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A Healthy, Wealthy,
Sustainable World

John Emsley

Foreword by C David Garner
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Chemistry for Sustainable
Technologies
A Foundation

Neil Winterton

RSCPublishing
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Characteristics for ideal chemical synthesis

o Simplicity

o Safety, environmentally benign processes

« High yield and selectivity, material efficiency

 Low E-factor, less wastes

* Energy efficiency

« Use of renewable and recyclable reagents

* Use of renewable and recyclable solvents
etc.
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Sustainable chemistry is the design, manufacture, and use
of environmentally benign chemical products and
processes to prevent pollution, produce less waste, and
reduce environmental and human risks. (OECD, 1999)

FRFEBAE BB E AR F B - KRS (reduce)
e Cost

e Energy

 Environmental impact

e Hazards

 Materials

e Non-renewables

e Risk

« Waste
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Ing: rational design of
molecules by life cycle engineering as an important
approach for green pharmacy and green chemistry

Klaus Kimmerer Green Chem. 2007, 9(8), 899

Taking into account the full life cycle of chemicals will lead to
a different understanding of the full functionality necessary for
a chemical. Examples are presented to underline the feasibility
and the economic potential of the approach benign by design.

v
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Methods for promoting reactions

Energy methods System requires

Thermo chemistry Heating

Photo chemistry Chromophore, light source
Electro chemistry Conducting media

Piezo chemistry High pressure

Sono chemistry Ultrasound source

Microwave chemistry Polar media, microwave source
Mechano chemistry Solid, mill-grinding

Energy efficiency (the 6th principle) and other factors, such as
feasibility, should be considered.

A critical assessment of the greenness and energy efficiency of
microwave-assisted organic synthesis (Moseley and Kappe, Green Chem.
2011, 13, 794-806)

Microwave chemistry can be more energy efficient compared with

conventional heating methods, but not always.
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More effective methodologies
e Design multi-component reactions (MCR)

| LG
" 3
L . LI Green Chem. 2011, 13, 3248-3254
|. 6 7 -
5 L-Pro I 8
H,O, reflux
1-1.5h

| N
o 88-91%

A recent review:

Multicomponent reactions and ionic liquids: a perfect synergy for
eco-compatible heterocyclic synthesis

Chem. Soc. Rev. 2011, 40, 1347-1357
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photocycloreversion

O/\A hv (>290 nm)
CC

Y

Batch (180 min) 56%
Microflow (3.4 min) 55%
-2e, —TMS
_78°C Nac_yliminium
-“cation pool
CO.Me
I{I OMe
Bu” j S
TMS
OMe I MeO OMe
.B
jo e o
MeO OMe _78°C COMe
Microflow 92%
Batch 37%

R IR SILE 4
iV E AN

 Microreactors, Continuous flow, flash synthesis

|
Kol

CN
- H
HH

17%

7%

Bu
MeOLN"™ ome

MeO OMe

.B
Nu

CO,Me
4%
; 32%
10

Microreactors in Organic Synthesis and Catalysts (2008), p. 72, p. 79
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Time- and space- saving
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Microreactors

an 8-channel reactor

space

m
Flask Chemistry

macro world

103 m

micro world
10 m

[um]

molecular
world

%,

extremely fast reactions
in a controlled manner
on a preparative scale

10°m

[nm] oot

Ideal Reaction
Environment

10%s 1072s 10°s 10¢s 103s 1s 103s
[fs]  Ips]

time

Chem. Eur. J. 2008, 14, 7450-7459

1011
a)2 ml/min

AW
R\ | Stainless-Steel
7T Mixing Chamber
= With Machined
Ll Channels
A T v,
‘ ; l ' Microtight
s H h
anaﬂai Hi Microwave Fltings
Chamber | | Chamber |
| kil Microwave
-. BB Chamber
| AN L o
Bosiivign } Prlls ot g i
|
L
4 Capillary
L~ Tubes In Total
To Collection Tube

tubing (d/1.150 mm)

11
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Swern-Moffat oxidation

Microreactor

S=0

rf

1 mL/min
(CF3C02)20

OH . 4

O _~_.0_.8 0. _CF
O O
e

—

2 mL/min : cyclohexanone  MTM ether TFA ester
Et,N (desired product)
4 mL/min
100
(ChemSusChem 2011, 4, 331-340)

80
B
g 60 ® TFA ester
32 40 B MTMether

20 = cyclohexanone

Batch  Batch  Micro Micro Micro Micro
(-709C) (-20°0) (-20°C, (D°C, {0oC, {20 °C, "i.: residence time in R1 12

foads) (o248 10015 4 0.018)
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Ghass CLicie
Modules

Channel with 150 x
150 ¢ m (Wikipedia)

B R A

! Y

R \'-.":""-"'-‘i
SRS
AR

y
Corningw Advanced-Flow!'™
(lass Reactor

; . Georgia Tech to Use Corning Advanced-Flow
Today's Industrial R i Svnthesis R hsi Aoril. 2010
Manufacturing eactor in Synthesis Research since April,

. Alchemy Ceramic reactor, announced June, 2011
Recent reviews:

Cross-coupling in flow (Chem. Soc. Rev., 2011, 40, 5010-5029)
Green and Sustainable Chemical Synthesis using Flow Microreactors
(ChemSusChem 2011, 4, 331-340)

A Versatile Lab to Pilot Scale Continuous Reaction System for
Supercritical Fluid Processing (Org. Process Res Dev. 2011, 15, 1275-1280)
Continuous flow reactors: a perspective

13
(Green Chem. 2011, DO1:19.1039/clgc16022b ) , and many more



Controlled RAFT Polymerization in a Continuous Flow

Microreactor

Controlled radical polymerization using the reversible addition-fragmentation

chain transfer approach (RAFT) was successfully conducted under continuous
flow processing conditions, provided that steel tubing was used to prevent
quenching of the radical process by oxygen. A series of different monomers,
Including acrylamides, acrylates, and vinyl acetate, were polymerizedto high
conversions (between 80 and 100%) at temperatures between 70 and 100 C

: ; Tt 0
using various initiators, solvents, and RAFTagents.CmHZS/Sm/S NOH NC._S

e The methodology provides a facile, alternative scale up route to conventional
batch polymerization. f .

Org. Process Res Dev. 2011,
15, 593-601

14

polymer tube leactor o e steel tube reactor |
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e Solvent-free/solid state reactions

2008 %% tEHEE A ¥
T~ (Green Chem. Lett. Rev. 2010, 3,
105-113)

Can be applied to solid-solid, solid-
liquid, solid-gas, liquid-liquid,
and liquid-gas reactions

Solvent free H20 '

Others

Recent literatures:

Solid-state dynamic combinatorial chemistry; mechanosynthesis

(Chem. Sci. 2011, 2, 696-700)

Ball milling in organic synthesis (Chem. Soc. Rev. 2011, 40, 2317-2329)
Three-component solvent-free synthesis of highly substituted
tetrahydroimidazo[1,2-a]pyridines (RSC Adv. 2011, 1, 596-601)
Electrochemical allylation of aldehydes in a solvent-free cavity cell with a
graphite powder cathode (Green Chem. 2011,13, 1118-1120)

and many more 15
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Solvent-free reactions without generating

hazardous by-product is a clean technology

IUPAC definations

Mechano-chemical reaction: a chemical reaction that is induced
by the direct absorption of mechanical energy.

Mechanochemistry: breakage of covalent bonds, ionic bonds or
lattice as well as crystal packing on mechanical stress.

Metal complex formation

2z
|
7

- F

Nickel nitrate and phenanthroline

@l
\ . Q / \ \ manually grind in air
. NI(NO3)26H20 + 3 -
: i) s =N N== no solvent
L “ihg L 2 minutes
i e phen
; [Ni(phen)s](NO3),
C TR R e

< BT 16

Chem. Soc. Rev. 2007, 36, 846
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Solvent-free polymerization

140-180 °C il No polymerization if M = other cations
Br N — y o/’
vl\COO'M (M= Na*, K*) CoHs Chem. Soc. Rev. 2007, 36, 1239-1248
solid polymer

X

[zZn]—N@SiMes), +  HOBn > [Zn}—O0Bn 4+ HN(SiMey),
(a)

[zn]— 0Bn:OPol  + 1 U _Kky [Zn]fo\/\/oﬁosn; OPol
n

(b)

zn 0_~_0 OBn+ HoBn ___ % [zn}—o0Bn Ch o\/\/o\[rosn
s HOPol Kip > K >> K, [ZnJ—OPOI

O’n
(HOPol)
[Zn] = Zn(bdi) = W Chem. Eur. J. 2008, 14, 8772
zi

17



Mixing in Mechanochemistry

Method of mixing might be manual grinding, using a ball mill or a pan mill.

Motion of supporting plate

| e
i b i Rotation of el e

% . *" w olatiaon Vessjf/f_._ . P

< ] /

V/ --“j”/;%\'\\‘:\\
. . . [/ ¢ =
a shaker mill (vibration) ;ﬂ, T \.:_‘ ‘I
0o |
k o ] a -KIJW>...u.‘..¢...,.._.¢..,§... ............ (/‘\ - :.- =
( ] 0 @:_(iii)) (I) 9 mm (\\&; “g}j} )
(i) 26 mm Qe &) ) of s
le— @ — \ N\ S -
! (i) 6 mm \\ Ve @ planetary mil
S N (rotation)
- \\“
~ s, SRR

hY
-

HSVM (High speed vibration mill) at the speed of 3500 rpm by Komatsu et al.
A pressure of 10-20000 bar may be generated.

18
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. Diversity of ball milling instruments:

e > planetary ball mills (1)
e > mixer mills (2) \

e J> vibration mills (3)

(1) http://www.fritsch.de/de/probenaufbereitung/produkte/mahlen/plar
(2) http://en.wikipedia.org/wiki/File:8000M_Mixer_Mill_%28open%29_
(3) http:/lwww.chemie.de/content/images/articles/retsch-milling-4.jpg.

(Courtesy of Professor Ondruschka, 2011) 19
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Hetero[3]rotaxane under solvent-free condition

7N (OQUy (7N HEURE

self-sorting in stoppering

2PF6 Stopper

@ \/Stopper

(Chiu, S.-H., et al. Org. Lett. 2011, 13, 4660-4663)

20
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Radiation Radio Infrared Visible UV X-rays and

gamma rays

Long-wave Short-wave
(AM)

(EM)

Approximate =
scale o Unicellular
Buildings Trees ; Molecules Atoms
organisms
§ ¥ ¥
Wavelength 10 m 100 1pm

Frequency (Hz) .

Chemical
implications
M : t Molecular
NEW METHODS R S vibtiois

PR ey | 2008 FEF%_\D MISEE! 7]
o ~ (Green Chem. Lett. Rev. 2010, 3,

= - e 105-113 )

Microwave ’
Photochemistry ! b
Ultrasounds

21
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COST Chemistry Action D32

(COST = Co-opération Européenne dans le Recherche Scientifique et Technique, European
Co-operation in the Field of Scientific and Technical Research)

Four microwave-based working groups involving collaboration between
scientists with different expertise in modern technology:

1. Diversity oriented synthesis under high efficient microwave conditions.

2. Microwave and high-intensity ultrasound in the synthesis of fine chemicals.

3. Ultrasound and microwave-assisted synthesis of nanometric particles.

4. Development and design of reactors for microwave-assisted chemistry in the
laboratory and on the pilot scale.

The objective of COST D32 is to establish a firm EU base in microwave
chemistry and to exploit the new opportunities provided by microwave
techniques singly or in appropriate combination, for the widest range of
applications in modern chemistry. (starting in 2004)

Cann (Ed), Microwave Heating as a Tool for Sustainable Chemistry, 2011,CRC
Reviews:

Microwave-Assisted Synthesis of Ag Nanostructures (Accounts, 2011, 44, 469-478)

Variable Microwave Effects in Synthesis, the Role of Heterogeneity ( Org. Process
Res. Dev. 2011, 15, 140-147)

Scale-Up of Microwave-Assisted Reactions in a Multimode Bench-Top Reactor,,
(Org. Process Res. Dev. 2011, 15, 841-854)
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Heating after 60 s
~ TR b:urtic?:.t.l:nmera_twﬂ'_) = Time=60 Surface. lemperature (T) e 479
0.0372 = 3 soaral ——r - N
o _ N .
440
450 -
:
. i | of ! 400
i 400
q 280
__ 260
88382 350 88382 |
-0.0372 0.0372} o i 340
884391 88439 | 220
- 300 .p05- ——y
Nun: 29E -DOASTOOMBES Min: 315
Microwave Heating Conventional Heating

23
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Super-heating and Loss tangents

Solvent B_p_l °C) B.p. MW/°C Difference tan §
Water 100 105 5 0.123
Ethanol 79 103 24 0.941

Methanol 65 84 19 0.659

Dichloromethane 40 55 15 0.042
Tetrahydrofuran 66 81 15 0.047
Acetonitrile 81 107 26 0.062
Propan-2-ol 82 100 18 0.799
Acetone 56 81 25 0.054
Ethyl acetate 18 95 17 0.059
Dimethylformamide 153 170 17 0.161

*Solvents can be classified as high (tan § > 0.5), medium (tan ¢ 0.1- 0.5)
and low (tan § <0.1) microwave absorbing. (tand = 6"/ ¢§") 24



]E CHEMISTRY
_ 20M
Absorption of MW by Vessels

Loss tangents (tan §) of low-absorbing materials 2.45 GHz, 25°C

RS 0¥
mRrEAY

Material tan § (x107% Material tand (x107%)
Quartz 0.6 Plexiglass 57
Ceramic B5 Polyester 28
Porcelain 11 Polyethylene 31
Phosphate glass 46 Polystyrene 3.3
Borosilicate glass 10 Teflon 1.5

(Kappe, et al., Practical Microwave Synthesis for Organic Chemists,

Wiley-VCH, 2009 p. 18)

Microwave effects
thermal effects — dipolar polarization

superheating in a mw cavity

non-thermal effects — increasing pre-exponential factor A
decreasing activation energy

25
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high throughput factory (Novartis) (b)

(Kappe, et al., 2009, p. 117)

Laboratory scale preparatrons

. CEM
' Discover SF
Milestone START System

26
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1. NaOAc, 10 wt% KF-AlL,O,

DCM, rt, 30 min
OCgH47 2. solvent removed
3. Ac,O, MW, 15 min
O 50 %

Q = o NaOMe
MeOH/THF
‘.O . ©:‘§ reflux, 12 h, 24 % .
g Q ‘BUOK
H 0

MeOH/THF
reflux, 12 h, 66 %

'BuOK

MeOH/THF
MW, 5 min, 90 %

(Unpulished, courtesy of Professor J. S, Yang, 2011)

27
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(Table 5.3) General Summary of Reaction Classes Suitable for Microwave Scale-Up

Major reaction classes

Minor reaction classes

Other reaction parameters

Beneficial/Suitable

Additions condensations
Alkylations/acylations
Heterocycle formation
Hydrogenations

SJATr reactions

Cycloadditions
Friedel-Crafts reactions
Metal-catalyzed reactions
(e.g., Heck and Suzuki
couplings)
[Peptide synthesis]?
[Polymer synthesis]®
Thermal rearrangements
Autoclave/pressure reactions
Reactions with gases
Reactions with solid-support
reagents
Reactions with water as
solvent

Where thermodynamic product

required

No Benefit/Unsuitable

Amide bond formation
Deprotections (excluding
hydrogenations)
Functional group additions
Functional group
interconversions
Protection reactions
Grignard reactions
Low-temperature organometallic
reactions (e.g., lithiation)
Oxidations
Reductions (metal hydrides,
excluding hydrogenations)

28

Cann (Ed), Microwave Heating as a Tool for Sustainable Chemistry, 2011,CRC
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MW Heating as a tool for Polymer Chemistry

3] ITEOAUCHION susmssssmsnnsssamnnmin i i s iinsmmmmnenansmnssmmmmannsonsssansmannosanssssnnsssindsbansinis 53
3.2 Use of Alternative SOIVENLS........cccovveeeerviiieirieeicrreeecreeeevveeeans e e et —————— 55
3.2.1 Microwave-Assisted Polymer Synthesis in Water ..........ccccceevveennnen, 55
3.2.2 Microwave-Assisted Polymer Synthesis in Ionic Liquids................... 57
3.2.3 Microwave-Assisted Polymer Synthesis Using Supercritical CO,.....60

3.2.4 Microwave-Assisted Polymer Synthesis Using Solvent-Free
CONAITIONS ...ttt e e sbe e eatae e eenas 60
3.3 Use of Alternative FeedStOCKS. ......ccviiiiiiiiiiiiiiiicei et 62
3.4 Design of Degradable Polymeric MaterialS..............coceeeiieiieeeeeiiireeeeiieeeeeens 64
3.5 Recycling POLYMETS .......oooiviiiiiiiii et 66
30  CONCIUSIONS g S NG 68
ACKNOWIBAZMENIS ....ouiviiiiiiiieceie et ee et e e 68
RETETEICES ...ttt ettt ettt e ste s sae e bt et e e aeebeeereenssenbeersesrseenns 69

(97 references)

Cann (Ed), Microwave Heating as a Tool for Sustainable Chemistry, 2011,CRC
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MW Heating as a Tool for the Undergraduate
Organic Chemistry Laboratory

0.1  INTOAUCIION ....ciiiiiiiiiiieiiiii ettt 149
6.2 Motivation for Incorporation of Microwave Heating as a Tool in the
Undergraduate Laboratory ........cccoveeevciiieiieiiieniiesieenine e 150
6.3 Examples of Published Teaching Materials Incorporating Microwave
Heating into the Undergraduate Laboratory ..........c.ccceevevevniiveeniiicinnieinnne, 152
6.:3:]1 Solvent-Free REAGHIONS ;..... ctuiosnannmnrins o essssimsiss s s masmis 152
6.3.2 Reactions Performed in Greener SOIVENtS...........eeeeevieieiiiiiiiiniiinnnne, 159
6.3.3 Metal-Catalyzed REACHONS ......ccceeiuvviiiieeieiiiiiiee e 163
6.3.4 Additional Reports in the Literature .............cccevvveereiieencceninniennnn, 165
030 Beyond OisaniG CHETISEY isummsmmmmamsm s 168
6.3.5.1 Analytical ChemiSIIy ........ccccerueeiieriiiiiiiiiiiicieeniene, 168
6.3.5.2 Inorganic and Organometallic Chemistry...........c.cceoeeeni. 169
G R N\ 1152 (201 R ————— 170
6:4 Concludifie REMATKS mmasmessmmmmsmvmemammsms s ssmsmssmpagsysesssesms 170
Re‘fem:nces...(rr.i.i,.e,r o L e 172

Cann (Ed), Microwave Heating as a Tool for Sustainable Chemistry, 2011,CRC
30
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MW Heating as a tool for Material Chemistry

8.1 Overey and. INTodUEION mususmsmscmn sy S S 207
8.2 Microwave Heating for Preparation of Adsorbents...........cccoevveviereenneennene. 208
8.3 Microwave Heating for Preparation of Battery Materials.........c.ccccccevevunenne. 208
8.4 Microwave Heating for Preparation of Ceramics .........ccccccevervenecneneenneenee 211
8.5 Microwave Heating for Preparation of Zeolite Materials ............cccoeveennenne. 217
8.6 Examples of Other Materials Prepared Using Microwave Heating.............. 223
8.7 CONCIUSIONS ....cuitiiiieetestiiite ettt sttt e b ettt 227
RETETCHERS wucsmmmsmumsmuenmammm sy S ST A RS PR SRS 227

(55 reference)

Cann (Ed), Microwave Heating as a Tool for Sustainable Chemistry, 2011,CRC
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Conventional power ultrasound

Extended range for sonochemistry

Diagnostic ultrasound

Cleaner with timer and heater

Less expensive

" | CHEMISTRY _ s s
- Sonochemistry
Sound frequencies
0 0 10° 10° 10* 10° 10° 10
; t » ; ; - = ]
Hz (cps) | — Ultrasound (supersound)
Human hearing 20Hz - 20kHz ( Normally, 16Hz to 16kHz)

B 20kHz - 100kHZ high input power (1-1000 W/cm? )
(Destructive)

B  20kHz 2MHz
1 5MHz - 10MHz Low input power ( mW/cm?)

Non-invasive
ultrasound horn ( )

32

more effective



‘E IEtHEIt\-"IISlYI'RYf pgi v:*i ,L g
20M T SR §
Sonochemical switching of pathways

For true sonochemical reactions (homogeneous or
heterogeneous), formation of radical or radical-ion will be
favored by ultrasound. But false sonochemical reactions
(heterogeneous) are influenced by physical and mechanical
properties of sonication (ultrasound agitation). Examples are:

60 % HNO;
/—> RCH,ONO, (100 %) |
rt., 12 h, C Stirred 24 h

RCH»>CH CH,

75 %
60 % HNO
\—i RCO,H (100 %) CH,Br @
KCN/Al,O 3

r.t., 20 min., JJ)
Oron \
_ CH,CN
(A suspension) Sonicated 24 h

77 %

33
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Simple sonochemical protocols for fast and reproducible
Grignard reactions

1) Mg (1.5eq) 2) O (D (1.5e9)
dry THF dry THF

1a-ba

1b-5b
Y=N, X—Br, R=H 1
Y=N, X=Cl, R=H 2
Y=H, X=Br, R=H 3

Green Chem., 2011, 13, 2806-2809

Ultrasonic activation of Heck type reactions
In the presence of Aliquat-336

Without phosphine and base, Pd catalysts such as PdCl,, Pd(OAc), and
PdCI,(PhCN), in water/DMF mixtures with Aliquat-336 proved to be
excellent catalytic systems for Heck reactions involving several aryl
bromides with styrene and acrylic compounds. Yields are remarkably
improved under ultrasonic irradiation (40-60% to 84-91%)

ArBr + H,C=CH-EWG » Ar-CH=CH-EWG.

34
Ultrasonic Sonochem. 2011, 18, 23-27
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Overcoming the clogging in flow by ultrasound

A continuous-flow palladium-catalyzed amination reaction was made
possible through efficient handling of solids via acoustic irradiation. Various
diarylamines were obtained with reaction times ranging from 20 s to 10 min.

Syringe Pump 1:

HPLC Pump 1

HPLC Pump 2 -

Precatalyst, THF

28

Syringe Pump 2.
ArX, ArNH,, THF

Syringe Pump 3:
NaOBu, THF

(Chem. Sci. 2011, 2, 287-290)

"""""""

lce Bath

o0 _—_®

Ultrasonic Bath

Fraction
Collector

35
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Solvent alternatives g
Water

Less-volatile solvents (including polymeric solvents)

Other benign solvents (ionic liquids, gas-expansion liquids, etc )
Supercritical and near-(or sub-)critical fluid systems

Renewables (organic carbonates, glycerol derivatives, etc)

Freemantle, An Introduction to lonic Liquids, RSC, 2010

From Molten Salts to lonic Liquids: A “Nano” Journey, Accounts, 2011, 44,1223-1231.
Room Temperature lonic Liquids, Chem. Rev., 2011, 111, 3508-3576. (694 refs)

Subcritical Water as Reaction Environment, ChemSusChem, 2011, 4, 566-579.

Green material synthesis with supercritical water, Green Chem. 2011, 13 1380-1390.
Switchable solvents, Chem. Sci., 2011, 2, 609-614

A Versatile Lab to Pilot Scale Continuous Reaction System for Supercritical Fluid
Processing, Org. Process Res. Dev. 2011, 15, 1270-1280.

Searching for green solvents, Green Chem. 2011, 13 1391-1398
and many more

36
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Solid Supercritical

fluid

™~

Critical point

Gas
=
Triple point
I
T,
Temperature
1 P
Material (°C) (bar)
Ammonia 132.4 113.2
Carbon dioxide 31.1 73.8
Ethane 32.2 48.7
Ethene 9.2 50.4
Fluoroform 259 48.2
Propane 96.7 42.5
Water 374.2 220.5

37
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Edited by David Farrusseng $WILEY-VCH Hyd rothermal processes
using supercritical, or sub-

[ ]
MetaI-Organlc ( near-)critical water.
Near-critical water, a cleaner solvent
Fra meworks for the synthesis of metal-organic
Frameworks, Green Chem. 2011,
DOI:10.1039/c1gcl15726d

Applications from Catalysis to Gas Storage

The microporous metal—organic framework

{[Zn,(L)]-(H,0)3} (H,L = 1,2,4,5-tetrakis(4-
carboxyphenyl)benzene) has been synthesized
using near-critical water (300 °C, ca 80 bar) as
a cleaner alternative to toxic organic solvents.
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Professor Bruce H. Lipshutz, Department of Chemistry and Biochemistry,
University of California, Santa Barbara

Innovation and Benefits
Most chemical manufacturing processes rely on organic solvents, which tend to
be volatile, toxic, and flammable. Chemical manufacturers use billions of pounds
of organic solvents each year, much of which becomes waste. Water itself cannot
replace organic solvents as the medium for chemical reactions because many
chemicals do not dissolve and do not react in water. Professor Lipshutz has
designed a safe surfactant, TPGS-750-M, that forms tiny droplets in water.
Organic chemicals dissolve in these droplets and react efficiently, allowing water
to replace organic solvents.

O
“JL/LTD\“/\/LU{"\JG}‘HME enables reactions in water @ RT
,IE,J \ a i ¢

Heck, Suzuki-Mivaura, aminations,
bondations, silylations, Negishi-like,
olefin metathesis reactions

(n = ca. 16)

a -tocopherol + TPGS-750-M

(CH,CO),0, then PEG-750-M
Lipschutz, et al. J. Org. Chem., 2011, 76, 4379-4391. 39



International Year of
CHEMISTRY
20M

3

®

Rf&ﬁ\R2
pyrrolidinium
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nREAY
Room temperature ionic liquids '
i Anions
NO; BF, CF;SO;,  Cr,Br, I
AlL,Cl SbFy  CF;CO, CH,CO,
Me,PO, PFg  (CF3SO,),N" (CN)-N

Cations
R4
\ R‘“‘N/\N’Rz
-~ ;’R‘; i\ ’ '
R2 R3
ammonium imidazolium
Ry
IID @N R
~"N'R .
R "R,* :/
phosphonium pyridinium
L R=(CH,),CH;,n=1,3,5, ...

()

A

Ri ™ Ry

piperidinium

Task-specific ionic liquids (TSIL)
Functionalized ionic liquid cations

Novel chiral ionic liquids

OH .

N+~
IR

O @ o~ /HO
\/\.N/-\N

\—/

Ballini (Ed), Eco-Friendly Synthesis of Fine Chemicals, Chapter 4, RSC, 2009)

\/*\%/;\N ~

Alternative Solvents for Green Chemistry (Kerton, 2009, RSC)
Chapter 5

CH=CH,
CN

NH,
OH., OR

SH
< b,
-\‘N/\ﬁ Si(OR);
Urea
o = Thiourea
Metal Catalysts
R\HI\O’R‘ R\l/u\o- RN G
NH* NH, \—/
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2011 Solvents from renewable resources oA

o
™ HO” ™" “oH

o
HO
© O)Hoj 0" ™o ~oH HO/\/\OH OH

2-MeTHF Ethyl lactate

y -Valerolactone Alcohols and polyols

O
\/\/\//V\/\/\/W ~ \—Q/OH Glycerol carbonate

Fatty acid ester (Biodiesel component)

o (and other organic
Carbontes)

Industrial uses of esteric green solvents

Solvent

Industrial use

Glycerol carbonate
Ethyl lactate

2-Ethylhexyl lactate

Fatty acid esters
(and related compounds)

Non-reactive diluent in epoxy or polyurcthane systems

Degreaser

Photo-resist carrier solvent

Clean-up solvent in microelectronics and semiconductor
manufacture

Degreaser

Agrochemical formulations

Biodegradable carrier o1l for green inks

Coalescent for decorative paint systems 41

Agrochemical/pesticide formulations
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Edited by Robert T. Mathers #WILEY-VCH
and Michael A.R. Meier

Green Polymerization
Methods

Renewable Starting Materials, Catalysis
- and Waste Reduction

Py AT F
gAY

Solvents for polymerization

Chapter 5 Monoterpenes as
Polymerization Solvents and
Monomers in Polymer Chemistry

Chapter 6 Controlled and Living
Polymorization in Water

Chapter 7 Towards Sustainable
Solution Polymerization: Biodiesel
as a Polymerization Solvent
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0 The use of PEG g

* A green methodology for one-pot synthesis of
polysubstituted-tetrahydropyrimidines using PEG
e Green Chem. Lett. Rev. 2011, 4, 109-115
et Et0OC R
+ R,NH, + .~ R,NH, -PEG-400_ [
ltl R\NH; + HCHO + R;NH, — == )
COOEt 45 min EtOOC T!\[
1 2 3 4 5a-50 R,
 PEG 400 promoted nucleophilic substitution reaction of
halides into organic azides under mild conditions
e Green Chem. Lett. Rev. 2011, 4, 281-287
©ﬂm + NaN; e ©/\N3
Entry NaNj (eq.) Catalyst/Solvent Method/Temperature Reaction time Yield®
1 1.1 DMSO (31) Stirring, ambient temperature | hr 98P
2 1.3 H,0 (55) Microwave, 120°C 30 min 95
3 1.3 Clays/PE-H,0 (49) Stirring, 90-100°C 6 hr 84
4 2.0 [bmim][PF¢]-H,O (52)  Stirring, 25°C 5 hr 84
5 1.1 EtOH (34) Stirring, reflux 24 hr No report 43
6 1.2 PEG 400 Stirring, room temperature 50 min 98, 95,6919
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* A comprehensive tool that provides both simple and detailed guidance

to help scientists choose areener solvents in route development.

GSK Sclvent _Selection Guide

Fewissues () Some issues (op'c)

._béf_or_e using chlorinated solvents, have you considered

Water (0o,

3utanol 1)
! "ﬁimnol (100°C)

tyl acetate o)
pylacetate oo
acetate orc)
Carbonate vi'e)

Ethanol/IM8 vsc: 1-Propanolsrc
t-Butanol waoc 2-Propanolsre
Methanol s

Ethyl acetate 7
Methylacetate s7c

Methylisobutyl ketone (17:c)
Acetone seg
p-Xylene i:s'c)

Toluene ™ (e
Isooctane sic)
Cyclohexane i)

Heptane e

t-Butyl methyl ether ¢
2-Methyl THF 7,
Cyclopentylmethylethercsc)

Dimethyl sulfoxide s,

pr‘ﬁp‘yl ‘acetate, ethyl acetate, 2-Methyl THF or Dimethyl Carbonate?

Majorissues
Dichloromethane **
Carbon tetrachlonde **
Chioroform **

1, 2-Dichloroethane ™*

2-Methoxyethanol ™

Methyl ethyl ketone

Benzane **

Fatrolaum spint **
2-Methylpentane
Hexane

1,4-Dioxane **
1.2-Bimethoxyethane **
Tetrahydrofuran
Diethy! ether
Diusopropy! ether **
Dimethyl formamide **
N-Mathyl pyrrolidone **
N-Methyl formamide **
Dimethyl acetamide **
Acatonitnie

= = £HS Reauiatory Alerts: plaase consult the delailed salvent muide and the GSK Chemicals Leaislalion Gulde for mare infarmation

Green Chem. 2011, 13, 854-862
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