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What thistak 1s about.

Performance metrics of syntheses or synthesis sequences.
=>» Information about

Raw material utilization Volume of recycle loops

Waste production Problematic substances
Cost drivers (materials)
-

—

Quantification
Visualization

=» Objective and clear
Identification of weak-points.
comparison with alternative synthesis routes.
documentation of the efficiency of scale-up efforts.




Man metrics

Substrates[kg]
Product [kq]

Solvents(total) [kq]
Massindex S'= 2 Rawmaerdlkgl . Sol \Ijergiu(:te([:kg]_
Product [kg] ycling) [kg]
Product [kq]
Water [kq]
Product [kq]

> Waste[kg] Costinde. Gl — > Raw material [EURO]

Environmental factor E =
Product [kg] Product [kg]




An example

Enantiosel ective Epoxidation

E.coli @)
= Bis(2-ethylhexyl)- *
. : phthalate (solvent)
Biochemical Water
(E.coli) a) 0.90 + 2.2130, > 0.794 +2.586 H,0
’ + 0.569 Glucose + CH1.7800.33N0.24
+0.24 NH,OH +0.067 CgHg
+0.04 CgH4oO
+0.294 CH;COOH
Jacobsen catalyst o_ +1.916 CO;
= 4-Phenylpyridine N-oxide *
. Methylen chloride
+ N - + N
(Jacobsen) aoc aC

88% yield
(99% e6)

71% yield
(86% ee)

a) S. Panke, M. Held, M. G. Wubbolts, B. Witholt, A. Schmid, Biotechnology and Bioengineering

2002, 80, 33-41

b) According to J. F. Larrow, E. Roberts, T. R. Verhoeven, K. M. Ryan, C H Senanayake, P. J.

Reider, E. N. Jacobsen, Organic Syntheses, 76, 46.

X
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An example

Costindex Cl  (presented by means of the software EATOS)

Substrates: EE‘. Styrene oxide; S-.project - EATOS _ ] El
4.28 EUR/ kg Product | ... et
Substrates: Catalysts( 102.1EE6(71.9402%) of LEQD.34ZF ):
1.46 EUR / kg Product AR
Price / Filogram : 13EZ&6.3600 ETUR
EUR kg™ 180\ Mas=: 0.0480kg —-* &3.7469ETR
140 1 d-phenylpyridine N-oxide
Price / Hilogram : &3&.0000 EUR
120 1 Mas=: 0.0647kg ——> 44 4096EUR
100 T -
80 1
| Sewanenater
50 Auxiliaries (izolation)
] Salverts
40 Impurities
Catalysts .
2 \ sndiios veectiors EATOS: M. Eissen, J. O. Metzger,
o Substrates Environmental Performance
Cl Cl . . . .
2 0 Metrics for Daily Usein Synthetic
biochemical chemical Chemistry, Chem. Eur. J. 2002, 8,

3580-3585.
Market prices except Jacobsen catalyst

and 4-phenylpyridine N-oxide =» Aldrich price/ 10 was applied
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Application of metrics in industry

Company 1 Company 2

In order to not Infringe a copyright
two figures similar to the one on
slide 6 were deleted.




Application of metrics in industry

My Impression: (MFA = material flow analysis X = fitness for use)
Remark Stage of development Synthesis | Process | Operation
design design

Merck MFA mature ]
BASF | Eco-efficiency | mature T he ratl ng
BASFIl | MFA in devel opment may be out
Bayer | Eco-check mature

g of date. |
Bayer || MFA in development .
Clariant MFA in development (Excel) Therefore It _
Schering | MFA in development (Excel) WaS del eted _
Aventis MFA in development (Excel) _
Syngenta uses Excel calc.




Metrics easily obtained.

How can calculations be performed.

Enter stoichiometry

1 Styrene + 1 NaOCI = 1 (S)-Styrene oxide + 1 NaCl

[Fb) - EaTos 3

| {3 substrates | I3 Product | 3 Coupled products |

x|

key substrate Marme Coef. Formula Maolecular weight
o import Styrene 1 CaHE =104.1512
G import IBUdium bepochloritg|1 Madcl = 744417

| More | Fewer | ok | cancel |

[Hib) - EATOS

[ 3Substrates | £ Product | .4 Coupled products |

x|

Mame Coef. Formula

Molacular weight

‘ import ||SWreneride;(S)- ||1 ||CSHSO

|= 1201508

b) -EATOS 3

{:}%gﬁmesrﬂmduct T 1.4 Coupled products |

x|

MName Coef. Farmula

Molecular weight

‘ import ||Snd|umch|or|de "1 "NaCI

|: 58.44277

| More | Fewer




Metrics easily obtained.

How can calculations be performed.
[Hb) - EATOS

Enter quantltleS __File Edit Swthesissequence ?

o

- ol %]

‘ Weighting Literature Substance list
Auxiliary materials | Product | Coupled products | By-products |
‘ Substrates r Catalysts r : Solvents |
Information: li
Import
Marne: Styrene Q
Molecular formula: CBHE = 1041512 Export
Coefficient: 1
Rename
Abbreviation “AS-number =
|Styrene———— | 10-43-5 ' Reset
Density
) [osos |
Comment:
]\ﬂ Styrene Lﬁnﬂlumhwochlﬂ chlorite ]
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Metrics easily obtained.

How can calculations be performed. voila

s, 7 . B, )
} Styrene oxide; S-.project - EATOS o ]EII X H
Press, Compare’ — : i |
’ Columns View Diagram Miscellaneous 7 ‘
EE Styrene oxide; S-.project - EA i IEII& ko kg™ 120 1
File Language settings
Please choose syntheses you want to work with! 100 1
a) New
:' (cat) Exchange a0 1 Sewageiyater
- = Auiliaries (izolation)
E h) + Jacohsen catahlyst = <l
. B olvents
B. (cat.) Compare ImpLrities
C. (=A+B) Rename Catalysts
C. (cat.) Selia 40 1 Auiliaries (reaction)
D. (cat.) = . . Substrates
E.coli {recomby) a7 By-products
Jacob.cat. L4 Close | Cnuple.d products
| |zomeric product(s)
Literatureﬂ_ahnratn\ry\iiqnn : A= R o
Literature cJay F.Lamgwl, Ed Roberts2, Thomas B, = = E = E
erhoeven, ken M. Ryan2 3, Xhris H. Senanavake2 4, Paul |28 &) b
L. Reider?, and Eric M. Jacobsen

Storage :
Laharatory diary:
CommentExperimental description:

Comment:

Click segments for details.

1

To examine complex synthesis sequences press, Import* to
Import a preceding synthesis.
Example: ,Jacobsen.cat.’ = A.(cat.) o B.(cat.) oo C.(cat.) o D.(cat.)
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Metrics easily obtained.

Integrate, in case you want, the preparation of the Jacobsen catalyst

+ +
HOC  COH  H,0/HOAC HaN - NHg
A + 0,C €O,
HoN  NHp, HO  OH
HO  OH

OH
N 1. HOAc
5 ( j 2. HySOy4 o~ + NH;
: 3 + N N 3 + 3 MeNH,
LN/
+ 3 H,O
~—N
C. o~ Q
2 . +H3N NH3+ H,0 / EtOH OH HO
‘0, COy
— +2 KHCO3
HO OH

KOZC COLK

+ 2 KyCO3

+ Mn(OAc), 4 H,O
+0.25 0,
N— + NaCl

EtOH /
Toluene +4.5H,0
OH HO O CI O + HOAC
\ / \ % + NaOAc

J. F. Larrow, E. N. Jacobsen, Organic Syntheses, 75, 1.

O
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Metrics easily obtained.

O

To assess the production of 5

(S) - Styrene oxide
three metrics were used:

St E ClI
N /
Y H—/
Quantities Costs
[kg / kg] [EUR / kg]
Input / Output I nput

(Massindex; Environmental factor; Cost index)

In the following two case studies, it will be presented how these
metrics were applied.

Then further metrics will be introduced.
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

HN’@i> Benazepril
(Novartis)
EtOOC O \\

N
OH HN N . .
Cilazapril
COOEt p— EtOOC O COOH  (Roche)

HPB Ester 1 \

Enalapril Lisinopril Perindopril
Quinapril Ramipril Spirapril

Structures of ethyl (R)-2-hydroxy-4-phenylbutyrate (HBP Ester 1) and of selected ACE inhibitors

Since the patents for several ACE inhibitors have aready expired or will soon do so, the
production costs will become very important. This calls for the development of more
efficient syntheses both for the ACE inhibitors as well as for the various intermediates.
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

OH
a) Racemic COOR
reductlon
@) Y)lutlon
OH
COOR Db) Enantioselective

reduction

— COOEt
OH /
ROOC\V/l\
COOR

c) Chiral pool synthesis HPB Ester 1

Routesto HPB ester 1

H.-U. Blaser, M. Eissen, P. F. Fauquex, K. Hungerbthler, E. Schmidt, G. Sedelmeier, M. Studer,
Comparison of Four Technical Syntheses of Ethyl (R)-2-Hydroxy-4-Phenylbutyrate,
in Large-Scale Asymmetric Catalysis (Eds.: H.-U. Blaser, E. Schmidt), Wiley-VCH, Weinheim, 2003.
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Case study
Ethyl (R)-2-Hydroxy-4— Phenylbutyrate

O
OEt
EtOH H,SO,_
co2 - 5 O
EtO o° - 2 EtOH

A
MeOH Proteus Enzyme Enantioselective | Pt/ Cinchona

NaOCH; vulgaris |membrane hydrogenation
y reactor v

CI L %
0" Y0 OFEt
EtOH HCl
EtoJ\,(OEt ATy I

HPB-Ester 1
O +
A

@* | 1.1 bar, 0°C

5% Pd/C

EtOH / HCI

Enan'uoselectlve
hydrogenatlon

NaOEt AcOH toluene
-EtOH - AcONa  8-10°C

Pt / Cinchona
Four enantiosel ective reduction routes A — D developed in Ciba-Gelgy and Solvias being investigated

16



Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

A B C D
Number of steps 4 4 4 39
Difficult steps 1 1 2 2
Chemical yield in steps 1 — 4 (%) 100/100/99/100 100/100/79/100 100/100/70/73  90/66/96
Over all Chemical yield (%) 99 fi 46 50
Over all selectivity (%0)°) 12.0 (18.3 9) 13.0 (20.49) 8.4(17.3 %) 23.6
Over all atom economy (%) 30.1 33.8 51.0 52.0
Price starting materials Medium Medium Medium Low
Over all economy Ok Ok Ok Good

Y ee upgrading included in the hydrogenation step;

b) ee upgrading included in the calculation;

) Mass of product / = mass of substrates;

4 Mass of product / = (mass of substrates — EtOH excess)

Over all comparison of the four routes via A — D
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Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

Case study

A B C D
Substrate 3 3 5 6
Enantioselective catalyst Immobilized Dehydrogenase Pt — cinchona Pt — cinchona

proteus vulgaris Enzyme

Reducing agent HCOOH, viologen HCOOH, NAD H, H,
Additives (Poly)Phosphates Phosphates - -
Solvent H2O with buffer ~ H2O with buffer Toluene or AcOH Toluene
% e¢ >99 >99.9 80-92 (82 ) 76 —86 (76 )
S/C (W/w) 50 — 100 25'000 200 40
S/C (mol/mol) N/A. N/A. 4000 700
Ton Living High 4000 700
tof (h!) N/A. N/A. 1000 300
Space / time yield (mol/(1*d)) 1.7 - 0.64 1.0 24 12
Production scale =20 kg > 1kg > 500 kg =100 kg
Problems Complicated work- Complicated Very sensitive to  Very sensitive to

up

work-up

substrate purity

substrate purity

A used for the calculations.

Comparison of reduction methods A - D
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

ko kg 100 |

30 Sevvagehtater
a0 1 ALxiliaries (izolation
M - salvents
G0l 1 Mizcellaneous

| Catalysts
a0 ALxiliaries (reaction)
40 Substrates
a0 1 Evproducts
A - . Covpled products
10 1 Loss of product

0 = | H = . lzameric product(s)
=1 E =1 E =1 E =1 E
A, = i O

Mass index St and environmental factor E of the reductions steps A —D
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

ko kg ' 5

] sewvagetNater
Alxiliaries (izalation)

] =olvents

Mizcellaneous

— Catalysts

Avxiliaries (reaction)

substrates

Byproducts

I = o . Coupled products
- -

L Lo=s of product
m lzameric product(s)
= ! = ' E = ' E
A, E i O

o Y R .5 I = 1 |

Mass index St and environmental factor E of the reductions steps A —D
(Detailed view)
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

ko kg 420
100 Seweagehater
ALxiliaries (izolation)
a0 - =olvents
Catalysts
=100y ALiliaries (reaction)
=Ubstrates
400 - I Evproducts
. Coupled products
20 = Loss of procuct
. ! = m . lzotmeric products)
=1 E 51 E S 1 E S 1 E
via & via B via via D

Mass index S and environmental factor E of the sequences via A — D
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

ki kg ' B0 I I
Al =ewagenster
ALxiliaries (izolation)
4 =olvents
Catalysts
30 ALxiliaries (reaction)
=ubstrates
20 1 Evproducts
L ] . Coupled products
01 = =l Lo== of procuct
7- = = =l ] =] . lzomeric product(z)
=1 E =1 E =1 E =1 E
via A via B wvia C via D

Mass index S and environmental factor E of the sequences via A — D
(Detailed view)
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Case study

Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

120 -

kg kg’

100 -

80 -
60 -
40 -
20 -

Reduction

iy

viaA viaB vaC vaD
S-l

m Step 4
O Step 3
O Step 2
mStep 1

kg kg™

60 -
50 -
40 -
30 -
20 -
10 -

0

==nl

viaA vaB wvaC wvaD
S (without water)

Mass index S-1 of the sequences via A — D (Steps)

m Step 4
O Step 3
O Step 2
mStep l
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

kg ke ™t 100

SewageiMater X

Reduction steps B und C

Mizcelaneous
Catalysts

Auxziliaries (reaction)
Substrates
Byproducts

> Mass index S und environmental factor E

Loss of product

- £

90

an

70

60

50

40

a0

20

1E BQo | =
Exl EU 5

‘\B C

= |zomeric product(=)
E

"There does already exist a Life Cycle Assessment!

M1 = catalyst
M2 = reduction

M3 = catalyst removal
M4 = extraction
M5 = solvent drain off

7 = enantiomeric. pur.
/M8 = solvent recycling

T points
(Eco 95) enzyme
M1 M2 M4 MS5&6 M8 M1 M2 M3 M5&5 M7 Mo

G. Jodicke, O. Zenklusen, A. Weidenhaupt, K. Hungerbuhler, Journal of Cleaner Production 1999, 7, 159-166.
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

Of course, aLife Cycle Assessment delivers a better assessment than simple mass
related metrics. But you only have five minutes per synthesis and not five months.

Fortunately, the preceding dlide shows that finally (at least in this special case) Life
Cycle Assessment and simple metrics seem to go into the same direction.

Even Life Cycle Assessment often only considers energy aspects.
But, dealing with chemistry means handling problematic substances.

25



Environmental index (EHS-metric)

Therefore, if desired:

EATOS: M. Eissen, J. O. Metzger,
Environmental Performance
Metricsfor Daily Use in Synthetic
Chemistry, Chem. Eur. J. 2002, 8,
3580-3585.

Enter substance propertl es

‘Ozone depletion | Nutrification | Acidification |

I Accumulation r uegral:lahﬂﬂlf ]/ _Greenhouse effect

Ecotoxicology | ﬂzmec:eatmn | Air pollution
_ Claiming of ressources | Risk | Hun icity | Chronic toxicity

Marme | Type }/R phrase\l
1 Styrene |Subgstrate / [10-20-36/38 |
2 |Sodium hypnchlurlte |Substrat 31 34
3 [Water Water
4 |§5,5)- {N N'} b|s{3 5 di- tert bl Catah,rst
5_ |4- phenylpyrldme M- D}{IdE Catah,rst
B
T
E!
El
1

IE

:35!'3?."38

_ |Methylen chioride (lnd prn:e Saolvent 4D
|Hexane, n- {md prlcej N Snlvent 11 38 4EU2EI
|Methylen chloride (nd. prlce Auxlllarg.f 154[!

Sodiurm chioride (aq canc| Auxmaw ma _SEIS?IEE

0 |wrater Wiater

Comment: Styrene | fized |

Price: hitplivaee chemicalmarketreporter cormihomerframeset hitm 7.10.02

Halflife = 20;
Halflife Mackay3: 35.2083333333333 data input fraom WhPA database (LUSERPA),
according to Mackay Il maodel

Ok Cancel Apphy
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Environmental index (EHS-metric)

EE Styrene oxide; S-.project - EATOS

EI _out/sa):
Solvents( S83.5733(77_4355%) of 107.3501 ):
step 1 (a)l:

hisi{zZ-—ethylhex alate
@ 0_human tox. (25 1=5; 0_ecotox. (5.

0_accumulation(Zt 0%)=10; 0
Loss=:

Bl dBE e
Becoverable thereof: 12NEE1T —-=
Octane;: n
(0=2.0; 0 human tox. (Z5.0%)=1; 0 ecotox._(
0 accumulation(ZS 0%)=6; 0 degradability(Z5.

QTotaI (OUtpUt)

egradahility (25 0%)=3)

0% )=4;

83_Z451
7d_9zZ06

Lo=s=: 0.1114 --= ONG341 :
E.coli (0]
= Bis(2-ethylhexyl)- *
phthalate (solvent) Columns
a) é+ 02 Water + HZO kg kg_'l 120 1
resp.
PEIka™ 0 ]
Jacobsen catalyst (@] a0 |
=z 4-Phenylpyridine N-oxide *
Methylen chloride
b) Eg+ NaOCl Hexane 6 + NaCl =
40 1
Phthalates-citation in: G. Mailhot, M. ]
. , 20 1
Sarakha, B. Lavedrine, J. Céceres, S.
Malato, Chemosphere 2002, 49, 525-532. 0

, Phthalates have been detected in
every environment in which they have
been sought...

The dialkyl phthalate concentrations
measured in wastewaters of this
chemical industry [Bay of Koper (Gulf
of Trieste, Northern Adriatic)] were
around 100 mg |-1.*

o [=] .

SewwageiVater

- Auxiliaries (izolation
. Solvents

Impurities

Catalystz
Auxiliaries (reaction
- Substrates

. By-product=
Coupled product=
lzomeric product(=)

=l

= =

S_i

E  Elin Elout
&)

S E  Eln El_out
k)




Outlook

Of course, integration of Life Cycle Assessment categories in such a manner is more
than rough.

In order to consider all Life Cycle Assessment categories and safety issues for
assessment purposes in a scientifically accepted manner, | have developed a new

concept which would be an extratalk.
- Just see an overview on the next dide.
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| TRGS 440 UBA (ministr indi iXi
- y| | Ecoindicator 99 and ™) mixing
- Erocessd - ~BASFE meth||-CA Stendard)[LCA Standard) ¢ o ironment) | BASF penalty survey [~ triangle
- Energy aemand } {} {} | |
-Waste incin.
_ - Characte-|| Normali- N -weighti
{-Technology  H Ranking ' ¢ 9~"H _ 1Weighting EHS-weighting
(acc. to TGD 2003 - rization zation (Penalty survey)
Flammability E — > Safety |
Reactivity D
Toxicity (acute) :%’r—
max
Toxicity (chronic) D N g Health |
Ecotoxicology (acute) :%’r—
max < 7 < 7
Ecotoxicology (chronic) D \/ \/ v
Global warming . - )
Ozone depleton —® @ o as I
Acidificaon - o
Ozone creation JD O V
Eutrophication O O X
Availability of resources D
landuse _ ——— —©
d : ' '
Odour Lok sl SlisEREEs) Rapidly calculated simply by
Endocrin disruptors » Comparison of processes means of molecular formljlla’
CAS R-phrase hazard sian




My vision

Database A

I/

Database B

|ntegrated database
(Substance properties)

—> e.g. redlized in the group of
Hungerbthler (ETHZ)

/ Database C

<— | Database D

No data mining!
Automatlc calculatlons'

Enter laboratory |og (with an existing computer software)

EHS-Assessment
—> Single substances
—> Aggregation of impacts
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Summary

Chemistry metrics

=>» They are already broadly used in industry
(see dlides 7-8: Application of metrics in industry)

=>» They are easily obtained.
(see dlides 9-13: Metrics easily obtained)

=» They make weak-points clear in a comparative fashion.
(see dlides 14-25: Case study)
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AppendiXx

Relevant literature

Download of Eatos

Role of chemistry

Construction details of the , unfriendliness quotient' Q
(regarding the Environmental index (EHS-metric))

Influence of the catalyst preparation (Styrene oxide example)
Details of the styrene oxide example

Detalls of the reduction steps in the Case study

Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

What is your motivation?
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Download of Eatos

Determination of mass balances and potential environmental
Impact of chemical syntheses appling the software EATOS

 Download EATOS under http://www.chemie.uni-oldenburg.de/oc/metzger/eatos/

* You havetoinstall the javaruntime environment to run the software. Follow the
Setup Manual.

» Please notethelist of bugsin EATOS.
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Role of chemistry

" Chemistry has an important role to play in achieving a sustainable civilization on Earth.”

"The present economy remains utterly dependent on a massive inward flow of natural
resources that includes vast amounts of nonrenewables,[...] It has become an imperative
that chemists lead in developing the technological dimension of a sustainable
civilization.”

T. Collins, Toward Sustainable Chemistry,

Science 2001, 291, 48-49.

“The central theme is the conservation and control of resources. A substantial
contribution must be made to this by science, whereby the combination of ecological,
economical, and social science needs are consolidated to meet the challenges of the
future.

M. Eissen, J. O. Metzger, E. Schmidt, U. Schneidewind, 10
Y ears after Rio — Concepts on the Contribution of Chemistry
to a Sustainable Development, Angew. Chem. 2002, 114,
402-425; Angew. Chem. Int. Ed. 2002, 41, 414-436.
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Environmental index (EHS-metric)

In case that substance properties such as

o Toxicity

* Eco-toxicity
o Safety

* elc.

should be assessed, they may be entered to
obtain an ,unfriendliness quotient® Q.

This Q-value will be calculated internally
and is between 0 and 10.

(The higher the worse.)

Weighting of massindex and
environmental factor with Q,, and Q_,
delivers the environmental indices El
and El ;.

B <) - EATOS

Input:

X|

¥ Claiming of ressources |1 = A0.0%

Diagram in

[v] Risk

[¥] Human toxicity
[¥| Chronic toxicity
[¥| Ecotoxicology

[_1 Dzone creation

[_] Air pollution

vl Accumulation

(vl Degradability

[_| Greenhouse effect
[_1 Ozone depletion

[_] Mutrification
[_] Acidification
(] Allow Q=0

~

EUR

bl

kg

o

> Qr .y fOr El

1EUR=$1 |

i |-s00%

Ourtpurt:

1 |=200%
1 |=a200%

1 | 200%

-

-
1 = 200%
= 200%

0.0%
0.0%

i oo
i roow

i oo
I oo

-

\

>QTotal for EIou‘[

J

Update

Close

M. Eissen, J. O. Metzger
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An example

Resource requirements due to the

. 1 .
Massindex S+ and Environmental factor E oroduction of the Jacobsen catalyst:
5.8 kg,
Preparation of E.coli solution, mainly water. I.e. 5.8 kg /0.048 kg catalyst used.
ko ko 40 1
35 1 \
30 1
25 | Further Syrtheses
Sewagenster
20 | —— Avxiliaries (izolation)
[— Salvents
95 ] Impurities
Catalysts
10 1 Avxiliaries (reaction)
Substrates
1
—_— oupled products
0 = |zameric product(=)
5 E 5 E
al k) + Jacobsen catalyst
biochemical Chemical + Preparation of Jacobsen catalyst
(Same quantity as before.)
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Results
Biocatalysis

S 1/b):
1 -1 Auxiliaries (isolation) (25%)
—
M a$ I ndeX S and Methylen chloride 6.7 S /b): 0
: Sodium chloride 1.3 Solvents (26%)

Environmental factor E . Methylen chloride 2
Sodium sulfate 0.33 Hexane: N 6.6
Calcium hydride 0.005 exane, n- :

kg ko 40 1

S */a): 35 E/b);

Solvents (41%) Catalysts (0.3%)
bis(2-ethylhexyl) = 15.1| a0 Jacobsen-cat. 0.048
phthalate 4-phenylpyridine N-oxide | 0.065
Octane; n 0.11] k=] Sewageater

S1 /a): 30 ) Aziliaries (izolation)

: Solverts

Substrates (12%) | i,

45 mpurities
Styrene 1 Catalysts
Glucose 2.1 ] &xiliaries (reaction)
NH40OH 0.27 0 / Substrates
Oxygen 1.8 | —— By -products
N Coupled products
0 P —— lzameric product(=)
5 E s E
a) 2}
biochemica chemical
E/a): S 1/b): E/b):
Coupled products (7%) Substrates (7.5%) Coupled products (1.6%)
Phenyl-ethanol; 2- 0.0517 Styrene 1.3 Sodium chloride 0.5
Styrene 0.0739 Sodium hypochlorite 1.2
E.coli (recomb) 0.2377
Acetic acid 0.1583
Water 0.7977
Carbon dioxide 1.2394
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

Q OH
Proteus vulgaris
COOH > COOH >99% ee
HCOOK, pH 6.7 99% vyield
3 4

; —
CH,CONH;— N;\>—<\://\N+—CH2CONH2

2CrlF

Reduction step in route A
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

OH
O Membrane reactor
COOH D-LDH ©/\/'\COOH
3 / \ 4
> 99% ee
NADH
CO, + NH, = A\ / HCO,NH,
FDH

Reduction step in route B
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Case study
Ethyl (R)-2-Hydroxy-4-Phenylbutyrate

H, / Pt/ALLO, OH
> Enrichment to >99% ee
COOEt \/W COOEt via nosylate
5 « OH
H 98%
70% "] 80% - 92% ee
N 82% ee used for calcuations

Reduction step in route C

H,, Pt/ALO,

O O toluene

COOE{ Enrichment by

COOEt — crystallization
\/YN> .
H

\

H yield >98%,
ee up to 88%,
76% ee used for calculations

Reduction step in route D

42



What Is your motivation?

Y ou are doing academic research at the university?

Case 1: Your findings are brillant and better than current approaches.
—> use metrics to compare with aternative protocols and prove the
superiority of your synthesis

Case 2. Your findings are not necessarily better than current approaches.
—> uSe metricsto
a) identify relevant weak-points for optimization purposes
b) make clear to the scientific comunity the
challenges you see for future research.

c) make clear to the funding organisation the great
potential for future improvements, i.e. calculate
scenarios.
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What Is your motivation?

Y ou are doing academic research at the university or in an industry?

Case 3. You haveread inspiring literature and have an idea.

—> use metricsto obtain a preview of what you can expect and
which benchmark is the challenge.

Case 4. You are examining several parameters, many synthesis protocols or
even different synthesis sequences.

—> use metricsto keep the overview of all alternativesin a
comparative manner.




What Is your motivation?

Y ou are doing research in an industry?

Case 5: You do not use such toolsin YOUR research group and you do not
only want to rely on your instinct.
—> use metricsto start first optimization efforts in order to reduce
costs on the part of the business department. Improve the choice
of syntheses that are to be calculated by experts.

Case 6. You aready use EXCEL or similar not-tailored software for
quantification purposes.
—> save time and energy using our EATOS-Software.

, Several methods at different levels may be necessary for the evaluation. For ordinary

chemists and chemical engineersinvolved in R & D, an easily applicable method is
desirable.”

M. Misono, C.R. Acad. Sci. Paris, Série llc, Chimie / Chemistry 2000, 3, 471-475
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What Is your motivation?

Y ou are doing research in an industry?

Case 7. The overwhelming number of possible ideasin literature forces you
to disregard many of them.

—> use the software to store data, i.e. to retain an overview also of
those syntheses that do not immediately fit well into your
experience background. They might become interesting when
an early favorite fails.

Case 8. You are engaged in the scale-up process.
—> use metricsto
a) identify the hierarchy of problems.
b) document the improvementsin efficiency.
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What Is your motivation?

Y ou are involved in education?
Case 9: Yougivealecture

—> use metricsto
a) give aholistic view of all relevant aspects
(solvents, catalyst(preparation), etc.)

b) demonstrate the effect of side reactions on total raw
material demand.

C) compare alternative pathways
Case 10: You care for the educational |aboratory.

—> use metrics to sensitize students about
a) aresponsible way of how to deal with earth' resources
b) a self-evident integration of alternative routes.
c) dangers linked with substance specific properties.

(Continuation of the styrene oxid example later in this talk)
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Case study from academic research
Benzy|-[1-isopropyl-3-(trimethyl-silanyl)-prop-2-ynyl]-amine

Addition of acetylene derivative:

homogeneous catalytic (a)
VS.
stoichiometric conversion (b)

H. ..Bn
Nk 4.8 mol% N
a) )|\ + H—=——SiMe, [IrCI(COD)I>_ . “
I-Pr H no solvent AN Sivle
( COD = Cyclooctadienyl ) H Bn Vi€
|\I/Bn "N
: THF
b) | + H——SiMe, -~ iPr T IEilé)t?-lne
I-Pr H + BuLi SiMe3

+H,0




Case study from academic research
Benzy|-[1-isopropyl-3-(trimethyl-silanyl)-prop-2-ynyl]-amine

kkg " 401 Experiment: 50% yield
o _ |
Assumption: 84% vyield
30 1 /
Concerning resource 25 1
requirements the Iridium - N
catalyzed procedure (84% yield) O iﬁ;‘;l?j?;;“‘;?;ﬁaﬁmj
IS better. 157 | Solverts

10 1 Mizcellaneous
Catalysts
| == mf

A Bry-products
R M = ! . Coupled products
g E S E = E
al b =elf 50% b =elt 84% (az=)
H. .Bn
N/Bn 4.8 mol% N
a) )|\ + H—=——SiMe, [IrCl(COD)], i-Pr)\
i-Pr H no solvent X SiM
( COD = Cyclooctadienyl ) Ve
H. _Bn
-Bn N
N THF + Butane
b) )I\ + H——SiMe; —— >  i-Pr X + LIOH
-Pr H + BulLi SiMe;
+ H,O

a) C. Fischer, E. M. Carreira, Organic Letters 2001, 3, 4319-4321.
b) Fischer according to M. Wada, Y. Sakural, K.-y. Akiba, Tetrahedron Letters 1984, 25, 1083-1084.
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Case study from academic research
Benzy|-[1-isopropyl-3-(trimethyl-silanyl)-prop-2-ynyl]-amine

EUR kg™ 70000 1

B0 - Concerning expenses the Iridium catalyzed

procedure is worse.

/ =» Measures to reduce costs are necessary

50000 1
40000 1

30000 1

Sewvageiater
20000 7 Auliaries (isolation)
Zalvents
10000 1 Mizcelaneous
Catalysts
N ] — Substrates
Cl Zl Cl
al b =elf S0% bl zelf 84% (ass.)

Cost Index by means of Aldrich and Fluka prices.

a) C. Fischer; b) Fischer according to Wada
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