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Civil Engineering Field leveling, terracing, irrigation ditches

Mechanical Engineering Plows, tractors, a tool for every task

Chemical Engineering

Gasoline and other fuels

Fertilizers, pesticides

Nylon, rayon, polyester, and
other synthetic materials

Plastics

Antibiotics and other medicines

Water purification
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(http://www.guardian.co.uk/world/2011/oct/31/seven-billionth-baby- . . .
born-philippines?intcmp=122) http://ngm.nationalgeographic.com/7-billion
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Wastes (solid, liquid, gas, emission)

* Pesticides: DDT, Aldrin, Chlordane, Dieldrin,
¢ Endrin, Heptachlor, Mirex, Toxaphene

* Industrial by-products: Dioxin and
chlorinated benzofurans

* Pesticide and industrial by-product:
Hexachlorobenzene (HCB)

* Industrial chemicals: Polychlorinated
biphenyls (PCB)
discard

products

jeopardize

wastes

Cuyahoga River- 1972 Clean Water Act
Love Canal- 1980 Comprehensive Environmental Response, Compensation & Liability Act,

better known as Superfund. Emergency Planning & Community Right-to-Know Act, requires
that industries report toxic releases

Environment Impact

Depletion of ozone layer (The Montreal Protocol, 1989)

Greenhouse Gases (GHG) and Climate Changes. The issue of Global Warming.
(The Kyoto Protocol, 1996; Doha climate change conference, 2012)

.........

Bio-accumulation of persistent pollutants. The case of DDT.(The Stockholm Conventlon 2001)
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HRachel CarsonfiZ > " EFEFIVER 3 —HHRZEII970FEA5 [HE T IR{ReRE | AVESIET 5.

1972 B & EIRIEZ B e hndiStockholmAFd © AJHELIIRIE o, J82E 7 A HENIRE R ML

FAGETEESNH AR THFRIRIEH S .

1977 & BEF A 45 (UNESCO) 8 ER R 205 Y fm BE (BB, ik Ry 7k BB 28 RV EE [E] (ThilisiE =).

1980 TSR EHARE J7lig(World Conservation Strategy) 5 —35 . HE B S BIFREE =404 -

R ORE AR AR S e LA H H W R A R Preg DAL K 486 35

1986 FEFE e miE | T ESHREIRIH IR AR £2Z£(Emergency Planning and Community Right-

to-Know,E(EPCRA) ; .i8 & =B E(LEY/E /FFRIEA A 5 (superfund)(ZE1IEZE 2 — BEFRFELE N

S 7 BB # S R M S A EALEYE 2 REF DL A R B ML A EYE e R 2B REE

T RAE S EYENRGEATSEE IR REN SR,

1987 & BIRIE R &= (FR PR E AE Brundtland & £ ) 2 H 7k & 28 Sustainable Development

HER S UM SEEIRYARZK o (Our Common Future). 5838 g g 22 —REYER K AEA LU N — U/

A E B3 SRV BE 111E B2 (Meeting the needs of the present generation without compromising

the ability of future generations to meet their own needs) 5 . E =B A\ IEtEUEHRE YR ZY AEE,

TR T DIAEEK s &8 (economic development) B8 (22 (environmental protection) ¥} 17 (1Y /5, Y

ook GELEE S R AN BRI H A

B4 T e RO T R IR R B R H AR R ORie, H A RE R B e EHE .

1990 SEEE T E /54405 6752 (The Pollution Prevention Act), 218 ' JHBEBEEIS N E R | BUR.

B4 ERIREREZETRE L.

1991 Paul T. Anastas{ - (HH{E ik =E BRI (&2 Environmental Protection Agency, EPA) B X #eH,
" &k {22 (Green Chemistry Program) ; —gaffk B(LE2 B L E & Ay T 28HH ~ SaTAIFIRME

B mBUYEERE, DUR DECHR A EYE Z (B4 E , IEEEEEHES.




1992 VHhERE g, PNEAELIBNE SR GE TEYES - 1 —HaOsEmE - RAE
S ZENY ~ EVSFEEANY RAMESFERHEAL.

1995 E 1T T E R 4A4E 4 o HEEPKkERSE (The Presidential Green Chemistry Challenge
Awards) 5 B TERE R,

1997 Ekar L EE) St HEJoseph Breengl| 17 354k BT S T (GCN I TS — @R
+£=.2001F& 0 A EEEE 2 (American Chemical Society).

1998 Tk E = il € R AChrHER IR N RS E B R HI(RE - HIESFE R E
EIPVESE N YNEIESE Sy IR =

[5)4F Paul T. Anastas f&—-#1John C. Warner ffi+-&3& “Green Chemistry: Theory and Practice”
—3= HOxford University Presst i fEE 2 &k B2+ R AL R g B4k /K E L
ZHEIE -

1999 S EFR(LEE G "4kt [LE4 4 (The Green Chemistry Network)alf Hi &k /b
ELEL=E(Green Chemistry, 1F=6.32)).

2000 H AR HEB &R Rk S L.

2001 [ PRAR B fE A LE2AH SR (IUPAC) I T4k LR R B .

e S BB RRE ~ Bl IR S R PG n B AR Kk B LB 2 9T M5 T-HEE)
BIETT ~ BALIAITAEES - S TIHET g sk U HE T4 B/ BB LEE.

FREE R A BEE H 0 A 20064 5 1T 7k 48/ 4k T B E2 A P &R T 4 (4
Hil:http://gc.chem.sinica.edu.tw/).
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What is green chemistry?

LR %d (R)ICE?

*Green chemistry is the design

of chemical products and processes
that reduce or eliminate the use
and generation of hazardous

substances.

cFP NP EASE LR ER

A2 &2 AL T HF e :§="K’1
&mfi_—,, & BLY & d RO e S ll&ﬁ’“‘
eDiscovery and appllcatlon of new
chemistry/technology leading to
prevention/reduction of environmental,
health and safety impacts at source

FEERITRTREAFE/FOCHEHER
l;é‘-%i—kifirr?-»/lﬁlﬁﬁmﬁ?l“gi B, $d it E=RFiLE

P. Tundo, P. Anastas, D. Black, J, Breen, T, Collins, S, Memoli, J, Miyamoto, M, Polyakoff, and W, Tumas,

Synthetic pathways and processes in green chemistry. Introductory overview,
Pure and Applied Chemistry, 2000, 72, 1207-1208

520-580 nm
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Paul Anastas and John Warner in Green Chemistry: Theory and Practice (Oxford University
Press: New York, 1998).

1. Prevent waste: It is better to prevent waste than to treat or clean up waste after it is formed.
B LR MU AR 2B SR R E R FE SR T 4 A

Cost of waste

/ Costs of Waste
Health
Legislation and
Waste Safety
Disposal Hazard
evaluation
Local authority and Increasing
neighborhood — supply chain
pressures Inefficient use of pressures
raw materials




BRIEER T (environmental factor): [ JE1% BE S MECF A P2 EL RS BLEE 1 I
ol ~ L) - KB, B
PRI T (E) = BRIV = (0 T VIRV E = (AT

Annual Production

Industry E-factor tonnage

Oil Refining ca. 0.1 106 - 108

Bulk Chemicals <110 104 - 106

Fine Chemicals 5 to >50 102 - 104

Pharmaceuticals 25 to >100

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

E-Factor = Total mass of materials required to produce 1kg product (mass intensity) — 1.




WAZH = 7% B (Process Mass Intensity, PMI)

A key, high-level metric for evaluating and benchmarking progress

towards more sustainable manufacturing, has chosen by American

Chemical Society Green Chemistry Institute’s Pharmaceutical

Roundtable.

PMI=total mass in a process or process step (kg)/mass of product (kg)
=E+1

C. Jimenez-Gonzalez, C. S. Ponder, Q. B. Broxterman, and J. B. Manley, “Using the

Right Green Yardstick: Why Process Mass Intensity Is Used in the Pharmaceutical

Industry To Drive More Sustainable Processes”, Org. Process Res. Dev. 2011, 15, 912—
917. (dx.doi.org/10.1021/0p200097d)

ZREREYIE
E=S (BERldEE/EYHEE) (e LA e
S(EZEEENT) = 1 - 200, {REGHEZ HE S 2 F M E
Hazardous Waste to Land Disposal/Containment 10
Hazardous Waste to Incineration 4
Non-Hazardous Waste to Landfill 2
Waste Water (to Treatment Plant) 0.5

Roger A. Sheldon, Chem & Ind., 7-Dec-1992, pg. 903
Roger A. Sheldon, Chem. Commun., 2008, 3352-3365




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

FILE A PR EA: R ESRESEAS FF AT hREF B A LA
5%%"%71%'—’* T I

__J_ g“ ﬁ\ (A) (II_J’.F%//E\ BE/:F%) X 100% B. M.Trost, Science, 254, 1471, 1991; Acc. Chem. Res. 35, 695, 2002.

O +CH3MgBr - + MgBrOH

OH
A =74.1/(74.1+123.2) 100% = 37.9% ST-E=74.1 123.2

[ -2% 7% (atom economy) = 100%

PORRSZIE: B /KN REEEE/KALEREN A 2H,0 + 0, 2 2H,0,

B AH S 5. R 582 (hydride shift) (L2 R & ﬁﬂ%

CH,CH(CH;)CH=CH, - CH,CH=CHCH,CH,

ﬁ%%« % <« 100%

HURSZE: 51 el &/ EHEE S EH )G CH, + Cl, > CH,Cl + HCI
WERINEY/E & = (12+3x1)+35.5 = 50.5; [7 & #@Eﬁi '*'*E = (12+4x1)+2x(35 5) = 87
JEF-4%7%(%) = 100% X 50.5/87 = 58%

Sy iR E: ) Ca(OH), > CaO + H,0

MASFIYEY)(CaO)E & = 40. 1+16 56.1; &7 FEMIHVAE'E & = 40.1+2x(16+1) = 74.1
[ F-4%7%(%) = 100% X 56.1/74.1 = 76%

HE R ER{EEmEf aA+DbB > cC+dD

SR EY S R EY) 2 — B8 _EFIRETE ] AR 487/ N 100%.




3. Less Hazardous Chemical Syntheses: Wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to human health and
the environment.

K& B BB Bk s AT 30, R BB T AT 3L B 6 R 7 R R A H B A BB e
BRI, BT R 60 R AT B 69 AR, S AR A M A 0 A ARAK AT
4. Designing Safer Chemicals: Chemical products should be designed to effect their desired
function while minimizing their toxicity.

et F RS EE BT R AC MG R R T ER e PR
7 I A,

B

I feE G DR th A TEAE TS (Predicted Environmental Concentration)flI R {5 E 1
FEHEFE (Predicted No Effect Concentration) > bL B fE &

% 5 (risk quotient) = PEC/PNEC
(http://www.scienceinthebox.com/en_UK/safety/riskassenv_en.html)
RQ (tributyltin oxide) vs 4,5-dichloro-2-n-octyl-4-isothiazolin-3-one (Sea-Nine™) =
15-430vs 0.024 - 0.36

D. K. Larsen, |. Wagner, K. Gustavson, V. E. Forbes, T. Lund, Long-term effect of Sea-Nine on natural coastal phytoplankton communities assessed by pollution
induced community tolerance, Aquatic Toxicology 62 (2003) 35/44
Presidential Green Chemistry Challenge Award: http://www.epa.gov/gcc/pubs/pgcc/presgec.html

B = (bR X IREEIE) BT R 7% 1D
AT
PRI R (5 AR TR P BT s (e s
FER ()

(http://www.scienceinthebox.com/en_UK/safety/riskassenvapproach_en.html)



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

R B ER A B A A M (T2 En)) 0 S B0 E (Br: ). 2B 5F), VAR ) A JR A,
5B R AR FER T R A TR AT

Criteria and data points for scoring

« Safety «  Environment (Air impact)
— NFPATating  NFPA: National Fire Protection Association - Volatility
—  Flammability ~ Odowr
_  Auto Ignition temperature - s.!\toetgt(i:glemml Ozone Creation (POCP)
— Boiling point —  Photolysis
— Flash point — Ozone Depletion Potential (ODP)
—  Conductivity (static risk) - Global Wamming Potential (GWP)
— Peroxide formation «  Environment (Water impact)
»« Health — Persistence (Biodegradation)
— Reprotoxic, carcinogenic and mutagenic — Bioaccumulation (LogPow)
effects —  Ecotoxicity
— Toxicity - Water solubility
— Skin effects «  Environment (Waste)
— Sensitisation — Potential for incineration (degree of
—  Occupational Exposure Limit values halogenation, heat of combustion)
—  Vapour pressure — Potential for recycle (boiling point, miscibility

with water, number of close boiling solvents,
ease of drying, azeotrope formation)

A. D. Curzons, D. C. Constable, and V. L. Cunningham, Clean Products and Processes, (1999), 1, 82-90



1% ) 38 & (solvent intensity, SI) = %7 48 (2 T)/ & 4 40F (2 7)

Finding a sufficient range of green solvents

Preferred Usable Undesirable

Water Cyclohexane Pentane

Acetone Toluene Hexane(s)

Ethanol Methylcyclohexane Di-isopropyl ether

2-Propanol TBME Diethyl ether

1-Propanol [sooctane Dichloromethane

Heptane Acetonitrile Dichloroethane

Ethyl Acetate 2-MeTHF Chloroform

[sopropyl acetate THF NMP

Methanol Xylenes DMF

MEK DMSO Pyridine

1-Butanol Acetic Acid DMAc

-Butanol Ethylene Glycol Dioxane
Dimethoxyethane
Benzene

Carbon Tetrachloride

. - o) ) e 18
Fig. 5 Solvent selection guide.

Chem. Soc. Rev., 2012, 41,1437-1451 | 1441



Organic Process Research & Development 2011 IF: 2.391; Citation: 3.609

Editor-in-Chief: Trevor Laire

http://pubs.acs.org/journal/oprdfk

Published: January 5, 2012 by Trevor Laire

“The journal encourages researchers to consider the environmental consequences of the way in
which they perform their experiments and to minimize waste.” and

“From 2012 the policy on use of organic solvents has been changed to discourage scientists from
using particular solvents and to encourage them to seek alternatives wherever possible; papers
containing strongly undesirable solvents (e.g., benzene, carbon tetrachloride, chloroform, HMPA,
carbon disulfide, etc.) will only be considered if accompanied by an analysis of alternatives or if a
convincing justification for such use is presented.”

ChemSusChem IF: 6.827

Editorial by G. M. Kemeling (Editor-in-chief), ChemSusChem 2012, 5, 2291 — 2292
Specifically, we ask of our authors the following:

* to avoid, if possible, the use of harmful solvents and replace these with less-harmful
alternatives;

* to rationalize the choice of solvent in manuscripts.

We ask of referees:

* to closely scrutinize the use of solvents as described in the Results and Discussion and
Experimental paragraphs;

* to ask for clarification and justification in case the choice of solvent is not commented on.
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Water in organic reaction

[m[EEEm (1) Li, C.-J., “Organic Reactions in Aqueous Media with a Focus on Carbon-
Carbon Bond Formatlon” 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.

= (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”, 2"d ed., Wiley-
Interscience, 2007.




Supercritical carbon dioxide fluid, critical pressure (31.1 atm), temperature (73.8 C)
non-toxic, non-flammable, inexpensive, environmentally benign
solvating power similar to hexane and CCla. extraction decaffeinated coffee.

Replace perchloroethylene (perc) in dry clean
(http://www.nodryclean.com/carbon dioxide cleaning.htm)

NoDryClean

Examples of catalytic reactions in supercritical fluids

Type of Reaction Catalyst Reaction conditions Effect
reaction
Alkylation Isobutane + H-Y (dealuminated) Solvent: isobutane, Increase activity, increase lifetime
1sobutene = 50-140°C,
P = 3-5MPa
Esterification Oleicacid + Ion-exchange resins Solvent: CO,, Increase activity
methanol T = 40-60°C,
P = 0.9-1.3 MPa
Hydrogenation Fats and o1l Supported Pd Solvent: propane, Increase activity, increase selectivity
T = 50-100°C,
P =7-12MPa
Isomerization 1-Hexene Supported Pt Solvent: CO, Increase activity, selectivity and lifetime
(cosolvent: pentane),
T =250°C,;
P = 18MPa
Oxidation Toluene to Co/alumina Solvent: CO3, Increase selectivity

benzaldehyde

T = 100-200 °C,
P = 8MPa

A. Baiker, Chem. Rev.

99 (1999) 453.

Extracted d-limonene from orange peel. L.C. MacKenzie, et al., Green Chem., 2004, 6, 355-358.


http://www.nodryclean.com/carbon_dioxide_cleaning.htm

lonic liquid

Cations Anions
= N o .0
= - e P
Z (+ ) F3C-S=N=S=CF;
R-NEN-ch;, N =Ny S
_ . R 3 bis(trifluoromethylsufonyl)imide
1-alkyl-3-methylimidazolium 1-alkylpyridimium 1-alkyl-1-methylpyrrolidinium INTE,J
2
NC.-.CN
R4N* R4P* R;S* N
tetraalkylammonium tetraalkylphosphonium trialkylsulfonium dicya”amiqe
[N(CN),]
* air stable

* N0 measurable vapor pressure (non volatile)
* lack of flammability
* high conductivity

Q
FiC-8=0

trifluoromethanesulfonate
triflate, [OTf]

E -
Par

F
hexafluorophosphate

[PFel

F.
FV

RSO,
alkylsulfate
[CnSO4I

[I: -
_B.:
Foo
tetrafluoroborate
[BF4J

* high thermal and chemical stability for wide temperature range by fine tuning the

variation of cations or anions

» recycling of ionic liquids for re-use was possible without decrease in yield--

environmentally friendly

http://ilthermo.boulder.nist.gov/ILThermo/

(1) Olivier-Bourbigou, H.; Magna, L.; Morvan, D. Appl. Catal., A (2010), 373, 1. (2) Parvulescu, V. I.; Hardacre, C. Chem. Rev. (2007), 107, 2615. (3) Welton, T.
Coord. Chem. Rev. (2004), 248, 2459. (4) Dupont, J.; de Souza, R. F.; Suarez, P. A. Z. Chem. Rev. (2002), 102, 3667, and (5) Wasserscheid, P.; Keim, W.

Angew. Chem., Int. Ed. 2000, 39, 3772; (6) Jason P. Hallett and Tom Welton, Chem Rev. (2011), 11, 3508-3576.


http://ilthermo.boulder.nist.gov/ILThermo/

6. Design for Energy Efficiency: Energy requirements of chemical processes should be recognized for their
environmental and economic impacts and should be minimized. If possible, synthetic methods should be

conducted at ambient temperature and pressure

WAL P IR T 0T RKIEH

% ) fe ii?ﬁ’;x"“l‘ 1”6

'ﬁ‘ﬂ%‘ J&’Lj'}%;i%ﬁ"éﬁéu?éﬁéf%éﬁéﬂi'l ﬁ"%j‘

STy R G R T AT

348 Fe Heating Energy requirement  Global

5 (RAEBAARA20 CRAHA280° ) Cooling Loy (Glectricity) WHOng

3(ALEBE0--20° CH160-280° C)  prtnd

2(&[@/&&0 100 CJ5Q9O :|.60o C) Compression

1 (R ME#H)ZE10-20 CX30-90 () Pumping

0(RJE®Z20-30 C) Separation Burn fossil CO,to
B H fuel atmosphere

|:1‘3_+ |1 -Pressure(atm) I} *time (hrs) *Weight*Heat Capacity (Jgm-°K)

Wt Desived Product

7]<’FE Pk T1ELh

.2012/11/30 {L &2 &I’*Efﬁrﬁe

Step EE (Energy Efficiency) =

AV R E (ER % %)
Microwave heating
Photochemistry
Sonochemistry

LRt/ K B LR A A
http://gc.chem.sinica.edu.tw/

SR/ K EE AR TAED]
http://gc.chem.sinica.edu.t

£ _ # 45
Iectrochemlstry w/workshop/notes.php ‘ = L
Mechanochemistry L (1 [ S L BB o AT  EsEnER T HEA
Flash Chemistry http://gc.chem.sinica.edu.tw/learn.ht . 48 e B e T TR —

T
A
BA

Catalytic chemistry (#9)




/. Use of Renewable Feedstocks: A raw material or feedstock should be renewable
rather than depleting whenever technically and economically practicable.

1 T 2 69RO ARZ BT Ao S8 BAT AR AR AR = A B A AR AR A R AR

¢, ——e—— -——— Biomass/Bio-organics

4

GLOBAL CARBON CYCLING
THE ECO DRIVER

Bio-chemical Industry

1-10 yr$

Polymers,
Chemicals
& Fuels

> 10° years

Y

Fossil Resowrces

—

Chemical Industry  (petroleum, Natural gas)

Renewable Carbon
CO, , & Biemass

New Biechemical Industry Green polymers
= Smal, entreprencurial =" 2 chemicals
brsime 5%

Modified from http://www.worldofteaching.com/



WA T A B RaE A E 2 | B (isobutylaldehyde)

Synechococcus elongatus PCC7942 O OH
CO2 > / — >
photosynthesis
iIsobutyraldehyde Isobutanol
A ERE G| R (T /NF)
AR Anabaena variabilis PK84 1,000
Anabaena variabilis AVM13 900
Chlamydomonas reinhardtii31 800
Oscillatoria sp. Miami BG7 400
g S. elongatus 150
=R S. elongatus 3200
] EIH 3500
FRM B S. elongatus 6200

Atsumi, S., Hanai, T. & Liao, J.C. Non-fermentative pathways for synthesis of branched-chain higher alcohols as biofuels. Nature (2008) 451, 86—89.

S. Atsumi, W. Higashide, and J. C. Liao, Direct photosynthetic recycling of carbon dioxide to isobutyraldehyde, Nature Biotechnology, (2009) 27, 1177 — 1180.
http://www.nature.com/nbt/journal/v27/n12/pdf/nbt.1586.pdf

EFH A4 4% B2 Bhttp://www.epa.gov/greenchemistry/pubs/pgcc/winners/aal0.html



8. Reduce Derivatives: Unnecessary derivatization (use of blocking groups, protection/
deprotection, temporary modification of physical/chemical processes) should be
minimized or avoided if possible, because such steps require additional reagents and
can generate waste.

BV AT Yy A& T AL IR Y R R AT A (Mg A&, R/ X REY.
W P2 /A5 B AL o Y480 ), B A s BRE B a9 3R ﬂé & A
DNA/RNA oligonucleotides synthesis Cycle n Entry DMTO\QBGW

N N
/1 o To cycle n+1
*NZOY

benzoyl 1. Detritylation
7 \ peey N DMTO DMTO
\ / N o. Base, Base,
EXIT HO .
S & . e i, i, i, or iv W

coxyribose
i N
Dimethoxytrityl - ) LAY
o N B ¥ \Q
/ N X=| |
N\ j Y o wo
/ d 0. Basenq Basen.q
\ /\P\O/" e 2-cyanocthyl ‘\X/

OwO Owo 2. Coupling
9:X=0,Y=0 (i: 1o/ Py /Hy0); 8 DMTO =
A asen.q
10: X=S,Y =0 (ii: Sg or other reagents);
. . 11: X =Se, Y = O™ (iii: introduction of selenium); \p/
Polymerase chain reaction 4500 0cY =Nl o SIS d.
° ] NHEt;
P TR .
/T
!i o N =& - vemmo
- - ————— \! %l-u-—l- - = T —— I
s =S A L) — i —— PIENNLE
¥ - = SNemmmmime.
i f% 51 3 i Hg N rmma
-3 " O
! !1.2 ith! éﬂil




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

FEACAE ;12 T A8 R A R 3F R 71 KA B4R AL 5 2 09 XA,
Commercial Synthesis of Acetophenone
Time-Honored Synthesis of Acetophenone( a TRI chemical):

; @_( + 2CrO03 ——» 3 Q—\( + Cr(SOy)3

Phenethyl alcohol Acetophenone

overall synthesis efficiency only 42 %

"Green Chemistry" Synthesis of Acetophenone:

catalyst
+ 050 — 3 + H»O

OH O

Phenethyl alcohol Acetophenone
overall synthesis efficiency =87 % !!

TRk B CK R A BRI PRI (1)380% 5, () BE[EUG (3) IR AE V) o> e (A)d a1 (S) FHBE
FAVACIR S, (6) e iV R i R B M R 2 V'S

VM LEI (B R) TR E S0 AN AT Q) BG4 HEH 1 (2) R N & e (3)7F
727K (4)3805 155, () I As 4 s Ry 2351 M S (6)—ii (one-pot) i i



10. Design for Degradation: Chemical products should be designed so that at the end
of their function they break down into innocuous degradation products and do not
persist in the environment.

Z 5 w3 AL R E W EAGRET AR E A 89 T Ak &5 R IR AL AR A 0 TR
Vi B BB ARILP.
BRI IR UL E YR A an BH): 5 (LUNEFET); 4 (LUKE); 3(LLEET; 2(LLF 5T, 1(LIAFET)

Synthesis of (poly(3-hydoxylbutyrate) (P3HB)

0 [(CITPP)AI] [Co(CO).] OJ (BDI)Zn 0
+ £ - > .
/A THF, 50 C THF, 50 C _| O/f

Erin W. Dunn and Geoffrey W. Coates, Carbonylative
Polymerization of Propylene Oxide: A Multicatalytic Approach to the
Synthesis of Poly(3-Hydroxybutyrate), J. AM. CHEM. SOC. 2010,
132, 11412-11413

(2012)4 =R skt LEE ARG 2 SRl d%
http://www.epa.gov/greenchemistry/pubs/pgcc/winners/sba05.html



3 w2 B PHA

(Polyhydroxyalkanoates )
5iw—%§*m*@lr
YRR i il T 4

KIEIREA T A BE EZiefit



A apfiEER 77T (Life Cycle Analysis, 5T LCA)

EF: BETEE 2 4 dr s NEATA EY SRR A R T E B E ) S i RS

ERRIF G, & BE - i - #A A (LS Y s B R R (UG PRI - fastl - A8 e ss) 24 (d
AR IR AT RERY R EE.

S 2 Rl — Y mit Vi, 2] TE, BE T, fEE A sRRMERE TE, iViE

— B LCAIRAFF 26 pIIHIREI- A0 4E ap fEER 2 Bhi(Life Cycle Inventory) ~ A ap{EHR {5 R (Life Cycle Assessment)
~ TCIEEE RIE E /7 M7 (Cradle to Grave Analysis) ~ A= HES2 #1473 47(Eco-balancing) ~ EEEFEERYZESE & (Dust-

to-dust Energy Cost) DL K V& /i 84747 (Material Flow Analysis)Z:.

SR oY ap P REE A 2/ DREEREORE _ERAVR = RE(ZE(bhk ~ Bk - /55
KR R TR ALYE (FRALY)) ~ RES [REMPIR E BN EEIS (— R LR - self BEE@MHENE (2R

) ~ e AESEWE B EY) - £RRBRIAEFE S ~ (ER DB LV E DU REFIFE 2 -3
FIA bR IE .

WgE )77k Se St e AL Y H AN s 2 — R e B B, D H R sl (R fy v H 2 52 A [FIRVEE SR HI0RE

%Q%fﬁf&ﬁ%%ﬂ%ﬁEl’\]@ﬁ%ﬂ@ﬁ%@%?ﬁ%@%ﬁ%ﬁ%%% Y FE AR HH YRR 7 138 2 (R i 5

IR EIVAERE.

n] 7R B R SERRIEEILCA Z 1% 7 B i LY i B3R 5 AR IS, A B B D5 3% i i A EE e
REE, A BN ETE N Be A 2 VR JE R AT —ITHEEE ] E— 2 R R H S 4kt 2 BHREEE(UE ~ FFATH

fe KA A P e 2 H i S 2 V5 A R o SR ReBE AR RE 2R

?ﬁ(g {E@?CA% i‘%fé‘% 1= L&A FIHY, F FH LCASHE mT S8 R R B2 im, A R AR, SR HY T PRI A4

3 1R AT AmEE T

FH IbE O] S i B A R 48 R e 28R 45 M S L e (5 2 LCAL T DA R B B 2 B B (BSUAF ) B2 i
Gy & Fagha (F R AR EEE B AR K sl R e ~ BB (BKE 7)) 22 ~ 88 2 v FE M R A
ZEIR ] R .

HAGES 7 LCATTIE NS ~ BER 2R BV BEY). .o BV B B BIRE SR O TR R R (R e 22 2.



11. Real-time analysis for Pollution Prevention: Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring and control prior to
the formation of hazardous substances.

BPRF M 2 B ki 32 A7 & B e B AR RpiE fe 4% £ B s o B 3 1 B )
E AT —

g
NTROGLYCERIN

Synthesis of nitroglycerin m’
OH NO, ‘

/‘Nx' tro:ﬁl;;rr;; 50mg
+
HNO,
HO OH ON NO

BB 7 2UR & s S e, A AR

AT — 7K B RE R 2, Ik B M LML Y, A Y L ZE R H R AL MR & TR 3 5, R e
FRCAE IEE i 1 FH S e Wi ik P AR D A& I EE A5

R B RS A — B R B SRR A B IR (A 52 2 20+ T 5 LR B 2= ThE, E B st e 5 1 E L
FE. DA EEE 2 RIRFEG 128 K o A B (e 2 i (L EOEE DI 2 &

2



12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process should be chosen
to minimize the potential for chemical accidents, including releases, explosions, and
fires.

AE L F2oE LG L& EFERIETE—E T RT —E EZE
Faeds MU TN BFE T AR (RR), BRIFR KK 2 7T Ae i,
K NHEEALEVIRG - BN~ ElREi{FEER ~ it - AMRAVIR R NEEE ~ PJE
FCA 3 5 A e i AR AR RE T [RE K SK.
WENE: K~ 58 ~ SERRHES - NRETEGI S FEERES [EERNE.
B AEHEYENRELREe Y E: KB ~ B A B LEYrIEEHE A Al 5E.
& T AZ 3 =2 N Fe—e A TR BB A S [RERY SE B IE T EE i M E RS AZ FE B L.
i ME: AL TR E R ERA FEE Z i MELAR 1E 15,
M+ — R s T AR B N R e i =5 . DU 2 2R
S FEYIE A B (B FE Bl 2E fm) & N el oy, R B PR R, VI Bk e .
WIBEAS I, R & A ey 328y Ay i 2 LA B bR 5 PV a2 al 248
A iR AS R . 20, 1 JE 2 S 5.
N BB BUE MU E PAZGET S0 B K (o 5 S 2547
EfJ[& Bhopal & LY& R E1F.
1984412 H 2 H /&R & /L5 57 FE R Union Carbide Corporation(UCC)Z:FE[1[Z Bhopal 1Y 4E
FEE R B e L 22 TR Y, B G 22 B A L I J AT 22 A I E R AT R IS BT

JTEC Bl N2 )RR R TS, (P
B LI, R MR E A" |, (2011), (LA 68, 313-319 084
(0 5

"BipEaeERE |, (2012), {£EL. 70, 193-194.




Condensed Principles of Green Chemistry

P - Prevent wastes

R - Renewable materials

O - Omit derivatization steps

D - Degradable chemical products

U - Use safe synthetic methods

C - Catalytic reagents

T - Temperature, Pressure ambient
I - In-Process Monitoring

V - Very few auxiliary substances

E - E-factor, maximise feed in product
L - Low toxicity of chemical products
Y - Yes, it is safe

S. L. Y. Tang, R. L. Smith, and M. Poliakoff, Principles of green chemistry: PRODUCTIVELY,
Green Chem., 2005, 7, 761-762.



Course Organization by Theme and Green Chemistry Principles

General Theme

Green Chemistry Principle

Pollution and Waste Prevention

Prevent waste

Maximize atom economy

Design less hazardous chemical synthesis

Avoid chemical derivatives

Design for degradation

Analyze in real time for pollution

Energy (usage minimization; alternative
sources)

Increase energy efficiency

Use renewable feedstocks

Use catalysts

Safety (workers, general population,
environment)

Design safer chemicals and products

Use safer solvents and reaction conditions

Minimize the potential for accidents




The Twelve Principles of Green Engineering {2 T 21275 5 HI|
Anastas, P.T., and Zimmerman, J.B., "Design through the Twelve Principles of Green
Engineering", Env. Sci. and Tech., 37, 5, 94A-101A, 2003.

Inherent Rather Than Circumstantial RINMBN AT

Designers need to strive to ensure that all materials and energy inputs and outputs are as
inherently nonhazardous as possible.

Prevention Instead of Treatment FERG BN =%
It is better to prevent waste than to treat or clean up waste after it is formed.
Design for Separation EiERE

Separation and purification operations should be designed to minimize energy consumption and
materials use.

Maximize Efficiency VI EFERE B R R A

Products, processes, and systems should be designed to maximize mass, energy, space, and time
efficiency.

Output-Pulled Versus Input-Pushed EEA T A

Products, processes, and systems should be "output pulled" rather than "input pushed" through
the use of energy and materials.



Conserve Complexity R ETIMNERL

Embedded entropy and complexity must be viewed as an investment when making design
choices on recycle, reuse, or beneficial disposition.

Durability Rather Than Immortality i FI{ERNEEARTT

Targeted durability, not immortality, should be a design goal.

Meet Need, Minimize Excess Y=

Design for unnecessary capacity or capability (e.g., "one size fits all") solutions should be
considered a design flaw.

Minimize Material Diversity Afe THERR ALFMES 4

Material diversity in multicomponent products should be minimized to promote disassembly
and value retention.

Integrate Material and Energy Flows REEZEEMAE

Design of products, processes, and systems must include integration and interconnectivity with
available energy and materials flows.

Design for Commercial “Afterlife” KEFM A B

Products, processes, and systems should be designed for performance in a commercial
"afterlife."

Renewable Rather Than Depleting BHEERFEE
Material and energy inputs should be renewable rather than depleting.



Principles of Green Engineering

Inherently non-hazardous and safe
Minimize material diversity

Prevention instead of treatment
Renewable material and energy inputs
Output-led design

Very simple

Efficient use of mass, energy, space & time
Meet the need

Easy to separate by design

Networks for exchange of local mass & energy
Test the life cycle of the design
Sustainability throughout product life cycle

S. Tang, R. Bourne, R. Smith and M. Poliakoff, The 24 Principles of Green Engineering and
Green Chemistry: “IMPROVEMENTS PRODUCTIVELY™, Green Chem., 2008, 10, 268-269.



BELEAELTRURIEZRN November 30, 2011

Case 1.
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

s FEL T /EHRER012 11 30 [



Fine chemicals

acrylonitrile to acrylamide - polyacrylamide
The chemical manufacturing process involves hydration of acrylonitrile at 70—120 °C by Raney

copper resulting in a large volume of toxic wastes and HCN. In addition to acrylamide,
Rhodococcus rhodochrous J1 was also used to prepare a variety of amides in high concentration

and throughput in water O
F
NH2
NH2 NH; \ = NHz
\ O
: ¢

306 g/L 489 g/L 1045 g/L 522 g/L
O 0
N NHz [ NH2 7™ NHz NH2
o N =~ ~N | ~
N N
1465 g/L 1099 g/L 977 g/L 985 g/l

Fig. 1 Products and concentrations catalyzed by Rhodococcus

rhodochrous J1.



Adipic acid (1,3-propanediol)(38), one of the monomers used in the manufacture of nylon 6,6,
is currently produced at 2.2 million metric tons per year.

H
Ni-Alz0 3 5
ycdohexanol
© 370-800 psi _02C0
120 140 psi
150-160 °C
benzene cyclohexane CO2H

adipic acid, 38

cyclohexanone

OH CO2H O2H
\\OH
AroZ
—>
Klebsiella pneumoniae aroZ-encoded 3- s o
OH

dehydroshikimate dehydratase, aroY-

encoded protocatechuate Plieose 3-dehay§3c.)ss'3hmlc D
decarboxylase, and Acinetobacter
calcoaceticus catA-encoded
catechol 1,2-dioxygenase CO?H o
Green Chem., 2008, 10, 361-372 AroY @[O Ha,PUC
—_— —>
OH
HO2C CO2H
catechol, 41 Cis, cis-muconic adipic acid

acid, 42



Comparison of the principles of green chemistry and objectives of industrial catalysis

Principles of “green
chemistry™

Objectives of industrial
catalysis

Examples

Atom economy
(“how much of the
reactants end up in
the product?™)

Simple and safe

process and formation of
intermediates by making in
a single step over a solid
catalyst complex multistep
reactions NEW
. + NHzOH + H,50, + H,so4
No waste Reduce or avoid waste NH o OLD 4.5 ton (NH¢);SO4
formation per ton caprolactam
= "‘0”' h NEW minimal waste
formation
solvent: glacial acetic acid
Avoid toxic chemicals ~ Avoid solvents using cat.: Co/Mn salts, Br- as activator
or solvents heterogeneous catalysis >
gas-phase
R oxide catal. NEW R
OH OH
OH /
[N
0 OH OH OH OH O
- ; e ~ HO
Use of renewable Use of natural resources for gluconic acid
resources production of chemicals HO
OH oy noble metals
glucose \ HOOC o7 ~COOH

Avoid side reactions
(maximize selectivity),
rational use of hydrocarbons

Reduce process complexity

G. Centi, S. Perathoner / Catalysis Today 77

Q2.

O 5 iﬁmﬂ

(2003) 287 - 297

-2,5-furandicarboxylic acid



Examples of new eco-efficient catalytic processes

Process

Key characteristics

NO
Feisil. phenol

0 s NOH —— &
TS-1 NH

g-caprolactam
@ p zeolite ©—< cumene
@-—OCH;; ———» CH3CO-—®—OCH3
clays

p-metoxyacetophenone
O, CH3CHO  acetaldehyde
N Pa-H,VeMosOus /\n/
MEK
0
H>0,
. —> ‘)\ propene oxide
TS-1
CH, CHO
0;
— Halo-benzaldehyde
FeVMo-oxides
e F, Cl

Solutia process
Reduction of N>,O emissions (greenhouse gas)
by reuse as reactant

EniChem process
Reduction of ammonium sulfate waste
Avoids use of toxic hydroxylamine

EniChem process
Reduction of polyalkylate waste

Rhodia process

Avoids use of hazardous catalysts such as
AlCl;. BF;

Reduced waste formation

Catalytica process
Reduced formation of chlorinated waste

EniChem process
Avoids chlorinated organic by-products (with
respect to the chlorohydrin process)

Aventis process
Reduced waste formation
Reduced corrosion problems

G. Centi, S. Perathoner / Catalysis Today 77 (2003) 287 - 297



LIlih(COD)“L

O
Eharo e L = it
cat. = Hy(P(W3010)4) ()

CH,OH
100% select. 2 d
AN
OH
cat., H,O»,
— - cat. = FeSO4 + CF;CO,H +\[ l
H,0, MeCN, C¢Hg SN

O 83% yield O
(c)

RCO3H RCO,H

H,0 LZ H,0, enzyme + ionic liquid

Examples of new catalytic reactions of green chemistry.

[a] R.A. Sheldon, I.W.C.E. Arends, H.E.B. Lempers, Catal. Today 41 (1998) 387.
(b] D. Bianchi, R. Vignola, Angew. Chem. Int. Ed. 39 (2000) 4321.
[c] R. Sheldon, Org. Lett. 2 (2000) 4189.



Synthesis of LY300164 (Talampanol)

O e Y =

racemic-2

T T = (T o>

3  p-nitrobenzoic acid 50%
60%

BH3

H2N

LY300164
overall 16 % yield

Scheme 1

Overall yield improved to 51% from 16% in the old route.

{JD/\”/ Z. rouxii < o

(S)-2
Zygosaccharomyces rouxii 96% yield

>99.9% ee
(3 NaOH, Oz o)
DMSO/DMF_ < z
o o ——*™

N, 9 N,
Ar N Ar N—<
H H

HaN
8 LY300164
51% overall yield

Every 1000 kg of LY300164 produced approximately 340 000 L of >99.9% ee

solvents and 3000 kg of chromium waste were eliminated.

Scheme 2



Pregabalin

Using of lipase to eliminate the usage of over thousands of metric tons
of raw materials including mandelic acid, CNDE and nickel, and tens
millions of gallonsof alcoholic solvents and THF associated with the
classic resolution route.

Atorvastatin calcium (active ingredient of Lipitor)

hundreds of metric tons of raw materials and solvents will be reduced
each year by using the chemoenzymatic route in concomitant with
significant reduction in energy consumption.

The side chain of rosuvastatin (APl of Crestor)

B-lactam antibiotics such as ampicillin, amoxicillin, cefaclor, cephalexin
and cefadroxil

Paclitaxel (Taxol)

Oseltamivir phosphate (Tamiflu)



Millions of Pounds (Pharma)

e e
O N M OO 0

N b OO

Total Releases Reported to EPA’'s TRI Total Production Related Waste Managed
From Pharma Industry vs Manufacturing (Sections 8.1 - 8.7)
Industry » 500 Reported to EPA’s TRI from Pharma Industry vs
D 600 Manufacturing Industry 25,000 5
= c
S =
— - 2,0005 ) 2
S § §5OO N NS -15% 20,000 Q
= \ 27% = < N i e 5
S TN 15008 & 400 = N g
\\ N[ % 3 S \ 2606 15.000 S
-36% =) A
\ A el || B << 2
\\ z ’ § 2 R [ 10,000 %
- -~ 7 - B - 45200 ) -~ o
= ) -~ © 0 ~ <=0 5
~ =~ =75% 500 o £ 100 % 9000 4
- o = s
0 = = =
79 ] 0 s = ) _ E
N9 O > b A DO N9 D X B O A DO
S ¢ & &F PSS S ¥ & & L &S
S B S I S S S S, 3 S ST S S S S S S
Pharmaceutical Industry - Absolute Value Pharmaceutical Industry - Absolute Value
= = Pharmaceutical Industry - Normalized — = Pharmaceutical Industry - Normalized
Manufacturing Industries - Absolute Value Manufacturing Industries - Absolute Value
334| 16 Future Trends for Green Chemistry in the Pharmaceutical Industry
Table 16.1 Current and aspirational E factors for industry segments.
Roger Sheldon 1992 Aspiration target
Industry segment E-factor Industry segment E-factor
Bulk chemicals 1-5 [:> Bulk chemicals Low
Fine chemicals 550 Fine chemicals 15
Pharmaceuticals” 25->100 Pharmaceuticals’ 5->50 41

a) Refers to small molecule pharmaceutical drugs not biologics.




Biological Engineering (Biotechnology) Growth hormones,

genetic engineering (Biocatalysts)
energy efficiency (at ambient temperature under ambient atmosphere)
and safe

high stereo and regio-selectivity,

preventing or limiting the use of hazardous organic reagents
Avoiding extensive protection and deprotection sequences
In water

Studies showed that among the 1039 chemical transformations analyzed for the
synthesis of 128 drug molecules (to 2008).

J. S. Carey, D. Laffan, C. Thomson and M. T. Williams, Analysis of the reactions used for the preparation of drug
candidate molecules, Org. Biomol. Chem., 2006, 4, 2337-2347.

D. J. C. Constable, P. J. Dunn, J. D. Hayler, G. R. Humphrey, J. L. Leazer, Jr., R. J. Linderman, K. Lorenz, J.
Manley, B. A. Pearlman, A. Wells, A. Zaks and T. Y. Zhang, Key green chemistry research areas—a perspective
from pharmaceutical manufacturers, Green Chem., 2007, 9, 411-420.



Stage 1: Field leveling, terracing Civil Engineering irrigation ditches

Stage 2: Plows, tractors Mechanical Engineering a tool for every task

Stage 3: Fertilizers Chemical Engineering herbicides, pesticides

Stage 4: Growth hormones Biotechnology genetic engineering (Biological
Engineering)

AT LRV RSO i AR 7 & EE AR AN I B Al 2 EYIL R ~ Dl ea st ol bk
{EEEVIHT I AE R AT AR A K 2 T T 5ER.

AF(HF VB AF (%I )1 42 .

AF RO ELRP TR GRERR AP AP AP FLAL AR
R ATAAFSFLE FRHAFERZ B TE T > LAY » R R ESEHRRA PR
SALT YRR A ARG A G Bk F1 AR AL Gt A AT - Ak
ARG EFEfoAFIAAL BRI 2R 6> G A A5 ERIGIBRITEF WA
> ¢ o



o)

Green Chemistry Is About...

Reducing
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