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Chem 652 Spring 2013

Transition Metal Catalyzed
Hydrogenation

Prof. Donald Watson

Read Hartwig Chapters 14-16

Note Chapter 14 and 16 not covered in lecture.
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Soluble Transition Metal Catalyzed Hydrogenation

PhgR  Cl
/Rh\
PhsP”  “PPhg

Neutral Rh Catalysts
(Wilkinson’s Catalyst)

Ph,
p ClI
\ |/SO|V

Ru

/ 1 > solv
p CI
Ph,

Ru(ll) Catalysts
(Noyori’s Catalyst)

Several Classes of Catalysts:

] ] - 1 +PFa
g [T
\ N \ /
I%\Ir’ N Rh
N\

““PCy, Pho,P" "PPh,
\/

Cationic Ir Catalysts

(Crabtree’s Catalyst) Cationic Rh Catalysts

Early Metal Catalysts

Transfer (Buchwald Catalyst)

Hydrogenation Catalysts

» More selectivity (chemo-, diastereo-, enantio-selectivity) than hetereogenous cats.
« Many, many variations on these catalysts.
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Wilkinson’s Catalyst

Synthesis:

RhCl3-xH,0 + PPhj > Rh + PhsP=0 + HCI

PhP”  “PPh,

Most effective for simple Ar;P.

| L
af Y —"= 3 LRh—Cl L=PPhs, PArs, PRs, efc
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Superfacial Addition of Hydrogen Across Alkene

H, (1 to 100 atm)

R’ cat. (PPhs)sRhCl R t' ’
v - o
R)\/ tto >100 °C R

Example:

Dy
cat. (PPhg)sRhCI
Me y

AcO

Note: No H/D scrambling.
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Rate Difference With Alkene Substitution

» Approximately 50-fold rate difference depending on alkene substitution.
* In general, better ligand = faster rate.
« Some alkenes (e.g. ethylene, butadiene) bind so tightly they are slow to reduce.

PhaR_ Cl
Rh R R
RN ~ AL > > RN 5 iR s
PhsP”  PPhg O R ng /\R R
k25°C (x 102 M~1s71) 32 30 27 10 2 0.6

Example in synthesis:

Ho
cat. (PPhg)sRhCI
>

“0Bz
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Good Chemoselectivity

H,

N0, cat. (PPh3);RhCl N NO, _NH;
©N > |
S

w/ Pd/C or Ri-Ni

Ho
cat. (PPh3);RhClI
CO,Me CO,Me CO.Me
96% 4%
VS. >49% 26%

w/ PtO, or Pd/BaSQO,
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Mechanism: Hydrogen First

L /I,, Rh“‘\\ L

—L/+solv +L/-solv

Note: Neutral complexes less

“Rh Hs
c” YL . o .
Y \\\Q Lewis acidic and electron-rich.
Oxidative addition to hydrogen

H H
I e L., th“ oH fast.
ci” | YL H c” | VL
solv solv
; ,/%I
LI,'. I “‘\\H

solv
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Actual Reaction Much More Complex

cyclohexene

L lh, “‘\“‘\ |

L = PPh,
observable

+/- C=C

L:,..Rh““\\Clh..Rhﬂ»\L
” YcI¥ YL

observable

Hy

L

Lll:. ‘\\‘\Cllh I ‘\\\\H
. ‘BH

I~ ~ci¥ IL “H

inactive
observable

Note: The RDS in this pathway is substrate specific.

A

Hyp, K H
L I[, ‘\\ L 2 2 A L 1, I ‘\\ H
Rh\ ~ R ~
. CC O L —Hp ks CI( L k. C
observable observable \
" H
_L +L K1 = 10_4 M —L +L x,' L/,'. I “‘\\H
Ky || k4 ) CC Cl(th\L
k4 = 10 X k1 //' = —
................................................... et % ; (
I—Il, “\\SO|V H2’ k4 I—h, | “‘\\H k_7
c” YL —Hy, k4 Cl/F}h\L
no H/D ke
exchange / RDS
w/ D2

ku/kp = 1.15:

h.‘\ hm
ci” I YL H L ci” | YL H
L solv

Halpern et al. Science 1982 217 401
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Cationic Rhodium Complexes

» Alkene or diene complexes are pre-catalysts:

P, ohe
2 H,

\ I\ solv
I II2I - P h2 solv. F~ solv
\ / \" ,

* Most common type of catalyst for asymmetric alkene
hydrogenation (with chiral ligands).

« Highly efficient. Often can use <<0.1% catalyst in reaction.

« Prepared with non-coordinating counter-ion (BF, , PF4,
B[3,5-CsH3(CF3)l,~

» Less alkene scrambling than with neutral complexes.

« Because of Lewis-acidity of the complex, can be substrate
directed... see more later.
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Cationic Rhodium Complexes

» More active complexes from more electron-rich ligands.

complex [substrate] ke X 104 (s1)
(mM)
[Rh(NBD)(PPh,),]* 5.3 0.1
[Rh(NBD)(PPh,Me),]* 3.7 3.0
[Rh(NBD)(PPhMe,),]* 3.5 6.0

« Complexes with bidentate ligand more active than those with mono-
dentate ligands.

« Sensitive to acidity (basicity) of reaction... deprotonation can lead to
neutral complex.



TJNIVERSITY or [ )ELAWARE

Mechanism: Olefin First

Lt A/ "
\Rh/[_l « Cationic complexes are:

CLY;

* More electrophlic,
therefore more likely to
R bind alkene or directing

H H
:D + r
\)_( CL I, Rh““\\ SOIV 5 g ro u p .

R « Less likely to undergo

L/ solv D
solv }/f \ oxidative addition.

Ho
—CgH 1 6/+SO|V

H_R N
H \r \\rR « D = Directing Group,
CL""RIh""“““ C'-'hﬁh““‘“\ 5 typically imine, alcohol,
LW ” ether, carbonyl, etc.
rds / y * Note: L,Rh(solv), can react
L+ 2 with H, but is not kinetically
whl WH
solv C Rh™ g relevant.
1
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Cationic Iridium Catalysts

» Prototypical (and first) example is Crabtree’s catalyst:

|_1\| "\O

/ PCy3

1+ PF6_

Crabtree, Acc. Chem. Res. 1979, 12, 331.

» Precatalyst. Diene reduced to give L Ir(lll)H,

o) Hy 0
cat. [Ir(COD)(Cy3sP)(py)]PFg
> o

Br Br Br Br
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Cationic Iridium Catalysts Are Very Reactive

complex T Solvent Turnover Frequency
(°C) (h)
1-hexene cyclohexene Me,C=CMe,

[Ir(COD)(PCys;)(py)]* 0 CH,Cl, 6,400 4,500 4,000
[Ir(COD)(PPh,Me),]* 0 CH,Cl, 5,100 3,800 50
[Ir(COD)(PPh,),]* 0 acetone 10 0 0
[Rh(COD)(PPh;),* 25 CH,Cl, 4,000 10 0
[Ru(H)CI(PPh,),] 25 CcH¢ 9,000 7 0
[RhCI(PPh;),] 25 CgH¢/EtOH 650 700 0
[RhCI(PPh;),] 0 CgH¢/EtOH 50 70 0

« Note: the fact that it reacts at all was surprising (3™ row).
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Directed Hydrogenation

Binding Directs

Lewis Basic Metal to the Reduction Occurs on
"Directing Group" Proximal Face of Proximal Face of the
the Alkene Alkene
LM + H, Lo J'y

DG-»M H DG~M=H
<¢b==¢ <:>==Q <J9=zt - LM <<DL4€

« Works best with highly Lewis Acidic Catalysts (ie cationic ones).
* Requires conformationally defined substrate.
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Directed Hydrogenation Examples

R, ,OH H, (1 atm) R, ,OH
20% [Ir(COD)(Cy3P)(py)IPFg R =H, >99:1
> R = Me, 33:1
Me Me
O
Me H, (1 atm)
7 N 5% [Ir(COD)(Cy3P)(py)IPFe¢
y
N rt, CH20|2
H O
>99:1
Me H, (800 psi) Me
10% [Rh(nbd)(diphos)]BF, Note: reaction
\ oy r | . happens
g OH 2 “OH | towards large
Me—\ Me—X H isopropy! group!
Me Me

70:1
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Ruthenium Catalysts

Ho
cat. Ru(PPh3)3Cl
] (PPhg); 2 R/_Me

« Selective for terminal alkenes with simple alkenes (k. ca. 1000).

Wilkinson Nature 1965, 208, 1203

H,, base
Ru(PPhg)sCl, —— HRU(PPhg)sCl

active catalyst
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Monohydride Mechanism

PPh,
thPl/," | \H

Ru
PPh,

H

—PPhy || +PPh,

H/\/R (PPh3),(Cl)RuH X

YN

Hl—H H
(PPhg)»(Cl)Ru (PPh3)2(ChRuU

L y -

H, (PPhg)o(Cl)Ru
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Asymmetric Catalysis
« Chiral, single enantiomer ligands impart chirality of transition metal
catalyst.
* Breaks symmetry in transition states leading to opposite enantiomers.
» Diastereomeric transitions states.
« Asymmetric catalysis is a kinetic phenomenon... we know this must be
true because the enantiomeric product have identical thermodynamic

properties.

« Enantiodetermining step must be first irreversible stereodetermining
step.

« Before looking at reactions, we need to look at common chiral ligands.



TJNIVERSITY or [ )ELAWARE

oo
PR,
l l PR,
RI

BINAP

3,3-(OR),-BINAP
3,3"-diAlkyl-BINAP

3,3'-diAr-BINAP
RI
MeO l PR,

MeO l PR,
Rl

MeO-BIPHEP, R'=H

Cl-MeO-BIPHEP, R' = Cl

Chiral Biaryls

X

R><0 PR,
PR,

R><o O

SEGPHOS, R'=H
Difluorphos, R'=F
SunPhos, R'= Me

A

PR
”(40 O PRE

TUNEPHOS
(n=1-6)

[iPRg
(U

H8-BINAP, X = CH,
SYNPHOS, X=0

OMe

[\# N
MeO — PR,
MeO__A~._-PR:

N

OMe

P-Phos

* BINAP first example in class, reported by Noyori.
« Biaryl axis in tetra-sub. biaryls stable to racemization (to >100 °C).

MeO l PR>
MeO ] PR,

OMe

Garphos

Me
Me I
Me PR
Me ] PR,
Me

Me

HexaPHEMP
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Lots of Phosphine Substituents!

R' ‘ PR,
R' l PR,

- 3@3@ e s@ Q "

oToI pTol DMTB BU

iPr CFj
é@ z@ 1 é—<:: =0 é—e:M
iPr CFj

DIPDMA bisCF3 Furyl Pr Cy Bu
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Ferrocene Backbones

M \NMGQ
e s
Q ~Ph
Q—LPR2 Fe PR,
QFe PR Ph LD
Me,N PR,

Josiphos Mandyphos Mandyphos Walphos
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Chiral Backbones
Me
Me o B\ PAr2 Me O.‘\\ PAr2 L\ 2 / H
: H
o " PPh; PPh,
MeDIOP Phanephos NorPhos
Me,’ R
. O—/N PAr,
d\ AAY PAr2
PAr, \ )
Me A
BDPMI
BDPP

SPIROPhos
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Aliphatic Bisphosphines

Me,,'

2 0 CC P@P
Ero et 0

Me-DuPHOS Ph-BPE BINAPHANE

on
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P-Chiral Phosphines
MeO > Bur R BuP~R-Bu
© OMe Mé Bu vd > Vg
\”P
© Bu-MiniPhos

Tri-chicken-foot Phos
DIPAMP

P HP P
Bu Bu Bu By
TangPhos

DuanPhos



TJNIVERSITY or [ )ELAWARE

Chiral PN Ligands

AP N {
R

Me_ Me 7\ O
QYO RQITO ('.\T)\TO @Q"”R
) Ar,PO N\) Ar P N\)
3 R

PHOX SimplePhox PryPHOX
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Phosphites, Phosphates,Phosphoramidites

Phosphite

OO OO L OO N
o, 0, O,  Ju
Phosphate P-OiPr P-0° Me p-0° "Me

g C 0 g C 0 g C 0

e L Mee L O
O\ 'Me O\ )-.ulMe O\ )_Me
P-N

Phosphoramidite ,P—N P-N

o) ‘Me o 7<Me o 7---"Me
9¢ SO CGRN

MonoPhos

SIPhos
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Monsanto L-Dopa Process: Entry Into Asymmetric Reductions

MeO COLH
:Q/\/ " [Rh()*/DIPAMP MGOJQ/YCOZH CO,H
0

@)
95 %ee
L-DOPA
Parkinson's Treatment
Ph_
[P OMe ><0 F’th \[Pth \[Pth
O~ "u_—PPh
HaC=P P OMe o PPh, PPh,
Ph Ph @ DIOP Chiraphos Prophos
PAMP
ee <100 °C DIPAMP

« Over 57 different ligands have been shown to be effective in this reaction.

William Knowles, Nobel Prize 2001

Knowles, W. S. Angew. Chem. Int. Ed. 2002, 41, 1998. Tang, W.; Zhang, X. Chem Rev 2003, 103, 3029.
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Alkene Geometry Often Does Not Matter With Some Catalysts

CO2Me M
Me”™ Ny [Rh()*}/(R,R)-Pr-DuPhos  Me” Ny “02Me

HN Me y HN Me
\"/ Ho bl
O O
99.6% ee
Me
X _CO,Me
K( ° [Rh())*//(R,R)-Pr-DuPhos Me” N\ C02Me
HN_ _Me > oM
A H> hi ©

O o)
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Other Examples
COzMe COzMe
7 “NHCbz [Rh(1)*]/DIPAMP NHCbz
AN H2 > AN
| |
PrO,C~ "N "OMe PrO,C~ "N~ "OMe
95% ee
Eoc Eoc
R-Phanephos-Rh
l OMe > OMe
g H,, 1.5 atm g
ocC 0 —40 °C ocC o)
86% ee

Boc Boc
N N
[ | R-BINAP-Rh . [
N OMe H,, 70 atm N OMe
CBz o) CBz o)

99% ee
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Process Has Been Very Carefully Studied

COzMe
= - -+
+
th Ph P NHAc Ph Ph “\\H
PII. .‘\\S 1 PI “\\\ I ‘\\\COZMe
Lo RS = = LR
P S P v ‘O NH
Ph2 -1 Ph2
ky=14x104M1s1 | _
S = MeOH k,=52x10" s X-ray
AH* = 18.3 kcal/mol
A ASt=+2eu
y ky=1.0x 102 M-1-s~1
¢k4 =23s | CO,Me AH¥ = 6.3 kcal/mol
AHAS¢1_7 kgal/mo ki | s - ko | H, ASt =-28 eu
=+6 eu Ph NHAC slow step at 25 °C
slow step at —40 °C V
_ - - H 17
CH,Ph 17 PhH Iy
P I k CO,Me ks P,,.th ll
O L SO
Ph
Ph, S Oﬁ 207

L . k3 > 1 S_1 L -

observable at low temp only invisible species

Halpern and Landis
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Enantioselectivity with DIPAMP: A Surprise

CO,Et

Phl< RA
)\\o’ ~p

Figure 1. Structure of [Rh(R,R-DIPAMP)(MPAA)]*.

XK

Y Y

AcHN _ <CO-Et Et0,C._ NHAC
H H
o H N''1TH
Ph Ph
H H
S R
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Actual Mechanism

H« ~COOMe
/C’c\
Ph NHCOMe

MeOOC *
y [Cp-RP(Ph/‘MeJ [Me _\(Ph f::ﬁe}
min
2 2mc1] 2man Ho
maj min
K2 kD

Me0OC, ! * "MAJOR"
H/R., Ph>rMe MANIFOLD

H

P
min

"MINOR" HN _COMe 1+
| MANIFOLD {Me%gﬁgﬁ-ﬂ }
maj min

3
maj min S
k4 k4 min
Me + Me + k3
°%N“ HN’\o
P\I,'S s 1P
\'Rh ~pn’/
H7Y| N COMe MeOOC~)/| 5~ H
" e Jmaj H o’ P Jmin ee p H, (atm)
4 J MQ\WNH\Q-Econe MeOOCj?,NH\n/Me &mm 84% R 1
0 Ph Ph 0
o
« Dependenceon T and P (R) (S) 21% S 20
MINOR MAJOR

Landis and Halpern JACS 1987 109 1746 PRODUCT PRODUCT 8% S 100
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Curtin-Hammett Kinetics

MGOQC

+
P, /tNH
*( _Rh__ZA'Ph
P” ‘O

COQMG
Her\ P reactive
7’

coMe 77 Ph}\\OBMP)

H
HNE( v_P

Ph->iR=h\P>* observed

o)
- -+
B i MeOQC
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Other Enamines
NHAC QHAC
AN [Rh(1)*]/(R,S,R,S)-Me-PennPhos X
| > | _ R/— R
Z Ho H \ / H
98% ee
P P H
H R
J]\ [Rh()*/(R,R)-Me-DuPhos Me R
Bu NHAC Ho - fBu/\ NHAc PennPhos
99% ee

» Other enamines can also be reduced with these catalyst systems.
* In general, substrates need to have a stabilized N-carbonyl enamine tautomer.

Me
| [Rh(l)*]/DuanPhos Et
v
NHAc H, NHAC

97% ee

* |n some cases, both alkene isomers can be reduced to the same enantiomer.
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Examples of Other Substrate Classes

' COEt  [Rn(1)*}/(R,R)-Et-DuPh
'PF\IJ\/ [ ( ) ] ( , ) u OS) iPr/\‘/COZEt
OAc H2 OAc

96.1 %ee

O [Rh(1)*]/(S,S,R,R)-TangPhos O
>
‘ Ho Me\_ ‘

OAc 6Ac

97 %ee

J\/ [Rh(1)*}/R,S-Josphos Ve
M A M
MeO,C CO,Me " > \le0,c7 - C0:Me

99 %ee

* Note: In all cases, alkene is substituted with a donor group
to coordinate and orient catalyst.
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Industrially Important Example

CF5

i (\N/Q,N Rh/Josiphos -

7 atm H,

94% ee
Januvia

« Januvia is a Merck drug for the treatment of diabetes.
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Enantioselective Alkene Hydrogenation Using Ruthenium

« L,Ru(ll)(OAc), are very effective at hydrogenating functionalized alkene.

Unsaturated Carboxylic Acids:

(O
MeO

Me Me

CO,H

Me Me

CO,H

Me

cat. [Ru-(S)-BINAP(OACc),] 5

MeOH, 13 atm H, COQH
>
MeO

97% ee
(S)-Naproxen

Me.__Me
cat. [Ru-(R)-BIPHEMP(OAC),] Y

MeOH, 180 atm H, :
> /©/\COZH
F

94% ee
cat. [Ru-(S)-HgBINAP(OAC),]
MeOH, 1.5 atm H, Me Me
) N
CO,H

97% ee
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Mechanism for Ruthenium Cat. Hydrogenation of Alkenes

O

O Pllh u
Me *
Z R C 7 | Yo
o—( A P c|> J
CPIM \‘\O ~ R
4 | ;0 R
Ho
N R
H R O
2 HOR ' Ny—Me
HO,CR (|) (Pn,,,,. AU W
P g O~R H H 2
P/ | “R P" | \\O\ OJ
" Ru R Z R
O " L s~
R P | JO HOR R
H
O HOR OVR HO,CR
R

Halpern
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Allylic Alcohols Also Effective Substrates

Me Me cat. [Ru(S-BINAP)(CF5;CO,)] Me Me
Me)\/\)\/\OH 30 atm Hy, rt - MeWOH
96% ee
Me Me
~ cat. [Ru(S-TolBINAP)(OAc),] Me Me
Me h H > M
30 atm H,, rt M
OH 2 e OH
98 % ee

 Homoallylic alcohols are also reasonable substrates, but not longer homologues.

Me Me cat. [Ru(S-BINAP)(OAc),] Me Me
Me)\/\)\/\/OH 100 atm H,, rt - Me)\/\/'\/\/OH
92 % ee
Me Me cat. [Ru(S-BINAP)(OAc),]

no reaction
Me)\/\)\/\/\OH >

100 atm H,, rt

Noyori JACS 1987,7109,1596.
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Enantioselective Alkene Hydrogenation with Iridium

O Me cat. [Ir]BAr; O
v
= O 50 atm H, O

MeO Me cat. [Ir]BAr; o MeO Me ©\l/ CFs
ZMe 50 atm H, Me otoloR " N\_)
Me Me CF
A
81% ee

cat. [Ir]BAr;
Z SCO,Et > CO,Et
50 atm H,

Me Me
84% ee Pfaltz ACIE 1998, 37, 2897

« Tri-substituted alkenes work best.
» First example of asymmetric tetra-substituted alkene hydrogenation.
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Enantioselective Alkene Hydrogenation with Iridium

Me
Me cat. [Ir]BAr P Me
X Me »
/©/\)\/ — Meo/@/\/\/
MeO

93% ee

AcO
¢ Me Me Me Me
& IrBAr; =
Me = /\/\/\Me [Ir] f
Me cat. [Ir]BAT oF
50 atm H, 0 Y - 3
otol,R + N~ B
AcO Ir
Me Me Me / \ Ph CF
Me T : P i\ﬁ 314
Me Me
Me ~98% de

Pfaltz Science 2006, 371, 642.



