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VAPORIZATIONS/CONDEN:!

Why do we teach (organic) laboratory classes?
Why teaching green chemistry meets these goals.

Examples of my favorite green experiments
and what they replaced

— Feedback from students

Other green content, strategies, & activities
Resources abound for every style

Questions and Discussion
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WHY teach lab?

« Teach modern laboratory techniques
* Prepare students for research and jobs

« Learn how to interpret experimental results and draw
reasonable conclusions

« Encourage students to ask questions and participate in
process of science (problem-solving skills)

* Reinforce concepts and reactions taught in lecture
« Learn how to communicate scientific results
« Demonstrate relevancy to daily life, etc...

« Pedagogy — topic for another talk (guided-inquiry/discovery
based versus expository/verification experiment design)

UNIVERSITY OF MINNESOTA
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WHY teach lab?

Weight of each goal is depenet on

composition of class population!
* My course is 75-80 % non-chemistry/chem engineering
majors

— Engage students in topics of organic chemistry that are
relevant

— Pre-health — can they learn an instrumentation or
technique and apply to solve a problem?

* My course (2311) structure — one-semester taken after
Ochem I. 1 - hour lecture/week (me) and 2 x 4 hours labs (TAS)

e 4 credits
3



Why green chemistry? & o,

« Teach modern laboratory techniques & prepare students for research and
jobs

As exemplified by the Green Chemistry & Commerce Council (GC3) Policy
Statement on Green Chemistry in Higher Education* many companies are
encouraging educational institutions to "integrate green chemistry and
sustainability principles into chemistry, engineering, and business

curricula." The goal being to have a workforce able to solve today's

K

environmental and sustainability problems. HEWLETT®

PACKARD

Some companies have gone so far as to state that all things being equal, they
will preferentially hire people with these skills. -

Wme»goﬂm«m seventh
Family of Companies -
* http://www.greenchemistryandcommerce.org/assets/media/images/Projects/GC3%20HigherEd

Policyspdf
UNIVERSITY OF MINNESOTA
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http://www.greenchemistryandcommerce.org/assets/media/images/Projects/GC3 HigherEdPolicy.pdf
http://www.greenchemistryandcommerce.org/assets/media/images/Projects/GC3 HigherEdPolicy.pdf

Why green chemistry?

« Teach modern laboratory techniques and prepare students for research
and jobs

Techniques covered in 2311:

Simple Distillation Fractional Distillation Water-sensitive Reaction
Extraction (Separatory funnel) Vacuum/Gravity Filtrations Steam Distillation
Recrystallization (four steps) Reflux Drying agents

Extraction Thin-Layer Chromatography

Column Chromatography Melting Points Boiling Points

Gas Chromatography IR Spectroscopy 'H NMR spectroscopy

Mass Spectrometry

Remember...

1. Remove the stopper before draining

2. Place the stem of separatory funnel
inside the receiving flask

UNIVERSITY OF MINNESOTA



Why green chemistry?

« Learn how to interpret experimental results and draw reasonable conclusions —
will illustrate with experiments

« Encourage students to ask questions and participate in process of science
(problem-solving skills) - as easy and difficult with green as traditional
experiments.

Green Chemistry is at the forefront of chemical innovation
today — What are the problems and how are they being
addressed? BHC Ibuprofen Synthesis

rrrrrrrrrrrr

aaaaaaaaaaa
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Why green chemistry?

 Reinforce concepts and reactions taught in lecture

dil

(‘f‘:-:' #

Laboratory Techniques
in Organic Chemistry

o 8 Moy
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Organic Lecture and Laboratory Textbooks and technigques
slowly adding examples and more substantial content BUT....

Chemical Education Research shows labs generally fail in this
regard, so not a reason to NOT teach Green Chemistry.

“However, laboratories that are

National Research Council. Discipline-Based Education Research: designed primarily to reinforce

Understanding and Improving Learning in Undergraduate Science and lecture material do not necessarily

Engineering; Singer, S. R., Nielsen, N. R., Schweingruber, H. A., Eds.; deepen undergraduate students’

The National Academies Press: Washington, DC, 2012. understanding of the concepts covered
in lecture.”

UNIVERSITY OF MINNESOTA



Why green chemistry?

 Engage, share love of chemistry, demonstrate relevancy to daily life, etc...(these

are future voters, t00). E—

The 12 Principles of Green Chemistry

Green Chemistry Principles — Impact All
— Addresses Sustainability
— Human Health and Environment
— Economically sound

Organic Laboratory is the perfect venue to illustrate

r

plemen f geeen chemistry

To catolyze and enabe the implementation of
‘and engineering throughout the global chemicol enterprise

Contact us: gci@acs.org

: , Reagents, Energy Product
Starting Material - .
Solvents By-Products

UNIVERSITY OF MINNESOTA



Examples - Green Experiments

and what they replaced ...

« Green Oxidation of Borneol to Camphor

H 0.6 eq. Oxone® (1.2 eq. KHSOs)

>

OH 0.3 eqg. NaCl, EtOAc/H,O

(1S)-borneol (1S)-camphor

Replaced oxidation with bleach (NaOCI, HOAC)
« Wet product with trace of acid hindering sublimations
« Noxious fumes — hood required
« Bleach — mercury or not? Mixed messages.

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

and what they replaced ...

« Green Oxidation of Borneol to Camphor?

H 0.6 eq. Oxone® (1.2 eq. KHSOs)
o O
OH 0.3 eq. NaCl, EtOAc/H,0O
Photo by Eileen Harvala

(1S)-borneol (1S)-camphor

Oxone® as a “Green Oxidizing Agent”
« 2KHSO; - KHSO, - K,SO,
« $0.02-0.04/g Inexpensive!
« By-products are non-hazardous sulfate salts after
WOrkup (sodium bisulfite and neutralize)
« Water soluble waste

lLang, P. T.; Harned, A. M.; Wissinger, J. E. “Oxidation of Borneol to Camphor using
Oxone®and Catalytic NaCl: A Green Experiment for the Undergraduate Organic UNIVERSITY OF MINNESOTA

Chemistry Laboratory” J. Chem. Ed. 2011, 88, p. 652. 10




Examples - Green Experiments

and what they replaced ...

« Green Oxidation of Borneol to Camphor?

0.6 eq Oxone® (1 2 eq KHSO ) . Photo by Eileen Harvala
H 72 <= 5) o  >95% conversion
0.3 eq. NaCl, EtOAc/H,0 Excellent yields

on Always works!
(1S)-borneol (1S)-camphor y |

Green Principles -

Starting material - potentially renewable (terpenes)
Reagents = Oxone/NaCl - “non-hazardous”
Catalysis = NaCl

Energy — room temperature, 1 hr

Safer Solvents — water and ethyl acetate (not bad)
10 Product — given to research group, used for stereoselective
reduction, and all natural degradation

1. By—products — water soluble — no hazardous waste

TN OWN

NOT 2. Not atom economical

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

and what they replaced ...

« Green Oxidation of Borneol to Camphor?

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
® /4 M ~« LI N X, adsoessonZzaacnsgnagnsdbaireaiposnsLersosy
0 6 e Oxone 1 e K O mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
H . qg. .2 eq. HS 5) I\ dddddadddddddddrddddddedddddadapidddaddecde
- 0
>
0.3 eq. NaCl, EtOAc/H,O

OH
(1S)-borneol (1S)-camphor
Techniques and Analysis -
« Biphasic reaction
« Extraction, drying, concentration
« Sublimation
* IR Spectroscopy — strained C=0 // / |
« GREAT NMR Mj

« Pat Lang — teaching

) 2.5 2. .5 1.0
0.40 0.88 3.003,
0.59 1 2.94

0 1 0.5 ppm
1.91

lLang, P. T.; Harned, A. M.; Wissinger, J. E. “Oxidation of Borneol to Camphor using
Oxone®and Catalytic NaCl: A Green Experiment for the Undergraduate Organic UNIVERSITY OF MINNESOTA
Chemistry Laboratory” J. Chem. Ed. 2011, 88, p. 652.
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Examples - Green Experiments

and what they replaced ...

Student Response to Experiment

5 "
Statement /6 positive
responses
| value the inclusion of green chemistry in the 2311 curriculum 02.6
The procedure was straightforward and easy to carry out 90.5
. : : . 19.5
This lab was simple and required little thought
Taking the time and energy to sublime the product was worthwhile and 83.7
interesting '
The fact that the product will be used in a research group rather than thrown 716
away Is important to me '

UNIVERSITY OF MINNESOTA



Examples - Green Experiments

and what they replaced ...

Extraction of Eugenol from Cloves:
Comparison of Steam Distillation versus Liquid CO,

Required Reading

Mohrig: Chapter 2 Green Chemistry, pp. 22-31.
Chapter 9.3 Small-Scale Gravity Filtration, pp. 135-136.
Chapter 12.6  Steam Distillation, pp. 194-196
Chapter 10 Extraction — miniscale/sources of confusion, pp. 142-155, 161-162.
Review techniques 'H NMR

Videos: Steam Distillation: http://youtu.be/mYC52AR61v8

Question: Which procedure is more efficient and has greener characteristics for the extraction of eugenol
from cloves: steam distillation or liquid carbon dioxide?

Green Concepts: H,O and CO, as a safer solvents, energy requirements, renewable raw material,
and more..

Centrifuge tubes - Corning catalog #430052 or Sarstedt 62.554.002

?Lallie C. McKenzie, John E. Thompson, Randy Sullivan, James E. Hutchinson. “Green
chemical processing in the teaching laboratory: a convenient liquid CO, extraction of natural UNIVERSITY OF MINNESOTA

products,” Green Chem., 2004, 6, 355-358. 14



Examples - Green Experiments

and what they replaced ...

Extraction of Eugenol from Cloves: Comparison of
Steam Distillation vs. Liquid CO,

Details:
% Eugenol /
Method Mass Essential % Essential % Acetyl Eugenol
Used Oil, mg oil* by TH NMR
Analysis
Steam 10g  450-700mg  4.5-7 % ~ 93% /7% 0w
Liquid CO, 39 60 — 200 mg 2-6% ~ 70% / 30%

o}
OH O)J\CHs
OCH;,3 OCH;,3
T =

E 1 Acetyl 1
ugeno cetyleugeno UNIVERSITY OF MINNESOTA
bpt 252-253 °C  bpt 281-286 °C 15



Examples - Green Experiments

and what they replaced ...

Comparison of Green Characteristics of Liquid CO,
extraction versus Steam Distillation - NOT CLEAR CUT

Disadvantages Steam

Disadvantages Liquid CO,

Solvent (MTBE) required to separate » Pressure apparatus required

essential oil from water « Efficiency lower and more
Solvent waste (or recycle) acetyleugenol extracted + S
Time consuming and heat required caryophyllene
Advantages Steam Advantages Liquid CO,
« Greener solvent possible (2- . o
methyITHF) * No _solvent waste if just essential oil
. Efficient extraction desired _
«  Good purity of eugenol * Noheatrequired
« Cheap
« faster

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

and what they replaced ...

*Adaption options

Product can be hydrogenated Purification by acid/base extraction

OH OH

OCH; OCHj
H,,10% Pdon C
ethyl acetate
=

Eugenol dihydroeugenol

\
AR Y

CCCCCC

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

and what they replaced ...

Bonus this semester —
35 g of purified eugenol collected for Professor lan Tonks research

%Positive

Statement
Response

The experiment helped me understand how acid/base 75 7
extractions can purify organic compounds .
The experiment helped me understand the benefits of
using green extraction techniques and green chemistry 85.8
principles
| appreciate learning about chemistry that is currently 879
employed in industry .

F e
[ » E
=% 9 »
[
4

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

and what they replaced ...

* One-Pot Tandem Aldol Condensation and Diels-Alder
Reaction — developed at the U of MN

Ph
Ph Ph
KOH (20%) | Ph Ph
:Ii O | ——— Pnh
TEG, 120 °C 120 °C Ph Ph
Ph

- - (1A Endo or 1B Exo)

Q
. COQH )\ﬁONO Co2 - COZ
. Replacing @[ - @[ B @!
NH, N=N _N,

Isoamyl nitrite — heart stimulant BENZYNE
Dimethoxyethane as solvent _ _ Ph
“Low” atom economy ?\ '
“N\— / ) heat Ph 1\ PP -CO R
L )_ O + H"-\_H .—-':::’ ;-::F- _ --\-\_-.r'f.r' W, - = J\‘h.\_‘ "|J-‘H ]
o //"—F“'FII,' __\_\_{-'j_,-' \:} - el
 Ph" PR —/ Ph

2,3.4,5-tetraphenylcyclopentadienone(TPCPD) 1,2,3,4-tetraphenylnaphthalene

Submitted for publication. -



Examples - Green Experiments

Most popular green reactions — Aldol and Diels-Alder reactions

¢ H O
N PEG, 70 °C, 1hr
. + | (o) - | (o)
¢ ngh atOm economy AR . or microwave (!
0] (o)
. PEG = polyethylene glycol o
» Solventless versions average MW 200 o
. ;/;#o
* Microwave examples ~ 1,0 o200
N— —»
reflux /
« Water/alcohol solvents o HO
OH
OH E o o
f —
N Ivent (0]
z ., E«O o solven o
N COOH
0 o}
SMcKenzie, L. C.; Huffman L. M.; Hutchison J. E.; Rogers, C. E.; Goodwin, T. E.;
Spessard, G. O. “Greener Solutions for the Organic Chemistry Teaching Lab: UNIVERSITY OF MINNESOTA
Exploring the Advantages of Alternative Reaction Media” J. Chem. Ed. 2009, 86, 488- 20

493



Tandem Aldol/Diels-Alder

Two High Atom Economy Reactions

i ] Q Ph

Ph J Ph
Ph
KOH (20%) | ™" oh Ph
:E . O — =  Ph X or
Ph Ph

- - (1A Endo or 1B Exo) 2)
TEG = triethylene glycol _
Developed by Giang T. Hoang
HO/\/O\/\O/\/OH Optimized by Tomohiro Kubo

« Aldol complete in 5 min observable by color change/TLC
* Diels-Alder complete in 40-50 minutes by color change/ TLC
« Typical crude mass 65%, recrystallized 55% (EtOAc/ethanol)

« Green lessons in minimization of auxiliary steps (2 rxn/1 pot), high
atom economy, green solvents

UNIVERSITY OF MINNESOTA



Ph

)

Ph Ph

1A or1B or 2

Ph

Photos and slide by Giang Truong Hoang

Recrystallization from
ethyl acetate: ethanol

oy UNIVERSITY OF MINNESOTA



Melting Point Observation

(Retro-Diels-Alder)

« White solid
turns pinkish
~165 °C

Melts
183-185 °C,
turning dark
purple with
bubbling

'. 'l . i m ‘ . = I'. "I UNIVERSITY OF MINNESOTA =




WHAT IS THE PRODUCT?

« Strong C=0in IR = (1777 ™1~ decarbonylation does NOT occur)
« 1H NMR shows three non-aromatic well-resolved doublet of doublets

H-$ T L
. . i H " __-H [ e
Protons, H, Chemical Shift, splitting Pattern 15 — X}/\ o5
ppm J values, Hz [
Jabzlo HZ :E 10 — — 10
H, 4.31 doublet of doublets =
J,-6.6 Hz
Jpa = 10 Hz B L
H, 3.18 doublet of doublets
J.=12.6 Hz |
0 T T T T I T 0
‘]ca =6.6 Hz 0 ;‘u (ju ()‘n wln IL:) 180
HC 267 doublet Of dOUb|etS Dihedral angle, ¢
Jp,=12.6 Hz
Ha Hb
H 6.40-7.60 Multiplet ﬁ—ﬁ
d WP Ph H,
R R
H,, Hp, and H. are non-equivalent
L M UM MM and H, and H, diastereotopic.
See. pp. 366-367 Mohrig*
75 7.0 65 60 55 5.0 40 35 30 25

Chemical Shift (ppm)

UNIVERSITY OF MINNESOTA



X-Ray of Product

Gregory T. Rohde, Victor G. Young, Jr., and the X-Ray
Crystallographic Laboratory, University of Minnesota

\

\

\a
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I
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\
/
\

/
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\
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Students can relate to ...
* bond distances and bond angles
they learn about in Ochem |

» 3-D understanding of molecules

« Applications in biomolecules
(pictures in textbooks) lock and
key, docking, metal coordinations,

H-bonding,

« Computational chemistry
(empirical data)

UNIVERSITY OF MINNESOTA



Examples - Green Experiments

and what they replaced ...

e Organic Polymers (Plastics)

Old Experiment New Experiment®
Recycle PETE bottle Sustainable Polymers
(0] (0]
SOURERS:
0]
o-decalactone O L-lactide

‘sustainable’ )
polymer :

) “ﬁ
]\chll last in the environment Renewable + renewable, then
orever.... degradable

SSchneiderman, D. K; et. al.. ?stamable Polymers in the Organic Chemistry

- Laboratory: Synthesis and C acte' tion ?a Renewable Polymer from & UNIVERSITY OF MINNESOTA
Decalactone and L-Lactide” J. Chem. uc 2014, 91, p. 131-135. 26



Relevant Topic to Broad Student Population

* Polymers are Ubiquitous in our Society T
)y

A W b
* A sustainable future relies on green chemistry anad
green engineering innovation in the field of polymer

chemistry

http://lwww.greenpeace.org/international/en/campaigns/o

ceans/pollution/trash-vortex/ B




Cutting Edge Research in the Field of
Sustainable Polymers

Green Concepts: Renewable, solvent-less reaction, green
solvent isolation, potentially biodegradable

Other: Esters well studied in ochem lab, NMR calculation of
M,,, annealing, mechanical properties of block copolymers

O ~ H
\/ﬁ\ \/©/\ ? © n/2 \[]/\O+m/ 2
oo o~ °
s m/2 n
= (0)
/”—\\,//\/b,’\\\ e ABA triblock copolymer

poly(L-lactide)-block-poly(5decalactone)- block-poly(L-lactide)

Martello,et al. . ACS Macro Lett 2012, 1, 131-135.

28



Guided-Inquiry (Discovery-based) Version

EFFECT OF SIZE AND COMPOSITION
ON THE PROPERTIES OF RENEWABLE
COPOLYMERS

d-decalactone - creamy, coconut, peach-like, celery undertones
a O d0-dodecalactone - buttery, creamy, peach
P : ~ n'%@@?b“
®e®%:"** ”

Y

Question 1: Will the two carbon difference between deca and
dodeca affect polymer properties

Question 2 : How will % L-lactide (end-block) composition
affect polymer properties?

UNIVERSITY OF MINNESOTA
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Analysis by 300 MHz ‘H NMR (CDCl,)

provides estimate of M, and composition

o LA e

4.86
ﬁ 7.44 ppm PP 5.16 ppm

“'n Can use initiator or end group
P i peaks to approximate M, and size
AH ¥ r of each block polymer
i

\ I

I
bt st W,; Wi N End group 4.38 pp

7 145 50 14207 4.00
g [ gy m— [E—|
R o T T e e S o e e S A R s S

nnnnnnnnnnnnnnnnn

UNIVERSITY OF MINNESOTA
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Examples - Green Experiments

* Increasing % L-lactide loosely showed trend of
Increasing probability of obtaining a stiffer polymer

(research lab) Target % L-lactide

Monomer 30% 35%  40% 45%  50%  55%

Stiffness of Polymer

hrista Blaquier anﬁZach Swm en B
“Algeburg College ¥}

31



Other Green Experiments Not to Miss

« GREEN SYNTHESIS AND STUDY OF A FLUORESCENT COUMARIN-BASED
DRUG
% Modified from Young, D. M.; Welker, J. J. C.; Doxsee, K. M. J. Chem. Educ. 2011, 88, 319-321 by
Tomohiro Kubo and Jane E. Wissinger.
% Replacing Luminol
% Coumarin related to chemical biology research and drugs

e Chalcones
— GREEN SYNTHESIS AND HYDROGENATION OF A DI-SUBSTITUTED
CHALCONE

% Adapted from Mohrig, J. R,, Hammond, C.N., Schatz, P.F., Davidson, R. A. J. Chem. Educ.,
2009, 86 (2), p 234-239.

— SOLVENT-FREE SYNTHESIS OF CHALCONES
«» Palleros, D.R. J. Chem. Educ. 2004, 81, 1345-1347.

UNIVERSITY OF MINNESOTA
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Other Green Experiments Not to Miss

replace the Grignard...
Suzuki Reactions (a few examples)

Andrew P. Dicks* — “Greening Up” the Suzuki Reaction” J. Chem. Educ., 2008, 85 (4),
p 555-557.

Amy M. Deveau* — “Discovering Green, Aqueous Suzuki Coupling Reactions:
Synthesis of Ethyl (4-Phenylphenyl)acetate, a Biaryl with Anti-Arthritic Potential” J.
Chem. Educ., 2012, 89 (8), pp 1064—-1067.

Justin M. Chaulker* — “An Operationally Simple Aqueous Suzuki-Miyaura Cross-
Coupling Reaction for an Undergraduate Organic Chemistry Laboratory” J. Chem.
Educ., 2013, 90 (11), pp 1509 — 1513.

Nicholas J. Hill* - “Ligand-Free Suzuki-Miyaura Coupling Reactions Using an
Inexpensive Aqueous Palladium Source: A Synthetic and Computational Exercise for
the Undergraduate Organic Chemistry Laboratory” J. Chem. Educ., 2014, 91 (7), pp
1054-1057.

Neil K.Garg* - “Nickel-Catalyzed Suzuki-Miyaura Cross-Coupling in a Green Alcohol
Solvent for an Undergraduate Organic Chemistry Laboratory” J. Chem. Educ. DOI:

10.1021/ed500158p.
p

33



Other Green content, Strategies, &
Activities

« Green Chemistry Challenge Awards presdenia

Green Chemistry Challenge
— Divided into years (1996-2014) - student pairs {Ehras
present summary of an award and significance
* Fun, interesting, instructive

« Collaboration with faculty to encourage their use of Green
Chemistry & highlight green chemistry on manual cover and
In experiments. Invitation to Iecture g

UNIVERSITY OF MINNESOTA
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Other Green content, Strategies, &
Activities
REDUCING WASTE

« Concerted effort to teach students how to wash glassware
with minimal acetone (video!!!)

— Track acetone use per experiment — can tell where the
most waste is generated e L k.

— Track waste containers per semester e 5. P
* 0.92 L down to 0.56 L per student — e

Handle your waste responsibly

-y -

— Challenge students to beat the previous semester (&
technique grade) with less waste

UNIVERSITY OF MINNESOTA
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Designing a Greener Lab -
Resources 2N

« Green Organic Chemistry: Strategies, Tools, and Laboratory
Experiments, Doxsee, K. M.; Hutchison, J. E.
— Full curriculum

« Green Organic Chemistry in Lecture and Laboratory, Edited
by Andrew P. Dicks

— Appendix organized by Reaction Mechanism with References and
techniques highlighted

 Green Technigues for Organic Synthesis and Medicinal
Chemistry — Editors: Wel Zhang and Berkeley W. Cue

 Journal of Chemical Education and GEMs — Greener

Education Materials database

36
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Questions or Contributions?

“What's your
Green Chemistry?”

ACS Green Chemistry Institute (ACS GCI)
https://www.facebook.com/ACSGreenChemistrylnstitute?fref=nf



https://www.facebook.com/ACSGreenChemistryInstitute?fref=nf

