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Abstract

The deaminative hydrogenation of amides is one of the most convenient pathways for the synthesis of amines and alcohols.
The ideal source of reducing equivalents for this reaction is molecular hydrogen, though, in practice, this approach requires
high pressures and temperatures, with many catalysts achieving only small turnover numbers and frequencies. Nonetheless,
during the last ten years, this field has made major advances towards larger turnovers under milder conditions thanks to the
development of bifunctional catalysts. These systems promote the heterolytic cleavage of hydrogen into proton and hydride
by combining a basic ligand with an acidic metal centre. The present review focuses on the computational study of the reac-
tion mechanism underlying bifunctional catalysis. This review is structured around the fundamental steps of this mechanism,
namely the C=0 and C-N hydrogenation of the amide, the C—N protonolysis of the hemiaminal, the C=0 hydrogenation
of the aldehyde, and the competition between hydrogen activation and catalyst deactivation. In line with the complexity of
the mechanism, we also provide a perspective on the use of microkinetic models. Both Noyori- and Milstein-type catalysts
are discussed and compared.
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1 Introduction Traditional methods for amide reduction relied either on
heterogeneous catalysts or on the consumption of stoichio-
metric amounts of strong reducing agents, such as LiAlH,

or LiBH, [11-14]. Unfortunately, these methods had only

Amides are the most thermodynamically stable and kineti-
cally inert species of the carboxylic acid derivatives, mainly

because the polarity of their carbonyl group is the lowest in
the series shown in Fig. 1. Nonetheless, amides play promi-
nent roles in biochemistry, in the synthesis of industrial and
fine chemicals [1-6], and in the conversion of CO, to metha-
nol [7-10]. In addition, amides could be ideal precursors
for the synthesis of amines, imines, aldehydes or alcohols,
due to their natural abundance and industrial accessibility.
However, efficient and cheap protocols for amide hydrogena-
tion remain scarce.
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partial control over the regioselectivity, produced chemical
waste and/or needed harsh reaction conditions (> 100 atm).
Initial attempts towards the deaminative hydrogenation
of amides to alcohols using an homogeneous catalyst and
molecular hydrogen were documented in 2003 within a
patent [15]. The catalyst was a ruthenium dihydride car-
bonyl complex supported by the triphos ligand, [Ru(triphos)
CO(H),]. However, ruthenium is a precious metal, and the
reaction required high temperatures and pressures, achieving
only a modest turn over number (TON) and turn over fre-
quency (TOF) of 600 and 43 h™!, respectively. Seven years
later, in 2010, the Milstein group used for the first time a
bifunctional catalyst for this reaction, drastically reduc-
ing the temperature and pressure conditions from 68 atm
and 164 °C to 10 atm and 110 °C [16]. From then onward,
bifunctional catalysts gained popularity and rapidly domi-
nated the homogeneous catalysis of deaminative hydrogena-
tion of amides to alcohols [17, 18].
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Fig. 1 Relative reactivity and polarity of carboxylic acid derivatives.
X =halide

Bifunctional catalysts for hydrogenation reactions are
typically organometallic species that contain a ligand with
a weak base atom near a metallic centre (see Fig. 2) [19-22].
That characteristic allows them to reversibly and heterolyti-
cally break hydrogen molecules into hydrides and protons,
thus promoting hydrogenation reactions. Within these cata-
lysts, we can differentiate two prominent families, depending
on the basic atom of their ligands: Noyori-type catalysts,
where the ligand basic centre is a nitrogen directly bound to
the metal; and Milstein-type catalysts, where the basic centre
is a C(H) in the orto position of a pyridine ring.

Several reviews have been published on the hydrogena-
tion of ketones, esters and amides, with bifunctional catalysts
[17, 20, 22, 23]. However, in this review, we have focused on
the reaction mechanisms for the deaminative hydrogenation
of amides using molecular hydrogen. Although we include
experimental work, the main focus is on computational stud-
ies exploring different mechanisms.

This review is organized in Sections describing the mech-
anisms that have been proposed for the different steps of the
reaction (see Fig. 3). These steps are the following: amide

C=0 hydrogenation (Sect. 2) or, alternatively, amide C-N
hydrogenation (Sect. 3), hemiaminal C-N bond protonolysis
(Sect. 4), aldehyde C=0 hydrogenation (Sect. 5), and the
hydrogenation of the catalyst (i.e. catalyst recovery), which
has been described together with catalyst deactivation in
Sect. 6. Since the deaminative hydrogenation of amides is a
multistep process, a final section has been added to discuss
the use of microkinetic models (Sect. 7) [24-27].

2 Reaction Mechanisms for Amide C=0
Hydrogenation

The first step for amide hydrogenation is the hydrogenation
of its carbonyl group. For this step, the proposed mechanism
is the same as for the hydrogenation of other carbonyl groups
such as esters, ketones and aldehydes [28]. This mechanism
starts with a hydride transfer from the catalyst to the carbon
of the carbonyl group, followed by the protonation of the
negatively charged O of the carbonyl group via an outer
sphere mechanism [29-31]. A first protonation pathway has
been proposed only in highly nucleophilic substrates, e.g.
quinolines or acridines [32]. In the C=0 hydrogenation of
ketones to alcohols, two different mechanisms have been
proposed depending on whether the proton source is the cat-
alyst ligand or the hydrogen molecule (see Fig. 4) [19, 20].
These mechanisms are sometimes referred to as non-inno-
cent and innocent ligand carbonyl hydrogenation, respec-
tively. However the later mechanism has not been reported
as the preferred one with amides. In addition, calculations
performed by our group with an iron-based Noyori-type

Fig.2 Examples of Noyori- and Catalyst
Milstein-type catalysts activa- inhibition
tions (orange) and inhibitions H H H X Noyori
(dark blue). Most frequent \ ‘ : \ ‘
metallic centres (M) gre Ru, Fe <N"/ PRy He <N$PR2 *H - <N{M}PR2 H H
or Mn. Most frequent X—H mol- p~ ‘ ~co p” ‘ ~Nco o p~ ‘ ~Nco \ o
ecules: formanilide, methanol or R M H2 R2 v e R2 v N—M
ethanol. Dashed lines indicate
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ing the transition metal centre
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catalyst and a hydrogen molecule as proton source, showed
that this path is 13.7 kcal mol~! more energetic than the
non-innocent path.

Regarding the Milstein-type catalysts, the first compu-
tational study for an amide hydrogenation reaction using
DFT calculations was published in 2014 by Hasanayn and
Harab (see Fig. 5) [33]. The reaction mechanism starts with
an outer-sphere hydride transfer from the metal to the amide
carbonyl carbon (TS =27.5 kcal mol "), followed by a proton
transfer from the acidic orto-CH, of the ligand to the amide
carbonyl oxygen (28.3 kcal mol™!) yielding the correspond-
ing hemiaminal. One year later, in 2015, Zhang explored the
mechanism of Hasanayn and Harab with a catalyst derivative
replacing the NEt, group by a pyridine ring, which reduced
the barrier of the rate-limiting step by 2.5 kcal mol™" (see
Fig. 5) [29]. Remarkably, this ligand modification also
reduced the energy barrier of the hydride transfer by more
than 10 kcal mol™'. The study of Zhang also explored the
alternative pathway for the C-N hydrogenation of the amide

Ligand : Reactant
_______ - - - -—------
X
\ A .
N/ Methylacetamide 0.0
|
Et,N P'Bu, I
‘ A B : Methylacetamide 0.0
=
| N | Acetaldehyde 0.0
N PMe, |

Fig.5 Examples of reaction mechanism of C=O0O hydrogenations
with bifunctional Milstein-type catalysts [29]. Methods: (Ligand
A) MO6L, 6-311+ +G(2d,2p) Hay-Wadt 3-x, SMD =Toluene,
T=298 K, P=1 atm (Ligand B) B3LYP, 6-311+ +G(d,p) LAN-

(see Sect. 3), which was found to be 10 kcal mol~' more
energetic than the C=0 hydrogenation pathway.
Concerning Noyori-type catalysts, a summary of the ener-
gies reported for the amide C=0 hydrogenations with Fe,
Mn, Ru and Mo complexes and different amide substrates
is shown in Figs. 6 and 7 [24, 26, 27, 34]. The hydrogena-
tion of formanilide, morpholidine and dimethylformamide
(DMF) by an iron Noyori-type catalyst was studied by our
group in 2018 (see Fig. 6) [24, 27]. In this study, it was
found that all transition states were thermally accessible,
and that the formation of most intermediates and products
was endergonic. The proton transfer yielded the highest TS
for formanilide and DMF but not for morpholidine. Nev-
ertheless, in this case the energies of the two TSs and the
zwitterion intermediate were similar. Protonation steps with
high energy barriers were also found for Ru and Mn systems
in later studies performed by Pathak et al. [34] However
for Mn and Ru, the differences between the protonation and
hydride transfer TSs were larger; 2.0 and 6.0 kcal mol~!,

[27.5] 26.2 [28.3] 15.9
[11.9] 10.1 [25.8] 10.9
6.9] 5.4 [8.5] -8.3

L2DZ, IEFPCM =THF, T=298.15 K, P=1 atm. The tert-butyl in B
ligand was simplified to methyl to ease computation. Gibbs energies
in kcal mol ™!

@ Springer



Topics in Catalysis

i L R OH
R1 R2 O“V‘R1 H‘}\Rz
: Do Ry
1 (= :
Nf‘}PiPrz —_— <N,,/,,__;El@}PiPrz NQM.‘\\\PiPrz
<P/M‘co P"\‘A‘Co P | ~co
ip Pr Pry
2R R R
M ! Reactant Zwitterion Method
|
! - ~
| Formanilide 0.0 [15.8] 15.1 [16.9] 14.9
DMF 0.0 [23.1] [23.4]
| Morpholidi 23.2 20.6
orpholidine 0.0 [22.5] 21.0 [19.7] 19.0
|
Formaldehyde 0.0 [4.6] . 0.9 ~ M06
o or [_ ]_ _ 2T 631146 LANL2TZ
I > SMD = THF
| Formanilide 0.0 [10.6] 5.4 [6.9] 5.7 T=373.15K
N-methylformanilide 0.0 [13.1] 6.6 [9.7] 9.3 P =30 atm for Fe
! N-methylacetanilide 0.0 [20.9] 12.6 [12.6] 12.2 50 atm for Mo
|
| Formaldehyde 0.0 [6.6] 9.1 [-9.8] -13.6
| Acetaldehye 0.0 [9.5] 1.9 [0.5] 6.4 W
-T T l ______________________________ \
: | Morpholidine 0.0 [21.0] 21.1 [23.1] 14.2
| Formaldehyde 0.0 barrier-less -4.1 [-4.5] -11.8
|
. y, T T T, mTmT-TmT T T - T 70 B3LYP-D3
Morpholidine 0.0 [16.4] 17.3 [22.9] 18.4 6-31++G(d,p) LANL2DZ
I > CPCM = THF
| Formaldehyde 0.0 barrier-less -7.0 [-1.2] -7.5 T=298.15 K
e e e e e e e e e e e e e e e e e e e e e e = = P =1 atm
@ | Morpholidine 0.0 [17.4] 17.9 [17.5] 18.4
. |
| Formaldehyde 0.0 barrier-less -7.5 J

Fig.6 Examples of reaction mechanisms for the C=0 hydrogenation of different amides with bifunctional Noyori-type catalysts [24, 26, 27, 34].
R =CO for M=Mo and Mn. R =H for Fe and Ru. Gibbs energies in kcal mol™

Fig.7 Example of reaction @) OH
mechanism of C=0 hydro- )k EtHN’—. "
) X ; Et” NHEt Et=——0 H'/ S NHEL
genations with a Noyori-type Ef
. . . +
catalysts [36]. Gibbs energies in H
—1 .
kcal mol H
. Method
0 “\N',/
P CO‘Bu2 wB97M-V DFT-NL
Bu, def2TZVPP/C def2/J
H SMD = DMSO
T =423.15K
0.0 [24.1] not reported [21.4] 23.1 P =69.08 atm

respectively. In addition, the energy barriers increased in
the order Fe < Ru <Mn.

In the case of Mo [26], the hydride transfer has a higher
energy barrier than the protonation but a lower barrier than
the same process with Mn, Fe and Ru. However, the lower
barrier cannot be directly related with milder conditions
for amide hydrogenation with Mo because it forms highly

@ Springer

stable adducts with the resulting alcohols that hinder catalyst
recovery (see Sect. 6).

In 2020, the Milstein group reported a Ru catalyst con-
taining both the Milstein and the Noyori moieties (see Fig. 7)
[36]. The study concluded that amide C=0 hydrogenation
proceeds through the Noyori active site, with the hydride
transfer step yielding the highest energy barrier.
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3 Reaction Mechanisms for Amide C-N
Hydrogenation

Reaction mechanisms for the hydrogenation of the amide
C-N bond have been explored by several groups as a poten-
tial pathway competing with amide C=0 hydrogenation and
hemiaminal C-N protonolysis. However, in the systems in
which these mechanisms have been computed and com-
pared, C-N hydrogenation was disfavored by high-energy
pathways.

In 2011, Cantillo reported the hydrogenation of the
N-Ethylacetamide C—N bond with a Milstein-type catalyst
via an inner-sphere mechanism [30] involving three steps:
(1) amide coordination to the metal centre, (2) insertion of
the amide carbonyl into the catalyst metal-hydride bond, and
(3) concerted protonation of the amide N and cleavage of the
C-N bond (see Fig. 8). The rate-limiting step of this mecha-
nism was the insertion of the amide carbonyl, which was
not thermally accessible. Four years later, Zhang reported
the same mechanism with N-Methylacetamide (see Fig. 8)
[19]. Importantly, this study showed that the amide C-N

N-Ethylacetamide 0.0 24.9

N-Methylacetamide 0.0 26.3

[41.2] 25.6

hydrogenation pathway was 9.9 kcal mol~! higher in energy
than that combining the amide C=0 hydrogenation with the
hemiaminal C-N protonolysis.

In 2019, Pathak et al. published an outer-sphere variation
of the mechanism published by Cantillo, with Ru, Fe and
Mn Noyori-type catalysts (see Fig. 9) [34, 35]. In Pathak’s
study, the amide coordination and carbonyl insertion steps
were replaced by a single step transferring the hydride from
the metal centre to the amide carbonyl. The steps with the
higher energy barriers were the amide N protonation and
C-N cleavage. This mechanism involved lower energies than
those reported by Cantillo and Zhang for inner-sphere mech-
anism, though they were not thermally accessible either.

In 2020, Milstein et al. explored an outer-sphere mecha-
nism with a C-N bond rotation TS to create a Ru—O bond
(see Fig. 10). This interaction stabilized the C-N cleavage
TS in a mechanism in which the rotation step involved the
highest energy barrier [33, 36]. Nonetheless, the amide C—N
hydrogenation pathway was more energetic than the alterna-
tive mechanism involving C=0 hydrogenation followed by
the C—N cleavage of the hemiaminal.

Method

MO06

6-311+G(d,p) SSD(f)
16.7 SMD = THF

T=383K

P =10 atm

B3LYP

6-311++G(d,p) LanL2DZ
IEFPCM = THF
T=298.15K

P =1 atm

Fig. 8 Examples of reaction mechanism of amide C-N hydrogenation with Milstein-type catalysts [29, 30]. Gibbs energies in kcal mol~'. In
Y =Me, the tert-butyl substituent of the ligand was simplified to methyl to ease computation

Fig. 9 Examples of reaction
mechanism of C=N hydrogena-
tions with bifunctional Noyori-

o
R1kN/\

+ (0]

type catalysts [34]. R=CO for HoH
\ /‘
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Gibbs energies in kcal mol™! II;’ ‘ ~co
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R
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[26.7] 24.7 [36.0] 14.4 B3LYP-D3
6-31++G(d,p) LANL2DZ

[21.1] 23.1 [31.1] 18.7 CPCM = THF
T=298.15 K

[23.7] 235 [30.5] 18.7 P=1atm
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Fig. 10 Milstein proposed mechanisms for amide C-N hydrogenation
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Fig. 11 Division of hemiaminal C-N protonolysis mechanisms

4 Reaction Mechanisms for Hemiaminal C-N
Protonolysis

In contrast with the reaction mechanisms for C=0 hydro-
genation by bifunctional catalysts, there is no consensus
on how these catalysts promote the C—N bond protonol-
ysis of the hemiaminal intermediate, which appears to
be substrate- and catalyst-dependent. In addition, it has
been reported that secondary amides, alcohols and other
slightly acidic molecules can be involved in the mecha-
nisms of C—N bond protonolysis [37—43]. Therefore, we
classified these reaction mechanisms in three different
categories: (1) catalyst-assisted, (2) additive-assisted, and
(3) assisted by both catalyst and additive (see Fig. 11).

aldehyde

alcohol

15.2

[24.7] 233

4.1 Assisted by the Organometallic Catalyst

There are two main reaction pathways reported in the litera-
ture for the protonolysis of the hemiaminal C-N bond solely
assisted by the organometallic catalysts. The first mecha-
nism consists of the coordination of the amide nitrogen to
the metallic centre and the deprotonation of the hemiaminal
OH group by the catalyst ligand, followed by C-N cleav-
age yielding an aldehyde and a metal-bound amido ligand,
which, in the last step, is transformed into the amine product
by intramolecular protonation (see Figs. 12 and 13). The
reduction of the aldehyde to the alcohol product is crucial for
the thermodynamic balance of the overall reaction. Hasan-
ayn and Harb reported this pathway in 2014 for the hemiami-
nal C-N protonolysis of methylacetamide with ruthenium
Milstein-type catalyst, with the highest energy barrier being
at 24.7 kcal mol ™! for the first step (see Fig. 12) [33]. Later
in 2018 and 2019, our group found that this mechanism is
also the most favourable for the hemiaminal C-N protonoly-
sis of formanilide, N-methylformanilide and N-methylacet-
anilide when catalyzed by iron or molybdenum Noyori-type
catalysts, in the absence of additivies acting as proton shuttle
(see Fig. 13) [24, 26, 27]. In these systems, the C—N bond
cleavage was the rate-limiting step, with energy barriers
up to 24.9 kcal mol~!. However, N-methylformanilide and
N-methylacetanilide can benefit from a later alcohol forma-
tion, which will open less energetic reaction mechanisms
catalyzed both by the organometallic catalysts and alcohol
as a proton shuttle (see Sect. 4.3).

The second reaction mechanism (see Fig. 14) also starts
with the deprotonation of the hemiaminal OH by the cata-
lyst ligand, but in this case, it is the hemiaminal oxygen that
binds to the metal centre instead of the nitrogen. Then, a
concerted hydrogen transfer from the ligand to the hemi-
aminal nitrogen occurs, together with a C-N bond cleav-
age, forming a molecule of aldehyde and amine. In 2015,
Zhang reported that the hemiaminal C-N protonolysis of
methylacetamide by ruthenium Milstein-type catalysts fol-
lowed this mechanism with a maximum energy barrier of

NHHMe
+
N\ N . t
N CO
Me, Method
H
MOo6L
6-311++G(2d,2p) Hay-Wadt 3-x
SMD = Toluene
T=298K
not calculated P =1atm

Fig. 12 Example of reaction mechanism of hemiaminal C-N protonolysis with Milstein-type catalysts via N-metal bond formation [33]. Gibbs

energies in kcal mol~'. Amide + hydrogenated catalyst=0 kcal mol ™'
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P ~co P TCHO aldehyde P | V€O P ~co
'Pr, v 'Pr, v : 'Pr, 'Pr, \
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M | Reactant alcohol
l e
, Formanilide 14.9 [19.3] 19.2 [24.9] 25 [12.4] 0.1
T T T
| Formanilide 5.7 [6.0] 6.3 [12.5] -9.5 [4.1] -8.4
| N-methylformanilide 93 [15.6] 17.9 [22.9] 26 [3.0] 6.8
| N-methylacetanilide 12.2 [14.9] 19.8 [23.2] 3.6 [4.0] -3.2

Fig. 13 Example of reaction mechanism of hemiaminal C-N pro-
tonolysis with Noyori-type catalysts via O-metal bond [24, 26, 27].
Y =H for M=Fe. Y=CO for M=Fe. M06, 6-311 +G** LANL2TZ,

4.7

[17.9] [18.1]

Fig. 14 Example of reaction mechanism of hemiaminal C-N pro-
tonolysis with Milstein-type catalysts via O-metal bond [29].
B3LYP, 6-3114++G(d,p) LANL2DZ, IEFPCM =THF, T=298.15 K,
P=1 atm. Gibbs energies in kcal mol™!. Amide + hydrogenated cata-
lyst=0 kcal mol™"

18.1 kcal mol~! associated with the C-N bond cleavage [29].
Higher energy profiles were found for other Milstein systems
[36]. This mechanism was also calculated with Noyori-type
catalysts, though it was more energetic than other mecha-
nisms previously reported in the literature [24, 26, 27].

SMD=THF, T=373.15 K, P=30 atm for Fe, 50 atm for Mo. Gibbs
energies in kcal mol~!. Amide +hydrogenated catalyst + proton shut-
tle=0 kcal mol ™!

4.2 Assisted by a Proton Shuttle Molecule

In 2016, the Sanford group, observed higher conversions
of unreactive amides in the presence of catalytic quantities
of weak bases such as K;PO, or NEt; [44]. One year later,
Hazari and Bernskoetter, found similar results but with weak
acids such as formanilide derivatives or aniline [37-43]. In
2018, computational studies showed that the co-catalytic
activity of secondary amides was due to their low acid-
ity, which allowed for assisting the intramolecular proton
transfer from the hemiaminal nitrogen to the oxygen (see
Fig. 15), reducing the associated energy barriers by more
than 10 kcal mol~!. On the other hand, methanol, which is
produced during the deaminative hydrogenation of amides,
was shown to catalyze C-N protonolysis [24-26]. In this
case, the hemiaminal OH deprotonation and N protonation
occured in a single concerted step. This mechanism has
a catalytic effect but it is less important than that of the
amides, since it involves a transition state that is higher in

_H © _H
X X X
o)
+ + + )k
OH H H o° H™ H
@ o
\)\ , > O NRR" o \)\ - > +
H'/>NRR" g H'/>NHRR"
H HH H @ NHRR Method
X=formanilide
Morpholidine 8.8 [19.5] 18.2 [21.7] 23.4 [23.3] 12.4
DMF 10.5 [19.1] 20.9 [22.6] 23.8 [22.7] 13.8 MO06
6-311+G** LANL2TZ
SMD = THF
X=MeOH T=373.15K
Morpholidine 8.8 [28.1] 23.4 [23.3] 12.4 P =30 atm
DMF 10.5 [29.6] 238 [22.7] 13.8

Fig. 15 Example of reaction mechanism of hemiaminal C-N protonolysis hydrogenations with most effective tested proton-shuttle molecules
[24, 25, 27]. Gibbs energies in kcal mol~'. Amide 4+ H, + proton shuttle =0 kcal mol~!
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energy by ~ 5 kcal mol~'. Nonetheless, the co-catalytic effect
of methanol can be relevant at high concentrations.

The use of alcohols and secondary amides as co-catalyst
was proven to have three relevant drawbacks: (1) they can
poison Noyori-type catalysts by blocking the active site (see
Sect. 6), (2) secondary amides are gradually hydrogenated
at the same time as the substrate, thereby loosing their cata-
lytic properties, and (3) several alcohols do not reduce the
energy barriers by a significant extent. After considering
these drawbacks, in 2020, our group performed a computa-
tional catalyst optimization to find proton shuttle molecules
that neither block the active site of the catalyst nor be hydro-
genated by it [25]. The calculations identified triazabicyclo-
decene (TBD) as an efficient proton shuttle for this reaction
(see Fig. 16). The co-catalytic effect of TBD is based on
the reaction mechanism depicted in Fig. 16, which yielded
the lowest-energy transition states among all proton transfer
reactions presented in this review. Additionally, TBD did
not poison the catalyst (see Sect. 6) and co-catalyzed the
deaminative hydrogenation of a broad spectrum of amides.

| Morpholidine |  DMF E

CNﬁ i i i
N/ N 1 221 1 213 1
H ] ] ]

i i i

0 i i i
Me)LNzPh I 254§ 253
S
0 i i i
H)LN/F’h 217 226
2N B
Me 1 1 1

1 1 1

I 255 o255

Bu Bu 1 1 1
OH 1 1 1

i i i

1 1 1

Me—OH I 28.1 I 296 !
] ] ]

4.3 Assisted by an Organometallic Catalyst
and a Proton Shuttle Molecule

Some proton shuttle molecules have been found to cooper-
ate with bifunctional catalysts to promote hemiaminal C-N
protonolysis. One case is methanol, which after binding to
a dehydrogenated molybdenum Noyori-type catalysts, can
promote the protonation of some hemiaminals (see Fig. 17)
[26]. This mechanism is especially relevant for molybdenum
Noyori-type catalysts due to the strong interaction of metha-
nol with this type of catalysts. Despite a major reduction
of the energy barrier by 20 kcal mol~!, C-N protonolysis
remains as the rate-limiting step of the hydrogenation of
formanilide with molybdenum Noyori-type catalysts.

A similar case is that of dihydrogen (see Fig. 17), which
can bind to an iron dehydrogenated Noyori-type catalyst
to catalyze C—N protonolysis following the same mecha-
nism described for methanol and molybdenum. Because
of the high-energy transition states present in this mecha-
nism (> 30 kcal mol™!), it is the rate-limiting step of the
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Fig. 16 Co-catalyst screening [24, 25]. M06, 6-311+G** LANL2TZ, SMD=THF, T=373.15 K, P=30 atm. Gibbs energies in kcal mol .

Amide + H, +co-catalyst=0 kcal mol™!
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Fig. 17 Example of reaction mechanism of hemiaminal C-N proto-
nolysis hydrogenations with Noyori-type catalysts and proton shut-
tle molecules. Y=CO for M=Mo. Y =H for M =Fe. Method: M06,

hydrogenation of DMF and morpholidine with iron Noyori-
type catalysts when in the absence of methanol [24].

5 Reaction Mechanisms for Aldehyde C=0
Hydrogenation

Aldehyde C=0O hydrogenation is the last step of amide
hydrogenation to amines and alcohols, and it is also rele-
vant in the hydrogenation of esters and carboxylic acids. The
mechanism of this reaction has been thus studied for a large
number of systems [37, 45]. but only those articles focusing
on the catalytic deaminative hydrogenation of amides were
considered for this review. In all reported cases, aldehyde
hydrogenation followed the same mechanism underlying the
hydrogenation of the amide carbonyl. Therefore, the reaction
energies are given in Figs. 5 and 6 to compare the two reac-
tions [24, 29, 34]. The steps of the mechanism are hydride
transfer from the catalyst metal centre to the carbonyl car-
bon, followed by proton transfer from the catalyst ligand to
the oxygen. All reported aldehyde C=O hydrogenations are
exergonic, and their transition states are thermally accessible
and considerably lower in energy than those of the amides.

6 Catalyst Hydrogenation and Catalyst
Inhibition

The hydrogenation of amides C=0 and C-N or aldehyde
C=0 groups with non-innocent bifunctional catalysts must
be followed by a catalyst hydrogenation reaction. Milstein-
and Noyori-type catalysts can heterolytically break a hydro-
gen molecule into a hydride and a proton which will be
stabilized by the aromatization or protonation of the ligand

6-311+G** LANL2TZ, SMD=THF, T=373.15 K, P=30 atm [24,
26, 27]. Gibbs energies in kcal mol~!. Amide+ hydrogenated cata-
lyst + proton shuttle =0 kcal mol ™!

(see Figs. 18 and 20). Unfortunately, the dehydrogenated
form of these catalysts leaves their active site vulnerable
to the attack of weak acids, which can deactivate them (see
Figs. 18, 19, and 20). The most common weak acids present
in the deaminative hydrogenation of amides are primary
and secondary amides and alcohols, which are the reaction
reactants and products, respectively. Two significant factors
dictate the degree of catalyst inhibition: (1) the thermody-
namic stability of the inhibited species with respect to the
hydrogenated one, and (2) the concentration of hydrogen
in solution with respect to the concentration of the inhibit-
ing molecule, which will decrease during the course of the
reaction in the case of alcohols, or increase in the case of
primary and secondary amides. The latter factor forces the
use of time-course simulations for the correct interpretation
of these complex reaction mechanisms (see Sect. 7).

Many studies reported hydrogenation energies of Noyori-
type bifunctional catalysts. For deaminative amide hydro-
genations, in 2018 and 2019, our group reported the hydro-
genation Gibbs energies of Fe and Mo Noyori-type catalysts,
which were exergonic (— 10.2 and — 1.7 kcal mol™",
respectively; see Fig. 18) [26, 27]. Also in 2019, Pathak
and co-workers reported the hydrogenation Gibbs energies
of Mn-, Ru- and Fe-based catalysts, which were also exer-
gonic (— 1.1, — 5.4 and — 5.4 kcal mol ™!, respectively; see
Fig. 18).

The effect of alcohols over Fe and Mo Noyori-type
catalysts was studied by our group in 2019 and 2020 (see
Fig. 18) [25, 26]. The dehydrogenated Fe catalyst could react
with a methanol molecule and form an adduct 3.3 kcal mol™!
more energetic than the hydrogenated catalyst. This energy
difference, despite endergonic, cannot be ignored at the end
of the reaction when alcohol concentrations can be more
than 5500 times that of the catalyst [40]. Our study also
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evaluated the inhibiting effect of other weak acid molecules
to identify potential proton shuttle molecules that did not
lead to catalyst poisoning (see Figs. 16 and 19) [24, 26]. The
calculations predicted that the best performing species was
TBD and acetanilide, due to an optimal balance between
low energy barriers for proton transfer (see Fig. 16) and the
moderate stability of their adducts with the dehydrogenated
form of the catalyst (see Fig. 19). This prediction was later
confirmed experimentally with Fe and Ru-based Noyori-type
catalysts [26]. On the other hand, the Mo catalyst showed a
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higher oxophilicity than that of the Fe catalyst, to the point
where the high stability of the methanol and ethanol adducts
inhibited the hydrogenation of acetamides (see Fig. 18).
Turning our attention to Milstein-type catalysts, four dif-
ferent ligands have been used for amide hydrogenation: three
with tridentate ligands (C, B and D) [29, 30, 36], and one
with a carbene ligand (see Fig. 20) [35]. The hydrogenation
with ligand C is almost thermoneutral with an energy bar-
rier of 28.5 kcal mol ™', whereas the hydrogenation reaction
using the carbene ligand is irreversible (— 32.6 kcal mol™)
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Fig.20 Examples of Milstein-type catalyst hydrogenation and inhibition by alcohols [29, 30, 35, 36]. Gibbs energies in kcal mol™!

and has a low energy barrier of 8.4 kcal mol™!. Catalyst
inhibition by alcohols has also been studied with Ru and
carbene-based Mn systems, and was found to be endergonic
for ligand C and exergonic for ligand B and the carbene-Mn
system.

7 Microkinetic Modelling

The interpretation of the mechanisms for the deaminative
hydrogenation of amides is not straight forward. The reasons
are multiple: (1) several reaction mechanisms are possible
and they can bifurcate and join, thus making their behavior
correlated; (2) the catalyst inhibitors are not external species
but rather reactants and products with concentrations evolv-
ing during the course of the reaction; (3) the concentration
of hydrogen in solution along the reaction is not trivial to
simulate because it depends on its solubility in each solvent
and the hydrogen pressure.

Our studies have addressed points (1) and (2) with the
use of microkinetic models that simultaneously consider
all possible reaction pathways to construct and solve the

reaction kinetics ordinary differential equations [24-27].
After setting initial reactants concentrations and reaction
conditions, microkinetic models provide a prediction of the
time-evolution of each reactant, intermediate and product.
Upon comparison with experimental reaction yields, micro-
kinetic models can be used to determine the most relevant
mechanisms, which may change during the reaction, and
evaluate the accuracy of the calculated energies [46]. Point
(3) was addressed by using the concentration of H, measured
in pure THF at the pressure and temperature used experi-
mentally and keeping it constant.

Sensitivity analysis were performed over our microkinetic
models to find out the minima and transition states determin-
ing the reaction rate. Then, the amide conversions predicted
by our models were compared against the experimental val-
ues. Finally, the energies of the determining minima and TSs
were fitted to obtain the experimental conversions. The main
conclusions provided by these analysis were the following:
(1) the reaction mechanisms investigated by our group that
involved Fe- and Mo-based Noyori-type catalysts had 3 and
2 kcal mol~! energy errors, respectively; (2) high concen-
trations of secondary amides or alcohols promote proton
shuttle mechanisms despite the high energy of the associated
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reaction pathways; (3) the effect of TBD over the deamina-
tive hydrogenation of morpholidine with Fe-based catalysts
can be predicted with a deviation of only 3% relative to the
experimental yield; (4) alcohols may have a positive and
negative influence on product formation rates depending on
their concentration. The later observation was found with
a Mo-catalyst, in which the alcohol assists the hemiaminal
proton transfer but inhibits the catalyst (Figs. 17 and 18).

8 Summary and Outlook

DFT calculations and mixed experimental-theoretical stud-
ies have made a major contribution towards a deeper under-
standing of the mechanisms underlying the catalytic reac-
tions [48, 49]. Deaminative hydrogenation of amides has not
been an exception. For the amide C=0 hydrogenation, these
studies have shown that there should be an interplay between
the ligand and the metal centre promoting the pre-activation
of hydrogen. Once H, is cleaved, the hydride and proton
transfer steps often take place through similar barriers. The
structure of the amide is one of the main factors defining
which of the two steps is the rate-determining. In general,
these mechanisms do not involve a direct coordination of
the substrate to the metal centre and are thus regarded as
outer-sphere. In the Milsten-type catalysts, the substituents
of the pyridine ring can have a strong impact on the energy
profile, including the hydride transfer barrier. Interestingly,
when the Milstein and Noyori moieties are combined within
a single catalyst structure, the latter can dominate the reac-
tion mechanism. In contrast with the carbonyl bond, the
hydrogenation of the amide C-N bond can follow inner-
sphere mechanisms though this alternative pathway involves
higher-energy profiles.

For the C-N bond protonolysis of the hemiaminal inter-
mediate, computational studies showed that the reaction can
be assisted by the metal catalyst, by a proton shuttle mol-
ecule, or by both. The preference for one or the other mecha-
nism depends on the substrate (nitrogen substituents) and
the catalyst (metal centre and ligands). The catalyst-assisted
mechanism, in which the ligand deprotonates the OH group,
has two variants, depending on whether the nitrogen or the
oxygen of the hemiaminal coordinates to the metal centre. In
contrast, the proton shuttle-assisted mechanism can involve
an amide acting as a co-catalyst, which facilitates the intra-
molecular proton transfer from the oxygen to the nitrogen
of the hemiaminal. The amide can be added as a co-catalyst
but can also play this role being the reactant. The alcohol
product can also behave as a co-catalyst though, in general,
it is less efficient at lowering the energy barriers. The hydro-
genation of the aldehyde formed by protonolysis follows the
same mechanism as that of the amide carbonyl.
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The hydrogenation of the catalyst is exergonic in most
cases, both in Noyori and Milstein systems. This reaction
involves the heterolytic cleavage of the H-H bond into a
hydride and a proton that are stabilized by the metal centre
and the ligand, respectively. Interestingly, computational
studies have shown that the dehydrogenated form of the
catalyst can also react with weak acids transferring the pro-
ton to the ligand. The resulting conjugated base is stabilized
by coordinating to the metal centre forming an adduct. The
weak acids yielding these adducts can be the reactants and
products (i.e. amides and alcohols). The adducts can be sig-
nificantly more stable that the dehydrogenated form of the
catalyst and thus poison the latter. Due to the subtle energy
differences between the different forms of the catalyst, the
complexity of the mechanism (i.e. a network of competing
pathways), and the time-evolution of all species involved,
the full understanding of the catalytic deaminative hydro-
genation of amides often requires microkinetic models.
The development of new catalysts achieving higher yields
under milder conditions thus requires considering all these
variables.
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