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Conditions: (i) SOCl2, acetone/ aq. NH3 (78%); (ii) SnCl2, EtOH (94%); (iii) (COCl)2, CH2Cl2, distillation
(89%); (iv) 1, 2-ethoxybenoyl chloride, Et3N, DAMP (cat.) CH2Cl2, 25 oC (40%); (v) NaOH, EtOH, H2O2, 
CH2Cl2:MeOH extraction (72%); (vi) ClSO3H, quenched with H2O, CH2Cl2:MeOH extraction; (vii) N-
methylpiperazine, EtOH (viii) citric acid, acetone (91%).

Multi-step synthesis with 4.2% ovarall yield

Use of hazardous reagents like tin chloride

1300 L of waste generation per 1 Kg of product

Conventional synthesis of Sildenafil citrate

Modified commercial route for the synthesis of Sildenafil citrate

Sildenafil citrate

(vi)

(vii)

OEt
COOH
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NO
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Me

OEt

S
NO
O

N
Me

N
H

O
N

N

Pr

H2NOC Me

Sildenafil citrate

Conditions: (i) SOCl2, DMF (cat.), toluene/ aq. NH3 (92%); (ii) H2, Pd/C, EtOAc (100%); (iii) ClSO3H, 
SOCl2, 25 oC; (iv) N-methylpiperazine water, 25 oC then neutralization; (v) 1 + CDI, EtOAc, 2 (90%); (vi) 
KOtBu , t-BuOH, heat, (92%); (vii) critic acid, 2-butanone (99%).

7 step synthesis with 75% overall yield Waste generaton of 7 L/Kg

(vii)
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Ibuprofen

H2O/H+

Conventional synthesis of Ibuprofen

Greener synthesis of Ibuprofen
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Conventional synthesis of adipic acid

Greener synthesis of adipic acid

O

+

OH

benzene cyclohexane
H2 (370-800 psi)

CO, air

HO

O
OH

O

Cu•NH4VO3
50-60% HNO3

-N2OUse of benzene (carcinogen) as a starting material

N2O as byproduct (green house gas)

cellulose
HO

O

OH

OH

OH

OH oxidation
catalyst

HO
O

OH

OH

OH

OHO

OH

OH 
removal

metal
catalyst

Use of renewable biomass for the synthesis

catalyst: Au/C, Au-Pt/ZrO2, Pt/C, PtPd/
TiO2, PtCu/TiO2, PdCo/Mg(OH)2, Pt/C.

O OH

OH
HO OH

HO O

OH
O

HO

HO
OH

O

HO
OH

HO

HO
HO

O

OH
ONAD(P)+ NAD(P)H

ER

adipic Acid

adipic acid

catecholcis, cis - muconic acid

3-dehydroshikimic acid

DMS-D
-H2O

protecatechuic acid

PCA-D-CO2

DMS-D = 3-Dehydroshikimate dehydratase; PCA-D = Protocatechuate decarboxylase

A) Chemocatalytic pathway

B) Biocatalytic pathway

Ni•Al2O3

adipic Acid
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CH3NH2

EtOH
Pd/CaCO3

H2, EtOH

D-mandelic acid,
EtOH

CH3OH 
recrystallization

Cl
Cl

NH
Me

Cl
Cl

NH2
Me

Elimination of toxic organic solvents No use of TiCl4

HCl
EtOAc

Sertraline•HCl

syn form was purified
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CO2SiMe2Cl
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Me
Me

CO2SiMe2Cl

H2N
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Me
Me

COOH

MeSiCl2
PhNMe2
CH2Cl2

PCl5
-40 oC

i) n-BuOH
ii) H2O

H H H H H H

H H(Enzymatic deacylation)
Penicillin acylase

• One step conversion
• H2O as a solvent
• High atom-economy

CH2Cl2
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H3C CH2

Cl2

H2O H3C

Cl
OH

Ca(OH)2 O

CH3-CaCl2

Traditional chlorohydrin route

Greener HPPO route

H3C CH2

O

CH3

+ H2O+ H2O2

H3C CH2
Cl2

H2C
Cl

Cl2/H2O 25-50 oC

Traditional chlorohydrin route

300 - 600 oC

OH
Cl

Cl Cl
OH

Cl

HCl+

propylene allyl chloride

dichloropropanol mixture
O

Cl

epichlorohydrin

NaOH
+

Solvay's Greener route

OH
OH

HO

HCl catalyst

glycerin

Use of renewable feedstock
90% lower water consumption
Reduction of chlorinated waste

A) Synthesis of propylene oxide

B) Synthesis of epichlorohydrin

H2C
Cl
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MeO

O
X

Y

base, additives
TPGS-750-M in H2O

rt, 12-16 h

OHRHN

(1.0 equiv.)

OHRN

MeO

O
X

base, additives
TPGS-750-M in H2O

40 oC, 4-6 h

(1.0 equiv.)
Pd catalyst

O

O
B

OHRN

MeO

O
X

OHRN

HO

O
X

OHRN

O

O
X

R'
N

NaOH
rt, 4-6 h

NHR'

(1.0 equiv.)

reagent
base

additives

TPGS-750-M in H2O
rt, 10-12 h

HCl

MeOH/water
0 oC to rt, 16 h

API

75%

87%80%

90%

Yield improved from 42.5% to 48% PMI improved from 238 to 161 17% reduction in overall cost
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NO2
Cl

+
B(OH)2

Cl

NO2

Cl

NH2

Cl

Pd(OAc)2 (700 ppm)
SPhos (1400 ppm)

K3PO4.H2O (2.0 equiv.)
2 wt % TPGS-750-M/H2O

10% THF, 55 oC, 12 h

CIP (5 equiv.)
NH4Cl (3.0 equiv.)

2 wt % TPGS-750-M/H2O
45 oC, 12 h

DIPEA (2.0 equiv.)
2 wt % TPGS-750-M/H2O

45 oC, 12 h

N Cl

O

Cl

NH

Cl

O N

Cl

Boscalid
83% overall yield

Only ppm level of Pd is required (700 ppm)

3-Step 1-pot reaction under mild aqueous conditions

Eliminate the use of hazardous organic solvent
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S BrHO

O
CO2H

F
Me

F
F

B O

O

S

OH

O

CO2H

F

MeF
F

PdCl2(dtbpf)2 (3 mol %)
K3PO4 (3 equiv.)

LiBr (2 equiv.)

2 wt % TPGS-750-M in H2O
acetone, 40 oC, 7h

Fe

P

P

t-Bu

t-Bu

t-Bu

t-Bu
DTBPF

LSZ102 (78% yield)

Kilogram scale process

Decrease of PMI from 116 to 68

96% HPLC purity of final product

+
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NH2

NH2

OH

O
H

O
Me

Me
NaHSO3
NaOH
H2O, rt

HN
N

OH

O

Me
Me

+

N
Boc

H2N

NMI, THF (15 v%)
H2O, rt

TCFH

N N

Cl

PF6

HN
N

O

Me
Me

NBoc
HN

79% yield
PMI = 24.5

91% yield
PMI = 9.2

HCl, H2O
CH3CN (4 v%)

50 oC

HN
N

O

Me
Me

NH
HN

88% yield
PMI = 24

N

Me

BH3

HN
N

O

Me
Me

N
HN

91% yield
PMI = 21.7

N OMe

O

MeOH (20 v%)
60 oC
H2O

CH3CN
80 oC to rt

TAK-954

97% yield
PMI = 11.8

NH

OH

N

OH

OMeO

Cl OMe

O

H2O
K2CO3

N

NaO3S OH

OMeO

+

PhI(OAc)2
TEMPOL (cat.)
TPGS-750-M/H2O
THF(15 v%), rt, 18 h

Na2S2O3, EtOH

1)

2)
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N N
O

Me

Me

H2N

+

H

O
Br

Me

DCC (2.0 equiv.)
DMAP (10 mol %)

2 wt % TPGS-750-M 
in H2O

45 oC, 20 h Br
Me

N
H

O
N

N
O

Me

Me
Pd(OAc)2 (0.5 mol %)

PPh3 (1.5 mol %)

K3PO4 (1.5 equiv.)
2 wt % Brij in H2O

10% THF, 55 oC, 24 h

(HO)2B

OCF3

Me

N
H

O
N

N
O

Me

Me

OCF3

Sonidegib (89%)
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O

R R'
+

5 mol % Pd(PPh3)4
CuI (10 mol %)

K3PO4 (1.2 equiv.) 
DMSO, rt - reflux

O

R R'

F OR

F

Br

OR 1 mol % PdCl2(CH3CN)2
1.3 mol % XPhos

TPGS-750-M/H2O
Et3N, rt, 48 h 48%

0%

Traditional methods

Green method

NH2

+

RhCl(COD)2 (5 mol %)
aq. dioxane

KOH, reflux, 2 h

RhCl(COD)2 (5 mol %)
TPGS-750-M/H2O

K2CO3, rt, 24 h

B(OH)2

R

CO2Et

H
N

R

O

R = Me or Ph R = Me, 95%
R = Ph, 78%

R = Me, 47%
R = Ph, 0%

Traditional methods

Green method

A) Traditional versues micellar conditions for Sonogashira couplings

B) Traditional versues micellar conditions for 1,4-cyclizations
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DIPEA (3.0 equiv.)
2-Me-THF/2 wt % TPGS-750-M in H2O

45 oC, 16 h
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Ni(OAc)2  4H2O (5 mol %)
Ligand (6 mol %)

Cu2O (0.15 mol %)
Zn (2.5 equiv.)

• Yield (kilo scale) 85%
• Purity 99%
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MeMe

Me

3,4,7,8-tetramethyl-1,10-phenanthroline

Ligand =

Cl
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CuI

SS-550-M
proline based amphiphile
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NaN3, White LED

H2O, 55 oC, 1 h
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Fn-1

1000 ppm aq Cu NPs
NaN3 (1.5 equiv.)

4 wt % SS-550-M in H2O
white LED, 55 oC

87% (18 h)

74% (18 h)84% (12 h)

86% (24 h) 74% (18 h)
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NN

NO2

62% (24 h)
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Cu NPs
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R-Br + HO

CuO NPs (5 mol %)
NaN3 (1.0 equiv.)

NaOAs (10 mol %)
H2O, 70 oC, 0.5-1.5 h

OH

N N
N R

PCC (1.2 equiv.)
DCM, rt, 0.5-1 h

O

N N
N RH

6 examples
(68-82% yields)

R = aryl, alkyl, allyl

Synthesis of 1-alkyl-1,2,3-triazole-4-carbaldehyde

Synthesis of 2-triazolylimidazo[1,2]pyridine

O

N N
N R1

H +
N

R2

NH2

+

R3

CuO NPs (5 mol %)

NaOAs (10 mol %)
EtOH, 70 oC, 9-12 h

R1 = aryl, alkyl, allyl
R2 = H, Me, Cl
R3 = H, t-Bu, Me, OMe

R3

N
N

N
N N

R1

R2

15 examples
68-85% yields
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H
N R2

O
X

X = I, Br
R1 = H, Me, OMe, COMe, Cl, Br, CF3
R2 = alkyl, aryl

R1

CuO NPs (10 mol %)
Cs2CO3 (2.0 equiv.)
H2O, 100 oC, 2-22 h

CuO NPs (10 mol %)

TMEDA (3.5 equiv.)
H2O, 100 oC, 1-32 h

NH

R2 O

OH
R1

N
R2

O
R1

9 examples
up to 73% yield

24 examples
up to 95% yield
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N N N N

O

O

O

OCuN N N N

O

O

O

O

Cu

N N N N

O

O

O

OCuN N N N

O

O

O

O

Cu

Cu-PDI nanomaterial

OH
5 mol % Cu-PDI nanomaterial

10 mol % TEMPO
1 mL 3 wt % PS-750-M in H2O
pH = 8-9, air, white LED, 45 oC

HR R

H

R = p-NO2 (96%, 12 h)
R = Br (78%, 12 h)
R = OMe (94%, 24 h)
R = NMe2 (95%, 13 h)

R
H

O

O

O

S

77% (27 h)

N
H

H

O

84% (12 h)

OH

S Cl

H

O

94% (14 h)

O Cl

H

O
F3C CF3

95% (24 h)

n
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H
N

O

NH

O OH

O
NH2

O OH

S NH

O
NH

O

OH

O

H2N

O

OH

SHN

O
HN

O

HO

O

NH2

O

HO

S

N
H

O

HN

OHO

O
H2N

OHO

Fe

Magnetic Fe NPs-supported glutathione (nano-FGT)

R-NH2 +
OMeO OMe nano-FGT

H2O, MW, 140 oC
N

R

N
N

Me
NHO N

N

92% 90% 85% 78%

nano-FGT
0.1 NaOH

H2O, MW 120-130 oC
45-60 min

B(OH)2

R R

R

HO

OH
Me

Me

Me

Me
N

N

N
H
N NHN

95% 85% 40% 65%
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B(OH)2

+ Fn-1

X
Fn-1

Fe/ppm Pd NPs
K3PO4.H2O (1.5 equiv.)

2 wt % TPGS-750-M in H2O
0.5 M, 23-45 oC

N Me

O

N

N
F

F

S

NH

O

HN

N N
NH

X = Br, 94% X = Br, 80% X = Br, 88% X = Br, 86%

SPhos 
Pd(OAc)2 (350 ppm)

(MeMgCl in THF)
FeCl3

NPs

NO2

Fn-1

Fe/ppm Pd NPs
NaBH4

2 wt % TPGS-750-M in H2O
rt, up to 24 h

Pd(OAc)2 (80 ppm)

(MeMgCl in THF)
FeCl3

NPs

NH2

N
O

Cl

F

Cl

NH2

NH2

Me

OH
O

Cl

O

NH2

NH2

97% (2 h) 75% (1.5 h) 82% (16 h)

A) Fe/ppm Pd NPs for sustainable Suzuki-Miyaura couplings

B) Fe/ppm Pd NPs for sustainable nitro to amine reductions
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CuOAc (1000 ppm) MeMgCl

THF, rt

+Fn-1

Fe/ppm Cu NPs

2 wt % TPGS-750-M in H2O
rt, Et3N (0.5 equiv.)

Fe/ppm Cu NPs

+

FeCl3

N
Me

Me

N
NN Ph

N3
N

NN

N
NN Ph

TBSO
N

NN Ph
TIPSO

93% (24 h) 76% (8 h) 83% (24 h)
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+

X
Fe/ppm Pd NPs
Et3N (2 equiv.)

2 wt % TPGS-750-M/H2O
rt-45 oC, Ar

Pd = 500 ppm

i-Pr

i-Pr i-Pr
PCy2

Ligand = XPhos

+

Br Fe/ppm Pd NPs
Zinc powder, TMEDA

2 wt % TPGS-750-M/H2O
rt-45 oC, 0.2 M, 16 h

Alkyl Pd = 2500 ppm

Ligand = AmPhos

N
Me Me

P
t-Bu t-Bu

Pd = 2500 ppm

t-Bu

Ligand = tri-t-
butylphosphine

P
t-Bu t-Bu

+

I Fe/ppm Pd NPs
K3PO4, NaCl

2 wt % TPGS-750-M/H2O
45 oC, 10% DMF

Alkyl-Br

MeO

O

N

NN
O

OEt

O N

N

N

Cl

F

86% 92% 66%

O

NO2

CF3

NHN
N

Cl

Cl

N
O

O

F
F

F
F

F

N
Boc

98% 86% 92%

A) Copper-free Sonogashira coupling

B) Negishi coupling

X = Br or I

N

NCl Cl

OTIPS

Me

Me

N

N
H

NH

OMe

O
O

BrO2N
X = I, 80%
X= Br, 69%

X = I, 95%
X= Br, 89% X = I, 90%

C) Mizoroki-Heck coupling
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B(OH)2

+ Fn-1

X
Fn-1

Ni NPs (1-3 mol %)
K3PO4 (1.5 equiv.)

2 wt % TPGS-550-M in H2O
0.5 M, 45 oC

X = Cl, 91% (12 h)
X = Br, 90% (12 h)

Fe
P

P
RR

R R

NiCl2

R = Ph or i-Pr

MeMgBr

THF
Ni NPs

X = Cl, Br, I

N
OMe

N

N
F

F

X = Cl, 90% (5 h)
X = Br, 89% (5.5 h)

N

N

O

X = Cl, 96% (4 h)
X = Br, 95% (4.5 h)

COOMe

Me
O

O

X = Br, 80% (14 h)
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N
Fn-1

Ni(OAc)2 (10 mol %)
Ligand (10 mol %)

Pd(OAc)2 (1 mol %)
MeMgBr (20 mol %)

3 wt % PS-750-M in H2O
H2, 0.5 M, 45 oC

80% (24 h)

X = N, O

O

O

Ph

XAr
H
N

Fn-1

RXAr

R

O

NH2

O

NH2

N
S

O O
H
N

Boc

NN
N

Ph

N

NN

N

NH2

O

O

Ph

O O

HN NH

90% (30 h) 80% (40 h) 68% (18 h) 84% (16 h)

N
N

Me
Me

Me

Me

Ligand
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Ni (OAc)2 (5 mol %)
Pd(OAc)2 (1 mol %)
MeMgBr (20 mol %)

3 wt % PS-750-M in H2O
H2, 0.5 M, 45 oC

X = N, O

XAr

O

XAr

O

O

Ph

O

Ph O

O
H O

F

CN

CN

O2N

Ni(OAc)2

PS-750-M stabalized Ni(0)/Pd(0) NPs

N
O

O

O
Me

16

O
5

Me
+

Pd(OAc)2

i) THF, 60 oC, 5 min
ii) 20 mol & MeMgBr (3 M)

iii) 3 wt % aq. PS-750-M

85% (15 h) 82% (14 h) 72% (12 h)
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Ni(OAc)2 (5 mol %), TMPhen (10 mol %)
NaBH4 (5 equiv.), Pyridine (1.5 equiv.)

2 wt % TPGS-750-M in H2O, THF (20 v/v %)
0.5 M, 45 oC

Br
Br

R H
H

R

N Me
H
H

O
H

HO

O
H

HNO

O

F

Boc

H
H

Me

OO

BocHN

HN91% 91% 86% 91%

Ni(OAc)2 (0.5 mol %), 2,2'-bipyridine (1 mol %)
NaBH4 (2.5 equiv.), Pyridine (1.5 equiv.)

2 wt % TPGS-750-M in H2O, THF (20 v/v %)
0.5 M, 45 oC

Br
Br

R H
Br

R

H
BrNO

O

F

Boc

H
Br

Me

OO

BocHN

HN
90%

Br

O
O

Me

BrH

O

BrH

MeO

OMe

Me
Me

88% 98% 94%

A) Di-reduction of 1,1-dibromocyclopropanes

b) Mono-reduction of 1,1-dibromocyclopropanes
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Pd(OAc)2 (1 mol %)
NaBH4 (0.5 equiv.)

LiCl (2.0 equiv.)

2 wt % TPGS-750-M in H2O
rt, 1 h

n-C5H11
HO

OHTHPO
TBSO

OH

OBn
C6H13 O

O

O

90% (Z = 96%) 98% (Z = 99%) 91% (Z = 99%) 90% (Z = 99%)
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NHR

+ Fn-1

Br
Fn-1

Pd-Cu NPs (1 mol %)
KOH (3.0 equiv.)

3 wt % PS-750-M in H2O
60 oC

N

1) Activated carbon
THF

Pd/Cu NPs

Pd(OAc)2
+

Cu(CH3CN)4PF6
+

cBRIDP

2) PS-750-M

R = H, Ar

R

F3C

F3C

N

OMe

F N
N

CF3

CF3

N N
H

Me

Ph

Ph Me

P
t-Bu

t-Bu

cBRIDP

90% (16 h) 80% (27 h) 78% (20 h) �
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O

HO
O

O

O

O

O
O

HO

O

O

HO
O

O

O

O

O
O

HO

O

Me

Me
Me

Me OH

Me

Me
Me

Me OH
nHydroxypropyl methylcellulose

+

H2O

H2O H2O H2O

H2O

H2O

H2O
H2O H2O H2O

H2O

H2O

H2O

H2O

5 min., rt
2 wt % HPMC in H2O

Pd
Cl Cl

Pd

i-Pr

i-Pr
i-Pr

P(t-Bu)2

t-BuXPhos[(Cinnamyl)PdCl]2
Pd NPs in HPMC

A) Nanoparticle synthesis

B) Fast Buchwald-Hartwig amination

2 wt % HPMC in H2O
50 oC

[(Cinnamyl)PdCl]2 (1.0 mol %)
t-BuXPhos (4.0 mol %)
NaOt-Bu (1.5 equiv.)

Me

N
H

94% (5 min)

N

O

Me

Me

97% (5 min)

N
H

Cl

O

Me

99% (30 min)

NF

F

TBSO

O

96% (5 min)

N

NHR

+ Fn-1

Br
Fn-1

N

R = H, Ar

R
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+ Fn-1

Pd-Cu NPs (1 mol %)
KOH (3.0 equiv.)

3 wt % PS-750-M in H2O
60 oC

N

X = I, Br

R

(n-Octyl)4NBrPPh3

i) NaBH4 (3.0 equiv.)
CH2Cl2:H2O (1:1)K2PdCl4 + +

ii) 3 wt % PS-750-M in H2O(1.0 equiv) (5.0 equiv) (2.0 equiv) Pd NPs

Ar1

X

Ar2

NNHTs

F3C

CF3

Me

O

Br

N Cl Me

F
F

F
F

F

92% (17 h) 54% (16 h) 69% (40 h) 72% (20 h)

Br
+

Pd NPs (3 mol %)
KOH (2.5 equiv.)

3 wt % PS-750-M in H2O
45 oC

CNCN

i-Pr

i-Pr

i-Pr

P
Cy

Cy
Pd

Cl

Me

Pd NPs

K3PO4 or KOH
(2.0 equiv)

3 wt % PS-750-M in H2O
45 oC, 30 min

0.5 mmol 0.6 mmol

CN
MeO CF3

CF3

CN

Cl

CN

Cl
N N

H

78% (41 h) 85% (40 h) 80% (14 h)

A) Metal-carbene migratory insertion (reactivity of carbenes in water)

B) -arylation of nitriles (carbanion in water)
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+ Fn-1

Pd(II) NPs (3 mol %)
BQ (1.5 equiv.)

3 wt % PS-750-M in H2O
0.25 M, rt

B(OH)2

O

F
F

F
F

F

F3C

OMe
O

OMe
O

F

F CF3

F3C

F

F

F

F

F

65% (11 h) 84% (12 h) 70% (15 h) 87% (8 h)
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+ Fn-1

Pd(0) NPs (3 mol %)
2.0 equiv Na2CO3

3 wt % PS-750-M in H2O
0.25 M, rt

B(OH)2

O

Cl

O

Ph O Me

F

O

O

O

OO

O

S n-C11H23

O
S

87% (11 h) 92% (10 h) 81% (9 h) 77% (10 h)

A) Ketone synthesis

B) Suzuki-Miyaura coupling

+
Fn-1

Pd(0) NPs (3 mol %)
2.0 equiv Na2CO3

3 wt % PS-750-M in H2O
0.25 M, rt

X B(OH)2

F

O

O

NC

X= Br, 88% (12 h)

Cl

X= Br, 69% (14.5 h)

N
O

F

NC

S

X= Br, 83% (12 h) X= Br, 73% (13 h)

F

NH

O Me
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B(OH)2

+

Pd NPs (3 mol %)
K2CO3 (1.0 equiv.)

3 wt % PS-750-M in H2O
45 oC

R

O

Pd NPs

3 wt % PS-750-M in H2O
basePd2dba3

R O

O

N

NN

OMe

OMe

O

S

O

N OMe
S

O

N OMeNMeO

83% (2 h) 56% (2.5 h) 65% (45 min)

B(OH)2

+ Fn-1

Br
Fn-1

D. alaskemsis
G20 Pd NPs

2 wt %TPGS-1000-M in H2O
K2CO3, 37 oC, 20 h

N

R = H, Ar

R

97%

N

OMe

Me
O

99%

OMe

Me
O

41%

N

OMe

71%

OMe

HO O2N

A) Ligand-free Pd(0) NPs for biaryl ketone synthesis

B) Biogenic Pd(0) NPs for ligand-free Suzuki Miyaura couplings
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OH
O

EDC•HCl (1.3 equiv.)
pyridine (2.0 equiv.)

PS-750-M in H2O
60 oC, 10–45 min.
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Me N
C

N N
Me

Me
HCl
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Me

16

O
5

Me

+

H2O

Mixed micelles of PS-750-M and EDC HCl

EDC HCl

NHBoc

HN

O

O

N
H

OEt
t-BuO

87% (15 min)

H
N O

ONHBoc

NH

O

Ph

O OMe

92% (10 min)

O

OO

O

HN
O

N
H

CO2Me
Ot-BuO

Br

93% (15 min)
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N NH
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N
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N
Cl

O

Br

93% (15 min) 91% (30 min) 89% (20 min)

5 min., rt

2 wt % HPMC in H2O

Cu NPs on HPMC

CuI


������ */ � ��C�D� B	
� 
��,�
�1��� ��� .	3�� 0��� 0�
�� ���� ���!
���
��
�������4
�
�����0�������
���������
�����6����
�����

���������&

� 1 � ������ 
�	��
������ �����
�� ����	)�����
��	� 
�� 3
�������
3��
��

� 1 � �
�����
���3���)����
���
����)�������	

+
������� �����
���� 2��
�
� �� !��0����� ��0
������ ��� ����
!������������
�����
��� �2����0
�����������
����!��
���������
'8J� �0� �����������

� ���� �8J� �0� !������������

&'%�:'%;�
�����>�,
� � �����!�������� �� 
���
�� 0
������� ����� ����
���������

�� �
���� �� ��
���
�5
� ,����������&'%; '%8� +���� ��
!������������
�
����!���� �����40
��������������
�
�
������
�
����
��,
��!�����
��
� 0��� ����
�����
�
��0��������
���
�
&'%8�
.�2���� �������
�0������������������40
������������0�����
�
�
!������
�� ��������� ' '4��0
����4�4������
�
� ���� ' '4��0
����4

';4����
���
� 
����!������
 � 
������� ���������
�������
�
�����
���,��
�����
�
������!��������
&'%7 '%?�*����!����

�
��0����
�����
���
��
��!�!��40��������
�1�������������

�����������
���0�
��
�
������
�����
�
�
� 
�>���������� ��
����2���� ��������������

�
����
&'%(:'�%�
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3 wt % PS-750-M in H2O
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NO2S
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F

N-Fluorobenzenesulfonimide
(NFSI)
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K3PO4 (1.0 equiv.)

2 wt % TPGS-750-M in H2O
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BrO2N

S
NO2

N N
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BrO2N

L = F, 67% (18 h) L = Cl, 99% (20 h) L = F, 80% (24 h) L = F, 81% (36 h)
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SO2Na S+
Fn 3 wt % PS-750-M (0.5 M)

NaCl (10 equiv.)
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82% (24 h) 71% (18 h) 72% (30 h) 78% (24 h)
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KOH (1.0 equiv.)
0.1 wt % HPMC in H2O
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LG = F, 66% LG = F, 70% LG = F, 70% LG = Cl, 47%
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Conditions: (i) SOCl2, acetone/ aq. NH3 (78%); (ii) SnCl2, EtOH (94%); (iii) (COCl)2, CH2Cl2, distillation 
(89%); (iv) 1, 2-ethoxybenoyl chloride, Et3N, DAMP (cat.) CH2Cl2, 25 oC (40%); (v) NaOH, EtOH, H2O2, 
CH2Cl2:MeOH extraction (72%); (vi) ClSO3H, quenched with H2O, CH2Cl2:MeOH extraction; (vii) N-
methylpiperazine, EtOH (viii) citric acid, acetone (91%).

Multi-step synthesis with 4.2% ovarall yield

Use of hazardous reagents like tin chloride

1300 L of waste generation per 1 Kg of product

Conventional synthesis of Sildenafil citrate

Modified commercial route for the synthesis of Sildenafil citrate

Sildenafil citrate
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Sildenafil citrate

Conditions: (i) SOCl2, DMF (cat.), toluene/ aq. NH3 (92%); (ii) H2, Pd/C, EtOAc (100%); (iii) ClSO3H, 
SOCl2, 25 oC; (iv) N-methylpiperazine water, 25 oC then neutralization; (v) 1 + CDI, EtOAc, 2 (90%); (vi) 
KOtBu , t-BuOH, heat, (92%); (vii) critic acid, 2-butanone (99%).

7 step synthesis with 75% overall yield Waste generaton of 7 L/Kg
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Me

AlCl3
(CH3CO)2O

Me

Me

O

Me
NaOC2H5

ClCH2CO2C2H5

Me

Me

OMe

CO2Et

MeMe

Me

OH

NH2OH

MeMe

Me

N
OH

MeMe

Me

CN

MeMe

Me

COOH

Ibuprofen

H2O/H+

Conventional synthesis of Ibuprofen

Greener synthesis of Ibuprofen

Me

Me

HF
(CH3CO)2O Me

Me

O
Me H2 

Raney Ni

CH3COOH Me

Me

HO
Me

Me

Me

HOOC
Me

CO

Ibuprofen

H2O/H+

Pd

Conventional synthesis of adipic acid

Greener synthesis of adipic acid

O

+

OH

benzene cyclohexane
H2 (370-800 psi)

CO, air

HO

O
OH

O

Cu•NH4VO3
50-60% HNO3

-N2OUse of benzene (carcinogen) as a starting material

N2O as byproduct (green house gas)

cellulose
HO

O

OH

OH

OH

OH oxidation
catalyst

HO
O

OH

OH

OH

OHO

OH

OH 
removal

metal 
catalyst

Use of renewable biomass for the synthesis

catalyst: Au/C, Au-Pt/ZrO2, Pt/C, PtPd/
TiO2, PtCu/TiO2, PdCo/Mg(OH)2, Pt/C.

O OH

OH
HO OH

HO O

OH
O

HO

HO
OH

O

HO
OH

HO

HO
HO

O

OH
ONAD(P)+ NAD(P)H

ER

adipic Acid

adipic acid

catecholcis, cis - muconic acid

3-dehydroshikimic acid

DMS-D
-H2O

protecatechuic acid

PCA-D-CO2

DMS-D = 3-Dehydroshikimate dehydratase; PCA-D = Protocatechuate decarboxylase

A) Chemocatalytic pathway

B) Biocatalytic pathway

Ni•Al2O3

adipic Acid

Cl
Cl

O

Cl
Cl

N
Me

CH3NH2

EtOH
Pd/CaCO3

H2, EtOH

D-mandelic acid, 
EtOH

CH3OH 
recrystallization

Cl
Cl

NH
Me

Cl
Cl

NH2
Me

Elimination of toxic organic solvents No use of TiCl4

HCl
EtOAc

Sertraline•HCl

syn form was purified
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CO2SiMe2Cl
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Me
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COOH

MeSiCl2
PhNMe2
CH2Cl2

PCl5
-40 oC

i) n-BuOH
ii) H2O

H H H H H H

H H(Enzymatic deacylation)
Penicillin acylase

• One step conversion
• H2O as a solvent
• High atom-economy

CH2Cl2

H3C CH2

Cl2

H2O H3C

Cl
OH

Ca(OH)2 O

CH3-CaCl2

Traditional chlorohydrin route

Greener HPPO route

H3C CH2

O

CH3

+ H2O+ H2O2

H3C CH2
Cl2

H2C
Cl

Cl2/H2O 25-50 oC

Traditional chlorohydrin route

300 - 600 oC

OH
Cl

Cl Cl
OH

Cl

HCl+

propylene allyl chloride

dichloropropanol mixture
O

Cl

epichlorohydrin

NaOH
+

Solvay's Greener route

OH
OH

HO

HCl catalyst

glycerin

Use of renewable feedstock
90% lower water consumption
Reduction of chlorinated waste

A) Synthesis of propylene oxide

B) Synthesis of epichlorohydrin

H2C
Cl
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NO2
Cl

+
B(OH)2

Cl

NO2

Cl

NH2

Cl

Pd(OAc)2 (700 ppm)
SPhos (1400 ppm)

K3PO4.H2O (2.0 equiv.)
2 wt % TPGS-750-M/H2O

10% THF, 55 oC, 12 h

CIP (5 equiv.)
NH4Cl (3.0 equiv.)

2 wt % TPGS-750-M/H2O
45 oC, 12 h

DIPEA (2.0 equiv.)
2 wt % TPGS-750-M/H2O

45 oC, 12 h

N Cl

O

Cl

NH

Cl

O N

Cl

Boscalid
83% overall yield

Only ppm level of Pd is required (700 ppm)

3-Step 1-pot reaction under mild aqueous conditions

Eliminate the use of hazardous organic solvent
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S BrHO

O
CO2H

F
Me

F
F

B O

O

S

OH

O

CO2H

F

MeF
F

PdCl2(dtbpf)2 (3 mol %)
K3PO4 (3 equiv.)
LiBr (2 equiv.)

2 wt % TPGS-750-M in H2O
acetone, 40 oC, 7h

Fe

P

P

t-Bu

t-Bu

t-Bu

t-Bu
DTBPF

LSZ102 (78% yield)

Kilogram scale process

Decrease of PMI from 116 to 68

96% HPLC purity of final product

+

NH2

NH2

OH

O
H

O
Me

Me
NaHSO3
NaOH
H2O, rt

HN
N

OH

O

Me
Me

+

N
Boc

H2N

NMI, THF (15 v%)
H2O, rt

TCFH

N N

Cl

PF6

HN
N

O

Me
Me

NBoc
HN

79% yield
PMI = 24.5

91% yield
PMI = 9.2

HCl, H2O
CH3CN (4 v%)

50 oC

HN
N

O

Me
Me

NH
HN

88% yield
PMI = 24

N

Me

BH3

HN
N

O

Me
Me

N
HN

91% yield
PMI = 21.7

N OMe

O

MeOH (20 v%)
60 oC
H2O

CH3CN
80 oC to rt

TAK-954

97% yield
PMI = 11.8

NH

OH

N

OH

OMeO

Cl OMe

O

H2O
K2CO3

N

NaO3S OH

OMeO

+

PhI(OAc)2
TEMPOL (cat.)
TPGS-750-M/H2O
THF(15 v%), rt, 18 h

Na2S2O3, EtOH

1)

2)

N N
O

Me

Me

H2N

+

H

O
Br

Me

DCC (2.0 equiv.)
DMAP (10 mol %)

2 wt % TPGS-750-M 
in H2O

45 oC, 20 h Br
Me

N
H

O
N

N
O

Me

Me
Pd(OAc)2 (0.5 mol %)

PPh3 (1.5 mol %)

K3PO4 (1.5 equiv.)
2 wt % Brij in H2O

10% THF, 55 oC, 24 h

(HO)2B

OCF3

Me

N
H

O
N

N
O

Me

Me

OCF3

Sonidegib (89%)

O

R R'
+

5 mol % Pd(PPh3)4
CuI (10 mol %)

K3PO4 (1.2 equiv.) 
DMSO, rt - reflux

O

R R'

F OR

F

Br

OR 1 mol % PdCl2(CH3CN)2
1.3 mol % XPhos

TPGS-750-M/H2O
Et3N, rt, 48 h 48%

0%

Traditional methods

Green method

NH2

+

RhCl(COD)2 (5 mol %)
aq. dioxane

KOH, reflux, 2 h

RhCl(COD)2 (5 mol %)
TPGS-750-M/H2O

K2CO3, rt, 24 h

B(OH)2

R

CO2Et

H
N

R

O

R = Me or Ph R = Me, 95%
R = Ph, 78%

R = Me, 47%
R = Ph, 0%

Traditional methods

Green method

A) Traditional versues micellar conditions for Sonogashira couplings

B) Traditional versues micellar conditions for 1,4-cyclizations
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DIPEA (3.0 equiv.)
2-Me-THF/2 wt % TPGS-750-M in H2O

45 oC, 16 h

O
N

I

Bn

O

Br

+
O

O

N
Bn

Ni(OAc)2  4H2O (5 mol %)
Ligand (6 mol %)

Cu2O (0.15 mol %)
Zn (2.5 equiv.)

•  Yield (kilo scale) 85%
• Purity 99%

N N

Me

MeMe

Me

3,4,7,8-tetramethyl-1,10-phenanthroline

Ligand =

Cl
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NN

+
N3

Fn-1
Cu2O@pDAPEG (0.35 mol %)

H2O, rt, 24 h

N
NN

O

AcO

H

OAc

OAc

OAc

N
NN

O
O

N

40%90%

N
NN

NCS

99%

CuI

SS-550-M
proline based amphiphile

N
O

O

O
Me

12

O
5

Me

+

NaN3, White LED

H2O, 55 oC, 1 h

+ Fn-1

N N
NN

F F

FF

S

NC N
NN

F F

FF

N
H

O

O
Bn

N
NN

F F

FF

NC
Me

N
NN

F F

FF

O
S

N
NN

F F

FF

N

O

MeO

Fn

Fn-1

1000 ppm aq Cu NPs
NaN3 (1.5 equiv.)

4 wt % SS-550-M in H2O
white LED, 55 oC

  87% (18 h)

 74% (18 h) 84% (12 h)

  86% (24 h) 74% (18 h)

N
NN

NO2

 62% (24 h)

F3C

H

N

NN
Fn-1

Cu NPs

9

R-Br + HO

CuO NPs (5 mol %)
NaN3 (1.0 equiv.)

NaOAs (10 mol %)
H2O, 70 oC, 0.5-1.5 h

OH

N N
N R

PCC (1.2 equiv.)
DCM, rt, 0.5-1 h

O

N N
N RH

6 examples
(68-82% yields)

R = aryl, alkyl, allyl

Synthesis of 1-alkyl-1,2,3-triazole-4-carbaldehyde

Synthesis of 2-triazolylimidazo[1,2]pyridine

O

N N
N R1

H +
N

R2

NH2

+

R3

CuO NPs (5 mol %)

NaOAs (10 mol %)
EtOH, 70 oC, 9-12 h

R1 = aryl, alkyl, allyl
R2 = H, Me, Cl
R3 = H, t-Bu, Me, OMe

R3

N
N

N
N N

R1

R2

15 examples
68-85% yields
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Cu-PDI nanomaterial

OH
5 mol % Cu-PDI nanomaterial

10 mol % TEMPO
1 mL 3 wt % PS-750-M in H2O
pH = 8-9, air, white LED, 45 oC

HR R

H

R = p-NO2 (96%, 12 h)
R = Br (78%, 12 h)
R = OMe (94%, 24 h)
R = NMe2 (95%, 13 h)
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Magnetic Fe NPs-supported glutathione (nano-FGT)

R-NH2 +
OMeO OMe nano-FGT

H2O, MW, 140 oC
N

R

N
N

Me
NHO N

N

92% 90% 85% 78%

nano-FGT
0.1 NaOH

H2O, MW 120-130 oC
45-60 min
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R R
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Me
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N

N
H
N NHN

95% 85% 40% 65%
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X
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Fe/ppm Pd NPs
K3PO4.H2O (1.5 equiv.)

2 wt % TPGS-750-M in H2O
0.5 M, 23-45 oC
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NH

O

HN

N N
NH

X = Br, 94% X = Br, 80% X = Br, 88% X = Br, 86%

SPhos 
Pd(OAc)2 (350 ppm)

(MeMgCl in THF)
FeCl3

NPs

NO2

Fn-1

Fe/ppm Pd NPs
NaBH4

2 wt % TPGS-750-M in H2O
rt, up to 24 h

Pd(OAc)2 (80 ppm)

(MeMgCl in THF)
FeCl3

NPs

NH2

N
O
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F

Cl

NH2

NH2

Me

OH
O

Cl

O

NH2

NH2

97% (2 h) 75% (1.5 h) 82% (16 h)

A) Fe/ppm Pd NPs for sustainable Suzuki-Miyaura couplings

B) Fe/ppm Pd NPs for sustainable nitro to amine reductions

CuOAc (1000 ppm) MeMgCl

THF, rt

+Fn-1

Fe/ppm Cu NPs

2 wt % TPGS-750-M in H2O
rt, Et3N (0.5 equiv.)

Fe/ppm Cu NPs

+

FeCl3

N
Me

Me

N
NN Ph

N3
N

NN

N
NN Ph

TBSO
N

NN Ph
TIPSO

93% (24 h) 76% (8 h) 83% (24 h)
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p�pt�t�p1i�ot1�gy�gslt�� �nmp��CSCls0�s"�Cp��Opmyy0OmCYgswuyI��
�
�wgslt� Omw4tw1smw�g� ot1im y� wtOtyys1�1swu� isui� �s� gm� swu9�
tTOtyy� gsu�w 9�tgt4�1t � 1toYtp�1Cpty9� 1mTsO�mpu�wsO� ymg4tw1y9�
�w �  p"� Omw s1smwy9� 1itsp� �YYpm�Oi� mYtp�1t � Cw tp� osg �
Omw s1smwy�sw��w��qCtmCy�ot sCo9�tgsosw�1swu�1it�wtt �nmp� p"�
mpu�wsO�ymg4tw1yI�����it��s���y9� gsu�1t �Fs1i�ntppmOtwt0 �yt �
gsu�w 9� Ftpt� y"w1itysSt � Cyswu��t�u�p� �y� �� pt CO1�w1� �w �
tTis s1t � tTOtggtw1� nCwO1smw�g� upmCY� OmoY�1s sgs1"� sw� �0��
OmCYgswuy�mn�4�psmCy��p"g0it1tpm�p"g�i�gs tyI��s�gm� swu�p�wut �
npmo� ;� omg� é� 1m� ]� omg� é9�  tYtw swu� mw� yC y1p�1ty9� F�y�
ptqCspt I� �it� pt�O1smw� ot sCo� �w � 1it� O�1�g"y1� Ftpt�
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�Ct�1m�1it�switptw1�swy1� sgs1"�mn��s6LH��w �s1y�yCyOtY1s sgs1"�1m�
mTs �1smw� Cw tp� �qCtmCy� Omw s1smwy9� 	�w �� �w � OmFmpltpy�
 t4syt ���y1p�1tu"�1m�y1� sgsSt��s6LH��1�1it�w�wmyO�gt�1ipmCui�
 mYswu�Fs1i�� I
����wg"���oswso�g��omCw1�mn�� 9�sw�OmwaCwO1smw�
Fs1i���Ypmgswt0 �yt �yCpn�O1�w19�F�y�nmCw �1m� t�sw syYtwy� gt�
nmp� o�sw1�swswu� 1it� y1� sgs1"� mn� �s6LH� ��yI� �it� y"w1itysy�
sw4mg4t � 1it� Omo sw�1smw� mn� ;� omg� é� � 6��OH�9� ;L� omg� é�
�s6��OH��gsu�1t �Fs1i�]949X9+06�tH40;9;L0Yitw�w1ipmgswt9��w �
[L�omg�é��t�u�p��y���pt CO1�w1�sw��	�9�nmggmFt � "�1it�yFsn1�
�  s1smw�mn� 1it�Ypmgswt�yCpn�O1�w1���0X=L0�I�	������w�g"ysy�
Omwnspot �1it�nmpo�1smw�mn�osOpm �ggy�mn��s'� ���y9�Fisgt�����
Omwnspot �1it�Stpm�mTs �1smw�y1�1t�mn��s��w �� �Fs1isw�1ityt�
osOpm �ggyI� �ityt� �s6LH� ��y� tTis s1t � tTOtY1smw�g� ytgtO1s4s1"�
nmp�O�p �o�1t� tYpm1tO1smw� sw�1it�YptytwOt�mn� twS"g�t1itpy�
Cw tp��o stw1�i" pmutw�YptyyCpt�Fs1i�osg �it�1swu��1�4=����
Cw tp� �qCtmCy� osOtgg�p� Omw s1smwyI� �isy� ot1im mgmu"�
 tomwy1p�1t � pm� ��YYgsO� sgs1"�nmp�� S� tYpm1tO1smw�sw�1it�
YptytwOt� mn��0 twS"g9��0 twS"g9� mgtnswy9� �w � ws1psgty� upmCYyI�
�it����O�1�g"y1� syYg�"t �isui�y1� sgs1"9�Fs1i�1it�mwt0omw1i0
mg �O�1�g"y1�pt1�swswu�tnntO1s4twtyy�OmoY�p� gt�1m�1i�1�mn�1it�
nptyi� mwtI� 	mFt4tp9� 1it� YptytwOt� mn� gsu�w � pto�swt �
wtOtyy�p"�1m�y1� sgsSt��s6LH�yYtOsty�sw�F�1tp�6�Oitot�[@HI
���

�
����	��������zPw��zPw���p��eo�p� ��t�n����o��T�t����aoet��t�eh��h�t���
ao�p�h���e����hcr ��t��op�ih��o��di�eip�T���  �o�T���iTl�

�m� y"w1itysSt� gsu�w 0nptt� �s6LH� ��y� sw� F�1tp9� 	�w �� �w �
OmFmpltpy� t4tgmYt ���ot1im � sw4mg4swu� 1it�y1� sgsS�1smw�mn�
� 0 mYt � �s� ��y� Cyswu� ��  tysuwtp� �oYisYisgt9� ��0X=L0��
Ymyytyyswu���1tp1s�p"��os t�OmptI
����it� sw swu�mn�osOtggty�1m�
��y�1ipmCui�1it�Ypmgswt�gswltp�mn�1it�yCpn�O1�w1�F�y�Omwnspot �
4s��yCpn�Ot0twi�wOt ���o�w�yYtO1pmyOmY"9�pt4t�gswu���yisn1�sw�
1it� O�p mw"g� ysuw�gy� mn� 1it� �oYisYisgt� Fitw�  mCw � 1m� 1it�

+

X
Fe/ppm Pd NPs
Et3N (2 equiv.)

2 wt % TPGS-750-M/H2O
rt-45 oC, Ar

Pd = 500 ppm

i-Pr

i-Pr i-Pr
PCy2

Ligand = XPhos

+

Br Fe/ppm Pd NPs
Zinc powder, TMEDA

2 wt % TPGS-750-M/H2O
rt-45 oC, 0.2 M, 16 h

Alkyl Pd = 2500 ppm

Ligand = AmPhos

N
Me Me

P
t-Bu t-Bu

Pd = 2500 ppm

t-Bu

Ligand = tri-t-
butylphosphine

P
t-Bu t-Bu

+

I Fe/ppm Pd NPs
K3PO4, NaCl

2 wt % TPGS-750-M/H2O
45 oC, 10% DMF

Alkyl-Br

MeO

O

N

NN
O

OEt

O N

N

N

Cl

F

86% 92% 66%

O

NO2

CF3

NHN
N

Cl

Cl

N
O

O

F
F

F
F

F

N
Boc

98% 86% 92%

A) Copper-free Sonogashira coupling

B) Negishi coupling

X = Br or I

N

NCl Cl

OTIPS

Me

Me

N

N
H

NH

OMe

O
O

BrO2N
X = I, 80%
X= Br, 69%

X = I, 95%
X= Br, 89% X = I, 90%

C) Mizoroki-Heck coupling

B(OH)2

+ Fn-1

X
Fn-1

Ni NPs (1-3 mol %)
K3PO4 (1.5 equiv.)

2 wt % TPGS-550-M in H2O
0.5 M, 45 oC

X = Cl, 91% (12 h)
X = Br, 90% (12 h)

Fe
P

P
RR

R R

NiCl2

R = Ph or i-Pr

MeMgBr

THF
Ni NPs

X = Cl, Br, I

N
OMe

N

N
F

F

X = Cl, 90% (5 h)
X = Br, 89% (5.5 h)

N

N

O

X = Cl, 96% (4 h)
X = Br, 95% (4.5 h)

COOMe

Me
O

O

X = Br, 80% (14 h)

N
Fn-1

Ni(OAc)2 (10 mol %)
Ligand (10 mol %)

Pd(OAc)2 (1 mol %)
MeMgBr (20 mol %)

3 wt % PS-750-M in H2O
H2, 0.5 M, 45 oC

 80% (24 h)

X = N, O

O

O

Ph

XAr
H
N

Fn-1

RXAr

R

O

NH2

O

NH2

N
S

O O
H
N

Boc

NN
N

Ph

N

NN

N

NH2

O

O

Ph

O O

HN NH

90% (30 h) 80% (40 h) 68% (18 h) 84% (16 h)

N
N

Me
Me

Me

Me

Ligand
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gt� swu�1m���pt CO1smw�sw�ytgtO1s4s1"�Ypso�psg"� Ct�1m�1it��tpm sO�
mTs �1smw�mn��s6LH�1m��s6

H�6�Oitot�[XHI
���

�
����	����������h�O�o�����zPw��zPw���p��eo�p� ��t�n��Ss0Oo��i�t�ehp��h�
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sYyiC1S��w �OmFmpltpy�i�pwtyyt �1it�CwsqCt�ytgtO1s4s1"�mn��s�
��y� nmp� 1it� ytgtO1s4t� omwm0� �w �  s0i" pm ti�gmutw�1s4t�
pt CO1smwy�mn�uto0 s pmomO"OgmYpmY�wtyI�����oYgm"swu�=�omg�
é��s6��OH��Fs1i� ]949X9+06�tH�0;9;L0Yitw1ipmgswt� �y� �� gsu�w 9�
���	���y�1it�i" pmutw�ymCpOt9��w �Y"ps swt��y��� �yt9�ptyCg1t �
sw� ytgtO1s4t�  ti�gmutw�1smw� mn�  s pmomO"OgmYpmY�wty� Fs1i�
umm � nCwO1smw�g� upmCY� 1mgtp�wOtI� �Cp1itpompt9� pt COswu� 1it�
gm� swu�mn��s6��OH��1m� LI=�omg�é� gsu�1t �Fs1i� [9[R0 sY"ps swt�
ptyCg1t � sw� isuig"� ytgtO1s4t�  t pmosw�1smw9� �nnmp swu� omwm0
 pmosw�1t �O"OgmYpmY�wty��y�1it�ymgt�Ypm CO1�6�Oitot�[+HI�����

�
����	�� ���� ��� ��p� ��t� rc��� TeheO� �h�� ��Oo��i�t�ehp� e�� ��TO
���oeTe�r� eaoea�h�p�ih��o�T� �s��di�eip�T���  �o�T���iTl�

sf2f�r����eG
������m����I��c � �����1m��m �
�����

�
����	�����������p���t� rc������� r�p� ��t�n��o��i�t�ehp�e���  rh�p�te�
�Op� ��t�n���  �h�pl�

� �y1�w y��y�1it�omy1�Ym1tw1��w �tT1twys4tg"�toYgm"t �ot1�g�
sw�Opmyy0OmCYgswu�Oitosy1p"I
����
�����������s4tw�s1y� pm� �C1sgs1"9�
 t4tgmYswu� � � ��y� Fs1i� itsui1twt � O�1�g"1sO� tnnsOstwO"� �w �
ptO"Og� sgs1"� ptYptytw1y��� Cputmwswu� npmw1stp� sw� O�1�g"ysyI���	
����� 6

H9�sw�1it�YptytwOt�mn�osg �pt CO1�w1y9�pt� sg"�Cw tpumty�
pt CO1smw� 1m� � 6LH9� yC ytqCtw1g"� �uuptu�1swu� 1m� nmpo� � 6LH�
��yI�������������ityt�� ���y�i�4t�tTis s1t �pto�pl� gt��O1s4s1"�
�w � twi�wOt � ytgtO1s4s1"� sw� 1it� Opmyy0OmCYgswuyI�������� �mp�
tT�oYgt9� sw�[L;49�
sYyiC1S��w �OmFmpltpy� tomwy1p�1t �1it�
y"w1itysy�mn�� ���y� 1ipmCui� 1it�� osT1Cpt�mn�� 6��OH��Fs1i�
���	�� Cw tp� �qCtmCy� osOtgg�p� Omw s1smwyI� �ityt� ��y�
 syYg�"t � isui� ytgtO1s4s1"� sw� pt COswu� �gl"wty� 1m� �0ytgtO1s4t�
�gltwty� �1� pmmo� 1toYtp�1CptI��
� �it� pt�O1smw� YpmOtt t �
Cw tp�osg �Omw s1smwy9�Fs1i�i" pmutw�u�y��1��o stw1�YptyyCpt9�
�w � yimFO�yt � �YYgsO� sgs1"� �Opmyy� �� Fs t� p�wut� mn�
nCwO1smw�gsSt ��gl"wtyI��m1i�1it���y��w �1it�osOtgg�p�ot sCo�
Ftpt�ptO"Og� gt�6�Oitot�[3HI��
�

��

����	��������T�t�  ����iv�����p��eo��i��f� �O	�otf����T�h�t�ehp��h�
�h��di�eip�T���  �o�T���iTl�

�it�	�w ��upmCY�i�y� tomwy1p�1t �1it�CwsqCt�YpmYtp1sty�mn�
� ���y�6Fs1i�mp�Fs1imC1�gsu�w H�sw�Omo sw�1smw�Fs1i� tysuwtp�
Ypmgswt0 �yt �yCpn�O1�w1���0X=L0�I��isy�yCpn�O1�w1�ytp4ty� C�g�
pmgty� �y� �w� ��� y1� sgsStp� �w � �� gsu�w � nmp� Opmyy0OmCYgswu�
pt�O1smwyI
���
���
������� �Oist4swu� �COiF�g 0	�p1Fsu�
�osw�1smwy9� FisOi� �pt� Oi�ggtwuswu�  Ct� 1m� ���  t�O1s4�1smw�
O�Cyt �  "� 1itsp�  sw swu� Fs1i� �oswt� yC y1p�1ty9� F�y� o� t�
Ymyys gt�1ipmCui�1it�y"w1itysy�mn�� ���y�gsu�1t �Fs1i�O��
��9�
 mYt � Fs1i� �C9� �w � � ymp t � mw� �w� �O1s4�1t � O�p mw�
yCpn�OtI
��� �ityt� 1�sgmpt ���y� n�Osgs1�1t � isuig"� tnnsOstw1� �0��

Ni (OAc)2 (5 mol %)
Pd(OAc)2 (1 mol %)
MeMgBr (20 mol %)

3 wt % PS-750-M in H2O
H2, 0.5 M, 45 oC

X = N, O

XAr

O

XAr

O

O

Ph

O

Ph O

O
H O

F

CN

CN

O2N

Ni(OAc)2

PS-750-M stabalized Ni(0)/Pd(0) NPs

N
O

O

O
Me

16

O
5

Me
+

Pd(OAc)2

i) THF, 60 oC, 5 min
ii) 20 mol & MeMgBr (3 M)

iii) 3 wt % aq. PS-750-M

85% (15 h) 82% (14 h) 72% (12 h)

Ni(OAc)2 (5 mol %), TMPhen (10 mol %)
NaBH4 (5 equiv.), Pyridine (1.5 equiv.)

2 wt % TPGS-750-M in H2O, THF (20 v/v %)
0.5 M, 45 oC

Br
Br

R H
H

R

N Me
H
H

O
H

HO

O
H

HNO

O

F

Boc

H
H

Me

OO

BocHN

HN91% 91% 86% 91%

Ni(OAc)2 (0.5 mol %), 2,2'-bipyridine (1 mol %)
NaBH4 (2.5 equiv.), Pyridine (1.5 equiv.)

2 wt % TPGS-750-M in H2O, THF (20 v/v %)
0.5 M, 45 oC

Br
Br

R H
Br

R

H
BrNO

O

F

Boc

H
Br

Me

OO

BocHN

HN
90%

Br

O
O

Me

BrH

O

BrH

MeO

OMe

Me
Me

88% 98% 94%

A) Di-reduction of 1,1-dibromocyclopropanes

b) Mono-reduction of 1,1-dibromocyclopropanes

Pd(OAc)2 (1 mol %)
NaBH4 (0.5 equiv.)

LiCl (2.0 equiv.)

2 wt % TPGS-750-M in H2O
rt, 1 h

n-C5H11
HO

OHTHPO
TBSO

OH

OBn
C6H13 O

O

O

90% (Z = 96%) 98% (Z = 99%) 91% (Z = 99%) 90% (Z = 99%)

NHR

+ Fn-1

Br
Fn-1

Pd-Cu NPs (1 mol %)
KOH (3.0 equiv.)

3 wt % PS-750-M in H2O
60 oC

N

1) Activated carbon 
THF

Pd/Cu NPs

Pd(OAc)2
+

Cu(CH3CN)4PF6
+

cBRIDP

2) PS-750-M

R = H, Ar

R

F3C

F3C

N

OMe

F N
N

CF3

CF3

N N
H

Me

Ph

Ph Me

P
t-Bu

t-Bu

cBRIDP

90% (16 h) 80% (27 h) 78% (20 h)
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w� YCpyCs1� mn� tnnsOstw1� �0��  mw � nmpo�1smwy� sw� �w� �qCtmCy�
ot sCo9� 1it� Omgg� mp�1smw�  t1Fttw� 1it� �p�at� �w � 	�w ��
upmCYy� Cw4tsgt � �� wm4tg� 1tOiwmgmu"� tw� gswu� 1it�
swy1�w1�wtmCy� nmpo�1smw� mn� � � ��y� Fs1isw� 1it� i" pmYim sO�
YmOlt1y� mn� tw4spmwotw1�gg"�  twsuw9� Omy10tnntO1s4t� �w �
 sm tup� � gt� OtggCgmyt0 �yt � Ymg"otp� i" pmT"YpmY"g�
OtggCgmyt� 6	���� HI
������� 
1� Omwysy1y� mn�  m1i� i" pmYim sO� �w �
i" pmYisgsO�ptusmwy9�ytp4swu��y���pt�O1smw�ot sCo�nmp�Cg1p�n�y1�
�osw�1smw� sw� F�1tpI� �m1� g"9� 1it� i" pmYim sO� YmOlt1y� mn�
	���9� utwtp�1t �  "� s1y� �gl"g� t1itp� ys t� Oi�swy� �w � O"OgsO�
upmCYy9�Yg�"���OpCOs�g�pmgt�sw�sws1s�1swu�1it�nmpo�1smw�mn�ot1�g�
��y��w �Ypm4s swu�yCpn�Oty�nmp�1itsp�y1� sgsS�1smwI��Cp1itpompt9�
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HO

O

Me

Me
Me

Me OH

Me

Me
Me

Me OH
nHydroxypropyl methylcellulose

+

H2O

H2O H2O H2O

H2O

H2O

H2O
H2O H2O H2O

H2O

H2O

H2O

H2O

5 min., rt
2 wt % HPMC in H2O

Pd
Cl Cl

Pd

i-Pr

i-Pr
i-Pr

P(t-Bu)2

t-BuXPhos[(Cinnamyl)PdCl]2
Pd NPs in HPMC

A) Nanoparticle synthesis

B) Fast Buchwald-Hartwig amination

2 wt % HPMC in H2O
50 oC

[(Cinnamyl)PdCl]2 (1.0 mol %)
t-BuXPhos (4.0 mol %)
NaOt-Bu (1.5 equiv.)

Me

N
H

94% (5 min)

N

O

Me

Me

97% (5 min)

N
H

Cl

O

Me

99% (30 min)

NF

F

TBSO

O

96% (5 min)

N

NHR

+ Fn-1

Br
Fn-1

N

R = H, Ar

R

+ Fn-1

Pd-Cu NPs (1 mol %)
KOH (3.0 equiv.)

3 wt % PS-750-M in H2O
60 oC

N

X = I, Br

R

(n-Octyl)4NBrPPh3

i) NaBH4 (3.0 equiv.)
CH2Cl2:H2O (1:1)K2PdCl4 + +

ii) 3 wt % PS-750-M in H2O(1.0 equiv) (5.0 equiv) (2.0 equiv) Pd NPs

Ar1

X

Ar2

NNHTs

F3C

CF3

Me

O

Br

N Cl Me

F
F

F
F

F

92% (17 h) 54% (16 h) 69% (40 h) 72% (20 h)

Br
+

Pd NPs (3 mol %)
KOH (2.5 equiv.)

3 wt % PS-750-M in H2O
45 oC

CNCN

i-Pr

i-Pr

i-Pr

P
Cy

Cy
Pd

Cl

Me

Pd NPs

K3PO4 or KOH
(2.0 equiv)

3 wt % PS-750-M in H2O
45 oC, 30 min

0.5 mmol 0.6 mmol

CN
MeO CF3

CF3

CN

Cl

CN

Cl
N N

H

78% (41 h) 85% (40 h) 80% (14 h)

A) Metal-carbene migratory insertion (reactivity of carbenes in water)

B) �-arylation of nitriles (carbanion in water)
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+ Fn-1

Pd(0) NPs (3 mol %)
2.0 equiv Na2CO3

3 wt % PS-750-M in H2O
0.25 M, rt

B(OH)2

O

Cl

O

Ph O Me

F

O

O

O

OO

O

S n-C11H23

O
S

87% (11 h) 92% (10 h) 81% (9 h) 77% (10 h)

A) Ketone synthesis

B) Suzuki-Miyaura coupling

+
Fn-1

Pd(0) NPs (3 mol %)
2.0 equiv Na2CO3

3 wt % PS-750-M in H2O
0.25 M, rt

X B(OH)2

F

O

O

NC

X= Br, 88% (12 h)

Cl

X= Br, 69% (14.5 h)

N
O

F

NC

S

X= Br, 83% (12 h) X= Br, 73% (13 h)

F

NH

O Me
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B(OH)2

+ Fn-1

Br
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D. alaskemsis
G20 Pd NPs

2 wt %TPGS-1000-M in H2O
K2CO3, 37 oC, 20 h

N

R = H, Ar

R

97%

N

OMe

Me
O

99%

OMe

Me
O

41%

N

OMe

71%

OMe

HO O2N

A) Ligand-free Pd(0) NPs for biaryl ketone synthesis

B) Biogenic Pd(0) NPs for ligand-free Suzuki Miyaura couplings
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2 wt % HPMC in H2O

Cu NPs on HPMC

CuI

K3PO4 (1.0 equiv.)

2 wt % TPGS-750-M in H2O
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N N

Cl

Cl H
N

Me
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O

BrO2N

S
NO2

N N

N

BrO2N

L = F, 67% (18 h) L = Cl, 99% (20 h) L = F, 80% (24 h) L = F, 81% (36 h)
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