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1. Introduction

Simple and innocent ligands

_N_ _N< R B
: N
NHC Phosphine type Pyridine type
= Simply coordination
@ —+&  Ligand = Crucial role

= But no bond making or breaking
during catalysis

Metal-Ligand Cooperation
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1. Introduction

For example:

H
‘—PR'E

N——Ru—CO

P:R.R'=Pr
N: R =Ft; R"'=1Bu

Figure 1. ORTEP diagram of a molecule of complex 1 with the thermal
ellipsoids set at 50% probability. Selected bond lengths [A] and

angles [°]: Ru1-C20 1.844(7), Rul-N1 2.163(5), Rul-P1 2.350(2), Rul-
P2 2.291(2), Rul-H1r 1.48(11), C1-C2 1.450(9), P1-C1 1.803(6), P2—
C7 1.843(7), C6-C7 1.552(9); C20-Rul-N1 171.4(2), P1-Rul-P2
153.1(1), H1r-Ru1-P1 72(4), H1r-Ru-P2 85(4).

Angew. Chem., Int. Ed. 2006, 45, 1113-1115.



2a. Dehydrogenation of Alcohols (Primary) to Esters

O 0

OH R)J\O/\R R/\NHZ R)J\N/\R R/%N/\R
H

Fundamental building blocks in the chemical industry

1 38 OCH.R
P 11 (0.1 mol %) 0]
2 R™ "OH > +
toluene, reflux RJLDAR 2H, T
R = alkyl, aryl
0] O @]
5h, 90% 6h, 99% 4h, 92%

J. Am. Chem. Soc. 2005, 127, 10840-10840.



2a. Dehydrogenation of Alcohols (Primary) to Esters

OH

J\ /l\ - similar process )J\ P

H,



2b. Dehydrogenation of Alcohols (with Amines) to Amides

11 (0.1mol%), A
RICH,0H + RZNH, » RINHCOR' + 2H; A
foluene, reflux

R = alkyl
RZ = alkyl, aryl
0 0 0
/U\/\/\ J\/\/ o
Ph” N Ph” N PhANJv ~
H H b
7h, 96% 7h, 97% 9h, 99%
NN o) \[(\ - N
0
@] O/ ) ©/ j(_jl/\/\
12h, 99% 8h, 99% 8h, 58%
0
0 N\n/\/\l I/\/\I/ M HJ\K\
0O O
8h, 78% 8h, 72% 8h, 70%

11 (0.1mol%), A
2RCH,;0H + HaN(CH3)NH2 » RCONH(CH,),NHOCR + 4H2+
toluene, reflux

oo, Sy dgn S
S0 N NSO r\/lw’“v“wmj\/\’ 0~N N
o H A ¥ H 5

Sh, 99% 8h, 88% gh, 95%

Science 2007, 317, 790-792.



2b. Dehydrogenation of Alcohols (and Amines) to Amides

catalyst 1 or 2 o O

n HO/\R/\OH + N HQN//\RQ/\NHz ——— J\ J'I\ *
e N

Journal of Polymer Science Part a-Polymer Chemistry, 2012, 50, 1755-1765.



2c. Dehydrogenation of Alcohols (and Amines) to Imines

H
_F:!B
= "2
/ N—Ru—_CO
P%Uz
B (0.2 mol%), A
R'H‘\"‘DH + RzﬁNHz - Rl’%”ﬁﬁz + Hy + H,0
toluene, reflux
R', R? = alkyl, aryl
s W
H\“N xNW M
~0
56h, 79% 52h, B2% 48h, 89%

N

~0 F F
_0

48h, 92% 48h, 88% 56h, 77%

" 5
xmzk/\/\ )\/\/\ /@AN/\Q

—
xo/©/\ N HO
48h, 84% 56h, 86% 24h, 89%

Angew. Chem., Int. Ed. 2010, 49, 1468-1471.



2a-c. Mechanism

[ R'COXR? 1

X =0, ester
X = NH, amide

L2 = NEt, 11




2a-c. Mechanism

When L2 is NEt,...

(RTCONHR?]

1




2d. Amidation of Esters

J. Am. Chem. Soc. 2011, 133, 1682-1685.

Rl 0
2 NH *
HE Ha O

R1,R2=H, alkyl
R3 = alkyl

0

26h, 99%

O

19h, 94%

O

19h, 96%

s

0]

11 (0.1mol%),
Oamate). & gy I

toluene/benzene
reflux

oY

36h, 66%

{ <

21h, 95%

°C”‘<OI

26h, 92%

N “R® + 2H, A

R2

0
—N N—<
s

24h, 52%

D
—N N—(_/
\__/

24h, 94%

—N N_<_/_
/S

24h, 94%



2d. Amidation of Esters

H N-H Activation/
Y “N—Ru—coO Aromatization

NEt,

M
FifL Ry A
R,.{D

Uaﬁll Coardination

Agk

Mucl. attack
H; alim.
A(J( H
P T
{ |/)" Ry "R,
/ “N—ri—co




2e. Dehydrogenation of Alcohols to Acetals

0
34 (0.1mol%) - Oh )n

3 7 0oH >

reflux, 72h /\f‘”ﬁ\\”o

Ha, -H0 n=1,92%
n=282%

OH 0
[Ru] y R\/\QH OH
—_—
R R OH
H; ‘%O H,0 ii

J. Am. Chem. Soc. 2009, 131, 3146-3147.



2f. Dehydrogenation of Alcohols (with ammonia) to Amines

34 (0.1 mol %),A
RCH,OH + NHs ( °) » RCH,NH, + H,0

toluene, reflux

O O O O
~0 F

13h, 83 % 12h, 83% 14h, 78% 24h. 91%
| N NH, QC}J/\NHE NS SNH @/\/NHE
34 (0.1 mol%) - ~-N \ 2
30h, 96% 12h, 95% 20h, 61% 32h, 69%
0 NH, ?g\NH
O, T M U ’
O
12h, 95% 18h, 68% 25h, 82% 25h, 90%

Angew. Chem., Int. Ed. 2008, 47, 8661-8664.



RCH,OH + NH; === RCH,0 NH,




3a. Hydrogenation of Esters to Alcohols

O 11 (1 mol%)
I R » RI"S0oH + RPOH
R' ~O” H, (5 atm)
R' = alkyl, aryl dioxane, reflux
R2 = alkyl
Entry  Ester Time Conv. Alcohols (Yields, %)

(h) (%)
RCH,OH R'OH

| Q 4 100 @f‘OH MeOH
@*m 97) (100)

2 0 4 99.2 ©/‘DH EtOH
@*ﬂ’"‘ (96) (99)

3 T 4 100 ~~"0H EtOH

A~ Ao~ (98) (98.6)

Angew. Chem., Int. Ed. 2006, 45, 1113-1115.



3a. Hydrogenation of Esters to Alcohols

—R'OH

RCH(OH)OR' = ~ RCHO




3b. Hydrogenation of Amides to Alcohols and Amines

C-O cleavage C-N cleavage «—— Key problem
R’ 2 H> " 2H2 N
R NN - )J\ _R R—NH; * R “oH
- H0 RN ?
l H, R, R'= alkyl, aryl
HZ[ HO
H
—x, N E A R
R N R N
H
O 0o
39 (1 mol %
N)J\ ( °) » ~ SOH + [ j
\) H- (10 atm) N
O
THF, reflux, 48 h H

97% 98%

More efficient Less efficient

J. Am. Chem. Soc. 2010, 132:16756-16758.



3b. Hydrogenation of Amides to Alcohols and Amines




3c. Hydrogenation of Carbonates to Methanol

Table1 | Hydrogenation of dimethyl carbonate to methanol.

(@]
)J\ 1or2
+ 3H, 3 MeOH
MeO OMe A
Entry Cat. Solvent pH, Time Conv. Yield TON
(h) (%)* (%)*
1" 1 1,4-dioxane 40 35 =99 =99 2500
21 1 1,4-dioxane 60 1 >99 =99 2,500
3t 2 THF 10 48 96 96 960
45 2 THF 50 14 89 88 4,400
5 2 Neat 10 2 89 89 890
6° 2 Neat 10 8 >99 =99 =990

“Yields of methanol and conversion of dimethyl carbonate were determined by gas chromatography
(GC) using m-xylene as an internal standard. 'Complex 1 (0.01 mmol), dimethyl carbonate
(25 mmol) and 14-dioxane (20 ml) were heated in a Parr apparatus at 145 °C. *Complex 2
(0.01 mel) and dimethyl carbonate (10 mmeol) were heated in a Fischer-Porter tube at 110 °C.
§Comple:-: 2 (0.005 mmol), dimethyl carbonate (25 mmol) and dry THF (5 ml) were heated in an
autoclave at 110 °C. “Complex 2 (0.01 mmol) and dimethyl carbonate (10 mmol) were heated at
100 °C.

Nat. Chem. 2011, 3, 609.
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4a. C—H bond Activation by PNP Ir(l) complex

+ PFq-
F?"Bu2 —| F"fBUE P"BUE
KO'Bu C D (1 equiv
N—Ir sDs (1 €q } / \N—Ir—@
THF. 25°C 60 °C. 2 h \
F"‘Buz |=’f|5;u2 Ds

| Not detected in this process

J. Am. Chem. Soc. 2006, 128, 15390-15391.



4a. C—H bond Activation by PNP Ir(l) complex

PtBU2

N_.r_O
60°C,6h

PtBUZ

)J\=A

COE +
B P'Buz
N—Ir 0:<
i P’Buz
20

Organometallics 2010, 29, 3817-3827.




4b. H—H bond Activation by PNP Ir(l) complex

J. Am. Chem. Soc. 2006, 128, 15390-15391.



4c. N—H bond Activation by PNP Ru(l) complex

activation

J. Am. Chem. Soc. 2010, 132, 8542-8543.



5. Splitting Water to H, and O,

H20 +|0.5 02 icﬂ HQO;;
(Hz0]+ (050,

Science 2009, 324, 74-77.



6. Conclusion and Inspiration

Cooperative
ligand sites

|
2RCH,0H — » RCO,CH,R + 2H,

R'CH,OH + R?NH, 1~ RICONHR? + 2H,

2R',CHOH + R2CO,CH,R? 1 2R?’CO,CHR', + 2H;

R'CO,CH,R" + 2R?NH, .~ JR'CONHRZ + 2H,

R'CO,CH,R? + 2H, L R'CH,OH + R2CH,OH
3RCH,0H L RCH(OCH,R), + H, + H,0

[
RCH,OH + NH; —— RCHyNH, +H,0






