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What does Green Chemistry really mean ?

Efficient Chemistry???

Reduced Environmental Impact Chemistry???
Chemistry for a Sustainable Development???
Conscientious Chemistry???

Modern Chemistry???

What does mean “MAKING”
Green Chemistry?

J. A. Linthorst, Origins and development of green chemistry
Foundation of Chemistry, 2010, 12, 55-68



EPA — US Environmental Protection Agency -

PREVENTIONT.(2 J-); '
This was the U.S. environmental Aawl§f
stating that the first choice for preventing
pollution is to design industrial processes
that do not lead to waste production

This is the Green Chemistry approach

“The Congress hereby declares it to be the national policy of the United
States that pollution should be prevented or reduced at the source
whenever feasible; pollution that cannot be prevented should be recycled in
an environmentally safe manner, whenever feasible; pollution that cannot be
prevented or recycled should be treated in an environmentally safe manner
whenever feasible; and disposal or other release into the environment
should be employed only as a last resort and should be conducted in an
environmentally safe manner”



 Mountains of solid waste are piling
up—particularly in industrialized
nations.

« Air and water pollution continue to be
problems in many places.

Most importantly attention was officially pointed on “millions of
tons of pollution” and the related cost of “tens of billions of
dollars per year” (Pollution Prevention Act 1990, p.617).
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KEY ELEMENTS CONTRIBUTING TO WASTE/ENERGY
1. REACTION MEDIUM
2. CATALYST/additives

3. STIRRING technology
(downstream management)

(ree
Perugia —



BIG DIFFERENCE BETWEEN ACADEMIA AND INDUSTRY
1. REACTION MEDIUM
2. CATALYST/additives

3. STIRRING technology
(downstream management)

IN ACADEMIA IN INDUSTRY
AREAS OF EXPERTISE TO BE PROMOTED POSSIBLE SOLUTIONS TO A SPECIFIC ISSUE

CONCLUSION:
THE CONCEPT OF INTRINSICALLY GREEN DOES NOT EXIST

S.0.C. E‘%
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Sustainability — Our Approach

Safe Reac\tio,n Media

Biomass/waste Heterogeneous Catalyst

valorization

‘ Green Assessment

Green electrochemistry

L]
Flow Chemistry 5/) o g
Hazardous/reactive
intermediat heltfi§ASing Easy scale-up
sl transfer Increased Highsmifaeg-aea to industrial [Subs] — Products
mass transfer plant Q9
electron transfer

Subs
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GREEN CHEMISTRY ...green metrics
r' Effective Mass Yield (EMY)

s. Atom Economy

12 Principles

h——/Tomas Hudlicky

ﬁul T. Anastas

!. il
E-Factor

’ Barry M. Trost

Ecoscale

E-Factors -f“_""‘_“ ‘
A
John Andraos g M

Koen Van Aken Lucjan Strekowski Luc Patiny



THE USE OF AT
AN EARLY STAGE OF THE

HELPS TO
AT A LATER
STAGE



MEASURING WRONG
SUSTAINABILITY ISSUE



NEW METRICS

THE SPECIFIC ISSUE
ADAPTED



REACTION MEDIUM
SAFER SOLVENTS

iy P e -~.~

or a cleaner
chemical production
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For more details see at http://greensoc.chm.unipg.it/




WATER

The safest NOT
ALWAYS the
greenest option

RECOVERY and REUSE must always be considered as a key issue

Some recent examples Vaccaro et al. Green Chem., 2017,19, 1601-1612, HOT ARTICLE; Green
<= Chem., 2020, 22, 5937 Outstanding article; Green Chem., 2020, 22, 6240; Green Chem. 2022, 24, A
§)= 9094, HOT ARTICLE; ACS Sus. Chem. Eng. 2022, 10, 9123 (- 2 ==
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Cyclopentyl
methyl ether

Vakcgro\et ] oL " : , 3 Ty < e 3 . ‘ g, NG \ ._ i _. i % : < re A=
Prog. Engrgy. €omb. 80 65, 136-162; n Cheni. 2 ,325-337; o >
Green Chem 2021,

.Perug.ra -




2 o
JJ ;JJ/J

GVL

v-Valerolactone derived from lignocellulose
as SOLVENT and bioadditive for FUEL
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For more details see at http://greensoc.chm.unipg.it/



CAN GVL be a valid bioderived alternative
to classic Dipolar Aprotic Media?

Gamma-Valerolactone - GVL

11
%‘ ® HMPA
‘B
3
< 091 tetramethyl-
% 0.8 e NMP
L ® OP(OEt), D"“A" @ DMSD
@ NE
0.7 & Mepye  ®DMF
0.6 il BzNMe, 4-Mepyg yNvaierdladions.
; ® THF
=2 8
0.5 ELO @ tOAC M!.E.H ® acetone @ butyrolactone
Et0,CP
:‘i‘ 0.4 Pr.O EtO.CEt @ ® ®MeOA: ™ § WHE.PhCN
‘© . MebCiH‘C!_ME ® MeO.CH carbonate ® ®PhNO, GVL
w dioxafe 4 sulfolane
S 0.3 anisole ® g pMaCN
'g ®E10,CCl, ‘t
o 0.2
— P-Xy@ne toluehe ponzene
' hexane, CCl, & b ® _ ®MeNO,
CIC,H,Cl
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Dumesic, J. A. et al. Green Chem., 2013, 15, 584-595



Cyclopentyl
methyl ether

red%
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For more details see at http://www.chm.unipg.it/greensoc
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Heterogeneous catalyst... a crucial tool to access greenness

NOVEL and SAFER MEDIA, FLOW —> NOVEL SUPPORTS FOR CATALYSIS
TWO MAIN DIRECTIONS

Inorganic supporti/ \
Organic Supports

SILICA Zr/P or MOF Polystyrene-based supports

e.g. : Adv. Synth. Catal. 2013, 355, 2007, J. Mol. Catal. A, Chemical 2014, 387, 57; ACS Sustainable Chem. Eng.
2014, 2, 2813; Adv. Synth. Catal. 2015, 357, 2351; ChemCatChem in press... and work in progress

e.g. : Vaccaro et al. J. Catal. 2013, 309, 260-267 , Eur. Pol. J. 2015, 73, 391-401; Green Chem. 2018, 20, 2888-2893 -
ACS Sus. Chem. Eng. 2019, Green Chem., 2020, 6560-6566, ACS Sus Chem Eng 2021, 9, 5740, ACS Sustainable
Chem. Eng. 2021, 9, 12196-12204; Green Chem., 2021,23, 490-495; Green Chem., 2021,23, 7210-7218 and work in
progress...




NOVEL ORGANIC POLYMERIC
MATERIALS FOR CATALYSIS

Vaccaro et al. J. Catal. 2013, 309, 260-267 , Green Chem. 2018, 20, 2888-

2893 - ACS Sus. Chem. Eng. 2019, Green Chem., 2020, 6560-6566, ACS ) _

Sus Chem Eng 2021, 9, 5740, ACS Sustainable Chem. Eng. 2021, 9, 12196- I’Z T =
soc @&

12204; Green Chem., 2021,23, 490-495; Green Chem., 2021,23, 7210- Porugia
7218and work in progress For more details see at http://greensoc.chm.unipg.it/




From waste valorization to circular approaches to catalysis

Urban waste in
central Italy and in Circular economy
several Mediterranean approach
areas

Urban Waste-derived support for
METAL nanoparticle catalysts Au

Ru
Ni

v adsorbent for water purification

v support for heterogeneous catalyst

ALSO WE ARE FOCUSING ON WASTE FROM
LEATHER or PHOTOVOLTAIC PANELS

reet

S.0.C. e
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L. Vaccaro et al.: Green Chem., 2021, 23, 5887-5895; ACS Sustainable Chem. Eng. 2021, 9, 12196-12204
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For more details see at http: //greensoc chm.unipg.it/




Flow chemistry and Green Chemistry

Hazardous/reactive
intermediates heglﬁfﬁfc?ﬁﬂmg Easy scale-up
easy handling transfer Increased Hw»gmfﬁeqafiea to industrial
mass transfer plant

Green Chem. 2014, 16, 3680 3704

WILEY-VCH WILEY-VCH

Chem. Soc. Rev., 2019, 48, 2767 B - o S
e e z  Sustainable
Green Chem., 2020, 22, 5937-5955 e Flow Chemistry
et Methods and Applications
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Green Chem 2023, 25, 7916-7933

minkmizng e aaf ccrssagclan et s el sy

Sustainable flow chemistry
Editor L. Vaccaro Wiley —-VCH, 2017

A13s|wayd moj4 3jqeujeisns

158N 9783527 338528

www.wiley-vch.de

Flow approaches towards sustainability Vaccaro et al. Green Chemistry, 2014, 16, 3680-3704
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CHEMISTRY IS
INTRINSECALLY



Different approaches towards a single goal: WASTE MINIMIZATION

Recoverable
Green solvents
for recoverable

catalysts

Heterogeneous
Catalytic
Systems

FLOW
REACTORS



SPECIFIC ISSUE

GREEN/SUSTAINABLE
SOLUTION



Green functionalization of hexa-aryl borazines

Ejdi Cela

Dario Marchionni

Alireza Nazari
R2 R3 @RZS
Fan Huang, PhD ;3 "B” B ;3

http://greensoc.chm.unipgq.it

Hexa-aryl borazinesare valuable precursors to doped-nanographenes and
doped-polyphenylenes.

They serve as a stable doping unit in materials displaying unique electronic
and optical properties.

Their potential is limited by the harsh conditions generally utilized for their
synthesis

STI BN |T<E‘t EU ITN consortium led by Prof,

Bonifazi UVIE

—_———_—_—— e
L. Vaccaro et al, Adv. Funct. Mater. 2023 , 33, 2303635. Gsﬁggéjg S
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1926 2005 2005-2013 2017 2015-2017 STiBNite

Berichte der Dtsch. Chem. Gesellschaft (A B Ser., 1926, 59, 2215-2223. Chem. Commun., 2005, 3547-3549, J. AM. CHEM. SOC. 2005, 127, 14859-14866, Angew.
Chem. Int. Ed. 2015, 54, 8284 —8286, Angew. Chem. 2017, 129, 4554 —4558, J. Am. Chem. Soc. 2017, 139, 15, 5503-5519
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Developing atomically precise doping

Hexaphenyl borazines as molecular precursors

Hexaphenylborazine . .
Planarization pheny @ MOFs @
s Y
ﬁ\@.ﬁ'ﬁ
.
®
qﬁi ZE)?
..@6)@\
Angew. Chem. Int. Ed. 2015, 54, 8284—8286.

Angew. Chem. 2017, 129, 4554 —4558. Chemistry — A European Journal, 2021, 27, 4124-4133.

Functionalization On surface assembly Polyphenylenes

IR

J. Org. Chem., 2019, 84, 9101-9116.

ACS Nano, 2015, 9, 9228-9235. J. Am. Chem. Soc. 2017, 139, 15, 5503-5519

e

S.O0C.
Perugia 7




a) Two-pot procedure

NH,

Complexation and

condensation
+

BCl,

b) One-pot procedure

NH,

>

Complexation and

condensation

+ BCl

S. Yamaguchietal, J. A

m. Chem. Soc., 2'0/

5,127, 14859-14866

D. Bonifazi et al, J. Am. Chem. Soc., 2017, 139, 5503-5519

R l S '
B-Arylati A “
. -Arylation ! .
cl._N_cCl Isolation of TCB . ) f2ep-Nog. . .
BB , _using ArMoBr %« Alireza Nazari
N g N Arg B MAr,
¢l r
R; R,
\ TCB /
SR
Ar,
|
CI\B’N‘B/CI 1) Removing HCI (applying fpt) Arz\BlN\B,Arz
» : : : > N__ N_
~B- 2) B-Arylation using Ar-Li Arg B MAr,
ﬁ AN "
Ri R

ree

S.0.C.
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STIBNITg

Principal method

NH,

@ + BCl,
1

Complexation and
condensation

N

Cl g N5 Ol

Br Li
R R. R.
*  Buli : :
—_—>
-84 to 0°C
2 2
HCI removal oluene @\ PN
* Hcl _ B B

-84°C-r.t, 20h

1

Novel method

I’BBE%

S.0.C \‘i‘:’

NH,

Alireza Nazari

BCl,

Complexation and

condensation

y

BulLi Ar-Br

2 MeTHF 2 MeTHF
Ry
Removing HCI A
A ! Ar,
rZ\B' \B/
N cl O o 0 OOO

Neg. N RN
~B~ "B Arge B N,

~ td Ar
B \Q\ 1Ba5|c Scavenge) B-Arylation 2
R

1 Continuous mode:67-83%, 2.9 g.h*
TCB Batch process: 49%, 0.016 g.h!

L. Vaccaro et al, Green Chem. 2024, 26,7059-7066 hot article Gsoc \g‘.
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Continuous-flow waste minimized synthesis of hexaaryl borazines

v OUR APPROACH

A

NH, 1) Complexation and CaCoO,

condensation BPR
2)Co | fore
LingsiRNnGe Ar 1, B \Ar1 A,
1 I BPR ArZ\B,N A"
0.05 M in toluene/DME , 1.8 mL.min-1

Ary N ~B- N ~Ar,
r2

nBulLi

r.t.,, 32s

0.5 M in hexane, 1.8 mL.min-1

ey

Ar -Br: 0.18 M in THF, 5.0 mL.min-1
2

Alireza Nazari

tBu, tBu
\@: F,g
N- SN

L)

Py
¢

agn z;f@%is zf@*n i@* i@* =

HAB1: 74% HAB2: 79% HAB3: 76% HAB9: 52% HAB10: 44% HAB11: 48%

HAB 12: 59%

a0

e Y A AT ﬂ* *n QQQQQQ
) ﬂﬁ ( ( Qo (PR PR

HAB: 69% HABS: 76% HABG: 82.5% HABT: 71% HABS: 61%

a0
" @ -

S0\ )
OTBDMS: HAB13: 39%

L. Vaccaro et al, Green Chem. 2024, 26,7059-7066 hot article

HAB14:42%
C?f%‘

Perugia



L Arq caCo
3 BPR
@ +BCl CI\BJI\B,CI s
s ———— s —@-l, 0® P :
Ar SB- ™Ar . y 1
Bu ~ & tBu tBu —
1.0 equiv. 0.05 M BPR Q\ ﬂ
1.8 mL.min"! @"» g' ‘g
n-BuLi r.t., 80s /ﬁ N° \Q\
0.5M —O— . .
1.8 mL.min-1 _ @ Alireza Nazari

Br
Ar,-Br
o 128 " —C— o°c,69s Bu
. HAB1 : 78%
5.0 mL.min™!

(over two steps)

(EEER o EE ) e i (s

This work (smalle scale) 55 0.95-0.74 18.5 74
Gram  scale
This work (larger scale) 45 0.95-0.74 19.5 78 .
synthesis and
Bonifazi (2013) 278 0.71 - 0.68 41.0 40 more...
Yamaguchi (2005) 89 0.72 - 0.74 39.0 70 NOT mg

Groszos (1958) 79 0.49 - 0.44 17.0 48

L. Vaccaro et al, Green Chem. 2024, 26,7059-7066 hot article Cgcf Eéig
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Molecular borazines
The need for post-synthetic functionalization

Standard synthetic

procedure
g o QLI
BC|3 Folidelic THF N’ \N
20h, 108 °C 20h, 0°C > é\N,éQ
Li Non compatible
/ _N_ O o
. . _N \
Compatible R Z N7y
/7 A R /\\ _OR A~ _BRy I ///N
NR NH
/Ar /CI /NR2 - 2 - - 2 i
Si B /Br /OH /NHR X
r
g
k / - / Basic lone pairs / K AcidichydrogrenS/
N ring B ring N ring Any ring
incompatible incompatible
rEERE
S.O0C. |

Perugia 7



Molecular borazines

The need for post-synthetic functionalization
1b) Bromination on the N-aryliing. 13, 7s, 988094,

90 B B
Br eq r r

2,
; DCM anhyd. 0.0025M \©\ O
N-B N 18h RT N- °N

@régjé@ > @r “N- \@

r

35%

1¢) krigdelGrafis,chamistoyen she B-27y! ring

R
R NBS, 3eq Br
benzqyll pmoxide, 1.2 mol%
CCl,, )
Reflux 3h
\Nz \N/ N N

é‘N’é R = Me, H é\N,é I Br
R | I)R R ! R

S.0.C.
Perugia
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Molecular borazines

WHY halogenation?

Standard procedure to access pseudohalide functionality for cross couplings

2) Aniline, BCl3 OTBDMS
i1n)1i1t;gzDo’\IAe?§: ¢|a<1:1.5 o ;’%lgjrie, reflux 18h .
OH R OTBDMS 245 ym
Column Crystallization @\ O Not isolated
> ?\ N, \N >
; f RS}
TBDMSO @ OTBDMS

OH OTf

4)P/y, TR0
SLTBAF 789
T

. ol B Ry L L
S U

Can halogenation work in a single step?

J. Am. Chem. Soc. 2017, 139, 5503-5519
Chemistry — A European Journal 2018, 24, 9565-9571
e

J. Org. Chem. 2019, 84, 9101. s0c. &8
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lodination more sustainable alternative to bromination and chlorination

The sustainability impact of Nobel Prize Chemistry: life cycle assessment

of C-C cross-coupling reactions
Cl

Br

Green Chem., 2024, 25 9760-9778, HOT ARTICLE

Poorly reactive

Highly efficient catalytic
systems are needed

REMIND CHLORINE-FREE
CHEMISTRY CONCEPT

Bromide or lodide are

More reactive and also
Cheaper

(simpler catalytic systems can
be sufficient for their reactivity

Depending on the type of
reactions (Heck, Sonogashira,
Suzuki...) bromides or iodides
are more adequate

Gsoc \g

Perugia ™



[l Ozone formation, Human health

lodination more sustainable alternative to bromination and chlorination

M Global warming, Human health

OTerrestrial acidification
B Human carcinogenic toxicity

B Ozone formation, Ecosystems

The sustainability impact of Nobel Prize Chemistrv: life cvcle assessment
B Freshwater eutrophication

B Freshwater ecotoxicity
B Fossil resource scarcity

O Terrestrial ecotoxicity
B Mineral resource scarcity

of C-C cross-coupling reactions

B Human non-carcinogenic toxicity

Cl
Br 20
= |
I J\
l\-"'giw| @ )
e i 16
1.4
w
&
£1.2
1.0
0.8
0.6
3 i 0.4
Sustainability Assessment
0.2
0.0
e e e e e N 2 e e N e e
&o < 095\ ,&o @«\ O \)95‘ &o /\/Q/(\ & &0 1?}\
N ) & & L K & S &
NS P < S $ < RSN S
O & &© QO o & & © S S & QO
O X ° & S R O R S I -0 &
OO R & L N ¥ &
< Q NS < 0(0 S
& N q
N <
|
I Br
<
S.O0C.
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lodination of ORGANIC BORAZINES

A solvent-free approach using Ball Billing

Milling W ‘ —
30Hz, 1-2h Sonication 5 min Filtering +
wasI?Bing
Overall solvent consumption 1 mmol scale: 12 mL MeOH . :
Solvent recovery by distillation: 9.7 mL Pure )i\k)kw \NJé(
. BB
E-Factor: 2.4 product tsu%b\tau
Vaccaro et al Adv Synth Catal 2024, 366, 494-501. and

Green Chem., 2024, DOI: 10.1039/D4GC00699B HOT ARTICLE selected for front cover image '.:gc

]

=
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lodination of ORGANIC BORAZINES

Substrate scope

NIS 3 eq

N pTsOH 3 eq

'|3 '|3 1h, RT, 30 Hz ;

N N B/ \B
B” - b A

U nsuccesful substrates

TBDMSO OTBDMS !

'%f@ X%QX X%Qx X%Qx x%@x ke

8lcl
11 -90% 12 - 76% (cis+trans) 13 - 84% (cis+trans) 14 - 83% 15 - 53%]al

Kﬁiﬁf K;éﬁ H;I%;T <;<5 . E?Eg( EQE
PR OEO ORP oge, T G

16 - 45%fal 17 - 94% (cis+trans) 18 - 89% (cis+trans) 19 - 85% (cis+trans) 20 - 59%lb] E 10[]

Vaccaro et al Adv Synth Catal 2024, 366, 494-501. and
Green Chem., 2024, DOI: 10.1039/D4GC00699B HOT ARTICLE selected for front cover image '.:gc =

= &
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Cross-couplings and cyanation of iodinated borazines

Syl T |oge),
Suzuklcyano ””””””””””””””””””””””””””””””””””””””””””””””””””””””””””
0 ! » PSS

O, é) (o] d O 0.

ST Gt T
jkC&j ;37@)k %débf qui :zjg)k TV\QTEE@% TP@% Ly (?(Q/vir

78% 42% Sonogashira
O,N NO, O
> $ O !
o oAtk
ON O E\B,ﬁ O O NO, z’ “z o
WIS T, 0 ®
Vaccaro et al Adv Synth Catal 2024, 366, 494-501. and
Green Chem., 2024, DOI: 10.1039/D4GC00699B HOT ARTICLE selected for front cover image G soc
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lodination

A solvent-free approach using Ball Billing

R Rv
" @ . :
E;CB»N\B)@‘R Ball-r:ilﬂsi;\;??-gh, RT Fqﬁk .
e NN S S
R SN ve
]

Hexa-aryl borazines

Three-fold iodination

Green metrics evaluation and optimization

EcoScale 67
NIS, TsOH
(grinding)

a8 37 44
E I I I

Low E-factor (2.79)

AE

MRP USF

"

lodination Functionalization
Fast and in mild conditions
High yields

Easy work-up

Different positions
Different amounts
Different functionalizations

Six-fold iodination
(45-53%)

(59-94%)

@ Work-up solvent recovery
@ High yields for multiple processes
@ Column-free product isolation

@ N-and B-ring selective iodination

@ Short reaction time

Vaccaro et al Adv Synth Catal 2024, 366, 494-501. and - B
Green Chem., 2024, DOI: 10.1039/D4GC00699B HOT ARTICLE selected for front cover image G

Green
Chemistry

Cutting-edge research for a greener sustainable future

rsclifgreenchem

: &

S.0.C.
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v'Biomass as source

o
H
HO\)O\/OH * biodlesel II/\/)_
~ o o 2-MF
) ;
¢ vegetable oils  hemicellulose — || /
OH
1,2-PDO ‘
B lignin
OH
3 TS
/
R F
AN OH O

Y| . Vaccaro et al. ACS Sustainable Chem. Eng. 2021, 9, 9604-9624 SO \‘-’§

Perugia ™



Accessing coumarins from phenols - Trost/Toste reaction

OH 2.5 mol% 0 O. O
<D GO2L2Hs (dba)sPdeCHCl3 ¢
C - Sl
O NaOAc, HCO,H
25° 67%

ayapin

T / Pd(0) HCOOH
OH (o)
GP d H H—Pd— OCH
o

‘ \L -y s

= B.M. Trost, F. D. Toste, K.Greenman J. Am. Chem. Soc., 2003, 125, 4518-4526 orgia =



Results and Discussion

Catalytic test

Recycle of Pd/C Kinetic test
99 97
138 88 89 90 100
78 e 90
<o 80 S
o N C'" 80
c 70 o
je] 60 ) 70
& o
o 50 S 60
> c
S 40 8 90
o 30 40
20 30
10 20
0 10
1 2 3 4 5 0
Run 0 5 30 60 120 240 480 960 1440
=== 10 mol% Pd/C; 20 mol% NaOAc . .
Time, min
m= 10 mol% Pd/C =o—10 mol% Pd/C
—Pd loss (%) —o—10 mol% Pd/C ; 20 mol% NaOAc

reee

L. Vaccaro, C.-J. Li et al. Green Chem. 2022, 24, 9094 9100 S | g




Results and Discussion

TEM and XPS analysis

Pd/C (10 mol %);
NaOAc (20 mol %); _2

Pd2*

Intensity (AU)

329 334 339 344

Binding Energy (Ev)
——Pd/C (10 mol %); NaOAc (20 mol %); 24 h
——Pd/C (10 mol %); 24 h
——Pd/C fresh

<\

re

s0C &
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PHENOL VALORISATION: Accessing coumarins via Heterogeneous

catalysis

R2
o o _O
N o = [,
|, . Z R NF
R H 3 HCOOH .

&
Alkylation of phenols I * Coumarin synthesis

H R, 5

A OH R, OH A OH R$ S ki

& - Lz /

R4 ‘BuOLi Ry H NaOAc

o L _, HCOOH
160°C 60°C

@ Solvent-free reaction conditions @ One-pot catalytic methodology Osthole derivatives
@ Short reaction times @ Recyclable Pd/C

First example of Pd/C for coumarin

> Swione
MCGlll Prof. C.-J. Li synthesis

/ UNIVERSITY

First report of coumarins synthesis from phenols via C-H
functionalization catalysed by a heterogeneous catalyst

L. Vaccaro, C.-J. Li et al. Green Chem. 2022, 24, 9094 9100 HOT ARTICLE

Perugia



From PHENOLS to arylamines and to Carbazoles via C-H/C-H

Oxidative Functionalization/Cyclization of Arylamines

ll? p OHeterogeneous catalyst
N N ORecycle of the catalyst
- O Oxygen ballooon as oxidant
O Solvent free condition
— . OFacile and safer process
Pivalic Acid O Minimized E-Factor
R=HorAr Y .
.OZ
PdIC (10 mol%) z
: PivOH (8.8 equiv.) O Q
125 °C,24h !1| |!2
1:R=H 2:R=H
3:R=Ar 4:R=Ar
#o o
22,91 % 2b; 65 % i ______ 2c;42%° 2d; 72 % 2e;47%0 %2 I; 85% ...
H H 2 1
N N N N
o]
/
O / \ Glgcozolme :
2f; 46 %° 29; 57 % 2h; 45 %P 2j; 49 % ; 21,39 %
W T [ apteming A
Q N O derivatives ¢
H @ N
2m; 46 %3P m 52 %"’ b 20; 63 %*°

(Ob‘mmol)' PaArc (10 iicl%), P|v'OH'(8 B équiv.), O "balloon; "25°C; 24 R, " " - - Tt s s n s s
(0.5 mmol); Pd/C (25 mol%),2PivOH (8.8 equiv.), o VARG "Hyamgpgraphic column is required due to

Reaction conditions: 1

) c
incomplete conversion of starting material. 3

044 MCGIU Prof. C.-J. Li

\/ UNIVERSITY

ACS Sustainable Chem. Eng. 2024, 12, 22, 8562—-8572

100
90
80
70
60
50
40
30
20
10

Conversion %

H,0 +1/2 0,

Catalyst recycle

2 3 4 5
—%—Pd loss %

o0

Oxidative .
Regeneration Palladation |

mmmm Run

Reductive

Elimination Palladation Il

H
N

-
o

O = N W H» OO N © ©

%

S.0.C.
Perugia
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Green assessment

1) Appl. Catal. B: Environ., 2014, 150-151, 523-531

5 mol%
Pd(OH)2/ZrO, ( )

N AcOH:1,4-dioxane (1:1) (0.33 M)
@ \© 0, (2.5 atm)
100 °C, 12 h

2) J. Org. Chem. “~~~, 70, 7578-7584

Pd(OH)2/C (10 mol%)
KOACc (2 equiv.)

H
N DMA (0.2 M)
@:@ 140 °C, 12-24 h

3) Chem. Commun. 2014’ 50, 9049-9052
o Pd/C (5 mol%)
—{\‘ Molecular Sieves \f PMireaction
H DMSO (0.2 M)
= (L
120 °C; 24 h
4) Adv. Synth. Catal. 2016’ 358, 3145-3151 Vield
lel
1) Pd/C (10 mol%)
pyr|d|ne N-oxide (20 mol%)
NHMs DMSO (0.25 M) PMireaction
0, (1 atm)
o - 5. 5D
2) Cszcos

THF:MeOH (1:1 - 0.25 M)

Acetic acid
Solvent

Energy 100°C

Heath & Safety

1,4-dioxane (H350)

acetic acid, O, under pressure

3 McGill

Solvent
\./ UNIVERSITY

Energy

Heath & Safety

DMA (H360D) Prof. C.-J. Li

Potassium acetate

Solvent DMSO
Energy 120°C

Health & Safety

0O, atmosphere, DMSO

DMSO
Solvent THF
Energy_ 120°C

Health & Safety

DMSO, Cs,CO,, Pyridine N-oxide, O,
atmosphere

/THIS WORK

Pd/C (10 mol %)
PivOH (8.8 equiv.)

O g S

125 °C,24 h

Solvent

Energy 125°C
Health & Safety

pivalic acid, O, atmosphere

ACS Sustainable Chem. Eng. 2024, 12, 22, 8562—-8572 socg%

Ny
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Alternative solvents from Biomasses

y-Valerolactone - GVL
Property Value

CAS-No 108-29-2 \r\)‘\oﬂ
Formula CsHgO, +H,0 4

MW (g mol—l) 100.112 -ROH/:O Ievulinlicacid \Hi
=22 +H,

Refractive index (n20/D 1.432 +ROH
Density (g mL™") 1.05 o
Flash point (°C) 96 NO’R ﬁ/\)k“ ;
. . "y a-angelica
MEItlng pQIHt (OC) I:vulinic esters y—hyc?r:':)xyvaleric acid +H lactone
Boiling point (°C) 207-208 ;
5 . | it H'HZO I

Solubility in water (%)

AH,,p, (K] mol™) 54.8
AHPiquia (K] mol™) —2649.6
Boling points and polarity of dipolar aprotic solvents Ievuhl?(rtlji::O::ters - Blzr;fs::;a
NMP 202 °C g=32
Dimethyl sulfoxide 189 °C  £=48
Dimethyl formamide 153 °C e =36.7
Dimethyl acetamide 165 °C g =32
Acetonitrile 82 °C e =37

ST GVL 207 °C £ =36.5

Dumesic, J. A. et al. Green Chem., 2013, 15, 584-595

Perugia it



GVL as medium for Pd-catalyzed couplings

: I 135 °C, Pd/C (5 mol%) CgH430
: 72 h - \
E | K;CO; (3 eq.) Q \ Q
| GVL or NMP (0.08M
',“ !. \ OC6H13 / o ( ) OC6H13 |
1eq.
CHIARA 1eaq. GIACOMO
Medium M, (KDa) M,, (KDa) PDI Pd (ppm)
GVL 8.14 16.27 1.99 6
NMP 16.43 36.98 1.99 860
Medium J,.(mAcm™2) Voc (V) FF (%) PCE (%) M x 1073 (cm? V-1s™1) lon/lose
GVL 24 0.92 33.7 0.73 1.01 1500
NMP 3.8 0.91 36.1 1.26 1.21 200
GVL» 1.6 0.75 33.8 0.39 0.90 1400

a Average of ~5 devices. » Pd(PPh,), was added to achieve ~800 ppm of Pd.

Green Chem. 2015, 17, 365-372

Dr. Antonio Facchetti
FIGXTeer Flexterralnc, USA
—

Organic semiconductors

Gsoc \Q

Perugia =



GVL as medium for Pd-catalyzed couplings

WHY and HOW an alternative a reaction medium should be used?

... HOW to exploit unconventional medium properties to obtain more efficient

chemical results?

v Heck Reaction

Pd/C 1 mol% o~
o TEA (1
Al + 2 O Sk ArMO
GVL FRY
Medium T (°C) Time (h) Pd content (ppm)
GVL 150 1 7.7
NMP 150 10 min 835
DMF 150 10 min 50
GVL 180 30 min 6.3
GVL 200 20 min 3.9
NMP 200 5 min 279

Green Chem. 2015, 17, 365-372

(reew

Perugia



GVL as medium for Pd-catalyzed couplings

o J \ J
GVL v Heck Reaction —— NMP
Pd/C 1 mol% o~
o TEA (1
Al + 2 O Ted) o ArMO
o) GVL kR
Medium T (°C) Time (h) Pd content (ppm)
GVL 150 1 7.7
NMP 150 10 min 835
DMF 150 10 min 50
GVL 180 30 min 6.3
GVL 200 20 min 3.9
NMP 200 5 min 279
reces

Green Chem. 2015, 17, 365-372 Sorigia



PALLADIUM Release and Catch catalytic system

During the process after oxidative addition “Heterogeneous Palladium” is
released and after reductive elimination it «re-precipitates».

This phenomenon depends on the reaction medium, on the base, on the type of
support, and on temperature

R"-X X R’

R'X R2-M
leaching
—_—
omdatwe 1 ? ? 1 %.?*"é
Y]
addition ¥ R x X R 'é..?e
0
reductive 1 2
crystalllzatlon ellmlnatlon
O
R’ R2
R'-R?

Y. Li et al. Chem. Eur. J. 2012, 18, 9813 — 9817
E. Garcia-Verdugo, S. V. Luis et al. Adv. Synth. Catal. 2010, 352, 3013 — 3021



ORGANIC SUPPORTS... polystyrenes

e

Vaccaro et al. J. Catal. 2013, 309, 260-267 , Eur. Pol. J. 2015, 73, 391-401; work in progress v =



POLI-TAG - POLymeric-supported lonic TAGs

| Novel catalyst design |

P
Q. A\p 20
o N.y O\/\SN‘YQ
qé X, \Y é X’ \Y O
\\__N\ \\__N\ o
N g N

v" Novel class of heterogeneous catalytic
systems

v" Tunable properties (support, loading,
pincer-type ligand, metal)

v Tailor-made catalysts

¢ 7 L. Vaccaro et al.: Mol. Catal., 2021, 509, 111613; ChemSusChem 2021, 14, 3359 — 3366; Green Chem., 2020, 22, 6560
- — 6566: ACS Sustainable Chem. Eng. 2021, 9, 5740-5749: Green Chem., 2019, 21, 355 - 360

e

S.0.C. ol

-whr g
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POLI-TAG-L1-Pd(ll)-L

v'Recycling and flow

0.6 Run Pd leaching (ppm)
_. 05 1 0.37
g
%— 0.4 2 0.35
£ 03 3 0.42
= 4 0.25
0.1
5 0.36
0
1 2 3 4 5 flow 0.05

7N
0 N
( M [PdCLP = @ = POLITAG-Pd(II) catalyst

2.4 < E-factor <5

N
SP
N e
. ; (0]
: N2 » r :N‘:f‘ - ) ©/\)1\0M9
o N0 000, A0
| | { :
| Thermostated chamber (130°C) ] ™
———————————————— ™
| , ®
\ MeO
) pure
reservoir product A / Cl
solvent recovered |

Green Chem., 2018,20, 2888-2893 - ACS Sus. Chem. Eng. 2019, 7, 6939-6946 and work in progress 50C @&
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POLI-TAG-L1-Pd(ll)-L and POLI-TAG-L2-Pd(0)-M

OUR POLITAG SYSTEMS DO EFFECTIVELY WORK TO
CATCH PALLADIUM

%edéﬁca
“It doesn't matter whether the cat is black or white, as long as it catches mice”

[POLI-TAG-LA=-[Pe(ll)-L
POLI-TAG-L2-Pd(0)-L

o a @
Pd(0) loading: 16 Wt% Pd(ll) loading: 3 wt %
' Green Chem., 2021, 23, 5887 ChemSusChem 2022, 15, 202102736 Hot Topic: C-H Activation; ACS Sustainable ™ rge%

S0C \@&»

Chem. Eng. 2022, 10, 11, 376 and work in progress Perugia



HIGHLY EFFICIENT POLI-TAG CATALYSTS

» Synthesis of POLITAG-X

cl
- +
(/\ﬁ/ ! (/\IN/ ;N
| 2 a
/\/2/‘ pdct, "2 /\/2/‘ P94 Nagn, N (pao)
At — 0 N — > +
@\0 "{Q\/N - H,0, rt., 2h @\ \Q\/N\ DRY EtOH, 2h @’\OMN/‘\N\
</ cI
POLITAG-Pd(ll) POLITAG-Pd(0)
. Q - Q. - Q-
. . Qs Q OaRp80.
L s Lo e A - = OR Y50, )
] b' OQ ] o 9 -o- Q 0. %'
Cl Q ot o m- O el M o % Qq N QY SO
h/ Oé o ¢ 00 Q% Y% 40 % Cede .
a Ba 5 gy (49" 9 $9°
W (pa 08 o3 38 o> Rl
/\/L h POLITAG-LL-Pd® C POLITAG-MM-Pd’ ) ( POLITAG-HH-Pdo)
o N 20 -2 o
N 9 Q
F0S 25952 392,
-Q » o 0 p- _oo? S 00 > ~%.
POLITAG-XY-Pd(0) o i O SRR
X = Ligand loading - eapl &% % % . N 8
Y = Metal loading O.do. 80, " G- ¢ g )
geE L 08035

&Y/ ACS Sustainable Chem. Eng, 2022,

POLITAG-VL-Pd° ( POLITAG-HM-Pd°)

*\/ .
S.0. C'g%
Perugia

, 12386-12393.
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HIGHLY EFFICIENT POLI-TAG CATALYSTS

|

!
o
|
o
|
o
©

7D
POLITAG-Pd%-HM o /\/Z
OMe (0.0007 mol%) /©/\)L0Me Qs Q Py @ 0 N
. _ w Q_ _
\©\ /\g/ MeO € ﬁg “

TEA (1.5 eq), GVL, '°p - POLITAG-XY-Pd(0)

150 °C, 8 h 3e OQ

o0 - X = Ligand loadin
/Kagél a(l?BhoI @? eq) -_3' OO . OO %()— Y= Mgtzl Io::ingg

f step =12.7 | 140 é 5h 9 © Q -

E-factor 15t % o J & )

o .
 step=5.2 « - G- 9 ' ACS SCE 2022,
E-factor 2" ) o/@/\)‘\o/\)\ O_M_ ob_qo - 10, 1238612393
e
total E-factor = 26.9 ( POLITAG-HM-Pd(0) )

high TOF value: 26786 h-1 using only 0.0007 mol% of Pd in

y-valerolactone (GVL) as green reaction medium

3 Ao
ACS SCE in press, ChemSusChem 2022, 15, e202102736 Hot Topic: C-H Activation; ACS Sustainable Chem. Eng. 2022, 10, 11, 3766—

3776; Mol. Catal, 2022, 522, 112211; Green Chem., 2020, 22, 6560-6566; ChemSusChem 2021, 14, 3359 —3366 and work in progress



POLITAG catalysts for the decoration of quinolines via C-H activation

v POLITAG-catalysts

Federica

Daniele

- L. Vaccaro et al. Green Chem., 2020, 22, 6560-6566; Green Chem. 2019, 21, 355; ACS SCE. 2019, 7, 6939

N=
o~ AN
N
L2 N” R

|\

N

HO N‘N’
\/\Nr

L3 (\_;{‘N

53 )

N 1©

~Y

SPACER

wwy,
W

Wy,
W

MO

[
)

\_

POLITAG-Pd(Il)-L1
J

POLITAG-Pd(Il)-L2
\ J

\_

\ N
<— \®|e \— <_N@ @
POLITAG-L1 POLITAG-L2 POLITAG- L3
4 N\ 4 )\
Eo '//\Sr) N=
S e, O Fe
sN ~
N 2e \/\r 2 \/\r 2C
(_R [PACla] NS, [PdCld] N, [PdCL]
\ @ \\_R@ \ N@
\ \ $

POLITAG-Pd(Il)-L3
J

reg

S.0C. ﬂ »
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POLITAG catalysts for the decoration of quinolines via C-H activation

v Mechanistic Investigation

IntermolecularKIE (independentreactionand one pot)

POLITAG-Pd(Il)-L3

Is it C—H activation? D71H7m (5 mol%) > Dy/H; @(\j\/\
? NZ N\ co,Et

N “H/D  Toluene [2M]

\
-
/l 1aMad7 X CO2EL 24 3al3a-d7

Is it Heterogeneous catalysis?

100
80

h L ] ‘ ‘ ' HETEROGENEOUS
20 ol M. 5

0
Blank Before Hot Hot Before Hg
filtration filtration poisoning p0|son|ng
test (20") test test (20") test

B Conversion (%) [ Selectivity to 3a (%)

Green Chem., 2020, 22, 65606566 oc \&5



POLITAG catalysts for the decoration of quinolines via C-H activation

v Substrate scope
R_Id\j\/\
U COR NS NNTNANCOR,

RN 2 POLITAG-Pd(I1)-L3 (5 mol%) 3
- _ P + o - or
N “H z Toluene [20M]
o) I 110° C, 4h
AN \R
1 5 2
(:(\j\/\ Meom/\ | Nj\/\ O p
P/ A
o Don I, ot Rl
cl N NNCo,R
R: -Et (3a) 85% R: -Me (3¢) 74% R: -Me (31) 65% 6a: 75%
-Me (3b) 75% -Et (3f) 73% R: -Me (3i) 80% -Et (3m) 68%
-nBu (3c) 73% -nBu (3g) 78% -Et (3j) 82% -nBu (3n) 62%

-Bn (3d) 68% -Bn (3h) 67% -nBu (3k) 82% -Bn (30) 72%

L L imeo p
N// N’/ N//

L, °
6b: 73% 6c: 83% 6d: 78% ¢l

N
~ ~
©:N’j\¢\©\ ©:N’j\¢\©
. (o)
D, : Cl gll 6i: 84% \|/ g 6] 78%

€ N\

(reeen

Perugia ™




POLITAG carbene: heterogeneous NHC systems for C(sp3)-H activation

N N
—_— —_—
SR W W
@Ie
POLITAG-L1
r—----=--=--=--=---=------=--"=-"="=-==-"-=-=-=-=-=== |
= N—

3776; Mol. Catal, 2022, 522, 112211

4 )
O e
<

\_

[PdCl4]
\ R@
\

POLITAG-Pd(ll)-L1
J

Francesco M.

Tommaso

Tian

9 ChemSusChem 2022, 15, e202102736 Hot Topic: C-H Activation; ACS Sustainable Chem. Eng. 2022, 10, 11, 3766— GI’BB%
50C \=

Perugia



POLITAG carbene: heterogeneous NHC systems for C(sp3)-H activation

%&4
SN

Prof. Olivier Baudoin
University of Basel

University
of Basel

IOANNIS

Synthesis of indolines

Heterogeneous
NHC-Pd(ll)

Ligand

C02 e
\{ RCO,H (additive)
Br Anisole/DMSO

co,Me

: N 18 examples — 40-91% yields

waste
CO M Pd Leaching in flow
e ] pr—

? | —SP-NHCPam) co,Me ;

——200"Ctomim . — N g

> SP-NHC-Pd(ll) 1

- B 28 1 ’ 0 20 time (min}40 60
/[ - ime (min
K| solution productivity 0.65 mmol h
rees

B ChemSusChem 2022, 15, €202102736 hot topic C-H activation

Perugia ™



POLITAG carbene: heterogeneous NHC systems for C(sp3)-H activation

IOANNIS NIHAD

Synthesis of oxindoles

SP-NHG:Pd (lJ) (5mol%)
SP Nl

| H PivOH (
S e s
Br

CPME az. [0.1M]
140 °C , 2h

20 examples — 85-94% vyields

1
'\{ 0.8
0.6
Le— & ——e— o o °

0
15 30 45 60 75 90

Pd(ppm)

acqueous time (min)

_Vater [1 M] wastes

reg

S.0.C. ﬂ_

ACS Sustainable Chem. Eng. 2022, 10, 11, 3766-3776 Porngic =




POLITAG carbene: heterogeneous NHC systems for C(sp3)-H activation

X University Prof. Olivier Baudoin
N\ of Basel University of Basel

enantioselective C-H arylation

sP-NHc-pqt (10 M%) CO,Me
E:[ chiral Ilgand (20 mol%) N
Cs,CO3 T
PivOH (30 mol%) 22
xylenes [0.1 M], 140 °C
24 h, Ar
Ph Ph Ar_ Ar
0) O
QR \N/ P_Ph
o
OTf E
r
L1, R —I Pr L3 L4 R— NMe L6 C
Lz R= t-Bu 5 R=Ph a5 5cr, Con,

DL B
Chy &5 O

L7 L8 R=1t-Bu L10
L R=Ph BozPhos

B ChemSusChem 2023, 16, €202102736 hot topic C-H activation

Gsoc g
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POLITAG carbene: heterogeneous NHC systems for C(sp3)-H activation

NXl/

X< University

>IN of Basel

Prof. Olivier Baudoin
University of Basel

C
(e (sp3)_H bonds 11 examples
e.r. up to 97:3
Heterogeneous Z.
Z\Y/E NHC-Pd'" Y
> R
BozPhos
PiVOH/CSzCO3
cyclopropane C—H bonds ;i.eﬁ(:?;pé%
Br COzMe CO,Me
|

5

C(sp )-H bonds

7 examples
e.r.up to 97:3

ChemSusChem 2023, 16, €202102736 hot topic C-H activation

* versatile chiral ligand
* recyclable heterogeneous catalyst

* high yields and enantioselectivities

_________________________

I’B

S.0C. s
Perugia "



Cross-Couplings / C-H functionalizations

Fundamental tools for the synthesis of Active Pharmaceutical Ingredients

* X K
* * - - - -
H- H-CCAT: Solid Catalysts for activation of aromatic C-H bonds
N
Aromatic coupling Catalytic cross-coupling Vinylation, arylation, ... Aromatics funtionalisation
stoichiometric metal @ Ar-X; @ Ar-H; @ Ar-H;
e.g. Ullman homogeneous catalysts homogeneous catalysts heterogeneous catalysts

-
1900 1980 2005 2025

= DSM N L ” I
BRIGHT SCIENCE. BRIGHTER LIVING. F] r O f M O F
HiN

4B Johnson Matthey

JANSSEN

PHARMACEUTICA



Heck-Mirozoki vs Fujiwara-Moritani reactions

Cross-couplings vs C-H functionalization

H- H-CCAT: Solid Catalysts for activation of aromatic C-H bonds
Heck-Mirozoki reaction (Heck alkenlylation)

Pd cat
@ ' HV/\R - ©\/\
X SR

Fujiwara-Moritani Reaction

(C-H functionalization - Oxidative Heck alkenlylation)

DG
+ H____ Homogeneous Pd cat PG 1. Moritani, Y. Fujiwara,
NSR . ) ) > Tetrahedron Lett., 1967, 8, 111
H Stoichiometric oxidant SR

(reee

Perugia —




Towards Aerobic Fujiwara-Moritani reaction

Previous work

DG

I. Moritani, Y. Fujiwara,

Homogeneous Pd cat Tetrahedron Lett., 1967, 8, 111
SURLSS Clw
H Stoichiometric OX|dant SR
Among others: P. W. N. M. van
Leeuwen et al, JACS., 2002, 1586;
DG ’ Homogeneous Pd cat K. Tanaka et al, Chem. Eur. J.,
@H PSR @/A 2015, 9053; C. Bolm et al ,
- R . -
sub s;g'fggr%’fr‘gtlrg:x?glgﬂa"t ANIE 2015, 7414; K. K. M. Hii et al,
2 React. Chem. Eng., 2020, 1104
R
DG Heterogeneous Pd cat
+ H\/\R L. Vaccaro et al. Green Chem.
H = 2017, 19, 2510
Stoichiometric omdant R 2017
SR > today
H sub-stoichiometric oxidant = R Y
GVL as safe-solvent & tube-in-tube continuous
flow conditions
Y,

ree

S.0.C.
Perugia “



GVL and heterogeneous catalysts in C-H activation processes

v Heterogeneous Palladium-Catalyzed Oxidative C—H Alkenylations...
Fujiwara-Moritani reaction

o) (o)
HNJLMe Pd/C (2.5 mol%) HNJLMG : &
L g2 BQ, PS-TsOH» LS ~
|/ _ GVL, 85°C, 24h J/ ~ -~
RT ) R 3 FRANCESCO

(0]
Me (0] Me (0] Me (o] Me (0] HNJLMe Me (0]

3a: 95 % 3b: 97 % 3c: 80 % 3e: 66 % Me 3f: 78 %
%
o 0
Aye o o) NS e o
/@/\/N\OnBu @/\/N\OnBu /@/\/U\OnBu @/\/N\OnBu WOnBu
3g: 80 % 3h: 76% 3i: 74 % 3: 82 % Me 3k: 73 %
: %‘5

Vaccaro et al Green Chem. 2017, 19, 2510; HIGHLIGHTED in SYNFACTS 2017 13(09) 1000 soc.

Perugia



GVL and heterogeneous catalysts in C-H activation processes

v Pd/C catalyzed Fujiwara-Moritani reaction

vEXPERIMENTS SUGGEST THAT THE ACTIVE CATALYTIC

SPECIES IS HETEROGENEOUS IN NATURE

» Hot-filtration/mercury poisoning test suggest a possible heterogeneous

catalysis

A “release and catch” mechanismis probably more likely, given the reaction
conditions and the well-known mechanism of the FM reaction.

Run 1 Run 2 Run 3 Run 4 Run 5
Yield 95% 95% 94% 93% 87%
Pd leaching (ppm) 4.0 3.7 3.8 4.1 4.2
(A==

soc. &

Y vaccaro et al Green Chem. 2017, 19, 2510; HIGHLIGHTED in SYNFACTS 2017 13(09) 1000 oc.




GVL and heterogeneous catalysts in C-H activation processes

v Heterogeneous Palladium-Catalyzed Fujiwara-Moritani reaction in
Continuous-Flow

continuous flow for over 500 mmol
4g/h production

NHAc NHAc NHAc NHAc
97% 99% 89% 87%

I’B

Vaccaro et al Green Chem. 2017, 19, 2510; HIGHLIGHTED in SYNFACTS 2017 13(09) 1000 S0C. @B

Perugia =%




GVL and heterogeneous catalysts in C-H activation processes

v Heterogeneous Palladium-Catalyzed Fujiwara-Moritani reaction in
Continuous-Flow

continuous flow for over 500 mmol
4g/h production

—
o

ppm of Pd in solution
O =2 N W A~ 00 O N o ©

2 4 6 8 10 12 14 16 18 20 22 24

L) g

Vaccaro et al Green Chem. 2017, 19, 2510; HIGHLIGHTED in SYNFACTS 2017 13(09) 1000 S0C. @B

Perugia 7




Towards Aerobic Fujiwara-Moritani reaction

v Pd/C-Catalyzed Aerobic Oxidative ortho-C-H olefination of anilides in biomass

derived y-valerolactone

O,

0 Pd/C (7.5 mol%) o
BQ (20 mol%)
HNJ\ PS-TsOH (1 eq.) )LNH

+ -
(M T (0.5M), §0.7C. 24 0™ N COR IOANNIS
R 0, R
Z Z

R=H,Me,X,Ph  R,~NBU Et

Aimig at the use of O,

as terminal oxidant
BQ H,O0

e
Mol. Catal. 2021, 513, 111787 soc \eh

Pd(ll)




Towards Aerobic Fujiwara-Moritani reaction

Managing Gas Pressure in continuous Flow

______________________

______________________

FRANCESCO M

Reaction mixture Product collection

Direct Oxygen flow using a packed heterogeneous catalyst was
unsaccessful in the Fujiwara-Moritani Reaction

Very poor conversions when using 20 mol% of
= benzoquininone and 1-5 bar of oxygen

€ \
\ \

—————————————————————————————————————————————— rgB%'
Green Chem., 2021, 23, 6576—6582 50C. @8
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Towards Aerobic Fujiwara-Moritani reaction

Managing Gas Pressure in continuous Flow

ROAD
CLOSED ﬁ

IOANNIS

Product collection

Direct Oxygen flow using a packed heterogeneous catalyst was
unsaccessful in the Fujiwara-Moritani Reaction

Very poor conversions when using 20 mol% of
_ benzoquininone and 1-5 bar of oxygen

e —————— I’ee%
Green Chem., 2021, 23, 6576—6582 GS-O—C- -5

Perugia ™



Towards Aerobic Fujiwara-Moritani reaction

Managing Gas in continuous Flow: head space

Better results with larger head space

P e ——— (21
Green Chem., 2021, 23, 6576—-6582 soc &




Towards Aerobic Fujiwara-Moritani reaction

Managing Gas in continuous Flow: tube-in-tube approach O,

tube:

Alube-In-Tube reactdr

heated chamber_

____________________________

reaction

Internal tube: \J Internal tube is ggcl)lceilégfn
Teflon AF 2400 packed with the

heterogeneous

catalysts

Green Chem., 2021, 23, 6576-6582 Gspgggm\?



Towards Aerobic Fujiwara-Moritani reaction

Managing Gas in continuous Flow: tube-in-tube approach O,

EREEE

Oxygen

Reacton

mixture j

e I’ee%
Green Chem., 2021, 23, 6576—-6582 Gsﬁggéﬁ&s-,



Aerobic Fujiwara-Moritani reaction

Pd/C 0.056 mmol

NHAC
©/ \)kOnBu
p-TsOH (1eq)
BQ
GVL [M]

Entry BQ (mol %) Residence time (min)

1 10 200

2 7.5 200

4 5 200

6 2.5 200

8 0 200

Isolated yields in parentheses

Green Chem., 2021, 23, 6576-6582

NHAc
%O”BU

C (%)

77 (75)
77 (74)
75 (72)
47 (44)
20 (17)

Gsoc \g



Towards Aerobic Fujiwara-Moritani reaction

Managing Gas in continuous Flow: tube-in-tube approach O,

Pd/C 0.056 mmol

0, @
NHAGC 0 5 bar l\" NHAGC
+
O/ \)J\OnBu 5.2 _~_ _OnBu
p-TsOH (1eq)
BQ (10 mol%)

solvent [0.2M]

10 mmol
Isolated Yield in GVL 1.98 g (75 %)

Isolated Yield in DMF 1.34 g (51%)

—&— Pd ppm in GVL
—e— Pd ppm in DMF

;- /\\._._._._. Ca. 6 ppm in DMF

Pd leaching (ppm)

of *—=—=—w—=—=—=—2u | (0.2-0.02 ppmin GVL

reces
Green Chem., 2021, 23, 6576-6582 Sﬁggﬁ‘&fg

time (h)




Aerobic Fujiwara-Moritani reaction

Pd/C 0.056 mmol 02
O, Q o]
DG 5 bar IVI R NHAc R1
R1©/ * \/Rz 5.2 @/ﬁ or N-Me
p-TsOH (1eq) R? \
1o0r4 2 BQ (10 mol%) 5
GVL [0.2M] 3 5 R

(Scope of acetanilides )

: . 5 NHAc cl NHAG NHAG
N O (j//\/\ /@/\
DG ==y \\4 ; co,MBu > co,mBu Zco,Bu

3a 75% 84%

©/ NHAC NHAGC NHACc
1af /(j//\/\coanu /@Q/\COZnBu /@/\COQ”BU

S 4 80%  80% 55 82%

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

OMe OMe OMe
' DG =

OMe
I I
nBu nBu nBu
0
Me

4a-c 5a 86 p 84% 5c 90%

I’B
Green Chem., 2021, 23, 6576—6582 500 &




Aerobic Fujiwara-Moritani reaction

Pd/C 0.056 mmol 02
0, o
DG 5 bar IVI R NHAc R1
R1©/ * \/Rz 5.2 @/ﬁ or N-Me
p-TsOH (1eq) R? \
1o0r4 2 BQ (10 mol%) 5
GVL [0.2M] 3 5 R

[Scope of olefinic partner]

__________ H NHAC NHAc NHAc
' N o I E:L/\ E:l/\
- 1 % o
: DG =" \f . 82 0/ CO,Et COzMe CN

' | 80% . 90%

. or , 3¢9 3h 3i

: o OMe OMe

: OMe :

' DG =H_LL/lLN’ o NHAc o) N o N

: H E = CO,Et = Cco,Me
::::::::::::::::::::: =

| | 5 93% O

. A R? | ) ~ B

: 2b-f 5 5~ Me 5e " Me

NHAc OH
1. N-deprotection /@
Y o 2. Oxidation HN cl
= o — 2 O

NO, H NO, H
3K 92% O

SB415286 (GSK-3-inhibitor)

re
Green Chem., 2021, 23, 6576—6582 5,00, %?

Perugia




Fujiwara-Moritani reaction comparison with known protocols

L Am. Chem. 5oc. 2002, 124, 1586-1587

| 22%

1%

React. Chem. Eng., 2020, 5, 1104-1111

m\w

E-factor=51.3
M E-excess
M E-rxn solvent

E-oxidant

E-factor=41.3

B E-rxn solvent
M E-cat + acid
B E-work-up

E-oxidant

Green Chem., 2021, 23, 6576—6582

Org. Lett, 12,2010, 1972-1975

=

Angew. Chem. int. £d, 2015, 54, 74147417

800

E-factor=1201.2

B E-work-up
E-oxidant
99,97%

3%

E-factor=19.3

B E-excess
B E-rxn solvent

E-oxidant

Our work
E-factor: 3.0

This wark

g

Green Chem,, 2017, 19, 2510-2514 (Flow)

E-factor=3.0

E-factor = 29.8

M E-rxn solvent

B E-excess
B E-rxn solvent

W E-work-up

- + i
E-culdant M E-cat + acid

E-oxidant

95%

Our protocol in flow using
stoichiometric benzoquinone

Our protocol in flow using Oxygen
and 10% of benzoquinone

A

I

S.0.C. d
Perugia



Fujiwara-Moritani reaction comparison with known protocols

Ref Yield RME MRP
J. Am. Chem. Soc., 2002, 124, 1586. 85% 2.4% —
Org. Lett., 2010, 12, 1972; 85% 4.9% 0.083
J. Am. Chem. Soc., 2010, 132, 9982 98% 5.7% 0.071
J. Am. Chem. Soc., 2010, 132, 9982 under 97% 6.1% 0.077
Adv. Synth. Catal., a2|(|)'11, 353, 2988-2998 76%
Chem. Eur. J., 2015, 21, 9053 82% 4.1% 0.084
Angew. Chem., Int. Ed., 2015, 54, 7414 71%
React. Chem. Eng., 2020, 5, 1104 91%
Tetrahedron 2018, 74, 3879 80%
OUR Green Chem., 2017, 19, 2510 BATCH 95%
OUR Green Chem., 2017, 19, 2510, FLOW 97%
OUR Oxygen TUBE-IN-TUBE FLOW 75%

Green Chem., 2021, 23, 6576-6582

RME = Reaction Mass Efficiency; MRP: Mass Recovery Parameter

Gsoc \Q

Perugia =



v'Biomass upgrading — hydrogenation/oxidation reactions O,

(o)
O * Dbiodiesel II/\/)_
Ho__L _OH ~ 7
2-MF

(o) o
¢ vegetable oils hemicellulose — II/\/)—//
FF

Y| Vaccaro et al. ACS Sustainable Chem. Eng. 2021, 9, 9604-9624 G 50C \v

Perugia ™



Oxidative C-H activation in Continuous Flow

Synthesis of 2-aryl benzoxazoles N, l O,

Literature approaches V@
N Cu, Pd, Ru ©:N
Cu, Base ’_ ’ N
of 1(© s -0 O = U0

i Loxand

- Generally toxic solvents used as reaction medium

- Use of halides leading to salt waste
- Dangerous peroxides from ether/oxidant mix

Oxidation to aldehyde

Oxidation to aldehyde N\/@ \
NS

H

©/\0H FLOW ©/g M ROW (:[ r@

CPME
D @[ O Y,
OH

- Recoverable heterogeneous Mn-catalysts - low E-factor ]
e

- CPME as peroxide stable solvent - continuous flow procedur

ree

2 Green Chem., 2019, 21, 5298-5305 s0C. \@8

Perugia =%




Heterogeneous Manganese catalytic systems OMS

MnSO, % 4H,0

B\ 46 A 46A

(001) ' (tum;e| size) (001) | (tunn'el size)
Birnessite(K-OL-1) Cryptomelane(K-OMS-2) H-OMS-2

& Suib S. L., et al
‘ Angew. Chem. 2001, 113 4410-4413; J. Phys. Chem. C 2008, 112, 6786—6793; Acc. Chem. Res. 2008, 41, 479-487. )

- Ol e

Perugia



Oxidative C-H activation in Continuous Flow

Pump-free continuous-flow synthesis of 2-aryl benzoxazoles

OH
o | X
©/\OH H-OMS ©)‘\H NH, :@ K-OMS ®_< D
— —_—
106 °C

CPME CPME
(CPuE
— n r_uUvy -

0,

LINE 1: oxidation of benzyl alcohols 1 Productivity ca. 3 g/h

REACTOR 1 T-piece
H-OMS-2

REACTOR 2
K-OMS-2

LINE 2: (I)r)r(‘l atﬁnleoc?)?crlza gtrl1°trcl>/6

FLOW
0,/N,

N ——

Benzyl alcohol

N ——

o-aminophenol

Product collector ‘ Back pressure regulator g?
ey € gg

Green Chem., 2019, 21, 5298-5305 S ria =




Oxidative C-H activation in Continuous Flow

Synthesis of 2-aryl benzoxazoles

> [ H-OMS ]__>_® -
Cl ©
OH Y HO OH
}4@ NH,
—|: K-OMS |
Y
Cl 2 Featur €3 low peroxide formation solvent
o) oH - CPME . .
\ - Pumg-lree oBliguiagon
N -0,
Cl - Heterogeneous manganese-based
L J catalyst for telescoped C-H
tafamidis 92% functionalizatio Y 4) Tafamidi .
| - low E-fac tor? .4) Tafamidis production

reces
Green Chem., 2019, 21, 5298-5305 50C.  \@5
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Oxidative C-H activation in Continuous Flow

Pump-free continuous-flow synthesis of 2-aryl benzoxazoles

Life cycle assessment of multistep benzoxazoles synthesis: from batch to waste-minimised

continuous flow systems
Jose Luis Osorio Osorio Tejada, Francesco Ferlin, Luigi Vaccaro and Volker Hessel

V

BATCH APPROACHES

- oxidative cyclization

- condensation/cyclization

- dehydrogenative coupling
‘ - arylation of benzoxazoles

(o)
o —8B8— O<10
/
‘: Continuous Flow Process

e°““ 4"’%

e 9

,./“

Green Chemistry, 2022, 24, 325-337

Gsoc \g
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Electrosynthesis

Electrochemistry represents a valid promising synthetic methodology
A promising alternative to organic oxidants

Classic approaches

s =, ‘ <::>‘@‘®0ﬁ —
= 5 O
=
mll=llis
%ectrochemistry product
reagents Sa ial & >

St0|ch|o reagents

—+

$$%

With an electron current as a substitute for the more classic "redox" reagents

reee

s0C @&

= Suggested Readings: M. Yan, Y. Kawamata, P. S. Baran, Chem. Rev. 2017, 21, 13230-13319 Feragla =




ELECTROCHEMISTRY AND GREEN CHEMISTRY

HOW TO MINIMIZE WASTE?
Waste from HOW TO GET low E-factor

supporting electrolytes

High dilution

Most commonly electrolytes are used
in large amounts and are chlorates or
tetraalkylammonium halide salts.

(‘9 ©
|

6“ s D Electrode corrosion - Theijr removal leads to the formation og
At B halogenated aqueous waste (code
070103 of the European Waste

. Catalogue)

Scale-up limitations

ANODE CATHODE

Must be eventually treated by
Toxic solvents incineration which involves a
significant emission of NOx into the
environment.

£
\

“'é‘-.ﬁ‘. > i,‘ rg%
W, A. Arnold et al , Environ. Sci. Technol. Lett., 2020, 7, 622-631; J. Gyorgy W0O2007107804A2 (2006)@ s0c. @

ia



GREEN ELECTROCHEMICAL SYNTHESIS

SYNTHESIS of 2-aryl benzoxazoles

PRODUCING GREEN ENERGY USING GREEN ELECTROSYNTHESIS

N sl
Ny

(reem

Perugia

=



Circular Economy based approach to electrode materials

Application: Electrochemical Synthesis of Oxazoline

conductivity of the reaction mixture is also function of the inter-electrode distance

o)
©)LH Fﬁ Al 0 Reduce the electrolyte
+

MeOH:ACN (az) using custom!zed flow
LiBr (4eq) electrochemical cell

*
*

',o’ Flow inlet

Inter-electrode distance

g > ANODE .
v g ’A"CATHODE
Extreme minimization [ Flow
till the use of electrolyte outlet

IS unnecessary

Gsoc

Perug' a "“'



SOLID electrolytes IN FLOW

Application: Electrochemical Synthesis of APIs

5/) starting API

-+
QO wid + P Q09 [SUbS] — Products y Acetonitrile [0.02 M] 4&\\

—_— 6 mA, 3h, 25 °C
e
o _ >
C o Subs SOLID ELECTROLYTE
o l recovered up to 20 consecutive runs

Development of a solid polymeric FINAL WORK-UP: JUST EVAPORATE !!!
matrix which is conductive by

ion-hopping mechanism EXTREME WASTE MINIMIZATION

Green Chemistry, 2024, 26, 6625-6633 Gspﬁrfga



Alternatives materials for electrolytes recovery

Application: Electrochemical Synthesis of APIs

Ho @ rﬁ
Acetonitrile [0.02 M] .—<

1a 6 mA, 3h, 25 °C 223

Solid electrolyte

Recyclability INVAR

Amberlyst 400 (Cl) \/ >99 (92)
Amberlyst A26 (OH) X 70

Amberlyst 900 (Cl) \/ >99 (87)

/ 9000
NH,CI X 70

Development of a solid polymeric FINAL WORK-UP: JUST EVAPORATE !I!
matrix which is conductive by

ion-hopping mechanism EXTREME WASTE MINIMIZATION

Green Chemistry, 2024, 26, 6625-6633



Electrochemical Synthesis of APIs

% Electrolyte in kernel

77 mg h™" productivity

HO
Aluminium cathode o) mo I ]
crorpane O 9 % yield of 22 mCell Vottage (V)
. . N 100
a 2a
BE-kernel _ L 90
& R 0.1

= E-kernel Eltlyt

e o sovent o» RVE : 11.7% 80
MRP : 0.12 70
E-factor: 8.5 60
50
Cl N Cl 40
30
0 o o o 0 20
10
n\@ ﬁ@ N@ n\ Chhhhbhhbhhhwhimmni
12 3 456 7 8 9 10111213 14 15
. 8 2c, 87% 2d
2a, 92% 2b, 95% . 87% 85% Reaction runs
Cl Br Br.
o) ©/\ro \©\/0 OZNOYO
i' o A S, -0
2e, 82% 2f, 82% 29, 96% 2h,
90% %

"Cle o0 : R ‘T -
OW@QT@ EPT\@ > @.

2 040

- _N
2i, 92% 2j, 87% 2k, 90% 21, 97% g . \©
\ ©\(
— o (
cl
X 2m, 95% 2n, 92% 20, 77% 2p, 78%

reey
Green Chemistry, 2024, 26, 6625-6633




Electrochemical Synthesis of APIs

N
Acetonitrile [0.03 M]

Amb-400-Cl (1.2 g)
1 6 mA, 3h, 25 °C 2

Concise synthesis of Tafamidis API

0
HO OH Al ﬁ C
Cl N > Cl O
N 2-MeTHF:MeOH (5:1) [0.01 M] \ %
Amb-400-CI (5 g) %\ >—<
8 mA, 4h, 25 °C H

| 2q, 72%
Tafamidis

Cl

Green Chemistry, 2024, 26, 6625-6633



Our approaches to sustainable electrosynthesis

Circular Economy based electrode materials

OCCURRENCE OF ELECTRODE AVERAGE PRICE (10-20 mL reactor size)
MATERIALS
GLASSY CARBON: 70 — 300 € each

Boron Doped Diamond PLATINUM: 90 — 300 € each
GRAPHITE: 40 — 150 € each

Platinum

Leaded ron-ze ENVIRONMENTAL CONCERNS

GLASSY CARBON: wasteful and
expensive methods for production

PLATINUM: resource scarcity

Glassy Carbon
(including
RVC)

.CHALLENGE Within a CIRCULAR APPROACH,
High Cost of the waste materials can be used to
Electrode { build electrodes

I

J. J. Lennox, Angew. Chem. 2020, 132, 19026 — 19044 soc s

Perugia




Our approaches to sustainable electrosynthesis

- -
’ ‘

Circular
Economy

‘\

Flow chemistry
safe & recoverable Circular-based

reaction media electrode materials

S.0.C E‘% -
Perugia — 7



Circular Economy based approach to electrode materials

Application: Electrochemical Synthesis of Oxazoline

Simone T. Colangeli
Ph.D student

Inside materials of alkaline batteries outside cover batteries
(both MnO, paste or carbon rods) W L

spent cans

T

o
A
A
X Circular
Circular Economy
Economy

CCE 100 mA, 7 F/mol

H NH, unidivided cell @)
+ -
[ LiBr as electrolyte [ (.

OH  MeOH:Acetonitrile (azor2:1) 0.1 M

Qrece
Green Chemistry, DOI: 10.1039/D4GC02564D in press Horigicc 7



UPCYCLING OF SPENT MATERIALS & PYOX SYNTHESIS

o
C(+) - Al(-) 0
X “H NH, I=100mA 7F/mol =
| + > N\
_N LiBr 0.4M g
OH

CH;CN:MeOH 1:1 0.1M
84%

undivided cell
PyOx ligand

(o) Anode(+) - Cathode(-)

y NH, 1=100mA 7F/mol i’?_@_,:
+ [ - [ /,
E LiBr 4 eq

CH;CN : MeOH 0.1M r.t.
undivided cell

ALKALINE BATTERIES
- .

—> g—» Carbon Manganese Oxide Paste (C-MaP) (+) || Stainless steel () 87% isolated yield

//} Aluminium spent cans (-) Il Graphite (+) 89% isolated yield

4= ALUMINUM CANS

Green Chemistry, DOI: 10.1039/D4GC02564D in press Gspﬁfg,a‘?



SUSTAINABILITY IN A CAN...UPCYCLING OF SPENT MATERIALS

—

Recycle Responsibly E-factor: 18.7

RME: 5.1%

Simone T. Colangeli
Ph.D student

Ingredients:

E-factor minimized procedure,

Low Carbon Footprint Electrode,

Recoverable reaction medium,

(contains electrolytes).

~3

Inside materials of alkaline batteries outside cover batteries
(both MnO, paste or carbon rods) A spent cans

X Circular
Circular Economy
Economy

O CCE 100 mA, 7 F/mol

H NH, unidivided cell O
+ -
[ LiBr as electrolyte [ (.

OH  MeOH:Acetonitrile (az or 2:1) 0.1 M

more than 20 examples, yield 62-90%, large scale (10 mmol) GVB
Green Chemistry, DOI: 10.1039/D4GC02564D in press Sp"‘;%’%




Electrochemical Reductive Amination

MNon Toxic Electrons as Reductant

.

R
1 HN
- R
@)‘ + HENH @/L" -
Recoverable )
Acqueous
Azeofropic mixtures
QD Excellent Conductivity
QO &
QO Solubility

Electrolyte

S.0.C.
Perugia

submitted



Electrochemical Reductive Amination

Al(+) - C(-
Et4ISlE2r 0. e)zq Bu
X0 1.5A N~
Cl MeCN:H,0 (az.) 1 M cl
1c 2a 100 minutes 3c
30 mmol ice bath 8%

4217g

ﬁ Reaction medium recovery = 82% work-up solvent recovery = 85% ﬁ

 Efactor = 4.65 J

This work
E-factor = 4.65 ‘ Ecoscale = 54 ]
4%
—-24%

BE-kernel

OE-mn solvent

?20’,'0 mE-work-up
Org. Biomol. Chem., 2020,18, 5832 Org. Lett. 2023, 25,432
E-factor = 182.4 E-factor = 848.3
1% 9%
1% P
BE-excess OE-rxn solvent
68% OE-rxn solvent mE-work-up
B E-work-up
Electrochemical Electrochemical
J. Org. Chem. 2019, 84, 1421 Green Chem., 2021, 23, 5625
E-factor = 89.9 E-factor = 1.18
1% 250 6%~ 6% 19

HE-excess BE-kernel

BE-excess

OE-rxn solvent
OE-rxn solvent

BE-work-up

BE-work-up

submitted In Flow with Et,SiH Porugia

With NaBH,



Electrochemical Reductive Amination

35
Al(+) - C(-)
Et4NB?r 0.5eq BU 30
X0 1.5A N~
/@/\ +  BuNH, /@/\H 25
Cl MeCN:H,0 (az.) 1 M cl 20
1c 2a 10_0 minutes 3c
30 mmol ice bath 8% £ 15
4217 g £
10
ﬁ Reaction medium recovery = 82% work-up solvent recovery = 85% ﬁ 5 - - -
0
[ E-factor - 4.65 J Triethylsilane Tetrabutylammonium Tetrabutylammonium  Tetraethylammonium
tetrafluoroborate hydrogen sulfate bromide
This work m Electricity m Others

E-factor = 4.65

4%
S 24%

[ Ecoscale = 54 ’

BE-kernel

OE.rxn sobrent Org. Biomol. Chem., 2020,18, 5832
E-factor = 182.4

mE-work-up

2%

1%

1%

@E-excess
OE-rxn solvent

BE-work-up

Electrochemical

J. Org. Chem. 2019, 84, 1421
E-factor = 89.9

1%745%

OE-excess

OE-rxn solvent

BE-work-up

With NaBH,

submitted

Org. Lett. 2023, 25,432
E-factor = 848.3

9%

OE-rxn solvent

BmE-work-up

91%

Electrochemical

Green Chem., 2021, 23, 5625
E-factor = 1.18

6%

8% 1%

OE-kernel

mE-excess

OE-rxn solvent

r E BE-work-up

S.0.C
Perugia

In Flow with Et,S



Electrochemical Reductive Amination

J. Liq. Chromatogr., 1990, 13, 763-777.

H
NH, . X0 i) EtOH r.t. 24h N\)%)
o WNaBH, !

MeOH
0°C tor.t.

Pharmacol Biochem. Behav., 1997, 56, 311-316.

mNH2+ ©\/\CI K2CO,
Cl Xylene

Reflux 3h

This work:

Al(+) - C(-)
Et,NBr 1 eq

NH,
m + m 300 mA
cl MeCN:H,0 (az.) 1 M

45 min, 2.75 F/mol

oY

yield: 78%
-factor 3.69

submitted

Gsoc

Perug'm'



PhD and Post-DOC - Laboratory of Green S.0.C. Perugia

Federica Valentini, RTDa
Novel pincer for the immobilization

of Metal catalysts

Francesco Ferlin,
Research Associate RTDb

Continuous-Flow Chemistry

-~

Ml Filippo Campana, RTDa
4 Biomass derived chemicals

Flow reactors

Dario Marchionni, PhD
BN materials funcionalization

Gabriele Rossini, PhD
Green Synthesis of API

g Giulia Brufani, Post Doc
§ Heterocycles sinthesis via C-H

§ functionalization

¢ 4

Xing Wei, PhD
Electrosynthesis in flow L

"l |

| Fan Huang, PhD
C-H Functionalization of BN

doped materials
Parvin Holakooei, PhD
Biomass valorisation strategies
i Luca Carpisassi, Post Doc
Synthesis of API in flow

' b

Benedetta d’Erasmo, PhD
Novel processes for phenols

- valorization

Alireza Nazari, PhD | -

Green synthesis of B-N materials
]

Ejdi Cela, PhD
Borazines and flow

Francesco Minio, PhD
Heterogenous C(Sp3)-H functionalizaton




I

Tian Sang, PhD socC N\
C(Sp3)-H functionalization Perugia

Simone Trastulli Colangeli, PhD
Heterocycles sinthesis via C-H
functionalization

Tommaso Scarabottini, PhD
Sulfur C(Sp3)-H functionalizaton

7
|

Elisa Cerza, PhD
Biomass Valorization

Alessandro Maselli, PhD
Green Synthesis of APIs

Marta Ciani, PhD

Y C-H functionalization — B % "
Shaomin Chen, PhD from Gu’s

f group @ HUST Wuhan
| Catalysis and phenol valorization

'Filippo Bocerani, PhD
ﬁ;ADC chemistry

i i

i

MR & —

Edoardo Bazzica, PhD Shuang Chen, Visiting PhD Shihezi
C-H functionalization University; C-H activation

i‘ F 'l Davide Fandolfo, Master thesis
: (™), Biobased catalytic systems

Daniele Gernini, CIRCC bursary |

flow photochemistry
|_r |

. |

Maria Teresa Tiberi, PhD

- Phenol valorization Antonio Vella, PhD

Biomass valorization using safe
hydrogen sources




ITALIAN PHD
PROGRAMME
IN CATALYSIS
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MERCK
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Laboratory of Green S.0O.C. Perugia

Some key current collaborations

044 R Mc (5111 Prof. c.-u. L,

&7 univERsSITYMeGIll Unversity, Canada
C-H funcitonalization/phenol valorisation

Prof. Maurizio Taddei

Prof. Elena Petricci

Universita degli Studi di Siena
MW/flow conditions

Prof. Lutz Ackermann
— Georg-August-Universitat Gottingen,
/ Heterogenous catalysts for C-H activation

Prof. Choongik Kim
Sogang University, Korea
Flexible Electronics Lab

Prof. Volker Hessel

University of Adelaide and University of
Warwick

LCA and flow chemistry

Prof. C. Aprile
Namur University
_ Solid state NMR and charcterization
BE",(.%,S.'JE of novel polymers

Prof. Francesco Mauriello and
Emila Paone

Universita di Reggio Calabria
Valorization of waste

Prof. Dmitri Gelman and Prof. Raed Abu-Reziq

O3 1I3YN TVDINND

) The Hebrew University of Jerusalem
°"  Metal catalyst based on pincers

Dr. Massimo Calamante,
CNR - ICCOM Firenze
materials characterization consiglio Nazionale delle Ricerche

Istituto di Chimica
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Introducing the use of a recyclable solid electrolyte for waste minimization in electrosynthesis: preparation of 2-
arylbenzoxazoles under flow conditions

F. Ferlin, F. Valentini, F. Campana and L. Vaccaro

Green Chem., 2024, 26, 6625-6633. DOI:10.1039/D4GC00930D

Green foundation

1. The work introduces the use of solid electrolyte into organic electrosynthesis, and it proves that with this
approach is possible to significantly reduce the waste associated to the use of stochiometric classic
homogeneous electrolyte generally containing halides

2. Calculation of the green metrics (E-factors, RME, MRP) for the newly defined procedure and several literature
examples, allow to quantify the specific achievement. E-factor has been reduced of ca. 82-99%. Mass of the
electrolyte generally constitutes 25-68% of the entire E-kernel and in our case, we could obtain a very low
value of 0.12%.

3. Future research will be dedicated to expanding the utilization of solid electrolyte in different electroassisted
processes using with safe recoverable reaction media.
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