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Cofactor/Coenzyme:

® A nonprotein component of enzymes is called the cofactor. If the
cofactor is organic, then it is called a coenzyme. Coenzymes are
relatively small molecules compared to the protein part of the enzyme.
Many of the coenzymes are derived from vitamins

Protein + Cofactor/Coenzyme = Holoenzyme
Proteinpart of Enzyme = Apoenzyme
Vitamin:

® 1912 Kazimierz Funk defined that the essential substances contain an
amine function are called Vita = life; amine

Essential, organic compounds which are not synthesized in the human or
animal organism or formed only in insufficient amounts .

Must be regularly consumed with diet
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Retinol acetate (BASF)

2.PPh; 3.BuLi, THF,-50°C [ 5 % ¥
H,SO Me Me e e
s e 1. THF Me Me O i-PrOH il i ® ACOMO \M)\/\
X 0 ciMg X A Heptane X PPh Me > OAc
AT Me ——— 3
A 95 % © b
98 % 2 Me
Me 1 Me 2 Me 3 HSO,
Retinoacetate (4)

R-Carotoene (BASF)

c. KOAc, MeOH, rfix.
then KOH, H,0, (90 %)
CH,Br d. Acetone, MnO, (85 %)
| e. EtOAc, Lindlar, H; (95 %)
f. Benzene, lodine,

a. Et,0 BrMgC =CMgBr OH b-PBry
YO then 10% H,SO, Ho F (CH,OH),

S A // hexane, hv (?? %) > 8
0,
5 52 9 6 75 % | :
BI'H2C
(0) f N
e a3 X o
¢ DMF, NH; then
- a1 H,0, isomerization
Me Me Me >
e 80 %
PPh; | 2x Me p-Carotin (9)
| - J
Me 5

Mildner; Weedon Journal of the Chemical Society, 1953 , 3294, Inhoffen; v.der Bey Justus Liebigs Annalen der Chemie, 1953 , 583.
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Vitamin C synthesis by Reichstein process

Me XMe
Acetobacter
OH OH OH OH suboxydans OO 3. Acetone, 09 O
O Hy RaNi pH 4-6, 30-35 °C OH H,SO, Me
HOM WHO/\.)YK/OH o Ho/\:)YU\/ To/» )\0 OH
OH OH Srel o Sary OH OH : Me &
D-glucose (10) 1 12 13
e N
OH O HO OH
4.NaOCI, NiCl, > 93 % OH AT e —
SHOHL®%  HO LS R step 3+4 can be replaced
OH OH O > 60 % O Y OH . 3 : :
14 OH by oxidation with Air &
Ascorbic acid (15)
\ ) PtO

Reichstein synthesis was optimized so that each step gives over 90 % yield

Overall yield from p-glucose is now 60 %

Direct synthesis via microalgae possible, but yield and concentration are too low

T. Reichstein, A. Gussler Helv. Chim. Acta 1934, 77, 311; Bullmanns Enzykl. Tech. Chem., 3. Ed., Vol 18, 233 ff.



Ascorbic Acid

Metabolism of Vitamin C
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pka =4.1

pka = -0.86

Economic aspects

e production >
600 kt/a

e cost ~3000 €/t

o
OH H,0 - OH

Biological activity

e anti oxidant

e radical scavenger

e electron donator for 8
enzymes
(hydroxylases)
prevents from scurvy

Industrial use

e Inhibition of nitrosamine in
cured meat

e Improvement of flour quality

e Increasing of clarity of wine &
beer

e protecting fruits from browning®
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Synthesis of Vitamin B1
Step 1. Synthesis of 22

b.Napowdered) PhEL, NH NH,
Styrol & PhNHMe in CN
N-CN  a iProH, o NN THF over 2 h, rt, then N )ﬁ/ c. MeOH, NH; RaCo, NT NH,
| max. 40 °C | rfix, 20, then H,0 Bl 110 °C 60 atm, 13 h Sl
)\ B )\ ~_-CN > Me” N > Me” N
Me NH, 87 % Me N 77 % H 50 %
5 2ol ¥ 22

Step 2. Condensation & formation of thiazolium ring

(0] 1. KSH, MeOH, 0
AcO I » AcO\/\HJ\
74 %
24 SH
23 ClI cr- Ve
3. HCO,H, <40°C NN N* N\
e
(] ps S OH
NH; s N Me”~ "N~ "NH,
2. )\e 80 °C Rl
X Me N~ OMe Thiamine (26)
~ °o
s
Me 2[\; Me)\N
25

22 and 23 commercially available

A. Edenhofer, H. Spielberg, W. E. Oberhansli Helv. Chim. Acta 1975, 58, 1230; P. Contant, L. Forzy, U. Hengartner, G. Moine Helv. Chim. Acta 1990, 73, 1300.
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Biological activity
e Thiaminediphosphate (TDP) is the active form
e Essential for carbohydrate & energy metabolism

e Present in pyruvat dehydrogenase, oxoglutarate dehydrogenase,
transketolase, pyruvate decarboxylase, 2-hydroxyphytanoyl-CoA lyase.

s HO Me s cOH o Me
7IH~7I/>—/ 7I Sy — L &wmf

Me P

Ph
R R 29

Deficiency

e Beriberi —> effects peripheral nervous system; cardiovascular system,
e Polyneuropathy

e Anemia

e many more



Biotin
Vitamin B7 Synthesis by Hoffmann-La Roche

1. Bry H,0, 90 % o)
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o) (0
2. BnNH, MeOH, .
0% BN G NBRss o adiae e thel N L PN
Q¥ COH 3. COCI, KOH T gl(-))-o%phidrine, iPrOH, BaN” “NBn 7 ;0 Bl BnN" "NBn
/ > 7N e —\
HO,C HOo,c'  'COH T 7\ > 90 % &
30 31 ROzc C02H S O
0 34
B nN /U\NBn
HO,C CO,R
33
AN (0] o s ~N
7':;::2 AcOH Aome /U\ )J\ 10. Malonic acid diethyl ester, o o
] 0 )
8. RalNi, H, 40 atm. BnN” "NBn 2 gg f’cng,; NB :lhae?ll,w:é;hlelaer’, ?f?x.c YNH " \/\)]\
35°C,MeOH T __ E ns e - a8
1)
Bolar { . i S 5 (o). (25% over all) H S Biotin (37)
OMe Br S 4
35 \\/ N N J

36

US 2 489 232 (Roche; 1949; appl. 1946); US 2 489 233 (Roche; 1949; appl. 1946), US 2 489 234 (Roche; 1949; appl. 1946), US 2 489 235 (Roche; 1949; appl. 1946), US 2 489
236 (Roche; 1949; appl. 1946), US 2 489 237 (Roche; 1949; appl. 1946), US 2 489 238 (Roche; 1949; appl. 1946), US 2 519 720 (Roche; 1950; appl. 1948), US 3 740 416

(Roche; 1973; CH-prior. 29.11.1969).
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Biological activity

e present in carboxylases (pyruvat-, acetyl-CoA-, propionyl-CoA-, methylcrotonyl-
CoA-carboxylase)

e catalyzes carboxylation as a CO; carrier
e Formation of malonyl-CoA from acetyl-CoA

0 o] if 0 oY O O

o)
e Dl s e VAd I
ATP + HCO; —— ADP * HO"1 O OH HN NH —» /& N NH —m—» HO SCoA
H R e CoAS MO Ar== 08 39
38 o
. Bioti
: (,\)4 = (,\)4 iotin
37 CO,H CO-H

Biotin deficiency causes
Neurological symptoms
(depression, lethargy,
etc.)


http://www.aad.org/Image%20Library/For%20the%20Public/Dermatology%20A%20-%20Z/alopecia-areata-boy.jpg?code=a053549f-976f-458b-8125-bd734c0dc721
http://en.excimerclinic.ru/upload/image/en-conjunctivitis.jpg
http://www.activeforever.com/content/images/discoveryimages/Derm-12.jpg
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Vitamin Bi>
e Synthesis by fermentation b vie CONH2

e No industrial total synthesis available H,NOC

17 years
e optimized to 70 steps H,NOC
e cobalt can be complexed by CN-, SO3%-, OH-, halide®

e 10t/a; market volume 77*10° EUR

Biological activity 0

e catalyzes 1,2 H shift

e Coenzyme for Methionin-synthase & MethylmalonyI—CoA—mlﬁc)ase
e Hydroxy-cobalamine —> treatment of cyanide poisoning

e deficiency causes anaemia

Crowfoot-Hodgkin, D. et al. Nature, 1956, 178, 64; Woodward, R.B. Pure & Appl. Chem. 1968, 17, 519; Woodward, R.B. Pure & Appl. Chem. 1971, 25, 283; Woodward, R.B. Pure & Appl. Chem. 1973, 33, 145; Eschenmoser, A.; Wintner,

C.E. Science 1977, 196, 1410; Woodward, R.B. In Vitamin B12, Proceed. 3rd European Symposium on Vitamin B12 and Intrinsic Factor, Zagalak, B.; Friedrich, W., Eds., Walter de Gruyter: Berlin, 1979, P.37; Benfey, O. T.; Morris, P.

Robert Burns Woodward: Architect and Artist in the World of Molecules. Philadelphia: Chemical Heritage Foundation, 2001.Nicolaou, K.C.; Sorenson, E.J.; Classics in Total Synthesis: Targets, Strategies, Methods. Weinheim, Germany: 10
VCH, 1996.



ig’l Leibniz
¢ 0j Z Universitat

CalCitI'i()l to 9! 4 J Hannover

Synthesis of Vitamin D3

2.NaHCO; o_
Hexane, Me;l\: >=0 0.5 Eq.

20 min. M~ N
r

1. Ac,0, Pyridine,

100 °C,17 h >
Me
96 % 3= Xylene, A N
2eq. | /N
Me Me
45 then pTSA, AcO
Dioxane, 70 °C, 43
30 min., 50 %
4 )
Me OH

5.-15 °C KOH, MeOH, THF
78 % Diacetate, 16 % Monoacetate
6. 450 W Hg, -5 °C, THF, hexane, 20 %
25 % unconverted

7. KOH, MeOH, 30 h, quant. 8. A, Dioxane, 30 min

>

50 %

44

HOY OH

Calcitriol (45)

US 3 993 675 (Hoffmann La Roche Inc.; 23.11.1976; prior 12.11.1973; 24.02.1975.

3



Calcitriol

Biological activity of Vitamin D3
e hormonally active vitamin

e increases the Ca?* concentration in the blood, by
increasing the uptake in the gastrointestinal tract

e decreases the probability to get some of up to 17
different cancer diseases

Hypervitaminose causes calcification of tissues and
arteries

Production & prize
e No t/a given
e cost 50 $/kg
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Calcitriol (45)

12


http://dentistryandmedicine.blogspot.de/2013/03/soft-tissue-calcifications-with.html
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Vitamin Bg synthesis

2. H,S0,/H,0, NaNO, 5 °C, H.N. _.N_ _NH
H2N N 2 2 47172 2 2 2
H2N \n/NHg rCOzEt 1. MeOH, A, quant. | Y : ItvIILt:cr;I_rlocl:)’r‘;:/(t:erlr_}|:erature i \\|/

NH o PA)| > HoN ~-N

o CN 82% 2 49

a7 8 o OH
e ~
(@) OH

4. Dioxane, H,0, (o)
< 0 NaHSO; pH 4-5 ‘ or
H-N N NH OH 5. AcOH, 2-mercapto- o) % N®
2 | \\|/ 2 j:ICIZ HO gtsh‘;,nOI NaCNBH; i 3 H s

Folic acid is metabolized to ,, THF" what is the active compound

(0]
H PLP, Serine Michael-Addition o /\NR
N -R then Retro-Mannich
e ]/\N \K N )
| 5 VT
||
e x X

PLP, Glycine H2N
53 54

Iz
Iz

"THF" 52

E. L. Bennett J. Am. Chem. Soc., 1952, 74 (9), pp 2420; S. Nishigaki, K. Ogiwara, F. Yoneda Chemical & Pharmaceutical Bulletin 1971, 19, 418, Wailer, C.W. et al.: J. Am. Chem. Soc. (JACSAT) 70, 19 (1948).

Hultquist, M.E. et al.: J. Am. Chem. Soc. (JACSAT) 70, 23 (1948); Angier, R.B. et al.: J. Am. Chem. Soc. (JACSAT) 70, 25 (1948).; Boothe, J.H. et al.: J. Am. Chem. Soc. (JACSAT) 70, 27 (1948).

US 2 436 073 (American Cyanamid; 1948; appl. 1945)., US 2 442 836 (American Cyanamid; 1948; appl. 1945).; US 2 443 078 (American Cyanamid; 1948; appl. 1945).; US 2 443 165 (American Cyanamid; 1948; 13
appl. 1946).; US 2 444 002 (American Cyanamid; 1948; appl. 1946).; US 2 472 482 (American Cyanamid; -1949; appl. 1947).; US 2 477 426 (American Cyanamid; 1949; appl. 1948). US 2 547 501 (American
Cyanamid; 1951; appl. 1946). US 2 599 526 (American Cyanamid; 1952; appl. 195 1).; US 2 719 157 (Shionogi; 1955; appl. 1951). US 2 956 057 (Kongo Kagaku Kabushiki Kaisha; 1960; J-prior. 1955).
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Biological activity of ,, THF”

Formyl transfer in the Histidine biosynthesis

(o) NR OHC ~N
N J‘IN f NAD+ JJI j) J‘I j) Hlst|d|ne
I ’
NADH THF
oN )\N N )\
H H

Methyl transfer in the SAM blosynthe5|s

%
(o) NR
N/\ Me NHR yomocysteine, o)
N NADH +H* Methionine X 3 S
)l\J\/l[ j) J\/E j) synthase THF" \/\‘)]\ OH
HoN N N NAD+ )\ NH
i 54|-I . -2
G ) Methionine (56)
Economic aspects Folic acid & derivatives Deficiency
* 400 t/a available as pure (antifolates) are used in anti  *anaemia
crystals e neural tube defects

cancer therapy

e cost 36 - 77 €/kg .
Acts as an antidepressant

e used for feed enrichment

e depression

14



Nicotinamide

Vitamin B3 synthesis (Lonza)

A

o Me
59

1. (NH4)3PO4 H0,
200 °C, 15 bar

68 %

(0)

Me

Me

N 2.HNO3 A N
~N o
6-8 Mpa s | A
Z 96 % v
CO.H
60 Me Niacine (61)
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( )
3.NH3; > 200 °C N
BN
neat < |
859 =
< CONH,
Nicotinamide (62)
\. J

active coenzyme

0y

X=H NAD* (63)
X=P0O52 NADP* (64)

o o | - CONH
0-P-0-P-0 =
0 o
0 OH
4\
N
N OX OHOH

il

H O
‘\) | : O\H/\
+ B-
Lyr;l 0
R -0

NAD* (63)

Malate (65)
H H
H,NOC ~__ —,£0 “HB
| ;
N NH3
é -02C
R-Aspartat-

NADPH (64) gemjaldehyde (68)

redox reactions using NAD* & NADPH

malate
dehydrogenase

o)
H H A
H,NOC S
| |
= N X
R o)

NADH (66) Oxaloacetate (67)

H
e HzNocﬁ on
R ‘0,C
NADP* (64) Homoserine (69)

DOS 2 046 556 (Lonza; appl. 22.09.1970; CH-prior. 24.09.1969); US 2 905 688 (Abbott; 1959; appl. 1954); US 2 280 040 (SMA Corp.; 1942; appl. 1939); US 2 314 843 (American
Cyanamid; 1943; appl. 1941); US 2 993 051 (Cowles Chem. Comp.; 18.07.1961; appl. 26.02.1958).

3
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He Hs e Vitamin B3 deficiency
e b e e e Pellagra
: o diarrhea,
H Hr H ' T
HzNoc\éj H2N0C\é : dermatitis,
O - 2 ’ -
el e el : dementia, death
(>N ';l . :
R R : e Mental confusion
NADP* NADPH " .
o : e Ataxia
e re— (pro R) & si- (pro S) specific enzymes e Dilated
e stereospecific dehydrogenation also possible cardiomyopathy
""""""""""""""""""""""""""""""""" e peripheral neuritis
Economic aspects e etcC.
e world capacity >>22000 :
t/a

e cost 10-100 $/kg
e mainly produced in China

16
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Vitamin Be synthesis

1. EtOH, HCI, 35 °C,

red. pressure 80 % Me>ﬂe s N
0 o S AN i e 4 OK)O 180 °C
slow to 105 °C en ’ (o) Tl ik ~
: Y Me W)L then HCI HO N
Me 45 min MeOH, H,0 ||/ en ftlaaq)
NH HN e 40 - 60 % Me
= 2 Me OH
" 72 Pyridoxine (73)
N

- N\ w - :

0 Transamination
OH 1l o
OH S A R
°% OH 0 0
xoH TR 6 L : L
| N+ | O O O
s
NT Me Mot NH3 NHg*
Pyridoxine (73) Pyridoxalphosphate 75 ketoglutarate (76) 77 glutamate (78)
£ )L PLP (74) .
Decarboxylation Isomerization Retro-Aldol
0 = OH O 2 0
\HLO' i L CO, 2 S 0 R O o R J (o)
NHg* AU ) 3 i NHg* NHg*
75 79 L-amino acid L-amino acid D-amino acid 80 81 82

Review: H. Kdnig, W. Boll Chem. -Ztg 1976, 100, 105; E. E. Harris et. al. J. Org. Chem. 1962, 27, 1962; DAS 1 470 022 (Merck & Co; appl. 10.05.1962; USA pripr. 15.05.1961, 16.01.1962); US 3
227 721 (Merck & Co; 04.01.1966; prior. 15.05.1961, 16.01.1962, 24.01.1965); US 3 227 724 (Merck & Co 04.01.1966; prior. 15.05.1962; 16.01.1962, 16.06.1964). 17
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Mechanism for the decarboxylation reaction

Enz(CH 2)4NH2

regeneration by
transimination

-------------------------------------------------------------------------------------------------------------------------

Economic aspects . Pyridoxine deficiency . Used for treatment of

e world capacity . causes . Wilson’s & rheumatic
>>4100t/a . e anaemia . diseases

e cost 50%/kg . e nerve damage . carpal tunnel syndrome,

e mainly produced in e Kin problems . autism, schizophrenia,
China : . _mental retardation, etc.

K. H. Blassler, Int. J. Vitam. Nutr. Res. 1988, 58, 105; A. H. Merill, J. M. Henderson Annu. Rev. Nutr. 1987, 7, 137.

18
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Vitamin B synthesis

OH OH
H 1. MeOH, rfix., then

Me NHz O ~_OH RaNi/H, 25 atm. Me
70 % o
Me 244 Me

83 84
2. EtOH, 10 °C o H 3. Barbituric acid,
Clsy N ‘D AcOH, rflx. 5h
Rib. ’
e >
> 67 %
92 % Me b
86 N.
PhNO,

OH O
OH OH 2. KOH, OH O b cacl, d. H,S0, oo
o c. H,0, 140 °C f. Na/Hg /\)\)
OH OH OH OH o 890H ST,
D-Glucose (10) 88 4

IJS 2 384 105 (Roche; 1945; appl. 1943).; Tishler, M. et al.: J. Am. Chem. Soc. (JACSAT) 69, 1487 (1947).; US 2 350 376 (Merck & Co.; 1944; appl. 1941).; US 2 370 093 (Merck & Co.; 1945; appl. 1941).
similar processes:
Tishler, M. et al.: J. Am. Chem. Soc. (JACSAT) 67, 2165 (1945).; US 2 807 61 1 (Merck & Co.; 1957; appl. 1955). 19
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Biological activity

R "o
Me N /N \fo Me N N \fO :
Sred P NH > NH ox
Me N Me H
o (o)

.B
R H

R R
I I I H
Me N N (o) Me N N (@) Me N N 0
Mejf\j[N/j/;n/\riI :Mej@[N $ \EI TR Mej@[ND;(\EI
B'H/\O B- H—S%DO/RZ sl-I ;
e Most reactions follow : Economic aspects . Deficiency
a radical mechanism : eworld capacity 2400t/a : e atrophic glossitis
e Is able to form Cl* . e cost 45-54 €/kg . e seborrheic dermatitis
species with oxygen & . e produced by HLR, . e eye problems
chloride BASF, Takeda, ADM (all in all nothing
: serious)

20



M eth Oxatin (non vitamin)

Synthesis of Methoxatin
e 1st. Synthesis by Corey

in 50 mg scale
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M COMe
g \l,cozEt
1. Ac,0, HCO,H,
2 35 °C (92 %) Mg 3. EtOH, HCl, N2BF, 4.Ethyl-2-methyl =N
2. Pd/C, H,, DMF, NaNO; then acetoacetate,
35 °C, 2 bar (80 %) HBF, EtOH NaOAc, EtOH
> r >
NH; NHCHO NHCHO ST
OMe OMe OMe e
91 92 93 94 1]
2
S Et0,C 4
N NH 7. HCI, Acetone 80 °C (85 %) A AP
HN / 8. 2-oxoglutaconic acid-
° dimethylester, CH,CIl, (73 %
5. Ph 6.5-5.2> SISOl 8°>C 2 e )>
N CO,Me
70 % 62 % NHCHO H :
NHCHO i 42 OMe
95 OMe A

9. Cu(OAc),, CH,Cl, HCI/Air (95 %)
10. CAN, H,0, MeCN (69 %)
11. LiOH, H,0, THF; then HS04 (73 %) _

(13 % over all)

P. Martin, E. Steiner, K. Auer, T, Winkler Helv. Chim. Acta 1993, 76, 1667.
21
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Thank you for your attention

20
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