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2009-2013, Discovery and mechanistic elucidation of new asymmetric organocatalytic processes
and their application in drug discovery research
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®Photoactivation of EDA Complex




Photoactivatio

Photochemical activity of EDA (electron donor-acceptor) complexes drive stereoselective
catalytic a-alkylation of aldehydes

2 MTBE, [2],= 0.5 M, 25°C 2

Q NO, Catalyst 1 (20 mol%) O NO,
Visible light (23 W CFL
,6-lutidne (1 equiv
3eq Me NO (1 equiv) Me NO
2a 3a

4a
Entry Catalyst Light Time Yield (%) e.e. (%) 4a Ar
1 1a ON 6h o8 75 Q\'LAr
2 1b ON 6h 98 83 H oTms
3* 1b ON 6 h 94 82 1a Ar = CgHs
4 1b OFF 48 h 0 - 1b Ar = 3,5-(CF3),-CgH3
5 1b OFF, 50 °C 48 h 0 - H
6 - ON 48 h 0 - " Ar
7 1b ON, LEDY 16 h 89 82 =N [
. HH orms
8 1b ON, in air 40 h 78 84
9 1c ON 48 h 87 92 1c Ar = 3,5-(CF;),-CeHj;

*Reaction performed using 1 equiv. NaOAc instead of 2,6-lutidine. 460 nm LED

P. Melchiorre, Nat. Chem., 2013, 5, 750.



Me

0.7
0.6 — . 2a1b:3a (15:1:1)
0.5 - —— 2a:1b (15:1)
0.4 - —  aa
— 2a

Absorbance (a.u.)
o
w
|

R
HJKL + B”

2a Me 330r 3qg
1 equiv.

[3a]=0.2 M
|
400 500 600 700
Wavelength (nm)
"o Catalyst 1b (20 mol%) 0 0
Light HNaElGE Light
3 equiv.>pe 2,6-lutidine (1 equiv.) Me
2a 3aor 3g MTBE, [3Jo=0.5M, 25°C da or 4g 3 equiv.
100
go /I HE W
60
2 ¢ S
40 ~ * ;
o 4 3a conversion
20 - Y W daee. .
A 3g conversion
0
0

Ar
Q\,Lm Light Light R
N >
OTMS 2 6-lutidine (1 equiv.)

1b Me
1 equiv.
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Photoactiv

Mechanistic proposal for asymmetric catalytic photochemical processes

o /EDA critical factors A
0 EWG 1. a weak absorption band lies in
J\ H | A the visible-frequency range
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P. Melchiorre, Nat. Chem., 2013, 5, 750. 8



Photoactivati

I Evaluating the scope and the strategy’s potential to address synthetically relevant problems

o) Catalyst 1¢ (20 mol%) &
PR Visible light (23W CFL) O Ar
H + Br” “EWG 2 6-lutidne (1 equi > H EWG 3NN Ar
R ,6-lutidne (1 equiv) HH otms
MTBE, [3]0 =0.5 M, 25°C R 1c Ar = 3,5-(CF3)2-C6H3
o) NO, o) NO, 0 NO, 0 NO,
Me s NO, Me~ "Me NO, NO, TIPSO " NO,
81 yield, 92% ee 80 yield, 93% ee 92 yield, 93% ee 73 yield, 90% ee
; S SIS S S
NS
H H H H I Br
o (o) o
Me Me Me Me .
sunlight, 89 yield, 94% ee 70 yield, 86% ee 92 yield, 87% ee 96 yield, 87% ee
o)
2
2 H NO,
standard

condltlong Me

10:1 b vs c selectivity

(o] NO, !

(o) Catalyst 1a (20 mol%) !
HJH/Me Visible light (23W CFL) - H "'ph :
2,6-lutidne (1 equiv) Me NO, |

Ph MTBE, 25°C, 40 h 70% yield

26% ee
Me 10

93% yield, 86% ee




Photoactivatl

Enantioselective direct a-alkylation of cyclic ketones by photo-organocatalysis

o o OMe =
catalyst (20 mol%) NH2
TFA(40%mol Wt
- 23w CFL, NaOAc Na |
colvent, Time A

Concerns:
1. increased steric impediments which significantly limit the use of chiral secondary amine catalysts.

2. the resulting secondary enamine, which should have a suitable ionization potential (IP).
3. Have capable of conferring a high level of stereocontrol during the carbon—carbon bond forming event.

.\ﬁ,H ‘\N’H
Q\. Q‘ 1 + RZJI\(H Rz)\

e N e e -
2 2
AN :l/

R R1 R’

tertiary enamine / secondary amine Rle\/
R1
primary amine / secondary enamine

® Unfavourable imine-enamine equilibrium

P. Melchiorre, Chem. Sci., 2014, 5, 2438.

11



Explo

0 Br NO, catalyst (20% mol) 0 NO;

TFA(40% mol) -
. >
23 W CFL, NaOAc
NO NO,

2 colvent, 45 hours

Catalysts

Entry Catalyst Solvent T(°C) Conv.” (%) ee’ (%) OMe —
N|-|2_2|3

14 D Toluene 25 <5 n.d. _ N
2 A Toluene 25 45 88 N |
3¢ C Toluene 25 45 42 A
4¢ B Toluene 25 90 18 L
5 A CHCl, 25 <5 n.d. ""e
6 A MTBE 25 19 68 5
7 A DMSO 25 <5 n.d. CF,
8 A Toluene 0 607 90 Ph 0O /@\
9 E Toluene 0 50/ 904 Ph\_)\NJ\N CF,
10" A Toluene 40 <5 n.d. Nw, 1 H
11 — Toluene 25 <5 n.d. =
12 A Toluene 0 <5 n.d. Q\@:‘h

H oTtMs
h: Reaction performed in the dark. i: Reaction performed in air. b

P. Melchiorre, Chem. Sci., 2014, 5, 2438. -



Photoactivatl

Scope of the photochemical ketone a-alkylation

Q o)
catalyst (20% mol)
A~EWG TFA (40%mol) - NEWG
23 W CFL (>60 h)/
n Xe lamp (14 h) n
NaOAc, solvent

NO
(o] N02 o N02 o N02 (o) 2
@5 Q wed T, O Q Q.
NO, o NO, N NO, o o 2
_/

Me Me Boc
65% yield, 82% ee 57% yield, 94% ee 69% yield, 94% ee 70% yield, 95% ee
Ph
0 NO, o NO, 0 CN 0 Y©/
O QL Q. OO0 O
N02 @ N02 N02

44% yield, 62% ee 38% yield, 74% ee 45% yield, 88% ee 42% yield, 86% ee

Br o
: YOCN éo Y© @ YQ o
O CF, é
é 0 0 ©

42% yield, 88% ee 52% yield, 86% ee 50% yield, 76% ee 73% yield, 92% ee
13



Photoacti

i | 7 EWG
R'= H; aldehydes R'Jl\ R RS
R'= alkyl; ketones 1 R2 3 R2 I

| /
R
/' X GXO
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R I
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. : passs
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X 2 R
l N R? v
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~ R - - R £
X, - ) Br x o
N ' ’ N
i fer 1
| %\m e" trans B %\R
N> B ——— \.( 2
eweR  wm | T 7 | YEweR v

Colored EDA complex Chiral Radical lon Pair
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Photoactivat

I Electron Donor-Acceptor Complex that Drives the Photochemical Alkylation of Indoles

R hv (23 W CFL)
Q—\S Br i X 2,6-lutidne (1 equiv) R \ =
>
N + X MeOH, [2],= 0.5 M \ X
EWG ) N EWG
1H ambient temperature N
2 3
KEDA T
_ Br _ - -
\/ \ﬁ . /
N EWG H
H B n B
- Colord EDA complex -
| — Br -
R
& transfar
"“\ i Br~
N
H
EWG
- I i

P. Melchiorre, Angew. Chem. Int. Ed. 2015, 54, 1485.
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Photoactivatio

I Evaluation of the scope of the photochemical indole alkylation strategy

Br R
R1 hv (23 W CFL)
R3 2,6-lutidne (1 equiv)
A\ R2 + - \ Z
H \ JREwc MeOH, [2]o=0.5 M

ambient temperature

Donors Acceptors 2- alkylatlon 3-alkylation dearomatization
<O O
NHCbz
O \ NO, NH\ C)HNo N ! NO
N 2 H 2
e (D &
NO,
N02 NOZ
21 h, 85% yield 61% yield, black CFL 93% yield, black CFL 61% yield 96% yield, black CFL
O;N Me o
R e, Q
\ O O NO Z O
2
N Ve &
black CFL CN
R = CI. 55% yield
R = OMe. 61% yield 46% yield, black CFL 90% yield 31% yield, black CFL

NHTs

Q{/ standard conditions
'
40 h

/\'"N
H Me ‘Ts

83% yield 72% yield 16




e Radical Chemistry

® Photoexcitation of Enamines




Photoactiv

Enantioselective Organocatalytic Alkylation of Aldehydes and Enals Driven by
the Direct Photoexcitation of Enamines

2,6-lutidine (1 equiv)

(R)-A (20 mol%) F3C CE
CO,Et hv (23 W CFL) Q f\ozEt :
- .
)\ + HJ\| HJ\|“ CO,Et
N

(R)-A

entry deviation from standard conditions % yield % ee”

1 4 h reaction time 94 83

2 in the dark <5

3 in air <5

+ TEMPO (1 equiv) <5

5 2 h, 10 mol % A 33 83

6 2 h, 10 mol % A, 0.5 mol % Ru(bpy);** 74 83

74 cut off @ 385 nm >95°¢ 83

84 band-pass @ 400 nm >95° 83

94 band-pass @ 450 nm <5

d : using a 300 W xenon lamp

P. Melchiorre, J. Am. Chem. Soc. 2015, 137, 6120. e



Mecha

R)-A (20 mol%
Q CopEt BT o coet | FC oo
2 hv (23 W CFL) |\ 3
H Br - > H o CO,Et %
£t CO:Et 2 6-lutidine (1 equiv) Bt =
MTBE, 25 °C, 14 h N OTMS CFs
2a 1a Maly=0.5M 3a H A

a)2,s
—2a

3 21 2 B-lutidine

=. 9

s
—1a

8.5

£ — (R)-A

2

< 3 — 2a+(R)-A
— Reaction mixture

0,5 |
0 .
290 340 390 440
Wavelength (nm)

a: Excluding any EDA association in the ground state
b: Absorption band until 415 nm

c: Stern—\Volmer quenching Studies revealed that
bromomalonate 1a effectively quenched the excited
state of enamine 1V

o
-
o
™
%
o

o
®

FiC 3
0,7 ‘\@ cF 09

0,6 :
c 3 07
05 H : v
H 0.6

Absorbance (a.u.)
(=]
-~
< o <
w
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0.4
0,3 w— ADSOrption
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B i T e ————— A 0
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c)!
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e
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e — 0 12 added
Sos
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©
@ — (2] = 0.17M
o4
g ' — [12] = 0.22M
2
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° -~
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photochemical initiation

hv .
N COzEt
"“COEEt
2a Et /Gmund State\
u;,, A r L
A N chain N CHO,Et
H DTMS propagation L
Ar = 3,5-(CF3)-CgH3 H v TCO,Et
VI Et

1a

product 3a { . !
+ HBr ~N°  CO,Et EtO,C

mo o WK o
2 H \.\.\\' C02Et v 002 t

P. Melchiorre, J. Am. Chem. Soc. 2015, 137, 6120. VIl Et
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Subst

o (R)-A (20 mol%)
R hv (23 W CFL) o R
H )\ - \‘L
Br® "EWG 2 6-lutidine (1 equiv) H ' TEWG
MTBE, 25°C, 16 h
1 R 2 3 Ri1
O CO,Et 0 Me Ph OH
‘L kCOZEt = CO,Et o (g
H o COzEt H W CO.Et H R 0 COZEt
y - CO,Et - CO,Et
e M
94% yield, 83% ee 98% yield, 91% ee 75% yield, 85% ee 77% yield, 90% ee
(o] O M O Me
Mkecozﬂ keCOzEt CO=F
wh w H o
H CO,Et H CO,Et CO,Et
Me” '5 Me —'5 TIPSO™ '5
81% yield, 94% ee 77% yield, 93% ee 94% yield, 88% ee

Cl

o
i H
o
~1 CO,Et H Me | Ve
H , Br —— CO,Et | CO,Et
| md CO:Et CO,Et
5 Me ) CO,Et
92% yield Me

Complete remote regio-selectivty 74% yield,86% ee racemic

21



Photoactiv

Enantioselective Formal a-Methylation or Benzylation by Means of Photo-Organocatalysis

0 (S)-A (20 mol%) o oF.
)H SO.Ph Black LED Fsc\(j CF,
H * |/_ 2 2,6-lutidine (1 equiv) HJ\(\SOzPh m
Et 5°C, 16 h Et W .
1 5 3 H OTMS 3
Entry Solvent Additives and Yield ee
Conditions [%6]® [%]d
1 toluene — 43 80
2 toluene 1, (10 mol %) 13 80
3 toluene Na,S;0; (10 mol %) 50 80
4 toluene/hexanes/H,O Na,S,0; (50 mol %) 99 82
(1:1:2 ratio) (76) (80)
5 toluene/hexanes/H,0O Na,S;0; (50 mol %), <5 -
(1:1:2 ratio) in the dark
6 toluene/hexanes/H,O Na,S;0; (50 mol %), <5 -
(1:1:2 ratio) O; or TEMPO (1 equiv)
7 toluene/hexanes/H,O Na,S,0; (50 mol %), 92 82
(1:1:2 ratio) band pass @ 400 nm

P. Melchiorre, Angew. Chem. Int. Ed. 2017, 56, 4447.

22




Pro

excited state

" 1”7 s0,Ph
2a -
rEd__ -
.= 149V [IASOEPh I .
" SET 1 a
lai Et

photochemical initiation
lla

-fw‘ L)
oS’

a ,l}ﬁr* SO,Ph
J\ :
H / la Et \
1a Ft
ground state .,lf )
Nf |
Ar .
A N H)\(\SOQPh

H  oTms m Et
Ar=3,5-(CF3)2-CeHs  ATRA chain
. 1”">50,Ph
propagation 2
2a
product 3a @=3.9
+ HI
AN
S0O5Ph

lla

HQO
o ¢
H

N‘E
HJ‘K(\E‘,OzPh.r.—-—*“ ?)l\]/\sozph

V Et Et IV

Eped /Il = -0.95 V
Ep ®d2a=-1.49V
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Substr

I 1) (S)-A (20 mol%)

0 FsC

H)H + or F Black LED 2) NaBH, - )oi;\ ’ \C( CFs

Lo A /©/ Na,S,0; (50 mol%)  MeOH,0°c H SOzRx ( /\(é
S 2,6-lutidine (1 equiv) R4

5°C, solvents

OH

OH OH OH OH OH
) 5 ~
Me Ph Me” } Me XA S Me” '3

93% yield, 85% ee 74% yield, 76% ee 50% yield, 96% ee  92% yield, 82% ee 40% yield,75% ee  59% yield, 83% ee

F F |: OH Me
F
OH Ph OH Ph OH Ph /©/
)
):H\ )j\ \)])\ 02
Me
60% yield, 3.2 :1 dr 57% yield, 3:1 dr 52% yield, 3.4 :1 dr 35% yield, 3.2 :1 dr
96% ee, 80% €€ pinor 97% ee, 88% eeminor 97% ee, 83% eepinor 94% ee, 74% eeminor

on . - OH Ph /©/ OH
1 Sml
Me ‘ -2 5 Bn
H))/\SOZPh activated Mg H)j i "'/5)\ THF,H o :
e ar anhydrous MeOH Me” |5 % 2

o 25°C,2h Me
85% ee  90°C,2h 86% yield, 85% ee 96% ee, 80% €€ inor 88% yield, 93% ee  2*



e Radical Chemistry
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Phexcitatic

Photoexcitation Photochemical domain

T™MS

' o
SET +TMS* Radical fi@
R oxidation trapping R |
Ground state Excited state Not achievable

Coloured (>400 nm) via thermal path

Photooxidant

P. Melchiorre, Nature Chem., 2017, DOI: 10.1038/nchem.2748. 26



Phexcitation

Light excitation of iminium ions enables the enantioselective catalytic B-alkylation of enals

o
0 Amine catalyst (20 mol%)
r‘\H +TMS¥Ph TFA (40 mol%), CH3CN - HJ] 3: electron rich
Ph 3 gf"b;‘elr_‘étDeaggrat‘)"e’ 4h ph” v~ PN trimethylsilane reagents
ingle nm
2 Eox(3*/3)=+1.74V 4
Me CF CF R
h F.C 3 F-.C 3 R
F F
Me z

Fh N otps CFs N orps CFs N oms R

1a 1b 1c 1d R=CF(CF;3);

Eox (1a*/1a)=+1.80V  Eox (1b*/1b) = +1.57V Eox (1c*/1c) = +2.2V Eox (1d*/ 1d) = +2.4V

Entry Catalyst Light 3ayield (%) e.e. (%)
1 1a On 79 30
2 None On 0 -
3 1a Off 0 -
4 1b On 28 76 (Ered* (Ib*/Ib~) = +2.3 V
5 1c On 83 85 versus Ag/Ag+ in CH3CN)
6 1d On 87 88

Eox for catalysts 1 measured by cyclic voltammetry versus Ag/Ag” in CH3CN.
P. Melchiorre, Nature Chem., 2017, DOI: 10.1038/nchem.2748.
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Mechanis

—— Absorption 2a
M
Oy /¢ —— Absorption la £
Me 1 —— - — — Emissionla* 1 3
+ -~ ~ o)
N Me _§ p — ~ - <
Ph Me o p ~ o
H — 8 7/ ~ 0]
| BF, ke / ~ ]
Ph” la v - 7
~ ~
E.4 (1a*/la=) ~ +2.3V p ~ e
_ -~
0 I I | T I I T 1 T T T T T T 0
300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Figurel Wavelength (nm)

Key step of a possible chain propagation manifold

O o

Ph’\/( Ph/\/l(
N-Me

Endergonic SET event

Ph\A&fN*- -me > Ph\/\(N
:
HM}MG T™S /TMSJ'\\ : jVMe

~ = H Me
Ph Me O o ~Ph Me
Via 3a lva Va
E,oq(Vla*/Va)=+09V Ey(3a*/3a)=+174V
Figure 2

A chain propagation mechanism is unlikely for several reasons:

(i) the already-mentioned poor nucleophilicity of benzyl radicals

(i1) the low tendency of iminium ions to trap radicals

(ili) the endergonic SET in Fig. 2 is highly disfavoured when considering the redox potentials 28
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ffé. I

Colou rless

H-X
e \\ CL
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O\ H,O
N
|
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Ground state x~ N
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(0]
H
Ph
Enal
o
H
Ph

Me
16h 74% y. 78% ee

o)

I h

16h 77% y. 92% ee

o)

H
Ph NS

48 h 55% y. 87% ee

TMS
+

Substr

Amine catalyst (20 mol%
TFA (40 mol%), CH-.CN

Ambuent temperature, 4 h
Single LED (420nm)

)
>

Silane

Meo ”'I/

48h 62% y. 82% ee

o)
)5 F

",
PR

16h 80% y. 85% ee

(o)

H I?oc

o, _N_
Ph”” “~ " “Ph

24h 63%y. 71% ee

Ph

16h 74% y. 84% ee

0]
Ph” "
Me Me
16h 46% y. 71% ee

16h 82% y. 81% ee

0]
.0 HY
Ph ”I’Q N R
H OTDS

1d R=CF(CF5),
Eox (1d*/ 1d)= +2.4V

P-alkylated aldehyde

(0

v, Ph

Cl
16h 75% y. 88% ee

0
H)‘j
Ph” "
Y

16h 66% y. 1.5:1 dr

92% ee, 90% ee inor
CO,Me

0 O 0
H
, N
ph” O pr’ "

48h 64% y. 92% ee

-n
A
\\\\‘Q
A

e o p
Ph

,’I,/

Me )3

\_ Not detected )

(o]
H)‘j E;
“, /\\_N
Ph “Ts

56h 52% y. 94% ee

(0]
OMe
H lll.{
Ph Ph

24h 56% y. 1.9:1 dr
68% ee, 66% ee inor -
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Other Metho

Photochemical Direct Perfluoroalkylation of Phenol

Excited State

OH
Re
I
—1- Re — "
base SET H
Ie R 4

(0]
hv
é ™G —Ié —_— RF_II —> Rf
A, SET\ 2@

C-C bond via HAS path

O@
Re
H
R—'é - R—©
v

Ground State

P. Melchiorre, Tetrahedron, 2015, 71, 4535.

propagation pathways

RF_I
v ———»

SET

O@
* work-up
=z RF
R | =
NN
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Other Method

Electron-relay strategy to remove the short-lived a-iminyl radical cation (B) by reduction

PCred
SET
N PC

electron-rich moiety

H,0 Amine catalyst

. lWAR — ¥
b quaternarized
R2 product

0 Catalyst (20 mol%)

D
O
o TBADT (5 mol%) O@
. H—< UV LED (365 nm) _ “‘k
Benzoic acid (40 mol%) \ Y O
e

0
Me TBABF, (1 equiv.)
1a 2a CH3CN, 35 °C 3a

P. Melchiorre, Nature 2016, 532, 218. 2






Combine organocatalytic with photochemical processes to realize metal-free asymmetric
reaction under mild conditions

€ Photoactivation of EDA complex

- %
B e
| \z % SN~—> H
Ewe g
EWG

E_DA -complex _ Chiral radical ion pair
€ Photoexcitation of Enamines

hv

)\ Ry radical
E

Ge ¥ O
o

R” Ground state R Excited state 35

€ Photoexcitation of iminium ions
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