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Principle 3

Wherever practicable, synthetic methodologies 
should be designed to use and generate

substances that possess little or no toxicity to 
human health and the environment.

3

Principle 5

The use of auxiliary substances (e.g. solvents, 
separation agents, etc.) should be made 

unnecessary whenever possible and, 
innocuous when used.



Traditional solvents

 Volatile organic solvents (VOCs)

Chloroform, Carbon tetrachloride, 

Methylene chloride, Dichloroethylane

BTX: Benzene,  Toluene,  Xylene

Acetone, Methylethyl ketone (MEK), 

etc.

CFCs
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How can we reduce the use of 
traditional solvents?

• Solvent recovery and recycle 

• Nontraditional reaction systems.

•Solventless reaction systems.

• Green synthesis:

• Green solvents





Selection of greener solvents
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Green Chem. 2008, 10, 31

Which solvent is greener?





Editorial Advisory Board of

Organic  Process  Research  &  Development

“Thus submissions including quantitative measures of 

green chemistry  performance such  as mass  

intensity/efficiency, atom economy, and E-factor are 

particularly welcome.”

We warn that authors risk having papers  rejected unless  

environmental  impact  and  green chemistry principles are 

considered.

Papers  containing  strongly  undesirable  solvents (e.g.,  

benzene,  carbon  tetrachloride,  chloroform,  carbon 

disulfide, etc.) will only be considered if accompanied by 

an analysis of alternatives or if a convincing justification 

for such use is presented.”



Unconventional (Green) Solvents

Water

 Switchable solvent

 Supercritical CO2

 Ionic liquid

 Liquid polymer

 CO2 expanded liquid





Solvent properties
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Shifting emission wavelengths

cyclohexane

Chlorobenzene 

Dimethylformamide

Ethanol 

Water 

6-propionyl-2-(dimethylamino)naphthalene 

solvent
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What is a Room Temperature Ionic Liquid (RTIL)?

(室溫離子液體)

• Liquid salt consisting at least one organic component
(cation or anion) with melting point below room 
temperature

• Properties:

–Negligible vapor pressure

–High thermal stability (~250-400°C)

–High viscosity

–Hydrophobic or hydrophilic

–Dissolve many organic, organometallic, and 
inorganic compounds





Joan F. Brennecke: 

Energy Applications of Ionic Liquids
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Structures of ILs

Most Commonly Used Cations

N N
R

+
N

R

+ N

R4

R3R2

R1
+

P

R4

R3R2

R1
+

1-alkyl-3-methyl-

imidazolium
N-alkyl-

pyridinium

Tetraalkyl-

ammonium

Tetraalkyl-

phosphonium

Possible Anions

[PF6]
- [CH3CO2]

-

[(CF3SO2)2N]- (NTf2
-) Cl-, Br-, I-

[CF3SO3]
-(TfO-) [BF4]

-, FeCl4
-
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Structures of Imidazolium ILs

• Cations

• Anions

– PF6
- -BF4

-

– N(CF3SO2)2
- (NTf2) -CF3SO3

-

-Cl-

1-butyl-3-methylimidazolium, BMIM, C4MIM

1-octyl-3-methylimidazolium, OMIM, C8MIM

N N+

R R`
R: methyl; 

R’: n-butyl, n-octyl

1-butyl-3-methylimidazolium  hexafluorophosphate  

[BMIM][PF6]
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R=CH3 ,  R´=C2H5, C4H9 ,  C6H13 ,  C8H17 ;

X=Cl, Br ;  M+Y－＝K+PF6
－

M＋Y－/ Acetone or H2O

phase separation

R´X
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--------------------------------------------------------- -------

Salts M.P. (oC)

-----------------------------------------------------------------

NaCl 802

KCl 772

NaClO4 482(d)

R=R’=methyl 125

R= methyl, R’=ethyl 87

R= methyl, R’=butyl 65

----------------------------------------------------------------

N N+

R R`

Cl-

Melting points of  various chlorides
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Imidazolium Salts M.P. (oC)

[Emim]Cl 87

[Emim]NO2 55

[Emim]NO3 38

[Emim]AlCl4 7

[Emim]BF4 6

[Emim]CF3SO3 -9

[Emim]CF3CO2 -14

----------------------------------------------------------

N N+

R R`

Influence of different anions on the M.P. of 

imidazolium salts

R =methyl, R’=ethyl





Joan F. Brennecke: 

Energy Applications of Ionic Liquids
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Au nanoparticles Ag nanoparticles
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(a) Au nanoparticle hydrosol, 

extracted with (b) benzene, (c) hexane, 

(d) chloroform, (e) 10-undecene-1-ol, 

(f) [BMIM][PF6]

(a) Ag nanoparticle hydrosol, extracted with 

(b) benzene, (c) dichloromethane, 

(d) hexanol, (e) [BMIM][PF6]

Phase transfer of metal nanopartilces with 
organic solvents

Wei et al., JACS 2004, 126, 5036.
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Dissolution of Cellulose with Ionic Liquids

Solubility of Dissolving Pulp Cellulose in Ionic Liquids

slightly solubleheat (100oC) [C8mim]Cl 

5% heat (100oC) [C6mim]Cl 

insoluble microwave [C4mim][PF6] 

insoluble microwave [C4mim][BF4] 

5-7% microwave [C4mim]SCN 

5-7% microwave [C4mim]Br 

viscous solution 3-5-s pulses 

25%, clear microwave heating [C4mim]Cl 

5% heat (80oC) + sonication[C4mim]Cl 

3% (70oC) 

10% heat (100oC)[C4mim]Cl 

solubility (wt %) methodionic liquid

R.P. Swatloski, R.D. Rogers, et al.  J.A.C.S. 124 (2002) 4974.
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Presidential Green Chemistry Challenge Awards

Alternative Synthetic Pathways Award: 

Alternative Solvents/Reaction Conditions Award: 

Designing Safer Chemicals Award: 

Small Business Award: 

Academic Award : Robin D. Rogers, University of 

Alabama 

A Platform Strategy Using Ionic Liquids to 

Dissolve and Process Cellulose for Advanced 

New Materials

Combining two major principles of green 

chemistry: developing environmentally preferable 

solvents and using biorenewable feedstocks to 

form advanced materials .
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Phase transfer of Ag nanopartilcles with  
CH2Cl2 involving [BMIM][PF6]

(A) Aqueous phase (B) Organic phase

Extracted for: (a) 10, (b) 20, (c) 30, (d) 40, (d) 50, (f) 60 minutes
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aqueous

CH2Cl2

aqueous

CH2Cl2

aqueous

CH2Cl2

= TTAB (stabilizer)

= [BMIM][X] 

( ionic liquid )

Br -

X-: PF6
-, BF4

- N N

N N

X-

Br-

N N

X-

N N

X-
X-

X-
X-

Br-
Br-
Br-
Br-

Br-Br-
Br-

Br-

Br-
Br-

Schematic diagram of phase transferring of
nanoparticles with IL
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aqueous phase organic phase

Phase transfer of Ag nanopartilcles with  CH2Cl2
involving KPF6
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Effect of various ionic liquids and 
stabilizers

effect of ILs effect of stabilizers
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Preparation of Metal Nanoparticles/ ILs/ Support 
Catalyst

CH2Cl2

aqueous

N N

PF6
-

CH2Cl2

aqueous

Rh
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N N

PF6
-
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Metal Nanoparticles/ IL/ Support Catalytic System 
(SILC)

ionic liquid

metal nanoparticles

SILC

catalyst particle

porous network

Rh

H

OC

CO

P

P Rh

H

OC

P

CO

P
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Selective Hydrogenation

isoprene

(3M1B)

(2M1B)

(2M2B)

H2 / Pd H2 / Pd

1,2-additio
n

1,2-addition

1,4-addition

Selective hydrogenation of isoprene



Ionic Liquids for Organic Synthesis

Aldol reactions
Baylis-Hillman reactions
Claisen condensations/rearrangements
Diels-Alder cycloadditions
Friedel-Crafts reactions
Heck reactions
Pictet-Spengler condensations
Ring closing metathesis

and many others . . . .



Ionic Liquids for Green Organic Synthesis

Sowmiah, S.; Cheng, C. I.; Chu, Y.-H. Curr. Org. Syn. 2012, 9, 74-95.

Tseng, M.-C.; Cheng, H.-T.; Shen, M.-J.; Chu, Y.-H. Org. Lett. 2011, 13, 4434-4437.

Chen, C.-W.; Tseng, M.-C.; Hsiao, S.-K.; Chen, W.-H.; Chu, Y.-H. Org. Biomol. Chem. 2011, 9, 4188-4193.

Sowmiah, S.; Srinivasadesikan, V.; Tseng, M.-C.; Chu, Y.-H. Molecules 2009, 14, 3780-3813.

Tseng, M.-C.; Kan, H.-C.; Chu, Y.-H. Tetrahedron Lett. 2007, 48, 9085-9089.

Lin, Y.-L.; Chang, J.-Y.; Chu, Y.-H. Tetrahedron 2007, 63, 10949-10957.

Kan, H.-C.; Tseng, M.-C.; Chu, Y.-H. Tetrahedron 2007, 63, 1644-1653.

Cheng, J.-Y.; Chu, Y.-H. Tetrahedron Lett. 2006, 47, 1575-1579.

Tseng, M.-C.; Liang, Y.-M.; Chu, Y.-H. Tetrahedron Lett. 2005, 46, 6131-6136.

Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 8137-8140.

Hsu, R.-C.; Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 4673-4676. 

Are ionic liquids really stable chemically?



Ionic Liquids for Organic Synthesis

Baylis-Hillman reaction in [bmim][PF6]:

lower yield contaminated with side products.

+
R H

O

OCH3

O

R OCH3

OH O
DABCO

[bdmim][PF6], 24 h, rt

aliphatic aldehydes:  58-66%
aromatic aldehydes: 61-99%

N N
H3C Bu PF6

[bdmim][PF6]

CH3

N N
H3C Bu PF6

[bmim][PF6]

Aggarwal, V. K.; Emme, I.; Mereu, A. Chem. Commun. 2002, 1612-1613.

Hsu, R.-C.; Yen, Y.-H.; Chu, Y.-H. Tetrahedron Lett. 2004, 45, 4673-4676.



Ionic Liquids for Organic Synthesis

10 15 20 25 30 35 40

Retention Time (min)

Baylis-Hillman reaction
in [bdmim][PF6]

Baylis-Hillman reaction
in [bmim][PF6]

O

OH

N

N PF6OCH3

OH O

O

(a)

(b)

(c)
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Heck Reaction in Ionic Liquids : A Multiphasic Catalyst System

A. J. Carmichael, et al., Org. Lett. 1,997, 

1999.

A： Cyclohexane (product)

B： Water  (salt)

C： Pd/phosphine ligand in   

[bmim][PF6]
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Desulfurization of light oils by 

chemical oxidation/solvent extraction 
with RTILs

Wen-Hen Lo, Hsiao-Yen Yang and Guor-Tzo Wei* Green Chem. 
2003, 5, 639. 
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柴油中含硫化合物之結構 

Thiols 

Disulfides 

Sulfides 

Thiophenes 

 

Benzothiophenes  

 

Dibenzothiophenes  

(DBTs) 

 

Alkyldibenzothiophene 

 

Benzonaphthothiophenes 

 

R－SH 

R－S－S－R  ̀

R－S－R  ̀

S

      

S
R

 ,etc 

 

S

S

R ,etc. 

S S
R

 

S
CH3

CH3 ,

S

R

R

 

S  
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國家 柴油硫含量 開始實施日期

美國 500ppm→15ppm 2006年6月

加拿大 500ppm→15ppm 2007年1月

歐盟 300ppm→50~30ppm 2005年1月

日本 500ppm→50ppm 2005年1月

澳大利亞 500ppm→50ppm 2006年1月

台灣 500ppm→50ppm 2007年1月

各國實施低硫柴油規範的日期
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工業上以Co-Mo/Al2O3催化之加氫脫硫(HDS)反應途徑

H2 +

S CH3

S CH3

H

H
H

SH

CH2CH2CH3

CH2CH(CH 3)SH

H2

CH2CH2CH3

+  H2S

S

CH3

H2

CH

CH3

CH3

+  H2S

S

H2

CH2CH3

+  H2S
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• 反應需在高溫高壓下進行。

• 操作成本高且耗費能源。

• 加氫作用使油品中烯烴類飽和，辛烷值減少而降
低了燃料油之品質。

• 對於benzothiophenes和dibenzothiophenes等硫化
合物的脫硫效率較差，尤其是4,6-DMDBT 。

氫化脫硫(HDS)技術的缺點



62

H3C OH

O

H3C O
OH

O

H2O2 H2O

S
O O

S

Chemical Oxidation Desulfurization (ODS)
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Model light oil

BMIMBF4

or ACN

+

H2O2 & AcOH

Model light oil

H2O2

AcOH

BMIMPF6

or

OMIMPF6

Two-phase system Three-phase system

   
 OH

AcOHOH
R

2

2
22K



B. N. Heimlich and T. J. Wallace, Tetrahedron, 1966, 22, 3571.
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Extraction + Oxidation of DBT with an oil/IL system 
in One-pot operation
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Sulfur content left in model light oil as a function of time with 

different solvents in the ODS/extraction system

758ppm

314ppm

400ppm

499ppm

466ppm



Cl CN
a

Cl
OMe

NH HCl b, c

N

N

4 (90 %)

        5
(66% in 2 steps)

d, e, f NN CO2H

6
(93% in 3 steps)

H2N CO2Bn

N

CO2Bn

BnO2C g

N

N O

H
N CO2H

N

CO2HH2OC

NTf2

2
(76% in 2 step; 42% overall isolated yield in 8 steps)

NTf2

3

7

h

Synthesis of AIL 2, [NTA-h-3C-im][NTf2]

Experimental conditions:

(a) HCl, MeOH, ether, -20 oC, 24 h;

(b) H2NCH2CH(OMe)2, Et3N, CH2Cl2, reflux, 2 h;

(c) HCO2H, reflux, 20 h;

(d) Br(CH2)5CO2Bn, 80 oC, 2 h;

(e) H2, Pd(OH)2/C, MeOH, rt, 1 h;

(f) LiNTf2, H2O, rt, 12 h;

(g) EDC, DIEA, CH2Cl2, rt, 5 h;

(h) H2, Pd(OH)2/C, MeOH, rt, 1 h.

Affinity Ionic Liquids for Biomolecular 
Interaction Analysis
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N
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N
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NH

O

NH

O

O

HN Im

FITC

a

a

b

b

c

c

d

d(A)

(B)

Tseng, M.-C.; Tseng, M.-J.; Chu, Y.-H. Chem. Commun. 2009, 7503-7505.

Affinity Ionic Liquids for Biomolecular 
Interaction Analysis



Phase diagrams for CO2 and H2O



a Data taken from Refs. 62 and 63.
B The density at 400 atm (p,,,,) end T, = 1.03 was calculated from compressibility data.”
C measurements were made under saturated conditions if no pressure is specified or were performed at 

25°C if no temperature is specified.

Physical Parameters of Selected Supercritical 

Fluids

H2O 374.2     220.5 0.34



CO2 as a Solvent

 Liquid (ca. 50-60 bar, t> rt)

 Already found application in dry cleaning etc.

 Relatively little studied for reactions, but still many 
potential benefits.

 Supercritical (>31 °C, >74 bar)

 Usually involves higher pressures, but much more 
control over solvent properties

 Used for decaffeination, natural product extraction

 Gas expanded liquids

 Relatively little studied

 Lower pressures, allow higher concentrations of light 
gases to be dissolved



Comparison of the properties of gas, 

Supercritical fluid and liquid

Mobile phase Density               

(g／ml) 

Viscosity          

(m2／s) 

Diffusion 

coefficient      

(cm2／s) 

Gas 0.6～2.0×10-3 

( 0.01)

0.5～3.5×10-4 

( 0.01) 

0.01～1.0 

( 10,000)

Supercritical 

fluid

0.2～0.9 

(~ 0.5) 

2.0～9.9×10-4

(0.01)

0.5～3.3×10-4

( 10-100)

Liquid 0.8～1.0 

(1)

0.3～2.4×10-2

( 1)

0.5～2.0×10-5 

( 1) 

SCFs are used as extraction solvents (e.g. extracting 

caffeine from coffee beans, fats from potato chips), 

carrier medium for chromatography, and solvents for 

disposal of organic hazardous wastes



CO2 as a Solvent

• Liquid (ca. 50-60 bar, t> rt)

– Already found application in dry cleaning etc.

– Relatively little studied for reactions, but still many 
potential benefits.

• Supercritical (>31 °C, >74 bar)

– Usually involves higher pressures, but much more 
control over solvent properties

– Used for decaffeination, natural product extraction

• Gas expanded liquids

– Relatively little studied

– Lower pressures, allow higher concentrations of light 
gases to be dissolved



Benefits of supercritical carbon dioxide

• Moderate critical pressure (73.8 bar)

• Low critical temperature (31.1℃)

• Low toxicity and reactivity

• High purity at low cost

• Useful for extractions at temperature < 150℃



• Extraction.

• Cleaning.

• Material synthesis and catalyst: Exploring reaction 
kinetics and routes to new materials.

• Material processing for new materials.

• Supercritical fluid chromatography.

Liquid  or supercritical CO2 as  Solvent



Decaffeination process

 SOAKING green coffee 
beans in water doubles 
their size, allowing the 
caffeine to dissolve into 
water inside the bean.

 CAFFEINE REMOVAL
occurs in an extraction 
vessel. Caffeine diffuses 
into this supercritical 
carbon dioxide, along 
with some water.  

Scientific American, June 1997



Decaffeination process

 DECAFFEINATED 
BEANS at the bottom of 
the vessel are removed, 
dried and roasted.

 RECOVERY of 
dissolved caffeine 
occurs in an absorption 
chamber. A shower of 
water droplets leaches 
the caffeine out of the 
supercritical carbon 
dioxide. 

Scientific American, June 1997



Industrial extraction with 

supercritical CO2

 Decaffeinating coffee and tea

 Extracting bitterness from hops to make beer

 Extracting spices and aromatic plants

 Defatting cocoa powder : Fat is precipitated 

from the supercritical fluid by dropping 

solution pressure, so precipitated fat can be 

dried and weighed

 Can be as efficient as solvent extraction (up 

to 98% of the available oil )



Techno Rice

 Brand: I-Mei Good for You Rice

 Five King Cereals Industry Co., Ltd.

 Products: brown rice, white rice, 
and mixed

 Advantages:

 pesticides and heavy metals are 
removed

 germs and insect eggs are 
exterminated

 waxy layer and fatty acid are 
removed; preventing rice from 
rancid and retrograded

 cooking time is shortened  by 
25-33% for brown rice

 shelf life of the bagged rice is 
extended

 nutrients are preserved

Delicious Brown Rice



五王糧食股份有限公司
『超臨界流體淨米技術』

Techno Rice

 Brand: I-Mei Good for You Rice

 Five King Cereals Industry Co., Ltd.

 Products: brown rice, white rice, and mixed

 Advantages:

 pesticides and heavy metals are removed

 germs and insect eggs are exterminated

 waxy layer and fatty acid are removed; preventing rice 
from rancid and retrograded

 cooking time is shortened  by 25-33% for brown rice

 shelf life of the bagged rice is extended

 nutrients are preserved

嘉義縣義竹鄉義工三路12號



SFC Commercial Instruments

Jasco SFC/SFE system (packed column)



LSER equation

log k = c0 + eE + sS + aA + bB + vV

n – π & π – π interaction

Dipole-dipole interaction

Acidic interaction

Basic interaction

Dispersion interaction
& cavity effect

81
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HPLC vs SFC



LC column

Normal PhaseReversed Phase

H2O MeOH ACN IPA CH2Cl2 Hexane

C18-silica
C12-silica
C8-silica
Phenyl hexyl

Cyano propyl
Propyl phenyl
Porous Graphitic 
Carbon (PGC)
Florinated Phases

Silica gel
Amino propyl
Diol, PVA
Ethylpyridine

83



SFC column

Normal PhaseReversed Phase

H2O MeOH ACN IPA CH2Cl2 Hexane

C18-silica
C12-silica
C8-silica
Phenyl hexyl

Cyano propyl
Propyl phenyl
Porous Graphitic 
Carbon (PGC)
Florinated Phases

Silica gel
Amino propyl
Diol, PVA
Ethylpyridine

CO2

84





Conclusions

 Ionic liquids have unique solvent properties 

that make them become attractive for 

specific function-task specified ionic liquids.

 Achiral separations of SFC will become 

attractive once the proper-designed 

columns are available.

 LESR is a useful tool to characterize SFC 

achiral column
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