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The Use of Various RUHX(CO)(PR;),, for C-H and C-O Arylations

C-H arylation of benzophenone derivative at sterically-congested site

10 mol %
H O H |h RuHCI(CO)(PAr;); Ph O Ph
2 equiv CsF
O O % acetonelmesﬁylene O O O O
140 °C, 24 h
2 equiv Ar = 38% 2%
3,5-Me2-4-MeOCGH2 63% 12%

Ogiwara, Y.; Miyake, M.; Kochi, T.; Kakiuchi, F. Organometallics 2017, 36, 1509.

C-0 arylation of 2’,6’-dimethoxyacetophenone

2 mol % RuHCI(CO)(PR3),

4 mol % CsF MeO Ph
1 equiv styrene
oAy, ey, i
~ph toluene, 120 °C, 30 min Ph Ph

RuHCI(CO)(PPh,); 10% 54%
RuHCI(CO)(P'Pr5), 75% 22%
Kondo, H.; Kochi, T.; Kakiuchi, F. Org. Lett. 2017, 19, 794.

To find appropriate phosphine ligand,
it is necessary to prepare each (phosphine)Ru complexes before evaluation.

Initial Attempts for In Situ Generation of Ruthenium Phosphine Catalyst

5 mol % 1/2 [RuCl,(p-cymene)],

MeO 15 mol % PPh;
0 )(\o 30 mol % HCO,Na
¥ B
OMe 0"~ “Ph toluene 0.2 mL, 100°C, 1 h

0.2 mmol 1.5 equiv not detected  trace

5 mol % Ru cat.
10 mol % PPh;

MeQ 20 mol % CsF MeOQ Ph
1 equiv styrene
o, )(\g quiv sty o o, o)
OMe O “Ph toluene 0.2 mL, 100 °C,1 h Ph Ph

0.2 mmol 1.5 equiv
GC yields
entry Ru cat. conv. pop—— I
arylation arylation
1 1/2 [RuCl,(p-cymene)], 18% 2% 13%
2 RuCl,(CO)(p-cymene) 62% 7% 53%

Syntheses of Axially Chiral Biaryls Using Chiral Transition-Metal-Catalyst

Ni-catalyzed atropselective biaryl synthesis using Grignard reagent

Br 4 mol % NiBr, OO H, Me
8 mol % L* /“Q
MaB ether/toluene 2 Fe
gbr  _30°c,96h OO

1.3 equiv 92%, 83% ee

L*

Hayashi, T.; Hayashizaki, K.; Kiyoi, T.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 8153.

Pd-catalyzed atropselective biaryl synthesis using organoboron reagent

1 mol % Pd,(dba);

1.2 mol % L* O OO
B
"9 3 equiv K;PO, Et o NM
EhOEt + Et o Y €2
OO OEt toluene P-OEt PCy,
om0 QUS| O

1.5 equiv 94%, 92% ee L*

Yin, J.; Buchwald, S. L. J. Am. Chem. Soc. 2000, 122, 12051.

Screening of Solvents and Arylboronates

10 mol %

In Situ Generation of Ruthenium Phosphine Catalysts for Convenient Screening This Work
use of in situ generated ruthenium phosphine catalyst for C-O arylation
(additive)
[Ru] + PR, » [Ru]—PR;
in situ generation active [Ru] + phosphine
¢ MeO f MeO Ph
R2 R2 O + A(\cé) .-...-...-... ............ » O + O
OMe 0" ~"Ph Ph Ph
R1_/ I 0o + 9 ................... » R1_/ I 0o
D o’B\ 3 X 3
OMe R R
v fast screening
v versatile catalyst application to atropo-enantioselective arylation
‘ [Ru] + chiral phosphine
\
easy to evaluate novel (phosphine)Ru catalysts without isolation OO OO
MeO O O
+ U et
¥ T L
novel reactions difficult to develop by conventional method %
Screening of Triarylphosphines for C-O Arylation Screening of Alkylphosphines for C-O Arylation
5 mol % RuCl,(CO)(p-cymene) 5 mol % RuCl,(CO)(p-cymene)
10 mol % phosphine 10 mol % phosphine
MsQ 20 mol % CsF MeQ Fh MeQ 20 mol % CsF iz Fh
1 equiv styrene 1 equiv styrene
o , )(\g quiv sty o o, 0 o, )(\g quiv sty o o, 0
OMe O Ph toluene 0.2 mL, 100 °C,1h Ph Ph OMe O  “Ph toluene 0.2 mL,100°C,1 h Ph Ph
0.2 mmol 1.5 equiv 0.2 mmol 1.5 equiv
GC yields . s GC yields
entry phosphine conv. ——— 5 entry phosphine conv. mono- di-
arylation  arylation arylation arylation
1 none 2% 2% not detected 1 PPh,Cy 1% 5% 4%
) )
2 PPh3 62% 7% 53% 2 PPhCYZ 2% 2% trace
3 PC 81% 66% 9%
3 P(2-MeCgH,); <1% trace not detected Y ° ° ’
4 P'Bu, 13% 7%  not detected
4 P(3-MGC6H4)3 79% 8% 63%
5 P'Bu,Me 90% 76% 13%
5 P(4-MGC6H4)3 42% 7% 35% )
6 P'Pr, 96% 78% 17%
6 P(4-MeOCgH,)3 12% 2% 5%
7 P"Bus, <1% trace not detected
7 P(4-F,CCgH 785 17¢ 19
(4-F3CCeHa)s 8% o 61% 8 PMe; 1% 1% not detected

Syntheses of Axially Chiral Biaryls through Inert C—-H and C-O Bond Arylation

Initial Screening of Phosphine Ligands
10 mol %

10 mol % PS(OAC)z R O O O OO RuCl,(CO)(p-cymene)
() fomoinl alwras weo o 1C . o
l—S 4 equiv TEMPO . R ipr” N N~ “ip, B 40 mol % CsF 0
B(OH), "PrOH, 70°C, 24 h L* + 0”0 1 equiv styrene o .
4 equiv R= Me 63% (C4:C5 = 95:5), 41% ee % toluene 0.2 mL OO
'Pr 27% (C4:C5 =93:7), 72% ee 0.2 mmol 1.5 equiv 100 °C, 24 h
Yamaguchi, K.; Yamaguchi, J.; Studer, A.; ltami, K. Chem. Sci. 2012, 3, 2165. ' '
_ arylation product hydrogenolysis
10 mol % Pd(dba), Q pp Ph entry ligand conv. NMR yield /| ee product
O Br 20 mol % L* 0 o
O H \ PP 30 mol % Ph,MeCCO,H O PhoI~¢ P—NMe, 1 10 mol % L1 16% trace | - 3%
Ph 1.5 GQUiV K2003 Ph o™ 1
Ny > N PH 2 20 mol % L2 40% 29% | 29%ee 1%
Bn mesitylene, 60 °C, 10 h Bn Ph
95%, 94% ee L* 3 20 mol % L3 77% 50% I 36% ee 4%
Newton, C. G.; Braconi, E.; Kuziola, J.; Wodrich, M. D.; Cramer, N. Angew. Chem., Int. Ed. 2018, 57, 11040. 4 10 mol % L3 64% 49% | 46% ee 39

.

toluene

.C
MeO hf y ”OO 16 mol % L*
*

Li  _45°C, 6.5 h;
H,0®

Shindo, M.; Koga, K.; Tomioka, K. J. Am. Chem. Soc. 1992, 114, 8732.

Screening of MOP Ligands

RuCl,(CO)(p-cymene)

o o 10 moi % L3 9P 9P
40 mol % CsF 0 OMe

solvent 0.2 mL

OO 1 equiv styrene PPh;
+ B » :
RO"°OR OO OO 0.2 mmol 1.5 equiv

LD,
JJ "

Ph

%

MeO

29%, 78% ee

OO 10 mol % RuCl,(CO)(p-cymene)
MeO O 10 mol % ligand

40 mol % CsF

B :
. 3_@ 1 equiv styrene

1,4-dioxane 0.2 mL, 100 °C, 24 h

Optimization of Reaction Conditions

— o0
OMe PPh,
L* OO PPh,

(R)-BINAP (L1) (R)-MonoPhos (L2)

cat.
OO OO RuCl,(CO)(p-cymene)
0 Mo O L7 (1 equiv to Ru) OO

CsF (4 equiv to Ru)

o O §p o

1,4-dioxane 0.

2mL

(R)-MOP (L3)

OMe
PPh2

D,
otk

o i . temp, time L7
0.2 mmol 1.5 equiv 100°C, 24 h L3 entry ligand conv. aryla-tlon product 0.2 mmol 1.5 equiv g
NMR yield / ee
arylation product 1 L3 71% 56% I 53% ee arylation product
entry boronate solvent CONV. entry Ru cat. styrene temp time conv.
NMRyield /| ee 2 L4 56% 47% | 57% ee NMRyield /|  ee
o 3 L5 40% 32% I 42% ee
1 Ar—E :>< toluene 64% 49% | 46% ee 4 L6 25% 18% | =30% ee 1 10mol%  1equiv 100°C 24 h 77% 63% | -61%ee
o)
) ) —Q10
0 | > L7 T 63% 61% ee 2 10mol%  none  100°C  24h 80% 1% | -62% ee
2 ArH :>< 1,4-dioxane 83%  59% | 53%ee
o)
o O O O O O _ 3 10 mol % none 70 °C 24 h 35% 31% | =78% ee
3 Ar-E :ﬁ 1,4-dioxane  71% 56% | 53% ee OMe OBEn OMe
O O PPh; O PPh2 O PPh; O PPh2 PPh2 4 15mol%  none 70°C  24h 41% 37% | -79% ee
5 15 mol % none 70 °C 48 h 67% 61% | =76% ee
L6, L7: Cao, Z.; LIU, Y.; Liu, Z.; Feng, X.; Zhuang, M;; Du, H. Org. Lett. 2011, 13, 2164.
Scope of Aromatic Ketones and Arylboronates Using Phosphine Possessing 3,5-'Bu,C;H; Groups Summary
MeO O Ar 1: mo: :ﬁ, E;JCIZ(CO)(p-cymene) Ar O > in situ generation of ruthenium phosphine catalyst for C-O mono/diarylation
1 mol 7
STTNOR, o0 60 mol % CsF TSR )(\9 Ar
e L AL gl R % O’B\Ph PAr; 0
T~ \ 1,4-dioxane 0.2 mL T~ \ e
R ° R cat. RuCl,(CO)(p-cymene)
0.2 mmol 1.5 equiv 70 °C,48 h MeO O 20 mol % RuCl;(CO)(p-cymene) OO >y phosi)hinep y Ar
20 mol % L8 '
_B. 0 MeO cat. CsF selective diarylation
R R . O O 80mol % CsF . o styrene v
R=H 58%, 76% ee? R=H 79%, 75% ee H THF 0.2 mL, 80 °C, 48 h OO : 100 °C
OO OMe 50%, 68% ee (96 h) OO F 68%, 75% ee ome toluene,
0 Me 50%, 79% ee 0 0.2 mmol 1.5 equiv 58%, 90% ee
CHEMISTRY

Me
OO F 50%, 77% ee O
Cl 23%, 75% ee

L U QU™ QU

44%, 71% ee 47%, 62% ee 51%, 67% ee 42%, 73% ee
(o-tolyl-B(nep) was used)

isolated yields
a) Absolute configulation assignment: Liu, J.; Hu, K.-F.; Qu, J.-P.; Kang, Y.-B. Org. Lett. 2017, 19, 5593

98V
o

L8

By

MeO
P(alkyl)s
- O
Ar

selective monoarylation

> atropo-enantioselective synthesis of axially chiral biaryls

cat. RuCl,(CO)(p-cymene)
cat. chiral phosphine OO
MeQ O CsF 0

SO

chiral phosphine

Kondo, H.; Kochi, T.; Kakiuchi, F. Chem. Eur. J. 2020, 16, 1737-1741.
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