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1) Introduction

From the 1st homogeneous
catalytic hydrogenation
by Calvin in 1938...

CuOAc

... to highly atom economical transformations of great interest :

'K‘. p‘hpi = 907
o=Irsp °
J Phz g ) o>

o

NO;
OAc OH OH KsPO, OH ?H
Y - 7 N
THF:H,0, 70 °C B
62% vyield
6:1 d.r. (1 = all others)
99% e.e.
H,Ru(CO)(PPh;)s OH

dppf + chiral acid
>

THF, 95 °C

OH
/m + k@
5 cts US$ / mol ]
86% yield
Worldwide production : 8:1dr, 90% e.e.

> 10 million tons / year

o7
@) HO

Trans. Faraday Soc. 1938, 34, 1181-1191

J. Am. Chem. Soc. 2011, 133, 12795-12800

T

Without H, !

Science 2012, 336, 324-327
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1) Introduction

Professor Michael J. Krische :

( 2002 ) - 1stH,-mediated C-C coupling

1986-1989 : B.S. Chemistry / University of California at Berkeley / Prof. H. Rapoport

1990-1996 : Ph.D. Chemistry / Stanford University / Prof. B. M. Trost

1997-1999 : NIH Post-Doc. / Université Louis Pasteur / Prof. J.-M. Lehn

Since 1999 : Professor at the University of Texas at Austin

Early years : Rhodium
Currently :  Iridium & Ruthenium

> 90 papers published in this field

Krische Ir-Catalyst

Commercially available:
Aldrich®R: 92 CHF / 100 mg
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2) Homogeneous catalytic hydrogenation

The History of homogeneous catalytic hydrogenation :

e 1938, Calvin : 1st homogeneous catalytic hydrogenation

O OH
Q Ha /@/ Trans. Faraday Soc. 1938, 34, 1181-1191
(e} HO

COOH Ha J. Am. Chem. Soc. 1981, 63, 753-754

* 1966, Wilkinson : 1st hydrogenation of unactivated alkenes and alkynes

Rh(Il)
R H, R
—_— J. Chem. Soc. A 1966, 1711-1732
R)\/R R)\/R
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2) Homogeneous catalytic hydrogenation

The History of homogeneous catalytic hydrogenation :

* 1971, Kagan : 1st enantioselective hydrogenation of alkenes

Rh(l) + DIOP

—_—
NHAc mﬂAc

J. Chem. Soc. D 1971, 481

* 1977, Crabtree : highly efficient Ir-catalyst for the hydrogenation of alkenes

Ir(l)
R R
Hy
J. Organomet. Chem. 1977, 135, 395-403
R R

* 1987, Noyori : Ru-catalyst for the hydrogenation of alkenes

R Ru(ll)

H
< )\rCOOH 2 = L COOH J. Org. Chem. 1987, 52, 3174-3176
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2) Homogeneous catalytic hydrogenation

The History of homogeneous catalytic hydrogenation :

e 1995, Noyori : 1st efficient enantioselective hydrogenation of aromatic ketones

H =
©)k —2> ©/.\ J. Am. Chem. Soc. 1995, 117, 2675-2676

e Ater 2000 :

Ability to reduce almost any

( . i unsaturated functional group. etc.
i Early transition metals. | \ )

Chemo-, diastereo- and

. o Applications for energy and environment ?
enantioselectivity. { j

* Late 1960 : homogeneous transfer hydrogenation

turated . hyd Ru, Rh I Pty g ted
unsaturated , hydrogen g~ hydrogenale Chem. Rev. 1974, 74, 567-580 (refs 9-13)
groups donor products
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2) Homogeneous catalytic hydrogenation

An intruiging and inspiring reaction left aside :

* 1938, Roelen : Hydroformylation

Oy H

catalyst ~C

H H
+ H, + CO —— 2 3 and/or ! DE Patent 849 548 (1938
R 2 R H R)\/C‘ ( )

« Hydroformylation is one of the most important

. . ) Acc. Chem. Res. 2003, 36, 264—275
industrial processes based on homogeneous catalysis ».

~

Another point of view : /
Powerfull concept :

- Atom economic
C-C bond formation with H, as terminal reductant | | ==
- Versatile if applicable with...
... any carbonyl group other than CO
... any alkene or alkyne

o /

Mathias Mamboury LSPN Group Seminar February 18, 2016 10
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3) Rhodium-catalysis

Hydrogenation with the Wilkinson catalyst :

reductive

elimination H
Da
H

.....................

hydrometallation\

J. Chem. Soc. A 1968, 2665-2671

PhsP<_ _PPh
Uy 3

PhsP”  Cl
PhSP\Rh'—CI H oxidative
PhsP” \2 addition
5 PhaPr. 1
: v
: PhsP I

H
PhaPs, 1 \H //\ R
Rhlll

v R
et

How could we form a C-C bond ?

Strategy :

Trap a carbonyl compound with

one of the intermediates (or similar).

Challenge :

Generate a Rh-intermediate
that is nucleophilic enough to
attack the carbonyl.

Proposal :

Rh-enolate !

Mathias Mamboury

LSPN Group Seminar

February 18, 2016
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3) Rhodium-catalysis

1st (almost) H,-mediated C-C coupling beyond hydroformylation : aldol coupling

H, (1 atm)
Rh(COD),0Tf (10 mol%) o OH
0 0 (p-CF3Ph);sP (24 mol%)
| KOACc (30 mol%)
> . P
| DCE, 25 °C Postulated intermediate :
89% vyield R DR R LR
syn/anti 10:1 H 1)
: RH
H, (1 atm) i R
Rh(COD),OTf (10 mol%) Q OH :
o o Ph;P (24 mol%) :
K,CO3 (80 mol%) : ['E'h]
> : 2 H
DCE, 25 °C : I
72% yield ; o~ RNl
single diastereomer ! (0] H
; Rh] N
' R [ _—
: H
H, (1 atm) o H . R” H
o Rh(COD),OTf (10 mol%) HO ! . o Rh-enolate
(2-furyl)sP (24 mol%) 1 regioselective !
H O K,COj3 (1 equiv) ; nucleophilic !
> e e e e e
THF, 40 °C O

73% yield
syn/anti 10:1

J. Am. Chem. Soc. 2002, 124, 15156-15157
Org. Lett. 2003, 5, 1143-1146

Org. Lett. 2004, 6, 691-694

Acc. Chem. Res. 2004, 37, 653-661

Mathias Mamboury LSPN Group Seminar February 18, 2016
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3) Rhodium-catalysis

Observation during the optimization :

Mechanism :

L,Rh'X

oxidative
addition 2

H
LnXRh”i’
H

X=0Tf

base

L Rh'H

hydrometallation

Org. Lett. 2003, 5, 1143-1146
Acc. Chem. Res. 2004, 37, 653-661

0
Rh(PPh3);Cl

0}

I
95%

Rh(COD),OTf
+ base

Q%\ij@

hlllL X

m

base ¢

(@]
Il
Rh L, X > R H 96 »
reductive
elimination R™ "H
L,an'
_Rh'L, o' e

0]
R
R™ "H

OH

89%

O OH

Neutral Rh(l)

— homolytic cleavage of H, - 1,4-reduction

Cationic Rh(l) + base - heterolytic cleavage of H, - traping

Mathias Mamboury

LSPN Group Seminar

February 18, 2016



3) Rhodium-catalysis

Intermolecular aldol coupling and diastereoselectivity :

H, (1 atm)
Rh(COD),OTf (5 mol%) O OH
o (? (2-furyl)sP (12 mol%)

H 0,

)H . l\©\ LioCO;5 (10 mol%) - Ligand Yield d.r.
| DCM, 25 °C NO;
’ PPh 31% 3:1
NO; 90% yield \ ’
MVK syn/anti 25:1 (2-furyl)Ph,P 24% 6:1
(methyl vinyl ketone)
(2-furyl),PhP 52% 15:1
1.5 equiv
(2-furyl);P 74% 19:1
H, (1 atm)
Rh(COD),SbFg (5 mol%) O OH

2-furyl)3P (12 mol%)

o] (
o I Li,CO4 (10 mol%)
. . ] )
| ] DCM, 25 °C NO, (/1 N
NO, 0~ ~p

82% yield ) _
syn/anti 13:1 (2 furyl)3P /f o

1.5 equiv

Simplest explanation, among others :

The rhodium center is more Lewis acidic, rendering the Zimmermann-Traxler transition state more «tight» :

IQI/O O OH
Ar\|'¢o.l._Rh/ — )H/kAr
H
Org. Lett. 2006, 8, 519-522
(E)-enolate

Org. Lett. 2006, 8, 5657-5660

Mathias Mamboury LSPN Group Seminar February 18, 2016
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3) Rhodium-catalysis

Enantioselective aldol coupling (2008) :

H, (1 atm)
Rh(COD),OTf (5 mol%) O OH

(0] o O Chiral ligand (12 mol%) N
LioCO3 (10 mol%
)k” + k/N 2C0;3 ( 0) - {
(0]

DCM, 25 °C
3 equiv 90% yield
30:1d.r.
92% e.e.
Design of the ligand : Scope : Limitations :
O OH O OH 0
OBn
0 R
7 O 96% yield 76% yield
. e e
0™ " -0 21:01 y(;.r' 25:01 yé'r_ good reactivities and
/< 88% e.e. 90% e.e. diastereoselectivities
but poor enantioselectivities
AbbasPhos-I
/
0 OH N O OH Q
l W o
Y

97% yield 83% yield o

25:1 d.r. 25:1d.r. Etc. poor reactivities

90% e.e. 88% e.e.

J. Am. Chem. Soc. 2008, 130, 2746-2747
Mathias Mamboury LSPN Group Seminar February 18, 2016 16



3) Rhodium-catalysis

Summary :

Rh-catalyzed aldol couplings are the first H,-mediated C-C couplings beyond hydroformylation :

.................................

: ' H

1 O 1 1 1 2

' ' ' (l?\ or j\ ' cationic [Rh]

: R i 1 TRy Ry Ry i ligand O HO

: 1)H| L Lo base -

: : : ' > Ry R

' Ry=H, ' ' Ry =aryl, alkyl '

; aryl, + Ry =alkyl ;

' alkyl ; ' !
* Atom economic
* Mild conditions
* Intra- and intermolecular
* High diastereoselectivities
* Enantioselective for MVK

Mathias Mamboury LSPN Group Seminar February 18, 2016 17



3) Rhodium-catalysis

Other transformations with rhodium :

Ph
X H, Ph e, TS ©
X Rh(COD),OTf (5 mol%) X~ OFt
Nus o BIPHEP-ligand (5 mol%) :
or HL (PhsCCOMH (Bmol%)) or OH high yields
+ . . s
OEt R . Ph O high enantioselectivities
/\ A DCE, 40 °C or 25°C high regioselectivities
¥
Ph N\‘/lkoa
OH
\\ Ph O
X Hy /\/\(U\
Xp o Rh(COD),OTf (5 mol%) Z OFt o
or ") | |
BIPHEP (5 mol%) NHSOtBu high yields
+ OEt ' or high enantioselectivities
Z A DCE, 25 °C Ph O high regioselectivities
NSOtBu A
Ph XX
OEt
NHSOAr
Postulated intermediates :
: R
: R R
: ~ z N R —»
l S RA'IL ~ —>
J. Am. Chem. Soc. 2005, 127, 11269-11276 : Rr!'L R n L Rhl=X
' n

Org. Lett. 2006, 8, 3873-3876
Org. Lett. 2007, 89, 3745-3748 e e

Mathias Mamboury LSPN Group Seminar February 18, 2016



3) Rhodium-catalysis

From rhodium to iridium :

Major limitation : only works with conjugated alkynes

Alternative :

77 192.22
4428 1.6
2443

H,
I(COD),BARF (5 mol%)

* Stronger n-donor than Rh (relativistic effects)
Ir * May react with higher lying non-conjugated LUMOs
rsoge | Ti-backbonding to alkyne may render the Ir-alkyne intermediate more nucleophilic*

(R)-CI,MeO-BIPHEP (5 mol%)

Ph3;CCO5H (5 mol%)
Na,SO, (2 eq)

=
\ + K© > 70% yield, 98% e.e.
l\llsozPh Toluene, 60 °C NHSO,Ph
Hy
Ir(COD),BARF (5 mol%)
o BIPHEP (5 mol%) o
Ph on Ph3CCO,H (5 mol%) o _
\ * \H)kOEt - Z OFt 93% yield
o DCE, 80 °C pPH OH
*J. Am. Chem. Soc. 2007, 129, 8432-8433 (note 9)
J. Am. Chem. Soc. 2007, 129, 12644-12645
J. Am. Chem. Soc. 2007, 129, 280-281
Mathias Mamboury LSPN Group Seminar February 18, 2016 19
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4) Iridium-catalysis

Enantioselective carbonyl allylation :

[Ir(COD)CI], (2.5 mol%)
(-)-TMBTP (5 mol%)
m-NO,BzOH (10 mol%)

(0]
l Cs,CO05 (20 mol%)
/\/OAC + :
NO i-PrOH (2 equiv)

10 equiv 2 THF, 100 °C

-> Transfer hydrogenation (= TH)
with i-PrOH as hydrogen donor !

One step further :

[I(COD)CI], (2.5 mol%)
(R)-BINAP (5 mol%)

OH m-NO,BzOH (10 mol%)
Cs,CO3 (20 mol%)
/\/OAC + '
NO THF, 100 °C
10 equiv 2
double role !

- Hydrogen auto-transfer !

J. Am. Chem. Soc. 2008, 130, 6340-6341
J. Am. Chem. Soc. 2008, 130, 14891-14899

S A\
OH E ~/ "Ph
: PPh
=z : 2
/\/'\@\ : 74 |
NO, ; S
78% yield, 97% e.e. : TMPTP

Only byproducts:

. Acetone
*  Acetic acid

OH
~Q
N
Oz

72% yield, 91% e.e.
Only byproduct:

. Acetic acid

Highly atom economic !

Mathias Mamboury LSPN Group Seminar

February 18, 2016
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4) Iridium-catalysis

Enantioselective carbonyl allylation :

OH
/\/OAC +

10 equiv

Optimization :

NO,
¢ /\/O\/Q/

[Ir(COD)CI], (2.5 mol%)

Chiral ligand (5 mol%)

m-NO,BzOH (10 mol%)
Cs,CO3 (20 mol%)

NO,

as exlusive product
when using

_~OCOR

Benzoic acid Yield
0-NO,BzOH 39%
m-NO,BzOH 81%
p-NO,BzOH 49

J. Am. Chem. Soc. 2008, 130, 6340-6341
J. Am. Chem. Soc. 2008, 130, 14891-14899

Mathias Mamboury

THF, 100 °C

Scope :

OH OH
/\/k@ W\@

62% yield, 93% e.e.

OH or® _ ,\{
/\/‘\( MN \
(@]

83% vyield, 94% e.e.

OH

72% yield, 91% e.e.

NO,

72% vyield, 91% e.e.

51% yield, 88% e.e.

OH

My

7
78% vyield, 95% e.e.

OH

83% yield, 94% e.e.

Etc.

LSPN Group Seminar

February 18, 2016
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4) Iridium-catalysis

Enantioselective carbonyl allylation :

Mechanism :

base-H
base
[Ir]
Ligand
m-NO,BzOH
NO,
O,
o\
N
Ln/ \H
NO
B-H elimination o) 2
O\
M
7\
Ly OYR
H Ridaht
L
OH :
/\)\ ; R ':
z R "==°-- )
starting
material

J. Am. Chem. Soc. 2008, 130, 14891-14899
J. Am. Chem. Soc. 2009, 131, 2514-2520

NO,
o -
L= \>—© = g
"N f N

NO,

o)
O\

o)

L L

NO,
0
o\
N |r|||
L7 o

]
- no B-H elimination !

A~OAC

AcO™ +
base-H

................

................

X-Ray structure

This pre-formed catalyst shows higher
performance (% and e.e.) than
the in-situ prepared catalyst !

Mathias Mamboury

LSPN Group Seminar

February 18, 2016
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4) Iridium-catalysis

Related reactions : crotylation & alkoxyallylation

Crotylation :
OH
/\rOAC
2 equiv or i-PrOH
+ benzaldehyde

Alkoxyallylation :

OBz
OBz

2 equiv

J. Am. Chem. Soc. 2009, 131, 2514-2520
J. Am. Chem. Soc. 2010, 132, 1760-1761

[Ir(COD)Cl], (2.5 mol%)
(S)-SEGPHOS (5 mol%)
4-CN-3-NO,BzOH (10 mol%)
Cs,CO3 (20 mol%)

THF, 90 °C

Krische Ir-Catalyst

Commercially available:

o Aldrich®R : 92 CHF / 100 mg
NO2

Chem. Commun. 2011, 47, 10028-10030

Ir-catalyst (5 mol%)

OBz
K3PO4 (1 equiv) H
> =z
i-PrOH (2 equiv)
THF, 60 °C OBz

From benzylic alcohol:
65% vyield, 95% e.e., 6:1 anti:syn

From benzaldehyde:
77% yield, 98% e.e., 9:1 anti:syn

63% yield, 99% e.e., 18:1 anti:syn

Mathias Mamboury

LSPN Group Seminar

February 18, 2016
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4) Iridium-catalysis

Addition to diols :

’f. p‘h; 2 907
o=Irsp °
J Phy & ) o>

o
on (10 mol%)
OH OH NO; . OH OH > (3 equiv)
/YOAC . KH K3POy4 (1 equiv) . : NaHCO; (2.5 equiv)
Z N X =
THF:H,0, 70 ° :
20,70°C : MeCN, -20 °C to r.t.
62% yield
6:1 d.r. (1 = all others)
99% e.e.

16 possible stereoisomers !

8 steps from the diol

8 steps from the diol

Originally made in 15 steps :

Originally made in 26 steps :
see J. Am. Chem. Soc. 1996, 118, 3059

see Tetrahedron 2010, 66, 9738

J. Am. Chem. Soc. 2010, 132, 1760-1761

February 18, 2016
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4) Iridium-catalysis

Summary :

Ir-catalyzed allylations (and similar transformations) are among the first TH-mediated C-C couplings :

.............

.............

......................

+ OH O| : Ir-catalyst OH
: I\ or k : b -
' ' ase
+ ' R2 R2 ! L =z
] +i-PrOH R,
' Ry =aryl, alkyl ;
: ; Ir-catalyst
' + OH OH . base OH OH
Pt : > 7 N
. ' :

.............

* Atom economic

* NoH,gas

* Simple conditions

* Diastereo- and enantioselectivity
* Bypasses redox manipulations

Mathias Mamboury

LSPN Group Seminar February 18, 2016
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5) Ruthenium-catalysis

Crotylation : 1st C-C bond formation with ruthenium under TH

RuHCI(CO)(PPh3); (5 mol%)

OH (p-MeOPh);P (15 mol%) OH
m-NO,BzOH (2.5 mol%) L
/m + > Z - All attempts using iridium
Acetone (2.5 mol%) failed for non-cyclic dienes !
. NO, THF, 95 °C NO,
2.5 equiv
) 84% yield, 1.5:1 d.r.
Fully atom economic ! oy
. 0
Observation: = as major - Suppressed by addition of a ligand to block the
6 side-product coordination sites required for B—hydride elimination.
2
Hydroacylation :
OH RUHCI(CO)(PPhs); (5 mol%) o)
p CF3COOH (2.5 mol%)
/m + » Z 96% yield
Toluene, 110 °C
OMe OMe

8 equiv

- No additionnal ligand !

J. Am. Chem. Soc. 2008, 130, 6338-6339
J. Am. Chem. Soc. 2008, 130, 14120-14122

Mathias Mamboury LSPN Group Seminar February 18, 2016
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5) Ruthenium-catalysis

Crotylation and hydroacylation :

o)
|
These 2 reactions also work with K@\ + [-PrOH
R

-> All oxidation levels of substrate and product are accessible !

..............

RUHCI(CO)(PPhs); (5 mol%)

Toluene, 110 °C

(p-MeOPh)sP (15 mol%) ' R, OH !

m-NO,BzOH (2.5 mol%) ; '

' ' R2 .

LR LD . Acetone (2.5 mol%) '

; OkH ! THF, 95 °C S
R : ;
1 : R, :
N+ : or ;

25equv + [l +iPrOH i g 5

3 equiv : kRz : RUHCI(CO)(PPhs); (5 mol%) P Ry O

S B CF3COOH (2.5 mol%) ! :

> Ro

..............

-> No redox manipulations of starting

J. Am. Chem. Soc. 2008, 130, 6338-6339 materials et products required !
J. Am. Chem. Soc. 2008, 130, 14120-14122

Mathias Mamboury LSPN Group Seminar February 18, 2016 29



5) Ruthenium-catalysis

Enantioselective crotylation :

H,oRu(CO)(PPh3)3 (5 mol%)
dppf (5 mol%) OH

OH
/\” . chiral acid (10 mol%)
THF, 95 °C

4 equiv

86% yield
8:1dr, 90% e.e.

g

Inversion of diastereoselectivity :

OH
H,Ru(CO)(PPhs)s (7 mol%)

(S)-SEGPHOS (7 mol%)
BINOL acid (14 mol%)

A
4 equiv \

H,Ru(CO)(PPh3)3 (7 mol%)
(S)-SEGPHOS (7 mol%)
TADDOL acid (14 mol%) syn-diastereomer

E”

mn
(3}

mQ
I

E

mn
a

Ar Ar
OjXO\P’/O
' N
o ﬁO OH
rAr

",
Al

[¢)]

Ar = m-xylyl

Science 2012, 336, 324-327
J. Am. Chem. Soc. 2012, 134, 20628-20631

Mathias Mamboury LSPN Group Seminar February 18, 2016 30



5) Ruthenium-catalysis

Enantioselective crotylation :

HyRu(CO)(PPhg3); (5 mol%)

OH dppf (5 mol%) E
/\” . chiral acid (10 mol%)
THF, 95 °C 5
4 equiv :
86% yield 5
8:1dr, 90% e.e. '
Mechanism :
B-hydride
elimination P,,, | ‘\\\D I X
P, )I( \\\CI hydrometallation
‘Rul
N
/\/(')\H " “° ’ )
AR
: P, \ Ru
( / Ru’, geometry controlled by
= CI:O¥\_ the chiral phosphoric acid X
starting E
terial
“RUG-L X
Pl
CcO
| i X
no p—hydride P, ’OVR
elimination ! < “Ru< 7
p” |
CcO
) enantioselectivity controlled
Science 2012, 336, 324-327 by the chiral phosphoric acid X

Mathias Mamboury LSPN Group Seminar February 18, 2016
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5) Ruthenium-catalysis

Summary :

Ru-catalyzed crotylations are among the first TH-mediated C-C couplings :

...................................

5 : {  OH o : ]

: /m : : I\ or ”\ : Ir-catalyst OH 0

. b, R R ' base - or

: : : : Z

: : ; +i-PrOH | ) R Z R
1 SctsUSS : ;

: permole ' R=aryl, alkyl

: ! ' :

* Fullly atom economic

* Bypasses redox manipulations

* NoH,gas

* Simple conditions

* Diastereo- and enantioselectivity

Mathias Mamboury LSPN Group Seminar February 18, 2016
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6) Conclusion

A long way :

CuOAc

O H, OH
1938 : K;f o /©/
O HO

Years 2000 :

2443 2250

Rh Ir Ru

[Kilad?5s [XeJ4fi*5d76s2 [Krl4d75s
12.4 22.4 2346 124 23468

45 102.906 77 19222 44  101.07
133’37 15 4428 16 4150 14

234

O OH OH OH

)kl/'\/OBn

)

« Because organic molecules are compounds composed of C and H, the
formation of C-C bonds under (transfer) hydrogenation conditions is a
natural end point in the evolution of strategies for organic synthesis ».

Trans. Faraday Soc. 1938, 34, 1181-1191

* Beautifull concepts

* Complementary metals

* Modern chemistry :
* Simple and cheap starting materials
* Valuable products

* Diastereo- and enantioselectivity
* Atom economic / green

Science 2012, 336, 324-327

Mathias Mamboury LSPN Group Seminar

February 18, 2016
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6) Conclusion

Thank you for your attention

Questions / discussions ?

!

This presentation is not a complete review
on H,-mediated C-C bond formation !

See research.cm.utexas.edu/mkrische
for the full list of publications !

Mathias Mamboury

LSPN Group Seminar

February 18, 2016
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