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Development of Catalytic Cross—Coupling Reactions Based on
Transition Metal—Z-type Ligand Interactions

Hajime Kameo ™

Polyfunctional ligands containing Lewis acid (LA) moieties have attracted great interest over the
last decade on account of their interesting properties. One of the most notable features is their
ability to function as o-electron acceptor (Z-type) ligands for transition metals (TMs). The
presence of LA moiety around a TM strongly influences the reactivity of the TM complex and
allows unconventional metal-ligand cooperation, leading to versatile applications in catalysis. Z—
type ligands are typically used to generate electrophilic catalysts by withdrawing electrons from
the TM via TM—Z-type ligand interactions. The cooperative activation of c-bonds in TM—LA
interactions has been observed in a number of catalytic systems. In addition, the interconversion
between X- and Z-type ligands has been found to promote efficient cross—coupling reactions. This
article describes our recent results on Z-type ligand chemistry. First, a new type of Pd-borane
cooperation is described, in which Pd cross—coupling reactions operate via an unconventional
mechanism involving anionic Pd(0) species. This cooperation enables the hydro- / deutero-
dehalogenation of a variety of (hetero)aryl chlorides. Next, the first cross—coupling reactions of
the fluoro-silanes and —-germanes as coupling partners are introduced. The coordination of the
fluoro-silanes and -germanes with the TM as Z-type ligands presents a new approach for bond
activation. In this case, the TM acts as a Lewis base and efficiently weakens the Si-F and Ge-F
bonds via TM—c " (E-F) interactions (E=Si and Ge). The synergistic action of an external LA
allows for the cleavage of strong Si-F and Ge-F bonds and converts the Z-type silane and
germane ligands into X-type silyl and germyl moieties, respectively. This could be employed in the
Si-C and Ge-C cross—coupling reactions of fluoro-silanes and -germanes.

Key words: o-electron acceptor ligand, fluoro-silanes, coupling reactions, bond cleavage, nucleo-
philic activation, transition metal catalysts
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Fig. 1 Classification of ligands for transition metals.
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Fig. 2 Schematic representation of the different modes of
transition metal-Lewis acid cooperation, with selected
examples of complexes applied in catalysis.
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Fig. 3 Classical pathway for Pd-catalyzed cross-couplings
(a) and envisioned anionic pathway involving Pd-
borane cooperation (b).
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Fig. 5 Molecular structures of complex 2". Thermal ellipsoids
at 40% probability. The cation part and the phenyl
groups at B and P are simplified for clarity.
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2 Yields were determined by GC.
b Isolated yields of deuterium-labeled products.
° Determined by "H NMR.

Scheme 1 Hydro- / deutero-dechlorination catalyzed by the
palladium borane complex 1: Scope of (hetero)-
aryl chlorides.
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Fig. 6 Bond cleavage induced by nucleophilic activation via
TM—Z interaction.
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Fig. 7 M—Si interactions (M =Au, Ag, and Cu) induced by
phosphine donors.
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Ph. Ph Pd(0) or Ni(0) (2 mol%) Ph. Ph
\/

5! Zn reagent (2 equiv) \S'/
@[ I~ Lewis Acid (1 equiv) @[ '~ph
PPh, THF, 100 °C, 18 h PPh,
4 5
Catalyst  Zn reagent, Lewis acid Yield @
Pdj,(dba); ZnPh,, none 0%
Pd,(dba)s ZnPh,, Lil 7%
Pd,(dba); ZnPh,, MgBr, 99%
Pd,(dba); ZnPh,, Mgl, 99%
Pd,(dba); ZnPhy,, B(CgFs5)3 82%
Pd,(dba); ZnCl, + 2 PhMgBr 99%
Ni(COD), ZnCl, + 2 PhMgBr 65%
Ni(COD), ZnCl, + 2 PhMgBr, B(CgF5)3 96%

@ Spectroscopic yields, as determined by 3P NMR spectroscopy.

Scheme 2 Screening of conditions for the sila-Negishi
coupling of fluoro-silane.
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6 R =Me 8-Ar?
7 R=Et 9-Ar?

Method A: 1 mol% Pd,(dba);, 3 eq ZnAr, (ZnCl, + 2 ArMgBr)
Method B: 2 mol% Ni(cod),, 3 eq ZnAr, (ZnCl, + 2 ArMgBr), 2 mol% B(CgF5)3

O O (O

Method A 97% (96%) 96% (89%)" 95% (91%)°
Method B 94% 91%P 60%°

MeQ Me,N

oo O ) HD)

Method A 97% (84%)¢ 94% (81%)¢ 91% (53%)°4
Method B 76%°%° 93%"° 22%°¢

R = Et (7-9)

FsC cl

Method A 96% (59%)%¢ 98% (65%)° 96% (73%)°
Method B 51%°%¢ 69%%¢ 80%%¢

2 Spectroscopic yields, as determined by 3P NMR spectroscopy.
(Isolated yields are given in parentheses).

b 5 equiv ZnR,. ©10 equiv ZnR,. 92 mol% Pd,(dba)s.

€5 mol% Ni(cod),, 5 mol% B(CgFs)3.

Scheme 3 Scope of zinc reagents for the sila-Negishi
coupling of fluoro-silanes.
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Ph. Ph Ph. Ph
\/ Pd(0) or Ni(0) (3 mol%) \/
@GG\F BR; or K(F3BPh)/BF4:OE, @Ge\ph

PPh, THF, 100 °C, 18 h PPh,
10 1
Catalyst Ar source, Lewis acid Yield 2

Pdy(dba);  BPhg 99%
Ni(COD),  BPhg 99%
Pdy(dba);  BPhg 0%°
Pdy(dba);  K(F3BPh)/BF3OEt, 46% (96%)°
Ni(COD),  K(F3BPh)/BF;+OFEt, 8% (99%)°

@ Spectroscopic yields, as determined by 3P NMR spectroscopy.
b Fluoro-silane 4 was used instead of 10.
¢2-MeTHF was used instead of THF.

Scheme 4 Screening of conditions for the germa-Suzuki
coupling of fluoro-germane.
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2 Spectroscopic yields, as determined by 3P NMR spectroscopy.
(Isolated yields are given in parentheses).

120 °C.

Scheme 5 Scope of boron reagents for the germa-Suzuki
coupling of fluoro-germane.
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ZnPh, (0.70 equiv), 25 °C, 18 h >95% 5% 90%

Ni(COD), (16 mol%), 120 °C, 18 h

0, 0, 0,
K(BF4Ph) (12 equiv), BF; (3 equiv) 107 9% | 88%

Scheme 6 Competitive phenylations of fluorogermane 12
and chlorogermane 12°.
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(79% for Pd(PPh)s)
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Scheme 7 Sila-Negisi coupling of diphosphine fluoro-silane
14 (a) and germa-Suzuki coupling of diphosphine
fluoro-germane 15 (b).
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Fig. 8 Pd and Ni complexes deriving from the diphosphine
fluoro-silane 14 and fluoro-germane 15.

Fig. 9 Molecular structures of complexes 18 (a) and 19 (b).
Thermal ellipsoids at 40% probability. The phenyl
groups at P, Si, and Ge are simplified for clarity.
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Fig. 10 Molecular structures of complexes 20 (a) and 22 (b).
Thermal ellipsoids at 40% probability. The phenyl
groups at P, Si, and Ge are simplified for clarity.
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Fig. 11 Molecular structures of complexes 25 (a) and 26 (b).
Thermal ellipsoids at 40% probability. The phenyl
groups at P, Si, and Ge are simplified for clarity.

Wiz, K7 VHEBR;(R=F, PWICLk A7 1 H#Z-7 v %

BIOTr Vv~ -7 v FZREESTW O o % DFT
#14.(PBE-D3/SDD(Ni, Pd) +6-31(d)in THF (PCM) )2
I L2 (®12), M) 70 FaRT ORIETIE 2

R
RE‘ —R ¢ R;B’R
G(HF) i £
(kcal/mol) s
L=PPh S' A’S' ﬁh;
3 oh P_pd’PPhZ _Pd,Pth
10.0 — F Q'SI Ph 2 PhyP £
4 —Pd,Pth S|I [B,F7]
7o Py o 21- FBRs A
oh _py—PPhz A1 (R =Ph) 3.7 I
: L
S (R=Ph)
L 18 O, 2.8 o 38 Tl 21-B,F
P 8 Tl 1.1 -BaF7
BF4+OEt, :_.//’ R=F) .- (R=F) R=F)
0 — 2l ————— =
0.4 Vv
00 BF -OEt’\‘ . _
5P, (R =Ph) 3 2 ~ 24
OEt,
G
(THF)
kcal/mol R ¥
(kcal/mol) R—p—R R
L = PPh, R F R—B-R
|
10.0 - F GePh "
| e Ph | pPh \
_pd—PPh2 G
Ge-ph /Pth PhoP~" Y Q’ |e n
/ Ph p-P
/i _PPh 2 L -Pdg~PPh:
Ph,P—P{ 2 L A2 TS PP~
L 19 2.0 L
(R=Ph) 22-FBR
BF;+OEt R=F) . :
o ¢ 2\/4— T a8 N
0.0 T o4 R=F A0 6.7
BPhs (R =Ph) . [(R=Ph)
. -12.0
R=F)

Fig. 12 Reaction profiles computed for the cleavages

of Si-F (A) and Ge-F (B) bonds at Pd assisted

by BR, (R=F, Ph). Free Gibbs energy changes (kcal/mol) in THF.
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