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Synthesis of biaryls via oxidative coupling reactions of homoleptic and
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L e Oxidative homo-coupling reactions of organometallic reagents

UNIVER SITAT
MUNCHEN

TM halide or TM halide (cat.), [O] or [O]
@ - 00

M = Li, MgX, B(OR),, SiR3, ZnR, SnR;

« Oxidative coupling reactions utilizing:
» Overstoichiometric amount of a transition-metal (TM) halide
« Catalytic amount of TM halide with an oxidizing agent (O2, dry air, (di)haloalkanes, (imino)quinones), nitroarenes, etc.)

» TM-free protocols

Bennet & Turner (1914): Cahiez (2005): Studer (2009):
MgBr CuCl, (1.02 equiv.) MgBr FeCl; (3.0 mol-%), BrCH,CH,Br (0.6 equiv.) | \_. MgBr TEMPO (1.08 equiv.) | \_.
Z = Z Z = Z
Et,O (1.4 M), 0°C - reflux, 3 h O o | THF (0.33 M), rt, 1-2 h o— | o | THF (0.5 M), reflux, 5 min o— |
A X A X
85% 33% - 96% 2% - 96%
Me N Me
Me . Me
(e}
TEMPO

16.06.2024 Marios-Christoforos Materis 3



e Oxidative cross-coupling reactions of organometallic reagents
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 Few examples on aryl-aryl cross-coupling reactions

Wangelin (2009)

1. Mg (1.2 equiv.), THF (0.63 M), rt, 2 h

®- - G- - 00 - 60 - 60
2. CoCl, (5.0 mol.-%), THF (0.25 M), synth. air, 0°C, 0.5 h

0-70% 39 - 64% 10 -70%

Ar'! = 4-CF3CgHs
Ar? = 4-OMeCgH5

Wang (2015)

Pd(OAc), (10 mol.-%), BINAP (3.0 mol.-%)
BQ (2.5 equiv.), TBAF (4.0 equiv.)

@Si(OEt)3 + @B(OH)Z M

40% - 86%

NMP (0.17 M), 50°C, air, 12 h

Madsen (2017)

MnCl, (20 mol.-%), LiCl (40 mol.-%), O, (1 atm)

G+ Grvon e
THF (0.5 M), —=10°C, 10 min

2.0 equiv. 50% - 99%
Xie (2019)

[iIPrN(PPh5),Au,Cl5] (5.0 mol.-%),
AgOTs (20 mol.-%), PIDA (1.3 equiv.)

@TMS ¥ @BneOp W
TCE (0.2 M), 110°C, 1-2 h

1.3 equiv. 30% - 87%

16.06.2024 Marios-Christoforos Materis
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Oxidative coupling reactions of organozinc reagents

Takagi (2000)

ZnX PdCI,(PPha), or PA(PPhs) (2.0 mol.-%), NCS (0.5 equiv.) or O, (1 atm) |
= =
—_ | TMU (0.3 M) or THF (0.5 M), rt - 45 min, 2 - 16 h o |

X =1, Znl-Lil, ZnBr-LiBr

Lei (2010)

ZnCI-LiCl
4

o— |
NS

Gosmini (2016)

i
D!

(0.5 equiv.)

Ni(acac); (5.0 mol.-%)

THF (0.3 M), 10°C, 1 h

o Yo
1-58

CoBr; (13 mol.-%), allyl chloride (40 mol.-%),
Zn (2.7 equiv.), MeCN (1.5 M), rt

then air or 1-58 (0.5 equiv.), rt, on

16.06.2024

62% - 95%

X
| —e
= =
o |
NS
X
| —®
= =
o— |
NS
4% - 95%

Knochel (2006)

iPrMgCI-LiCl (1.05 equiv.),

THF (1.0 M), 1t, 1 h

1. iPrMgCI-LiCl (1.05 equiv.),
THF (1.0 M), rt, 1 h

2. ZnCl, (1.0 equiv.), THF

Marios-Christoforos Materis
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oo
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Cl Cl
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(1.05 equiv.)

THF, —-60°C to -10°C, 12 h



R e Oxidative coupling reactions of organozinc(ate) reagents
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Oxidation of heteroleptic diorganozinc reagents:

® . >
" [0] MeO
OMe — OMe oM
> > oN

I-49 1-50 I-51
CpoFePFg (3.0 equiv.): 33% 0 : 100
AgBF, (6.0 equiv.): 55% 31 : 69
Br 1. nBulLi (1.1 equiv.), Et,O (0.5 M), rt, 10 min Zn/®
2 X AN SN
. o ) I
S | 5® 2@ 2nCi (15 equiv.), EO (0.5 M), 0°C, 30 min 1 T

VO(OEt)Cl, (3.0 equiv.)
PN
ol e Et,0 (0.25 M), 1t, 3- 16 h
—‘ SN - %
6% - 62% 24% - 92%
®= Me, nBu, Me——, nHex—, TMS—=

Oxidation of heteroleptic triorganozincates:

@0
Br 1. nBulLi (1.1 equiv.), Et,O (0.5 M), rt, 10 min Zn ®
TN - Li
—e . - _ PN N
S | 2.@)zn (1.5 equiv.), EL,0 (0.5 M), 0°C, 30 min T Te

VO(OEt)CI, (3.0 equiv.) or AgBF, (6.0 equiv.)

o B Et,0 (0.25 M), rt, 3- 16 h
4% - 60% 31% - 92%

@= Me, Et, nBu

16.06.2024 Marios-Christoforos Materis 6



R e Oxidative coupling reactions of boronate complexes
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Hirao (2003 & 2006) Didier (2020 & 2021)
Silylchloride promoted oxidative cross- and homo-coupling reaction Electrochemical oxidative cross-coupling of heteroleptic tetraarylborates
S)
) .\ _
Ehz o PhSICl, or Ph,SiCl, (1.0 equiv.), O, (1 atm) N ) A " N
= M = . J ® RVC || RVC, 3.0 F, 7 mA/cm | —e
g l MeCN (0.05 M), rt, 5- 10 h oL | 5N K = =
\. X = MeCN (0.05 M), t, 16 h o— |
" I/ X
M = MegyN, Na 10% -90% \.
— 14% - 87%
Vanadylchloride promoted oxidative cross and homo-coupling reaction Photochemical oxidative cross-coupling of heteroleptic tetraarylborates
S)
Ph; © VO(OE)CI, (0.2 equiv.), O, (1 atm) \\7/ = AN
B~ M@ = /G. ® 1-64 (5.0 mol.-%), O, (1 atm) \ /_.
“ | MeCN/CH,Cl, (2:1, 0.07 M), reflux, 12 h o— | _~_-B K =
\ S oL | MeCN (0.05 M), hv, 50°C, 16 h — |
N 7\ X
M =Li, Na, K 10% - 90% —No Mes 35% - 92%
X
®_
N
Me BF,
64 O
Studer (2020)
NHAc
BFY
Me % Me
Me 1 Me
(0}
1-65
1-65 (1.2 equiv.) or
S) 1-65 (15 mol.-%), NaNO, (30 mol.-%) N
AF\B,AF © H,S0, (30 mol.-%), O, (2 bar) | 1o
7\ T M MeCN (0.1 M), 60°C, 18 h Z ] ~
e . , )
[ _>e ._\
M = Li, MgBr 28% -77%

Ar = (p-CF3)CgHy4

16.06.2024 Marios-Christoforos Materis



R e Oxidative coupling reactions of metalate complexes
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Lipshutz (1992-94)

Li
I 1. CuCN (1.0 equiv.), —125°C

Duan (2015)

Q
o-Ti~o
Cl Oi-Pr
tbepc
O/>
MgB MgB
9= 95T tbepc (1.0 equiv.) o/'ll'i\O
"] eL ] i
— 0—\ THF (0.25 M), 0°C - rt, 2 h 7\ AN
[ &8 _Te
Hevia (2021)
' Liy(TMSCH,);,Mn (0.33 equiv.) M”';il’
o | o |
g THF (0.5 M), =78°C, 30 min g

FeCl; (8.0 mol.-%), TMEDA (20 mol.-%), O, (1 atm)

THF (0.17 M), 0°C, 1 h

X
| —e
=

=

THF (0.5 M), ~78°C to rt, 10 h —_ |

33% - 87%

16.06.2024 Marios-Christoforos Materis

84%

ol o 0, (1 atm) | e
ol ol | T Le| MLicN) Z 7
S | 2. Ar’-Li (1.0 equiv.), —125°C ™ — 2-MeTHF (0.05 M), -125°C, 1 h .—\ |

76% -

67% - 96%



i Synthesis of Tri- and Tetraorganozincates
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Addition to diorganozinc reagents:

. S _ 20
ZnX; R—Li R R| 4 R—Li R
R—Li - R-Zn—R ——> Zn | R—7Zn—R | 2Li
- 2 LiX R |
2.0 equiv. R
X =Cl, Br neutral diorganozinc triorganozincate tetraorganozincate
reagent lower-order zincates higher-order zincates
3d'%4s%4p? 3d'%4s%4p* 3d1%4s%4p° = [Kr]
14 electrons 16 electrons 18 electrons

Halogen-zinc exchange & deprotonative metalation:

R2,ZnLi,
R'-X » R'R%znLi, *+ RW“R2%2ZnLi, + R%R?ZnLi, + R"ZnLi,
R' = aryl, alkinyl
R? = alkyl, alkoxy

X=Br, I, H

obtained zincate reagent depending on: O nature of tetraorganozincate () amount/equivalents of tetraorganozincate

16.06.2024 Marios-Christoforos Materis
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Application of Tetraorganozincates

Halogen-Zinc-Exchange & electrophilic trapping:

(Asymmetric) directed metalation:

Li,Meo(PEA),Zn (2.0 equiv.)

G <@ Fe CON(i-Pr), Fe "CON(:-Pr),
c THF (0.4 M), 0°C, 2 h :
’ then |, (4.0 eq.), rt, on
R2,ZnLi, 97%, 86%ee (S)
R-x — > R''\—2znR%,_Li, Me Me
Ph" N" Ph
| MX, cat., ligand II_i
R! m
PEALI
Silylzincation: Polymerization:
SiBNOL-Zn-ate (1.1 equiv.) R o) Lip(t-Bu)4Zn (2.0 mol.-%) (0] NH(/-Pr)
R——
o . N . t—Bu{\I
THF (0.2 M), 78°Ctort, 12 h PhMezs| \)J\NH(I-PI') THF/HZO, . 3h nR
+ .
20 then H™ or allyl bromide
O R = H, allyl
. O\ £Bu ©) CgH130 1. Lix(t-Bu)4Zn (0.25 equiv.), CeH130
SiBNOL-Zn-ate = Zn{ 2 MgBr THF (0.2 M), 0°C, 1 h
O  SiMe,Ph [ Br t-Bu H
2. Ni(dppe),Cl, (2.5 mol.-%), n
OCgH13 dppe (6.0 mol.-%), THF (0.2 M), 60°C, 1 h OCgH13
(Asymmetric) substitution reactions:
(IS? NMEsalkylsZn (1.0 equiv.) 9\ Q LioMeyZn (1.5 equiv.) Q
= ~ = Salkyl = = Me
R+ | | R THF (0.2 M), -78°C to 0°C, 20 h R+ | R | THF (0.33 M), -78°C tort, 5-23 h R
N = N N ™
omg® via
- NMe, Me Me 2=
. 2
Me o_ O 2 Li
NME R—/ | Me
A
zincioketal

16.06.2024
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L Purpose of this study

UNIVER SITAT
MUNCHEN

Synthesis & characterization of tetraarylzincates

Develop oxidative coupling reaction towards symmetrical biaryls under:
* Photochemical conditions
« Thermal conditions

Testing conditions for cross-coupling reactions & differently hybridized substrates

M ZnBry
=
| j
N
20
,?\r ® [O]
Ar/ZQ\Ar 2M .—/
Ar J
X Li2R4Zn T
=
o |
NS
M = Li, MgBr
X=1,Br

16.06.2024 Marios-Christoforos Materis
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Preliminary photocatalytic experiments

MgBr
MgCl
+ C|Mg/\/\/ 9
OMe
1a 2
2.0 equiv. 1.0 equiv.

O OMe
MeO l

4a
24%

16.06.2024

20 ZnBr, (1.0 equiv.)

. @—M Br
ZnBr, (1.0 equiv.) 9 THF (1.0 M), rt, 1 h

Zn ®
2 MgBr
THF (1.0 M), rt, 1h
1a
MeO OMe

4.1 equiv.
3a
(AE MeO—@%—

photocatalyst (5.0 mol.-%), O, (1 atm)

MeCN (0.05 M), hv, 50°C, 16 h
ZnBr, (1.0 equiv.)

Mes @“MQB"

X
@_
t-Bu N t-Bu 1b

|:I’h CI;)F4 4.1 equiv.

photocatalyst (5) ®= CI‘@%‘

THF (1.0 M), rt, 1 h

Marios-Christoforos Materis

5 (5.0 mol.-%), O, (1 atm)

O OMe

MeCN (0.05 M), hv, 50°C, 16 h O
MeO

0O, (1 atm)

solvent (0.05 M), hv, 50°C, 20 h

4a
62%
60% without 5

i Cl
Cl I

4b
THF: 44%
MeCN: 28%

12



e Optimization — solvent

20 Cl
ZnBr, (1.0 equiv.) @ ® O, (1 atm) O
2 MgBr >
Zn
THF (1.0 M), rt, 1 h @/ &Q solvent (0.05 M), 50°C, 16 h O
Cl

then evaporation

@—MgBr

1b 3b 4b
4.1 equiv. 8% -72%
® o N+
Entry Solvent Isolated yield [%]

1a THF 30

1b THF 50

2a 2-MeTHF 72

2b 2-MeTHF 60

3 toluene 28

4 DCE 36

5 Dioxane 8

6 DMSO 16

7 DMF 12

8 EtOAc 8

10 MeCN 18

1 DME 54

12 diglyme 42

16.06.2024 Marios-Christoforos Materis 13
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Optimization — oxidizing agent

20
ZnBr, (1.0 equiv.) @ ®

[O] or Oy, additive

®-vger > Zn 2 MgBr

THF (1.0 M), 1t, 1 h (Arg G

then evaporation
1b 3b

4.1 equiv.

®- o~ W

Entry Oxidizing agent or additives Isolated yield [%]
1 6 (5 mol.-%) + O, (1 atm) 40
2 6 (3.0 equiv.) 44
3 7 (1.5 equiv.) 48
4 8 (1.5 equiv.) 30
5 9 (1.5 equiv.) 56
6 10 (3.0 equiv.) 66
7 Dry air 62
8 TMEDA (1.0 equiv.) + O, (1 atm) 22
9 TMEDA (2.0 equiv.) + O, (1 atm) 26
10 BDMAEE (1.0 equiv.) + O, (1 atm) 30
11 BDMAEE (2.0 equiv.) + O5(1 atm) 24

16.06.2024

Marios-Christoforos Materis

l Cl
2-MeTHF (0.05 M), 50°C, 16 h
Cl

4b
(0]
O5N
2 N/\ (0]
L
Me o)
NO,
6 7
(0]
(0]
Ph
o P vy
(0]
8 9
O2N NO, Mo I\(jle Me Me
SN N
\©/ . ¢ Me NN Ny
Me
10 TMEDA BDMAEE

14
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Optimization — time, temperature & concentration

ZnBr, (1.0 equiv.)

@ 20

® 0, (1 atm)

l Cl

@*MgBr THF (cq), rt, t4 @Zn&Q @ Mo solvent (c,), T, t5 O
Cl
1b 3b 4b
4.1 - 5.0 equiv.

Entry Ar-MgBr [equiV.] cq [M] Solvent T[°C] c, [M] Isolated yield [%]
1 4.50 1.00 2-MeTHF 50 0.05 48
2 5.00 1.00 2-MeTHF 50 0.05 60
3 4.10 1.00 2-MeTHF 50 0.05 52
4 4.10 1.00 2-MeTHF 50 0.10 76
5 4.10 1.00 2-MeTHF 50 0.25 54
6 4.10 1.00 2-MeTHF 60 0.05 65
7 4.10 0.05 THFE rt 0.05 40

Entry cq [M] t, [h] T[°C] t, [h] Isolated yield [%]
1 1.00 1 rt 1 56
2 0.05 16 rt 1 36
3 0.05 5 50 16 48
4 0.05 5 50 1 32
5 0.05 16 50 24 44
16.06.2024 Marios-Christoforos Materis
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R e Optimization — employed organometallic reagent

20 Cl
ZnBr, (1.0 equiv.) @ ® O, (1 atm) O
@*M > 7n 2 MgBr >
solvent (1.0 M), rt, 1 h w &@ solvent (0.05 M), 50°C, 16 h O
Cl

1b 3b 4b
4.1 - 5.0 equiv.

@ o N

Entry Ar-M Solvent T [°C] t [h] Isolated yield [%]
1 Ar—Li 2-MeTHF 50 16 6
2 Ar—Li THF 50 16 62
3 Ar,Mg THF 50 16 48
4 Ar—MgCI-LiCl THF 50 16 28

16.06.2024 Marios-Christoforos Materis



Time dependent analysis of (by)product formation
o]
26 O Br OH
ZnBr, (1.0 equiv.) ® O, (1 atm)
MgB z 2 MgBr + N
@-vier THF (1.0 M), rt, 1 h (Arg n&@ THF (0.05 M), 50°C, t
O Cl cl
o]
1b 3b 4b 11 12
4.1 equiv.
—o—Bromide 7 =—#—Biaryl4b —%—Phenol 8
70
60
50
S
5 40
2
>
°
(&)
© 30
o
2
20
10
0
! 8 reaction time [n] 16 68
16.06.2024 Marios-Christoforos Materis
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L s Scope & limitations
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_ MgBr ZnBr, (1.0 equiv.)
o |
N THF (1.0 M), rt, 1 h
then THF (0.05 M), O, (1 atm), 50°C, 16 h
1la-1q 4a-4q
4.1 equiv. n.o. -72%
Scope
MeO O Cl O F O nHex O tBu O OO OO
4a 4b 4c 4d 4e 4f 49
17% 72% 37% 22% 18% 66% 15%
P TMS
4 OiPr OBn OBoc Z
® g O e O ®
O O € OMe O = | SN
// iPrO BnO BocO NN
T™MS
4h 4i 4j 4k 4l 4m 4n
34% 29% 1% traces 40%2 18% 14%

@ contains impurities

Limitations

SO,Me MeO MeO
: () : g Mle J
MeO,S OMe

Me
OMe
40 4p 4q
n.o. n.o. n.o.

16.06.2024 Marios-Christoforos Materis



L s Towards cross-coupling reactions
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Cross-coupling reaction utilizing a 1:1 ratio of Grignard reagents 1a, 1c

F OMe
MgBr MgBr ZnBr, (1.0 equiv.) O O
+ - + +
@ @ THF (1.0 M), rt, 1 h O O
then THF (0.05 M), MeO MeO

0O, (1 atm), 50°C, 16 h
1a 1c 14 4a
2.05 equiv.  2.05 equiv. 42% 8%

Cross-coupling reaction utilizing a 1:3 ratio of Grignard reagents 1a, 1c

F OMe
MgBr MgBr ZnBry (1.0 equiv.) O O
+ > + +
@ @ THF (1.0 M), rt, 1 h O O
then THF (0.05 M), MeO MeO
0O, (1 atm), 50°C, 16 h

1a 1c 14 4a
1.37 equiv. 2.73 equiv. 20% 5%

o O @ wo O

16.06.2024 Marios-Christoforos Materis
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4c
13%

o
1

4c
9%
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Towards cross-coupling reactions

16.06.2024

desired heteroleptic higher-order zincates

? 20 . ‘ﬂ Zn@ 20 . @—M Zn@
@/ 2M @—M @, 2M @—M @,

Zn

@/Zn @/Zn ®_ @/
® o T o ®

Marios-Christoforos Materis
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Towards alkyl-, alkenyl- & alkinyl homocoupling reactions

16.06.2024

ZnBr, (1.0 equiv.)

MgB Ph OH
Ph/\/ gbr Ph/\/\/ + Ph/\/
THF (1.0 M), rt, 1 h
1s then THF (0.05 M), O, (1 atm), 50°C, 16 h 15 16
4.1 equiv. traces 81%
ZnBry (1.0 equiv.)
MgB - Ph
Ph/\/ gbr 77 Ph/\u"fd\/
THF (1.0 M), rt, 1 h
1t then THF (0.05 M), O, (1 atm), 50°C, 16 h 17
4.1 equiv.
ZnBry (1.0 equiv.)
Ph———Li 7/ > Ph————=——Ph
THF (1.0 M), rt, 1 h
1u then THF (0.05 M), O, (1 atm), 50°C, 16 h 18
4.1 equiv.

Marios-Christoforos Materis

21



LUDWIG-

UNIVERSITAT

Summary & Outlook

MUNCHEN

improving developed methods & comparison with electro-/photochemical conditions

20 N
/l\r [O], cat. | —e
® _ Z
Ar/zn\\A" 2M optimization o |
Ar NS

improving: O yield O scope O FG tolerance

b
. ®-@-@
Ar AN
® ;

X
| | _—
Zn—,. | 2M z

A\ AT o— |
Ar A

comparing: O reaction conditions O mechanism O vyield O scope O FG tolerance

application of (kinetic) heteroleptic higher-order zincates in oxidative cross-coupling
M M 1. ZnX,, kinetic conditions | le
L] " oL ] B
2. [0], cat.
g g [O], ca .—\ |

via
@ 20 @ 20 @ 20
o' P etF e F

© electronically biased arenes O statistical distribution of homo- and cross-coupling products

application of (chiral) anionic ligands in oxidative (atropselective) cross-coupling
77N\ /N 20 A
L L

M M
L\ L ® [O], cat. | —Q
= | + = | 2 2M Z Z
R - e

O potential for (atroposelective) cross-coupling reactions O potential for non-electronically biased arenes

M = Li, MgBr

16.06.2024 Marios-Christoforos Materis 22
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