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II  −  Green Chemistry Tools

  - Solvent Guide

  - Reagent Guide

  



The importance of solvents and media

32% 56%

Org. Process Res. Dev. 2015, 19, 740.

Solvents (organic and aqueous) contribute to > 80% of overall mass intensity

Reprotoxic polar aprotic NMP, DMF, DMAC under severe pressure from 

regulatory agencies (e.g. REACH)



Solvent Selection Considerations

Key:

Waste:
• Incineration
• Recycling
• Biotreatment
• VOC Emissions

Environment:
•  Aquatic Impact
•  Air Impact

Health:
•  Health Hazards
•  Exposure

Safety:
•  Flammability & 

Explosion
•  Reactivity

Photochemical Ozone 

Creation Potential* (POCP)

Aquatic Toxicity

Log KOW

Biodegradability

NOx/SOx/Acid Emissions

Enthalpy of Combustion

Melting Point

Azeotrope with H2O?

Theoretical Oxygen 

Demand (ThOD)

Water Solubility

Electrical

Conductivity*

Auto Ignition

Temperature

Flash Point

Peroxide Formation

Self-Reactivity

NFPA Fire Rating

Acidity

Boiling Point

Odor Threshold*

GHS Hazard Phrases

Regulatory Limit Values

Occupational Exposure 

Limit (OEL)*

Vapor Pressure



Solvent Selection Guides

New format emphasizes spectrum of 

green chemistry assessments

Ease of comparison both within a 

solvent class and across multiple 
classes

Highlight those solvents with 
significant data gaps

Reverse side of guide provides more 
detailed scoring information
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ACS Solvent 
Selection Guide

ACS GCI Pharmaceutical 
Roundtable guide available free 
of charge 

Considers safety, health and 
environmental impact of solvents

www.acs.org/gcipharmaroundtable
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http://www.acs.org/gcipharmaroundtable


Comparison of Different Guides

67% convergence (AZ, ACS GCI, GSK, Pfizer, Sanofi)

The divergences reflect the different weighing of 
criteria

D. Prat, J. Hayler, A. Wells, Green Chem. 2014, 16, 4546

Ranking Solvents

Recommended Water, EtOH, iPrOH, nBuOH, AcOEt, AcOiPr, AcOnBu, PhOMe, sulfolane

Recommended or 
Problematic ?

MeOH, tBuOH, BnOH, ethylene glycol, acetone, MEK, MIBK, cyclohexanone, AcOMe, 
AcOH, Ac2O

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

Problematic or 
Hazardous ?

THF, MTBE, cyclohexane, DCM, formic acid, pyridine

Hazardous iPr2O, dioxane, DME, pentane,  hexane, DMF, DMA, NMP, TEA, methoxyethanol

Highly hazardous Et2O, Benzene, CCl4, chloroform, DCE, nitromethane



Ranking of bio-derived solvents
Family Solvent BP (°C) FP (°C) Worst 

H3xx

H4xx Safety 

score#

Health 

score

Env. 

score

Ranking by 

default

Alcohols i-Butanol 107 28 H318 none 3 4 3 Recommended

i-Amyl alcohol 131 43 H315 none 3 2 3 Recommended

1, 3-Propane diol 214 >100 none none 1 1 7 Problematic

Glycerol 290 177 none none 1 1 7 Problematic

Esters i-Butyl acetate 115 22 H336 none 4 2 3 Recommended

i-Amyl acetate 142 25 none none 3 1 5 Recommended

Glycol diacetate 186 82 none none 1 1 5 Recommended

-Valerolactone 207 100 n.a. n.a. 1 5 7 Problematic

Diethyl succinate 218 91 n.a. n.a. 1 5 7 Problematic

Hydrocarbons D-Limonene 175 49 H304 H400 4 2 7 Problematic

Turpentine 166 38 H302 H411 4 2 7 Problematic

p-Cymene 177 27 n.a. n.a. 4 5 5 Problematic

Aprotic polar Dimethyl carbonate 90 16 none none 4 1 3 Recommended

Ethylene carbonate 248 143 H302 none 1 2 7 Problematic

Propylene carbonate 242 132 H319 none 1 2 7 Problematic

Cyrene 203 61 H319 n.a. 1 2 7 Problematic

Miscellaneous Ethyl lactate 155 47 H318 none 3 4 5 Problematic

Lactic acid 230 113 H318 none 1 4 7 Problematic

TH-Furfuryl alcohol 178 75 H360 none 1 9 5 Hazardous

Chem21 Solvent Guide



Reagent Guides
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• Judicious reagent selection for a given chemical 
transformation represents a key decision, which 
is influenced by a variety of different factors 
depending on what stage it is made in the drug 
development process. 

• From a Green Chemistry perspective, it is 
important to introduce the greenest possible 
reagent as early as possible in the 
discovery/development process with the 
assessment of greenness taking into account 
factors including worker safety, ecotoxicity and 
atom economy. 



Reagent Guides

reagentguides.com

List of Reagents 

Full Review

NiO2 oxidation of alcohols

MnO2 oxidations in organic chemistry 

Hypervalent Iodine reagents – general overview

IBX 2-Iodoxybenzenesulfonic Acid

Dess Martin Periodate

NaICl2 A simple system for the oxidation of alcohols

PDC Pyridium dichromate oxidations

PCC Review on Cr(VI) oxidation

Oppenauer oxidation: An Integrated Approach

DMSO –Oxalyl Chloride, Swern oxidation

DMSO/DCC Pfitzner-Moffat (also TFAA activation)

DMSO – Pyridine-SO3 (Parikh-Doering)

DMSO activation in Pseudo-Swern reaction

Me2S/NCS Corey - Kim oxidation

NaOCl bleach oxidation

TCA Trichloroisocyanuric Acid: A Safe and Efficient Oxidant

TPAP/NMO (tetrapropylammonium perruthenate)

TEMPO (General overview)

TEMPO-Bleach

TEMPO –air –catalyst

TEMPO-hypervalent iodine

Air-Metal catalyst transition-metal catalyzed reactions using molecular oxygen

Activated H2O2 hydrogen peroxide

Biocatalysis biocatalytic methods for oxidation

Light touch overview

BaMnO4 oxidation of primary and secondary alcohols

Potassium Ferrate A Novel Oxidizing Reagent Based on Potassium Ferrate(VI)

Oxidation with Chlorine /Pyridine complexes

RuCl3
PIPO- Polymer immobilised TEMPO

Ce Cerium(IV) ammonium nitrate

Aqueous oxone

AZIDO (TEMPO variants)

Oxidation to aldehydes and ketones
11

reagentguides.com
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/nickel-peroxide-nio-oh-sub-2-sub
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/manganese-dioxide-mno2
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/hypervalent-iodine-reagents-general-overview
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/ibx-2-iodoxybenzenesulfonic-acid
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/dess-martin-periodate
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/naicl-sub-2-sub-a-simple-system-for-the-oxidation-of-alcohols
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/pdc-pyridium-dichromate-oxidations
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/pcc-review-on-cr-vi-oxidation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/oppenauer-oxidation-an-integrated-approach
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/dmso-oxalyl-chloride-swern-oxidation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/dmso-dcc-pfitzner-moffat-also-tfaa-activation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/dmso-pyridine-so-sub-3-sub-parikh-doering
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/dmso-activation-in-pseudo-swern-reaction
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/me2s-ncs-corey-kim-oxidation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/naocl-bleach-oxidation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tca-trichloroisocyanuric-acid-a-safe-and-efficient-oxidant
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tpap-nmo-tetrapropylammonium-perruthenate
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tempo-general-overview
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tempo-bleach
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tempo-air-catalyst
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/tempo-hypervalent-iodine
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/air-metal-catalyst-transition-metal-catalyzed-reactions-using-molecular-oxygen
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/activated-h-sub-2-sub-o-sub-2-sub-hydrogen-peroxide
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/biocatalysis-biocatalytic-methods-for-oxidation
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/bamno-sub-4-sub-oxidation-of-primary-and-secondary-alcohols
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/potassium-ferrate-a-novel-oxidizing-reagent-based-on-potassium-ferrate-vi
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/oxidation-with-chlorine-pyridine-complexes
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/rucl-sub-3-sub
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/pipo-polymer-immobilised-tempo
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/ce-cerium-iv-ammonium-nitrate
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/aqueous-oxone
http://www.reagentguides.com/reagent-guides/oxidation-to-aldehyde-and-ketones/list-of-reagents/azido-tempo-variants
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reagentguides.com
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reagentguides.com
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Reagent Guides

Peptide Synthesis – WordPress (acsgcipr.org)

https://reagents.acsgcipr.org/reagent-guides/greener-peptide-synthesis/


III. Waste water from chemical processes



Waste streams from conventional chemical processes

Raw 
materials Process Product

• Intermediate

• API

Wastes

•  Solids

• Solvents
• Aqueous

incinerated

incinerated

waste water 
assessment

incinerated

if assessment o.k.

industrial waste

water treatment 
plant (WWTP)

CO2 

emission / 
kg waste

2.3 kg

0.63 kg

variable

< 0.1 kg

(variable)



CO2 formation from liquid waste disposals

Equal amounts of solvent and 
aqueous phases are 
compared

CO2 

formation

(relative

amounts)
100 %

2.3 kg/kg

15 %

incinerated

organic solvent

incinerated

water phase

extracted

water phase

to WWTP

extracted

water phase

to WWTP

Aqueous 

chemistry with 

co-solvent and

direct product 

precipitation

(ideal scenario)

27 %
0.63 kg/kg

10 %
~ 2 %

stripped off,

oxidized

water phase

to WWTP

10 %

~ 2 %

stripped off

water phase

to WWTP

~ 2 %

10 wt% solvent 

use rel. to 
water phase

electricity 

not included



Org. Proc. Res. Dev. 2021, 25, 900.

Waste streams from conventional chemical processes
 Why water-based chemistry can be disruptive



Substituting solvents by water

Water as (reaction) solvent relates to Green Chemistry Principles
    3. Less Hazardous Synthesis
    5. Benign Solvents & Auxiliaries
   12. Inherently Benign Chemistry for Accident Prevention



Substituting solvents by water

Water as (reaction) solvent relates to Green Chemistry Principles
    3. Less Hazardous Synthesis
    5. Benign Solvents & Auxiliaries
   12. Inherently Benign Chemistry for Accident Prevention

“Performing a reaction in water is green because no/little solvent 

is used”

“Biocatalysis is green because it uses water as solvent”



Substituting solvents by water

Water as (reaction) solvent relates to Green Chemistry Principles
    3. Less Hazardous Synthesis
    5. Benign Solvents & Auxiliaries
   12. Inherently Benign Chemistry for Accident Prevention

“Performing a reaction in water is green because no/little solvent is used”

“Biocatalysis is green because it uses water as solvent”

This may be true ... if the spent water is acceptable for the WWTP, and not incinerated.

Reactants

Reagents
Product
Co-solvent

Solvent from work-up
By-products

Residues of

• need to be degradable in the WWTP (= not persistent)

• the remains after the WWTP need to be unproblematic 
in the environment, particularly

- of low toxicity towards several organisms
- do not promote algae growth



Biodegradability of organic compounds

Breakdown of organic matter by microorganisms, mainly by bacteria

Goal: complete transformation down to CO2, H2O, NH4
+, NO3

-, N2, SO2, 
sulfate, sulfide, phosphate

Zahn-Wellens/EMPA Test, OECD 302 B

▪ Setup as above.  DOC determination in time intervals.

▪ Biodegradation [%]  =  100 x DOC eliminated / DOC initial

Enzymatic reactions

Hydrolysis

N-dealkylation

Nitrile hydration

C-oxidation

N- and S-oxidation

+ other reactions
Ready biodegradability Tests, OECD 301 A to F

▪ Test substance + aqueous medium + activated sludge from WWTP + air, stirred at r.t. for up to 28 d

▪ Six test principles.  Biodegradation calculated based on DOC decrease, CO2 production or O2 uptake

▪ Precise criteria → clear outcome

DOC = Dissolved Organic Carbon

OECD = Organization for Economic 
   Co-operation and Development 



Biodegradability vs. compound structure

Biodegradability falls with increasing:

 - degree of branching and chain length

 - number of substituents

Biodegradable Moderately degradable Sparingly / non-degradable

Aliphatic prim- & sec-alcohols

aldehydes
ketones
carboxylic acids

esters
prim- & sec-amines

amides

tert-alcohols

nitriles
alkenes
nitro alkanes

ethers

hydrocarbons
halogen compounds
tert-amines

quaternary amines

Aromatic anilines 

  (no/few substituents)
imidazole

anilines 

  (substituted ones)
phenols (bacteriotoxic)
nitro aromatics

hydrocarbons

biaryls
halogen compounds

Breakdown of organic matter by microorganisms, mainly by bacteria

Goal: complete transformation down to CO2, H2O, NH4
+, NO3

-, N2, SO2, sulfate, sulfide, phosphate



Water hazard classes - 
Wassergefährdungsklassen (WGK)

▪ System of the German environmental authorities (Umweltbundesamt)
‘Verordnung über Anlagen zum Umgang mit wassergefährdenden Stoffen (AwSV)’

▪ List of compounds: ‘Rigoletto’ data base (public domain)

▪ Novartis Pharma Data Set (NPDS) → KSO data base

- not water endangering nicht wassergefährdend

1 slightly hazardous to water schwach wassergefährdend

2 hazardous to water wassergefährdend

3 highly hazardous to water stark wassergefährdend

WGK

WGK



Water hazard classes - Pharma compounds

All examples not 

‘readily biodegradable’

WGK 2

Biodegradation: 10 %
WGK 1

Biodegradation: 3 - 12 %

WGK 2

Biodegradation: 16 %

in
te

rm
e

d
ia

te
s

WGK 1

Biodegradation: 0 %
WGK 3

Biodegradation: 0 %

WGK 3

Biodegradation: 1 %d
ru

g
 s

u
b

s
ta

n
c

e
s



Regulatory framework

Switzerland (Basel) China (Changshu)

Waters Protection Act (WPA)

  Gewässerschutzgesetz (GSchG)

Waters protection ordinance → general and specific 

goals

  Gewässerschutzverordnung (GSchV)

Law of the People’s Republic of China on 

Prevention and Control of Water Pollution

Novartis Corporate HSE GL 7 ‘Waste Management’, GL 15 ‘Pharmaceuticals in the Environment’, GN 15.3

Disposal permission of local authorities (BS / BL)

HSE CH Guidance Note 004.3.1

  ‘Wastewater Disposal and Water Protection 

Installations’

Waste water management system

  (surveillance, assessment, inventory, reporting)

SOP-7017963 ‘Environmental management’

- SNPT emission/discharge limits for waste water

- Wastewater management procedures

Waste water assessment → Waste water card 

(AWK)

  Abwasserkarte (AWK)

DERA Info File 3020 ‘Poorly degradable 

substances’

Wastewater Register WP-7005368

Waste Water File FRM-7026109 → WW 

assessment 

Process waste water classification tree



Information resources

Biodegradability test methods

logPow

Solubility in water

Biodegradability of compounds

Water hazard class (WGK) • Novartis KSO (NPDS, section ‘Regulatory’) 

• Supplier MSDS

• Rigoletto data base (also in English)
https://webrigoletto.uba.de/rigoletto/public/welcome.do

• GESTIS data base (also in English): 
http://www.dguv.de/ifa/gestis/gestis-stoffdatenbank/index.jsp

(section ‘Regulations’ / ‘Vorschriften’)

• Novartis KSO data base, MSDS, ECHA website

• Novartis KSO, GESTIS data base, MSDS, ECHA website,

solvent selection guides

https://webrigoletto.uba.de/rigoletto/public/welcome.do
http://www.dguv.de/ifa/gestis/gestis-stoffdatenbank/index.jsp


Summary and Conclusions

Chemists and engineers have enormous control over manufacturing processes by 

selection of synthetic routes.

The Design Principles of Sustainable Green Chemistry are guidelines. Use of metrics 

is imperative!

The incorporation of catalysis, biocatalysis, continuous flow, nanofiltration, etc. can 

dramatically improve processes in terms of waste generation. 

Solvent and reagent selection guides, coupled with metrics and life cycle analysis, 

can help make routes more sustainable.

Green chemistry is a triple win: cost-effective, better for the environment, and safer for 

the employees.



Take home messages

Be curious about environmental and physical properties of the 
compounds

All input materials and their resulting by-products determine the 
quality of the waste water

Early collection of information will enable data-driven decisions

Strive for simplicity and robustness if a pre-treatment is needed



IV. Impact of technologies



Use of surfactants to enable 
chemistry in water

•Surfactants are known for their remarkable physical 
properties as solubilizers.

•Use of versatile nonionic surfactants – Lipshutz and 
Handa, Abbvie, Takeda, Novartis 

•Development of a variety of transformations 
mediated in water

•No safety or environmental baggage – “benign-by-
design”



Surfactant applied to a broad 
range of transformations

The Roundtable recently triggered a new collaborative 
working group of chemistry in water. Roundtable 
member companies meet to share best practices and 
advance the reaction, work-up, and isolation 
technology required for running water-based synthetic 
organic reactions.



Nitro Reduction
Cheap and very efficient options

Org. Lett. 2021, 23, 8114.

Org. Proc. Res. Dev. 2017, 21, 247.



Amidation

A toolbox of options

Org. Process Res. Dev. 2021, 25, 1960.

ACS Sustainable Chem. Eng. 2020, 8, 12612.

Org. Lett. 2015, 17, 3968.

Org. Process Res. Dev. 2020, 24, 1543.

https://pubs.acs.org/action/showCitFormats?doi=10.1021%2Facs.oprd.0c00303&href=/doi/10.1021%2Facs.oprd.0c00303


Cross-Couplings

▪ Sonogashira:

• Copper free reaction

• Very low catalyst loading

• Fe-NPs with ppm level of Pd

• Mild reaction conditions

▪ Suzuki-Miyaura:

• Applied on Kg-Scale

• Robust and efficient

• Mild reaction conditions avoid degradation

• Improved stoichiometry

Science, 2015, 349, 1087.

Well established transformation



Tandem reactions
All transformations run in 2% TPGS-750-M in water

   Chem. Sci. 2019, 10, 3481–3485.



Tandem reactions
Sequences of Chemo-/Bio-catalysis

Chem. Comm. 2021, 57, 11847.



Chem. Comm. 2021, 57, 11847.

Tandem reactions
Sequences of Chemo-/Bio-catalysis



Nat. Rev. Chem. 2018, 2, 306–327.

Tandem reactions
Sequences of Chemo-/Bio-catalysis



Bailey, J. D. et al.  Green Chem. 2021, 23,788–795.

Tandem reactions



Braje, W. M. & Handa, S. ACS Sustainable Chem. Eng. 2020, 8, 12612−12617.

Tandem reactions



Waste water concept

Org. Proc. Res. Dev. 2021, 25, 900.

Strategies to Tackle the Waste Water from α-Tocopherol-Derived Surfactant 
Chemistry



Opportunities 

Some biases and unknown facts 

• Chemistry with surfactants in water requires as much or even less water than traditional 

transformations due to high concentration

• Contamination of water waste equivalent whether traditional or surfactant in water process 

is being used

• Standard process in surfactant water can be as simple as running the reaction, filtering and 

drying 

• No capital investment required, no special equipment ! 

• Technology mostly driven by physical properties of various components of the system Limited 

understanding of mechanisms and appreciation



Take home message

▪ Sustainable alternative for reprotoxic polar aprotic solvents 

demonstrated with significant advantages

▪ Ever-growing toolbox and understanding

▪ Next generation of reagents/catalytic systems tailor-made to the 

medium

▪ New rules remain to be discovered and exploited

A powerful alternative to classical polar aprotic solvents still at its enfancy



Summary and Conclusions

Chemists and engineers have enormous control over manufacturing processes by 

selection of synthetic routes.

The Design Principles of Sustainable Green Chemistry are guidelines. Use of metrics 

is imperative!

The incorporation of catalysis, biocatalysis, continuous flow, nanofiltration, etc. can 

dramatically improve processes in terms of waste generation. 

Solvent and reagent selection guides, coupled with metrics and life cycle analysis, 

can help make routes more sustainable.

Green chemistry is a triple win: cost-effective, better for the environment, and safer for 

the employees.



Some important tools

• Proper design of syntheses and processes is 

the essence of sustainability !

– Strong correlation cost and environmental footprint

• Solvent selection 

   http://learning.chem21.eu/

– Considers safety, health and environmental impact of solvents

– Make the right solvent choice – there are alternatives !

Reagents guide 

  https://reagents.acsgcipr.org/

– The greenest conditions for common transformations (Green 
Chem. 2013, 15, 1542-1549)

http://learning.chem21.eu/
https://reagents.acsgcipr.org/


Thanks to the all, 
questions?

xxx
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