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Organic Synthetic Electrochemistry

Redox reactions! — || —

i

anodlc
oxidation

|
[ _i electrolyte

cathodlc .
reduction

-Battery (or other power source) generates a potential difference, measured in volts (V)
-The potential difference drives a current , measured in amps (A), through the wire
-Electrons flow from anode to cathode, resulting in charge accumulation
-If potential difference is large enough for the particular substrate, electron transfer can occur



Organic Synthetic Electrochemistry

Redox potentials (Eo): Cyclic voltammetry:
18
A measure of the potential difference
needed to oxidise or reduce a 12T
compound or functional group
6 Oxidation
< » -
< Y

Common reduction E 0 -

potentials (vs SCE) 5- B
Fo+2e —>2F +287V -6

Reduction

Ch+2e —2ClF +1.36V

Pd® +2e — -12 F

Pd(0) +0.92 V
Ni2* + 2 e — Ni(0) -0.28'V i | o | ,
Zn?* + 2 e — Zn(0) -0.76 V 1.2 0.8 -0.4 0.0 0.4 0.8 12
Ca**+2e — Potential, V vs Ag/AgNO3
ca0) 2.87V .
Li* — Li(0 -3.05V o
"= Lo) Eo is given by the average of the
oxidative (anodic) and reductive
Experimentally determined using (cathodic) peak potentials
cyclic voltammetry
Reversible oxidation/reduction
Reliable for inorganic substrates necessary!!!

Problematic for organic substrates



Organic Synthetic Electrochemistry

x 10
A Single electron oxidations/reductions of
2 organic compounds often lead to unstable
E iIntermediates with downstream reactivity
*E ...........................
= ' Irreversibility prevents meaningful CV data
(§
ol Nicewicz has argued that half-peak
X i v potentials offer close estimates to the true
Potential (V) value
alkyl and aryl elhars
| anol ethers |
aliphatic alkenes
aryl aldehydes and ketones slyrenes
akyl halides : anhydrides . | phenols . amnyl halides |
alkyl and arvl amines
| aryl nitriles | | suliomyl chiorides | | SNAMInNes | 1a|r|:|.rna1ir.: hyd rm:.arb::ln*l.s
I 1 | 1 | | 1 |
| | | | | | |
| | | | | | |
30V =20 =1.0% oY +1.0% +2.0W +3.00
. aryl halides | | thiophenols L
aryl disuffides
| | | |
imines aslers | arcmatic haterocycles

carfbexylic acids

H. G. Roth, N. A. Romero, D. A. Nicewicz, Synlett. 2016, 27, 714

| 1 1 |
! LI 1

TBA zalis imines. admes. and hydiazones

caropxylales anyl acelylengs

I |
i
amides



Technical Aspects

Anode/Cathode Materials: Solvent:

®* Electron transfer occurs at surface
® Different materials have different potential ranges
® Sacrifical anodes can be used when reduction is desired

® Stable to electrochemical conditions
® Polar protic solvents most common

@]
Surface Area Cost/unit ?L P}
CHxCl, o MeOH Me™ \N,Me O\ P
RVC foam High €26 o 9 e twe 33 MCN  same KO gy
8 21 38 80
graphite Low € 185
Ni foam High €125 dielectric constant (£)
Pt Low €621 ® Higher dielectric constant = higher conductivity (lower resistance)
W e € 355 ®* Protic solvents and CH2Clz can serve as sacrificial reductants

when anodic oxidation is desired

BDD Low €552 * Choice of solvent affects working potential range
Zn Low €53
Electrolyte: Single Cell vs Split Cell:
® Source of positive and negative ions Single (Undivided) Cell: Split Cell:

® Carries charge through reaction medium
® Increases conductivity of reaction medium
® Forms an ion layer around electrodes,
affecting substrate diffusion

Cation Anion

@ E 0] . I:\ ,F _
nBu_ nBu ! -Cl-0° B,
{ N ] . 0=Cl-0 FF

< AN
nBu nBu P~ electrolyte

™
)

L I,’_\, N a\ L

_ o Li :

® Li* and nBusN* are common cations: good ® Lower resistance . Higher rI§:S|stance
solubility and chemical inertness * Simpler set-up . More co(;np_lczzted set-up

® CIlO* is a common anion: cheap and inert Less undesired reactivity



Anodic Oxidations:

Electrochemistry in Total Synthesis

Cathodic Reductions:

Redox Paired Transformations:

® Radical Cation Diels-Alder

=t Z? J.ﬁ#{‘
HO o { Q NHEt Eirn

klnglanin A




Anodic Oxidation
Oxidative Decarboxylation (Kolbe Reaction)

Corey, 19592

Ir
[ H
ACOH, HCIO,
Pt \i Pt Cobe, 1t — Me
45V, 0.6 A Me Me Me
MeOH, reflux
POCI, Me Me Me
SN i
X Me Pyridine, rt Me Me Me\ Me
26V, 0.8 A Me H
MeOH, reflux
! Me Me Me

o H R-onoceradiene

36 %

Me Me 17 %

1) H. Kolbe, Ann. der Chem. & Pharm. 1848, 64, 339
2) E. J. Corey and R. R. Sauers, J. Am. Chem. Soc. 1959, 81, 1739



Anodic Oxidation
Oxidative Decarboxylation (Kolbe Reaction)

Schéafer, 19881

OEt
CO,H I
o RSP
7 ? ?
@ " COH =35 eq. current”
ACO MeOH, 40-45°C  AcO
MeO,C 33 %

4 eq.

Stork’s endgame? prostaglandin Fy,

* Reduction of step count by 2
« Obviates the need for tin reagents
« More flexible choice of coupling reagent

1) L. Becking and H. J. Schéfer, Tet. Lett. 1988, 2801



Arene Oxidation

Tobinaga, 19731

OH
crinine

OMe

MeO !
O

OH
maritidine

Amaryllidaceae
alkaloids

O OR

RO
NH,
+

N. 1.10-1.18 V N

o) Me0/©/\/ TFA !
HBF,4, MeCN, rt
MeO 4, Me r TEA

H MeO
MeO O

R: Me (62 %)

2 (62 %)

OR

|—|| RO l
2 steps Pt —i Pt

B ——

1) E. Kotani, N. Takeuchi, S. Tobinaga, J. Chem. Soc., Chem. Commun. 1973, 550

Anodic Oxidation

/—0O

oA

S8

@)
Hom
@)

MeOQ

N.
N.
TFA

TI(TFA)3

TFA

M

[Fe(DMF)3Cl,][FeCly]

/—O
T
N
‘ TFA
19 %

e

(@]
OMe
T
N
‘ TFA
35%

O]




Arene Oxidation

Tobinaga, 19731

Pt rh—i Pt

.Me  1.10V, MeCN, rt

1) E. Kotani, S. Tobinaga, Tet. Lett. 1973, 4759

OBn

MeO !
Ns
Me
MeO

@]
86 % (98 % brsm)

OMe

Anodic Oxidation

OH
MeO

TFA, 1t, 2 h

MeO

N,
Me
(@)

flavinantine
63 %

OMe
HO

TFA, rt, 2 h

BnO !
\
N\
Me
MeO

@]
74 % (90 % brsm)

N,
Me
MeO
O
palladine
50 %

10



Arene Oxidation

Opatz, 20181

Opatz, 20192

OBn
MeO

AcO ]

MeO .Me
N
MeO
|_|I 1.5 mA/cm
BDD Pt HBF,4
MeCN, 0 °C

OBn

Anodic Oxidation

MeO

Sy

(@)
H
MeO

‘Me
thebaine Regioselectivity

difficult to override!
MeO

N
OH \Me

oxycodone

N
OH \Me

oxycodone

11



Arene Oxidation

Nishiyama

20104

MeO,C |—||
1 Pt _‘ Pt
10 mA/cm
Cl Cl HCIO,

OH MeOH, rt

Cl

CO,Me |
OMe

Cl

OH

Cl

CO,Me
OMe
Cl

OH Cl

CO,Me
7 steps

MeO

Anodic Oxidation

12



Arene Oxidation

Chiba, 19981

1) K. Chiba, T. Arakawa, M. Tada J. Chem. Soc., Perkin Trans. 1, 1998, 2939

Anodic Oxidation

DDQ as redox mediator:
*  Oxidises substrate
Then reoxidised by anode

13



Arene Oxidation

Harran, 20151

OH tBu
M . O
e\(\_f HN&&N O \ OH
Me HN, JE_
o
o NH
O
DZ-2385
HszCOZMe
tBu 2 X H
“OH
H,N" >CO,H
10 steps
F —_—_—
HZN, _CO,H (/\/©/
N
H HO

HO

1) Harran et al. Angew. Chem. Int. Ed. 2015, 54, 4818

1.6 V, Et;NBF,
DMF, H,0, rt

Anodic Oxidation

tBu QH tBu
BnO O Me . O
N O N @]
Y HN&4/ = \/\>\/OH 2 steps W HN/kr// = \’\>\/OH
HN,, o) ————>_ Me HN,, 0]
0" TZ D O" LD
NH NH
= Lo = <5
35 % (43 % brsm) DZ-2
2.7:1dr 385

14



C=C Oxidation

Moeller, 20041

Trauner, 20062

OTBS

1) J. Mihelcic, K. D. Moeller, J. Am. Chem. Soc. 2004, 126, 9106

Anodic Oxidation

OTBS r O Me
Me Me || H =
Me N c c Me : 12 steps Me
Me
TBSO RS LiClOg4, 2,6-lutidine TBsO
o __ MeOH, CH,Cl,
15.3 mA, rt
prepared in 88 % alliacol A
6 steps

Ii
I\:/Ie Me |_
Y Me C C
Me

OTBDPSO \ N LiClO,, 2,6-lutidine 1BPPSO OBn 7 steps
o] OBn MeOH, CH,Cl,
TBSO 0.9 A, 1t MeO ©
prepared in
10 steps
heptemerone B
OTBS OTBS
K,CO3, MeOH

R™™N 7T RTHN"™ R TN

heptemerone B

15



C=C Oxidation
Rossen (Merck), 19971

Ph
A N OH OH
: I 8
O

NS
tBUHN "
Indinavir

Ph
Hoo O
= N,
o)
™
C C
0.75 A, NaBr
MeCN, H,0
o
2 Br
()
o
(@)
C
©
Brz

1) K. Rossen, R. P. Volante, P. J. Reider Tet. Lett. 1997, 38, 777

86 %
94:6 dr

electrochemical yield

Anodic Oxidation

16



C(sp?®)—-H Oxidation

Baran, 20181

split-cell setup!

Me 20 mA Me

/ ~ Me Mn(OAc), (0.5 eq.) Me
4 Cu(sal), (2 mol %) D
@] KOAc, AcOH, EtOAc @]

46 %
(42 % 2 g scale)

14 steps

15 steps

sesquicillin A

1) Baran et al. J. Am. Chem. Soc. 2018, 140, 7462

higginsianin A

Anodic Oxidation

17



Anodic Oxidation
N—-H Oxidation

Baran, 20141

Me Me <> Me e
HO — L S-N< a
HO,C COzH
dixiamycin A
M Me Me Me
e O ~N O
- — CO,H
HI-(|)O C OFZ'
2

dixiamycin B

CO,Me

z\l.: :\l. : N.N
63(V 32% 500/ M

MeOZC
sone

K
H ¢ c Q Me Me
1.15V Me Me O N"N a
W HO - Q “ C(;)F2|H N= N=N
MeOH, rt, 18 h  HO.C

28 % (32 % brsm) i
dixiamycin B 60 A)
MEOZS

1) Baran et al. J. Am. Chem. Soc. 2014, 136, 5571 18



C-X Reduction

Scheffold, 19901

Scheffold, 19931

0, 0 ]
></\/\/|
Me ; C C
/\Me -1.2 V, LiCIO,4

B124 (20 mol %)
vis. light, AcOH, DMF

1) Scheffold et al. Tetrahedron, 1990, 46, 3155

o__O Me
></\/\/\/C02Me
Me ;
> 0
/\Me 30 %

7 steps

Me
/\Me

California red
scale pheromone

Cathodic Reduction

OEt

Q L]
O
TBSO
vis. light
Br
Colll

EtO
O, OEt
O &Br

OTBS

TBSO

19



C=0 Reduction

Little, 19901

Shono, 19922

Cathodic Reduction

Split cell Split cell
K K
C —iSn C Sn Me 0
o N .28V, Et,NOTs o =N -28V, EyNOTs Me
Me Il iPrOH Me Me iPrOH Me 5steps _ Me i
Me £ Me > R
H - _ Me Me
prepared in 79 % hirsutene prepared in valeranone
2 steps 6
steps
Split cell Split cell
|_|I |—||
N
C —iSn \ C ]Sn
M Meqy O Me, O N
Me | o N -28V,EuNOTs Me ] OH Me. | H 2.8V, ELNOTs
&/I/l iPrOH Zl:d _4asteps T\, iPrOH
prepared in H Me
2 steps 68 % 37 % capnellene

1) Little et al. Tet. Lett. 1990, 31, 485

20



Cathodic Reduction
C=N Reduction

Shono, 1978-8113

Two intrinsically electrophilic
FGs

L
MeO M

e

(0]
MeO OMe
cularine
Split cell Split cell
I_ll |—||
MeO © Pt —i Pt o) © Pt Pt
m ® < N nEt,NOTs
MeO “N-ve nEL,NOTs S Z " "Me 4
-1.8V, DMF -1.8V, DMF

OM
Br/\@OMe Br/\@ €
OMe OMe

Split cell

[i
i A
Pt _i Pt MeO M

X C)
N® ! Et,NOT: ©
PAL N nely S
MeO Me -2.0V, DMF O
OBn then NaBH,4
MeO OMe

cularine

1) Shono et al. Tet. Lett. 1978, 48, 4819
2) Shono et al. Tet. Lett. 1980, 50, 3073 21
3) Shono et al. Tet. Lett. 1981, 51, 2385



Redox Paired
e-Amination

Baran, 20191

IPr H or iPr
..\\\
HN | OH )\«OMe HoN )\WOMe
< HN Y Br o iPr
p— p—
iPr N A\ N\ HN™ "CO;Me Ni' obtained from Ni' either electrolytically
Me H N N or by disproportionation to Ni' and Ni'"
= H H A\ B
Me N r
teleocidins B-1-4 Ac Ni' N
N
ox. add. H
red. elim.
iPr
CO,Me Ar—Ni"'-Br
iPrYCOZMe Ar_Ni“l_NH
NH, B
+ C Ni iPr
Br . e
. LiBr, DBU, 5 mA HN COzMe 11 steps
N NiBr,-glyme (19 mol %) p
N N A\ -

N e

e (] \
— N Ac i

1 step Trom 75 mol % Me 51 % IPY
4-bromoindole >7C02Me
DMA, rt, 7 h Ar—Ni'-NH Ar—Ni'-Br
iPr
iPr H iPr  H iPr  H Y—CogMe
N N N HaN
\\\ v\ |\\
OH OH
iPr iPr
Me" Me"
(—)-teleocidin B-1 (-)-teleocidin B-2 (—)-teleocidin B-3 (-)-teleocidin B-4

22
1) Baran et al. J. Am. Chem. Soc. 2019, 141, 1494



Redox Paired
Radical Cation Diels-Alder Reaction

Moses, 20141

o
|i
| PR o
(QH . . (QH
0 NBUsNBF,, CH,Clp, 15V | O &’

Y H v H H 57 ¥ OH

prepared in 9) HO
7 steps LLS _ -

kingianin A L _

23
1) Moses et al. Chem. Commun. 2014, 50, 12523



Conclusions
Wide Variety of Transformations

iPr

Ph Ph iP CO.M
Me+ Me+o H s e HN/'\COZMe
;2 N + NH,

@ —— L}

N

EC Ac

e Me Me Me

% - [ "N — " CO.H
HOL 7 S o

dixiamycin B

Conditions Tailored to the Substrate

® Redox potentials can be used to indicate potential reaction pathways

®* Choice of materials for the electrodes, solvent and electrolyte

Stoichiometric Oxidants/Reductants Avoided

®* Atom economic electron transfer

Further Promotion/Education Needed!

® Electrochemistry still remains a niche option

24



Explain the formation of the side-product:

™

26V,0.8A
MeOH, reflux

Why is a split cell setup necessary for this transformation?

/s

split-cell setup!

[
2N CI__IC

(@]
Me

~—

H

O

(0]
20 mA

Me Mn(OAc), (0.5 eq.)
Cu(sal), (2 mol %)
KOAc, AcOH, EtOAc

/\
(@) (@]
Me
Me
H
46% ©
(42 % 2 g scale)

Questions

25



CPFL

Enantioselective Radical Reactions

via Transition Metal Catalysis

PhD within LCSO at EPFL
under the supervision of Prof. Jéerome WASER

Simonet-Davin Raphaél
11/05/2020 - Frontiers



Rhodium

Metals Considered

Beryllium
*®
Sodium

Scandium Titanium Vanadium Chromium Manganese Krypton
* k¥

Kr

Zirconium Niobium Molybdenum Ruthenium Rhodium Palladium Cadmium
* * + - *

zr 4 Nb Rud Rh 4 Pd

Hafnium Tantalum Rhenium Platinum
* - * -

Hf Ta Re Pt

LEGI

'Ra

Rutherfordium § Dubnium Bohrium Hassium Copernicium
Hokokok ook ok dokiok ok

Rf Db Bh Hs Cn

[285]

Francium
L

Fr

88

Terbium Holmium Thulium Ytterbium Lutetium

#Tb * *

Gadolinium

" 6d

Samarium
*

Lanthanum Praseodymium Promethium
*

" La Pr '

Europium

*Eu

Pm4 Sm

E P F L Frontiers 2020
2



Historical Background

Ruthenium Rhodium

*

*

1981, Osaka University, Japan

[(—)-diop]RhCl—Catalyzed Asymmetric Addition
of Bromotrichloromethane to Styrene

By Shinji Murai, Ryoji Sugise, and Noboru Sonoda”

Although a number of asymmetric reactions catalyzed
by transition metal complexes to form C—H, C—C,
C—Si, and C—O bonds with creation of chirality have
been reported!”, no reactions of this type which lead to the
formation of chiral carbon-halogen bonds have been re-
ported” to the best of our knowledge. We describe here
the first example of an asymmetric reaction, catalyzed by a
chiral transition metal complex, in which the chiral center
is formed as a result of carbon-bromine bond formation.

Ph\ Ph\

/C=CH2 + BrCCly ———» Br.\uC"CHzCClg
H [¢-)-diop]RhCL 4

(8)-(=)-(1)
H

H.C_ O<S-CH,PPh,

’ )( (—)-diop
HyC

O 1 CH,PPh,

H

The reaction of bromotrichloromethane with styrene in
2 :1 ethanol-benzene, in the presence of an optically active
phosphane-rhodium complex [(—)-diop]RhCI®! (0.30
mmol) at 80°C for 18 h, gave the 1:1-adduct (1) in 26%
yield. The adduct (1) showed an optical rotation of
[a]p = —22.5 (¢=10.7, C¢Hg) which corresponded to > 32%
enantiomeric excess and (S)-configuration.

The enantiomeric excess and the absolute configuration
were determined in the following way using a sample of (1)
with [a]p= —11.3° (¢=10.3, C4H¢) obtained in a separate
run. This sample was treated with an excess of NaN; to
give the azide (2), which was not isolated but directly re-
duced with LiAlH, to (R)-(+)-1-phenyl-1-propylamine (3)
which showed [a]p= +3.43 (c¢=8.4, C,Hs) and corre-
sponded to an optical purity of 16%!*). Thus, the adduct
(8)-(—)-(1) with [a]p= —22.5 corresponds to > 32% enan-
tiomeric excess. It should be noted that the optical purity
must be much higher than 32%, since Sy2 displacement of

Ru Rh
Ph Ph . Ph
NaN LiAIH )
O-CHLOC Y ——n o SCCHLC Iy s . SC-CHCH,
Br 4 Inverr H Reten- H
H sion 3 tion H,
(S)-(=)-(1) (2) (R)-(+)-(3)

Since various transition metal catalysts for addition of
organic halides to olefins are known!® and a variety of chi-
ral ligands are now available'", the present result opens up
new possibilities for asymmetric synthesis.

v

1982 2> 1983 2> 1984

v

1987 <L 1986 <L 1985

v

1988 2> 1989, Tokyo University, Japan

Ru3Cly(diop)3 (1) *
RS0,Cl + (O)CH=CHCH; O r-cricr
Cl SOR
R=CHz, CH3D) 20r3
v L
Ph(}H-ggCH3 x (P; | U= CH3S05Cl
Cl S02CH3 P
2 _ 1
a cl
(PR EH-CHCH (P
P 1 Ph SOxCH; P €0,CHs

. : : G PhCH=CHCH3
(1) with NaN; may involve partial racemization®’.
Murai, S.; Sugise, R.; Sonoda, N. Angew. Chem. Int. Ed. Engl. 1981, 20, 475 Erontiers 2020
E P F I Kameyama, M.; Kamigata, N.; Bull. Chem. Soc. Jpn. 1989, 62, 648 3
To go further: Sibi, M. P.; Manyem, S.; Zimmerman, J. Enantioselective Radical Processes Chem. Rev. 2003, 103, 3263



Addition of CX, Reagents to Olefins

>< ~(15 mol%)
O ‘2
[{Rh(cod)Cl}5] (5 mol%) By %
/;\7\/: + Br—CXs >
\J/ \._~ toluene/hexanes, —-78 °C A 4
N\
\ Ph“‘ N\ Ph\
S="C=CH, + BACCly —> peoC CHXC
H S [(9-diop)RACL 14
(8)-(=)-(1)

. Frontiers 2020
Chen, B.; Fang, C.; Liu, P.; Ready, J. M. Angew. Chem. Int. Ed. 2017, 56, 8780 A



Rhodium

*

Rh

Addition of CX, Reagents to Olefins

P(p-Tol),
>< ]’/\P(p TO|)2 (15 mol%)

l,/
— [{Rh(cod)Cl}5] (5 mol%) Bf>_/Cx3
Al T Br=CXs g
r toluene/hexanes, —78 °C Ar 4

Br CC|3

Br CCl, Br CCl, Br CCl3 Gk Br CClj
7 Me
Me

1b (2-Me): 62%, e.r. 92:8
1e (R = OMe) 44° 89:11
98%, er. 93:7 :g((i me)) 9% er. gg ;o b eeare %% [a]/‘;f;1 . 1q. 60%, er. 92:8 1r: 60%, e.r. 89:11 1s: 62%, e.r. 92:8
-Me b, €.I. g - .I. :

1g (R = 'Bu): 61%, e.r. 94:6 o G Bre, FUs Bry Gl
Br. ccly th(R= 'Pr): 57%, e.r. 92:8 ¢ Cz_/ @{J
1i (R = Ph): 78%,1@l e.r. 87:13 \2
1j (R=TMS): 70%, e.r. 88:12 P
- 5 0, §
::((g(R;FC)):Ag(;;yzoeﬁi 322889.11 10 (2-naphth.): gor%go-m 1t: 55%, e.r. 81:19 1u. < 5%
R 1m (X = CI): 61%, €. 8911 qp (1-naphth.): <6% |

1n (X = Br): 58%, e.r. 86:14

I _ Frontiers 2020
E P F Chen, B.; Fang, C.; Liu, P.; Ready, J. M. Angew. Chem. Int. Ed. 2017, 56, 8780 5



Rhodium
*

Addition of CX, Reagents to Olefins Rh

P(p-Tol),
>< ]'/\P(p TO|)2 (15 mol%)

///

[{Rh(cod)Cl},] (5 mol%) Br, CXs

/7 + Br—CX >
Ar % toluene/hexanes, —78 °C Ar 4

? Rh(|) BFCC|3
P45 Cl
Rh'-

_RhI_RA!
or
Rh!'-Rh/

'Q ~

=/

Ar

Cross-over experiment (-)-DIOP
(45 mol%)
CCly [{Rh(cod)Cl},]

PA"X (0.5equiv) (15 mol%) v v
.0 equiv 0

(1 equiv) CBr, toluene
(0.5 equiv) -78 °C 6% vyield 26% yield
e.ru83:17 e.r.u79:21

. Frontiers 2020
Chen, B.; Fang, C.; Liu, P.; Ready, J. M. Angew. Chem. Int. Ed. 2017, 56, 8780 6




One Catalyst — Two Processes

Rhodium

O

Aux)ﬁ\

EWG
Rh - /U EWG /lL
so,ar | RN o T 0 Aewe
> H
[Rh] A N Aux R
R r
@J - radical trapping and fragmentation up to 97% ee
e ®
'o" SOQAF
i 4
(Rhl~o *SO,Ar O  SOAr
| )j\/(. ’ — :
Aux Z R Aux R
up to 89% ee

sulfonyl radical addition to alkene

3, Yield?, ee®

4, Yield?, eef

Entry EWG Ar
1 CN CeHs
2 CN 4-MeCgH,
3 CN 4-BI'CGH4
4 CN 4-CF;CeH,4
5 CN 2-MeCgH,
64 CN 2,4,6-Me;CeH,
i CN 2-Naphthyl
g’ CN 1-Naphthyl
9 COOEt  CgH;
109 COOEt 4-MeOCgH,

(o}

d

11 ¥othy  Cetls

(o]
124 #’\og/é CeHs

S
132 o CeH
#LO%N(th) e

3a, 85%, 96% ee
3a, 68%, 96% ee
3a, 81%, 97% ee
3a, 78%, 95% ee
3a, 71%, 95% ee
3a, 57%, 94% ee
3a, 82%, 94% ee
3a, 78%, 91% ee
3b, 65%, 94% ee
3b, 65%, 92% ee

3¢, 60%, 92% ee

3d, 62%, 92% ee

3e, 73%, 92% ee

4a, 92%, 85% ee
4b, 70%, 79% ee
4c, 88%, 80% ee
4d, 78%, 76% ee
4e, 72%, 86% ee
4f, 60%, 89% ee
4g, 88%, 83% ee
4h, 84%, 80% ee
4a, 68%, 84% ee
4i, 63%, 81% ee

4a, 69%, 82% ee

4a, 72%, 83% ee

4a, 78%, 82% ee

? Reaction conditions: 1a (0.20 mmol), 2 (0.10 mmol), A-RhO (0.008
mmol) and HE-1 (0.15 mmol) in 1,4-dioxane (1.0 mL) were stirred at

room temperature and irradiated w1th a2lw CFL

° Determined by HPLC on a chiral stationary phase. ¢

Isolated yields.
35°C.

A-RhO (8.0 mol%) JL O SO,Ph
2

HE-1 (1.5 g
( eQUIVL Jl\/\ & DMPJI\/\R

0
1,4-dioxane

oMp? PR * 22
(1)

R =Et, 1b, r.t. S 3f, 82% yield; 87% ee 4j, 85% yield; 87% ee
R =nPr, 1c, 35°C 349, 78% yield; 77% ee 4k, 80% yield; 78% ee
R= M . 1d, 35°C 3h, 61% yield; 79% ee 4l, 62% vyield; 83% ee

- CoF
Fm A-RhO (80 mol%) /) it
HE-1 (1.5 equiv) o :
1a + 72 s : + 4a
F I SO2Ph 4 4_dioxane, rt. DMPJ\/\Me (2)
5 6 59% yield
& 54% yield; 93% ee  81% ee

E P F I Huang, X.; Luo, S.; Burghaus, O.; Webster, R. D.; Harms, K.; Meggers, E. Chem. Sci. 2017, 8, 7126

Frontiers 2020
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Rhodium
*

N

One Catalyst — Two Processes N R

v
Ra AR SO2A|’ N/

- ~
[ N b - -~
R |1\J R EWG N:,,".. | ““‘\\
-

N\
0 LA Radical . _O,x
AUXMR o Trapping 4

-2 x MeCN and ; : .
1 Fragmentation Chiral Lewis acid (LA)

ArSE02 A-RhO (M = Rh, X = oy
+e - =
1+ [HE]

_ Frontiers 2020
Huang, X.; Luo, S.; Burghaus, O.; Webster, R. D.; Harms, K.; Meggers, E. Chem. Sci. 2017, 8, 7126 3



Radical-Polar Crossover Reactions

O 5 N, N'-dioxide/Ni"
Cé_« " JL (10 mol%) @é)\
1 2 l_ 2 others
/ tBu , tBu / tBu
o O
o)
a) D0
¢l : O OMe o 21 Ni(ClO4),*6HO/L-PiPrs
/@:ﬁ_«o . (1:1,10mol%) #“NHtBu

pn Agz0 (2 equiv), 35°C  Cl )\; 1

Q Cl NEIBY CH,Cl, (0.1 M), 24 h e W

(S)‘3a'° Cl (S)y3ac (S 3adb OMe = 2 R'=H 5dj:R'=H  72% yield, 99% ee
67% yield, 91% ee 65% yield, 95% ee 80% yield, 92% ee 2k: R'=Ph 5dk: R'=Ph 79% yield, 1:1.38 Z/E,
0 o B B [ ———————————— 90%/99% 00

\ b) 0 ) O o
<" “NHtBu o) R2  Ni(ClO4);*6H,0/L-PiPry
i @OMe P % o (1:1, 10 mol%) . 7. "NHtBu
NH{Bu /\ R? Ag,0 (2 equiv), 20 °C J%
CH,Cl, (0.1 M), 24 h R1™X0
1a

i ki 21: R'=H, R?=Et 6al: R'=H  58% yield, 92% ee

(R}-4ad® (S)-3ae (35)-3af 84% yied | 2mR=Ri=Me _________ Sam:R'=Me 79%yield 93%se
46%yield, 95% ee 37% yield, 91% ee 1:1 d.r., 92%/95% ee 0) 0 o
LtBu 3 , O Ni(CIO4),*6H,0/L-PiPr,
ON ON, ON/ O . QfW (1:1,10mol%) 7 “NHtBu
o) o) ( I S z 0  Ag0 (2equiv), 20 °C .
W@/ Céi@c' w R CH,Clo + THF , 24 h el
i L ’ - ’ B 1a
; 2n:R'=H 7an:R'=H 65%yield, 79% ee ~OH
@ 20: R' = Me 7a0: R'=Me 46% yield, >19:1 Z:E, 90% ee
(3S,5S)-3ag 84% yield (3S,5S)-3ah 68% yield (3S,5S5)-3ai% 47% yield

3:1d.r., 98%/95% ee

5:1d.r., 92%/65% ee

6:1 d.r., 91%/66% ee

E P F I Zhang, X.; Wu, W.; Cao, W.; Yu, H.; Xu, X.; Liu, X.; Feng, X. Angew. Chem. Int. Ed. 2020, 59, 4846

Frontiers 2020
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Radical-Polar Crossover Reactions

,tBu
O N, N'-dioxide/Ni" N
Cé_(o . J\ (10 mol%) - ©:‘§)\o ( or )
R1 R2 Aa,O () J‘ R2 others
NH¢Bu 92 Cy

Agzo

1a m
S% AgOH
Ni(ClOy),

L-PiPry
Xy
voaut X
@CWM}
I
AgOH
SET J]\ 2

cyclization L H,0

. Frontiers 2020
Zhang, X.; Wu, W.; Cao, W.; Yu, H.; Xu, X.; Liu, X.; Feng, X. Angew. Chem. Int. Ed. 2020, 59, 4846 10



chiral

Lewis acid NiJ* .
O catalysis O/L \ CoopaIRLve
b photoredox/Nickel
CO,'Ad = N\ / catalysis
Loy O'Ad
O
vis. light | R “CO,'Ad
photoredox / radical addition CF,R
I-CF.R catalysis
el ~ <CF.R 18 examples,
R = CO,Et, C,Fs, C3F7 > 2 2 up to 67% yield and 95:5 er
r
0 o) 0
CO,'Ad CO,'Ad CO,'Ad
CF2C02Et MeO CF2C02Et E CF2C02Et
3aa: 67% yield 3bb: 55% yield 3cb: 66% yield
94:6 er 93:7 er 91 9er
O @) O
CE//( CO,'Ad ©:/4 LCO,'Ad CO,'Ad
& CF,CO,Et - CF,CO,Et - CF,CO,Et
3db: 60% yield 3eb: 67% yield 3fb: 45% vyield
90.5:9.5 er 91.5:85er 89:11 er
(@) 0 @)
CO,'Ad CO,'Ad CO,'Ad
CF,COEt CF,CO,Et CF,CO,Et
OMe Me Br
3gb: 57% yield 3hb: 55% yield 3ib: 47% yield
90.5:9.5 er 91.5:85er 89:11 er
? ? MeO 7
CF,CO,Et CF,COEt CF,COEt
3jb: 49% yield 3kb: 61% yield 3Ib: 57% yield
94:6 er 86.5:13.5 er 94.5:5.5 er
Ja_ s
0 ”:ﬁﬁf 0
MeO CO,'Ad TN .CO,'Ad
" - CF,CO,Et
MeO CcmOZEt : 5 \ L\ -31:3; \K___, 2 2
A /‘\»‘{(‘ S ;
3mb: 52% yield xR . 3nb: 50% yield
93.5:6.5er X-ray crystal structure of 3mb 55:45 er

E P F I Liu, J.; Ding, W.; Zhou, Q.-Q.; Liu, D.; Lu, L.-Q.; Xiao, W.-J. Org. Lett. 2018, 20, 461

Frontiers 2020
11



Nickel
¥

N,

Difluoroalkylation of B-Ketoesters < K

O

chiral O
g NiJ* . —
% Lg;"t':' asci;d o /L\ L cooperative 4 N j

y 5 photoredox/Nickel N N~ -,
©:/§’0021Ad E A - o R
[Ni]* O'Ad L1: H = En

n .
1 L2: R=Pr
vis. light N CO,'Ad
photoredox / radical addition CF,R

-CF,R catalysis

R = CO,Et, C;Fs, CsFy ~ *CFR up to 6;52?23353’95;5 er | r[d F(C F3) ppy} Z(dtbbPY) P FG

[ir]

[N;:I)L1] Ya -
< o
@:/&cozw
1a

2 )\ [NILAT
I-CF,CO,Et l ol

[Ni/L1]

: . . : Frontiers 2020
Liu, J.; Ding, W.; Zhou, Q.-Q.; Liu, D.; Lu, L.-Q.; Xiao, W.-J. Org. Lett. 2018, 20, 461 12



Acyclic Amines Cyanation

3% Cu(OTf),
I 7.5% chiral ligand (L*) |

NE Me;SiCN CN
- - I
Ph solvent, 23 °C Ph

Me  Me

) R R
O O O . 0,‘ 0?\’/0,'
| | I | 2 I | 7
N N N N:,' N N',,
0 )
Ph Ph/ \”X“'

LO, 55%, 49% ee n=1, L1, 93%, 84% ee® R =H, L4, 65%, 77% ee
2,L2,67%, 78% ee Ph, L5, 67%, 88% ee L1
3, L3, 62%, 79% ee Ph, L5, 93%, 90% ee®
Mes, L6, 34%, 71% ee

>20:1 & regioselectivity observed in all cases

L5

E P F I Zhang, Z.; Zhang, X.; Nagib, D. A. Chem. 2019, 5, 3127

Frontiers 2020
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Acyclic Amines Cyanation

3% Cu(OTf),

F CN
| 7.5% L1 or L5 H
N N
T NTNR S \/\)\R
MeCN, DMAc
Me;Si-CN 23°C > 20:1 selectivity
in all cases
CN CN CN CN CN

RSO,HN \/\/l\Ph TSHN\/\)\©/0M8 TsHN\/\/l\©/Me TSHN\/\)\©/CI TsHN F

R = p-MePh, 1, 89%, 90% ee

p-OMePh, 2, 67%, 92% ee 3, 82%, 92% ee 4, 84%, 88% ee 5, 78%, 89% ee 6, 66%, 90% ee
CN CN
TsHN TSHN\\//\\v/l\W::::L\ TSHN\\//\\“/l\]::::L\ TSHN\\//\\v/l\W::::L\ TsHN
//o
NPhth CO,Et ?Qo
7, 83%, 91% ee 8, 91%, 91% ee 9, 95%, 95% ee 10, 56%, 93% ee 11, 67%, 90% ee (Ny
0

CN R

CN CN CN
TsHN TsHN CF; TsHN TsHN NH'BU
O B CN
S
CFs O Me

R = Me, 12, 76%, 86% ee
F, 13, 68%, 89% ee 14, 69%, 87% ee 15, 80%, 92% ee 16, 70%, 92% ee 17, 82%, 93% ee

I _ Frontiers 2020
E P F Zhang, Z.; Zhang, X.; Nagib, D. A. Chem. 2019, 5, 3127 14




Acyclic Amines Cyanation

3% Cu(OTf),

F CN
| 7.5% L1orL5 H
TS/N\/\/\R > TS/N\/\)\R
MeCN, DMAc
Me;Si-CN 23°C > 20:1 selectivity

in all cases

N )
>CU(I)X Me3S| CN

G,
asymmetric C-C transmetallation
formation

enantioselective
Cu-catalyzed A

radical 6 C-H cyanation radical

interception initiation

v
H-atom transfer

I . Frontiers 2020
E P F Zhang, Z.; Zhang, X.; Nagib, D. A. Chem. 2019, 5, 3127 15



Acyclic Amines Cyanation

3% Cu(OTf),

F CN
| 7.5% L1orL5 H
TS/N\/\/\R = TS/N\/\/l\R
MeCN, DMAc
Me;Si-CN 23°C > 20:1 selectivity

in all cases

NPhth L*Cu(OTf), NPhth
/\/\/©/ L /\/\/©/
TsFN "~ TsHN

7, 83%, 91% ee

NoHy;
BuAl-H:;
EthIH (j/©/
—» *

niraparib

36, 50%, 93% ee
anti-cancer therapy

>99% es

E P F I Zhang, Z.; Zhang, X.; Nagib, D. A. Chem. 2019, 5, 3127

Frontiers 2020
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Ring-Opening Cyanation of Oxime

W1,
L} =

N Oy u N
A A0 + TmscN - A on
F )n dual photoredox Ar n

and copper catalysis

R = p-CF3CgHy4 enantioenriched
1(n=1);3(n=0) alkyl dinitriles, 2 & 4

OO Y 020
: : | | )
| N : N NJ </{\1 ,\}Q
: 5 | Bu Bu
Ph-PTZ \_ L1 ' ) 5
X

| AN
Oj/(j\(o |
N
Q ) , s 07/0\(0
<O/I \\Z 8'\] N\)@ </; N \\Z
N N 4 X N N
n L3 Bn L4 B L5

Bn

photocatalyst

BA

. : Frontiers 2020
Chen, J.; Wang, P.-Z.; Lu, B.; Liang, D.; Yu, X.-Y.; Xiao, W.-J.; Chen, J.-R. Org. Lett. 2019, 21, 9763 17



Ring-Opening Cyanation of Oxime

5 Ph-PTZ (2.5 mol %)
>~ Cu(CH3CN)4PFg (1 mol %)
A NG S — L1(12mol%) CN
U/ 2x3 W purple LEDs, DMA ArMﬁCN
In 30°C, 1-12 h
1, R = p-CF3CgHg, n = 1 standard conditions i : = (1)
3, R=p-CF3CgHy, n=0 e
A 2a, R'=H, 92% (91%ee) 2f R'=F, 98% (87% ee)
+0 2b, R" = OMe, 90 % (81% ee) 2g, R' =ClI, 99% (94% ee)
@ 2c,R'=1tBu, 94 % (87%ee) 2h,R'=Br, 97% (91% ee)
R 2d, R' = TMS 99 % (91% ee) 2i, R'= CO,Me, 94% (94% ee)
2e, R'= 94 % (93% ee) 2j, R'=S0,Me, 90% (93% ee)
71/© “‘a@ R 2O
Bpln \©
5% (92% ee) 21, 83% (95% ee)  2m, R' = SMe, 91% (90% ee)

2n, R'=CN, 93% (90% ee)
Me

@‘p ool

20, 92% (89% ee) 2p, 88% (86% ee) 2q, 93% (92% ee)  2r, 82% (85% ee)

0 b

2s, 92% (81% ee) 2t, 88% (89% ee)

X-ray crystal structure of 2e

. : Frontiers 2020
Chen, J.; Wang, P.-Z.; Lu, B.; Liang, D.; Yu, X.-Y.; Xiao, W.-J.; Chen, J.-R. Org. Lett. 2019, 21, 9763 18



Ring-Opening Cyanation of Oxime

W1,

N Oy u N
A A0 + TmscN - A on
F )n dual photoredox Ar n

and copper catalysis

R = p-CF3CgHy4 enantioenriched
1(n=1);3(n=0) alkyl dinitriles, 2 & 4
/O R e
N
L&
Ar )n A A\
R = pP- CF3CGH4 \ /
3(n=0)
Ph-PTZ* @
photoredox copper
catalysis catalysis
reduction/ \ oXidation
u,
I
Ph

. : Frontiers 2020
Chen, J.; Wang, P.-Z.; Lu, B.; Liang, D.; Yu, X.-Y.; Xiao, W.-J.; Chen, J.-R. Org. Lett. 2019, 21, 9763 19



C(sp3)—H Alkylation for Indoline

NNHTPS
dj\H [Co(Por)]; Cs,CO3 ©\/>*.....ph
ITI/\Ph solvent; RT; 24 h B N\
1 Co,R 2 COZR

H-N r
/on o&i \S &( =
o f/' v Y
=™ [Co(P2)] ¥ - =¥ [Co(P3)] ‘-

we ) Que ((w@ Queo )
H/iR) i /, { X

[Co(P4)] [Co(P5)] . [CoPe) (szy

. Frontiers 2020
Wen, X.; Wang, Y.; Zhang, X. P. Chem. Sci. 2018, 9, 5082 20




Cobalt
*

C(sp?®)—-H Alkylation for Indoline Co

NNHTPS
@EU\H [Co(P6)] (2 mol %) _ ©\/>*'“-R1
N R CsyCO3; MeOH; RT; 24 h N\
1 (‘;OZMe 2 CO,Me

O OO Q. O OO~ Cp=0

\ \ \ \ \ \
CO,Me CO,Me X-ray CO,Me OMe CO,Me CO,Me CO,Me
entry 1: 2c entry 2: 2d entry 3: 2e entry 10: 2l entry 11: 2m entry 12: 2n
Q2% Yield, Sttt 00 S5 yield, Moo il 90% yield, 94% ee 57% yield, 95% ee 50% yield, 87% ee
Me Cl Cl
-0 OO -G OO O Oy
i (NN T CI i i i
N N N NN N N
\
CO,Me X-ray CO,Me CO,Me CO,Me CO,Me CO,Me
entry 4: 2f entry 5: 2g entry 6: 2h entry 13: 20 entry 14: 2p entry 15: 2q
96% yield, 94% ee 92% yield, 93% ee 85% yield, 96% ee 93% yield, 90% ee 97% yield, 94% ee 80% yield, 92% ee
F F / OMe NEtZ
@llll@NOz @IIHQCN @IIHQF LR @llll\< @uu\<
N N N N N (@) N O
\ \ o F \ \ \
CO,Me CO,Me CO,Me CO,Me CO,Me CO,Me
entry 7: 2i entry 8: 2j entry 9: 2k entry 16°: 2r entry 17¢ 2s entry 18¢: 2t
96% yield, 87% ee 97% yield, 94% ee 90% vyield, 95% ee 65% vyield, 87% ee 49% yield, 81% ee 92% vyield, 68% ee

. Frontiers 2020
Wen, X.; Wang, Y.; Zhang, X. P. Chem. Sci. 2018, 9, 5082 21



C(sp3)—H Alkylation for Indoline

NNHTPS
H [Co(P6)] (2 mol %) _ ©\/>*‘ VR
N R Csy;CO3; MeOH; RT; 24 h N\
1 (‘;one 2 CO,Me

radical
substitution

radical
activation

MRC

0 emmCl

NNHTPS

H

N/\R1

|
1 CO,Me

E P F I Wen, X.; Wang, Y.; Zhang, X. P. Chem. Sci. 2018, 9, 5082

Frontiers 2020
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C(sp3)-H Alkylation for 5-Membered Ring Structures

L 1 [Co(Por*)]; b Nh
o(Por*)]; base B

1 ) y y 2 X

(Y = NNHTs) 2

Co(ll)-Metalloradical

1l
(Y =Np)

Radical Radical
Substitution Activation N T
2
MRC
* " R* *R
O Ry =0 o RX =0
NH l/l—ﬁ? HN NH ?-|<H . HN

[ , |
e-Co(lll)-Alkyl Radical H-Atom Abstraction a-Co(lll)-Alkyl Radical

: Frontiers 2020
Wang, Y.; Wen, X.; Cui, X.; Zhang, X. P. J. Am. Chem. Soc. 2018, 140, 4792 23



Cobalt

Enone Acylation and Alkylation

+
XOIB“ NEt | Cr
> 'BU V
N
2 | “\\\\D |

inspiration N R)
> Wing,, l ..... wN-
| o 207\ (R)
/N N\
t
X@—‘Bu BUGNEt
Meggers' catalysts
(M=Rh, Ir,Ru; X=0 or S)
o) R2 [Co] (8 mol%), PC (2 mol%) o R 0 R:_0O [Co] (8 mol%) o R .
Ay * ] : A Lo a® O pa P IE R
DG R DHP CH3CN, r.t, 20 h, 2*3Wblue LEDs pG R? DG = DHP CH3CN, r.t,, 2 h, 2*3W blue
5 p 7 5 8 LEDs 9 ©

: . Frontiers 2020
Zhang, K.; Lu, L.-Q.; Jia, Y.; Wang, Y.; Lu, F.-D.; Pan, F.; Xiao, W.-J. Angew. Chem. Int. Ed. 2019, 58, 13375 24



Cobalt

Enone Acylation and Alkylation

0 R2 [Co] (8 mol%), PC (2 mol%) 0O R!
A * | : " o H
DG R! DHP CHsCN, r.t, 20 h, 2*3Wblue LEDs pgG R2
5 6 7
photoredox
catalysis
[Co(ll)]
Ve
+e

6 +
PC* PyH
#:
PC PC’
L
-e

EtO,C._~_COEt
Py /\(NI

conjugate addition of alkyl radicals

disfavored O NEt
Si-face addition P
N

C(Il)-complex ACo1 o>
(CCDC 1870638)

favored ®/8 ‘®,~/
Re-face addition or R200

: . Frontiers 2020
Zhang, K.; Lu, L.-Q.; Jia, Y.; Wang, Y.; Lu, F.-D.; Pan, F.; Xiao, W.-J. Angew. Chem. Int. Ed. 2019, 58, 13375 o5




Conclusion

Alkylation of C(sp2®)—H Bonds
Alkylation and acylation of enones

Access to 5-membered ring structures Radical-polar crossover reactions
Difluoroalkylation of B-ketoesters

J

ot | Nkl | conper Cyanation of acyclic amines

Co Ni 4 Cu Ring-opening cyanation of oxime
i Ring-opening cyanation of cyclopropanols
Rh

10291

Ruthenium

*Ru

101.07

Addition of RSO,CI to olefins

Addition of CX, reagents to olefins
Alkene and sulfonyl addition to olefins

E P F L Frontiers 2020
26



Exercice 1 ‘

n:atalyzed radical relay for enantioselective cyanation of cyclopropanols

R, JOH CN O
A - Ar/\)LR
| }

L[ | ]J

1/ Propose a metal/ligand for this reaction

3/ Propose the missing intermediates

: Frontiers 2020
Wu, L., Wang, L., Chen, P., Guo, Y.-L. and Liu, G. Adv. Synth. Catal. 2020 57



Exercice 2

N3 HH
033/\—% :
o\ [_Jmre
<:/ \1)
\\::'_/ R2
Ny H H
O/ 1
;S\—)LR
O
_ ¢
radical radical 'z R2
substitution activation
2R ~=A 2R o TN
\--_ \ M \
N MRC N
\ /7 \ Vi
radical

1/ Propose a metal/ligand for this reaction

3/ Propose the missing intermediates

Hu, Y.; Lang, K.; Li, C.; Gill, J. B.; Kim, I.; Lu, H.; Fields, K. B.; Marshall, M.; Cheng, Q.; Cui, X.; Wojtas, L.; Zhang, X. P.  Frontiers 2020
J. Am. Chem. Soc. 2019, 141, 18160 28



Outlook - Beyond Metals N

') Organic catalyst 19 (20 mol%) 0
R Dithiocarbamate catalyst 1¢ (20 mol%)
H + \c| - : > H :
' 2,6-lutidine (1.2 equiv.)
17 R Blue LEDs, MeCN, 24 h, 25 °C R

‘O
}‘SK |
S :

Dithiocarbamate catalyst 1¢

Scheitzer-Chaput, B.; Horwitz, M. A.; de Pedro Beato, E.; Melchiorre, P. Nat. Chem. 2019, 11, 129 Frontiers 2020
Perego, L. A.; Bonilla, P.; Melchiorre, P. Adv. Synth. Catal. 2019, 362, 302 29
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% (Radical) Cascade Reactions
% Radical Relay
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* Intramolecular Radical Relays
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Introduction — Cascade Reactions

Cascade/Domino Reactions: a process involving two or more consecutive reactions in
which subsequent reactions result as a consequence of the
functionality formed by bond formation or fragmentation in
the previous step

— each reaction composing the sequence occurs spontaneously
— no isolation of intermediates
— same reaction conditions throughout the consecutive cascade steps

— no addition of reagents after the initial step

VS
One-pot Reactions: a process in which another reagent, mediator or catalyst is added after

the first transformation without isolation of the first formed product

— any cascade reaction = one-pot reaction

— any one-pot reaction % cascade reaction

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



Introduction — Cascade Reactions

First example: Synthesis of Tropinone (Robinson, 1917)
Ca2® N
O ~
S S
CHO
[ + HyN-Me oo, M. c09 - R
CHO \

R. Robinson, J. Chem. Soc. 1917, 762—-768



Introduction — Cascade Reactions

First example:

CHO

2®
Ca
O

oc._I_cod

[ + H,N-Me
CHO

R. Robinson, J. Chem. Soc. 1917, 762—-768

1) Condensation (2x)
2) Intermolecular Mannich
3) Intramolecular Mannich

Synthesis of Tropinone (Robinson, 1917)

—N

0
HCI
A

"N co.H



Introduction — Cascade Reactions

First reported: Synthesis of Tropinone (Robinson, 1917)

20
Ca N
O ~
Q Q
CHO
OO0C COO
[ + HyN-Me A - R
1) Condensation (2x)
CHO 2) Intermolecular Mannich \O

3) Intramolecular Mannich

Synthesis of Progesterone (Johnson, 1971)
0

Me o
Me || 1) LL_° ,TFA,DCE,0°C
Me | 2) K2CO3, MeOH/HZO

N cationic polyolefin cyclization

HO Me

W. S. Johnson, M. B. Gravestock, B. E. McCarry, J. Am. Chem. Soc. 1971, 93, 4332-4334



Introduction — Cascade Reactions

First reported: Synthesis of Tropinone (Robinson, 1917)

20
Ca N
O ~
Q Q
CHO
OO0C COO
[ + HyN-Me A - R
1) Condensation (2x)
CHO 2) Intermolecular Mannich \O

3) Intramolecular Mannich

Synthesis of Progesterone (Johnson, 1971)
0

Me

O
Me || 1) LL_° ,TFA,DCE,0°C
Me | 2) K2CO3, MeOH/HZO _
N cationic polyolefin cyclization
HO Me Ve
l ‘ K>CO3
{ i
O
P
Me >
Me Me
- /v//
©) A
Me

W. S. Johnson, M. B. Gravestock, B. E. McCarry, J. Am. Chem. Soc. 1971, 93, 4332-4334



Introduction — Radical Cascade Reactions

Total synthesis of (+/-)-Hirsutene (Curran, 1985) — Key step constitutes a radical
o Me \\ nBu3SnH (1.2 eq) , AIBN (cat.)

M H
Me benzene , 80°C N e ;
Me _ Me -

H H

T
T

D. P. Curran, M.-H. Chen, Tetrahedron Lett. 1985, 26, 4991—-4994



Introduction — Radical Cascade Reactions

Total synthesis of (+/-)-Hirsutene (Curran, 1985)

Br Ve W nBusSHH (1.2 eq) , AIBN (cat)
Me benzene , 80°C

Me

S\
Me
M C
e N
5-exo-trig Me
H H

Initiation: NC>\/</Q‘®/) CN — hd

CN

~V

nBuy —— Y + nBuzSne
CN CN

D. P. Curran, M.-H. Chen, Tetrahedron Lett. 1985, 26, 4991—-4994

—_—

5-exo-dig




Introduction — Radical Cascade Reactions

Achieving rapid complexity in total syntheses of natural products and complex materials:

OHC

Me
HO
H
|
Me / OAc
070

(—)-6-epi-ophiobolin N (—)-maoecrystal Z

Ph
O polyaromatic

I OQ nanoribbon

o

OH Me

(+/-)-clavilactone (+)-fusarisetin

@ stoichiometric amounts of reagents and/or additives required to mediate these strategies

M. Yan, J. C. Lo, J. T. Edwards, P. S. Baran, J. Am. Chem. Soc. 2016, 138, 12692—12714



Introduction — Radical Relay

Definition: redox-neutral process in which radical character is re-generated and thus

(by Procter) only a catalytic amount of radical-generating reagent is required

3 key stages: 1) Radical Formation: Radical character is generated by SET or addition of radical

2) Radical Relocation: Radical character is propagated during a bond-forming /
breaking sequence

3) Radical Rebound: Radical character is recycled, typically by SET back to

metal catalyst or expulsion of a radical that acts as a catalyst

H.-M. Huang, M. H. Garduho-Castro, C. Morrill, D. J. Procter, Chem. Soc. Rev. 2019, 48, 4626—4638



Examples — Intramolecular Radical Relays

Cu(l)-catalyzed cascade synthesis of pyrrolines (Aubé 1992)

Ph
Me [Cu(PPh3)Cll4 (5 mol%) -
: THF , reflux ;
Ph” N, o - - ~ N
PhW 66 % , > 95% ee \
Ph
Me
£ A
9) : w_ Ph N,
O
+ i ) [
Me)J\H N\ retro [2+2] J\/> Cu PhW
PH cycllzat|on SET
reduction Stage 1: Radical Formation
Reduction of the N-O bond by
Stage 3: Radical Rebound ‘/ Me SET reduction by Cu(l)
Homolytic substitution at O, "N Ph  Ne
Regeneration of Cu(l) catalyst W N-centered radical
Ph"
Cu” ocu'
L 5-exo trig
- Me »
1,4-aryl migration Y R cyclization

Stage 2: Radical Relocation

oo
Ph

ocu'"
J. Aubé, X. Ping, Y. Wang, F. Takusagawa, J. Am. Chem. Soc. 1992, 114, 5466-5467



Examples — Intramolecular Radical Relays

Cu(l)-catalyzed cascade synthesis of pyrrolines (Aubé 1992)

0
Me [Cu(PPhs)Cl]4 (5 mol%)
: THF , reflux ph)J\/\/g

. “N
“0 53 %
ph)'\/\/ Ph><Me
QUESTION: Why does the diastereoisomeric oxaziridine lead to an azirine

instead of the pyrroline?

J. Aubé, X. Ping, Y. Wang, F. Takusagawa, J. Am. Chem. Soc. 1992, 114, 5466-5467



Examples — Intramolecular Radical Relays

Cu(l)-catalyzed cascade synthesis of pyrrolines (Aubé 1992)

O
Me [Cu(PPhs)Cl]4 (5 mol%)
Ph/T\N THF , reflux Ph)l\/\/’lij
K(e) 53 %
N Ph>‘ Me
)(J)\/\/ Me
Ph “N Ph™ N,
><Me Cul Ph)\\\/\/
Stage 3: Radical Rebound Ph
Back electron-transfer to Cu(ll), Stage 1: Radical Formation
Regeneration of Cu(l) catalyst Reduction of the N-O bond by
OCCu" pr'  SET reduction by Cu(l)

Ketyl radical (o .
ph)\/\//ﬁl Me)\JN\/\/ N-centered radical
N PR
Me ocy'

Ph

Radical addition 5-exo trig
to nitrogen ph(-. cyclization

Me)\N
D)
P Z

steric interactions between the
Stage 2: Radical Relocation \///\h

ocy' o-methyl substituent and phenyl
— phenyl transfer is disfavored

J. Aubé, X. Ping, Y. Wang, F. Takusagawa, J. Am. Chem. Soc. 1992, 114, 5466-5467



Examples — Intramolecular Radical Relays

Ti(lll)-catalyzed cascade synthesis of dihydropyrrolizine scaffolds (Gansauer 2016)
[Cp,TiCly] (5 mol%)

. Mn (20 mol%) , Coll*HCI (20 mol%)
| N/} THF, reflux, 3h .
0 47%

D)
O
. 1l
HO : T Stage 1: Radical Formation
roton transfer Reductive epoxide opening by Ti(lll)
Stage 3: Radical Rebound re-aromatization

Intramolecular electron-transfer,
B

N

Regeneration of Ti(lll)

Ti'o
TiVO™
intramolecular bondo i
electron transfer -endo trig
cyclization

TiVO =
W
~__ TiVO
5-exo trig Stage 2: Radical Relocation
cyclization

S. Hildebrandt, A. Ganséuer, Angew. Chem. Int. Ed. 2016, 55, 9719-9722



Examples — Intramolecular Radical Relays

Co(ll)-catalyzed enantioselective cascade synthesis of cyclopropanes (Zhang 2011)

= 0 Co'l(L) (2 mol%) RS O
2)\/\ )H(R3 CH,Cl, , 24h , r.t. . Rl 5
R O 99% PN
N, 99% de, 96% ee R B
R 0
RZJ\/\O)S( R3
) CO” N

N

Stage 1: Radical Formation
Decomposition of diazoacetate,
Capture of carbene by Co(ll)

R O

sz\/\\cﬂ\.( R Alkyl radical

COIII

X. Xu, H. Lu et al., J. Am. Chem. Soc. 2011, 133, 15292—15295



Examples — Intramolecular Radical Relays

Co(ll)-catalyzed enantioselective cascade synthesis of cyclopropanes (Zhang 2011)

= 0 Co'l(L) (2 mol%) RS O
2)\/\ )H(R3 CH,Cl, , 24h , r.t. . Rl 5
R O 99% PN
N, 99% de, 96% ee R B
R 0
RZJ\/\O)S( R3
CO” N

N

Stage 1: Radical Formation
Decomposition of diazoacetate,
Capture of carbene by Co(ll)

Couﬂ R® O R} o)

1 () 2J\/\ R® Alkyl radical
R ° (@) R \\Ci/o

R2 COIII

Stage 2: Radical Relocation
5-exo trig cyclization

X. Xu, H. Lu et al., J. Am. Chem. Soc. 2011, 133, 15292—15295



Examples — Intramolecular Radical Relays

Co(ll)-catalyzed enantioselective cascade synthesis of cyclopropanes (Zhang 2011)

R 0 Co'l(L) (2 mol%) R® O
J\/\ R3 CH2C|2 , 24h , r.t. . R1 “
R? o 99% 3 o
N, 99% de, 96% ee R®
RS O R’ O
A A
R2\ N co' N2
Stage 3: Radical Rebound H
Cyclopropanation, Stage 1: Radical Formation
Regeneration of Co(ll) catalyst Decomposition of diazoacetate,
Capture of carbene by Co(ll)
Couﬂ R® O R} O
ST sz\/\o)%( R Alkyl radical
° \\_/
R2 COIII

Stage 2: Radical Relocation
5-exo trig cyclization

X. Xu, H. Lu et al., J. Am. Chem. Soc. 2011, 133, 15292—15295



Examples — Intramolecular Radical Relays

Sm(ll)-catalyzed cyclization cascade (Procter 2019)

O

Sml, (5 mol%)

Ph l THF , 65°C Me

EtO,C  CO,Et EtO,C CO,Et

Me O Me

O>\““_ CO,Et Ph | ‘
PH H CO,Et
H

Stage 1: Radical Formation
Sm"

sl Et0,C” “CO,Et SET transfer to ketone by Sm(ll)
Ph \./(')

= Smlll
H H ~
Me 0 Me
Stage 3: Radical Rebound H Ph”* | |
Radical addition to metal enolate,
Regeneration of Sm(ll) catalyst

Ketyl radical intermediate

EtO,C CO,Et
EtO,C~ "CO,Et

Smlll "
N\ Ph__4 "o / | .
5-exo trig Fragmentation of a strained ring system
cyclization | Ph™ X Me
H 7 Mf_/ . | | Stage 2: Radical Relocation
5-exo dig

EtO,C CO,Et cyclization gto,c” “CO,Et

H.-M. Huang, J. J. W. McDouall, D. J. Procter, Nat. Catal. 2019, 2, 211-218



Examples — Radical Relays involving HAT

Ir(lll)-catalyzed cascade reaction (Knowles and Rovis, 2016)

[Ir(dF(CF3)ppy)2(5,5-d(CF3)bpy)IPFe

(2 mol%)
)CJ)\ NBu4OP(O)(OBu), (5 mol%) )OL R3
PhCF5;, blue LEDs , RT
H 3 ) - EWG
R' R? R3 \/\ R'R2 R4
EWG
@] R3
R)J\ N w EWG
H R'R2 R4 \ il hv )OJ\
m H

Stage 3: Radical Rebound Proton Ir R ﬁ/\/?( ,
Electron transfer, transfer concerted R'R
Regeneration of Ir(lll) Il R3 PCET Stage 1: Radical Formation

o)
R)J\NMEWG il )(J)\ Oxidative SET by Ir(lll)
H
H RTONT"05CT Amidyl radical
* R' R2

C—C bond - -

Stage 2: Radical Relocation formation ] O R
HAT, Conjugate addition 1,5-HAT T\l/
I H
¥ Iy e
3 . R
R ewe R™ N . :

R R2
Choi, Q. Zhu, D. C. Miller, C. J. Gu, R. R. Knowles, Nature 2016, 539, 268—271

G. J.
J. C. K. Chu, T. Rovis, Nature 2016, 539, 272-275



Examples — Intermolecular Radical Relays

Cu(l)-catalyzed multicomponent coupling (Xiao and Chen, 2018)

.OR

N . Cu(Me)4PFg (10 mol%) Ar' RS
| ArB(OH)2  Gipbpy (10 mol%), Na,COs
R3 MeOH, DMF, blue LEDs, RT, 10 h T CN
A e, DR DUe LEDS, R R R2
R' R?
S .
N-OR e | Iminyl radical
minyl radica
| -/ %&
<> Stage 1:
hv Radical Formation B-scission
R = C(O)CgHyp-CF3 Cleavage of weak N—-O bond l
by reductive SET by Cu(l) .
LCU" \/\CN
Ly Ar'B(OH),
Stage 3: Radical Rebound u transmetalation
Reductive Elimination, P
Regeneration of Cu(l) . Ar” S
reductive LCu"Ar
elimination
Ar'
Ar)\/\/\CN Ar's Ar” >">"CN

X. Y. Yu, Q. Q. Zhao, J. Chen, J. R. Chen, W. J Xiao, Angew. Chem.

Stage 2: Radical Relocation
Conjugate Addition

Int. Ed. 2018, 57, 15505—-15509



Examples — Intermolecular Radical Relays

Merging organocatalysis and photoredox catalysis (Melchiorre, 201 6)/ \
amine catalyst (20 mol%) O
O TBADT (5 mol%) = photocatalyst O HoN
UV LED (365 nm)
+ H—R2 - - >
benzoic acid (40 mol%) WR2
R TBABF4 MeCN, 35°C R
up to 99% ee

0 . , ,
condensation PC iPr o _
red carbazole-containing  iPr
X @NH . oc K organocatalyst /

Stage 1: Radical Formation

V con$ Hydrogen Atom Abstraction
by excited photocatalyst
NH2 B

O addition
v R -
@‘RZ S NN Y > o
R1 R % © N Q Z- conflgured) s ‘ %N(N
Hydrolysis d C=Nbond ~ J& H i\ ]
7~ /4 /I/I\e / A-1
Re face
¢/ intramolecular SET === exposed
. R . ]
.Rz Stage 2: Radical Relocation
Stage 3: Radical Rebound Q
SET oxidation, PCred
Regeneration of PC
tautomerization
‘..|R2
R1

J. J. Murphy D. Bastida, S. Paria, M. Fagnoni, P. Melchiorre, Nature 2016, 532, 218-222




Examples — Intermolecular Radical Relays

Merging organocatalysis and photoredox catalysis (Melchiorre, 2019)

o amine catalyst (20 mol%) FsC CF,4
F @ CF3

@) R? HP single LED (420 nm)
Y\g/ Zn(OTf), (25 mol%)

| MeCN,35°C, 18h
R

Nz N CF,
R—] 'R'I H OTDS
>70% ee 9
C 0 H
: _R )H R? ﬁ
Ar
| o % HX
;}: aldol-type ,,v /)/>: N
cyclization RTR! organocatalyst o
— H,0 O N
acyl migration Stage 3: X
: H
Radical Rebound radical coupling |
Ar
0
% hv
N
RZ&\@R‘I %\H B K
®
R’ 1 ©
Ar X |N
o
Ar Stage 1:
polar-radical crossover % > — Radical Formation
addition to allene radical cation %o r2  SET activation of
Y\ﬂ/ allenic acids
Stage 2: Radical Relocation R1 MR / H OH C

W

AI’/ R'] R’]

L. A. Perego, P. Bonilla, P. Melchiorre, Adv. Synth. Catal. 2020, 362, 302—-307



Summary — Cascade Reactions by Radical Relay

% Strategies for radical\

formation:

1. Cleavage of a weak bond
by reductive SET from a
low valent metal

2. Fragmentation of a strained
ring system

3. Capture of a carbene by a
low valent metal catalyst

4. Fragmentation promoted by

Kvisible light /

(e C20,

Enantioselective Radical Relays

/ Strategies for radical\

relocation:
1. Driven by release of ring
strain
2. Hydrogen Atom Transfer
(HAT)
3. Conjugate Addition

Following the Baldwin Rules

/ Strategies for radical\

rebound:

1. Homolytic substitution
(at oxygen)

2. Intramolecular electron-
transfer to regenerate
the catalyst

3. Radical addition to a

metal enolate

\- /

o /

(&) (& )

Metal-free Radical Relays using organocatalysts



Outlook

% (radical) cascades as versatile tools for the construction of complex, molecular

architectures
* high sustainability: ~ atom-economic
energy-efficient

waste minimization (only catalytic amounts)
% challenging starting materials — strained ring systems, diazo-compounds etc.

Can more general starting materials serve as an input?
Can general design principles be developed to upgrade any radical process to a catalytic

relay process?

Thank you very much for your attention!
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25 26 27 28
Mn| Fe | Co | Ni
43 44 45 46
Tc | Ru/ Rh | Pd

Stable isotopes: >*Fe, *°Fe, °>’Fe, >8Fe

Oxidation states: -Il, -1, O, +I, +II, +IlI, +IV, +V, +VI

Introduction

Fe

[Ar] 3d® 45?2
Transition metal

—

FeCl,, FeCl,, Fe(acac),

Readily available: 4™ more abundant element in the Earth’s crust

Cheap: 0.081 €/kg

Relatively non-toxic:
Acceptable level in drugs = 1300 ppm Vs <10 ppm for most transition metals

A. Flrstner et al., ACS Cent. Sci. 2016, 2, 778-789
European Medicines Agency, Guideline on the Specification: Limits for Residues of Metal Catalysts or Metal

Reagents, EMEA/CHMP/SWP/4446/2000, London, February 21, 2008.



Introduction

In biology: Transport of oxygen in vertebrates

Oxygen complexation

Hemoglobin

Structure of hemoglobin: https://www.rcsb.org/3d-view/1GZX/1 6




Introduction

In biology: Transport of oxygen in vertebrates

Oxygen complexation

Hemoglobin

But also:

For the transfer of electrons in the cellular
respiration (Fe-S proteins)
For the immune system (lactoferrin)

Structure of hemoglobin: https://www.rcsb.org/3d-view/1GZX/1 7




Introduction

Applications in industrial productions:

Production of ammonia (Haber-Bosch process):

- Main source of ammonia for nitrogen fertilizer

Production of alkanes (Fischer-Tropsch process):

nCO + (2n+1) H,

Fe, Co or Ru cat.

150-300 °C

CnH2n+2 + n Hzo

Production of hydrogen gas (Water-gas shift reaction):

Fe cat.

N2 + 3H2 —_— 2NH3

450-550 °C
250-350 bar

CO + H,0

i) Fe/Cr/Mg cat.
310-450 °C

L.

ii) Cu/Zn/Al cat.
200-250 °C

COZ + H2

A. Furstner et al., ACS Cent. Sci. 2016, 2, 778-789
S. Gangula et al., Org. Process Res. Dev. 2015, 19, 470-475




Introduction

Applications in industrial productions:

Fe cat.
. . N, + 3H, ———— » 2 NH
e Production of ammonia (Haber-Bosch process): 2 2 450-550 °C 3

250-350 bar

- Main source of ammonia for nitrogen fertilizer

* Production of alkanes (Fischer-Tropsch process):

Fe, Co or Ru cat.

nCO + (2n+1) H, > C,Hop+o + N H,O
150-300 °C
i) Fe/Cr/Mg cat.
CO + H,0 S104%0°C | o, + H
* Production of hydrogen gas (Water-gas shift reaction): B Fp > 2 b iz
y gen g ( & ) ii) Cu/Zn/Al cat.
200-250 °C
O MeO ~_—
Cl/\/\)J\N/ + -
. JAR ~__MgClI
/‘\ MeO 3 O
. . . . 33.9 kg
e Current investigations in cross-couplings: MeO ~ o
Fe(acac)s (1.9 mol%) R
MeO/Ha\O X Y N
THF/NMP .
D000 557 kg, 79%
84% HPLC purity
A. Furstner et al., ACS Cent. Sci. 2016, 2, 778-789 9

S. Gangula et al., Org. Process Res. Dev. 2015, 19, 470-475



Introduction

Broad range of applications:

As Lewis acid: Diels-Alder, Friedel-Crafts, ...

In catalytic hydrogenation:

NO,

OTIPS
OTIPS FeBrs (10 mol%)
N AgSbF¢ (20 mol%)
OTIPS Pybox ligand (12%) e
(N o | 5AMS ~
A
O/&o DCM, -70 °C (N 0
Z o)
o)

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization

NH HN
ri, G0
Fe3(CO)12/Ligand OEt
(0.5 mol%) PPh PhR
H, (50 bar)
KOH (20 mol%) NO,
MeOH NH HN

89%, 98% ee

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787 10
J. Gaoetal., J. Am. Chem. Soc. 2014, 136, 4031-4039




Introduction

Broad range of applications:

OTIPS FeBrs (10 mol%)
N AgSbF¢ (20 mol%)
. . . . OTIPS Pybox ligand (12%)
As Lewis acid: Diels-Alder, Friedel-Crafts, ... (N o + | AN
O/&o DCM, -70 °C

Fe;(CO)4,/Ligand
(0.5 mol%)
In catalytic hydrogenation: mo
H, (50 bar)

KOH (20 mol%)
MeOH

89%, 98% ee

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787
J. Gaoetal., J. Am. Chem. Soc. 2014, 136, 4031-4039

OTIPS

Q\

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization



Introduction

Broad range of applications:

OTIPS

OTIPS FeBrs (10 mol%)
N AgSbFg (20 mol%)

. . . . OTIPS Pybox ligand (12%) e

As Lewis acid: Diels-Alder, Friedel-Crafts, ... (N o + | 5 AMS A

O/&o DCM, -70 °C (N ©

= 0
0

99%, > 33:1 exol/endo
87% ee

As catalyst in oxidation: C-H functionalization

_ ! NH HN
s v, CC 0
OEt Fe3(CO)12/ngand OEt

(0.5 mol%) PPh PhR

In catalytic hydrogenation:
H, (50 bar)
NO, KOH (20 mol%) NO,
MeOH 89%, 98% ee NEH N

M. Shibasaki et al., Org. Lett. 2004, 6, 4387-4390
M. S. Chen and M. C. White, Science 2007, 318, 783-787 12
J. Gaoetal., J. Am. Chem. Soc. 2014, 136, 4031-4039




Preliminary work

Initial report by Kharash, 1941

* Exploring the effect of metallic halides (Fe, Co, Ni, ...) on the reaction of ArMgBr and RX

MgBr Br  FeCl (5 mol%) O
©/ ©/ Et,0, reflux O

47%

Development of Fe-catalyzed Kumada-Corriu cross coupling (Kochi, 1971)

* Applicable to alkenyl bromide and Grignard reagents

FeCl; (0.6 mol%
CH3MgBr + A", 3 o), S e,
(excess) THF, 25 c 89%
45 min

e Alkyl bromides converted in corresponding alkenes

FeCl, (0.08 mol%) H H
EtMgBr + EtBr 3 ( 0) Y= + EtH + Et—Et

THF, 25 °C d W (<0.1%)

I:> Further developed only 27 years later by Cahiez

M. S. Kharash, E. K. Fields, J. Am. Chem. Soc. 1941, 63, 2316-2320
M. Tamura, J. K. Kochi, J. Am. Chem. Soc. 1971, 93, 1487-1489
G. Cahiez, H. Avedissian, Synthesis 1998, 8, 1199-1205



Proposed mechanism:

Fe!/Fe'" catalytic cycle

—> Intense ESR spectrum comparable with the one of HFe'(dppe),

Preliminary work

~

p—

MgBr, R2MgBr

2
R\/\R Br\/\R
R? I|3r

|
x/FeV\R - FERA g1

R. S. Smith, J. K. Kochi, J. Org. Chem. 1976, 41, 502-509

14



Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O _NMe; NHC ligand (4 mol%) n-Hexyl
\ﬂ/ + n-hexylMgCl >
o THF, 25 °C, 2 h

80%

Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056



Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O _NMe; NHC ligand (4 mol%) n-Hexyl
\ﬂ/ + n-hexylMgCl >
o THF, 25 °C, 2 h

80%

Very reactive but selective:

Selected examples:

Fe(acac); (3 mol%)

o o | o OAc o

)J\ R2MgX (1.3 equiv) )J\ !

o e - o (T o
<15 min . Br OMe

90% 78%

Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056
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Recent progress in Kumada-Corriu cross-coupling

Applied to a broad range of electrophiles R-X:
> X=Cl, Br, |, F, OTs, OTf, OPiv, OCO,R, OCONMe,, OPO(OR),, SO,Cl, SO.R, ...

FeCl, (1 mol%)

O NMe, NHC ligand (4 mol%) n-Hexy!
\ﬂ/ + n-hexylMgCl >
o THF, 25°C, 2 h

80%

Very reactive but selective:

Selected examples:

Fe(acac); (3 mol%)

o o 5 o] OAc o
)J\ R2MgX (1.3 equiv) )J\ ;
; . o
S T S ]
<15 min ' Br OMe

90% 78%

S
OTBDPS OTBDPS
\ W\
N OH
Fe(acac)s (30 mol%)
. . MeMgB
New reactivity: 9=t HooC

—>,_ DMDA-PatA
Et,0/CPME /k/g 2

N -30°C
o |
o )
75%

@)
Z.-). Shietal., J. Am. Chem. Soc. 2009, 131, 14656-14657
Fiirstner et al., J. Org. Chem. 2004, 69, 3943-3949 17
Flrstner et al., Angew. Chem. Int. Ed. 2016, 55, 6051 —6056




Recent progress in Kumada-Corriu cross-coupling
Centered on the mechanism:
- Several proposed: Fe''/Fe?, Fe%/Fe', Fe'/Fe'", Fe!//Fe, Fe!/FeV

- Highly dependent on the conditions (Nucleophiles, ligands, solvents, additives)

O )

MeMgBr EtMgBr
. Fe(acac); (cat.) OMe Fe(acac); (cat.) OMe
No cross-coupling - >
Cl Et

> 95%

- Both one- and two-electron process possible

- Difficult elucidation of the mechanism:
- Paramagnetic nature of many iron species

- Air/thermal sensitivity of most reactive iron
intermediates

I:> Numerous techniques applied: Electron paramagnetic resonance (EPR)

* Magnetic circular dichroism (MCD)
* >’Fe Freeze-trapped Mossbauer spectroscopy

* X-ray diffraction, ...

A. Flrstneretal., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2018, 140, 11872-11883



Recent progress in Kumada-Corriu cross-coupling

Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

* Fe'species detected by Kochi = [FegMe,,]" [MgCI(THF):]*isolated by Neidig et al.

- Low activity alone, require additional MeMgBr

A. Firstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2016, 138, 7492-7495/ 19
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling

Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

* Fe'species detected by Kochi = [FegMe,,]" [MgCI(THF):]*isolated by Neidig et al.

- Low activity alone, require additional MeMgBr

* Several organoferrates isolated upon reaction of FeCl; with RMetal

'Y'e Firstner et al. Neidig et al.
Fe.,, CHaLi CH3;MgBr _40 °C to rt
Ml \.“Me 2 FeCl, —— [FeMe,JIMgCI(THF)s] Active species
\i_ LiMe\ Et,0, -78 °C THF, -80 °C \
1™ I~
EL,O el O CH3CHs

Moderately active

A. Firstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787
M. L. Neidig et al., J. Am. Chem. Soc. 2016, 138, 7492-7495/ 20
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

e Switch in presence of NMP or TMEDA:

- Trialkyl ferrates isolated by Neidig = catalytically active
] g \M92+ { R,Fe"—R
N

R= Me, Et \
R *3
/N
N i MesMgBr / +
- TMEDA as chaperone [ P Fe MgBr
excess TMEDA
/ \ (no MesMgBr)

More active
Same observation With BnMgBr

R. B. Bedford et al., Angew. Chem. Int. Ed. 2014, 53, 1804 —1808
M. L. Neidig et al., Angew. Chem. Int. Ed. 2018, 57, 6496 —6500 / Angew.Chem. Int. Ed. 2019, 58,2769 —2773
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Organoferrate intermediates with R!MgBr without B-hydrogen (Me, Ph, ...)

e Switch in presence of NMP or TMEDA:

- Trialkyl ferrates isolated by Neidig = catalytically active
] g \M92+ { R,Fe"—R
N

R= Me, Et \
R *3
/N
N i MesMgBr / +
- TMEDA as chaperone [ P Fe MgBr
excess TMEDA
/ \ (no MesMgBr)

More active
Same observation With BnMgBr

- Exact mechanism not fully understood... (# for trialkyl ferrate than iron cluster)

R. B. Bedford et al., Angew. Chem. Int. Ed. 2014, 53, 1804 —1808
M. L. Neidig et al., Angew. Chem. Int. Ed. 2018, 57, 6496 —6500 / Angew.Chem. Int. Ed. 2019, 58,2769 —2773
S. Sandt, A. J. von Wangelin, Angew. Chem. Int. Ed. 2020, 59, 5434 — 5437



Recent progress in Kumada-Corriu cross-coupling
Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)
—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

PhMgBr (1.2 equiv) o

o Fe
precatalyst (cat.)
Br_ AU — Phe A e

<10 min, 94% 30 min, 45% 30 min, 50% 30 min, 46% 30 min, 73%

I:> Higher activity for Fe! pre-catalyst

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787



Recent progress in Kumada-Corriu cross-coupling

Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)

—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

PhMgBr (1.2 equiv) o

o Fe
precatalyst (cat.)
Br_ AU — Phe A e

<10 min, 94% 30 min, 45% 30 min, 50% 30 min, 46% 30 min, 73%

I:> Higher activity for Fe! pre-catalyst

-> Proposed mechanism:

N
FeX2/FeX3
2 R"MgX
R' = Et or higher
\/
Fe?
2 R'"MgX
\/ ,
! R“-X
[Fe?(MgX),]
R1_R2
MgX:
[R?Fe®(MgX),] [R?Fe®(MgX)]
R \{
R'MgXx
N

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787




Fe''/Fe® mechanism proposed with R!MgX (R! with B-H)

—> Fel(MgX), speculated (first by Bogdanovic)

—> Several pre-catalysts synthesized and tried

<10 min, 94%

30 min, 45%

PhMgBr (1.2 equiv) o

e‘;L,_NA, ﬁ @ \/

30 min, 50%

I:> Higher activity for Fe! pre-catalyst

- Proposed mechanism:

Fe precatalyst (cat.)
> Ph
_ o \/\)J\OM

30 min, 46% 30 min, 73%

~N

r

However:

Possible concomitant mechanisms

Only pre-catalysts

Different ligands = strong influence

e

Recent progress in Kumada-Corriu cross-coupling

FeX2/F6X3
2 R"MgX
R' = Et or higher
Y
Fe?
2 R'"MgX
\/ ,
. R“-X
[Fe?(MgX),]
R1_R2
MgX;
[Rzlfe"(MgX)z] [R?Fe®(MgX)]
R1 \{

R'MgXx

A. Furstner et al., J. Am. Chem. Soc. 2008, 130, 8773-8787



Recent progress in Kumada-Corriu cross-coupling

Fe!'/Fe'" catalytic cycle proposed in many cases

. _Ar R-X
Fe'
CL/ SAr

ArMgX
| R Typically used ligands:

MeoN  NMe,  Arp” > TAr2

PAr2

/_\
Ar/N\/N\Ar

X
L/ \X

/\ Radical rebound

R-Ar R-

C.-J. Wallentin et al., ACS Catal. 2016, 6, 1640-1648
M. Nakamura et al., J. Am. Chem. Soc. 2004, 126, 3686-3687.
A. Flrstner et al., Angew. Chem. Int. Ed. 2004, 43, 3955 —3957
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Recent progress in Kumada-Corriu cross-coupling

Fe!'/Fe'" catalytic cycle proposed in many cases

Ar
C I_\Fe”/
L~ " SAr

ArMgX

Ar
Lopol” (
L/ \X

R-Ar

R-X
R Typically used ligands:
/ - \
MeoN  NMe,  Arp” > TAr2 Ar~NN=ar
L Ar AP PAr, --
SEelll

/\ Radical rebound

R-

- Whatever the mechanism, several experiments in favor of alkyl radicals:

Br

Racemisation

Br (0] O\/\
t'BUw or tBu /] Br LII
1 o
tBu. /[ Ar

Diastereoselective Ph
Cyclization

C.-J. Wallentin et al., ACS Catal. 2016, 6, 1640-1648
M. Nakamura et al., J. Am. Chem. Soc. 2004, 126, 3686-3687.
A. Flrstner et al., Angew. Chem. Int. Ed. 2004, 43, 3955 —3957

A _x
I

W\Nu

Maijor product

Radical clock




Enantioselective Kumada-Corriu cross-coupling

Only one report to date (Nakamura et al. 2015)

* Enantioconvergent coupling of aryl Grignard reagents with a-chloroesters

Fe(acac); (3 mol%)
R Ligand (6 mol%) R Me, \t-Bu
/g\ + ArMgBr > PN JP Py
ClI” "CO2R  (added over 1 h) THF, 0 °C Ar” "CO,R | t-Bu Me
(or Br) Ligand

Selected examples:

R=Et, 67% (88:12er)  ;~---- SEAREEREEEEEEEEEELE

oo R = i-Bu, 38% (74:26 er)
88% (30:10 er) R = CH,OMe, 42% (77:23 er)

_ |
: AP~ \ /)
' 0% 0%
(0]

___________________________

52% (91:9 er)

M. Nakamura et al., J. Am. Chem. Soc. 2015, 137, 7128-7134



Enantioselective Kumada-Corriu cross-coupling
Mechanistic investigations:

Fe(acac)s (3 mol%)
ﬂ OR Ligand ( 6mo|% OR +
= PhMgB
T = Ph R > Out-of-cage mechanism

O THF, 0 °C Ph O proposed
12% (85:15 er) 40% (racemic)
dr=1:1

- First-order relationship between [Fe cat.] and ratio not cyclized-cyclized

Bimetallic mechanism proposed:

out-of-cage
favorable

M. Nakamura et al., J. Am. Chem. Soc. 2015, 137, 7128-7134 29



Enantioselective Kumada-Corriu cross-coupling

Computational studies:

- 2 slightly different mechanisms proposed

(E: FeIQC|
¢! Ph Inner-sphere
CO,R .
~">Co,R
CO,R
P
P/'Fe'—Ph Out-of-cage Q:Fell
v -
P & Ph
MgBrCl
P,
(prFel-c Ph
PhMgBr CO,R

_Fe
Cl P™ ¢
)\COZR
MgBrCI
| PN .Cl
F)

<p\F ,'Cl PhMgBr

- C-Cl activation high in energy for Fe' species = Fe' more favorable

- Dropwise addition of Grignard reagent important to avoid Fe''PhPh (biphenyl formation)

- Inner-sphere out-of-cage mechanism

O. Gutierrez et al., J. Am. Chem. Soc. 2017, 139, 16126-16133
M. Nakamura, K. Morokuma et al., J. Am. Chem. Soc. 2017, 139, 16117-16125



New development in Negishi cross-coupling

First reported with vinyl zinc reagents

FeCls (5 mol%)

n/\/Rz TMEDA (3.5 equiv) RV\/RZ

™S 2 -
X=Cl. B | THF, 30 °C, 3 h

Selected examples: |>_\
Br
oror Q)k 1
BnO N
X Ph
Br \H/

73% O 95% 86%

Only scarce numbers of reports

Zn(tolyl),
E;CBr Fe(dpbz),Cl, (5 mol%)
d Wlth benZyI_X: CN T0|uene, 45 OC, 4 h CN

73%

* Extended further with redox-active esters (1°, 2°, 3° alkyl-COOH/ Ar- and R,Zn):

0 ZHN\OBn)z
Fe(acac)s (5-40 mol%)
O)koActivator dppBz (6-48 mol%) O/\/\OBn
_N THF, 0-25°C, 1h N
Ts Ts
Activator = NHPI, HOAt 56%

M. Nakamura et al., Org. Lett. 2009, 11, 4496-4499
R. B. Bedford et al., Chem. Commun. 2009, 600-602 / Angew. Chem. Int. Ed. 2013, 52, 1285 —1288
P.S. Baran et al., J. Am. Chem. Soc. 2016, 138, 11132-11135
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Progress in Suzuki-Miyaura cross-coupling

Few reports = Difficulty with the transmetallation/reduction step
First report of Fe-catalyzed Suzuki-Miyaura cross-coupling (Hor et al., 2008)

PhB(OH),
FeClz (5 mol%)

Br ; Ph
/@ dppy (10 mol%) /@ : :
EKOH 11 ——> High pressure required

THF, 48 h,100 °C
Conversion:

67% (15 kbar)
<1% (1 bar)

Solution: Use activated borate as nucleophile (Bedford et al., 2009)

AN NaBPh, (or KB(4-tolyl),) N pnh | Selected examples: CO,Me
| Fe(dppBz),Cl, (5 mol%) | ;
/N Zn(4-anisyl), (10 mol%) /F ! Ph Ph | N X
R > R ' /)\ | _
ﬁx Toluene, ﬁx | Br CN N~ “Ph N > Ph
85 °C to reflux ' o, 0 o [\
R/\N/)\Br Slore R/\N/)\Ph : 79% 73% 51% 52%

D.J. Young et al., Tetrahedron Lett. 2008, 49, 5620-5621
R. B. Bedford et al., Chem. Commun. 2009, 6430-6432 / Organometallics 2014, 33, 5767-5780



Progress in Suzuki-Miyaura cross-coupling

Nakamura 2010 Li*(or MgBr)  Fe cat. (1-5 mol%) Fe cat.:
_0 MgBr 19
Alkyl—X  + R’;B’ 98r; (20 mol%) _ Alkyl—Ar
\

1°or2calkyl AT O o

X=CLBrorl  g_g By tBu ArgP_ PAT2

______________________________________________________________ Fe

Selected examples: cl Cl

Ar = 3,5-di-t-BuPh

F
0 m Ar = 3,5-di-SiMesPh
c-Hept F )J\M)\ | _
P Ph™ 7, Ph oSN CO,i-Pr

83% F 65% 86%
oo 0=
AN

83% 99%

(42:58 dr)

Extension Of the scope 0
B-  R3 Li+
R B(OMe)sLi O \—
+ R1 R2

Alkyl—X Alkyl—X X/\ R\/\/X

1°, 2° or benzylic 1°, 2° or benzylic R

M. Nakamura et al., J. Am. Chem. Soc. 2010, 132, 10674-10676 / J. Org. Chem. 2012, 77, 1168-1173 / Chem. Lett. 2015, 44, 486-488
/ Org. Biomol. Chem. 2020,18, 3022-3026
R. B. Bedford et al., Chem. Eur. J. 2014, 20, 7935-7938 33



Progress in Suzuki-Miyaura cross-coupling

Only few reports with aryl electrophile

* First reports = Due to palladium contaminations (articles retracted later)
* Observed as side-product with 2-halobenzyl halides (< 41%)

e Directing group required (Bedford et al., 2018)

</ >\ Li+ FeBr; (10 mol%) Z/ \)
N . j:o\ ,t-Bu  IMes.HCI (10 mol%) N

_B >
o \Ar MgBr, (20 rr:ol%) o AN
P THF, 60 °C |  +R
Cl /—\ Ar =

+ -ClI
Mes/NwN\Mes

N N N
OM Cl
Ph OMe Ph Ph
64% 49% Trace O

Proof of contaminations: R. B. Bedford, M. Nakamura et al., Tetrahedron Lett. 2009, 50, 6110-6111
R. B. Bedford et al., Synthesis 2015, 47, 1761-1765 / Nat. Catal. 2018, 1, 429-437



Progress in Suzuki-Miyaura cross-coupling

Byers’s work with ligand tuning

» Alkoxide to help the transmetallation = Iron aggregates: inactive

* Anionic ligand and amide base = improved transmetallation / monomeric iron species

BPiIn Fe cat. (10 mol%)

Alkyl—X + | X Ligand (10 mol%) . @
% LiNMeEt (120 mol%) /..~
X:Cl,Brorl R CgHg, rtto50°C R
24-48 h Fe cat.: X = FeCl
----------------------------------------------------------- Ligand: X =H

CN
@) X0
Al m
N _N
Xz

Selected examples:

NCbz
Ph

c-hept
40% 80% 67% 21%
)
Ph SOTBS \j \—G
60%
41% 32%

* Improvement of the scope (heteroaromatic-BPin, 3° alkyl) and efficiency with:

Byers et al., Org. Lett. 2018, 20, 5233-5237 / Angew. Chem. Int. Ed. 2020, 59, 5392-5397




Enantioselective cross-coupling

First report of enantioselective Fe-catalyzed Suzuki-Miyaura cross-coupling

(Nakamura et al. 2019)

* Enantioconvergent coupling of lithium arylborates with a-bromoesters

+

Li
I\g/le N n-Bu. _/~
Br~ >CO,Bu Ar” g
(2 equiv

Selected examples:

mOH

O

R

R = OMe, 85% (82:18 er)
R = NMe, 89% (82:18 er)

R= CF; 81% (76:24 er)
R = Cl, 83% (84:16 er)

FeCl, (5 mol%)

(R,R)-QuinoxP* (10 mol%)

MgBr; (20 mol%)

1Bu

THF, 25 °C, 3-35 h
(then TFA, DCM)

80% (81:19 er)

N_ _P=Me
e lCix
> /\ \N P‘tBU

Me
(R,R)-QuinoxP*

OH
OO (@)
MeO

(S)-Naproxen
80% (80:20 er)

(S)-lbuprofen
95% (82:18 er)

M. Nakamura et al., Chem. Commun. 2019, 55, 1128-1131



Point on Fe-catalyzed Sonogashira

Still under developed ...

e First report by Bolm and coworkers

Ph
I FeCls (0.15 equiv) 4
DMEDA (0.30 equiv)
T =N T e ,c0s 2 equiv)
Sy 3 equiv
NH, Toluene, 135 °C, 72 h NH,
89%

* Designed in water

FeCl3.6 H,O (0.15 equiv)

0 N 1,10-Phen (0.30 equiv) 0 N=
| + =< A —
> < > _ K3PO, (3 equiv) \ 7/
TBAB (1 equiv) 82%
H,0, 130 °C, 48 h

-> Few other reports but only very high temperature

C. Bolmet al., Angew. Chem. Int. Ed. 2008, 47, 4862 —4865
G. Anilkumar et al., ChemistrySelect 2016, 3, 556 —559



Fe catalysis in Heck-type cross-coupling

Only few reports

* Initial report by Vogel

FeCl, (20 mol%)

. 0 . . \
AN /\@ Picolinic acid (30 mol%) |
| _ + N
N | t-BuOK (4 equiv) N Ph

DMSO, 60 °C 61%

* Extended to benzylic substrates via UV-irradiated iron catalyst

5

Fe..
7~ ""CO
»
Bn co
(25 mol%)

NaOt-Bu (1.5 equiv)
cl + Z Ph r ph " ph

25°C

DS

Ph

* Appliedin 2017 to alkyl electrophiles

FeCl, (10-20 mol%)

XN >< Na,COs4 X" CO,Et
*  Br” TCO,Et >
MeO DMF, 80-100 °C MeO

2°, 3° and benzylic 93%

P. Vogel et al., Adv. Synth. Catal. 2008, 350, 2859— 2864
G. W. Waldhart, N. P. Mankad, J. Organomet. Chem. 2015, 793, 171-174
S. P. Thomas et al., ACS Catal. 2017, 7, 2353-2356



Conclusion and Outlooks

Iron-catalyzed Kumada-Corriu cross-coupling well developed

- Very fast reaction, even at low temperature
- Highly chemoselective

- Cheap catalyst, often without ligand

- Less-sensitive to B-hydride elimination

I:> However, mechanisms still not fully understood ...

Almost no enantioselective version

Use of less-nucleophilic partner still underdeveloped

39



Conclusion and Outlooks

* Iron-catalyzed Kumada-Corriu cross-coupling well developed

- Very fast reaction, even at low temperature
- Highly chemoselective

- Cheap catalyst, often without ligand

- Less-sensitive to B-hydride elimination

I:> However, mechanisms still not fully understood ...

* Almost no enantioselective version

* Use of less-nucleophilic partner still underdeveloped

I:> Tuning of the ligands might be key ...
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Thank you for your attention



Questions



Questions 1

Can you suggest a mechanism for this transformation ?

SW\OTBDPS OTBDPS
\ N OH
Fe(acac)s (30 mol%)
MeMgBr HOOC

——>_ DMDA-Pat A
Et,O/CPME -

N -30°C
o |
o O
75%

@)

Flirstner et al., Angew. Chem. Int. Ed. 2013, 52, 13071 -13075



Questions 1

Can you suggest a mechanism for this transformation ?

S S
OTBDPS OTBDPS

N OH N OH
Fe(acac)s (30 mol%)

MeMgBr HOOC
> —~»_ DMDA-Pat A
Et,0/CPME l —
X -30°C
o | o |
(@] @) (0] @] Me
75%
Me—[Fe]

L — 0L
RS0 Re™oN0
/| el [Felq_
RPo O[M]R\“\\ o Yo  R\ePo o

gk
R MeCOOH

Flirstner et al., Angew. Chem. Int. Ed. 2013, 52, 13071 -13075



Questions 2

Propose a mechanism for the reduction of Fe' to Fe and Fe' to Fe™



Propose a mechanism for the reduction of Fe' to Fe and Fe' to Fe™

2 EtMgBr
r

Fe''Cl, AT‘ Fe

2 MgBrCI

Questions 2

B-H elimination ( Reductive elimination

- FeO

> Fe!l

L™

EtMgBr
\
1. Fe''Cl; —SET— Fe''Cl,

MgBrCI + Et-

2 EtMgBr

2. Fe”'CI3 % Fe'CI

2 MgBrClI
+ EtH + CH2=CH2

~

EtH

—=, Fe'(MgX),

Fe”'CI3

N

Comproportion

2 Fe''cl,

—_—
—_—

Fe'(MgX),

46
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EPFL

07/10/2020

l then Nu™

DWE

Nu

= Cyclopropanes for difunctionalisation

0
%(R RZN%OR

O O~ OR

b G,

Nu N

l then E*

|
Nu\/\/A DwA

E Nu E

m

X‘O

et

H. N. C. Wong et al. Chem. Rev. 1989, 89, 165-198; O. G. Kulinkovich, Cyclopropanes in Synthesis; 2015, John Wiley & Sons, Inc.; E. M. Carreira et. al. Chem. Rev. 2017, 117, 11651-11679.



=PrL = General strategies

A i
R ¥
o N, dR

ka RR ™

0 ) Radical 0O

acylation

O‘X A\ (ka
R
V Y

07/10/2020

= Chiral lewis acids

= Organocatalysis

= Chiral ligands

H. Péllissier, Tetrahedron, 2008, 64, 7041-7095. A. B. Charette et al. Chem. Rev. 2003, 103, 977-1050; O. G. Kulinkovich, Cyclopropanes in Synthesis; 2015, John Wiley & Sons, Inc.




=PrL

Synthesis of chiral cyclopropyl
ketones




=PrL = Traditionnal strategies: diazo ketones

07/10/2020

M. A. McKervey, Chem. Rev. 2015, 115, 9981-10080; O. Reiser et al. Chem. Commun. 2012, 48, 3457-3459; M. Tilset et al. Org. Lett. 2009, 11, 547-550; X. P. Zhang et al. J. Am. Chem. Soc. 2007, 129,
12074-12075; L. K. Woo et al. Organometallics, 2012, 31, 3628-3635.



=PrL = MIRC with ylides

Aggarwal, ACIE, 2001

sulfide
O haOAC4 (1 mOl%)
1 NV TsNa BnEt;NCI (10 mol%) ﬁ oh 30-73% yield
R + | > 177, up to 5:1 dr. S S
| ) Ph)\H sulfide (20 mol%) R i? up to 92% ee
R i °
dioxane, 40 °C R2 o) O
+
\ \
Ph™ ™ H

Gaunt, ACIE, 2004 amine

amine (20 mol%)

i 0 Cs,CO3 j|) oh 63-96% vyield oMe 7 MeO 7
R * > R up to 97% ee N /N
H Ph)K/ Br v

MeCN. 80 °C 7\
N\
| + | OMe
NR;
: Phjﬁ_\H
s 0

V. K. Aggarwal et al. Angew. Chem. Int. Ed. 2001, 40, 1433-1436; M. J. Gaunt et al. Angew. Chem. Int. Ed. 2004, 43, 4641-4644.



=PrL = Rh-catalysed phosphorus ylide promoted cyclopropanation

LautenS, ACIE, 2019 [Rhl]

0
Dy
Rh(cod),BF4 (5 mol%)
Ligand
CO5R Zn(OTf), (0.5 equiv.) 56-99% yield
+ | >

up to 99% ee M
PPh, DCE, 50°C [Rh™]

Y

PP~ T e

. T

o

RO,C™H RO,C” “PPh;*

A
\
I
A

07/10/2020

M. Lautens et al. Angew. Chem. Int. Ed. 2019, 58, 15819-15823.



=PrL = N-Enoxyimide mediated cyclopropanations

O
Ar O‘N
Rovis, JACS, 2014 and 2016 o o W ;
N e
. M I
[CPP'RhCL,], (5 mol%) 0 [Rh™]
CsOAc Ar%- EWG MOAc
TFE, rt
o-NPhth EWG 32-86% yield
A ¥ W ] up to >20:1 dr.
Ar [CpSYRNCI,], (5 mol%) o
NaOAc Ar)%,EWG
TFE, rt
32-88% yield
up to >20:1 dr.
Cramer, Chem. Sci. 2019
O Cat. (5 mol%)
N (BzO), (5 mol%)
o EWG CsOAc O| 49-90% yj
/1\ o * W > R)"" EWG up to >2F:1 dr. O\N
R TFE, 1t 7 ugto 94% ee Ar—L g
S EWG [Rh{]
§ Ar
- cis EWG

T. Rovis et al. J. Am. Chem. Soc. 2014, 136, 11292-11295; T. Rovis et al. J. Am. Chem. Soc. 2018, 140, 9587-9593; N. Cramer et al. Chem. Sci. 2019, 10, 2773-2777..



=PrL = Transition metal catalysed cyclopropene difunctionalisation

Dong, JACS, 2010

[Rh(cod)Cl], (5 mol%)
Ligand (10 mol%) O

PtBu
0 K4PO, M., 76-92% yield Cy 2PQ\(/ 2
)J\ + A o > Ar up to >20:1 dr. Fe HMe
Ar” "H R= R toluene, 70°C " up to 99% ee @
RS RS
Li, ACIE, 2020
OH Cat. (4 mol%) OH
ONHTs CsOAc (”)\ 46-81% yield
+ Ar I > ~TSa . upto 98% ee
H )

07/10/2020

V. M. Dong et al. J. Am. Chem. Soc. 2010, 132, 16354-16355; F. Glorius et al. Angew. Chem. Int. Ed. 2011, 50, 12626-12630.



-
=

07/10/2020

PFL

Glorius, ACIE, 2011

NHC (20 mol%) o)

O K3PO4 (1 5 GQUiV.)
)J\ + » Ar

H RY RS dioxane, 40°C R
RS RS

31-93% vyield

up to >20:1 dr.

up to 96% ee

X. Li et al. Angew. Chem. Int. Ed. 2020, 59, 2890-2896

= QOrganocatalytic cyclopropene difunctionalisation

favourable n-7 interaction

10



=PrL

Enantioselective cyclopropyl
ketone ring-opening




=PL = Diastereoselective transformations

Oshima, Tetrahedron, 2001 Olsson, Org. Lett., 2002
1. TiCl,-nBuyNI Mgl, or Et,All
0 2. R2CHO OH O 0 R2 O

2 3
N 54-85% yield RICHO, R°NH, 1 16-75% yield
%W - RP Y R up to >99:1 dr. %W l R3N R up to >99:1 dr.
NG

o LA |
I\/\/\R1
Ru(bpy);Cl

0
2
La(OTf) j) R* .
- R R 55-86% yield
Blue LEDs up to >10:1 dr.
‘ 3 |

K. Oshima et al. Tetrahedron, 2001, 57, 987-995; R. Olsson et al. Org Lett. 2002, 4, 3147-3150; T. P. Yoon et al. J. Am. Chem. Soc. 2011, 133, 1162-1164

Yoon, JACS, 2011

07/10/2020
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=PrL = TM catalysed C-C activation

R\ /
R H
Ye, JACS, 2017 , . _
Ni(cod), (10 mol%) Ni(cod), - CH
0 Ligand (20 mol%) ') Ar! AlMe;
1 PR3 (10 mOl%) 1 )| O
R. + Ar1 — Ar2 > R. ‘,, R1
N N Ar? _ ‘N
R AlMe; (30 mol%) R R. O~AlMe, .
mesitylene, 130 °C Py R?
R Ni
63-99% yield
up to 94% ee RE
R O-AlMe, O-AlMe
s~ A R. 2
R:PF O =R \O

>< / H
O
O R‘R/O N OA PR
Ar’ Ar P~ " "AlMe, 3

M. Ye et al. J. Am. Chem. Soc. 2017, 139, 18150-18153.

07/10/2020
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=PrL = Radical ring-opening with Ti-based catalyst

[Ti'V]
Lin, JACS, 2018

Cat. (10 mol%) ] j RS RL Mn
Mn (1.5 equiv) O| R> Rt A~ Ar
O Rt Et;N.HCI (10 mol%) M, > \/
Me | /\ Ar [Ti']
Ar Me RS EtOAc, 22 °C y
e

Y

53-98% vyield

up to 96% ee

up to >19:1 dr. [TiV1 TiV1.
MV~g MY,

L pS .
Ar\R'R Ar‘\VL

Ph Ph
—N Cl N= IV radical ring
;Ti: [Ti ]\O opening
Me 0 ¢l o Me
X
1-Ad 1-Ad Ar

07/10/2020
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EPFL
Yoon, JACS, 2016

R RS R

Ru(bpy)s(PFs),
Gd(OTf),, Ligand

T

b

COztBU

07/10/2020

T. P. Yoon et al. J. Am. Chem. Soc. 2016, 138, 4722-4725

iPr,NEt
Visible light, MeCN

COztBU

55-95% yield
up to 97% ee
2:1 to >20:1 dr.

= Lewis acid and photocatalysed radcial [3+2] cycloaddition

NR;

+'
0 NR3 Ru(bpy)s2*

(Gl u(bpy)s*

f )W Ru(bpy) 24
[Gd]

6 [Gd]\o
/ R

E
SET E
NR; G [Gd]~ "
- "0 RSRL . R RS
NRy )\ j R /\Rs

Ml

E

15



EPFL

Meggers, ACIE, 2018

Cat. (10 mol%)
iProNEt (0.5 equiv.)

-

v

R2- acetone
/\st Blue LEDs
O R1L
N\W)KVLRLQ'
Q\/NR

Cat. (10 mol%)
Et3N (2 equiv.)

Y

THF
Blue LEDs

07/10/2020

E. Meggers, et al. Angew. Chem. Int. Ed. 2018, 57, 54545458

= [3+2] photocycloaddition

|_/R1S

R1

63-99% yield
1.5:1 to >20:1 dr.
up to 99% ee

O R?
N

Q\/\N R

67-99% yield
up to 99% ee

R R

RsN

16




=Pr~L = Conclusion: enantioselective syntheses of cyclopropyl ketones

0 0 o X

= Variety of different C1 building blocks
J‘%R %R LG._EWG /\R

= trans and cis cyclopropanes

AN = Transition metal catalysis with chiral
o7 ligand design

Organocatalysis

= put also radical ring closures or
rearrangements

07/10/2020

17



EPFL

07/10/2020

Conclusion: enantioselective transformations of cyclopropyl ketones

O R2LR2s O R?
R : R » Enantioselctive transformations limited
/ to [3+2] cycloadditions
R1L/R1S R1 R1

Ar Ar

N
><O - O\P/O\AIMeZ
O o} Ni » Transition metal C-C activation

Ph Ph

_N\_CI.?_',N—
|
Medo/éf Ob*Me = Radical/LA dual catalysis

1-Ad 1-Ad

18



=PiL = Questions?

= Propose the starting material and a mechanism for this transformation

Lautens, OL, 2011

ZnEt, ~ _ @)
V. Pd(MeCN),Cl, Et ZnEt
(R)-Tol-BINAP \/ CUuCN.2LiCl Ph N7 Et 75% yield
. > . o > >95:5 dr.
Q )J\ Q.O 93% ee
- - Ph Cl

= Propose a structure for the following transformation

Fox, JACS, 2013

CO,Bu O 0

N, Rhy(S-NTTL), (0.5 mol%)

‘ 65-88% yield N OT1TRh
- R g ﬂ 9 —
§ tBuOZC)J\/\/ t0|uene, -78°C R up to 95% ee O R ( |
S tBu O 4Rh

M. Lautens et al. Org. Lett. 2011, 13, 819-821; J. M. Fox et al. J. Am. Chem. Soc. 2013, 135, 9283-9286.



=PiL

07/10/2020

Thank you for your attention!

Any questions?

20



=PrL = Rovis trans cyclopropanation
O
Ar<__O.

O
— Ar 0,
oA s T

N

[Rh”l]

07/10/2020
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07/10/2020

PFL

= Cyclopropene rh difunct

22
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Lubricants

Amines
Antiseptics

] ) Cosmetics
Agrochemicals Pharmaceutics ]
Textiles
Solvents
A
cl
0
cl \/"\E(? HO N
; \ 106
- | /N naftifine O o Detergents
(S)-metolachor (Exoderil) hydroxybenzomorpholine
chlorphenamine

(Piriton)
Food-additives Natural products

o
WW\/\N/\/\NHQ

H O

N -
I N NH,
monomorine | crispine A N, N-di(propylamino)dodecylamine

tryptamine



Summary of amines synthesis

Classical Sy2 reactions:

p -NH ) .
r-OH + NH; ——— -NH2 4+ H0 + Gabriele synthesis

R R + Delépine reaction
Hal &+ NH; —— 3 _.NH H s + l{l@ o + Mitsunobu reaction
R R rNr R’N\R RN R
R Hal
Reductive routes:
. @] .
CN  Hy, Raney Ni NH; LiAIH R' NO2 sncl, NH,
)\ 2 y L )l\ ,R' 4 R/\Nz
R R R N H
R R H
Q NaCNBH o 1N THOPH,. NH NH,
. Whom i RTONH; e s 4
R H 4 c, 3 R R' 2) NaBH4 R RI
Hydroamination:
P 1)9-BBN NR', — . HAN-R 1) Ti cat HN”
R™™S 5yR,N-LG, Cu cat R R 2 2) NaCNBH;, ZnCl, R)\

Hydroaminomethylation (HAM):

H
R’ N
R/\ + H/\” D ———— \R' or \R.
R R




S0

HAM methods

Tandem HAM via hydroformylation

H
metal cat. o H metal cat. N\O
H,, CO H, %
—_ —_—
H,oN
H h®) H

TM-catalyzed HAM

o> - HAHD — OL.

o

H

Photoredox HAM

Q. O
H/\ /O cat, light N

e A

HAM with iminium salts

HAM with aminals

ONO L W e,
| ~ AOH

NI

/ Acid-mediated HAM \
H
Q O RE
Ho's 7 acid e




Tandem HAM via hydroformylation

metal cat.

O _ H2, CO

Tp . olg®

Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639

cat. RIN,R2
H,, CO 2
2y A CHO — e AR
R
R
R1
cat. RlN,R2 lll\ ,
H2, CcO CHO H 7+ R
R R

hydroformylation condensation

Kalck et al.,

2 cat, H, 2
. RO R RN
) R R
R R
N\ 2 N‘ 2
J|/\ R cat., Hy L R
—_— T
R R
hydrogenation

Chem. Rev., 2018, 118, 3861



Catalytic cycle of hydroformylation step

H

ocu, |

oo RN—CO

bp

[RhH(CO),L]

}

square planar

H, l
o)

‘'Rh—CO

Kalck et al., Chem. Rev., 2018, 118, 3861

Catalytic cycle of hydragenation step

R* H
\\‘)\
N R
R Ha
_H
[Rh]
. . /H
rate-determining [RAI_,
R?—
N
R'I
Rh/H /R1
N
[ ]\H (/— \R2
SE R
R  N—R
/
R2



General conditions: HAM reaction of terminal and internal alkenes
90 to 130 °C, 30 to 60 bar

CO/H, (1:1 to 1:5) O [RhH(CO),L] O P O [RhH(CO),L]
—_— —_—
30minto72h NN TNy i dg N NSNS te
H Ib=99:1, L1-L3 H |
Unmodified catalysts: Ligand-decorated catalyst
Rh,05
[Ru3(CO)ral i OO PPh O O
[Rh(acac)(CO),] OC""RIh—co 2 O O 5
[Rha(u-Cl)2(COD),] P™ | L= o p p
P PPh,
PPh, PPh, 0 0
[RhH(CO),L]
L1, 120° L2, 111° L3, 123° L4, 125°
yield (1) 6%, 1/b=99:1 yield (1) quant, 1/b=93:7 yield (1) 67%, I/b=73:27 yield (1) 56%, 1/b=73:27

%@p e @

L5, 131° L6, 113°
yield (1) 40%, I/b=51:49 yield (1) 43%, 1/b=45:55
L7, 106° L8, 114°
Raymond et al., Organometallics, 2003, 22 (25), 5358 yield (1) 15%, 1/b=20:80 yield (1) 67%, I/b=68:32 7



Metal-catalyzed HAM of alkenes

Recent catalytic systems:

3 group

4 group

5 group

[ “DIPP @ SC “DIPP D|pp' ¢ DIPP
/k\&\ < k\Si\ ( ﬁ

Ph, Si— \ Ph, Si—\ =Si Sic
N VAN TN
M=3Sc,Y Gao et al, Org. Chem. Front., 2018, 5, 59

g Q
Ph Ph
. SN >|\ )<
\ / 2
/Ti\ N’T"N
~ NN R

| I PN

Lehning et al, Chem. Eur. J., 2017, 23, 4197
Bielefeld et al, Angew. Chem. Int. Ed., 2017, 56, 15155

O~ SiPr,Me
t /
Bu—(_SM(NMe,), P 0 OO (NHMey),
N f: /Ta(NMez)gCI O\I\'/I/NMGZ
; 7 N 0~ | "NMe,
. — sedi™
M = Nb. Ta SiPr,Me
M=Ta, n=1
Lauzon et al, ACS Catal., 2017, 7, 5921 M=Nb,n=0

Chong et al, J. Am. Chem. Soc., 2014, 136, 10898
Reznichenko et al, J. Am. Chem. Soc., 2012, 134, 3300

NH

AN ,O metal cat. 3

O/\ + H H (early TM)
H

Overall:
+ 1°, 2°, 3° amines
+ activated and nonactivated akenes
+ moderate to good yields
- terminal alkenes
- double HAM
- mixture of linear and branched products
- moderate FG tolerance
- air sensitivity



L .-~ LR
mr-coordination . N
g ~ > et
[cat] = Au, Ag, Pd, Pt, Rh, Ir e,
RS

NH
metal cat. R T ! dual activation
O + NA‘ ( )’/\I oxidative addition "\ l
(Iate ™) > N—/[cat] . R" H
H [cat] = Rh, Ir / ' NN
2
Rl _R? R : .-N L
\N/ : . l
H R ! ' Jeat]
deprotonation \ ' te- \/
R S cal=zn Cu.Fo. 0
DG H DG catl = 4£n, Cu, re '
\ 10 mol% [Ir(COD),]OTf \ DG = wd R2 : [cat]
N +8eq /\R1 » N
degassed PhCI, 85 °C o ,
R Ar (1 atm), 6 h R Bernoud et al, Catal. Sci. Technol., 2015, 5, 2017
Olefins scope, R = H Amines scope
E Pyrrolidines /(j\/\j/ /(j\/\j/
A Co,Et A CN A ph NN N
: 1
68% <5% 42% 37% 62% ; DG
dizmono = 1.8:1 di:mono =1.2:1  di:mono = 0.19:1 di:mono =1.2:1 62% 76% 8_%.
/\/O OMe F dr. =1.2:1 d.r.=1:1
A /\/©/ /\/©/ : cbz
= /\/O : Boc—NH >N
= =z =z ' (0] Hor, Ph o
56% 52%* 62%* 59%* 96%* ' "''H
di:mono = 1.5:B1r 5 E l'\l I'\l N
/\/CN W\[I/ /\/SOZPh E DG DG D(_';
: 30% o o
=z o) /\/N : dr =131 42% 40%
62%* 40%* 73%* 55%* 70%* ;
' Piperidine and isoquinoline Proline and trans-hydroxyproline
: 9 HO,
*only dialkylated products (d.r. > 20:1) were obtained for these substrates ' Ph D‘«OE" f
' ON OFt OEt N ’}‘ o) Ph o~
L] I
: DG o) Nebe DG
; 48% 35%
[ 0, (0]
: 30% 35% d.r. = 6:1 d.r. = 3.3:1

Tran et al, Angew. Chem. Int. Ed., 2017, 56, 10530



R\/\Rz

Olefins scope

SA®

Photocatalytic approach to HAM

/'\

R2 [Ir(lin)] 2

. [Ir(1n] / .
j\/\EWG
R R

N~ "R3 N” TR3

R2

PC (1 mol%)

NMP, 25°C, 18 h N
blue LED

"Pr. ‘Bu
CO,Et CO,Et CO,Et Z > Co,Et ZNco,Et
91% 91% 61% 89% 68%
OzEt 02Et O COZEt \)C\OzEt
OzEt EtO
CO,Et co Et Z CO,Et CO,Et
CO,Et
86% 83% 84% 52%
OzEt @\)\ozl\/le COMe CO,Et \)H\
Et0,C. Z
CO,Me CO,Et COEt 2 COEt
78% 36% 81% 9%

R3

a-aminoalkyl radical

MeO

R\/\EWG

Miyake et al, J. Am. Chem. Soc., 2012, 134, 3338

CO,Et

CO2Et RL A~ PC (1 mol%)

+ NTCR? i >
COZEt R2 NMP, 25 C, 18 h R\N R3

blue LED 2

CO,Et

Amines scope

A~ O, "0, O, Q.

O 0 0 O O

89% 89% 80% 91% 79%
tBu\ - Pra N ~ -
ipry N
\N/
@ @ @ '-
Pr
80% 90% 73% 94% 97%

mono:di = 3.6:1

oD
O

83%



Pros vs Cons of metal-catalyzed methods of HAM of alkenes

one-pot

atom economy

orthogonal/autotandem catalysis

high yields*

high chemo-, regio-, enantioselectivity*
good functional group tolerance*

*if catalyst is well-designed

®

moderate yields in general

catalyst design

catalyst-based substrate design

early TM incompatible with air conditions
limited olefins scope (nonactivated, terminal)
selectivity restrictions

double alkylation

metal or oxidant additives in principle

metal-free?
activated m-systems?

11



Acid-mediated HAM with aminals

Formation of iminium salts - cleavage of aminals with mineral acid: Concerted mechanism - ene reaction:
SNy HA ~  ~H- P NP ® R&E& R : H
N° N SLLANS N INT O — o . S NS A hydrolysis
| | | @) A H A HZA R + H — Hj(ll\ll — m e RN
o Zo> desired product
Unconcerted mechanism - Nu addition:
1,5-H
@ ® ’ hydrolysis | |
R + \H/ RN R RSN * RN
I
undesired products
Aryl olefins ¢
N, 7
Sy Ny~ H3PO4, AcOH N e - N
/\/\ /\/\
A ']‘ ']' 75- 115 °C Ar ’]‘ A N I
@
MeO
70%, 2:98 68%, 10:90 70%, 80:20 5%, 14:86 72%, 79:21
Nonconjugated olefins PN N CsH- ~X CsHiq ~X
H,SO,4, AcOH 38%, 93:7 21%, 94:6 36%, 94:4:2 15%, 95:5
R + \TAT/ 135 ;oo gc Tto17h RSN+ RSN L R~y & % & &
) H I I C9H19\/\ C11H23\/\ IBUA Cy\/\
36%, 88:5:7 37%, 91:9 70%, 14:74:12 4%, 84:4:12

T. Cohen, A. Onopchenko, J. Org. Chem., 1983, 48 (24), 4531

12



HAM of activated substrates with N,O-acetals

Formation of iminium salts - cleavage of N,O-acetals with Lewis acids: R3S|\/\ §IG\LI) O d)
Ph  Ph i —
or + —_— Sg2 product
AN~  SnCl <) S © © or
Ph” "NT 0T =Nt o I\ ) SbClg Or SnCls

Ph) TMSCI H SnCls O=0 O\iH
AN
0O

1 2
R1 R2 R R R1 R2
@) , _~SMe; _DCM l\NJ\H 1,2-SiMe Es))
N 45 min C N ®
| © ®
SnC|5 ': SiMe3
Me3Si
1 2 - B-silyl effect
- poor chemosectivity
1,5-H - poor regioselectivity
- only activated alkenes
R" RZ ©
R'" R? ©
. SnCl
R R2 Yield, % 3:4 kﬁ)/} SnCls kﬁ) 5
H H 85 100:0 . Q<
Ph H 98  100:0 (d.r. 55:45) SiMe;
Me Me 96 92:8
-(CH2)2- 92 88:12 4 3

Rehn et al, Synthesis, 2003, 12, 1790



N
R2 ” Sb

Me Me

o)

(ksnvle3

Ph
91%, Z:E=70:30

Me Me

ko

%\sn\/le3

SiMe3

83%, Z:E=70:30

Ofial et al, Angew. Chem. Int. Ed., 1997, 36, 143

DCM, r.t.
—_—
S
Clg
iPr  Pr

3

%\sn\ne?,

Ph
81%, Z:E=95:5

Pr Pr

N\

%\SiMe3

SiMe3
78%, Z:E=92:8

Me Me

Ko

’S

Ph
81%, Z:E=75:25

Me Me
o
N
~Z "H

SiMes
86%, Z:E=63:37

R} RS R3
e J
N hydrolysis HN

—>
%\RZ %\RZ
R R’
E
Me Me Me Me

o)

%\SiMe3

Me
71%, Z:E=70:30

68%, Z:E=68:32

o)

%\sn\/le3

Bu
90%, Z:E=80:20

Me Me

o)

= SiMe3
=

87%, Z:E=76:24

14



Acid-mediated HAM

[ Q ] [ ] Nu
Q & N _N N
Ho No ——————> r — ® — \O or \O
The concept TN S H P > HZ H
] ] ] ] Prof. Nuno Maulide
' I "' University of Vienna
iminium nucleophilic 1,5-hydride hvdrolvsi nucleophilic
generation addition transfer ydrolysis addition
H OH
ROR*  Hep 06 M) N Pe
/\ 1 N - > 2
7 Ritdeq || © 0175, 16h R H FsC” CFy
1 dark , HFIP
then NaOH 1M R’
First steps oo
H H H
R /\)\/\ unsuccessful substrates:
Ph)\/\N \’H‘)\/\N/ Ph N~ internal alkenes, alkynes
H 6 H H
R = Me, X =13m, quant.* X=13q, 75% X=13l,79%

R =Bn, X =CI 3q, 66%

*Yield determined by *H NMR analysis using an internal standard
Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639

15



Aminals scope

H
N<qe
2 4 4 H
/‘"R + 4eq Ry SR TFA (3.6 M ﬁiRz
R? RE R 0to75°C, 15h R
1 2 then NaOH 1M 3
NN NN NN Ph Ph N Z
NN, S N™ N AN ) P
Y H/ S IH ﬁ
2a 2b 2c 2d 2e 2f
NHMe NH"Bu NH"Pr NHBu NHBn NHR?2
J J J oS J S
R'l R'I R1 R1 R1 R1
3a, 84% 3b, 85% 3c, 92% 3d, 84% 3e, 73% R? = allyl 3f, 86% Pd/C, EtOH

RZ = H 4f, 85% 75°C, 24 h



Olefins scope

5 H
i 4 4 R4/N
ZTR® 4+ 15t045eq N R TFAQ0OM) o R" 3 :
o)
R RE A 0to 75°C, 15 h R %
then NaOH 1M
1 2 3
Ph )Ph
N l N I 7 N/\N
Ph) Ph
2a 2e
Ab N
AV VA >rg ( j Ph AN
6
H
H H
\,H\)\/\ § NMeBoc MNWRZ /\)\/\
NHMe NHBn | Ph NHMe
6 H
3g,61% 3h, 52% 31, 78%* R' = Me, R? = Boc 3j, 79%" 31,91%

R'=Bn, RZ = H 3k, 36%

*Yield after acylative protection with Boc,0 to facilitate isolation



Yr

7~
R4
4 4
Z R? 4+ 15t045eq > NR TFA(Q6M) RJ\(H
R! ! ! 0to 75°C,15h R?

then NaOH 1M

Sh
H H
©)\/\NHR /@)\/\NHMe /@)\/\NHMe O NHMe NHR
Cl

R = Me 3m, 82% 3n, 85% 30, 86% 3p, 55% R = Bu 3t,
(86% on 50 mmol) 61% from cis- and 60% from trans-
R = Me 3u,
R =Bn 3q, 42% 39% from cis-

R = "Bu 3r, 86%
R = allyl 3s, 69%



Functional group tolerance

N
4 4 TR
/ v 15todeq Ry SnR TFA(06M) _ H
R’ R4 R 0t075°C, 15 h R
2 then NaOH 1M 3
Ph Ph
Ny AN S N/\N)
| | Ph) l\Ph
2a 2e
H H (0] H 0 H H
I|3I Py-4 NC
ACO\,W MeOzc\/\)\/\ EtO” I~ M/k/\
tO™ 1 NHMe NHMe
e NHMe NHMe OEt 4 H 6 NHMe 7
3v, 93% 3w, 64% 3x, 80% 3y, 72% 3z, 84%
H H H H
HOW "8 HNW
Br\’k\)\)\/\NHBn NHMe ! NHMe EtZN\’H\)\/\NHMe
4 7 7 7
3aa, 40% 3ab, 82%, 3ac, 60% 3ad, 75%

(71% on 20 mmol)

19



Alkynes scope

H :
- H
R 4 4eq RL -~ __.R* TFA (0.6 M) J§(\ R ; — RY ~_ _R* TFA (0.6 M)
q s < o 1 e ' + 1.5€eq ~ -
R1/ 24 24 0t0 75°C, 15 h R R? N ; R1// 24 24 0t0 75°C, 15 h R1J\/\N/B”
then NaOH 1M ' then NaOH 1M H

1 2 3 5 1 2 3

H H H H H NHMe

7\ NHBn W\NHMe @NNHBn VA/\NHBn -

6a, 53%* 6b, 65% 6c, 68%* 6d, 85%* 6e, 41%
H H H H H

WNHMe /@)V\NHMG /OA/\NHMe \/@)V\NHMG ©)\(\NHMG
NC
F
6f, 57% 69, 51% 6h, 31% 6i, 37%* 6j, 48%
(35%* on 20 mmol)
H H H H
MeO,C NC HO TIPS
? WNHBn WNHMe WNHMe ~ANA e
6k, 41% 61, 97% 6m, 59%** 6N, 34%***

*DCE used as co-solvent
**Reaction was run for5 h
***Reaction was run at room temperature



Domino functionalization

method A
®
\N/e
Il
s HFIP, 75°C, 16 h
R
\N/\N/

I |
TFA, 75°C, 15 h
method B

following method B, in TFA

BUNN N SHN S ShN

7a, 71% 7b, 55%

H 0]
Ph)\/\fil/\)J\Ar

Ar = Ph 7d, 71%
4-MeO-C6H4 7e, 70%
4-Me-C6H4 7f, 58%
4-F-C6H4 79, 61 %

7c, 52%

H OMe
MeO OMe

7h, 54%

@4 Nu

23-50°C, 8 h

NaBH(OAc);

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

following method A, in HFIP

Me,Zn

Nm e e e mmm . —-—-—————

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

21



Pharmaceutical products synthe5|s

This work: o~ H “
= N N .
| I . NHMe
TFA, 75°C, 15 h K,CO3 (1.2 eq)
6 h

5¢ 6f 579% DMF, 0°Ctor.t., 1
, ()

E-Naftifine, 70%
Kaiser et al., Angew. Chem. In. Ed., 2019, 58, 14639 (brand name Exoderil)

Previ ks: 0 HN ‘ ©)J\/\
revious WOrKks.: H. H HCI/H,O/EtOH
+ \[O]/ + O reflux, mol. S|eves

Stiutz et al., J. Med. Chem, 1986, 29, 112

OH

35% overall | HCI 5M

100% E-
1,4-dioxane i
7 a4 ’ 1
"l ‘ (CH20), "o ‘ @\/\ 90 °C, 10 min ; @N\
—_— —_— 1
1,4-dioxane + A~g-OH 82% ;
90 °C, 10 min OH 100% E- ;
' E-Naftifine

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

Petasis et al., Tetrahedron Lett., 1993, 34, 583

LiAlH,, THF 68% overall
-78t0 60 °C, 2.5 h| 100% E-

o ‘ X NNH o o~ CO,Me PhN;"BF COzMe
K,CO NaOH(ac), Et,0 Pd,(dba)s
ANF 2-3 o ‘ , El —>
O + HoN rt, 24 h O * CI)LOMe 0°C,30min AcONa, PhCN
O 80°C,1h

/
“
o

Prediger et al., J. Org. Chem., 2011, 76, 7737



Conclusion

Photoredox HAM

Q. O

N

* |ots of limited TM-catalyzed HAM methods O - HAdN)D ot QK

Tandem HAM via hydroformylation
TM-catalyzed HAM

metal cat. metal cat. NH

Qg 2> qio qloo ~NO
X + H N
o> N

H

* number of limited metal-free HAM procedures

HAM with iminium salts

HAM with aminals .
() R;3Si
O N ’

O qi BN IL
SNSNS HeSO4/HZPO d)
A N~ N H2504/H3P04 O or + —_—
T O\ii O\i ) °
D) H
" O

* one general acid-mediated HAM method T radmedaied N
H
Q S99 , g{“}o
\/ acid
N J
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Thank you for your kind attention!
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Question + Exercise

* Do you have any ideas regarding the choice of TFA in the work of Prof.
Maulide group?

“...we suspect the solvating properties of TFA, as well as the low nucleophilicity and low
basicity of the corresponding conjugate base play important roles in dictating the reaction
outcome by facilitating the hydride transfer event.”

* Choose the product of HAM

OH 4 OH I
N AN

I CFs [ H
N = N~ N~ N

OH H CF

z N CF, OMe OMe 3
| Py 1) TFA, -10 °C A \_ B W,

N = = *t \N N/ —>
| 2) hydrolysis

OH OH
OMe | A N H | A N
N = N\ N = N/
H
OMe OMe
C D

27



Exercise

Quinine
Natural product
QH i OH ] i OH
B N CF3 NN N ~ AN
+ I
N A Z SNTONT Nz Chs| Tar |NA
| | @3 ’
OMe Ho-N<
TFA L OMe . . OMe
-10°C
CFs CFs l hydrolysis
@k o - I\\ - nic
N Y
| | 200100 OH
B "
N =
OMe
B
EurJOC Virtual Symposium, 26th February 2020, Talk of Prof. Nuno Maulide

32% (brsm 76%)

ZT



Additional slide — mechanistic studies of acid-
mediated hydroaminomethylation

DsC  CDs ~>95% D
N__N.
¥ v s v 0 7 D

AN 23-d12
- NHCD,
TFA, 75 °C, 15 h
[

1m 9a, 72%
B)

Ss H/D
©/\ _ NHC,4Dg/Hg

DyC; CeHg
1m N_ _N. 9b, Ky/Kp = 1.76
Mg ™ TC.Da o
2b-dqg

)OLM/\ TFA, 75°C, 15 h O HD

1a 9¢, Ku/Kp = 1.56
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Gold catalysed C-C bond
forming reactions of unactivated
olefins

Kedar Abhyankar
Prof. Dyson Group



Relatively less scarce
Gold is commonly recycled
Hydrolytically/aerobically stable

Rational catalyst design less
developed

Alkynes and allenes common
substrates

Typically formulated as pi-acid
catalysis

Lawis_ag:.-'d Electron donor
® © reactivity reactivity
LG-Nu ) A
s —
(AL ® At

M. Veronique and D. T. Francisco, Gold Catalysis: An Homogeneous Approach, World Scientific

H-Nu Hydration of

== alkynes:
[Au] \/ Rl—=—R?

HN@ [Au] J HoO
=L
- [Au]  [Au]= Au(l) or Au(lll)
:_l}ﬁule H
R17X R2
& Mu —/\ Mu H
= o = j
L@ [Au] H

]

RE
General mechanism of Au-catalysed alkyne addition F*‘JW(
H H

* However:
* Oxidative coupling processes /cross-coupling processes

* Au carbene species invoked as intermediates

N
LG—Nu W
— L%\""u W ® * 65 contraction, 5d expansion

e Dual behaviour

Publishing Company, 2014.



» Alkenes: key petrochemical feedstock

* Less reactive than alkynes

* Functionalisation of high synthetic utility

* C-Cbond forming reactions always in vogue

* Focus here is on unactivated alkenes: not
dienes, ene-ynes, allenes

0 t-Bu 0
NNH  [(PhsPAU);OBF, | -+Bu
NH - Ph /N R

Ph -

><:\ NEt; (2 equiv) Ph

Ph CDClj, rt

\ ’ AuPPh,
14 15, Yield: 98%

Isolation of alkyl species in Au-catalysed hydroamination

LAU

R

NuH
General mechanism of Au catalysed addition to alkenes

* Inertness of alkyl intermediates accounts for scarce

reactivity

* Focus: C-C bond forming reactions that feature i)

powerful transformations ii) novel catalytic systems

R. L. LaLonde, J. Brenzovich William E., D. Benitez, E. Tkatchouk, K. Kelley, I. I. I. Goddard William A. and F. D. Toste, Chem. Sci., 2010, 1, 226—-233. 3



- 5 B
c led h | " R2 R4 Fe(OTf); or FeCl; (10 mol%) R.N.R "
* Controlled heterocycles synthesis Ag,CO, (2 equiv)
is of immense value R«K,RS + H=  + HNRORS S2-—3 =~ » R
, CN 120 °C, 24 h R CN
e As well as direct conversion of 1 2 3 R3

alkenes

* Limited intermolecular
variants/multi-component
couplings

e Au(l) hasn’t Iaﬁged behind: v.
development has been alongside

more common Pd and Rh L PdO
systems )/

Y.-Y. Liu, X.-H. Yang, R.-J. Song, S. Luo and J.-H. Li, Nat. Commun., 2017, 8, 14720.

HR1

Br //R "\‘
R H l sz(dba)3 (2 mOI (yo) P = Pd" —Ar
SO NN PCys*HBF4 (8 mol %) RN Vi o 4
| >
= N NaO'Bu, Toluene | % \ 8 :; R?
SR =
16 105°C 17 4:/‘:;’/\' Na0'8u~<_//1/
_ ¥y Y=0,NP
J. Alicea and J. P. Wolfe, J. Org. Chem., 2014, 79, 4212-4217. R b $

HO®Bu, NaBr



Ts PhsPAUCI (5 mol %)
' . Ts
NH Selectfluor (2 equiv) N Ar
R + ArB(OH), - rLC
: MeCN, 60 °C
I\Hf“‘\\ 2 equiv s h "
132:n=1,2 133: Yield: 44-94%

Ts H D Selectfluor F
= N
N LAUX L :

e Reported by Zhang et al

e Potential intermediacy of LAuPh
hypothesised but contradicted by 6
Toste (JACS 2010)

reductive

N Hp L = PhaP; § = solvent; X = Clor F
[)—\Jt anti NHTs —*

Al
PR attack D -_,_‘g"/
_ - HTs
X

Fh'ﬁiu'
D L

G. Zhang, L. Cui, Y. Wang and L. Zhang, J. Am. Chem. Soc., 2010, 132, 1474-1475.
S. Zhu, L. Ye, W. Wu and H. Jiang, Tetrahedron, 2013, 69, 10375-10383.

aductiv LAUPh FB{OH)
afimination Au(l Au( 1Tl %
Ts cata.fysis

Selectfluor

" PhB(OH)z

Ph T
I
L-Au-X

S
M c
L/H‘ﬁ-’n



\

(2.0 equiv)

N—Ts

Ph

143a
— Br -

thpﬁ_.Ju ﬁ

Ts

F-B(OH),

PhB(OH),

NHSO,R' 1.5 equiv Selectfluor N
+ @—B(OH)2

3 mol% [dppm(AuBr),]

MeCN, 12h
-N"\_N—
phzll'-"/\ephz \_/
AuBr AuBr BF“
thp PHth
Br—Au-—Au-F
§
“Ts
N—Ts
142a >~ O
F
\AU B'.
PhoP” Mg
—p g

SO,R

NTs Selectfluor NTs
A\-AuPPh;  PhB(OH), g —Ph
PhsPAUCI + PhB(OH), —#— Ph;PAuPh (2)
Bimetallic system by Toste CsF
PhsPAuBr + PhSiMe; —#—= PhiPAuPh (3)
Catalytically superior
(milder conditions) Selectfluor
NHTs —f— NTs (4)
Tolerates a wide range of + Ph;PAuPh
3 - A\ Selectfluor Ph (5)
substituted sulphonamides “PhB(OH),

Even those without Thorpe-
Ingold driving force

e Selectfluor NTs
PP MeCeH.B(OH), 2
6-membered rings cyclised N . 4-MeCgH,

at slightly elevated

PhB(OH),

temperatu res (IPr)AuMeF; PhMe (7)
L R
\-.Auf
/ Ff ‘\Ar \\‘
L R
\Auf
F..-' \F R— Ar
+ ArB{OH)a L R S
A
F/ \'F _____ B{OH)z



0
1
i (p-CF 5Ph)sPAUNTH, (5 mol %) o R
- N,J'Ix”,W Selectfluor (2 equiv) 2 N
H |// 2 R2
2 THF, H:0 (30 equiv),
R R
| 60°C, 3 h
136 137: Yield: 43-84%

* |[n conflict mechanistically with
prior approach

* First example of C-H
functionalisation with Au-alkyl

* 30eq H,0 required

* cf. ortho-metalation by
platinum group metals

O
HF
Y e e, OO

(ZE;L_N,E-n

0]
0
,JLM,E

“) L—Au=NTi; HNTE, LAUZF
137
reductive
elimination
: g\

NJ{N—Bn
H L_.lel.u\‘)‘\/
-~ AuL* F HNTF,
138 NTfz~ 141
HNTF,
; L
Q N N7 N-BN
NT “N-BD
2—/ X \)_/ 140

H
o >—{ IHEWF
+ N+ +/ b+
F-N\N—,  H-NT\N—
— ¢l of
2BF 2BF 4~
+HNTf2

G. Zhang, Y. Luo, Y. Wang and L. Zhang, Angew. Chemie Int. Ed., 2011, 50, 4450-4454. 7



catalyst (5 mol %) 0

5 mol% dppm(AuBr);

OH 4
Selectfluor (2.0 equiv) N oOR2
+ PhB(OH), : : - Ph Selectfl
(/\ (N equiv) reaction oonditnom". (_7/\ =} N . AB(OH), R2OH uar , Rl \/I\/Ar
1 Carboalkoxylation 2 . 50 °C, GHyCN .
PhsPAUCI (5 mol %) % * 45-587% yiold
Ox-OH Selectfluor (2 equiv) 0 O Ph R' = Bn, Ar, alkyl, phtalimide
I/\ + PhB(OH), - j,\)—/ R2 = H, alkyl, cyclic alkyl, alkylketone
R o= 2 equiv Me%%t‘:] c R o
2
134: R = H, Bn Carbolactonisation 135: Yield: 78-79% H‘\ji,ﬁ F
r
[dppm(AuBr),] (5 mol %) o 6l + L-Au-Br
Selectfluor (2 equiv) oR! * Mechanistically F-B(OH)
ArB(OH); (2 equiv) .. - o
R o I 1 Ar
TS+ ROH — e R~ similar
14 h 147: Yield: 33-90% 3 component _ -
[dppm(AuBr),] (5 mol %) . P OR?
Selectfluor (2 equiv) OA intermolecular R Ph ®
R+ AcOH ArB(OH); (2 equiv) /\H)\C/Ar coupling S /OH L-ﬁilu=Fn
’ ¢ MeCN, 50 °C R™ "t L ‘AuF oH L
14 h - Yield: 51-53% .
148: Yield: 51-53% 4 Range ofterm/nal ] ﬂ 5 | 1
[dppm(AuBr),] (5 mol %) Rl =
S
Selectfluor (2 equiv) oH alkenes OR? + 58
ArB(OH), (2 equiv) H H
N Ar unctionalised R!
R + H,0 MoCN. 50 °C R/\HH)\/ f H;'EH
149: Yield: 67-88% 62 L-Au-F
A. D. Melhado, W. E. Brenzovich, A. D. Lackner and F. D. Toste, J. Am. Chem. Soc., 2010, 132, 8885—-8887. m_E::"H]E Ii |_|{'rﬁl

B. G.Zhang, L. Cui, Y. Wang and L. Zhang, J. Am. Chem. Soc., 2010, 132, 1474-1475.



O 2.5 mol% [Rh(cod)Cl],
PhoP N A~ 3.0 equiv NaHCO4 . PhoP
. H COOMe S COOMe
* A tertiary centre O Toluene, 140 °C,3h
bearing 2 aryl groups

is an essential o D. Wang, B. Dong, Y. Wang, J. Qian, J. Zhu, Y. Zhao and Z. Shi, Nat.
structural motif in Commun., 2019, 10, 3539.
both natural and

Mi(cod), (5 mol%)

pharmaceutical | o
products ©) . (HO) \©\ L4{1Dmnl%}|

* Direct access from OMe o 50 sg“:gh oute
alkenes is would be 1a 2a (2 equiv) 3a, 124g

Of immense (6.0 mmol) 96% yield, 93% ee
synthetic value

Y.-G. Chen, B. Shuai, X.-T. Xu, Y.-Q. Li, Q.-L. Yang, H. Qiu,
K. Zhang, P. Fang and T.-S. Mei, J. Am. Chem. Soc., 2019,
141, 3395-3399.



= PhsPAuCI (2 mol %)
AgOTf (2 mol %)

R toluene, 85 °C
62 RO 1-3h
| N Pthg.quI (5 m?::': %)
T (5 mol
R : toluene, 70 °C
H ]
62 16 h
“ Rt Rs  PhsPAUCI (5 mol %)
| N Y=( AgOTf (5 mol %)
% R!“/f h‘l ' Ez R DCE
R ! Y
63 T 5-30 min

R?-R>: H or alkyl

(5 mol%)

(PAN)AUCI / KB(CgFs)4

-

OMe
I
N
\
R

64 Yield: 60-95% chloroform, 135 °C , 8 h N R =Me (99%)
\ H (93%)
R
No—Ar
| R * Reasonable substrate scope
R/ff" N * Styrenes react under thermal
R CO?dItI(:jnS, aliphatic alkenes ‘
. only under microwave
093 Yield: 62-61% irradiation (but with C=C N
isomerisation)
* Alkene activation prior to ~AuCl
nucleophilic attack from indole PHAd
C3 I
124 Ad
66: Yield 20-90%
M.-Z. Wang, M.-K. Wong and C.-M. Che, Chem. — A Eur. J., 2008, 14, 8353-8364.
10

M. Navarro, A. Toledo, M. Joost, A. Amgoune, S. Mallet-Ladeira and D. Bourissou, Chem. Commun., 2019, 55, 7974-7977.



(a) AgSbFs, DCM, from —30to 0 °C, 0.5 h

Recently isolated (Bourissou 2019)

Interesting geometry and bonding
(between T and Y)

Increased metallacyclopropane
character relative to monodentate

species
Key catalytic intermediate

M. Navarro, A. Toledo, M. Joost, A. Amgoune, S. Mallet-Ladeira and D. Bourissou, Chem. Commun.,
2019, 55, 7974-7977.
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m @ 5 mol% AuCls /15 mol% AgSbFg X
. -
Ftﬁf CICH,CHCI, 50 °C

o
H1
RIE
| s R1 R1-\H,-;";“‘-'L.R2
X [Au] * Au(lll) with silver,
conceptually similar
to classic Lewis acid
H-I-
* Thiophene also
R? A
- R utilised
| = R \:&RE
X
R >_<
+ | =
H
X
R

Y.-P. Xiao, X.-Y. Liu and C.-M. Che, J. Organomet. Chem., 2009, 694, 494-501.
Jean, M.; van de Weghe, P. Tetrahedron Lett. 2011, 52, 3509-3513.

PN N AuCly (S mol %) o o X
| /. AOTI (Smol %) i | /.
R | DCE 80 °C. 2 h R

68: X =0, CHy, NTf

69: Yield: 55-98%

o

[Au]
m&

©/8 o g&rﬂmr

./

[Au]



Et

Et\ Ph catalyst
N + =
C \ﬂ/ CgHg, 135 °C Et

Suggest a
R Nx:{, N synthesis of this
NHC-Au motif
AuClI *

Precatalyst (R=Mes)

. z Ph
N
/

Hydroarylation catalysts not
usuall?/ compatible with
dialkylanilines and other Lewis
basic substrates

para-selective

Markovnikov and anti
markovnikov pattern observed,
depending on alkene substrate

X. Hu, D. Martin, M. Melaimi and G. Bertrand, J. Am. Chem. Soc., 2014, 136, 13594-13597.

O v OF
R

BY 135°C 42 03% (R = Me)
4b: 88% (R = EY)

£
4c: 52%

R

. -] Ph

O WO T
R

PH 145°C 4d: 84% (R = Me)
de: B3% (R = E1)

R An
’H—{ :)—d
R

4 99% |

100°C : = Ma)
BO*C 4g: 965% (R = EN)
ﬁ j An
'\H \,‘H
lI"—|. ra
80°C Ah: B
An'\: . A
f_.@— \
110°C N
4i; 82%
) W <"
; M
£
100 *C O 4j; 53%

An = 4-Me0(CgHy)

20O Q}

dk-5k = 1:3.2

h
|
III 8
Ph —
h—

=  145°C

Ofph
155 °C

O
e

B5%
"'-.
.-"

-u 51=1:1
(88%)°

OB

4m: Eﬂa{ﬁ Me)
4n: 49% (R = E1)

R
0

4o 56% (R = Me)
4p: 51% (R = Et)

13
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~NT \N
Ay ) W f
+ N +
Ph—NR, 145°C /

138f

NR —_\
’ LAU* AT
®
Ph——NRH * Para-selective in majority of
cases, occasional ortho-
competition
Ar

141c

Ar
) * Borane-catalysed variant,
LAY S CAHANR only active with Michael
6'14 2

acceptors. Same anti-
® markovnikov product
Ph——NR,H
LAu*
Ar 0] 3
y ME:N—Q—H + Ra’%l)Lm 5 mol % B(CeFs)s MEJNAQ—C_(D
Mé 18 80°C, 24 h, CHCl; ¢

2 1
Ph——NR, ® R R

H. Wu, T. Zhao and X. Hu, Sci. Rep., 2018, 8, 11449,
W. Li and T. Werner, Org. Lett., 2017, 19, 2568—-2571.

NR,



- R
AulL* R : [(IPr)2u(PhCN)]SbFg
-— R — MJ = 0 (5 mol%)
DCE,120 °C
1 2 3 -CgHg
71 (30%)
¢ lﬁ"““*
1a:R=Ph 1h: R =
1b: R = ,':?-FCEH4 T o R A O (@)
1c:.R = p—ClCEH.q Ph\/\ph (5 mol%) PhM
1d: R=pBrC¢Hy; 1i:R= Ph DCE,120°C
1e: R = p-MeOCgH4 ":(’%-’ R 4 -CeHg
1f: R = 0-MeCgH,4 O O
1g: R = 2-Napht Ph
* Trisubstituted arycyclopropanes easily prepared via Au(l) catalysed
Retro-Buchner reaction OPh

» Utilising cycloheptatrienes as carbene/carbenoid sources 72 (81%) 73 (89%)
* A methodology well developed work with Au(l) systems

* Starting aryl or styryl cycloheptatrienes are easily prepared from ArLi, ArMgBr
tropylium BF, or o Ar XA
* Potentially wide substrate scope StyryIMgBr - e

g StyryIBFsK

C. R. Solorio-Alvarado, Y. Wang and A. M. Echavarren, J. Am. Chem. Soc., 2011, 133, 11952-1195M.
Mato, C. Garcia-Morales and A. M. Echavarren, ChemCatChem, 2019, 11, 53-72. 15



B (5 mol®%)

* Favours reaction with alkene over C-H
Insertion

DCE, 120 “C

sod

4af (97%) * Intramolecular ylid cyclisation another
methodology (activation of olefin by Au(l) )

1k

H 6

o/ l
(AUl 7 (%) 8 (%)
H

A 5 69 2k

B 8 52 4
E - 24 Hu..@"'”
%= H
s H

8: Ar= 0-(PhCH,CH,)CH.

%ph

o
" [Au] (5 mol%)
-
O DCE, 120 °C R)H/u\ )Y
LAu R

o) ]
0 o R R4 7 i ;
20d (10 mol %) "% r-Bu~F§T:Au~ACN SbFg
x x IFT.
| DCE, 100 °C .
2 ' $ s !
oS pn 1-60 h RZ % O B
R iPr 20d
89 90: Yield: 67-99%
o o 0 4 0
)‘I\?/uxom — ,%O bt O
A Au "2 ( ~PhaS
Ph“® Ph LA~ 7
o 92 93

M. Mato, C. Garcia-Morales and A. M. Echavarren, ChemCatChem, 2019, 11, 53-72.
. R. Solorio-Alvarado, Y. Wang and A. M. Echavarren, J. Am. Chem. Soc., 2011, 133, 11952-11955
1X. Huang, S. Klimczyk, L. F. Veiros and N. Maulide, Chem. Sci., 2013, 4, 1105-1110..

16



* Gold mediated C-C bond forming reactions of unactivated olefins:
some key reactions of interest (carboheterofunctionalisation,
hydroarylation, Retro-Buchner reaction of cycloheptatrienes in
formation of Au carbenes

* By no means exhaustive: the utility of allylic alcohols, addition of
active methylene compounds, hydroalkylation, Au-Heck with
aryldiazonium salts and dual photoredox/Au catalysed processes

17



_N ~ N Suggest a synthesis of this precatalyst. Given that the free ligand is relatively less stable,
R .o the preparation utilised constructs the ligand within the protective environment of the
+ metal coordination sphere.
AuCl

2N R X AuCls (5 mol %) PPENEN X

] 0 ]

‘s, - | / _ AQOTT (5 mal "'E')F el - | / = Suggest a plausible catalytic cycle for this

"R ‘ "R

DCE 80 °C, 2h
68: X =0, CH,, NTf 69: Yield: 55-98%

transformation
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P | SN2 AuCl3 (5 mol %) PPN | X
Ny AgoTtsmol%e) i Il
R I DCE 80°C,2h R

68: X = O, CH,, NTf 69: Yield: 55-98%
HO HO

( :( ] (Au® @’

El 9
N ) TH,0

c- AN NN PNt (2eq) g-N N

AuCl pucl 2 PINELHOTE oy 0

O OL,

[Au] (Au]
H+\ /
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