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EPFL Enantioselectivity Prediction in Asymmetric Catalysis :

“Since achieving 95% ee only involves energy differences of about 2 kcal/mol, which is no more than
the barrier encountered in a simple rotation of ethane, it is unlikely that [...] one can predict what kind
of ligand structures will be effective”. - W. Knowles

cca. 2.9 kcal/mol
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Y =5 H@ Motivation behind non-empirical tools:
HO H o H - quantitative guidelines
_ - better pattern recognition
cein % AAG* in - faster broader applicability
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Transition-state based Data-driven optimization:
60 0.81 optimization: _ LFER
90 1.72 - OM - MLR
99 2.73 - Q2MM “PLR .
: - machine learning
99 1.80 iat-78°C ~ - .

= M. S. Sigman, Nature Chem. 4, 366—374 (2012); Brethomé, A., 2019, A Physical-Organic Approach to Asymmetric Catalysis: Design and Synthesis of
Chiral Ligands using Multivariate Modelling, PhD thesis, University of Oxford, Oxford.




EPFL LFERSs in Asymmetric Catalysis

Catalyst / substrate properties:

- steric parameters
- electronic parameters

( J

Corresponding reaction outcome:

- ee
- yield, regioselectivity ...

AG* = —RT In(kre)

M. S. Sigman, Nature Chem. 4, 366—-374 (2012); Brethomé, A.,
2019, A Physical-Organic Approach to Asymmetric Catalysis:
Design and Synthesis of Chiral Ligands using Multivariate
Modelling, PhD thesis, University of Oxford, Oxford.

.

Ts

v

—

ee =

ee =

Prediction of
new catalysts

Mechanistic
elucidation

IR -S|
R+S

— AAGH
1 — e RT

— AAGH
e RT +1



EPFL

LFERs: Hammett, Taft, Charton, ...
L. P. Hammett R.W. Taft, Jr.
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L. P. Hammett, J. Am. Chem. Soc. 59, 96-103 (1937); M. Charton, J. Am. Chem. Soc. 91, 615-618 (1969), M. S. Sigman, Nature Chem. 4, 366—-374 (2012).
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EPFL LFERs in Asymmetric Catalysis
10 mol% CrCl3
o 10 mo'l% ligand OH
1 equiv. Mn-Salen B TN\F + h)L 2 equiv. TMSCI -
pyridine, Ts,O Ts P H 10 mol% TEA Ph
Ph~ pyridine N-oxide> N R iPr o 2 equiv. Mn
R DCM, 0 °C or? oL i
TN _
: O R,S,R) = (S
- O ( )=(S)
s
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Charton value (v) —» Charton value () —»

M. S. Sigman, Angew. Chem. 120, 783-786 (2008); J. J. Miller, J. Org. Chem. 74, 7633-7643 (2009).



EPFL Breaks in Linearity

Y O
10 mol% CrCl3 U
o .
o 10 mol% ligand H OH &7,/\” : X: Me, tBu, CEts
. N N . -
_ )j\ 2 equiv. TMSCI )k/\ ) 0 Y: H, Me, Et, iPr, tBu
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M. S. Sigman, Proc. Natl. Acad. Sci. U.S.A. 108, 2179-2183 (2011); M. S. Sigman, Science. 333, 1875-1878 (2011).



EPFL Application in Ligand Optimization

0]
E !
10 mol% CrCl : M (i b | N ”J " S: Me, tBu, CEty
ligans : N N~/ E:H, OMe, CF
o 11 mol% ligand oH {W/\HJ 0 S 3
4 equiv. TMSCI Z N N o
Br/\\\ + Ph)j\ q - th X‘O
20 mol% TEA

o)
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M. S. Sigman, Science. 333, 1875-1878 (2011); A. Milo, Acc. Chem. Res. 49, 1292-1301 (2016).



=PFL Just a Descriptor Problem? ;
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A. Milo, Acc. Chem. Res. 49, 1292-1301 (2016); M. S. Sigman, Nature Chem. 4, 366—374 (2012).




EPFL Other Computationally-Derived Descriptors

Sterimol
O,
o Y
R O 2.5 mol% peptide cat. R O
2 equiv. Ac,0 _
O CHCl5, -35°C, 20h O
4 \

OH OH Vi1 +another 5 stretches - HOMO and LUMO energies
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o =
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M. S. Sigman, Nature. 507, 210-214 (2014).



EPFL MLR in Ligand Optimization: Example 1

10 mol% CucCl
11 mol% ligand
15 mol% AgNTf,
2 equiv. Cp,ZrHCI o

@)
N \ 5 equiv. TMSCI -
tBuOMe, 0°Ctort,15h Bh

Ay OO D

35% ee

MLR to elucidate QSSR and
60% ee  64%ee  86% ee further inform ligand design

O Nyw 5O

-6% ee 15% ee .
22% ee 7% ee 4% ee

® S.P. Fletcher, Chem. Sci. 9, 2628-2632 (2018).
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Model Construction

12

Ve

1. Select a ligand type
2. Explore the ligand space

3. Identify a lead

Ve

5. Generate descriptors
- build 3D structures
- generate conformers
- optimize conformers (QM)
- calculate descriptors

0.6,

R Bl,

Bs

» =thickness

4. Synthesise testing set:
5xn+5
size > 4 x descriptors

3

8. In silico predictions

9. 2" ligand set

<

S. P. Fletcher, Chem. Sci. 9, 2628-2632 (2018).

e

6. Model contruction
7. Model validation

©OTraining ligands @ Testing ligands

7
Cal. AAG* = 1.27Eyomo - 1.61B4 + 1.13B; - 0.57L + 3.46
RMSD = 0.30 kJ/mol
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Model Construction

. : ® Tecting Li .
AAGE = 1.27 EHOMO - 1.61 B, +1.13B, — 0.57 L . OFirst Generation Testing Ligands O Second Generation
+3.46 Cal. AAGY = 0.74E;iomo"" + 0.59Eiomo"2- 1.10B4R1+0.65B,R" +0.51B,R2 +4.17

TMS < =X > - RMSD = 0.71 kJ/mol Ls0s

Cuzf L29b OO‘ L30R
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= E oSP-N O ORCy
) 5 OO )_ L22b L24R@;6 L2%a
(S,S)-TS1 = L28 L24S
g Lzzbb (b o L27a
< 4 L23a O.
= L27b
E 3 8 L22a ‘
A set of new non-symmetrical ligands was added: g L28s
g o
R L31a 2 _
Oe Ary & R2 = 0.83
JAT L3t 9?Looey = 0.66
Osp-n "o © RZ%,. = 0.78
0 ® ex
SO A 0o —=2

0 1 2 3 4 5 6 7
Calculated AAG* (kJ/mol)

® S.P. Fletcher, Chem. Sci. 9, 2628-2632 (2018).



EPFL

MLR in Ligand Optimization: Example 2 :
10 mol% CuCl
11 mol% ligand
15 mol% AgNTf,
2 equiv. Cp,ZrHCI SN 204
_ /%)?\ 5 equiv. TMSCI : 9 Model |
ANNN\F > A e
" ph DCM/Et,0 = 1r;4, 0°C ph/\)J\ AAG?* ~ logP

overnight R7ain = 89%, RMSE = 0.66 kJ/mol

R’;w =87%, RMSE=1.93 kJ/rr:ZI

154 RéLoocy = 78%, RMSE = 0.96 kuimol

ANOVA g = 0.004
©
: s
G2, Q} o0, @ i
CC OO 9 10 o
‘_< 8 Huge 95%
77% ee © confidence
L4, 60% ee 73% ee B interval
D FCC o
®
® External
24%ee L6, 92% ee I!é o ® Prediction

0+ \m ® Training

® S. P. Fletcher, ACS Catal. 9, 7179-7187 (2019).

T T T T

4 8 12 16
Measured AAG (kJ/mol)
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Model Breaks - New Model? s
15+ synthes;ze L1 6 -"'H . i :]
154 synthesize L17 % Yo } fa
synthesize L18
104 ? _z—/ \_/ \ L ocked % Model II Narower [L14 S
OCKe: confidence
104124 conformation AAG* ~ EHOMO 4 pipole interval
R?14in = 84%, RMSE = 0.91 kJ/mol 2 \
54 N Gauche | ‘,‘/\" RZrest = 86%, RMSE = 0.93 kJ/mol Py
5] 81 QA conformation LA 754 :Jm:;i"/: :’;‘:050; 1.16 kifmol I!B\ ®
1J l\, /I 3 ANOVAp;g0i6 = 0.002 L1 S é
0+ £ 4
4 S o
. : ;
y 1. Generate conformers 5! 1
0 5 10 15 = 5.0
2. Geometry optimization g
OO @ 3. Compute Sterimol parameters 8
. o
Ospy 4. Weigh parameters o
0" R 254
OO - ﬂ ® External
R = }—< Ni e kT ® Prediction
—_— = E ® Training
60% ee N T _ 1
Y.e kT r y ’ '
] 2 4 6 8
‘_O ‘_C Measured AAG (kJ/mol)
73% ee 91% ee

® S. P. Fletcher, ACS Catal. 9, 7179-7187 (2019).



cprs : -
=PFL Gains and Shortcomings
.
10 mol% CucCl >34 ligands evaluated before MLR
1151;";%*332?2 18tligand set = 21 ligands
o 2 equiv. Cp,ZrHCI Q final ligand included in this 15t set
5 equiv. TMSCI 2"d ligand set = 40 ligands
RN + é DOMELO =14
R, R, prior knowledge about TS
J
90-84% ee

10 mol% CuCl

11 mol% ligand
15 mol% AgNTf, Ry OO
o 2 equiv. Cp,ZrHCI k o 0.p i
5 equiv. TMSCI H o
+ N > ;
RZ/\)LR3 DCM/EL,O = 1:4, 0°C RZ/\)LR3 OO <‘ \

overnight

20
)

76-95% ee

® S. P. Fletcher, Chem. Sci. 9, 2628-2632 (2018); S. P. Fletcher, ACS Catal. 9, 7179-7187 (2019).

16 ligands evaluated before MLR
9 ligands included in Model |

22 ligands predicted with Model |
24 ligands predicted with Model Il

difficult substituents to model
more focused synthetic efforts
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MLC for Predicting Scope Expansion "

o)
PR A 0
o~
f N N. R
S PN
~ o) HN
~Ac

MeO,C X
I ~
N

HN{
Ac

90% ee
with Me: 92% ee

COOMe

39% ee
with Me: 87% ee

NC

61% ee

1 mol% Ir-PC
5 mol% (R)-TRIP or (R)-TCYP -

1,4-dioxane, 14 h, blue LEDs

R. J. Phipps, Science. 360, 419-422 (2018)
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R. J. Phipps, J. Am. Chem. Soc. 141, 19178-19185 (2019).
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Model Development

31 parameters

36 parameters

R. J. Phipps, J. Am. Chem. Soc. 141, 19178-19185 (2019).

Predicted AAG (kcal/mol)

14
o
1

—
4]
1

0.0

1 LOO =0.82

AAG?#= 0.73 - 0.30/PO, + 0.18NBO, + 0.17NBOp e
+0.26NBO,, . - 0.21L g + 0.30B1,,,

| y=0.88x + 0.09

R?=0.88

4-fold = 0.80

® Training Set
»x  Validation Set

= I = 1 N 1 - 1 1
0.0 0.5 1.0 15 2.0 2.5
Measured AAG? (kcal/mol)
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Extrapolation to New Substrates

X o) 1 mol%Ir- PC \
XS 5 mol% (R)-TRIP )-TCYP
i R + N“OJ\/\Ph mol% (R)- or ( k b
N 1,4-dioxane, 14 or 48 h
)
HN\AC blue LEDs

Ac

“Ac

N
i i S ) D b
kN/ Ph )\ “ Boc. )I\ < | < I\II Z I ,j\/\
: N" Y Ph N® 'N° X~ "Ph N X Ph N7 Y TPh N N"Ph
HN. SR HN., HN. :

SAc
88% ee 94% ee 55% ee 91% ee

predicted 89% ee predicted 95% ee predicted 97% ee predicted 87% ee NR NR

AAGE =0.73 — 0.30 /PO, + 0.18 NBO, + 0.17 NBOy,; + 0.26 NBO,.; — 0.21 Ly, + 0.30 Bl

R. J. Phipps, J. Am. Chem. Soc. 141, 19178-19185 (2019).
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Upscaling: Data-Mining for Reaction Prediction “

367 reactions from 17 references:

( N\
-PG PG\ n 9
] N R-OH _P___ RO-P-OR
Ar”>H  Et0,0C RO™H OR '\\N
2
AN Ar—SH o
s
.Ac PG Ar -PG
HN )Nl\ HCN ,\'IHLH N>—R
2
Ar)% Ar” R, ) H
\§ _J N O,OH
360 iminium structures U PN
RO,C cor 7}
_

Ar
L
OO O'P\OH

Ar

18 different Ar groups

54 different Nu

12 different solvents
- topological indices

- HOMO, LUMO

- AlogP ...

M. S. Sigman, Nature. 571, 343-348 (2019).

Predicted AAG? (kcal/mol)

1 y=0.88x + 0.05 X Y
R?=0.88 0y 0% '
1L00 =0.87 'k
k-fold = 0.87 & ,:" 8
I predR2 =0.87 %2

Py ;@.
* ¢ e Training Set
x  Validation Set
T T T = T ~ T * T * T L
-3 -2 1 0 1 2 3

Measured AAG? (kcal/mol)

AAGH =0.42 + 0.29 sol — 0.9 NBO, — 0.75 NBO, 0.33 L
+0.63 HXCNu + 0.2



= 21
EPFL E and Z Model Development
L5 AAG?=1.73 +0.40CI + 0.17PEOES5 + 0.20B5,5 + 0.11L, AAG?= -1.47 - 0.15NBOy, + 0.32NBO; + 0.50L
"~ | -0.25LUMO + 0.45L,, - 0.45iPO,, + 0.10sin(AREA) - 0.79B5,, - 0.33B1,,
3.0 4 |
~ | y=0.80x +0.35 . y=0.83x - 0.24
© 2 = V.9 p2_- [a)
S ,5 R?=0.80 : 2 [R=0.83 3
= |LoO=0.76 .. £ LOO =0.80 >
€ ,0] kfold =0.74 x * § -1.01 k-fold = 0.79 X e ® X
x 20 ™ < | 5 .
% o % s oreaR? = 0.80 :
< i - —
315 3 F 2
® ° o
S 1.0 S 20+
5 5
o o
aos5{ * a 2.5
& R
oo "%, ® Jraining Set : . e Training Set
) ® X Validation Set -3.01

: — —
00 05 10 15 20 25 30 35
Measured AAG* (kcal/mol)

M. S. Sigman, Nature. 571, 343-348 (2019).

X Validation Set

) ~ T 2 T i T % T T
30 25 20 -15 10 05 00
Measured AAG? (kcal/mol)
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Out-of-Sample Reaction Predictions

o E Ar
1
1 1 L ; L, 0
)NI\ Ph , HN” o~ _O0Lmol%PA _ Ph” “NH NCOMe o Pon
toluene, rt, 5 h ! OO
Ar H Ph Ar Ph : Ar
1
1
15 out of 15 {  Ar=9-anthryl
within 5% ee
Arl E Ar
wn woo O,
N S R— ' -
/ 10 mol% PA ! N
R + O OH
\ ©:N>_Ar3 DCM, 40 C, 48 h \ | ‘O
1
\ H Ar2 E Ar
Arz _ ' -
Arg = 4-NO,Ph . Ar=35-(CF3)Ph
’ ? 13outof 15

within 2% ee

M. S. Sigman, Nature. 571, 343-348 (2019).
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Conclusions and Outlook =

Statistical modelling for ligand optimization still requires a fairly large ligand library before MLR
analysis

Better initial exploration of chemical space often needed to avoid problems later on
Combination of statistical modelling with transitions state analysis to further inform catalyst

design

A change in perspective: “negative” results just as valuable as “positive”

v
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PFL Question 1: &

a) What experiment type could establish whether chiral PA is already involved in the
oxidation step?

b) Is this also the enantiodetermining step?

10 mol% cat.
©© 2.2 equiv. oxidant Catalyst | KIE | Yoee
y N 2.4 equiv. Na,PO, .~ « N (S)-cat 3.42 81
N toluene, rt, 24 h N R)-cat 1.08 -81
¢ ¢ R4 (R)-ca .

R; = CgH47, R, = Adamantyl

M. S. Sigman, Science. 347, 737-743 (2015).



=PrL Question 2:

a) Why are highly collinear parameters a problem in MLR?
How can you still efficiently model highly collinear data?

b) Why can the inclusion of cross-parameter terms be important (a + b + ab)?

26
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Engineered hemoproteins for asymmetric
cyclopropanation

Elija Grinhagena .,
Frontiers in Chemical Synthesis I
Stereoselective Synthesis

16.5.2022.



=L Enzymes: nature s catalysts

Enzymes: catalysts of biochemical reactions in living organisms

* speed up reactions
* not consumed

* required in very low concentrations
substrates

active site (<10 AAs)
co-factor

binding
enzyme

product
100 to > 2000 AAs long

= P, K. Robinson Essays Biochem. 2015, 59, 1-41.

Specificity to:

one type of substrates
group specificity
absolute specificity



=L Enzymes: nature's catalysts

Efficiency described by turnover number (TON) or (TTN)

number of substrate molecules that can be converted to
product by a single enzyme molecule per unit time
(usually per minute or per second)

Example:

carbonic anhydrase _
CO, + H,0 » HCO;

TON =600 000

= P. K. Robinson Essays Biochem. 2015, 59, 1-41.



=rL  Expanding enzyme catalysis

‘\03\ Synt/?@

Qature égf(\ %
Can provided with:

_ synthesis of fine

array of : :
evolution enzyr¥1atic non-native chemicals, » Efficiency
reactions conditions pharmaceuticals, » Chemo- and steroselectivity
etc. * Sustainability

= K. Chen and F. H. Arnold Nat. Catal. 2020, 3, 203-213.



=rL  Expanding enzyme catalysis

new
substrates

temperature

environment

enzyme
engineering

Promiscuous activity

New applications

= Current Opinion in Green and Sustainable Chemistry 2017, 7, 23-30.

Applications of
nature's chemistry

New-to-nature
reactions



=L Enzyme evolution: synthesis
ona DL

gene
error prone

DNA strand DNA polymerase
(template) AlciciAlAlAbciclclAlGlT (PCR) *

Transcription

random mutation

MRNA
codon
Translation

random protein library



=PFL - Enzyme evolution: synthesis
ona DD DDC

gene

DNA strand DNA polymerase I
(template) (PCR) I

I site-selective mutagenesis

MRNA
codon
Translation

‘ selective protein library



=PFL - Enzyme evolution

Point mutations

R ,
1o ]
(|
1 [
I T | /
Random mutagenesis

®T1® O

80 Directed evolution

Transformation

Selection screening

= |mage: G. Daletos, G. Stephanopoulos Metab. Eng. Commun. 2020, 11, e00129.



EPFL Enzymes for new chemistry

Broadly available
Evolvable

Variable parts
Known mechanism

Cytochromes P450

P450BM3

: ? P450MB3 0 (OH) (OH)
(Bacﬂlus_ HOJ\/\/\/\/\/\/\ W HO
megaterium) 0, (OH)

(485 AAS)

= Y. Yang and F. H. Arnold Acc. Chem. Res. 2021, 54, 1209-1225



=PFL - PA50BM3 enzyme

R47 >
F42 M185
L181
f, T260
Y51 f f
Mm3s54 |, F87 =
W96
C400

Fe (IV) oxo

10



= P. S. Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013, 339, 307-310.
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TRPV1 inhibitor

Cyclopropanes: widely used

H o
NS
(+)-cotonatine

phytotoxin

N
CO,Me r o
I 0 ﬂo |
N
e ~
INI \ﬂ/ grazoprevir
hepatitis C treatment

synthetic peptides

12
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=L First enzymatic olefin cyclopropanation

cat.

(0.2 mol%)
CO,Et Na,S,0

A 2 29204

Ph” X f (1omm) R) A,(S) s/ \(R (R)M %(s}
N, 0.1 M KPi Ph"' ’CO,Et Ph CO,Et Ph"' CO,Et Ph "/CO,Et

(pH = 8.0)

30 mM 10 mM 5% MeOH
2h, r.t.

Ar 15% yield
i TTN: 73
Hemin AL_A dr 6:94
65% yield
P4505,5 TTN: 323
-T268A dr 1:99
eetrans -96%

P450g3 1% vyield
TTN: 5
dr 37:63
ee s -27%

m P S Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013, 339, 307-310.



=PFL - Clis selectivity

CO,Et
Ph X f
N,
30 mM 10 mM

14

(0.2 mol%)
Na23204
(10 mm) > @A (S) (S)L\R (R)A A(S}
0.1 M KPi Ph' ““CO,Et Ph CO,Et Ph"' CO,Et Ph "’co,Et
(pH = 8.0)
5% MeOH
2h, rt. 59% vyield
Ar TTN: 293
BM3—CIS—T4388 dr 928
(14 mutations ee... -97%

from P450gy3)

m P S Coelho, E. M. Brustad, A. Kannan, F. H. Arnold, Science 2013, 339, 307-310.

€€Crans -66%



=PFL - Tuning the reactivity

= N/ \N N/ \N

Cys Ser

P450g,,-CIS  P411g,,,-CIS

Challenges: oxygenation and use of native reducing agent

CO,Et whole cells expressing
PR f enzyme catalyst A
N > Ph CO,Et
2 NAD(P)H
A

Ph

- P. S. Coelho, Z. J. Wang, M. E. Ener, S. A. Baril, A. Kannan, F. H. Arnold, E. M.

whole cell
catalysis

efficiency
and
scalability

450 - M Cyclopropanes

400 - |

TTN

Styrene oxide

Brustad, Nat. Chem. Biol. 2013, 9, 485-487.

15



=L Cyclopropanation in vivo

)

Ph

30 mM

whole cells

expressing 0% wri
CO,Et P411BM3-CIS 72% yield
(10 uM) »/\ TTN: 67 800
f H - RLN\ S _
N anaerobic Ph' “/C0,Et dr 90:10
ee s 99%
170 mM

Scalable to make gram quantities: (ee.s 99%) (27 g/L), 78% yield, 48 800 TTN)

- P. S. Coelho, Z. J. Wang, M. E. Ener, S. A. Baril, A. Kannan, F. H. Arnold, E. M. Brustad, Nat. Chem. Biol. 2013, 9, 485-487.
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EPFL

\/N

_ N/ e~

N

Cys

CO,Et

whole cells expressing
T268A-axX mutants

Ph X

!

N,

= Z.J.Wang, H. Renata, N. E. Peck, C. C. Farwell, P. S. Coelho, F. H. Arnold, Angew. Chem. 2014, 126, 6928-6931.

DG

Further tuning the reactivity

naturally occurring

Y
0 S _CH3
( J/ Ala
Ser NH
et
Tyr
His
80
——T268A-axH - -&-- T268A-axS - T268A-axM
T268A-2XA = ==« T268A-8XY =i T268A |
60 |
= !
2 1
A > 40 I X
Ph CO,Et S _ 71
20 “ X
= T )
A nep—mr ]
0 zé {_27-__-_.—_,‘...i ........... % f 2
0 10 20 30 40
Time (min)



=PFL - Electron-deficient olefins "

'
N _N
@>
N\7 electron-deficient olefins
\ NH
His
o) EDA (10 mM) o o
Ph cat. (1.5 uM) Ph, . I Ph_ |
“)LNEtz > A\”\NEt2 — > A J\NEtz
y ., NH,CI
levomilnacipran
T268A-axH 81% yield, 6:94 dr, 42% ee
T268A-axH >90% yield, 2:98 dr, 92% ee

-L437W-V78M-L181  (anaerobic and aerobic)

= Z.J.Wang, H. Renata, N. E. Peck, C. C. Farwell, P. S. Coelho, F. H. Arnold, Angew. Chem. 2014, 126, 6928-6931.



=PFL - Heteroatom-Substitutes Cyclopropanes

\/N
o OP
(0]
By
N ¥ o

X=0, N, S H
b2
o 7’«0 (

grazoprevir
hepatitis C treatment



=PFL - Heteroatom-Substitutes Cyclopropanes

X
N
SN

1T A
NY  “CO,Et
L437F L1811
T438Q L75Y (o]

27% ee

(V) . R
OEt 2% yield, 88:12 dr

-17% ee

L437F L181R o
1263G V87L NAWCOZEt
o

O. F. Brandenberg, C. K. Prier, K. Chen, A. M. Knight, Z. Wu, F. H. Arnold, ACS Catal. 2018, 8, 2629-2634.




21

m
v
1

L Heteroatom-Substitutes Cyclopropanes

Product Catalyst Yield dr ee TTN
o 74
é\\‘AWCOZEt e 59 97:3 (4 with 2000
P411-VAC,,)
JAN P411-VAC.. )
PhO™  CO,Et Va7T cls 66 72:28 87 2200
P411-VAC.. )
PhOA"’cozEt Va7 cls 74 2:98 94 2800
JAN P411-VAC_. )
Phs®  CO,Et A328N cls 43 84:16 90 1400
P411-VAC_. )
s 60 P 58 13:87 84 1700

= O. F. Brandenberg, C. K. Prier, K. Chen, A. M. Knight, Z. Wu, F. H. Arnold, ACS Catal. 2018, 8, 2629-2634.



=PFL - Unactivated alkeneso

NN+ ")LOEt

N,

E. coli expressing aq., rt, 16 h
heme proteins v

nHex ,CO,Et nHex,  CO,Et nHex wCO,Et nHex,, "

A
N

CO,Et

all enantiomers (>96% ee)

P411-UA V87C

P411-UA V87F 0

\)lz,,' WCO,Et
ApePgb AGW ~ v
97% ee
RmaNOD Q52V j\/

= A, M. Knight, S. B. J. Kan, R. D. Lewis, O. F. Brandenberg, K. Chen, F. H. Arnold, ACS Cent. Sci. 2018, 4, 372-377.
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=L Internal alkenes using Ir

Ir(Me)MPIX

= H. M. Key, P. Dydio, Z. Liu, J. Y. E. Rha, A. Nazarenko, V. Seyedkazemi, D. S. Clark, J. F. Hartwig, ACS Cent. Sci. 2017, 3, 302-308.

A152
L69
T213 )’k
T R
=
— . J/\/
— 7
C317 1318
F310
C317G

CYP119

23



=L Internal alkenes using Ir

EDA solution (3 equiv) CO.Et
0.1-0.2% cat. 2
(Ir(Me)-CYP119 C317G)

or ’
100 mM NaPi, 100 mM NaCl
pH=6.0
additional additional
CO,Et V254A 54% (36:1 dr, 99% ee, 286 TON) CO,Et V254L, T213G, 31% (30:1 dr, 90% ee, 310 TON)

A152V
L69F, T213V  45% (171:1 dr, -88% ee, 270 TON)

(both enantomers)

= H. M. Key, P. Dydio, Z. Liu, J. Y. E. Rha, A. Nazarenko, V. Seyedkazemi, D. S. Clark, J. F. Hartwig, ACS Cent. Sci. 2017, 3, 302-308.



=L Internal alkenes using Ir

et

Ir(Me)MPIX N, R CO,Et

= Z. Liu,J. Huang, Y. Gu, D. S. Clark, A. Mukhopadhyay, J. D. Keasling, J. F. Hartwig, J. Am. Chem. Soc. 2022, 144, 883-890.



=L Synthesis of drug intermediates )

B.subtilis TrHb
F (Y25L, T45A, Q49A) F 79%
EDA o >99% dr
o 98% ee
F | addition over 3h F wCOzEt °
(commercial)
: F
—_—
o . COH ————>
F 5 steps F o

K. E. Hernandez, H. Renata, R. D. Lewis, S. B. J. Kan, C. Zhang, J. Forte, D. Rozzell, J. A. Mcintosh, F. H. Arnold, ACS Catal. 2016, 6, 7810-7813.
P. Bajaj, G. Sreenilayam, V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2016, 55, 16110-16114.



=L Synthesis of drug intermediates "

1.5 mol%
Ru((+)iPr-PyBox)
EDA (2 equiv)
toluene, 80°C

81%
40% de “,
65% ee X 3 X 5 F
P . CO,Et 7 L /—NH SO0,Me
F,C7 N FsC~ "N Fs€C~ N o) NH

TRPV1 inhibitor

P. Bajaj, G. Sreenilayam, V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2016, 55, 16110-16114.
D. M. Carminati, J. Decaens, S. Couve-Bonnaire, P. Jubault, R. Fasan, Angew. Chemie 2021, 133, 7148-7152.



ePFL - Synthesis of drug intermediates )

1.5 mol%
Ru((+)iPr-PyBox)
EDA (2 equiv)
toluene, 80°C

81%

40% de //," ///,'
65% ee N | X ] F
—> A —_— a
I 2 o, I ~ COzEt | P /7—NH ISOzMe
F,;C N 75% FsC N FaC N 0y
99.9% de
99.9% ee
whole cells o
TRPV1 inhibit
Mb (H64V, V68A) inhibitor
EDA (1 equiv)
KPi, RT
CF; F1C.,
X X ,,(S)
I > I pZ CO,Et —> analog of TRPV1 inhibitor
FsC N7 Mb (H64V, V68A) F,C~ °N
EDA, Na23204 36%
KPi, RT 99% de

98% ee

P. Bajaj, G. Sreenilayam, V. Tyagi, R. Fasan, Angew. Chem. Int. Ed. 2016, 55, 16110-16114.
D. M. Carminati, J. Decaens, S. Couve-Bonnaire, P. Jubault, R. Fasan, Angew. Chemie 2021, 133, 7148-7152.



=Pl Advantages and disadvantages of ”
enzyme catalysis

Environmentally friendly

Highly selective Very limited scope

Highly evolvable More difficult to obtain the other enantiomer

Catalysts not commercially available

Unfamiliar technics and knowledge



=PrL

T268A
C400H

P450
Hstar

Ph \\u\
N

"“1c0,Et

NEt,

Evolution of P450BM3

PR YCO,Et

o P450g5-CIS
evolutionary trajectory
P4504,,3-CIS
T438S
P411gy5-CIS PhACOzEt
PhthN"  /CO,Et
P411-VAC,,
P411-VAC,;, P411-VAC,;,
Vv87C V87F
Hex\'  CO,Et Hex'"  YCO,Et

®= Y. Yang, F. H. Arnold, Acc. Chem. Res. 2021, 54, 1209-1225.
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=PrL

Thank you for your attention!



=PFL - Question 1: suggest other reactivity )

1) Suggest other products




=PFL - Question 2: mechanism

1) Suggest mechanism and the role of the reducing agent

34
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Introduction

cPrL
CARBON CYCLE

Human activity alone generates ~33 billion metric tons of CO, per year

CO; Cycle
LRARY
b K
Sunlight — P
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- Plant
Decay

Respiration Root Respiration
i Animal
Organisms
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Introduction “PEL

0=C=0 |
- Anideal C1 source - @ - TR
- High abundance f
Ar=COOH
- Low cost
. o COOH
- Nontoxicity
- Renewability R
R=—X
co,
: : 2 HCI
: : —= ’
wCOOH COOH ~ N
Me M
\o S e
— COOH
Ibuprofen Naproxen (R)-Tiagabine Artemisinin
1.Nature communications 11, no. 1 (2020): 1-10, 4

2.Current Opinion in Green and Sustainable Chemistry 32 (2021): 100525



Introduction

C-C bond formation

(@ &

<
O - [CATJ*

o

I

0=C=0 0o
ot o
R” COOH

. Ph, Me H j—oH R <——OH
Me A Me = R’
R COOH

C-0O bond formation

ArO

1. Chinese Journal of Organic Chemistry 40, no. 8 (2020): 2208-2220,
2. ACS catalysis 7, no. 10 (2017): 7231-7244

C_
(@)
o (o)
J o
NHR (o)

m
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* [ntroduction

« C-C bond formation
 C-O bond formation
 Conclusion and outlook
* Questions
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Enantioselective deprotonation

m
v
"N
r

H

)\ [CAT]* [cAT]"  co, /CCOH
\''H — > \''H
R Base R/\IH R
Enantioselective
deprotonation
Hogeveen (1986) Ph  Ph
Ph :
? NN
,II_| O
' CO,, -196 °C
—> 0
G
OMe
60 - 90% yield, 67% ee
Gawley (2010)
s-Buli 1. [CAT], -45 °C
TMEDA —s '
—_— B —~ ‘v,

N Etzo -78 OC N "’Li N LI 2 COz, -78 OC N /COOH

| éoc é 78% (96% ee) Boc

Boc oc

N
[CAT] .
“Ni.pr

1. Tetrahedron letters 27, no. 24 (1986): 2767-2770.

N 7
Me” i
2.J. Am. Chem. Soc. 2010, 132, 35, 12216-12217



Enantioselective deprotonation

H . CATJ*
>_ [CAT] o [CAT]
R H* \''H
R
Prochiral
substates
Mori, 2004

1/ Ni(acac), (10 mol%)
)y Y Ligand, CO, (1atm)

R»>Zn (4.5 THF
2Zn (4.5 eq), -

TsN

TsN TsN

88% (96% ee)

ACS catalysis 7, no. 10 (2017): 7231-7244
J. Am. Chem. Soc. 2004, 126, 5956

N ad
\/\/\ 2/ CH,N,

G

81% (95% ee)

TsN

Co,
—>

COOH

.,,IH

R

I I OMe
99

(S)-MeO-MOP

Quant (94% ee)

m



Carboxylation of unsaturated substrates by Mori

1.
2. .

COOZnR

TsN

Am. Chem. Soc. 2002, 124, 10008
Am. Chem. Soc. 2004, 126, 5956

TsN

TsN

TsN

57% (94% ee)

COOMe

13% (94% ee)

m
"N




Hydro - carboxylation of unsaturated substrates by Mikami

CO,R

ih;s;. (1100mol‘lzj) HOZC," CO5R Ph, O O>

ngt2 (ﬁ .(2 eg:ﬁv)O) o Me Z\ Rh"/ ] ©
CO, (101 kPa), DMF, 0 °C // _\Ehz O)

FsG MeQ Sbl:Igh cat. °

(S)-Segphos
HO,C, COoMe HO,C, C0,Bn
Me ‘ Me
59% (60% ee) 41% (50% ee) 64% (60% ee) 37% (60% ee)
Rh'X
EtoZn

Si-face
R CO-H H*
S T B e e,
Ar” * CH3 Ar” * CH3 Rh-Et — @C o

0
Et,Zn disfavored
- /"_‘\P
R. CO,Rh

Ve | o™
’ ] D =
Ar” " CHj, Rh-H .

CO,R

co, Pe Ar/&

A CH
1. Angew. Chem., Int. Ed. 2017, 56, 6783. ' 3 10



Carboxylation of cyclopropene by Marek

RMgBr
Cu(MeCN)4PFg (5 mol%)
(R,S)-Josiphos (7.5 mol%)

MgBr5 (50 mol%)

Ph  Me

Et,O (0.05 mol/L), 0 °C
then CO,

Ph. Me

Hex CO,H

Et

75% (96% ee)
> 08:2:0:0 dr

67% (90% ee)

m
"N

Ph Me Arzp’?,P(CHex)z

Fe
/ Me
CO,H <

Ar = Ph; (R,S)-JOSIPHOS*EtOH

Ph. Me

CO,H = CO,H

70% (88% ee)

> 98:2:0:0 dr > 08:2:0:0 dr
Ph Me Ph, Me
y —_— “
*
R MgBr R [CuL]”

1. Angew. Chem.,, Int. Ed. 2017, 56, 6783.
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Carboxylation of unsaturated substrates by Yu

Bu
0 OMe
Cu(OAC), (5 mol%) { O
DRBM-SEGPHOS (6 19
(6 mol%) cH,on  © Bu /,
CO, (101 kPa), Cs,CO3 (1 equiv.) o By
(EtO)3SiH (8 equiv.)
N > <O
Cyclohexane, 60 °C OMe )
Then NH4F workup R)-DTBM- Segphos
CH,OH
CH0H CH,OH

. /K/©/'\ NaClO,, TEMPO, NaCIO,
MeCN/phosphate
92% (82% ee) 96% (98% ee) 74% (99% ee) wr\pH o7.357¢
COOH

With
Me
N N
Me
CH,OH (S)-(+)-Ibuprofen
\\CHZOH s Me CH,OH 90 % (98:2 er)
| MezNAQ_\_/MG
OMe —
81% (86% ee) 91% (88% ee) 88% (84% ee)

12
1.J. Am. Chem. Soc. 2017, 139, 17011.



Carboxylation of unsaturated substrates by Yu

1.
2.

L*CuX
R3SiH
CH,OH CH-,0SIiR
2 NH,F /'\2 3
-
Ar Me Ar Me L*CuH
R3SiH
CH,OCuL*

PN

Ar Me
\\ COOCuL’/X)Z
/kMe

R5SiH Ar

R

L*CuH
SN
Co,
R=H

J. Am. Chem. Soc. 2017, 139, 17011.
J. Am. Chem. Soc. 2019, 141, 18825

*

CulL*

A

Ar Me

OxP,
LCUJ/J-)\"/‘/‘é

Me

r
R

1

m

13



Carboxylation of unsaturated substrates by Yu

Cu(OACc), (5 mol%)
Me , (S,S)-Ph-BPE (6 mol%)
R CO, (101 kPa) R2

PR X )\/\ Me(MeO),SiH (8 equiv. Z,
R A A ( S 6 e )> /*</\

’
\ R
2) Cyclohexane, 60 °C

Then NH4F workup

Me
74% (96% ee) 74% (97.5% ee) Me
90% (-94% ee) E/Z > 98/2 E/Z > 98/2

Me
77% (89% ee) 63% (87.5% ee) Me
E/Z =91/9 E/Z = 86/15

1. J. Am. Chem. Soc. 2019, 141, 18825

CH,OH

Me

67% (91% ee)
E/Z > 98/2

61% (76% ee)
E/Z=91/9

Ph

Bty

m
g

"N

Ph

“,

" Ph

Ph
(S,S)-Ph-BPE

14



Hydroxymethylation of 1,1-disubstituted allenes by Ding

Me

88% (90% ee)

1. Chem.-Eur.J. 2019, 25, 13874

Cu(OACc);, (3 mol%)
Ligand (3 mol%)
CO, (101 kPa)
Me(MeQO),SiH (8 equiv.)
: o

TFE (1.5 equiv.)
trans-decaline, -20 °C

OH
Me

d
¢,
II/

F3C
85% (84% ee) 81% (90% ee)

@L(N Me;
AF2P F'e

Ph\l/gb} Ph
IVIe2N PAI’2

Mandyphos ligand

m

OH
Me

d
’
III

93% (66% ee)

15



Enantioselective electrochemical carboxylation

Lu and co-workers, 2009

o
) DS

Wang, Lu and co-workers, 2014

Cl Co'-(R,R)(salen)

CO, (101 kPa)

TEAI (10 equiv.), DMF
undivided cell (GC-Mg), 50 °C
27% (83% ee)

Stainless steel/Mg
Cinchonidine (5 mol %)
CO, (101 KPa)
n-BuOH (50 mol%)

>

TBAI (2 equiv.)
CH3CN, 0 °C

25% (30% ee)

O ---H
\
+N—
/ \ e, CO2
H+

N
cinchonidine

OH

Y

Mei and co-worker, 2018

OAc

Pd(OAc),

(R)-MeO-BIPHMe (8.0 mol%])

EtOH (1.0 equiv.)

foalivn

CO, (1 atm), Et;NOTs (0.07M

8 mA, 30 °C, DMF
undivided cell, Pt-Mg

Al 2, €
—N\CO/N— PPh,
PPh
'Bu o o 'Bu OO 2 <
By Bu
59% Yield

1. Electroanal. Chem. 2009, 630, 35. 2. Electrochim. Acta 2014, 116, 475. 3. Electrochem. Commun. 2014, 42, 55 . 4. Org. Chem. Front.

2018, 5, 2244.

56% ee

55% Yield
61% ee

m
v
"N
r

CO,H

> ©/K/
)

66% Yield
67% ee

16
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Cobalt-catalysed asymmetric CO, fixation

C-0O bond formation

@ ® [CAT]* @)\ ® catr Q @
NN

Oo=C=0 (0] (o)

1987, Takeichi and co-workers

0
Br [Co] (0.42 mol%) )k HQ,H

K,CO5 (0.5 equiv.) o) 0

—N_ N=
A _ ®
CO, (101 kPa) A Lo
OH _ $ o o
dioxane, 25 °C Me

46%, 38% ee

1. Chem. Lett. 1987, 1137.
2. Chem. Sci. 2012, 3, 2094-2102

M
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Asymmetric CO, elimination-fixation of propargylic carbonates =

Pd,(dba);.CHCI; (5 mol%)
HO, OCO,Me (S)-BINAP (20 mol%)

R%T/
CO, (101 KPa)

R

ArOH (1.1 equiv), MS
Dioxane, 50 °C

OMe OMe
68% (93% ee) 81% (23% ee) 75% (71% ee)

Pd,(dba)3.CHCI3 (5 mol%)
HO OCO,Me dppa (20 mol%)

PMP (1.1 equiv), MS
Dioxane, 50 °C

Under argon : 85%
CO, atmosphere: 96%
Bubbling Ar: 21%

1.J. Am. Chem. Soc. 2003, 125, 4874

PdL MeO
ArOH

®
PdL

)Ok

o” o
>
H
PMP
19



Asymmetric CO, fixation with propargyl alcohols by Yamada

OH )k
AgOAc (3 - 12 mol%) o o
— NN Ligand (1 - 5 mol%)
/ R> \ 1 - / —
Ry R CO, (1.0 MPa) R, L S—g,
MS, Toluene, -20 °C 2
I )(L I
o)ko

o)ko o~ Yo
j—R J—‘R — Me
e T N

98% (93% ee) 94% (90% ee)

E 0 —N N=
; _
AgL*
Chiral Schiff base

Ligand

1.J. Am. Chem. Soc. 2010, 132, 4072.

m
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Ir-catalyzed asymmetric allylation

R1/\/\CI +

74% (84% ee) 50% (93% ee)

1.

Chem.-Eur. J. 2014, 20, 7216.
2.

Chem. Commun. 2014, 50, 4455

R?-NH,

i Cro
[Ir(COD)CI], (4 mol%) )]\ ) O- > N
Ligand (8 mol%), DABCO Q NHR o P—N

r H
CO, (101 kPa) RTNF OO Ph/\
Toluene, 15°C

O Me i
A
: H

41% (38% ee) 35% (68% ee)

0
® |r_/'- )J\
: 0 NHR?
N S) ’ =
1/\/ X z
R /O R1/\/
)J\e
R2-N 0
H
DMSO, K;PO,
co,
R2-NH,

21



Organocatalysis of asymmetric CO, fixation by Johnston

J\/\ StilbPBAM.HNTF, (5 mol%) o)]\
R OH

NIS (1.1 equiv.)

> I\):\/l
CO, (101 kPa) :
O

MS, Toluene, -20 °C

th;

95% (91% ee) 71% (67% ee)

63% (69% ee)

Ph Ph

Z

H. / : _H
N N
_ /
CN é\ /EN N? \i N@
Bifunctional catalyst

NIS ® H"N\
NIS
CAT* HNTf, ! . ® /\O/
R oH - 2 CAT*HNTf, | N
R Cd

@) O
1. J. Am. Chem. Soc. 2015, 137, 7302

22
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Cu/Ag cocatalyzed tandem asymmetric carboxylation CPEL

0
Cu(OTf), (10 mol%) A J\ N
AgOBz (20 mol%) ™~N" “o

R'-CHO + RZ—== + Ar—NH, > O =2 0]
Ligand (12 mol%), DPG \ N
R’ R2

CO, (1.0 MPa) /
DCE, 25 °C Ph T:’h

O 0
AL C;a

97% (94% ee) 84% (94% ee) 82% (96% ee)

X
Ph)_&CSHﬂ )_& )_LO

44% (91% ee) 97% (94% ee) 90% (94% ee)
o)
R'-CHO + R2Z—= Ar— )k
[Cu] Ar—NH [Ag] N0
D e ey
+ Ar—NH, K o 2

1. Chem. Commun. 2019, 55, 14303. 23



Conclusions

C—-C bond
-

formation

CO,H

R, ,COzH

M

v

"
r

1
O O
\ Sy
R 0
R S
ArO o)]\o
Rf R SR

C-0 bond

0O=C=0
v formation ji

@)

©/<Me
COoM
H 2/e O o \ R
X fL
L ~~_R L
¥ H (=) NHR
>\/
R
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1. Chinese Journal of Organic Chemistry 40, no. 8 (2020): 2208-2220,

2. ACS catalysis 7, no. 10 (2017): 7231-7244



Merging photoredox and asymmetric catalysis for carboxylation

I )J\
Me Photoredox-catalysis o) O ---H
\ e, C02
> | +N— —
Chiral organocatalyst Me / \ H
X
[ML*]
R Photoredox- cataIyS|s [ML* C02 H*
X : halide or Hydrogen

j Photoredoxcatalysi RHN_\_\ IML*] R“HN [ML*] Nu
002

Cco,

1
HN o)
\Egzo
R2

ﬁ Q

Cat*
Nu

m
"N
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Perspectives — application for tether chemistry

P
Ry

R'-CHO + R2Z—=

Ligand

+ Ar—NH,

[Cu]
[Ad]

Ligand
CO,

)Ok
) O
Ph

m
"N

A

0]
O

98% (93% ee)

J. Am. Chem. Soc. 2010, 132, 4072.

i
AF\N 0

R1>—<\—R2

0]

Ph\N)]\

Ph

O

\

97% (94% ee)

Chem. Commun. 2019, 55, 14303.

1
R'~xH

*---X
/

% *
R2 T’*

OH

R3
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Outline

* [ntroduction

 C-C bond formation
 C-O bond formation
 Conclusion and outlook
 Questions

m
"N
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Question 1 : Suggest the product and propose mechanism

‘O [Rh cod),]BF4 (5 mol%)

oPh, MeO,C S)-Hg-BINAP (5 mol%)
oPh Co2 (101 kPa), (CHyCl)y, r.t.

.O 2 65% (20% ee)

[Rh'”] Me
MeOZC "
. Y [Rh™]

X, — < {
MeO,C — Me MeOZC NN MeO,C

Ph
[Rh”'] Me
M602C

m

=
"N

28



Question 2: Propose mechanism for the formation of by-products EPFL

0
Pd,(dba)s.CHCl3 (5 mol%) )k

HO OCO,Me (S)-BINAP (20 mol%) o O
— > *
CO, (101 KPa), MS H
Dioxane, 50 °C
PMPO

PMP

HO 0CO,Me o
QT/ :4/ / PMPO OPMP
OPMP \(O>O )\WD
l [PdL] A B O

C
oH PMP (o opwp O- OPMP O‘) OPMP
_>
Zn
7= N
:®

® © N~ @ A

MeO z :®

PdL PdL BdL PdL
A B C

29






=PrL

Asymmetric induction based on chiral photocatalyst

Weijin Wang
Advisor: Prof. Xile Hu
May 16, 2022



=PFL Photocatalysis

Electron Transfer

PC“(S”/S c
RQ N
—*pc(T1)_ OQ
RQ Reductive 0oqQ
_Quenching | [~hVuis
PC Cycle Oxidative
Quenching pc*
Cycle
e Y e

PC(So)

PC photocatalyst

Q quencher (e.g. substrate),
RQ reductive quencher

OQ oxidative quencher

Energy Transfer

*PC(S4) =

*PC(T1) —

this hbdddna

Ry VS
%)
@)

Energy

Transfer
AV, YV, V.V, V.

PC(Sq) —

ISC intersystem crossing

B

S, singlet ground state
T1 first triplet excited state
S, first singlet excited state

*Q(S4)

*Q(T4)

Q(So)



=PFL Related content: merging photoredox and transition metal

COOEt

__________________________

ligand (10 mol%)
o NiBr,ediglyme (10 mol%) O
©/ﬁ\, '\©\ 4CZIPN (3 mol%)
+
MgCl, (25 mol%) OH
COOEt NEt; (5 equiv.) O
THF, 24 h, blue LED
INi°]
\ /

70%,91%ee M ET . ,
SET
PC_ x

N}~ E‘aN EtsN [N.n]

« Achiral PC

SAr

» Inherent catalytic cycle of [Ni], [Co], [Cu]

o [EtaN HX] SET
A _OH
OH ™ |HAA * Redox process
Ar
[N|III] R

For a review: Twilton, J., Le, C., Zhang, P. et al. Nat. Rev. Chem. 2017, 1, 0052.
= lau, S. H.; Borden, M. A,; Steiman, T. J.; Parasram, M.; Wang, L. S.; Doyle, A. G. J. Am. Chem. Soc. 2021, 143, 15873-15881.



£PFL Challenges with the design of chiral photocatalyst

+sub
m
* Short-lived complex
* *
PC [PC SUb] Dissociation of complex faster than bond formation
=
*
SlIb « Competitive direct photoexcitation
prd =
light sub =——— sub* —— prd
PC

prd

= |noue, Y. Chem. Rev. 1992, 92, 741-770.



Part 1:

Exciplex

+sub
m
PC* [PC---sub]*

exciplex

light

PC prd

The Design Principles of Chiral Photocatalyst



=PrL
=T
Hammond : cyclopropane isomerization

é Sens (12 mol%) é

“Ph hv (A > 250 nm) Ph™  Ph

i PhH, 74 h, 25 °C
racemic 7% ee

Ph

_____________________

Kagan . sulfoxide deracemization

O O
I v
S

/©/S\(Me Sens (20 mol%) /©/ YMe
M hv (A > 280 nm M
Me © v ) Me ©

Et,O, 50 h, 25 °C
12% ee

Y

racemic

_____________________

= Hammond, G. S.; Cole, R. S. J. Am. Chem. Soc. 1965, 87, 3256—-3257; Balavoine, G.; Jugé, S.; Kagan, H. B. Tetrahedron Lett. 1973, 14,
4159-4162.



=PFL Inoue : isomerization of achiral (Z)-cyclooctene

Sens* (2.5 mol%) | |

by

=~ +

hv (A > 250 nm) | |
pentane

(S)-cyclooctene (R)-cyclooctene

4% ee, conv. <10 %

Prof. Yoshihisa Inoue
Department of Applied Chemistry
Osaka University

= |noue, Y.; Kunitomi, Y.; Takamuku, S.; Sakurai, H. J. Chem. Soc., Chem. Commun. 1978, 1024— 1025.

CO,R
R = L-menthyl

__________________



=PFL Inoue : isomerization of achiral (Z)-cyclooctene

© Sens* (2.5 mol%) | |
= = +
hv (. > 250 nm) | |
pentane

(S)-cyclooctene (R)-cyclooctene
185 nm 0.96
others > 250 nm 0.05 > 72 kcal/mol
methyl benzoate > 250 nm 0.25 78.7 kcal/mol

« atwisted singlet state of cyclooctene as an intermediate (what else could be done?)
*  how to define R/S here?

= |noue, Y.; Takamuku, S.; Kunitomi, Y.; Sakurai, H. J. Chem. Soc., Perkin Trans. 2 1980, 1672— 1678.



=PFL [Inoue

. isomerization of achiral (Z)-cyclooctene

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene
189[1*1’((43 1Sen*‘qu 1Sen*quR
AV (S)-—'Sen* (2)---*sen* (R)--1Sen*

1 TeeeSen* ;%& (R)-1T++Sen*

T-twisted exciplex
\—Sen* j -Sen*

/\/\

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene

= |noue, Y.; Takamuku, S.; Kunitomi, Y.; Sakurai, H. J. Chem. Soc., Perkin Trans. 2 1980, 1672— 1678.



=PFL Inoue : isomerization of achiral (Z)-cyclooctene

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene
189[1*1’((43 1Sen*‘qu 1Sen*quR
AV (S)-—'Sen* (2)---*sen* (R)--1Sen*

1 TeeeSen* ;%& (R)-1T++Sen*

T-twisted exciplex
\—Sen* j -Sen* Ql

* enantiodetermining step?

/\ /\ *  sensitizer quenching (ks vs k)

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene
= |noue, Y.; Takamuku, S.; Kunitomi, Y.; Sakurai, H. J. Chem. Soc., Perkin Trans. 2 1980, 1672— 1678. 10

rotational relaxation (ks vs k)



EPFL Inoue : isomerization of achiral (Z)-cyclooctene ~ -oooooooo..

L

pentane

O Sens* (2.5 mol%) | |
hv (L > 250 nm) | |

O//,I
R = Me><
Me

O

.,IIO

(R)-cyclooctene

Me conv.<10% '« _______ S>> ________.

O Me

25 oC
-40 °C
-78 °C

-100 °C

= Inoue, Y.; Ikeda, H.; Kaneda, M.; Sumimura, T.;

-5% ee -5% ee
-22% ee 22% ee
-40% ee 50% ee

- 73% ee

Everitt, S. R. L.; Wada, T. J. Am. Chem. Soc. 2000, 122, 406— 407

11



=PFL Inoue : isomerization of achiral cyclooctdiene

paracyclophane

| (CHa)io~_ !
Sens* (20 mol%) |
) hv ( > 250 nm) 7 | |
3:1 isopentane/methylcyclohexane i MeO,C ;
1h,-140°C \ I
conv. <1%, 87% ee ! Sens :
(R)-cyclooctdiene ~ ‘-----------ooo-o--- ’
Exciplex .
208 nm  225°C
U fﬁ”‘-\‘\,‘,‘m\._‘“_\ 400
>
£100 £
= ==
) 2
= £
200
0 - : 0 B e
300 400 500 300 400 500
Wavelength/nm Wavelength/nm

® Maeda, R.; Wada, T.; Mori, T.; Kono, S.; Kanomata, N.; Inoue, Y. J. Am. Chem. Soc. 2011, 133, 10379- 10381.

12



=EPFL Summary about exciplex

+sub
m
PC* [PC---sub]*

exciplex

light
PC

transient excited-state interaction
reactivity vs selectivity
limited scope : cycloaddition/isomerization

lack of a structure type for optimization

13



Part 2:

Pre-association

PC

N

[PC---sub]*
light
=Hh PC-sub

[PC---product]*

sub

prd

The Design Principles of Chiral Photocatalyst



=PFL Bach . [2+2] cycloaddition promoted by hydrogen bonding

WO
PC (1.2 equiv)
AN -
hv (A > 300 nm)
N O PhCHj, -15 °C

88% vyield, 88% ee

_____________________________

Prof. Thorsten Bach
Technical University Munich

* high yield and high ee!
1.2 equiv. “PC” required

=z7"0

_____________________________

oxazaborolidine

For a recent review: GroR3kopf, J.; Kratz, T.; Rigotti, T.; Bach, Chem. Rev. 2022, 122, 1626-1653.
= Bach, T.; Bergmann, H.; Harms, K. Angew. Chem. Int. Ed. 2000, 39, 2302 — 2304. 15



=PFL Bach : radical cyclization promoted by hydrogen bonding

PC (30 mol%)

AN hv (h > 300 nm)
PhCHj,, -60 °C

N~ ~O

H
NH
! o]
| I (D
X \N”
| o}
\ PC

Pyrrolidine

Kemp's triacid
derivative Benzophenone
(binder) (electron-accepting

photosensitizer)

= Bauer, A.; Westkamper, F.; Grimme, S.; Bach, T.

e limitations: UV light, H-atom abstraction

Nature 2005, 436, 1139—- 1140

16



=PFL Bach . deracemization of chiral allenes promoted by hydrogen bonding

thioxanthon

_____________________________

PC (2.5 mol%)

> -/\t-BU E
hv (\ = 420 nm) (f | NH s
CH4CN, 4 h, 25 °C N X0 | \N

H o)
y 89% yield, 96% ee o] pc.
_N | -Prd-
363 pm O----- H d=510pr »—;~3‘ ent-Prd-PC
£
Q 2-
o
[
- B4 L Jx 3 15
. -J i S\
*‘;S/z—‘—;;:?_ ’ ,?\\ /{ ( (& 0 T T | T |
e WL Ay o e A SN 0 0.05 0.1 0.15 0.2 0.25
"TI_»—', Yl X ,q '~f"r‘~»—*~ -
LA ¢ (mol IY)

* solves both limitations
Holzl-Hobmeier, A.; Bauer, A.; Silva, A. V.; Huber, S. M.; Bannwarth, C.; Bach, T. Nature 2018, 564, 240— 243

17



=PFL Bach . deracemization of chiral allenes promoted by hydrogen bonding

PC (2.5 mol%)

hv (A = 420 nm)

H

N/H
SR el d=510pr
=3 )
[ A
N \ x
'Y
S X (’ /

> (fo/\t-BU
CH3CN, 4 h,25°C N

89% vyield, 96% ee \

_____________________________

_____________________________

D} D%
kdexter 0.8 T 6
DA

solves both limitations

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

e e e e e e e e e e e



=PFL Bach : [2+2] cycloaddition promoted by Lewis acid catalysis

=
PC (50 mol%)
X -
hv (L = 366 nm)
” O CH,Cl,, 30 °C
LA
(0] (0]

|
f’U\J LA I/H
T o
k\ - L -

n,m*

N

Wavelength

N

H
82% yield, 62% ee
w/o PC, 28% yield

_____________________

Me Me
Ar
@
/N \B/O
BriAl
S CF,4

Guo, H.; Herdtweck, E.; Bach, T. Angew. Chem., Int. Ed. 2010, 49, 7782— 7785.

19



_____________________

84% yield, 88% ee

Ar = 3,5-dimethylphenyl

=PFL Bach : [2+2] cycloaddition promoted by Lewis acid catalysis . Me Me
0 |

fﬁ PC (50 mol%) E Ar :

- | ® |

N | _ hv (. = 366 nm) .. Nig-© |

o , Br i

O)\)/ CH,Cl,, -70 °C E 3@ oF, E

absorption

230 250 270 290 310 330 350 370 390
wavelength [nm]

—— sub —— sub-EtAICI, —— sub-BCl,

= Brimioulle, R.; Bach, T. Science 2013, 342, 840 843. * limitations: high loading of LA + uv light

20



=PFL Meggers : chiral iridium/rhodium Lewis acid photocatalyst

: Me
catalysis ,
Chiral centre

------- » < Catalytic centre
Photoredox centre

1+ PR, ®
l Photoredox S D2 8

I
l Asymmetric
P

catalysis _ Me
. X tBu

A-Ir1 (X =0), A-Ir2(X=YS) Prof. Eric Leif Meggers
Philipps-Universitat Marburg

For a review on chiral-at-metal iridium complex: Acc. Chem. Res. 2017, 50, 320- 330.
= Huo, H.; Shen, X.; Wang, C.; Zhang, L.; Rése, P.; Chen, L. A.; Harms, K.; Marsch, M.; Hilt, G.; Meggers, E. Nature 2014, 515, 100- 103. 21



=PFL Meggers : chiral iridium/rhodium Lewis acid photocatalyst | : — e

0 0 'R =

| N
| _~Me
N\v/U\/Ph PC (2 mol%) AN Ph : ‘ WE°
<\/N +  Br” CEWG , &N ! ol -
\Me EWG =

Na,HPO,4 (1.1 equiv.)
MeOH/THF, 40 °C
blue LED

up to 99% yield, up to 99% ee
[ ]

x%\
/
/
&

[| ]
N\\HI\/ . E >_<1 Asymmetric
catalysis
EWG -
EWG
PS+
prd [|I’] ‘\/
N 7 SEL 5 ~ewa
O / Photoredox r
sub [ catalysis
PS PS*
IV WG
Visible light

= Huo, H.; Shen, X.; Wang, C.; Zhang, L.; Rdse, P.; Chen, L. A.; Harms, K.; Marsch, M.; Hilt, G.; Meggers, E. Nature 2014, 515, 100- 103.

[ ———

ewG -—o pc. !
—-H* \ Br-
[Ir] -
) \ A

22



EPFL Meggers : chiral iridium/rhodium Lewis acid photocatalyst : — e,

0]

(0] : N
: _~Me
N\v/U\/Ph PC (2 mol%) N Ph : ", ‘ \\Ngc
<\/N + Br/\EWG <\/N | e Ir”'l“‘ =
\Me EWG =

‘Me Na,HPO,4 (1.1 equiv.) E R \N\
MeOH/THF, 40 °C ! =C<
blue LED . : N Me
up to 99% yield, up to 99% ee I =
1 X Y
Photosensitizer: PC or enolate? Gt Bu
Stern—Volmer plots l PC
10+
e Enolate Il
o Catalyst A/A-Ir2
81 cyclic voltammetry

PC >-0.71V

1 / enolate -1.74 V
2 -

0 1 2 3 4 5
bromide (mMM)

= Huo, H.; Shen, X.; Wang, C.; Zhang, L.; Rdse, P.; Chen, L. A.; Harms, K.; Marsch, M.; Hilt, G.; Meggers, E. Nature 2014, 515, 100- 103.

N e e e e e e e e e e e e — =

[ ———



=PFL Melchiorre : a-alkylation of aldehyde via EDA complex

o} NO, PC (20 mol%) o} NO,
2,6-lutidine (1 equiv)
H + Br H
MTBE, 25 °C
Me NO 23W CFL Me NO,

87% vyield, 92% ee

3.0
98 ] [= sub+bromide+cat [ Br { 5 i
—~ bromide 0 @N
3 2.0+ | — sub+cat 'y
(0]
% 1.5 enamine
£
2 1.0 i |
<
0.5 Coloured EDA complex
0.0 - T T T
365 465 565 665

Q2: how to tell the difference between exciplex and EDA complex?
= Arceo, E.; Jurberg, I. D.; Alvarez-Fernandez, A.; Melchiorre, P. Nat. Chem. 2013, 5, 750— 756

H
T™MsO A

N Ar
Ar = 3,5-(CF3)y-CeHs |

Prof. Dr. Paolo Melchiorre
Institute of Chemical Research of
Catalonia (ICIQ)

24
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=PFL Melchiorre : a-alkylation of aldehyde via EDA complex o { i EWG
H
I
R

=35 -
PC LG
------------------------ @N

e B
Established tools for
thermal reactions N
/ "I
o NO, PC (20 mol% o} NO
2,6-lutidine (1 equiv)
H + Br H Donor /]
o MTBE, 25 °C I/
Me 2 23W CFL Me N02 L R COIOUF'GSS Thermal react]wty
87% yield, 92% ee F’hotochemlcal reactivity
Acceptor
LG
E . | AL
! N Ar X
: H : EWG
, TMSO ! Colourless
1 !

e~ transfer
| 7 —
N 1\
EwG R hv i
Coloured EDA complex Chiral radical ion pair

= Arceo, E.; Jurberg, |. D.; Alvarez-Fernandez, A.; Melchiorre, P. Nat. Chem. 2013, 5, 750— 756 25



=PrFL Melchiorre : counter-ion phase transfer catalysis

PC (20 mol%)

(0]
Cs,C0O3 (2.0 equiv.)
CeF 15— . Cef 13
PhCI/CgF 15, 25 °C “‘CO0Bu

1a+Cs,CO,

White LED 1""(:53(:03"‘ R['I 1!+C52C0;+ﬂ;-| +4b
87% vyield, 88% ee 0.4
T 0,35 = {a+Rgl  Rg=CF;CsFy; R
. _ colored EDA complex _ ;
! - 03 — 1a +DBU —= IVa CO;ME
! chiral cation Re—I @ 05
+ ! . _»p = —_— 4b
- © . 3
F X @) 0O n—=>0 £ 02
' a2 — IVa+Rg-l +4b = EDA complex
: XN 8 0,15
! =
F i OR <
: % . 01
F ! — -
_________________________________________ - 0,05
0 L
* challenges: EDA+PTC+multicomponent 320 370 420 470 520

Wavelength(nm)

For a review on CAPT catalysis: Phipps, R. J.; Hamilton, G. L.; Toste, F. D. Nat. Chem. 2012, 4, 603— 614
= Wozniak, L.; Murphy, J. J.; Melchiorre, P. J. Am. Chem. Soc. 2015, 137, 5678- 5681 26



=PFL Summary about pre-association

N

[PC---sub]* [PC---prd]*
light
sub
pc <YL pesub

prd

high yield and high ee
bonding site required

redox process possible

27



Part 3:

light
Macromolecule ¢

Catalysis - - sub
sub + | ) | sub;

chiral host
prd

The Design Principles of Chiral Photocatalyst



=PFL Inoueand Yang .

O A B-CD
" z = 365 nm

OO o CsCl (6 M)
X -20°C

\OH Ho
o) OH O
HO— 1 R OH H%CYQJLO
O-O/\‘O o)
HO S OH
(0] O\\/ 0
o) - 01 oH
—OH HO!
HO HO g
HO O‘O/L ~'OH @) OH
HO-—" 03— ~oH HO=fH 69 o
HO_ g O Ho™ OLJJOH
)y ST HOSB 5
H HO
OH -
HO'

For a review on B-cyclodextrin catalysis: Ramamurthy, V.; Sivaguru, N. Chem. Rev. 2016, 116, 9914.

sulfur-Linked -cyclodextrin dimers

Y 96% yield, 99% ee

head-to-tail

AC

ACD dimer

%%&

AC dimer

0

photoinert
reservoir

hvi
Z

¥

head-to-head

disproportionation

S

initial report of this reaction:
Tamaki, T.; Kokubu, T. J. Inclusion Phenom!.
1984, 2, 815-822.

photoreactive

hv

= Ji, J.; Wu, W.; Liang, W.; Cheng, G.; Matsushita, R.; Yan, Z.; Wei, X.; Rao, M.; Yuan, D. Q.; Fukuhara, G. et. al. J. Am. Chem. Soc. 2019, 141, 9225- 9238 29



=PFL Photoenzymatic catalysis

Substrate «
Product ’ Q g /

Catalys:s Prof. Todd Hyster
@ @ @ Cornell University

Enzyme + Substrate Enzyme-Substrate Enzyme-Product Enzyme + Product
Complex Complex
* Specific

* Green: loading of catalyst, production of
proteins, reaction in water...

* Developed engineering methods Prof. Huimin Zhao

University of Illinois at Urbana-Champaign
" For arecent review: Miller, D.C., Athavale, S.V. & Arnold, F.H. Nat. Synth. 2022, 1, 18-23. 30



=PFL Hyster . photoenzymatic debromination with KREDs

') LKADH (0.25 mol%) 0
Br NADP* (0.4 mol%) Ph,
Ph @) " 0]
KPi (ph = 6.5, 50 mM)
i-PrOH, DMSO

460 nm, 25°C, 12 h
81% yield, 96% ee

0] RasADH (1 mol%) o)

Br NADP* (1 mol%) Ph
Ph 0 > 0
GDH-105, glucose (200 mM)

Tris (ph = 7.0, 50 mM)
Glycerol, DMSO
460 nm, 25°C, 12 h

51% yield, 85% ee

*  functions of NADP* here: photocatalyst

y

Charge-transfer

excitation
Ph
oii’ NAD(P)H
Substrate Co-factor
exchange regeneration
Br NAD(P)*
Ph
(0]
Hydrogen-
atom transfer

=  Emmanuel, M. A.; Greenberg, N. R.; Oblinsky, D. G.; Hyster, T. K. Nature 2016, 540, 414— 417

7 7

Mesolytic

cleavage -Br

31



=PFL Hyster . photoenzymatic radical cyclization with EREDs

o
Me\NJ\/CI

Ph

0.1
0.08
0.06

0.04

Optical Density

0.02

"Ene"-reductase
NADP™ (1 mol%) Me -

GDH-105, glucose'
KPi (100 mM, pH = 8.0)
cyan LEDs, 35°C, 36 h

— FMN,,

FMth'f- sub

O

FMN, .+ sub + NaOBz

400 450 500 550
wavelength (nm)

600

"Ene"-reductase =

Glu T36A (0.42 mol%), 91% vyield, 88% ee

"Ene"-reductase =

Ph  OYE1 (1 mol%), 34% yield, -38% ee

Me

N
O=¢ \=— EDA
;3 Ph

Complex
o\
PN
O~ "N” °N Me
R
FMth

= Photoexcitation of an EDA complex
directly promotes electron transfer

functions of NADP*
here: cofactor
regeneration

= Biegasiewicz, K. F.; Cooper, S. J.; Gao, X.; Oblinsky, D. G.; Kim, J. H.; Garfinkle, S. E.; Joyce, L. A.; Sandoval, B. A.; Scholes, G. D.; Hyster, T. 32
K. Science 2019, 364, 1166— 1169



=PFL Zhao . photoenzymatic intermolecular radical addition

OYE1 (1 mol%) o

0 Me NADP* (5 mol%) Ph
+ >
Ph)K/Br/m /J\Ph GDH-105, glucose Ph)K/Y

Tris (50mM, pH = 7.6) Me

blue LEDs, 35°C, 36 h

88% vyield, 96% ee

— - YersER_FMN

——-YersER_FMNH- + sub

1.5 YersER_FMNH" + sub

\ N YersER_FMNH- + sub

" /..'. ‘ ;- ~ . —— YersER_FMNH- *

Absorbance

0.5 1

0 . ; _— .
350 400 450 500 550 600

Wavelength (nm)
= Huang, X.; Wang, B.; Wang, Y.; Jiang, G.; Feng, J.; Zhao, H. Nature 2020, 584, 69— 74

a natural enzyme in
this case
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PhA[( :é

Screening of 24 KREDs

KREDs (0.75 mol%, lysate)
NADP™* (15 mol%)

Me
COOMe GDH-105, glucose Y

Tris (50mM, pH = 7.6) Me

blue LEDs, 32°C, 19 h _
75% yield, 89% ee

Parent: P2-D12 Parent: P2-D12_M206F
(K1)
Sites: M206, M205, A202, L199,

B ) L195,P190,T152,1144,5143, T gyaq: M20s, A202, L199,P190,

.

SC* and
optimal variant
P2-D12_M206F/
L199A/M205F (K3)

Huang, X., Feng, J., Cui, J. et al. Nat. Catal.

S96 144
Mutated to A (or G), L (or 1), F * engineered enzyme in
this case
Four variants
5 Parents:

(ER =904 P2-D12_M206F/L199A (K2)

— ... ¢ P2D12 M206F/L199F
ng P2-D12_M206F/M205A
of conditions
Sites: 190/199/202/205
2022, 10.1038/s41929-022-00777-4 34
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Vi \ /7 \
(sub¥* ( prd
\ Vi \ Vi
light
N ST sub
sub + ! i sub!

chiral host
prd

except for enzymes, other approaches
are underdeveloped

substrate-related limitations
innate flavin/NAD(P)H acticity

lack of mechanistic understanding
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Summary

a rapid increase in the pace of chiral photocatalysts

exciplex: usually low conversion and low ee

pre-association is usually needed

Me

0= Nﬂ; EDA
;3 Ph

Complex
O\ E Me

O "N °N Me
R
FMN, .
EDA complex

enzymes

Pyrrolidine

Kemp's triacid
derivative Benzophenone

(binder) (electron-accepting
photosensitizer)

hydrogen bonding

catalysis N r,,C’Me

B \\\\\N Chiral centre
m------- » < Catalytic centre
N

Photoredox centre

1+ PF.-
Photoredox S
1,,[[

-0

Asymmetric
catalysis

T
*
>
,
aa:,d
c <
(0]

A-IF1 (X = 0), A-Ir2 (X = S)

Lewis acid
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* preassociation sets the substrate within the chiral environment

.

* rigid and well-defined interaction * ‘“general” catalyst?

<

* macromolecular cage, MOF, COF, more substrate promiscuous enzymes, DNA

catalysis?
hv (254 nm)
1Z (R)-(—)-1E (8)-(+)-1E
4, ‘. Sens* O 2 NHz
" %" O HO' \ﬁl HO [:I\JI:H HO Kf:‘t
0. (o] 0. (o] 0, [s]
W s g
u Pd’ W HO HO OH HO OH
\«s."g J Thd Urd Cyd
WP e
N SN N
, el ) &
L \P‘ Pd - '”’N’Pd Hom o W 4o o NN,
H El HO OH HO OH
Ado Guo ctDNA
Nishioka, Y.; Yamaguchi, T.; Kawano, M.; Fuijita, Wada, T.; Sugahara, N.; Kawano, M.; Inoue,

M. J. Am. Chem. Soc. 2008, 130, 8160—- 8161 Y. Chem. Lett. 2000, 29, 1174— 1175
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=PFL Inoue : isomerization of achiral (Z)-cyclooctene

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene
189[1*1’((43 1Sen*‘qu 1Sen*quR
AV (S)-—'Sen* (2)---*sen* (R)--1Sen*

1 TeeeSen* ;%& (R)-1T++Sen*

T-twisted exciplex
\—Sen* j -Sen* Ql

* enantiodetermining step?

/\ /\ *  sensitizer quenching (ks vs k)

O

(S)-cyclooctene (2)-cyclooctene (R)-cyclooctene
= |noue, Y.; Takamuku, S.; Kunitomi, Y.; Sakurai, H. J. Chem. Soc., Perkin Trans. 2 1980, 1672— 1678. 38

rotational relaxation (ks vs k)
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Thank you for your attention!

Weijin Wang
Advisor: Prof. Xile Hu
May 16, 2022

39
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=p=L Exciplex

hv
PC + sub — PC* + sub [PC----- sub]

exciplex

* held together by charge-transfer interactions in the excited state

A
— ‘D+A
HOMO ——_
D+ *A
T . —— LUMO
\ A £ /__ exciplex
N D+A
—
exciplex oA

Inoue, Y. Chem. Rev. 1992, 92, 741-770.

a1



=Pr~L Q2: how to tell the difference between exciplex and EDA complex?

By definition:
EDA complex: stable in ground state
Exciplex: stable in excited state only *

1a+Cs,C0;

la+Cs,C05+ Ryl la+Cs,C0:+Re-1 + 4b
12 (a) 3a
334 nm [ ] 8 EXC/p/eX in MCH 04
£ oM 398 nm at 25°C by © e
—— 1a+ Rg-l F = CFaCskyy
.\“’ﬂ
LI AN 63 0@
o \\\‘\\ - 03 — 1a+DBU —= IVa CO;ME
2100 o 2 o
0 i 3 i £025 —_—
g 400 500 ] b
= £ 02
a — IVa +Rgl + 4b = EDA complex
S 015
2
0,1
0,05
0
300 400 500 0°
Wavelength/nm 320 370 420 470 520

Wavelength (nm)
m Angew. Chem. Int. Ed., 2015, 54, 1485
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Stern—Volmer relationship

From Wikipedia, the free encyclopedia

The Stern—Volmer relationship, named after Otto Stern and Max Volmer,['] allows the kinetics of a photophysical intermolecular deactivation process to be explored.

Processes such as fluorescence and phosphorescence are examples of intramolecular deactivation (Quenching (flucrescence)) processes. An intermolecular deactivation is where the presence of
another chemical species can accelerate the decay rate of a chemical in its excited state. In general, this process can be represented by a simple equation:

A"+ Q—=A+Q
or

A"+ Q—+A+Q"
where A is one chemical species, Q is another (known as a quencher) and * designates an excited state.
The kinetics of this process follows the Stern—\Volmer relationship:

IO
= =1+km-[Q
Iy

Where I}) is the intensity, or rate of fluorescence, without a quencher, If is the intensity, or rate of fluorescence, with a quencher, kq is the quencher rate coefficient, 7y is the lifetime of the emissive

excited state of A without a quencher present, and [Q] is the concentration of the quencher.lz]
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AAH; ,  AAS: .

k
AAG;_; =In| =2 | =1In(er) = — +
kz RT R

25 -40 80 -110 =140

In(ks/kp)
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Asymmetric Transformations with Radicals:
Merging Amino- and Photoredoxcatalysis

Frontiers in Chemical Synthesis IlI:
Stereochemistry

Johannes Klett

08/26/2022
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 Radicals
R' @ C-C bond rotation

- .06
wrbe = w8

« Often involves problematic reagents (stannanes, AIBN, etc.)

* Reactive species

 Mild conditions

« Good functional group tolerance

Chem. Ber.1985, 118, 1058; Toxicology 1989, 55, 253; J. Organomet. Chem. 2013, 724, 129;
Chem. Rev. 2022, 122, 5842-5976.
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i 9% ofp ot

R1 | [EEE— .
2 R1 R1J\|
R? R?
Iminium Enamine

ACS Catal. 2018, 8, 5466-5484; Chem. Rev. 2022, 122, 5842-5976.
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Path A: Radical Addition to Enamine

R | —_— —_— ° —_—
W . . WY\
2 R R1J\ Radical addition R1J\‘ SR®  Oxidation R’ R3
R2 R? R2 R2
Iminium Enamine

ACS Catal. 2018, 8, 5466-5484; Chem. Rev. 2022, 122, 5842-5976.
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Path A: Radical Addition to Enamine

—_— —_— ° S g
N} . . K\
2 R! RS Radical addition R1J\“ “R®  Oxidation R " "R®
R2 R? R? R?
Iminium Enamine
Path B: SET
O—@ 7R O’O
— ¥
_——
R1J\‘ RAﬁ\“\\/R
9 a-functionalization 5
R R

Iminium radical

ACS Catal. 2018, 8, 5466-5484; Chem. Rev. 2022, 122, 5842-5976.
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« Advantages: very mild conditions, no stochiometric reductants, high
functional group tolerance

2D
PC (&)

hv
Reductant 0
—_—
E_]QM"“m " !I “‘ .
==-1.73V PC
375 nm !
o — T _1_
MLCT —
# ISC #
o —1—
Ir(Ppy)s “I(ppy)a Oxidant #
Ground state Excited state *
Eh"Z Wi |r(pp }3_
=+031V . pc-iHl

Nat Rev Chem 1, 0052 (2017) (DOI: 10.1038/s41570-017-0052)
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ol

Aminocatalysis

Photoredoxcatalysis

Weak-bond-directed
control

R

Steric-directed
control

v" No stoichiometric reductants
v Selective SET

-FG R
.R 'y
v" Covalent bound to substrate \_ '\G:j&j
v" Chiral amine catalyst: enantioinduction RZS

R D
A

Chem. Rev. 2022, 122, 5842-5976.
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( )

2+

.................

.................

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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Detailed Catalytic Cycles

.................

( )

2+

[Ru(bpy)s**1*

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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( )

2+
(0] ,Me
by
Me N)""tBu
H
Y Aminocatalysis )
(@] ,Me y,
by
Me ”),"'tBu
S~
t\\,.,,
hv
[Ru(bpy)s*T*

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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Ve

N

2+

' N
k(\FG SA\ [Ru(bpy)s* [Ru(bpy)s2*T*

FEG +Br

0

Me
NI
S O
Me™ N\~ "tBu
° Iminium cation Amine radical
pc*! FG

R

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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a-Alkylation of Aldehydes

e 2t )
20 mol% organocatalyst
0] 00 9 Y 0] @) IMe
0.5 mol% Ru(bpy)sCl, N
H)H + B FG > H)H/\FG ),,,, HOTI 2CrI
I\ 2,6-lutidine, DMF, 23 °C Me™ ~\7 ™tBu
light R H
\ Y,
O GO,k O  CO,Et
NO,
2008 H CO,E H CO,Et 0 o
OCH,CF,
12 examples H H
up to 93 % yield | Hex O Hex O
up to 99 % ee Et Eoc
86 % yield 66 % yield 84 % vyield 80 % vyield
90 % ee 91 % ee 95 % ee 92 % ee

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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o o)

o 20 mol% organocatalyst o o Me |
0.5 mol% Ru(bpy)sCl, N’
H)H + B FG > H)H/\FG ),,,, HOTI 2CrI
! 2,6-lutidine, DMF, 23 °C Me™ ~N7 iBu
light R H |
§ y,
O CO,Et O  CO,Et
NO,
2008 H CO,E H CO,Et 0 Q
OCH,CF5
12 examples H H
up to 93 % yield | Hex O Hex O
up to 99 % ee Et Eoc
86 % yield 66 % yield 84 % yield 80 % yield
90 % ee 91 % ee 95 % ee 92 % ee
Et
2015 O (0] CN (0] CN 0]
CFj4 )WNMeZ | |
18 examples HJ\l/\CN HJ\l/'\/ H H CN
up to 95 % vyield Hex Hex Bn O
up to 98 % ee 2
95 % yield 85 % yield 78 % yield
95 % ee 95 % ee 93 % ee 68 % yield
91 % ee

McMillan et al. Science 2008, 322, 77-80; McMillan et al. Angew. Chem. Int. Ed. 2015, 54, 9668-9672.
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a-Trifluoromethylation of Aldehydes

20 mol% organocatalyst

Q 0.5 mol% Ir-catalyst Q
HJ\ + CF3l > H)H/CFS
R 2,6-lutidine, DMF, -20 °C R
light
') 0]
a-triffluoromethylation — — N HJ\(CFZBr HJH/(CFZ)CF3
2009 Hex Hex
18 examples
up to 89 % yield 68 % yield 67 % yield
up to 99 % ee PFg 99 % ee 96 % ee
0]
0 Me tBu 0 H CF;
Ig HOTf - CF3
Me H 'tBu | ] COZEt
\_ _J N
Boc
86 % yield 70 % yield
97 % ee 99 % ee

McMillan et al. J. Am. Chem. Soc. 2009, 131, 10875-10877
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20 mol% organocatalyst

@) 0.5 mol% Ir(ppy)s
+ B > H A
H r Ar o r
2,6-lutidine, DMSO, rt R

R light
0 CO,Me o
a-benzylation
H H NYCI
2010 f N Hex : | \
| N02 ex Z
16 examples N/
(0] 1 .
P 10 9 Yo yield , | . 76 % yield 78 % yield
up to 97 % ee | o 93 % ee 87 % ee
I
o, Me B N \N z o) NO, o
fﬁ HOTY Y S y
Bn™ >\ ‘Me H | N
H L N02 BnO )3 Z N
N
Boc
75 % yield 75 % yield
90 % ee 90 % ee

McMillan et al. J. Am. Chem. Soc. 2010, 132, 13600-13603.
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(—
tBu
20 mol% organocatalyst o Me SH
Ox R’ 3.0 mol% Ir-catalyst 0x R N Pr Pr
20 mol % thiophenol z " )“
Z R2 > R2 [N Bu
: 1-naph H
xFmorz DMSliSHIt\IMA x oz : tBu o
14 examples
up to 91 % yield -
up to 95 % ee

McMillan et al. Nat. Chem. 2017, 9, 1073-1077.
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Q o
Z R + HJ‘I\I ( )@ @ R Enantioenriched
Me H a-alkyl aldehyde
M
Olefin Aldehyde ©
0 Me
0 Me IN’
Bn N)\E-Bu
&) 1 (4) H
% / oxidant Organocatalyst 1
Me
Fhotoredox
T (3) catalytic SET
cycle
/ o M
e jf\l
r‘eductant ﬁ/\‘t-Bu
6

I,]il

Electrophilic radical

McMillan et al. Nat. Chem. 2017, 9, 1073-1077.
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0]

Z R + HJ‘I\I ( )@ @ R Enantioenriched
Me H a-alkyl aldehyde

M
Olefin Aldehyde ©
o] rMe
o, Me IN
2 N -
)\ Bn N)\E-Bu
O *Ir (4) Bn” “N” “t-Bu H
% oxidant H Organocatalyst 1
=
Me
Fhotoredox
T (3) catalytic SET
cycle
0 /ME O /ME
@ i’ (5) j“ Iﬁ\
+
reductant Bn ﬁ/\‘t-Bu = -~ Bn N t-Bu
I
6 o M a\ Mef 7
Si-face QR
Me -~
Electrophilic radical approach Z R Mucleophilic radical

McMillan et al. Nat. Chem. 2017, 9, 1073-1077.
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o
Z R + HJ‘I\I ( )@ @ R Enantioenriched
Me H a-alkyl aldehyde
M
Olefin Aldehyde ©
o] rMe
o, Me IN 0. Me
2 N N 9
)\ Bn N)\E-Bu ﬁ)\
(j% *lr'_'; {-ﬂt Bn” “N” ““t-Bu H Bn r«f t-Bu
oxidan
% Organocatalyst 1 R \/\)
Me Me
Photoredox
. i
T (3) catalytic SET HAT
cycle

0 fME O N}ME

e N
I (5) j 2: _SH
reductant Bn ; /\\t-Bu = -~ Bn N)\E-Bu Ar 8
I
6 o M a\ Mef 7
Si-face IR
Me -~
Electrophilic radical approach Z R Mucleophilic radical

McMillan et al. Nat. Chem. 2017, 9, 1073-1077.
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Q o
Z R + HJ‘I\I ( )@ @ R Enantioenriched
Me H a-alkyl aldehyde
M
Olefin Aldehyde ©

o] Me
o, Me IN’ 0. Me
2 N N 9
Y 8 e ﬁ 10
@) el (4) Bn” "N” “t-Bu H
oxidant |
% / % Organocatalyst 1 R \/\)

Me Me
Photoredox HAT

I (3) catalytic SET HAT catalytic A .S

cycle cycle r 11
a 0 N’ME o) y Me /

I (5) j 2: _SH

reductant Bn ; /\\t-Bu = ‘ -~ Bn N)\E-Bu Ar 8
6 - \ Me f | 7
Si-face IR
Me -
Electrophilic radical approach Z R Mucleophilic radical

McMillan et al. Nat. Chem. 2017, 9, 1073-1077.
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Me ( )

A B

©/\N Me P

H N

CN 20 mol% organocatalyst Ir.
é 1.0 mol% Ir(ppy)s H | s \N/ |
H + EWG- > X = X
)H\ . DABCO, HOAC A

R H,O, DMPU, 23 °C 2
26 W fluorescent light \ Y,

0o CN 20 mol% organocatalyst

1.0 mol% Ir(ppy)s
ol »
DABCO, HOAc R™ X
R™ "X H,0, DMPU, 23 °C R'
R CN 26 W fluorescent light CN  trmmmmmmmmmsssssmmmmmmmonsseeens

S5ne” X
activation mode

(@)
m
=
7
/:_
&9

Dong et al. Tetrahedron Lett. 2014, 55, 5869-5889; McMillan et al. Science 2013, 339, 1593-1596.
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26 W fluorescent light CN
82% vyield
50% ee

4 )
74
0 CN 20 mol% organocatalyst Q
1.0 mol% Ir(ppy)s N
é* g ES)
DABCO, HOAc H,NY
\

z |
CN H,O, DMPU, 23 °C ~ _N
J

McMillan et al. Science 2013, 339, 1593-1596.
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B-Functionalization

20 mol% organocatalyst
5.0 mol% TBADT

Q 40 mol% benzoic acid
+ R2_<0 1.0 equiv. TBABF,
"R © MeCN, 35 °C

single UV LED (365 nm)

10 examples
up to 99% yield
up to 98% ee

oy

..................

69% yield

-

~

4(BusN*)
O

{via HAT and SET 97% ee g?;/o )éi:ld
(]
.
e N
®
’lll,,N “,“'[:]
®N - NH S
\\R “R
Me Me
\_ Y,

Melchiorre et al. Nature 2016, 532, 218-222.
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B-Functionalization

s ~
20 mol% organocatalyst 4
o 5.0 mol% TBADT \\ X \\
40 mol% benzoic acid 5 w4+ /O s
+ o, P 1.0 equiv. TBABF, Tl /\ i
R —< .\.n O \/ \ \ 7 /\\\/
R’ © MeCN, 35 °C DS O & S & \_Own\ 4By
123 single UV LED (365 nm) / O\\/ \/ o /| <o
2. N 4. 4\ zr\
---------------------------------------------------------------------------------------- 07| —w /\ 2 WL
02'—\—\11\/4 o \ W —O0%
10 examples Me N
up to 99% vyield N\ \I\ \ g
up to 98% ee “" u“‘
s i
97% ee o
91% ee
20 mol% organocatalyst 0]
Q 2 1.0 mol% Ir(ppy)s )
. N 40 mol% benzoic acid R'R
Me” > N
R PhMe, 15 °C, 48 h 123
123 white LED r R
........................................................................................ tBu N
11 examples o Br | R
up to 92% yield o G _
up to 90% ee Me Me N N/ | PFe
_______________ NN eMeN By~ Ny
(via doublo SET @ TL J
Br FaC —
. J
92% vyield 52% yield
88% ee 80% ee

Melchiorre et al. Nature 2016, 532, 218-222.
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Metal-free Approach: Organic Dyes

N
( Br Br
- ™) HO 0 0
20 mol% organocatalyst N O ‘
o 0.5 mol% Eosin -~ o N e /&® Br 7 Br
+ X-R R e e (& COH
| 2,6-lutidine, DMSF, rt, 18 h ], Eosin e 18U O
R green LED (530 nm) ‘ﬁ\ hv )
SET LEC sin Y, 2=539 nm, E°=-1.06 V
Oy Me o
L, | I
Me™ N7 ™iBu - O CO,Et
O CO,Et O Y EosinY* 0
. " CO-Et (CF2)5CFs
H COLFt R] N H
n-hex n-hex O n-hek
85% yield 82% yield 0 e A : ¢ 56% yield
88% ee 95% ee N 86% ee i) 96k ee
+)” Me N~ tBu
Me N "tBu .l\rR
I R
kr T
R
\_ _J

Konig et al. Angew. Chem. Int. Ed. 2011, 50, 951-954; Singh et al. RSC Adv. 2017, 7,

31377-31392; Bach et al. Chem. Soc. Rev. 2018, 47, 278-290.
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/\)OL 20 mol% organocatalyst o) O, Me 0
N
g by
Ph H 2,6-lutidine, DMF, 15 °C Ph/\HLH B N)'“' O
23 W fluorescent light R H s

0O
@)

Q o)
Ph H
Ph H Ph H
/jfL /j\)L Ph/\fj\H =10 CN
Et0,C” | ~CO,Et
2% Ve~ 02 CN

Et0,C~ “CO,Et

CO,Et
99% yield 98% yield 82% vyield 92% yield
98% ee 97% ee 97% ee 99% ee
0 ’ ’ J
Ph H
COPh
O O NO,
79% yield 85% yield 73% yield 61% yield
90% ee 95% ee 84% ee 97% ee

Aleman et al. ACS Catal. 2018, 8, 5928-5940.
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20 mol% organocatalyst
0O 40 mol% TFA

TMS\_

+ ]

fj\ H R CH4CN
single LED (420 nm)

R
0 Q o Q Q CO,Me
e
27 examples H H /©/ H H ==
up to 882/0 yield “,, ~Ph w, ""/S‘Ph “u, N
up to 94% ee
F
76% yield 77% yield 73% yield 64% vyield
85% ee 92% ee 90% ee 92% ee

Melchiorre et al. Nat. Chem. 2017, 9, 868-873.
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.ﬁH
4@1&

Iﬁrganl-: -:at:.l:.-*al 'l

HzO

Grc-um:l State
Coloured (=400 nm)

Thermal domain
Wisile

Q i

[

A
H
J)tr
R

Excited state
Strong oxidant

Melchiorre et al. Nat. Chem. 2017, 9, 868-873.



=PFL | ISIC | LCSA

B-Functionalization of Enals

'

2 D

&AH

v~
R

Euh-—TF.'IE w

.ﬁH
4&&

Hz0

H
EEQ/ Cirganic -:EI‘EI:.-‘E:I:

Gmund stata
Coloured (=400 nm)

Thermal domain

I Photochemical domain I

K

Visible
sphil

‘/< Excited state
51r-::+1-;| oxidant

-

Melchiorre et al. Nat. Chem. 2017, 9, 868-873.
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a-Amination of Aldehydes

-
Me.  .COs,Me
N
1 O
( ™ o\g,/o
O y com 30 mol% organocatalyst o 'YIe Et Me\N O NO,
+ e\, - 2 e r N &
H)H \ 2,6-lutidine, HJ\( ~CO,Me @,\AN HoT!
R ODNs DMSO/CH,CN, - 15 °C R N
26W CFL L ) NO,
\.
16 examples me 0 Me 0 Me 9 MOM
up to 79% yield ~ N N. )H/N\
up to 94% ee H COoMe H ~CO,Me H Boc H CO,Me
EtO ), S i Bn
. o H
71% yield 76% yield 71% vyield 734/:>)/yleld
90% ee 90% ee 89% ee o ee

McMillan et al. J. Am. Chem. Soc. 2013, 135, 11521-11524.
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a-Amination of Aldehydes

(R,0,C)R,N

~“ODNs

t-Bu

j
DNsO__ /U\ A,

carbamyl radical 1

Vo SET

“/

\“\\NRz(Coth,)
o |
DNsO__ J\

OR,

O.N NO
2 2 0
/o Jk
s7 N7 TOoR,

7N |

o o &

amine reagent 3

McMillan et al. J. Am. Chem. Soc.

2013, 135, 11521-11524.
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O
R,

)
o
F

R G

v synthetically usefull tool

v broad application

v high in yield and selectivities

v' complies with green chemistry prinicples

v" bright future to be expected




=PFL | ISIC | LCSA

Thank you for your attention!




=PrL | ISIC | LCSA Question 1

a-Methylation and -benzylation of Aldehydes via excited Enamines:
Role of Na,S,0;?

1) 20 mol% organocatalyst
50 mol% Na,S,03
1.0 equiv. 2,6-lutidine
toluene/hexanes/H,0

O o
)H /—SOZR' black LED (365 nm), 5 °C
H M
2) NaBH,
R MeOH, 0 °C

12 examples K|/\302Ph K|/\S

up to 95% vyield Et Et  ©2

up to 87% ee

P ° 94% yield 95% vield

82% ee 80% ee

Melchiorre et al. Angew. Chem. Int. Ed. 2017, 56, 4447-4451.
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Question 2

Catalyst optimization: How to rationalize the improved reaction outcomes?

20 mol% organocatalyst o)

O ™S 40 mol% TFA
H + \_R| H
| CH5CN vy R

single LED (420 nm)

CF;

OTDS CF,4 OTDS CF,
FsC F
Eox= +1.57 V Eox= t2.20 V Eox= t2.40 V
28% vyield 83% yield 87% yield
76% ee 85% ee 88% ee

\

Eeq (IM*/IMm~)= +2.30 V

Melchiorre et al. Nat. Chem. 2017, 9, 868-873.
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ISIC | LCSA B-Functionalization
S CN Q 7 Q  p-Aryl Aldehyde
H)k’ H 12
Me
5 Aldehyde
CN CN CN
dicyanobenzene (4)
Arene Coupling 2
Partner f E [ 5 0, G
N / H 21
e
[IrV(ppy)a]* (6) S Amine
/ oxidant 8 Catalyst Z 5
“IM(ppy)s (3) e h
reductant R
Photoredox Organocatalytic 11 CN
Catalytlc SET Cyc|e
Cycle
CN
-Q-No
Ir'(ppy)s (1) CN
photoredox catalyst 9 X N
— Me —H* g 5
™ 0 97 N\ _
v &N
Household Light Bulb Radical-Radical Coupling
McMillan et al. Science 2013, 339, 1593-1596.
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a Iminium ion cycle

Photoredox cycle

Systam 1: TBADT - HAT mechanism

F
TBADT"
V <10

p.q ~— EET TBADT5'H :@

-

E-1 reductant

Systam 2: Iridium catalyst - SET mechanism

te gt Ar
axidarit
‘l”l'/- Mai -~ "-\.

D 7 e e 5 A
AT -
E-1 reduciart

Melchiorre et al. Nature 2016, 532, 218-222.



=PrL |ISIC|LCSA Dyes/Metals: Redox Potentials

I I I l ‘ I I Il ‘l I Ru(bpy);Cl> = Rul(ll)

Ruflly/Rufl}=0.77 V
. Anthracene (Anthr) 9 1[J-chyanoan'thramna (DCA) Naphtalene (Napht) 1,4 Dit:yannnaphtala ne [DI.'.‘.H:I

E {S'JS_'} -0.08Y naz2v 0.35 W 113 . RulllyRu(l) = -1.33 V¥
E?(S/S7) -1.93v -0.80 v 229V 128V : 452 nm
375 nm 433 nm 311 nm 359 nm

Br Br Br Br

MNal [ o ' o Mal l o l o
OsN - Br Z Br

NO;

‘ COOMNa . COONa

i Ir{ppy)s = Ir{lll)

IV VIR = 0.77 V

: I(IVVIRI = -1.73 V
375 nm

Ir{dF(CF3)ppy)a(dtbbpy)PFg = Ir(lll)
In{IV)Ir{lll) = 1.688 V

. Eosin B (EB) Eosin Y (EY) Rose bengal (RB) : (VIR = -1.21
E' (550 0.78v 078 v 081V : 478 nm
EY (5/57) 42TV -1.06 -0.95Y
A 528 nm 539 nm 549 nm

Ferroud et al. Green Chem. 2012, 14, 1293-1297.



=PrL | ISIC | LCSA One for All: a chiral Amine Dye

|
L\T.-F""\-\. 1 )
R Q
A MMe 0 R

By H}' | / 5
H:0 %—_ . 5 X o

a
T

- Rt 5 R
W (I} R & 0 -
\
Sep h ;I
stop 4 RIS R
. MM [} .:.-I
B
Py P > -
BUT CNT
LD S i A&\
i E 5
— 1 . R H.
A R R A R

I & Hydrolysis
5 Z

Farmation of Radical
[s=e previous section)

Aleman et al. ACS Catal. 2018, 8, 5928-5940.



EPFL
L CSO

Stereogenic-at-Metal complexes: Structure, synthesis
and applications in asymmetric catalysis
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How to achieve high enantioselectivity? E PFL

(0] H, (0] 0]
OMe OMe MeO
AHJLW — *ukﬁ wiu*

0] @) 0]

Y

e -
~

% __________________________________________________________________________________________________________________________________]
Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. W.; Tudge, M. T.; Chirik, P. J. Science. 2013, 342 (6162), 1076—-1080.
https://www.uni-marburg.de/en/fb15/researchgroups/meggers-research-group/research 2



How to achieve high enantioselectivity? E PFL

0] H, O
OMe OMe
)J\”Jﬁ}/ Catalyst )J\H/(S)Lﬂ/

Y

<

D

(@)
Ir=

-

Uncatalyzed

Catalyzed (achiral)

% __________________________________________________________________________________________________________________________________]
Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. W.; Tudge, M. T.; Chirik, P. J. Science. 2013, 342 (6162), 1076—1080.
https://www.uni-marburg.de/en/fb15/researchgroups/meggers-research-group/research 3



How to achieve high enantioselectivity? E PFL

0] H, (0]
M OMe P OMe
H Chiral catalyst H (S)

Y

<

D

(@]
Iz

-

Uncatalyzed

(R)
Catalyzed (achiral)

(S)

Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. W.; Tudge, M. T.; Chirik, P. J. Science. 2013, 342 (6162), 1076—1080.
https://www.uni-marburg.de/en/fb15/researchgroups/meggers-research-group/research 4



How to achieve high enantioselectivity? E PFL

0 H, 0 ; 0
OMe > OMe | MeO
)J\NJ\H/ Chiral catalyst )J\N/(gﬂ/ v \H/("gNJ\
H 0 H ') [ H

Uncatalyzed

(R)
Catalyzed (achiral)
(S)

r

With good design, AE is sufficient enough to get only one enantiomer !

Friedfeld, M. R.; Shevlin, M.; Hoyt, J. M.; Krska, S. W.; Tudge, M. T.; Chirik, P. J. Science. 2013, 342 (6162), 1076—1080.
https://www.uni-marburg.de/en/fb15/researchgroups/meggers-research-group/research 5



How to obtain chirality? E PF L

% __________________________________________________________________________________________________________________________________]
Agudo, R.; Roiban, G.-D.; Reetz, M. T. J. Am. Chem. Soc. 2013, 135 (5), 1665—1668.

List, B.; Lerner, R. A.; Barbas, C. F. J. Am. Chem. Soc. 2000, 122 (10), 2395-2396. 6
Diaz-Mufioz, G.; Miranda, I. L.; Sartori, S. K.; Rezende, D. C.; Alves Nogueira Diaz, M. Chirality 2019, 31 (10), 776-812.



How to obtain chirality?

=Pi-L

Metal-catalysis
» Chirality established via chiral ligands

Ligand* Substrate
Metal —— > Metal—Ligand*

Asymmetric induction

(O . s
PPh,
OO Bu OH HO Bu

(S)-BINAP Salen

Enantioenriched product

o%o
| |
Ph Ph

Bisoxazoline

% __________________________________________________________________________________________________________________________________]
Stradiotto, M.; Lundgren, R. J. Ligand Design in Metal Chemistry; Stradiotto, M., Lundgren, R. J., Eds.; John Wiley & Sons, Ltd: Chichester, UK, 2016.



How to obtain chirality?

=Pi-L

Metal-catalysis

» Chirality located on the metal center

Inert

a

‘\\\\f b//,,.l\lﬂ“\\\f
e T C/ | \D

\__d

B —

Achiral ligands

@

o NO
PPh,

Mn1

(\T
(/]
tz:l;l\l/l““\f";(s' >

éo Asymmetric induction
2]

A-r1

— Enantioenriched product

A-Ru1

H. Brunner, Angew. Chem., Int. Ed. Engl., 1969, 8, 382—-383.

Chen, L. A; Xu, W.; Huang, B.; Ma, J.; Wang, L.; Xi, J.; Harms, K.; Gong, L.; Meggers, E. J. Am. Chem. Soc. 2013, 135 (29), 10598-10601.

Ye, C.-X.; Shen, X.; Chen, S.; Meggers, E. Nat. Chem. 2022, 14 (5), 566-573.
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Structure E P F L
A L (\D
'\|/|', L//“"\|/|“‘\\L D//,,_I\|/I.‘\\\L
B/ \'//D L/ | \L kD/ | \L
© L \_P
1 2 3

» Tetrahedral

» Octahedral

» Octahedral

O o) Me
~ CHon N
N \ = _
| N MeCN T
| N eCN,, N
Mn,,, i, 1w \
oc” \'NO O N\ Fe
PPhs ,L I’-\IIN J MecN” | ~y
(D)o 'y
9 O
Me
Mn1 A-Irl A-Fel
Brunner 1969 Meggers 2013 Meggers 2022

H. Brunner, Angew. Chem., Int. Ed. Engl., 1969, 8, 382—-383.

Chen, L. A; Xu, W.; Huang, B.; Ma, J.; Wang, L.; Xi, J.; Harms, K.; Gong, L.; Meggers, E. J. Am. Chem. Soc. 2013, 135 (29), 10598-10601. 11
Steinlandt, P. S.; Xie, X.; Ivlev, S.; Meggers, E. ACS Catal. 2021, 11 (12), 7467—7476.



Discovery of carbon-free optical isomers

=Pi-L

NH; 6+
H3N/,,, ‘ NH;
o
T
NH, HO 3
H3N//,/I ‘ \\\\O//,, ‘ \\\OH
(S04%);
H N/ ‘ \ / ‘ \
H
NH; HO/,,/,,‘ NH;
Co’
IS
HsN NH3
Alfred Werner and Arthur Hantzsch NH
» Nomenclature and vocabulary Hexol
A
A %T Lﬂ
L///,, M ‘\\\\\L> L////,, \\\\‘\

e e e e - -

Updated CIP rules

l

Na%a¥avs

Chiral-at-metal: only the metal center is chiral

S mmm e e e - -

|>Br> @ > @ >Cl>P>0>N>n'C

Stereogenic-at-metal: The metal center is chiral but other chiral center are present on the molecule

MOSS, G. P. Basic Terminology of Stereochemistry. Pure Appl. Chem 1996, 68 (12), 2193—-2222.
Bauer, E. B. Chem. Soc. Rev. 2012, 41 (8), 3153.
https://www.nobelprize.org/prizes/chemistry/1913/werner/lecture/

12



Challenges: racemization and epimerization E PF L

> Racemization

G PO s O P ¢

\"PPh3 ' "NO "NO

b, NO L NO Ph o PPh3

$ T =
Y e "P®/ K o

CF,
.
(R)-Mn1 (R)-Mn2 (R)-Mn3

T2 = 5.9 min T2 = 50 min T2 = 337 min

Ph

OMj
3

» Epimerization

—O<

| -80°Ctort | |

Ru.,,,CI - Ru.,,,CI + CI“"Ru
CD,Cl, 1 \
NM62 NM62 MezN
(RRus Sc¢)-Ru (RRus Sc¢)-Rut (Sru> Sc)-Rut
>09.9:0.1 er 87% 13%

No change with time

Brunner, H.; Langer, M. J. Organomet. Chem. 1975, 87 (2), 223-240.
Brunner, H.; Zwack, T. Organometallics. 2000, 19 (13), 2423-2426. 13
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Pionnering works — Tetrahedral complexes

=Pi-L

» First stereogenic-at-metal sandwich complex — Brunner 1969

+ +
| PFe | PFe N ONa @
; PPh; ; A
_— \ M- No

0
o \
oc” \"NO oc” \NO E/ PPh,
co PPh, _
1 2 : 3a

+

Mn.
e "'NO
Mn C/M("B ¢ \PPhg
oc” \ 'NO A
PPhg 4a

o= 1490

1
= T

| ~

..Mn _
PhsP
0]
3b

+

—
@

..Mn
ON" /" “co

PhsP

ab
[a]29¢= +1475°

H. Brunner, Z. Anorg. Allg. Chem., 1969, 368, 120-126.
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Pionnering works E PF L

» First stereogenic-at-metal sandwich complex — Brunner 1969

Mn. .Mn H
_ .0 "'NO + ON' o]
- \ {
oc” \NO oc” \NO jo( PPhs PhsP \g
co PPhs -
1 2 = 3a 3b
HCI HCI
+ +
.| PFe | PR
-
; T T
Mn. .Mn
L///,, ‘\\\\C 7 IINO ON“ ~N
/""'{'/No — C/M‘,,,B — L/I\|/I\B oC \PF>h3 F)h?’P/ co
ocC A A
PPh, 4a ab
. . 20 __ 20 __
A half sandwich complex can be viewed [a]436= —1490° [a]436= +1475°
as an octahedral architecture with a fac-
arrangement

H. Brunner, Z. Anorg. Allg. Chem., 1969, 368, 120-126.
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Pionnering works
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» Gladysz - 1982

e
0
/ Co /
PhsP PhsP Y

OMe
(rac)-1 (rac)-2 OO

| BFs

Re
PPh34 © 1. TFA NaBH,

= +Re - +Re

NO PhsP™ /"6 PhaP™ /7
’ 2. NaBF, ON ON

(Sre: S¢)-3 (S)-4 (8)-5

Merrifield, J. H.; Strouse, C. E.; Gladysz, J. A. Organometallics. 1982, 1 (9), 1204-1211

Agbossou, F.; O'Connor, E. J.; Garner, C. M.; Quirés Méndez, N.; Fernandez, J. M.; Patton, A. T.; Ramsden, J. A.; Gladysz, J. A. Inorg. Synth. 1992, 29, 211-225. 17
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» Gladysz - 2001

.| BFs

Ph,P
1. HBF,, -41 °C, PhCl tBuOK 1. nBuLi, THF, -78 °C

. Re .Re o . Re o .Re
PhsP"", “CH, 2 PPhoH PhsP"', “PPh,H THF, 25 °C PhsP"" “pph, 2-PPh2CI, THF, -78 °C PhaP" /" ppy,
ON ON N ON 2
(S)-5 (R)-6 (R)-7 (R)-8
+
.| PFe
Ph,P [Rh(NBD)CI], Ph,P
AgPFs % /
wRe RN Re
PhsP" ¢ “pph, ~ THF, 20°C NN N0
ON Ph, PPhs
(R)-9 (S)-10
R! S$)-10 (0. 19 R’
o | (S) (a 25 mol%) o
R2 - R2
)J\N 0 )kN S
H 20 °C, THF H
o) o)

4 examples
70-94% yield
up to 93% ee

Kromm, K.; Zwick, B. D.; Meyer, O.; Hampel, F.; Gladysz, J. A. Chem. Eur. J. 2001, 7 (9), 2015-2027.

18



> Fontecave 2003

+  HyO,

> Fontecave 2007

)ZO

R1

o)
[A-Ru1-XX][A-Trisphat], I

Pionnering works

179

R2
8 examples
up to 18% ee

MeOH, rt

[A-Ru4][NO,]5, H OH
-Ruq 3l3, Mo
> R1;\R2
MeOH, rt
10 examples

up to 26% ee

—_— 2% —
Cl
Cl
Cl (@]
Cl O//’/, ‘ \\\\O
',P.\‘
cl o i\o
Cl (e
Cl
Cl

[A-Ru1][A-Trisphat],

[A-Ru4][NO;];

Chavarot, M.; Ménage, S.; Hamelin, O.; Charnay, F.; Pécaut, J.; Fontecave, M. Inorg. Chem. 2003, 42 (16), 4810-4816

Hamelin, O.; Rimboud, M.; Pécaut, J.; Fontecave, M. Inorg. Chem. 2007, 46 (13), 5354-5360. .

Cl

Cl
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Key works and recent applications

» Eric Meggers

» 1995, Diploma in Chemistry (with honors), University of Bonn, Germany
» 1999, Ph.D. in Organic Chemistry, University of Basel, Switzerland
» 2002-2007, Assistant Professor, University of Pennsylvania, USA

» Since 2007, Full Professor, Department of Chemistry, University of Marburg, Germany

Current main research topics:

Chiral-at-metal catalyst design
Sustainable catalysis with iron
Stereocontrolled organic photochemistry
Stereocontrolled electrochemistry
Enantioselective nitrene chemistry

YVVVYVYVYYVY
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Recent works — Stereogenic-at-lridium E P F L

» Meggers - 2014

©_< :©\ SR et Gl |, ot
...... .
r Ir

IrCly* 3H,0 ’ \C'/ \

EtO(CH,),OH/H,0 (3:1)

reflux
(0] tButBu (0]

rac-1

% __________________________________________________________________________________________________________________________________]
Huo, H.; Fu, C.; Harms, K.; Meggers, E. J. Am. Chem. Soc. 2014, 136 (8), 2990—2993.
Zhang, L.; Meggers, E. Acc. Chem. Res. 2017, 50 (2), 320-330 22



Recent works — Stereogenic-at-lridium E P F L

» Meggers - 2014

+
R* PFe
O R N/ o (0] tBU—|
N 7)\/\ . A-Ir2 (1-2 mol%) R g
~
& ) / THF N
N, R 9 m, | wNCMe
“Ir,
’ “SNeMe
Br o) N
o - O CO,Et N -
N : N = 0] Bu
R Bl ol Ty S W
N & N A-Ir2
N NH \_N NH N NH 7/
\ A\
97%, 96% ee 75%, 92% ee 97%, 98% ee 99%, 97% ee

~y

=
-~
-

Re face blocked

IT‘“‘%

( Si face approach
e

Huo, H.; Fu, C.; Harms, K.; Meggers, E. J. Am. Chem. Soc. 2014, 136 (8), 2990—2993.
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Recent works — Stereogenic-at-Osmium E P F L

» Meggers - 2020

AN
Me . —
e N+ N
| P
1. HOC,H,4OH, 200 °C, 30 h
OSC|3-XH20 -
2. AgPFg, MeCN, 70 °C, 12 h l =N NCMe
40% = )
N
Me
rac-1

% __________________________________________________________________________________________________________________________________]
Wang, G.; Zhou, Z.; Shen, X.; lvlev, S.; Meggers, E. Chem. Commun. 2020, 56 (56), 7714-7717.
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_|2+ 2 PFg

» Meggers 2020

N,Me
SO
A-0s2b (2 mol%) P2
N SO,N X N
R-F 273 >~ R H
= DCE, 65 °C, 20 h = )
N
Me
S0, S0, S0, S0,
N N MeO N MeO N
H H H H A-Os2b
FsC
96%, 86% ee 95%, 82% ee 97%, 76% ee 99%, 80% ee
o>:
o)
N O\H/N3 A-Os2b (2 mol%) N N
Rr > R+ H
= O DCE, 65 °C, 20 h =
o) o) 0 0
)=0 )=0 )=0 )=0
N N N S N
H H H \ H
S
F tBu
86%, 78% ee 80%, 80% ee 85%, 86% ee 90%, 86% ee

Wang, G.; Zhou, Z.; Shen, X.; Ivlev, S.; Meggers, E. Chem. Commun. 2020, 56 (56), 7714-7717.
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Recent works — Stereogenic-at-Rhodium E P F L

» Meggers - 2021
» Synthesis of Chiral-At-Rhodium complex A-RhNP

Me\ Me\ _I PF6
©f ” N
1. TFA/MsOH (2:1) NCM
NCMe I, W €

R|h< MeCN, rt, 4.5 h ‘Rh

| NCMe 2. NH4PFg, MeCN

N rt, 30 min
2

rac-RhNP Enantioenriched A-Rh1 A-(S,S)-Rh2 A-RhNP
47% 48% 95%, >99% ee
CN
oj)\(o 1. K,CO3, EtOH, 1t, 4.5 h
S/{\l ,\}\) 2. Recrystallization
Ph Ph

1. TFA/MsOH (2:1)

MeCN, rt, 17 h MeCN.,, | L
Rh
2. NH4PFg, MeCN
rt, 30 min
A-(S,S)-Rh3 A-RhNP
86%, >20:1 d.r. 96%, >99% ee

Grell, Y.; Xie, X.; Ivlev, S. |.; Meggers, E. ACS Catal. 2021, 11 (18), 11396-11406.
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» Meggers - 2021

> a-Fluorination and a-Chlorination

o A-or A-RhNP (2 mol%)
Selectfluor or TfCl (1.2 equw)
R\)J\N N

. j)k
2 6-lutidine (1.0 equiv) \\7/®, )\©
Flat mesytylene shields MeCN,, ‘

MS 4A, acetone, rt, 3-16 h

X=ForCl one enantiopic face of
the substrate

BOC\ \Nl_e;@N N
i A S
A

Aux Aux ux
F F Cl
99% yield, >99% ee 87% yield, >99% ee 94% yield, 90% ee L
tBu@
N Re face attack
F+

R (V o o
0 R N MeOH, DMAP R
R N"‘N N7\ F - OMe
—&"‘Me >=<  Siface blocked F = CH,Cl,, 0°C,2h F

Me
Mg 1, >99% ee 2,>99% ee

A

Grell, Y.; Xie, X.; Ivlev, S. |.; Meggers, E. ACS Catal. 2021, 11 (18), 11396-11406.
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Recent works — Stereogenic-at-lron
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» Meggers - 2021

72\ W
=N N Me
Fe(ClO,),"6H,0  * N= J N
N\ //
Mes
MeCN
N/,, \\N

\/\f

MeCN, rt, 3 h

_| 2C|o4

Me

Thermodynamicaly unstable

2+

iPr -

MeCN _| 2CIO4
N/,, \\\\N /
N

MeCN, 70 °C, 16 h
93% (2 steps)

Steinlandt, P. S.; Xie, X.; Ivlev, S.; Meggers, E. ACS Catal. 2021, 11 (12), 7467-7476.
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> Meggers - 2021 NS —R3 Fel (2 mol%) N_ R
>\_Z/ g )Q\CozR3
R1 R2 CH20|2, -60 °C, 20 h R1
air
. I . I . I s\\
CO,Et CO,Et CO,Et CO,Et
98%, 89% ee 97%, 82% ee 65%, 74% ee 98%, 93% ee
N
2 R1 72 (0]
COzR3 [Rh]
2+ Coordination
MeCN __ | 2c0,
N7 ‘ N~ _Mes
\ //"'Fe“‘ w [Rh]
Rh
Sy , N [Rh]

CN\o

2 1
| R ‘\/
N | N V\COZRS

Ring reconstruc\[Rh] / bond cleavage

Steinlandt, P. S.; Xie, X.; Ivlev, S.; Meggers, E. ACS Catal. 2021, 11 (12), 7467—7476.
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Recent works — Stereogenic-at-Ruthenium
» Meggers - 2022
) A—RuDMP (1-2 mol%) ) N
R K,COs (3 equiv) R® NHTroc »
RAﬁ(O\N/Troc - R OH (/\N N C/Me
5 H CH,Cly, 1t, 16 h o N o, ‘ N
Mes “"Ru’’
Mes\N\( ‘ \N
Sc.
Q\’N /N Me
NHTroc NHTroc NHTroc |
N
CO,H CO,H CO,H
M602C N3
86%, 97% ee 91%, 93% ee 95%, 97% ee A~RuDMP
, (R,R)-FeBIP (8-15 mol%)
R K,COs (3 equiv) R* NHTroc ( Me
RAﬁfO\N/TmC TCE, 0°C, 40 h TR > )
~
o " U o) N)\‘
MeCN,,,/, ‘ WN W
0 Fe'
TrocHN
‘. MecN” ‘ Sy
NHTroc Me,, OH N
NHTroc N
Me. CO,H ( S*N
"coH 2 Me
(S,S)-FeBIP

62%, 91% ee 48%, 89% ee

77%, 23:1 d.r.

Ye, C.-X.; Shen, X.; Chen, S.; Meggers, E. Nat. Chem. 2022, 14 (5), 566-573.
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> Meggers - 2022 , A—-RuDMP or (R,R)-FeBIP ,
R . R% NHTroc
o. T K5>CO3 (3 equiv) “, OH
R1Jﬁ“/ \N/ roc > R'I/S.‘/
o M o

NHTroc

Ph)}(OH
o M] PN SA
+ + N, .-
=yl
Ph

] |
o)
O>\\r Ph/\ﬁ “N—Troc
O--_,
vy Ny H (M1
Troc
Ph Ph

= O. - N, N
= [M] Troc \_/ [M] Troc

Ye, C.-X.; Shen, X.; Chen, S.; Meggers, E. Nat. Chem. 2022, 14 (5), 566-573.
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Conclusion

A-Os2b

» No chiral ligand needed - only achiral ligands
» Various metal can be used, including earth-abundant iron

» Access to new enantioselective transformations with low catalyst loading

(S)-10
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Question 1 E PF L

N
e Ru_”/ /_
FING ke st
| N/ S 7 NSNS
HN

What is the stereodescriptor of each complex ?

Chen, L. A; Xu, W.; Huang, B.; Ma, J.; Wang, L.; Xi, J.; Harms, K.; Gong, L.; Meggers, E. J. Am. Chem. Soc. 2013, 135 (29), 10598-10601.

Faller, J. W.; Nguyen, J. T.; Ellis, W.; Mazzieri, M. Organometallics 1993, 12 (4), 1434-1438. 34
Costin, S.; Rath, N. P.; Bauer, E. B. Inorg. Chem. Commun. 2011, 14 (3), 478-480.

Grell, Y.; Xie, X.; Ivlev, S. |.; Meggers, E. ACS Catal. 2021, 11 (18), 11396-11406.



Question 1 E PF L

(.
- CH,OH 60

H
Y I
- COCF4
31 then14

>
(7
A

% __________________________________________________________________________________________________________________________________]
Chen, L. A; Xu, W.; Huang, B.; Ma, J.; Wang, L.; Xi, J.; Harms, K.; Gong, L.; Meggers, E. J. Am. Chem. Soc. 2013, 135 (29), 10598-10601.

Faller, J. W.; Nguyen, J. T.; Ellis, W.; Mazzieri, M. Organometallics 1993, 12 (4), 1434-1438. 35
Costin, S.; Rath, N. P.; Bauer, E. B. Inorg. Chem. Commun. 2011, 14 (3), 478-480.

Grell, Y.; Xie, X.; Ivlev, S. |.; Meggers, E. ACS Catal. 2021, 11 (18), 11396-11406.



Question 2 E PF L

O O 1. A-Ir1 (2 mol%)
HFIP, 50 °C
’ | OMe >

2. basic A|203

A
Ph CH,Cl,, t, 24 h
o’
75%, 93% ee s@»

trans/cis after
1) 1:1.8
2) 15:1 A-Ir1

ZT

What is the name and the mechanism of the reaction ?

Rationalize the stereochemistry observed

% __________________________________________________________________________________________________________________________________]
Mietke, T.; Cruchter, T.; Larionov, V. A.; Faber, T.; Harms, K.; Meggers, E. Adv. Synth. Catal. 2018, 360 (11), 2093-2100.



Question 2 E PFL
d@;a: Q%@;a:
,,,,,,, 9.0 - | .0\

|\@ ®

N

Z HN
-

Ph

—

% __________________________________________________________________________________________________________________________________]
Mietke, T.; Cruchter, T.; Larionov, V. A.; Faber, T.; Harms, K.; Meggers, E. Adv. Synth. Catal. 2018, 360 (11), 2093-2100.



Question 2 E PF L

Asymmetric induction

Q\tBu
OMe

% __________________________________________________________________________________________________________________________________]
Mietke, T.; Cruchter, T.; Larionov, V. A.; Faber, T.; Harms, K.; Meggers, E. Adv. Synth. Catal. 2018, 360 (11), 2093-2100.



Question 2 E PF L

Thermodynamic product ©

| basic Al,04

Kinetic product
Asymmetric induction

Mietke, T.; Cruchter, T.; Larionov, V. A.; Faber, T.; Harms, K.; Meggers, E. Adv. Synth. Catal. 2018, 360 (11), 2093-2100.
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Question 2 E PF L

N 0
| — _
: OMe S S
- S tBu tBu
Thermodynamic product © f\|l OMe T OMe
", 1 @0 ", o)
e Ph T i =

NS
| basic Al,O3 '|r\ _ 'ir\@ ®
0

(0]
- OMe — _
Kinetic product
Asymmetric induction
O O
N
] | OMe

S Ph S
N tBu ~ tBu
N
Ph Ph

uny

Ph

—

T

gz

/\o

O
Z

[}

c

OMe
| 6.0

r3 \ Ir \

- g 1)

\O V ‘\O ®
N

- ~
Sat Ty

DS
MeOZC ( H
COQMe
Conrotatory " _0
r

4rn-cyclisation o “1Ph
®

Mietke, T.; Cruchter, T.; Larionov, V. A.; Faber, T.; Harms, K.; Meggers, E. Adv. Synth. Catal. 2018, 360 (11), 2093-2100.
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Content - Precisions

Lk wh e

Only enantioselective transformation

Only formation of quaternary carbon atoms

Only fluorination methods

Only electrophilic N-F fluorinating agents

Only achievements during the last 10 years will be discussed




Introduction — fluorine-containing compounds

New methods for preparation of fluorine-containing compounds are in extremely high demand in nearly every sector of chemical industry:

1. Solar cells industry;
2. Fluoro-containing markers for biological studies by NMR;
3. F magnetic resonance imaging (MRI), a superior alternative to the current diagnostic procedures using harmful ionizing radiation;
4. Agrochemical industry - about half of newly developed pesticides contain some type of fluorination;
5. Pharmaceutical industry - fluorine is found in more than half of most-prescribed multibillion-dollar pharmaceuticals
N:,\\j Os~ oH
H,N Oﬂ\o o)
0
0
E
Fludrocortisone Fluticasone propionate Sofosbuvir Solithromycin
treatment of asthma HCV antiviral antibacterial
Due to the fact that F is slightly larger and hydrophobic than H, its extreme electronegativity and E
that F can be H-bond acceptor, introduction of C-F to replace C-H influence the properties of the drug and :@A
can lead to modification of : HO o
* Molecular conformation; F
*  Polarity; YN K F
e Acid-base properties; ' fuorine
F 18.998

* Electronic interactions based on gauche-anomeric effect.

4 potency
¥ PK,
b permeability
{ clearance

conformational
constraint

PET

Meanwell, N.A. J. Med. Chem. 2015, 58, 8315-8359



Introduction — fluorinating reagents

Three major factors prohibit chemical and biological evolution of fluorine:

1. the three richest natural sources of fluorine, the minerals fluorospar (CaF2), fluorapatite (Cas(PO4)3F), and cryolite (Na3AlIFs) are water-insoluble;

2. high oxidation potential of fluorine (-3.06 V);
3. high hydration energy of fluorine (117 kcal/mol) renders fluoride a very poor nucleophile in an aqueous/biological environment.

Manufacture Discovery
[
CH,CI
N®
DABCO [{)j R
N'g
,1_ Selectfluor™
electrolysis Pyridine ~
- F 4 | BF, °
P
N'a
FLUORSPAR ||:
c. H-S0 AcOH
2504 > AcOF
Et,NTMS /\NfSFS
SCly, Cl
SFy, — DAST
(CH3OCH,CHo),NTMS
30CH,CHa) PN
o)
cations
KF, BuyNF Deoxofluor ™
amines HF.pyridine
Et;N.3HF

Electrophilic
Fluorinating
agents

Nucleophilic
Fluorinating
agents

Sanford, G. Green Chem. 2015, 17, 2081-2086



Introduction — Electrophilic N-F fluorinating reagents

Shelf-stable electrophilic fluorinating reagents

oSl
SSTCOR F F
NTfO @—C' |
Dy Loto oy O
R . “Ph g o Iil/
2X NO,
Barnette Umemoto Banks Differding Banks
1984 1986-1991 1986-1991 1991 1992

R1
e ()8 @
OR S=0 'N® \ | 7/

= ©
| s Y
N 0
ZBF4
Shibata, Cahard Shibata, Ma, Cahard Toste
2000 2013 2013

In 2016, the first systematic quantum mechanical calculation of fluorinating strength of
130 electrophilic N-F reagents values was performed in two commonly used solvents

(CH,Cl, and CH3CN) based on FPD (Fluorine Plus Detachment) energy.

Gouverneur
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Cheng, J.P. Acc. Chem. Res. 2020, 53, 182-197, J. Org. Chem. 2016, 81, 4280-4289



Achievements before 2011

Stochiometric reactions Catalytic reactions (first approaches)

Cinchona alkaloids Metal Catalysed, Togni, 2000

OSiMe;  A: DHQB/Selectfluor

O o o Selectfluor O O
combinations F TiCl,(TADDOLato) (5 mol%) M
. “<Bn R OEt - RO
O‘ Bn _ ome” M CH4CN, rt SF
B: F-poly[Og-(4-vinyl-
benzoate)-DHQN] 6 examples
A: 86%, 91% ee
B 98%, 85% o6 ee 66-90%

Enamine catalysis, Jorgensen, 2005

SiMe3
DHQB/Selectfluor N Ph-3,5-(CF3),
O‘ R combinations m o H  Ph-3,5-(CFy), o OH
'n (5 mol%) E NaBH, E
OMe H g [ H o [ H
n=1:>95%, 96% ee Ph NFSI (1.5 equiv) Ph MeOH, rt Ph
n =2:>95%, 83% ee toluene, 60 °C 78% yield
(o]
. 48% ee
F-poly[Og-(4-vinyl-
benzoate)-DHQN] Tertiary amine catalysts, Shibata, 2006
OCOR!

Many of the most effective published enantioselective fluorination protocols require formation of a

Selectfluor (1.2 equiv) O
, DHQB (0.1 equiv) £
nucleophilic chiral enolate equivalent/activated starting materials. ‘ R - Bn

The catalytic generation of a chiral electrophile has proven quite challenging; usually a stoichiometric DCM (0.05M), rt, 1-3 days
amount of chiral promoter is necessary to suppress the racemic background reaction

17% to 96% vyield
3% to 54% ee

R'= Me, Et, i-Pr, n-pent, Ph, CH,CI, OEt, CF,4
R2 = Bn, Me, Et, p-MeOCgH,CH,, p-CICgH,CH,

Shibata, N JACS 2000, 122, 10728-10729; Cahard, D. Synlett 2004, 0856-0860; Gouverneur, V. ACIE 2003, 42, 3291-3294; Togni, A. ACIE 2000, 39, 4359-4362; Jorgensen, K.A. ACIE, 2005,
44, 3703-3706; Shibata, N. J. Fluorine Chem. 2006, 127, 548-551
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Cinchona alkaloids

1. Fluorocyclization of indoles — 1t example of enantioselective fluorocyclization

(DHQ),PHAL (20 mol%)

R XH NFSI R R
\ K2003 _ X
N Acetone, -78 °C N H

i:{Z \RZ MeO
23 examples
X =0, NHTs, NHCOOMe 33-95% yield
52-84% ee

2. Fluorocyclization of prochiral polyenes

Racemic reaction R1 Asymmetric reaction
Fluorinating agent A 2 Chiral Selectfluor
NaHCO, O‘ X NaHCO,
MeNO,, 40 °C, 1h Dioxane, rt, 1h
R
X = CH,, NTs, NMs, NCs o A‘@ 5 examples
15 examples N@7 68-99"/3 yield
52-99% vyield | N F 19-73% ee
ﬁ/ Ph 20Tf
4 N f fluorinati
F  OHTf ew type of fluorinating agent

Fluorinating agent A

Syn — diastereoisomers — confirmed by NMR

Gouverneur, V. ACIE. 2011, 50, 8105-8109; ACIE. 2013, 52, 9796-9800



Primary Amine Catalysis

1. a-Fluorinati fB hed Aldeh
a-Fluorinations of Branched Aldehydes Jacobsen, 2015

Primary amine (20 mol%)
NFSI (1.0 equiv)

0 TFA (20 mol%) OH Phoo
0] . 0 R1 NaHCO3 (1.0 equiv) NaBH4 1 N
R" le " H ® o JKT/ H 7 R H
H -~ 2 F NH;
R T H

* * ' A THF, rt, 4h MeOH
R N R or RENHQ . R r Ar Ph
H 14 examples Primary amine
. - . . . 74-99 % yield
R MN,E{/L R ~NH R N R ~NH 48_82%)/(';
xR xR = LR = R . . I . . .
H H H H Substituted arylpropionaldehyde derivatives undergo a-fluorination with consistent results.
R R R R a,a- dialkyl branched aldehydes afforded products with significantly lower ee.
from 2° amine from 1° amine
Secondary amines are ineffective catalysts due to the - - \ P \ /!,\
steric hindrance and primary amines suffers from the i ‘« ‘( ( i\T ‘( (
formation of E and Z isomers. O }-:q. it )/‘\ : ] }/»\
SN {203 NP z.osA*
6 | aa FEs _l { - 7
“H'”nH ~\,'\ I ( \ D ¥ i \ y
-')Jf ! I’ N > N "\\ [\
Me™ " - [ AN \) ;
11a @ - — (\ Z-11a (minor) ,\(\
. ~ a{majon. § ; +1.28 kcal mol” |

The stereochemical analysis raises the possibility that enantioselectivity is dictated primarily
by the E/Z ratio of the enamine intermediates.

Jacobsen, E.N. Org.Lett 2015, 17, 2772-2775 10



Primary Amine Catalysis

2. a-Fluorinations of Branched Aldehydes

lwasa
0] Primary amine (10 mol%) o OH
1 NFSI
WIS R S N LLEGNPA.
E VIF
R2 Toluene, rt, 4h R2 MeOH R2
3
NaOR. 15 examples
(5 equiv) 24-97% yield
R30H,60 °C 84-95% ee
OR® Primary amine
3 )\ﬁw
R0 OH
R2

Stereospecific process

Various a-alkyl-a-aryl aldehydes were successfully fluorinated to afford the corresponding a-fluoroaldehydes in
high yields with high ee. The reaction with a,a-dialkyl aldehydes yielded the products with worse results.

N N F
97% yield 24% yield 59% yield
92% ee 83% ee 14% ee

Iwasa, S. Chem.Sci. 2016, 7, 1388-1392



Primary Amine Catalysis

3. a-Fluorinations of acyclic ketones

Primary amine (20 mol%)

Primary amine (20 mol%)

3,4-(NO,),PhCO,H (20 mol%)

Fluorinating agent A

o o 2,4-(NO2),PhCO,H (20 mol%) O O
- NFSI
R3 ',/ XR1 R3 XR1
R? F CHCls, rt, 24-36h R2
X =0, NH

25 examples
55-99% yield
48-94% ee

(a) Proposed transition states
I: H-bonding Mode

>kr\g’

H““N H

H DQS_
/"',S':;._D
\

Ph

R-selective
H-bonding guided Re-facial attack

Il: Electrostatic repulsion Mode

S-selective
Electrostatic repulsion pushed Si-facial attack

CH3OH, rt, 24-36h

88% yield
92% ee

25 examples
20-95% yield
74-94% ee

99% yield
53% ee

)ﬁ/\ _nPr
N
H

NH,

Primary amine

=

N" &
F OTf

Fluorinating agent A

95% yield
62% ee

B-ketoesters — 18 examples, high yields and ee

1,3-dicarbonyls — 1 example, good reactivity, moderate ee
B-ketoamides — 7 examples, good yields and good to moderate ee

Luo, S. Chem.Sci. 2017, 8, 621-626

12



Anionic Phase-Transfer Catalysis

The use of chiral cation salts as phase-transfer catalysts for _N@_C'
anionic reagents has enabled a vast set of enantioselective NaHCO, //N@7
transformations. 2* 83P38@Na F 2BF4@
2NaBF,
To overcome the problem of background reaction of electrophilic Na,CO,
fluorinating agent and starting material — Toste decided to keep low
the concentration of electrophilic fluorine in organic solution by o. o «—0. 0 _N@_CI 0w _O—u
applying anionic phase —transfer catalysis *CO:P:/OH (o/P<o@ éN@ @o:P\OD

chiral ion pair

1. Lipophilic backbone phase —transfer catalyst
2. Bulky, chiral phosphonic acid
3. Selectfluor is not soluble in nonpolar solvents

electrophilic
DP fluorination SM

Toste, F.D. Science 2011, 334, 1681-1684 13



Anionic Phase-Transfer Catalysis

1. Fluorocyclization of olefins

Z Phophoric acid (10 mol%) Br
TR Selectfluor (1.5 equiv)

Q\O/ X Na,COj (1.25 equiv) X
[.’ NH CeHsF/hexane (1/1), rt, 24h [ N
] ] 1

~_ -

Phophoric acid (10 mol%)
Selectfluor (1.5 equiv)

‘ O Na,COj (1.25 equiv) WF

o) — >~ o

' B
7\ JR O NH CgHsF/hexane (1/1), rt, 24h %@’ '
N

67-95% yield
>20:1 dr, 79-96% ee

Z

100

X 90 74
R o Phophoric acid (10 mgl%) R 80 //
Selectfluor (1.1 equiv) F. //
A Na,COs (1.1 equiv) A 0 70
2L0U3 (1. _ | 'g 6 //‘
S CeHsF/hexane (1/1), rt, 24h s N s . 7 1~ 00080 + 0.555%
S § “ / /' RZ=0.99707
Selectfluor R = CH,CH,0TBS, X =Cl: 59% yield, 15:1 dr, 89% ee = 30 /?’/
(1.1 equiv) R = CHj, X =Br: 69% yield, >20:1 dr, 90% ee 20
MeCN s
10
complex mixture 0
0 20 40 60 80 100

% ee catalyst

A nonlinear effect was observed, supporting a pathway in which both BF,
anions are exchanged for chiral phosphates before the reaction with substrate.

Phosphoric acid

Toste, F.D. Science 2011, 334, 1681-1684 14



Anionic Phase-Transfer Catalysis

2. Fluorination of Enamides

_# Enantioselective fluorination of ketones and aldehydes
Asymmetric synthesis of B-fluoroamine

N Desymmetrization of fluoro-containing compounds

Entry Substrate 1 Ry R> Product % yield 22  %ee 2"
Phosphoric acid (5 mol%)
NBz Selectfluor NBz 1 NHBz  H Me 2d 88 %
N e N Na,COg3 1 B F , 2¢ _ R, H Allyl 2e 80 96
R <~ R » R - R 3 R1—\ | H Bn 2f 92 99
g n \\://
Toluene, rt, 2 days n 46 6-OMe Me 29 94 92
5 H Me 2h 66 96
Phosphoric acid gdf H Ph 2 79 90
7 Bn 2j 84 98
NHBz
8 = 5-OMe Bn 2k 68 96
99 Ri | Ry 5F Bn 2l 75 94
109 5-Cl Bn 2m 85 93
1 H (3-OMe)Bn  2n 83 98
1. anion pair with the NHBz NHBz
Selectfluor reagent Ph Ph
o . 12h —_— s 20 58 87
) 2. activating the enamide
disfavored through hydrogen bonding
15

Toste, F.D. JACS 2012, 134, 8376-8379



Anionic Phase-Transfer Catalysis

3. Dearomatization of phenols (b) =
D_
Direct asymmetric dearomatization through discrimination between the enantiotopic faces of the arene i\l ll-['_ I;”f p
oy
R P70
OH Phosphoric acid (5 mol%) QP
R! Selectfluor m /Z V4 |
Nach3 & | D'E] {J‘—/r;l?:—h‘\
R4 R2 g =1 @ N et
L Toluene, rt, 2 days ! ,»I" ’ F’f \.——-'\"

'-\.\"\-.

Interaction of non-symmetrical phenol
with catalyst may allow face-selective
fluorinative dearomatization

18 examples
28-81% yield
79-97% ee

4. Fluoroamination: 1,4-Addition to Conjugated Dienes

[ R
1 Phosphoric acid (5 mol%)
R = = Selectfluor ° \O Phosphoric acid
f//\\\\\ AN N o Na3PO4
1" o
Rz*'\v//’ X H CF3-Ph, rt, 36h
] 65-97% yield
E-isomer >5.5:1dr
73-96% ee
Phosphoric acid (5 mol%)
Selectfluor
Na3PO4
Z - isomer CFPh it 36N > no reaction -
3" ’ ’

A'3_strain in TS

Toste, F.D. JACS 2013, 135, 1268-1271; ACIE 2013, 52, 7724-7727 16



Anionic Phase-Transfer Catalysis

5. Fluorination of a-Branched Cyclohexanones Enabled by a Combination of Chiral Anion Phase-Transfer Catalysis and
Enamine Catalysis

cat.« Co 0 *Na

J'\/H + /ff cat Rz Jkra Phosphoric acid (5 mol%)
2BF, Non-polar wlvent O Amine catalyst (20 mol%) 0]

R Selectfluor WR
/%/’ RiNH; &/ Na,COs F
. X Toluene, rt, 2 days X
1-_

17 examples

1. E 2 equiv i
R \ R Cata?jf;?;ngycre R R q 48-86"/2 yleld
E 77-94% ee

_J;:\ lon Pair o @ o @ Phosphoric acid
A F F R
If RyNHg is H}to P?I::“ I S NH; o

primary

o

et R N™ el ) ® Cl
et R,lvﬁ\\\' | 2i, with A12 2k, with A13 s
”1'““’9‘" Sond 31% (62%) yield, 32% (63%) yield, Amino acid catalyst
Chiral lon Pair / 89% ee 92% ee
(soluble) ﬂ/—CI C[ =

0. .0
0..20 N~ o7 \0) :[N D’P‘“o

Owpz
C |
o] nBu

s O 3T ey de

¢l NaBF, o 'F

K‘ F F F
2 NaBF, LN F{ Na,CO;

/—CI

- 2n, with A13 20, with A12 2p, with A12 2q, with A12
electfluor 26% (52%) yield, 35% (70%) yield,  43% (86%) yield. 39% (77%) yield,
(insoluble) ": ° "5 e NaHCO; éﬁ% 2; oés% ugey u;a% gey 0757% ;ey

F 2BFs 2. Chiral Anion Phase-Transfer Catalysis Cycle

Toste, F.D. JACS 2014, 136, 5225-5228



Anionic Phase-Transfer Catalysis

6. Fluocyclization with dicarboxylic chiral acids

Enantioselective fluorocyclization of allylic amides

O R—¢” \ 0
Ar ’,‘I / — N NJ\A 2 13 examples
H O~ RAL VI 48-87% yield
o~ = Dicarboxylic acid (10 mol%) 81-94% ee
F 0,C Selectfluor
GD& M Na3PO4 _
OC { ] CI (N\_H%F R 0 Toluene, 24h Ar
C] v +a ,
Ar v \/ . )J\ ) O)§N 6 examples
. Ar /Y” Ar 1 44-80% yield
Phase-transfer activity Forming two ionic pairs between R A e 86-99% ee
mono-anion < formal di-anion the designed catalyst and Selectfluor R

The designed catalysts are conformationally flexible, but the two-point ionic pairing OO O ~© OO

O ©

of the catalyst with Selectfluor would form a well-defined chiral environment. ! l CO0 00C E O

Dicarboxylic acid

Hamashima, Y. JACS 2018, 140, 2785-2788 18



Planar-chiral nucleophilic catalysis

1. a-Fluorination of Ketenes

O- Planar-chiral nucleophilic catalyst (3 mol%)
“Cs R CgF50-Na (1.0 equiv)
ﬁ/ FN(SO,Ph),
Ar i THF, -78 °C

1.0 equiv
<N> 11 examples
P 86-98% vyield
=N 78-99% ee

Planar-chiral nucleophilic catalyst

(-)-PPY
(+rPRY? NSO, T s
Bn N @.@/g&?’@‘@
o=c=< = oy A
Ph THF ‘ N
F
-78°C oﬂk,< G
FN(SO,Ph)» (MesCs)Fe ¢
Ph Bn f
(+)-5 L
95% vield e
N-acylated

intermediate

entry  Ar R ee (%) vyield (%)?
1 Ph Et 99 98
2 Ph Me 98 92
3 Ph i-Bu 95 95
4 Ph Bn 78 96
5¢ Ph cyclopentyl 80 84
6  4-CICgH4 Et 97 86
7 4-MeCgH, Et 97 92
8  4-(OMe)CgH, Et 97 91
9  3-MeCgH, Et 97 97
10 2-naphthyl Et 94 89
11 3-thiophenyl  i-Bu 98 94

NaN(SO,Ph), O

CgF 50

QO
catalyst* =C
R1
H1
CGFEDNB

i:.l

@ @_ )JY R2 + 2
N(SO,Ph), catalyst s cat aly st* /l%lf R
3 2 R!

—=

FN(SO,Ph),

Fu, G.C. JACS 2014, 136, 8899-8902
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Transition-metal catalyzed transformations

1. Dyotropic rearrengement with Pd(IV)

Ar

d

,—Cl E
ArB(OH), (2 equiv) CONHR NZ PdX,
Pd(AdCO3), D< + ArBH(OH), + \7 o BE,~ ——————>
ligand R! [J\{ N Chiral ligand L CONHR
Selectfluor 1
Nach3 Ar
E><CONHR AdCOOH \QF ArPd'X l Step 1
R’ DCE, 50 C, Ar / “CONHR
’R1
F 26 examples
F 27-72% yield
F | N 74-95% ee
N0
N" Ph
N
Ph
Ligand
0
MeO MeO MeO
F O F F F
/" “CONHPh /" “CONHPh /" “CONHPh /" “CONHPh The whole catalytic process would create three stereocentres including
Ph Z Me OMe one quaternary C—F bond from a prochiral substrate, the whole sequence
would be diastereoselective if the initial carbopalladation be effectively directed.
cl
70% yield 51% yield 27% yield 26% yield
92% ee 89% ee 95% ee 80% ee

Zhu, J. Nat.Chem. 2021, 13, 671-676 20



Transition-metal catalyzed transformations

1 1 1 1 1 Pd(MeCN)4(BF,), (10%), [F*] (2.25 equi
2. Transient directing group arylfluorination o MeChM(BF), (107, [P (225 equiy o
\ TDG (50 mol%), H,0 (3.0 equiv) \
R' DCM/MeCN (2:1), Ny, 35 °C, 16 h ArY” R

ArB(OH), (4.67 equiv)
Pd(MeCN)4((BF4), (10 mol%)

| Fluorinating agent (2.25 equiv) H,0
| N TDG (50 mol%)
R_| 1 - condensation hydrolysis
= R NH,
| DCM/MeCN, N5, 35 C RN
+Bu
R "R? R R t-Bu 0 t+-Bu
R' = H, 29 examples \N)\(NRZ \NJ\(NRZ
o} WF 0
91-99% ee \
R' ArY TR
X—B(OH),  Ar—B(OH),
O (0] 0] (0] (0]

Il
LaPdAr 4 ansmetalation L.Pd
coordination/ reductive
complexation elimination
+TDG
-TDG

N C ' Bn v W A
Ph Y pp Ph OTs Ph OAc Ph
33% yield 75% yield 55% yield 60% yield 66% vyield 53% yield 42% vyield +Bu . £Bu
93%ee 95% ee 93% ee 96% ee 95% ee 93% ee 90% ee ] ;’ ’T',’J’G’;d;.": e el
from E-somer from Z-isomer <N_ _O SN | ~o
/Pd ~A off-cycle Pd_ X
\ r species
R’ AV TR
B t-Bu 1+
': NRZ
\ -
| NH; ~N,, \‘\\O migratory oxidation
@/ N\[('\ Pd\ L insertion t-Bu NR_I + to Pd(IV)
NS t-Bu A =
F BF4 0 AR N\Pd:O o
R' L
inati TDG - - )
Fluorinating agent A TDG-stabilized Pd A SR

Engle, K.M JACS. 2021, 143, 8962-8969



Conclusion

* Enantioselective formation of carbon-fluorine bond has become a field of great interest, due to the
beneficial pharmarcokinetic properties that judiciously placed fluorine atoms can confer.

* Even though many methods have been discovered to perform such transformation with high
enantioselectivity, still number catalytic transformations are still limited, especcialy in case of formation

of quaternary center.
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Thank you for your attention




Primary Amine Catalysis

1. a-Fluorinations of Branched Aldehydes

lwasa
0] Primary amine (10 mol%) o OH
1 NFSI
WIS R > e e Lw
"1y "1y
R2 Toluene, rt, 4h R2 F MeOH R2 F
3
NaOR 15 examples
(5 equiv) 24-97% yield
R30H,60 °C 84-95% ee
OR3
R1
3
R O)\ﬁOH
R2

Primary amine

Various a-alkyl-a-aryl aldehydes were successfully fluorinated to afford the corresponding a-fluoroaldehydes in

high yields with high ee.
The reaction with a, a-dialkyl aldehydes yielded the products with worse results.

Sn2-type ring-opening
with MeO~

base
MeO-H MeQ~
OH W
A r’ o,
\(“OMe — Y“oMe —
R —D R

y

OMe

&7_4)

OH

10

10

Iwasa, S. Chem.Sci. 2016, 7, 1388-1392
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