of Freiburg i.Br.. He is a
member of the German, the Swiss, and the
American Chemical Societies. The consid-
erable interest directed towards co-opera-
tions of academia with industry resulted in
many joint research projects documented
within the around 200 patents and publica-
tions.

1. Introduction

Vitamins and nutraceuticals are pro-
duced on an industrial scale by total or
partial chemical synthesis, by isolation
(mainly extraction) from material of natu-
ral origin, by fermentation, or by a com-
bination of such methods. Many vitamins
have become large-scale products for
various applications in human and animal
nutrition due to a constantly increasing de-
mand. Efficient production methods are,
therefore, needed to ensure a proper sup-
ply of materials in terms of quantity and
quality. The examples given in this short
review describe the role of a chemist in the
field of vitamins and nutraceuticals from a
viewpoint of process research,!!l i.e. find
solutions for improving existing process
steps, searching for new concepts, develop-
ing alternative and better synthetic routes,
and, not forgetting assisting if problems in
production pop up. And, moreover, process

research has to take responsibility for mov-
ing towards environmentally more benign
protocols and sustainable processes.

2. Examples from the Field
of Vitamins

The first vitamin, thiamine (vitamin B )
was discovered more than hundred years
ago. In close collaboration with Swiss
academia, L-ascorbic acid (vitamin C) was
the first vitamin prepared on a technical
scale by F. Hoffmann-La Roche in Basel
(Fig. 1).[1al All thirteen vitamins are indus-
trially produced today, most of them by
chemical synthesis, and considered fine
chemicals with production volumes of
about 100 to 10’000 tons per year.

2.1 Vitamin E - Industrial Production

(all-rac)-o-Tocopherol  ((all-rac)-3,
Scheme 1) is the industrially most im-
portant lipid-soluble antioxidant which
is manufactured on a scale of >35’000
tons per year. All producers (i.e. DSM
Nutritional Products in Switzerland, BASF
in Germany and some Chinese companies)
complete the synthesis by a condensation
reaction of the aromatic building block a

NH, c© HO
N7 (I? [¢)
YT ey
N S OH HO  OH
vitamin B vitamin C
(thiamin) (L-ascorbic acid)

Fig. 1. First vitamins discovered and prepared
on a technical scale.
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Scheme 1. Acid-catalyzed synthesis of (all-rac)-o-tocopherol.

trimethylhydroquinone (1) with the C,-
isoprenoid isophytol (2). The acetate de-
rivative 4 is the main application form
going to animal nutrition. Conventional
reaction conditions for the condensation
reaction (Scheme 1) involve the use of a
strong Brgnsted acid (e.g. hydrochloric
acid) and/or a Lewis acid, such as zinc
chloride, which gives rise to problems
with selectivity (formation of by-products
and waste) and corrosion. We have, there-
fore, investigated a series of new catalysts
and alternative procedures, e.g. by using
biphasic solvent systems. Beside other
novel catalysts, el strongly acidic perfluo-
rinated imides 5?1 and methides 6 and 70!
applied in true catalytic amounts delivered
superior results. Other exceptionally active
acidic catalysts were phosphorus acid 84!
and methanetrissulfonic acid 955! which
gave excellent results also in other trans-
formations such as acylation and Wagner-
Meerwein rearrangement reactions.

The key building block isophytol (2,
Scheme 2) can be accessed by various ap-
proaches. One basic principle is the com-
bination of C, and C, elongation reactions,
starting e.g. from acetylene and acetone or
an activated derivative isopropenyl methyl
ether (10). Key transformations are Carroll
or Saucy-Marbet, ethynylation, Lindlar-
type semihydrogenation, and total hydro-
genation reactions.l!del The intermediate
pseudoionone (11) can either be processed
further to isophytol (towards vitamin E) or
fed into the preparation of vitamin A.

2.2 Vitamin E - Stereoisomers,
Asymmetric Catalysis and Total
Synthesis

In addition to its role as an antioxidant,
vitamin E has a specific biological activity
which has been investigated in animal and
in vitro experiments.[®l Although all ste-
reoisomers and homologues show quali-
tatively the same effect, they differ quan-
titatively depending on their substitution
pattern. Naturally occurring vitamin E
compounds are all single-isomer substi-
tuted 6-chromanols (Fig. 2). (2R,4'R,8'R)-
a-tocopherol (RRR-3) is the most active

one. Vitamin E compounds with unsatu-
rated aliphatic side chain (tocotrienols
15, e.g. 2R,3'E,7T'E)-o-tocotrienol REE-
16) are also found in nature. For applica-
tions in the pharmaceutical, food, and cos-
metics industry, RRR-3 is prepared by a
semi-synthetic route: A mixture of o-, -,
v- and d-tocopherol homologues (RRR-3
and RRR-12 to -14) is extracted from a
waste stream of soybean production, and
further transformed chemically by per-
methylation to RRR-3, thus upgrading the
value of the product. The amount obtained
by this approach covers, however, only ca.
10% of the total worldwide demand for
vitamin E, due to limited availability of
resources.

There is, therefore, the need for an eco-
nomic stereoselective total synthesis, and
considerable efforts have been directed
towards suitable methodologies.[®! Based
on the seminal work of Noyori and oth-
ers, the highly stereoselective synthesis of
C,, and C, isoprenoid alcohols 17 and 20
could be performed at Roche on kilogram
scale by applying the ruthenium-catalyzed
asymmetric hydrogenation of allyl alco-
hols (Scheme 3). In this sequence, puri-
fication and isolation of substrate E-18/
E-19 became a major challenge.l”] Another
issue was analytics of the intermediates
obtained: The reliable quantification of

-~y
MeO O

OMe

MeOH

l
N
DG S
N T
OW B

w-ionone (11, E/Z-mixture)

2X = l
1x J\

e —
2 x Hy, Pd/C l
1 x Hy, Lindlar il

X
HO
¢ isophytol 2

vitamin E

Llndlar —»i

vitamin A -—

Scheme 2. Synthesis of isophytol (C,; side-
chain).

stereoisomers could be achieved by de-
rivatization to tartrate acetals of type 21/
22 and their separation on home-made
100 m (!) GC capillary columns (Fig. 3).18]
The synthesis and stereochemical analysis
of chiral isoprenoid building blocks in our
laboratories have been reviewed® and was
the topic of the ‘Roche Lecture’ given by
the author in 1997/98.110]

At this point, a special remark has to
be made. Michelangelo Scalone from
Process Research, Roche Basel, received
the “KGF-SCS Senior Industrial Science
Award 2015 for his outstanding contribu-
tions to the design of new, short and cost-
efficient syntheses for many development
projects by applying asymmetric catalytic
reactions” . During his award lecture in
Lausanne, he presented the slide shown
in Fig. 4, representing six chiral biologi-
cally active compounds from the area of

CigHas”
N

Fig. 2. Structures of
naturally occurring

HO

2 CqgHas” 07:

(2R4'R,8'R)-B-
tocopherol RRR-12

(2RA4'R8'R)-y-
tocopherol RRR-13

R'=R? = CHj,4

rooc, :

(2R,4'R,8'R)-a-tocopherol RRR-3
HO

CigH33"

R',R?=H, CH; (2R,3'E,7'E)-tocotriencls

(2R,3'E,7'E)-a-tocotrienol REE-16

)\\ tocopherols and

tocotrienols.

(2R4'R,8'R)-5-
tocopherol RRR-14

15
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vitamins, carotenoids and fine chemicals
that belonged to the targets of process
R&D activities at Roche on homogeneous
catalysis with metal complexes around the
year 1990.113]

The way to completely different ret-
rosynthetic concepts was opened by the
breakthrough in asymmetric catalysis
achieved in the Pfaltz group. The concomi-
tant introduction of two chiral centers be-
came possible by the use of iridium-BAr,
complexes containing PN ligands such as
25 in asymmetric hydrogenation of un-
functionalized trialkyl substituted olefins
(Scheme 4). Highly valuable examples are
the reduction of (all-E)-farnesol (23)L14]
and of (all-E)-tocotrienol derivative 24 to
tocopherol derivative 26.1151 The tocotri-
enol used as the starting material (as well
as other homologues and stereoisomers,
e.g. (2R,3'E,TE)-o-tocotrienol, REE-16)
was synthesized by the sequence depicted
in Scheme 5.[161 The asymmetric hydroge-
nation of isoprenoid olefins could be fur-
ther improved with regard to activity and
selectivity of the catalyst by the use of spe-
cial solvents and Lewis acids.l17]

In an approach based on the biosyn-
thetic pathway of tocopherols, the mecha-
nism of the enzymatic chromanol-ring
formation was investigated in the group of
Woggon (Scheme 6). By independent syn-
thesis of labelled reference material, the
stereospecific course of the reaction could
be identified.[!8]

Two total syntheses of (2R,4'R,8'R)-0-
tocopherol (RRR-3) were elaborated by ap-
plying chiral metal complexes as catalysts.
In a Rh-catalyzed hydroformylation fol-
lowed by an allylic substitution reaction,
areagent-directing group served to control
the stereoselectivity (Scheme 7).1191 High
stereoselectivity for the formation of the
chiral chroman center could be achieved
by a Cu-mediated asymmetric 1,4-addi-
tion with a commercially available catalyst
(Scheme 8).[201 The presence of an activat-
ing group is, however, mandatory.

In 1978, Kabbe and Heitzer had pub-
lished an achiral organocatalytic approach
to chromans.[2114-Oxo-tocotrienol (28) was
accessible in good yield using 2-acetyl-tri-
methylhydroquinone (29) and farnesyl ac-
etone (27) as starting materials (Scheme 9).
The idea of replacing pyrrolidine as a base
by a chiral organocatalyst turned out to be
rather difficult to accomplish. Many state-
of-the-art organocatalysts (e.g. Jgrgensen,
MacMillan type) were revealed to be un-
suitable for this transformation. In a broad
screening, mostly no conversion or racemic
products were observed. Successful exam-
ples with moderate selectivity (d.r. = 63:37)
could be obtained by applying certain sub-
stituted pyrrolidine derivatives. The pres-
ence of Brgnsted acidic compounds plays
an important role.[22]

Hy, Ru(P*P)(CF3CO,),

s/c 24'000, MeOH
60 bar, 20°C
PAP = (S)-MeOBIPHEP

Ho/\/\/\)\

ee 98.5% i Hy, cat.

2) Hy, Lindlar | 4) PdCl,(CH3CN), (cat.)

Row

E18 R=Ac
E19 R=H
l Hy, Ru(P"P)(CF3CO,),

1) =, KOHl 3) Ac,O

1) rectification
2) NaOH

s/c 100'000, MeOH,
60 bar, 20°C

HO

>98% 3R7R 20
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PP =

O PA
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g
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X = CHj;, OCH3

PP = (S)-pTol-BIPHEMP

(2R ,4'R,8'R)-a-tocopherol RRR-3

Scheme 3. Pilot scale synthesis of chiral isoprenoid side-chain intermediates.

2.3 Vitamin E - Alternative Access to
Key Building Blocks
Trimethylhydroquinone (1), the aro-
matic building block for the condensa-
tion reaction to (all-rac)-o-tocopherol (3,
¢f. Scheme 1), is mainly accessed from
m-cresol (Scheme 10) by a methylation—
oxidation—hydrogenation sequence. In
order to avoid shortage on m-cresol, sev-
eral other routes have been evaluated. A
more easily available starting material is
acetone which is trimerized to isophorone
and transformed by allylic oxidation to
ketoisophorone (KIP). The acid-catalyzed
Wagner-Meerwein rearrangement deliv-
ers trimethylhydroquinone diacetate. Both
routes, however, use fossil sources. In or-

Cig Ci5 Ci3 Cqo

iPro,C_H

o
i-PrO,C— * *
H O
0,1

21

H o
i-PrO,C #\/\/W{;/\/k
(0] 0,1

Pro,C H 2

Fig. 3. Stereochemical analysis of chiral side-
chain building blocks.
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(6] (@]
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N e S S aNe Ya

(3R,3'R)-zeaxanthin

(carotenoid; corn)

Fig. 4. ‘Roche Chiral Challenges in the 1980s’ (courtesy of Michelangelo Scalone, Process
Research & Development, Pharmaceuticals Division, F. Hoffmann-La Roche, Basel).['?
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[Ir(L)COD]BAr:
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92.2% yield (R,R), 99.3% ee
(0.3% (S,S), 6.4% (S,R), 1.3% (R.S))
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[Ir(25)(COD)|BAr¢ 2
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1mol% 25 Ph

(2R,4'R,8'R)-y-tocopheryl acetate 26 (>98% RRR, <0.5% RRS, <0.5% RSR, <0.5% RSS)

Scheme 4. Iridium-catalyzed asymmetric hydrogenation of trialkyl-substituted C=C bonds.

n-BulLi (1 equiv.)
¢ Et,0, -70°C

cudodol ]
(HSC)2A|W\

l—70 to 20°C, 95%

1) 4-Cl-benzoyl chloride
2) Li, NH3/THF, -35°C T

) (2R,3'E,7'E)-a-tocotrienol REE-16 geranyl acetone

Scheme 5. Synthesis of (R, E,E)-tocotrienols.

Scheme 7. A
hydroformylation-
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OR k
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(o-DPPB)O ER ]

|
X BT

SiMePh, (dr 91:9)

(o—DPPB i :
* J\ PPh,

PhCH,0 l

allylic substitution o-DPPB =‘?,_L
(2RA4'R8'R)-
a-tocopherol
RRR-3

(CuOTf), benzene 5 mol% L=

L* 12 mol%, AlMe3 2 equiv.

LiCl 3 equiv., H,0, DMSO,
150°C, 5h

2RI2S = 97:3

Scheme 8. Asymmetric Cu-catalyzed 1,4-addition.

tocopherol cyclase,
D,0 | anabaena variabilis
(green algae)

y R = H/ CH3

LiEt;BD | THF, -78°C —>r.t.

RO

0S0,Y

Y = CFj3, p-Tol

Scheme 6. Enzymatic chromanol-ring formation.

der to move towards a bio-based renewable
source, we investigated a possible phenol
synthesis by using Hashmi’s methodol-
ogy of Au(1)-catalyzed arene synthesis.[23
When starting from 2,5-dimethylfuran,
which is under discussion as a biofuel,[24]
we indeed found a new access to 2,3,6-tri-
methylphenol with 70% yield[?>] (Scheme
11) by the gold-mediated reaction of pro-
pyne with 2,5-dimethylfuran. The reaction
with acetylene gave a mixture of 2,5- and
2,4-dimethylphenols[?0l which can both,
but separately, be transformed to 2,3,6-
TMP.

2.4 Vitamin A - Catalytic Coupling
Vitamin A is a lipid-soluble vitamin,
which is essential for the vision process,
growth, and cell functions. Technically vi-
tamin A is produced by chemical synthesis
based on B-ionone. In 100 years of vitamin
research only three vitamin A processes
have been industrialized. All production
processes use stoichiometric reactions
(Wittig, Julia, Grignard) which gener-
ate equimolar amounts of waste streams
(Scheme 12).11227] As an example, the new
C, 5+ C, route depicted in Scheme 13 deliv-
ers the potential for avoiding stoichiomet-
ric coupling conditions and thus reducing
the formation of by-products by a catalytic
synthesis of vitamin A acetate.[28]

2.5 (+)-Biotin - Asymmetric
Hydrogenation

The general production method for
(+)-biotin still applied today is a multi-
step chemical total synthesis, for example
following the Goldberg-Sternbach con-
cept (Scheme 14).11al A preferred option
for introducing the chirality is D-lactone
(D-thiolactone) 31 by desymmetrization
of the corresponding meso-anhydride
(-thioanhydride) 30. In a collaboration
with Solvias, a breakthrough by an enan-
tioselective catalytic approach could be
achieved in a surprisingly short period of
time with a limited number of screening
experiments.?] Ruthenium, rhodium and
iridium complexes with atropisomeric
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0 1.) farnesyl acetone (27,
1.03 eq.) toluene, pyrrolidine

HO.
3d @ 25°C, 2h @ 100°C
OH 2)HCIH0
o toluene
HO p-NO,-CgH,COOH
16 h 23°C, 2 h 110°C
_—
OH
29 Q\/O\
+

)kaé\)\%)\ "
2 27 (or hexahydro-27)

(0]

oA A

28  79% yield

HO

d.r. = 63:37 (2R/2S)

Scheme 9. Asymmetric organocatalytic condensation reaction.
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— —
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2,5-dimethylfuran 5-HMF

W agner-Meerwein
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Scheme 10. Alternative access to vitamin E key building blocks.

CyJohnPhosAuCl
NaBArF, CH2C|2

CyJohnPhosAuCl

—_— +
o
OH 15:1 OH
AgSbFg, CH,Cl,
o)

Scheme 11. Au()-
catalyzed phenol
synthesis.

OH

ligands delivered excellent results (com-
plete conversion, ee values of >95%) after
some optimization. Even piloting on multi-
kilogram scale and production trials could
be performed without major problems.

3. Nutraceuticals

Nutraceuticals are active ingredients in
functional food or nutritional supplements
delivering a health benefit.['"] Examples of
an important class of industrially produced
compounds are polyphenols acting as an-
tioxidants, such as resveratrol, hydroxyty-

rosol and (-)-epigallocatechin gallate (Fig.
5). Coenzyme Q, (ubiquinone-50, Scheme
15) plays an important role as a cofactor in
the generation of energy (mitochondrial
ATP) used for cellular metabolism. Due to
its antioxidant and stabilizing properties in
membranes it is discussed as a ‘miracle nu-
trient’ for anti-aging. On industrial scale,
coenzyme Q,, is accessible by fermenta-
tion or chemical synthesis.3% One of the
synthetic routes to coenzyme Q, is based
on solanesol, a C s building block which
can be extracted from tobacco in its pure
(all-E)-isomeric form. C,-Elongation pro-

vides isodecaprenol (C, ). In the course of

our studies towards a more efficient CoQ
synthesis we focused on the metal-cata-
lyzed allylic substitution as the key step for
the coupling of protected aromatic precur-
sors with the C, side chain. The resulting
coupling product can be deprotected and
oxidized to coenzyme Q,, in good yield.
In contrast to all other tested catalysts
(delivering an E/Z-selectivity of <70:30
and moderate yields), Mo(CO),C H, was
found to catalyze the coupling of aromatic
Grignard reagents to allylic acetates in
high E/Z-selectivity of 86:14 and good
yields of 85%.1311
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