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Introduction

Overview of Resource Guide

In the organic chemistry laboratory, green chemistry serves as a means for reducing hazards and waste in
the laboratory course, while maintaining the necessary rigor for teaching the subject. Through a
partnership with Beyond Benign, My Green Lab, and MilliporeSigma, a resource guide has been developed
for integrating green chemistry in the organic chemistry laboratory course. It is our hope this will facilitate
the widespread adoption of green chemistry in the standard undergraduate curriculum.

The purpose of this guide is to provide examples of green chemistry experiments that may serve as
substitutions for classic undergraduate organic chemistry laboratory experiments. Discussions pertaining
to the measurable benefits resulting from implementing greener alternative organic chemistry labs are
provided, which include waste reduction, economic benefits, and hazard reduction.

For each experiment, a detailed experimental protocol is provided, along with an explanation as to why
the substitution is considered to be more sustainable, and a TA guide complete with example lab
questions. It provides multiple pathways for adopting greener labs and points faculty members to options
that can be tailored to suit the needs of their own department, and their own courses. The guide also
provides an assessment of some qualitative benefits of green chemistry implementation, including energy
efficiency, use of renewable resources, and use of safer solvents.

While each experiment may stand on its own, they were designed to be highly modular to allow for facile
adoption into existing curricula. We encourage you to use this guide as a starting point, and build upon
this framework to suit the needs and unique format of your teaching laboratory.


http://www.beyondbenign.org/
http://www.mygreenlab.org/
http://www.emdmillipore.com/
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Methodology used for Quantitative and Qualitative Assessment

Each reaction has been measured by quantitative and qualitative means. The quantitative assessment
includes a volume of waste estimate, and an environmental, health and safety assessment. The qualitative
assessment includes the flagging of the reaction for the following green chemistry principles: use of
renewable feedstocks, energy efficiency, catalysis, safer solvents and auxiliaries, and accident prevention.
Each estimate includes assumptions and are based on widely available data-sets and/or resources, which
are outlined further below.

Qualitative Assessment

Chemicals and chemical reactions are flagged for the following qualitative benefits: less hazardous
chemical synthesis, use of renewable feedstocks, energy efficiency, catalysis, safer solvents and
auxiliaries, and accident prevention. Each qualitative endpoint is described further:

Qualitative

Icon riteri
Endpoint co Criteria

Wherever practicable, synthetic methods should be designed to use

Less Hazardous . ..
and generate substances that possess little or no toxicity to human

hemical
Che IC? health and the environment.
Synthesis
The chemical can be derived from a renewable feedstock. For example:
Renewable ethanol can be derived from bio-based feedstocks
Feedstocks
The reaction uses comparatively less energy than the traditional
Energy reaction procedure. For example: the grinding of two reagents at room
Efficiency temperature using a mortar and pestle versus heating to reflux.
The use of catalytic reagents as opposed to stoichiometric reagents.
Catalysis

The use of safer solvents as compared to traditional alternatives (see

Safer Solvents Safer Solvent section).

and Auxiliaries

The avoidance of the use of substances that have potential for
chemical accidents, including releases, explosions and fires. For

Accident o ;
example: avoiding the use of a pyrophoric reagent

Prevention
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Volume of Waste Estimate

This analysis is based on the assumption that all solvents, reagents and products will be transformed to
waste products. We understand that some products will be used as starting materials for a subsequent
reaction. However, in our assessment, we are assuming that the product will be minimal in relation to the
waste created and that the products are eventually discarded as waste. We have made note of where
aqueous waste is created that can be neutralized before disposal, which may decrease the amount of
liquid waste disposed.

Environmental, Health and Safety (EH&S) Assessment

While EH&S assessments can typically be viewed as qualitative, we have attempted to use “quantifiable”
tools, such as the National Fire Protection Association (NFPA)! categories, Global Harmonized System
(GHS), Registry of Toxic Effects of Chemical Substances through ToxPlanet Database? Pharos? and
GreenScreen® for Safer Chemicals* as metrics for more rigorously measuring the environmental, health
and safety hazards of each chemical. The environmental, health and safety assessment is broken into
three categories: physical hazards (including skin corrosion), human health hazards (including both
chronic and acute mammalian toxicity), and PBT (persistence, bioaccumulation, and aquatic toxicity).
These three categories are used as indicators of the health and safety of the chemical.

Very high hazard
E HS Key: Physical hazard . High hazard
Toxicity/Health hazard Moderate hazard
Persistent Bioaccumulative Low hazard
Toxic (PBT) Chemicals No data

An example of the EH&S chart included with each experiment is below.

Ethanol (varies)
459836

Water (varies)
n/a

1 NFPA, Flammable and Combustible Liquids Code, http://www.nfpa.org/codes-and-standards/all-codes-
and-standards/list-of-codes-and-standards?mode=code&code=30 [Accessed February 2017]

2 ToxPlanet; https://toxplanet.com/ [Accessed February 2017]

3 Pharos, https://www.pharosproject.net/ [Accessed February 2017]

4 GreenScreen® for Safer Chemicals, http://www.greenscreenchemicals.org/ [Accessed February 2017]
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Physical Hazards
The physical hazards include the flammability, reactivity, and corrosive nature of the chemical as
indicators of the physical hazards the chemicals present.

Flammability
This assessment is based on the NFPA categories for flammability as follows:

Human NFPA

Health Rating | Rating Degree of Flammability

Materials that will not burn (materials that will not burn in air when exposed

Low 0 to a temperature of 820 °C for a period of 5 minutes)

Materials that must be preheated before they will ignite (flash point at or
Low 1

above 93.3 °C)

Materials that must be moderately heated or exposed to relatively high

Moderate 2 ambient temperatures before they will ignite (flash point between 37.8 and

93.3°C)

Liquids and solids that can ignite under almost all temperature conditions
High 3 (Liquids having a flash point below 22.8 °C and having a boiling point at or

above 37.8 °C or having a flash point between 22.8 and 37.8 °C)

Materials which will rapidly vaporize at atmospheric pressure and normal
Very High 4 temperatures, or are readily dispersed in air and which burn readily (includes
pyrophoric substances. Flash point below room temperature at 22.8 °C)

12
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Reactivity
This assessment is based on the NFPA categories as follows:®

Human NFPA

D fR ivi
Health Rating | Rating egree of Reactivity

Materials that are stable even under exposure to fire.
Low 0 Technical Criteria: Materials that have an instantaneous power density
(product of heat of reaction and reaction rate) at 250°C below 0.01 W/mL

Materials that are normally stable, but become explosive at elevated
temperatures and pressure.
Low 1 Technical Criteria: Materials that have an instantaneous power density
(product of heat of reaction and reaction rate) at 250°C at or above 0.01
W/mL and below 10 W/mL

Materials that readily undergo a violent reaction, but do not explosively
decompose.

Moderate 2 Technical Criteria: Materials that have an instantaneous power density
(product of heat of reaction and reaction rate) at 250°C at or above 10
W/mL and below 100 W/mL

Materials that are prone to explosive decomposition, but require an
ignition source or will react explosively with water.

Technical Criteria: Materials that have an instantaneous power density
(product of heat of reaction and reaction rate) at 250°C at or above 100
W/mL and below 1000 W/mL. Materials that are sensitive to thermal or
mechanical shock at elevated temperatures and pressures.

High 3

Materials that are prone to explosive decomposition at normal
temperatures and pressure.

Technical Criteria: Materials that have an instantaneous power density
(product of heat of reaction and reaction rate) at 250°C at 1000 W/mL or
greater. Materials that are sensitive to localized thermal or mechanical
shock at normal temperatures and pressures.

Very High 4

5> National Fire Protection Association (NFPA), Codes and Standards, https://www.nfpa.org/codes-and-
standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=704 [Accessed January
2018]
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Corrosivity (Skin)
This assessment is based on the GHS categories for Skin Corrosivity as follows:

Heal-lltuhmRaa:ing GHS Rating Degree of Corrosivity
Low N/A No listing or phrases
> 1 hour and < 4 hours exposures and < 14 days observations;
Moderate Category 1C pH extremes of <2 and = 11.5 including acid/alkali reserve
capacity.
>3 minutes < 1 hour exposure and < 14 days observations; pH
High Category 1B extremes of <2 and > 11.5 including acid/alkali reserve
capacity.
< 3 minutes exposure and < 1 hour observation;
Very High Category 1A pH extremes of <2 and > 11.5 including acid/alkali reserve
capacity. Hazard Phrase: H314

Human Health Hazard

Human health hazard data can be gathered from SECTION 11 (Toxicological Information) on Globally
Harmonized  Safety Data  Sheets, which can be obtained from  Sigma-Aldrich
[http://www.sigmaaldrich.com/united-states.html]. Both acute and chronic toxicity endpoints are listed.
The human health hazard is assessed based on a selection of data from the GreenScreen® for Safer
Chemicals? criteria for acute human health, and chronic human health hazards. The European Union Risk
and Hazard Statements® are also used to determine low, moderate, high and very high hazard.

Hazard Level Acute Mammalian Toxicity Criteria:

GHS Category 1 or 2; Risk Phrases R26, R27, R28; Hazard Phrases H300, H310, H330;
Technical Criteria: Oral LD50 < 50 mg/kg; Dermal LD50 < 200 mg/kg; Inhalation (g)
LC50 < 500 ppm; Inhalation (v) LC50 < 2 mg/l; Inhalation (dust, mist) LC50 < 0.5 mg/I;
NFPA Health 4

GHS Category 3; Risk Phrases R23, R24, R25; Hazard Phrases H301, H311, H331;
Technical Criteria: Oral LD50 > 50 but < 300 mg/kg; Dermal LD50 > 200 but < 1,000
mg/kg; Inhalation (g) LC50 > 500 but < 2,500 ppm; Inhalation (v) LC50 > 2.0 but <
10.0 mg/l; Inhalation (dust, mist) LC50 > 0.5 but < 1.0 mg/I; NFPA Health 3

GHS Category 4; Risk Phrases R20, R21, R22; Hazard Phrases H302, H312, H332;
Tech. Criteria: Oral LD50 > 300 but < 2,000 mg/kg; Dermal LD50 > 1,000 but < 2,000
mg/kg; Inh. (g) LC50 > 2,500 but < 20,000 ppm; Inh. (v) LC50 > 10.0 but <20.0 mg/I;
Inh. (dust, mist) LC50 > 1.0 but < 5.0 mg/l; NFPA

GHS Category 5; Hazard Phrases H303, H313, H333; Technical Criteria: Oral LD50 >
Low 2,000 mg/kg; Dermal LD50 > 2,000 mg/kg; Inh. (g) LC50 > 20,000 ppm; Inh. (v) LC50
> 20.0 mg/I; Inh. (dust, mist) LC50 >5.0 mg/I

Very High

High

Moderate

® Sigma-Aldrich, GHS Hazard Statements, https://www.sigmaaldrich.com/content/dam/sigma-
aldrich/docs/promo NOT INDEXED/General Information/1/h overview.pdf [Accessed February 2017]
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The following chronic toxicity endpoints are flagged for toxicity based on risk and hazard statements, as
well as Globally Harmonized System (GHS) categories: carcinogenicity (C), mutagenicity/genotoxicity (M),
neurotoxicity (N), sensitization (S), reproductive toxicity (R), developmental toxicity (D), and endocrine
activity (E).

Hazard Level Chronic Toxicity Criteria:

Carcinogenicity: Risk Phrases - R45 or R49; Hazard Phrases - H350 or H350i;
Mutagenicity/Genotoxicity: GHS Category 1A or 1B; Risk Phrases - R46; Hazard Phrases
- H340; Reproductive Toxicity: GHS Category 1A or 1B; Risk Phrases - R60; Hazard
Phrases - H360F, H360FD, H360Fd; Developmental Toxicity: GHS Category 1A or 1B;
Risk Phrases - R61 or R64; Hazard Phrases - H360D, H360FD, HD360Df, H362;
Sensitization, Respiration: GHS Category 1A and 1B; Hazard Phrase- H334;
Sensitization, Skin Category 1A; Hazard Phrases — H317; Neurotoxicity (Repeated
exposure)- GHS CNS Category 1 or 2; 90-day rat inhalation (vapor) study < 0.2
(mg/L/6h/day); Endocrine- Substances listed on the EU — SVHC Authorization List for
Endocrine Activity

Carcinogenicity: Risk  Phrases - R40; Hazard Phrases - H351;
Mutagenicity/Genotoxicity: GHS Category 2; Risk Phrases - R68; Hazard Phrases -
H341; Reproductive Toxicity: GHS Category 2; Risk Phrases - R62; Hazard Phrases -
H360, H361f, H361fd; Developmental Toxicity: GHS Category 2; Risk Phrases R63;
Moderate Hazard Phrases H360Fd, H361d, H361fd; Sensitization, Respiration: Risk Phrases —R42;
Sensitization, Skin Category 1B Risk Phrases- R43; Neurotoxicity (Repeated exposure)-
GHS CNS Category 3, 90-day rat inhalation (vapor) study 0.2—1.0 (mg/L/6h/day); Risk
Phrase R67; Hazard Phrase — H336; Endocrine - indication of Endocrine Activity in the
scientific literature; Substitute It Now (SIN) List or TEDX Potential List
Carcinogenicity: no risk or hazard phrases; Mutagenicity/Genotoxicity: No listings or
phrases; Reproductive Toxicity: No listings or phrases; Developmental Toxicity: No
Low listings or phrases; Sensitization, Respiration: No listings or phrases; Sensitization,
Skin: No listings or phrases; Neurotoxicity — No listings or phrases; 90-day rat
inhalation (vapor) study > 1.0 (mg/L/6h/day); Endocrine Activity- no listing.

High
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Aquatic Toxicity

The aquatic toxicity endpoint is used as an indicator for environmental hazard and is based on acute
aquatic toxicity data. If chronic and acute toxicity had different GHS categories, the worst-case scenario
was taken as the final score. The criteria are based on a selection of the GreenScreen® for Safer Chemicals
criteria for acute aquatic toxicity and includes GHS categories, risk and hazard phrases, and technical data
as follows:

Hazard Level Acute Aquatic Toxicity Criteria:

GHS Category 1; Risk Phrases R50, Hazard Phrases H400; Technical Criteria: 96 hr LC50
(fish) <1 mg/l, 48 hr EC50 (crustacea) < 1 mg/l, 72 or 96 ErC50 (algae) < 1 mg/|

GHS Category 2; Risk Phrases R51, Hazard Phrases H401; Technical Criteria: 96 hr LC50
High (fish) > 1 but < 10 mg/I, 48 hr EC50 (crustacea) > 1 but < 10 mg/l, 72 or 96 ErC50
(algae)> 1 but £ 10 mg/I

GHS Category 3; Risk Phrases R52, Hazard Phrases H402; Technical Criteria: 96 hr LC50
Moderate (fish) > 10 but < 100 mg/I, 48 hr EC50 (crustacea) > 10 but < 100 mg/|, 72 or 96 ErC50
(algae ) > 1 but €100 mg/I

Technical Criteria: 96 hr LC50 (fish) > 100 mg/I, 48 hr EC50 (crustacea) > 100 mg/I, 72
or 96 ErC50 (algae )> 100 mg/I

Very High

Low

The following criteria for PBTs endpoints are based on the Environmental Protection Agency’s (EPA) 1999
“Category for Persistent, Bioaccumulative, and Toxic New Chemical Substances” policy statement and
criteria developed in EPA’s New Chemical Program for toxicity to fish. The technical data as follows:

Hazard Level PBT Criteria:’
EPA Standards Persistence: Water, Soil, and sediment Half-life > 6 months (> 180
days); Bioaccumulation: BCF > 5,000; Fish ChV <0.1 mg/|
EPA Standards Persistence: Water, Soil, and sediment Half-life >= 2 months (>= 60
days); Half-life in Air >2 days; Bioaccumulation: BCF > = 1,000; Fish ChV <0.1mg/I
Moderate Suspected PB (modeling); Fish ChV 0.1-10 mg/|

Low Listed as not persistent or bioaccumulative; Fish ChV >10 mg/I

Very High

High

7 Based on EPA Standards: http://www.pbtprofiler.net/criteria.asp [Accessed February 2017]
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Acid/Base Molarity Hazard Level Adjustment

Acids and bases used by the students within these experiments are often diluted from the original
concentrate. To account for this, solutions with smaller molarity were decreased by one human health
score to acknowledge the reduction in hazard. Laboratory experiment scores do not replace the necessity
of reading the safety data sheets. Criteria on acid/base molarity of reagents were taken from the Sigma-
Aldrich Molarity of Concd. Reagent chart. An example of a scoring adjustment on an acid based on criteria
from Sigma-Aldrich Molarity of Concd. Reagent chart is provided:

Molarity of Human Health
Chemical Name Y

Reagent?®

Original Hazard Score Adjusted Hazard Score

12.1*
Hydrochloric
¥ . ! 6> Moderate
Acid
1>

Low

*Max molarity of Hydrochloric Acid reagent.

8 Based on Millipore Sigma Molarity of Concd. Reagent for Acids and Bases Chart

17


http://www.sigmaaldrich.com/chemistry/stockroom-reagents/learning-center/technical-library/reagent-concentrations.html

green chemistry education

AMiliDORR )
Q bevondeenion IR Ko veeen 10

Solvent Substitution Resources

The use of safer solvents is oftentimes the ‘low hanging fruit’ for implementing green chemistry principles
into traditional organic chemistry experiments. There are many solvent selection guides that have been
published within the pharmaceutical sector and are being used as a basis for guiding the selection of safer
solvent choices for chemical reactions, extractions, and separations. The following summary provides an
overview of these guides, along with guidance towards safer solvent substitution.

18
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Pfizer Solvent Selection Tool

Pfizer created an internal solvent selection tool® that has been widely publicized. The tool categorizes
solvents based on worker safety (acute and chronic toxicity), process safety (flammability, and reactivity),
and environmental and regulatory considerations. Solvents are categorized into “preferred”, “usable” and
“undesirable” solvents and are also presented in a solvent replacement table that can be used to guide
“greener” choices for solvents (Table 1). Through internal use of the solvent selection tool, Pfizer realized
a 50% reduction in chlorinated solvent use, the reduction of undesirable ether usage by 97%, and the
shifting of the use of less harmful heptane over hexane and pentane across their research division during
2004-2006.°

Table 1. Pfizer solvent replacement table

Undesirable Solvent Alternative
Pentane Heptane
Hexane(s) Heptane
Di-isopropyl ether or diethyl ether 2-MeTHF or tert-butyl methyl ether
Dioxane or dimethoxyethane 2-MeTHF or tert-butyl methyl ether

Chloroform, dichloroethane or carbon
tetrachloride

Dichloromethane

Dimethyl formamide, dimethyl acetamide or N-
methylpyrrolidinone

Acetonitrile

Pyridine Et:N (if pyridine is used as a base)
Dichloromethane (extractions) EtOAc, MTBE, toluene, 2-MeTHF
Dichloromethane (chromatography) EtOAc/heptane

Benzene Toluene

®Dunn, P. ., et. al., Green Chemistry, 2008, 10, 31-36.
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GlaxoSmithKline (GSK) Solvent Selection Guide

GSK has developed a solvent selection guidel® for use by their medicinal chemists. This solvent guide,
shown below, is a quick reference tool for practicing chemists to quickly identify solvents of concern. The
guide is supported by a table which identifies the areas of concern in the following categories: waste,
environmental impact, health hazards, flammability and explosion hazard, reactivity and stability, life
cycle score and a legislation flag that alerts the user of any regulatory restrictions. The complete guide
provides different levels of detail depending on the requirements by the user and the application.

GSK Solvent Selection Guide

Fewissues (bp°C) Some issues (bp“C) Majorissues
Dichloromethane **
Chlorinated ....before using chlorinated solvents, have you considered Carbon tetrachloride **
TBME, isopropyl acetate, ethyl acetate, 2-Methyl THF or Dimethyl Carbonate? Chloroform **
1,2-Dichloroethane **
Greenest Option Water iooc)
78°C - (97°C
BB B tanol (1<) Ethanol/IMS z-c) 1-Propanolerc)
Alcohols B ol i) t-Butanol sz 2-Propanol ez 2-Methoxyethanol
Methanol ssc)
t-Butyl acetate ©sc)
Esters Isopropylacetate (ssc) Ethyl acetate 77:c)
Propylacetate (i02c) Methylacetate i7c)
Dimethyl Carbonate 1'c)
Methylisobutyl ketone (17c)
e Methyl ethyl ket
i =hanas Acetone sc) e
p-Xylene (13sc)
B o
Aromatics R e ne 2 iy enzene
Isooctane sc) Petroleum spirit **
Hydrocarbons Cyclohexane @10 2-Methylpentane
Heptane cz-c) St
1.4-Dioxane ™
t-Butyl methyl ether esc) 1,2-Dimethoxyethane **
Ethers 2-Methyl THF s Tetrahydrofuran
. Diethyl ether
Cyclopentyl methyl ether (ioswc) Disopropyl Bl
Dimethyl formamide **
. ) N-Methyl pyrrolidone **
Dipolar aprotics Dimethyl sulfoxide (ss-c) N-Methyl formamide **
Dimethyl acetamide **
Acetonitrile
** = EHS Regulatory Alerts: please consuit the detailed solvent guide and the GSK Chemicals Legislation Guide for more information  http://solventguide gsk com/ @

G3K §5G-MC-02 September 2010

Figure 1: GlaxoSmithKline (GSK) Solvent Selection Guide.

Figure reproduced from Henderson, R. K., et. al, Green Chemistry, 2011, 13, 854-862 with permission of
The Royal Society of Chemistry.

19 Henderson, R. K., et. al., Green Chemistry, 2011, 13, 854-862.
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American Chemical Society Green Chemistry Institute Pharmaceutical Roundtable Solvent

Selection Guide

The ACS GCI pharma roundtable have collaboratively developed a solvent selection guide!! for pharma
companies. The guide rates solvents against 5 categories: safety, health, environment (air), environment
(water), and environment (waste). Each category is scored between 1-10, with 10 being the highest
concern.

Additional Solvent Replacement Resources

There are many other solvent substitution resources and guides within the pharmaceutical sector.!?
Additionally, there are substitution tools that have been developed within academia, such as the MIT
Green Alternatives Wizard.'® The Green Alternatives Wizard is an online tool that allows the user to search
for alternative chemicals or chemical processes. Users are guided to potential substitutes, which include
the pros and cons of the substitution and links to the primary literature.

An excellent review and compilation of solvent selection guides by Prat et. al. has also been published in
Green Chemistry'®. Furthermore, the CHEM21 consortium used the solvent selection guides developed
by Pfizer, GSK, Sanofi, and ACS GCl as a basis to develop a unified CHEM21 solvent selection guide®®. The
CHEMZ21 guide ranked a number of bioderived solvents, to give a clearer picture of how well they
performed when scrutinized in the same manner as classical solvents.

11 ACS GCI Pharma Roundtable Solvent Selection Guide
[http://www.acs.org/content/acs/en/greenchemistry/industry-business/pharmaceutical.html]
12 prat, D., et. al., Organic Process Research & Development, 2013, 17, 1517-1525.

13 MIT Green Alternatives Wizard [http://ehs.mit.edu/greenchem]

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

15 CHEM21 Solvent Selection Guide
[http://pubs.rsc.org/en/content/articlelanding/gc/2016/c5gc01008j# !divAbstract]
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Alternatives to Dichloromethane in Chromatography
“A convenient guide to help select replacement solvents for dichloromethane in
chromatography”?

A 3:1 (v/v) solution of ethyl acetate/ethanol has been found to a viable alternative for dichloromethane
(DCM) in flash chromatography and HPLC. This alternative is based on a publication in the journal Green
Chemistry by Taygerly and Peterson titled “A convenient guide to help select replacement solvents for
dichloromethane in chromatography”.’®* The chromatography guide is experimentally-derived, and
provides chemists options for choosing greener options, with a particular focus on the use of DCM. The
guide itself was developed for use by medicinal chemists looking for alternatives to DCM and methanol,
which is widely used by chemists to purify their compounds. The quick-reference guide provides chemists
with a reference tool for guiding the substitution according to solvent polarity and eluting ability. The tool
cross-references these properties to guide users towards the following greener options for solvents:
heptanes, ethyl acetate: ethanol, isopropanol, and methyl t-butyl ether. Sigma-Aldrich offers a greener
alternative to chlorinated solvents (in particular, DCM) in chromatography (Sigma-Aldrich SKU 745588).

18 Taygerly, J.P., Peterson, E.A,, et. al., Green Chemistry, 2012, 14, 3020-3025.
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Relative Eluting Strengths of Green Chromatography Solvent Mixtures
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Figure 2: Green Chromatography Solvent Selection Guide. Starting from the appropriate DCM—MeOH
concentration, compare vertically across the bar chart to identify greener solvent mixtures of similar
eluting ability. For example, if a compound suitably elutes in 5% DCM—-MeOH in the absence of an additive,
the “Neutral Compounds” bar chart predicts that 60% 3:1 EtOAc : EtOH in heptanes or 40% i-PrOH in
heptanes would be suitable starting points to evaluate greener solvent alternatives.

Figure reproduced from Taygerly, J.P., Peterson, E.A., et. al., Green Chemistry, 2012, 14, 3020-3025 with
permission of The Royal Society of Chemistry.
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Reagent and Reaction Selection Resources

Greener alternatives to organic chemistry reactions have been on the rise since the early 2000’s, when
new publications began to appear that presented easily adoptable options for greener organic chemistry
experiments. Select resources have been identified within this guide to facilitate the adoption of greener
alternatives.

Key publications and websites for greener alternative organic laboratory exercises include:

1. University of Oregon Greener Education Materials Database
[http://greenchem.uoregon.edu/gems.html]

2. Doxsee, K., Hutchison, J. Green Organic Chemistry: Strategies, Tools, and Laboratory
Experiments, Brooks/Cole, Pacific Grove, CA, 2004.

3. Kirchhoff, M., Ryan, M.A., Eds., Greener Approaches to Undergraduate Chemistry Experiments,
American Chemical Society, Washington, DC, 2002.

4. Roesky, H., Kennepohl, D., Eds., Experiments in Green and Sustainable Chemistry, Wiley-VCH,
Weinheim, 2009.

5. Dicks, A.P., Ed., Green Organic Chemistry in Lecture and Laboratory, CRC Press Taylor & Francis
Group, Boca Raton, FL, 2012.

ACS GCl Reagent Guides

The ACS GCl Pharma roundtable has developed an online tool to guide chemists towards the greener
selection of reagents in chemical transformations.!” The tool presents the user with a Venn diagram
representing three factors for the selection of reagents: wide utility, scalability, and greenness. The ideal
reagent is centrally located at the intersection of all three circles. Each reagent within the Venn diagrams
are hyperlinked to further information and lists the primary references.

The Greener Organic Chemistry Reaction Index

Green Organic Chemistry in Lecture and Laboratory (#5 in the key publications list above), edited by Dr.
Andrew Dicks, includes an appendix of greener organic chemistry reactions. The appendix profiles 178
reactions covering the typical reactions taught within the organic laboratory course, and includes the
primary literature reference, experimental technique employed, and greener principles highlighted.

17 ACS GCI Pharmaceutical Reagent Guides [http://www.reagentguides.com]
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Laboratory Techniques
A Brief Overview of Greener Recommendations to Common Synthetic Techniques

Distillation: Simple and Fractional

Simple and fractional distillations are commonly taught techniques in the organic chemistry laboratory,
most notably for use in purifications and in boiling point determination. Organic solvents such as toluene
and cyclohexane are commonly used to demonstrate the separation of solvent mixtures through
distillation®®. Ethanol-water mixtures can also be used and the purified ethanol tested for purity through
an ignition test®.

Laboratory experiments demonstrating acetone recovery are also being performed as means for teaching
students the importance and potential of solvent recycling?” 2. The table below lists commonly used
distillation solvents and their relative EH&S information.

Cyclohexane (varies)
Toluene e
244511
Acetone o
650501
Ethanol e
459836

Water (varies)
n/a

18 Simple and Fractional Distillation of a Cyclohexane-Toluene Mixture, Macroscale and Microscale
Organic Exp., Williamson, K.L., Masters, K.M., 6th Ed, Brooks/Cole Cengage Learning, 2011, pp. 92-95.
19 Simple Distillation of an Ethanol-Water Mixture, Macroscale and Microscale Organic Experiments,
Williamson, K.L., Masters, K.M., 6th Edition, Brooks/Cole Cengage Learning, 2011, pp. 93-95.

20 Simple Distillation: Purification and Reuse of Acetone, Lecher, C.S., Marian College, Greener
Educational Materials for Chemists, 2007, http://greenchem.uoregon.edu/PDFs/GEMSsID91.pdf
[Accessed February 2017]

21 Recycling of Waste Acetone by Fractional Distillation, McDougal, 0.M., et. al., J. Chem.

Educ., 2011, 88 (12), pp. 1724-1726.
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Chromatography: TLC and Column

Chromatography techniques are essential in the organic chemistry laboratory for identifying whether or
not the desired reaction has occurred, if starting materials are present, for testing the purity of a product,
and product purification. The choice of chromatography solvent can be limited due to the required solvent
properties for the eluting solvent. There are many available resources for guiding chemists towards
greener solvent choices, the majority of which were outlined in the above introduction section Solvent
Selection Resources. Simple solvent substitutions can have considerable impact, especially minimizing the
use of chlorinated solvents?223,

Greener chromatography experiments often involve the separation of pigments from plants and include
the use of recycled solvents in the extraction process®* and the use of alternative media for use within
column chromatography?®.

The table below lists commonly used solvents in chromatography and their relative EH&S information.
Please refer to the solvent selection resources in the introduction of this resource for further information
regarding solvent substitution.

Hexane (varies)
296090
Heptane .
246654 (varies)
Dichloromethane Vet
676853
Ethyl acetate e
270989

22 A convenient guide to help select replacement solvents for dichloromethane in chromatography,
Taygerly, J. P., Miller, L. M., Yee, A., Peterson, E. A., Green Chem., 2012, 14, 3020.

2 Green chemistry tools to influence a medicinal chemistry and research chemistry-based organization,
Dunn, P. J., et. al., Green Chemistry, 2008, 10, 31-36.

24 A Green Approach To Separate Spinach Pigments by Column Chromatography, McDougal, 0.M., et.
al., J. Chem. Educ., 2013, 90 (6), pp 796—798.

%5 Supermarket Column Chromatography of Leaf Pigments Revisited: Simple and Ecofriendly Separation
of Plant Carotenoids, Chlorophylls, and Flavonoids from Green and Red Leaves, J. Chem. Educ. 2015,
92(1), 189-192.

26



beyondbenign MilliDORe K
green¥hemistryeducationg s.GMa my green 1ab'

Extraction

Extraction techniques are commonly performed as means for isolating and purifying a product (i.e.,
essential oil or natural product extraction). Solvents commonly used in extractions include methylene
chloride, petroleum ether, or hexanes. Greener solvent choices can be explored for solvents that have
similar properties (e.g. miscibility, boiling point), and can often seamlessly replace traditional solvents.
See the Solvent Selection Resources section for further information.

A greener extraction procedure for use within the organic chemistry laboratory involves the extraction of
avocado oil using ethyl acetate and isopropanol. The oil is then used in the making of an avocado soap?.

Please refer to the Solvent Selection Resources in the introduction of this resource for further information
regarding solvent substitution.

The table below lists commonly used solvents in extraction and their relative EH&S information.

Dichloromethane .
676853 (varies) 4
Petroleum ether . ‘
320447 (varies) -
Hexanes .
296090
Heptane .
ey (varies) -
Ethyl acetate e
270989
Isopropanol . '
578475 (varies)

26 Green Soap: An Extraction and Saponification of Avocado Oil, Sutheimer, S., Caster, J. M., Smith, S. H.,
J. Chem. Ed., 2015, 92, 1763-1765.

27



green chemistry education

: ~NMMILLIBORER 4
beyondbenign SiG.'N"a B ny green lab.

Introduction to Green Chemistry for TA’s

Green chemistry is a fundamental approach to evaluating chemical processes and products, focusing on
protecting human health and the environment. The 12 Principles of Green Chemistry?’are a common
reference point for evaluating environmental and health impacts of chemical processes, and are used for
the design of safer reactions and products. We encourage you to reference these principles and relate
back to them throughout lessons and experiments in the teaching lab.

Various metrics have been developed to evaluate environmental and health impacts including amount of
waste generated, toxicity of reagents, and energy use at each stage of product development. For example,
Process Mass Intensity (PMI) is a metric developed to standardize and quantify improvements leading to
sustainable manufacturing methods. It focuses on decreasing the amount of materials used to make a
product, which reduces the environmental footprint of the product, all while making the process more
cost effective. The American Chemical Society Green Chemistry Institute® (ACS GCl) has created a PMI
Calculation Tool on the Microsoft Excel platform, that can be downloaded and used for free here.

A complete evaluation of a chemical process is termed a Life Cycle Analysis (LCA), which considers
everything from extraction of feedstocks to disposal and fate of the final product. Scientists in all
disciplines are uniting to embrace challenges in the environmental and sustainability sector through LCAs,
and use these analyses to drive research and innovation. The adoption of a holistic life-cycle perspective
can build upon the existing foundation and framework for all divisions of chemistry. An article from the
ACS on Sustainability and the Chemical Enterprise on the use and importance of LCAs can be found here.

Green chemistry is not a sub-discipline of chemistry — it is an umbrella that encompasses not only all
divisions of chemistry, but virtually all divisions of science, business, and arts. Examples of interconnected
divisions of green chemistry are shown on the left.

This should not be overwhelming — you do not need to be
an expert in each to be successful in using and applying
green chemistry principles. Collaboration is key! It
encourages partnerships and working with colleagues and
other departments to help each other make research and
science as efficient and sustainable as possible.

Biology

Thinking holistically and looking at problems with a big
picture perspective, especially with sustainability in mind, is
an increasingly valuable skill to have in the modern
workplace. Many companies have energy, waste, hazard
reduction, and other aggressive sustainability goals in place
and are seeking scientists that know how to collaborate to
implement such measures.

27 Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice, Oxford University Press: New York,
1998, p.30
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The 12 Principles of Green Chemistry

The following infographic describes each of the principles. The graphic was designed by Compound
Interest and the Green Chemistry Initiative at the University of Toronto. This student group has also
created a YouTube video series (GreenChemUofT) around each of the principles.

The 12 Principles of

® GREEN CHEMISTRY ®

Green chemistry is an approach to chemistry that aims to maximize efficiency and minimize hazardous effects on human
health and the environment. While no reaction can be perfectly ‘green’, the overall negative impact of chemistry research
and the chemical industry can be reduced by implementing the 12 Principles of Green Chemistry wherever possible.

1. WASTE PREVENTION 7. USE OF RENEWABLE FEEDSTOCKS

Prioritize the prevention of waste, Use chemicals which are made from
rather than cleaning up and treating renewable (i.e. plant-based) sources,
waste after it has been created. rather than other, equivalent
Plan ahead to minimize waste at chemicals originating from
every step. petrochemical sources.

2. ATOM ECONOMY 8. REDUCE DERIVATIVES

Reduce waste at the molecular
level by maximizing the number of derivatives such as protectin

atoms from all reagents that are groups. Avoid derivatives to reduce

incorporated into the final product. | I
Use atom economy to evaluate reactlonai'tg ?:é;te: 2?;2?:5 equired,

reaction efficiency.

3. LESS HAZARDOUS CHEMICAL SYNTHESIS 9. CATALYSIS

; : ; Use catalytic instead of
Design chemical reactions and e - - .
synthetic routes to be as safe as @ stg;.lchlometrlc reagents in reactions.

Minimize the use of temporary

=

possible. Consider the hazards of 0ose catalysts to help increase

all substances handled during the selectivity, minimize waste, and
reaction, including waste. reduce reaction times and energy

4. DESIGNING SAFER CHEMICALS 10. DESIGN FOR DEGRADATION

Minimize toxicity directly by Design chemicals that degrade and
molecular design. Predict can be discarded easily. Ensure
and evaluate aspects such as that both chemicals and their
physical properties, toxicity, and degradation products are not toxic,
environmenta_l fate throughout the bioaccumulative, or environmentally
design process. persistent.

5. SAFER SOLVENTS & AUXILIARIES 11. REAL-TIME POLLUTION PREVENTION

Choose the safest solvent available Meonitor chemical reactions in

for any given step. Minimize the i
real-time as they occur to prevent
g?tal arngum o solvegts anﬁl the formation and release of any
auxiliary substances used, as these potentially hazardous and polluting
make up a large percentage of the substances.
total waste created.

6. DESIGN FOR ENERGY EFFICIENCY 12. SAFER CHEMISTRY FOR ACCIDENT PREVENTION

Choose the least energy-intensive Choose and develop chemical
chemical route. Avoid heating and rocedures that are safer and
cooling, as well as pressurized and inherently minimize the risk of
vacuum conditions (i.e. ambient accidents. Know the possible risks
temperature & pressure are optimal). and assess them beforehand.

S

©)
N
?ig

© COMPOUND INTEREST 2015; WWW.COMPOUNDCHEM.COM @@
Shared under a CC Attribution-NonCommercial-NoDerivatives licence. =
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Experiment 1: The Grignard Reaction

Introduction

A Grignard reagent is formed by reacting an alkyl or aryl halide with magnesium, and is characterized by
the presence of a carbon-magnesium bond.

Mg
R-X —— R-MgX

Victor Grignard, whom these reagents are named after, was awarded the Nobel Prize in Chemistry in 1912
for demonstrating the broad utility of these carbon nucleophiles. Since carbon is significantly more
electronegative than magnesium, it withdraws electron density in the C-Mg bond to such an extent that
this bond may now be treated as ionic, thus the formation of Grignard reagents represent an example of

an Umpolung reaction. The resulting delta negative carbon can subsequently react with a variety of
electrophiles, such as the carbonyl group of aldehydes and ketones, to create new C-C bonds.

However, this classic demonstration of a Grignard reaction is not always the most practical in a teaching-
lab setting as it is typically carried out in anhydrous solvents in dry glassware given the reactive nature of
the reagents. If care isn’t taken to achieve anhydrous conditions, undesired reaction of the magnesium
salt with moisture will compete with reaction with the carbonyl.

As the chemistry lab continues to become a more environmentally-conscious space, the recent design of
chemical processes has increasingly focused on alternative solvents and neat (i.e. solvent free) reactions.

This lab illustrates an example of Barbier-Grignard zinc-mediated C-C bond forming reaction in an aqueous
medium, alleviating the need for anhydrous conditions. The Barbier reaction is a one-pot synthesis,
whereas the Grignard reaction requires preparation of the Grignard reagent prior to addition of the
carbonyl substrate. The Barbier reaction mechanism has not been definitively established, however a
radical-based pathway is often suggested in literature reports.

The following principles of green chemistry are employed in the alternative experiment described herein:

e Safer Solvents & Auxiliaries
e (Catalysis
o Safer Chemistry for Accident Prevention
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Grignard Reaction — A Greener Alternative (1)

An analogue to a Grignard reaction that offers a greener option and calls for aqueous reaction conditions.
This zinc-mediated reaction inserts zinc into a carbon-chlorine bond, generating a carbon-based
nucleophile. The organozinc reagent then adds to the carbonyl to generate a substituted alcohol.

_ +
Cl sat. aq. NH,CI 7

THF OH

Reference
Water-Soluble Catalysis: Aqueous Analogue of the Grignard Reaction, Warner, J.C., in Greener Approaches
to Undergraduate Chemistry Experiments, American Chemical Society, 1999, 23-24.

Experimental

1. In a 50 mL Erlenmeyer flask equipped with a magnetic stir bar, combine 0.78 g of untreated,
commercially available zinc powder and 10mL of a saturated aqueous NH4Cl solution.

2. Combine 0.91 mL of isobutyraldehyde and 1 mL of THF in a small test tube, and add it to the
solution in the flask. Stir the mixture vigorously while adding 1.4 mL of 1-chloro-3-methyl-2-
butene, dropwise. An immediate reaction takes place with the loss of zinc powder.

3. Stir the mixture for 45 min. The progress of the reaction can be monitored by using thin-layer
chromatography, IR spectroscopy, or NMR spectroscopy.

4. At the end of the 45-minute period, add 2 mL of ether. Filter the mixture through a plug of glass
wool to remove excess zinc and any precipitate (e.g. zinc salts) that may have formed. Rinse the
precipitate with 2 mL of fresh ether.

5. Transfer the filtrate to a small separatory funnel, and separate the organic and aqueous layers.
Wash the aqueous phase with 2 mL of ether. Combine the organic phases and dry over anhydrous
sodium sulfate. Filter, and remove the ether to yield 3-hydroxy-2,6-dimethyl-5-heptane.

6. Analyze the product by NMR and IR spectroscopy.

Optional Activity

Students may work in teams to investigate the effect on the reaction of varying the amount of THF used.
For example, each group could be tasked with conducting the reaction at varied concentrations (i.e. as
written above, with no THF, with 0.5 mL THF, etc.), and the results can be pooled so students can assess
the effect of concentration on observed reactivity.

It is suggested to employ the following greener alternatives:

e THF: A greener alternative is 2-Me-THF (MilliporeSigma product numbers: 414247 & 673277).
e Diethyl Ether: A greener alternative is cyclopentylmethyl ether (CPME) (MilliporeSigma product
numbers: 675970, 675989 & 791962). Ethyl ether can also be substituted with 2-Me-THF.
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EHS Key:

Physical hazard

Toxicity/Health hazard
Persistent Bioaccumulative
Toxic (PBT) Chemicals

Very high hazard
High hazard
Moderate hazard
Low hazard

No data

Health & Safety Evaluation

1-chloro-3-methyl-2-butene

303259 70 mL
Isobutyraldehyde
320358 45.5 mL
Zinc powder
243469 39g
Ammonium chloride solution,
saturated 500 mL
213330
Tetrahydrofuran
401757 >0 mL
Diethyl ether
346136 100 mL
Sodium sulfate, anhydrous 100 g

239313
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Grignard Reaction — A Greener Alternative (2)

Another analogue to the Grignard reaction that offers a greener option and utilizes aqueous reaction
conditions is described herein. This zinc-mediated reaction inserts zinc into a carbon-bromine bond. The
organozinc reagent then adds to the carbonyl to generate a substituted alcohol.

OH
Zn
\/\Br + H e N
sat. aq. NH,ClI
THF

Reference
A Grignard-like Organic Reaction in Water, Breton, G.W., Hughey, C.A,, J. Chem. Educ. 1998, 75, 85.

Experimental?®
Caution: Allyl bromide is a toxic, flammable liquid. Gloves should be worn at all times during its handling,
and all manipulations should be carried out in an efficient hood.

1. To a mixture of 0.078 g (1.20 mmol) of untreated, commercially available zinc powder and 1 mL
of a saturated aqueous NH4Cl solution in a 25-mL round-bottomed flask equipped with a magnetic
stir bar is added a solution of 0.102 mL (1.00 mmol) of benzaldehyde in 0.5 mL of THF.

2. The flask is fitted with a condenser and the mixture is stirred vigorously while 0.104 mL (1.20
mmol) of allyl bromide is added dropwise via a calibrated pipet, through the condenser. An
immediate reaction takes place, with loss of the zinc powder. The mixture is stirred for 0.5 h.

3. At the end of this 0.5 h period, 1 mL of ether is added. The mixture is filtered through a plug of
glass wool to remove excess zinc and any precipitate (e.g. zinc salts) that may have formed. The
precipitate is rinsed with 1 mL of fresh ether.

4. The organic phase is separated, and the aqueous phase is washed once with a fresh aliquot (1 mL)
of ether. The combined organic phases are dried over sodium sulfate (Na,SQ,), filtered, and
concentrated to afford 1-phenyl-3-buten-1-ol as a colorless liquid.

Notes
e |tisimportant to use a round-bottomed flask for this step. Little or no reaction occurred when we
used a conical reaction vial (and spin vane), owing to inefficient mixing of the dense zinc powder
with the liquid phases. Effective mixing of the zinc is essential to afford good yields of product.
e The bromide should be carefully added so that each drop falls directly into the stirring mixture.
Loss of compound as a result of running the liquid down the side of the condenser lowers the
product yield.

28 Experimental procedure reprinted with permission from Breton, G.W., Hughey, C.A., J. Chem. Ed.,
1998, 75, 85. Copyright 1998 American Chemical Society.

33



green chemistry education

~MiIlLLIBORER
& beyondbenign SiG.P\'ﬂa

Health & Safety Evaluation

Chemical Name

Aldrich Catalog #

Benzaldehyde

Amount per
100 students
(g or mL)

239313

B1334 >-1ml
Allyl bromide
337528 >-2mlL
Zinc powder
243469 3-9¢
Ammonium chloride solution,
saturated 50 mL
213330
Tetrahydrofuran
401757 25 mL
Diethyl ether
346136 >0 mL
Sodi Ifat h
odium sulfate, anhydrous 50g
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Traditional Grignard Reaction

The formation of carbon-carbon double bonds is perhaps one of the most important synthetic
transformations in organic chemistry. The Grignard reaction is a classic example of a C-C forming reaction
where magnesium is inserted into a carbon-halogen bond. The nucleophilic carbon then adds to the
electrophilic carbonyl, producing a substituted alcohol.

In the example below, benzoic acid is produced via a Grignard reaction.

Br MgBr

(0]
+ Mg — @ + CO, —> H
Reference

Grignard Synthesis of Benzoic Acid, K. L. Williamson, Macroscale and Microscale Organic Experiments, 2nd
Ed. 1994, Houghton Mifflin, Boston, p. 364.
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Chemical Name

Aldrich Catalog #

Magnesium

MILIBORR
SiGMa

Amount per 100
students (g or mL)

if
my green lab.

254118 #o8
e s
| e

Dry ice (carbon dioxide) 50g

Hvdrocggi;siddr S 100 mL
Sodiumzhzyldigg(ide, 3M 60 mL

Water 60 mL

n/a
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Comparative Analysis of Traditional vs. Suggested Experiments

Greener methods reduce the use of diethyl ether

Greener methods do not require anhydrous conditions and therefore decreases the amount of
unnecessary waste resulting from experiments contaminated with moisture

Greener method (1) still requires use of hazardous substances (i.e., THF, diethyl ether)

Greener method (2) still requires use of hazardous substances (i.e., allyl bromide, THF, diethyl
ether)

The comparative costs for all reagents per 100 students for this experiment is $587 for the
Greener method (1), $19 for the Greener method (2) and $20 for the Traditional method. Actual
cost will vary.

Waste Reduction

(per 100 students) Greener” Benefits

800 mL liquid

Greener method (1) 100 g solid waste

135 mL liquid

Greener method (2) 50 g solid waste

Traditional method 375 mL

Additional Resources & Further Reading
The following are additional greener alternative laboratory experiment options:

Microwave-Assisted Carbonyl Chemistry for the Undergraduate Chemistry Laboratory, J. Chem.
Educ. 2009, 86, 227-229.

The Question-Driven Laboratory Exercise: A New Pedagogy Applied to a Green Modification of
Grignard Reagent Formation and Reaction, J. Chem. Educ. 2010, 87, 714-716.
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TA Guide

This lab illustrates an example of Barbier-Grignard zinc-mediated C-C bond forming reaction in an aqueous
medium, alleviating the need for anhydrous conditions required in conventional Grignard reactions. The
Barbier reaction is similar to the Grignard reaction, but is carried out in a one-pot synthesis whereas the
Grignard reaction requires preparation of the Grignard reagent before addition of the carbonyl substrate.
The preponderance of empirical evidence suggests a radical-based mechanistic pathway; however other
mechanistic scenarios have also been proposed in the literature.

In this experiment, a mixture of zinc powder and the aldehyde are prepared, followed by dropwise
addition of an alkyl halide. There is a 30-45 minute reaction period during which students may prepare
for the subsequent filtration and separation work up procedure. This period may also be used to discuss
the green chemistry principles that apply to the experiment at hand.

The following principles of green chemistry are employed:

o Safer Solvents & Auxiliaries
e Catalysis
e Safer Chemistry for Accident Prevention

Tips & Tricks

e Take caution when using alkyl halide reagents as they may be toxic, flammable, or have other
hazards. As always, please review the MSDS prior to instructing on hazardous materials.

e Remind students how to determine which is the organic and which is the aqueous layer, and not
to discard these layers until products are obtained.

Fun Facts

e Didyou know the Barbier reaction is named after Philippe Barbier, who supervised Victor Grignard
(yes...the Grignard reaction) during his PhD?

Example Quiz Questions
The following are examples of questions that may be used on pre- or post-lab quizzes, assighnments, etc.
or as discussion points during a lecture.

1. What are some key differences between the Grignard and Barbier reactions?
2. Describe the Barbier reaction and suggest a plausible mechanism.
3. What are the benefits and drawbacks of using water as a solvent? Please list 2 of each and explain.
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Experiment 2: The Esterification Reaction

Introduction

Esters may be prepared via a number of different processes, with one classic example being the Fischer
esterification — an acid-catalyzed reaction between a carboxylic acid and an alcohol, which undergoes
nucleophilic acyl substitution.

(0] Ht @]
R,—OH + R, + HO

The substitution mechanism is supported by isotopic labeling studies, wherein employing MeO*®H gives
rise to the corresponding ester with O incorporated into the acyl -OR unit. Fischer esterification is a
reversible process and this reaction is therefore governed by Le Chatelier’s principle. As such, the alcohol
is often employed as the solvent to shift equilibrium to product formation.

Transesterification is slightly different than Fischer esterification in that the starting material is an ester,
instead of an aldehyde, ketone, or acyl halide typically employed in other esterification reactions. The
initial ester is trans-esterified to yield a ‘new’ ester with a different R group on the alcohol moiety.

Not only does this lab function as a synthetic example of Fischer esterification and transesterification, but
also serves to unite the chemistry laboratory with the real world. Vegetable oil undergoes partial
hydrolysis in typical cooking conditions to yield a mixture of glycerides and free fatty acids. For this
experiment, waste vegetable oil undergoes a simple, one-pot acid-catalyzed transesterification in 1-
propanol to yield biodiesel. This procedure simultaneously converts both the free fatty-acids and
glycerides, avoids messy emulsions associated with base-catalyzed reactions, and reduces the
transesterification reaction time to make this a practical experiment for a 3-hour lab period.

The following principles of green chemistry are employed in the alternative experiment described herein:

e Use of Renewable Feedstocks
e Safer Solvents & Auxiliaries
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Esterification Reaction — A Greener Alternative

Waste vegetable oil is a mixture of products that result from the hydrolysis of triglycerides, creating a raw
waste product that is suitable starting material for the reaction at hand. This preparation of biodiesel from
vegetable oil involves acid-catalyzed Fischer esterification of free fatty acids and transesterification of
glycerides. The reaction is carried out in 1-propanol, instead of the more traditionally employed methanol,
as its higher boiling point allows for a significant decrease in reaction time. This serves as a real-world
example to introduce students to the concept of bio-based, renewable fuel feedstocks. The product from
this experiment is suitable for use in diesel engines.

OH

Reference
Acid-Catalyzed Preparation of Biodiesel from Waste Vegetable Qil: An Experiment for the Undergraduate
Organic Chemistry Laboratory, J. Chem. Educ. 2011, 88, 201-203.
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Experimental?®
Caution: Sulfuric acid is extremely corrosive and sodium hydroxide is caustic — do not allow them to come
into contact with your skin. If they do come into contact, wash with water immediately.

1.

Combine 1-propanol (8.0 mL) with concentrated sulfuric acid (0.15 mL) in a 125 mL reaction flask
equipped with a magnetic stir bar. Allow the mixture to stir for 2 min.

Add waste vegetable oil (20 mL) and equip flask with a reflux condenser. Heat the mixture to
reflux for 1 h.

Allow the reaction mixture to cool. Transfer to a separatory funnel and allow the layers to
separate for several minutes.

Drain the clear brown glycerin layer off the bottom. Wash the top layer with 3 x 15 mL portions
of 1M NaCl solution, being careful to avoid emulsions. Check the final washing with pH paper to
ensure the pH is neutral.

Drain the ester layer into a flask and dry with anhydrous calcium chloride or magnesium sulfate.
Obtain the biodiesel product via gravity filtration.

Analysis of Biodiesel

1.

Create two oil lamps with 2-dram vials, cotton string, and aluminum foil. Wrap the foil around the
top of the vial to support the cotton string. Leave approximately 5 mm of string sticking out the
top of the vial and enough of a tail to stay submerged in the oil. Place 1 mL biodiesel into one vial
and 1 mL vegetable oil into the other. Be sure to coat the entire string with the liquid. In the
designated section of the laboratory away from the flammable solvents, check the ease of lighting
each lamp, quality of flame, and time required for the flame to extinguish itself.

Fill one Pasteur pipette with vegetable oil and another with biodiesel, and allow them to drain
without the bulb simultaneously. Record the time it takes each pipette to empty.

29 Experimental procedure reprinted with permission from Bladt, D., Murray, S., Gitch, B., et. al., J.
Chem. Ed., 2011, 88, 201-203. Copyright 2011 American Chemical Society.
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Health and Safety

Very high hazard
EH S Key: Physical hazard High hazard
Toxicity/Health hazard Moderate hazard
Persistent Bioaccumulative Low hazard
Toxic (PBT) Chemicals No data

Health & Safety Evaluation

Chemical Name Amount per
: 100 students
Aldrich Catalog #
(g or mL)
Vegetable Oil 1000 mL
n/a
1-propanol ——
402893 400mt [
Sulfuric acid, conc. -
258105 7.5 ml e
Sodium chloride, 1M sol
246398 2250 mL
Magnesium sulfate, anhydrous
793612 100 |
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Traditional Esterification Reaction

This experiment features a traditional acid-catalyzed Fischer esterification to yield a range of esters that
are primarily responsible for the diversity of odors used in the flavoring and perfume industry. The
esterification reaction proceeds through the reaction of a carboxylic acid and an alcohol in the presence
of concentrated sulfuric acid.

O H2804(conc ) O

)J\ + R-]_OH ~ - )J\ /R1 + HQO

H,C™ "OH HsC~ ~O

Reference
Fischer Esterification, Organic Chemistry Laboratory Manual, A. B. Padfas, Hayden-McNeil, 2013.
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258105

Chemical Name Amount per 100
Aldrich Catalog # students (g or mL)
1-pentanol
398268 15mt
2-pentanol
P8017 15mt
Isopentyl alcohol
W205702 15mt ]
Hexyl alcohol
W256706 15mt -
4-methyl-2-pentanol
109916 15mt —
Glacial acetic acid
695092 150 mt
Sodium bicarbonate (5%)
$6014 300 mL
Sulfuric acid, conc 5 mL
258105
Sodium sulfate, anhyd. 258
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Comparative Analysis of Traditional vs. Suggested Experiments
e Greener method introduces the concepts of bio-based resources and renewable raw materials
e Greener method produces the product, which can be used in diesel engines, along with aqueous
waste
e Traditional esterification reaction uses various alcohols which all have moderate EH&S profiles
e The comparative costs for all reagents per 100 students for this experiment is $41 for the Greener
method and $21 for the Traditional method. Actual cost will vary.

Waste Reduction

(per 100 students) Greener” Benefits

1400 mL biodiesel product
Greener method 2.3 mL ag. waste
100 g solid waste

525 mL aq. waste

Traditi I h
raditional method 25 g solid waste

Additional Resources & Further Reading
The following are additional greener alternative laboratory experiment options:

e Replacing Mineral Acids in the Laboratory: Nafion-Catalyzed Dehydration and Esterification, J.
Chem. Educ. 1993, 70, 493-495.

e Methyl benzoate by Fischer Esterification, Macroscale and Microscale Organic Experiments,
Williamson, K.L., Masters, K.M., 6th Edition, 2011, p. 524-525.
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TA Guide

Triglycerides are the primary component of vegetable oil, and have a high 