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Abstract

Hydrogenations represent one of the most important methods for the production of bulk
and fine chemicals. Traditionally, homogeneous hydrogenation catalysts are largely based on
noble metals such as rhodium, iridium or ruthenium. In light of a growing awareness for more
sustainable chemical manufacturing, many scientific approaches focus on the replacement of
these metals by non-noble metals due to their economic, ecological and toxicological benefits.
Although numerous promising catalysts have been developed, these systems often rely on
sophisticated ligands, which limits their practicality. In addition, previous works mainly
focused on the transition metals manganese, iron and cobalt, whereas little attention has been
paid to group 6 metals (chromium, molybdenum and tungsten), despite their equally attractive
properties.

In this work, the synthesis of manganese complexes with easily accessible bidentate bis(NHC)
ligands and their use as efficient precatalysts for the hydrogenation of carboxylic acid esters
as well as ketones, nitriles, N-heteroarenes and alkenes is described. Furthermore, the use
of molybdenum catalysts with PNP pincer ligands for the semihydrogenation of alkynes is
investigated. Finally, the inexpensive bis(NHC) ligands are used to develop molybdenum-based
catalyst systems for the hydrogenation of carboxylic acid esters. The reaction mechanisms of
the novel bis(NHC) hydrogenation catalysts were investigated using spectroscopic methods,

control experiments and DFT calculations.
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Kurzzusammenfassung

Hydrierungen stellen eine der wichtigsten Methoden zur Produktion von Grund- und Fein-
chemikalien dar. Traditionell basieren homogene Hydrierkatalysatoren weitgehend auf Edel-
metallen wie Rhodium, Iridium oder Ruthenium. Angesichts des wachsenden Bewusstseins fiir
eine nachhaltigere chemische Produktion konzentrieren sich viele wissenschaftliche Ansétze
auf den Ersatz dieser Metalle durch Nichtedelmetalle aufgrund deren 6konomischer, 6kol-
ogischer und toxikologischer Vorteile. Obwohl zahlreiche vielversprechende Katalysatoren
entwickelt wurden, nutzen diese Systeme oftmals aufwendig herzustellende Liganden, was
ihre Praktikabilitét limitiert. Zudem liegt der Fokus bisheriger Arbeiten grofitenteils auf den
Ubergangsmetallen Mangan, Eisen und Kobalt, wohingegen Metallen der Gruppe 6 (Chrom,
Molybdéan und Wolfram) wenig Aufmerksamkeit geschenkt wurde, trotz deren ebenfalls at-
traktiver Eigenschaften.

In dieser Arbeit wird die Synthese von Mangan-Komplexen mit einfach zugénglichen biden-
taten bis(NHC) Liganden sowie deren Verwendung als effiziente Priakatalysatoren fiir die
Hydrierung von Carbonsaureestern sowie Ketonen, Nitrilen, N-Heteroaromaten und Alkenen
beschrieben. Des Weiteren wird der Einsatz von Molybdan-Katalysatoren mit PNP-Pincerli-
ganden fiir die Semihydrierung von Alkinen erforscht. Zuletzt werden die kostengiinstigen
bis(NHC) Liganden zur Entwicklung Molybdén-basierter Katalysatorsysteme zur Hydrierung
von Carbonsaureestern verwendet. Untersuchungen der Reaktionsmechanismen dieser neuar-
tigen bis(NHC) Hydrierkatalysatoren wurden mithilfe spektroskopischer Methoden, Kontroll-

experimenten sowie DFT-Rechnungen vorgenommen.
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1 Introduction

1.1 Towards More Sustainable Chemistry by Catalysis

Our modern society is unimaginable without chemistry. The impact of chemistry on the
development of humanity can not be underestimated, since it enables the supply of our most
basic needs for food, energy, clothes, medicines or construction materials and immensely
improved our quality of life over the last two centuries.

Despite its remarkable positive impacts on our society, chemistry has a poor public image
and, unfortunately, there is a good reason for it: the dangerous and polluting way in which the
chemical industry operated in the past.[') Many chemical processes still applied today have
been developed during an era of little awareness for the protection of our environment and
human health,?! leading to tragic chemical accidents and environmental catastrophes.!>~¢]
Besides the immediate health and environmental hazards, there are also far-reaching indirect
consequences related to resource management and global warming since chemical processes
are highly energy- and resource-demanding. For example, in 2020 the chemical industry in
Germany accounted for approximately 15 % of the national energy consumption(”! and also
15 % of Germany’s overall CO, emissions'.[®]

In light of this, the demand for a change towards increased sustainability in chemistry
drastically raised over the last decades. For the development of more sustainable chemical
processes the term “Green Chemistry“ was established and basic design principles of sustainable
reactions, chemicals and processes have been formally introduced by Anastas and Warner.[’]
One of these twelve principles is that “catalytic reagents (as selective as possible) are superior
to stoichiometric reagents”’[®) Catalysts improve the energy-efficiency of reactions, they can
minimize the waste created during a process by enhancing selectivity and, furthermore, they
enable new, more desirable methods of synthesizing chemical compounds. Since over 80 % of all
manufactured products involve catalysts at some point of their processing,!”) a transformation
towards a more sustainable chemical industry, and society overall, requires the development

of more efficient catalysts.[1%11]

'The emissions consists of the direct emissions by the chemical production, indirect emissions by externally
consumed energy and the carbon content in chemical products.
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1.2 What is Catalysis?

The term catalysis comes from the Greek word xatdAvoig which means to ,loosen® or
yuntie®. It was first proposed in 1835 by Jons Jacob Berzelius, who observed the common
feature among several previously recorded chemical reactions that in addition to reactants

and products another substance was involved, which apparently remained unchanged during

[12-14]

the process. Later, Wilhelm Ostwald systematically studied catalytic reactions and gave

(13,14

a first precise definition.['>'%] For his fundamental work he was awarded the Nobel Prize in

Chemistry in 1909. Nowadays a catalyst is commonly defined as “a substance that increases the
rate of a reaction without modifying the overall standard Gibbs energy change [AG (Figure 1.1)]

in the reaction’(5]

TS

Uncatalyzed
reaction

Catalyzed
reaction

Energy

AG

Reaction coordinate

Figure 1.1: Simplified energy profile of an uncatalyzed (red) and a catalyzed (green)

reaction [Adapted from 16]

A catalyst enables an alternative reaction pathway from substrate(s) S to product(s) P with
the highest energetic transition state M.TS’ being lower in energy than the transition state TS
of the uncatalyzed reaction pathway (Figure 1.1). Therefore, the overall activation energy is
lowered from E4 to E4” and the reaction rate is enhanced at a given temperature according to
the Transition-State-Theory.l'”] Vice versa, a given reaction rate can be achieved at a lower
temperature, which can save energy. A catalytic reaction is a set of sequential reactions which

are called a catalytic cycle (Figure 1.2).[1] Often, a stable precatalyst M’ is initially added
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to the reaction mixture and is converted under the reaction conditions to a more reactive
species M, the actual catalyst. Typically, the catalytic cycle includes binding of the substrate
to this catalyst under formation of a catalyst-substrate complex [M.S], its conversion via
intermediates [M.I] to a catalyst-product complex [M.P] and, finally, the release of product
P under regeneration of catalyst M. Theoretically, the regenerated catalyst M could reenter
the catalytic cycle an infinite number of times. However, in reality side reactions can take
place, leading to the reversible formation of off-cycle species [M.S’] (,resting state”) or the
irreversible deactivation of the catalyst [M”]. The lifetime of a catalyst is measured by the
turnover number (TON), the number of catalytic cycles before catalyst deactivation, and the
rate of a catalytic reaction is often given as turnover frequency (TOF), the number of catalytic

cycles per unit time.['6]

S substrate

catalyst
M \acti\:ation

precatalyst reversible
active M.S] M-S1
catalyst off-cycle
P species
product
intermediate irreversible
M.P] M.1] M"]
\/ deactivation
product

Figure 1.2: Typical catalytic cycle in schematic form, [Adapted from 16]

Besides accelerating reactions, a catalyst can also influence the selectivity of a reaction
by changing the energy difference between transition states leading to different reaction

(18] Therefore, a desired product can be obtained more favourably over an undesired

products.
sideproduct, which increases the yield of a reaction, simplifies purification of the product
and, overall, reduces the generation of waste.? This principle applies to all kinds of selectivity

(20] Moreover, entirely different

such as chemoselectivity, regioselectivity and stereoselectivity.
products can be obtained from the same substrates depending on the catalyst, for example, O,
oxidation of ethylene leads to oxirane over heterogeneous Ag catalysts/?!l or to acetaldehyde
in the Wacker oxidation!??! using homogeneous Pd(II) catalysts (type-selectivity[?3]).[16] Also,

if the initial activation energy of an uncatalyzed reaction is too large (kinetically hindered)

2 A primary principle of green chemistry: “prevention is better than cure®.["")
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to be performed under reasonable conditions, such as alkene metathesis (Section 1.6) or

hydrogenation (Section 1.3), it can only become possible at all by applying a catalyst.

1.2.1 Homogeneous and Heterogeneous Catalysis

Commonly, catalysts are classified as heterogeneous or homogeneous referring to the state
of matter (phase) of the reaction components. In heterogeneous catalysis the phases of the
catalysts differ from the phases of the reactants (typically solid/liquid or solid/gas), whereas in
homogeneous catalysis, catalysts and reactants exist in the same phase (typically liquid). Both

types of catalysts have certain advantages and disadvantages (Table 1.1).

Table 1.1: General comparison between homogeneous and heterogeneous catalysts,[Adapted from 24]

Criterion Homogeneous Catalysts Heterogeneous Catalysts
Catalyst stoichiometry Defined Often undefined
Catalyst structure Defined Often undefined
Catalyst tunability Feasible Challenging
Catalyst reproducibility High Often challenging
Mechanistic knowledge Available Often very limited
Reaction conditions Usually mild Often harsh
Diffusion problems Barely present Present
Catalyst poisoning Common Rarely
Selectivity Usually high Usually poor
Separation and recycling Challenging Facile

Heterogeneous catalysts are more widely used in industrial processes for bulk chemicals.
They can be easily separated from the reaction mixture and recycled or utilized in flow reactors.
Their robustness as well as their cheap and facile® preparation makes them efficient for the
production of large quantities of platform chemicals. The synthesis of more complex molecules
containing multiple functional groups often requires more selective catalysts performing
under milder reaction conditions. In this regard, homogeneous catalysts are more suitable
since they can be systematically finetuned to control reactivity and selectivity due to their

defined structure. However, their synthesis can be more challenging and expensive and their

% Although the execution of the preparation procedure itself is facile, the preparation can be sensitive to various
reaction parameters influencing the obtained catalyst structure and making reproducibility of catalyst batches
challenging.
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separation from the reaction mixture presents an ongoing problem. There are approaches to

combine advantages of both catalyst classes by heterogenizing homogeneous catalysts.
Typically, homogeneous catalysts are transition metal complexes, but also catalysis by acids or

bases, organic molecules (organocatalysis) or enzymes (biocatalysis) is often counted towards

the area of homogeneous catalysis.

1.3 Homogeneous Hydrogenation Catalysis

Hydrogenation denotes a reaction, in which H, is added to an (unsaturated) substrate. It is
one of the most important methods in organic synthesis and it is widely applied in industry
and on laboratory scale.[?>?6] Hydrogen gas is arguably the cheapest reductant and provides
a much more sustainable alternative to commonly used reducing agents such as NaBH, or

LiAIH, due to its superior atom economy.[?7-2%]

homolytic cleavage @~ )

. H H M = metal
M + M—| M i L=ligand !
H H H i B=base
heterolytic cleavage
L~ L—H
intramolecular | &+
M—I — M—H M—H
L L Hs§- -LH
b e
—o — —
: e 1T
+B Ho*
M— —= M—H BH®
intermolecular Hg-
Figure 1.3: Common ways of hydrogen splitting by transition metals,[Adapted from 29.50]

Under ambient conditions, H, presents a rather unreactive molecule and, therefore, most
of the time a catalyst is required for H, activation. In homogeneous hydrogenation catalysis,
typically transition metal complexes are applied as catalysts. Upon activation of H, by these
complexes, metal hydrides are obtained, which transfer the hydrogen atoms onto the substrate.
Different mechanisms for the formation of metal hydrides from H, are known, which can

2629-31] Initially, a

be classified into homolytic or heterolytic splitting of H, (Figure 1.3).!
dihydrogen complex is formed in both cases. Donation of electron density from the bonding
H-H-o orbital to the metal center as well as back-donation from the metal into the antibonding

H-H-o * orbital leads to weakening of the H-H bond. Eventually, the bond breaks and under
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oxidative addition a metal dihydride is obtained (homolytic cleavage). There can be a fine

line between H,- and dihydride-complexes, and in some cases equilibria exist in solution.[*°]

Furthermore, also intermolecular homolytic splitting of H, is known.*%-32]

Metal redox neutral Metal redox changes
monohydride mechanism dihydride mechanism

unpolar substrates
A
I
IN
E
|
T
—I
Pyl
N
—=
Py
N

2 M] . s
H R2 [M]_ R R1
| R \ H
[M]‘gi = | Ha
R’ R = s
2
~_ R
R1
Ho>T H OQ(RZ H o R
R2 M] R ;: [M]—H 1
2 R" H / \\ Hz % \K\R
£ H H H 5 H
E M-0_ o MO M i
5 o R
_S_ R " R i HO w \21
"y M
\\ J/ T W Mo
W) MI—O o R H O~
R1 H . R1

Figure 1.4: Simplified classical hydrogenation mechanisms,[Adapted from 33,34]

In case of heterolytic hydrogen splitting, the dihydrogen molecule becomes acidified upon
coordination to a positively charged or electrophilic metal center and can be deprotonated
by an intramolecular (a basic ligand) or intermolecular base yielding a metal hydride. If the
process is intramolecular and takes place in a concerted fashion, it is called o-bond metathesis.
Dihydrogen complexes can become very acidic, i.e. more acidic than sulfuric acid, and their
acidities have been intensively studied.?35-38] Frustrated Lewis acid-base pairs (FLPs) present

another method of splitting dihydrogen, which does not involve any metal atoms.[>>4]
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From a simplified viewpoint, there are two classical mechanistic scenarios for the hydrogena-
tion of unpolar (e.g. olefins) or polar (e.g. ketones) substrates, respectively (Figure 1.4).13334
In the monohydride mechanism (left) changes of the metal oxidation state are avoided. After
substrate coordination and hydride transfer to the coordinated substrate, H, heterolysis occurs
by proton transfer to alkyl (olefin hydrogenation) or alkoxy (ketone hydrogenation) ligands.
In case of the dihydride mechanism (right), oxidative addition yields a dihydride complex
before or after substrate coordination. This is followed by hydrogen transfer and reductive

elimination. Formally, +2 metal redox changes occur in this scenario.l?*34

Lo Sy :
/ [M]_L\ :
! X=v : unsaturated substrat
: )‘(:IY b E X=Y :unsaturated substrate
H---H B H| ! L=NCO,..
M)=<L =L
\\ =L Lo
H, M) Y

Figure 1.5: Simplified non-classical bifunctional hydrogenation mechanism,[Adapted from 33,34]

Next to the classical mechanisms, there are also several catalysts associated with a non-
classical, bifunctional mechanism (Figure 1.5).333441:42] In contrast to classical mechanisms,
where ligands only act as spectators, here, both metal and ligand are directly involved in bond
activation processes. Typically, the bifunctional ligand facilitates catalysis by participating in
protonation/deprotonation steps and the transfer of hydrogen atoms from catalyst to substrate
occurs via an outer-sphere mechanism, in which the substrate is not directly coordinated to the

metal center. This concept is commonly referred to as metal-ligand cooperation (MLC).[3341]

1.4 Homogeneous Noble Metal Hydrogenation Catalysts

The discovery of Rh complex [Rh(PPhs);Cl] as a catalyst for the hydrogenation of unhindered
alkenes in 1965 by Wilkinson and others*3#4] marked a breakthrough and started a new era in
hydrogenation catalysis (Figure 1.6).143] Although homogeneous hydrogenation catalysts had

46-48]

been described before,! it was the first time that the rates were comparable to the hetero-

geneous counterparts.l*”) An improvement of Wilkinson’s catalyst presented the cationic Rh
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complexes developed in the following years by Schrock and Osborn.[*%! In these complexes,
one of the strongly bound phosphines is replaced by a weakly coordinating diene. Instead of
dissociation of one phosphine ligand, hydrogenation of the diene yields the active catalyst
more easily. Further development of the field focused on the achievement of enantio- and
diastereoselective hydrogenation by the replacement of PPhs in the Rh complexes by chiral

52]) [53,54]

monodentate phosphines (Knowles,[>*!] Horner[*?l) or bidentate diphosphines (Kagan,

[5556]) which lead to the Monsanto process for the industrial production of L-DOPA,

Knowles
a drug for the treatment of Parkinson’s disease.’’>°] The Rh-based catalysts, however, were
often inefficient for trisubstituted and almost inactive for tetrasubstituted alkenes. This issue
was addressed by Crabtree, who studied Ir analogues of the Schrock-Osborn catalysts.[60-61]
Eventually, replacement of one phosphine for a less strongly bound pyridine ligand yielded
very active catalysts, remarkably, also for highly substituted alkenes.[®?] Unfortunately, its
practicability was limited due to the sensitivity towards moisture and protic solvents as well
as the formation of catalytically inactive iridium hydride clusters often leading to incom-
plete alkene conversion.[®*~%%] In the 1990s, the group of Pfaltz developed more stable, chiral

variants®®%7] by introducing bidentate phosphine-oxazoline (PHOX) ligands.[%3-7"]

ppee OO Ary CI Hz R1
Clo.. wPPh; \PPh3 \PC P_V_N
,Rh /

PhyP™ M~PPh, ~PPh; P/Ru \ R3
~ Ar, &1 M, RE
X
Wilkinson Schrock-Osborn Crabtree Noyori

Figure 1.6: Milestones in the development of homogeneous hydrogenation catalysts,[Adapted from 4]

A major contribution was made by Noyori, who synthesized the axially chiral BINAP ligand
and its Rh complexes and investigated their use in the enantioselective synthesis of amino acids
from a-(acylamino)-acrylic acids or esters.[>>7'~74] The hydrogenation proceeded slowly and
high enantioselectivity was only obtained under certain conditions. Still, the complexes were
very efficient for the asymmetric isomerization of allylamines, 7% leading to an industrial
use in the Takasago menthol process.[”78] Change of the metal from Rh(I) to Ru(II) success-
fully resulted in active catalysts for asymmetric hydrogenation of olefines and functionalized
ketones.[>>7°782] The introduction of diamine ligands marked a breakthrough as it greatly im-
proved the catalyst’s activity and enabled hydrogenation of unfunctionalized ketones.[>83-8%]

The increased performance by the ,NH-effect” can be attributed to a change from a classical
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mechanism (see Figure 1.4) to a non-classical bifunctional mechanism, which involves the
NH-function adjacent to the metal center (Figure 1.5).86-° The detailed mechanism is still
subject of ongoing discussions and the NH group might not be deprotonated but contribute
to stabilization of transition states via hydrogen bonding.?=*! For their groundbreaking
research, Noyori and Knowles received the Nobel Prize in 2001 (together with Sharpless).
Inspired by Noyori’s work, in the following years many efficient Ru-based hydrogenation

catalysts bearing bifunctional ligands have been developed (Figure 1.7).1°07102]

H
= \PPh
Sl ALE 0D o

/Flu\ / 7 | \ Ph P/ \ \CO
Et2N cCO th C| Ph2 Ph2C| Phg

Milstein (2006) Saudan (Firmenich, 2007) Saudan (Firmenich, 2007) Kuriyama (Takasago, 2011)

H /_H HooH H, , \
‘\PPhZ N Npgen, ( 7 | NSEt @ o
Ru’
~ -
thP/| co é” | Yco  Ets” | PPh, R

\BH3 C| Ph2 C| Ph2
Kuriyama (Takasago, 2011) Gusev (2012) Gusev (2013) Firmenich (2019)

Figure 1.7: Selected highly efficient bifunctional Ru-based hydrogenation (pre)catalysts.

1.5 Homogeneous Non-Noble Metal Hydrogenation Catalysts

Due to their remarkable stability and high activity noble metal complexes have been the
cornerstone of homogeneous hydrogenation catalysis as seen in the previous section. However,
they have several disadvantages (Table 1.2) and therefore, since the beginning of the millennium
many efforts were made to develop non-noble metal alternatives.[*#1°%194] The most obvious
downside are the high costs which are linked to the low natural abundance but also the
production rates of noble metals.['®] With respect to costs of a catalyst, ligands must also be
considered, which can be similarly expensive (especially chiral ligands) as noble metals.[14]

Furthermore, there is a sustainability aspect in avoiding noble metals. Life-cycle assessment
considering mining, purification and refining of metals estimates a significantly higher en-
vironmental footprint for noble metals.[1%] Still, noble metal catalysts are usually applied
at low catalyst loadings and have high end-of-life recycling rates, making their use more

acceptable.[104]
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A third aspect refers to toxicity. Although, toxicity can not be generalized for a certain
element, since it highly depends on the corresponding (organometallic) compound and the
way of exposure,l'”] the oral PDE (Permitted Daily Exposure) gives an estimation of the
metal’s impact on human health. Especially Fe, but also Mn and Mo, have much higher PDEs
than the noble metals. Because many APIs are synthesized via metal-catalyzed reactions,[1%¢]
it is beneficial to use catalysts based on metals with a high PDE to meet regulatory guidelines

for residual metal contents in pharmaceutical products.[1°]

Table 1.2: Comparison between selected noble and non-noble metals applied in hydrogenation

catalysis, [ Adapted from 110]
Metal | Conc. in Earth’s Crust(''']  Price*  Oral PDE® Global Warming Potential[1%]
[ppm] [e/kg]  [pgday™] [kg COz-eq/kg]
Ru 0.0001 82241115 100 2110
Rh 0.00006 56353 100 35100
Pd 0.0004 31586 100 3880
Ir 0.00005 29547 100 8860
Mn 716 1.95 2500¢ 1.0
Fe 43200 0.05 13000°¢ 1.5
Co 24 76.46 50 8.3
Ni 56 8.49 200 6.5
Mo 1.1 15.20 3000 5.7

@ Average prices of 2018. Prices can vary largly and present only a rough estimate.['!?

> Permitted Daily Exposure (PDE) according to ICH Guideline Q3D(R1).['?)
¢ According to EMEA Guideline 2008. No longer valid since 2016.0'*]

Additionally, the differing properties of non-noble metals regarding e.g., ionic radii, substrate
binding constants, bond dissociation free energies, M-H hydricities, acidities of dihydrogen
complexes, stability of oxidation and spin states as well as preferred coordination numbers
offer the opportunity to explore new reactivity patterns which are inaccessible or challenging
to achieve with noble-metals.[3+193116] Interestingly, metalloenzymes like hydrogenases or
oxidases exclusively rely on non-noble metals and exceed the efficiency of man-made catalysts
by magnitudes, displaying the huge potential of non-noble metal catalysis.[16:117]

To date, many efficient catalytic systems for redox reactions but also other transformations

based on non-noble metals, especially Mn, Fe, Co, Ni, Cu and Mo, have been reported[ns’ml]
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1.5 Homogeneous Non-Noble Metal Hydrogenation Catalysts

and the field still experiences tremendous progress. In the following sections, the development

of Mn- and Mo-based hydrogenation catalysts will be elaborated in more detail.

1.5.1 Homogeneous Mn-based Hydrogenation Catalysts

Inspired by the Ru-based Noyori-type catalysts (Figure 1.7), many groups investigated non-
noble metal analogs bearing bifunctional NH-group-containing ligands. A rapid development
of Mn-based hydrogenation catalysts started in 2016, which has been summarized in several
reviews.[?4120122-127] Fyrthermore, since then many Mn catalysts for transferhydrogenation

and hydrogen borrowing reactions have been developed.
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CcO CcO CcO CcO
Beller (2016) Kempe (2016) Milstein (2016) Beller (2017)
R = iPr: Aldehydes, Ketones, Aldehydes, Ketones Esters Amides
Nitriles
R = Et: Esters
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co | PFe \_\>
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Imines, Formic Esters Nitriles, N-Heteroarenes, Esters

Figure 1.8: Selected Mn-based hydrogenation (pre)catalysts bearing tridentate ligands.

The starting point was Milstein’s report of the first Mn-catalyzed dehydrogenative coupling,[1*]

closely followed by the publication of a Mn PNP pincer complex as the first Mn-based hydro-
genation catalyst for aldehydes, ketones and nitriles by the Beller group (Figure 1.8).[1%) Just
three months later, Kempe and coworkers described a triazine-based Mn PNP complex for
the hydrogenation of aldehydes and ketones.[3] Again, some months later the Beller group
reported a modified version of their initial complex, bearing Et-substituents on the phosphine
donors, as catalyst for the hydrogenation of esters,!!*!] which was soon followed by a NNP

Mn-complex of Milstein also for ester hydrogenation.!'3?]
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Hydrogenation of amides was first achieved by an NNP Mn complex developed by Beller and

133

coworkers.[1**] The improved activity compared to the PNP congeners was investigated by the

group of Liu and originated from an increased hydricity of the Mn hydrido complex paired

[134

with less steric hindrance.['**] These complexes were also applied for the hydrogenation of

N-heteroarenes.[13413%]

Clarke and coworkers developed a chiral NNP Mn complex for the (asymmetric) hydro-
genation of ketones, which could also hydrogenate esters at the remarkably low temperature
of 75 °C.11%] More recent approaches focused on incorporation of N-heterocyclic carbenes
(NHCs) as donors, which can provide certain advantages (see Section 1.6). The groups of
Pidko and Filonenko reported a mixed donor PNC Mn complex that was highly efficient for the
hydrogenation of aldehydes, ketones, imines and formic esters operating at very low catalyst
loadings between 0.02 mol% and 0.0005 mol%.[1*”] Replacement of phosphine- for NHC-donors
in the classical PNP and NNP Mn complexes by the groups of Pidko and Filonenko!'*] and
the group of Liul'* led to highly active and versatile catalysts for the hydrogenation of esters
and various other substrate classes. However, these elaborate ligands are more tedious to
synthesize and complexes were only obtained in poor yields (>30 %), limiting the practicability
of these systems.

As seen so far, complexes based on tridentate pincer-type ligands experienced great success
as hydrogenation catalysts. This is largely due to the fact that pincer(-type) ligands provide a
well-defined, fixed coordination environment, which is highly tuneable, and that their com-
plexes exhibit high (thermal) robustness - excellent properties for catalytic applications.[14%-141]
However, the synthesis of such ligands, especially unsymmetrical pincer-type ligands, can
be tedious and expensive. Therefore, several hydrogenation (pre)catalysts with more simple,
bidentate ligands have been developed, although there are much less examples (Figure 1.9).
These ligand structures are often easier to synthesize and therefore cheaper.'*? In 2017, the
hydrogenation of esters by Mn complexes bearing bidentate P,N ligands was first reported by
Pidko.[143144] Briefly later, Sortais and coworkers also published a Mn catalyst supported by a

[145] 1n 2020, another contribution was made by

bidentate P,N ligand for ketone hydrogenation.
the Khusnutdinova group with a PN ligand-based catalyst for alkene hydrogenation.l'4¢] A
bioinspired Mn bipyridine complex was reported for the reduction of CO, to formate also by
the groups of Khusnutdinova and Nervi.['¥7] In this case, the hydroxy-groups are proposed to
act as proton reservoirs in a bifunctional manner, which was later confirmed when studying

these systems for transferhydrogenations.['4]
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Figure 1.9: Selected Mn-based hydrogenation (pre)catalysts bearing bidentate ligands.

Independently, the groups of Kirchner and Garcia reported the use of Mn catalysts bearing sim-
ple bidentate, ethylene-bridged diphosphine ligands for ketone and nitrile hydrogenation,[14%-15]
Complexes with the same phosphine ligands but an alkyl instead of the bromido ligand were
published later by Kirchner as precatalysts for alkene and nitrile hydrogenation.[>%152] Inter-
estingly, with these non-bifunctional ligands an inner-sphere mechanism was proposed, in
contrast to catalytic systems reported until then, which are believed to exclusively operate
via outer-sphere mechanisms utilizing bifunctional ligands. The inner-sphere mechanism is
enabled by the creation of a vacant coordination site after cleavage of a CO ligand through
migratory insertion into the Mn-alkyl bond followed by hydrogenolysis of the resulting acyl
ligand. More recently, the application of this catalytic system was extended to hydrogenation
of ketones,['%3] of CO, to formate['** and semihydrogenation of alkynes to alkenes.[>]

Mn complexes bearing bidentate NHC-phosphine ligands developed by the groups of Valyaev,
Lugan, Canac and Sortais have shown a non-classical mode of metal-ligand cooperativity.[>¢]
Under basic conditions the methylene-linker is deprotonated resulting in a highly reactive
phosphor-ylide, which readily activates dihydrogen. The complexes were applied for the

hydrogenation of ketones.
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1.5.2 Homogeneous Mo-based Hydrogenation Catalysts
Molybdenum is an essential trace element for nearly all organisms due to its presence in

a variety of enzymes such as nitrogenase, nitrate reductases, sulphite oxidase and xanthine

[158,159]

oxidoreductases.[""7] Furthermore, a rich coordination chemistry of Mo is known and Mo

complexes are widely applied as catalysts for several organic reactions16%16!] e g (asymmetric)

allylic substitution,[12163] or alkene and alkyne metathesis.[1*~1¢] Concerning hydrogena-

tions, mainly inspired by the presence of Mo in the FeMo cofactor of nitrogenase,'*”171] many
efforts were made to develope synthetic Mo-equivalents for the activation of dinitrogen.[17%173]
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Figure 1.10: Selected Mo-based hydrogenation (pre)catalysts.

Despite its vital role in enzyme-catalyzed redox reactions and similar properties in terms of
costs, natural abundance and toxicity compared to Fe or Mn (Table 1.2), there are far fewer
reports of Mo-based hydrogenation catalysts for organic molecules (Figure 1.10). The first
report on hydrogenation by Mo complexes occurred in 1969, when Little and Frankel studied
group 6 arene tricarbonyl complexes for the reduction of C=C double bonds in unsaturated
fatty acid esters.['74] In the 1980s, the groups of D. and M. Darensbourg,[17>~181 Marko[182.183]
and Fuchikamil'®¥ investigated the structures of anionic mono- and dinuclear group 6 car-
bonyl hydrides ((HM(CO)s]™ and [(u—H)M,(CO),,]") and their application as hydrogenation
catalysts.

Bullock and coworkers developed several examples of Cp-containing Mo and W complexes

as catalysts for the hydrogenation of ketones.!!3-188] An jonic hydrogenation mechanism
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was observed, in which acidic dihydride complexes resulting from oxidative addition of
dihydrogen first undergo proton transfer followed by hydride transfer to the substrate. This is
the reverse order of the classical dihydride hydrogenation mechanism (compare Figure 1.4,
bottom right).

Pursuing the ionic hydrogenation approach, the group of Berke developed NO-containing Mo
complexes bearing bidentate and tridentate phosphine ligands which were successfully applied

(189-191] Byrthermore, Mo-NO complexes

as (pre)catalysts for imine and alkene* hydrogenation.
containing bifunctional PNP ligands were reported by the same group to catalyze the hydro-
genation of imines and nitriles via a metal-ligand cooperative mechanism.['°%1%%] Beller and
coworkers applied Mo(0) and Mo(I) complexes with the same PNP ligand framework but with-
out a NO-ligand as (pre)catalysts for the hydrogenation of ketones, alkenes, formamides and

194-196] The group of Chirik developed PDI-based Mo complexes as alkene and arene

nitriles.|
hydrogenation catalysts.['”] Remarkably, exchange of one imino-moiety for a chiral oxazoline-
unit enabled the asymmetric hydrogenation of several fused (hetero)arenes.['®! Cyclohexadi-
enyl hydride complexes of related Mo phosphino(oxazoline)- and phosphino(imino)-pyridine

complexes were studied as catalytic intermediates.[1?%200]

1.6 N-Heterocyclic Carbenes

Carbenes are defined as neutral compounds containing a divalent carbon atom with a six-

electron valence shell.[201]

Due to their incomplete electron octet and coordinative unsaturation,
free carbenes are inherently unstable and they have been traditionally considered only as
highly reactive intermediates.[?*!} In a seminal publication in 1988, Bertrand and coworkers
achieved the first isolation and unambiguous characterization of a free carbene stabilized

[201,202] Three years later, the group of Ar-

by adjacent phosphorus and silicon substituents.
duengo reported an isolable and ,bottle-able” carbene incorporated into a nitrogen heterocycle
(Figure 1.11, A).2%3] This structural framework was inspired by earlier pioneering work of
Wanzlick and Ofele in 1968, who described Hg and Cr complexes of such N-heterocyclic
carbenes (NHCs).[204-206] The remarkable stability of NHCs mainly results from electronic
stabilization provided by the nitrogen atoms. NHCs feature a singlet ground-state electronic
configuration with the HOMO and LUMO best described as a formally sp®-hybridized lone pair

201

and an unoccupied p-orbital at the carbene carbon atom, respectively.[?!] The adjacent nitro-

“In the case of alkenes, a classical dihydride hydrogenation mechanism is proposed.!s”’
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gen atoms stabilize this structure, both inductively by withdrawing electron-density from the
occupied o-orbital and mesomerically by donating electron-density into the empty p-orbital
(Figure 1.11, B). Additionally, the cyclic nature of the NHCs helps to favor this singlet ground
state by forcing the carbene into a bent, more sp®-like arrangement.[?!] If the N-heterocycle
is unsaturated, the resulting partial aromaticity of the 67-electron system further stabilizes
the structure.[2012%¢] Besides electronic effects, sterically demanding N-substituents (e.g. Ad)
kinetically stabilize the carbene by disfavoring dimerization to the corresponding olefine
(Wanzlick equilibrium).[201207.208] NHCs containing alternative heteroatoms (e.g. S, O, P) or

only one nitrogen atom have also been reported.[201:20°]

A B
—\ n-electron-donating @ﬂ
NN \ER N T R
4 @ Q&i@

R c-electron-withdrawing
Arduengo (1991)

203

Figure 1.11: A: First isolated free NHC by Arduengo and coworkers.[?*! B: Electronic effects contribut-

ing to the stabilization of NHCs Adapted from 201

NHCs are mostly applied as ligands in transition metal complexes. While o-donation is the ma-
jor component of the metal-NHC bond, there are also contributions from 7-backbonding into

201,210,211

the carbene p-orbital and 77-donation from the carbene p-orbital.l I The strong o-donor

and relatively weak m-acceptor properties of NHCs make their coordination characteristics

[212,213

similar to those of phosphines. I However, NHCs are generally more electron-donating

than phosphines as indicated by comparing, for example, Tolman electron parameters (TEP) of

201,214] Therefore, typically strong NHC-metal bonds are obtained, result-

both ligand classes.|
ing in thermally and oxidatively stable complexes. Moreover, there are differences regarding
the steric properties. While sp>-hybridization of phosphines leads to a cone-shaped spatial
arrangement, NHCs are sterically more anisotropic and are often best-described as fan-shaped
with the N-substituents oriented towards the metal center. The steric properties of NHCs can
be conveniently quantified using the ,buried volume® descriptor (%Vy,,) developed by Nolan,
Cavallo and coworkers.[?"”] The variation of electronic and steric parameters of NHCs can
be easily realized due to the modular synthesis via various well-established routes.[201:212:21¢]
In contrast, the structural variation of phosphines is often not trivial. Additionally, steric

and electronic properties in phosphines can hardly be modified separately, since the change
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of substituents affects both parameters, whereas in NHCs variation of N-substituents, back-
bone functionality and class of heterocycle offers more independent finetuning of ligand

properties.[21]
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Figure 1.12: Selected NHC-containing transition metal (pre)catalysts.[217-220]

The attractive features of metal-NHC coordination led to a widespread use of NHC-transition
metal complexes in homogeneous catalysis (Figure 1.12).12°!] Due to the presence of phosphine-
donors in many established catalysts (see Section 1.4 and Section 1.5), the similar properties
of NHCs offered the chance of a direct replacement often resulting in improved catalysts. The
probably most prominent example are Ru catalysts for alkene metathesis developed by the

groups of Grubbs and later Hoveyda.[??1-%26] Replacement of an initially used PCy, ligand by an

ond [217]

NHC moiety led to improved catalyst stability and activity in the 2"¢ generation catalysts.
Furthermore, incorporation of NHC ligands in Pd catalysts, gave very stable cross-coupling
catalysts, as first established by Herrmann and coworkers in 1995.022] Strongly electron-
donating NHC ligands increase the electron-richness of the central metal atom, facilitating
oxidative addition, while bulkiness of the N-substituents accelerates reductive elimination.
Such Pd-NHC complexes, e.g. developed by Organ and coworkers, enabled the coupling
of challenging substrate classes such as aryl chlorides or alkyl halides.[?!822822%] Moreover,
NHCs have been incorporated into catalysts for (asymmetric) hydrogenations. For example,

inspired by the successful PHOX Crabtree/Pfaltz-type catalysts for enantioselective olefine
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hydrogenation (see Figure 1.6),(23%] replacement of the phosphine- by an NHC-donor was
realized by the groups of Burgess!?'®?*!] and Pfaltz,1%*2] among others. Also, different Ru-based
catalysts bearing chiral NHC ligands have been investigated by the group of Glorius for
asymmetric hydrogenations of several substrate classes including benzofuranes, indoles or
benzothiophenes.[220233-235]

Next to ligands containing a single NHC unit, many efforts were made to synthesize poly(NHC)
ligands incorporating multiple NHC moieties such as bidentate bis(NHC) ligands, tripodal

236-241] A]] these ligand systems

239]

tris(NHC) ligands or pincer-type ligands with NHC donors.!
take advantage of the chelate effect(242-24%] for the formation of even more stable complexes.|
Especially, bidentate bis(NHC) ligands have attracted much attention due the high stability

of corresponding metal complexes as well as their simple and modular synthesis allowing

237,241]

for the finetuning of steric and electronic properties.! Mainly noble metal complexes

(Rh, Ir, Pd, Ru) of these ligands have found catalytic applications in e.g., cross couplings or

(2411 hut also many complexes of first row transition metals are known,

e [240]

transfer hydrogenations,
although their catalytic applications are more scarc
Besides the use as ligands in transition metal complexes, NHCs have been valuable for

[246] 247]

several other applications e.g., as organocatalysts,[?4”] in surface chemistry and material

science[?#8] or for the stabilization of reactive main group element species.[?*’]
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2 Motivation and Objectives of this Work

Over the last decade, numerous efficient (de)hydrogenation catalysts based on non-noble
metals have been developed. This trend is mainly driven by the economic and ecological
benefits compared to noble metals, but also by academic interest. Despite the enormous
progress, the known catalysts exhibit a low structural diversity with the vast majority of
reported systems relying on phosphine-based ligands containing bifunctional sites. Often,
the downside of such ligands is their tedious (and expensive) synthesis, which restricts an
implementation on larger scale. Moreover, the application of structurally similar catalysts may
lead to limitations for the discovery of new reactivities.

Furthermore, research mainly focused on the first-row transition metals Fe, Co, Ni and, above
all, Mn. For the same economic and ecological advantages of these elements, the much less
recognized group 6 metals should also be considered, as they are comparable in terms of
costs, environmental impact and toxicology. In particular Mo offers great potential due to its
distinctive coordination chemistry and essential role in enzymatic processes.

With this in mind, the main objectives of this work were:

+ the development of non-noble metal hydrogenation catalysts with more simple and

cheaper ligand structures while maintaining high catalytic activity,

« the investigation of group 6 metal complexes as hydrogenation catalysts.

Due to the omnipresence of phosphines in established hydrogenation catalysts, the similar
properties of NHCs make them a promising structural moiety. The usually high (air) stability
of NHC transition metal complexes paired with the possibility for precise fine-tuning of ligand
properties offers huge potential for the development of improved catalysts.

In the following chapter, results from the published articles included in this thesis will be
summarized. The first section deals with the development of novel Mn catalysts featuring
simple, bidentate bis(NHC) ligands for the hydrogenation of various substrate classes. The
second part is based on previous work on Mo PNP pincer complexes!!®*~1%l and extends their
application to the semihydrogenation of alkynes. Finally, Mo as a central atom is combined

with bis(NHC) ligands, leading to novel catalysts for the hydrogenation of esters.
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3 Summary of Published Articles

3.1 Bis(N-Heterocyclic Carbene) Manganese(l) Complexes:
Efficient and Simple Hydrogenation Catalysts

Initially, Mn complexes with chelating bis(NHC) ligands were reported as (pre)catalysts for
the electrocatalytic reduction of CO, by the groups of Lloret-Fillol and Royo.[?°°] The Royo

group extended their use to hydrosilylation reactions(?1-2%%!

and, furthermore, the complexes
were applied for hydrogen borrowing!?*!l and transfer hydrogenation reactions.[*>*! Due to
the simplicity of the ligand framework and these promising results in reduction catalysis, the

potential of bis(tNHC) Mn complexes as hydrogenation catalysts should be explored.
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Scheme 3.1: Synthesis of bis(tNHC)Mn complexes 3 from bis(imidazolium) salts 1 via bis(NHC)-BEt;
adducts 2. Combined yields over two steps.

The work started by synthesizing bis(NHC) Mn(I) complexes 3 with varying substituents

to identify electronic and steric influences. Previously, complexes 3 have been prepared
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directly from bis(imidazolium) salts 1, KO'Bu and Mn(CO)sBr. However, this route required a
tedious aqueous workup procedure to separate complexes 3 from inorganic salts.[?*] Therefore,
we thought of decoupling the deprotonation and complexation step by utilizing NHC-BEt;
adducts 2 as stable NHC synthons. Since the use of NaHBEt; led to undesired products resulting
from a nucleophilic attack at the bridging, electrophilic carbon atom, the less nucleophilic,
sterically demanding base NaHMDS and BEt; were used to obtain the targeted bis(NHC)-BEt;
adducts 2 (Scheme 3.1). Refluxing compounds 2 with Mn(CO);Br in THF readily yields Mn
bis(NHC) complexes 3 in good to excellent yields over two steps (Scheme 3.1).

Figure 3.1: Molecular structures of complex 3g (A) and complex 3i (B) in the solid state. Displacement
ellipsoids set at 50 % probability level. Hydrogen atoms and solvent molecules omitted for clarity. For
the structure of 3i only one of the two molecules of the asymmetric unit is shown.

The molecular structure of complex 3g (Figure 3.1, A) shows that for methylene-bridged
complexes (Y=CH,) the ligand backbone is bent, adopting a boat-shaped conformation. There-
fore, two diastereomeric conformers of these complexes exist with the methylene-bridge either
pointing towards (syn) or away (anti) from the bromido ligand. DFT calculations showed that
for complex 3a the syn-conformer is more stable by 1.69 kcal mol™!, with a low ring inver-
sion barrier between the conformers (13.52 kcal mol™! for the forward and 11.83 kcal mol™!
for the backward inversion). This indicates an equilibrium between the conformers at room
temperature which is further supported by the observation of broad signals in the 'H NMR
spectra of complexes 3. For ethylene-bridged complexes (Y=(CH,),) there are also syn- and
anti-conformations, but additionally the ethylene-bridge can adopt either an eclipsed- or a
staggered-conformation resulting in four possible conformers overall. The molecular structure

of the syn-staggered-conformer of complex 3i is shown in Figure 3.1, B.
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Figure 3.2: Precatalyst comparison of complexes 3 for the hydrogenation of A) methyl benzoate 4a and
B) decyl decanoate 4t. Conditions: 1 mmol 4, 0.5 mol% 3, 1.0 mol% KHBEt;, 4 mL THF, 50 bar H,, 60 °C
(4t) or 80°C (4a), 16 h. Conversion of 4 and yield of 5 were determined by GC using hexadecane as
internal standard. In case of 4a, the differences of conversion and yield are mainly due to the formation
of benzyl benzoate via transesterification.

The synthesized complexes 3 were tested as (pre)catalysts for the hydrogenation of esters
using methyl benzoate 4a and decyl decanoate 4t as model substrates for aromatic and
aliphatic esters, respectively (Figure 3.2). In these experiments, 1 mol% of KHBEt; was added
for precatalyst activation. Generally, more electron-donating bis(NHC) ligands led to more
active catalysts.! This trend is observed for the ligand backbone (4,5-dimethyl-imidazole >
imidazole > benzimidazole; e.g. 3g > 3a > 3k) as well as for the wing-tip substituents (‘Pr >
Bn > Me > Ph; e.g. 3b > 3e > 3a > 3d). For methyl benzoate, ethylene-bridged complexes 3j
and 3i showed lower activity than their methylene-bridged congeners 3g and 3a, despite the
higher inherent electron donicity of the ligands. Therefore, the worse performance is assigned
to changes in the complex geometries rather than the electronic properties of these ligands.

Interestingly, for decyl decanoate, ethylene-bridged complexes 3j and 3i provided better
results than their methylene-bridged analogs with complex 3i giving the best yield. For wing-

tip substituents, the same trend as for methyl benzoate was observed, however, dimethylation

' The electron donator strength of these bis(NHC) ligands has been previously studied using Pd complexes.[?5¢]
Similar trends as observed in this work have later also been reported by the groups of Royo and Tubaro. 25"
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of the backbone had almost no effect and similar results for complexes 3g and 3a as well as
3h and 3b are obtained, respectively. As in the case of methyl benzoate 4a, electron-poor
complex 3k showed almost no activity. Overall, complex 3g yielded the best results for the
hydrogenation of methyl benzoate 4a and complex 3i for decyl decanoate 4t.

Since the activity of molecularly-defined ester hydrogenation catalysts often strongly depends
on the applied additive, the use of various additives has been investigated. At low additive
loading (1.0 mol%) KHBE; led to the best results, while, e.g. KO'Bu, KHMDS and KH displayed
significantly lower activity. KO'Bu has also been tested at higher loading (20 mol%) resulting in
full conversion, but lower yield compared to KHBEL; (see original publication for details).[2%¢]

To investigate the scope and limitations of the catalytic system, various aromatic and aliphatic
esters were tested under hydrogenation conditions applying complexes 3g (for aromatic esters)
or 3i (for aliphatic esters) as precatalysts (Scheme 3.2). Unfunctionalized aromatic or aliphatic
esters are typically smoothly converted to their corresponding alcohols in very good yields,
except for some sterically hindered substrates (4d) or esters yielding (too) acidic alcohols
such as phenol (4e). In this case, the formation of stable alkoxide complexes is proposed
to deactivate the catalyst. Hydroxyl- (4v) and tertiary, secondary and, remarkably, even
primary amine-groups (4j and 4m) are tolerated, which was further demonstrated by the
hydrogenation of the pharmaceuticals trimebutine 4av and tetracaine 4aw. For halogenated
esters, Cl- or Br-substituents are readily tolerated (4h and 4i), while F-containing substrates
showed no or lower conversion depending on the fluorinated position (4f, 4g), which could be
overcome by increasing catalyst and/or KHBEt; loading. Presumably, the fluorinated positions
are susceptible to hydrodehalogenation via nucleophilic aromatic substitution. Generally,
heteroaromatic substrates proved to be challenging, still, niacin-derived ester 4p could be
converted to its corresponding alcohol with moderate yield. Interestingly, besides reduction of
the ester-group, for ester 4s reduction of the quinoline-moiety is observed. Similarly, for esters
containing terminal or disubstituted C=C double bonds (4x, 4y, 4z) partial hydrogenation
and/or isomerization of the double bond takes place. This reactivity is not observed for
traditional bifunctional tridentate Mn-based hydrogenation catalysts (Figure 1.8) and there are
only few examples!14615125%] for alkene hydrogenation with Mn catalysts containing bidentate

ligands.? Due to this observed hydrogenation of other functional groups, the application

2The catalytic system reported by Filonenko, Pidko and coworkers contains a tridentate ligand, in which decoordi-
nation of one donor atom is observed upon precatalyst activation.?*’]
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0 KHBEt3 (1.0 - 10.0 mol%)
@OH R
o H, (50 bar)
4 THF, 60 — 100 °C, 16 h 6
r— Aromatic Esters N
0
(o @Eﬁ
T4
4a (R? = Me): 86 % 4f (R' = 4-F): no conv. [8; 78 % P 4k (R' = 4-1): 78 % [] 4n: 63 % [@
4b (R?=Bn): 89 % 4q (R' = ). 56%@;83%Md 41 (R 4 CF3). 82 % 0
4c (R2 = Pr): 84 % L 4h (R' = 4-CI): 88 % @ 4m (R' = 4-NH,): 89 % [
4d (R?=1'Bu): 7 % conv.  4i (R' = 4-Br): 87 % 1 1) | = Olle
4e (R? = Ph): 44 % [@l [dl. I 4j (R' = 4-NEt,): 98 % “
( ) i ( 2): 98 % | X ollle N
MeO 4p: 52 % @
NMe,
O O
O/\/ NMe,
40: 89 % [ Z Ole
\ / "BuHN Sy
: [d] )
L 4q: 80 %; 67 % [ Ar73% 4s: 32 < [al. [l
~—— Aliphatic Esters
)]\ ~Crobar ph/\)L (:\)‘; d ’\(CHz)s)l\OEt
4t: 86 % [© 4u: 71 % @ 4v: 73 % @l 4w: 72 % 4l 4x: 63 % (1.1
i AS
Olle C(CHz)s OEt Me
(CH)6CH3
4y: 56 % [N @ K 4z:84 % (111 4aa: 97 % ° 4ab: 93 % [ 4ac: 94 % [©

J/

Scheme 3.2: Mn-catalyzed hydrogenation of various aromatic and aliphatic esters 4 to their correspond-
ing alcohols 5 (red) and 6 (yellow). Isolated yields given. Precatalyst 3g applied for aromatic esters and
precatalyst 3i for aliphatic esters. Standard conditions: 1 mmol 4, 0.5 mol% 3, 1 mol% KHBEt;, 50 bar H,,
4 mL THF, 80°C, 16 h. [a] 100°C, 1mol% 3, 2mol% KHBEt,; [b] 100°C, 1 mol% 3, 10 mol% KHBEts;
[c] 80°C, 2mol% 3, 4mol% KHBEts;; [d] 100°C, 2mol% 3, 4mol% KHBEt;; [e] 60°C, 0.5mol% 3
1mol% KHBEt;; [f] 80°C, 1mol% 3, 2mol% KHBEts; [g] Yield determined by GC analysis; [h] 22 %
benzyl benzoate observed by GC analysis. [i] 20 % methyl 1,2,3,4-tetrahydroquinoline-6-carboxylate
isolated; [j] 1-undecanol was isolated; [k] 13 % cyclohexylmethanol, 5 % cyclohex-2-enylmethanol, 3 %
cyclohex-1-enylmethanol and 5 % methyl cyclohexanecarboxylate observed by GC analysis; [1] Mixture
of regioisomers and diastereomers with an overall (Z) : (E) ratio of 55 : 45.
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of the developed catalyst system towards other substrate classes such as ketones, nitriles,

N-heteroarenes as well as alkenes has been realized (Scheme 3.3).

o N OH
1Jj\ , R3// 39 (0.5 - 2.0 mol%) 1J\
RV 'R KHBEt; (1.0 - 4.0 mol%) R

X X
u j R_F THF, 60H21(25(§) °bcar16 24h LI j RF
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N 6
R R’ R¢ R?
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Scheme 3.3: Mn-catalyzed hydrogenation of ketones, nitriles, N-heteroarenes and alkenes. [a] 1 mmol
of ketone, 1 mol% 3g, 2mol% KHBEt;, 50 bar H,, 4 mL THF, 80 °C, 16 h; [b] 0.5 mmol of nitrile or N-
heteroarene, 2 mol% 3g, 4 mol% KHBEts;, 50 bar H,, 2 mL THF, 120 °C, 24 h. Amines from nitriles isolated
as hydrochloride salts; [c] 1 mmol of alkene, 0.5 mol% 3g, 1 mol% KHBEt;, 50 bar H,, 4 mL THF, 80 °C,
16 h; [d] 1 mol% 3g, 2 mol% KHBELts; [e] 100 °C, 1 mol% 3g, 2 mol% KHBEt;.

Since the catalytic system presents a scarce example of a Mn-based hydrogenation catalyst
bearing a ligand expected to be non-bifunctional, an understanding of the mechanism is of
high interest and mechanistic investigations by control experiments and DFT calculations
were performed. Reaction of bromido complex 3a with equimolar amount of KHBEt; at
room temperature for 24 h quantitatively yielded hydrido complex 7a. Interestingly, hydrido
complex 7a without any additive is not active in the hydrogenation of methyl benzoate
(Table 3.1, entry 2). Catalytic activity is restored, if KHBEt; or BEt; are added (entries 3 and 4).

Therefore, KHBEt; is assumed to not only be responsible for formation of hydrido complex 7a,
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but also produce BEt; which is needed for catalytic activity. Besides BEts;, other boron-based
additives were tested with 7a and, e.g. 9-BBN or B(O'Pr); also resulted in conversion of
methyl benzoate (see original publication for detail). Furthermore, the presence of strongly
coordinating ligands such as CO or PMe; results in a complete shutdown of reactivity (entries
6 and 7).

Table 3.1: Control experiments and mechanistic investigations.?
o [Mn] (0.5 mol%) 7 N/H\N/N

) -
| N o additive oH | HO~ py —K/I\I!nf_ N
_ Hs (50 bar) oc” : >co
CcO

4a THF, 80 °C, 16 h 5a 6a

7a
Entry [Mn] additive add.load. [mol%] Conv. 4a"[%] Yield 5aP[%]

1 3a  KHBEt, 1.0 75(2)° 69°

2 7a - - 2¢ 1(1)

3 7a KHBEt; 0.5 73 64

4 7a BEt, 1.0 61(1)° 59(1)¢

5 3a BEt, 1.0 0 0

64 3a  KHBEt, 1.0 0 0

7¢  3g  KHBE, 1.0 0 0

2 Reaction conditions: 1 mmol 4a, 0.5 mol% [Mn], 4 mL THF, 50 bar H,, 80 °C, 16 h.
b Determined by GC analysis using hexadecane as internal standard.

¢ Average of two experiments given. Standard deviation in parentheses.

4 The autoclave was charged with 10 bar of CO and 50 bar H,.

¢ Reaction was performed in the presence of 5 mol% PMes.

Also, the reaction of hydrido complex 7a, BEt; and methyl benzoate 4a in a 1:1:2 ratio was
investigated by NMR spectroscopy. While no reaction was observed after heating at 80 °C for
16 h, analyzing a sample from an autoclave reaction at 50 bar H, pressure for 3 h confirmed
quantitative conversion to benzyl alcohol and methanol. Besides 7a, another unidentified Mn
complex as well as decomposition of BEt; was observed. Moreover, a blue, insoluble solid
was formed. IR analysis of the solid revealed two CO absorption bands at low wavenumbers
(1854, 1781 cm™!) indicative for an electron-rich Mn complex bearing two CO ligands. The
unidentified species was catalytically inactive in the presence and absence of KHBEs.

The catalytic inactivity of hydrido complex 7a, the observed inhibition by strongly coordi-
nating molecules as well as the only two observed carbonyl stretches in the reaction residue,

all pointed towards an inner-sphere mechanism with creation of a vacant coordination site by
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loss of a CO ligand. DFT calculations were performed to gain further mechanistic insights.
However, no energetically favorable pathway for the loss of a CO ligand was found. Therefore,
it remains unclear how exactly a vacant coordination site is created. Due to the necessity of
KHBEt,/BEt; for catalytic activity, it is assumed that CO cleavage might be facilitated by these

species, although their detailed role in the catalytic system is not clear until now.
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AG = 20.24 AG =3.23 AG = 12.55

Scheme 3.4: Mechanistic proposal for the Mn-catalyzed hydrogenation of methyl benzoate. Gibbs free
energies (MO6L-SCRF) are given in kcal mol™ and referred to L

Still, a DFT-based proposal for an inner-sphere hydrogenation mechanism of methyl ben-
zoate 4a is presented in Scheme 3.4. Starting from I, Mn-H transfer to coordinated methyl
benzoate via transition state II occurs, followed by reorganization of the resulting methoxy-
(phenyl)methanolate ligand. Hydrogenolysis of IV represents the rate-determining step with
an apparent Gibbs free energy barrier of 20.24 kcal mol™!. The liberated hemiacetale VII is in
equilibrium with methanol and benzaldehyde, which is further hydrogenated to benzylalcohol
in an analogous manner (not shown here). As expected, a much lower apparent Gibbs free
energy barrier (6.88 kcal mol™!) was computed for benzaldehyde hydrogenation.

Simultaneously to this work, the groups of Bastin and Sortais reported a similar Mn-based
catalytic system with a methylene-bridged bis(NHC) ligand containing N-mesityl-substituents
(Y=CH,, R'=Mes).[2°] Many results are in line with observations from this work: KHBEt; was
found to be the most efficient additive in 2-MeTHF. In accordance with the electronic trends
observed in this work (Figure 3.2), their precatalyst required slightly higher temperatures
(100-140°C) than the more electron-rich precatalysts 3g and 3i used here. Furthermore, a
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comparable functional group tolerance has been observed and the corresponding hydrido

complex to their precatalyst was catalytically also inactive in the absence of KHBEt;.

3.2 Low-Valent Molybdenum PNP Pincer Complexes as
Catalysts for the Semihydrogenation of Alkynes

As described in Section 1.5.1, Mn PNP pincer complexes are efficient catalysts for the
hydrogenation of ketones, aldehydes, nitriles and esters. Due to the success of the PNP pincer
ligand motif, related complexes based on Mo have been developed and applied in hydrogenation
reactions of various substrate classes (Section 1.5.2).[1%471%I Since recently the application of
Mn complexes has been extended to the (Z)-selective semihydrogenation of alkynes,?°!] the

potential of the analogous Mo complexes in this transformation was explored.

high steric demand low steric demand

L/X RoP
PNPR NCCH, PNPR o~ Q
N ,
<N | WPR, _ R=PrCy  pcen.. ! .pph, _ R=EtLPh RoPi. | wN-y
~ THF (L) or Y THF - Yy
RP” | ~co DCM(())() PP ¢o «° Prp” | €O
co co
mer 8 fac
L = NCCH;
X=Cl

Scheme 3.5: General synthesis of low-valent Mo PNP complexes from precursor 8.

Low-valent Mo PNP complexes have been prepared from Mo(CH3CN),(CO),(PPh;), 8 and the
corresponding PNP ligands according to previously published protocols (Scheme 3.5).[1°41%] I
general, sterically low demanding substituents on the phosphines yield facial complexes with
two CO ligands and one PPh, ligand remaining in the coordination sphere. With sterically more
demanding substituents (e.g. 'Pr, Cy) a meridional coordination of the PNP ligand is observed,
in which the phosphines are further apart and therefore steric repulsion is minimized. Due to
the structure of precursor 8, in this case, a labile CH3CN ligand remains coordinated. These
meridional complexes are readily chlorinated by DCM, yielding Mo(I) complexes containing a
formally anionic Cl ligand.

According to this general procedure, the syntheses of Mo complexes with a 'Bu-substituted
PNP ligand (PNPtB“) was investigated (Scheme 3.6). Reaction of precursor 8 with PNP'Bu
yielded complex 13a, for which the absence of the usually observed CH;CN-ligand is proposed

based on elemental analysis and IR spectroscopy. This can be rationalized by the high steric
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y C
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Scheme 3.6: Synthesis of "Bu-substituted Mo PNP complexes 13a, 13b, 13c.

demand of the 'Bu-groups. As expected, in DCM chlorination to form 13b occurs. Exposure of
complex 13a to a CO atmosphere, yielded the tricarbonyl-complex 13¢, which could also be
synthesized separately from Mo(CO), and the respective PNP ligand. Due to the high steric
demand of the 'Bu-groups, the PNP ligand coordinates meridionally® forcing two CO ligands
in trans-positions to each other. A strongly distorted geometry results with a C21-Mo-C23
angle of 153.79(8)°, far from linearity (Figure 3.3, A).

Figure 3.3: Molecular structures of Mo complexes 13¢ (A) and 14 (B). Displacements ellipsoids
correspond to 30 % probability. Carbon-bound hydrogen atoms and, in case of 13c, the lower occupied
atoms of the disordered '‘Bu-groups are omitted for clarity.

Since Mn NNP complexes showed high activity in hydrogenation reactions, a Mo complex

with this ligand framework bearing 'Pr-substituents at the phosphine-donor (14) was synthe-

3 For related 'Pr-substituted ligands a facial coordination of the PNP ligand is observed in the solid state.[1**]
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sized by stirring precursor 8 with the corresponding NNP ligand in THF at room temperature.
In the solid state the NNP ligand coordinates facially with the phosphine-donor being located
trans to a PPh; ligand remaining from the precursor (Figure 3.3, B). Complex 14 exhibits
helical chirality, resulting in the diastereotopicity of protons bound to the same carbon atom
in the methylene and ethylene linker in the ligand backbone as well as the two Pr-groups,
respectively.

Various Mo precatalysts were tested for the semihydrogenation of alkynes using diphenyl-
acetylene 15a as model substrate (Table 3.2). With higher steric demand of the phosphine-
substituents, the activity of Mo(0) PNP complexes and also the diastereoselectivity for (Z)-stil-
bene increased (9<10<11a<12a). However, 'Bu-substituents appeared to be too bulky and
showed almost no activity (entries 7 and 8). The chlorinated Mo(I) complexes 11b and 12b
performed worse than their Mo(0) counterparts 11a and 12a (entries 3 and 5). The novel Mo
NNP complex 14 showed only poor activity despite a promising diastereoselectivity (entry 9).
Interestingly, the simple Mo precursor 8 also displayed moderate activity with preferential
formation of (E)-stilbene (entry 10). This is in accordance with the increasing (E)-selectivity
for less sterically demanding PNP ligands (vide supra). In all cases, only minor overhydro-
genation to diphenylethane 17a is observed. Overall, the best results were obtained with
Cy-substituted Mo(0) complex 12a giving 89 % yield of 16a with a 85 : 15 diastereoselectivity
for (Z)-stilbene.

Using precatalyst 12a, reactions parameters such as solvent, base, precatalyst loading, tem-
perature and H, pressure were investigated. Non-polar, aprotic solvents and NaHBEt; were
found to be necessary for obtaining high activity, although NaHMDS also showed good results.
The reaction rate decreased with lower precatalyst loading, temperature and/or H, pressure,
whereas the precatalyst loading had the strongest influence. The diastereomeric ratio was
found to be independent of these parameters, except for a complete loss of selectivity at (too)
low precatalyst loading. Details can be found in the original publication.[2%]

To investigate scope and limitations of the catalytic system, various substituted diphenyl-
acetylenes were reacted under the optimized reaction conditions (Scheme 3.7). While para-
and meta-methylated diphenylacetylene (15b, 15¢) show comparable results to unsubstituted
diphenylacetylene 15p, an ortho-Me-substituent (15d) gives much lower conversion, likely
due to steric hindrance. For halogenated substrates varying results are obtained: While F-
containing alkyne 15e is smoothly hydrogenated, more reactive Cl- or Br-substituents lead to

decreased activity and traces of hydrodehalogenated products are observed. Electron-donating
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Table 3.2: Screening of various Mo precatalysts for the semihydrogenation of diphenylacetylene 15a.*

(PR Ho 2 H O P(Pr),
© | o N7 | 3eRs N ecey ] o
< C_mo C Wl
Rp” | “PPhy RP” | ~co (BuRP” \\CO NZ=N" | Sco

CO cO CcO PPhs
R=Et:9 R =Pr: 11a (Z = NCCH3); 11b (Z = Cl) 13c 14

R=Ph:10 R =Cy: 12a (Z= NCCH,); 12b (Z = Cl)
R ='Bu; Y = none: 13a

(5 mol%) o
NaHBEt3 (5 mol%) Ph
Phm=""n Hs (30 bar) Pﬁ : Ph/_/
15a toluene, 80 °C, 2 h 16a 17a
Entry [Mo] Conv. 15a°[%] Yield 16a°[%] (Z)/(E) 16a® Yield 17a[%]

1 9 17 15 36 : 64 2
2 10 54 51 57 : 43 3
3 11a 68 65 75 : 25 3
4 11b 14 7 76 : 24 7
5 12a 93 89 85:15 4
6 12b 7 2 n.d. 5
7 13a 1 1 n.d. 0
8 13c 3 2 n.d. 1
9 14 19 15 77 : 23 4
10 8 21 13 33: 67 8

2 Reaction Conditions: 0.5 mmol 15a, 5 mol% [Mo], 5 mol% NaHBEt; (0.5 M in toluene), 2 mL toluene, 30 bar H,,
80°C, 2h. n.d. = not determined.
> Determined by GC analysis using hexadecane as internal standard.

substituents such as TMS (15h), OMe (151, 151) or SMe (15j) are well tolerated and applying a
longer reaction time at lower temperature (16 h at 60 °C) resulted in excellent diastereoselectivi-
ties up to 91 : 9. If an electron-withdrawing group such as CF; is present (15k, 15m), only poor
conversions and diastereoselectivities are observed, probably due to inhibition of the catalyst
by formation of stable alkyne-complexes. Alkynes bearing heteroaromatic-moieties proved to
be challenging, still, 27 % conversion were observed for thiophene-containing substrate 15n.
The dialkyne 150 is smoothly converted to the corresponding dialkene. A very good diastere-
oselectivity for the (Z,Z)-diastereomer of 86 : 14 is obtained, and this diastereomer could be

isolated in a fair yield of 47 %.
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(5 mol%) _
R — R?  NaHBEt; (5 mol% 1 2
EN==+(" 2Omall) R /xR
— \ H, (30 bar) —/ \ 7/
15 toluene, 80 °C, 2 h 16
R ; - =Y ; - — R2
NN 2NN e
_ _ \ 7
15a (R' = H): 98/ 96 / 87 %; 85:15 151 (R! = Et, R2= OMe): 98 / 97 / 90 %; 79:211]
15b (R = 4-Me): 95/ 90 / 65 %; 83:17 15m (R! = CF3, R2= OMe): 8/ 5/ - %; 51:49
15¢ (R = 3-Me): 99/ 95 / 85 %; 85:15 _
15d (R = 2-Me): 9/ 5/ - %; 85:15 s
15e (R' = 4-F): 99/ 97 / 91 %; 81:19 P
15f (R' = 4-Cl): 67 / 57 / - %; 81:19
159 (R" = 4-Br): 8/ 5/ - %; 75:25 15n: 27 / 27 / - %; 55:45!!

15h (R" = 4-TMS): 599 / 96 / 91 %; 91:94

15i (R = 4-OMe): >99 / 90 / 86 %; 84:161 o
15j (R = 4-SMe): 98 / 96 / 91 %; 91:9a) O 7\
15k (R" = 4-CF3): 7/ 6 / - %; 61:39 N

150: 599 / 91/ 47 (Z,2) %; 86:14!

Scheme 3.7: Mo-catalyzed semihydrogenation of various alkynes. Reaction conditions: 0.5 mmol 15,
5mol% [Mo], 5 mol% NaHBEt; (0.5 M in toluene), 1 mL toluene, 30 bar H,, 80 °C, 2 h. Values correspond
to GC-conv./GC-yield/isolated yield. [a] 60 °C, 16 h. [b] GC-yield for all diastereomers, isolated yield
for (Z,Z) diastereomer, diastereomeric ratio of (Z,Z) to other diastereomers.

Mechanistic experiments, using (Z)- or (E)-stilbene as substrates, revealed that no isomer-
ization between these diastereomers takes place under reaction conditions. Furthermore, the
inactivity of the N-methylated congener of complex 11a confirmed the importance of the “NH”
function and indicated hydrogenation via a bifunctional outer-sphere mechanism (see original

publication for details).[262]
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3.3 Hydrogenation of Esters Catalyzed by Bis(N-Heterocyclic
Carbene) Molybdenum Complexes

Due to the high activity of Mn complexes bearing chelating bis(NHC) ligands as hydrogenation
catalysts (Section 3.1), the potential of this simple and cheap ligand class should be explored
for other central metal atoms. Promising results in reduction catalysis have been obtained
previously by Ke and coworkers, who successfully applied bisqtNHC) Mo and Cr complexes in
hydrogen borrowing reactions.[?*3-2>] However, these complexes have not yet been described
for hydrogen activation or catalytic hydrogenation and should therefore be investigated in this
respect. Carboxylic acid esters were targeted as substrates, due to the efficiency of related Mn
complexes in this transformation. Furthermore, no homogeneous Mo-based catalysts has been
reported to catalyze the hydrogenation of esters, although Topf and coworkers previously

reported a Cp-ligated W complex for this reaction.[26¢]

A co R2 co B
oc.y_co . HaCCN_ ¥ _NCCH,
oc” : €O Rz\//LN/ oc” : CO
co Nk, NCCHj
( BEts
BEt
N 3
h R? \ﬁ —l
R2 R2 N\R1 R2 R2

oc” : ~co oc” : co
¢o NCCHs

18 19

Scheme 3.8: A) Synthesis of bis(NHC) Mo complexes 18 and 19. Reaction conditions: For 18: toluene
(56 mM), 90 °C, 16 h; for 19: CH;CN (75 mM), 65 °C, 16 h. B) Molecular structure of complex 19b in the
solid state. Displacement ellipsoids set at 50 % probability. Hydrogen atoms and solvent molecule are
omitted for clarity. Only one of the two molecules of the asymmetric unit is shown.

The synthesis of complexes 18 and 19 followed a similar approach as for their Mn congeners
using bis(NHC)-BEt; adducts 2 (Scheme 3.8, A). The coordinated bis(NHC) ligands exhibit
boat-shaped conformations as can be seen from Scheme 3.8, B.

Complexes 18 and 19 have been tested as precatalysts for the hydrogenation of esters using
ethyl oleate 4z as model substrate, due to the high industrial relevance of fatty acid ester

reduction (Table 3.3).267) Under given conditions, catalytic activity is observed for all selected
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Table 3.3: Screening of various Mo precatalysts for the hydrogenation of ethyl oleate 4z.*

(\ /(:Bp R f:% /w \2\ JY \P( Pr)2

co ,
R ~
oc” : ~co oc” : ~co /L / | \Co
co NCCH3 oc”
18a: R' = Me 19a: R' = Me NCCH3 11a: Z = NCCHj
18b: R1 - lpr 19b: R1 IPr 19d 11b: Z=ClI
19¢: R'=Bn
o (1.0 mol%)
W KO'Bu (5.0 mol%)
= OEt Y SoH + HOE
6 4 6 Hs (50 bar) 6 5 6 6
z 1,4-dioxane, 60 °C, 16 h z z
Entry [Mo] Conv. 4z°[%]  Yield 5z°[%]
1 18a 52 17
2 18b 60 23
3 19a 48 14
4 19b 90 73
5 19c¢ 91 76
6 19d 53 18
7€ 11a 9
8¢ 11b 8 7

2 Reaction conditions: 0.5 mmol 4z, 1 mol% [Mo], 5 mol% KO'Bu, 4 mL 1,4-dioxane, 50 bar H,, 60 °C, 16 h.

b Determined by GC analysis using hexadecane as internal standard. Difference between conversion and yield
is mainly due to the formation of oleyl oleate by transesterification.

¢ 5mol% [Mo], 5mol% NaHBEt;, 2mL toluene, 120 °C, 24 h.

precatalysts. Complexes 19b and 19c¢ display the best results with similarly high conversions
of 90-91 % and yields of 73-76 % (entries 4 and 5). Methyl-substituted complexes 19a and 19d
are less active (entries 3 and 6), which might be caused by their lower solubility in 1,4-dioxane
compared to 19b and 19c. The tetracarbonyl complexes 18a and 18b display moderate
activity. Notably, in contrast to bis(NHC) Mn complexes (Section 3.1), no hydrogenation of the
olefin is observed for any of these precatalysts. Additionally, Mo PNP pincer complexes 11a
and 11b were tested under suitable hydrogenation conditions (see Section 3.2), however,
only poor activity is observed (entries 7 and 8). Due to its lower molecular weight and less
steric bulk around the metal center, complex 19b was selected over complex 19c¢ for further

investigations. Different additives have been tested with precatalyst 19b showing that alkoxide
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bases or KHMDS are best suited. Additionally, the influence of precatalyst and KO'Bu loading,
temperature, H, pressure and solvents was investigated (see original publication for details).

The catalytic system consisting of precatalyst 19b and KO'Bu displays a broad scope of
aliphatic, aromatic and, remarkably, also heteroaromatic esters as well as lactones and diesters
(Scheme 3.9). A high tolerance of functional groups such as olefins (4z, 4x, 4y), hydroxyl-
groups (4v), amines (4ah, 4ai, 4ak), halides (4ak, 4al, 4f, 4h, 4i, 4an), nitriles (4a0) or
acetals (4aq) is observed. Furthermore, the catalyst enables excellent chemoselectivty towards
other reducible moieties like C=C double bonds (4z, 4x, 4y), nitriles (4a0) or quinolines (4s).
The potential of the developed procedure is further demonstrated by the hydrogenation of
late-stage molecules such as cholesteryl octanoate 4aj, clofibrate 4al and, remarkably, even
highly-functionalized clopidogrel 4ak.

Since the use of bis(NHC)Mo complexes 18 and 19 as hydrogenation catalysts has been
unknown so far, investigation of the reaction mechanism is of particular importance and NMR
spectroscopic studies, control experiments and DFT computations have been performed for
that purpose. First, following the reaction of complex 19b with KO'Bu by NMR spectroscopy,
leads to the observation of two new species (Scheme 3.10). These were assigned to the anionic
complexes 20b and 21b, resulting from substitution of the labile CH;CN ligand by O'Bu” or
CH,CNT, respectively. Exposure of a mixture of 20b and 21b to an H, atmosphere at room
temperature leads to the formation of a hydrido complex. Since for this species a 1:2 ratio of the
hydridic resonance to the resonances of the ligand backbone is found and only one set of signals
is observed for the ligand backbone, the species is assumed to be the binuclear complex 22b
with a bridging p-hydride ligand, which is a common coordination motif for group 6 carbonyl

268.269] The same species 22b is obtained almost exclusively by the reaction of 19b

complexes.|
with KO'Bu under 50 bar H,, pressure at 80 °C after 1 h. The decomposition of 22b to complexes
20b and 21b upon release of H, pressure indicates an H,-dependent equilibrium between these
species. If D, is used instead of H,, H/D-exchange for the acidic protons of HO'Bu and CH;CN
and the bridging hydridic proton in 22b takes place. Additionally, formation of HD and H, as
well as very slow incorporation of D in one aromatic position of the ligand backbone of 22b is
observed. These findings, indicate a reversible heterolytic splitting of H,/D,. Importantly, no
deuteration of the methylene-bridge of complexes 20b, 21b and 22b is found, excluding the
involvement of these protons in a bifunctional manner in the hydrogenation process.

Based on these experiments, DFT calculations were performed to complement the mecha-

nistic picture (Scheme 3.11). As observed experimentally, reaction of 19b with an alkoxide
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Scheme 3.9: Mo-catalyzed hydrogenation of various aliphatic and (hetero)aromatic esters. Values
below the Lewis structures represent the isolated yield(s) of the corresponding alcohol(s) 5 (blue) and/or
6 (orange). Conditions: 1.0 mmol 4, 0.5 mol% 19b, 5 mol% KO'Bu, 4 mL 1,4-dioxane, 50 bar H,, 80 °C,
24h. [a] 0.5mmol 4, 1.0 mol% 19b, 10 mol% KO'Bu, 2 mL 1,4-dioxane; [b] 0.5 mmol 4, 1.0 mol% 19b,
5mol% KO'Bu, 2 mL 1,4-dioxane, 100 °C. [c] 1.0 mmol 4, 1.0 mol% 19b, 5 mol% KO'Bu, 4 mL 1,4-dioxane,
100 °C; [d] 0.5 mmol 4, 2.0 mol% 19b, 10 mol% KO'Bu, 2 mL 1,4-dioxane, 120 °C; [e] Yield determined by
GC analysis using hexadecane as internal standard.
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Scheme 3.10: NMR spectroscopic investigations for activation of precatalyst 19b with KO'Bu.

leads to the exergonic formation of alkoxide complexes (20b, 25b, 26b, 27b). Highly acidic
alcohols like phenol were computed to form stable alkoxide complexes (e.g. —19.71 kcal mol ™!
for 27b), a dead-end for catalysis. The alkoxide complexes are assumed to undergo endergonic
hydrogenolysis forming the mononuclear hydrido complex 23b. In case of L=CH;CN, hy-
drogenolysis of 21b presents an alternative pathway. Interestingly, the mononuclear hydrido
complex 23b is not observed spectroscopically and formation of complex 22b from 23b is
found to be slightly endergonic (AG = 1.32kcal mol™!). However, from the stoichiometry it
is clear, that higher H, pressures shift the equilibria from 20b and from 22b to mononuclear
hydride 23b, respectively. Therefore, we assume that 23b is formed in sufficient quantities
under reaction conditions (elevated temperatures and high H, pressures) and actually presents
the catalytically competent species. Starting from complex 23b, direct hydrogen transfer to
methyl benzoate presents the rate determining step with an apparent barrier of 14.22 kcal mol ™!
(23b-TS1). The resulting hemiacetalate complex 24b eliminates acetaldehyde to form methox-
ide complex 25b which regenerates hydrido complex 23b upon hydrogenolysis. As expected,
the barrier for benzaldehyde hydrogenation was calculated to be lower (8.74 kcal mol™!). Due
to the formation of benzoxide complex 26b after benzaldehyde hydrogenation, an overall
apparent barrier of 23.01 kcal mol™! results.

In contrast, for related bis(NHC) Mn complexes an inner sphere hydrogenation mechanism
after initial loss of a CO ligand was proposed, although the way of CO dissociation could
not be clarified satisfyingly (Scheme 3.4). In the related Mo complexes, a much stronger
coordination of the CO ligands due to increased z-backbonding is expected as confirmed by

lower wavenumbers of the CO absorption bands in the IR spectra (e.g. 19b: 1883, 1741 cm ™,
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7a: 1962, 1866, 1823 cm™!). This is further supported by DFT calculations indicating a very high
overall energetic barrier for an inner-sphere mechanism (54.5 kcal mol™!), mainly resulting
from the highly endergonic cleavage of CO from O'Bu-complex 20b. Therefore, the loss of a
CO ligand appears energetically unfavorable, rendering hydrogenation via an inner-sphere

mechanism in case of the studied bis(NHC) Mo complexes unlikely.
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Scheme 3.11: DFT-supported mechanistic rationale for the Mo-catalyzed hydrogenation of methyl
benzoate 4a. Values below Lewis-structures represent Gibbs Free Energies in kcal mol™ calculated on
a MO6L-SCRF/TZVP level of theory.
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4 Conclusions and Outlook

Bis(NHC) Mn complexes have been prepared in high yields via an improved, straightforward
protocol utilizing bis(NHC)-BEt; adducts as stable NHC synthons. After activation by KHBEts,
the phosphine-free complexes efficiently hydrogenate various esters at low temperatures and
catalyst loadings. This high activity, however, reduces their chemoselectivity, instead, the
highly versatile catalysts enable hydrogenation of several other substrate classes. Based on
control experiments and DFT calculations an inner-sphere mechanism is proposed. BEt; is
necessary for catalytic activity, however, its detailed role is not fully understood yet.

Next, 'Bu-substituted Mo PNP complexes, a Mo NNP complex as well as previously reported
Mo PNP complexes have been investigated as precatalyst for the semihydrogenation of alkynes.
By applying a Cy-substituted Mo PNP pincer complex high (Z)-diastereoselectivity without
significant overhydrogenation is achieved. Downsides of this catalytic system remain the
necessity of high catalyst loadings and a narrow substrate scope.

Building on the success of related Mn complexes, Mo catalysts bearing simple and inexpen-
sive bis(NHC) ligands have been synthesized. In the presence of KO'Bu, these complexes
hydrogenate a variety of esters at low catalyst loadings, clearly outperforming established
Mo PNP pincer complexes. The lower activity compared to bis(NHC) Mn catalysts leads to
improved functional group tolerance and chemoselectivity, enabling a broad substrate scope.
NMR spectroscopic studies complemented by DFT computations indicate a non-bifunctional
outer-sphere mechanism.

The catalytic systems presented show that efficient non-noble metal hydrogenation catalysts
can be based on simple, non-bifunctional ligands and that bifunctionality is therefore not a
prerequisite for high catalytic activity. Due to the proposed unusual mechanisms, future work
should focus on more detailed mechanistic studies to provide an improved understanding of
hydrogenation processes catalyzed by non-bifunctional systems. Furthermore, the potential
of these catalysts should be explored in the hydrogenation of other, even more challenging
substrate classes such as amides or CO,. This work will inspire researchers to develop simpler
yet efficient non-noble metal catalysts for wider application and the implementation of more

sustainable redox reactions.
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5 List of Abbreviations

AG difference of Gibbs free energy

%Vpur buried volume

"Pr iso-propyl

"Bu n-butyl

"Pr n-propyl

'Bu tert-butyl

2-MeTHF 2-methyltetrahydrofuran

9-BBN 9-borabicyclo[3.3.1]nonane

Ad adamantyl

API active pharmaceutical ingredient

Ar aryl

BArF, tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
BINAP ([1,1-binaphthalene]-2,2’-diyl)bis(diphenylphosphane)
Bn benzyl

Cp cyclopentadienyl

Cy cyclohexyl

DCM dichloromethane

DFT density-functional theory

dipp 2,6-diisopropylphenyl

DOPA 3,4-dihydroxyphenylalanine

EMEA European Medicines Evaluation Agency
Et ethyl

FLP frustrated Lewis acid-base pair

GC gas chromatography
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List of Abbreviations

HMDS hexamethyldisilazide
HOMO highest occupied molecular orbital

ICH International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use

IR infrared

LUMO lowest unoccupied molecular orbital
Me methyl

Mes mesityl

MLC metal-ligand cooperation/cooperativity
n.d. not determined

NHC N-heterocyclic carbene

NMR nuclear magnetic resonance
OTf triflate, trifluoromethanesulfonate
PDE permitted daily exposure

PDI pyridine(diimine)

Ph phenyl

PHOX phosphine-oxazoline

R (organic) rest

rt room temperature

SC single crystal

SCRF self-consistent reaction field
TEP Tolman electronic paramter

THF tetrahydrofuran

TMS trimethylsilyl

TOF turnover frequency

TON turnover number

TS transition state

TZVP valence triple-zeta polarization

XRD X-ray diffraction
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Bis(N-Heterocyclic Carbene) Manganese(I) Complexes: Efficient and

Simple Hydrogenation Catalysts

Niklas F. Both, Anke Spannenberg, Haijun Jiao,* Kathrin Junge,* and Matthias Beller*

/Abstract: The wuse of bis(NHC) manganese(l)\
complexes 3 as catalysts for the hydrogenation of esters
was investigated. For that purpose, a series of complexes
has been synthesized via an improved two step proce-
dure utilizing bis(NHC)-BEt; adducts. By applying
complexes 3 with KHBEL; as additive, various aromatic
and aliphatic esters were hydrogenated successfully at
mild temperatures and low catalyst loadings, highlight-
ing the efficiency of the novel catalytic system. The
versatility of the developed catalytic system was further
demonstrated by the hydrogenation of other substrate
classes like ketones, nitriles, N-heteroarenes and al-
kenes. Mechanistic experiments and DFT calculations
indicate an inner sphere mechanism with the loss of one

\CO ligand and reveal the role of BEt; as cocatalyst.

Introduction

The reduction of esters to alcohols is an important reaction
in academic and industrial chemistry. Traditionally, this
transformation has been performed in the presence of
stochiometric amounts of metal-hydrides (e.g. LiAlH,,
DIBAL-H, NaBH,), which obviously comes along with the
formation of stochiometric amounts of waste, often tedious
workup procedures and limited functional group tolerance.
In this regard. the catalytic hydrogenation using H, gas
represents an environmentally and economically more
attractive approach. Indeed, fatty acid esters are hydro-
genated since many decades to the corresponding fatty
alcohols using heterogeneous copper chromite catalysts;!!
however, harsh reaction conditions (>200 C, 40-300 bar)
are necessary, which omit the use of more sensitive
substrates.” Therefore, the development of alternative

[*] N.F.Both, Dr. A. Spannenberg, Prof. Dr. H. Jiao, Dr. K. Junge,
Prof. Dr. M. Beller
Leibniz-Institut fiir Katalyse e.V.
Albert-Einstein-StraRe 29a, 18059 Rostock (Germany)
E-mail: haijun.jiao@catalysis.de
kathrin.junge@catalysis.de
matthias.beller@catalysis.de
{ © 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.
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systems working under milder conditions has attracted much
attention over the last two decades and several active
homogeneous catalysts working at lower temperature and/or
pressure mainly based on Ruf but also on OsPY and Ir¥
have been reported.

More recently, many efforts focused on the replacement
of noble-metals in such molecularly-defined catalysts by
more abundant and cheaper 3d metals such as Mn,"! Fe
Co,™ and Cu.P! Especially Mn! attracted much scientific
attention due to the limited knowledge of such complexes as
hydrogenation catalysts. As shown in Figure 1, most of the
reported systems rely on phosphine-based pincer ligands
and include N—H or C—H acidic sites in the ligand-backbone
according to the concept of bifunctional metal-ligand
cooperativity.'” From this low structural diversity, one
might get the impression that a bifunctional ligand is
essential for an efficient Mn-based hydrogenation catalyst.
Yet, there are scarce examples of Mn complexes bearing
non-bifunctional, bidentate phosphine ligands for catalytic
hydrogenation reactions.!!

However, phosphine-based ligands come along with
certain disadvantages, e.g. the sensitivity towards oxygen
and their often tedious preparation procedures. In this
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Figure 1. Selected examples of Mn-based catalysts for the hydrogena-
tion of carboxylic acid esters.
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regard, N-heterocyclic carbenes (NHCs) offer a promising
alternative to phosphine ligands and several efforts were
made very recently, to replace phosphines in the classical
PNP and NNP ligands by NHCs (e.g. Figurel, Pidko and
Filonenko 2022, Liu 2023).5%"12 Notably, due to their strong
o-donor and relatively weak n-acceptor properties, these
carbene-based ligands allow for the formation of stable Mn
complexes™ and the strong electron donation paired with
less steric demand at the active coordination sites compared
to phosphines often leads to an enhanced reactivity of the
corresponding Mn hydrido complexes.™ Hence, bidentate
bis(NHC) ligands represent an attractive ligand class for
hydrogenation catalysts due to their strong electron-donat-
ing properties as well as their easy and modular synthesis
allowing for the convenient finetuning of electronic and
steric properties of the corresponding Mn complexes. In
2018, Mn complexes bearing these bidentate bis(NHC)
ligands were described for the electrocatalytic reduction of
CO, to CO™ and, recently, their application has been
extended to hydrosilylation,™™ dehydrogenative coupling!'®
and transfer hydrogenation” reactions. However, so far
these systems have not been explored as catalysts for direct
hydrogenation reactions. Some time ago, our group reported
a Ru-based catalyst for the hydrogenation of esters contain-
ing the same bis(NHC) ligand motif,'®! therefore, we were
curious about the performance and the potential advantages
of bis(NHC) Mn complexes in catalytic hydrogenation
reactions. Here, we report the synthesis of a series of Mn
complexes bearing bidentate bis(NHC) ligands and their
successful use as efficient catalysts for the hydrogenation of
carboxylic acid esters. This work represents scarce examples
of Mn-based hydrogenation catalysts with non-bifunctional
ligands. During the preparation of this manuscript a related
catalytic system has been reported by the groups of Bastin
and Sortais."”!

Results and Discussion

Synthesis and Characterisation of bis(NHC)-BEt; Adducts 2-2
BEt; and bis(NHC) Mn Complexes 3

Initially, we prepared bis(imidazolium) salts 2-2 HBr from
the corresponding alkyl dibromides and imidazoles 1 at
130 C in almost quantitative yields.""®*! Notably, in the
preparation of the ethylene-bridged bis(imidazolium) salt
2j-2 HBr with highly basic 1,4,5-trimethylimidazoles partial
elimination occurred even at lower temperature (70 C) (see
SI, section 4). However, the resulting monoionic side
products could be easily removed by washing with DCM
due to their better solubility in that solvent. The direct
preparation of bis(NHC) manganese complexes 3 from
bis(imidazolium) salts, KOtBu and MnBr(CO)s required
more tedious aqueous workup/purification procedures lead-
ing to the corresponding complexes in moderate yields."
Therefore, an improved protocol for their synthesis via
NHC-BEt; adducts as intermediates was developed. Using
LiHBEt; for deprotonation and as BEt; source,”! we
observed a nucleophilic attack at the bridging, electrophilic
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carbon atom leading selectively to a mono(NHC)-BEt;
adduct and 3-(triethylborane)-1-methylimidazole (see SI,
section 5). Fortunately, the use of the less nucleophilic,
sterically demanding base NaHMDS and the separate
addition of BEt; resulted in the clean formation of desired
2.2 BEt;. A small number of BEt;-adducts 2-2 BEt; was
obtained as white to yellow solids in most cases in very good
to quantitative yields and all compounds have been analyzed
by 'H, *C and "B NMR spectroscopy as well as elemental
analysis (Scheme 1).

By refluxing bis(NHC)-BEt; adducts 2-2 BEt; with
Mn(CO)sBr in THF complexation of the bis(NHC) ligands
under loss of two CO ligands occurred (Scheme 1). After
washing with Et,0 and n-pentane, complexes 3 were
obtained as yellow to orange powders in good to very good
yields (>80 %). Further purification could be achieved by
recrystallisation of these powders from DCM/n-pentane
mixtures to remove bis(imidazolium) salt impurities. In
general, complexes 3 were characterized by NMR and IR
spectroscopy, HR-MS, elemental analysis and in some cases
single crystal X-ray diffraction (Figure 2). The obtained data
is consistent with related manganese complexes.!'*1¢°]

In most cases, 'H NMR spectra of complexes 3 show
broad signals at room temperature, which can be assigned to
a fluxional behavior of the ligand conformation in solution.
From the obtained molecular structure of complex 3g
(Figure 2a) as well as the literature-known structure of 3a,l4
it is well visible that for methylene-bridged complexes
(Y=CH,) the ligand backbone is bent, adopting a boat-shape
conformation similar to complexes of other transition
metals, e.g. Pd,®! Rh,® Ir,2 Cr2 Mol or Wi, The
methylene-bridge between the NHC units either points
towards (syn) or away (anti) from the bromido ligand,
allowing for two possible diastereomer conformers both
with C-symmetry (SI section 9, Figure S18) For structure
3a, the syn-conformer is computed to be more stable than

R2

RZ
_R!
2 _R' 2_/ N 2 2
R\%\JN R R @ R R ]
ON= gr” A , BE B RZ\)\N/Y\N)\/R

Y, o A JI B\
@©N=\ Br N\I/BEQ W/N* '%NR«
R2<) R Mn_
R2J§/N\R1 \ oc” £ ~co
R co
R? R?
2+2HBr 2+2BEt; 3
58 - 99 % yield 77 - 99 % yield
R' R? Y R' R? Y R'" R? Y
a Me CH, e Bn Me CH, h iPr Me CH,

T

H
b Pr H CH, f Me CHPMCH, i Me (CHy)p
clBu H CH, g Me Me CH, 1 Me Me (CHp
d Ph H CH,

Scheme 1. Synthesis of bis(NHC) Mn' complexes 3 from
bis(imidazolium) bromides 2-2 HBr via bis(NHC)-BEt, adducts 2-2
BEL;. Conditions A: 1) NaHMDS (2.1 eq), 2) BEt; (2.1 eq.), THF,
—78 Ctort, 16 h. Conditions B: Mn(CO)sBr (1.0 eq.), THF, reflux,
16 h. [a] 2c-2 BEt, and 3¢ were not synthesized. [b] Benzimidazol/
benzimidazolilydene.
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203 3

Figure 2. Molecular structures of a) complex 3g and b) complex 3iin
the solid state. Displacement ellipsoids set at 50 % probability level.
Hydrogen atoms and solvent molecules omitted for clarity. For the
structure of 3i only one of the two molecules of the asymmetric unit is
shown.?2

the anti-conformer by 1.69 kcal/mol, and the ring inversion
barrier is 13.52 and 11.83 kcal/mol for the forward and
backward inversion, respectively, indicating an equilibrium
of the two conformers and the reversibility of the ring
inversion at room temperature.

For ethylene-bridged complexes (Y=(CH,),), there are
also such syn- and anti-conformations regarding the position
of the ethylene-bridge and the bromido ligand. Additionally,
the ethylene-bridge can adopt either an eclipsed or stag-
gered conformation, giving four conformers in total (SI
section 9, Figure S19). DFT calculations show that the
different conformers are close in energy, therefore we
assume that interconversion leads to broad signals in the
NMR spectra at room temperature. At elevated temper-
atures (373 K) sharper peaks are observed; however, a clear
assignment of resonances was not possible in most cases. As
an exception, complexes 3a and 3g with methyl substituents
at the wing tips (R'=Me) show sharp NMR resonances at
room temperature. We assume that for these substituents
interconversion between the conformers is fast due to less
steric repulsion between R' and the CO ligands. The IR
spectra of complexes 3 feature strong absorption bands of
the CO ligands. According to their C; symmetry, methylene-
bridged complexes show three CO absorptions, typically
between 2000 and 1860 cm™. For complex 3i four absorp-
tion maxima are observed, likely due to the presence of
different conformers as discussed above (compare Support-
ing Information section 9, Figure S19). In contrast, complex
3j, for which only the staggered syn- and anti-conformer in
close energy (0.09 kcal/mol) were computed to be stable,
only exhibits three CO bands. Ionization of complexes 3 by
ESI took place under cleavage of the bromido ligand and
the resulting positive fragment was detected by HRMS.

Catalytic Hydrogenation of Esters

Having a small library of synthesized bis(NHC) Mn'
complexes 3 in hand, we tested them for ester hydrogenation
using methyl benzoate Sa and decyl decanoate Sv as model
substrates for aromatic and aliphatic esters, respectively
(Scheme 2). In these experiments, 1 mol% of KHBEt; was
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added to activate the precatalysts. To differentiate the
performance from most previously known manganese-based
hydrogenation catalysts, we applied low metal loading
(0.5 mol%) at comparably low temperatures of 60-80 C for
both benchmark reactions.

For the hydrogenation of methyl benzoate Sa, complexes
3g and 3h with a 4,5-dimethyl-imidazol backbone (R*=Me)
showed the best activity with almost full conversion and
yield. In comparison to 3g, the activity decreased for
complex 3a with a less electron-donating imidazole back-
bone (R*=H) and almost no conversion was observed for
complex 3f with the benzimidazole backbone. For the wing
tip substituent R!, also increasing catalytic activity with
increasing electron-donation of the substituent in the order
of Ph<Me<Bn<iPr (3d<3a<3e<3b) is observed.
Ethylene-bridged complexes 3i and 3j showed worse
catalytic activity than their methylene bridged congeners 3a
and 3g, which we assign to changes in the complex geometry
rather than the electronic properties of the present bis-
(NHC) ligands.

In contrast, the hydrogenation of decyl decanoate Sv
using ethylene-bridged complexes 3i and 3j proceeded
better than with methylene-bridged analogues leading to
high conversions and yields of the desired product. Regard-
ing wing tip substituent R, the same trend as for methyl
benzoate has been observed and catalytic activity enhanced
with increasing electron donation of the substituent (3d <
3a<3e<3b). Dimethylation of the ligand backbone had
almost no effect on the catalytic performance leading to
similar results for complexes 3a and 3g as well as 3b and
3h, respectively. In case of complex 3f bearing a benzimida-
zole backbone, no hydrogenation was observed. Overall, the
best results were obtained with complex 3g for the hydro-
genation of methyl benzoate Sa and with complex 3i for the
hydrogenation of decyl decanoate Sv.

Generally, the catalytic activity of complexes 3 correlates
with the electron donator strength of the corresponding
bis(NHC) ligand, which interestingly is in agreement with
observations using palladium complexes.?”!

In general, molecularly defined ester hydrogenation
catalysts require the addition of significant amounts of
strong basic reagents, e.g. 2-75 mol% of KOmBu.F! Hence,
the influence of the used additive and additive loading was
explored in more detail. Also, other crucial parameters such
as reaction temperature, catalyst loading, and hydrogen
pressure were investigated, too (Table 1). While applying
only 1mol% of KHBEt; as additive led to almost full
conversion of 5a and high yield of 6a (entry 1), KOrBu,
KHMDS and KH at the same additive loading showed
significantly lower conversions and yields (entries 2, 4 and
5). At an increased additive loading of 20 mol% of KOBu,
92 % conversion of Sa but a yield of only 74 % of 6a were
obtained. In this case, a white precipitate was obtained
which was identified as benzoic acid after acidic workup (see
SI, section 6). This observed side reaction might explain the
need of higher additive loadings to reach full conversion as
well as the difference between conversion and yield.
Furthermore, the influence of the cation was investigated by
using NaHBEt; and LiHBEt; as additives (entries 8 and 9).
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Scheme 2. Catalytic performance of bis(NHC) Mn' complexes 3 for the hydrogenation of esters. a) Lewis structures of bis(NHC) Mn' complexes 3.
Catalyst comparison for the hydrogenation of b) methyl benzoate 5a and c) decyl decanoate 5v. Values represent the average of two experiments.
Error bars represent the standard deviation. Reaction conditions: T mmol methyl benzoate 5a or decyl decanoate 5v, 5 ymol 3 (0.5 mol%),

10 pmol KHBEt; (1.0 mol%), 4.0 ml THF, 50 bar H,, 80 C (methyl benzoate 5a) or 60 C (decyl decanoate 5v), 16 h. Conversion of methyl
benzoate 5a or decyl decanoate 5v and yield of benzyl 6a alcohol or 1-decanol 6v were determined by GC using hexadecane as internal standard.
The differences of conversion and yield in the case of methyl benzoate 5a are mainly due to the formation of benzyl benzoate via

transesterification.

In comparison to KHBE; only a slight decrease in perform-
ance was observed with NaHBEt; whereas LiHBEt; gave
much lower conversion and yield. As control experiments
the reaction was performed without any additive (entry 10)
as well as without manganese complex 3g (entry11)
showing only very small reactivity. Lowering of the reaction
temperature (entry 12) or catalyst loading (entry 13) led to a
decreased catalytic performance. Applying 30 bar of hydro-
gen pressure only slightly decreased conversion and yield
(entry 14).

To investigate the scope of the reaction various aromatic
and aliphatic esters were exposed to our hydrogenation
conditions applying complex 3g (for aromatic esters) or 3i
(for aliphatic esters) as (pre)catalyst (Scheme 3). Methyl
benzoate 5a and benzyl benzoate Sb are readily converted
to their corresponding alcohols with very good yields.
Sterically more hindered isopropyl benzoate Sc gave the
desired product, too, albeit slightly higher temperature and

Angew. Chem. Int. Ed. 2023, 62, €202307987 (4 of 11)

catalyst loading are required, while fert-butyl benzoate Sd
showed low conversion under these conditions. Phenyl
benzoate Se provided moderate yields of phenol and the
formed benzyl alcohol underwent full transesterification to
form benzyl benzoate. In this case, we assign the lower
conversion to the high acidity of phenol and the formation
of phenoxide complexes. In contrast, electron-rich aromatic
esters (5f, 5g, 51, and 5p) are smoothly converted to their
corresponding alcohols. Remarkably, tertiary (51) and even
primary amines (5p) are tolerated by this hydrogenation
procedure. Notably, alcohols formed from esters with
electron-withdrawing groups can inhibit the active catalyst
species by the formation of the corresponding alkoxide
complexes in a similar manner to phenol mentioned above.
Nevertheless, esters Sh, 5i, 5j, Sk, 5n and So provided the
desired alcohols at somewhat higher temperature and/or
higher catalyst loading. Interestingly, halogenated esters
displayed varying activity. While methyl p-chlorobenzoate

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 1: Screening of reaction conditions for the Mn-catalyzed hydrogenation of methyl benzoate 5a.%

o] 3g (0.5 mol%)
o~ additive
H, (50 bar)

THF,80°C, 16 h

~
©ﬁ0H , Ho

5a 6a 7a

# additive Add. load. Conv. 5a” Yield 6a® Yield 8al”

{mol %] 2 % %)
1 KHBEt; 10 96(2) 94(2) 2(1)
2 KOtBu 1.0 2 2 0
3 KOtBu 20.0 92 749 3
4 KHMDS 1.0 2 2 0
5 KH 1.0 15 5 8
6 KHBEt; 0.5 70 70 1
7 KHBEt,; 2.0 90 88 4
8 NaHBEt; 1.0 91 84 4
9 LiHBEt; 1.0 49 31 16
10 none - 0 0 0
n KHBEL,"® 1.0 6 0 0
12 KHBEt;" 1.0 53 49 4
13 KHBEL,# 0.6 52 50 3
14 KHBEt" 1.0 92 91 3

[a] General reaction conditions: 1 mmol methyl benzoate 5a, 5 umol 3g (0.5 mol%), 4.0 mLTHF, 50 bar H,, 80 C, 16 h. [b] Conversion of methyl
benzoate 5a and yield of benzyl alcohol 6a and benzyl benzoate 8a were determined by GC analysis using hexadecane as internal standard. [c]
Average of two experiments given. Values in parentheses represent the standard deviation. [d] Formation of potassium benzoate observed. No
tert-butyl benzoate detected via GC analysis. [e] Without complex 3 g. [f] Reaction performed at 60 C. [g] 3 pmol 3g (0.3 mol%) used. [h] Reaction

performed with 30 bar H,.

5j and methyl p-bromobenzoate Sk are readily hydro-
genated at 100 C applying 1mol% of 3g and 2mol%
KHBE?,, surprisingly, the fluorinated congener Sh showed
no conversion under these conditions. Yet, a fluoro sub-
stituent in meta-position (5i) is tolerated much better, giving
the corresponding alcohol in 56% and with increased
catalyst loading even in 83 % isolated yield. Presumably, the
fluorinated position is susceptible to nucleophilic aromatic
substitution with KHBEt; or a manganese hydrido complex,
which is facilitated by the conjugated ester group. Increasing
the loading of KHBE, to 10 mol% leads to full conversion
for methyl p-fluorobenzoate as well as an isolated yield of
78 % of the alcohol. An iodo substituent (5n) resulted in
lower activity than chloro and bromo substituents, never-
theless, its alcohol was isolated in 78 % yield after applying
2mol% of 3g. Furthermore, hydrogenation of the naphthyl
ester 5q gave the corresponding alcohol in good yield.
Although lactones and diesters are challenging substrates
due to potential side reactions like oligomerization, the
corresponding diols from five-membered lactone Sr and
diester 5s were isolated in good to very good yields.
Interestingly, in case of quinoline-derived ester Sv reduction
of either the ester function or the quinoline ring occurred to
a similar extent. Here, 37 % of the corresponding alcohol
and 20 % of 1,2,3,4-tetrahydroquinoline-6-carboxylate were
isolated. As an example, for heterocyclic esters, the hydro-
genation of the niacin-derived ester Sw proceeded easily
and the desired alcohol was isolated in good yield. Similarly,
tertiary and secondary amines in the pharmaceutical sub-
strates, trimebutine 5t and tetracaine Su, were well tolerated
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by our hydrogenation procedure and the corresponding
alcohols were isolated in good to very good yield.

Next, we tested the hydrogenation of various aliphatic
esters applying (pre)catalyst 3i. Esters containing different
aliphatic chains (5x, 5y, and 5z) were smoothly hydro-
genated already at low temperatures (60 or 80 C) and low
catalyst loadings (0.5 or 1.0 mol%). Sterically more demand-
ing esters containing branched alkyl chains or substituents in
closer proximity to the ester group (Saa, Sab and Sac) gave
slightly lower yields. Steric hindrance appears to be more
problematic in R' than in R? since cyclohexyl acetate Sad
was easily hydrogenated whereas methyl cyclohexanecar-
boxylate Sae provided only moderate yield of cyclohexylme-
thanol. Lactones with larger ring size could be smoothly
hydrogenated, e.g. the 16-membered lactone Saf was
converted to the corresponding diol. Interestingly, this
catalyst system showed some activity for the hydrogenation
of non-activated olefins, which has yet only rarely been
observed for homogeneous Mn complexes.'? For example,
the internal C=C double bond in Sag was partially hydro-
genated and next to the ester function in compound Sai also
the terminal alkene moiety was hydrogenated and unde-
cane-1-ol was isolated in 63 % yield. For the sterically more
hindered C=C double bond in citronellyl acetate San, no
hydrogenation occurred at the standard conditions and
citronellol was isolated in excellent yield. Esters Saj and Sak
containing a hydroxy or a bromide functional group were
reduced to their corresponding alcohols with good yields.
Furthermore, the natural terpenes menthyl acetate Sal and
bornyl acetate Sam yielded (+)-menthol and (—)-borneol in
76 % and 94 % yield, respectively.
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Scheme 3. Mn-catalyzed hydrogenation of various aromatic and aliphatic esters 5 to their corresponding alcohols 6 and 7. Values below the Lewis
structures of esters 5 represent the isolated yields of the corresponding alcohols 6 (red) and/or 7 (orange). Standard conditions: 1 mmol of ester

5, 0.5 mol% 3g, 1 mol% KHBEL, 50 bar H,, 4 mLTHF, 80 C, 16 h. [a] 100

C, 1 mol% 3g, 2 mol% KHBEt;; [b] 100 C, 1 mol% 3g, 10 mol%

KHBEt;; [c] 80 C, 2 mol% 3 g, 4 mol% KHBEL;; [d] 100 C, 2 mol% 3 g, 4 mol% KHBEty; [e] 60 C, 0.5 mol% 3i, 1 mol% KHBEL;; [f] 80 C, 1 mol%
3i, 2 mol% KHBEt; [g] 100 C, 1 mol% 3i, 2 mol% KHBEt;; [h] 100 C, 2 mol% 31i, 4 mol% KHBEL;; [i] Yield determined by GC analysis using
hexadecane as internal standard; [j] 22% benzyl benzoate observed by GC analysis. Formed benzyl alcohol undergoes transesterification with

phenyl benzoate and liberates phenol, so only 22% of ester are converted;

[k] 20% methyl 1,2,3,4-tetrahydroquinoline-6-carboxylate isolated; [I]

13 % cyclohexylmethanol, 5% cyclohex-2-enylmethanol, 3% cyclohex-1-enylmethanol and 5% methyl cyclohexanecarboxylate observed by GC
analysis; [m] The isolated material was an inseparable mixture of regioisomers and diastereomers with an overall (2): (E) ratio of 55:45 according

to GC analysis; [n] 1-undecanol was isolated.

Since we observed the reduction of other moieties like
alkenes (Sae or 5ag) and N-heteroarenes (5r) next to ester
groups, we were curious about the applicability of our
catalytic protocol to other substrate classes. Therefore, we
investigated the hydrogenation of ketones 8, nitriles 10, N-
heteroarenes 12 and alkenes 14 (Scheme 4). Aromatic and
aliphatic ketones are readily converted to the corresponding
alcohols (8a, 8b, 8¢ and 8d). For the steroid dehydroepian-
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drosterone 8¢ a 60:40 mixture of diastereomers was
obtained. Interestingly, at temperatures below 60 C only
low activity is observed, which we assign to the energy
required for catalyst activation. In case of isophorone 8e,
partial hydrogenation of the conjugated C=C double bond
takes place. Moreover, aromatic nitriles with electron-
donating groups and aliphatic nitriles (10a—e) are hydro-
genated at 120 C using 2 mol% of 3g as (pre)catalysts and
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Scheme 4. Mn-catalyzed hydrogenation of ketones 8, nitriles 10, N-heteroarenes 12 and alkenes 14 to alcohols 9, amines 11, tetrahydro-N-
heteroarenes 13 and alkanes 15, respectively. Values below the Lewis structures represent isolated yields. [a] Standard conditions: 1 mmol of

ketone 8, 1 mol% 3 g, 2 mol% KHBEL;, 50 bar H,, 4 mLTHF, 80 C, 16 h; [b]

Standard conditions: 0.5 mmol of nitrile 10, 2 mol% 3 g, 4 mol%

KHBEt;, 50 bar H,, 2 mLTHF, 120 C, 24 h. Corresponding amines were isolated as the hydrochloride salts; [c] Standard conditions: 0.5 mmol of N-
heteroarene 12, 2 mol% 3 g, 4 mol% KHBEt;, 50 bar H,, 2 mLTHF, 120 C, 24 h; [d] Standard conditions: T mmol of alkene 14, 0.5 mol% 3 g,

1 mol% KHBEt;, 50 bar H,, 4 mLTHF, 80 C, 16 h; [e] 60 C, 0.5 mol% 3g, 1
2 mol% KHBEL;.

were isolated in good to very good yields. Electron-poor
nitriles showed only low conversion under these conditions,
likely due to catalyst inhibition by substrate coordination.
The N-heterocyclic nitrile 10f is readily converted to the
corresponding amine and was isolated in 72 % yield. Addi-
tionally, several N-heteroarenes like quinoline 12a, 1.5-
naphtyridine 12b or quinoxaline 12¢ are hydrogenated by
the presented catalytic system. Moreover, various alkenes
including aromatic (14a, 14b) and aliphatic (14¢, 14d, 14e)
substituents were hydrogenated at 80 C or 100 C applying a
catalyst loading of 1mol%. Functional groups such as
amines (e.g. in quinine 14e¢) and alcohols (e.g. in cinnamyl
alcohol 14b) are readily tolerated by the catalytic procedure.
Interestingly, no reduction of the more substituted C=C
double bond in limonene 14d was observed.

Overall, the presented catalytic systems show high
efficiency and rank among the best known manganese
catalysts for ester hydrogenation.”! In particular, the hydro-
genation of various aliphatic esters at only 60 C and
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mol% KHBE; [f] 1 mol% 3g, 2 mol% KHBE; [g] 100 C, 1 mol% 3g,

0.5mol% catalyst loading is remarkable. The scope is
relatively broad and different classes of substrates including
ketones, nitriles, N-heteroarenes and, most impressively,
alkenes are shown to be hydrogenated efficiently aside from
esters. Functional groups like halides, alcohols and tertiary,
secondary, and even primary amines are tolerated. How-
ever, the high activity as well as the ability to hydrogenate
different functional groups results in diminished selectivity
in certain cases (substrates 5v, 5ag, Sah, 5ai or 8e). Further
limitations of the catalytic system remain heteroaromatic
substrates, which are only partially tolerated, as well as
lactones with a small ring size.

Mechanistic Investigations
Since the presented catalytic systems represent the first

examples of bis(NHC)-based manganese complex catalyzed
hydrogenation of carboxylic acid esters, a deeper under-
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standing of the mechanism is important. As a starting point
of our mechanistic investigations, hydrido complex 4a was
prepared in almost quantitative yield by the reaction of
bromido complex 3a with one equivalent of KHBEt; at
room temperature over 24 h (Scheme5). The 'H NMR
spectrum of 4a shows a hydride resonance at —6.79 in THF-
dg. The carbonyl vibrations observed by IR spectroscopy are
shifted to lower wave numbers (1962, 1866, 1823 cm™ for
4a;) in comparison to the corresponding bromido complex
(1998, 1917, 1879 cm™ for 3a). This observation agrees with
the higher electron donation of the hydrido ligand compared
to the bromido ligand. Similar shifts between 3a and 4a
have been found by DFT calculations (SI, section 9.1). As in
case of structure 3a, structure 4a also exhibits a syn- and
anti-conformer, and the former is more stable by 3.84 kcal/
mol and should be the major conformer (99.8 %).
Interestingly, hydrido complex 4a without additive
present does not show any catalytic activity in the hydro-
genation of methyl benzoate (Table 2, entry 2), but in the
presence of complex 4a and KHBE; (entry 3) hydrogena-
tion of methyl benzoate takes place. Obviously, KHBEL; is
not only responsible for formation of hydrido complex 4a,
but also necessary for the catalytic activity. Therefore, we
assume that BEt; liberated during hydrido complex forma-
tion plays a crucial role in the catalytic system. A control
experiment applying 4a and BEt; (entry 4) confirmed this
assumption. Also, other borane-based additives have been
tested with 4a and comparable activity was found for 9-

LS

KN/\N%
JioBrs JIH
N N
/N—kM,")— | KHBEI; (1,05 eq) /N—kM,")— | +KBr
oc” : “co THF, 1t, 24 h i>co  *BEG
co co
3a 4a

Scheme 5. Synthesis of bis(NHC) manganese hydrido complex 4a from
bromido complex 3a with KHBEt,.

Table 2: Control experiments and mechanistic investigations.”
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borabicyclo(3.3.1)nonane (9-BBN) (see Supporting Informa-
tion section 11.3 for details). In contrast, the combination of
bromido complex 3a and BEt; does not catalyze the model
reaction (entry5). Furthermore, the presence of strongly
coordinating, monodentate ligands such as CO or PMe;
results in a complete shutdown of the reaction (entries 6 and
7).

Moreover, the reaction of 4a, BEt; and methyl benzoate
(in a 1:1:2 ratio) was investigated by NMR spectroscopy
(see Supporting Information for details), but no trans-
formation was observed after heating the sample at 80 C for
16 h without H,. However, if the mixture was heated in an
autoclave to 80 C under 50 bar of H, pressure for 3 h, a
clear, light-yellow solution with a blue precipitate was
obtained. NMR spectroscopic analysis of the solution
confirms quantitative conversion of methyl benzoate to
benzyl alcohol and methanol. In addition, the presence of
hydrido complex 4a and another, unidentified manganese
complex as well as decomposition of BEt; to unidentified
products is observed (SI section 11). IR analysis of the blue
reaction residue shows two absorption bands in the carbonyl
area at 1854 and 1781 cm™', respectively, indicative for an
electron-rich manganese species containing only two CO
ligands (SI section 11.2). The reaction residue was also
tested for catalytic activity in the presence and absence of
KHBEYL;, but no reaction was observed (SI, section 11.2.2).
Therefore, we conclude that the species is not involved in
the catalytic cycle.

To gain further insight into the mechanism of the
hydrogenation of methyl benzoate (5a), we performed DFT
calculations (see Supporting Information for details). Under
the H, rich conditions, we started our computations by
substituting one equatorial CO ligand in 4a by a molecular
hydrogen (4a-H,). However, many attempts to get such a
complex via an energetic favourable way failed, either via
direct CO dissociation (38.50 kcal/mol) nor OrBu mediated
H, hydrogenolysis (30.96 kcal/mol) as well as BEt; mediated
exchange and CO insertion forming propionaldehyde

o [Mn] (0.5 mol%)
o~ additive OH , HO™
Hj (50 bar)
5a THF, 80 °C, 16 h 6a 7a

# [Mn] additive additive load. Conv. 52" Yield 62

[mol %] [%] [%]
1 3a KHBEL, 10 75(2)9 69(0)
2 4a - - 2(0) 1M
3 4a KHBEt; 05 73 64
4 4a BEL, 10 61(1)d 59(1)
5 3a BEt, 1.0 0 0
69 3a KHBEt, 1.0 0 0
74 3g KHBEt, 1.0 0 0

[a] Reaction conditions: 1 mmol methyl benzoate 5a, 5 pmol [Mn] (0.5 mol%), 4.0 ml THF, 50 bar H,, 80 C, 16 h. [b] Conversion of methyl
benzoate 5a and yield of benzyl alcohol 6a were determined by GC using hexadecane as internal standard. [c] Average of two experiments given.
Values in parentheses represent the standard deviation. [d] The autoclave was charged with 10 bar of CO and 50 bar of H,. [e] Reaction was

performed in the presence of 5 mol% PMe,.
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(29.06 kcal/mol). Therefore, from a computational as well as
an experimental perspective, it is unclear how exactly a CO
ligand is lost.

Starting from 4a-H, and Sa based on the inner-sphere
mechanisms, we found a two-step pathway (Scheme 6). The
first step is the Mn—H transfer to the coordinated methyl
benzoate via transition state I followed by the formation of
a more stable bidentate complex of the formed methoxy-
(phenyl)methanolate via the C—H and C—OMe exchange (II
to II). The second step is the hydrogenolysis of the
methoxy(phenyl)methanolate IV via transition state V to
methoxy(phenyl)methanol VI as the first intermediate,
which is the rate determining step with an apparent Gibbs
free energy barrier of 20.24 kcal/mol. Due to the face-
coordination of 5a, we computed the (R)- and (S)-config-
urations and found that the formation of (S)-methoxy-
(phenyl)methanol has a lower Gibbs free energy barrier
than (R)-methoxy(phenyl)methanol (20.10 vs. 25.12 kcal/
mol). Methoxy(phenyl)methanol (VI) can decompose to
benzaldehyde (VII) and methanol (7a). In a similar way, we
also computed the hydrogenation of benzaldehyde (VII)
following the inner-sphere mechanism. Starting from the
complex of benzaldehyde (VIII), it is not possible to locate

Research Articles
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the corresponding Mn—H transfer transition state and all
attempts resulted in the formation of the C-H agostic
interacted intermediate IX, which undergoes further isomer-
isation to intermediate X. Hydrogenolysis via transition
state XII results in benzyl alcohol (6a). As expected, a much
lower apparent Gibbs free energy barrier (6.88 kcal/mol, SI)
for the hydrogenolysis step (XII) of alkoxide XI has been
found.

Based on the control experiments, spectroscopic inves-
tigations and DFT calculations, we propose the following
mechanism: Initially, one CO ligand is cleaved from hydrido
complex 4a to create a vacant coordination site, which is
supported by 1) strongly coordinating, monodentate ligands
(including strongly coordinating substrates) inhibiting the
hydrogenation and 2) the observation of only two CO
stretches in the reaction residue. We speculate, that the CO
cleavage might be facilitated by BEt;, which was shown to
form a catalytically active species with hydrido complex 4a.
However, the detailed role of KHBEt;/BEt; for the catalytic
system is not clear and requires further investigation.
Subsequently, substrate coordination to the Mn center
occurs, followed by an inner-sphere hydride transfer to the
substrate and liberation of the product by hydrogenolysis.

D
oc” : >0
co
| AG=17.99
vi \

—‘ * Me

@ M0
M"—i\H oc” \o>;®
N n_ " H
SR (S c0 %
X Ml co \(S) Il AG = 12,55
AG=-178 oc” i @\I
H
co v /
Xil -
AG =20.10
AG =6.88 Mg
; / \ « @
Mn_ MR YH
oc” co ®\ OC/éo\o ®
. x“ﬁ § ":VITH H, W AG=323
AG = -4. n
Mr-H 0oC” £ >0 o (e
H, 0C” 2 H co (36/
; @
AG =-0.39 AG=2024
oH . o
<Me .Me
@J\O H ' HO
Vi i 7a

Scheme 6. Mechanistic proposal for the Mn-catalyzed hydrogenation of methyl benzoate. Gibbs free energies (MO6L-SCRF) are given in keal mol™

and referred to 4a-H,.
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Conclusion

In summary, we present a novel catalytic system for the
efficient hydrogenation of carboxylic acid esters based on
Mn' complexes bearing simple phosphine-free, non-bifunc-
tional bis(NHC) ligands. An improved synthetic access to
these bis(NHC) Mn' complexes 3 utilizing bis(NHC)-borane
adducts has been developed. Complexes 3 have successfully
been applied as (pre)catalyst with KHBEt; as cocatalyst in
the hydrogenation of various aromatic and aliphatic esters at
low temperatures and low catalyst loadings. The general
applicability was further demonstrated by the hydrogenation
of other substrate classes such as ketones, nitriles, N-
heteroarenes and alkenes. Control experiments reveal the
essential role of BEt; as cocatalyst and indicate an inner-
sphere mechanism. This mechanistic proposal is further
supported by DFT calculations. Overall, we present rare
examples of Mn-based hydrogenation catalysts containing
simple phosphine-free, non-bifunctional ligands. We believe
that the use of simpler ligand frameworks is a great
improvement in the field of homogeneous Mn catalysis.
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ABSTRACT: Low-valent molybdenum PNP pincer complexes
were studied as catalysts for the semihydrogenation of alkynes. For
that purpose, tBu-substituted PNP complexes PNP®*Mo(CO),
(6a) and PNP™'Mo(CO); (6¢) and the NNP complex
NNPPMo(CO),(PPh,) ((rac)-7) were synthesized and charac-
terized. By utilizing the cyclohexyl-substituted complex PNP“’Mo-
(CO),(CH;CN) (5a), several diphenylacetylene derivatives are
transformed to the corresponding (Z)-alkenes with good to very
good diastereoselectivities (up to 91:9). Mechanistic experiments
indicate an outer-sphere mechanism including metal—ligand

cooperativity.

H INTRODUCTION

The conversion of alkynes to alkenes plays an important role in
the bulk and fine chemical industry as well as in basic chemical
research."” Although numerous methods for the synthesis of
alkenes have been developed in the past, the catalytic
semihydrogenation of alkynes with dihydrogen is arguably
one of the most efficient and atom economic approaches in
this respect. However, it continues to be challenging due to the
required control of stereo- ((Z)/(E)-isomers) and chemo-
selectivity (alkynes vs alkenes).

Typically, in this transformation heterogeneous systems
based on noble metals, in particular Pd,*>* are utilized such as
the well-known Lindlar’s catalyst (Pb-poisoned Pd/CaCO;).”
With growing importance of sustainability and resource
scarcity, over the past decade many efforts were made to
develop catalysts derived from more available and cheaper
non- noble metals, especially from the first-row transition
metals.® More specifically, both heterogeneous and homoge-
neous systems based on Cr,/ Fe, ' Mn,''3 Co,'*71¢
Ni,'”*? and Cu® have been studied for this transformatlon

For homogeneous, non-noble metal systems, the first report
dates back to 1989, when Bianchini and co-workers discovered
that iron(II) complex I with a tetradentate phosphine ligand is
capable of selectively hydrogenating terminal alkynes to the
corresponding alkenes (Figure 1).°” In 2013, the group of
Milstein described acridine-based PNP iron(Il) pincer
complex II with an amidoborane coligand for the (E)-selective
semihydrogenation of alkynes.'” Initially, in this process the
(Z)-alkene is formed which is rapidly isomerized to its
(E)-isomer. Later, Fout and co-workers reported cobalt(I)
dihydrogen complex III bearing a CCC pincer ligand with two
NHC moieties for the (E)-selective semihydrogenation of a
broad scope of alkynes.'* As in the case of iron complex II, the

© 2022 The Authors. Published by
American Chemical Society
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Figure 1. Selected examples of homogeneous, non-noble metal
(pre)catalysts for the semihydrogenation of alkynes.

(Z)-alkene is formed first and then isomerized. Cationic PNP
iron(II) complex IV published by the group of Kirchner
efficiently hydrogenates internal alkynes to (Z)-alkenes under
mild conditions.'' Recently, our group published the first
homogeneous manganese complex for the semihydrogenation
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of alkynes.'> Here, PNP manganese(I) complex V reduces
diphenylacetylene derivates under mild conditions with
excellent (Z)-selectivity. Mechanistic investigations revealed
that hydrogenation proceeds via an outer-sphere mechanism
utilizing the amino moiety in the ligand backbone for metal—
ligand cooperativity”' as it is often observed for these systems.
No isomerization of the formed alkene takes place under the
chosen conditions. Shortly after, Rueping and co-workers
reported a similar cationic PNS manganese(I) complex VL'
This air-stable complex hydrogenates a variety of alkynes to the
(Z)-alkenes under mild conditions.

Besides first-row transition metals, molybdenum also
represents an attractive substitute for noble metals due to its
low costs and toxicity.22 Indeed, heterogeneous molybdenum
catalysts are widely used for hydrogenation reactions™ and
homogeneous molybdenum complexes were studied for
hydrogenations, particularly of N, and CO,**™*' However,
reports on catalytic hydrogenations with molybdenum
complexes remain scarce in comparison to first-row transition
metals.**”

Our group has recently developed a series of structurally
related low-valent molybdenum complexes as catalysts for the
hydrogenation of ketones,® alkenes,®® formamides,*® and
nitriles.*' Based on this work, we became interested to explore
their potential as catalysts for the semihydrogenation of

alkynes.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Mo Complexes.
Initially, a series of low-valent molybdenum complexes have
been prepared starting from Mo(CH;CN),(CO),(PPhs), (1)
and the corresponding PNP ligands (Scheme 1, Figure 2)

Scheme 1. General Synthesis of Low-Valent PNP
Molybdenum Complexes Used in This Work

low steric demand R,P
= SN
R=Et Ph RoP;, ‘ N-yy
THF Php” | o
co
NCCH,
HyCCN... | wpPh, _ PNPR fac
PhsP” | ~~CO
“ THF (L) H §x
or ~
1 DCM (X) Nr‘}PRZ
L .
Fa
. RoP ‘ CO
R=iPr, C 2
1Pr, Cy co
high steric demand
mer
L =NCCHy
X=Cl

according to previous protocols.””~*! Sterically low demanding
substituents (Ph, Et) on the phosphines of the pincer ligand
lead to complexes with a facial coordination mode of the PNP
ligand. In these complexes a PPh; ligand remains besides the
two strongly bound CO ligands on the Mo atom.

Increased steric demand on the phosphines (iPr, Cy) causes
a meridional arrangement of the PNP ligand, leading to the
formation of more classical pincer complexes. Due to the
structure of 1, in which the weak-field CH,CN ligands are
located trans to the strong-field CO ligands, a meridional
coordination of the PNP ligand inevitably results in the
preservation of one CH;CN ligand in the complex sphere. If

PR, WY GP(iPr)z
(Nw ‘ wCO NT‘T\\PRQ N7, ‘ o]
~ < ~ ~
Rp” | TPPhy Ryp” | co e | co
co co co
—Et 941 —Pry= - 4339 4c %
R=Et 2 R =iPr; Y = NCCHj; 4a
R=Ph; 34 R=Cy:Y=NCCHz 5a*  pNpCYIIo(CO),
R =tBu; Y = none; 6a
5c
R=/Pr;Y =Cl; 4b *
B
R=Cy; Y =Cl,5b % PNPEAIO(CO)s
R =1tBu; Y =Cl; 6b 6c

Figure 2. Series of molybdenum complexes tested in this work as
catalysts for the semihydrogenation of alkynes.

the synthesis of these complexes is performed in DCM as a
solvent, chlorinated molybdenum(I) complexes are obtained,
in which the neutral CH,CN ligand is replaced by a formally
anionic Cl ligand.***" The facially coordinated Ph-substituted
complex 3 is more stable to chlorination and therefore can be
prepared in DCM at room temperature. However, refluxing in
DCM yields a heptacoordinated Mo(II) complex bearing two
Cl ligands.*" The reaction of the PNP* ligand and 1 in DCM
leads to product mixtures even at —20 °C.*'

The new complex 6a was prepared according to Scheme 2.
In contrast to the known iPr- and Cy-substituted congeners,

Scheme 2. Synthesis of tBu-Substituted PNP Molybdenum
Complexes 6a, 6b, and 6¢

H Cl
\
PNPBU < B ?P((Bu)z +6c
; -—
~, + other
DeM, . 720 (gujp” | CO species
Cco
6b DCM
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B
HiCCNyi. | upph,  PNP® N oPB), |
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co n,2h
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reflux, 19 h co

6c

the conversion is not complete after stirring a solution of 1 and
the PNP™ ligand at room temperature overnight, but
increased temperature and/or longer reaction times were
necessary (e.g,, 40 °C for 24 h). Compound 6a is sparingly
soluble in common solvents (toluene, THF, acetonitrile,
methanol, DMSO), and therefore, no crystals of the complex
nor a meaningful NMR spectrum was obtained. Hence, 6a
could only be analyzed by IR spectroscopy and elemental
analysis. The IR spectrum of 6a features strong CO absorption
bands at similar energies as observed for its iPr- and Cy-
substituted congeners 4a and Sa. However, no CN-stretch of a
potential CH;CN ligand was detected. Elemental analysis of
the obtained material also pointed toward the absence of a
CH;CN ligand. This might be rationalized by the high steric

1798 https://doi.org/10.1021/acs.organomet.1c00709
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demand of the tBu-groups leaving little space in the
coordination sphere.

If compound 1 is reacted with the PNP®" ligand in DCM or
6a is dissolved in this solvent, formation of another complex
was observed by IR spectroscopy, which proofed as a useful
tool due to the strong CO absorption bands that all these
complexes exhibit (see Supporting Information (SI) for
details). However, attempts to isolate this compound in
analytical purity remained unsuccessful. Most likely,
molybdenum(I) complex 6b is formed, as can be concluded
from the observed reactivity of the analogous complexes 4a
and Sa in DCM and the similarity of the IR spectrum of the
formed complex with these of complexes 4b and Sb. In
solution (THF, DCM, DMSO) 6a and 6b slowly form the
tri(carbonyl)complex 6¢ and other unidentified species.

Complex 6¢ could be separately prepared by refluxing
Mo(CO); with a slight excess of PNP™ in toluene for 19 h.
Furthermore, 6¢ is obtained by the exposure of a suspension of
complex 6a in THF to CO gas, visible by a color change from
brown red to yellow in a couple of minutes (see SI for images).
The complex crystallizes as fine yellow needles from DCM/
heptane, which were suitable for single crystal X-ray diffraction
analysis. In the solid state of 6¢ (Figure 3) the PNP ligand

H\ co
N/—/ P(tBu),

e \\CO
co

6c

Figure 3. Molecular structure of 6c in the solid-state. Displacement
ellipsoids set at 30% probability level, carbon-bound hydrogen atoms
and lower occupied atoms of the disordered tBu-group are omitted for
clarity. Selected bond lengths [A] and angles [deg]: Mol-N1
2.3582(14), Mol—P1 2.5182(4), Mo1—C21 1.9963(19), Mo1—-C22
1.9289(18), Mol—C23 2.0042(19), C21-01 1.166(2), C22—02
1.179(2), C23—03 1.161(2), N1-Mol—C21 93.88(7), N1-Mol—
€22 168.91(7), NI=Mo1—C23 11231(6), P1-Mol—P2 154.23(2),
C21-Mol1—C23 153.79(8).

coordinates meridionally to the molybdenum center, forcing
two CO ligands in a trans position. This leaves the complex in
a strongly distorted octahedral geometry with a
C21-Mol1—C23 angle of 153.79(8)°, far from linearity.

The meridional structure of 6¢ contrasts with the solid-state
structure of the iPr-substituted tri(carbonyl)molybdenum
complex 4¢, which was found to have a facial ligand
geometry.”” The NMR spectra of complexes 4c, Sc, and 6¢
show the presence of two different species whose ratio is
solvent dependent.* Likely, in solution an equilibrium exists
between the facial and the meridional complexes.

The resonance of the tBu-groups of 6¢ in the 'H NMR
spectrum shows a complex coupling pattern due to 'H—>'P
coupling. Decoupling of *'P simplifies the resonances to two
singlets in accordance with the Cg symmetry of the complex.

Next to Mo PNP pincer compounds, the coordination of
NNP ligands to molybdenum was studied. Complex (rac)-7
can easily be prepared by stirring 1 with a slight excess of the
NNP ligand in THF at room temperature. In contrast to the
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symmetric PNP pincer complexes, which all feature a mirror
plane, (rac)-7 exhibits helical chirality due to the unsymmetric
NNP ligand. In the solid state, the NNP ligand coordinates
facially to the molybdenum center with the phosphine moiety
being located trans to the one remaining PPh; ligand (Figure
4). The facial structure can be explained by the low steric

/\P(iPr)g

‘ tele]

B
TNISNT | Nco
Phs
(rac)-7

Figure 4. Molecular structure of (rac)-7 in the solid-state.
Displacement ellipsoids set at 30% probability level; carbon-bound
hydrogen atoms omitted for clarity. Selected bond lengths [A] and
angles [deg]: Mo1—-N1 2.2619(15) Mol1—N3 2.3839(14), Mo1—P1
2.4519(5), Mol—P2 2.4347(5), Mol—Cl4 1.9203(18), Mol1—C1§
1.9202(17), C14—-01 1.190(2), C15—02 1.185(2), N1-Mol—N3
72.92(5), P1-Mol1-P2 168.83(2), N1-Mol—C14 176.41(6), N3—
Mol—C15 169.17(6).

demand of the N-methylimidazolyl group (compare Scheme
1). Interestingly, in (rac)-7 the PPh; ligand is located trans to
the phosphine of the NNP ligand, whereas in 2 and 3 it
opposes the amino functionality of the PNP ligand. However,
heating a solution of 3 in toluene-dy to 80 °C leads to a
mixture of complexes as indicated by NMR experiments. One
of the formed complexes likely is a complex (is0)-3 in which
the PPh; ligand is opposing a phosphine of the PNP ligand in
analogy to the solid-state structure of (rac)-7 (see SI for
details). Also, resonances that can be assigned to meridional
complexes were observed, indicating that fac-mer isomerization
takes places at elevated temperatures. Due to the helical
chirality of (rac)-7, protons bound to the same carbon atom in
the methylene and ethylene linker in the ligand backbone as
well as the two iPr-groups are diastereotopic to each other.
Together with the limited solubility of (rac)-7, this leads to a
low intensity of the resonances of these protons in the 'H
NMR spectrum. As expected, the >'P NMR spectrum of
(rac)-7 in CD4CN exhibits two doublets at 67.24 and 55.54
ppm, respectively. Furthermore, some free PPh; is observed
which originates from the complex, since no resonance for free
PPh, is found for a suspension of (rac)-7 in toluene-dg, in
which (rac)-7 itself is insoluble. This implies that PPh, is not
strongly bound in (rac)-7.

The IR spectrum of (rac)-7 exhibits two strong CO
absorption bands at 1778 and 1697 cm™. The very low
energy of the absorptions—being in the area typically observed
for C=0 double bonds—displays the strong z-backbonding
to the CO ligands and the electron richness of the complex.
For comparison, complexes 2 and 3 show CO absorptions at
higher energies (1812, 1730 cm™ and 1827, 1743 cm™,
respectively)’" which illustrates the weaker electron-donating
ability of the phosphines compared with the N-methylimida-

https://doi.org/10.1021/acs.organomet.1c00709
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zolyl group. Liu and co-workers observed similar ligand
properties with analogous manganese complexes.**

Catalytic Hydrogenation of Diphenylacetylene with
Low-Valent Molybdenum Complexes. We started our
catalytic experiments by investigating the different molybde-
num(0) and molybdenum(I) complexes as catalysts for the
hydrogenation of alkynes (Table 1). Diphenylacetylene was

Table 1. Molybdenum-Catalyzed Hydrogenation of
Diphenylacetylene”

(5 mol%)

NaHBEt; (5 mol%) Ph Ph

Ph—=—Ph +
Hy (30 bar) Ph Ph
8a toluene, 80 °C, 2 h 9a 10a

Entry  [Mo]  Conv”  Yield 9a (%) (2)/(E) Yield 10a (%)
1 2 17 15 36:64 2
2 3 54 51 57:43 3
3 4a 68 65 7525 3
4 4b 14 7 7624 7
5 Sa 93 89 85:15 4
6 Sb 7 2 n.d. N
7 6a 1 1 nd. 0
8 6¢ 3 2 n.d. 1
9 (rac)-7 19 15 77:23 4
10 1 21 13 33:67 8
11 none 1 1 n.d. 0

“Reaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEt;
in toluene and 2 mL of toluene were used. bConversion, yield, and
(2)/(E) ratio were determined by GC analysis using hexadecane as
internal standard.

reacted as a model substrate under 30 bar of H, pressure at 80
°C using S mol % catalyst and S mol % NaHBEt; as base, since
NaHBE, has significantly affected catalyst activity in previous
works. > ~*!

The facial complexes 2 and 3 showed mediocre conversions
and diastereoselectivities (Table 1, entries 1—2), whereas the
meridional complexes 4a and Sa performed better especially
regarding the diastereoselectivity (Table 1, entries 3 and S).
Complex Sa gave the best results with nearly full conversion
(93%) and a good diastereoselectivity of 85:15 in favor of the
(2)-diastereomer. In contrast, the chlorinated molybdenum(I)
complexes 4b and Sb only showed low conversions.

Interestingly, the observed difference in catalytic activity
between 4a and Sa was surprisingly large (93% to 68%
conversion). Since the electronic properties of the iPr- and the
Cy-substituents are quite similar, we suggest that the improved
catalytic activity might be caused by the increased steric
demand.

To prove this assumption the tBu-substituted PNP
complexes 6a and 6¢c were tested in the semihydrogenation
of diphenylacetylene. Unfortunately, both complexes, 6a and
6¢, showed nearly no catalytic activity (Table 1, entries 7—8).

For related Mn-complexes, NNP-type ligands showed an
improved catalytic activity in hydrogenation reactions in
comparison to the PNP complexes.“’“ Therefore, the
respective Mo NNP pincer complex (rac)-7 (vide supra) was
tested under our standard conditions. However, complex
(rac)-7 showed moderate conversion and good diastereose-
lectivity (Table 1, entry 9). By applying complex 1, moderate
conversion and diastereoselectivity were obtained (Table 1,
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entry 10), and by just using NaHBEt; without a molybdenum
complex, no conversion of diphenylacetylene was observed
(Table 1, entry 11).

Variation of the Reaction Conditions and Substrate
Scope of the Semihydrogenation. After identifying
complex Sa as the most promising precatalyst, we investigated
the influence of different reaction parameters such as solvents
and bases on the outcome of the reaction (Table 2). Polar

Table 2. Influence of Solvent and Base on the Molybdenum-
Catalyzed Hydrogenation of Diphenylacetylene®

(5 mol%)

NaHBEt; (5 mol%) Ph Ph

Ph—=——~Ph +
H, (30 bar) Ph Ph
8a toluene, 80 °C, 2 h 9a 10a

Entry  Deviation  Conv’ Yield 9a (%) (2)/(E) Yield 10a (%)"
1 - 93 89 85:15 4
2 THF 9 4 68:32 S
3 heptane 46 44 73:27 2
4 acetonitrile 1 1 nd. 0
N DCM 3 1 n.d. 2
6 cyclohexane 92 87 86:14 S
7 NaHMDS 79 75 87:13 4
8 NaHBH; 9 N 58:42 4
9 NaOH 9 N 52:48 4
10 NaOtBu 10 4 45:55 6
11 no base 9 4 43:57 S

“Reaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEt,
in toluene and 2 mL of toluene were used. bConversion, yield, and
(Z)/(E) ratio were determined by GC analysis using hexadecane as
internal standard.

solvents like THF, acetonitrile, or DCM led to poor
conversions (<10%), whereas nonpolar, aprotic solvents like
toluene, cyclohexane, and heptane are suitable for the reaction.
Both toluene and cyclohexane provided high conversions and
yields around 90% (Table 2, entries 1 and 3). In the base
screening, NaHBEt; presented the best results under the tested
conditions (Table 2, entry 1). For NaHMDS a slightly lower
conversion and yield were observed (Table 2, entry 7). The
weaker bases NaHBH;, NaOH, and NaOtBu gave only low
conversions (<10%) (Table 2, entries 8—10), which are
comparable with the results obtained without addition of base
(Table 2, entry 11).

Thus, a strong base seems to be needed to form the active
catalyst species, likely an anionic amido complex which is
generated by the deprotonation of the amine in the ligand
backbone."’ Interestingly, variation of the cation of the additive
has a significant influence on the catalytic performance. While
LiHBEt; showed lower activity (32% conv, 23% yield, 84:16
(2)/(E)) in comparison to NaHBEt;, KHBEt; produced
comparable conversion and yield but lower diastereoselectivity
(84% conv, 79% yield, 73:27 (Z)/(E)). The influence of the
cation is further supported by experiments in the presence of
15-crown-$, which is known to selectively bind potassium ions
(see SI for details). A similar effect was found for the addition
of THF.

Furthermore, catalyst loading, reaction temperature, and the
dihydrogen pressure were investigated (Table 3). Even a slight
decrease of the catalyst loading resulted in a major loss in
conversion and yield (Table 3, entries 2—3). At 60 °C the

https://doi.org/10.1021/acs.organomet.1c00709
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Table 3. Influence of Catalyst Loading, Temperature and Dihydrogen Pressure on the Molybdenum-Catalyzed Hydrogenation

of Diphenylacetylene”
x)
NaHBE; (x)
Ph—=——Ph
Hz (p)
8a toluene, T, t
Entry x [mol %] T [°C] p [bar] t [h]
1 5.0 80 30 2
2 4.0 80 30 2
3 2.5 80 30 2
4 5.0 60 30 2
N 5.0 60 30 6
6 5.0 80 20 2
7 5.0 80 10 2
8¢ 5.0 80 30 2

Ph Ph
— +
Ph Ph

9a 10a
Conv” Yield 9a” (%) (2)/(E) Yield 102" (%)
93 89 85:15 4
64 61 86:14 3
11 7 51:49 4
71 68 85:15 3
98 96 86:14 3
81 79 86:14 2
39 32 84:16 7
98 96 86:14 4

“Reaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEL, in toluene and 2 mL of toluene were used. “Conversion, yield, and (2)/(E)
ratio were determined by GC analysis using hexadecane as internal standard. “1 mL instead of 2 mL of toluene as solvent.

reaction proceeded slower, but by applying longer reaction
times, full conversion could be reached (Table 3, entries 4—5).
Under 20 bar of dihydrogen pressure, a slight decrease in
conversion and yield is obtained, and lowering the pressure to
10 bar results in much lower conversion and yield (Table 3,
entries 6—7). Conversion and yield could be enhanced by
running the reaction at higher concentrations (Table 3, entry
8). During all these variations of parameters, the diaster-
eoselectivity was not influenced.

Next, various substituted diphenylacetylenes were reacted
under the optimized reaction conditions (Scheme 3). While a
methyl substitution in the para- (8b) or meta-position (8c) on
one of the phenyl rings was well tolerated and showed no
significant difference compared to diphenylacetylene 8a,
methylation in the ortho-position (8d) resulted in drastically
lowered conversion but similar diastereoselectivity. Fluorine-
containing substrate 8e was smoothly converted to the
corresponding alkene 9e with good diastereoselectivity,
whereas for the more reactive chloride 8f and bromide 8g,
small amounts of hydrodehalogenation products were
observed. Likely, the catalyst is deactivated by halogenation
in these cases, resulting in lower conversions and yields.

Electron-rich substituted diphenylacetylenes (8h—k) includ-
ing ethers, thioethers, and silanes were readily converted to the
corresponding alkenes (9h—k). Under standard reaction
conditions (80 °C, 2 h) in all cases small amounts (>10%)
of alkane were observed. By applying lower temperatures at an
increased reaction time (60 °C, 16 h), reduction to the alkane
could mostly be suppressed and high yields (91—-86%) as well
as good diastereoselectivities (91:9—79:21) were obtained.

For diphenylacetylenes featuring electron-withdrawing sub-
stituents like nitriles and ketones as well as nitro, ester, or
trifluoromethyl groups, only low conversions (>10%) were
observed (see SI for detailed results). Even when a strongly
electron-donating methoxy group is present, a trifluoromethyl
group on the other phenyl ring, like in substrate 8m, resulted
in a low conversion. A possible explanation might be that the
catalyst is inhibited by the substrates through the formation of
stable alkyne complexes. A similar effect was observed for the
pyridine derivative 8q (see SI). Diyne 8p featuring two directly
connected alkyne functionalities resulted in poor conversion
and yield (see SI), whereas substrate 8n could be easily
converted to the corresponding diene with a selectivity of the
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(Z, Z)-diastereomer 9n to the other diastereomers of 86:14.
Although sulfur-containing compounds often completely block
hydrogenation catalysts, the thiophene-containing substrate 8o
showed moderate conversion.

Besides aryl—aryl alkynes also terminal alkynes, as well as
aryl-alkyl or alkyl—alkyl alkynes, were tested. Unfortunately, all
these substrate classes showed only low conversions under the
applied conditions in the presence of either 4a or Sa as catalyst
(see SI).

Finally, a series of mechanistic control experiments were
performed. To investigate if isomerization of the formed
alkenes takes place during the reaction, (Z)- and (E)-stilbene
were used as starting material, respectively (Scheme 4). When
(E)-stilbene was used, no significant isomerization and only
traces of alkane were observed. In the case of (Z)-stilbene,
formation of 2% of the more stable (E)-isomer and of the
alkane were detected, respectively. This clearly shows that
isomerization reactions are no major pathway under these
conditions. Next, to examine whether metal—ligand coopera-
tivity (MLC) is involved, the free NH-moiety in the ligand
backbone of 4a was blocked by substitution. When the N-
methylated derivative 4a-Me was applied under standard
conditions, no significant hydrogenation occurred indicating an
outer-sphere mechanism including MLC. Also, when Sa was
used with S mol % of PPh; as an additive under standard
conditions (see SI for details), no decrease in catalytic activity
was found, as would be expected for an inner-sphere
mechanism due to the blocking of a vacant coordination site.
This further supports an outer-sphere mechanism for the
described hydrogenation reactions.

H SUMMARY AND CONCLUSIONS

Here, we describe novel homogeneous catalytic hydrogenation
of alkynes using molybdenum complexes. The new tBu
substituted Mo PNP pincer complexes 6a and 6c as well as
the NNP pincer complex (rac)-7 have been prepared and
characterized. These complexes as well as related complexes
were tested as catalysts in the semihydrogenation of
diphenylacetylene. The best performance was obtained in the
presence of the cyclohexyl-substituted complex 5a PNP“’Mo-
(CO),(CH4CN). Utilizing this catalyst, various internal diaryl
alkynes are hydrogenated to the corresponding alkenes with
good to very good chemo- and diastereoselectivity for the (Z)-

https://doi.org/10.1021/acs.organomet.1c00709
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Scheme 3. Molybdenum Catalyzed Semihydrogenation of Scheme 4. Mechanistic Experiments Performed for the
Selected Alkyne Substrates” Molybdenum Catalyzed Semihydrogenation of Alkynes”

(5 mol%)
2 NaHBEts (5 mol%)

Hy
I O . NN
o =\ / H, (30 bar) /7 @ Ph Ph Ph Ph Ph

8 toluene, 80 °C, 2 h 9 98 % >1% >1%
Ha
Ph Ph
- - - O i
Ph Ph Ph Ph Ph
Ph
0O L OO
2% 96 % 2%
M
% % ° 9 Hy
04 (* D 0f (*¢ o Ph Ph
98 % (*96/85 %); 85:15 95 % (*90/62 %); 83:17 >99 % (*95/83 %); 85:15 Ph—=——Ph — . _ .
— Me — — Ph Ph Ph Ph
4a-Me
g do dn w o
F |
9d 9% o © Me  NCMe
\ f‘\ p
9% (*5 %); 85:15 >99 % (*97/88 %); 81:19 67 % (*57 %); 81:19 N7, PGP,
~
. = = | co
co
Q 4a-Me
™S OMe
9g Br 9h 9 “Reaction conditions: 0.5 mmol of diphenylacetylene, (Z)-stilbene or
8% (5 %); 75:25 599 9% (+96/89 %); 919 599 % (*90/84 %); 84:16 (E)-stilbene as starting material, S mol % of molybdenum catalyst, a

0.5 M solution of NaHBEt; in toluene, 30 bar of dihydrogen pressure

— — . and 1 mL of toluene as a solvent were used at 80 °C for 2 h. *Yields
d\ were determined by GC analysis using hexadecane as an internal
Q Q O Q standard.
SMe MeO Et CF, . ] i i -
9j 9k 9l instrument. Chemical shifts (5) are reported in parts per million
(ppm) and are referenced to residual proton solvent signals or carbon

resonances.*>*® Infrared spectra were recorded in the solid state on a
Nicolet iS 5 FT-IR spectrometer equipped with a PIKE Technologies

o - GladiATR ATR. Elemental analyses were carried out in the
Q O Q Q d% Microanalysis Laboratory of the institute on a Leco TruSpec Micro
% CHNS device. GC analyses were carried out on an Agilent 7890A
MeO CF3 —
9m 9n %

998 % (*93/86 %); 87:13 998 % (*97/90 %); 79:21 7% (*6 %); 61:39

chromatograph using an HP-5 column (30 m X 0.25 m X 0.25 m).
Bis[2-(diphenylphosphino)ethyl Jammonium chloride (15-7306), bis-

8% ("5 %), 51:49  ©>99 % (‘0147 % (Z2)); 86:14 927 % (27 %); 55:45 [2-(di-isopropylphosphino)ethylJamine (15-7304), and bis[2-
(dicyclohexylphosphino)ethylJamine (15-7310) were purchased

“Reaction conditions: 0.5 mmol of 8, a 0.5£VI solution of NaHBEt; in from Strem Chemicals and used without further purification. Bis[2-
toluene and 1 mL of toluene were used. "Conversion and (Z)/(E) (di-tert-butylphosphino)ethylJamine (AB393139) was purchased
ratio were determined by GC analysis. ;Yield determined by GC from abcr and used without further purification. Bis[2-(diethyl-
analysis; isolated yield given in brackets. “60 °C, 16 h. “GC yield for phosphino)ethyl] amine*” and 2-(di-isopropylphosphino)-N-((1-
all diastereomers, isolated yield for (Z, Z) diastereomer, diastereo- methyl-1H-imidazol-2-yl)methyl)ethylamine*® were synthesized ac-
meric ratio of (Z, Z) to other diastereomers. cording to literature. NaHBEt; was purchased from Sigma-Aldrich
(227307). Mo(CO)g was purchased from Sigma-Aldrich (577766)

alkene and no significant isomerization taking place. However, with a ‘;‘;‘e"al g“rit?.'l(’f 299'2:%" The complexes 1,77 2," 3, 42,
the tolerance of this catalytic system toward substrates with 4a-Me, ™" 4b,™ 5a," and Sb™" were synthesized according to literature

procedures.

Synthesis of Mo(CH;CN),(CO),(PPh), (1). The procedure was
adapted from literature.”” " In a 500 mL three-necked round-bottom
equipped with a large stirring bar and a reflux condenser, Mo(CO);
(5.07 g, 19.2 mmol, 1.0 equiv) was suspended in 40 mL of acetonitrile

electron-withdrawing substituents is limited, allowing for
further improvement. Mechanistic experiments pointed toward
an outer-sphere mechanism including MLC.

B EXPERIMENTAL SECTION and 40 mL of benzene and heated to reflux (95 °C oil bath
General Information. All manipulations, except when indicated temperature) for 4 h. The reaction mixture was allowed to cool to
otherwise, were carried out under an argon atmosphere with exclusion room temperature, and allylbromide (2.32 g, 19.2 mmol, 1.0 equiv)
of air and moisture using standard Schlenk and glovebox techniques. was added dropwise resulting in a color change from yellow to red.
Solvents were dried over activated alumina columns using a solvent The mixture was heated to reflux for another 19 h, and an orange
purification system (Innovative Technology PS-MD-6) and stored solid precipitated upon cooling to room temperature. The solution
over molecular sieves (4 A) under an argon atmosphere. Deuterated was filtered off at 0 °C, and the residue was suspended in 60 mL of
solvents were purchased from eurisotop, degassed by three successive acetonitrile. Triphenylphosphine (15.11 g, $7.61 mmol, 3.0 equiv)
freeze—pump—thaw cycles, and stored over molecular sieves (4 A) was added in one portion resulting in a color change to red. Upon
under an argon atmosphere. NMR spectra were recorded on a Bruker heating to reflux for 2 h, a yellow solid precipitated. After cooling to
Avance (300 MHz, 400 MHz) or Bruker Fourier (300 MHz) room temperature, the solution was filtered off and the residue was
1802 https://doi.org/10.1021/acs.organomet.1c00709
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thoroughly washed with acetonitrile (3 X 20 mL) and dried in vacuo,
yielding 1 as a light-yellow solid (9.95 g 68%). *P{'H} NMR
(161.99 MHz, DMSO-dg, 295 K): & [ppm] = 54.75 (s), 52.04 (s),
50.29 (s), 36.77 (s) 25.46 (s). Multiple resonances are observed
because of ligand exchange with DMSO. Therefore, a resonance at
—6.9 ppm is observed which is assigned to free PPh;. A clear
assignment of the resonances to the different formed complexes was
not performed. Data are still provided for comparison. IR (ATR): v
[em™'] = 1806 (CO), 1734 (CO).

Synthesis of PNPYMo(CO); (5¢). In a 25 mL Schlenk tube
Mo(CO); (150.0 mg, 568 pmol, 1.0 equiv) and bis[2-(dicyclohexyl-
phosphino)ethylJamine (277.8 mg, $596.6 pmol, 1.05 equiv) were
dissolved in 10 mL of toluene. The reaction mixture was heated to
reflux for 19 h. The orange suspension was allowed to cool to room
temperature. The solvent was filtered off, and the residue was washed
with toluene (2 X 2 mL) and heptane (2 X 2 mL). The light-yellow
solid was dried in vacuo (311.0 mg, 89%). 'H NMR (400.13 MHz,
CD,Cl,, 295 K): § [ppm] = 3.22-3.05 (m, 2H), 2.77-1.10 (m,
49H), 0.84—0.68 (m, 2H). *'P{'"H} NMR (161.99 MHz, CD,Cl,, 295
K): 6 [ppm] = 65.67 (s), 41.43 (s). Elemental Analysis Calcd for
C,,Hy;MoNO,P,: C, 57.67; H, 827; N, 2.17. Found: C, 57.57; H,
8.64; N, 1.99. IR (ATR): v [em™'] = 1897 (CO), 1795 (CO), 1761
(CO).

Synthesis of PNP®Mo(CO), (6a). In a 25 mL Schlenk tube
Mo(CH;CN),(CO),(PPh,), (199.9 mg, 263 umol, 1.0 equiv) was
suspended in S mL of THF, bis[2-(di-tert-butylphosphino)ethyl]-
amine (10 wt % in toluene, 100.0 mg, 277 ymol, 1.05 equiv) was
added, and the reaction mixture was heated at 40 °C for 20 h. The
reaction mixture was allowed to cool to room temperature, the solvent
was filtered off, and the red-brown residue was washed with THF (4
X 2 mL). Drying in vacuo yielded 6a as a red solid (145.1 mg, quant.).
Elemental Analysis Caled for C,,H,;sMoNO,P,: C, 51.46; H, 8.83; N,
2.73. Found: C, 52.48; H, 8.59; N, 1.78. Although these results are
outside the range viewed as establishing analytical purity, they are
provided to illustrate the best values obtained to date. IR (ATR): v
[em™'] = 1769 (CO), 1677 (CO).

Synthesis of PNPrB“MO(CO)j (6¢). From 6a: In a 25 mL Schlenk
tube 6a (110 mg, 214 umol, 1.0 equiv) was suspended in S mL of
THE. CO gas was introduced into the suspension, and a color change
from brown red to yellow was observed within minutes. After 2 h, all
volatiles were removed in vacuo yielding 6c as a yellow solid (116 mg,
quant.). From Mo(CO)g: In a 25 mL Schlenk tube Mo(CO), (148.3
mg, 562 pumol, 1.0 equiv) was dissolved in 10 mL of toluene and
bis[2-(di-tert-butylphosphino)ethylJamine (10 wt % in THF, 213.0
mg, 590 umol, 1.0S equiv) was added. The reaction mixture was
heated to reflux for 19 h. The red-brown suspension was allowed to
cool to room temperature. The solvent was filtered off, and the
residue was washed with toluene (2 X 1 mL). The residue was
dissolved in DCM, and a yellow solid precipitated by adding heptane.
The solvent was filtered off, and the residue was washed with heptane
(2 X 2 mL). Drying in vacuo yielded 6c as a yellow solid (190 mg,
63%). Yellow needles suitable for single-crystal X-ray diffraction were
obtained by slow diffusion of heptane into a solution of 6¢ in DCM at
0 °C. 'H NMR (300.20 MHz, CD,Cl, 295 K): 8 [ppm] = 3.40—3.20
(m, 2H), 2.46-2.19 (m, 3H), 2.18—2.05 (m, 2H), 1.60—1.41 (m,
2H), 1.39—1.30 (m, 36H). 'H{*'P} NMR (400.13 MHz, CD,Cl,, 295
K): 6 [ppm] = 3.34—3.27 (m, 2H), 243221 (m, 3H), 2.15-2.07
(m, 2H), 1.55—1.44 (m, 2H), 1.35 (s, 18H), 1.34 (s, 18H). *'P{'H}
NMR (121.52 MHz, CD,Cl, 295 K): § [ppm] = 101.96 (s).
Elemental Analysis Calcd for C,3H,;sMoNO;P,: C, 51.01; H, 8.38; N,
2.59. Found: C, 51.08; H, 8.45; N, 2.41. IR (ATR): v [em™'] = 1904
(C0O), 1782 (CO), 1761 (CO).

Synthesis of NNP’P’MO{CO)Z(PPhs) ((rac)-7). In a 25 mL Schlenk
tube Mo(CH;CN),(CO),(PPh,), (569.3 mg, 750 umol, 1.0 equiv)
was suspended in 15 mL of THF, 2-(di-isopropylphosphino)-N-((1-
methyl-1H-imidazol-2-yl)methyl)ethylamine (10 wt % in toluene,
210.8 mg, 826 umol, 1.1 equiv) was added, and the reaction mixture
was stirred at room temperature for 22 h. The solvent was filtered off,
and the yellow residue was washed with hexane (§ X § mL). Drying in
vacuo yielded (rac)-7 as a yellow solid (403 mg, 80%). Red crystals
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suitable for single-crystal X-ray diffraction were obtained by slow
diffusion of Et,O into a solution of (rac)-7 in acetonitrile at 0 °C. 'H
NMR (300.20 MHz, CD;CN, 295 K): § [ppm] = 7.61~7.52 (m, 6H),
733-7.21 (m, 9H), 6.62—6.58 (m, 2H), 3.32 (bs, 1H), 323 (5, 3H),
3.17-3.09 (m 1H), 2.86-2.61 (m, 3H), 2.40—2.56 (m, 1H), 1.82—
1.68 (m, 1H), 1.39—1.17 (m, 10H), 1.09-0.99 (m, 4H). 3'P NMR
(121.52 MHz, CD,CN, 295 K): & [ppm] = 67.24 (d, J = 141 Hz),
55.54 (d, J = 141 Hz). IR (ATR): v [cm™'] = 1778 (CO), 1697
(Co).

General Procedure for Hydrogenation Experiments. All
hydrogenation reactions were carried out in a 300 mL autoclave (Parr
Instrument Company). In a glovebox a 4 mL glass vial was charged
with the corresponding molybdenum catalyst and a stirring bar.
Solvent and NaHBEt; (0.5 M in toluene) were subsequently added,
and the reaction mixture was stirred for approximately 10 min. The
corresponding alkyne was added, and the vial was closed with a screw
cap containing a septum. The septum of the vial was punctured with a
needle to allow for the exchange of atmosphere, and the vial was
transferred into an autoclave. The sealed autoclave was purged ten
times with 10 bar of pressure of dihydrogen gas before the desired
pressure was set. The autoclave was heated in a preheated aluminum
block for the desired reaction time. Afterward, the autoclave was
cooled in an ice bath and carefully depressurized. The reaction
mixture was diluted with ethyl acetate, a known amount of
hexadecane was added as an internal standard, and the mixture was
filtered through a pad of Celite.
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ABSTRACT: A series of Mo complexes bearing inexpensive . UANG
bidentate bis(NHC) ligands have been synthesized and charac- Hz .~ \ﬂ(‘\ /‘5'
terized by NMR and IR spectroscopy as well as single crystal XRD j’\ - &y o ,r‘q )“ N
analysis. These complexes proved to be efficient for the catalytic R'” ~0° : L‘Q—J I ®
hydrogenation of aliphatic and aromatic esters (>35 examples) KO'Bu HO" / \
operating at low catalyst loadings (0.5—2 mol %) and temperatures

(80—120 °C). Various functional groups, e.g., C=C double bonds,

— - .

R?

nitriles, alcohols, tertiary amines, halides, and acetals, as well as +/ phosphine-free catalyst 4/ broad scope (> 35 examples)
heteroaromatic substrates, lactones, and diesters, are tolerated by 4/ non-bifunctional ligand 4/ high functional group tolerance
the optimal catalyst system. Based on NMR spectroscopic / low catalyst loading /' mechanistic investigations

investigations, control experiments and DFT computations a
non-bifunctional outer-sphere hydrogenation mechanism is proposed.

KEYWORDS: homogeneous catalysis, molybdenum, N-heterocyclic carbenes, hydrogenation, esters, alcohols

H INTRODUCTION phH co

Catalyti ) [ /| ‘\\\P(‘Pr) AT
atalytic hydrogenation of carbonyl compounds represents an _Mo— o 2 N T 2

atom-efficient and sustainable approach for the synthesis of F(‘)C \ (szz roP”” | ~co G \NO

bulk and fine chemicals.' To date, many efficient homogeneous co No

hydrogenation catalysts based on noble metals,” mainly Ru,® 1 I m

have been developed. Due to their costs and negative Ketones Imines, Alkenes Imines, Nitriles

environmental impacts, many efforts over the past decade Bullock 2004 Berke 2014 Berke 2014

focused on the replacement of these metals by less expensive .

and environmentally more benign non-noble metals.* H Bu/ N

Especially, Mn, Fe, and Co attracted much attention and (N’m PRz | —clor %N‘dipp

significant advances have been made in the development of Rp” | ~co NCCHg; /N/ \ SiMe

hydrogenation catalysts based on these metals.® In comparison, co R="Pr, Cy dipp SiMe, ¢

the group 6 metals Cr, Mo, and W are much less studied with v v

respect to their use in hydrogenation catalysis. Thereby, Ketones, Alkenes, Formamides, Nitriles,

especially, Mo seems to have potential since it plays a vital role Alkynes to Alkenes Arene

in the active centers of various redox-active enzymesG and is Beller (and Junge) 2018 — 2022 Chirik 2018

likewise inexpensive, environmentally benign, and, further-
more, offers a rich coordination chemistry.”

Among group 6 metals, Mo has been the most explored
(Figure 1). In the 1980s, the groups of Darensbourg,’ Marko,”
and Fuchikami'® investigated the reactivity of anionic metal
carbonyl hydrides [HM(CO)s]™ or binuclear complexes [(u-
H)M,(CO),0)]- (M = Cr, Mo, W) and their use as
hydrogenation catalysts. In the early 2000s, Bullock and
Voges studied different Mo and W half sandwich complexes Received:  January 2, 2024
regarding their activity in catalytic ionic hydrogenations (e.g, Revised:  February 19, 2024
Figure 1, complex I; used with Ph;C*BArF,,” as cocatalyst for Accepted:  February 21, 2024
hydride abstraction).'" Recently, the Berke group synthesized Published: March 1, 2024
Mo nitrosyl complexes featuring sterically demanding
bidentate'” or tridentate phosphine ligands'® (e.g,, complex

Figure 1. Selected examples of Mo-based homogeneous (pre )catalysts
for hydrogenation reactions.

1I), which are catalytically active in the hydrogenation of
imines and olefins after formation of the cationic complexes by
hydride abstraction similar to the complexes of Bullock and

© 2024 The Authors. Published by
Ameericﬂn %ﬁemLilcaFSSCiely https://doi.org/10.1021/acscatal.4c00019

v ACS Publications 4082 ACS Catal. 2024, 14, 4082-4092
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Voges."" Furthermore, the same group developed Mo and W
amido complexes (e.g., complex III) bearing nitrosyl and PNP
pincer ligands.'"* These complexes can activate molecular
hydrogen via metal ligand cooperativity (MLC)**"> and were
successfully applied in the catalytic hydrogenation of imines
and nitriles, although relatively harsh reaction conditions were
required (140 °C, 60 bar of H,, S mol % catalyst loading).

Our group investigated Mo(I) chloride and Mo(0)
acetonitrile PNP pincer complexes IV with a carbonyl instead
of a nitrosyl ligand for the hydrogenation of ketones,'®
alkenes,'® formamides,'” and nitriles,'® as well as the
semihydrogenation of alkynes.'” However, relatively high
catalyst loadings (S mol %) and the need of equimolar
amounts of NaHBEt, for catalyst activation, restricting the
functional group tolerance, limited the practicability of these
systems. Remarkably, Chirik and co-workers developed PDI-
based Mo comzplexes (e.g, complex V) as catalysts for arene
hydrogenation.” In a consecutive work, replacement of one
imino-moiety by a chiral oxazolyl-unit enabled asymmetric
hydrogenation of (hetero)arenes.”’ Moreover, cyclohexadienyl
hydride complexes with related phosphino(imino)pyridine-
and phosphino(oxazoline)pyridine-ligands were isolated and
their role as catalytic intermediates has been investigated.zz
Overall, Mo complexes have been successfully applied as
hydrogenation catalysts, even though in most cases higher
metal loadings and relatively harsh reaction conditions in
comparison to well-established first-row transition metal
catalysts made their utilization less attractive.

Recently, the group of Ke reported hydrogen borrowing
reactions catalyzed by bis(NHC)Mo(CO), complexes 2 and
bis(NHC)Cr(CO), complexes featuring strongly electron-
donating, bidentate bis(NHC) ligands.”>** Given that Mn
complexes bearing these bis(NHC) ligands catalyze the
hydrogenation of esters,”® we conjectured that comparable
Mo complexes could also act as hydrogenation catalysts. In this
respect, it is worth noting that very recently, the first molecular
W-based system for the hydrogenation of esters has been
reported by Topf and co-workers.”® Nevertheless, to the best
of our knowledge, no Mo-based homogeneous catalysts are
known for this transformation. In line with these findings and
based on our previous work, "’ we became interested in the
development of Mo-based catalysts for the reduction of
carboxylic acid esters.

B RESULTS AND DISCUSSION

Precatalyst Synthesis and Characterization. We started
our work with the synthesis of bis(NHC) Mo complexes 2 and
3 by the reaction of Mo(CO)4 or Mo(CO);(CH;CN); with
bis(NHC)-BEt, adducts 1 (Scheme 1), which are obtained
from their corresponding bis(imidazolium) salts.>"2* Using
Mo(CO)g as the Mo precursor allows the isolation of the
expected tetracarbonyl complexes 2 in very good yields as
already reported for ethylene-, propylene-, and xylene-bridged
bis(NHC) ligands.”® These compounds have previously been
synthesized directly from bis(imidazolium) salts, KO'Bu, and
Mo(CO),.>* The reaction of bis(NHC)-BEt;-adducts 1 with
Mo(CH;CN),(CO), yields complexes 3 containing three CO
ligands and one labile CH;CN ligand in addition to the
chelating bis(NHC) ligand. In contrast to complexes 2,
complexes 3 are much less soluble (e.g, THF or CH,CN)
or instable (e.g, DCM) in common organic solvents.
Therefore, the direct synthesis from (bis)imidazolium salts is

4083

Scheme 1. General Syntheses of Bis(NHC) Mo Complexes 2
and 3“

R? R?
2 R?
co ) R \(/kN/\N/%/
R’ -

o T wo L vl
oc” i CO  — H)\N/ - R I R’
co R NA oc” : ~co

BEt, co
BEY,
N. 3
RZ ?(
NN Rr? R?
co R
H3CCN_ | _NCCH; — R? — Rz\%\NAN/S/RZ
Mo~ 1 I coys
oc” ;o NGO
3 RY lo_ R!
oc” :~co
NCCH;
3

“Reaction conditions: For 2: toluene (56 mM), 90 °C, 16 h; for 3:
CH,CN (75 mM), 65 °C, 16 h.

more challenging due to their tedious separation from the salts
formed during deprotonation of the imidazolium units.
Complexes 3 were characterized by 'H, 13C NMR and IR
spectroscopy. Additionally, the structure of compound 3b is
confirmed by SC-XRD. As shown in Figure 2, the ligand

Figure 2. Molecular structure of complex 3b. Displacement ellipsoids
set at 50% probability. Hydrogen atoms and the solvent molecule are
omitted for clarity. Only one of the two molecules of the asymmetric
unit is shown.

backbone is bent, resulting in a boat-shaped conformation of
the bis(NHC) ligand as commonly observed for various
transition metal complexes of these ligands.”**’ The
methylene-bridge in 3b can point toward (syn) or away
(anti) from the CH,CN ligand. The anti-conformer is
computed to be more stable by 0.50 kcal/mol (see SI Section
10.3b), in agreement with the anti-conformation observed for
the molecular structure of 3b in the solid state (Figure 2).
Hydrogen atoms of the methylene bridge show one doublet
(between 6 and 7 ppm in DMSO-dg) in accordance with their
diastereotopicity. As the NMR spectra of complexes 3 were
recorded in DMSO-dy, an exchange of the labile CH,CN
ligand by DMSO takes place in the solution and free CH;CN
is observed. The IR spectra of complexes 3 display intense CO
bands at low wavenumbers (typically between 1890 and 1720
cm™") indicative of strong 7-backbonding and an electron-rich
Mo central atom.

(Pre)catalyst Screening and Optimization of Reaction
Conditions. Next, complexes 2 and 3 were tested as

https://doi.org/10.1021/acscatal.4c00019
ACS Catal. 2024, 14, 4082—-4092
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(pre)catalysts for the hydrogenation of esters (Table 1). As the
reduction of fatty acid esters is of high industrial relevance,*’

Table 1. Testing Various Mo Complexes for the Catalytic
Hydrogenation of Ethyl Oleate 4a“

(\N/ c@ ccy_ \2\ - ccy_N

oc oc” oc
CO NCCH3 NccH3
2a:R'= 3a:R'=Me 3d
2b:R'= 'Pr 3b:R"=Pr
3c:R'=
H NCCH;
C | WP(Pr), C | WP(Pr),
~ ~,
2 | co PP | co
Va Vb
(1.0 mol%)

KO'Bu (5.0 mol%)

™™ on + Hoe

H, (50 bar)

4a 1,4-dioxane, 60 °C, 16 h 5a 6a
entry [Mo] conv. 4a” [%] yield 5a” [%]
1 2a 52 17
2 2b 60 23
3 3a 48 14
4 3b 90 73
N 3c 91 76
6 3d 53 18
7 IVa 3 7
8¢ IVb 9 1

“Reaction conditions: 0.5 mmol of ethyl oleate 4a, 1 mol % [Mo], S
mol % KOtBu, 4 mL of 1,4-dioxane, 50 bar of H,, 60 °C, 16 h.
Determined by GC analysis using hexadecane as internal standard. S
mol % [Mo], S mol % NaHBEt,, 2 mL toluene, 120 °C, 24 h.

ethyl oleate 4a was selected as the model substrate. Applying 1
mol % of the corresponding complexes 2 or 3 and 5 mol % of
KO'Bu as additive for catalyst activation in 1,4-dioxane at 60
°C under S50 bar H, pressure, to our delight, in all cases
hydrogenation of the starting material was observed. Catalysts
3b and 3c showed similarly high catalytic activities with 90—
91% conversion and 73—76% yield of oleyl alcohol Sa (Table
1, entries 4—5). The difference between conversion and yield is
mainly due to oleyl oleate formed by transesterification. Also,
at a lower catalyst loading (0.5 mol %) no significant difference
in the catalytic performance of 3b and 3c was observed (see SI
for details). Notably, in no case, hydrogenation of the olefin is
observed, which underlines the reactivity differences of these
complexes compared to noble metal-based catalysts.
Methyl-substituted complexes (R' = Me) 3a and 3d were
less active (Table 1, entries 3 and 6), which could be caused by
their lower solubility in 1,4-dioxane compared to 3b and 3c.
Tetracarbonyl complexes 2a and 2b displayed moderate
activities (Table 1, entries 1 and 2). Furthermore, Mo PNP
pincer complexes IVa and IVb were also tested under suitable
hydrogenation conditions;'°™'” however, even at 120 °C and
with S mol % (pre)catalyst loading, only little activity was
observed for this model reaction. Due to its lower molecular
weight and less steric bulk around the metal center, complex
3b was selected over complex 3c for further investigations.
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Since additives typically have a strong influence on the
catalytic performance in hydrogenation reactions, different
bases were tested in the presence of 3b (Figure 3). With S mol

o 3b (0.5 mol%)
W additive (5.0 mol%) —
; Okt ™™ oH + HoE
4a Hz (50 bar) 5a 6a
1,4-dioxane, 60 °C, 16 h

100 Conv. 4a
I Yield 5a 83
80
60 52
g
404
7] l g
Biioo ki
0
A X SR
*o‘é *o\‘ Y\VW \L\’\ ‘\\,\eﬁuvo‘ 003 <~0 \xad% 90‘3

Figure 3. Screening of different additives for the Mo-catalyzed
hydrogenation of ethyl oleate 4a. Conversion of ethyl oleate 4a and
yield of oleyl alcohol Sa were determined by GC analysis using
hexadecane as internal standard. Reaction conditions: 1.0 mmol of
ethyl oleate 4a, 0.5 mol % 3b, 5.0 mol % additive, 4 mL of 1,4-
dioxane, 50 bar H,, 60 °C, 16 h.

% additive loading, best results were obtained using alkoxide
bases KO'Bu and KOMe as well as KHMDS, all showing
comparable yields of Sa. Applying KH also led to high activity,
although the conversion and yield were slightly lower. In
previous works with Mo- and Mn-based catalysts,'®™'%*
NaHBEt; and KHBEt, were the most efficient additives.
However, using complex 3b in combination with KHBEt; (also
with NaHBEt; or LiHBEt,, see SI), only minor hydrogenation
of the model substrate took place. In the case of weaker bases
such as K;PO, or Cs,CO; no conversion of the starting
material was observed, while KOH showed low activity.
Interestingly, the cation strongly influenced the activity of the
catalytic system following the trend of K > Na >> Li, observed
for O'Bu-bases and also other bases (SI Section 3.1.3). To
understand this trend, we calculated the Gibbs free energy of
the aggregation of a cubic tetramer with respect to its
monomer (see SI Section 10.1 for detail) and found that
KO'Bu has the lowest aggregation energy, followed by
NaO'Bu, and that of LiO'Bu is the highest (—21.30, —26.14,
and —29.03 kcal/mol, respectively). This is the same order as
their activity, indicating that KO'Bu is most easily converted
into its monomer and LiO'Bu most difficult. Additionally, the
cation might influence the stabilization of the expected anionic
Mo alkoxide and hydride complexes.

Next, the loading of KO'Bu was investigated (Table 2,
entries 1—5), showing that generally a higher amount of
KO'Bu accelerates the hydrogenation. This phenomenon is
commonly observed in homogeneous ester hydrogenation
catalysis, and it might be caused by the influence of alkoxide
bases on the standard free Gibbs energies of inhibitory
equilibria as recently shown by the groups of Pidko et al.*!
Interestingly, higher conversion and yield were observed with
2.5 mol % of KO'Bu than with 5.0 mol % (Table 2, entries 3

https://doi.org/10.1021/acscatal.4c00019
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Table 2. Investigation of the Influence of KO'Bu Loading,
Temperature, Reaction Time, and Hydrogen Pressure on
the Mo-Catalyzed Hydrogenation of Ethyl Oleate 4a”

3b (0.5 mol%)

KO'Bu _
OEt T- A SOH + HOEt
1,4»dio§;'ro19, Tt Sa 6a
KO'Bu load. P T t conv. 42"  yield 5a”
entry [mol %] [bar] [°C] [h] [9%] [%]
1 20 50 60 16 100 82
2 10 50 60 16 96 70
3 N S0 60 16 84(2)° 57(4)°
4 2.5 50 60 16 89(1)° 71(2)¢
5 1.0 50 60 16 5 4
6 5 30 60 16 76 2
7 s 50 60 24 91 71
8 5 50 80 16 99 90
9 5 50 80 24 98(0)¢ 95(1)7

“Reaction conditions: 1.0 mmol of ethyl oleate 4a, 0.5 mol % 3b, 4
mL of 1,4-dioxane. "Determined by GC analysis using hexadecane as
internal standard. “Average of three independent exgeriments. Value
in parentheses represents the standard deviation. “Average of two
independent experiments. Value in parentheses represents the
standard deviation.

and 4), which could be related to the transesterification with
O'Bu. Furthermore, a decreased reaction rate is observed
under a lower hydrogen pressure (Table 2, entry 6). By raising
the temperature to 80 °C and prolonging the reaction time to
24 h (Table 2, entries 7—9), quantitative conversion of ethyl
oleate 4a and 95% yield of oleyl alcohol Sa are obtained (Table
2, entry 9). An evaluation of various solvents revealed that
polar, aprotic solvents are best suited (SI Section 3.1.2).
Substrate Scope and Limitations. To study the scope
and limitations of the novel catalytic system, we tested the
hydrogenation of other esters under the optimized conditions
(Scheme 2). Aliphatic esters (4b, 4c, and 4d) with different
alkyl chain lengths are smoothly reduced and the correspond-
ing alcohols (5b, Sc, and 5d) are isolated in high yields (83—
92%). Likewise, ester 4g, bearing a phenyl substituent in the
alpha-position to the ester moiety, provided alcohol 5g with a
yield of 79%. The terminal C=C double bond in ester 4e and
the internal C=C double bond in ester 4h are well tolerated
by our catalytic procedure, and as in the case of ethyl oleate, no
hydrogenation of the C=C moieties has been observed.
Furthermore, ester 4f containing a hydroxy group is
successfully converted to the corresponding alcohol 5f,
although an increased catalyst loading (2 mol %) and higher
temperature (120 °C) were required. Interestingly, steric bulk
appears to be better tolerated in R? than in R’ as shown by
esters 4i and 4j. While ester 4i yielded (—)-borneol 6i in a

Scheme 2. Mo-Catalyzed Hydrogenation of Aliphatic and (Hetero)aromatic Esters

3b (0.5 - 2.0 mol%)

Q KO'Bu (5.0 - 10.0 mol%
AL R? ¢ ) R SoH +  R?
RY © Hj (50 bar) HO
4 1,4-dioxane, 80 — 120 °C, 24 h 5 6
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0 o
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-Cl): 90 %
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o

P

R' = 4-OBn): 91 %[

(
(
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(
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00 " OEt oet '\ § o Q
. Qe oo
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Values below the Lewis structures represent the isolated yield(s) of the corresponding alcohol(s) § (blue) and/or 6 (orange). Standard reaction
conditions: 1.0 mmol ester 4, 0.5 mol % 3b, S mol % KO'Buy, SO bar H,, 4 mL 1,4-dioxane, 80 °C, 24 h. ?0.5 mmol ester 4, 1.0 mol % 3b, 10 mol %
KO'Buy, 2 mL 1,4-dioxane, 80 °C; 0.5 mmol ester 4, 1.0 mol % 3b, S mol % KO'Bu, 2 mL 1,4-dioxane, 100 °C; ‘1.0 mmol ester 4, 1.0 mol % 3b, 5
mol % KO'Bu, 4 mL 1,4-dioxane, 100 °C; %0.5 mmol ester 4, 2.0 mol % 3b, 10 mol % KO'Bu, 2 mL 1,4-dioxane, 100 °C; 0.5 mmol ester 4, 2.0 mol
% 3b, 10 mol % KO'Bu, 2 mL 1,4-dioxane, 120 °C; fyield determined by GC analysis using hexadecane as internal standard.
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Scheme 3. "H NMR Spectroscopic Investigations for Activation of Precatalyst 3b with KO'Bu
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(a) Reaction mixture of 3b and KO'Bu (S equiv) at rt after 60 min; reaction mixture 20 min (b) and 24 h (c) after exposure to H, (1 atm); (d)
reaction mixture of 3b with KO'Bu (S equiv) in an autoclave at 80°C under SO bar H, pressure for 1 h, spectrum recorded 30 min after release of

H, pressure

good yield of 84%, alcohol 5j was isolated in only 65% yield
due to formation of adamantyl adamantate (~20%) by
transesterification. Like ester 4f, diester 4k also yielded 1,10-
decanediol in high yield at 120 °C and with 2 mol % catalyst
loading. Lactones are also reduced to the corresponding diols,
with the observed activity depending strongly on the respective
ring size. While the 16-membered lactone 41 is completely
reduced already at 80 °C with only 0.5 mol % of precatalyst 3b,
for the 7-membered lactone 4m 120 °C and 2 mol % of 3b
were needed to reach quantitative conversion. Interestingly, for
S-membered lactones, only low conversions around 30% have
been detected under these conditions (SI), which might be a
result of the increased thermodynamic stability. On the other
hand, esters containing tertiary amines (4n, 4p) are well
tolerated by the catalytic system, and even ester 40 with a
secondary amine gave the desired amino alcohol in 43% yield.
Notably, some late-stage substrates such as the steroid
cholesteryl octanoate 4q and the APIs clopidogrel 4r and
clofibrate 4s have been successfully exposed to our hydro-
genation protocol. Even, in case of clopidogrel 4r containing
several functional groups such as a thiophen moiety, a tertiary
amine, and a chloride the corresponding alcohol Sr could be
isolated in a good yield of 61% applying catalyst precursor 3b.
However, under the strongly basic reaction conditions
racemization of the chiral center takes place providing alcohol
Sr with 12% ee as determined by NMR after derivatization to
the corresponding Mosher ester (see SI for detail).
Subsequently, we investigated the hydrogenation of aromatic
and heteroaromatic esters (Scheme 2, right). Methyl benzoate
4t and the bulkier tert-butyl benzoate 4u and methyl 2'-
methylbenzoate 4w are readily hydrogenated to their
respective alcohols. In contrast, phenyl benzoate 4v showed
poor conversion even at 120 °C. In a control experiment, no
hydrogenation of ethyl oleate was observed in the presence of
phenol (see SI Section 3.1.4). Probably, due to the higher
acidity of phenol, the formation of the respective stable
phenoxy complex under basic conditions is expected. This
assumption is further supported by DFT calculations
comparing the stability and hydrogenolysis of different
molybdenum alkoxide complexes such as —OCHS;,
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—OCH,Ph, —O'Bu, and —OPh, of which the latter was
found to be the most stable (—4.10, —5.63, —8.79, and —19.71
kcal/mol, respectively; see SI Section 10.1b). Halide
substituents at sp’ hybridized carbon atoms are well tolerated
by the catalytic system (4x, 4y, 4z, 4aa, and 4ab). For a
fluorine substituent in the electron-deficient para-position to
the ester group (4x), a slightly lower yield of the respective
product (75%) was observed, likely due to hydrodehalogena-
tion occurring via nucleophilic aromatic substitution.

In addition, various esters containing a bromide in the
aliphatic position showed poor reactivity (see SI), presumably
due to catalyst inhibition by halogenation of the Mo center.
For substrate 4ac, exclusive hydrogenation of the ester group
occurred, leading to the corresponding alcohol with the intact
nitrile group in an excellent isolated yield of 96%. This finding
was quite unexpected as many noble and non-noble metal
pincer complexes hydrogenate these two functional groups
under similar conditions.””

Moreover, electron-rich esters such as substrate 4ad bearing
a benzoxy-substituent or substrate 4ae containing a tertiary
amine are smoothly converted to their corresponding alcohols.
This has further been demonstrated by the hydrogenation of
trimebutine 4ah. In contrast to tertiary amines, for a substrate
featuring a primary amine at the aromatic ring, no reaction was
observed (see SI). The acetal in substrate 4af is tolerated,
providing the opportunity for protection of an aldehyde, which
otherwise would be reduced under the applied reaction
conditions. Similar to the aliphatic esters (vide supra), catalyst
3b selectively hydrogenates diester 4ag in the presence of C=
C double bonds. Remarkably, a very good tolerance of
heteroaromatic substrates, which often present a challenge for
molecular catalysts, was found. In these cases, higher
temperatures (100—120 °C), higher precatalyst loadings
(1.0—2.0 mol %), and base loadings (5—10 mol %) were
applied. For ester 4ai, no hydrogenation of the %uinoline ring
took place, in contrast to related Mn catalysts, sb giving an
excellent chemo-selectivity for the ester group. Also, pyridine-,
furan-, and benzothiophene-containing esters 4aj, 4ak, 4al, and
4am gave their corresponding alcohols in isolated yields of
around 70%.

https://doi.org/10.1021/acscatal.4c00019
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Scheme 4. DFT-Supported Mechanistic Rationale for the Mo-Catalyzed Hydrogenation of Esters”
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“Values below Lewis-structures represent Gibbs Free Energies in kcal/mol calculated on a MO6L-SCRF/TZVP level of theory.

Overall, the Mo-based catalytic system operates under
comparable conditions to known state-of-the-art Mn- or Fe-
based catalysts for ester hydrogenation, for which catalyst
loadings of 0.1—2.0 mol % and temperatures between 60—120
°C are common.”>*"** In contrast to the related bis(NHC)
Mn catalysts”® no hydrogenation of alkenes, N-heteroarenes or
nitriles is observed under the applied conditions leading to an
improved chemoselectivity and a broader substrate scope.
Furthermore, the hydrogenation of heteroaromatic esters is
achieved, which proved to be challenging for the Mn-based
catalysts.”®

Mechanistic Investigations. To elucidate the mechanism
of this first Mo-catalyzed hydrogenation of carboxylic acid
esters, NMR spectroscopic studies, control experiments, and
DFT computations were performed. First, the reaction of
complex 3b with an excess of KOBu in THF-dy was
investigated by NMR spectroscopy (Scheme 3 a), see SI
Section 9.1 for detail). After 20 min, 3b has been completely
converted into a mixture of two new species. These new
compounds were assigned to the anionic complexes 7b and 8b,
resulting from the replacement of the labile neutral CH;CN
ligand by an anionic O'Bu” ligand (7b) or an anionic CH,CN~
ligand (8b), respectively (Scheme 3). However, no separate
NMR resonance for the CH,CN~ ligand of 8b is found.
Instead, broad peaks for the acidic protons in free HO'Bu and
CH;CN were recorded, which should result from fast dynamic
proton exchange, since these compounds exhibit similar pK,
values (in DMSO: HOBu: 32.2;*** CH,CN: 31.3*"). We
assume that fast equilibria between HO'Bu/KO'Bu and
CH;CN/KCH,CN exist and that additionally exchange of
coordinated and non-coordinated CH,CN™ occurs, leading to
the observation of only one resonance for CH;CN/CH,CN™.

4087

To confirm that species 8b contains a CH,CN~ ligand, the
CH;CN ligand in 3b was exchanged for '‘BuCN and the
resulting complex 3b-'BuCN was reacted with an excess of
KO'Bu (S equiv). As expected, due to the absence of (acidic)
protons in the a-position to the nitrile group, selective
formation of alkoxide complex 7b without formation of
complex 8b was observed (see SI Section 9.2.2 for detail).
Upon addition of excess CH;CN (19 equiv) to this reaction
mixture, full conversion of complex 7b to 8b took place (see SI
Section 9.2.3 for detail). DFT calculations indicate that
coordination of the ambidentate CH,CN™ ligand via C is
more favorable than via N by 2.80 kcal/mol (see SI Section
10.3 for detail). Such C-coordinated cyanomethide complexes
of several transition metals are known.”® However, attempts to
obtain the molecular structure of 8b by SC-XRD have been
unsuccessful so far. Notably, the deprotonation of a CH,CN
ligand in a Mo PNP pincer complex by NaHBEt; has been
previously reported, resulting in an N-coordinated CH,CN~
complex with stabilization of the resulting anion by BEt,
(MoNCCH,BEt;)."®

Interestingly, no reaction is observed when complex 2b is
heated with an excess of KO'Bu (5 equiv) to 80 °C (see SI
Section 9.7). This is in accordance with the higher barrier for
dissociation of the strongly bound CO ligand compared with
the relatively labile CH,CN ligand in 3b. However, for
precatalyst 2b, catalytic activity is observed at this temperature;
therefore, it is assumed that under high H, pressure, precatalyst
activation still occurs.

Next, we exposed a mixture of complexes 7b and 8b to
atmospheric pressure of H,. Selective conversion to a hydrido
complex (hydride signal at —9.64 ppm) takes place with its
amount increasing over time (Scheme 3 b,c); see SI Section

https://doi.org/10.1021/acscatal.4c00019
ACS Catal. 2024, 14, 4082—-4092
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9.4 for detail). Since a 1:2 ratio of the hydridic resonance to
the resonances of the ligand backbone is found and only one
set of signals is observed for the ligand backbone, the
formation of binuclear complex 9b bearing a bridging u-
hydride ligand is proposed. Such binuclear, anionic complexes
bearing u-H ligands are common for group 6 metal carbonyls
and several examples (e.g, [(u-H)Mo,(CO)0]7, [(u-H)-
Mo, (PPh3)(CO),]7, or [(u-H)(u-PPh,CH,PPh,)-
Mo,(CO);)") have been reported.*

When complex 3b reacts with KOtBu (S equiv) under SO
bar H, pressure at 80 °C for 1 h, compound 9b is obtained
almost exclusively (Scheme 3d, see SI Section 9.3 for detail).
Upon release of the hydrogen pressure, complex 9b
decomposes to compounds 7b, 8b and some further
unidentified species. Therefore, we conclude that species 7b
and 8b exist in an H,-dependent equilibrium with 9b and,
consequently, that 9b is only stable under a H, atmosphere. All
of these experiments showed that activation of H, by the
phosphine-free molybdenum complex takes place already at
room temperature and atmospheric pressure of H,. Interest-
ingly, no vacant coordination site appears to be necessary for
the hydrogenolysis of complexes 7b and 8b. Hydrogenolysis of
group 6 alkoxide complexes without a vacant coordination site
has been discussed previously.* If D, is used instead of H,, H/
D-exchange takes place for the acidic protons in HO'Bu,
CH;CN and, interestingly, also very slowly in one aromatic
position of the imidazole moieties in the ligand-backbone.
Also, H/D-exchange is observed for the hydridic proton of
compound 9b and the formation of HD and H, is detected
over time (see SI section 9.5 for detail). These findings
indicate heterolytic splitting of H, with the protic proton
ending up in one of the acidic positions in HO'Bu, CH;CN or
the ligand backbone and the hydridic proton ending up as the
hydride-ligand in complex 9b. This process should be
reversible due to the H/D-scrambling. Importantly, no
deuteration of the methylene-bridge of the ligand backbone
in complexes 7b, 8b, or 9b took place, which excludes the
involvement of these protons in the hydrogenation according
to the concept of MLC.

To get further insight of the catalytically active species, decyl
decanoate (2.5 equiv), precatalyst 3b (1.0 equiv), and KO'Bu
(5.0 equiv) were reacted in THF-dy in an autoclave at 80 °C
under 50 bar H, pressure for 1 h, the pressure was released,
and the reaction mixture was consecutively analyzed by NMR
spectroscopy (see SI section 9.6 for detail). Full conversion of
decyl decanocate and KOBu to potassium decanoate and
HO'Bu was confirmed. Also, binuclear hydride 9b, but no
other hydride species, were observed. Furthermore, traces of
tetracarbonyl complex 2b and multiple other unidentified
species were detected.

Based on these experiments, DFT calculations were
conducted to complement the mechanistic picture (Scheme
4, see SI section 10 for detail). Since syn- and anti-conformers
of the Mo complexes regarding the position of the methylene-
bridge and the non-CO ligand exhibit different energies, the
more stable conformer was used for the calculations,
respectively. Furthermore, computations regarding the Me-
substituted complexes were performed and can be found in the
SI. First, the reaction of complex 2b (L=CO) or 3b (L=
CH;CN) with an alkoxide leads to the exergonic formation of
alkoxide complexes (7b, 12—14b). A high acidity of the
corresponding alcohol of the alkoxide results in the formation
of very stable alkoxide complexes (e.g., —19.71 kcal/mol for
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phenoxide 14b), which are dead ends for catalysis. These
alkoxide complexes are assumed to undergo hydrogenolysis,
forming the mononuclear hydrido complex 10b. This reaction
was computed to be only slightly endergonic (AG = 4.10 kcal/
mol from 7b) and attempts to find the transition state for the
formation of complex 10b failed. In the case of L=CH,CN,
deprotonation of CH;CN to form CH,CN~ complex 8b
followed by hydrogenolysis represents an alternative pathway
for the formation of complex 10b, which is also slightly
endergonic (AG = 0.53 kcal/mol from 8b). Interestingly, such
a mononuclear hydrido complex 10b was not observed
spectroscopically, instead, the binuclear y-H complex 9b is
the only detected hydride species. Formation of complex 9b
from 10b is again found to be slightly endergonic (AG = 1.32
keal/mol). From the stoichiometry, it is clear that higher H,
pressures shift the equilibria from alkoxide complex 7b and
from binuclear hydride complex 9b to mononuclear hydride
10a. Therefore, we assume that complex 10b is formed in
sufficient quantities at elevated temperatures and under high
H, pressures and presents a catalytically competent species.
Starting from complex 10b, direct hydrogen transfer to the
ester represents the rate-determining step with an apparent
barrier of 14.22 kcal/mol for methyl benzoate (10b-TS1). The
resulting hemiacetalate complex 11b eliminates acetaldehyde
to form the most stable alkoxide complex 12b which
regenerates the hydrido complex 10b by hydrogenolysis.
Attempts to locate a TS between 11b and 12b failed; however,
approaching the oxygen atom of the methoxy group to the Mo
center resulted in the formation of 12b and benzaldehyde.
Since the transformation of 11b to 12b is exergonic by only
7.28 kcal/mol, the barrier, if present, should not be very high.
As expected, the barrier for benzaldehyde hydrogenation was
calculated to be lower (8.74 kcal/mol). Due to the formation
of benzoxide complex 13b after benzaldehyde hydrogenation,
an overall apparent barrier of 23.01 kcal/mol results (see SI
Section 10.5 for detail).

In contrast, for related bis(NHC) Mn complexes, an inner-
sphere mechanism was proposed for the hydrogenation of
esters.”*® Therefore, creation of a vacant coordination site by
the loss of a CO ligand was proposed, although the way of CO
dissociation could not be clarified satisfying]y.ZSb Now, in the
related Mo complexes 3, a much stronger coordination of the
CO ligands due to increased 7-backbonding is expected as
confirmed by significantly lower wavenumbers of the CO
absorption bands in the IR spectra (e.g., 3b: 1883, 1741 cm™,
bis(NHC)Mn—H complex: 1962, 1866, 1823 cm™'>*"). This is
further supported by DFT calculations indicating a very high
overall energetic barrier for an inner-sphere mechanism (54.5
kcal/mol), mainly resulting from the highly endergonic
cleavage of CO from O'Bu-complex 7b (see SI Section 10.6
for detail). Therefore, the loss of a CO ligand appears
energetically unfavorable, rendering hydrogenation via an
inner-sphere mechanism in the case of the studied bis(NHC)
Mo complexes unlikely.

B CONCLUSIONS

In summary, we synthesized a family of novel Mo complexes 3
featuring simple and inexpensive bidentate bis(NHC) ligands.
Complexes 3 constitute excellent (pre)catalysts for the
hydrogenation of various aliphatic and aromatic esters under
comparably mild conditions. The scope of the presented
optimal precatalyst 3b is very broad, including electron-rich
and -poor aliphatic and aromatic ester substrates. Excellent
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chemoselectivity toward other reducible functional groups like
alkenes, nitriles, and N-heteroarenes has been demonstrated.
Furthermore, various additional functional groups like
alcohols, amines and halides are well tolerated by the presented
catalyst. Also, substrates containing bulky substituents in
proximity of the ester, lactones with larger ring sizes and
diesters are readily hydrogenated. Based on NMR spectro-
scopic investigations and DFT calculations, a non-bifunctional
outer-sphere hydrogenation mechanism is proposed. The
described phosphine-free system presents the first example of
a homogeneous Mo-based catalyst for the hydrogenation of
esters and operates at low catalyst loadings in comparison to
known molecularly defined Mo-based catalysts. The presented
catalyst activities and substrate scope highlight the potential of
Mo-based catalysts for the replacement of noble metals in
(homogeneous) hydrogenation catalysis.
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