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Criteria of chemicals and solvents
used in sustainable chemistry

 Naturally abundant and easily regenerate
* From renewable sources

* Environmentally benign

* Recyclable (reusable)
 (Bio)Degradable

e etc.
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 Naturally abundant and easily regenerate,
 H,0, CO,, O,(air), CaCO,, etc.
« From renewable sources,

 carbohydrates, fatty acids and glycerol, terpenes,
lignin, amino acids, etc.

« Environmentally benign,

 H,0,, SC-CO,, organic carbonates, supported
reagents, etc.

* Recyclable, manganese salts, etc.
« Biodegradable
* etc.
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>(j< alkaline conditions
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TEMPO N
HO'\ O acidic conditions
Y
H o
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OH 1 mol% Fe3* _ X0
75°C /12 h TON  Selectivity

30 wt% HOOH nano y-Fe,0s 32 97%

homogeneous Fe(NO,), 25 35%
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11.1 Introduction 371
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Recent literatures

Transition-metal-catalyzed C-C bond formation through the fixation of CO,
Chem. Soc. Rev. 2011, 40, 2435-2452

Use of CO, in chemical syntheses via lactone intermediate Green Chem.
2011, 13, 25-39

Adaptive Process Optimization for Continuous Methylation of Alcohols in
SC CO,, Org. Proc. Res. Dev. 2011, 15, 932-938

lonic Liquids and Dense CO,: A Beneficial Biphasic System for Catalysis,
Chem. Rev. 2011, 111, 322-363. 13
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Solid Supercritical
fluid
% P -
£ ™
Critical point
Gas
T
Triple point
I
T,
Temperature
1. P.
Material (°C) (bar)
Ammonia 132.4 113.2
Carbon dioxide 31.] 73.8
Ethane 32.2 48.7
Ethene 9.2 50.4
Fluoroform 25.9 48.2
Propane 96.7 42.5
Water 374.2 220.5
A versatile lab to pilot scale continuous rxn system for SCF 14

processing, Org. Process Res Dev. 2011, 15, 1275-1280
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Hydrogenation of nitrile in scCO,: a tunable
approach to amine selectivity

Green Chem. 2010, 12, 87-93

By tuning the CO, pressure changes the product selectivity (more than
90%) from benzylamine to dibenzylamine, with 90+% conversion.

b wosina

Dibenzylaming (DBA)
Select. 95 %
__________________________________________ COZ i
CN N =
H,
—
a) CO,(solvent)

Low
b) P/MCM-41 Bnczylaminc (BA)
Benzonitrile Select. 91%

15
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Carbon Dioxide into the VValue Chain
ChemSusChem 2011. 4. 1216-1240

R-PdXL,

MHODH 2 ks
SV s, e T [N T s R_~_0OH
COOH HCOOH
Qon RCOO-PAxL,  RCOOH  CHiCOOH
a

16

See also: Aresta, Ed., Carbon Dioxide as Chemical Feedstock, 2010, Wiley-VCH
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Fixation of CO, into Complex Organic
Matter under Mild Conditions

ChemSusChem 2011 4, 1259-1263

B Nolan (2010)
N H N CO,H
R J  [PrAuOH] (1.5 moi%) RT
CO,(1.5atm)
or L or
) KOH, THF, rt X
M 2
Cl
(\I />—C:02H 91% HO.C
CO,H
CO,H
Cl
CO,H 94%
@ 9—C0, g 90% 87%

Iwasawa (2011)

1. [Rh(coe)sCljz (5 mol%)

Hou (2010)
1. [(IPr)CuClI] (5 mol%)
CO, (1 atm)
N ° N
“/ KOtBu, THF, 80 °C (
R4 )—H » R25 —CO,CgH
L‘Z>_ 2. Cahirgl L‘Z>— 2613
DMF, 80 °C
R N R = Br; 62%
BY—C0,CeH R =NOy; 50%
O:o}_ Z¥ R = p-MeO-CgHy; 89%

DG PCy; (12 mol%)
AlMe,(OMe), DMA, 70 °C
H CO, (1 atm) PRt
R
2. TMSCHN, &
DG=directing group
= == =
1 | )
Me N. =
™ o \@ "
R CO,Me CO;Me COMe
R=H;73% 69% 67%
R = OMe; 75%
L,Rh-CI
MeAlX,
Ar-CO.AIX,
L,Rh'-Me
Transmetallation \ /
MeAlX, o
C-H activation
Reductive
. elimination
\Y
3 /
Q \ /
0 RhL, N
Rh
‘\_/ )
CO; insertion
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Coates (2011)

Fg

Muitiblock CHO copolymers:
m n z
1 ng
Zn cat. y, -
CO, CO,
i - _j)\ -
)J\o 04" 0. o ™|
Polymer =

L JmL Jn

Fg' Fg?

Yields: 87-99%

Up to six different CHO monomers

50°C, CO, (6.9 atm)

Zn cat.

Fg = functional group

g A
iR EAY

L - n

Fg
Yields: 82-99%

18
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Preparation of flame retarding polymers was demonstrated by

using immortal CO,/propylene oxide copolymerization in the
presence of phosphorous-containing chain transfer agents.

0
0 PPC P
co, + A\+ PhP{O)(OH); Lol on ﬂ"lgh{} OH
g Flame retarding PPC-diol
t/J‘j = PPC . M, ~3000 TOF ~ 11000 h"*
" I

TOI FPC

.#F"'. H H -
i o 0 10 0 N H
o m
Q O

Flame retarding TPU
M,, ~ 58900

Green Chem. 2011, 13, 3469-3475
19



[Fmie  International Year of 2 ; .
PRI F
@ EHE%I?ITRY nmREAY
Production of Dimethyl carbonate (DMC) from ethylene
oxide and CO, as a more effective way for the reuse of CO,

(Clean Technologies and Environ. Policy 2009, 11(4), 459-472)

0
(CH,=CH,—» ) 2 b oogy 'Df}u&ﬂ -
=CHy—=) / N\ E '| / (reaction I

0 ‘\\EC
1

. . HI  OH
Q" "D 4+ 2HL—OH === L'D 3 A

I:.-"
- |£"': '41"5- (reaction IT)
DMC
Cyclic carbonates from epoxides and CO,

(Green Chem. 2010, 113. 1514-1539)

R Cat. 1 ; \ MeOH, Cat. 2 O

W +CO, —>» O (@) » Me_ J\ _Me
S \”/ [-HOCH,CH(R)OH] 0" O

Cat. 1: MgO, CaO © Cat. 2: zeolites exchanged with alkali 20
or alkali earth metal ions
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Dimethyl Carbonate as a Green Reagent

Low toxicity, no mutagenic or irritating effect.
Biodegradable (>90% in 28 days)

Melting point (°C)
Boiling point (°C)
Density (d2%

Viscosity (w?, cps)
Flashing point (°C, O.C.)
Dielectric constant (£%°)
Dipol moment (., D)
AH vap (kcal /kg)
Solubility H,O (g/100g)
Azeotropical mixtures

4.6

90.3

1.07
0.625

2l

3.087
0.91

88.2

13.9
With water, alcohols, hydrocarbons

Useful methylation and alkoxycarbonylation agents

<90C PhOH + CH;0COOCH,

=160C  ROH + CH3;0COOCH;4

Cat. base

Cat. base

-

Y

PhOCH3 + CO2 + CHsoH

ROCOOCH; + CH,OH

PRI F
L SR §

21
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Organic carbonates as solvents
(Chem. Rev. 2010, 110, 4554-4581)

Table 1. Transport and Thermodynamic Properties

polarity

organic d (293 K) viscosity (298 K)
carbonate bp [K] [g/cm?] [cP]
DMC 363° 1.07% 0.590” Acetone 0.320 cP
DEC 309 0.98" 07835\ ¢ 0.891 cP
EC 5214 1,340 sl i TeR e
PC 5154 1.20¢ 2.50¢ 1-butanol 2.99 cP
BC 5244 1.14¢ 3.14¢
S HFIP
1.0
= + [EtNH 5][NO ]
0.8 ¢ MFE
~ ¢ TCE ¢ MeOH
fu L [bmim}[H(Tf};] " ¢ [bmim][BF;] ¢ EtOH
~ 0.6 .
£ [bm imIN(TA,] * b mniprd
L e PC
< ¢ AN , DMSO
0.41 * DMF
¢ CHoCl; * DMC
0.21 e DEC ¢ THF
¢ toluene
0.0 ] T T T T T T T
00 01 02 03 04 05 08 07 08 0.9 22

hydrogen bond acceplor () basicity
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Renewable resources:

An idealized bio-refinery

Pretreatment:

(Bio)Processing:

Building blocks:

Derived chemicals:

Product uses:

Lignin, 20%
Fats and oils, proteins, terpenes, etc., 5%

NZ

BIOMASS FEEDSTOCKS

Carbohydrates (sugar, starch, cellulose, etc.), 75%

Sugars

Starch I |Cellulose I I Hemicellulose I

Syngas

| Lignin |Pr0tein I

Sugars derived biochemicals | Biofuels I | Aromatics I

General chemical intermediates, monomers, solvents, etc.

Industrial, transportation, textiles, food packaging, con

sumer goods | 23
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From polysaccharides (vegetal biomass)

OH
}  Hydrolysis )\H/OH

O
Sucrose, Starch, Cellulose, . .

Hemicellulose, Inulin L(;mt'c G

/ \ HOJ"\/YOH
Pentoses Hexoses . O

(Xylose) (Glucose, Fructose,Mannose) SUCCHNG ACK
HO OH
H* l -H,O H* i -H>O \/\(I:‘I)’
3-Hydroxy propinoic Acid

Itaconic Acid

2 N\ _+ Hac-c CH2COOH
o HOH,C™ o
O

@]
Furfural S5-Hydroxymethylfurfural (HMF) j?\/\;:\
HO OH
NH>
1 H,O, H* Glutamic Acid
O

Hac/u\/\COOH

Lewvulinic Acid
24
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5-Hydroxymethylfurfural (HMF) as a building block

AR
BRIV E AN

platform: Biological properties, synthesis and synthetic

applications
e Green Chem., 2011, 13, 754-793
_ (@)
Carbohydrates: o
frutose, glucose, HO \ / H Other
sucrose, - Molecules
cellulose, inulin 5-hydroxymethylfurfural
(HMF)
O /
HOJK/Y

O
Levulinic acid

~ “CO,H
o

OH

pentenoic acid

5-hydroxy-4-keto-2-

\j

HO OH

methylfuran

3,5-dihydroxy

Y

O

~°r

DFF R=H
FDA R = OH

25
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A green approach to chemical building blocks.

The case of 3-hydroxypropanoic acid
Green Chem. 2011, 13, 1624-1632

0
s /\)’kH O &

3-Hydroxypropionaldehyde
0!‘ o
HO \)J\
1, 3 Propanediol
OCH,
Methyl acrylate
educnon Oxidation
Af cation
Estenﬁcatlon Dehydrahon
HO OCH,4
3-Hydroxy-methyl propionate 3 Hydroxypropionic amd Acrylic ac:d
\ Cyclization l
0
O
/\)J\ Polymerization 0\ _
HO NH, _""O' X NH
3-Hydroxy propylamide ] _ Acryi amide 2
/\)T\ Propiolactone l
o 2 \/\\\
- x oo, 26
P -“n s
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Ovcn, 22 e H o0 O\,
H,C CH,OH —
Methyl Tetrahydrofuran 1,4-Pentanediol Angelica Lactone
-H,0
Oxidation I H> l ROH
Succinic Acid o
. HaC” " COOH ROH
Enzymatic . R o)
O .
H N )\’/\COOH / Levulinic Acid HC )\/\COOR
Reductive ini i
5-Amino Levulinic Acid amination DRVLINHE AL Issrs
R
N
O 0 CH3 OUCH:;
Condensation
5-Methyl-N-alkyl-2-
a-Methylene-y- HO or pyrrolidone
valerolactone ‘
H,C COOH

Diphenolic Levulinic Acid

1999 PGCC Award of Small Business——Biofine process to make levulinic »;
acid from paper mill sludge, agricultural residues, waste wood and papers.
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OH o)
HO i OH O |
e
_—
"0 5-(hydroxymethyl)furfural (5-HMF)
sucrose HO I[Hej
O
9 0 [Ho] OH
OH 5 (
O
0]

y-valerolactone \Hz} levulinic acid formic acid
OH
1 [Hol [H2]
——————

O 0]
pentanoic acid dibutyl ketone
OH '

)\/\/OH _____,..[HZI o
Useful solvents

2-methyltetrahydrofuran

4-hydroxypentanol

(Winterton, Chemistry for Sustainable Technologies, 2011, p.385) 28
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Levulinic acid to pyrrolidines

Biomass carbohydrates:
cellulose, starch, sugars

v Previous route reduction
; i) energy-intensive separation of LA Amination

o o ii) external H, supply, RNH, catalyst R

2 |

OH + Ox N
)W A | Bats

@) This work
mixture in aqueous solution RNH, Ru catalyst S-methyl-N-alkyl-2-

"one -pot" pyrrolidone

80-120°, 12 hr

Alkylamines, Conditions A: LA (1 mmol), FA (1 mmol), H,0O (150 mg), amine (1
mmol), 1 (0.5 mol%) t-Bu,PHBF, (1.5 mol%), 80°C, 12 h.

Arylamines, Conditions B: LA (2 mmol), FA (2 mmol), H,O (250 mg), amine (1
mmol), 1 (1Imol%) t-Bu,PHBF, (3 mol%) 120°C, 12 h.

ChemSusChem 2011, 4, 1578-1581. 29
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Lactic acid and ethyl lactate

OH
_A_oH
a'd OH - Hydrogenation 1,2-propanediol
(0]
Acrylic Acid OH T Hydrogenation
\(H . Dehydration oH Esterification OH
O - 0O - /l\“/OR
AcetaldehYde Lactic Acid 0O
0 Esterification | ;. iates
o
NN Oxidation
0 0.9 |
2,3-pentanedione 0 I I —  Polylactic
/\(OH o~ "0 acid (PLA)
O Lactide
Pyruvic acid

Ethyl lactate is a very useful solvent.

30
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Ethyl lactate as a solvent: Properties, applications
and production processes — a review

Green Chem. 2011, 13, 2658-2671

This review summarizes the main properties of ethyl lactate and its
applications, as well as its synthesis and production processes,
with emphasis on reactive/separation processes.

140
120

100

e}
<

B
<

Publications per yvear
[\
<

0

Data were obtained from I1SI Web of Knowledge on

(o)}
<
I

Year

5th of July 2011.

%%%%%Q“Q'*qb‘qbqeq@‘

\Q

BIOMASS

£ N

Lactic Acid 4 Ethanol

Ethyl Lactate

=

Solvent

Organic -
Synthesis | ||

=
IPharmaceutT::al

L—l—l—l—l—'—l—l—l-

T T & § & & § °§ ®N
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Controlled Ring-Opening Polymerization of L-Lactide
Triggered by Supramolecular Organocatalytic Systems

(From Chapter 10 of Renewable and
%ﬂ Sustainable Polymers, ACS, 2011)
H-N_/

R / }\'Fi“
H-N_/ Lactide:Catalyst
HaySx 3"
e =
0.0 4 ‘2_0 .H"N F ~
0“0 " 0% Hau X
! |
Lactide Ar o
B . L me— o#oﬂ\ro .
n
— Ri 3 L JRa Poly(Lactide)
O-H p— O-Humn N—R,
R R —— R R )
Initiator/growing chain Kz Initiator/growing chain:Co-catalyst
Figure 2. Multiple H-bonding equilibria involving reactants and catalysts 4 + 32

3 during the Ring Opening Polymerization of lactide.
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OOHOHC‘)

Polycarbonates as Flame 0 © 1 .. . Ly

Retardants Based on L
Tartaric Acid: Q Q o
A potential C4 building block
: g N
O O O -

| |l
CH3CH,0— C— GH— CH—C—OCH,CHs

Seheme 1 Svnthesis of diethvl 2 3-dinhenvinhosphinato-1.4-butanedioate

\

Py ® i
0=||= -0 i HO@—OH

o O o O
| ] Qggo

—0—T

CH3CH;0— C— CH— CH—C— OCH,CH;

KoCOjq
Xylene
D
‘
i
“\%F\Fl, Fi,éc\j) @ (From Chapter 9 of Renewable and Sustainable Polymers,
AL P e e ACS, 2011)
—'é—LoH—c|:H—o-—--o —O0—1-

O 33

Scheme 3. Generation of Oligomers Containing High Levels of Phospho.
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* Polyols <
for polyurethanes

Glycerine

Many applications

Methyl oleate

- - . “b 20 ;‘eﬁ X,
Bio-refinery of vegetable olls
Vegetable
o .. Transesterification
| I el Solvents, etc.
4
l Fatty acid /
ester Metathesis
g ———
| I
o,®-Unsaturated esters o-Olefin
Bicdiee | (9-Decenoate methyl ester) (1-decene)
| |
« Thermosets (Epoxy) P olz olefins
» Thermoplast (Nylons) * Surfactants
« Surfactants, lubricants * Lubricants
Ethenolysis NSNS NS
Metathesis 1-Decene
e catalyst
+
O
PN N
+ = OMe
CH,=CH, ethene Methyl 9-decenoate 34
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Glycerol

The Future of Glycerol
by Pagliaro, et al., 1st Ed(144 p), 2008; 2nd Ed(190 p), 2010, RSC

Chapter 1 Glycerol: Properties and Prodution

Chapter 2 Reforming

Chapter 3 Selective Reduction

Chapter 4 Chlorination

Chapter 5 Dehydration

Chapter 6 Etherification

Chapter 7 Esterification

Chapter 8 Selective Oxidation

Chapter 9 Bioglycerol in the Constraction Industry

Chapter 10 Sustainability of Bioglycerol

35
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A

alkanes
HO OH atkenes
~ T N syngas

hydrogen OH glyceraldehyde

glyceric acid 1} / hydroxyp}'ruwc acid
0 % N
HO \)‘\/OH MBW

methylglyoxal

1,3-propanediol
(1,3-PDO)

1,2-propanediol

1,3-dihydroxyacetone

(1.2-PDO)
0 -.' cl <
/u\/ OH \ | HO\/'\/C] %C[
o \ 2,3-dichloropropanol epichlorhydrin
aceto
o OH
T O\/J\/O

o]

acrolein :
/ HO\/\/Ot-Bu
0]

OH 3-t-butoxypropan-1,2-diol -

OMe
H n Ot-Bu
HO\,/l\/OH "
triglycerol (n = 3)

2-t-butoxypropan-1,3-diol methyl levulinate glyceryl ketal 1-glyceryl monocarboxylate

1,3-glyceryl dimethacrylate

(Winterton, Chemistry for Sustainable Technologies, 2011, p.386) 36
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Synthesis in glycerol s
(ChemSusChem 2011, 4, 1130-1134)
H__O OH
Ru(p-cumene)Cl,
base ) .
= With Ultrasound/Microwave
glycerol

Benzaldehyde transfer hydrogenation reaction

OH Na,COj,, Pd catalyst
O e - OO
OH glycerol

X= 1, Br, Cl
R= OCHj, C(O)CH;

With Ultrasound/Microwave

Suzuki cross-coupling reaction in glycerol.

OH
o R
~ Zn, NH,CI _
* ROR ——» With Ultrasound

glycerol

R= C=CH, HC=CH,, CH,CH,C=CH
R'= Br, Cl
37
Barbier reaction in glycerol.
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Table 1. Glycerol Feedstock Announcements

Company Product Volume Location
ADM Propylene Glycol 100,000 mt Decatur, IL
Cargill/Ashland Propylene Glycol 65,000 mt Europe
Dow Propylene Glycol NA Texas
Dow Epichlorohydrin 150,000 mt China
Huntsman Glycerol Carbonate NA Texas
Solvay/Vinythai Epichlorohydrin 100,000 mt Thailand
Arkema Acrylic Acid NA France
Synergy Propylene Glycol NA NA
Linde Hydrogen Reformation Demonstration Plant Germany

(From Chapter 6 of Renewable and Sustainable Polymers, ACS, 2011)

OH

HOACc (cat) OH NaOH o
HO\)\/OH CI\)VC! Che <

HCI (anhyd)

Figure 3. The Conversion of Glycerol to Epichlorohydrin.
38
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OH

OH

EXCESS

acid

o o % = 8 for sebacic acid
+ ,J-L x = 10 for dodeaneadioic acid

HO (CHp), OH

o] ,fL o] O 0 o]
|
OHT™ eHy), 07 Yy o (CHz)xJJ\OH * oM (CH;)';J\O/\/‘“O
OH

O

(CH

OH

g A
iR EAY

o\fo 2)x
CanOSn

S| L
excess D/Y\O (CHa)x o * ne /\I/\O (C HEJKJ.]\ 0
triol OH OH (e} 0 Q
H

Scheme 1. Step-Growth Polymerization of Glycerol with Either Sebacic Acid
or Dodecanedioic Acid

Lio

TG B

Figure 5. Types of structural units than can occur in copolyesters formed from
glycerol with diacids (x = 8 for sebacic acid and x = 10 for dodecanedioic acid).

(From Chapter 2 of Renewable and Sustainable Polymers, ACS, 2011)
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