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Biocatalysis

» The use of biological entity, either whole cells or isolated enzymes, for
synthetic transformation.

* Enzymes are catalytic proteins that catalyze all reactions in living organism.

* Enzymes activate reactions in the active sites of the molecule, and lower the
activation barrier of reactions. Enzymes are very efficient catalyst, with rate
enhancement of reaction about 108 to 107
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Types of Enzymatic Reactions

Oxidoreductase — catalyze oxidation-reduction reactions

glutamate
O dehydrogenase '?'H2 + H,0
PPN +NH AN
HOOG COOH : HOOC COOH
NADPH NADP*

Transferases — transfer of groups

NH, 0 alanine o) NH,

: + transaminase /\)J\ +
Hooc” > COOH )J\COOH HOOC COOH ~"COOH

Hydrolases — formation / breakdown of esters, amides, lactones, etc

0] lipase or esterase 0]
PS + H,0 ? J_ + RoOH
R OR' R OH

Faber, K. Biotransformation in Organic Chemistry. Springer, 2004




Types of Enzymatic Reactions

Lyases — addition-elimination on C=C, C=N, C=0 bonds

co0H aspartase NH,
Hooo™ X~ + NH, HOOC " coon

Isomerases — isomerization such as racematization, epimerization

O._.OH
2 hosphohex -
0,PO phosphohexose  z, o, O/ ~OH
isomerase
HO' "OH OH

OH HO OH

Ligases — formation-cleavage of C-O, C-C, C-N bonds with ATP

cleavage
J aspartate-ammonia
. ATP + NH Igase T AMP + P,O,3
z + + H + + -
HOOC . 3 : o7
~">COOH H NMCOOH

2

Faber, K. Biotransformation in Organic Chemistry. Springer, 2004




Biocatalysis in Organic Synthesis

 There are lots of examples of application of enzymes outside living
system to carry-out organic reactions.

e Desymmetrization

COOMe pig liver esterase COOH g8 9, yield
CE > ee > 98%
H,0, pH 7 COOMe

COOMe

e Kinetic Resolution
0 0

OAc Baker’s yeast esterase OH

e Asymmetric synthesis

O L HcN hydroxynitrile lyase

\4
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@ Faber, K. Biotransformation in Organic Chemistry. Springer, 2004




Biocatalysis in Organic Synthesis

* Recent example: Lipase-Ruthenium combination of dynamic kinetic
resolution.

Ar

Ar OH
Ar = pOMe'CGH4
Ar Ar

~—
R B W ~ H
0C by od O oc" L oc" |
4 mol % cat
NH,  Na,CO, >7OAC WHAC 78 -95 % yield
X 5 PN ee 95-99 %
Ar ; : Ar
Candica antartica
Lipase B
Toluene, 90 °C
Ar ) Ar Ar ~
Ar A Ar )k : + A Ar
Ar + + )\ ' R Ar Ar/\ r +
~Ru Ar R ~Ru
Oc\\ k OC\ OC\\ l
CO CO CO

Backvall, J E, Paetzold, J. J. Am. Chem. Soc. 2005. 127, 17620 - 17621
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Advantages of Biocatalysis

Enzymes have a very good selectivity :
Stereoselectivity — enantioselectivity in most cases are > 99 %

Chemo- and regioselectivity — react on one location over another similar
group without the need for protection groups.

Mild reaction conditions:

aqueous solvent, room temperature, normal pressure, neutral pH
Environmentally friendly: enzymes are biodegradable

Fewer side reactions

High efficiency

Cheap and simple starting material can be used.

Overall lower cost of production.

Rozzel, J.D. Bioorg. & Med. Chem. 1999. 7, 2253 - 2261
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Biocatalysis in Industry

» There is increasing number of biocatalysis used in industrial scale over
the past decades.

e In 2002, there are 134 industrial biocatalysis transformation (production
> 100 kg/year)
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Currert Opmnicn in Biatechnalogy
Currand Crpinian in Bulechnalogy

Straathof, A.J.J. et al, Curr. Opin. Biotech. 2002, 13, 548 - 555

/




Biocatalysis In
Pharmaceutical Industry

e Chiral compounds production has become more and more important,
especially in pharmaceutical industry.

» Application of biocatalysis in pharmaceutical industry is the major part
among industrial biocatalysis.

» Even so, in many cases, biocatalysis is still under-utilized. It is used only

when chemical methods are failed. Polymers

Cosmetics

Food

Feed = Pharma

Several
sectors
Current Opmion in Biotechnology

@ Straathof, A.J.J. et al, Curr. Opin. Biotech. 2002, 13, 548 - 555




Misconceptions about
Biocatalysis

e ‘Enzymes are too expensive.’
The price of enzymes are about the same with other chiral catalyst.

Enzyme Approx. price in Wkg Catalyst ApPPTOX. price in $/kg
Lactic dehydrogenase 100, GO0 BINAP 40, 000
Porcine liver esterase 15, GO0 ChiraPhos 10, QOO
Penicillin amidase 160, €00 Platinum 12, 000
Aspariase 10, 000 Sharpless 10, 000
Trypsin 5000 Pd(Diphos)- 5000
Lipase 5000 Rh{PPh;);Cl 2000
Glucose isomerase 500 Jacobsen 1000
Detergent protease 3250 Chuirald 500
Glucoamylase 100 Raney nickel 30

e ‘Productivity are too low’

Majority of industrial enzymes give products concentration of > 100 g/L, and
productivity of 100 t/a to > 10,000 t/a

@ Rozzell, d D, Bioorg. Med. Chem. 1999, 7, 2253 - 2261




Misconceptions about
Biocatalysis

* ‘Enzymes are too unstable.’

immobilized enzymes have shown stability toward reuse.

Biocatalyst Reported half-life
Aspartase 6 months — 2 years
Fumarase 180 days

Penicilin amidase > 6 months
Lactase 90 days

Protease > 60 days
Tryptophan Synthase 50 days

* ‘Enzymes act on natural substrate only.’

Enzyme-substrate recognition’s is not ‘lock and key’ but ‘induced fit'.

@ Rozzell, d D, Bioorg. Med. Chem. 1999, 7, 2253 - 2261
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Immobilized Enzymes

Immobilized enzymes are enzymes that physically localized in a certain
region of space with retention of their catalytic activity.

Advantages..

Increase stability.

Easy separation from reaction mixture

Repeated or continuous use.

Prevention of protein contamination on product.
Methods of enzymes immobilization'

s % g -

coupling to Cross matrix membrane
carrier linking entrapment entrapment

Bornscheuer, U T. Ang. Chem. Int. Ed. 2002, 42, 3336-3337




Genetic Engineering

e Natural enzymes usually do not perform efficiently under industrial
conditions.

» Directed evolution is methods developed to provide enzymes library
followed by high throughput screening and selection. Enzymes for
industrial purpose are generated by this process.
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Case Studies




R-PAC (Phenyl Acetyl Carbinol)

Q + O B Pyruvate §H H,NMe 7
H )J\[(O Decarboxylase H,, Pt :
0 7 0 i HN

ee > 98%

» Precursor for ephedrine, which is used for treatment of asthma

» First example of biocatalysis for pharmaceutical compounds (as early as
1932)

e The mutant enzyme can accept acetaldehyde as substrate, therefore
lower starting material costs. Productivity are also increased to 100 g/L.

o o mutant Pyruvate oH
+ )k Decarboxylase
H H —
@)J\ @/'\[O(

@ Rosche, B., et al. J. Mol. Catal., B Enzym. 2002, 19, 109 - 115




L-Dopa

HO
OH

NH,
HO

 Treatment for Parkinson’s disease, which is caused by lack of
Dopamine or its receptors in brain.

» L-Dopa is decarboxylated in vivo to become Dopamine.

e Since Dopamine cannot pass through blood brain barrier, L-Dopa is
administered with dopadecarboxylase-inhibitors to maintain its form
outside the brain.

e About 250 tons are produced per year.

@ Kumadai, H. Adv. Biochem. Eng. Biotech. 2000, 68, 71-73




L-Dopa Chemical Synthesis

)

| | Q2 |
0 PR
—> E—
HO Ac,0 Nj /Mo HN

AcO

@ Q [Rh(COD)(R,R-DIPAMP)]+BF4‘l H,

O | 0]

O @ "o OH H* /lCLO OH
< HN

R,R-DIPAMP HO O el

ee =96% °
The first use of asymmetric catalysis in pharmaceutical industry (1968)

Developed by William Knowles, Noble Prize winner in Chemistry 2001
(together with Noyori and Sharpless) for asymmetric hydrogenation and
oxidation reactions.

@ Knowles, W. S. Angew. Chem. Int. Ed. 2002, 41, 1998 — 2007




L-Dopa Enzymatic Synthesis
HOD . /([)S(OH . NH, Tyrosine Phenol Lyase HO oH

~ whole cells HO 2
Erwinia Herbicola

The reaction are first used in 1993 by Ajinomoto Co. Ltd., Japan

L-Dopa is insoluble in reaction medium and appears as crystalline
precipitation in reaction.

One of the most economical processes to date. Most of L-Dopa productions
today are from this method.

Tyrosine Phenol Lyase is enzyme that catalyzes breakdown of tyrosine in

Vivo.
Tyrosine Phenol

)
O
OH Lyase + )H(O-N H,*
NH
OH O

HO 2

Kumadai, H. Adv. Biochem. Eng. Biotech. 2000, 68, 71 - 73




Atorvastatin Calcium (Lipitor)

HO Ca?*
COO-

HO

* Member of anti-cholesterol statin drugs
» Marketed by Pfizer company, world’s best selling drugs since 2001

e Inhibit HMG CoA Reductase, which is the rate limiting step in
cholesterol biosynthesis.

» Penta-substitute pyrrole is synthesized by Paal-Knorr pyrrole reactions.

@ Li, J.J. et al, Contemporary Drug Synthesis, Wiley Interscience, 2004
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Chemical Synthesis

QH OH
HO H,0,, CaCOs, OH HBri_IHO:C,
Q K,CO, HOJ\/COOK CH;0 Br CO,CH;  Pd/C, H,
O - 7 —%
N =
HO OH Br
of 1, NaOH
1. TBDMSCI, 4-DMAP 2. CDI
imidazole OTBDMS Mg(O,CCH,CO,Me), OH O
§H 2. NaCN, DMSO Jw 3. BuNF HOAc, THE  no 1 co,on,
Br\)\/COZCHs -> NC CO,CH,
1, NaBH,, Et,BOMe X
CH,OH, -90 °C >< Ra-Ni, H,

@) @)
2. Me,G(OMe), o o 0 CH5OH, 50 PSI W
Cris0u: o LI "

2
e

Vv

Li, J.J. et al, Contemporary Drug Synthesis, Wiley Interscience, 2004




Chemoenzymatic Methods

O OH
0 O  DERA PN
OH O OH OH O
o H

Cl\)J\H-F )J\H #2 o W CI\/'\) — CI\)\/‘\) T C|\)u)jw
DERA ‘0" "OH

2% wiw ee >99.9 %,

DERA = 2-deoxyribose-5-phosphate aldolase de >99.8%

31 g/L/h

OH

OH
NaOCl, H,0, NaCN, DMF OH O
o] AcOH Cl ' 2% HeO, ?)\/‘\)J\
"0~ ™OH g ‘0”0 g ONa

1. H,SO,
2. (MeO),CMe, OH OH O

3. TMSCHN ne. L I
NC\)\/'\)J\OMe < 2 C ONa

@ Greenberg, W A,; Burk, M J. Proc. Natl. Acad. Sci. USA. 2004, 101, 5788 - 5793 /
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/-aminocephasporanic acid
(7-ACA)

. oLy
Hloy — St
l \ Cefotaxime

j;rfv S \N’ oj;l\‘l// S\(SW/

Ceftriaxone COOH N—N
Cefazolin

* Precursor to semi-synthetic penicillins.
e Annual synthesis of 7-ACA is 1000 tons/year

Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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Transformation of 7-ACA

H
MN S / HN j;y/ S
7 N = O
NH O j;l\lr/ O 0
COz— @) HO @]

Cephalosporin C is readily available by fermentation of Cephalosporium
acremonium .

Cephalosporin C exhibits weak antibiotic activity.
Semi-synthetic penicillins show better antibiotic activity.

Have to cleave the amide bond in the presence of more labile 3-lactam
amide bond.

Chemical methods reaction are proved to be complicated.

Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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/-ACA Chemical Synthesis

—OC

o

(Me),SiO, C
> NH,Si(Me), j/: =
\g\/ Y SIC|

Zn2+ CO,Si(Me),

HCI produced trapped by dimethylaniline
Cephalosporin C (Zn salt) (HCIp pped by y )

PCl; l -65 10 -40 °C

H,N S Hvdrolvsi
yarolysis (Me),SiO,C N S
Y T<0C T T
4 NH,Si(Me), CI J—N._~ OY
HO" © O

CO,Si(Me), O
7-aminocephalosporanic acid

Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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/-ACA Enzymatic Synthesis

a-amino acid oxidase

— H
-OZCMH S pH 7.3, 25 °C HOzCMN S
o] 2 o)
COH 7(1)/ _\ COZH 9]

\ H,0, —  a-ketoadipyl-7-ACA -

Chepalosporin C (ag. solution) NH,
H,0,
CO,
H,N S
j;( glutaryl 7-ACA acylase ’
o N .= OY P pH 83, 30 °C OMN S
o)
o) OH O N~ o)
HO o \g\/ m/

7-aminocephalosporanic acid CO,H O
+ glutaryl-7-ACA

HOMoH

@) @)

A

@ Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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Chemical vs Enzymatic Methods of

7-ACA

©

Equipment used

alloy

company, Germany.

Chemical Enzymatic
Waste generated 31 tons/ton of ACA 0.3 tons/ ton of ACA
Heavy atom used Zn no heavy atom
Hazardous chemicals PCl;, TMSCI no toxic chemicals
Solvents dichloromethane water
Volume of chemical used equimolar catalytic enzyme
Temperature low T room temperature

highly-corrosion-resistant stainless steel

» Biocatalytic method reduces raw material costs by factor of 4 in Hoeschst

* Environmental Protection Cost are reduced by 90%.

Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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Enzymatic Methods

Chemicals method has been obsolete and changed by enzymatic methods
due to environmental concerns.

One-step enzymatic procedure currently result in very low yield, but it is
under development.

)

H H,N S
-OZCMN :J\/ cephalosporin C acylase j;r
N N = @]
NH, 0 N A OY \f(
j/: o)

- O
Co, o o S0

8% in4h

Blaser, H U, Schmidt, E. Assymetric Catalysis on Industrial Scale: Wiley-VCH, 2004
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Posaconazole

» Broad-spectrum orally active azole-antifungal for treatment of systemic
Candida and Aspergillus infections.

» Developed by Schering-Plough.

F< C :F +—OTs

N & ©
-

N

@ Patel, R N. Biocatalysis in the Pharmaceutical and Biotechnology Industry. CRC Press, 2007




., Sharpless NaTr, TrH F Fon 1. EtN, MsCl
EpOX|dat|on\ OH DMF 2. NaH, DMF
(N\N/f OH
N’——J
F F F F
<COOEt COOEt F F OH Et,N, TsCl
COOEt \ LiCI, NaBH, CQ—C THF
< > ‘ OH
(N\N/‘ © NaH, DMSO (“DN/ 0" o o
N:j N=— <__
N
F F OTs i " &OTs
NaH, 110 °C \
toluene chromatography .
</ N/‘\: OH N\ /f: O - N\ /T: O
trans:cis = 3:2 cis

@ Morgan, B. et al. J. Org. Chem. 1997, 62, 7736 - 7743




Chemoenzymatic Synthesis

E COOEt
Br <COOE’[ PdCI,(PPhy), COOEt
+ Scoogt ¥ == DMF, 75- 85 C/
e F
85 - 92%
0 (0]
. OH OCOiPr
LiCI, NaBH, 0 F
EtOH OH OH
F 90-92% Cani/idaa :enzgrt/ca E 90.95%
P 98% ee

F F +—QOTs
F F  —ocoi
l,, NaHCO, S OCOiPr
MeCN _— N

: 0
: _— N
: 0 (/ N/

95%

Patel, R N. Biocatalysis in the Pharmaceutical and Biotechnology Industry. CRC Press, 2007
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Comparison of Chemical vs
Chemoenzymatic Methods

e Chemical method using Sharpless epoxidation consists of 12 steps
which provided only 6% overall yield.

e Chemical method suffers from poor diasteromeric control in cyclization,
and required chromatography to separate isomers.

 Chemoenzymatic method with enzymatic desymmetrization consists of
7 steps from inexpensive starting material, with only 1 isolated
intermediate give overall 35% yield.

@ Patel, R N. Biocatalysis in the Pharmaceutical and Biotechnology Industry. CRC Press, 2007
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Lotrafiban

» Potent nonpeptidic glycoprotein Ilb/llla fibrinogen receptor antagonist,
inhibits platelet aggregation for thrombotic events.

* However, the clinical program was discontinued during phase lll.

@ Wells, A. et al. Org. Proc. Res. Dev. 2002, 6, 488 - 491
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Chemical Synthesis

MeO 0]
O — @)

F N~  DMSO, 140 °C, 4 A MS HN

O OtBu O OtBu

Reaction yield is ~40%, but in small scale the reaction gives 100% ee

While scaling-up, the enantiomer purity drops to ee of 91%, which is
unacceptable for pharmaceutical.

Attempt to increase the ee by crystallization failed and prevention of
partial racemization cannot be solved.

Wells, A. et al. Org. Proc. Res. Dev. 2002, 6, 488 - 491




Enzymatic Resolution

o] O o
— 0)7_{0 O \O)\ o
__Candida antartica i

HN? N Lipase B \ NT HN N
o; ENMNH

e

ee 99%

* Product are easily separated.

 The unwanted enantiomer can be racemized which give yield of 84%
(overall 42%)

e The immobilized enzyme can be reused multiple times.

@ Wells, A. et al. Org. Proc. Res. Dev. 2002, 6, 488 - 491




Chiral Switches

e Chiral drugs that have been marketed as mixtures of enantiomers, but

have been redeveloped as single enantiomers.

e Some techniques used to prepare the enantiomers:

e Crystallization of diasteromeric salts
e Chiral pool
e Enzymatic resolutions

 Examples of drugs that have undergone chiral switch by enzymatic

kinetic resolutions:

DeX|buprofen

Dexketoprofen o0
N —
- fz}
HOOC S, N
&@ o Q ,o
)-Levofloxacin (S)-Esomeprazole

Patel, R N. Biocatalysis in the Pharmaceutical and Biotechnology Industry. CRC Press, 2007
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Conclusion

Biocatalysis has become part of synthetic chemistry, and its application
will increase in the future.

Introduction of biocatalysis in synthetic route enable us to create more
economical process, with shorter routes, increased selectivity, and more
environmentally friendly reactions.

Instead of competing with conventional organic methods, biocatalysis
can complement chemical methods to give better transformations.

As there are only small numbers of enzymes that has been used in
synthetic transformations, there’s a huge opportunity of applications of
biocatalysis synthetic transformations.




Prof. Robert Batey
Batey Group
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