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Answer: Our growing ecological foot print
significantly exceeds the carrying capacity of
the earth.

Ecological footprint: a measure of the amount
of biologically productive space needed on
average to support a human being.
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Thus we are drifting toward a catastrophe
beyond comparison. We shall require a
substantially new manner of thinking if mankind

IS to survive.
-Albert Einstein

Green chemistry: A tool to foster sustainable
development. Design of chemical products and
processes that reduce or eliminate the use and
generation of hazardous substances. Minimize
waste, energy use, and resource use.
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Anastas, P. T.; Warner, J. C. Green Chemistry: Theory and Practice, Oxford University Press: New York, 1998, p.30.
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Prevent waste: Design chemical syntheses to prevent waste, leaving no waste to treat or
clean up.

T A LIARA L T35 S s AR BN BE P s P A sl AR, WA o (B AR E A B T B S5 B 52
AL B S PRI ZE B EE RN R T A s B R A = i FE A B R — & B us i — e RIFE 2 1%
R T IR RIS EE.

B SEEH A 2E 7 (Love Canal) =B

William T. Love st 2L B 2E %2 A HU AR E e T hls A S T EF S BRI —FRE 5 e
AR KR B 2R A 82 B A SERFEAE R 2R I T — R4 ~ 507RUEE K7 400K & A 43 m] it 452
BT
B PRES AR /KYE H 192008 il R T R S, . 19474EFR e AN EIE N T Ko W e ik el K fili iz, JaT PR
DUERE ST B B2 RS R B S 55 Iy Y 8 T #r H. 22 19534 (|, — Lt 7 R BE BfE s ~ &K »
THE R A R AR F e 4 2 I e MERg ~ ARG ~ SR E b3 521,000, 19534 1% ) n[ = IE, [
78 2)e 1 FAREECEE.

TERIRSEE A 2N - KORKEA B RIS B R R S B B R ) R R i B AR A R R e
NEIARERIFFEDNE RN BB TG N 2 B2 RN, AN BB EEY) ERE B S EE
R R TEA B E B IR RS EUNGE 720 19534 F4 H28H DIES — Tt &4 TR E R T 178 50T
ML o A EEEER R RS EY)S [REM N B & T K1 BT FIFR v 2\ S .

HEFE T MR s E i HEEH N EE ME T NEITHEEBEEEERE FELLRICAR.
RGN RS PR MU RE S 2 i B R R B VRS 20T T BRI B8 T HAR. EEHINE AE A
HIE T A LR B BB R E LRSS H H e A A T =G 2 H EoK ~ ik
A TALER A ~ BRI A TR SRR E. A RS0 s S B R . A B B Y8 i U e S AR R L1
SaTeZ M E 197421978 HH AN ER A S6%H —HIG . 1N R E B BN MRS 4 T Bl fifs 2
By TR, .

1994457 F A B John CurtingZ B[R re A\ B E R H EER K B 4G A B |/ 45 b A Fi & (L IR . 1995
PRI (PR 7 A 5]i4H 2 %) (Occidental Petroleum)fE 19955 (A=A H 1. 29(& 3% 7T (&0 & #539{8T)
i EE T AF.
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jE % (yield): B2 E Moy g AR R X-F XL R0 ED e L,
EFEY)= EMZEeZ(REZ)/ HILEREIGFZETZ(RNER)
J7. 542 7% (atom economy): & ZEHILERBZESTRA—B TR ECHARN AIRENER
B4R Z LR TR Z R &L BARE M P AR T AR AR 84 £
BTERAE) = W45 T2/ REMH T ELH o
JR F 2 & (atom efficiency): 2 B84 & 7 L =T 654 688
BT EAF) =AEXY
A %HE & & % (effective mass yield): B2 Z ¥ Ao pi A RIEH T H EMNE LTS A EWELRT R
JEH) B W B B A Sh A LAE P S-S MR e R
HAK=EFEEMY) = EHOBRE(AT)/ A FEREDHGEZ (AT
R T 3% (carbon efficiency): &3 2 A 4 R E W R T AL R TS Ha R TH — 1@
B AR THECRAEN T IR TR RIED T HRRTZHRFZ L,
BIRTHAECE = 2T TR ES/RBEDFTHRRATHRES
R = 2 & (reaction mass efficiency): & #F= @ £ G R T RN T Z L,
R EE 2 %% (RME) = 2 £ 2/ KB Z R EY) 4 He
(RZRBNEY = W) BB Z T & )
¥ 55, W T (environmental factor): R & % & %17 B & 7 BT A B Z 0L Bk 645 T B & Y RS,
AL AR B R 5.
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i® 24 = 5% . (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. B> wenx Lo
AstraZeneca Gobmmenafofsmen U, novaRTIS
G Topeinerin. copexis &osm AMGEN http://www.acs.org/content/acs/en/gr
< e G o s ﬁr(lj(igglrg.lrs]:%hndustrlalnnovatlon/ro
SANOFI . » 3% Bristol-Myers Squibb
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)

/5% 78 /Z (solvent intensity, SD
Sl =R B () EDEE =2 ()




E*-Factor (Environmental factor) = RARTE) = FURA O QT )/ R TE(AT)]
(sum of waste)(severity factor)/(Wt. of product)(1-diluents)
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

E: 0 (ideal), 0.4 (low), 6 (moderate), 50 (large), >200 (maximum)

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 [-5 3 Bulk chemicals Low
Fine chemicals 550 4 Fine chemicals 1~5
Pharmaceuticals’ 25->100 Pharmaceuticals’ §-250

‘ - : Wi Roger A. Sheldon, Chem & Ind., 7-Dec-1992, pg. 903
il'l Rl‘{f‘f-\' to .\mil” m()lt\"ll]t‘ [T}I-lllllil;t“.l‘.]\ ill GIUES not --”l“]“gibg'er A. Sheldon, Chem. Commun., 2008, 3352-3365



—{[E7H R $EIR B = Boots Chemical Company

Stewart Adams, John Nicholson

Boots 13621, was named ibuprofen in April, 1964.

No pathological changes in the organs of animals.

A small clinical trial, September, 1965, finished 1966.

Extended throughout the U.K. and in seven other countries.

Further trials were performed in a very large number of countries in all continents (including
several Eastern Bloc countries). All these trials showed ibuprofen to be a safe and effective
antirheumatic with a low incidence of side effects (at a dosage of 600 - 800 mg. /day), and were
followed by regulatory approval for its use in the U.K. and other countries.

Its U.K. market launch occurred in February, 1969 under the brand name of Brufen, sixteen years
after Stewart Adams began by looking at the aspirin molecule and speculating that it had
something special.
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Maximize atom economy: Design syntheses so that the final product contains the
maximum proportion of the starting materials. There should be few, if any, wasted atoms.

Atom Economy (})-5!'! + ﬁ‘iﬁ ’l‘;— ?%M’E)EH%ZEI (Introduced by Barry Trost, Stanford University)

(“H370),0 )\/O)J\ CI(‘H2C02C2H5
AICl3 NaOC2H5
1

O_CHC02C2H5

m.WHt. used

] . . 1 133 132

. CHO = 2 102 27
™ w HNOH w . 4 1225 13
H,0 5 08 0

3 10 7 19 0

coH 9 33 0

)\/O)\ 2HO 12 36 33
12 lbuprofen 514.5 206

A.E.=206/514.5=40%

Boots//;\:JEl’jibuprofen{b%/a\}ﬂzﬁ[u:,——jEEEG%/F.EE[L%)ﬂisobutylbenzeneLj\FriedeI Crafts}i
JE 2 LB b (E—2) &R LM LB EAEa,B-ERENE (5 —20), 2 & /KR EE (55 =2
ﬁ%ﬂﬁ«ﬁzﬂhydroamIne)ﬁ?ﬁﬁ)ﬂZH%(oxime)(%Eﬁ)ﬁﬁ&)ﬂzﬁjﬁ(nitnle)( 510, Betg 7Kgk

ibuprofen.



BHC (Boots Hoechst Celanese) Co. (now BASF Corporation) Synthesis of Ibuprofen

2 o 4
(CH3CO)20 /\\/@)‘\ o
HF catalyst m.Wt. used
1

1 133 132
2 102 43
o 4 2 2
OH 6 GllOzh 6 28 28
COo, Pd R N e
] 266 206

Ibuprofen

13

A. E.=206/266=77%

BHC ibuprofen& /{5 Hisobutylbenzene Ry ia?y). o AIBEREHT(F FH /(b 597, LEEH 6 D =42
JFECER B fiCOpKibuprofen. &l — K B AGE I {El & 5 7 7ARR T EaIAH E 2 A0 TA e
£ [FRY.Boots A ] S A P ¥ BB ST EE DL 5 i BHCE B4 P i B, B S
=, R T B AR (5 .

1997kt LR Mok o (LS RIS M PR
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Design less hazardous chemical syntheses: Design syntheses to use and generate
substances with little or no toxicity to humans and the environment.

e AR S F RS L (R ) S L

et e, FJU AR P ATE AR, 4 8 A T Bl anil 4L B4R 4 -
§ ke, )

Increased fuel consumption, $3 billion/year
Increased time in Dry-dock, $2.7 billion/year
B34 F . tributyltin oxide
N NGO S

(Z 7 =AFy - )
L E K A6H

= Risk Quotient (R) = predicted environmental concentration / predicted
no-effect environmental concentration
R of tributyltin oxide = 15-430




1996 Designing Greener Chemicals Award

Rohm and Haas Company
Rohm and Haas = & & # 7 140 % iv & = 2_%=, 45 3]4,5-dichloro-2-n-octyl-4-isothiazolin-3-one
(Sea-Nine™ antifoulant). Sea-NinefrTBTO— #: ¥t/% ¥ 2 5 Jpl & .

- P c 0
iy
I\
Cl SN N

S

% 4
7;:_‘.'

4:\4

LR
53 4

Sea-Nine 2 1'% f#:2 3
Cl 0

— CsH17NHC(O)CH2COOH

cl SN TSN TN /

S

CsH17NHCOOH < CgH17NHC(O)COOH < CsH17NHC(O)CH2CHs3
Risk Quotient = 0.024-0.36 vs. TBTO 15-430

D. K. Larsen, I. 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
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1. 88

10. benzo(b)fluoranthene

11. DDT

12. 2 & 5781260

13. =85

14. 2@ Hi781254

15. $&

16. &t

17. dibenz[a,h]anthracene

18. N&E T )%

19. p,p-dichlorodiphenyl cichloroethane
20. PRI AZ & A,

Ui AEVE RESE, 28 LaY FEE.

GltsREEEYIN S

L

http://www.pcc.vghtpe.gov.tw/index.asp



Relative Toxicities

Substance Approximate LD ¥ Toxicity rating
_10° 1. Practically nontoxic
- >1.5 x 10" mg/kg
gigldﬁ"ﬂ Hloride > -10 2. Slightly toxic, 5 x 10°
— 4
Malathion » _10° to 1.5 x 10" mg/kg
Chlord .- 3. Moderately toxic,
ordane —
Heptachlor » _10° Mo Sﬂﬂ.ﬂmgfkg
B 4. Very toxic, 50 to
Parathion = 10 500 mg/kg
— 5. Extremely toxic,
-1 5 to 50 mg/kg
Tetrodotox f = 10"
Inland taipan venom _
—10"2 6. Supertoxic,
_ < 5 mg/kg
~107°
-107
Botulinus toxin » 107

* LDs, values are in units of mg of toxicant per kg of body mass.

Puffer CHfK) fish toxin

MR TR R RIS - ETR L R A EEIE -

taipan (BR$E0E)

botulinus (AL



AEPRE 2P RIS 35 KPR 2F % FRAKS T EF R FE I
Design safer chemicals and products: Design chemical products to be fully effective, yet
have little or no toxicity.

Natular™EClarke /% 5]/ 5% i a4 & = HARESET. J
AT 7KL S5 HE T 7KIHYPEG (polyethylene glycol) fispinosadiE &Ik © HHFME A TE
—FHEEN I 577 180K

A SN RE - REEAVSEA G0 - PR & A Ry ge 2 —F & 2R EEH-
77— ERI R —feE R Ea N <+ T 2 —  HEPAEEIEYIEE - Natular™ iH78 |
FEESE B A PRI DL e e Bl i s il > 12 S BERIA T MDA e Ak
BT EAY R > NMSE12010 F&nék o b2k EE B R @2 L ads -

Clarke /> E]14[dukE: http://www.clarke.com/
SEEE sk EEEE —HE. (http://www.bioeng.ttu.edu.tw/issues/issuesindex.html)
Presidential Green Chemistry Challenge Award: http://www.epa.gov/gcc/pubs/pgec/presgec.htm
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et EGER EEYEE 15555 The Sherwin Williams Co.
BRI AE (alkyd)JHNE & & 2 S A L& PI(VOCs). & ARk
B T 25 R 549 R. NG IR (acrylics) Ay & VOC/ U (H ELMERE AlE R f B st
REHZE . Sherwin-Williams 2> B FH 8RB RBIR(PET), Nk ke ox Hom B 177K
BTN el A S R 2 B A TR e e A 4 B S A VOC.7F 25(2010) &
Sherwin-WilliamsFfr4E: ZE B2 52 T 800,000055VOCHY 4 A%

http://www.sherwin-williams.com/

http://www.durabilityanddesign.com/news/?fuseaction=view&id=5796
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Use safer solvents and reaction conditions: Avoid using solvents,
separation agents, or other auxiliary chemicals. If these chemicals
are necessary, use innocuous chemicals.

Chemical

ETJQ\%jﬁ Jf_il_&” requirements
7K

R AR
BE 5K
AR

A

A 1 =

Solubility
reactivity
yield

Preferféd

s
GWP . .. . solvents) .
S Toxicity {‘**-%-ww-ﬂ-’ Ease of %Eﬁ&%
»g GWP separation B
), y o 1
BB YL ReGilatony \ volatility 25 &
issues
Environmental Engineering

considerations constraints



B e

water

acetone

ethanol
2-propanol
1-propanol

ethyl acetate
isoprophyl acetate
methanol

methyl ethyl ketone
1-butanol
t-butanol

AH
cyclohexane
heptane
toluene
methylcyclohexane
methyl t-butyl ether
IS0-octane
2-methyltetrahydrofuran
tetrahydrofuran
xylenes
dimethyl sulfoxide
acetic acid
ethylene glycol

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

Pfizer/ s G{E &Y {LEL AT e F AV AR &

ANHETERY

pentane

hexane

di-isopropy| ether
diethyl ether
dichloromethane
dichloroethane
chloroform
dimethyl formamide
N-methylpyrrolidinone
pyridine
dimethylacetamide
dioxane
dimethoxyethane
benzene
carbontetrachloride



Table 2 Solvent replacement table

Undesirable solvents

Alternative

Pentane

Hexane(s)

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

Heptane

Heptane

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

Acetonitrile

Et;N (if pyridine used as base)
EtOAc. MTBE, toluene, 2-MeTHF
EtOAc/heptane

Toluene

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

Organic Process Research & Development 2011 IF: 2.391; Citation: 3.609 (January 5, 2012)

ChemSusChem IF: 6.827 (ChemSusChem 2012, 5, 2291 — 2292)



Pfizer Green Chemistry Results —

A
Some Examples

sibacadind Pfizer Research Division Dichloromethane usage 2004 - 2007

140

120.4
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o
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o
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ar in tonnes
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DCM use
E=N
o

n
o
4

o
4

2004 2005 2006 2007

Year

Pfizer Solvent Switching Program

PGRD Global Diisopropylether Use

25000

20771

15000 -+

10000 -+

6243

Isopropylether (IPE) Use/lbs/year

666
o —— 108
2006 2007

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



Searching for benign solvents (¥ & % ;3 %)
ST > A > BUGTET> BET 590 > HEEHEFBEBT (> BB 2 E,
Water (-k)

Non-volatile solvents (ionic)
(R aR) ()

Supercritical solvents Replace ?\/olatige organlic artld

(i’é‘f’ﬁ" Y 3&"]) (i—dg- p;) aza’r Ous sO an S
NSV IRE: Al (3L fpj; )

Other benign solvents —

(H#)

Solventless

(7% &)



Table 5.4 Advantages and disadvantages of using water as a solvent 7J<

Advantages Disadvantages

Non-toxic Distillation 1s energy intensive

Opportunity for replacing VOCs Contaminated waste streams may be difficult to
treat

Naturally occurring High specific heat capacity — difficult to heat or

cool rapidly
Inexpensive
Non-flammable
High specific heat capacity -
exothermic reactions can be more
safely controlled Lancaster, p. 149

Odorless and colorless (contamination ~ Some compounds or catalysts react with

is easy to recognize) water 1 an adverse way.
Water-soluble catalyst 1s difficult to recover.

Water in organic reaction

[C]EEER S (1) Li, C.-J., “Organic Reactlons 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.

= (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.



Supercritical Fluid (8 [ 53 7% i)

8 SR R TR ORI R - WU 6B S -
ERBILEENS - SER I AR S A Rl SRS E IR  SIEIRA
BRI 25 1 OB B B D9 S 1 BB TR -

Bt — 5 S A1 96 B PR B S PRI IR 53 B 5 B A
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’hase diagram and critical points

super critical

fluid

A
O

G
o=

o

vapor

Pressure

low

Fe
Material (bar)
Ammonia 132.4 113.2
Carbon dioxide 31.1 73.8
Ethane 32.2 48.7
Ethene 9.2 504
Fluoroform 25.9 48.2
Propane 96.7 42.5

Water 374.2 220.5




Advantages and disadvantages of using ('O: as a

solvent
Advantages Disadvantages
Non-toxic Relatively high pressure equipment

Easily removed

Potentially recyclable
Non-flammable

High gas solubility

Weak solvation

High diffusion rates

Ease of control over properties
Good mass transfer

Readily available

Equipment can be capital intensive
Relatively poor solvent

Reactive with powerful nucleophiles
Possible heat-transfer problems

(Lancaster, Table 5.3)




lonic liquid
Cations Anions

- » M~ . s
=\ +) +) FyC-S=N=8=CF; FiC-S=0 RSO/

R-NEN-cH, N a-Negie 6 o o
R 3 bis(trifluoromethylsuf do trifl th Ifonat Ikylsulfat
1-alkyl-3-methylimidazolium  1-alkylpyridimium  1-alkyl-1-methylpyrrolidinium o\ uo" [rmyz ]s“ o ”“3:::‘93{'(;’;‘; —— a[cy s‘(’)j"
NC.-.CN F £ F' &
R‘N. R‘p. R;,S' N F':’\F FB‘;
tetraalkylammonium tetraalkylphosphonium trialkylsulfonium d-;:;‘ag:r'n;m hexanm[):;pf;osphale zwa%:o]t_’maw
2 8 4

* air stable

* N0 measurable vapor pressure (non volatile)

* lack of flammability

* high conductivity

* 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. |_; 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




lonic solvents (&1 A H)

2005 Academic Award, Professor Robin D. Rogers  The University of Alabama

A Platform Strategy Using lonic Liquids to Dissolve and Process Cellulose for Advanced
New Materials

Innovation and Benefits: Professor Rogers developed methods that allow cellulose from
wood, cloth, or even paper to be chemically modified to make new biorenewable or
biocompatible materials. His methods also allow cellulose to be mixed with other
substances, such as dyes, or simply to be processed directly from solution into a formed
shape. Together, these methods can potentially save resources, time, and energy.

1-butyl-3-methylimidazolium chloride ([C4mim]ClI),
FAE1- T A-3- FH AR

recyclable
J. Am Chem Soc. 2002
May 8;124(18):4974-5.
R 2 o8 -\,- o -\,-
IR R R I B

1-butyl-3-methyl-4,5-dihydroimidazolinium iodide and

1 butyl -3-methyl-4,5-dihydroimidazolinium hexafluorophosphate
BB M3 803 & 4edimethyl formamide, 1,3-dimethyl-

2 |m|dazoI|d|none f= dimethyl sulphoxide % & & ™ ~ J&.

AL FHicE4 1,
Gok, Ozdemis, Cetinkaya, Chinese Journal of Catalysis, vol. 28, 489-491 (2007).



Solventless synthesis (A Bl & FX)
2009 Greener Synthetic Pathways Award

Eastman Chemical Company
A Solvent-Free Biocatalytic Process for Cosmetic and
Personal Care Ingredients
Innovation and Benefits: Esters are an important class
of ingredients in cosmetics and personal care products.
Usually, they are manufactured by harsh chemical
methods that use strong acids and potentially
hazardous solvents; these methods also require a
great deal of energy. Eastman's new method uses
Immobilized enzymes to make esters, saving energy
and avoiding both strong acids and organic solvents.
This method is so gentle that Eastman can use
delicate, natural raw materials to make esters never
before available.



.34t o : VR AVEFTRTEFEF .
Increase energy efficiency: Run chemical reactions at ambient
temperature and pressure whenever possible.

TERL: A 25 R IR R B B A ARE (R = U B B T R i i .

Temperature Ranges ('C) Temperature Factor (f;)
<-20 5

-20 to O (technical cooling)

0 to 10 (ice cooling)

10 to 20 (water cooling)

20 to 30 (room temperature)

30 to 90 (hot water heating)

90 to 160 (steam heating)

160 to 280 (hot oil or electrical heating)
> 280 5

W NEFPOFLDNW

\frt|1-Pressure(aim) |:| *time (hrs) *Weight*Heat Capacity (Jem-°K)

Step EE (Energy Efficiency) =

Wt Desired Product



Alternative organic synthetic methods Microwave

polar or ionic
materials
Microflow
solution
Sonochemistry
solution
Mechanochemistry
solid
Electrochemistry
conductive media
Photochemistry
chromophore

S. K. Sharma, A. Chaudhary, and
R. V. Singh, “GRAY CHEMISTRY
VERSES GREEN CHEMISTRY:
CHALLENGES AND
OPPORTUNITIES, RASAYAN
JOURNAL OF CHEMISTRY (RJC),
(2008), 1, 68-92.

mechnochemistry Electrochemistry


http://www.sineomicrowave.com/Upload/产品图片/xiaojie/IMG_1104_副本_副本-02264953497.jpg

7. FRL AR @2 v i 2 atiiad R
PRIHT.E2BRBTE kp Liep 2 v R ieda
SR A R RERI KR B R (R, X RF &)
B d FRFHa F.

Use renewable feedstocks: Use raw materials and
feedstocks that are renewable rather than depleting.
Renewable feedstocks are often made from agricultural
products or are the wastes of other processes; depleting
feedstocks are made from fossil fuels (petroleum,
natural gas, or coal) or are mined.
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i — A B Ry o

Synechococcus elongatus PCC7942 O OH

CO2 - /

photosynthesis

é

Isobutyraldehyde Isobutanol

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
(IR R AT EAEY R E RS B N IER BRI IS [ H 28 S E M E T R AR
[ LB TR — S BB S R AR AT LA A L2 [k 1T H I ERE O & 2T B R0 ik B
[lEABE VBB E S ~ ToKMER » ZZRRBME(N 253425 R) SR W R EFRE A =
6001E I (491525% 2 70 0 °] AA BRS00 S E — A (bhx, B F4AVF N 2 EBH—F _F
{EhxFEILE 2 8.3%.

2010484k (o LEE PR E AR (DY) —E2fid4(G T2 James C. Liao %
Nature Biotechnology 27, 1177 - 1180 (2009)

GEEE M4k EEE T HA. (http://www.bioeng.ttu.edu.tw/issues/issuesindex.html)
Presidential Green Chemistry Challenge Award: http://www.epa.gov/gcc/pubs/pgcc/presgec.html

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

Cellulose and Sugar
Rice straws Pretreatment |==%| pomicellulose fermentation Ethanol

Exoglucanase
/
oo / OQQ Voo
QQOQQOO%QOQ
QOOOOWQ@Q Cellobiose

SN o oo
Exoglucanase ——V 00 ' O’O

IN

B-Glucosidase

Lowering cost for producing enzymes and microbes
Need to find even better indigenous sources of microbes and enzymes

From T. H. Ho



LI F i

Vo AT PEIE R
fﬁr%i%i:@:\ TR
i3 &R, TR IR
L 5enERlaL g4
L. Avoid chemical
derivatives: Avoid
using blocking or
protecting groups or
any temporary
modifications if
possible. Derivatives
use additional
reagents and
generate waste.

PCR/ZPolymerase Chain Reaction ( ZZX&HE

a8 DNA
DNARESHN st
51 w } SR
PS
(1) EEEEM 3% DNA 52 s
s 3 5
(2) 55| FHREAE DNA ‘ 7
AcH
A
Sl
: &
(3) DNA E&15{E DNA ! |
B3l FRA %R E
i
V. BN
-y ron
I H |
i 4 i
-7 Fi rf\‘ T

IR IE )

U]
dATP
dCTP

dGTP
dTTP

r B—RIR Q27 F)

r B_EIR (4D F)

r B=RIR (870F)




Kary Mullis

1955 Born

1966 BS Georgia Institute of Technology

1974 Ph. D. University of California at Berkeley

1974-1976 Post Doctoral Fellow University of California at San
Francisco

(wrote fiction, quit to become a biochemist in Medical School in
Kansas City)

1979 DNA Chemist, 1979-1986, Cetus Corporation

Dec. 16, 1983 figured out the PCR idea

1986, Mullis started to use Thermophilus aquaticus (Tagq) DNA

polymerase to amplify segments of DNA.

1986 Xytronyx, Inc.

1992 founded a bussiness

1993 Nobel Prize

1993 Japan Prize
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Use catalysts not stoichiometric reagents: Minimize waste by using catalytic
reactions. Catalysts are used in small amounts and can carry out a single
reaction many times. They are preferable to stoichiometric reagents, which are
used in excess and work only once.

EALRIRER T RIERTRRHIRE & CELAE) SOE M T RIBHVEREA SR KIE - ATl
EALEIA SRR E R - IERT ~ RE(LERIMEE - BEAHAE -

FRAILIZ PR AIR1E.
YIS NS e |
P13 R M ) R RS « Homogeneous cataIyS|§

y > » Heterogeneous catalysis
ghodl : Sy pary g y
ﬁﬂ%ﬁ CE f_&n_lél/ﬁgxﬁb + Organo-catalysis
SR AR EE. - Bio-catalysis Brgnsted Acid-Base Catalysis

Lewis Acid-Base Catalysis
Transition-metal catalysis
Organocatalysis
Asymmetric Catalysis
Biocatalysis
Photocatalysis

* Photo-catalysis
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CEL

Propylene oxide, polyurethane (%% &[5, PU)HY KL PUEEE ST ~ B | {Kifighs -
B TSR - SRR SAR I 2SS -

1. Chlorohydrin route

OH
0]
Ch+H0 + SN\ — AN_C s pol — + Hy0

2. Hydroperoxide (coproduct) processes

0
RO H + X - /<] + ROH

R = t-Bu, PACH(CH3)- , PhC(CH3),- .
Headwaters Technology Innovation

Direct Synthesis of Hydrogen Peroxide by

Selective Nanocatalyst Technology
3. Direct hydrogen peroxide process

Pd-Pt (4nm) -
H, + O, - H-0,

b 0

Synthesis of hydrogen peroxide from Anthraquinone

TS-1

O 2t
Enichem HO, + /\ —_— /<I + H,0O 2007EE‘$X\%§2§}%F§
MeOH (B4 4 Pk ks



Hydrogenation:

H
catalyst
+ H, y - 100% atom efficient

Carbonylation:
H OOH
talyst
+ CO i,.. 100% atom efficient
Hydroformylation:
HO
\‘“‘\ catalyst )
+ CO/Hy ———— > 100% atom efficient
Oxidation:
H
catalyst
+ O > + H,O  87% atom efficient



Synthesis of Caprolactam (raw material for the nylon 6)

0 r NOH vapour NH
H,0,/ NH, phase
- - O
TS-1
High S1MFI
Ammoximation 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 (£ & (B2 &)

C¢H,,0 + H,0, + NH, » C;H,\NO + 2H,0
Atom efficiency = 75% ; E =0.32 (<0.1)



Oxidations

Classification of oxidizing agents

e Dangerous: CrO3/H2S04, (pyH)CICrO3 , KMnO4, Pb(OAc)4, etc.
e Dirty: MnO2, Ag2CO3, etc.

e Clean: H202/catalyst, H202/Ti-MS, 02/Pt, etc.

“Green” oxidation agents

Oxygen Active oxygen Product derived
donors content (%) from the oxidant
H->0, 47.0(14.1%) H,O

N,O 364 N>

0O; 333 0,

AcO;H 21.1 AcOH

Bu'O;H 17.8 Bu'OH

HNO; 25.4 NO, (?)
NaOCl 21.6 NaCl

NaOCl 35.6 NaCl

NaOBr 13.4 NaBr
n-C_anNO: 13.7 n-C5H|1N0
KHSOs 10.5 KHSO4

NalO4 7.5 NalO;

Phl1O 7.3 Phl

* For a 30% aqueous solution. 2IE EfR it



The formation of C-C bond

Hoechst-Celanese process for ibuprofen Olefin metathesis

Cross metathesis

R, )
| \ 2 CM 2
PdBr, (0.25mol% + S — R
R,CHO + HN.___R, +CO 2 ), HOOC.__N.__Ry R/\ R - R/\/ *
Y LiBr (35m%)/ H* (1m%) \[/ Y
0 NMP, 80°C, 10 bar,12 h Ry O . ) _ _ _
B TON = 25000 Ring opening / ring closing metathesis
100% atom efficient TOF =400 h -1

R’ R
NMP = N-methylpyrollidone 2 ROM
Q + \/R
RCM 2 SR

Synthesis of a—amino acid derivatives from an " _ . 7
. INg opening metathesis polymerization
aldehyde, CO, and an amide. S OPelliis bOLY

R R
n

Acvyclic diene metathesis

ADMET

AN 3 N,

\

Catalysts : Mo, W, Re and Ru complexes

Chauvin, Grubbs, and Schrock, Nobel Prize of
Chemistry, 2005

/



IS ON THE way

Robert H. Grubbs




Calcium catalyzed hydroalkoxylation
Anastasie Kena Diba, Jeanne-Marie Begouin,
Meike Niggemann

Tetrahedron Letters 53 (2012) 6629-6632

A calcium catalyzed intramolecular
hydroalkoxylation reaction is presented, as a
transition metal free, inexpensive, and very
mild process for the highly atom economic
formation of cyclic ethers from v,0-
unsaturated alcohols. In contrast to most of
the previously reported procedures, room
temperature conditions are fully sufficient in
most cases for a high yielding
cycloisomerization in the presence of a
combination of 5 mol-% Ca(NTf2)2 and 5
mol-% BuU4NPF6. Full regioselectivity is
observed in all transformations.

Calcium-Catalyzed Cyclopropanation
Tobias Haven, Grzegorz Kubik, Stefan
Haubenreisser, and Meike Niggemann
Angewandte Communications

DOI: 10.1002/anie.201209053

Tetrabutylammonium hexafluorophosphate
Calcium(ll) bis(trifluoromethanesulfonimide)

Table 2
Cyclization of different alcohols

Entry*  Alcohol Product t Yield® (%)
\\ P P o ‘r—\“ P
~ “OH [ ) _
1 B il (o< 4 2h 96
Ph Ph Ph P
2 \T;f\\/\/ OH ph—[ \} 6 1h 85
. a\
F3h>‘~ Ph Ph
P> 4 Ph-
3¢ S ste o % 7 24h 82
7 \O/‘---
Ph Ph Ph
%4 Ph-
4 ,;f/‘-\\/)\\/ OH :'l "\‘ 10 24h 81
9 (o
BH /\\/\\/A’/\OH ‘/O\(/-\ oh .O__Ph
R R . -3.‘_." - L |
g R=Ph(11) A(12) 20h 96
6° R=Me(13) B(14) 20h 97
7 R=H(15) B‘lﬁ" "Oh 81
R\ R
O )f% f%
N |
8 R=Ph(17) cis:trans 98:2 (18)
9° R=Me (19) cis:trans 98:2 (20) "0 h 9
10 R=H(21) 24h
/"‘\-1/ “></‘\ Ph
1 \/L B " /""f*ph 1.5h 82
/0~ 23
MeO,C_CO;Me / \CO:Me

5 mol-% Bu4NPF6/Ca(NTf2)2, 0.25 mmol of alcohol, in
CH2CI2 (2 mL) stirred at rt for the time indicated.



Green Catalysts
Green catalysts are eco-friendly
catalysts which
are highly efficient;
are recyclable;
are biodegradable;
are non-toxic;
can be made from renewable sources;
can convert toxic substances into less
or non-toxic ones.



Bio-catalysis
»Fast reaction due to correct catalyst orientation (4c -5 &)
»High degree of selectlwty possible for asymmetric synthesis
Rl ;-0 T#sfa‘% 1% )
> Water soluble (7}</p , R RIBREF)
»Naturally occurring; non-toxic, low hazard (p X% 4, & £ 1)
» Energy-efficient reactions under moderate conditions of pH, temperature
(F &g g, 4 i)
» Possibility for carrying out sequential one-pot synthesis (7 &7 - #F &)

2000 Presidential Green Chemistry Challenge Award: Academic
Professor Chi-Huey Wong

The Scripps Research Institute

Enzymes in Large-Scale Organic Synthesis 2
Innovation and Benefits: Professor Wong developed methods to replace traditional reactions
requiring toxic metals and hazardous solvents. His methods use enzymes, environmentally
acceptable solvents, and mild reaction conditions. His methods also enable novel reactions that
were otherwise impossible or impractical on an industrial scale. Professor Wong's methods hold
promise for applications in a wide variety of chemical industries.




Lyrrrrors
20 mg aonastai caktin

S SO WL ]
' Cl

. OEt / \'
L >99.9%
/ NADPH NADP TR

glucose g gluconate

t

GDH
H Z N/\)\/k)LOH OEt  HHDH OFt

>09 9% ee
KRED = ketoreductase

GDH = glucose dehydrogenase
HHDH = halohydrin dehalogenase
I:

Atorvastatin (Lipitor ®)
2 REAKSE P AR AR 4 s B [T DUR D B s ~ e R JEHY 2 F -

Codexis received 2006 Presidential Green Chemistry Challenge Award


//upload.wikimedia.org/wikipedia/commons/e/ef/Atorvastatin.svg

2009 Academic Award

Professor Krzysztof Matyjaszewski , Carnegie Mellon University

Atom Transfer Radical Polymerization: Low-impact Polymerization Using a Copper
Catalyst and Environmentally Friendly Reducing Agents

2007 Greener Reaction Conditions Award

Headwaters Technology Innovation

Direct Synthesis of Hydrogen Peroxide by Selective Nanocatalyst Technology
2006 Greener Reaction Conditions Award

Codexis, Inc.

Directed Evolution of Three Biocatalysts to Produce the Key Chiral Building Block for
Atorvastatin, the Active Ingredient in Lipitor®

2003 Greener Synthetic Pathways Award

Sud-Chemie Inc.

A Wastewater-Free Process for Synthesis of Solid Oxide Catalysts

2001 Academic Award

Professor Chao-Jun Li, Tulane University

Quasi-Nature Catalysis: Developing Transition Metal Catalysis in Air and Water

1999 Greener Synthetic Pathways Award

Lilly Research Laboratories

Practical Application of a Biocatalyst in Pharmaceutical Manufacturing

1998 Academic Award

Dr. Karen M. Draths and Professor John W. Frost

Michigan State University

Use of Microbes as Environmentally Benign Synthetic Catalysts
Presidential Green Chemistry Challenge, hitp../www.epa.gov/gcc/bubs/pgcc/presgcce. him/
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Design chemicals and products to degrade after use: Design chemical products to break
down to innocuous substances after use so that they do not accumulate in the
environment.

Biodegradation Half-Life Ultimate Biodeg.

Hours 5.0
Hours — Days (% biodegradation > 50% in 28 days) 4.5
Days 4.0
Days - Weeks 3.5
Weeks (% biodegradation ~ 20-30% in 28 days) 3.0
Weeks - Months 2.5
Months (slow to very slow biodegradation) 2.0
Longer (biodegradation issue — toxic, persistent) 1.0

Expected range: 1 (Minimum), 2 (Low), 3.5 (Moderate), 5 (Large & Maximum)

U.S. EPA BIOWIN program Expert Survey Biodegradation model

? f}lj : .‘?’ A\ ﬁg 'ﬁ % 100% Biodegradable

http://russia-ic.com/search/link/2/8804/
= i
R —
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Analyze in real time to prevent pollution: Include in-process real-time monitoring and
control during syntheses to minimize or eliminate the formation of byproducts.
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Minimize the potential for accidents: Design chemicals and their forms (solid, liquid, or
gas) to minimize the potential for chemical accidents including explosions, fires, and
releases to the environment.
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Designing and operating safe chemical reaction processes
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Sustainability (7k 48)
( A system state that can endure indefinitely)

Its Major Challenges
Population( A [1)
Energy(FEJR)
Global Change(£&BR&E)
Resource Depletion(&JRFLIE)

Food Supply({& &L FE)
Toxics in Environment(33=E547)

( All are closely related to Chemistry )




Chemistry and Sustainability

Sustainable
Chemistry

Environmental / Planet
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Sustainable Chemical Science and Technology
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http://gc.chem.sinica.edu.tw/
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http://gc.chem.sinica.edu.tw/learn.html
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http://gc.chem.sinica.edu.tw/workshop/notes.php
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http://www.bioeng.ttu.edu.tw/issues/issuesindex.html
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