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What is an organic Chemist?
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Organic chemistinvestigate the structure, properties, composition,
reactions, and synthesis of organic molecules

Molecules Makers

Theirwork is crucial in many fieldancluding
pharmaceuticals, petrochemicals, food science, and
materials science contributing to the development of
new drugs, plastics, cleaners, and many other products

We are important
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What Is an organic Chemist?

What do you think when you read this product lald&l

INGREDIENTS: WATER (75%), SUGARS (12%) (GLUCOSE (48%),
FRUCTOSE (40%), SUCROSE (2%), MALTOSE (<1%)), STARCH
(5%), FIBRE E460 (3%), AMINO ACIDS (<1%) (GLUTAMIC ACID
(19%), ASPARTIC ACID (16%), HISTIDINE (11%), LEUCINE (7%),
LYSINE (5%), PHENYLALANINE (4%), ARGININE (4%), VALINE
(4%), ALANINE (4%), SERINE (4%), GLYCINE (3%), THREONINE
(3%), ISOLEUCINE (3%), PROLINE (3%), TRYPTOPHAN (1%),
CYSTINE (1%), TYROSINE (1%), METHIONINE (1%)), FATTY
ACIDS (1%) (PALMITIC ACID (30%), OMEGA-6 FATTY ACID:
LINOLEIC ACID (14%), OMEGA-3 FATTY ACID: LINOLENIC ACID
(8%), OLEIC ACID (7%), PALMITOLEIC ACID (3%), STEARIC ACID
(2%), LAURIC ACID (1%), MYRISTIC ACID (1%), CAPRIC ACID
(<1%)), ASH (<1%), PHYTOSTEROLS, E515, OXALIC ACID, E300,
E306 (TOCOPHEROL), PHYLLOQUINONE, THIAMIN, COLOURS
(YELLOW-ORANGE E101 (RIBOFLAVIN), YELLOW-BROWN E160a),
FLAVOURS (3-METHYLBUT-1-YL ETHANOATE, 2-METHYLBUTYL
ETHANOATE, 2-METHYLPROPAN-1-OL, 3-METHYLBUTYL-1-OL, 2-
HYDROXY-3-METHYLETHYL BUTANOATE, 3-METHYLBUTANAL,
ETHYL HEXANOATE, ETHYL BUTANOATE, PENTYL ACETATE),
1510, NATURAL RIPENING AGENT (ETHENE GAS).

Would you like to buy it?

L
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Chemophobia

AN ALL-NATURAL BANANA

INGREDIENTS: WATER (75%), SUGARS (12%) (GLUCOSE (48%),
FRUCTOSE (40%), SUCROSE (2%), MALTOSE (<1%)), STARCH
(5%), FIBRE E460 (3%), AMINO ACIDS (<1%) (GLUTAMIC ACID
(19%), ASPARTIC ACID (16%), HISTIDINE (11%), LEUCINE (7%),
LYSINE (5%), PHENYLALANINE (4%), ARGININE (4%), VALINE
(4%), ALANINE (4%), SERINE (4%), GLYCINE (3%), THREONINE
(3%), ISOLEUCINE (3%), PROLINE (3%), TRYPTOPHAN (1%),
CYSTINE (1%), TYROSINE (1%), METHIONINE (1%)), FATTY
ACIDS (1%) (PALMITIC ACID (30%), OMEGA-6 FATTY ACID:
LINOLEIC ACID (14%), OMEGA-3 FATTY ACID: LINOLENIC ACID
(8%), OLEIC ACID (7%), PALMITOLEIC ACID (3%), STEARIC ACID
(2%), LAURIC ACID (1%), MYRISTIC ACID (1%), CAPRIC ACID
(<1%)), ASH (<1%), PHYTOSTEROLS, E515, OXALIC ACID, E300,
E306 (TOCOPHEROL), PHYLLOQUINONE, THIAMIN, COLOURS
(YELLOW-ORANGE E101 (RIBOFLAVIN), YELLOW-BROWN E160a),
FLAVOURS (3-METHYLBUT-1-YL ETHANOATE, 2-METHYLBUTYL
ETHANOATE, 2-METHYLPROPAN-1-OL, 3-METHYLBUTYL-1-OL, 2-
HYDROXY-3-METHYLETHYL BUTANOATE, 3-METHYLBUTANAL,
ETHYL HEXANOATE, ETHYL BUTANOATE, PENTYL ACETATE),
1510, NATURAL RIPENING AGENT (ETHENE GAS).

U Chemistry is perceived as synonymous with
‘artificial' and'dangerous'.

U A society thatejects chemistry

U The media and the misuse of marketing promote a
distorted and unfair visiot OK S ¥R KB & ¢

comment

Chemophobia in Europe and reasons for biased
risk perceptions

Very few consumers are aware that chemistry and synthetic chemicals are indispensable in making everyday goods

Chemophobia: views of European consumers
(n=5,631)

| do everything | can to avoid contact with
chemical substances in my daily life

I would like to live in a world where
chemical substances don't exist

0 20 40 60 80  100%

L

M Do not agree M Slightly agree/disagree M Agree

Siegrist, M.Bearth A. Chemophobia in Europe and reasons for biased risk perceptions.

Nat. Chem11, 10711072 (2019)https://doi.org/10.1038/s41557019-0377-8

Chemophobia: A systematic review,Rllini L.Falciola S. Tortorella, Tetrahedron, 2022, 113, 132758
DOI: 10.1016/).tet.2022.132758

Describing the public perception of chemistry on twitter,

Chem. Educ. ReBract, 2020,21, 989999, 10.1039/C9RP00282K

Chalupa, Rh S & Y SKN.EHemophobia and passion: why chemists should desire Marcel Proust.

Disenooriginal: James Kennedy (jameskennedymonash.wordpress.comjonatshCheml53, 697705 (2022),

https://doi.org/10.1007/s00706022-029455



https://doi.org/10.1038/s41557-019-0377-8
https://doi.org/10.1039/C9RP00282K
https://doi.org/10.1007/s00706-022-02945-5

Rebranding
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Rebranding

Chemists

Molecular Designers



Organic Chemistry
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Organic chemistimvestigate the structure, properties, composition,
reactions, and synthesis of organic molecules

A+ B=C

Lt
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Organic Chemistry

Organic chemistivestigate the structure, properties, composition,
reactions, and synthesis of organic molecules

", :ﬁ

ADVANCED &%

CHEMISTRY

REACTIONS, MECHANISMS, AND STRUCTURE

@ EIGHTH EDITION

MICHAEL B. SMITH
(%
L.k WILEY

A +

ORGANIC . _
e I

Pierre Vogel and Kendall N. Houk

Organic Chemistry

Theory, Reactivity and Mechanisms
in Modern Synthesis

With a Foreword by

Robert H. Grubbs

B = C

Well, maybe
we should just
take a break!

This is just
not working
out!

> L BBy )®\ =X el

()
frndon 10
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Perception Organic Chemistry |.|_|

JAUME:I

Organic chemistry is known for its complexity and diversity because the carbon atom can form strong bonds with many
other types of atoms and can form chains and rings, allowing for the creation of an immense variety of molecules
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What Is the fashion trend in organic Chemist? u_

Fasbion History Fimeline
“Dandy Man” (1800’s ) v

men did not wear laces » 7
any more. Long coats, ey i Enjoying sports like

boots, and top hats g ski and swimming
were introduced PUFF Sleeve

Flashy Patterns

Lots of patterns

Unisex fashion {5y,

o Empire Line dresses

Late 1800’s fashion more women were i
experienced working. Women
~~)rise of empire - W now were pants
“7 in daytime and
Gibson Girl Hairstyle | comfortability
Short Curly so called 1 Glamour
“Gibson girl” hairstyle
were in fashion in 1910’s
As it complimented well dress were “in” following irl hould
with big hats acteresses in the movies and eroticism Shoulder Pads

1900-1900°8 1000-80°9 | ) ~ 90-40° 4| 80-60°s - 70-80°
EMPIRE ERA START OF 20th Cent. STYLISH 30’s PIN-UPS ME DECADE
1700 1800 1900 1910 20’s 30’s 40’s 50’s 60’s 70’s

ROCOCO&REVOLUTION ROMANTIC ERA THE ROARING 20’S THE NEW LOOK DIVERSITY

1700-1800% 1899-1980 80-80°s 2 40-80° B0-70°
“Orientalism” ~ FLAPPERS! ( —

i Flashy and
shiny disco

Nothing much change
* but big boom of
pin-up girl style JIIPPIES

with rise of cinema and

: pants also rise of
movies, glamourous eveni

;‘f Dior’s New Look Go-go boots v
2 a~ First time havi Late 40’s with PUNK look
g. g;:ne:tnseaniiv::gcesories L full skirt, =™ ;s:t::ifl\gcwere g
T with oriental elements | tmg'fwal_st' \ “in fashion” hﬁ:kiyip :
ar s . X and feminine " . %
feathei',edghats ex. Kimono dresses v‘ A __with garments  rock- inspired
Rise of big hats ; /‘ R , aswell. _ yivenne Westwood
with feathers were & 5 J e \ TWIGGY PUFFY HAIR
introduced in CDOARING on’ /
sarly - ‘The ROARING 20’s men / Twiggy style Wit it 8o’
19005 % “ Short suit jackets double 7 _ f wai huge, wore their hair with
ok /S breasted belts,0xford shoe a i ty e_-fiype big volume
: = . £ % hankerchief and BOWTIES . i : minl creesd
Petticoat(1585~1840) and big ey

hourglass sillhouette, bows make-up.
and laces were dominent,
exaggeration on

women’s waistline

DOC’ MARTENS

D= Mariens

Yondin Ko

~ NO MORE CORSETS! a-

. Women wore less cor
but belts. High stiff colJfrs
were also introduced 'ﬁ



Chemists Use Ancient Chemistries ! J_l

pousd  The evolution of organic chemistry over the years has been marked by significant changes in the types of
JAUME reactions discovered and utilized by chemists. A hundred years ago, the field was dominated by relatively
simple reactions likesterificationsand Michael additions. However, from around 1960 to 1980, there was a

notable shift towards more complex reaction classes, such as cycloadditiofaaadigKhand reactions.

A random selection of 100 chemistries in a review of named reactions:

54% before World War 1
74% before World War 2

91% before 1975
9% during the 1980’s

Wurtz, Charles Adolphe E;::::‘:;n';ﬂilliam Grignard, Frangois Auguste
Born: Wolfisheim, 1817 Born: London, 1824 Born: Cherbourg, 1871

Died: Paris, 1884 Died: Hindhead, 1904 Died: Lyon, 1935

BACE Gresn Chembstry Inatitubes

American Chemical Soclety



T Reactians types Methtideladgiescandvietiethaliichebhistnys try J o l

de Quimica

Sostenible y - . . . .
two reactions make up over half of all those used in synthesis to discover and develop drugs: the
UNIVERSITAT . . o .
JAUME-I amide formation and the Suzugiiyauracross coupling.
0 [l 'BEX (med chem patents)
B 2014 Med Chem Rxns 60 - R‘\NJ\R3 [l DNP (natural products)
'l 1984 Med Chem Rxns Ry
60 x T
- N ) o) 50 - A
® -2 50 - '\O-’Cb ,\o_',\ o ﬁ /\A "
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S % 40 40 -
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c g 30 l l g 0 OH OH
o £ @ 30 - X7 TTH >R
b = A |
e “.“H s g T
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% BhlLLkl}
X3
= Py <O RO} V.o OO & ©® |
& F P F LSS S O & PP L 10
Qo%g b‘?’Q S L £« \Qé‘ A\\ & (b@\ e*\ Q @fz’»‘\oo“\&@ N L&
F TS 'bc’o\s S L LT FE 0 &0 54 \6:2‘
X8 S FEF S T ST P 0SSR RSN R o S S (S,
Q° &P @\ﬂ _\Q)(“ ‘ocﬁ RS Q‘(@ S é}o < 6’5\\ '%"\O ogo Q,;Qo%oc‘? Amides  Biphenyl  Anilines Phenol 1,3-diol THP
SN LS N NS
,1,\3"" R Qs"} 600 c'>‘<b o é\ 90(\ \0@ Occurrence of a functional group in the IBEX database (6.2M) records
NN & v \a \s - : :
=) Q)Q’ < of pharmaceutical drug discovery patents and journals) versus those
found in the Dictionary of Natural Products (0.23M records).
) _ o _ _ Where indicated, a nonspecific R group represents a free site at any
Occurrence of a particular reaction, plotted as the percentage of which it shows up in at least one manuscript position. As an example, THP would include any pyranose derivative
(n = 125; representative data set taken from 2014, J. Med. Chem., blue; 1985, J. Med. Chem., red). found in the DNP

The arrows (and years) indicated the first citation of this technology in the primary literature.

Analysis of Past and Present Synthetic Methodologies on Medicinal Chemistry: Where Have All the New Reactions Gone?
Dean G. Brown and JonBsestrom J. Med. Chem. 2016, 59, 10, 444358
https://doi.org/10.1021/acs.jmedchem.5b01409



https://doi.org/10.1021/acs.jmedchem.5b01409
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1. Fluorination ¢ Exchanginga specific hydrogen for a
fluorine atom in moleculeswith many functional groups A
reaction that installsa difluoromethyl group would be nice
too

2. Heteroatomalkylation ¢ Areactionthat ¢ selectivelyg attaches
an alkyl group onto one heteroatom in rings that have several, N Ao

suchaspyrazolestriazolesand pyridones

Reactians typess\Wish

list

o

= Qo

o COOH

~.-'I'.-'" NN
N 555
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potential csteparthritis dnsg
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paroxetine

5 steps _~OMe
OH — H
—_—
— HN
_—

: +
N7 Co,Me /[

COOH -=—w«—
H,N HN

COsH

a8

COOH

5. Atom swapping ¢ A reaction that can exchangeindividual atoms
selectively,like swappinga carbon for a nitrogen atom in a ring. This
chemicalversionof geneediting could revolutionisedrug discoveryput is

probablyfurthest from realisation

3. Carboncoupling ¢ A reaction as robust and versatile as traditional
crosscouplingfor stitchingtogetheraliphaticcarbonatomsc ideallywith
control of chirality,too. Chemistsalsowant more optionsfor the kindsof
moleculesthey canuseascouplingprecursors

4. Making and modifying heterocyclesA reaction to install functional grougs
from alkyl to haloger anywhere on aromatic and aliphatic heterocycles, such as
pyridine, piperidine or isoxazole. Reactions that can make completely new

heterocycles from scratch would be a bonus.

» B “ N
Y N ]
N N NN

crizotinib

https://www.chemistryworld.com/news/thefive-reactionson-everyorganicchemistswish-list/3010150.article



https://www.chemistryworld.com/news/the-five-reactions-on-every-organic-chemists-wish-list/3010150.article

What is the fashion trend in organic Chemist? u_l

UNIVERSITAT

JAUME] The reactions might stay the same, but nowadays a lot of effort is pumotong from
simpler to more complex reactions

A+ B=C



What is the fashion trend in organic Chemist? u_l

UNIVERSITAT

JAUME] The reactions might stay the same, but nowadays a lot of effort is pumotong from
simpler to more complex reactions

A+ B=C

C Green ChemistryA stronger focus on sustainability, aiming to reduce the environmental impact of
chemical processes and syntheses.

Molecular Designers

Design Is a signal of intention
G/ NI Rt S ¢ Waliam MéPoRdugh2002
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“...the utilization of a set
of principles that reduces
or eliminates the use or
generation of hazardous
substances in the design,
manufacture and
application of chemical
products.”

Molecular Designers

Design Is a signal of intentio
&/ NI Rf S ¢ Wiliam MeDoRdug2002

*Source: Paul T. Anastas and John C. Warmner, Green Chemistry: Theory and Practice (New
York, NY: Oxford University Press Inc., 1998). ISBN 0 19 850698 8

L
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Twelve Principles of Green Chemistry
(Anastas and Warner 1998)

1. Prevent wasteDesignchemical syntheses to prevent waste. Leave no waste to treat or clean up

2. Maximize atom econonmyDesignsyntheses so that the final product contains the maximum proportion
of the starting materials. Waste few or no atoms.

3. Design less hazardous chemical syntheg&ssignsyntheses to use and generate substances with little
or no toxicity to either humans or the environment.

4. Design safer chemicals and produdBesignchemical products that are fully effective yet have little or
no toxicity.

5. Use safer solvents and reaction conditiosvoid using solvents, separation agents, or other auxiliary
chemicals. If you must use these chemicals, use safer ones.

6. Increase energy efficienciRun chemical reactions at room temperature and pressure whenever
possible.

7. Use renewable feedstockbse starting materials (also known as feedstocks) that are renewable rather
than depletable. The source of renewable feedstocks is often agricultural products or the wastes of other
processes; the source of depletable feedstocks is often fossil fuels (petroleum, natural gas, or coal) or
mining operations.

8. Avoid chemical derivativevoid using blocking or protecting groups or any temporary modifications if
possible. Derivatives use additional reagents and generate waste.

9. Use catalysts, not stoichiometric reagentdinimize waste by using catalytic reactions. Catalysts are
effective in small amounts and can carry out a single reaction many times. They are preferable to
stoichiometric reagents, which are used in excess and carry out a reaction only once.

10. Design chemicals and products to degrade after:u3esignchemical products to break down into
innocuous substances after use so that they do not accumulate in the environment.

11. Analyze in real time to prevent pollutiarinclude irprocess, reatime monitoring and control during
syntheses to minimize or eliminate the formation of byproducts.

12. Minimize the potential for accidentdDesignchemicals and their physical forms (solid, liquid, or gas) to

minimize the potential for chemical accidents including explosions, fires, and releases into the environment.

Analysis for
Pollution
preyention

A() for
sigN
g:g‘ada“c“

9

catalys'®

Reduce

\O
tom
??\‘ péfﬂ“""“’ 3 %
WA
5

Principles of

Green

Safer
Solvents &
Auxiliarie:

Chemistry

Use 4
Renewable ///

Derivatives ‘goedstocks

P —

Waste prévention

Priorotize waste
prevention over waste
treatment

Q)
Renewable

feedstocks

Use chemicals made
from renewable sources

Safer chemicals
Minimze toxicity through
molecular design

Des'iéhz for
degradation

Design chemicals that can
degrade into
innocuous products

( 'v’ 
o~ .e )

Atom economy

Maximize the number of

atoms incorporated into
the final product

Ideal
C-H functionalization
Heck-like reactions
Suzuki-like reactions
Stille reactions
Protecting groups
Less ideal

()

Safer solvents
and auxillaries
Use the safest solvent
possible and minimize
the use of solvents
and axuillaries

Recommended
l Water, EtOH, i-PrOH, EtOAc,

&

Catalysts
Use catalysts instead of
stiochiometric reagents

selectivity and yield
nsition metals

Toxic precious-metal
catalysts
-Ru, Rh, Pd, Ir

Less ideal

chemical processes

Ideal
Mild temperatures
Atmospheric pressure

Energy efficient | Extreme temperatures

Mmirhnim energy-intensive

Long reaction times
Less ideal

) B ¢ \
-

Reduce derivatives

Minimize unncessary
derivatization and
temporary modifications

Safer chéfhistry for

accident prevention

Choose and develop chemical
procedures to minimize
risk of accidents

Less héiérdous.
chemical synthesis

Design syntheses that use and
generate harmless substances

| @ ‘.‘\\\
Real-time énalysis for

pollution prevention

Monitor reactions in real time
to prevent the formation or
release of hazardous substances

Trends in Chemistry

https://doi.orq/10.1016/j.trechm.2019.08.002

EPA, United States Environmental Protection Ageriggsics of Green Chemistiyips://www.epa.gov/greenchemistry/basiegreenchemistry



https://www.epa.gov/greenchemistry/basics-green-chemistry
https://doi.org/10.1016/j.trechm.2019.08.002
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They can be condensed with the acronfimt wh 5| / ¢ L +£9[ , Q
Prof. Sir M.Poliakoffcaptures the spirit of each of the twelve principles of green chemistry in just two or three words.

Condensed Principles of Green Chem f”'

P Prevent wastes , l
R Renewable materials

O Omit derivatization steps

D Degradable chemical products

U Use safe synthetic methods Catalytic reagents
T Temperature, pressure ambient

| In-process monitoring

V Very few auxiliary substances

E Efactor , maximise feed in product

L Low toxicity of chemical products

Y Yes, it is safe

GreenChem, 2005,7, 764762 https://doi.org/10.1039/B513020B



https://doi.org/10.1039/B513020B
https://youtu.be/_KYiLFkMQ_E

Green Chemistry u-ll

UNIVERSITAT ACS Green Chemistry Institute
https://learning.acsgcipr.org/ W Pharmaceutical Roundtable

;-.‘-;:_ ‘

Welcome to the Green Chemistry and Engineering H,NO
Learning Platform (GChELP)

A range of free, shareable and interactive educational and training materials created to promote the uptake
of green and sustainable methodologies in the synthesis of pharmmaceuticals.

mier

P =S &

Foundation Guides & Metrics Solvents Synthetic Toolbox
A Basic IRroucton 1o B k) Conoests of green An oerview of tools ana guides Lsed for sokent More getall 0n sokent selection, sohent ks of “greener gles beng
chamistry 25 appiied In e prammaceuical 370 rEagent s2i2ction 300 20 Mrooution 1 minkisation and waste reduction. 20plieq 10 praMacEUtcally relaEt mokcules.
ndustry green chamisty metncs. i APiS 2nd Itermediates.
LEARN MORE
LEARN MORE LEARN MORE LEARN MORE

®@0000O0
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The traditional approacho hazards focuses on reducing risk by minimizing
exposure.

- For example, wearing personal protective equipment or space ventilation if the chemical is
volatile.

Green chemistryfocuses on reducing risk by reducing hazard.
- If there is no hazard, exposure becomes irrelevant.

IRIsk ¥ HazardExposure

reducing hazard.

Green chemistrand engineering focus on reducing risk bT

Hazard must be recognized as a flaw in the designing process



12 Principles of Green Chemistry

JAUME-I

3. Design less hazardous chemical synthegsssignsyntheses to use and generate substances Witk or no
UNIVERSITAT toxicity to either humans or the environment.

4. Design safer chemicals and produdesignchemical products that are fully effective yet hdit#e or no toxicity.

that theydo not accumulatdan the environment.

10. Design chemicals and products to degrade after:u3esignchemical products to break down into innocuous substances after use

A+ B=C

Physicathemical properties of a compound or material:

State of matter
Colour

Melting point
Boiling point
Solubility

Electric conductivity

ororererere

U T OXI Clty Molecular Designers

U biodegradability

U Environment and human Impa

Search for articles (products) in SCIP database
é é exposure risk assessment e

[p——
f o oecus |

hazard and exposure information for risk assessment; enabling risk management to minimize risk

chemical
substance

endpoint and

ety 'x‘ et
’.

potency)

&S OO

Biodegradable Compostable Reciclable



12 Principles of Green Chemistry " l
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3. Design less hazardous chemical synthegsssignsyntheses to use and generate substances Witk or no
UNIVERSITAT toxicity to either humans or the environment.

4. Design safer chemicals and produdesignchemical products that are fully effective yet hdit#e or no toxicity.

10. Design chemicals and products to degrade after:udesignchemical products to break down into innocuous substances after us
that theydo not accumulaten the environment.

Diisononyl-phthatate; DiNP

HO

the plasticizer diisononyl phthalat®(NB is added to PVC to make it flexible, as well as having
other polymer applications. Higher molecular weighdsticisersincluding DINP, account for
around 60% of the market in Europe, according to trade body Europkesticisers

Isosorbide Diester provides benefits in performance
materials as a safe, specialty plasticizer.

o amyiase TR It is an alternative of choice to standard petrochemisated

Ho o~ H20 HO TT n W plasticizers.
OH —n sorbitol
glucose
S h . .
e lelevated;zgperms Phthalatefree and 100% bibased, obtained from
/—)} esterification of isosorbide with pladiased fatty acids.

lpase enzyme It offers outstanding compatibility and processability with

FS_Z {H /\/:yl/\d)\ FS—Z PVC resins.
sosorbide dlester a— An alternative of choice to standard petrochemibalsed

plasticizers.

This product is registered in REACH regulation. Risk assessment was obtained by conducting a wide range of biodegradability
and toxicological protocols. Overall, these studies demonstrated that this new solutiontsxic to mammalian life and is

readily biodegradable
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A+ B=C D+ E=C

Simple Examples of Common Metrics
Chemical Reaction.

N
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A+ B=C D+ E=C

Simple Examples of Common Metrics
Chemical Reaction.

Porcentaje (%)

. Reaction
Yield (e -
. Efficiency
Selectivity (S)

reaction a : A + B + catalyst a — C

actual € reaction b : A + B+ catalyst b — D

fractional ¢ =

A LB 2, C 52D theaoretical & s— amount of desired product « 100
" amount of substrate converted
_ actual ¢
Eglobal = &1 X & X &3 porcentage ¢ = ————— x 100% ko . _logk,

theoretical & S = K orS log &,

N

L
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e | 1. Prevent wasteDesign chemical syntheses to prevent waste. Leave no waste to treat or clegn up

At B tW

Reaction Efficiency from a Green
Chem. view

Ways to prevent waste?

_ﬁ 1. Avoid the generation of W.
' 2. Find alternatives to A & B to improved overall efficiency of
a reaction.
e : - 3":&‘\5 3. Incorporate better catalysts to push the reaction to full
A 1iiiis completion

Green metrics:based on the 12 principles of green chemistry

Metricsare vitalcé 2 dz O y QU YIFy Il 3S gKI{i &2dz

Green metricchave been designed as guantitative tools to evaluate process/product efficiency, while indicating its
weaknesses in ecological, economic, and safety terms.



Common &reen Metrias . l

UNvee ™ | 2. Maximize atom econontyDesign syntheses so that the final product contains
the maximum proportion of the starting materials. Waste few or no atoms.

% Atom M.w. (product C)
Economy (AE} x 100

A+B mm) C + by-products

C Defined W talculationof chow muchof the reactantsremainin the final producte
C Simplecalculation

C Thelarger the number, the higher the percent of all reactantsappearingin the
product” (0-100%)

C Doesnot accountfor solvents reagentsyeactionyield,andreactantmolarexcess

B.M.Trost Sciencel991, 254, 14711477.
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UNIVERSITAT 2. Maximize atom econontyDesign syntheses so that the final product contains the maximum proportion
of the starting materials. Waste few or no atoms.

Lirar Syrthosks

oBecause an Atom i s a Terrib[E]_ ﬁ:

Comemgont Synihosis

@ + O = ’/‘ Good AE w0 } -
Product @_@
" +‘/‘ —’/. +‘/‘ Low AE %+ — (5]

P rod u Ct Waste Stepwise Reaction

Claisen Rearrangement . —_— H ——- .H
O/ﬁ ol ‘ Atom Economy ]
| Multicomponent Reaction (MCR
HSC)\ . Haojﬁj P (MCR)

Claisen 100% J

CH, CHs Wittig ~ 20% . . . . . i .*.
112 g/mol 112 g/mol
Wittig Reaction
e Multicomponent reactions: advanced tools for sustainable organic synthesi
)(JJ\ o PO, 3 ]\ + Phype0 R.CCiog E.Ruijter R. V. A. Orru
HsC™ “CHg HsC” “CHg Green Chem?2014, 16, 2958

58 g/mol 290 g/mol 70 g/mol DOI: 10.1039/C4GC00013G
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1. Prevent wasteDesign chemical syntheses to prevent waste. Leave no waste|to
treat or clean up

Total waste(Kg)
(Kg)

EFactor=

C Very useful metric for industry
C Thesmaller the number, the closer to zero waste beipgpoduced
C5SLISYRa 2y 2ySQa RSTFAYAIUAZ2Y 2F Wgl ai
Process use only or chemicals needed for scrubbing
C Efactor can be split into different sutategories:
V Organic waste

V Agueous waste (water itself excluded)
R. A. SheldorChemind. (London), 1992, 96306.
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Volume 19| Number 1] 7 January 2017 Pages 1-320

Green Chemistry Green ACS

Cutting-edge research for a greener sustainable future

e i : 7 Metrics of Green Chemistry and Sustainability: Past, Present, and
' L : Future

Roger A. Sheldon*

Cutting-edge research for a greener sustainable future

www.rscorg/greenchem Volume 9 | Number 12| December 2007 | Pages 12611384

Molecular Sdences Institute, School of Chemistry, University of the Witwatersrand, Johannesburg, PO Wits 2050, South Africa
Department of Biotechnalogy, Delft University of Technology, Section BOC, van der Maasweg 9, 2629 HZ Delft, The Netherlands

ABSTRACT: The first green chemistry metrics—the E factor (kgs waste /kg product) and
atom economy (mol wt of product/sum of maol wis of stating materials)—were
introduced in the early 1990s and were actually green chemistry avant la lettre. In the last
two decades these two metrics have been adopted worldwide by both academia and
industry. The E factor has been refined to distinguish between simple and complete E
factors, for example, and to define the system boundaries. Other mass-based metrics such
as process mass intensity (PMI) and reaction mass efficiency (RME) have been proposed.
However, mass-based metrics need to be augmented by metrdcs which measure the
environmental impact of waste, such as life cycle assessment (LCA), and metrics for
assessing the economic viability of products and processes. The application of such metrics
in measuring the sustainability of processes for the manufacture of pharmaceuticals and
other fine chemicals is discussed in detail. Mass-based metrics alone are not suffident to
measure the greenness and sustainability of processes for the conversion of renewable
biomass vs fossil-based feedstocks. Various metrics for use in assessing sustainability of the
manufacture of basic chemicals fom renewable biomass are discussed. The development of a sustainable biobased production of
chemicals meshes well with the concept of a drcular economy, based on resource effidency and waste minimization by design, to
replace traditional linear, take—make~use~dispose economies.

ISSN 146362 ] I |

GreenChem, 2007,9, 12731283 e ISSN 1463-9262 N ll:m'\\‘L)Rl)S: Ej:cmr, Atom economy, Carbon economy, Step economy, Circular eawnomy, Biobased economy, Ethanol equivalent,
https://doi.org/10.1039/B713736M C B
OF CHEMISTRY peRsrecTVE

ACSSustainableChem Eng 2018 6, 1, 3248
https://doi.org/10.1021/acssuschemenq.7b03505

GreenChem, 201719, 1843
https://doi.org/10.1039/C6GC02157C
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12 Principles of Green Chemistry d l

== |2 Maximize atom econonmyDesign syntheses so that the final product contains
™M the maximum proportion of the starting materials. Waste few or no atoms.

Two views of the same thing: half full or half empty ??
+ E Factovs Atom Economy -
Gl G2Y SO2y2Ye: GF I Ol 2 NE

- .

Barry Trost Roger Sheldon

how much of the how much waste produce
reactants remain in the for final product

final product
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Evolution of selective sustainability metrics describing

material efficiency

Law of Conservation

Metrics
Unification

Synthesis Trees

CHEM 21
Project
Optimum Efficiency

of Mass Atom Economy Reaction Process  Green Waste Intensity
ﬂ Reaction Yield ﬂ Mas's. Mass ) Aspiration Waste Percentage
(Urea synthesis) E-factor  Efficiency Intensity Level Renewable Percentage
£ i *—@ @ *——0
QT SO
Years: 0 03 216 219 226 230 237 240 242

Useful Tools for the Next Quarter Century of Green Chemistry Practice: A Dictionary of Terms and a Data Set of
Parameters for High Value Industrial Commodity Chemicals

ACS Sustainable Chem. Ex118, 6, 3, 32063214

https://doi.org/10.1021/acssuschemeng.7b03360

g = Jotal mass of waste
Mass of final product

1 1
PMI] = =F +1 IN =—=F +1

M AE Ll 4
Wi E 1 — 1 wpPr _ E _ PMI —1

E +1 PMI 100 (E+1)2 (PM1)2
WP _ (1—w1)
100
E factor (E)® Atom Economy (AE)®

Mol wt of product x 100

0Ly =
AE (%)= sum of mol wts of reactants

Mass Intensity (MI1)3':32

Ml = JTotal mass in process
Mass of product

Process Mass Intensity (PMI)3435

pmi = Total mass in process (incl H,0)
Mass of product

Waste Water Intensity (WWI)

wwi = Mass of process water
Mass of product

Solvent intensity (SI)

g = Mass of solvents
Mass of product

Reaction Mass Efficiency (RME)*!
oy = M-aﬁ Qt Q.ﬂ!.!ﬁf X M
RG(%) Total mass of reactants

Mass Productivity (MP)

Mass of product x 100

0 =
MP (%) Total mass (incl solvents)

Effective Mass Yield (EMY)**

of product

EMY (%) = Mass
Mass of hazardous reactants

Carbon Economy (CE)*!

Carbon in product x 100

CE (%) = Total carbon in reactants
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KB RsITey ACS Green Chemistry Institute
v Pharmaceutical Roundtable

70.0% https://www.acsqcipr.org/tools-for-innovation-in-chemistry/

60.0%

50.0% C GreenChemistrylnnovation ScorecardCalculator

oo C ProcesdMassintensity (PMI)Metric

30.0% :

20.0% - C ProcesdMassintensity Calculator

10.0% I I C ConvergentProcessVassintensity Calculator
0.0% - - . I C ProcesdMassintensity Life CycleAssessment

410,,780 C‘e,bo%c‘oe i %0 e, ’Vo,s /Vo,,e C ProcesdMassintensity PredictionCalculator
(@)

i

90
{O/- o OO[ da s Sg, Ve
,'IJ, 017/’{ 79 »

Green chemistry-related metrics used in chemical manufacturing. Chemical manufacturer responses (n =

18) to the 2012 Roun Whatdrderechemistry ang engineersng rielated mtrics

does your companyuse? Sel ect all that apply. o0 Percentage of respondents indicating one or mor e
metrics surveyed in use computed as the ratio of [total responses i (not sure + none)]/(total responses).

PMI = process mass intensity = (mass of raw materials)/(mass of final product).

E-factor = (mass of waste)/mass of final product).

LCA = life cycle assessment.

Implementing Green Chemistry in Chemical Manufacturing: A Survey Report
R.J. Giraud; P. A. Williams; A. Sehg&pBnusamyA.K. Phillips; J. B. Manley;
ACS Sustainable Chem. ERQ14,2, 22372242.
https://doi.org/10.1021/sc500427d



https://doi.org/10.1021/sc500427d
https://www.acsgcipr.org/tools-for-innovation-in-chemistry/

Common Metnos; EE-Factarr

Total waste (Kg)

UNIVERSITAT _ ) E-Factor =
JAUMEI E-factor for different Industrial sector Product (Kg)

Indust E-factor Annual Production
ry tonnage

Oil Refining ca. 0.1 106 - 108

Bulk Chemicals <1to5 104 - 106

Fine Chemicals 5to >5h0 102 - 104

Pharmaceuticals 2510 =100

R. A. Sheldon, Chem. Ind., 1997, 12 - 15.

E-Factor = Total mass of materials required to produce 1kg product (mass intensity) — 1.
(often does not include water)
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UNIVERSITAT Total waste (Kg)
JAUMEI
E-Factor =
(Kg)
Annual Total Waste No of Years of
Industry E-factor Production toa transform- | develop-
tonnes P ations ment
Oil Refining ca. 0.1 106-108 10 million | Separations 100+
Bulk Chemicals <1to5 104-10° 5 million 1-2 10-50
Fine Chemicals 5to >50 102- 104 0.5 million 34 4-7
Pharmaceuticals 25 to >100 10 - 10° 0.1 million 6+ 3-5

The data indicates that oil companies generate significantly less waste than pharmaceutical companies.

This reflects the oil industry's imperative to minimize waste and repurpose products that would typically be discarded.

The pharmaceutical sector prioritizes manufacturing and molecule quality.

Despite its higkprofit margins and less concern ov@mparatively largewaste volumes (considering the volumes used), it's noted that
pharmaceutical industry still produces less waste tonnage than other sectors.
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Organic chemistry is known for its complexity and diversity because the carbon atom can form strong bonds with many
other types of atoms and can form chains and rings, allowing for the creation of an immense variety of molecules
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Researchers at GlaxoSmithKline have studied reactions
used to prepare molecules of pharmaceutical interest

~

ATOM
ECONOMY

.

MW of desired

_ product X 100%
MW of all

reactants

PROCESS MASS _
INTENSITY (PMI)

mass of desired
product

REACTION MASS _
EFFICIENCY (RME) mass of all
reactants

total input mass (kg)
—_—— X 100%
mass of product (kg)

~

X 100%

Table 3 Comparison of average atom economy with average reaction mass efficiency for 28 different chemistries

Chemuistry type

Atom
economy (%)

Reaction mass
efficiency (%)

Chemuistry type

Atom
economy (%)

Reaction mass
efficiency (%)

Resolution
N-Dealkylation
Elimination
N-Alkylation
Chlorination
Borohydride
Lithal

Grignard
Hydrolysis (acid)
Cyclisation
Cyanation
Decarboxylation
C-Acylation
Hydrolysis (base)

40
64

73
74
75
76
76
76
77
77
77
81
81

56
65
68
51
52

Epoxidation
Bromination
Hydrogenation
S-Alkylation
O-Arylation
N-Acvlation
Amination
C-Alkylation
Iodination
Knoevenagel
Sulfonation
Esterification
Base salt
Acid Salt

83
384
384
384
85
36
87
38
89
89
89
91
100
100

58
63
74
61
58
62
54
61
56
66
69
67
30
83

D.CurzonsD. J. C. Constable, D. N. Mortimer, V. L. Cunningham,
Soyou think your process is green, how do you knowsing principles of sustainability to determine what is gigeoorporate pespective

Green Chem., 2001,3:6

https://doi.org/10.1039/B007871l
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U™ | 2. Maximize atom economy Designsynthesesso that the final product contains
the maximumproportion of the startingmaterials Wastefew or no atoms

@+t 90— g9 Good A

Product

ExampleEpoxidation of styrene ‘J ‘39— o® + o Lowae

Product Waste

A Assume 100% vyield.

@]
@) @] O OH
X oH <‘ A 100% of the desired epoxide product
IS recovered.

4 — + A 100% formation of the cproduct:

m-chlorobenzoiacid.
Cl Cl

_ _ A A.E. of this reaction is 23%.
styrene  3-Chloroperbenzoiacid desired epoxide waste

MCPBA A77% of the products are waste.
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unversiiar ] - Prevent wasteDesign chemical syntheses to prevent waste. Leave no
waste to treat or clean up

Case studyProduction of ethylene oxide

Ethylene oxidas used as an intermediate in | '
the productionof several industrial chemicals, the mos } s“f/m“”‘”‘g‘i'e“»;‘; S~
notable of which is ethylene glycol.

It is also used as a fumigant in certain agricultural

products and as a sterilant for medical equipment and Step I:

supplies.

e g Miscellaneous —> [ ‘ | : ll |
B R —— Glycol Ethers 13% - E
=2 i 4% Hl=ll=l=
Ethanolamms%z — : (=

L]

Ethylene Glycol — ‘@1

61% Antifreeze Bottle

Conventional ethylene oxide synthesis

Cl
+ CL+ H,O —> \_\ + HCl
_ OH
included:
AA 2step synthesis with a chlorohydrin

intermediate. Cl o
AFor each kilogram of product, 5 Kg of wastg \ + Ca(OH), —> / \ + CaCl, + H)0
were disposed.

Step 2:

OH
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12 Principles of Green Chemistry J l

1. Prevent wasteDesign chemical syntheses to prevent waste. Leave no waste|t
treat or clean up

Case studyProduction of ethylene oxide

43

Alternative production of ethylene oxide:

A Use of molecular oxygen removes the need
for chlorine.

A New process generates more thaf times
less wastethan the original one and
eliminates the formation of wastewater.

o)
+ 0, — /\ + 120,

E-factor=0.3

to
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U™ | 2. Maximize atom econontyDesign syntheses so that the final product contains
the maximum proportion of the starting materials. Waste few or no atoms.

V)

Biobased norisocyanate polyurethanes
o} o]
Broniss o aes o + «\a
o o o o HO \ / OH o)
rw e “-m—}a-a'-u'u <l
A= 1 - 2 Nitrogen
& i 3% TBB: l w*é
l
] (o) (o)
.o @ o . " by n‘“ o “n . W/\c' o /—\ 1 ¢l (a)
woUE o I o o T A b 5 o \ / (¢} ¢}
HO 0
o o o Ring opentng
- o - Ally bromide %ﬂu o0 0"'*"“*”";' m-Chloroperoxybenzoic amd’. P}/ﬁ“u (o] ﬂ’m '
w — \ w 0 & x
0
FDCA Bis(prop-2-enyl)furan-2,5-dicarboxylate DAl SamrctrBon o C‘fowo/\,\a (b)
HO
Catalystlﬂﬂg
w
NaOH WC
o 0 $
0 1
tun N D,\r/«. JVJL j/ h < NHz-R-NH; Dﬁo 0 u"“ﬁj{::. % o B

“ Bis{cyclic carbonate) o °J/\ S W O’\O (c)

RSC Adv., 2017,7,-8% https://doi.org/10.1039/C6RA25045A
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. . d
Golden Rati/ /GoldeleSebtion l
rep Green chemistiyy = chemistny

Determining the material efficiency of a reaction relative to a0 g o | cceomnomy of atoms (a
reference to the 0 g o | d & in iknown to mathematicians for centuries) .

A “B "

Wpkhkecvkgp"qh" Tgcevkgp" Ogvt ke
B C AB 5 - 1 Evaluation of Named Organic Reactions and Application to
— — f — —_— O 6 1 8 Reaction Discovery
- - - — — . . Org. Process Res.Dev. 2005, 9, 4, 404; 431
AC B C 2 https://doi.org/10.1021/0p050014v

1 1
'I: M
¢+|||||||||||||||||||||||||||| ®
1 f - |_|.| |.r_|a T T @
1
1 1

i 3

) 5 s

Pentagon Parthenon Great Pyramid
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Golden Ratitv/ G6ldet Sebtiotion LJi
.- Green chemistiyy = Golden chemistiyy

The oO0gol deno t hr e-stepréackionf or a s
IS given by Equation AME — « % AE > 0.618

Wpkhkecvkgp"gh" Tgcevkgp" Ogvt ke
Evaluation of Named Organic Reactions and Application to
Reaction Discovery

(1) AE>61.8% so that AE>Eyy O PrcsssRas Onc s, o ¢ 404
(2) RME>61.8% so that RME>E,,,

(3) Reaction solvents and all post - reaction materials used in the work -

up and purification stages must be reclaimed and/or eliminated

1 1
AE = —
1+ F RME 1 + E factor

mw
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The concept of minimum atom economy (AE) ,,, and maximum environmental impact
factor has been introduced and applied to a database of over 400 named organic MCR

reactions S50 l

AE(MIN) = 0.862
200 + == ==AE(MIN) <0862

o
o 2
0
820 -
SO 150 Condensations
z g2 L -
W 7
O
Egu‘lﬂﬂ“ _,n'lekhkecvkqp"qh"Tgcevkqp"
z 0 JJ' Evaluation of Named Organic Reactions and
j < 0 i, Application to Reaction Discovery
- 8 Urea - Org. Process Res.Dev. 2005, 9, 4, 404 431
g 0O 50 + = https://doi.org/10.1021/0p050014v
T - Over half the known name reactions satisfy this
— threshold criterion .
0 = e iR i Mt H i .
mw o~ $ 0w O N «—~ O @ 0~ 0 W g O N - OO
R EEEREEREEREEEREEEEEREERE R
T — L L T - L L L L L L L Lo - L T L

YELB
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Supramolecular

UI:IIIXIIJEII\{/ISEI'TIAT Table 3. Summary of Atom Economical Efficiency Trends for Various Reaction Classifications
Reaction Classification General Trends
Multi-component reactions * Most highly atom economical reaction type of all
Carbon-carbon bond forming reactions * Atom economy increases as the molecular weights of the combining fragments increase

Non-carbon-carben bond forming reactions  # Atom economy increases as the molecular weights of the combining fragments increase
Condensations * Highly atom econemical since small molecules of water or alcohol are liberated
* Atom economy increases as the molecular weights of the combining fragments increase
* For ?(dizuﬁon reactions such as the Dieckmann condensation and the synthesis of cyclic

ethers from straight chain diols the atom economy increases with increasing ring size
Oxidations or reductions with respect * Worst atom economical rerformun::e of all (exceptions are catalytic hydrogenation
to substrate and oxidation with molecular oxygen or hydrogen peroxide)

* Characterized by the production of significant waste byproducts that are the result
of oxidation or reduction of reducing and oxidizing reagents, respectively

* Recycling of blzpruducls back to the original oxidizing or reducing reagents
necessarily involves at least another redox couple

Rearrangements * Rearrangements of substrates always have atom economies of 100%

* Some rearrangement reactions involve rearrangements of intermediates along their
reaction pathways and so their corresponding atom economies are less than 100%

Substitutions * Atom economy increases if the in-coming group is heavier than the leaving group,
otherwise it will decrease

* The caveat is that good leaving groups tend to be large

Fragmentations/eliminations * Proportion of high atlom economical reactions is low since these reactions are the reverse
of skeletal building up reactions

* Atom economy decreases as the molecular weight of the leaving fragment increase
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e ACS Green Chemistry Institute
CwSl3asSyid asStS0GArz2zy IdzARSA | 444 émré@r”“ﬁ%a@ﬂwa?\'fy 18t S0OGA
reagent for a particular transformation.
C individual ranking or grouping within the guides allows you to make
an informed decision as to the most appropriate choice for your

https://www.acsgcipr.org/tools-for-innovation-in-chemistry/

C ReagentSelectionGuides

needs
GSK Reagent Selection Guide — Amide Formation ks exuat ST . . -
— P—— https://reagents.acsgcipr.org/reagesguid
Formly aiid Home / Reagent Guides
Mydrotodic schd .
. Bk Reagent Guides
i-BuOCOCI EEDSt Py A ) )
Enzym e Trifprametharruioni scid @ SE i : S
Thionyl chloride TBTU I ¢ g
Ghosez reagent H H HF
W FF W + HF
Activated silica EDCI (WSCDI) DCC HBTU SIS e
Mukaiyama reagent
T3p® DPPA DIC Fluorination SNAr Solvents and Oxidation of Primary
o)) Reagents Alcohols to carboxylic
Su0COO0Su acids
Oxalyl chloride Boric Acid HATU
comu® TEEH D/C % j\ﬂf H cl
cDOMT Cyanuric chloride HOAt o _~_ 0 2 I

JI Y en
lo o ot ( Y e ,@ &
o ) :‘:OR N M H H H Cl

J. P. Adams, C. Mlder, I. Andrews, A. MBullion M. CampbeiCrawford M. G. Darcy, J. Bayler R. K. Henderson,
C. AQareg I.Pendrak A. M.Redman L. EShusteyH. FSneddorandM. D. WalkerDevelopmenof D { Y&agent o . ‘ o
guidesc embeddingsustainabilityinto reagentselection GreenChem, 2013, 15, 1542549, i i i s i —
K.Alfonsj J.Colberg P. JDunn T.Fevig S.JenningsT. A. Johnson, P. Kleing C.Knight M. A.Nagy D. APerryand

M. Stefaniak Greenchemistrytools to influencea medicinachemistryandresearchchemistrybasedorganisation

GreenChem, 2008, 10, 3B6.
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organic transformations run on muitnillion-ton scales is mainly driven by not losing carbon
from the starting material and not producing unwantedpducts or waste
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(1) minimize the overall number of steps  , preferably using nested MCRs as far as possible as the main strategy in a synthetic plan
to a complex target;

(2) maximize yield per step to be no lower than  75%;

(3) maximize atom economy per step keeping (AE) ,,, abovethe 6 gol denod t hr e s lamdlEg, beldw 061B;. 8 %

(4) operate under stoichiometric conditions if possible, keeping SF equal to 1 for each reaction;

(5) minimize overall E_,, factor and maximize overall AE in multistep syntheses: (a) by maximizing frequency of condensations,
MCRs, rearrangement s, c acaarobna nciac abreldoomagieictons nand (b) by minimizing frequency of
substitutions (protecting group strategies) and redox reactions;

(6) if forced to use  oxidations , opt for hydrogen peroxide or molecular oxygen as oxidant;

(7) if forced to use  reductions , opt for molecular hydrogen as reductant;

(8) devise electrochemical transformations;

(9) devise catalytic methods where catalysts are recycled and reused;

(10) devise regio- and stereoselective synthetic strategies particularly  regio- and stereoselective MCRs;

(11) opt for solventless reactions, recycle solvents , or use benign solvents (e.g., ionic liquids, supercritical media);

(12) minimize energy demands such as heating, cooling, and carrying out reactions under pressure exceeding 1 atm; aim for

reactions run under standard temperature and pressure conditions (room temperature and 1 atm).
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Org. Process Res.Dev. 2005, 9, 4, 404 431
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UNIVERSITAT 5. Use safer solvents and reaction conditions. Avoid using solvents, separation agents, or other
auxiliarychemicalsIf you mustusethesechemicalsusesaferones

C Solvent and water accounts for 86808% of mass
utilized in a typical pharmaceutical chemical
operation.

C Solvents are dominant in determining the toxicity of
the process

C Finding a green replacement for traditional solvents
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remains a big challenge “Ceuricar w0
C elimination/substitution of hazardous solvents ;

Process Mass Intensity Benchmark

What is a green solvent? A comprehensive framework for the
environmental assessment of solvents

C. Capello, U. Fischer,H&ngerbuhler Green and Sustainable Solvents in Chemical Processes
Green Chem2007,9, 927934 C. J. Clarke, WZ. Tu, O. Levers, Brohl J. P. Hallett,
https://doi.org/10.1039/B617536H Chem. Rer018 118, 2, 74@800

https://doi.org/10.1021/acs.chemrev.7b00571
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Recommended Water, EtOH, i-PrOH, n-BuOH, EtOAc,
i-PrOAc, n-BuOAc, anisole, sulfolane.

Recommended or MeOH, -BuOH, benzyl alcohol, ethylene

problematic? glycol, acetone, MEK, MIBK, cyclohexanone,
MeOAc, AcOH, Ac,O.

Problematic Me-THF, heptane, Me-cyclohexane, toluene,
xylenes, chlorobenzene, acetonitrile, DMPU,
DMSO.

Problematic or MTBE, THF, cyclohexane, DCM,

hazardous? formicacid, pyridine.

Diisopropyl ether, 1,4-dioxane, DME,
pentane, hexane, DMF, DMAc, NMP,
methoxy-ethanol, TEA.

Diethyl ether, benzene, chloroform, CCly,
DCE, nitromethane.

GHS hazard ' RECOMMENDED |

& -

SOLVENT [y sy PROBLEMATIC
I ....." HAZARDOUS

CHEM21 selection guide of classicad less classicaolvents,
Green Chem. 2016, 18, 2886.
https://doi.org/10.1039/C5GC01008J

Solvent Selection

ACS Green Chemistry Institute

W Pharmaceutical Roundtable

https://www.acsqgcipr.org/tools-for-innovation-in-chemistry/

C SolventSelectionTool

https://www.acsgcipr.org/tools-for-innovation-in-chemistry/solventtool/
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Simulation
and
Experimentation

Toward a More Holistic Framework for Solvent Selection
Org Proces®es. De2016, 20, 4, 766773

PublicationDate:Februaryl8, 2016

https://doi.org/10.1021/acs.oprd.6b00015
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GSK solvent guide

Waste Health
cAS Melting | Boiling recycing, Emr‘“ml acule and chronic | Flammability &
Classification Solvent o ) e aton, VOC. mpact alTacts o4 Ruman Explosion
nuriber | paint °C | point*C | oy tdml"' Bl and expeaurs | storage and banding
Water T732-18:5 0 100 4 il il 10
1-Butanol T1-36- 85 118 5 T 5 []
2-Butanel T8-92-2 -115 100 4 7
Ethancd1MS 64-17-5 -114 T8
1-Blstanel T5-65-0 82
Aleohale 1t hanol 67-56- a8 65 4
2-Propanol 67-63-0 B8 [H I
1-Propanal 71-23-8 -127 57 4 5
2-Methosryethanol 109-86-4 -85 7
1-Butyl acetate 540-88-5 T8 95 [ | ]
108214 73 ] H 7 [
109-60-4 92 102 5 8 §
Ester 616386 | 1 91 ] 7 3
141-78.5 84 Tar £l ] 4
79-20-9 98 5T i 4
| Methylhisabutyl ketone 108-10-1 ET] 117 3 3 7
Ketone Acelont 6764 -85 56
Matbrletbiyl ketone T8-93- ET 20
b kel Propionic acid T9-09-4 -21 4
Organic Acids [ oo (glacial] 54-19- 118 ]
Kyleng 106-42.3 13 Fi [} 1
A [ Tolwens 108-83-3 495 i B 4 10
Benzena 71432 B B0 5 ] i | B i
Isanctane 540-84.1 =107 a4 [ 4 8 1 7
Cyelohexane 110-82.7 T g1 5 5 7 1 i
Hydrocsrb Heptane 142:825 a a8 3 1 7
2-Metkryiperntane 107-83.5 153 1] 5 4 7 1 T
Hexang 110-54-3 95 (] [ 4 1 T
Patroleum spint BO32-334 -T3 &5 3 1 7
1-Buty] methyl ether 1634-04-4 -105 55 [ 5 RO Jaine] [Pk TEERR ]
I methyl ether | 5514-37-5 140 106 4 4 5 R 4
2-Methnd THE 96479 -137 TE 5 4 [ 4
Disthyl ether 60-25-T -116 4 5 4
Ethers Bis(2-methoxyethyd] ether | 111-96-6 58 5 i 4
|1.4-Dicatane 123-91-1 12 02 4 4 4 5
Tetrahydrofuran 108-99-9 -108 65 5 [ 4 4
1.2-Dimethoxyethane 110-714 58 85 4 5 4 4
Diiis opropyd ether 108-20-3 -85 (1] [l 8 E]
Dimathyl sulioade BT-E8-5 5 H 7 ]
Dimathyl formamide 68122 51 4 [} A | T
N-Methy¥ormamida 123-397 4 4 3 1 1 1 | 7
Dipolar aprotics [y v pyrrolidans $72504 | 24 5 5 [ T & ] n
Dimathyl acetamide 127-19:5 -20 5 [ 1 1 |
[ A etonitnly TE-05-8 45 B2 ] ] L] 1 |
Carban tetrachioride £6-23.5 -23 77 4 5 4 B 10 | T
. Dichiaromethane T6-08-2 45 ai [ 4 [ 5 | T
Chlorinated [ Er663 | 61 Al 5 5 I, ) 3
1,2-Dichlorsethane 107-06-2 -36 24 4 4 [] i 10 T

Substitutsan recommend
Must be substituted - A ¢

rans bt futurg regulatary restaclions may apply
regulatory restrictions apply

Updating and further expanding GSK's solvent sustainability guide
GreenChem, 2016 18, 38793890
https://doi.org/10.1039/C6GC00611F
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Sanofi’s Solvent Selection Guide: A Step Toward More Sustainable
Processes

Denis Prat*" Olivier 1~‘€|rdigon,t Hans-Wolfram Iﬂ'lclmnini.r,,§ Sylvie Lctcstu," Véronique Ducandas,”
Pascal Isnard,® Eberhard Guntrum,® Thomas Senac® Stéphane Ruisseau,” Paul Cruciani,!
and Patrik Hosek™
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® Green: recommended solvent (most often these solvents are
in the A list of the HSE guide)

e Yellow: substitution advisable. These can be used on an
industrial scale with some constraints.

® Red: substitution requested. These can still be used in the
pilot plant, but their use on industrial level for new processes

has to be justified on the basis of unsuccessful substitution Solvems Guide ETHERS: OVERVIEW

experiments.

Name Overall ranking | ICH limit | Oce. health

Diethyl ether Banned
Substitution
advisable
Substitution
advisable
Substintion
advisable

Table 13. Example of sustainability improvement during Drug Candidate development Diisopropyl ether

STEP Study batch

GMP1 batch

Discovery Dibutyl ether

Triflatation THF THF THE

Safety

Environ-
ment

Methyl-THE

Suzuki coupling

Dioxane

OEBV2 Sk
5]
:

Not listed

N-arylation
Anisole

Purification of APT VTSGR 04 DCM

{lLy2FAQa {2t @Syl {StSOGA
Sustainable Processes
Org Proces®Res. Dev2013 17, 12, 15171525

https://doi.org/10.1021/0p4002565
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available
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Pfizer solvent selection guide g
@((:Tag_mﬂk_ A survey of solvent selection guides
Clte this: Green Chem, 201416, Denis Prat, = John Hay ler” and Andy Wells* A survey of solvent selection guides,
GreenChem, 2014,16, 4548551 CHEM21 selection guide of classicahd less classicalolvents,
https://doi.org/10.1039/C4GC01149J Green Chem. 2016, 18, 28186.
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