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2.
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It is better to prevent waste than to treat or clean up waste after it is formed.

Synthetic methods should be designed to maximize the incorporation of all materials used in the process into
the final product.

Wherever practicable, synthetic methodologies should be designed to use and generate substances that
possess little or no toxicity to human health and the environment.

Chemical products should be designed to preserve efficacy of function while reducing toxicity.

The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made unnecessary
wherever possible and innocuous when used.

Energy requirements should be recognized for their environmental and economic impacts and should be
minimized. Synthetic methods should be conducted at ambient temperature and pressure.

A raw material of feedstock should be renewable rather than depleting wherever technically and economically
practicable.

Unnecessary derivatization (blocking group, protection/deprotection, temporary modification of
physical/chemical processes) should be avoided whenever possible.

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

. Chemical products should be designed so that at the end of their function they do not persist in the

environment and break down into innocuous degradation products.

. Analytical methodologies need to be further developed to allow for real-time, in-process monitoring and

control prior to the formation of hazardous substances.

. Substances and the form of a substance used in a chemical process should be chosen so as to minimize the

potential for chemical accidents, including releases, explosions, and fires.



Condensed Principles of Green Chemistry

KrFrM<H-AONCOQO®o

Prevent wastes
Renewable materials
Omit derivatization steps

Degradable chemical products
Use safe synthetic methods

Catalytic reagents

Temperature, Pressure ambient
In-Process Monitoring

Very few auxiliary substances
E-factor, maximise feed in product
Low toxicity of chemical products

Yes, it is safe
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http://www.ecy.wa.gov/programs/hwtr/p2/GreenChem/TwelvePrinciples.html

Introduction http://vimeo.com/69592688
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http://vimeo.com/69719190
http://vimeo.com/69719191
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Conclusion http://vimeo.com/70233369
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vapour

0 ] NOH NH
H,O,/NH 48
2 3o phase o 0
TS-1

High SiMFI

AmmoxXimation Beckmann rearrangement

Current process:

C.H,,0 + 0.5(NH,0H),SO, + 1.5H,S0, + 4 NH,—» C,H,,NO + 2 (NH,), SO,

Atom efficiency =29% : E =45
New process Sumitomo Chemicals (£ & {2 &)

CH,,0 + H,0, + NH, » C,H,,NO + 2H,0

Atom efficiency = 75% ; E =0.32 (<0.1)
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1. Chlorohydrin route
OH o
Clp+H0 + ~ N —= _A_C . HoL —> <] + Wo
2. Hydroperoxide (coproduct) processes
O
ROH + N —> _<J +RoOH
R = t-Bu, PhCH(CH3)- , PhC(CHa),-

Pd-Pt (4nm) OOO T ‘.O

HE + DE - HEDE

Synthesis of hydrogen peroxide from Anthraquinone

Headwaters Technology Innovation
Direct Synthesis of Hydrogen Peroxide by Selective Nanocatalyst Technology
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Undesirable solvents Alternative
Pentane Heptane
Hexane(s) Heptane

Di-isopropyl ether or diethyl ether
Dioxane or dimethoxyethane

Chloroform, dichloroethane or carbon tetrachloride
Dimethyl formamide, dimethyl acetamide or N-methylpyrrolidinone

Pyridine

Dichloromethane (extractions)
Dichloromethane (chromatography)
Benzene

K. Alfonsi, et al., Green Chem. 2008, 10, 31-36

t—3| Pfizer Green Chemistry Results -
7~ Some Examples

““““““““ b Pfizer Research Division Dichloromethane usage 2004 - 2007
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DCM use
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2004 2005 2006
Year

http://www.dbu.de/media/130508051211a525.pdf

93.5
58.0
I 51-7

2007

2-MeTHF or rert-butyl methyl ether
2-MeTHF or tert-butyl methyl ether
Dichloromethane

Acetonitrile

EtsN (if pyridine used as base)
EtOAc, MTBE, toluene, 2-MeTHF
EtOAc/heptane

Toluene

Pfizer Solvent Switching Program

SELEN CHDHSTRY

Isopropylether (IPE) Use/lbs/year

PGRD Global Diisopropylether Use

6243

666
. i — . 108

2006 2006 2007

Year



Pregabalin (Lyrica®)

A Drug for the treatment of Neuropathic Pain

Case 2.
Sildenafil Citrate
The Active pharmaceutical ingredient (API) in the
PDE; Inhibitor Viagra™
Case 3.
Ibuprofen
One of core non-steroidal anti-inflammatory
medicines
Case 4.

Disodium iminodiacetate (DSIDA)

A key intermediate in the production of
Roundup® herbicide
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! N M . Rh-catalysis -
R1 < = in water
FGe
M=Zn
X=|
FG =functional group
Barbier—Grignard—type in water
y Mx OH
| o + RMorM Anhyd rous » F{ Anhydrnus = . R2
o oy or Ccndltlon 1', Gcnndltmn R11” P | P

RM=BulLi, BulLi...; M=Li, Mg...

Traditional Barbier-Grignard-type

Chunmei Wei and Chao-Jun Li, Grignard type reaction via C-H bond activation in water, Green Chao—jun Li _73?} Pl
)

Chem., 2002, 4, 39-41
[BEEEm S (1) Li, C. J Organlc Reactions in Aqueous Media with a Focus on Carbon-Carbon Bond Formation”, Chem. Rev., (1999), 93,

2023-2035; (2) Li, C.-J., “Organic Reactions in Aqueous Media with a Focus on Carbon-Carbon Bond Formations: A Decade Update”,

Chem Rev,, (2005), 105, 3095-3165.
2 (1) Li, C.J., “Organic Reactions in Aqueous Solution”, John Wiley, 1997. (2) Li, C.-J., Chan, T.-H., “Comprehensive Organic Reactions in

Aqueous Media”, 2nd ed., Wiley- Interscience, 2007.
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Synechococcus elongatus PCC7942 O OH
CO2 S / —_—
photosynthesis

isobutyraldehyde 1sobutanol

CO, emissions in 2006 were 29 billion metric tons, an increase of 35% from 1990
atmospheric levels of CO, have increased by ~25% over the past 150 years
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2010884t 4% B EERPREAE(MY) —E21ia8%5 £ James C. LiaoFf%

Nature Biotechnology 27, 1177 - 180 (2009)
&ERE &kt BB EE HHA. (http://www.bioeng.ttu.edu.tw/issues/issuesindex.html)
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Presidential Green Chemistry Challenge Award: < o
http://www.epa.gov/gcc/pubs/pgcc/presgec.html %Q{ﬁ FSn Ig)Ejj

http://www.chemeng.ucla.edu/people/faculty/james-c-liao




v,0-unsaturated alcohols

5 mol-% Ca(NTf,), and 5 mol-% Bu,NPF,

room temperature

cycloisomerization

Full regioselectivity is observed in all
transformations

Ca(NTf,), Calcium(II) bis(trifluoromethanesulfonimide)

Bu,NPF, Tetrabutylammonium hexafluorophosphate

Tahle

2

Cyclization of different alcohols

0029—

Entry*  Alcohol Product t Yield® (%)
1 Y\/;\OH 5{}< a 2h 96
Ph Ph Ph
2 = OH phm 1h 85
S o
Ph Ph - j'h
= OH -
3¢ 8 24 h 82
7 k0>14/
Ph Ph = jh
OH
4 = 10 24h 81
9 L N
O
S O
P "¢ TOH Ph O.__Ph
LSRN S
R A o B
5¢ R=Ph(11) A (12) 20h 96
6° R=Me (13) B(14) 20h 97
7 R=H(15) B (16) 2oh 81
R R
ohal X - Q‘S
8 R=Ph (17) cis:trans 98:2 (18) 80
9° R=Me (19) cis:trans 98:2 (20) 2oh 9
10 R=H(21) - 24 h
Ph” "Ph
1 = <C:>K’tf—Ph 1.5h 82
0 23
MeDZC\ ;CO-{_IP'_I? \/ \_/COgMe



Ph—\__ °PMe ca(NTf)z. (BusNX(X) S
N A
= o CH.Clz, rt, 16 h < o
1 2
N 1a O N a

Entry Ca(NTf;), (BuyN)(X) Yield (%) dr Entry Ca(NTf;)> (BuyN)(X) Yield (%) dr
1= 5 mol% PFg; 5 mol% 87 94:6 6 5 mol% BF.: 5 mol% 21 94:6
2 1 mol% PFg;: 1 mol% 62 94:6 7 5 mol% SiPhzF2; 5 mol% <=5 nd
3 5 mol% — — — 8 5 mol% I; 5 mol% 9 nd
4 — PFg: 5 mol% — — 9 5 mol% Br; 5 mol% <5 nd
5 - NTf2; 5 mol% - - 10 5 mol% OTf; 5 mol% — -
a The reaction time was 6 h; nd: not determined
Chem Commun (Camb). 2014 Oct 21;50(91):14187-90. doi: 10.1039/c4cc06520d.
Chiral metal phosphate catalysis: highly asymmetric hetero-Diels-Alder reactions.
Liang T, Li G, Wojtas L, Antilla JC.
Table 3 Asymmetric HDA reaction of isatin
O TBSO 1) Ca[P4], (1 mol®s) OF:\I,F‘"O
X Jlg: 4A MS, rt, DCM, 2min_ = "
Re ‘N © * \i\“ 2) HCI H@[}:D
.BI'I OMe bl’!
Aa-f 2 Sa-f
Entry R 5 vYield® (%) ee” (26)

1€ H 5a 95 98
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SELD] KA LA & 25T
http://gc.chem.sinica.edu.tw/

SEED| KB LGS B Z T AT
http://gc.chem.sinica.edu.tw/learn.html

S YE b - =y Ao W e

http://gc.chem.sinica.edu.tw/workshop/notes.php
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http://www.bioeng.ttu.edu.tw/issues/issuesindex.html




512 survey by Independent Chemical InformationSery CIS)
“shows 54% of 700+ respondents say their company has a
sustainability strategy and /or policy already in place, and a further
17% indicate a policy is currently in development and 17% that
initiatives are likely within the next 2-3 years. Only 12% reported
that there is little interest. http://img.en25.com/Web/ICIS/FCo0126_Chem_201301.pdf

Evolution of $1 invested in the stock market in value-weighted portfolios

25.00
Paul Anastas:
20.00
“
We can, |
15.00 ° °
believe we will,
== Low
- N =+ because we
"
must.
0.00 T | p— S P N | — (— — | I S S —
SRILLETRRES 883885883
222223 2RSIRIJIRRIIRKRRR
http://www.hbs.edu/faculty/Publication%2oFiles/12-035_a3cif5d8-452d-4b48-9a49-812424424cc2.pdf
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“Delicate motion should reside in all ordinary things around us,
revealing itself only to him who looks for it”, E. M. Purcell
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