UCTGUE Hydride Complexes in Organic Synthesis ‘”1\

» Dihydrogen and hydride complexes

* Dihydrogen complex ¢ hydride complex «  Mixed complex
PCys H Et, ; Et, PPh;,
oc”h* \\““\“‘“ \H EP\FI 7 P Ph3P’,"R| ‘“\\\\\\\\H
oc” | ~~Co p~ rlle\P LR
Et2 " Et2
el G PPh,
Ph

* Dihydrogen complexes

o Typical for metals in low oxidation state, strong backbonding from the metal

Etz H Et2 Et2 H Et2 PCY3 PCy3
(R BN e v | €O K o5
- INp P~ I Np 2 oC—W —= 0C—_ W

N oC H oC H
ligand substitution oxidative addition
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Zn
Pd | NI
Mg
.

» Dihydrogen and hydride complexes

* Hydride complexes

o Preparation v' From hydrogen

IrCI(PPh3), + H, (1 atm) HaIrCI(PPh3),

25 °C
Os(CO)4(PPh3) + H, (80 atm) 100 °C H,0s(CO)3;(PPh;)
v" From main group hydrides v By protonation
CpNa + WClg + NaBH, Cp,WH, Mn(CO)s 25H°GZ: HMIn(CO)s

25°C

Os(CO);(PPh;), HCIO,

[OS(CO)3(PPh3)2H]CIO4
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» Dihydrogen and hydride complexes
 Hydride complexes

o Acidity
Metal hydride pK, in MeCN
Cp*,0sH 9.9
CpCr(CO),;H 13.3
HPd(EtXanthPhos),* 18.5
CpW(CO),(PMe;)H 26.6

HPt(EtXanthPhos),* 27.3
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i M-cat
> Homogeneous Hydrogenatlon R“FX + H, Mcat EXXNH
R H
—X H—
X=F, Cl, Br, |
HO
—NO Kov (kat H.N—
2 + H, Cov (kat) H, ,
: hydrogen Ru, Pd, Rh, Ir,

_\S_ . acceptor Co, Fe, Ni kat. _Z‘

NHR

Pfechodné kovy v organické syntéze



UCTGUE Hydride Complexes in Organic Synthesis “1\

» Homogeneous Hydrogenation R?X + H, Mcat_

Y H
R H

* Selected examples

Rh(PPh;);Cl
OBz H, -

| «NO, Rh(PPhy)iCI NO,
‘OBz ©/\/ H,

[Ir(COD)(Cy;P)(py)IPF¢
H,, DCM ]

Br Br Br Br
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. R_X + H, M<€at_ g x.
» Homogeneous Hydrogenation ¥ RY M
* Hydrogenation catalysts
- @,IIPCy3
,,:Ir\N =
PhsP—, ~PPh; \ s
PhsP~ " =Cl Crabtree’s catalyst

Wilkinson’s catalyst

O,N D Os~_NMe, D, O~_NMe,
:©/\/\/\/\NHBOC Crabtree’s cat D D
F DCM, 23 °C

Wilkinson’s cat
t-BuOH-THF

o, L o, L

z
O:N NHBoc NN g 0" N T2 NeNo 0" N
J Crabtree’s cat= T J
Me Me

Me Me

Pfechodné kovy v organické syntéze



UCTGUE Hydride Complexes in Organic Synthesis

. M-cat
> Hydrogenation catalysts e R
Ph H 'y Ph H [y ) Ph
Ph, (O— . .- oN_Fh N ' P N ' \P<
H--- Ry ~Ph ERU\ Ph
.H
P Sre SRy ] Ph oo o [%co
h /\__Ph pr’” \Cl pr’” \H
OoC CcoOoOC <coO Ph Ph “BH,
1_ 2_
Shvo’s catalyst Ru’-cat Ru®-cat
Ru'-cat
HCOOH OMe MeONa OH
> %
O Shvo’s cat_ OH BnO/\g’ H, BnO
(:/I/ toluene O/ MeOH
HCOOH
M M M M 2,
i (@) P e Shvo’s cat_ e O e Ru“-cat
Me Me toluene Me Me NC H,
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M-cat R

» Hydrogenation catalysts Rrx + H R>I-|I’X“H

o Mn-cat OH

t-BuOK . M
Me 7 prOH, 70 °C e

i-Pr Mn-cat

N tBuONa _
/©/ H, (50 bar) /©/\NH2
FsC toluene, 120 °C F5C
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M-cat R

» Homogeneous Hydrogenation fo — R>|5X~H

 Asymmetric Hydrogenation of heterocycles — early examples

H
@[N\l Rh(S,S-DIOP)H @N]
N/ Me EtOH, H, (7 atm), rt H “Me

2% ee
Heterocycles 1987, 26, 763

H
L et e L)
N/ Me H, (50 atm), 70 °C u "Me

90% ee

Organometallics 1998, 17, 3308

o! (R)-BINAP-Ru(l) O
E/)_M'e H, (100 atm), DMC, 50 °C_ r\)‘“"e
50% ee

J. Org. Chem. 1995, 60, 357

Pfechodné kovy v organické syntéze



Y
M-cat R
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X TH
RH

Hydride Complexes in Organic Synthesis

UCT PRAGUE
R\?X + H,
R

» Homogeneous Hydrogenation
Asymmetric Hydrogenation of heterocycles — recent examples

[Ir(cod)Cl], (0.5 mol%) ligand

m ligand (1.1 mol%) m MeO O PPh,
- -
N/ Me I, (10 mol%) N~ YMe MeO O PPh,

H, (700 psi), toluene

J. Am. Chem. Soc. 2003, 125, 10536

ligand

Pd(OCOCF;), (cat)= Me ‘O PPh,
ligand (cat) N | PPh,

H, (700 psi), DCM/TFE

T /E
=
(¢]

91% ee
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. . . M-cat
» Asymmetric Hydrogenation ligands Rrx * M E>I-|I’X“H
 Asymmetric Hydrogenation of heterocycles — recent examples
O 0 ligand O
Ir(cod)CI], (1 mol%
® [:i(c:nzal (zl)zz(mr:::/ )0) g é(j MeO PPh;
N R gand (<. ° N~ R MeO PPh,
H, (700 psi), I, (10 mol%) H O
benzene, rt 94% ee
(o) (o)
0, 0
N”“n-Bu N"“Me Me” "N”"Me N” “n-Bu
H H H O H
93% ee 90% ee 94% ee 45% ee

Tetrahedron Lett. 2008, 49, 4922
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» Selected hydrogenation mechanisms

* Hydrogen-first mechanism

LI, ‘\\L
L'Rh‘CI
+S

-L

L/,

\\\S
)/ CI'Rh‘L\\&

LIaRh W\ \\H

- r
CISLR CISL

N

\\\H
S CI'th L

=\
R

M-cat

R\?X + H,

Y
R H

e Alkene-first mechanism for alkenes with a donor group (D)

—\@
L\ /\
Rh
L~ G
H,+2S

-
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Hydride Complexes in Organic Synthesis

n
Fd | wi
Mg %
.

» Selected hydrogenation mechanisms

* Simplified hydrogen firt mechanism

LI, ‘\\L
Rh‘CI
+ S

-L

L /, h\\\s

T X

LI: Wi\ L, .\\H
CIm'y Rh D’ CI'R L

Nogud

S CI'Rh‘“H

=\
R

L.,
(o] A g

l
LR
Lo
[~ Rh

+H2

LII,,
[~ Rh=

Rh

\\Clh,
~CI” YL

L
\CI’I,

R\?X + H,
R

M-cat

Y

* Complete mechanism for hydrogen firt mechanism

‘\\\\/R
YL

e

R

Rh‘“L

.H2

Rh“"'I

CI" 1 “H
L

H
+ L L,,..aL H2 L/, .\\H L,
R CI'Rh YL CI'Rh = cI”-
N +S +S
-L
+ S L,th\\\S H2 LI:Rh\\\H
-S ClI™ “L Cl™
S
‘}\ |_,,
H (o] Aot
R

H
\\\H
Rh'Q ~L

=\
R

h““b/
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M-cat

» Selected hydrogenation mechanisms RpX + M,

Y
R H

* Mechanism of alkenes hydrogenation by [Rh(H)CO] * Mechanism of ketones hydrogenation by [Ru(H)]

H
"2 . PPh;);(CO)Rh—H Q OH Rul—L
X [RUMCO)T r-CH, U 'hals(CO) FEE [Ru]
R [RUH] R2 R
“-Pph3 L o
OH H R2JLR1
S' (PPh3),(CO)Rh—H R2+R1 [Rui \(
v \( H
H—H H
(PPh3)2(CO)Rh' (PPh;),(CO)RhZ L o—tRu] RS |
R2/|\R1 R” R
/ H [Rul+q /
(PPh3)2(CO)Rh . RZ’lH‘R1
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> Selected hydrogenation mechanisms N - or*

* Palladium-catalyzed hydrogenation

H, (3 MPa)
Pd(PPh), (1 mol%) _@_
NC—@—COZH Piv,0 2ekv)~ NC CHO
THF, 80 °C, 24 h 99%
Chem. Lett. 1998, 27, 1143
(S)-ligand
H2 (1 atm)
M Pd(0,CCF3), (2 mol%) Me Q
Ph” X~ ph (S)ligand (2.4 mol%)  Ph Ph P(4-MeOCgH,),
CF3CH,0H, rt, 12 h 95%, ee 86 P(4-MeOCgHy,),

Synlett 2011, 947
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M-cat

» Selected hydrogenation mechanisms Rrx + H E>I-|I’X“H
* Mechanism for palladium-catalyzed hydrogenation
o Proposed mechanism for hydrogernation of styrene o General mechanism
I
Ha
£ 5 -\ -
Ph& [PdCI4]2- Ph CH3 PdXZ cat. H
1
Ph” ~CHj n, HX
\>/ [Pd''Cl, ]2\< \>/ [Pd"]-H \<
Pd'}—
Cl\Pd" CI\Pd" [l;)dll]x2 [ ] ll
CII CI/ \H H
Il
\vh o / [Pd ].
=/ 2-
CI b €'l
ClI” "y

J. Catal. 1977, 48, 8
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M-cat

» Selected hydrogenation mechanisms RpX + M,

Y
R H

* Lanthanide hydrogenation through o-bond metathesis step

H, b
EZS" Cp*2SMCH(SiMe3), (10 mol%) I:g_ H---H
i-Bu - i-Bu
cyclopentane, 5 h

84% H
\H =\
J. Organometal. Chem. 1996, 524, 275 R R
Hy
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i M-cat M-cat
> TranSfer hydrogenatlon R\R?X ¥ & 2>I!I’X*|-| R\RFX + H-donor EIXNH
—X H—
X=F Cl, Br, |
HO
o P oup Ty Kevlen N
: Hydrogen Hydrogen RU; Pd, Rh, Ir,
_\S_ ' acceptor donor Co, Fe, Ni kat. ': _2_
<, s
A\ OH
NR
NHR

Typical hydrogen donors:

OH  HCOOH-Et;N  HCOOH _ ... Ry EtOZCHCOZEt
Me”Me HCOONa HCOONH, ° R_N_R
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M-cat

» Transfer hydrogenation RpX + Hedonor

Y
R H

* Modern catalysts for transfer hydrogenation

Ph’( )u,, \\\N\ A\ Bn ®Rh  Bn
Ph / Cl B /lr\\ / \

Ph;P
Ph Ph
thPu, NGl Ns
thpr C| [P/F'e\P
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Hydride Complexes in Organic Synthesis

. M-cat
» Transfer hydrogenation R¢ * & R X~ RyX + H-donor
R H R
* Meerwin-Ponndorf-Verley reduction
o) Al(Oi-Pr)3 (20 mol%) OH OH
F3C Me i-PrOH (11 eq)  FsC _Me . F3C A Me
NHCbz toluene, 50 °C NHCbz \©/\N/H0bz
CF3 CF3 CF3
97%
987 . 13 J. Org. Chem., 2006, 71, 840
. RO_ OR |
_AI__
07 O
R, K
AL RV ™R?

M-cat

R

RT

X~|_|
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M-cat

» Transfer hydrogenation R =Xt M donor §>Hr><~H

* Selected examples

Ir-cat
Cp*
Ir-cat (0.1 mol% |

NR ( °  hnR N-Ir-Cl

)l HCO,H/Et3N, _ )\ Me /

R™ Me CF3;CH,0H, 80 °C R™ Me
Angew. Chem. Int. Ed. 2010, 49, 7548
O Ir-cat (0.1 mol%) OH

H HCO,H/HCOONa
H,0, 80 °C

Green Chem. 2013, 15, 629; Chem. Eur. J. 2014, 20, 12835
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Hydride Complexes in Organic Synthesis

» Transfer hydrogenation

Selected examples
(@)

B Me RhCI(PPh;)-SiO,
F N32CO3 -

'PrOH, 82°C, 8 h

[RuCl,(mesitylen)], (2,5 mol%)
ligand (5 mol%)
KOH (12.5 mol%)
'PrOH, rt, 19 h

O

) J@%Me

R\FX + H-donor -Mcat_ E*XNH
R H
OH
Py
F 54%
H
Q ligand:
o e
Cl
95 %, ee 93 %
SN
\‘N“H
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. M-cat
» Transfer hydrogenation fo tanllidonoy §>Hr><~H
* Transfer hydro-dehalogenation
B Br  [RuCly(p-cymene)l, B H
N““NH, -PrOH, CsOAc, 100°C Sy2\\
Br Ir-cat (0.5 mol%) Me
[RuCly(p-cymene)], ©/\ Et,SiH, 23 °C @
.
Ar® [RuCl,]
2 Ar-X Ir-cat
Y O st
B(CeFs)4
Cl~ Ar Clp Q 1®0
,R -R (t-Bu),P=Ir=P(t-Bu),
Cl Cl )
/\ Y
)LMG' g:: Ar )‘Me J. Am. Chem. Soc. 2007, 129, 42, 12656

Me/\l_TMe

J. Org. Chem. 2017, 82, 1340
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M-cat

» Transfer hydrogenation RpX + Hedonor

Y
R H

 Reductive Heck reaction

©/§/Br ©/§/Br
‘ A7 A s
Pd(PPh;), (0.5 mol%) RhCI(PPhs); (0.5 mol%) ©/\

529, HCO,NH,, anisole, 80 °C BnOH, AcOK, 100 °C 40%
\ —_—
/ —
i PdX PdH
J. Organomet. Chem. 1980, 199, C21 COzn-BU
I Me.__CO,n-Bu
NJIN? Rt ) S N )
k\N N PdCI,(PPh,), (5 mol%) k\N N k\N N
\\Ph HCOzH.Et:;N, DMF, 100 °C \\Ph \\Ph
22% 53%

Tetrahedron Lett. 2004, 45, 273
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M-cat

* Borrowing hydrogen catalysis (hydrogen auto-transfer) RyX + H-donor R X ~H
R H
* Concept

R1

R X - RTY”

dehydrogenation C M Q\ hydrogenation
MH,

. 1

R modification R/QY’R

in situ
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M-cat

* Borrowing hydrogen catalysis (hydrogen auto-transfer) fo faiidonel §>Hr><~H

* Selected examples

Pd(OAc), (5 mol%)

H
NO, . O XantPhos (10 mol%)= N
g™ e 0

o, O
[Pd]-H

@)
w@“@©®*©b

Org. Lett. 2012, 14, 1692

©/N02
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Hydride Complexes in Organic Synthesis

Zn
Pd | NI
Mg
.

* Borrowing hydrogen catalysis (hydrogen auto-transfer)

* Selected examples

" . OH Ir-cat (1 mol%)‘ " 0
OO e 700

toluen, 110 °C

R\FX + H-donor

81%

99 :

Saniealicage

1

Chem. Eur. J. 2015, 21, 17877

M-cat

Y
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Hydride Complexes in Organic Synthesis

* Borrowing hydrogen catalysis (hydrogen auto-transfer) RIX -

* Selected examples

©) + (Me0),(0)P”>CO,Bn

OH

H-donor

OH [IrCl(cod)] (5 mol%)

. .~ dppp (5 mol%) CN
Ph3P/ CN C52C03 (5 mol%) - ©/\/
toluene, 150 °C

1%

Angew. Chem. Int. Ed. 2002, 41, 4740

[IrCl(cod)], (2 mol%)

dppp (2 mol%) CO,Bn
032C03 (2 mol%) ©/\/
MTDB

toluene, 150 °C 58%

Eur. J. Org. Chem. 2006, 4367

M-cat

R

RT

X~|_|
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