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3.2.1 4k L2 : R E LML FESS (Green chemistry: An opportunity for growth and
competitive advantage)
JEEES © John C. Warner, Ph.D.
HeRE 4 FE © Warner Babcock Institute for Green Chemistry, USA
TR

Warner T+-1FR¢ 17 Warner Babcock Institute for Green Chemistry (WBI) i

CAMHE ZEr R &g (1997-2007, MilEsHZEAEZILR 731 (University of
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® POLLUTION PREVENTION - It is better to prevent waste than to treat and clean
up waste after 1t 1s formed.

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

® [ESS HAZARDOUS SYNTHESIS : Whenever practicable, synthetic
methodologies should be designed to use and generate substances that possess
little or no toxicity to human health and the environment.

® DESIGN SAFER CHEMICALS : Chemical products should be designed to
preserve efficacy of the function while reducing toxicity.

® SAFER SOLVENTS AND AUXILIARIES : The use of auxiliary substances
(solvents, separations agents, etc.) should be made unnecessary whenever possible
and, when used, innocuous.

® DESIGN FOR ENERGY EFFICIENCY : Energy requirements should be

recognized for their environmental and economic impacts and should be

11



minimized. Synthetic methods should be conducted to ambient temperature and
pressure.

USE OF RENEWABLE FEEDSTOCKS * A raw material or feedstock should be
renewable rather than depleting whenever technically and economically practical.
REDUCE DERIVATIVES : Unnecessary derivatization (blocking group,
protection/deprotection, temporary modification of physical/chemical processes)
should be avoided whenever possible.

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

DESIGN FOR DEGRADATION - Chemical products should be designed so that
at the end of their function they do not persist in the environment and instead
breakdown into innocuous degradation products.

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.
INHERENTLY SAFER CHEMISTRY FOR ACCIDENT PREVENTION
Substance 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.
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Green Chemistry
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Green Chemistry is
the design of chemical
products and
processes that reduce
or eliminate the use
and/or generation of
hazardous substances.
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Construction Materials: Asphalt Paving
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Hair Color Restoration
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Ocean Plastics Recycling and Reclamation

June 29, 2015

’_‘bqbvc.j_ock

Electronics Recycling and Reclamation ® AT M

“Method for the recovery of lithium cobalt oxide from lithium lon batteries” Poe, Sarah L.;B
Paradise, Christopher L; Muolio, Laura R.; Pal, Reshma; Warner, John C.; Korzensii, Michael B,

US Pat. Appl. US 20140306162, Filed June 19, 2012. Published October 16, 2014,

“Sustainable process for reclaiming precious metals and base metals from electronic waste”
Rorzenski, Michael B.; Jiang, Ping; Norman, James; Warner, John C.; ingalls, Laura; Gnanamgari,
Dinakar; Strickler, Fred; Mendum, Ted. US Pat Appl. US 20130336857, Filed August 19, 2011.
Published December 19, 2013,

“Sustainable process for reclaiming precious metals and base metals from electronic waste”
Korzensii, Michael B.; Jang, Ping; Norman, James: Warner, John C.; Ingalls, Laura; Gnanamgari,
Dinakar; Stricider, Fred: Mendum, Ted. PCT Int. Appl. WO 2012024603, Filed August 19, 2011.

Published February 23, 2013. CN 103249849 Filed Ay
: ; Bust 19, 2011. Published August 14, 3
EP 2606158. Filed August 19, 2011 Published June 26, 2013. . 2

)— °-
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Electronics Recycling and Reclamation . ATN

“Method for the recovery of lithium cobalt oxide from lithium lon batterles” Poe, SarahL.;
Paradise, Christopher L; Muollo, Laura R.; Pal, Reshma; Warner, John C.; Korzenski, Michael B.
US Pat. Appl. US 20140306162, Filed June 19, 2012, Published October 16, 2014,

“Sustainable process for reclaiming precious metals and base metals from electronic waste”

Korzenski, Michae! B.; Jiang, Ping; Norman, James; Warner, John C.; Ingalis, Laura; Gnanamgari,
Dinakar; Strickler, Fred; Mendum, Ted. US Pat. Appl. US 20130336857, Filed August 19, 2011.

Published December 19, 2013,

Published February 23, 2013, cN 103249849, Filed Ay ished
; : . gust 19, 2011, Pubi
EP 2606158 Filed August 18, 2011. Published June 26, 2013. ‘ e

from :
# surface” Korzenski, Michael B.; llang, Ping; Warner, {ohn C.; Mendum, Ted: Lugus, Michelle:

—

Solar and Electronic Applications

“Protective barriers for electronic devices™ Warner, John C ; Viola, Michael S US Patent 8,581,246,

1
Filed September 2, 2011. Published November 12, 201 . : Ricch,
“Dye-Sensitized Solar Cell and Corrosion Resistant Llectrode Stack Therein ﬂmhw-nlm
Melissa; Warner, fohn C. US Pat. Appl. US 20130263921, Filed April 10, 2012. Published October 10, 2013,
“Solar Cells with a Colorant Sensitired Semiconductor Layer Prepared from a Presensitized
Semiconducter Composition” Warner, John C ; Viola, Michael S | Barykina, Olga; Dua, Vineet,
US Pat. Appl. US 20130180587, Filed lanuary 17, 2012. Published July 18, 2013
“Dye Formulation for Fabricating Dye Sensitized Electronic Devices™ Warner, john C.; Viola, Michael 5.,
US Pat. Appl. US 20130074935, Filod September 23, 2011. Published Macch 28,2013,
WﬂWhM-MMMMhMWMM‘Wum
John C; Van Berschoten, Helen; Cannon, Amy US Pat. Appl. US 20110212742. Filed Feb. 17, 2011.
Published September 29, 2011
“Semiconductor Compositions for Dye-Sensitized Solar Cells™ Warner, John C; Vanbenschoten, Helen;
.Cannon,AmyUSP‘l Appl US 20110232717 Filed February 17, 2011. Pub“ahodSop(embu”. 2011,
m&&c&m‘wyn«, John C. US Pat. Appl US 20110226306,
Filed Feb. 17, 2011 Published September 22,2011
h“w'ﬂvhmcmudﬂm.kcdh' Warner, John C.; Van Benschoten,
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green chemistry education

DR | oty
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* Curriculum Development and * The Green Chemistry Commitment

[ Teacher Training * Curriculum Development and

* Green Chemistry Training
/ * Green Math & Engineering * Technical Training

* Biotechnology * Green Chemistry training for
| » On-line Courses workers
{ * Professional Development * Green Chemistry tools

Workshops * Toxicology for Chemists
¢ K-12 and Community Outreach
‘} * Coliege Student Fellows program
Rl |

—_——
RK

30

Innovation & Creativity

We are successful not IN SPITE of green chemistry

But BECAUSE of green chemistry

25
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3.2.2 RAEYI4HREE b A&k B BEY) TR (Evolving plant cells to function as green

pharmaceutical factories)
JEEEE ¢ John Littleton, Ph.D.
518 ¢ University of Kentucky, USA
I
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TEEEEER TSN - AEEEY GRS A R AEEEN L EY) -
HESEYN L EYIRE B EEY) - B E A BB % T
AOBEARITIR « BT E MY o] B R 1 B e HP AR e AR E 2R B 4
G WO AR ER o TAEYIGEEE T R ZE S w2 A Y - B
WRERT (MR e MR LUVEEENT « IWEERSCEE EEE - BIR S5
ThFr 5% BE A {5 FH VAR & =0 B2 47 (Combinational Chemical Synthesis, CCS)
FE =B = AEYET 5 (High Throughput Pharmacological Screening, HTPS) » Hi%&
By baET TEL, WS e E L E IS G EEY) -
Littleton -GS YIRS » R FIEYHEREIT (B £ Y& ReeE TG B A
BéEGTEEOERINAREY) - & THHEEEDGEEIS - HERRES
B HRREEY) - TERERREE N AR a R B E L E A S Z (S
TERRAIREA REAETT - FERLRCATHC A28l HTPS Efeiily - Bk —(EpEt)
REFEFSMEZE% (random gain-of-function mutation) AVFEYJAIAEEE (GHLL CCS #Y
%) > FRRFE (A R AR BRI B AR M ER  FDIER R KRB AR S
AR SR E AR E D B RE I 4EN - S Y AT RE R
RAEFFEMR D BRI - (AREHRDIRE S s B vl RS L Eh 0 R AR R A
 TEEMFR SRS - HEil AR B RS AHY) - FEit B H
{b (target-directed evolution) iy » fKFZE A= E1SHRFIARZE SR T T ELRERUHIAE
ko (RIS (Y e R AR O -
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o DA ERES: » Littleton LB iV RS - FEHBREEETE
BYERRCE(ZE8E (Activation Tagging Mutagenesis, ATM) > EfEEFIKREAEEES T
(BB RE (S I: ZE S RE I © 7Y 10,000 RRZEER TS 2 #RHIEA 20 55
100 fEfEd TUEM: » Hp | RAEIEA 1 {8 ATM 288 - Eh T AGIER
% BURZMEMR A E AT 0 - BABROE S TOaEMAREY) - REET
% A8 E B A S LR RS s S — RS BLA 2 (8 ATM 2888 > 4
BIEIRRIECCE Bl 5 5 DA BEd T - Hoegitsess Rt v (R [EHEY)
EXSRnEE

(@B K HEAR (Licorice root) Z£HIY)» &AMHEN (flavonoid) mIHE
EBMEZEREZES (estrogen receptor, ER) » E0ZE BEAEHAEAR + 21 ER 43 A RA
A1 #5751t ERalpha Er3 TR S AL RE I > (N IE BRAE AR Bl 4 25 5] ERbeta
R T AR HMEAR AT 4 421 - R Littleton 19 BHFREE FHHEL (icorice,
Glycyrrhiza Glabra) Fyf&=(HEY) > $1#] ERbeta 28 H BEFEIFREIREAE (O MU
b HAEEAIIERR - 2RI R AR R 3 Z SR B S Y IR R 2 2 TS
P4 > Littleton 18+ R BB - K5 P& B BE TR AR Uy B BERE 50 7 k)
¥ ERalpha & F 45 & BB 2 Ak - EBURZEIE 2 EE
MBS E M

Littleton T --HYBFZEZ DIAEY) Ry 388G - SRR S LB RiTReEE S AR
Y AELVEY U T EE RS - BRI M B ST RVEEERAR © IR
BRI EFRHERS - AR S S B RS 2 A YRS aIiERE - &
JIEEER R EIRGE - e 2 FEER B S B RS EE - AR
SEMAEYI RS - WAF a4 RE2EE W AFTEYHBR SIS E LA
BAESEREGIEEE - DIT RSN A =R R Y
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plant-derived medicines: global perspe

Western medicine
65-70% plant or plant-derived
Commonly synthetics from plant lead compounds

Asian medicine
>95% complex mixtures from plant extracts

80% of the world population uses plant medicines

Why are plants SO valuable
They cannot run away - need chemical defen
: Locusts

S
Ses

Potency
>400M years of evolution y feeding
Complexity "

>> chemical synthesis

Designed for “druggability”

Non-toxic to eukaryote cells

Oral bioavailability

Cross cell membranes

So why is the pharmaceutical industry
turning away from plants?

Western
Complexity beyond chemical synthesis

Production in plant - low yields complex separation

No synthesis = no compound libraries
IP in natural products difficuit to protect

Asian
Complex mixtures of plant extracts with unknown targets

No targets = no scientific basis for improving extracts
Much new research aimed at identifying targets




Alternatives to seeking active metabol
wild-type plants. ELICITATION

Plant cell culture or hydroponic plants

Elicitation of generalized or specific defense response
Known and unknown metabolites

Accesses chemical diversity from a plant species
Unknown activity until separated and analyzed

pharmacologically
Unstable - depends on continuous stress

Alternatives to seeking active metabolites in
wild-type plants. MUTATION 4

- :
Activation tagging ’) | L . , io‘m'
mutagenesis N *. 7 w
Random insertion of viral : , N .13'( /’
DNA stably enhances expression  yucant tobscco cillus e AT Nasby cgbe

of single plant genes
Should increase yields of known active metabolites

May activate quiescent genes and generate “novel” metabolites
Saturation mutagenesis accesses genomic capability of species

IP can be protected in the mutant plant cell

nin tobacco cells

f of concept—nicotine productio

-1ooootobacco e
)

Mutant clone 1401 callosmutants Mutant clone 5096

, '0‘— 100x nicotin

20X nicotine co

Proo

ine-hke activily

20x nicotine-hke activity “h

NO increase in any alkalod 5 ATM i
1 ATM imsertion 'm “ i ‘

‘."é: m—— enerated plants e— .
% Hit rate r
,",»- . \

2/10’000 S(Un:ed ,nfertl!e

Normal phenotype

Novel pharmacological enotvoe
' screens! phenotype

phenotypeonly in culture 6x nicotine yield

nsertions




The problem is that elicitation and
mutation are random

-We need a way to “tell” the plant what sort of
active metabolites we want

*Perhaps evolution of defensive metabolites in
plants will give us a clue?

r way to

Plants evolve active metabolites in a simila
pharmaceutical R &D

Pharmaceutical
company PLANT
Eats plant

Synthetic compound Mutation and patural
hbrary selected by selection toward
metabolites targetedon

screening at a specific
target protein a specific insect protein

PLANT

INSECT

Containing Bk ik
)

Active lead
insecticidal

compounds for
further development metabolite
DEAD INSECT

We need to re-direct plant evolution

Plants have evolved toward metabolites targeted on proteins
that are important for the plant. We want metabolites

targeted on proteins that are important for us!
Pharmaceutical target proteins
Human proteins involved in symptoms or disease
Key proteins in pathogens causing human infections

Such as

Can we use selection to evolve plant metabolism
toward different target proteins?




Jq'){ py'u? emn)

Selection proci

This is how we do it (for inhibition of a tarc
GOF mutation

iure
Foreign TP gene expression
o "M /
i ; 5 1 "\ - . . > T
. J ,
al

ell
death BT VIV
\'__J —/

Plant cell Mutant Activation of target proteir

expressing
target protein population

causes cell death. Mutants

Wild-type
plant cell

transgenic
producing inhibitors of

target protein will survive

Here is a simple practical example

Licorice root extract used for menopausal symptoms
Contains flavonoids which activate human estrogen

receptors (ERs)
But activation of ERalpha increases risk of breast cancer

Licorice root with greater activity at ERbeta would be safer

So the ERbeta protein is our target (for activation) and
licorice (Glycirrhiza glabra) is our plant species

Here is a simple practical example

Licorice root extract used for menopausal symptoms
Contains flavonoids which activate human estrogen

receptors (ERs)
But activation of ERalpha increases risk of breast cancer

Licorice root with greater activity at ERbeta would be safer

So the ERbeta protein is our target (for activation) and
licorice (Glycirrhiza glabra) is our plant species




“Rbeta activators in li
x'wlnltph(‘ld activators i

wW

Vild-type i Mutant Mutants overproducii
Wi y e x ,
licorice transqenic metabolites which activa
root cell snamven | | POPulation ERbeta will expre

gene and survive. Othq

Activity at ERbeta in licorice root extracts

This was successful - there was increased activity at ERbeta

and increased concentrations of flavonoid phytoestrogens in

extracts from the kanamycin-resistant mutants (next slide)

es

Repres o
' ur
flavonoids in individual hairy root cU

Natural
flavonoids
noreased »gx

¢ peictant
Wild-type Control Non-selected ERbeta / Kanamycin-resistan
mutant transgenic ERbeta/mutant transgenic

-
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But this is a bad example because

* We also saw increased activity at ERalpha in the kanamycin
resistant population

* The natural phytoestrogens in licorice root are not very selective
for ERbeta or ERalpha

* 50 any increase in these phytoestrogens will induce kanamycin
resistance, but without a selective increase in ERbeta activity

* Can we select AGAINST mutants that are overproducing
phytoestrogens with ERalpha activity?

Reducing ERalpha activators in licorice

m—b [ =
E Coll
] survivel ‘

Wild-type Licorice cell Mutant

r‘AUtLHl[') overproducing
) expressing
licorice
root cell

= transgenic ERalpha activators will ex:
EXaipha inked ;

to D-aminoacid | | POPUlation the DAO gene, convert
oxidase gene Isoleucine to a toxic product

e-orgss,on and die Others will sUrvive

Summary of the technology so far

* Increased yields of “desirable” active metabolites (known
and novel to the plant) (data in next presentation)

* Reduced yields of "undesirable” active metabolites (proof
of concept only for selection procedure as yet).

* Applicability to target proteins that are enzymes,
membrane transporters or nuclear rec eptors

* Applicability to any plant species that can be cultured,

mutagenized and transformed to express foreign genes.




Potential value of the technology

Increased yields
Biosynthetic production of drugs or precursors

Novel active metabolites
Novel drugs or lead compounds too complex for chemical synthesis

Optimization of plant extracts
Increased activity at "desirable” targets
Reduced activity at “undesirable” targets

IPin all can be protected (products of unique mutations)

Technology transfer is next

The plant genome has an
extraordinary capacity for

biosynthesis.
This technology could unlock it.

Plant cells are green pharmaceutical factories just waiting to

be told what we want them to produce.
This technology could tell them.

3.2.3 HER MR B ELE KB 2RI EZE AT (Are regional features a key to

globalize sustainability in chemistry?)
YEEEE  Lothar Brecker, Ph.D.

MR F% © University of Vienna, Austria

IR -
Littleton - HJ8E 58 A AR ST R 750 1 BBk o BEARRR ST A0 e

RN R BB - HfttS [ Warner i LFrg 4k 0 {LERHY 12 18
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JRAI > BAFR S5 2 TSR bR S ek A 1M pe TR A SE P g R AR R - 3%
BRITZAN » SR Bz e R tsgfee © NILHET A RETRBUR

 ERE AN F s I PR - RIFEERETRAE - BRIk BB R BT AL
Fragfe b BRERSEFIMEZR - s 2 - B Iax T dlET —(E A
EEREKSEMRERERBESR 5 - IR B e R 2 M - I
ARABNESER MESHRBUETES ERVRER -

Littleton T+ 85 2% T 2] NMR £iiGhH7tlE R B2 B&GRE ST ~ /Ny
THREEM ~ RAMEEVINVERES - HEREE 00 REEm S EES
5 o ErER% Littleton TLULTT (Mangosteen, 2244 Garcinia mangostana) £y
Bl > BRI R B © LT R A RS 2R B T Y SR B S R EERE A
BN R AR - A " BV IRIG ) 2 - AR ~ FTinseRIER
 RERERILLT R B T RFER ) S e Ry T RE AUtk S 0 W
etE " RE - AREABEOENIE  RE - - —fFal s R
R IR SNEBEDGIR - AR - TRETRAR - JEREESE - CIRERAT
- HANR B & BAWSIERN — 252 RYE - B S E EA
Sl - EEYE A DR R BRI A 2 s - HiF ~ YR E - 4
HHEYIHIEE  SNRTHYALEER - JRA] AR E O - it - Wik
FARERELMTIEL - SMRE AT ERUS HEEREERIE - B e
FEEAIT ST R R T3E - 8RR 2R RCEN R EIMELR - BHEARAKE
REVEBR S iR HEEAAE

FERGIM = > Littleton T HAYHEEE— P RIAL Warner 1@ -FrfEfy4k O LE2RE
& 0 WHERKGRAEHETBERL RS BRI SR A - iR OB R B R %
AR BRI m 4 B A BT (HISIRBIBURBIETESR - UM RRENE
EHEZ R I

an
il
cAl

g
1
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(™ Mﬁfﬁl
Local and Regional Aspects e

@ s
Twelve Principles of Green Chemistry

S SN SRS SSRGS

1. Prevention
2. Atom Economy
3. Less Hazardous Chemical Syntheses
4. Designing Safer Chemicals
5. Safer Solvents and Auxiliaries
6. Design for Energy Efficiency
7. Use of Renewable Feedstocks
8. Reduce Derivatives
9. Catalysis
10. Design for Degradation
11. Real-time analysis for Pollution Prevention

12. Inherently Safer Chemistry for Accident Prevention

; Lo
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Amoflndutmallztd Countries _———--E '—3

Applicationin
synthetic procedures |

;

1. Prevention
2. Atom Economy
3. Less Hazardous Chemical Syntheses
4. Designing Safer Chemicals

5. Safer Solvents and Auxiliaries

6. Design for Energy Efficiency

7. Use of Renewable Feedstocks

8. Reduce Derivatives

9. Catalysis

10. Design for Degradation

11. Real-time analysis for Pollution Prevention

12. Inherently Safer Chemistry for Accident Prevention

37



1. Prevention
[>~ g lazmdous Chemical Syntheses

4

Chemicals

Fertilizer
Organic waste
Harvest

i-.)::;.l“ et - A Al
11. Real-time analysis for Pollution Prevention
12. Inherently Safer Chemistry for Accident Prevention

-

o &

[ O
mEwes o
— T

Applications in
environment protection

1. Prevention

2. Atom Economy

3. Less Hazardous Chemical Syntheses
4. Designing Safer Chemicals

5. Safer Solvents and Auxiliaries

6. Design for Energy Efficiency

7. Use of Renewable Feedstocks

8. Reduce Derivatives

9. Catalysis

10. Design for Degradation

11. Real-time analysis for Pollution Prevention

12. Inherently Safer Chemistry for Accident Prevention

—
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- |
0 'af =g
— mE -

Sparely Populated Areas

Applications in
environment protection
B m
o &"E\zardous Chemical Syntheses
T‘ Po/ “Ter Chemicals
> l”ﬂo” le_and Auxiliaries
N %’ co,,b,o 41' Efficiency
£ rOr / (Qécjedstocks

—

b n [Deyadation
11. Rear-time analysis for Pollution Prevention
12. Inherently Safer Chemistry for Accident Prevention

e
Can we Combine These Points of View?

P
[ e
e e

Joined Solutions
in
Chemical Applications
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Random Ideas about an Example - Mangosteen o ol

S BN SRR e

Actual applications in
crop science &
food chemistry

Use of peeling?

Pharmaceutical
a_pplications of
Ingredients ?

‘

3.3 EEEE
3.3.1 & EEHESIR(EEE © St EEMRAMRA NEREGEZIEREE - BE
KHFR /AR (Green Chemistry and global access to medicines: New chemistry for

access to HIV, Malaria, and Hepatitis medicines)
VEEE © Joseph M. Fortunak, Ph.D.
R 8 © Howard University, USA
P

Fortunak -5 B E2 5L fil 4 (£ M- FR&ERE  (Dupont Pharmaceuticals) H. &4
Tt E s 2B EE £ A (Head of Global Chemical Development at
Abbott Labs) » SEFRELFERME 21 4 > BRSBTS LB EEYIRIE 23
% B TEri b2 - EEEHR Y — BB EEBRATIF AR
% (low- and middle-income countries, LMICs) 1400 & HIV/AIDS & AYES L
e
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Fortunak f-LAVEEEE Y - fREE 2005 Bt S B T(EF 4R HifmEE
(United Nations Millenium Development Goals: Progress Report) » 57 I 15% 5 &
HHIANCIVEERE 01958y - &84 - S EENUER S « A
dH@RFTyIAARZEY)H§% (World Health Organization’ s “Essential Medicine
List” ) WAREMEEY)  E&EHARERUE - A[E B - [ ER > £ LMICs
W R S » Horp HIV/AIDS ~ %% ~ C BURT R YRV (EAR B R s A B2 (E
18 1%PLUT - AME AV ESEE Km NI R E =S5 RSN AR
eV (Active Pharmaceutical Ingredients, APIs) & BEIFE T TS © Fortunak
ML E =S 80E APLs - &FE HIV & A EEIHY) Darunavir & Atazanavir ~
HF 3R &5 ~ JEPRAI%E (Amodiaquine, Piperaquine & Lumefantrine) <hf a8 5 2
{EIS A RBEI AR TT % BFEET Darunavir 2 Atazanavir B {E#ZTEZ MR
> (chiral center) #EFTEPEAREMEAL - WREARHESRIH I AGE L2 1
(stereochemistry, ZEVNTAGEEREH N EERUE B BN A ESE) 2L
Bebita s o DU RSN A EE G R VI
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Impact of Medicines
» US: Life expectancy 48.6 years (1900), 78.7
(2010)

» Death rate from simple infections in 1900
exceeded rate from all causes in 2010

» Nigena: Life expectancy 48.6 years in 2003;
54.5 years in 2013

» Absolute number and increase both
correlate heavily with medicines access

» The richest 15% of the world consumes
91% of medicines (UN MDG report: 2005)

_ .
I ——

1. Work with NGOs and producers:
Lowest sustainable prices for LMICs

2. Improve regional manufacturing and regulation:

Assure quality, increase supply, expand beyond AIDS
TB, malaria.. :

= End dependence,
Create jobs, economic developm

'
“
—
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Access to HIV medicines in LMICs
- Demonstrated Success

18000000
16000000
14000000
12000000

10000000
8000000
6000000
4000000
2000000

0

Pricing (LMICs) for HIV/AIDS
Medicines

»2004: S569/PPPY
»2012:  $143/PPPY

»2015:  $117/PPPY
» (APl contents = about S64)
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Key Drugs for HlV/AlDS

.......................................................... F}f"““
/ NH; HOOC
FC, 7 NJ\IN 0 —
LY, 3 OAOJLOJ\ \
N‘&O \’OWOY
4 (o]
Efavirenz Tenofovir disoproxil fumarate ; Nevirapine
) 3 HyC
N7\ u)'\\y 7 NH
OJ“N 0 7/—0}1 o}““ 0 7/_.0... HO 0 N"o
G .
Ny
i Zidovudine

"0

Generic Pricing for ART APIs

COOH
NH, s

Nﬁu)nooc/-: cl

B gy

Lu "\\/ /\OJL L

generic Tenofovir generic Efavirenz

= $1500/kg 2005 = $1100/kg
2015=$ 170/kg 2015=$ 110/kg

Equivalent to $19 for TDF and $24 for EFV AP costs / year
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Efavirenz Synthesis

..............................................................
.

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Efavirenz Through Four
Generations

» 1% Generation - E-factor 55 (5900/kg)
» 2™ Generation - E-factor 35 (5450/kg)
» 3 Generation - E-factor about 26 ($300/kg)

» 4'" Generation - E-factor 12 ($106-$110/ kg)

» 5 mol’ inorganic zinc(ll), new chiral catalyst

GWP reduced by 81%
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2nd | ine ART - Protease
Inhibitors

Current DRV and ATV

HN__COH

.................................

..................................

o

J ssteps .................................
$1900-2200/kg DRy
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O,N

_ Cheaper starting matenals ®

10 mol% CICH,CHO

—_— ——
DMF, 0°C

a“'mi"c' MHNN'
2 Steps
2 Steps
! : H : &
N yuwum
OH 0 H :
. “\/kl"\”f’co:cug g
Atazransvy

5 steps versus 8 and 10 steps for commercial
Syntheses of ATV and DRV:
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\

N
H)CO:C\~ :gon $185/Kg i
" H

N
“NHBoc

@/\,NO,
$040/K
$23/Kg CICH,CHO g
\\\ * ]

H 0 N
H;CO;C.N N N ’ N-co y
H o : H 2CHy

Target: $400/kg ©/ Abkiocis
vir

015 vs 3() MM

Daily 2015 Volumes 35 MM Patients
Dose MT

(mg)
Pl drugs

NVP
3TC/FTC
AZT

EFV

TDF
TOTAL




I ——

The Future of ART for LMICS

O OH
O F
r H
é\/ Z Dolutegravir

| 50mg QD
The “Ultimate” 15t-line ART?
nr? JLLUITTTICA .

Daily Dose ~MT/A to Treat
(mg) 35MM People

50 639

TAF/(RIL) 25 320

FTC(?*) 200 2555
Total 280(75) 3514 (959)

n ‘DTG /RIL for maintenance? .
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Dolutegravir

(2" Generation - GSK)

Dolutegravir... 3™ Generation




Sir Richard
Frances Burton

“First FOOtStepS
in East Africa”

....................

! 5 |
l [ ) 2 kg/kg el
cl N 2-PrOH 5 o ol
................... ~82003

- AP| meets
X | all Usp
) @"j F Specifications

N Ci
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Hepatitis C

» Sofosbuvir (51,000/tab in US)
» $84,000/treatment in US
» $531/treatment in India
» APl is selling for $3,500/kg in India
» Equal to $S117/treatment in API cost

» Roughly approximates $235/treatment for mass
treatment programs (>1 MM patients)

good of humanity

»More engagement by Global Phar
individual scientists, and US is
invited
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33.2 &REE(EEBEEEEE (Green Chemistry in higher education)
VEEEE © Amy S. Cannon, Ph.D.
TERE 2418 © Beyond Benign, USA
TR

Cannon &£ Rt E5 — k(bR L > [FRFEAES (Assistant
Professor and Director of Outreach and Community Education at the Center for Green
Chemistry at UMass Lowell) MEFLLFE (Analytical Chemist at Gillette Company
and Scientist at Rohm and Hass Company) » AWFEE S HIEEEE T4F - AlirH
Fsk 2B ETALAIIFEFIZHA " Beyond Benign | $H¥#135E] K-12 (Y&
FLIT) KE%E (REDLL) BELEEREAGO(LEITER -

Cannon TRAHEHRTEHY » 4O LELME P A TR0 T 4% K& b A 28 i
iRt 0 ARMEF 2 LRI ES S TR E R RIS - %
N5 ik = OB RIS - & TR B AR EAG e LE2ESnb
B R ESSRGHEER - B E 2OV AATEUE - BEEERIR K
GO R KRR TR ~ AEERE TN > #HE AR
{RBIRE B o T AR G - R Fss | SR LR AT & RS -
Cannon f#--3%f# Beyond Benign HREATIHEITHY " &k (O(LEKGERTE (Green
Chemistry Commitment Program) | > & & LA AT FT R IR AR s n T B B2 704
FS o WIRF T —RERRERTM » NEEAGOEET R AR
Ty NPasat B8 22 SR RV i BBAR o DU R S NS E 2 R VI
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How will Green Chemistry advance
throughout the 21°' century?

* R&D to Implementation
* Education

— Teach the next generation of scientists how to
design green alternatives

— Tools and resources

Green Chemistry Education

g beyondbenig
green chcmustry education

55



&'»_ Green Chemistry Case Studies: An Example
e Traditional vs. Greener Alcohol Dehydration

oY
oM o = 5
HPO, ek 0
O - = O

» 150 mL Polyfethyiene giycol) solvent

M 07 pations iquid weste
»5187.52 in purchesing costs i #$78.12 in purchasing costs
+57 80 in weste disposal costs ' »$1.19 in weste disposs! costs

579 12 totel cost

' v e Green C hcm:\lr‘\' k.'l,::nr.\mntm

3.3.3 INEfE{EER (Practical catalytic hydrogenation)
JEEEE - Xumu Zhang, Ph.D. (GR4E21#H )

PRHE4TE © Rutgers, The State University of New Jersey, USA
T
ot - E EHT SR I R IR S TR L (Asymmetric catalyst) > R A S
Ak SR B AEREE - BESE T R I EE B AEYE L EY) -
JFAEENINIL R EA LB 2R 20852 » B R 4P NI L R A I R 2
SREFZLL 2001 AR5 HEEEMS 1 William Knowles £F 1960~1970 £Ef - BEH
IR G MELIHTERRS - BRIHRZ U 40 FEARMED 2 PR BLE T FE VIR E -
W 1% SR 15 50 I % B a0 e R S R I S 5 - e B SR OR & T2R 4R
fi o IR A bR Bz - EIEN EEEY DL BRI - R 1w
R ARG (next generation catalyst) e LU T RF & WA EERER R FIHI:
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Practical Asymmetrfc
Catalytic Hydrogenation
Examples of Green Chemistry

Professor Xumu Zhang
Rutgers University

Xumu@rutgers.edu

| 570 % Commer ical Chemocatalytic

Sk Processes

Fpos idation

Dibydronylation

Asymmetric Hydrogenation

Despite the importance, yet only few active academic groups are working
in asymmetric hydrogenation area in US duning the last 40 years.

Top Research groups: Ryoji Noyori, Andreas Pfaltz, Johannes De Vres,
Jean Pierre Genet, Felix Spinder, Ben Feringa, Mark Burk, etc.
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Processes of Asymmetric Hydrogenation in Industry

- . "

metric lar chiral technology,

ta drogenation is the most popu "
mmmc;km used in industry are asymmetric hydrogenation

Takasago Process for 4AA (Intermediate for antiblotic carbapenems)

H, (100 atm)
oo Rul (Cymaene) oM O TBOMSO Wais
)Tlm. (R)-OTBM-SegPhos ,Lﬁm s ,ﬁ
@ e —
NHCOPH NHCOPH %
oo >N, de > % Plactam 4AA
TON 28,000 100 vy
Smnul’mor(s;m.,.,

e HiCO
A hme T

Hydrogenation of enamides
Hydrogenation of C=C-COCR
Hydrogenation of other C=C
Hydrogenation of a- and
p-functionalized C=O

of other C=0
Rydrogenation of C=N
Dihydroxylation of C=C

Epaxidation of C=C and 0
oxidation of sulfide

Chiral Quest,> 5 Commercial Products, > 5 Phase L, > 20 Phase I1

e ——
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Noyori's RuCI2(diphosphine)(diamine)
Does not work well

for the ketone reduction

of these important drugs (>$8)

'F
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: i ;
Enantioselective step in Rh-catalyzed hydrogenation

(7 Kcal/mol; 99.999%ee ?!)

B9
X A\" L

L
Fwowwmuelmm.f.ml.m. Chem. Soc. 2000, 122 7183
UW/MMmmruﬂ/S: 100000: 1 =99.999% aa narfares

—_—
B -

v mcec A Sy of IS o
ASywmetre SEIORCAN YOy anSten P _ =
paee 0 A
-
| 5 S ¢ > )
B! XY T wT g x N e 138 10
3 : ‘
RN . R' R s At 53w e
:’-MHAM Uk R = Ayt Ayl
Jacotsen £ N of @ J Am Chem Soc 3008 130 12504 mna.uum_n“
Copper < atape e Py &aton sten rossAne Cataly red sysiess of | PEosslers
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Chemistry That Matter

Every chemist dreams about
inventing a reaction that will
change the world. Some did, but
many of the discoveries ended

up as publications that never get
apphed.

What responsibilities of chemists

"'r - 3
for the sustainable development
of humankind

: q "‘!" ! S mm .
.€. What is the chemistry that

matier the my )
alier the most o the worid?

3.3.4 —{E sk B IR S WM E R E BT RS A b 2 RIS
(Asymmetric heterogeneous catalysts based on copper(II) complexes with
bis(oxazoline) ligands)

JHEEE © Ana Rosa Silva, Ph.D.
4278 © Aveiro University, Portugal
TR
Silva BRI SRR E /1L - ke bEE - [FIE/EREERLER

HFALZ —) Al R - Nt @h skt b2y s52 — 5 RS E(ER
AR/ D & S AL (chiral catalyst) BIF[EFAESHRG4AE
(enantiopure) {EEP)ZHRFIE - BELEMAIRR (bis(oxazoline)) FydESTHME (LA IE T
M EVEREEEZ — » MHREEETRESYHIARES - TMEERR
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S S GIEEEIINE - BES R G LEY) - B P EHEE T EH0
WIS BB A GE(E (cyclopropanation) [z EAWE(L (aziridination) PAKz B3
(1,2-diol) |7 FEEhJ1EE Ff#ATRE (Kinetic resolution) B A= fELRUR + 241 >
AL R (B AR G R > IRIE T 20 W 95 38 B I 2 fee v [ WS i 25 78 {58 P 9 L A il
- Silva A48 B AT TR EE(L - HEAE Z FLIER R 7 il
BIREME R EEME 2 25 - DU MRS N A B R Y

regersty of Fverd aceco - '
T A .

L L}.M
DR OENCIAS

Asymmetric heterogeneous catalysts based on copper(ll)
complexes with bis(oxazoline) ligands

Ana Rosa Silva
Department of Chemistry, CICECO, University of Aveiro, Portugal
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Bis(oxazoline) ligands

Rz Rz
(0] 0)
Comercially available chiral privaleged }N NJ
ligands, but at high cost R Ry
R, ~ tBut & R, * Me
1: Ry ~Ph & Ry-Me
R othut o RyoH

2: R, oPh o Ryvb

Versatile asymmetric homogeneous catalysts:
alkene cyclopropanation

alkene aziridination

Diels-Alder reactions

Henry
etc
Kinetic resolution of 1,2-diols
(asymmetric benzoylation)
2 + [CHOTT),) (0 %)
) M " Ll W(:'Mlun) o e | Ao \'Pb
" wd b mccapse - | of il wd Bocm
; (S »r R4 r-‘"r-‘r,«‘ :‘," ‘;:" (5.5 4 s

* Valuable building blocks in organic synthesis
* Sustainable chemistry, but with 50% maximum yleld
* Reaction usually performed using enzymes

* Transition metal complexes that mimetize the active centres of
these enzymes

* Recyclable version could Compete with enzymes

Matuamars, v M T Murshand, 3, Onoma, 0 Jhthh.lmw-m
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Immobilization onto porous solid supports

Fog® o” CATALYST
~"NO"  HETEROGENEOUS
Og ~~ )N om
%o,  OAw

Easily removed from the reaction media with possible reutilization

Avoids laborious and inefficient processes of product extraction

Cleaner and more economical process

Increases de stability (in certain cases)

Covalent immobilization to the solid support frequently requires
tomplicated synthetic manipulations of the chiral ligand

B ®BRrrgg

May result in loss of activity and enamiose!ectivity

Post-grafting onto ordered carbon materials

(1) Bull HCH, L SHOCH,), THF. J das -
0.0 (W) [CHOTN. durante & note 0. 2%% oY
"l p: N (W) material. ELN, THF, oo 24 h o> = ()-N_ om
o ~\
N P (V) ftrag o, extraclo 24 h THF ot 3 o/'n\on




Hydrobenzoin benzoylation

100
%
©
2 4
&0
b
90 -
30
-t <4 i “NYeid
. ! %
& t »IoN
‘.;39 4 r':, "\ ‘f'
o) v
1\'\W N‘J 5 6’ ("L V’f l'c."‘
0\\\ \.‘:' vf’ }(j” & {y’
\L} & o o o o
¢
Catalyst
L e — Carw <

Recycling of the heterogeneous catalysts

N Theng
- "E:B‘JUBB:C




Preparation of the mesoporous organosilicas

by co-condensation

* High density and dispersion of active centers

* Integrated into the mesopore wall

* Lower resistance to the diffusion of molecules inside

the mesopore

* Active phase more resistance to leaching

* High recyclability

Hydrobenzoin benzoylation

Nl ek e e TOM

% o e
Without catalyst a1 0
1+{Cu{OTN,) 10 10 16 2 27 4%
2+{Cufomn),} 10 10 a7 >99  >581 45
Cu@1.Ph-PMO * 10 60 45 = 7% %
(L1 pmol ligand/ m?) ™ 09 56 4 >99 0 &
¥ 09 54 % 9. 264 53
© 09 54 % 7] 172 52
* 07 45 4 9 43 58
gaf_Cu10Ph PMO 1* 08 08 18 66 7 %0
(02 pmol ligand/ m) .08 072 37 64 7 0
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Conclusions

nctionalised commercial bis(oxazoline) was anchored by

opper( thafu
Ge g s porous silicas, their carbon replicas and one

post-grofting on ordered meso

organosilica:
* pH,. of the ordered mesoporous silicas Is an important parameter in the

homogeneous distribution of the complex on the surface of the solid
* All heterogeneous catalysts prepared are active, selective, enantioselective and

recyclable in the asymmetric benzoylation of an 1,2-diol
* Thecomplex supported onto supports with bigger pore size (SBA-15 e SPSi) present
enantioselectivities close to the homogeneous phase reaction

By co-condensation of the copper(1l) complex with the bis(oxazoline) funcionalised
with 1,4-bis(trietoxisilyl)benzene a mesoporous organosilica was obtained, with 637
m’/g and high density of chiral ligand:

* Catalyst was very efficient and recyclable at least for 5 catalytic cycles, with higher
enantioselectivities than in the homogeneous phase reaction with the starting
chiral ligand and similar to the best homogeneous catalyst available

By :Ln:le direct coordination of the copper(ll) complexes onto amine-functionalised:
eased enantioselectivity was observed, but catalysts could be recycled

3.3.5 &R EERIFIEER | &EEIHAYEERE (Green Chemistry in niche applications:

Development of “green” photoresists)
3% ¢ Frank Wiesbrock, Ph.D.
1444478 © Polymer Competence Center Leoben, Austria
I
88 2R Z 2 R LB R BRI S R B I R PR T 3 e - B
B RSk eI R VR AR EEER - S B E¢H (photoresist) ©
SEBHINE Ry L ZIRBEORRHA] - R RIMDE RN - A BT
X GHRE IR eGSR - FORRRE 4 2 B LAV e ZEEA R - Btz L&
RS AT - 5 S R A B8 Bl BE B R 2 S 70 T s A WY R At B i L
Wiesbrock 8 +-#IBHFEEER - B A A B BRORAVEC )T fe & RP B e -

HA AT DAELE 2.5 K 3D (H4EHS & FE4%RE (polymer-based photoresist) J&
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MMHERE?Z - GfEmERE - i & R 5ilr (lab-on-a-chip manufacturing) »
FEEENN T, (surface finishing) 2 - E P& MYEZIBE (negative photoresist) 7
W 7 RIACH & LS E (cross-linking) (ARSI » AR EEL 7378
IR AR EAR S B AE R L -

Wiesbrock 18+ BB & — T/ M EME - AR D SRS rh i M A A
[EFHGEREE SR (WO 2013/036979) » AT HASE b4 EH A AR ERY SERH - i
RS OB LR — S+ ™50 A1 A B R BT ey -+
—}#% (undecenoic acid) K%M (SEFEREE > decanoic acid) » B1ZEEHZ (ethanol
amine) £ i ¥ UE MR IR (2-oxazoline) FEfg o FF &K Ik [FH B & ME
(copolymerization) FLEEE 300 A ARV EIE ¢ BZES—EREIRRER » 2 EfX
{5 FH Bl TR A i S R WOR BRST » FAR SRR AT [E » 6] B G A
FHEETRHS © Wiesbrock 1T BBt #E HEZ B SV BITULRAR (tetrathiol) {THfE
- LIFESIR SN LA - SR S nIERI M - MR 1 BORMETEE - DU
RS N A E S s R Y
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Green Chemistry in
Niche Applications:
Development of
‘Green’ Photoresists

Frank Wiesbrock

Polymer Competence Center Leoben GmbH

Photoresists in General

{UV) light source

g3 34

mask -— ——— e —

— - POt
—— substrate

positty resist / development \ T

DNQ/Novolac system SU-8 system
™ "0 ‘O -"9 r"ﬂ
)
b - ? 3 ? o
v U OO Ere
I R < o
J U\ - .L A
X " >—_°. & % 55 —{
. " \ ’—,1 \ 4 \ ’
Z - l\/\a\ . ) . 9 O\_/
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Monomer Synthesis

« Witte and Seeliger
CA(CH,C00); 2H,0

O
Q—ca P s 130 °C, 25 h, N,

benzonitrile aminoethanol # ,
H Witte W Seeliger, LisbigsAnn. Chem 1974, 996-1009

op &

* Henkel-Patent

0
N
\/\(Cﬁ,}/LOH HO” N2 - \/\(cng,

130°C,25h

10-undecenoic acid aminoethanol
2-9"-decenyl-2-oxazoline

nenkel-Patent. 0 315 856 81

Water-Developable Photoresists

N —_— V. Schenk. L. Elimaier £ Rcssegger M. Edler, T
X sriesser. G Weudinger, F Wiesbrock. Macromoi
§° ~apid Commun. 2012, 33, 396-400
_' wWiesbrock, F . Stelzer F Schenk, V.. Eimaier. L
E s rololack. AT511 707 13.09.11
Wiesbrock F- Steivar ] L \/- CH
| A X YVIeshrock k. Steizer. F. Schenk, V/ cimaier. L
- \WE] FOTOLACK: [EN] PHOTORESIST: ( |
- PHOTOSENS I = T ORESIST; [FR] LAQUE

WILUSENSIBLE WO2013/0 36979 14.08 12
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toresists

Modular Design of Pho

Polyz-(bicyclo[z.z.1]hept-5-en-2-yl)-4,S-dihydrooxazole (pNbOX100)

« Monomer synthesis according to witte and Seeliger

: '8!

/\/ou Cd(OAc);
* 130 C, 24 h
-NHy
« Polymerization '/__\
A methyitosylate
CHCl,
> 0

Sl &)

Wiesbrock F P
shrog Fenodica Polviechn
olytechnica Chem Eng. 20
14
58, 69-74

F’T{,\wm 0 o~
‘:é" M Schenk V- Roscans
\C33egger E

ners?

OP of reactive monol

How to initiate the CR
Only by macroinitiators!

w4

v Comparably narrow distribution @ R.p“’duc‘b“ trimodal

of molecular weights distribution.

/ PDi = 1.8 (comparison: PDI 6) & Caused by chain termination,
re-initiation and/or subsequent
chain coupling.

”TC"V."O Salz PE(OX'NDOX, Methyl tosylate pEtOx,NbO!,.
| i
l X - '

101‘ |
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Go GREENER 2/3

CROP in ionic liquids

HMIM BF4 is an excellent
absorber of microwaves:
energy efficient process

The polymer precipitates
from the ionic liquid upon
cooling: easy recovery

The ionic liquid can be
recycled in on-going
syntheses.

Scalubhmthokg scale.

Go GREENER 3/3

Resolution higher than 1 pm.

High steepness and reasonable
surface roughness.
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Poly(2-oxazoline)-based Photoresists:

. can be synthesized in (recyclable) ionic liquids

* can be formulated in ethyl lactate
* can be developed in water or ethyl lactate

can be synthesized from renewable resources
-,

34 SROUEERBFE

3.4.1 TEEFTERNAEYMER M ZESBAE (solation and characterization of
heavy metal tolerant bacteria for the purpose of bioremediation)
##3%3% * Finola Fung-Khee
HRE 4 © Borough of Manhattan Comminuty College, USA
TR

BB, - 5 - #1 SRR R AR SR & & B TR

TEETA BRI T IS R E YR E RS AR R - P 2EEE - i
PO VIR IR M & - EeEEttt e a i NERFEE
1% KRR - R SONR AR EEE - FESETHRE
A RAVAES - AE1E B AE R AR R R R (B I TR A R - B
AR EASEESBN M - R EYIE ST RIFEM
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342

(Nancharaiah, Venkata Mohan et al. 2015) e

IEREEAEm ST (F 7 3R A &Y AR & s Rl Newtown Creek 77
HIRFRAER > =] DA <2 B8 <8 - INIELRFUCER EIRY 15 IR TAEVIE B
RETHTAEELRHE - ETAMAEY ST AERN S 4 mM £ 20 mM
Pb(NO:):, NiNO»): B Cu(SO«) YRS - FHINETZ s @A N nTRERE
HERE (plasmid) BYAALEA [FIMHE EfE EHEBolan, Kunhikrishnan et al.
2014) - NIt ER TS RE R IR AT E B R T I E P oo - Rk
TR e Es EhiEeEENFY] > DR EeBmyUEH]
MUK EEEHE Y RAFR ISR I E @ it i 328 ERY A RIS
T LIS E T AR BB T

IEIERRSE AR Ry A A BTG TR RO KRR S AR T 2 275
HFY SRR BEPAAE RN - 37 2 T B BT IR RS B B - I REFERS
5~20 5 > Ky T EARIERE LRI R - IRITRES ST T LRI&E
[ - IWEAEYESRESIA AL - SRS R SR - B T EEAL
TR RE E - AR TR S - IR AT Fm sk B ae R S5
I EER ] -
T BRI R ST RY - (ERBRRESIVERITE (Uptake of
organic pollutants by solid wastes as an eco-friendly remediation alternative)
##4 * Kateryna Zhdanova, Tenzing Japhe', Loretta Roberson” and Abel E.
Navarro'
H#fE % © Borough of Manhattan Comminuty College, USA; “University of
Puerto Rico-Rio Piedras, USA
IR

ARTAY R EN R EEY) « 24 (dye) » ZETERIREL
%) (polycyclic aromatic hydrocarbons, PAHs) » &%) (pharmaceuticals) » &

B{b&%) (phenolic compounds) JeHA o #EZA S M LS EIRIRIE S HE

77



BN - B MERZEEN LHERK - HAREEAE - R
RIRE Y R EU TR — - LU S S R -

BRSO (E B AR T HY=E4% (Chamomile) ~ &£7%
(green tea) ~ SR EEREEY) - /E Ry =R T 2-80) (2-chlorophenol) #Y
AP WSORR] ST P B i P e B B R SRR S S B R B A R
1% o GESREDR pH (E Y 2-EERHIIRUNAE 1T B K » 1R R4Y pH 9 fIR
WO AT » LN R A SR S BE B SR - R4k
Ao (EBET-OIA0SS - f#EET - AR ZTEE (polyethylene glycol) S
MR RSB B0 -SRI IRE T B A R R - NSRS
REUR - RESAEFTARE RS REEY) - A1 RIZHEIN BGES - [H
I o] AR AT (A AR AR AYIES L -

WE E—RIBEEER S > AU RREREE TR IR A A T4
HA BFREERER - CHE S A PR &R Sk AE PR fri e 4H
W% S A o T [ BRI B0
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AU G Rl =K - A5 R - B - BRSO B
FalfampOsE > HEH S YouTube &% EEAE - AL BELT MG

4.1.1 Brad GRFEEPE -

DUEEHTERESE » AT &R P S ilg 5 =22 LA HY Gordon Research
Conference : ¥ FEHRIEIFFH— » DUNIEGHT e BEDBEHER
TE—HEET 3 » B E AL o RILA RIS R A e R DU 3T = = R
B H Rage o /N n] DB E X TR B WA E SR
IFefam o BRIECZ AL @ B RIGDABLARGR LB L FHIERSE - EEER - B H5E
BRI T E TR R S8 BRSBTS & AT BB S LR Gordon Research
Conference 515 » (EHAFRRAREALERE 73 S SEIBAY AR [E] G TR [FITEIM o AZKAHET
GINEFEEEE R - DULESRG  BEH S LEEYy - EREHEER
TRABEE ~ HEPR(EER ~ MGEEEILE] - &0 Tart  MEMERS S sHHske b2E
- AR R L850 RUKIS B SO S - Wy ZEBERT ~ 4
YIAEYIHE B ST - RIS & B e S e mavzens - EAR 3T
B e RIS BLERE E T - REEE S S E -

4.12 BIBERAIREREIL

S GG E o Tt EER R E AR > IREE R T
STFEHIE - B EEREIGR ~ BEMSOR ~ EREBRLE S R4 NI
R AR B8 > R FAE E BN IR - Zeii MR Ay A A (R R A i S e
FREESE » BEYETTSAER - FHECZ T - ML E s AT — A2 ES IS PE 5
& REABGREFIELMIEEEE © 572K EBENHRIREBARGT » ETMEEE
RHERRRESE » RN FBEAEY > —REREEAEF - AMAZ
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BNEAAEPH - BEFIERSEAEE EERRE ? BEEWEtatE > &
RO > HERE LB M LU S E S IR E & TR A R s &
58 BRI EAE  RMEFEEEHERAERETE - EO L2
MEE HEGEHEA - NI > BAREE ZUREER ARG > e
USRI ARSI TR - ERER 2 B e BRI PR PR & - BRI R el
MARSN > aEfE S U ERY A RS 15 EEIERAERISIE -

42 W

ANEEAERI A TR ERBRHE S TR A% RS
ST - AT B AR ST B T

4.2.1 b B F R 2 fTBORAR

BEARTOH A EHERAE 2 BRAT T R B A HE A SR A A GREFT 22 &
STBURMEAE & TR ~ BAZ 5S8RSR - DUAZTH B2 btaT G 3 Ram Rl » B
BRSSO > BRI A FISRRERT A R ~ 12T SR IP R AT RIF %
G AR RERVITBORR - THETSUA (0 Rt B I A — H (o BrAGER ERT
TEH - BRESINERRZ - EEEH - SoCEREMAEEEE - E A R
Rtk M s B o) A5 (E ~ PIERSC Ay BRI H gy - BB EAE N H
(8 \HJE— B E S + H (ks & A B B S SO HIR M S - B s SRS
ZRER ST ] AR BT e > fetehftoe S EVTSEHlD - B BT FEavEE - I
HEHEA BB B R R - AR — » S EBRAC - FEE S E
INSEARSAE » AT - A E|NEEPHORTHY.ORE - I HBLESMAE] ~ 224
AL Fetits > thah= IEAURIEEE IR AL SIRRBERRTH TSR - LAER]

BRI L S R -

\

4_Q

I8
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4.1.1 TEREMETMEE A 1E

BEIBUR ~ RS RAEHAE LA E]  BEAE) AT AR AR -
H 2O BB F8 g SRRERHUN e & Ry Ul E B A RE R 7 i £ AT B
fir » FE R FBEERGAYASNMOR - sHE EErit skt - s A
HIBTIHIZEERE - GERIIR AN » (R & E S M EBL IR B - SR
e EA LGRS S F 5 U [ BRI - SR 5k BR A R ST A A 2T A e M IR o ] B B
" PlanzRE - BAFRER @ ((RIE S B ER IR BB H AR - BEEE ST
& e A E AR ST B A AR 2 - EE H EEERAY R - BRI LR A EIR
EAEEFEY) - S5% - 140 DuPont B2 Genomatica /5] B AFFLATHZME 1,4- 1 F B
R (BARFEY LA 1,4- T 28 > {2 Genomatica I U R &
AV HEENEUE RIGIF R AR 1,4- T —F3(Yim, Haselbeck et al. 2011)) »

Genomatica ¥ B Eni ~ Novamont &1{F&$E | _FZf# T }%&+57l7 » BASF B Mitsubishi

&
R
pE=S

oy
-

B

Chemical TRE&HHEE » A7EL Metabolix ~ CJ Cheilledang & {E&8f2 T —EZ#8 THF 7
Lanza Tech B gl A 242 5% 2 &) e R e B sl & F 1] PRSI ARE KB 8 SR ol £ 7 ik
TR SRR VIR A BRI RS 00 AR AR RS B 2,3- ] —BF(Kopke, Mihalcea et al. 2011) -
[FJif Lanza Tech JREAER Invista S ERRSE—DE 2,3- T B8Ry | haHcila - SE40IEE
ez SRR AT ARG R EER IR BUR AR S 7 1) - SRR Y 58 8
SRl e 5 EUA - (EISA A EIRE R AR E R A SR fE e -

4.12 SE(RERRRERE

AN ESRRRERAERD - R TRkl N B2 E - seiiEfs Z4h » BB ERYRIE
e st Rl SR LA © 2810 - 8RRV BRE RS » BRE R AR S B
TIREOREH —RIRRAVEEE - $tEIREUT A TE > A TR G ZHIIA
77 BB & S fE R ER - SoKEEE IR A K G ZRIHE T A
HECE S KRR (R (L r— AR T 2 |TRSEREEI By Hith A A RE L
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DERBER - A ERE S HIREIa T > DI R T KEE TR Ry
L (& [FISRAE TSR R - SEEE B E S KT se T e - A E R AR
MMERDFEAT AR > HREREHIAC L 558 e SR ] SRAaCR BIR R - BN EE
THATFRISIT R - B EARNE G RS EE O RV EEN S SGEbEE

SRR R K RV EE ZOAAL -

5 SFER

Bolan, N., et al. (2014). Journal of hazardous materials 266: 141-66.

Kopke, M., et al. (2011). Applied and environmental microbiology 77(15): 5467-75.

Nancharaiah, Y. V., et al. (2015). Bioresource technology 195: 102-14.

Yim, H., et al. (2011). Nature chemical biology 7(7): 445-52.
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