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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 für

eine nachhaltigere chemische Produktion konzentrieren sich viele wissenschaftliche Ansätze

auf den Ersatz dieser Metalle durch Nichtedelmetalle aufgrund deren ökonomischer, ökol-

ogischer und toxikologischer Vorteile. Obwohl zahlreiche vielversprechende Katalysatoren

entwickelt wurden, nutzen diese Systeme oftmals aufwendig herzustellende Liganden, was

ihre Praktikabilität limitiert. Zudem liegt der Fokus bisheriger Arbeiten größtenteils auf den

Übergangsmetallen Mangan, Eisen und Kobalt, wohingegen Metallen der Gruppe 6 (Chrom,

Molybdän und Wolfram) wenig Aufmerksamkeit geschenkt wurde, trotz deren ebenfalls at-

traktiver Eigenschaften.

In dieser Arbeit wird die Synthese von Mangan-Komplexen mit einfach zugänglichen biden-

taten bis(NHC) Liganden sowie deren Verwendung als effiziente Präkatalysatoren für die

Hydrierung von Carbonsäureestern sowie Ketonen, Nitrilen, N-Heteroaromaten und Alkenen

beschrieben. Des Weiteren wird der Einsatz von Molybdän-Katalysatoren mit PNP-Pincerli-

ganden für die Semihydrierung von Alkinen erforscht. Zuletzt werden die kostengünstigen

bis(NHC) Liganden zur Entwicklung Molybdän-basierter Katalysatorsysteme zur Hydrierung

von Carbonsäureestern 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.[1] Many chemical processes still applied today have

been developed during an era of little awareness for the protection of our environment and

human health,[2] leading to tragic chemical accidents and environmental catastrophes.[3–6]

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[7] and also

15 % of Germany’s overall CO2 emissions1.[8]

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 “GreenChemistry“was established and basic design principles of sustainable

reactions, chemicals and processes have been formally introduced by Anastas and Warner.[9]

One of these twelve principles is that “catalytic reagents (as selective as possible) are superior

to stoichiometric reagents.”[9] 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,[10] a transformation

towards a more sustainable chemical industry, and society overall, requires the development

of more efficient catalysts.[10,11]

1 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 Introduction

1.2 What is Catalysis?

The term catalysis comes from the Greek word ϰατάλυσις which means to „loosen“ or

„untie“. It was first proposed in 1835 by Jöns 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

the process.[12–14] Later, Wilhelm Ostwald systematically studied catalytic reactions and gave

a first precise definition.[13,14] 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 [Δ𝐺 (Figure 1.1)]

in the reaction.”[15]

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 𝐸𝐴 to 𝐸𝐴
′ and the reaction rate is enhanced at a given temperature according to

the Transition-State-Theory.[17] 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).[16] Often, a stable precatalyst M’ is initially added

2



1.2 What is Catalysis?

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.[16]

M'

M [M.S]

[M.I][M.P]

active 
catalyst

intermediate

P
product

[M.S']
off-cycle
species

reversible

[M'']

deactivation
product

irreversible

precatalyst

catalyst
activation

S substrate

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

products.[18] Therefore, a desired product can be obtained more favourably over an undesired

sideproduct, which increases the yield of a reaction, simplifies purification of the product

and, overall, reduces the generation of waste.2 This principle applies to all kinds of selectivity

such as chemoselectivity, regioselectivity and stereoselectivity.[20] Moreover, entirely different

products can be obtained from the same substrates depending on the catalyst, for example, O2

oxidation of ethylene leads to oxirane over heterogeneous Ag catalysts[21] or to acetaldehyde

in the Wacker oxidation[22] using homogeneous Pd(II) catalysts (type-selectivity[23]).[16] Also,

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

2A primary principle of green chemistry: “prevention is better than cure“.[19]
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1 Introduction

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 facile3 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

3Although 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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1.3 Homogeneous Hydrogenation Catalysis

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 H2 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.[25,26] Hydrogen gas is arguably the cheapest reductant and provides

a much more sustainable alternative to commonly used reducing agents such as NaBH4 or

LiAlH4 due to its superior atom economy.[27,28]

M

L

M

L
H

H

M +
H

H

M

L
H

H

M

L
H

H

B

δ+

δ-

δ+

δ-

M
H

H
M

H

H

M

L

H BH

M

L

H

H

+ H2

intramolecular

intermolecular

+ B

M H
- LH

homolytic cleavage

heterolytic cleavage

M = metal
L = ligand
B = base

Figure 1.3: Common ways of hydrogen splitting by transition metals.[Adapted from 29,30]

Under ambient conditions, H2 presents a rather unreactive molecule and, therefore, most

of the time a catalyst is required for H2 activation. In homogeneous hydrogenation catalysis,

typically transition metal complexes are applied as catalysts. Upon activation of H2 by these

complexes, metal hydrides are obtained, which transfer the hydrogen atoms onto the substrate.

Different mechanisms for the formation of metal hydrides from H2 are known, which can

be classified into homolytic or heterolytic splitting of H2 (Figure 1.3).[26,29–31] Initially, a

dihydrogen complex is formed in both cases. Donation of electron density from the bonding

H-H-𝜎 orbital to the metal center as well as back-donation from the metal into the antibonding

H-H-𝜎 ∗ orbital leads to weakening of the H-H bond. Eventually, the bond breaks and under
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1 Introduction

oxidative addition a metal dihydride is obtained (homolytic cleavage). There can be a fine

line between H2- and dihydride-complexes, and in some cases equilibria exist in solution.[30]

Furthermore, also intermolecular homolytic splitting of H2 is known.
[31,32]
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Metal redox neutral
monohydride mechanism

Metal redox changes
dihydride mechanism

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 𝜎-bond metathesis.

Dihydrogen complexes can become very acidic, i.e. more acidic than sulfuric acid, and their

acidities have been intensively studied.[26,35–38] Frustrated Lewis acid-base pairs (FLPs) present

another method of splitting dihydrogen, which does not involve any metal atoms.[39,40]
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1.4 Homogeneous Noble Metal Hydrogenation Catalysts

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).[33,34]

In the monohydride mechanism (left) changes of the metal oxidation state are avoided. After

substrate coordination and hydride transfer to the coordinated substrate, H2 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.[33,34]

[M]
H

YX
L

H2

H

[M]
H

L
H

X Y

X Y
H H

[M] L

[M]
H

L
H

X Y : unsaturated substrate

L = N, C, O, ...

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).[33,34,41,42] 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).[33,41]

1.4 Homogeneous Noble Metal Hydrogenation Catalysts

The discovery of Rh complex [Rh(PPh3)3Cl] as a catalyst for the hydrogenation of unhindered

alkenes in 1965 by Wilkinson and others[43,44] marked a breakthrough and started a new era in

hydrogenation catalysis (Figure 1.6).[45] Although homogeneous hydrogenation catalysts had

been described before,[46–48] it was the first time that the rates were comparable to the hetero-

geneous counterparts.[49] An improvement of Wilkinson’s catalyst presented the cationic Rh

7



1 Introduction

complexes developed in the following years by Schrock and Osborn.[50] 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 PPh3 in the Rh complexes by chiral

monodentate phosphines (Knowles,[49,51] Horner[52]) or bidentate diphosphines (Kagan,[53,54]

Knowles[55,56]), which lead to the Monsanto process for the industrial production of L-DOPA,

a drug for the treatment of Parkinson’s disease.[57–59] 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.[62] 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.[63–65] In the 1990s, the group of Pfaltz developed more stable, chiral

variants[66,67] by introducing bidentate phosphine-oxazoline (PHOX) ligands.[68–70]

RhPh3P PPh3

Cl PPh3

Wilkinson

Rh PPh3

PPh3

Schrock-Osborn

BF4

Ir
PCy3

PF6

N

Crabtree

Ar2
P

P
Ar2

Ru

Cl

Cl

H2
N

N
H2 R4

R1

Noyori

R2

R3

Figure 1.6: Milestones in the development of homogeneous hydrogenation catalysts.[Adapted from 45]

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 𝛼-(acylamino)-acrylic acids or esters.[59,71–74] 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,[75,76] leading to an industrial

use in the Takasago menthol process.[77,78] Change of the metal from Rh(I) to Ru(II) success-

fully resulted in active catalysts for asymmetric hydrogenation of olefines and functionalized

ketones.[59,79–82] The introduction of diamine ligands marked a breakthrough as it greatly im-

proved the catalyst’s activity and enabled hydrogenation of unfunctionalized ketones.[59,83–85]

The increased performance by the „NH-effect“ can be attributed to a change from a classical
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1.5 Homogeneous Non-Noble Metal Hydrogenation Catalysts

mechanism (see Figure 1.4) to a non-classical bifunctional mechanism, which involves the

NH-function adjacent to the metal center (Figure 1.5).[86–91] 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.[92–95] 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).[96–102]
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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 themillennium

many efforts were made to develop non-noble metal alternatives.[34,103,104] The most obvious

downside are the high costs which are linked to the low natural abundance but also the

production rates of noble metals.[105] With respect to costs of a catalyst, ligands must also be

considered, which can be similarly expensive (especially chiral ligands) as noble metals.[104]

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.[106] 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,[107] 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,[108]

it is beneficial to use catalysts based on metals with a high PDE to meet regulatory guidelines

for residual metal contents in pharmaceutical products.[109]

Table 1.2: Comparison between selected noble and non-noble metals applied in hydrogenation
catalysis.[Adapted from 110]

Metal Conc. in Earth’s Crust[111] Pricea Oral PDEb Global Warming Potential[106]

[ppm] [€/kg] [µg day−1] [kg CO2−eq /kg]

Ru 0.0001 8224[115] 100 2110

Rh 0.00006 56353 100 35100

Pd 0.0004 31586 100 3880

Ir 0.00005 29547 100 8860

Mn 716 1.95 2500c 1.0

Fe 43200 0.05 13000c 1.5

Co 24 76.46 50 8.3

Ni 56 8.49 200 6.5

Mo 1.1 15.20 3000 5.7

a Average prices of 2018. Prices can vary largly and present only a rough estimate.[112]

b Permitted Daily Exposure (PDE) according to ICH Guideline Q3D(R1).[113]

c According to EMEA Guideline 2008. No longer valid since 2016.[114]

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.[34,103,116] 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.[116,117]

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[118–121]
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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.[34,120,122–127] Furthermore, since then many Mn catalysts for transferhydrogenation

and hydrogen borrowing reactions have been developed.
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Figure 1.8: Selected Mn-based hydrogenation (pre)catalysts bearing tridentate ligands.

The starting pointwasMilstein’s report of the firstMn-catalyzed dehydrogenative coupling,[128]

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).[129] Just

three months later, Kempe and coworkers described a triazine-based Mn PNP complex for

the hydrogenation of aldehydes and ketones.[130] 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,[131] which was soon followed by a NNP

Mn-complex of Milstein also for ester hydrogenation.[132]
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Hydrogenation of amides was first achieved by an NNP Mn complex developed by Beller and

coworkers.[133] 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

with less steric hindrance.[134] These complexes were also applied for the hydrogenation of

N-heteroarenes.[134,135]

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.[136] 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 0.02mol% and 0.0005mol%.[137] Replacement of phosphine- for NHC-donors

in the classical PNP and NNP Mn complexes by the groups of Pidko and Filonenko[138] and

the group of Liu[139] 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.[140,141]

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.[142] In 2017, the

hydrogenation of esters by Mn complexes bearing bidentate P,N ligands was first reported by

Pidko.[143,144] Briefly later, Sortais and coworkers also published a Mn catalyst supported by a

bidentate P,N ligand for ketone hydrogenation.[145] In 2020, another contribution was made by

the Khusnutdinova group with a P,N ligand-based catalyst for alkene hydrogenation.[146] A

bioinspired Mn bipyridine complex was reported for the reduction of CO2 to formate also by

the groups of Khusnutdinova and Nervi.[147] 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.[148]
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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 ofMn catalysts bearing sim-

ple bidentate, ethylene-bridged diphosphine ligands for ketone and nitrile hydrogenation.[149,150]

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.[151,152] 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,[153] of CO2 to formate[154] and semihydrogenation of alkynes to alkenes.[155]

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.[156]

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

oxidoreductases.[157] Furthermore, a rich coordination chemistry ofMo[158,159] is known andMo

complexes are widely applied as catalysts for several organic reactions[160,161] e.g., (asymmetric)

allylic substitution,[162,163] or alkene and alkyne metathesis.[164–166] Concerning hydrogena-

tions, mainly inspired by the presence of Mo in the FeMo cofactor of nitrogenase,[167–171] many

efforts weremade to develope syntheticMo-equivalents for the activation of dinitrogen.[172,173]
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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.[174] In the 1980s, the groups of D. and M. Darensbourg,[175–181] Markó[182,183]

and Fuchikami[184] investigated the structures of anionic mono- and dinuclear group 6 car-

bonyl hydrides ([HM(CO)5]
– and [(𝜇 H)M2(CO)10]

–) 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.[185–188] An ionic 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

as (pre)catalysts for imine and alkene4 hydrogenation.[189–191] Furthermore, Mo-NO complexes

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.[192,193] 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

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

hydrogenation catalysts.[197] Remarkably, exchange of one imino-moiety for a chiral oxazoline-

unit enabled the asymmetric hydrogenation of several fused (hetero)arenes.[198] Cyclohexadi-

enyl hydride complexes of related Mo phosphino(oxazoline)- and phosphino(imino)-pyridine

complexes were studied as catalytic intermediates.[199,200]

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.[201] In a seminal publication in 1988, Bertrand and coworkers

achieved the first isolation and unambiguous characterization of a free carbene stabilized

by adjacent phosphorus and silicon substituents.[201,202] Three years later, the group of Ar-

duengo reported an isolable and „bottle-able“ carbene incorporated into a nitrogen heterocycle

(Figure 1.11, A).[203] This structural framework was inspired by earlier pioneering work of

Wanzlick and Öfele 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 sp2-hybridized lone pair

and an unoccupied p-orbital at the carbene carbon atom, respectively.[201] The adjacent nitro-

4 In the case of alkenes, a classical dihydride hydrogenation mechanism is proposed.[189]
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gen atoms stabilize this structure, both inductively by withdrawing electron-density from the

occupied 𝜎-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 sp2-like arrangement.[201] If the N-heterocycle

is unsaturated, the resulting partial aromaticity of the 6𝜋-electron system further stabilizes

the structure.[201,206] Besides electronic effects, sterically demanding N -substituents (e.g. Ad)

kinetically stabilize the carbene by disfavoring dimerization to the corresponding olefine

(Wanzlick equilibrium).[201,207,208] NHCs containing alternative heteroatoms (e.g. S, O, P) or

only one nitrogen atom have also been reported.[201,209]

RNN

N
C

N

σ-electron-withdrawing

π-electron-donating

R
Arduengo (1991)

A B

Figure 1.11: A: First isolated free NHC by Arduengo and coworkers.[203] B: Electronic effects contribut-
ing to the stabilization of NHCs.Adapted from 201

NHCs aremostly applied as ligands in transitionmetal complexes. While 𝜎-donation is thema-

jor component of the metal-NHC bond, there are also contributions from 𝜋-backbonding into

the carbene p-orbital and 𝜋-donation from the carbene p-orbital.[201,210,211] The strong 𝜎-donor

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

similar to those of phosphines.[212,213] However, NHCs are generally more electron-donating

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

both ligand classes.[201,214] Therefore, typically strong NHC-metal bonds are obtained, result-

ing in thermally and oxidatively stable complexes. Moreover, there are differences regarding

the steric properties. While sp3-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 (%Vbur) developed by Nolan,

Cavallo and coworkers.[215] The variation of electronic and steric parameters of NHCs can

be easily realized due to the modular synthesis via various well-established routes.[201,212,216]

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.[201]
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The attractive features of metal-NHC coordination led to a widespread use of NHC-transition

metal complexes in homogeneous catalysis (Figure 1.12).[201] 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.[221–226] Replacement of an initially used PCy3 ligand by an

NHC moiety led to improved catalyst stability and activity in the 2nd generation catalysts.[217]

Furthermore, incorporation of NHC ligands in Pd catalysts, gave very stable cross-coupling

catalysts, as first established by Herrmann and coworkers in 1995.[227] 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.[218,228,229] 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),[230] replacement of the phosphine- by an NHC-donor was

realized by the groups of Burgess[219,231] and Pfaltz,[232] 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.[220,233–235]

Next to ligands containing a single NHCunit, many efforts weremade to synthesize poly(NHC)

ligands incorporating multiple NHC moieties such as bidentate bis(NHC) ligands, tripodal

tris(NHC) ligands or pincer-type ligands with NHC donors.[236–241] All these ligand systems

take advantage of the chelate effect[242–245] for the formation of evenmore stable complexes.[239]

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

for the finetuning of steric and electronic properties.[237,241] Mainly noble metal complexes

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

transfer hydrogenations,[241] but also many complexes of first row transition metals are known,

although their catalytic applications are more scarce.[240]

Besides the use as ligands in transition metal complexes, NHCs have been valuable for

several other applications[246] e.g., as organocatalysts,[247] in surface chemistry and material

science[248] or for the stabilization of reactive main group element species.[249]
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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[194–196] 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(I) Complexes:

Efficient and Simple Hydrogenation Catalysts

Initially, Mn complexes with chelating bis(NHC) ligands were reported as (pre)catalysts for

the electrocatalytic reduction of CO2 by the groups of Lloret-Fillol and Royo.[250] The Royo

group extended their use to hydrosilylation reactions[251–253] and, furthermore, the complexes

were applied for hydrogen borrowing[254] and transfer hydrogenation reactions.[255] Due to

the simplicity of the ligand framework and these promising results in reduction catalysis, the

potential of bis(NHC) Mn complexes as hydrogenation catalysts should be explored.
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Scheme 3.1: Synthesis of bis(NHC)Mn complexes 3 from bis(imidazolium) salts 1 via bis(NHC)-BEt3
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, KOtBu and Mn(CO)5Br. However, this route required a

tedious aqueous workup procedure to separate complexes 3 from inorganic salts.[250] Therefore,

we thought of decoupling the deprotonation and complexation step by utilizing NHC-BEt3

adducts 2 as stable NHC synthons. Since the use of NaHBEt3 led to undesired products resulting

from a nucleophilic attack at the bridging, electrophilic carbon atom, the less nucleophilic,

sterically demanding base NaHMDS and BEt3 were used to obtain the targeted bis(NHC)-BEt3

adducts 2 (Scheme 3.1). Refluxing compounds 2 with Mn(CO)5Br 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=CH2) 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 kcalmol−1, with a low ring inver-

sion barrier between the conformers (13.52 kcalmol−1 for the forward and 11.83 kcalmol−1

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 1H NMR

spectra of complexes 3. For ethylene-bridged complexes (Y=(CH2)2) 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: 1mmol 4, 0.5mol% 3, 1.0mol% KHBEt3, 4mL THF, 50 bar H2, 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, 1mol% of KHBEt3 was added

for precatalyst activation. Generally, more electron-donating bis(NHC) ligands led to more

active catalysts.1 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 (iPr >

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

1The electron donator strength of these bis(NHC) ligands has been previously studied using Pd complexes.[256]

Similar trends as observed in this work have later also been reported by the groups of Royo and Tubaro.[257]
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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 (1.0mol%) KHBEt3 led to the best results, while, e.g. KO
tBu, KHMDS and KH displayed

significantly lower activity. KOtBu has also been tested at higher loading (20mol%) resulting in

full conversion, but lower yield compared to KHBEt3 (see original publication for details).
[258]

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 KHBEt3 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[146,151,259] for alkene hydrogenation with Mn catalysts containing bidentate

ligands.2 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.[259]
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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: 1mmol 4, 0.5mol% 3, 1mol% KHBEt3, 50 bar H2,
4mL THF, 80 °C, 16 h. [a] 100 °C, 1mol% 3, 2mol% KHBEt3; [b] 100 °C, 1mol% 3, 10mol% KHBEt3;
[c] 80 °C, 2mol% 3, 4mol% KHBEt3; [d] 100 °C, 2mol% 3, 4mol% KHBEt3; [e] 60 °C, 0.5mol% 3,
1mol% KHBEt3; [f] 80 °C, 1mol% 3, 2mol% KHBEt3; [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; [l] 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).
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Scheme 3.3: Mn-catalyzed hydrogenation of ketones, nitriles, N-heteroarenes and alkenes. [a] 1mmol
of ketone, 1mol% 3g, 2mol% KHBEt3, 50 bar H2, 4mL THF, 80 °C, 16 h; [b] 0.5mmol of nitrile or N-
heteroarene, 2mol% 3g, 4mol% KHBEt3, 50 bar H2, 2mL THF, 120 °C, 24 h. Amines from nitriles isolated
as hydrochloride salts; [c] 1mmol of alkene, 0.5mol% 3g, 1mol% KHBEt3, 50 bar H2, 4mL THF, 80 °C,
16 h; [d] 1mol% 3g, 2mol% KHBEt3; [e] 100 °C, 1mol% 3g, 2mol% KHBEt3.

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 KHBEt3 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 KHBEt3 or BEt3 are added (entries 3 and 4).

Therefore, KHBEt3 is assumed to not only be responsible for formation of hydrido complex 7a,
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but also produce BEt3 which is needed for catalytic activity. Besides BEt3, other boron-based

additives were tested with 7a and, e.g. 9-BBN or B(OiPr)3 also resulted in conversion of

methyl benzoate (see original publication for detail). Furthermore, the presence of strongly

coordinating ligands such as CO or PMe3 results in a complete shutdown of reactivity (entries

6 and 7).

Table 3.1: Control experiments and mechanistic investigations.a

H2 (50 bar)
THF, 80 °C, 16 h

additiveO

O

OH HO+

4a 5a 6a

[Mn] (0.5 mol%) N
N

N
N

Mn

CO
OC CO

H

7a

Entry [Mn] additive add. load. [mol%] Conv. 4ab [%] Yield 5ab [%]

1 3a KHBEt3 1.0 75(2)c 69c

2 7a - - 2c 1(1)c

3 7a KHBEt3 0.5 73 64

4 7a BEt3 1.0 61(1)c 59(1)c

5 3a BEt3 1.0 0 0

6d 3a KHBEt3 1.0 0 0

7e 3g KHBEt3 1.0 0 0

a Reaction conditions: 1mmol 4a, 0.5mol% [Mn], 4mL THF, 50 bar H2, 80 °C, 16 h.
b Determined by GC analysis using hexadecane as internal standard.
c Average of two experiments given. Standard deviation in parentheses.
d The autoclave was charged with 10 bar of CO and 50 bar H2.
e Reaction was performed in the presence of 5mol% PMe3.

Also, the reaction of hydrido complex 7a, BEt3 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 H2 pressure for 3 h confirmed

quantitative conversion to benzyl alcohol and methanol. Besides 7a, another unidentified Mn

complex as well as decomposition of BEt3 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−1) indicative for an electron-rich Mn complex bearing two CO ligands. The

unidentified species was catalytically inactive in the presence and absence of KHBEt3.

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

KHBEt3/BEt3 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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Scheme 3.4: Mechanistic proposal for the Mn-catalyzed hydrogenation of methyl benzoate. Gibbs free
energies (M06L-SCRF) are given in kcalmol−1 and referred to I.

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 kcalmol−1. 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 kcalmol−1) 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=CH2, R
1=Mes).[260] Many results are in line with observations from this work: KHBEt3 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 KHBEt3.

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

ligandmotif, related complexes based onMo have been developed and applied in hydrogenation

reactions of various substrate classes (Section 1.5.2).[194–196] Since recently the application of

Mn complexes has been extended to the (Z )-selective semihydrogenation of alkynes,[261] the

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

Mo
Ph3P CO

CO

NCCH3

H3CCN PPh3

8

Mo
Ph3P

R2P N

CO
CO

R2P

fac

HMo
R2P

N PR2

CO
CO

L/X
H

mer

R = Et, PhR = iPr, Cy
PNPR

THF (L) or
DCM (X)

L = NCCH3
X = Cl

high steric demand low steric demand

THF

PNPR

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)2(CO)2(PPh3)2 8 and the

corresponding PNP ligands according to previously published protocols (Scheme 3.5).[194,196] In

general, sterically low demanding substituents on the phosphines yield facial complexes with

two CO ligands and one PPh3 ligand remaining in the coordination sphere. With sterically more

demanding substituents (e.g. iPr, 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 tBu-substituted

PNP ligand (PNP
tBu) was investigated (Scheme 3.6). Reaction of precursor 8 with PNP

tBu

yielded complex 13a, for which the absence of the usually observed CH3CN-ligand is proposed

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

demand of the tBu-groups. As expected, in DCM chlorination to form 13b occurs. Exposure of

complex 13a to a CO atmosphere, yielded the tricarbonyl-complex 13c, which could also be

synthesized separately from Mo(CO)6 and the respective PNP ligand. Due to the high steric

demand of the tBu-groups, the PNP ligand coordinates meridionally3 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 13c (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 tBu-groups are omitted for clarity.

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

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

3 For related iPr-substituted ligands a facial coordination of the PNP ligand is observed in the solid state.[194]
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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 PPh3 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 iPr-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, tBu-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 H2 pressure were investigated. Non-polar, aprotic solvents and NaHBEt3 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 H2 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.[262]

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, 15c) 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.a

Mo
R2P

N

CO

ZH
PR2

CO

Mo
R2P

N CO

PPh3
CO

H
PR2

R = Et: 9
R = Ph: 10

R = iPr: 11a (Z = NCCH3); 11b (Z = Cl)

R = tBu; Y = none: 13a

13c

Mo
CON

PPh3

P(iPr)2

CO

H

N N
Mo

(tBu)2P

N

CO

COH
P(tBu)2

CO

Ph
toluene, 80 °C, 2 h

H2 (30 bar)
PhPh

Ph
[Mo] (5 mol%)

NaHBEt3 (5 mol%)

Ph

Ph
+

14

15a 16a 17a

R = Cy: 12a (Z = NCCH3); 12b (Z = Cl)

Entry [Mo] Conv. 15ab [%] Yield 16ab [%] (Z )/(E) 16ab Yield 17ab [%]

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

a Reaction Conditions: 0.5mmol 15a, 5mol% [Mo], 5mol% NaHBEt3 (0.5M in toluene), 2mL toluene, 30 bar H2,
80 °C, 2 h. n.d. = not determined.

b Determined by GC analysis using hexadecane as internal standard.

substituents such as TMS (15h), OMe (15i, 15l) 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 CF3 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 15o 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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15a (R1 = H): 98 / 96 / 87 %; 85:15
15b (R1 = 4-Me): 95 / 90 / 65 %; 83:17
15c (R1 = 3-Me): >99 / 95 / 85 %; 85:15
15d (R1 = 2-Me): 9 / 5 / - %; 85:15
15e (R1 = 4-F): >99 / 97 / 91 %; 81:19
15f (R1 = 4-Cl): 67 / 57 / - %; 81:19
15g (R1 = 4-Br): 8 / 5 / - %; 75:25
15h (R1 = 4-TMS): >99 / 96 / 91 %; 91:9[a]

15i (R1 = 4-OMe): >99 / 90 / 86 %; 84:16[a]

15j (R1 = 4-SMe): 98 / 96 / 91 %; 91:9[a]

15k (R1 = 4-CF3): 7 / 6 / - %; 61:39

toluene, 80 °C, 2 h
H2 (30 bar)

12a (5 mol%)
NaHBEt3 (5 mol%)

15 16

R1 R2 R1 R2

R1 R1 R2

15l (R1 = Et, R2 = OMe): 98 / 97 / 90 %; 79:21[a]

15m (R1 = CF3, R2 = OMe): 8 / 5 / - %; 51:49

S

15n: 27 / 27 / - %; 55:45[a]

15o: >99 / 91 / 47 (Z,Z) %; 86:14[b]

Scheme 3.7: Mo-catalyzed semihydrogenation of various alkynes. Reaction conditions: 0.5mmol 15,
5mol% [Mo], 5mol% NaHBEt3 (0.5M in toluene), 1mL toluene, 30 bar H2, 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 ofMn 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 bis(NHC) Mo and Cr complexes in

hydrogen borrowing reactions.[263–265] 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.[266]

Scheme 3.8: A) Synthesis of bis(NHC) Mo complexes 18 and 19. Reaction conditions: For 18: toluene
(56mM), 90 °C, 16 h; for 19: CH3CN (75mM), 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)-BEt3 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.a

Mo
(iPr)2P

N P(iPr)2

CO
CO

ZHN
N

N
N

Mo R1

CO
OC CO

CO

R1

N
N

N
N

Mo R1

NCCH3

OC CO

CO

R1

N
N

N
N

Mo

NCCH3

OC CO

CO

19a: R1 = Me
19b: R1 = iPr
19c: R1 = Bn

18a: R1 = Me
18b: R1 = iPr 19d

H2 (50 bar)
1,4-dioxane, 60 °C, 16 h

[Mo] (1.0 mol%)
KOtBu (5.0 mol%)

O

OEt6 6 OH6 6 HOEt+

4z 5z 6z

11a: Z = NCCH3
11b: Z = Cl

Entry [Mo] Conv. 4zb [%] Yield 5zb [%]

1 18a 52 17

2 18b 60 23

3 19a 48 14

4 19b 90 73

5 19c 91 76

6 19d 53 18

7c 11a 9 1

8c 11b 8 7

a Reaction conditions: 0.5mmol 4z, 1mol% [Mo], 5mol% KOtBu, 4mL 1,4-dioxane, 50 bar H2, 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.

c 5mol% [Mo], 5mol% NaHBEt3, 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

35



3 Summary of Published Articles

bases or KHMDS are best suited. Additionally, the influence of precatalyst and KOtBu loading,

temperature, H2 pressure and solvents was investigated (see original publication for details).

The catalytic system consisting of precatalyst 19b and KOtBu 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 (4ao) or

acetals (4aq) is observed. Furthermore, the catalyst enables excellent chemoselectivty towards

other reducible moieties like C=C double bonds (4z, 4x, 4y), nitriles (4ao) 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 KOtBu 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 CH3CN ligand by OtBu– or

CH2CN
–, respectively. Exposure of a mixture of 20b and 21b to an H2 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 µ-hydride ligand, which is a common coordination motif for group 6 carbonyl

complexes.[268,269] The same species 22b is obtained almost exclusively by the reaction of 19b

with KOtBu under 50 bar H2 pressure at 80 °C after 1 h. The decomposition of 22b to complexes

20b and 21b upon release of H2 pressure indicates an H2-dependent equilibrium between these

species. If D2 is used instead of H2, H/D-exchange for the acidic protons of HOtBu and CH3CN

and the bridging hydridic proton in 22b takes place. Additionally, formation of HD and H2 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 H2/D2. 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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O

OEt

O

OEt

O O

OMe

O

Cl

O
OEt

O

HO
OMe

O

nBuO OnBu

O OO nBu

O

OEt

O

O
H

H

H

O OMe

Cl

N

S

n6 6

4ad (n = 16): 83 %
4ae (n = 10): 92 %

8 9

6

O

8 N
H

OEt

N

OEt

4z: 81 %, 96 %[e]

O O

4aa: 80 %

4y: 94 %[c]

4al: 80 %[d]

4v: 85 %[d]

4ag: 99 %[d]4af: 89 %[d]

4ak: 61 %[d]4aj: 87 %[a]

4x: 89 %[a]

4ah: 96 %[d], [e] 4ai: 43 %[d], [e]

R1 O

O
R2 R1 OH

HO
R2+

H2 (50 bar)
1,4-dioxane, 80 − 120 °C, 24 h

3b (0.5 − 2.0 mol%)
KOtBu (5.0 - 10.0 mol%)

4 5 6

aliphatic

OMe

O

N

O

O

OMe

N
OMe

O

S
OMe

O

OMe

O

R'
OR2

O

4a (R2 = Me): 97 %[e]

4d (R2 = tBu): 83 %
4e (R2 = Ph): 31 %[d], [e]

4am (R' = 2-Me): 96 %
4f (R' = 4-F): 75 %[a]

4h (R' = 4-Cl): 90 %[a]

4i (R' = 4-Br): 89 %
4an (R' = 4-I): 97 %[a]

4ao (R' = 3-CN): 96 %
4ap (R' = 4-OBn): 91 %[a]

4aq (R' = 4-(CH(OMe)2)): 82 %[a]

R'

4s: 85 %[b]

4au: 64 %[d]

4as: 70 %[d]4ar: 74 %[d]

(hetero)aromatic

N

OMe

O

4at: 71 %[d]

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: 1.0mmol 4, 0.5mol% 19b, 5mol% KOtBu, 4mL 1,4-dioxane, 50 bar H2, 80 °C,
24 h. [a] 0.5mmol 4, 1.0mol% 19b, 10mol% KOtBu, 2mL 1,4-dioxane; [b] 0.5mmol 4, 1.0mol% 19b,
5mol% KOtBu, 2mL 1,4-dioxane, 100 °C. [c] 1.0mmol 4, 1.0mol% 19b, 5mol% KOtBu, 4mL 1,4-dioxane,
100 °C; [d] 0.5mmol 4, 2.0mol% 19b, 10mol% KOtBu, 2mL 1,4-dioxane, 120 °C; [e] Yield determined by
GC analysis using hexadecane as internal standard.
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H2 (1 atm)
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H
OC CO

CO
iPr

K

iPr
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N
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NCCH3

OC CO

CO
iPr

19b

N
N

N
N

Mo
iPr

X
OC CO
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iPr

X = OtBu (20b), CH2CN (21b)

K

KOtBu (5 eq)

THF-d8, rt

22b
KOtBu (5 eq)

THF-d8, 80 °C, 1h

H2 (50 bar)

Scheme 3.10: NMR spectroscopic investigations for activation of precatalyst 19b with KOtBu.

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 kcalmol−1

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=CH3CN, 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 (Δ𝐺 = 1.32 kcalmol−1). However, from the stoichiometry it

is clear, that higher H2 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 H2 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 kcalmol−1

(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 kcalmol−1). Due

to the formation of benzoxide complex 26b after benzaldehyde hydrogenation, an overall

apparent barrier of 23.01 kcalmol−1 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 𝜋-backbonding is expected as confirmed by

lower wavenumbers of the CO absorption bands in the IR spectra (e.g. 19b: 1883, 1741 cm−1,
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7a: 1962, 1866, 1823 cm−1). This is further supported by DFT calculations indicating a very high

overall energetic barrier for an inner-sphere mechanism (54.5 kcalmol−1), mainly resulting

from the highly endergonic cleavage of CO from OtBu-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 kcalmol−1 calculated on
a M06L-SCRF/TZVP level of theory.
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Bis(NHC) Mn complexes have been prepared in high yields via an improved, straightforward

protocol utilizing bis(NHC)-BEt3 adducts as stable NHC synthons. After activation by KHBEt3,

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. BEt3 is

necessary for catalytic activity, however, its detailed role is not fully understood yet.

Next, tBu-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 KOtBu, 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 CO2. 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

ΔG difference of Gibbs free energy

%Vbur buried volume

iPr iso-propyl

nBu n-butyl

nPr n-propyl

tBu tert-butyl

2-MeTHF 2-methyltetrahydrofuran

9-BBN 9-borabicyclo[3.3.1]nonane

Ad adamantyl

API active pharmaceutical ingredient

Ar aryl

BArF4 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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Bfis(N-HeterocyclficCarbene)Manganese(I)Complexes:Effffficfientand
SfimpleHydrogenatfionCatalysts

NfiklasF.Both,AnkeSpannenberg,HafijunJfiao,*KathrfinJunge,*andMatthfiasBeller*

Abstract: The use off bfis(NHC) manganese(I)

complexes3ascatalystsfforthehydrogenatfionoffesters

wasfinvestfigated.Forthatpurpose,aserfiesoffcomplexes

hasbeensynthesfizedvfiaanfimprovedtwostepproce-

dure utfilfizfing bfis(NHC)-BEt3 adducts.By applyfing

complexes3wfithKHBEt3asaddfitfive,varfiousaromatfic

andalfiphatficesterswerehydrogenatedsuccessffullyat

mfildtemperaturesandlowcatalystloadfings,hfighlfight-

fingtheeffffficfiencyoffthenovelcatalytficsystem.The

versatfilfityoffthedevelopedcatalytficsystemwasffurther

demonstratedbythehydrogenatfionoffothersubstrate

classeslfikeketones,nfitrfiles,N-heteroarenes andal-

kenes.Mechanfistfic experfimentsandDFT calculatfions

findficateanfinnerspheremechanfismwfiththelossoffone

COlfigandandrevealtheroleoffBEt3ascocatalyst.

Introductfion

Thereductfionoffesterstoalcoholsfisanfimportantreactfion

finacademficandfindustrfialchemfistry.Tradfitfionally, thfis

transfformatfionhasbeenperfformedfinthepresenceoff

stochfiometrficamounts off metal-hydrfides (e.g.LfiAlH4,

DIBAL-H,NaBH4),whfichobvfiouslycomesalongwfiththe

fformatfionoffstochfiometrficamountsoffwaste,offtentedfious

workupproceduresandlfimfitedffunctfionalgrouptolerance.

Inthfisregard,thecatalytfichydrogenatfionusfingH2 gas

representsan envfironmentally and economfically more

attractfiveapproach.Indeed,ffattyacfidestersarehydro-

genatedsfincemany decadestothecorrespondfingffatty

alcoholsusfingheterogeneouscopperchromfitecatalysts;[1]

however,harshreactfioncondfitfions(>200°C,40–300bar)

arenecessary, whfich omfit theuse off more sensfitfive

substrates.[2] Thereffore, thedevelopment off alternatfive

systemsworkfingundermfildercondfitfionshasattractedmuch

attentfionoverthelasttwodecadesandseveralactfive

homogeneouscatalystsworkfingatlowertemperatureand/or

pressuremafinlybasedonRu[3]butalsoonOs[3d]andIr[4]

havebeenreported.

Morerecently,manyeffffortsffocusedonthereplacement

offnoble-metalsfinsuchmolecularly-defffined catalystsby

moreabundantandcheaper3dmetalssuchasMn,[5]Fe,[6]

Co,[7]andCu.[8]EspecfiallyMn[9]attractedmuch scfientfifffic

attentfionduetothelfimfitedknowledgeoffsuchcomplexesas

hydrogenatfioncatalysts.AsshownfinFfigure1,mostoffthe

reportedsystemsrelyonphosphfine-basedpfincerlfigands

andfincludeN HorCHacfidficsfitesfinthelfigand-backbone

accordfing totheconceptoff bfiffunctfional metal-lfigand

cooperatfivfity.[10] From thfislowstructuraldfiversfity,one

mfight getthefimpressfionthatabfiffunctfionallfigandfis

essentfialfforaneffffficfientMn-based hydrogenatfioncatalyst.

Yet,therearescarceexamplesoffMn complexesbearfing

non-bfiffunctfional,bfidentatephosphfinelfigandsfforcatalytfic

hydrogenatfionreactfions.[11]

However, phosphfine-basedlfigandscomealongwfith

certafindfisadvantages,e.g.thesensfitfivfitytowardsoxygen

andthefirofftentedfiouspreparatfionprocedures.Inthfis
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Ffigure1.SelectedexamplesoffMn-basedcatalystsfforthehydrogena-
tfionoffcarboxylficacfidesters.
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regard,N-heterocyclficcarbenes(NHCs)offfferapromfisfing

alternatfivetophosphfinelfigandsandseveraleffffortswere

made veryrecently,toreplacephosphfinesfintheclassfical

PNPandNNPlfigandsbyNHCs(e.g.Ffigure1,Pfidkoand

Ffilonenko2022,Lfiu2023).[5ff,h,12]Notably,duetothefirstrong

σ-donorandrelatfivelyweak π-acceptorpropertfies,these

carbene-basedlfigandsallowfforthefformatfionoffstableMn

complexes[13]andthestrongelectrondonatfionpafiredwfith

lesssterficdemandattheactfivecoordfinatfionsfitescompared

tophosphfinesofftenleadstoanenhancedreactfivfityoffthe

correspondfingMn hydrfidocomplexes.[5h]Hence,bfidentate

bfis(NHC)lfigandsrepresentanattractfivelfigandclassffor

hydrogenatfioncatalystsduetothefirstrongelectron-donat-

fingpropertfiesaswellasthefireasyandmodularsynthesfis

allowfingffortheconvenfientfffinetunfingoffelectronficand

sterficpropertfiesoffthecorrespondfingMn complexes.In

2018,Mn complexesbearfingthesebfidentatebfis(NHC)

lfigandsweredescrfibedffortheelectrocatalytficreductfionoff

CO2 toCO
[14]and,recently,thefirapplficatfionhasbeen

extendedtohydrosfilylatfion,[15]dehydrogenatfivecouplfing[16]

andtransfferhydrogenatfion[17]reactfions.However, soffar

thesesystemshavenotbeenexploredascatalystsffordfirect

hydrogenatfionreactfions.Sometfimeago,ourgroupreported

aRu-basedcatalystfforthehydrogenatfionoffesterscontafin-

fingthesamebfis(NHC)lfigandmotfiff,[18]thereffore,wewere

curfiousabouttheperfformanceandthepotentfialadvantages

offbfis(NHC)Mn complexesfincatalytfichydrogenatfion

reactfions.Here,wereportthesynthesfisoffaserfiesoffMn

complexesbearfingbfidentatebfis(NHC)lfigandsandthefir

successffuluseaseffffficfientcatalystsfforthehydrogenatfionoff

carboxylficacfidesters.Thfisworkrepresentsscarceexamples

offMn-based hydrogenatfioncatalystswfithnon-bfiffunctfional

lfigands.Durfingthepreparatfionoffthfismanuscrfiptarelated

catalytficsystemhasbeenreportedbythegroupsoffBastfin

andSortafis.[19]

ResultsandDfiscussfion

SynthesfisandCharacterfisatfionoffbfis(NHC)-BEt3Adducts2·2
BEt3andbfis(NHC)MnComplexes3

Infitfially,wepreparedbfis(fimfidazolfium)salts2·2HBrffrom

thecorrespondfingalkyldfibromfidesandfimfidazoles1at

130°Cfinalmostquantfitatfiveyfields.[15b,20]Notably, finthe

preparatfionofftheethylene-brfidgedbfis(fimfidazolfium)salt

2j·2HBrwfithhfighlybasfic1,4,5-trfimethylfimfidazolespartfial

elfimfinatfionoccurredevenatlowertemperature(70°C)(see

SI, sectfion4).However, theresultfingmonofionfic sfide

productscouldbeeasfilyremovedbywashfingwfithDCM

duetothefirbettersolubfilfityfinthatsolvent.Thedfirect

preparatfionoffbfis(NHC)manganese complexes3ffrom

bfis(fimfidazolfium)salts,KOtBu andMnBr(CO)5 requfired

moretedfiousaqueousworkup/purfiffficatfionprocedureslead-

fingtothecorrespondfingcomplexesfinmoderate yfields.[14]

Thereffore,anfimprovedprotocolfforthefirsynthesfisvfia

NHC-BEt3adductsasfintermedfiateswasdeveloped.Usfing

LfiHBEt3 ffordeprotonatfionandasBEt3 source,
[21] we

observedanucleophfilficattackatthebrfidgfing,electrophfilfic

carbonatomleadfingselectfivelytoamono(NHC)-BEt3
adductand3-(trfiethylborane)-1-methylfimfidazole(seeSI,

sectfion5).Fortunately,theuseoffthelessnucleophfilfic,

sterficallydemandfing base NaHMDS andtheseparate

addfitfionoffBEt3resultedfinthecleanfformatfionoffdesfired

2·2BEt3.A smallnumberoffBEt3-adducts2·2BEt3was

obtafinedaswhfitetoyellowsolfidsfinmostcasesfinverygood

toquantfitatfiveyfieldsandallcompoundshavebeenanalyzed

by1H,13Cand11BNMRspectroscopyaswellaselemental

analysfis(Scheme1).

By reffluxfingbfis(NHC)-BEt3 adducts2·2BEt3 wfith

Mn(CO)5BrfinTHFcomplexatfionoffthebfis(NHC)lfigands

underlossofftwoCOlfigandsoccurred(Scheme1).Affter

washfing wfith Et2O andn-pentane,complexes3were

obtafinedasyellowtoorangepowdersfingoodtoverygood

yfields(>80%). Furtherpurfiffficatfioncouldbeachfievedby

recrystallfisatfionoffthesepowdersffromDCM/n-pentane

mfixtures toremovebfis(fimfidazolfium)saltfimpurfitfies.In

general,complexes3werecharacterfizedbyNMRandIR

spectroscopy,HR-MS,elementalanalysfisandfinsomecases

sfinglecrystalX-raydfiffffractfion(Ffigure2).Theobtafineddata

fisconsfistentwfithrelatedmanganesecomplexes.[14,16b]

Inmost cases,1H NMRspectraoffcomplexes3show

broadsfignalsatroomtemperature,whfichcanbeassfignedto

affluxfionalbehavfioroffthelfigandconfformatfionfinsolutfion.

From theobtafinedmolecular structureoffcomplex3g

(Ffigure2a)aswellasthelfiterature-knownstructureoff3a,[14]

fitfiswell vfisfiblethatfformethylene-brfidged complexes

(Y=CH2)thelfigandbackbonefisbent,adoptfingaboat-shape

confformatfionsfimfilartocomplexesoff other transfitfion

metals, e.g.Pd,[23]Rh,[24]Ir,[25]Cr,[26]Mo[26]orW[26].The

methylene-brfidge betweentheNHC unfitsefitherpofints

towards(syn)oraway(antfi)ffromthebromfidolfigand,

allowfingffortwopossfibledfiastereomerconfformersboth

wfithCs-symmetry(SIsectfion9,FfigureS18)Forstructure

3a,thesyn-confformerfiscomputedtobemorestablethan

Scheme1.Synthesfisoffbfis(NHC)MnIcomplexes3ffrom
bfis(fimfidazolfium)bromfides2·2HBrvfiabfis(NHC)-BEt3adducts2·2

BEt3.CondfitfionsA:1)NaHMDS(2.1eq.),2)BEt3(2.1eq.),THF,
78°Ctort,16h.CondfitfionsB:Mn(CO)5Br(1.0eq.),THF,refflux,

16h.[a]2c·2BEt3and3cwerenotsynthesfized.[b]Benzfimfidazol/
benzfimfidazolfilydene.
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theantfi-confformerby1.69kcal/mol,andtherfingfinversfion

barrfierfis13.52and11.83kcal/molfforthefforwardand

backwardfinversfion,respectfively,findficatfinganequfilfibrfium

offthetwoconfformersandthereversfibfilfityofftherfing

finversfionatroomtemperature.

Forethylene-brfidgedcomplexes(Y=(CH2)2),thereare

alsosuchsyn-andantfi-confformatfionsregardfingtheposfitfion

offtheethylene-brfidgeandthebromfidolfigand.Addfitfionally,

theethylene-brfidgecanadoptefitheraneclfipsedorstag-

geredconfformatfion,gfivfingffourconfformersfintotal(SI

sectfion9,FfigureS19).DFT calculatfionsshowthatthe

dfifffferentconfformersareclosefinenergy,therefforewe

assumethatfinterconversfionleadstobroadsfignalsfinthe

NMR spectraatroomtemperature.At elevatedtemper-

atures(373K)sharperpeaksareobserved;however,aclear

assfignmentoffresonanceswasnotpossfiblefinmostcases.As

anexceptfion,complexes3aand3gwfithmethylsubstfituents

atthewfingtfips(R1=Me) showsharpNMRresonancesat

roomtemperature.We assumethatfforthesesubstfituents

finterconversfionbetweentheconfformersfisffastduetoless

sterficrepulsfionbetweenR1andtheCOlfigands.TheIR

spectraoffcomplexes3ffeaturestrongabsorptfionbandsoff

theCOlfigands.AccordfingtothefirCssymmetry,methylene-

brfidgedcomplexesshowthreeCO absorptfions,typfically

between2000and1860cm1.Forcomplex3fiffourabsorp-

tfionmaxfima areobserved,lfikelyduetothepresenceoff

dfifffferentconfformersasdfiscussedabove(compareSupport-

fingInfformatfionsectfion9,FfigureS19).Incontrast,complex

3j,fforwhfichonlythestaggeredsyn-andantfi-confformerfin

closeenergy(0.09kcal/mol)werecomputedtobestable,

onlyexhfibfitsthreeCObands.Ionfizatfionoffcomplexes3by

ESItookplaceundercleavageoffthebromfidolfigandand

theresultfingposfitfiveffragmentwasdetectedbyHRMS.

CatalytficHydrogenatfionoffEsters

Havfing a smalllfibraryoff synthesfizedbfis(NHC) MnI

complexes3finhand,wetestedthemfforesterhydrogenatfion

usfingmethylbenzoate5aanddecyldecanoate5vasmodel

substratesfforaromatficandalfiphatficesters,respectfively

(Scheme2).Intheseexperfiments,1mol%offKHBEt3was

addedtoactfivatetheprecatalysts.To dfifffferentfiatethe

perfformanceffrommostprevfiouslyknownmanganese-based

hydrogenatfion catalysts,we applfiedlowmetal loadfing

(0.5mol%)atcomparablylowtemperaturesoff60–80°Cffor

bothbenchmarkreactfions.

Forthehydrogenatfionoffmethylbenzoate5a,complexes

3gand3hwfitha4,5-dfimethyl-fimfidazolbackbone(R2=Me)

showedthebestactfivfitywfithalmostffullconversfionand

yfield.Incomparfisonto3g,theactfivfitydecreasedffor

complex3awfithalesselectron-donatfingfimfidazoleback-

bone(R2=H) andalmostnoconversfionwasobservedffor

complex3ffwfiththebenzfimfidazolebackbone.Forthewfing

tfipsubstfituentR1,alsofincreasfingcatalytficactfivfitywfith

fincreasfingelectron-donatfionoffthesubstfituentfintheorder

off Ph<Me<Bn<fiPr (3d!3a<3e<3b) fisobserved.

Ethylene-brfidged complexes3fiand 3jshowedworse

catalytficactfivfitythanthefirmethylenebrfidgedcongeners3a

and3g,whfichweassfigntochangesfinthecomplexgeometry

ratherthantheelectronficpropertfiesoffthepresentbfis-

(NHC)lfigands.

Incontrast,thehydrogenatfionoffdecyldecanoate5v

usfingethylene-brfidgedcomplexes3fiand3jproceeded

betterthanwfithmethylene-brfidged analoguesleadfingto

hfighconversfionsandyfieldsoffthedesfiredproduct.Regard-

fingwfingtfipsubstfituentR1,thesametrendasfformethyl

benzoatehasbeenobservedandcatalytficactfivfityenhanced

wfithfincreasfingelectrondonatfionoffthesubstfituent(3d<

3a<3e<3b).Dfimethylatfion offthelfigandbackbonehad

almostnoeffffectonthecatalytficperfformanceleadfingto

sfimfilarresultsfforcomplexes3aand3gaswellas3band

3h,respectfively.Incaseoffcomplex3ffbearfingabenzfimfida-

zolebackbone,nohydrogenatfionwasobserved.Overall,the

bestresultswereobtafinedwfithcomplex3gfforthehydro-

genatfionoffmethylbenzoate5aandwfithcomplex3fifforthe

hydrogenatfionoffdecyldecanoate5v.

Generally,thecatalytficactfivfityoffcomplexes3correlates

wfith theelectrondonatorstrengthoffthecorrespondfing

bfis(NHC)lfigand,whfichfinterestfinglyfisfinagreementwfith

observatfionsusfingpalladfiumcomplexes.[27]

Ingeneral,molecularly defffinedesterhydrogenatfion

catalystsrequfiretheaddfitfionoffsfignfiffficantamountsoff

strongbasficreagents,e.g.2–75mol%offKOtBu.[5]Hence,

thefinffluenceofftheusedaddfitfiveandaddfitfiveloadfingwas

exploredfinmoredetafil.Also,othercrucfialparameterssuch

asreactfiontemperature,catalystloadfing,andhydrogen

pressurewerefinvestfigated,too(Table1).Whfile applyfing

only1mol% offKHBEt3 asaddfitfiveledtoalmostffull

conversfionoff5aandhfighyfieldoff6a(entry1),KOtBu,

KHMDS andKH atthesameaddfitfiveloadfingshowed

sfignfiffficantlylowerconversfionsandyfields(entrfies2,4and

5).Atanfincreasedaddfitfiveloadfingoff20mol%offKOtBu,

92% conversfionoff5abutayfieldoffonly74% off6awere

obtafined.Inthfiscase,awhfite precfipfitatewas obtafined

whfichwasfidentfifffiedasbenzoficacfidaffteracfidficworkup(see

SI,sectfion6).Thfisobservedsfidereactfionmfightexplafinthe

needoffhfigheraddfitfiveloadfingstoreachffullconversfionas

well as thedfifffference between conversfionand yfield.

Furthermore,thefinffluenceoffthecatfionwasfinvestfigatedby

usfingNaHBEt3andLfiHBEt3asaddfitfives(entrfies8and9).

Ffigure2.Molecularstructuresoffa)complex3gandb)complex3fifin

thesolfidstate.Dfisplacementellfipsofidssetat50%probabfilfitylevel.
Hydrogenatomsandsolventmoleculesomfittedfforclarfity.Forthe

structureoff3fionlyoneoffthetwomoleculesofftheasymmetrficunfitfis
shown.[22]
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IncomparfisontoKHBEt3onlyaslfightdecreasefinperfform-

ancewasobservedwfithNaHBEt3whereasLfiHBEt3gave

muchlowerconversfionandyfield.Ascontrolexperfiments

thereactfionwasperfformedwfithoutanyaddfitfive(entry10)

as well as wfithout manganese complex3g (entry11)

showfingonlyverysmallreactfivfity.Lowerfingoffthereactfion

temperature(entry12)orcatalystloadfing(entry13)ledtoa

decreasedcatalytficperfformance.Applyfing30baroffhydro-

genpressureonlyslfightlydecreasedconversfionandyfield

(entry14).

Tofinvestfigatethescopeoffthereactfionvarfiousaromatfic

andalfiphatficesterswere exposedtoourhydrogenatfion

condfitfionsapplyfingcomplex3g(fforaromatficesters)or3fi

(fforalfiphatficesters)as(pre)catalyst(Scheme3).Methyl

benzoate5aandbenzylbenzoate5barereadfilyconverted

tothefircorrespondfingalcoholswfith verygoodyfields.

Sterficallymore hfinderedfisopropylbenzoate5cgavethe

desfiredproduct,too,albefitslfightlyhfighertemperatureand

catalystloadfingarerequfired,whfiletert-butylbenzoate5d

showedlowconversfionunderthesecondfitfions.Phenyl

benzoate5eprovfidedmoderate yfieldsoffphenolandthe

fformedbenzylalcoholunderwentffulltransesterfiffficatfionto

fformbenzylbenzoate.Inthfiscase,weassfignthelower

conversfiontothehfighacfidfityoffphenolandthefformatfion

offphenoxfidecomplexes.Incontrast,electron-rficharomatfic

esters(5ff,5g,5l,and5p)aresmoothlyconvertedtothefir

correspondfingalcohols.Remarkably,tertfiary(5l)andeven

prfimaryamfines(5p)aretoleratedbythfishydrogenatfion

procedure. Notably, alcoholsfformedffromesters wfith

electron-wfithdrawfinggroupscanfinhfibfittheactfivecatalyst

specfiesbythefformatfionoffthecorrespondfingalkoxfide

complexesfinasfimfilarmannertophenolmentfionedabove.

Nevertheless,esters5h,5fi,5j,5k,5nand5oprovfidedthe

desfiredalcoholsatsomewhathfighertemperatureand/or

hfighercatalystloadfing.Interestfingly,halogenatedesters

dfisplayedvaryfingactfivfity.Whfile methyl p-chlorobenzoate

Scheme2.Catalytficperfformanceoffbfis(NHC)MnIcomplexes3fforthehydrogenatfionoffesters.a)Lewfisstructuresoffbfis(NHC)MnIcomplexes3.
Catalystcomparfisonfforthehydrogenatfionoffb)methylbenzoate5aandc)decyldecanoate5v.Valuesrepresenttheaverageofftwoexperfiments.

Errorbarsrepresentthestandarddevfiatfion.Reactfioncondfitfions:1mmolmethylbenzoate5aordecyldecanoate5v,5μmol3(0.5mol%),
10μmolKHBEt3(1.0mol%),4.0mlTHF,50barH2,80°C(methylbenzoate5a)or60°C(decyldecanoate5v),16h.Conversfionoffmethyl

benzoate5aordecyldecanoate5vandyfieldoffbenzyl6aalcoholor1-decanol6vweredetermfinedbyGCusfinghexadecaneasfinternalstandard.
Thedfifffferencesoffconversfionandyfieldfinthecaseoffmethylbenzoate5aaremafinlyduetothefformatfionoffbenzylbenzoatevfia
transesterfiffficatfion.
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5jandmethyl p-bromobenzoate5karereadfilyhydro-

genatedat100°C applyfing1mol% off3gand2mol%

KHBEt3,surprfisfingly,theffluorfinatedcongener5hshowed

noconversfionunderthesecondfitfions.Yet,affluorosub-

stfituentfinmeta-posfitfion(5fi)fistoleratedmuchbetter,gfivfing

thecorrespondfingalcoholfin56% andwfith fincreased

catalystloadfingevenfin83% fisolatedyfield.Presumably,the

ffluorfinatedposfitfionfissusceptfibletonucleophfilficaromatfic

substfitutfionwfithKHBEt3oramanganesehydrfidocomplex,

whfichfisffacfilfitatedbytheconjugatedestergroup.Increasfing

theloadfingoffKHBEt3to10mol%leadstoffullconversfion

fformethylp-ffluorobenzoateaswellasanfisolatedyfieldoff

78% offthealcohol.An fiodosubstfituent(5n)resultedfin

loweractfivfitythanchloroandbromosubstfituents,never-

theless,fitsalcoholwasfisolatedfin78% yfieldaffterapplyfing

2mol%off3g.Furthermore,hydrogenatfionoffthenaphthyl

ester5qgavethecorrespondfingalcoholfingoodyfield.

Although lactonesanddfiestersarechallengfingsubstrates

duetopotentfialsfidereactfionslfikeolfigomerfizatfion,the

correspondfingdfiolsffromfffive-memberedlactone5rand

dfiester5swere fisolatedfingoodtoverygoodyfields.

Interestfingly,fincaseoffqufinolfine-derfivedester5vreductfion

offefithertheesterffunctfionorthequfinolfinerfingoccurredto

asfimfilarextent.Here, 37% offthecorrespondfingalcohol

and20% off1,2,3,4-tetrahydroqufinolfine-6-carboxylatewere

fisolated.Asanexample,fforheterocyclficesters,thehydro-

genatfionoffthenfiacfin-derfivedester5wproceededeasfily

andthedesfiredalcoholwasfisolatedfingoodyfield.Sfimfilarly,

tertfiaryandsecondaryamfinesfinthepharmaceutficalsub-

strates,trfimebutfine5tandtetracafine5u,werewelltolerated

byourhydrogenatfionprocedureandthecorrespondfing

alcoholswerefisolatedfingoodtoverygoodyfield.

Next,wetestedthehydrogenatfionoffvarfiousalfiphatfic

estersapplyfing(pre)catalyst3fi.Esterscontafinfingdfifffferent

alfiphatficchafins(5x,5y,and5z)were smoothlyhydro-

genatedalreadyatlowtemperatures(60or80°C)andlow

catalystloadfings(0.5or1.0mol%).Sterficallymoredemand-

fingesterscontafinfingbranchedalkylchafinsorsubstfituentsfin

closerproxfimfitytotheestergroup(5aa,5aband5ac)gave

slfightlyloweryfields.Sterfichfindranceappearstobemore

problematficfinR1thanfinR2,sfincecyclohexylacetate5ad

waseasfilyhydrogenatedwhereasmethyl cyclohexanecar-

boxylate5aeprovfidedonlymoderateyfieldoffcyclohexylme-

thanol.Lactoneswfithlargerrfingsfizecouldbesmoothly

hydrogenated, e.g. the16-membered lactone5aff was

convertedtothecorrespondfingdfiol.Interestfingly,thfis

catalystsystemshowedsomeactfivfityfforthehydrogenatfion

offnon-actfivatedolefffins,whfichhasyetonlyrarelybeen

observedfforhomogeneousMn complexes.[11c]Forexample,

thefinternalC=Cdoublebondfin5agwaspartfiallyhydro-

genatedandnexttotheesterffunctfionfincompound5afialso

thetermfinalalkenemofiety washydrogenatedandunde-

cane-1-olwasfisolatedfin63% yfield.Forthesterficallymore

hfinderedC=Cdoublebondfincfitronellylacetate5an,no

hydrogenatfionoccurredatthestandardcondfitfionsand

cfitronellolwasfisolatedfinexcellentyfield.Esters5ajand5ak

contafinfingahydroxyorabromfideffunctfionalgroupwere

reducedtothefircorrespondfingalcoholswfithgoodyfields.

Furthermore,thenaturalterpenesmenthylacetate5aland

bornylacetate5amyfielded(�)-mentholand()-borneolfin

76%and94%yfield,respectfively.

Table1:ScreenfingoffreactfioncondfitfionsffortheMn-catalyzedhydrogenatfionoffmethylbenzoate5a.[a]

# addfitfive Add.load.

[mol%]

Conv.5a[b]

[%]

Yfield6a[b]

[%]

Yfield8a[b]

[%]

1 KHBEt3 1.0 96(2) 94(2) 2(1)
2 KOtBu 1.0 2 2 0
3 KOtBu 20.0 92 74[d] 3[d]

4 KHMDS 1.0 2 2 0
5 KH 1.0 15 5 8

6 KHBEt3 0.5 70 70 1
7 KHBEt3 2.0 90 88 4
8 NaHBEt3 1.0 91 84 4

9 LfiHBEt3 1.0 49 31 16
10 none – 0 0 0
11 KHBEt3

[e] 1.0 6 0 0

12 KHBEt3
[ff] 1.0 53 49 4

13 KHBEt3
[g] 0.6 52 50 3

14 KHBEt3
[h] 1.0 92 91 3

[a]Generalreactfioncondfitfions:1mmolmethylbenzoate5a,5μmol3g(0.5mol%),4.0mLTHF,50barH2,80°C,16h.[b]Conversfionoffmethyl
benzoate5aandyfieldoffbenzylalcohol6aandbenzylbenzoate8aweredetermfinedbyGCanalysfisusfinghexadecaneasfinternalstandard.[c]
Averageofftwoexperfimentsgfiven.Valuesfinparenthesesrepresentthestandarddevfiatfion.[d]Formatfionoffpotassfiumbenzoateobserved.No

tert-butylbenzoatedetectedvfiaGCanalysfis.[e]Wfithoutcomplex3g.[ff]Reactfionperfformedat60°C.[g]3μmol3g(0.3mol%)used.[h]Reactfion
perfformedwfith30barH2.
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Sfinceweobservedthereductfionoffothermofietfieslfike

alkenes(5aeor5ag)andN-heteroarenes(5r)nexttoester

groups,we were curfiousabouttheapplficabfilfityoffour

catalytficprotocoltoothersubstrateclasses.Thereffore,we

finvestfigatedthehydrogenatfionoffketones8,nfitrfiles10,N-

heteroarenes12andalkenes14(Scheme4).Aromatficand

alfiphatficketonesarereadfilyconvertedtothecorrespondfing

alcohols(8a,8b,8cand8d).Forthesterofiddehydroepfian-

drosterone 8ca 60:40 mfixture off dfiastereomers was

obtafined.Interestfingly,attemperaturesbelow60°Conly

lowactfivfityfisobserved,whfich we assfigntotheenergy

requfiredfforcatalystactfivatfion.Incaseofffisophorone8e,

partfialhydrogenatfionofftheconjugatedC=Cdoublebond

takesplace. Moreover, aromatficnfitrfiles wfith electron-

donatfinggroupsandalfiphatficnfitrfiles(10a–e)arehydro-

genatedat120°Cusfing2mol%off3gas(pre)catalystsand

Scheme3.Mn-catalyzedhydrogenatfionoffvarfiousaromatficandalfiphatficesters5tothefircorrespondfingalcohols6and7.ValuesbelowtheLewfis

structuresoffesters5representthefisolatedyfieldsoffthecorrespondfingalcohols6(red)and/or7(orange).Standardcondfitfions:1mmoloffester
5,0.5mol%3g,1mol%KHBEt3,50barH2,4mLTHF,80°C,16h.[a]100°C,1mol%3g,2mol%KHBEt3;[b]100°C,1mol%3g,10mol%

KHBEt3;[c]80°C,2mol%3g,4mol%KHBEt3;[d]100°C,2mol%3g,4mol%KHBEt3;[e]60°C,0.5mol%3fi,1mol%KHBEt3;[ff]80°C,1mol%
3fi,2mol%KHBEt3;[g]100°C,1mol%3fi,2mol%KHBEt3;[h]100°C,2mol%3fi,4mol%KHBEt3;[fi]YfielddetermfinedbyGCanalysfisusfing
hexadecaneasfinternalstandard;[j]22%benzylbenzoateobservedbyGCanalysfis.Formedbenzylalcoholundergoestransesterfiffficatfionwfith

phenylbenzoateandlfiberatesphenol,soonly22%offesterareconverted;[k]20%methyl1,2,3,4-tetrahydroqufinolfine-6-carboxylatefisolated;[l]
13%cyclohexylmethanol,5%cyclohex-2-enylmethanol,3%cyclohex-1-enylmethanoland5%methylcyclohexanecarboxylateobservedbyGC
analysfis;[m]Thefisolatedmaterfialwasanfinseparablemfixtureoffregfiofisomersanddfiastereomerswfithanoverall(Z):(E)ratfiooff55:45accordfing

toGCanalysfis;[n]1-undecanolwasfisolated.
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werefisolatedfingoodtoverygoodyfields.Electron-poor

nfitrfilesshowedonlylowconversfionunderthesecondfitfions,

lfikelyduetocatalystfinhfibfitfionbysubstratecoordfinatfion.

TheN-heterocyclficnfitrfile10fffisreadfilyconvertedtothe

correspondfingamfineandwasfisolatedfin72% yfield.Addfi-

tfionally,severalN-heteroarenes lfikequfinolfine12a,1,5-

naphtyrfidfine12borqufinoxalfine12carehydrogenatedby

thepresentedcatalytficsystem.Moreover, varfiousalkenes

fincludfingaromatfic(14a,14b)andalfiphatfic(14c,14d,14e)

substfituentswerehydrogenatedat80°Cor100°Capplyfinga

catalystloadfingoff1mol%. Functfional groupssuchas

amfines(e.g.finqufinfine14e)andalcohols(e.g.fincfinnamyl

alcohol14b)arereadfilytoleratedbythecatalytficprocedure.

Interestfingly,noreductfionoffthemore substfitutedC=C

doublebondfinlfimonene14dwasobserved.

Overall, thepresented catalytficsystemsshowhfigh

effffficfiencyandrankamongthebestknownmanganese

catalystsfforesterhydrogenatfion.[5]Inpartficular,thehydro-

genatfionoffvarfiousalfiphatficestersatonly60°C and

0.5mol% catalystloadfingfisremarkable.The scopefis

relatfivelybroadanddfifffferentclassesoffsubstratesfincludfing

ketones,nfitrfiles,N-heteroarenes and,most fimpressfively,

alkenesareshowntobehydrogenatedeffffficfientlyasfideffrom

esters.Functfionalgroupslfikehalfides,alcoholsandtertfiary,

secondary,andevenprfimaryamfinesaretolerated.How-

ever,thehfighactfivfityaswellastheabfilfitytohydrogenate

dfifffferentffunctfionalgroupsresultsfindfimfinfishedselectfivfity

fincertafincases(substrates5v,5ag,5ah,5afior8e).Further

lfimfitatfionsoffthecatalytficsystemremafinheteroaromatfic

substrates,whfich areonlypartfiallytolerated,aswell as

lactoneswfithasmallrfingsfize.

MechanfistficInvestfigatfions

Sfincethepresentedcatalytficsystemsrepresentthefffirst

examplesoffbfis(NHC)-basedmanganesecomplexcatalyzed

hydrogenatfionoffcarboxylficacfidesters,adeeperunder-

Scheme4.Mn-catalyzedhydrogenatfionoffketones8,nfitrfiles10,N-heteroarenes12andalkenes14toalcohols9,amfines11,tetrahydro-N-

heteroarenes13andalkanes15,respectfively.ValuesbelowtheLewfisstructuresrepresentfisolatedyfields.[a]Standardcondfitfions:1mmoloff
ketone8,1mol%3g,2mol%KHBEt3,50barH2,4mLTHF,80°C,16h;[b]Standardcondfitfions:0.5mmoloffnfitrfile10,2mol%3g,4mol%

KHBEt3,50barH2,2mLTHF,120°C,24h.Correspondfingamfineswerefisolatedasthehydrochlorfidesalts;[c]Standardcondfitfions:0.5mmoloffN-
heteroarene12,2mol%3g,4mol%KHBEt3,50barH2,2mLTHF,120°C,24h;[d]Standardcondfitfions:1mmoloffalkene14,0.5mol%3g,
1mol%KHBEt3,50barH2,4mLTHF,80°C,16h;[e]60°C,0.5mol%3g,1mol%KHBEt3;[ff]1mol%3g,2mol%KHBEt3;[g]100°C,1mol%3g,

2mol%KHBEt3.
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standfingoffthemechanfismfisfimportant.Asastartfingpofint

offourmechanfistficfinvestfigatfions,hydrfidocomplex4awas

preparedfinalmostquantfitatfiveyfieldbythereactfionoff

bromfidocomplex3awfithoneequfivalentoffKHBEt3at

roomtemperatureover24h(Scheme5).The 1H NMR

spectrumoff4ashowsahydrfideresonanceat 6.79finTHF-

d8.ThecarbonylvfibratfionsobservedbyIRspectroscopyare

shfifftedtolowerwavenumbers(1962,1866,1823cm1ffor

4a;)fincomparfisontothecorrespondfingbromfidocomplex

(1998,1917,1879cm1ffor3a).Thfisobservatfionagreeswfith

thehfigherelectrondonatfionoffthehydrfidolfigandcompared

tothebromfidolfigand.Sfimfilarshfifftsbetween3aand4a

havebeenffoundbyDFTcalculatfions(SI,sectfion9.1).Asfin

caseoffstructure3a,structure4aalsoexhfibfitsasyn-and

antfi-confformer,andthefformerfismorestableby3.84kcal/

molandshouldbethemajorconfformer(99.8%).

Interestfingly,hydrfido complex4a wfithout addfitfive

presentdoesnotshowanycatalytficactfivfityfinthehydro-

genatfionoffmethylbenzoate(Table2,entry2),butfinthe

presenceoffcomplex4aandKHBEt3(entry3)hydrogena-

tfionoffmethylbenzoatetakesplace.Obvfiously,KHBEt3fis

notonlyresponsfiblefforfformatfionoffhydrfidocomplex4a,

butalsonecessaryfforthecatalytficactfivfity.Thereffore,we

assumethatBEt3lfiberateddurfinghydrfidocomplexfforma-

tfionplaysacrucfialrolefinthecatalytficsystem.Acontrol

experfimentapplyfing4aandBEt3(entry4)confffirmedthfis

assumptfion.Also,otherborane-basedaddfitfiveshavebeen

testedwfith4aandcomparableactfivfitywasffoundffor9-

borabficyclo(3.3.1)nonane(9-BBN)(seeSupportfingInfforma-

tfionsectfion11.3ffordetafils).Incontrast,thecombfinatfionoff

bromfidocomplex3aandBEt3doesnotcatalyzethemodel

reactfion(entry5).Furthermore,thepresenceoffstrongly

coordfinatfing,monodentate lfigandssuchasCO orPMe3
resultsfinacompleteshutdownoffthereactfion(entrfies6and

7).

Moreover,thereactfionoff4a,BEt3andmethylbenzoate

(fina1:1:2ratfio)wasfinvestfigatedbyNMRspectroscopy

(seeSupportfingInfformatfionffordetafils),butnotrans-

fformatfionwasobservedaffterheatfingthesampleat80°Cffor

16hwfithoutH2.However,fiffthemfixturewasheatedfinan

autoclaveto80°Cunder50baroffH2pressureffor3h,a

clear,lfight-yellowsolutfionwfith ablueprecfipfitatewas

obtafined. NMR spectroscopficanalysfis off thesolutfion

confffirmsquantfitatfiveconversfionoffmethyl benzoateto

benzylalcoholandmethanol.Inaddfitfion,thepresenceoff

hydrfidocomplex4aandanother,unfidentfifffiedmanganese

complexaswellasdecomposfitfionoffBEt3tounfidentfifffied

productsfisobserved(SIsectfion11).IRanalysfisofftheblue

reactfionresfidueshowstwoabsorptfionbandsfinthecarbonyl

areaat1854and1781cm1,respectfively,findficatfivefforan

electron-rfichmanganese specfiescontafinfingonlytwoCO

lfigands(SIsectfion11.2).The reactfionresfiduewas also

testedfforcatalytficactfivfityfinthepresenceandabsenceoff

KHBEt3,butnoreactfionwasobserved(SI,sectfion11.2.2).

Thereffore,weconcludethatthespecfiesfisnotfinvolvedfin

thecatalytficcycle.

To gafinffurtherfinsfightfintothemechanfism offthe

hydrogenatfionoffmethylbenzoate(5a),weperfformedDFT

calculatfions(seeSupportfingInfformatfionffordetafils).Under

theH2 rfichcondfitfions,we startedourcomputatfionsby

substfitutfingoneequatorfialCOlfigandfin4abyamolecular

hydrogen(4a-H2).However,manyattemptstogetsucha

complexvfiaanenergetficffavourablewayffafiled,efithervfia

dfirectCOdfissocfiatfion(38.50kcal/mol)norOtBumedfiated

H2hydrogenolysfis(30.96kcal/mol)aswellasBEt3medfiated

exchange and CO finsertfionfformfingpropfionaldehyde
Scheme5.Synthesfisoffbfis(NHC)manganesehydrfidocomplex4affrom
bromfidocomplex3awfithKHBEt3.

Table2:Controlexperfimentsandmechanfistficfinvestfigatfions.[a]

# [Mn] addfitfive addfitfiveload.
[mol%]

Conv.5a[b]

[%]
Yfield6a[b]

[%]

1 3a KHBEt3 1.0 75(2)[c] 69(0)[c]

2 4a – – 2(0)[c] 1(1)[c]

3 4a KHBEt3 0.5 73 64
4 4a BEt3 1.0 61(1)[c] 59(1)[c]

5 3a BEt3 1.0 0 0
6[d] 3a KHBEt3 1.0 0 0
7[e] 3g KHBEt3 1.0 0 0

[a]Reactfioncondfitfions:1mmolmethylbenzoate5a,5μmol[Mn](0.5mol%),4.0mlTHF,50barH2,80°C,16h.[b]Conversfionoffmethyl

benzoate5aandyfieldoffbenzylalcohol6aweredetermfinedbyGCusfinghexadecaneasfinternalstandard.[c]Averageofftwoexperfimentsgfiven.
Valuesfinparenthesesrepresentthestandarddevfiatfion.[d]Theautoclavewaschargedwfith10baroffCOand50baroffH2.[e]Reactfionwas
perfformedfinthepresenceoff5mol%PMe3.

Angewandte
ChemfieResearchArtficles

Angew.Chem.Int.Ed.2023,62

 15213773, 2023, 35, 
Do
wnloa

de
d ffro

m https://onlfinelfibrary.
wfiley.co

m/dofi/10.1002/anfie.202307987 by 
Cochrane 

Ger
many, 

Wfiley 
Onlfine 

Lfibrary on [21/09/2023]. 
See the 

Ter
ms and 

Condfitfions (https://onlfinelfibrary.
wfiley.co

m/ter
ms-and-condfitfions) on 

Wfiley 
Onlfine 

Lfibrary ffor rules off use; 
O
A artficles are governed by the applficable 

Creatfive 
Co
m
mons 

Lficense

,e202307987(8off11) © 2023TheAuthors.AngewandteChemfieInternatfionalEdfitfionpublfishedbyWfiley-VCHGmbH

7.1Bfis(NHC)Mn(I)Complexes

65



(29.06kcal/mol).Thereffore,ffromacomputatfionalaswellas

anexperfimentalperspectfive,fitfisunclearhowexactlyaCO

lfigandfislost.

Startfingffrom4a-H2and5abasedonthefinner-sphere

mechanfisms,weffoundatwo-steppathway(Scheme6).The

fffirststepfistheMn Htransffertothecoordfinatedmethyl

benzoatevfiatransfitfionstateIffollowedbythefformatfionoff

amore stablebfidentatecomplexoffthefformedmethoxy-

(phenyl)methanolatevfiatheCHandCOMeexchange(II

toIII).The secondstepfisthehydrogenolysfisoffthe

methoxy(phenyl)methanolate IVvfiatransfitfionstateV to

methoxy(phenyl)methanol VI asthefffirstfintermedfiate,

whfichfistheratedetermfinfingstepwfithanapparentGfibbs

ffreeenergybarrfieroff20.24kcal/mol.Due tothefface-

coordfinatfionoff5a,wecomputedthe(R)-and(S)-confffig-

uratfionsandffoundthatthefformatfionoff(S)-methoxy-

(phenyl)methanolhasalowerGfibbs ffreeenergybarrfier

than(R)-methoxy(phenyl)methanol(20.10vs.25.12kcal/

mol). Methoxy(phenyl)methanol (VI)candecomposeto

benzaldehyde(VII)andmethanol(7a).Inasfimfilarway,we

alsocomputedthehydrogenatfionoffbenzaldehyde(VII)

ffollowfingthefinner-spheremechanfism. Startfingffromthe

complexoffbenzaldehyde(VIII),fitfisnotpossfibletolocate

thecorrespondfingMn H transffertransfitfionstateandall

attemptsresultedfinthefformatfionofftheCH agostfic

finteractedfintermedfiateIX,whfichundergoesffurtherfisomer-

fisatfiontofintermedfiateX.Hydrogenolysfis vfiatransfitfion

stateXIIresultsfinbenzylalcohol(6a).Asexpected,amuch

lowerapparentGfibbsffreeenergybarrfier(6.88kcal/mol,SI)

fforthehydrogenolysfisstep(XII)offalkoxfideXIhasbeen

ffound.

Basedonthecontrolexperfiments,spectroscopficfinves-

tfigatfionsandDFT calculatfions,weproposetheffollowfing

mechanfism:Infitfially,oneCOlfigandfiscleavedffromhydrfido

complex4atocreateavacantcoordfinatfionsfite,whfichfis

supportedby1)stronglycoordfinatfing,monodentatelfigands

(fincludfingstronglycoordfinatfingsubstrates)finhfibfitfingthe

hydrogenatfionand2)theobservatfionoffonlytwoCO

stretchesfinthereactfionresfidue.We speculate,thattheCO

cleavagemfightbeffacfilfitatedbyBEt3,whfichwasshownto

fformacatalytficallyactfivespecfieswfithhydrfidocomplex4a.

However,thedetafiledroleoffKHBEt3/BEt3fforthecatalytfic

systemfisnot clearandrequfiresffurtherfinvestfigatfion.

Subsequently,substratecoordfinatfiontotheMn center

occurs,ffollowedbyanfinner-spherehydrfidetransffertothe

substrateandlfiberatfionofftheproductbyhydrogenolysfis.

Scheme6.MechanfistficproposalffortheMn-catalyzedhydrogenatfionoffmethylbenzoate.Gfibbsffreeenergfies(M06L-SCRF)aregfivenfinkcalmol 1

andrefferredto4a-H2.
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Conclusfion

Insummary,wepresentanovelcatalytficsystemfforthe

effffficfienthydrogenatfionoffcarboxylficacfidestersbasedon

MnIcomplexesbearfingsfimplephosphfine-ffree,non-bfiffunc-

tfionalbfis(NHC)lfigands.An fimprovedsynthetficaccessto

thesebfis(NHC)MnIcomplexes3utfilfizfingbfis(NHC)-borane

adductshasbeendeveloped.Complexes3havesuccessffully

beenapplfiedas(pre)catalystwfithKHBEt3ascocatalystfin

thehydrogenatfionoffvarfiousaromatficandalfiphatficestersat

lowtemperaturesandlowcatalystloadfings.Thegeneral

applficabfilfitywasffurtherdemonstratedbythehydrogenatfion

offothersubstrateclassessuchasketones,nfitrfiles,N-

heteroarenesandalkenes.Controlexperfimentsrevealthe

essentfialroleoffBEt3ascocatalystandfindficateanfinner-

spheremechanfism. Thfis mechanfistfic proposalfisffurther

supportedbyDFT calculatfions.Overall, wepresentrare

examplesoffMn-based hydrogenatfioncatalystscontafinfing

sfimplephosphfine-ffree,non-bfiffunctfionallfigands.We belfieve

thattheuseoffsfimplerlfigandfframeworksfisagreat

fimprovementfinthefffieldoffhomogeneousMncatalysfis.
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ABSTRACT:Low-valentmolybdenum PNPpfincercomplexes
werestudfiedascatalystsfforthesemfihydrogenatfionoffalkynes.For
thatpurpose,tBu-substfitutedPNPcomplexesPNPtBuMo(CO)2
(6a)andPNPtBuMo(CO)3 (6c)andtheNNP complex
NNPfiPrMo(CO)2(PPh3)((rac)-7)weresynthesfizedandcharac-
terfized.Byutfilfizfingthecyclohexyl-substfitutedcomplexPNPCyMo-
(CO)2(CH3CN)(5a),severaldfiphenylacetylenederfivatfivesare
transfformedtothecorrespondfing(Z)-alkeneswfithgoodtovery
gooddfiastereoselectfivfitfies(upto91:9).Mechanfistficexperfiments
findficateanouter-spheremechanfism fincludfingmetal−lfigand
cooperatfivfity.

■INTRODUCTION
Theconversfionoffalkynestoalkenesplaysanfimportantrolefin
thebulkandfinechemficalfindustryaswellasfinbasficchemfical
research.1,2Althoughnumerousmethodsfforthesynthesfisoff
alkeneshavebeendevelopedfinthepast,thecatalytfic
semfihydrogenatfionoffalkyneswfithdfihydrogenfisarguably
oneoffthemosteficfientandatomeconomficapproachesfin
thfisrespect.However,fitcontfinuestobechallengfingduetothe
requfiredcontroloffstereo-((Z)/(E)-fisomers)andchemo-
selectfivfity(alkynesvsalkenes).
Typfically,finthfistransfformatfionheterogeneoussystems
basedonnoblemetals,finpartficularPd,3,4areutfilfizedsuchas
thewell-knownLfindlar’scatalyst(Pb-pofisonedPd/CaCO3).

5

Wfith growfingfimportanceoffsustafinabfilfityandresource
scarcfity,overthepastdecademanyeffortsweremadeto
developcatalystsderfivedffrommoreavafilableandcheaper
non-noblemetals, especfiallyffromthefirst-rowtransfitfion
metals.6Morespecfifically,bothheterogeneousandhomoge-
neoussystemsbasedonCr,7 Fe,8−11 Mn,12,13 Co,14−16

Nfi,17−19andCu20havebeenstudfiedfforthfistransfformatfion.
Forhomogeneous,non-noblemetalsystems,thefirstreport
datesbackto1989,whenBfianchfinfiandco-workersdfiscovered
thatfiron(II)complexIwfithatetradentatephosphfinelfigandfis
capableoffselectfivelyhydrogenatfingtermfinalalkynestothe
correspondfingalkenes(Ffigure1).8,9In2013,thegroupoff
Mfilstefin descrfibedacrfidfine-basedPNPfiron(II)pfincer
complexIIwfithanamfidoboranecolfigandfforthe(E)-selectfive
semfihydrogenatfionoffalkynes.10Infitfially,finthfisprocessthe
(Z)-alkenefisfformedwhfich fisrapfidlyfisomerfizedtofits
(E)-fisomer.Later,Foutandco-workersreportedcobalt(I)
dfihydrogencomplexIIIbearfingaCCCpfincerlfigandwfithtwo
NHCmofietfiesfforthe(E)-selectfivesemfihydrogenatfionoffa
broadscopeoffalkynes.14AsfinthecaseofffironcomplexII,the

(Z)-alkenefisfformedfirstandthenfisomerfized.CatfionficPNP
firon(II)complexIVpublfishedbythegroupoffKfirchner
eficfientlyhydrogenatesfinternalalkynesto(Z)-alkenesunder
mfild condfitfions.11Recently,ourgrouppublfishedthefirst
homogeneousmanganesecomplexfforthesemfihydrogenatfion

SpecfialIssue:SustafinableOrganometallficChemfistry

Recefived: December21,2021
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Ffigure1.Selectedexamplesoffhomogeneous,non-noblemetal
(pre)catalystsfforthesemfihydrogenatfionoffalkynes.
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of alkynes.12 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 cooperativity21 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 VI.13
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 reactions23 and
homogeneous molybdenum complexes were studied for
hydrogenations, particularly of N2 and CO2.

24−31 However,
reports on catalytic hydrogenations with molybdenum
complexes remain scarce in comparison to first-row transition
metals.32−38

Our group has recently developed a series of structurally
related low-valent molybdenum complexes as catalysts for the
hydrogenation of ketones,39 alkenes,39 formamides,40 and
nitriles.41 Based on this work, we became interested to explore
their potential as catalysts for the semihydrogenation of
alkynes.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Mo Complexes.
Initially, a series of low-valent molybdenum complexes have
been prepared starting from Mo(CH3CN)2(CO)2(PPh3)2 (1)
and the corresponding PNP ligands (Scheme 1, Figure 2)

according to previous protocols.39−41 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 PPh3 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 CH3CN ligands are
located trans to the strong-field CO ligands, a meridional
coordination of the PNP ligand inevitably results in the
preservation of one CH3CN ligand in the complex sphere. If

the synthesis of these complexes is performed in DCM as a
solvent, chlorinated molybdenum(I) complexes are obtained,
in which the neutral CH3CN ligand is replaced by a formally
anionic Cl ligand.39,41 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.41 The reaction of the PNPEt ligand and 1 in DCM
leads to product mixtures even at −20 °C.41
The new complex 6a was prepared according to Scheme 2.

In contrast to the known iPr- and Cy-substituted congeners,

the conversion is not complete after stirring a solution of 1 and
the PNPtBu 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 5a. However, no CN-stretch of a
potential CH3CN ligand was detected. Elemental analysis of
the obtained material also pointed toward the absence of a
CH3CN ligand. This might be rationalized by the high steric

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

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

Scheme 2. Synthesis of tBu-Substituted PNP Molybdenum
Complexes 6a, 6b, and 6c
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demand of the tBu-groups leaving little space in the
coordination sphere.
If compound 1 is reacted with the PNPtBu 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 5a in DCM and the similarity of the IR spectrum of the
formed complex with these of complexes 4b and 5b. In
solution (THF, DCM, DMSO) 6a and 6b slowly form the
tri(carbonyl)complex 6c and other unidentified species.
Complex 6c could be separately prepared by refluxing

Mo(CO)6 with a slight excess of PNPtBu in toluene for 19 h.
Furthermore, 6c 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 6c (Figure 3) the PNP ligand

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−Mo1−C23 angle of 153.79(8)°, far from linearity.
The meridional structure of 6c contrasts with the solid-state

structure of the iPr-substituted tri(carbonyl)molybdenum
complex 4c, which was found to have a facial ligand
geometry.39 The NMR spectra of complexes 4c, 5c, and 6c
show the presence of two different species whose ratio is
solvent dependent.42 Likely, in solution an equilibrium exists
between the facial and the meridional complexes.
The resonance of the tBu-groups of 6c in the 1H NMR

spectrum shows a complex coupling pattern due to 1H−
31P

coupling. Decoupling of 31P simplifies the resonances to two
singlets in accordance with the CS 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

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 PPh3 ligand (Figure
4). The facial structure can be explained by the low steric

demand of the N-methylimidazolyl group (compare Scheme
1). Interestingly, in (rac)-7 the PPh3 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-d8 to 80 °C leads to a
mixture of complexes as indicated by NMR experiments. One
of the formed complexes likely is a complex (iso)-3 in which
the PPh3 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 1H
NMR spectrum. As expected, the 31P NMR spectrum of
(rac)-7 in CD3CN exhibits two doublets at 67.24 and 55.54
ppm, respectively. Furthermore, some free PPh3 is observed
which originates from the complex, since no resonance for free
PPh3 is found for a suspension of (rac)-7 in toluene-d8, in
which (rac)-7 itself is insoluble. This implies that PPh3 is not
strongly bound in (rac)-7.
The IR spectrum of (rac)-7 exhibits two strong CO

absorption bands at 1778 and 1697 cm−1. The very low
energy of the absorptionsbeing in the area typically observed
for CO double bondsdisplays the strong π-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−1 and 1827, 1743 cm−1,
respectively)41 which illustrates the weaker electron-donating
ability of the phosphines compared with the N-methylimida-

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 [Å] and angles [deg]: Mo1−N1
2.3582(14), Mo1−P1 2.5182(4), Mo1−C21 1.9963(19), Mo1−C22
1.9289(18), Mo1−C23 2.0042(19), C21−O1 1.166(2), C22−O2
1.179(2), C23−O3 1.161(2), N1−Mo1−C21 93.88(7), N1−Mo1−

C22 168.91(7), N1−Mo1−C23 112.31(6), P1−Mo1−P2 154.23(2),
C21−Mo1−C23 153.79(8).

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 [Å] and
angles [deg]: Mo1−N1 2.2619(15) Mo1−N3 2.3839(14), Mo1−P1
2.4519(5), Mo1−P2 2.4347(5), Mo1−C14 1.9203(18), Mo1−C15
1.9202(17), C14−O1 1.190(2), C15−O2 1.185(2), N1−Mo1−N3
72.92(5), P1−Mo1−P2 168.83(2), N1−Mo1−C14 176.41(6), N3−

Mo1−C15 169.17(6).
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zolyl group. Liu and co-workers observed similar ligand
properties with analogous manganese complexes.43
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

reacted as a model substrate under 30 bar of H2 pressure at 80
°C using 5 mol % catalyst and 5 mol % NaHBEt3 as base, since
NaHBEt3 has significantly affected catalyst activity in previous
works.39−41

The facial complexes 2 and 3 showed mediocre conversions
and diastereoselectivities (Table 1, entries 1−2), whereas the
meridional complexes 4a and 5a performed better especially
regarding the diastereoselectivity (Table 1, entries 3 and 5).
Complex 5a gave the best results with nearly full conversion
(93%) and a good diastereoselectivity of 85:15 in favor of the
(Z)-diastereomer. In contrast, the chlorinated molybdenum(I)
complexes 4b and 5b only showed low conversions.
Interestingly, the observed difference in catalytic activity

between 4a and 5a 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 6c were tested in the semihydrogenation
of diphenylacetylene. Unfortunately, both complexes, 6a and
6c, 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.43,44 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,

entry 10), and by just using NaHBEt3 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 5a 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

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, NaHBEt3 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 NaHBH3, 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.40 Interestingly, variation of the cation of the additive
has a significant influence on the catalytic performance. While
LiHBEt3 showed lower activity (32% conv, 23% yield, 84:16
(Z)/(E)) in comparison to NaHBEt3, KHBEt3 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-5, 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

Table 1. Molybdenum-Catalyzed Hydrogenation of
Diphenylacetylenea

Entry [Mo] Convb Yield 9a (%) (Z)/(E) Yield 10a (%)

1 2 17 15 36:64 2
2 3 54 51 57:43 3
3 4a 68 65 75:25 3
4 4b 14 7 76:24 7
5 5a 93 89 85:15 4
6 5b 7 2 n.d. 5
7 6a 1 1 n.d. 0
8 6c 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
aReaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEt3
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.

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

Entry Deviation Convb Yield 9a (%)b (Z)/(E) Yield 10a (%)b

1 − 93 89 85:15 4
2 THF 9 4 68:32 5
3 heptane 46 44 73:27 2
4 acetonitrile 1 1 n.d. 0
5 DCM 3 1 n.d. 2
6 cyclohexane 92 87 86:14 5
7 NaHMDS 79 75 87:13 4
8 NaHBH3 9 5 58:42 4
9 NaOH 9 5 52:48 4
10 NaOtBu 10 4 45:55 6
11 no base 9 4 43:57 5
aReaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEt3
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.
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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

(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 5a 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 5a was
used with 5 mol % of PPh3 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.

■ 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 PNPCyMo-
(CO)2(CH3CN). Utilizing this catalyst, various internal diaryl
alkynes are hydrogenated to the corresponding alkenes with
good to very good chemo- and diastereoselectivity for the (Z)-

Table 3. Influence of Catalyst Loading, Temperature and Dihydrogen Pressure on the Molybdenum-Catalyzed Hydrogenation
of Diphenylacetylenea

Entry x [mol %] T [°C] p [bar] t [h] Convb Yield 9ab (%) (Z)/(E) Yield 10ab (%)

1 5.0 80 30 2 93 89 85:15 4
2 4.0 80 30 2 64 61 86:14 3
3 2.5 80 30 2 11 7 51:49 4
4 5.0 60 30 2 71 68 85:15 3
5 5.0 60 30 6 98 96 86:14 3
6 5.0 80 20 2 81 79 86:14 2
7 5.0 80 10 2 39 32 84:16 7
8c 5.0 80 30 2 98 96 86:14 4

aReaction conditions: 0.5 mmol of 8a, a 0.5 M solution of NaHBEt3 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. c1 mL instead of 2 mL of toluene as solvent.
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alkene and no significant isomerization taking place. However,
the tolerance of this catalytic system toward substrates with
electron-withdrawing substituents is limited, allowing for
further improvement. Mechanistic experiments pointed toward
an outer-sphere mechanism including MLC.

■ EXPERIMENTAL SECTION

General Information. All manipulations, except when indicated
otherwise, were carried out under an argon atmosphere with exclusion
of air and moisture using standard Schlenk and glovebox techniques.
Solvents were dried over activated alumina columns using a solvent
purification system (Innovative Technology PS-MD-6) and stored
over molecular sieves (4 Å) under an argon atmosphere. Deuterated
solvents were purchased from eurisotop, degassed by three successive
freeze−pump−thaw cycles, and stored over molecular sieves (4 Å)
under an argon atmosphere. NMR spectra were recorded on a Bruker
Avance (300 MHz, 400 MHz) or Bruker Fourier (300 MHz)

instrument. Chemical shifts (δ) are reported in parts per million
(ppm) and are referenced to residual proton solvent signals or carbon
resonances.45,46 Infrared spectra were recorded in the solid state on a
Nicolet iS 5 FT-IR spectrometer equipped with a PIKE Technologies
GladiATR ATR. Elemental analyses were carried out in the
Microanalysis Laboratory of the institute on a Leco TruSpec Micro
CHNS device. GC analyses were carried out on an Agilent 7890A
chromatograph using an HP-5 column (30 m × 0.25 m × 0.25 m).
Bis[2-(diphenylphosphino)ethyl]ammonium chloride (15-7306), bis-
[2-(di-isopropylphosphino)ethyl]amine (15-7304), and bis[2-
(dicyclohexylphosphino)ethyl]amine (15-7310) were purchased
from Strem Chemicals and used without further purification. Bis[2-
(di-tert-butylphosphino)ethyl]amine (AB393139) was purchased
from abcr and used without further purification. Bis[2-(diethyl-
phosphino)ethyl]amine47 and 2-(di-isopropylphosphino)-N-((1-
methyl-1H-imidazol-2-yl)methyl)ethylamine48 were synthesized ac-
cording to literature. NaHBEt3 was purchased from Sigma-Aldrich
(227307). Mo(CO)6 was purchased from Sigma-Aldrich (577766)
with a metal purity of ≥99.9%. The complexes 1,49−51 2,41 3,41 4a,39
4a-Me,42 4b,39 5a,41 and 5b41 were synthesized according to literature
procedures.

Synthesis of Mo(CH3CN)2(CO)2(PPh3)2 (1). The procedure was
adapted from literature.49−51 In a 500 mL three-necked round-bottom
equipped with a large stirring bar and a reflux condenser, Mo(CO)6
(5.07 g, 19.2 mmol, 1.0 equiv) was suspended in 40 mL of acetonitrile
and 40 mL of benzene and heated to reflux (95 °C oil bath
temperature) for 4 h. The reaction mixture was allowed to cool to
room temperature, and allylbromide (2.32 g, 19.2 mmol, 1.0 equiv)
was added dropwise resulting in a color change from yellow to red.
The mixture was heated to reflux for another 19 h, and an orange
solid precipitated upon cooling to room temperature. The solution
was filtered off at 0 °C, and the residue was suspended in 60 mL of
acetonitrile. Triphenylphosphine (15.11 g, 57.61 mmol, 3.0 equiv)
was added in one portion resulting in a color change to red. Upon
heating to reflux for 2 h, a yellow solid precipitated. After cooling to
room temperature, the solution was filtered off and the residue was

Scheme 3. Molybdenum Catalyzed Semihydrogenation of
Selected Alkyne Substratesa

aReaction conditions: 0.5 mmol of 8, a 0.5 M solution of NaHBEt3 in
toluene and 1 mL of toluene were used. bConversion and (Z)/(E)
ratio were determined by GC analysis. cYield determined by GC
analysis; isolated yield given in brackets. d60 °C, 16 h. eGC yield for
all diastereomers, isolated yield for (Z, Z) diastereomer, diastereo-
meric ratio of (Z, Z) to other diastereomers.

Scheme 4. Mechanistic Experiments Performed for the
Molybdenum Catalyzed Semihydrogenation of Alkynesa

aReaction conditions: 0.5 mmol of diphenylacetylene, (Z)-stilbene or
(E)-stilbene as starting material, 5 mol % of molybdenum catalyst, a
0.5 M solution of NaHBEt3 in toluene, 30 bar of dihydrogen pressure
and 1 mL of toluene as a solvent were used at 80 °C for 2 h. bYields
were determined by GC analysis using hexadecane as an internal
standard.
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thoroughly washed with acetonitrile (3 × 20 mL) and dried in vacuo,
yielding 1 as a light-yellow solid (9.95 g, 68%). 31P{1H} NMR
(161.99 MHz, DMSO-d6, 295 K): δ [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 PPh3. A clear
assignment of the resonances to the different formed complexes was
not performed. Data are still provided for comparison. IR (ATR): ν
[cm−1] = 1806 (CO), 1734 (CO).
Synthesis of PNPCyMo(CO)3 (5c). In a 25 mL Schlenk tube

Mo(CO)6 (150.0 mg, 568 μmol, 1.0 equiv) and bis[2-(dicyclohexyl-
phosphino)ethyl]amine (277.8 mg, 596.6 μmol, 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 × 2 mL) and heptane (2 × 2 mL). The light-yellow
solid was dried in vacuo (311.0 mg, 89%). 1H NMR (400.13 MHz,
CD2Cl2, 295 K): δ [ppm] = 3.22−3.05 (m, 2H), 2.77−1.10 (m,
49H), 0.84−0.68 (m, 2H). 31P{1H} NMR (161.99 MHz, CD2Cl2, 295
K): δ [ppm] = 65.67 (s), 41.43 (s). Elemental Analysis Calcd for
C31H53MoNO3P2: C, 57.67; H, 8.27; N, 2.17. Found: C, 57.57; H,
8.64; N, 1.99. IR (ATR): ν [cm−1] = 1897 (CO), 1795 (CO), 1761
(CO).
Synthesis of PNPtBuMo(CO)2 (6a). In a 25 mL Schlenk tube

Mo(CH3CN)2(CO)2(PPh3)2 (199.9 mg, 263 μmol, 1.0 equiv) was
suspended in 5 mL of THF, bis[2-(di-tert-butylphosphino)ethyl]-
amine (10 wt % in toluene, 100.0 mg, 277 μmol, 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
× 2 mL). Drying in vacuo yielded 6a as a red solid (145.1 mg, quant.).
Elemental Analysis Calcd for C22H45MoNO2P2: 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): ν
[cm−1] = 1769 (CO), 1677 (CO).
Synthesis of PNPtBuMo(CO)3 (6c). From 6a: In a 25 mL Schlenk

tube 6a (110 mg, 214 μmol, 1.0 equiv) was suspended in 5 mL of
THF. 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)6: In a 25 mL Schlenk tube Mo(CO)6 (148.3
mg, 562 μmol, 1.0 equiv) was dissolved in 10 mL of toluene and
bis[2-(di-tert-butylphosphino)ethyl]amine (10 wt % in THF, 213.0
mg, 590 μmol, 1.05 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 × 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 × 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 6c in DCM at
0 °C. 1H NMR (300.20 MHz, CD2Cl2, 295 K): δ [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). 1H{31P} NMR (400.13 MHz, CD2Cl2, 295
K): δ [ppm] = 3.34−3.27 (m, 2H), 2.43−2.21 (m, 3H), 2.15−2.07
(m, 2H), 1.55−1.44 (m, 2H), 1.35 (s, 18H), 1.34 (s, 18H). 31P{1H}
NMR (121.52 MHz, CD2Cl2, 295 K): δ [ppm] = 101.96 (s).
Elemental Analysis Calcd for C23H45MoNO3P2: C, 51.01; H, 8.38; N,
2.59. Found: C, 51.08; H, 8.45; N, 2.41. IR (ATR): ν [cm−1] = 1904
(CO), 1782 (CO), 1761 (CO).
Synthesis of NNPiPrMo(CO)2(PPh3) ((rac)-7). In a 25 mL Schlenk

tube Mo(CH3CN)2(CO)2(PPh3)2 (569.3 mg, 750 μmol, 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 μmol, 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 (5 × 5 mL). Drying in
vacuo yielded (rac)-7 as a yellow solid (403 mg, 80%). Red crystals

suitable for single-crystal X-ray diffraction were obtained by slow
diffusion of Et2O into a solution of (rac)-7 in acetonitrile at 0 °C. 1H
NMR (300.20 MHz, CD3CN, 295 K): δ [ppm] = 7.61−7.52 (m, 6H),
7.33−7.21 (m, 9H), 6.62−6.58 (m, 2H), 3.32 (bs, 1H), 3.23 (s, 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). 31P NMR
(121.52 MHz, CD3CN, 295 K): δ [ppm] = 67.24 (d, J = 141 Hz),
55.54 (d, J = 141 Hz). IR (ATR): ν [cm−1] = 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 NaHBEt3 (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:AserfiesoffMo complexesbearfingfinexpensfive
bfidentatebfis(NHC)lfigandshavebeensynthesfizedandcharac-
terfizedbyNMRandIRspectroscopyaswellassfinglecrystalXRD
analysfis.Thesecomplexesprovedtobeeficfientfforthecatalytfic
hydrogenatfionoffalfiphatficandaromatficesters(>35examples)
operatfingatlowcatalystloadfings(0.5−2mol%)andtemperatures
(80−120°C).Varfiousffunctfionalgroups,e.g.,C�Cdoublebonds,
nfitrfiles,alcohols,tertfiaryamfines,halfides,andacetals,aswellas
heteroaromatficsubstrates,lactones,anddfiesters,aretoleratedby
theoptfimalcatalystsystem.BasedonNMR spectroscopfic
finvestfigatfions,controlexperfimentsandDFT computatfionsa
non-bfiffunctfionalouter-spherehydrogenatfionmechanfismfisproposed.

KEYWORDS:homogeneouscatalysfis,molybdenum,N-heterocyclficcarbenes,hydrogenatfion,esters,alcohols

■INTRODUCTION
Catalytfichydrogenatfionoffcarbonylcompoundsrepresentsan
atom-eficfientandsustafinableapproachfforthesynthesfisoff
bulkandfinechemficals.1Todate,manyeficfienthomogeneous
hydrogenatfioncatalystsbasedonnoblemetals,2mafinlyRu,3

havebeendeveloped.Due tothefircostsandnegatfive
envfironmentalfimpacts,many effortsoverthepastdecade
ffocusedonthereplacementoffthesemetalsbylessexpensfive
andenvfironmentallymore benfignnon-noblemetals.4

Especfially,Mn, Fe,andCoattractedmuch attentfionand
sfignfificantadvanceshavebeenmadefinthedevelopmentoff
hydrogenatfioncatalystsbasedonthesemetals.5Incomparfison,
thegroup6metalsCr,Mo,andWaremuchlessstudfiedwfith
respecttothefirusefinhydrogenatfioncatalysfis.Thereby,
especfially,Moseemstohavepotentfialsfincefitplaysavfitalrole
fintheactfivecentersoffvarfiousredox-actfiveenzymes6andfis
lfikewfisefinexpensfive,envfironmentallybenfign,and,ffurther-
more,offersarfichcoordfinatfionchemfistry.7

Amonggroup6metals,Mo hasbeenthemostexplored
(Ffigure1).Inthe1980s,thegroupsoffDarensbourg,8Marko,́9

andFuchfikamfi10finvestfigatedthereactfivfityoffanfionficmetal
carbonylhydrfides[HM(CO)5]

−orbfinuclearcomplexes[(μ-
H)M2(CO)10]

− (M=Cr, Mo, W) andthefiruseas
hydrogenatfioncatalysts.Intheearly2000s,Bullockand
VogesstudfieddfifferentMoandWhalffsandwfichcomplexes
regardfingthefiractfivfityfincatalytficfionfichydrogenatfions(e.g.,
Ffigure1,complexI;usedwfithPh3C

+BArF24
−ascocatalystffor

hydrfideabstractfion).11Recently,theBerkegroupsynthesfized
Mo nfitrosylcomplexesffeaturfingsterficallydemandfing
bfidentate12ortrfidentatephosphfinelfigands13(e.g.,complex

II),whficharecatalytficallyactfivefinthehydrogenatfionoff
fimfinesandolefinsaffterfformatfionoffthecatfionficcomplexesby
hydrfideabstractfionsfimfilartothecomplexesoffBullockand
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Ffigure1.SelectedexamplesoffMo-basedhomogeneous(pre)catalysts
fforhydrogenatfionreactfions.
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Voges.11 Furthermore, the same group developed Mo and W
amido complexes (e.g., complex III) bearing nitrosyl and PNP
pincer ligands.14 These complexes can activate molecular
hydrogen via metal ligand cooperativity (MLC)5c,15 and were
successfully applied in the catalytic hydrogenation of imines
and nitriles, although relatively harsh reaction conditions were
required (140 °C, 60 bar of H2, 5 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,16
alkenes,16 formamides,17 and nitriles,18 as well as the
semihydrogenation of alkynes.19 However, relatively high
catalyst loadings (5 mol %) and the need of equimolar
amounts of NaHBEt3 for catalyst activation, restricting the
functional group tolerance, limited the practicability of these
systems. Remarkably, Chirik and co-workers developed PDI-
based Mo complexes (e.g., complex V) as catalysts for arene
hydrogenation.20 In a consecutive work, replacement of one
imino-moiety by a chiral oxazolyl-unit enabled asymmetric
hydrogenation of (hetero)arenes.21 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.22

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)4 complexes 2 and
bis(NHC)Cr(CO)4 complexes featuring strongly electron-
donating, bidentate bis(NHC) ligands.23,24 Given that Mn
complexes bearing these bis(NHC) ligands catalyze the
hydrogenation of esters,25 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.26 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,25b,27 we became interested in the
development of Mo-based catalysts for the reduction of
carboxylic acid esters.

■ 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)6 or Mo(CO)3(CH3CN)3 with
bis(NHC)-BEt3 adducts 1 (Scheme 1), which are obtained
from their corresponding bis(imidazolium) salts.25b,28 Using
Mo(CO)6 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.28 These compounds have previously been
synthesized directly from bis(imidazolium) salts, KOtBu, and
Mo(CO)6.

23 The reaction of bis(NHC)-BEt3-adducts 1 with
Mo(CH3CN)3(CO)3 yields complexes 3 containing three CO
ligands and one labile CH3CN ligand in addition to the
chelating bis(NHC) ligand. In contrast to complexes 2,
complexes 3 are much less soluble (e.g., THF or CH3CN)
or instable (e.g., DCM) in common organic solvents.
Therefore, the direct synthesis from (bis)imidazolium salts is

more challenging due to their tedious separation from the salts
formed during deprotonation of the imidazolium units.
Complexes 3 were characterized by 1H, 13C NMR and IR

spectroscopy. Additionally, the structure of compound 3b is
confirmed by SC-XRD. As shown in Figure 2, the ligand

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.25b,29 The
methylene-bridge in 3b can point toward (syn) or away
(anti) from the CH3CN 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-d6) in accordance with their
diastereotopicity. As the NMR spectra of complexes 3 were
recorded in DMSO-d6, an exchange of the labile CH3CN
ligand by DMSO takes place in the solution and free CH3CN
is observed. The IR spectra of complexes 3 display intense CO
bands at low wavenumbers (typically between 1890 and 1720
cm−1) indicative of strong π-backbonding and an electron-rich
Mo central atom.

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

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

aReaction conditions: For 2: toluene (56 mM), 90 °C, 16 h; for 3:
CH3CN (75 mM), 65 °C, 16 h.

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.
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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,30

ethyl oleate 4a was selected as the model substrate. Applying 1
mol % of the corresponding complexes 2 or 3 and 5 mol % of
KOtBu as additive for catalyst activation in 1,4-dioxane at 60
°C under 50 bar H2 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 5a (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 (R1 = 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;16−19 however, even at 120 °C and
with 5 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.

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 5 mol

% additive loading, best results were obtained using alkoxide
bases KOtBu and KOMe as well as KHMDS, all showing
comparable yields of 5a. Applying KH also led to high activity,
although the conversion and yield were slightly lower. In
previous works with Mo- and Mn-based catalysts,16−19,25

NaHBEt3 and KHBEt3 were the most efficient additives.
However, using complex 3b in combination with KHBEt3 (also
with NaHBEt3 or LiHBEt3, see SI), only minor hydrogenation
of the model substrate took place. In the case of weaker bases
such as K3PO4 or Cs2CO3, 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 OtBu-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
KOtBu has the lowest aggregation energy, followed by
NaOtBu, and that of LiOtBu is the highest (−21.30, −26.14,
and −29.03 kcal/mol, respectively). This is the same order as
their activity, indicating that KOtBu is most easily converted
into its monomer and LiOtBu most difficult. Additionally, the
cation might influence the stabilization of the expected anionic
Mo alkoxide and hydride complexes.
Next, the loading of KOtBu was investigated (Table 2,

entries 1−5), showing that generally a higher amount of
KOtBu 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.31
Interestingly, higher conversion and yield were observed with
2.5 mol % of KOtBu than with 5.0 mol % (Table 2, entries 3

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

entry [Mo] conv. 4ab [%] yield 5ab [%]

1 2a 52 17
2 2b 60 23
3 3a 48 14
4 3b 90 73
5 3c 91 76
6 3d 53 18
7c IVa 8 7
8c IVb 9 1

aReaction conditions: 0.5 mmol of ethyl oleate 4a, 1 mol % [Mo], 5
mol % KOtBu, 4 mL of 1,4-dioxane, 50 bar of H2, 60 °C, 16 h.
bDetermined by GC analysis using hexadecane as internal standard. c5
mol % [Mo], 5 mol % NaHBEt3, 2 mL toluene, 120 °C, 24 h.

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 5a 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 H2, 60 °C, 16 h.
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and 4), which could be related to the transesterification with
OtBu. 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 5a 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, 5c, 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 R2 than in R1 as shown by
esters 4i and 4j. While ester 4i yielded (−)-borneol 6i in a

Table 2. Investigation of the Influence of KOtBu Loading,
Temperature, Reaction Time, and Hydrogen Pressure on
the Mo-Catalyzed Hydrogenation of Ethyl Oleate 4aa

entry
KOtBu load.
[mol %]

p
[bar]

T
[°C]

t
[h]

conv. 4ab
[%]

yield 5ab
[%]

1 20 50 60 16 100 82
2 10 50 60 16 96 70
3 5 50 60 16 84(2)c 57(4)c

4 2.5 50 60 16 89(1)c 71(2)c

5 1.0 50 60 16 5 4
6 5 30 60 16 76 42
7 5 50 60 24 91 71
8 5 50 80 16 99 90
9 5 50 80 24 98(0)d 95(1)d

aReaction conditions: 1.0 mmol of ethyl oleate 4a, 0.5 mol % 3b, 4
mL of 1,4-dioxane. bDetermined by GC analysis using hexadecane as
internal standard. cAverage of three independent experiments. Value
in parentheses represents the standard deviation. dAverage of two
independent experiments. Value in parentheses represents the
standard deviation.

Scheme 2. Mo-Catalyzed Hydrogenation of 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). Standard reaction
conditions: 1.0 mmol ester 4, 0.5 mol % 3b, 5 mol % KOtBu, 50 bar H2, 4 mL 1,4-dioxane, 80 °C, 24 h. a0.5 mmol ester 4, 1.0 mol % 3b, 10 mol %
KOtBu, 2 mL 1,4-dioxane, 80 °C; b0.5 mmol ester 4, 1.0 mol % 3b, 5 mol % KOtBu, 2 mL 1,4-dioxane, 100 °C; c1.0 mmol ester 4, 1.0 mol % 3b, 5
mol % KOtBu, 4 mL 1,4-dioxane, 100 °C; d0.5 mmol ester 4, 2.0 mol % 3b, 10 mol % KOtBu, 2 mL 1,4-dioxane, 100 °C; e0.5 mmol ester 4, 2.0 mol
% 3b, 10 mol % KOtBu, 2 mL 1,4-dioxane, 120 °C; fyield determined by GC analysis using hexadecane as internal standard.
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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 4l 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
5-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 4o 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 5r 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
5r 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 −OCH3,

−OCH2Ph, −OtBu, 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 sp2 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.32
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 quinoline ring
took place, in contrast to related Mn catalysts,25b 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%.

Scheme 3. 1H NMR Spectroscopic Investigations for Activation of Precatalyst 3b with KOtBu

(a) Reaction mixture of 3b and KOtBu (5 equiv) at rt after 60 min; reaction mixture 20 min (b) and 24 h (c) after exposure to H2 (1 atm); (d)
reaction mixture of 3b with KOtBu (5 equiv) in an autoclave at 80°C under 50 bar H2 pressure for 1 h, spectrum recorded 30 min after release of
H2 pressure
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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.25,31,33 In contrast to the related bis(NHC)
Mn catalysts25 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.25

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 KOtBu in THF-d8 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 CH3CN
ligand by an anionic OtBu− ligand (7b) or an anionic CH2CN−

ligand (8b), respectively (Scheme 3). However, no separate
NMR resonance for the CH2CN− ligand of 8b is found.
Instead, broad peaks for the acidic protons in free HOtBu and
CH3CN were recorded, which should result from fast dynamic
proton exchange, since these compounds exhibit similar pKa
values (in DMSO: HOtBu: 32.2;34a CH3CN: 31.334b). We
assume that fast equilibria between HOtBu/KOtBu and
CH3CN/KCH2CN exist and that additionally exchange of
coordinated and non-coordinated CH2CN− occurs, leading to
the observation of only one resonance for CH3CN/CH2CN−.

To confirm that species 8b contains a CH2CN− ligand, the
CH3CN ligand in 3b was exchanged for tBuCN and the
resulting complex 3b-tBuCN was reacted with an excess of
KOtBu (5 equiv). As expected, due to the absence of (acidic)
protons in the α-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 CH3CN (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 CH2CN− 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.35 However, attempts to
obtain the molecular structure of 8b by SC-XRD have been
unsuccessful so far. Notably, the deprotonation of a CH3CN
ligand in a Mo PNP pincer complex by NaHBEt3 has been
previously reported, resulting in an N-coordinated CH2CN−

complex with stabilization of the resulting anion by BEt3
(MoNCCH2BEt3).

18

Interestingly, no reaction is observed when complex 2b is
heated with an excess of KOtBu (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 CH3CN ligand in 3b. However, for
precatalyst 2b, catalytic activity is observed at this temperature;
therefore, it is assumed that under high H2 pressure, precatalyst
activation still occurs.
Next, we exposed a mixture of complexes 7b and 8b to

atmospheric pressure of H2. 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

Scheme 4. DFT-Supported Mechanistic Rationale for the Mo-Catalyzed Hydrogenation of Estersa

aValues below Lewis-structures represent Gibbs Free Energies in kcal/mol calculated on a M06L-SCRF/TZVP level of theory.
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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 μ-
hydride ligand is proposed. Such binuclear, anionic complexes
bearing μ-H ligands are common for group 6 metal carbonyls
and several examples (e.g., [(μ-H)Mo2(CO)10]−, [(μ-H)-
Mo2(PPh3)(CO)9]− , or [(μ -H)(μ -PPh2CH2PPh2)-
Mo2(CO)8]−) have been reported.36
When complex 3b reacts with KOtBu (5 equiv) under 50

bar H2 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 H2-dependent equilibrium with 9b and,
consequently, that 9b is only stable under a H2 atmosphere. All
of these experiments showed that activation of H2 by the
phosphine-free molybdenum complex takes place already at
room temperature and atmospheric pressure of H2. 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.8d If D2 is used instead of H2, H/
D-exchange takes place for the acidic protons in HOtBu,
CH3CN 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 H2 is detected
over time (see SI section 9.5 for detail). These findings
indicate heterolytic splitting of H2 with the protic proton
ending up in one of the acidic positions in HOtBu, CH3CN 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 KOtBu
(5.0 equiv) were reacted in THF-d8 in an autoclave at 80 °C
under 50 bar H2 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 decanoate and KOtBu to potassium decanoate and
HOtBu 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

CH3CN) 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

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 (ΔG = 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CH3CN,
deprotonation of CH3CN to form CH2CN− complex 8b
followed by hydrogenolysis represents an alternative pathway
for the formation of complex 10b, which is also slightly
endergonic (ΔG = 0.53 kcal/mol from 8b). Interestingly, such
a mononuclear hydrido complex 10b was not observed
spectroscopically, instead, the binuclear μ-H complex 9b is
the only detected hydride species. Formation of complex 9b
from 10b is again found to be slightly endergonic (ΔG = 1.32
kcal/mol). From the stoichiometry, it is clear that higher H2
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
H2 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.25b 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 satisfyingly.25b Now, in the
related Mo complexes 3, a much stronger coordination of the
CO ligands due to increased π-backbonding is expected as
confirmed by significantly lower wavenumbers of the CO
absorption bands in the IR spectra (e.g., 3b: 1883, 1741 cm−1,
bis(NHC)Mn−H complex: 1962, 1866, 1823 cm−125b). 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 OtBu-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.

■ 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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