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C-H Functionalization Based on Ketones

= What characters of ketone can we use to functionalize C-H bonds?

Lewis Basicity
. Directing group for metal

C=0 system =  Hydrogen bond acceptors

= Photo-activation
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C-H Functionalization Based on Ketones

= What characters of ketone can we use to functionalize C-H bonds?

. Directing group for metal



Ketone as Directing Group

= Scale of Lewis Basicity: BF; affinity
BF3;(gas) + LB (DCM solution) <—= LB-BF; (DCM solution) (Eq. 1)

BF; affinity = -AH° (Eq. 1) (KJ/mol)

B j i !
_N ©) 74.88 ©)J\0Et 61.2 O/‘Me 97.37
@) (@)
//N
Me 74.52 NMe, 101.75 55.44
103.35

Team Solvent

1,4-dioxane 74.09 acetone 76.03 benzene 2.9
THF 90.40 cyclohexanone  76.36 toluene 3.3
2-MeTHF 92.83 ethyl acetate 75.55 DCM 10.0

Laurence, C.; Gal, J. Lewis Basicity and Affinity Scales, Wiley



Ketone as Directing Group

= Firstreport

0 0]
1 RuH,(CO)(PPh 2-6 mol% 1
retl X R P 2(CO)(PPh3)3 ( 0) - ref R
= H toluene, 135 °C (bath temp) R
(100 mol%) (100-600 mol%)
- R1 -
Ru(0) N0 A R
R? /
> Z Ru
/
— H —

. Catalytic C-H functionalization (activation)
" Excessive substrate not necessary

. High efficiency and generality

" High selectivity enabled by directing group

Murai, S. et al Nature, 1993, 366, 529
Goldman, A. D. Nature, 1993, 366, 514

‘It may prove to be the first synthetically useful
example of an organometallic-catalyzed
transformation of a C-H bond.’

‘More broadly, for either this Ru catalyst or
other organometallic complexes, it remains to
be seen what other functional groups will act
to ‘direct ’ the functionalization of specific C-H
bonds’



Ketone as Directing Group

= Substrate scope

0]
R2
RuH,(CO)(PPh3);
Z R
H R3 toluene, 135 °C (bath temp)
0
/\Si Ketone/Olefin/Cat.
Si
Si= Si(OEt);3 2/2/0.04 2h, 93%
Si(OMe); 2/2/0.04 4h, 91%
SiMe,(OEt) 2/2/0.04 2h, Quant.
SiMe, 2/2/0.04 4h, 72%
SiMe,Ph 2/2/0.04 1h, 90%
0
)\ _ 2/10/0.12
SIMe3
SiMe3

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

= Substrate scope

Q 2
R
RUHz(CO)(PPh3)3
Z R
H R3 toluene, 135 °C (bath temp)
Olefin Ketone/Olefin/Cat. Product
— 2/12/0.04 24h, Quant.
NS 2/10/0.04 5h, 23%
/\O 2/2/0.04 24h, 19%
/\K 2/10/0.04 8h, 99%
A~SiMes 2/10/0.12 4h, Quant.
[ ]
[ ]
@ 2/10/0.12 Trace

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

R2

2/10/0.12
48h, 36% Yield

2/4/0.04
1h, 86% Yield

Electronic property of olefin important
e-deficient olefin not working (Michael)



Ketone as Directing Group

= Substrate scope

28

R O
RuH,(CO)(PPh
2(CO)(PPhj); - n2
toluene, 135 °C (bath temp)
RS R

Olefin Ketone/Olefin/Cat. Time/h Product
@) O
=z
2/4/0.04 1
Ph
72% 129, Ph
SiMe3 (@)
)\@ 0/4/0.04 44 SiMe;  459%  no other isomer
Ph
@]
=z
2/4/0.04 4 89%  no other isomer

C

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

= Substrate scope

O
A R1 RuH,(CO)(PPh3)s
R2—- 2 Si(OEY),
/ H toluene, 135 °C (bath temp)

O O
substrate ©)‘\’<
Ketone/Olefin/Cat. 2/2/0.04 2/6/0.04 2/8/0.04
Time/h 0.23 90 24
Yield/% 83 (mono:di 9:1) 94 (only di) Quant. (only mono)

0 0]
O
substrate @é /N\
Me
Ketone/Olefin/Cat. 2/4/0.04 2/2/0.04 2/10/0.12
Time/h 22 20 48
Yield/% No reaction 88 99

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

mono

2/2/0.04
6
Quant.

/ \ o
0

2/2/0.04
4
Quant.

Si(OEt);3
: f Si(OEt);3 % f Si(OEt);

di

O

2/2/0.04

0.5

Quant.

95% on a 22g-scale

I \ O

S

2/2/0.04
1
Quant.



Ketone as Directing Group

= Substrate scope

0]
1
re—L ] R
Z H
substrate

Ketone/Olefin/Cat.

Time/h
Yield/%

substrate

Ketone/Olefin/Cat.

Time/h
Yield/%

A Si(OEY),

RUHz(CO)(PPh3)3

toluene, 135 °C (bath temp)

2/2/0.04
0.23
83 (mono:di 9:1)

0O

Qo

2/4/0.04
22
No reaction

2/6/0.04
90
94 (only di)

2/2/0.04
20
88

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

i b

2/8/0.04
24
Quant. (only mono)

/I \ o
N
Me
2/10/0.12
48
99

mono

2/2/0.04
6
Quant.

/ \

@)

2/2/0.04

4
Quant.

Si(OEt),
‘Ci‘\/\ Si(OEt), } :I/L “Si(OEt),

di

O

2/2/0.04

0.5

Quant.

95% on a 22g-scale

I \ o

S

2/2/0.04
1
Quant.



Ketone as Directing Group

= Substrate scope

H* O
A R RuH,(CO)(PPh3);
R 2 Si(OE), > R2-fL
N toluene, 135 °C (bath temp)
H
Si(OEt)3
o unreactive O
H
product OO / \ Si(OEt)3
H S
unreactive
Ketone/Olefin/Cat. 2/2/0.04 2/2/0.04
Time/h 6 1
Yield/% Quant. Quant.

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

H*> O

R1

=

Si(OEt),

unreactive O
H

/ \ iMe

2/2/0.04
24
87



Ketone as Directing Group

= Choice of catalyst

[M] (2 mol%)

2 Si(0E),
toluene, 135 °C (bath temp)

(100 mol%) (200 mol%)

Catalyst Time required . Ineffective catalysts
RuH,(CO)(PPh3); 10 min RuHCI(CO)(PPh3);
Ru(CO),(PPhs); 1h ' RuCI(OAc)(CO)(PPhs3),
RuH,(PPh3), 2h RuCl,(PPh3)3
RU(CO)g(PPh3)2 6.5h ! RU3(CO)12

= Neither H nor CO necessary
. Ru(0) with at least 2PPh,

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

Si(OEt),

Quant.

No reactivity

IrCI(CO)(PPhj3),
[IrH,(acetone),(PPh3),]BF4



Ketone as Directing Group

= Generation of active catalyst

. Reductive elimination of H,

RuH,(CO)(PPhj;); stable under thermal conditions

= Reduction of ketones

No ketone reduced in the reaction between Ru and ketones

= Reduction of olefins

O
0.04 mmol o~ Si(OEt)s Ry —2:08mmol
benzene-dg 135 °C. 1 mi .
- 0.036 mmol , 1 min Si(OEt
/\Sl(()Et)3 135 OC, 1 min (90%) ( )3
100% based on ketone
0.12 mmol

. Active catalyst
= Structure not established

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

= Generation of active catalyst

O O
N\ /7 \/
\N./7 \_/ RuH>(CO)(PPh3)3 (9 mol%) Sic ,Si\/g\
2SI -Sins” - O n
0] xylene, 150°C, 24 h
(104 mol%) (100 mol%) M,/M, 8300/6700
N/ \_/
\/Sl\o,&\/
O
RuH2(CO)(PPhy); 27 si(OE), > [Ru] > Sic ~Si
toluene acetophenone O n
(3 mol%) (3 mol%) 135°C, 1 min (100 mol%)
M,,/M,, 40600/14800
- Pre-generation of active catalyst avoids
N\ /7 \/
\/Sl\o,&\/
terminator

Weber, W. P. et al Macromolecules 1995, 28, 5686



Ketone as Directing Group

= Generation of active catalyst

RuH,(CO)(PPhs); < ph
toluene
(100 mol%) (100 mol%) 120 °C
O
[Ru] >
toluene
120 °C, 2h

Weber, W. P. et al Organometallics 1998, 17, 584

>  [Ry] PhEt PPh;

. A free PPh; released

. Hydride peaks disappeared

. “Tempting’ to propose RUCO(PPh,),

. P-peaks non-consistent with RuCO(PPh,),
. May be dimer or trimer

\PPhj

o
'Rlu‘\co

PPh

’

. Active catalyst for co-polymerization
. [Ru]=RuCO(PPhj,), ?

15



Ketone as Directing Group

= Generation of active catalyst

RuH,(CO)(PPhg); 22 SiMes,

(100 mol%) (100 mol%)

toluene
90°C,1.5h

PhsP H
OC., | «PPhs PPhss, | oPPh2
'R N) 'Ru‘\
H™ | oc™ |
Ph,P Ph,P

1a 1b

major isomer

. X-ray crystals unacceessible

. All assigned by NMR

1a

. Can be considered as resting state of Ru(0)

r
1a
PPh,
TR . U
1 I T T | L] 1 T | T L] I I I I T 1 1 PIPM
60 40 20 6 —£0 -40
H H
OC.,, | «PPh PPhss, | «PPh
‘Ru’. ‘Ru’.
PPhy™" | PPhy”” |
PhsP co
1c 1d
16

Kakiuchi, F.; Murai, S. et al J. Am. Chem. Soc. 2010, 132, 17741



Ketone as Directing Group

= Reactivity of active catalyst

A SiMes

(100 mol%) (200 mol%)

A SiMes

(100 mol%) (100 mol%)

1 (2 mol%)

toluene,
r.t., 48 h

1 (0.1 mol%)
?

toluene,
120 °C, 20 h

Kakiuchi, F.; Murai, S. et al J. Am. Chem. Soc. 2010, 132, 17741

SiMe3

SiMe3

99% Yield

99.4% Yield
(994 TON)

17



Ketone as Directing Group

= Dynamic of active catalyst

9] Phs;P
oc, 3| SRPh2
1 (20 mol%) , I
ZsiMe, T
toluene, | N\ /
r.t. Ph,P
(100 mol%) (200 mol%) 1a
Ru(CO)2(PPhs)s (16)
d)
L Il A l l g i
C) A Laa LA i A " l |J_1L____
Ph;P
PhaPu,, |I,-‘O
Ru
&z oc” |
’ [ H
O POV I ]
HsPO,
RUto-CoHPPhaI(HNCO)PPha)2 (Ba) & Ru{o-CgHaPPho}(H)(CO)(PPhs); (8a)
a) 4 PPhs ]
i IJ 'R T e " 'y J { Ly o V.
|IIIIIIIII|'IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIlllllllllllllllllllllII'IIIIIIIIIIIIllllllllll_!;llllll%gﬁ

Kakiuchi, F.; Murai, S. et al J. Am. Chem. Soc. 2010, 132, 17741

O
SiMe3
3h after more ketone
5 days
. 1 disappear and re-emerge
. 2 disappeared after rxn
6h CO stays

. Ru(CO),(PPh,); unreactive

Active catalyst

18



Ketone as Directing Group

» Proposed mechanism

@)

PhsP A g PhsP
PhSP""l, | \\\\O RJ/,I[I“ |
‘Ru’. ‘Ru

'Ru(CO)(PPhy)s’ == \&« ~  oc™ |“ _ &}‘ - 0oc™
1ad W H W H
PPh, ) PPh,

Kakiuchi, F.: Murai, S. et al J. Am. Chem. Soc. 2010, 132, 17741 19



Ketone as Directing Group

» Reaction pathway
Si(OEt)3

@)
Ru—IO O
M.l. to Ru-H _—

- ~

EtO),S
H (FORS\— \rSi(OEt)3
Ri—0 P SIOEY;  pepy—g M- toRu-H A EO)SIn -
I - | - |
) ® Sl i
M.l. to Ru-C
AN (EtO)3Si /H Si(OEt),

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

» Reaction pathway

Si(OEt),
Si(OEt),
)
Ru—O0O
M.I. to Ru-H _—
“ [Ru] /
E .
’ ( to)3s'& Sl(OEt)3
\Ru—IO A Si0E),  p—my—g  M-toRuH Ru—O (Et0),Si .
©* i ©* @* """"" g
M.l. to Ru-C
(EtO);Si /H Si(OEt),
. o Y RU
= Reductive elimination as RDS \o .........

. Facile C-H activation (even below 50 °C)
. Established equilibrium before RE

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

» Reaction pathway

4 o

] (EtO)sSi
\Ru—IO A S0E)s  He—Au—o
M.l. to Ru-C
(EtO)sSi, M Si(OEt),
. “\ Ru
. Ru-H M.l instead of Ru-C M.1. o cmeseeess > X 0
. Three evidences /

Evidence No.1

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Ketone as Directing Group

» Reaction pathway

0
“ [Ru]
i (EtO)sSi
Ru—0 ZSi(OEt), H—Rlu—O

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62

M.l. to Ru-H

\rSi(OEt)3

Si(OEt),



Ketone as Directing Group

» Reaction pathway

— /I':{u\ —
H/ O
|
Ru—lO oxidative addition Ru_IO
—_— e
Ru—0O
H u
s
L 1,2-H shift —
Si(OEt)3
unreactlve
unreactive

Murai, S. et al Bull. Chem. Soc. Jpn. 1995, 68, 62



Directions of Development

e Catalyst Modification and Improvement
 (C-CBond Formation

e C-X Bond Formation



Directions of Development

e Catalyst Modification and Improvement



Catalyst Modification and Improvement

= Ruthenium precursors

Ph;P
OCs,, | PPh:
—RuU. —
H | = Ru(0) 3PPh; CO
PhsP strong c-donor n-acid
1a
I ’Il,' X /Ill-l Fl)C:y3 H
“Ru H, (6 bar) H o
1l \) PCys. ——— H.~"~
\H | H
PCy3
(100 mol%) (200 mol%) 3

Busch, S.; Leitner, W. Chem. Commun. 1999, 2305

Criteria for active catalyst

Easy to generate Ru(0)
Coordinately unsaturated Ru(0)
Electron-rich Ru(0)

Two dihydrogen ligands

Two e-donating P-ligands
Cy-H hard to insert

Higher concentration of Ru(0)



Catalyst Modification and Improvement

= Ruthenium precursors

H ll”h, | . \\\H
H 'S >
\H/ H pentane, r.t.
PCy3
3
(100 mol%) (110 mol%)
0]

O O 3 (10 mol%)
—
pentane O O

20 °C, 48 h
(100 mol%) (20 bar)
0O
4 (10 mol%)
-
toluene
20°C, 27 h
(100 mol%) (20 bar)

Busch, S.; Leitner, W. Adv. Synth. Catal 2001, 343, 192
Chaudret, B. et al J. Am. Chem. Soc. 1998, 120, 4228

H"'u
H

PCy3

\\\‘\“

@)
PCY3
4

@]

93%

80%

J T

4%

Only ethylene works
Bad solubility of 3 in pentane
Bad stability of 3 in toluene



Catalyst Modification and Improvement

» |n-situ generation of active catalyst

RuCl; hydrate

= Air- and moisture-sensitive
PPh,, EtOH . Tedious preparation

H,CO, KOH . Complexation with various ligand not allowed
RUHz(CO)(PPh3)3
o Si(OEt),
[Ru(p-cymene)Cl,], (2.5 mol%) o)
A Si(OE), -
PPhs (15 mol%)
HCOONa (30 mol%)
(100 mol%) (200 mol%) toluene, 140 °C
99% Yield
= 3 equiv. of ligand optimal = Comparable yield and scope as Murai’s
= PPh; as best ligand = Higher catalyst loading
= Thallium salt also works as reductant

Darse, S.; Genet, J.-P. et al Angew. Chem. Int. ed. 2006, 45, 8232



Catalyst Modification and Improvement

» |n-situ generation of active catalyst

" Ligand-controlled selectivity

O 0] O

Ph
[Ru(p-cymene)Cl5], (2.5 mol%)
U~ - Ph
Q0 7 = e O OO
HCOONa (30 mol%)
toluene, 140 °C
linear iso
PPh; 60 40
PPhCy, 95 5
. High catalyst turnover
9) O
[Ru(p-cymene)Cl,], (x mol%) . Si(OMe),
PN
OO 7 "Si(OMe)3 PPh; (15 mol%) OO
HCOONa (30 mol%)
neat, 140 °C
(50 mmol) (150 mmol) % cat. Yield(%) TON
0.2 89 445
0.04 45 1125
. Low conversion though

Darse, S.; Genet, J.-P. et al Angew. Chem. Int. ed. 2006, 45, 8232



Catalyst Modification and Improvement

= Mechanism elucidation

PPhs (100 mol%)

[Ru(p-cymene)Cl,],

- o< O<

HCOOTI (200 mol%)

RU:,, '
(100 mol%) solvent, r.t. P/ \ X /RU\HIOCOH
Phj X Ph;P OCOH
5 6
X =1 benzene-dg  22h 51 49
MeOH-d,  2h 51 100
X=Cl MeOH-d, 2h 51 100
- T cymene H
_< I >—< PPh, _©_< PhsP
n S + _L 3tu,, | W PPhs
"""OCOH benzene-d \ "/OCOH PhsPe | \O
Ph 3 3 il \ <
3 OCOH r.t. to 50 °C ’ : o<
(100 mol%) ! .
70 °C Murai's catalyst
w/ Ru black RuH,(CO)(PPh3);
. Faster rxn PPh3 (400 mol%)
. No 8 observed , RuH,(PPhj),
) o bl i-PrOH-dg
more stable rt. to 50 °C 9

Darse, S. et al 3. Am. Chem. Soc. 2009, 131, 7887




Catalyst Modification and Improvement

» |n-situ generation of active catalyst

= I-PrOH as solvent

0O
[Ru(p-cymene)Cl,], (2.5 mol%)
2 Si(OE), >
PPhs (15 mol%)

HCOONa (30 mol%)
i-PrOH/acetone 1:1, 80 °C

. RuCl; as precursor
O
O
RuCl3xH,0 (4 mol% Ru)
(100 mol%) >
PPh3 (15 mol%) Si(OEt)
A siogy,  HCOONa (30 mol%) ’
3 dioxane, 80 °C 80% Yield
(200 mol%)
Precursor price(euro/mmol)
RuCls 2.7
RuH,(CO)(PPh3); 87
RuH(PPh3), 160
Ru3(CO)12 38
[RuCl,(p-cymene)], 21

Darse, S. et al J. Org. Chem. 2010, 75, 208
Darse, S. et al Org. Lett. 2010, 12, 3038

Conversion/%

93% Yield

OH

Si(OEt),

5% Yield

Si(OEt)s

Time/h —»
performances of PAr;




Directions of Development

e (C-CBond Formation



C-C Bond Formation

» Murai’s preliminary results
SlMe3

cat. RuH,(CO)(PPhs)s
SIM83

(j\”/ cat. RuH,(CO)(PPhs)s

Si(OEt);

cat. Ruz(CO
©) /\Si(OEt)s 3( )12 d/\
Si(OEt)s

z
cat. RU3(CO)12 N I
A Cco,Me CO > N
COzMe
O

Murai, S. et al J. Syn. Org. Chem. Jpn. 1994, 52, 992




C-C Bond Formation

= Addition to alkynes

R2
1
H Q9 RuH,(CO)(PPhs)s R o
(2-6 mol%)
R'-—=——R? >
- toluene (0.66M)
135 °C, time
(100 mol%) (200 mol%)
selected examples
Pr Ph Ph Et
P Ph Et Ph
¥ o Z 4 Z 4 Z 5
+
4h, 72% 1h, 85% 4h, 73% 27%
(E/Z 16/1) (E/Z 9/1) (5/1) (5/1)
SiMes SiMe, SiMe,
Me 2 Hex Me,BuSitO = _ )
0 O Q . Terminal alkyne not working
. Internal olefin not working
3h, 83% 2h, Quant. 21h, 55%
(only E isomer) (E/Z 1) (E/Z1111)

Murai, S. et al Chem. Lett. 1995, 681



C-C Bond Formation

= Functionalization of olefinic C-H bond

. Addition to alkenes

Trost
H RuH,(CO)(PPhs),
5 mol%
A SiR, ( °)
toluene (0.25M)
@) reflux, 20 h

(100 mol%) (200 mol%)

R = Et, 94% Yield
R = OEt, 76% Yield

Murai
H RuH,(CO)(PPhs)s
0,
A Si(OEt) (6 mol%)
toluene (0.66M)
o) 135 °C, 48 h

(100 mol%) (200 mol%)

reaction | |
rate tBu = Et

Trost, B. M. J. Am. Chem. Soc. 1995, 117, 5371
Murai, S. et al Chem. Lett. 1995, 679

ca. 50% Yield

Sy

0]
recovered



C-C Bond Formation

= Functionalization of olefinic C-H bond

. Addition to alkenes

Darses

A Si(OEt)
o)
(100 mol%) (200 mol%)

Murai

Ph_~__-1BU
\/\n/ A Ph

@)
(100 mol%) (500 mol%)

Me  Z tBu
\/\ﬂ/ ZPh

@)
(100 mol%) (500 mol%)

[RuCly(p-cym)], (2.5 mol%) Si(OEt);

P(4-CF306H4)3 (15 mOI%)

HCOONa (30 mol%)

toluene, 140 °C O
63% Yield
RuH,(CO)(PPhj3) Ph E tBu
2 3/3 Ph B
(6 mol%) = W -
v 0O I
toluene (0.66M) fu—0
135°C, 3 h pp linear H

64% Yield
not isomerized from Z

RuH,(CO)(PPh3); Ph

V4
o)
(6 mol%) » 2N BU 80% Yield
toluene (0.66M)
135 °C. 1 h branched 0

Darse, S. et al Adv. Synth. Catal. 2009, 351, 153

Murai, S. et al Chem. Lett. 1998, 893



C-C Bond Formation

= Functionalization of olefinic C-H bond

. Addition to alkynes

Murai
tBu tBu
RUH2(CO)(PPh3)3
o
O  ph—=—pn (6 mol%) > ©
toluene (0.66M)
H 135°C, 3 h P
Ph
(100 mol%) (500 mol%) 85% Yield (E/Z 60:40)
{Bu tBu
o) o)
[ > [ > [ >
0 “ph “ph “SiMes
Ph Ph Ph
56% Yield (E/Z 93:7) 71% Yield (E/Z 76:24) 96% Yield (E/Z 94:6)

Murai, S. et al J. Mol. Cat. A. 2002, 182, 511



C-C Bond Formation

= Addition to olefin or alkyne using other metals

Brookhart

@]

O O A s

(100 mol%) (100 mol%)

Shibata

Me  Ph Ph

(200 mol%) (100 mol%)

Brookhart, M. J. Am. Chem. Soc. 1999, 121, 6616

=

I TMS TMS
_Rh_ _ (5mol%
TMS X (/ (5 mol%) o I\

TMS
>
cyclohexane, 120 °C, 23 h O O

99% Yield (mono:di 8:1)

Ph

Ph
[Ir(cod),]BF, (5 mol%) O

rac-BINAP (5 mol%) Me

DCE, reflux, 20 h

83% Yield (E/Z > 20:1)
15% di

Shibata, T. et al J. Organomet. Chem. 2008, 693, 3939



C-C Bond Formation

= Addition to olefin or alkyne using other metals

Ph
Ph
0O O
Me Me
y o
OMe OMe

75% Yield, l:iso 5:1

Shibata
O
[Ir(cod),]BARF (5 mol%)
Me rac-BINAP (5 mol%)
A ph
OMe toluene, reflux, 40 h
(100 mol%) (500 mol%)
O
[Ir(cod),5]BF 4 (5 mol%)
Me Lb (R)-MeO-BIPHEP (5 mol%)
Me DCE, reflux, 20 h
(200 mol%) (100 mol%)

Shibata, T. et al J. Organomet. Chem. 2008, 693, 3939

> LbAr

58% Yield, 70% ee



C-C Bond Formation

= Oxidative Murai chemistry

0] 0
[MJ/[O]
P a T R
Murai
Glorius
[RhCp*Cl5], (0.5 mol%) 9]
AgSbFg (2 mol%)
Cu(OAc), (210 mol%) TN Me
AR > R—r _
t-Amyl-OH, 120 °C, 16 h Z R’
(100 mol%) (150 mol%)
O
0 o) x_Ph Et
M
o, O, L0
= Ph 7 CO,Bu O BuOC”™ ™S Nc
56% 76% 72% 96%

. Michael acceptor
. Regioselectivity

Glorius, F. et al Angew. Chem. Int. Ed. 2011, 50, 1064



C-C Bond Formation

= Oxidative Murai chemistry O
Me
[
oxidation RhTX
Cu
oxidant metallation
Me ) _
. Different metallation
H—Rh''X =0 . Different M.1.
Rﬁ”' . Different product-forming step
S-hydride ] ~
o) elimination migratory X
insertion
Me Me /\R
T R \O\
Rh”'X
H R
Jeganmohan
0 [RuCly(p-cym)]; (2 mol%) 0
AgSbFg (10 mol%)
Me 2NCO.Bu Cu(OAc),H,0 (25 mol%) Me
2
Br H DCE, 110 °C, 12 h Br A c0,8u

(100 mol%) (150 mol%)

Glorius, F. et al Angew. Chem. Int. Ed. 2011, 50, 1064
Jeganmohan, M. et al Org. Lett. 2011, 13, 6144



C-C Bond Formation

= Arylation and alkenylation using boron reagents

O OH
Me pp_g :>< RuH5(CO)(PPhs)s (2 mol%) Me Me
toluene, reflux, 1 h

. Ph
work-up (hydrolysis)

(x mol%) (100 mol%)
x=100 47% Yield 40%

x =200 82% Yield 71%

) O
O
RuH,(CO)(PPh3)3 (2 mol%
Ve pp—gf :>< uH,(CO)(PPhg)s (2 mol%) Me
0 ) Ph 89% Yield

(100 mol%) (110 mol%) (1.0 M)
reflux, 1 h
O
2 :>< RuH,(CO)(PPh3)3 (2 mol%) - Me
pinacolone (2.0 M) 73% Yield
reflux, 3 h
(100 mol%) (150 mol%)

= Complimentary to alkyne addition

Kakiuchi, F. J. Am. Chem. Soc. 2003, 125, 1698
Kakiuchi, F. J. Am. Chem. Soc. 2005, 127, 5936
Kakiuchi, F. J. Org. Chem. 2007, 72, 3600



C-C Bond Formation

» Global arylation using aryl bromide

Pd(OAc), (1 mol%)
PPh3 (4 mol%)
Cs,CO3 (400 mol%)
xylene, 160 °C, 22h

(O -
(100 mol%)

)

(400 mol%)

Ph OPdPh

1%

5% 54%

)

Ph OCs
I SA®
> PH

PA(OA) Ph O Ph

O B
Br o
CSch3

PH” "OH

Miura, M. et al Tetrahedron Lett. 1999, 40, 5345
Miura, M. et al Tetrahedron 2001, 57, 5967

unreactive substrate



C-C Bond Formation

= Arylation using aryl bromide

o)
Pd(OAc), (10 mol%)
Ag,0 (100 mol% A
920 ( 0 o ot R
TFA, 120 °C, 20h Z N
| _Ru
(100 mol%) (300 mol%) R = Me, Et, Ph _
CO,Et Ar = 4-NO,CeH,
o)
E gMzes /300/ 78% Yield 68% Yield 82% Yield

= Acidic conditions
. Only electron-poor aryl iodides work well
= Non-enolizable ketone works

Cheng, C.-H. et al 3. Am. Chem. Soc. 2010, 132, 8569



C-C Bond Formation

= Arylation using aryl bromide

Pd(OAc), (10 mol%)

X Ag,O (100 mol%)
| R TFA, 120 °C, 20h
R = Me, Et, Ph

(100 mol%) (300 mol%)

CO,Et
68% Yield 69% Yield 72% Yield

Pd(OAC), (10 mol%)
O Ag,0 (100 mol%)

Q O TFA. 120 °C, 15 h

94% Yield

Cheng, C.-H. et al 3. Am. Chem. Soc. 2010, 132, 8569



C-C Bond Formation

= Arylation using aryl bromide

substrate

A I
T PdO _g> Pdll $_> o)

Pd"
X-ray
Ar—lI
\ N0
Pd! -—— \<|3 - /
[ \Y
Ar Pd /Pd\X
Ar

= Weaker C-H bond
= More stable enolate

Cheng, C.-H. et al 3. Am. Chem. Soc. 2010, 132, 8569



C-C Bond Formation

» Fluorenone Synthesis

Cheng
0O
Pd(OAc), (10 mol%)
Ag,0 (150 mol%
O 0 e L
TFA, 130 °C, 24 h
(100 mol%) 93% Yield
Shi
Pd(OAc), (5 mol%) 0
Ag,0 (150 mol%)
K,CO3 (250 mol%
SO BEE .
TFA, 140 °C, 24 h
(100 mol%) 85% Yield

Pd—O

i Pd

Shi, Z. et al Org. Lett. 2012, 14, 4850.
Cheng, C.-H. et al Chem. Commun. 2012, 48, 9379

. Benzophenone imine, oxime,
and hydrazone not working

¢
W,




C-C Bond Formation

» |ndenol and fulvene synthesis

Glorius

[RhCp*Cl], (0.5 mol%)

R1
AgSbFg (2 mol%) X OH
/ Cu(OAc), (210 mal%) _  ge_tf Ph
PhCI, 120 °C, 16 h Z

3
(100 mol%)  (83-120 mol%) R

[Rth*C|2]2 (25 mOl%) /
AgSbFg (10 mol%) X
/ Cu(OAc), (210 mol%) > R P Ph

dioxane, 140 °C, 16 h

3

(100 mol%)  (83-120 mol%) R

R ph  [RhCpP*Clyl, (2.5 mol%) R

AgSbFg (10 mol%)
Rz@ 0O Hy / Cu(OAc), 210 mol%) gz M \ Ph
2" \ dioxane, 140 °C, 16 h Z
R \
(100 mol%)  (83-120 mol%) RS
= Redox-neutral but stoichiometric Cu needed

Glorius, F. et al 3. Am. Chem. Soc. 2011, 133, 2154



C-C Bond Formation

» |ndenol and fulvene synthesis

R Ho Ho
1 1
o R o-Rn R=\_o-cu R\ _OH
Rh —> OQ - —— O’ Ph of O’ Ph
—
Ph R3
R® H H
Ph on Me om Me om
O’ Ph O’ Ph O’ Ph . Electron-neutral and rich
F5C Br arenes favor dehydration
Ph Ph Ph
66% 66% 66%
Me . Cationic Ir: Shibata
/ . Rh w/ Cu: Cheng
O’ Ph ’ Ph =  Ruw/ cat. Cu; Jeganmohan
Ph Ph
o: 69% (E/Z 2.3:1) a: 70%
v: 80% (E/Z 2.8:1) v 7%

Shibata, T. et al Synlett. 2010, 1, 97
Cheng, C.-H. Angew. Chem. Int. Ed. 2011, 50, 4169
Jeganmohan, M. Eur. J. Org. Chem. 2012, 417



C-C Bond Formation

= Some cascade examples

Greaney

[RuCly(p-cym)], (5 mol%)

o O AgSBF (10 mol%)
Cu(OAc),H50 (150 mol%)

®

COzMe

O DCE, 100 °C, 8 h

[RuCly(p-cym)], (5 mol%)

o = | AgSBFg (10 mol%)
Cu(OAC),H,0 (150 mol%)

X
A Co,Me

/7 N\

. Ru is necessary for alkenylation
. Cyclization can be mediated by Cu alone

Greaney, M. F. Angew. Chem. Int. Ed. 2014, 53, 1529

Ph

DCE, 100 °C, 16 h

Ph

COQMG

89% Yield



C-C Bond Formation

= Some cascade examples

Shibata
Me
0 VY
/— Me Rh(biohep)|BF, (5 mol% TsN
TsN [Rh(biphep)]BF, ( 0) - A
\%Me DCM, r.t., 30 min Me
O~ “ph
87% Yield
Me

o Y
TsN/%Me O [Rh((S)-biphep)]BF,4 (5 mol%)> TsN )

\_\ DCM, r.t., 30 min
\ o

69% Yield
92% ee

Ph

Shibata, T. et al Org. Lett. 2007, 9, 3097
Tanaka, K. et al Org. Lett. 2007, 9, 2203
Tanaka, K. et al Angew. Chem. Int. Ed.. 2008, 47, 1312



Directions of Development

e C-X Bond Formation



C-X Bond Formation

= C-N bond formation

Liu
F -
Q Pd(OTf),2H,0 (10 mol%) Q \+ Orf
F*] (200 mol% N
RZ_' N R H2N—802Ar [P °) > R2_| N R’ |
O DCE (0.25 M) L %
H 80°C. 8 h NHSOQAF
(100 mol%) (200 mol%) [F+] source

selected examples

. Super-electronphilic Pd
. Non-enolizable ketones
= E-rich better than e-poor
O O O
NHSO,p-CICgH,; MeO NHSO,p-CICgH, F NHSO,p-CICgH,

32

82% 76% 66%
p-CICqH,SO,NH © minor H NHSO,p-CICgH,
major
O O
\ O oW

NH [}j N

OJ\CeF SO,p-CICgH4 Ts
5

37% 34% 41% 62% (major:minor 6.2:1)

Weak coordination => electrophilic catalyst
Liu, L. etal J. Am. Chem. Soc. 2011, 133, 1466



C-X Bond Formation

= C-N bond formation

Ad Ad
o Pd(OAc),, HOTf N0
> /
DCE, 40 °C o,
10 98% Yield OTf
2
1
Pd(OAc),
HOTf, TFA NHZSD(():zé)'?t'CeW
DCE, 40 °C OE .
82% Yield 87% Yield
1 NH,SO,p-CICgH, Ad N
V. e N O
> o
wTFA = TFA, r.t ,Pd\ DCE, 60 °C NHSOA
, ILL . .
2 90% Yield ArO,S—NH, =  82% Yield 2

12

Liu, L. et al 3. Am. Chem. Soc. 2011, 133, 1466



C-X Bond Formation

= C-N bond formation

@)
Ts
FsC N
Pd(OAc),, HOTf TsH N, SHa WNH,Ts
or NH,Ts - D™ “b d.m“
_— DCE, 40 °C TsH,N"" \“/ “NNH,Ts
I
Ts 2°0OTf
@)

Liu, L. et al 3. Am. Chem. Soc. 2011, 133, 1466



C-X Bond Formation

= C-N bond formation

Chang
[RuCly(p-cym)], (4 mol%)
Me AgNT, (16 mol%) Me
NaOAc (20 mol% .
O  TsNj ( ‘f) > O =  No NaOAc, 5% vield
H DCE, 80 °C, 30 min NHTs
(200 mol) (100 mol) 70% Yield
Jiao
[RuCly(p-cym)], (2.5 mol%)
AgSbFg (10 mol%)
(o)
O  TsNj Cu(OAc), 30 mole) O . No Cu, no reaction
DCE, 80 °C, 24 h
H CE, 80°C, NHTs
(100 mol) (200 mol) 74% Yield
Sahoo
RuCl,(p-cym)], (5 mol%)
M [RuCl, 2 M
e AgSbF (20 mol%) ©
Cu(OAc),H,0 (50 mol%) _
O TN oE 100 2a > © = No Cu, no reaction
H ’ ! NHTs
(100 mol) (200 mol) 74% Yield
Weak coordination => electrophilic catalyst
Chang, S. et al Chem. Eur. J. 2013, 19, 7328 =>cationic metal center=>ligand not basic enough
Jiao, N. et al Chem. Commun. 2013, 49, 5654 =>difficult C-H activation

Sahoo, A. K. et al Chem. Commun. 2013, 49, 5225



C-X Bond Formation

= C-l, Br, Cl bond formation

Glorius
R
[RhCp*Cly],
0 NXS AgSbF
PivOH
H DCE, t, T
1 mol% Rh
110 mol% NBS
O 110 mol% PivOH
By 78%, 120 °C, 16h

1 mol% Rh
0 250 mol% NIS 5 portions
110 mol% PivOH
| 53%, 120 °C, 52h

R
)
\O Py
O

Glorius, F. et al 3. Am. Chem. Soc. 2012, 134, 8298

2.5 mol% Rh
220 mol% NBS

O 110 mol% Cu(OAc),/no PivOH
50%, 120 °C, 21h

2.5 mol% Rh
0 140 mol% NIS
220 mol% Cu(OAc),/no PivOH
| 61%, 120 °C, 21h

R
N0
/
RhY

Br NR,



C-X Bond Formation

= C-l, Br, Cl bond formation

Rao
R R
Pd(OAc), (5 mol%)
! Z K28208 (100 mol%) ! y/
H DCE, t, T Cl

(100 mol%) (105 mol%)

Ad
MeO
0 © 0 0
Cl Cl F Cl
75%, 80 °C, 8h 71%, 80 °C, 3.7h 93%, 120 °C, 30h
. K,S,04 as necessary co-oxidant

Rao, Y. et al Angew. Chem. Int. Ed. 2013, 52, 4440



C-X Bond Formation

= (C-O bond formation

Momo
Pd(TFA), (5 mol%)
PIFA (200 1%
0O (200 mol%) - o)
H DCE, 80 °C, 3 h OH
84% Yield

(100 mol%)

Pd(OAc), (5 mol%)
K28208 (200 mOl%)

TFA, 50 °C, 3 h
88% Yield
Rao Kwong
Pd(TFA), (5 mol%) Pd(OAc), (10 mol%)
0 _KsS;05 (200 mol%) o) o __PIFA(150mol%) _ o)
TFA/TFAA 9:1 DCE, 80°C,2h
OH H OH
4 50°C,4 h
(100 mol%) 84% Yield (100 mol%) 62% Yield
. Primary, secondary, tertiary and aryl aryl ketones all work
. e-rich arenes favored

Rao, Y. et al Angew. Chem. Int. Ed. 2012, 51, 13070
Dong, G. et al Angew. Chem. Int. Ed. 2012, 51, 13075
Kwong, F. Y. et al Org. Lett. 2013, 15, 270



C-X Bond Formation

= (C-O bond formation

Ackermann _©_<

|
RU!:,,“I
MesCO J
esCO;3 OJ\Mes =  Neutral Ru precursor
0 (2.5 mol%) o " RuCl; also works
> . Only tertiary or aryl ketones work
0,
T e on 1 parend s
(100 mol%) ’ ’ 85% Yield

Rao

[RuCly(p-cym)], (2.5 mol%)
PhI(OAc), (200 mol%)

TFA/TFAA 7:3
H O cl 80 °C. 3 h OH O cCl

O O 72% Yield O O . Primary, secondary ketones work

Rh,(OAC), (2.5 mol%)
K28208 (200 mol%)

TFA/TFAA 9:1
80 °C, 17 h
53% Yield

Rao, Y. et al Org. Biomol. Chem. 2013, 11, 2318
Ackermann, L. et al Org. Lett. 2012, 14, 6206



. First directing moiety in catalysis

. Common functional group, ‘natural directing group’

. Weak coordination, restricted scope

. Still versatile

. Sp3 C-H functionalization of ketones is a promising direction
. Not covered today: polymerization (10~20 literatures)






1. Please draw the mechanism of the coupling between 2-methyl acetophenones and phenylboronates shown
below. Note that the stoichiometric byproduct 2 1s only generated after reaction work-up (hydrolysis).

O OH
[1)
Me o B :>< RuHy(CO)PPhs)s (2 mol%) Me Me
toluene, reflux, 1 h

Ph
work-up (hydrolysis) 1 2

82% Yield stoichiometric
byproduct

(200 mol%) {100 mol%)



During Murai’s study of the addition of olefinic C-H bond to alkenes. two similar reactions (Eq. 1 and 2)
gave totally different results in terms of regio- and stereoselectivity. The results (£ and linear) in Eq. 1
can be explamned by a mechanism mvolving direct oxidative addition of Ru(0) into olefinic C-H bond (5).
followed by mugratory insertion and reductive elimination. However. a different mechanism should be
responsible for the selectivity (Z and branched) in Eq. 2.

E

REuHz(CONPPhals Fh Bu Eh {Bu
Pl = 1Bu (6 mol%) = =
Y Z pn - o (a1 YU
4 linear

O toluene (0.66M) /Ru—D
3 135°C,3h Bh H
5
{100 mol%) (500 molis)
HUH:LED]{FF"I!]-:.I Ph z
Ma. == IBu o
-VI\"/ fﬁ”\‘ph (6 mol%) - z {Bu (Eq. 2)
0 toluane (0.66M} b hed
& 7 135 “C, 1 h ranche o

{100 mol%) (500 mol%)



E

RuHs(CONFPha)s Ph Bu Eh {Bu
Ph. = 1Bu (6 molh) = \rﬁ'\rf
D A ph - o (Ea.1) Ry
ra
4

'] toluane {0.6EM}

3 135*C, 3 h pp, linear H
5
(100 mol%) (500 mol%)
RuHs(CONPPhaly Ph 7
Me . == 1Bu & mol%
MY Z>ph ‘ ] - 2~ BY (Eq.2)
0 toluane {0.66M) b hed

¢ 7 135 C, 1 h ranche o

{100 mol) (500 mol%)

Now, let’s start from a simplified system below. Except the pathway of direct oxidative addition. there are
two other plausible mechanisms for the Eq. 3.

R
7z AN — APNOR Y

o 0

(a) Draw a possible mechanism of Eq. 3 starting from Ru-H species.

(b) Draw a possible mechanism of Eq. 3 starting from Ru(0) species.

(¢c) In terms of regio- (branched) and stereoselectivity (Z). which of the mechanism is more plausible for
Eq. 2 and why?



Drawn below 1s the proposed mechanism of the Ru-catalyzed C-H addition to olefin directed by ketones.

Si{OEt),

o Si(OEt),

ﬂ rd ©A

13
" (EtO)SI \—I— \rEi{GEt]3
SRu—0 Z Si0EY  p—ry—g 1o Ru-H Ru—0 (E10)S!
I _— | —_ |
---------- -
9 10 M.l to Ru-C 12 14
N (E0)SI, M Si{OEt)s
E% Ru
\D --------- - == 0
/
15 16

(a) Reductive elimination was proposed as the rate determining step in the reaction. which means. under
the reaction conditions, species before the product-forming step (8-12) are in fast equilibrium with
each other. Based on this, predict the theoretical result of the deuterium labeling reaction below.

H {number of H)

o]
" oD 0 H RuHz(CO)PPhy)s ¢
L=
H. 2 . (2 mol%) -
Si{OEL; toluene (0.6EM) _
D D H Si(OEt)y
D
H H

135 *C, 10 min
57% conversion



Drawn below 1s the proposed mechanism of the Ru-catalyzed C-H addition to olefin directed by ketones.

Si(OEt)s Si0EY
i Ly

" (E10)S \—I— \rSi{GEt]-J
SRu—0 A Si0E  p—ry—o - toRu-H Ru—0 (E10)4Si o
@k = (j" ~= @*
---------- -
9 10 M.1. to Ru-C 12 14
i (E0);Si,  H Si(OEt)s
E Ru
\D --------- - = 0
/
15 16

(b) The authors proposed the migratory insertion info Ru-H bond instead of Ru-C bond based on three
evidences. The first evidence 1s the absence of product 16. The other two evidences are listed below.
Explain why these two results support the authors’ proposal.

o
Evidence 2 G/N\ f\é conditions
_condilions
o SiMey
Evidence 3 ©)K )\© conditions

o]

Ar
not observed




3. Drawn below 1s the proposed mechanism of the Ru-catalyzed C-H addition to olefin directed by ketones.

Si{OEt),

o Si{OEt),

ﬂ e ©A

13
! (E1Q)55i \'|= \rSi{GEth
SRu—0 A Si0E  p—ry—o - toRu-H Ru—0 (E10)4Si o
o T
~ S o, U -
9 10 M.I. to Ru-C 13 14
.. (EO)Si M Si(OEt);
. Ru
\D --------- - = o]
/
15 16

(a) For the formation of 9. the author proposed a pathway to explain the regioselectivity of 17 and 18.
The pathway can be viewed as the ‘1.4-addition” of Ru(0) to an “‘enone’ shown below. Please explain
the regioselectivity of 17 and 18 using this pathway.

Si{OEt)s

Ru?
~

( [ Ru—o 0 unreactive O
90 B
"1 d-addilian’ H o SHOEL)S
17 18

unreactive



