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CHEM 3070: Industriband Applied Green Chmistry

hemistry
Everyday

Resource& Strateagies

Resources Srategies

I Reseech journd articles I Inter-disciplinary problems
I Societynews nmagaznes basa& gproah

1 Patentiterature/database I Decisionmaking

1 Books I Quantitative reasoningand

I Campu<olloquia evduation

I Coursewebste 1 Encourage s#-discovely and

. independentlearning
Pre-requistes

1 2ndyear oganic chenistry with minimumC grade +brush-up @iz
I Sciene ibrary resouce wokshop andquiz

E\aluation WrittenAssgnment

I Biweekly quizzes 1 Journdistic style

14 Poblem Sets 1 Choice of bpic

1 1 Writtenassgnment + ora I Rigorouscritiquing of synthesisr

11 Fnal Exam(5t problem set) manufacture of tagetproductor
processaccording to “green” criteria




[Chemistry & Soci;ty

Development of Media Business of Doing Chemistry
Organic Chemistry VS. * economic impacts
* chronology Chemical Scientist * patents (Markush structur(
* genealogy VS. * confidentiality Agreements
* connections wih Chemical Societie:
world events Relations
Career Developme
Development of Current News * C&EN, ACCN
Industrial Chemistry * C&EN, ACCN * CareerChem
- chronology :n%\ligvg apers ) ?alfllefﬁzspeake
* genealogy * televigicf)n
* connections with

world events
* accidents
* Responsible Cﬁr
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Evolution of Chenistry

Schreiber,
Nicolaou,
Whitesides
(1990s+)

Watson, Crick,
Pauling (1950s)

Rouelle, Berard,

Lavoisier (1770s)

Wohler, Liebig,
Bunsen, Kekule,
Hofmann (1860s)

Pasteur, Michaelis,
Menten, Krebs (1880s-19:

IOrganic Synthe]is

Evolution of Pardigms in Oganic Synthesis

ork|

Target-orientdd Methods-orierfted
Synthesis Synthesis
| ] | ]
Natural Designed |ReagejttCatalys’s Synthetic Strategies
Products Molecules and Tactics
(plants, (rational dr! (carbon skeleton framew
marine al design, stereochemical control)
combinatorigl
chemistry)
I I I ]
Molecules| [Moleculed |Molecules pf [Molecules Molecules
for materigfs|for biolog} |[theoretical] [for medicirfe| for moleculg
science interest recognition

Diversity-orientedl

Synthesis
(combinatorial
approaches; multi
component reactiq
exploration of
"chemical space";
computer assisted
synthesis; compol
libraries)




Synthesis Plan #1 Synthesis Plan #2

Concept Paradyms in (Oganig Chemistry

Optimizatid
Metrics
Analysi

Thermo-
dynamic
Analysig

Reactionk

Reaction
Mechanism
+

ntermediate

Synthesks




Interconnetions Betveen Chemcal Indugry Sectors

FUELS
SOLVENTS 'COSMETICS ' COATINGS
SYNTHETIC [RUBBERS] [PLASTICS] POLYMERS
FIBERS
SOAPS /I PETROCHEMICALS |—> DYESTUFFS

SURFACTANTS
PHOTOR ESISTS

' DETERGENTS'

BIOTECHNOLOGY |
GENOMICS

AGRICHEMICALS
BIOINFORMATICS  J&~ :: FINE OR CUSTOM  p——— | (fertilizers, herbicides,
PHARMACEUTICALS CHEMICALS pesticides, fungicides)

FRAGRANCES ] [FLAvouRs ] [coLOURANTs]‘

Survey of Modern Concens
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[Green Chemistr)]

Principles &| |Emerging Reaction Reaction
Philosophy | [Technologiep | Paradigmy | Metrics*
I I |
Linear Special Cases: Optimization Costs
Sequences|| - isomeric productg | of Parameterqy | - RMC
- side reactions - energy

Convergent] | . dynamic kinetic

Sequences| | resolution (DKR)

Green Chemigry

Founded Green Chemis try Institu te
http://www.chemi sty .o rg/greenchenistryi ngitute/

Joseph Breen Green Chemistry Awards
http ://www.cheni sty . org/greenchemistryi ngitute/awards html#breen

Green Chemistry Network (Canada)
http:// www.greenchemisty . ca

12 Principlesof Green Chemistry
(Anastas, P. T.; Wamer, J. C. Green Chemistry: Theory and Practice, Oxford University
Press: New York, 1998

1. Prevention

2. Atomeonamy
3. Lesshazardouschenical yntheses
4_.Dedgning safer chemicals

5. Safer lventsand auxiliaries
6.Deggnfor ener gyefficiency
7.Use=of renevwablefeedgocks
8.Reduceder ivatives
9.Catayds

10. Deggn for degadation

11. Reattimeanaydsfor pollution prevention

12. Inher ently safar chemigry for accident pr evention




Gr een Chemidry Paradigms

[REACTION MEDIUI\] [OR STRATEGY

lonic Liquids

Water

Solvent Free

Supercritical CO

(solid supports)

REACTION METHOD

Ultrasound
(Sonochemistry)

Microwave lrradiatior]
Grindstone chemistr)

Biocatalysis
using Enzymes

Organic Synthesis b
Multi-component
Approach

Microstructured
reactors

Renewable feedstoc
as starting materialg

Evolution of Depiction oOrganic Reactions
Baeyer, A.Ann. Chem. 1863127 19¢

N3C4O4H3 + 2st =

H H H,S HN NH
0)><LO O)><KO
NO H NH,
Old Paradgm

*Balarcedchemical eqaions

eFunctional group iderifi catontess
Structure @éermiration ty meting

N2C4O3H4NH2) + Hzo + Sz

0

BN

H H 2 H,S HNJkNH
—_—
-H,0
0 o .ss © )
H NH,

H NO

Modern Paragim
«Jux@paitionof subsrae andproduct
structuresonly in chemical eqaions
«Structure eéermiration ty

point derivatives index of refradbn, spectrecic mettods,total ynthess

degadaion to krown canpaunds

*Purificaion by chranatagragic

*Purification by distillation, recry¢allizaton mettods




Evduaton of a Chenical Reaction

Economicfeasiblity based on raw magrid costs and aailability
Technical feasibility based onmergy demands
Potental for unwanted siderunawayand haardous reawns
Environmenal impactof all matkerids usd

Quantfication of reaction metics:
% convewson of substrde to prodict
* %vyield of product baseanconveron of limiting reagent
e atomeoonomy(T rostAE)
« reactionmass eficiency (RME)

 environmentalmpact

factor (Shelén E)

« goichiometricfactor (SB

* processenagy netric
 wlventrecovery metr

Toxicity paraneters fo

C
r dl materials used (L[30)

Industrid Feedstok Trees

© Dr. John Andraos, 2003
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Sampek Problen#1

air o H,/ QH

cl Cr,03 a CwCr,04 ¢
— —
\O/\ 155¢C 140C
- 980 psi
-76 %,
light, CJ AbO;
PCh 3o

Cl
a casq a
475 C

Two industrial routes tan-chlorostyrae from mchloro¢hylbenzene ae shown.

(a) Account forall bypioducts and identifyatalysts h each step.

(b) For each route wit eout a set of Bancel chenical equtions forthetransbrmations

(c) For eah outedeteminetheovemll yid d, ovea | RME, and oveall mass of wete perkg of
m-chlorostyren@rodu¢. Assumeead step in both outes isrun understoichiometricoonditions.
(d) Deteminetheraw materd costs(RMC) to produe 1 kg ofm-chlorostyrenefrom eah routeusing
the maket valuesdr varous staing mateials given in thetable béow.

(e) Identify byproducts that may pose toxicity cents ad tho®that pose heads upon saleup.
(f) Identify regycling potentid of wasteproducts.

(9) Identify proesss tha ma poseequipment ceoosion problems.

(h) Identify readions that se eergy demanding (high tempeture/ high presure)

Taking dl factors togde dedade whid route is bettercenomicaly and environmentally.

Sampe Problen#2

The Wittig reaction produces triphenylphosphine oxide as a waste

byproduct.
h
o +
Ph,P-CH,Ph] Br
J\ [PrP-CH ], 80 %
Ph Ph - O=PPh

- HBr Ph Ph
Given the three recycling reactions shown below that convert O3PPh

back to PP# assess which option is best according to the combined
RME values for the Wittig and recycling reactions.

(1) 0=PPhy + HO + HSIGJ — PPhy + 3HCI + SiD 90 %
(2) 0=PPh; + O=CCJ + 2/3 Al—p PPh, + 2/3 AlGl+ CQ 90 %

3) O=PPh; + HCI + 1/4 Ti(i-ORr—s PPhs + HBO + O=C(CH), + 1/4 Tigl 90 %

10



Sampek Problem#3

Four different routes to a generalizgtdhctone are given. For each
route provide an overall balanced chemical equation and determine
values for AE(min) and E(max). If the RME for each route is to be
above a threshold valuemf 0.5 determine the range of

permissible reaction yield values when AE = AE(min) and the
probability of achieving such a threshold in each case.

Note for multi-step sequences assume the reaction yield refers to the
combined steps.

0

0 0
A\ 1. HCl
H COOEt NaOEt / EtOM COOEt R Etooc 2.A
» X — X — F—
R R

T
H® COOEt Na" “cooEt

@ HO/\R + QR -COOH 0

OH R ?
@R At *0 + KMNO;, —— g+ Mn(O(CO)CH),
R
(4) /\R + Br\/COOEt I \)_(EO
R

StudentFeedba& & Comments

“Thiscaursepromaotesthinkingonreal-live practical dhemical problems
rathe than mindliesdymenarizingfadsand gillingthebeansonaneam.
Biweklyquizzeskept usanthe ball.’

“I enjoyed theocaursebecausthe ingructo alaved hissudentstoexpeaience
thematei al with apogtivefeding even thoudh theindudry isquite necative
attimes”

“I liked that wewere introduced tothechemicalliteature.”
“Th ecaursegivesa gaod snseof thetyped wak you' ll beinvolvad inasa chemig.”

“I liked readingmaterial abaut aurrent isslesin chemigdry. Thisistheonly way
gudentscanmakethetrangtian from shod towork ”

“I had abeteg appredationd chemidry after learningabouthowthe sibject
evdved?”

“I wasmdivatad tolearn chemidry by thisocourse | liked theexacised canngup

with asmanysntheticroutesaspassbletoa gven canpaind. My negativefedings
abautthe sibject disappeared!”
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“Th is courseprovided a goodnsight ofth e“re al world” of chemisty. It introduced

a number of topics that are important to chemisty but neve mentioned in other

courses. We wee introduced to chemical industries andwhatth ey are all about.
Theinstructor encouraged s D attend public lectures to geta better sense ofhe chensty
that is evolving. He gotbad to us the vey next | ecture and answeed any questions that he
was urable to answerin the last lecture. | | earned more abou organic chemistry in this class
than from previous demistry courses | al so lerned a lot moreabout thechemical industry.”

WRITTEN ASSIGNMENT DEMOGRAF

25

N
8

mr
m TOTAL

5

NUMBER OF STUDENTS
&

Studentinterests

PHARMACEUTICALS
FOOD ADDITIVES
PETROLEUM
CHEMISTRY
AGRICHEMICALS
PERSONAL CARE
COSMETICS
DYESTUFFS|
FEEDSTOCKS|
DETERGENTS|
CLEANERS
NEW TECHNOLOGIES|

TOPIC CATEGC

Part Il

Green Metrics Analysis

RME mager equéion and visual depition
Synthesis tre andysis
Material, energyand cost optinization

12



Reation Mass Efficiency Master Eqution
Andraos J.Org. Proc. Res. Dewelop.2005 9, 149; 404

] L
RME:(E)(AE)Ss—lFHMRH =(e )(AE)%% g(AE):ll:-C+S+ w] E
0 (SRHme) O
Paranetes
€ reaction yield

AE atom eonomy

SF  stoichiomdric factor; SF =1 implies no exessreagens
SPE 1 impliesexcess reagds ugd

MRP materials reovery paranete

Reall: Lavoisier'slaw of conservigon of massfor
balancal chenical readion/equaiton.

The Pentagon The“Green” Pentagon

Rxn Yield

13



REACTION METRICS FORM

DATE: May 31, 2005

NAME OF TARGET PRODUCifans-Benzal acetophenone
REACTION CLASSIFICATIONCarbon-carbon bond forming

BALANCED CHEMICAL EQUATIONS:

(o)
+ R + HO
Ph)\/\h 2

PART 1. RAW MATERIALS USAGE
A) REACTION STAGE:

(i) REAGENTS MW (a/mol) Density (a/mVolume (mL)Moles Mass (q) Cost ($/9)
acetophenone 120 1.03 3 0.02575 3.09 0.0321
benzaldehyde 106 1.046 2.5 0.0247 2.615 0.0149
TOTAL REAGENTS 226 Add lines 12 to 15 |
(i) CATALYSTS MW (a/mol) Density (a/mVolume (mL) Moles Mass (9) Cost ($/9)
3 M NaOH (12 %) 40 1.1309 12.5 0.35340625 14.13625 0.0177
TOTAL CATALYSTS Add lines 19 to 20 |
(i) SOLVENTS Density (g/mVolume (mL) Mass (q) Cost ($/g) Cost ($)
95% EtOH 0.816 7.5 6.1200 0.0422 0.258
Aldol condensation Diels-Alder
==y omplete Reclaiming gD artial Reclaiming m=p==Complete Reclaiming =fy==Partial Reclaiming

m=D==\ 0 Reclaiming =0 dea| sl 0 Reclaiming | doal

RME @ Rxn Yield RME @ O Rxn Yield
Friedel-Crafts Grignard
mmOm=C omplete Reclaiming mmjym—Dartial Reclaiming mmQumComplete Reclaiming P artial Reclaiming
m=Dle\o Reclaiming O el =m0 Reclaiming Q| deal
Rxn Yield RME g o Rxn Yield

14



Oxidation (Alcohol to ketone) Rearrangement (Beckmann)

m=gpm=Complete Reclaiming P artial Reclaiming
=m0 Reclaiming Q| deal

mmlle\ | Reclaiming Q| deal

m=pm=Complete iming —p— iming ‘

SN2 Reaction E1 Reaction
»—Complete Reclaiming A Partial Reclaiming ‘ =r—Complete Reclaiming = Partial Reclaiming
o - °
o Reclaiming deal =D—No Reclaiming ~0—|deal

Atom EconomyReadtion Mass Efficency - Efactor
Conneting Rdationships

AE:—l RME:;
1+E_, 1+Eny

Criteriafor “green” readions:

(1) AE> 618 % ® that AE >E,

(2) RME> 618 % ® that RME > E,

(3) Reation ®lvents and lpost-reaction maerids
used in work-up and pditation stagesmust be
redaimed ad/or eliminaed.




PERCENT REACTIONS IN EACH CLASS

PROFILE OF ORGANIC REACTIONS ABOVE GOL

26
CONDENSATIONS

ATOM ECONOMY (%AE > 60%)

o =
2 o0 O] 2 [%] = [%] 14
R E £ i Suw g Sw
] s Qo = o E
= x ., 5 £ o < [ 0 g
w + 22 © 2 ~Z 0 o 2
NG g vz oE Jo0E % NS~
~ = © S = SR z =7
Q I Ea o @
E( O 4 4 g:; = S:
3 Q > 2o o 20
3 = 7] < <
] <] o [S] & o
v =4 ? T
[§)

REACTION CLASS

CUMULATIVE NUMBER OF
ORGANIC REACTIONS

DISCOVERED

CUMULATIVE GROWTH OF ORGANIC REACTION¢S
BELOW AND ABOVE GOLDEN ATOM ECONOMY

250

200

150

100

50

THRESHOLD

1828

— — AE(MIN) < 0.62

AE(MIN) > 0.62

1837
1846

T HHS

LT O N d O @ N~ © W T MO N Ao O

L O N ©® O O O 4 N O F 1w © KN 0 O O

W O O DO OO0 0 O

A4 a4 d 94 d o d d d d A9 d d d A A A
YEAR
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TriclosanSynthes s

Sl 0 Iy

7 }giﬁ

o
i.f:fﬁlc. - C.inffls.

Reation condions:

(i) aceylichlorde, AICI , caalyst(94.3%);

()" 2 CL (81%);

(ii) 1/2 K,CQ,, CuClcaslystxylenes(483%);

(iii) 62.5%H,0,, 12 mdeic anhydride CH,Cl, (91.3%);
(iv) M eOH, 35%H Cl caalyst (945%).

cl |1
/O/ (146.9) S “—
o €& | &2 & &

Synthesis Tre

(32) CH40H
(49) 1/2 GH,04 P (289 3¢
(34) HLO; I <\1/
¢
(69) 1/2 KCO;, :3
X
(141.8) 2 Ch, NF

OH () _— 0
94 S
(133.35) AlCl;

(78.45) CH,COCI +—0

17



KernelRME function

28935x

RME=
S

(B2 49+34 69 13335+ 7845+1469 94+1418L
=X+ + + +

*
Ba  e€4 €264 E1E2E3E £1€,6384

_ 32 83 69 3587 2358 U
=X + + + + —
B4 34 E263€4 E1E£3E4 €1€2€3€4 B

RME = 01517 (about 15 %), =5.59

AE = 03717 (about 37 %), E,, = 169

08

06 f

RME
>

0.4

0.2

2 3
Reaction Stage

E(m)

Reaction Stage

of waste (g)

Mass

Reaction Stage

18



Cumulative RME

Cumulative E(m)

2000

1500

1000 f

Cumulative mass of waste (g)
@
8
8

Kernel RMC fundion

4%va +3 6 1418%¢; +9
RMC= x3Bmeon , A%wa +3%Bh.0,  6%kcq | $C*I2 ABphoH
€4 €3€4 €283€4 S
, 133358ci, + 78.455pc +1469%1,4-pepl
€18 0834 g

RMC =$ 33361 pe mole=$1.15 pa gram

19



Fractional Cost Distribution for Ing
Reagents on a Per Mole Basis fol
Triclosan Synthesis

14-

dichlorobenzen methang maleic
(s1) I 2%  anhydride
2%

acetylchlorid
5%
aluminum

trichloride A
3% hydrogen
peroxide
phenol (S2) 30%
3%
chlorine
47%
potassium
carbonate
Fractional RMC by Reaction Stage
Triclosan Synthesis
Stage4 __ Stage3
0.1% 2.0%
Stage 2
s b
Stage 1
93.6%

6-M ethoxykpidine Synthesis

NHp
g i :
: )l\/
MeO

N
Method Yield (%) Atom K er nel K er nel
Economy RME (%) RMC
(%) ($/gram)
FeCl;, ZnCl, |52 46 24 0.62
TNCT; 83 ¥4 35 8.22
microwaves

A: J.AnChen.Soc 1945 67, 86
B: TetrahedrorLet. 2003 59, 813

For metod B to becost ompetitivewith method A,
price of meal halidemust notexaeed $ 55 per mle.

FEl, $21
zal, $12
6l $ 1147

20



Synthesis Tre Pararaetas

Rl Bmer Bp
CH,OH r
1/2 GH,0,
H,0,
i P (4,6.781)
1/2 K,CO; N =4
2Cl, M =5
=9
=2 5 = 0503
AlCl 820695
CH,cocCl 0 _'170
I - ul
S; *

K, = - 9954 gol/reection $age

50

-150 F

200 L

Reaction stage

21



Fractons of TothEnagy Input

M
S (RME);w

J
®product = FTE=—r—

2%
]
Z[l— (RME)J-]‘-IJJ-
J
2%
J

— ; jth
W, = energy mput forj" reacion

M =number of reations
(RME), = reaction mass effiency forj th reaction

Oyaste=

Hy© Papavene

OMe
OH
vanillin

Q Kindler-Peschke-Pal method

o Dean |[MeO S Pictet-GanpsH
method oo N method
|:Il> e ﬂ :]
OMe O OMe OMe
OH OMe OMe
acetovanillone vanillin veratrole
) papaverme
Redsl-goutew”e@ Decker Wahl method
metho
HOOC
HOOC
HN”COOH
OMe
OMe . OMe
homoveratric glycine .
acid 3,4-dimethoxyphenweratraldehyde

pyruvic acid (methylvanillin)




MeO CHO

Kindler-Peschke

(153.35) O=P(}

. (36) 2HO
S Pal synthas
(65) KCN
HO’ 0 *
ll (121) PhNMe Z\s QI P
*
I 4 7
MeO CH,CN (118.9) sod 14 I/* 1T\
* 2) H / 3 —
U"" h o 1] p
MeO 2
(63) 1/2 (MeQBO, 57/* +6_
/\ 1525 1
MeO CHpCHNH, — MeO CH,COOH
* #2H —
Is Ig
MeO MeO (65) KCN a
I l I (121) PhNMe As
MeO (118.9)S0G —( / | 4
N P (2) Hy / I3
MeO Z | 5
ove (63) 1/2 (MeQBEO, p I/ | | | |
EST] 1
8 & & & &)1 & & &
OMe
& &8 & &
5
Pictet Decker Redel Kindler Dean
Gams waht Boutevill@eschke
Pal
Kernel
Reaction
Metrics
AE (%) 13.6 19.7 31.7 27.4 19.9
Emw 6.37 4.03 2.15 2.65 4.03
RME (%) 0.52 2.8 4.0 15.1 8.0
Em 191.12 35.37 23.75 5.63 11.57
€ pseudo-overall (%) 3.8 13.8 12.7 55.0 40.0
(Boverall ) (10.6) (7.6)
Number of 18 20 (13) 11 15 12 (8)
reaction inputs,
|
Number of 11 12 (9) 8 13 10 (8)
reaction steps,
M
Number of 8 9 (9) 8 8 8 (8)
reaction stages,
N
Hi(g per mole -163.57 -83.10 - 54.06 -218.9 -151.56
per reaction (+ 86.40) (-151.56)
stage)
RMCA 29.04 4.72 8.17 0.45 22.05
($ CAD per
gram)
Tree
Parameters
Degree of 0.443 0.425 0.359 0.450 0.392
convergence, (0.360) (0.308)
Relative rate 0©.227 0.207 0.218 0.200 0.204
convergence, (0.199) (0.186)
el
Asymmetry, 0.813 0.861 0.746 0.604 0.630
(0.791) (0.490)
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Bupleurynol Synthesis

——SiMe3

e et [ ]
iyl O

HOCH »
G Organ Method 1

. CH,0H
. /\/\//\‘

ﬁ Organ Method 2
! CH,OH
==——(CHJsCH;  jum/ i ——————iMe3

Br Br

Organ, M.G.¢ al. Omg. Lett. 2004 6, 2913

A B C
(136.954
(261) TBAFE\ —] ]
(257.87) ZrgHcCl - P /.
q q !
11053 \—- — \--/
P q
(232.95 0— ~
(136.29) ZnC¥ - <\ / f
( /
(64) nBuLi f/— 7 —~
((
12259
€ &1 & & § & |& |& & &
€1D SSD
6=1 6=059 3=037
B=0 B=0.57 B=0.67
Pra=1 Prg = 0.52 py=0.28

24



Veronal
0, (air) S

€ } | CO,
3H2 + N2 [— 2NH3_>

H,O

CH,=CH, ———— EtOH
& Do
2 EtOH

I5

| 4CI/\coo- K+ CHZ_CHZ 83

. Hocl
1 KOH

_ss W@

P 2 HClI = = 2 NaOE( & )
NC COO- K+
. 0 0 Do EtBr

|3CI/\COOH -— Io 0 0
2 HNO3 Et Et
I2 —
P
(44) CQ
|5:*f Isﬂ S eoN, 5_/*V*
lg =k S1 ©3H, o
(161.8) 2 HBr \
*A P
Sz (6) 2 CHy=CH, "\ N — 8
(46) 2 Na 4 /1
(36) 2 H,0 - AN — M = 15
Sy (66)2 Chy= CHQEIS ls H— I = 14
(70.9) 2 HCI wa 6 = 0530
(36)2HO x -
S3 (56)2Ch=CH, E%I_ B =0591
Sy 6s)KEN /16 — 0199
(56) KOH ? - prel
| = -
(52.45) HOCI -\ A ul = - 286
S‘3 (28) CH,=CH, k& // I_r
(128)4Q /]
NS
SZ 28) N '( 5
SR T

& Je2]¢& & & 7] &
e’ of o o
2 B || &
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184

(RME)overaII = ?

S-.,_+(28+6H 1. 3/2 EH 1618
€7€g Leie€g €182-£800 €ge7eg

,28H2 2 2 1 0
€785k €56 E5Ep E£3E4f5EpU]

46 36 M1 70.9 65 56

bt — O+ 1H —+ + +
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Phthaic Anhydride
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