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Reimagining Synthetic Chemistry

Our mission:
Expanding the available chemical space by
embracing technology to the fullest extent

b
Current Space y
Available for . . .
Surthetic 1) Developing new synthetic transformations
i’ using reagents or conditions that are difficult to

Chemists handle

2) Developing new tools to make synthesis easier
3) Showing unique selectivity and reactivity

How?

by merging

N R ( i _\ organic chemistry and chemical engineering
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How can flow make an impact?

Inherent advantages of microscale flow reactors: .

Enhanced mass transfer
Enhanced heat transfer
High reproducibility
Multistep flow sequences
Automation

Safety

Scalability

Gas-liquid reactions { S
Taming exothermic reactions \
Reaction kinetics

Time-gain, labor reduction
Minimizing human error

New processing windows

From mg to kg in same device

Selected reviews: (i) Capaldo, Wen, Noel, Chem. Sci. 2023, 14, 4230-4247. (ii) Laybourn, Robertson, Slater, J. Am. Chem. Soc. 2023,
145, 4355-4365. (iii) Plutschack, Pieber, Gilmore, Seeberger, Chem. Rev. 2017, 117, 11796-11893.

How can flow make an impact?

Inherent advantages of microscale flow reactors: .

Enhanced mass transfer
Enhanced heat transfer
High reproducibility
Multistep flow sequences
Automation

Safety

Scalability

Problem: In general, people resist change.

Gas-liquid reactions { S
Taming exothermic reactions \
Reaction kinetics

Time-gain, labor reduction
Minimizing human error

New processing windows

From mg to kg in same device
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Education is Key!

OPINION

Flow into the chemistry curriculum

BY TIMOTHY NOEL | 27 SEPTEMBER 2019

There's more to chemistry than the round-bottomed flask

It’s ironic that chemists are experts at change, except when it comes to their own practice.

Mark Gilligan recently wrote about chemists’ reluctance to adopt flow chemistry as an

example of this innate resistance to change. I have seen that same resistance, and I
understand it. Why would you suddenly change your habits and embrace an expensive

new technology?

“Put flow chemistry in your curriculum and give students the broadest experience of
making molecules. Let them decide which ideas have a future.”

For an opinion article: Noél, Chemistry World 2019, https://www.chemistryworld.com/opinion/flow-into-the-chemistry-curriculum/4010382.article .

For our undergrad flow experiments: Kuijpers, Weggemans, Verwijlen, Noél, J. Flow Chem. 2021, 11, 7-12.

Democratization of Flow Chemistry

UFO - Batch UFlow Flow - Fidget Reactor

Fully characterized, standardized batch and flow setups that are affordable.

Designs available via: Masson, Zondag, Schuurmans, Noél, React. Chem. Eng. 2024, 9, 2218-2225.
For characterization procedure: Zondag, Schuurmans, Chaudhuri, Visser, Soares, Padoin, Kuijpers, Dorbec, van der Schaaf, Noél, Nature Chemical

Engineering 2024, 1, 462-471.
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Photocatalysis

Photoredox Catalysis

photocatalysis allows for absorption of wavelengths of the UV-A and VIS

Advantages: - cheap, energy-efficient and high intensity energy light sources (LEDs)
- mild reaction conditions (room temperature, functional group tolerance)
- new opportunities in organic synthesis

Ru(bpy);Cl, is the most studied one-electron photoredox catalyst.

Ru(bpy)s*
%)’ucu ve Ouemm

visible light 5
Ru(bpy)s?* ———————  [Ru(bpy)s™)’

MLCT
X&mjalwe Guenchmg/%

Ru(bpy)s>

Special issue in Chemical Reviews on Ph ical Catalytic Pr (Paolo Melchiorre, Guest Editor), 2022, 122, 1483-2980.
For a perspective on PC: Noel, Zysman-Colman, Chem Catalysis 2022, 2, 468-476.
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Light activation of molecules

Thermochemical activation: k= A( RT

Photochemical activation: k=a-IP
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Average reaction rate (uM-min™")
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1E04 i T T T il
1E-04 1E-03 1E-02 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

Vol. photon flux density (uM-min’")

For comprehensive reviews: (i) Cambié, Bottecchia, Straathof, Hessel, Noél, Chem. Rev. 2016, 116, 10276-10341. (ii) Buglioni,
Raymenants, Slattery, Zondag, Noél, Chem. Rev. 2022, 122, 2752-2906.

9
Industrial Importance of
Photoredox Catalysis
Every single pharma- and agro-chemical company
has initiated programs to implement Photoredox catalysis.
Noel, Zysman-Colman, Chem Catalysis 2022, 2, 468-476.
10
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Industrial Importance of
Photoredox Catalysis

Every single pharma- and agro-chemical company
has initiated programs to implement Photoredox catalysis.

Medicinal Chemistry:
— Goal: identify new chemical structures ASAP.
— Small amounts for bio-assays and ADME studies
—  Well implemented

Noel, Zysman-Colman, Chem Catalysis 2022, 2, 468-476.
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Industrial Importance of
Photoredox Catalysis

Every single pharma- and agro-chemical company
has initiated programs to implement Photoredox catalysis.

Medicinal Chemistry:
— Goal: identify new chemical structures ASAP.
— Small amounts for bio-assays and ADME studies
—  Well implemented

Process Chemistry:
— Goal: clean, cost-effective manufacturing process for new medicines
— Scalable process for clinical trials and commercialization
— Challenging!

Noel, Zysman-Colman, Chem Catalysis 2022, 2, 468-476.
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Industrial Importance of
Photoredox Catalysis

Every single pharma- and agro-chemical company
has initiated programs to implement Photoredox catalysis.

Medicinal Chemistry:
— Goal: identify new chemical structures ASAP.
— Small amounts for bio-assays and ADME studies
—  Well implemented

Process Chemistry:
— Goal: clean, cost-effective manufacturing process for new medicines
— Scalable process for clinical trials and commercialization
— Challenging!
Scale up: 50 kg product/day is a good estimate for what is required in pharma!

This requires about 1000 W of optical power per day.

Noel, Zysman-Colman, Chem Catalysis 2022, 2, 468-476.

13
Industrial Importance of
Photoredox Catalysis
1000 W of optical power per day to produce 50kg/day
To put it in perspective:
This amounts to the light delivered by 5000 CFL light bulbs !!!
14
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Photocatalysis
scale up problems

Batch :  limited penetration depth of irradiation because of absorption results
in longer reaction times, higher catalyst loadings and difficult scale-up

log (T) = log (/1) = &.l.c (Bouguer-Lambert-Beer)

Trasmittance (%)

05 10 15 20
Distance (mm) Batch Flow

For comprehensive reviews: (i) Cambié, Bottecchia, Straathof, Hessel, No&l, Chem. Rev. 2016, 116, 10276-10341. (ii) Buglioni,
Raymenants, Slattery, Zondag, Noél, Chem. Rev. 2022, 122, 2752-2906.

15

Scaling Photochemistry

Longer operation times + intensified reaction conditions:
TBADT (2 mol%)

o
o H 8@@@@@@ /LOXN ,H Yo Y
/Lo)kN,,NToj/ + © © o Reactor : 11 mL volume, ID 750 um
V LED (365 nm, 144 W »
° oo u nm ) Productivity : 314 molih (2.15 kg/day)
CHZCN : 0.1 M HCI (7:1) 83% yield
7=1min
room temperature

Chip-on-Board LEDs
(24 W optical power/unit)

Wan, Wen, Laudadio, Capaldo, Lammers, Rincon, Garcia-Losada, Mateos, O‘Frederick, Broersma, Noel, ACS Central Sci. 2022, 8, 51-56.

16
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Photoredox Catalysis
scaling via flow technology

Numbering up Sizing up (length) Sizing up (diameter)

e

Production

Lab
o/ T - ’ ke/h-ton/h

v=C"_N.L.D?
T4

For reviews on scaling flow reactors: (i) Dong, Wen, Zhao, Kuhn, Noél, Chem. Eng. Sci. X 2021, 100097. (ii) Donnelly, Baumann, J.
Flow Chem. 2021,11, 223-241. (iii) Berton, de Souza, Abdiaj, McQuade, Snead, J. Flow Chem. 2020, 10, 73-92.

Synthetic methodology
enabled by flow
Expanding Chemical Space
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Photocatalytic sp3 C-H
functionalization via HAT

generally unreactive bond
R=—H activated and non-activated C-H bonds
untapped synthetic potential

Photocatalytic sp3 C-H
functionalization via HAT

generally unreactive bond
R==H activated and non-activated C-H bonds
untapped synthetic potential

of radical it

via Hydrogen Atom Transfer

/Wwonz“\
T 15 4
HW103;] W1g03,"
2] 4
o
Alkyl Radical
nucleophiic

H
RJVR
R

» Functionalized
Alkanes

—| “N(nBu)y
—0

10
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Photocatalytic sp3 C-H
functionalization via HAT

generally unreactive bond
activated and non-activated C-H bonds
untapped synthetic potential

Re=H
of radical i
via Hydrogen Atom Transfer
/thou"\
o = a*
H[W1g035]™ W1e05,"
’R_ “Rl 1
R
N0
Alkyl Radical
nucleophilic j‘
'R
R
Functionalized

Alkanes

of HAT

increased reactivity at:

+ allylic and benzylic positions ©/\R

* o positions compared to amines and ethers:  R™
with X = O, N
= electron-rich heterocycles activate the benzylic position, vs.
lectron-p i the benzylic position

(- deactivated
N,
0 R w 'S
J -

* Inherent radical stability: tertiary > secondary > primary
vs. sterical hindrance due to large size of decatungstate

X R

)
1
v e
48 ©
Me
- A
e’ ae

Allows for systematic structural tuning
of biologically active molecules

This is an ial aspect of

For a review: (i) Laporte, Masson, Zondag, Noél, Angew. Chem. Int. Ed. 2024, 63, €20231610.

Photocatalytic HAT
using gasses in flow

(ii) Mallia, Baxendale, Org. Process Res. Dev. 2016, 20, 327-360.

22
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Photocatalytic HAT
using gasses in flow

For a review: (i) Laporte, Masson, Zondag, Noél, Angew. Chem. Int. Ed. 2024, 63, €20231610.
(ii) Mallia, Baxendale, Org. Process Res. Dev. 2016, 20, 327-360.

h lytic sp3® C—H oxidati
Photocatalytic sp> C—H oxidation
TBADT (5 mol%)
60 W LED (% = 365 nm) i e
CHiCNA MHCI 2.5:1) é * O
V=5mL,fr.=011 mLmin"
tg = 45 min
81% 9%
Selected

Eﬁ

70%
Me Me
oﬁ Taylo‘r recirculation

a
Vil hydrocarbons

Me [e]
63% (oc:p 1:1

b @p1Y 0, bubble

0 o
- ve[ b me[ % y
SO weouadal ey
et me’ ‘Me
H M
44% (C2:C1 4.8:1) 43% 49% (C2:C11.1:1)  59%, 5 mmol scale
Laudadio, Govaerts, Wang, Ravelli, Koolman, Fagnoni, Djuric, Noél, Angew. Chem. Int. Ed. 2018, 57, 4078-4082.

12



Copyright Noel Research Group

Photocatalytic sp3 C—H

H
A

Gaseous Alkane

R—uR

‘R
Alkyl Radical
nucleophilic

functionalization of light alkanes

Rr\F
R 'R
R

Science 2020,
369, 92-96.

¢co ¢ S0, ¢A,/Bf

R
o R Q. .OH Ar

p R RilR R*I'?R
RVR R

Angew. Chem. Int. Ed. 2023,  Nature Commun. 2024, Angew. Chem. Int. Ed. 2024,
62, €202308563. 15, 5246. 63, €202413846.

>

N
| S

RO A Pns?

Rr

in preparation

25

Reaction Optimization

synthetic method is both demanding and time-intensive.

Streamlining and optimizing a compound trace into a widely applicable

26
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Reaction Optimization

synthetic method is both demanding and time-intensive.

Typical strategy for synthetic methodology development:

Streamlining and optimizing a compound trace into a widely applicable

000000000 9 NH, HoN MeO__N.__OMe
X 000000000 j/ﬁ S
ﬁiCF 000000000 S N N NI NH Nl\g/
I3 B [sssssssss) = - = O = 'y r
000000000 F,c” N7 N o] OMe
Interesting Random Screening HIT Optimization Model Substrate with Reaction Protocol for
i ion Ci itic One-Factor-At-A-Time High Yield & Selectivity Entire Substrate Scope
27
Reaction Optimization
Streamlining and optimizing a compound trace into a widely applicable
synthetic method is both demanding and time-intensive.
Typical strategy for synthetic methodology development:
000000000 9 NH, HoN MeO.__N._OMe,
X, 000000000 A S
AN 000000000 ? N A !
zﬁy/) CFy I::> 990000009 |:> 3 |::> )NLJ:I by |::> N\n,NH Nz
000000000 ,_j F,c” N7 N o OMe
Interesting Random Screening HIT Optimization Model Substrate with Reaction Protocol for
i ion Ci itic One-Factor-At-A-Time High Yield & Selectivity Entire Substrate Scope
Most substrates have suboptimal yields.

28
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Reaction Optimization

If most substrates in a scope have suboptimal yields.

—

Why not let a machine do the work?

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.

Photocatalysis offers distinct organic synthesi thods but faces signi halleng
Technological complexity ——— Challenges Chemical complexity
© setup variability © multiparametric optimization @ limited mechanistic understanding
@ photon absorption © poor reproducibility @ complex photophysics
@ limited scalability © challenging scale up @ one-factor-at-a-time optimization

15
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Photocatalysis offers distinct organic synthesis methods but faces significant challenges.

Technelogical complexity
© setup variability
@ photon absorption

@ limited scalability

Challenges

© multiparametric optimization
© poor reproducibility

© challenging scale up

Chemical complexity

@ limited mechanistic understanding
@ complex photophysics

@ one-factor-at-a-time optimization

Can we the

p y with

human ige and intervention?

31

Photocatalysis offers distinct organic synthesis methods but faces significant challenges.

Technelogical complexity
© setup variability
@ photon absorption

@ limited scalability

Challenges

© multiparametric optimization
© poor reproducibility

© challenging scale up

Chemical complexity

@ limited mechanistic understanding
@ complex photophysics

@ one-factor-at-a-time optimization

Can we the

P y with

human ige and intervention?

RoboChem: multipurpose robotic platform for the self-optimization, intensification and scale-up of photocatalytic transformations

Bayesian Optimization

& Graphical User Interface

© fastoptimization @ reproducible @

Sample Preparation

complex i o

Photochemical Reactor Inline NMR

Closed-loop, multiobjective optimization

1 of detailed dat: @ scalable process

32

17/09/2024 08:29
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RoboChem
An all-in-one robotic platform

Software Control Hardware Control

o) (B

|

.

Planner Coordinator
i Analytical
Bayesian Optimization Manage workflow JSON } Tracking camra"d data “
Receptionist loT Operation Reaction Analysis
Graphical user interface
e {Phase Sensors, Module module module
pump trackers etc.) (Liquid Handler) (Photoreactor) (inline NMR)

Operation Module Reaction Module : Analysis Module
i

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.

33

RoboChem
An all-in-one robotic platform

Carrier solvent N, Reaction droplet N, Carrier solvent
1 U—U — Raw phase data Phase Sensor

—— Filtered phase data
¢ 0 100 200 300 - i ;uu 500 600

le9
—— Droplet start

1 M —— Droplet stop
e o 100 ?I‘ID 3l‘]lJ 400 500 E[‘lﬂ

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.

34
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RoboChem
An all-in-one robotic platform

Single-Objective Optimization Using Robochem

C-H alkylation via photocatalytic HAT 100 @ ®
* ®
TBADT o
CN  H o - 80 . @ ®®
B & \E) Signify Eagle Reactor (365 nm) oN
oN S ———— ° ®
Anhydrous GHyCN, Ny, 1t oN ®
g 60
3.7 mmol scale: 99% yield = o ®

2 <]

Optimization Variables (5) Bayesian Optimization Objective Functions (1) > a0 o
m—— Algorithm

Substrate Concentration (0.05-0.2M)

THE loading (118 equiv) »le © ® Py
TBADT loading (0.5-3 mol%) A Yield (%) @ optimization
HEskiencRtnslld 20ER0 ) \ Ot+——T—T—T T T T

0123456 7 8 91011121314151617 1819

Light Intensity (5 - 144 W) A
un

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.
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RoboChem
An all-in-one robotic platf-

Robochem
C—H alkylation via phe*

@

=1 ®
Ay U ;g:év *
CN Yy o
o
o
\w&‘“‘)
Subs.

h - @ nitialization
TBA: @ Opimization
Besiol L A S . S N SO S S S S S S S S
Light . . 1234567 8 910111213141516171819

Run

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.

36
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cH via Hydrogen Atom Transfer
vor, N Nesccpimm) (m am) e
“ononenmn tr
ptimization variabies (5 Bayesian Optimisation Fanolias
_— Aigertn

PIN-ACE, Cone. (0.08.0.15 M)
Hedonor foading (15 equiv)

Trifluoromethylthiolation via HAT

100 400 100
N , ;
o Jn n n e
h Fe s or, E%
Ll g T
e a0 “
S mmel acale: 75% yield J 100 Smmal scale: T1% yieid
2
0 k) . o 23
Bach Al Bk Al wacn A Bmen A
Pht-SCF, Cone. (M (T 0.12) Wdoror [oquiv]® s PON-3CF, Cone. By (T 0:138) ) Hdoner feauhv] )

TBADT loading [moit] 40) mos. trma e (36

wontoteonry o @3 )

TBADT Woading [motts] | 13

sty

R tims (i )

# §

8@
Space-time Yiela (L)

m
p,n"‘
e BHy
S mmol acale’ €7% yiokd (3
From sciatsotos
o

Batch A

B b, im
ES—————
From ambrorize
21
.
S 4 Boieh

TOADT loading (6 5.4 mans)
Ren e (26 i)
Ligt Intanaiy (9-144 W)
0o sse 100
-
" "l
H
Oy.0 cF e £ 2
o ge
- il =3
o
5 mmol scale: 575 yieig
i
From pugroiacions 30
° e °
Bach A Bach A
Ak-opumized congroans
erin-scr, cone. puy (T B3E) Haanor rautv)® w
TBADT laaging [mors] 35 Res. time frin (§8) B
wignt intomatty ) (T 948)

Prtn-scr Cone. (W] (T 6.138) ) H-genor [equiv] as

TBADT heading [mers] A1 Res. e [ u)

[T Y ")

Pren-sce; Cone. () (T 6195 ) H-oorer [squiv]® EY
Ran. me (mir] 0]

TRADT leading [mei] (058

Y —

Original work: Schirmer, Rolka, Karl, Holzhausen, Konig, Org. Lett. 2021, 23, 5729-5733.
Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.
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Oxytrifluoromethylation via photocatalytic Single Electron Transfer

RUOPH(PFL);
Eagia Reactor 1456 b}

"
D 14
oue |
©)v=n gl
)
1 et sca; e5% |
» i
j | 1 &
Buch Al Buch Al

Oxytrifluoromethylation via SET

Catatyst loacing [mors] (0651

Ligntintenaty () (___1ai) )

Uy @)

b S, Tcommemonp
Gptimization vartatles (5)
= Algorithin
Siyrens Conc, {9.0840.10 )
8, v ka3 ] iy styrone cone. (M) (6858 ) cr, nource foquiv) 121 styrana Cone. M) (053 ) Cr, nouras foquv] 13
catatyat loading (0,11 Mo} ) ) (s Roa. time [se<] (a3 Catalyst loading [mor%] (0.35 Row. time [oec] (250 b)
Rou, e (20-300 soc) < —_— b=
Light Intenatty (0-182 W) Light inten ity (W] :«D ugntintonsity () (68 )
100 [1o%00 10000 100 053 (90
| € = | €
iy 81 j - o 0 |
10007, 10007, &
oo | oH . o | ICH
o gw 2 cFy k4 r w |
i g g B o2 X c | i
| pin : |
1 mmol scaiw 55% J+o s L3 o 3  mmol cale: B LL] I*
i 3 | ; 1 mmol scale: 76% a4 4 |
| (96% purity) @ |
o - X o 1 lar
Baich Al Baich Al Batch Al Bach Al *oach 4 Batch Al
Btyrens Cone. [M] )cr,.mumm] 1.08 styrene Conc. (M) (_____0) CF; source [equiv] ( 135)) Styrone Conc, (] (6.652 CF, source foquiv] 140
| Resmmafsse] (325 D) Catalystloading [mol%] (041 ) Res.timelsec] (1020 ) catalyat oaging [mors] | 031 | Rontme[roc] [ i)

gt intonty (W] (7 )

Original work: Yasu, Koike, Akita, Angew. Chem. Int. Ed. 2012, 51, 9567-9571.
Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.
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Trifluoromethylation via SET

&

10
|
Aryl trifiuoromethylation via photocatalytic Single Electron Transfer | Ll £
9 e » o MWM ome ¥ 1200 !.w-f
Me., N | ) 3
T e gl % i H
X, ¥ Lo 3|2 § | Raad
R%j’u e Ful 25 mmol scale: 6% 540 |
v’ 2.4 mmol scale: 72 % | [
Fram Caffeine. ”]l o From pyrimidine %
Optimization Variables (5) Bayesian Optimization Functions (2 '\JI v. " R B
et e ) - Objective Functions (2) fapourtec i japourtec.
Algatithen e Al a1 CoRGITONS B —
Heteroarene Conc. (0.05..07
cﬁm.':- m:m.ﬂ:\' i Caffeine Cone. [M] CF, 50, Na [oquiv] 288 wmwdn:-um CF, 50,Na [equiv] 42|
(HEL);S,0, loading (0.5-4.3 equiv) (NH)55,0, foquiv] 145 ) Res.tmefmin) () (HHJ; 8,0, focquiv] 130 Res.ti €
Residence me (5-15 min) ‘Space-time yield (g L h') J 3 ol € L] ime (min]
Uit iy 1211 U sy L
100 L 100 100 100
. s ® “; J ,,1.: ”»
& E 2 Ny C]
jﬂ?ﬂ g m§ JL Q‘"’ zul z "l&ﬂ )
i i =¥ B
Immol seale: Tae > %0 bt | ] 26mmol sale: 624
u m« seale: 72' 25
o S 20 wg l g From Adenine 20 1
© 0 o L
Vapeurtee A Vapourtee 'hpcww Al Vapourtec Al Vapourtec Al Vapourtec Al
Cytasine Conc. (M) (T 0068) ) CF,50,Na fequiv] arr Cyticine Cone. VM) (_ 0.068) ) CF,S0;Na fequiv] | 252 Adenine Conc. W] (T 0066 ) CF.SONafeauiv] | 276
(NH,), 5,0, [equiv] | 123 Res.time fmin] (_ 20 {NH,); 8,0, [equiv] 103 Res time [min] (1) ) (NH,), 8,0, [equiv) 118 Res.time[min] (6.
gty ) (D) Uity ) (R i

Original work: Abdiaj, Bottecchia, Alcazar, Noél, Synthesis 2017, 49, 4978-4985.
Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.
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Submitted, then wait...
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Yep | agree

Reading it now

Pretty addressable actually

some werk to do but i think this is a pretty good epportunity

we get one year but i think we should be able to do this faster!

News from referees...

we just got feedback from Science

See new fwd email

Very supportive

Let's nail this buddy

Man | just get an uptick in heart rate and body temp &3

254

And forgot that my hands were shaking %

Read full account via: https://www.noelresearchgroup.com/category/bloj
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Cross-Electrophile Coupling

I 00
C(sp2)-C(sp3) cross-elecirophile coupling "i . [ £
1 4 LS
Benzophenanes. Fi = | 586 z
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- 2,6 3 | tso £
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Optimization Variables (8)* Bayesian Optimization Objective Functions (2 1
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Light intensity (5-144 W) ( 5 ) i
Residance Time min] ( 225) Light latensity W] (_899) |
me-‘ L 100‘ »n
| . :
in ] ™ "l Lo
P = 0z
F ool Feo 184 H
-l 159 g e, H i
:
. o 1 - 18 o wi
mol scate: 67% 2 } | 2.5 mmol scale: BO% 20 g
| ; | ;
Vapounec A1 Vepourtse Al Vapounec Al Vapourtee A
Al i AL ved condide
e |
Aryl-Bir Cone. [M] Alkyl-Br [oquiv] 20 ‘ Aryl-Br Cons. ] BOE)  AlkylBe faquiv] 258
Ligand Type L Benzophenone Type (_ BP1 ) | Ligand Type L Benzophenone Type
Bentophenons leading Lotdine loading = Benzophenons loading Lutine laading {
ol %] B oy ()| el i [ e GRS

Residence Time [min] 50.0)  Light Intensity (V] 1267) ) |

Residence Time (min] (

oty ()

Original work: Luridiana, Mazzarella, Capaldo, Rincon, Garcia-Losada, Mateos, Frederick, Nuno, Buma, Noél, ACS Catal. 2022, 12, 11216-11225.

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.
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Is chemistry ready for an Al
[ ]
revolution?
Machine Learning May Sometimes Simply Capture Literature
Popularity Trends: A Case Study of Heterocyclic Suzuki—Miyaura
Coupling
Wiktor Beker, Rafal Roszak, Agnieszka Wolos, Nicholas H. Angello, Vandana Rathore, Martin D. Burke,*
and Bartosz A. Grzybowski*
o/ | Cite This: J. Am. Chem, Soc. 2022, 144, 4819-4827 I: I Read Online
ACCESS| |l Metrics & More | Asticle Recommendations | @ Supporting Information
o 0 0
v o H ’ ) Catalyst
¥ T . - ot
i ) L=
2, o u;_m Temperature
L e g
Grzybowski et al., J. Am. Chem. Soc. 2022, 144, 4819-4827.
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Machine Learning May Sometimes Simply Capture Literature
Popularity Trends: A Case Study of Heterocyclic Suzuki—Miyaura
Coupling

Wiktor Beker, Rafal Roszak, Agnieszka Wolos, Nicholas H. Angello, Vandana Rathore, Martin D. Burke,*
and Bartosz A. Grzybowski*

|| Cite This: J. Am. Chem. Soc. 2022, 144, 4819-4827 I:I Read Online

| il Metrics & More @ Article Recommendations Supporting Information
ipporting
e 2 & o,
T - Oy 250
e Ll @ /
I3 T > i Gaalyst
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Caused by

— Subjective preferences in selecting reaction conditions by chemists
— Lack of reliable and standardized data, including lack of negative data.

Grzybowski et al., J. Am. Chem. Soc. 2022, 144, 4819-4827.
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Caused by

— Subjective preferences in selecting reaction conditions by chemists
— Lack of reliable and standardized data, including lack of negative data.

1

Fundamental flaw in the current synthetic literature (!)

Grzybowski et al., J. Am. Chem. Soc. 2022, 144, 4819-4827.
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Digitization of Chemistry

C—H trif iolation via Atom Transfer
0 - 0
4 TBADT e X
- Eagle Reactor (365 nm) =
< Dry CHiCN, Ny, 1t
HyC' CHy HyC' CHy
Optimization Variables (5) Bayesian Optimization Objective Functions (2)
N Algorithm
Phth-SCF3 Conc. (0.05-0.15 M)
Sclareolide loading (1-5 equiv) A Yield (%)

TBADT loading (0.5-4 mol%) /; 4 Throughput (mmol-h-)
Res. time (2-25 min) h

Light intensity (0-144 W)

Clean, detailed and reproducible datasets

* No mass, heat or photon transfer issues
* No human error
.

Positive and negative data available

Table $15. Experimental conditions and results for trifluoromethylthiolation campaign of
sclareolide.
Phth-SCF;  Sclareolide ~ TBADT Residence Light
rn  Conc. loading  loading  time intensity  Yield  Throughput
(M) (equiv.)  (mol%) (min) (W) (%) (mmol/hr)
1 0.100 4.00 4.00 15.0 144 58.6 0.668
2 0.064 4.42 175 51 117 212 0.457
3 0.132 1.95 335 8.8 104 50.4
a4 0.125 1.88 1.38 9.0 108 51.6 1.226
5 0.062 1.63 2.44 123 1 18 0.015
6 0.100 275 2.25 9.0 108 57.1 1.084
T 0.065 3.77 3.18 109 84 515 0.523
8 0.138 4.06 3.56 4.5 36 54 0.282
-] 0.075 1.88 3.13 9.0 36 4.2 0.059
10 0.100 3.42 272 6.0 32 &S5 0.100
11 0.141 2.68 0.90 11.2 135 322 0.690
12 0.149 4.47 3.97 191 92 47.1 0.630
p & 0.093 138 279 9.0 144 25.8 0.456
14 0.100 4.28 3.94 134 122 50.1 0.641
15 0.138 4.50 4.00 19.8 144 - 0.776
16 0.138 231 2.69 9.4 108 4.7 0.119
17 0.145 321 4.00 19.1 7 60.7 0.789
18 0.131 4.45 3.93 136 105 58.4 0.961
19 0.128 1.68 122 17.2 61 317 0.403
20 0.072 3.26 1.87 4.5 142 112 0.304
21 0.121 2.00 3.13 73 36 8.7 0.248
22 0.091 5.00 137 89 0 0.0 0.000
23 0.092 4.75 0.72 189 63 23.0 0.190
24 0.115 4.24 3.94 137 64 52.0 0.750
25 0.082 4.53 121 15.8 85 36.6 0.327
26 0.119 4.88 2.69 134 132 523 0.791

Slattery, Wen, Tenblad, Pintossi, Orduna, den Hartog, Noel, Science 2024, 383, eadj1817.

For a review on self-driving labs, see: Bailey, Slattery, Savino, Noel, Matter 2024, 7, 2382-2398.
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Emerging fluorinated moieties

Growing interest into trifluoromethyl groups attached to heteroatoms

Me 3
O, F
NH
Me o OMe
HoY ji O A coF
Y CF3
NQw N 'OCF,
o

= O N -
7
Me o}
CMX990 W02011153509 W02016100542
SARS-CoV-2 protease inhibitor MDM2 inhibitor intermediate RAS Gtpase inhibitor

B New chemical space by the XCF3 motifs B Fine tuning of the molecular properties

B XCF; are gaining as an ive to C-CF3

Emerging Fluorinated Motifs: Synthesis, Properties and Applications, Wiley-VCH 2020
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Emerging fluorinated moieties

Growing interest into trifluoromethyl groups attached to heteroatoms

F

F3CS.
s OMe
S s
MeO O

Me o o
NH
Me' N
Lo
HO' ‘(ﬁ\ o
H A
N OCF, / N
Cl 7
o I
Me o}

CMX990 WO2011153509 W0O2016100542
SARS-CoV-2 protease inhibitor MDM2 inhibitor intermediate RAS Gtpase inhibitor

CFy

B New chemical space by the XCF3 motifs B Fine tuning of the molecular properties

B XCF; are gaining as an ive to C-CF3

But how to make them?

Emerging Fluorinated Motifs: Synthesis, Properties and Applications, Wiley-VCH 2020
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Emerging fluorinated moieties

Growing interest into trifluoromethyl groups attached to heteroatoms

()~
4
7
Me O
CMX99f W02011153509 W02016100542
SARS-CoV-2 protease inhibitor MDM2 inhibitor intermediate RAS Gtpase inhibitor

B New chemical space by the XCF3 motifs B Fine tuning of the molecular properties

B XCF; are gaining as an ive to C-CF3

But how to make them?

Trifluoromethylthiolation

—— Trifluoromethoxylation —Trifluoromethylamination —

Q.90 CN o Cbz

X o v
[MeNIISCF:] N-sCF D s

-SCF3 ) 0CF, 07 Ch
~N
TIN
Yagupolskii, 2003 o} 2 (')ch FC
Shen, 2014 Togni, 2018 Hu, 2018

Huang & Xu, 2022

Emerging Fluorinated Motifs: Synthesis, Properties and Applications, Wiley-VCH 2020
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Proposed change in EU law

Potential ban on polyfluorinated alkyl substances (PFAS) in EU?

“ECHA

EUROPEAN CHEMICALS AGENCY
ANNEX XV RESTRICTION REPORT
PROPOSAL FOR A RESTRICTION

SUBSTANCE NAME(S): Per- and polyfluoroalkyl substances (PFASs)

Tyrrell, Org. Process Res. Dev. 2023, 27, 1422-1426.
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EUROPEAN CHEMICALS AGENCY
ANNEX XV RESTRICTION REPORT
PROPOSAL FOR A RESTRICTION

SUBSTANCE NAME(S): Per- and polyfluoroalkyl substances (PFASs)

Exceptions are anticipated for pharmaceuticals and agrochemicals

Tyrrell, Org. Process Res. Dev. 2023, 27, 1422-1426.
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Proposed change in EU law

Potential ban on polyfluorinated alkyl substances (PFAS) in EU?

“ECHA

EUROPEAN CHEMICALS AGENCY
ANNEX XV RESTRICTION REPORT
PROPOSAL FOR A RESTRICTION

SUBSTANCE NAME(S): Per- and polyfluoroalkyl substances (PFASs)

Exceptions are anticipated for pharmaceuticals and agrochemicals
BUT

The ban could still involve reagents or even APl intermediates...

Tyrrell, Org. Process Res. Dev. 2023, 27, 1422-1426.
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Synthesis of CF;X moieties

We need new synthetic methods that are:

- Environmentally-friendly
- Starting from non-banned chemicals, e.g. alkali fluorides
- Enable Late-stage Functionalization
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Synthesis of CF;X moieties

We need new synthetic methods that are:
- Environmentally-friendly
- Starting from non-banned chemicals, e.g. alkali fluorides

- Enable Late-stage Functionalization

Our approach:

e

cl Cl  Cl-F exchange Flucride addition Nugleophilic
Precursor substhitution

Reaction
design

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Reaction
design

Synthesis of CF;X moieties

We need new synthetic methods that are:

- Environmentally-friendly
Starting from non-banned chemicals, e.g. alkali fluorides
- Enable Late-stage Functionalization

Our approach:

substitution

FO e 5]
| SN 3 © _o°-
CI” "Cl  ¢i.Fexchange |F~ "F)] Fluorideaddion |F°L°F Nuigloophilic

Precursor

Packed bed
reactor

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.

Reactor
design

17/09/2024 08:29

Receptionvial
equipped with
the stirring bar
s n.
Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF;N anions on demand

PG
N PC.,0
h
mJ'Lm CFy
1, PG =Ts, tg =7 min
2, PG =Cbz, tg =10 min
3, PG = Boc, 1g = 10 min

Electrophile
18-Crown-6 (1 equiv)
0.1 M CH,CN

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF;N anions on demand

PG,
1
CF,
<l <l Electrophile

18-Crown-6 (1equiv) % t=7min
0.1 M CH,CN 2, PG = Cbz, tg =10 min
3, PG = Boc, tg = 10 min

Leaving group
assessment
Using [CF;TSNJ

o
Br 7%
LG | 9% FG
OMs 59%
i OTs 79%
@ M Fo,50°%  oHC”®  phoct® Meo,&:)L Hooe”

F group
Using [CFaTsNJ

o c‘/"lv A ch/\ NCTY O,N’\'

6, 80% 7,80% 8,79% 9, 45% 10, 67% 11,62%

i Br 20%: 12,72% 13, 52% 14, 69% 15, 70% 16, 80% 17,38%°
e 1 99%
H:\LG OMs 7%

5 OTs 19%

o
Bt A ///1" ™St mes”® et
18,37%  18,76%  20,87%°  21,61%  22,84%  23,83%°

Unsuccessful LGs. CI, OAc, OTFA
OP(O)OE, 2.4 6-riphenylpyridinium

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF;N ani d d
PG,
¢F
cI“ el J
. = Electrophile
1e-Crown6 (1equiy) "= TS =7 min
0.1 M CH,CN 2, PG = Chz, tg = 10 min
3, PG = Boc, tg = 10 min
Scope
PG
Ts,
N
.Boc Me\'//\/\(/\/ “CF; s Ts e
Iy ) M N Ne e
Geraniol derivative Bod”
24, 45%° 25,PG = Ts, 99%° 28, 81%9 29, 32%9 30, 18%>9
26, PG = Cbz, 82%°
27, PG = [°N]Ts, 90%°" Ts
1
O N~
@E'ﬁ) o No o -Boc AcO’ CFs
s”  N-Boc 1 &Fs AcO "oAc
FsC OAc
31, 35%° 32,49%° Galactose derivative
e 34,32%°
dr. >20:1
Ts
N
oL M ey =N M-
o wy NS 0 ¢
Meq 0. SN 1 ] 3
WX, v o
O/ N S X
Me CF3 Me" Me
Umifenovir derivative Lonazolac analog Pitavastin derivative Ticagrelor derivative
35, PG = Cbz, 28%° o8 38,PG = Ts, 78%° 9,29
36, PG = Boc, 56%" 37, 4% 39, PG = Cbz, 52%° 41,30%
40, PG = Boc, 30%°
Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF,;S anions on demand

Fed batch Telescoped flow
s (2]
A i ©
c- el CFy o
thiophosgene te= 5 min
18-Crown-6 (1 eq.)
0.1 M CH,CN o

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF,S anions on demand

Fed batch Telescoped flow

s 5]
A ! °
c1” el ¢y ”
thiophosgene tz = 5 min

18-Crown-6 (1 eq.)
0.1 M CH,CN

Me ve,?
Me 0’ scs.
PO
FiCS
Andro a 48, 98%, fed balch
92%°, lelescoped

47, 60%°
dr.=973

o
0 SCF, Me
Q.. e O Soa
o c ’
B i e Me O,N NO, Me*
o0

seraniol derivative 51, 61% 52, B2%° Ibuprofen derivative
50, 90%*, fed batch 53, 54%"°
98%°, telescoped

coxib derivative
49, 41%°, fed balch
69%°, lelescoped

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF;0 anions on demand

Fed batch Telescoped flow

o 5
CsF @
mgcoJLa i <r } | &k Q.
diphosgene tr = 7 min

18.Crown-6 (1 eq.)
0.1 MCH,CN 0

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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Synthesis of CF,

o
A CsF
Cl;CO™ ~CI
diphosgene tr = 7 min
18.Crown.6 (1 eq.)
0.4 MCH,CN
— Trifl hoxylation

O anions on demand

Telescoped flow

Fed batch
0
&, e or T@‘

Cholesterol d ive Geraniol
54, 62%° 55,
de =991

8 OrMe

Galactose derivative
62, 99%”
dr >201 dr. > 20:1

F4CO = 2
3 & OCF,
0. N ICFa

OCF4 A

ivative
57%"

Pitavasti

57, 80%"

derivative

Me.

W X

Br DCFy

Me F o O:N NO;
Umifenovir derivative Lonazalac analog 60, 45%" 61, 45%'
58, 91%* 59, 60%"
1 0. OCFy OCF i

AcO 0., OCF AcO 1 AcO’ 0. OCF;CHF; Al 0. LOCF,CFy

AcO “"0Ac Aco™ "0ne AcO™ ““0Ac

OAc OAce

64, 18%"9
dr.>201 dr.>20:1

Spennacchio, Bernus, Stanic, Mazzarella, Colella, Douglas, Boutureira, Noel, Science 2024, 385, 991-996.
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On-demand

%P QP
[o] Rl o] F°F
_ mL
for.= D.Sﬁ O
tg =7 min
O\‘//
F*O°F

sulfuryl fluoride

difficult to procure
colorless gas
toxic (fumigant)

SO,F, generation

EEED X 2 >

QS“"FT@*O oo

= o75 ML
fr.= 0.75 =R
tz = 2 min
0
cl f D HO-{ 5
= Me. N
N
l Me>(s:§:/( it 0S0,F
LI
N 2,80% HoN
SO,F from amoxicillin

1,87%

from desloratadine g‘- =
=
0SO,F R, 0SO,F
(C)—nH, q_,@
{ ’

"o
EF T Y103
(c)-s 3,96% IRF s

from oxytocine from myoeglobine

¢ TR

Bernus, Mazzarella, Stanic, Zhai, Vazquez, Boutureira, Gargano, Grossmann, Noel, Nature Synth. 2024, 3, 185-191.
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On-demand SOF, generation
> 2 p 2 )

2 2 i
S. S,
o] i o FOF
- mL =
fr.= U.SSW O fr.= 05—
tg = 10 min tz = 3 min
o}
"
-S<
F°°F

thionyl fluoride

difficult to procure
colorless gas
toxic (fumigant)
hydrolytic sensitive

94%
from gibberellic acid

from ibuprofen

Mazzarella, Stanic, Bernus, Mehdi, Henderson, Boutureira, Noel, JACS AU 2024, 4, 2989-2994.
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Conclusions

Use of microreactors for organic chemistry:

* Many advantages: intensified reaction conditions, scalability, safety,
reduced reaction times, etc.
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Conclusions

* Use of microreactors for organic chemistry:

* Many advantages: intensified reaction conditions, scalability, safety,
reduced reaction times, etc.

* So what are you waiting for?
* But be careful, look for advantages of flow!
* ...and carry out only those reactions in flow which are worth pursuing.
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Conclusions

* Use of microreactors for organic chemistry:

* Many advantages: intensified reaction conditions, scalability, safety,
reduced reaction times, etc.

* So what are you waiting for?
* But be careful, look for advantages of flow!
e ...and carry out only those reactions in flow which are worth pursuing.

* Go with the Flow!
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