Catalytic Hydrogenation of Amides
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1. Introduction

An amide, one of the most robust functional groups, is resistant to various chemical reactions
such as nucleophilic attacks, redox reactions and acidic or basic decomposition.
The reason is clear: the resonance depicted below.

JL @
,R3 <—>
R! N 1 J\\ . .R®
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The resonance results in
1. a lower positive charge on the carbon atom than that in other carbonyl compounds

— lower electrophilicity
2. lower electron density on the nitrogen atom

— low basicity and coordinating ability, and high resistance toward oxidation of the nitrogen
3. planar nature due to the sp? hybridized orbital of the nitrogen

— There is an energy barrier to rotation of the C-N bond (formamide: 75 ~ 80 kJ/mol).
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Speaking of reduction of amides, LiAlH, is the most practical and reliable choice:

o LiAIH,
L » Ph” "NH,
Ph™ "NH, THF, r.t. ~ reflux

> 90% yield
Other metal hydride agents (DIBAL, Red-Al, AlH;, BH;, LiEt;BH, ...) are also effective ones.

disadvantages:
1. coproduction of stoichiometric amounts of waste metal salts
— complicated workup, poorly atom economical
2. incomplete chemoselectivity
— Other functional groups such as ketones, nitro groups, some alkynes, will be reduced.
— It's difficult to use such reagents at the late stage of the synthesis.

v a promising alternative: catalytic hydrogenation

(0] HH
cat., H,
3 ’ 3
R1JLN,R —> R1XN,R + HZO
R2 R?

1. Water is the sole stoichiometric waste.
2. It is possible to control the chemoselectivity by modifying the catalysts:

0 o cat., H, 0 OH

AN —— /\N/\)J\ not /\N/\)\

N
H H H

cf. different catalyst system brings the different selectivity of hydrogenation

)\/\)\/\ Pd/C, H2 PdlC, H2, NH3
/J\\//\\/J\\//\
OH  MeOH X N-"0Bn MeOH 0Bn
93% 93%
K. Hirota Tetrahedron 1998, 54, 13981-13996.

H, (10 bar)
OH Fe cat. o [RhCl(cod)], o
H, (3 atm) Buy,NHSO,
-€
toluene, 25 °C buffer/scC,Hg
36 °C
0, o,
88% * scC,yHg: supercritical ethane 7%
C. P.Casey JACS 2007, 129, 5816-5817. P. G. Jessop Chem. Commun. 2000, 941-942.
TMS
Og-or
Fe cat. = | YTMS
ocu-Fe\
4
oc’ M
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v other reduction reactions of amides

1. silane reduction
Stoichiometric silane reagents are needed, but metal catalysts are generally catalytic amount.
— easier workup than when Al-H or B-H reagents are used

M. Beller JACS 2010, 132, 1770-1771.

Scheme 1. Proposed Mechanism

1/“'-N-d'H2

Zn(OAc), (10 mol%) R

o . = 3 RySiH
EtO);SiH (3 eq R3 HaZnH R :
R1JLN'R3 (EtO)3SiH (3 eq) RSN 20X,
R2 THF, r.t. ~ 40 °C R? O(SIRY;
w5 [

~ 0, e ® 2
72~99% R 5”!\#'“ XgZn-H- —s.Ra]
(E) R® (A .
R55iH
35' }/'\ RT"'[*:]"RE
. . . — R3
e Only tertiary amides are applicable. -SiRs

o . . ZnN08IR;| o
e Ketone, nitrile, nitro group, olefin, ester, |zrx05iR 2N A gt

diimide are tolerated. © EETQ R'@ 23
R M7 1=
F':S " | XuZnH
(C) (B)
2. metal-free reduction using Hantzsch ester (HEH)
A. B. Charette JACS 2008, 7130, 18-19.
o HEH (2.5 eq) Eto.C co.E
Tf,0 (1.1 eq) ~__.R3 t0; 2Et
R1JLN'R3 » R'"°N HEH = ||
R? CH,Cl,, r.t. R2 N
46 ~ 91%
¢ Only tertiary amides are applicable. Oy WO
e Ketone, nitrile, conjugated olefin, alkyne, ester, E1CI“A“ -y fl‘um
epoxide, are tolerated. 0 A s e _
e Sterically hindered amides are difficult to reduce. . M. g M N Mo 55equiv) i R
I 1 W
o o q IIQ:' TEO (1.1 aquiv) 7 gt
. DCM {0.25 M)
1
Ph)LN'Pr 'BuJLl:l'Bn | ™o [ ew
iPr Bn ate  OTf | ’ oTf
P HEH +
<5% 18% HwLb,:lﬁ” R.ﬂ:rﬂ,ﬁf
R? R?

Mild and chemoselective reduction of amides into amines has been achieved,
but the methods are still atom inefficient.
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2. Hydrogenations with Heterogeneous Catalysts

2-1. Early Development

pioneering work using Cu-Cr oxide catalysts by Adkins

H. Adkins JACS 1934, 56, 247.
H. Adkins Patent US 2143751

the preparation of the catalysts:
H. Adkins JACS 1932, 54, 1138-1145.

Cu/Cr cat. (~ 15 mol%)

J‘]’\ \ H, (200 ~ 300 bar) s~ .R3
RN R™ N
R? neat or 1,4-dioxane R2
250 °C
Substrate (selected) Products
o ~ PN
oH NH CeHqiz~ “NH, CeH13 H CeHi3
eHi3 2
39% 58%
f
.Ph
C11H23/\|r:l| Ph-NH, Ci1Has” NH,
)OL 37% 29% 14%
.Ph
Cq4H23 H ) H o~ o~
_N. CiiHzs™ N° "CyqHps
Ph” "Ph H
L 5% 2%
Q Et
P INE .Et P
(;6|.|13)LN'Et CeHis™ N CeHis” N C6H13/\H CeHi3
1 Et
Et 4% 64% 25%
(o) —~
CeHiz™ N
C6H13)L "O CeHqs” ~OH
92% 5%

¢ Extremely high H, pressure (~ 300 bar) and reaction temperature (250 °C) were required.
e The target amines were obtained, but they were generally minor products.
¢ The solvent 1,4-dioxane was thought to dilute the water and minimize the hydrolysis of amides.

* Additives could improve the selectivity or reaction cocnditions
1. NH; effectively suppressed the formation of secondary amines in the hydrogenation of primary amines:

o CulCr, H,

N
>  C/Hys

C7His~ NH;

NH, +

300 atm, 300 °C, w/o NH3: 9%

400 atm, 350 °C, w/ NH3:

90%

NN
C7H¢5 H C7Hqs

83%
10%

A. Guyer Helv. Chim. Acta 1955, 38, 1649-1654.
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# the mechanism for the genaration of symmetric secondary amines
o LOH

- d ]
@ & — RC:QNH \::1? . ”
R NH, ~ v RCH=NH + RCHNH, ———= RCHNHCH,R
H _.OH ! -NH,
. :
*2H; | -HO R™ TNH, X o
e s Iy ' -H s
o O v HO ' RCH=NH + RCONH, Nl_‘; RCHNHC
RCH,NH, ~——— | RCH=NH | \ & R
]
‘\\ I’ ]
PR PR X OH N, O
T . . H ' Re RCH = ., T ;
e A SR 0 s, M ! RCH=NH + HO - .
®) 6. === R-C=N }— = RE=NH,—= O, !
A +H, ' NH,
R NH, L2 3 g \‘ ‘\~ ’l' 'z :
ST ~7- ' Mo pcu, + M
' ' ' 1 RCH=NH + NH, RCHxNH L MH, 4
H \ \ : : z
0 +2H .3 .»GH\ ¥ ' '
© & e PGS AL ' R. Whyman Chem. Rev. 2014, 114, 5477-5510.
R™NH R H v
1
1
1
1

subject to nucleophilic attacks
¢ the attack of the target amine —» secondary amine
o the attack of NH; — no change (primary amine)

2. A 4A zeolite enabled the hydrogenation as low as 140 bar and improved the selectivity.

Cu/Cr

0]
H, (140 bar) ~...Me PN
c11H23)LN.Me C11H23 ':l + C11H23 H C11H23 + C11H23/\0H + rsm
1 ° Me
Me 287 °C
w/o MS4A: 17% 9% 1% 53%
w/ MS4A: 72% 9% 8% 8%

R. M. King Patent US 4448998

Additives could reduce the H, pressure, but the reaction temperature was still high (over 200 °C).

I::> The catalyst itself must be modified for higher catalytic property.
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2-2. Recent Progress

A landmark paper by T. Fuchikami (TL 1996, 37, 6749-6752.) says,

"the bimetallic catalysts consisting of group 8 to 10, and group 6 or 7 metals show extremely potent reducing
abilities in the hydrogenation of amides".

(One year before he reported that the same kind of bimetalic catalysts were also effective for the hydrogenation
of carboxylic acids to alcohols. (TL 1995, 36, 1059-1062.))

Cat
CH,CON ) + H; CH;CHaN H
DME group

100 atm
Cr 6
Entry Cat. 1 Cat.2 Temp. Conv. Yield Cu 11
(°C) (%) (%) =h 9
1 Rh(CO)yq 160 24 19 Ru 8
Re 7
2 Ruy(CO), 5 160 [ 1 Mo 6
W 6
3 Res(CO)yq 160 14 7
4 Mo{CO), 160 2 2
5 W(CO), 160 [ !
(6 mgcon,  RecOW’ w0 100 56 ) —sm- futher investigation of the
7 Rhy(CO)y W(CO), 160 51 50
(s Rhy(COys Mo(CO) 160 100 o8 )
(9 Ru3(CO)5 Re;(COYy, 160 100 96 )
10 Ru(CO),, Mo(CO)s 170 55 54
1 Rhg(CO)ye Re/C 170 83 82
(12 Rh/C Re/C 170 100 % )
13 Ru3(CO)5 Re / Al,O, 170 100 94
14 Ru / Al,0, Re/ ALO; 170 100 92

* All reactions were carried out with substrate { 1.0 mmeol) and catatyst (1 mol%) in DME (1.0 ml) at given temperatun
for 16 b " 0.5 mol% of Re was used.

*Cat.1: Cat. 2 = 1:1, DME: 1,2-dimethoxyethane, bp 85 °C

* Monometallic catalysts were all ineffective (entry 1 to 5).
* The hydrogenation proceeded at 100 atm of H, at 160 °C, much milder than the conditions mentioned above.

(see the next page)
¢ Secondary and tertiary amides were hydrogenated smoothly to give the corresponding amines, and a primary
amide was reduced to the primary amine with the help of Et,NH that suppressed the formation of (CgH3),NH.
* Benzene rings were unfortunately hydrogenated into cyclohexane rings (entry 6 and 7).
*Rh(0) catalyzes benzene hydrogenation: R G. Finke JACS 1998, 7120, 5653-5666.
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Rh/Re

(0]
H, (100 atm) 3
LR 2 » RITNR
R N )
R2 DME R
Entry Amide Rh Re Temp Time  Conv Amine Yield
(mol%)  (mol®) (°C) (h) {%2) %)
1 HCON(CHMe,), | | 160 16 100 MeN(CHMe.), 92
— — \
2 AN_0 1 1 170 16 100 BN O 85 ] ]
— Bulky substituents didn’t
hinder the hydrogenation.
3 EtCONEL, 3 3 160 36 75 EtCH-NEL, 61 /
4  t-BuCONE 3 3 170 36 87 t-BuCH.NE1; 70
5 AcNH(n-CiHiz) 3 3 170 16 97 EtNH(n-C;H,:) 82
&  AcNHPh 3 3 170 16 100 EfNHCy" o0
aromatic rings hydrogenated!!
7 AcNHCH.Ph 3 3 180 16 100 EtNHCH.Cy" 88
8 n-CsH;CONH,"* 3 6 180 B 100 n-CgH;:NH, 76 Et,NH needed to suppress

the generation of (CgH43)oNH.

0

9 C“H 180 16 100 e al
ﬂ N

10 NH 1 1 |60 16 ] C‘HH 75

0

T LNM: 1 | 170 32 88 C NMe 20
/_\fn 3 3 7 | &0

12 NH ’ 170 3] B2 WH

“ Al reactions were carned oul with substrate (10 mmol) and catalvsis (1-3 mol%) in DME (2.0 ml} &t given temperatore.
by cvglohesyl group. © The reaction was carricd out with 2 oq. of diethylamine uider the dihned conditions (125 mol1)

v Whyman researched the properties of the bimetallic catalysts.
R. Whyman J. Catal. 2010, 269, 93-102. (Rh/Mo)

R. Whyman Adv. Synth. Catal. 2010, 352, 869-883. (Ru/Mo)

R. Whyman J. Catal. 2011, 278, 228-238. (Ru/Re, Rh/Re)

Here only Rh/Mo catalyst system is put on the agenda.

Catalytic Procedures

Rhg(CO)4¢ (0.0165 g, 0.0930 mmol Rh), Mo(CO)g (0.0135 g, 0.0511 mmol Mo) and CyCONH, (0.235 g, 1.85 mmol)
were added to a glass liner containing DME (30 mL), and n-octane (0.100 g) as an internal standard for GC
analysis. The liner was placed in a ca. 300 mL capacity pressure vessel and the reaction mixture, under
agitation, was purged (at 5 bar), 3 times with N, followed by 3 times with H, The autoclave was then
pressurized to 100 bar with H, and heated to 160 °C for 16 h. After cooling and depressurization, a dark
coloured colloidal suspension was recovered. This slowly settled to leave a colourless solution, and dark
residue (ca. 15 mg), which was separated by centrifugation (2000 rpm, 20 min), washed several times with
DME and dried as a fine black powder.

Rhg(CO)46 cooling
DME Mo(CO)g N, (5 bar) H, (5 bar) H, (100 bar) depressurization
n-octane amide 3 times 3 times 160 °C centrifugation

v v v v ¥ oasw ¥
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& The ratio of Mo:Rh is an essential factor of high selectivity and onversion.

o
)L cat., H, (100 bar) N
N - O
DME, 160 °C, 16 h
Table 1

N-acetylpiperidine (NAP) hydrogenation: conversion and product selectivity using
bimetallic Rh/Mao and monometallic catalyst precursors,

Entry Catalyst Precursor Conversion (%) Selectivity NEP  Piperidine

1 Rhs(C0%1g 20 &80 20
P Rh/C 1 = =
3 R0y 1 - -
4 Mol CO)g 2 - -
5 Copper chromite 4 >80 -
(i Rhe[COYNs/Ma{CO) 77 92 8
7 Rhg[CO)yaf G4 95 5
Mo(CO)s"
F3 R/ Mo, 7 71 28

Reaction conditions; 100 bar Hs, 160°C, 16 h.
’ Catalyst concentration: 1 mol¥ Rh, Rh:Mo atomic ratia: 1:1,
© Catalyst concentration: 1 mol# Rh, Rh:Mo atomic ratio; 1.5:1.

the highest when Mo/Rh = 0.67

100 /

an
B0q m n
704
&0

504 -

404 m

Conversion (%)

304 L]
20w

10 [ ]

0 0.5 1 1.5 2 25 3 a5 4 4.5
Ma:Rh

Fig. 1. NAP hydrogenation: conversion vs. Mo:Rh composition {100 bar Hy, 160 °C,
16 h, 1 mol% Rhi

The selectivity and conversion varied depending on the Mo:Rh ratio.

* The best ratio of Mo:Rh varied dependig on the substrate.

Rh/Mo cat.
o H, (100 bar)
PN > Cy”NH,
Cy~ 'NH, 160 °C, 16 h
Mo:Rh Conversion CyCH,NH, CyCH,OH (CyCH,),NH
' (%) (%) (%) (%)
0 20 68 24 4
C g;g 19010 gg 180 g D excellent selectivity for the primary amine
1'01 100 77 1 3 w/o additional NH; or other amines!
1.39 100 58 22 15
1.53 100 47 27 24
1.90 89 43 36 16
2.37 22 0 21 78
3.40 24 0 34 62 no primary amine
4.03 29 0 33 64

¢ Best result (conversion and primary amine selectivity) was obtained when Mo/Rh was around 0.6.
¢ Significant decrease in the primary amine selectivity was observed at the ratio higher than 1.
¢ Above a Mo:Rh ratio of 2, the conversion dramatically decreased, with the secondary amine formed as the only

amine product. (excess Mo is a catalyst poison?)
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& Low temperature and pressure of H, resulted in low conversion and selectivity.

Rh/Mo cat.
o) H, (?? bar)
N
PN ————> Cy” NH,
Cy” "NH, ??°C,16 h

T (°C) H, (bar) Conversion CyCH,NH, CyCH,OH (CyCH,),NH

(%) (%) (%) (%)
S - [ A 100 . 1000 8T L. 10 . 0 ...
140 100 97 79 7 12
130 100 95 53 19 23
oAz 100 ... Y .. 0 ... [ J 20 _____
160 50 100 83 8 14
160 20 63 66 10 17
160 10 41 56 26 20

The conversion dramatically decreased below 130 °C probably due to temperature dependent
adsorption/desorption of reactants and products on the catalyst surface.

& HP-FTIR analysis to monitor catalyst genesis during the N-acetyl piperidine hydrogenation

161
1.44

1.24

B 081
< *Rhg(C0)46 is insoluble to DME.
0.6
.4
[
0.2 4 n
— )
ey *_F——*__%*_W__}:E%
oA - . . g R —
0 100 200 300 400 200 G00 ol inl
Mo(CO)e.n(NAP), Time (min)

Fig. 2. In situ HPFTIR spectra (2100-1600 cm ") showing decay and disappearance
of v[CO) absorptions during catalyst genesis and initiation of hydrogenation. Key:
4= NAP [1658cm "), == Mo[CO); [1984cm "), = 2016cm™'. =%
1845 cm ', 1752 cm

® Rhg(CO)46 and Mo(CO)g gradually change into the real catalyst in situ.
* NAP starts to be consumed just after the absorption of COs has disappeared; the induction period is about 8 h.
¢ 2016 cm™ and 1849 cm™ are consistent with the reported peaks for [Rh43H3(C0),4]%:

v(CO) in THF: 2020 and 1840 cm! (P. Chini Chim. Ind. (Milan) 1978, 60, 989-997.)
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& X-ray Photoelectron Spectroscopy (XPS) of Rhg(CO)4¢/Mo(CO)g catalyst (Mo:Rh = 0.67)

Table 4
XPS data; Rh and Mo (3ds2) binding energies (eV) of Rh/Mo catalysts before and after use in NAP hydrogenation, and during Ar* (2-3 keV) sputter etching, including Rh and Mo
standards.

Entry Sample Ar* sputter etching time Rh (0} Rh (11} Mo (V1) Mo (V) Mo (IV) Mo (0]

1 Rh foil - 307.2 - - - -

2 Rhy0; powder = - 308.8 - = - -

3 Mo fioil - - - - - - 2279

4 MoQ; [25] = = = = = 229.6

5 Maoz05 [25] - - - - 231.0 - -

& MoD; powder - - - 233.0 - - -

7 MoOy powder 8 min - - 2327 - 229.1 -
SHE Mo powder -2 ie i AZmim e B e e i 2354 g S S2hE el

9 Rh/Mo catalyst, fresh - 3072 - 233.2 - - -

10 Rh/Mo fresh 8 min 3072 - - - 2286 -

11 Rh/Mo catalyst, used - 307.3 - 233.0 - -
f o RifMoused .. . . 30 0 od0Pd = e M. Wl s

13 Rh/Mo0Q, fresh - 308.1 - - - 2298 -

14 Rh/MoQy used - 307.7 - 2329 - - -

15 Rh/Mo0; used 2 min 307.5 - - - 229.4 -

¢ Rh is present in the metallic state throughout.

¢ Mo has various oxidation state ranging IV to VI; Mo(VI) is dominant on the catalyst surface, but Mo(IV) exists
inside the catalyst (entry 9 and 10).

¢ After hydrogenation the catalyst surface is still covered with Mo(VI), but Mo(V) has generated inside, which
is a clear contrast with the catalyst derived from Rh and MoO; (entry 11 to 15).

* quantification of XPS profiles of the fresh Mo:Rh = 0.67 catalyst

Ar* sputter etching time [min] 0 1 2 4 8
Mo:Rh ratio 217 110 095 0.67 0.62

higher Mo content in the outer layer

Scheme 16. General Idealized Schematic Representation of
Carboxamide Hydrogenation via Reaction Pathway (A) over

:> At high Mo:Rh levels excess Mo has the effect of
Highly Dispersed Bifunctional M/M" Catalyst Surfaces

coating the surface of Rh/Mo catalyst, blocking active
sites, and thus leading to the observed poisoning of

catalytic activity, and possibly influencing reaction Surface Solution
selectivity via longer residence times. " R @ amde o o
N adsorption . g
p' TN -— - C—N
L o” R
: H L—
____:__r'-'fM - H.
M

* MoO, has both acidic and metallic properties
(J. W. Sobczak Surf. Interface Anal. 2002, 34, 225-229.) (b) H, addition
across C-O bond

The acidic Mo initially adsorbs the amide carbonyl ,
group, which could lead to the promotion of overall HO PR

- - T H H
rates of reduction at adjacent Rh centers. L H :
_.—':41
() H, addition and .
C-0 bond scission } R/ _R
—— C—N
24 . ~
R N H R
N
H R' ———= H,0
HDH//»
—r M (d) sclvent assisted

desorplion of products

M = cxophilic metal (Mo, Re), M = typical metal (Ru, Rh)

R. Whyman Chem. Rev. 2014, 114, 5477-5510.



v Other aspects of the bimetallic catalysts
1. amide reduction reactivity ranking: Primary > Tertiary > Secondary (the position of Secondary is rather variable)

R. Whyman Adv. Synth. Catal. 2010, 352, 869-883.

(R, R?) conv. [%] yield [%]
Ru3(C0);,/Mo(CO)g (1:2)

J\ R? H, (100 bar) - Cy/\N'Rz (H, H) 100 85
c N’ )
y » DME, 160 °C, 16 h R (H, Me) 5 trace
R (Me, Me) 30 22

a. Nitriles can be intermediates only for primary amides, which may be preferred to hydrogenation to hemiaminals.

o OH H OH -H,0 H
2 2 2
— P
)l\ —— /J§ — )\ ——» R Sy\H —» R” NH,
R NH, R NH R NH,
H
-H,0
o -H,0 H, H,
JL —» R—N —> R ~ NH —> R NH,
R NH,
Table 8
Thermodynamic parameters relevant to amide hydrogenation. R. Whyman J. Catal. 2011, 278, 228-238.
Entry Reaction AH k) mol ! AS” Jmol "K' AGhag 15 k] mal !
1 CyCOMH, + 2H; — CyCHaNH: + HoO —49.8 -728 -28.1
Q CyCONH; + Hy — CyCH{OHINH 51.5 178.7 1048 D
3 CyCONH, + Hy —+ CyCH = NH + H,0 63.2 1.1 69.5
@ CYyCOMNHy — CyCM + H.0 732 156.5 26.5
5 CYCN + Hz — CyCH = NH ~10.0 1776 43.0
6 CyCH=NH + H; — CyCHzNH; 113.0 51.7 976
7 CYCN + 2H, — CyCH,NH, ~1230 32797 _546

* This is an idealistic representation of the reaction pathways because the free energy values don't take account of the effect of the
requirement for adsorption of the reactants and intermediates on the catalyst surface.

b. For tertiary amides there is an alternative pathway to tertiary amines: direct cleavage of C=0 bonds.

DFT calculation was performed to investigate the reaction mechanism of the cleavage of the carbonyl bond in
N,N-dimethylacetamide on both flat and stepped Ru surface.

*

= i)

\“ / ™~ + 0f
N ¥-dimethyaminoethylidene P. Hu J. Phys. Chem. C 2012, 116, 18713-18721.
(DMAED)
o s HO s
N Q_N- ey o : *
\ VAN NN o
N.N-dimethylacetamide N, N-dimethylaminoethylol
DMA) o .’\r’,.-\'—d|me1h}rlam1noel_hylidene

(DMAEOL) DRG]

”
Ly
gy
Znni|

®
CH—N 41*\\ -~ \ o
H
N.N-dimethylaminoethyloxy N, N-dimethylaminoethyl
(DMAQ) (DMAE)
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0.96 (1.66)

o 0.69 (0.62)

Frnergy (¢¥V)

DMA+LEH Azl

DMAEDN +0H*

DMA+H*

=IL.ot

DMAED™
DMAE*+0*

DMAED +O*+H*

Figure 4. The reaction pathways over Ru(0001). Black line: The direct
cleavage pathway. Blue line: O—H activation pathway. Red line: C—H
activation pathway. The stabilities of the TSs with respect to absorbed
DMA and H are listed (eV) and the energy barriers of the
corresponding elementary steps are listed in parentheses {(eV).

- DMA+0.5H (g)

02200830 . _.
0.16 (0.67)

T ""—l’ll.'lii'{l’.‘?#?z']""" B

=
2
B
2
5
DMAE*+0™
DMAED +(H*
i gﬁ,A-._ mimen. PMAEDVORY .
DMA™+H*

Figure 5. The reaction pathways over Ru(0001 )-step. Black line: The
direct cleavage pathway. Blue line: O—H activation pathway. Red line:
C—H activation pathway. The stabilities of the TSs with respect to
absorbed DMA and H are listed (eV) and the energy barriers of the
corresponding elementary steps are listed in parentheses {eV).

In both cases direct C=0 cleavage (DMA to DMAED) is preferred.

c. Hydrogenation using D, (A. M. Smith Ph.D. Thesis, University of Liverpool, 2006.)

Ru/Mo cat.
(0] D, (20 bar)
P > 2
Cy” NH; nCgH,g, 160 °C, 20 h
(o) D, oD
L. — obw, —
Cy” "NH, Cy " NH;
(! ,
OH D, OH
Ly == ohwn —3
Cy NH Cy D NHD
\.
o)
. —» R—=N + H,0

Cy NH2

¢ H/D exchange was observed on Cy ring.
e An H,O to DHO ratio was ca. 1:1.

D
/g + DHO
Cy NH

D
/J\\ + DHO
Cy NH 141

+ H20

o

Cy ND

d. Substituent(s) on N may be a steric bulk during amide adsorption onto the catalyst surface.
e. Hydrogen-bonded oligomer may also be an inhibiting factor for the adsorption onto the catalyst surface.

2. the comparison among the catalysts of Ru/Mo, Rh/Mo, Ru/Re and Rh/Re

R. Whyman J. Catal. 2011, 278, 228-238.

Table 7
Comparison between bimetallic catalysts for amide hydrogenation.
Ru/Mo Rh{Mo Ru/Re Rh/Re
Optimum Mo:M'[Re: M’ 0.5 0.55 03-15 0.8
CyCH2NH: selectiviry (%) 85 85 95 ag
H; pressure range [bar) 20-100 20-100 50-100 S0-100
Minimum temperature (“C) 140 130 160 150

Mature of active catalyst Ru/Mo and Mo oxides

Rh and Mo oxides

Ru/Re and Re oxides Eh/Re and Re oxides

It cannot be determined which combination is the best for the hydrogenation of amides, mainly
because there is no comprehensive data of substrate scope in the Whyman's papers.
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3. Hydrogenations with Homogeneous Catalysts

There was only one report of the homogeneous hydrogenation of an amide before Cole-Hamilton's report.

S. P. Crabtree WO03/093208A1 (2003)

o)

J

Et” ~NH,

Ru(acac); ~
triphos Et/\u Et + Et“oH PPh,
H, (1000 psi) Me PPh,
> PPh
164 °C, THF, 14 h o o 2

)LOPr - A NHPr triphos

(yields not given)

much milder reaction conditions than that of Cu-Cr catalyst system, but no primary amine detected...

v Cole-Hamilton further researched the catalyst system.

D. J. Cole-Hamilton Chem. Commun. 2007, 3154-3156.

Ru(acac);
triphos
(0] HZ (40 bar) o~ .Ph o~
C:eH N'Ph > C8H17 N + C8H17 OH
ghir 164 °C, THF, 14 h
Table 1 Hydrogenation of N-phenylnonamide
Ru compound Triphos Water : Conversion Secondary Alcohol
Entry (%) (%) Solvent TrC Solvent ratio Pressurefbar t'h (%) amine (3) (%) (6) (%)
| THF 164 [IN] 40 14 ] (0 1]
2 Rufacac)s (1%) THF 164 0.1 40 14 61 57 4
3 2 THF 164 0.1 40 14 0 0 0
4 Rufacac)y (1%) 2 THF 164 [1N 40 14 Iy 93 7
5 Ruf(acac)s (1%) 2 THF 164 0 40 14 100 99 |
6 Rulacac); (1%) 2 THF 140 0.1 40 14 100 9] 9
7 Ruf(acac); (1%) 2 THF 120 0.1 40 14 810 48 32
8 Rufacac); (1%) 2 THF 100 0.1 40 14 40 0 40
g Rufacac)s (1%) 2 THF 164 0.1 40 14 92 71 21

“ Aniline (1 equivalent) was

added.

* No reaction occurred in the absence of Ru(acac); (entry 1 and 3).

* Lower conversion was observed in the absence of triphos (entry 2 and 4).

® Water was not essential for full conversion, but the catalyst was not stable in the absence of water (entry 5).

* Lower temperature than 140 °C resulted in lower conversion and secondary amine selectivity (entry 6 to 8).

* Additional aniline unfortunately reduced the catalyst stability and decreased the selectivity (entry 9), which is
a strong contrast with heterogeneous catalyst system discussed above.
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* Hydrogenation of butanamide

(
NN\
Ru(acac)s o~ + C.H AN CH . C;H; N~ "C3H;
triphos C3H;” NH; 37 3h7 §
o H, (40 bar) CsHy
> <
CsH,” ~NH, o
164 °C, THF, 14 h o o
+ + CzH,” “OH
C3H7 OBu C3H7 NHBu
.
Table 2 Hydrogenation of butanamide
Water : Aqueous Liquid NH; : Primary Secondary Tertiary Secondary
Solvent ammonia : THF THF ratio Conv. amine amine (9)  amine Secondary amide (8)  Alcohol

Entry ratio (v/v) P(NHs;Wbar) ratio (v/v) (viv) {%h) (23 (%) (%) {10y (%) ester (%) (%) 16) (")
1® 0.1 100 ] 46 53 Traces Traces Traces
2" 0.0l 100 ] 48 51 Traces Traces Traces
3 0.1 1.5 1040 44 38 0 0 10 8
4 0.1 | 59 36 6 0 0 14 3
5 0.3 100 78 0 0 0 10 12
6 0.5 100 85 0 0 1] 0 15
7 0.7 100 85 0 0 0 0 15
8 1 100 73 0 0 0 2 25
9 4 1 100 75 0 0 0 0 25

* Conditions (unless otherwise indicated): Butanamide (1 g, 11.4 mmol), [Ruz{Triphos)CL]Cl (91 mg, 0.05 mmol), 164 “C, p(Hz) = 40 bar, 14 h,
THF (10 ml). ¥ Ru(acac)s (45 mg, 0.1 mmol) and triphos (142 mg, 0.22 mmol) were used instead of [Rus(Triphos)-Cls])Cl

¢ In this case addition of appropriate amount of NH; had an critical effect on the improvement of primary amine

selectivity.

¢ Excess liquid NH3 had a bad effect on conversion (entry 4)
¢ Excess aqueous NH; increased the concentration of water, leading to the hydrolysis and the alcohol production

(entry 5 to 8).

¢ In fact, the work proved irreproducible at 164 °C; 200 °C was necessary for good reproducibility.

v Further development by Cole-Hamilton

D. J. Cole-Hamilton Chem. Eur. J. 2013,

19, 11039-11050.

Table 1. Hydrogenations of benzanilide {1, R=R'=Ph) with |Ru-
{acac):)/triphos and catalytic amounts of M5SA
Entry Py, MSA i 2 3 4 [ Conv.  Sel.

barf [mol%] [b] (%) [%] [%] 6] %] 1% g R W g N M g
1 40 1 16 2 8 3 10 100 88 m - R - RN
2 10 1 8 3 93 0 4100 93 °, cat. e 3|,
3 10 0.5 16 i 92 ] 5 1M 02
4kl 10 10 6 <1 12 0 28 100 12 cat. = [Ru(acac)s] / triphos / R'NH, 4
5 5 0.5 62 4 78 5 13 100 82 MaSO4H R )
6l 10 1 16 ring hvdrogenation products observed _ N H; O N-R
el 10 1 6 2 91 0 70 w0 9 triphos = [ =S T AN

Pl pppy T2 RHR

[a] Conditions:  amide (5 mmol), [Rufacac);] (I mol%). triphos . 6 5 R

(2 mol¥)y, THF (10mL). 220°C, Haslcl]ny"'“ autoclave., Calculations
based on GC-FID; selectivity is 3(24+3+6). [b] At RT. [¢] N-Phenvlpyrro-
lidine, benzylbenzamide and two other impurities are also formed, they

are included as products in the caleulation of selectivity, [d] Stainless

steel autoclave. [¢] Aniline (1% ) added.

e MsOH as an additive enabled the hydrogenation at as low as 10 bar of H,, accelerated the reaction, and improved

the selectivity (entry 1 and 2).

* Too much MsOH resulted in relatively complicated reaction (entry 4).
¢ The reaction vessel had a strange effect on the reduction of the aromatic ring (entry 6).
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The appropriate amount of MsOH dramatically improved
EtOH the conversion and the selectivity in the hydrogenation

g% of N-phenylacetamide.

5
3

0 0.25 1.00 1.50 2.00
MSA (mol %)

Figure 1. Effect of [MSA] on the products of N-phenylacetamide hydro-
genation. N-phenvlacetamide (1, R=Me: R'=Ph, 5 mmol), [Rulacac),]
(1 mol % ), triphos (2 mol % ), 210°C, H, (10 bar), THF., (10 mL}, 16 h: for
6 and 3 R=Me and R'=Ph,

Table 2. Substrate scope for amide hydrogenations with the [Ru(acac);)triphos system. !

nlry ubsirate I W, onv., el, nlry ubsirate M s ™ onv, el,
E Sub MSA T Py, C Sel E Sub MSA T Py, C Sel
[mol%] [*C]  [bar] [%)] [#a] [mol%] [°C] [bar] [%)] [%]
Primary amide!®
e,
1 A~ 1.5 00 10100 61
Secondary amides
o o
- T _-J'I'.Nf le] (&) uIL- -[-e-.~ ,-l 5 ]
2 1 J‘ N 1.5 2000 10 B2 =3 11 TN 1.5 2060 [}] 45 0
L H a
P MO
o 0 z
3 -x,»-‘,m,»wu"ﬁ'l‘ﬁj 1.3 200 10 gl gak 12 A -J 1.5 0 10 100 0
H
. 2 OMe
R L e Il § LT 3
4 T 1.5 200 10 100 92 13 R 1.0 20 10 97 78
H H
g [#]
O e X
5 A ’L“-‘:_.-" 1.0 20 10 98 78 14 ”"*"H"N’”“ T 1.5 200 10 15! < 5l
o o, s ,";L"I
[ _kaJ%Jﬁ_ 1.5 200010 100 79 15 E"“TJ"H’LJ 1.0 22010 100 92
H e
o o F‘l
7 e -J\‘xxl 1.5 200 10 100 W) 16 T ’""'N’:'*‘J 15 200 10 1001 94
N A R
-
° Y o eY
8 Ayt 1.0 220 10 99 77 17 E‘j N 15 200 10 92l gl
H Meo™ -
o 0
9 j:) iy il 200 10 64 28 18 ”LN"“" i 1.5 220 10 100 5
N " 2 N 'ﬂ l = LL <.
H g
] o
10 f‘w"“‘wlc| 1.5 200 10 75 75
H
Tertiary amides
o & 2
T -JLN--E.*_-_,-IJ ,p"‘ N«I'H-,.flj
19 [l;,a._-]/ PN 1.5 20 10 92 73 22 A 1.0 220 40 B3 42
) g
a
- g8 ﬂJ‘\ - [c] |] ?L 'r:-ﬁ\f,' =
20 [1 ‘[ f\ll 1.5 220 10 33k e 23 e | 1.5 200 10 19 1040
o = Q
a A 15 00 10 19 63 2% A 1.5 W0 10 0 0

|a] Conditions: substrate (5 mmol), [Ru(acac).] (1 mol % ), triphos (2 mol %), THF {10 mL), 16 h. Conversion and selectivity were calculated using NMR
integration. [b] Reaction performed in the presence of ag. NH, (10 mL). [¢] Based on uncalibrated GC-FID integration. [d] Ref. [6] reports 87% conv.
and 78 % sel. [e] Selectivity for different reactions with N-phenylacetamide under identical conditions varies between 86-92%. In the presence of added
mercury, 100 % conversion with 84 % selectivity was obtained. [f] Small amounts of mixed tertiary amines formed.

* NH; was necessary for high primary amine selectivity (entry 1).

® Conversion and/or selectivity were low if there was not any aryl group on N (entry 2, 14, 18, 20, 24).

e N-Chorophenylamides yielded variable conv. and sel. depending on the position of Cl (entry 9 to 11).

® The benzene ring and the NO, group were reduced (entry 12).

* The yields for the hydrogenation of tertiary amides were generally poor.
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¥ Mechanistic insight

# NMR studies showed that high temperature was required for the initial reduction of Ru'" to Ru'" and triphos
coordination.

Ru(acac); (1 eq), triphos (2 eq) and MsOH (1.5 eq) were mixed and pressurised at 10 bar with H, in THF-dg
e at 130 °C (the max. probe temp.) : very little change on 'H and 3'P NMR.
¢ after exposed to the typical reaction conditions: a number of species, including oxidized triphos, detected

a High temperature is also required for the turnover of the catalyst.

Triphos-coordinated RU" Catalyst (7 ~ 10) were tested if Table 4. Catalytic hydrogenation of N-phenylacetamide with 9 as preca-
they showed catalytic activity, and 9 and 10 did display it.  talyst over a range of temperatures

Ph F’h Entry T 3 [ EtOH Other Conv. Sel.

2 0 ; o o ay o o
2 P —| cl FC] (%] [®%] [%] %] [%] (%]

Pw . Ru-m——Ru n 1 120 0 0 | 26 27 0

\\ Phs 2 150 0 0 1 99 100 0

Eh 3 200 75 23 0.4 L6 100 75

- 4 210 78 11 0.5 10.5 100 78

5" 210 [} 10 13 0 83 73

N .
N F?Ph7H H \I,f‘_-\ TPhZ \Il'(:\’_\ PPhy [a] Conditions:  N-phenylacetamide (1, R=Me: R'=Ph. 5mmol},
PhaP.. R T {PhaP. Hu"“Q)— PhoPr. J wH [RuH(OAc-0.0) (triphos)] (9, 1 mol%). MSA (LSmol%). THF
PI'I | "H" “H P ~ P |u"‘ico (10 mL), H, (15 bar at RT). 16 h in a Hastelloy™ autoclave (250 mL); se-
Phy H Ph; H lectivity is 3(3+6+[E1OH]); for full product analysis see the Supporting
8 9 10 Information. [b] Performed in the absence of added MSA.

* 10 was generated after the hydrogenation catalyzed by 9.

& In the presence of MsOH (> 1 eq.) 9 was converted to the mixture of 12 ~ 14, and 10 to 12, 16 ~ 18.

|
O:.'i;:o 14

Scheme 2. Reaction products observed when treating 9 with either:
a) 1 equiv, or b) 2 equiv of MSA,

e, xkr‘:fhxfph? :
! Q a) 1 equiv MSA , w0
IthP’ S L. UL S M NI o
B o THF, RT, 1 h Eh‘ o] ' \\s/ |CH3503
2 H (-Hy) 20 ' ‘\\’L_\ F'Phg . PPh, O/,- -'.\O PhsP—
9 :g- ' Ph,P. WH @) M3A (1.5 equiv) Phyy e
. 0:5:0 11 ] L 2 R ' - P"":'RLI""O'».' DR P
b) 2 equiv MSA ' "“‘F‘"' | ~co Hz (10 bar) \ S $“TO/' % Phy
THF.F({:T. 1cho : e \_pn, o, & Pme /
(-Hz, - CH3C0O:H) ' b
' '10 /S\\ 12
O ' c) MSA (1.0 equiv) :
o ' o) MSA (1.0 equiv)
..... - . oy +
- 3, — ICH:,SD;, = PP, 5 | C“‘f'ﬁ- iy CH,Cly, RT
Phay 200 0, PO [PraP 207 |1 Y h ,—Phpfm H_ PP —
(Frucogoinb e — | St S i WAL
=0 ; . 7 ' i
'\_—Pphz\ol'f Q/Ph;PJ ghl ;0 \s'r\\ :dJN—phen‘;lacetamlde{D.Bequrv} F'F'h \H/ph2p Fh
s, 5. g THF, Hy (10 bar)
7 o 12 770 13 , 140°C, 20 h +A 18 catalytically
! — . inactive
o ' . PPhy . ““I-'—\C“‘*Pphz 0
N X PhgP:. lu"'lo“sf D) MSA (1.5 equiv) PhoP.. | .0-S—
- AN ] )
:\H‘"F'F'hz ' HE;" | ™6 o S od NP
PhaP:. R| o0 ' 2 H 100-130°C Phz H
. ~pe| ""0/ 0 : 17 16
Pha .
)
)
)
)
)
)
)
)

Cole-Hamilton proposed that

¢ the role of MsOH would not only be to generate the active catalytic species, but also to control the protonation-
deprotonation sequences required for efficient catalytic turnover;

e the equilibrium mixture of 12 ~ 14 would act as a pool for the [(triphos)Ru]?>* fragment as the entry point into the
actual catalytic cycle;

e the generation of 18 would be an important deactivation pathway.
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v Hydrogenation of amides to alcohols and amines ~C-N bond cleavage~
Milstein reported hydrogenation of amides with cleavage of the C-N bond.

D. Milstein JACS 2010, 132, 16756-16758.

0 Ru cat. 3
H, (10 atm) OH R3
R1JLN, 3 > + HN Ru cat. =
R2 THF, 110 °C R’ R2

¢ Although C-N bond cleavages and the generation of alcohols were mentioned in the previous papers, they
were likely to be the result of hydrolysis of the amides to carboxylic acids, followed by hydrogenation.

* The reaction above was anhydrous, so direct C-N bond cleavage surely occurred.
* No hydrogenation on aromatic rings was observed (see the table below).

Table 1. Hydrogenation of Amides to Alcohols and Amines
Selectively Catalyzed by BPy-PNN-Ru(ll) Pincer Complex 3¢

(o]
10 Q /]\H/‘\ ,-"“‘“-{..-)-;"-QH
N (92)

{92)
Entry Amide Products {yield [%])" 1 i\/o\ /U‘\/’\OH .
Aleohol Aming N {93)
1 T o | 7O on Nty i’ (95)
N = 12 oM HR;
Cat.1; (63}’ Cat.1, (62}
Cat.1; (66]° Cat. 1 (67 192)
Cat 2; (0F Cat. 2; (00 5 - (o
Cat.3; (897" Cat. 3, (907" 13 ,-J-.,_,- -~ '-‘...-"""\D LW
5 . . g / m H MHy
Catd; (804 | cCard; (82) T (78) 77§
o : 0.
14 EtOH (97)
2 j)\‘/e IM\OH HENW: L E j
M
W" ~ {91y {90) O M
H Q H
3 ?g\cm HaN T {98)
Y 15 Ho™ Tt
4 N a (74) 3
o (74) 7N 96)
o 0.\) ’ ) H
4 -..{vr"‘._‘ ] U\/‘]H HEN%’ {96
M 0
A T A [P L
[] ™~ (97 M
3 OH HH; h___/N H
g {97
(5T (57) 17 i MeOH (57) [Dj
H ; 3 M H
b N EOH (71) ENH, Q "
i (987"
H oH
7 N T MeMH,
Y (68) “ Complex 1, 2. or 3 (0.01 mmol), amide (1 mmol). H; (10 atm), and
8 ]"1.’{ or 3 ( mmaol), amide (1 mmol), Ha (10 atm), an
; Iry THF (2 mL) were he_dlul in a4 Fischer—Porter tube at 110 *C (bath
8 o ~ NH. . s
/L/ &?S/S;DH O/ temperature) for 48 h. ‘rl-_]dw of products were analyzed by C:(
N N {m-xylene as internal standard). © 1,4-Dioxane (2 mL) at 140 °C. |
[¥] 1'E-“NM equiv (relative to Ru) of base was used. “ The amines (EtNH. and
9 /L\ EtOH (94) ! MeMNH: for entries 6 and 7 respectively) were analyzed in the gas phase by
N GC-MS. 7 In the reactions invelving anilide derivatives {entries 9—12), trace
{95y amounts of the coresponding secondary amines were detected by GC-MS,

¢ (.5 mmol of bis-amide was used. " Yield after 32 h.

* No reaction occurred in the absence of base (entry 1, cat. 4).

(the precursor of 3)



proposed mechanism by Milstein

Milstein postulated that key to the success of C-N
cleavage is that it does not involve intermediacy
of free hemiaminal, avoiding water elimination to
give an imine.

M
o PR @ ©
It > RNHRZ Y M-—0
R'" " NHR?
OH
@ ©
X — > R \pr2 * OH
RUZUNHR®  gasier
Figure 3. Postulated mechanism for hydrogenation of amides to amines
and aleohols catalyzed by complex 3.
v DFT analysis for the hydrogenation with Milstein's catalyst
D. Cantillo Eur. J. Inorg. Chem. 2011, 3008-3013. *relative energies calculated at 298 K and 1 atm

highest
piu, Darrier

(+7.6) B

13 (+16.8)

+
28.5 +35D/

highest
barrier

[Pathway of C-O cleavage]

Figure 1. Proposed catalytic cycles for the hydrogenation of amides to secondary amines with C-0 cleavage. In catalytic cycle A, imine
7 is released, and it is subsequently hydrogenated in catalytic cycle B, In catalytic cycle A" addition of Hs to 11 could give complex 12,
and thus cycles A" and B could be depicted together. Relative free energies with respect to separate reactants (1 + 4 + 2H, = 0.0) for all
the intermediates (in parentheses) and energy barriers (kcalmol™') are shown.

*equilibrium constant between 4 and 4": K ~ 108 (H. Sigel, R. B. Martin Chem. Rev. 1982, 82, 385-426.)
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e There are two possible pathways from 5 to 6:

41.5 kcal/mol

-

(+23.2)

Lo

96.7 kcal/mol

TS5 .

Dearomative hydride transfer to the
carbonyl group cost higher energy.

'

Hydride must come from Ru-H species.

Scheme 2, Alternative pathways for the reduction of double bonds,

exemplilied by the reduction of intermediate 5.

highest co
barrier o
‘II’, /uﬂﬁ\
/ H
17 (+20.2) 5 (+23.2)
H2 H PfBUQ

16 (+15.0)

H
B (+23.9)

Figure 4. Catalytic cycle for the hydrogenation of amides to pri-
mary amines and alcohols with C-N cleavage proposed by Milstein
and co-workers. Relative free energies with respect to separate reac-
tants (1 + 4 + 2H, = 0.0) for all the intermediates (in parentheses),
and energy barriers (kcalmol ') are shown. The relative energies of
& and the previous TS are different from those in catalytic cycle A,
because cycles A and C follow different sterecisomeric pathways
(see Supporting Information).

The highest energy barrier (39.5 kcal/mol) is lower
than those in the catalytic cycles A and A’ (51.0 and
52.2 kcal/mol, respectively).

Pathway C is preferable during amide hydrogenation.

* Calculation at 110 °C and 10 atm gave the same order
of the energy barriers for the pathway A, A' and C.

Table 1. Relative energies for the key transition structures involved
in catalytic cycles A, A", and C at the standard conditions and the
experimental conditions employed by Milstein.”

AG” (kealmol 1)

298 K, 1 atm 383 K. 10 atm
TS5 +31.0 +54.1
TSa 0 +32.2 +56.9
TS5 . +39.5 +42.7
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4. Summary

Various catalysts have been developed for hydrogenation of amides. Recent progress has enabled the
hydrogenation under milder reaction conditions (160 °C, 100 bar) than primitive ones (250 °C, 300 bar),
but they are still far from practical temperature and H, pressure (r.t. and 1 atm are ideal).

What revealed:
. Multimetallic catalysts, composed of oxophilic metal(s) and typical metal(s), are more effective than
monometallic catalysts.
2. Some homogeneous catalysts can directly cleave the C-N bond in the amide moiety to give the corresponding
alcohol and the amine.
3. DFT analysis by Cantillo discovered that hydride transfer to an amide or an iminol double bond had very high
energy barrier (40 ~ 50 kcal/mol), likely being the rate-determining step.

Remaining challenges:

. mild reaction conditions

. substrate scope expansion

. product selectivities (primary amides to primary amines, secondary amides to secondary amines, tertiary
amides to tertiary amines)

4. functional group tolerance (aromatic rings must be tolerated; other carbonyl groups, unsaturated bonds,

epoxides etc. should be tolerated)
5. cheap metal catalyst center

WN =

reference:
R. Whyman Chem. Rev. 2014, 114, 5477-5510. and the references therein

[EOF]
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