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II. Abstract

The thesis describes my investigations on the reaction mechanisms of

the FeH-PNHP- or Mo"-PNHP-catalyzed deaminative hydrogenation of
amides (see Figure I). Here I propose reaction mechanisms that can
explain the experimental behaviour of these reactions. The proposed
reaction mechanisms have also been used for the optimization and
design of more efficient systems, and the qualitative prediction of
reaction-rate changes caused by several additives (proton-shuttle
molecules and alkaline countercations). The reaction was studied using
Density Functional Theory (DFT) calculations, and the results were later
inputted in microkinetic models to be compared against experimental

measurces.

Figure I Deaminative hydrogenation of amides catalyzed by Fe-PNP or Mo"-PNHP
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IV. Symbols and Abbreviations

Symbols

n = number of electrons

7; = spatial coordinates of electron i

s; = spin of electron i

H = Hamiltonian of a system

h;= monoelectronic Hamiltonian of electron i

Y = system wave function

1; = monoelectronic wave function of electron i

E = Expectation value of the energy of a system

K= Expectation value of the electronic kinetic energy of a system
J = Expectation value of the Coulomb potential energy of a system
E,. = Expectation value of the nuclei-electron potential energy of a system
T = Temperature

R =Ideal gas constant

h = Planck constant

kg = Boltzmann constant

TS = Transition state

G = Free energy

U, = Nuclei-electron potential field felt by a single electron.
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1 Introduction

1.1 Hydrogenation Reactions

The addition of hydrogen atoms to unsaturated C=X or C=X bonds
(X' =C, N, O) is a widespread and routine reaction in the synthesis of
both commodity and fine chemicals. The importance of hydrogenation
reactions is highlighted by its broad use as an efficient method for
inducing chirality: readily available prochiral olefins, ketones, imines
and amides, can be transformed into high-value high-demand products,
using an inexpensive reagent (hydrogen)." Furthermore, in 2001, the
Royal Swedish Academy of Sciences, recognized the importance of this
reaction by awarding the Nobel Prize in Chemistry to W.S. Knowles and
R. Noyori for their contributions to enantioselective hydrogenation. As
the thesis focusses on the hydrogenation of amides, I will introduce some
general topics of hydrogenation reactions: the nature and origin of the
hydrogen atoms (1), the reaction mechanisms for hydrogen activation

(2) and the reaction mechanisms for hydrogen transfers (3).

1.1.1 Hydride vs molecular hydrogen

The source of hydrogen atoms will determine the reaction hazard, cost,
and reaction conditions. Hydrogen sources can be classified into two

main groups: hydride or molecular hydrogen sources.>®
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Hydrogenation reactions with hydride sources are those that use already
activated hydrogen. However, they require of an external source of
protons for completing hydrogenation. Some examples of hydride
sources are LiAlH4, LiBH4 and NaBH4. Their advantage over molecular
hydrogen is that they are solid and they can hydrogenate at low
temperatures. However, they are less selective, and LiAlH4 and LiBH4
are very aggressive reducing agents that can cause severe damage if
mishandled. Alternatively, some organic molecules (e.g. iPrOH) can be

catalytically reduced in order to use them as hydrogen sources.

Molecular hydrogen can be used directly as hydrogen source. Therefore,
it is often a cheaper substrate if compared to hydride sources. Molecular
hydrogen is also a greener alternative to hydride sources due to its atom
efficiency. However, molecular hydrogen requires heterogeneous or
homogeneous catalysts for its activation, the cost and toxicity of which

may surpass those of hydride sources.

Examples of heterogeneous catalysts for hydrogenation reactions are
those made of solid or supported palladium and platinum (e.g. Adam’s
catalyst) or nickel and aluminium (e.g. Raney nickel). These catalysts
split molecular hydrogen on their surface into two hydrides via oxidative
addition. They offer high catalyst reuse and easy product separation.
However, their lack of selectivity and the necessary harsh reaction
conditions are not suitable for many applications, including the synthesis

of fine chemicals.
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Homogeneous catalysts, instead, usually operate under milder
conditions, are highly tunable, may be selective in respect to their
reactants and/or induce chirality in their products. Their main
disadvantages are their often-high production price and the need of
catalyst separation from products. Some classic examples of catalyst for
molecular hydrogen activation are the widely known [Rh(PPh3)3;Cl]
Wilkinson’s catalyst (developed by Geoffrey Wilkinson, 1973 Nobel
Prize of Chemistry) or the stereoselective [Rh(COD)(BINAP)*] and
[Rh(COD)(DIPAMP)*] catalysts (developed by R. Noyori and W. S.
Knowles, 2001 Nobel Prize of Chemistry). Popular newer catalysts for
hydrogen activation are [Ru(Triphos)(TMM)], frustrated Lewis pairs®
10°and the bi-functional Shvo-, Milstein- and Noyori-type catalysts (see

Chapter 1.1.2).!!

1.1.2 Homolytic vs heterolytic cleavage of H:

Reaction mechanisms for catalytic molecular hydrogen activation are
generally classified in two groups: those involving a homolytic cleavage

of H> and those with a heterolytic cleavage.

The homolytic cleavage of H> consists of a hydrogen oxidative addition
to one (e.g. Wilkinson’s catalyst) or two metallic centres (e.g. Iguchi’s
catalyst), thus oxidizing the metal centres and producing two hydrides.
(see Figure 1.1).>° Both homogeneous and heterogeneous catalysts can

utilize this mechanism.
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PPh; PPh;
PhaPr, 1 1~ H PhgPr, JilaH
| _
PhsP” | 7 ~H PhsP” | ~H
Cl Cl

3-

] N
[ (eN)sCo' ]?QKF—Q/“ |co'(CN)s] 2 [Ca"HieN)s]

Figure 1.1 Homolytic cleavage of H, by Wilkinson’s catalyst (above) and by Iguchi’s
catalyst (below).

In the heterolytic cleavage of H», a metal centre forms a hydride while a
nucleophile generates a H°" (Figure 1.2).>° Some catalysts contain
nucleophilic ligands that facilitate the reaction due to their proximity to
the metal centre.!? Heterolytic cleavage of H, does not change the

oxidation state of the metal.

9 L
fRu”CI(PPhg,)g % Ru'HCI(PPhg);L + X—H
H./”

H

H—H
( H oo
N
<N\\ |J\\\PPh2 <N/,/' ||\\\PPh2
RU —_— Ru‘
| 4
Ph, Ph,
Cl Cl

Figure 1.2 Examples of heterolytic cleavage with a [RuCl(PPhs);R] catalyst (above)
or a Noyori-type Ru catalyst (below).

The hydrogenations studied in the thesis utilize molecular hydrogen
activated by bi-functional tridentate Noyori-type catalysts, with iron or
molybdenum centres (see Figure 1.3). Bi-functional catalysts are
catalysts with two active centres that can perform elementary steps of
different nature, i.e. nucleophilic attacks and electrophilic additions. The

active sites of bi-functional catalysts for hydrogenation reactions are
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placed in a disposition favouring the reversible heterolytic cleavage of
hydrogen, yielding a hydride for nucleophilic attack and a proton for
electrophilic addition (see Figure 1.3). This charge separation resembles
the concept of frustrated Lewis pairs.® ' The most popular bi-functional
catalysts for multiple-bond hydrogenation can be categorized in three
families that involve different nucleophilic centres: nitrogen for Noyori-
type bifunctional catalysts, carbon for Milstein-type bifunctional
catalysts and oxygen for Shvo-type bifunctional catalysts (see Figure
1.3). Rigid ligands are often used to set an appropriate arrangement of
the catalyst active site. In the case of Noyori- and Milstein-type
catalysts, these ligands are multidentate chelating ligands. The large

variety of non-innocent multidentate chelating ligands gives modularity

to these catalysts.!3"1°
H H Noyori
N RS
<N§M‘\\\\PR2 Ha <N/~,,MN\\PR2 H H
4
P™ | ~co P™ | co \N_,\lﬁ
Ry |, R,
R R
M-PNP MH-PNHP
Milstein
H2 H H
|
C M
Ph
O=—<,—Ph Shvo
Ph ‘ Ph H, 4 H
\
.., YoM
| “co >
co -

Figure 1.3 Heterolytic hydrogen cleavage assisted by Noyori-, Milstein- and Shvo-
type bifunctional catalysts. Most popular metallic centres (M) are Ru, Rh or Mn.
Dashed lines indicate an indirect bond between the transition metal centre and the
nucleophilic centre.
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1.1.3 Hydrogen transfer mechanisms. Inner- vs
outer -sphere mechanisms.

Two main reaction mechanisms exist for homogeneous hydrogenation
reactions, and they are differentiated by the presence or absence of a
substrate-metal bond: inner-sphere and outer-sphere hydrogenation

mechanisms, respectively (see Figure 1.4 and Figure 1.5).3”

In the inner-sphere hydrogenations mechanisms, the reaction begins
with a ligand decoordination to facilitate the coordination of the double-
bond (see Figure 1.4). The following step is a hydride insertion to the
double-bond and the formation of a substrate-metal bond. Finally, the
hydrogenated molecule is eliminated either by a reductive elimination
or a o-bond metathesis (depending on the metal facility to change its
oxidation state).!® The rate of inner-sphere mechanisms strongly

depends on the lability of the decoordinated ligand.

Inner sphere hydrogenations

3 _/
_ e

lIDPh?’ - o PhsP. P PhgP.

PhsP.,, | WH 3P, _1lWH Ph3P.,, [11.PPh; 3P, 1 WPPhj
8 RN RS—_s _Rh, N URhL . N

PhsP” | TH PhsP” | TH PhsP” | TH PhsP Cl

Cl Cl o]

R __ R R
L —/ L H2 R L _/ L

| | |
H—Ru”CI(PPh3)3 ~ A H_RU|IC|(PPh3)3 é.__; HZ_RUIICI(PPh3)3 ¥ H_RU|IC|(PPh3)3

Figure 1.4 Examples of inner sphere reaction mechanisms for homogeneous catalytic
double-bond hydrogenations.
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In the other hand, outer-sphere hydrogenation mechanisms do not
require the coordination of the substrate, neither a ligand dissociation.
This mechanism consists of a hydride nucleophilic attack and a H®"
electrophilic addition. There are two classes of outer-sphere
mechanisms, differentiated by the order of the steps (see Figure 1.5), and
none of them involve a change in the metal oxidation state.
Hydrogenation of highly nucleophilic substrates (such as quinolines or
acridines) will prefer outer-sphere mechanisms where there is first a H**
electrophilic addition, followed by a hydride nucleophilic attack.? In the
other hand, Shvo-, Noyori- and Milstein-type catalysts are known to
favour first a hydride nucleophilic attack, followed by a H>" electrophilic

addition. 314

Outer sphere hydrogenation

A

L
Q 0 Q g e Q
||| \F’F’h3 o ” “PPhy ‘ ) R Il \PPh3
h TH Ph3|L

P 3y Ph3 A H,
o o
O=
oo e o L
A~ N —

N7, I \PPhy <N/"R i1wPPh; N> i1.wPPhy
u u —t u
o p o e

20 26 Ph, Cl

Figure 1.5 Examples of outer sphere reaction mechanisms for homogeneous catalytic
double-bond hydrogenations.
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1.2 Amides as a substrate.

Amides and carboxamides are the names given to molecules containing
the functional group R'C(=O)NR?R®. Due to their natural abundance
and synthetic accessibility, amides play prominent roles in several
contexts, such as biochemistry, synthesis of industrial and fine

1722

chemicals,!” % in processes of CO, conversion to methanol?*~2

as well
as amine precursors. Amides belong to the family of carboxylic acid
derivatives: electron-rich carbonyl groups of the form RC(=0)Y, which
are susceptible to be hydrolyzed to carboxylic acids (Figure 1.6).
Amides are the most stable within that family, which is a desired feature
for example in their biological role in protein’s peptide bonds. However,
amides relative high stability is a drawback when they are used as a
substrate since their reactivity is more challenging and slower than that

of carboxylic acid derivatives.

@) 0O O

N I

R” X > R' 07 °Rr?

O O

0
g R1JJ\0”R2 > RJ\O/H > R1JJ\N’R2

R3
acyl halide acid anhydride ester carboxylic acid amide
Most reactive Least reactive

Figure 1.6 Relative reactivity and electron affinity of carboxylic acid derivatives.

Traditionally, methods for amide reduction relied on the consumption of
stoichiometric amounts of strong reducing agents, such as LiAlH4 or
LiBH4 and/or heterogeneous catalysts that demand very high pressures
(>100 atm).2”*° To date, only a small number of homogenous catalysts

can directly hydrogenate amides to amines.?*~!® The thesis presents
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our efforts to understand and improve the deaminative hydrogenation of
amides by MY-PNHP catalysts. Therefore, it is important to
contextualize the origin of amides low activity, as well as the reactions

in which they can get involved.

1.2.1 Amides reactivity

Although amides are the least reactive of the carboxylic acid derivatives,
they still do react under appropriate conditions. Amides can undergo
nucleophilic addition (Figure 1.7) via a nucleophilic attack to the
carbonyl carbon, and formation of an alkoxide molecule, which will later

undergo either an oxygen protonation or an amine elimination.

Protonation

H
O/
®
@ H R1“7NR2R3
Addition ° % NG
(0] ©
)iy + Nu =—— R1<Q7NR2R3
R!” “NRZR3 NU \

Elimination

NWW@

=0

Figure 1.7 General amide reactivity.

Most of amides main reactions (see Figure 1.8) result from the
combination of these fundamental steps with different nucleophiles and
reaction conditions. We can differentiate two amide reaction families:
those which involve C-N cleavage (with amine elimination), and those
which involve C=0 cleavage (with water elimination). C-N cleavage

reactions can proceed with five different nucleophiles (alcohols, water,
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: OH H. R o :
1 + :
: \'/ | 1
: N R s
' Deaminative Nucleophilic
hydrogenation acyl :
' to alcohol substitution .
: 0 H. _R? 5
T S . 0 :
- R o AL H :
' Deaminative y R O '
' hydrogenation 2 C '
: }[/0 algehyde or Hydrolisis :
' (IBUAIH), H,0 '
: 0 o 0 !
' 4 4
: R‘])J\N/R R4NH2 )J\ /Rz R4OH R,])J\O/R :
' I B R °'N '
' H 3 :
Trans amidation R Acyl transfer !
E = Hoor | . 3_ 02 03 E
: C=0 cleavage LiAH, ifR®=H  SOCI,\_ifR% R®=H :
_R? :
5 R1/\ITI Ri—=N 5
: H \\Hz\ ' Hz/« :
; Dehydration . _R? / Dehydration
: to amines R’ N to nitriles ;
Dehydration :
' to imines

Figure 1.8 Schematic summary of amide reaction types. In blue: reactions involving
C-N cleavage. In green: reactions involving C=0 cleavage.

amines, Grignard reagents and hydrogen), leading to six different
reactions types: acyl transfer, hydrolysis, trans amidation, nucleophilic
acyl substitution, deaminative hydrogenation to aldehyde®’ (similar to
the Vilsmeier-Haack reaction) and deaminative hydrogenation to
alcohol. 3" In the case of C=0 cleavage, the reaction can lead to three

different products (amine, imine and nitrile) depending on the amide, the

10
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catalyst or the reaction conditions. In some cases, mixed products can be

formed.

Though all those reaction types are worth a chapter by themselves, they
fall out of the scope of the thesis. Extensive reviews on amides C-N and
C=0 cleavage were written by J. Blanchet,* A. Y. Khalimon et al. .*°

and A. Smith and R. Whyman.?’

1.2.2 Electronic properties

Amides stability is often associated with their multiple resonance forms
(see Figure 1.9). In terms of Lewis theory, amides possess six conjugated
electrons over the O-C-N moiety, resulting in the formation of three
possible resonant forms. Such electron delocalization gives planarity

and rigidity to the O-C-N moiety while contributing to amide’s stability.

.- H
.0
/gNRZ

R1

Iminol Tautomer

1 if R® = H
'.O.l
R'” "NR?R®
) ©
S /Resonance form :\\ . O .
:0 /g
R1J@NR2R3 R1 NR2R3
. @
Resonance form 2 Resonance form 3

Figure 1.9 Amides resonance and tautomeric forms. Iminol tautomerization is only
accessible from primary and secondary amides (R = H).

11



INTRODUCTION

Resonance forms 2 and 3 play an important role in the reactivity of
amides. Nucleophilic additions to amides formally proceed through the
resonance form 2 (see Figure 1.9). However, resonance form 3 (see
Figure 1.9) strengthens the C-N bond reducing the C electrophilicity,
and thus, depending on their weight in the electronic structure, can
hamper nucleophilic additions. Amides with electron-withdrawing
groups will have a stronger contribution of resonance form 2. Therefore,
they will undergo nucleophilic additions faster than amides with electron
donor groups, which have a stronger contribution of resonance form 3.

The same rule applies to amides C-N cleavage reactions.

Alternatively, secondary and tertiary amides can transfer a proton from
their N to their O to form an iminol tautomer (see Figure 1.9). The iminol
tautomer hampers nucleophilic additions and C-N cleavages similarly to
resonance form 3: it strengthens the C-N bond and reduces the C
electrophilicity. The negative contribution of iminol tautomers can be
reduced with the use of non-polar solvents, which disfavor their

formation.

1.3 Deaminative hydrogenation of
amides with bifunctional catalysts

The increasing pollution, and the necessity of renewable energies during
the 21% century, has enforced a boost to green chemistry. Daily, new
synthetic methods are being developed for the synthesis of industrial and

fine chemicals with atom efficient reactions, renewable chemical

12
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reagents, and mild reaction conditions. Deaminative hydrogenation of
amides, the reaction studied in this work, is an example of such
evolution. First attempts of deaminative hydrogenation of amides to
alcohols without aggressive reagents were documented in 2003 within a
patent.***> That work was the first to use molecular hydrogen as
hydrogen source instead of hydride sources like LiAlHs or
hydroboranes. The hydrogenation reaction was achieved by using the
ruthenium triphos catalyst [Ru(triphos)CO(H):] (see Figure 1.10).
However, ruthenium i1s a precious metal, high temperatures and
pressures were required and only modest Turn Over Number (TON) and

Turn Over Frequency (TOF) were achieved (600 and 43 h’!

respectively).
68 atm H, !
164 °C | PPh, !
) THF/H,0 2:1 OH L thP\FLU,CO i
\)J\NHZ max TON 600 ~ o o’ \H\"|
max TOF 43 h™! 5 Ph;

Figure 1.10 First homogeneous catalyzed deaminative hydrogenation of amides to
alcohols with molecular hydrogen

13
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Seven years later, in 2010, the Milstein group used for the first time a
bifunctional catalyst for this reaction and it drastically reduced the
required temperatures and pressures from 68 atm and 164 °C to 10 atm
and 110 °C (entry 1 in Figure 1.11).* From then onward, bifunctional
catalysts gained popularity and rapidly dominated the homogeneous
catalysis of deaminative hydrogenation of amides to alcohols: bidentate
Noyori- and Milstein-type catalysts were introduced in this reactions in
2011 and 2013 (entries 2 and 3 in Figure 1.11),**7% tridentate Noyori-

) 25,3547 and

type catalysts were reported in 2015 (entry 4 in Figure 1.11
base metal tridentate Milstein- and Noyori-type catalysts in 2016
(entries 5 and 6 in Figure 1.11).3%*4 This was the state of the art when

this project started in the second half of 2016.

More recently, during the course of this research, deaminative
hydrogenation of amides by Noyori-type catalysts has been expanded
from ruthenium®® and iron*'!">3 to molybdenum®* and manganese?*->°
with modest TONs and TOFs (entries 1 and 2 in Figure 1.12).
Ruthenium and iron catalysis went through reaction optimization,
emerging as the most active catalysts for this reaction, with maximum

TONs up to 19600 and 5180, and TOFs up to 980 and 1108 h'l,
respectively (entries 3 and 4 in Figure 1.12).

14
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10 atm H2
110 ‘C

0
THF
1) Jor — 5
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H max TOF 3 h"!

50 atm H2
100 °C

THF + NaOMe
2) N/Ph S —
max TON 7120

max TOF 297 h™!

79 atm H2
160 °C

)J\ R Toluene + NaAd )OH +  NHRR - |\

3)
max TON 48 Ph
max TOF 2 h™’!

-2
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160 °C E 3 | oot !

. THF + K salt OH : P2
4) J R THE+Ksalt | J + NHRR ! <P,Ru :
max TON 4700 H ' '
max TOF 4700 h" 5 :

-=Z
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140 'C

)J\ B Dioxane + KHMDS OH

5)
FiC
3 max TON 50 FsC

max TOF 4 h™'!
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. THF OH ! N7, | wPPra
6) )J\N’R _ ) +  NHyR' ! < Fe! E
Y max TON 1000 R 5 :
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Figure 1.11 Historical evolution of bifunctional catalyst utilization in the deaminative
hydrogenation of amides to alcohol until 2016.
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Figure 1.12 State of the art of amide deaminative hydrogenation catalyzed by Noyori-
type catalysts in 2020.

1.3.1 Fe-PNP Catalyzed Deaminative Hydrogenation
of Amides

In 2020, the Noyori-type bifunctional catalyst Fe-PNP (see Table 1.1)
was the non-noble metal homogeneous catalysts with the best
performance at the time for the deaminative hydrogenation of amides.
The first iron Noyori-type catalyst was first synthesized in 2013 by M.
Beller and co-workers, who used it as a catalyst for methanol

dehydrogenation.>® This catalyst strongly gained popularity in the next
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two years for its ability to hydrogenate the double bonds of a wide
variety of substrates, including esters, carbon dioxide, alkenes,
heterocycles and nitriles.’’ %% In 2016, iron Noyori-type catalysts was
used for the first time for deaminative hydrogenation of amides, by
Langer and coworkers*® and by Sanford and co-workers.*’ The catalyst
exhibited selectivity towards the reduction of aryl formamides and
benzamides with promising activities: TONs and TOFs up to 177 and 59
h! respectively, under mild conditions of 110 °C and 20 bar; and TONs
and TOFs up to 1080 and 100 h! in the presence of K3POu, temperature
of 110 °C and H pressure of 60 bar.

A key milestone for the project came in 2017 in a new study published
by Hazari, Bernskoetter and co-workers.>! This paper presented three
main results: (I), they presented a catalyst optimization: utilization of the
dehydrogenated catalyst Fe-PNP reached TONs and TOFs up to 4430
and 1108 h'! (see Table 1.1); (II), they reported that the conversion of
alkyl formamides and benzamides is enhanced by the presence of
secondary aryl amides or LiOTf (see Table 1.2); and (III), they reported
the formation of adducts between Fe-PNP and secondary amides in the
absence of hydrogen (see Figure 1.13), similar to those observed
between Fe-PNP and methanol or formic acid.® Interestingly,
secondary amides and/or LiOTf had no catalytic effect on secondary

amides.
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(@) E N\\ ‘\\\\PiPrz E
)J\ ; Fe-PNP ! < e |
/R H B + NHR'R" ! P CcoO X
R N + 2 ' i X
N 5ml THF ! Pry '
R 100 °C, 4h ! H ;
14 M 30 atm E Fe-PNP !
Amide/substrate [Fe-PNP] Conv. (%) TON // TOF (h™)
o CF,
e /©/ 1 mM >99 >1400 // >350
H7ON 0.25 mM 79 4430 // 1108
H
o)
L 1 mM >99 > 1400 // > 350
H™ N 0.25 mM 58 3240 // 810
H
1.
1 mM 97 1360 // 340
H ’\Q) 0.25 mM 36 2000 // 500
.
Ph)J\N 1 mM 9 130 // 33
H
o)
PS 1 mM 4 60// 15
H” N
I
1.
H N/ 1 mM 0 -/ --

Table 1.1 Summary of the results reported by Hazari, Bernskoetter et al. on the Fe-
PNP-catalyzed deaminative hydrogenation of different secondary and tertiary

amides.>!
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[Fe-PNP] = 0.25-1.00 mM NS ppr |
0 [Additive] =20 MM o CC Srel
HJ\N,R" + H ———— J + NHRR" P ‘ ~Cco ;
' | 1
! H . Pr; -
R' I H :
14 M 5 Fe-PNP 5
Amide/substrate Additive Conv. (%) TON // TOF (h™)
4'-Trifluoromethylformanilide > gg > 1390 // 348
a Formanilide 93 1305 // 326
i /@ 4'-Methoxyformanilide 78 1098 // 275
A Aniline 24 335/ 84
Benzanilide 12 168 // 42
--------------- 4 60/ 15
b
o Formanilide + LIOTf 24 3401/ 21
H)J\N/ Formanilide 14 190 // 12
L 4 50/ 3
o]
(0]
HJ\N/\ Formanilide + LiOTf 54 3010 // 188

Table 1.2 a) 30 atm H», 100 °C, 1 mM of Fe-PNP, 4h. b) 60 atm H», 120 °C, 1 mM of
Fe-PNP, 16h. ¢) 60 atm H,, 120 °C, 0.25 mM of Fe-PNP, 16h.
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Characterized in ratio 1:3
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OH . .
oy NZ_ PPr, benzene N, | PP,
H v'H + < SFel, S < "Fe..
H P ‘ co T<20°C P” ‘ ~Co
IPI’2 H IP|'2
H
o\\\(
. 9
o) . .
L NZ_ PPr,  benzene NS | SPPr,
H ~oH *t < \Fe‘; E——— < "Fel.
P” | co rt. P | ~Co
'Pr =
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Figure 1.13 Experimentally observed adducts of Fe-PNP when treated with
stoichiometric amounts of formanilide, methanol and formic acid (in the absence of
hydrogen).?!-63-:64

1.3.2 Mo®-PNHP Catalyzed Deaminative
Hydrogenation of Amides

Mo“-PNHP (see Table 1.3) was first synthesized in 2018 by M. Beller
and co-workers, as an alternative of Fe-PNP.>*% Mo“-PNHP could
hydrogenate ketones, olefines, amides, though it had modest TONs and
TOFs when compared to Fe-PNP. Still, it exhibited an opposite
selectivity within amides: Mo“-PNHP performance was good in the
deaminative hydrogenation of tertiary aryl amides, but it was barely

active for acetamides or secondary aryl amides, and inert for aliphatic
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formamides. Similarly to Fe-PNP, Mo“-PNHP favoured the
deaminative hydrogenation of formamides, or amides with electron-

withdrawing groups, over other amide types with electron-donor groups.

The activation of Mo®-PNHP pre-catalyst formally requires the
elimination of HCI to allow the addition of H,. This reaction was
performed using NaBHEt;3, yielding Mo(0) d® Mo-PNP and hydrogen
elimination (Figure 1.14). The formation of Mo-PNP was supported by
HR-ESI-MS (High-Resolution Electron Spray Ionization Mass
Spectroscopy), and by an inactive Electron Paramagnetic Resonance

(EPR).

Mo“-PNHP was reported to form adducts in the presence of formanilide
and NaHBEt; (Figure 1.14), in a similar fashion to Fe-PNP. The
resulting compound was characterized by single-crystal X-ray
diffraction, as a Mo(0) dimeric complex. The formed adduct catalyzed
the deaminative hydrogenation of amides in the absence of NaBHEt3,

reinforcing the hypothesis that Mo(0) d® Moe-PNP is the active catalyst.
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. MoC'-PNHP + NaBHEt, S e |
1 ] 1

)J\ R 12.5 mM OH . : <N///'MO‘\\\P Pr2 :
R™ N + Hy —— ) + NHRR" p” | YCO |
L 2 ml toluene R ! ipr ‘ '

R 100 °C 24 h : 2 co 5

0.25 M 50 atm ' MoC-PNHP |
Amide/substrate Conv. (%) TON // TOF (h')

CF
g LT
H N >99 20// 1

>99 20 /11
942 382/ 22

20 4170

g
g
g

0
H)J\,\Il 13 3//0
H
0
b b
H)J\N/\ <1 o°//0
o)

Table 1.3 Brief summary of the experimental results reported by M. Beller and co-
workers on the Mo“-PNHP catalyzed deaminative hydrogenation of amides.>* a)
[Mo®-PNHP + NaBHEt3] = 6.25 mM. b) T = 130 °C.
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Characterized by HR-ESI

EPR-silent
H cI
\/—‘\ i NaBHEt; N PP,
<N/"' PP - —Mo? + H, + BE
‘Mo, .~ 77T L
_P(‘ CcoO iP CO 2 3
'Pr, Pr2 CO N
co a
MoC'-PNHP Mo-PNP
o) BEt,
7/
JU _pn Ph—N
H N N\
+ TN
|—\| Cl <N/,,,‘ O\PIPI'Z
NaHBEt ‘Mo
N | P, anEE p” | TCO---Na---OC
< Mol T Tttt > Pr ‘ Pr2 +  H,
v 2 o P
p” | “CO CO---Na---0C,, ! o
iPr2 ‘ iP P/MO\ND
CcoO 2T \_|/ \
MoCl-PNHP o H
Q
_N—Ph
Et;B

Characterized by X-ray diffraction
Catalytically active

Figure 1.14 Mo“-PN"P activation by NaBHEt; (above) and by NaBHEt; plus
formanilide (below).>* The dashed arrow indicates the lack of experimental
information to have reaction mass balance.
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2 Methods

The workflow used in this study (see Figure 2.1) consisted on (I)
benchmarking different methods to experimental and theoretical
references (described in Appendix) to select a density functional that
accurately described our system, (II) computing reaction mechanism
guesses, by Density Functional Theory (DFT) calculations, (III) using
the computed energies to generate a microkinetic model of the reaction
mechanism, (IV) comparing the results of the microkinetic model
against experimental measures. New reaction mechanisms were
calculated in case of discrepancies between calculations and

experiments.

Functional pool

MO06 MO6L TPSSh
TPSS wb97XD  B3LYP(D3)

BLYP(D3) PBE(0)D3)  PBE(D3) Microkinetic

Modelling

Reaction
mechanism

Experimental
data

Single crystal
X-ray diffraction CCSD(T)

Figure 2.1 Work-flow chart used in this research.

2.1 Density Functional Theory (DFT)

DFT is the method used in this research for the calculation of ground-
energies and geometries. DFT, was selected among other computational

methods because its accuracy vs computational-cost ratio allowed for the
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calculation of free energies with sufficient accuracy and within a

reasonable time span.

DFT was first proposed in 1927 by Thomas and Fermi, and its bases
were founded in 1964 by Hohenberg and Kohn, who enunciated and
proved their two theorems:®*°7 (I) an electron density function p(7) (see
Eq 2-1 and Eq 2-2) can adopt the role of a “function that defines the state
of a system” and hence define all the properties of the ground state; and
(II) the functional Fyk[p] delivers the ground state energy of the system
if and only if the input p(#) and potential field v(#) match those of the
real ground state (see Eq 2-3).

Eq 2-1

p(F) = nj jlqj(lel S1 r_Z)f S2, El)' Sn)lz dsldr_2>d82 dﬁdsn
f p(Pdr =n Eq 2-2

E[p] = j o WP + Fuxlp] Eq2-3

Although the Hohenberg-Kohn theorems are rigorously correct, they do
not yield an analytical expression for Fyg[p], which remains unknown.
Therefore, further approximations were needed to make DFT applicable

to computational chemistry.
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2.1.1 Kohn-Sham Equations

In 1965, Kohn and Sham reformulated Hohenberg and Kohn's theory
into a computationally implementable DFT approximation. Kohn and
Sham proved that the solution of an ideal system with non-interacting
electrons and with a density function pgg, can reproduce the energy of a

real system if pyg is equal to that of the real system.5®

The advantages of using an ideal system are that it can be defined with
a kinetic energy operator T,;, and an external potential VXS that
artificially simulates the real electron-electron repulsion (see Eq 2-4).
This ideal system can be expressed in terms of the one-electron operator

h¥S(#), similar to the Fock operator.

n

n

- - V. o~

AXS = Ry + VES = E (—? + vKS(ﬁ-)> = E RES(7)  Eq24
i=1 i=1

vXS in Eq 1-4 is the potential field that a single electron feels from the

ideal nuclei-electron interaction, v,,(7), the ideal electron-electron

interaction, f pll:i—(:lll)dr’, and the non-ideal electron-electron repulsion,

—6E§Cp[p s (see Eq 2-5). Kohn and Sham named E,. the exchange-
KS

correlation energy.

r' OFE
Pxs( )dr'+ xclPks] Eq2-5

KS > — -
V) = () + | T T
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An exact mathematical expression of E,.[pgs] is unknown and all
further DFT methods focus on finding an approximation of E,... Once a
E,.. approximation has been selected, an initial guess wavefunction W7
can be used as an input in Eq 2-1 to obtain a pgs guess, which can be
input in Eq 2-5 to calculate a vXS guess, which at the same time can built
a h%S guess. Then AXS(F)YKS(#) = eXSYXS(#) can be solved
iteratively to find all X5 until a self-consistent pg¢(#) is found. It is at
this point when pg(#) can be used to calculate the energy of the system
(see Eq 2-6) whose components are: kinetic energy T*°[pgs], Coulomb
energy JX5[pks], nuclei-electron potential energy E,.[pxs] and

exchange-correlation energy E,..[pks].
~ ey 0
pKSO — ’UKS o _ (hKS) — {lp{(S O’ lpé(S O’ 711<S O}

~ 1
S prst o U o (R) o S Ll

(D tee == see —) cee —) cos

S Pks = Preal

Elpks] = K**[pgs] +J%°[pks] + Enelpks] + Exclpks] Eq 2-6

The fundamental difficulty in DFT is that we do not know the exact
expression of the exchange-correlation energy FE,.[pxs]. Many
approximations of E,..[pxs] have been proposed since Kohn and Sham
published their computable implementation of DFT. However, there is

not a E,.[p] approximation that generally outperforms all the others.
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Therefore, a benchmark of methods against an experimental or

computational reference is recommended.

In the thesis, the hybrid meta-GGA M06% functional was selected on
the basis of geometry and energy benchmarks (see Appendix), using X-
ray crystal structures and CCSD(T) (also known as the golden standard

method to obtain accurate bond energies),’® with basis set cc-pVTZ.”!

2.1.2 M06

MO6, the functional used in the thesis for the calculation of molecular
ground energies, is a hybrid meta-exchange-correlation functional
created in 2008 by Truhlar and co-workers. It belongs to the family of
the so-called Minnesota functionals.®® M06 is a highly parametrized
functional, specifically optimized to reproduce the thermochemistry of
main group elements and organometallic compounds. M06 was also
optimized to reproduce non-covalent interactions of main croup
elements. A total of 36 parameters were fitted against databases with
empirical measures and highly accurate calculations of both transition
metals and non-metal elements. These databases contained over 403
energetic data points of thermochemistry, kinetics, non-covalent and
metallic bonding and excitation energies. M06 accurately describe
dispersion forces thanks to the inclusion of second derivatives of the

density function.
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MO06 energies can be decomposed in three components: 27% of Hartree-
Fock exchange energy, 73% of pure M06 exchange energy, and 100 %
of M06 correlation functional (see Eq 2-7).

EMO[p, x,,1,] = 0.27EHF 4 0.73EM06 4 E106 Eq2-7

The inclusion of Hartree-Fock exchange makes M06 a hybrid functional.
Also, MO06 is classified as a meta-GGA functional because it depends on
the variables electron density (p,), reduced spin density gradient (x,),

and spin kinetic energy density (7).

2.2 Solvent Modelling

The free energy of a system, and hence its reactivity, can be severely
altered by the presence or absence of a surrounding condensed phase.
Inclusion of solvent modelling is critical in systems with relevant
interaction between solvent and solute, like those found in ionic solvents
or solutes, solvents with the possibility to coordinate or hydrogen bond
with the solute, reactions involving proton transfers, etc. The effect of a
solvent in the free energy of a system receives the name of solvation free
energy, AGZ, and it is divided into three terms (see Eq 2-8):"? (1) AGgyp
which contains the effect of electrostatic interactions between charges
on the solute and charges on the solvent molecules (acronym of
Electrons and Nuclei Polarization from gas- to liquid-phase); (2) AGps,
which contains the effect of non-electrostatic interactions (acronym of
solvent Cavitation energy, Dispersion energy and local Solvent

o

reorganization energy); and (3) AG;onc, Which contains the change in
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free energies due to differences in standard state concentration between
gas and liquid-phase (1.89 kcal mol™! if 1 atm and 1 mol L! are used in

the gaseous and solvated-phase respectively).
AG§ = AGENP + AGCDS + AGCC"OTLC Eq 2-8

The modelling of a condensed-phase system is not trivial. The most
realistic way to construct a model is to surround the solute with a finite
number of solvent molecules (explicit solvent modelling) (see left
scheme in Figure 2.2). However, the high number of solvent molecules
surrounding the solute (which increases as the square of the radius of the
simulated cell) implies the computation of an impracticable number of
particle interactions and energy minimums, only computable by

simulation techniques such as molecular dynamics.

Implicit continuum solvation modelling emerged as an alternative to
implicit solvent modelling. The assumptions underlying implicit
continuum solvation models are that (I) solvent molecules do not react
with the solute, and (II) the huge number of individual solvent molecules
may be replaced by a continuous medium with properties consistent with
those of the solvent itself (see right scheme in Figure 2.2).”>"* Some
implicit models are: PCM,” IEF-PCM,”® SMD,”? SMDI12,”
COSMO,”MCSCRF" or FEM.*

Alternatively to implicit or explicit solvent modelling, hybrid implicit-
explicit solvation models can be used (see middle scheme in Figure 2.2).
Hybrid solvation models typically consist of a continuous medium that

surrounds a solute and few solvent molecules. Such approximation is
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usually used when solvent reactivity is expected but full explicit solvent
simulation is computationally too expensive. It is in these cases when
hybrid solvation models shine thanks to their computational cost in

between that of implicit and explicit models.

Explicit solvation model =~ Hybrid solvation model  Implicit solvation model

Figure 2.2 Toy systems of explicit, hybrid and implicit solvation models.

In the thesis, implicit models have been used because solvent reactivity
was not expected (i.e. the simulated solvent, toluene and thf, are aprotic
and non-coordinating molecules), and the big size of our system made
the computational cost of explicit solvation modeling not practical for
this study. Instead, the method Solvent Modeled Density (SMD) was
used to introduce solvation free energy corrections to DFT calculated
free energies. SMD is an implicit continuum solvent model developed
in 2009 by A. Marenich, C. Cramer and D. Truhlar.”? The SMD
modelling of AGgyp 1s a parametrized version of the Polarized
Continuum Model approximation (PCM) (more specifically the IEF-
PCM). In PCM, the Born-Oppenheimer approximation (B.O.) of
clamped nuclei is assumed. B.O. implies that the dielectric field of the

solvent does not polarize the solvated nuclei, therefore, the system
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wavefunction is reduced to the electronic component and AGgyp will be

treated as AGgp which is equal to Eq 2-9,

Eq 2-9

AGep = (oot

N
Ayas =5 8| ¥eor) +5 ) Zaa = (¥gas| Apas|Woas)
A

where ¢ (a.k.a. reaction field) is the electrostatic potential caused by the
solute dipole moment and the solvent polarization. ¢ can be calculated
with the Poisson equation (see Eq 2-10) which relates the solvent
dielectric constant €, and the charge density of the solute pr. ¢ and py
depend reciprocally on each other; hence they must be solved iteratively

in a self-consistent process named Self-Consistent Reaction Field

(SCRF).
V- (eVe) = —4mps Eq 2-10

The SMD modelling of AG.ps is a sum of terms that are proportional
(with geometry-dependent proportionality constants o, called atomic
surface tensions) to the solvent-accessible surface areas of the individual
atoms of the solute (4) (see Eq 2-11, where k and M refer to solute and
solvent atoms respectively). Surface tension o are parameterized
constants of atoms k or M, characteristic of the SMD model, and they
have no particular connection with conventional surface tension. In the
SMD model, the Solvent-Accessible Surface Area is calculated as the

area created by the addition spheres centred in the solute atoms, and with
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a radius equal to the sum of the atom van der Waals radii plus the solvent

radius.®
N N
AGops = Z o Ax + oM Z Ay Eq2-11
k k

2.3 Microkinetic modelling

The prediction of a reaction experimental macroscopic behaviour from
its calculated reaction mechanism is often not straight forward. To
achieve a deeper understanding of the studied reaction mechanisms,
microkinetic models were constructed. Microkinetic modelling is a
computational technique directed to solve the apparent rate of a reaction
mechanism from the calculation of its elementary step rates. Using
microkinetic models, one can obtain a set of concentrations and rates as
a function of time (see Figure 2.3) from a complete set of elementary
reactions and their rate constants (usually obtained with computational
studies), and the initial reaction concentrations and conditions. These
models facilitate the interpretation of complex reaction networks, like

competing reactions or interconnected reactions cycles.
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Time (h)

Figure 2.3 Example of a microkinetic model output of a toy reaction were the green
and red lines are the conversion of two reactants (Conversion; = 100 * [Reactant]; /
[Reactant]o).

Microkinetic modelling is based on transition-state theory. Transition-
state theory states that reaction mechanisms can be decomposed in
elementary reactions: unidirectional reactions of one or more reactants
or intermediates in quasi-equilibrium with a single activated transition
state complex X* that irreversibly leads to one or more product or

intermediates (see Figure 2.4).7481:82
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(0]
Global reaction )L + Hy, + H, RCH,OH + NHRR"
R~ “NRR"
El t tion 1 D + H i )O\H
ementary reaction 2 y o
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OH ko 0
Elementary reaction 2 y on + Hy
HRfNR R R NRR
OH ks o)
El t tion 3 v > + NHR'R"
ementary reaction H)\NR'R" HXR
R
o Kq OH
Elementary reaction 4 L + NHR'R" H‘)\
H o R '/"NRR
: o) Ks
Elementary reaction 5 )L + H, RCH,0OH
H R
. ks 0
Elementary reaction 6 RCH,0OH o+ R
H™ R

Figure 2.4 Toy example of a fictional reaction mechanism and its elementary
reactions.

The velocity of an elementary reaction is proportional to the product of

the concentration of its reactants, as described by Eq 2-12,

elementary reactionrate = k H[Ri]
i

Eq2-12

kkgT _AG*
k = n e RT

where k is a rate constant, kp is the Boltzmann constant, T the reaction
temperature, h the Planck constant, AG* the free energy barrier of the

elementary reaction, R is the ideal gas constant, and k is transmission
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coefficient (accounting for the phenomenons of tunnelling and “re-
crossing”).3! Consequently, the macroscopic behaviour of any molecule
R; in a reaction mechanism is described by an ordinary differential

equation (ODE) of the form of Eq 2-13,

0 [a}ii] =[R1 k| | IRl = [RDD k| [1R0] By 213
J !

a+i b#i

where j are the elementary reactions in which R; is a reactant and R, their
reactants, and / are the elementary reactions in which R; is a product and

Ry their reactants.

The ODEs of a reaction mechanism are usually intercorrelated, and their
analytical solution is unknown. Microkinetic modelling software offers
several algorithms that numerically solve ODEs and allow us to simulate
the time-evolution of the concentration of all species involved in the
reaction mechanism. COPASI (COmplex PAthway SImulator)®® is the
software package used in the thesis for microkinetic modelling. COPASI
solves ODE with the algorithm LSODA (Livermore Solver for Ordinary
Differential Equations “Automatic”).***” LSODA automatically detects
the stiffness of the evaluated ODE and determines which numerical
method should be used to solve it: the Adam method for non-stiff ODEs
and the Backward Differentiation Formula (BDF) for stiff ODEs.
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3 Objectives

The main goal of the thesis was the computational determination of the
reaction mechanisms of the deaminative hydrogenation of amides by
base metal Noyori-type catalysts. The secondary objective was the
improvement of the reaction activity using the information given by the

proposed mechanisms.

The reaction was studied with two catalysts, Fe-PNP and Mo"-PNHP.
The different selectivity of these catalysts moulded the objective details
of each reaction. While the Fe-PNP-catalyzed reaction mechanism
should explain the different reactivity of secondary and tertiary amides,
the MoH-PNHP-catalyzed reaction mechanism should explain the
different reactivity of formamides and acetamides. Despite their
different selectivity, both catalysts were reported to form stable adducts
with secondary amides such as formanilide. The thesis also aims to
understand the formation of these adducts as well as their impact on the

reaction outcome.
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4 Results

This chapter summarizes the main findings obtained in the included
papers. The central theme throughout this chapter is the computational
mechanistic study on the deaminative hydrogenation of amides by either

catalyst Fe-PNP or Mo“'-PNHP (see Figure 4.1).

Amide C=0 C-N bond Aldehyde C=0
hydrogenation protonolysis hydrogenation
o H, OH NR'R" o H,
P . H\)\ o . JL AN RCH,0OH
R~ NR'R" H NR'R H™ >R

Catalyzed either by Fe-PNP or Mo®'-PNHP

i 100°C : :100°C
P : ! F{ Cl :
i . ' . 1
: | ‘Mo :
PY ‘ ~CO ! 4-16 hours L Spw | ~CO | 24 hours
'Pry ! ! Pr, :
: 0.07-0.018 mol % cat Cco | 5 mol % cat
Fe-PNP cl H
MoC'-PNHP
"""""""""""" THF -----_?____________. Toluene

Figure 4.1 Above, commonly proposed elementary reaction steps on the deaminative
hydrogenation of amides when in the presence of Fe-PNP or Mo“-PNYP catalysts.
Below, studied catalysts and experimental conditions.

The overall reaction mechanism is based in three consecutive reaction
steps (see Figure 4.1 and Figure 4.2):%* amide C=0 hydrogenation, C-N
bond protonolysis and aldehyde C=0 hydrogenation. This division is a
proposal consistent with the ability of Noyori- and Milstein-type
catalysts to hydrogenate carbonyl groups.’** Although M-PNP
catalysts are known to be involved in C=O hydrogenations, their role in
C-N bond protonolysis remained unclear prior to the thesis. Hence, we

considered adequate to investigate its role in C-N protonolysis too. We
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have also studied the role of secondary amides, alcohols and other proton
relay molecules. These species have been observed both to bind to the
dehydrogenated catalysts and to co-catalyze the hydrogenation of some
tertiary amides and esters.>!63:68891 Therefore, we included proton
relay mechanisms for competitive catalyst inhibition, co-catalyzed C-N
bond protonolysis and co-catalyzed M-PNP hydrogenations (see Figure
4.2).

H /X\ Catalyst inhibition
(N/,,, PP X-H

"
c p* | ~CO
= ip ‘
= 2 R
z Amide C=0
(2] .
> H\ H hydrogenation
1
3 <Nf R (rva‘Prz
£ ‘M ‘M
P P ‘ ~co 0 OH P ‘ ~co
> Prp R R “NR C-N bond H“)\H Pr, R
£ % protonolysis R
© 3 M-PNP

.H /\
. oH M-PNP + co-cat. o RoH
N NPPr SRR > N/, | PR
< J], X NR'R R H < Uy L

M M
P ‘ ~Cco W . v ‘ ~co
'Pry iPr,

R NRR" R

Aldehyde C=0
'-{ X hydrogenation
<N,,I/Il‘?\\P‘Pr2
pf'\‘”‘co

X-H iPry
Catalyst inhibition R M = Fe or Mo

je2-09
uoneuaBoupAy ishjejen a

Figure 4.2 Studied interactions of M-PNP and co-catalysts in the elementary steps of
deaminative hydrogenation of amides.

The amides used for this study are shown in Figure 4.3. The amides have
been selected to cover a range of reactivity, substituents and steric
hindrance. The selected amides for the Fe-PNP-catalyzed deaminative
hydrogenation of amides are formanilide, morpholidine and
dimethylformamide (DMF), and their experimental conversions are

58%, 36% and 0% respectively. The selected amides for the Mo®-
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PNHP-catalyzed deaminative hydrogenation of amides are formanilide,
N-methylformanilide and N-methylacetanilide, and their experimental
conversions are 13%, >99% and 20% respectively. The lack of
correlation between experimental conversions and the reaction
thermodynamics indicates that deaminative amide hydrogenation
behaviour is not thermodynamically but kinetically controlled.
Substrate-dependent out-cycle reactions could also account for
conversion differences between amides. Fe-PNP and Mo®¢-PNHP
different selectivity (see the case of formanilide) suggests that their

reaction mechanisms are different.

Amide C=0 C-N bond Aldehyde C=0
hydrogenation protonolysis hydrogenation
o H, oH NHRR" H,
A—> . —L» A—» RCH,OH
RPNRR" HR% NRR" Ho R 2
Fe-PNP Calculated AG, (kcal mol™) Exp. Conv.
(0]
IS 0.0 4.7 5.2 -10.1 58%
H™ "NHPh
(0]
H)LNﬁ 0.0 8.8 12.4 2.8 36%
O
0 .
H)LNM 0.0 10.5 13.8 -1.5 No conversion
€2
MoHCI-PNHP  Calculated AG; (kcal mol™') Exp. Conv.
(0]
BIS 0.0 4.0 5.1 -10.1 13%
H™ "NHPh
(0]
H NMePh 0.0 7.6 6.8 -85 >99%
(0]
_ o,
Me)kNMePh 0.0 10.5 0.6 7.5 20%

Figure 4.3 Calculated free energies (kcal mol!) of organic key intermediates of
selected amides, next to their experimental yields.>'** Experimental reaction
conditions for the Fe-PNP catalyst are 1.4 M amide, 0.25 mM Fe-PNP, 30 atm H»,
100 °C and 4 hours in tetrahydrofuran (THF). Experimental reaction conditions for the
MoC-PNHP catalyst are 0.25 M amide, 12.5 mM Mo®-PNHP, 50 atm Hy, 100 °C and
24 hours in toluene.
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The hybrid meta-GGA MO06 functional was selected on the basis of
geometry and energy benchmarks,® using X-ray crystal structures and
CCSD(T) 7 (with basis set cc-pVTZ)'! energies as references. Double-
z and triple-z basis sets were used for geometry optimization and energy
refinement, respectively. Temperature and pressure and solvent
modelling have been selected to match experimental conditions. A more
detailed description of the method benchmark and the computational

methods utilized is described in the Appendix chapter.

The results chapter is organized using a different structure than in the
publications to eliminate redundancy and to maximize the comparisons
between Fe-PNP and Mo“-PNHP. Many different reaction mechanisms
have been explored, but only those with the lowest energy are described
in the thesis (unless relevant exceptions). All presented energies are free
energies (unless contrary stated). In the thesis, the superindexes F, D, M,
MF and MA in the nomenclature of reaction intermediates have been
used to denote the presence of formanilide, DMF, morpholidine, N-
methylformanilide or N-methylacetanilide, respectively. The
hydrogenated catalyst form MY-PNHP has been used as free energy
reference (unless stated). Note that the labelling of species in the thesis

does not follow the labelling used in the corresponding papers.
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4.1 Reaction mechanisms of
deaminative hydrogenation of amides

4.1.1 Hydrogen activation and catalyst inhibition

Molecular hydrogen is not sufficiently reactive to reduce amides or
aldehyde C=0 bonds. Therefore, hydrogen activation is needed before
such reactions. When in presence of the Fe catalyst (*"PNP)Fe(H)(CO)
(Fe-1), H» suffers a concerted heterolytic cleavage, yielding the trans-
dihydride complex (‘*"PNYP)Fe(H)2(CO) (Fe-2) (see Figure 4.4). This
hydrogenation is a -10.2 kcal mol™ exergonic reaction with an internal
energy barrier of 11.6 kcal mol! (Fe-TS-1-2). Alternatively, Fe-1
hydrogenation can be assisted by a proton relay molecule such as
methanol (studied by the groups of Wang and Guan)®® or formanilide
(studied in the thesis, see Figure 4.5). Wang and Guan reported an
internal barrier of 17.3 kcal mol! for the methanol assisted Fe-1
hydrogenation. In the thesis we researched the formanilide assisted
mechanism, which proceeds through a H» binding to the metal centre
while formanilide NH protonates the catalyst ligand, thus forming
intermediate Fe-3 at 6.8 kcal mol™!'. Then, H, is deprotonated by the
formanilide N, yielding Fe-2. The formanilide-assisted activation of H»
has an effective energy barrier of 4.0 kcal mol™!, which is 3.1 and 7.6
kcal mol™! less energetic than the methanol-assisted and the unassisted

reactions.
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However, hydrogen activation can be inhibited by weak acids such as
formanilide or methanol (see Figure 4.4), which can react with Fe-1,
forming the adducts Fe-4¥ and Fe-4M¢OH respectively. These adducts
are not part of the catalytic cycle (off-cycle reactions). The stability of
Fe-4¥ (AG = -2.0 kcal molis consistent with its characterization by
NMR and single-crystal X-ray diffraction analysis.?! In the other hand,
the less stable Fe-4M¢OH (AG = 3.3 kcal mol') has only been
characterized by NMR analysis at temperatures < 20 °C.°*%* As a
consequence of Fe catalyst inhibition by Fe-4F, the catalyst activation
mechanism has an effective energy barrier of 21.8 kcal mol™!, or 16.2
kcal mol! in the presence of formanilide or 14.0 kcal mol! in the

presence of methanol.

H H
\

N,/_ ‘}iprz
<.P(F|e\co
'Pry |
Fe-2
0.0

Fe-TS-1-2
H, [21.8]

7 H
<N\\F ‘\PIPFZ

e
Fe-TS-1-4MeOH iE)’ | TCO  Fe-Ts-1-4F  ppn
Iy :

H
[15.1] v [14.2] : ﬁ
H OMe ,/‘< Fo 1 >\ H O

}\,//' },aprz MeOH 05 formanilide }\,f‘}iprz
<i§;F|e‘CO <i;;; "™eo
H H
Fe-4MeOH FodF
33 2.0

Figure 4.4 Free energies (kcal mol ™) of unassisted Fe-1 hydrogenation and Fe-1 off-
cycle species.
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H-H X
+ .
X= H—H X-H H
N PPr L L
< Sw \ N7, | PPr Z N7, | PPr
o | ~co L om My,
'Pr, M-TS-1-3 P co M-TS-3-2 P co
R PI'2 'Pr2
R R
M-1 M3 M-2
M=Fe R=H
S
X = formanilide 10.2 [14.2] 6.8 [12.2] 0.0
M=Mo R=CO
o
X = MeO 1.7 [13.3] 12.9 [11.7] 0.0

Figure 4.5 Free energies (kcal mol™!) of catalyst hydrogenation assisted by formanilide
and methanol.

On the case of Mo, the use of the catalyst precursor Mo®-PNHP requires
stoichiometric amounts of NaBHEt; to generate the active
[(P"PNP)Mo(CO)2]Na (Mo-1) (see Figure 4.6), in which Mo(I) has been
reduced to Mo(0).>* The reduction of Mo(I) to Mo(0) is supported by the
observation of hydrogen gas, and by HR-ESI mass spectrometry and
EPR analysis of Mo-1.

Hydrogen activation with Mo-1 follows the same mechanism than with
Fe-1 (see Figure 4.6), but on Mo case, the reaction is more thermoneutral
(-1.7 vs -10.2 kcal mol™') and its internal barrier is higher (18.6 vs 11.6
kcal mol ™). Furthermore, the Mo-methanol-assisted hydrogen activation
has a higher internal barrier than that of the Fe-formanilide-assisted
(11.6 kcal mol™! vs 4.0 kcal mol™!). In the other hand, the formations of
adducts Mo-4¥, Mo-4M¢OH and Mo-4F©OH (_20.8, -9.7 and -11.6 kcal
mol ™) are more exergonic than their Fe counterparts. The higher stability
of Mo-4 adducts might be attributed to a charge stabilization via the Na*

counterion, the Lewis acid BEt; present in the solution (see Figure 4.5),
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and the trans-CO ligand back-donation. As a consequence of Mo catalyst
inhibition by Mo-4¥, Mo-4M¢OH and Mo-4FCH  hydrogen activation is
not feasible without a proton relay molecule (effective barriers > 30 kcal
mol ™). Only the methanol assisted mechanism has a thermally accessible

effective energy barrier (21.4 kcal mol™).

o o
H H Na
\ |~
N7, | PPr
L,
P ‘ CO
IPrz
CcO
TN
<N/,,, ‘ \P'Prz 0.0
Mo
P ‘ ~co
'Pr.
2 Co NaBHEt, JMO-TS-1-2
MOCI_PNHP H2 [203]
%
3 %
'S'O/*
7, O L
“4, NT PPr .
< (Mo
P ‘ CO PhN
IPI’Q
®4/\/ co Na >‘\
|_{ ROe Na H Na
N
Mo
r
Pry co 2co
Mo-4ROH Mo-4F
R=Me -9.7 L=yO -16.2
R=Et -11.6 L = BEt; -20.8

Figure 4.6 Free energies (kcal mol-1) of unassisted Mo-1 hydrogenation and Mo-1
off-cycle species.
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4.1.2 Amide and aldehyde C=0 hydrogenation

The hydrogenation of the amide C=0, as well as the hydrogenation of
the aldehyde C=0, is performed by the hydrogenated catalyst species
Fell-PNHP or Mo"-PNHP (Fe-2 or Mo-2) (see Figure 4.2). Our
calculations indicate that both amide and aldehyde C=0O hydrogenation
by Fe-2 or Mo-2 share a common reaction mechanism (see Table 4.1):
The mechanism is a stepwise process, consisting on an outer-sphere
hydride transfer from the metal to the carbonyl C (M-TS-2-5), followed
by a proton transfer from the ligand NH to the carbonyl O (M-TS-5-1).
This proposal is consistent with other reported mechanistic studies on

bifunctional pincer catalysts for (de)hydrogenation reactions.!!!49%3

ji Hydride transfer Rz Protontransfer ~ OH
RT"R® 0=’ H R,
+ : H 1
R H M-TS-2-5 '_{ : M-TS-5-1 '
(NZ_|TP'Pr2 <N * wPPr <N§M"‘\\Plpr2
U - e =
P |\|/I‘Co P | ~co P | ~co
IPr2 IF)r-2 Pr2
I R R
M | Reactant M-2 M-5 M-1
e T e e
| Formani!id.e 0.0 [15.8] 15.1 [16.9] 14.9
I Morpholidine 0.0 [22.5] 21.0 [19.7] 19.0
Fe : DMF 0.0 [23.1] 23.2 [23.4] 20.6
| Formaldehyde 0.0 [4.6] 0.7 [-0.9] -5.1
- -— -— I ——————————————————————————————
| Formanilide 0.0 [10.6] 54 [6.9] 5.7
| N-methylformanilide 0.0 [13.1] 6.6 [9.7] 9.3
Mo | N-methylacetanilide 0.0 [20.9] 12.6 [12.6] 12.2
| Formaldehyde 0.0 [6.6] -9.1 [-9.8] -13.6
| Acetaldehye 0.0 [9.5] 1.9 [0.5] 6.4

Table 4.1 Free energies (kcal mol™!) for amide and aldehyde C=0O hydrogenation by
MH-PNHP catalyst. The most energetic transition states are highlighted in green colour.

On the case of Fe-2 assisted amide C=0O hydrogenation, all the studied

reductions are endergonic (from 15 to 20 kcal mol™!), and all their
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transition states are thermally accessible (below 24 kcal mol™!). The
energy difference between the hydride transfer (Fe-TS-2-5) and proton
transfer barriers (Fe-TS-5-1) is small: (between -1 and 3 kcal mol™).
Therefore, it is difficult to predict whether the hydride or the proton
transfer will be the most energetic transition state of amide C=O
hydrogenation by Fe-2. In the case of formaldehyde C=O
hydrogenation, the reduction is exergonic (-5.1 kcal mol™?) and the
hydride transfer is significantly more energetic than the proton transfer
(4.6 kcal mol! vs -0.9 kcal mol-1). The energies associated with
formaldehyde reduction are significantly smaller than those of amides

as a consequence of formaldehyde C=0 lower electron density.

Regarding Mo-2 assisted amide C=O hydrogenation, all the reductions
are endergonic too, and their transition states are also thermally
accessible. However, hydrogenation barriers with Mo are significantly
lower than Fe barriers (around 10 kcal mol™! higher). Moreover, contrary
to Fe, Mo hydride transfers (Mo-TS-2-5) are consistently higher than
Mo proton transfers (Mo-TS-5-1). Within the studied amides,
acetanilide hydride transfer barrier is significantly higher than those of
formamides (20.9 vs 10.6 and 13.1 kcal mol™), as a consequence of
acetanilide C=0 higher electron density. In Chapter 4.2 we will see that
this energy difference is one of the reasons for Mo“-PNHP selectivity
towards formamides. On the case of aldehydes, Mo-2 assisted
formaldehyde and acetaldehyde C=0O hydrogenations follow the same

trends as the Fe-2 assisted: they are exergonic, their most energetic
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transition state is the hydride transfer, and their transition states are

lower than those of amide C=0 hydrogenation.

4.1.3 Hemiaminal C-N bond protonolysis

The hemiaminal C-N bond protonolysis involves the following chemical
transformations: hemiaminal OH deprotonation, hemiaminal N
protonation and C-N cleavage (Figure 4.7). The simplest reaction
mechanism, the intramolecular O-to-N proton transfer followed by C-N
cleavage, has prohibitively high energy barriers for any of the tested
amides (> 45 kcal mol ™). Therefore, proton relay molecules are needed,
as already proposed in the literature.**® The candidates to assist the
proton transfer are many: the catalyst, secondary amides (substrate),
hydrogen (reactant) and alcohols (products). For these reasons, C-N
bond protonolysis can proceed through different paths. However, only
three paths have been identified to be the most relevant. They differ on
which are the assisting molecules and on the order of the reaction steps

(Figure 4.7).

Path 1 is catalyzed only by the catalyst (M-1). It consists of first the
hemiaminal OH deprotonation by the ligand N (M-TS-1-7). Then the
hemiaminal C-N cleavage (M-TS-7-8) forms an amido complex M-8
and releases an aldehyde molecule, which can rapidly be reduced to
alcohol. Finally, M-8 amido group is protonated by the ligand NH (M-
TS-8-1), yielding the corresponding amine.
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Path 2 is catalyzed by both M-1 and a proton relay molecule. It consists
of first the hemiaminal OH deprotonation by the ligand N (M-TS-1-9)
and the coordination of the proton relay to the metal centre. Then, the
proton relay protonates the hemiaminal N (M-TS-9-10), thus liberating
the corresponding zwitterion. Finally, the zwitterion will then undergo
C-N cleavage (M-TS-10-4) and liberate the corresponding amine and
aldehyde.

Path 3 is catalyzed by a proton relay molecule only, and the order of the
steps depends on the acidity/basicity of the proton relay molecule. Path
3 with formanilide as proton relay presents first the hemiaminal N
protonation (TS-6-11), followed by the hemiaminal OH deprotonation
(TS-11-12), forming a zwitterion that will then undergo C-N cleavage
(TS-12-13). In the other hand, Path 3 with methanol as proton relay,
presents first a concerted hemiaminal protonation/deprotonation (TS-6-
12) to a zwitterion, that will then undergo C-N cleavage (TS-12-13) to

the corresponding aldehyde and amine.
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Hemiaminal C-N protonolisis
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Figure 4.7 Calculated key steps of hemiaminal C-N bond protonolysis when in the
presence of an M-PNP catalyst.

When in the presence of Fe-1, formanilide hemiaminal C-N bond
protonolysis is assisted solely by Fe-1 (Path 1 in Figure 4.8). This path

is almost thermoneutral, AG = 0.1 kcal mol!, due to the exergonic (and
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fast) reduction of formaldehyde to methanol. Its highest energy barrier
Fe-TS-7-8F (AG* = 24.9 kcal mol™) is associated with the C-N bond

cleavage step.

Formanilide C-N cleavage with Fe-PNP

: P
OH o ! 30 atm H, N wPPray
N ————— J * NH,R : <pfFe‘co '
L/ NHR H O H 2 1100 °C Pr, |
Path 1
Deprotonation C-N cleavage Protonation
OH
M~ N o
HH NHPh O=-R NHHPh
6 :
. H  NHPh H  NHPh . *
., FeTSA7F |\ | Fe-TS-7-8F | ~|—_ . Fe-TS-81 s
N\ \\PPrz —_— N/, \\PPFQ N/, \\PPrz —_— N\ \\PPrz
L SFel L rel N el L SFel
P | co P | co aldehyde P | co P | co
IPFZ 'Pr2 ' 'Pr2 'Pr2
H H ' H
Fe-1 Fe-7F alcohol Fe-8F Fe-1
Formanilide 14.9 [19.3] 19.2 [24.9] 25 [12.4] 0.1

Figure 4.8 Calculated key steps of hemiaminal C-N bond protonolysis of formanilide
when in Fe-1 catalysis experimental conditions.?!>! In green, most energetic species.

On the other case, morpholidine and DMF hemiaminal C-N protonolysis
prefer Path 2 and Path 3 (see Figure 4.9) over Path 1, which is
disfavoured by morpholidine and DMF more electron-donor
substituents (AG > 40 kcal mol™). For both amides, the highest energy
barrier is the proton transfer, but the methanol-assisted Path 3 (AG =
28.1 and 29.6 kcal mol™) is slightly less energetic than Path 2 (AG =
31.4 and 30.4 kcal mol!). However, Path 3 precise of methanol, which
can only be previously produced through Path 2. Therefore, one can
expect that the reaction will evolve through Path 2 during the first
minutes, and will gradually switch to Path 3 as methanol concentration

increases. Path 2 becomes unnecessary when formanilide is used as co-
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catalyst: In this case, morpholidine and DMF hemiaminal C-N
protonolysis proceeds only through the less energetic formanilide-

assisted Path 3 (highest energy barriers of 23.4 and 23.8 kcal mol™!).

Tertiary formamides with Fe-PNP
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Morpholidine 8.8 [28.1] 23.4 [23.3] 12.4
DMF 10.5 [29.6] 23.8 [22.7] 13.8

Figure 4.9 Calculated key steps of hemiaminal C-N bond protonolysis of DMF and
morpholidine when in Fe-1 catalysis experimental conditions.’>! In green, most
energetic species.
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Briefly, formanilide, morpholidine and DMF highest energy barriers for
the hemiaminal C-N protonolysis are 24.9, 28.1 and 29.6 kcal mol™!
when unassisted, and 24.9, 23.4 and 23.8 kcal mol™! when formanilide-
assisted. In Chapter 4.2 we will see that these energy barriers are one of
the rate-limiting factors in the Fe-PNP-catalyzed deaminative

hydrogenation of amides.

The reaction pathways for the hemiaminal C-N protonolysis when in the
presence of Mo-1 are shown in Figure 4.10. Formanilide, N-
methylformanilide and N-methylacetanilide go through both Path 1 and
the methanol-assisted Path 2. The most energetic species of the
methanol-assisted Path 2 (AG = 12.4, 10.8 and 11.2 kcal mol™) are less
energetic than those of Path 1 (AG = 12.5, 22.9 and 23.2 kcal mol™).
However, Path 2 precise of methanol, which can only be previously
produced through Path 1. Therefore, one can expect that the reaction
will evolve through Path 1 during the first minutes, and will gradually
switch to Path 2 as methanol concentration increases. This situation
resembles the cases of Morpholidine and DMF hemiaminal protonolysis
when in the presence of Fe-PNP, where the methanol assisted paths
were preferred over the other mechanisms. Remarkably, transition state
Mo-TS-7-8 with formanilide (12.5 kcal mol!) is substantially less
energetic than with N-methylformanilide, N-methylacetanilide or its Fe
analogue Fe-TS-7-8 (22.9, 23.2 and 24.9 kcal mol™! respectively). On
the cases of N-methylformanilide and N-methylacetanilide, this is
because of their more electron-rich C-N bond due to the electron-

donating nature of the N methyl.
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Hemiaminal C-N protonolysis with Mo-PNP
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Figure 4.10 Calculated key steps of hemiaminal C-N bond protonolysis when in Mo-
1 catalysis experimental conditions.?!3! In green, most energetic species.
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4.2 Comparison between experimental
and computational results.

Fe-PNP-catalyzed deaminative hydrogenation of amides

The species with the highest and the lowest energies in the reaction
mechanisms of the Fe-catalyzed deaminative hydrogenation of amides
are shown in Figure 4.11. The rate-limiting step for formanilide is the
hemiaminal C-N cleavage (Fe-TS-7-8F with 24.9 kcal mol!), whereas
for morpholidine and DMF, is the hemiaminal proton transfer assisted
by methanol (TS-6-12M and TS-6-12° with 28.1 and 29.6 kcal mol™')
(see Figure 4.11). In the other hand, morpholidine and DMF share the
same resting state, Fe-2 with 0.0 kcal mol!, but not formanilide, which
inhibits the catalyst with the formation of Fe-4F with -2.0 kcal mol'. The
formation of the methanol adduct Fe-4M¢OH ig slightly endergonic (AG
= 3.3 kcal mol!) but it could also play a role as inhibitor at large
concentration of methanol and low temperatures.®>®* Therefore, the
effective energy barriers of formanilide, morpholidine and DMF
hydrogenation are 26.9, 28.1 and 29.6 kcal mol™! respectively, which are
in qualitatively agreement with their experimental conversions of 58%,

36% and 0%.
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Figure 4.11 Catalyst adducts and most energetic species, in the reaction mechanisms
of formanilide, DMF and morpholidine deaminative hydrogenation, when catalyzed

by Fe-PNP.
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Nevertheless, when formanilide is used as co-catalyst, the resting state
and the TS with the highest energy change (see Figure 4.12). In this case,
the species with the largest energy are the zwitterions 12M and 12 for
morpholidine and DMF respectively, with energies of 23.4 and 23.8 kcal
mol™!. The adduct Fe-4F becomes the least energetic species, at -2.0 kcal
mol™!. The effective barriers for morpholidine and DMF are 25.4 and
25.8 kcal mol! respectively, which qualitatively match their
experimental conversions of >99% and 14%. The low conversion of
DMF when compared to morpholidine, can be attributed to the global
thermodynamic energy of the DMF reaction, which is close to
thermoneutrality (AG = -1.5 kcal mol’!, see Figure 4.3) and limits the

conversion of DMF to a maximum of 32%.

The use of experimental data to validate and evaluate the precision of
our computed mechanisms is not straightforward because of several
factors: the multiple roles of formanilide in the reaction (as substrate,
co-catalyst and inhibitor), thermoneutrality of the DMF hydrogenation
reaction, the difficulty to estimate the real concentration of solved
hydrogen, and the large difference in concentration of amide, hydrogen
and catalysts in solution. Consequently, microkinetic models were
constructed using the computed free energy barriers for the Fe-PNP-
catalyzed formanilide and DMF deaminative hydrogenation (see Paper

I for detailed information about their construction).!
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Figure 4.12 Catalyst adducts and most energetic species, in the reaction mechanisms
of DMF and morpholidine deaminative hydrogenation when catalyzed by Fe-PNP and
co-catalyzed by formanilide. * Experimental conversion at 60 atm H> and 120 °C.
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The microkinetic model for the hydrogenation of formanilide predicted
a low conversion of 1 % (see Graph 4.1). Such calculated conversion
diverges from the experimental formanilide conversion of 58%. The
microkinetic model reproduced the experimental results after adding
small corrections in the free energies of Fe-TS-7-8F and Fe-4F (AAG =
2.9 and 2.5 kcal mol!, respectively), which are the stationary points

with the highest and lowest energy in the overall reaction profile.

In the other hand, the DMF microkinetic model predicted a DMF
conversion of 0 %. Such calculated conversion matched the
experimental DMF conversion. However, when 20 eq. of formanilide
were added in the microkinetic model (as co-catalyst), the calculated 31
% conversion did not match the experimental 14 % conversion (see
Graph 4.2). Incorporation of the corrections done in the formanilide
microkinetic model (AAG = -2.9 and 2.5 kcal mol™! to Fe-TS-7-8F and
Fe-4") considerably improved DMF predicted conversion to 15 %.

In conclusion, the mechanism inferred from the DFT calculations
accounts for the experimental observations, since the energy deviations
derived from the fit are within the error range expected for calculated
Gibbs energies,”* the approach used to calculate the concentration of
solved hydrogen, and the standard deviation in experimental

measurements.
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Formanilide conversion (%) (Exp. Conv. = 58 %)
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Graph 4.1 Microkinetic simulations of the formanilide deaminative hydrogenation.
Formanilide conversion at 4 hours (%) vs AAG Fe-TS 7-8F vs AAG Fe-4¥ (kcal mol
1. The simulations were based on the reaction mechanisms shown in Figure 4.4, Figure
4.5, Figure 4.8 and Table 4.1. The initial conditions are set up according to the
experiments:*' 1.4 M of formanilide, 0.162 M of H, ** and 0.25 mM of Fe'-PN"P. H,
concentration was kept constant throughout the kinetic simulations, consistent with the
effectively constant pressure of H> used in the experiments.
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DMF conversion (%) (Exp. conv. 14 %)
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Graph 4.2 Microkinetic simulations of the DMF deaminative hydrogenation. DMF
conversion at 16 hours (%) vs AAG Fe-TS-7-8F vs AAG Fe-4¥ (kcal mol'). The
simulations were based on the reaction mechanisms shown in Figure 4.4Figure 4.5,
Figure 4.8 and Figure 4.9 and Table 4.1. The initial conditions are set up according to
the experiments:' 1.4 M of formanilide, 0.162 M of H, ** 1 mM of Fe"-PN"P and
20mM of formanilide. H, concentration was kept constant throughout the kinetic
simulations, consistent with the effectively constant pressure of H, used in the
experiments.
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Mo-PNP-catalyzed deaminative hydrogenation of amides

The most and least energetic species of the reaction mechanism of the
Mo-PNP-catalyzed deaminative hydrogenation of amides are
summarized in Figure 4.13. Using Mo-2 as energy reference, both the
M-4 adducts and the most energetic species in the molybdenum-
catalyzed reaction are more stable than those of the iron-catalyzed
reaction (> 10 kcal mol™ and > 3 kcal mol™ respectively). Two species
regulate the reaction rates of formanilide, and N-methylformanilide
hydrogenation, due to their similar energies: species Mo-TS-1-3 and
Mo-10F in the case of formanilide (AG = 13.3 and 12.4 kcal mol!), and
species Mo-TS-1-3 and Mo-TS-2-5MF in the case of methylformanilide
(AG =13.3 and 13.1 kcal mol ™). Species Mo-TS-2-5MA (AG = 20.9 kcal
mol) is the rate limiting step of N-methylacetanilide hydrogenation by
Mo-PNP.

The effective barriers of formanilide, N-methylformanilide and N-
methylacetanilide (33.2, 22.8 and 32.5 kcal mol ™) qualitatively match
their experimental conversions (13 %, >99 % and 20 %). Remarkably,
N-methylacetanilide has a non-zero conversion despite its prohibitively
high 32.5 kcal mol! effective barrier: N-methylacetanilide reacts only at
the beginning of the reaction, when the low concentration of ethanol
makes the contribution of the species Mo-45OH irrelevant, thus resulting
in an initial effective barrier of 20.9 kcal mol™!. Unfortunately, the non-
zero conversion of formanilide cannot be explain by the proposed

mechanism.

65



RESULTS
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Figure 4.13 Catalyst adducts and most energetic species, in the reaction mechanisms

of formanilide, N-methylformanilide

hydrogenation, when catalyzed by Mo"-PN"P.

66

and N-methylacetanilide

deaminative



RESULTS

As in the case of Fe, microkinetic modelling was used to compare the
calculated energies with the experimental conversions. In this case we
simulated the hydrogenation of N-methylformanilide, and we studied
the inhibiting effect of ethanol over this reaction (see Paper III for
detailed information about its construction).>* The microkinetic model
predicted a considerable dependence of amide conversion on ethanol
concentration: >99 %, 99 % and 55 % conversion in the presence of 0,
0.5 and 2 eq. of ethanol (straight-lines in Figure 4.14). The calculated
conversions qualitatively matched the experimental conversions of
>99%, 96 % and 35 % respectively. The microkinetic model was able to
reproduce the experimental values after small corrections in the most
and least energetic species (AAG = +0.3, +0.4, -1.8 and +0.2 kcal mol!
to Mo-TS-2-5MF, Mo-TS-1-3, Mo-4M¢OH and Mo-4¥t0H) (dashed lines
in Figure 4.14). An alternative source of error is the catalyst activation
mechanism, which fitted the experimental conversions when introduced

as a single irreversible reaction with a 25 kcal mol-1 barrier.
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Figure 4.14 Fitted and unfitted microkinetic models of the Mo“-PN"P catalyzed N-
methylformanilide deaminative hydrogenation when in the presence of 0, 0.5 and 2.0
eq. of ethanol. The simulations were based on the reaction mechanisms shown in
Figure 4.5, Figure 4.6 and Figure 4.10 and Table 4.1 The initial conditions for the
microkinetic model are set up according to the experiments:** 0.25 M of N-
methylformanilide, 0.207 M of H,”* 12.5mM of Mo“-PNHP. H, concentration was
kept constant throughout the kinetic simulations, consistent with the effectively
constant pressure of H, used in the experiments.
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4.3 Reaction optimization.

Fe-PNP - catalyzed deaminative hydrogenation of amides

A rational approach involving DFT calculations has been used to design
co-catalysts tailored for the deaminative hydrogenation of tertiary
amides (Paper II).>® This was possible thanks to the research on Fe-PNP
catalyzed deaminative amide hydrogenation (Paper I),>' which
identified the role of the co-catalyst: proton shuttle for the formation of
zwitterion 12, here named [AGur]* (see Figure 4.15). However,
formanilide, the co-catalyst studied in Paper I, had the drawbacks of
being parallelly hydrogenated by Fe-2 on the course of the reaction and
inhibiting the catalyst by the formation of adducts Fe-4F, here named
AGadd (see Figure 4.15).

In Paper II, 1 calculated the AGada and [AGut]* of a series of potential
organic co-catalysts that could act as a proton shuttle for hemiaminal
proton transfer (low [AGwut]*), without inhibiting the catalyst (Fe-4 > Fe-
2), or being hydrogenated by Fe-2.

y H H
>\1,/_“P‘Pr2 <N/'/'—}Pipr2 H H
e, by 'Fe‘ T
<P(Fe‘CO ’ -p” | ~co  Morpholidine N-r  H N lll\®R.
Py | Pz g + e X R 3R
H H H Ts.612  HH
FodX Fe-2 6 ; 12
[AG1]
AGaqq H—H 0.0 Fe-2 H

Figure 4.15 Key energies and species of tertiary alkyl amides deaminative
hydrogenation when catalyzed by Fe-1.
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The potential catalysts assessed (see Table 4.2) included molecules with
either hydrogen-bond donor single-sites (entries 4, 5 and 8) or with both
hydrogen-bond donor and acceptor sites which could act as push-pull
proton shuttles (entries 1-3, 6 and 9). In molecules with C=0O or C=N
functional groups, only electron-rich systems were chosen to minimize

the hydrogenation of the co-catalyst.

The calculated [AGur]* and AGaaa of morpholidine deaminative
hydrogenation were used to estimate the effective energy barrier of the
reaction: AGetr= ([AGuT]* — AGadd) except when AGaga > Fe-2 and/or
TS-6-12MeOH < [AGpr]* < 12M, in which cases Fe-2, TS-6-12MeOH
12M substituted [AGut]* and AGada. The AGetr of each potential co-
catalyst was then compared to its corresponding experimental

performance (see Table 4.2)

AGerr qualitatively correlated to experimental TONs, with the exception
of 1,2,3-triphenyl guanidine (entry 6), which may react differently as
indicated by an immediate colour change upon treatment with Fe-PNP.
Triazabicyclodecene (TBD, entry 1) and acetanilide (entry 2)
experimentally proved to be co-catalysts more active than formanilide,
being TBD the best performing co-catalyst among the tested, improving

formanilide co-catalyst activity by a 130%.
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0.07 mol% [Fe-PNP]

(@]
1.75 mol% [Co-cat] OH
HN
H)J\N/\ + H, I /k"H + /\
1am L_o 30atm THF H 4 ©
. 2h, 100 °C

Entry Co-catalyst  [AGur]* AGadd AGest TON® Conv.?

N
1 (N\/)\/j 22.1 8.7 23.4 830 59%

N
H
O
2 Me)J\N/F’h 25.4 1.9 25.4 780 55%
b
(@]
3 HJJ\N/Ph 217 2.0 25.4 630 45%*
!
Me
4 255 14.6 255 560 40%
Bu By
OH
5 Me—OH 28.1 3.3 28.1 510 37%
Ph.
N
6 Ho A g -Ph 21.4 1.4 23.4 440 31%+
Ph B
7 No additive 28.1 - 28.1 320 22%
8 OH 31.9 18.2 28.1 320 22%
(0]
9 35.6 1.4 28.1 90 6%*
HZNJ\NHZ °

Table 4.2 Computational and experimental results on potential co-catalysts for
morpholidine deaminative hydrogenation, Fe-PNP catalyzed. * co-catalyst is
consumed in the course of the reaction. ¥ Immediate colour change was observed upon
treatment with Fe-PNP. ? Experimental reaction conditions: 30 atm H, 5 pmol of [Fe-
PNP] (0.07 mol%), 1.75 mol% of each additive and 7 mmol of morpholidine in 5 mL
of THF at 100 °C for 2 h. TON and Conv. were determined by GC-FID analysis of the
products and remaining starting material. Each entry is the average of two or more
trials.
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TBD was later proved to significantly enhance the hydrogenation of
other inactive amides (when Fe-PNP-catalyzed) (see Table 4.3), and the
hydrogenation of morpholidine when catalyzed by Ru'BH-PNHP or
RufBH3.PNHN (see Table 4.4). TBD could not co-catalyze N-
phenylbenzamide deaminative hydrogenation, though acetanilide did

(Table 4.3; entry 4c).

0.07 mol% [Fe-PNP]

)OJ\ R’ x mol% [TBD] OH _R’
R™ N T THF R HTR"
14M R 60 atm 16h, 120 °C 4
Entry Amide [TBD] TONP,
o 0 50
1 H)J\N/
| 1.75 300
o) 0 1150
) H)J\ITI/Ph
Ph 0.45 5180
o) 0 140
Ph
3 Me l}l/
H 1.75 230
0 120
o)
4 ph)J\N/Ph 1.75 120
&
1.75¢ 250¢

Table 4.3 * Reaction conditions: 60 atm H2, 5 umol of [Fe-PNP] (0.07 mol%), x umol
of TBD, and 7 mmol of substrate in 5 mL of THF at 120 °C for 16 h. ® TON was
determined by GC-FID and NMR analysis of the products and remaining starting
material. Each entry is the average of three or more trials. ¢ TBD was substituted by N-
acetanilide (Table 4.2; entry 2).
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0.07 mol% [CAT]

(@]
1.75 mol% [Co-cat] OH
ram (O soam 2h, 100 °C :
Entry Catalyst Co-catalyst TONP Conv.b
None 320 23%
< \\P Pr2
1 .FF,’r: | "o TBD 830 59%
H
Fe-PNP .
Formanilide 630 45%
H HBHj None 310 22%
N, | \PPh,
2 <er“~CO TBD 1200 86%
Ph, ‘
H
Ru"BH:-PNHP Formanilide 0° 0%°
None 440 31%
H
\/\HEQe‘
/(N/, Ry \P BU2
3 MeN \N/| ~co TBD 1170 84%
\—/
HBH. H
Ru™.PNAN Formanilide 1040 74%

Table 4.4 * Experimental reaction conditions: 30 atm H», 5 pmol of [Fe or Ru] (0.07
mol%), 125 pmol co-catalyst and 7 mmol of morpholidine in 5 mL of THF at 100 °C
for 2 h. For [Ru] co-catalysts 10 pmol of NEt; was added to activate the catalyst. °
Determined by GC-FID analysis of the products and remaining starting material. Each
entry is the average of two or more trials. ¢ Formanilide reacts irreversibly with this Ru
catalyst to form an adduct (see Paper II for details).
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MoC!-PNHP - catalyzed deaminative amide hydrogenation

In a similar fashion to the case of Fe-PNP, I attempted to optimize the
Mo“-PNHP-catalyzed amide hydrogenation with the information
obtained in its mechanistic study. Mo reaction mechanism shows a clear
dependence on the counter-cation type (see Table 4.5) and location (see
Paper III S.1.):>* the energy difference between transition state Mo-TS-
2-5MF (rate-limiting step) and adduct Mo-4M¢OH (catalyst resting state)
swings from 28.8 kcal mol™! to 22.9 and 23.0 kcal mol™! with the alkaline
counterions Li", Na" and K", respectively. The extreme case of
counterion absence shows an even lower effective energy barrier (AGesr
=19.9 kcal mol ™). These calculations were later tested experimentally:
Mo“-PNHP was activated with LIHBH3, NaHBH3 or KHBH3, and then
used to hydrogenate N-methylformanilide at 80 °C and 50 atm of H».
The resulting experimental conversions qualitatively agreed with their
respective calculated effective energy barriers (see Table 4.5).
Unfortunately, none of the tested counter-cations resulted in an
improved reaction performance. To approach the limit of counter-cation
absence, the sterically hindered counter-cation PPhs" or the Na'-trap
crown ether 15-crown-5 were tested experimentally. However, they
decreased the reaction yield, contrary to the computational predictions.
This unexpected behaviour may be attributed to the probably low
solubility of the ion pairs [MoH-PNHP]-//PPh4* and [Mo"-PNH"P]-//15-

crown-5-Nat.
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- o m—
O=J..NMePh
I-{MeO M@ |_{ 'l'.l
<Nﬂ WPPr + Hy AGeg <N{_§?Pipr2
(o] —_— 'M .
iP' ‘ ~co + N-Methylformanilide ip’ ‘O\CO
Prz co B Prz co M@_
Mo-4MeOH Mo-Ts-2-5MF
Counter-cation (M) AGesr (keal mol™) Yield (%)*
Li* 28.8 9
Na' 22.9 75
K* 23.0 75
Absence of 10.9

counter-cation

Table 4.5 Free energies (kcal mol™!) for the isodesmic reaction between Mo-4M¢OH and
Mo-TS-2-5F. *Yields of Mo“-PNHP-catalyzed N-methylformanilide deaminative
hydrogenation after 24h at 80 °C with 5 mol% of alkali metal hydrides, 0.25 M of N-
methylformanilide, 50 atm of H,, 12.5mM of Mo®'-PNHP
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5 Conclusions and Future
Outlook

The main conclusions of the computational mechanistic study on the Fe-
PNP catalyzed deaminative hydrogenation of amides were the

following:

e Reliable energies and molecular geometries of amides and Fe-
PNP complexes can be obtained with the use of the M06
functional and double-z basis sets, together with energy

refinements with functional M06 and triple-z basis set.

e Deaminative hydrogenation of amides by Fe-PNP follows a
three-step process consisting of (1) amide C=0O hydrogenation,
(2) C-N bond protonolysis, and (3) aldehyde C=0O
hydrogenation. The rate-limiting step of both secondary and
tertiary amides is the C-N bond protonolysis, which proceeds by
a different pathway for the two substrates. While Fe-PNP
promotes the cleavage of the C-N bond of secondary amides, the
C-N bond of tertiary amides is too electron-rich to be broken by
Fe-PNP. In the latter case, secondary amides can act as proton-

shuttles, and thus assist the C-N bond protonolysis.
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CONCLUSIONS AND FUTURE OUTLOOK

Catalyst Fe-PNP can dehydrogenate weak acids such as
secondary amides or methanol, which can block the catalyst
active-site and prevent its hydrogenation. This reaction is

reversible but significant enough to hamper the catalyst activity.

TBD has proved to co-catalyze the deaminative hydrogenation
of tertiary amides thanks to (I) its proton-shuttle abilities, that
facilitate the cleavage of tertiary amides C-N bonds, (II) its steric
hindrance, that avoid TBD from blocking Fe-PNP active site,
and (IIT) its difficult hydrogenation by Fe-PNP.

Particular conclusions of the computational mechanistic study on the

MoH-PNHP catalyzed deaminative hydrogenation of amides were the

following:
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Deaminative hydrogenation of amides by Mo"-PNHP follows
the same three-step pathway of Fe-PNP: (1) amide C=0O
hydrogenation, (2) C-N bond protonolysis, and (3) aldehyde
C=0 hydrogenation. However, in the case of Mo"-PNHP, the
rate-limiting step i1s amide-dependent: In the case of formamides,
their rate-limiting step 1s the C-N bond protonolysis, which is
assisted by Mo"-PNHP and a methanol molecule; in the case of
acetamides, their rate-limiting step is the amide C=0O
hydrogenation, because their more electron-rich carbonyl is

harder to hydrogenate than that of formamides.



CONCLUSIONS AND FUTURE OUTLOOK

e Secondary amides and alcohols can block Mo-PNP active site.
This inhibition is more significant than in the case of Fe-PNP,
and therefore, the more energy demanding hydrogenations of

acetamides can only be performed by Fe-PNP.

e The alkaline countercation of Mo"-PNHP stabilizes the catalyst
negative charge, while modifying the hydricity of the catalyst.
The substitution of the alkaline cation by a larger molecule

enhances the catalyst hydricity but it reduces its solubility.

Only three substrates have been computed per catalyst. A broader scope
of amides remains to be investigated computationally in future work, as
well as a broader scope of base metal Noyori-type catalysts. A broader
scope of amides could solidify the conclusions of the thesis, while a
broader scope of metals could lead to a rational catalyst design that
maximizes the catalyst hydricity while minimizes the formation of
adducts between primary or secondary amides and the catalyst. Also,
further research on orbital analysis of Mo"-PNHP interaction with its
countercation would help to understand how it modifies the catalyst

hydricity.
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Appendix

Method benchmarking.

In order to select the best method describing the reactivity of Fe-PNP,
the performance of several density functionals against geometric and

energetic benchmarks were tested.

The density functionals used for the study were BLYP, B3LYP, PBE,
PBE(0), TPSS, TPSSh, M06-L, M06 and ®B97XD.®*7"1% Three
parameter Grimme dispersion corrections'®® were used in non-GGA
functionals without dispersion corrections: BLYP, B3LYP, PBE and
PBE(0). The basis sets used were the double-z quality LANL2DZ!"7 on

iron and 6-31+G** for all other elements.'%®

Catalysts A, B and C were selected for geometric benchmarking since
their molecular structure has been resolved by single-crystal X-ray
diffraction.® The experimental geometries of A, B and C were
compared against DFT gas-phase geometry optimizations (see Graph
0.1). Bonds Fe-P, Fe-N, Fe-C and C=0 were selected for an RMSD
analysis because they were the most sensitive to density functional
changes. All functionals gave acceptable global RMSD, though
functionals PBE(0)+D3, TPSS, TPSSh and M06 were identified as the
best candidates, giving global RMSD smaller than 0.02 A.
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Graph 0.1 Geometry benchmark results of Catalyst A, B and C. Experimental bond
distances (Exp.) 1, 2, 3, 4 and 5 by single-crystal x-ray diffraction in front of gas-phase
density functional theory geometry optimizations with BLYP+D3, B3LYP, PBE+D3,
TPSS, TPSSh, M06L+D3, M06+D3 and ®B97XD functionals and double-z quality
basis set (LANL2DZ on iron and 6-31+G** for all other elements).

Next, an energy benchmark of Reactions 1, 2 and 3 (see Figure 0.1) was
performed to assess the energy accuracy in the calculation of FeH-
PNMeP and Fel-PNHP complexes, and to discriminate between the
functionals that performed best in the geometry benchmark. The tested
reactions are the isomerizations of the Fe-PNHP and Fe-PNM¢P
complexes (Reaction 1 and 2 in Figure 0.1) and a hydrogen transfer

from a Fe"-PNHP catalyst to a CO, molecule (Reaction 3 in Figure 0.1).
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Geometry optimizations of these reactions complexes were performed
with the M06 functional. Then we computed their reaction potential
energies (AE;) with single point CCSD(T)/cc-pVTZ calculations as
energy benchmarks. The coupled-cluster energies were then compared
with AE; calculated with functionals PBE(0)+D3, TPSSh and MO06
(LANL2TZ on Fe, 6-311+G** on the rest)'*!''% (see Graph 0.2). The
DFT computed reaction energies for Reactions 1 and 2 matched the
coupled-cluster energies, with a deviation smaller than 1 kcal mol™.
However, the coupled-cluster computed reaction energy for Reaction 3
could only be reproduced with the M06 functional. Therefore we
concluded that, when compared to the other tested density functionals,
the M06 functional provide both the most accurate energies and
acceptable geometry optimizations of complexes of amides and iron

Noyori-type catalysts.
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Figure 0.1 Reactions selected for the energy benchmarks. Phosphines iso-propyls were
replaced by hydrogens to make CCSD(T) calculations feasible.
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Graph 0.2 Quantitative deviation of DFT A,E and AE' relative to CCSD(T) energies

of reaction 1, 2, 3 and reaction 3 transition state.
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Finally, we tested M06 performance in geometry optimizations of

molybdenum Noyori-type catalysts. Single-crystal X-ray diffractions of

Catalysts D, E and F were used as geometry benchmarks, and they were

compared against DFT geometry optimizations with the M06 functional
and double-z quality basis set (LANL2DZ on iron and 6-31+G** for all
other elements). Bonds Mo-P, Mo-N, Mo-Cl, Mo-nitrile and Mo-C

constitute molybdenum first coordination sphere; therefore, they were

selected for an RMSD analysis. M06 RMSD of 0.03 A (see Graph 0.3)

support the use of M06 for geometry optimizations of molybdenum

Noyori-type catalysts.
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P2 co P12 o Na
Catalyst E Catalyst F

Graph 0.3 Root mean square deviation (A) of marked distances of Catalysts D, E and

F calculated geometries with respect their single-crystal X-ray diffraction geometries.
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Selected Methodology

The MO06 functional was used for both geometry optimizations (with
double-z basis set) and energy refinement (with triple-z basis set).
Analytic frequency calculations of stationary points were performed to
classify them in either energy minima or saddle points. Free energies
were calculated from double-z basis set analytic frequency calculations.
Our calculations contain thermal and pressure corrections to emulate the
experimental conditions of 373.15 K and 30 atm in the case of Fe-PNP-
catalyzed reactions, and 373.15 K and 50 atm in the case of Mo®“-PNHP-
catalyzed reactions. Solvent effects of THF were introduced with the
continuum SMD model. The ultrafine (99,590) grid was used in all
calculations for higher numerical accuracy. All calculations were carried

out with the Gaussian09 (RevD.01) software package.!'!!

Microkinetic models were constructed with the COPASI (version 4.22)
software.®® The models were based on deterministic time course
simulations with the LSODA algorithm.?” Temperature, reaction times
and 1initial concentrations were adjusted to experimental values and will
be specified at each case. Hydrogen pressurized reactions were
simulated as a constant hydrogen saturated concentration of 0.162M,
calculated using the molar fraction of H> in a H» saturated solution of
THF at 33.4 atm and 100 °C (0.01461 H> mol / solution mol), assuming
incompresibility of THF and that [Hz] <<< [THF].** Elementary
reactions and their associated reaction energies and barriers are specified

in the supporting information of their corresponding articles.
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ABSTRACT: Amides functionalities are among the most widely
found groups in biologically active molecules, and their selective
catalytic reduction is an important target for synthetic methods.
Recent advances in base metal catalysis have identified efficient
systems for selective hydrogenolysis of the amide C—N linkage.
This study examines in detail the mechanism for deaminative
hydrogenation of formanilide and dimethylformamide (DMF) to
the corresponding amines (aniline and dimet]]ﬁ_?rlamine, respec-
tively) and methanol catalyzed by (*"PN"P)Fe(H),(CO)
(P"PN"P = HN{CH,CH,(P'Pr,)},) using density functional
theory (DFT) calculations and microkinetic modeling. Following
an initial hydrogenation of the amide carbonyl group,
protonolysis of the C—N bond of the hemiaminal intermediate

Hemiaminal
OH
Formanilide H DMF
(R=Ph, R =H) RRN Y, (R=R'=Me)
[H "
o—=" R Ph. _Cs
ip NER Substrate “NTTo
F{fp/ 2 Dependent C-N H l'll
<N_"Fe_co Bond Cleavage 6\ Neg
S Mechanism S0 R
—P'Pry H H
H
Metal-Catalyzed o Organo-Catalyzed
M+ NHRR
H H

produces amine and formaldehyde, which is further hydrogenated to methanol. Remarkably, protonolysis of the C—N bond of
the hemiaminal intermediate follows different pathways, depending on the nature of the substrate and the experimental
conditions (presence or absence of cocatalyst) to yield the same products. In particular, cleavage of the C—N bond can be
facilitated by either the metal catalyst or one of the organic species present (the amide substrate itself or an amide cocatalyst),
with interesting consequences on the kinetics as evidenced by simulations using DFT calculated energy profiles for the entire
pathway. This study reveals the subtle interplay between the nature of the substrate and the need for additives and changes the
long-established principle that the hydrogenation of electron rich carbonyl substrates is governed by their carbonyl
hydrogenation step and, therefore, only metal-hydride hydricity is relevant for catalyst design.

KEYWORDS: reaction mechanism, Fe, bifunctional catalysts, DFT, hemiaminal, amide, methanol, catalyst poisoning

B INTRODUCTION

There are few organic functional groups which play as
ubiquitous a role in chemical biology as amides." The relative
stability of amides compared to other carboxylic acid
derivatives has made them ideal for use in peptide chains,
and their unusual reactivity has proven critical in the
development of pharmaceuticals and agrochemicals.”™*
Efficient and selective catalytic methods to reduce amides
would provide a vast improvement over traditional synthetic
techniques which utilize potent, stoichiometric metal-hydride
reagents.” Advances in transition metal catalyzed processes
have led to the discovery of several systems, primarily based on
precious metals, which can selectively reduce amides via C—O

7 ACS Publications  © 2018 American Chemical Society 8751

bond hydrogenolysis (deoxygenative reduction) or C—N bond
hydrogenolysis (deaminative reduction) (Scheme 1).°7"*
More recent catalyst development has provided the first
examples of base-metal systems for the selective deaminative
hydrodrogenation of amides,"” including a collection of closely
related catalysts based on the [("PNYP)Fe] (*"PNYP =
HN{CH,CH,(P'Pr,)},) fragment'®™"® (Scheme 2). These
“Noyori-type” bifunctional catalysts have proven to be effective
for producing alcohols and amines from amides and are
proposed to operate via a hemiaminal intermediate (Scheme
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Scheme 1. Deaminative Hydrogenation vs Deoxygenative
Hydrogenation of Amides
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Scheme 2. Reaction Mechanism Investigated in This Work
with a Schematic Representation of the Catalyst
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2). The catalysts are particularly active for the reduction of
formamides with turnover numbers (TONSs) reaching >4000
within 3 h. Notably, some substrates gave increased TONs in
the presence of secondary formamide additives (e.g, N-
methylformanilide improved from a TON of 60 to 1300 in the
presence of formanilide), but the exact reasons for the
improvement were unclear.'®

In this work, we present a computational study on the
mechanism for amide hydrogenation using this “Noyori-type”
bifunctional catalyst and elucidate several possible catalytic
pathways that are consistent with the experimental results and
describe the roles of the reaction additives. The mechanistic
insight that is gained through the combination of density
functional theory (DFT) calculations and microkinetic
modeling will be relevant not only for the further optimization
of the hydrogenation of amides but also for the rational design
and development of cocatalysts in related hydrogenation
processes.

B COMPUTATIONAL DETAILS

DFT calculations were carried out with the Gaussian 09
software package.'” All chemical species were modeled in full
without any simplification. The hybrid meta-GGA MO06>
functional was selected on the basis of geometry (Scheme S1
and Figure S1) and energy (Scheme S$2 and Figure S2)
benchmarks, using X-ray crystal structures”’ and CCSD(T)*
(with basis set cc-pVTZ)> > energies as references.
Structures were fully optimized without any geometry or
symmetry constraints, combining the double-{ LANL2DZ (on
Fe, including relativistic effects)*® and 6-31+G** (on all other
elements)””*® basis sets. Vibrational frequencies were
computed at the same level of theory to classify all stationary
points as either saddle points (transition states, with a single
imaginary frequency) or energy minima (reactants, intermedi-
ates, and products, with only real frequencies). These
calculations were also used to obtain the thermochemistry
corrections (zero-point, thermal, and entropy energies) at the
experimental p = 30 atm and T = 373 K, on the basis of the
IGRRHO (ideal gas/rigid rotor/harmonic oscillator) ap-
proach. According to the ideal gas law, this pressure and
temperature correspond to the 1 M concentration of the
standard state used for species reacting in solution. No further
corrections were thus introduced to account for the standard
state. The experimental initial concentrations of the reactants
were used in the microkinetic models to simulate conversion
over time (vide infra). The energy of the optimized geometries
was refined by single point calculations with triple-{ quality
basis sets, including the LANL2TZ*® on Fe and the 6-
311+G** on all other elements.””*" The energies reported in
the text were obtained by adding the thermochemistry
corrections to the refined potential energies. The reference
for all energies in the metal catalyzed cases are that of
(""PN"P)Fe(H),(CO) completed by the substrates needed
for mass balance. A table with the enthalpy and entropy
contributions to the Gibbs energy of all stationary points is
given in Table S1. The solvation effects of THF were included
in both the geometry optimizations and energy refinements
using the continuum SMD model.* The ultrafine (99 590)
grid was used in all calculations to increase numerical accuracy
and to facilitate convergence. A data set collection of input files
and computational results is available in the ioChem-BD
repository”” and can be accessed online via http://dx.doi.org/
10.19061/iochem-bd-6-10. The complex reaction mechanisms
inferred from the calculations were interpreted by means of
quantitative microkinetic models (Figures S3 and $4),
simulated with the COPASI software.*” Time-course simu-
lations were carried out with the LSODA algorithm.**

Step 1: Amide
C=0 Hydrogenation

Step 2: C-N bond

OH
Kow —-

o He
R"R'N/U\H R'R'N
amide hemiaminal
Formanilide 0.0 4.7
DMF 0.0 10.5

Step 3: Formaldehyde

protonolysis C=0 Hydrogenation

NHR'R"
amine

o H2
M —M+ chgom
H

formaldehyde methano!
5.2 -10.1
13.8 -1.5

Figure 1. Reaction steps for the hydrogenation of formanilide (R" = H, R”” = Ph) and DMF (R’ = R"" = CHj;) to amines and methanol. Gibbs

energies in THF (SMD) at 30 atm and 373 K are given in kcal mol~
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B RESULTS AND DISCUSSION

Elementary Steps in Amide Hydrogenation. The
mechanism commonly proposed in the literature for amide
hydrogenation involves the organic intermediates shown in
Figure 1."” This proposal is consistent with the ability of
bifunctional catalysts to hydrogenate carbonyl groups, such as
those in esters, ketones, and aldehydes.l'% The first
transformation (step 1), the hydrogenation of the amide
carbonyl group to yield a hemiaminal intermediate, is followed
by protonolysis of the C—N bond (step 2). The latter step
yields amine and formaldehyde, which is reduced to methanol
by further hydrogenation (step 3). Although the Fe catalyst is
known to be involved in steps 1 and 3, which require the
activation of H,, its role in step 2 remains unclear.

In contrast with the hydrogenation of amides, which has not
been studied extensively,’” the related hydrogenation of esters
has been thoroughly investigated for “Noyori-type” bifunc-
tional catalysts. The proposed organic intermediates in ester
hydrogenation are closely related to those shown in Figure 1,
with the initial reduction of the ester resulting in the formation
of a hemiacetal, which is similar to the hemiaminal
intermediate in amide hydrogenation. Three different mech-
anisms have been explored for the formation of methanol and
aldehyde from the hemiacetal intermediate (Scheme 3): (a)

Scheme 3. Transition States Proposed for the Conversion of
a Hemiacetal into an Aldehyde and an Alcohol in the
Hydrogenation of Esters Catalyzed by (a) Methanol, (b)
RO-Bound Metal (Fe and Ru), and (c) CO-Bound Metal

(Fe)

a H b, H C|
@ MR ()/W.:R' N HR
9= o= R/O--\;<
KD Gr W oR) W) T
O YN \ / AN /
P N—M N—Ii
HaC
' = Ru, Fe M=Fe
OR = OMe OR = OMe, OEt OR = OMe
R'=H, Ph R'=H, Me R'=H, Ph

methanol-catalyzed, (b) metal-catalyzed, with the metal bound
to the oxygen of the OR group (M = Fe or Ru) and (c) metal-
catalyzed, with the metal bound to the oxygen of the CO group
(M = Fe).***** Calculations predict that in general the metal-
catalyzed (b) and (c) mechanisms are the lowest in energy,
with the optimal pathway depending on the nature of the
system. In this work, these three mechanisms have been
investigated for the C—N bond protonolysis of hemiaminal
intermediates in amide hydrogenation (vide infra). In order to
rationalize the dependence of the reaction outcome on the
nature of the N-substituents, we have compared the computa-
tional results obtained with formanilide and dimethylforma-
mide (DMF) as substrates. While experiments with for-
manilide yielded 99% conversion to methanol and aniline at
100 °C and 30 atm of H, using a precursor to 1 as the
precatalyst, DMF was only reactive upon addition of
formanilide as cocatalyst."®

To develop a clearer understanding of the effect of the N-
substituents on the thermodynamics of the reaction, the Gibbs
energies of the organic intermediates (Figure 1) were
computed for both formanilide and DMF under the
experimental conditions (T = 373.0 K, p = 30.0 atm).”
With formanilide, the formation of hemiaminal is endoergic by
ca. 5 kcal mol™ and its decomposition to amine and
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formaldehyde is thermoneutral. In contrast, the last step, the
hydrogenation of formaldehyde, is strongly exergonic (AG =
—15.3 keal mol™"), driving the reaction to the formation of the
final products with an overall AG = —10.1 kcal mol™". With
DMEF, both the formation of the hemiaminal and formaldehyde
become more endoergic and the overall reaction is almost
thermoneutral: AG = —1.5 kcal mol™". These energies suggest
that, while some reversibility would be expected with DMF,
the hydrogenation of formanilide is likely irreversible.

In order to fully understand the mechanism and evaluate the
kinetics of the hydrogenation of formanilide and DMF, the
reaction pathways associated with the hydrogenation of the
amide carbonyl group and the protonolysis of the C—N bond
were studied computationally. The hydrogenation of form-
aldehyde was not considered in this study because it has
already been investigated.>® Further, the low barrier calculated
for this process (ca. 6 kcal mol™) indicates that it is not the
turnover limiting step.

H, Activation Across the Fe—N Bond. The formation of
the trans-dihydride Fe complex (T'PNHP)Fe(H),(CO) (1)
from ('PNP)Fe(H)(CO) (2) and H, occurs at the outset of
the reaction.'® This reaction also takes place twice in the
proposed catalytic cycle, since it is required for catalyst
regeneration, both after the reduction of the amide carbonyl
group and after the reduction of formaldehyde (Scheme 1). In
addition to the trans isomer, the cis-dihydride is also
experimentally observed.”” In line with this, calculations
show that the cis isomer is only 2.4 kcal mol™ higher in
energy than the trans isomer. However, the energy barrier for
the hydrogenation of the amide carbonyl group (vide infra) is
significantly higher with the cis isomer (Figure S$6), and
therefore, reaction of this isomer was not investigated any
further.

In the absence of a proton relay such as the product
(methanol™) or the substrate (formanilide), the addition of H,
(p = 30 atm) to 2 is concerted and has an energy barrier of
11.6 keal mol™* (see Figure 2). In the presence of formanilide,
the reaction becomes stepwise and the highest energy barrier
drops to 4.0 keal mol™". In this process, formanilide protonates
the catalyst and deprotonates the dihydrogen complex in two
consecutive steps (TS2—3 and TS4—1, respectively). The
exergonic and low-barrier energy profile of 2 + H, — 1 (AG =
—10.2 and AG* = 4.0 kcal mol™") enables the recovery of the
catalyst as 1 after both amide and formaldehyde carbonyl
hydrogenation. In addition, the deprotonation of formanilide
may also lead to its O- or N-coordination to Fe (isomers § and
6, respectively). The formation of these off-cycle species is
exergonic by —12.2 (5) and —10.7 (6) kecal mol™, which is
consistent with the experimental observation that 1 reacts
rapidly with formanilide at 23 °C to form 6."* In addition to
the NMR characterization of 5 and 6, the latter was also
structurally characterized by single crystal X-ray diffraction
analysis. The low energy barriers connecting 1, S, and 6, of ca.
13 kcal mol ™', and the similar energies of these three species
suggest that they are in equilibrium. The energy of 1 relative to
2 (—10.2 keal mol™') shows that the hydrogenated form of the
catalyst is the most stable under the reaction conditions.

Formanilide Hydrogenation to Hemiaminal. The
energy profile for the hydrogenation of the carbonyl group
of formanilide by 1 is shown in Figure 3. The hydrogenation of
the carbonyl group of the amide is a stepwise process, in which
the hydride transfer from Fe to the carbonyl C is followed by
the proton transfer from the ligand NH to the carbonyl O. The

DOI: 10.1021/acscatal.8b02184
ACS Catal. 2018, 8, 87518762
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Figure 2. Reaction pathways for the hydrogenation of 2 to yield 1. Gibbs energies in THF (SMD) at 30 atm and 373 K are given in kcal mol™".
Cocatalysis by formanilide and formation of the off-cycle species (5 and 6) are also included. The reactive hydrogen atoms are highlighted in either

purple (acidic) or green (hydridic).

Hydride transfer Proton transfer
1 NHPhTF
1) NHPh o ZuH hemiaminal
TTTH 7 NHPh
| H H R
H -

vl
N—Fe-CO

|
H

Figure 3. Reaction pathway for the hydrogenation of formanilide
(labeled by a F superscript) to hemiaminal by 1. Gibbs energies in
THF (SMD) at 30 atm and 373 K are given in kcal mol™'. The
reactive hydrogen atoms are highlighted in either purple (acidic) or
green (hydridic).
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overall process is endergonic by 14.9 kcal mol™" and similar
energies are obtained for both the hydride and proton transfer
transition states (TS7—8" and TS8—9%, at 15.8 and 16.9 kcal
mol ™, respectively) and associated intermediates (8% and 9¥,
at 15.1 and 15.7 keal mol™, respectively). In intermediate 9F,
the hemiaminal is interacting with the metal complex through a
C—H:--Fe agostic interaction, as shown by the short Fe--H
contact (2.34 A) and the elongated C—H bond distance (1.12
A vs 1.10 A in the free hemiaminal), and by an H-bond with
the ™PNP ligand (N—H bond = 1.74 A). These interactions
account for the small thermodynamic preference for hemi-
aminal dissociation (AG = —0.8 kcal mol™"), despite the
favorable entropy change associated with this reaction (see
Supporting Information).

The stepwise mechanism proposed for the hydrogenation of
formanilide to hemiaminal shown in Figure 3 is similar to the
mechanism proposed for the hydrogenation of carbonyl groups
in other substrates, including CO,, aldehydes, ketones, and
esters, catalyzed by similar Fe and Ru bifunctional
catalysts.’)’ 5,36,41,42

Formanilide Protonolysis of the C—N Bond of the
Hemiaminal. The formation of formaldehyde and aniline
from the hemiaminal intermediate requires a proton transfer
from the OH group to the N atom, as well as the cleavage of
the C—N bond. In the isolated hemiaminal, the concerted O-
to-N proton transfer has a prohibitively high energy barrier of
45.3 keal mol™' (see Figure S7). Proton relays are needed as
already proposed in the literature,'”** and both the reactant

DOI: 10.1021/acscatal.8b02184
ACS Catal. 2018, 8, 87518762
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(formanilide) and the catalyst are candidates to assist the
proton transfer, as described below.

The energy profile for the formanilide-catalyzed mechanism
is shown in Figure 4. The proton transfer is a stepwise process

N-P 0-Dep C-N cleavag
li{ ¥
h,
Pho Cs .
| i
oW Ph., .Cs
: N0
O Neiph \
N :
Hy H i T H
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4.7 52
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0. Niiph +

ﬁz \H PhNH; aniline
hemiaminal

Figure 4. Reaction pathway for the protonolysis of the C—N bond of
the hemiaminal catalyzed by formanilide (labeled by a F superscript).
Gibbs energies in THF (SMD) at 30 atm and 373 K are given in keal
mol™".

starting with the protonation of the hemiaminal N by the NH
group of formanilide, which involves the highest energy barrier
(31.2 keal mol™'; TS10—11F). In this reaction, the formanilide
fragment rotates, exchanging whether the O or N of the
formanilide is H-bound to the OH of the hemiaminal. In the
following step, the resulting anionic N center abstracts the
proton from the OH group (TS11—12%). The zwitterionic
intermediate (12F, at 25.5 kcal mol™ above reactants) is
stabilized by a double H-bond to formanilide. Upon
dissociation of the latter, the C—N bond undergoes barrier-
less cleavage yielding formaldehyde and aniline in a strongly
exergonic process (—20.3 kcal mol™).

The dehydrogenated form of the Fe catalyst (2 in Figure 2)
can participate in the C—N bond protonolysis of the
hemiaminal by deprotonating the OH group. This reaction
yields three different isomeric products; namely, 8F 14%, and
15F, in which the metal center is bound to a H, O, or N atom
of the organic substrate, respectively (Figure 5). From 8, C—
N bond protonolysis is achieved after the addition of H,,
yielding 13F. The activation of H, within this intermediate
triggers the proton transfer to N, the cleavage of the C—N
bond, and the recovery of the hydrogenated form of the
catalyst 1 in a single concerted step. Nonetheless, this reaction
involves a high Gibbs energy barrier of 30.6 kcal mol™". In
addition to 8%, intermediates 14F and 15F, which are both
kinetically accessible (AG* 21.0 and 19.3 keal mol™,
respectively), can also facilitate C—N bond protonolysis
pathways resembling those proposed for the hydrogenation
of esters (Scheme 3).* From 14%, the NH moiety of the
catalyst ligand protonates the N of the hemiaminal, causing
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cleavage of the C—N bond. This pathway also involves a high
energy barrier (33.1 kcal mol™'; TS14—2F). 15F yielded the
lowest energy pathway, in which C—N bond cleavage occurs in
a stepwise manner, yielding formaldehyde (TS15—16%),
followed by proton transfer to give aniline (TS16—2F). The
highest energy barrier, AG* = 24.9 keal mol™), is associated
with the C—N bond cleavage step. The overall process is
almost thermoneutral, AG = 0.1 kcal mol™, due to the
exergonic (and fast) reduction of formaldehyde to methanol
(Figure 1).

The hemiaminal O- and N-bound pathways shown in Figure
S for the protonolysis of the C—N bond have a common
feature: the protonation of the organic fragment by the NH
moiety of the pincer ligand. This process can be assisted by a
molecule of formanilide acting as a proton relay, as suggested
by the mechanism shown in Figure 4. This hypothesis was
confirmed by calculations (Figures S8 and 6), which showed
that the TS14—2% (33.1 kcal mol™) and TS16—2F (12.4 kcal
mol™") barriers are lowered to 25.5 and 0.6 kcal mol™,
respectively, when formanilide assists the proton transfer. In
the latter mechanism, which yielded the lowest energy profile,
the C—N bond cleavage step remains associated with the
highest energy barrier (AG* = 24.9 kecal mol™'; Figure 6).
Interestingly, this pathway leads to the exergonic formation of
complex 6 (AG —10.7 kcal mol™"), which was
experimentally observed and characterized by NMR and X-
ray crystallography.

Deaminative Hydrogenation of DMF. The reaction
observed with formanilide, at 100 °C and 30 atm of H,, is not
observed with DMF under the same conditions.'® In this case,
the formation of methanol and dimethylamine requires the
addition of formanilide as cocatalyst. With the aim of
rationalizing these observations, the reaction pathways
determined for formanilide were evaluated for DMF.

The hydrogenation of the DMF carbonyl group by 1 follows
the mechanism shown in Figure 3 but involves energy barriers
of 23.1 (TS7—8"™F) and 23.4 keal mol™* (TS8—9"MF; Figure
7), which are significantly higher than those found for
formanilide. This is consistent with the lower electrophilicity
of the carbonyl group, caused by the stronger donating effect
of alkyl N substituents, which disfavors hydride addition. This
is also consistent with the lower stability of the hemiaminal
intermediate with DMF (10.5 kcal mol™"), compared to
formanilide (4.7 kcal mol™"). Also in contrast to formanilide,
the protonolysis of the C—N bond in the hemiaminal derived
from DMF is stepwise rather than concerted. The common
feature between the two organic substrates is the prohibitive
barrier associated with the highest-energy transition state if
there is no catalyst to facilitate this process. In the DMF-
derived hemiaminal, this corresponds to the proton transfer
step (42.7 kcal mol™" above reactants; TSy"™F in Figure 8).
The C—N cleavage takes place in the following step from a
zwitterionic intermediate, which at 23.8 kcal mol™! above
reactants, could be considered as accessible under the reaction
conditions.

Using the information obtained in the case of formanilide
(Figure S), the C—N bond protonolysis pathways assisted by
the dehydrogenated form of the catalyst, 2, were explored for
DMEF. The calculations showed that the lowest-energy pathway
obtained for DMF is different from that obtained for
formanilide. The transition state for C—N bond cleavage
(TS15—16"F), which with formanilide, yielded the lowest
energy barrier, is too high with DMF to be experimentally

DOI: 10.1021/acscatal.8b02184
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relevant (41.0 kcal mol™ above reactants; Figure 7). The
TS14—2"MF transition state also yielded a prohibitive energy
barrier (39.9 kcal mol ™). In contrast, the transition state
involving molecular hydrogen (TS13—1°™F) yielded the
lowest energy barrier, 30.4 kcal mol™'. However, this barrier
is rather high and accounts for the lack of conversion in the
absence of a cocatalyst, unless higher pressures of hydrogen
(up to 60 atm) are used in the experiments.'® A reasonable
alternative is to use formanilide to assist the hydrogenation of
DMF for the protonolysis of the C—N bond. Calculations
including formanilide in the model confirmed this hypothesis.
The protonolysis of the DMF-derived hemiaminal assisted
by formanilide involves two steps (Figure 7), namely, N-to-N
proton transfer (TS10—11°™) followed by O-to-N proton
transfer (TS11—12PMF), The formanilide-derived hemiaminal
follows a similar pathway (Figure 4), but in the case of DMF,
the highest barrier is much lower (19.1 vs 31.2 keal mol™' for
the N-to-N proton transfer), likely due to the increased
basicity of the N proton acceptor. In line with this, the O-to-N
proton transfer bamer is slightly higher, with TS11—-12"MF at
22.6 kcal mol™" above reactants. The relaxation of TSI11—
12°MF toward products yielded the zwitterionic intermediate
18°MF which undergoes C—N bond cleavage without
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assistance over a barrier of 22.7 kcal mol™ (TScy"™¥, Figure
8). Alternative mechanisms in which the Fe catalyst acts in
concert with formanilide were also explored, but they yielded
higher energy profiles (Figure S$8). Interestingly, in the
hydrogenation of DMF and in contrast with that of
formanilide, the energy barriers for C=0O hydrogenation and
C—N protonolysis are similar and the highest in the overall
energy profile.

Microkinetic Models of the Global Mechanism. The
calculations for the catalyzed hydrogenation of formanilide and
DMEF show that both amides follow the general catalytic cycle
depicted in Scheme 2. Starting with the hydrogenation of the
amide carbonyl, the reaction continues with the C—N bond
protonolysis of the resulting hemiaminal and finishes with the
hydrogenation of formaldehyde to methanol. Nonetheless, the
protonolysis step, which involves the highest energy barriers, is
facilitated by either an organic species (formanilide) or the Fe
complex, depending on the amide substrate, as illustrated in
Scheme 4.

With formanilide, the cleavage of the C—N bond is driven by
the coordination of the resulting amido group to Fe and by the
delocalization of the negative charge over the phenyl
substituent. The final protonation of the amido group yielding

DOI: 10.1021/acscatal.8b02184
ACS Catal. 2018, 8, 8751-8762
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Figure 6. Reaction pathway for the protonolysis of the C—N bond of
the N-bound hemiaminal with the assistance of formanilide (labeled
by a F superscript). Gibbs energies in THF (SMD) at 30 atm and 373
K are given in kcal mol™.

the amine does not require cocatalysis. In contrast, with DMF,
this pathway becomes unfeasible (AG* = 41.0 kcal mol™),
presumably because the methyl substituents cannot stabilize
the negative charge of the resulting amido species. In this case,
the protonation of the hemiaminal N, yielding a zwitterionic
intermediate, is required to force the cleavage of the C—N
bond. This proton transfer requires a cocatalyst with an acidic
X—H bond (e.g., formanilide). In the absence of such species,
dihydrogen may play this role but it requires high pressure and
activation by Fe, still yielding a rather high energy barrier (AG*
= 30.4 kcal mol™"). With formanilide acting as cocatalyst, the
zwitterion, which undergoes barrier-less C—N cleavage, is
readily accessible by fast proton transfer (AG* = 19.1 kcal
mol™").

In contrast with its cocatalytic effect in the protonolysis of
the hemiaminal C—N bond, formanilide can also have a
detrimental influence by deactivating the dehydrogenated form
of the catalyst (2) through the formation of a stable off-cycle
species (5), as shown in Scheme 5. Further, formanilide plays
different roles in the mechanism depending on whether it is
the substrate itself or the cocatalyst in the hydrogenation of
DMEF. With the aim of achieving a deeper understanding of
these mechanisms, microkinetic models were constructed by
using the rate constants for each individual step calculated
from the Gibbs energy profiles.”*™* These models facilitate
the interpretation of complex reaction networks, like the
interconnected (and thus competing) cycles shown in Scheme
5. Further, they include the interplay between energy barriers
and concentrations in a quantitative manner. The concen-
tration vs time plots shown in Figure 9 were computed by
using the DFT-optimized energies“7 and the initial exper-
imental conditions, including molar concentrations. Interest-
ingly, these microkinetic models revealed that, beyond the
critical C—N protonolysis step, other factors, like the
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competition between hydrogen and formanilide to form either
1 or § from 2, also play a key role (vide infra).

In the case of formanilide, the microkinetic model predicted
a very low conversion to aniline and methanol (i.e., 0.2%, as
shown in Figure 9a) after 4 h (experimental reaction time,
which gave a conversion of 99%), when only the Fe complex
was considered as catalyst in the protonolysis of the C—N
bond (pathway P2a in Scheme $). This result originated from
the low concentration of complex 2 relative to § (only 0.8%),
which is due to the large concentration of formanilide
poisoning the catalyst, compared to that of H, (1.4 vs 0.162
M, respectively). The inclusion of the formanilide cocatalytic
effect (pathway P2b in Scheme $) caused a minor increase of
the conversion, reaching 1.5% after the same reaction time. In
order to assess the influence of catalyst deactivation by
formation of adduct 3, the equilibrium between this species
and 2 + formanilide (P4) was removed from the microkinetic
model. The resulting simulations yielded a significant increase
in conversion to 25.8%, showing the major effect that the
formation of § has on the overall efficiency of this reaction. In
this scenario, most of the conversion results from the Fe
catalyzed protonolysis of the C—N bond (pathway P2a). A
clear conclusion from Figure 9 is that the productive effect of
formanilide as cocatalyst is far from compensating its
detrimental effect as catalyst poison. This effect is also
apparent in Figure 10, which shows how conversion increases
by destabilizing adduct $; a shift in the energy of this species
relative to reactants by AAG = +2 kcal mol™' can quadruple
the overall conversion. Thus, the stability of § has a dramatic
influence on the yield of the overall reaction.

Even small variations in the energy barriers associated with
TS15-16" and TS10—11" (i.e., the highest-energy transition
states in the Fe- and formanilide-catalyzed C—N protonolysis
pathways, respectively; Figure 7) have a strong impact on
conversion (Figure 10). According to the microkinetic models,
an energy barrier decrease of only AAG* = —1 keal mol™ can
double the conversion. However, the most dramatic results
were observed upon combining the destabilization of adduct 5
(Figure 2) by AAG = +2 kcal mol™" with a lowering of the
energy of TS15—16F by AAG* = —3 keal mol™!, which raised
the conversion predicted from ca. 1% to the experimental 99%.
This result does not significantly change by including the
mechanism where the protonolysis of the C—N bond is
assisted by the Fe complex and formanilide (T$20—21F; see
the Supporting Information).

The mechanism inferred from the DFT calculations and
drawn in Scheme 5 accounts for the experimental observations,
since the energy deviations derived from the fit are within the
error range expected for calculated Gibbs energies. These
errors can be introduced by the inaccuracy of the DET method
(see benchmarks in the Supporting Information) and the
approaches used in the calculation of the solvent, entropy, and
thermal effects.’®*' Lowering the TS10—11F barrier with
similar energy shifts had similar but much milder effects. Even
if adduct $ is considered as not stable enough to accumulate
(AAG* and AAG adduct of —3 and +3 kcal mol™,
respectively), the conversion does not increase over 60%
(Figure 10). These results suggest that the design of a catalyst
yielding higher conversions under milder conditions should
focus on both accelerating the cleavage of the C—N bond and
excluding catalyst poisoning. Efficient strategies would include
increasing the acceptor character of the ancillary ligands (i.e.,
to stabilize the amido product) and their steric bulk (i.e., to

DOI: 10.1021/acscatal 8b02184
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disfavor formanilide binding to the metal center), taking into
account that these may have an impact on the stability of the
catalyst'® or on the amide C=0 hydrogenation step.’>

In the case of DMF, conversion to methanol after 4 h taking
into account the cocatalytic effect of formanilide in C—N bond
protonolysis is 25.9% (Figure 9b), significantly higher than the
experimental (13.6%). However, in this case, the microkinetic
model was simplified by ignoring the consumption of
formanilide, which also undergoes hydrogenation under these
conditions. When including the consumption of formanilide by
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hydrogenation in the model,”® the simulations predicted a

lower conversion of 11.6%, in line with the experiments. This
simulation also showed that some formanilide can assist the
C—N bond protonolysis before being consumed, probably
because of the small difference in energy between the rate
limiting step for formanilide and DMF hydrogenation of ca. 1
kcal mol™' (TS8—9°MF vs TS15—16%) and the lower
concentration of formanilide compared to DMF. In contrast,
conversion increased to 31.3% when the formation of adduct §
(Figure 2) was excluded from the microkinetic model. The

DOI: 10.1021/acscatal 8b02184
ACS Catal. 2018, 8, 87518762
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Scheme 4. Three Pathways for the Protonolysis of the C—N Bond of the Hemiaminal Intermediates Derived from Formanilide

and DMF
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concentration of the Fe catalyst 1 available thus also plays a
key role in the deaminative hydrogenation of DMF. This can
be ascribed to the contribution of 1 to the C=O hydro-
genation step (pathway P1 in Scheme $), which in the case of
DMF, has a similar energy barrier to that of the C—N bond
protonolysis (23.4 and 23.8 kcal mol™, respectively). A
rational strategy toward increasing the conversion of DMF
would be to use a different proton relay cocatalyst, which in
contrast to formanilide, would not undergo hydrogenation nor
poison the catalyst. However, the maximum conversion is
limited to 31.8% in the case of DMF, due to the less favorable
thermodynamics of the overall reaction (AG = —1.5 kcal mol™
vs —10.1 kcal mol™" with formanilide; Figure 1). In line with
this, the microkinetic models reached equilibrium at
conversions of 31.8%"" and 99.9% for DMF and formanilide,
respectively.
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B CONCLUSIONS

This computational study reveals the complex reaction
network underlying the mechanism of the deaminative
hydrogenation of amides catalyzed by Fe(*PN*P)(H),(CO)
("PN"P = HN{CH,CH,(P'Pr,)},). Despite the different
nature and substrate performance of the two amides
considered, i.e., formanilide and DMF, as examples of
secondary aryl and tertiary alkyl amides, both substrates follow
mechanisms with common steps. These include the hydro-
genation of the C=0 groups of the amide and formaldehyde
(in both cases catalyzed by the Fe complex) and the
protonolysis of the C—N bond of the hemiaminal intermediate
assisted by formanilide (which is either the reactant itself or
the cocatalyst used in the case of DMF). However, there are
also relevant differences; in the case of formanilide, the C—N
bond protonolysis can be catalyzed by the Fe complex, which
in this case, provides the lowest energy pathway. Regardless of
the mechanism and the substrate, the kinetic bottleneck of the

DOI:10.1021/acscatal 8b02184
ACS Catal. 2018, 8, 87518762
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Figure 9. Amide conversion over time for the hydrogenation of
formanilide (labeled by a F, top) and DMF (bottom). The
simulations were based on the reaction mechanism shown in Scheme
S. The initial conditions, reaction time, temperature, and pressure
were the same as those used in the experiments; 18 ie., 1.4 M of amide,
0.162 M of H,,* 1 mM of catalyst 1, and 0.02 M of formanilide
cocatalyst (DMF). H, concentration was kept constant throughout
the kinetic simulations, consistent with the effectively constant
pressure of H, used in the experiments.

overall reaction involves the cleavage of the C—N bond of the
hemiaminal, showing the key role played by this organic
intermediate. Remarkably, this result changes the long-
established principle that the hydrogenation of electron rich
carbonyl substrates, such as amides and esters, are governed by
their carbonyl hydrogenation step and, therefore, only metal-
hydride hydricity is relevant for catalyst design.

Furthermore, the interpretation of the DFT results by means
of microkinetic models reveals the critical effect introduced by
the formation of stable adducts in which formanilide binds
strongly to the dehydrogenated form of the catalyst. The
rational design of improved catalysts and cocatalysts should
thus aim to both accelerate the cleavage of the C—N bond and
prevent the poisoning of the catalyst. According to the
mechanistic model derived from this study, in the case of
formanilide, these goals should be pursued by focusing on the
Fe catalyst, whereas in the case of DMF, the focus should be
on the organic cocatalyst.
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Figure 10. Amide conversion (after 4 h) vs AAG (shift applied to the
energy of adduct §) and AAG* (shift applied to the energy of
transition states TS15—16F and TS10—11F).

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acscatal.8b02184.
Computational details, comparison of experimental and
calculated AH,®, additional computed energy pathways
for formanilide hydrogenation and hemiaminal proton
transfer, DMF calculated maximum conversion, table
with G, H, and —TS energy components, and optimized
coordinates (PDF)

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: bernskoetterwh@missouri.edu.
*E-mail: ainara.nova@kjemi.uio.no.

ORCID

Lluis Artas Suarez: 0000-0002-8814-9410
David Balcells: 0000-0002-3389-0543

Wesley H. Bernskoetter: 0000-0003-0738-5946
Odile Eisenstein: 0000-0001-5056-0311

Karen 1. Goldberg: 0000-0002-0124-1709
Nilay Hazari: 0000-0001-8337-198X

Mats Tilset: 0000-0001-8766-6910

Ainara Nova: 0000-0003-3368-7702

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acscatal 8b02184
ACS Catal. 2018, 8, 87518762



ACS Catalysis

Research Article

B ACKNOWLEDGMENTS

LAS, DB, and AN. acknowledge the support from the
Research Council of Norway through its FRINATEK (No.
250044) and Center of Excellence schemes (No. 262695) and
the Norwegian Metacenter for Computational Science
(NOTUR, nn4654k). W.H.B. and N.H acknowledge support
from the U.S. Department of Energy, Office of Science, Basic
Energy Sciences, Catalysis Science Program, under Award DE-
S$C0018222. Z.C. acknowledges support from the Office for
Science and Technology of the Embassy of France in the
United States in the form of a Chateaubriand Fellowship, as
well as the National Science Foundation Graduate Research
Fellowship Program under Grant No. DGE-1256082. K.I.G.
and Z.C. also acknowledge support from NSF through the CCI
Center for Enabling New Technologies through Catalysis
(CENTC) Phase II Renewal, CHE-1205189. The authors
thank Prof. Martin Jaraiz (University of Valladolid) for helpful
discussions about the microkinetic models. Z.C. thanks Dr.
Eric Clot for useful discussions during her stay at the
University of Montpellier, France.

B REFERENCES

(1) Arthur, G. The Amide Linkage: Selected Structural Aspects in
Chemistry, Biochemistry, and Materials Science, 1st ed.; Wiley-
Interscience: Hoboken, 2000.

(2) Constable, D. J. C.; Dunn, P. J.; Hayler, J. D.; Humphrey, G. R;;
Leazer, ]. L, Jr.; Linderman, R. J.; Lorenz, K.; Manley, J.; Pearlman, B.
A; Wells, A; et al. Key Green Chemistry Research Areas—a
Perspective from Pharmaceutical Manufacturers. Green Chem. 2007,
9, 411—420.

(3) Wieland, T.; Bodanszky, M. The World of Peptides: A Brief
History of Peptide Chemistry, 1st ed.; Springer-Verlag: Berlin, 1991.

(4) Zabicky, J.; Patai, S. The Chemistry of Amides, st ed.; John Wiley
& Sons: London, 1970.

(5) Smith, A. M;; Whyman, R. Review of Methods for the Catalytic
Hydrogenation of Carboxamides. Chem. Rev. 2014, 114, 5477-5510.

(6) Ito, M.; Ootsuka, T.; Watari, R.; Shiibashi, A.; Himizu, A.;
Ikariya, T. Catalytic Hydrogenation of Carboxamides and Esters by
Well-Defined Cp*Ru Complexes Bearing a Protic Amine Ligand. J.
Am. Chem. Soc. 2011, 133, 4240—4242.

(7) John, J. M.; Bergens, S. H. A Highly Active Catalyst for the
Hydrogenation of Amides to Alcohols and Amines. Angew. Chem., Int.
Ed. 2011, 50, 10377—10380.

(8) Miura, T.; Held, L. E.; Oishi, S.; Naruto, M.; Saito, S. Catalytic
Hydrogenation of Unactivated Amides Enabled by Hydrogenation of
Catalyst Precursor. Tetrahedron Lett. 2013, 54, 2674—2678.

(9) Kita, Y,; Higuchi, T.; Mashima, K. Hydrogenation of Amides
Catalyzed by a Combined Catalytic System of a Ru Complex with a
Zinc Salt. Chem. Commun. 2014, 50, 11211—11213.

(10) Rezayee, N. M.; Huff, C. A.; Sanford, M. S. Tandem Amine and
Ruthenium-Catalyzed Hydrogenation of CO, to Methanol. J. Am.
Chem. Soc. 2015, 137, 1028—1031.

(11) John, J. M; Loorthuraja, R; Antoniuk, E.; Bergens, S. H.
Catalytic Hydrogenation of Functionalized Amides Under Basic and
Neutral Conditions. Catal. Sci. Technol. 2015, 5, 1181—1186.

(12) Balaraman, E.; Gnanaprakasam, B.; Shimon, L. J. W.; Milstein,
D. Direct Hydrogenation of Amides to Alcohols and Amines Under
Mild Conditions. J. Am. Chem. Soc. 2010, 132, 16756—16758.

(13) Cabrero-Antonino, J. R.; Alberico, E.; Drexler, H. J.; Baumann,
W,; Junge, K; Junge, H,; Beller, M. Efficient Base-Free Hydro-
genation of Amides to Alcohols and Amines Catalyzed by Well-
Defined Pincer Imidazolyl-Ruthenium Complexes. ACS Catal. 2016,
6, 47—54.

(14) Zhang, L; Han, Z; Zhao, X; Wang, Z; Ding, K. Highly
Efficient Ruthenium-Catalyzed N-Formylation of Amines with H, and
CO,. Angew. Chem., Int. Ed. 2015, 54, 6186—6189.

8761

(15) Garg, J. A; Chakraborty, S; Ben-David, Y.; Milstein, D.
Unprecedented Tron-Catalyzed Selective Hydrogenation of Activated
Amides to Amines and Alcohols. Chem. Commun. 2016, 52, 5285—
5288.

(16) Schneck, F.; Assmann, M,; Balmer, M.; Harms, K.; Langer, R.
Selective Hydrogenation of Amides to Amines and Alcohols
Catalyzed by Improved Tron Pincer Complexes. Organometallics
2016, 35, 1931—-1943.

(17) Rezayee, N. M.; Samblanet, D. C; Sanford, M. S. Iron-
Catalyzed Hydrogenation of Amides to Alcohols and Amines. ACS
Catal. 2016, 6, 6377—6383.

(18) Jayarathne, U.; Zhang, Y.; Hazari, N.; Bernskoetter, W. H.
Selective Iron-Catalyzed Deaminative Hydrogenation of Amides.
Organometallics 2017, 36, 409—416.

(19) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F,; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M,;
Ehara, M.; Toyota, K; Fukuda, R; Hasegawa, J; Ishida, M.,
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A, Jr; Peralta, J. E;; Ogliaro, F.; Bearpark, M.,;
Heyd, ]. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.;
Kobayashi, R.; Normand, J.; Raghavachari, K,; Rendell, A.; Burant, J.
C.; Iyengar, S. S;; Tomasi, J; Cossi, M; Rega, N.; Millam, J. M,;
Klene, M.; Knox, J. E.; Cross, J. B,; Bakken, V.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R; Pomelli, C.; Ochterski, J]. W.; Martin, R. L.; Morokuma, K;
Zakrzewski, V. G.; Voth, G. A; Salvador, P,; Dannenberg, J. J,;
Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, ]J. B.; Ortiz, ]. V.;
Cioslowski, ].; Fox, D. J. Gaussian 09, Revision D.01; Gaussian, Inc.:
Wallingford CT, 2013.

(20) Zhao, Y; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 other Function. Theor. Chem. Acc. 2008, 120,
215-241.

(21) Zhang, Y.; Maclntosh, A. D.; Wong, J. L, Bielinski, E. A;
Williard, P. G.; Mercado, B. Q.; Hazari, N.; Bernskoetter, W. H. Iron
Catalyzed CO, Hydrogenation to Formate Enhanced by Lewis Acid
Co-Catalysts. Chem. Sci. 2015, 6, 4291—4299.

(22) Purvis, G. D.; Bartlett, R. J. A Full Coupled-Cluster Singles and
Doubles Model: The Inclusion of Disconnected Triples. J. Chem.
Phys. 1982, 76, 1910—1918.

(23) Dunning, T. H. Gaussian Basis Sets For Use in Correlated
Molecular Calculations. I. The Atoms Boron Through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

(24) Woon, D. E; Dunning, T. H. Gaussian Basis Sets for Use in
Correlated Molecular Calculations. III. The Atoms Aluminum
Through Argon. J. Chem. Phys. 1993, 98, 1358—1371.

(25) Balabanov, N. B.; Peterson, K. A. Systematically Convergent
Basis Sets for Transition Metals. I. All-Electron Correlation
Consistent Basis Sets for the 3d Elements Sc-Zn. ]. Chem. Phys.
20085, 123, 064107—-064123.

(26) Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for the Transition Metal Atoms Sc
to Hg. J. Chem. Phys. 1985, 82, 270—283.

(27) Hehre, W. J,; Ditchfield, R; Pople, J. a. Self—Consistent
Molecular Orbital Methods. XII. Further Extensions of Gaussian—
Type Basis Sets for Use in Molecular Orbital Studies of Organic
Molecules. J. Chem. Phys. 1972, 56, 2257-2261.

(28) Kohn, W.; Becke, A. D.; Parr, R. G. Density Functional Theory
of Electronic Structure. J. Phys. Chem. 1996, 100, 12974—12980.

(29) Wei, Y.; Zeng, X. Catalytic Strategies toward Selective
Hydrogenation of Aromatic Ketones and Phenols: Facile Synthesis
of Cyclohexyl Ketones. Synlett 2016, 27, 650—655.

(30) McLean, A. D.; Chandler, G. S. Contracted Gaussian Basis Sets
for Molecular Calculations. I. Second Row Atoms, Z = 11-18. J.
Chem. Phys. 1980, 72, 5639—5648.

DOI: 10.1021/acscatal 8b02184
ACS Catal. 2018, 8, 87518762

111



ACS Catalysis

Research Article

(31) Marenich, A. V,; Cramer, C. J,; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378—6396.

(32) Alvarez-Moreno, M.; De Graaf, C.; Lopez, N.; Maseras, F;
Poblet, J. M; Bo, C. Managing the Computational Chemistry Big
Data Problem: The ioChem-BD Platform. J. Chem. Inf. Model. 2018,
55, 95—-103.

(33) Hoops, S.; Sahle, S.; Gauges, R; Lee, C.; Pahle, J.; Simus, N.;
Singhal, M.; Xu, L.; Mendes, P.; Kummer, U. COPASI - A Complex
Pathway SImulator. Bioinformatics 2006, 22, 3067—3074.

(34) Petzold, L. Automatic Selection of Methods for Solving Stiff
and Nonstiff Systems of Ordinary Differential Equations. STAM J. Sci.
Stat Comput 1983, 4, 136—148.

(35) Qu, S.; Dai, H; Dang, Y.,; Song, C.; Wang, Z. X,; Guan, H.
Computational Cechanistic Study of Fe-Catalyzed Hydrogenation of
Esters to Alcohols: Improving Catalysis by Accelerating Precatalyst
Activation with a Lewis Base. ACS Catal. 2014, 4, 4377—4388.

(36) Chakraborty, S.; Lagaditis, P. O.; Férster, M.; Bielinski, E. A.;
Hazari, N.; Holthausen, M. C.; Jones, W. D.; Schneider, S. Well-
Defined Iron Catalysts for the Acceptorless Reversible Dehydrogen-
ation-Hydrogenation of Alcohols and Ketones. ACS Catal. 2014, 4,
3994—4003.

(37) Zhang, H. A DFT Study on Direct Hydrogenation of Amide
Catalyzed by a PNN Ru(II) Pincer Complex. Comput. Theor. Chem.
2015, 1066, 1—6.

(38) Chen, X,; Jing Y.; Yang, X. Unexpected Direct Hydride
Transfer Mechanism for the Hydrogenation of Ethyl Acetate to
Ethanol Catalyzed by SNS Pincer Ruthenium Complexes. Chem. -
Eur. ]. 2016, 22, 1950—1957.

(39) The computed AH,® for Step 2 (with DMF) and Step 3 in gas
phase are in agreement with the experimental values from NIST (see
the Supporting Information); https://webbook.nist.gov/chemistry/.

(40) Bielinski, E. A; Lagaditis, P. O.; Zhang, Y.; Mercado, B. Q;
Wiirtele, C.; Bernskoetter, W. H.; Hazari, N.; Schneider, S. Lewis
Acid-Assisted Formic Acid Dehydrogenation Using a Pincer-
Supported Iron Catalyst. J. Am. Chem. Soc. 2014, 136, 10234—10237.

(41) Fan, T.; Chen, X; Lin, Z. Theoretical Studies of Reactions of
Carbon Dioxide Mediated and Catalysed by Transition Metal
Complexes. Chem. Commun. 2012, 48, 10808—10828.

(42) Dub, P. A; Gordon, J. C. Metal-Ligand Bifunctional Catalysis:
The “Accepted” Mechanism, the Issue of Concertedness, and the
Function of the Ligand in Catalytic Cycles Involving Hydrogen
Atoms. ACS Catal. 2017, 7, 6635—6655.

(43) Besora, M.; Maseras, F. Microkinetic Modeling in Homoge-
neous Catalysis. WIREs Comput. Mol. Sci. 2018, ¢1372.

(44) Jaraiz, M; Enriquez, L.; Pinacho, R.; Rubio, J. E.; Lesarri, A;
Lopez-Pérez, ]J. L. A DFT-Based Computational-Experimental
Methodology for Synthetic Chemistry: Example of Application to
the Catalytic Opening of Epoxides by Titanocene. J. Org. Chem. 2017,
82, 3760—3766.

(45) Rush, L. E; Pringle, P. G,; Harvey, J. N. Computational
Kinetics of Cobalt-Catalyzed Alkene Hydroformylation. Angew.
Chem.,, Int. Ed. 2014, 53, 8672—8676.

(46) Kalek, M.; Himo, F. Mechanism and Selectivity of
Cooperatively Catalyzed Meyer-Schuster Rearrangement/Tsuji-
Trost Allylic Substitution. Evaluation of Synergistic Catalysis by
Means of Combined DFT and Kinetics Simulations. J. Am. Chem. Soc.
2017, 139, 10250—10266.

(47) The energy barrier for the hydrogenation of formaldehyde was
taken from the literature.*®

(48) Even though both adducts 5 and 6 can be formed (Figure 2),
only S, which is the most stable, was considered for the sake of
simplicity.

(49) The concentration used for H, was estimated using the
solubility of this gas in pure THF at p = 33.4 atm and T = 100 °C
(0.01461 H, mol/solution mol) which was measured experimentally;

112

8762

Brunner, E. Solubility of Hydrogen in 10 Organic Solvents at 298.15,
323.15, and 373.15 K. J. Chem. Eng. Data 1985, 30, 269—273.

(50) Plata, R. E.; Singleton, D. A. A Case Study of the Mechanism of
Alcohol-Mediated Morita Baylis-Hillman Reactions. The Importance
of Experimental Observations. J. Am. Chem. Soc. 2015, 137, 3811—
3826.

(51) Besora, M.; Vidossich, P.; Lledds, A,; Ujaque, G.; Maseras, F.
Calculation of Reaction Free Energies in Solution: A Comparison of
Current Approaches. J. Phys. Chem. A 2018, 122, 1392—1399.

(52) Jayarathne, U.; Hazari, N.; Bernskoetter, W. H. Selective Iron-
Catalyzed N-Formylation of Amines Using Dihydrogen and Carbon
Dioxide. ACS Catal. 2018, 8, 1338—1345.

(53) The consumption of formanilide was included as a one-step
reaction yielding formaldehyde using an energy barrier of 21.9 kcal
mol™" (TS15—-16", AAG* = —3 keal mol™).

(54) This conversion is also consistent with the equilibrium constant
(Keq = 7.8) derived from the computed AG (see the Supporting
Information).

DOI: 10.1021/acscatal 8b02184
ACS Catal. 2018, 8, 87518762



Supporting Information

The Key Role of the Hemiaminal Intermediate in the Iron-Catalyzed

Deaminative Hydrogenation of Amides

Lluis Artus Suz‘lrez,+ Zuzana Culakova,# David Balcells,Jr Wesley H. Bemskoetter,*‘i, Odile

Eisenstein,Jr Karen I. Goldberg,#'9 Nilay Hazari,§ Mats Tilset,T Ainara Nova '

"Hylleraas Centre for Quantum Molecular Sciences, Department of Chemistry, University of Oslo, P.O. Box 1033,

Blindern, N-0315 Oslo, Norway

iDepartment of Chemistry, University of Missouri, Columbia, Missouri, 65211, USA

‘Department of Chemistry, Yale University, P.O. Box 208107, New Haven, Connecticut, 06520, USA

*Department of Chemistry, University of Washington, Seattle, Washington, 98195, USA

"Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania, 19104, USA

E-mail: bernskoctterwh(@missouri.cdu, ainara.nova@kjemi.uio.no.

Table of Contents:

Computational Details
DFT functional benchmarks
Selected methodology

Microkinetic models

Comparison of experimental and calculated standard reaction enthalpies
Formanilide hydrogenation by the trans- and cis-dihydride Fe complex
Hemiaminal intramolecular proton transfer

Formanilide assisted protonolysis of the C—N bond of the O-bound hemiaminal
DMF calculated maximum conversion

G, H and -TS energies

Cartesian coordinates of optimized geometries, and corresponding corrected

Gibbs energies

S2
SS
S5

S8
S8
S9
S9

S10

S11

S13

S1

113



References

Computational Details

DFT functional benchmarks

Eight different functionals, including both hybrid (B3LYP+GD3,' PBE0+GD3,> TPSSh,’ M06*
and ®B97XD’) and pure (BLYP+GD3,"® PBE+GD3,’ TPSS® and MO6L'%) flavors, were
benchmarked in the structural optimization of complexes Me-1, Me-2cis and Me-3 (Scheme
S1)."" These structures were selected because they contain the same [(iP "PN*P)Fe(CO)H]
fragment ("PN*P = XN{CH,CH,(P'Pr,)},), X=H and Me) found in the Fe intermediates
involved in the reaction under study. X=Me was included because we are interested in
comparing systems with X=H and Me in future studies. Structures were fully optimized without
any geometry or symmetry constraint and using a double-C quality basis set combining the
LANL2DZ'>" on iron (including relativistic effects) and the 6-31+G**'*'5 for all other
elements. The X-Ray crystal structures of Me-1, Me-2cis and Me-3 complexes were used as
experimental reference to assess the accuracy of the functionals tested.'' The root-mean-square
deviation (RMSD) over all metal-ligand distances, plus that of the carbonyl (reflecting the
n-backdonation interaction with the metal center), was used to quantify accuracy. Only in this
case, and for the purpose of comparison to the crystal structures, geometries were optimized in
gas phase (vide infra). In general, all functionals yielded high quality structures with an average
RMSD < 0.05 A (Figure S1). In particular, the PBE0+GD3, TPSS, TPSSh and M06 functionals
provided the best agreement with the crystal structures, with an average RMSD < 0.02 A.

H
?Ha \c:o
Me, H Me, GO o]
/ N—PRifco /\N—i— " \N PRi
HPR; HPRz HPRz

Me-1 Me-2cis Me-3

Scheme S1. Tron complexes used in the structural benchmark (R = 'Pr).
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Figure S1. Quantitative deviation (A) of the DFT-optimized geometries relative to the experimental X-Ray crystal

structures.

With the aim of assessing the accuracy in the calculation of the energies, we computed the
potential energy changes upon going from reactants to products (AE) for the three model
reactions shown in Scheme S2. For the hydride transfer reaction, the potential energy barrier
(AE*) was also computed. Two different functionals, namely the PBE0+GD3 and the M06,
chosen on the basis of their low RMSD values (Figure S1), were used for full geometry
optimization with the double-C basis set (vide supra). The energy was refined by means of
single-point calculations with three different functionals (TPSSh, PBE0+GD3 and M06; i.e. the
hybrids that yielded the lowest RMSDs), expanding the basis set to triple-{ quality
(LANL2TZ'>" on Fe, 6-311+G**'*!7 on the rest). For the sake of benchmarking these DFT
energies, the AE values were recomputed by means of single point CCSD(T)"® calculations
with the correlation-consistent cc-pVTZ basis set.'” ' The data in Figure S2, including the
deviation of the DFT energies relative to the CCSD(T) (AAE), clearly shows that the M06
functional provides the most accurate energies, with all deviations < 1.0 kcal mol™ for both the

AE and AE? values and a 0.8 kcal mol”' RMSD.
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Scheme S2. Reactions uscd in the energy benchmarks. The R substituents of the phosphine were replaced by
hydrogens to make the CCSD(T) calculations feasible.
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T 10 e-Cat isom
£ m AAE H-Cat isom.
= 0.0 -
2 10 ] AAE=|= H-Cat transfer
§ AAE H-Cat transfer
= -2.0
2 ® RMSD
v -3.0
[
-4.0
-5.0
-6.0

Figure S2. Quantitative deviation of the DFT AE and AE* relative to the CCSD(T).

sS4

116



Selected methodology

In view of the results shown in Figures S1 and S2, the M06 functional was used in both the
geometry optimizations, with the double-C basis set, and energy refinements, with the triple-C
basis set.'™'” Once converged, the geometry optimizations were complemented with the
analytic calculation of the frequencies with the double-{ basis set. Frequencies were used to
classify all stationary points as either energy minima (i.e. reactants, intermediates and
products, with only real frequencies) or saddle points (i.e. transition states, with a single
imaginary frequency vibrating along the reaction pathway connecting reactants to products).
These calculations were also used to derive the thermochemistry (zero-point, thermal and
entropy energies) at the experimental pressure (30 atm) and temperature (373 K). Solvent
effects of THF were introduced both in the geometry optimizations and energy refinements by
means of the continuum SMD model.”? The ultrafine (99,590) grid was used in all
calculations for higher numerical accuracy. All calculations were carried out with the

Gaussian09 (RevD.01) software package.23

Microkinetic models

Microkinetic models were constructed with the COPASI software® (version 4.22).
Association reactions were assumed to have low Gibbs energy barriers (AG* < 5 keal mol™),
thus having no impact on the global kinetics of the reaction. The initial concentrations used in
the simulations were those reported in the experiments™ (1.4 M of amide, 1mM of catalyst,
0.162 M of hydrogen and 20 mM of co-catalyst). The concentration of hydrogen was kept
constant, in line with the effectively constant pressure of hydrogen used in the reactor (30
atm). H, concentration was approximate using the molar fraction of H, in a saturated solution
of H, in THF at 33.4 atm and 100 °C (0.01461 H, mol / solution mol) asuming
incompresibility of THF and that [H,] <<< [THF].** Also following the experiments,
simulations were carried out for a total time of 4 hours at T = 373 K. The models were based
on deterministic time course simulations with the LSODA algorithm.”” The elementary steps
of the mechanism underlying the microkinetic models are given in Figures S3 (formanilide)

and S4 (DMF), together with the AG* values derived from the DFT calculations.
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reaction 5/

reaction 6/

rcaction 7/

reaction 8/

reaction 9/

reaction 10/

reaction 11/

1 + Formanilide =—= 8§V

8F —_— 9"'

of <—=———== Hemiaminal® +2

Hemiaminal® + 2

15F

15¥ === 16" + Formaldehyde

16" 2 + Aniline

Hemiaminal® + Formanilide

Formaldehyde + 1
2 + Formanilide ———= 5§

2 + H; + Formanilidle <=—

Methanol + 2

1 + Formanilide

reaction 1
reaction 2
reaction 3
reaction 4
reaction 5
reaction 6
reaction 7
reaction 8
reaction 9
reaction 10

reaction 11

2+H, 1
AG* Forward AG* Backwards
(kcal mol™) (kcal mol™)

15.8 0.7

1.8 1.2

4.2 5.0

4.4 0.2

5.8 7.2
10.0 12.3
26.5 26.0

5.0 10.1

4.0 16.2

4.0 14.2
11.6 21.8

Formaldehyde + Aniline + Formanilide

Figure S3. Reactions and corresponding Gibbs energics (kcal mol™) used in the microkinetic model of the

dcaminative hydrogenation of formanilide.
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reaction 1/

reaction 2/

reaction 3/

reaction 4/

reaction 5/

reaction 6/

reaction 7/

reaction 8/

1 + DMF gPMF

§OMF  ————>= Hemiaminal®F + 2

~—

Hemiaminal®¥ + Formanilide

Dimethylamine + Formaldehyde +
Formanilide

Formaldehyde + 1 Methanol + 2

2 + Formanilide =———= 5§

— W

2 + H, + Formanilide <——— 1+ Formanilide

2+H,

Formanilide + 1

Aniline + Formaldehyde + 2

AG* Forward AG* Backwards
(keal mol™) (kcal mol™)
reaction 1 23.1 0.6
reaction 2 0.9 2.8
reaction 3 13.5 10.3
reaction 4 6.0 11.1
reaction 5 4.0 16.2
reaction 6 4.0 14.2
reaction 7 11.6 21.8
reaction 8 24.9 9.5

Figure S4. Reactions and corresponding Gibbs energies (kcal mol™) used in the microkinetic model of the

deaminative hydrogenation of DMF.
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Comparison of experimental and calculated standard reaction enthalpies

" . - i + MeNH AH%,, = -18.1 + 1.6 keal mol™
H N H™ H AHC cz1c = -17.6 keal mol”!
Me
j\ . H oH AHO o, = -23.0 + 2.5 keal mol”
2 — ,,
HH HTYH AHO e = -22.9 keal mol”!

Figure S5. Experimental and calculated standard reaction enthalpies in gas phase (kcal mol™). Experimental
energies obtained from the national institute of standards and technology (NIST).”® Calculated Gibbs energies in

gas phase at 1 atm and 273 K.

Formanilide hydrogenation by the trans- and cis-dihydride Fe complex

The carbonyl hydrogenation of formanilide by cis-dihydride Fe complex
(‘PrPN"P)Fe(H),(CO) is ca 9 kcal mol™ higher than by the trans isomer 1 (Figure $6). Based

on this result, the cis-isomer was not investigated further.

- -7 - -t
N—ph N-ph

0= 0=—=(

K  H / '\ H
H H H H

N—Fie—CO N—Fie—H
H co
15.8 24.7

Figure S6. Transition statcs for the carbonyl hydrogenation of formanilide by the trans- and cis-dihydride of
(‘PrPN"P)Fe(H),(CO). Gibbs energies in THF (SMD) at 30 atm and 373 K are given in kcal mol™. 1 + amide is

used as zero of energies.
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Hemiaminal intramolecular proton transfer

H 45.3
ph—N._O PANH, + H,C=0
H TSur*
hemiaminal® ik Aniline + formaldehyde
47 N o 5.2
Ph— N~ 2
H

Figure S7. Non-assisted intramolecular protonolysis of the C—N bond of the formanilide-derived hemiaminal
(labeled by a superscript F). Gibbs energies in THF (SMD) at 30 atm and 373 K are given in keal mol™.

Formanilide + H, is used as zero of energies.

Formanilide assisted protonolysis of the C—N bond of the O-bound hemiaminal

Ph R R Ph_z‘ R R F’h\_‘. 3 R
NH-— N NH- N NH-=H
HC‘ CH 2 H C"«:"-‘. C H2 X ,C HZ
0. y o o N O/ 0. ’ Q
N TS19-205 " | TS20-215 |
N—Fe—CO ——— N-—Fe-CO ——— N—Fle—CO
i A H
19S5 208 218
S=F 13.4 225 23.1 255 22.0
S = DMF 16.4 19.9 20.0 30.7 30.0

Figure S8. Reaction pathway for the protonolysis of the C—N bond of the O-bound hemiaminal with the
assistance of formanilide in THF (SMD) at 30 atm and 373 K, Gibbs encrgics in kcal mol’!. R = Phand R’ = H
for F, R =R’ = Me for DMF.

Inclusion of this mechanism in the microkinetic model of formanilide, in addition to the
pathways showed in Scheme 5, increases conversion by only 0.2 % (from 1.5% to 1.7%) and
by 9.9 % when removing adduct formation (from 25.8% to 35.7%). Including energy
corrections in TS20-21 and in the adduct formation, as done for TSlS-16F, does not increase
conversion to 99% (8.5% by decreasing the energy of TS20-21" to 22.5 kcal mol™, and 63.1
% by also increasing the energy of the adduct by 2 kcal mol™).
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DMF calculated maximum conversion.

The maximum conversion of DMF was obtained from x, which is the final concentration of

methanol at the equilibrium. x was derived from the equilibrium constant (K.,), which was

calculated from the AG of the reaction (-1.52 kcal mol™). As in the microkinetic model, we

assumed a constant concentration of [H,] = 0.162 M.

[Amine][Methanol]
[H,)2[Amide] — €9

XX

01622-(1.4-—x) 7.767

x%+0.204—-0.285=0

x = 0.442

AG=—-R-T-InKegq
3 1

3 -1 -
—1.52kcal mol" = — 1.9872 - 10 kcalmol K - 373.15K - In K,

In K= 2.050
Keq = 7.767
[Methanol] s
Conv. = W
C _0.442 100
onv. = 14

Conv. =31.57%

G, H, and -TS energies.

Table S1. Relative energies of all stationary points in kcal mol™.

Label G H -TS Comments
1 0 0 0
H, 0 0 0

Formanilide 0 0 0

DMF 0 0 0
2 10.2 215 -11.4
3 10.6 6.7 3.8
4 6.8 -5.0 11.9
5 -2.0 -5.1 3.1
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6 -0.5 -7.1 6.5
7F 5.0 -7.9 12.8
8F 15.1 1.3 13.8
9F 15.7 4.2 11.6
10F 9.7 -11.1 20.8
11F 25.6 3.6 22.0
12F 25.5 4.5 21.0
13F 19.8 -2.3 22.1
14F 12.4 -1.3 13.7
15F 19.2 2.6 16.6
16F 17.7 15.6 2.1 (16F + Formaldehyde)
2.5 -7.3 9.8 (16F + MeOH)
17F 13.3 -3.8 17.1 (17F + Formaldehyde)
2.0 -26.7 24.8 (17F + MeOH)
19F 13.4 -12.1 25.6
20F 23.1 -4.0 27.1
21F 22.0 -2.2 24.2
7DMF 39 -8.0 11.9
8DMF 22.5 8.6 13.9
9DMF 21.8 9.2 12.7
10DMF 12.5 -8.7 21.2
11DMF 20.8 -0.6 21.4
12DMF 23.2 1.8 214
13DMF 24.3 4.5 19.8
14DMF 16.5 24 14.1
15DMF 24.6 8.4 16.1
18DMF 23.8 15.5 8.3
19DMF 16.4 -9.9 26.3
20DMF 22.7 -4.3 27.0
21DMF 30.0 6.7 23.4
TS2-1 21.8 24.2 -2.5
TS2-3 14.2 9.0 5.2
TS3-6 13.0 7.6 5.4
TS4-1 12.2 -0.8 13.0
TS7-8F 15.8 1.1 14.7
TS8-9F 16.9 1.9 15.1
TS10-11F 31.2 8.7 22.5
TS11-12F 25.7 34 22.3
TS13-1F 30.6 8.1 22.5
TS14-2F 33.1 20.1 13.0
TS15-16F 24.9 11.0 13.9
TS16-2F 27.7 24.3 3.4 (TS + Formaldehyde)
12.4 1.4 111 (TS + MeOH)
TS16-17F 15.8 -1.2 17.0 (TS + Formaldehyde)
0.6 -24.1 24.7 (TS + MeOH)
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TS19-20F 22.5 -6.1 28.6
TS20-21F 25.5 -1.2 26.7
TS7-8DMF 23.1 9.1 14.0
TS8-9DMF 23.4 8.4 15.1
TS10-11DMF 19.1 -4.0 23.0
TS11-12DMF 22.6 0.1 22.5
TS13-18DMF 30.4 9.3 211
TS14-2DMF 39.9 29.8 10.1
TS15-16DMF 41.0 26.2 14.7
TS19-20DMF 19.9 -8.5 28.4
TS20-21DMF 30.7 7.0 23.7
TSHTF 45.3 35.9 9.4
TSHTDMF 42.7 33.2 9.4
TSCNDMF 22.7 143 8.3
HemiaminalF 14.9 18.0 -3.1 (HemiaminalF + 2)
4.7 -3.6 8.3
HemiaminalDMF| 20.6 229 -2.3 (HemiaminalDMF + 2)
10.5 1.4 9.1
Formaldehyde
Aniline 5.2 8.5 -3.3 (Aniline + Formaldehyde)
15.4 30.1 -14.7 (Aniline + Formaldehyde + 2)
Dimethylamine 13.7 17.1 -3.4 (Dimethylamine + Formaldehyde)
23.9 38.7 -14.7 (Dimethylamine + Formaldehyde + 2)
MeOH -10.1 -14.4 4.3 (MeOH + Aniline)
-1.5 -5.8 4.3 (MeOH + Dimethylamine)
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The catalytic hydrogenation of amides is an atom economical method to synthesize amines. Previously, it
was serendipitously discovered that the combination of a secondary amide co-catalyst with (""PNP)
Fe(H)(CO) (P"PNP = NICH,CH,(P'Pro)l,7), results in a highly active base metal system for deaminative
amide hydrogenation. Here, we use DFT to develop an improved co-catalyst for amide hydrogenation.
Initially, we computationally evaluated the ability of a series of co-catalysts to accelerate the turnover-
limiting proton transfer during C—N bond cleavage and poison the (""PNP)Fe(H)(CO) catalyst through
a side reaction. TBD (triazabicyclodecene) was identified as the leading co-catalyst. It was experimentally
confirmed that when TBD is combined with (""PNP)Fe(H)(CO) a remarkably active system for amide
hydrogenation is generated. TBD also enhances the activity of other catalysts for amide hydrogenation
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Introduction

The selective hydrogenation of carbonyl complexes is one of the
most important and widely used catalytic reactions in organic
synthesis.'> However, the reduction of electron rich carboxylic
acid derivatives, such as amides, is still difficult.** The ubiquity
of the amide functional group in biological systems, pharma-
ceuticals, and industrial chemicals® has spurred considerable
effort to create efficient catalytic systems for amide hydroge-
nation. Nevertheless, amides are still typically reduced using
waste generating stoichiometric reagents, such as LiAlH,, and
to date only a small number of homogenous catalysts can
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and our results provide guidelines for the rational design of future co-catalysts.

directly hydrogenate amides to amines.>”™'* These catalysts,
which include both precious and base metal systems, provide
proof-of-principle that this atom economic transformation is
possible, but can still be improved.*

Current mechanistic models for transition metal catalyzed
amide reduction, in particular deaminative hydrogenation to
produce an amine and an alcohol, propose a sequential
reduction of the amide to an intermediate hemiaminal (step 1,
Scheme 1), which then undergoes C-N bond cleavage to yield an
amine and an aldehyde (step 2). Subsequent hydrogenation of
the aldehyde affords the corresponding alcohol (step 3).****

Most well-defined catalysts for deaminative hydrogenation
rely on a Noyori-type,'*** bifunctional pathway whereby a metal-
hydride and adjacent ligand based proton are delivered to the
carbonyl C=0 moiety (Scheme 1). Intriguingly, recent mecha-
nistic studies indicate that while the Noyori-type catalyst
structure is essential for facilitating the dihydrogen addition
steps of the process (1 and 3, in Scheme 1), the proton transfer
between the O- and N-ends of the hemiaminal (step 2), which

Step 1: Amide Step 2: C-N bond Step 3: Formaldehyde
rb | s ion ¥ i Y i
(0] HO, H .
L B (R Sy
& [o=c<T e R-MH RH [o-cz]t HOT R
() )
H H H H
\ | A |
N—M N—M

Scheme 1 Proposed reaction steps for the deaminative hydrogena-
tion of amides to amines and methanol catalyzed by Noyori type
catalysts represented as N(H)-M(H).

Chem. Sci, 2020, M, 2225-2230 | 2225
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Chemical Science

triggers the cleavage of the C-N bond, does not involve neces-
sarily the metal catalyst.*® In addition, step 2 is the turnover-
limiting step, indicating that novel methods to facilitate hemi-
aminal cleavage are required to improve catalytic amide
hydrogenation.

Our laboratories have previously investigated amide hydro-
genation catalyzed by the iron(n) complex, (""PNP)Fe(H)(CO)
(P*PNP = N[CH,CH,(P'Pr,)],”) (Fe™) using both computational
and experimental methods (Scheme 2).>** In deaminative
amide hydrogenation using Fe", a key serendipitous finding
was that the reaction is promoted by a co-catalytic amount of
a secondary amide (formamide in Scheme 2). This effect was
particularly pronounced in the hydrogenation of tertiary alkylic
amides, such as DMF, which are important because they are key
intermediates in the homogeneous hydrogenation of CO, to
methanol mediated by amines.'®"” The interplay of the two
amide equivalents (i.e. one reactant and one co-catalyst) adds
complexity to the mechanism. Computational studies indicate
that the secondary amide lowers the barrier to the proton
transfer that occurs in hemiaminal C-N bond cleavage
(AG#ir, in Scheme 2) because the NH moiety acts as a proton-
shuttle."* However, the use of a secondary amide as a co-catalyst
has two major pitfalls: (1) secondary amides can form stable
adducts with Fe™ (AG,qq, in Scheme 2) via 1,2-addition across
the iron-amide bond, which lowers the concentration of the
active species in catalysis; and (2) the amide co-catalyst can be
consumed during the reaction, which undermines its contri-
bution as a co-catalyst and introduces a product separation
problem.” Here, we use a rational approach involving DFT

Ho o
A—P‘Pr; |
N—TFe—CO
Pr.
st iy t
catalys i
hydrogenation FeH Z

bll substrate

(AGhys

OH

G

N hemiaminal
N H #
Fe Ph, I
N7 O Ph _Cs
H S— ~o
;. I ¥
lyst p g co y [‘\GHT H on
O _N~¢
Ph N\ CHs
N~ O {}; CH;
H HH Y
roton shuttle-
Ph, H ©0 P

assisted transfer

/
-pipy
isomer + A "'r,z

zwitterion
N—TFe—CO 2
PPry
H NH(CHs), FeN FeH!
r
adduct product CH,0 \/ CHLOH

product

Scheme 2 Reaction mechanism for the deaminative hydrogenation of
amides by Noyori-type catalysts. Isomer = Fe N-bound form of the
adduct. Color code: hemiaminal formation (blue), C-N cleavage by
proton transfer (red), formaldehyde hydrogenation (green) and adduct
formation (black).
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calculations to design co-catalysts tailored for the deaminative
hydrogenation of tertiary amides. Our best co-catalyst, tri-
azabicyclodecene (TBD), acts as push-pull proton shuttle for
C-N bond cleavage, and leads to significant improvement in
iron catalyzed deaminative amide hydrogenation. Importantly,
the improvement from TBD also occurs for a number of other
transition metal catalysts for deaminative amide hydrogena-
tion, suggesting that the addition of co-catalysts of this type is
a general strategy for improving amide reduction.

Results and discussion
Computational co-catalyst design

On the basis of the mechanism shown in Scheme 2, DFT
calculations were performed on a series of potential organic co-
catalysts for the hydrogenation of DMF using Fe™ (Table 1; see
ESIf for computational details). The co-catalysts assessed
included molecules with either single site hydrogen bond
donors (entries 4-7 and 10) or with both hydrogen bond donor
and acceptor sites which could act as push-pull proton shuttles
(entries 1-3, 8 and 11). Various aryl and alkyl substituents (i.e.
H, Me, 'Pr, ‘Bu, Ph) were introduced into the pool of co-catalysts,
to sample a wide range of stereoelectronic effects. In molecules
with C=0 or C=N functional groups, only electron-rich
systems were chosen to minimize the hydrogenation of the
co-catalyst. Although there are co-catalysts that are hydroge-
nated when used as reactants (e.g. formanilide and acetamide),’
when they are used in catalytic concentrations their consump-
tion is slower than that of the reactants, enabling their co-
catalytic effect.”® The ability of each potential co-catalyst to
assist with the hemiaminal proton transfer®'*'* involved in the
C-N bond cleavage (step 2 in Scheme 1) was quantified by
computing the transition state(s) associated with this process
(AG@T; Scheme 2 and Fig. 1), which can be either concerted
(with TBD, methanol and morpholine) or step-wise (all other co-
catalysts). In the latter, the N-protonation of the hemiaminal is
followed by its O-deprotonation, which is rate-limiting for all co-
catalysts except urea. The thermodynamic preference of the co-
catalyst to trap the iron complex was quantified by computing
the free energy for the formation of the off-cycle adducts from
FeV (AGaaa; Scheme 2 and Fig. 1). In this framework, all co-
catalysts were screened with the aim of finding an optimal
balance between a low AGj;r and a thermoneutral or endergonic
value of AG,qq. Catalyst hydrogenation (AGpyg; Scheme 2)
competes with adduct formation and, thus, there is an interplay
between the free energies of both reactions. In the case of Fe",
AG}yq (which will depend on the nature of the catalyst) was
calculated to be —10.2 keal mol ' under the experimental
conditions.*® The value of AG,aqa — AGhya (AGp, in Table 1) is
therefore a measure of how adduct formation may limit the
reaction by catalyst poisoning (i.e. a more positive value is
indicative of less deactivation). For example, the production of
methanol may be expected to inhibit catalysis by adduct
formation with Fe™ (entry 7; AGaaa = —6.9 kcal mol™).
However, catalyst hydrogenation is even more favorable (AGyyq
= —10.2 kcal mol ') making the FeH™" the likely preferred
species (AGp = 3.3 keal mol ™).

This journal is ©@ The Royal Society of Chemistry 2020
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Table 1 Evaluation of co-catalysts for the hydrogenation of tertiary
amides with FeM

o
R R H
\N)l\H [Fe], [Co-cat] "~ ~ + MeOH
| 30 atm Hy, THF |
R 2h, 100 °C R
Entry  Co-catalyst AGi® AGuad®  AGY  TONY  Convd
()
1 N 21.3 —1.5 87 830 59%
H
H
2 pth\n/CHs 25.3 —8.3 1.9 780 55%
o
i
3 ey 22.6 122 -2.0 630 45%
o]
CH,
4 /@\ 24.3 -11.5  -13 - -
HaC CH,
OH
CHy
5 21.8 —-11.4 -1.2 — —
Pr 'Pr
OH
CHy
6 25.5 4.4 14.6 560 40%
‘Bu Bu
OH
7 CH;OH 29.6 —-6.9 3.3 510 37%
Phey,
8 ooy Ph 223 -9.3 1.4 440 31%
Ph H
9 No additive ~— — - - 320 22%
10 "O 34.6 8.0 182 320 22%
o
11 Hz,‘.JKNH2 35.3 -8.8 1.4 90 6%
“ AG}yy (in keal mol™") corresponds to the calculated energy of the

proton-transfer transition state with the hlghest energy for DMF
assisted by the co-catalysts (Scheme 2, Fig. 1). ” AG,qq (in keal mol™)
corresponds to the calculated energy for the formation of the adduct
(isomer with the lowest energy) formed by [Fe™] with the co-catalysts
(Scheme 2, F1§ “AGp = AGuad — AGpya (—10.2 keal mol™" for all
co-catalysts). Expcrlmcntal reaction conditions: 30 atm H,, 5 pumol
of [FeN] (0.07 mol%), (1.75 mol%) of each additive and 7 mmol of 4-
formylmorpholine in 5 mL of THF at 100 °C for 2 h. TON and conv.
were determined by GC-FID analysis of the products and remaining
starting material. Each entry is the average of two or more trials.

The DFT calculations using DMF as a model substrate yiel-
ded optimal results for TBD (triazabicyclodecene) as a co-
catalyst (Table 1, entry 1). The basic and rigid character of the
guanidine scaffold provides a low proton transfer barrier
(AGiyr = 21.3 keal mol ™), facilitating the C-N bond cleavage of
the hemiaminal intermediate. Additionally, TBD yielded
a AG,qq close to zero (—1.5 keal mol™) and the second largest
AG,gd4 — AGhya (8.7 keal mol '), suggesting that the formation
of the adduct does not compete with the hydrogenation of the
amide. 1,2,3-Triphenylguanidine (entry 8) yielded a similar
AGlyr barrier, but with a more negative AG,aq value

This journal is © The Royal Society of Chemistry 2020
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Concerted pro(on transfer TSs Step-wise proton transfer (highest in energy TSs)

- - +
(\ /j s R, " Ry [ NHp
PN % 'O/OR Phoy Ay OAN_H
HOH i R ; )
".‘ ﬁ H H H H
LA N-CHy N~ O._N-CH N- CH
OL_N-CHy ) 3
"?(H CHs3 X CHy X CH:! X CH; X
TsNN-C TsX-C TsD-SW TsN-SW TsNH&W
Methanol (X=0) Amide (X=0)
TBD  porpholine (X=N) Phenols  Guanidine (X=N) Urea
Adducts with the lowest energy
\f‘\ Ph NH,
N \ Rz 2
NX :> F{PP f/Ra H " HO%N
H N (PPra o X i, N=H
(PP 42 o (PP (7%
N—F£-CO ~Lpipy, e iTRee
~—Lpipr, H ¥H PPr PP
H
Adduct\N Adduct* AdductX AdductN
TBD Methanol (X=0) Amide (X=0) Urea

Morpholine (X=N) Guanidine (X=N)

Fig. 1 TSs and adducts obtained from DFT calculations to compute
the assisted proton transfer barrier (AGIHT) and adduct formation free
energy (AG,qq) for the co-catalysts shown in Table 1.

(—9.3 keal mol™), likely due to its lower basicity compared to
TBD. Acetanilide (entry 2) also afforded promising results, in
this case showing that replacement of H by Me in the originally
reported formanilide co-catalyst (entry 3) changes AGaaq —
AGpyq from negative to positive, meaning lower competition of
the adduct formation towards amide hydrogenation. Among
single site hydrogen bond donors, phenols (entries 4-6)
exhibited some promise as a proton shuttle, although sterically
large substituents were required to alleviate formation of iron
adducts (Adduct®, Fig. 1). Interestingly, morpholine and urea
yield the largest energy barrier of all of the co-catalysts (34.6 and
35.3 keal mol ™, respectively). This result suggests that a purely
basic co-catalyst, although beneficial to prevent adduct forma-
tion, does not assist with the hemiaminal proton transfer.
Overall, the computational results indicate that the best co-
catalysts are those which provide spatially separated hydrogen
bond donor and acceptor sites which can act as push-pull
proton shuttles, together with a basic character and/or steric
bulky groups to prevent the formation of adducts.

The high co-catalytic activity predicted for TBD (entry 1) was
further analyzed by performing microkinetic modelling®*>*
using the complex reaction network we previously found for
amide hydrogenation (see ESIt)."* Under the conditions typi-
cally used experimentally (1.4 M of DMF, 0.02 M of TBD, 1 mM
of Fe™ and fixed concentration of 0.162 M of H,, at 100 °C),’ the
microkinetic model yielded a high conversion of 27% over
a short reaction time of 2 hours. This conversion is substantially
higher than the conversion with formanilide as co-catalyst
(12%). The same trend was observed by using 4-for-
mylmorpholine as the substrate (see ESIf),” a benchmark
tertiary amide used in our prior studies on FeM-catalyzed cata-
lyzed deaminative hydrogenation. In this case, the conversions
with TBD and formanilide were 56% and 46%, respectively.

Experimental co-catalyst and catalyst testing

The computational predictions of co-catalyst efficacy were
examined experimentally using 4-formylmorpholine (Table 1).

Chem. Sci., 2020, M, 2225-2230 | 2227
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Each potential co-catalyst was tested in catalytic trials with
a 1.75 mol% loading, along with 0.07 mol% Fe™ under previ-
ously optimized conditions.® Due to the high activity of the
catalyst, the variable amount of time required to manipulate the
pressure vessel between trials, and the need to equilibrate the
vessel at the reaction temperature, it was not possible to acquire
reliable initial rate measurements (conversions < 10%). Instead,
reaction times were limited to 2 hours to minimize conversion
and provide kinetically relevant comparisons. The reaction
progress was monitored by amide conversion because of chro-
matographic issues in quantifying the morpholine product.
However, no signals other than starting materials, morpholine
and methanol were observed by GC-FID. As predicted by DFT,
TBD proved a remarkable co-catalyst, affording a greater than
two fold enhancement in TON (compare entries 1 and 9) over
the short reaction time. Examination of the influence of TBD
loading from 0 to 250 pmol (see ESI; Fig. S77) indicated a strong
correlation between TON and [TBD], saturating at approxi-
mately 200 pmol. The computational results also successtully
predicted the relative ability of the other co-catalysts. For
additives in which AGy is positive, the best co-catalysts should
be those which lower the AGf;r involved in the hemiaminal C-N
bond cleavage, as illustrated in entries 1, 2, 6 and 7. In cases
where iron deactivation is problematic due to a large negative
AGaaq, then the key barrier to amide hydrogenation is approx-
imated by the total energy difference between AGyqq — AGhyq
and AGly, which explains the superior performance of acet-
anilide over formanilide (entries 2 and 3). The only discernable
variation from this trend is the unexpectedly poor performance
of 1,2,3-triphenylguanidine (entry 8), which may react in
a different manner as indicated by an immediate color change
upon treatment with Fe™. The use of urea in the reaction
appeared to inhibit the reaction (lower conversion than without
additive), which is likely due to other irreversible reactions with
the iron species or difficulties in drying the very hydroscopic
parent amide. Still, our rational co-catalyst design has led to the
identification of a remarkably active catalytic system for selec-
tive amide hydrogenation.

The few homogenous transition metal catalysts reported for
deaminative hydrogenation are all proposed to follow similar
pathways (Scheme 1), with Noyori-type bifunctional mecha-
nisms being prominent.'*"* Given the importance of non-metal
mediated hemiaminal cleavage in our computed mechanism,
we hypothesized that the co-catalytic enhancements observed
here with Fe™ should be generalizable to other systems. Indeed,
highly active ruthenium catalysts recently reported by Beller
and Sanford*?® also exhibit substantial enhancement in
activity upon co-catalytic addition of TBD or formanilide (Table
2). The (""PN"P)Ru(H)(CO)(BH;) (RuBH,"") precatalyst
(""PN"P = HN[CH,CH,(PPh,)],) exhibited a near 4-fold increase
in TON for 4-formylmorpholine hydrogenation over a short 2
hour reaction time in the presence of TBD, making it one of the
most active systems for hydrogenation of this benchmark
substrate. In this case, formanilide inhibits the reaction by
forming a stable ruthenium adduct (Fig. S61). In contrast, with
the (PNN)Ru(H)(CO)(BH,) (Ru"™™) (PNN = 3-(di-tert-butylphos-
phino)-N-[(1-methyl-1H-imidazol-2-1)methyl]propylamine)

2228 | Chem. Sci., 2020, M, 2225-2230
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Table 2 Comparison of co-catalysts for amide hydrogenation with
pincer supported group 8 catalysts”

o
L 0.07 mol% [M] H
|/\N H  1.75mol% [Co-cat] N veon
0. 30 atm H,, THF le)
\) 2h, 100 °C
Catalyst Co-catalyst TON” Conv.”
prfz None 320 23%
N—Fe—CO TBD 830 59%
R HCONHPh 630 45%
Fe¥
" HBHj None 310 22%
\—chz/ TBD 1200 86%
Q B c ¢
N Rlu\ co HCONHPh 0 0
S PPh,
RuBH,NY
None 440 31%
P'Bu, o
! JHBH; TBD 1170 84%
NN—RG —CO HCONHPh 1040 74%
W |
N
\)
/
R“I’hh

@ Reaction conditions: 30 atm H,, 5 pumol of [Fe or Ru] (0.07 mol%), 125
umol of co-catalyst, and 7 mmol of 4-formylmorpholine in 5 mL of THF
at 100 “C for 2 h. For [Ru] co-catalysts 10 pmol of NEt; was added to
activate the catalyst. ” Determined by GC-FID analysis of the products
and remaining starting material. Each entry is the average of two or
more trials. © Formanilide reacts irreversibly with this Ru catalyst to
form an adduct, see ESI for details.

precatalyst, the relative difference in performance between TBD
and formanilide is not as large, likely because the steric bulk of
the tert-butyl substituents on the phosphine donors lowers the
stability of a formanilide adduct.

The co-catalytic effect of TBD with Fe™ across different
classes of amides was also investigated experimentally (Table 3).
Examples of dialkyl and diaryl formamides (entries 1 and 2)
exhibited significant enhancement in TON in the presence of
TBD compared to the reaction without co-catalyst. N-Phenyl-
acetamide (entry 3), a substrate that previously proved chal-
lenging for Fe™, was also hydrogenated with greater productivity
in the presence of TBD. However, no enhancement was
observed upon TBD treatment of the corresponding benzamide
(entry 4). This may be due to steric limitation at the carbonyl
moiety created by the larger phenyl substituent. In this case,
substituting TBD for a smaller co-catalyst provided a modest
increase in TON. These results suggest the co-catalytic effect of
TBD and related shuttles may be effective with more diverse
amides. Admittedly, the enhancement observed with diphe-
nylformanilide was initially unexpected because a mechanism
involving the iron-catalyst instead of formanilide, was previ-
ously proposed for the hemiaminal C-N bond cleavage using
aryl amide substrates.'* However, the calculated AGhr using the

This journal is ©@ The Royal Society of Chemistry 2020
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Table 3 Co-catalytic enhancement of amide hydrogenations using
TBD*

o 0.07 mol% [Fe™
R'\N)l\R, xmol%TBD __ RN H

| 60 atm H,, THF Y RoM
R" 16h, 120 °C R"
Entry Substrate [TBD] TON?
Me 0 50
1 me Ny 1.75 300
(e}
Il?n 0 1150
2 e N~ H 0.45 5180
T
DI~1 0 140
3 on Ny e 1.75 230
(o]
ril 0 120
_N__Ph 1.75 120
Ph
4 I 1.75° 250°

“ Reaction conditions: 60 atm H,, 5 pmol of [Fe] (0.07 mol%), x pmol of
TBD, and 7 mmol of substrate in 5 mL of THF at 120 °C for 16 h. > TON
was determined by GC-FID and NMR analysis of the products and
remaining starting material. Each entry is the average of three or
more trials. “ TBD was substituted by N-phenylacetamide (Table 1;
entry 2).

H + N 1
H N
o= QR
' «Ph )
H N—==Ph r\“ ’:‘
Vel HoH
N—TFe—CO PheN. 20
N e
Doy, X
H HH
28.6 keal mol! 21.8 keal mol!

Fig. 2 Gibbs energies associated with the C-N bond cleavage TSs for
diphenylformamide assisted by FeN and the TBD co-catalyst.

diphenylformanilide hemianimal intermediate and TBD is
lower (AG* = 21.8 keal mol ') than the barrier for the iron-
assisted mechanism (AG* = 28.6 kcal mol™, see Fig. 2). This
result is in agreement with the enhanced reactivity observed for
the hydrogenation of diphenylformanilide using TBD as co-
catalyst (see Fig. 2).

Conclusions

In conclusion, this work establishes the basis for co-catalyst
optimization in amide deaminative hydrogenation reactions
using Noyori-type catalysts. Key factors in the co-catalyst design
include a push-pull motif of hydrogen bonding sites to assist
the C-N bond cleavage of the hemiaminal and controlled acidity
and steric hindrance to prevent catalyst poisoning. Notably,
these design principles yielded co-catalysts enhancing the
activity of systems based on different transition metals. The
generality of the co-catalyst effect and its mechanistic

This journal is € The Royal Society of Chemistry 2020
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understanding provide new opportunities for the catalytic
hydrogenation of challenging electron-rich carbonyl
compounds.
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Experimental Details

All manipulations were carried out using standard vacuum, Schlenk line, canula or glovebox
techniques. Hydrogen was purchased from Airgas and used as received. The catalysts FeN and
Ru”™ were prepared as previously described."? All other chemicals including RuBH4N" were
purchased from Aldrich, Fisher, VWR, Strem or Cambridge Isotope Laboratorics. Amide
substrates and additives were purified by sublimation and distillation or vacuum transfer after
drying over appropriate drying agents.® All other non-volatile solids were dried under vacuum
at 50 °C. Solvents were dricd and deoxygenated using literature procedures.® 'H, '*C and *'P
NMR spectra were recorded on Bruker 300 MHz DRX, 500 MHz DRX or 600 MHz
spectrometers at ambient temperature, unless otherwise noted. 'H and '*C chemical shifts are
referenced to residual solvent signals; *'P chemical shifts are referenced to an external standard
of H3POa. Probe temperatures were calibrated using ethylene glycol and methanol as previously
described.* High pressure catalytic hydrogenation reactions were performed using a Parr 5500

series compact reactor with glass insert.

General procedure and sample spectra for screening the co-catalytic effect

Inside a glovebox, the catalyst (5 umol) was added as a solution to a glass reactor liner (50 mL).
Then amide (7 mmol) and 5 mL of THF were added in succession using a micro syringe.
Subsequently, the relevant additive (25 gmol) was added and the Parr reactor sealed and
removed from the glovebox. The reactor was pressurized with Commercial grade hydrogen at
ambient temperature (450 psi) and heated (100 °C) with mechanical stirring. After 2h heating
was stopped, and the reactor was immediately immersed in to a cold ice bath and the H> was
slowly vented. The products and the remaining reactants were analysed by 'H NMR
spectroscopy or GC FID using mesitylene as an internal standard. GC Method: 0.418 mL of
mesitylene was added to the reaction solution and the final volume was adjusted to 10 mL by
adding THF. An aliquot of 0.02 mL from this mixture was diluted to 0.2 mL and analyzed using
a Thermo Fisher GC (Trace 1300; Column — TG SMS AMINE 30m x 0.25 mm x 0.25 pm; start
at 40 °C, ramp 25 °C. hold 2 min). Response factors were calculated using standards. NMR
Method: The reaction solution was diluted either to 10 mL or 9 mL. An aliquot of 0.1 mL was

mixed with 0.05 mL of 1M mesitylene to prepare the NMR sample.
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0.07 mol% [Fe] o, veoH
PhoN” “H 30 atm H, THF © 2

2h, 100 °C
o Mmoo N w 8
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Figure S1: Sample 'H NMR spectrum of product solution from hydrogenation of diphenylformamide using Fe®
with no additives. The labelled peaks identfy the species present. Two large solvent peaks for residual THF are
also observed.

(0]
)j\ 0.07 mol% [FeN] H
(\N H  1.75mol% [TBD] _ (\N’ + MeOH
o\) 30 atm Hp, THF o\)
2h, 100 °C
2802 !P:J F1e_Worp_0329 850 lﬂrwymﬁwu UJP3 m_2H_bdR1 FI0_Frent
2,500
2000
—C———
Mesitylene
1,500 14-7.125
1.0004
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5001 113-5.333 Formyl morpholine
MeOH IMM
o - ;

Figure S2: Sample GC-FID chromatogram of product solution from the hydrogenation of formylmorpholine
formamide using Fe" in the presence of TBD. The labelled peaks identfy the species present along with the off
scale solvent signal.
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Synthesis of (""PN"P)RuH(CO)(HCONPh)

Inside the glovebox, a sample of RuBH4™ (0.023 g, 0.039 mmol) was transferred to a J-Young
tube using 1 mL of THF. Then a solution of NEt3 in THF (1M, 0.117 mL, 0.117 mmol) was
added to the reaction mixture, followed by HCONHPh in THF (1M, 0.043 mL, 0.043 mmol).
A drop of deuterated benzene was added, and the tube was tightly closed before it was removed
from the glovebox. This mixture was heated at 50 °C and the reaction monitored using *'P NMR
spectroscopy until it reached completion. After that, the tube was taken back in to the glovebox
and all the volatiles were evaporated under reduced pressure. A near colorless solid was
obtained and crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane
into a concentrated THF solution of the product. Yield: 0.013 g (40 %). '"H NMR (THF-ds; 50
MHz, 23 °C) (two isomers observed): major isomer: 10.98 (s, 1H, N-#), 8.02 (s, 1H, HCO,
overlap with PhH), 8.02(s, 4H, PhH), 7.41(m 10H, PhH), 7.32(s,br 1H, PhH), 7.26-7.22(q.t,
6H, PhH), 6.43(m 2H, PhH), 5.55(d, 2H, PhH), 3.35 (m, 2H, CH>), 3.02 (t, 2H, CH>), 2.87 (d,
2H, CH>), 2.16 (m, 2H, CH>), -14.24 (t, 1H, Fe-H ); *'P{'H} NMR (THF-ds): 58.955; 1*C{'H}
NMR (THF-ds): 6 174.07 (s, HCO), 137.69-137.43 (m, PhH), 135.14 (s, PhH), 132.39 (s, PhH),
130.67 (s, PhH), 129.47-128.75 (m, PhH), 127.22 (s, PhH), 125.67 (s, PhH), 121.34 (s, PhH),
52.17 (t, CH>), 32.89 (t, CH>).
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Figure S3: '"H NMR of (""PN"P)RuH(CO)(HCONPh) (two isomers observed) in THF-ds.
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Figure S6: Molecular structure of (""PN"P)RuH(CO)(HCONPh) with thermal ellipsoids at 50% probability.
Hydrogen atoms and an additional formanilide molecule, co-crystalized with the complex, have been removed for
clarity. Selected bond lengths (A) and angles (deg): Ru(1)-N(2) 2.236(2), Ru(1)-P(2) 2.3082(8), Ru(1)-P(1)
2.3203(8), Ru(1)-N(1) 1.195 (2); P(1)-Ru(1)-P(2) 163.64(3), N(2)—Ru(1)—-N(1) 93.01 (9).

Comparative influence of base activator and co-catalysts

Table S1 distinguished the possible roles of the co-catalyst in promoting C-N scission and
acting as a base activator. Entries 1 and 2 suggest that TBD can work as an activator,
presumably by scavenging BH3 from (*"PN"P)RuH(CO)(BH4). Significantly, comparison of
the entries 2, 4, 5 and 6 suggest that the effect of a base catalyst activator saturates at 2 eq per
metal and that the influence of TBD as a co-catlayst for C-N bond scission far exceeds any
potential influence from acting as a simple catalyst activator.

Table S1: Influence of base activator and co-catalysts on 4-formylmorpholine hydrogenation
using (""PN"P)RuH(CO)(BH4).

HBH,4
o) H —pipr,
NJ\H [Ru], [Additive], THF N~ H + MeOH Rl= AN_""RI{\_CO
O\) Ha(450psi), 2h, 100 °C \) e,
Entry NEts TBD HCONHPh  2,6-diisopropyl-4- TON? (Con
methylphenol %)
1 2eq 25eq = - e 1200 (86%)
2 - 25eq @ - e 1040 (74%)
3 2eq @ —m e 25¢q 822 (59%)
4 2eq @ meeem e e 310 (22%)
5 25eq = - s e 290 (21%)
[ e S 210 (15%)
7 2eq - 25eq @ —meee-- NR (0%)

9 Reaction conditions: 30 atm Ha(~ 450 psi), 5 gmol of [Ru] (0.018 mol %), 125 gmol of each additive, 10 or 125 umol of NEts
and 7 mmol of formyl morpholine in 5 mL of THF at 100 °C for 2h. » Determined using GC-FID analysis of the products and
remaining starting material. Each entry is average of two or more trials.
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Discussion of aldehyde hydrogenation

The microkinetic modeling of the catalytic reaction suggests that the intermediate aldehyde is
hydrogenated rapidly under the reaction conditions and plays little or no role in the reaction rate
(See Reaction 4; Table S2). In the case of formylmorpholine hydrogenation, the intermediate
aldehyde is formaldehyde. Given the difficulty in obtaining dry formaldehyde in a non-polymer
form we have substituted benzaldehyde for a comparison of the hydrogenation of aldehydes
and formamides. Using 0.07mol% of FeN, 100 °C, and 30 atm H> in THF, both
formylmorpholine and benzaldhyde are hydrogenated to nearly full conversion (>96%).
However, although both reactions give high conversion, the uptake of hydrogen gas is
noticeably different. The benzaldhyde reaction ceased uptake of hydrogen after ca 30 mintues
while formylmorphline continued to consume hydrogen for ca 90 minutes. While these
observations are insufficient to establish reliable rate meaasurements they confirm the
computational conclusions that aldehyde hydrogenation is a viable intermediate step in catalysis

and that it is facile relative to formamide hydrogenation.

Influence of [TBD] on Catlaysis

Entry TBD TON

j\ 0.07 mol% [FeN] 1 0eq 320
(\N H 0-50 eq [TBD] per Fe (\N/H+ Voo 2 5¢q 515
o\) 30 atm Hy, THF o\) © 3 10eq 650

2h, 100 °C 4 25eq 830

5 50cq 965
1200
1000
800
% 600

[
400
200
0
0 10 20 30 40 50 60

Equivalent of TBD/Fe

Figure S7: Correlation between TBD loading and TON for formylmorpholine hydrogenation. Experimental
conditions: 30 atm Ha(~ 450 psi), 5 umol of [FeN] (0.07 mol %), 0-250 umol of TBD, and 7 mmol of formyl
morpholine in 5 mL of THF at 100 °C for 2h. TON determined using GC-FID analysis of the products and
remaining starting material. Each point is average of two or more trials.
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Computational Details

DFT calculations were carried out with the Gaussian09 software package.® The hybrid meta-
GGA MO06° functional was selected on the basis of geometry and energy benchmarks.’
Structures were fully optimized without any geometry or symmetry constraints, combining the
double-z LANL2DZ (on Fe and Ru, including relativistic effects)®” and 6-31+G** (on all other
elements)'®!" basis sets. Vibrational frequencies were computed at the same level of theory to
classify all stationary points as either saddle points (transition states, with a single imaginary
frequency) or energy minima (reactants, intermediates and products, with only real
frequencies). These calculations were also used to obtain the thermochemistry corrections
(zero-point, thermal and entropy energies) at the experimental p = 30 atm and T = 373 K
conditions. The energy of the optimized geometries was refined by single point calculations
with triple-z quality basis sets, including the LANL2TZ®? on Fe and the 6-311+G** on all other
elements.'? The energies reported in the text were obtained by adding the thermochemistry
corrections to the refined potential energies. The solvation effects of THF were included in both
the geometry optimizations and energy refinements using the continuum SMD model.!* The
ultrafine (99,590) grid was used in all calculations to increase numerical accuracy and to
facilitate convergence. Microkinetic models were carried out with the COPASI 4.22 software.'*

A data set collection of input files and computational results is available in the ioChem-BD

repository'® and can be accessed online via https://dx.doi.org/10.19061/iochem-bd-6-14.

The mechanism proposed in Scheme 2 is the result of a thorough mechanistic investigation of
the deaminative hydrogenation of DMF by FeM.” In this study several mechanisms proposed
for the hydrogenation of esters were investigated with fomanilide and DMF. The conclusion of
this study was that the mechanism for the hemiaminal C—N bond protonolysis (Step 2 in Scheme
1) depends on the substrate (formanilide or DMF) and the presence of reagents able to assist
the proton transfer. In the casc of DMF, formanilide could act as a co-catalyst to assist in
protonolysis. In contrast, when formanilide is the reactant, the protonolysis is assisted by FeN.
This difference originates from the basicity of the -NMe; group in DMF, which deprotonates
formanilide, while NPhH is difficult to protonate but can form an imido intermediate with the

Fe-catalyst.
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Microkinetic models:

Microkinetic models were constructed to: (1) predict catalytic activity upon using TBD as co-
catalyst instead of formanilide, with (PPNP)Fe(H)(CO) (FeY) and DMF, and (2) account for

the experimental conversions observed with 4-formylmorpholine as substrate.

Microkinetic models were constructed with the COPASI software'* (version 4.22). Association
rcactions were assumed to have low encrgy barriers (AG* < 5 kcal mol™), and thus have no
impact on the global kinetics of the reaction. The initial concentrations used in the simulations
were those reported in the corresponding experiments'® (1.4 M of amide, 1mM of catalyst,
0.162 M of hydrogen and 25 mM of co-catalyst). The concentration of hydrogen was kept
constant, in linc with the effectively constant pressure of hydrogen used in the reactor (30 atm).
H> concentration was approximated using the molar fraction of Hz in a saturated solution of H»
in THF at 33.4 atm and 100 °C (0.01461 H> mol / solution mol) asuming incompresibility of
THF and that [H>] << [THF].!” As in the experiments, simulations were carried out for a total
time of 2 hours at T = 373 K. The models were based on deterministic time course simulations
with the LSODA algorithm.'®

1) DMF with formanilide and TBD as co-catalysts

The DMF conversion vs time traces using FeN and formanilide or TBD as co-catalysts were
obtained by running a microkinetic model based on the mechanism reported in our previous
work” (Figure S8). The elementary steps of the mechanism underlying the microkinetic model
are given in Figure S9, together with the AG* values derived from the DFT calculations
published in our previous work’ and presented in Table S2. This model predicts conversions of
12 and 27% for the formanilide and TBD-assisted reactions respectively. The formation of the
1,2-addition adduct with between Fe™ and the product MeOH (reaction 11) was included in the
microkinetic moldel to evaluate the influence of this reaction on DMF conversion. However,
the % conversion with and without this reaction were the same, suggesting that the adduct

formation with McOH is not relevant in this process.
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DMF conversion
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Figure S8: Microkinetic simulations of assisted DMF deaminative hydrogenation.

Reaction 1: FeH"" + DMF FeN'DMFH

Reaction 2: FeNDMFH Hemiaminal®™¥ + Fe®

Reaction 3: Hemiaminal®¥ + Formanilide Dimethylamine + Formaldehyde +
Formanilide

Reaction 4: Formaldehyde + FeH ! Methanol + Fe

Reaction 5: FeN + Formanilide AdductFormanilide

Reaction 6: Fe™ + H, + Formanilide FeH" + Formanilide

Reaction 7: FeN+H, FeHNH

Reaction 8: Formanilide + FeH! Aniline + Formaldehyde + Fe®

Reaction 9: Hemiaminal®™¥ + TBD Dimethylamine + Formaldehyde + TBD

Reaction 10: Fe™ + TBD Adduct"P

Reaction 11: FeN + Methanol AdductMethanol

Figure S9: Implemented reactions in the DMF microkinetic simulations.
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AG* Forward AG* Backwards
(kcal mol™) (kcal mol™)
Reaction 1 23.1 0.6
Reaction 2 0.9 2.8
Reaction 3 13.5 10.3
Reaction 4 6.0 11.1
Reaction 5 4.0 16.2
Reaction 6 4.0 14.2
Reaction 7 11.6 21.8
Reaction 8 21.9 6.5
Reaction 9 13.5 10.3
Reaction 10 4.0 54
Reaction 11 5.0 11.9

Table S2: Reactions and corresponding Gibbs energies (kcal mol™!) used in the microkinetic model of the
deaminative hydrogenation of DMF.

2) 4-formylmorpholine with formanilide and TBD as co-catalyst

The conversions of 4-formylmorpholine vs time catalyzed by FeN and using formanilide and
TBD as co-catalysts (Figure S10), were obtained by running the microkinetic model shown in
Figure S6. In this case, the energics of reactions 1, 2, 3 and 9 were replaced by reactions 12, 13,
14 and 15 (Figure S11), in which 4-formylmorpholine is used instead of DMF (see Table S3).
This model predicts conversions of 46 and 56% for the formanilide and TBD-assisted reactions
respectively. Experimental conversions of 4-formylmorpholine hydrogenation with 25 eq of
formanilide or TBD as co-catalyst could be fitted by correcting the energy of methanol by +
0.2 kcal mol™. The similar energies obtained for the reactions 1, 2, 3 and 9 using DMF and 11,
12, 13 and 14 using morpholidine indicate that the same mechanism is expected for the two

substrates.
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Figure S10: Microkinetic simulations of assisted 4-formylforpholine deaminative hydrogenation

Reaction 12: FeH" + Morpholidine FeN{MorpholidineH

{ idi o e 1Morpholidi N
Reaction 13:  FeN"MorpholidineH Hemiaminal™Merpholidine . po

Reaction 14: Hemiaminal™orpholidine g, anilide

Morpholine + Formaldehyde
+ Formanilide

Reaction 15: HemiaminalMerpholidine . T gy

Morpholine + Formaldehyde + TBD

Figure S11: Reactions used together with 4, 5, 6, 7, 8, 10 and 11 to perform the 4-formylmorpholine microkinetic
simulations.

AG* Forward AG* Backwards
(kcal mol™) (kcal mol™)
Reaction 12 225 1.5
Reaction 13 0.5 2.5
Reaction 14 14.6 11.0
Reaction 15 14.6 11.0

Table S3: Reactions and corresponding Gibbs energies (kcal mol') used in the microkinetic model of the

deaminative hydrogenation of DMF.
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Gibbs energies of organic reaction intermediates

The formation of hemiaminal and formaldchyde intermediates from DMF and 4-
formylmorpholine is endergonic in both cases by ca 10 kcal/mol (see Figure S12). Therefore
their concentration in solution is expected to be very low (cg: 0.1 uM of hemiaminal according
to the microkinetic model). This may explain why these species are not observed in the crude
'H NMR spectrum.

Step 1: Amide Step 2: C-N bond Step 3: Formaldehyde
C=0 Hydrogenation protonolysis C=0 Hydrogenation
" NHR'R" H
le) 2 OH amine le) 2
)k > /k'"‘H — . )J\ #’ CH30H
R"R'N H R'"R'N" 'Y H H
amide hemiaminal formaldehyde methanol
DMF 0.0 10.5 13.8 -1.5
Morpholidine 0.0 8.8 12.4 -2.8

Figure S12: Gibbs energies (in kcal mol™) for the hydrogenation of DMF (R’ = Me, R”’ = Me) and morpholidine
(R’R’” = O(CHa)s) to amines and methanol calculated in THF solvent (SMD) at 30 atm and 373 K.

Amide influence on AGur*
The AG*yr barriers obtained for DMF and 4-formylmorpholine using different co-catalysts
were computed to determine the influence of the substrate. As shown in Table S4, similar values

were obtained for the three co-catalysts, indicating that DMF can be used as a model for

morpholine.
AG*ur (keal mol?) TBD  Triphenylguanidine  Methanol
DMF 21.3 22.3 29.6
4-Formylmorpholine 22.6 214 28.1
AG*ar N-methylformanilide Formanilide
DMF 25.3 22.6
4-Formylmorpholine 254 21.7

Table S4: Comparison between DMF and 4-formylmorpholine of AGur# (kcal mol ™).
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A series of molybdenum pincer complexes has been shown for the first time to be active in the catalytic
hydrogenation of amides. Among the tested catalysts, Mo-1a proved to be particularly well suited for the
selective C-N hydrogenolysis of N-methylated formanilides. Notably, high chemoselectivity was
observed in the presence of certain reducible groups including even other amides. The general catalytic
performance as well as selectivity issues could be rationalized taking an anionic Mo(0) as the active
species. The interplay between the amide C=0O reduction and the catalyst poisoning by primary amides
accounts for the selective hydrogenation of N-methylated formanilides. The catalyst resting state was
found to be a Mo-alkoxo complex formed by reaction with the alcohol product. This species plays two
opposed roles - it facilitates the protolytic cleavage of the C—N bond but it encumbers the activation of
rsc li/chemical-science hydrogen.
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Introduction C-0 bond scission results in the formation of the alkylated/
benzylated amine with H,O as the only by-product, the C-N
The reduction of carboxylic acid derivatives via catalytic bond cleavage leads to the free amine and the corresponding
homogeneous hydrogenation represents an attractive atom- alcohol. Recently, an additional amide hydrogenation pathway
economic and environmentally benign methodology."> To was demonstrated, where the alkylated/benzylated amine is
date, the vast majority of homogeneous catalysts for these produced by a hydrogen borrowing/autotransfer mechanism
transformations rely on noble metals.? The limited availability ~from the initially formed alcohol and amine under specific
of these elements along with their toxicity and pollutive nature acidic reaction conditions.” Until today, the development of
initiated efforts for their replacement. Significant progress in  catalytic systems that enable these chemoselective trans-
this direction has been achieved in the past decade, in partic- formations continues to be challenging and therefore are
ular with respect to iron,' manganese’ and cobalt® based subject of ongoing research.
systems. Thus, several examples of base metal catalysed Initial efforts in this direction mainly focused on homoge-
hydrogenations of aldehydes, ketones, carboxylic acids, esters neous ruthenium catalysts.'® Since the inspiring report by Cole-
and nitriles have been reported in recent years, some of them
with remarkable activities and selectivities.>*” On the contrary,
hydrogenation of amides is known to a much less extent.” The

latter can be attributed to the extremely low electrophilicity of o]
the carbonyl group, which renders their hydrogenation partic- R1JKN'R3
ularly challenging. R2

In general, catalytic hydrogenation of amides can proceed
via either C-N (hydrogenolysis) or C-O (hydrogenation) bond l He i
cleavage of the intermediate hemiaminal (Scheme 1). While the 3 [ T N

& ( ) RVSNR [C-0 cleavage | j’\” 5| [c-Ncleavage| *R™R®
+: <—‘ R1 N’R +
H,0 RZ=H R? R0
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10.1039/c9sc03453f Scheme 1 Pathways for amide reduction.
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Hamilton and co-workers in 2012, various Ru-based systems for
the highly selective scission of either the C-N or the C-O bond
have been described."

In sharp contrast, reports on homogeneous base metal
catalysts for this important reaction are particularly scarce.
Pioneering work in this area was published by the groups of
Milstein, Langer and Sanford only as late as 2016."*** For the
first time, they could demonstrate the ability of certain iron PNP
pincer complexes (Fe-1 as well as Fe-2a/b, Scheme 2) to promote
the C-N bond cleavage in a number of different amides.

More specifically, Milstein and co-workers reported, that Fe-1,
after activation with KHMDS, induced the hydrogenolysis of
activated aliphatic and aromatic 2,2,2-trifluoroacetamides.
However, no reaction was observed, with more common
substrates such as N-phenylacetamide and N-phenylbenzamide."
The protocols described by Sanford (Fe-2a) and Langer (Fe-2b)
showed more general substrate scopes and obtained notable
conversions and yields also for unactivated amides.***

Additionally, Bernskoetter and co-workers showed that the
pentavalent iron PNP-pincer complex Fe-3 is particularly active
for the hydrogenolysis of a number of secondary formanilides
and N-formylmorpholine (Scheme 2). The system stands out
due to its extremely low catalyst loading (0.018-0.07 mol%) and
notably operates under base-free conditions. Interestingly, the
group of Bernskoetter demonstrated that an addition of 20
equivalents of formanilide resulted in a significantly improved
activity of the system towards otherwise almost unreactive N-
methylformanilide. Based on NMR experiments, the authors
concluded that the catalyst adopts a different resting state in the
presence of the additive (Fe-4, Scheme 2) and thus is less prone
towards deactivating side reactions.'* The computational study
of this reaction also suggested that the formanilide additive is
involved in the C-N bond cleavage of the hemiaminal inter-
mediate, which is the rate limiting step."

Recently, our group reported the very first example of
a manganese catalysed deaminative hydrogenation of amides

o)
I re catalyst, H H
RN S Mg " RTOH
RE
" HBH,
N ) H.
NN, | apr, (N"" PRy (Nf PP
P’F|e ~co p’F|e‘co 7| co
P Pr,
? Br R H H
- Fe-2aR=Cy Fe-3
Fe-1 Fe-2b R = Et
Ph
\ ® o
N_\\ i —I Br Br
H O Hl o PP Ho o~
<‘N,,,_ [piPr, N, N!.‘\CO <‘N,,,, PP,
. g .
P co C:N)' "~co p'"co
1) / 1
Pr, H /N co Pry
Fe-4 Mn-1 Mn-2

Scheme 2 Base metal catalysts reported for the hydrogenolysis (C-N
bond cleavage) of amides.
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under relatively mild conditions.'® After activation with exoge-
nous base, the PNN pincer complex Mn-1 (Scheme 2) exhibits
remarkable activity for the hydrogenation of a broad scope of
secondary and tertiary amides to the corresponding alcohols
and amines. Notably, also more challenging primary amides
were successfully cleaved in modest yields, tough more forcing
conditions were shown to be necessary. The generality of the
system was finally highlighted by the cleavage of the amide
bond in the herbicide diflufenican. To date, Mn-1 represents
one of the most active and broadly applicable non-noble metal
catalysts for amide hydrogenation. In a related study, Prakash
and co-workers demonstrated that the manganese PNP pincer
complex Mn-2 is a suitable catalyst for the hydrogenation of
formamides. The reaction proceeds via cleavage of the C-N
bond to produce methanol and the corresponding amine."”

In 2018, we published the synthesis of a number of struc-
turally related molybdenum PNP pincer complexes. Among the
described complexes, Mo-1a (Table 1) was shown to be active in
the catalytic hydrogenation of different acetophenones and
styrenes.’® Similar Mo-systems have also been used for the
hydrogenation of CO,, imines and nitriles.” Based on these
reports and our previous work, we became interested in the
behaviour of such base-metal catalysts for the reductive
cleavage of amides. Herein, we demonstrate its suitability for
the hydrogenolysis of N-methylated formanilides under rela-
tively mild conditions. To the best of our knowledge, PNP pincer
supported molybdenum complexes have not been described for
such transformations. Interestingly, the optimal catalyst

Tablel Hydrogenation of N-methylformanilide 1a to N-methylaniline
2a and methanol 3 using Mo catalysts Mo-1a—-c and Mo-2

X (\P‘Prz

o .
S 5 mal% [Mo], H CENT een P, | co
N_ 10 mol% NaBHEt N i C Moo Mo,
E j T[°C), 50 bar H; ( j v oMol i ED b | G0
24 h, toluene co co
a o 3 Modax=ci
Mo-1b X = Br Mo-2
Mo-1c X = CH,CN
Entry®” [Mo] T[°C) Conv’. [%] 2a“ [%)
1 Mo-1a 130 >99 99
2 Mo-1b 130 >99 99
3 Mo-1c¢ 130 >99 99
4 Mo-2 130 10 9
57 — 130 10 8
6 Mo-1a 100 =99 98
7 Mo-1b 100 >99 99
8 Mo-1c¢ 100 76 73
9 Mo-1a 80 89% 86%
10 Mo-1b 80 87% 84%
11¢ Mo-1a 80 49 47
12¢ Mo-1b 80 46 46

“ Standard reaction conditions: N-methylformanilide 1a (67.6 mg, 0.5
mmol), NaBHEt; (50 pL, 0.05 mmol, 10 mol%), 2 mL toluene, 50 bar
H,, 24 h. ?Yield of 3 was not determined. ¢ Conversion of 1a and
yield of 2a were determined by GC using hexadecane as internal
standard. “ No catalyst was used. ¢ Reaction was performed with
2.5 mol% of Mo catalyst.
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exhibits a high selectivity for formamides. This preference has
been rationalized by means of DFT calculations, which suggest
that the produced MeOH reacts with the catalyst and changes
the mechanism and rate limiting step of the reaction. This
result, which is not observed in related Fe-catalysts, indicates
that the catalyst design strategy should be adapted to the nature
of the metal centre.

Results and discussion

Catalytic hydrogenation of amides using molybdenum pincer
complexes

At the outset of our study, we explored molybdenum-based PNP
pincer complexes Mo-1a-¢ and Mo-2 (Table 1), recently syn-
thesised by our group, as potential catalysts for the hydroge-
nation of amides. Using N-methylformanilide 1a as benchmark
substrate, preliminary experiments were conducted using
5 mol% of Mo catalyst in toluene at 50 bar H, and 130 °C, in the
presence of 10 mol% of NaBHEt;. The reaction proceeded
smoothly for complexes Mo-1a-c to afford N-methylaniline 2a in
quantitative yield along with methanol as the only by-product
(Table 1, entries 1-3). However, complex Mo-2 failed to
display any catalytic activity (Table 1, entry 4). Next, the activity
of the complexes was tested at reduced temperatures (Table 1,
entries 6-10). It was found, that complexes Mo-1a as well as Mo-
1b were equally efficient, when the reaction was conducted at
100 °C. Catalyst Mo-1c¢, however, gave a somewhat lower
conversion and yield. Further reduction of the reaction
temperature to 80 °C resulted once again in similar conversions
and yields for Mo-1a and Mo-1b, respectively. Based on these
observations, the catalyst loading was reduced to 2.5 mol%
under otherwise identical reaction conditions (Table 1, entries
11 and 12). It turned out, that changing this parameter also led
to almost identical outcomes for both catalytic systems.
Therefore we concluded that, under reaction conditions, Mo-1a
and Mo-1b very likely form the same active species. On the basis
of the obtained results and due to the more challenging
synthesis of Mo-1b, we decided to focus on catalyst Mo-1a in the
due course of the study.

Selecting 80 °C reaction temperature and 5 mol% of Mo-1a
(Table 1, entry 8) as the optimal setting for further optimization,
we tested several different solvents. In contrast to previous work
on manganese catalysed hydrogenolysis of amides, toluene was
found to give the best results. Cyclohexane yielded slightly lower
activities, while n-heptane as well as polar solvents, were shown
to be significantly less suitable for the attempted trans-
formation (Fig. 1).

Subsequently, we studied the influence of dihydrogen pres-
sure, catalyst loading as well as the amount of additive used on
the reaction outcome (Table 1, see ESIT). Lowering the pressure
to 30 bar H, resulted in a sharp drop in activity. However, no
loss of reactivity was observed when the amount of NaBHEt;
was decreased to 5 mol%. A rise of the reaction temperature to
100 °C resulted in full conversion of the benchmark substrate to
N-methylaniline in the presence of 5 mol% NaBHEt; and Mo-1a,
respectively. Further mitigation of the catalyst loading as well as
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Fig. 1 Study of the solvent effect in the hydrogenation of N-methyl-
formanilide 1a to N-methylaniline 2a and methanol 3 catalysed by Mo-
la.

the amount of NaBHEt;, however, had negative effects on the
catalytic performance of the system.

Having optimised conditions in hand, we proceeded to the
application of Mo-1a in the hydrogenation of a variety of
different N-methylformanilides to the corresponding anilines
and methanol (Table 2).

Most substrates were hydrogenated in good to excellent
yields under optimised conditions at 100 °C and 50 bar H, over
24 h, using toluene as solvent. In general, meta- and para-
substitution were well tolerated, while substituents in ortho-
position (Table 2, entries 19 and 20) appeared to be trouble-
some, probably due to steric hindrance. Amides containing
electron donating groups were less reactive under standard
conditions as compared to the benchmark substrate. In some
cases higher reaction temperatures were required, in order to
achieve good conversions (Table 2, entries 2, 6, 7). Notably, the
thiomethyl substituted derivative (Table 2, entry 3) was fully
hydrogenated and no catalyst poisoning effect was observed.
Moreover, the system tolerated fluoro-substituents (Table 2,
entries 8, 17, 20) and no dehalogenation products were detec-
ted. Interestingly, the system showed a good functional group
tolerance towards substrates containing other reducible moie-
ties such as benzyl ethers, C=C double bonds and esters (Table
2, entries 6, 12, 13). Noteworthy, no double bond isomerisation
occurred during the reduction of a stilbene derivative (Table 2,
entry 12). Additionally, pyridines, nitriles and nitro arenes
remained unaffected under our reaction conditions; however,
only poor to modest conversions were observed when the
reaction was carried out at 130 °C (Table 2, entries 11, 14, 15).
Presumably, this effect originates from substrate coordination
to the metal centre and subsequent catalyst deactivation. The
system turned out to be sensitive towards halides other than
fluorine. Hence, during one of the hydrogenations, small
amounts of the dehalogenation product were detected (Table 2,
entry 9).
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Table 2 Substrate scope in the hydrogenation of N-methyl-
formanilides to N-methylanilines 2 and methanol 3 catalysed by Mo-1a  Table 2 (Contd.)

O\W ! cl O\j cl
N 5 mol% Mo-1a ] N . N 5 mol% Mo-1a N N /-[\
N BN 5 mol% NaBHEt; R—'(j \+ s ' (N""'MS\‘P Pry T 5 mol% NaBHET. o ~ : <N/,,,,Mé‘.\P‘Prz
(. 4’100 “C, 50 bar H,, L o _,;/ | co R P —’—'100.& 50 bar Hy, RT P + CHOH P l ‘co
y P P
1ad 24 h, toluene 22t 3 : 2 ¢o 1ok 24 h, toluene a 3 : 2 co
Mo-1a Mo-1a
Entry™* Formamide Conv". (%) Yield” of 2 (%)  Entry®” Formamide Conv". (%) Yield” of 2 (%)
o
S o\j
N N
~
1 O/ 99 o4 10 /©/ 99 >99
FaC
1a
1j
o
N Oy
N\
. N
2 \OO 99 % 1 ®/ > 52 50
N~
1b 1k
O\W c)\j
N N
3 >99 95 12 /\/©/ 95 92
~,
S PR
1c 1l
% N
N N
4 /O/ 83 80 ~
13 >99 97
1d MeO,C
N
; Jo R ” o
Ph O\\I
le . N\ "
o\ﬁ 14 14 12
N NC
6 /©/ A 56 52
P N0 in
1f
>
N
N N
- /@ " " 15 8 o
~
N O,N
1g 1o
%y o
N\
8 /©/ 98 93 FsC N
F 16 >99 97
1h
o\j 1p
N\
9 /©/ 40 34 O\j
cl
. F N
1 17 \©/ >99 98
1q
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Table 2 (Contd.)
Oy ] cl
\’L 5mol% Mo-1a n POH N P
R{j/ S Smo%NaBHEL o NTTNL Guon | CNM"M"’“\P "
A 100 °C, 50 bar Hj, (A 3 ; p” | CcO
24 h, toluene H Pra
1a-t 2a-t 3 ' co
Mo-1a
Entry™” Formamide Conv’. (%) Yield? of 2 (%)

/O\©/N\
18 >99 93
ir
O,
N
N\
19¢ 12 9
1s
FON
N\
20¢ 18 15/
1t

@ Standard reaction conditions: N-methylformanilide (0.5 mmol), Mo-1a
(12.5 mg, 5 mol%), NaBHEt; (50 pL, stock solution 0.5 M in THF,
5 mol%), 2 mL toluene, 50 bar H,, 24 h. ?Yield of 3 was not
determined. © Conversions of N-methylformanilides Were determined
by GC using hexadecane as internal standard. “Isolated yields.

¢ Reaction was carried out at 130 °C./ Yields were determined by GC
using hexadecane as internal standard. ¢ Yield was determined based
on the hydrochloride salt.

Subsequently, we investigated the more general applicability
of our PNP pincer complex Mo-1a in the hydrogenation of other
amides. Initial experiments focussed on the role of the nitrogen

Oy R? cl
N |, o
N 5 mol% Mo-1a R . (N I wPPr;
il 5 mol% NaBHEt: Rl ' ‘Mo,
©/ B e ©/ R . RZoH p” I (ole]
100 °C, 50 bar Hy, 2
24 h, toluene : co
Mo-1a
o\j OY oﬁ,crj OYPH
o~ o~ o~ o"
4 5 6 7

4aR=H, 13%° (11%)° 20%" (18%)° 6aR=H, 14%° (11%)®  7aR=H, 19%° (14%)°
4b R = i-Pr, 8% (4%)° 6b R = CHa, 26 %2 (20%)® 7b R = CHa, 31% (28%)®
4c R = CaHs, 14% (1%)°

4d R = Ph, 91%® (86%)°

Scheme 3 Hydrogenation of different amides (4-7) to the corre-
sponding amines and alcohols catalysed by Mo-1a. ?Conversions of
amides were determined by GC using hexadecane as internal standard.
“Yields were determined by GC using hexadecane as internal standard
and refer to anilines, yields of alcohols were not determined. “Isolated
yields of anilines.
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substitution on the reaction outcome. For this purpose, a series
of different secondary and tertiary formanilides were subjected
to our protocol (Scheme 3). The presence of an NH moiety
turned out to be detrimental, as was observed for the parental
formanilide (4a). This is in sharp contrast with the results ob-
tained with Fe pincer complexes, in which formanilide deriva-
tives give the highest conversion." In order to further validate
this, 2,2,2-trifluoroacetanilide (6a) and simple benzanilide (7a)
were employed and results comparable to formanilide (4a) were
obtained. Likewise, only low conversions and yields were ob-
tained in the case of N-'Pr- (4b) and N-allylformanilide (4c),
respectively. Surprisingly, when N-allylformanilide was tested as
substrate, the formation of N-allylaniline was only observed in
traces. The main product was identified to be aniline, thus
hinting at a deallylation pathway that additionally takes place to
the envisaged hydrogenolysis. In contrast, N,N-diphenylforma-
nilide (4d) was reduced smoothly and N,N-diphenylamine was
isolated in excellent yield. Next, the hydrogenation of N-meth-
ylacetanilide (5) and the more activated 2,2,2-N-methyl-
trifluoroacetanilide (6b), respectively, were attempted. In
either case, only poor conversions were determined demon-
strating the high preference of this complex for specific for-
manilides. This was further supported by the low reactivity of N-
methylbenzanilide (7b) and some aliphatic formamides (see
Table 2, ESIT).

Based on these observations, we were curious to demon-
strate selective formamide reduction in the presence of other
amide moieties. In a proof of concept experiment, the hydro-
genation of the benchmark amide in the presence of benzamide
7a was conducted (Scheme 4, eqn (a)). It could be shown that
Mo-1a was capable to cleave N-methylformanilide (1a) with
extremely high preference. Notably, the reaction still proceeded
with 80% conversion with respect to N-methylformanilide (1a).
To further highlight the scope of our system, we designed
model substrate 9 combining two amide functionalities in one
structure. After 24 h reaction, the intended hydrogenolysis of

a)

o\\| o
5 mol% Mo-1a
Mis L o L Ph S molkNaBHEY, NHz
PN T100°C, 50barH,
1a 7a 24 h, toluene
Conv.® (80%) (<1%) Yield (79%)b (<1%)"
b) o\ﬁ
N 5 mol% Mo-1a i
o ~ 5 mol% NaBHEt; o v CH.OH
Ph)LN 100 °C, 50 bar H, o N S
) 24 h, toluene |
9 10
Conv.? (98%) Yield (92%)° nd.

Scheme 4 Selective hydrogenations of (a) N-methylformanilide 1a in
the presence of benzamide 7a and (b) N-methyl-N-(4-(N-methyl-
formamide)phenyl)benzamide 9. Standard conditions: substrate(s)
0.5 mmol (each), Mo-1a (12.5 mg, 0.025 mmol, 5 mol%), NaBHEts (50
uL, 0.5 M stock solution in THF, 0.025 mmol, 5 mol%), toluene (2 mL),
50 bar H,, 100 °C, 24 h. ?Conversions determined by GC using hex-
adecane as internal standard. “Yields determined by GC using hex-
adecane as internal standard. “Isolated yield.
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the formamide moiety in 9 had occurred smoothly and the
target molecule 10 was isolated in a very high yield (92%).
Notably, no cleavage of the benzamide was observed.

We believe these results could pave the way towards new and
selective deprotection strategies in organic synthesis mediated
by this base metal PNP pincer complex.

Reaction mechanism

In order to understand the general reactivity of Mo-1a and its
performance with different amides, DFT calculations and sup-
porting experiments were conducted. Scheme 5 shows the
experiments performed to determine the active catalyst species.
Treatment of Mo-1a with NaBHEt; resulted in rapid hydrogen
evolution. The nature of the gas was determined in a scale up
experiment (100 pumol of Mo-1a) using GC-analysis. This
observation prompted us to assume that the obtained reaction
product was likely to be a pincer amido species such as Mo-3, in
which Mo(1) has been reduced to Mo(0). This conclusion was
further supported by HR-ESI mass spectrometry of the corre-
sponding reaction mixture. When the distinct reactivity of the
catalyst towards formanilide was studied, we isolated Mo-4 in
form of colorless needles from the reaction mixture (Fig. 2; for
detailed experimental procedure see ESIT).

Notably, the crystal structure of Mo-4 (Fig. 2 and Scheme 5)
features two anionic Mo(0) complexes neutralized by two Na*
cations interacting with the CO ligands. In order to investigate,
whether Mo-4 is involved in the catalytic cycle, the reduction of
N-methylformanilide was carried out using 2.5 mol% of Mo-4
under conditions optimized for Mo-1a. In fact, we observed full
conversion of the substrate and isolated N-methylaniline in
92% yield. Thus, we conclude, that the catalytically active
species contains a Mo(0) center. This is also consistent with the
EPR-silent nature of the product formed in the activation of Mo-
1a by NaBHEt;.

catalytically active
H .
O Nepp, EE“ e P
Cl + PhN~ \i@ P H
Ho - o | Ne~co \ N
<N,,, PP NaBHEL Pr, 0\ / ‘\ “Mo?
. S . Sl N
,P'MIO‘CO i /Moo\/cg co \O Pipr,
iPr, -N" | “co.\ 1§
co R H P f;la® N-Ph
Pr2 it o |
H Mo-4 &
N 0-4 crystal structure
NaBHEts NaBHEt, 37 ”
3 R 0O
.. ’ N +BEts
HN.
W o . N-ph
H. /-|\Na Hz .
(NI"M o Pry J N("'M 0_\chr>2
[o) 00—
pr | ~co \H P
Pry 2 Pr, go~Na
co AG (1 atm) = -1.2 keal mol!
Mo-5 Mo-3

AG (50 atm) = 1.7 kcal mol”!

Scheme 5 Reactions performed to get insight on the active catalytic
species (in dashed arrows) with the experimental observed products
(Hz and the crystal structure of Mo-4, in color) and the intermediates
proposed (Mo-3 and Mo-5). Gibbs energies calculated for the de-
hydrogenation of Mo-5 at different pressure.
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Fig. 2 Molecular structure of Mo-4 in the crystal (see Scheme 5 for
a graphical representation). Displacement ellipsoids correspond to
30% probability. Hydrogen atoms except the N-bound are omitted for
clarity.

The observed activity of Mo-4 suggests that the Mo(0)-
complexes Mo-3 and Mo-5, shown in Scheme 5, are presum-
ably the main catalytic intermediates. Similar species have been
proposed for the isoelectronic Fe(u)-complexes Fe-2, Fe-3 and
the Mn(1)-complex Mn-2 (Scheme 2).*

Based on these results, DFT calculations, with the M06
functional, including toluene solvation with the SMD model,
were used to get further insights into the reaction mechanism
(see computational details and ESI for detailst). The hydroge-
nation of Mo-3 to yield Mo-5, was found to be almost iso-
energetic, with a small preference for Mo-3 at 1 bar and Mo-5 at
50 bar (Scheme 5). These energies agree with the bubbling of H,
observed experimentally during the catalyst activation reaction.

As represented in Scheme 1, amide hydrogenolysis is
proposed to consist in three steps: amide C=0 reduction, C-N
bond protonolysis of the formed hemiaminal, and aldehyde
C=0 reduction. These steps were computed for N-methyl-
formanilide and the energy profiles for the preferred pathways
are given in Fig. 3 and 5, and the ESL{

The mechanism for the amide C=0 hydrogenation by Mo-5
consists of the hydride transfer from Mo to the amide carbonyl
group (Mo-ts-6-7), followed by proton transfer from the ligand
nitrogen to the amide oxygen (Mo-ts-7-8). This pathway was
computed for formanilide (Mo-ts-6-7"" in Fig. 3) and N-meth-
ylformanilide. With both substrates, the hydride transfer has
the highest energy barrier (10.6 kcal mol ' with formanilide
and 13.1 kecal mol ' with N-methylformanilide). Interestingly,
these energies are lower than those reported by us for the
analogous Fe catalyst with formanilide (15.8 keal mol ', Fe-ts-6-
7 in Fig. 3)."

The mechanism for the C-N bond cleavage from the formed
hemiaminal (Scheme 1) was also investigated. In the case of Fe-
3, this step was reported to proceed via the transition state Fe-ts-
cH-N" (Fig. 4).* With Mo and N-methylformanilide, the same
pathway involves a Gibbs energy barrier of 22.9 kcal mol ™ (Mo-
ts-CH-NM€). An increase of less than 1 keal mol ' is observed by
changing the substrate to N-methylacetanilide (Mo-ts-C™*-
NMQ).

Chem. Sci,, 2019, 10, 10566-10576 | 10571
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Fig. 3 Reaction pathway for the hemiaminal formation from the N-
methyl formanilide with Mo-5. Gibbs energies in toluene (SMD) at 50
atm and 373 K are given in kcal mol™. In blue and green, energies for
the hydride transfer using formanilide and N-methylacetanilide,
respectively. In red, energy for the hydride transfer using the reported
Fe-3 complex at 30 atm (Scheme 2).**

The similar energy barriers obtained with these substrates
did not account for the large differences in yield observed
experimentally (99% Conv. in N-methylformanilide vs. 20%
Conv. in N-methylacetanilide). In addition, the lower energy
barriers obtained with Mo compared to Fe are inconsistent with
the higher H, pressure and time required to accomplish amide
hydrogenation with Mo-1a compared to Fe-3."

These discrepancies were explained by considering the
reaction of Mo-3 with methanol leading to the Mo-methoxy
intermediate Mo-9a (Fig. 5). This reaction, which involves the
deprotonation of MeOH by the amido ligand (Mo-ts-3-9a), has
a low energy barrier (AG* = 2.8 kecal mol ™) and is highly exer-
gonic (AG = —11.4 kecal mol™"). The formation of related M-
methoxy species have been observed for similar Fe, Ru, Os
and Mn PNP-pincer complexes.****** This species can promote
the protonolysis of the C-N bond by assisting the OH-

deprotonation and N-protonation of the hemiaminal
HH t _HH +  HCHs t
X X N
o\ 8 \§
« _Ph “8_ph \3_Ph
HNTH L AN H A
AN v | SpPr, v | per,
CP'T‘CO P,Nio,co P,Niowco
j P ip
P2 *Co ng” "o ng’
[24.9] [22.9] [23.2]
Fe-ts-CHN" Mo-ts-CHNMe Mo-ts-CMeNMe

Fig. 4 TSs for the C-N bond cleavage step via the mechanism
previously reported for Fe-3.1°
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Fig. 5 Reaction pathway of the MeOH assisted hemiaminal proton
transfer and posterior C—N bond cleavage. Gibbs energies in toluene
(SMD) at 50 atm and 373 K are given in kcal mol .

intermediate (Mo-ts-11-9a). The highest energy of this process is
10.8 keal mol™*, which corresponds to the zwitterion hemi-
aminal intermediate interacting with the methoxide-Mo
complex (Mo-11). This energy is lower than the energy barrier
for the hydride transfer (13.1 keal mol '), indicating that the
C-N bond cleavage is not the rate limiting step once MeOH is
formed (note: for a comparison of this mechanism with Mo and
Fe-systems see ESIT).

The reaction of Mo-5 with MeOH yields hydrogen and is
exergonic (AG = —9.7 kecal mol ', Scheme 6). The methoxy
intermediate Mo-9a is thus the resting state of the catalyst.

Formanilide, and other secondary amides, can also displace
H, from the catalyst (Mo-12 in Scheme 6). This reaction is even
more exergonic (AG = —16.2 kcal mol ') than with MeOH
increasing the global energy barrier for the hydride transfer
from 10.6 to 26.8 kcal mol ™" with formanilide. This energy may
increase to 31.4 kcal mol ' by reaction with BEt; (Mo-4). In

o ® Ro o
B /_H\ Na ROH H, i /_O\ Na
CP’NO‘CO <P’ O‘CO
Pry Pry
CcCO Mo-5 CO Mo-9a (R=Me)
0.0 -97
Mo-9b (R=Et)
116
Ph\N/%O
L~ H
N H,
)
Ph PEts
N=\ Ph—N
@
i Na BEt; /
AN N TR S
oMoy, N7 | 3PP,
P co Cme
'Pr, p¥ | ~CO
2 o Mo-12 r | "% mos
-16.2 2coNa -208

Scheme 6 Calculated Gibbs energies (kcal mol™) for the substitution
of H, in Mo-5 by methanol, ethanol, formanilide and BEt; yielding Mo-
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contrast, with N-methylformanilide, the only penalty to pay is
the addition of MeOH. Therefore, the energy barrier for the
hydride transfer increases from 13.1 to 22.9 keal mol ', which is
lower than the barrier for formanilide, consistent with the
larger conversion obtained with N-methylformanilide. In the
case of N-methylacetanilide, the addition of ethanol instead of
methanol is expected. The higher stability of the ethoxide
complex Mo-9b compared to Mo-9a by ca. 2 keal mol ' (Scheme
6), together with the higher energy barrier for the hydride
transfer with this substrate (AG = 20.9 kcal mol ', Fig. 3), is
consistent with the low yields obtained experimentally with N-
methylacetanilide.

The mechanism of catalyst recovery by addition of H, to the
methoxide complex Mo-9a is shown in Fig. $3.7 In this pathway,
methanol assists the activation of the Mo-H, complex (Mo-14)
by acting as a proton-shuttle with a global energy barrier of
23.0 keal mol . Similar mechanisms have been proposed with
Ru-N and Fe-N complexes (see ESIT).>'”?

The results from the computational study can be summa-
rized in the catalytic cycle represented in Fig. 6. In the absence
of alcohol, the Mo-catalyst is involved in the hemiaminal C-N
bond cleavage after the amide C=0 reduction (blue cycle). This
reaction yields amine and formaldehyde, which is reduced to
alcohol by the catalyst Mo-5 in a subsequent reaction (in red). In
the presence of alcohol, a Mo-alkoxo intermediate is formed,
Mo-9a. This species, which becomes the catalyst resting state, is
involved in the hemiaminal C-N bond cleavage. Finally, the
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Fig. 6 General mechanism for the amide hydrogenation in the
absence (in blue) and presence (in black) of methanol with the form-
aldehyde hydrogenation in red. Dashed squares indicate the catalyst
resting state in the presence of MeOH and 2ari amides (in green).
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N-methylformanilide conversion

100

s 0
o | —/
20 /

Conversion %

Time (h)

w0 % Ethanol 50 % Ethanol 200 % Ethanol

Fig. 7 Microkinetic simulation of N-methylformanilide 1a conversion
with 0% (green), 50% (brown) and 200% (red) ethanol in solution. The
initial concentration of reactants were the same as those used in the
experiments; i.e. 0.25 M N-methylformanilide 1a, 0.207 M of dihy-
drogen and 12.5 mM of Mo-5. Experimental values at 24 hours rep-
resented with triangles.

catalyst recovery takes place by the displacement of alcohol by
H,. The nature of the catalyst resting state may change with
secondary amides, which reacts with the catalyst forming an
adduct (Mo-4, in green) that hampers the reaction.

In order to validate this mechanism and the nature of Mo(0)
active species, the role of the counter-cation in this reaction was
explored computational and experimentally by using LiHBEt;,
NaHBEt;, and KHBEt;. Carrying out the benchmark reaction at
80 °C, 5 mol% of the alkali metal hydrides were added to acti-
vate Mo-1a. It could be shown, that for NaBHEt; and KBHEt;
similar conversions of N-methylformanilide (1a) (76% and 77%,
respectively) and yields of 2a (75% and 73%, respectively) were
obtained. However, when LiBHEt; was used, only 10% conver-
sion of 1a and 9% yield of N-methylaniline 2a was obtained.
These results were in agreement with the trends on the energy
barriers obtained for the amide C=0 reduction step, which are
22.9, 23.0 and 28.8 kcal mol ' with Na*, K" and Li~, respectively,
taking Mo-9a as energy reference. The stronger electrostatic
interaction of Li” with the methoxide intermediate (Mo-9a'f),
accounts for the highest energy barrier predicted for this system
(see ESI¥).

Next, the role of the alcohol was explored by adding different
amounts of ethanol to the benchmark system. In the presence
of 50 mol% of EtOH, 96% conversion of N-methylformanilide
(1a) and 93% product yield were obtained. However, the addi-
tion of 200 mol% resulted in a sharp decrease in conversion and
yield (35% conversion, 32% yield). Thus, it was concluded that
ethanol has a detrimental effect on the performance of the
catalytic system. Notably, these trends were reproduced with
a microkinetic model based on the general mechanism repre-
sented in Fig. 6 (in Fig. 7). This model predicted 100% conver-
sion after 24 h of reaction for both 0% and 50% concentrations
of ethanol. In contrast, and in line with the experiments, the
same model predicted a significant decrease of conversion to
64% with an ethanol concentration of 200% (see ESI for further
detailst).
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Conclusions

Well-defined molybdenum-PNP pincer complexes have been
used for the first time in the hydrogenation of a range of amides
to the corresponding alcohols and amines. N-Alkylated and N-
arylated formamides can be hydrogenated to the corresponding
products in good to high yields. Applying complex Mo-1a high
selectivity for the hydrogenation of formamides was observed in
the presence of other reducible groups. These results pave the
way for potential applications of this type of complexes in
synthetic methodologies.

The DFT study shows that the active Mo(0) species (Mo-5)
reduces the C=O group of the amide through low-energy
barriers, compared to Fe-based systems. However, the alcohol
product and secondary amides react with the catalyst forming
stable adducts encumbering catalyst recovery and increasing
the overall barrier for the reduction of the C=0 group. These
results suggest that further catalyst design should focus on
preventing the formation of these adducts, while keeping the
high hydricity of the complex.

Experimental details
General experimental information

All hydrogenation reactions were set up under Ar in a 300 mL
autoclave (PARR Instrument Company). In order to avoid
unspecific reductions, all catalytic experiments were carried out
in 4 mL glass vials, which were set up in an alloy plate and
placed inside the autoclave.

In a glove box, a 4 mL glass vial containing a stirring bar was
charged with complex Mo-1a (12.5 mg; 5 mol%). Toluene (2 mL)
was added and the corresponding brown suspension was
treated with NaBHEt; (0.5 M in THF; 50 pL; 10 mol%). The
reaction mixture was stirred for 10 minutes and the corre-
sponding substrate was subsequently added. Afterwards, the
vial was capped and transferred into an autoclave. Once sealed,
the autoclave was purged three times with 10 bar of hydrogen,
then pressurized to the desired hydrogen pressure (50 bar), and
placed into an aluminum block that was preheated to the
desired temperature (100 °C). After 24 h, the autoclave was
cooled in an ice bath and the remaining gas was released
carefully. The solution was subsequently diluted with ethyl
acetate and filtered through a small pad of Celite (1 ecm in
a Pasteur pipette). The Celite was washed with methanol (2 mL)
and the combined filtrates were subsequently evaporated to
dryness. The remaining residue was purified by column chro-
matography (SiO,, heptane/EtOAc, gradient 100 : 0 — 0 : 100).
In the case of substrate 7, the purified product was dissolved in
5 mL of Et,O and subsequently treated with 1 mL of HCI (2 M in
Et,0). The reddish precipitate was filtered off, washed three
times with 5 mL of Et,O and finally dried in vacuo. For the
characterization of the products of the catalysis, see ESL+

Computational details

DFT calculations were carried out with Gaussian 09 ** with the
MO06 * functional and the double-z LANL2DZ (on Mo, including

10574 | Chem. Sci., 2019, 10, 10566-10576
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relativistic effects)* and 6-31+G** (on all other elements)?” basis
sets. Calculations were done using the full system. The location
of the Na" cation was evaluated in some of the intermediates,
and the preferred position is represented in figures and
schemes of the manuscript (see ESIT). The geometry optimiza-
tion and energies of the possible spin states of Mo-1a and Mo-4
were consistent with a doublet and singlet ground state,
respectively (see ESIT). Vibrational frequencies were computed
at the same level of theory to obtain the thermochemistry
corrections (zero-point, thermal and entropy energies) at the
experimental p = 50 atm and 7 = 373.15 K. The energy of the
optimized geometries was refined by single point calculations
with triple-z quality basis sets, including the LANL2TZ*® on Mo
and the 6-311+G** on all other elements.”® The energies re-
ported in the text were obtained by adding the thermochemistry
corrections to the refined potential energies. The solvation
effects of toluene were included in both the geometry optimi-
zations and energy refinements using the continuum SMD
model.* The ultrafine (99 590) grid was used in all calculations
for higher numerical accuracy. A repository containing all input
and output files is available on-line from ioChem BD at https://
iochem-bd.bsc.es/browse/handle/100/193698.*"  Microkinetic
models were simulated with the COPASI software®* using the
LSODA algorithm. See ESI for further details.T
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Computational Details

General Computational Information.

DFT calculations were carried out with the Gaussian09 software package.'® The hybrid meta-
GGA MO6!! functional was selected on the basis of geometry (Figure S1 Table S1)
benchmark, using X-Ray crystal structures as references. Structures were fully optimized
without any geometry or symmetry constraints, combining the double-z LANL2DZ (on Mo,
including relativistic effects)'? and 6-31+G** (on all other elements)*? basis sets. Vibrational
frequencies were computed at the same level of theory to classify all stationary points as
either saddle points (transition states, with a single imaginary frequency) or energy minima
(reactants, intermediates and products, with only real frequencies). These calculations were
also used to obtain the thermochemistry corrections (zero-point, thermal and entropy
energies) at the experimental p = 50 atm and T = 373 K. The energy of the optimized
geometries was refined by single point calculations with triple-z quality basis sets, including
the LANL2TZ12 on Mo and the 6-311+G** on all other elements.1* The energies reported in
the text were obtained by adding the thermochemistry corrections to the refined potential
energies. The solvation effects of toluene were included in both the geometry optimizations
and energy refinements using the continuum SMD model.?® The ultrafine (99,590) grid was
used in all calculations to increase numerical accuracy and to facilitate convergence. A data
set collection of input files and computational results is available in the ioChem-BD
repository and can be accessed online via https://iochem-
bd.bsc.es/browse/handle/100/193698.16 The complex reaction mechanisms inferred from the
calculations were interpreted by means of quantitative microkinetic models (Figure S4,
Figure S5 and Table S2), simulated with the COPASI software.!” Time course simulation were
carried with the LSODA algorithm.

DFT functional benchmark

In a previous work of the group, the hydrogenation of amides by an iron (Il) Noyori-type
bifunctional catalyst was studied by using the M06 functional.® This method was selected
based on a method benchmark using X-ray geometries and CCSD(T) energies. In order to
obtain comparable results, the same functional was initially chosen for this study. This
functional was found to give geometries in good agreement with those experimentally
obtained for complexes Mo-1a (RMSD = 0.037 A), Mo-1c (RMSD = 0.031 A), and Mo-4 (RMSD
= 0.030 A) and therefore was selected for this study. The geometry optimization and
energies of the possible spin states for these species were consistent with a doublet for Mo-
1a, and a singlet ground state for Mo-1c and Mo-4, respectively.
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(singlet)
(triplet)

Mo-CO!
1.9536

1.9785
2.2574
2.2645

Mo-CO?
1.9203

1.9496
1.9775
2.3050

Mo-CO?
1.8893

1.9116
2.0950

Mo-Cl2
2.5817

2.5814
2.6006
2.5904

Mo-NCCH2
2.2274

2.2247
2.2606
2.2898

Mo-OR?
2.2391

2.2477
2.2919

Mo-NH?3
2.3029

2.3754
2.5649
2.5645

Mo-NH3
2.3227

2.3793
2.3677
3.2786

Mo-NH3
2.3230

2.3694
2.4984

Mo-CO*
1.9118

1.9549
1.9931
2.2881

Mo-CO*
1.9155

1.9490
1.9873
2.0528

Mo-CO*
1.8893

1.8967
1.8675

Mo-P®
2.5002

2.5099
2.5313
2.6643

Mo-P>
2.4389

2.4485
2.5054
2.6364

Mo-P5
2.4406

2.4777
2.5240

Mo-P®
2.4878

2.5099
2.5314
2.5793

Mo-P®
2.4296

2.4485
2.5083
2.6682

Mo-P¢
2.4421

2.4794
2.5271

RMSD

0.0373
0.1687
0.2388

RMSD

0.0307
0.0608
0.4436

RMSD

0.0304
0.1229

Table S1. Root mean square deviation of distances (in A) of optimized geometries with respect experimental
and Mo-4

single  crystal

X-ray  diffraction

geometries,

for

Mo-1a,

Mo-1c

molecules.
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Comparison Iron system vs Molybdenum system.

In this work, a mechanism in which a methoxide intermediate is involved in the hemiaminal
C-N bond cleavage (Mo-ts-12-13) has been proposed with Mo. This mechanism differs from
the one previously proposed with Fe, in which the N of the hemiaminal is coordinated to Fe
during the C-N bond cleavage (Fe-ts-C"NH). We have calculated ts-12-13 with Fe (see Figure
S2) and has a higher energy than ts-C"'N", indicating that the methoxide mechanism is not
preferred with Fe. The higher stability of the methoxide intermediate with Mo (Mo-9a)

compared with (Fe-9a) may explain this difference in reactivity.

H\ /_H\ H\ /_H\
<N’//, | ‘\\\PIPI'Q <N/,,' ‘ \\\\PIPI'Q
Mo, Fe
p |° co pr le‘co

I 1
PI"2 co Na PI'2 H
Mo-5 Fe-5
0.0 0.0
SN N
<N///, \\\piprz <N/// | \\\PiPrg
‘MG Fo.
P ‘°‘co pr |e‘co
I 1
Pr2 co Na Prz H
Mo-9a Fe-9a
-9.7 3.3
p— i .
j"' HH ¥
o\ X
\N/—Ph 0™\, Ph
N/, | ‘\\PIPI'Z N
( MO (N /1, \\\P Pl'z
p” | ~Cco P’FIe‘CO
’Pl'z iPr
Na 2
Mo-ts-CHNMe Fe-ts-CHNH
[22.9] [24.9]
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<N l}P"Pr2

°vco
CO Na

P(
iP P

Mo-ts-12-13
[9.4]

H
\ ..
<N/{_ \\\PIPrz
o
p” ’e‘co

ipfz

Fe-ts-12-13
[25.2]

Figure S2. Computed free energies, in kcal mol?, for selected TSs and minima involved in the hemiaminal C-N
bond cleavage step with Mo and Fe-systems.
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Catalyst recovery mechanism.

The mechanism of catalyst recovery by addition of H, to the methoxide complex Mo-
9a is shown in Fig. S3. In this pathway, methanol assists the activation of the Mo-H2
complex (Mo-14) by acting as a proton-shuttle. The global energy barrier for the
catalyst recovery mechanism is 23.0 kcal mol?, which is similar to the global barrier
for the hydride transfer with N-methylformanilide (5) (22.8 kcal mol?). This result
suggests that both hydride transfer and catalyst recovery should be considered as
rate limiting processes in the hydrogenation of amides catalyzed by Mo.

\05' ¥ \OS_ T
I-‘Il Hy Ny ‘H\Ha—
& N/_| \PPr N
< MO N/,/' _‘\\P PI’2
3- | 'co ‘Mo,
o 1B | S
8 N,/_:\\PiPrz Co Na P2 So NS’
’I\’Ao‘:
C,P( co Mo-ts-12-13 Mo-13
Pry ® Mo-ts-13-5
CO N 12.9
e]S]
Hp
Mo-ts-9-14 \ )
Sy o NG, |?P'Pr2 MeOH
H o) i <P/ MOVCO
\ NG H H, . Mo-5
N, | PP O Pro L@
<P( O'CO (N/,,“ l I‘\\Pipl‘z Co Na 0.0
Pry P 1°7CO HO @
CO /pr2 @ H\ Na
CO Na N7, | ~PPr,
Mo-9 <.p/ °co
I
-9.7 P2 5o

Figure. S3 Reaction pathway of the MeOH assisted hemiaminal proton transfer and posterior C-N bond
cleavage. Gibbs energies in toluene (SMD) at 50 bar and 373 K are given in kcal mol.
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Hydrogenation of formaldehyde

The free energy profile for the formaldehyde reduction is represented in Figure S4

o ¥
JH
O
H
1
1
H\ H
i
CNZ—E}P'PIZ
Mo,
p” | vco
H P, CoO Na
O% — - H :t
+ H Hydride transfer o </ H
E
H H Na H H
\

CN,/_ _:P’Prz Mo-5
Mo.
P | vco

Ny, PP,
e

o
| 0.0 p” | Yco
Pry iPr,
H
Cco H L CO Na B H
H 0
o Proton transfer /
H H
y H +
\ ) Mo-3
<N,,,‘ WPPr <N PR
Mo. ‘Mo.
p I vco -13.6 P~ | Yco
1 it
Pry ¢o Na Pry ¢o Na

Figure S4 Free energy profile in kcal mol? for the formaldehyde hydrogenation to methanol by Mo-5.
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Mo-9a and Mo-ts-6-7 with Li*, Na* and K*

The energy barrier for the hydride transfer involves Mo-ts-6-7 and the methoxy intermediate
Mo-9a, which is the ground state. The energy barriers computed for Na*, K* and Li* is 22.9,
23.0, and 28.8 kcal/mol, respectively. Therefore, the difference in energy barrier for Li+ and
K+ is 5.8 kcal/mol instead of 9 kcal/mol. In order to analyse these differences in energy
barrier, the stability of Mo-9a and Mo-ts-6-7 with the different cations have been evaluated
using isodesmic reactions (Figures S5). The energies of these reactions and the geometrical
analysis of Mo-9a and Mo-ts-6-7 (Figures S6) suggest that the higher energy barrier for Li+ is
due to a higher stabilization of the ground state (Mo-9a) with this cation, probably due to

stronger electrostatic interaction of Li+ with the OMe group.

® ®
\O@ Na H \06 M
\ U N AG! N T TN
<N~,,,I\Ld\\\P/Prz + MHBEt; ———— (N//,,,Jﬂé\\\P'Prz + NaHBEt,
2 | *Co P | ‘co
iPr2 iPI’Z
CO CO
Mo-9aN2 Mo-9aM
B | IF B | nE:
_ \N\ 6_ \N\
O==~};"Ph o2 O==r<'Ph
[ A [
H OHO + MHBE; H OHO + NaHBEt;
N, |‘\P'Pr2 N, |‘\PIP|'2
< Mo ( Mo
pT"CO P CO
Pr @ Pr.
2co Na 2co M
Mo-ts-6-7Na Mo-ts-6-7M
M AG" (kcal mol™") AG? (kcal mol™)
Li* -4.6 1.4
K* -0.9 -0.7

Figure S5. Free energies (kcal mol?) for the comparative isodesmic reaction between Li*, Na* and K* in Mo-9a
and Mo-ts-6-7
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oo 3

Mo-9ati Mo-9aNa Mo-9aK
Distances O-Li1.74 A O-Na 2.14 A 0-K 2.48 A
0-Mo 2.36 A 0-Mo 2.36 A 0-Mo 2.35 A

Mo-ts-6-71 Mo-ts-6-7N2 Mo-ts-6-7%

Angles  C-Mo-C78.5 C-Mo-C 84.7 C-Mo-C 89.2

Figure S6. Optimized geometries for Mo-9a and Mo-ts-6-7 with selected distances and angles in A. PNP ligand
depicted in tubes/wireframes for visual clarity. Mo (turquoise), C (grey), O (red), N (blue), H (white), P (orange),
Li (Litium), Na (purple), K (lavender).
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Microkinetic model

Microkinetic models were constructed with the COPASI software (version 4.22).7 The initial
concentrations used in the simulations were those reported in the experiments (0.25 M of
N-methylformanilide, 0.207 M of hydrogen and 0, 0.125 and 0.5 M of ethanol). The
concentration of hydrogen was kept constant, in line with the effectively constant pressure
of hydrogen used in the reactor (50 atm). H, concentration was approximated using the
molar fraction of H, in a saturated solution of H, in toluene at 50 atm and 100 2C assuming
incompresibility of THF and that [H,] << [toluene].? As in the experiments, simulations were
carried out for a total time of 24 hours at T = 373 K. The models were based on deterministic

time course simulations with the LSODA algorithm.?

Two microkinetic models were constructed: 1) assuming a barrierless catalyst activation; 2)
including a catalyst activation process with an energy barrier estimated to fit the
experimental conversions. We have not studied computationally the catalyst activation

process due to the complexity and little experimental information obtained for this reaction.

1) N-methylformanilide with EtOH poisoning assuming barrierless catalyst activation.

The N-methylformanilide conversion vs time traces using Mo-5 as catalyst were obtained by
running a microkinetic model described below. A concentration of 12.5 mM of Mo-5 was
used. The elementary steps of the mechanism underlying the microkinetic model are given
in Figure S7 and Figure S8, together with the AG* values derived from the DFT calculations in

Table S2.

2) N-methylformanilide with EtOH poisoning assuming a catalyst activation.

The N-methylformanilide conversion vs time traces using Mo-1a as catalyst were obtained
by running a microkinetic model described below. A concentration of 12.5 mM of Mo-1a and
12.5 mM of NaHBEt; were used. The elementary steps of the mechanism underlying the

microkinetic model are given in Figure S7 and Figure S8, together with the AG* values
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derived from the DFT calculations in Table S2. Mo-ts-6-7, was optimized to 25.1 kcal mol? to

fit experimental conversions.

N—Mo + MeOH
Mo-3

Formaldehyde Amine Formaldehyde

Amide Hydride transfer

Mo-ts-6-7

Mo-ts-4-5
H ?_E, EtOH o=§N_Ph
\ H N
N—Mo 4# N—Mo H Me
Mo-9b Mo-ts-5-9b ' N—Mo
Mo-3 Mo-ts-14-15 .
Ethanol poisoning Mo-7
Cat recovery
Hy
Mo-ts-7-8 Hemiaminal
MeOH
Mo-ts-5-9a
N—Mo
H O—Me Mo-3
\N M
—Mo .
(Methanol poisoning) Mo-ts-5-9a MeOH
Mo-9a
Mo-ts-13-9a H O0—Me
A\
N—Mo
H H M Mo-9a

Hemiaminal

e
// Ph H H ;\Ae H H Me
_ Ph | _Ph
\( N\H #—N/ *N/
(o] o) "

Formaldehyde Amine ©

H ?—Me Mo-ts-12-13 H O—Me
\ ~ — \
N—Mo N—Mo
Mo-11 Mo-10

Figure S7. Reactions included in the microkinetic model of N-methylformanilide deaminative hydrogenation. In

red dotted square, catalyst activation reaction.
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\J
-

Reaction 1:

Reaction 2:

Reaction 3:

Reaction 4:

Reaction 5:

Reaction 6:

Reaction 7:

Reaction 8:

Reaction 9:

Reaction 10:

Reaction 11:

s Reaction 12:

Mo-5 + Amide Mo-7

Mo-7 Mo-3 + Hemiaminal

Mo-9a + Hemiaminal Mo-10

Mo-10 Mo-11

Mo-11 <———= Mo-9a + Formaldehyde + Amine

Mo-92a —<——————= Mo-3+MeOH

Mo-3 + H, Mo-5

Mo-5 + Formaldehyde Mo-3 + MeOH
Mo-3 + MeOH + H, Mo-5 + MeOH
Mo-3 + EtOH Mo-9b

Mo-5 + Amide Mo-3 + Amine + Formaldehyde

----------------------------------------- -

+

Mo-1a + NaHBEt; —— > Mo-5 ;

---------------------------------------- -

Figure S8 Reactions used in the microkinetic simulations. In red dotted square, reaction included in the model

to estimate the catalyst activation.
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AG* Forward

AG* Backwards

(kcal mol?) (kcal mol?)
Reaction 1 13.1 6.5
Reaction 2 3.1 0.4
Reaction 3 7.4 0.1°
Reaction 4 5.9 0.2°
Reaction 5 0.2° 139
Reaction 6 14.2¢ 2.8
Reaction 7 18.6 20.3
Reaction 8 6.6 20.2
Reaction 9 11.6 133
Reaction 10 5.0¢ 18.3
Reaction 11 229 144

Table S2. Reactions and corresponding Gibbs energies (kcal mol?) used in the microkinetic model of the

deaminative hydrogenation of DMF. In red, reaction included to fit the experimental conversions. TS raised to

5.2 to get positive energies.? TSs raised to 11 kcal mol™ to get positive energies. ¢ Estimated low energy barrier.

Evaluation of the position of the Na cation

The cation location was determined by computing the energy of selected species (Mo-3, Mo-
4, Mo-5, and Mo-9a) with the cation in different positions (interacting with two CO ligands,
P,co; or interacting with CO and a lone pair, Pco/p; see scheme S9). The location yielding the
lowest energy was the one used in the energy profiles, and is the one represented in the
Schemes of the manuscript. In most cases, small energy differences (<2 kcal/mol) are

obtained when comparing P,co and Pcgyip Structures.
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Figure S9. Evaluation of multiple Na* positions and their relative free energies (kcal mol2). PNP ligand depicted
in a wireframe representation for more clarity. Legend: Mo (turquoise), C (grey), O (red), N (blue), H (white), Na

(purple), P (orange)
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