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Cascade reaction

- “we understand a process involving two or more consecutive
reactions in which subsequent reactions result as a consequence
of the functionality formed by bond formation or fragmentation
in the previous step”

Tietze

Reagent

- Time - Substrate design
- Money - Reaction control

- Atom economy
- Green
- Synthetic beauty

L. F. Tietze, U. Beifuss, Angew. Chem. Int. Ed. 1993, 32, 131-163.



Palladium overview, classification

- Versatility - Toxicity
- Wide Scope |
- Functional group tolerance - Price

- Catalytic amount

- Oxidative addition - Carbopalladation - Suzuki-Miyaura
- Nucleopalladation - Benzyne insertion - Stille
- COinsertion - Sonogashira

Mizoroki-Heck
Buchwald-Hartwig
- C-H activation

- lon capture

- B-H elimination

- Isocyanide insertion
- Carbene insertion

H. A. Dondas, M. de Gracia Retamosa, J. M. Sansano, Organometallics 2019, 38, 1828-1867.
J. Biemolt, E. Ruijter, Adv. Synth. Catal. 2018, 360, 3821-3871.



Pd initiation and propagation

Initiation

X
X Pd
o = U

Oxidative addition

Nucleopalladation

Propagation

R R
R-Pd + R—=—=VR —— =
Ry Pd
Carbopalladation
0]
R-Pd + CO _—
R Pd
CO insertion
R-Pd + _—
1 R”OR R1)<Pd

Carbene insertion

R1
S —

Pd

Benzyne insertion

R-Pd + R-NC ———» |
! R1)\Pd

Isocyanide insertion



Termination

Ry-Pd  +

R1-Pd +

R1-Pd +

Ry-Pd  +

Pd termination

R-B(OH), R—R
Suzuki-Miyaura
=R > R——
Sonogashira
HNR, R R—NR,
Buchwald-Hartwig
RXH — > R—X

lon capture

Ri-Pd + R-Sn(Bu); ——

Stille

R-Pd + //—R

_—

Mizoroki-Heck

Ri-Pd + Ar—H

_—

C-H activation

—_—

Pd
R1_/_

B-H elimination

R1_R

R»]_Ar

ot



First examples of Pd-catalyzed cascade reaction

Overman, 1988

Pd(OAc), (1 mol%)
PPh3 (4 mol%)

| R co. Pd
AN i AN
MeCN

M. M. Abelman, L. E. Overman, J. Am. Chem. Soc. 1988, 110, 2328-2329.

Pd
W




First examples of Pd-catalyzed cascade reaction

Grigg, 1988
Pd(OAc), (10 mol%) _ — ~ n
PPh3 (20 mol%) Pd
Y — Y @%
N MeCN N
Ac € Ac RC
N /
N
Ac
B. Burns, P. Ratananukul, V. Sridharan, P. Stevenson, S. Sukirthalingam, T. Worakun, R. Grigg, Tetrahedron Lett. 1988, 29, 9

5565-5568.



Outline

2. Cascades in total synthesis involving palladium
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Trost’s zipper

Trost, 1993

é OMe Pd,(dba)s (2.5 mol%) OMe
Ph3Sb (10 mol%)
AcOH
PhO,S _ /
PhO,S
— Benzene, 65°C
) b PhO,S
PhO,S
- “Palladium zipper”
- No oxidative addition
- After derivatization, 3:1 isomer (unconfirmed)
BCNMR —
MeO

Y. Shi, B. M. Trost, J. Am. Chem. Soc. 1993, 115, 9421-9438.

11



Larock heteroannulation: Fumiglacavine G

Jia, 2017

TBSO O
Pd(OAc), (30 mol%)

Ligand (90 mol%)
K,COj3 LiCl

DMF, 100°C
65%

TBSO >

- Larock indole synthesis
- Concomitant formation of m-allyl complex

H. Liu, X. Zhang, D. Shan, M. Pitchakuntla, Y. Ma, Y. Jia, Org. Lett. 2017, 19, 3323-3326.

15%

Fumiglacavine G

12



Larock heteroannulation: Spirotryprostatin B

Overman, 2000

Pd,(dba)s (20 mol%)
KOAc

THF, 70°C
76% 1:1 d.r.

With (S)-BINOL: 28%, 6:1 d.r.
‘ With (R)-BINOL: 26%, 1:6 d.r.

- Diastereoselection
- Subsequent formation of m-allyl complex

Spirotryprostatin B

M. D. Rosen, L. E. Overman, Angew. Chem. Int. Ed. 2000, 39, 4596-4599. 13



Enantioselectivity: Xestoquinone

Keay, 1996
Pd,(dba)s (2.5 mol%)
(S)-BINAP (7.5 mol%)
OMe |
OTf — N
OO | \ [ ] (8 equiv)
o -
OMe ) toluene, 110°C

82%, 68% e.e.

- Enantioselective
- 6-endo vs 5-exo cyclization

Xestoquinone

S. P. Maddaford, N. G. Andersen, W. A. Cristofoli, B. A. Keay, J. Am. Chem. Soc. 1996, 118, 10766-10773. 14
K. C. Nicolaou, D. J. Edmonds, P. G. Bulger, Angew. Chem. Int. Ed. 2006, 45, 7134-7186.



Cascade reaction to a natural lighan: Linoxepin

Tietze, 2013 ™S
P ~_R
Pd(OAc); (5 mol%) O‘ OH
MeO Br XPhos (7.5 mol%) MeO
o OH BusNOAc o) O
o = DME, 80°C
{ 0. 0
o)
R = H: 76%
R = TMS: 13%

L. F. Tietze, S.-C. Duefert, J. Clerc, M. Bischoff, C. Maass, D. Stalke, Angew. Chem. Int. Ed. 2013, 52, 3191-3194.

7-exo carbopalladation
TMS promoted reductive elimination

Linoxepin

15



Allenes: Lysergic acid

Fujii, Ohno, 2008

//,,,

Br TIPSO NNs
Pd(PPh3), (5 mol%) S H
Qj/v,y\(\o-rlps K2CO3 (3 eqUiV) R
TN ’ NHNs DMF, 120°C A\
78% N
H
Scheme 4. Proposed Mechanism for Domino Cyclization
. 17b
{minor)
A . B .
Pd(0) carbopalladation nucileophilic attack
15a
idati B H TIPSO— ]
oxidative
addition TIPSO\/._J\/NNS
He— N\ N-Ns
"
Pd% H 17
— —_— Pd - a
{major)
| N
¥ N
S
—_— T —
c . - B
amidopalfadation reductive elimination

S. Inuki, S. Oishi, N. Fujii, H. Ohno, Org. Lett. 2008, 10, 5239-5242.

TIPSO” ¢ “NNs
\ \\\H
+
A\
N
H
(83:17)
HO,C
2 NMe
et
N\
N
H
Lysergic acid

16



Oxopalladation: Chaetopenol C

Li, Zhai, 2017

OTMS
OTBS OTMS oTBS
TBSO % Pd(OAc), (5 mol%)
| DCM, rt
60%
O OTBS

- Oxopalladation
- Hetero [4+2] + lactonization cascade

Chaetophenol C

Y. Li, Q. Zhang, H. Wang, B. Cheng, H. Zhai, Org. Lett. 2017, 19, 4387-4390. 17



Semmelhack: Schindilactone A

Tang, Chen, Yang, 2011

Pd(OAc), (0.5 equiv)
Ligand (0.5 equiv)
CuCl; (3 equiv)
CO (1 atm)

THF, 70°C
78%

- Semmelhack reaction

Schindilactone A

Q. Xiao, W.-W. Ren, Z.-X. Chen, T.-W. Sun, Y. Li, Q.-D. Ye, J.-X. Gong, F.-K. Meng, L. You, Y.-F. Liu, M.-Z. Zhao, L.-M. Xu, Z.-H. Shan, 18
Y. Shi, Y.-F. Tang, J.-H. Chen, Z. Yang, Angew. Chem. Int. Ed. 2011, 50, 7373-7377.



Replacing CO source: Perseanol

Reisman, 2019

Me  QH opwB Pd(PPh3), (0.5 equiv)

N-formylsaccharin

I e KF, Et;N .
0o Br 1,4-dioxane, 100°C
fo 57%
Ph
Me  QH  opmB
’ -
i
0 Me
%o
Ph

- N-formylsaccharin as a CO donor
- Need excess Pd when using CO gas

A. Han, Y. Tao, S. Reisman, Nature 2019, 573, 563-568.

@)
Me [ Q OPMB Q.0
S, O
: ©i\<NJ<
H
ol Me o
/(O N-formylsaccharin

Perseanol

19



7-exo cascade: Rubriflordilactone A

Anderson, 2015

Pd(PPhs), (10 mol%)
EtsN

MeCN, 80°C
91%

SiMe,Bn

- 7-exo carbopalladation
- Construction of core 7/6/5 tricycle

Rubriflordilactone A

S. S. Goh, G. Chaubet, B. Gockel, M.-C. A. Cordonnier, H. Baars, A. W. Phillips, E. A. Anderson, Angew. Chem. Int. Ed. 2015, 54,
12618-12621.

20



Multicomponent cascade reaction: Frondosin B

Flynn, 2004
Meo\QBr /{L MeMgBr (2.1 equiv) MeO Br /[L [PACIy(PPh3),] (5 mol%)

+ > + >

=" "Me \Q = Me o
= o 65°C
OH THF, 0°C OMgBr BrMg
o)
ii(\/
M Br
MeO é © > >
DMSO, 80°C
OMgBr
? 0
Pz
=~ 7
Pd
MeO MeO

\ O \

(0] Me (o] Me
L _ 48%

Frondosin B

D . J. Kerr, A. C. Willis, B. L. Flynn, Org. Lett. 2003, 6, 457-460. 21



Nicolaou’s cascade: Hyperolactone C

Nicolaou, 2008

Phl (1.2 equiv)

\\ Me Pd(PPhs), (5 mol%) O Me
N CO, COZ‘ Et3N p OBn
HO" OBn > I\
o ~ O
0™, MeCN, 100°C o 0
79% 0

OBn

K. C. Nicolaou, T. R. Wu, D. Sarlah, D. M. Shaw, E. Rowcliffe, D. R. Burton, J. Am. Chem. Soc. 2008, 130, 11114-11121.

Hyperolactone C

22



Nicolaou’s cascade: Hyperolactone C

OBn

OBn

o .
@Pd\ OBn

K. C. Nicolaou, T. R. Wu, D. Sarlah, D. M.

-CO,

OBn

Shaw, E. Rowcliffe, D. R.

0o ©
- Ph o
Me
®p(;7\ \ OBn
0™ o
O Me
N | s OBn
SN\ _0
ph” O
o)

Burton, J. Am. Chem. Soc. 2008, 130, 11114-11121.

Hyperolactone C

23



3. Summary

Outline
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Summary

Cascade reactions involving palladium

- Very large field
- Alot of versatility
- Multiple bond formation

What’s next?

- Better enantiocontrol?
- Even milder conditions?
- Replacing palladium?

25



Thanks for your attention !



4. Questions

Outline
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Cascade reaction to a natural lighan: Linoxepin

~_R
Pd(OAc), (5 mol%) MeO O‘ OH
e

MeO XPhos (7.5 mol%)

™S
=
Br
o OH Bus;NOAc . 0 O
o = DME, 80°C
{ 0. 0
o]

R=H:76%
R =TMS: 13%

The authors tried the following reaction first. Why did they abandon it and
what product do you expect?

=
:—/OH
MeO Br
Pd(PPhs), (5 mol%) 0
MeO

tetrabutylammonium fluoride
| > o]
<O 1,2-dimethoxyethane, 80°C © Q
(@)
ENPe
Linoxepin

L. F. Tietze, S.-C. Duefert, J. Clerc, M. Bischoff, C. Maass, D. Stalke, Angew. Chem. Int. Ed. 2013, 52, 3191-3194. 28



Cascade reaction to a natural lighan: Linoxepin

OH

OO OH
MeO

Pd(PPhs), (5 mol%)

=
QBT/
(0] . . (o)
tetrabutylammonium fluoride O
I
<O 1,2-dimethoxyethane, 80°C
o 50% O0_0
=
Br
OH
(0]
]5)/

eO

|

5

0

L. F. Tietze, S.-C. Duefert, J. Clerc, M. Bischoff, C. Maass, D. Stalke, Angew. Chem. Int. Ed. 2013, 52, 3191-3194.

Linoxepin

29



Enantioselectivity: Xestoquinone

If Br instead of OTf, e.e. = 13%. Explain the poorer enantioselectivity.

Pd,(dba)s (2.5 mol%)
(S)-BINAP (7.5 mol%)

OMe |

OTf — N
OO | N (8 equiv)
o -
OMe (0] toluene, 110°C

82%, 68% e.e.

Xestoquinone

S. P. Maddaford, N. G. Andersen, W. A. Cristofoli, B. A. Keay, J. Am. Chem. Soc. 1996, 118, 10766-10773. 30
K. C. Nicolaou, D. J. Edmonds, P. G. Bulger, Angew. Chem. Int. Ed. 2006, 45, 7134-7186.



Enantioselectivity: Xestoquinone

If Br instead of OTf, e.e. = 13%. Explain the poorer enantioselectivity.

sz (dba)s (2.5 mol%)
BINAP (7.5 mol%)

%:FC por

toluene, 110°C
82%, 68% e.e.

Xestoquinone

S. P. Maddaford, N. G. Andersen, W. A. Cristofoli, B. A. Keay, J. Am. Chem. Soc. 1996, 118, 10766-10773. 31
K. C. Nicolaou, D. J. Edmonds, P. G. Bulger, Angew. Chem. Int. Ed. 2006, 45, 7134-7186.
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=PrFL

Ar'-CHO
=+

—R
=+

Ar?-NH,

What can you do with mechanochemistry? !@@

Cu(OTf), (10 mol%)
Ph pybox (10 mol%)
Silica gel

25 Hz, 30 min

* Preparation of co-crystals
* Inorganic chemistry

e Polymer chemistry

* Organic chemistry

Ar2,
"“NH o
(0]
AHJ\ )J\ BM, 30 Hz, 2 h _ Y KZ<NH
R Condensation \\< Ar” H N \N/N
yields = 90-99% (0]
ee: 83-99% /

Enantioselective

»
;

ot BF4, 1.1 equiv.

R

Me "OCFj3;, 1.5 equiv

Coupling ZrO; (1 equiv)
30 Hz, 90 min

Pd(OAc), (3 mol%)

DavePhos (4.5 mol%)
CsF (3 equiv)

\]

Organocatalytic

N

. . : ]
COLMe Thiourea cat (20 Mol%)  Me0,C._COuMe | 1N deel s X 1,5-cod (LAG) @
+ Ph\/\NO K,CO4 > + >
CO,Me 2 20 Hz, 6 h Ph}\/NOZ (HO).B H,O (3.7 equiv)
25 Hz, 90 min
Neutral alumina
OH OH A
R! R2 450 rpm, 120 min r 1
CHO . R “R" 4+ Ar—B(OH), - N R
H Fliz
a) Condensation: Green Chem. 2018, 20, 2973. b) SNAR: J. Am. Chem. Soc. 2022, 144, 10438. c) Coupling: Chem. Sci., 2019, 10, 8202. 2

d) MC: J. Iranian Chem. Soc. 2017, 14, 347. e) Organocat: Tetrahedron 2014, 70,901. f) Enantio: Green Chem., 2015, 17, 2330.



=Pr-L Why mechanochemistry?

Green chemistry

o Prevent waste

e Atom economy
e Less hazardous synthesis

o Design benign chemicals
o Use of renewable feedstocks

o Benign solvents & auxiliaries
e Reduce derivatives
Design for energy effcienc
e Catalysis e . gy Y
@ Design for degradation

@ Real-time analysis for pollution prevention

@ Inherently benign chemistry for
accident prevention

* Solvent free
* Better Atom economy

Faster Kinetics due to high concentration & Greater
surface area

ACS Sustainable Chem. Eng. 2020, 8, 24, 8881.



=Pr-L Why mechanochemistry?

Selectivity: C-N coupling to amide
Friscic 2020

. 3 ;

CuCl 10 mol% O o)
o * Cy-Nco - N—<

H 30 Hz, 2 h
95%
O,N
2 O o HO
CuCl 10 mol%
o + Cy-NCO . N—4 .
N CH5NO, 110 °C, 16 h HNO O
H ' N
H
30% 33%
cl O 1°° OCF, * Selectivity issue
CuCl 20 mol% ch o 0 . i
NH, * . L Poor conversion
2 N N ..
neat or LAG H H e Harsh conditions
OCE 30 Hz, 2 h
3 .
Triflumuron

20 %

ChemSusChem2020,13,2966.



=P-L Why mechanochemistry?

L CEO

Catalysis in Mechanochemical Reactions
Mack 2013

X &
R—= +
Br Cu milling assembly

NaN3
15 min

\

Stoichiometric Control

lto 2020 Pd(OAc),

Br tBuXPhos

Yields = 74-95%

oLy
+
Br F (HO),B 1,5-cod (LAG)

F 25 Hz, 99 min

or in solution

Toluene, 50 °C

Milling (30 Hz)
72% yield
1/2=90:10

In toluene
54% vyield
1/2=63:37

Copper vial and copper ball
No decrease over uses
NaNj; stable to mechano

Mechanochemical
desymmetrisation

Enhance control of reaction
stoichiometry

a) CuClick: Green Chem., 2013, 15, 617. b) Stoichiometric control: J. Am. Chem. Soc. 2020, 142,9884.
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Why mechanochemistry?

New reactivity: Ir-Catalyzed sp? C—H Amidation with Various Carbamoyl Azides

Kim 2021
[IrCp*Cls]> (5 mol%)
AgNTf, (20 mol%)
O R2 AgOAc (20 mol%)
R ey >
N Ns BM, 30 Hz, 10 min
®) NH#-Bu or 1,2-DCE, 30 °C, 10 min
O O 0
Ph\NJ\N/ Ph\NJ\N/ ph\NJ\N,
H H H H H H
Ball Mill: 63% Ball Mill: 71% Ball Mill: 33%
Solution: 21% Solution: 18% Solution:16%
OMe OMe
Cl
RO LA
NJ\N N N
H H H H
@) NH{-Bu 0] NH?-Bu
Ball Mill: 56% Ball Mill: 82%

Solution: 21% Solution: 31%

R!
N~ N
H H
07 “NHt-Bu
)OL
Ph.
N~ N7
H H
Ball Mill: 11%

Solution: 10%

OMe

N
H

MeO. i
)(J)\
N
H
@) NH¢-Bu

Ball Mill: 49%
Solution: 15%

Acyl azides thermally
unstable

No Curtius side reaction
Overcompensation with
mechanical forces

ACS Sustainable Chem. Eng. 2021, 9, 26, 8679.
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Why mechanochemistry?

Solid-State Cross-Coupling of Insoluble Aryl Halides

Ito 2021

Conventional solution approach

Applicable to
soluble substrates

Br
Ph
Ph O
O Ph
Ph
Br

Solubility in toluene (23 °C)
1.9x 103 M

Mechanochemical approach

/\/

Insoluble
e substrates /

VOV Yo

v, WLl
A xﬁx&"»\’“\?‘“f’)

Not applicable to
insoluble substrates

Potentially applicable to
insoluble substrates

Pd(OAc), (3 mol%)

OMe
’ - C
(HO),B

Higher yield with mechanochemistry
Solid state at high temperature

SPhos (15 mol%) Ph O PMP
CsF (6 equiv)
1,5-cod (LAG) Ph O
H,0 (7.2 equiv) Ph
30 Hz, 90 min Ph
PMP

100 ® . . s
__ 80
&
& 60
k]
R,
[)
& 40
20
0 x ¢ X
0 10 20 30 40 50 60
Time (min)
B C

Preset temp.: 250 °C Before
Inside temp.: 119.9 °C

After milling without
heating (90 min)

@ Ball miling with heating

Preset temp.: 250 °C )
Internal temp.: 120 °C )

+ Ball milling with heating

Preset temp.: 150 °C )
Internal temp.: 80 °C )

= Ball milling with heating

Preset temp.: 100 °C )
Internal temp.: 60 °C

A |n toluene at 120 °C
(103.9 mg in 1.5 mL for1a, 0.1 M)

X Ball milling without heating

After milling with
heating (5 min)

Solubility: J. Am. Chem. Soc. 2021, 143, 16, 6165.

7



EPFL Equipments
ortar an e Z‘ . :
fC';npe:tator d:pzizte:&t) ‘ ‘ @

First exemple 315 B.C Vibratory
Mills

Scale < 2.0g

e No Temperature control
e Cryomilling available

Scale < 1.0 Kg

* No Temperature control
e Multi-station device available

Planetary ball mill Simoloyer

Scale < 10 Kg

* No Temperature control
e Large scale batch process

== Eccentric Mill

Planetary
Mills

Barrel temperature

Feeding inlet controllers Exit of th

extruder

Scale: grams 15 tonnes

i 4~ V'l'Q’WII'A e Continuous
e Accurate temperature control

|_/_-—

WBdEA NV AN/ AN,

counter sotatory barrols
8

Angew. Chem. Int. Ed. 2023, e202300819



=P-L Set up and Parameters

Control of impact and mixing
(E) How to set-up mechanochemical organic reactions (in case of mixer mill) = Grinding speed (Hz or rpm)
= Size and number of balls

2. Solid materials 3. Liquid materials =  Materials of jar and ball
were added. were added. » Jarfilling degree

1. Ball was placed
in the milling jar.

R

= Ball to reagent ratio

Grinding additive

=  Unreactive liquid

(LAG, n= uL/mg)-> better homogeneity

. = Unreactive solid -> lower concentration

5. Placedin Retch 4. The jar was

6. Gnnding started. MM400. — - closed.

Monitoring

=  Temperature (viscosity)

=  Exsitu: common techniques (NMR, MS,
IR...)

= |n situ monitoring (X-Ray diffraction,
solid state HR-MAS NMR, Raman
spectroscopy)

https://doi.org/10.1016/j.trechm.2020.09.006



https://doi.org/10.1016/j.trechm.2020.09.006

=Pr-L Mechanochemistry of amino acids r!g

R3
|
Synthesis of amino acids by Strecker reaction pg/N\(COOH
R1
Bolm 2016
A
1) K2C03, NaCl
500 rpm, 24 balls, 2 h
2) Fmoc-OSu, Z-OSu, Boc,0
NaCl, 300 rpm, 3 h (Cycled)
3. Acidic work-up
KCN =3 ;
0 R2 R3 SiO; | hydrolysis R
oo+ “N” - RZNj/CN ------------- > _N._COOH
R H H 700 rpm, 3 h ¢ RZ Y
R1

a-amino acids

1) Chloroformates or
carbonate derivatives
DMAP
10 min (cycled), 50 balls
300- 450 rpm
2) Acidic work up

R3
N COOR*

RZ Y

R1

10
a) Strecker: Chem.Eur.J. 2016, 22,1451. b) N-terminus: ACS Sustainable Chem. Eng. 2013, 1, 1186. c) C-terminus: J. Org. Chem. 2014, 79, 9, 4008.



=Pr-L

Mechanochemistry of amino acids

e

Synthesis of unnatural amino acids

Lamathy & Metro

KOH
Ph N_ _CO,Bu cat (10 mol% Ph N_ _CO,Bu
\f ~-C0> b RyX ( 0) _ _ ~ 2
Ph 20Hz, 1h Ph R?
ee up to 75 %
TMS-NCO/ H,0 1:1 o Cs,CO4
O 450 rpm, 8 h H 450 rpm, 3 h
. Aoy - N
PH Ph o Ph Ph
’ K,CO, H
550 rpm, 7 h N. _CO,M
N_ _CO,M O P oMe
Boc” 2vie JJ\ >~ Boc \Ll:
R "R?
P(O)(OMe), RV R2

Phenyltoin
84 %

Enantiomeric excess values
lower than in solution

Anti epileptic drug
Solvent free
No purification needed

Mild base
Good Z selectivity

a) PTC: Chem. Eur.J.2012, 18,3773. b) J. Org. Chem.

2014, 79, 10132. c) Tetrahedron Lett. 2010, 51, 6246.

11



=Pr-L Mechanochemistry of amino acids

Synthesis of unnatural amino acids

Cross Dehydrogenative coupling

Yu 2023 1) Cu(OTf), (1 mol%)
SiO, / NaCl H
30 Hz, 30 min N_ _CO,Et
+ — . _
Ar/N\/COZEt Nu—H | Ar Y
2) Open to air Nu
H H
& _N CO,Et
_N COzEt PMB/N CO,Et PMB/N CO,Et PMB 2
PMB \[
AN
NO, PhO,C™ "CO,Et EtO,C~ “CO,Et N
65% 62% 80% 839,
PMB™ Y~ PMB” PMB”
0=N~_0 EtO,C
0]
N
88% 84% 62%

12
a) Mechano: Green Chem., 2023,25, 2853.



=PrFL

Mechanochemistry of amino acids

Synthesis of unnatural amino acids

Cross Dehydrogenative coupling

1) Cu(OTf), (1 mol%) CO,Et
SiO, / NaCl
H CO,Et + M 3OIH§’ 3oamin > o | o
ArTNTT OR 2) Open to air 'Tl
Ar
3aa R:Me
3ab R:Et
Zhu 2016 Zhu 2020 This work
(Yu)
Catalyst TMSCI Cu(OTf), Ir(ppy); Cu(OTf),
Oxidant TBPA** 0, (1 atm) DCP 0, (air)
0, (1 atm)
Solvent MeCN Toluene Toluene None
60 °C 60 °C Blue LED BM: 30 Hz
Conditions (18 W)
4 h 12 h 12 h 0.5h

=
.
n

E factors

Jaa Jab

Z (mass of waste)
E-factor = x 100

mass of product

I 7.3

#ir 4

o 500 1000 1500 20040 2500
Power demands (E/ W-h-mol)
Jia's work mZhu & Le's 2016 work = Zhu & Le's 2020 work = This work = This work (NaCl)

13

a) Mechano: Green Chem., 2023,25, 2853. b) Jia’s: Adv. Synth. Catal., 2014, 356, 1210. c) J.Org. Chem., 2016, 81, 9449. d) Tetrahedron, 2020, 76, 131353.



=Pr-L Mechanochemistry of amino acids

Synthesis of unnatural amino acids

Cross Dehydrogenative coupling

1) Cu(OTf), (1 mol%) CO,Et
SiO, / NaCl
Ho o M 30 Hz, 30 min - MeO:C 7 COzMe
N~ 2 o
Ar OMe 2) Open to air 'Tl
Ar
[=}]
200
Jia Zhu 2016 Zhu 2020 Yu
Catalyst TMSClI  Cu(OTf), Ir(ppy);  Cu(OTf) | 10
2
Oxidant ~ TBPA** 0, DCP 0, (air) | @
0, (1 atm)
(1 atm) .
Solvent MeCN PhMe Toluene None "
60°C  60°C  BlueLED BM: 30 .- -_ “-
Conditions (18 W) Hz 0 . e
#1 H2 #3 4 5 Wiy H7 Hio #12
4 h 12 h 12 h 05 h m Jia's 2014 work m7hu & Le's 2016 work ®7hu & Le's 2020 work B This work
Yield 78% 73% 56% 71% ’f.’.L}';T.ff..-'l'-.“.ﬁ i lii::ifl'f”'.«' ?f“.’.i'ﬁf'fﬁf’fef:"-‘-ﬁ.-{;if.?;:L!“'.ff.'-'.i'f.'f.'.“iﬂ.'“.i’.'iff'xﬁfiiﬂ.'f Tor 1”.1 g e y ';..-f!li:E.'-ff;'.iff-]f.'f'f,fl':'.f.{i'.i'.‘,i'.'fl' = hug
14

a) Mechano: Green Chem., 2023,25, 2853. b) Jia’s: Adv. Synth. Catal., 2014, 356, 1210. c) J.Org. Chem., 2016, 81, 9449. d) Tetrahedron, 2020, 76, 131353.
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Mechanochemistry of Peptide bond formation

Amino acid N-carboxyanhydride (UNCA)

a-amino acid N-carboxyanhydrides (UNCAs)
Lamathy & Metro

R’ y O
PG. N
o
O R?
o,o—dipeptides
yields = 55 to 100%

O

H H
PG/NW/\WN\.)kOR“

CO,H

e
N
HoN \:)J\OMe

I
Ph

Aspartame

R O R2
B,a—dipeptides

R1 O 0 NaHCO3
30Hz,1h
7/Z<O + AHHN .
N z OR
pa™ R2
O
B-amino acid N-carboxyanhydrides (UNCAs)
Hernandez O
AH-H5>N
2 \_)J\OR“
e R? co
1 NaH 3
O%(N =R 3800 rpm, 2 h
o + or
O

H H
N

PG/N OR*
Yﬁo( Y

H H\)CJ)\
Boc/N\/ﬁ(N 7 OMe
° \(\NH

N=/
L-Carnosive derivatives

R’ RZ O
B,p—dipeptides
yields = 79 to 96%

a) Angew. Chem.,, Int. Ed., 2009, 48 , 9318. b) J. Org. Chem., 2010, 75, 7107.

15



=Pr-L

Mechanochemistry of Peptide bond formation

Carbodiimide peptide coupling

Strukil 2012
2' 2
H i e OR*
PG” \\eJ\OH ' AH-HZN/S(
R'R" 0
Lamathy 2013

NaHCOs,
EtOAc (LAG)

DMAP (2 equiv.)
HCI-EDC (1 equiv)
NaCl

CH3NO, (LAG)
30 Hz, 30 min
yields = 70-81%

Oxyma (1.2 equiv.)
NaHPO, (4 equiv.)
HCI-EDC (1.2 equiv.)

\J

EtOAc (LAG)
25 Hz, 5 min
yields = 62-91%

O
i 0 .
BocN o . AH'HZN\_)J\ORs 30 Hz, 20 min

b
>

R’ 2
O R
or
L0
N
Boc” \;)kOSu
é1

b
’ o

» Boc-Tyr(Bn)-Gly-Gly-Phe-Leu-OBn

Me
/N‘\_\ i
_N
Me.Hm =GN HO \\HJ\OMe
" Me CN
R'R'y O HCI-EDC Oxyma
PG. N
N>\”/ X TOR*
H 0 R2R2
Oxyma

* Reduction of frequency and time
* Up to tetrapeptide

@) H O 5 O
H H O :\(

HO

Leu-Enkephalin
46% overall yield

16

a) Chem. Commun., 2012, 48, 12100. b) Eur. J. Org. Chem., 2016, 3505. c) Green Chem., 2013, 15, 1116-1120.



Case study: peptide coupling

L oY, o
HN N\:)J\N NJ\OH
o A " o °

VVIA
Therapeutic peptide
High hydrophobicity
High steric hindrance

p-TsOH-H-A-OBn

p-TsOH-H-A-OBnN

Fmoc-A-Wang resin

1) Coupling steps

Boc-AA-OH (1.2 equiv)
Oxyma (1.2 equiv)
NaH,PO, (4.0 equiv)
EDC (1.2 equiv), EtOAc
vibrating ball-mill
78-89% vyield

2) Deprotection steps
- HCl gas
solvent-free
or
- TFA (5.0 equiv)
vibrating ball-mill
96-99% vyield

Boc-VVIA-OBNn

(D

1) Coupling steps
Boc-AA-OH (1.2 equiv)
Oxyma (1.2 equiv)
DIPEA (4.0 equiv)
EDC (1.2 equiv), DMF
magnetic stirring
64-88% yield

2) Deprotection steps

TFA/CH3Cl; 50:50 (viv)

>99% vyield

5 steps
59% overall yield
88% purity

Boc-VVIA-OBn

(D

1) Coupling steps

Fmoc-AA-OH (5.0 equiv)

DIC (5.0 equiv)
Oxyma (5.0 equiv)
DMF, MW or rt

3) Resin deprotection

TFA/TIS/H,0 94:3:3
2h,rt

2) Deprotection steps

piperidine/DMF 1:4
MW or rt

5 steps
43% overall yield
85% purity

=  TFA-H-VVIA-OH

QD

8 steps
54% overall yield
96% purity

Beilstein J.Org. Chem. 2017, 13,2087

17
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Case study: peptide coupling

L CESO

“oow | sowon

Efficiency, yield:

SSPS > BM > solution

Boc Boc Fmoc
No solvent DMF DMF/NMP
Extractions and washing Extractions and washing Resin deprotection step
needed needed
Efficiency
Ball-Mill (BM) Solution Solid phase (SPPS)

Total of steps 5 5 8
Overall Yield 59 % 43 % 54 %

Purity 88 % 85 % 96 %
Reaction time 5 min (coupling) 3 hrs (coupling) 30 min x2 coupling
Deprotection 1h 2-3h 5 min x2

Total: Few days Few days 6 h

Beilstein J.Org. Chem. 2017, 13,2087

18



EPFL Case study: peptide coupling

Environmental impact

E-Factor
. mass of waste
Ball-Mill E-factor = Z( ) x100
mass of product
P-IA-OR 4.9 7.3 95.5
TFA. H-IA-OR 1.3 5.9 1406.6 Amount of waste
P-VIA-OR 50 71 31.0 BM > solution >> SPPS
P-VVIA-OR 9.4 17.8 68.1

Cumulative Number of Hazard Phrases

Ball-Mill (BM)
- Coupling 4 11 12
Toxicity of reagents
BM > solution >> SPPS Deprotection 3 9 )
Due to DMF with TFA
Deprotection - - 11
with Pip

19
Beilstein J.Org. Chem. 2017, 13,2087



=Pr-L Enantioselective Mechanochemistry with Peptides

Catalyst for enantioselective reactions

Hernandez 0
CO,M
5 WN4 7 o  on ketone 2 equiv Excess ketone 27 equiv
o . " 7 mols P 4 h 24 -48 h
)J\ : 2760 rpm, 4 h 82% 88%
NO, NO, ee: 69% ee: 28%

cat (7 mol%)

O O
H,0, PhCO,H (5 mol%)
+ H > .
2760 rpm, 4 h + isomers
NO NO

2

mm:g(éﬂum) * Reinforcement non covalent int.
e Wb e Maximizing n-rt stacking

20
a) J.Org.Chem. 2011, 76, 1464. b). Tetrahedron 2011, 67,695.



=Pr-L Mechanoenzymatic I}!@@

Kinetic Resolution

Enzymatic resolution of 2" alcohol Recyclability of immobilized CALB
Hernandez 2016
= cCALB one on Cycle Conv. [%] ee (R)-1 ee (S)-2
we + . Mo * Ve 1 49 >99 91
AcO” “Me 25 Hz, 3 h 2 42 > 99 64
(R)-1 (S)-2
R o 3 37 >99 51
> 99% ee 91% ee 4 27 99 37

Enzymatic resolution of B-amino esters

Perez-Venegas 2017 c
. CALB an Bn * Immobilized enzyme
SNH O 2-methyl-2-butanol (LAG) “NH O "NH O .
R OMe 15 Hz,1h R OH R OMe e eeupto99%

ee: up to 98%

21
a) ChemCatChem 2016, 8,1769. b). Beilstein J.Org. Chem. 2017, 13,1728.



=P-L Mechanoenzymatic

Papain-catalysed mechanochemical synthesis

Hernandez
Peptide bond formation \)(i H o R’
HICI-H,N _ NH, papain PG/N\_)kN/H(NHQ
_2 L-CyS :1 H
Ho @ Na,COs:10H,0 R O
PG/N\.)J\OR ¥ or -
Z 25 Hz, 2 h H O O
R HC|.|_|2N\/§1/NH2 PG/N\.)kN/\)kNH
0 rt M
Homo-oligomerization of amino acids
papain
L-Cys O R 0 Homo-oligopeptides

O
N32CO3 1OH20 H
CIH-H,;N » H)N N
2 \;)kOMe 2 \:)L[N \_.)J\OMG H,N-F) co.me N CO,Me
z n 2
R 600 rpm, 2 h R H O R (F (A
EADE

yield = 15-99%
oligo(L-Phe) 55a oligo(L-Leu) 55b
Application: Asymmetric Julia-Colonna epoxidation oP=¢ oP=8

H,N

Urea peroxide @ K W
oligo (L-leu) ‘N AA‘ 3
/\)CJ)\ DBU (20 mol%) o O Ll o o
X g N\ ligo(L-Ala) 55 oligo(Gly) 55d
Ar Ar THF, 2 dayS Ar Ar 0|9¢[’)('|-:=1a()) ¢ DP =26

yield = up to 85%
ee=45-92%

22
a) Green Chem. 2017, 19,2620. b). GreenChem. 2018, 20,1262.



=PrFL

Conclusion

Amino
Acids

Advantages of mechanochemistry
- Greener chemistry

- Better Selectivity

- New reactivity

Peptide

Mechanochemistry of Amino Acids

- Strecker reaction

- Unnatural amino acids

(a—functionalization or unsaturated)

- Case study: heating,
photochemistry and BM

Mechanochemistry of Peptide Bonds

- UNCA or EDC coupling
- Up to pentapeptides
- Case study: between BM, solution

and SPPS

Catalysis by Peptides and Enzymes

- Lipase for resolution
- Protease for peptide synt
- Recycling of peptide and enzymes

23
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=PrFL

Question 1

Mechanism?

@) NH¢-Bu

[IrCp*Cls], 5 mol%

AgNTf, (20 mol%) 0 AN
AgOAc (20mol% —R2
QoRoomo) g A M R
BM, 30 Hz, 10 min H H
or 1,2-DCE, 30 °C, 10 min 0) NH¢-Bu
IrCp*(OAC);
AgNTF,
@ AgOAc
; o
o NH O)\é [IrCp*(OAC)][NTf] N
A
H* AcOH
Ny [NTE]
N 2 A [NTfs]
N, 4 N
cp* m cp” O
I
[NT#] R-N
N ; 3
TTJ--IIr-i,_O/)\'é
N2 Cps




=PFL Question 2 L CEO

Influence of LAGs- Can you comment of the results?

® d) Using mechanochemistry to access alternative reaction - this work

A
¥ o v
@ < A ) - ° — @
Cs,CO;4 N Cs,C0O;,

faster than reaction
O o O OHO Ph Cs,CO; H® Mﬂ
S ,S...Ph F
Ph *Ph Ph Ph Ph™ S Ph
EOF F F FF F o o ©0 0 OHO Ph
F
PhJS(lL Ph pn)\(F Ph)l\(F Ph)%(
FF F P i S -
2

1 5 4

O Cs,CO; solvent % (PhS), %
— —_— e —> ©
o© 0©
0O o ©o 0
P solvation of 5; /UY 8
Ph Ph Ph&r 5 chaperoned from Ph Ph
F F r surface of 1 A
1 5 3a

a) Angew.Chem.Int.Ed.2018,57,16104.
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. Photochemistry '!@@

The study of chemical reactions, isomerizations and physical behavior that may occur under the
influence of visible and/or ultraviolet light is called Photochemistry.

Reaction modes:
1. Excitation of electron donor-acceptor complexes

2. Single-electron transfer (SET)
3. Energy transfer (EnT)

g ,

fac-Ir(ppy)s 4CzIPN

Modern photochemical reaction setups




. Late-stage functionalization [!@@

\

(o) . Ga) e
Y Y ®

drug candidate

Late-stage functionalization is a desired chemoselective transformation on a complex molecule to provide at
least one analog in sufficient quantity and purity for a given purpose without the necessity for installation of a

functional group that exclusively serves the purpose to enable said transformation
Requirements:

- Good functional group tolerance

Advantages:
- Access to complex products, which are tough to access by other means - Reasonable selectivity (several
- Rapid access to drug analogs for SAR products can be good)

3

P. Bellotti, H.-M. Huang, T. Faber, F. Glorius, Chem. Rev. 2023, 123, 4237-4352.



Site-selectivity in late-stage C-H functionalizations

Site selectivity of C-H functionalization reactions strongly depends from reaction used:

H-abstraction or insertion (usually the weakest C-H bond) ﬂ
Deprotonation (most acidic)

Addition-elimination at electrophilic carbon
Addition-elimination at nucleophilic carbon

Directed C-H activation [J3

Guided by sterics i

oOueEwWNRE

Possible C-H functionalization sites of voriconazole

T. Cernak, K. D. Dykstra, S. Tyagarajan, P. Vachal, S. W. Krska, Chem. Soc. Rev. 2016, 45, 546-576.



Photocatalytic C(sp?)-H functionalizations

Three main mechanism types are operable (HAT is unaccessible):

1. Minisci-type reactions

@ -
/
X

2. Oxidation of (Het)Ar, followed by addition of nucleophile

2 -€ .
R ——> |R
= H =

3. Thianthrenation/photoinduced functionalization

©/s

P. Bellotti, H.-M. Huang, T. Faber, F. Glorius, Chem. Rev. 2023, 123, 4237-4352.

°+

Nu@

+e

L CSO

Radical trap

or CuX + Nu g
> R P
FG



Minisci-type reactions: polarity-matching [!@@

Nucleophilic radical additions:

0 O%R R—I (2 equiv.)
o H Mn,(CO)1 (15 mol%) R
(2.5 equiv.) R ~ TFA (10 mol%) 4
/H Ir(dFCF dtbboVlPE /- Het - Heﬂ Fadeyi, Frenette (2017)
@ﬂ [ir(dFCF3ppy)ydtbbpylPFe Geﬂ DiRocco (2014) N blMeCEED N
TtI):IA/MLeECDN N ue R = Me, Et
ue R = Me, Et

///, //,
o) HHz O (
Et /
IJ ey
=
WY K/NH
/HO @]
77% 56% 31%
from camptothecin from Fasudil from Saquinavir

1) DiRocco, D. A.; Dykstra, K.; Krska, S.; Vachal, P.; Conway, D. V.; Tudge, M. Angew. Chem. Int. Ed. 2014, 53, 4802-4806. 2) Nuhant, P.; Oderinde, M. S.; Genoving, J.; Juneau, A
Allais, C.; Chinigo, G. M.; Choi, C.; Sach, N. W.; Bernier, L.; Fobian, Y. M.; Bundesmann, M. W.; Khunte, B.; Frenette, M.; Fadeyi, O. O. Angew. Chem. Int. Ed. 2017, 56, 15309-15:



Minisci-type reactions: polarity-matching

Electrophilic radical additions:

CF4S0,Cl (1-4 equiv.)

Ru(phen);Cl, (1-2%) CF,
Y K,HPO, (3 equiv.) /. .
Ar - Ar MacMillan (2011)
MeCN

26W white LED

H
N PO OH
N
KK 0

CF; CF3

78% (2:1r.r)
from lidocaine

78% (1.4:1r.r)
from ibuprofen

H
2

Ar

0
RJ\/ Br
2,6-Lutidine

[Ir(dF(CF3)ppy)2(bpy)IPFg

\

MeOH
blue LED

L CSO

Paixao (2021)

1) D. A. Nagib, D. W. C. MacMillan, Nature 2011, 480, 224-228. 2) R. N. Lima, J. A. C. Delgado, D. I. Bernardi, R. G. S. Berlinck, N. Kaplaneris, L. Ackermann, M. W. Paixdo, Chem. Comraun.

2021, 57, 5758-5761.



Minisci-type reactions: heteroatom-centered radicals

NCS(1 equiv.) R
H 1 Ru(bpy);Cl, N—R2
/- R‘NH HCIO, (4 equiv.) /. _
Ar + , > Ar Leonori (2019)
2
R MeCN or HFIP
blue LED
i
~.© OHoJ"o. H
N O O
¥ 0
L
59% 68%
from ramipril from fenoprofen

1) A. Ruffoni, F. Julia, T. D. Svejstrup, A. J. McMillan, J. J. Douglas, D. Leonori, Nat. Chem. 2019, 11, 426-433. 2) H. Rao, P. Wang, C.-J.

Ar

L CSO

Ru(bpy)3Cl, (2 mol%)

Bz,0, (2 equiv.) OBz
NaHCO; (3 equiv.) Ar/ Li (2012)
MeCN
CFL light
OBz
HO i 0] l OH
O

O

51% (2.19:1 rr)
from fluorescein

8
Li, Eur. J. Org. Chem. 2012, 2012, 6503—-6507.



Minisci-type reactions: spin-center shift

R._OH

[Ir(ppy)2(dtbpy)]PFg
Thiol HAT cat

H TsOH

DMSO
N blue LED

Me //O

PEAS

NH

82%
from Fasudil

J. Jin, D. W. C. MacMillan, Nature 2015, 525, 87-90.

(R l"’

MacMillan (2015)

= Ph

42%
from milrinone

= = -
[Ei? ||. | NH
1410
OH

T
I -+
NH
\:;j%[__x’149 14.8
14.7

141
Photoredox
*p il Ir'V EtO,C. _SH
cycle
y 14.3 \I,L:
}\ -SET H;Q—DH
ﬂ_ i HAT cycle H
14-6
EtO,C ‘S
Yo
14.5 Me MeOH



Minisci-type reactions: dehydrogenative reactions

CeCl; (5 mol%)

H TBACI (20 mol%) R
/. TFA (1 equiv.) /-
Het + R-H > Het Liu, Zhang (2021)
MeCN N
N 405 nm LED
under air

o
Cl O
joo!
=
Cl N Cy

51%
from quinoxyfen

J. Xu, H. Cai, J. Shen, C. Shen, J. Wu, P. Zhang, X.

O
/
SN N
)\)ﬁz Oy
o) ITI N
29%
from theophylline

Liu, J. Org. Chem. 2021, 86, 17816-17832.

AN

~
N

3

L CSO

ce'Vel, @
0, '
LMCT
SET |+ CI"
Clr HAT HCI
& S R.>_<RH
N ) S
& @ - [Het
N” R +
\ N M N
H,0, A 1



Minisci-type reactions: enantioselective variation

[Ir(dF(CF3)ppy)2(bpy)]PFe (2 mol%)

o)
(R)-TRIP (5 mol%) Het _
Het + PhthNOJK(R on - N R Phipps (2018)
N H tOAcC H
NHAc blue LED NHAc

Cl
') /

Z @) H, IT'
NHACc N O\\P/O o
NHACc @
70% (95% ee) 86% (93% ee)
from metyrapone from etofibrate - —

. 11
R.S. J. Proctor, H. J. Davis, R. J. Phipps, Science 2018, 360, 419-422.



Oxidation of aromatic compounds followed by nucleophilic attack

Acridinium PC (5 mol%)

L CSO

: CN Acridinium PC (1-5 mol%)
4 TMSCN (1.5 equiv.) < Nicowicy (2017 H TEMPO (0.5 equiv.) 18p
Ar 10:1 MeCN/pH 9 buffer AT icewicz (2017) / TBA* 18- / o
blue LED, O, Ar > Ar Nicewicz (2019)
- MeCN:tBuOH (4:1)
: 450 nm laser
Y O W
O
B X
57% A7% \(Oj%o Cl
from naproxen from fenoprofen S 1o

37% RCY 6% RCY
from flurbiprofen from fenofibrate

431
Mes-Acr
\ e HOO

. (4[5

B

Felee
fBu !+
N
Ph By

1) J. B. McManus, D. A. Nicewicz, J. Am. Chem. Soc. 2017, 139, 2880—-2883. 2) W. Chen, Z.

Huang, N. E. S. Tay, B. Giglio, M. Wang, H. Wang, Z. Wu, D. A. Nicewicz, Z. Li, Science 12
2019, 364, 1170-1174.



Thianthrenation/photoinduced functionalization 'l@@

Q@
0
S — —
H HBF,4*Et,0 (1.5 equiv.) S Radical trap
~ TFAA (3 equiv.) S PC X or CuX + Nu - X X = OR, NR,, Hal, Ar, alkynyl, CF;, CN
Ar S > Ar /® ——— Rl— RT Ri
MeCN, 0°C blue LED e gz y itter and others

67% 35% 57% 44%
from estrone from amiodarone from boscalid from indomethacin
13

F. Berger, M. B. Plutschack, J. Riegger, W. Yu, S. Speicher, M. Ho, N. Frank, T. Ritter, Nature 2019, 567, 223-228.



Photocatalytic C(sp?)-H functionalizations

Two main mechanism types are operable:

1. Single-electron oxidation/deprotonation

+
*® H R® radicaltrap  R-x

r

\

RH 2~ [R-H|

2. Hydrogen atom abstraction (HAT)

R-H ~ R° radicaltrap R-X
-XH >

14



_a-Amino radicals by oxidation/deprotonation

O

e

N

@) +
tBu

—

[Ir(dFCF3ppy).dtbbpy]PFg (1 mol%)

MeCN
blue LED

Cbz Bu

64%

from dextromethorphan

K/N‘

\/EWG

Acridinium PC (5 mol%) ‘\N/\(\/EWG

.~ K/N'
BocN/\ V

N N

O O

47%
from ciprofloxacin

OH

\
N g 2
o
O o CbzN \\\N
4/_2& Bu=—
DL, T
N NN

® 0

N

t

S
O
Y 0
|
62%
from diltiazem

Nicewicz (2020)

O Jui (2018)

Csz\<
Bu

L CSO

H* 3(9 & EWG 792
> N
| T !
79.5
EWG
hd J
o) N\.?B.B

79.1
Mes-Acr'™

15

1) R. A. Aycock, C. J. Pratt, N. T. Jui, ACS Catal. 2018, 8, 9115-9119. 2) J. B. McManus, N. P. R. Onuska, M. S. Jeffreys, N. C. Goodwin, D. A. Nicewicz, Org. Lett. 2020, 22, 679-683.



_Oxidation/deprotonation: other examples 'l@@

. _EWG
H ~_EWG EWG -
Acridinium PC (5 mol%)
Ir photocat (2 mol%
a P ( °) >~ Garcia-Mancheno (2021) ’/S H CF3CO,Na (20 mol%) ./S EWG  Alfonzo, Hande (2020)
O ey
blue LED DCM:MeOH
blue LED
~ O
o YNH H O
o) HN “‘\\\/\)J\OH
H S
@) @)
F3C)\CF3
85% 58%
. , 69%
f th
from papaverine rom cathecin from biotin

1) T. Brandhofer, M. Stinglhamer, V. Derdau, M. Méndez, C. Péverlein, O. G. Manchefio, Chem. Commun. 2021, 57, 6756—6759. 2) E. Alfonzo, S. M. Hande, ACS Catal. 2020, 10, 16
12590-12595.



. HAT-based methods

Factors influencing HAT:
1. BDE of C-H bond

2. Polarity match between HAT donor and acceptor

Ph_CN CH3S—-H o}
@ \l/ methanethiol (88) Q'—H EtO

A v O
H H \[ B “H
o tetrahydrofuran ‘,
cyclohexene Phenylacetonitrile H 92 . /l / cyclohexane
(82) 194) Ph)"fH ©2 et isobutane (99)
g toluene (88) \\ . , (99) !
weaker :@E) * o o \:.:. ) @ I ) ) g @
Ph .-~ .. OH Ho !
PhS—-H A : " o T |
thlo(par;e)nol ® , be?zalderl;:/de Ph 4H o (0] O H H
H ¥ (88) o propan-2-ol 1 4-dioxane (96) —=H
)_,H OMe phenﬁll (90) (91) H H Hl-\i: \H
Ph” = Ph 1 N /,( ethane
Ph 4 MeO” i "OMe HS )
diphenylmethane H wH . (100)
sty H acetonitrile (96)
(84) cumene ~ Methylorthoformate - line (90) acetone (96)
84) (89)° methanol (96)
(84)
Commonly used hydrogen abstractors:
1 1 4-
O og,W*"O';}WEo 4[xr* O @
)J\ 0:\!!'— —o/ (!)—\\'H:D 1k . R2 Hal i R3N RO L4
Ar Ar OLW TSWL /| R'" N
0 SO\ Ofo\l 0 3 °
-..w__.o.__w/
) )
direct HAT indirect HAT

L. Capaldo, D. Ravelli, M. Fagnoni, Chem. Rev. 2022, 122, 1875-1924.

trifluoromethane

L
Hi. /H
H)\O

L CSO

17



_Functionalization of benzylic C-H bonds 'l@@

CN
B N
= | ~ H F
H N _ Selectfluor (2 equiv.)

benzophenone (0.5 equiv.) 9-fluorenone (5 mol%)

_ Inoue (2013) . a Chen (2013)
a MeCN:H,0 0 MeCN, CFL light

mercury lamp

O— F O
0 o~
NPhth
F
64% 52%
72% from ibuprofen from phenylalanine

71%
from podocarpic acid

from totarol

, 18
1) T. Hoshikawa, M. Inoue, Chem. Sci. 2013, 4, 3118-3123. 2) J.-B. Xia, C. Zhu, C. Chen, J. Am. Chem. Soc. 2013, 135, 17494-17500.




_Functionalization of allylic C-H bonds

R3
N
'

R! "R?

O, (1 atm)
’ [Ir(ppy).dtbpy]PFg (1 mol%) H R! H rose bengal (2 mol%) O
iPr3SiSH (5 mol%) R3 R? 2\. TBAB (20 mol%) HJ\. Cai (2022)
2\. LioCO3 (20 mol%) Rueping, Huang (2020) @ > .—”—
..li_ > : Il MeCN
DMF @ blue LED
blue LED

NHPh

Ph

NHPh

79%
from pregnenolone

69%
from B-pinene

1) J. Jia, R. Kancherla, M. Rueping, L. Huang, Chem. Sci. 2020, 11, 4954-4959. 2) C. Liu, H.
12, 1375-1381.

L CSO

I///
il

89%
from diosgenin

73%
from ursolic acid

Liu, X. Zheng, S. Chen, Q. Lai, C. Zheng, M. Huang, K. Cai, Z. Cai, S. Cai, ACS Catal. 2022,

19



_Functionalization of a-Amino C-H bonds by HAT

ZOEWG

Ir(ppy)2(dtbbpy)PFg (1 mol%)
‘ Ph3SiSH (10-20 mol%)

N

‘ Toluene
blue LED

PhO,S

65%
from lidocaine

‘N iﬁ EWG Schoenebeck,

® Rovis (2021)

S

Cl

N SO,Ph

62%
from clomipramine

L CSO

Ir(ppy)s (1 mol%)
BzSH (1 mol%)

K,HPO,
‘NJ\H OMA g Hamashima (2018)
‘ blue LED
o)
S
I " = NIQ
—0 I
g 0”0
CN CN
74% 96%

from donepezil from clopidogrel

1) Y. Shen, |. Funez-Ardoiz, F. Schoenebeck, T. Rovis, J. Am. Chem. Soc. 2021, 143, 18952-18959. 2) T. Ide, J. P. Barham, M. Fujita, Y. Kawato, H. Egami, Y. Hamashima, Chem. Sci. 20

2018, 9, 8453-8460.



Alcohol activation favoring a-Oxy C-H bonds HAT

Z>Co,Me
[Ir(dFCF3ppy),dtbbpy]PFg (1 mol%) o)
H quinuclidine (10 mol%)
HO NBu,PO4H, (25 mol%) , O MacMillan (2015)
MeCN
blue LED
@)
O
X%
@) ~ o
07/\
70% 85%

from galactopyranose

from pregnolone

J. L. Jeffrey, J. A. Terrett, D. W. C. MacMiillan, Science 2015, 349, 1532-1536.

= oxidant
d *Irit (2) \
SET
Photoredox \
Catalytic
Cycle

photocat. (1)

I (5)
r[dF(CF3)ppyl2(dtbbpy)*

reductant
+H*
b N SET<
~-MeOH 9
(0] MeOZC

R L,

10 O

AT

-Ht
blue 3
light [ N

.@ : o
H

L CSO

HAT A R” OH
Catalytic |
Cycle OYH alcohol (6)
o R
HAT \
H-Bond
Activation (')
|
p
07| "OH
OH
I /
H203PO' 'H
7
Z > CoMe y three catalyst
system
Mlchael acceptor
21



Decatungstate catalysed HAT reactions "@@

W.:_—-O-——W-—-—._O 4[x]+

Decatungstate anion

N,OBn SO,N3
‘o @
ArO,S AcHN
H 0 R0 H 9 N
J NabT (2 mol%) _ Pan, Xia (2022) TBADT (1 mol%) _ I West (2022)
MeCN acetone

390 nm LED UVA LED
then HCI, HCHO, THF

S N,
O N .
)
\O
44% (2.4:1 rr) 35%
56% 62% _ _
from Boc-tropinone from sclareolide from sclareolide from ambroxide

22
1) Q. Liu, Y. Ding, Y. Gao, Y. Yang, L. Gao, Z. Pan, C. Xia, Org. Lett. 2022, 24, 7983-7987. 2) Y.-C. Lu, S.-C. Kao, J. G. West, Chem. Commun. 2022, 58, 4869—-4872.



Metallaphotoredox chemistry for LSF '!@

Ni(dtbpy)Bry (5 mol%)

NaDT (1 mol%) Lb’H Ab Lb P
H KsPO, (1.1 equiv.) Ar _ |
ArBr + L Machllan (2018) \ 5 Br =L
MeCN ' ' nucleophile
C-H lopH HAT &_\

390nm LED WO H' Aryl bromide
w O ]’H 4 LN L NI —Alk ’
7 8
N _cF ~Hie
o = 3 100 Decatungstate ST Electron seT Nickal
\ / m,oanz catalytc cycle relivy catalytc cycle
. n
W yoOxa)* ) LN'=Br LNI"=Ar
o 419 (W10l 2H" /Iv
55% o reductant 12 ~ .
from eucalyptol from sclareolide 6
product -
23

I. B. Perry, T. F. Brewer, P. J. Sarver, D. M. Schultz, D. A. DiRocco, D. W. C. MacMillan, Nature 2018, 560, 70-75.



Metallaphotoredox — access to enantioselectivity

Togni reagent Il (1.5 equiv.)
Cu(MeCN),4PFg (15 mol%)
H chiral BOX ligand (18 mol%)
AN Photocatalyst (10 mol%)

CHCl,
395 nm LED

O
O

.S
H,N \\O
Photocatalyst

41%, 92% ee
from ethyl colecoxib

1) P. Xu, W. Fan, P. Chen, G. Liu, J. Am. Chem. Soc. 2022, 144, 13468-13474. 2) X. Shu, L. Huan, Q. Huang, H. Huo, J. Am. Chem. Soc. 2020, 142, 19058-19064.

Liu (2022)

O O

R

Bn Bn

Ligand

O

® o

NiBry(glyme) (5 mol%)
Ligand (7 mol%)
DMDC (1.5 equiv), NH,CI

NHBz |- pC (1 mol%), Na,HPO,

.)\H iPrOAC

blue LED

0
0
0 O%J\OH
N
H

70%, 85% ee
from bezafibrate

Cl

L CSO

NHBz

.)\(. Huo (2020)

O

O \ ; 0]
Phh _ N N\R‘ph

Ph Ph

Ligand
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'Radical-polar crossover for LSF

O
)J\O/NPhth (1 equiv.)

H NEt;*3HF (1-6 equiv.)
Ir(pFppy)s (1 mol%)

I \ -
& _ tBUCN
blue LED
~_© Cl
/1, O W\
”OO J/\J;\OAC
F
AcO Y OAc
OAc

44%
from dapaglifozin

F
o N Doyle (2021)
=
a
N
WORGW
)]\o OJ\
49%

from bisacodil

I. N.-M. Leibler, M. A. Tekle-Smith, A. G. Doyle, Nat Commun 2021, 12, 6950.

|r||

SET
, ks
+ ol
140.5
{ MU.L 1406
i
Nu CH,

A !
ﬁ
140, 3 ('- L

! e / 1401
140.3

8]
-
:E.'lrj‘_ugr_"g F::; -E'H

HAT-precursor
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Thank you for attention!



Question 1 [!@@

What will be the site-selectivity of C-H functionalization of this compound if it will be treated with:
a) Nucleophilic radical

b) Electrophilic radical

c) Strongly oxidizing photocatalyst + nucleophile

d) Electrophilic HAT abstractor

e) Nucleophilic HAT abstractor

4
S

L)
2 3

Analog of clopidogrel

27



. Question 2 ll@@

Propose the product and the mechanism of the reaction:

TMS
Ts/

benzophenone (1 equiv.)

Y

tBuOH
Hg lamp

ambroxide

28
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=PrL Photocatalysis

Biomimicry
Sun to generate radicals
Coloured catalysts
Activate stable molecules

Enable new reactions

Green chemistry principles
Light irradiation - Photons

No harsh conditions lgle l\_:ne Me

Catalytic quantities Me

Mild and controlled

Enantioselective transformations
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=PrL Photoredox / Energy Transfer ?

A+./_
A Electron Transfer
SET Photoredox Catalysis
Photocatalysis } W
Energy Transfer
A =nT Photosensitization
A*

D*+A —> D + A*

Strieth-Kalthoff, F.; James, M. J.; Teders, M.; Pitzer, L.; Glorius, F. Chem. Soc. Rev. 2018, 47, 7190-7202. 5



=P-L Dexter Mechanism

)
1 ISC ‘1—
T

hv
E+ X spin forbiden

Strieth-Kalthoff, F.; James, M. J.; Teders, M.; Pitzer, L.; Glorius, F. Chem. Soc. Rev. 2018, 47, 7190-7202. 6



EPFL Dexter Mechanism

E A
S1 ISC
T ] TN
T L
hv //\ —_—

IR A
D* A D A*

So - \_ v - SO)

Strieth-Kalthoff, F.; James, M. J.; Teders, M.; Pitzer, L.; Glorius, F. Chem. Soc. Rev. 2018, 47, 7190-7202. 7



nm

PFL

Isolated Encounter Complex

Q Q

Collision Complex

Q

Molecular Process

Encounter Complex Isolated

Kqit

KenT

K_git

[D*1+[A] ——> [D*+A]

~ [D+A] —> [D]+[A7]

KEenT

Fast energy transfer
Kent >> Ky

4

Diffusion-limited overall rate
Kobs = Kagit

Slow energy transfer
Kent << Ky

4

EnT-limited overall rate

kobs X kEnT

Strieth-Kalthoff, F.; James, M. J.; Teders, M.; Pitzer, L.; Glorius, F. Chem. Soc. Rev. 2018, 47, 7190-7202. 8



=PFL

Molecular Process

. Kt . Kent . K._dif )
[D*]+[A] —— [D*+A] D+A] ——> [D]+][A"]
Kent

.
LE
Fast energy transfer Slow energy transfer i AE;
Kent >> Ky Kent << Kyis T,
Diffusion-limited overall rate EnT-limited overall rate S, EnT ‘ s,
Kone = Ky K. ok
obs dif obs EnT D* A

_2RDA
kEnT=K']’€ L

«rules of thumb» for the magnitude of J

AE, = E;(D) — ET(4)

K: parameter for specific orbital interactions

Rp/L: distance between Donor and Acceptor
J: spectral overlap integral (number of T;-S,
transition of the excited donor which can

induce a S,-T, transition of the acceptor)

AE; >0
exergonic, large number of transitions, J large
AE, <0

endergonic, J becomes negligible for large AE,

Strieth-Kalthoff, F.; James, M. J.; Teders, M.; Pitzer, L.; Glorius, F. Chem. Soc. Rev. 2018, 47, 7190-7202. 9
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Single Catalyst Regime

M
|

So So

th
Ty So

v Y

EnT

Chiral Triplet Sensitizer

Asymmetric induction from the sensitizer

Chirality with EnT

Dual Catalysis

VG
, so

NG %9
so.j

Photochemically inactive chiral catalyst

EnT by an achiral sensitizer

10



N

N
[ :[ ]: 1@M
Me\N S \N’ e

Me Me

Methylene blue
Et = 32.0 kcal/mol

Riboflavine
E+ = 50.0 kcal/mol

Literature-known Photosensitizer

Benzophenone Thioxanthone Xanthone
E+ = 69.1 kcal/mol E+ = 63.4 kcal/mol Et = 74.0 kcal/mol
z 20
|
(N NS
N, | wNF F

[Ru(bpy);]Cl,
Et =49.0 kcal/mol

fac-[Ir(dF-ppy);]
E+ = 63.5 kcal/mol

11



=P-L Table of Content

1. Introduction on Triplet Energy Transfer

2. Application in organic synthesis for enantioselective transformations
2.1 Chiral Sensitizer
2.2 Dual Catalysis

3. Conclusion
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=PrL Deracemization Historic Reactions

Cole & Hammond (1965)

H
hv (A > 280 nm), Me_x_N Me
12 mol% cat., benzene

VAN A WAY 0

Ph' Ph trans:cis = 49:51 Ph' Ph Ph' ‘Ph OO

rac-trans chiral-trans achiral-cis
6.5% ee Reaction at the singlet level
Ouanneés (1973)

(0]

hv (A > 280 nm),

34 mol% cat., benzene
AL A N

Ph""  “Ph trans-cis = 2377 Ph Ph Ph""  “Ph
rac-trans chiral-trans achiral-cis ) ) )
3% ee First enantioselective
triplet sensitized reaction!
Hammond, G. S.; Cole, R. S. J. Am. Chem. Soc. 1965, 87, 3256-3257. 13

Ouannes, C.; Beugelmans, R.; Roussi, G. J. Am. Chem. Soc. 1973, 95, 8472- 8474.



=PrL EnT Deracemization Principle

T. Bach (2019)

H hv (A =420 nm), H
o
N Me 10 mol% cat., PhCF3 e Me
M - Me
e

BnO N o quant. BnO N (o)

H H

rac 55% ee
Me N (0]
oD
Me—7 | “NH
Me 0

Troster, A.; Bauer, A.; Jandl, C.; Bach, T. Angew. Chem. Int. Ed. 2019, 58, 3538-3541. 14



=PrL EnT Deracemization Principle

T. Bach (2019)

B g Me \<kMe
Me
BnO N~ >0 N
H H
1 K, = 2300 + 150 M~ K, =253 + 14 Mﬂ

¢ EnT .
Me > H Me H )
"y
\ Me Me \ N
Me N Me
Bno o BnO
\ (o) S /

Me > Me

Me \ Me

BnO
Troster, A.; Bauer, A.; Jandl, C.; Bach, T. Angew. Chem. Int. Ed. 2019, 58, 3538-3541. 15



=PrL Deracemization Allenes

T. Bach (2018)

41\ hv (A = 420 nm), Me
c?Bu 2.5 mol% cat., MeCN ‘Bu

(I g (IC BN
89% N (o)
N (@) N (o) $
N N ol oL >

rac 96% ee

oz

H
Me ) Me Y. Mme

t <
. Bu Me
Me /:$ X Me j ,> Me

Holzl-Hobmeier, A.; Bauer, A,; Silva, A. V.; Huber, S. M.; Bannwarth, C.; Bach, T. Nature 2018, 564, 240- 243. 16



=PrL EnT [2+2] Cycloaddition

[2+2] General Mechanism

/N

Sens Sens*

\End,[

/\

- o —_— o .
] j o j\/,\{ + isomers
T4
l ISC
isomers + € t/.\} + isomers

1

T. Bach (2009)

A0 hv (A = 366 nm), ( Me o
10 mol% cat., PhCF O N
S - o L
N 89% Me—7 | “NH
H r.r=77:23 H o
Me o
91% ee

Muller, C.; Bauer, A.; Bach, T. Angew. Chem. Int. Ed. 2009, 48, 6640-6642. 17



=PrL EnT [2+2] Cycloaddition

[2+2] General Mechanism

/N

Sens Sens*

\w/,[

/\

- o —_— o .
] j o j\/,\{ + isomers
T4
l ISC
isomers + € t/.\} + isomers

1

T. Bach (2009)

"0 hv (A = 366 nm), “, o
10 mol% cat., PhCF (g e 'N
X > "“H © o
89% © ¢ EnT
H O rr=77:23 N™ "0 Me

H Me \ ™ N (o)
91% ee
=

Muller, C.; Bauer, A.; Bach, T. Angew. Chem. Int. Ed. 2009, 48, 6640-6642. 18



=PFL

T. Bach (2020)

EnT Intermolecular [2+2]

o hv (A = 437 nm), O H
10 mol% cat., DCM T
| - O - )

Me—7 o OH then BnBr, K,CO3 DMF Me—Ng- i

Me 9% Me ZN
o 55% 0% >0Bn

d.r=68:32
86% ee

W

¢

Q

Pecho, F.; Zou, Y.-Q.; Gramuller, J.; Mori, T.; Huber, S. M.; Bauer, A.; Gschwind, R. M.; Bach. Chem. Eur. J. 19
2020, 26, 5190-5194.



=PrL EnT Intermolecular [2+2]

T. Bach (2020)

o hv (A = 437 nm), O H
10 mol% cat., DCM S
L on * O - )
Me—7<o OH then BnBr, K,CO3 DMF Me— ot
Me o 55% e o7 ~oen
d.r=68:32
Pecho, F.; Zou, Y.-Q.; Gramdller, J.; Mori, T.; Huber, S. M.; Bauer, A.; Gschwind, R. M.; Bach. Chem. Eur. J. 20

2020, 26, 5190-5194.



=PrL EnT Intermolecular [2+2]

Yoon (2019)

hv (A = 400-500 nm),

X O'Pr H 1.5 mol% cat., DCM

+ o= N_o >
N~ o U 82%
H

d.r>91:9

Zheng, J.; Swords, W. B.; Jung, H.; Skubi, K. L.; Kidd, J. B.; Meyer, G. J.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. 21
Soc. 2019, 141, 13625-13634.



=PrL EnT Intermolecular [2+2]

Yoon (2019)

hv (A = 400-500 nm),

X O'Pr H 1.5 mol% cat., DCM

+ o= N_o >
N~ o U 82%
H

d.r>91:9

Zheng, J.; Swords, W. B.; Jung, H.; Skubi, K. L.; Kidd, J. B.; Meyer, G. J.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. 22
Soc. 2019, 141, 13625-13634.
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=PrL Key Role of the Lewis Acid

Yoon (2016) hv (A = 400-700 nm),

2.5 mol% [Ru(bpy);](PFg),,
10 mol% Sc(OTf),,
15 mol% (S,S)-'Bu-PyBox, OH O

OH O )
Me PrOAc:MeCN = 3:1 ,
Z Ph + Me r ’ /
83% --u(
d.r=75:25 Ph Me Me
93% ee
OH O
Ar
Et (calc) = 51 kcal/mol Et = 49.0 kcal/mol

endergonic

Blum, T. R.; Miller, Z. D.; Bates, D. M.; Guzei, I. A.; Yoon, T. P. Science 2016, 354, 1391-1395. 24



=PrL Key Role of the Lewis Acid

Yoon (2016) hv (A = 400-700 nm),

2.5 mol% [Ru(bpy)3](PFg),,

10 mol% ,
15 mol9 )
OH O Me mol% OH O
PrOAc:MeCN = 3:1 ,
F Ph * Me > ‘ /
83% --u(
d.r=75:25 Ph Me Me
93% ee
OH O o] ‘Io
Ar Ar
E+ (calc) = 51 kcal/mol E+ (calc) = 32 kcal/mol E+ = 49.0 kcal/mol

Blum, T. R.; Miller, Z. D.; Bates, D. M.; Guzei, I. A.; Yoon, T. P. Science 2016, 354, 1391-1395. 25



=Pi-L

Yoon (2019)

(0

+
MeOJ\/\Ph Ph

)

Key Role of the Lewis Acid

hv (A = 400-500 nm),
1 mol% [Ir(ppy),(dtbbpy)](PFg),

25 mol% oxazaborolidine, 0
DCM
» MeO
91% R
d.r=86:14 Ph Ph
97% ee

-

/>
Z
/

N PFg©

Daub, M. E.; Jung, H.; Lee, B. J.; Won, J.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. Soc. 2019, 141, 9543-9547. 26



=PrL Key Role of the Lewis Acid

Yoon (2019) hv (A = 400-500 nm),

1 mol% [Ir(ppy).(dtbbpy)](PFg),
25 mol% oxazaborolidine,

o
o DCM
Meo)j\/\Ph 91% .
d.r=286:14 Ph'
97% ee
i |
F
,LA*
0] o} -
A
MeOJ\/\Ph Meo)j\/\Ph
E+ (calc) = 48.5 kcal/mol Et (calc) = 42.0 kcal/mol E+ (calc) = 54.3 kcal/mol

Daub, M. E.; Jung, H.; Lee, B. J.; Won, J.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. Soc. 2019, 141, 9543-9547. 27



=PrL Key Role of the Lewis Acid

Yoon (2019) hv (A = 400-500 nm),

1 mol% [Ir(ppy).(dtbbpy)](PFg),
25 mol% oxazaborolidine,

o)
o . DCM
+ X » MeO
MeOJ\/\Ph Ph 91% .
d.r = 86:14 PR
,LA* 97% ee
o) o F

MeOJ\/\Ph Meo)j\/\Ph

E+ (calc) = 48.5 kcal/mol Et (calc) = 42.0 kcal/mol

™ (-2.071) oo s
e ) (-5.656)

e (-5.527) +
11(—6.648)~ - J[% +

SOMO 1 Et (calc) = 54.3 kcal/mol
1 (-9.502) (-8.921)

Daub, M. E.; Jung, H.; Lee, B. J.; Won, J.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. Soc. 2019, 141, 9543-9547. 28



=Pi-L

Wang (2020)

Asymmetric Friedel-Craft

hv (A = 456 nm),
1 mol% Ru(phen);(PFg),,

5 mol% Li-CPA, Ph
0] DCM AcHN a=
@ NHAc j\ Bn
+ + >
_N
H ph/& Bn~ "O 69% >
N
o H
90% ee
A 2@
) N
\/ |\¢N"11,, l RO
Ru'
/\ AN/ | N
N | Ny
=

Shen, Y.; Shen, M.-L.; Wang, P.-S. ACS Catal. 2020, 10, 8247-8253. 29



=PrL Asymmetric Friedel-Craft

Ph
Wang (2020) AcHN 2
Bn (o)
N\ NHAc o
+ N
o)
ec
_N
_H
NI Ph
_H
0~__Bn

Shen, Y.; Shen, M.-L.; Wang, P.-S. ACS Catal. 2020, 10, 8247-8253. 30



=PrL Take Home Message

EnT: using a sensitizer to access T, S, ISC .

Visible light instead of direct UV excitation

T,
v milder and more selective hv EnT ‘
Y —— S,

: : . : N
BUT enantioselective reactions remain 0

difficult due to the rapidity of the EnT Me 7 NH
Me Y Bach

2 strategies:

v" chiral sensitizer with non covalent
binding site

v Dual catalytic systems (chiral LA +

achiral sensitizer)

31



=PrL Looking at a Brighter Future?

Major challenges of EnT:
Designing new catalyst
= with higher E;

= Replace Ru and Ir

v" New photocatalyst: quantum dots, heterogenous catalysis.

Expanding the range of enantioselective transformation using EnT

Adapting to industry (long reaction times, limited scalability...)

32
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Thank you for your attention!



EPFL Problem 1

Propose a rationale for the reaction:

hv (A = 366 nm),
5 mol% cat., MeCN

| <

! 5 SIS D
QR - L L

N o) 95% N o)

H H

rac 29% ee

Wimberger, L.; Kratz, T.; Bach, T. Synthesis 2019, 51, 4417-4424. 34



EPFL Problem 1

Propose a rationale for the reaction:

hv (A = 366 nm),
5 mol% cat., MeCN

| <

$ $ ’
20! - Qi e

N o) 95% N o)

H H

-~

Me

NH

rac 29% ee

o,

Wimberger, L.; Kratz, T.; Bach, T. Synthesis 2019, 51, 4417-4424. 35



EPFL Problem 2

Propose a rationale for the reaction:
hv (A = 450-500 nm),

\/\ 1 mol% cat.,
DCM:pentane 1:1

uant.
N (0] d
H

91% ee

Skubi, K. L.; Kidd, J. B.; Jung, H.; Guzei, I. A.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. Soc. 2017, 139, 17186-17192. 34



EPFL Problem 2

Propose a rationale for the reaction:
hv (A = 450-500 nm),

\/\ 1 mol% cat.,
DCM:pentane 1:1

uant.
N (0] d
H

Skubi, K. L.; Kidd, J. B.; Jung, H.; Guzei, I. A.; Baik, M.-H.; Yoon, T. P. J. Am. Chem. Soc. 2017, 139, 17186-17192. 37
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Introduction

Frémy’s salt (1845)

First man-made persistent radical
Advantage: Stereoselective
preparation of radical precursor is
not required

Disadvantage: Stereochemical
information lost upon formation of
radical species

m M.Yan,)J.C. Lo, J. T. Edwards, P. S. Baran, J. Am. Chem. Soc. 2016,

138,12692-12714.

Br Ph Ph AN Ar. . allykBr Barton

2 - r z R3Sn ———= nitrite ester

RCO,Ag —m= R=Br Ph J j e 3 = photolysis
- o [Cul g [1960]

van
RCO,H —=R~—R Meerwein der Kerk:
Borodin- Gomberg: Bachmann: olefin - tin
Kolbe Hunsdiecker trityl persistent hydro- Birch hydride
electrolysis reaction radical radical effect arylation reduction | chemistry Davies
lE [1848] [1861] [1900] [1936] [1939] [1944] [1956] borane
— Fittig: | Hoffman Bouveault: | Wohl Kharasch  |Hey/Maters: | Waters Walling: h‘g‘ﬂ;":}:
Pinacol Loffler acyloin Ziegler peroxide effect hornoly-tic acyl radical [19637:‘]
reaction | Freytag reaction allylic [1933] aromatic radical polar | """ BR
[1851] reaction [1905] bromin- HBr submltuuon [1852] effect
[1883] ation Br Br = 195
"o o % reaction 0, [1934/1537] i - (19871 M
=0 I
+€ [1919] - H OSSR o8]
& j L, S EY" T
' —l" — — ,p.,_ Me Ledwith
RN @ H ™ .orBul" "magic blue”
[1969]
Breslow
remote
radical relay o
[1970]
Minisci
Fieacuon RCO-H
() )
Kochi
cross-
coupling [M]
CoL R (19705 1v1os sz-_ RioR?
oMd.g R Acho,u /I\ = R Wiy o R rS"Bua gar -
v
i 1 1Rt OEt Barton
. OJ\N ZA~ph Br R'R' oy RH—= R* o McCombie ,j
9 Sawamoto/ [Ti]O dZard: Keck reaction BU.S S0 _R!
1 — - egen- ecl usSn
N [Re(CH2)alsSNH | \atyiaszewski: 0 R? " ergale Hill allylation: oot ¥ \r ﬁ’z‘
R™ 'R stereo- atom o xanthate PET radicals SMe R
Studer: | selective | Curran: transfer Nugent- R | transfer of via
nitroxide radical fluorous radical RajanBabu radical Polyoxo- Hart fragm-
chemistry | reactions | R;SnH | polymerization reaction formation |metalates |cyclization | entation Kagan:

@ [2000]  |[1980-90s] | [1996] [1995] [1988] [1988] [1986] [1982] | [1982] [185';7;'% O[Sm]
Radical |Roberts: Walton/ Mukaiyama Okada: |Chatgilialoglu | Curran: Barton Ueno- = $
azidation | chiral Studer hydration NHPI reagent |Hirsutene |decarbo | Stork | . R™ R
[2000] polarity cyclohex- [1989] decarb- [1987] synthesis -xylation |cyclization reaction
Pe) reversal andiene " 1 [Col R! oxylation . [1985] [1983] | reaction [1982]

o |catalyst fragmen R RPhSAHHD A2 via  (MegSi);Sie res2] | 115%el o~ JEWG
[1998] -tation | i<l PET OEt 7
[1995] ° [1988]
N Phe Re TR OHT R Beckwith
3 OAc E hv CKWI —~

AcO o <:>< OPhth o (bpy), les 1 (F

AcO s* H —_— e | 1978]
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Modes of activation

NOoOR~WNE

Iminium/enamine formation
(Iminium) photocatalysis
NHC catalysis

Thiol catalyst

H-bonding catalyst
Lewis/Brgnsted acid catalyst
lon pairing
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Early example: Iminium/Enamine

a-Allylation of aldehyde (MacMiIIan, 2007)

g\: >—‘Bu

o RZ

A

JJ\/ 1 + (20 mol%
R P -
H )\/3""'e3 CAN (2 eq.) :
NaHCOj, 24 h \/
DME, -20°C R2
70-88% yield
87-95% ee

-H,0 % +2e° %
—— N ——
g =2 O =
H
R

3

LUMO activation HOMO activation

R

SOMO activation

- Formation of iminium radical through SET

activation with oxidant

- Pioneer work involving radical formation in

enantioselective catalysis

j >_tBu

Me;Si /YI"'H

celll

CeIV
!VIe
O N

Ph\)\: Y=Bu

4
" o
I
/ R
O N H
>—‘Bu
N H,0
H
Ph
Me
/
O N
>—‘Bu
N
Ph%
R1
ceIV

Celll

steric-directed control

Me

>—'Bu

(o}

Me3S|/\(,"'H ~__ Phr{ ;\/&Meg,

B C.H.Bennett, G. Brassard, T. D. Beeson, A. Mastracchio, J.-B. Hong, K. Ashton, D. W. C MacMillan, Science 2007, 316, 582-585.
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Photocatalysis

+
b [PC] A
+o A

[PC] —— —» [PC]*
p"
[PC] b

Y. Sumida, H. Ohmiya, Chem. Soc. Rev. 2021, 50, 6320-6332.

Common photoredox catalysts

RU(bPY)3C|z [Ir{dF(CFs)ppy)z(dtbpy)lPFs Mes-Acr-Me BF, 4CzIPN Ph-PTH
Amax (NM) 454 380 429 435 <300
Aem (NM) 605 iy 470 509 peE 539 i, 43
ET (kcal/mol)  47.3 pacn 60.8 MeCN 485 7~ 56.4 peCN none peCN
E1a(PC'/PCY) —0.81 '° —089 ¢ 055 _in —1.18 ¢ 2140 "¢
Eq(PC*PC™) +0.77 +1.21 +2.12 MeCN +1.43 +0.68
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Photocatalysis

Michael Addition/Oxyamination via TiO,/N719 Dye-Sensitized Organophotocatalysis (Jang, 2012)

Ph
D—QOTMS
N

Ph (20 mol%)

H
N719/TiO, (0.04 mol%)
0 adamatanecarboxylic acid (30 mol%)
HJI\/\R TEMPO (2 eq.), CH,(CO,Et), (3 eq.)
CH,CN, rt, visible light

EtO,C CO Et
o 2 2

CH,(CO,Et), 0.6_co
EtO, 2Et N

&m \Q&

up to 80% yield @‘& N
>97:3 dr | OTEMPO
90-99% ee H HT™
| EtO,C < EtO,C <
R CO,Et CO,Et

0 |}
u %
H)J\/\R O\ R4 h H
N R TEMPO

N719/TiI0, o™ oTBA
.
u"
- Multicatalytic system: asymmetric iminium H Et0,C.__COE! Y Etozc
catalysis combined with photoinduced SOMO 02 N2 ookt
catalysis ” < 2

®m  H.S.Yoon, X. H. Ho, J. Jang, H. J. Lee, S. J. Kim, H. Y. Jang, Org. Lett. 2012, 14, 3272-3275.
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Enantioselective NHC catalysis

Oxidatively initiated NHC-catalyzed synthesis of
cyclopentanones from enals (Rovis, 2015)

/ESEN F
iPr N |
\=N F
F E o

Y

o Xp-° (10 mol%) F
/\)j\ + |
Ar H 0,N =

NaOAc (0.66 eq.) Ar‘\‘
LiCl (0.66 eq.) Ar
CF;Ph, 70°C 12h
54-79%
62-91% ee
>20:1 dr

- Formation of Breslow intermediate

- SET from Breslow intermediate to 4-nitropyridine
N-oxide to generate radical cation species

- Steric-control enantioselectivity

m  N.A. White, T. Rovis, J. Am. Chem. Soc. 2015, 137, 10112-10115.



Enantioselective NHC catalysis
Benzoin-oxy-Cope reaction (Bode, 2007) o
Me N= /
I N
N=/
cl
Me Me
(0]

R
o (10 mol%)
R/\)LH * MeOZC/vLW

> 25-93%
DBU (15 mol%) MeO,C R! 96-99% ee
DCE, 0 °C

4:1-20:1 dr
Enantioselective oxidative coupling of enals and di(hetero)arylmethanes (Chi, 2018)

=2

+7—
a 4§
N

(o)
‘Bu
Me Me N (o)
N ° K = up to 98% yield

H X ° (10 mol%) 5 Ar N a120:1dr | \ ‘Bu

/\)J\ 86-98% ee Bu
Ar H DQ (1.5 eq.)
DMAP (0.5 eq.) o
THF, 40°C
DQ Bu
EWG EWG N~
P. C. Chiang, J. Kaeobamrung, J. W. Bode, J. Am. Chem. Soc. 2007, 129, 3520-3521.

Q. Chen, T. Zhu, P. K. Majhi, C. Mou, H. Chai, J. Zhang, S. Zhuo, Y. R. Chi, Chem. Sci. 2018, 9, 8711-8715.
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Enantioselective NHC/photocatalysis

Asymmetric a-acylation of tertiary amines by dual catalysis (Rovis, 2012)

or
Br N=
r!l\ N
+\/_
BF,
Br Br
j)j\ » ' B (10 mol%) - R1_| X 51-94%
R”H T = N excess NaH \F Naar 62-92% ee
Ar then Ru(bpy)sCl, (1 mol%) H fo)
m-DNB (1.2 eq.) 0P R? JL
DCM, rt, 450 nm LED o RZ “H
N N T "\ﬂ
_ R1_| P N N /<—'0,’
- 3
Ox Ru'! A A \ 'i‘/ N
2 (A
. : . oo R ar N~
- First example of enantioselective Ox
NHC/photocatalysis X
. .y 1=
- m-DNB: act as oxidant to oxidize Ru'™ and Ru'™ RE LN o
consecutively oxidizes the amine to iminium ion v oA A
N= I
x (or radical coupling) l!l+\ N — . N\Ar
*Ar H
1] A
hv Ru HO R? 0¢\R2
AT\N

® D, A. DiRocco, T. Rovis, J. Am. Chem. Soc. 2012, 134, 8094-8097.
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Chiral Thiol Catalyst )
. . . . . OH \S Ar A
Chiral thiols in the synthesis of vinylcyclopentanes (Maruoka, 2014) A \Si'\r;
u
H Me
Ar OH 1 Ar\ AT o]
: g, | )Lo/o\n/"h
o
E' (3 mol%) E! 73-99% yield
\A RO Me > Z up to 95:5 dr 5 A
E2 (BzO), (6 mol%) rRO™ E2 71-90% ee Ar OH "\ Ar

hv, toluene, 0 °C

- Asymmetric radical C-C bond formation
- Inability of conventional chiral scaffolds to provide
an efficient chiral environment

m  T. Hashimoto, Y. Kawamata, K. Maruoka, Nat. Chem. 2014, 6, 702—705.
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H-Bonding catalyst

Chiral H-bond-mediated radical conjugate addition (Bach, 2005)

N
o (30 mol%)

X > W
hv, toluene, -60°C

- Excitation (A > 300 nm) of the benzophenone
catalyst and SET with quinolone substrate (or
remote HAT)

- Followed by enantioselective radical conjugate
addition of a-amino alkyl radical to enone moiety

m A Bauer, F. Westkdmper, S. Grimme, T. Bach, Nature 2005, 436, 1139-1140.

64% yield
70% ee

Possible transition state:

i

Me HwO )
N/ N N

\OnlnuH/N

0]
i
e N

Me

M

11
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H-Bonding catalyst

Photochemical deracemization of primary allene amides by triplet energy transfer (Bach, 2021)

(0]
Me o
R Me N s R4

R
N _
o R (2.5 mol%) c”H  20%-quant yield
> 70-93% ee
o

NH, hv, PhCF3, -10°C 0% “NH,

Intermolecular [2+2] photocycloaddition between 2-pyridines and acetylenedicarboxylates (Bach, 2014)

Me
H

N-
o

Me fo) o)
S900¢
A CO.R me N Ri0,C_ R
R . / 2™ 0 (mol%) _ N 45-88% yield
o 7 N0 59-92% ee

R410,C hv, HFX:PhCF; = 2:1, -65°C R;0,C
HFX: Hexafluoro-m-xylene

m M. Plaza, J. GroRkopf, S. Breitenlechner, C. Bannwarth, T. Bach, J. Am. Chem. Soc. 2021, 143, 11209-11217.
M. M. Maturi, T. Bach, Angew. Chem. Int. Ed. 2014, 53, 7661-7664.

12
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Lewis/Bronsted acid catalyst
Catalytic enantioselective Minisci-type addition to heteroarenes (Phipps, 2018)
0 X
co, + N R R_:/j
N- R_:k 2 1 '\'f:
o . j 3 N ipy Ac” ‘rli E ipr
- Generation of prochiral radicals from redox- N\OJ\(R \ =~ T '
: o NHAc
active esters o
- Brgnsted acid catalyst activate the substrate
and induce asymmetry (steric control) i hv
N T
R =z
AR == e
Ny R~
ipr NHAc ’/_ jfl':ll\
H* NHAc
R(ﬁ\ o) o ipy (5 mol%) AN
T > R+ 58-97% yield
kN/ H ¥ N\o)j\/w [Ir(dF(CF3)ppy),(dtbpy)IPFs (2 mol%) KN/ R 84-97'%3/ ::e
EtOAc, hv, rt, 14 h H
o NHAc NHAc

m  R.S.J. Proctor, H. J. Davis, R. J. Phipps, Science 2018, 360, 419-422.
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Lewis/Bronsted acid catalyst

SPINOL-phosphoric acid as Lewis acid catalyst in the synthesis of B-amino acids (Jiang, 2018)

Ar

n 0\ ’/O
VRN
’ o’ “oH g .
Q Ar (10 mol%) 74
1 we s COOH o R Meo— N. N
R1Jl\(/R + J\ > R1JI§/-\NHPh 55-86% yield j:
R* “NHPh DPZ (0.5 mol%) < 88-96% ee S 7
Br NaHCO, (3 eq.), hv R* R? Meo—Q N™ "CN
3 )
DME, 5A MS, -20°C to rt, 60h L DPZ

HAT-driven enantioselective Minisci Reaction of alcohols (Ermanis & Phipps, 2022)

A R ]
rIL + » R 1 55-70% yield
> i i SR 8094%
N H OH Dicumylperoxide (1.2 eq.) N -94% ee
EtOAc, 390 nm Kessil, 5°C, 24 h OH
J. Li, M. Kong, B. Qiao, R. Lee, X. Zhao, Z. Jiang, Nat. Comm. 2018, 9, 1-9.
A. C. Colgan, R.S. J. Proctor, D. C. Gibson, P. Chuentragool, A. S. K. Lahdenperd, K. Ermanis, R. J. Phipps, Angew. Chem. Int. Ed. 2022, 61, €202200266.
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lon-pairing

Enantioselective perfluoroalkylation of -
ketoesters (Melchiorre, 2015)

Generation of enolate—chiral cation complex
to form EDA complex (1-0* orbital
interaction) with perfluoroalkyl iodides
Chiral PTC provides steric to allow the
enantioselective R radical cation for
attacking the enolate

Br~

(0}

Cl:3 (20 mol%) \COZR
CO,R + I—R > &
Cs,C0;3 (2 eq.) Re

White LEDs, 64h, 25°C
PhCI:CgF g = 2:1

m t. Wozniak, J. J. Murphy, P. Melchiorre, J. Am. Chem. Soc. 2015, 137, 5678-5681.

38-70% yield
78-96% ee

o}

©:1§7C02R + Cs,CO,4

15
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1

NHCb | ﬂ
{ ) N
r - (') 81% yield
N\ Ir(ppy)3 (0.5 mol%) N 93% ee
N TEMPO (2 eq.) “Cbz
H TIPS-EBX (1.5 eq.) N H
0.05M THF, blue LEDs, rt. H
Enantioselective [2+2] photocycloaddition via iminium ions (Bach, 2021)
CCL
o\on
o’ ©OH
(o]
H
T 54-96% yield | _ _ O

g g R (10 mol%) H
> 84-98% ee
R1
2

I,
R DCM, -50°C, 4h, hv R
then 1M aq. HCI Ar R

Ar
E. C. Gentry, L. J. Rono, M. E. Hale, R. Matsuura, R. R. Knowles, J. Am. Chem. Soc. 2018, 140, 3394-3402.
F. Pecho, Y. Sempere, J. Gramiiller, F. M. Hérmann, R. M. Gschwind, T. Bach, J. Am. Chem. Soc. 2021, 143, 9350-9354.

lon-pairing
Synthesis of Pyrroloindolines via non-covalent stabilization of indole radical cations(Knowles, 2018)

o

LI

16
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/ — \
rN J\‘/N N—Ar
+
1
N R N)‘Rz R \

R ’“\% I R? ~—~OH
H)\- \

Me R

Iminium/enamine Photocatalysis NHC catalysis Thiol catalyst

9

NS
\H un (
\n\\‘ P\ R
% oo
00 N3
: Ar R

OH

H-bonding catalyst Lewis acid catalysis lon pairing



(-)-Maoecrystal Z (+)-Pleuromutlin (-)-Aplyviolene

- Rapid generation of complexity in total synthesis
- Enantioselective radical reactions can open a new route to various applications,
including drugs and natural products

M. Yan, J. C. Lo, J. T. Edwards, P. S. Baran, J. Am. Chem. Soc. 2016, 138, 12692-12714.
F.-Y. Wang, L. Jiao, F.-Y. Wang, L. Jiao, Angew. Chem. Int. Ed. 2021, 60, 12732-12736.

(-)-Arborisidine

18
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Question 1

In 2019, Studer’s group reported an asymmetric synthesis of heterocyclic y-amino-acid and
diamine derivatives by three-component radical cascade reactions. The general reaction is shown
in the following scheme:

N i, (10 mol%) N cox
R _ * ACHN'Y  * Br” >cox > R
N~ "H [Ir(dF(CF3)ppy),(dtbpy)]PFg (2 mol%) KN/

K;PO,, toluene/H,0 = 125:1, hv, rt, 15 h =
NHAc

Identify the mode of activation, and provide the full catalytic cycle of this reaction.

m D.Zheng, A. Studer, Angew. Chem. Int. Ed. 2019, 58, 15803-15807.
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- /‘-\“}‘\‘\
B~ CO,Me ~ AcHN

Question 1 (Ans) Pk

photoredox \

cycle
CO,Me Y /
R 4 hv
-
N

HO

p
Y
00

a.

@\/j\/\/COQME

N
H NHAC

m D.Zheng, A. Studer, Angew. Chem. Int. Ed. 2019, 58, 15803-15807

COgMe AcHN™ ™>""CO,Me
B
COsMe
\
N
H
: U
chiral phosphoric acid
calalysis
.\ CO:Me
+e
N N
H H “Ac
0._/,0
P D

20
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Question2

In 2019, Ye’s group reported visible-light-driven NHC catalyzed y- and ¢-alkylation with alkyl
radicals with chiral NHC precursors as the pre-catalyst. The general reaction is shown in the
following scheme:

fo) 3 R4 0
Me0.CO S R3 R? (20 mol%) RA .
2 H + X > E H
R' R? E X Ru(bpy)s(PFe); (2 mol%) R' R?
CsOAc, MeOH
hv, DCM, rt

(a) Identify the mode of activation, and provide the full catalytic cycle of this reaction.

(b) (Open question) From the paper, they used the same RY/R? and R3/R* group. When they
used different R/R? and R3/R* group and generate chiral carbons, low enantioselectivity (12-
29% ee) was observed. What could be the reason?

L L. Dai, Z. H. Xia, Y. Y. Gao, Z. H. Gao, S. Ye, Angew. Chem. Int. Ed. 2019, 58, 18124-18130.

21
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MeOH ‘ O

Question2 (Ans) RNOM
R' R?
R \
3
1 2
PC ROR _
! =\N base N:-'\
/ et - “ N-.-‘
AT YT Ar’&l\/

¥

(b) Possible explanation: R'R? selectivity to from olefin in 1l is low, or the distance of the conjugated
Breslow intermediate is too long, which the enantiopure NHC cannot control the enantioselectivity
efficiently

NHC preNHC
PC Photoredox | N l_-|C
Catalytic Cycle SET Catalytic Cycle o
’
R NH
R? 'OCO,Me
. B 1
PC O™ Ar R O A R' R? = alkenyl
* R S N+ Mr@
v TN 2 N
R-X R- R' R? N—7 R N,,,j'
2 M
I

L L. Dai, Z. H. Xia, Y. Y. Gao, Z. H. Gao, S. Ye, Angew. Chem. Int. Ed. 2019, 58, 18124-18130.
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